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ABSTRACT
MicroRNAs are small non-coding RNAs that post-transcriptionally regulate gene expression. We recently
demonstrated that levels of miR-106b were significantly decreased in the vitreous and plasma of patients with
neovascular age-related macular degeneration (AMD). Here we show that expression of the miR-106b-25
cluster is negatively regulated by the unfolded protein response pathway of protein kinase RNA-like ER kinase
(PERK) in a mouse model of neovascular AMD. A reduction in levels of miR-106b triggers vascular growth both
in vivo and in vitro by inducing production of pro-angiogenic factors. We demonstrate that therapeutic delivery
of miR-106b to the retina with lentiviral vectors protects against aberrant retinal angiogenesis in two distinct
mouse models of pathological retinal neovascularization. Results from this study suggest that miRNAs such as
miR-106b have the potential to be used as multitarget therapeutics for conditions characterized by pathological
retinal angiogenesis.

INTRODUCTION
Age-related macular degeneration (AMD) is a common
[1] and complex [2, 3] disease of aging and the leading
cause of irreversible loss of sight in elderly people [4–
6]. Early forms of AMD are characterized by subretinal
lipoproteinaceous deposits, local attrition of
photoreceptors [7] and loss of visual sensitivity [8].
Late forms of AMD are defined by geographic atrophy
(loss of retinal pigment epithelium and photoreceptors)
[9] and/or pathologic choroidal neovascularization
(CNV) characterized by vascular sprouting from the
choriocapillaris into the neural retina or subretinal space
[10]. The neovascular form (NV AMD or exudative
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AMD) accounts for over 80% of the vision loss
associated with AMD [11].
The advent of therapies targeting vascular endothelial
growth factor (VEGF) has significantly improved the
quality of life of patients suffering from NV AMD [12–
15]. However, not all patients with AMD respond to
anti-VEGF therapies [16]. Sustained reduction in retinal
VEGF levels can lead to neurotoxicity [17] and
degeneration of RPE-choriocapillaris in mouse models
[18]. Importantly, assessment by fundus photography
and fundus fluorescein angiography of patients on antiVEGF therapy showed accelerated development of
geographic atrophy [19, 20]. These findings justify the
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need for continued exploration of novel therapeutic
interventions.
Given that several inflammatory and growth factors in
addition to VEGF [10, 21, 22] are associated with the
pathogenesis of NV AMD, a multi-targeted approach is
warranted. In this regard, therapeutic delivery of
miRNAs may offer a promising avenue. miRNAs are
small non-coding RNAs of around 20 nucleotides that
act as post-transcriptional regulatory elements of most
cellular processes [23]. miRNAs mediate repression of
gene expression with the potential of a single miRNA to
target mRNA transcripts from hundreds of genes [24].
We previously elucidated a specific miRNA signature
in the vitreous and plasma of patients with NV AMD
and observed a disease-associated increase in miR-146a
and a decrease in miR-106b and miR-152 [25].
Interestingly, within our cohort, we found that both
vitreous- and plasma-based miR-146a/miR-106b ratios
had greater than 90% discriminatory power for
classification of patients with NV AMD with an area
under the receiver operating characteristic curve of
0,977 in vitreous humour and 0,915 in plasma,
suggesting potential for a blood-based diagnostic. These
results are concordant with the evidence based in
humans and model systems where upregulation of miR146a, miR-17 (a miR containing the same seed
sequence as miR-106b), miR-125 and miR-155 are
associated with human AMD and a mouse model of
oxygen induced retinopathy (OIR) [26–30]. miRNAs
targeting VEGFA (miR-184, miR-150 and miR-106b)
have also been found to be downregulated in human
AMD and in animal models [25, 28, 31]. Here, we
aimed to determine the mechanism leading to the
downregulation of mir-106b in AMD and to
characterize the therapeutic potential of upregulating
miR-106b for NV AMD.

RESULTS
miR-106b is downregulated in the choroid after
laser-induced CNV
In order to evaluate the potential role of miR-106b in
CNV and NV AMD, we employed a laser burn-induced
neovascularization mouse model. In this model, Bruch’s
membrane is ruptured using an argon laser, initiating
sprouting of subretinal blood vessels from the choroid,
mimicking NV AMD (Figure 1A) [32]. This model is
characterized by a reproducible pattern of reduced
neovascularization 3 days post-burn, followed by a
significant increase in neovascularization that peaks on
the 7th day, then vascular regression and wound healing by
14 days post-burn [32]. To illustrate the vascular changes
occurring in this model, we took serial ocular fundus
images of infrared reflectance and fluorescein
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angiography after laser burn and subcutaneous injection
of fluorescein, revealing fluorescein leakage surrounding
burn sites that regressed over time (Figure 1B). In line
with our previously reported findings for human vitreous
and plasma from patients with active NV AMD [25],
choroidal miR-106b expression was significantly
downregulated in retinal specimens at all investigated
time points, with statistically significant decreases of
~40% at day 3, and ~50% at days 7 and 14, relative to
control animals (Figure 1C–1E). The significant
downregulation of miR-106b three days post-burn
corresponds to the neovascularization nadir in the laser
burn model. This suggests that the observed decrease in
miR-106b directly precedes initiation of CNV.
The PERK arm of the unfolded protein response is
involved in retinal suppression of the mmu-miR106b~25 cluster in laser-induced CNV
Upon confirmation of a reduction in retinal miR-106b
in the CNV mouse model, we next sought to
investigate the underlying mechanism. MiR-106b is a
member of the miR-106b~25 cluster (mmu-miR-106b,
mmu-miR-25 and mmu-miR-93) and is located in the
13th intron of protein-coding gene minichromosome
maintenance complex component 7 (MCM7) [33].
Regulation of miR-106b expression is tightly
correlated with MCM7 transcription. Previous studies
have suggested that activation of the protein kinase
RNA-like ER kinase (PERK) arm of the UPR and
consequent triggering of activating transcription factor
4 (ATF4) as a potential mechanism causing
downregulation of the MCM7 gene and the mmu-miR106b~25 cluster [34] (Figure 2A). We therefore
investigated if the regulation of mmu-miR-106b
occurred at the transcriptional level through activation
of ER stress effector pathway PERK.
To better characterize PERK activation, we examined
its downstream effectors. Phosphorylation of eIF2α was
increased after laser burn as was total eIF2α with a
significant ~2-fold rise in peIF2α at 7 days (Figure 2B,
2C). Moreover, a significant upregulation of the ATF4
transcript was also detected with an increase at both 3
and 7 days after laser burn (Figure 2D). We then
assessed the effect of PERK activation on the MCM7
gene transcript and miR-106b~25 cluster by qPCR
analysis. We observed significant decreases of ~50%
and ~35% in MCM7 transcript expression at 3 and 7
days after laser burn respectively (Figure 2E).
Additionally, all members of the miR-106b~25 cluster
(miR-106b, miR-25 and miR-93) were downregulated 3
days after laser burn with decreases of ~0.24-fold,
~0.37-fold and ~0.60-fold for miR-25, miR-93 and
miR-106b, respectively (Figure 2F). To confirm that
PERK can mediate repression of hsa-miR-106b, we
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infected Human Retinal Microvascular Endothelial
Cells (HRMECs) with a lentivirus carrying short hairpin
(sh) RNA against PERK. After 72 hours, we observed a
significant ~2-fold increase in hsa-miR-106b expression
in cultured cells (Figure 2G). Taken together, these
results support a PERK-associated decrease in miR106b in laser-induced CNV.

miR-106b targets effectors of angiogenesis
To confirm the involvement of miR-106b in the
regulation of AMD-related angiogenesis, we quantified
protein levels of experimentally validated targets of
miR-106b involved in the neovascularization process.
Previous studies demonstrated that miR-106b can

Figure 1. The initiation of retinal neo-vascularization is associated with downregulation of miR-106b expression. (A) Schematic

of laser burn CNV mouse model. (B) Representative retinal fundus of a mouse before and after undergoing laser-induced choroidal
neovascularization. Serial images depict the progression of neovascularization over a time-course of 14 days in the same eye. Choroidal
expression of miR-106b by qPCR relative to intact controls assessed (C) 3 days after burns (n=8), (D) 7 days after burns (n=13) and (E) 14 days
after burns (n=10); Scale bar = 50µm. Data are expressed as the mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis,
*P <0.05; **P<0.001.
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Figure 2. PERK activation provokes downregulation of miR-106b-25 cluster and MCM7 host gene in a mouse model of CNV.

(A) Schematic of ER stress activation of PERK pathway. (B) Western blot of Phospho-EIF2α, total-EIF2α and β-actin in control choroids, and 3
and 7 days after burns. (C) Western blot quantification in control choroids, 3 days (n=7) and 7 days after burns (n=6). (D) Aft4 mRNA
expression in control choroids, 3 days (n=6) and 7 days after burns (n=10). (E) Mcm7 mRNA expression in control choroids, 3 days (n=6) and 7
days after laser burn (n=14). (F) miR106~25 cluster member expression in choroids 3 days after laser burn (miR-106b (n=7), miR-25 (n=6) and
miR-93 (n=5). (G) miR-106b expression after infection of HRMECs with LV.shGFP (negative control), and LV.shPERK (n=5). Data are expressed
as mean ± S.E.M. One-way ANOVA with Bonferroni post-hoc test was performed on groups of 3 or more, and unpaired Two-tailed Student’s
t-test was used for the analysis of groups of 2, *P <0.05; **P<0.001; ***P<0.0001.
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influence expression of VEGFA and HIF1α [31]. In
line with a decrease in miR-106b, we confirmed the
upregulation of VEGFA (~3-fold) and HIF1α (~1.71fold) in choroid specimens 3 days after laser burn
(Figure 3A–3D). Importantly, we did not observe
variations at the mRNA level for these targets,
suggesting post-transcriptional regulation of their
protein expression or altered translation efficiency,
characteristic of miRNA regulation (Supplementary
Figure 1A). These results further suggest that the loss of
miR-106b expression can contribute to the expression
of angiogenic proteins that promote neovascularization.
miR-106b influences HRMEC
choroidal vascular sprouting

migration

and

We sought to characterize the effects of miR-106b on
cellular processes involved in angiogenesis. We first
evaluated the role of miR-106b on HRMEC migration
in a wound healing/cell migration assay performed by
electric cell-substrate impedance sensing (ECIS) assay.
Cells were infected with LV.miR-106b, LV.shVEGFA,
LV.shPERK or control LV.shGFP for 72 hours, plated
at confluence and submitted to an electric pulse in the
center of the well to provoke cell detachment, resulting
in a 250μm diameter region devoid of cells (Figure 3E).
Cell migration was quantified at 8 hours by
measurement of impedance, which increases as cells
repopulate the empty space. We found that HRMEC
migration was reduced in all three LV-treated dishes
compared to control LV.shGFP (blue line) (Figure 3F–
3H). Cells infected with LV.shPERK became the least
migratory (Figure 3H). LV.miR-106b prevented
migration of HRMECs to a similar extent as
LV.shVEGFA (Figure 3F, 3G). To confirm that miR106b reduced migration of HRMECs, we performed a
scratch assay (Figure 3I). As above, significant
decreases in cell migration were observed in all
treatment groups when compared to controls with a
~45% reduction in LV.shVEGFA, ~50% reduction with
LV.miR-106b and ~45% with LV.shPERK when
compared to control LV.shGFP (100% of migration)
(Figure 3I, 3J).
NV AMD is characterized by pathological
neovascularization of the choriocapillaris. We
therefore used ex vivo mouse choroid explants and
assessed sprouting angiogenesis. Similar to findings
reported above, we observed a ~ 70 % reduction in
sprouting area with LV.miR-106b, a ~80% reduction
with LV.shPERK, while LV.shVEGFA resulted in a
reduction of ~60% compared to control LV.shGFP
(Figure 3K, 3L). Taken together, these results further
highlight the anti-angiogenic properties of miR-106b
and provide rationale to test miR-106b delivery in
vivo.
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Intraocular injection of LV.miR-106b decreases
choroidal and retinal neovascularization
Endothelial cell migration and sprouting are key
processes involved in angiogenesis. We next tested the
outcome of therapeutic delivery of miR-106b in models
of pathological retinal angiogenesis. We first performed
laser burns on 8 week-old mice to trigger CNV, directly
followed by intravitreal injection of either LV.miR106b or positive control LV.shVEGF or negative
control LV.shGFP. Choroids were collected 7 days after
laser burns and quantified (Figure 4A). LV.miR-106b
led to ~45% reduction of neo-angiogenesis and
prevented CNV to a similar extent as LV.shVEGF
(Figure 4B–4D).
We subsequently assessed the anti-angiogenic
properties of miR-106b in the mouse model of oxygeninduced retinopathy [35]. Mouse pups were injected at
P4 and P7 with LV.miR-106b, negative control
LV.shGFP or positive control LV.shVEGFA. From P7
to P12 pups were exposed to 75% oxygen and returned
to room air from P12 until maximal neovascularization
at P17 (Figure 5A). Similar to what was observed for
CNV, retinas treated with LV.miR-106b showed a
significant
~50%
reduction
in
pathological
neovascularization compared to LV.shGFP and a
similar reduction to levels observed with LV.shVEGFA
(Figure 5B–5I). Collectively, these results suggest that
therapeutic delivery of miR-106b prevents pathological
retinal angiogenesis (Figure 6).

DISCUSSION
The diagnostic and therapeutic potential of miRNAs for
ocular diseases is promising yet still requires proof of
concept. We have previously shown that levels of miR106b decrease in the vitreous and plasma of human
patients with NV AMD [25]. In the current study, we
demonstrate that much like in patients, there is a
reduction in choroidal miR-106b in mouse retinas
following laser burn induced-CNV. Furthermore, we
provide evidence that the downregulation involves
transcriptional inhibition of the 106b~25 cluster by the
PERK pathway. Consequently, therapeutic intravitreal
administration of miR-106b via lentiviral vectors
inhibited pathological retinal neovascularization across
models. These findings were supported by in vitro and
ex vivo data that confirmed the role of miR-106b in
preventing cellular mechanisms that lead to
angiogenesis including cell migration and sprouting.
The pathogenesis of AMD is associated with oxidative
stress, hypoxia, inflammation and proteotoxic stress, which
can trigger pathways of ER-stress [36]. We observed
activation of the PERK axis with phosphorylation
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Figure 3. miR-106b exerts an anti-angiogenic effect and impairs retinal endothelial cell migration. (A) Western blot of VEGFA

and β-actin from control choroids and 3 days after burns, and (B) quantification (n=4). (C) Western blot of HIF1α and β-actin from control
choroids and 3 days after burns, and (D) quantification (n=4). (E) Schematic of ECIS cell migration assay procedure. HRMEC ECIS with (F)
LV.miR-106b (n=4), (G) LV.shVEGFA (n=4) and (H) LV.shPERK (n=4) compared to LV.shGFP control. (I) HRMEC scratch assay infected 72h with
LV.shGFP, LV.miR-106b, LV.shVEGFA and LV.shPERK at T0h and after 8h. (J) Migration area quantification of scratch assay with LV.miR-106b
(n=4), LV.shVEGFA (n=4), and LV.shPERK (n=4) compared to LV.shGFP. (K) Sprouting assay with choroid explants infected with LV.shGFP,
LV.miR-106b, LV.shVEGFA, and LV.shPERK. (L) Sprouting area quantification with LV.miR-106b (n=9), LV.shVEGFA (n=9), LV.shPERK (n=8)
compared to LV.shGFP control. Scale bar = 500 µm. Data are expressed as mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for
the analysis of groups of 2, and one-way ANOVA with Bonferroni post-hoc test was performed on groups of 3 or more, *P <0.05; **P<0.001;
***P<0.0001.
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Figure 4. miR-106b decreases choroidal neovascularization in a CNV mouse model. (A) Schematic of intraocular injection of
LV.miR-106b or LV.shVEGFA in laser burn mouse model. (B) Burn in red (lectin), CNV in green (FITC) and merge with LV.miR-106b or
LV.shVEGFA compared with LV.shGFP. (C) CNV/Burns ratios quantification after LV.miR-106b treatment (n=16 burns/4 mice) and (D)
CNV/Burns ratios quantification after LV.shVEGFA treatment (n=12 burns/3 mice). Scale bar = 50µm. Data are expressed as mean ± S.E.M.
Unpaired Two-tailed Student’s t-test were used *P <0.05; **P<0.001.
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Figure 5. miR-106b decreases retinal neovascularization in the OIR mouse model. (A) Schematic of intraocular injection of LV.miR-

106b or LV.shVEGFA in the OIR mouse model. P17 retinas were flatmounted after exposure to 75% O 2, having received intraocular injection
of LV.shGFP (B), LV.miR-106b (C), or LV.shVEGFA (D) and magnified (E–G). Neovascular area quantification (H) after LV.miR-106b injection
(n=8), and (I) LV.shVEGFA injection (n=8). Scale bars, 500 μm (B–D) and 200 μm (E–G). Data are expressed as mean ± S.E.M. Unpaired Twotailed Student’s t-tests were used. *P <0.05.
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Figure 6. Schematic of miR-106b impact on CNV in mouse laser burn model. (A) Bruch's membrane disruption following laser burn.

(B) Intravitreal injection of LV.shGFP or LV.miR-106b. (C) PERK activation represses miR-106b expression and leads to pro-angiogenic factor
overexpression, contributing to CNV formation. (D) Increased expression of miR-106b by LV leads to decreased CNV formation by targeting
proangiogenic factor protein production. (CNV: choroidal neovascularization, LV: lentivirus).
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of eIF2α and increase in ATF4 mRNA after laser burn.
Activated PERK typically influences protein synthesis
through phosphorylation of eIF2α, leading to global
translation arrest [37] while transcripts with alternative
upstream open reading frames, such as ATF4, are
translated and can mediate an antioxidant response and
expand the ER’s folding capacity [38]. With sustained
activation, ATF4 can also drive transcription of proapoptotic factors and lead to apoptosis by inducing
CHOP [38]. The PERK pathway is thought to be
influenced by miRNAs. For example, miR-204
represses PERK [39] while miR-30b-5p and miR-30c5p regulate eiF2α, and miR-214 downregulates ATF4
expression [40]. Similarly, to what has been reported in
mouse embryonic fibroblasts [34], our data suggest that
PERK suppresses miR-106b during choroidal
neovascularization and thus renders the retina more
conducive to neovascularization.
We demonstrated the anti-angiogenic properties of miR106b in models of retinal (OIR) and choroidal
neovascularization (laser CNV). The magnitude of
suppression was comparable to that of suppression of
VEGFA or PERK inhibition by shRNA. MiR-106b, a
member of miR-17 family with reported anti-angiogenic
properties [41, 42], also significantly decreased
choroidal sprouting. Our results are consistent with
previous studies demonstrating the anti-angiogenic
properties of miR-106b in cell culture via STAT3
inhibition [43] and in mice in a hind limb ischemia
model.
Currently, there are efforts to devise therapeutics that
simultaneously inhibit several factors involved in retinal
vascular disease given the clinical success of
compounds such as Aflibercept [44]. miRNAs regulate
translation of multiple genes and hence may be
considered as multi-target inhibitors. Their potential to
mitigate retinal disease will grow as comprehensive
landscapes of miRNAs in health and disease are
established [26, 45]. Preclinical studies are underway
for mimics or inhibition of specific miRNAs [46].
Overall, this study demonstrates a new role for miR106b and highlights its potential for suppressing
pathological retinal neovascularization.

MATERIALS AND METHODS
Animals
All studies were performed according to the Association
for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Animal Care
Committee of the University of Montreal in agreement
with the guidelines established by the Canadian Council
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on Animal Care. C57Bl/6 wild-type were purchased
from Jackson Laboratory and CD1 nursing mothers
from Charles River Laboratory.
Cell line
Human retinal microvascular endothelial cells
(HRMECs) (Cell System, Kirkland, USA) were used
from passages 6 to 11. HRMECs were cultured in
EGM-2 microvascular medium (Lonza, Switzerland).
For scratch assay experiments and for Electric Cellsubstrate Impedance Sensing (ECIS), cells were starved
overnight then cultured in EBM-2 medium (2% fetal
bovine serum).
O2-induced retinopathy (OIR)
Mouse pups (C57Bl/6, Jackson Labs) and their
fostering mothers (CD1, Charles River) were exposed
to 75% O2 from postnatal day 7 (P7) until day 12 and
returned to room air. This model serves as a proxy to
human ocular neovascular diseases such as ROP and
diabetic retinopathy characterized by a late phase of
destructive pathological angiogenesis [47, 48]. Upon
return to room air, hypoxia-driven neovascularization
(NV) develops from P14 onwards [35]. Dissected
retinas were flatmounted and incubated overnight with
fluoresceinated isolectin B4 (1:100) in 1mM CaCl2 to
determine
extent
of
avascular
area
or
neovascularization area at P17 using ImageJ and the
SWIFT-NV method [49].
In vivo imaging following laser-induced choroidal
neovascularization (CNV)
In vivo imaging was performed using a scanning laser
ophthalmoscope (Micron IV; Phoenix Laboratories,
Pleasanton, CA, USA). Mice of 9 to 11 weeks of age
were subjected to pupil dilation (Mydriacyl; Alcon,
Mississauga, ON, Canada) and anesthetized with a mix
of 10% ketamine and 4% xylazine (10µl/g body
weight). Fluorescein (Alcon, 1 unit/g body weight of a
5% fluorescein dilution in 0.9% sodium chloride) was
injected subcutaneously and corneas were lubricated
with Optixcare ophthalmic gel (Aventix Animal Health,
Burlington, ON, Canada). After a fluorescein
circulation of 5 minutes, retinas were imaged before and
after inducing choroidal neovascularization with 4
distinct laser burns (50µm, 300mW, 0.05s). Animals
were followed-up 3, 7 and 14 days after laser burn.
CNV induction and neovascularization labeling by
perfusion with FITC
For lentiviral treatment mice of 9 to 11 weeks of age
were intraocularly injected with lentivirus and their
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Bruch’s membranes were ruptured using an argon laser
as described previously [32]. At day 3, 7 and 14 after
CNV induction, mice were injected with 0.5 ml of 15
mg/ml of fluorescein isothiocyanate (FITC)–dextran
(average molecular weight 20,000) (Sigma Aldrich,
CA) and euthanized.
Immunohistofluorescence
Eyes were fixed for 30 min in 4% PFA at room
temperature before dissection to isolate retinas (OIR) or
choroids (LB-CNV). Flatmounted retinas or choroids were
stained with Rhodamine labeled Griffonia (Bandeiraea)
Simplicifolia Lectin I (RL-1102; Vector Laboratories) in 1
mM CaCl2 in PBS. The sclera–choroid–RPE cell complex
was mounted onto a slide, and the burns photographed
with an Olympus FV1000 microscope.
Neovascularization quantifications
Retinal neovascularization (OIR model): For
visualization of pan-retinal vasculature, dissected
retinas were flatmounted and incubated overnight with
rhodamine-labeled Griffonia (Bandeiraea) Simplicifolia
Lectin I (Vector Laboratories Inc.) in 1 mM CaCl2 in
PBS for retinal vasculature. The extent of avascular area
or neovascularization area at P17 was determined using
ImageJ and the SWIFT_NV method [49].
Choroidal neovascularization (laser burn model): The
neovascularization was captured in a Z-stack, and the
lesion caused by the laser impact was captured in a singleplane image. The Z-stacks were compressed into one
image, and the FITC–dextran-labeled neovascular area and
the area of the lesion were measured per lesion in ImageJ.
Western blot analysis
For assessment of choroidal protein levels, eyes were
enucleated from mice 3 days after burn. RIPA buffer with
anti-protease and anti-phosphatase (BioRad) was freshly
prepared to manually with a piston to homogenize tissues
and for cells lysis. Protein concentration was assessed by
BCA assay (Sigma-Aldrich, Oakville, CA), and 30μg of
protein analyzed for each condition by standard SDS-PAGE
technique using Bis-Acrylamide gel 10% or 12.5%
depending of protein size. Total protein transfer on
nitrocellulose or PVDF membranes (Bio-Rad, Mississauga,
ON, CA) was evaluated with Ponceau Red (Sigma-Aldrich,
Oakville, CA). Antibody solutions and dilutions were
prepared as per manufacturers’ recommendations.
Antibodies
Phospho-eIF2α (Ser51) (Cell signaling Technology,
Whitby, CA), Total-eIF2α (Cell signaling Technology,
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Whitby, CA), β-actin (8H10D10) (Cell signaling
Technology, Whitby, CA, VEGFA (C1) (Santa Cruz
Biotechnology, INC, Texas, USA), HIF1α (H1alpha67)
(Novus Biologicals, Oakville, CA).
Quantitative real time polymerase chain reaction
analysis
RNA extraction was performed with TRIzol®
Reagent (Life Technology, Waltham, USA) as
suggested by manufacturer protocol. DNase digestion
was then performed to prevent amplification of
genomic DNA (Invitrogen, Waltham, USA). iScript™
Reverse Transcription Supermix for RT-qPCR (BioRad, Mississauga, CA) was used to generate cDNA
from 1µg of total RNA. Real time qPCR was
performed to quantify gene expression using SYBR®
Green reagent (Applied Biosystem TM, USA) and
was processed with an ABI 7500 Real-Time PCR
machine. β-actin was used as a reference gene. Primer
sequences (Integrated DNA Technologies) are listed
in Supplementary Table 1. miRNA extraction was
performed with TRIzol® Reagent, Retrotransciption
reaction was done with TaqMan MicroRNA Reverse
Transcription kit (Applied Biosystem, USA) using
100ng of total RNA in each reaction following
manufacturer protocol. Real-time PCR was processed
with TaqMan miR assay 20X and Universal master
mix II No-UNG 2x for TaqMan Reaction (Applied
Biosystem, USA). Primers are listed in the
Supplementary Table 1.
Lentivirus plasmid constructions
Lentiviral constructs were produced with the PCR
insertion kit (Q5 Site-Directed Mutagenesis kit,
New England BioLabs®inc). The following sequence
for shVEGFA and mature miR-106b sequence
were inserted shVEGFA: 5’ GAGCGGAGAAAGC
ATTTG TTTCTCGAGAAACAAATGCTTTCTCCGC
TCTTTT 3’, miR-106b: 5’TAAAGTGCT GACAGTG
CAGATCTCGAGATCTGCACTGTCAGCACTTTAT
TTT-3’. All constructs were verified by Genome
Quebec sequencing. Constructs of shIRE1α and
shPERK were previously published by our
group [50].
Preparation of lentivirus
We produced infectious lentiviral vectors by
transfecting lentivector and packaging vectors into
HEK293T cells (Invitrogen) as previously described
(Dull et al. Journal of Virology, 1998). Viral
supernatants were concentrated by ultracentrifugation
(>500-fold). Viral efficiency was confirmed by realtime-PCR and Western blot.
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Intravitreal injections
For the OIR model, P4, P7, C57BL/6 pups were
anesthetized with 3.0% isoflurane and injected in the
vitreous chamber with 0.5 µl of lentivirus. Retinas were
collected at P17 for vasculature analysis. For the laser
burn model, 8 to 10 week old C57BL/6 mice were
injected following laser burn in the vitreous chamber
with 1 µl of lentivirus. Choroids were collected 7 days
post burns for CNV quantification.
Scratch assay
Scratch assays were performed with pre-infected
HRMECs cells (72hr) in 6 well plates until confluency
was reached. Scratches were done with 200µl sterile
tips and culture media was replaced with with EBM-2
medium (2% fetal bovine serum). Pictures were taken at
time 0 (moment of the scratch) and after 8 hours with a
2x objective using an inverted microscope (Zeiss Axio
Imager) and migration distances were quantified with
Image J software.
Electric cell-substrate impedance sensing migration
assay (ECIS)
Real time analysis of trans and inter-endothelial
impedance was performed by plating 1x 105 pre-infected
(72 hours) HRMECs cells into 8 well arrays (8W10E for
migration assays, 40 electrodes per well) (Applied
BioPhysics, Troy, NY, USA). Cells were plated at
confluency and submitted to an electric pulse in the
center of each well, causing localized cell detachment,
resulting in a 250μm diameter devoid of cells. Cell
migration was quantified by measurement of impedence,
which increases as cells repopulate the empty space. The
results were then normalized to the vehicle control and
expressed as relative resistance. Graphical representation
depicts mean and S.E.M., and light blue zones highlight
time points where statistically significant differences are
observed (student’s t-test, P<0.05).
Choroid ex vivo explant assay
Adult C57Bl/6 mice were euthanized, and eyes were
immediately enucleated and kept in ice-cold EBM basal
medium (Lonza) before dissection. Choroid explants
were placed in growth factor-reduced Matrigel
(Corning) seeded in 24 well plates, and incubated at
37° C for 10 minutes to allow the Matrigel to solidify.
500 µL of medium was then added to each well and
incubated at 37° C with 5% CO2 for 24 hours before
lentiviral infections. Explant pictures were taken after
48 hours (at the beginning of choroid vessel growth),
and at 72 hours to 96 hours post-infection to follow
vessel growth. Phase contrast photos of individual
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explants were captured with a ZEISS Axio Oberver.Z1
microscope. Sprouting area quantification was
performed using the semi-automated macro plug-in to
the Image J software designed for this purpose [51].
Statistical analyses
Data are presented as mean ± S.E.M. GraphPad Prism
(GraphPad Software, San Diego, CA) was used to
perform statistical analyses. We used Student’s t test
to compare groups of two, and one-way ANOVA
with Bonferroni post-hoc analysis for groups of 3
and more; data with P < 0.05 were considered
statistically different: * denotes P < 0.05, ** P < 0.01,
and *** P < 0.001.
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SUPPLEMENTARY MATERIALS
Supplementary Figure

Supplemental Figure 1. (A) VEGFA and HIF1α mRNA expression in choroids 3 days after laser burn (VEGFA n=5, HIF1α n=7). (B) LV.miR-

106b expression after plasmid transfection in HEK cells (n=4). (C) Schematic of plasmid construction, virus production and LV.miR-106b
expression 72hrs after viral infection of HRMECs. (D) VEGFA mRNA expression in HRMECs 72hrs after LV.shVEGFA infection. Data are
expressed as mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis of groups of 2, and one-way ANOVA with
Bonferroni post-hoc test was performed on groups of 3 or more, *P <0.05; **P<0.001; ***P<0.0001.
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Supplementary Table
Supplementary Table 1. List of human and mouse primers.
Genes (human)
B-ACTIN (ACTB)
VEGFA
Genes (mouse)
B-ACTIN (ACTB)
VEGFA
MCM7
ATF4
HIF1α

Foward primers
5’ GTCATTCCAAATATGAGATGCGT 5’
5’ CTCTACCTCCACCATGCCAAG 3’
Foward primers
5’ GACGGCCAGGTCATCACTATTG 3’
5’ GCCCTGAGTCAAGAGGACAG 3’
5’ ATGGCGCTTAAGGACTACG 3’
5’ CTACTAGGTACCGCCAGAAG 3’
5’ CGAGAACGAGAAGAAAAAGATGAG 3’

Reverse primers
5’ TGTGGACTTGGGAGAGGACT 3’
5’ AGACATCCATGAACTTCACCACTTC 3’
Reverse primers
5’ CCACAGGATTCCATACCCAAG 3’
5’ CTCCTAGGCCCCTCAGAAGT 3’
5’ATCCAGGTCCACATACAGTG 3’
5’ GCCTTACGGACCTCTTCTAT 3’
5’ AAGCCATCTAGGGCTTTCAG 3’

RT-qPCR primer sequences to quantify mRNA expression in choroids (mouse) or HRMECs (human).
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ABSTRACT
Excessive light exposure is a principal environmental factor, which can cause damage to photoreceptors and
retinal pigment epithelium (RPE) cells and may accelerate the progression of age-related macular degeneration
(AMD). In this study, oxidative stress, endoplasmic reticulum (ER) stress and autophagy caused by light
exposure were evaluated in vitro and in vivo. Light exposure caused severe photo-oxidative stress and ER stress
in photoreceptors (661W cells) and RPE cells (ARPE-19 cells). Suppressing either oxidative stress or ER stress
was protective against light damage in 661W and ARPE-19 cells and N-acetyl-L-cysteine treatment markedly
inhibited the activation of ER stress caused by light exposure. Moreover, suppressing autophagy with 3methyladenine significantly attenuated light-induced cell death. Additionally, inhibiting ER stress either by
knocking down PERK signals or with GSK2606414 treatment remarkably suppressed prolonged autophagy and
protected the cells against light injury. In vivo experiments verified neuroprotection via inhibiting ER stressrelated autophagy in light-damaged retinas of mice. In conclusion, the above results suggest that light-induced
photo-oxidative stress may trigger subsequent activation of ER stress and prolonged autophagy in
photoreceptors and RPE cells. Suppressing ER stress may abrogate over-activated autophagy and protect the
retina against light injury.

INTRODUCTION
Age-related macular degeneration (AMD) is a
degenerative retinal disease, which often occurs in the
elderly and causes irreversible loss of central vision.
Indeed, excessive and prolonged light exposure may
damage the retina and is an environmental factor that
can accelerate AMD [1]. With the rapid development of
technology, many electronic devices with screens, and
ophthalmic equipment with intensive illumination, have
become widely used. Therefore, an increasing amount
of attention has been focused on issues of light pollution
and retinal light damage. Among the molecular
mechanisms involved in light-induced retinal damage,
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photochemical damage is regarded as the main culprit
[2]. Excessive photons from visible light exposure are
absorbed by opsin in photoreceptor cells or
melanosomes in pigment epithelial cells, causing a
series of photochemical reactions, which may further
trigger programmed cell death [3]. However, the exact
molecular mechanism of light-induced retinal injury
remains unclear.
Two stereoisomers, 11-cis-retinal and all-trans-retinal,
exist in the retina and play roles in the visual cycle. A
photon from visible light triggers cis–trans
isomerization, converting the bent chromophore into a
straight conformation, causing a separation between the
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two stereoisomers [4, 5]. When oxygen is present and
upon photoexcitation by light, all-transretinal is a potent
photosensitizer that generates reactive oxygen species
(ROS), such as singlet oxygen, superoxide and
hydrogen peroxide [6, 7]. The excessive ROS may lead
to oxidative-stress damage in both photoreceptors and
RPE cells following disk phagocytosis [3, 8]. There is
growing evidence that photo-oxidative reactions might
be an important step in triggering the death cascade in
light-damaged retinal neurons [2, 9–12].
The endoplasmic reticulum (ER) is an important
organelle that mediates protein synthesis, processing
and transport and participates in maintaining
homeostasis of the intracellular environment [13, 14]. In
the process of protein folding, resident protein disulfide
isomerases
(PDI),
endoplasmic
reticulum
oxidoreduction 1 (ERO1) and glutathione (GSH)
cooperate as a chaperone-like assisted mechanism to
prevent and correct aberrant disulfide bonds [15].
Previous studies have shown that excessive intracellular
ROS may lead to depletion of the GSH pool and
compromise the function of PDI, which disrupts the
folding process of proteins in the ER and produces a
massive amount of misfolded proteins [16, 17].
However, the excessive accumulation of misfolded
proteins in the ER may trigger an unfolded-protein
response (UPR), which may enhance protein folding
ability, as well as the homeostasis of protein translation
and accelerate protein degradation to recover ER
function [18]. Normally, the UPR is activated by 3
transmembrane ER stress sensors: activating
transcription factor 6 (ATF6), inositol-requiring enzyme
1 (IRE1) and protein kinase RNA-like ER kinase
(PERK). When ER stress happens, ATF6 is transported
to the Golgi in the form of vesicles and is then cleaved
by protease [sites 1 and 2 protease (S1P and S2P)] to
produce a transcriptionally active polypeptide [19];
IRE1 is phosphorylated and causes the activation of
endoribonuclease, splicing of the 26-nucleotide (nt)
sequence from the X-box binding protein (XBP1)
messenger ribonucleic acid (mRNA) and production of
functional XBP1(S), which is transferred to the nucleus
and activates transcription of the genes encoding the ER
chaperone [20]; PERK is activated by phosphorylation,
which in turn phosphorylates eukaryotic translation
initiation factor 2 (EIF2) to inhibit protein translation
and reduce protein synthesis [21]. However,
phosphorylated EIF2 may selectively increase
activating transcription factor 4 (ATF4) translation [22],
which causes the activation of transcription factor
C/EBP homologous
protein (CHOP).
Under
physiological conditions, these three transmembrane
proteins bind to the glucose regulatory protein 78kDa
(Grp78; also known as BiP) in the ER lumen. Once
misfolded proteins accumulate in the ER, they titrate
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BiP away from these sensors to cause activation of the
downstream signals, which may further accelerate
protein degradation, termed ER-related degradation
(ERAD) [23]. ERAD is mainly composed of the
following mechanisms: ubiquitin proteasome-dependent
ERAD and autophagy lysosome-dependent ERAD [24].
Autophagy is an important and complex metabolic
pathway in eukaryotic cells. It normally consists of four
main phases: nucleation, expansion, maturation, and
degradation/recycling [25]. Autophagy is often
classified as basic autophagy, which exists at a
relatively low level in cells, and induced autophagy,
which is caused by various stresses, such as starvation,
aging and inflammation [26–28]. Autophagy is a major
intracellular degradation system and is responsible for
the degradation of long-lived proteins, organelles and
other cellular contents [29]. Moreover, autophagy is an
important mechanism of ERAD and participates in the
degradation of misfolded proteins and protein
aggregates following ER stress [30]. However,
prolonged autophagy may lead to cell death and is
specifically termed autophagy-dependent cell death
[31]. The role of autophagy in retinal light injury is
controversial. Autophagy might be a double-edged
sword among the molecular mechanisms that lead to
retinal light damage. Midorikawa et al. reported that
moderate autophagy combined with endosomal
degradation pathway activity is neuroprotective and
attenuates light-dependent retinal degeneration [32].
However, Zhang et al. showed that over-activated
autophagy is detrimental to light damaged
photoreceptors and that suppressing autophagy with 3methyladenine (3MA) may protect photoreceptors
against light injury [33]. Therefore, further clarifying
the role of autophagy in retinal light injury is still
necessary and whether autophagy activation is related to
ER stress-related pathways needs further investigation.
Previous studies employing histopathological analysis
of retinal sections have shown that visible light-induced
damage predominantly occurs in the outer layer of the
retina, especially in the layer of photoreceptor cells and
pigment epithelial cells [3, 34]. Therefore, in this study
the light-induced death mechanism was investigated
with in vitro experiments using two kinds of cell lines:
photoreceptor cells (661W) and pigment epithelial cells
(ARPE-19). The in vivo experiments, specifically
focused on light-induced alternations in the outer layer
of the retina and the RPE layer, in order to determine
the changes in the retina and RPE/choroid mixture. It
was found that visible light exposure caused severe
photo-oxidative-stress damage in photoreceptors and
RPEs following ER stress-related autophagy and that
inhibiting oxidative stress with the antioxidant N-acetylL-cysteine (NAC) suppressed ER stress caused by light
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exposure and protected cells against light damage. In
addition, either directly inhibiting prolonged autophagy
with 3MA or suppressing over-activated autophagy by
inhibiting ER stress (knockdown PERK or treated with
SAL, an ER stress inhibitor) also protected
photoreceptors and RPE cells from light injury. Finally,
the potent role of ER stress-related autophagy was
further verified with in vivo experiments. This study
suggests that visible light exposure may cause
prolonged autophagy in photoreceptors and RPE cells
and that suppressing ER stress-related autophagy may
effectively protect the retina against light injury.
Furthermore, this research deciphered the molecular
mechanisms involved in retinal light injury, which may
lay the experimental foundation for further development
of neuroprotective drugs for light damage-related retinal
degenerative diseases.

RESULTS
Light exposure induces oxidative
photoreceptors and RPE cells

stress

in

Photo-oxidative-stress damage may be the initial step
triggering neuronal death in the outer layer of the retina,
the imbalance of the cellular redox status induced by
light exposure was first evaluated by exposing 661W
cells and ARPE-19 cells to 1500 Lux light for 1–3 days.
The induced isomer of heme oxygenase, HO-1 is a
protein marker that indicates cellular redox status [35]
and was quantitatively determined via western blot. As
shown in Figure 1, light exposure led to the gradual

activation of HO-1 from 1 to 3 days. The level of HO-1
was significantly elevated, even on the first day of light
exposure, compared with the level in the dark control
group (P<0.05), and reached a peak on the third day.
Reduced glutathione (GSH) and oxidized glutathione
(GSSG) make up an important intracellular defense
system for anti-oxidation, thus GSH and GSSG levels
were determined, and the ratio of GSH/GSSG was
calculated. As shown in Figure 2B, the ratio of
GSH/GSSG was significantly decreased on the third
day after light exposure compared with the GSH/GSSG
ratio in the dark control group (P<0.05), suggesting a
severe imbalanced redox status in the cells caused by
light exposure. In addition, to further verify the role of
oxidative stress in the death pathway, the protective
effect of suppressing oxidative stress on light-damaged
cells was examined using the antioxidant, NAC. As
shown in Figure 2A and 2C, NAC treatment (5 mM for
661W cells and 2.5 mM for ARPE-19 cells)
significantly reduced intracellular ROS generation and
the level of HO-1, but increased the ratio of GSH/GSSG
on the third day of light exposure compared to the
vehicle group (P<0.05). Most importantly, treatment
with NAC (5 mM for 661W cells and 2.5 mM for
ARPE-19 cells) significantly attenuated the percentage
of cell death caused by light damage compared with the
light-damaged vehicle group (P<0.05; Figure 2D).
Taken together, these results suggest that light exposure
leads to severe oxidative-stress injury in photoreceptors
and RPE cells, and may function as an upstream step
triggering the subsequent activation of the death
cascade.

Figure 1. Light exposure increases the level of HO-1 in photoreceptors and RPEs. 661W cells/ARPE-19 cells were cultured in dark
conditions or exposed to 1500 Lux light for 13 days. The level of HO-1 protein in the whole cell lysate was determined with western blotting,
and β-actin was referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented
as the mean± SEM. n (per group) =3, **P < 0.01.
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Figure 2. NAC treatment suppresses light-induced oxidative stress. 661W cells/ARPE-19 cells were pretreated with NAC (5 mM for
661W cells and 2.5 mM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days. (A) The intracellular ROS were
stained with DCFH-DA fluorescent probe identified by green fluorescence. Scale bar=50 μm. Relative fluorescence intensities were calculated
and compared. (B) The GSH/GSSG ratio was measured with a GSH/GSSG Assay Kit. (C) The HO-1 level was determined with western blotting,
and β-actin was referred as an internal control. (D) 661W cells pretreated with 5 mM NAC/vehicle were cultured under light/dark conditions
for 3 days. ARPE-19 cells pretreated with 2.5 mM NAC/vehicle were cultured under light/dark conditions for 6 days. The cell death
percentage was evaluated with PI/Hoechst staining. Scale bar=100μm. The percentage of cell death was calculated as PI-positive cells/total
cells%. Three independent experiments are conducted two weeks apart. The results are presented as the mean± SEM. n (per group) =3, *P <
0.05, **P < 0.01.
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Light exposure induces ER stress in photoreceptors
and RPE cells
Excessive ROS in cells may lead to depletion of the
GSH pool and compromise of the function of PDI,
which disrupts the folding process of proteins in the ER,
causing the accumulation of unfolded or misfolded
proteins and triggering ER stress [16]. Therefore, the
markers in three signal pathways of ER stress were
determined after 661W and ARPE-19 cells were
exposed to 1500 Lux light for 1–3 days. As shown in
Figure 3, light exposure significantly caused activation
of cleaved-ATF6, p-IRE1a/IRE1a, p-PERK/PERK, pEIF2a/EIF2a, ATF4 and CHOP compared with the dark
control group. The levels of these markers reached a
peak on the third day of light exposure indicating that
light exposure indeed induces ER stress in
photoreceptors and RPE cells. To further assess the role
of ER stress in the light-induced cell death pathway,
salubrinal (SAL), an ER stress inhibitor, was used to
suppress ER stress under light-exposure conditions. As
shown in Figure 4A, treatments with SAL (1 μM, 10
μM, 20 μM, and 50 μM) were protective against light
damage compared with the vehicle group, as determined
using the PI/Hoechst staining assay. The optimum SAL
concentration, which provided the best protection
against light damage and led to the lowest cell death
rate was around 20 μM for 661W cells and 10 μM for
ARPE-19s. Treatment with SAL (20 μM for 661W cells
and 10 μM for ARPE-19s) consistently suppressed the
activation of ER stress, reducing the levels of cleavedATF6, p-IRE1a/IRE1a, p-PERK/PERK, p-EIF2a/EIF2a,
ATF4 and CHOP after 3 days of light exposure
compared with the light vehicle group (Figure 4B).
However, treatment with SAL under dark conditions

caused a slight increase in p-EIF2a (P<0.05, vs dark
vehicle group), suggesting that SAL is pharmacologically functional since SAL treatment may prevent
EIF2α dephosphorylation by inhibiting the protein
complex GADD34/protein phosphatase 1 (PP1) [36].
The correlation between oxidative stress and ER stress
under the light-exposed condition was then examined.
As shown in Figure 5, treatment with the antioxidant
NAC (5 mM for 661W cells and 2.5 mM for ARPE19s) significantly suppressed ER stress, markedly
reducing the levels of cleaved-ATF6, p-IRE1a/IRE1a,
p-PERK/PERK, p-EIF2a/EIF2a, ATF4 and CHOP on
the third day of light exposure compared with the
vehicle group, which suggests that light inducedoxidative stress might be the upstream step, prior to ER
stress, in the death cascade.
Autophagy is over-activated in cells under light
conditions
Prolonged ER stress may trigger autophagy-lysosomedependent ERAD to remove accumulated abnormal
proteins and protein aggregates thus, light-induced
autophagy in photoreceptors and RPEs was further
investigated. BECN1 is a widely used marker for
assessing autophagy because it participates in the initial
stage of autophagosome formation [37]. The
transformation from LC3BI to LC3BII is another
important process employed in the study of autophagy
activation [38]. Klionsky et al suggested LC3BII /βactin as an indicator for detecting autophagy [39]. As
shown in Figure 6A, after 661W and ARPE-19 cells
were exposed to light for 1–3 days, the levels of
BECN1 and LC3BII in the light-damaged group
significantly increased in a dose-dependent manner

Figure 3. Light exposure induces ER stress in photoreceptors and RPEs. 661W cells and ARPE-19 cells were cultured in a dark

condition or exposed to 1500 Lux light for 1–3 days after which the levels of ER stress markers were determined by western blotting. β-actin
was referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented as the
mean± SEM. n (per group) =3, **P < 0.01.
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compared with the dark control group (P<0.05). In
addition, the autophagic flux caused by light exposure
was monitored. Hydroxychloroquine (HCO) may
compromise the acidity of lysosomes. This interrupts
autophagic clearance, which may cause the
accumulation of LC3BII if the autophagic flux is
blocked [38]. As shown in Figure 6B, treatment with 20
μM HCO remarkably caused the accumulation of
LC3BII in 661W cells and ARPE-19s under the lightexposure condition compared with the light vehicle
group (P<0.05), indicating that light exposure induces a
complete autophagic process, which may be blocked by
HCO treatment. In addition, p62, another marker
protein of autophagy, whose expression level was
negatively correlated with autophagy flux, was detected
[40–42]. As shown in Figure 6B, the level of p62 in the
light damaged group was significantly lower than in the

dark control group, and HCO treatment was able to
attenuate the decrease of p62 under the light exposure
condition, indicating that light exposure induced
autophagy and increased autophagy flux. Next, the role
of autophagy in the light-induced death cascade was
investigated. As shown in Figure 6C, treatment with 3methyladenine (3MA; 2.5 mM for 661W cells, 1 mM
for ARPE-19 cells) significantly reduced the levels of
BECN1 and LC3BII in the cells exposed to light for 3
days compared with the light vehicle group and
remarkably reduced the cell death rate assessed by
PI/Hoechst staining under the light-exposed condition, as
shown in Figure 6D. However, the levels of BECN1 and
LC3BII in the 3MA-treated light-exposed group were still
slightly higher than those in the vehicle dark group,
suggesting that 3MA treatment simply suppresses overactivated autophagy caused by light exposure.

Figure 4. SAL treatment suppresses light-induced ER stress and protects photoreceptors and RPEs. (A) 661W cells/RPE cells were

treated with SAL (1 μM, 10 μM, 20 μM and 50 μM) and cultured under 1500 Lux light or dark conditions for the indicated times. The
percentage of cell death was evaluated with PI/Hoechst staining. Scale bar=100 µm. (B) The cells were treated with SAL (20 μM for 661W
cells; 10 μM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days, after which the levels of ER stress markers in the
whole cell lysate were determined with western blotting, and β-actin was referenced as an internal control. Three independent experiments
are conducted two weeks apart. The results are presented as the mean± SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.

www.aging-us.com
www.aging-us.com

16584
23

AGING
AGING

Figure 5. NAC treatment suppresses light-induced ER stress in photoreceptors and RPEs. The cells were treated with NAC (5 mM

for 661W cells; 2.5 mM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days, the levels of ER stress markers were
determined with western blotting, and β-actin was referenced as an internal control. Three independent experiments are conducted two
weeks apart. The results are presented as the mean± SEM. n (per group) =3, **P < 0.01.

Figure 6. Inhibiting light-induced prolonged autophagy is protective. (A) 661W cells/ARPE-19 cells were cultured in a dark condition
or exposed to 1500 Lux light for 1–3 days. The levels of BECN1 and LC3BII in the whole cell lysate was determined with western blotting, and
β-actin was referenced as an internal control. (B) After 661W cells and ARPE-19 cells were treated with HCO (20 μM) or vehicle and cultured
under light/dark conditions for 3 days, the level of LC3BII and P62 in the whole cell lysate were determined with western blotting, and β-actin
was referenced as an internal control. (C) The cells were treated with 3MA (2.5 mM for 661W cells; 1 mM for ARPE-19) or vehicle and
cultured under light/dark conditions for 3 days. The level of BECN1 and LC3BII in the whole cell lysate were determined with western blotting,
and β-actin was referenced as an internal control. (D) 661W cells pretreated with 2.5 mM 3MA/vehicle were cultured under light/dark
conditions for 3 days. ARPE-19 cells pretreated with 1 mM 3MA/vehicle were cultured under light/dark conditions for 6 days. The percentage
of cell death was evaluated with PI/Hoechst staining. Scale bar=100 µm. Three independent experiments are conducted two weeks apart.
The results are presented as the mean± SEM. n (per group) =3, *P < 0.05, **P < 0.01.
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Inhibiting ER stress suppresses autophagy and
protects cells under light conditions
To further verify whether light exposure induces ER
stress-related autophagy, ER stress was further
suppressed with SAL and the influence of ER stress on
autophagy activation was examined. As shown in
Figure 7, treatment with SAL significantly reduced the
levels of BECN1 and LC3BII compared with the
vehicle light damaged group (P<0.05), indicating that
suppressing ER stress may block the light-induced
activation of autophagy. Previous studies have shown
that the PERK signal may participate in activation of
ER-related autophagy. Therefore, in the current study,
PERK activity was suppressed using one of the
following two methods: knocking down PERK
expression with lentivirus-mediated shRNA in 661W
cells or treatment with GSK2606414 (GSK), a specific
inhibitor of PERK in ARPE-19 cells. As shown in
Figure 8A, the expression of PERK in 661W cells was
significantly knocked down by the specific shRNA (shPERK) compared with the negative control (NC) group
(P<0.05). In addition, activation of the downstream
factors of the PERK pathway (p-PERK/PERK, pEIF2a/EIF2a, ATF4 and CHOP) was also markedly
suppressed under the light-exposed condition. Similarly,
treatment with GSK also significantly suppressed

activation of the PERK signal in RPE cells under the
light-exposed condition, as shown in Figure 8B, causing
obvious reductions in the levels of p-PERK/PERK, pEIF2a/EIF2a, ATF4 and CHOP compared with the
vehicle light damaged group. Next, the influence of
PERK inhibition on the activation of autophagy was
assessed. Figure 8B shows that both PERK knockdown
and GSK treatment caused significant reduction in the
levels of BECN1 and LC3BII in light-exposed cells
compared with the light vehicle group (P<0.05).
Furthermore, the influence of PERK inhibition on lightinduced autophagy flux was evaluated by tracking
mCherry-GFP-LC3B double labeled autophagosomes
expressed by adenoviruses. The green fluorescence of
GFP-labeled LC3B is quenched due to the acidic
environment after autophagosomes integrate with
lysosomes. Therefore, the autolysosomes with
mCherry-GFP double labeled-LC3B simply turn red
(the color of cherries). However, when autophagy is
blocked, the number of autolysosomes is reduced and
some autophagosomes with mCherry-GFP double
labeled-LC3B show the overlaid yellow color. As
shown in Figure 9A, the number of autolysosomes was
greatly reduced in the cells with PERK inhibition. Some
autophagosomes show the overlaid yellow color, yet a
large number of autolysosomes in the control cells show
the red color, indicating that either PERK knockdown

Figure 7. Inhibiting ER stress suppresses light-related autophagy. 661W cells/ARPE-19 cells were treated with SAL (20 μM for 661W
cells; 10 μM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days. The level of BECN1 and LC3BII in the whole cell
lysate were determined with western blotting, and β-actin was referenced as an internal control. Three independent experiments are
conducted two weeks apart. The results are presented as the mean± SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.
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or GSK treatment may block autophagy. Importantly,
PERK knockdown and GSK treatment significantly
reduced the death rate in 661W and ARPE-19 cells in the
light-exposed condition as evaluated with PI/Hoechst
staining, as shown in Figure 9B. Taken together, these
results suggest that inhibiting ER stress via PERK signal
may suppress light-induced prolonged autophagy, and that
inhibiting ER stress-related autophagy protects
photoreceptors and RPE cells against light damage.

Suppressing ER stress inhibits prolonged autophagy
and protects the retina against light injury
Next, ER stress-related autophagy was verified in lightinjured retinas of mice. As shown in Figure 10A,
intensive light exposure for 12 h caused a significant
increase in the levels of ER stress markers, including
cleaved-ATF6, p-IRE1a/IRE1a, p-PERK/PERK, pEIF2a/EIF2a, ATF4 and CHOP, and elevated the levels

Figure 8. Inhibiting PERK suppresses light-related autophagy. (A) 661W cells were infected with lentivirus-expressed PERK shRNA (shPERK) or negative control shRNA (NC). The level of PERK in the whole cell lysate was determined with western blotting, and β-actin was
referenced as an internal control. (B) 661W cells with stable PERK knockdown/ARPE-19 cells treated with GSK (5 μM) or vehicle were cultured
under light/dark conditions for 3 days. The target proteins in the whole cell lysate were determined with western blotting, and β-actin was
referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented as the mean±
SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.

Figure 9. Inhibiting PERK blocks autophagic flow and protects the light-damaged cells. (A) 661W cells with stable PERK knockdown
and ARPE-19 cells were infected with mCherry-GFP double labeled-LC3B mediated by adenovirus. At 48 h after infection, the ARPE-19 cells
were treated with GSK (5 μM) or vehicle. The cells were cultured under 1500 Lux light condition for 3 days and photographed under
fluorescence microscopy. Scale bar=20 µm. (B) 661W cells with PERK knockdown were cultured under light/dark conditions for 3 days, but
ARPE-19 cells treated with GSK (5 μM) or vehicle were cultured under light/dark conditions for 6 days. The percentage of cell death was
evaluated with PI/Hoechst staining. Scale bar=100 µm. Three independent experiments are conducted two weeks apart. The results are
presented as the mean± SEM. n (per group) =3, NS: no significance, **P < 0.01.
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of autophagy markers BECN1 and LC3BII in both the
retina and RPE/choroid samples compared to the
control samples as determined with western blot.
However, intraperitoneal injection of SAL significantly
suppressed the light-induced activation of ER stress and
autophagy, resulting in reduced levels of cleaved-ATF6,
p-IRE1a/IRE1a, p-PERK/PERK, p-EIF2a/EIF2a, ATF4,
CHOP, BECN1 and LC3BII compared with the lightdamaged vehicle group (P<0.05; Figure 10A). In
addition, light-induced retinal injury was quantitatively
evaluated by measuring the level of rhodopsin, a marker
of photoreceptors, and RPE65, a marker of RPE cells.
Figure 10A shows that intensive light exposure resulted
in marked damage to photoreceptors and RPEs,

significantly reducing the levels of rhodopsin and
RPE65, while SAL injection markedly attenuated the
decreased levels of these two markers compared with
the light-damaged vehicle group ((P<0.05). Moreover,
histological analysis showed that light exposure caused
obvious structural disorders in the ONL of the retina
and significantly reduced the thickness of the ONL,
while SAL injection attenuated the light-induced
decrease of ONL thickness and maintained the normal
structure of the retina (Figure 10B). These results
suggest that excessive light exposure may cause ER
stress and prolonged autophagy in the retina; however,
suppressing ER stress may inhibit over-activated
autophagy and protect the retina against light injury.

Figure 10. Suppressing ER stress inhibits prolonged autophagy and protects the retina against light injury. The mice were
intraperitoneally injected with a dose of 1 mg/kg once a day for 7 days. On the third day of administration, the mice were exposed to
continuous 7000 Lux visible light for 12 h. After light exposure, the mice were fed in the animal room with the normal light/dark cycle. On the
fifth day of light exposure, the mice were sacrificed, and the eyeballs were enucleated. (A) The retinas were collected, and target proteins were
determined with western blotting. β-actin was referenced as an internal control. Three independent experiments are conducted three weeks
apart. The results are presented as the mean± SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01. (B) The retinas were sectioned
and stained with H&E and photographed under a microscope. Scale bar=100 µm; 20 µm. The thickness of the outer nuclear layer (ONL) was
measured and quantitatively analyzed. The results are presented as the mean± SEM, n (per group) =6, NS: no significance, **P < 0.01.
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DISCUSSION
The death of photoreceptors/RPEs is the principal event
in the pathogenesis of AMD, and it is known that the
excessive exposure to natural or unnatural light may
accelerate this death or the death process [8]. Schick
reported that sunlight exposure during working life is an
important risk factor for AMD [43] and Sui reported
that individuals with more sunlight exposure are at a
significantly increased risk of AMD [11].
Photoreceptors and RPE cells are rich in
photosensitizers [3, 44]. The excessive electromagnetic
energy of photons is absorbed by these photosensitizers,
which may break the bonds of other molecules via
direct electron exchange or hydrogen exchange and
generate excessive free radicals [2, 3]. In this study,
oxidative-stress damage caused by visible light
exposure in photoreceptors (661W cells) and RPE cells
(ARPE-19 cells) was verified by the increased HO-1
and the decreased GSH/GSSG ratio. These results
suggest that light exposure led to a severe redox
imbalance in the cells and that suppressing oxidative
stress with the antioxidant NAC protects photoreceptors
and RPE cells against light damage. Light-induced
oxidative damage might be an important step in the
pathogenesis of light-related retinal diseases, especially
in AMD, in which increased reactive oxygen species
(ROS) production, and mitochondria dysfunction are
observed together with increased abnormal protein
aggregation and inflammation in the photoreceptor/RPE
layer, leading to oxidative stress-induced damage to the
retinal pigment epithelium which is considered to be a
key factor in the pathogenesis of AMD [45].
When the cells are undergoing oxidative stress, the
chaperones available for protein folding are inactivated,
and the disulfide bond reduction needed for ERassociated degradation is impeded. Together, these may
lead to accumulation of unfolded or misfolded proteins
and trigger UPR [46]. In the current study, it was
demonstrated that continuous light exposure markedly
induced the activation of UPR both in vitro and in vivo.
The levels of key factors in the UPR signal pathway,
including cleaved-ATF6, p-IRE1a/IRE1a, p-PERK/
PERK, p-EIF2a/EIF2a, ATF4 and CHOP, were
significantly increased in both photoreceptors/RPE and
the retina after visible light exposure. In addition,
treatment with the ER stress inhibitor SAL significantly
suppressed the elevated levels of ER stress markers and
attenuated light-induced cell death and injury in the
retina. To verify the relationship between the oxidative
stress and ER stress, the influence of the antioxidant,
NAC on UPR signals was further investigated. The
results showed that treatment with NAC may
significantly suppress the light-induced activation of ER
stress, indicating that photo-oxidation might be the
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upstream step prior to the activation of UPR in the lightinduced death cascade in photoreceptors/RPEs.
Moderate UPR is beneficial for sustaining cellular
homeostasis by reducing the synthesis of unfolded or
misfolded proteins. However, prolonged UPR may
trigger the downstream death signal, leading cells to a
programmed death [18]. Previous studies have reported
that autophagy is involved in the pathogenesis of lightrelated retina degeneration diseases, such as AMD.
Therefore, the light-induced cell death pattern and the
role of autophagy in the light-induced death cascade
was examined and activation of autophagy was detected
in both light-injured in vitro and in vivo models. The
levels of typically autophagic markers, BECN1 and
LC3BII were significantly increased after light
exposure. Furthermore, the results of the LC3B turnover
assay and p62 degradation assay suggest that the lightinduced autophagic flux, which encompasses
autophagosome formation and the late phase of
autolysosome formation, in photoreceptors/RPEs
increased. More importantly, it was also verified that
blocking autophagy with specific inhibitor 3MA was
neuroprotective
against
light
damage
in
photoreceptors/RPEs. This evidence strongly suggests
that autophagy is over-activated in light-damaged cells.
Previous studies have shown that AMD is a
multifactorial disease of the retina featured by
degeneration and loss of photoreceptors and RPE cells
and that autophagy is involved in its pathology.
Although some studies suggest that the decline of
autophagy with age contributes to the age-related
disease [39], there is currently no consensus on whether
autophagic activity increases or decreases with age and
AMD. Kozhevnikova et al. reported that the basal level
of autophagy is elevated during the early stage of
retinopathy and declines at progressive stages [47]. The
autophagy process is increased in two mouse models of
AMD and in early-onset human AMD samples but
declines in late AMD [48]. Results of the current study
suggest
that
prolonged
autophagy
damages
photoreceptors and RPEs in light exposure conditions,
and that suppressing overactivated autophagy is
neuroprotective against light injury; this may be a
potential therapeutic strategy for early AMD.
The excessive accumulation of misfolded proteins and
protein aggregates in cells may trigger ER stress, yet
autophagy is an important mechanism for degrading
abnormal proteins. Recent studies have shown that both
ER stress and autophagy are involved in the
pathogenesis of retinal degenerative diseases [49].
Therefore, the relationship between ER stress and
autophagy in light-damaged photoreceptors/RPEs was
further investigated. The results showed that either
pharmacologically inhibiting PERK with GSK
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treatment (a specific inhibitor) or genetically knocking
down PERK with lentivirus expressed shRNA
significantly suppressed light-induced autophagy,
reducing the level of BECN1 and LC3BII, indicating
that light-induced ER stress may be closely related to
autophagy and that the PERK signal may be a major
pathway activating ER stress-related autophagy. ER
stress-related autophagy was further verified with in
vivo experiments. Intraperitoneal injection of SAL (an
ER stress inhibitor) markedly suppressed the activation
of light-induced autophagy and attenuated light-induced
ONL thickening in mice retinas. Wafa et al. reported
that ATF4, the downstream factor of PERK, may
function as a transcription factor directly or in
cooperation with CHOP increasing the expression of
various autophagy-related genes, including LC3B,
ATG5, Atg7, and Beclin1, in mouse embryonic
fibroblasts under amino acid-starved conditions [50].
Thus, further experiments are needed to verify the more
detailed signal links involved in ER stress-related
autophagy in the light-induced death cascade.
In conclusion, the current study demonstrated that ER
stress and autophagy are both involved in light-induced
death of photoreceptors and RPE cells. As an upstream
step, photo-oxidation may cause an imbalance in the
cellular redox status and interrupt the folding process of
proteins, further triggering ER stress in photoreceptors
and RPEs. Suppressing ER stress via PERK signals may
inhibit prolonged autophagy and protect photoreceptors
/RPEs against light damage. Inhibiting ER stress-related
autophagy is neuroprotective for retinal against light
injury, which may be a potential treatment strategy for
AMD.

MATERIALS AND METHODS
Ethics approval
All animal experiments were performed according to
the Association of Research in Vision and
Ophthalmology (ARVO) statement regarding the use of
animals in ophthalmology and vision research. The
animal experiments were performed according to the
protocols approved by the Institutional Animal Care and
Use Committee and the Ethics Committee of the Second
Hospital of Jilin University, Changchun, China
(approval number: 2018038).
Reagents and materials
Cell culture media and additives were obtained from the
HyClone Company (Beijing, China). N-acetyl-L-cysteine
(>99%), Salubrinal, Hoechst/PI and a Reactive Oxygen
Species Assay Kit were purchased from Beyotime
Biotechnology (Shanghai, China). The 3-methyladenine
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was purchased from Sigma-Aldrich (Shanghai, China).
Hydroxychloroquine was purchased from Tokyo
Chemical Industry (Shanghai, China). GSK2606414
(>99.38) was purchased from Med Chen Express (New
Zealand, USA). PERK (Cat. No. 3192), IRE1a (Cat. No.
3294) and p62(Cat. No. 5114) antibodies were purchased
from Cell Signaling Technology (Shanghai, China).
EIF2a (Cat. No.sc-133132) antibodies were acquired
from Santa Cruz Biotechnology (Beijing, China).
Rhodopsin (Cat. No. OM186133) antibodies were
purchased from OmnimAbs (Shanghai, China). LC3B
(Cat. No. ab192890) antibodies were purchased from
Abcam (Cambridge, MA, USA). BECN1 (Cat. No.
11306-1-AP) antibodies were purchased from Proteintech
(Wuhan, China). P-IRE1a (Cat. No. 13013), p-PERK
(Cat. No. 12814), ATF6 (Cat. No. 24382), p-EIF2a (Cat.
No. 11279), ATF4 (Cat. No. 32007), CHOP (Cat. No.
40744), RPE65(Cat. No. 49495), β-actin (Cat. No.
21800) and secondary antibodies were obtained from
Signalway Technology (St. Louis, MO, USA).
Cell culture
The 661W cell line was a gift from Dr. Muayyad AlUbaidi (University of Oklahoma Health Sciences Center,
USA). The 661W cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. ARPE-19 cells
were purchased from the American Type Culture
Collection (ATCC, USA) and maintained in Dulbecco’s
modified Eagle’s medium/nutrient mixture F-12
(DMEM/F-12) supplemented with 10% FBS, 100 U/ml
penicillin and 100 mg/ml streptomycin. The 661W cells
were passaged by 0.05% trypsin–EDTA every 23 days.
ARPE-19 was passaged by trypsin with 0.05% EDTA
every 3–4 days. The cells were cultured in a humidified
atmosphere of 95% air and 5% CO2 at 37°C. Cell culture
medium and additives were purchased from the HyClone
Company (Beijing, China)
Visual light exposure
A standard 8-W fluorescent strip light was fixed in the
incubator and covered with a filter to ensure that the
cells were exposed to visible light (400–800 nm), and
the distance between the light source and plates was 20
cm to ensure that all cells received the same intensity of
light (1500 Lux, measured with a digital light meter,
TES-1332A, Taipei, China). The light exposure
experiment was performed as previously described [33].
Briefly, the cells were precultured in 96 or 6 well plates
for 24 h, and light exposure was started until the cell
confluence reached 75%. For the dark control group, a
paper box was placed in the same incubator to create a
dark chamber. The cell culture medium was replaced
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every two days, and the temperature of the culture
medium under dark or light conditions was maintained;
no substantial difference in temperature was found
between the two groups.
PERK knockdown with lentiviral-mediated short
hairpin RNA (shRNA)
The lentivirus expressed short hairpin RNA (shRNA)
targeting the PERK gene was constructed by
GeneCopoeia (Shanghai, China), and the lentivirusmediated scrambled shRNA was produced as a negative
control. The interfering sequence specifically targeting the
PERK gene was as follows: forward sequence 5′CAGGTCCTTGGTAATCATTTCAAGAGAATGATTA
CCAAGGACCTG-3′. The lentivirus particle was
produced according to a previous protocol [51]. Briefly, a
third-generation lentiviral package system was used to
package lentivirus particles. Three auxiliary plasmids
(pRRE, pRSV-Rev and pCMV-VSVG) and the core
plasmid were mixed with lipo6000 transfection reagent
(Beyotime Biotechnology, Shanghai, China) in proportion
and then transfected into human embryonic kidney 293T
(HEK293T) cells. After 72 h, virus particles were
collected, and the virus particles were concentrated. The
661W cells were infected with the concentrated virus
particles. To avoid toxicity, the virus medium was
replaced with fresh complete DMEM medium 24 h after
infection. To obtain cells with stable PERK knockdown,
the cells were treated with puromycin (Beyotime,
Biotechnology, Shanghai, China) at an initial
concentration of 8 µg/mL three days after the infection,
and the puromycin containing medium was replaced with
fresh complete medium 48 h after the screening program.
After repeating the screening program three times, cell
clones with stable PERK knockdown were obtained.
Autophagic flux measurement
The cells were infected with adenovirus-mediated
mCherry-GFP-LC3B
(Beyotime
Biotechnology,
Shanghai, China) to monitor autophagic flux, according
to the commercial instructions. Briefly, the cells were
precultured in a 96-well plate for 24 h, and then the
medium was replaced with virus-fresh medium mixture
(2 μl/100 μl). After culturing for 24 h, the virus medium
was replaced with complete fresh medium, and the cells
were further cultured for 24 h. After infection, the cells
were exposed to the light condition, and then they were
observed and photographed under an inverted
fluorescence microscope (Olympus, Japan).
Propidium iodide (PI)/Hoechst staining
The cells were stained with Hoechst 33258 dye (2
µg/mL, Beyotime Biotechnology, Shanghai, China) for
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30 min in the dark at 37°C, after which the cells were
stained with PI (Beyotime Biotechnology, Shanghai,
China) at a final concentration of 5 µg/mL for 10 min in
the dark at 4°C. The images were photographed under
an inverted microscope (Olympus, Japan), and the
images were quantitatively analyzed with Image J
software (v1.51, NIH, USA). The cell death rate = PIpositive cells/total cells%.
Intracellular ROS measurement
The intracellular ROS level was determined with a
dichloro-dihydro-fluorescein diacetate (DCFH-DA,
Beyotime Biotechnology, Shanghai, China) staining
assay. Briefly, the cells were precultured in 96-well
plates for 24 h. Next, the cells were washed twice with
fresh medium and then cultured with FBS-free medium
containing 10 μM DCFH-DA for 20 min at 37°C in the
dark. After washing twice with serum-free medium, the
cells were observed and photographed under a
fluorescence
microscope
(Olympus,
Japan).
Fluorescence intensities were quantitatively determined
with ImageJ software (v1.51, NIH, USA). All of the
images were converted to grayscale images and then
inverted and calibrated while using ImageJ, and the
mean fluorescence intensity was obtained by dividing
the gray value of all pixels in the selected area by the
number of pixels [52, 53]. The relative intensity of the
fluorescence was calculated as a percentage of the
fluorescence intensity of the vehicle cells.
Measurement of GSH/GSSG
The intracellular reduced/oxidized glutathione was
quantitatively determined according to the commercial
instructions of the GSH/GSSG Kit (Beyotime,
Shanghai, China). Briefly, after 3 days of light
exposure, the cells were washed twice with PBS and
then harvested with a scraper and centrifuged at 1,000
rpm for 5 min at 4°C. The cell pellet was further
resolved with reagent A (removing the cellular proteins)
and frozen-thawed twice in liquid nitrogen and a 37°C
water bath. The supernatant was collected after the cell
mixture was centrifuged at 10,000 g for 10 min at 4°C
for determining total glutathione and oxidized
glutathione. To measure the total glutathione, solution B
(containing
GSH
reductase,
5,5′-dithiobis-2nitrobenzoic acid) was mixed with the supernatant and
incubated at 25°C for 5 min. Then NADPH was added
to the mixture to obtain a color reaction. Similarly, to
measure GSSG, the cellular GSH was removed with a
GSH scavenging reagent, and then the GSSG was
determined following the above procedure. The
absorbance at 412 nm was measured with a microplate
reader (Tecan, Mannedorf, Switzerland). The
concentrations of total glutathione and GSSG were
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calculated from the standard curve. The ratio of
GSH/GSSG was calculated with the formula,
GSH/GSSG = (Total glutathione-GSSG×2)/GSSG%
Western blot analysis
Cell, retina and RPE/choroid mixture samples were
sonicated in protein lysate buffer (Beyotime, Shanghai,
China) containing 1% protease inhibitor cocktails
(Beyotime, Shanghai, China). A bicinchoninic acid
assay was used to measure the protein concentration.
An equal amount (20 µg) of cell lysate was dissolved in
the sample buffer, after which samples were boiled for 6
min. After denaturation, electrophoresis was performed
with 10% polyacrylamide gels containing 0.1% SDS,
and then proteins were transferred to nitrocellulose
membranes. The membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline with 0.1%
Tween-20 (TBS-T) for 1 h at room temperature and
rinsed in TBS-T three times. Then the membranes were
subsequently incubated with the specific primary
antibody overnight at 4°C. The membranes were
washed three times with TBS-T and incubated with the
corresponding biotinylated secondary antibodies for 1 h
at room temperature. Signals were subsequently
developed using enhanced chemiluminescence, after
which images were captured using a microscope
equipped with a CCD camera (Tanon, Shanghai).
Finally, the band density of proteins was calculated with
the ImageJ software (v1.51, NIH, USA).
Animals
Six-week-old male C57BL/6J mice were purchased
from the Animal Center of Jilin University (Changchun)
and maintained with free intake of food and water, the
indoor temperature was maintained at 21C–23C, and a
12 h light/dark cycle was guaranteed.
SAL treatment and light exposure protocol
The mice were divided into four groups: vehicle group
(n=6), SAL-treated group (n=6), light-damaged vehicle
group (n=6), and light-damaged SAL-treated group
(n=6). SAL (dissolved in 1% DMSO saline) was
intraperitoneally injected with a dose of 1 mg/kg once a
day for 7 days. On the third day of administration, the
pupils were dilated with 1% Atropine eye drops, and the
mice were exposed to continuous 7000 Lux visible light
for 12 h. After light exposure, the mice were fed in the
animal room with the normal light/dark cycle. On the
fifth day of light exposure, the mice were sacrificed by
intraperitoneal injection of excessive pentobarbital
sodium, and the eyeballs were enucleated. One eye was
sectioned for further histological analysis, and another
eye’s retina was collected for western blot analysis.
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RPE/choroid mixture isolation
The RPE/choroid mixture was separated according to a
previous protocol [54]. Briefly, the cornea and lens from
enucleated eyeballs were carefully removed under a
surgery microscope, and then the retina and the soft tissue
surrounding the sclera were removed. After sonication in
RIPA lysis buffer containing 1% protease inhibitor
cocktails at 4°C, the sclera tissue was separated from the
RPE/choroid by centrifuge at 10,000 rpm. The
supernatant containing RPE/choroid proteins was
collected and stored at -20°C for western blot analysis.
Histological analysis
The enucleated eyeballs were marked at 12 o’clock with
a surgical suture and fixed with 4% paraformaldehyde
solution for 24 h at room temperature. After fixation,
the eyeball was rinsed twice with PBS and dehydrated
with gradient concentrations of alcohol. Next, the
eyeballs were plastically embedded and sectioned, and
the retina was sliced along the sagittal plane. The retina
slice was stained with hematoxylin and eosin (H&E),
and the thickness of the outer nuclear layer at 0.5 mm
apart from the optic nerve head was measured with
Image J software (v1.51, NIH, USA). The
morphological structure of the retina and RPE was
observed and photographed under a microscope.
Statistical analysis
Statistical analysis was performed with SPSS v 23.0
(SPSS, Chicago, Illinois, USA), and each experiment
was repeated at least three times. Data are expressed as
the mean ± mean standard error (SEM). Levene's test
was conducted to evaluate the variance between
different groups for comparative statistical analysis.
Based on the homogeneity of variance, the difference
between the two means was evaluated by one-way
ANOVA followed by Tukey test or Dunnett's T3 test. P
<0.05 was considered statistically significant.

Abbreviations
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isomerases;
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oxidoreduction 1; UPR: unfolded-protein response; ER:
endoplasmic reticulum; ATF6: activating transcription
factor 6; IRE1: inositol-requiring enzyme 1; XBP1: Xbox binding protein; EIF2: eukaryotic translation
initiation factor 2; ATF4: activating transcription factor
4; CHOP: C/EBP homologous protein; AMD: agerelated macular degeneration; Lt: Light exposure.
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ABSTRACT
The retinal pigment epithelium (RPE) is considered one of the main targets of age-related macular degeneration
(AMD), the leading cause of irreversible vision loss among the ageing population worldwide. Persistent low
grade inflammation and oxidative stress eventually lead to RPE dysfunction and disruption of the outer bloodretinal barrier (oBRB). Increased levels of circulating pentameric C-reactive protein (pCRP) are associated with
higher risk of AMD. The monomeric form (mCRP) has been detected in drusen, the hallmark deposits associated
with AMD, and we have found that mCRP induces oBRB disruption. However, it is unknown how mCRP is
generated in the subretinal space. Using a Transwell model we found that both pCRP and mCRP can cross
choroidal endothelial cells and reach the RPE in vitro and that mCRP, but not pCRP, is able to cross the RPE
monolayer in ARPE-19 cells. Alternatively, mCRP can originate from the dissociation of pCRP in the surface of
lipopolysaccharide-damaged RPE in both ARPE-19 and primary porcine RPE lines. In addition, we found that the
proinflammatory phenotype of mCRP in the RPE depends on its topological localization. Together, our findings
further support mCRP contribution to AMD progression enhancing oBRB disruption.

INTRODUCTION
Age-related macular degeneration (AMD) is the
primary cause of irreversible vision loss among the
ageing population worldwide. The number of people
with AMD worldwide is expected to reach 196 million
in 2020, increasing to 288 million in 2040 [1]. AMD is
a degenerative and progressive disease involving
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multiple genetic and environmental factors, age being
the primary risk factor.
The retinal pigment epithelium (RPE) monolayer is
believed to be among the initial targets of early disease.
AMD presents RPE cell abnormalities, disruption of the
outer blood-retinal-barrier (oBRB), and degeneration of
photoreceptors, which require a normally functioning
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RPE to survive [2, 3]. Prior research has implicated
strong roles for inflammation, oxidative stress, lipid
abnormalities, and RPE dysfunction in AMD
pathobiology, but their precise mechanisms and their
relative contribution are unclear [4]. A multitude of
systemic changes occur with ageing that contribute
to the initiation and development of inflammation.
Indeed, the immune system of elderly individuals is
characterized by a basal systemic inflammatory state [5].

variant can effectively bind to mCRP to dampen mCRP
pro-inflammatory activity [27]. Notably, FH from AMD
patients carrying the risk polymorphism for AMD
shows an impaired binding to mCRP and, therefore, its
proinflammatory effects remain unrestrained [28]. In
line with these findings, data demonstrates that mCRP
is the more abundant form of CRP in human RPEchoroid [29], and that mCRP levels are elevated in
individuals with the high-risk CFH genotype [29, 30].

Altered immune responses are thought to contribute to
the dry AMD phenotype. Parainflammation is a lowgrade cytoprotective adaptation to local stress that is
intermediate between immune-mediated homeostasis
and chronic inflammation that maintains cellular and
tissue function. Loss of parainflammation control
contributes to AMD by invoking a chronic, heightened
immune response that causes tissue destruction [6–8].
Histochemical and proteomic analysis of ocular drusen,
the hallmark deposits of AMD, have shown that these
deposits contain inflammatory proteins and complement
components that mediate local inflammation [9, 10].
Furthermore, the strongest genetic risk factor for AMD
known to date is a common polymorphism in the
complement factor H (CFH) gene (c.1277T > C,
p.Tyr402His), a gene essential for the regulation of
complement activation [11, 12].

If mCRP pro-inflammatory capacity is unrestrained in
AMD and particularly in high risk patients, then we
need to determine how mCRP is generated or
accumulates in the subretinal space as there is no CRP
transcription in the retinal tissue [30, 31]. In addition, it
is also unclear whether mCRP-induced barrier
disruption depends on its topological localization.

C-reactive protein (CRP), a prototypical acute-phase
reactant, is an active regulator of the innate immune
system. Among the multiple functions ascribed to CRP
are activation of the classical complement pathway and
inactivation of the alternative pathway [13]. CRP is
considered to be a serum biomarker for chronic
inflammation, heart disease and, more recently, also
AMD [14, 15]. In plasma, CRP typically exists as a
cyclic, disk-shaped pentamer (pentameric CRP, pCRP)
composed of five noncovalently linked subunits of 23
kDa [16]. However, pCRP can undergo dissociation into
its subunits, acquiring distinct biological functions.
Oxidative stress and bioactive lipids from activated or
damaged cells can dissociate pCRP into its 23-kDa
subunits [17–19] through a mechanism that is dependent
on lysophosphatidylcholine (LPC) exposure after
phospholipase A2 activation [20]. This alternative
conformation of CRP, termed monomeric CRP (mCRP),
has different antigenicity-expressing neoepitopes than
pCRP and represents the tissue-based insoluble form of
CRP. Unlike pCRP, mCRP displays a proinflammatory
phenotype in several cell types [21–23].
mCRP has been identified in ocular drusen and other
subepithelial deposits [24, 25], as well as in the choroid,
and we have shown that mCRP, but not pCRP,
contributes to oBRB disruption in vitro [26]. Moreover,
we also showed that the “non-risk” Factor H (FH)
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RESULTS
Choroidal endothelial cells allow diffusion of CRP
isoforms
We first interrogated whether circulating CRP could
reach the subretinal space using a Transwell model, in
which confluent monolayers of primary porcine
choroidal endothelial cells (CECs) were grown on
porous filters with their apical and basolateral surfaces
exposed to separate chambers (Figure 1A). Addition of
mCRP to the apical chamber that mimics blood vessel
lumen (A to B red arrow in Figure 1A) resulted in CRP
diffusion into the basolateral chamber (tissue side) as
Western blot (Figure 1B) and ELISA (Figure 1C) of the
culture media of the different compartments revealed
the presence of mCRP in both chambers. Similarly,
pCRP was able to reach the abluminal side of the CEC
monolayer, as seen by Western blot (Figure 1D). CRP
isoforms were also able to reach the apical chamber
when added in the abluminal compartment (B to A blue
arrow in Figure 1A), suggesting bidirectional diffusion
of the proteins. Immunofluorescence imaging showed
that mCRP delivered to the apical compartment was
extensively bound to the CEC surface compared to
pCRP and to CRP (either mCRP or pCRP) delivered in
the basolateral chamber (Figure 1E–1G).
Diffusion of CRP across the RPE
Given that CRP isoforms were able to cross the CEC
monolayer in our in vitro model, we next evaluated
whether CRP isoforms could also reach the subretinal
space and cross the RPE, using the Transwell model. In
this scenario the basolateral side of the RPE monolayer
represents the Bruch’s membrane/choriocapillaris side,
whereas the apical side represents the subretinal space
(Figure 2A). Western blot experiments revealed that
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Figure 1. CRP isoforms are able to cross CECs. (A) Experimental setup. CRP (10 µg/ml) was added to either the apical or basolateral
chamber of the Transwell for 48h, mimicking blood vessel lumen and RPE, respectively. The presence of CRP in the opposite chamber where
it was added was determined by Western blot and ELISA, and CRP bound to the cell surface was determined by immunofluorescence. (B)
Western blot of mCRP present in apical (Up) and basolateral (Down) chamber (N=4). (C) ELISA of mCRP (ng/ml) from apical (Up) and
basolateral (Down) supernatants. Values are expressed as mean ± SD (N=3). (D) Western-blot of pCRP present in apical (Up) and basolateral
(Down) supernatants (N=5). (E) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP (1C6).
Nuclei stained with DAPI. Scale bar = 50 µm (N=6). (F) Quantification of CRP binding measured as stained area divided by the number of cells
per image (µm2/cell). Results are expressed as mean area (µm2/cell) ± SD. Statistical analysis was performed by One-Way ANOVA and Tukey’s
posthoc. **P<0.01 vs. all conditions. (G) Reconstruction of x-z sections with a 0.3 µm z axis step of immunofluorescence images. Images
shown are representative of six independent experiments.
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mCRP was able to diffuse across ARPE-19 cell
monolayer, as it was present in the apical chamber when
added in the basolateral chamber (B to A, red arrow in
Figure 2A). Diffusion of mCRP was greater at 48 hours
compared to 24 hours (Figure 2B). We also detected the
presence of mCRP by ELISA 48 hours after treatment
in the opposite chamber where it was added (Figure
2C). By contrast, pCRP did not seem to cross the
ARPE-19 monolayer. Western blot experiments showed
that pCRP was not present in the supernatant of the
opposite chamber where it was added, neither at 24h nor
at 48h after treatment (Figure 2D). Immunofluorescence
imaging showed that mCRP delivered to the apical
compartment was extensively bound to the ARPE-19
cell monolayer compared to pCRP and to CRP (either
mCRP or pCRP) delivered in the basolateral chamber
(Figure 2E–2G).
We then tested whether mCRP was also able to cross
porcine primary RPE cells. Primary RPE cells represent
a healthier and younger RPE than ARPE-19 cells, as
they show more than 5 times higher TEER values
(Supplementary Figure 1D, 1E). Interestingly, unlike
ARPE-19 cells, primary porcine RPE cells did not allow
mCRP diffusion as mCRP was not detected in the
opposite chamber where it was added, neither in
Western blot (Figure 3A) nor ELISA (Figure 3B). As
expected, pCRP was also unable to cross the RPE
monolayer (Figure 3C). Immunofluorescence imaging
showed similar results to those with ARPE-19; mCRP
delivered to the apical compartment was extensively
bound to the RPE cell monolayer compared to pCRP
and to CRP (either mCRP or pCRP) delivered in the
basolateral chamber (Figure 3D–3F).
Damaged RPE dissociates pCRP into mCRP
Given that pCRP is able to cross the CEC monolayer and
reach the subepithelial space in vitro, we next studied
whether pCRP could dissociate into its monomeric
subunits within the RPE. It has been previously described
that LPS-induced inflammation induces CRP dissociation
in the cremaster muscle [20], and therefore we studied
whether LPS-induced inflammation could also lead to
CRP dissociation in RPE cells. RPE cells were treated
with 100 µg/mL LPS for 24h before adding pCRP. After
24h, RPE cells were treated with pCRP for 48h and the
presence of mCRP on the surface of RPE cells
was measured by immunofluorescence. As observed in
Figure 4, LPS-induced inflammation triggered pCRP
dissociation into mCRP in both ARPE-19 (Figure 4A,
4B) and primary porcine RPE cells (Figure 4C, 4D).
Altogether these results show that mCRP present in
drusen and in the subretinal space may either arrive from
the choroidal circulation or it may originate from local
dissociation of pCRP in damaged RPE.
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Topological localization of mCRP determines the
impact on barrier disruption in RPE cells
Next, we evaluated whether mCRP-induced barrier
disruption depended on the topological localization of
mCRP. For this purpose, ARPE-19 cells grown on
inserts for at least 3 weeks were treated with CRP
isoforms (10 µg/mL) either in the apical or basolateral
compartment for 48h. As expected, mCRP delivered in
the apical chamber, significantly decreased TEER
values (Figure 5A). This observation was accompanied
by an increase in paracellular permeability (Figure 5B)
and an increased ZO-1 disorganization (Figure 5C, 5D,
Supplementary Figure 3). Interestingly, abluminal
treatment of mCRP also induced a significant decrease
in TEER values.
We then aimed to replicate the experiments in primary
porcine RPE cells, which are less permeable to mCRP
diffusion. As seen in Figure 6, apical treatment of
mCRP, but not pCRP, induced barrier disruption also in
primary RPE cells as seen by significant decrease in
TEER (Figure 6A), increase in paracellular permeability
(Figure 6B) and increased ZO-1 disorganization (Figure
6C, 6D, Supplementary Figure 4). However, when
mCRP was delivered into the abluminal compartment it
failed to induce barrier disruption, showing that mCRPinduced barrier disruption depends on its topological
localization.

DISCUSSION
The present study aimed to understand the relative
contribution of mCRP to the pathophysiology of AMD.
Our in vitro work demonstrates that mCRP is capable of
traversing through choroidal vascular endothelium and
across RPE. Although no direct in vivo correlate, the
data suggest that mCRP can reach the subretinal space.
Alternatively, mCRP may derive from the dissociation
of pCRP on the surface of damaged RPE. Moreover, we
found that the proinflammatory phenotype of mCRP in
the RPE depends on its topological localization.
Together the data continues to build the evidence of
mCRP accentuation of AMD pathology and detriment
to RPE health.
CRP is mainly produced in the liver and, although
extrahepatic synthesis has been reported in some tissues,
no evidence of CRP gene transcription has been detected
in the retinal tissue [30, 31]. This indicates that the
systemic circulation is the main source of CRP in the
sub-RPE deposits. Indeed, we observed that both CRP
isoforms, at clinically relevant concentrations, are able to
cross CECs from their apical side -simulating blood
side- and reach the basolateral side of the endothelium simulating the subepithelial side- in a Transwell model
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Figure 2. Diffusion of CRP isoforms across ARPE-19 cells. (A) Experimental setup. CRP (10 µg/ml) was added to either the apical or
basolateral chamber of Transwell for 48h, mimicking neural retina and choriocapillaris, respectively. The presence of CRP in the opposite
chamber where it was added was determined by Western blot and ELISA, and CRP bound to the cell surface was determined by
immunofluorescence. (B) Western blot of mCRP present in apical (Up) and basolateral (Down) supernatants after 24 and 48 hours of
treatment (N=4). (C) ELISA of mCRP (ng/ml) from apical (Up) and basolateral (Down) supernatants 48 hours after treatment. Values are
expressed as mean ± SD (N=3). (D) Western blot of pCRP present in apical (Up) and basolateral (Down) supernatants after 24 and 48 hours of
treatment (N=4). (E) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP (1C6). Nuclei
stained with DAPI. Scale bar = 50 µm (N=6). (F) Quantification of CRP binding measured as stained area divided by the number of cells per
image (µm2/cell). Results are expressed as mean area (µm2/cell) ± SD. Statistical analysis was performed by One-Way ANOVA and Tukey’s
posthoc. * P<0.05, ** P<0.01 vs. mCRP apical. (G) Reconstruction of x-z sections with a 0.3 µm z axis step of immunofluorescence images.
Images shown are representative of six independent experiments.
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Figure 3. Diffusion of CRP isoforms across primary porcine RPE cells. (A) Western blot of mCRP present in apical (Up) and basolateral
(Down) supernatants 48 hours after addition of mCRP (N=4). (B) ELISA of mCRP (ng/ml) from apical (Up) and basolateral (Down)
supernatants. Values are expressed as mean ± SD (N=5). (C) Western blot of pCRP present in apical (Up) and basolateral (Down) supernatants
48 hours after treatment (N=3). (D) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP
(1C6). Nuclei stained with DAPI. Scale bar = 30 µm (N=3). (E) Quantification of CRP binding measured as stained area divided by the number
of cells per image (µm2/cell). Results are expressed as mean area (µm2/cell) ± SD. Statistical analysis was performed by One-Way ANOVA and
Tukey’s posthoc. **P<0.01 vs. all conditions. (F) Reconstruction of x-z sections with a 0.3 µm z axis step of immunofluorescence images.
Images shown are representative of three independent experiments.
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(Figure 1). The choroidal endothelium is fenestrated,
which allows the movement of macromolecules and
nutrients to nourish the RPE cells [32]. Although mCRP
could extravasate the endothelium and reach the
subepithelial space, we observed by immunofluorescence
that most mCRP was retained in the apical side of the
endothelium. Indeed, mCRP promiscuously interacts
with a variety of immunoglobulins and other proteins
[33]. Thus, we tested whether mCRP in the subepithelial
space could also originate from the dissociation of
pCRP in the RPE. Using the approach of Thiele et al.
[20], we found that LPS-induced inflammation lead to
pCRP dissociation also in RPE cells (Figure 4).
Mechanistically, this process is dependent on exposure
of LPC, a bioactive lipid that is generated after
phospholipase A2 activation on activated cell membranes
[20]. Chirco et al. found that mCRP is predominantly
localized in the choriocapillaris and Bruch´s membrane
[29] and a previous work by Johnson and colleagues,
looking at total CRP, showed that CRP was more
abundant in donor eyes with the high-risk CFH
polymorphism compared to age-matched controls,

especially in regions containing drusen-like deposits
[30]. A similar study compared differences in total CRP
immunoreactivity in the retina based on AMD status and
found that early and wet AMD eyes had higher levels of
CRP compared to controls and that CRP was primarily
detected into the BM [34]. In their work, Chirco et al.
also showed that mCRP exerts an inflammatory effect on
CEC, as it increases CEC migration and paracellular
permeability and upregulates inflammatory gene
expression including ICAM1, suggesting a role for
mCRP in promoting inflammation in the choroid.
Besides the proinflammatory effect in the choroid, we
have previously demonstrated that clinically relevant
concentrations of mCRP induce barrier disruption and
have a proinflammatory effect in RPE in vitro and
potential for driving angiogenesis [26, 27]. With respect
to angiogenesis and neovessels, in the context of
vascular disease, CRP inhibits VEGF production and
angiogenesis [35, 36]. Conversely, others have shown
CRP upregulates VEGF expression in adipose-derived
stem cells and in monocytes [37, 38]. mCRP has been

Figure 4. LPS-induced inflammation promotes CRP dissociation in RPE cells. RPE cells were treated with 100 µg/mL LPS for 24h
before adding pCRP. After 24h, RPE cells were treated with pCRP for 48h and the presence of mCRP on the surface of RPE cells was measured
by immunofluorescence. mCRP immunostaining of ARPE-19 (A) and primary porcine RPE (B) cells treated with 10 µg/ml mCRP for 48h (I, IV),
25 µg/ml pCRP for 48h (II, V), or 100 µg/ml LPS 24h before treatment with 25 µg/ml pCRP for 48h (III, VI). Arrows point mCRP dissociated
from pCRP on RPE surface. Nuclei stained with DAPI. Scale bar = 50 µm. Images shown are representative of three independent experiments.
(C, D) Quantification of CRP dissociation measured as stained area with the monoclonal antibody 3H12 against mCRP (green) divided by the
number of cells per image (µm2/cell). Results are expressed as mean area (µm2/cell) ± SD (N=3). Statistical analysis was performed by student
t-test. *P<0.05 vs. pCRP.
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localized around newly formed microvessels in carotid
artery plaques and in peri-infarct regions after an acute
ischemic stroke [39, 40], promoting angiogenesis and
inducing inflammation [41]. One notion is understanding
of mCRP role is context dependent and in vivo studies
are required to determine the contribution of mCRP to
neovessel formation in the context of AMD, either via
VEGF dependent or -independent mechanisms. On the
other hand, Lauer et al. showed that mCRP binds
necrotic RPE cells and that complement regulation at
necrotic cell lesions is impaired by the FH His402 risk
variant [17]. In these studies, RPE cells were stimulated
with mCRP from the apical side. However, given the
polarized nature of RPE cells it could be possible that
the proinflammatory effect of mCRP on RPE cells
depends on its topological localization. Our results
showed a polarized stimulation of mCRP on barrier
disruption in RPE cells, in both ARPE-19 and primary
porcine RPE cells. The addition of mCRP to the apical
side of RPE cells resulted in a significantly greater
barrier disruption -decreased TEER, increased
permeability and disrupted membrane ZO-1- than the
addition of mCRP to the basolateral side. This effect was
more pronounced in primary RPE cells, where mCRP

had no effect on barrier disruption when added from the
basolateral side, than in ARPE-19 cells. Indeed, we
observed by immunofluorescence a preferential binding
of mCRP to the apical side (Figures 2, 3). The polarized
proinflammatory effect of mCRP has been already
observed in endothelial cells using a similar approach
[42]. These observations could be due to a polarized
distribution of the surface sensors for mCRP in the cell
surface.
The receptors that mediate mCRP activities have not
been fully characterized. In human neutrophils, mCRP
binds FcγRIII (CD16) [21]. However, functional
blockade of CD16 showed only a slight attenuation of
mCRP-induced activation in RPE and endothelial cells
(ECs) [27, 43]. Instead, in ECs, lipid raft microdomains
seem to be the major sensors for mCRP [44]. Therefore,
it could be speculated that mCRP interacts with RPE
cells through lipid raft microdomains. Nevertheless,
unlike many other surface receptors in epithelial tissues,
caveolae seem to have a bipolar distribution in RPE
cells [45]. The increased immunoreactivity of mCRP
when added to the apical side could be also attributed to
the presence of the Transwell filter in the basolateral

Figure 5. mCRP induces barrier disruption in ARPE-19 cells in a polarized manner. ARPE-19 cells were treated with CRP isoforms for
48h either from the apical side or the basolateral chamber and TEER (A) and paracellular permeability as determined by FITC-dextran
diffusion rate (B) was determined. (C) Cells were then fixed and immunostained with anti ZO-1 (red) and DAPI (blue). Images shown are
representative of four independent experiments. Scale bar = 20 μm. (D) Quantification of ZO-1 at the TJs expressed as relative
(intercellular/cytoplasmic) ZO-1 distribution. Values are expressed as mean ± SD and statistical analysis was performed by one-way ANOVA
and Dunnett´s posthoc analysis (N=4). * P<0.05, ** P<0.01 vs. control.
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side that could hamper the binding of mCRP to the
basolateral side. This could also prevent mCRP to
induce barrier disruption when added from the
basolateral side. However, we used filters with a pore
size of 0.4 μm, big enough to allow mCRP to reach the
basolateral side of the RPE cells. It could be also
possible that the receptors on the apical side of the cells
have a greater affinity for mCRP than those in the
basolateral side. However, we observed a similar
pattern with different cell types (CEC, ARPE-19, and
primary RPE), and therefore it is likely that our
observations are mainly the consequence of mCRP
settling on the cell surface.
Given that mCRP seems to induce higher barrier
disruption when present in the apical side of RPE cells,
we tested whether mCRP could cross the RPE and reach
the apical side when added in the basolateral side. RPE
cells are critical for oBRB function, enabling selective
transport of molecules in and out of the retina to
preserve its immune privilege [7]. We found that pCRP
was unable to reach the apical side -representing the
subretinal space- of RPE cells. However, mCRP was

able to reach the apical side only in ARPE-19 cells, but
not in primary porcine RPE cells (Figures 2, 3). ARPE19, is a spontaneously arising RPE cell line that behaves
in many ways like primary RPE cultures as they exhibit
barrier functions mediated by tight junctions and secrete
cytokines. However, they exhibit reduced TEER [46].
Indeed, ARPE-19 cells are commonly used for studying
oxidative stress and cell signaling in AMD because they
exhibit features of aged RPE [47]. Thus, the fact that
ARPE-19 cells but not primary RPE cells allow mCRP
diffusion to the apical side suggest that mCRP could
reach the subretinal space when the RPE is damaged.
These findings may explain why mCRP had some effect
on barrier disruption on ARPE-19 cells but not in
primary RPE cells when added from the basolateral
side. As such, some mCRP may have crossed the
ARPE-19 monolayer reaching the apical side, thereby
inducing barrier disruption.
Our current work suggests a plausible mechanism by
which mCRP may contribute to RPE dysfunction and
AMD progression: the serum-associated isoform of
CRP (pCRP), would reach the oBRB by diffusion

Figure 6. mCRP induces barrier disruption in primary porcine RPE cells in a polarized manner. Primary porcine RPE cells were
treated with CRP isoforms for 48h either from the apical side or the basolateral chamber and TEER (A) and paracellular permeability as
determined by FITC-dextran diffusion rate (B) was determined. (C) Cells were then fixed and immunostained with anti ZO-1 (red) and
DAPI (blue). Images shown are representative of four independent experiments. Arrows show disruption of ZO-1. Scale bar = 20 μm.
(D) Quantification of ZO-1 at the TJs expressed as relative (intercellular/cytoplasmic) ZO-1 distribution. Values are expressed as mean ± SD
and statistical analysis was performed by one-way ANOVA and Dunnett´s posthoc analysis (N=6). * P<0.05, ** P<0.01, *** P<0.0001 vs.
control.
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through CECs from the choroidal circulation. Once
there, it would undergo dissociation into mCRP via
LPC exposed in RPE surface in an inflammatory
microenvironment. Alternatively, mCRP could also be
generated elsewhere -although in small amounts- or in
the surface of CECs before reaching the oBRB. The
mCRP in the subepithelial space could reach the apical
side of a damaged RPE and amplify the inflammation
further disrupting the RPE barrier integrity.
The present work carries some limitations. Firstly, we
used a simple model that did not incorporate a proper
analogue of the Bruch’s membrane. We used
fibronectin to grow CECs, laminin to grow primary
porcine RPE cells, and ARPE-19 cells were grown
without any protein coating in the Transwell filters.
Secondly, we did not use RPE cells derived from
inducible pluripotent stem cells which would have
added more translatability to our work. However, we
used two different models of RPE to understand how
mCRP contributes to AMD progression, albeit in an in
vitro setting.
In summary, our findings further support mCRP direct
contribution to progression of AMD, at least at the
RPE level. The topological experiments elicit that
mCRP is proinflammatory when present on the apical
side of the RPE. However, mCRP is likely to only
reach the apical side of the RPE in compromised RPE
health and where barrier functions are compromised.
Thus, a plausible scenario would infer that, in the
presence of an already aged/damaged RPE, mCRP
reaches the apical side of the RPE to amplify the
proinflammatory microenvironment and enhance
barrier disruption. With respect to previous findings,
this pathologic mechanism will be more prevalent in
patients carrying the FH risk polymorphism for AMD,
where mCRP proinflammatory effects remain
unrestrained [28].

MATERIALS AND METHODS
CRP isoforms
High purity human pCRP (Calbiochem) was stored in
10 mM Tris, 140 mM NaCl buffer (pH 8.0) containing 2
mM CaCl2 to prevent spontaneous formation of mCRP
from the native pentamer. mCRP was obtained by urea
chelation from purified human CRP as previously
described [23]. Briefly, pCRP at 1 mg/mL was chelated
with 10 mM ethylene diaminetetraacetic acid (EDTA)
and incubated in 8.0 M urea for 4 h at 37°C. Urea was
removed via dialysis against low ionic strength TBS
(0.01 M Tris-HCl and 0.05 M NaCl, pH 7.3).
Monomeric CRP concentration was determined by the
BCA protein assay. The filtered solution was stored at
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4 °C. pCRP was also dialyzed with TBS to remove
sodium azide.
Cell culture
ARPE-19, a spontaneously arising human retinal pigment
epithelium cell line, was obtained from the American
Type Culture Collection (ATCC®CRL-2302™). ARPE19 (passages 15-20) were cultured in a 50:50 mixture of
Dulbecco modified Eagle medium (DMEM) and Ham’s
F12 (Biowest) supplemented with 10% fetal bovine
serum (FBS, Biowest), 2 mM L-glutamine (Biowest),
100 U/mL penicillin (PAA), 0.1 mg/mL streptomycin
(Biowest), and 1mM sodium pyruvate (Sigma) in a
humidified incubator at 37°C in 5% CO2. Cells were
passed every 4 to 6 days by trypsinization. ARPE-19
cells were plated at confluence onto semi-permeable
polycarbonate Transwell® filters, 0.4 μm pore size. At
day 3 FBS was reduced to 2 % and cells were maintained
in a 37°C and 5% CO2 incubator for 2–4 weeks,
changing media every 3–4 days.
Primary porcine RPE cells were isolated and cultured
following the protocol described by [48] with some
modifications. Eyes were trimmed of excess tissue and
placed in 0.2% povidone iodine for 10 minutes on ice.
Eyes were rinsed with sterile distilled water and placed
in 1000 U/mL Penicillin-Streptomycin on ice for a
minimum of 5 minutes. Anterior segments were
removed with a scalpel at the ora serrata. Eyecups were
filled with 1 mM EDTA and incubated at 37°C for 30
minutes to loosen the neural retina from the RPE sheet.
The retina was gently pulled and detached from the
RPE sheet. RPE cells were collected after incubation of
the eyecups with 0.05% trypsin with 0.67 mM EDTA at
37°C. After trypsin inactivation with 10% FBS, RPE
suspension was centrifuged and plated in DMEM High
Glucose (Capricorn Scientific), with L-glutamine and
sodium pyruvate, supplemented with 1% penicillinstreptomycin, 1% non-essential amino acids (Corning)
and 10% FBS. At day 3 of culture, 5 µg/ml of
ciprofloxacin (Sigma) was added to the medium and at
day 7, serum was decreased to 1%. Cell monolayers
were pigmented and showed the characteristic
cobblestone morphology. At day 14, RPE cells were
trypsinized and plated at confluence onto semipermeable polycarbonate Transwell® filters, 0.4 μm
pore size, previously coated with laminin. RPE cells
were maintained in a 37°C and 5% CO2 incubator for
2–4 weeks and fed with 1% FBS growth medium every
3–4 days. These RPE cells expressed RPE-specific
markers and showed high levels of TEER (see
Supplementary Figure 1).
Choroidal endothelial cells from porcine eyes were
isolated and cultured as described by Browning et al. [49]
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with few modifications. Briefly, after the retina and RPE
cell layer were removed with a cell scraper, the complex
choroid-Bruch’s membrane was peeled off from the
sclera, cut into small pieces and washed three times with
Minimum Essential Medium (MEM, ThermoFisher). The
pieces were incubated with 0.1% collagenase (Sigma) for
2 hours at 37°C. The collagenase was neutralized with
MEM containing 10% FBS and the mixture was passed
through a 20G syringe. After centrifugation and washing
with isolation medium, cells were resuspended in 0.1%
BSA-PBS, adjusted to 1 x 107 cells/ml, and incubated
with rabbit anti-CD31 (Abcam) (20 µl per ml of cell
suspension) for 1 hour at room temperature (RT) with
agitation. Cells were centrifuged, washed with PBS and
incubated with Dynabeads® for 45 minutes at 4°C.
Endothelial cells positively selected were resuspended in
EGM-MV2 (PromoCell) without hydrocortisone and
seeded onto 0.5% gelatin coated wells. CECs expressed
characteristic endothelial markers (CD31, and VWF) and
showed the capacity of endothelial tube formation for up
to passage 8 (see Supplementary Figure 2). CECs were
plated at confluence onto semi-permeable polycarbonate
Transwell® filters, 0.4 μm pore size, previously coated
with 10 µg/mL fibronectin and maintained at 37°C and
5% CO2 incubator in EGM-MV2 media (Promocell).
Measurement of transepithelial electrical resistance
(TEER)
TEER was measured using a commercial electrical
resistance system (Millicell; Millipore) in ARPE-19 and
primary porcine RPE monolayers grown on Transwell
filters as described above. TEER values were calculated
by subtracting the value of a blank (transwell filter
without cells). Measurements were repeated at least
three times for each filter, and each experiment was
repeated at least five times using 2 filters.
Permeability assay
The paracellular permeability of ARPE-19 and primary
porcine RPE monolayers was assessed by measuring the
passive permeation of FITC-dextran (40 kDa, SigmaAldrich) across confluent cells grown on filters for a
minimum of 3 weeks. Then, the RPE monolayers were
treated with CRP isoforms (10 μg/mL) for 48h. After
48h treatment, 500 μg/ml FITC-dextran were added to
the apical compartment of the chamber and samples (200
μl) from the basal medium (lower chamber) were
collected 120 min after addition of FITC-dextran. The
absorbance of basal and apical medium samples was
measured at 485 nm of excitation and 528 nm of
emission in a microplate reader (Infinite 200 PRO
multimode, Tecan Group Ltd., Switzerland). Each
condition was assayed in triplicate and repeated in at
least five independent experiments. The diffusion rate
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was expressed as a percentage and calculated as follows:
(amount of dextran lower chamber) x100 / (amount of
dextran upper chamber).
Immunofluorescence
The distribution of ZO-1 and RPE65 in RPE monolayers,
CD31 and VWF expression in CECs, and CRP binding to
RPE and CECs was examined by immunofluorescence.
Filters were cut out, washed with PBS and fixed with
3.8% paraformaldehyde in PBS for 15 min at room
temperature (RT). Cells were then washed with PBS,
permeabilized with Triton X-100 (0.2% for ZO-1 and
CD31, and 0.5 % for RPE65) for 15 minutes and blocked
twice with filtered 1% BSA. Cells were then incubated
with primary antibody anti-ZO-1 (clone 1A12, Thermo
Scientific), anti-RPE65 (clone 401.8B11.3D9, Abcam),
anti-CD31 (Abcam), anti-mCRP (3H12 gently provided
by Dr LA Potempa) or anti-pCRP (1D6, gently provided
by Dr LA Potempa) overnight. After washing three times
with PBS, cells were incubated with secondary antibody
Alexa Fluor anti-mouse 488 or 568 IgG or anti-rabbit 568
IgG for 1h at RT. Nuclei were counterstained with DAPI.
Controls were stained with secondary antibodies only.
Stained cells were washed and covered with Prolong
Gold antifade reagent (Life Technologies). Images of
immunostained cells were recorded on the high-speed
spectral confocal microscope Leica TCS-SP5 and
analyzed with ImageJ software. ZO-1 was intensity at the
tight junctions (TJs) was measured as intensity at the
intercellular junction divided by the intensity at the
cytoplasm [50].
SDS-PAGE and immunoblotting
The presence of CRP isoforms on apical and basolateral
compartments was detected by SDS-PAGE and
immunoblotting. Supernatants were centrifuged at 1,000
g for 10 minutes, loaded onto 12.5% polyacrylamide
gels and run at 30 mA for 60 minutes. In order to avoid
denaturalization of pCRP, samples were not heated and
the amount of SDS in the acrylamide gels and the
loading and electrophoresis buffers was reduced to 1/20
[51]. Proteins were transferred to a 0.22 µm
nitrocellulose membrane performing a semi-dry transfer
protocol. Non-specific binding sites were blocked with
5% non-fat dry milk in 0.1% PBS-Tween for 1 hour at
RT, before incubation with anti-mCRP-specific
monoclonal antibody 3H12 1:300 in blocking buffer
ON at 4°C. Membranes were incubated with the
secondary antibody linked to HRP (GAM-HRP, BioRad) for 1 hour at RT. Chemiluminescent signal was
detected with the Amersham ECL™ Prime Western
blotting detection reagent (GE Healthcare) with
ImageQuant LAS4000 (GE Healthcare) and bands were
analyzed using ImageJ software.
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Determination of mCRP in cell supernatants
mCRP was detected in cellular supernatants (previously
centrifuged at 1,000 g for 10 min) by an ELISA assay
following the protocol recently described by Zhang et al.
[52]. For this purpose, mouse anti-human CRP mAb
CRP-8 (Sigma-Aldrich, C1688) was immobilized as
capture antibody at 1:1,000 in coating buffer (10 mM
sodium carbonate/bicarbonate, pH 9.6) overnight at 4°C.
After washing three times for 2 minutes each with TBS,
non-specific binding sites were blocked with filtered 1%
BSA-TBS for 1 hour at RT. Samples diluted 1:100 in
blocking buffer were added into wells for 1 hour at RT.
Then, washing step was repeated and samples were
incubated with sheep anti-human CRP polyclonal
antibody (1:2,000 in blocking buffer) (BindingSite), prior
incubation with a HRP-labeled donkey anti-sheep IgG
(1:10,000 in blocking buffer) (Abcam). Signaling was
detected with VersaMax Microplate Reader and The OD
value of each sample was calculated as OD450–OD570 nm.
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Characterization of RPE cells. (A) Cells harvested for 1, 7 and 14 days after plating. Objective lens 10x.
Primary porcine RPE cells cultured for 30 days were stained with antibodies to RPE65 (green) (B) and ZO-1 (red) (C). Scale bar = 20 µm.
(D) TEER values of primary porcine RPE cells plated at 280,000 cells/cm2 on laminin coated Transwell™ filters. (E) TEER values of ARPE-19 cells
plated at 250,000 cells/cm2 on Transwell™ filters for 35 days.

www.aging-us.com
www.aging-us.com

13920
51

AGING
AGING

Supplementary Figure 2. Characterization of primary porcine CECs. (A) Primary porcine CECs were cultured into pure matrigelcoated wells and allowed to form capillary-like structures for 24 hours. Scale bar = 500 µm. Primary porcine CECs were stained with
antibodies against CD31 (B) and VWF (C). Scale bar = 20 µm. (D) Negative control with cells stained without primary antibody.
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Supplementary Figure 3. Effect of CRP isoforms on ZO-1 expression in ARPE-19 cells. Cells were fixed and immunostained with anti
ZO-1 (red) and DAPI (blue). Scale bar = 30 μm.
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Supplementary Figure 4. Effect of CRP isoforms on ZO-1 expression in primary porcine RPE cells. Cells were fixed and
immunostained with anti ZO-1 (red) and DAPI (blue). Scale bar = 30 μm.
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ABSTRACT
Citicoline is the exogenous form of the nootropic, Cytidine 5'-diphosphate-choline that exerts its
neuroprotective effects in the brain as well as in the eye. The current study characterized the cytoprotective
effects of purified Citicoline in transmitochondrial AMD (Age-related Macular Degeneration) RPE cybrid cells
which carry diseased mitochondria from clinically characterized AMD patients. The effects of Citicoline were
examined via flow cytometry analysis of AnnexinV/ PI-stained cells, IncuCyte live-cell imaging analysis to
quantify cells undergoing caspase-3/7-mediated apoptosis, analyses of gene expression profiles of apoptosis,
hypoxia, and angiogenesis markers, and measurement of ROS levels and cell viability. Our results demonstrated
that Citicoline when added exogenously alleviates apoptotic effects as evidenced by diminished AnnexinV/PI
and Caspase-3/7 staining, downregulation of apoptosis genes, enhanced cell viability, and reduced oxidative
stress in AMD RPE cybrid cells. In conclusion, our study identified Citicoline as a protector in AMD RPE cybrid
cells in vitro. However, further studies are required to establish the merit of Citicoline as a cytoprotective
molecule in AMD and to decipher the molecular underpinnings of its mechanism of action in AMD.

INTRODUCTION
Citicoline is the international nonproprietary name
given to the exogenous pharmacological form of
Cytidine
5'-diphosphate-choline
(CDP-Choline,
CDPCho), a naturally occurring endogenous nucleotide
compound that is water-soluble and has a molecular
weight of 488.32 g/mol [1, 2]. CDP-Choline is
comprised of cytosine base, ribose, pyrophosphate, and
choline. The endogenous production of CDP-Choline
from choline is an intermediate step in the de novo
synthesis of phosphatidylcholine which is one of the
most abundant cell membrane lipids in human and
animal tissues [3]. By activating the biosynthesis of
structural phospholipids, Citicoline maintains neuronal
membrane integrity, influences neurotransmitter levels,
increases norepinephrine and dopamine levels in the
central nervous system, restores the activity of
membrane sodium/potassium ATPase and mitochondrial ATPase, and enhances brain function [1].
Owing to these mechanisms, Citicoline has been
www.aging-us.com
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successfully used as a neuroprotective agent to prevent
neuronal aging and improve memory and learning in vivo
[4]. Furthermore, it has been extensively used in
preclinical studies and clinical trials for neurodegenerative diseases including Parkinson’s disease and
glaucoma. Citicoline administration improves motor
responses in Parkinson’s disease via stimulation of
dopaminergic system [5]. Furthermore, Citicoline
preserves the function of the retina and the visual cortex
in glaucoma patients, and delays the progression of
glaucoma disease [6–8]. Parisi et al. demonstrated that
Citicoline injected intramuscularly improves retinal and
visual function in glaucoma patients [9].
The primary advantages of Citicoline as a
neuroprotective compound are: a) negligible toxicity in
humans and animals, b) >90 % bioavailability, c)
administration feasible via intravenous, intramuscular, or
oral routes, and d) following oral ingestion, Citicoline is
metabolized to cytidine and choline which enter the
systemic circulation where cytidine is converted to
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uridine; both choline and uridine cross the blood-brain
barrier [10–12]. Although the use of Citicoline in the
rescue of neuronal cells and attenuation of retinal
neurodegeneration is well-established, its potential role in
preventing apoptotic cell death in retinal pigment
epithelium (RPE) cells and in Age-related Macular
Degeneration (AMD) pathology remains uncharacterized
and awaits detailed investigation.
In quest of identifying novel therapeutic candidates for
AMD, the goal of this study was to test the hypothesis
that Citicoline, a naturally occurring nootropic, will
protect against apoptotic cell death in an in vitro AMD
model i.e., transmitochondrial AMD RPE cybrid cells
which are created by fusing mitochondrial DNAdeficient APRE-19 (Rho0) cells with platelets isolated
from AMD patients. Since nuclear content is the same
and the cells differ only in mitochondrial DNA (mtDNA)
content, the differences in biochemical or molecular
profiles in AMD RPE cybrid cell lines can be attributed
to variations in mitochondrial DNA of AMD patients.
Our previous studies have shown that the AMD RPE
cybrid cells carry mtDNA damage from the AMD
patients. Extensive characterization studies using various
endpoints that measure cellular and mitochondrial health
have demonstrated dysfunctional AMD mitochondria,
significantly higher mitochondrial superoxide generation,
increased oxidative stress and apoptosis, and reduced
mtGFP (Green Fluorescent Protein) staining in AMD

RPE cybrids compared to normal RPE cybrids.
Therefore, our previous findings have established substantive cellular damage due to increased oxidative stress
and apoptotic cell death in AMD RPE cybrid cell lines
compared to the normal RPE cybrid cell lines [13–15].
This in vitro study supports our hypothesis as Citicoline
conferred significant protection against apoptotic cell
death that was in-part mediated by damaged mtDNA
from AMD patients in transmitochondrial AMD RPE
cybrid cells.

RESULTS
Citicoline reduces apoptotic cells as shown by
diminished Annexin V fluorescence intensity
The ability of Citicoline to attenuate apoptosis was
examined via Flow Cytometry analysis of untreated and
Citicoline-treated AMD RPE cybrid cells stained with
apoptotic and dead cell markers, namely Annexin V and
Propidium Iodide (PI), respectively (Figure 1A–1E).
Figure 1A and 1C show representative Flow cytometry
images and Figure 1B and 1D show representative
scatter plots of untreated and Citicoline-treated AMD
RPE cells stained with Annexin V/ PI.
Figure 1E quantifies the Annexin V/ PI fluorescence
intensity in AMD RPE cybrid cells and demonstrates that

Figure 1. (A) AMD Untreated cells’ Representative Annexin V/ PI staining flow cytometry image; (B) AMD Untreated cells’ Representative

Annexin V/ PI fluorescence intensity scatter plot; (C) AMD Citicoline-treated cells’ Representative Annexin V/ PI staining flow cytometry
image; (D) AMD Citicoline-treated cells’ Representative Annexin V/ PI fluorescence intensity scatter plot; (E) AMD Untreated vs. AMD
Citicoline-treated Annexin V/ PI fluorescence intensity quantitation.
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Citicoline caused significant reduction in apoptotic
cells. Flow cytometry analysis revealed a 21.67 %
decrease in Annexin V/ PI double positives’ fluorescence intensity in Citicoline-treated AMD RPE
cybrid cells (0.783 ± 0.06 a.u.) compared to their
untreated counterparts (1 ± 0.059 a.u.) (p=0.04, n=6).
Citicoline downregulates apoptosis-associated genes
Apoptosis is regulated by multiple genes that act at
various levels of the apoptotic cell death pathway.
Exogenous addition of Citicoline downregulated the
pro-apoptotic genes significantly (Figure 2A–2D).
Compared to their untreated counterparts, Citicolinetreated AMD RPE cybrid cells showed decreased gene
expression of: BAX gene by 28.6 % (AMD Untreated: 1
± 0.096, AMD Citicoline-treated: 0.714 ± 0.068;
p=0.03, n=8) (Figure 2A), Caspase-3 gene by 77.2 %
(AMD Untreated: 1 ± 0.248, AMD Citicoline-treated:
0.228 ± 0.043; p=0.0079, n=5) (Figure 2B), Caspase-9
gene by 37.2 % (AMD Untreated: 1 ± 0.147, AMD
Citicoline-treated: 0.628 ± 0.028; p=0.03, n=5) (Figure
2C), and BCL2L13 gene by 28.4 % (AMD Untreated: 1
± 0.065, AMD Citicoline-treated: 0.716 ± 0.064;
p=0.010, n=8) (Figure 2D). Furthermore, Citicoline
treatment led to a 32.4 % increase in cell viability
(AMD Untreated: 1 ± 0.081, AMD Citicoline-treated:
1.324 ± 0.084; p=0.015, n=6) (Figure 2E).

Citicoline reduces Caspase-3/7-mediated apoptosis
To examine and compare Caspase-3/7-mediated
apoptosis between untreated and Citicoline-treated
AMD RPE cybrid cells, we performed IncuCyte® LiveCell Imaging Analysis using Caspase- 3/7 Green and
NucLight Red dyes (Figure 3A-3C). Figure 3A shows
representative IncuCyte live-cell images. The upper
panel represents untreated AMD group and the lower
panel represents the Citicoline-treated AMD group.
Addition of Citicoline led to a 55.99 % decrease in
Overlap object count (i.e., Caspase-3/7 Green+NucLight
Red staining)/ NucLight Red object count in AMD RPE
cybrid cells: Untreated 1 ± 0.078 a.u. and
Citicoline-treated - 0.440 ± 0.125 a.u. (p=0.03, n=4) at 48
h (Figure 3B). At 72 h, a 47.54 % drop in Overlap object
count was observed in Citicoline-treated AMD RPE
cybrid cells (0.52 ± 0.11 a.u.) compared to their untreated
counterparts (1 ± 0.082 a.u.) (p=0.03, n=4) (Figure 3C).
Therefore, Citicoline prevents Caspase-3/7-mediated
apoptosis in AMD RPE cybrid cells.
Citicoline reduces oxidative stress
To measure reactive oxygen species levels, we
performed ROS assay using H2DCFDA reagent.
Compared to their untreated counterparts, Citicolinetreated AMD RPE cybrid cells showed decreased ROS

Figure 2. (A) BAX gene expression in AMD Untreated and AMD Citicoline-treated cells. (B) Caspase-3 gene expression in AMD Untreated and

AMD Citicoline-treated cells. (C) Caspase-9 gene expression in AMD Untreated and AMD Citicoline-treated cells. (D) Caspase-9 gene
expression in AMD Untreated and AMD Citicoline-treated cells. (E) Cell viability MTT assay.
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levels by 22.8 % (AMD Untreated: 1 ± 0.059, AMD
Citicoline-treated: 0.772 ± 0.040; p=0.013, n=5)
(Figure 4A). Compared to their untreated counterparts,
Citicoline-treated AMD RPE cybrid cells showed
increased gene expression of: HMOX1 gene by 76.6 %

(AMD Untreated: 1 ± 0.1267, AMD Citicoline-treated:
1.766 ± 0.28; p= 0.0379, n=8) (Figure 4B) and
HMOX2 gene by 20.4 % (AMD Untreated: 1 ± 0.0214,
AMD Citicoline-treated: 1.204 ± 0.020; p=0.0286,
n=4) (Figure 4C).

Figure 3. (A) Upper and lower panels show Representative Incucyte live-cell images of untreated and Citicoline-treated AMD cells,
respectively, in phase-contrast (first column), stained with NucLight Red (second column), stained with Caspase-3/7 Green (third column),
overlap i.e., Caspase-3/7 + NucLight (fourth column), and Merge i.e., Phase-contrast + Caspase-3/7 + NucLight (fifth column). Scale bar = 400
μm. (B) Quantitation of Caspase-3/7 overlap/ Red object count at the 48 h time point. (C) Quantitation of Caspase-3/7 overlap/ Red object
count at the 72 h time point.

Figure 4. (A) ROS levels in AMD Untreated and AMD Citicoline-treated cells, (B) HMOX1 gene expression levels in AMD Untreated and AMD
Citicoline-treated cells, and (C) HMOX2 gene expression levels in AMD Untreated and AMD Citicoline-treated cells.
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Citicoline downregulates HIF-1α and VEGF genes
HIF1α (Hypoxia-inducible factor 1-alpha), a
transcription factor, is a master regulator of cellular
response to hypoxic stress. HIF-1α activation leads to
up-regulation of VEGF, which in turn plays a key role
in angiogenesis in choroidal neovascularization in AMD.
Compared to their untreated counterparts, Citicolinetreated AMD RPE cybrid cells showed decreased gene
expression of: HIF-1a gene by 34 % (AMD Untreated: 1
± 0.123, AMD Citicoline-treated: 0.66 ± 0.041; p=0.01,
n=7) (Figure 5A) and VEGF gene by 32.8 % (AMD
Untreated: 1 ± 0.069, AMD Citicoline-treated: 0.672 ±
0.077; p=0.015, n=6) (Figure 5B).

DISCUSSION
Our current study identified the cytoprotective potential
of exogenously added purified Citicoline in transmitochondrial AMD RPE cybrid cells in vitro. Using a
combination of apoptotic assays, we found that
Citicoline mitigates apoptotic cell death as evidenced by
diminished Annexin V/ PI positive cell population,
reduced Caspase-3/7-mediated apoptosis in live cells,
downregulation of apoptotic genes, and enhanced cell
viability in Citicoline-treated transmitochondrial AMD
RPE cybrid cells. Additionally, treatment with
Citicoline led to a significant reduction in reactive
oxygen species and upregulation of HMOX1 and
HMOX2 genes, thereby suppressing oxidative stress and
supporting cell survival. Furthermore, significantly
decreased expression of HIF-1α (hypoxia marker) and
VEGF (angio-genesis marker) genes, post-Citicoline
treatment, may in part have contributed to the
cytoprotective action of Citicoline in AMD RPE cybrid
cells. To our knowledge, this is the first report to
identify the anti-apoptotic potential of Citicoline in an in
vitro transmitochondrial AMD RPE cybrid cell model.

Apoptosis is characterized by specific morphological
and biochemical changes in the cell, which can be
detected via varied techniques. Annexin V is a
eukaryotic cellular protein commonly used as a probe to
detect apoptotic cells due to its ability to bind
phosphatidylserine i.e., a cell membrane phospholipid
that faces the cytoplasmic surface in healthy cells but is
translocated to the extracellular side in apoptotic cells.
Phosphatidylserine(s) exposure on the outer leaflet of
the plasma membrane signals macrophages and marks
the apoptotic cells for phagocytosis [16]. In this study,
we used a recombinant Annexin V conjugated to the
Alexa Fluor® 488 fluorophore to create a photostable
conjugate with maximum sensitivity. Along with
Annexin V, we used the red-fluorescent propidium
iodide (PI) nucleic acid binding dye which is
impermeant to live cells and apoptotic cells, but stains
dead cells with red fluorescence. Flow cytometry
analyses enabled us to distinguish viable cells from
apoptotic cells and necrotic cells. In this study,
Citicoline treatment led to diminished Annexin V/ PI
fluorescence intensity, indicating the ability of
Citicoline to lower apoptotic cell death in transmitochondrial AMD cells. This is consistent with a
previous study in which the apoptosis inhibitory action
of Citicoline was demonstrated using Annexin V/ FITC
Flow cytometry analysis in a mouse model of cerebral
malaria (CM); administration of Citicoline rescued cells
in an experimental model of CM in vitro as well
conferred partial protection against cell death and
neurological syndrome in murine CM [17].
In the current study, Citicoline treatment in AMD RPE
cybrid cells caused downregulation of BAX, Caspase-3,
Caspase-9, and BCL2L13 genes indicating that
Citicoline mediates its cytoprotective effects by
influencing both the intrinsic and extrinsic pathways of
apoptosis. Our previous studies have demonstrated that

Figure 5. (A) HIF-1α gene expression in AMD Untreated and AMD Citicoline-treated cells. (B) VEGF gene expression in AMD Untreated and
AMD Citicoline-treated cells.
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dysfunctional AMD mitochondria in the AMD RPE
cybrid cells contribute to the activation of apoptosis and
enhanced expression of apoptotic markers such as BAX
and Caspase-3 [14]. BAX (Bcl-2-Associated X protein)
is a member of the Bcl-2 family and a key regulator of
the intrinsic apoptotic pathway. Apoptotic stimuli
activate BAX and BAK (Bcl-2 homologous
Antagonist/Killer) which oligomerize and initiate
permeabilization of the mitochondrial outer membrane,
which is considered a critical step in apoptosis [18].
Caspase-3 is an effector caspase that via its protease
activity initiates and coordinates crucial apoptotic
events such as the exposure of Phosphatidylserine to the
extracellular side of the plasma membrane and cellular
degradation processes including DNA fragmentation
and cytoskeletal disruption. Caspase-3 is the point of
convergence for the extrinsic and intrinsic apoptotic
pathways [19]. On receiving apoptotic stimuli, the
mitochondria release cytochrome c which binds to
Apaf-1 and recruits Caspase-9 thereby activating the
latter. Caspase-9 is a part of the apoptosome and
initiates the activation of downstream effector caspases
[20]. BCL2L13/Bcl-rambo is a member of the Bcl-2
family of proteins that regulate apoptosis. In cells, Bclrambo is localized to the mitochondria, and its
overexpression induces apoptosis. Bcl-rambo mediates
apoptosis by associating with adenine nucleotide
translocator (ANT), a component of the mitochondrial
permeability transition pore, to induce its opening [21].
Previous studies have attributed the Citicoline-mediated
suppression of apoptosis to its ability to upregulate the
Sirtuin1 (SIRT1) protein, downregulate procaspase and
caspase expression, and neutralization of BAX family
proteins thereby preventing cleavage of PARP and
subsequent DNA damage [22–24].
Next, we compared Caspase-3/7-mediated apoptosis
between untreated and Citicoline-treated AMD RPE
cybrid cells using IncuCyte® Live-Cell Imaging
Analysis system and Caspase- 3/7 Green and NucLight
Red reagents. The IncuCyte Caspase-3/7 Green
Apoptosis Reagent couples the activated Caspase-3/7
recognition motif (DEVD) to a DNA intercalating dye
and enables real-time quantification of cells undergoing
caspase-3/7 mediated apoptosis. This reagent is an inert,
non-fluorescent substrate which when added to culture
medium, crosses the cell membrane where it is cleaved
by activated caspase-3/7 resulting in the release of the
DNA dye and fluorescent staining of the nuclear DNA.
The IncuCyte NucLight Rapid Red Reagent is a cell
permeable DNA stain that specifically stains nuclei in
live cells and enables real-time quantification of cell
proliferation. Addition of this reagent to normal healthy
cells does not interfere with cell growth and
morphology and provides homogenous staining of
nuclei. In the culture medium, this inert stain crosses the
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cell membrane and has excellent specificity for DNA
without the need for a wash step. In the current study,
Citicoline-treated AMD cells showed significantly
lower Overlap object count (i.e., (Caspase-3/7 Green +
NucLight Red staining)/ Red object count) at 48 h and
72 h compared to their untreated counterparts. To our
knowledge, this is the first study to demonstrate the role
of Citicoline in reducing Caspase-3/7-mediated apoptosis in live cell imaging systems.
Our current results are consistent with previous studies
which have demonstrated the apoptosis inhibitory effect
of Citicoline in various in vitro and in vivo models of
neurodegenerative conditions. For instance, Alvarez et
al. showed Citicoline-mediated protection of hippocampal neurons against apoptosis induced by brain
beta-amyloid deposits plus cerebral hypoperfusion in
rats [25]. Moreover, Citicoline protects against highglucose-induced neurotoxicity and against excitotoxic
cell damage in retina [26]. As demonstrated in recent
studies, one mechanism by which Citicoline mediates
its cytoprotective action could be via suppression of
ERK1/2 signaling which is known to induce apoptosis
in the inner and outer retina [27]. Additionally,
Citicoline is known to exert it pro-survival action in
diabetic retina by preventing glial activation and
suppressing the expression of NF-κB and TNF-α [28].
The current study also revealed that Citicoline alleviates
ROS production and downregulates HIF-1α and VEGF
genes in AMD RPE cybrid cells. These results are
corroborated by previous findings that demonstrate that
Citicoline reduces ROS species, stabilizes cell
membranes, reduces the volume of ischemic lesions,
and provides neuroprotection in ischemic and hypoxic
conditions via: a) attenuating the accumulation of free
fatty acids especially arachidonic acid, b) preventing the
activation of phospholipase A2 in both membrane and
mitochondrial fractions, and c) stimulating the synthesis
of glutathione [29, 30].
In summary, although further studies with Citicoline/
AMD RPE cybrid cells are underway, these results
present novel findings that identify Citicoline to be a
potential protector that attenuates apoptotic cell death in
AMD. Citicoline is available as an over-the-counter
dietary supplement in the U.S. and offers the advantage
of easy access that shortens considerably the transition
from lab bench to clinic.

MATERIALS AND METHODS
Human subjects
The University of California Irvine’s IRB (Institutional
Review Board) approved research with human subjects
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(Approval #2003–3131). All participants provided
informed consent and clinical investigations were
performed according to the tenets of Declaration of
Helsinki.
Cell culture
Passage 5 AMD ARPE-19 transmitochondrial cybrid
cell lines were created as described previously [14].
Briefly, these cybrid cell lines were prepared by
polyethylene glycol fusion of mitochondria DNAdeficient ARPE-19 (Rho0) cell line with platelets
isolated from AMD patients. Cybrid status and that the
cybrids have acquired their mtDNAs from the donor
individuals was confirmed using allelic discrimination,
Sanger sequen-cing, and Next-Generation Sequencing.
Culture conditions
The base medium for this cybrid cell line is DMEMF12 Medium (Cat. # 10-092CM, Fisher Scientific,
Pittsburgh, PA). DMEM-F12 Medium contains 3.15 g/L
D-glucose, 2.5 mM L-glutamine, 15 mM HEPES, 0.5
mM sodium pyruvate, and 1200 mg/L sodium
bicarbonate. To make the complete growth medium,
fetal bovine serum was added to the base medium to a
final concentration of 10 %.
Treatment with Citicoline
Purified Citicoline was obtained from Sigma-Aldrich
(St. Louis, MO) and used at a concentration of 1mM for
all experiments. Water was used as an initial solvent.
Citicoline was subsequently dissolved in culture media
for treatment of cells.
Flow cytometry
Cell were stained with recombinant Annexin V
conjugated to fluorescein (FITC annexin V), as well as
red-fluorescent propidium iodide (PI) nucleic acid
binding dye (Life Technologies). The stained cells were
analyzed by flow cytometry, measuring the fluorescence emission at 530 nm and >575 nm. Live cells
show only a low level of fluorescence, apoptotic cells
show green fluorescence and dead cells show both red
and green fluorescence.
Quantitative Real-Time PCR (qRT-PCR)
RNA extraction, cDNA synthesis, and qRT-PCR analysis
were performed as described previously [14]. QuantiTect
Primer Assays were used to study the expression of
Caspase-3 gene (Cat. # QT00023947, Qiagen,
Germantown, MD), BAX gene (Cat. # QT00031192,
Qiagen), HIF-1α gene (Cat. # QT00083664, Qiagen),
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HMOX1 gene (Cat. # QT00092645, Qiagen), and
HMOX2 gene (Cat. # QT00039942, Qiagen).
KiCqStart® SYBR® green primers were used to
examine the expression of VEGF gene (Cat. #
kspq12012, Sigma). Specific housekeeper gene used was
HPRT1 (Cat. # QT00059066, Qiagen). Data analysis was
performed using ∆∆Ct method which was calculated by
subtracting ∆Ct of the AMD group from ∆Ct of the
normal group. ∆Ct was the difference between the Cts
(threshold cycles) of the target gene and Cts of the
housekeeper gene (reference gene). Fold change was
calculated using the following formula: Fold change =
2ΔΔCt.
Cell viability assay
The numbers of viable cells were measured using the
MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were plated in 96-well
tissue culture plates, treated with 1 mM Citicoline
followed by addition of MTT. Cells were incubated at 37
°C for 1 h, followed by addition of DMSO (DiMethyl
SulfOxide). Signal absorbance was measured at 570 nm
and background absorbance measured at 630 nm.
Normalized absorbance values were obtained by
subtracting background absorbance from signal
absorbance. The colorimetric signal obtained was
proportional to the cell number.
IncuCyte live-cell imaging
IncuCyte live-cell imaging was performed as described
previously [31, 32]. Cells were seeded in 96-well plates
at a density of 5,000 – 10,000 cells/well followed by
staining with IncuCyte® NucLight Rapid Red (1:500)
and Caspase-3/7 Green (1:1000) labeling reagents.
Stained cell plates were placed into the IncuCyte® livecell analysis system and allowed to warm to 37 °C for
30 min prior to scanning. Phase Contrast, Green, and
Red channels were selected, 5 images were taken per
well with an average scan interval of 2 h until the
experiment was complete. Fluorescent objects were
quantified using the IncuCyte® integrated analysis
software that minimizes background fluorescence.
Reactive oxygen species (ROS) assay
To quantitate ROS levels, the cell-permeant H2DCFDA
(2', 7’-dichlorodihydrofluorescein diacetate) was used
as an indicator for ROS in cells. Stock solution of 5mM
H2DCFDA was prepared in DMSO. Stock solution was
then diluted in DPBS (Dulbecco's Phosphate-Buffered
Saline) to obtain a working concentration of 10 μM.
Cells were plated in 96-well tissue culture plates
followed by treatment with 1mM Citicoline. 10 μM
H2DCFDA solution was added to cells and incubated
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for 30 min at 37 °C. H2DCFDA was then replaced with
DPBS. Fluorescence which was measured at excitation
492 nm and emission 520 nm was proportional to ROS
levels in cells.

PMID:23010477
4.

Gareri P, Castagna A, Cotroneo AM, Putignano S, De
Sarro G, Bruni AC. The role of citicoline in cognitive
impairment: pharmacological characteristics, possible
advantages, and doubts for an old drug with new
perspectives. Clin Interv Aging. 2015; 10:1421–9.
https://doi.org/10.2147/CIA.S87886
PMID:26366063

5.

Eberhardt R, Birbamer G, Gerstenbrand F, Rainer E,
Traegner H. Citicoline in the treatment of parkinson’s
disease. Clin Ther. 1990; 12:489–95.
PMID:2289218

6.

Parisi V. Electrophysiological assessment of
glaucomatous visual dysfunction during treatment
with cytidine-5'-diphosphocholine (Citicoline): a study
of 8 years of follow-up. Doc Ophthalmol. 2005;
110:91–102.
https://doi.org/10.1007/s10633-005-7348-7
PMID:16249960

7.

Parisi V, Coppola G, Centofanti M, Oddone F, Angrisani
AM, Ziccardi L, Ricci B, Quaranta L, Manni G. Evidence
of the neuroprotective role of citicoline in glaucoma
patients. Prog Brain Res. 2008; 173:541–54.
https://doi.org/10.1016/S0079-6123(08)01137-0
PMID:18929133

8.

Ottobelli L, Manni GL, Centofanti M, Iester M, Allevena
F, Rossetti L. Citicoline oral solution in glaucoma: is
there a role in slowing disease progression?
Ophthalmologica. 2013; 229:219–26.
https://doi.org/10.1159/000350496
PMID:23615390

9.

Parisi V, Manni G, Colacino G, Bucci MG. Cytidine-5'diphosphocholine (Citicoline) improves retinal and
cortical responses in patients with glaucoma.
Ophthalmology. 1999; 106:1126–34.
https://doi.org/10.1016/S0161-6420(99)90269-5
PMID:10366081

Statistical analysis
Non-parametric Mann-Whitney test (GraphPad Prism 5.0;
GraphPad Software, CA, USA) was used to analyze data
between groups and to determine significance; p ≤ 0.05
was statistically significant. ‘n’ represents the number of
biological replicates i.e., the number of individual AMD
cybrid cell lines used in the experiment.
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ABSTRACT
Atrophic age-related macular degeneration (AMD) and Stargardt disease (STGD) are major blinding diseases
affecting millions of patients worldwide, but no treatment is available. In dry AMD and STGD oxidative stress and
subretinal accumulation of N-retinylidene-N-retinylethanolamine (A2E), a toxic by-product of the visual cycle,
causes retinal pigment epithelium (RPE) and photoreceptor degeneration leading to visual impairment. Acute and
chronic retinal degeneration following blue light damage (BLD) in BALB/c mice and aging of Abca4-/- Rdh8-/- mice,
respectively, reproduce features of AMD and STGD. Efficacy of systemic administrations of 9'-cis-norbixin
(norbixin), a natural di-apocarotenoid, prepared from Bixa orellana seeds with anti-oxidative properties, was
evaluated during BLD in BALB/c mice, and in Abca4-/- Rdh8-/- mice of different ages, following three experimental
designs: “preventive”, “early curative” and “late curative” supplementations. Norbixin injected intraperitoneally in
BALB/c mice, maintained scotopic and photopic electroretinogram amplitude and was neuroprotective. Norbixin
chronic oral administration for 6 months in Abca4-/- Rdh8-/- mice following the “early curative” supplementation
showed optimal neuroprotection and maintenance of photoreceptor function and reduced ocular A2E
accumulation. Thus, norbixin appears promising as a systemic drug candidate for both AMD and STGD treatment.

INTRODUCTION
Age-related macular degeneration (AMD) is the
commonest cause of severe visual loss and blindness in
developed countries among individuals aged 60 and
older [1]. AMD is a major unmet medical need as it is
estimated that more than 20 million patients will be
affected by 2050 in the US alone. STGD is the most
common hereditary macular dystrophy, mostly affecting
young patients aged between 6 and 15 years old with
a prevalence of 1/8,000-1/10,000 [2, 3]. It has an
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autosomal recessive mode of inheritance and may lead
to registered blindness within the second or third
decade of life. STGD is caused by mutations in the
ABCR gene encoding the ATP-binding cassette gene,
subfamily A, member 4 (ABCA4) transporter which is
expressed by photoreceptors and retinal pigmented
epithelium (RPE) cells and plays an important role in
the visual cycle [4, 5]. Polymorphisms of the gene
coding for ABCA4 have also been associated with
increased risk of developing AMD [6]. Other genetic
polymorphisms, especially in the complement factor H
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(CFH) gene [7] have also been associated with AMD,
but risk factors are mostly linked to age [8, 9] and
environmental such as smoking [10]. AMD can either
evolve towards neovascular AMD, also called wet
AMD, characterized by the growth of new choroidal
blood vessels in the subretinal space, or towards
geographic atrophy also named dry AMD,
characterized by RPE and photoreceptor degeneration.
In STGD patients, neovascularization is extremely rare
and RPE and photoreceptor atrophy occurs in the vast
majority of cases [11]. Thus, despite some differences,
dry AMD and STGD share similar pathophysiological
mechanisms [11]. In both pathologies, early signs of
evolution are characterized by subretinal accumulation
of lipids and proteins forming drusen in AMD and
flecks in STGD [2, 12]. AMD and STGD evolution are
associated with Bruch’s membrane thickening, RPE
alterations and ultimately to RPE and photoreceptor
degeneration. Rod photoreceptors, responsible for
scotopic/mesopic vision (i.e. under dim light
conditions) are the first visual cells dying in the retina.
The cones mediating colored photopic vision under
normal light conditions are essentially preserved until
late stages of AMD and STGD [13, 14]. Therefore,
both AMD and STGD induce the progressive loss of
night vision followed by loss of color vision and
central vision [3]. To date, no treatment is available for
either STGD [11] or dry AMD [15].
Both drusen in AMD and flecks in STGD contain Nretinylidene-N-retinylethanolamine (A2E), which is a
toxic by-product of the visual cycle [16]. It is formed by
the reaction of 2 all-trans retinal molecules with
phosphatidylethanolamine generating N-retinylidene-PE
(A2E precursor: A2-PE), as a detoxication mechanism
of retinal isomers including all-trans and 11-cis-retinal
[17]. Under normal conditions the ABCA4 protein
participates in the elimination of A2-PE from the
photoreceptors and inhibition of this clearance increases
the accumulation of A2E and all-trans-retinal dimer in
the RPE [18, 19]. Recently, it has been shown that
ABCA4 is also expressed in RPE cells where it would
participate in the recycling of retinaldehyde released
during proteolysis of rhodopsin in endolysosomes
following phagocytosis of photoreceptor outer segments
[5]. The authors also demonstrated that A2E
accumulates at similar rates in RPE from Abca4-/- mice
reared under cyclic light or total darkness suggesting
that de novo bis-retinoids formation within RPE endolysosomes contributes more to lipofuscin build-up than
do bis-retinoids formed in outer segment discs during
light exposure. Therefore, they propose that the
clearance of retinaldehydes from RPE phagolysosomes
may be more critical for photoreceptor viability than the
clearance of retinaldehydes from outer segment discs
[5]. In vitro, it has been shown that the combination of
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blue-light illumination and A2E is toxic for RPE cells;
either the ARPE19 cell line or primary porcine RPE
cells [20–22]. Indeed, in the presence of blue light and
oxygen, A2E undergoes photo-oxidation as evidenced
by the appearance of toxic oxygen adducts [23]. It
generates small amounts of singlet oxygen and is finally
cleaved to small reactive aldehydes, which contribute to
its deleterious effects on RPE cells [23]. A2E photooxidation products also damage DNA [20, 21] and
activate the complement system [24]. Moreover,
photosensitization of A2E triggers telomere dysfunction
and accelerates RPE senescence [25]. In the absence of
illumination, A2E alone affects normal RPE functions
by inducing membrane permeabilization and thereby
impairing lysosomal function [26]. It also impairs
mitochondrial homeostasis and function resulting in the
reduction of ATP production [27–30]. Furthermore,
high A2E concentrations increase oxidative stress [31]
and secretion of inflammatory cytokines by RPE cells in
vitro [25, 32, 33]. In addition, A2E induces the
expression of vascular endothelial growth factor in vitro
[34] and in vivo [32, 35].
A rapid accumulation of A2E and of lipofuscin is
observed in 3-month-old Abca4-/- Rdh8-/- mice [36] and
increases in 6-month-old mice [36]. In these mice,
progressive A2E accumulation is associated with retinal
degeneration and loss of both scotopic and photopic
full-field electroretinogram (ERG) responses indicate
that both rods and cones are dysfunctional (rod-cone
dystrophy) [36, 37]. Indeed, it has been shown that as
early as in 3-month-old Abca4-/- Rdh8-/- mice, the
amplitudes of scotopic A and B waves and flicker ERG
are reduced [36]. Abca4-/- Rdh8-/- mice recapitulate most
phenotypic retinal alterations observed during STGD
and AMD [36, 37], and represent a chronic model of
these diseases.
Acute white-light exposure is known to induce
apoptosis of photoreceptors in albino mice retinas [38].
The model of light-induced retinopathy is used as an
amenable model of AMD and has been used to test
several neuroprotective molecules [39].
Norbixin (9’-cis-norbixin) is a 6,6’-di-apo-carotenoid
extracted from annatto (Bixa orellana) seeds [40].
Tolerability of norbixin is well known, based on animal
and human studies, and supports its use as food
additive/dye [41]. Norbixin protects primary porcine
RPE cells against phototoxicity induced by A2E and
blue-light illumination in vitro [22]. Norbixin also
reduces the accumulation of A2E by primary porcine
RPE cells in vitro [22]. We have previously reported
that a 3-month supplementation with norbixin in water
reduced A2E ocular accumulation in vivo in Abca4-/Rdh8-/- double-knockout mice [22]. In the same
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mouse model, the local treatment with norbixin via
intraocular injections inhibited retinal degeneration
and the loss of full-field ERG, induced following bluelight illumination [22]. In addition, norbixin was
neuroprotective against blue-light damage (BLD) in
rats [22].
Here we used an acute BLD model in BALB/c mice
modified from our previous article [22] and that is used
to rapidly study some features of AMD and the chronic
model of AMD and STGD in aging Abca4-/- Rdh8-/mice to evaluate the protective efficacy of norbixin. In
the present article we demonstrate that norbixin
administered systemically is neuroprotective against
blue-light-induced retinal degeneration in BALB/c
mice. Moreover, we report for the first time that 6month oral supplementation of Abca4-/- Rdh8-/- doubleknockout mice with chow containing norbixin is
neuroprotective and partially preserves the function of
both rods and cones in vivo. Oral supplementation with
norbixin also reduces A2E and lipofuscin accumulation
in RPE cells. We define the therapeutic window during
which oral supplementation with norbixin is the most
effective in relation to progressive photoreceptor loss of
function and A2E accumulation.

RESULTS
Norbixin protects the retina of albino BALB/c
mice against blue-light-induced photoreceptor
degeneration
To determine whether norbixin could protect the retina
via a systemic effect we used a model of BLD in albino
BALB/c mice. Norbixin (10 mg/kg of body weight) was
injected intraperitoneally 30 minutes prior to BLD and
1, 2.5 and 4 hours after the beginning of exposure to
blue light (Figure 1A). Four hours of blue-light
exposure induced severe loss of retinal function in
vehicle-dosed mice, as measured seven days after
exposure by scotopic A wave (Figure 1B), scotopic B
wave (Figure 1C) and photopic B wave (Figure 1D)
ERGs. In the light-exposed mice, intraperitoneal
administration of norbixin maintained 40.4 % of the
scotopic A wave and 58.4 % of scotopic B wave
amplitudes at a flash intensity of 10 cd.s/m2 compared
to the non-injected group (p<0.0001), whereas there
was no effect in the vehicle group. Norbixin treatment
also allowed a 60.4 % (p<0.001) preservation of the
photopic B wave intensity (Figure 1D). The neuroprotective effect of norbixin was confirmed by
morphological evaluation of the retina, 7 days following
BLD (Figure 1E). Consistently, treatment with norbixin
partially protected photoreceptors against degeneration
induced by BLD.
Indeed, more photoreceptors
were preserved in the norbixin group (+43 %; p<0.01)
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than in the non-injected or the vehicle treated groups
(Figure 1F and 1G).
Determination of retinal degeneration, ERG
amplitudes and A2E accumulation kinetics in Abca4/Rdh8-/- mice of different ages
We characterized precisely the kinetics of i)
photoreceptor degeneration of ii) the progressive loss of
visual function and of iii) the accumulation of A2E in
eyes of Abca4-/-Rdh8-/- mice in a systematic analysis of
this mice model between 2 and 18 months of age. First,
in the Abca4-/-Rdh8-/- mouse model we measured
scotopic and photopic ERGs. We found that the
amplitude of scotopic A and B waves and photopic B
wave decreased progressively between 2 and 18 months
of age (Figure 2A–2C). The progressive loss of visual
function was paralleled by reduction of the number of
photoreceptor nuclei (Figure 2D). Interestingly, losses
of visual function and of photoreceptor nuclei started
early during the course of aging since diminution were
significantly different (scotopic A wave p<0.0001,
scotopic B wave p<0.001, photopic A wave p<0.01 and
photoreceptor loss p<0.0001) between 2 and 6 months
(Figure 2A–2D). At later time points, a significant
alteration of ERG was also observed between 6 and 12
months (scotopic A wave only), 9 and 15 months
(scotopic A and photopic B waves), and 12 and 18
months (scotopic and photopic A and B waves). The
decrease of photoreceptor layers number occurred in
three steps: a strong loss between 2 and 6 months
followed by a plateau until 12 months, and a second
decrease period between 12 and 18 months (Figure 2D).
We then determined ocular A2E accumulation in the
eyes of Abca4-/- Rdh8-/- mice. A2E ocular concentration
increased significantly between 2 and 6 months
(p<0.0001), reached a maximum at 9 months of age
followed by a plateau (Figure 2E).
RPE65, cathepsin D and GFAP immunostaining in
Abca4-/- Rdh8-/- mice of different ages
Next, we performed immunohistochemistry studies to
characterize RPE65 (an enzyme of the visual cycle),
cathepsin D, a lysosomal enzyme expressed in RPE, and
GFAP, a marker of astrocytes and reactive Müller cells,
expression in 2- and 18-month-old Abca4-/- Rdh8-/- mice.
At 2 months of age, as expected, cathepsin D expression
was observed in various retinal cells but was more
intense at the level of the RPE (Figure 3A). The same
pattern of expression was noted in 18-month-old mice,
however we noted that RPE cells appeared thicker both
on bright light image and following fluorescent staining
(Figure 3B). An Increase in intensity of cathepsin D
expression could be detected between young and old
mice (Figure 3B). Similarly, in 2-month-old Abca4-/-
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Figure 1. Effect of norbixin on ERG and retinal phototoxicity after BLD in BALB/c mice. (A) schematic representation of the

protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave, ERG recorded 7 days after BLD. (E) Representative
cryosection pictures showing Hoechst 33342 staining of the retinal cell nuclei one week after BLD. (F) Graph showing the number of
photoreceptor layers measured along the retina each 200 μm from the optic nerve. (G) Histograms showing the area under the curve (AUC)
calculated from the photoreceptor layer quantification and used to perform statistical analyses. IP: intra-peritoneal; no BLD: no blue light
damage; no inj.: no injection; OS: outer segment; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. Bars represent
mean ± s.e.m. with n = 8 per group. # or *p<0.05, ## or **p<0.01, ### or ***p<0.001, #### or ****p<0.0001 compared to non-injected or to
vehicle, respectively (One-way ANOVA, Dunnett's post-test).
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Rdh8-/- mice, RPE layer was thin and RPE cells
appeared uniformly immunoreactive for RPE65 (Figure
3C). By contrast, at 18 months, the RPE cells were
thicker. In addition, RPE65 expression almost disappeared completely from the apical face. The weak
remaining staining appeared mostly basal (Figure 3D).
Finally, we performed immunohistochemistry for GFAP
that showed that GFAP expression was limited to
astrocytes in 2-month-old Abca4-/- Rdh8-/- mice (Figure
3E), but that in 18-month-old mice, Müller cells were
also GFAP positive, which is consistent with retinal
stress (Figure 3E). Altogether, we described progressive
reduction in ERG amplitudes, increased A2E
accumulation, modifications of the RPE layer and
apparition of retinal stress which are linked to
progressive photoreceptor loss, as the Abca4-/- Rdh8-/mice got older. The observations that the kinetics of
evolution of these parameters could vary over time,
prompted us to test the efficacy of norbixin
administered by oral supplementation for 5 to 6 months
in mice of various ages. In an attempt to determine the
norbixin supplementation therapeutic window, we
decided to follow three experimental designs:
“preventive”, “early curative” and “late curative”

supplementations in which norbixin administration
started at 1.5 months, 9 months, and 12 months of age,
respectively.
Effect of norbixin in the preventive supplementation
study
In the preventive supplementation experiment, 1.5month-old Abca4-/- Rdh8-/- mice were fed with normal
pellets or norbixin-containing pellets for 6 months
(Figure 4A). Norbixin concentrations in the eye
were below detection limits (data not shown). However,
total norbixin concentration including isomers and
glucuronide-conjugated forms and norbixin-conjugated
glucuronides were detected in the plasma after 6 months
of supplementation, confirming the exposure of mice
to norbixin administered via food complementation
(Table 1). After 3 months of supplementation no
difference was measured in scotopic and photopic ERG
in mice fed with norbixin-containing pellets or with
normal pellets (data not shown). In contrast, after 6
months of supplementation we observed a limited, but
significant (p<0.01), protection of scotopic A-wave
ERG in mice supplemented with norbixin-containing

Figure 2. Kinetics of loss of amplitude of scotopic A and B waves and photopic B wave, of A2E accumulation and of loss of
photoreceptor nuclear layers in Abca4-/- Rdh8-/- mice aged between 2 and 18 months. (A) Scotopic A wave recorded at a flash

intensity of 10 cd.s/m2 (n = 30-50). (B) Scotopic B wave recorded at a flash intensity of 10 cd.s/m2 (n = 30-50). (C) Photopic B wave recorded at
a flash intensity of 30 cd.s/m2 (n = 30-50). (D) Kinetics of loss of photoreceptor nuclear layers (n = 7-14). (E) Kinetics of A2E accumulation (n =
15-40). Bars represent mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001 (One-way ANOVA, Dunnett's post-test).
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chow compared to mice fed with normal pellets. Indeed,
at a 10 cd.s/m2 flash intensity (that corresponds to a
mixed rod and cone response), in 7.5-month-old mice
fed with normal chow, A wave amplitude was reduced
by 44.2% compared to the 1.5-month-old mice (Figure
4B) whereas in 7.5-month-old mice fed with norbixincontaining-chow, A wave amplitude was only reduced
by 26.8% compared to the 1.5-month-old mice (Figure
4B). Therefore, norbixin pellet administration reduced
the loss of scotopic A wave intensity by 60.7% when
compared with normal pellets (Figure 4B). However,
no significant difference in either scotopic B nor
photopic B waves were observed between the two
groups of mice (Figure 4C, 4D). Compared to normal
chow, norbixin-containing pellet supplementation had

no effect on photoreceptor degeneration at 7.5 months
(Figure 4E). We observed a dramatic increase in A2E
accumulation between 1.5 and 7.5 months in mice fed
with normal pellets (Figure 4F). Interestingly, we
measured a reduction (18.3 %, p<0.01) in A2E
accumulation in mice supplemented for 6 months with
norbixin (Figure 4F).
Effect of norbixin in the early curative
supplementation study
In the early curative supplementation experiment,
untreated 9-month-old Abca4-/- Rdh8-/- mice were fed
with normal pellets or norbixin-containing pellets for 6
months (Figure 5A). At the beginning of treatment, the

Figure 3. RPE65, cathepsin D and GFAP immunostaining in Abca4-/- Rdh8-/- mice of different ages. Pictures showing retinal

cryosections of 2-month-old (A, C, E) and 18-month-old (B, D, F) mice captured in bright field (left pictures) or after immunostaining for
cathepsin D (A, B), RPE65 (C, D) and GFAP (E, F). OS: outer segment; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell
layer.
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retinal function of 9-month-old Abca4-/-Rdh8-/- mice
was already decreased by 28.5% and 19.8 % for
scotopic A and B waves (flash intensity: 10 cd.s/m2),
respectively and by 10.3 % for the photopic B wave
compared to 2-month-old mice (Figure 2A–2C). At the
end of the early curative supplementation experiment
(15-month-old mice), norbixin concentration in the eye
was again below detection limits (data not shown).
Significant amounts of norbixin (including free norbixin
and norbixin glucuronide conjugates) were detected in
plasma after 6 months of supplementation (Table 1),
confirming norbixin exposure. After 3 months of

supplementation, we observed no statistical difference
between norbixin-treated and control animals in
scotopic A and B waves and photopic B wave measured
by full-field ERG (data not shown). By contrast, after 6
months of supplementation we observed a strong and
significant preservation of scotopic A (Figure 5B) and B
waves (Figure 5C), as well as photopic B wave (Figure
5D) in mice supplemented with norbixin compared to
mice fed with normal pellets. Most interestingly, the
photopic B wave amplitude in 15-month-old mice that
were fed with norbixin-containing pellets for 6 months
was similar to the photopic B wave amplitude of

Figure 4. Effect of norbixin preventive supplementation from 1.5 to 7.5 months in Abca4-/- Rdh8-/- mice. (A) schematic
representation of the 6-month preventive supplementation protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave,
recorded after 6 months of oral supplementation with norbixin in Abca4-/- Rdh8-/- mice compared to mice fed with normal chow (vehicle) and
to 1.5-month-old mice. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the retina each measured
every 200 μm apart from the optic nerve. (F) A2E quantification in eyes from 1.5-month-old Abca4-/- Rdh8-/- mice, 7.5-month-old mice fed
with normal chow or with norbixin-containing pellets. Bars represent mean ± s.e.m. with n= 8 mice per group (i.e. n=16 eyes per group for
ERG). **p<0.01 compared to vehicle (One-way ANOVA, Dunnett's post-test).
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Table 1. norbixin + isomers + norbixin glucuronide
conjugate plasma concentrations.
Experiment
Preventive
Early curative
Late curative

Mean ± SD (nM)
1201 ± 256.5
887,4 ± 295.7
1782 ± 346.1

9-month-old mice at the beginning of treatment with
norbixin (Figure 5D). This result demonstrates that
norbixin supplementation fully preserves the function of
cone
photoreceptors.
In
15-month-old
mice
supplemented during 6 months with norbixin, a
statistically significant protection of photoreceptor
degeneration was observed in the inferior retina
compared to mice fed with normal chow (Figure 5E;
p<0.05). Consistent with functional protection, A2E
accumulation in RPE was strongly reduced (-40 %;
p<0.001) in mice fed with pellets containing norbixin
compared to mice fed with normal pellets (Figure 5F).
No difference in lipofuscin granule accumulation was
observed following transmission electronic microscopy
(TEM) analysis of mice supplemented with norbixin
compared to mice fed with normal chow (data not
shown). No differences were either noted regarding
RPE65 nor cathepsin D expression in the RPE layer of
mice treated with norbixin compared to mice fed with
normal chow (data not shown). By contrast an increase
of Müller cells GFAP staining was observed following
supplementation with norbixin (data not shown).
Effect of norbixin
supplementation study

in

the

late

curative

During the late curative supplementation experiment
12-month-old Abca4-/- Rdh8-/- mice were fed with
normal pellets or norbixin-containing pellets for 5
months (Figure 6A). Norbixin was not detected in the
eyes of mice fed during 5 months with norbixincontaining pellets (data not shown). Norbixin +
norbixin-glucuronide conjugate plasma concentration
was approximately 1.5- to 2- times higher than in the
preventive and early curative supplementation
experiments, respectively (Table 1). Nevertheless, after
three months of supplementation, norbixin did not
preserve scotopic A and B waves and photopic B wave
(data not shown). After 5 months of supplementation
with norbixin containing pellets, the loss of scotopic A
wave ERG (flash intensity: 10 cd.s/m2) was reduced by
67.3 % when compared with ERG of animals that
received normal pellets (Figure 6B; p<0.01). However,
no significant difference in neither scotopic nor
photopic B wave ERGs was observed between the two
groups of mice (Figure 6C, 6D). No significant
difference in photoreceptor degeneration was noted
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between 17-month-old mice fed with pellets containing
norbixin or normal pellets for 5 months (Figure 6E).
A2E accumulation in 17-month-old mice did not differ
between mice fed during 5 months with normal chow
and with norbixin-containing pellets (Figure 6F).
Interestingly, the number of lipofuscin granules
quantified in RPE cells by TEM was slightly, but
significantly, reduced (-23.2 %; p<0.05) in 17-monthold mice fed with norbixin-containing pellets compared
to same-age mice fed with normal pellets (Figure 6G,
6H). The cytoplasm surface occupied by this material
reached 23.4 % in the normal chow-fed mice, whereas it
was significantly reduced to 17.3 % (p<0.01) in the
norbixin-fed mice (Figure 6I).

DISCUSSION
We have previously shown that 9’-cis-norbixin, a 6,6’di-apo-carotenoid extracted from annatto (Bixa
orellana) seeds, protects primary porcine RPE cells
against phototoxicity induced by A2E and blue-light
illumination in vitro [22]. Norbixin was also shown to
reduce the uptake of A2E by primary porcine RPE cells
in vitro [22]. In addition, 3 months of oral
supplementation with norbixin in drinking water
reduced the A2E ocular accumulation in vivo in Abca4/Rdh8-/- mice [22]. In the same mouse model, a single
norbixin intraocular injection inhibited retinal
degeneration and the loss of full-field ERG, induced
following blue-light illumination [22]. In addition,
when 50 to 100 mg/mL of norbixin was injected intraperitoneally, almost complete neuroprotection was
achieved in albino rats subjected to BLD [22]. In the
present study, we tested on one hand, the effect of four
intraperitoneal injections of 10 mg/kg of norbixin
administered before and during the course of a
modified BLD exposure in BALB/c mice, an acute
model used to rapidly study the neurodegeneration
symptomatic of AMD, and, on the other hand, the
effect of norbixin supplementation for 5 to 6 months in
Abca4-/- Rdh8-/- mice of different ages, a chronic model
of AMD and STGD.
Here, we demonstrate that norbixin IP injections are
partially neuroprotective and protect photoreceptor
function following retinal degeneration induced by
blue-light exposure. The protective effect of norbixin in
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the blue-light model is probably associated with its
antioxidative properties as previously demonstrated in
vitro [22, 42] and in vivo [43]. Despite the fact that we
haven’t measured the specific effect of norbixin on
expression of inflammatory markers in retina of Balb/c
mice subjected to BLD we quantified sub-retinal
infiltration in this model. We observed a small trend
toward reduction of macrophages infiltration by
norbixin, however this was not statistically significant
(data not shown). The absence of a significant effect of

norbixin on macrophages infiltration in the BLD model
could be explained by the limited dose of norbixin used
in this experiment. Indeed, the dose of norbixin only
induced a 30 % neuroprotective effect in the retina. It
could be hypothesized that a higher dose of norbixin
would induce a significant reduction of macrophages
infiltration in the sub-retinal space. Further experiments
to confirm this hypothesis and to decipher the
neuroprotective mechanism of norbixin in this model
are therefore still required.

Figure 5. Effect of norbixin early curative supplementation from 9 to 15 months in Abca4-/- Rdh8-/- mice. (A) Schematic

representation of the 6-month early curative supplementation protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave
ERG recorded after 6 months of oral supplementation with norbixin in Abca4-/-Rdh8-/- mice compared to mice fed with normal chow (vehicle)
and to 1.5 and 9-month-old mice. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the retina each
measured every 200 μm apart from the optic nerve. (F) A2E quantification in eyes from 9-month-old Abca4-/- Rdh8-/- mice, 15-month-old mice
fed with normal chow or with norbixin-containing pellets. Bars represent mean ± s.e.m. with n = 6 per group (i.e. n=12 eyes for the norbixin
treated group and n=11 eyes for the vehicle treated group for ERG). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle
(One-way ANOVA, Dunnett's post-test).
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Figure 6. Effect of norbixin late curative supplementation from 12 to 17 months in Abca4-/- Rdh8-/- mice. (A) Schematic
representation of the 5-month late curative supplementation protocol design. (B) Scotopic A wave ERG recorded after 5 months of oral
supplementation with norbixin in Abca4-/- Rdh8-/- mice compared to mice fed with normal chow (vehicle) and to 1.5- and 12-month-old mice.
(C) Scotopic B wave. (D) Photopic B wave. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the
retina each measured every 200 μm apart from the optic nerve. (F) A2E quantification in eyes from 12-month-old Abca4-/- Rdh8-/- mice, 17month-old mice fed with normal chow or with norbixin-containing pellets. (G) Representative images of lipofuscin content in RPE cells of 17month-old vehicle and norbixin-treated mice. Large granules of lipofuscin are found in the RPE cytoplasm (white asterisk). (H) Histograms
showing the quantified lipofuscin granules expressed by area of 100 µm2. (I) Histograms representing the surface of cytoplasm occupied by
lipofuscin and expressed in percentage of total cytoplasm surface. Bars represent mean ± s.e.m. with n = 8 per group (i.e. n=16 eyes per
group for ERG). *p<0.05, **p<0.01 compared to vehicle (One-way ANOVA, Dunnett's post-test).
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Abca4-/- Rdh8-/- mice are a model of STGD but also a
broader model of retinal degeneration such as AMD
[36, 37]. Indeed, both STGD and AMD are
characterized by progressive accumulation of A2E and
lipofuscin, RPE cell and photoreceptor degeneration
eventually leading to the gradual “night” and “day”
vision loss that are mediated by rods and cones,
respectively [13, 14]. Structural and morphological
alterations over time of the retina of Abca4-/- Rdh8-/mice has been extensively described [37]. It is
noteworthy that despite the fact that the mice we used
also carried the rd8 mutation in the Crb1 gene, we
haven’t observed the formation of photoreceptor
“rosettes” in the retina nor focal inferior retinal
degeneration characterized by the formation of local
retinal folds representative of rd8-/- mouse retinal
phenotype [44] (data not shown). It has been shown that
Crb1rd8/rd8 mutation is necessary but not sufficient for
the development of these degenerative features and that
the influence of small genetic background difference is
involved in the resulting phenotype [45]. Therefore,
we can expect that our strain does not express
gene mutations necessary to induce a degenerative
phenotype as it was already the case in our previous
publication [22].
In the present study, we describe the kinetics of
expression of cathepsin D, RPE65 and GFAP
expression and the progressive loss of visual function in
relation with photoreceptor degeneration, and of the
accumulation of A2E in eyes of Abca4-/- Rdh8-/- mice as
they aged between 2 months and 18 months. Ocular
A2E accumulation in the eyes of Abca4-/- Rdh8-/- mice
appeared to be biphasic with a maximum observed at 9
months followed by a plateau afterwards. The rapid
increase of ocular A2E concentration has been
previously reported in “young” Abca4-/- Rdh8-/- mice up
to the age of 6 months [36]. Interestingly, while retinal
degeneration and loss of ERGs appeared constant
during aging, we noted that photoreceptor loss and
decrease in retinal function was more pronounced
between 2 and 6 months and 12 and 18 months than
between 9 and 15 months. Evolution of photoreceptor
function over time might be related to the kinetics of
A2E accumulation during the early phase in young mice
and following its stabilization during the late phase in
old animals. A2E and other toxic all-trans-retinal
derivatives accumulate with age in the retina and RPE
as by-products of the visual cycle even in nonpathological conditions [46]. In Abca4-/- Rdh8-/- mice,
lacking two proteins essential for avoiding
accumulation of all-trans-retinal derivatives in
photoreceptors and RPE, high amounts of A2E are
found in the RPE. Similarly, in the retina of AMD and
STGD patients, A2E also accumulates faster and leads
to retinal degeneration [46]. A2E promotes the release
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of Ca2+ from the endoplasmic reticulum leading to the
production of reactive oxygen species (ROS) by
NADPH oxidase [46, 47]. Excessive ROS production
and oxidative stress in general contributes to
photoreceptor cell death and retinal degeneration [23]
and is recognized as a major risk factor for dry AMD
development [48–50]. It could be hypothesized that in
young Abca4-/- Rdh8-/- mice, rapid accumulation of toxic
A2E is responsible for the early decline in photoreceptor counts and visual function that we observed.
Then, approximately around 9 months of age, due to the
reduction of the number of photoreceptors and
reduction in the visual cycle activation, demonstrated by
reduced ERG amplitudes, the production of A2E may
be progressively slowed, reaching an equilibrium
illustrated by the plateau observed thereafter. During
this intermediate period, when A2E is produced at a
slower rate, A2E may also be more sensitive to
photodegradation. Indeed, due to the reduced number of
photoreceptor nuclei, the retina is thinner, allowing
increased light intensity to reach A2E internalized in
RPE cells [51]. In the meantime, apoptosis of
photoreceptors continues at a slower rate, probably
secondary to the early phase of photoreceptor
degeneration progressively displacing the equilibrium
between A2E concentrations and numbers of
photoreceptors established at 9 months. It is to note that
A2E ocular concentrations measured in our experiments
are slightly higher and retinal degeneration slightly
milder when compared to results found in the article by
Maeda and colleagues [36], but are consistent with
reported values by others [52]. Moreover, during the
long-term studies presented here we used the same eyes
to dose A2E and norbixin. Since norbixin could have
been present in ocular fluids and to avoid losing
vitreous/aqueous humor, we did not perform dissections
of eyes from Abca4-/-Rdh8-/- mice to determine the exact
location of A2E in these mice. However, we assume
that A2E is mostly present in the RPE layer. Indeed, in
previous dosing experiments performed on mice and
dog eyes we noted that A2E is almost exclusively found
in the RPE (data not shown). This observation is also
consistent with the publication from Lenis et al. [5].
Altogether, the observations that the kinetics of
evolution of ERG amplitudes, A2E accumulation and
photoreceptor loss were not constant over time, suggest
that the efficacy of a systemic treatment might be
dependent on pathological course.
In the present study, we attempted to determine the
optimal therapeutic window during which oral
supplementation with norbixin is the most effective in
relation to kinetics of A2E accumulation and of loss of
visual function in Abca4-/- Rdh8-/- mice. Here we report
that 6-month oral supplementation of 9-month-old
Abca4-/- Rdh8-/- mice with chow containing norbixin
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totally preserves cone function and limits loss of
function in rods, as well as photoreceptor degeneration
and A2E accumulation. By contrast, during norbixin
supplementation of younger mice (starting at 1.5
months), we only observed a slight but significant
protective effect of norbixin on scotopic A wave ERG
and on retinal accumulation of A2E. This might be
related to the fact that sharp decrease in scotopic A
wave amplitude and an important A2E accumulation
occur during the early retinal degeneration phase. The
neuroprotective effect of norbixin in Abca4-/- Rdh8-/mice during the early curative supplementation
confirms our previous observations in acute blue-light
induced retinal degeneration model in vivo in the same
mice [22]. In the three supplementation protocols
(preventive, early and late curative), norbixin prevented
the loss of scotopic A wave amplitude measured by
ERGs. This suggests a protective effect on rod
photoreceptors by norbixin. Rods are the first neurons
affected during the early stages of AMD and STGD [13,
14]. They are also much more abundant in the mouse
retina than cones [13, 14]. In the preventive
supplementation the protective effect of norbixin on rod
function, was associated with a slight reduction of A2E
concentration (Figure 2). This slight reduction however
appears insufficient to prevent the loss of cone function
as demonstrated by the absence of effect on photopic B
wave. The loss of rod’s function is a progressive
phenomenon observed even in 15-month-old Abca4-/ Rdh8-/- mice and was also reduced by norbixin
supplementation in the late curative supplementation
protocol. It is important to note that the late curative
experiment presented here, was performed in female
mice rather than male mice in the other protocols.
However, we compared ERG results obtained in 17
months male mice treated with norbixin for 5 months
(between 12 and 17 months) and ERG amplitudes data
obtained in male mice aged 18 months from the
experimental group used in Figure 2. We observed a
protection of scotopic A wave ERG (but not scotopic B
wave) linked with rod function in norbixin
complemented male mice (data not shown). Due to the
difference of age between the two groups of male mice
we cannot conclude that these effects are solely related
with norbixin treatment with the exclusion of age, but
this observation is consistent with the preferential
preservation of rod photoreceptors reported for female
mice in the late curative experiment (Figure 5B).
Therefore, we are confident that the results reported
here on the late curative complementation in female are
representative of a phenomenon also occurring in male
mice. The protective action of norbixin extended to
cone photoreceptor function in mice supplemented
between 9 and 15 months of age. Norbixin treatment
during the early curative supplementation reduced by 40
% the A2E retinal concentration. This suggests that a
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sharp reduction of A2E concentration is necessary to
protect cone photoreceptor function, whereas a more
limited reduction of A2E concentration appears to be
sufficient to protect rod photoreceptor function. Other
compounds including retinylamine [36, 53], C20-d3vitamin A, [54], Emixustat [55], primary amines [56],
omega-3 fatty acids [57] and the selective oestrogen
receptor modulator raloxifene [47], among others, have
been shown to reduce A2E accumulation and
concomitantly to “rescue” retinal degeneration in
Abca4-/- Rdh8-/- mice or Abca4-/- in vivo. Altogether,
this supports the hypothesis that norbixin effectiveness
is at least partly linked to the level of reduction of
ocular A2E concentration.
The exact mechanism(s) of reduction of A2E
concentration in vitro and in vivo by norbixin remain(s)
to be determined. But, based on our ERG results, it
seems unlikely that norbixin supplementation limits
A2E production in vivo by slowing down the visual
cycle. We also showed previously in vitro that norbixin
reduces the amounts of A2E internalized by porcine
RPE cells as determined by HPLC-MS/MS [22].
Therefore, norbixin-induced reduction of intraocular
A2E concentration in Abca4-/- Rdh8-/- mice could be due
to direct effects on RPE cells in vivo. We could also
hypothesize that in the BLD experiments reported here,
the neuroprotective effect of norbixin observed in
Abca4-/ -Rdh8-/- mice in vivo may be due to a reduction
of oxidative stress and ROS production. Indeed,
norbixin has been shown to reduce oxidative stress in
rats [42] and humans [43] following a high-fat meal
diet. Further experiments to confirm the antioxidant
properties of norbixin in the context of retinal
degeneration in vivo and in RPE cells in vitro are still
required. In the present article which focuses on the
effect of norbixin in vivo in mice models of AMD and
STGD we haven’t described any mechanistic processes
of norbixin. However, experiments in vitro on primary
porcine RPE cells are actually performed to decipher
the potential mechanism of action of norbixin (V.
Fontaine et al. in preparation). Indeed, in addition with
reduction of A2E accumulation, anti-apoptotic,
antioxidant and anti-inflammatory properties of
norbixin could play a role in the protection of visual
function and in the neuroprotective effect of norbixin
that we report in the present study in vivo. In order to
determine if norbixin displayed an anti-inflammatory
effect in the late curative experiment we quantified
macrophages infiltration in the subretinal space of
Abca4-/- Rdh8-/- mice (data not shown) in vivo but we
did not observe any significative differences. It has been
proposed that A2E may potentiate subretinal
macrophage accumulation [58]. Therefore, the slight
reduction of A2E accumulation obtained in our model
by norbixin may not be sufficient to significantly reduce
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macrophage recruitment. However, it could be
hypothesized that norbixin may alter macrophage
activation or differentiation in vivo. This will be the aim
of future experiments. In order to better understand the
effects of norbixin in the retina in vivo and to determine
whether norbixin effects target specifically the retina or
RPE or both, we performed GFAP, RPE65 and
cathepsin D stainings on retinal sections of eyes
obtained from Abca4-/-Rdh8-/- mice treated with
norbixin versus untreated in the early curative
supplementation experiment. However, we did not
observe any differences if RPE65 nor cathepsin D
expression in both groups. Surprisingly, we observed
enhanced GFAP staining of Müller cells in the retina of
norbixin supplemented mice. Further experiments are
required to decipher the mechanisms behind the
protective effects of norbixin.
To our knowledge, this is the first report demonstrating
the efficiency of treatment given orally through food
complementation on the photoreceptor function in the
aging Abca4-/-Rdh8-/- mouse model. Most of the
previous studies performed to measure the efficacy of
molecules on the retinal function, using this Abca4-/Rdh8-/- mouse model, were done by intraperitoneal or
intravitreal injections and after light damage in young
mice [36, 47, 53, 56, 59–61]. Maeda and colleagues
also showed the beneficial effect of 9-cis-retinal
administrated by monthly oral gavage over 6 or 10
months in 4-month-old C57BL/6 mice on scotopic A
and B waves, as well as flicker ERG [62]. Similar
observations were reported following weekly gavage for
one month in 12-month-old Rdh5-/-Rdh11-/- mice [63].
In another study, the same group showed that 3 months
treatment with primary amines in 1-month-old Abca4-/Rdh8-/- mice force-fed daily reduced A2E accumulation,
photoreceptor degeneration, and retinal functions [56].
Based on our previous results showing that norbixin
increases RPE survival and reduces A2E internalization
in vitro [22], we assume that norbixin’s neuroprotective
effect is local. However, free norbixin concentrations
in the eyes were below detection limits in all
supplementation experiments. It could be hypothesized
that limited amounts of free norbixin present in the
plasma access the eye and are consumed in a continuous
fashion. Oral supplementation exposure of norbixin in
mice depends on the quantity of food absorbed by each
mouse and also depends on the time of day of the
analysis of plasma concentrations relative to food
consumption which occurs mainly at night time.
Therefore, we cannot assume that all mice received the
same amount of norbixin during supplementations.
Nevertheless, at 3 and 6 months, norbixin was detected in
the plasma of all supplemented mice across all
experimental designs, confirming the exposure of mice to
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norbixin administered via food as early as 3 months.
Interestingly, in the early curative supplementation
experiment, plasma norbixin and norbixin glucuronide
conjugate concentration was the lowest. Nevertheless, the
observed partial neuroprotection, and full preservation of
scotopic and photopic ERG amplitudes, suggest that this
level of plasma exposure is sufficient to support norbixin
biological effects. As a mean, we calculated that norbixin
consumption represents approximately a daily intake of
47.5 mg +/- 5 mg per kg/mouse. This value is in the same
range of administration in the BLD study, where mice
received four intraperitoneal injections of 10 mg/kg each.
Nevertheless, we have reported previously in acute BLD
model in albino rats a more profound effect of our tested
compound. The partial efficacy reported here in acute
and long-term models of retinal degeneration may be due
to the small doses used and might be improved by
increasing the doses of norbixin administered. Increasing
bio-availability of norbixin into the eye following
systemic administration may also improve efficacy and
we are actually working on these two options.
In conclusion, our present study demonstrates that
systemic administration of norbixin in the acute BLD
model of dry AMD is neuroprotective and partially
preserves photoreceptor function. In addition, 6 months
of oral supplementation with norbixin is effective in
Abca4-/-Rdh8-/- mice. We show that chronic norbixin
supplementation reduces the concentration of A2E in
the eye, that norbixin is neuroprotective, and preserves
visual function of Abca4-/-Rdh8-/- mice, modelling
retinal degenerative conditions such as STGD and dry
AMD. We believe that treatment using norbixin could
potentially preserve “night” and “day” visual acuity in
humans affected by dry AMD and STGD. It is essential
for patient care to develop drugs that are effective on
visual function following oral administration rather than
by repeated local intraocular injections. These results
demonstrated the effectiveness of the norbixin in a
chronic and acute model of retinal degeneration and
could offer a new therapeutic strategy, alone or in
combination with gene therapies, for AMD and/or
STGD patients. Thus, norbixin is a good drug candidate
to treat patients and may provide a cure for these very
debilitating diseases.

MATERIALS AND METHODS
Ethics statement
All procedures were carried out according to the
guidelines on the ethical use of animals from the
European Community Council Directive (86/609/EEC)
and were approved by the French Ministry of
Agriculture (OGM agreement 6193) and by the
Committee on the Ethics of Animal Experiments of the
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French Ministry of Research. All efforts were made to
minimize suffering.

with a CoolSNAP HQ2 camera. For each age retinal
cryosections from 3 different mice were used.

Animals

Synthesis of A2E and A2E-Propylamine

BALB/c mice were provided by Envigo (Gannat,
France). Pigmented Abca4-/- Rdh8-/- mice carrying the
Rpe65-Leu450 mutation and the rd8 mutation in the
Crb1 gene were obtained from Case Western Reserve
University [36]. All animals were housed under 12-hour
on/off cyclic normal lighting.

A2E (N-retinylidene-N-retinylethanolamine) was synthesized by Orga-link (Magny-Les- Hameaux, France) as
described before [65]. Briefly, all-trans-retinal,
ethanolamine and acetic acid were mixed in absolute
ethanol in darkness at room temperature over 7 days. The
crude product was purified by preparative HPLC in the
dark to isolate A2E with a purity of 98 % as determined
by HPLC. A2E (20 mM in DMSO under argon) was
stored at -20°C. A2E-propylamine (an analogue of A2E)
was synthesized as previously described [22] using
propylamine instead of ethanolamine.

Reagents/chemicals
All general chemicals were from Sigma (St. Louis, MO,
USA). Reagents for cell culture and Alexa Fluor® 488 conjugated secondary antibodies were from Thermo
Fisher Scientific (Waltham, MA, USA). TrueBlack®
was from Biotium (Fremont, CA, USA). Goat antihuman Cathepsin D antibody was from Santa Cruz
Biotechnology (Dallas, TX, USA), mouse anti-bovine
RPE65 antibody and rabbit anti-human GFAP were
from Abcam (Cambridge, UK). Ketamine, xylazine,
tropicamide and oxybuprocaine chlorhydrate were from
Centravet (Maison-Alfort, France). Lubrithal eye gel
was from Dechra Pharmaceuticals (Northwich, UK).
Optimal cutting temperature compound and other
reagents for histology were from Roth Sochiel
(Lauterbourg, France). Agar 100 resin kit was from
Agar Scientific (Stansted, UK). 9'-cis-Norbixin was
prepared from 9'-cis-bixin (AICABIX P, purity 92 %)
purchased from Aica-Color (Cusco, Peru) upon alkaline
hydrolysis as previously described [22] and according
to Santos et al. [64]. The obtained product (the 9'-cis
isomer) showed an HPLC purity of 97 % as confirmed
by 1H-nuclear magnetic resonance (using malonic acid
as internal standard). Fresh solutions of 9'-cis-norbixin,
stored as powder at -80°C, were prepared in DMSO.
Immunohistochemistry
Retinal cryosections of Abca4-/- Rdh8-/- mice aged 2 and
18 months were permeabilized with Triton X100
(0.05% in PBS; 5 min at RT) and saturated with NGS
(10% in PBS) or BSA (3% in PBS) during 1 h at RT.
For cathepsin D immunostaining sections were
depigmented in H2O2 (3% in PBS) during 24 h before
staining. Primary antibodies against GFAP, RPE65 and
cathepsin D were diluted in 2% NGS or 1% BSA and
incubated over night at 4°C and followed by Alexa
Fluor® 488 - conjugated secondary antibodies during 1
h at RT. In order to quench lipofuscin auto-fluorescence
in RPE a final incubation with TrueBlack® was
performed. Sections were stained with Hoechst 33342
to label nuclei and representative pictures were taken
using a fluorescence microscope (Nikon TiE) equipped
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Intraperitoneal treatment and blue-light damage
(BLD)
Four groups of 8 BALB/c mice were used for this study.
Mice were injected intraperitoneally with either
norbixin (10 mg/kg in 5 % Tween 80 in PBS), or an
equivalent volume of vehicle (5 % Tween 80 in PBS)
30 min prior to light damage and 1, 2.5 and 4 hours
after the beginning of the exposure. A custom-made
light-damage device equipped with fluorescent lamps
(Phillips TL-D 36W/18) with UV filter was used to
induce BLD in mice (Durand, St-Clair de la Tour,
France). All manipulations with the animals were
performed in dim red light. Pupils were dilated with 1
% atropine eye solution before illumination. Mice,
previously maintained in a 12-hour light (≈ 10 lux)/ 12hour dark cycle environment for two weeks, were darkadapted for 24 hours and light damage was induced at
4000 lux for 4 hours. Following exposure to light
damage, animals were placed in the dark for 24 hours
and then returned to the dim cyclic light environment
for 7 days. Two control groups were used: i) noninjected and illuminated mice and ii) non-injected and
non-illuminated mice.
Kinetics of ERGs, photoreceptor loss and A2E
accumulation in Abca4-/- Rdh8-/- mice
A total of 300 Abca4-/- Rdh8-/- male and female mice of
different ages (2, 4, 6, 9, 12, 15 and 18 months) were
used in order to perform a kinetic analysis of ERGs,
photoreceptor loss and A2E accumulation.
Norbixin-containing pellet preparation preservation
and consumption
Custom rodent diet was formulated and irradiated (25
kGy) by Special Diet Services (Witham, UK). Norbixin
(600 μg/g) was incorporated in 10 mm RM1
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compression pellets. The pellets were stored at -20°C
until use and were administered as standard diet (ad
libitum). The concentration of norbixin in the pellets at
the end of each batch was determined by HPLC
MS/MS. The mean concentration was 377.9 μg/g +/40.93 μg/g. Based on the norbixin pellet concentration,
we calculated that male mice weighing 42.1 g after 3
months supplementation consumed 5.3 g of pellets
every day, which correspond to a daily dose of 47.5 mg
+/- 5 mg per kg.
In vivo norbixin supplementation
In order to test the preventive/curative actions of oral
norbixin against retinal neurodegeneration a total of 54
Abca4-/- Rdh8-/- mice of different ages were used. In the
first “preventive study”, two groups of 8 males aged 1.5
months received control chow or chow containing
norbixin orally for 6 months. In a second experiment
“early curative study” two groups of 6 males aged 9
months received norbixin mixed with chow or control
chow orally for 6 months. In a third experiment “late
curative study”, two groups of 8 females aged 12
months received norbixin mixed with chow or control
chow orally for 5 months. In each experiment full-field
ERG was performed after 3 months of supplementation.
After 5 or 6 months of supplementation, ERG was
measured in both eyes (n=16 per group in the
preventive and late curative experiments and n=12 for
norbixin treated group and n=11 in the vehicle group of
the early curative study). Blood was collected by
cardiac puncture in all mice before being euthanized. In
each group half of the eyes were removed for A2E and
norbixin measurements and half of the eyes were used
for histological analyses.
Full-field electroretinogram
ERG recordings were performed with the Espion visual
electrophysiology system (Diagnosys LLC, Lowell,
MA, USA) that includes a ColorDome Ganzfeld. ERG
was performed one week after BLD. After overnight
dark adaptation, mice were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg). Eye drops were
used to dilate the pupils (0.5 % tropicamide+ 5%
phenylephrine hydrochloride) and anesthetize the
cornea (0.4 % oxybuprocaine chlorhydrate). Body
temperature was maintained at 37°C using a circulating
hot-water heating pad. Corneal electrodes (Ocuscience,
a subsidiary of Xenolec Inc., USA) were placed on the
corneal surface of each eye. Lubrithal eye gel was used
to maintain good contact and corneal moisture. Needle
electrodes placed subcutaneously in cheeks served as
reference and a needle electrode placed in the back
served as earth. The ERG was recorded from both eyes
simultaneously after placing the animal into the
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Ganzfeld bowl. Five responses to light stimulus at
increasing intensities (0.01, 0.1, 1, 10 and 30 cd.s.m-2)
were averaged for scotopic response. After 5 min of
light adaptation, the photopic response was recorded at
the highest stimulus (average of 5 measurements at 30
cd.s.m-2).
Histology and photoreceptor counting
Following ERG measures, mice were euthanized and
eyes were enucleated and dissected to remove the
cornea and lens. For cryosection, eyes were fixed in 4 %
paraformaldehyde/ 5 % sucrose (in PBS) for one hour at
4°C. The eye cups were then cryoprotected by
successive bathing in 5 % sucrose (1h), 10 % sucrose
(1h) and 20 % sucrose (overnight), embedded in
optimal
cutting
temperature
compound,
and
cryosections (10 µm) were prepared using Superfrost®
Plus slides and stored at -20°C until analysis. Sections
were stained with Hoechst 33342 to label nuclei and
were scanned using a nanozoomer (NDP.scan v2.5.86,
Hamamatsu, Japan) with fluorescence imaging
modules. Photoreceptor nuclei were quantified at 200
µm intervals superior and inferior to the edge of the
optic nerve head along the vertical meridian using the
NDP.view software.
Electronic microscopy analysis
After enucleation and anterior segment removal, eye
cups were fixed in 1.5 % glutaraldehyde and 1 %
paraformaldehyde diluted in 0.1 M sodium cacodylate.
One mm2 sections of eye cups were cut and incubated
for 1 h in 1 % osmium tetroxide. Cells were dehydrated
through graded concentrations of ethanol (50-70-96-100
%) and infiltrated in epoxy resin (Agar 100 resin kit) at
room temperature according to the manufacturer’s
instructions and polymerized for 48 h at 60 °C. Ultrathin
sections (70 nm) were cut with an ultramicrotome
(Ultracut, Leica Microsystems) and collected on 200
Mesh copper grids (EMS). Observations were made
with a Field Emission Scanning Electron Microscope
(Gemini 500, Zeiss). Lipofuscin quantification was
carried out with Fiji software using the «Cell Counter»
plugin. Three different images of RPE cells were
counted for each eye in each group. The total area of
RPE cytoplasm was systematically quantified. Nuclei
areas were excluded from the measure. Results are
expressed as number of lipofuscin granules / 100 µm2 of
cytoplasm and as the cytoplasmic volume occupied by
lipofuscin.
A2E measurement by HPLC-MS/MS
HPLC-MS/MS analysis was performed on an Agilent
1100 in-line triple quadrupole mass spectrometer
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(API365 or API3200, Applied Biosystems, Les Ulis,
France) operated in MRM positive-ion mode. A2E was
eluted on a reverse-phase C18 column (2.1x50 mm; 3.5
μm particle size; Symmetry, Waters, Guyancourt,
France) with the following gradient of acetonitrile in
water (containing 0.1 % formic acid): 65 to 100 % (4
min), 100 % (5 min), (flow-rate: 0.3 mL/min). A2Epropylamine (25 ng) was used as internal standard. The
AUC of A2E and A2E-propylamine were determined in
MRM mode with precursor ion/product ion settings,
A2E (m/z 592.5/105.1) and A2E-propylamine (m/z
590.6/186.2). For A2E quantification, a calibration
curve was performed using various concentrations of
A2E (5 to 10000 nM). A2E-propylamine was used as
internal standard for A2E quantification by HPLC
coupled with tandem mass spectrometry (HPLCMS/MS).

alcoholic phase was removed from each well and
transferred into another microtitre plate for LC-MS/MS
analysis. Under these conditions, with 20 μL injections,
the limit of quantification (LOQ) was 50 ng/mL (= ca.
2.5 pmol). Eye samples were treated with the same
protocol as for A2E measurements (see above).
Norbixin isomers were analyzed by LC-MS/MS on an
Agilent 1200 with DAD and in-line triple quadrupole
mass spectrometer (6420, Agilent, Les Ulis, France)
operated in MRM positive-ion mode. HPLC used a
reverse-phase C18-column (2.1x50 mm; Fortis-18)
eluted with the following gradient of acetonitrile in
water (containing 0.1 % formic acid): 60 to 95 % (2.5
min), 95 % (2 min), (flow-rate: 0.3 mL/min). Norbixin
and its isomers or conjugates (= glucuronides) were
monitored at 460 nm and MRM mode with precursor
ion/product ion ratio (m/z 381.1/144.9).

A2E measurement in mice eyes

Statistical analyses

A2E present in eyes was determined with the HPLCMS/MS method described above. Each eye was
homogenized in CHCl3/MeOH (1:1, v/v) (0.5 mL) with
homogenizer (Precellys-24) during 2 cycles (30 s) at
6500 rpm. The internal standard (A2E-propylamine)
was added and the organic layer was extracted. The
homogenate was then extracted two times with CHCl3/
CH2Cl2 (0.5 mL). The combined organic extracts were
dried in vacuo without heating (EZ2, Genevac Ltd
Ipswich, U.K.). Then they were dissolved in 100 μL
DMSO/MeOH (1:1, v/v) and transferred to microtitre
plates. The calibration curve of A2E was prepared in
CHCl3/MeOH (1:1, v/v) and dried in vacuo without
heating (EZ2, Genevac), then dissolved in 100 μL
DMSO/ MeOH (1:1, v/v). Under these conditions, with
an injection volume of 10 μL, the limit of quantification
(LOQ) was 10 nM.

For statistical analyses, one-way ANOVA followed by
Dunnett's tests were performed using Prism 7
(GraphPad Software, La Jolla, CA, USA) depending of
the sample size.

Norbixin concentration determination in pellets,
mice plasma and eye samples
HPLC analysis was performed on an Agilent 1200 with
DAD. Norbixin was eluted from a reverse-phase C18
column (2.1x50 mm; 5 μm particles; Purospher Star,
Merck, Molsheim, France) with the following gradient
of acetonitrile in water (containing 0.1 % formic acid):
0 to 90 % (1.5 min), 90 % (1 min), (flow-rate: 0.5
mL/min) and they were monitored at 460 nm. For
quantification of norbixin, a calibration curve was
performed under the same conditions as the sample
matrix, with various amounts of norbixin (10 to 50000
ng/mL). Plasma samples (30 μL) from different
animals, and methanol (100 μL) were distributed in a
96-well microtitre plate, mixed for 10 min and
precipitated. The microtiter plate was frozen at -20°C
for 30 min, thawed and then centrifuged. The hydro-
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ABSTRACT
Since mitochondrial dysfunction is implicated in the pathogenesis of AMD, this study is based on the premise
that repurposing of mitochondria-stabilizing FDA-approved drugs such as PU-91, might rescue AMD RPE cells
from AMD mitochondria-induced damage. The PU-91 drug upregulates PGC-1α which is a critical regulator of
mitochondrial biogenesis. Herein, we tested the therapeutic potential of PU-91 drug and examined the additive
effects of treatment with PU-91 and esterase inhibitors i.e., EI-12 and EI-78, using the in vitro
transmitochondrial AMD cell model. This model was created by fusing platelets obtained from AMD patients
with Rho0 i.e., mitochondria-deficient, ARPE-19 cell lines. The resulting AMD RPE cell lines have identical nuclei
but differ in their mitochondrial DNA content, which is derived from individual AMD patients. Briefly, we report
significant improvement in cell survival, mitochondrial health, and antioxidant potential in PU-91-treated AMD
RPE cells compared to their untreated counterparts. In conclusion, this study identifies PU 91 as a therapeutic
candidate drug for AMD and repurposing of PU-91 will be a smoother transition from lab bench to clinic since
the pharmacological profiles of PU-91 have been examined already.

INTRODUCTION
The incidence of Age-related Macular Degeneration
(AMD) is increasing at an alarming rate in elderly
population in the United States. Per the National Eye
Institute projection, the estimated number of AMD
patients is expected to rise to 5.44 million by 2050.
Most AMD cases occur among Caucasian Americans,
followed by Hispanic and other populations. AMD – a
disease which damages the macula and affects central
vision, remains a leading cause of uncorrectable vision
loss in the United States [1]. Despite intensive study, a
limited number of FDA-approved treatment options are
available for treatment of AMD. Anti-VEGF drugs such
www.aging-us.com
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as Ranibizumab, Bevacizumab, and Aflibercept have
been demonstrated to reduce choroidal neovascularization in AMD. Therefore, injections of these
anti-VEGF drugs into the vitreous cavity are by far the
most viable treatment option available for wet AMD
[2]. Furthermore, AREDS (Age-Related Eye Disease
Study) supplements, which are over-the-counter
antioxidant/zinc supplements, are known to slow down
the progression of AMD [3].
Mitochondrial (mt) DNA damage due to mutations or
oxidative stress has long been implicated in the
development of AMD [4]. Mitochondrial DNA damage
induces ARPE-19 cells to secrete pro-inflammatory
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cytokines associated with onset and progression of
AMD [5]. Macular RPE cells from aged and AMD
human donor eyes have higher frequencies of mtDNA
lesions and mtDNA genomic heteroplasmic mutations,
compared to their age-matched controls. AMD severity
has been associated with decreased expression of a
DNA repair enzyme OGG1, which is involved in
excision repair of oxidatively-damaged DNA.
Accumulation of mtDNA lesions and reduced DNA
repair capacity contribute to loss of RPE cells in AMD
and aging retinas [6]. Therefore, several mitochondriatargeting therapeutic molecules have been identified in
the hope of rescuing mtDNA and subsequently RPE
cells in AMD. For instance, a mitochondria-targeted
antioxidant SkQ1 prevents AMD progression in an in
vivo model of AMD [7]. A mitochondria-targeting
peptide called MTP-131 (Bendavia) targets cardiolipin
and improves mitochondrial function [8]. Furthermore,
our recent work has shown that Humanin G (HNG)
which is a more potent variant of Humanin, a
mitochondrial-derived peptide, rescues AMD RPE
cybrid cells in vitro [9]. In that study, we demonstrated
that mitochondria from AMD patients were
dysfunctional compared to the normal mitochondria
which were derived from age-matched normal subjects.
Mitochondrial DNA damage was evidenced by
significant reduction in mtDNA copy numbers and
higher numbers of mtDNA lesions in the AMD cybrids
compared to that in the normal cybrids. Furthermore,
decreased expression of mitochondrial transcription and
replication genes suggesting impaired mitochondrial
transcription and replication was observed in the AMD
cybrid cells compared to their normal counterparts.
Moreover, this work with AMD cybrids revealed higher
mitochondrial superoxide generation and reduced
mtGFP fluorescent staining in AMD cybrids compared
to normal cybrids [9]. Therefore, our previous findings
established substantive mitochondrial damage in AMD
cybrid cell lines compared to the normal cybrid cell
lines which served as controls.
Since mitochondrial biogenesis is influenced by PGC1α (Peroxisome-proliferator-activated receptor γ
Coactivator-1α) expression and activity [10,11],
numerous pharmacological interventions in retinal and
neurodegenerative diseases have been directed toward
PGC-1α upregulation [12-15].
The purpose of this study was to test the following
hypothesis: PU-91, an FDA-approved mitochondrionstabilizing drug, will protect RPE cells in an in vitro
macular degeneration model. PU-91 is a pro-drug that
when metabolized is PPARα ligand and which was
developed for the treatment of dyslipidemia. The drug is
estimated to have seen >5 million-years of patient
exposure and remains an effective agent for certain
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dyslipidemias. PU-91, not its metabolite, is the
chemical matter that produces the upregulation of
PGC-1α (data not shown, manuscript in preparation).
Our in vitro AMD model was created by fusion of
mitochondria-deficient APRE-19 (Rho0) cell line with
platelets isolated from AMD patients. The resulting
AMD RPE transmitochondrial cybrids have identical
nuclei derived from ARPE-19 cells but mitochondria
from different AMD patients (Supplementary Table 1).
We investigated the effect of PU-91 drug on
mitochondrial biogenesis, apoptosis, oxidative stress,
mitochondrial membrane potential, mitochondrial
superoxide production, mtGFP staining, and finally
examined the additive effects of PU-91 and esterase
inhibitors i.e., EI-12 and EI-78 in AMD RPE
transmitochondrial cybrids. Our findings demonstrated
that PU-91 preserved AMD mitochondrial function and
integrity, and protected AMD RPE cybrids against
oxidative stress-induced and mtDNA-induced apoptotic
cell death. This study suggests a potential role for PU91 as a candidate drug for AMD treatment. Since PU91 is an FDA-approved drug, its repositioning for
treatment for AMD would encounter a smoother
pathway because its side effects and other risks are
already known. This shortens considerably the journey
from lab bench to clinic. However, further studies are
required to establish the merit of PU-91 as a
cytoprotective molecule in AMD.

RESULTS
PU-91 increases mitochondrial DNA copy number
and upregulates the genes involved in mitochondrial
biogenesis pathway in AMD RPE cells
Mitochondrial biogenesis involves the orchestration of
expression of multiple nuclear encoded genes, in large
part, mediated through the transcriptional action of
PGC-1α gene product in concert with others. As PU-91
is posited to upregulate mitochondrial biogenesis, we
sought to measure mitochondrial DNA (mtDNA) copy
number and transcriptional outputs in AMD RPE cybrid
cells treated with this repositioned drug.
Accordingly, PU-91 significantly increased relative
mtDNA copy numbers by 50% (p=0.03; AMD UN:
1 ± 0.03, n=4; AMD PU-91: 1.50 ± 0.13, n=4) (Figure
1A) and upregulated the gene expression of PGC-1α by
208 % (p= 0.016; AMD UN: 1 ± 0.29, n=5; AMD PU91: 3.08 ± 0.35, n=5) (Figure 1B), NRF-1 by 46 % (p=
0.03; AMD UN: 1 ± 0.09, n=4; AMD PU-91: 1.46 ±
0.1, n=4) (Figure 1C), NRF-2 by 38 % (p= 0.03; AMD
UN: 1 ± 0.13, n=5; AMD PU-91: 1.38 ± 0.06, n=5)
(Figure 1D), PPAR-α by 19 % (p= 0.03; AMD UN: 1 ±
0.05, n=5; AMD PU-91: 1.19 ± 0.05, n=5) (Figure 1E),
and PPAR-γ by 32 % (p= 0.03; AMD UN: 1 ± 0.09,
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Figure 1. PU-91 regulates the mitochondrial biogenesis pathway. We used quantitative qRT-PCR to measure the relative
mtDNA copy number (A), and the gene expression of markers of the mitochondrial biogenesis pathway such as PGC-1α (B), NRF-1 (C),
NRF-2 (D), PPAR-α (E), and PPAR-γ (F). PU-91-treated AMD cybrids (AMD PU-91) had higher mtDNA copy numbers and increased gene
expression levels of all the above-mentioned markers (p≤0.05, n=4-5). Data are presented as mean ± SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;
*p≤0.05.

n=5; AMD PU-91: 1.32 ± 0.08, n=5) (Figure 1F) in
AMD cybrids compared to their untreated counterparts.
PU-91 improves mitochondrial function in AMD
RPE cells
It would be anticipated that transcriptional activation of
genes that promote mitochondrial biogenesis would be
accompanied by evidence of improved mitochondrial
function. As shown in Figure 2, PU-91-treated AMD
cybrid cells had increased mitochondrial membrane
potential (JC-1 assay) (116 % increase; p= 0.03; AMD
UN: 1 ± 0.09, n=3; AMD PU-91: 2.16 ± 0.26, n=4),
(Figure 2A), and significantly lower levels of
mitochondrial superoxides (MitoSOX assay) (22 %
increase; p=0.04; AMD UN: 1 ± 0.06, n=4; AMD PU91: 0.78 ± 0.038, n=4), (Figure. 2B). Furthermore, PU91-treated AMD cells showed upregulation of SOD2, a
mitochondrial antioxidant gene, by 160 %, (p=0.0079;
AMD UN: 1 ± 0.11, n=5; AMD PU-91: 2.6 ± 0.37, n=5)
(Figure 2C), and reduced gene expression of HIF1α (47
% increase; p=0.03; AMD UN: 1 ± 0.14, n=4; AMD
PU-91: 0.53 ± 0.03, n=4) (Figure 2D). PU-91
upregulated MT-RNR2 (Mitochondrially Encoded 16S
rRNA) gene in AMD RPE cybrid cells. Treatment with
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PU-91 drug caused a 104 % higher expression of MTRNR2 gene in AMD RPE cybrid cells (p=0.0079; AMD
UN: 1 ± 0.15, n=5; AMD PU-91: 2.04 ± 0.39 n=5)
(Figure 2E), suggesting that increased production of
Mitochondrial Derived Peptides (MDPs) could be one
of the mechanisms by which PU-91 rescues cells.
PU-91 enhances mitochondrial
fluorescence in AMD RPE cells

GFP

(mtGFP)

The cell biological features of mitochondria integrity
are best observed in whole cells where mitochondria are
visualized. Figure. 3A shows representative confocal
images of AMD RPE cells stained with DAPI (blue)
and mitochondrial GFP stain (green). Panel 1 shows
bright-field images, panel 2 shows DAPI (blue)-stained
images, panel 3 shows mtGFP (green)-stained images,
and panel 4 shows merge (DAPI + mtGFP) images. The
qualitative appearance of the mitochondrial network is
vastly different in PU-91 treated cells compared with
untreated controls (panel 3). When quantitated, PU-91treated AMD cells showed an increase in mtGFP
fluorescence intensity by 168 % (p = 0.03; AMD UN: 1
± 0.22, n=4; AMD PU-91: 2.68 ± 0.25, n=4) (Figure
3B) compared to the untreated AMD cells.
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Figure 2. PU-91 regulates mitochondrial function. We used the fluorometric JC-1 assay and MitoSOX assay to measure
mitochondrial membrane potential and mitochondrial superoxide production, respectively. Treatment with PU-91 led to elevated
mitochondrial membrane potential (p≤0.05, n=3) (A) and reduced mitochondrial superoxide production (p≤0.05, n=3) (B) in AMD
cybrids (AMD PU-91) compared to the untreated group (AMD UN). Furthermore, PU-91-treated AMD cybrids showed upregulation of
the mitochondrial superoxide dismutase, SOD2 gene (p≤0.05, n=5) (C) and reduced expression of HIF1α gene (p≤0.05, n=3-4) (D). (E)
PU-91 upregulates MT-RNR2 gene. Using TaqMan probe for the MT-RNR2 gene, qRT-PCR analysis revealed that PU-91 increases MTRNR2 gene expression by 104% compared to untreated control (p≤0.05, n=5). Data are presented as mean ± SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;
*p≤0.05, **p≤0.01.

PU-91 rescues AMD RPE cells from apoptotic cell
death
Apart from promoting mitochondrial biogenesis, PGC1α also partners to promote the expression of additional
gene networks that are cytoprotective. Treatment of
AMD RPE cells with PU-91 decreased expression of
www.aging-us.com
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Caspase-3 gene by 34 % (p=0.016; AMD UN: 1 ±
0.099, n=5; AMD PU-91: 0.66 ± 0.03, n=5) (Figure 4A)
and BAX gene by 21 % (p=0.0079; AMD UN: 1 ± 0.05,
n=5; AMD PU-91: 0.79 ± 0.03, n=5) (Figure 4B), and
significantly increased cell viability by 55 % (p=0.03;
AMD UN: 1 ± 0.11, n=4; AMD PU-91: 1.55 ± 0.086,
n=4) (Figure 4C) compared to their untreated counter-

AGING
AGING

Figure 3. PU-91 alters mitochondrial GFP fluorescence intensity. Untreated (AMD UN) and PU-91-treated AMD cybrids (AMD

PU-91) were stained with CellLight mitochondrial GFP stain followed by confocal imaging of cells. (A) Shows representative brightfield, DAPI, mtGFP, and overlay (DAPI + mtGFP) confocal images. PU-91-treated AMD cybrids had a drastic increase in mtGFP
fluorescence intensity compared to the untreated group (p≤0.05, n=3) (B). Data are presented as mean ±SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;
*p≤0.05.

Figure 4. PU-91 regulates apoptotic cell death. qRT-PCR analysis showed downregulation of apoptotic genes such as Caspase-3

(p≤0.05, n=4) (A) and BAX (p≤0.05, n=4) (B) in AMD cybrids treated with PU-91. Using the MTT assay, it was observed that PU-91treated AMD cybrids had a higher number of viable cells compared to the untreated group (p≤0.05, n=4) (C). Data are presented as
mean ± SEM and normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to
measure statistical differences; *p≤0.05, **p≤0.01.
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Figure 5. PU-91 regulates apoptotic cell death – Caspase-3/7 staining. (A) Shows representative IncuCyte live-cell images of

untreated (AMD UN) and PU-91-treated AMD cybrid cells (AMD PU-91) stained with NucLight Red and Caspase-3/7 Green reagent.
(B) Shows quantitation graphs for the 48 h and 72 h time points. Data are presented as mean ± SEM and normalized to untreated
(UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences; *p≤0.05.

parts. Furthermore, to examine and compare cell
proliferation and apoptosis between untreated and PU91-treated AMD cells, we performed IncuCyte® LiveCell Imaging Analysis using Caspase- 3/7 Green and
NucLight Red reagents (Figures 5A and 5B). Figure. 5A
shows representative IncuCyte live-cell images. The
upper panel represents untreated AMD group and the
lower panel represents the PU-91-treated AMD group.
www.aging-us.com
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Panel 1 shows phase-contrast images; panel 2 shows
NucLight Red-stained images; panel 3 shows Caspase3/7 Green-stained images; panel 4 shows Overlap i.e.,
Caspase-3/7 + NucLight Red images; and panel 5 shows
Merged i.e., Phase-contrast + NucLight Red + Caspase3/7 Green images. Compared to untreated AMD cells,
PU-91-treated AMD cells showed 43.6 % and 46.6 %
higher NucLight Red object count at the 48 h (p=0.03;
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Figure 6. PU-91 regulates inflammation and complement. qRT-PCR analysis showed lower gene expression of inflammation

markers such as IFNB1 (p≤0.05, n=4) (A), IL-18 (p≤0.05, n=4) (B) in PU-91-treated AMD cybrids (AMD PU-91) compared to untreated
AMD cybrids (AMD UN). However, PU-91 upregulated the complement inhibitor CFH gene (p≤0.05, n=3-4) (C). Data are presented as
mean ± SEM and normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to
measure statistical differences; *p≤0.05.

AMD UN: 1 ± 0.119, n=4; AMD PU-91: 1.436 ± 0.119,
n=4) (Figure 5B (a)) and 72 h (p=0.03; AMD UN: 1 ±
0.115, n=4; AMD PU-91: 1.466 ± 0.099, n=4) (Figure
5B (b)) timepoints respectively. Furthermore, as
hypothesized, PU-91-treated AMD cells showed lower
Overlap object count (i.e., Caspase-3/7 Green +
NucLight Red staining (Yellow))/ Red object count
compared to their untreated counterparts i.e., at 48 h –
32 % decrease; p=0.03; AMD UN: 1 ± 0.079, n=4;
AMD PU-91: 0.68 ± 0.05, n=4 (Figure 5B (c)) and at
72 h – 50.21 % decrease; p=0.03; AMD UN: 1 ± 0.082,
n=4, AMD PU-91: 0.498 ± 0.084, n=4 (Figure 5B (d)).
PU-91 regulates inflammation and complement in
AMD RPE cells
Molecular correlates of AMD include chronic
inflammation and dysregulation of the complement
pathway. We sought to determine whether PU-91
regulated these pathogenic features. Treatment with PU91 altered the gene expression of inflammatory markers,
IFNB1 (25 % decrease; p=0.03; AMD UN: 1 ± 0.08,
n=4; AMD PU-91: 0.75 ± 0.02, n=4) (Figure 6A), IL-18
(56 % decrease; p=0.03; AMD UN: 1 ± 0.13, n=4;
AMD PU-91: 0.44 ± 0.12, n=4) (Figure 6B), and of a
complement inhibitor CFH (106 % increase; p=0.03;
AMD UN: 1 ± 0.07, n=4; AMD PU-91: 2.06 ± 0.21,
n=3) (Figure 6C).
Additive effects of PU-91 + Esterase Inhibitors (EI)
i.e., EI-12 and EI-78 on cell viability in AMD RPE
cells
To drive higher levels of PU-91 into tissues such as
the neuroretina we evaluated co-administration with
www.aging-us.com
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esterase inhibitors (EI) namely EI-12 and EI-78. To
determine whether addition of either of these esterase
inhibitors to PU-91 alters pharmacodynamic
responses and/or produce independent effects, we
studied these on AMD RPE cybrids. Figure 7A and
7B and Supplementary Table 2 show the effects of
treatment with PU-91+EI-12 at varying concentrations i.e., EI-12 5 µΜ, 10 µΜ, and 20 µΜ, on the cell
viability of AMD cybrid cells at 48 h (Figure 7A) and
at 72 h (Figure 7B). Compared to untreated AMD
cybrids, a significant increase in cell viability was
observed in PU-91 treated AMD cybrids and in the
PU-91+EI-12 20 µΜ group at 48 h.
Also, a significant difference in cell viability was
observed between the untreated AMD group and the
group treated with PU-91+EI-12 5 µΜ, PU-91+EI-12
10 µΜ and PU-91+ EI-12 20 µΜ at 72 h (Figure 7B).
Compared to untreated AMD cells, treatment with PU91+EI-78 at varying concentrations i.e., EI-78 2.5 µΜ,
5 µΜ and 10 µΜ, eliminated the cell viability
cytoprotection of PU-91 alone on AMD RPE cells at 48
h (Figure 7C). Compared to untreated AMD cells,
treatment with PU-91+EI-78 at concentrations 5 µΜ
and 10 µΜ eliminated the cell viability cytoprotection
of PU-91 alone on AMD RPE cells at 72 h time points.
A significant increase in cell viability was observed
between the untreated AMD group and the group
treated with PU-91+EI-78 2.5 µΜ (Figure 7D,
Supplementary Table 3).
No significant changes in cell viability were observed
between AMD cells treated with only PU-91 and those
treated
with
PU-91+EI-12
or
PU-91+EI-78
(Supplementary Tables 2 and 3).
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Figure 7. Effect of PU-91 + EI-12/ EI-78 on cell viability. This figure shows cell viability differences using MTT assay in AMD cells

treated with P + EI-12 (A and B) / EI-78 (C and D) at 48 h and 72 h. Data (n=3) are presented as mean ± SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test were used to measure statistical differences;
*p≤0.05. P = PU-91; EI = Esterase Inhibitor.

Additive effects of PU-91 + EI-12 and EI-78 on gene
expression in AMD RPE cells
We extended the observations of PU-91 with esterase
inhibitors EI-12 and EI-78, on gene expression changes.
Treatment with PU-91 + EI-12/ EI-78 at different
concentrations i.e., EI-12: 5 µΜ, 10 µΜ, and 20 µΜ;
EI-78: 2.5 µΜ, 5 µΜ, and 10 µΜ altered the expression
of PGC-1α, Caspase-3, IL-18, VEGF, SOD2 genes in
AMD RPE cybrid cells (n=3) at the 72 h time point.
PGC-1α: EI-12 - Compared to untreated AMD cybrids,
significant PGC-1α upregulation was observed in PU91-treated, P (PU-91)+EI-12 5 µM (216 %), P+EI-12 10
µM (263 %), P+EI-12 20 µM (115 %) groups, and only
EI-12 20 µM (82 %) groups (Figure 8A, Supplementary
Table 4). EI-78 - Compared to untreated AMD cybrids,
significant PGC-1α upregulation was observed in PU-
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91-treated, P+EI-78 2.5 µM (189 %), P+EI-78 5 µM
(109 %), and P+EI-78 10 µM (126 %) groups,
(Figure 9A, Supplementary Table 5).
Caspase-3: EI-12 - Compared to untreated AMD
cybrids, significant Caspase-3 downregulation was
observed in PU-91-treated, P+EI-12 5 µM (22 %),
P+EI-12 10 µM (27 %), P+EI-12 20 µM (34 %), and
only EI-12 20 µM (26 %) groups (Figure 8B,
Supplementary Table 4). EI-78 - Compared to untreated
AMD cybrids, significant Caspase-3 downregulation
was observed in PU-91-treated, P+EI-78 2.5 µM (26
%), P+EI-78 10 µM (34 %), and only EI-78 10 µM
(13.8 %) groups (Figure 9B, Supplementary Table 5).
IL-18: EI-12 - Compared to untreated AMD cybrids,
significant IL-18 downregulation was observed only in
the PU-91-treated group, P+EI-12 5 μM (18.3 %),
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Figure 8. Effect of PU-91 + EI-12 on gene expression. qRT-PCR analysis showed differential expression of PGC-1α (A), Caspase-3

(B), IL-18 (C), VEGF (D), and SOD2 (E) genes in AMD RPE cells at the 72 h time point. Data (n=3) are presented as mean ± SEM and
normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical
differences; *p≤0.05. P = PU-91; EI = Esterase Inhibitor.
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Figure 9. Effect of PU-91 + EI-78 on gene expression. qRT-PCR analysis showed differential expression of PGC-1α (A), Caspase-3

(B), IL-18 (C), VEGF (D), and SOD2 (E) genes in AMD RPE cells at the 72 h time point. Data (n=3) are presented as mean ± SEM and
normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical
differences; *p≤0.05. P = PU-91; EI = Esterase Inhibitor.
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P+EI-12 20 µM (22.4 %), and only EI-12 20 µM (22 %)
groups (Figure 8C, Supplementary Table 4). EI-78 Compared to untreated AMD cybrids, significant IL-18
downregulation was observed in PU-91-treated, P+EI78 2.5 µM (34.6 %), P+EI-78 5 µM (45 %), and P+EI78 10 µM (61 %) groups (Figure 9C, Supplementary
Table 5).
VEGF: EI-12 - Compared to untreated AMD cybrids,
significant VEGF downregulation was observed in PU91-treated, P+EI-12 5 µM (60 %), P+EI-12 10 µM (63
%), P+EI-12 20 µM (63 %), and only EI-12 20 µM (58
%) groups (Figure 8D, Supplementary Table 4). EI-78 Compared to untreated AMD cybrids, significant VEGF
downregulation was observed in PU-91-treated,
P+EI-78 2.5 µM (46.7 %), and P+EI-78 5 µM (53 %),
P+EI-78 10 µM (48.9 %), and only EI-78 10 µM (47.9
%) groups (Figure 9D, Supplementary Table 5).
SOD2: EI-12 - Compared to untreated AMD cybrids,
significant SOD2 upregulation was observed only in the
PU-91-treated group (Figure 8E, Supplementary Table
4). EI-78 - Compared to untreated AMD cybrids,
significant SOD2 upregulation was observed only in the
PU-91-treated and P+EI-78 2.5 µM (99.7 %) groups
(Figure 9E, Supplementary Table 5).

DISCUSSION
We report that PU-91, an FDA-approved drug,
promotes
mitochondrial-stabilization,
PGC-1α
upregulation, cytoprotection of AMD ARPE-19 transmitochondrial cybrid cells by preserving mitochondrial
health, reducing apoptotic cell loss, and inducing
upregulation of the MDP-coding MT-RNR2 gene. Our
study establishes PU-91 as a potential candidate drug
for AMD therapy.
Gene expression analyses revealed significant
upregulation of mitochondrial biogenesis pathway
genes i.e., PGC-1α, NRF-1, NRF-2, PPAR-α, and
PPAR-γ in PU-91-treated AMD cybrids. PU-91
positively regulates the expression of nucleus-encoded
markers of mitochondrial biogenesis in AMD
mitochondria-containing
cybrid
cell
lines.
Dysregulation of mitochondrial function and decreased
PGC-1α
levels
have
been
implicated
in
neurodegeneration [16, 17]. PGC-1α is a master
regulator of mitochondrial biogenesis in several disease
models including cardiac disorders, Parkinson’s disease,
Huntington’s disease and Alzheimer’s disease [18-24].
A study demonstrated that PGC-1α activity and
signaling are induced to regulate detoxifying responses
to oxidative and metabolic stress in inner retina [25].
The same study identified PGC-1α as an important
regulator of retinal ganglion cell (RGC) homeostasis
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and astrocyte reactivity. Moreover, PGC-1α, by
regulating senescence, protects RPE cells against
oxidative damage in aging retina in AMD-like
pathology in vivo [26]. Iacovelli et al. reported major
involvement of PGC-1α in mitochondrial function and
in antioxidant capacity in primary human RPE cells and
in ARPE-19 cell lines in vitro [13]. PGC-1α increases
the expression of mitochondrial enzymes such as ATP
synthase and Cytochrome c Oxidase (COX), and
induces mitochondrial biogenesis by activating various
transcription factors, including NRF-1 and NRF-2,
which in turn induce TFAM, PPARs, estrogen and
ERRs [27].
NRF-1 and NRF-2 are redox-sensitive transcription
factors that are activated in response to oxidative stress.
By inducing cytoprotective molecules, they orchestrate
a defense mechanism against reactive oxygen species
(ROS)-induced cytotoxicity. Moreover, NRF-1 and
NRF-2 are known to protect neurons against acute brain
injury [28]. NRF2 binds to the antioxidant response
element (ARE) in the promoter regions of its target
genes, thereby activating antioxidant gene transcription
[29]. Activation of NRF-2 conferred neuroprotective
effects in the retina post-ischemia/reperfusion injury in
vivo [30]. Both NRF-1 and NRF-2 activate the genes
involved in oxidative homeostasis. Deletion of PGC-1α
and NRF-2, as found in NRF-2/PGC-1α dKO mice,
resulted in significant age-dependent RPE degeneration
[31]. Substantial in vivo evidence demonstrates the
involvement of NRF-1 and NRF-2 in early
development, and their absence causes embryonic
lethality and oxidative stress-induced toxicity [32].
NRF-1 activates the Cytochrome c gene and therefore
plays a role in nuclear-mitochondrial interactions [33].
PPARs, a subfamily of nuclear receptors, are
transcription factors that can heterodimerize with
partners, such as the retinoid X receptor (RXR) and
bind to DNA of target genes [34]. Ding et al.
demonstrated that PPAR-α (Peroxisome ProliferatorActivated Receptor α) improves mitochondrial oxygen
consumption and protects capillary pericytes in the
retina [35] Pearsall et al. showed that PPAR-α plays a
pivotal role in retinal neuronal survival, lipid
metabolism and improves retinal energy efficiency.
Since energy deficits due to dysfunctional
mitochondria have been implicated in AMD, PPAR-α
was suggested to be a putative therapeutic target in
AMD [36]. Zhu et al. reported a potential role of
PPAR-γ in differentiation and maturation of retinal
cells [37]. Studies also highlighted potential
neuroprotective function of PPAR-γ agonists in vivo
and in vitro in neurodegenerative diseases such as
Alzheimer’s [38], Parkinson’s [39], and ALS [40].
Addition of the PPAR-γ agonists such as Pioglitazone
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is known to induce neuronal survival and protection
from apoptotic cell death in the retina [41].
Furthermore, PPAR-γ ligands inhibit corneal
neovascularization [42-44] and injury-induced scarring
in the conjunctiva after glaucoma surgery [45]. Murata
et al. demonstrated inhibition of choroidal
angiogenesis and VEGF-induced RPE migration and
proliferation in vitro by PPAR-ߛ ligands namely
troglitazone/ rosiglitazone. This group also showed
that intravitreal injection of troglitazone caused
significant reduction in lesions and leakage in the eyes
of choroidal neovascular (CNV) animal models [46].
In summary, by modulating the expression of
mitochondrial
biogenesis
mediators,
PU-91
orchestrates mitochondrial and cellular health.
We next performed JC-1 dye assay to compare
mitochondrial membrane potential (ΔΨm) between
untreated and PU-91-treated AMD cybrids. Previously,
it has been established that any imbalance in oxidative
redox state causes mitochondrial depolarization,
opening of mitochondrial permeability transition pore,
and collapse of mitochondrial membrane potential,
subsequently leading to apoptosis [47, 48]. These events
hold true in the retina as well [ 49]. We know that AMD
cybrids have damaged mitochondria, which likely
contribute to compromised mitochondrial membrane
potential. However, PU-91 administration improved
ΔΨm significantly in AMD cybrid cells, suggesting that
PU-91 can protect mitochondrial membrane integrity
and function. Potential mechanisms of PU-91-mediated
ΔΨm restoration including attenuation of mitochondrial
depolarization should be further examined. Consistent
with our study, Chong et al. demonstrated that
Artemisinin, an FDA-approved drug improves ΔΨm as
measured by JC-1 assay and protects human retinal
pigment epithelial cells from oxidative damage [50].
Moreover, in vivo studies by Ellis et al. showed that
addition of Sigma-1 receptor agonists restored ΔΨm in
oxygen-deprived retina [ 51].
Mitochondria are a major source of reactive oxygen
species (ROS) in a cell, and the principal mitochondrial
ROS is superoxide anion, which is a by-product of
leakage from the Electron Transport Chain. We have
previously shown that AMD RPE cybrid cells have
higher mitochondrial superoxide production compared
to age-matched normal cybrid cells [9]. In the current
study, we used a fluorogenic MitoSOX Red dye for
specific detection of mitochondrial superoxide. Once
inside the mitochondria, the MitoSOX Red reagent is
oxidized by superoxide and exhibits red fluorescence.
Our results revealed significantly diminished
mitochondrial superoxide production in PU-91-treated
AMD cybrids compared to untreated AMD cybrids.
This finding is important because elevated levels of
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intracellular ROS and mitochondrial superoxides
contribute to retinal and neurological diseases [52-54],
and reduction in mitochondrial superoxide is critical to
protect against oxidative stress-related diseases.
We also examined in AMD cybrids the gene expression
of SOD2, the mitochondrial Super Oxide Dismutase,
also known as MnSOD (Manganese SOD). SOD2
prevents binding of mitochondrial superoxide to nitric
oxide thereby preventing apoptosis, necrosis,
mitophagy, and autophagy [55]. Deficiency of SOD2
causes extensive oxidative damage in the RPE and has
been associated with AMD pathogenesis [56]. Recent
Genome-Wide Association Studies (GWAS) have
suggested an association between a susceptible locus rs2842992 near the SOD2 gene and geographic atrophy
in AMD [57]. In the present study, PU-91 treatment
upregulated SOD2 gene levels significantly, which
would enhance the antioxidant effects in AMD cybrids.
Hypoxic stress and activation of HIF1α has been
implicated in AMD. ROS and HIF1α cause VEGF
activation thereby triggering angiogenesis and
subsequent choroidal neovascularization in wet AMD
[58, 59]. PU-91-treated AMD cybrids had lower
expression of HIF1α gene, suggesting that PU-91 may
exhibit hypoxia-suppressing effects. Cumulatively,
these results highlight a key pharmacological role of
PU-91 in decreasing oxidative stress in AMD cells.
We have established previously that dysfunctional
mitochondria in the AMD cybrids contribute to
activation of cleaved Caspase-3 and BAX, which are
markers of cell apoptosis [9]. Other studies have
demonstrated the role of apoptotic and necrotic
cascades in death of retinal cells in AMD [60, 61].
Therefore, treatment with drugs that inhibit apoptosis is
essential to prevent retinal cell loss and to preserve
cellular heath. We observed higher number of viable
cells and downregulation of Caspase-3 and BAX genes
in PU-91-treated AMD cybrids, indicating that PU-91
prevents mitochondria-induced apoptotic cell death in
these cells. Next, we compared cell proliferation and
apoptosis between untreated and PU-91-treated AMD
cells using IncuCyte® Live-Cell Imaging Analysis
system and Caspase- 3/7 Green and NucLight Red
reagents.
PU-91-treated
AMD
cells
showed
significantly higher NucLight Red object count at the 48
h and 72 h compared to untreated AMD cells.
Furthermore, as hypothesized, PU-91-treated AMD
cells showed lower Overlap object count (i.e., Caspase3/7 Green + NucLight Red staining (Yellow))/ Red
object count compared to their untreated counterparts.
Our IncuCyte data revealed that PU-91 enhanced cell
proliferation and reduced Caspase-3/7 activity in AMD
cybrids. To our knowledge, this is the first study to
report these findings.
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The MT-RNR2 gene contains small open-reading
frames for mitochondrial-derived peptides (MDPs)
such as Humanin and SHLPs that possess
cytoprotective and neuroprotective properties [9, 62,
63]. Interestingly, addition of PU-91 upregulated the
MDP-coding MT-RNR2 gene in AMD cybrids,
suggesting that PU-91-mediated protective effects in
AMD cybrids may be partly attributed to MDP
production. Therefore, PU-91 may ameliorate cell
health by triggering production of MDPs including
Humanin, which is cytoprotective in AMD [9].
Mitochondrial stabilization and protection are potential
mechanisms by which PU-91 protects AMD RPE
cybrids. To compare mitochondrial density between
untreated and PU-91-treated AMD cells, we
transduced the cells with CellLight reagent, which is a
GFP-E1 alpha pyruvate dehydrogenase leader peptide
construct driven by a mammalian promoter. This
fluorescent fusion construct provides precise targeting
to mitochondria. Herein, treatment with PU-91
enhanced mitochondrial GFP fluorescence appreciably
in AMD cells compared to their untreated
counterparts, indicating that PU-91 can augment
and/or prevent mitochondrial loss in AMD cybrids.
These results are consistent with a previous study
wherein Humanin G, a mitochondrial-derived peptide,
rescued AMD mitochondria in RPE cybrid cells [9].
PU-91 attenuated IL-18 gene expression, thereby
reducing mtDNA damage-induced inflammation in
AMD cybrids. This is significant because elevation of
pro-inflammatory cytokines in the serum and ocular
fluids of AMD patients accompanies pathogenesis.
Ijima et al. suggested association of IL-18 with dry
AMD since patients with dry AMD had higher IL-18
serum levels; this study also demonstrated IL-18induced RPE cell degeneration in mouse eye [64].
AMD cybrids treated with PU-91 showed reduced
expression of IFNB1 gene which has been
demonstrated to reduce human RPE cell proliferation
[65]. As shown previously, AMD cybrids have
decreased expression of CFH, an inhibitor of
complement pathway, consistent with complement
activation [66]. Moreover, AMD patients carrying the
high-risk allele for CFH showed substantial retinal
mtDNA damage [67]. MtDNA dysfunction has been
associated with AMD due to increased mtDNA lesions
with aging [68]. Significant increase in CFH gene
expression was observed in PU-91-treated AMD
cybrids, suggesting inhibition of complement by PU91.
Next, we investigated the effects of co-administration
of PU-91 with esterase inhibitors (EI) - EI-12 and EI78, which are being evaluated to augment PU-91
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penetration into retina and neural tissue in vivo.
Administration of PU-91 in humans/animals results in
a large first pass effect, converting the vast majority of
PU-91 to its primary metabolite, PU-91*, which
is inactive as a PGC-1α upregulator. We identified the
mechanism of PU-91 to PU-91* conversion and
identified two esterase inhibitors namely EI-12 and EI78, that when co-administered with PU-91 largely
block
conversion
to
PU-91*,
thereby
markedly increasing CNS bioavailability of PU-91.
We
tested
the
following
co-administration
combinations – 1) PU-91 50 μM + EI-12 5 μM, 2) PU91 50 μM + EI-12 10 μM, 3) PU-91 50 μM + EI-12 20
μM, 4) PU-91 50 μM + EI-78 2.5 μM, 5) PU-91 50
μM + EI-78 5 μM, 6) PU-91 50 μM + EI-78 10 μM, 7)
EI-12 20 μM, 8) EI-78 10 μM, 9) PU-91 50 μM, and
10) AMD untreated. No substantive changes either in
cell viability or gene expression (PGC-1α, Caspase-3,
IL-18, VEGF, and SOD2) were observed when treated
with a combination of PU-91 + EI-12/EI-78 compared
to treatment with PU-91 alone.
In summary, in the in vitro AMD RPE transmitochondrial cybrids, the PU-91 drug: 1) regulates the
mitochondrial biogenesis pathway, 2) improves
mitochondrial function, 3) enhances mitochondrial
GFP fluorescence, 4) prevents apoptotic cell death, 5)
favorably regulates inflammation and complement, 6)
favorably regulates the MDP-coding MT-RNR2 gene,
7) when co-administered with EI-12/EI-78, does not
impact either the viable cell count or gene expression
(PGC-1α, Caspase-3, IL-18, VEGF, and SOD2)
substantially compared to treatment with PU-91 alone.
In conclusion, PU-91 rescues AMD RPE cybrids, and
potentially could be repurposed as an FDA-approved
drug to prevent/treat AMD. Since it improves
mitochondrial function and has already been FDAapproved, the candidate therapeutic PU-91 will be an
excellent treatment option for AMD. Repositioning of
PU-91 will be a smoother transition from lab bench to
clinic since the pharmacological profiles of PU-91
have been examined already. Furthermore, because of
its extensive safety record it could be potentially
prosecuted through NDA more rapidly than a drug-like
new chemical entity. Bringing a disease modifying
therapeutic to market for the most prevalent form of
blindness, AMD, has substantial potential benefit for
our aging populations world-wide.

MATERIALS AND METHODS
Human subjects
The University of California Irvine’s Institutional
review board approved research with human subjects
(Approval #2003–3131). All participants provided
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informed consent and clinical investigations were
performed according to the tenets of Declaration of
Helsinki.
Cell culture
Passage 5 AMD ARPE-19 transmitochondrial cybrids
were created as described previously [9]. Briefly, these
cybrid cells were prepared by polyethylene glycol
fusion of mitochondrial DNA-deficient ARPE-19
(Rho0) cell line with platelets isolated from AMD
patients. All cybrids used in this study (Supplementary
Table 1) belonged to the ‘H’ mtDNA haplogroup. Our
ARPE-19 cells have been validated using RPE-specific
markers such as Bestrophin 1, Cellular retinaldehyde
binding protein-1, and Keratin-18. Cybrid status and
that the cybrids have acquired their mtDNAs from the
donor individuals was confirmed using allelic
discrimination, Sanger Sequencing, and NextGeneration Sequencing.
Culture conditions: The base medium for this cybrid
cell line is DMEM-F12 Medium (Cat. # 10-092CM,
Fisher Scientific, Pittsburgh, PA). DMEM-F12 Medium
contains 3.15 g/L D-glucose, 2.5 mM L-glutamine, 15
mM HEPES, 0.5 mM sodium pyruvate, and 1200 mg/L
sodium bicarbonate. To make the complete growth
medium, fetal bovine serum was added to the base
medium to a final concentration of 10 %.
Treatment with PU-91 and esterase inhibitors (EI-12
and EI-78)
PU-91 stock solution of 40 mM concentration was
prepared at 15 mg/mL in DMSO. PU-91 stock was
diluted in culture media to obtain a working
concentration of 50 µM, which was used for all
experiments in this study. PU-91 has been estimated to
have clinical exposure in greater than 5 million patient
years. 50 μM was selected as this concentration
produces an optimal response in cell culture studies.
Stock solutions of 20 mM EI-12 and 10 mM EI-78 were
prepared in DMSO and were diluted in culture media to
obtain the following working concentrations: EI-12 at 5
μM, 10 μM, and 20 μM; EI-78 at 2.5 μM, 5 μM, and 10
μM.
Mitochondrial copy number
Total DNA was extracted from AMD cybrids followed
by quantitative real-time PCR (qRT-PCR). QRT-PCR
was performed using TaqMan gene expression assays for
18S and MT-ND2 (Cat. # 4331182, Thermo Fisher
Scientific) genes and TaqMan gene expression master
mix (Cat. # 4369016, Thermo Fisher Scientific). Relative
mtDNA copy numbers were determined using delta Cts.
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Quantitative Real-Time PCR
RNA extraction, cDNA synthesis, and qRT-PCR analysis
were performed as described previously [9]. QuantiTect
Primer Assays were used to study the expression of
Caspase-3 gene (Cat. # QT00023947, Qiagen,
Germantown, MD), BAX gene (Cat. # QT00031192,
Qiagen), HIF1α gene (Cat. # QT00083664, Qiagen),
CFH gene (Cat. # QT00001624, Qiagen), and SOD2
gene (Cat. # QT01008693, Qiagen). KiCqStart® SYBR®
green primers were used to examine the expression of
PGC-1α, NRF-1, NRF-2, PPAR-α, PPAR-γ, VEGF, IL18, and IFNB1 genes (Cat. # kspq12012, Sigma, St.
Louis, MO). Specific housekeeper genes used were
HPRT1 (Cat. # QT00059066, Qiagen) for Caspase-3,
BAX, SOD2, VEGF, IL-18, NRF-1, NRF-2, PPAR-α, and
PPAR-γ; HMBS (Cat. # QT00014462) for CFH, PGC-1α
and TUBB (Cat. # QT00089775, Qiagen) for HIF-1α.
TaqMan gene expression master mix (Cat. # 4369016,
Life Technologies) and TaqMan gene expression assays
were used to examine the expression of the MT-RNR2
gene (Assay ID: Hs02596860_s1, Life Technologies), for
which GAPDH (Assay ID: Hs02786624_g1, Life
Technologies) was used as a housekeeper gene. Data
analysis was performed using ∆∆Ct method. ∆Ct was the
difference between the Cts (threshold cycles) of the target
gene and Cts of the housekeeper gene (reference gene).
Fold change was calculated using the following formula:
Fold change = 2ΔΔCt.
Cell viability assay
The numbers of viable cells were measured using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were plated in 96-well tissue
culture plates, treated with 50 µM PU-91 followed by
addition of MTT. Cells were incubated at 37 °C for 1 h,
followed by addition of DMSO. Absorbance was
measured at 570 nm and background absorbance
measured at 630 nm. Normalized absorbance values
were obtained by subtracting background absorbance
from signal absorbance. The colorimetric signal
obtained was proportional to the cell number.
IncuCyte live-cell imaging
IncuCyte live-cell imaging was performed as described
previously [69]. The IncuCyte NucLight Rapid Red
Reagent is a cell permeable DNA stain that specifically
stains nuclei in live cells and enables real-time
quantification of cell proliferation. Addition of this
reagent to normal healthy cells does not interfere with
cell growth and morphology and provides homogenous
staining of nuclei. In the culture medium, this inert stain
crosses the cell membrane and has excellent specificity
for DNA without the need for a wash step.
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The IncuCyte Caspase-3/7 Green Apoptosis Reagent
couples the activated Caspase-3/7 recognition motif
(DEVD) to a DNA intercalating dye and enables realtime quantification of cells undergoing caspase-3/7
mediated apoptosis. This reagent is an inert, nonfluorescent substrate which when added to culture
medium, crosses the cell membrane where it is cleaved
by activated caspase-3/7 resulting in the release of the
DNA dye and fluorescent staining of the nuclear DNA.
Cells were seeded in 96-well plates at a density of 5,000
– 10,000 cells/well followed by staining with
IncuCyte® NucLight Rapid Red (1:500) and Caspase3/7 Green (1:1000) labeling reagents. Stained cell plates
were placed into the IncuCyte® live-cell analysis
system and allowed to warm to 37 °C for 30 min prior
to scanning. Phase Contrast, Green, and Red channels
were selected, 5 images were taken per well with an
average scan interval of 2 h until the experiment was
complete. Fluorescent objects were quantified using the
IncuCyte® integrated analysis software that minimizes
background fluorescence.

CellLight mitochondrial GFP staining and confocal
microscopy
Staining with CellLight Mitochondrial GFP probe (Cat.
# C10600, Thermo Fisher Scientific, MA, USA) and
confocal microscopy were performed as described
previously [9]. Cells were plated in 4-well tissue culture
chamber slides, stained with CellLight mtGFP for 24 h
and incubated overnight at 37 °C. The cells were
washed with 1X TBS (Tris buffered saline), fixed in
paraformaldehyde and mounted in DAPI. Confocal zstack images were captured using the LSM-700
Confocal microscope (Zeiss, Thornwood, NY, USA).
ZEN 2 lite software (Zeiss) was used for fluorescence
quantitation.
Statistical analysis
Non-parametric Mann-Whitney test (GraphPad Prism
5.0; GraphPad Software, CA, USA) was used to analyze
data between groups and to determine significance. p ≤
0.05 was statistically significant.

Mitochondrial membrane potential assay
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SUPPLEMENTARY MATERIALS
Supplementary Tables
Supplementary Table 1. AMD Patient/ Cybrid cell lines’ Patient Information.

This table provides information about the AMD patients and AMD cybrid cell lines.

Supplementary Table 2. Effects of PU-91 + EI-12 on cell viability.

This table shows the additive effects of PU-91 + EI-12 on cell viability. All values are normalized to 1 and are presented as
Mean ± SEM.

www.aging-us.com
www.aging-us.com

6711
106

AGING
AGING

Supplementary Table 3. Effects of PU-91 + EI-78 on cell viability.

This table shows the additive effects of PU-91 + EI-78 on cell viability. All values are normalized to 1 and are presented as
Mean ± SEM.

Supplementary Table 4. Effects of PU-91 + EI-12 on gene expression.

This table shows the additive effects of PU-91 + EI-12 on gene expression. All values are normalized to 1 and are presented as
Mean ± SEM.
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Supplementary Table 5. Effects of PU-91 + EI-78 on gene expression.

This table shows the additive effects of PU-91 + EI-78 on gene expression. All values are normalized to 1 and are presented as
Mean ± SEM.
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ABSTRACT
Accumulation of lipofuscin in the retinal pigment epithelium (RPE) is considered a major cause of RPE
dysfunction and senescence in age-related macular degeneration (AMD), and N-retinylidene-N-retinylethanolamine (A2E) is the main fluorophore identified in lipofuscin from aged human eyes. Here, humaninduced pluripotent stem cell (iPSC)-RPE was generated from healthy individuals to reveal proteomic changes
associated with A2E-related RPE cell senescence. A novel RPE cell senescence-related protein, high-mobility
group box 1 (HMGB1), was identified based on proteomic mass spectrometry measurements on iPSC-RPE with
A2E treatment. Furthermore, HMGB1 upregulated Caveolin-1, which also was related RPE cell senescence. To
investigate whether changes in HMGB1 and Caveolin-1 expression under A2E exposure contribute to RPE cell
senescence, human ARPE-19 cells were stimulated with A2E; expression of HMGB1, Caveolin-1, tight junction
proteins and senescent phenotypes were verified. HMGB1 inhibition alleviated A2E induced cell senescence.
Migration of RPE cells was evaluated. Notably, A2E less than or equal to 10μM induced both HMGB1 and
Caveolin-1 protein upregulation and HMGB1 translocation, while Caveolin-1 expression was downregulated
when there was more than 10μM A2E. Our data indicate that A2E-induced upregulation of HMGB1、
、Caveolin-1
and HMGB1 release may relate to RPE cell senescence and play a role in the pathogenesis of AMD.

INTRODUCTION
Age-related macular degeneration (AMD) is the leading
cause of vision loss in older adults worldwide [1]. AMD
can be classified into early-stage or late-stage AMD.
The latter is characterized by neovascularization (wet
AMD), geographic atrophy (dry AMD), or both [2].
Conversely, early-stage AMD is characterized a limited
amount of drusen, which is mainly caused by lipid and
protein accumulation and thought to contribute to astrowww.aging-us.com
www.aging-us.com
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phic changes. As the disease progresses, neovascular
changes or geographic atrophy involving the macular
area can be present in patients for years. Dry AMD
manifests as well-demarcated areas, providing direct
visualization of the underlying choroidal vessels due to
atrophy of photoreceptor and retinal pigment epithelium
(RPE) cells; wet AMD is characterized by the
development of choroidal neo-vascularization (CNV)
[3]. Although anti-vascular endothelial growth factor
(anti-VEGF) has become the main treatment approach
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for wet AMD, there is a lack of consensus regarding the
treatment of dry AMD. Most importantly, an
appropriate disease model that can simulate the
occurrence and development of AMD must be chosen
[4]. Therefore, we explored the relationship between
dry AMD and RPE dysfunction and senescence using
proteomic mass spectrometry to examine differential
expression in induced pluripotent stem cell(iPSC)derived RPE cell lines with and without A2E treatment
[5]. We have previously demonstrated that the iPSCderived RPE is phenotypically and functionally similar
to the native RPE [6]. In addition, the young status of
iPSC-RPE may provide an excellent means for
observing changes in protein expression during the
process of RPE cell aging [7].
As a by-product of the visual cycle, N-retinylidene-Nretinylethanolamine (A2E) and its isomers are formed
by the reaction of two trans-retinal molecules with
phosphatidyl-ethanolamine. A2E is the major fluorophore identified in lipofuscin from aged human eyes,
and it has been widely studied [8]. As a hallmark of
aging, A2E continuously accumulates in the RPE [9].
The lipofuscin constituents consist of various molecules
that have photoreactive properties and undergo photooxidation [10]. A2E photo-oxidation products can cause
oxidative stress, membrane permeation, telomere
dysfunction and accelerated RPE senescence [11].
Although A2E is clearly present in the retina, there are
rather different opinions regarding its distribution.
Ablonczy et al. showed that levels of A2E decreased
from the periphery to the centre region in aging tissue of
macaques and humans [12] but A2E was localized
mainly in the centre region of young mouse retina.
However, the distribution of A2E increases across the
entire RPE with age [13]. Thus, the relationship
between A2E and AMD is worthy of further study.
Our aim in the present study was to identify protein
changes related to A2E in aging iPSC-RPE cells and to
verify and explore the mechanism of these altered
proteins in human ARPE-19 cells.

RESULTS
Proteomic mass spectrometry detection of
differential expression of proteins, highlighting
HMGB1 in iPSC-RPE cells with and without A2E
treatment
We used proteomic mass spectrometry to explore
differential expression of proteins in iPSC-RPE cells
after A2E treatment. The method of iPSC-RPE cell
culture was described previously [6]. For liquid chromatography with tandem mass spectrometry (LC-MS/MS)
analysis, we extracted proteins from iPSC-derived RPE
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cells with and without A2E treatment, with three
biological replicates prepared from three separate
cultures (Flow chart, Figure 1A). Representative
proteomic MS-based analyses of proteins from A2Etreated cells versus untreated cells are depicted in a
volcano plot in Figure 1B, where the -log10(P value)
was plotted against the log2(fold change A2E
Treatment/Control). In the figure, black, green, and red
splashes indicate proteins without significant
differential expression, significantly downregulated
proteins, and significantly upregulated proteins,
respectively. We arranged the ratio of A2E treatment/
control expression from large to small and found that
the high-mobility group box 1(HMGB1), which is
marked with a red arrowhead, was upregulated 76-fold
in the A2E treatment group compared to the control (p
value=0.00578, Table 1). Thus, based on MS results,
HMGB1 was upregulated in iPSC-RPE cells by A2E
treatment.
Upregulation and translocation of HMGB1 in
ARPE-19 cells after A2E treatment
To determine the optimized concentration of A2E
causing upregulation of HMGB1 without undue
influence on cell viability, ARPE-19 cells were incubated
with increasing concentrations of A2E with or without
blue light (10min) for 48 h. After 24 h in fresh medium,
cell viability was examined using the 3-(4, 5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. The viability of ARPE-19 cells decreased
with increasing A2E concentration, especially at 25 μM
A2E and 50 μM A2E with blue light (Figure 2A).
Therefore, we used A2E at a concentration of 10 μM in
this study to mimic aged ARPE-19 cells with lipofuscin
accumulation. Western blotting of cells incubated with
10 μM A2E with blue light for 48 h showed higher
levels of HMGB1 than that the control and blue light
alone (Figure 2C). Moreover, fluorescein diacetate
(FDA)/propidium iodide (PI) staining showed that most
of the ARPE-19 cells were alive (Figure 2B),
confirming that A2E can increase expression of
HMGB1 at an early stage and low dose (* indicates a p
value < 0.05, ** indicates a p value < 0.01, *** indicates
a p value < 0.001). In the presence of A2E, a large
amount of HMGB1 was translocated from the nucleus to
the cytoplasm (Figure 2D). The results confirm that A2E
can induce upregulation and translocation of HMGB1.
HMGB1 upregulation and release increased the
expression of Caveolin-1
The potential role of HMGB1 upregulation and
translocation in ARPE-19 cells was then investigated.
Cell senescence can be caused by various factors,
including DNA damage and oxidative stress. It has been
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Figure 1. Proteomic mass spectrometry-based measurement of differential expression of HMGB1. (A) The flow chart

of shotgun mass spectrometry. (B) Volcano plot illustrating significant differential abundant proteins based on quantitative
analysis. The -log10 (P value) was plotted against log2(fold change A2E treatment/Control). Proteins were significantly upregulated
(red dots) or downregulated (green dots) between the A2E treatment and control. The red arrowhead indicates HMGB1.

reported that Caveolin-1 plays a major role in cell
senescence and that HMGB1 increases its expression
[14, 15]. The interaction between HMGB1 with
Caveolin-1 was assessed using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING)
database (Figure 3B).Thus, RPE cells were infected
with HMGB1 overexpression lentivirus. LV-emptyvector (NC) and stimulated with recombination
HMGB1. Then, Real-time Quantitative polymerase
chain reaction (qPCR), western blot and immunoﬂuorescence analyses indicated that Caveolin-1
expression was increased by HMGB1 in ARPE-19 cells
(Figure 3A, C). Furthermore, lentiviral infection of
ARPE-19 cells using shHMGB1 and sh-NC (scramble
shRNA) constructs was performed. Effective knockdown of HMGB1 and decrease of Caveolin-1 in ARPE19 cells transfected with shHMGB1 was demonstrated.
Meanwhile, shHMGB1-expressing cells indicated a sig-
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nificant reduction in Toll-like receptor2 (TLR2) and Tolllike receptor4 (TLR4) protein expression but not in
Receptor of Advanced Glycation Endproducts (RAGE)
which three proteins were reported as potential
connection with HMGB1 and Caveolin-1 compared to
sh-NC (scramble shRNA) cells. (Figure 3D, * indicates a
p value < 0.05, ** indicates a p value < 0.01, ***
indicates a p value < 0.001). Together, these results
showed that HMGB1 regulates the expression of
Caveolin-1 via TLR2 and TLR4.
Caveolin-1 upregulation induced ARPE-19 cell
senescence
We investigated the effect of stable Caveolin-1 overexpression on ARPE-19 cell senescence. ARPE-19 cells
were infected with lentivirus-Caveolin-1, and β-galactosidase staining showed that Caveolin-1-overexpressing
RPE cells were more aged compared with the negative
control (LV-empty-vector) RPE cells (Figure 4E).
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Table 1. The data set was arranged by the ratio of A2E treatment/control, and HMGB1 was
found to be upregulated more than 76-fold in the A2E-treated group.
Uniprot#

Gene Names

Ratio A2E treatment/ control

P-Value A2E treatment/control

P09429

HMGB1

76.95828543

0.0057787

Q06210

GFPT1

65.83452999

0.0167382

G5E9P1

ITPR1

64.99257944

0.0757587

Q7Z4H8

KDELC2

64.17736137

0.0116703

P20591

MX1

50.71424385

0.000773586

P04179

SOD2

37.3876135

0.000328524

H9KVA0

TYMP

27.61593536

0.00153441

F5H090

UNC13C

26.74494289

0.00305275

H3BPK7

AARS

26.39582865

0.000375675

P51911

CNN1

26.24793326

0.0604881

Q8IYM0

FAM186B

25.5978875

0.373977

P21281

ATP6V1B2

23.45846962

0.0387506

Q562R1

ACTBL2

19.38697164

0.0155401

P42785

PRCP PCP

17.65006048

0.0672487

Q15349

RPS6KA2

17.34576845

0.000390284

H0Y9R5

SNX25

17.23254402

0.000304062

Q14240

EIF4A2

15.7087038

0.402011

J3KSW2

POLI

13.22929896

0.0174629

E7EX17

EIF4B

12.53696128

0.106437

P62310

LSM3

11.81044422

0.0147819

Q03135

CAV1

0.810928595

0.289982

P42224

STAT1

4.42761394

0.000198283

P05362

ICAM1

2.45723684

0.00874002

Inhibition of cell motility by Caveolin-1 upregulation
in ARPE-19 cells

Relationships among A2E induced cell senescence,
HMGB1 and Caveolin-1

Since cell senescence may result in reduced migration
and invasion, we further investigated whether Caveolin1 affects RPE cell migration and invasion capacities
using wound-healing and Transwell invasion assays.
The results showed that Caveolin-1 overexpression
significantly reduced migration (Figure 4Fi and Gi) and
invasion (Figure 4Fii and Gii). In addition, expression
of Zo-1 and β-catenin was increased by Caveolin-1
upregulation, according to quantitative real-time PCR,
western blot and immunoﬂuorescence analysis (Figure
4A, B, C, D). In contrast, the mRNA levels of other
tight junction proteins, such as Claudin-1, Claudin-3,
Occludin, and N-cadherin, did not change (Figure 4C,*
indicates a p value < 0.05, ** indicates a p value < 0.01,
*** indicates a p value < 0.001).

Because HMGB1 increases expression of Caveolin-1,
we further explored the relationship among A2E,
HMGB1 and Caveolin-1. We assessed HMGB1 and
Caveolin-1 expression in ARPE-19 cells by western
blot and found that A2E increased the levels of both,
compared with unstimulated cells. Interestingly, A2E
enhanced expression of Caveolin-1, though Caveolin-1
levels did not increase with higher concentrations of
A2E. The tendency of Caveolin-1 expression first
increased and then decreased at more than 10 μM A2E
(Figure 5A, * indicates a p value < 0.05, ** indicates a p
value < 0.01, *** indicates a p value < 0.001). Furthermore, although the tendency of Caveolin-1 expression
first increased and then decreased at more than 10 μM
A2E, the senescence of cells was still in process (Fi-
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gure 5B). Since we have found A2E could induce
translocation of HMGB1, we collected the supernatants
from ARPE-19 cells stimulated by different concentrations of A2E to investigate the level of HMGB1
secretion into the extracellular space. Enzyme Linked
Immunosorbent Assay (ELISA) revealed the secretion
of HMGB1 was increased along with increasing concentrations of A2E (Figure 5C). These data showed that
A2E increases HMGB1 and Caveolin-1 expression,
with links to cell senescence, but the expression of
Caveolin-1 was changing dynamically based on
different A2E concentration.

Glycyrrhizic acid inhibited the release of HMGB1
alleviated A2E induced cell senescence
To further confirm the role of ARPE cell-secreted
HMGB1 in cell senescence, we used a HMGB1
inhibitor, glycyrrhizic acid (GA), which binds directly
to HMGB1, to block HMGB1 released into the extracellular space and inhibit its extracellular cytokine
activities [16] (Figure 6E). MTT assay was used to
identify candidate concentrations of GA that were not
cytotoxic to ARPE-19. Shown in Figure 6A, these data
revealed that glycyrrhizic acid showed no toxicity at

Figure 2. Experimental validation that blue light exposure of A2E-treated ARPE-19 cells induces HMGB1 upregulation
and translocation. (A) An MTT assay was performed on RPE cells treated with different concentrations of A2E with or without blue

light photosensitization. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01,*** indicates a p
value < 0.001, compared to the control, n=3. (B) FDA/PI staining of RPE cells after in vitro culture for 48 h with 10 μM A2E + blue light
(10 min). Most living RPE cells were stained green by fluorescein diacetate (FDA); a few dead cells were stained red bypropidium
iodide (PI). (C) Western blot analyses showed that HMGB1 protein expression was higher in 10μM A2E + blue light-treated cells
compared to the control and also higher in the blue light treatment, as quantified by densitometry; the results are expressed as a
ratio with β-actin. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (D) HMGB1
localization in RPE cells was assessed by confocal microscopy after 10μM A2E + blue light treatment. HMGB1 moved from the nucleus
(arrow) to the cytoplasm (star) after 10μM A2E + blue light treatment. Nuclei are labelled with DAPI (blue); HMGB1 is stained green.
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Figure 3.HMGB1 upregulation and release increase the expression of Caveolin-1. (A) (i) Western blot analyses showed that

overexpression of HMGB1 upregulated Caveolin-1; β-actin was used as the loading control; Western blot results were quantified by
densitometry, and the results are expressed as a ratio with β-actin. (ii) qPCR analyses showed that overexpression of HMGB1 upregulated
Caveolin-1. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (iii) Expression of EGFP and
Caveolin-1 was assessed by immunoﬂuorescence in HMGB1-overexpressing RPE cells and negative-control RPE cells. (B) Protein
interaction between HMGB1 and Caveolin-1 was revealed by the STRING version 9.1 program. (C) Relative Caveolin-1expression in RPE
cell incubated with normal medium, 1μg/ml rHMGB1, 100μM GA, or 1μg/ml rHMGB1+100μM GA, Data are presented as means ± SD; *
indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (D) Western blot analyses showed that knock-down of HMGB1
downregulated Caveolin-1; Tublin was used as the loading control, western blot results were quantified by densitometry, and the results
are expressed as a ratio with Tublin. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3.

various concentrations from 5μM to 200 μM. Then we
explored the effect of GA on ARPE-19 cells treated
with A2E and blue light, and 50 μM A2E induced
ARPE-19 cell senescence used as a positive control.
The results showed that GA blocked the release of
HMGB1 into the extracellular space and A2E induced
cell senescence was mitigated correspondingly.
(Figure 6B, C, D) These results indicated that blocking
HMGB1 by directly inhibiting its extracellular
cytokine activities could alleviate A2E induced cell
senescence.
www.aging-us.com
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DISCUSSION
Cellular senescence is a process during which physiological function and proliferation and differentiation
capacities decline gradually [17]. It is also a state of
permanent cellular division arrest that only concerns
only mitotic cells. Although RPE cells are quiescent in
the retina, they can undergo oxidative stress-induced
senescence. Therefore, cellular senescence can be considered as an important molecular pathway of AMD
pathology [18]. The reason we chose RPE cells differen-
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tiated from iPSCs is because their young age allows for
observing the process of ageing under certain stimulation.
This approach has been applied to several studies on agerelated diseases, including Parkinson’s disease and
Alzheimer’s disease [19, 20]. Although it has been
reported that A2E accumulation causes RPE cell senescence and dysfunction, including complement factor
activation and oxidative stress [21], there is thus far no
unanimous conclusion regarding the specific mechanism.

HMGB1 organizes DNA, regulates transcription and is
a damage-associated molecular pattern molecule that is
related to oxidative stress and downstream apoptosis or
survival [22]. Under pathological conditions such as
hypoxia, cell death, atherosclerosis and ischaemiainduced angiogenesis [23,24,14] and in senescent cells,
HMGB1 is upregulated and translocated from the
nucleus to the cytoplasm and extracellular space.
Indeed, HMGB1 is deemed a more reliable and accurate

Figure 4.Overexpression of Caveolin-1 induced ARPE-19 cell senescence and inhibited migration and invasion. (A) Western

blot analyses showed that overexpression of Caveolin-1 upregulated Zo-1 and β-catenin; β-actin was used as the loading control. (B)
Western blot results were quantified by densitometry, and the results are expressed as a ratio with β-actin. Data are presented as
means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, *** indicates a p value < 0.001, n=3. (C) qPCR analyses showed that
overexpression of Caveolin-1 upregulated Zo-1 and β-catenin. Data are presented as means ± SD; * indicates a p value < 0.05, n=3. (D)
Expression of EGFP, Zo-1 and β-catenin was assessed by immunoﬂuorescence in Caveolin-1-overexpressing RPE cells and negative-control
RPE cells. (E) Representative microscopic images of β-galactosidase staining in RPE cells showed overexpression of Caveolin-1 in RPE cells
compared with that in negative-control RPE cells. Quantification of percentage of cells with positive SA-β-gal staining.Data are presented
as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (F) (i) Wound-healing assays in Caveolin-1-overexpressing
RPE cells. (ii). Transwell invasion assays in Caveolin-1-overexpressing RPE cells. (G) (i) The rate of cell migration in different groups was
measured at different time points. Note that cell migration was decreased in Caveolin-1-overexpressing RPE cells. (ii) The mean number
of invaded cells was assessed in 5 fields. Note that cell invasion was decreased in Caveolin-1-overexpressing RPE cells. Data are presented
as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, *** indicates a p value < 0.001, n=3.
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evaluation of the senescent state than using SA-β-gal
positive staining alone. Importantly, HMGB1 is
regarded as a central mediator of senescent phenotypes
[25]. After identification by proteomic MS-based
measurement, we detected HMGB1 expression and
localization in A2E-treated RPE cells and confirmed
that the protein was upregulated and released from the
nucleus into the cytoplasm. This is consistent with the
findings of CoCl2-induced hypoxia and senescent
human and mouse cells in culture and in vivo [25, 26].
GA, extracted from the root of G.glabra was recently
found to suppress HMGB1-induced injury by binding
directly HMGB1. Furthermore, the effect of GA was
demonstrated against photo-aging in skin, which
indicated the potential role of GA against aging [27].
GA can inhibit the release of HMGB1. Alleviated A2E
induced cell senescence confirmed the important role of
HMGB1 in cell senescence.

Another RPE cell age-related protein detected in our
study is Caveolin-1, which is the main component of the
caveolae found in most cell types and is involved in the
regulation of many cellular processes, such as mitochondrial function, proliferation, migration and
senescence [28]. Senescence is strongly associated with
decreased responses to growth factors that interact with
Caveolin-1 via caveolae [29], and it has been reported
that Caveolin-1 plays a major role in both replicative
senescence and stress-induced premature senescence
[15]. Our results showed that HMGB1 upregulation and
release enhanced expression of Caveolin-1, suggesting
that both HMGB1 and Caveolin-1 had a synergistic
effect on RPE cell senescence. Caveolin-1 and
translocation of HMGB1 significantly and consistently
suppress cancer cell migration and invasion, with little
effect on cell viability [30]. HMGB1 binding to RAGE
up-regulates Caveolin-1 expression during macrophage

Figure 5. Blue light exposure of A2E-treated ARPE-19 cells increased HMGB1 and Caveolin-1 expression. (A) Western blot

assay for HMGB1 and Caveolin-1 in RPE cells treated with a concentration gradient of A2E with or without blue light, quantified by
densitometry, and the results are expressed as a ratio with β-actin. Data are presented as means ± SD; * indicates a p value < 0.05, **
indicates a p value < 0.01, n=3. (B) Representative microscopic images of β-galactosidase staining in RPE cells with various concentrations
of A2E. Quantification of percentage of cells with positive SA-β-gal staining.Data are presented as means ± SD; * indicates a p
value < 0.05, ** indicates a p value < 0.01, n=3. (C) The release of HMGB1 induced by A2E treatment were detected by ELISA assays.
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necroptosis [31]. Therefore, it is worth studying this
synergistic effect in RPE cells.
Although interaction between HMGB1 with Caveolin-1
was indicated by the STRING program, there is no
evidence to date for this in RPE cells. Furthermore,
research on the pathophysiology of pre-eclampsia (PE),
hypoxic trophoblasts displayed higher intracellular
HMGB1 protein levels which could increase TLR4 and
Caveolin-1 [14]. However, Shang et al. suggested that
RAGE mediated HMGB1-induced Caveolin-1 phosphorylation but did not raise the expression level; Lin et al.
showed that Caveolin-1 phosphorylation, which
promotes HMGB1 release, regulates endothelial cell
apoptosis [32, 33]. Therefore, it is also worth addressing
how HMGB1 interacts with Caveolin-1.

Upregulation of Caveolin-1 inhibits cell proliferation by
suppressing receptor tyrosine kinase activities. In
contrast, Caveolin-1 causes an enlarged and flattened
shape in senescent cells via upregulation of Rb family
and focal adhesion proteins [34]. Furthermore, the
senescent phenotype can be reversed by downregulation
of Caveolin-1, which suggests that it is a major switch
in cellular senescence [35]. Our results demonstrate that
cell aging reduces migration and invasion, which was
consistent with previous reports [36], and that Zo-1 and
β-catenin are upregulated, despite the results of other
studies indicating that all tight junction proteins
increased [37]. The upregulation of Zo-1 may be
associated with activation of Src tyrosine kinases and
matrix metalloproteinases (MMPs), which can be
negatively regulated by the scaffolding domain of

Figure 6. Glycyrrhizic acid alleviated A2E induced cell senescence. (A) An MTT assay was performed on RPE cells treated with

different concentrations of GA. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (B)The
release of HMGB1 induced by different concentrations of A2E+BL with or without 100μM GA were detected by ELISA assays. Data are
presented as means ± SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3. (C) Representative microscopic images of βgalactosidase staining in RPE cells induced by different concentrations of A2E+BL with or without 100μM GA. (D) Quantification of
percentage of cells with positive SA-β-gal staining. Data are presented as means ± SD; * indicates a p value < 0.05, ** indicates a p
value < 0.01, n=3. (E) Proposed schematic model for strategies for HMGB1 inhibition in response to A2E treatment.
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Caveolin-1[38, 39]. For example, Hardyman et al.
found that a Src kinase inhibitor was able to rescue
structural destruction of the epithelial cell barrier [40],
and Vermeer reported that activation of MMP-9
decreased expression of Claudin-1 and Occludin [41].
In addition, upregulating Caveolin-1 rescued expression
of tight junction proteins under hyperoxic conditions
[37]. Nonetheless, β-catenin is not only a type of tight
junction protein but is also a key link for the Wnt
pathway, which is related to cell proliferation. Galbiati
et al. suggested both Caveolin-1 and β-catenin levels
increased and decreased in parallel and Caveolin-1
inhibited Wnt-1 signaling [42]. Kook et al. showed that
quercetin could protect RPE cells from oxidative
damage and cellular senescence via decreasing the
expression of Caveolin-1 [43].
Although our expected results were that expression of
Caveolin-1 would increase with increasing concentrations of A2E, it exhibited a tendency of first increasing
up to 10 μM A2E and then decreasing above 10 μM
A2E. However, there is no relevant research on changes
in Caveolin-1 expression during RPE aging. These
results may be due to the following reasons. First, we
found that cell growth began to decline and that cell
morphology began to change under high concentrations
of A2E (Figure 5B). Yu et al. confirmed that Caveolin-1
deficiency induces premature senescence, with mitochondrial dysfunction, in human diploid fibroblasts
[44]. Second, we surmised that cumulative feedback
inhibition of Caveolin-1 may be associated with RPE
cell senescence because upregulation of Caveolin-1
inhibits cellular levels of nitric oxide (NO) by regulating
NO synthase activity [45]. Regardless, the mechanism
responsible for these changes remains to be determined.
In summary, upregulation of HMGB1 and Caveolin-1
caused RPE cell senescence and suppressed migration
and invasion, and β-catenin and Zo-1 accumulation was
enhanced by A2E in RPE cells. In particular, the results
showed a change in expression of HMGB1 and
Caveolin-1, which suggests that they are prime gatekeepers in RPE cell senescence. The above results
indicate that stabilizing expression of HMGB1 and
Caveolin-1 is a potential therapeutic target to prevent
the progression of RPE cell senescence.

MATERIALS AND METHODS
Cell culture
iPSC-derived RPE cell lines were created from healthy
individuals, as described inYang et al. and Lin et al. [6,
46]. In short, lentiviral vectors were used to transduce
fibroblasts into iPS cell lines with OCT4, SOC2, KLF4,
and MYC, which were cultured in human embryonic
www.aging-us.com
www.aging-us.com

4332
118

stem cell medium with 10 mM basic fibroblast growth
factor (FGF).IPS cell lines wereco-cultured with
mitomycin-C-treated stromal cells from the PA6 line
and were further incubated in differentiation medium under 5% CO2 at 37°C. Differentiation medium contained human embryonic stem cell medium
(HUESM)–bFGF with 10 nm Nicotinamide (from d 0 to
20) and 20 ng/ml Activin A (from day 20 to 40).The
first two generations of cells were plated onto 12-well
dishes with feeder cells to induce RPE differentiation.
After 6 weeks, pigmented colonies were re-plated on
Matrigel-coated plates in RPE culture medium.ARPE19was purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured
in complete Dulbecco's modified Eagle's medium F-12
nutrient mixture (DMEM F12, Gibco Life Technology,
China) containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (100 unit penicillin/100 μg
streptomycin per mL) (Invitrogen, USA) at 37°C with
5% CO2. All cells were cultured in a humidified 5% CO2
atmosphere at 37°C and passaged every 5 to 7 days.
Proteomic MS-based measurements
The process described in Yang et al. and Lin et al. [6, 46]
consisted of three steps. (1) The third passage of iPSCderived RPE cell lines were treated with and without
A2E. Three biological replicates were prepared
representing three separate cultures derived from each
cell line and were also performed separately for A2Etreated samples. (2) Proteins were extracted from each
cell line, reduced and alkylated before tryptic digestion,
and RapiGest was cleaved with acid. The resulting
peptides were analysed using a Synapt G2 quadrupoletime-of-flight mass spectrometer (Waters Corp.) with
MSE data-independent scanning. (3) Initial data were
processed using ProteinLynx Global Server (Version 2.5
RC9, Waters Corp.). Further analysis was performed
with TransOmics software (Waters Corp.) and the NCBI
database of human sequences.
Lentivirus-mediated transduction
For overexpression and knock-down of human HMGB1
and Caveolin-1, lentiviruses were purchased from
Genechem (Shanghai, China). For infection of ARPE19 cells, we used 5μM polybrene, and the medium was
changed after 11 h. To acquire stable clones, 2μM
puromycin (Solarbio, China) was added to the culture
medium, and the medium was replaced every 3 days
with fresh puromycin-containing medium until resistant
colonies were identified.
Drug treatment
A2E was purchased from Gene And Cell Technologies
(310 Georgia St,Vallejo CA, 94590,USA), dissolved in
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dimethyl sulfoxide (DMSO) at a concentration of
25 mM and stored at −80°C in the dark as a stock
solution. ARPE-19 cells were incubated with different
concentrations of A2E in culture medium without FBS
for 48 h. After A2E loading, RPE cells were exposed to
470 ± 20 nm light at 2000±500 lx (Yingze, Tianjin) for
10 min, as described previously [47]; the cells were then
returned to complete medium and incubated for 24 h.
GA was purchased from MCE, ARPE-19 cells were
pretreated with GA for 2h, then the cell culture medium
was replaced with medium containing A2E and GA for
48h. Mammalian recombinant HMGB1 (rHMGB1)
protein was purchased from Sigma–Aldrich, ARPE-19
cells were treated with rHMGB1 for 24h.
Cell viability assays
Cytotoxicity was assessed using the MTT assay. After
treatment with different concentrations of A2E/Blue
light, 20 μL MTT labelling reagent (Solarbio, China)
was added to 200 μL medium in each well. After 4h of
incubation at 37°C, the labelling reagent was replaced
with 200 μL DMSO, and the sample was shaken for 15
min to dissolve the crystals. Optical density (OD) was
measured at 490 nm using a Full Wavelength
Microplate Reader (Infinite 200 PRO, TECAN).
FDA/PI staining was also performed.
Quantitative real-time PCR
Expression of tight junction genes, Claudin-1, Claudin3, Zo-1, Occludin, N-cadherin, β-catenin, and HMGB1,
Caveolin-1, was analysed by RT-PCR. Each gene
expression value was normalized to the endogenous
control glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). RNA was extracted from cells in 6-well
plates using 1mL of Trizol® (Invitrogen，USA) and resuspended in 20μL diethyl pyrocarbonate (DEPC)treated water. The total RNA concentration was
determined using a Nanodrop 2000 (Thermo Scientific).
Total RNA (1 μg) was used for reverse transcription

with a retroscript kit (Revert Aid First Strand cDNA
Synthesis Kit, Thermo Scientific), and real-time PCR
was performed using a 7900HT Fast Real-Time PCR
system (Applied Biosystems, USA). For quantification,
the relative expression of different gene transcripts was
calculated with the ΔΔCt method. The Ct of any gene of
interest was normalized to the Ct of GAPDH. Fold
changes were determined as 2 − ΔΔCt. All reactions were
performed 3 times. Primer information is provided in
Table 2.
Western blot analysis
ARPE-19 cells were collected in RIPA buffer (Solarbio,
China) with protease inhibitors (Thermo Fisher
Scientific). Protein concentrations were measured using
a bicinchoninic acid (BCA) assay kit (Solarbio, China)
A total of 20 or 40 μg of protein was loaded per lane,
separated by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to
Immobilon-FL polyvinylidene difluoride (PVDF)
membranes. Subsequently, the membranes were
blocked in 10% bovine serum albumin (BSA, BD
Biosciences) in phosphate-buffered saline with Tween
20 (PBST) for 1.5 h at room temperature and incubated
overnight at 4°C with primary antibodies against
TLR2(1:1000, Rabbit, Abcam), TLR4(1:2000, Mouse,
Proteintech),
RAGE(1:1000,
Rabbit,
Abcam),
Tublin(1:1000, Mouse, Proteintech), β-actin (1:1000,
Mouse, Abcam), Caveolin-1 (1:10000, Rabbit,
Abcam), HMGB1 (1:1000, Mouse, Abcam), Zo-1
(1:1000, Rabbit, Proteintech), or β-catenin (1:5000,
Rabbit, Abcam). After washing 3 times, the
membranes were incubated for 2 h in the dark at room
temperature with horseradish peroxidase (HRP)conjugated secondary antibodies diluted 1:3000 in
PBST. The membranes were washed in PBST 3 times
before visualizing using Immobilon Western
Chemiluminescent HRP Substrate (MILLIPORE,
USA). Blots shown are representative of at least three
biological repeats for each experiment. Every immuno-

Table 2. Primers used for quantitative RT-PCR.
GAPDH
HMGB1
Caveolin-1
Zo-1
β-catenin
Claudin-1
Claudin-3
Occludin
N-cadherin
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Forward（
（5’to 3’）
）
TGTGGGCATCAATGGATTTGG
GAGAGGCAAAATGTCATCAT
CGGGAACAGGGCAACATCTAC
AAGGAAGGCTTAGAGGAAGGTGA
CCTGAGGAAGAGGATGTGGATAC
CTGGGAGGTGCCCTACTTTG
ACGCGAGAAGAAGTACACGG
AGGTTCCATCCGAAGCAGG
CCTTTCAAACACAGCCACGG
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Reverse（
（5’to 3’）
）
ACACCATGTATTCCGGGTCAAT
GGGATCCTTGAACTTCTTTT
CTTCTGGTTCCGCAATCACATC
GTCCATAGGGAGATTCCTTTTCA
CATTTAGCAGTTTTGTCAGTTCAGG
ACACGTAGTCTTTCCCGCTG
GTAGTCCTTGCGGTCGTAGC
GTGTAGGTGTGGTGTGTCGG
TGTTTGGGTCGGTCTGGATG
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reactive band was detected using the ECL detection
system (UVP, USA), and densitometric values were
quantitated using ImageJ software (version 1.45). The
relative expression of each immunoreactive band was
normalized to that of β-actin.
Immunofluorescence and confocal microscopy
ARPE-19 cells in a 24-well cell culture plate were fixed
with 4% paraformaldehyde (PFA) for 20 min and then
permeabilized in 0.1% Triton X-100 in PBS for 20 min
at room temperature. After being blocked with10% goat
serum in PBS for 1.5 h, the samples were incubated
with the primary antibodies described above at 4°C
overnight. Coverslips were washed with PBST 3 times
and incubated with Alexa Fluor 488-conjugated (1:500;
ThermoFisher) and Alexa Fluor 594-conjugated (1:500;
ThermoFisher) secondary antibodies diluted in PBST at
room temperature in the dark for 1 h. Coverslips were
washed 3 times and stained with 4′,6-diamidino-2phenylindole (DAPI) for 3-5 min and then imaged by
confocal microscopy (Zeiss).
Migration assays
For the wound-healing assay, cells were transfected
with Caveolin-1 for 24 h and then cultured in 6-well
plates. When reaching 80% confluence, we used a
sterilized pipette to scratch the cell monolayer. After
washing three times with PBS, the cells were cultured in
medium without FBS. Images shown are from three
time points, 0, 12 and 24h, and demonstrate wound
closure, which was measured using ImageJ. For
transwell assays, cells were transfected with Caveolin-1
for 24 h, trypsinized and counted; 1 × 105 cells in
medium without FBS were placed in the top chamber of
a Transwell device (24-well insert; 8 μm, pore size;
Corning Incorporated). Medium with 20% FBS was
used as a chemical attractant in the lower chamber.
After incubation at 37°C for 24 h, the membranes were
fixed with 4% PFA for 30 min and stained. Cells
migrated to the lower side of the membranes were
counted using an inverted microscope.
ELISA assays
The amount of HMGB1 in cell culture medium was
assessed using the HMGB1 ELISA kit (Mlbio, China).

All figures are representative of at least 3 separate
experiments. All quantitative data were analysed with
SPSS (Version 22), and the results are expressed as the
mean ± SEM, with p< 0.05 considered statistically
significant. Differences between groups were assessed
using either an independent t-test or one-way analysis of
variance (ANOVA) with Tukey's post hoc or Dunnett's
tests.
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ABSTRACT
Emblica officinalis Gaetrn (i.e., Phyllanthus emblica/ Indian gooseberry/ Amla) (EO) has been used extensively
as a nutraceutical in several diseases since it is known to boost immunity and offers numerous health benefits
such as antioxidant, anti‐inflammatory, and anti‐aging effects. The goal of our study was to test the hypothesis
that EO will rescue human AMD RPE transmitochondrial cells from mitochondria‐induced cellular damage. AMD
RPE transmitochondrial cell lines were created by fusing mitochondria DNA‐deficient APRE‐19 (Rho0) cells with
platelets isolated from AMD patients, and therefore had identical nuclei but differed in mitochondrial DNA
content. These AMD RPE cells were treated with EO extract followed by characterization of effects of EO using
cellular and molecular assays. Herein, EO significantly improved live cell number and mitochondrial membrane
potential, reduced apoptosis and oxidative stress, down‐regulated VEGF, and up‐regulated PGC‐1α. In
conclusion, EO improved cellular and mitochondrial health, thereby playing a key cytoprotective role in AMD in
vitro. Further studies are required to examine the mechanisms that mediate the cytoprotective effects of EO.

INTRODUCTION
Emblica officinalis Gaetrn (Phyllanthus emblica),
commonly known as Indian gooseberry or Amla, is an
edible fruit which is borne on a deciduous tree of the
same name. All parts of the Emblica officinalis (EO)
tree i.e, fruits, bark, leaves, seeds, flowers, and roots are
known to have medicinal properties. EO is native to the
tropical and subtropical regions of Southeast Asia
including India, China, Malaysia, Bangladesh, Sri
Lanka, and Mascarene Island. EO is a vital medicinal
plant in Ayurveda which is the ancient holistic system
of medicine practiced in the Indian subcontinent.
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Several health rejuvenating Ayurvedic formulations
have been prepared using EO fruit (referred to as EO
throughout the paper) as a primary ingredient [1].
Phytochemically, EO is composed of several bioactive
compounds such as flavonoids (i.e, Quercetin,
Kaempferol), phenolic compounds (i.e., gallic acid,
methyl gallate, ellagic acid, trigallayl glucose), tannins
(i.e., Emblicanin A and B, phyllaemblicin B,
punigluconin, pedunclagin, Chebulinic acid, Corilagin,
Geraniin, Ellagotannin), amino acids (i.e., glutamic
acid, aspartic acid, alanine, lysine, proline, cystine),
fatty acids (i.e., stearic acid, oleic acid, palmitic acid,
myristic acid, linolenic acid, linoleic acid), alkaloids
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(i.e., Phyllantine, Phyllembein, Phyllantidine), pectin,
citric acid, ascorbic acid (Vitamin C), cellulose, gum,
and albumin. Based on the stage of ripening, the
vitamin C content of EO varies and is the highest in ripe
EO fruits (~800 mg/100 g) compared to unripe (~560
mg/100 g) or semi-ripe (~600 mg/100g) EO fruits [2].
Due to its high Vitamin C content which on an average
is ~600 mg/100 g, EO is well-known as an immunity
boosting food. In addition to vitamin C, EO is a rich
source of antioxidants, including polyphenols, which
confer EO its free radical scavenging potential [3]. A
study by Carlson et al. revealed that EO has an antioxidant content of ~261.5 mmol/100 g which was substantially higher than numerous other plant-based foods
and supplements that were tested using the FRAP assay
in the same study [4]. Substantive evidence validates the
antioxidant and cytoprotective properties of EO in
several disease models including Alzheimer’s, diabetes,
cardiac diseases, inflammatory disorders, hepatic diseases, atherosclerosis, cancer, and pulmonary fibrosis [511].
The goal of the current study was to examine and
characterize the nutraceutical potential of EO in a
human retinal pigment epithelial (RPE) age-related
macular degeneration (AMD) transmitochondrial cybrid
cell model [12]. We hypothesized that EO will rescue
AMD RPE transmitochondrial cells from cellular and
mitochondrial damage in vitro. The results of this novel

study the cytoprotective role of EO in AMD RPE cybrid
cells in terms of increased viability and reduction in
oxidative stress and apoptosis.

RESULTS
EO concentration optimization
To determine the optimum working concentration of EO
for all experiments, we performed an initial concentration
titration experiment wherein AMD cybrids were treated
with increasing doses of EO i.e, 10, 15, 20, and 25
mg/mL of EO (Figure 1) followed by measurement of
viable cell numbers using MTT assay. Although
compared to untreated AMD cybrids (Bar 1; 1 ± 0.382
(Mean ± SEM) arbitrary unit (a.u.), n=3), 10 mg/mL EOtreated AMD cybrids (Bar 3; 1.59 ± 0.191 a.u.; n=3)
showed a 59 % higher viable cell number, the difference
was not statistically significant (p=0.2387). However,
EO-treated cybrids showed significantly improved viable
cell number at 15 mg/mL (Bar 4; 295 % increase; 3.95 ±
0.240 a.u.; p<0.001; n=3), 20 mg/mL (Bar 5; 330 %
increase; 4.30 ± 0.193 a.u.; p<0.001; n=3), and 25
mg/mL (Bar 6; 357.5 % increase; 4.575 ± 0.297 a.u.;
p<0.001; n=3) compared to their untreated counterparts.
No difference (p=0.96) in cell viability was observed
between the untreated and solvent control (Bar 2; 1.018
± 0.018 a.u.; n=3) groups. Based on these results, we
chose 25 mg/mL as the optimal working concentration
of EO for all experiments performed in this study.

Figure 1. EO concentration optimization. Bar graph showing the effects of EO on cell death in AMD RPE cybrid cells. No
difference was observed between the AMD untreated (bar 1) vs. AMD solvent control (bar 2) groups. Furthermore, no
statistically significant difference was observed between untreated (bar 1) and 10 mg/mL EO‐treated (bar 3) AMD cybrids.
Higher viable cell numbers were observed in EO‐treated AMD cybrids at concentrations of 15 mg/mL (bar 4), 20 mg/mL (bar
5), and 25 mg/mL (bar 6). *** indicates p<0.001; ns indicates non‐significant p‐value. Data are presented as mean ± SEM and
normalized to untreated AMD cybrids which were assigned a value of 1. Experiments were performed at the 24 h time‐point.
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Figure 2. Effect of EO on cell viability. When treated with 25 mg/mL EO, AMD cybrid cells showed consistently increased viable cell
numbers at 24 h (A), 48 h (B), and 72 h (C) compared to their untreated counterparts. ** indicates p<0.01. Data are presented as mean ±
SEM and normalized to untreated AMD cybrids which were assigned a value of 1.

Effect of EO on cell viability
We next examined the effects of treatment of AMD
RPE cybrids with 25 mg/mL EO over a time course i.e.,
at 24 h, 48 h, and 72 h post EO treatment (Figure 2). As
anticipated, compared to their untreated counterparts,
we observed significantly higher viable cell numbers in
EO-treated AMD cybrids at 24 h (369 % increase;
AMD untreated: 1 ± 0.166 a.u., AMD EO-treated: 4.69
± 0.571 a.u.; p=0.002; n=6) (Figure 2A), 48 h (398.1 %
increase; AMD untreated: 1 ± 0.049 a.u., AMD EOtreated: 4.981 ± 0.145 a.u.; p=0.008; n=5) (Figure 2B),
and 72 h (398.8 % increase; AMD untreated: 1 ± 0.049
a.u., AMD EO-treated: 4.988 ± 0.203 a.u.; p=0.008;
n=5) (Figure 2C), suggesting that EO is able to rescue
AMD cybrids from cell death [13].
Effect of EO on Caspase-3/7 and NucLight staining
To compare the effects of EO on Caspase-3/7 activity,
we morphologically monitored the kinetic activation of
Caspase-3/7 using IncuCyte® live-cell imaging (Figure
3). Figure 3A shows representative overlap live-cell
images of AMD RPE cybrids stained with Caspase-3/7
Green + NucLight Red reagents. The left panel
represents untreated AMD cybrids and the right panel
represents EO-treated AMD cybrids. We observed that
EO reduced the number of Overlap object count
(Yellow) (i.e., Caspase-3/7 Green + NucLight Red
staining / NucLight Red object count) at 24 h (34.8 %
decrease; AMD untreated: 1 ± 0.076 a.u., AMD EOtreated: 0.652 ± 0.032 a.u.; p=0.029; n=4) (Figure 3B)
and 48 h (22.7 % decrease; AMD untreated: 1 ± 0.032
a.u., AMD EO-treated: 0.773 ± 0.023 a.u.; p=0.001,
n=4) (Figure 3C).
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These results suggest that EO can mitigate Caspase-3/7
mediated apoptosis in AMD RPE cybrids.
Effect of EO on Caspase-3 and MT-RNR2 gene
expression
Treatment with EO led to significant downregulation of
Caspase-3 gene (60 % decrease; AMD untreated: 1 ±
0.063 a.u.; AMD EO-treated: 0.400 ± 0.112 a.u.;
p=0.008; n=5) (Figure 4A), suggesting that EO reduces
caspase-3-mediated apoptosis in AMD cybrids.
Moreover, upregulation of the mitochondria derived
peptide (MDP)-coding MT-RNR2 gene (3006 % increase; AMD untreated: 1± 0.231 a.u.; AMD EO-treated:
31.06 ± 11.93 a.u.; p=0.008; n=5) (Figure 4B) was
observed in EO-treated AMD cybrids compared to
untreated cells, suggesting higher MDP production as a
result of EO treatment.
Effect of EO on ROS assay and SOD2 gene
expression
To measure reactive oxygen species levels, we
performed ROS assay using H2DCFDA reagent.
Addition of EO to AMD cybrids reduced ROS levels at
24 h , 48 h and 72 h time points: 24 h (39.4 % decrease;
AMD untreated: 1 ± 0.082 a.u., AMD EO-treated: 0.606
± 0.023 a.u.; p=0.008, n=5) (Figure 5A), 48 h (41.1 %
decrease; AMD untreated: 1 ± 0.076 a.u., AMD EOtreated: 0.589 ± 0.011 a.u.; p=0.008, n=5) (Figure 5B),
and 72 h (43.9 % decrease; AMD untreated: 1 ± 0.166
a.u., AMD EO-treated: 0.561 ± 0.009 a.u.; p=0.008,
n=5) (Figure 5C). Furthermore, EO-treated AMD
cybrids showed upregulation of SOD2 gene compared
to their untreated counterparts (357.3 % increase; AMD
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untreated: 1 ± 0.133 a.u.; AMD EO-treated: 4.573 ±
0.533 a.u.; p=0.029; n=4) (Figure 5D). These results

suggest that EO can reduce oxidative stress in AMD
cybrids.

Figure 3. Effect of EO on Caspase‐3/7 and NucLight staining. This figure shows representative IncuCyte live‐cell
images of untreated and EO‐treated AMD cybrid cells stained with NucLight Red and Caspase‐3/7 Green reagent (A), and
quantitation graphs for Caspase‐3/7 Green and NucLight Red staining at the 24 h (B) and 48 h (C) time points. * indicates
p<0.05. Data are presented as mean ± SEM, normalized to untreated AMD cybrids, which were assigned a value of 1.

Figure 4. Effect of EO on Caspase‐3 and MT‐RNR2 gene expression. Treatment of AMD cybrids with EO reduced
the gene expression of Caspase‐3 (A) and up‐regulated MT‐RNR2 gene (B). ** indicates p<0.01. Data are presented as
mean ± SEM and normalized to untreated AMD cybrids which were assigned a value of 1.
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Figure 5. Effect of EO on ROS assay and SOD2 gene expression. Addition of EO lowered ROS levels in AMD cybrids at 24 h (A), 48 h
(B), and 72 h (C) time points. (D) shows increased expression of the antioxidant gene, SOD2, as a result of treatment with EO. ** and *
indicate p<0.01 and p<0.05 respectively. Data are presented as mean ± SEM and normalized to untreated AMD cybrids which were
assigned a value of 1.

Effect of EO on mitochondrial membrane potential
and PGC-1α gene expression
Compared to their untreated counterparts, EO-treated
AMD cybrids showed elevated mitochondrial
membrane potential at 24 h post-treatment (169.3 %
increase; AMD untreated: 1 ± 0.139 a.u., AMD EOtreated: 2.693 ± 0.246 a.u.; p=0.029, n=4) (Figure 6A).
Moreover, EO-treated AMD cybrids showed upregulation of the PGC-1α gene (1498 % increase; AMD
untreated: 1 ± 0.277 a.u.; AMD EO-treated: 15.98 ±
1.589 a.u.; p=0.029; n=4) (Figure 6B). These results
suggest that EO promotes mitochondrial health and
function in AMD cybrids.
Effect of EO on VEGF gene expression and on cell
viability and ROS levels in amyloid-β-stressed AMD
cells
Since VEGF has been implicated in the etiology of
AMD, we next sought to compare VEGF gene expression between untreated and EO-treated AMD cybrids.
We observed significant downregulation of VEGF gene
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in EO-treated AMD cybrids compared to untreated
cybrids (64.7 % decrease; AMD untreated: 1 ± 0.066
a.u.; AMD EO-treated: 0.353 ± 0.132 a.u.; p=0.029;
n=4) (Figure 7A).
As amyloid-β is a component of drusen deposits formed
in AMD, it is also important to determine the effect of
EO treatment on amyloid-β-induced damage in AMD
cybrids. Our previous studies have established that
exogenously added amyloid-β1-42 (active form) peptides
stressed AMD RPE cybrid cells. [13-14] Therefore, we
analyzed the effects of EO against amyloid-β-induced
damage in AMD cybrids using amyloid-β1-42 (active
form) and amyloid-β42-1 (inactive scrambled control)
peptides. Pretreatment with EO preserved the viable cell
number and reduced ROS levels in amyloid-β1-42-treated
AMD cybrids. In terms of cell viability (Figure 7B),
there was a 263.36 % increase in viable cell number in
EO + amyloid-β1-42 treated versus amyloid-β1-42 alonetreated AMD cybrids (AMD amyloid-β1-42: 0.625 ±
0.039 a.u.; AMD EO + amyloid-β1-42: 2.271 ± 0.258;
p<0.001; n=4) (Figure 7B – bar 2 vs. bar 5). No difference in cell viability was observed between untreated
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and amyloid-β42-1(scrambled control)-treated (0.927 ±
0.054; p=0.364; n=4) AMD cybrids. AMD cybrids
treated with EO-alone (4.213 ± 0.242, n=4) served as
one of the controls. Furthermore, as shown in Figure
7C, pretreatment with EO reduced ROS levels by
74.1 % in EO + amyloid-β1-42 treated versus amyloid-β142 alone-treated AMD cells (AMD amyloid-β1-42: 1.193
± 0.025 a.u.; AMD EO + amyloid-β1-42: 0.309 ± 0.028

a.u.; p<0.001; n=3) (Figure 7C – bar 2 vs. bar 5). No
difference in ROS levels was observed between
untreated and amyloid-β42-1(scrambled control)-treated
(1.047 ± 0.112; p=0.723; n=3) AMD cybrids. EO-alonetreated AMD cybrids (0.316 ± 0.015, n=3) served as
one of the controls. These results suggest that EO can
rescue AMD RPE cybrid cells from cellular stress
induced by amyloid-β in vitro.

Figure 6. Effect of EO on mitochondrial membrane potential and PGC‐1α gene expression. This figure shows increased
mitochondrial membrane potential in EO‐treated AMD RPE cells (A), and increased PGC‐1α gene expression in EO‐treated AMD cybrids
(B). * indicates p<0.05. Data are presented as mean ± SEM and normalized to untreated AMD cybrids which were assigned a value of 1.

Figure 7. Effect of EO on VEGF gene expression, and on cell viability and ROS levels in amyloid‐β‐stressed AMD cells. This
figure showed down‐regulation of VEGF gene in EO‐treated AMD cybrids (A). Pretreatment with EO rescued AMD cybrids from amyloid‐β‐
induced damage as shown by changes in cell viability (B) (bar 2 versus bar 5) and ROS levels (C) (bar 2 versus bar 5). *, **, and ***
indicate p<0.05, p<0.01, and p<0.001 respectively; ns indicates non‐significant p‐value. Data are presented as mean ± SEM and
normalized to untreated AMD cybrids which were assigned a value of 1.
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DISCUSSION
In the present study, we report the protective role of
Emblica officinalis in rescuing human AMD RPE
cybrid cells from damage. Herein, we analyzed the
effects of exogenously added EO on the viable cell
numbers, ROS levels, mitochondrial membrane potential, gene expression of Caspase-3, SOD2, PGC-1α,
MT-RNR2, and VEGF, and against amyloid-β-induced
toxicity in AMD RPE transmitochondrial cybrid cell
lines in vitro.
We began our EO study by testing a varying range of
concentrations of EO i.e., 10, 15, 20, and 25 mg/mL in
AMD RPE cybrids in vitro and chose EO concentration
of 25 mg/mL as the final optimal working concentration
for all experiments. To our knowledge, this is the first
study investigating the effects of EO on RPE cybrids
containing damaged AMD mitochondria [13]. According to previous literature, varying doses of EO fruit
extract are administered depending on the species, the
model system, and nature of the study. For instance,
Rao et al. found clinically relevant concentrations at 1–
100 µg/ml of EO fruit extract to be effective in human
umbilical vein endothelial cells (HUVEC) in vitro [15].
Yamamoto et al. demonstrated that treatment with 100200 µg/ mL EO was effective in C2C12 myoblasts, a
skeletal muscle cell line, in vitro [16]. However, in vivo
and human studies required higher concentrations of EO
fruit extract. For example, Lim et al. showed administration of 300 mg/kg EO to Sprague-Dawley (SD) rats
was effective [17]. In diabetic studies, human subjects
were given oral concentrations of EO at 1 g/mL, 2
g/mL, and 3 g/mL in water [6].
We next characterized the cytoprotective role of EO in
AMD cybrids. Comparison of cell viability between
untreated and EO-treated AMD cybrids demonstrated
consistently higher viable cell numbers in EO-treated
AMD cybrids at 24 h, 48 h and 72 h post EO-treatment.
Our observations were consistent with previous studies
that have highlighted the cytoprotective role of EO. For
example, EO at a concentration of 500 mg/kg significantly increased cell viability, thereby rescuing
splenocytes from arsenic-induced cell damage in mice
[18]. Another recent finding revealed attenuation of tBHP-induced cytotoxicity by pretreatment with EO for
48 h in a murine skeletal muscle cell line [16]. EO was
shown to inhibit chromium-induced toxicity by
enhancing percent cell survival and cell proliferation in
an in vitro murine macrophage model [19]. In addition,
EO prevented apoptotic cell death and enhanced cell
proliferation in lymphocytes isolated from SpragueDawley rats [20]. Another study demonstrated the role
of EO as a cytoprotectant in vivo [21].
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It has been established previously that AMD RPE
transmitochondrial cybrid cells are damaged due to
diseased AMD mitochondria and undergo apoptotic cell
death [13-14]. Therefore, to examine the effects of EO
on apoptosis markers, we next examined the effects of
EO administration on Caspase-3/7 activity using
IncuCyte® live-cell imaging system and reagents. The
NucLight reagent (Red) stains nuclei in live cells and
the Caspase-3/7 reagent (Green) enables real-time
quantification of cells undergoing caspase-3/7 mediated
apoptosis. Our data revealed that EO-treated AMD
cybrids had reduced Caspase-3/7 activity compared to
their untreated counterparts. Moreover, AMD cybrids
treated with EO had reduced expression levels of
Caspase-3 gene compared to untreated AMD cybrids.
To our knowledge, this is the first study to report such
EO effects in human AMD cybrids. However, addition
of EO has been reported to decrease caspase-3 activity
and to protect against arsenic-induced toxicity in
thymocytes of mice [22]. Another study reported that
co-treatment with EO reduced caspase-3 activity in
splenocytes in vitro [18]. The same study used Annexin
V/PI binding experiment to demonstrate that cotreatment with EO reduced the number of apoptotic and
necrotic cells [18].
Enhanced production of reactive oxygen species (ROS)
is associated with damaged mitochondria and deterioration of mitochondrial health and function [23]. AMD
RPE transmitochondrial cybrid cells used in this study
have higher levels of mitochondrial ROS compared to
normal RPE transmitochondrial cells [13]. In the current
study, we used H2DCFDA, a chemically reduced form
of fluorescein, as an indicator of ROS in AMD cybrids
and observed that EO induces a consistent ROSreducing effect in AMD cybrids at 24 h, 48 h, and 72 h
post treatment. This finding is critical since elevated
ROS levels have been implicated in the pathogenesis of
numerous aging-related diseases [24-26] including
retinal diseases such as AMD, diabetic retinopathy,
glaucoma, etc. [27]. Quantitative RT-PCR analyses
revealed that treatment with EO increased the transcript
levels of SOD2, the mitochondrial superoxide dismutase
which plays an antioxidant role in preserving cellular
health in AMD. [28] This is a key finding since SOD2
deficiency contributes to oxidative damage in RPE and
development of AMD pathogenesis [29]. Our current
results are consistent with previous studies that have
highlighted the crucial role of EO as a potential
antioxidant [4,30-31] in combating oxidative stress in
aging-related diseases/disorders such as diabetes, renal
dysfunction, hyperlipidaemia, etc. [32-34]. Elevated
ROS levels can cause VEGF (Vascular Endothelial
Growth Factor) activation thereby triggering angiogenesis and subsequent choroidal neovascularization in
wet AMD [35-36]. In our previous studies, we found
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significant up-regulation of VEGF gene in AMD RPE
transmitochondrial cybrid cells compared to agematched normal RPE transmitochondrial cybrid cells
(Data not shown). Interestingly, in the present study,
EO decreased the VEGF gene levels in AMD cybrids,
suggesting that EO might help in reducing VEGFinduced neovascularization in AMD. This data is
consistent with reports by Lu et al. wherein an EO preparation inhibited VEGF-induced angiogenesis via
suppression of VEGF receptor activity [37].
Using the JC-1 dye, we compared the mitochondrial
membrane potential (ΔΨm) between untreated and EOtreated AMD cybrids, and found significantly higher
ΔΨm in EO-treated AMD cybrids. Therefore, EO can
enhance the oxidative redox state of AMD cybrids,
contributing to preservation of mitochondrial integrity
and function in AMD cybrids. Our data were in
agreement with recent studies showing that EO
positively contributes to mitochondrial health by
enhancing the spare respiratory capacity [16]. QRTPCR analyses demonstrated that EO-treated AMD
cybrids had significant upregulation of PGC-1α
(peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) gene compared to untreated AMD
cybrids. PGC-1α is an important regulator of mitochondrial biogenesis and its downregulation contributes
to AMD pathology [38]. Moreover, PGC-1α drives
human RPE mitochondrial function and induces
antioxidant capacity [39].
Drusen deposit formation under the retina is a
characteristic feature in AMD [40]. Amyloid-β is a
common protein found in retinal drusen deposits [4142] and in the brains of patients with Alzheimer’s
disease [43-44]. Therefore, we tested the effects of EO
on amyloid-β-induced toxicity. The AMD cybrids were
pretreated with EO followed by exposure to amyloid-β
peptides. The EO pretreatment rescued AMD cybrids
from amyloid-β-induced cellular damage as demonstrated by higher cell viability and lower ROS levels.
Similar results were observed in an in vivo model of
Alzheimer’s disease wherein oral administration of EO
attenuated amyloid-induced toxicity [5].
To speculate a mechanism by which EO mediates its
protective action in AMD cybrids, we measured the
expression of MT-RNR2 gene using TaqMan probes.
Significant up-regulation of the MDP-coding MT-RNR2
gene was observed in EO-treated AMD cybrids
compared to the untreated cells. Since MDPs have been
assigned a cytoprotective role in AMD [13-14] and
other age-related diseases [45], EO-mediated cytoprotection in the AMD cybrids may be partly attributed to
higher expression of the MT-RNR2 gene. Another
plausible mechanism by which EO confers its protective
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effects in AMD cybrids could be via aldose reductase
inhibition. It is known that tannins, which are one of the
components of EO, possess aldose reductase inhibitor
activity [46]. Aldose reductase, an enzyme involved in
glucose metabolism, has been associated with the
pathogenesis of retinal diseases including diabetic
retinopathy and cataract [47-50]. Chang et al. demonstrated that overexpression of aldose reductase is
associated with activation of retinal microglia in mice.
Since retinal microglia are immune cells that mediate
inflammatory responses in the eye, their activation
causes secretion of pro-inflammatory cytokines thereby
contributing to the pathogenesis of eye diseases.
However, suppression of aldose reductase prevents
retinal microglia activation and migration, subsequently
preventing ocular inflammation and disease development [51].
In conclusion, treatment with purified EO extract
preserves mitochondrial and cellular health and
function in human AMD RPE cybrids, implying that
EO mitigates aging-related damage in AMD. Since EO
extract is an over-the-counter nutraceutical and is
available in both liquid and capsule forms for easy
consumption, it might serve as an effective, inexpensive, and non-invasive therapeutic option for treatment
of AMD. Further studies are required to fully understand the precise mechanisms that orchestrate the
protective events post EO treatment in AMD cells.

MATERIALS AND METHODS
Human Subjects
The Institutional review board of the University of
California Irvine approved research with human
subjects (Approval #2003–3131). All participating
subjects provided informed consent and clinical
investigations were performed according to the tenets of
Declaration of Helsinki.
Cell culture
Human AMD RPE transmitochondrial cells were
created by fusing mitochondria DNA-deficient APRE19 (Rho0) cells with platelets isolated from AMD
patient’s blood as described previously. [13] Passage 5
cells were used for all experiments (n=3-6).
Treatment with Emblica Officinalis (EO)
Purified EO extract was obtained and used at a
concentration of 25 mg/mL for all experiments. DMSO
was used as an initial solvent. EO was subsequently
dissolved in culture media for cell treatment.
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Cell viability assay (MTT assay)
The numbers of viable cells were measured using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Cat.# 30006, Biotium, Fremont,
CA). Cells were plated in 96-well tissue culture plates
and treated with 25 mg/mL EO for 24 h and 48 h. Cells
were incubated with MTT reagent at 37 °C for 1 h,
followed by addition of DMSO. Signal absorbance was
measured at 570 nm and background absorbance was
measured at 630 nm. Normalized absorbance values
were obtained by subtracting background absorbance
from signal absorbance. The colorimetric signal obtained was proportional to the cell number.
IncuCyte Live-cell imaging
The IncuCyte NucLight Rapid Red Reagent (Cat.#
4717, IncuCyte, Ann Arbor, MI) is a cell permeable
DNA stain that specifically stains nuclei in live cells
and enables real-time quantification of cell proliferation.
The IncuCyte Caspase-3/7 Green Apoptosis Reagent
(Cat.# 4440, IncuCyte) couples the activated Caspase3/7 recognition motif (DEVD) to a DNA intercalating
dye and enables real-time quantification of cells
undergoing caspase-3/7 mediated apoptosis. This
reagent is an inert, non-fluorescent substrate which
when added to culture medium, crosses the cell
membrane where it is cleaved by activated caspase-3/7
resulting in the release of the DNA dye and fluorescent
staining of the nuclear DNA.
Cells were seeded in 96-well plates at a density of 5000
– 10,000 cells/well, treated with EO, followed by
staining with IncuCyte® NucLight Rapid Red (1:500)
and Caspase-3/7 Green (1:1000) labeling reagents.
Stained cell plates were placed into the IncuCyte® livecell analysis system and allowed to warm to 37 °C for
30 min prior to scanning. Phase Contrast, Green, and
Red channels were selected, 5 images were taken per
well with an average scan interval of ~2 h until the
experiment was complete. Fluorescent objects were
quantified using the IncuCyte® integrated analysis
software that minimizes background fluorescence.
Reactive Oxygen Species (ROS) assay
To quantitate ROS levels, the cell-permeant H2DCFDA
(2', 7’-dichlorodihydrofluorescein diacetate) was used
as an indicator for ROS in cells. Stock solution of 5mM
H2DCFDA was prepared in DMSO. Stock solution was
then diluted in DPBS to obtain a working concentration
of 10 µM. Cells were plated in 96-well tissue culture
plates followed by treatment with 25 mg/mL EO. 10
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µM H2DCFDA solution was added to cells and
incubated for 30 min at 37 °C. H2DCFDA was then
replaced with DPBS. Fluorescence which was measured
at excitation 4924 nm and emission 520 nm was proportional to ROS levels in cells.
Mitochondrial membrane potential (JC-1) assay
The JC-1 assay (Cat.# 30001-T, Biotium) uses a unique
cationic dye i.e., 5,5’,6,6’-tetrachloro-1,1’,3,3’- tetraethylbenzimidazolylcarbocyanine iodide, to detect loss
of mitochondrial membrane potential. JC-1 1X reagent
was prepared by diluting 100X JC-1 reagent in assay
buffer to 1:100 dilutions. Cells were plated in 24-well
tissue culture plates followed by treatment with 25
mg/mL EO. 1X JC-1 reagent was added to cells and
incubated for 15 min at 37 °C. JC-1 reagent in the wells
was then replaced with DPBS and fluorescence was
measured as follows: Red fluorescence (Live cells):
Excitation 550 nm and Emission 600 nm; Green
fluorescence (Apoptotic cells): Excitation 485 nm and
Emission 535 nm. Ratio of Red/Green was used for
analysis. Lower ratio corresponded to higher apoptotic/
dead cell number.
Quantitative Real-Time PCR
RNA extraction, cDNA synthesis, and qRT-PCR
analysis from EO-treated AMD cybrids were performed
as described previously. [14] QuantiTect Primer Assays
were used to study the expression of Caspase-3 gene
(Cat. # QT00023947, Qiagen, Germantown, MD), and
SOD2 gene (Cat. # QT01008693, Qiagen). KiCqStart®
SYBR® green primers were used to examine the
expression of PGC-1α and VEGF genes (Cat. #
kspq12012, Sigma, St. Louis, MO). Specific housekeeper genes used were HPRT1 (Cat. # QT00059066,
Qiagen) and HMBS (Cat. # QT00014462). TaqMan
gene expression master mix (Cat. # 4369016, Life
Technologies) and TaqMan gene expression assays
were used to examine the expression of the MT-RNR2
gene (Assay ID: Hs02596860_s1, Life Technologies),
for which GAPDH (Assay ID: Hs02786624_g1, Life
Technologies) was used as a housekeeper gene. Data
analysis was performed using ∆∆Ct method which was
calculated by subtracting ∆Ct of the AMD group from
∆Ct of the normal group. ∆Ct was the difference
between the Cts (threshold cycles) of the target gene
and Cts of the housekeeper gene (reference gene). Fold
change was calculated using the following formula:
Fold change = 2ΔΔCt.
Statistical analysis
Non-parametric Mann-Whitney test (for 2 groups) or
one-way ANOVA (for 3 or more groups) followed by
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post-hoc Tukey–Kramer test (GraphPad Prism 5.0;
GraphPad Software, CA, USA) were performed to
analyze data between groups. P values < 0.05 were
considered statistically significant.
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ABSTRACT
Macular corneal dystrophy (MCD) is an autosomal recessive disease featured by bilateral progressive stromal
clouding and loss of vision, consequently necessitating corneal transplantation. Variants in CHST6 gene have
been recognized as the most critical genetic components in MCD. Although many CHST6 variants have been
described until now, the detailed mechanisms underlying MCD are still far from understood. In this study, we
integrated all the reported CHST6 variants described in 408 MCD cases, and performed a comprehensive
evaluation to better illustrate the causality of these variants. The results showed that majority of these variants
(165 out of 181) could be classified as pathogenic or likely pathogenic. Interestingly, we also identified several
disease causal variants with ethnic specificity. In addition, the results underscored the strong correlation
between mutant frequency and residue conservation in the general population (Spearman’s correlation
coefficient = ‐0.311, P = 1.20E‐05), thus providing potential candidate targets for further genetic manipulation.
The current study highlighted the demand of further functional investigations to evaluate the causality of
CHST6 variants, so as to promote earlier accurate diagnosis of MCD and future development of potential
targets for genetic therapy.

INTRODUCTION
Macular corneal dystrophy (MCD; OMIM 217800) is
an autosomal recessive disease featured by bilateral
progressive stromal clouding and loss of vision, finally
necessitating corneal transplantation [1, 2]. Cases of
MCD have been recognized worldwide, while it is
found to have high prevalence in India, Saudi Arabia,
and Iceland [3]. The clinical symptoms usually manifest
in the first decade of life, presented by a diffuse central
stromal haze that progressively extends to the periphery
of the cornea, which yields loss of corneal transparency
and decreased vision. It is reported that MCD
constitutes 10% to 75% of the corneal dystrophies that
demand corneal grafting [4]. Generally, MCD could be
divided into three immunophenotypes (MCD types IA, I
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and II) depending on the levels of keratan sulfate (KS)
that detected in the serum and in the cornea. Patients
with MCD type I lack KS in the serum and cornea,
whilst patients with MCD type II contain detectable KS
both in the serum and cornea [5]. The third type, IA, in
which sulfated KS can be detected in the keratocytes
instead of the serum and the cornea, has also been
described [6].
Keratan sulfate plays a central role in maintaining corneal
transparency. It is the major component of keratocan and
lumican that are critical in collagen fibril organization.
The sulfation of keratin in cornea is mediated through the
corneal isoform of carbohydrate sulfotransferase 6
(CHST6), an enzyme which functions in catalyzing the
transfer of a sulfate group to the GlcNAc residues of
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keratan [7]. The CHST6 (OMIM 605294) gene spans
approximate 23 kb of the short arm of chromosome 16
(16q23.1) and consists of 4 exons and a 1,187 bp open
reading frame. The encoded protein CHST6 contains 395
amino acids with a molecular weight of 44 kDa. Like
other members of the carbohydrate sulfotransferase
family, it includes a short cytosolic tail at the N-terminal,
a single transmembrane span, and a C-terminal domain.
The sulfate donor PAPS binding site that located in the
C-terminal domain determines carbohydrate specificity in
vivo [8]. Deficiency in CHST6 may generate unsulfated
polyactosamine chains that are less water-soluble than
the fully sulfated keratan sulfate, and result in
malformations in fibril organization in the cornea, which
finally leads to progressive corneal opacification in MCD
patients [9].
Variants in CHST6 gene have been recognized as the
most critical genetic components in MCD. To date,
more than 100 frameshift, nonsense, or missense
variants in CHST6 were described in patients with MCD
I/IA. In MCD II patients, large rearrangements and
deletions in the upstream of CHST6 were initially
reported, followed by subsequent identification of
mutations within the coding region of CHST6 [4, 9–45].
However, substantial genetic heterogeneity still exists,
and there is no study systematically evaluating CHST6
variants in MCD patients, in particular with regards to
genotype-phenotype correlation and informing on the
significance of specific variants.

In the current study, we conducted a comprehensive
evaluation of all 181 CHST6 variants described in
MCD patients, and then classified the pathogenicity of
those variants according to the American College of
Medical Genetics and Genomics (ACMG) guidelines
[46].

RESULTS
The spectrum of CHST6 variants
Totally, we retrieved information of 436 MCD cases
reported in 38 articles. Most of these cases were Asian
ethnicity (65%, 284 families), followed by Europeans
(21%), Americans (12%) and Africans (2%, Figure 1).
The age of disease onset in these reported MCD patients
was highly variable, ranging from 6 to 57 years old,
with the average onset age of 25.2±11.8 years old. The
number of females and males were almost identical,
with no obvious gender preference. Four hundred and
eight MCD cases were found to harbor potential
pathogenic CHST6 variants. Among them, 270 cases
had homozygous CHST6 variants, 98 cases carried
compound heterozygous variants, and 40 cases have
only a single variant. A total of 181 unique CHST6
variants were previously reported, including 128
missense, 29 frameshift, 17 nonsense, and 4 nonframeshift variants, together with 3 deletions and/or
rearrangements in the upstream region of CHST6
(Supplementary Table 1).

Figure 1. Population distribution of CHST6 variants found in patients with macular corneal dystrophy (MCD). Pie‐chart showing
the number of MCD patients carrying CHST6 variants in different countries and the percentage in the general population (middle).
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Frequent CHST6 variants
The most frequently described CHST6 variant was
p.L200R, which was observed in 37 cases. This mutation
was only described in Europeans and Americans, and
many of the affected cases (23/37) were compound
heterozygous for this mutation. The second most frequent
variant was located at position 211, which has been
observed in 21 cases. Three types of amino acid
substitutions, including p.R211G, p.R211Q and p.R211W
were identified here. Interestingly, these mutations were
mainly found in Asian populations, except for a
homozygous p.R211W mutation that was reported in three
Turkish cases, as well as a compound heterozygous
p.R211Q mutation found in a Germany patient. Of note,
these frequent variants were located quite close to the
sulfate donor (PAPS) binding site, implying their potential
roles in affecting protein function. In general however,
most of CHST6 variants were identified in only one or a
few patients, indicating the substantial genetic
heterogeneity of MCD caused by CHST6 variants. A
complete list of CHST6 variants with nucleotide and
predicted amino acid changes was shown in
Supplementary Table 1. The position of these variants,
with regard to key domains, was illustrated in a schematic
representation of the CHST6 protein (Figure 2).
Protein sequence alignment revealed that at least half of
the reported CHST6 variants that caused amino acid
changes are conserved among various vertebrate species
(Figure 3). Further, the normalized conservation score

of each residue in the CHST6 protein was calculated
using the empirical Bayesian method, as implemented
in the Consurf Server (Shown in Supplementary Table
4), and compared with its mutated frequency detected in
MCD patients. Both of the two measurements were
transformed into z-scores before comparison. It was
interesting to find that the number of patients who
carried CHST6 variants at each position was significantly correlated with the conservation score of the
corresponding
residue
(Spearman’s
correlation
coefficient = -0.311, P = 0.000012, shown in Figure 4).
Pathogenicity classification of all CHST6 variants
All the reported CHST6 variants were classified based
on the ACMG guidelines as described in Materials and
Methods part. Finally, 62 variants were classified as
pathogenic, 103 variants as likely pathogenic and 16 as
being of uncertain significance.
Among the 49 protein-truncating variants, 32 of them
were leading to a frameshift (including large deletions)
and 17 were nonsense mutations. Majority of the
truncating variants were rare, because only nine of them
existed in the gnomAD database, with the frequency
lower than 4.67E-05. Protein truncating variants were
considered to be pathogenic if they caused a termination
of the protein before residue 298, since the p.Q298X
variant has already been classified as pathogenic by the
ClinVar database. It thus showed that 41 of them were
classified to be pathogenic.

Figure 2. Schematic representation of position of CHST6 variants and its protein domains. The sulfotransferase domain (residue
42‐356) was labeled in cyan, and the two PAPS binding sites (residue 49‐55 and 202‐210) were labeled in carmine.
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Figure 3. Multiple sequence alignment result of CHST6 protein. Protein sequences for CHST6 retrieved from NCBI for human,
chimpanzee, mouse, chicken, frog and zebrafish showed amino acid conservation among different vertebrate species (for mouse, the
sequence of CHST5 was used here). The sulfotransferase domain (residue 42‐356) was labeled in cyan, and the two PAPS binding sites
(residue 49‐55 and 202‐210) were labeled in carmine. Arrowheads indicated amino acid changes caused by reported human mutations.
Strongly conserved positions were labeled with red or orange arrowheads, while weakly conserved ones were labeled with blue or green
arrowheads (annotated by Clustal Omega).
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A total of 128 missense variants in CHST6 were
identified in MCD patients, and 25 of them were
classified as pathogenic by UniProt, and thereby were
counted as strong evidence (PS1) of pathogenicity.
Additional 31 variants occurred at the same amino acid
residue with those established pathogenic variants were
considered to show moderate evidence (PM5) of
pathogenicity. Meanwhile, all the variants were absent
from controls or at extremely low frequency in general
populations, which was recognized as a moderate piece
of evidence for pathogenicity (PM2). Majority of the in
silico programs tested agreed on the protein-damaging
prediction of these missense variants, and missense
variations in CHST6 were already recognized as a
common cause of the disease, then these evidences can
be counted as supporting (PP2 and PP3). Besides, the
SMART prediction tool (http://smart.emblheidel
berg.de/) was applied to retrieve CHST6 protein
domains and their location. It was shown that the key
sulfotransferase domain ranged from residue 42 to 356,
thus moderate evidence (PM2) for a variant to be
pathogenic was considered if it occurred within this
domain. Finally, after combining all the information in
the pathogenicity evaluation, 21 missense variants were
classified to be pathogenic, 100 missense variants to be
likely pathogenic and 7 as being of uncertain significance. Of note, the most frequently described variant
p.L200R has been classified as likely pathogenic, given
the evidences of PM1, PM2, PP2, PP3 and PP5. The
detailed results of ACMG classification for proteintruncating variants and missense variants were shown in
Supplementary Tables 2 and 3, respectively.

DISCUSSION
To date, many efforts have been made on the molecular
diagnosis of MCD, and the implementation of nextgeneration sequencing (NGS) in clinical diagnosis

greatly helps expand the genetic spectrums of MCD
worldwide. In the current study, we performed a
comprehensive evaluation on all the reported CHST6
variants found in MCD patients, including the
distribution of these variants across populations, the
conservation scores among residues, the correlation
between mutant frequency and residue conservation,
and the potential genotype phenotype correlation.
Accordingly, we further classified all the reported
CHST6 variants based on the ACMG guideline. To our
knowledge, this is the first study comprehensively
analyzing the genetic findings on MCD pathogenesis,
and the current study may help shed light on earlier
accurate diagnosis of MCD and future development of
potential targets for genetic therapy.
In this study, we observed a high prevalence of MCD
in Asians, in particular India, which can be attributed
to the known high rate of consanguinity there [3]. We
also found some causal variants with potential ethnic
specificity, such as variant p.L200R and p.R211G,
which have been discovered in Europeans/Americans
or Asians, respectively. Importantly, we found a
significant correlation between the mutant frequency
and the conservation score of the corresponding
residue. The top-5 most conserved residues were
Ser53, Ser210, Asp203, Arg50, and Arg93, and four
of them were located in the important PAPS binding
site. For the most described variant p.L200R, its
residue conservation score was -1.217, ranked 16.
Currently, there are no animal models available that
mimic human MCD, since the large number of genetic
mutations in CHST6 gene identified in MCD patients
made it difficult to find a single target for genetic
manipulation. However, those most conserved residues or the highly mutated residues in the general
population might be potential candidates for further
functional studies.

Figure 4. The normalized conservation scores (blue curve) for each residue in CHST6 protein and the percentage of reported
MCD patients who carried mutations in the corresponding position (red curve).
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Functionally, owing to the abnormal sulfation caused by
CHST6 variants, the keratin molecules cannot be
metabolized and then were deposited in the cornea [47].
In addition, the collagen fibrils turned to be smaller,
with a decrease in the interfibrillar spacing [48]. They
together contributed to the loss of corneal transparency
in MCD. It has also been demonstrated that CHST6
revealed a protective role on cell survival. For example,
repression of CHST6 increased radiation-induced
apoptosis of human Burkitt’s lymphoma cells [49], and
more relevantly, CHST6 deficiencies were found to
trigger ER stress with considerable GRP78/CHOP
upregulation and cell apoptosis in MCD keratocytes
[23]. All of these evidences collectively highlighted the
pivotal role of CHST6 in many cellular processes, such
as ECM constitution, ER stress, apoptosis and so on.
Individuals with CHST6 variants might experience
similar corneal dystrophy symptoms, but the underlying
mechanisms for their diseases might be different at the
molecular level. For example, conserved variants
located within the 5’PB domain like Arg205 or Asp203
may substantially reduce the ability to combine with
PAPS [50], while other conserved variants with
significant changes on residue polar or physiochemical
property may impact the enzymatic activity. Whether
and how these crucial variants act on different cellular
processes need to be clarified. Therefore, further
functional investigations on some potential key variants
prioritized by this study may help promote the
understanding of MCD pathogenesis to a much more indepth level.
Several limitations of this study should also be noted
here. Firstly, among the 408 MCD cases that harbored
pathogenic CHST6 variants, 298 of them carried
homozygous or compound heterozygous variants,
fulfilling the recessive inherited model of MCD.
However, there was still 40 cases carried only one
single heterozygous mutation. It was quite possible that
a second mutation was missed by previous sequencing
methods. Thus, some state of art techniques like
targeted region deep sequencing of the complete gene or
whole genome sequencing can be used. In addition, for
some variants that weighted to be uncertain significance
in this study, additional evidences are required to push
them to robustly meet the criteria of pathogenicity
categories, although these data are not available at this
moment.
Secondly, although we collected clinical information
including age of onset, gender, and disease phenotype
of MCD patients recruited in previous studies, when
available. Unfortunately, approximate two thirds of
patients lacked phenotypic details, and most of previous
studies did not investigate the distribution and reactivity
of the KS in serum and cornea in these MCD patients.
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Thus, we were unable to draw any conclusions with
regards to the correlation between CHST6 variants and
MCD immunophenotypes. The available data are still
too scarce to make any correlations, implying the need
for better characterization of this rare disease.
In summary, the current comprehensive evaluation
contributed to the most updated in-silico classification
of all reported CHST6 variants till now. Although the
vast majority of CHST6 variants are likely to be protein
damaging, systematic functional investigations are still
in urgent need to demonstrate the pathogenicity of these
variants.

MATERIALS AND METHODS
Databases and literature search
We retrieved all publications (assessed on Dec 10,
2018) from the following electronic databases: PubMed,
EMBASE, and Medline, using the keywords “mutation”
or “variant” combined with “CHST6” and “corneal
dystrophy”. All the relevant studies, including original
articles, reviews, or case reports were carefully
screened. The inclusion criteria applied in this process
was shown as the following: (1) sequencing studies that
report CHST6 variants found in corneal dystrophy
patients; (2) sufficient data for collecting variants
information and disease phenotype. Reviews or obvious
duplicates were removed. Variant combinations, patients’ ethnicity, and disease phenotype were collected.
The number of MCD patients included in each study
was recorded. Simultaneously, public databases were
assessed through searches for “CHST6” in ClinVar,
ClinVitae, EmvClass, and Human Gene Mutation
Database (HGMD). Identified variants were compared
with those from the literature search. The whole research
progress was approved by the Ethics Committee of Eye
and ENT Hospital of Fudan University and was
performed following the declaration of Helsinki.
Variant analysis
Each published variant was checked for accuracy and
compared to the corresponding wide-type reference.
When different reference sequences were used among
publications, nucleotide and codon numbers were
converted to ensure that their annotation matched with
reference transcript NM_021615.4 for CHST6. The A of
the ATG translation initiation codon was numbered as
+1 and the initial codon as codon 1. Frequencies of the
variants in control subjects were retrieved from the
Genome Aggregation Database (gnomAD), which
contains 123,136 exomes and 15,496 genomes from
unrelated individuals worldwide (http://gnomad.
broadinstitute.org).
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Classification of variant pathogenicity
We evaluated the pathogenicity of all reported CHST6
variants according to the ACMG guidelines, to classify
all variants into one of the five following categories:
benign, likely benign, uncertain significance, pathogenic,
or likely pathogenic. Briefly, all variants were subjected
to the ANNOVAR package (http://www.openbio
informatics.org/annovar/) for variant annotation, to obtain
their allele frequency in public databases, in silico
prediction scores, and other evidence of pathogenicity.
Then, each pathogenic criterion was evaluated to be very
strong (PVS1), strong (PS1-4), moderate (PM1-6), or
supporting (PP1-5), and each benign criterion was
evaluated to be stand-alone (BA1), strong (BS1-4), or
supporting (BP1-6). After weighting these variants based
on the observed evidence of pathogenicity, the criteria
were then combined to choose a classification from the
five-tier system.
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Calculating the conservation scores
The conservation scores for all residues of CHST6
protein, as well as their confidence intervals were
calculated
by
the
Consurf
package
(http://
consurf.tau.ac.il/), using the empirical Bayesian method
with the default parameters. The scores were then
normalized, so that the average score for all residues was
zero, and the standard deviation was one. The lowest
score represented the most conserved position in a protein.
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SUPPLEMENTARY MATERIAL
Please browse Full Text version to see the data of
Supplementary Tables:

Supplementary Table 1. Summary of variants reported
in CHST6 gene.
Supplementary Table 2. ACMG classification for
missense variants in CHST6 gene.
Supplementary Table 3. ACMG classification for
protein‐truncating variants in CHST6 gene.
Supplementary Table 4. The normalized conservation
score of each residue in the CHST6 protein calculated
by the Consurf Server.
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ABSTRACT
In order to investigate Insulin‐like growth factor‐1 (IGF‐1) blood levels in male and female age‐matched patients
affected by early, intermediate, neovascular age related macular degeneration (AMD) and healthy subjects (no
AMD) were enrolled in a prospective, observational study. All patients enrolled were classified according to 4
stages classification of AMD from Age‐related eye disease study (AREDS). Each subject underwent a complete
ophthalmic examination including best corrected visual acuity (BCVA), applanation tonometry, slit‐lamp
biomicroscopic examination, color fundus photography, optical coherence tomography (OCT) and, if needed,
fluorescein angiography. Overall, 224 anti‐VEGF naïve subjects including 56 patients in early AMD group, 56
patients in intermediate AMD group, 56 patients in neovascular AMD group and 56 patients in no AMD group
were recruited. For each group 28 male patients and 28 female patients were enrolled. IGF‐1 hematic levels
were significantly higher (p<0.005) in the neovascular AMD group and in the intermediate AMD group in
comparison to no AMD group; no significant difference between early AMD group and no AMD group was
found. Our analysis has shown an increment of IGF‐1 levels in both neovascular and intermediate stage of AMD
supporting the hypothesis that IGF‐1 may play a role in the pathogenesis of AMD.

INTRODUCTION
Age related macular degeneration (AMD) is one of the
leading cause of visual impairment in developed
countries [1,2]. AMD has been classified in two major
clinical patterns: the “dry” form which is associated
with an atrophic evolution and a slow visual decline and
the “neovascular” form which is characterized by
choroidal neovascularization (cnv) associated with a
rapid and abrupt visual loss [3,4].
AMD is the result of a complex interaction between
environmental factors and genetic. Smoking is the most
www.aging‐us.com
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consistently identified modifiable risk factor, but dietary
factors, solar insolation, and season of birth may also
affect AMD incidence and progression [5,6]. The pathogenesis of neovascular AMD has long been debated but
at present it remains not fully elucidated. It encompasses the presence of an inflammatory network
involving the macula and the active role of pro-angiogenic factors which lead to choroidal neovascularization
and visual loss [7].
Among the various pro-angiogenic factors, vascular
endothelial growth factor (VEGF) seems to play a
pivotal role in neovascular AMD, and actually anti-
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VEGF drugs are the only approved therapeutic
approach for the treatment of the disease [8–11].
Nevertheless, in addition to VEGF several humoral
mediators including fibroblast growth factor, plateletderived growth factor, interleukin-6 (IL-6), interleukin8 (IL-8), monocyte chemoattractant protein-1, and
insulin-like growth factor-1 (IGF-1) are altered in
patients affected by neovascular AMD [12–15].

However, in this study only patients with neovascular
AMD were included, whereas patients with less
advanced stages of AMD were not evaluated. Therefore, it remains unclear if IGF-1 elevation is a consequence of neovascular development in AMD patients,
or if IGF-1 is primary involved in the pathogenesis of
AMD, as in others aging related diseases, being a causal
factor instead of the effect of AMD.

IGF-1, also called somatomedin C, is a protein that is
mainly secreted by the liver as a result of stimulation by
growth hormone. IGF-1 is important for both the regulation of normal physiology, as well as a number of
pathological states, including cancer [16]. High IGF-1
levels were associated with increased all cause mortality, human studies support the notion that attenuation
of GH/IGF-1 signaling may protect from age-related
diseases and functional decline [17].

The present study was therefore designed to evaluate
the circulating IGF-1 levels in early, intermediate, and
neovascular AMD patients in comparison to healthy
matched controls.

RESULTS
Overall 224 subjects met the study inclusion criteria and
were included in the study, 56 patients in neovascular
AMD group (32 type 1 cnv, 18 type 2 cnv, 6 type 3 cnv)
(mean age 74±8 years), 56 patients in intermediate
AMD group (mean age 73±8 years), 56 patients in early
AMD group (mean age 74±1 years), and 56 patients in
no AMD group (mean age 73±4 years). Mean best
corrected visual acuity (BCVA) and intraocular pressure
in four groups are reported in Table 1. For each group
28 male patients and 28 female patients were enrolled.

In eyes affected by neovascular AMD, IGF-1 is
increased in ocular fluid. Furthermore IGF-1 receptors
are expressed in retinal pigmented epithelium cells
which are involved in neovascular AMD [18].
To date, only one study investigated systemic IGF-1
concentration in neovascular AMD patients, showing an
increment in circulating IGF-1 levels in comparison to
healthy controls. The authors demonstrated that early
endothelial cells are increased in neovascular AMD and
may contribute to IGF-1 elevation [19].

Mean IGF-1 values in all patients
As shown in Table 2 the overall mean ± standard
deviations (SD) IGF-1 values was significantly different

Table 1. Mean ± standard deviations (SD) Best Corrected Visual Acuity and Intraocular Pressure values detected in four
groups.

BCVA
Intraocular pressure

Neovascular
AMD (n=56)

Intermediate
AMD (n=56)

Early AMD
(n=56)

No AMD
(n=56)

P (ANOVA)

logMAR

0.58±0.06 *

0.09±0.05 *

0.04±0.05 °

0.01±0.02

<0.001

mmHg

14.2±2.6

14.6±2.5

14.3±2.1

14.4±2.5

0.787

BCVA: Best Corrected Visual Acuity
Tukey HSD vs no AMD: * p<0.001, ° p=0.007

Table 2. Table 2. Mean ± standard deviations (SD) IGF‐1 values detected in four groups.
Neovascular AMD (n=56)

Intermediate AMD
(n=56)

Early AMD
(n=56)

No AMD
(n=56)

P (ANOVA)

Overall

146±40 *

127±29 °

107±32

103±36

<0.001

Males

169±34 *

143±30 ¨

118±35

114±38

<0.001

Females

123±32 *

111±16 §

97±25

92±30

<0.001

Tukey HSD vs no AMD: * p<0.001, ° p=0.002, ¨ p=0.011, § p=0.038
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between groups (P<0.001, ANOVA). Compared with
the no AMD group, the mean IGF-1 values was
significantly higher in the neovascular AMD group
(Tukey HSD p<0.001) and in the intermediate AMD
group (Tukey HSD p=0.002); no significant difference
between early AMD group and no AMD group (Tukey
HSD p =0.911), Figure 1.
Mean IGF-1 values in male patients
The overall mean ± (SD) IGF-1 values in male patients
was significantly different between groups (P<0.001,
ANOVA). Compared with the no AMD group, the
mean ± (SD) IGF-1 values was significantly higher in
the neovascular AMD group (Tukey HSD p<0.001)
and in the intermediate AMD group (Tukey HSD
p=0.011); no difference was seen with early AMD
group (Tukey HSD p =0.975).
Mean IGF-1 values in female patients
The overall mean ± (SD) IGF-1 values was significantly
different between groups (P<0.001, ANOVA).
Compared with the no AMD group, the mean ± (SD)
IGF-1 values was significantly higher in the neovascular AMD group (Tukey HSD p<0.001) and in the in-

termediate AMD group (Tukey HSD p=0.038), but not
in early AMD group (Tukey HSD p =0.905).
Correlation between IGF-1 and age
A significant correlation was found between mean IGF1 values and age in early AMD group (r=-0. 342,
p=0.010) and no AMD group (r=-0.317, p= 0.017), but
no significant in neovascular AMD group (r=-0.117,
p=0.389) and intermediate AMD (r=-0.211, p=0.118),
Figure 2.

DISCUSSION
AMD is a retinal degenerative disorder characterized by
complex and not entirely understood pathogenesis.
Several cytokines that promote retinal inflammation and
angiogenesis has been suggested to be involved. Among
these, there are clinical and experimental evidences on
the role of retinal IGF-1 as a mediator of retinal inflammation and neovascular formation [20,21]. To address
this hypothesis, we evaluated circulating IGF-1 levels in
patients with various stages of AMD. Our results
indicate that serum levels of IGF-1 are higher in intermediate and neovascular AMD patients in comparison
with early and no AMD patients.

Figure 1. IGF‐1 levels in all patients, males and females, in four groups.

Figure 2. Correlations between IGF‐1 levels and age in four groups.
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Dong Min Cha and associates [18] demonstrated the
presence of higher levels of various cytokines, chemokines and growth factors, including IGF-1, in the aqueous humor samples of patients affected by AMD in
comparison with control subjects.
In a previous study Machalinska and associates
demonstrated higher IGF-1 plasma concentration of
IGF-1 in patients with neovascular AMD in comparison
to healthy subjects. Furthermore in their study the
authors also reported an association of higher IGF-1
levels with an increase of early endothelial progenitor
cells. Albeit the latter association does not prove a cause
to effect relationship, the authors hypothesized that
angiogenesis under hypoxic conditions may represent
the trigger that may explain the above mentioned
observations [19]. They also suggested as a possible
explanation a disturbed local synthesis of the cytokines
and growth factors under conditions of chronic vascular
endothelial injury. It should be kept in mind that IGF-1
is a well-known retinal pro-angiogenic cytokine, and it
has been demonstrated that IGF-1 induces retinal neovascularization in animal models [22]. This may be of
particular relevance under condition of long-term
chronic hypoxia, in contrast to VEGF which may be
more readily increased in the early phases of retinal
ischemia.
In agreement with the study of Machalinska, our results
showed an increase in IGF-1 values in patients with
neovascular AMD compared to healthy patients. However, a novel contribution of our present study is the
observation of a significant increase in IGF-1 levels also
in patients with intermediate stages of the disease.
These data suggest that IGF-1 may be already elevated
in stages of the retinal degeneration prior to the neovascular formation. The association between IGF-1 and
microvascular impairment in AMD may be not limited
to the neovascular stage but may be already evident in a
less severe stage (intermediate) of the disease. This
hypothesis is also corroborated by the observed grading
in IGF-1 levels that were higher in the more advanced
stages of the disease. IGF-1 levels in AMD may be
considered a predisposing factor to the disease or,
alternatively it may be a consequence of the degenerative processes which characterize AMD. Thus, these
data are consistent with previous available data and may
provide evidences for a pathogenetic or at least
facilitating role of IGF-1 in AMD.
Furthermore, an indirect confirmation of the role of
changes in circulating IGF-1 values in patients with
intermediate and neovascular AMD is that, in these
groups of patients, our results did not show a significant
correlation with age, which instead was found in healthy
patients and in the group with early stage of disease.
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In a recent study Westwood and associates reported that
IGF-1 plasma alterations are present in various neurodegenerative disorders. They demonstrated that lower
serum levels of IGF-1 are associated with an increased
risk of developing Alzheimer Disease (AD) dementia
[23]. AMD is also characterized by retinal neurodegenerative processes [24] and previous studies have
shown common pathogenetic features with AD [25].
Accordingly, is possible to suppose that IGF-1 is altered
in various aging-related and neurodegenerative disorders [26]. As a result, the role of IGF-1 in neuronal
inflammation needs to be elucidated.
It should be kept in mind that serum concentrations of
IGF-1 are inuenced by several factors, such as nutritional factors, energy and protein intake, and BMI.
These factors may play as confounders in data analysis
and interpretation. Our data also confirmed genderdifferences in IGF-1 levels that were previously
observed. [27]
Our study has several limitations including the crosssectional nature of the study design with no longitudinal
follow-up. In addition we didn’t evaluate IGF-1 levels
in AMD patient affected by geographic atrophy, not
clarifying whether the higher levels of IGF-1 in
neovascular stage are linked to neovascular development or to the progression of neurodegenerative processes.
In conclusion circulating IGF-1 levels are significantly
higher in patients affected by intermediate and
neovascular AMD in comparison with control subjects.
Although future studies with larger sample are needed,
our results suggest IGF-1 as a possible contributing
factor in the pathogenesis of this disease.

METHODS
In this observational, prospective, controlled study we
recruited consecutive patients of more than 60 years
with a diagnosis of early AMD, intermediate AMD,
neovascular AMD, and healthy controls examined at the
Department of Ophthalmology, University of Catania,
Catania, Italy, between January 2017 and May 2018. In
each group, according to the power of the study, 28
male and 28 female patients were enrolled. The study
was approved by the Institutional review board of the
University of Catania. Written informed consent was
obtained from all subjects enrolled in the study.
Exclusion criteria were diabetes and any systemic
condition which could bias IGF-1 measurements,
including any clinical condition which may have caused
an elevation of systemic inflammatory markers, regardless of the cause that may have generated the rise.
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Patients in overweight or obese were excluded from the
study (BMI above 29). Similarly patients with low body
weight (BMI below 17.5) or patient with clinically
evident sarcopenia were excluded. In addition, patients
who had undergone to any previous intravitreal therapy,
previous cataract surgery in the last six months or
patients who had clinical evidence of other retinal and
ocular disease were also excluded.
All patients enrolled were classified according to 4
stages classification of AMD from Age-related eye
disease study (AREDS)[28]:
- No AMD (AREDS category 1) none or a few small
drusen (<63 microns in diameter).
- Early AMD (AREDS category 2) any or all of the
following: multiple small drusen, few intermediate
drusen (63 to 124 microns in diameter), or retinal
pigment epithelial abnormalities.
- Intermediate AMD (AREDS category 3) any or all of
the following: extensive intermediate drusen, and at
least one large drusen (≥ 125 microns in diameter), or
geographic atrophy not involving the center of the
fovea.
- Neovascular AMD (AREDS category 4); any of the
features of neovascular AMD.
All patients underwent an ophthalmic examination
including: best corrected visual acuity (BCVA), applanation tonometry, slit-lamp biomicroscopic examination, Color fundus photography, optical coherence
tomography (OCT) and, if needed, fluorescein angiography (FA) and indocyanine green angiography
(ICGA).
Color fundus photography of the central retina was
performed by Visucam (Carl Zeiss Meditec, Inc,
Dublin, California, USA). At least two color fundus
images of each eye were acquired capturing the central
field of the retina within a 45° view. Images were
defined as gradable, if they fulfilled the following
quality criteria allowing for the assessment of AMD:
sufficient brightness and color contrast as well as full
macular region captured. Images were excluded from
AMD grading, if they revealed obscuring lesions or
lesions considered to be the result of a competing retinal
disease hampering AMD grading. Gradable images
were examined by an experienced and trained ophthalmology consultant (M.R.); questionable findings were
discussed with a second trained grader (T.A.).
Spectral-domain OCT was carried out using the
Spectralis HRA by Heidelberg (SD-OCT; Heidelberg
Engineering, Heidelberg, Germany), FA and ICGA
(Heidelberg retinal angiograph, Heidelberg Engine-
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ering, Heidelberg, Germany) were performed in order to
confirm the diagnoses in the neovascular AMD group.
Serum IGF-1 was measured by standard immunoassay
in all patients. A 3 mL blood sample was drawn. This
was obtained in the early morning at 08.00 after a 10 h
overnight fasting. Prior to blood sampling patients were
maintained in the supine position for 15 minutes.
Samples were centrifuged, serum was aliquoted
immediately and stored at -80°C in the central laboratory of our institution.
The primary outcome measure of our study was the
evaluation of IGF-1 circulating levels in case and
control groups in male and female patients. Secondary
outcome was to evaluate the correlation between
circulating IGF-1 levels and age in each group.
Statistical analysis
The sample size (at least 26 males and 26 females in
each group) was determined from the results of our
preliminary data to detect, with an alpha of 0.05 and a
90% power (two-tailed), a difference of 25 ng/ml in
IGF-1 serum level between females with neovascular
AMD and females with no AMD
The values of parameters in four groups were compared
by ANOVA; if significant, comparison with baseline
value was performed by Tukey HSD (honestly
significant difference) test. In each group, correlation
between IGF-1 levels and age was analyzed by
Pearson's Correlation Coefficient. SPSS 21.0 (V.21,
Armonk, NY, USA) was used for statistical analysis. P
values < 0.05 was considered as statistically significant.
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ABSTRACT
Regenerative medicine approaches based on mesenchymal stem cells (MSCs) are being investigated to treat
several aging-associated diseases, including age-related macular degeneration (AMD). Loss of retinal pigment
epithelium (RPE) cells occurs early in AMD, and their transplant has the potential to slow disease progression.
The human RPE contains a subpopulation of cells - adult RPE stem cells (RPESCs) – that are capable of selfrenewal and of differentiating into RPE cells in vitro. However, age-related MSC changes involve loss of function
and acquisition of a senescence-associated secretory phenotype (SASP), which can contribute to the
maintenance of a chronic state of low-grade inflammation in tissues and organs.
In a previous study we isolated, characterized, and differentiated RPESCs. Here, we induced replicative
senescence in RPESCs and tested their acquisition of the senescence phenotype and the SASP as well as the
differentiation ability of young and senescent RPESCs.
Senescent RPESCs showed a significantly reduced proliferation ability, high senescence-associated βgalactosidase activity, and SASP acquisition. RPE-specific genes were downregulated and p21 and p53 protein
expression was upregulated.
These findings document the effects of senescence and SASP acquisition on RPESC differentiation ability and
highlight the need for a greater understanding of their role in AMD pathogenesis.

INTRODUCTION
Age-related macular degeneration (AMD) is an eye
disorder affecting the elderly which can induce an
irreversible loss of central visual function [1]. Its
limited treatment possibilities and the rising number of
senior citizens in developed countries are reasons for
concern; indeed, it has been estimated that 200 million
individuals will suffer from AMD in 2020 and almost
300 million will be affected in 2040 [2]. Aging plays a
major role in AMD pathogenesis [3]; smoking, cataract
surgery, a high body mass index (BMI), a history of
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cardiovascular disease, and a family history of AMD
are additional risk factors [4-5].
The Age-Related Eye Disease Study (AREDS) has
classified AMD into early, intermediate, and late stage
[6], while the Clinical Age-Related Maculopathy
Staging (CARMS) system divides patients into five
mutually exclusive categories based on slit-lamp
assessment of clinical features [7]. However, there is no
consensus on the staging and progression terminology.
In 2013, the Beckman Initiative for Macular Research
Classification Committee proposed a new clinical
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classification based on the three AREDS stages: stage 1,
normal, aging phenotype (small drusen < 63 μm without
pigmentary changes); stage 2, early AMD with medium
drusen (63 - 125 μm) and no pigmentary abnormalities;
and stage 3, which is subdivided into intermediate –
large drusen and/or pigmentary changes – and advanced
– choroidal neovascularization (CNV, exudative or
neovascular AMD) or geographic atrophy (GA; dry or
non-exudative AMD) [8]. Anti-vascular endothelial
growth factor (anti-VEGF) has long been the mainstay
of treatment for neovascular AMD, whereas no
effective treatment is available for the more common
dry form [9-12].
AMD is the result of complex interactions among
metabolic, functional, genetic, and environmental
factors [13]. It is characterized by degeneration of the
retinal pigment epithelium (RPE), death of
photoreceptors and degradation of choriocapillaries,
which together lead to impairment and loss of central
vision. The RPE is a polarized non-proliferative cell
monolayer lying between the neural retina and the
vascularized choroid. It serves several functions that are
essential for vision and for the survival of retinal
neurons. Its dysfunction, due to oxidative stress,
mitochondrial
destabilization,
and
complement
dysregulation, has been implicated in AMD
pathogenesis [14, 15]. During aging, RPE cells undergo
a number of functional alterations that result in the
development of age-related eye disorders, including
AMD. RPE cell damage induced by proinflammatory
factors – including tumor necrosis factor (TNF)-α – and
cell death are able to promote activation of the
alternative pathway (AP) of the complement system at
the retina-choroid interface, a process that has been
associated to RPE cell death; aging also induces a
reduction in the number and an increase in the size and
multinucleation of RPE cells [16]. The activation of
different protein kinase C isoforms has also been
implicated in the age-related formation of
multinucleated RPE cells [17].
Neovascular AMD and GA are characterized by RPE
dysfunction [18]; in GA, formation of large confluent
drusen and hyperpigmentation (presumably related to
the RPE dysfunction) seem to be the initial insult, while
drusen resorption and RPE loss (hypopigmentation) are
believed to predict its progression. Photoreceptor and
choriocapillary dysfunction and death appear to be
secondary to RPE loss; loss of choriocapillaries with an
intact RPE has also been described in wet AMD [18].
According to a recent study, RPE cells from AMD
patients show a different phenotype as well as
functional changes such as altered autophagy,
mitochondrial dysfunction, and susceptibility to
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oxidative stress compared to those from normal
individuals [19].
The early and intermediate stages of AMD are
characterized by changes in lipid metabolism,
autophagy, and inflammation; molecular signaling
pathways, such as inflammation, cellular senescence
and cell death, play a key role in the progression of latestage dry AMD, whereas angiogenesis predominates in
the neovascular form [3]. A greater understanding of the
molecular pathways that are involved in the various
stages of AMD would contribute to the development of
innovative therapies.
An imbalance of circulating inflammatory molecules
seems to characterize most age-related diseases
(ARDs). Aging is characterized by a state of chronic,
low-grade inflammation, known as inflammaging [20],
which also appears to be involved in all stages of AMD
development and progression.
Senescent cells are non-proliferating cells capable of
secreting proinflammatory cytokines, thus contributing
to ARD development and ARD-related morbidity.
Cellular senescence is characterized by cell growth
arrest, altered DNA synthesis and repair, resistance to
apoptosis, and increased cell size [21]. Telomere
shortening, DNA damage, and oxidative stress are
capable of activating senescence processes [22].
Mesenchymal stem cells (MSCs) have been isolated
from different adult tissues, including the RPE [23].
Ease of isolation, high proliferation potential, and low
immunogenicity make them ideal for cell-based
therapies. MSC function declines with age; senescent
MSCs acquire a senescence-associated secretory
phenotype (SASP) that contributes to driving aging and
the development and progression of ARDs, including
AMD [24].
The human RPE contains a subpopulation of stem-like
MSCs (RPESCs) [23]. In a previous work, we isolated
and characterized human RPESCs, demonstrated their
ability to differentiate into mesenchymal (adipogenic,
osteogenic and chondrogenic) lineages, and analyzed
their differentiation potential into neuronal and retinal
lineages [25]. In a recent study of an AMD rat model,
transplantation of RPESCs isolated from human RPE
was able to prevent visual loss [26].
The mechanisms involved in the activation of
differentiation of resident RPESCs into mature RPE
cells and the role of RPESCs in AMD pathogenesis are
still unclear. A growing number of studies have been
addressing the role of persistent inflammation in AMD
development and progression. The aim of this work is
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Figure 1. Proliferation rate, β-gal positivity, telomere length, and cell morphology during RPESC replicative
senescence. RPESC replicative senescence. (A) Cumulative number of population doublings (CPD) in RPESCs grown to senescence.
(B) Percentage of β-gal-positive cells detected during RPESC replicative senescence from P1 to P16. P11, number of culture passages.
Data are reported as mean ± SD. *P =0.039. (C) RPESC telomere length during replicative senescence was analyzed from P1 to P18;
data are reported as mean ± SD of 3 independent experiments. (D) Morphological analysis of young (P3) and senescent (P16) RPESCs
by the TRIC-phalloidin immunofluorescence assay. Senescent RPESCs appear enlarged and flattened. Magnification 20X, scale bar 200
µm. Pictures are representative of 3 independent experiments.

explore the molecular mechanisms that are involved in
the acquisition of the senescent phenotype by RPESCs
and the role of its proinflammatory factors in altering
the function of aged RPE cells. To do so, we
investigated the characteristics of replicative and stressinduced senescence of RPESCs, their morphological
and genetic features, and their acquisition of the SASP,
all of which seem to play a role in AMD pathogenesis.

RESULTS
Replicative senescence of human RPESCs
RPESCs were isolated, characterized, and cultured as
described in a previous work by our group [25]. They
were isolated from a healthy eye from a 21-year-old
donor. All experiments were conducted using 3
different batches of exponentially growing cells at the
3rd passage (confluence about 75 %) in which
replicative senescence was induced.
Replicative senescence was documented at the 16th
passage (P16) by arrested proliferation, increased β-
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galactosidase (SA β-gal) activity, and telomere length
reduction. In particular, RPESC proliferation rate
increased steeply from P2 to P11 and plateaued at P13;
growth stopped at P18 (Figure 1A). As illustrated in
Figure 1B, the proportion of β-gal-positive cells
increased significantly (P < 0.05) from 6 ± 0.04 % in
young cells (P3-P6) to 80 ± 12.1 % in senescent cells
(P15-P18). Telomere length declined from 14 kb at P3
to 4 kb at P16 (Figure 1C). TRIC-phalloidin staining
demonstrated that senescent RPESCs had a flatter and
enlarged morphology compared to young cells (Figure
1D).
Acquisition of the secretory phenotype by senescent
RPESCs
SASP acquisition by senescent REPSCs was determined
by analyzing a panel of proinflammatory molecules:
interleukin (IL)-6, interferon (INF)-γ, TNF-α, IL-12,
and transforming growth factor β (TGFβ)1 - in young
(P3) and senescent (P16) RPESCs. The analysis was
extended by determination of the levels of the antiinflammatory molecules IL-4, IL-10, and IL-13.
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Figure 2. SASP induction in senescent RPESCs. Young (P3) and senescent (P16) RPESCs were maintained in culture for 48 h. The
supernatant was analyzed for IL-6 (A), IL-12 (B), IL-17 (C), TNF-α (D), TGFβ1 (E), INF-γ (F), IL-4 (G), IL-10 (H), and IL-13 (I), by ELISA.
Data are mean ± SD of 3 independent experiments. *P = from 0.021 to 0.041.

The results of ELISA indicated that senescent RPESCs
secreted higher levels of IL-6, IL-12, IL-17, TNF-α,
TGFβ1, and INF-γ compared to young RPESCs (Figure
2A-F), reflecting a proinflammatory state and SASP
acquisition. They also secreted lower levels of several
anti-inflammatory molecules, including IL-4, IL-10, and
IL-13, compared to young RPESCs (Figure 2G-I).

Expression of stemness, reprogramming, and RPEspecific genes in young and senescent RPESCs
The expression of RPE-specific (OTX2, PEDF, PAX6,
RPE65, MITF, and CRALBP), stemness, and
reprogramming (SOX2, KLF4 and c-MYC) genes was
investigated in young and senescent RPECS by qRT-PCR.

Figure 3. mRNA expression levels of stemness and RPE-specific genes in senescent and young RPESCs. (A) qRT-PCR
analysis of the expression levels of stemness genes in senescent (P16) and young (P3) RPESCs. (B) qRT-PCR analysis of the mRNA
levels of RPE-specific genes in senescent and young RPESCs. Data are mean ± SD of 3 independent experiments. *P = from 0.026 to
0.036.
www.aging-us.com
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Figure 4. Senescence-associated gene expression profile in senescent and young RPESCs. PCR array performed to analyze
the mRNA expression levels of senescence-associated genes in 3 senescent (P16) and 3 young (P3) RPESCs. Data are reported as fold
change. A 4-fold difference was considered significant and only mRNAs with a ΔΔCt greater than 4 (A) or lower than -4 (B) are
reported. *P = from 0.018 to 0.046.

As shown in Figure 3A, the two sets of cells showed
similar expression levels of SOX2, KLF4 and c-MYC,
whereas senescent RPESCs exhibited downregulation
of OTX2, PEDF, PAX6, RPE65, MITF, and CRALBP
(Figure 3B).

catalytic subunit alpha), were downregulated (Figure
1B).

Determination of the mRNA levels of senescenceassociated genes in senescent and young RPESCs by
PCR Array

Western blot analysis demonstrated that p21 and p53
protein were significantly upregulated in senescent
compared to young RPESCs (Figure 5A) and that
intermediate-passage cells (P11) were downregulated
compared to both young and senescent RPESCs. The
results of densitometric analysis and normalization to
GAPDH expression (Figure 5B) were confirmed by real
time PCR, which demonstrated that p21 and p53 mRNA
was upregulated in senescent (P16) compared to young
RPESCs (P3) (Figure 5C and D). In contrast, P11
RPESCs showed higher p21 and p53 mRNA and lower
protein levels compared to young RPESCs (P3).

The expression of senescence-associated genes in
senescent and young RPESCs was measured by
analyzing their mRNA levels using Cellular Senescence
RT2 Profiler PCR Array (PAHS, Qiagen).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and ribosomal protein, large, P0 (RPLP0) were used as
inner controls to normalize gene expression levels.
Fifteen genes related to human cellular senescence were
differentially expressed and showed a 4-fold change in
senescent compared to young RPESCs: 8 genes,
ALDH1A3 (aldehyde dehydrogenase 1 family member
A3), CDKN1A (cyclin-dependent kinase inhibitor 1A,
p21), CDKN2A (cyclin-dependent kinase inhibitor 2A,
P16INK4), IGFBP3 (insulin-like growth factor binding
protein 3), IRF5 (interferon regulatory factor 5),
SERPINB2 (serpin family B member 2, PAI2),
SERPINE1 (serpin family E member 1, PAI1), and
THBS1 (thrombospondin 1), were upregulated (Figure
1A), whereas 7 genes, CCNA2 (cyclin A2), CCNB1
(cyclin B1), CDC25C (cell division cycle 25C), CDK2
(cyclin-dependent kinase 2), EGR1 (early growth
response 1), TXB2 (T-box 2), and PIK3CA
(phosphatidylinositol-4,5-bisphosphate
3-kinase
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p21 and p53 protein expression in young and
senescent RPESCs

DISCUSSION
Age-related inflammation is a major risk factor in the
aging process. AMD is a highly common, irreversible
cause of severe loss of vision among the elderly in
developed countries [2]. It has a multifactorial etiology,
where advanced age and genetic predisposition are the
strongest risk factors [27,28]. Although the mechanisms
involved in its pathogenesis are unclear, inflammatory
pathways have been reported to play a key role in its
development and progression, as in the case of other
ARDs [29]. Recent data have lent support to the
hypothesis that senescent cells accumulate in the aging
primate RPE [30]. Senescent cells accumulate with
aging in human tissues and organs, promoting ARD
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Figure 5. Human p53 and p21 protein expression levels in senescent and young RPESCs. p53 and p21 protein expression
levels (A) Western blot analysis (B) and densitometric analysis of blots. Data are mean ± SD of 3 independent experiments. *P = from
0.022 to 0.046. (C) Relative expression levels of mRNA related to p21 and (D) p53 genes in young (P3), pre-senescent (P11) and
senescent (P16) RPESCs cells. Data are mean ± SD of 3 independent experiments. *P = from 0.031 to 0.044.

development and progression; cell exposure to recurrent
or chronic stress, including oxidative stress, may also
result in their accumulation [31, 32]. Our group has
recently characterized a stem cell-like population
derived from the human RPE [25] as RPESCs (RPE
progenitor cells). Notably, MSCs enter replicative
senescence after a limited number of cell divisions, a
fact that needs to be considered in experiments
involving cell cultures, especially in investigations of
regenerative medicine approaches. The effects of aging,
senescence, and oxidative stress can induce loss of
differentiation and proliferative potential in adult
MSCs, including RPESCs [33]. Senescent cells acquire
the SASP and release various proteins, including
proinflammatory molecules, thus contributing to ARDs
and the associated morbidity [34]. Critically, although
human RPESCs have been identified as a stem-cell like
population, they are unable to differentiate into mature
RPE cells, replacing those that are lost due to AMD. In
our previous study we isolated, cultured, and
characterized RPESCs from the human RPE and
investigated their differentiation potential [25]. In the
present work, induction of replicative senescence in
RPESCs resulted in reduced proliferative and
multilineage differentiation potential, SASP acquisition,
and release of inflammatory proteins that may be
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involved in AMD development and progression.
Senescent RPESCs exhibited telomere length
shortening and a characteristic large and flattened
morphology. They also stained for SA β-gal and
showed upregulation of p21 and p53 protein compared
to young RPESCs. p21 and p53 are key components of
the senescence machinery, playing a critical role as
regulators of stem cell functions [35]. Senescent
RPESCs expressed higher mRNA levels of senescenceassociated genes compared to their young counterparts.
These genes, which include CDKN1A (p21), IGFBP3,
SERPINE1, and SERPINB2, have been implicated in the
maintenance of replicative and stress-induced cellular
senescence mechanisms [36, 37]. In addition,
SERPINE1 (PAI1) is responsible for decreased
extracellular matrix (ECM) degradation through
inhibition of metalloprotease activation, mechanisms
that may be involved in ECM accumulation in the RPE
of AMD patients [38].
The irreversible growth arrest of senescent RPESCs was
confirmed by the downregulation of the genes involved
in cell cycle progression, including CCNA2, CCNB1,
and CDK2 [39, 40]. The transcription factors SOX2,
KLF4, and c-MYC have been reported to play a
regulatory role in stem cell self-renewal, i.e.
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reprogramming. Interestingly, these stem-cell specific
genes showed a similar expression level in senescent
and young RPESCs, whereas the RPE-specific genes
(RPE65, MITF, OTX2, PAX6, CRALBP, and PEDF)
were downregulated in senescent RPESCs. These data
suggest that despite their loss of differentiation potential
during senescence, the reprogramming ability of these
cells is preserved.
Senescent cells are metabolically active and release high
concentrations
of
proinflammatory
cytokines,
chemokines, growth factors, and proteases into the
culture medium [24, 41]. Senescent RPESCs (P16)
secreted higher IL-6, IL-12, IL-17, INF-γ, TNF-α, and
TGFβ1 concentrations compared to young RPESCs.
IFN-γ, TNF-α, and IL-17 are involved in Th1 and Th17
inflammation response pathways [42]. A recent study of
the CD4+ T cell compartment in AMD patients has
found that these cells play a proinflammatory role in an
IFN-γ- and IL-17-dependent fashion [43]. Such
proinflammatory cytokines are also likely to play a key
role in AMD pathogenesis, and their effect may well be
reinforced by senescent RPESCs.
Interestingly, proinflammatory cytokines may induce
activation of the anti-oxidative stress response in mature
RPE cells, as reported in a study where protective antioxidant pathways were activated in mature RPE cells
treated with oxidative agents and cultured with
peripheral blood mononuclear cell-conditioned medium
or with IFN-γ/TNF-α [44]. Moreover, T-cell–derived
proinflammatory cytokines were able to induce in
mature RPE cells the production and secretion of
multiple chemokines, which can affect the immune
homeostasis in the retina [45]. Indeed, there is growing
evidence for a role of the adaptive immune system in
the pathogenesis of neovascular AMD. Several studies
have addressed the crucial role of macrophages in the
development of choroidal neovascularization [46, 47,
48] and of atrophic changes in the AMD retina [49],
while an association has been described between AMD
and systemic leukocyte activity [50].
Singh and co-workers have demonstrated that the agerelated decrement in Th1 frequency seen in healthy
controls is absent in AMD patients, since the percentage
of CD4+ T-cells expressing CCR6 was significantly
reduced in patients with non-exudative as well as
exudative AMD [51]. There is also evidence that CCR2
expression in circulating monocytes may play a role in
the development of neovascular AMD [52, 46].
Furthermore,
significantly
accelerated
T-cell
differentiation and aging have been described in the
CD8+ T-cell compartment of patients with neovascular
AMD [53].
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As regards the pro/anti-inflammatory phenotype of
senescent RPESCs, the present study found a significant
downregulation of the anti-inflammatory cytokines IL4, IL-10, and IL-13 in these cells. An increased or
similar expression of these cytokines has been reported
in the serum and aqueous humor of AMD patients
compared with controls [54, 55], probably due to the
acquisition by senescent RPESCs of a specific
proinflammatory senescence-associated phenotype and
to the downregulation of anti-inflammatory cytokines in
vitro.
This study is preliminary and as such suffers from some
limitations. Replicative senescence was induced in vitro
in RPESCs isolated from the eye of a single healthy
young donor. The examination of samples from aged
AMD patients and healthy subjects is expected to
provide insight into the senescent proinflammatory
status of RPESCs in the elderly and into their role in
disease pathogenesis. It would also be interesting to
investigate the effects of oxidative agents on young and
senescent RPESCs from the mature RPE in terms of
induction of apoptosis or activation of antiinflammatory anti-oxidant pathways.
Altogether, the present findings indicate that RPESCs
can undergo replicative senescence, which affects their
proliferation and differentiation ability. In addition,
senescent RPESCs acquired the SASP, which probably
compounds the inflammatory RPE microenvironment
during AMD development and progression. A greater
understanding of the role of RPESCs in AMD
pathogenesis is needed to find means to control the
disease and modulate its progression.

MATERIALS AND METHODS
RPESC culture
RPESCs were isolated, characterized, and cultured as
described previously [25]. Cells were maintained in
RPE medium [MEM-α modified medium containing 2
mM L-glutamine, penicillin/streptomycin (1:100), 1%
Na-pyruvate, 10 % fetal bovine serum], supplemented
with taurine, hydrocortisone, triiodothyronine (THT),
and N1 (all from Sigma-Aldrich, Milano, Italy).
RPESCs were incubated at 37°C in a 5% humidified
CO2 incubator. The medium was replaced every 3 days.
Replicative senescence was induced by culturing cells
up to the 18th passage (P18). Viable cells were counted
at each passage by trypan blue staining using an
automated cell counter (Thermo Fisher, Milano, Italy).
Population doublings (PDs) were determined as current
PDs = last PDs+log2 (collected cell number / seeded
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cell number); cumulative PD (CPD) was calculated as
the sum of PD changes, as described previously [56].
Telomere length measurement
Telomere length was measured using the Relative
Human Telomere Length quantification qPCR assay kit
(ScienCell Research Laboratories, San Diego, CA,
USA) according to the manufacturer’s protocol and a
quantitative RT-PCR technique (Cawthon’s method
[57]), as described previously [56].
Senescence-associated β-galactosidase (SA β-gal)
staining
β-gal staining was performed using the Senescence βGalactosidase Staining kit (Cell Signaling Technology,
Leiden, The Netherlands) according to the
manufacturer’s protocol.
Phalloidin staining
For phalloidin staining, young (P3), intermediate
passage (P11) and senescent (P16) cells were seeded on
chamber slides and cultured for 3 days in RPE medium.
They were then fixed in 4% PFA for 30 min, blocked
with bovine serum albumin (BSA), 2.5% in PBS for 30
min, and permeabilized with Triton X-100, 0.2% in
BSA/PBS for 10 min at room temperature.
Subsequently, cells were stained with TRITC-labeled
phalloidin (Sigma Aldrich) according to the
manufacturer’s protocol. Nuclear staining was obtained
by applying Hoechst solution (Molecular Probes,
Thermo Fisher, Milano, Italy) for 10 min. Slides were
mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA).
Analysis of the secretory phenotype
The concentration of IL-4, IL-6, IL-10, IL-12, IL-13,
INF-γ, TNF-α, and TGFβ1 was measured in the
supernatant by an ELISA method (Multi-Analyte
ELISArray kit, Qiagen; Affymetrix Ebiosciences,
Vienna, Austria). Briefly, the supernatants were
collected at the end of each passage before
trypsinization, centrifuged, and stored at -20°C. Optical
density at 450 nm was determined using a microtiter
plate reader (Multiskan Go, Thermo Scientific, Monza,
Italy). Cytokine concentration was determined as pg/ml
by comparing their absorbance to the antigen standards.
Each experiment was performed three times.
RNA isolation
Total RNA from P3 and P16 RPESCs was isolated
using PerfectPure RNA Cell and Tissue Kit (5 PRIME,
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Hamburg, Germany). The concentration and purity of
total RNA samples were determined using a NanoDrop
One Spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA). RNA was stored at -80 °C until
use. About 300 ng of total RNA extracted from both
RPESC sets was reverse transcribed using the
GoScript™ Reverse Transcription System (Promega,
Milano Italy) according to the manufacturer’s protocol.
RT-PCR analysis
Real-time PCR was performed with a Master Cycle
(Eppendorf, Hamburg, Germany) apparatus using EVA
Green PCR Master Mix (Bio-Rad, Milano, Italy)
according to the manufacturer's instructions. Conditions
were as follows: denaturation 98°C for 2 min and 40
cycles of 98°C for 60 s and 60°C for 60 s. A melting
stage was added at the end of amplification. There was
no non-specific amplification as determined by the
melting curve. All samples were tested in triplicate with
the reference genes β-actin and RPL30 for data
normalization. Genes and related primer sequences
(SOX2, KLF4, c-MYC, RPE65, CRALBP, PEDF,
OTX2, MITF, p21 and p53) were as described
previously [58]. The mRNA expression level of all
tested genes was analyzed in young and senescent
RPESCs with the 2-ΔΔCt method: Δ (ΔCt) = ΔCt
(senescent) − ΔCt (young). The relative expression
values of the genes of interest are reported as
mean ± standard deviation (SD) of three independent
experiments.
mRNA profiling
Total RNA from young (P3) and senescent (P16)
RPESCs was isolated with the PerfectPure RNA Cell
and Tissue Kit. cDNA synthesis was performed with
RT2 First Strand Kit (Qiagen, Milano, Italy) and
Cellular Senescence RT Profiler PCR Array (PAHS050ZA; Qiagen). The average of glyceraldehyde 3phosphate dehydrogenase (GAPDH) and ribosomal
protein, large, P0 (RPLP0) was used for normalization.
Only mRNAs with reads < 35 Ct in all three biological
replicates were included in the analysis. After
amplification, melting curves were acquired. mRNA
expression was quantified with the 2-ΔΔCt method.
Relative gene expression values are reported as mean ±
SD of three independent experiments.
Protein extraction and immunoblotting
Total protein was extracted from young (P3) and
senescent (P16) RPESCs (1 x 106 cells/sample) as
described previously [16], with some modifications.
Membranes were incubated overnight with the primary
p21 and p53 antibody (Santa Cruz Biotechnology, Santa
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Cruz, CA, USA) using GAPDH as the endogenous
control, followed by incubation with the secondary
antibody conjugated to horseradish peroxidase (Santa
Cruz Biotechnology). Protein detection on the
membrane was performed using the Clarity Western
ECL Substrate Kit (Bio-Rad). The signals were
captured with an Alliance Mini (UVITEC Cambridge,
Cambridge, UK) system; the p21 and p53 bands were
quantified with UVITEC software and their intensity
was normalized by comparison to the housekeeping
protein β-actin, used as a loading control. The intensity
of each band was compared to the negative controls and
any change was expressed as a percentage.
Statistical analysis
Results are expressed as mean ± SD. Comparisons
between groups were analyzed by paired-sample t test
comparisons using SPSS 20.0 software. Significance
was analyzed in data from at least three independent
experiments. P values ≤ 0.05 were considered
significant.
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ABSTRACT
P62/SQSTM1, a multi‐domain protein that regulates inflammation, apoptosis, and autophagy, has been linked
to age‐related pathologies. For example, previously we demonstrated that administration of p62/SQSTM1‐
encoding plasmid reduced chronic inflammation and alleviated osteoporosis and metabolic syndrome in animal
models. Herein, we built upon these findings to investigate effect of the p62‐encoding plasmid on an age‐
related macular degeneration (AMD), a progressive neurodegenerative ocular disease, using spontaneous
retinopathy in senescence‐accelerated OXYS rats, as a model. Overall, the p62DNA decreased the incidence
and severity of retinopathy. In retinal pigment epithelium (RPE), p62DNA administration slowed down
development of the destructive alterations of RPE cells, including loss of regular hexagonal shape, hypertrophy,
and multinucleation. In neuroretina, p62DNA prevented gliosis, retinal thinning, and significantly inhibited
microglia/macrophages migration to the outer retina, prohibiting their subretinal accumulation. Taken
together, our results suggest that the p62DNA has a strong retinoprotective effect in AMD.

INTRODUCTION
Age-related macular degeneration (AMD) is the most
common cause of irreversible vision loss in industrialized countries [1]. Prevalence of AMD is increasing
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dramatically as the proportion of the elderly in the
population continues to rise [1]. By clinical signs, there
are two forms of AMD: dry and wet AMD forms, also
known as geographic atrophy and exudative AMD,
respectively. There are effective treatments of vascular
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complications of neovascular AMD by anti-VEGF
therapeutics. However, neither there is a treatment of
the dry form of AMD (~ 90% of all cases) nor
preventive strategies against progression to the nonexudative form of AMD [2]. Therefore, the development of
effective therapeutic and prophylactic modalities
against AMD is an urgent task. AMD is a multifactorial
disease involving a complex interplay of genetic,
environmental, metabolic, and functional factors [3].
Age-related alterations in the immune system, inflammation and autophagy as well as oxidative stress
strongly interwoven into AMD pathogenesis and
represent possible targets for new therapies [4].

tory cytokines, and up-regulation of anti-inflammatory
species [17, 18]. Because of a significant inflammatory
component in AMD, we hypothesized that quenching
chronic inflammatory reactions upon administration of
p62DNA may alleviate the disease. Here, we assessed
effects of p62DNA administration on the development
of retinopathy in OXYS rats and evaluated possible
mechanisms of its action.

To study age-associated disorders, we introduced a
model of senescence-accelerated OXYS rats, which
spontaneously develop a phenotype similar to human
AMD-like retinopathy [5-10]. Retinopathy that
develops in OXYS rats even at a young age corresponds
(in terms of clinical manifestations and morphological
characteristics) to the dry atrophic form of AMD in
humans. Furthermore, neovascularisation develops in
some (~10–20%) of these rats with age. The clinical
signs of AMD-like retinopathy appear by the age of 3
months in 100% of OXYS rats against the background
of a reduction in the transverse area of the RPE and
impairment of choroidal microcirculation [7, 8].
Significant pathological changes in the RPE as well as
clinical signs of advanced stages of retinopathy are
evident in OXYS rats older than 12 months [6, 10].
These changes manifest themselves as excessive
accumulation of lipofuscin and amyloid in the RPE
regions [6], disturbances in the morphology of the RPE
sheet, including an increase in the proportion of
multinucleated cells, hypertrophy, distortion of cell
shape, and reactive gliosis [10]. This animal model is
successfully used to study the pathways and molecular
alterations implicated in the development and
progression of age-related diseases [11, 12] as well as to
test new therapeutic interventions [8, 13, 14].

In the first series of experiments, we assessed possible
prophylactic effects of p62DNA against the development of retinopathy. Set of six p62DNA weekly
injections started at the age of 1.5 months prior to any
signs of retinopathy. Preliminary examination of rats at
the age of 1.5 months showed that in experimental and
control groups of OXYS rats signs of the 1st stage (1
a.u.) of retinopathy were present in 15 and 10% of
animals, respectively. Five injections of the p62DNA
ones a week (from 1.5 months of age) significantly
slowed down development of retinopathy in OXYS rats
(Figure 1A). Indeed, by the age of 3 months, 55% of
eyes in the control group developed the signs of the 1st
stage of retinopathy, 30% developed the 2nd stage, and
only 15% of eyes remained without the signs of the
disease. In contrast, in the p62DNA treated group, 55%
of eyes developed the signs of the 1st stage of
retinopathy, while the rest 45% of eyes did not show
any signs of degeneration. Accordingly, statistical
analysis showed that the average level of retinopathy in
the p62DNA-treated OXYS rat’s eyes was 2.5 times
lower than in the control animals (0.45±0.11 and
1.15±0.15 a.u., p < 0.001, respectively).

The adapter protein p62/SQSTM1 interacts with many
signaling factors, and regulates major cellular functions
including inflammation, apoptosis, and autophagy [15,
16]. In the retinal pigment epithelium (RPE), p62
promotes autophagy and simultaneously enhances an
Nrf2-mediated antioxidant response to protect against
acute oxidative stress [16]. Recently, a DNA plasmid
encoding p62-SQSTM1 (p62DNA) has been developed
as biological agent for treatment diseases associated
with chronic inflammation. Indeed, it demonstrated
strong anti-osteoporotic activity [17], and alleviated
diet-induced obesity and metabolic dysfunctions [18] in
animal models. Notably, suppression of osteoporosis
and metabolic syndrome by p62DNA were associated
with a sharp down-regulation of master pro-inflamma-
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RESULTS
p62DNA inhibits retinopathy development in OXYS
rats

Another experiment was conducted testing if the
plasmid effects progression of AMD in the older
animals (Figure 1B). Examination of these animals at
the age of 12 months revealed that all animals had signs
of retinopathy in at least one eye. 75 percent of eyes in
the control group manifested changes corresponding to
the AMD predisciform stage (1 a.u.) and 25% did not
have the signs of retinopathy. In the experimental
group, 65% of eyes had changes corresponding to the
predisciform stage (1 a.u.) and 35% of rats did not have
the signs of retinopathy. Statistical analysis showed that
retinopathy continued to progress in both control and
experimental groups but p62DNA reduced the severity
of patho-logical changes in the eyeground of OXYS rats
(p < 0.001). By the time of the second eye inspection at
the age of 13.5 months, all the eyes in the control group
had signs of retinopathy corresponding to the 2nd stage
of AMD (2 a.u.). At t he same time, p62DNA-treated
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OXYS rats demonstrated pathological changes
corresponding to the 1st stage of AMD in the 45% of
retinas, and to the 2st stage - in the 55% of eyes. These
data indicate that administration of p62DNA in the
prophylactic setting significantly delays development of
AMD signs and alleviates the severity of the disease.

Effect of p62DNA remained for 6 months after the
treatment
To assess the duration of the effect of p62DNA on
AMD, groups of OXYS rats were administered weekly
injections of either p62DNA or PBS control and then

Figure 1. Effect of treatment with p62 ‐ plasmid on the retinopathy developing in OXYS rats at 1.5 and
12 months of age. The data are presented as percentage of eyes with stages (0, 1 and 2) of retinopathy before and
after treatment in control (PBS) and p62‐treated OXYS rats. In each group, 20 eyes of 10 animals were examined.

Figure 2. p62 DNA suppressed development of retinopathy and the effect persisted for 6 months after the last
injection. (A) The data are presented as a.u. corresponding to the stages of retinopathy. *A significant increase in the severity of
retinopathy according to the pairwise comparisons of the eye condition before and after treatment. (B) Stages of retinopathy in
4‐ and 10.5‐month‐old controls and p62 treated OXYS rats. Treatment was started at the age 1.5 months. In each group, 30 eyes
of 15 animals were examined. The data are presented as the percentage of eyes with stages (0, 1, 2 and 3) of retinopathy.
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observed for 6 months. The first injection took place at
the age of 1.5 month, and the last one at 4.5 months.
Each animal was examined by an ophthalmologist every
second week. The results of examination are shown in
Figure 2. The first (preliminary) examination of rats at
the age of 1.5 months revealed that the same percentage
of eyes in the experimental and the control group of
OXYS rats had signs of the first stage of retinopathy
(30% and 35% respectively). At the age of 4 months,
73% of eyes manifested signs of 1st stage retinopathy,
and 27% - signs of the 2nd stage disease in p62-treated
rats. At the same time in control rats, we found signs
corresponding to the first and second stages of the
disease in 40% and 60% of eyes respectively.
According to the ANOVA analysis, an averaged stage
of retinopathy in p62-treated rats was significantly
reduced compared to the control (p<0.009).

Starting 4 months of age, p62DNA completely
prevented further development of retinopathy in OXYS
rats. As a result, the severity of retinopathy signs at the
age of 10.5 months remained at the level of 4-month-old
animals: 70% of eyes of OXYS rats from this group had
signs of first-stage and 30% second stage of retinopathy, indicating the disease remained stable during at
least 6 months following the p62DNA injections. In
contrast, examination of the control animals at the ages
of 7.5 and 10.5 months indicated enhancements of the
severity of pathological changes (p<0.015). Indeed, at
the age of 10.5 months, we detected signs of first-stage
AMD in 17% of the eyes, second-stage - in 73%, and
the third-stage - in 10% of eyes of the control OXYS
rats (Figure 2). Therefore, administration of p62DNA
precludes further disease progression, an effect that can
last for 6 months.

Figure 3. Effect of p62 DNA on p62 expression in the retina of OXYS rats at 3 and 13.5 months. (A) Representative
p62 immunofluorescence of retinal cryosections from 3‐ and 13.5‐month‐old OXYS rats treated by PBS (left) or p62DNA plasmid
(right). Scale bar: 50 μm. RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cells
layer. (B) Representative immunoblots of p62 in the retina of OXYS rats. 1 ‐ PBS; 2 ‐ p62DNA. (C) Levels of p62 protein by
immunoblot. (D) Measurements of retinal thickness (from ONL to GCL) in 3‐ and 13.5‐month‐old OXYS rats treated by p62DNA or
PBS. *p < 0.05, statistically significant effect of p62DNA; #p < 0.05 between 3 and 13.5 months. Data are presented as mean ± SEM.
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Administering of p62DNA
expression of retinal p62

does

not

change

Western blot analysis and immunohistochemistry were
performed to determine expression of p62 in the retina
of 3- and 13.5-month-old OXYS rats receiving
injections of PBS (vehicle control) or p62DNA (Figure
3A-C). Immunohistochemical staining of the retinal
slices revealed strong p62 expression in the RPE cells
and around the nuclei of the inner nuclear (INL) and
ganglion cells layers (GCL) in both control and treated
animals. P62 expression was weaker in outer and inner
plexiform layers (OPL and IPL) in rats of all groups
(Figure 3A) (n=4 p62DNA, n=4 PBS). Also, immunostaining revealed p62 granules in plexiform layers, and
the number of these granules increased with age.
However, we did not detect any significant differences
in the p62 immunostaining between plasmid-treated and
PBS groups. The lack of difference in expression of p62
protein in rat retina in control and following p62DNA
administration either at 3 months or 13.5 months old
animals was further confirmed by immunoblotting with
anti-p62 antibody (Figure 3B-C) (n=6 p62DNA, n=6
PBS).

hexagon shape, indicating significant abnormalities. By
the age of 13.5-months in PBS control OXYS rats, the
majority of RPE cells displayed disorganized morphology and the loss of hexagon shape. This qualitative
assessment showed a significant increase in proportion
of multinucleate and hypertrophic RPE cells upon
aging. In contrast, in p62DNA treated groups, the RPE
cell exhibited mostly a regular organized structure with
a smaller proportion of pathologically altered cells
(Figure 4B). Thus, p62DNA treatment significantly
alleviated destructive alterations of RPE cells.

Administering p62DNA prevents degeneration of
neuroretina and RPE
We observed a higher overall retinal thickness (from
GCL to ONL) in young OXYS rats treated with
p62DNA compared to PBS-treated group (Figure 3D)
(p<0.05, n=4 p62DNA, n=4 PBS). In the control OXYS
rats group, we observed a substantial reduction of the
number of rows of photoreceptors (Figure 3A) and the
retinal thickness (Figure 3D) by 13.5 months of age.
These changes indicate progressive retinal neurodegeneration. At the same time, the age-associated
reduction of the number of photoreceptor rows observed
at the age of 13.5 months was substantially smaller in
animals that received 6 weekly injections of p62 from
12 months. However, treatment of the older rats with
the plasmid (starting at the age of 12 months) did not
prevent or reverse the decline in retinal thickness.
RPE cells are first affected during AMD pathogenesis.
In line with this observation, destructive alteration in
RPE cells is a primary change during the development
of retinopathy in OXYS rats [10]. We investigated the
effect of p62DNA on the state of actin cytoskeleton in
RPE cell by staining RPE flat mounts with phalloidin
(Figure 4B). According to the commonly accepted
practice assuring the highest quality and reproducibility,
we analysed only the central zone of the RPE, which is
in close proximity to the exit site of the optic nerve. In 3
months old PBS control OXYS rats, we observed
hypertrophic and multinucleate RPE cells with loss of
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Figure 4. Effect of p62DNA on the GFAP expression and the
state of RPE cells. (A) Representative GFAP immunostaining in
retina of 3‐ and 13.5‐month‐old OXYS rats, treated by PBS (left) or
p62DNA (right). GFAP staining was mainly confined to astrocytes
and the ganglion cell layer at the inner limiting membrane in OXYS
rats at the age of 3 months. In PBS‐treated 13.5‐month‐old OXYS
rats, the increased GFAP expression was observed along the
Müller glial cell processes extending towards the outer limiting
membrane, representing massive gliosis. p62DNA treatment
prevented GFAP accumulation in 13.5‐month‐old OXYS rats. Scale
bar: 50 μm. ONL: outer nuclear layer; INL: inner nuclear layer; GCL:
ganglion cells layer. (B) Representative images of phalloidin‐
stained RPE flat‐mounts of 3‐ and 13.5‐month‐old OXYS rats,
treated by PBS (left) or p62DNA (right). p62DNA treatment slowed
down development of the destructive alterations of RPE cells (the
loss of regular hexagonal shape, the hypertrophy, the
multinucleation) in OXYS rats. Scale bar: 50 μm.
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Effect of
expression

administering

p62DNA

on

GFAP

Upregulation of glial fibrillary acidic protein (GFAP) is
a well-established indicator of retinal injury and
reactive gliosis [19]. Accordingly, we investigated
expression of GFAP by immunohistochemistry with the
corresponding antibody. At the age of 3 months, GFAP
staining was mainly confined to astrocytes and ganglion
cell layer at the inner limiting membrane (Figure 4A),

and there was no significant difference between levels
of GFAP in the retina of p62DNA and PBS groups. By
the 13.5 months of age, astrocytes and Müller cells were
strongly activated in control animals, as shown by the
intense GFAP staining in the macroglial outgrowths
from GCL towards the outer limiting membrane beyond
ONL, re-presenting massive gliosis (Figure 4A). However, p62DNA treatment strongly reduced, and in some
cases completely prevented GFAP upregulation in 13.5month-old OXYS rats (Figure 4A) (n=4 p62DNA, n=4

Figure 5. p62DNA abolished migration of Iba1+ and Cd68+ positive cells (microglia and macrophages) to the
outer nuclear layer in 13.5‐month‐old OXYS rats. (A) Representative images of Iba1 (green) and Cd68 (red)
+
+
immunostaining in OXYS rats treated with PBS or p62DNA at 3 and 13.5 months of age. The distribution of Iba1 (B) and Cd68
cells (C) in various layers of the retina: ganglion and inner plexiform layers (GCL+IPL, black), inner nuclear and outer plexiform
layers (INL+OPL, red) and outer nuclear layer (ONL, blue). Scale bar: 50μm. ONL: outer nuclear layer; INL: inner nuclear layer;
GCL: ganglion cells layer.*p < 0.05, statistically significant effect of p62DNA. Data are presented as mean ± SEM.
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PBS). Therefore, administration of p62DNA has a
strong preventive effect on multiple hallmarks of
developing AMD.
Effect of p62DNA on retinal microglia and
macrophages
In order to evaluate effects of the p62DNA on the
inflammatory conditions in the retina and to quantify
recruitment of microglia and macrophages to the outer
retina, we performed double immunostaining of retinal
cryosections with Iba1 (a microglial marker) and Cd68
(a marker of macrophages). Figure 5 depicts representtative images of Iba1 and Cd68 immunoreactivity on
retinal cryosections. At the age of 3 months, the Iba1+
and Cd68+ cells were located in the GCL, INL, IPL and
OPL. At this age, we did not detect migration of
microglia and macrophages into the photoreceptor
layer, and p62DNA treatment did not affect the amounts
Iba1 and Cd68 cell (Figure 5A-C). By the age of 13.5
months, PBS treated OXYS rats displayed Iba1+ and
Cd68+ cells in ONL, indicating inflammatory processes
(Figure 5C). In contrast, treatment with p62DNA almost
completely blocked appearance of microglia and
macrophages in the ONL, indicating little or no retinal
inflammation following the p62 injection (Figure 5C)
(p<0.05, n=4 p62DNA, n=4 PBS). Overall these data
indicate that p62 administration alleviates development
of the age-related chronic inflammation and reverses
retinal degeneration in the rat model of AMD.

DISCUSSION
Herein, we assessed preventive and/or therapeutic
potency of a plasmid coding p62-SQSTM1. We report
that administering the p62DNA to young OXYS rats
substantially blocked AMD-like retinopathy limiting the
disease signs. Unlike many other interventions
manifesting withdrawal effect, the prophylactic effect of
p62 DNA in young animals persisted for half a year
after the last injection. The therapeutic effect was tested
administering p62DNA to the rats at the age of 12
months when retinopathy has already actively
progressed. Indeed, administering p62DNA to these
animals suppressed further disease development.
Therefore, the plasmid coding p62-SQSTM1 is a
promising anti-AMD agent.
Degeneration and loss of RPE and choroidal involution
with a secondary loss of photoreceptors are cardinal
features of the dry form of AMD. Our prior data
indicate that AMD-like pathology in OXYS rats is
strongly associated with age-related alterations of the
RPE and glia, and may derive from an imbalance of
immune processes, including chronic inflammation [10,
11]. Normal RPE sheet is organized as a regular array
of cells while upon AMD it exhibits strong spatial
irregularity [20]. Other RPE changes typical for AMD
include hypertrophy, multinucleation, and disruption of
the hexagonal structure. Importantly, administering
p62DNA prevented development of the destructive

Figure 6. p62 (SQSTM1) as a mediator of several pathways. Anti‐inflammatory effect of p62
can be mediated via inhibition of NF‐kB pathway as well as antioxidant response and clearance of
damaged proteins/organelles (e.g., mitochondria) [25‐28].
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alterations of RPE cells (Figure 4) and thinning of the
retina. Also, it reduced the loss of photoreceptor
neurons, thus providing a neuroprotective effect in
OXYS retina (Figure 3). To some extent, neuroprotection observed in AMD OXYS rat model may be
due to primary protection of the RPE integrity.
Many diseases of retina are related to the gliosis of
Müller cells and astrocytes, and upregulation of GFAP
is a well-established indicator of retinal injury and
reactive gliosis [21]. In AMD, regions of GFAP upregulation in Muller cells are associated with drusen
formation [22]. Importantly, inhibition and/or reversal
of the reactive gliosis prevents apoptotic death of retinal
neurons and provides substantial neuroprotection [23,
24]. Here, we demonstrate that treatment with p62 DNA
substantially prevents GFAP activation and decreases
reactive gliosis in retina of OXYS rats.
In the present study we demonstrated that in aged
OXYS rats macrophagal and microglial infiltration in
outer retina (the number of Iba1- and Cd68-positive
cells) was reduced in p62DNA treated rats compared to
PBS control, which is consistent with the previously
proposed anti-inflammatory protective role of p62
plasmid. Recently, we reported that p62-encoding
plasmid administered intramuscularly reduces levels of
pro-inflammatory cytokines, increases levels of antiinflammatory cytokines and mitigates inflammationrelated diseases such as osteoporosis and metabolic
syndrome [17, 18]. There are two ways how administering p62DNA can lead to the anti-inflammatory effect,
either directly influencing p62 level in the cells of the
target organ or acting indirectly. Cells of the mammal
organisms naturally express p62, also known as
p62/sequestosome-1 (p62/SQSTM1), which plays a
variety of biological roles ranging from oxidative stress,
tumorigenesis, autophagy and degradation of misfolded
proteins to inflammation and anti-inflammatory
response (Figure 6) [16, 25]. For instance, p62 inhibited
MYD88-TRAF6 complex formation, suppressing
expression of IL-6 and nitric oxide synthase 2 [26]; and
p62 overexpression decreased inflammatory cytokines
production [27]. Also, inflammation may be controlled
by interplay between the p62 level and NF-kB activity
[28] (Figure 6). Interestingly, mice deficient in p62
developed more severe atherosclerosis and showed
greater macrophage infiltration of atherosclerotic plaques, a sign of increased inflammation [29]. Thus, if
administering p62DNA leads to increased local
expression of p62 in the organ, it may reduce local
inflammation.
The suppression of osteoporosis by the p62DNA was
associated with up-regulation of endogenous p62
protein in bone-marrow stromal cells [17]. However, in
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the present study, we did not detect elevation of p62
levels in the RPE/retina of the p62DNA treated groups.
Therefore tissue protection and suppression of
inflammation can be achieved through a mechanism
that does not involve elevation of endogenous p62
levels. Effects of p62DNA in this model seem to be
indirect. The likely scenario is that the plasmid enters
some cells remotely from the target organ, and
expression of the plasmid-encoded p62 in these remote
cells generates signals circulating in the body and
causing therapeutic effects by reducing local
inflammation. Thus, we believe that our work is fundamentally different from a direct gene therapy approach
of Caccamo et al. [30] who have shown that increasing
brain p62 expression might be a valid approach to
restore neuronal function in proteinopathies.
Discovering the anti-inflammatory signal(s) induced by
the p62DNA may be an important continuation of this
line of research. A signal may be a secreted molecule,
an exosome or even a reprogrammed cell. Although
majority of the administered plasmid molecules do not
leave the muscle they are injected to, some plasmid is
delivered to a bone marrow. This fact lead to a
hypothesis [18] that the plasmid transfects macrophages
in the bone marrow shifting them to the anti-inflammatory M2-like phenotype. Then, these macrophages exit
the bone marrow and circulate in the body.
In summary, our data suggests that a p62-encoding
plasmid might be a novel preventive and/or therapeutic
agent for AMD as it maintained retinal thickness and
restored RPE morphology.

MATERIALS AND METHODS
DNA Plasmid
Human p62 (SQSTM, isoform 1) – encoding DNA
vaccine (Elenagen) was previously described [31] and
produced using EndoFree Plasmid Giga Kit (Qiagen).
Animals and treatments
All experimental procedures were in compliance with
the European Communities Council Directive of 24
November 1986 (86/609/EEC). The protocol of the
animal study was approved by the Commission on
Bioethics of the Institute of Cytology and Genetics,
Novosibirsk, Russia. Male senescence-accelerated
OXYS rats were obtained from the Center for Genetic
Resources of Laboratory Animals at the Institute of
Cytology and Genetics, the Siberian Branch of the
Russian Academy of Sciences. The OXYS strain was
derived from the Wistar strain of rats at the Institute of
Cytology and Genetics as described earlier [9]. At the
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age of 4 weeks, the pups were weaned, housed in
groups of five animals per cage (57 × 36 × 20 cm), and
kept under standard laboratory conditions (22°C ± 2°C,
60% relative humidity, and 12-hour light/12-hour dark
cycle; lights on at 9 a.m.). The animals were provided
with standard rodent feed (PK-120-1; Laboratorsnab,
Ltd., Moscow, Russia) and water ad libitum.
The first experiment
OXYS rats at the age of 1.5 months (n=20) and 12
months (n=20) were distributed in four groups (n = 10)
and were injected intramuscularly (femoral quadriceps)
with p62DNA in dose 150 mkg per rat in 60 µl
(Elenagen, 2.5 mg/ml) on phosphate-buffered saline
(PBS) or with only PBS. All groups were subjected to
five injections at one-week intervals. Ophthalmoscopic
examination was carried twice: before and 2 weeks after
the last plasmid injection. The rats were euthanized
using CO2 inhalation and decapitated 8 d after the last
examination of eyes. Eyes from four rats for group were
used for immunohistochemistry (the right eyes) and
RPE flat-mount staining (the left eyes). At least four
tissue slices were analyzed per animal. To measure p62
protein level we used retinas obtained from six rats for
group (the left and right eyes were mixed). The retina
was separated from the other tissues, placed in
microcentrifuge tubes for protein isolation, and frozen
in liquid nitrogen. All specimens were stored at −70°C
before the analysis.
The second experiment
1.5-month old OXYS rats were randomly distributed in
two groups (n = 15) and were injected intramuscularly
(femoral quadriceps) with p62DNA in dose 150 mkg
per rat in 60 µl (Elenagen, 2.5 mg/ml) on PBS or with
only PBS (n = 15). All groups were subjected to nine
injections at one-week intervals. The animals received
the last injection at the age of 4 months. An
ophthalmologist examined all animals five times: before
treatment at the age 1.5 months and at the ages 4, 6, 8,
and 10,5 months, respectively.
Ophthalmoscopic examination
All rats underwent funduscopy with a Heine BETA 200
TL Direct Ophthalmoscope (Heine, Herrsching,
Germany) after dilatation with 1% tropicamide. An
assessment of stages of retinopathy was performed
according to the Age-Related Eye Disease Study grade
protocol (AREDS; http://eyephoto.ophth.wisc.edu). The
degree of retinopathy was estimated as follows: 0
arbitrary units (a.u.) corresponds to healthy retina; 1
a.u., appearance of drusen and other pathological
changes in the RPE and partial atrophy of the choroid
capillary layer; 2 a.u., exudative detachment of RPE and
of retinal neuroepithelium, with further choroid
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capillary layer atrophy; and 3 a.u., neovascularization
and exudative-hemorrhagic detachment of RPE and
neuroepithelium scarring.
Antibodies
Mouse monoclonal anti-p62 (ab56416), rabbit
polyclonal anti-Gfap (ab7260), rabbit polyclonal antiactin (ab1801), goat polyclonal anti-Iba1 (ab5076),
mouse monoclonal anti-Cd68 (ab31630), and a
secondary antibody – a donkey anti-goat IgG H&L
antibody (conjugated with Alexa Fluor® 488;
ab150129), donkey anti-rabbit IgG H&L antibody
(conjugated with Alexa Fluor® 488; ab150073), donkey
anti-mouse IgG H&L antibody (conjugated with Alexa
Fluor® 568; ab175472) and goat anti-rabbit IgG H&L
antibody (HRP; ab6721) were acquired from Abcam
(Cambridge, UK).
RPE flat-mount staining
As described by previous work [12, 17], the enucleated
eyes with an incision along the limbus were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS)
for 2 h. The anterior segment of the eye (cornea, iris,
ciliary body and lens) was removed. Retinal tissue was
carefully excised from the eyecup, and the remaining
cups containing RPE, choroid, and sclera were
thoroughly washed in PBS with 0,1% Triton X-100
(PBST) and dissected into quarters by radial cuts. The
RPE/choroid flat mounts were incubated in PBS/bovine
serum albumin (BSA) 5% with 1% Triton X-100 for 1 h
for blocking and permeabilization. Next, the samples
were stained with fluorescein isothiocyanate (FITC)phalloidin (1:100, P5282, Sigma-Aldrich) at 4°C 48 h to
visualise the cytoskeleton and cell shapes during en face
imaging. After washes in PBST, the RPE/choroids were
flat-mounted on glass slides and were coverslipped with
the Fluoro-shield mounting medium containing 4′,6diamidino-2-phenylindole (DAPI; ab104139, Abcam).
Images were acquired with a confocal microscope
(LSM 780 NLO, Zeiss).
Western blotting
Immunoblotting was performed as previously described
[8]. To measure P62 protein level we used retinas
obtained from six rats for group. The retina was
separated from the other tissues, placed in microcentrifuge tubes for protein isolation, and frozen in
liquid nitrogen. The retinas from the left and right eyes
of one rat were mixed. Frozen tissues of retina were
homogenized in protein lysis buffer radioimmunoprecipitation assay (50 mmol/L Tris-HCl, pH 7.4; 150
mmol/L NaCl; 1% Triton X-100; 1% sodium
deoxycholate; 0.1% SDS; and 1 mmol/L EDTA) sup-
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plemented with protease inhibitor cocktail (P8340;
Sigma-Aldrich, St. Louis, MO). After incubation for 20
minutes on ice, samples were centrifuged at 9660 × g at
4°C for 30 minutes and the supernatants were
transferred to new tubes. Total proteins were measured
with a Bio-Rad Bradford kit (Bio-Rad Laboratories).
Samples were resolved on 12% SDS-PAGE on Trisglycine buffer (25 mmol/L Tris base, 190 mmol/L
glycine, and 0.1% SDS) and transferred to nitrocellulose membranes. Antibodies and dilutions used in
immunoblotting included an anti-P62 antibody
(1:1,000) and anti-β-actin antibody (1:1,000). After
blockage with 5% bovine serum albumin (BSA; SigmaAldrich) in 0.01 M phosphate buffer with 0.1% Tween20 (PBS-T) for 1 h, the membranes were incubated with
the primary antibodies at 4°C overnight. After
incubation with the respective secondary antibody
(1:3,000), chemiluminescent signals were measured and
scanned, and intensity of the bands was quantified in the
ImageJ software (NIH, Bethesda, MD, USA). β-Actin
served as an internal loading control.
Immunohistochemistry
Immunofluorescent staining was performed according
to the standard method as described [5]. The eyes were
removed and fixed in fresh 4% paraformaldehyde in
PBS for 2 h, washed three times in PBS, and then
cryoprotected in graded sucrose solutions (10%, 20%,
and 30%). Posterior eyecups were embedded in TissueTek® O.C.T. Compound (Sakura), frozen, and stored at
−80°C. Tissue slices (10 µm thick) were prepared on a
Microm HM-505N cryostat at –20°C, transferred onto
Polysine® glass slides (Menzel-Glaser), and stored at
−20°C. Primary antibodies and dilutions were as
follows: anti-Iba1 (1:250), anti-Gfap (1:250), and antiCd68 (1:300). Primary antibodies were incubated for
18 h at 4°C. After incubation with the respective
secondary antibodies diluted 1:300 for 1 h at room
temperature, the tissue slices were coverslipped with the
mounting medium containing DAPI (ab104139,
Abcam) and were examined under the Zeiss microscope
Axioplan 2. The negative control samples with the
omitted primary antibody emitted only a minimal
autofluorescent signal. For each image acquisition, all
imaging parameters were the same. The morphometric
parameters (the retinal thickness, Iba1+ and Cd68+ cell
quantifications) were measured using quantitative
analyses of the images performed with Axiovision
software (SE64 4.9.1). Estimation was performed by
examination of the five fields of view for each retina.
Statistical analysis
The data were analyzed using repeated-measures
ANOVA (analysis of variance) and nonparametric tests
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using the statistical package (Statistica 8.0 software).
One-way analysis of variance was used for individual
group comparisons. The Newman–Keuls test was
applied to significant main effects and interactions in
order to assess the differences between some sets of
means. To assess the therapeutic effectiveness, we
performed a dependent pairwise comparison of the eye
states before and after treatment (t-test for dependent
samples). The data of Iba+ and Cd68+ cells counting
were analyzed by nonparametric method (the Mann–
Whitney U test). The data are presented as mean ±
SEM. The differences were considered statistically
significant at p<0.05.
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ABSTRACT
Retinal pigment epithelium (RPE) performs numerous functions critical to retinal health and visual function.
RPE senescence is a hallmark of aging and degenerative retinal disease development. Here, we evaluated the
temporal expression of key nicotinamide adenine dinucleotide (NAD+)‐biosynthetic genes and associated levels
of NAD+, a principal regulator of energy metabolism and cellular fate, in mouse RPE. NAD+ levels declined with
age and correlated directly with decreased nicotinamide phosphoribosyltransferase (NAMPT) expression,
increased expression of senescence markers (p16INK4a, p21Waf/Cip1, ApoJ, CTGF and β‐galactosidase) and
significant reductions in SIRT1 expression and activity. We simulated in vitro the age‐dependent decline in NAD+
and the related increase in RPE senescence in human (ARPE‐19) and mouse primary RPE using the NAMPT
inhibitor FK866 and demonstrated the positive impact of NAD+‐enhancing therapies on RPE cell viability. This,
we confirmed in vivo in the RPE of mice injected sub‐retinally with FK866 in the presence or absence of
nicotinamide mononucleotide. Our data confirm the importance of NAD+ to RPE cell biology normally and in
aging and demonstrate the potential utility of therapies targeting NAMPT and NAD+ biosynthesis to prevent or
alleviate consequences of RPE senescence in aging and/or degenerative retinal diseases in which RPE
dysfunction is a crucial element.

INTRODUCTION
The retinal pigment epithelium (RPE) performs
numerous functions essential to normal retinal health
and function [1]. RPE serves as a physiologic barrier
between the photoreceptor cells and the choroidal blood
supply and in doing so, plays an essential role in pro-
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tecting the retina from systemic insults by regulating
immune responses and thereby limiting the entry of
infectious or otherwise detrimental agents into retina
[1]. Additionally and importantly, RPE facilitates the
delivery of nutrients and ions extracted from the
choroidal blood to the photoreceptors and the counter
movement of photoreceptor-derived waste products for
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disposition in the choroid [2]. As such, damage to or
dysfunction of RPE may have a domino effect on the
health and function of photoreceptors that are
obligatorily dependent upon it and therefore a
significant impact on visual function. Hence, it is not
surprising that RPE is implicated directly and
prominently in the pathogenesis of most degenerative
diseases of the retina, including age-related macular
degeneration (AMD), the leading cause of blindness
among persons aged 60 and above worldwide [3, 4].
AMD is a complex multifactorial disease and, as its
name implies, age is a primary risk factor for its
development [5]. RPE is principally affected in AMD
[6]. Interestingly however, most available experimental
models and related studies, including our own prior,
have focused more heavily on identifying, understanding and limiting secondary consequences of aging
and related RPE dysfunction (e.g., increased oxidative
stress, inflammation, altered cholesterol metabolism) as
opposed to targeting directly factors, such as energy
deprivation, that precipitate accelerated aging at a
cellular level. The consequence of the latter is an
imbalance in homeostatic processes and subsequent
damage, as shown in many specific cell types. This is
the premise of a number of recent studies including the
present investigation in which we focused on
nicotinamide adenine dinucleotide (NAD+) and factors
governing its bioavailability in relation to the overall
impact on RPE viability.
NAD+, a central metabolic cofactor, plays a critical role
in regulating cellular metabolism and energy
homeostasis [7, 8]. The ratio of NAD+ to NADH
(oxidized to reduced NAD+) regulates the activity of
various enzymes essential to metabolic pathways
including glycolysis, the Kreb’s cycle, and fatty acid
oxidation [8]. There is a wealth of clinical and experimental data stemming from studies of other primary
diseases of aging (e.g., Alzheimer’s disease, type 2
diabetes, non-alcoholic fatty liver disease, etc.) demonstrating clearly a generalized decline in the availability of
NAD+ in association with increased age and the related
reduction in the activity of a number of downstream
metabolic pathways that contribute to the development
and progression of degenerative processes [7,8].
Neuronal cells and tissues appear to be especially
sensitive in this regard. Importantly, the aforementioned
studies additionally suggest that age-related degenerative processes might be prevented or at the least, the
consequences thereof lessened in severity by therapies
that boost NAD+. The expression and activity of a
number of key NAD+-dependent proteins (e.g.,
members of the sirtuin family, poly ADP-ribose polymerases (PARPs) and cyclic ADP-ribose synthases)
and, the efficacy of therapies capable of impacting them
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have been evaluated in the context of aging retina and
RPE [9-11]. However, little attention has been given to
upstream factors that regulate NAD+ biosynthesis,
particularly in RPE. Given the importance of RPE to
retinal health and function, in the present investigation
we focused on evaluating the impact of NAD+ and
factors that regulate its availability on RPE viability
both in vivo and in vitro. Collectively, our results
confirm the importance of NAD+ to RPE health and the
positive potential impact of therapies that enhance
NAD+ generation in this cell type hold with respect to
limiting senescence and preserving RPE viability. This
finding is highly relevant to the clinical management of
AMD but perhaps also broadly to the management of
other degenerative retinal diseases in which RPE is
prominently affected.

RESULTS
NAD+ levels decline with increasing age in mouse
RPE
NAD+ levels decline with age in many cell and tissue
types [12, 13]. Whether the same occurs in aging RPE is
unclear. As such, our first step was to evaluate temporally the availability of NAD+ in the RPE of the
living animal. To do so, we isolated RPE tissue from
the eyes of C57BL/6J mice that per the established
average lifespan of a normal lab mouse (~24 months)
belonged to one of the following three age groups:
young-adult (age 1.5 - 6 months), middle-aged adult
(age 7 – 11 months) or adults of advanced age (12
months of age or greater). Levels of NAD+ in mouse
RPE correlated inversely with age (Fig. 1A). NAD+
levels remained stable in this cellular layer up to six
months of age but began to decline significantly shortly
thereafter such that by 12 months of age, there was on
average, a 40-50 percent decrease in RPE-specific
NAD+ content. Further reductions in NAD+ were
detected in RPE obtained from mice of advanced age.
Nicotinamide phosphoribosyltransferase (NAMPT)
is essential to NAD+ and down-stream SIRT1
expression in RPE
To identify the specific mechanism(s) responsible for
the age-dependent decline in levels of NAD+ that we
observed in mouse RPE, we next evaluated the
expression of enzymes pertinent to NAD+ biosynthesis.
In mammals, NAD+ is generated via one of two
principal routes, the de novo or the salvage pathway ([8,
14]; Fig. 1B). Congruent with this, we monitored the
expression
of
nicotinamide
adenylyltransferase
(NMNAT),
quinolinate
phosphoribosyltransferase
(QPRT) and nicotinamide phosphoribosyltransferase
(NAMPT), key enzymes relevant to one or both of the
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aforementioned major pathways to NAD+ generation.
NMNAT and QPRT expression in RPE remained
relatively stable across all ages tested despite the ageassociated decline in NAD+ content (Fig. 1C and D,
respectively). However, NAMPT expression (Fig. 1E)
mirrored closely the age-dependent decline in NAD+,
strongly implicating this enzyme as the principal
enzyme driving NAD+ generation in RPE. This finding
is consistent with findings in the existing scientific
literature demonstrating that the bulk of NAD+ that is
generated in mammals under physiological conditions is
derived from the salvage pathway, also known as the
deamidated route [14].
We evaluated also the
expression of sirtuin family member 1 (SIRT1), a highly studied NAD+-dependent histone deacetylase touted
as being a principal metabolic sensor and regulator of
cellular energy metabolism and stress responses.
Importantly, SIRT1 has also been linked to ocular aging

and/or processes associated with the development and
progression of age-related retinal disease [15]. Like
NAD+ and NAMPT mRNA expression, levels of SIRT1
protein declined significantly in mouse RPE in
association with increasing age (Fig. 1F). Further, some
of the senescence-associated markers were increased in
aged mouse RPE (Fig. S1).
FK866 inhibits NAMPT thereby decreasing NAD+
levels and promoting RPE senescence
Our data to this point confirm that NAD+ levels decline
in RPE as age increases. They also demonstrate the
critical importance of NAMPT to the generation and
maintenance of NAD+ levels in RPE. Hence, therapies
targeting NAMPT and NAD+ may be of benefit in
preserving RPE health and viability in aging and agerelated retinal diseases like AMD. However, the deve-

Figure 1. Changes in RPE NAD+ metabolism with aging in mice. RPE/eye cup was dissected from 2, 12 and 18 months
old male C57BL/6J mice to evaluate changes in NAD+ metabolism. (A) NAD+ content was measured using a commercially
available kit. (B) Overview of NAD synthesis pathways in mammals. (C‐E) Changes in mRNA expression of enzymes regulating
NAD+ synthesis were performed by qPCR. (F) Changes in SIRT‐1 protein levels were measured by western blotting. Data is
presented as mean ± S.E.M for n=5. A representative western blot image from three replicates is shown. mRNA expression of
genes were normalized to 18s expression. *p<0.05 compared to 2M (two months old mice). NAMPT; Nicotinamide phosphorib‐
osyltransferase, QPRT; Quinolinate Phosphoribosyltransferase, NMNAT; Nicotinamide mononucleotide adenylyltransferease.
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lopment and testing of new therapies in this field of
research is impeded significantly by the lack of
experimental model systems that recapitulate accurately
characteristics of human aging and age-related disease
and/or, the extended time periods often required to
generate reliable models and conduct such studies.
Thus, to further our present studies and evaluate the
impact of reduced NAMPT and consequent NAD+
availability on RPE cell viability, we used the highly
specific and non-competitive NAMPT-inhibitor FK866
[16] to mimic acutely the age-related effect of decreased
NAMPT expression and NAD+ content in cultured RPE
cells and intact mouse retina.
Confluent, well-differentiated cultures of human RPE
(ARPE-19) cells were exposed to varying concentrations of FK866 for 72 h. As anticipated, FK866
induced a dose-dependent decline in levels of NAD+
(Fig. 2A). Cell viability assays confirmed the absence
of robust cellular toxicity due to FK866 exposure across
the range of doses of the compound that were tested
(0.01 – 10 μM; Fig. 2B). There was a significant and
dose-dependent increase in the number of RPE cells
positive for the expression of β-galactosidase, an estab-

lished marker of cellular senescence, in cells treated
with FK866 (Fig. 2C-D), suggesting that while the
compound did not induce robust cell death, it did on the
other hand, stimulate cellular senescence. To confirm
this, we evaluated also the mRNA and/or protein
expression of cyclin-dependent kinase inhibitor 1
(p21Waf/Cip1), cyclin-dependent kinase Inhibitor 2A
(p16INK4a), apolipoprotein J (ApoJ), and connective
tissue growth factor (CTGF), key additional biomarkers
of aging and cellular senescence [17-20]. Congruent
with β-galactosidase staining, the expression of each of
these markers was increased in association with
increasing concentrations of FK866 and the associated
decline in NAD+ (Fig. 3A-D). Additionally, the expression and activity of SIRT1 was dose-dependently
decreased (Fig. 4A-B).
A common consequence of cellular senescence is the
decreased ability of cells to handle the oxidative stress
produced as a normal consequence of cellular
metabolism [21]. This potentiates inflammatory processes and the further production of pro-oxidant byproducts. This vicious cycle of oxidative stress and
inflammation has been identified as key factor in the

Figure 2. Inhibition of NAMPT activity in human retinal pigment epithelial cells decreases NAD+ levels to induce
senescence. Human retinal pigment epithelial cells (ARPE‐19) were treated with different doses (0.01‐10μM) of a selective NAMPT

activity blocker, FK866. Dose‐dependent changes in (A) NAD+ content (B) cell viability and (C‐D) senescence of FK866 treated human RPE
cells were evaluated. Data is presented as mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to CON (Vehicle treated).
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development and progression of AMD and other
degenerative retinal diseases. As such, we evaluated the
effect of FK866 on the expression of interleukins 6 and
8 (IL-6 and IL-8, respectively), two pro-inflammatory
cytokines that have been shown to be elevated
commonly in degenerating RPE [17, 22]. Levels of IL6 and IL-8 were increased in association with increasing
concentrations of FK866 in our experimental system
(Fig. 4C-D).
Based upon our immediate prior findings, a dose of 10
µM FK866 was confirmed as the optimal standard dose.
To confirm the optimal incubation period for FK866
treatment, additional cultures of ARPE-19 were treated
with 10 µM FK866 for 24, 48 or 72 h and parameters
identical to those described above (Figs. 2-4) were
evaluated. FK866 was effective at reducing NAD+
levels at each of the time points tested, however the
greatest efficacy was achieved in association with a 72

h incubation period (Fig. 5A), the time period that was
used in our initial studies. Cell viability assays were
repeated in these additional batches of cells and the
absence of cellular toxicity in cells exposed to 10 µM
FK866 at all-time points tested was confirmed (Fig.
5B). β-galactosidase staining and related quantification
revealed a time-dependent increase in the number of βgal-positive cells in FK866-treated cultures (Fig. 5C-D).
Similarly, the expression of p21Waf/Cip1, p16INK4a, ApoJ
and CTGF was increased (Fig. 6A-D) and SIRT1
expression and activity decreased (Fig. 7A-B) timedependently, further supporting the optimality of the 72
h incubation period (Fig. 6A-D).
FK866 induces expression of inflammatory factors
and ROS production in RPE
Senescent cells secret numerous kinds of proinflammatory cytokines, chemokines, growth factors

Figure 3. FK866 treatments induce changes in the markers of senescence in human retinal pigment epithelial
cells. Human retinal pigment epithelial cells (ARPE‐19) were treated with different doses (0.01‐10μM) of FK866 and changes
in the expression of various senescence markers were evaluated by qPCR and western blotting. Dose‐dependent changes in
(A) p21Waf/Cip1 mRNA, (B) p16INK4a and p21Waf/Cip1 protein and, (C‐D) CTGF and ApoJ mRNA levels are shown. A representative
western blot image from three replicates is shown. mRNA expression of genes were normalized to 18s expression. Data are
presented as mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to CON (Vehicle treated).
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Figure 4. FK866 decreases SIRT‐1 expression/activity
and increases inflammation in human retinal
pigment epithelial cells. Human retinal pigment
epithelial cells (ARPE‐19) were treated with different doses
(0.01‐10μM) of FK866 and (A) expression and (B) activity
of SIRT1 was evaluated by western blotting and
commercially available SIRT1 assay kit respectively. (C‐D)
Changes in inflammatory markers (IL‐6 and IL‐8) were
evaluated by qPCR. A representative western blot image
from three replicates is shown. mRNA expression of genes
were normalized to 18s expression. Data are presented as
mean ± S.E.M for n=3 independent experiments. *p<0.05
compared to CON (Vehicle treated).

Figure 5. Time‐dependent decline in NAD+ content
and induction of senescence in human retinal
pigment epithelial cells treated with FK866. Human
retinal pigment epithelial cells (ARPE‐19) were treated
with 10μM FK866 for 24, 48 and 72 hr. Time‐dependent
+
changes in (A) NAD content (B) cell viability and (C‐D)
senescence of FK866 treated human RPE cells were
evaluated. Data are presented as mean ± S.E.M for n=3
independent experiments. *p<0.05 compared to CON
(Vehicle treated).
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and proteases, exemplifying what is referred to as a
senescence-associated secretory phenotype (SASP) [23].
Further, oxidative stress also plays an important role in
RPE senescence [24-26]. Congruent with this, we treated
additional ARPE-19 cells with 10 µM FK866 for 72 h,
the dose and time-point most effective at reducing NAD+
and promoting cellular senescence without robust
toxicity, and monitored them for expression of the proinflammatory cytokines IL-6 and IL-8 (Fig. 7C-D), and
CellROX and MitoSOX positivity, a general marker of
oxidative stress and a mitochondrial-specific superoxide
marker, respectively (Fig. 7E). Like IL-6 and IL-8
expression, the number of cells positively stained with
CellROX or MitoSOX dyes (green fluorescence and red
fluorescence, respectively) and therefore in which there
was an increased amount of oxidative stress, was
increased in ARPE-19 cells exposed to FK866 compared
to control, non-exposed cell cultures (Fig. 7E).

Nicotinamide mononucleotide (NMN) treatment
preserves NAD+ and prevents RPE senescence in vitro
Therapies that enhance NAD+ have been shown to
reduce the incidence and/or severity of age-associated
complications [27-31]. However, it is unclear, whether
the latter is also of benefit in aged RPE and associated
degenerative retinal disease. Our studies up to this
point have established the decline in NAMPT and
related NAD+ availability in aged RPE and validated the
FK866-treated cell culture system as a suitable in vitro
model system in which to study these factors. Therefore, we used this experimental model to determine
whether augmenting NAD+ content using the NAD+
precursor nicotinamide mononucleotide (NMN) could
preserve NAD+ and prevent FK866-induced RPE
senescence. NMN dose-dependently enhanced NAD+
levels in cells exposed to FK866 (Fig. 8A).

Figure 6. Time‐dependent changes in markers of senescence in human retinal pigment epithelial cells treated
with FK866. Human retinal pigment epithelial cells (ARPE‐19) were treated with 10μM FK866 for 24, 48 and 72 hr. and
changes in the expression of various senescence markers was evaluated by qPCR and western blotting. Time‐dependent
changes in (A) p21Waf/Cip1 mRNA, (B) p16INK4a and p21Waf/Cip1 protein and, (C‐D) CTGF and ApoJ mRNA levels are shown. A
representative western blot image from three replicates is shown. mRNA expression of genes were normalized to 18s
expression. Data are presented as mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to CON (Vehicle treated).
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Figure 7. Time‐dependent changes in SIRT‐1 expression/activity and inflammatory markers in human retinal pigment
epithelial cells treated with FK866. Human retinal pigment epithelial cells (ARPE‐19) were treated with 10μM FK866 for 24, 48 and 72
hr. and (A) expression and (B) activity of SIRT‐1 was evaluated by western blotting, and commercially available SIRT‐1 assay kit
respectively. (C‐D) Changes in inflammatory markers (IL‐6 and IL‐8) were evaluated by qPCR. (E) Representative images of CellROX and
MitoSOX stained 10μM FK866 treated (72 hr.) A representative western blot image from three replicates is shown. mRNA expression of
genes were normalized to 18s expression. Data are presented as mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to
CON (Vehicle treated).

Additionally, the compound prevented FK866-induced
RPE senescence as indicated by the suppression of
p16INK4a and p21Waf/Cip1 expression and the reduction of
SIRT1 expression (Fig. 8B). The number of β-galactosidase positive cells was also decreased in cultures
exposed to NMN (Fig. 8C-D).
ARPE-19, though of human origin, is a “transformed”
retinal cell line. Therefore, to validate findings
obtained using ARPE-19 cell cultures, key
experiments were repeated using cultures of primary
mouse RPE (Fig. 9). FK866 was effective at reducing
NAD+ expression in primary RPE though cell viability
data indicate increased sensitivity in the form of
cellular toxicity (Fig. 9A). Therefore, in subsequent
studies using these cells, we refrained from using
higher doses of the compound (Fig. 9B-G). As
observed in ARPE-19 cells, exposure of RPE cells to
FK866 potentiated cellular senescence (Fig. 9C), and
these phenomena were inhibited by co-exposure of
cells to NMN (Fig. 9D-F). Importantly, NMN also
prevented the FK866-induced decrease in SIRT1
expression (Fig. 9G).
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Nicotinamide mononucleotide (NMN) treatment
preserves NAD+ and prevents RPE senescence in vivo
To determine whether our findings in the ARPE-19 and
primary RPE cell culture model systems could be
extrapolated to the living animal, we injected FK866
sub-retinally into the eyes and/or NMN intraperitoneally
to adult C57BL/6J mice. NAD+ levels were significantly lower in RPE tissue isolated from mice injected
with FK866 than in vehicle (PBS)-injected controls
(Fig. 10A). On the other hand, NAD+ levels more than
doubled in association with NMN injection only, and in
animals that received NMN in conjunction with FK866,
NAD+ levels were significantly preserved. SIRT1
expression was additionally preserved in conjunction
with NMN injection (Fig. 10B).

DISCUSSION
RPE performs a number of highly diverse functions that
are essential to maintenance of the normal health and
function of the retina. Hence, it is not surprising that
dysfunction of this cellular layer is implicated causally
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in the development and progression of a number of
degenerative diseases of the retina. Cellular senescence
is a common consequence of aging hence, the decline in
NAD+ in RPE and the associated upregulated
expression of markers of senescence that we observed
was not totally surprising. Though there has been some
debate over whether dysfunction occurs first in the RPE
or in the overlying photoreceptors, the contribution of
senescence-associated RPE damage to age-related RPE
dysfunction is undeniable. Irrespective of views on the
exact chronology of the events that initiate degenerative
processes in the aging outer retina, the importance of
preserving a healthy RPE is emphasized by the fact that
there is, to our knowledge, no experimental or clinical
condition in which photoreceptors persist unaffected
above an underlying region of RPE that is damaged,
largely dysfunctional or dead. This is exemplified by
the severe irreversible loss of central vision that can
occur in association with geographic atrophy or RPE

cell dropout in advanced dry AMD.
Thus,
understanding the mechanisms that govern age-related
changes in RPE is both important and essential to the
development of therapies to effectively prevent and
treat age-related degenerative retinal diseases like
AMD. This is especially true regarding the dry form of
the disease, which (a) generally presents first, (b)
impacts the greatest number of patients, and (c) is not
highly amenable to any form of therapeutic
management that is presently available [32-34]. With
these facts in mind, in the present study we focused on
NAD+.
NAD+ levels decline with age in many cell and tissue
types. In fact, altered NAD+ metabolism and concurrent
alterations in mitochondrial function are inherent in
metabolic disorders including type 2 diabetes, nonalcoholic fatty liver disease, and age-related diseases
such as Parkinson’s and Alzheimer’s disease [7].

Figure 8. Nicotinamide mononucleotide (NMN) treatment preserves NAD+ and prevents senescence in human retinal
pigment epithelial cells. Human retinal pigment epithelial cells (ARPE‐19) were treated with 10μM FK866 alone or in combination

with different doses of NMN (0.05‐1 mM) for 72 hr. (A) NAD+ content was measured using a NAD assay kit. (B) Changes in expression of
INK4a
and p21Waf/Cip1 proteins levels were evaluated by western blotting. (C‐D) RPE senescence was evaluated by β‐galactosidase
SIRT1, p16
staining. A representative western blot image from three replicates is shown. Data are presented as mean ± S.E.M for n=3 independent
experiments. *p<0.05 compared to CON (Vehicle treated) and #p<0.05 compared to FK866.
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Figure 9. Nicotinamide mononucleotide (NMN) treatment preserves NAD+ and prevents senescence in mouse retinal
pigment epithelial cells. Primary RPE cells were isolated from 17 days old mouse pups and cultured as described in materials and

methods. Mouse primary RPE cells were treated with different doses of FK866 for 5 days to evaluate changes in cell viability, NAD+
content, senescence and SIRT1 expression. (A) Cell viability was evaluated by MTT assay. (B and D) NAD+ content was measured using a
NAD assay kit. (C, E and F) RPE senescence were evaluated by and β‐galactosidase staining. (G) Changes in expression of SIRT‐1 protein
levels were evaluated by western blotting. A representative western blot image from three replicates is shown. Data are presented as
mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to CON (Vehicle treated) and #p<0.05 compared to FK866.

Figure 10. In vivo administration of nicotinamide
mononucleotide (NMN) prevents FK866‐induced
NAD+ depletion and RPE senescence. Male C57BL/6J
mice were injected sub‐retinally with 10 μM FK866 (right
eye) at day 0 and day 7 and sacrificed on day 15 (7 days
after the last dose). RPE/eye cup was then collected for
further analysis. Simultaneously, mice were treated with
150 mg/kg NMN (i.p.) for 14 days. Left eye was injected
with PBS to use as controls. (A) NAD+ content and (B)
SIRT‐1 expression was evaluated by NAD assay and
western blotting respectively. A representative western
blot image from three replicates is shown. Data are
presented as mean ± S.E.M for n=5. *p<0.05 compared to
CON (Vehicle treated) and @p<0.05 compared to FK866.
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Furthermore, therapies that enhance NAD+ production
and/or the expression and activity of downstream
NAD+-dependent enzymes have shown benefit in
treating such diseases [35]. In retina specifically, the
importance of NAD+ normally and in aging, has been
evaluated directly in photoreceptors [36] but has not
been studied extensively in the underlying RPE. This is
both interesting and unfortunate given, as mentioned
previously, the numerous essential primary and
supportive functions that RPE performs and therefore,
the obligatory commensal relationship that exists between the photoreceptors and RPE, the two cell types
principally affected in AMD. A very recent report [37],
demonstrated, using human-induced pluripotent stem
cell derived RPE cells (hiPSC-RPE) prepared from
donors with and without AMD, the benefit of the NAD+
precursor, nicotinamide, in limiting the expression of
key complement and inflammatory proteins linked
directly to drusen development and AMD. This study
supports the feasibility of targeting NAD+ biosynthesis
therapeutically to preserve RPE viability and thereby
prevent and/or treat related degenerative processes in
aged retina.
Here, using adult C57BL/6J mice across a broad range
of ages (2 -18 months) and in which the absence of any
underlying rd mutation that might impact adversely
retinal phenotype or function has been verified [38], we
first confirmed that NAD+ levels decline significantly in
association with increased age as has been reported to
occur in other retinal and non-retinal cell types. As a
positive control, we monitored also the expression of
SIRT1, a down-stream NAD+-dependent enzyme that is
known to decrease in expression in association with
increased age and decreased availability of NAD+ in
various organisms, cell and tissue types. Our related
evaluation of enzymes that drive key steps in NAD+
biosynthesis revealed NAMPT as the enzyme
principally responsible for maintaining adequate NAD+
levels in RPE. This is congruent with recent work by
others demonstrating that NAMPT-mediated NAD+
biosynthesis is essential for proper visual function [36].
A major limiting factor in AMD research is the lack of
availability of acute experimental models that mimic
accurately processes involved in disease pathogenesis
while at the same time, affording a reliable preclinical
system in which to rapidly test developmental therapies.
FK866 has been used broadly in the cancer field and
others to study the impact of NAMPT inhibition on
various processes including cellular viability and
immune signaling, inflammation, and energy metabolism [16, 39, 40]. Here, we used the compound to
optimize a cell culture model system that allowed us to
simulate and study the impact of decreased NAMPT
expression and related NAD+ availability on RPE cell
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viability relevant to aging. Our studies in the human
RPE cell line ARPE-19 demonstrated an increase in
RPE cell senescence in conjunction with reduced
NAMPT and NAD+ availability as indicated by analyses
of the expression of senescence markers like βgalactosidase, ApoJ, p16INK4a, p21Waf/Cip1 and CTGF.
Importantly, co-exposure of cells to the NAD+-precursor NMN stabilized levels of NAD+ and SIRT1 even
in the presence of NAMPT inhibition and pre-vented
the induction of senescence-associated gene expression.
ARPE-19 is a transformed cell line and we simulated
the age-related decline in NAD+ in these cells
artificially using FK866. Therefore, we acknowledge
that there may be differences between the way these
cells respond compared to natural RPE. To alleviate this
concern, we repeated key experiments in primary mouse
RPE cells. The optimal age for isolating and culturing
primary mouse RPE is 18-21 days. Cells can be
isolated from mice of older age but do not persist well
in culture for extended periods. This makes direct
comparative studies between primary RPE cells obtained from young and old mice difficult to standardize.
Hence, we again used FK866 to suppress NAMPT
activity in primary RPE cells isolated from young mice.
Importantly, the validity of our cell culture model
systems and the data emanating there from was
supported strongly by the fact that findings obtained in
our cell cultures mirrored closely those obtained using
intact RPE tissue obtained and analyzed immediately
upon procurement from the eyes of living animals.
The risk and incidence of disease formation both within
and outside of the eye increases proportionally with age.
Though the cell and tissue types affected may differ
from one disease to another, commonality is found in
that the process of aging and the development of agerelated degenerative disease generally appears to
involve a progressive decline in cellular energy
production and consequently, in the viability and
function of cells. Neuronal tissues such as retina are
especially sensitive. In AMD, gradual degenerative
changes occur in both the photoreceptors and the RPE.
RPE senescence is thought to be largely responsible for
precipitating these changes [41-43]. Some promise with
respect to preventing senescence-associated changes in
RPE and potentially impacting AMD development has
been demonstrated experimentally using compounds
like resveratrol, which impact the expression and
activity of SIRT1, a down-stream NAD+-dependent
gene that in turn, governs processes essential to the
maintenance of cellular viability [44-46]. However, few
have explored directly the potential therapeutic impact
of targeting NAMPT and NAD+ biosynthesis itself
despite the knowledge that NAD+ is the starting point of
most major metabolic pathways and therefore, the key
governor of cellular aging and age-related processes.
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Our present data demonstrating an age-dependent
decline in NAMPT expression and in turn, NAD+
generation in RPE which ultimately promotes RPE
senescence supports strongly the rationale for enhancing
NAMPT expression and associated NAD+ generation
therapeutically. Indeed, such therapies may represent a
viable strategy for preventing and treating RPE and
consequent photoreceptor damage in aging/AMD and
broadly, in other degenerative retinal diseases in which
RPE is prominently affected.
AMD is the leading
cause of blindness among persons aged 60 and above
worldwide [47, 48]. Congruent with advancements in
healthcare and the large number of “baby boomers”, the
number of persons within this age bracket has and
continues to increase steadily and substantially, and
proportionate to that, the incidence of AMD. Indeed, it
is estimated that by the year 2020, 200 million people
will be affected by AMD [48]. Hence, AMD represents
a significant present and future global health and
economic burden [49], the impact of which is
exacerbated by the fact that strategies to prevent and
treat dry AMD, the form of the disease that is most
common and therefore affects the greatest number of
patients, are lacking.
Based upon our present
experimental observations, future preclinical studies
evaluating NMN or other therapies that have a direct
impact on NAMPT expression and NAD+ metabolism
in the context of aging and age-related retinal disease
development and progression are highly warranted.

MATERIALS AND METHODS
Animals
All experiments involving animals adhered to the Public
Health Service Policy on the Humane Care and Use of
Laboratory Animals (2015 Department of Health,
Education and Welfare publication, NIH 80-23), the
Association for Research in Vision and Ophthalmology
Statement for use of Animals in Ophthalmic and Vision
Research and were approved by the Augusta University
Institutional Animal Care and Use Committee. Male
C57BL/6J mice of different age groups obtained from a
commercial vendor (Jackson Laboratories, Bar Harbor,
ME, USA) and the National Institute of Aging (National
Institutes of Health, Bethesda, MD, USA) were housed
under identical conditions in a pathogen-free
environment with a 12:12 h light/dark cycle and free
access to laboratory chow and water. Mice were
acclimatized for at least 1 week before the experiments.
Cell culture
Human retinal pigment epithelial (ARPE-19) cells were
cultured in Dulbecco’s modified Eagle medium
DMEM/F12 medium (supplemented with 10% fetal
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bovine serum, 100 U/ml penicillin, and 100 μg/ml
streptomycin) and maintained at 37 °C in a humidified
chamber with 5% CO2. The culture medium was
replaced with fresh medium every other day. Cultures
were passaged by dissociation in 0.05% (w/v) trypsin in
phosphate-buffered saline (PBS; 0.01 M phosphate
buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4).
Completely confluent, well-differentiated cultures were
used for experimentation.
Primary mouse RPE cells were prepared from
C57BL/6J mouse eyes and the purity of these cultures
was confirmed per our published method [50-53].
Primary mouse RPE cells were then maintained at 37
°C in a humidified chamber with 5% CO2 and subcultured using trypsin–EDTA solution. All experiments
were carried out using primary RPE cells in passages 1
and 2.
Reverse
transcription–quantitative
chain reaction

polymerase

Total RNA was isolated from RPE/eyecup of mice (2,
12 and 18 months old) or ARPE-19 cells using
RNAeasy mini kit (Qiagen, USA). cDNA was prepared
from total RNA using the iScript cDNA Synthesis Kit
(Bio-Rad) and subjected to qPCR assay. Assays were
performed in 96-well PCR plates using All-in-One™
qPCR Mix (Genecopia, USA). The reaction volume of
20 μl contained 10.0 μl SYBR green master mix (2X), 1
μl cDNA, 1 μl of each primer and 7 μl nuclease-free
water. Primer sequences are listed in Table 1. The
following two-step thermal cycling profile was used
(StepOnePlus Real-Time PCR, Life Technologies,
Grand Island, NY): Step I (cycling): 95 °C for 5 min, 95
°C for 15 s, 60 °C for 30 s and 72 °C for 15s for 40
cycles. Step II (melting curve): 60 °C for 15 s, 60 °C 1
min and 95 °C for 30 s. The template amplification was
confirmed by melting curve analysis. mRNA expression of genes were normalized to 18s expression and
fold change in expression was calculated by 2–∆∆Ct
method.
FK866 and Nicotinamide mononucleotide (NMN)
treatments
ARPE-19 cells were serum starved overnight and
treated with varying doses (0.01-10μM) of FK866
(Sigma-Aldrich) for different time intervals (24, 48 or
72 h). Following FK866 treatment, cells were collected
for one or more of the following analyses: MTT assay,
NAD+ measurement, SIRT1 activity assay, RNA or
protein studies. Primary mouse RPE cells were treated
and analyzed similarly except that lower doses of
FK866 (0.01, 0.1 and 0.5 μM) were employed. The
above experiments were used to establish the optimal
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Table 1. Primer sequences used for qPCR.
Gene

Forward (5’-3’)

Reverse (5’-3’)

P21Waf/cip1

AAGTCAGTTCCTTGTGGAGC

GCCATTAGCGCATCACAGTC

CTGF

ACATTAAGAAGGGCAAAAAGTGC

GTGCAGCCAGAAAGCTCAAA

APOJ

AGGGACTGTCATACCAGTGA

TTGTCGCACCTTGGTCAGAA

IL-6

CTCAATATTAGAGTCTCAACCCCCA

TGTTACATGTTTGTGGAGAAGGAG

IL-8

GCTCTGTGTGAAGGTGCAGTT

ACCCAGTTTTCCTTGGGGTC

18S

CCCGTTGAACCCCATTCGT

GCCTCACTAAACCATCCAATCGGTA

Nmnat

CCTTCAAGGCCTGACAACAT

ACCGACCGGTGAGATAATGC

Nampt

AACCAATGGCCTTGGGGTTA

TAACAAAGTTCCCCGCTGGT

Qprt

GTGGAATGTAGCAGCCTGGA

TGCAGCTCCTCAGGCTTAAA

18s

CCAGAGCGAAAGCATTTGCCAAGA

AGCATGCCAGAGTCTCGTTCGTTA

Homo sapiens

Mus musculus

dose and time for use of FK866 to adequately inhibit
NAMPT without inducing robust cellular toxicity in
ARPE-19 and primary RPE cells. Congruent with these
studies, ARPE-19 and primary mouse RPE cell cultures
were exposed to FK866 (10 μM) for 72 h in the
presence or absence of varying concentrations of the
NAD+ precursor, nicotinamide mononucleotide (NMN;
0.05 – 1.0 mM).
For in vivo studies, adult male C57BL/6J mice were
deeply anesthetized via a single intraperitoneal injection
of ketamine (80 mg/kg) and xylazine (12 mg/kg; SigmaAldrich, St. Louis, MO, USA). Upon confirmation of
anesthetic depth via toe pinch, FK866 (10μM) was
delivered sub-retinally in a total volume of 2 μL using a
33-gauge Hamilton Syringe (Hamilton, Reno, NV,
USA) at day 0 and again at day 7. Sham control eyes
(left eyes) were injected in the same manner except with
2 μL of 0.01M PBS. A group of FK866 injected mice
were treated with 150 mg/kg NMN (i.p.) once daily for
2 weeks [36]. Mice were euthanized one-week post
delivery of the second FK866 injection and RPE tissue
harvested for measurement of NAD+ and protein
analyses.
Western blot analysis
Protein was extracted from RPE/eyecup of mice (2, 12
and 18 months old) or ARPE-19 cells or primary RPE
cells using RIPA cell lysis buffer (Thermo Scientific)
containing protease and phosphatase inhibitors and concentration was determined using the coomassie protein
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assay reagent (Sigma-Aldrich, USA). Equi-valent
amount of protein samples were subjected to SDS–
PAGE, transferred to PVDF membranes, and then
incubated with primary antibodies: SIRT-1, p21Waf/Cip1
(1:1000; Cell signaling) and p16INK4a (1:500; Abcam)
overnight at 4°C. Next day, blots were washed with
TBST and incubated with horseradish peroxidase
conjugated secondary antibody (1:3000; Sigma-Aldrich,
USA) for 60 min with gentle shaking at room
temperature. Blots were then washed (with TBST) and
developed with chemiluminescence reagent (Bio-Rad,
Hercules, CA) using autoradiography films (Genesee
Scientific, San Diego, CA). β-actin (1:3000; SigmaAldrich, USA) expression was evaluated to determine
equivalent loading. Scanned images of blots were used
to quantify protein expression using NIH ImageJ
software (http://rsb.info.nih.gov/ij/).
NAD+ assay
NAD+ levels in cells and tissue were quantified with a
commercially available kit (Sigma, MO, United States)
according to the manufacturer's instructions.
SIRT1 activity assay
The SIRT-1 deacetylase assay in ARPE-19 cells was
performed using a fluorometric SIRT1 assay kit
(Sigma-Aldrich, USA), according to the manufacturer’s
protocol. Briefly, the reaction was carried out at 37°C
for 30 min and deacetylase activity was detected as a
fluorescence emission at 450 nm, using an excitation
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wavelength of 360 nm. The intensity of the fluorescence
emitted by the compounds at 450 nm was subtracted
from initially determined assay values.
β-galactosidase assay
Senescence-associated
beta-galactosidase
(β-Gal)
staining was performed according to the manufacturer's
protocols (Cell Signaling Technology). At the end of
treatments, cells were fixed for 15 minutes in 1x
fixative solution (formaldehyde-glutaraldehyde mix),
followed by PBS washes, and incubated overnight with
β-Gal staining solution in a dry incubator at 37°C. Cells
were viewed under brightfield microscopy (Leica
BM5500B Microscope; Leica Biosystems, Wetzlar,
Germany) for blue color development and were
photographed using a Photometrics CoolSNAP HQ2
camera and associated Leica Application Suite software
v4.1.
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SUPPLEMENTARY MATERIAL

Figure S1. Changes in RPE senescence markers with aging in mice. RPE/eye cup was dissected from 2, 12 and 18
months old male C57BL/6J mice to evaluate changes in the expression of various senescence markers. (A‐E) Changes in
mRNA expression of markers associated with senescence were performed by qPCR. Data is presented as mean ± S.E.M for
n=5. mRNA expression of genes were normalized to 18s expression. *p<0.05 compared to 2M (two months old mice).

Table S1. Primer sequences used for qPCR.
Mus musculus
p21Waf/cip1

TATCCAGACATTCAGAGCCAC

CGAAGTCAAAGTTCCACCGT

p16ink4a

TCTTGGTCACTGTGAGGATTCA

GAACGTTGCCCATCATCATCA

Ctgf

TCCACCCGAGTTACCAATGA

TGCACTTTTTGCCCTTCTTA

ApoJ

TAGGCTTCCAGAAAGCTCCT

ATAGCGCTCTGCTCAAGTACA

IL-6

CTTCTGGAGTACCATAGC

TCTGTTAGGAGAGCATTG

18s

CCAGAGCGAAAGCATTTGCCAAGA

AGCATGCCAGAGTCTCGTTCGTTA
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ABSTRACT
MicroRNAs are small non-coding RNAs that post-transcriptionally regulate gene expression. We recently
demonstrated that levels of miR-106b were significantly decreased in the vitreous and plasma of patients with
neovascular age-related macular degeneration (AMD). Here we show that expression of the miR-106b-25
cluster is negatively regulated by the unfolded protein response pathway of protein kinase RNA-like ER kinase
(PERK) in a mouse model of neovascular AMD. A reduction in levels of miR-106b triggers vascular growth both
in vivo and in vitro by inducing production of pro-angiogenic factors. We demonstrate that therapeutic delivery
of miR-106b to the retina with lentiviral vectors protects against aberrant retinal angiogenesis in two distinct
mouse models of pathological retinal neovascularization. Results from this study suggest that miRNAs such as
miR-106b have the potential to be used as multitarget therapeutics for conditions characterized by pathological
retinal angiogenesis.

INTRODUCTION
Age-related macular degeneration (AMD) is a common
[1] and complex [2, 3] disease of aging and the leading
cause of irreversible loss of sight in elderly people [4–
6]. Early forms of AMD are characterized by subretinal
lipoproteinaceous deposits, local attrition of
photoreceptors [7] and loss of visual sensitivity [8].
Late forms of AMD are defined by geographic atrophy
(loss of retinal pigment epithelium and photoreceptors)
[9] and/or pathologic choroidal neovascularization
(CNV) characterized by vascular sprouting from the
choriocapillaris into the neural retina or subretinal space
[10]. The neovascular form (NV AMD or exudative
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AMD) accounts for over 80% of the vision loss
associated with AMD [11].
The advent of therapies targeting vascular endothelial
growth factor (VEGF) has significantly improved the
quality of life of patients suffering from NV AMD [12–
15]. However, not all patients with AMD respond to
anti-VEGF therapies [16]. Sustained reduction in retinal
VEGF levels can lead to neurotoxicity [17] and
degeneration of RPE-choriocapillaris in mouse models
[18]. Importantly, assessment by fundus photography
and fundus fluorescein angiography of patients on antiVEGF therapy showed accelerated development of
geographic atrophy [19, 20]. These findings justify the
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need for continued exploration of novel therapeutic
interventions.
Given that several inflammatory and growth factors in
addition to VEGF [10, 21, 22] are associated with the
pathogenesis of NV AMD, a multi-targeted approach is
warranted. In this regard, therapeutic delivery of
miRNAs may offer a promising avenue. miRNAs are
small non-coding RNAs of around 20 nucleotides that
act as post-transcriptional regulatory elements of most
cellular processes [23]. miRNAs mediate repression of
gene expression with the potential of a single miRNA to
target mRNA transcripts from hundreds of genes [24].
We previously elucidated a specific miRNA signature
in the vitreous and plasma of patients with NV AMD
and observed a disease-associated increase in miR-146a
and a decrease in miR-106b and miR-152 [25].
Interestingly, within our cohort, we found that both
vitreous- and plasma-based miR-146a/miR-106b ratios
had greater than 90% discriminatory power for
classification of patients with NV AMD with an area
under the receiver operating characteristic curve of
0,977 in vitreous humour and 0,915 in plasma,
suggesting potential for a blood-based diagnostic. These
results are concordant with the evidence based in
humans and model systems where upregulation of miR146a, miR-17 (a miR containing the same seed
sequence as miR-106b), miR-125 and miR-155 are
associated with human AMD and a mouse model of
oxygen induced retinopathy (OIR) [26–30]. miRNAs
targeting VEGFA (miR-184, miR-150 and miR-106b)
have also been found to be downregulated in human
AMD and in animal models [25, 28, 31]. Here, we
aimed to determine the mechanism leading to the
downregulation of mir-106b in AMD and to
characterize the therapeutic potential of upregulating
miR-106b for NV AMD.

RESULTS
miR-106b is downregulated in the choroid after
laser-induced CNV
In order to evaluate the potential role of miR-106b in
CNV and NV AMD, we employed a laser burn-induced
neovascularization mouse model. In this model, Bruch’s
membrane is ruptured using an argon laser, initiating
sprouting of subretinal blood vessels from the choroid,
mimicking NV AMD (Figure 1A) [32]. This model is
characterized by a reproducible pattern of reduced
neovascularization 3 days post-burn, followed by a
significant increase in neovascularization that peaks on
the 7th day, then vascular regression and wound healing by
14 days post-burn [32]. To illustrate the vascular changes
occurring in this model, we took serial ocular fundus
images of infrared reflectance and fluorescein

www.aging-us.com
www.aging-us.com

24837
197

angiography after laser burn and subcutaneous injection
of fluorescein, revealing fluorescein leakage surrounding
burn sites that regressed over time (Figure 1B). In line
with our previously reported findings for human vitreous
and plasma from patients with active NV AMD [25],
choroidal miR-106b expression was significantly
downregulated in retinal specimens at all investigated
time points, with statistically significant decreases of
~40% at day 3, and ~50% at days 7 and 14, relative to
control animals (Figure 1C–1E). The significant
downregulation of miR-106b three days post-burn
corresponds to the neovascularization nadir in the laser
burn model. This suggests that the observed decrease in
miR-106b directly precedes initiation of CNV.
The PERK arm of the unfolded protein response is
involved in retinal suppression of the mmu-miR106b~25 cluster in laser-induced CNV
Upon confirmation of a reduction in retinal miR-106b
in the CNV mouse model, we next sought to
investigate the underlying mechanism. MiR-106b is a
member of the miR-106b~25 cluster (mmu-miR-106b,
mmu-miR-25 and mmu-miR-93) and is located in the
13th intron of protein-coding gene minichromosome
maintenance complex component 7 (MCM7) [33].
Regulation of miR-106b expression is tightly
correlated with MCM7 transcription. Previous studies
have suggested that activation of the protein kinase
RNA-like ER kinase (PERK) arm of the UPR and
consequent triggering of activating transcription factor
4 (ATF4) as a potential mechanism causing
downregulation of the MCM7 gene and the mmu-miR106b~25 cluster [34] (Figure 2A). We therefore
investigated if the regulation of mmu-miR-106b
occurred at the transcriptional level through activation
of ER stress effector pathway PERK.
To better characterize PERK activation, we examined
its downstream effectors. Phosphorylation of eIF2α was
increased after laser burn as was total eIF2α with a
significant ~2-fold rise in peIF2α at 7 days (Figure 2B,
2C). Moreover, a significant upregulation of the ATF4
transcript was also detected with an increase at both 3
and 7 days after laser burn (Figure 2D). We then
assessed the effect of PERK activation on the MCM7
gene transcript and miR-106b~25 cluster by qPCR
analysis. We observed significant decreases of ~50%
and ~35% in MCM7 transcript expression at 3 and 7
days after laser burn respectively (Figure 2E).
Additionally, all members of the miR-106b~25 cluster
(miR-106b, miR-25 and miR-93) were downregulated 3
days after laser burn with decreases of ~0.24-fold,
~0.37-fold and ~0.60-fold for miR-25, miR-93 and
miR-106b, respectively (Figure 2F). To confirm that
PERK can mediate repression of hsa-miR-106b, we
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infected Human Retinal Microvascular Endothelial
Cells (HRMECs) with a lentivirus carrying short hairpin
(sh) RNA against PERK. After 72 hours, we observed a
significant ~2-fold increase in hsa-miR-106b expression
in cultured cells (Figure 2G). Taken together, these
results support a PERK-associated decrease in miR106b in laser-induced CNV.

miR-106b targets effectors of angiogenesis
To confirm the involvement of miR-106b in the
regulation of AMD-related angiogenesis, we quantified
protein levels of experimentally validated targets of
miR-106b involved in the neovascularization process.
Previous studies demonstrated that miR-106b can

Figure 1. The initiation of retinal neo-vascularization is associated with downregulation of miR-106b expression. (A) Schematic

of laser burn CNV mouse model. (B) Representative retinal fundus of a mouse before and after undergoing laser-induced choroidal
neovascularization. Serial images depict the progression of neovascularization over a time-course of 14 days in the same eye. Choroidal
expression of miR-106b by qPCR relative to intact controls assessed (C) 3 days after burns (n=8), (D) 7 days after burns (n=13) and (E) 14 days
after burns (n=10); Scale bar = 50µm. Data are expressed as the mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis,
*P <0.05; **P<0.001.
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Figure 2. PERK activation provokes downregulation of miR-106b-25 cluster and MCM7 host gene in a mouse model of CNV.

(A) Schematic of ER stress activation of PERK pathway. (B) Western blot of Phospho-EIF2α, total-EIF2α and β-actin in control choroids, and 3
and 7 days after burns. (C) Western blot quantification in control choroids, 3 days (n=7) and 7 days after burns (n=6). (D) Aft4 mRNA
expression in control choroids, 3 days (n=6) and 7 days after burns (n=10). (E) Mcm7 mRNA expression in control choroids, 3 days (n=6) and 7
days after laser burn (n=14). (F) miR106~25 cluster member expression in choroids 3 days after laser burn (miR-106b (n=7), miR-25 (n=6) and
miR-93 (n=5). (G) miR-106b expression after infection of HRMECs with LV.shGFP (negative control), and LV.shPERK (n=5). Data are expressed
as mean ± S.E.M. One-way ANOVA with Bonferroni post-hoc test was performed on groups of 3 or more, and unpaired Two-tailed Student’s
t-test was used for the analysis of groups of 2, *P <0.05; **P<0.001; ***P<0.0001.
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influence expression of VEGFA and HIF1α [31]. In
line with a decrease in miR-106b, we confirmed the
upregulation of VEGFA (~3-fold) and HIF1α (~1.71fold) in choroid specimens 3 days after laser burn
(Figure 3A–3D). Importantly, we did not observe
variations at the mRNA level for these targets,
suggesting post-transcriptional regulation of their
protein expression or altered translation efficiency,
characteristic of miRNA regulation (Supplementary
Figure 1A). These results further suggest that the loss of
miR-106b expression can contribute to the expression
of angiogenic proteins that promote neovascularization.
miR-106b influences HRMEC
choroidal vascular sprouting

migration

and

We sought to characterize the effects of miR-106b on
cellular processes involved in angiogenesis. We first
evaluated the role of miR-106b on HRMEC migration
in a wound healing/cell migration assay performed by
electric cell-substrate impedance sensing (ECIS) assay.
Cells were infected with LV.miR-106b, LV.shVEGFA,
LV.shPERK or control LV.shGFP for 72 hours, plated
at confluence and submitted to an electric pulse in the
center of the well to provoke cell detachment, resulting
in a 250μm diameter region devoid of cells (Figure 3E).
Cell migration was quantified at 8 hours by
measurement of impedance, which increases as cells
repopulate the empty space. We found that HRMEC
migration was reduced in all three LV-treated dishes
compared to control LV.shGFP (blue line) (Figure 3F–
3H). Cells infected with LV.shPERK became the least
migratory (Figure 3H). LV.miR-106b prevented
migration of HRMECs to a similar extent as
LV.shVEGFA (Figure 3F, 3G). To confirm that miR106b reduced migration of HRMECs, we performed a
scratch assay (Figure 3I). As above, significant
decreases in cell migration were observed in all
treatment groups when compared to controls with a
~45% reduction in LV.shVEGFA, ~50% reduction with
LV.miR-106b and ~45% with LV.shPERK when
compared to control LV.shGFP (100% of migration)
(Figure 3I, 3J).
NV AMD is characterized by pathological
neovascularization of the choriocapillaris. We
therefore used ex vivo mouse choroid explants and
assessed sprouting angiogenesis. Similar to findings
reported above, we observed a ~ 70 % reduction in
sprouting area with LV.miR-106b, a ~80% reduction
with LV.shPERK, while LV.shVEGFA resulted in a
reduction of ~60% compared to control LV.shGFP
(Figure 3K, 3L). Taken together, these results further
highlight the anti-angiogenic properties of miR-106b
and provide rationale to test miR-106b delivery in
vivo.
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Intraocular injection of LV.miR-106b decreases
choroidal and retinal neovascularization
Endothelial cell migration and sprouting are key
processes involved in angiogenesis. We next tested the
outcome of therapeutic delivery of miR-106b in models
of pathological retinal angiogenesis. We first performed
laser burns on 8 week-old mice to trigger CNV, directly
followed by intravitreal injection of either LV.miR106b or positive control LV.shVEGF or negative
control LV.shGFP. Choroids were collected 7 days after
laser burns and quantified (Figure 4A). LV.miR-106b
led to ~45% reduction of neo-angiogenesis and
prevented CNV to a similar extent as LV.shVEGF
(Figure 4B–4D).
We subsequently assessed the anti-angiogenic
properties of miR-106b in the mouse model of oxygeninduced retinopathy [35]. Mouse pups were injected at
P4 and P7 with LV.miR-106b, negative control
LV.shGFP or positive control LV.shVEGFA. From P7
to P12 pups were exposed to 75% oxygen and returned
to room air from P12 until maximal neovascularization
at P17 (Figure 5A). Similar to what was observed for
CNV, retinas treated with LV.miR-106b showed a
significant
~50%
reduction
in
pathological
neovascularization compared to LV.shGFP and a
similar reduction to levels observed with LV.shVEGFA
(Figure 5B–5I). Collectively, these results suggest that
therapeutic delivery of miR-106b prevents pathological
retinal angiogenesis (Figure 6).

DISCUSSION
The diagnostic and therapeutic potential of miRNAs for
ocular diseases is promising yet still requires proof of
concept. We have previously shown that levels of miR106b decrease in the vitreous and plasma of human
patients with NV AMD [25]. In the current study, we
demonstrate that much like in patients, there is a
reduction in choroidal miR-106b in mouse retinas
following laser burn induced-CNV. Furthermore, we
provide evidence that the downregulation involves
transcriptional inhibition of the 106b~25 cluster by the
PERK pathway. Consequently, therapeutic intravitreal
administration of miR-106b via lentiviral vectors
inhibited pathological retinal neovascularization across
models. These findings were supported by in vitro and
ex vivo data that confirmed the role of miR-106b in
preventing cellular mechanisms that lead to
angiogenesis including cell migration and sprouting.
The pathogenesis of AMD is associated with oxidative
stress, hypoxia, inflammation and proteotoxic stress, which
can trigger pathways of ER-stress [36]. We observed
activation of the PERK axis with phosphorylation
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Figure 3. miR-106b exerts an anti-angiogenic effect and impairs retinal endothelial cell migration. (A) Western blot of VEGFA

and β-actin from control choroids and 3 days after burns, and (B) quantification (n=4). (C) Western blot of HIF1α and β-actin from control
choroids and 3 days after burns, and (D) quantification (n=4). (E) Schematic of ECIS cell migration assay procedure. HRMEC ECIS with (F)
LV.miR-106b (n=4), (G) LV.shVEGFA (n=4) and (H) LV.shPERK (n=4) compared to LV.shGFP control. (I) HRMEC scratch assay infected 72h with
LV.shGFP, LV.miR-106b, LV.shVEGFA and LV.shPERK at T0h and after 8h. (J) Migration area quantification of scratch assay with LV.miR-106b
(n=4), LV.shVEGFA (n=4), and LV.shPERK (n=4) compared to LV.shGFP. (K) Sprouting assay with choroid explants infected with LV.shGFP,
LV.miR-106b, LV.shVEGFA, and LV.shPERK. (L) Sprouting area quantification with LV.miR-106b (n=9), LV.shVEGFA (n=9), LV.shPERK (n=8)
compared to LV.shGFP control. Scale bar = 500 µm. Data are expressed as mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for
the analysis of groups of 2, and one-way ANOVA with Bonferroni post-hoc test was performed on groups of 3 or more, *P <0.05; **P<0.001;
***P<0.0001.
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Figure 4. miR-106b decreases choroidal neovascularization in a CNV mouse model. (A) Schematic of intraocular injection of
LV.miR-106b or LV.shVEGFA in laser burn mouse model. (B) Burn in red (lectin), CNV in green (FITC) and merge with LV.miR-106b or
LV.shVEGFA compared with LV.shGFP. (C) CNV/Burns ratios quantification after LV.miR-106b treatment (n=16 burns/4 mice) and (D)
CNV/Burns ratios quantification after LV.shVEGFA treatment (n=12 burns/3 mice). Scale bar = 50µm. Data are expressed as mean ± S.E.M.
Unpaired Two-tailed Student’s t-test were used *P <0.05; **P<0.001.
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Figure 5. miR-106b decreases retinal neovascularization in the OIR mouse model. (A) Schematic of intraocular injection of LV.miR-

106b or LV.shVEGFA in the OIR mouse model. P17 retinas were flatmounted after exposure to 75% O 2, having received intraocular injection
of LV.shGFP (B), LV.miR-106b (C), or LV.shVEGFA (D) and magnified (E–G). Neovascular area quantification (H) after LV.miR-106b injection
(n=8), and (I) LV.shVEGFA injection (n=8). Scale bars, 500 μm (B–D) and 200 μm (E–G). Data are expressed as mean ± S.E.M. Unpaired Twotailed Student’s t-tests were used. *P <0.05.
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Figure 6. Schematic of miR-106b impact on CNV in mouse laser burn model. (A) Bruch's membrane disruption following laser burn.

(B) Intravitreal injection of LV.shGFP or LV.miR-106b. (C) PERK activation represses miR-106b expression and leads to pro-angiogenic factor
overexpression, contributing to CNV formation. (D) Increased expression of miR-106b by LV leads to decreased CNV formation by targeting
proangiogenic factor protein production. (CNV: choroidal neovascularization, LV: lentivirus).
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of eIF2α and increase in ATF4 mRNA after laser burn.
Activated PERK typically influences protein synthesis
through phosphorylation of eIF2α, leading to global
translation arrest [37] while transcripts with alternative
upstream open reading frames, such as ATF4, are
translated and can mediate an antioxidant response and
expand the ER’s folding capacity [38]. With sustained
activation, ATF4 can also drive transcription of proapoptotic factors and lead to apoptosis by inducing
CHOP [38]. The PERK pathway is thought to be
influenced by miRNAs. For example, miR-204
represses PERK [39] while miR-30b-5p and miR-30c5p regulate eiF2α, and miR-214 downregulates ATF4
expression [40]. Similarly, to what has been reported in
mouse embryonic fibroblasts [34], our data suggest that
PERK suppresses miR-106b during choroidal
neovascularization and thus renders the retina more
conducive to neovascularization.
We demonstrated the anti-angiogenic properties of miR106b in models of retinal (OIR) and choroidal
neovascularization (laser CNV). The magnitude of
suppression was comparable to that of suppression of
VEGFA or PERK inhibition by shRNA. MiR-106b, a
member of miR-17 family with reported anti-angiogenic
properties [41, 42], also significantly decreased
choroidal sprouting. Our results are consistent with
previous studies demonstrating the anti-angiogenic
properties of miR-106b in cell culture via STAT3
inhibition [43] and in mice in a hind limb ischemia
model.
Currently, there are efforts to devise therapeutics that
simultaneously inhibit several factors involved in retinal
vascular disease given the clinical success of
compounds such as Aflibercept [44]. miRNAs regulate
translation of multiple genes and hence may be
considered as multi-target inhibitors. Their potential to
mitigate retinal disease will grow as comprehensive
landscapes of miRNAs in health and disease are
established [26, 45]. Preclinical studies are underway
for mimics or inhibition of specific miRNAs [46].
Overall, this study demonstrates a new role for miR106b and highlights its potential for suppressing
pathological retinal neovascularization.

MATERIALS AND METHODS
Animals
All studies were performed according to the Association
for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Animal Care
Committee of the University of Montreal in agreement
with the guidelines established by the Canadian Council
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on Animal Care. C57Bl/6 wild-type were purchased
from Jackson Laboratory and CD1 nursing mothers
from Charles River Laboratory.
Cell line
Human retinal microvascular endothelial cells
(HRMECs) (Cell System, Kirkland, USA) were used
from passages 6 to 11. HRMECs were cultured in
EGM-2 microvascular medium (Lonza, Switzerland).
For scratch assay experiments and for Electric Cellsubstrate Impedance Sensing (ECIS), cells were starved
overnight then cultured in EBM-2 medium (2% fetal
bovine serum).
O2-induced retinopathy (OIR)
Mouse pups (C57Bl/6, Jackson Labs) and their
fostering mothers (CD1, Charles River) were exposed
to 75% O2 from postnatal day 7 (P7) until day 12 and
returned to room air. This model serves as a proxy to
human ocular neovascular diseases such as ROP and
diabetic retinopathy characterized by a late phase of
destructive pathological angiogenesis [47, 48]. Upon
return to room air, hypoxia-driven neovascularization
(NV) develops from P14 onwards [35]. Dissected
retinas were flatmounted and incubated overnight with
fluoresceinated isolectin B4 (1:100) in 1mM CaCl2 to
determine
extent
of
avascular
area
or
neovascularization area at P17 using ImageJ and the
SWIFT-NV method [49].
In vivo imaging following laser-induced choroidal
neovascularization (CNV)
In vivo imaging was performed using a scanning laser
ophthalmoscope (Micron IV; Phoenix Laboratories,
Pleasanton, CA, USA). Mice of 9 to 11 weeks of age
were subjected to pupil dilation (Mydriacyl; Alcon,
Mississauga, ON, Canada) and anesthetized with a mix
of 10% ketamine and 4% xylazine (10µl/g body
weight). Fluorescein (Alcon, 1 unit/g body weight of a
5% fluorescein dilution in 0.9% sodium chloride) was
injected subcutaneously and corneas were lubricated
with Optixcare ophthalmic gel (Aventix Animal Health,
Burlington, ON, Canada). After a fluorescein
circulation of 5 minutes, retinas were imaged before and
after inducing choroidal neovascularization with 4
distinct laser burns (50µm, 300mW, 0.05s). Animals
were followed-up 3, 7 and 14 days after laser burn.
CNV induction and neovascularization labeling by
perfusion with FITC
For lentiviral treatment mice of 9 to 11 weeks of age
were intraocularly injected with lentivirus and their
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Bruch’s membranes were ruptured using an argon laser
as described previously [32]. At day 3, 7 and 14 after
CNV induction, mice were injected with 0.5 ml of 15
mg/ml of fluorescein isothiocyanate (FITC)–dextran
(average molecular weight 20,000) (Sigma Aldrich,
CA) and euthanized.
Immunohistofluorescence
Eyes were fixed for 30 min in 4% PFA at room
temperature before dissection to isolate retinas (OIR) or
choroids (LB-CNV). Flatmounted retinas or choroids were
stained with Rhodamine labeled Griffonia (Bandeiraea)
Simplicifolia Lectin I (RL-1102; Vector Laboratories) in 1
mM CaCl2 in PBS. The sclera–choroid–RPE cell complex
was mounted onto a slide, and the burns photographed
with an Olympus FV1000 microscope.
Neovascularization quantifications
Retinal neovascularization (OIR model): For
visualization of pan-retinal vasculature, dissected
retinas were flatmounted and incubated overnight with
rhodamine-labeled Griffonia (Bandeiraea) Simplicifolia
Lectin I (Vector Laboratories Inc.) in 1 mM CaCl2 in
PBS for retinal vasculature. The extent of avascular area
or neovascularization area at P17 was determined using
ImageJ and the SWIFT_NV method [49].
Choroidal neovascularization (laser burn model): The
neovascularization was captured in a Z-stack, and the
lesion caused by the laser impact was captured in a singleplane image. The Z-stacks were compressed into one
image, and the FITC–dextran-labeled neovascular area and
the area of the lesion were measured per lesion in ImageJ.
Western blot analysis
For assessment of choroidal protein levels, eyes were
enucleated from mice 3 days after burn. RIPA buffer with
anti-protease and anti-phosphatase (BioRad) was freshly
prepared to manually with a piston to homogenize tissues
and for cells lysis. Protein concentration was assessed by
BCA assay (Sigma-Aldrich, Oakville, CA), and 30μg of
protein analyzed for each condition by standard SDS-PAGE
technique using Bis-Acrylamide gel 10% or 12.5%
depending of protein size. Total protein transfer on
nitrocellulose or PVDF membranes (Bio-Rad, Mississauga,
ON, CA) was evaluated with Ponceau Red (Sigma-Aldrich,
Oakville, CA). Antibody solutions and dilutions were
prepared as per manufacturers’ recommendations.
Antibodies
Phospho-eIF2α (Ser51) (Cell signaling Technology,
Whitby, CA), Total-eIF2α (Cell signaling Technology,
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Whitby, CA), β-actin (8H10D10) (Cell signaling
Technology, Whitby, CA, VEGFA (C1) (Santa Cruz
Biotechnology, INC, Texas, USA), HIF1α (H1alpha67)
(Novus Biologicals, Oakville, CA).
Quantitative real time polymerase chain reaction
analysis
RNA extraction was performed with TRIzol®
Reagent (Life Technology, Waltham, USA) as
suggested by manufacturer protocol. DNase digestion
was then performed to prevent amplification of
genomic DNA (Invitrogen, Waltham, USA). iScript™
Reverse Transcription Supermix for RT-qPCR (BioRad, Mississauga, CA) was used to generate cDNA
from 1µg of total RNA. Real time qPCR was
performed to quantify gene expression using SYBR®
Green reagent (Applied Biosystem TM, USA) and
was processed with an ABI 7500 Real-Time PCR
machine. β-actin was used as a reference gene. Primer
sequences (Integrated DNA Technologies) are listed
in Supplementary Table 1. miRNA extraction was
performed with TRIzol® Reagent, Retrotransciption
reaction was done with TaqMan MicroRNA Reverse
Transcription kit (Applied Biosystem, USA) using
100ng of total RNA in each reaction following
manufacturer protocol. Real-time PCR was processed
with TaqMan miR assay 20X and Universal master
mix II No-UNG 2x for TaqMan Reaction (Applied
Biosystem, USA). Primers are listed in the
Supplementary Table 1.
Lentivirus plasmid constructions
Lentiviral constructs were produced with the PCR
insertion kit (Q5 Site-Directed Mutagenesis kit,
New England BioLabs®inc). The following sequence
for shVEGFA and mature miR-106b sequence
were inserted shVEGFA: 5’ GAGCGGAGAAAGC
ATTTG TTTCTCGAGAAACAAATGCTTTCTCCGC
TCTTTT 3’, miR-106b: 5’TAAAGTGCT GACAGTG
CAGATCTCGAGATCTGCACTGTCAGCACTTTAT
TTT-3’. All constructs were verified by Genome
Quebec sequencing. Constructs of shIRE1α and
shPERK were previously published by our
group [50].
Preparation of lentivirus
We produced infectious lentiviral vectors by
transfecting lentivector and packaging vectors into
HEK293T cells (Invitrogen) as previously described
(Dull et al. Journal of Virology, 1998). Viral
supernatants were concentrated by ultracentrifugation
(>500-fold). Viral efficiency was confirmed by realtime-PCR and Western blot.
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Intravitreal injections
For the OIR model, P4, P7, C57BL/6 pups were
anesthetized with 3.0% isoflurane and injected in the
vitreous chamber with 0.5 µl of lentivirus. Retinas were
collected at P17 for vasculature analysis. For the laser
burn model, 8 to 10 week old C57BL/6 mice were
injected following laser burn in the vitreous chamber
with 1 µl of lentivirus. Choroids were collected 7 days
post burns for CNV quantification.
Scratch assay
Scratch assays were performed with pre-infected
HRMECs cells (72hr) in 6 well plates until confluency
was reached. Scratches were done with 200µl sterile
tips and culture media was replaced with with EBM-2
medium (2% fetal bovine serum). Pictures were taken at
time 0 (moment of the scratch) and after 8 hours with a
2x objective using an inverted microscope (Zeiss Axio
Imager) and migration distances were quantified with
Image J software.
Electric cell-substrate impedance sensing migration
assay (ECIS)
Real time analysis of trans and inter-endothelial
impedance was performed by plating 1x 105 pre-infected
(72 hours) HRMECs cells into 8 well arrays (8W10E for
migration assays, 40 electrodes per well) (Applied
BioPhysics, Troy, NY, USA). Cells were plated at
confluency and submitted to an electric pulse in the
center of each well, causing localized cell detachment,
resulting in a 250μm diameter devoid of cells. Cell
migration was quantified by measurement of impedence,
which increases as cells repopulate the empty space. The
results were then normalized to the vehicle control and
expressed as relative resistance. Graphical representation
depicts mean and S.E.M., and light blue zones highlight
time points where statistically significant differences are
observed (student’s t-test, P<0.05).
Choroid ex vivo explant assay
Adult C57Bl/6 mice were euthanized, and eyes were
immediately enucleated and kept in ice-cold EBM basal
medium (Lonza) before dissection. Choroid explants
were placed in growth factor-reduced Matrigel
(Corning) seeded in 24 well plates, and incubated at
37° C for 10 minutes to allow the Matrigel to solidify.
500 µL of medium was then added to each well and
incubated at 37° C with 5% CO2 for 24 hours before
lentiviral infections. Explant pictures were taken after
48 hours (at the beginning of choroid vessel growth),
and at 72 hours to 96 hours post-infection to follow
vessel growth. Phase contrast photos of individual
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explants were captured with a ZEISS Axio Oberver.Z1
microscope. Sprouting area quantification was
performed using the semi-automated macro plug-in to
the Image J software designed for this purpose [51].
Statistical analyses
Data are presented as mean ± S.E.M. GraphPad Prism
(GraphPad Software, San Diego, CA) was used to
perform statistical analyses. We used Student’s t test
to compare groups of two, and one-way ANOVA
with Bonferroni post-hoc analysis for groups of 3
and more; data with P < 0.05 were considered
statistically different: * denotes P < 0.05, ** P < 0.01,
and *** P < 0.001.
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SUPPLEMENTARY MATERIALS
Supplementary Figure

Supplemental Figure 1. (A) VEGFA and HIF1α mRNA expression in choroids 3 days after laser burn (VEGFA n=5, HIF1α n=7). (B) LV.miR-

106b expression after plasmid transfection in HEK cells (n=4). (C) Schematic of plasmid construction, virus production and LV.miR-106b
expression 72hrs after viral infection of HRMECs. (D) VEGFA mRNA expression in HRMECs 72hrs after LV.shVEGFA infection. Data are
expressed as mean ± S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis of groups of 2, and one-way ANOVA with
Bonferroni post-hoc test was performed on groups of 3 or more, *P <0.05; **P<0.001; ***P<0.0001.
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Supplementary Table
Supplementary Table 1. List of human and mouse primers.
Genes (human)
B-ACTIN (ACTB)
VEGFA
Genes (mouse)
B-ACTIN (ACTB)
VEGFA
MCM7
ATF4
HIF1α

Foward primers
5’ GTCATTCCAAATATGAGATGCGT 5’
5’ CTCTACCTCCACCATGCCAAG 3’
Foward primers
5’ GACGGCCAGGTCATCACTATTG 3’
5’ GCCCTGAGTCAAGAGGACAG 3’
5’ ATGGCGCTTAAGGACTACG 3’
5’ CTACTAGGTACCGCCAGAAG 3’
5’ CGAGAACGAGAAGAAAAAGATGAG 3’

Reverse primers
5’ TGTGGACTTGGGAGAGGACT 3’
5’ AGACATCCATGAACTTCACCACTTC 3’
Reverse primers
5’ CCACAGGATTCCATACCCAAG 3’
5’ CTCCTAGGCCCCTCAGAAGT 3’
5’ATCCAGGTCCACATACAGTG 3’
5’ GCCTTACGGACCTCTTCTAT 3’
5’ AAGCCATCTAGGGCTTTCAG 3’

RT-qPCR primer sequences to quantify mRNA expression in choroids (mouse) or HRMECs (human).
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ABSTRACT
During the process of aging, the retina exhibits chronic oxidative stress (OS) damage. Our preliminary
experiment showed that acetaldehyde dehydrogenase 2 (ALDH2) could alleviate retinal damage caused by OS.
This study aimed to explore whether ALDH2 could inhibit mice retinal cell apoptosis and enhance the function
of unfolded protein response in endoplasmic reticulum (UPRER) through reducing OS in aging process. Retinal
function and structure in vivo and in vitro were examined in aged ALDH2+ overexpression mice and ALDH2
agonist Alda1-treated aged mice. Levels of ALDH2, endoplasmic reticulum stress (ERS), apoptosis and
inflammatory cytokines were evaluated. Higher expression of ALDH2 was observed at the outer nuclear layer
(ONL) and the inner nuclear layer (INL) in aged ALDH2+ overexpression and aged Alda1-treated mice. Moreover,
aged ALDH2+ overexpression mice and aged Alda1-treated mice exhibited better retinal function and structure.
Increased expression of glucose-regulated protein 78 (GRP78) and ERS-related protein phosphorylated
eukaryotic initiation factor 2 (peIF2α) and decreased expression of apoptosis-related protein, including C/EBP
homologous protein (CHOP), caspase12 and caspase9, and retinal inflammatory cytokines were detected in the
retina of aged ALDH2+ overexpression mice and aged Alda1-treated mice. The expression of ALDH2 in the
retina was decreased in aging process. ALDH2 could reduce retinal oxidative stress and apoptosis, strengthen
UPRER during the aging process to improve retinal function and structure.
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INTRODUCTION
The aging process is characterized by a decline in
systematic tissue function and the onset of serious of
age-related disease [1–3]. However, it remained elusive
that the potential mechanisms accounting for these
phenomena and strategies to intervene to improve cell
functions.
Recently, the imbalance of protein homeostasis was
proposed to be responsible for aging and age-related
diseases [4, 5]. As we known that the protein homeostasis
is an essential component of the cell survival process and
often refers to the maintenance of the proteome. And the
unfolded protein response in the endoplasmic reticulum
(UPRER) is considered as the most well-known
mechanisms of protein homeostasis. The endoplasmic
reticulum (ER) is responsible for folding and quality
control through the activation of chaperones and foldases
that assist in protein folding and preventing abnormal
protein aggregation [6]. The key proteins involved in
UPRER include the sensors inositol requiring element-1
(IRE1), protein kinase R-like endoplasmic reticulum
kinase (PERK) and activating transcription factor 6
(ATF6) and the molecular chaperone glucose-regulated
protein 78 (GRP78), which is also called immuneglobulin heavy chain binding protein (BiP/GRP78).
When superfluous unfolded or misfolded proteins
accumulate in the ER, GRP78 disassociates from these
three sensors, thus triggering the UPRER response [7]. In
this time, GRP78, with this single existence, is easily
encountered with oxidative stress damage, especially in
aging process. Furthermore, eukaryotic translation
initiation factor 2α (eIF2α), a protein translation
component, is the downstream of PERK. When
endoplasmic reticulum stress (ERS) happens, eIF2α is
phosphorylated to slow down protein production and
reduce the unfolded and misfolded proteins. [8]
During the aging process, protein glycosylation,
oxidative imbalance, and protein folding defection
cause abnormal protein accumulation in the ER and
affect the UPRER to regulate the protein homeostasis
capacity [9]. Moreover, increased free radicals damage
during senescence leads to cell apoptosis via the caspase
pathway, which is an important contributor to many
human pathological conditions [10, 11]. Related studies
have shown that the UPRER declined and its related
chaperones were significantly reduced following with
advancing age [12]. Traditionally, the UPRER is
activated under the condition of energy deficiency with
the aim of restoring protein homeostasis [13]. More
importantly, the retina is one of the most energydemanding tissues in the body. Both clinical and animal
studies have found that retinal function and structure
were worsen along with aging [14]. Nevertheless, the
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underlying mechanisms of UPRER related to aged retinal
behaviour remain largely unclear, and effective
therapies to intervene aging-related injury to the retina
by targeting the UPRER have not been developed.
Mitochondrial aldehyde dehydrogenase 2(ALDH2) is
essential for the catabolism of exogenous and
endogenous toxic aldehydes associated with oxidative
stress-induced lipid peroxidation and adducts with DNA,
RNA and protein [15]. The available evidence suggested
that chronic accumulation of aldehydes resulting from
ALDH2 deficiency was responsible for the age-related
diseases [16]. Recently, genetic polymorphism analysis
of ALDH2 revealed that ALDH2*1*1 (wild homozygous
GG) individuals had superior physical functions and
diabetic or ischaemic stroke-related diseases resistance
ability [17]. Interestingly, diabetic retinopathy (DR) was
also closely related to ALDH2 polymorphisms [18, 19].
Moreover, ALDH2 has a certain protective effect in agerelated disease, such as Alzheimer's Disease (AD),
Parkinson's Disease (PD) and aged cardiopathy by
decreasing free radicals damage [20]. Simultaneously,
our previous animal experiments have also shown that
ALDH2 could play a certain role in aged diabetic
retinopathy [21] and retinitis pigmentosa (RP) [22].
Furthermore, our clinical retrospective data analysis
showed that the aged with ALDH2*1* (G/G) genotype
possessed a better retinal function and a thicker macula
compared with ALDH2*2*2 (mutant heterozygous AA)
while the young with different ALDH2 genotype,
including ALDH2*1*1, ALDH2*1*2 (mutant heterozygous GA) and ALDH2*2*2, showed no significant
difference (Supplementary Figure 1).
Considering that ALDH2 could alleviate OS damage,
ALDH2 overexpression in aged mice (transgenic mice
controlled by EF1α and chicken β-actin promoters) and
aged mice treated with the ALDH2 activator Alda1
(N-[1,3-benzodioxol-5-ylmethyl]-2,6-dichlorobenzamide)
were examined to evaluate the effect of ALDH2 on
aged mice retinal function and structure, and explore the
underlying mechanisms.

RESULTS
Expression of ALDH2 in different groups
Total retinal proteins detected by western blotting (WB)
showed that the expression of ALDH2 was dramatically
decreased in the aged (WT) group compared with the
young (WT) group (P<0.05). Furthermore, ALDH2
expression was significantly increased in the aged
(ALDH2+) group and aged (Alda1) group compared with
the aged (WT) group and aged (DMSO) group,
respectively (all P<0.05) (Figure 1A, 1B, Figure 2A, 2B).
Moreover, as shown in Figure 1C, 1D and Figure 2C, 2D,
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immunofluorescence staining of retinal paraffin sections
from the young (WT) group showed higher ALDH2
expression in the ONL and INL of the retinas. In contrast,
retinas from the aged (WT) group exhibited lower
ALDH2 expression in the ONL and INL. Interestingly,
the retinas from the aged (ALDH2+) group and aged
(Alda1) group showed obvious enhancing expression of
ALDH2 in the ONL and INL compared with the aged
(WT) group and aged (DMSO) group, respectively (all
P<0.05). Thus, the immunofluorescence staining and
western blotting results were consistent.
ALDH2 improved aged mouse total retinal function
To evaluate the potential role of ALDH2 in retinal
function, electroretinography (ERG) detection was
performed. The value of the b wave (dark-adaptation
3.0 response) was selected to evaluate the mice total
retinal function as the dark-adaptation 3.0 response is
related to both cone cell and rod cell functions.
As shown in Figure 3A, 3B, the value of the b wave
(dark-adaptation 3.0 response) was significantly
decreased in the aged (WT) group compared with
the young (WT) group (P<0.05). However, the value
of the b wave (dark-adaptation 3.0 response) was

increased in the aged (ALDH2+) group compared with
the aged (WT) group (P<0.05), while there was no
significant difference between the aged (ALDH2+)
group and young (WT) group (P>0.05). Moreover, as
shown in Figure 3C, 3D, the value of the b wave (darkadaptation 3.0 response) was significantly decreased in
the aged (DMSO) group compared with the young
group (P<0.05), and the value of the b wave (darkadaptation 3.0 response) was increased in the aged
(Alda1) group compared with the aged (DMSO) group
(P<0.05). There were no significant differences between
the aged (Alda1) group and young group (P>0.05).
ALDH2 enhanced aged mouse vessel function
To explore the retinal vessel protective effect of ALDH2,
retinal vessel related ERG response (oscillatory
potentials, OPs response) and FFA detection (the
operation procedure pattern diagram was showed in
Figure 4E) were performed. The OPs wave, as an ERG
component, could be used to indirectly evaluate retinal
vessel function, because retinal amacrine cells are
accompanied by retinal vessels.
The results showed that the OPs2 wave (a typical wave
of OPs) value was significantly decreased in the aged

Figure 1. The expression of ALDH2 in the young (WT) group, aged (WT) group and aged (ALDH2+) group. (A, B) A typical ALDH2
WB image and the expression of ALDH2; (C, D) A typical ALDH2 immunofluorescence image and the expression of ALDH2. All analyses were
performed in duplicate. Scale bar: 50 μm. Values are presented as the mean ± SD, n = 4 mice per group. *P<0.05: aged (WT) group and aged
(ALDH2+) group vs young (WT) group; #P<0.05: aged (ALDH2+) group vs aged (WT) group.
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Figure 2. The expression of ALDH2 in the young group, aged (DMSO) group and aged (Alda1) group. (A, B) A typical ALDH2 WB
image and the expression of ALDH2; (C, D) A typical ALDH2 immunofluorescence image and the expression of ALDH2. All analyses were
performed in duplicate. Scale bar: 50 μm. Values are presented as the mean ± SD, n = 4 mice per group. *P<0.05: aged (DMSO) group and
aged (Alda1) group vs young group; #P<0.05: aged (Alda1) group vs aged (DMSO) group.

Figure 3. ALDH2 enhanced aged mouse retinal function. (A, B) A typical dark-adaptation 3.0 response image and amplification of the
dark-adaptation 3.0 response b wave in ALDH2 overexpression mice; (C, D) A typical dark-adaptation 3.0 response image and the
amplification of the dark-adaptation 3.0 response b wave in Alda1-treated mice. All analyses were performed in duplicate. Values are
presented as the mean ± SD, n = 10 mice per group. *P<0.05: aged (WT) group and aged (ALDH2+) group vs young (WT) group or aged
(DMSO) group and aged (Alda1) group vs young group; #P<0.05: aged (ALDH2+) group vs aged (WT) group or aged (Alda1) group vs aged
(DMSO) group.
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(WT) group compared with the young (WT) group
(P<0.05) (Figure 4A, 4B). Moreover, the value of the
OPs2 wave was increased in the aged (ALDH2+) group
compared with the aged (WT) group (P<0.05), while
there was no significant difference compared with the
young (WT) group (P>0.05) (Figure 4A, 4B). In
addition, the OPs2 wave value was significantly
decreased in the aged (DMSO) group compared with
the young group (P<0.05). Moreover, the OPs2 wave
value was increased in the aged (Alda1) group
compared with the aged (DMSO) group (P<0.05), while

there was no significant difference compared with the
young group (P>0.05) (Figure 4C, 4D).
Furthermore, we calculated the time of appearance of
fluorescein sodium in the retinal vein following the first
intraperitoneal injection of fluorescein sodium to
evaluate the function of the retinal vessel microcirculation. As shown in Figure 4F, 4G, the time of
appearance of fluorescein sodium was significantly
prolonged in the aged (WT) group compared with the
young (WT) group (P<0.05). In the aged (ALDH2+)

Figure 4. ALDH2 enhanced aged mouse retinal vessel function. (A, B) A typical OPs response image and amplification of the OPs2

response in ALDH2 overexpression mice; (C, D) A typical OPs response image and the amplification of OPs2 response in Alda1-treated mice;
(E) The operation procedure pattern diagram for the FFA detection method; (F) The appearance time of fluorescein sodium in the retinal
vessel in ALDH2 overexpression mice (G) and Alda1-treated mice. All analyses were performed in duplicate. Values are presented as the
mean ± SD, n = 10 mice per group. *P<0.05: aged (WT) group and aged (ALDH2+) group vs young (WT) group or aged (DMSO) group and aged
(Alda1) group vs Young group; # P<0.05: aged (ALDH2+) group vs aged (WT) group or aged (Alda1) group vs aged (DMSO) group.

www.aging-us.com
www.aging-us.com

2754
217

AGING
AGING

group, the time of appearance of fluorescein sodium
was significantly reduced compared with the aged
(WT) group (P<0.05). In the aged (DMSO) group, the
time of appearance of fluorescein sodium was
significantly prolonged compared with the young group
(P<0.05). However, the time of appearance of
fluorescein sodium showed no significant difference in
the aged (Alda1) group compared with the aged
(DMSO) group (P>0.05).
ALDH2 protected the aged mouse retinal structure
To further examine the protective roles of ALDH2 in
the aged mouse retinal structure, optical coherence
tomography (OCT) and Hematoxylin-Eosin (HE)
staining were performed. OCT could determine every
retinal layer according to the different luminance
reflective bands, such as the low-reflective band
representative of ONL and INL and the high-reflective
band representative of the retinal nerve fibre layer
(RNFL), inner plexiform layer (IPL), outer plexiform

layer (OPL), photoreceptor inner segment/outer
segment (IS/OS) junction line and retinal pigment
epithelium (RPE) layer (Figure 5A).
As shown in Figure 5B, 5C, the thickness of the INL
detected by OCT was significantly decreased in the
aged (WT) group compared with the young (WT) group
(P<0.05). Interestingly, the thickness of INL was
increased in the aged (ALDH2+) group compared with
the aged (WT) group (P<0.05). However, there were no
significant differences in the ONL thickness among
each group (P>0.05). As shown in Figure 5D–5F, HE
staining showed that the ONL cell and INL cell layers
were significantly reduced in the aged (WT) group
compared with those in the young (WT) group (all
P<0.05). Furthermore, the INL cell layer was more in
the aged (ALDH2+) group than the aged (WT) group
(P<0.05). Moreover, the fundus photograph revealed a
depigmentation change in the aged (WT) group but little
depigmentation change in the aged (ALDH2+) group
(Figure 5G).

Figure 5. The retinal structures of ALDH2 overexpression aged mice. (A) A typical marked OCT image; (B) The thickness of the ONL;

(C) The thickness of the INL; (D) A typical marked HE staining image; (E) The number of ONL cell layers; (F) The number of INL cell layers; (G)
The fundus performance in the mice. All analyses were performed in duplicate. Scale bar: 50 μm. Black arrow showed retinal depigmentation
change. Yellow box showed retinal structure analysis area. Values are presented as the mean ± SD, n = 6 mice per group. *P<0.05: aged (WT)
and aged (ALDH2+) vs young (WT); #P<0.05: aged (ALDH2+) vs aged (WT).
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Regarding the ALDH2 agonist, the total retinal
thickness among the young, aged (DMSO) and aged
(Alda1) groups was not significantly different (all
P>0.05). However, the thickness of ELM+IS/OS was
reduced in the aged (DMSO) group compared with the
young group (P<0.05), while it was increased in the
aged (Alda1) group compared with that in the aged
(DMSO) group (P<0.05) (Figure 6A–6C). Moreover,
HE staining showed that the number of INL cell layers
was significantly reduced in the aged (DMSO) group
compared with the young group (P<0.05). For the
number of ONL cell layers, there existed no significant
difference among the groups (Figure 6D–6F).
ALDH2 decreased the expression of TNF-α, IL-6
and IL-1 in aged mouse retina
In aging process, oxidation imbalance, accompanied by
free radicals accumulation, affects retina working
regularly. Retinal inflammatory factor, including tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6) and
interleukin-1 (IL-1) were detected to evaluate oxidative
stress damage with aging. As shown in Figure 7A–7C,
the expression levels of retinal TNF-α, IL-6 and IL-1
were significantly increased in the aged (WT) group
compared with those in the young (WT) group,
respectively (all P<0.05). However, the expression of

retinal TNF-α, IL-6 and IL-1 were decreased in the aged
(ALDH2+) group compared with those in the aged (WT)
group, respectively (all P<0.05). As for the agonist
intervention experiment, the expression of retinal TNF-α,
IL-6 and IL-1 were increased in the aged (DMSO) group
compared with those in the young group, respectively (all
P<0.05). Additionally, the expression of retinal TNF-α,
IL-6 and IL-1 were decreased in the aged (Alda1) group
compared with those in the aged (DMSO) group,
respectively (all P<0.05) (Figure 7D–7F).
ALDH2 enhanced UPRER in aged mouse retina
To determine whether ALDH2 was involved in the
enhancement of UPRER during the retinal aging process,
the retinal UPRER-related proteins GRP78, eIF2α and
phosphorylated eIF2α (peIF2α) were assessed. As
shown in Figure 8A, 8B, GRP78 expression was
decreased in the aged (WT) group compared with the
young (WT) group, as determined by western blotting
(P<0.05). Additionally, GRP78 expression was
increased in the aged (ALDH2+) group compared with
the aged (WT) group, as confirmed by western blotting
analysis (P<0.05). Immunofluorescence staining
showed that GRP78 was highly expressed in ONL,
which was consistent with the western blotting results
(Figure 8C, 8D).

Figure 6. The retinal structures in Alda1-treated aged mice. (A) A typical marked OCT image; (B) The thickness of the total retina; (C)
The thickness of the ELM+IS/OS. (D) A typical marked HE staining image; (E) The number of ONL cell layers; (F) The number of INL cell layers.
All analyses were performed in duplicate. Scale bar: 50 μm. Yellow box showed retinal structure analysis area. Values are presented as the
mean ± SD, n = 6 mice per group. *P<0.05: aged (WT) and aged (ALDH2+) vs young (WT); #P<0.05: aged (ALDH2+) vs aged (WT).
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Figure 7. The expression of retinal TNF-α, IL-6 and IL-1 in aged ALDH2 overexpression and aged Alda1-treated mice. (A) The

expression of retinal TNF-α in aged ALDH2 overexpression mice; (B) The expression of retinal IL-6 in aged ALDH2 overexpression mice; (C) The
expression of retinal IL-1 in aged ALDH2 overexpression mice; (D) The expression of retinal TNF-α in aged Alda1-treated mice;
(E) The expression of retinal IL-6 in aged Alda1-treated mice; (F) The expression of retinal IL-1 in aged Alda1-treated mice. All analyses were
performed in duplicate. Values are presented as the mean ± SD, n = 4 mice per group. *P<0.05: aged (WT) and aged (ALDH2+) vs young (WT)
or Aged (DMSO) and aged (Alda1) vs young; #P<0.05: aged (ALDH2+) vs aged (WT) or aged (Alda1) vs aged (DMSO).

Figure 8. The expression of GRP78 in ALDH2+ overexpression mice during the normal aging process. (A, B) A typical WB image of
GRP78 and the confirmation of GRP78 expression by WB; (C, D) A typical immunofluorescence image of GRP78 and the confirmation of
GRP78 expression by immunofluorescence. All analyses were performed in duplicate. Scale bar: 50 μm. Values are presented as the mean ±
SD, n = 4 mice per group. *P<0.05: aged (WT) and aged (ALDH2+) vs young (WT); #P<0.05: aged (ALDH2+) vs aged (WT).
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Additionally, western blotting (Figure 9A, 9B) and
immunofluorescence staining (Figure 9C, 9D) results
showed that the expression of GRP78 was dramatically
decreased in the aged (DMSO) group compared with
that in the young group (P<0.05), while the expression
of GRP78 was dramatically increased in the aged
(Alda1) group compared with the aged (DMSO) group
(P<0.05).
Moreover, the expression of peIF2α was obviously
reduced in the aged (WT) group compared with that in
the young (WT) group (P<0.05), while the expression
of peIF2α was increased in the aged (ALDH2+) group
compared with that in the aged (WT) group (P<0.05)
(Figure 10A, 10B). Furthermore, the expression of
peIF2α was decreased in the aged (DMSO) group
compared with that in the young group (P<0.05), while
its expression was increased in the aged (Alda1) group
compared with that in the aged (DMSO) group (P<0.05)
(Figure 10C, 10D).

ALDH2 decreased apoptosis-related protein in aged
mouse retina
Apoptosis was accompanied with aging process, and we
detected the proapoptotic protein CHOP and apoptosis
protein caspase12 and caspase9. As shown in Figure
11A–11D, the expression of CHOP, caspase12 and
caspase9 were significantly increased in the aged (WT)
group compared with those in the young (WT) group (all
P<0.05). However, the expression of CHOP, caspase12
and caspase9 were decreased in the aged (ALDH2+)
group compared with the aged (WT) group (all P<0.05).
Moreover, the expression of caspase12 existed no
significant difference between the young (WT) group and
aged (ALDH2+) group (P>0.05).
Regarding the agonist intervention experiment, the
expression levels of CHOP, caspase12 and caspase9
were increased in the aged (DMSO) group compared
with those in the young group (all P<0.05).

Figure 9. The expression of GRP78 in Alda1-treated mice during the normal aging process. (A, B) A typical WB image of GRP78
and the confirmation of GRP78 expression by WB; (C, D) A typical immunofluorescence image of GRP78 and the confirmation of GRP78
expression by immunofluorescence. Scale bar: 50 μm. All analyses were performed in duplicate. Values are presented as the mean ± SD, n = 4
mice per group. *P<0.05: aged (DMSO) and aged (Alda1) vs young; #P<0.05: aged (Alda1) vs aged (DMSO).

www.aging-us.com
www.aging-us.com

2758
221

AGING
AGING

Additionally, the expressions of CHOP, caspase12 and
caspase9 was with those in the young group (all
P<0.05). Additionally, the expressions of CHOP,
caspase12 and caspase9 was decreased in the aged
(Alda1) group compared with those in the aged
(DMSO) group (all P<0.05) (Figure 11E–11H).

DISCUSSION
The aging process is accompanied by the hypofunction
of retinal cells, and specific interventions that could
preserve retinal function are highly desired. Here
we confirmed a reduction of retinal function and
structure during the natural aging process. More
importantly, we found that ALDH2 could effectively
improve the aged mice retina, and the potential
mechanism might be related with a decreased
oxidative stress induced apoptosis activity and an
enhanced UPRER.

Recent studies have explored the reduction of retinal
function and structure in clinical and animal studies
during the aging process. Specifically, clinical studies
found a prolonged implicit time and declining OPs and
b wave (dark-adaptation 3.0 response) amplitudes by 40
years of age [23]. Compared with the younger group,
the b wave (dark-adaptation 3.0 response) amplitudes
showed 25-40% smaller and longer implicit times [24].
Moreover, the bleaching restoration (dark adaptation
ability) of amplitude was slower in older subjects [25].
Moreover, a recent study found that retinal thickness
was reduced by 0.24 μm for every year with aging [26].
In a study of aging mice, it was found that aging
disease-free retina underwent a reduction of photoreceptor density and ERG amplitudes [27]. It was found
that aging was associated with a decrease in thickness
of the photoreceptor layer [28]. Additionally, a
reduction in the retinal nerve fibre layer (RNFL)
thickness were correlated with increasing age [29].

Figure 10. The expression of eIF2α and peIF2α in aged ALDH2 overexpression mice and aged Alda1-treated mice. (A) A typical

WB image of eIF2α and peIF2α in aged ALDH2 overexpression mice; (B) The expression of peIF2α/eIF2α in aged ALDH2 overexpression mice;
(C) a typical WB image of eIF2α and peIF2α in aged Alda1-treated mice; (D) The expression of peIF2α/eIF2α in aged Alda1-treated mice. All
analyses were performed in duplicate. Values are presented as the mean ± SD, n = 4 mice per group. **P<0.01: aged (WT) group and aged
(ALDH2+) group vs young (WT) group or aged (DMSO) group and aged (Alda1) group vs Young group; ##P<0.01: aged (ALDH2+) group vs aged
(WT) group or aged (Alda1) group vs aged (DMSO) group.
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During the aging process, functional protein, DNA and
RNA, suffer from accumulated chronic oxidative
damage, leading to mitochondrial dysfunction, cell
apoptosis and endoplasmic reticulum dysfunction. As we
known the endoplasmic reticulum (ER) could play
essential roles in folding and transporting protein. When
faced with unfolded or misfolded proteins, endoplasmic
reticulum chaperone proteins, especially BiP/GRP78,
would initiate correct protein folding. Recent studies
have found a decrease of UPRER-related proteins in the
patients with aging diseases [30]. These ER chaperones
encounter with oxidative damage, which may limit their
ability to perform appropriate protein folding and
therefore reduce the ability of the UPRER to regulate
protein homeostasis [31, 32]. Among the ER stress
pathways, GRP78 is a master regulator of the UPRER by
handling abnormal proteins to recover ER homeostasis
[33]. Therefore, the aging process is associated with a
prominent reduction in the buffering capacity of the

protein homeostasis network [34]. Moreover, studies
have confirmed that the ability to activate the UPRER
declined along with aging, while its constitutive
activation could extend longevity [35]. For retinas, the
activation of UPRER is a protective response to
abnormal protein accumulation that ultimately restricts
photoreceptor cell death [36]. And overexpression of
GRP78 could regulate the UPRER and preserve
photoreceptor function [37]. Moreover, increasing
expression of GRP78 could downregulate the key proapoptotic cascade activator CHOP [38].
Our studies showed that the UPRER remained deficient
for successful disposing of abnormal proteins during the
aging process. Related studies have shown that wild
type aged mouse retinas showed a significant reduction
basal level of X-box Binding Protein 1 spliced (XBP1s),
a key ERS signalling pathway downstream protein, and
decreased activation of the UPRER. Moreover, XBP1s

Figure 11. The expression of apoptosis related proteins in aged ALDH2 overexpression and aged Alda1-treated mice. (A) A

typical WB image of CHOP, caspase9 and caspase12 in aged ALDH2 overexpression mice; (B–D) The expression of CHOP, caspase9 and
caspase12 in aged ALDH2 overexpression mice; (E) A typical WB picture of CHOP, caspase9 and caspase12 in aged Alda1-treated mice; (F–H)
The expression of CHOP, caspase9 and caspase12 in aged Alda1-treated mice. All analyses were performed in duplicate. Values are presented
as the mean ± SD, n = 4 mice per group. *P<0.05: aged (WT) and aged (ALDH2+) vs young (WT) or Aged (DMSO) and aged (Alda1) vs young;
**P<0.01: aged (WT) and aged (ALDH2+) vs young (WT) or Aged (DMSO) and aged (Alda1) vs young; ***P<0.001: aged (WT) and aged
(ALDH2+) vs young (WT) or Aged (DMSO) and aged (Alda1) vs young; #P<0.05: aged (ALDH2+) vs aged (WT) or aged (Alda1) vs aged (DMSO),
##P<0.01: aged (ALDH2+) vs aged (WT) or aged (Alda1) vs aged (DMSO).
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KO mice showed significant retinal layer thinning and
retinal ganglion cell (RGC) loss, as well as functional
defects at 12-14 months of age [39]. To our knowledge,
the UPRER is characterized by acute UPRER induced
by hypoxia, nutrient deprivation, increased protein
oxidation, and a disturbance of the secretory pathway,
and chronic UPRER induced especially by the senescence
process. Acute UPRER, with stronger and uncontrolled
features, could lead to cell death, while chronic UPRER,
with limited and insufficient features, could also trigger
cell apoptosis through the CHOP and caspase12
pathways [35]. Furthermore, metabolism studies have
shown that aging mice have diminished ERG responses
and a reduced number of photoreceptors [40].

sustaining mitochondria homeostasis to reduce the
production of peroxide; 2. Regulate nuclear gene
expression (our additional data showed ALDH2 could
interact with histone deacetylase); 3. Influence cell stress
response in ER or ribosome.

In this study, ALDH2 could effectively prevent the
decline in retinal function and structure damage, as
confirmed both by ALDH2 overexpression mice and
intervention with the ALDH2 agonist Alda1. It is wellknown that ALDH2 possesses potential roles of
protecting cellular bioactive molecules, such as DNA,
RNA and protein, from the damage of toxic aldehydes.
Therefore, ALDH2 could decrease the production of
unfolded or misfolded protein. As a result, in different
stages of life or diverse diseases, the key roles of ALDH2
could differ during their involvement in the UPRER
process. In the early stage of life, ALDH2 mainly
sustains cell protein homeostasis by reducing unfolded or
misfolded protein production, and thus the activation of
ALDH2 could decelerate the progression of diseases such
as atherosclerosis via decreasing ERS and apoptosis [41].
Recent studies have revealed that ALDH2 overexpression could effectively antagonize chronic alcohol
intake-induced cardiac injury and contractile defects via
decreasing ERS-related cell apoptosis [42]. In contrast,
ALDH2 deficiency aggravates cardiac dysfunction with
an accumulation of abnormal protein, leading to an
increase in related cell apoptosis [43]. However, during
the aging process, ALDH2 could enhance the UPRER to
improve the ability to correct the activity of unfolded or
misfolded protein. Our study showed that ALDH2
effectively preserved the UPRER by protecting the
molecular chaperone GRP78 away from the sustained
oxidative stress injury, thus improving cell survival
ability. Unfortunately, the accurate regulatory
mechanisms of ALDH2 in the aging process are still
unclear. We could be certain that during the aging
process, the expression levels of retinal CHOP,
caspase12 and caspase9 were increasing and retinal
inflammatory factor, including IL-1, IL-6 and TNF-α
expression were enhanced. And ALDH2 could attenuate
those hazardous substances expression, therefore
alleviate aging retina oxidative damage and free radical
attack by eliminating oxidizing substances, especially
organic peroxides. The potential aging retina protective
effect of ALDH2 could include: 1. Participate in

MATERIALS AND METHODS
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In the present study, overexpression of ALDH2 and
treatment with the ALDH2 agonist Alda1 in aging mice
could both result in good retinal function and structural
integrity via attenuating oxidative stress and apoptosis,
and enhancing UPRER. Therefore, an increasing
expression of ALDH2 could serve to preserve retinal
function during the normal aging process or the onset of
age-related retinal disease.

Animals
Healthy male young C57/B6 mice (6-8 weeks old) made
up the young (WT) group. Healthy male aged C57/B6
mice (72-80 weeks old) made up the aged (WT) group.
Healthy male aged C57/B6 mice (72-80 weeks old) and
aged ALDH2+ C57/B6 mice (72-80 weeks old) made
up the aged (WT) group and aged (ALDH2+) group,
respectively. These mice were selected to directly
examine retinal function and structure in vivo and ERS,
apoptosis proteins and inflammatory factor in vitro.
Furthermore, mice (48-56 weeks old) were subjected to
(N-[1,3-benzodioxol-5-ylmethyl]-2,6-dichlorobenzamide)
Alda1(Molecular Weight: 324.16; Formula: C15H11
Cl2NO3) (MedChemExpress, USA) (10 mg/kg, 50%
DMSO: 50% H2O) [44] or DMSO, as the aged (Alda1)
group and the aged (DMSO) group, via daily
intraperitoneal injection for 24 weeks. Moreover, young
C57/B6 mice (6-8 weeks old) served as the young group.
After the last treatment, retinal function and structures in
vivo and ERS, apoptosis proteins and inflammatory factor
in vitro were examined. Young mice were purchased
from the Laboratory Animal Center of the Fourth
Military Medical University (license: 2014270138S).
Aged mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (license:
SCXK2016-0006). ALDH2 overexpression C57/B6 mice
(transgenic mice controlled by EF1α and chicken β-actin
promoters) were obtained from professor Ren Jun
(Center for Cardiovascular Research and Alternative
Medicine, School of Pharmacy, University of Wyoming
College of Health Sciences).
All animals were raised under clean laboratory
conditions (temperature: 23° C ± 3° C; 12-h light/ 12-h
dark cycles). All animals in the experiments were
handled in accordance with the Association for
Research in Vision and Ophthalmology (ARVO)
Statements for the use of Animals in Ophthalmic and
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Vision Research. All protocols were approved by the
research ethics committee for the care of laboratory
animals at Fourth Military Medical University, and the
experiments were conducted in accordance with its
guidelines for experimental animals.
Electroretinography
ERG measurements were performed as described
previously [45]. Briefly, the animals were placed in a
dark environment for 12 hours, and all operation
processes were recorded under dim red-light conditions.
Mice were anaesthetized with 3 mL/kg 1% sodium
pentobarbital (Sigma, St Louis, MO, USA) and 50 μL
sumianxin II (Jilin Shengda Animal Pharmaceutical
Co., Ltd., Jilin, China) via intraperitoneal administration. Tropicamide-phenylephrine ophthalmic solution
(Shenyang Xingji Corporation, Shenyang, Liaoning
Province, China) was used to dilate the mouse pupil.
ERG was recorded by full-field stimulation using a
computer system (RETI port; Roland Consult GmbH,
Brandenburg, Germany) equipped with international
standards for visual electrophysiology (ISEVE)
procedures. Moreover, a silver chloride electrode was
placed at the centre of the cornea as the recode
electrode. Stainless steel needle electrodes placed in the
cheek and tail served as the reference and ground
electrodes, respectively. We analysed the b wave (darkadaptation 3.0 response) and dark-adaptation oscillatory
potentials. Levofloxacin eye drops (Shenyang Xingji
Corporation, Shenyang, Liaoning Province, China) were
used three times a day after ERG testing to avoid
infection.
OCT, fundus photograph and FFA detection
The mice were anaesthetized as described before and
corresponding optical coherence tomography (OCT)
scans were performed using a Micron IV fundus camera
and an OCT Scan Head equipped with a mouse
objective lens. Right eyes were dilated with 0.5%
tropicamide, and Gatifloxacin Eye Gel (Shenyang
Xingji Corporation, Shenyang, Liaoning Province,
China) was used to protect the corneas. Fundus and
OCT images were captured from 20 positions for each
eye using a Retinal Imaging System (OPTO-RIS,
Optoprobe, Canada) and 4D-ISOCT Microscope
Imaging System (ISOCT, Optoprobe, Canada). The
original OCT data were analysed by using OCT Image
Analysis software (Version 2.0, Optoprobe, Canada).
Moreover, FFA was applied to detect retinal vessel
microcirculation function by HRAplusII (Ger) after
injecting 0.1 mL/100 g 10% fluorescence sodium
(Baiyunshan Mingxing Corporation, Guangzhou,
Guangdong Province, China) via intraperitoneal
injection (Figure 4E). The sodium fluorescein
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intravenous imaging time was recorded to evaluate
retinal vessel function.
HE staining
Mice were euthanized with an overdose of sodium
pentobarbital and the eyes of the mice were rapidly
removed, and HE staining was implemented as we
described previously [46]. Specifically, the eyes used for
histological analysis were kept immersed for 24 h at 4° C
in 4% paraformaldehyde. Three paraffin-embedded
sections (thickness, 4 μm) were prepared and subjected
to HE staining. Light microscope images were obtained
using a digital imaging system (DP71, Olympus, Japan).
The numbers of outer nuclear layer (ONL) and inner
nuclear layer (INL) cell layers were then counted.
Immunofluorescence staining
Eye paraffin sections were deparaffinized and
dehydrated. Endogenous peroxidase activity was blocked
with 3% H2O2 for 15 min followed by 3 washes with
phosphate-buffered saline (PBS: 0.1 mM, pH 7.2) at
room temperature every 5 minutes. Antigen was retrieved
by boiling (100° C) in citric acid buffer (PH 6.0) for 20
min and addition of 10% goat serum (including 0.3%
Triton) for 1 h at room temperature to block non-specific
labelling. Then, the sections were incubated overnight at
4° C with primary antibody against GRP78 (Proteintech,
11587-1-AP, Wuhan, Hubei Province) at a 1:200 dilution
and ALDH2 (Abcam, ab108306, Cambridge, MA) at a
1:200 dilution. Slides incubated without any primary
antibody served as the control. The slides were washed 3
times with PBS and incubated for 1 h with the IgG
(H+L), Alexa Fluor 488 fluorescence secondary antibody
(Zhuangzhi, EK021, Xi’an, Shaanxi Province, China) at a
1:400 dilution. Nuclei were stained by incubating the
sections in a 100 ng/mL DAPI after 3 rinses with PBS.
Images of the slides were captured under a fluorescence
microscope (BX53, Olympus, Japan).
Western blot detection
Mice retinal tissues were separated and extracted on ice
in RIPA buffer (Beyotime, Nantong, Jiangsu Province,
China). The mixtures were then centrifuged at 12,000
rpm at 4° C for 15 min to collect the supernatant. A
bicinchoninic acid (BCA) protein assay kit (Beyotime,
Nantong, Jiangsu Province, China) was applied to
calculate the concentration of the protein sample. An
equal amount of protein was denatured by boiling with
loading sample buffer followed by loading and separation
of 25 μg protein by sodium dodecyl sulphatepolyacrylamide gel electrophoresis. Next, the protein was
transferred onto a 0.22 μm PVDF membrane at 100 V for
90 min. The membranes were incubated with 5% non-fat
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milk solution (Sangon Biotech Co., Ltd, shanghai, China)
for 1 h at room temperature and then reacted with
ALDH2 (Abcam, ab108306, Cambridge, MA) at a
1:1000 dilution, eIF2α (Abcam, ab169528, Cambridge,
MA) at a 1:500 dilution, phospho-eIF2α (Ser51) (Cell
Signaling Technology, #3398, Danvers, MA) at a 1:1000
dilution, caspase9 (Cell Signaling Technology, D11A8,
Danvers, MA) at a 1:500 dilution, caspase12
(Proteintech, 10380-1-AP, Wuhan, Hubei Province,
China) at a 1:1000 dilution, GRP78 (Proteintech, 115871-AP, Wuhan, Hubei Province, China) at a 1:1000
dilution, and CHOP (Cell Signaling Technology, #5554,
Danvers, MA) and GAPDH (Zhuangzhi Bioscience
Technology Company, Xi’an, Shaanxi Province, China)
at a 1:1000 dilution at 4° C overnight. The membranes
were then incubated with the HRP-conjugated secondary
antibody (Zhuangzhi Bioscience Technology Company,
#EK020, Xi’an, Shaanxi Province, China) at a 1:10000
dilution at room temperature for 1 h, and then enhanced
chemiluminescence was used for protein visualization.
The intensity of immunoreactivity was quantified by
densitometry using ImageJ software.

tomography; ONL: outer nuclear layer; OPL: outer
plexiform layer; OPs: oscillatory potentials; OS:
oxidative stress; PD: Parkinson's disease; PERK: protein
kinase R-like endoplasmic reticulum kinase; RNFL:
retinal nerve fibre layer; RP: retinitis pigmentosa; RPE:
retinal pigment epithelium; UPRER: unfolded protein
response in the endoplasmic reticulum.
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SUPPLEMENTARY MATERIALS
Supplementary Figure

Supplementary Figure 1. (A) Clinical finding and animal experiments both showed aldh2 could sustain aging retinal structure integrity and
upregulate aging retinal function; (B) The pattern diagram of the potential roles of aldh2; (C) The specific opposite effects of aldh2 and aging.
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ABSTRACT
Retinal ischemia emerges in many ocular diseases and is a leading cause of neuronal death and dysfunction,
resulting in irreversible visual impairment. We previously reported that brain-derived neurotrophic factor
(BDNF)-expressing human 293T cells could steadily express BDNF and play a protective role in ARPE-19 cells, a
human retinal epithelial cell line. Thus, we hypothesized that exosomes might be essential in the interaction
between BDNF-expressing 293T cells and recipient cells. The study investigated whether exosomes derived
from BDNF-expressing 293T cells (293T-Exo) can be internalized by ischemic retinal cells and exert
neuroprotective roles. The results demonstrated that 293T-Exo significantly attenuated the loss of cell
proliferation and cell death in R28 cells in response to oxygen-glucose deprivation treatment. Mechanistic
studies revealed that the endocytosis of 293T-Exo by R28 cells displayed dose- and temperature-dependent
patterns and may be mediated by the caveolar endocytic pathway via the integrin receptor. In the retinal
ischemia rat model, the administration of 293T-Exo into the vitreous humor of ischemic eyes reduced apoptosis
in the retina. Furthermore, 293T-Exo was mainly taken up by retinal neurons and retinal ganglion cells.
Together, the results demonstrated that 293T-Exo has a neuroprotective effect in retinal ischemia and has
therapeutic potential for retinal disorders.

INTRODUCTION

which leads to an urgent need to investigate the
mechanisms and develop therapeutic strategies for
retinal ischemia.

Retinal ischemia-reperfusion (I/R) emerges in many
ocular diseases and is a leading cause of neuronal death
and dysfunction, resulting in irreversible visual
impairment or blindness [1, 2]. Growing reports
demonstrated that retinal ischemia is a primary
contributor to the pathogenesis of multiple diseases,
such as retinal vascular occlusions, diabetic retinopathy,
central retinal vein occlusion, as well as age-associated
macular degeneration [3]. However, an effective
treatment for retinal ischemia is currently unknown,
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During ischemia, the deficiency of oxygen and other
essential nutritional compounds generates reactive
oxygen species due to subsequent restoration of
oxygen supply, eventually leading to an inflammatory
response and neurodegeneration [4, 5]. To study
ischemia injury, retinal I/R animal models, including
in vivo and ex vivo, have been established and widely
employed to study the effect of I/R on neuronal
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impairment in the retina [6]. In these animal models,
intraocular pressure is dramatically raised above the
systolic pressure for a specified time, followed by
reperfusion treatment. Thus, several manifestations of
I/R injury have been uncovered in such models, for
example, the loss of retinal ganglion cells (RGCs),
increased apoptosis in the inner retina, and decreased
b waves [7].

Brain-derived neurotrophic factor (BDNF), a member
of the nerve growth factor gene family, is an essential
multi-functional factor in various neuronal processes,
including learning and memory, dendritic and synaptic
plasticity, and axonal growth [22]. Beyond that, BDNF
also has a broad effect on neuroprotection and
regeneration in several neurodegenerative disorders,
such as Alzheimer's, Parkinson's, and Huntington’s
disease [23, 24]. In addition, BDNF-transfected iris
pigment epithelial (IPE) cells show a neuroprotective
role against N-methyl-d-aspartate (NMDA)–associated
neuroretinal cell death and phototoxic damage [25]. As
previously reported [26], we constructed a eukaryotic
BDNF-expressing plasmid from the human retina, and
then subsequently used it to transfect human 293T cells.
Our observations revealed that 293T cells transfected
with the BDNF gene could steadily express BDNF
mRNA and secrete the protein. Also, after coculturing
with ARPE-19 cells, a human retinal epithelial cell line,
increased level of BDNF is associated with higher
viability and lower apoptosis in ARPE-19 cells,
suggesting the potential neuroprotective role of BDNF
in the retina.

Exosomes, 30-150 nm in diameter, are bi-lipid
membrane extracellular vesicles (EVs) [8]. Due to
their endocytic origin, EVs are categorized as
exosomes, which contrasts with microvesicles that are
produced from apoptotic bodies originated from
fragments of dying cells or budding of the plasma
membrane [9]. Exosomes are synthesized and released
by various cell types and transport active biological
molecules to regulate the physiological activities of
recipient cells [10]. Thus, exosomes play an essential
role in intercellular communication [11]. Over the
past few decades, a growing number of studies
suggest that the therapeutic effect of exosomes can
facilitate repair and regeneration in multiple tissues,
such as the heart [12], liver [13], and brain [14]. For
retinal ischemia, bone marrow mesenchymal stem
cells (MSCs)-derived exosomes can successfully
transfer functional microRNAs into inner retinal
layers and exert neuroprotective and axogenic roles in
RGCs [15]. In addition, intravitreal administration of
exosomes originated from human MSCs are welltolerated and play a protective effect on retinal
ischemia in a mouse model [16]. Together, exosomemediated approaches are promising therapeutic
strategies for retinal ischemia.

Beyond that, several questions also emerged in this
previous study: for example, what is the detailed
mechanism underlying the role of BDNF-expressing
cells and recipient cells and the role of BDNF in other
retinal diseases? Given this, we hypothesized that
exosomes might be an essential molecule-shuttle
between BDNF-expressing 293T cells and recipient
cells. We aimed to determine whether exosomes derived
from BDNF-expressing 293T cells can be internalized
by retinal cells and exert neuroprotective roles
following ischemic injury and identify the related
mechanism.

As the critical mediator in intercellular communication,
the interaction between exosomes and recipients’ cells
is involved in a series of complicated processes [17]. In
general, there are three main mechanisms involved in
the exosome uptake, including 1) fusion with the
recipient cells to transfer functional molecules, 2)
binding to the surface receptor to initiate signaling
cascades, and 3) internalization through phagocytosis,
endocytosis, and macro-pinocytosis [18–20]. Also,
several reports suggest that exosome-uptake proteins on
the surface of exosomes and recipient cells also play an
essential role in intercellular communication. For
example, integrins are required for the exosome uptake
in dendritic cells [19]. Clathrin and caveolin-associated
pathways are two essential ways related to the
endocytosis of exosomes [21]. So far, very few studies
focus on the mechanism regarding how retinal cells
uptake exosomes derived exogenous cells. Therefore,
understanding the mechanism of exosome uptake would
promote the development of more efficient delivery
systems for disease treatment.
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RESULTS
Characterization of 293T-Exo derived from BDNFexpressing 293T cells
We previously created human retina-derived BDNF
plasmid construct in 293T cells. Next, we cocultured
BDNF-expressing 293T cells with ARPE-19 in a
Transwell chamber for 96 hours, and found that BDNFengineered 293T cells exerted anti-apoptotic roles [26].
Given that, we assumed the potential role of exosomes
in the interaction between BDNF-expressing 293T cells
and recipient cells. Thus, we first isolated 293T-Exo
from BDNF-expressing 293T cells. By NTA and TEM
assays, the results showed that a majority of 293T-Exo
(98.6%) were 144.2 nm in diameter and displayed a
classic round-shape morphology (Figure 1A, 1B). In
addition, the exosome surface markers CD9, CD63,
CD81, and HSP70α were positively expressed in 293T-
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cytoskeleton demonstrated that 293T-Exo was uptaken
in the cytoplasm. To determine the factors impacting
the efficacy of endocytosis, we used different volumes
of 293T-Exo (1-64 μl) to treat R28 cells, and the results
suggested that the endocytosis reached a saturable status
when the volume of 293T-Exo was 16 μl (Figure 3B).
Also, we observed that higher temperatures (37° C)
exerted a positive role in endocytosis, whereas low
temperatures (4° C) inhibited the internalization of
293T-Exo (Figure 3C). Collectively, these results
suggested that the endocytosis of 293T-Exo by R28
cells exhibited dose- and temperature-dependent
patterns.

Exo, but not in 293T-Exo-conditioned medium (Figure
1C). These results together demonstrated that we
successfully isolated exosomes from BDNF-expressing
293T cells.
BDNF expression increased in 293T-Exo and 293TExo-treated R28 cells
Consistent with our previous results [26], mRNA and
protein expressions of BDNF were increased in BDNFexpressing 293T cells compared with control untreated
293T cells (Figure 2A, 2B). Also, 293T-Exo expressed
a higher level of BDNF than exosomes derived from
control 293T cells (Figure 2A, 2B). After treating with
293T-Exo-conditioned medium or 293T-Exo, both
mRNA and protein levels of BDNF were increased in
R28 cells (Figure 2C, 2D), suggesting BDNF can be
transferred from BDNF-expressing 293T cells to
recipient R28 cells.

Integrin and caveolin-1
endocytosis of 293T-Exo

participated

in

the

To determine more details of the endocytic process of
293T-Exo, we first used the specific ligands to test
several critical endocytic receptors on the R28 plasma
membrane, such as integrin and heparin sulfate
proteoglycans (HSPGs) [27]. After pretreating R28 cells
with RGD peptide, a specific ligand for integrin, we
found that the endocytosis was significantly inhibited
while no impact was observed on endocytosis when

293T-Exo were endocytosed by R28 cells
As shown in Figure 3A, green fluorescence-labeled
293T-Exo was internalized by R28 cells. The
overlapping of green color 293T-Exo with the red

Figure 1. Characterization of 293T-Exo derived from BDNF-expressing 293T cells. (A) Diameter distribution of 293T-Exo determined
by nanoparticle tracking analysis (NTA). (B) Representative image of 293T-Exo photographed by transmission electron microscopy (TEM).
Scale bard = 100 nm. (C) Protein expressions of exosome surface markers, CD9, CD63, CD81, and HSP70α in 293T-Exo and 293T-Exoconditioned medium (293T-CM), as measured using western blots.
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Figure 2. BDNF expression increased in 293T-Exo and 293T-Exo-treated R28 cells. mRNA (A) and protein (B) expressions of BDNF in

control 293T cells, BDNF-expressing 293T cells, exosomes derived from control 293T cells, and BDNF-expressing 293T cells. mRNA (C) and
protein (D) expressions in control R28 cells (R28), R28 cells treated with 293T-Exo-conditioned medium (R28+ CM), and R28 cells cocultured
with 293T-Exo. Data are presented as mean ± SD. *P < 0.05, **P < 0.01.

Figure 3. Endocytosis of 293T-Exo by R28 cells. (A) 293T-Exo uptake by R28 cells, as determined by the fluorescence assay. The nuclei
were stained with DAPI (blue), the cytoskeleton was stained with tubulin (red), and 293T-Exo was stained with fluorescent-tag (green). Scale
bar = 20 μm. (B) Efficacy of endocytosis of 293T-Exo by R28 cells displayed a dose-dependent pattern and saturable (more than 16 μl of 293TExo). (C) Efficacy of endocytosis of 293T-Exo by R28 cells displayed a temperature-dependent pattern. Data are presented as mean ± SD.
**P < 0.01, ***P < 0.001.
www.aging-us.com
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R28 cells were pretreated with heparin, a ligand for
HSPGs (Figure 4A). In addition, a dose-dependent
pattern was found in the effect of RGD on endocytosis
of 293T-Exo, but not in heparin (Figure 4B, 4C).
Clathrin and caveolin are two main pathways of
endocytosis [28], therefore, we labeled those two
markers with red fluorescence and found that green293T-Exo colocalized with caveolin-1, but not clathrin
(Figure 5). Furthermore, we applied MBCD to block the
caveolin-1-associated endocytic process [29]. The
results revealed that the endocytosis of 293T-Exo could
be inhibited by MBCD in a dose-dependent pattern
(Figure 6A, 6B). Taken together, these results
demonstrated the involvement of integrin and caveolin1 pathways in the endocytosis of 293T-Exo.

presence of OGD treatment. By flow cytometry analysis,
we observed that both 293T-Exo and 293T-Exoconditioned medium significantly increased the
proliferative ability of R28 cells, compared with those
treated with conditioned medium without 293T-Exo
(Figure 7A). Meanwhile, the LDH assay showed that the
reduction of cell death of OGD-treated R28 cells was
accompanied by increasing doses of 293T-Exo (Figure
7B). These results together suggest a protective role of
293T-Exo for R28 cells in response to OGD.
Anti-apoptotic role of 293T-Exo in vivo
To determine whether 293T-Exo plays a protective role
in retinal ischemia injury, we established a retinal
ischemia rat model, and 293T-Exo was administered
into the vitreous humor of ischemic eyes. Using the
TUNEL assay, we observed that ischemia injury
resulted in increased apoptosis in RGC, inner nuclear
layers, and outer nuclear layers on the retinal tissue
slides while the effect of ischemia injury was
significantly attenuated by the administration of 293TExo (Figure 8A–8E).

293T-Exo reduced R28 cell death in response to
oxygen-glucose deprivation (OGD) in vitro
The OGD is widely applied to mimic ischemic conditions
in vitro, promoting cell death [30]. To determine the role
of 293T-Exo in OGD-treated R28 cells, we applied the
EdU assay to measure the proliferation of R28 cells in the

Figure 4. Integrins participated in the endocytosis of 293T-Exo by R28 cells. (A) Endocytosis was inhibited by pretreatment of RGD,

but not by heparin. The nuclei were stained with DAPI (blue), the cytoskeleton was stained with tubulin (red), and 293T-Exo was stained with
fluorescent-tag (green). Scale bar = 20 μm. (B) Efficacy of endocytosis of 293T-Exo by R28 cells was reversed due to increasing doses of RGD.
(C) Efficacy of endocytosis of 293T-Exo by R28 cells was not affected by different doses of heparin. Data are presented as mean ± SD.
*P < 0.05.
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Figure 5. Caveolin-1 was involved in the endocytosis of 293T-Exo by R28 cells. The colocation of 293T-Exo with caveolin-1, but not
clathrin, was observed using the fluorescence assay. The nuclei were stained with DAPI (blue), 293T-Exo was stained with fluorescent-tag
(green), and the caveolin-1 or clathrin was stained with corresponding antibodies (red), respectively. Scale bar = 20 μm.

Figure 6. Caveolin-1-mediated endocytosis of 293T-Exo was inhibited by MBCD. (A) Pretreatment of MBCD in R28 cells inhibited

the endocytosis of 293T-Exo, as determined by the fluorescence assay. The nuclei were stained with DAPI (blue), the cytoskeleton was
stained with tubulin (red), and 293T-Exo was stained with fluorescent-tag (green). Scale bar = 20 μm. (B) Efficacy of endocytosis of 293T-Exo
by R28 cells was reversed due to increasing doses of MBCD. Data are presented as mean ± SD. *P < 0.05, **P < 0.01.

Figure 7. 293T-Exo inhibited OGD-induced cell death of R28 cells. (A) The percentage of EdU-positive in normoxic- or OGD-R28 cells

with treatment of 293T-Exo, 293T-Exo-conditioned medium (293T-CM), and conditioned medium without 293T-Exo (CM-293T-Exo), as
measured by flow cytometry. (B) Cell death rate was reduced by increasing concentration of 293T-Exo, as measured by the LDH assay. Data
are presented as mean ± SD. *P < 0.05.
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293T-Exo was endocytosed by the retinal neurons
and RGCs

DISCUSSION
It has been reported that ischemic injury activates
several key protective pathways, including the
neurotrophic family [31]. As an essential member of
this family, BDNF exerts a significant neuroprotective
role and facilitates neural repair and regeneration [32,
33]. Elevated expression of BDNF can protect retinal
function and suppress apoptosis of retinal pigment
epithelial cells and photoreceptors [34]. Given such an
important role of BDNF, we previously created a
human retina-derived BDNF-expressing construct in

To determine the specific cell types that uptake 293TExo, the axonal or dendritic projections of retinal
neurons were stained with red Beta III tubulin and the
nuclei of RGCs were stained with magenta BRN3A. As
shown in Figure 9, more colocalization of 293T-Exo
with retinal neurons of RGCs was observed in retinal
tissue slides in response to ischemia injury. These
findings suggest that retinal neurons and RGCs are two
main cell types that endocytose 293T-Exo.

Figure 8. 293T-Exo inhibited OGD-induced apoptosis in the retinae in vivo. (A) 293T-Exo inhibited OGD-induced apoptosis in the

retinae, as measured by the TUNEL fluorescence assay. The nuclei were stained with DAPI (blue), the TUNEL-positive cells were stained with
TUNEL dye (red), and 293T-Exo was stained with fluorescent-tag (green). Scale bar = 25 μm. (B–D) Number of TUNEL-positive cells in different
structural layers in the retinae in response to treatment of PBS, PBS+ Ischemia, 293T-Exo, and 293T-Exo+ Ischemia, respectively. (E) Total
number of TUNEL-positive cells in the retinae in response to treatment of PBS, PBS+ Ischemia, 293T-Exo, and 293T-Exo+ Ischemia. RGC:
retinal ganglion cell; IPL: inner plexiform layer; INL: inner nuclear layers; ONL: outer nuclear layers. Data are presented as mean ± SD.
*P < 0.05.

Figure 9. Endocytosis of 293T-Exo by retinal neurons and RGCs. Ischemia injury promoted endocytosis of 293T-Exo by retinal neurons

and RGCs. The nuclei were stained with DAPI (blue), 293T-Exo was stained with fluorescent-tag (green), retinal neurons were stained with
Beta III tubulin (red), and the nuclei of RGCs were stained with BRN3A (magenta). Scale bar = 25 μm.
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293T cells from human retina and then investigated the
effect of BDNF-expressing 293T cells in ARPE-19
cells, a retinal pigment epithelial cell line [26]. After
coculturing BDNF- expressing 293T cells with ARPE19 cells in a Transwell chamber, we found that ARPE19 cells are more viable and display lower apoptotic
levels. Given this, in the present study, we aimed to
further investigate the mechanism underlying the
neuroprotective role of BDNF-expressing 293T cells,
specifically, to understand how BDNF-expressing 293T
cells affect the recipient ARPE-19 cells.

Next, regarding the function of 293T-Exo in R28 cells,
we designed both in vitro and in vivo experiments to
investigate the effect of 293T-Exo in retinal ischemia.
Our results, in vitro, revealed that 293T-Exo inhibited
cell death of R28 cells in response to OGD treatment.
Consistently, 293T-Exo displayed a remarkable
neuroprotective role in a retinal ischemia rat model
through decreasing apoptosis in the retina. Furthermore,
we also demonstrated that 293T-Exo was primarily
internalized by retinal neurons and RGCs. Retinal
ischemic injury is characterized by increased cell death,
apoptosis, as well as neuroinflammatory responses,
ultimately leading to RGC loss, blood-retinal barrier
permeability, and blindness [38]. A growing number of
studies report that the exosomes derived from MSCs
can attenuate ischemia-induced injury in the retina. For
example, exosomes derived bone MSCs can transfer
functional microRNAs, rather than protein, into inner
retinal layers and exert a significant therapeutic role in
RGCs [15]. In addition, exosomes derived hypoxic
human MSCs inhibit oxygen-induced retinopathyinduced retinal thinning and preserve retinal vascular
flow, ameliorating the severity of retinal ischemia in a
murine model [16]. As such, these findings together
provide a new understanding of the mechanism
underlying the effect of exosomes in ischemic retina.

Given the experimental design previously described
[26], BDNF-expressing 293T cells cocultured with
ARPE-19 cells in a Transwell chamber without direct
contact, suggesting there may be a potential mediator in
this interaction. In the past decade, exosomes have been
demonstrated to be an essential mediator in intercellular
communication and play an essential role in regulating
physiological processes in recipient cells [10, 11]. Thus,
we hypothesized that exosomes might be involved in
the communication between BDNF-expressing 293T
and ARPE-19 cells. To address this question, we
successfully isolated exosomes from BDNF-expressing
293T cells and found that the expression of BDNF was
significantly increased in 293T-Exo. Furthermore, these
observations revealed that 293T-Exo may be
internalized by R28 cells and result in an increased level
of BDNF in R28 cells.

Exosome-mediated therapies provide a cell-free
alternative, relative to MSCs-based approaches. It has
several notable advantages, such as easy operation (i.e.,
isolation, purification, storage, and delivery) and low
risk (exosomes do not carry complications induced by
transferring live cells into the vitreous). Meanwhile,
there are still several challenges for exosome-based
therapies. First, the safety and effectiveness of the dose
of exosomes for each patient should be further
investigated. Second, the timeframe of exosome-based
therapies is essential for the clinical application. Third,
the accuracy of delivering exosomes to the target tissue
is a critical determinant for therapeutic purposes.
Therefore, further studies should focus on addressing
the above questions. Furthermore, it should be
mentioned that we applied R28 retinal precursor cells, a
transformed cell line [39], in vitro, which may not fully
represent the function and structure of intact native
retinal cells. Thus, it would be better to use native cells
or tissues instead of transformed cells.

To further explore the detailed mechanism of this
endocytic process, we performed experiments to
demonstrate that the endocytosis of 293T-Exo by R28
cells displayed dose- and temperature-dependent
patterns, indicating that the endocytosis may be
mediated by endocytic receptors. To date, several
distinct endocytic mechanisms have been reported to
participate in the endocytosis of exosomes [18–20], of
which, clathrin- and caveolare-mediated pathways have
been demonstrated to be involved in the endocytosis of
exosomes [27, 35]. For example, PC12 cell-derived
exosomes carrying microRNA-21 are endocytosed by
bone MSCs through a clathrin-mediated pathway [36].
Also, lipid raft-associated protein caveolin-1 can
negatively regulate the internalization of exosomes
derived from glioblastoma cells [28]. In the present
study, colocalization of 293T-Exo with caveolin-1, but
not clathrin, was found in R28 cells. Furthermore, our
results showed that the RGD peptide, a
specific ligand for integrin, significantly inhibited
endocytosis. In contrast, heparin, a ligand for HSPGs,
did not affect the endocytic process, suggesting that the
endocytosis of 293T-Exo may be mediated by
the caveolar endocytic pathway via a cell surface
integrin receptor, a heterodimeric transmembrane
receptor [37].
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In conclusion, the results suggest that 293T-Exo is
endocytosed by retinal cells through the caveolar endocytic
pathway via the integrin receptor. In addition, 293T-Exo
exerts a neuroprotective role in the ischemic retina, both in
vitro and in vivo. The findings from the present study
demonstrates a significant therapeutic potential of
exosomes and provides an understanding of how to
develop exosome-based therapies for retinal ischemia.
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MATERIALS AND METHODS

Real-time PCR

Cell culture

Total RNA was isolated from cells or exosomes using
the Trizol Reagent kit (Cat#: 12183555; Thermo Fisher
Scientific) according to the manufacturer's instruction.
Reverse transcription was performed using the HighCapacity cDNA Reverse Transcription Kit (Cat#:
4368814; Thermo Fisher Scientific). The mRNA
expressions were measured using the Fast SYBR™
Green Master Mix (Cat#: 4385612; Thermo Fisher
Scientific) and the 7500 Fast Real-Time PCR System
(Applied Biosystems). Real-time PCR data were
analyzed using 2-∆∆Ct method [44], and β-Actin was
used as a reference control.

As described in our previous study [26], human 293T
cells were donated from the Functional Genomic
Research Lab (Tsinghua University, China) and cultured
in Dulbecco's Modified Eagle's Medium (DMEM; Cat#:
A4192101; Thermo Fisher Scientific) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Cat#:
A3840001; Thermo Fisher Scientific) and 1% penicillinstreptomycin (Cat#: 15140122; Thermo Fisher Scientific)
in a humidified incubator at 5% CO2 and 37° C. Retinal
cell line R28 (Cat#: EUR201; Kerafast) was cultured in
DMEM supplemented with 10% fetal bovine serum
(Cat#: A3160402; Thermo Fisher Scientific) and 100
µg/mL streptomycin (Cat#: 15140122; Thermo Fisher
Scientific). The R28 cells were dissociated and used at a
density of 1×106 cells/mL for all subsequent experiments.

Western blots
The 293T-Exo (4 μg/ml), cells (1 × 106), or retinal
tissues were lysed using T-PER™ Tissue Protein
Extraction Reagent (Cat#: 78510; Thermo Fisher
Scientific). Lysates were centrifuged and protein
concentration was determined using the BCA Protein
Quantification Assay (Cat#: ab 102536; Abcam). Ten
μg protein was diluted with sodium dodecyl sulfate
(SDS) sample buffer and loaded onto gels (4%–20%).
Proteins were then electroblotted to polyvinylidene
difluoride (PVDF) membranes (Cat#: 88518; Thermo
Fisher Scientific). Protein-loaded membranes were
incubated with primary antibodies overnight at 4° C on
a shaker. The primary antibodies included: CD9 (1/500;
Cat#: ab92726), CD63 (1/500; Cat#: ab134045), CD81
(1/500; Cat#: ab109201), HSP70 (1/1000; Cat#:
ab5442), BDNF (1/500; Cat#: ab216443) and β-Actin
(1/1000; Cat#: ab179467) (Abcam). Nonspecific
binding was blocked with 5% non-fat dry milk in
TBST. Protein band intensity was measured using
Imagej software [45].

Isolation exosomes derived from BDNF-expressing
293T cells
Construction of BDNF-expressing 293T cells was
performed as previously described [26]. The protocol
for isolation of 293T cell-derived exosomes (293TExo) was conducted as previously described [40–42].
Briefly, 293T cells were incubated in the FBS-free
culture medium in 225-cm2 flasks for 48 hours, and
then the supernatants were collected. Cells, shedding
vesicles, and cell fragments were removed from the
supernatant through a series of centrifugation (300g*5
min, 3000 g*30 min, and 10,000 g*60 min). Total
Exosome Isolation Reagent (Cat#: 4478359; Thermo
Fisher Scientific) was used to isolate exosomes from
cell culture medium according to the manufacturer's
instruction. Afterward, exosomes were harvested from
the pellets and resuspended in PBS. Then, 0.22-μm
pore size polyvinylidene difluoride (PVDF) membrane
filters (Cat#: GVWP04700; MilliporeSigma) were
used to filter any remaining cells or debris. The
concentration of exosome was quantified through the
BCA Protein Quantification Assay (Cat#: ab 102536;
Abcam) [43].

Fluorescence staining
The 293T-Exo was labeled with green fluorescent-tag
using the ExoGlow-Protein Exosome/EV Protein
Labeling Kit (Cat#: EXOGP300A-1-SBI; BioCat.)
according to the manufacturer's instruction.
Establishment of retinal ischemia model in vitro

Transmission electron microscopy (TEM) and
nanoparticle-tracking analysis (NTA)

The R28 cells were subjected to the OGD assay to
mimic ischemia injury [46]. Briefly, R28 cells (control)
were cultured in normal medium to reach 80%
confluence. For OGD treatment, R28 cells were
cultured in glucose-free medium and then subjected to
hypoxia condition (5% CO2, 1% O2) for 24 hours.
Afterward, cells were supplied oxygen-enriched
conditions (5% CO2, 21% O2) for 18 hours. Lactate
dehydrogenase (LDH) assays (Cat#: ab102526; Abcam)

The 293T-Exo sample preparation, TEM, and NTA
were performed as previously described [42].
Morphology of 293T-Exo was determined through
TEM assay with the transmission electron microscope
(JEM-1010; JEOL Ltd.). The 293T-Exo size
distribution was assessed using the NanoSight NS500
instrument and NTA (software version 2.3; Build 0033;
Malvern Panlytical).
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Fluorescent assay for localization of 293T-Exo in rat
retinal tissues

and ethynyl-deoxyuridine (EdU) assays (Cat#:
ab219801; Abcam) were performed to measure
cytotoxicity and proliferation according to the
manufacturer's instruction.

Control and ischemic male Sprague Dawley rats (7-10
weeks old, 220-250 g, n=10) were intravitreally injected
with 293T-Exo labeled with green fluorescent-tag and
anesthetized at seven days post-injection. The eyecup
samples were prepared as previously described [46].
The primary antibodies were as follows: BRN3A
(1/500; Cat#: ab81213), Beta III Tubulin (1/1000; Cat#:
ab18207), and Iba1 (1/1000; Cat#: ab178846). Slides
were photographed using the LSM 900 confocal
microscope (ZEISS).

Endocytosis assay
The R28 cells were plated in a 6-well plate and
cocultured with 293T-Exo (50 μl) labeled with green
fluorescent-tag or PBS for 1 hour at 37° C. Then,
coverslips were washed with PBS and fixed with 4%
neutral buffered formalin and stained with antibodies:
clathrin (1/1000; Cat#: MA1-065), tubulin (1/1000;
Cat#: MA1-118), and caveolin-1 (1/500; Cat#: PA1064) (Thermo Fisher Scientific). Slides were
photographed
using
fluorescence
microscopy
Observer.Z1 (Zeiss Axio). For the exosome dosedependent experiments, R28 cells were incubated with
different amounts of 293T-Exo (1, 2, 4, 8, 16, 32, and
64 μl) for 1 hour at 37° C. For the binding-blocking
experiment, R28 cells (2×106) were pre-treated with
Arginyl-glycyl-aspartic acid (RGD; 0, 0.5, 1 and 2 mM;
Cat#: A9041-2MG; Sigma-Aldrich), heparin (0, 1, 5
and 10 μM; Cat#: 9041-08-1; Sigma-Aldrich), or
MBCD (Methyl-β- cyclodextrin; 0, 2 and 4 mM; Cat#:
C4555-1G; Sigma-Aldrich) at 4° C for 1 hour and then
incubated with 50 μl 293T-Exo. Each well was washed
with PBS three times and fixed with 4% neutral
buffered formalin. The fluorescence was determined
using fluorescence microscopy Observer.Z1 (Zeiss
Axio).

Statistical analysis
Data were presented as mean ± standard deviation (SD).
Statistical analyses were performed using SPSS 13.0
software. At least three independent replicates were
available in each experimental group. Statistical
difference was determined by one-way ANOVA and ttest. P < 0.05 was considered statistically significant.
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ABSTRACT
It is currently believed that aging is closely linked with mitochondrial dysfunction, and that resveratrol exhibits
anti-aging and neuroprotective effects by improving mitochondrial function, even though the mechanisms are
not well defined. This study explored mitochondrial quality (mitochondrial DNA integrity and copy number),
mitochondrial function (fusion/fission, mitophagy/autophagy), antioxidant system and activity of the
Akt/mTOR and Ampk/Sirt1/Pgc1α pathways, and inflammation in aging zebrafish retinas to identify the
probable mechanisms of resveratrol’s anti-aging and neuroprotective effects. mtDNA integrity, mtDNA copy
number, mitochondrial fusion regulators, mitophagy, and antioxidant-related genes were all decreased
whereas Akt/mTOR activity and inflammation was increased upon aging in zebrafish retinas. Resveratrol was
shown to not only increase mitochondrial quality and function, but also to suppress Akt/mTOR activity in
zebrafish retinas. These results support the notion that mitochondrial dysfunction and increased Akt/mTOR
activity are major players in age-related retinal neuropathy in zebrafish, and demonstrate a trend towards
mitochondrial fragmentation in the aging retina. Importantly, resveratrol promoted mitochondrial function, upregulating Ampk/Sirt1/Pgc1α, and down-regulated Akt/mTOR pathway activity in zebrafish retinas, suggesting
that it may be able to prevent age-related oculopathy.

INTRODUCTION
Aging is the biological process characterized by the
accumulation of damage in structure and decline in
function of cells and tissues over time, ultimately
leading to organismal death [1]. The causes of aging are
complex but include abnormal mitochondria, epigenetic
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alterations, increased reactive oxygen species (ROS),
increased DNA methylation, and decreased telomere
length [2–4]. Recently, both dysfunctional mitochondria
that overproduce ROS [5] and abnormal mitochondrial
dynamics have been recognized as crucial contributors
to the aging process as well as age-related neuronal
diseases and age-related oculopathies such as glaucoma,
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age-related macular degeneration (AMD), and cataracts
[6–8]. The detailed mechanism by which dysfunctional
mitochondria influence the aging process, however, is
complex and incompletely understood.
Mitochondrial
dysfunction
includes
defective
mitochondrial fusion/fission, decreased mitochondrial
DNA (mtDNA) quality, and altered mitophagy [9].
Mitochondrial fusion/fission determines the mitochondrial mass and network structure in the cell.
Mitochondrial fusion is the process of joining multiple
mitochondria together and is mediated by optic
atrophy 1 (Opa1) and mitochondrial fusion protein 1
and 2 (Mfn1 and Mfn2). Mitochondrial fission, on the
other hand, divides a single large mitochondrion into
multiple smaller mitochondria, which is mediated by
dynamin related protein 1 (Drp1) and mitochondrial
fission protein 1 (Fis1) [10]. Some studies have found
that upon aging, mitochondria tend to be more
fragmented, suggesting that fusion is decreased and/or
fission is increased. A potential reason for this
alteration in mitochondrial dynamics is that accumulated ROS damage reduces mitochondrial output,
and in response the cell promotes mitochondrial fission
to help cope with the decline in mitochondrial function
[11].
The integrity of mtDNA, which is highly vulnerable to
ROS damage, is a good indicator of mitochondrial
quality, and defective mtDNA is ubiquitous in aged
tissues [12]. Mitochondrial fusion/fission plays an
important role in mitigating the effects of mtDNA
damage, and its breakdown can exacerbate the effects of
aging. Fusion can help relieve mtDNA damage by
diluting mutant mtDNA with non-mutant mtDNA,
whereas fission can allow for turnover of mutant
mtDNA through mitophagy [13]. On the other hand,
mitochondrial fragmentation is associated with apoptosis and cell death rather than mitophagy and must be
distinguished from fission [14].
Autophagy is the process by which cells degrade
damaged organelles and other cellular materials and
recycle cellular building blocks such as amino acids
[15]. A significant decline in autophagy is found in
aging, and many studies have shown that increased
autophagy can extend organismal lifespan [16,17].
Notably, centenarians have been found to retain active
autophagy [18]. Mitophagy, mediated by PTENinduced putative kinase 1 (Pink1), is the highly
selective autophagic process by which cells eliminate
damaged mitochondria [19]. It is believed that mtDNA
repair mechanisms are less efficient than those for
nuclear DNA repair, despite mtDNA being much more
prone to damage particularly by ROS. Mitophagy is
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therefore crucial for normal mitochondrial function by
clearing damaged mtDNA. Similar to general autophagy, functional mitophagy has also been found to be
decreased in aged cells including skin fibroblasts,
muscle satellite cells, and neural cells [20–22]. Downregulation of mitophagy also has a strong correlation
with neurodegenerative disease [23]. It is therefore
believed that a decline in mitophagy leads to higher
oxidative stress, lower quality mitochondria, and
apoptosis, which ultimately accelerates aging [24].
Resveratrol, a plant natural product found in high levels
in peanuts and grape skin, has well-established antioxidant, anti-inflammatory, anti-mutagenic, neuroprotective, and anti-aging effects in many species [25–
27]. Current evidence suggests that the anti-aging
effects of resveratrol are related to its ability to modulate mitochondria [28,29]. Resveratrol has been found
to increase mitochondrial fusion/fission as well as
promote Pink1 expression and autophagic activity [30–
33]. Additionally, some reports indicate these effects
of resveratrol are due to its ability to decrease
mammalian target of rapamycin (mTOR) levels and
promote Ampk/Sirt1 activities [9,34]. In a prior study,
we have demonstrated that resveratrol can protect
against retinal neuron degeneration through activation
of SIRT1 and inhibition of the mTOR pathway and
inflammation-related proteins; however, the full effects
of resveratrol on mitochondria remains unclear
[30,35,36].
Zebrafish has become a powerful and widely used
model organism as they are easy and cheap to maintain,
are sensitive to neurotropic drugs, and a single pair can
spawn 200-300 eggs in one week who grow to sexual
maturity in only 3-4 months [37,38]. 70% of zebrafish
genes have homologs in humans, 84% of human
disease-related genes have homologs in zebrafish, and
CNS protein-encoding genes have very similar
functions with their human counterparts [39]. Moreover,
the human retina is more closely related to the zebrafish
retina than that of mice, which has rod-dominant vision
unlike the cone-dominant vision found in humans and
zebrafish [37]. Zebrafish is also an excellent aging
model owing to its short lifespan, gradual aging
progression as in mammals, and similar aging markers
to those in humans [40].
The aim of the current study was to investigate
mitochondrial DNA quality, mitochondrial function,
AKT/mTOR, antioxidant system and Ampk/Sirt1/Pgc1α
activities in young and aging zebrafish retinas, and to
analyze the anti-aging effect of resveratrol on these in
the zebrafish retina. A mechanism related to mitochondrial quality control was investigated.
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RESULTS
Zebrafish retinal mtDNA quality at different ages
and after resveratrol treatment
To investigate the mitochondrial quality in aging
zebrafish retinas, we first analyzed the ratio of
mitochondrial long chain (mit-L) to mitochondrial short
chain (mit-S) DNA which reflects the mitochondrial
integrity and the ability to repair mitochondrial damage.
Zebrafish retinas exhibited varying levels of mitochondrial integrity at different ages. While mitochondrial integrity was higher at 1 and 4 months compared
to 5 days old, at 19 months old the mitochondrial
integrity had returned to the level of the 5-day old
retinas (Figure 1A). mtDNA copy number (mtCN) is
proportional to mitochondrial mass, and we observed
that at 4 months old the mtDNA copy number of retinas
was substantially increased compared to 5-day and 1month old retinas, however at 19 months it had also
returned to the level of 5-day old retinas (Figure 1B).
Resveratrol treatment of young zebrafish significantly
increased the mitochondrial integrity after 1 day and 10
days treatment (Figure 1C). Interestingly, resveratrol
did not alter the mtCN after 1 day of treatment but
slightly decreased it after 10 days treatment (Figure 1D).

Mitochondrial fusion/fission were unbalanced in
aging zebrafish retina and improved by resveratrol
treatment
Mitochondrial dynamics is vital for maintaining
mitochondrial quality, with fusion used to increase
mitochondrial integrity and fission to increase mitCN
[10]. We found Mfn2, one of the primary mitochondrial
fusion regulators, was decreased in aging retinas
compared to young retinas at both the mRNA and protein
level (Figure 2A, E, F). This was particularly pronounced
in the cytoplasm of the retinal ganglia cell layer (GCL)
[41] (Figure 3H). Although the level of total Opa1, the
other mitochondrial fusion regulator, was not significantly altered at the gene or protein level between young
and aging retinas (Figure 2B, E, F), the ratio of long
Opa1-L to short Opa1-S was decreased in the aging
retinas (Figure 2G). Moreover, expression of Oma1, the
metalloprotease that cleaves functional Opa1-L into the
inactive Opa1-S, was increased in aging retinas (Figure
2C). Expression of the mitochondrial fission regulator
gene Fis1 was increased in aging retinas versus young
retinas (Figure 2D). Together, this suggests that mitochondrial fission is promoted in aging retinas through
decreased Mfn2 expression, proteolytic inactivation of
Opa1 by Oma1, and increased Fis1 expression.

Figure 1. Zebrafish retinal mtDNA quality at different ages and after resveratrol treatment. (A, C) The bands in

the left lane are DNA size markers. The top slice shows the long mitochondrial fragments (mit-L) while the bottom slice shows
the short mitochondrial fragments (mit-S). The graphs show the ratio of mit-L/mit-S by densitometry analysis of each band
(mean ± SEM, *P＜0.05, **P＜0.01, ***P＜0.001, ****P<0.0001, n=3) (B) Comparison of mitochondrial copy number (mitCN)
in 5 days, 1 month, 4 months, and 19 months old zebrafish retinas (mean ± SEM, ***P＜0.001, ****P＜0.0001 , n=3.) (D)
Comparison of mitCN in zebrafish retinas after treatment with 20mg/L resveratrol for 1 or 10 days (mean ± SEM, **P＜0.01
compared to control, n=3.). CON, control. RES1d, resveratrol treated for 10 days; RES10d, resveratrol treated for 10 days.
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Figure 2. Mitochondrial fusion/fission imbalanced in aging zebrafish retinas. (A-D) Mfn2, Opa1, Oma1, and Fis1 expression

in young and aging zebrafish retinas. Graphs represent (A) Mfn2, (B) Opa1, (C) Oma1, and (D) Fis1 gene expression by quantitative
real-time PCR (mean ± SEM, *P＜0.05, ***P＜0.001, ****P＜0.0001, n=3. (E) Representative western blot showing the protein
expression levels of Mfn2 and Opa1 in young and aging zebrafish retinas. (F) The graph depicts the densitometric mean and SEM
normalized to the corresponding level of the loading control protein beta-tubulin (*P＜0.05, n=3). (G) The ratio of Opa1-L/Opa1-S, as
determined by densitometry of western blots as in E (*P＜0.05, n=3. (H) Immunofluorescence localization and relative expression of
Mfn2 in the RGC layer of young and aging zebrafish retina cross-sections. All photographs were taken at 40x magnification except rat
sections were at 20x magnification. Young, 4-6 months old zebrafish; aging, 19-23 months old zebrafish; NC, negative control (no
primary antibody); Rat, rat retina positive control; Opa1-L, Opa1 long segment; Opa1-S, Opa1 short segment; GCL, ganglion cell layer.

Resveratrol increased Mfn2 gene expression after both
1- and 10-days treatment in the young zebrafish. Opa1
and Oma1 gene expression increased after 1-day
treatment but returned to their original levels after 10
days treatment, while Fis1 gene expression was steadily
increased after 1- and 10-days treatment with resveratrol (Figure 3A-D). Increased cytoplasmic levels of
Mfn2 in the RGC layer is also apparent upon resveratrol
treatment (Figure 3E).
Mitophagy was decreased in the aging zebrafish
retina and increased by resveratrol treatment

of mitophagy, decreased in aging zebrafish retinas
(Figure 4A-C). The decline in Pink1 expression was
also observed in the nuclei and cytoplasm of the RGC
layer of aging retinas [42] (Figure 4F). Microtubuleassociated protein 1B light chain 3B (LC3B) is a marker
of autophagy, and the ratio of LC3B short segment
(LC3B-II) to LC3B long segment (LC3B-I) is representative of the level of autophagy [43]. Consistent with
decreased mitophagy, there was also a significant
decrease in the LC3B-II/LC3B-I ratio in aging versus
young retinas, suggesting a decrease in overall
autophagy levels (Figure 4D, E).

Mitophagy can both degrade damaged mitochondria and
control the overall mitochondrial content of the cell
[19]. Compared to young retinas, we observed that
mRNA and protein levels of Pink1, a central regulator

Young zebrafish treated with resveratrol for 1 or 10
days had increased Pink1 mRNA and protein levels
(Figure 5A-C), which was also observable in the nuclei
and cytoplasm of the RGC layer (Figure 5D).
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Figure 3. Resveratrol treatment increased mitochondrial fusion/fission expression in young zebrafish
retina. (A-D) Mfn2, Opa1, Oma1, and Fis1 gene expression after resveratrol treatment for 1 or 10 days as determined

by quantitative real-time PCR (mean ± SEM, *P＜0.05, **P＜0.01, ***P＜0.001 compared to control (CON), n=3). (E)
Immunofluorescence localization and relative expression of Mfn2 in the RGC layer of adult zebrafish retina crosssections after 10 days resveratrol treatment. All photographs were taken at 40x magnification. CON, control; RES1d,
resveratrol treated for 1 days; RES/RES10d, resveratrol treated for 10 days; GCL, ganglion cell layer.

The Akt/mTOR pathway was up-regulated in aging
zebrafish retinas and down-regulated by resveratrol
treatment
Both autophagy and mitophagy are regulated by the
protein kinase B (Akt)/mTOR pathway [9, 16]. In this
study, we observed that the total protein level of mTOR
as well as mTOR phosphorylation (p-mTOR) were upregulated in aging retinas compared to young retinas
(Figure 6A, B). The upstream activator of mTOR, Akt,
also exhibited increased phosphorylation at threonine
308 (p-Akt-T308) and serine 473 (p-Akt-S473) (Figure
6C-D). The increased p-mTOR and p-Akt-T308 in
aging retinas was also observed by immu-nostaining the
RGC layer [44, 45] (Figure 6E). The elevated p-mTOR
signal was primarily localized in the cytoplasm whereas
(Figure 6E). In contrast, rat retinas exhibited p-Akt-the
elevated p-Akt-T308 was largely located in the nuclei of
aging zebrafish retinas T308 only in the cytoplasm,
suggesting that there may be species-specific differences (Figure 6E).
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Resveratrol treatment led to a significant decrease in pmTOR, and had a small but insignificant effect on pAKT-T308 in young zebrafish retinas (Figure 7 A-B).
Immunofluorescence showed that p-mTOR was decreased in the RGC layers of resveratrol-treated young
zebrafish retinas (Figure 7C).
Resveratrol treatment activated Mfn2, Fis1, Pink1,
and suppressed p-mTOR in aging zebrafish retina
Similar to the young zebrafish, we observed that
resveratrol also increased Mfn2 and Fis1 and Pink1
expression in aging zebrafish retinas (Figure 8). And
Importantly, p-mTOR was also decreased in the aging
zebrafish retinas by resveratrol (Figure 8D-E, F).
Expression of antioxidant defense enzymes was
suppressed in aging zebrafish retinas and increased
by resveratrol treatment
The cellular ROS detoxification system includes the
Superoxide dismutase (Sod) and Glutathione peroxidase
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(Gpx) proteins [8]. Consistent with increased oxidative
damage in aged tissues, we observed decreased expression of Cu/Zn-Sod, Mn-Sod, and Gpx in aging
zebrafish retinas (Figure 9A-C). Although resveratrol
had no significant effect on Cu/Zn-Sod, Mn-Sod, or
Gpx expression in young zebrafish, it did increase
expression of all three in aging zebrafish retinas (Figure
9A-C).
Resveratrol activated Ampk/Sirt1/Pgc1α in zebrafish
retinas
The Ampk/Sirt1/Pgc1α pathway is crucial for regulating
mitochondrial biogenesis and oxidative metabolism [9].
We observed that resveratrol increased Ampk, Sirt1,
and Pgc1α expression in both young and aging
zebrafish retinas (Figure 9D-F). For Sirt1, young zebrafish had a greater response to resveratrol, while for
Ampk and Pgc1α the aging zebrafish had a higher
increase due to resveratrol (Figure 9D-F).

Inflammation elevated in aging zebrafish retina and
not regulated by resveratrol treatment
We found in aging zebrafish retina, expression of
inflammation-related protein iNOS were increased, and
inflammation-related genes Cox-2, TNF-α and IL1βwere also increased (Figure 10) [46]. And resveartrol
had no significant effect in young and aging zebrafish.

DISCUSSION
Mitochondrial dysfunction has been implicated as a
leading cause of aging-related oculopathy, a very
common ailment worldwide that can lead to visual
impairment and blindness [7, 8]. In the present study,
we used zebrafish as a model system to study agingrelated alterations in retinas including mtDNA integrity,
mtDNA copy number, mitochondrial fusion/fission
regulators, mitophagy and autophagy, Akt/mTOR,
Ampk/Sirt1/Pgc1α and inflammation pathway activity.

Figure 4. Decreased mitophagy and autophagy in aging zebrafish retinas. (A) Pink1 gene expression in young and aging

zebrafish retinas as measured by quantitative real-time PCR (mean ± SEM, ***P＜0.001, n=3). (B) Representative western blot
showing the protein expression level of Pink1 in young and aging zebrafish retinas. (C) Graph of the densitometric mean and SEM
normalized to the corresponding level of the loading control protein beta-tubulin (**P＜0.01, n=3). (D) Representative western
blot showing the protein expression levels of LC3B-II and LC3B-I in young and aging zebrafish retina. (E) Graph of the ratio of
LC3B-II to LC3B-I protein levels as determined by densitometry (**P＜0.01, n=3). (F) Immunofluorescence analysis of Pink1 in the
RGC layer of young and aging zebrafish retinas. Retina cross sections prepared from zebrafish eyes were immunostained with
Pink1 antibody. All photographs were taken at 40x magnification except the rat sections that were at 20x. Young, 4-6 months old;
aging, 19-23 months old; NC, negative control (without primary antibody); Rat, positive control; GCL, ganglion cell layer.
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Figure 5. Resveratrol treatment increased mitophagy in young zebrafish retina. (A) Pink1 gene expression in adult zebrafish

retina after treatment with resveratrol for 1 and 10 days as measured by quantitative real-time PCR (mean ± SEM, *P＜0.05 compared to
control (CON), n=3). (B) Representative western blot showing the protein expression of Pink1 in adult zebrafish retina after treatment
with resveratrol for 1 and 10 days. (C) Graph of the densitometric mean and SEM normalized to the corresponding level of the loading
control protein beta-tubulin from western blots as in B (*P＜0.05 compared to control (CON), n=3). (D) Immunofluorescence localization
and relative expression of Pink1 in the RGC layer of adult zebrafish retinas after treatment with resveratrol for 10 days. Retina cross
sections prepared from zebrafish eyes were immunostained with Pink1 antibody. All photographs were taken at 40x magnification. CON,
control; RES1d, resveratrol treated for 1 days; RES/RES10d, resveratrol treated for 10 days; GCL, ganglion cell layer.

We also explored the ability of the anti-aging natural
product resveratrol to modulate age-related alterations
to the zebrafish retina.
We first explored mitochondrial quality and found that
mtDNA integrity was lower in aging zebrafish retinas
than in retinas of young zebrafish, suggesting that the
mtDNA has suffered significant damage during aging
[12,47]. Accumulation of ROS with age will harm
mtDNA in particular, since mtDNA is more sensitive to
oxidative damage due to its proximity to ROS
production in the mitochondrial membrane. Moreover, a
weaker antioxidant defense system in aging retinas
further increases the mutation rate. The increased
mutation load can then lead to a loss of mtDNA
integrity [10,48,49]. Loss of mitochondrial content
during aging has also been reported, and mitochondrial
mass and mitochondrial copy number (mitCN) are
decreased in neurodegeneration [31,50]. The mitCN
was sharply decreased in aging compared to young
retinas, indicating that the function of retinal
mitochondria and their ability to efficiently produce
energy are compromised during aging. Retinal cells and
other neurons are particularly high energy-demanding
tissues, so mitochondrial dysfunction has a higher
impact on them compared to other tissues [9,51].
We observed that the mtDNA integrity of young
zebrafish retinas was increased after 1- or 10-days treat-
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ment with resveratrol, whereas the mitCN had a slight
decrease after 10 days treatment but was not altered
after only 1 day of treatment. One previous study found
that resveratrol for one day can increase mtDNA
integrity (the ratio of mit-L to mit-S) in adult zebrafish
retinas but did not change the mitCN [30]. Another
report indicated that resveratrol can decrease mitCN in
mouse oocytes [52]. Our current results may be
explained by an increase in mitophagy between 1 and
10 days of resveratrol treatment, which would increase
the mitochondrial integrity by increasing the turnover of
damaged mtDNA and thus decreasing the total mass of
mitochondria.
Rather than existing as separate, individual units, a
cell’s mitochondria together make up a dynamic
network of organelles in a constant state of flux
between fusion and fission to regulate mitochondrial
quality, maintain critical cellular functions, and ensure
an adequate supply of energy. A healthy mitochondrial
fusion/fission flux should balance the elimination of
damaged mitochondria with the rate of new mitochondrial production to maintain mitochondrial homeostasis [10,44]. Mfn2 and Opa1 are vital regulators of
fusion and are located at the outer- and innermitochondrial membrane, respectively, while Fis1 is a
vital regulator of fission and is located at the outermitochondrial membrane [10,31,53]. Opa1 is a multidomain protein that is cleaved by Oma1 from a long
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isoform (Opa1-L) into a short isoform (Opa1-S). Opa1-L
increases mitochondrial fusion, while Opa1-S increases
fission, and therefore reduced Oma1 expression is
believed to prolong lifespan because more Opa1-L will
be present to prevent accumulation of damaged
mitochondria. On the other hand, more Opa1-S may
allow accumulation of dysfunctional mito-chondria [5456]. Fis1, the mitochondrial fission regulator, is also
associated with age-related neuro-degeneration, and has
been observed to be increased in AD and HD patient
tissues [52,57]. In our study, we found that Mfn2 gene
and protein expression was decreased, Opa1 gene and
protein expression was unchanged, and Fis1 gene
expression was increased in aging zebrafish retinas.
These changes are consistent with previous reports and
further support the notion that regulators of mitochon-

drial dynamics are mediators of aging in retinas as well
as other neurons implicated in neurodegenerative
diseases [5,53,58]. Moreover, our study was the first to
show that Oma1 gene expression and the ratio of Opa1L/Opa1-S was decreased during aging.
We postulated that mitochondria in aging zebrafish
retinas are tipped to increased fragmentation, as the
fusion activators are suppressed and fission activators
are increased. Fragmentation is a compensatory means
of adaptation to a low nutrition environment caused by
ROS accumulation and loss of functional mitochondria.
However, in the long term the vicious circle of
increased fission and decreased fusion aggravates the
aging process and likely plays a causative role in neurodegenerative diseases [5,11,21,44].

Figure 6. Activation of the Akt/mTOR pathway in aging zebrafish retinas. (A) Representative western blot showing the

protein level of mTOR and p-mTOR in young and aging zebrafish retinas. (B) Densitometric mean and SEM normalized to the
corresponding level of the loading control protein beta-actin (***P＜0.001, n=3. (C) Representative western blot showing the protein
expression level of Akt and p-Akt-T308 and p-Akt-S473 in young and aging zebrafish retinas. (D) Densitometric mean and SEM
normalized to the corresponding level of the loading control protein beta-actin (*P＜0.05, n=3. (E) Photographs of fluorescent
immunostained retina cross-sections show-ing the localization and relative levels of p-mTOR and p-Akt-T308 in the RGC layers of young
and aging zebrafish retinas. All photographs were taken at 40x magnification except rat sections were at 20x magnification and p-Akt-T308
at 60x magnification. Young, 4-6 months old zebra-fish; Aging, 19-23-month-old zebrafish; Rat, positive control; GCL, ganglion cell layer.
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Figure 7. Resveratrol treatment suppressed the Akt/mTOR pathway in young zebrafish retinas. (A)

Representative western blot showing the levels of p-mTOR and p-Akt-T308 in adult zebrafish retinas after being treated with
resveratrol for 1 and 10 days. (B) Densitometric mean and SEM of p-mTOR and p-Akt-T308 normalized to the corresponding
level of the loading control protein beta-actin (*P＜0.05 compared to control (CON), n=3). (C) Photographs of fluorescence
immunostained retina cross-sections showing the localization and relative levels of p-mTOR in the RGC layers of adult
zebrafish retinas with or without resveratrol treatment for 10 days. All photographs were taken at 40x magnification. CON,
control; RES1d, resveratrol treated for 1 days; RES/RES10d, resveratrol treated for 10 days; GCL, ganglion cell layer.

Many studies have provided evidence that resveratrol
can improve mitochondrial function, particularly in old
age, but the mechanisms remain unclear [31]. In the
current study, we found that Mfn2, Opa1, Oma1, and
Fis1 expression were all increased after 1 day of
resveratrol treatment, but Opa1 and Oma1 levels
returned to the level of control after 10 days treatment
while Mfn2 and Fis1 remained elevated. Although
resveratrol may act acutely on some genes that are
nevertheless important for its beneficial effects, we
postulated that the protective effects of resveratrol on
mitochondrial dynamics may be primarily mediated by
Mfn2 and Fis1 [30]. Kaige Peng et al. found that
resveratrol can improve mitochondrial fusion-fission
dynamics by promoting Mfn2, Opa1, and Fis1
expression to protect against the rotenone-induced
neurotoxicity that would otherwise lead to mitochondrial homeostasis disorder, cellular damage, and
dopaminergic neuron degeneration [31]. Although
some suggest that inhibiting fission may be a beneficial target for neurodegenerative diseases, we believe
that activating both fusion and fission together would
be a better option [52]. Resveratrol, for example,
appears to both promote fusion to dilute mitochondrial
damage while also promoting fission to provide more
energy generation and permit the elimination of
unhealthy mitochondria through fission and mitophagy
[10,23].
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As the name suggests, mitophagy is the specialized
autophagic process that digests unhealthy or excess
mitochondria [59]. The relationship between autophagy
and mitophagy is regulated by the p62 protein, which in
vertebrates regulates autophagy via interacting with
LC3 and mitophagy by controlling the Pink1/Parkin
pathway [60]. We observed that the ratio of LC3BII/LC3B-I protein, a marker of autophagy activity, was
decreased in aging zebrafish retinas. Gene and protein
expression of Pink1, a vital regulator of mitophagy, was
also decreased in aging zebrafish retinas. Dysfunction
of mitophagy and autophagy is implicated in neurodegenerative diseases including HD, AD, and
Parkinson’s disease (PD), where dysfunction of
mitophagy and autophagy can lead to mitochondrial
dysfunction and cell death [60]. The study by Wu et al.
indicate that mitophagy and autophagy down-regulate
mitochondrial ROS production through NLRP3
inflammasome activation [61], while a study by Lutz
found an increase in mitochondrial fragmentation after
loss of Pink1/Parkin function [62]. In the present study,
we found that resveratrol can promote Pink1 gene and
protein expression after 1- and 10-days treatment.
Several other reports also showed that resveratrol can
induce autophagy in neurons and promote Pink1/Parkin
expression [21,34]. Over-expression of mitophagy
activators can prolong drosophila and mouse lifespan,
which occurred due to the activation of both fusion/
fission and mitophagy [17,63,64].
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Figure 8. Resveratrol treatment activated Mfn2, Fis1, Pink1, and suppressed p-mTOR in aging zebrafish retina. (A-C)

Mfn2, Fis1, Pink1 expression in aging and resveratrol-treated aging zebrafish retina. Graphs represent (A)Mfn2 (B) Fis1(C) Pink1 gene
expression by quantitative real-time PCR (mean ± SEM, *P＜0.05, n=3). (D)Representative western blot showing the protein expression
levels of Mfn2,Pink1,p-mTOR in aging and resveratrol-treated aging zebrafish retina. (E)The graph showing the densitometric mean and
SEM normalized to the corresponding level of the loading control protein beta-tubulin (*P＜0.05, **P<0.01, n=3). (F) Immunolocalization and relative quantitative expression of Pink1 and p-mTOR on RGC in aging and resveratrol-treated aging zebrafish retina
cross-sections. Retina cross sections prepared from zebrafish eyes were immunostained with Mfn2 or p-mTOR antibody. Results
present aging, resveratrol-treated aging, and negative control (without primary antibody). All photographs were taken at 40 times.
aging, 19-23 months zebrafish; aging + RES, resveratrol-treated aging zebrafish for 10 days; NC, negative control; GCL, ganglion cell layer.

Accumulation of mitochondrial damage will lead to
aging, so it is of interest why cells would down-regulate
protective mechanisms such as mitochondrial fusion/
fission and mitophagy/autophagy who maintain mitochondrial activity during aging. Many studies have
pointed to mTOR as a culprit in aging, showing that
elevated mTOR activity can affect mitochondrial
function and inhibit mitophagy/autophagy, thus
contributing to the aging process [16,65]. Activated
mTOR inhibits autophagy (including mitophagy),
whereas inhibition of the Akt/mTOR pathway induces
autophagy and increases the lifespan of many species
[9,43,66]. Moreover, downregulation of mTOR has
been shown to increase longevity by maintaining
mitochondrial function and appropriate energy consumwww.aging-us.com
www.aging-us.com
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ption [63,65,67]. Increased mTOR activity is observed
in aging tissues, and many believe that the PI3K/PTEN/
Akt/mTOR pathway is one of the most important
regulators of aging [68].
We
found
both
increased
expression
and
phosphorylation (indicating activation) of mTOR and
Akt in aging zebrafish retinas. Moreover, resveratrol
caused a significant decrease in p-mTOR after 10 days
treatment, while p-Akt-T308 had no significant change.
These results are consistent with those of Jun Wu et al.
who found that resveratrol could promote mitophagy/
autophagy in HMrSV5 cells by suppressing p-mTOR,
and who also demonstrated that LC3-II accumulated
with mTOR knockout [61].
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Figure 9. Resveratrol treatment activated the antioxidant system and Ampk/Sirt1/Pgc1α pathway in aging
zebrafish retina. (A-F) Cu/Zn-Sod, Mn-Sod, Gpx, Ampk, Sirt1, and Pgc1α expression in young, resveratrol-treated young,
aging, and resveratrol-treated aging zebrafish retinas. Graphs represent (A) Cu/Zn-Sod, (B) Mn-Sod, (C) Gpx, (D) Ampk, (E) Sirt1,
and (F) Pgc1α gene expression by quantitative real-time PCR (mean ± SEM, *P＜0.05 **P＜0.01 ***P＜0.001 ****P<0.0001,#P
means no statistical significance, n=3). young, 4-6 month old zebrafish; young + RES, young zebrafish after resveratrol
treatment for 10 days; aging, 19-23 month old zebrafish; aging + RES, aging zebrafish after resveratrol treatment for 10 days.

Regulation of mitochondrial function by mTOR is not
solely through its regulation of mitophagy/autophagy
[16]. Several reports suggest that mTOR can activate
HIF-1, PGC1α, YY-1, and AMPK to regulate
mitochondrial oxygen consumption, mitochondrial
biogenesis, and mitochondrial metabolism [67,69,70].
Results from Masahiro Morita et al. suggest that the
nutrient-sensing ability of mTOR promotes mitochondrial fission, and suppressing mTOR can elevate
mitochondrial fusion to protect cells from mitochondrial
degeneration [71]. It is therefore believed that mTOR
inhibition should be targeted to protect neurons against
age-related neurodegenerative diseases [72]. The
current gold standard pharmacological inhibitor of
mTOR is rapamycin, an extremely effective inhibitor of
mTOR Complex 1, but it can cause many side effects
including hyperglycemia, hyperlipidemia, anemia, eye
diseases, and some testicle diseases [73]. Therefore,
searching for other safer mTOR inhibitors that can
improve mitochondrial function is required.

effects resveratrol has on the cellular ROS
detoxification system. Our prior study showed that I/Rinduced inflammation can promote ROS accumulation
and subsequent cellular damage in the rat retina leading
to cell death, and that resveratrol could attenuate this
inflammation and protect retinas [36]. However, in the
current study we found that although expression of
inflammation-related proteins was indeed increased in
aging zebrafish retinas, resveratrol had no significant
effect on their expression in young or aging zebrafish
(Figure 10). And we found that in aging zebrafish
retina, the antioxidant system such as CuZn-Sod, MnSod and Gpx were decreased, which indicated the
ability of cell to clean oxidative products was downregulated, and the ROS level was increased in aging [9].
The result that resveratrol can activate oxidant system in
aging but had no effect in young zebrafish retina
illustrated resveratrol can maintian antioxidant system
at a suitable level to improve mitochondrial quality and
energy metabolism.

Given the relationships between aging, mitochondrial
function, inflammation, and ROS, we explored what

The Ampk/Sirt1/Pgc1α axis is considered to be a
critical sensor of metabolic demand and regulator of
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Figure 10. Inflammation elevated in aging zebrafish retina and not regulated by resveratrol treatment (A) Representative

western blot showing the protein expression level of iNOS in young, resveratrol-treated young, aging, and resveratrol-treated aging
zebrafish retinas. (B) The densitometric mean and SEM of bands from A normalized to the corresponding level of the loading control
protein beta-tubulin (**P<0.01, n=3). (C-E) Cox-2, TNF-α, and IL-1β expression in young, resveratrol-treated young, aging, and
resveratrol-treated aging zebrafish retinas. Graphs represent (C) Cox-2, (D) TNF-α, and (E) IL-1β gene expression by quantitative realtime PCR (mean ± SEM, *P＜0.05 **P<0.01, n=3). young, 4-6 month old zebrafish; young + RES, young zebrafish after resveratrol
treatment for 10 day; aging, 19-23 month old zebrafish; aging + RES, aging zebrafish after resveratrol treatment for 10 days.

Figure 11. Schematic representation of resveratrol induced activation of AMPK/
SIRT1/ PGC1α and inhibition of mTOR, leading to increased mitochondrial quality.
Resveratrol treatment enhances AMPK/SIRT1/PGC1α expression and decreases mTOR signaling,
which leads to an increase in mtDNA quality and enhanced energy metabolism at least partly
through decreased mitochondrial fragmentation and increased autophagy/mitophagy.
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energy production and consumption [9,74]. By
increasing levels of Ampk, Sirt1, and Pgc1α, resveratrol
can enhance mitochondrial biogenesis, oxidative
metabolism, and cellular ROS defense enzymes to cope
with the stress of aging in tissues such as the retina with
a high metabolic demand. Increasing Ampk/Sirt1
activity can also inhibit mTOR downstream to promote
mitophagy. Some reports also suggest that Sirt1/Pgc1α
activation can help prevent mitochondrial fragmentation
to alleviate mitochondrial dysfunction [75]. Therefore,
activation of the Ampk/Sirt1/Pgc1α pathway by
resveratrol is likely crucial for its ability to maintain
healthy mitochondrial dynamics and regulate ROS
levels for healthy aging.
Zebrafish has been utilized to study many age-related
eye diseases including cataracts, glaucoma, and agerelated macular degeneration (AMD). For example,
NMDA treatment damages retinal neurons and was
used to establish a zebrafish glaucoma model, while the
gnn mutant or vascular endothelial growth factor
(VEGF) treatment lead to AMD characteristics similar
to those seen in human AMD [30,37,76-77].We
postulate that in aging zebrafish retinas the high demand
for nutrition and energy will activate mTOR, which
promotes mitochondrial fission to increase ATP
production and suppresses fusion to compensate for the
decreasing mitochondrial function. Increased oxygen
consumption and inflammation leads to accumulation of
excess ROS and an increase in oxidative to damage
mtDNA. Mitophagy/autophagy are suppressed by
mTOR, causing a buildup of unhealthy mitochondria
that cannot be eliminated and this mitochondrial
fragmentation can promote aging. Many studies have
shown that resveratrol has anti-aging and neuroprotective properties, although the mechanisms are not
completely understood [31]. We explored the effects of
resveratrol on mtDNA intergrity and copy number,
mitochondrial fusion/fission, mitophage and anti-ROS
regulators, Akt/mTOR and Ampk/Sirt1/Pgc1α pathway
and found that it was able to alleviate or diminish many
of the detrimental changes that occur during aging.
Further studies are needed to analyze whether reverat-

rol can protect against ROS accumulation and whether
its beneficial molecular effects can translate to
protection of the retina against age-related oculopathy
(Figure 11).

CONCLUSIONS
Maintaining mitochondrial health is crucial to prevent
age-related neurodegenerative diseases, including
oculopathy. We utilized the zebrafish retina as a model
for age-related oculopathy and observed decreased
mtDNA integrity, dysfunctional mitochondrial fissionfusion dynamics, decreased expression of antioxidant
defense enzymes, and increased activity of the Akt/
mTOR pathway in the aging retina. Consistent with its
anti-aging effects in other species and model systems,
resveratrol treatment helped alleviate most of the agerelated changes observed in the zebrafish retina,
suggesting its potential for the prevention of aginginduced oculopathy in other species including humans.
This study indicates that further testing of resveratrol
for oculopathy is warranted, and helps establish the
zebrafish retina as a viable model of age-related
oculopathy for further studies on the molecular
mechanisms and for novel drug screening.

MATERIALS AND METHODS
Animals
Male and female 4-6 months old ( young/control) and
19-23 months old (aged) wild-type zebrafish of AB
strain were obtained from the China Zebrafish Resource
Center (CZRC, Wuhan, China) [40], and 5 days and 1
month old zebrafishes were offspring of the former. All
fish were maintained in a 25 L aquarium at 28°C under
14-hour/10-hour light/dark cycles and were fed with
brine shrimp twice a day. The maintenance and
experimental manipulations of zebrafish were approved
by the ethical review committee of Nanchang
University (Nanchang, China) and were in accordance
with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Figure 12. Resveratrol treatment timeline. All treatments began at 0 hour and the time points are
post-resveratrol administration. CON/aging, 0.04% ethanol; RES, 20mg/L resveratrol + 0.04% ethanol.
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Table 1. Primers used in the experiment.
Genes

Primers (5’-3’)

Mfn2

F: GCGCCTACATCAAAGAAAGC
R: CAGCATCCAAATCCTCATCC

Fis1

F: CTAGCTCCAGGGCCTGTTTGT
R: GGTGAAAGGACCCGTTTCCAG

Opa1

F: GCTTGAGCGCTTGGAAAAGGAA
R: TGGCAGGTGATCTTGAGTGTTGT

Oma1

F: TGGAGGCGGAAGCGGATCAG
R: GAATGAGGCGGTCCAACTGTCTG

Pink1

F: CTGATGACGTTCAGCTGGTG
R: CCACAGACTGATGTGCAGGA

Cox2

F:AACTAGGATTCCAAGACGCAGCATC
R:AAATAAGAATGATGGCCGGAAGG

IL-1β

F:TCGCCCAGTGCTCCGGCTAC
R:GCAGCTGGTCGTATCCGTTTGG

TNF-α

F:AGGAACAAGTGCTTATGAGCCATGC
R:AAATGGAAGGCAGCGCCGAG

CuZn-Sod

F:GTCGTCTGGCTTGTGGAGTG
R:TGTCAGCGGGCTAGTGCTT

Mn-Sod

F:CCGGACTATGTTAAGGCCATCT
R:ACACTCGGTTGCTCTCTTTTCTCT

Gpx

F:AGATGTCATTCCTGCACACG
R:AAGGAGAAGCTTCCTCAGCC

Ampk

F:ATCATAGACAACCGCCGCATTA
R:TTGGCTCGCCGTACACCA

Sirt1

F:CAAGGAAATCTACCCCGGACAGT
R:CAGTGTGTCGATATTCTGCGTGT

Pgc1α

F:CCCCTTTGCCCTGACCTGCCTGAG
R:GAAGGACAGCTCTGATCACTGGCATTGG

Beta-actin

F: CCCAAGGCCAACAGGGAAAA
R: GGTACGACCGGAGGCATACA

Nuclear chain

F: ATGGGCTGGGCGATAAAATTGG
R: ACATGTGCATGTCGCTCCCAAA

Long mitochondrial
chain

F: TTAAAGCCCCGAATCCAGGTGAGC

Short mitochondrial
chain

F: CAAACACAAGCCTCGCCTGTTTAC
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Resveratrol treatment

Mitochondrial DNA analysis

The control group was ethanol-control treated zebrafish
while the resveratrol group was zebrafish exposed to
resveratrol (R5010; Sigma-Aldrich Corp., St. Louis,
MO, USA) dissolved in ethanol to the final concentration of 20mg/L for 1 or 10 days. For the
resveratrol group, a day of treatment consisted of 10
hours a day under dark condition with resveratrol and
another 14 hours under light condition with clean,
untreated water[74]. For the control group, the zebrafish
were exposed to the same volume of ethanol as the
resveratrol group for 1 or 10 days. For immunofluorescence analysis, zebrafish treated for 10 days were
used. (Figure 12).

Total DNA was extracted from retinas using the Ezup
column animal genomic DNA extraction kit (B518251;
Sangon Biotech, Shanghai, China). Short mitochondrial
chain primers and long mitochondrial chain primers
[78] (Table 1) were chosen to amplify DNA using Taq
DNA Polymerase (Mg2+ plus buffer) (Vazyme; P101).
The long mitochondrial chain reaction procedure was
19 cycles (94°C for 15 seconds and 68°C for 12
minutes), and then an extension step (72°C for 10
minutes). The short mitochondrial chain reaction
procedure was 25 cycles (94°C for 30 seconds, 62°C for
45 seconds, and 72°C for 30 seconds), and then an
extension step (72°C for 10 minutes). All data were
chosen from the linear phase of amplification.
Amplified DNA were analyzed on a 0.8% agarose gel
(with ethidium bromide) and observed by Image Lab
under UV light, and were quantified with ImageJ. A
DNA Ladder and Low DNA mass ladder (Takara) were
used to benchmark the DNA band sizes.

Quantitative real-time PCR (qRT-PCR)
Total RNA of retinas (n=8 per group) were abstracted
with Trizol Reagent (Cat. #92008, Ambion, USA;
15596-018) according to the manufacturer’s instructtions. Total RNA was reverse transcribed to cDNA
using HiScript® Q RT SuperMix for qPCR (+ gDNA
wiper) (Vazyme; R123-01). The cDNA was used as
template for qPCR with TB GreenTM Premix Ex
TaqTM II (Tli RNaseH Plus) (Takara; RR820A).
Specific primers used in the experiment are from
PrimerBank and precursor articles (Table 1). The qPCR
process, a three steps reaction (95°C denature for 15s,
60°C annealing for 30s and 72°C extension for 24s),
was carried out with the StepOne Plus TM Real-time
PCR System (Life Technologies, Carlsbad, CA, USA).
All data were chosen from the linear phase of
amplification for each gene.

The total DNA extracted from retina was also used for
analysis of mitochondrial copy number (mtCN). Short
mitochondrial chain and Nuclear chain (Table 1) were
chosen to amplify DNA using TB GreenTM Premix Ex
TaqTM II (Tli RNaseH Plus) (Takara; RR820A). The
reaction procedure was 25 cycles (94°C for 30 seconds,
62°C for 45 seconds, and 72°C for 30 seconds), and
then an extension step (72°C for 10 minutes) and was
carried out with the StepOne Plus TM Real-time PCR
System (Life Technologies, Carlsbad, CA, USA). All
data were chosen from the linear phase of amplification
for each sequence.

Table 2. Primary antibodies used in the experiment.
Antibody
Mfn2

Source
Abcam

Catalog No.
Ab56889

Type
Mouse mAb

Pink1

Abcam

Ab23707

Rabbit mAb

Opa1
mTOR
P-mTOR

BD
CST
CST

612606
#2983
#5536

Mouse mAb
Rabbit mAb
Rabbit mAb

AKT
p-AKT-Thr308

CST
CST

#4691
#13038

Rabbit mAb
Rabbit mAb

p-AKT-Ser473
LC3B
COX2
iNOS
Beta-actin
Beta-tubulin

CST
CST
Gayman
Invitrogen
TRANS
TRANS

#4060
#2775
#160106
PAI-036
HC201
J10715

Rabbit mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Mouse mAb
Donkey anti-mouse
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Dilution
1:1000(WB)
1:50(IF)
1:1000(WB)
1:50(IF)
1:1000(WB)
1:1000(WB)
1:1000(WB)
1:50(IF)
1:1000(WB)
1:1000(WB)
1:50(IF)
1:1000(WB)
1:1000(WB)
1:1000(WB)
1:1000(WB)
1:1000(WB)
1:1000(WB)

MW(kD)
75
66.50
80-100
289
289
60
60
60
16.14
75
130
42
55
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Western blot analysis

Data analysis

Proteins were extracted from zebrafish retinas (n=10)
with RIPA buffer (R0010; Solarbio, Beijing, China)
containing Phenylmethanesulfonyl fluoride (PMSF;
Solarbio, Beijing, China). The concentration of protein
was measured with the BCA Protein Assay Kit
(Beyotime Biotechnology, Shanghai, China). Protein
samples (10 μg each) were separated by 10% SDSPAGE and transferred to nitrocellulose membranes. 5%
non-fat milk dissolved in Tris-buffered saline
containing Tween-20 was used to block the blots before
applying primary antibodies for overnight at 4°C (Table
2). Then, peroxidase-conjugated secondary antibodies
(goat anti-rabbit and goat anti-mouse (ZSGB-BIO,
Beijing, China) were added at 1:2500 for 1 hour at room
temp. Protein bands were then observed and analyzed
using a SYNGENE imaging system (Cambridge, UK)
and ImageJ (National Institutes of Health, Bethesda,
MD, USA).

Data were analyzed with GraphPad Prism 7.0 and
ImageJ, and the error bars are mean ± SEM.
Significance was checked by ANOVA followed by
unpaired t-test, n ≥ 3. P < 0.05 was considered as
significant.

Immunofluorescence
Zebrafish were first anesthetized in ice water and then
the eyeballs were carefully removed and fixed in 4%
PFA overnight. After fixation, eyes were transferred to
an EP tube for dehydration in 10%, 20%, and 30%
sucrose solution until the eyes settled to the bottom in
each sucrose concentration. Each eye was then
solidified with OCT (optim alcutting tem perature)
under -80°C for conservation or -20°C in a freezing
microtome for slicing. The microtome maintained the
temperature between -22°C to -20°C, and frozen eyes
were sliced into 5μm thick slices. Slices were washed
with 1×PBS 3×5 minutes. Water surrounding the tissue
was blot up and circles were drawn on each tissue using
a fluorescent pen. Retina slices were then blocked in
PBS containing 0.3% BSA (Solarbio, Beijing, China)
for an hour at room temperature and washed with
1×PBS 3x5 minutes before incubating with primary
antibodies (Table 2) overnight at 4°C. Tissue slices
incubated in PBS without primary antibodies were used
as negative controls, and rat tissue slices incubated in
PBS with same primary antibodies were used as
positive controls. 1× TBST washing for 3x5 minutes
was performed before and after incubation with Alexa
Fluor 488 anti-mouse (H+L) or Alexa Fluor 488 antirabbit (H+L) secondary antibodies (dilution, 1:200; Life
Technologies, Eugene, OR, USA) for one hour at room
temperature. DAPI (Boster, Wuhan, China) staining of
cellular nuclei was then performed prior to covering the
slides with coverslips. Finally, retina slices were
observed by confocal microscopy (OLYMPUS IX71,
Japan).
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The senescent vision: dysfunction or neuronal loss?
Francisco M. Nadal‐Nicolás, Manuel Vidal‐Sanz, Marta Agudo‐Barriuso

conditions, we found that the retinal function, as
measured with full field electroretinograms, decreased
~50% at 22-months compared with 2-month-old rats
[2]. Whether neuronal malfunction or cell loss is mainly
responsible for this reduced functionality is still an open
question, even though structural changes in the optical
components may contribute to this reduction. Interestingly, several studies suggest cell loss based on the
retinal thinning that occurs with aging [3]. However,
although when we measured the retinal layers in vivo
we observed a decrease in thickness ~14% [2], we also
saw that the constant retinal growth was responsible for
the retinal thinning, since volumetric and quantification
analyses indicated that the thinning did not involve
neuronal loss (except for L/M-cones in pigmented rats)
[2], (Figure 1).
The retina is a highly organized and specialized tissue.
The light-sensitive photoreceptors are essential for an
effective signal transduction and to initiate the efficient

Aging is the most common degenerative process
consequence of multiple cumulative mechanisms. The
permanent effects of senescence are complex and heterogeneous; genetic heritage, nutrition, behavior, physic
exercise and environment factors are tangled during the
course of life. Aging is associated with chronic degenerations [1] and so, it is difficult to identify and
characterize the intrinsic components of aging per se.
Visual aging is linked to a decline in functional activity
causing lower visual acuity, lower contrast sensitivity
and impaired dark adaptation. However, although it has
been reported that the age-related visual impairment is
mainly due to a neuronal malfunction together with cell
loss, the subjacent and specific reasons of aging are still
uncertain. How, and at what level, are the diverse
neuronal populations affected? And how much are other
retinal players involved?
By characterizing retinal aging in experimental animals
(pigmented and albino rats) under controlled and healthy

Figure 1. Aging effects on the visual pathway. In the retina, the continuous growth decreases both the retinal thickness and the
density of the different retinal populations (details in [2]), however, although no neuronal loss was observed in aged retinas (except, L/M‐
cones in pigmented rats), the vision forming and the non‐vision forming information, that reaches the brain, are likely affected by aging [7].
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transmission of impulses through the retina. They are
vulnerable to light-induced damage and many publications have shown the degeneration of outer segments
during aging. Interestingly, we observed loss of L/Mcones in the central retina of 22-months-old pigmented
rats [2], comparable to the photoreceptor-loss in the
macular region of aged human retinas [4]. The central
retina probably receives greater light exposure triggering
different metabolic requirements that increases metabolic stress. In fact, a deficiency in DNA repair enzymes,
damage induced by excitatory amino acids, specific
age-related metabolic changes [5], a general decline in
autophagy activity, and reduced energy production by
mitochondrial metabolism collectively result in oxidative stress that may affect photoreceptor functionality.
All that in addition to lipofuscin accumulation, morphological alterations and damage in the retinal pigmented
epithelium [4] accompanied by a para-inflammatory
response [6] are the signature signs of aging in the
retina.
The reduced b-wave and increased implicit time
observed in aged animals may be also explained by
reduced function of bipolar cells [2]. But these results
are difficult to interpret because, although we cannot
rule out synaptic alterations, the b-wave would also
reflect the corresponding diminished photoreceptor
activity. Later, the signal reaches the retinal ganglion
cells (RGCs), whose degeneration is widely accepted in
aged retinas [3]. Our results show a decrease in RGC
density, but not in the number of orthotopic or displaced
RGC [2]. As above-mentioned, the decreased density is
due to retinal growth, and it has been shown that
animals with a reduced food intake maintain their RGC
density, because the area could remain constant.
Obviously, the fact that the number of RGCs does not
change with age does not necessarily mean that these
cells are healthy or functional. Furthermore, aged
microglia show increased dystrophic signs in their
morphology in the retina, i.e. reduced dendritic arbors
with slow migration capability [7]. We cannot elucidate
whether microglial cells become pathogenic with age,
or whether they are trying to keep the changing retinal
homeostasis under control.
Although our results did not show loss of ip-RGCs in
aging retinas [2], morphological changes like reduced
dendrites or even lower melanopsin expression have
been recently reported, and this could explain an
impaired function since circadian rhythm and sleep are
strikingly influenced by aging [8].
Lastly, before the images are formed in the visual
cortex, the information reaches the superior colliculi
(SCi), the main retinorecipient area in rodents. In aged
animals, there was a slight reduction of RGC projections to the SCi, as well as astrocyte hypertrophy and
microglial cells activation, both symptoms of stress or
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degeneration [2]. This may be a compensatory
mechanism to maintain a lower neuronal activity of the
aged neurons or to maintain the disrupted tissue
homeostasis [7].
To preserve visual function, the eyes and brain require
precisely tuned machinery. Any of the above-mentioned
changes related to aging, including synapse remodelling
or neuronal loss in response to age may contribute or
play a crucial role in the continuous and irreversible
decline in vision. Importantly, age may end causing a
partial or complete distorted image formation, more so
in a timeframe where our lifespan is increasing. So,
could this retinal dysfunction be prevented or restored?
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ABSTRACT
Age‐related chronic inflammation is a major risk factor for the incidence and prevalence of age‐related
diseases, including infectious and neurodegenerative diseases. We previously reported that a lactic acid
bacteria, Lactobacillus paracasei KW3110, activated macrophages and suppressed inflammation in mice and
humans. In this study, we investigated whether long‐term intake of heat‐killed L. paracasei KW3110 modulated
age‐related inflammation and altered the gut microbiota in physiologically aged mice. Compared with age‐
matched control mice, fecal analyses of gut microbiota revealed that intake of L. paracasei KW3110 mitigated
age‐related changes of beneficial bacterial composition, including the Bifidobacteriaceae family. L. paracasei
KW3110 intake also mitigated age‐related immune defects by reducing the prevalence of interferon‐gamma
(IFN‐γγ)‐producing inflammatory CD4‐positive T cells in the lamina propia of the small intestine, and reduced
serum levels of proinflammatory cytokines. Furthermore, L. paracasei KW3110 intake suppressed retinal
inflammation by reducing proinflammatory cytokine‐producing macrophage, and age‐related retinal cell loss.
Taken together, these findings suggested that L. paracasei KW3110 mitigated age‐related chronic inflammation
through modulation of gut microbiota composition and immune system functions in aged mice, and also
reduced age‐related retinal ganglion cell (RGC) loss. Further studies are needed to evaluate the effect in age‐
related senescent changes of the retina.

INTRODUCTION
Aging involves a progressive decline of physiological
functions in various organs, influenced by several
factors, including genetic factors and environmental
factors [1-3]. As the aged population has been growing
rapidly around the world, the therapeutic and preventive
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approaches to decelerate senescence are of great
concern. Among the features of aging, the decline in
immune function has been widely examined, because it
results in chronic low grade inflammation, which is a
major risk factor for the incidence and prevalence of
age-related diseases, including infectious diseases,
tumors, and neurodegenerative diseases [4-8].
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The retina, one of the neural tissues, is also affected by
chronic low grade inflammation. Age-related retinal
neurodegenerative diseases, such as age-related macular
degeneration (AMD), are major causes of blindness in
the elderly [9-12]. The disease is caused by age-related
retinal cell loss, including retinal ganglion cell (RGC)
death [13] and photoreceptor cell death [14, 15], at least
partly due to chronic inflammation [16-19]. Several
therapeutic pharmacological agents for suppression of
retinal diseases have been reported [20, 21]. However,
human eyes are exposed to daily chronic stress, such as
photo-oxidative stress, and as a result, safe and longterm approaches based on diet to mitigate retinal
chronic inflammation are especially attractive.
Age-related immune dysfunctions leading to chronic
inflammation have been previously reported. Thymic
involution and disruption of homeostatic T cell proliferation, including decreased numbers of naïve T cells,
accumulation of memory T cells, and increased
numbers of regulatory T cells (Tregs), have been
studied [22-24], and altered numbers of B cells with
aging, reduced antibody production, and age-related
dysfunction of other innate immune cells have also been
reported [25-30]. Although some food materials or
constituents, for example, prebiotics and probiotics, can
improve age-related immune defects [31-34], their
mechanism remains poorly understood. Recent studies
suggested that the gut microbiota composition may be
associated with age-related immune dysfunctions [3537]. Disruption of gut microbiota composition has been
also implicated in retinal diseases, including AMD,
through a gut-retina axis [38]. Therefore, preventive
dietary approaches involving alterations of gut
microbiota composition for improving age-related
retinal chronic inflammation should be studied.
Lactic acid bacteria are widely consumed as probiotics
and paraprobiotics to enhance gut barrier function and
improve immune systems. Studies have also
demonstrated functional roles of several lactic acid
bacterial strains in humans, including for the prevention
of diarrhea, allergies, and metabolic disorders [39].
However, the long-term effects of lactic acid bacteria on
age-related chronic inflammation remain unclear. We
previously reported that Lactobacillus paracasei
KW3110 activated macrophages and suppressed
excessive inflammation in mice and humans [40-43]. In
this study, we demonstrated the suppressive effects of
the long-term intake of L. paracasei KW3110 on agerelated alterations of gut microbiota composition and
expansion of inflammatory CD4-positive T cells in the
lamina propria of the small intestine (SI-LP).
Furthermore, we also revealed the protective effects of
the long-term intake of L. paracasei KW3110 on agerelated retinal cell loss. We proposed that the long-term
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intake of L. paracasei KW3110 contributed to the
prevention of chronic inflammation and age-related
retinal cell loss in physiologically aged mice.

RESULTS
Intake of L. paracasei KW3110 affected bacterial
flora in aged mice
The gut microbiota plays a critical role in the immune
system, and aging has been reported to alter gut
bacterial flora composition [35]. Previous studies have
reported that some prebiotics and probiotics can alter
gut bacterial flora composition and improve immune
defects [44, 45]. Therefore, to investigate whether
intake of L. paracasei KW3110 affected the gut
microbiota composition in aged mice, 16-month-old
mice were fed a diet with or without L. paracasei
KW3110 for 6 months. We analyzed bacterial 16S
ribosomal RNA gene sequences in the feces. The
microbiota composition at the phylum level revealed
that the Firmicutes/Bacteroidetes ratio was lower in
aged mice fed a control diet than in young mice fed a
control diet (Fig. 1A, B). This result is consistent with a
previous report [46]. However, in aged mice fed a diet
containing L. paracasei KW3110 for 6 months, the
Firmicutes/Bacteroidetes ratio was decreased compared
with that in age-matched control mice (Fig. 1B).
At the bacterial family level, the bacterial ratios in the
feces were altered in aged mice as compared with young
control mice (Fig. 1C). In the aged mice groups, the
intake of L. paracasei KW3110 affected some bacterial
abundances. For example, the mean relative abundances
of Peptostreptococcaceae (p = 0.011) and
Bifidobacteriaceae (p = 0.038) were significantly higher
in aged mice fed a diet containing L. paracasei KW3110
for 6 months than in age-matched mice fed a control diet
(Fig. 1D). In contrast, the mean relative abundance of
Streptococcaceae was significantly lower (p = 0.0079) in
aged mice fed a diet containing L. paracasei KW3110
than in age-matched mice fed a control diet (Fig. 1D).
Intake of L. paracasei KW3110 affected the
lymphocyte subpopulation of SI-LP in aged mice
We have previously shown that orally-provided L.
paracasei KW3110 interacted with immune cells in the
small intestine [43]. In addition, intake of L. paracasei
KW3110 altered gut bacterial flora composition in aged
mice (Fig. 1). Thus, to examine the effects of L.
paracasei KW3110 on the immune system in the small
intestine with aging, 11-month-old mice were fed a diet
with or without L. paracasei KW3110 for 6 months.
The ratio of CD3ε- and CD4-double positive T cells to
live cells and the ratio of interferon-γ (IFN-γ)-producing
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CD4-positive T cells to CD4-positive T cells, known as
indicators of age-related inflammation in SI-LP cells, in
aged mice fed a control diet, was higher than that in
control young mice (Fig. 2B, D). The expression of
programmed cell death protein 1 (PD-1), known as an
indicator of immune senescence in CD4-positive T
cells, in aged mice fed a control diet, was also higher
than that in control young mice (Fig. 2E). However, the
intake of L. paracasei KW3110 for 6 months in aged
mice significantly decreased the ratio of CD3ε- and
CD4-double-positive T cells to live cells in SI-LP (Fig.
2A, B), the ratio of IFN-γ-producing CD4-positive T
cells to CD4-positive T cells (Fig. 2C, D), and the
expression of PD-1 in CD4-positive T cells (Figure 2E).
In contrast, the ratio of CD4- and Foxp3-positive cells,
known as regulatory T cells, in SI-LP was not changed
in aged mice fed a diet either with or without L.
paracasei KW3110 (Supplementary Fig. 1).

Intake of L. paracasei KW3110 decreased the levels
of proinflammatory cytokines and chemokines in
serum
The age-related inflammatory phenotypes in various
tissues are associated with the serum levels of proinflammatory cytokines, which are produced from
inflammatory immune cells. Therefore, we evaluated
serum levels of proinflammatory cytokines and chemokines in aged mice. As shown in Fig. 3, the serum levels
of proinflammatory cytokines and chemokines in aged
mice were higher than those in control young mice (Fig.
3). Interestingly, serum levels of some cytokines and
chemokines, interleukin-17 (IL-17), keratinocyte
chemoattractant (KC), and interleukin-13 (IL-13), were
significantly lower in aged mice fed a diet containing L.
paracasei KW3110 from 16 months of age to 22
months of age for 6 months, than in age- matched mice

Figure 1. The intake of Lactobacillus paracasei KW3110 in aged mice affected the
gut microbial composition. Feces were collected and subjected to flora analysis in young
(3‐months‐old) and aged mice (22‐months‐old). (A) Distribution of gut microbiota (% of total
16S rDNA) at the phylum level. (B) Comparison of the Firmicutes to Bacteroidetes ratio.
Values are presented as the means ± SEM of relative abundance of each phylum.
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Figure 1. The intake of Lactobacillus paracasei KW3110 in aged mice affected the gut
microbial composition. (C) Distribution of gut microbiota (% of total 16S rDNA) at the family level.
Families with proportions less than 1% are not listed. (D) Comparisons of relative abundances of
Peptostreptococcaceae (left panel), Bifidobacteria‐ceae (middle panel), and Streptococcaceae (right
panel) families. Values are presented as the means ± SEM. Significance was assumed if the p value
was < 0.05. *p < 0.05, **p < 0.01.CTL = control diet; KW3110 = Lactobacillus paracasei KW3110 diet.

fed a control diet (Fig. 3). The concentrations of the
other proinflammatory cytokines were also lower in
aged mice fed a diet containing L. paracasei KW3110
for 6 months. These changes of proinflammatory
cytokine levels could be observed in aged mice fed a
diet containing L. paracasei KW3110 only for 2 months
(Supplementary Fig. 2).
Intake of L. paracasei KW3110 mitigated retinal
inflammation
As the lower serum levels of proinflammatory cytokines
in aged mice were seemingly related to the suppression
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of age-related inflammatory phenotypes in peripheral
tissues, we investigated whether intake of L. paracasei
KW3110 also mitigated age-related retinal inflammation. Intake of L. paracasei KW3110 from 11–
17 months of age for 6 months, in aged mice,
significantly decreased the expression of IFN-γ and
interleukin-6 (IL-6) in CD11b-positive and F4/80positive retinal immune cells and macrophage (Fig. 4AC) as compared with in age-matched mice fed a control
diet. The expression of tumor necrosis factor-α (TNFα) in CD11b-positive and F4/80-positive retinal
macrophage was also lower than in age-matched mice
fed a control diet (Fig. 4D).

AGING
AGING

Figure 2. Intake of Lactobacillus paracasei KW3110 suppressed the inflammatory CD4‐positive T cell
expansion in the lamina propia of the small intestine (SI‐LP). (A and B) To detect inflammatory cytokine‐
producing cells, SI‐LP cells from young mice (3‐months‐old) and aged mice (17‐months‐old) were cultured under
stimulation with Leukocyte Activation Cocktail plus BD GolgiPlug, and analyzed by flow cytometry. (A)
Representative data of CD4‐positive cells from aged mice fed a diet with (KW3110) or without (CTL) L. paracasei
KW3110. (B) The ratio of CD3ε‐ and CD4‐positive to live cells. (C) Representative data of CD4‐ and interferon
gamma (IFN‐γ)‐positive cells from aged mice fed a diet with or without L. paracasei KW3110. (D) The ratio of CD4‐
and IFN‐γ‐positive cells to CD4‐positive cells. (E) The expressions of programmed cell death protein 1 (PD‐1) in
CD3ε‐ and CD4‐positive cells were analyzed by flow cytometry. M.F.I. indicates mean fluorescence intensity.
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Figure 3. The levels of proinflammatory cytokines in the serum were mitigated in aged mice fed a diet containing
Lactobacillus paracasei KW3110 as compared with age‐matched control mice. Serum was collected and subjected to
multiplex analyses to determine levels of cytokines (IL‐1β, IL‐6, IL‐13, IL‐17, IFN‐γ, TNF‐α, KC, and MCP1) in young (3‐months‐
old) and aged mice (22‐months‐old). Values are presented as the means ± SEM. Significance was assumed if the p value was <
*
**
0.05. p < 0.05; p < 0.01. CTL = control diet; KW3110 = Lactobacillus paracasei KW3110 diet; IL = interleukin; IFN = interferon;
TNF = tumor necrosis factor; KC = keratinocyte chemoattractant; MCP1 = monocyte chemoattractant protein 1.

Intake of L. paracasei KW3110 suppressed agerelated retinal cell loss
To elucidate the effects of the intake of L. paracasei
KW3110 on age-related inflammatory phenotypes in
retina, the number of RGCs was counted (Fig. 5A). The
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survival of RGCs was significantly decreased in aged
mice as compared with that of young control mice.
However, the survival of RGCs was significantly
improved in aged mice fed a diet containing L.
paracasei KW3110 from 16–22 months of age for 6
months (Fig. 5A, B), as compared with age-matched
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mice fed a control diet. In addition, the outer nuclear
layer (ONL) thickness, corresponding to the photoreceptor layer, in aged mice fed a diet containing L.
paracasei KW3110 for 6 months was also significantly
thicker than in age-matched mice fed a control diet.
These results were consistent with the suppressive
results of proinflammatory cytokine levels in aged mice
fed a diet containing L. paracasei KW3110.

DISCUSSION
Defective immune functions with aging are key triggers
of age-related chronic inflammatory diseases, including
infectious diseases, tumors, diabetes, and neurodegenerative diseases [8]. With rapid increases in the
aging population, the prevention of age-related
immunological dysfunctions and chronic inflammation
are necessary to extend the healthy lifespan. In the
present study, we demonstrated that long-term intake of
heat-killed L. paracasei KW3110 in aged mice signi-

ficantly enhanced the population of beneficial gut
bacteria, of the Bifidobacterium family, and slowed the
age-related immune dysfunctions, expansion of the
inflammatory IFN-γ-producing CD4-positive T cells in
SI-LP, and lowered the serum levels of proinflammatory cytokines. We also found that intake of L.
paracasei KW3110 mitigated retinal inflammation and
age-related retinal cell death, probably associated with
the prevention of age-related retinal diseases.
Age-related alterations of gut microbiota composition
have been reported to cause immune senescence and
intestinal chronic inflammation [34, 47]. Although some
probiotics improve the intestinal environment and suppress inflammation, the effects of long-term ingestion of
probiotics remain unclear. In the present study, we
showed that intake of L. paracasei KW3110 improved
the age-related changes of the gut microbiota
composition (Fig. 1). The Firmicutes to Bacteroidetes
bacterial ratio increased in aged mice fed a control diet

Figure 4. Intake of Lactobacillus paracasei KW3110 mitigated retinal inflammation. Intake of L.
paracasei KW3110 in aged mice (17‐months‐old) suppressed the expression of inflammatory cytokines in retinal
macrophage of aged mice. F4/80 and CD11b‐positive macrophage in retina were gated as shown in (A), and
median fluorescent intensity of intracellular IL‐6, IFN‐γ, and TNF‐α were analyzed by flow cytometry (B‐D).
Significance was assumed if the p value was < 0.05; *p<0.05. All abbreviations are defined in the Figure 3 legend.

www.aging‐us.com
www.aging-us.com

2729
274

AGING
AGING

as compared with aged mice fed a diet containing L.
paracasei KW3110 for 6 months. The age-related
increase of Firmicutes to Bacteroidetes ratio was
consistent with a previous study [48]. An increased
Firmicutes to Bacteroidetes ratio has been reported to
be associated with intestinal inflammation in obese
patients [49]. The long-term intake of L. paracasei

KW3110 might mitigate intestinal inflammation and
energy metabolic disorders by modulating the
Firmicutes to Bacteroidetes ratio. The intake of L.
paracasei KW3110 also increased the relative
abundance of Bifidobacteriaceae families (Fig. 1D).
Bifidobacterium is known as one of the most beneficial
bacterial family, though the bacteria is not detected in

Figure 5. Protective effect of Lactobacillus paracasei KW3110 on age‐induced histological changes
and ganglion cell loss in the retina. (A) Hematoxylin and eosin staining of retinal sections in young mouse
(3‐months‐old) fed a control (CTL) diet and aged mice (22‐months‐old) fed a diet either with or without L.
paracasei KW3110 (KW3110 diet). Arrow heads indicate the ganglion cell layer (GCL) and outer nuclear layer
(ONL), respectively. Scale bar represents 100 μm. (B) The survival rate of retinal ganglion cells (RGCs) in aged
mice (22‐months‐old) fed a diet either with or without L. paracasei KW3110 (KW3110 diet) were analyzed
compared to the survival of RGCs in young mice (3‐months‐old) fed a control diet. Values are presented as the
means ± SEM. Significance was assumed if the p value was < 0.05. **p < 0.01. (C) ONL thickness was lower in
aged mice (22‐months‐old) fed control diet than in aged mice fed a diet with L. paracasei KW3110. Values are
presented as the means ± SEM. Significance was assumed if the p value was < 0.05. *p < 0.05; **p < 0.01.
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the elderly [44, 50, 51]. In addition, the intake of
Bifidobacterium has been reported to result in decreased
levels of proinflammatory cytokines, such as TNF-α, in
the elderly [44]. In contrast, intake of L. paracasei
KW3110 decreased the relative abundance of
Streptococcaceae (Fig. 1D). In a previous report, the
Streptococcaceae bacteria stimulated the intestinal cells
to induce CCL20 chemokine production [52] and
inflammatory IFN-γ-producing CD4-positive T cells
were attracted by the CCL20 chemokine [53]. In this
study, the intake of L. paracasei KW3110 for 6 months
in aged mice also significantly reduced Ccl20 gene
expression in SI-LP as compared with that of agematched control mice (Supplementary Fig. 3). These
results suggested that the mitigation of age-related
alterations in gut microbiota composition by the intake
of L. paracasei KW3110 was important to suppress
age-related intestinal chronic inflammation.
Indeed, the intake of L. paracasei KW3110 in aged
mice significantly suppressed the age-related increase of
inflammatory CD4-positive T cells, producing
inflammatory cytokines (IFN-γ) at high levels in the SILP (Fig. 2). The expression of PD-1, one of the
senescence markers, in CD4-positive T cells in SI-LP
was also lower in aged mice fed a diet containing L.
paracasei KW3110 than that of aged mice fed a control
diet. These anti-inflammatory effects on intestinal
immune cells might be due to mitigation of age-related
decreases of Bifidobacterium. The modulatory effects
on intestinal immune cell subpopulations might be
associated with a direct interaction between L.
paracasei KW3110 and intestinal immune cells. In a
previous study, our group showed that L. paracasei
KW3110 interacted with intestinal macrophages and
suppressed excessive inflammation, including dermatitis, in mice and humans [40-42]. Because lactic acid
bacteria, including L. paracasei KW3110, have some
toll-like receptor (TLR) ligands, such as lipoteichoic
acid, L. paracasei KW3110 might modulate intestinal
immune cell activation by a TLR-dependent pathway.
Further studies are required to determine the mechanism
underlying the relationship between the intake of L.
paracasei KW3110 and suppressive effects on age-related
expansions of intestinal inflammatory immune cells.
Proinflammatory cytokines produced by intestinal
inflammatory immune cells are possibly transferred to
other tissues, including the retina, through the blood.
Age-related visual function declines and eye diseases,
such as AMD, might be associated with retinal
inflammation, because retinal chronic inflammation is
toxic to retinal cells, including photoreceptor cells and
RGCs [16-19]. In the present study, the intake of L.
paracasei KW3110 mitigated the inflammation in the
retinal macrophage in aged mice (Fig. 4). In addition,
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the anti-inflammatory effects of L. paracasei KW3110
resulted in inhibition of age-related retinal cell death
(Fig. 5). In previous studies, RGCs have been reported
to mediate behaviors associated with response to light
information and genetic ablation of RGCs results in loss
of light-evoked behaviors [54-57]. We have obtained
pre-liminary data that intake of L. paracasei KW3110
in aged mice could preserve the light-evoked locomotor
activities as compared with age-matched control mice
(data not shown). Although further studies, including
immunohistochemical analysis, are needed, L.
paracasei KW3110 might suppress age-related retinal
cell death. Immunological phenomena are mainly
regulated by macrophage in the retina. Macrophage
consists of at least two subgroups, classic inflammatory
M1 macrophage or alternative anti-inflammatory M2
macrophage [58, 59]. M1 macrophages produce
inflammatory cytokines, such as TNFα and IL-6,
whereas M2 macrophages are considered to be
associated with anti-inflammatory responses, including
tissue remodeling, through the production of
neurotrophic factors and anti-inflammatory cytokines
[60, 61]. Recently, we found that the intake of L.
paracasei KW3110 suppressed light-induced retinal
inflammation (unpublished data). Although further
studies are required to evaluate the effects of L.
paracasei KW3110 on macrophage activation in the
retina, the inhibitory effects of L. paracasei KW3110 on
age-related retinal cell death might be accompanied at
least in part, by the regulation of macrophage activities.
In addition, blood-borne macrophages have been
reported to enter the retina via the optic nerve and
ciliary body in light exposure mice model [62]. Our
flow cytometry analysis showed that CD11b and f4/80positive retinal cells, the retinal macrophages, in aged
mice increased more than in young mice
(Supplementary Fig. 4). Taken together, proinflammatory macrophages might penetrate into the retina under
the age-related retinal degenerative condition.
In the present study, the anti-inflammatory effects of L.
paracasei KW3110 on immune cells were observed in
aged mice fed each diet from 11–17 months of age for 6
months (Figs. 2 and 4). However, in aged mice fed a
diet containing L. paracasei KW3110 from 16–22
months of age for 6 months, such anti-inflammatory
effects on immune cells were mild and not significantly
different as compared with that of age-matched control
mice (data not shown). These results suggested that 22
months of age was too old to evaluate the effects of L.
paracasei KW3110 on intestinal immune cells.
Lactic acid bacteria are considered to be phagocytosed
by intestinal M cells. In a previous report, M cells in
aged mice (18 months of age) were not fully functional
[63]. This may be because the effects of L. paracasei
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KW3110 on immune cells in aged mice of 22 months of
age were milder than in aged mice of 17 months of age.
In the present study, we showed that intake of L.
paracasei KW3110 from 16–22 months of age for 6
months significantly suppressed the serum levels of
proinflammatory cytokines, alteration of gut microbiota
composition, and retinal cell loss (Figs. 1, 3, and 5).
Because the anti-inflammatory effects on serum cytokine
levels were observed in aged mice fed a diet containing
L. paracasei KW3110 (Supplementary Fig. 2), it was
suggested that these phenotypes were reflected by the
accumulation of anti-inflammatory effects for several
months. In other words, continuous preventive methods,
like dietary supplementation, might be much more
effective in the delay of chronic inflammation.
In conclusion, the intake of L. paracasei KW3110
mitigated chronic inflammation in the intestine and
retina, and reduced age-related retinal cell death.
Further studies are needed to evaluate the effects in agerelated senescent changes of the retina.

MATERIALS AND METHODS
Animals
The Mice (C57BL/6N, female) were purchased from
Japan SLC (Hamamatsu, Japan). Young (1-month-old,
n = 5), or aged (11-months-old, n = 10 in each group, or
16-months-old, n = 12 in each group) mice were
acclimated until each aging study was started. Aged
mice were divided by equal average weights into two
groups. The control group mice were fed AIN93M
(Oriental Yeast, Tokyo, Japan) and the Lactobacillus
paracasei KW3110-fed mice (hereafter called the
KW3110 group mice) were fed AIN93M containing 1
mg heat-killed L. paracasei KW3110/day/mouse for 6
months. The mice were housed in specic pathogen-free
conditions under a 12-h light-dark photo cycle and had
ad libitum access to water and the diet. The temperature
in the room was kept at 25 ± 1°C and 60% ± 15%
humidity.
All animal procedures and experiments were performed
in accordance with the Association for Research in
Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research and
institutional guidelines following approval by the
Animal Care and Use Committee of National Center for
Geriatrics and Gerontology (NCGG) (Obu, Japan).
SI-LP and retinal cell preparations and flow
cytometry analyses
The SI-LP cells and retinal cells were prepared for flow
cytometric analyses. The SI-LP cells were prepared as
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described previously [64]. Retinas were digested with 1
mg/mL collagenase II (Worthington, Lakewood, NJ,
USA) for 40 minutes at 37°C in Hanks' Balanced Salt
Solution (HBSS) buffer with 1.0 % bovine serum
albumin (BSA). The tissue digest was then filtered
through a 70 μm cell strainer, and washed with HBSS
buffer with 1.0% BSA for 5 minutes at 1,300 rpm at
4°C. The supernatant was carefully removed and the
digested tissue pellet was resuspended to form a single
cell suspension. To investigate intracellular cytokine
production, SI-LP and retinal cells were treated with a
leukocyte activation cocktail with BD GolgiPlug (BD
Biosciences, San Jose, CA, USA) for 4.5 hours and with
a BD Cytofix/Cytoperm Fixation/Permeabilization kit
(BD Biosciences), and then stained with the following
antibodies to: CD3ε-BV421 (145-2C11) (Sony
Biotechnology Inc., Tokyo, Japan), CD4-APC-Cy7
(GK1.5) (BioLegend, San Diego, CA, USA), IFN-γ-PECy7 (XMG1.2) (eBiosciences, San Diego, CA, USA),
TNF-α-BV421 (MP6-XT22) (BioLegend), IL-6-PE
(MP5-20F3) (eBiosciences), IFN-γ-APC (XMG1.2)
(eBiosciences), CD11b-APC-Cy7 (M1/70) (BD
Biosciences), F4/80-PE-Cy7 (BM8) (BioLegend),
programmed cell death protein 1 (PD-1)-BV421
(29F.1A12) (BioLegend), and 7-AAD (BD Pharmingen,
San Jose, CA, USA). The 7-AAD−CD3ε- and CD4positive cells were dened as CD4-positive T cells and
7-AAD−CD11b-, and the f4/80-positive cells were
defined as retinal macrophage cells. To detect Tregs,
cells were treated with a Foxp3 Staining Kit (BD
Biosciences) and stained with the following antibodies
to: CD3ε-FITC (145-2C11) (eBiosciences), Foxp3-PECy7 (FJK-16s) (eBiosciences), CD4-APC-Cy7 (GK1.5)
(BioLegend), and 7-AAD (BD Pharmingen). The 7AAD−CD3ε-, CD4-, and Foxp3-positive cells were
defined as Tregs.
Data were collected using a FACS Canto II flow
cytometer (BD Biosciences) and analyzed by FCS
Express software (De Novo Software, Los Angeles, CA,
USA).
Analysis of serum cytokine concentrations
Blood samples were collected into heparin-coated tubes
and centrifuged at 3,000 rpm for 5 min. Supernatants
were collected and analyzed for serum cytokine
concentrations using a Bio-Plex Pro mouse cytokine
assay kit (Bio-Rad, Hercules, CA, USA).
Analyses of gut microbiota
Feces were collected from young mice and aged mice
fed control or KW3110-containing diets and stored at 80°C until further analyses. DNA was extracted
according to a previous report [65]. Pyrosequencing of
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16S ribosomal RNA was performed by Technosruga
Lab (Shizuoka, Japan). The 16S ribosomal RNA
sequencing was performed using the MiSeqTMII system
(Illumina, San Diego, CA, USA) according to a
previously described method [65]. The V3-V4 regions
of 16S ribosomal RNA genes were amplified by PCR
from fecal genomic DNA using the following universal
primers [66, 67]: 341F, 5′-AATGATACGGCGACCA
CCGAGATCTACACTCTTTCCCTACACGACGCTC
TTCCGATCTCCTACGGGAGGCAGCAGCCTACGG
GAGGCAGCAG-3′, and 806R, 5′-CAAGCAGAAGA
CGGCATAGAGATNNNNNNGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTGGACTACHVGGGT
WTCTAAT-3′. PCR products were purified using a
MultiScreen PCR filter plate (Merck Millipore,
Darmstadt, Germany). All amplicons were sequenced
using the paired-end, 2 × 250 bp cycle run on the
MiSeqTMII system with a MiSeq Reagent Kit. The
sequences were evaluated and filtered for their length
and quality. Paired-end sequencing was joined using the
fastq-join program (http://code.google.com/p/ea-utils/).
The low quality reads, quality value scores < 20 for
more than 99% of the sequence, were removed. The
nucleotide sequence dataset was deposited in DNA Data
Bank of Japan (DDBJ) with the accession numbers
SAMD00118680-SAMD00118706.
Analyses of the extracted sequence reads were carried
out using the Ribosomal Database Project (RDP)
Multiclassifier version 2.11 [68] and Basic Local
Alignment Search Tool (BLAST) search using the
Metagenome@KIN analysis software (World Fusion,
Tokyo, Japan). Reads showing > 97% similarity were
grouped in each taxonomic rank.

versus aged mice group fed a diet containing KW3110)
were determined using an unpaired, two-tailed Student's
t-test with signicance set at p < 0.05. All statistical
analyses were performed by using the Ekuseru-Toukei
2012 software program (Social Survey Research
Information, Tokyo, Japan).
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Intake of Lactobacillus paracasei KW3110 did not affect the regulatory T cells
(Tregs) population in the lamina propia of the small intestine (SI‐LP). (A and B) To detect Tregs, SI‐LP cells
from young mice (3‐months‐old) and aged mice (17‐months‐old) were cultured and analyzed by flow cytometry. (A)
Representative data of CD3e‐, CD4‐, and Foxp3‐positive cells from aged mice fed a diet with or without L. paracasei
KW3110. (B) The ratio of CD3ε‐, CD4‐, and Foxp3‐positive to CD3ε‐ and CD4‐positive cells. Statistical differences
between three groups (young mice group fed a control diet, aged mice group fed a control diet, and aged mice group
fed a diet containing KW3110) were analyzed by one‐way analysis of variance (ANOVA), followed by the Tukey‐
Kramer test with signicance set at p < 0.05. CTL = control diet; KW3110 = Lactobacillus paracasei KW3110 diet.
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Supplementary Figure 2. The levels of cytokines in the serum of aged mice fed a diet either
with or without Lactobacillus paracasei KW3110 for 2 months. Serum was collected and subjected
to multiplex analyses to determine levels of cytokines (IL‐1β, IL‐6, IL‐13, IL‐17, IFN‐γ, TNF‐α, KC, and MCP1)
in aged mice (18‐months‐old) fed a diet with (KW3110) or without (CTL) L. paracasei KW3110 for 2 months.
Values are presented as the means ± SEM. Statistical differences between two groups (aged mice group fed
a control diet versus aged mice group fed a diet containing KW3110) were determined using an unpaired,
two‐tailed Student's t‐test with signicance set at p < 0.05. IL = interleukin; IFN = interferon; TNF = tumor
necrosis factor; KC = keratinocyte chemoattractant; MCP1 = monocyte chemoattractant protein 1.
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Supplementary Figure 3. Suppression of chemokine expression in the lamina
propia of the small intestine (SI‐LP) by intake of Lactobacillus paracasei KW3110.
Total mRNA was extracted from SI‐LP cells from aged mice (17‐months‐old) fed a diet with
(KW3110) or without (CTL) L. paracasei KW3110 for 6 months. Ccl20 gene expression was
estimated by qRT‐PCR and normalized to Gapdh gene expression. Values are presented as
*
the means ± SEM. Significance was assumed if the p value was < 0.05. p < 0.05.

Supplementary Figure 4. The retinal macrophages increased in aged
mice as compared with young mice. The ratio of CD11b and f4/80‐positive
to live cells. Significance was assumed if the p value was < 0.05; *p<0.05.
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ABSTRACT
Age-related para-inflammation in the retina-choroidal interface is featured by low-levels of complement
activation and subretinal macrophage accumulation. This study aimed to understand how complement
expression in macrophages is regulated by retinal pigment epithelium (RPE). Bone marrow-derived
macrophages (BMDMs) and RPE cells were cultured from 8-10 weeks old C57BL/6J mice. The BMDMs were cocultured with normal RPE, or oxidized photoreceptor outer segment (oxPOS) or TNF-α pre-treated RPE, or
apoptotic RPE, or RPE-choroid eyecups. Macrophages were then isolated and processed for real-time RT-PCR.
The expression of complement inhibitor C1INH in BMDMs was significantly upregulated by RPE and RPEchoroid eyecups. The eyecups also upregulated CFH, CD59a, and Crry in BMDMs. oxPOS pre-treated RPE
upregulated C1qb but down-regulated C3 expression in BMDMs. TNF-α pre-treated RPE enhanced C1INH and
CFB expression. When BMDMs were treated with apoptotic RPE, the expression of C1qb, CFH, and CD59a was
reduced, whereas the expression of C3, CFB and C1INH was increased. Our results suggest that RPE can
modulate macrophages complement expression at the retina-choroidal interface even under aging or oxidative
conditions. However, during inflammation, they may promote the alternative pathway of complement
activation through down-regulating CFH and CD59a and upregulating CFB and C3.

defence system, including innate immune cells (e.g.,
microglia and perivascular macrophages) and the
complement system [4]. The pathophysiology of retinal
innate immune cells, particularly microglia has been
well-studied and the subject has been reviewed
extensively recently (see review article [5-7]). However,
how the complement system protects the retina remains
poorly defined.

INTRODUCTION
The neuronal retina is segregated from the systemic
immune system by the blood retina barriers (BRB) and
is considered as an immune privileged tissue. In
addition to the physical barrier, the immune suppressive
microenvironment of the eye is also critical for retinal
immune privilege [1-3]. The immune privilege reduces
the likelihood of intraocular inflammation, thus protects
the neuroretina from inflammation-mediated damage.
Despite the lack of systemic immune surveillance, the
retina is well-protected by its own innate immune
www.aging-us.com
www.aging-us.com

The complement system constitutes over 30 proteins
and protein fragments. Most of the complement proteins
are known to be synthesized in the liver and released
1380
286

AGING
AGING

Figure 1. Subretinal macrophages in the aging eye. RPE/choroidal flatmount from 18 months (A) and 24 months (B) old
gfp/+

CX3CR1
mice were stained with phalloidin and imaged by confocal microscopy. Arrows - pigmented debris in subretinal
gfp/+
mouse was imaged by confocal microscopy. Green – GFP+
macrophages. (C), RPE/choroidal flatmount from a 24 month old CX3CR1
subretinal macrophages; Red – autofluorescence (AF).

into circulation as inactive precursors. Recent evidence
suggests that complement components are also
produced outside the liver by tissue cells [8]. Previous
studies from our group and others have shown that the
retina and retinal pigment epithelium (RPE)/choroidal
tissue express a variety of complement components [911], and microglia and RPE are the major sources of
local complement expression [9,12]. During aging, the
expression of complement proteins or fragments is
increased in the retina, particularly at the retina-choroid
interface [4,11,13,14]. Together with a low level of
microglial activation, the increased immune reactivity
in the aging retina (also known as para-inflammation
[14,15]) maintains retinal homeostasis and functionality
[14].

melanocyte stimulating hormone (α-MSH) [24];
whereas, under disease conditions, particularly when
RPE cells undergo apoptotic death, the dead RPE cells
can induce an angiogenic phenotype in macrophages
[25]. Although substantial RPE death unlikely occurs in
the normal aging eye, the cells are subjected to chronic
oxidative stress and are constantly undergoing
morphological remodeling [16]. The ability of RPE
cells to modulate macrophage function in the subretinal
space may depend on the condition of RPE cells.
Indeed, subretinal macrophages in the healthy adult
eyes (6 -12 months old) often have a small soma and
long- fine-dendrites (Fig. 1A), whereas the cells in the
aging eye (20 – 27 months) have a large cell body that
often contains pigmented debris (Fig. 1B) [15], and they
are autofluorescent (Fig. 1C) [17]. This suggests that
they are active phagocytizing debris released by
stressed RPE cells. In this study, we investigated the
effect of different types of RPE cells in macrophage
complement expression, including normal RPE cells,
oxidized photoreceptor outer segments (oxPOS) pretreated or TNF-α pre-treated RPE cells and apoptotic
RPE cells.

The retina-choroid interface undergoes progressive
changes during aging. For example, RPE cells increase
in size and become multinucleate [16], phagocytes
(microglia and macrophages) accumulate in the
subretinal space (Figure 1) [17-19]. RPE cells and
macrophages can both produce complement proteins
[9,12], and they are the major sources of complement
expression at the retina-choroid interface in the normal
aging eye. How their complement expression is
regulated during aging and at disease conditions is an
important question. We have shown previously that
complement expression in RPE cells is regulated by
active macrophages [12]. We have also shown that
complement expression in macrophages is regulated by
cytokines presented at the microenvironment [20].
Macrophages are in close contact with RPE cells at the
subretinal space in the aging eye (Figure 1). The aim of
this study was, therefore, to investigate how
complement expression in macrophages is regulated by
RPE cells.

RESULTS
The effects of normal RPE cells on BMDM
complement gene expression
Previously we have shown that macrophages express a
variety of complement components and regulatory
genes [20]. In this study, we selectively investigated
complement genes that were expressed at reasonable
levels in macrophages in our previous study, including
c1qb and c1inh of the classical pathway, cfb and cfh of
the alternative pathway, and c3 and cd59a of the
terminal pathway. When BMDMs were co-cultured
with normal RPE cells, the expression of C1qb and C3
mRNA was significantly reduced (Figure 2), whereas

Under normal physiological conditions, RPE cells can
suppress macrophage activation through pigment
epithelial-derived factor (PEDF) [21-23] and αwww.aging-us.com
www.aging-us.com
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Figure 2. The effects of normal RPE cell on BMDM complement expression. BMDMs from C57BL/6J mice were co-cultured
+
with primary mouse RPE cells for 7h (A) or 24h (B). Macrophages were then isolated by CD11b MACS kit and processed for real-time
RT-PCR analysis of complement genes (A) and western blot analysis of C1INH protein expression (B). Fold change of C1INH protein
expression by BMDMs after co-culture was analyzed by ImageJ (C). Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve
BMDM alone, Unpaired Student t test.

the mRNA expression of CD59a, particularly C1INH
was markedly increased (1.85-fold and 53.07-fold
respectively) (Figure 2A). The upregulation of C1INH
was further confirmed at protein level by Western Blot
(Figure 2B, 2C). The expression of CFB and CFH was
not affected. C1INH and CD59a negatively regulate
complement activation. Our result suggests that under
normal physiological conditions, RPE cells may
suppress complement activation at the retina—choroid
interface by modulating subretinal macrophage
complement expression.

The effects of oxPOS pre-treated RPE cells on
BMDM complement gene expression
Our recent work suggests that oxidized POS (oxPOS)
suppresses
RPE
proliferation
and
induces
multinucleation, a phenotype that is similar to RPE cells
in the aging eye [16]. In this study, we further found
that oxPOS treatment induced β-galactosidase
expression in RPE cells (Figure 3A), an indicative of
cell senescence. When BMDMs were co-cultured with
oxPOS pre-treated RPE, the expression of C1qb

Figure 3. The effects of oxidized POS treated-RPE cell on BMDM complement gene expression. RPE cells were treated with
oxidized photoreceptor outer segments (oxPOS) for 24h. oxPOS were then removed from the culture. (A) β-galactosidase expression in
ox-POS-treated RPE cells. (B) The oxPOS pre-treated RPE cells were co-cultured with naïve BMDMs for 7h. Macrophages were isolated
and processed for real-time RT-PCR analysis of complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve
BMDM alone, Unpaired Student t test.
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5
Figure 4. The effects of TNF-α treated-RPE cell on BMDM complement gene expression. RPE cells were treated with TNF-α
for 16h. Naïve BMDMs were then co-cultured with TNF-α pre-treated RPE cells for 7h. Macrophages were isolated and processed for
real-time RT-PCR analysis of complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve BMDM alone, Unpaired
Student t test.

increased by more than 3-fold. The expression of
C1INH remained at high levels (49.36-fold increment)
compared with untreated BMDMs, whereas the
expression of C3 was significantly decreased (Figure
3B). The expression of other genes, including CFB,
CFH, and CD59a was not affected (Figure 3B). C1q is
involved not only in the CP complement activation, but
also in phagocytosis [26]. Our results suggest that, RPE
cells in the aging eye may suppress complement
activation through macrophage related C1INH and
promote subretinal macrophage phagocytosis by
enhancing C1q expression.

fold and 50.1-fold respectively (Figure 4), whereas
other complement component genes, including C1qb,
C3, CFH and CD59a remained unchanged (Figure 4).
The result suggests that under inflammatory conditions,
RPE cells may convert macrophages into a phenotype
that can promote complement activation through the
alternative but not the classical or MBL pathway.
The effects of apoptotic RPE cells on BMDM
complement gene expression
Apoptotic RPE cells were induced by exposing cells to
1mM H2O2 in serum-free DMEM overnight at 37°C
[30]. Flow cytometry analysis confirmed that ~90%
RPE cells were Annexin V+ or Annexin V+PI+ (Figure
5A). When BMDMs were incubated with apoptotic
RPE cells, the expression of C3, CFB and C1INH was
upregulated by 3.58-fold, 59.63-fold and 45.76-fold
respectively, whereas the expression of C1q, CFH and
CD59a was down-regulated to 0.20-fold, 0.03-fold and

The effects of TNF-α pre-treated RPE cells on
BMDM complement gene expression
TNF-α is one of the key inflammatory mediators in the
inflamed eye e.g., uveoretinitis [27-29]. When BMDMs
were co-cultured with TNF-α pre-treated RPE cells, the
expression of CFB and C1INH was increased by 3.7-

Figure 5. The effects of apoptotic RPE cell on BMDM complement gene expression. Primary mouse RPE cells were treated

with H2O2 in serum-free DMEM overnight. Apoptotic RPE cells were confirmed by Propidium iodide (PI) and Annexin V staining (A). The
apoptotic RPE cells were then incubated with naïve BMDMs for 7h. Macrophages were isolated and processed for real-time RT-PCR
analysis of complement genes (B). Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01, ***, P < 0.001 compared to naïve BMDM alone, Unpaired
Student t test.
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Figure 6. The effects of RPE/choroid eye-cup on BMDM complement gene expression. Naïve BMDMs were cultured in

RPE/choroid eye cup from 18 months old mice for 7h. Macrophages were then isolated and processed for real-time RT-PCR analysis of
complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve BMDM alone, Unpaired Student t test.

0.55-fold (compared to BMDM alone) respectively
(Figure 5B). The result suggests that apoptotic RPE
cells may promote AP complement activation in
subretinal macrophages.

macrophage towards an anti-complement activation
phenotype although inflammatory or apoptotic RPE
cells may promote the alternative pathway of
complement activation by inducing
relevant
complement expression in macrophages. The immune
modulatory role of RPE cells on macrophage
complement expression may be an additional
mechanism to maintain retinal homeostasis particularly
in the aging eye where macrophages accumulate in the
subretinal space.

Changes in BMDM complement gene expression
after culturing in RPE-choroid eyecup
To further understand how complement expression by
subretinal macrophages is regulated by RPE cells in the
aging eye, BMDMs were cultured in the eyecups of 18
months old mice. The cells were then removed from the
eyecups and their complement gene expression was
analyzed by real-time RT-PCR. Compared to naive
BMDMs, the eyecup treated macrophages expressed
significantly higher levels of CFH, C1INH, CD59a and
Crry (2~3-fold increment) (Figure 6). There was a trend
of upregulation in CD55 mRNA in eyecup treated
macrophages (Figure 6, P = 0.12 respectively). The
expression of other complement genes, including C1qb,
C3, C4 and CFB remained unchanged (Figure 6). CFH
and C1INH are secretory types of complement
inhibitors, whereas CD59a, Crry and CD55 are
membrane-type inhibitors. Our results suggest that
subretinal macrophages are likely to suppress
complement activation at the retina-choroid interface in
the normal aging eye.

Previously we have reported a low-level of complement
activation (e.g., increased CFB and C3/C3b expression)
at the retina-choroid interface in the aging eye [11,14].
We believe that this low-level of complement activation
is beneficial and important to maintain retinal
homeostasis [14]. Uncontrolled complement activation
is believed to be involved in the pathogenesis of AMD
[4,10,38-40]. How complement activation at the
immune privileged site of subretinal space (i.e., retinachoroid interface) is regulated and why the activation
becomes detrimental in AMD is not known. Previous
studies have observed higher plasma levels of C3a, C4a
and C5a in AMD patients compared to age-matched
controls [39-41]. However, a recent study by Schick et
al did not find significant difference in the plasma levels
of C3a, Ba, sC5b-9, CFH, CFI between AMD patients
and age-matched controls, but the aqueous levels of C3a
and Ba were significantly higher in AMD patients [42],
suggesting that uncontrolled local but not systemic
complement activation may play an important role in
AMD pathogenesis.

DISCUSSION
RPE cells are known to critically control the immune
suppressive microenvironment of the subretinal space
through multiple mechanisms, including inducing the
death of infiltrating immune cells (through the Fas
Ligand and Tumor Necrosis Factor-related apoptosisinducing ligand (TRAIL) [31-33]), releasing of immune
suppressive mediators (e.g. TGF-β, retinoic acid,
thrombospondin-1, CTLA4 and CLTA2) [34-37]). In
this study, we show that RPE cells can modulate

www.aging-us.com
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RPE and subretinal macrophages are the only two types
of cells in the retina-choroid interface in the aging eye,
and they may critically control local complement
activation. Previously, we have shown that RPE cells
express high levels of complement regulators (e.g.,
C4BP, MASP1, CFH, C1INH, DAF, Crry and CD59a),
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but relative low levels of complement components (e.g.,
C2, C4, CFB and C5) [9,12]. This complement
expression profile fits the immune suppressive nature of
RPE cells and may contribute to the immune privilege
of the subretinal space. Macrophages, on the other hand,
express high levels of C1q under normal culture
conditions [20]. C1q not only can initiate the classical
pathway of complement activation, but also is critically
involved in the phagocytosis of antibody-opsonized or
FcR coated particles [26]. In this study, we show that
normal RPE cultures are able to down-regulate the
expression of C1qb and C3 and upregulate the
expression of C1INH and CD59a in macrophages. The
upregulation of complement regulators (CFH, CD59a,
Crry, C1INH and CD55) was more prominent when
macrophages were cultured in the RPE-choroid eyecups
(Figure 6). Our results suggest that RPE cells may
convert subretinal macrophages into a phenotype that
can suppress complement activation. This “anticomplement activation” function of RPE may be a
novel mechanism contributing to the immune
suppressive microenvironment of the subretinal space.

This concept is supported by our previous observation
that retinal complement activation in autoimmune
uveoretinitis is mediated predominately by the AP [15].
In summary, we show that RPE cells can modulate
macrophage complement expression. Under normal
aging conditions, RPE cells may convert macrophages
into a phenotype that can suppress complement
activation with enhanced phagocytosis. This immune
regulatory function of RPE cells on macrophages may
be lost under inflammatory conditions. Instead,
inflammatory or apoptotic RPE cells promote
macrophages to produce complement components
necessary for the AP activation. RPE cells together with
subretinal macrophages critically control complement
activation at the retina-choroid interface in the ageing
eye.

MATERIALS AND METHODS
Preparation of photoreceptor outer segments
Photoreceptor outer segments (POS) were isolated from
bovine eyes using the sucrose gradient density
centrifugation as previous described [43]. Oxidized
POS (ox-POS) was generated by exposing POS to 302
nm ultraviolet light for 18 hours [43], and lipid
oxidation was confirmed using thiobarbituric acid
reactive substance assay (TBARS) kit (OXI-TEK
TBARS Assay kit, Alexis; Axxora Ltd, Nottingham,
UK). The levels of TBARS were confirmed to be 60 92 nmol/108 POS in oxPOS and 5 ~ 11 nmol/108 POS in
non-oxidized POS.

The ability of RPE cells to regulate macrophage
complement expression appears to rely on the
physiological condition of the cells. After pre-treatment
with oxPOS which induced RPE cells senescence, RPE
cells further increased the expression of C1q and
C1INH in macrophages (Figure 3). This phenotype
allows macrophages to maintain complement
suppressive property, but the phagocytosis function may
be improved (as a result of increased C1q expression).
oxPOS pre-treated RPE cells mimic the RPE cells in the
aging eye [16], which may release debris into the
subretinal space. This macrophage phenotype ensures
effective clearance of the debris from the subretinal
space to maintain homeostasis. Indeed, many subretinal
macrophages in the aging eye contain pigmented
inclusions (Figure 1B, 1C) [16].

RPE cell culture
Primary mouse RPE cells were isolated and cultured
from 3-month old wild type C56BL/6J mice as
described previously [9,11]. Briefly, after removing the
anterior segment of the eye, the vitreous and retina were
peeled off from the eye cups. The RPE/choroid/sclera
eye cups were incubated with 0.5% (w/v) trypsin-EDTA
(ICN Flow, Irvin, UK) at 37°C for 30 min. RPE cells
were harvested by gentle aspiration and the single-cell
suspension was collected and seeded into culture plates
with Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% Fetal Calf Serum (FCS) and
100 mg/ml primocin. Cells were subcultured when they
reached confluence. RPE phenotype was confirmed by
their cytokeratin 19 expression. Cells of passage 3-5
were used for experiments.

Under disease conditions whereby RPE cells are
subjected to inflammatory insult (e.g. TNF-α) or even
undergo cell death, they may lose the immune
suppressive property, instead become proinflammatory.
TNF-α pre-treated RPE cells upregulated CFB and
C1INH expression (Figure 4) in BMDMs, suggesting
that they may suppress CP but promote AP complement
activation. This macrophage phenotype was further
enhanced by apoptotic RPE cells, evidenced by reduced
expression of CP component (C1q) and AP inhibitor
(CFH) and increased expression of CP inhibitor
(C1INH) and AP components (CFB, C3) (Figure 5).
This result suggests that under disease conditions,
damaged or dead RPE cells may convert subretinal
macrophages into a phenotype that can promote the AP
complement activation at the retina-choroid interface.

www.aging-us.com
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To induce apoptosis in RPE cells, the cell cultures were
treated with 1mM H2O2 in serum-free DMEM for
overnight at 37°C [30]. Cells were detached by washing
with ice-cold PBS and processed for Annexin
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containing RPE, choroid and sclera were used for
further studies.

V/Propidium Iodide (PI) staining according to
manufacturer’s instructions (Life Technologies, UK),
and examined by FACS Canto II (BD Biosciences,
Oxford, UK).

1 x 104 BMDMs were added into the eyecup and
cultured at 37 °C in 5% CO2 incubator for 7h. BMDMs
on eyecup were harvested by gently shaking the eyecup
in a tube with culture medium. 90-95% of cells were
F4/80+ by flow cytometry. The cells were collected and
processed for real-time RT-PCR.

To generate oxRPE cells or TNF-α pre-treated RPE
cells, RPE cells were incubated with 1x 106/ml ox-POS
[43] or TNF-α (20 ng/ml) [11] for 24 h. Un-ingested
POS or excessive TNF-α were then removed from the
culture by thorough washes with warm PBS. RPE cells
with different treatments were stained for βGalactosidase using the Senescence β-Galactosidase
Staining Kit (Sigma-Aldrich) as per manufacturer’s
instructions.

RNA isolation and reverse transcription
Total RNA was extracted from cultured BMDMs using
the RNeasy mini kit (Qiagen Ltd., West Sussex, UK)
according to the manufacturer’s instructions. The
quantity and quality of the RNA were determined using
the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). First-strand cDNA
synthesis was performed by a reaction of 1 µg of total
RNA with a random primer, using the SuperScriptTM II
Reverse Transcriptase kit (Invitrogen, Paisley, UK).

Culture of bone marrow-derived macrophages
(BMDMs)
BMDMs were cultured using the protocol originally
described by Weischenfeldt and Porse [44] with slight
modification [20]. Briefly, tibias and femurs were
collected from 8 to 12-week old wild-type C57BL/6J
mice. Bone marrow was flushed with DMEM (Gibco
BRL, Paisley, UK). Red Blood Cells (RBCs) were lysed
by RBC Lysis Buffer (0.75% NH4Cl, 0.02% Tris-HCl,
pH 7.2). Cells were then washed and cultured in
DMEM supplemented with 15% FCS and 15% L929 (a
murine fibroblast cell line that secretes M-CSF)
conditioned medium containing 100 mg/ml primocin
(Invivogen, San Diego, California, USA) in 75 cm2
Culture Flasks, and incubated at 37°C in 5% CO2
incubator. After 6 days, cells were collected for further
experiments. Flow cytometry confirmed that >92% of
the cells were F4/80+CD11b+.

Real-time Polymerase Chain Reaction (Real-time
RT-PCR)
Real-time RT-PCR was performed in a total of 12 µl
mixture solution in 384-well plates using the
LightCycler 480 system (Roche Applied Science,
Mannheim, Germany). Each 12 µl of reaction mixture
contains 6 ml of LightCycler 480 SYBR Green Master
(Roche Diagnostics GmbH, Mannheim, Germany), 0.5
mM primers and diluted cDNA. Real-time RT-PCR
quantifications were run in triplicate for each sample
and the average determined. PCR products were
quantified by the LightCycler 480 software. Melting
curve and gel electrophoretic analyses were used to
determine amplification homogeneity and data quality.
Expression levels were normalized to β-actin. The
primer sequences have been described previously
[12,20].

BMDM-RPE co-culture
1.5 x 106 BMDMs were seeded into T25 flask RPE
cultures (5 x 105 of normal RPE, or ox-RPE or TNF-αRPE or apoptotic RPE cells) and co-cultured for 7h or
24h. Cells were then detached in ice-cold PBS with
2mM EDTA and passed through 70 µm cell strainer.
BMDMs were isolated with the CD11b+ MACS kit
(Miltenyi Biotec, UK). The phenotype of the BMDMs
was confirmed to be 95-98% CD11b+F4/80+ by flow
cytometry (FACS Canto, BD Biosciences, UK). The
cells were processed further for downstream
experiments.

Western blot
BMDMs were lysed in RIPA buffer with protease
inhibitors (Sigma Aldrich, USA). The total protein
concentration was measured using a BCA kit (Solarbio,
China). Ten micrograms of total protein were applied to
10% SDS-PAGE and blotted to an Immobilon-FL
polyvinylidene difluoride membrane (Millipore, China).
After blocking with 5% fat-free milk, the membrane
was incubated with primary antibodies for C1INH
(Abcam, UK) and β-actin (Arigo Biolaboratories,
China) at 4 °C overnight, followed by incubation with
secondary antibodies respectively at room temperature
for 1-2 h. Quantitative imaging was performed using
Odyssey
infrared
imaging
system
(Li-COR

Macrophage culture in the eye-cup
Eyes from 18 months old C57BL/6J mice were
sterilized with 75% ethanol and dissected under
microscope. The anterior segment of the eye, the lens
and retinal tissue were removed. The eyecups
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Biotechnology, USA). Protein bands were quantified
using ImageJ software.
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mean (SEM). The difference in complement gene
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ABSTRACT
Life-long eye lens function requires an appropriate gradient refractive index, biomechanical integrity and
transparency. We conducted an extensive study of wild-type mouse lenses 1-30 months of age to define
common age-related changes. Biomechanical testing and morphometrics revealed an increase in lens volume
and stiffness with age. Lens capsule thickness and peripheral fiber cell widths increased between 2 to 4 months
of age but not further, and thus, cannot account for significant age-dependent increases in lens stiffness after 4
months. In lenses from mice older than 12 months, we routinely observed cataracts due to changes in cell
structure, with anterior cataracts due to incomplete suture closure and a cortical ring cataract corresponding to
a zone of compaction in cortical lens fiber cells. Refractive index measurements showed a rapid growth in peak
refractive index between 1 to 6 months of age, and the area of highest refractive index is correlated with
increases in lens nucleus size with age. These data provide a comprehensive overview of age-related changes in
murine lenses, including lens size, stiffness, nuclear fraction, refractive index, transparency, capsule thickness
and cell structure. Our results suggest similarities between murine and primate lenses and provide a baseline
for future lens aging studies.

INTRODUCTION
The eye lens is required for fine focusing of light onto
the retina to form a clear image, and the function of the
lens is intimately tied to its shape, biomechanical
properties, transparency and refractive index. It has long
been known that age-related changes in these lens
properties lead to two major lens pathologies, cataracts
and presbyopia [1]. Cataracts, defined as any lens
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opacity, are the leading cause of blindness in the world
[2], and almost all mammalian and avian species
develop age-related cataracts [3–15]. Changes in lens
transparency occur in several locations, cortical, subcapsular and nuclear, and there are many hypothesized
causes for opacities, including UV light exposure,
reactive oxygen species, nutrition and genetic variations
[16–18]. Though previous studies have demonstrated
that wild-type mouse lenses develop age-related
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cataracts [10, 12–15, 19, 20], the age at which defects
appear and the mechanisms for opacities in different
locations in lenses from aged mice has not been
thoroughly studied. Presbyopia is caused by a reduction
in the lens’ ability to change shape during focusing
(accommodation), and, by extension, the need for
reading glasses [21–23]. Studies have linked age-related
increases in lens stiffness to presbyopia [21–26], and
increased lens stiffness with age has been reported in
humans [21, 26–34] and animal models [34–36],
including mice [37–41].
The lens is composed of two cell types, a monolayer of
epithelial cells covering the anterior hemisphere and a
bulk mass of differentiated lens fiber cells (Supplementary Figure 1). A basement membrane, called the
capsule, encapsulates the lens [42]. Life-long lens
growth occurs through the proliferation, elongation and
differentiation of equatorial epithelial cells into new
fiber cells that are added in concentric layers
surrounding previous generations of fibers [43–45].
Hexagonal packing of lens fibers is established by cell
reorganization and shape changes in equatorial
epithelial cells [46, 47]. High refractive index in the
lens is established by the high concentration and short
range order of crystallin proteins [48, 49]. Previous
studies, including our work, suggest that cytoskeletal
structures are important to maintain lens mechanical
integrity [38, 40, 50, 51]. The lens is a unique organ
where all the cells are retained since the formation of
the tissue during embryonic development, and there is
little or no protein turnover in cells at the center of the
lens [42]. This presents a rare opportunity to study
cellular aging by allowing comparison of cells made in
the embryo vs. cells added during in adulthood vs. cells
formed in old age.
Little is known about the morphological, mechanical,
refractive and cellular changes that occur with advanced
age in the lens. Mice offer an opportunity to investigate
changes in lens morphometrics, stiffness, transparency
and refractive properties with age in a relatively
shortened period of time. We carried out a comprehensive study of the properties of mouse lenses from
young adult mice (1–2 months old) to very old mice
(24–30 months old), measuring size, Gradient
Refractive Index (GRIN) and stiffness. We also
determined that anterior subcapsular and cortical ring
cataracts appear in wild-type mouse lenses around 12
months of age. Confocal and electron microscopy
revealed morphological changes in lens fiber cells that
are correlated with these changes in lens transparency,
suggesting a cellular basis for these age-related
cataracts. In all, we demonstrate that age-related
changes in mouse lenses mimic some aspects of aging
in human lenses.
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RESULTS
Mouse lenses have increased size, nuclear fraction,
stiffness and resilience with age
We first examined the morphometrics of mouse lenses
between 2–30 months of age (Figure 1). We measured
the axial (Figure 1, red double-headed arrows) and
equatorial diameters (Figure 2, green double-headed)
arrows for each lens to calculate lens volume, lens aspect
ratio, nuclear volume and biomechanical properties. We
observed that lenses from very old mice (24–30 months)
have an optical discontinuity in the lens cortex (Figure 1,
yellow arrowheads). For morphometric measurements,
we used dot plots with lines to show the average and
standard deviation, and also included a graph for each
parameter of the Tukey 95% confidence interval from the
statistical analysis, to assess the significance of the
multiple comparisons between the age groups. The
horizontal lines representing each comparison are
statistically significant if they do not cross the vertical
dotted line (95% confidence), which is similar in concept
to a p-value less than 0.05. We found that lenses steadily
increased in volume between 2 to 8 months of age, with
growth slowing down between 8 to 18 months of age
(Figures 1 and 2A). Mouse lenses do not increase
significantly in volume after 18 months of age. The
equatorial diameter of lenses does not increase
significantly after 8 months of age while axial diameter
increases slightly until 18 months of age (data not
shown). Mouse lenses are nearly spherical in shape,
becoming slightly more spherical between 2 and 4
months of age (Figure 2B). After 4 months, the lens
aspect ratio does not change significantly with age. Lens
fiber cells at the center, or nucleus, of the lens become
compacted [21, 52], and in mouse lenses, the nucleus is a
hard and spherical structure that can be isolated by
removing the softer cells of the lens cortex [38, 41]. In
contrast to the constant lens volume after 18 months of
age, the size of the nucleus continues to increase with age
up to 30 months of age (Figures 1 and 3). While the rate
of increase is slow (no change from 8 to 12 months, or
from 18 to 24 months), the size of the nucleus increases
significantly between 24 to 30 months of age. These data
suggest that while overall lens growth slows down, the
remodelling and compaction of the nucleus continues in
the mouse lens with age.
Next, we examined the biomechanical properties of
lenses between 2–30 months of age. We utilized the
application of sequential coverslips to compress the lens
and then measured axial compressive strain (negative)
and equatorial expansion strain (positive). Strain is a
dimensionless measurement of percent change, allowing
direct comparison between age groups regardless of
changes in lens volume. Similar to previous reports
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Figure 1. Side view pictures of mouse lenses between 2-30 months of age pre-compression, during coverslip compression (1,
5 and 10 coverslips) and post-compression, and the isolated lens nucleus. With age, the application of the same load compressed

the older lenses less than young lenses. There is an overall increase in lens size and nucleus size with age. The axial diameter (red doubleheaded arrows) and the equatorial diameter (green double-headed arrows) for each lens were measured to calculate lens volume, lens
aspect ratio, axial compressive strain, equatorial expansion strain, resilience and nuclear volume. In very old lenses (24-30 months), there is
an area of optical discontinuity in the lens cortex (yellow arrowheads). Scale bar, 1mm.
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[37–41], we observe that there is a steady increase in
lens stiffness with age, demonstrated by the decrease in
axial and equatorial strain under compressive load
(Figures 1, 4A and 4B). After compression, we
measured lens resilience (recovery after load removal)

by comparing the pre- and post-loading axial diameter
of the lens. Between 2-24 months, the resilience of the
lens is similar, recovering to 94–96% pre-loading
diameter (Figure 4C). Surprisingly, at 30 months, the
resilience of the lens is even better, recovering to 98.8%

Figure 2. Lens volume and aspect ratio for mouse lenses between 2–30 months of age. Lines on the plots reflect mean ± SD of n =

at least 8 lenses per age. The graph next to the data plots shows the 95% confidence interval. Any comparisons not crossing the dotted line
are statistically significant (p < 0.05). (A) Lens volume (mm3) from mice between 2–30 months of age. The volume increases steadily between
2-8 months of age and more slowly after 8 months. (B) The lens aspect ratio (axial/equatorial diameter) drops slightly between 2 to 4 months
of age and then remains unchanged with age. Mouse lenses become slightly more spherical between 2 and 4 months.
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± 1.2%, and some of the lenses recovered completely to
their pre-loading axial diameter. This may be linked to
the dramatic increase in nuclear size in 30-month-old
lenses. The mouse lens nucleus is very stiff and resists
compression. Alternatively, very old lenses do not
compress as much as the young lenses so it is possible
that the increase in resilience may be because the oldest
lenses do not need to recover as much after load
removal.

Detailed analysis of strain data revealed that at the
lowest load (129.3mg), there is an increase in stiffness
of the lens between 2 to 8 months of age
(Supplementary Figures 2A and 3A). Interestingly,
lenses from mice over 4 months of age do not exhibit
increased stiffness with age at this lowest load. This
data suggests that the lens peripheral region, which is
compressed by the lowest load, does not stiffen much
with age. In contrast, at the highest load (1293mg),

Figure 3. Nuclear volume and fraction for mouse lenses between 2–30 months of age. Lines on the plots reflect mean ± SD of n =
at least 8 lenses per age. The graph next to the data plots shows the 95% confidence interval. Any comparisons not crossing the dotted line
are statistically significant (p < 0.05). (A) The volume (mm3) of the lens nucleus steadily increases with age. (B) Since nuclear volume increases
more than lens volume with age, the nuclear fraction (nuclear/lens volume) increases with age.
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Figure 4. Lens stiffness and resilience for mouse lenses between 2–30 months of age. Plots reflect mean ± SD of n = at least 8

lenses per age. The graph next to the data plots shows the 95% confidence interval. Any comparisons not crossing the dotted line are
statistically significant (p < 0.05). (A, B) Compression testing using sequential application of coverslips showed a steady decrease in axial and
equatorial strain with age, indicating that lenses from older mice are stiffer. (C) Very old lenses from 30-month-old mice had increased
resilience, calculated as the ratio of the pre-compression over post-compression axial diameter. Resilience for 30-month-old lenses was
98.8% ± 1.2% while resilience for younger lenses was ~94-96%.
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there was a general decrease in strain with age,
suggesting that whole lens stiffness increased with age
(Supplementary Figures 2B and 3B).
Capsule thickness and fiber cell width do not
increase after 4 months of age, but epithelial cell
area increases slightly with age
We conducted a detailed study of the lens capsule and
cell size in lenses from 2–12 months old mice. Utilizing
WGA staining for the lens capsule and tdTomato+labelled epithelial cell [53], we were able to measure
capsule thickness in live lenses (Figure 5A). The lens
capsule increased in thickness between 2 to 4 months of
age but did not change in thickness beyond 4 months of
age. Live lens imaging of anterior epithelial cells also
revealed a small increase in epithelial cell area between

young 2- and 4-month old and older 12-month-old
lenses (Figure 5B). The small change in anterior
epithelial cell size likely reflects an increase in lens
volume accompanied by a mild decrease in the number
of quiescent anterior epithelial cells with age [54]. We
also measured cortical fiber cell width in fixed lenses
and observed a slight increase in fiber cell width
between 2- and 4-month-old lenses, but no further
changes in cortical fiber width after 4 months of age
(Figure 5C). This indicates that newly formed fiber cells
remain at a constant width after 4 months of age. Since
the lens continues to grow after 4 months without an
increase in fiber cell width, the number of cells in newly
added outer shells would increase to fill the larger lens
circumference, and we would also expect increased
axial length of fibers in aging lenses to stretch from the
anterior to posterior poles.

Figure 5. Live lens measurements of capsule thickness and anterior epithelial cell area and fixed lens measurements of
cortical fiber cell width. Lines on the plots reflect mean ± SD of n = at least 6 lenses per age. Data from 2-month-old samples are

reprinted from our previous publication [53]. *, p<0.05; **, p<0.01; ****, p<0.0001. (A) Lens capsule thickness increases between 2
months and older ages, but the thickness is unchanged after 4 months of age. WGA (lens capsule) is shown in green, and tdTomato
signal (basal surface of anterior epithelial cells) is shown in red. (B) Anterior epithelial cell area is increased between 2 and 4 months
and 12 months of age. Cell nuclei (Hoechst) is shown in blue, and tdTomato signal (lateral membrane of anterior epithelial cells) is
shown in grayscale. (C) Cortical fiber cell width increases between 2-month-old and older lenses, but there is no increase in fiber cell
width after 4 months of age. The fiber cells are numbered showing 11 full-width cells in the 2-month-old lens and 10 full-width cells in
lenses that were 4 months and older. These measurements show that although mouse lenses continue to increase in size with age,
capsule thickness and fiber cell size only increase until about 4 months of age. There is a mild increase in epithelial cell size up to 12
months of age.
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Anterior cataracts, cortical haziness and ring
cataracts are observed in lenses from mice older
than 12 months
Maintaining life-long transparency is essential for the
function of the lens. We imaged freshly dissected lenses
from 2-30-month-old mice, and determined that after 12
months of age, lenses very often developed anterior
punctate cataracts (Figure 6A, arrowheads) and opacity
in the lens cortex (Figure 6A, asterisks). The mild
cortical haziness becomes a distinct ring in lenses by 24
months (Figure 6A, arrows). While the peripheral
region of the lens outside the ring remained transparent,
the inner portion of old lenses was translucent, but not
transparent. The ring cataract causes a band of optical
discontinuity that is more apparent when viewing the
lens from the side (Figure 1, yellow arrowheads).
The mice we initially examined were in the B6-albino
background from Jackson lab. Though there have been
previous reports that mice in the C57BL6 genetic
background develop cataracts with age [10, 12–15,
19, 20], these reports did not investigate the timing and
location of cataracts in detail. Therefore, we also
examined mouse lenses in two other B6 wild-type
mouse lines to determine whether the timing of cataract
occurrence and lens opacity locations were similar to
the B6-albino wild-type mice. We found that B6 wildtype lenses from C57BL6 mice from Charles River and

B6SJL mice from Jackson Lab also develop anterior
opacities, cortical haziness and ring cataracts at
approximately the same age as lenses from B6-albino
wild-type mice (Figures 6B and 6C).
Almost all lenses from wild-type mice in various B6
backgrounds over 12 months of age developed anterior
cataracts, cortical haziness or ring cataracts with
varying degrees of severity (Table 1). There were no
lenses from mice over 12 months of age without
cataracts, and most aged lenses had multiple areas of
opacity. In 12-month-old lenses, ~59% had anterior
cataracts, ~85% had cortical haziness and ~3% of lenses
were clear. In 18-month-old lenses, ~70% had anterior
cataracts, ~87% had cortical haziness and ~10% had
ring cataracts. In 24-month-old lenses, ~92% of lenses
had anterior cataracts, ~38% had cortical haziness and
75% of lenses had a ring cataract. In 30-month-old
lenses, all lenses had anterior and ring cataracts.
Anterior cataracts in old lenses are due to
incomplete suture closure and detachment of
anterior epithelial cells from the underlying fiber
cells
To determine the cause of anterior cataracts, we fixed
lenses and performed whole lens staining and imaging
of the lens anterior. We used phalloidin staining to
determine whether there were changes in F-actin

Figure 6. Lens images (top down view) from mice between 2-30 months of age in various B6 wild-type backgrounds. (A) B6albino wild-type mice have clear lenses up to 8 months of age and develop small anterior opacities (arrowheads) by 12 months of age. Lenses
from mice between 12-18 months develop cortical haziness (asterisks). Old lenses from mice between 24-30 months display ring cataracts
(arrows) with a clear periphery and translucent, but not transparent, central regions. (B, C) Similar to B6-albino wild-type lenses, C57BL6 and
B6SJL wild-type lenses also develop anterior opacities (arrowheads), cortical haziness (asterisks) and ring cataracts (arrows) at the same age
as B6-albino wild-type mice. These images reveal that aged mouse lenses in the B6 genetic background develop cataracts around 12 months
of age at the anterior pole and the lens cortex (haziness and ring opacity). Scale bars, 1mm.
www.aging-us.com
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Table 1. Cataract phenotypes in WT mice of various B6 backgrounds.

B6-albino

C57BL6

B6SJL

Age
<8M
12M
18M
24M
30M

# of lenses
28
26
18
16
12

Anterior
0
12
10
12
12

Cataract location
Cortical
0
22
17
6
0

Ring
0
0
0
12
12

12M

4

4

3

0

17-18M
24-25M
12M
18M
24M

5
5
4
7
5

5
5
4
6
5

2
0
4
7
4

3
5
0
0
1

30-32M

4

4

0

4

Analysis of lens opacities in WT mice in various B6 backgrounds between 2-30 months of age. Most aged lenses (12+ months)
displayed anterior cataracts, cortical haziness or ring cataracts, and many lenses had multiple opacities in different locations
of the lens. Only one lens from a B6-albino 12-month-old mouse was clear and did not have obvious cataracts.

organization in anterior epithelial and fiber cells.
Previous studies had suggested anterior subcapsular
opacities were due to abnormal epithelial cells
undergoing epithelial-to-mesenchymal transition (EMT)
[55–59]. Surprisingly, we found that anterior cataracts
in 18-month-old lenses (Figure 6, arrowheads) were
correlated with incomplete closure of the anterior suture
(Figure 7A). In younger lenses, as expected, elongating
lens fiber cell tips meet at the anterior and posterior
poles to form a Y-shaped suture (Figure 7A and
Supplementary Figure 1A) [60]. The fiber cell tips
forming the anterior suture are directly below and
attached to the apical surface of the anterior epithelial
cells [60]. Compared to the tight adhesion of anterior
epithelial cells and the underlying lens fibers at the
suture location in the 4-month-old lens, the entire
epithelial sheet appears wrinkled and collapsed into the
gap of the anterior suture, and the epithelial cells appear
to be partially detached from the underlying fiber cells
in the 18-month-old lens (Figure 7B). The location of
this morphological defect in the lens epithelium is
directly correlated with the presence of anterior
subcapsular cataracts observed in lenses from mice over
12 months of age. Yet, despite detachment from the
underlying fibers, anterior epithelial cells of the 18month-old lens remained in a monolayer with no
evidence of abnormal proliferation.
Ring cataract in old lenses is linked to abnormal
compaction of differentiating fiber cells
To determine whether there are cell morphology
changes associated with the ring cataract in lenses from
www.aging-us.com
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mice older than 24 months of age (Figure 6, arrows), we
performed SEM on dissected lens halves from 8 months
and 24 months of age to visualize fiber cell profiles
from the peripheral fibers in the cortex to the
differentiating fibers in the inner cortex to the mature
inner fibers (Figure 8 and Supplementary Figure 1B). In
the 8-month-old lens, cortical fibers are organized with
clear cell-cell boundaries. As these fibers differentiate,
there is the appearance of small protrusions along the
short sides of the fiber cells in the 8-month-old lens.
After the fiber cells undergo final maturation in the 8month-old lens, we observe the normal large paddles
and small protrusions that form the complex
interdigitations of lens fiber cells (Figure 8, Mature
Inner Fibers). The images of fiber cells from 8-monthold lens at various stages of maturation (i.e., depth) are
consistent with previous studies of fiber cell
morphology [50, 61–66]. In contrast, in the 24-monthold lens, we observe disorganized cortical fiber cells,
and the differentiating fibers of the old lens were
compacted in the region corresponding to the ring
cataract (Figure 8, red arrows and red box).
Surprisingly, the inner mature fibers beyond the zone
of compaction in the old lens have normal paddles and
protrusions similar to cells in the young lens. Our data
suggest that compaction of differentiating lens fibers
within a narrow zone in the cortex is correlated with
an optical discontinuity in the lens cortex leading to
the ring cataract in the 24-month-old lens. This
apparently differs significantly from the large,
continuous areas of compaction normally seen in the
nuclear fiber cells, which retain transparency in the
aging lenses.
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Hexagonal fiber cell packing of fiber cells is
disrupted with age
Since we observed disorganization of the cortical fiber
cells in the 24-month-old lens, we conducted TEM to
determine the cell shape and organization of lenses from
mice between 3–29 months of age (Figure 9). Cross
sections through the lens periphery (Supplementary
Figure 1B) include the epithelial cells on the left (labelled
Epi), peripheral fiber cells and inner fiber cells on the
right (Figure 9). The 3- and 8-month-old lens fibers are
hexagonal in shape with uniform cell size. These young
fiber cells are well aligned into neat rows and radial

columns. In the 12-month-old lens, the newly formed
fibers at the lens periphery in this older lens have lost their
distinct hexagonal shape but are still mostly uniform in
size and organized into radial columns spanning
neighboring layers. In contrast, in the 29-month-old lens,
the fiber cells have all lost their normal hexagonal shape,
are highly variable in size with tortuous membrane
contours and are no longer aligned into radial columns.
The electron density of the fiber cell cytoplasm is also
highly variable, such that neighboring cells with dark and
light gray cytoplasm are visible. There is also a general
disorganization of cells in this very old lens, likely due to
the change in cell shape and size.

Figure 7. Whole lens staining for F-actin (phalloidin, green) and nuclei (DAPI, red) in 4-month-old and 18-month-old lenses.

(A) The maximum intensity projection of the anterior lens epithelium and underlying fibers in the 4-month-old lens shows evenly distributed
epithelial cell nuclei (DAPI) with a normal branched Y-suture (F-actin) under the epithelial cells. In contrast, there is an obvious defect at the
apex of the 18-month-old lens with abnormal distribution of epithelial cell nuclei (DAPI, arrows) and a gap in the anterior suture (F-actin,
arrowheads). (B) A 2D YZ projection of the 3D reconstruction of a Z-stack through the anterior epithelium and underlying fiber cells in the 4month-old lens reveals tight adhesion of the anterior epithelial and fibers. In the 18-month-old lens near the fiber cell defect, the anterior
epithelial cell layer is wrinkled and is depressed into the gap of the Y-suture. Although there was a defect in the epithelial cell sheet
organization, there was no evidence of multilayered epithelial cells or abnormal epithelial cell proliferation in the 18-month-old lens. These
results reveal that anterior cataracts in 18-month-old lenses are correlated with detachment and wrinkling of the anterior epithelial cells
from the underlying Y-suture formed by fiber cells. Scale bars, 0.5mm in A and 20μm in B.
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Hexagonal shape, packing and radial alignment of
fiber cells originates from the F-actin dependent
morphogenesis of the equatorial epithelial cells into
meridional rows before fiber cell elongation and
migration [46, 47]. F-actin polymerization can be
affected by the redox state of the cell during aging and
pathology (reviewed in [67]), and oxidative stress is a
possible cause for cataractogenesis [1]. Therefore, we
compared the packing and alignment of the anterior
and equatorial epithelial cells, as well as the F-actin
cytoskeleton in young and old lenses (Figure 10). We
observed no obvious difference in the F-actin
cytoskeleton of anterior epithelial cells between the 4month-old and 18-month-old lenses (Figure 10A).
Consistent with previous work [68–75], we observed

F-actin stress fibers and lamellipodia on the basal
surface, sequestered actin bundles (SABs) and cortical
F-actin near the lateral membrane and polygonal
arrays on the apical surface of the anterior epithelial
cells. At the lens equator, we observed organized
hexagonal-shaped epithelial cells that are lined up in
neat rows in the 4-month-old and 18-month-old lenses
(Figure 10B). F-actin is enriched at the cell membrane
with a basal F-actin meshwork, similar to previous
reports [47, 69]. Thus, these data indicate that the Factin cytoskeleton is not significantly altered with age
in lens epithelial cells and that alterations in hexagonal
cell shape in fiber cells of old lenses are unlikely to
arise from a defect in equatorial epithelial cell shape,
alignment and organization.

Figure 8. Side view lens images and scanning electron microscopy (SEM) at various depths in 8-month-old and 24-month-old
lenses. Boxed regions in green on the low magnification SEM image indicate the approximate location where high magnification images

were obtained. Cortical, newly formed fiber cells are disorganized in the 24-month-old lens compared to orderly cortical fibers in the 8month-old lens. Differentiating fiber cells in deeper cortex layers (~100–200μm from the surface) of the 24-month-old lens lack normal small
protrusions and formed a distinct zone of compaction. The location of the zone of compaction is correlated with the ring opacity (red arrows,
red box). Mature inner fiber cells (~200-400μm from the surface) are comparable between the 8- and 24-month-old lenses with large paddles
and small protrusions. Scale bars, 1mm (lens picture and low magnification SEM) and 4µm (high magnification SEM).
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Gradient refractive index increases then plateaus
with age
A high refractive index is necessary for the fine
focusing power of the lens to transmit a sharp image
onto the retina. We measured the refractive index in
whole mouse eyes and generated 3D mesh plots and 2D
contour plots of refractive index distribution in both the
mid-sagittal plane and the mid-coronal plane passing

through each central lens nucleus. Representative plots
are shown for mouse eyes from 2 weeks to 24 months
of age (Figure 11). The magnitude of refractive index is
indicated using colors ranging from low refractive index
in dark blue (1.30) to high refractive index in dark red
(1.55). Mouse lenses occupy around three quarters of
the space inside the eye, and the lens is easily
distinguished in the plots as the region with highest
refractive index. Lenses at all ages have highest

F
Figure 9. Transmission electron microscopy (TEM) of lens cross sections at various depths in 3–29-month-old lenses. Two

neighboring cells in each panel are pseudo-colored green and yellow to show cell shape and size. In the 3- and 8-month-old lenses, fiber cells
are hexagonal in shape and uniform in size from the periphery to the inner mature fiber cells. In the 12-month-old lens, the most peripheral
fibers have lost their distinct hexagonal shape, but cells are still similarly sized between neighboring layers. In the 29-month-old lens, the cells
have lost their characteristic hexagon cell shape and are highly variable in shape and size. There is also variability in electron density between
neighboring cells in the 29-month-old lens with dark and light gray cells. Scale bar, 4μm.
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magnitude of refractive index at the center, which
plateaus over a limited region and decreases progressively toward the lens cortex, forming a Gradient
Refractive Index (GRIN) in the lens. The GRIN profile
is two-tiered with a ring of indentation that be clearly
seen from the 3D mesh plot (bright yellow region). This
indentation area separates the GRIN profile into two
distinct regions: a cap (in red and orange) region and a
bottom (in yellow and green) region. We measured the

diameter of the cap area in mid-sagittal 2D contour
plots and compared that with the diameter of the
isolated lens nucleus (Figure 12). The diameters of the
cap area and the lens nucleus are very similar, with no
statistically significant differences, suggesting that the
highly compact lens nucleus is responsible for the high
refractive index cap region on the 3D GRIN mesh plots.
The bottom region of the GRIN profile, therefore,
corresponds to the lens cortex.

Figure 10. Whole lens staining for F-actin (phalloidin, green) and nuclei (DAPI, red) in 4-month-old and 18-month-old lenses
reveal that the actin cytoskeleton in epithelial cells and the formation of organized meridional rows of hexagonal equatorial
epithelial cells is similar between 4-month-old and 18-month-old lenses. (A) Single XY planes through anterior epithelial cells show

similar F-actin staining and organization of equatorial epithelial cells between 4-month-old and 18-month-old lenses. These cells have a network
of basal F-actin, membrane-adjacent F-actin and sequestered actin bundles near the lateral membrane, and polygonal arrays on the apical
surface. (B) Single XY planes through the meridional rows at the lens equator reveals organized hexagonally-shaped epithelial cells with normal
membrane-adjacent F-actin networks and a basal meshwork of F-actin in the 4-month-old and 18-month-old lenses. These data reveal that fiber
cell shape changes and disorganization in older lenses is not due to altered shape or misalignment of equatorial epithelial cells. Scale bar, 20μm.
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Figure 11. 3D mesh and 2D contour plots of the Gradient Refractive Index (GRIN) in whole eyes from mice between 2 weeks
to 24 months of age. Plots are through the mid-sagittal plane and the mid-coronal plane passing through each central lens nucleus. The

anterior of the eye (A), the posterior of the eye (P) and the lens (L) are marked on the mid-sagittal views of the 2-week-old eye. The dotted
line through the 2D sagittal view of the 2-week-old eye represents the location of the mid-coronal 3D and 2D heat maps. All images are
oriented in the same direction. Colors reflect the magnitude of refractive index from low refractive index in dark blue (1.30) to high refractive
index in dark red (1.55). The areas with highest refractive index are the lens. Mouse lens GRIN profiles are two-tiered with a ring of
indentation (bright yellow) clearly seen in the 3D mesh plots. There is a cap region of high refractive index (red and orange) and a bottom
region (yellow and green). There is an increase in the size of the cap region with age. These data show that GRIN in the mouse lenses
develops by 2 weeks of age, and there is a rapid increase and plateau of maximum refractive index at the center of the lens with age.
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We also extracted and plotted the average GRIN profile
of lenses through the visual axis (Figure 13A). The
GRIN profiles of lenses from 2-week-old mice have
relatively low refractive index, and with age, especially
between the period from 2 weeks to 6 weeks, the GRIN
increases over the entire lens. The GRIN profile shows
a central plateau region that increases in magnitude with
age until about 6 months of age, after which the
magnitude of the central plateau region remains
relatively unchanged. GRIN profiles are statistically
different between all age groups except between 12
months and 24 months. This suggests that there was
little or no change in the GRIN profile after 12 months

of age. This average GRIN profile obscures the
indentation region separating the cap and bottom
regions of the profile that are visible in the 3D mesh
plots. We plotted representative 2D GRIN profiles from
lenses at various ages (Supplementary Figure 4) with
pairs of arrowheads to indicate the indentation at the
edge of cap regions. From the GRIN profiles, we
extracted and compared the max refractive index
(Figure 13B). The maximum refractive index is ~1.55
and is reached at 6 months of age with no additional
increase with age. Thus, while the region with high
refractive index expands with age, the maximum
refractive index does not increase significantly.

Figure 12. A comparison of the diameter of the cap region of high refractive index and the diameter of the extracted lens
nucleus. The images show a representative mid-sagittal 2D contour plot and a representative lens nucleus with double-headed arrows

indicating measured diameters. The graph compares the cap diameter in the sagittal 2D GRIN plot to the diameter of the lens nucleus. Lines
on the plots reflect mean ± SD of n = at least 3 lenses from different mice per age. There was no statistically significant difference between
the cap and nucleus diameters indicating that the area of high refractive index is directly correlated with the hard and compact lens nucleus.
Scale bars, 1mm.
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DISCUSSION
Our comprehensive study of aging in wild-type mouse
lenses in the B6 genetic background showed increased
stiffness along with appearance of anterior, cortical and
ring cataracts with age (Figure 14). These data indicate
that functional properties of wild-type mouse lenses
change significantly with age and may be a suitable
model to dissect the cellular and molecular mechanisms
of age-related cataracts and changes in lens stiffness.
The average life span of wild-type mice in the B6
genetic background is 26–29 months [76, 77]. Thus, in a
relatively short period of time, we have been able to
carry out this aging study. Our data shows that similar
age-related cataracts are present in at least 3 different

wild-type mouse lines in the B6 background,
demonstrating that the source of the mice (Jackson Lab
or Charles River) and the environment (Scripps
Research Institute or Boston University) does not affect
the cataract phenotype. This suggests that there may be
a universal mechanism underlying the age-related
opacities seen in the B6 wild-type mouse lenses.
While the changes in lens opacity are similar between
the different B6 wild-type mouse lines, we do observe
slight difference in lens size and stiffness with age.
Though all lenses increase in size with age, our lens
imaging data showed that B6-albino wild-type lenses
are slightly larger than age-matched C57BL6 and
B6SJL wild-type lenses (Figure 6). The B6-albino

Figure 13. Average GRIN profiles along the visual axis and maximum refractive index in lenses from mice between 2 weeks
to 24 months of age. Lines on the plots reflect mean ± SD of n = at least 3 lenses from different mice per age. The graph next to the data

plots shows the 95% confidence interval. Any comparisons not crossing the dotted line are statistically significant (p < 0.05). (A) Average GRIN
profiles increased in magnitude until about 6 months of age and then remained relatively unchanged with age. There is a statistically
significant difference between profiles of different ages, except between the 12 months and 24 months profiles. (B) Max refractive index is
~1.55 in mouse lenses. Maximum refractive index rapidly increases until 6 months of age and then remains steady after 6 months of age.
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lenses were also softer than age-matched C57BL6 wildtype lenses at 2–8 months of age [41]. A more detailed
study of lens biomechanics and morphometrics in
different wild-type mouse lines and at different ages
would be required to determine the exact differences
between the slightly different B6 genetic backgrounds.
These differences highlight the importance of using
control mice, preferably littermates, of the same genetic
background for comparison in all lens studies as subtle
differences in lens properties can occur even in wildtype mice of the same genetic background.

Mechanisms of age-related cataracts
Our data show that, in aged mouse lenses, anterior
subcapsular cataracts arise due to detachment of the
anterior epithelium from the underlying suture while the
cortical ring cataracts are associated with an abnormal
zone of compaction in the differentiating fiber cells. To
our knowledge, this is the first report that age-related
opacities in B6-albino wild- type lenses can be due to
structural changes of the cells. These structural changes
could themselves be caused by other better studied

Figure 14. Wild-type mouse lenses in the B6 genetic background showed increased volume, nucleus size and overall
stiffness, changes in cell morphology and microstructure along with appearance of anterior, cortical and ring cataracts with
age. Lens volume and nucleus volume increase steadily with age. The shape and size of lens fiber cells become more disorganized in aged

lenses. With age, mouse lenses develop anterior and cortical cataracts. Anterior cataracts are correlated with detachment of the anterior
epithelial cells from the underlying fiber cells. Cortical ring opacities in the aged lenses are due to a zone of compaction in the cortical fiber
cells leading to an optical discontinuity. While there is a steady increase in lens stiffness with age, resilience, or lens elasticity, is only
increased in very old lenses. The maximum refractive index at the center of the lens (nucleus) increases rapidly until 6 months of age and
reaches a plateau at 6 months. Lens capsule thickness and fiber cell width remain steady after 4 months of age, while epithelial cell area
increases slightly between 4 and 12 months of age. Cartoons not all drawn to scale.
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cataractogenesis mechanisms, such as oxidative stress,
protein aggregation or disruption of lens fluid and ion
homeostasis [1, 48, 78]. It is known that loss of both
connexin 46 (α3) and connexin 50 (α8) and therefore gap
junction coupling between fiber cells, in mouse lenses
leads to incomplete anterior suture closure and severe
cataracts [79]. Age-related loss of connexins, due to
oxidative damage [78, 80], could lead to inadequate gap
junction coupling and the formation of a suture gap in old
lenses. The exact mechanism for suture disruptions with
age require further study.
In human lenses, a barrier region has been observed at
the interface between the lens cortex and the nucleus
that forms during fiber cell maturation [81–83]. It is
thought that the barrier limits antioxidant and
metabolite movement into the lens and waste out of the
lens leading to increased stiffness and decreased
transparency with age [83]. Though the barrier observed
in human lenses has not been reported in mouse lenses,
previous reports have shown a diffusion barrier in rat
lenses [84] and bovine lenses [85, 86]. In bovine lenses,
the barrier region is in the approximate region of fiber
cell compression (relative to lens size) [85, 86] that we
observe in mouse lenses with advanced age. The exact
structural and molecular basis for the barrier region
remains unclear. In rat lenses [84], the diffusion barrier
appears to be located near the site of membrane
insertion for MP20, an abundant lens membrane
protein. Our SEM data may suggest a possible structural
alteration that leads to the formation of a diffusion
barrier, in that the compaction of lens fiber cells could
alter the fluid and ion outflow pathway. The avascular
lens generates its own microcirculation system to allow
transport of nutrients into and waste out of the tissue
[87]. The outflow pathway is facilitated by a network of
large micron-sized gap junction plaques in the
differentiating lens fiber cells [88]. The disruption of
gap junction plaques leads to decreased coupling
between fiber cells [89], while loss of connexin proteins, due to genetic mutations or during aging, result in
decreased gap junction coupling and cataracts [78, 80,
90–92]. Previous work also showed significantly
decreased gap junction coupling in lenses from mice at
14 months of age as compared to those from mice
between 2 and 6 months of age [78]. Further studies of
connexins and gap junction plaque structures in the
region of fiber cell compaction in the aging mouse
lenses will be necessary to evaluate these mechanisms.
In our old lenses, the tissue inside the ring cataract
appears hazy and translucent, rather than transparent. The
hazy appearance may be due to compromised crystallin
associations and organization in inner fiber cells due to
decreased microcirculation in the old lens. While protein
breakdown or aggregation may also lead to changes in
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transparency, the GRIN profile suggests that protein
concentration is not significantly altered in the central
region of the old lenses but shows greater variation in the
cortex (Figure 13A). Overall lens volume does not
increase significantly after 18 months of age. This could
be due to the reduction of the growth rate or the fact that
as even if new fiber cells were added at a constant rate,
newly differentiated cells in older, and hence, larger,
lenses would be increasingly stretched to cover a larger
surface area and consequently be much thinner and
appear more compact. Our measurements indicate that
lens capsule thickness plateaus at 4 months of age and
remains a steady thickness thereafter, and this contrasts
with the continuous increase in lens volume up to 18
months of age. Thus, the biomechanical properties of the
lens capsule may restrict, to some extent, the amount of
available space for addition of new cell layers and could
impart a compressive force as new layers are continuously added. Any compression, however, would be of
a low degree such that it would not increase the local
protein concentration in the outermost cell layers as this
would manifest in a localized rise in refractive index,
which could cause scatter.
Cell morphology in aged lenses
We were surprised to find that lens fiber cells lose their
characteristic hexagonal cell shape in lenses from mice
over 12 months of age, and that the fiber cell membrane
contours appear less straight with age. In human lenses,
the loss of hexagonal cell shape and the increase in
tortuosity of fiber cells membranes has also been
reported [93, 94]. The cell shape change in older lenses
leads to abnormal packing of fibers cells causing a
disruption of the neat rows of cells. On the other hand,
the hexagonal packing of the equatorial epithelial cells
appears to be unaffected in old lenses, indicating that
fiber cell shape is altered during subsequent
differentiation and elongation. The disordered fiber cell
packing near the lens periphery does not appear to
affect the transparency of the lens since the outer cortex
of very old lenses is transparent. There is little data in
the literature regarding lens fiber cell shape changes
with age, due in part to difficulty in fixation and
sectioning of mouse lenses [62]. More work needs to be
done to understand how fiber cell shape is altered in
very old lenses and whether there are obvious changes
in the cytoskeleton and membrane structures with age.
Increased lens stiffness with age
Increased stiffness in aging human lenses has been
hypothesized to be caused by increased lens nucleus
size and stiffness with age [21]. While our data shows
increased nucleus size and overall tissue stiffness in
aged mouse lenses, the correlation between nucleus size
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and lens stiffness is not clear. Between 24 and 30
months of age, mouse lens nuclei increase dramatically
in size, but lens stiffness, while statistically different, is
not greatly increased between 24- and 30-month-old
lenses. Moreover, our recent study of lenses with altered
F-actin-binding proteins showed that in mouse lenses, it
is possible to have a softer lens with an enlarged and
stiff lens nucleus [61]. Unlike the human lens nucleus,
the mouse lens nucleus is not likely to contribute to
overall tissue stiffness because mouse lenses do not
change shape to accommodate and are much more
spherical in shape than human lenses.
We also considered the possibility that the zone of
compaction may affect the stiffness of aged lenses. We
measured the equatorial expansion (strain) of the ring in
lenses from 24- and 30-month-old mice (data not
shown). A comparison of equatorial strain of the overall
lens vs the strain of the lens materials within the ring
opacity revealed no statistically significant difference,
suggesting that the zone of compaction expands along
with the rest of the tissue under compression. This is not
surprising since the zone of compaction is a very small
percentage of the overall lens and thus, would be
unlikely to account for the significant increase in lens
stiffness with age. More sensitive lens biomechanical
measurements along with modeling of the tissue
changes under compression would be required to
confirm this hypothesis.
We explored other possible mechanisms for increased
lens stiffness with age. Our detailed measurements of
capsule thickness in aging lenses are consistent with
increased thickness previously reported in mouse [95]
and human lenses with age [96, 97]. In human lenses,
the capsule thickens and stiffens with age, and thus, it
has been suggested that the lens capsule plays a role in
increased human lens stiffness with age [97]. In
contrast, while the mouse lens capsule thickness
increases between 2–4 months of age, the capsule
thickness remains constant after 4 months while the lens
continues to stiffen. Therefore, while the lens capsule
thickness may influence increases in stiffness at
younger ages up to 4 months, the contribution of the
capsule to overall lens biomechanics after 4 months is
unlikely to be due to capsular thickness. However, other
properties in the capsule may change with age. In
human lenses, capsular thickness peaks at the age of
~80 years, but capsule stiffness continue to increase
with age [97]. This suggests that other alterations,
chemical and/or structural may occur to the capsule
matrix network with age. Of note, advance glycation
end product levels increase with age in the lens [98],
and an increase in advance glycation end products can
cause the formation of covalent collagen crosslinks,
which lead to increases in matrix stiffness [99]. Further
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work needs to be done to test whether mouse lens
capsules have altered biomechanical properties with age
and to examine the role the lens capsule plays in
determining whole lens biomechanical properties.
Similar to previous studies in mouse and human lenses
[54, 100–102], we observe increased epithelial cell area
with age. We have recently shown that lens shape
change requires epithelial cell expansion [53].
Therefore, it may be postulated that whole lens shape
change under load is impaired in older lenses as
epithelial cells are larger, flatter and have a decreased
ability for further expansion. However, our findings
show that epithelial cell area does not increase until 8
months of age. Thus, the increase in whole lens
stiffness, at least between 2–8 months of age, is not due
to a restriction in expansion ability of epithelial cell
area. To our knowledge, we are the first to characterize
fiber cell width changes with age, and our data shows
that the increase in fiber cell width only occurs between
2 and 4 months of age with no further increases between
2–12 months. The age-dependent increase in peripheral
fiber cell widths would not necessarily restrict whole
lens shape change under load and therefore, cannot
account for the continual increase in whole lens
stiffness with age. Of note, a previous SEM study of
adult mouse lens fiber reveals an average fiber cell
width of 5.45μm in the mid-cortex region [43], a much
deeper layer in the lens than our measurements. The
difference in fiber cell width from the outermost cortex
(our measurements of 11–12μm) with the differentiating
cells of the mid-cortex (5–6μm) suggests that there is
remodeling and compaction of the lens fibers during
differentiation.
Finally, in very old and stiff mouse lenses, the
misalignment of the lens fiber cells does not alter lens
stiffness, suggesting that hexagonal fiber cell alignment
does not contribute significantly to overall lens biomechanical properties. Our previous work has indicated
that the intercellular interdigitations of mature fiber
cells regulated by the actin cytoskeleton may be more
important for lens stiffness [50]. The importance of
fiber cell alignment in overall lens stiffness still needs
to be tested via high resolution imaging of live lenses
during compression combined with mathematical
modeling of the distribution of load on organized vs.
disorganized lens fibers.
Lens resilience
Elasticity and the ability to change shape during
accommodation are essential for focusing on near
objects in human lenses. The accommodative ability of
human lenses decreases with age along with a sharp
increase in stiffness, and presumably a decrease in
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elasticity [21–26]. We used resilience (recovery after
load removal) calculations as a parameter to reflect
elasticity. Our data reveals that mouse lens resilience
hovers around 95% for all ages tested, except 30month-old lenses where resilience is close to 99%. This
may be due in part to the abnormally large nucleus in
30-month-old lenses that resists compression, similar to
increased stiffness and size of the human lens nucleus
with age. Our previous data suggests that resilience in
mouse lenses depends on the recovery of the anterior Ysuture that opens up under coverslip compression [53].
Further confocal microscopy studies of very old lenses
under compression would be needed to understand the
impact of the Y-suture on resilience with age. We also
considered the impact of the zone of compaction on lens
resilience. However, due to the location of the zone of
compaction in the inner cortex of the lens and the very
thin region of abnormal fiber cells, it is unlikely that
this zone would affect the resilience of the lens.
Gradient refractive index in murine lenses
GRIN is a distinct characteristic of lens that helps
correct spherical aberrations, and lenses from all species
that have been measured, so far, have a GRIN profile
(reviewed in [103]). The maximum refractive index
value found in adult mouse lens (1.552± 0.006) is much
higher than that of a human or a porcine lens, which are
around 1.40 and 1.42, respectively [104, 105], and is
slightly lower than that of fish lenses (1.57) [106]. Our
data shows that the highest refractive index is reached
in mouse lenses at 6 months of age and after that only
the area of maximum refractive index increases with
age. The shape of the GRIN profile varies between
different species and changes during both the growth
and aging processes. The GRIN profile of a mouse lens
has a rounder central region than that of a human lens,
which has a relatively constant index value at the center
[103, 104, 107]. The area of highest refractive index in
the mouse lens is correlated with the hard and compact
nucleus (Figure 12). It is not clear whether nuclear
compaction is required for high refractive index in the
lens, though the region of highest refractive index in
mouse and human lenses is correlated with the location
of the nucleus [21, 52, 103]. In fish lenses, however,
nuclear compaction does not seem to be required for
high refractive index [106, 108, 109]. Alternatively, a
high refractive index in the center of the lens could
simply be a result of high protein concentrations. The
central index reaches a maximum in lenses from some
species where proteins in the nucleus are tightly packed
because the cytoplasm is composed of almost pure
protein [103]. During lens fiber cell maturation, cellular
organelles are eliminated, leaving mature fibers without
the ability to initiate de novo protein synthesis [42,
110]. Therefore, for the cytoplasm of the nuclear fibers
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to have high levels of protein, there could be
dehydration of the nucleus to decrease free water
content in nuclear cells [111], possibly through
increased bound water due to post-translational
modifications and aggregation of lens proteins [112]. To
validate this theory, proteomic and water content
analysis of nuclei from young and old lenses would be
needed to compare the differences in nuclear protein
content and composition with age and how that
correlates with the increase in GRIN. Another intriguing
possibility is enhanced transport of proteins from
peripheral fibers into nuclear fibers, which has been
suggested to occur in fish lens nuclei [113], but this
mechanism has not been explored in mammalian
lenses.
Mouse lens GRIN profiles also display a unique
discontinuity (or indentation) in the contour of the
profile in peripheral region of the lens, which can be
observed in the 3D GRIN mesh plots and 2D GRIN
profiles (Figures 11 and Supplementary Figure 2). In
other words, the mouse GRIN profile has two radii of
curvature; one in the central region and one in the
peripheral region. Compared to the two-tiered mouse
GRIN, the GRIN profile in most other species is
parabolic without a central plateau [103]. The twotiered GRIN profile in mouse lenses can be observed at
2 weeks of age, the youngest lenses that were measured
in the present study. It is hypothesized that formation of
GRIN profile may take place during gestational age,
though the exact age for each species is unknown. A
study of the fetal bovine lens shows that shape of GRIN
profile is irregular until the middle of gestation when it
rapidly takes on a second-order polynomial shape [114].
Future measurements with embryonic mouse lenses
would help determine when the GRIN is established
during development, and whether variations in rate or
extent of crystallin synthesis during lens growth can
explain the peripheral discontinuity in the GRIN profile.
Concluding remarks
Our data reveals that not all properties of the lens
continue to change with age and, at least in mouse
lenses, most morphometric properties plateau by middle
age (12–18 months). Though theoretically the lens
continues to add more layers of fiber cells, there is no
significant change in the lens size and shape after 18
months of age, suggesting there is a maximum size for
the mouse lens. Nevertheless, lens stiffness continues to
increase up to 30 months, indicating that increased lens
size cannot explain the increase in lens stiffness. Thus,
there must be other cellular and molecular mechanisms
that contribute to the increased stiffness of very old
lenses. This is just one example of the questions that
still need to be investigated to identify the link between
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morphometric measurements and lens
(refraction, transparency and stiffness).

functions

Collectively, the increases in lens size and nucleus size are
correlated with increase stiffness with age. The addition of
new fiber cells at the lens periphery becomes disordered
with age, but this does not appear to impact lens
biomechanical properties. Cataracts in aged lenses can be
due to cell structural abnormalities, including incomplete
suture closure, collapse of the lens epithelial cell layer into
the suture gap and loss of epithelial-fiber cell attachments
and compaction of the cortical lens fiber cells forming a
circumferential light scattering ring. GRIN is present in
the lens from 2 weeks of age and continues to increase
until about 6 months of age, after which the maximum
refractive index remains stable. The increase in the area of
highest refractive index at the center of the lens is directly
correlated with the increase in lens nucleus size,
suggesting nuclear compaction drives the maximum
GRIN. Whether there is a common molecular mechanism
that drives changes in all the measured parameters
remains unknown, but further biochemical and cell
morphology studies will be needed to determine how
subcellular aging affects the whole tissue. Thus, our study
provides a baseline for future studies of lens aging by
providing quantitative measurements of key parameters
and identifying common age-related changes in the
overall tissue and in individual cells.

in frame to connexin 43 [117] (rendering it an inactive
channel). Based on our previous study, tdTomato+ lenses
are comparable in shape, size and stiffness to C57BL6/J
wild-type lenses [53]. The tdTomato+ mice were
maintained with a single copy of the transgene, and
tdTomato-negative (tdTomato-) wild-type lenses were
also used for experiments. Since previous studies revealed
loss of specialized beaded intermediate filaments in the
lens due to an endogenous mutation in the Bfsp2/CP49
gene [118–120] results in changes in lens transparency
and stiffness [38, 40], genotyping for Bfsp2/CP49 were
performed by automated qPCR on tail snips (Transnetyx,
Cordova, TN) to confirm that all mice were wild-type for
Bfsp2/CP49. Male and female mice were used for
experiments.
Mouse lenses were dissected immediately from freshly
enucleated eyeballs in 1X Dulbecco’s phosphate buffered
saline (DPBS, 14190, Thermo Fisher Scientific, Grand
Island, New York). Images of freshly dissected lenses
were captured using an Olympus SZ11 dissecting
microscope with a digital camera (B6-albino wild-type)
or an adapted Zeiss OpMi microscope with a D70
digital Nikon camera (C57BL6 and B6SJL wild-type).
In side-view images, there is a band of mild opacity
around the lens equator. This is due to lens dissection
and severing of the attached zonular fibers from the lens
capsule. This opacity is not a defect in the lenses.

MATERIALS AND METHODS

Lens biomechanical testing and morphometrics

Mice and lens images

Morphometrics and stiffness of freshly dissected B6albino mouse lenses were tested in 1X DPBS at room
temperature using sequential application of glass
coverslips as previously described [37, 38, 41]. Briefly,
lenses were compressed with a series of glass
coverslips, and images were acquired using an Olympus
SZ11 dissecting microscope with digital camera. After
mechanical testing, the lens capsule was gently
removed, and soft cortical fiber cells were dissociated
by rolling the lens between gloved fingertips leaving a
very hard and round lens nucleus (center region of the
lens) for imaging. FIJI software was used to perform
image analysis, and Excel and GraphPad Prism 8 were
used to calculate and plot strain [ε = (d-d0)/d0, where ε
is strain, d is the axial or equatorial diameter at a given
load, and d0 is the corresponding axial or equatorial
diameter at zero load], resilience (ratio between precompression axial diameter over post-compression axial
diameter), lens volume (volume = 4/3×π×rE2×rA, where
rE is the equatorial radius and rA is the axial radius), lens
aspect ratio (ratio between axial and equatorial
diameters), nuclear volume (volume = 4/3×π×rN3, where
rN is the radius of the lens nucleus) and nuclear fraction
(ratio between the nuclear volume and the lens volume),
respectively. Plots represent mean ± standard deviation.

All animal procedures were performed in accordance
with recommendations in the ARVO Statement for the
use of Ophthalmic and Vision Research, the Guide for
the Care and Use of Laboratory Animals by the
National Institutes of Health and under approved
protocols from the Institutional Animal Care and Use
Committees at The Scripps Research Institute, Indiana
University and Boston University.
Wild-type [B6-albino (Jackson Laboratories strain
000058), C57BL6 (Charles River strain 027) and
B6SJLF1/J (hereafter referred to as B6SJL, Jackson
Laboratories strain 100012)] and Rosa26-tdTomato mice
tandem dimer-Tomato (B6.129(Cg)-Gt(ROSA) (hereafter
referred to as tdTomato, Jackson Laboratories strain
007676) in the C57BL/6J background between the ages of
2 weeks-30 months were used for experiments. B6-albino
mice (B6(Cg)-Tyrc-2J/J) are wild-type C57BL/6J mice
with a spontaneous mutation in the tyrosinase gene [115,
116]. The B6-albino mice were a generous gift from Dr.
William E. Balch (The Scripps Research Institute).The
tdTomato-positive (tdTomato+) mice, used for live
imaging, express a tdTomato tandem dimer protein fused
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Two-way ANOVA with Tukey’s multiple comparisons
test were used to determine statistical significance.
Live lens imaging, capsule thickness and fiber cell
width measurements
Imaging and analysis of live tdTomato+ and fixed
tdTomato- wild-type lenses to determine lens capsule
thickness, anterior epithelial cell shapes and fiber cell
widths were performed as previously described [53].
Briefly, isolated lenses were stained with fluorescent
CF640 dye conjugated to wheat germ agglutinin (WGA,
1:100, Biotium, Fremont, CA) and Hoechst 33342
(1:500, Biotium) in 1X PBS (137mM NaCl, 2.7mM KCl,
8.1mM Na2HPO4, 1.5mM KH2PO4; pH 8.1) for 15
minutes. Stained lenses were then transferred onto glassbottomed culture dishes (10-mm microwell; MatTek,
Ashland, MA) and immobilized anterior pole down,
within 3-mm-diameter circular divots that were created,
using a biopsy punch, in a thin layer of agarose (4%
wt/vol in 1X PBS). Reactive oxygen species (ROS) are
formed during confocal imaging of fluorescent probes in
live tissues [121, 122]. Lenses were imaged in 3ml of 1X
PBS containing 1.8 units of Oxyrase (Oxyrase,
Mansfield, OH), an oxygen scavenger, to prevent ROSrelated cell toxicity [122]. To determine fiber cell widths,
tdTomato- wild-type lenses were fixed in 4% paraformaldehyde in 1X PBS for 30 minutes at room
temperature. Following fixation, lenses were washed
briefly in 1X PBS and placed in permeabilization/
blocking solution for 30 minutes. Lenses were then
incubated in permeabilization/blocking buffer containing
rhodamine-conjugated phalloidin (1:20, Thermo Fisher
Scientific, Waltman, MA) and Hoechst 33342 (1:500) for
2 hours followed by orienting them on their sides in the
3-mm-diameter circular divots described above.
Images were acquired on a Zeiss 880 laser-scanning
confocal microscopy using a 20x air Plan-Apo 0.8 NA
objective (equatorial lens region) or a 40x oil Plan-Apo
1.4 NA objective (anterior lens region). Z-stack images
were acquired using step sizes of 0.7μm (20X objective)
and 0.3μm (40X objective) and were processed using
Zen (Zeiss) software.
Morphometric analysis was conducted using FIJI software
as previously described [53]. To determine capsule
thickness, line scan analysis was performed on XZ planeview reconstructed images to obtain intensity distributions
of WGA-stained capsules and tdTomato-labeled cell
membranes. The distance between WGA and tdTomato
peaks is indicative of capsule thickness. To determine
epithelial cell areas, a region of interest (ROI) containing
~50–150 cells was traced using tdTomato-labeled cell
membranes as a guide. The area occupied by the ROI was
measured and the number of cells was determined by
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counting the number of Hoechst-stained nuclei within the
ROI. Average epithelial cell area was calculated by
dividing the ROI area by the total number of cells. To
determine fiber cell widths of fixed lenses, the equatorial
region of the lens was imaged by propping lenses on their
sides within an agarose wedge. Images were acquired and
fiber cell widths were measured ~10μm inward from the
fulcrum using Distributed Deconvolution (Ddecon)
ImageJ plugin and the Z-line predictive model [123].
Data for 2 month old lenses were reprinted from our
previous publication [53].
Phalloidin-staining of epithelial cells in whole lenses
Whole B6-albino lens fixation and staining was
performed as previously described with a few
modifications [47, 55]. Freshly enucleated eyes were
collected from 4- and 18-month-old mice. An incision
was made at the ora serata to allow fixative to penetrate
the globe. Whole eyes were fixed in 4% paraformaldehyde in 1X PBS on ice for 30 minutes. Eyes
were then washed and incubated overnight in 1X PBS at
room temperature. After overnight incubation, lenses were
microdissected out of the eye. Whole lenses were then
permeablized with 0.3% triton X-100 in 1X PBS for 15
minutes at room temperature. After permeabilization,
lenses were immersed in Vectashield mounting medium
with DAPI (H-1200, Vector Laboratories Burlingame,
CA) for 30 minutes at room temperature. Samples were
then washed 3 times, 5 minutes per wash, with 1X PBS.
Lenses were then incubated for 2 hours at room
temperature with Alexa-488-phalloidin (1:10, A12379,
ThermoFisher), and Hoechst 33342 (1:250, Biotium,
Fremont, CA) diluted in 1X PBS. Samples were then
washed 4 times, 5 minutes per wash, in 1X PBS. Stained
lenses were stored in Vectashield mounting medium at
4°C until imaging. Lenses were imaged in FluoroDishes
(World Precision Instruments, Sarasota, FL) with optical
quality glass bottoms, and equatorial images were
collected by immobilizing the tissue on its side using
agarose wedges [55]. Images and z-stacks (10X objective
with 4μm steps or 40X objective with 0.3μm steps) were
collected in the lens anterior and equator using a Zeiss
LSM780 confocal microscope. Volocity (Quorum,
Puslinch, Ontario, Canada) software were used to create
max intensity projections, and 2D YZ projections of the
3D reconstruction of a Z-stack through the anterior
epithelium and underlying fiber cells were rendered in
ZEN 2.5 software (Zeiss). Staining was repeated on at
least 4 lenses from 2 different mice for each age, and
representative data are shown.
Scanning electron microscopy (SEM)
Eight- and 24-month-old B6-albino wild-type lenses
were prepared for scanning electron microscopy (SEM)
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as previously described [50, 61, 62]. Briefly, freshly
dissected lenses were fixed in 2.5% glutaraldehyde in
0.1M sodium cacodylate buffer (pH 7.3) at room
temperature for 2–3 days. A sharp needle was used to
bisect lenses along the visual axis, and lens halves were
post-fixed in 1% aqueous OsO4 for 1 hour at room
temperature. Samples were dehydrated using ethanol
and were critical point dried in a Samdri-795 critical
point dryer (Tousimis Inc., Rockville, MD). Lens halves
were mounted and coated with gold/palladium in a
Hummer 6.2 sputter coater (Anatech Inc., Union City,
CA). Images were acquired with a JEOL 820 scanning
electron microscope at 10 kV (JEOL, Tokyo, Japan).
Using the lens nucleus as a reference, images from
different regions of the lens were compared between
samples (i.e., comparable regions were located based on
measurements from the center outward). At least four
lenses from 2 different mice were examined for each
age, and representative images are shown.
Transmission electron microscopy (TEM)
Three-, 8-, 12- and 29-month-old B6-albino wild-type
lenses were prepared for transmission electron microscopy using a method modified from a previous study
[124]. Freshly dissected lenses were fixed in 2.5%
glutaraldehyde, 0.1M cacodylate buffer (pH 7.3), 50 mM
L-lysine and 1% tannic acid for 2-4 days (2 days for
younger lenses and 4 days for older lenses). Fixative was
removed and exchanged with fresh fixative at after day 1
or day 3. Fixed samples were stored in 0.1M sodium
cacodylate buffer (pH 7.3) at 4°C until processing for
EM. Lenses were mounted onto the specimen holder with
superglue with the equatorial surface facing up, and then
200μm-thick lens section in the cross orientation were
collected using a vibratome. Lens sections were postfixed in 1% aqueous OsO4 for 1 hour at room temperature. Sections were then rinsed in ddH2O and stained en
bloc at 4°C overnight with 0.5% uranyl acetate in 0.15M
NaCl. Samples were dehydrated through graded ethanol
and propylene oxide and embedded in Polybed 812 resin
(Electron Microscopy Sciences, Hartfield, PA). Onemicron-thick sections from the samples were cut with a
diamond knife and stained with 1% toluidine blue. A
Zeiss light microscope was used to examine sections
before thin sections (70–80nm thick) were cut with a
diamond knife. Thin sections were stained with 5% uranyl
acetate followed by Reynold’s lead citrate and examined
in a JEOL 1200EX electron microscope at 80 kV (JEOL).
At least 3 lenses from 3 different mice were examined at
each age, and representative images are shown.
X-ray talbot interferometry
Whole B6-albino mouse eyes were stored in Dulbecco's
Modified Eagle Medium without phenol red (21063-
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029, ThermoFisher) with 2% penicillin/streptomycin
(15-140-122, ThermoFisher) at room temperature
before experiments. Three-dimensional refractive index
distribution of mouse eyes were measured using X-ray
Talbot interferometry, which is a synchrotron radiationbased phase contrast imaging modality [125–127].
Talbot interferometry is constructed at the bending
magnet beamline BL20B2 at SPring-8. Experiments
were conducted using monochromatic X-ray beam,
fined tuned to 25 keV, which passes through a Si(111)
double-crystal monochromator and two transmission
gratings: a nickel phase grating (G1) and a gold
absorption grating (G2). The pattern thicknesses of G1
and G2 are 4.35μm and 110μm, respectively. The pitch
size of both gratings is 4.8μm, and the pattern size area
is 50×50mm2. A scientific CMOS detector (ORCA
Flash 4.0. Hamamatsu Photonics) is used to detect the
Moiré fringe patterns generated by X-ray beam passing
through the sample and two gratings. A piezo stage and
a 5-step fringe-scan method was used to shift G2 for
phase retrieval, and a phase shift image was integrated
from differential phase images obtained from the scan.
To calibrate the phase shifts, experimentally obtained
values for five different solutions of known density
[127, 128] were compared to theoretically derived
values per pixel. Linear relationships were found over
the range of tested concentrations. X-ray refractive
index difference was determined from the phase shifts
per pixel using equations described previously [127].
Protein concentration, determined from the X-ray
refractive index difference, is linearly related to the
refractive index of the lens [129]. The total number of
projections for tomography was 900, and the time of
measurement is 50 minutes for each eye. Refractive
index values measured by X-ray Talbot interferometry
were processed by MatLab software (2018a,
MathWorks, Natick, MA) to generate 2D iso-indicial
index contours and 3D meshed index profiles in the
mid-sagittal plane of each mouse eye. Gradient of
refractive index (GRIN) profiles were generated along
the visual axis by MatLab, and the average and standard
deviation were calculated in Excel and plotted in
GraphPad Prism 8. One-way and two-way ANOVA
with Tukey’s multiple comparisons test were used to
determine statistical significance.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1. Lens anatomy diagrams. (A) A cartoon (not drawn to scale) depicting a longitudinal section of the lens shows
a monolayer of epithelial cells at the anterior surface (colored cells) and a bulk mass of elongated lens fibers (white cells) that extend from
the anterior to posterior poles. The entire tissue is encapsulated by a thin collagenous basement membrane called the lens capsule. Anterior
epithelial cells (blue) are quiescent and do not proliferate. These cells are cobblestone in shape, and their main function is to maintain the
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underlying fiber cells. Lifelong lens growth relies on the proliferation, migration and differentiation of equatorial epithelial cells (orange) in
the germinative zone. Equatorial epithelial cells undergo a remarkable morphogenesis to transform from randomly organized cuboidal cells
(orange) into organized rows with hexagon cell shape (green). A cross section through the fiber cells reveals that the organization and
hexagon cell shape of the equatorial epithelial cells are retained in fiber cells. New layers of lens fiber cells are continuous added onto
previous generations of fibers, and the lens grows in concentric shells. Newly formed fiber cells elongate toward the anterior and posterior
poles. The apical tips of newly formed fibers migrate along the apical surface of epithelial cells toward the anterior pole while the basal tip of
the newly formed fibers migrate along the lens capsule toward the posterior pole. At each pole, the elongating fibers will detach from the
epithelial cells or lens capsule and contact the elongating fiber from the other side of the lens forming the Y-suture. Differentiating fiber cells
also undergo a maturation process and lose all of their organelles to allow for a clear light path. The mature fiber cells in the middle of the
lens without cellular organelles have very low metabolism and little or no protein turnover. The lens nucleus is composed of tightly
compacted fiber cells in the middle of the lens (purple). (B) Diagram of a lens equatorial cross-section (not drawn to scale, modified from
[51]). Epithelial cells (Epi) are on the periphery. Fiber cells are hexagonal in cross section with newly formed cells on the left (next to the
epithelial cells) and maturing cells moving toward the right in concentric layers. (C) Scanning electron microscopy (SEM) at various depths in
3-month-old wild-type (WT) lenses (modified from [50]). Colored boxed regions indicate the approximate location where higher
magnification images (lower panel) were obtained. Single fiber cells are highlighted in green as a comparison of the change in cell
morphology during lens fiber maturation. Newly formed fiber cells in the cortex are straight with ball-and-socket protrusions along the broad
sides and small protrusions along the short sides (red box). During maturation, differentiating fiber cells form larger protrusions along the
short sides (green box). Mature inner fiber cells have large paddle domains decorated by small protrusions (blue box). These interlocking
membrane interdigitations are thought to be important for mechanical stability in the lens. Scale bars, 50µm and 6µm in (B).
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Supplementary Figure 2. Dot plots of axial strain at the lowest load (129.3mg, 1 coverslip) and the maximum load (1293mg,
10 coverslips). Lines on the plots reflect mean ± SD of n = at least 8 lenses per age. The graph below the data plots shows the 95%

confidence interval. Any comparisons not crossing the dotted line are statistically significant (p < 0.05). (A, B) Axial strain at the lowest load
(129.3mg) decreased between 2 and 8 months of age but remained unchanged after 4 months of age. Axial strain was decreased with age at
the highest load (1293mg).
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Supplementary Figure 3. Dot plots of equatorial strain at the lowest load (129.3mg, 1 coverslip) and the maximum load
(1293mg, 10 coverslips). Lines on the plots reflect mean ± SD of n = at least 8 lenses per age. The graph below the data plots shows the
95% confidence interval. Any comparisons not crossing the dotted line are statistically significant (p < 0.05). (A, B) Equatorial strain at the
lowest load was decreased between 2 and 8 months of age with no significant change after 4 months of age. Equatorial strain at the highest
load was generally decreased with age. These data suggest that the lens cortex, which is compressed at the lowest load, does not stiffen
much with age after 4 months.
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Supplementary Figure 4. Single GRIN profile plots from selected ages reveal the discontinuity in GRIN profile distinguishing
the cap region from the bottom region. The curvature of the GRIN profile is therefore different in the center and periphery of the lens.
The discontinuities are marked by pairs of arrowheads. The arrowheads mark the approximate location of the boundary between the nucleus
and the cortex.
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ABSTRACT
We aimed to investigate the association of pineal gland volume with the risk of isolated rapid eye movement
(REM) sleep behavior disorder (RBD). We enrolled 245 community-dwelling cognitively normal elderly
individuals without major psychiatric or neurological disorders at the baseline evaluation, of whom 146
completed the 2-year follow-up evaluation. We assessed RBD symptoms using the REM Sleep Behavior Disorder
Screening Questionnaire (RBDSQ) and defined probable RBD (pRBD) as an RBDSQ score of ≥ 5. We manually
segmented the pineal gland on 3T T1-weighted brain magnetic resonance imaging and estimated its volume.
The smaller the baseline pineal gland volume, the more severe the RBD symptoms at baseline. The individuals
with isolated pRBD showed smaller pineal gland volumes than those without isolated pRBD. The larger the
baseline pineal gland volume, the lower the risks of prevalent isolated pRBD at the baseline evaluation and
incident isolated pRBD at the 2-year follow-up evaluation. Pineal gland volume showed good diagnostic
accuracy for prevalent isolated pRBD and predictive accuracy for incident isolated pRBD in the receiver
operator characteristic analysis. Our findings suggest that pineal gland volume may be associated with the
severity of RBD symptoms and the risk of isolated RBD in cognitively normal elderly individuals.

INTRODUCTION

body disease (DLB) in 12-14 years [5, 6], which implies
that a majority of isolated RBD may be a prodromal
phase of α-synucleinopathies [1, 4].

Rapid eye movement (REM) sleep behavior disorder
(RBD) is a parasomnia characterized by the loss of
normal skeletal muscle atonia during REM sleep and
dream-enacting behaviors [1]. Its’ prevalence was
estimated to be 1-2% in the general elderly populations
[2, 3]. RBD can occur in association with (secondary
RBD) or without (isolated RBD) a neurodegenerative
disorder [1], and isolated RBD accounts for up to 60%
at the diagnosis [4]. However, more than 80% of
isolated RBD eventually developed a neurodegenerative
disorder such as Parkinson’s disease (PD) and Lewy
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A series of clinical trials found that the symptoms of
RBD were improved by N-acetyl-5-methoxytryptamine
(melatonin). In RBD patients, dream-enacting behaviors
were reduced and REM sleep muscle atonia were
restored by the administration of melatonin [7–11] but
relapsed by discontinuation of melatonin [8]. Melatonin
is a multifunctioning indoleamine produced by the
pineal gland [12]. The pineal gland regulates sleep and
circadian rhythm through the synthesis and secretion of
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melatonin [12, 13]. In humans, roughly 80% of the
pineal gland is composed of melatonin-producing
pinealocytes [13], and the volume of pineal gland
(VPG) is proportional to the levels of melatonin in
plasma, urine or saliva [14–16]. Although the pineal
gland is reported to fully develop after the first year of
life and does not change in size or weight later in life
[12, 17, 18], recent studies have found that VPG could
be changed by lifestyle such as coffee consumption or
pathological conditions that may change melatonin
production [19–21]. Given the effects of melatonin on
RBD symptoms and the association of melatonin with
VPG [14–16], we may assume that RBD patients may
have smaller VPG than the individuals without RBD,
and VPG may predict the future risk of RBD in the
individuals without RBD. In this study, we investigated
the association of VPG with current RBD symptoms
cross-sectionally and with the future risk of RBD
symptoms prospectively in cognitively normal (CN)
elderly individuals without neurological or psychiatric
disorders.

The diagnostic accuracies of the baseline VPP and VPG
for prevalent pRBD at the baseline evaluation were
good; area under the receiver operator characteristic
curve (AUC) was 0.82 (95% CI = 0.762 - 0.863, p <
0.0001) for VPP and 0.81 (95% CI = 0.749 - 0.852, p <
0.0001) for VPG (Figure 2). The optimal cutoff values
of the baseline VPP and VPG for classifying pRBD
were 70 mm3 (sensitivity = 87.50%; specificity =
70.59%) and 77 mm3 (sensitivity = 83.33%; specificity
= 64.25%), respectively. The predictive accuracies of
baseline VPP and VPG for incident pRBD at the 2-year
follow-up evaluation were also good; AUC was 0.89
(95% CI = 0.821 - 0.932, p < 0.0001) for VPP and 0.87
(95% CI = 0.799 - 0.916, p < 0.0001) for VPG (Figure
2). The optimal cutoff values of the baseline VPP and
VPG for predicting incident pRBD at 2-year follow-up
evaluation were 65 mm3 (sensitivity = 100.00%;
specificity = 83.10%) and 69 mm3 (sensitivity =
100.00%; specificity = 78.87%), respectively.

RESULTS

In animals, nighttime REM sleep disturbances were
induced by lesioning the pineal gland, which reduced
pineal melatonin secretion [22]. However, the
association between the pineal gland and RBD has
never been investigated in humans. The current study
directly showed that smaller pineal gland was
associated with the more RBD symptoms and the higher
risk of incident pRBD in CN elderly individuals.

DISCUSSION

The demographic and clinical characteristics of the
participants are summarized in Table 1. The participants
with probable RBD (pRBD) showed smaller volume of
pineal parenchyma (VPP) and VPG than those without
pRBD (p < 0.001).
Both VPP and VPG were inversely associated with the
REM Sleep Behavior Disorder Screening Questionnaire
(RBDSQ) total score (RBDSQ-T) (standardized β = 0.352, p < 0.001 for VPP; standardized β = -0.301, p <
0.001 for VPG) and the item 6 score of the RBDSQ
(RBDSQ-6) (standardized β = -0.239, p < 0.001 for
VPP; standardized β = -0.198, p = 0.002 for VPG),
indicating that the individuals with smaller VPP or VPG
may have more RBD symptoms (Figure 1). There was
no evidence of multicollinearity in all regression models
with the maximum variance inflation factor being 2.05.

Considering that the pineal gland volume was highly
correlated with the endogenous melatonin level [14–
16], our observation seems to be in line with previous
studies on the effects of melatonin on RBD. Melatonin
treatment decreased the frequency and severity of
dream-enacting behaviors and the risk of falls in the
elderly RBD patients [10], and the beneficial effects of
melatonin (3-12 mg) lasted beyond a year in a series of
RBD patients [9]. A couple of clinical trials on the
polysomnography-diagnosed RBD patients found that
the percentage of REM sleep without atonia and
movement time in REM were reduced by administering
melatonin before bedtime for 4-6 weeks [7, 8] but
relapsed by discontinuing melatonin [8]. Another openlabel trial reported that the percentage of tonic REM
activity was reduced from 16% to 6% by administering
3-9 mg of melatonin at night, especially in the elderly
patients with low endogenous melatonin secretion [23].
A placebo-controlled trial also reported that the
percentage of REM sleep increased from 14.7% to
17.8% and the clinical global impression and daytime
dysfunction were improved by administering 3 mg
melatonin before bedtime in the individuals with
disturbed and reduced REM sleep duration [11].
However, it remains unknown how melatonin improves

Baseline VPP and VPG were inversely associated with
the risk of prevalent pRBD at the baseline evaluation
(odds ratio [OR] = 0.939, 95% CI = 0.912 - 0.966, p <
0.001 for VPP; OR = 0.947, 95% CI = 0.924 - 0.972, p
< 0.001 for VPG), indicating that the individuals with
larger VPP and VPG may have a lower risk of prevalent
pRBD (Table 2). The baseline VPP and VPG were also
inversely associated with the risk of incident pRBD at
the 2-year follow-up evaluation (OR = 0.890, 95% CI =
0.798 - 0.993, p = 0.036 for VPP; OR = 0.912, 95% CI
= 0.832 - 0.999, p = 0.047 for VPG), indicating that the
individuals with larger VPP and VPG may have a lower
risk of future pRBD (Table 2).
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Table 1. Demographic and clinical characteristics of the participants.
Prevalent pRBD at baseline

Incident pRBD at 2-year follow-up

Absent (n = 221)

Present (n = 24)

p

Absent (n = 142) Present (n = 4)

p

Age (years, mean ± SD)

71.79 ± 6.17

72.50 ± 6.16

0.594a

70.70 ± 5.87

76.00 ± 7.96

0.080a

Women, n (%)

114 (51.58)

11 (45.83)

0.592b

72 (50.70)

1 (25.00)

0.311b

Education (years, mean ± SD)

11.43 ± 4.93

10.42 ± 5.03

0.341a

11.35 ± 5.11

13.75 ± 4.03

0.352a

Presence of cohabitants, n (%)

191 (86.43)

23 (95.83)

0.188b

124 (87.32)

3 (75.00)

0.470b

Alcohol drinking (standard units/week,
mean ± SD)

3.03 ± 7.66

6.00 ± 11.17

0.215a

3.67 ± 8.86

3.63 ± 5.71

0.992a

Smoking (packs/day, mean ± SD)

0.03 ± 0.18

0.02 ± 0.08

0.797a

0.04 ± 0.21

0.00 ± 0.00

0.680a

History of head injury, n (%)

11 (4.98)

1 (4.17)

0.861b

8 (5.63)

0 (0.00)

0.625b

MMSE (points, mean ± SD)

27.40 ± 2.06

27.17 ± 2.81

0.616a

27.29 ± 2.11

27.00 ± 0.82

0.786a

GDS (points, mean ± SD)

7.71 ± 5.63

9.93 ± 7.69

0.199a

7.49 ± 5.68

12.00 ± 6.38

0.121a

CIRS (points, mean ± SD)

5.62 ±2.83

6.33 ± 2.46

0.237a

5.09 ± 2.64

6.50 ± 3.42

0.298a

STOPBANG (points, mean ± SD)

2.54 ± 0.94

2.96 ± 0.75

0.037a

2.50 ± 0.95

3.25 ± 0.96

0.121a

Total score

1.48 ± 1.26

5.79 ± 1.22

< 0.001a

1.37 ± 1.21

3.00 ± 1.16

0.009a

Item 6 score

0.12 ± 0.37

1.17 ± 1.05

< 0.001a

0.10 ± 0.32

0.75 ± 0.96

0.267a

1565.40 ± 160.86

1553.13 ± 170.68

0.725a

VPP (mm3, mean ± SD)

87.55 ± 30.04

58.42 ± 16.49

< 0.001c

90.13 ± 30.15

53.00 ± 20.07

0.016a

VPG (mm3, mean ± SD)

95.18 ± 39.96

61.13 ± 18.30

< 0.001c

98.58 ± 42.12

56.25 ± 20.99

0.048a

RBDSQ (points, mean ± SD)

Intracranial volume (cm3, mean ± SD)

1576.95 ± 156.49 1530.15 ± 66.05 0.553a

Abbreviations: pRBD = probable REM sleep behavior disorder; SD = standard deviation; MMSE = Mini-Mental State
Examination; GDS = Geriatric Depression Scale; CIRS = Cumulative Illness Rating Scale; RBDSQ = REM Sleep Behavior Disorder
Screening Questionnaire; VPP = pineal parenchyma volume; VPG = pineal gland volume.
a
Independent sample t-test.
b
Chi-square test.
c
Analysis of covariance adjusted for age, sex, years of education, intracranial volume, head injury, amount of smoking, and
amount of alcohol drinking.

the RBD symptoms. Multiple actions of melatonin such
as decreasing muscle tonicity during REM sleep,
enhancing GABAergic inhibition, stabilizing circadian
clock variability and desynchronization, protecting
cytoskeletal structure through its antagonism of
calmodulin, enhancing sleep efficiency and shortening
sleep latency may underlie the its beneficial effect on
RBD [1, 10]. In a glycine/GABA-A receptor knockout
transgenic mouse model of RBD, melatonin was
efficacious in decreasing REM motor behaviors and
restoring REM muscle atonia [24].

cognitively normal elderly individuals. However, the
reduced VPP or VPG of the elderly individuals with
isolated pRBD or those who are destined to have
isolated pRBD in the future may be associated with
prodromal α-synucleinopathies rather than RBD itself.
Indeed, PD patients showed diminished endogenous
melatonin production compared to controls [25]. In
addition, melatonin directly blocked the α-synuclein
fibril formation, destabilized preformed α-synuclein
fibrils, and decreased α-synuclein-induced cytotoxicity
[26]. Nevertheless, the changes of pineal gland volume
in the patients with α-synucleinopathies have not been
directly investigated yet.

VPP and VPG showed good diagnostic accuracy for
prevalent pRBD and predictive accuracy for incident
pRBD in the current study, indicating that VPP or VPG
may be potential biomarkers of isolated RBD in
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This study has a couple of strengths. First, we
excluded the volume of pineal cysts (VPC) when we
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estimated the pineal parenchyma volume because
pineal cysts do not contain pinealocytes [21, 27], and
exclude the subjects with extremely large cystic glands
from the current study. Although both VPP and VPG
were associated with the prevalent and incident pRBD
in the current study, pineal parenchyma volume (i.e.,
non-cystic volume) better reflected the levels of
endogenous melatonin secretion than total pineal gland
volume in adult individuals [14, 15]. Although we did
not directly investigate the association between VPC
and RBD, this result may suggest that the presence of
the pineal cysts itself may not affect RBD symptoms.
Second, we excluded the subjects who were depressive
and/or were taking antidepressants since depression
may increase the risk of RBD and antidepressants,
selective serotonin reuptake inhibitor (SSRI) and
serotonin norepinephrine reuptake inhibitor (SNRI) in
particular, may produce dream-enacting behavior and
loss of normal REM sleep atonia [1, 28]. However,
this study also has several limitations. First, although
the RBDSQ is well validated in polysomnographyconfirmed RBD patients [1, 29], it may be subject to
recall bias and misclassification bias. However, it
seems unlikely that systematic errors would be made
in reporting behavioral features of RBD since the
current study included CN individuals who were
examined only through comprehensive clinical and
neuropsychological assessments. In addition, we tried
to reduce the risk of misclassification bias by
confirming the association of VPP and VPG with the
RBDSQ item 6 score as well as RBDSQ total score.
The RBDSQ item 6 queries the core symptoms of
RBD with a good specificity [30]. Second, we cannot
completely rule out the possibility that non-RBD

symptoms might have influence the RBDSQ scores.
For example, some patients with restless leg syndrome
(RLS) or severe obstructive sleep apnea (OSA)
showed the behaviors mimicking RBD during sleep
[31, 32]. Although we exclude the participants with
OSA by excluding the participants who got 5 points or
higher in STOPBANG, the participants with pRBD
showed modestly higher STOPBANG score than those
without pRBD at baseline. Third, we could not
adjust for the volume of pineal calcification because
we did not perform additional brain computed
tomography or high-resolution T2-weighted MRI.
Although the effects of pineal calcification on
melatonin production or human REM sleep remain
unclear, a couple of previous studies argue that pineal
calcification may inhibit the capacity for pineal
melatonin synthesis and be associated with
polysomnographic sleep parameters in humans [19,
33]. Furthermore, calcifications can appear hypointense on T1-weighted images, which may
lead underestimation of the VPP. Fourth, although
we excluded individuals who took exogenous
melatonin over the past 6 weeks, we did not directly
quantify the endogenous nocturnal melatonin levels
in the blood. Fifth, the sample size was small.
In the statistical power analysis with α error probability
of 0.05 (G*Power version 3.1; http://www.gpower.
hhu.de), the statistical power (1–beta error) for the
prevalent and incident pRBD was 0.52 and 0.54,
respectively. However, the association of pineal gland
volume and the prevalent and incident pRBD was
statistically significant despite the low statistical
power in the current study. Sixth, since the small
number of converters at 2-year follow-up, the

Figure 1. Association of (A) pineal parenchyma volume (VPP, mm3) and (B) pineal gland volume (VPG, mm3) with the REM Sleep Behavior

Disorder Screening Questionnaire (RBDSQ) total scorea. aMultiple linear regression model adjusted for age, sex, years of education,
intracranial volume, head injury, amount of smoking, and amount of alcohol drinking.
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Table 2. Association of the baseline pineal parenchyma volume and pineal gland volume with the prevalent and
incident probable REM sleep behavior disorder.
Total, n

pRBD, n

OR (95% CI)a

pa

VPP (mm3)

245

24

0.939 (0.912 - 0.966)

< 0.001

VPG (mm3)

245

24

0.947 (0.924 - 0.972)

< 0.001

VPP (mm3)

146b

4

0.890 (0.798 - 0.993)

0.036

VPG (mm3)

146b

4

0.912 (0.832 - 0.999)

0.047

For prevalent pRBD

For incident pRBD

Abbreviations: pRBD = probable REM sleep behavior disorder; VPP = pineal parenchyma volume; VPG = pineal gland volume;
OR = odds ratio; CI = confidence interval.
a
Binary logistic regression analyses adjusting age, sex, years of education, intracranial volume, head injury, amount of
smoking, and amount of alcohol drinking at the baseline evaluation as covariates.
b
The number of participants who did not have probable RBD at the baseline evaluation and completed the 2-year follow-up
evaluation.

accuracies of cutoff values of the baseline VPP and VPG
for predicting incident pRBD may need to be further
validated in future studies with a larger sample size and
longer follow-up. Finally, the follow-up duration was
short.

In summary, the smaller pineal gland was associated
with the more current RBD symptoms and the higher
future risk of RBD in cognitively normal elderly
individuals, and VPP or VPG may be a candidate
biomarker of RBD.

Figure 2. (A) Diagnostic accuracy for prevalent probable REM sleep behavior disorder (pRBD) at the baseline evaluation and (B) predictive

accuracy for incident pRBD at the 2-year follow-up evaluation of the baseline pineal parenchyma volume (VPP, mm3) and pineal gland volume
(VPG, mm3). Abbreviations: AUC = area under the receiver operator characteristic curve; CI = confidence intervals.
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MATERIALS AND METHODS

Registry for Alzheimer’s Disease Assessment Packet
Clinical Assessment Battery (CERAD-K) [39] and the
Korean version of the Mini International Neuropsychiatric Interview [40]. In addition, research
neuropsychologists administered the Digit Span Test
[41], Frontal Assessment Battery [42], Geriatric
Depression Scale (GDS) [43], Cumulative Illness
Rating Scale (CIRS) [44], and CERAD-K Neuropsychological Assessment Battery (CERAD-K-N) [39,
45]. All participants performed -1.0 SD of the age-,
gender-, and education-adjusted norms of elderly
Koreans on the Mini-Mental State Examination
(MMSE) [46]. Using a study-specific standard
interview, trained research nurses collected data on age,
sex, years of education, intracranial volume (ICV),
history of head injury, amount of smoking (packs/day),
and alcohol drinking (standard units/week) over the past
twelve months period.

Study participants
The present sample of 245 CN elderly individuals
comprised 157 and 88 subjects from the participants of
the baseline evaluation of the Korean Longitudinal
Study on Cognitive Aging and Dementia (KLOSCAD)
[34] and the first follow-up evaluation of the Korean
Longitudinal Study on Health and Aging (KLOSHA)
[35], respectively, which were conducted from
November 2010 to October 2012. Both the KLOSCAD
and KLOSHA were population-based prospective
elderly cohort studies. The KLOSCAD study randomly
sampled 30 villages and towns from 13 specific districts
across South Korea, and randomly selected 10% and
20% of the elderly adults from urban and rural areas,
respectively, using resident rosters and data on residents
aged ≥ 60 years. The KLOSHA study randomly selected
community-dwelling Korean elderly adults aged ≥ 65
years from the resident roster of Seongnam, one of the
largest satellite cities of Seoul. Among the 221
participants who did not have pRBD at the baseline
evaluation, 146 completed the 2-year follow-up
evaluation. In the current study, we excluded the
following conditions: cognitive disorders such as
dementia and mild cognitive impairment (MCI); major
psychiatric and/or neurologic disorders that could affect
cognitive function; any history of brain tumors,
substance abuse or dependence, and use of clonazepam,
antidepressants (SSRI, SNRI, and others), or exogenous
melatonin over the past 6 weeks; any serious medical
condition that could affect the structure and/or function
of the pineal gland or abnormalities in pineal gland
morphology such as neoplastic lesions or extremely
large cystic gland (diameter greater than 15.0 mm) [36];
and conditions that could mimic the symptoms of RBD
such as RLS and OSA. We diagnosed RLS using the
Cambridge-Hopkins Restless Leg Syndrome questionnaire (CHRLSq) [37] and defined OSA as a
STOPBANG questionnaire [38] score of ≥ 5 points.

A panel of research neuropsychiatrists determined the
participants’ final diagnoses in both the KLOSCAD [34]
and the KLOSHA [35]. Two neuropsychiatrists (K.W.K
and J.W.H) participated in both panels. In both the
KLOSCAD and the KLOSHA, we diagnosed dementia
and other Axis I mental disorders according to the
Diagnostic and Statistical Manual of Mental Disorders,
4th Edition, Text Revision (DSM-IV-TR) criteria [47] and
MCI according to the criteria by the International
Working Group on MCI [48]. We defined CN as
functioning independently in the community and
showing no evidence of cognitive impairment in
objective neuropsychological tests.
Assessment of RBD symptoms
We evaluated behavioral features of RBD using the
RBDSQ [29]. The RBDSQ is a self-reported screening
instrument for diagnosing RBD and is comprised of 10
items assessing the most prominent clinical features of
RBD: items 1 to 4, the frequency and content of dreams
and their relationship to nocturnal movements and
behavior; item 5, self-injuries and injuries to the bed
partner; item 6, four subsections specifically assessing
nocturnal motor behavior, e.g. questions about
nocturnal vocalization (6.1), sudden limb movements
(6.2), complex movements (6.3) or bedside items that
fall down (6.4); items 7 and 8, nocturnal awakenings;
item 9, disturbed sleep in general; and item 10, the
presence of any neurological disorder. Each item
could be answered as ‘‘yes’’ or ‘‘no’’. The RBDSQ
score ranges from 0-13 points, with higher scores
indicating more features associated with RBD. We
defined pRBD individuals as having a total score of 5
or higher on the RBDSQ [29]. The questionnaire was
completed by the subjects with aid from their partners
if needed.

The study protocol was approved by the institutional
review board of the Seoul National University Bundang
Hospital. All the participants were fully informed of the
study protocol, and written informed consent was
provided by them or their legal guardians.
Assessment of cognitive function
In both the KLOSCAD and the KLOSHA, geriatric
psychiatrists with expertise in dementia research
administered face-to-face standardized diagnostic
interviews, detail medical histories, laboratory tests, and
physical and neurological examinations using the
Korean version of the Consortium to Establish a
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Segmentation of the pineal gland

Statistical analysis

We performed brain MRI using a Philips 3.0 Tesla
Achieva
scanners
(Philips
Medical
Systems;
Eindohovenm, the Netherlands) within 3 months of the
clinical assessments. We obtained 3D structural T1weighted spoiled gradient echo sequences with the
following parameters: acquisition voxel size = 1.0 × 0.5 ×
0.5 mm; 1.0 mm sagittal slice thickness with no inter-slice
gap; repetition time = 4.61 ms; echo time = 8.15 ms;
number of excitations = 1; flip angle = 8°; field of view =
240 × 240 mm; and acquisition matrix size = 175 × 256 ×
256 mm in the x-, y-, and z-dimensions. We implemented
bias field correction to remove the signal intensity
inhomogeneity artifacts of MR images using Statistical
Parametric Mapping software (version 8, SPM8;
Wellcome Trust Centre for Neuroimaging, London;
https://www.fil.ion.ucl.ac.uk/spm) in MATLAB R2014a
(MathWorks Inc., Natick, MA, USA). We resliced the
MR images into an isotropic voxel size of 1.0 × 1.0 × 1.0
mm3. We measured ICV using FreeSurfer software
(version 5.3.0; http://surfer.nmr.mgh.harvard.edu) to
adjust for inter-individual variabilities in brain volume.

We compared continuous variables using independent
samples t-tests and categorical variables using chisquare tests between groups. We examined the
associations of VPP and VPG with RBDSQ-T using
multiple linear regression model adjusted for age, sex,
years of education, ICV, head injury, smoking, and
alcohol drinking as covariates. To test the robustness
of our observation, we also examined the associations
of VPP and VPG with the RBDSQ-6 using multiple
linear regression model adjusted for diagnosis, age,
sex, years of education, ICV, head injury, smoking,
and alcohol drinking as covariates. In each of the
linear regression models, VPP, VPG, RBDSQ-T and
RBDSQ-6 were entered as continuous variables. We
assessed multicollinearity using collinearity statistical
tests (tolerance and variance inflation factor). We
compared VPP and VPG between the participants with
pRBD and those without pRBD using analysis of
covariance that adjusted for age, sex, years of
education, ICV, head injury, smoking, and alcohol
drinking as covariates. We examined the association of
baseline VPP and VPG with the risk of prevalent pRBD
at baseline and the risk of incident pRBD at 2-year
follow-up evaluation using binary logistic regression
analyses that adjusted for age, sex, years of education,
ICV, head injury, smoking, and alcohol drinking
at the baseline evaluation as covariates. We examined
the diagnostic performances of the baseline VPP
and VPG for prevalent pRBD at the baseline evaluation
and the predictive accuracy for incident pRBD at
the 2-year follow-up evaluation using the ROC
analyses. We calculated the optimal cutoff values and
AUC using Youden index maximum (sensitivity +
specificity − 1) [50].

For each participant, trained researchers blinded to the
demographics and clinical characteristics constructed a
3D mask of each pineal gland by manually segmenting
the pineal gland slice-by-slice on the resliced T1-weighted
MR images using the ITK-SNAP (version 3.4.0;
http://www.itksnap.org) volumetric imaging software. We
segmented the pineal glands primarily on the sagittal
planes and corroborated the results on the axial and
coronal planes. We identified the pineal gland using the
following structures as guides: the quadrigeminal cisterna,
posterior portion of the third ventricle, superior colliculus,
and habenula. Except for the portion connected to the
habenula, defining of the boundaries of the pineal gland
was straightforward as it is surrounded by cerebrospinal
fluid [13]. We carefully differentiated the pineal gland
from the adjacent vascular structures, especially the vein
of Galen and the paired internal cerebral veins. We
defined a pineal cyst as an area of homogenous intensity
that was isointense to cerebrospinal fluid in T1 sequence
images [27, 49] with a diameter of 2.0 mm or greater [27].
We measured the VPG and VPC and estimated the VPP
by subtracting VPC from VPG.

For all analyses, we considered a two-tailed p-value less
than 0.05 as statistically significant, and we employed
Bonferroni corrections to reduce type I error when
multiple comparisons were conducted. We performed
all statistical analyses using SPSS for Windows (version
20.0; IBM Corporation; Armonk, NY).
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To determine inter-rater reliability, we assessed the
intraclass correlation coefficients (ICCs) for 30 subjects
who were randomly selected from the 258 participants
with a time gap of 2 months. The ICCs were 0.971
(95% confidence interval [CI] = 0.940 - 0.986) for the
VPG and 0.950 (95% CI = 0.894 - 0.976) for the VPC.
The VPG was strongly correlated with the VPP (r =
0.914, p < 0.001) and the VPC (r = 0.701, p < 0.001) in
our participants.
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ABSTRACT
Background: There is increasing evidence that people in the early stages of Alzheimer’s disease (AD) have subtle
impairments in cognitive inhibition that can be detected by using relatively simple eye-tracking paradigms, but
these subtle impairments are often missed by traditional cognitive assessments. People with mild cognitive
impairment (MCI) are at an increased likelihood of dementia due to AD. No study has yet investigated and
contrasted the MCI subtypes in relation to eye movement performance. Methods: In this work we explore
whether eye-tracking impairments can distinguish between patients with the amnesic and the non-amnesic
variants of MCI. Participants were 68 people with dementia due to AD, 42 had a diagnosis of aMCI, and 47 had
a diagnosis of naMCI, and 92 age-matched cognitively healthy controls. Results: The findings revealed that eyetracking can distinguish between the two forms of MCI. Conclusions: The work provides further support for eyetracking as a useful diagnostic biomarker in the assessment of dementia.

INTRODUCTION
Alzheimer's disease (AD) is a severe neurodegenerative
disease of the human brain, for which there is as yet no
cure. When a disease modifying therapy becomes
available, it will be essential to administer this treatment
in the very earliest stages of the disease, before
pathological changes in the brain are widespread,
rendering the treatment ineffective [1]. Thus,
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identifying the presence of AD in the pre-dementia
‘prodromal’ or even ‘preclinical’ phase is essential [2].
Current biomarkers that are able to detect AD in the
earliest stages are either invasive (i.e. involving a
lumbar puncture to a cerebrospinal fluid sample) or
expensive (i.e. involving neuroimaging). Thus, the
discovery of a reliable non-invasive and low-cost
biomarker would be an important development with
implications for the early diagnosis and monitoring of
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the disease, particularly on a global scale, since invasive
and/or expensive biomarkers may not be widely
available.
Eye movements provide a sensitive, low cost and noninvasive marker of cognitive change or deterioration
[3,4]. People with AD gradually lose the efficient
control of attention and develop impairments of both
inhibitory control and eye movement error-correction
[5]. Specifically, the inhibition of a gaze-shift towards a
salient stimulus as well as the ability to direct a
voluntary gaze-shift away from this stimulus is
impaired. This difficulty in gaze control may be due to
cognitive defects of either inhibitory control, working
memory (WM), or both [6,7]. The error frequency in the
antisaccade task (AST) also correlates with the severity
of AD [3]. Importantly, eye movement deficits can
develop early in the course of the disease, even before
cognitive deficits are revealed by standard
neuropsychological tests [3,7]. A critical issue then is
whether eye-movement impairments are detectable in
people who are in a preclinical stage of AD and
therefore at a greater risk of developing clinical
dementia.
A strong correlation has been reported [8] between
antisaccade error rate with cortical thinning (brain
atrophy) in a mild cognitive impairment (MCI) group.
However, this work did not distinguish between the
different types of MCI, thus the low and high-risk of
dementia participants were conflated in their study. In a
separate study, a group of amnesic MCI (aMCI)
participants were contrasted to age-matched controls
who were assessed both using the AST and with fMRI
to measure structural changes [9]. The fMRI data
revealed that participants with aMCI showed reduced
activation in frontal eye fields and increased inhibitory
errors when performing the AST. Although this work
supports eye-tracking as a useful diagnostic tool in
detecting individuals at high risk of dementia, the
evidence was not conclusive, as there was no direct
comparison between an aMCI and a non-amnesic MCI
(naMCI) group. Evidence that saccadic impairment was
significantly greater in the aMCI group with the higher
risk for dementia due to AD, in comparison to the
naMCI group who are at a lower risk, would clearly
provide more compelling support for the validity of the
AST as an early diagnostic marker.
A clinically useful biomarker should be able to detect
subtle signs of impairment in a group of participants at
higher risk of dementia such as those with MCI. MCI is
a clinical syndrome characterised by impairments in
cognition that are worse than would be expected for a
person of their age. MCI has several outcomes; it can
lead to dementia if the underlying cause is AD, or other
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types of neurodegenerative conditions; or it may be
transient, reversible [10] or even static. People with a
diagnosis of MCI are at an increased risk of developing
dementia compared to cognitively healthy adults with 510% of MCI patients progressing to dementia annually
(see [11]). Traditionally, the clinical syndrome of MCI
was considered to be a relatively distinct stage of
dementia since the cognitive deficits were not severe
enough to impact significantly on the individual’s
ability to conduct their activities of daily living [12].
However, there is a growing consensus [13,1,2] that
MCI should be considered a prodromal and/or
preclinical stage between normal cognitive health and
AD. MCI can be further split into aMCI and naMCI
types [12]. Those with aMCI experience greater
memory impairment in comparison to naMCI. Further,
[14] found evidence that there are structural differences
between aMCI and naMCI in certain brain regions (the
largest differences found for the hippocampus and
entorhinal cortex). This suggests that memory
differences may be the result of physical changes in the
brain. Critically, there is a higher conversation rate to
dementia due to AD for people diagnosed with aMCI,
than naMCI [15-17]. Thus, people with aMCI are at
much greater risk of progressing to AD than healthy
adults or naMCI. No study has yet investigated the
comparison of MCI subtypes in relation to eye
movement performance. The principal aim of the
current work was to explore and evaluate such
evidence.

RESULTS
Antisaccade latency
The latencies for all correct saccades in the antisaccade
are shown in Figure 1A. A one-way ANOVA on the
mean antisaccade latencies revealed that there was a
significant main effect of participant group
(F(3,238)=13.541;p<.005; η2=.146). AD (N=65;
mean=404; SD=86; 95% CI=383-427) generated
significantly longer latencies than the CP group (N=91;
mean=338ms;
SD=84;
95%
CI=321
-355;
t(154)=4.801;p<.0005; d=.77) and the naMCIs (N=46;
mean=363ms;
SD=62;
95%
CI=346-381;
t(109)=2.78;p=.006; d=.53). However, antisaccade
latencies did not differ between the aMCI (N=40;
mean=419ms; SD=82; 95% CI=394-444) and the AD
group (t(103)=.857;p=.394; d=.17). The mean latencies
of aMCI group were significantly longer than the
naMCI group (t(84)=3.607;p=.001; d=.79), and the CP
group (t(129)=5.116;p<.0005; d=.90). The latencies for
the naMCI did not differ from the CP group
significantly (t(135)=1.785;p=.077; d=.31). Because age
was not balanced between the groups we next
performed an analysis of covariance. The ANCOVA,
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Figure 1. The eye movement variables for the Alzheimer's disease (AD), amnesic Mild Cognitive Impairment (aMCI),
non-amnesic Mild Cognitive Impairment (naMCI), and control participants (CP). (A) Antisaccade latencies (left panel); (B)
Antisaccade uncorrected errors (right panel).

with a between-subjects factor: group (AD, aMCI,
naMCI, CP); and a covariate: age, revealed a significant
main effect of age (F(1,230)=32.115;p<.0005; η2=.123),
and
group
(F(3,230)=6.175;p<.0005;
η2=.075).
However, the corrected model, with age as a covariate
was also significant (F(4,230)=18.087;p<.0005;
η2=.239), confirming that the group effect remained
after age was partialled out. To provide further
verification that age did not affect results we selected a
subsample of age-matched participants. This agematched sample was achieved by excluding the oldest
AD (N=4) and aMCI (N=3) and the youngest CPs
(N=22) and naMCI (N=9) participants from the sample.
An ANOVA confirmed that the groups were matched
across age (F(3,201)=.800;p=.495; η2=.012). The
antisaccade latency findings were replicated in this agematched subsample. ANOVA revealed a significant
main effect of participant group for mean antisaccade
latencies (F(3,201)=7.263;p<.0005; η2=.098). AD
(N=62; mean=402ms; SD=88; 95% CI=381-425)
revealed increased latencies in comparison to the CP
group (N=69; mean=351ms; SD=88; 95% CI=331-374;
t(129)=3.304;p=.001; d=.58), and the naMCI group
(N=37; mean=363; SD=64; 95% CI=343-383;
t(97)=2.311;p=.023; d=.47). Again, the aMCI (N=37;
mean=418; SD=83; 95% CI=392-445) did not differ
from AD (t(97)=.910;p=.365; d=.19). The aMCI group
revealed significantly longer latencies compared to the
naMCI group (t(72)=3.160;p=.002; d=.75), and the CP
group (t(104)=3.811;p<.0005; d=.75). The antisaccade
latencies for the naMCI group did not differ from CP
group (t(104)=.759;p=.449; d=.15).

antisaccade experiment. A logistic regression [18] was
fitted to the proportion of uncorrected errors, with
weights proportional to the number of AST completed
per participant and a dispersion parameter to account for
potential higher than anticipated variation in the number
of uncorrected errors. Estimated log-odds regression
coefficients, presented in Table 1, identify that the
proportion of uncorrected errors are significantly lower
than 50% for all groups, and thereby revealing that there
was a significant effect on participant group for the
antisaccade errors (F(3,245)=10.914; p<.0005). The
distribution of the standardised Pearson residuals did
not visually appear to satisfy the assumption of the
normal distribution. However, a one-way ANOVA test
suggest that the residual contain no further dependence
on group (F(3,245)=.108; p=.956) and likewise from a
non-parametric analysis using the Kruskal Wallis H
Test (H(3)=3.073; p=.381).

Antisaccade uncorrected errors

As expected, AD (N=68; mean proportion=26; SD=29;
95% CI=19-33) generated increased errors in
comparison to the CP group (N=91; mean
proportion=10; SD=11; 95% CI=8-13; χ2(1)=18.459;
p<.0005). Critically, the aMCI group (N=42; mean
proportion=30; SD=30; 95% CI=21-39) generated a
higher proportion of antisaccade errors compared to the
naMCI group (N=46; mean proportion=12; SD=11;
95% CI=9-16; χ2(1)=11.774; p=.001) and the CP group
(χ2(1)=21.806; p<.0005). However, there was not a
significant difference in the errors of the aMCI and the
AD group (χ2(1)=.665; p=.415) and also between the
naMCI and CP groups (χ2(1)=.588; p=.446). The
difference between the AD and naMCI was shown to be
significant (χ2(1)=8.792; p=.003).

Figure 2B shows the mean frequency (%) total number
of trials with uncorrected errors in each group for the

An extension to the model that included participant age
revealed that the group main effect remained significant
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Table 1. Log-odds coefficient estimates for cognitive groups from the weighted logistic regression model
for the proportion of uncorrected AST errors.
Group

Log-odds

SE

All participants (N=249), dispersion = 5.361
AD
-1.242
0.1389
aMCI
-1.063
0.1699
naMCI
-1.974
0.2038
CP
-2.176
0.1670
Age matched (N=211), dispersion = 5.645
AD
-1.226
0.1453
aMCI
-1.107
0.1827
naMCI
-1.959
0.2317
CP
-2.266
0.2066

95% Confidence Interval
Lower
Upper

Wald
Chi-Square

-1.515
-1.396
-2.373
-2.503

-0.970
-0.730
-1.574
-1.848

79.973
39.192
93.782
169.688

-1.511
-1.466
-2.413
-2.371

-0.941
-0.749
-1.505
-1.861

71.218
36.742
71.487
120.267

All chi-squared Wald statistics are based on 1 degree of freedom and all correspond to p-values less than 0.0005.

(F(3,235)=8.173; p<.0005), whilst age was not
(F(1,235)=.167; p=.684). To provide further verification
that age was not a confounding factor, an age-matched
sample was entered in the analysis. The results,
presented in Table 1, were essentially replicated. There
was a significant main effect of participant group for
antisaccade errors (F(3,207)=9.295; p<.0005). For
antisaccade errors, the AD (N=64; mean proportion=26;

SD=28; 95% CI=19-32) revealed an increased error rate
compared to the CP group (N=69; mean proportion=10;
SD=10; 95% CI=7-12; χ2(1)=16.945; p<.0005) and the
naMCI group (N=37; mean proportion=13; SD=12;
95% CI=9-16; χ2(1)=7.183; p=.007). Again, critically,
the aMCI group (N=39; mean proportion=30; SD=31;
95% CI=20-40) revealed a significantly higher
frequency of errors compared to the naMCI group

Figure 2. Heatmap plots of the extracted gaze signals in each of participant groups. The x-axis indicates the time since

saccadic target appearance, and the y-axis presents the aligned horizontal gaze position. The warmer the colour; the higher is the
gaze point density in the corresponding spatial-temporal location. Note that the longest "comet" tails, reflecting a high proportion of
uncorrected errors, are evident for the Alzheimer's (AD) and the amnesic Mild Cognitive Impairment (aMCI) groups. The control
participants (CP) and the non- amnesic MCI have distinctly shorter "comet" tails.
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(χ2(1)=8.327;
(χ2(1)=17.635;
differ from the
did the naMCI
p=0.323).

p=0.004) and the CP group
p<.0005). The aMCI group did not
AD group (χ2(1)=.258; p=.612 and nor
group from the CP group (χ2(1)=.976;

Further, to confirm whether AST error rate was
associated with memory decline we performed a series
of correlations between AST failure rate and FCSRT
free recall score. Overall there was a negative
association between AST error rate and FCSRT free
recall (r(180)=-.480;p<.0005) which indicates that an
increase in AST errors was associated with poorer free
recall on the FCSRT task. This association was also
observed when considering the participant groups
separately: a significant negative association was found
between AST error rate and FCSRT free recall within
AD patients (r(42)=-.430;p=.004), aMCI (r(39)=.439;p=.004), and marginally for naMCI (r(44)=.288;p=.052). The association was not significant in
control participants (r(49)=-.166;p=.243). The results
indicate that AST inhibitory control is associated with
memory decline in patient groups.
To clarify the spatial-temporal characteristics of the
extracted signals in the AST, heatmaps of the gaze
positions of each participant group are displayed in
Figure 2. The heatmaps that the density and length of
the “comet” (yellow) tail is shortest for the CP and
naMCI groups; and longest for the AD and aMCI
groups. This reflects the findings reported above, that
the AD and aMCI generated a high proportion of errors
in the AST which are uncorrected. Fewer of these
uncorrected errors are seen in the traces of the control
and naMCI group. In summary, three salient patterns
emerge: (1) There were a number of reflexive saccades
to the target location (which should have been inhibited)
that increased from the level in CP participants, to the
naMCI patients, to the aMCI patients, and finally
showing the highest level in the AD patients. (2)
Similarly, the time cost to correct the mistakes increases
from the CP participants, to the naMCI patients, to the
aMCI patients, and finally to the AD patients. Given
1500 milliseconds since target onset, the naMCI
patients and the CP participants could correct almost all
the mistakes, while the AD and aMCI patients have
more uncorrected mistakes. (3) The CP participants
revealed a higher proportion of correct antisaccades and
corrected errors in comparison to the patient groups
(AD, aMCI, naMCI).

DISCUSSION
We can summarise the key findings from this work: (1)
These findings demonstrate for the first time, that the
AST can discriminate between people with aMCI and
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naMCI; and (2) The findings replicated the previously
reported impairment in inhibitory control of
antisaccades in people with dementia due to AD.
These results confirm that the AST is a promising
biomarker for dementia. Given that people with MCI
are more likely to develop dementia due to AD than
cognitively healthy adults, and in particular that people
with (aMCI) are at the highest risk of progressing to a
full dementia syndrome, this may also offer an
additional prognostic tool for predicting which people
with a diagnosis of MCI are more likely to progress to
dementia due to AD. Our results support previous
literature which has also demonstrated that AD [3,5]
and MCI [8,9] participants are impaired on the AST.
These findings, when taken together, may therefore
indicate that people with AD gradually lose the efficient
control of attention and develop impairments of both
inhibitory control and eye movement error-correction.
There is a growing consensus that eye-tracking now
provides an important opportunity for clinicians to
detect the very early stages of Alzheimer’s disease,
during the MCI phase. Several meta-analyses have been
conducted all conclude that there is a clear excess of
inhibition errors in AD (e.g. [19]). These findings are
particularly compelling given the coupling of the
impairments that have been replicated in these studies.
For example, one recent study [20] replicated the
increase in antisaccade errors together with a decrease
in the frequency of corrected errors. This pattern of
inhibitory impairment has not been found in other
neuropsychiatric
neurodegenerative
such
as
schizophrenia [21] or Parkinson’s disease [5]. There is
therefore little doubt that eye-tracking offers a highly
reliable, simple, non-invasive assessment and patientfriendly tool for the cognitive assessment of dementia.
In line with previous work, Holden et al [22] have
shown that aMCI patients also show the increased
antisaccade error rates. However, as one recent metaanalysis confirmed, no previous study has yet compared
the different subtypes of MCI in a direct comparison of
oculomotor function [19]. Here we show that people
with aMCI have significant impairment of inhibitory
control that is similar to AD; whilst people with naMCI
are relatively unimpaired, with a level of inhibitory
control that was more similar to the control group.
Our results suggest that inhibitory control of eye
movement may be one of the earliest biomarkers of the
onset of AD. Inhibitory control deficits appear to be
associated with memory decline. There have been
relatively few studies of antisaccades in MCI, and, to
our knowledge, no longitudinal studies. In future work,
the AST could be studied in people with MCI using a
prospective longitudinal study design. We hypothesise
that those people with increased antisaccade error rates
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Table 2. Descriptive statistics (SD) of participants including cognitive assessment (MoCA) scores for each
group.
Amnesic mild

Non-amnesic

Dementia due

cognitive

mild cognitive

Control

to AD

impairment

impairment

participants

p-value

Age

74 (7.7)

74 (7.4)

69(6.9)

69 (7.2)

<.0005

Sex (% male)

50%

41%

57%

43%

.297 ns

MoCA total score

20 (5.7)

21(4.5)

25 (2.2)

28 (1.8)

<.0005

FCSRT – Free Recall

17.32 (12.0)

18.7 (7.7)

32.3 (4.2)

36.1 (5.7)

<.0005

FCSRT - Total

36.2 (14.8)

45.1 (4.4)

47.4 (1.3)

47.8 (0.8)

<.0005

Digit span total

15.6 (4.1)

16.4 (3.7)

16.7 (4.8)

18.7 (4.5)

<.0005

Spatial span total

11.3 (3.1)

12.6 (3.1)

13.0 (2.6)

14.6 (2.8)

<.0005

MoCA - Montreal Cognitive Assessment [25]; Free cued selective reminding task free recall and total score [26]; digit
span and spatial span [27,28].

will be more likely to have poorer memories and may
be at risk of developing dementia due to AD. Overall,
our results support the role of the AST as a useful
supplementary tool for the early detection of decline in
people with MCI.
Inhibitory error rates in the antisaccade are sensitive to
memory impairment, but may even precede it in a patient
with dementia [5]. The results obtained from this study
demonstrate that eye movements during the AST could
be used to automatically classify participants as being at a
higher risk of AD. There are potentially a number of
practical implications for this observation. With early
detection of AD, the potential for commencing effective
interventions earlier are increased.

MATERIALS AND METHODS
Participants
Participants were men and women between the ages of
55 and 90, with at least 11 years of education and fluent
English-speakers. Of these, 68 were people with
dementia due to AD, 42 had a diagnosis of aMCI, and
47 had a diagnosis of naMCI. We also included 92 agematched cognitively healthy people to act as control
participants (see Table 2). Control participants were
recruited from the local community or were the
spouse/partner of the AD or MCI participants. All
participants were white British or European.
Participants with MCI or dementia due to AD were
recruited through local memory clinics in the National
Health Service (NHS) and had received a clinical
diagnosis following a full assessment with a dementia
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specialist. All those in the dementia group met clinical
criteria for dementia due to AD, as per NINCDSADRDA criteria [23]. Those with a diagnosis of MCI
met the following criteria [24]: (1) subjective
complaints of memory decline (reported by the person
themselves or an informant); (2) objective memory or
other cognitive impairment (considered when scores on
standard cognitive tests were >1.5 SDs below
age/education adjusted norms) with or without deficits
in other cognitive domains; (3) intact daily-life
activities. To subtype the MCI group further into aMCI
and naMCI, we applied the [24] criteria (see below).
Participants with intact cognition (as assessed by a
series of cognitive tasks; see below) were recruited from
the local community. Participants were not eligible for
the study if they had a previous history of head trauma,
stroke, cardiovascular disease, active or past alcohol or
substance misuse or dependence, or any physical or
mental condition severe enough to interfere with their
ability to participate in the study. Those with a global
or specific learning disability were also not eligible to
participate in the study. All participants had the capacity
to consent to participation in the study and signed
informed consent. Ethics’ Committee approval was
granted by Lancaster University and NHS Health
Research Authority.
Stimuli and tasks
Eye-tracking was assessed using the AST. Cognition
was assessed the Montreal Cognitive Assessment
(MoCA: [25]), the Free and Cued Selective Reminding
Test with Immediate Recall (FCSRT-IR: [26]), and the
digit and spatial span [27,28].
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Apparatus
We used an EyeLink Desktop 1000 eye-tracker (SR
Research) with sampling at 500 Hz. Participants sat 55
cm away from the monitor (60 Hz). Their dominant eye
was determined using the Miles test [29] and tracked
accordingly. Experiment Builder software (SR
Research) was used to control the stimulus events
during the eye-tracking tasks.
Antisaccade task (AST)
Each antisaccade trial was preceded by a 1 second
instruction screen stating that the participant should
look toward the target. A central fixation target central
fixation was displayed in white on a black background.
This was displayed for one second. There was a 200ms
blank interval before the appearance of the saccade
distractor. The saccade distractor (in red) was then
presented in a random order 4 degrees away from where
the fixation target had been either on the left or right
side for 2 seconds. Participants were asked to fixate at
the central point then generate the saccade to the
opposite position of the screen as soon as the distractor
appeared. There were a total of 24 antisaccade trials in
AST.
Montreal cognitive assessment (MoCA)
The MoCA is a brief screening tool for Alzheimer’s
dementia that includes the domains of attention and
concentration, executive functions, memory, language,
visuoconstructional
skills,
conceptual
thinking,
calculations, and orientation. The test generates a
maximum score of 30; a scores of 26 or more is
considered normal.
Free Cued Selective Reminding Task Immediate
Recall (FCSRT-IR)
The International Working Group on Alzheimer’s
disease [30] recommended the free and cued selective
reminding test (FCSRT: [26]) to assess memory, as it
showed high sensitivity and specificity in the
differentiation of dementia due to AD from healthy
controls, and aMCI from naMCI (see [12]). Participants
were asked to memorise line drawings of a set of easily
recognised objects (e.g., grapes) which belonged to
unique category cues (e.g., fruit). 16 items to be learned
were presented four at a time on a card, one picture in
each quadrant. Participants were asked to search each
card, then point to and then name aloud each item (e.g.,
grapes) after its cue (fruit) was verbally presented. The
card was then removed, and the participant immediately
performed a cued recall of just those four items on the
basis of the category cue. Participants were reminded of
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any items that were not recalled by presenting the cue
and the item together (e.g., the vehicle was a train). This
procedure was repeated for all 16 pictures across the
four cards. Participants were then given a test phase that
consisted of three recall trials. Each test was preceded
by a 20 second counting distractor task. Each recall trial
consisted of two parts; after two minutes of free recall,
category cues were provided for items not retrieved
during the free recall phase. If subjects failed to retrieve
the item when provided with the category cue, they
were reminded by the presentation of both the cue and
the item together. A measure of free recall and a
measure of cued recall was obtained by calculating the
correct responses (both out of a total of 48). This task
has high validity as it has been used extensively in
informing MCI and AD diagnoses [24]. [24]
recommends that scores equal to or below 27 on the free
recall score indicate aMCI, whilst scores of 28 and over
indicate naMCI.
Digit span
In the digit span task [27,28], which assesses
phonological memory function, participants were
verbally presented with strings of single digit numbers.
Once the string had been presented, the participant was
asked to recall the digits in the correct serial order. The
number of digits presented gradually increased during the
course of the experiment, starting with two and going up
to a maximum of nine. Two trials were presented at each
level and a participant must get both correct in order to
progress to the next level of the task. Participants then
completed a reverse digit span task where participants
need to reverse the order of the presented sequence.
Again, the number of digits presented gradually increased
from two to eight. Two trials were presented at each level
with both correct needed in order to progress. A total
digit span score was then calculated out of 30 by
summing the correct trials together.
Spatial span
In the spatial span task [27,28], participants were
presented with an array of nine squares. Squares in the
array were selected one at a time by the experimenter.
At the end of the sequence, it was the task of the
participant to indicate the locations of the selected
squares in the correct serial order. The number of
squares selected in sequence increased over the course
of the experiment from two up to a maximum of nine.
Two trials were presented at each level and a participant
had to get both correct in order to progress. A reverse
version of the task was also performed with the
participant indicating the sequence in the backwards
order. A measure of total spatial span score was
calculated out of a total of 32.
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Figure 3. A diagrammatical representation of an antisaccade trial. The thick black line demonstrates the location of the
distractor. The red line demonstrates the eye incorrectly moving toward the distractor. The green line demonstrates a correct
antisaccade away from the distractor.
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ABSTRACT
Common age-related changes in the human eye contribute to the development of dry eye, including decreases
in aqueous tear production. Although the infiltration of lymphocytes into the lacrimal glands occurs with age,
age-related increases in tear production have also been observed in mice; however, the mechanisms underlying
this increase remain unclear. We herein demonstrated that increases in tear production were not dependent on
body weight gain or systemic conditions, such as insulin resistance, using aged mice and high-fat diet-fed mice.
The results obtained also showed that senescence-associated T (SA-T) cells accumulated in the lacrimal glands
of aged mice, particularly females. Expression levels of the nuclear transcription factor peroxisome proliferatoractivated receptor-γ (PPARγ) in whole lacrimal glands and epithelial cells isolated from lacrimal glands were
significantly higher in aged mice than in young mice. The expression levels of adiponectin and one of its
receptors, AdipoR2, also increased in the lacrimal glands of aged mice, but not in those of high-fat diet-fed
mice. Collectively, the present results indicate that PPARγ and adiponectin-mediated signaling contribute to
age-related increases in tear production in mice and have potential as therapeutic targets for the treatment of
dry eye in humans.

INTRODUCTION
Epidemiological studies have shown that the prevalence
of dry eye increases every five years after the age of 50
years, with a higher prevalence being reported in women
than in men [1–3]. Age and female sex have been
identified as the greatest risk factors for dry eye, and this
is supported by the clinical findings of decreased tear
production in women through the 6th decade of life [4, 5].
The lacrimal glands are significantly affected by aging.
Various histopathological changes, which cause tear
dysfunction, have been reported in the lacrimal glands of
humans, such as the infiltration of lymphocytes [6, 7].
However, a previous study reported that despite the agerelated infiltration of lymphocytes into the lacrimal
glands of aged mice, the volume of tears produced was
www.aging-us.com
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larger in aged mice than in young mice [8]. The
mechanisms underlying these increases in tear production
in aged mice have not yet been elucidated.
Metabolic disorders, such as diabetes, affect tear
production and are associated with dry eye [9, 10].
Regarding the mechanisms responsible for type 2
diabetes, aging is known to induce insulin resistance
[11], which is attributed to decreased plasma
adiponectin levels in humans [12]. Adiponectin is a 30kDa multimeric protein that is mainly secreted by white
adipose tissue, and has insulin-sensitizing [13], antiatherogenic, and anti-inflammatory properties [14, 15].
Moreover, adiponectin is secreted from adipocytes into
the bloodstream as three oligomeric complexes: a
trimer, hexamer, and high-molecular-weight multimer
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comprising at least 18 monomers [16, 17]. Assembly
into the high-molecular-weight form is essential for the
function of adiponectin [18]. Globular adiponectin, the
globular C1q domain of adiponectin generated from the
full-length protein by proteolysis, is also biologically
active [19]. AdipoR1 and AdipoR2, two structurally
related seven-transmembrane receptors, function as
adiponectin receptors. AdipoR1 exhibits high affinity
for globular adiponectin and low affinity for full-length
adiponectin. On the other hand, AdipoR2 mainly
recognizes full-length adiponectin [20]. The nuclear
transcription factor peroxisome proliferator-activated
receptor-γ (PPARγ) is a major regulator of adipocyte
function and controls the secretion of adipokines,
particularly adiponectin [21–23]. Previous studies
reported that a PPARγ ligand and adiponectin exerted
therapeutic effects on tear production [24, 25].
In the present study, we examined the involvement of
insulin resistance in stimulated tear secretion in aged
[26] and high-fat diet-fed [27] mice. Although the
volume of tears secreted increased with age, it slightly
or significantly decreased in high-fat diet-fed mice in a
gender-dependent manner. Neither high-fat diet feeding
nor aging exerted significant effects on the mRNA
expression levels of muscarinic acetylcholine receptor
M3 (M3R), a selective receptor of pilocarpine, in the
lacrimal glands. Moreover, we confirmed that not only
lymphocytes, as previously reported [8], but also
senescence-associated T (SA-T) cells, which mainly
accumulate in lymphoid tissues with age [28], also
accumulated in the lacrimal glands of aged mice.
PPARγ mRNA expression levels significantly increased
in lacrimal glands as well as primary epithelial cells
isolated from the lacrimal glands of aged mice.
Adiponectin mRNA levels significantly increased in the
white adipose tissue of aged mice. The present results
also revealed that adiponectin and adipoR2 mRNA
expression levels significantly increased in the lacrimal
glands of aged mice, but not in those of high-fat diet-fed
mice. These results indicate that PPARγ and
adiponectin-mediated signaling is involved in agerelated increases in tear production in mice.

RESULTS
Increases in pilocarpine-stimulated tear secretion in
aged mice, but not in high-fat diet-fed mice
Body weight and the weight of the lacrimal glands
were significantly higher in aged than in young male
and female mice (Figure 1A, 1B). The volume of tears
secreted also significantly increased with aging
(Figure 1C), even when volumes were adjusted for
body weight (Figure 1D) or the weight of the lacrimal
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glands (Figure 1E). However, although body weight
significantly or slightly increased in high-fat diet-fed
male or female mice, respectively (Figure 1F), the
volume of tears secreted significantly decreased in
high-fat diet-fed female, but not male mice (Figure 1G,
1H). These results suggest that the volume of
stimulated tear secretion was not dependent on body
weight or systemic conditions, such as insulin
resistance.
Effects of aging or high-fat diet feeding on M3R
mRNA expression in murine lacrimal glands
M3R is strongly expressed in the lacrimal glands and is
involved in the secretion of tears. Therefore, we
examined M3R expression levels in the lacrimal glands
of aged and high-fat diet-fed mice. No significant
differences were observed in M3R mRNA expression
levels between young and aged mice; expression levels
were slightly lower in aged mice than in young mice
(Figure 2A). On the other hand, no significant
differences were noted in M3R mRNA expression
levels between high-fat diet-fed mice and normal dietfed mice independent of sex (Figure 2B). These results
indicate that the increases and decreases observed in the
volume of tears secreted in aged mice and high-fat dietfed mice, respectively, were not dependent on M3R
expression levels in the lacrimal glands.
SA-T cell accumulation in lacrimal glands of aged
mice
The immune system undergoes aging, a typical feature
of which is a chronic, low-grade inflammatory status
called inflammaging [29], which is characterized by a
general increase in the production of pro-inflammatory
cytokines. Significant changes also occur in overall Tcell populations with age. In CD4+ T cells, the
populations of naïve (CD44loCD62Lhi) T cells markedly
decline in ontogeny, with age-dependent increases
occurring in effector memory T cells (CD44hiCD62Llo)
[30, 31]. Among effector memory CD4+ T cells, a
unique population, SA-T cells, which express
programmed cell death 1 (PD-1) and CD153, increase
in lymphoid tissues with aging [28]. Moreover,
Shirakawa et al. reported that SA-T cells also
accumulated in the visceral adipose tissue of high-fat
diet-fed mice, which induced chronic inflammation in
visceral adipose tissue and insulin resistance [32]. We
confirmed that effector memory CD4+ T cells markedly
increased in the lacrimal glands of male and female
aged mice (Figure 3A). The proportion of SA-T cells
also significantly increased in male and female aged
mice (Figure 3B, 3C), and the number of SA-T cells
was approximately four-fold higher in female aged mice
than in male aged mice (Figure 3D). Moreover, we
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confirmed that SA-T cells did not accumulate in the
lacrimal glands of high-fat diet-fed mice based on
CD153 mRNA expression levels (Figure 3E). These
results demonstrated that SA-T cells accumulated in the
lacrimal glands of aged, but not high-fat diet-fed mice.
PPARγ expression in lacrimal glands and adiponectin
mRNA expression in the white adipose tissue of aged
mice
PPARγ expression levels in the white adipose tissue of
humans and a rodent model were shown to significantly
decrease with aging [33]. However, in the present study,

PPARγ mRNA expression levels in the lacrimal glands
significantly increased in aged mice (Figure 4A), but
not in high-fat diet-fed mice (Figure 4B). By isolating
primary epithelial cells from the lacrimal glands, we
also confirmed that these expression levels significantly
increased in epithelial cells isolated from aged mice
(Figure 4C). PPARγ exists as two isoforms, PPARγ1
and PPARγ2, with the latter containing an additional 30
amino acids at its N terminus. PPARγ1 is expressed in
many tissues, while the expression of PPARγ2 is
restricted to adipose tissue under physiological
conditions [34]. We found that PPARγ1 protein levels
were significantly increased in the lacrimal glands of

Figure 1. Pilocarpine-stimulated tear secretion increased in aged mice, but not in high-fat diet-fed mice. (A and B) Body weights

and the weights of the lacrimal glands (LG) in young, middle-aged, and aged mice. Upper and lower graphs show male (N=5) and female mice
(N=4-6), respectively. (C–E) Absolute volume of tear flow (C), adjusted by body weight (D) or LG weight (E). Upper and lower graphs show
male (N=6) and female mice (N=4-6), respectively. (F) Body weight in normal diet (ND)- or high-fat diet (HFD)-fed mice for the indicated
period (N=4). Upper and lower graphs show male and female mice, respectively. (G and H) Absolute volume of tear flow (G) adjusted by body
weight (H) in ND or HFD-fed mice for the indicated period (N=4). Upper and lower graphs show male and female mice, respectively. Values
are presented as means ± SEM. *p<0.05 and **p<0.01 (an unpaired Student’s t-test). #p<0.05 and ##p<0.01 versus young mice (Dunnett’s
multiple comparison test).
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aged mice (Figure 4D), and PPARγ was detected in
both the cytoplasm and nuclei, with higher expression
levels in the cytosol of acinar cells (Figure 4E). A
previous study reported that adiponectin mRNA levels
in adipose tissue significantly decreased in high-fat dietfed mice and obese volunteers [35]. However, although
body weight and the volume of white adipose tissue in
mice increased with age, adiponectin mRNA levels
significantly increased in the white adipose tissue of
aged mice (Figure 4F). Since a PPARγ ligand and
adiponectin have been shown to enhance tear secretion
[24, 25], the present results indicate that increases
in PPARγ expression levels in the lacrimal glands
and in adiponectin expression levels in white adipose
tissue are involved in age-related increases in tear
secretion in mice.

Effects of aging and high-fat diet feeding on
adiponectin, adipoR1, and adipoR2 expression levels
in lacrimal glands
AdipoR1 and AdipoR2 are expressed in murine lacrimal
glands [25], and the administration of 5-aminoimidazole4-carboxamide ribonucleoside (AICAR), which is an
activator of adenosine monophosphate-activated protein
kinase (AMPK), similar to adiponectin, induced tear
secretion in mice [36]. Therefore, we investigated
adiponectin, adipoR1, and adipoR2 expression levels in
the lacrimal glands of aged and high-fat diet-fed mice.
The mRNA expression levels of adiponectin significantly
increased in aged mice, but not in high-fat diet-fed male
or female mice (Figure 5A). No significant changes were
observed in adipoR1 mRNA expression levels in aged or
high-fat diet-fed mice (Figure 5B). The mRNA expression
levels of adipoR2, which is mainly activated by fulllength adiponectin and, in turn, activates AMPK, were
significantly increased in aged mice, but not in high-fat
diet-fed mice (Figure 5C). In a Western blotting analysis,
we confirmed that AdipoR2 protein levels were markedly
increased in the lacrimal glands of aged mice (Figure 5D).
Moreover, EpCAM-positive cells expressed AdipoR2 in
the lacrimal glands of aged mice, particularly in duct cells
and the basal membrane of acinar cells (Figure 5E). Based
on the results shown in Figure 4, age-related increases in
tear secretion may be due to elevated expression levels of
PPARγ, adiponectin, and adipoR2 in the lacrimal glands
as well as increased adiponectin expression levels in white
adipose tissue.

DISCUSSION

Figure 2. Effects of aging or high-fat diet feeding on M3R mRNA
expression in lacrimal glands. M3R mRNA expression levels in
young and aged mice (N=7-8) (A), and in mice fed a normal diet
(ND) or high-fat diet (HFD) for 8 weeks (N=4-5) (B). Values are
presented as means ± SEM. NS, not significant (an unpaired
Student’s t-test).

www.aging-us.com
www.aging-us.com

8332
354

Although age and female sex are the greatest risk
factors for dry eye in humans, we and other researchers
[8, 37] showed that aqueous and pilocarpine-stimulated
aqueous tear production both paradoxically increased
with age in mice. The plasma levels of high-molecularweight adiponectin, which may represent the most
biologically active form of adiponectin [38, 39], were
previously shown to decrease with age in women only
[40], whereas high-molecular-weight adiponectin levels
in plasma [41] and adiponectin mRNA expression in
white adipose tissue (Figure 4F) both increased with age
in mice. These discrepancies between human and
murine adiponectin levels may result in paradoxical tear
secretion with age. We also confirmed that the volume
of tears secreted significantly decreased in high-fat dietfed female, but not male mice (Figure 1G, H). Comb et
al. reported that increases in plasma adiponectin levels
during sexual maturation were 2.5-fold larger in female
mice than in male mice [42]. In the present study, we
fed mice a normal or high-fat diet from 4 weeks of age
for 4 or 8 weeks, and sexual maturation occurred during
this period. Since adiponectin mRNA levels in adipose
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tissue significantly decreased in high-fat diet-fed mice
[35], plasma adiponectin levels may markedly decrease
if feeding of the high-fat diet starts before or during
sexual maturation in female mice, resulting in
reductions in tear secretion presumably via an
adiponectin-mediated pathway.
In addition to previous findings showing mild or
moderate lymphocytic infiltration in the lacrimal glands
of aged mice [8, 43], we also noted an increase in the
accumulation of SA-T cells in the lacrimal glands with
age (Figure 3). The elevated tear volume in aged mice
suggests that this level of inflammation is not sufficient
to decrease secretory function. SA-T cells express PD1, which a negative costimulatory receptor for T-cell
receptor (TCR) signaling [44], and CD153, which is a
tumor necrosis factor (TNF) superfamily protein [45].
SA-T cells show compromised proliferation and express
large amounts of proinflammatory cytokines, such as
osteopontin [28]. We demonstrated that the number of
SA-T cells was approximately four-fold higher in
female aged mice than in male aged mice (Figure 3D).

However, McClellan et al. reported that the CD4+ T-cell
population was larger in 24-month-old male mice than
in female mice of the same age [8]. In humans [46] and
mice [47], senescent CD4+ T cells have been shown to
play a role in the pathogenesis of rheumatoid arthritis
and systemic lupus erythematosus, which are femaledominant systemic autoimmune diseases. These
findings indicate that the systemic conditions of females
may be more inducible to senescent CD4+ T cells than
those of males. In the present study, we evaluated
CD153 mRNA levels as a marker for SA-T cells
(Figure 3E). In mice, CD153 has been detected on
activated CD4+ T cells and dendritic cells [48].
Infiltrated CD4+ T cells in the lacrimal glands of aged
mice were composed of the naïve or memory phenotype
(Figure 3A). We confirmed that CD8+ and naïve CD4+
T cells did not express CD153 using a flow cytometric
analysis (Supplementary Figure 1). Regarding DC,
McClellan et al. previously reported that CD11b+ major
histocompatibility complex (MHC) II+ cells and
CD11c+ MHC II+ cells decreased [8], and we also
confirmed that CD11b+ CD11c+ cells significantly

Figure 3. SA-T cells accumulate in lacrimal glands of aged mice, particularly in female mice. (A and B) Naïve (CD44loCD62Lhi) and

effector memory (CD44hiCD62Llo) expression in CD4+ T cells (A), or PD-1+CD153+ expression in effector memory CD4+ T cells (B) in the lacrimal
glands of young and aged mice. Results are representative of those from each group of mice. (C and D) Proportions (N=5) (C) and numbers
adjusted by the lacrimal gland (LG) weight (N=4) (D) of PD-1+CD153+ cells gated on effector memory CD4+ T cells in the LG of young and aged
mice. (E) CD153 mRNA expression levels in the LG of young and aged female mice, and of female mice fed a normal diet (ND) or high-fat diet
(HFD) for 8 weeks (N=4-5). Values are presented as means ± SEM. *p<0.05 and **p<0.01 (an unpaired Student’s t-test).
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decreased in the lacrimal glands of aged mice
(Supplementary Figure 2). Based on these results, it is
reasonable to consider CD153 mRNA expression levels
as a SA-T cell marker in the lacrimal glands using a
real-time PCR analysis.
In recent years, evidence has been accumulating to
support the potential benefits of PPARγ, which

attenuates or prevents eye diseases. Chen et al. [24]
reported that the expression of PPARγ was downregulated in the conjunctiva of mice with dry eye, and
they also found that pioglitazone, a synthetic PPARγ
ligand, exerted therapeutic effects to increase tear fluid
production and enhance tear film stability. Moreover,
the localization of PPARγ was shown to be involved in
age-related changes in the meibomian glands, resulting

Figure 4. PPARγ expression in lacrimal glands and adiponectin mRNA expression in the white adipose tissue of aged and
high-fat diet-fed mice. (A and B) PPARγ mRNA expression levels in the lacrimal glands of young and aged mice (N=7-8) (A), or of mice fed a

normal diet (ND) or high-fat diet (HFD) for 8 weeks (N=4-5) (B). (C) PPARγ mRNA expression levels in the epithelial cells of the lacrimal glands
of young and aged mice (N=4). (D) Detection of the PPARγ protein by Western blotting. Lysates prepared from the lacrimal glands of young
and aged mice were immunoblotted with anti-AdipoR2 and anti-β-Actin antibodies. Left and right images show male (N=2) and female mice
(N=2), respectively. The positive control (Posi) is a lysate prepared from the subcutaneous fat of young mice. The bar graph shows integrated
signal intensities in AdipoR2 normalized to that of β-Actin (N=4). (E) PPARγ expression in the acinar cells of the lacrimal glands of young and
aged mice as detected by immunofluorescence. Nuclei were stained with DAPI. Bars = 10 μm. (F) Adiponectin mRNA expression levels in the
mesenteric white adipose tissues of young and aged mice (N=4-5). Values are presented as means ± SEM. NS, not significant. **p<0.01 (an
unpaired Student’s t-test).
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in meibomian gland dysfunction [49, 50]. We and
other researchers reported the accumulation of
lymphocytes in the lacrimal glands of aged mice.
PPARγ is expressed on some immune cells, such as
macrophages, B lymphocytes, and T lymphocytes
[51–53]. By isolating epithelial cells from the lacrimal

glands, we revealed that PPARγ mRNA expression
levels were up-regulated in aged mice (Figure 4C).
Further experiments are needed to elucidate the
underlying molecular mechanisms and demonstrate
the efficacy of PPARγ ligands for the treatment of dry
eye diseases.

Figure 5. Influence of aging or high-fat diet feeding on adiponectin, adipoR1, and adipoR2 expression in lacrimal glands.

Adiponectin (A), adipoR1 (B), and adipoR2 (C) mRNA expression levels in lacrimal glands. Upper and lower graphs show results in young and
aged mice (N=7-8), and in mice fed a normal diet (ND) or high-fat diet (HFD) for 8 weeks (N=4-5), respectively. (D) Detection of the AdipoR2
protein by Western blotting. Lysates prepared from the lacrimal glands of young and aged mice were immunoblotted with anti-AdipoR2 and
anti-β-Actin antibodies. Left and right images show male (N=2) and female mice (N=2), respectively. The bar graph shows integrated signal
intensities in AdipoR2 normalized to that of β-Actin (N=4). (E) AdipoR2 expression in the lacrimal glands of young and aged mice as detected
by immunofluorescence. Nuclei were stained with DAPI. Bars = 40 µm. Values are presented as means ± SEM. NS, not significant. *p<0.05
and **p<0.01 (an unpaired Student’s t-test).
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IL-6 and TNF-α contribute to the senescence-associated
secretory phenotype (SASP) [54], and their concentrations were found to be increased in the serum of
both high-fat diet fed [55] and aged [56] mice.
Moreover, the levels of these cytokines in tear fluid
were shown to be higher in dry eye patients than in
control subjects [57–59]. Leptin is mainly produced by
adipocytes and is regarded as a proinflammatory
adipokine because it appears to contribute to the socalled low-grade inflammatory state in overweight and
obese individuals [60]. Leptin concentrations were
previously shown to be increased in the serum of highfat diet fed and aged mice [61]. The present results
showed that the volume of tears was increased in aged
(Figure 1C–1E), but not high-fat fed (Figure 1G and
1H) mice even when IL-6, TNF-α, and leptin
concentrations were elevated in the serum of these
mice. Furthermore, no significant differences were
observed in IL-6 mRNA levels (we were unable to
detect leptin even when the threshold cycle value was
more than 40 cycles) in the epithelial cells of lacrimal
glands between young and aged mice, whereas IL-6 and
leptin mRNA levels were significantly higher in the
lacrimal glands of aged mice (Supplementary Figure 3),
suggesting that the source of IL-6 and leptin mRNA is
not epithelial cells (possibly infiltrated lymphocytes).
In conclusion, the present results demonstrated the
accumulation of SA-T cells in aged mice, which
occurred to a greater extent in female than in male mice.
Furthermore, increased tear secretion in aged mice
appeared to be mediated by PPARγ and adiponectinmediated signaling. These results may explain the
discrepancy in the volume of tears secreted with age
between humans and mice.

MATERIALS AND METHODS
Animals
All animal experiments were approved by and
conducted in accordance with guidelines established by
the National Center for Geriatrics and Gerontology
Animal Ethics Committee. Young adult C57BL/6N
mice (age: 8-10 weeks), middle-aged adult C57BL/6N
mice (age: 12 months), and aged adult C57BL/6N mice
(age: 22-25 months) were obtained from Japan SLC Inc.
(young and middle-aged) or the Experimental Animal
Facility at the National Center for Geriatrics and
Gerontology (aged: Obu, Japan). In high-fat diet
experiments, mice were fed a normal diet (CE-2) or
high-fat diet (HFD-32) from 4 weeks of age, as
described in the Figure legends. These diets were
purchased from CLEA Japan, Inc. Mice were housed in
specific pathogen-free conditions under a 12-h lightdark photocycle and had ad libitum access to water and
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the diet. The temperature in the room was maintained at
23 ± 2°C and 50 ± 10% humidity.
Measurement of tear flow rates
The phenol red thread test was used to measure the
stimulated flow rates of tears as previously described
[62]. Briefly, individual mice were weighed,
anesthetized, and intraperitoneally injected with 1
mg/kg of pilocarpine (Kanto Chemical Co., Inc.). Five
min later, tear volumes were measured using a phenol
red thread (ZONE-QUICK, Ayumi Pharmaceutical
Corporation), which was placed on the medial canthus.
The total volume of tears was normalized by body
weight or the weight of the lacrimal glands, as described
in the Figure legends.
Quantitative real-time PCR analysis
Total RNA was extracted from cells and tissues using
an RNeasy mini kit or RNeasy Lipid Tissue Mini Kit
(Qiagen), respectively, according to the manufacturer’s
instructions. Total RNA concentrations were measured
using a Nanodrop spectrophotometer (Thermo Fisher
Scientific), and cDNA was synthesized with the
PrimeScript RT Master Mix (Takara Bio Inc.). PCR was
performed on a LightCycler 96 system using FastStart
Essential DNA Green Master (Roche Applied Science).
The following primers were used for the amplification
of specific genes: adiponectin, 5′- CAGGCATCCCAG
GACATCC-3′ (sense) and 5′- CCAAGAAGACCTGCA
TCTCCTTT-3′ (antisense); AdipoR1, 5′- AGTTCAT
GTATAAGGTCTGGGAGG-3′ (sense) and 5′CACATCTACGGGATGACTCTCCA-3′ (antisense);
AdipoR2, 5′-TTCCTATTATGAAAATAGCCCGGA-3′
(sense) and 5′-CATGATGGGAATGTAGGAGC-3′
(antisense); GAPDH, 5′-GCCTTCCGTGTTCCTACC
C-3′ (sense) and 5′-TGAAGTCGCAGGAGACAACC3′ (antisense); interleukin (IL)-6, 5′-CCACTTCACAAG
TCGGAGGCTTA-3′ (sense) and 5′-GCAAGTGCATC
ATCGTTGTTCATAC-3′ (antisense); leptin, 5′CAAGCAGTGCCTATCCAGA-3’ (sense) and 5′AAGCCCAGGAATGAAGTCCA-3′ (antisense); M3R,
5′-AGAGCTGGAAGCCCAGTGC-3′ (sense) and 5′GTAGCTTGGTAGAGTTGAGGATGG-3′ (antisense);
PPARγ, 5′-TTTTCAAGGGTGCCAGTTTC-3′ (sense)
and 5′-AATCCTTGGCCCTCTGAGAT-3′ (antisense).
The murine CD153 primer (Mm_Tnfsf8_1_SG
QuantiTect Primer Assay) was obtained from Qiagen.
The relative mRNA expression of each transcript was
normalized against GAPDH mRNA.
Flow cytometric analysis
Immune cells from lacrimal glands were stained using
PE-Cy7-conjugated anti-mouse CD4 mAb (GK1.5;
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BioLegend), PE-Cy5-conjugated anti-mouse CD8a mAb
(53-6.7;
BioLegend),
PE-Cy5-conjugated
antimouse/human CD11b mAb (M1/70; BioLegend),
allophycocyanin (APC)-Cy7-conjugated anti-mouse
CD11c mAb (N418; BioLegend), PE-Cy7-conjugated
anti-mouse CD45.2 (Ly5.2) mAb (104; BioLegend),
APC-conjugated anti-mouse CD44 mAb (IM7;
BioLegend), APC-Cy7-conjugated anti-mouse CD62L
mAb (Mel-14; BioLegend), PE-conjugated anti-mouse
CD153 mAb (RM153; BioLegend), fluorescein
isothiocyanate (FITC)–conjugated anti-mouse CD279
(PD-1) mAb (29F; BioLegend), and FITC–conjugated
anti-mouse CD326 (epithelial cell adhesion molecule;
EpCAM) mAb (G8.8; BioLegend). A Canto II flow
cytometer (BD Biosciences) was used to identify cell
populations according to surface expression profiles. Flow
cytometric data were analyzed using FlowJo software
(BD Biosciences). The representative gating strategy for
SA-T cells is shown in Supplementary Figure 4.
Isolation of epithelial cells from lacrimal glands
using MACS
Lacrimal glands were minced in Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) and 100 U/ml Penicillin Streptomycin
(Pen Strep, Thermo Fisher Scientific), and digested at
37°C for 40 min with 1 mg/ml collagenase type I
(Wako), 1 mg/ml hyaluronidase type I (Sigma), 0.01
mg/ml DNAse I (Roche), and 100 U/ml Pen Strep in
DMEM. After being digested, they were filtered
through a 70-μm nylon mesh, centrifuged, and rinsed
twice with DMEM containing 10% FBS. Epithelial cells
from the cell suspension were collected by positive
selection using Miltenyi mouse CD326 (EpCAM)
MicroBeads. We confirmed that purity was more than
80% (Supplementary Figure 5).
Western blot analysis
Lacrimal glands or subcutaneous fat was lysed in RIPA
buffer supplemented with a protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific) using a
disposable homogenizer (BioMasher II; Nippi Inc.).
Lysates were centrifuged at 12,000×g at 4°C for 10
min, and supernatants were collected. Protein
concentrations were assessed using the BCA protein
assay kit (Thermo Fisher Scientific). Protein
concentrations were adjusted, and samples were then
diluted in 2× Laemmli Sample Buffer. After boiling at
95°C for 5 min, proteins were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes
(Bio-Rad Laboratories). Membranes were incubated
with antibodies against AdipoR2 (sc-514045, Santa
Cruz Biotechnology), β-Actin (3598R-100, BioVision),
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and PPARγ (2443, Cell Signaling Technology). To
detect AdipoR2 and PPARγ, antibodies were diluted
with Can Get Signal (Toyobo). Proteins were visualized
with Immunostar (Wako) and Amersham Imager 680,
and the optical densities of protein bands were
measured with Amersham Imager 680 Analysis
Software (GE Healthcare). Band intensities were
normalized to that of β-Actin.
Immunofluorescence staining
Frozen sections of lacrimal gland tissue were fixed with
methanol/acetone (1:1), blocked using 5% normal goat
serum (WAKO)/0.3% Triton×-100 (Sigma) in phosphatebuffered saline (PBS), and stained with FITC anti-mouse
CD326 (EpCAM) (118207, BioLegend), AdipoR2 (sc514045), and PPARγ (2443) antibodies. Alexa Fluor594conjugated anti-mouse IgG (H+L) (8890, Cell Signaling
Technology) and Alexa Fluor 555-conjugated anti-Rabbit
IgG (H+L) (A21428, Thermo Fisher Scientific) were
used as secondary antibodies. These antibodies were
diluted with Can Get Signal immunostain solution
(Toyobo). After washing 3 times with PBS, nuclear DNA
was stained with ProLong Diamond Antifade Mountant
with DAPI (Thermo Fisher Scientific). Sections were
observed using a fluorescence microscope (KEYENCE)
at a magnification of 400× or 1000×.
Statistical analysis
The significance of differences was evaluated by an
unpaired Student’s t-test or Dunnett’s multiple
comparison test after an analysis of variance (ANOVA)
using GraphPad InStat (version 3.10, GraphPad InStat
Software Inc.). Values of p < 0.05 were considered to
be significant.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1. CD153 expression in naïve CD4+ and CD8+ T cells. Flow cytometric analysis of CD153 expression on naïve
(CD44loCD62Lhi) CD4+ and CD8+ T cells in the spleens of aged mice.
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Supplementary Figure 2. CD11b+CD11c+ cells in lacrimal glands of young and aged mice. Proportion of CD11b+CD11c+ cells
gated on Ly5.2+ cells in the lacrimal glands of young and aged mice (Male: N=5-6, Female: N=3-4). Cell debris and lymphocytes

were excluded from the analysis based on scatter signals. Values are presented as means ± SEM. **p<0.01 (an unpaired Student’s t-test).
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Supplementary Figure 3. IL-6 and leptin mRNA expression in lacrimal glands. (A) IL-6 and leptin mRNA expression levels in the
lacrimal glands of young and aged mice (N=7-8). (B) IL-6 mRNA expression levels in the epithelial cells of the lacrimal glands of young and
aged mice (N=4). Values are presented as means ± SEM. NS, not significant. **p<0.01 (an unpaired Student’s t-test).
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Supplementary Figure 4. Gating strategy for SA-T cells.
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Supplementary Figure 5. Purity of CD326 (EpCAM)-positive cells isolated from lacrimal glands. Epithelial cells were isolated using
CD326 (EpCAM) Microbeads from murine lacrimal glands. Cells were stained with an isotype control or FITC-conjugated CD326 (EpCAM)
antibody, and analyzed by flow cytometry. Cell debris was excluded from the analysis based on scatter signals.
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ABSTRACT
In this study, we found that ALKBH5, a key component of the N6-methyladenosine (m6A)
methyltransferase complex, was significantly elevated in uveal melanoma (UM) cell lines and that
ALKBH5 downregulation inhibited tumor growth in vivo. High ALKBH5 expression predicted worse
outcome in patients with UM. EP300-induced H3K27 acetylation activation increased ALKBH5 expression.
Downregulation of ALKBH5 inhibited UM cell proliferation, migration, and invasion and increased
apoptosis in vitro. Besides, ALKBH5 may promote UM metastasis by inducing epithelial-to-mesenchymal
transition (EMT) via demethylation of FOXM1 mRNA, which increases its expression and stability. In sum,
our study indicates that AKLBH5-induced m6A demethylation of FOXM1 mRNA promotes UM
progression. Therefore, AKLBH5 is a potential prognostic biomarker and therapeutic target in UM.
INTRODUCTION
Uveal melanoma (UM), which originates from
melanocytes, is the most common primary intraocular
malignancy in adults [1]. Although the primary tumor
can be treated with resection, radiation therapy, and
enucleation, up to 50% of UM patients will develop
metastatic disease [2, 3]. The most common sites of UM
metastasis are the liver (60.5%), lungs (24.4%), skin/soft
tissue (10.9%), and bone (8.4%) [4]. Unfortunately, the
1-year survival rate of UM patients with metastases is
only 15% [5]. Therefore, there is a pressing need to find
useful prognostic biomarkers and therapeutic targets for
this disease.
Although previous studies have revealed that distinct
genetic alterations occur during the formation and
progression of UM [6–8], genomic epigenetic
modifications, such as histone modification, DNA
modification, and RNA methylation, also play critical
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roles in the tumorigenesis of UM [8–10]. N6methyladenosine (m6A) methylation is the most
prevalent modification in RNA, including mRNAs,
LncRNAs, and circRNAs [11]. m6A modification is
installed by a multicomponent methyltransferase
complex consisting of METTL3, METTL14, and WTAP
and is erased by FTO and ALKBH5. Moreover, specific
RNA-binding proteins, such as YTHDF1, YTHDF2, and
YTHDF3, bind to the m6A motif to modify RNA
function [12, 13]. m6A modifications have been reported
to affect multiple biological processes, such as RNA
stability, splicing, transport, subcellular localization and
translation efficiency, and RNA-protein interactions
[11]. Recently, RNA methylation was shown to inhibit
the progression of UM and ocular melanoma (OM), and
decreased m6A levels were associated with a poor
outcome in OM [14]. Conversely, METTL3-mediated
m6A modification may promote UM progression by
targeting c-Met and increasing its expression [15].
Therefore, understanding of the biological function of

AGING
AGING

m6A and potential regulatory mechanisms in human UM
is still in its infancy.
Tumor metastasis requires a series of events within the
tumor microenvironment, including cell proliferation,
loss of cellular adhesion, degradation of the extracellular
matrix, and cell migration and invasion [16]. In cancer,
epithelial-to-mesenchymal transition (EMT) is a key
process leading to tumor metastasis and aggression,
stemness, and resistance to therapy [17]. m6A
modifications have been shown to cause tumor
progression via EMT and tumorigenesis. METTL3
induced an m6A modification in the coding sequence of
Snail, a key transcription factor of EMT, which triggered
polysome-induced translation of Snail mRNA in cancer
cells [18]. In addition, METTL3-provoked m6A
methylation of ZMYM1 mRNA facilitated EMT and
gastric cancer metastasis [19]. Some studies have
demonstrated that EMT promotes the metastasis and
aggression of UM [20, 21]. However, the effect of m6A
modifications on EMT in UM has yet to be explored.
Here, we verified that ALKBH5 overexpression
promotes UM progression and found that ALKBH5
expression is increased by EP300-induced H3K27
acetylation activation. In addition, ALKBH5 promotes
EMT of UM by upregulating FOXM1 expression via
demethylating the m6A modification and further
increasing the stability of FOXM1 mRNA.

RESULTS
High ALKBH5 expression is associated with worse
prognosis in patients with UM and promotes UM
growth in vivo
To obtain the clinical significance of ALKBH5
expression in patients with UM. The GEPIA database
(http://gepia.cancer-pku.cn), which includes the data set
from The Cancer Genome Atlas (TCGA), was used to
evaluate the prognosis of ALKBH5 expression with a
high or low level. As shown in Figure 1A, higher
ALKBH5 expression was correlated with worse
outcomes in patients with UM.
To investigate the association between ALKBH5
expression and UM, we measured ALKBH5 expression
in two human UM cell lines (MuM-2B and C918). As
shown in Figure 1B, the protein (Figure 1B, upper panel)
and mRNA (Figure 1B, bottom panel) levels of
ALKBH5 were significantly elevated in UM cells.
To study the effect of ALKBH5 on UM tumor progression
in vivo, we used two short hairpin RNAs (shALKBH5#1
and shALKBH5#2) to decrease ALKBH5 expression. As
expected, protein (Figure 1C, upper panel) and mRNA
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(Figure 1C, bottom panel) expression of ALKBH5 was
downregulated in MuM-2B and C918 cells that were
transfected with two distinct shRNAs. Subsequently,
ALKBH5-stable knockdown C918-shALKBH5#2 cells
were established and injected subcutaneously into nude
mice (Figure 1D, 1E). The results showed that the
downregulation of ALKBH5 significantly suppressed
tumor growth, as reflected by the tumor volumes (Figure
1E) and weight (Figure 1F) compared with tumors derived
from control cells. In addition, IHC staining revealed that,
compared with the normal control group, Ki-67 expression
was dramatically suppressed and cleaved-caspase3 was
increased in the C918-shALKBH5#2 group (Figure 1G).
These results demonstrate that ALKBH5 expression is
associated with UM tumorigenicity.
EP300-induced H3K27ac activation
ALKBH5 transcription in UM

promotes

To determine the cause of high ALKBH5 expression in
UM cells, we analyzed melanoma data from the UCSC
Genome Bioinformatics Site (http://genome.ucsc.edu) and
found high enrichment and overlap of H3K27ac peaks at
the promoter region of ALKBH5 in melanoma (Figure
2A), which suggests that ALKBH5 may be regulated by
chromatin acetylation. It has been reported that H3K27ac
is catalyzed by cAMP response element binding protein
(CREB) binding protein (CREBBP) and EP300 in a
bromodomain-dependent fashion [22]. By analyzing the
TCGA data set, we found that EP300 (Figure 2B) and
CREBBP (Figure 2C) mRNA expression was positively
correlated with ALKBH5 expression in UM.
To verify the relationship between H3K27ac and
ALKBH5, we treated UM cells with C646, the histone
acetyltransferase inhibitor targeting EP300, and SGCCBP30, a histone acetyltransferase inhibitor targeting
CREBBP. The mRNA (Figure 2D) and protein (Figure
2E) levels of ALKBH5 were significantly decreased in
C918 and MuM-2B cells after treating the cells with
C646 for 24 hours. Although SGC-CBP30 decreased the
expression of H3K27ac, ALKBH5 was not affected
(Supplementary Figure 1). Furthermore, the ChIP assay
results indicated that the promoter region of ALKBH5
was enriched in EP300 binding and H3K27ac signals,
and inhibition of EP300 by C646 treatment could
significantly decrease the enrichment of H3K27ac signals
in the promoter of ALKBH5 (Figure 2F). These results
indicate that EP300-induced H3K27ac activation
increases ALKBH5 expression in UM.
ALKBH5 inhibition decreases proliferation and
facilitates cell cycle arrest in UM cells
We performed a series of in vitro biological
experiments to further assess the function of ALKBH5
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in UM cells. Loss of ALKBH5 caused a significant
decrease in cell viability in MuM-2B and C918 cells
(Figure 3A) and induced G1 to S phase transition arrest
(Figure 3B). The protein expression of the G1 to S
phase checkpoint regulators cyclin D1 and cyclin E1
was downregulated in shALKBH5-transfected cells
compared with the control vector-transfected cells
(Figure 3D). These results confirm that ALKBH5
facilitates cell growth by promoting cell cycle
progression in UM cells.

Loss of ALKBH5 promotes UM cell apoptosis
To further explore the effect of ALKBH5 on UM
growth, we assessed the effect of ALKBH5 on cell
apoptosis using flow cytometry after staining with
annexin V and PI. Downregulation of ALKBH5
significantly increased cell apoptosis in MuM-2B and
C918 cells (Figure 3C). Moreover, loss of ALKBH5 in
MuM-2B and C918 cells significantly increased
apoptosis marker protein levels, cleaved caspase-3, and

Figure 1. High ALKBH5 expression is associated with worse prognosis in patients with UM and promotes UM growth in vivo (A) Survival

curves of UM patients expressing ALKBH5 at high and low levels in the TCGA cohort from the online GEPIA database (P = 0.0023). (B)
Expression of ALKBH5 protein (upper panel) and mRNA (bottom panel) levels in UM cells was detected by western blot and qRT-PCR. (C)
ALKBH5 knockdown efficiency was verified at the protein and mRNA levels in C918 (left panel) and MuM-2B (right panel) by western blot and
qRT-PCR. (D) Knockdown of ALKBH5 effectively inhibited UM subcutaneous tumor growth in nude mice (n=5). (E) The growth curves of C918
stably transduced with shALKBH5 in nude mice were significantly dampened compared with those of C918 cells transduced with control
plasmid. (F) Histogram shows the mean tumor weights from the shALKBH5 and control groups. (G) Sections of tumors were stained with antiALKBH5, anti-Ki67, and anti-cleaved-Caspase 3 antibodies by IHC staining. Mean ± SEM, t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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decreased the expression of BCL-2, which is an
antiapoptosis marker (Figure 3D).
Silencing ALKBH5 reduces migration and invasion
of UM cells
Transwell migration and Matrigel invasion assays
were performed to evaluate the effects of ALKBH5 on
cell migration and invasion. As shown in Figure 4A,

knockdown of ALKBH5 significantly inhibited
migration and invasion of MuM-2B and C918 cells.
Western blot assay demonstrated that the
downregulation of ALKBH5 reduced the expression
of the tumor metastasis-related proteins matrix
metallopeptidase 2 (MMP2), MMP7, and MMP9 in
UM cells (Figure 4B). These findings indicate that
ALKBH5 silencing reduces migration and invasion of
UM cells.

Figure 2. EP300-induced H3K27ac activation increased ALKBH5 expression in UM. (A) Data from the UCSC Genome Bioinformatics

Site (http://genome.ucsc.edu/) showed high enrichment of H3K27ac in the promoter of ALKBH5 in melanoma. (B, C) ALKBH5 mRNA levels
were positively correlated with EP300 (B) and CREBBP (C) in the UM data set from the TCGA database. (D–E) The mRNA (D) and protein (E)
levels of ALKBH5 and H3K27ac were decreased when UM cells were treated with C646 for 24 hours. (F) ChIP assays were used to determine
the enrichment of H3K27ac at the promoter of ALKBH5 after treating C918 cells with C646 and DMSO at 12.5µM for 12 hours. Mean ± SEM, ttest, *P < 0.05, **P < 0.01, ***P < 0.001.
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ALKBH5 promotes EMT of UM cells via m6A
demethylation

group than that in
(Supplementary Figure 2B).

Because EMT has been found to be a key process in
tumor metastasis, we investigated the relationship
between ALKBH5 and EMT in UM. As shown in
Figure 4C, downregulation of ALKBH5 increased Ecadherin and decreased the protein levels of N-cadherin,
Vimentin, Snail, Slug, and β-catenin (Figure 4C), which
indicates that ALKBH5 affects the EMT of UM cells. In
addition, overexpression of ALKBH5 not only
significantly increased the migration and invasion of
UM cells (Figure 4D, 4E, Supplementary Figure 2A),
but also promoted UM cell EMT (Figure 4H).
Moreover, IHC staining was used to detect EMT
markers expression in tumors of nude mice assay of
C918-shALKBH5#2 group and C918-shControl group.
We found that Vimentin and Snail expressions were
dramatically suppressed in the C918-shALKBH5#2

ALKBH5, an m6A demethylase, can erase m6A mRNA
modification and contribute to the progression of
carcinomas [12]. Thus, we explored whether ALKBH5
upregulation and functional changes are a consequence of
m6A demethylation. The reported catalytic inactive
mutation ALKBH5 H204A (ALKBH5MUT) plasmid and
the wild-type ALKBH5 (ALKBH5WT) plasmid were
transfected into C918 and MuM-2B cells (Figure 4F).
Compared with ALKBH5MUT, ectopic expression of
ALKBH5WT increased cell migration and invasion (Figure
4G and Supplementary Figure 2C). Furthermore, cells
with the catalytic inactive mutation of ALKBH5 showed
lower N-cadherin, Vimentin, Snail, Slug, and β-catenin
expression and higher E-cadherin expression (Figure 4I).
These results indicate that ALKBH5-induced m6A
demethylation is critical to EMT in UM.

C918-shControl

group

Figure 3. ALKBH5 knockdown inhibited UM cell growth. (A) Knockdown of ALKBH5 suppressed cell proliferation in UM cells as
determined by MTT assay. (B) ALKBH5 shRNA treatment induced cell cycle arrest in G1/S phase in UM cells. (C) ALKBH5 elicited an apoptotic
response in UM cells as determined by annexin V-PITC and PI staining and flow cytometry. (D) Western blot showed increased expression of
apoptotic related protein, cleaved caspase-3, and decreased expression of BCL-2, c-Myc, cyclin D1 and cyclin E1 in ALKBH5-knockdown UM
cells. Mean ± SEM, t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. ALKBH5 promoted UM cell migration, invasion, and EMT. (A) After ALKBH5 knockdown plasmid transfection for 24 hours,

the transwell migration assay and Matrigel invasion assay were used to determine cell migration and invasion ability, respectively, in C918
and MuM-2B cells. (B) After transfection with shRNA-targeted ALKBH5, the expression of MMP2, MMP7, and MMP9 was detected using
western blot. (C) Knockdown of ALKBH5 decreased mesenchymal markers (N-cadherin, vimentin, Snail, Slug, and β-catenin) and increased
epithelial marker (E-cadherin) in UM cells. (D) The ALKBH5 overexpression efficiency was verified at the protein level in UM cells by western
blot assay. (E) Upregulation of ALKBH5 increased cell migration and invasion abilities in UM cells. (F) Western blot assay was used to detect
the ALKBH5 protein level by transfecting UM cells with wild-type or catalytic inactive mutation plasmid of ALKBH5. (G) Compared with
ALKBH5 wild-type plasmid transfection, catalytic inactive mutation of ALKBH5 decreased the migration and invasion of UM cells.
(H) Overexpression of ALKBH5 increased the expression of EMT markers. (I) Loss of ALKBH5 catalytic activity suppressed the expression of
EMT-related proteins in UM cells. Mean ± SEM, t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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ALKBH5-induced m6A demethylation increases
FOXM1 expression in UM cells

increase the stability of FOXM1
demethylating m6A modification.

ALKBH5 has been reported to demethylate FOXM1
nascent transcripts and promote FOXM1 expression in
glioblastoma [23]. Moreover, ALKBH5 downregulates
the m6A enrichment on FOXM1 mRNA and promotes
cell proliferation and invasion in lung adenocarcinoma
[24]. Therefore, we firstly used the GSE22138,
GSE73652, and TCGA data sets to investigate the
relationship between FOXM1 and ALKBH5 in
UM. We found that ALKBH5 expression is
positively correlated with FOXM1 expression in UM
tumors (Supplementary Figure 3A–3C). In addition,
IHC staining also demonstrated that knockdown
ALKBH5 could decrease FOXM1 expression in vivo
(Supplementary Figure 3D). Furthermore, higher
FOXM1 expression predicted poor prognosis in
patients with UM in the TCGA data set
(Supplementary Figure 3E).

FOXM1 is involved in ALKBH5-induced EMT in
UM cells

To further confirm whether ALKBH5 could regulate
FOXM1 expression, western blot assay was performed
to detect protein levels of FOXM1 after transfection of
ALKBH5 treated with different shRNAs. We found that
FOXM1 expression increased after transfecting UM
cells with ALKBH5WT plasmid but did not change after
treating UM cells with the catalytic inactive mutation of
ALKBH5 (Figure 5A). Moreover, knockdown of
ALKBH5 decreased the expression of FOXM1 (Figure
5B). We also used the MeRIP-qPCR assay to detect the
effect of ALKBH5 on m6A levels of FOXM1 mRNA.
As shown in Figure 5C, the downregulation of
ALKBH5 increased the m6A level of FOXM1 mRNA in
C918 cells (Figure 5C, left panel). In addition, m6A
levels of FOXM1 mRNA were significantly increased
in cells transfected with ALKBH5MUT plasmids
compared with wild-type plasmids (Figure 5C, right
panel). Our results indicated that ALKBH5
demethylates the m6A modification on FOXM1 mRNA
in UM cells.
Investigators have found that ALKBH5-induced m6A
demethylation on mRNAs affects mRNA stability and
translation [25, 26]. To investigate whether ALKBH5
increases FOMX1 expression by increasing its mRNA
stability, we treated cells with the transcription inhibitor
dactinomycin and detected the level of FOXM1 mRNA.
As shown in Figure 5D (left panel), knockdown of
ALKBH5 in C918 cells significantly decreased the
FOXM1 mRNA level compared with control cells.
Furthermore, the level of FOXM1 mRNA was notably
reduced in C918 cells with catalytic inactive mutation
of ALKBH5 after dactinomycin treatment (Figure 5D,
right panel). Thus, these results demonstrated that
ALKBH5 may upregulate FOXM1 expression and
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mRNA

via

FOXM1 is critical to the EMT/mesenchymal-epithelial
transition (MET) process in carcinomas [27], but its role
in UM remains unknown. In this study, we designed
two different shRNAs to target FOXM1 and confirmed
the knockdown efficiency by western blot (Figure 6A).
Downregulation of FOXM1 significantly suppressed
cell migration (Figure 6B) and invasion (Figure 6C). In
addition, inhibition of FOXM1 in UM cells increased Ecadherin expression and decreased N-cadherin,
vimentin, Snail, Slug, and β-catenin expression (Figure
6D).
To verify that m6A modification of FOXM1 mRNA is
critical for ALKBH5-induced EMT, ALKBH5WT and
ALKBH5MUT plasmids were transfected into ALKBH5stable knockdown C918 cells. As expected, FOXM1
expression and EMT were markedly rescued by
overexpression of the wild-type ALKBH5 but not the
catalytic inactive mutation (Figure 6E). In addition,
FOXM1-stable knockdown C918 cells were transduced
with ALKBH5 overexpression and Control plasmid. As
shown in Figure 6F, overexpression of ALKBH5 cannot
rescue the deceleration of EMT caused by FOXM1
downregulation. Furthermore, the migration and
invasion abilities of FOXM1-knockdown cells could not
be
promoted
by
ALKBH5
overexpression
(Supplementary Figure 4). Taken together, our results
suggest that ALKBH5 may promote UM EMT by
upregulating FOXM1 expression in an m6A
modification–dependent manner.

DISCUSSION
ALKBH5 has been shown to be involved in
carcinogenesis and progression of a variety of cancers.
However, the function of ALKBH5 in cancer is still
controversial. In lung cancer [24, 28], gastric cancer [29],
and epithelial ovarian cancer [30], ALKBH5 may act as
an oncogene, whereas in colon cancer [31] and pancreatic
cancer [32], ALKBH5 may inhibit tumor progression.
However, few studies have investigated the role of
ALKBH5 in UM. In this study, we demonstrated that
inhibition of ALKBH5 suppresses tumor growth in vivo
and that EP300-induced H3K27ac activation promotes
ALKBH5 expression. A series of in vitro functional
experiments verified that the downregulation of
ALKBH5 inhibits cell proliferation, migration, and
invasion and promotes cell apoptosis and G1 to S phase
arrest. We also investigated the relationship between
ALKBH5 and EMT. Western blot assay results showed
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that knockdown or loss of m6A catalytic activity of
ALKBH5 increased the epithelial cell phenotype marker
E-cadherin and decreased mesenchymal phenotype
markers (N-cadherin and Vimentin) compared with
controls. Furthermore, ALKBH5 increases the expression
and mRNA stability of FOXM1, a transcription factor
found to promote EMT, via m6A modification.
ALKBH5 has been reported to have many biological
functions. In epithelial ovarian cancer, ALKBH5 inhibits
cell autophagy by enhancing the expression and stability
of BCL-2 through m6A modification of BCL-2 mRNA
[30]. ALKBH5 inhibits tumor motility and stemness by

demethylating TIMP3 [28], LncRNA NEAT1 [29], WIF1
[32], and LncRNA KCNK15-AS1 [33]. ALKBH5
regulates FOXM1 expression by demethylating the
nascent transcripts of FOXM1 in glioblastoma stem-like
cells [23]. However, in lung adenocarcinoma, ALKBH5
directly downregulates the m6A modification of FOXM1
mRNA and promotes FOXM1 expression under
intermittent hypoxia [24]. In the present study, we
demonstrated that ALKBH5 knockdown or loss of m6A
catalytic activity had significantly decreased m6A
enrichment of FOXM1 mRNA. Further studies should be
performed to elucidate the oncogenic role of ALKBH5
in UM.

Figure 5. ALKBH5 increases FOXM1 expression and FOXM1 mRNA stability in UM cells. (A) The protein levels of FOXM1 in wild-

type or catalytic inactive mutation ALKBH5-expressing UM cells were measured using western blotting. (B) ALKBH5 downregulation
decreased FOXM1 expression in UM cells. (C) MeRIP-qPCR analysis was used to verify ALKBH5-induced FOXM1 m6A modification. The m6A
modification of FOXM1 was increased on downregulation and catalytic inactive mutation of ALKBH5 in C918 cells. (D) C918 cells were treated
with dactinomycin (Act D, 2 μg/mL) to block new RNA synthesis. The stability of FOXM1 was measured by qRT-PCR at different times. Mean ±
SEM, t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Although the function of ALKBH5 has been widely
investigated, few studies focus on the regulatory
mechanism of abnormal ALKBH5 expression. In breast
cancer, ALKBH5 is a direct target of hypoxia-inducible
factor 1α (HIF-1α) and HIF-2α and regulates breast
cancer stem cell phenotype by downregulating the m6A
modification on Nanog mRNA methylation [34]. It is
well known that histone modifications involve a series
of posttranslational modifications, including acetylation,
methylation, and phosphorylation, that can impact gene
expression by changing chromatin structure or
recruiting histone modifiers [35, 36]. To further explore
the relationship between histone modification and
elevated ALKBH5 expression in UM, we analyzed the

data from UCSC Genome Bioinformatics Site and
found high enrichments of H3K27ac peaks at the
promoter of ALKBH5. Although the levels of both
EP300 and CREBBP (the members of the EP300/CBP
complex) were positively correlated with ALKBH5 in
UM, we verified that EP300-induced H3K27ac
activation promotes ALKBH5 transcription and
increases ALKBH5 expression in UM. Our results
provide new insight into the mechanisms involved in
ALKBH5-related tumor progression.
FOXM1 has been reported to be involved in various
tumor processes, including cancer growth and
aggression, cancer differentiation, stem cell phenotype,

Figure 6. FOXM1 is involved in ALKBH5-induced EMT in UM cells. (A) The FOXM1 knockdown efficiency was verified at the protein

level in UM cells by western blot assay. Downregulation of FOXM1 decreased cell migration (B) and invasion (C) of UM cells. (D)
Downregulation of FOXM1 increased E-cadherin expression and decreased the protein levels of N-cadherin, vimentin, Snail, Slug, and βcatenin. (E) Western blot of FOXM1, E-cadherin, and vimentin in C918 cells with or without ALKBH5 stable knockdown transfected with wildtype or H204A mutation plasmid of ALKBH5. (F) The protein levels of E-cadherin and vimentin were measured using western blot in C918 cells
stable transfected with shControl and shFOXM1 plasmid with or without ALKBH5 overexpression. Mean ± SEM, t-test, *P < 0.05, **P < 0.01,
***P < 0.001.
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and EMT [37]. As a transcription factor, FOXM1
regulates the transcription of its downstream genes by
directly binding to promoters of their DNA [27]. FOXM1
promotes EMT in pancreatic cancer by directly binding
to the promoter region of the caveolin-1 gene and
promoting its expression [38]. Snail and Slug, the
transcription factors of EMT, are directly regulated by
FOXM1 [39, 40]. In addition, FOXM1 not only regulates
β-catenin expression but also reduces the nuclear
accumulation and activity of β-catenin [41, 42]. In the
current study, we observed that FOXM1 knockdown not
only decreased the invasion and migration of UM cells,
but also induced the downregulation of Snail, Slug, and
β-catenin. In addition, the downregulation of FOXM1 in

UM cells decreased the expression of the mesenchymal
markers Vimentin and N-cadherin and increased the
expression of the epithelial marker E-cadherin. Finally,
the expression of FOXM1 was upregulated by ALKBH5induced m6A demethylation, indicating that the
ALKBH5/FOXM1 axis promotes UM EMT.
In conclusion, we demonstrate that ALKBH5, which is
positively regulated by epigenetic modifications of
H3K27 acetylation, promotes tumor progression by
inducing tumor EMT and increasing FOXM1
expression via m6A demethylation (Figure 7).
Therefore, ALKBH5 is a potential target of UM
molecular therapy.

Figure 7. The graphic illustration of ALKBH5-mediated m6A demethylation of FOXM1 mRNA promotes progression of uveal
melanoma.
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MATERIALS AND METHODS

were taken with a Nikon microscopy and K-viewer
system.

Cell culture and reagent
A human retinal pigment epithelium cell line (ARPE-19)
was obtained from ATCC (ATCC CRL2302, Manassas,
VA). Human UM cell lines (MuM-2B and C918) were
obtained from the Cell Resource Center, Peking Union
Medical College (Beijing, China). All cell lines were
cultured in RPMI-1640 medium with supplementation of
10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA)
and appropriate amounts of penicillin (100 U/mL) and
streptomycin (100 mg/mL) in a humidified atmosphere of
5% CO2 at 37° C. The histone acetyltransferase inhibitors
C646, which targets EP300, and SGC-CBP30, which
targets cAMP response element binding protein (CREB)
binding protein (CREBBP), were purchased from Selleck
(Shanghai, China).
Western blot
Proteins were collected from cells using the Whole Cell
Lysis Assay Kit (KGP250, KeyGen, Nanjing, China).
The protein concentration was determined using the
bicinchoninic acid (BCA) method using the BCA Protein
Quantitation Assay Kit (KeyGen, Nanjing, China).
Protein was electrophoretically separated by 10% or 15%
SDS-PAGE and transferred to PVDF membranes
(Millipore, Billerica, MA). The membranes were blocked
for 1 hour with 5% bovine serum albumin (BSA) in TBST and incubated with specific primary antibodies
overnight at 4° C followed by incubation with rabbit or
mouse radish peroxidase-coupled secondary antibodies
for 1 hour. Antibody binding was detected using the
enhanced chemiluminescence reagent (Millipore,
Billerica, MA). The antibodies used in this study were as
follows: ALKBH5 (ab195377, Abcam), H3K27ac
(#8173, Cell Signaling Technology [CST]), cyclin D1
(#2978, CST), cyclin E1 (ab33911, Abcam), c-Myc
(#5605, CST), caspase-3 (19677-1-AP, Proteintech),
BCL-2 (12789-1-AP, Proteintech), MMP2 (#87809,
CST), MMP7 (#71031, CST), MMP9 (#13667, CST), Ecadherin (#3195, CST), N-cadherin (#13116, CST),
vimentin (#5741, CST), β-catenin (#8480, CST), Snail
(ab53519, Abcam), Slug (ab27568, Abcam), β-actin
(ab8227, Abcam), and GAPDH (#8884, CST).
Immunohistochemical staining
For immunohistochemical staining, deparaffinized
sections were pretreated with 10 mM of sodium citrate
buffer for antigen unmasking, blocked with 5% goat
serum for 30 minutes, and incubated with antibodies at
4° C overnight. IHC staining was performed with
horseradish peroxidase (HRP) conjugates using DAB,
and the nuclei were stained with hematoxylin. Images
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Plasmid construction and transfection
The shRNA sequences of ALKBH5 are as follows:
shALKBH5#1, 5′-GAAAGGCTGTTGGCATCAATA-3′;
shALKBH5#2, 5′-CCTCAGGAAGACAAGATTAGA3′. The downregulation target sequences of FOXM1 are as
follows: shFOXM1#1, 5′-CTCTTCTCCCTCAGAT
ATA-3′; shFOXM1#2, 5′-GGACCACTTTCCCTAC
TTT-3′. The catalytic inactive mutation site of ALKBH5
H204A was obtained from a previously published study
[23]. Plasmids were transfected with Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions.
Lentiviral transduction for stable cell lines
Lentivirus plasmids of shRNA were co-transfected with
the packaging plasmids pMD2.G and psPAX2
(Addgene) into HEK-293T cells to produce lentivirus.
Two days after transfection, virus supernatants were
collected, concentrated, and used to infect UM cells
with polybrene (8 μg/mL, Sigma, St. Louis, MO). After
3 days of transduction, cells were treated with 2 μg/mL
of puromycin (Sigma) for 4 to 7 days.
Quantitative real-time polymerase chain reaction
(qRT-PCR)
Total RNA was isolated using RNA plus reagent
(Takara, Japan). cDNA was prepared using Oligo(dT)
primers according to the protocol supplied with the
PrimeScript RT Reagent (Takara, Japan). The
expression of ALKBH5 was determined by qRT-PCR
using TB Green Advantage qPCR Premix (Takara,
Japan). The primer sequences of ALKBH5, FOXM1,
and GAPDH used in this study were as follows:
ALKBH5, forward: 5′-GGTGTCGGAACCAGTGCT
TT-3′, reverse: 3′-CCAACCGGGGTGCATCTAAT-5′;
FOXM1, forward: 5′-ACGTCCCCAAGCCAGGCTC3′, reverse: 5′-CTATGTAGCTCAGGAATAA-3′; GAP
DH, forward: 5′-ACAACTTTGGTATCGTGGAAGG3′, reverse: 3′-GCCATCACGCCACAGTTTC-5′.
Proliferation assay
Cell proliferation was assessed using the 3-(4,5dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Cells were plated into 96-cell plates
(1000 cells per well). MTT solution (5 mg/mL) was
added to the medium of each well. After incubation for
4 hours, the resultant formazan crystals were dissolved
in dimethyl sulfoxide, and the absorbance intensity was
measured using a microplate reader at 492 nm.
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Migration and invasion assay

Mice xenograft model

Cell migration assays were performed using 24-well
transwell chambers (Costar-Corning, New York, USA)
with an 8.0-μm pore polycarbonate filter. The lower
chamber was filled with 700 μL of RPMI-1640 with
10% FBS, and cells (2.5 × 104 cells/well) pretreated
with plasmid transfection of ALKBH5 were added into
the upper chamber. After incubation for 5 hours, cells
were fixed with methanol, stained with crystal violet,
photographed, and counted. Cell invasion assay was
performed similarly, except that transwell inserts were
precoated with Matrigel and incubated for 10 hours.

Animal experiments were approved by the Ethics
Committee of Jinan University. The in vivo experiment
method for transplantation of tumors was subcutaneous
injection of 1 × 107 ALKBH5-stable knockdown C918
cells into BALB/c nude mice. The length and width of
tumors were measured every 3 days to determine the
tumor volume. After 4 weeks, the tumor-bearing mice
were sacrificed, and the tumors were weighed.

Apoptosis and cell cycle assay
For cell apoptosis analysis, cells were serum-starved
overnight and determined using the Annexin V-FITC
Apoptosis Detection Kit (Beyotime, Shanghai, China).
For cell cycle analysis, cells were fixed in 70% ethanol,
stained with propidium iodide, and analyzed by flow
cytometry.
m6A-RNA immunoprecipitation (MeRIP) assay
Total RNAs were extracted from stable ALKBH5
knockdown and catalytic inactive mutation C918 cells
and their corresponding control cells. Chemically
fragmented RNA (approximately 100 nucleotides) was
incubated with m6A antibody (New England BioLabs)
for immunoprecipitation according to the protocol of
the Magna methylated RNA immunoprecipitation m6A
kit (Merck Millipore). Enrichment of m6A-containing
mRNA was analyzed using qRT-PCR.
Dactinomycin treatment
C918 cells were exposed to 2 μg/mL of dactinomycin
(Selleck, Shanghai, China) to block transcription for 0,
3, 6, and 12 hours. The cells were harvested, and the
stability of FOXM1 mRNA was analyzed using qRTPCR assay.
Chromatin immunoprecipitation (ChIP)
ChIP analysis was carried out according to the standard
method of the Simple ChIP Enzymatic Chromatin IP Kit
(#9003, Cell Signaling Technology). Chromatin was
immunoprecipitated with anti-H3K27ac (#8173, Cell
Signaling Technology) or anti-IgG as a negative control.
Finally, immunoprecipitated protein and DNA complexes
were isolated and RT-PCR assay was carried out to
examine the quantity of the specific proteins. The primers
for the ALKBH5 promoters are listed as following:
ALKBH5, forward: 5′-CGCGGGTTTCAGAACTTTCC3′, reverse: 3′-GGAGTTTCCGGAAGTCGGTT-5′.
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Bioinformatics analysis
The gene expression profile GSE22138 and GSE73652
data sets were downloaded from the database and
analyzed using R (V4.0, https://cran.r-project.org/) with
the GEOquery Package. The GEPIA database
(http://gepia.cancer-pku.cn/index.html) was used to
analyze the interaction between ALKBH5, FOXM1,
and clinical characteristics.
Statistical analysis
Data were analyzed for statistical significance using the
t-test (IBM, NY). In these analyses, P < 0.05 was
considered statistically significant. All in vitro
experiments were confirmed three times.
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. After treating cells with SGC-CBP30 for 24 hours at different concentrations, the protein levels of
ALKBH5 and H3K27ac were detected using western blot.

Supplementary Figure 2. ALKBH5 overexpression increased the abilities of migration and invasion in UM cells. (A)
Upregulation of ALKBH5 increased cell migration and invasion in UM cells. (B) Vimentin and Snail expression were detected in C918shALKBH5#2 and shcontrol group nude mice by IHC assay. (C) Compared with ALKBH5 wild-type plasmid transfection, cells with loss of
catalytic activation ability of ALKBH5 could decrease the abilities of cell migration and invasion in UM.
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Supplementary Figure 3. Public data on UM tissues were used to analyze the relationship between ALKBH5 and FOXM1. (A)

ALKBH5 expression was significantly correlated with FOXM1 expression (P = 0.025) in the GSE22138 data set (left panel). ALKBH5 expression
in primary tumors with distant metastasis was positively correlated with FOXM1 expression (middle panel). ALKBH5 expression in primary
tumors without distant metastasis was not significantly related to FOXM1 expression in the GSE22138 data set (right panel). (B) Although
ALKBH5 was not correlated with FOXM1 in the GSE73652 data set (left panel), its expression showed a positive correlation in the primary
tumors of patients with high metastasis risk (middle panel), but not in the primary tumors of patients with low metastasis risk (right panel).
(C) In the TCGA database of UM tissue, ALKBH5 expression was positively related to FOXM1 expression. (D) The expression of FOXM1 was
detected in the C918-shALKBH5#2 group and the control group by IHC assay. (E) Patients with higher FOXM1 expression have worse
outcomes compared with those with low FOXM1 expression.
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Supplementary Figure 4. ALKBH5 could not rescue cell Migration (A) and Invasion (B) abilities caused by FOXM1 knockdown in UM cells.
Mean ± SEM, t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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ABSTRACT
The tumor microenvironment is known to play an important role in uveal melanoma. Reliable prognostic
signatures are needed to aid high risk patients and improve prognosis. Uveal melanoma tissues from three
public datasets were analyzed. RNA sequence data of uveal melanoma and corresponding clinical features were
obtained from The Cancer Genome Atlas database. Immune and stromal scores were calculated by applying the
“ESTIMATE” algorithm. The samples were divided into high and low immune or stromal score groups. We
constructed prognostic models by using the ‘lasso’ package and tested them for 500 iterations. The cell
signature was validated in another GSE44295 and GSE84976 datasets. We found that the median survival time
of the low immune/stromal score group is longer than that of the high-score group. Thirteen immune cells and
one stromal cell were concerned significant in predicting poor overall survival rate. Finally, a four-cell model
was identified. Further validation revealed that the low-risk group has a significantly better survival than the
high-risk group in another two datasets (P < 0.05). Moreover, the high-risk group is more sensitive to
immunotherapy and chemotherapy. Summarizing, the proposed immune cells signature is a promising
biomarker for estimating overall survival in uveal melanoma.

INTRODUCTION
Uveal melanoma (UM) is the most common type of
malignant tumor of the adult eye, and 50% of patients
with UM will eventually die as a result [1–3]. The
prognosis for patients with UM remains poor, though
there have been some certain advances in the diagnosis
and treatment of UM [4]. Thus, there is an urgent need
in this advancing field to further enhance prognostic
accuracy and provide an efficient therapy [5].
In recent years, with the rapid development of
immunotherapy, it has been reported that the tumor
microenvironment (TME) plays a pivotal role in cancer
progression and therapeutic responses [6–7]. Prognostic
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or predictive biomarkers related to TME may hold great
promise in identifying molecular targets and guiding
patient management [8].
In the context of the tumor microenvironment, immune
and stromal cells are two major types suggested as
crucial for the diagnostic and prognostic assessment of
tumors [9]. An increasing body of literature suggests
that immune cell infiltration may co-evolve with the
sequential genetic changes occurring in UM [10–13].
Early changes resulting in a gain of chromosome 8q are
reported to activate macrophage infiltration, while
sequential loss of BRCA1-associated protein-1 (BAP1)
expression could drive T cell infiltration in UM [12].
Although increasing numbers of studies have explored
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the microenvironment using differentially expressed
genes, a comprehensive analysis with an overall
landscape is still lacking. Fortunately, the availability of
public large-scale datasets, such as the cancer genome
atlas (TCGA), could be used to gain numerous amounts
of RNA sequencing (RNA-seq) data to represent the
tumor microenvironment [14–15]. And Yoshihara et al.
designed the “ESTIMATE” (Estimation of STromal and
Immune cells in MAlignant Tumor tissue using
Expression data) algorithm [16]. By analyzing specific
gene expression signature of immune and stromal cells,
immune and stromal scores can be calculated using the
ESTIMATE algorithm to predict the infiltration of nontumor cells. In recent years, the ESTIMATE algorithm
has been reported to be applied in breast cancer,
glioblastoma multiforme, etc., proving the effectiveness
of such big-data-based algorithms [9, 17, 18]. Effective
use of all this information would be helpful in
improving clinical management.

In this study, we used a number of datasets with the
ESTIMATE algorithm to identify the influence of
immune and stromal cells in UM patients, and to
develop and validate a prognostic signature to better
guide the therapy and prognosis of UM.

RESULTS
Subgroup analysis of immune scores and stromal
scores
A total of 15,187 generally changed mRNA expression
values and clinicopathological characteristics of UM
were obtained from TCGA. Based on the ESTIMATE
algorithm, immune scores were distributed between 1600 and 1645 and stromal scores ranged from -2011 to
-348, respectively. A subgroup analysis of clinical
characteristics showed that only histological type has a
significant difference in immune scores (Figure 1A).

Figure 1. Immune scores and stromal scores are associated with Uveal Melanoma (UM) clinical subtypes, like histological
type, metastasis, etc. (A) Distribution of immune scores and stromal scores of histological subtypes, Box-plot shows that there is a

significant association between UM subtypes and the level of immune scores (P = 0.05); (B) Distribution of immune scores and stromal scores
of stage subtypes; (C) Distribution of immune scores and stromal scores of sex subtypes; (D) Distribution of immune scores and stromal
scores of age subtypes; (E) Distribution of immune scores and stromal scores of metastasis subtypes. Box-plot shows that there is no
significant association between other subtypes and the levels of immune and stromal scores.
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The subtype cases of epithelioid cells had the highest
immune scores (P = 0.05). The clinical characteristics
of stage, gender and age are statistically insignificant
(Figures 1B–1D). Moreover, the metastatic UM showed
a higher immune and stromal score, but this was
statistically insignificant compared with the primary
melanoma (Figure 1E). To determine the potential
correlation of overall survival with immune scores and
stromal scores, we divided the 80 UM samples of high
and low immune or stromal score groups by median
value. Kaplan-Meier survival curves show that the
overall survival of samples with low immune scores and
stromal scores is longer than that of the samples in the
high score group (hazard ratio [HR], 5.35 [P < 0.001];
and 2.76 [P = 0.02], respectively) (Figure 2A, 2B).
Gene set variation analysis
To investigate the hallmark pathways shared by
different immune or stromal groups, we performed gene
set variation analysis (GSVA). According to the
following criteria of P value < 0.05 and |GSVA score| ≥
1, four hallmark terms were commonly differently
expressed in the high immune and stromal score group,
and 12 hallmark terms were commonly differently
regulated in the low immune and stromal score group.
The same pathways are marked in red in Figure 2C, 2D.
Clustering for immune and stromal cells infiltration
To validate the above findings, the immune and stromal
cells phenotypes expression profiles from UM were
optimally clustered by applying the “ClassDiscovery”
algorithm and the results are shown in Figures 3A, 3B.
Cell infiltration in immune and stromal subtypes
showed that the overall survival of the high infiltration
group is significantly shorter than the low infiltration
group (HR, 3.35; P = 0.004; and HR, 2.55; P = 0.03,
respectively; Figure 3C, 3D).
Identification and confirmation of prognostic model
A log-rank test of Kaplan-Meier survival curves of 24
immune cells and 11 stromal cells showed that there
was a total of 13 immune cells and 1 stromal cell
capable of significantly predicting poor overall survival
rate (P < 0.05). Moreover, we used LASSO modeling
with 500 iterations to evaluate associations between the
14 selected cells and overall survival in the TCGA
dataset. Finally, a four-cell (cytotoxic cells, Th1 cells,
Th2 cells and myocytes cells) biomarker was screened
out of the 14 selected cells to build a risk signature
based on the criteria (Figure 4A). The risk score
formula for overall survival was calculated as follows:
risk score = 1.54 × (expression value of Cytotoxic cells)
+ 1.20 × (expression value of Th1 cells) + 2.80 ×
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(expression value of Th2 cells) - 0.46× (expression
value of Myocytes). The risk system calculates a risk
score for each patient. Applying the median cut-off
value of the risk scores, 80 patients with UM were
divided into high-risk and low-risk groups. KaplanMeier curve indicated that there was a significant
difference between high-risk and low-risk group (HR,
6.39; 95% confidence interval (CI), 2.73 to 14.97; P <
0.001) (Figure 4B). The area under the curve (AUC)
values for the four-cell model was 0.802. To verify the
predictive ability of the four-cell model, validation
analysis was performed using the GSE44295 and
GSE84976 datasets. The AUC values of four cells were
0.681 and 0.658, respectively (Figure 5A, 5C). The
Kaplan-Meier curve revealed that the low-risk group
have a significantly better survival than the patients in
high-risk group with log-rank test (HR, 2.54; P = 0.03
and HR, 4.01; P = 0.003, respectively) (Figure 5B, 5D).
Results of the subgroup analysis of clinical
characteristics of low- and high- risk groups are shown
in Figure 6.
High-risk
subgroup
more
sensitivite
immunotherapy and chemotherapy

to

The correlations of cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) and programmed death-ligand 1
(PD-L1) expression with low- and high- risk groups
were analyzed. The results revealed that the expression
in the high-risk group was generally higher than that in
the low-risk group (Figure 7A). The relationships
between risk score and previously established
prognostic markers, such as tumor stage, chromosome 3
status, mutated BAP1 and molecular subtype, were
explored. The box plots in Figure 7B show that BAP1
mutant, subtype D, and monosomy 3 have a higher risk
score than BAP1 wildtype, subtype A and disomy 3,
respectively. Compared with the 3 years AUC values of
these established prognostic markers (BAP1 mutant,
tumor stage, histological type, subtype and chromosome
3 status), our signature can achieve higher accuracy
value (Figure 7C). Furthermore, we used subclass
mapping to compare the expression profile of the two
subgroups and another dataset containing details of 47
patients with cutaneous melanoma that responded to
immunotherapies, published in the TIDE website.
Interestingly, we found that the high-risk group is more
promising to respond to anti-PD-1 therapy (Bonferroni
corrected P = 0.02) (Figure 8H). To further explore the
response to chemotherapy between high- and low-risk
patients with UM, we performed “pRRophetic”
algorithm to estimate the chemotherapeutic response
based on half maximal inhibitory concentration (IC50)
available in the Genomics of Drug Sensitivity in Cancer
(GDSC) database. Seven chemotherapeutic drugs,
including AZD6482, JNK Inhibitor VIII, Lapatinib,
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Figure 2. Kaplan-Meier survival analysis and Gene set variation analysis (GSVA) of high vs. low immune scores/stromal
scores groups. (A, B) Overall survival among patients with uveal melanoma (UM) based on their immune and stromal scores; (C, D)

Differential pathway activities between high and low immune and stromal scores groups, the same pathways are marked in red in the
immune and stromal groups. Hazard ratios (HRs) and 95% CIs are for high vs low immune and stromal risk. The log-rank test was used to
calculate P values in comparing risk groups.
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Mitomycin C, PF.4708671, Temsirolimus and
X17.AAG were identified as producing significant
differences in the estimated IC50 between the
high- and low-risk groups. Remarkably, we observed
from the estimated IC50 of these chemotherapeutic
drugs, that the high-risk group could be more sensitive
to chemotherapies than those in low-risk group.
(Figure 8A–8G).

DISCUSSION
To the best of our knowledge, this is the first study to
investigate the UM tumor microenvironment using the
ESTIMATE algorithm based on large public datasets,
developing and validating the contribution of one
stromal and three immune cells signatures in UM
prognosis. Our prognostic signature can further stratify

clinically defined groups of patients (eg, age, stages I,
II, III and IV UM, histological type) into subgroups
with different risk analysis (Figure 6).
Previous studies mainly focused on the intrinsic genes
of tumors [19], and some have provided elegant
analyses on expression of immune-related genes or
immune-infiltration in UM [11, 20]. However, a
comprehensive analysis of the UM microenvironment
consisting of larger cohorts is needed in studies of the
UM microenvironment. In our study, we conduct the
research with the help of numerous computational tools
and public data, such as TCGA. The ESTIMATE
algorithm was chosen for its compatible with RNA-Seq
data and microarray data. The overall survival is
correlated with immune scores and stromal scores,
where the prognosis of low immune scores and stromal

Figure 3. Unsupervised clustering of immune and stromal cells for 80 patients in the UM cohort. (A, B) The low infiltration and
high infiltration cells in immune and stromal group; (C) Kaplan-Meier curves for overall survival (OS) of UM patients show that immune
infiltration patterns are significantly associated with overall survival (log-rank test, P = 0.004); (D) Kaplan-Meier curves for OS of UM patients
show that stromal infiltration patterns are significantly associated with overall survival (log-rank test, P = 0.03). Hazard ratios (HRs) and 95%
CIs are for high or low immune and stromal infiltration risk.
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scores is better than that of the high-score group. TME
infiltration patterns also show that the low immune and
stromal infiltration pattern has a better prognosis than
the high infiltration pattern, which is consistent with the
immune and stromal scores.
On further investigation, we found 13 immune cells and
1 stromal cell capable of significantly predicting poor
overall survival rate in log-rank test, but which cell is
more responsible than another and which common
pathway is involved? Finally, signatures for three
immune cell types - cytotoxic cells, Th1 cells, and Th2
cells - together with one stromal cell type - myocytes were identified. Similarly, previous studies have
reported that CD4+ T lymphocytes was present in UM
inflammatory infiltrates. Moreover, CD4+CD25+
FoxP3+ Treg cells are capable of suppressing Th1 or

Cytotoxic T lymphocytes responses and represent a
major mechanism of tumor escape in several cancers
[2]. Our pathway research also found that myogenesis is
significantly expressed in both the low immune and low
stromal groups, which is consistent with the cells
identification. In cardiac myocytes research, it has been
demonstrated that fibroblast growth factor-2 (FGF-2)
synthesis can be regulated at the transcriptional level
[21], and FGF-2 was found to rescue UM cells from
growth inhibition by bromodomain and extraterminal
protein inhibitors [22]. It has been suggested that cotargeting of FGF receptor signaling is required to
increase the responses of metastatic UM to BET
inhibitors [22], which is a point we could consider with
the stromal findings. The epithelial-to-mesenchymal
transition (EMT) investigated is also a common
pathway in low immune and stromal group of UM,

Figure 4. Identification of optimal cell signature for overall survival (OS) prediction. (A) The process of building the signature
containing four cell types (3 immune cells and 1 stromal cell) and the coefficients calculated using the lasso method: from 500 iterations of
lasso-penalized multivariate modeling, four cell types were reported as optimal for survival prediction more than 400 times; (B) The AUC
curves of cell type models and Kaplan–Meier survival analysis of four-cell-type model in TCGA. Then the number of cells is four, the value of
AUC is the highest (0.802). Kaplan–Meier curves indicated that there is a significant difference between high- and low-risk groups (log-rank P
< 0.001).
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Figure 5. External validation of four-cell-type model in GSE44295 and GSE84976 datasets. (A–C) The AUC curves in GSE44295 and
GSE84976 datasets. (B, D) Kaplan-Meier survival analysis in GSE44295 and GSE84976 datasets, revealed that the low-risk groups have a
significantly better survival than the patients in high-risk group.
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Figure 6. Forest plot for the odds ratio (OR) of high or low 4-cell-type model related risk groups. The length of the horizontal line
corresponds to the confidence interval, and the size of the OR data marker is inversely proportional to the confidence interval. The vertical
dotted line indicates OR of 1.0.
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which is said to enable trans-differentiation of epithelial
tumor cells, endowing them with migratory and invasive
properties [23]. The EMT is demonstrated to be related to
myogenesis [24]. Taken together, the myocyte expression
is also an unusual phenomenon that deserves more
attention and the risk score of prognostic signature is a
tool that we could validate further in clinic.
All the three datasets showed that the correlation of
CTLA-4 and PD-L1 expression with the low-risk group
is significantly less than that of the high-risk groups.
Thus, we were interested in investigating the response to
treatment. It has been reported that the primary targets of
immune checkpoint blockade (ICB) treatment are PD-1
and CTLA4 [25]. Previous studies have clarified that the
success of anti-PD-1 and anti-CTLA-4 agents in UM has
been much more limited [26–27]. Some of our results are
consistent with the previous studies, but an interesting
point is that the high-risk group is more responsive to

anti-PD-1 therapy and several chemotherapeutic drugs.
Furthermore, we checked several more drugs like
mitomycin C and lapatinib, which could also be used as
supplementary or combined treatment agents [28].
However, more benchwork and clinical studies are
needed to further validation. As aforementioned, we first
developed the prognostic model and calculated the
risk score. It would be more helpful to identify patients
at high-risk in clinic and attempt the sensitive
immunotherapy and chemo-treatment.
In summary, our study reveals a comprehensive
landscape of the immune and stromal microenvironment
in UM, and provides a promising prognostic signature
for UM. Patients with the high risk scores could benefit
more from anti-PD-1 therapy and chemotherapy.
Further investigations are needed to verify the accuracy
in estimating prognoses and to test its clinical utility in
patient management.

Figure 7. Subgroup analysis and risk score distribution. (A) Box-plot analysis of high and low groups in CTLA-4 and PD-L1 expression.

(B) The association between risk score distribution and established prognostic markers, including BAP1 mutant, tumor stage, histological
type, chromosome 3 status, and molecular subtype. (C) The 3 years area under the curve (AUC) of risk score and prognostic markers (BAP1
mutant, tumor stage, histological type, chromosome 3 status and molecular subtype) associated with OS in TCGA. *P < 0.05, ** P < 0.01,
***P < 0.001,****P < 0.0001.
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Figure 8. Differential putative chemotherapeutic and immunotherapeutic response. (A–G) The box plots of the estimated IC50 for
the most sensitive chemotherapeutic drugs. (H) Submap analysis manifested that high risk group could be more sensitive to the programmed
cell death protein 1 inhibitor (Bonferroni-corrected P = 0.02). *** P < 0.001.
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MATERIALS AND METHODS

Heatmaps and clustering analysis

RNA and clinical data

Heatmaps and clustering were generated using an R
package (“pheatmap”).

The RNA sequencing dataset and corresponding
clinical follow-up information of UM were obtained
from the TCGA database. This dataset was derived
from the tissue samples from 80 adult patients, and an
integrative analysis by UM area consortia has also
been conducting used this dataset [29]. Survival time
was regarded as the time from tissue removal to
death. Another two UM datasets (GSE44295 and
GSE84976), consisting of 85 UM samples from the
Gene Expression Omnibus, were used as external
validation sets.
Tumor microenvironment estimation
Immune scores and stromal scores were calculated by
applying the ESTIMATE algorithm in R package
(“ESTIMATE”). By running ESTIMATE on TCGA
RNA-Seq data, the immune scores and stromal scores
of each uveal melanoma sample can be estimated. To
quantify the proportions of immune and stromal cells in
the UM samples, we first identified the biomarker genes
of immune and stromal cells from the previously
published articles [30, 31], and used single sample gene
set enrichment analysis (ssGSEA) method to
specifically discriminate 24 human immune cells and 11
stromal cells phenotypes using the R package
(“GSVA”) to validate the ESTIMATE algorithm. The
immune cells considered were dendritic cells (DCs),
immature DCs (iDC), activated DCs (aDC),
plasmacytoid DCs (pDC), natural killer (NK) cells,
CD56dim NK cells, CD56bright NK cells,
macrophages, neutrophils, eosinophils, mast cells, T
cells, T central memory cells (Tcm), T effector memory
cells, Tgd cells, CD8 T cells, regulatory T cells (Treg),
T follicular helper cells (TFH), T helper cells, Th1, Th2,
Th17, B cells, and cytotoxic cells. The stromal cells
included fibroblasts, lymphatic endothelial cells,
microvascular endothelial cells, endothelial cells,
mesenchymal stem cells, osteoblasts, myocytes, and
skeletal muscle cells.
Gene set variation analysis
The uveal melanoma samples were divided into high vs.
low immune score/stromal score groups by the median
value. Then, GSVA was used to evaluate the common
pathways shared in the tumor-infiltrating immune and
stromal groups. These 50 hallmark pathways described
in the molecular signature database, exported using the
“GSEABase” package. Next, pathway activity estimates
were assigned to individual samples by using the R
package (“GSVA”).
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Survival analysis of immune and stromal cells
The best separation survival analysis of immune and
stromal cells was performed using the “survminer”
package. Kaplan-Meier were plotted and the differences
among groups were compared using log-rank tests.
Identification of prognostic model
The survival-related cells in primary selection are not
suitable for clinical diagnosis. Therefore, a robust
survival modeling approach was used to identify
suitable cell signature. We constructed prognostic
models by using the “lasso” package and ran the
analysis for 500 iterations. Statistical stability under
each model was evaluated and a frequency greater than
400 regarded as indicating a stable model. Kaplan–
Meier survival curves were plotted and differences
between the subgroups were compared using log-rank
tests. Receiver operating characteristic curves [1] were
drawn for the predicted 3-year overall survival (OS),
and the AUC values was used to evaluate the specificity
and sensitivity of the cell signature. Moreover, to prove
the reliability of the result, this cell signature was
further validated in another two independent datasets
(GSE44295 and GSE84976).
Immuno- and chemotherapeutic response prediction
To explore the likelihood of an immune- or
chemotherapeutic response, we predicted the
chemotherapeutic response for each sample based on
the Genomics of Drug Sensitivity in Cancer (GDSC)
database (https://www.cancerrxgene.org) [32]. The
most significant chemotherapeutic drugs were selected
(P < 0.0001). The prediction process was implemented
using the R package “pRRophetic”. Although immune
checkpoint inhibitors have not yet been approved as
routine drugs for UM, we also predicted the likelihood
of response to immunotherapy by using the TIDE
website tool (http://tide.dfci.harvard.edu/) [25].
Statistical analysis
All statistical analyses were conducted using the R
package (version 3.5.2). For comparisons of two
groups, the statistical significance for normally
distributed variables was estimated using Student’s t
tests, and non-normally distributed variables were
analyzed using Mann-Whitney U tests (also called the
Wilcoxon rank-sum test). For comparisons of more than
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two groups, Kruskal-Wallis tests and one-way analysis
of variance were used as non-parametric and parametric
methods, respectively. The association between cell
signature and clinicopathological characteristics was
analyzed using Fisher’s exact test.
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ABSTRACT
Uveal melanoma (UM) is the most common primary intraocular tumour in adults. The most accurate prognostic
factor of UM is classification by gene expression profiling. Currently, the role of epigenetics is much less defined
compared to genetic mechanisms. We recently showed a strong prognostic role of the expression levels of
histone variant macroH2A1 in UM patients. Here, we assessed the mechanistic effects of macroH2A1 on UM
progression.
UM cell lines were stably knocked down (KD) for macroH2A1, and proliferation and colony formation capacity
were evaluated. Mitochondrial function was assayed through qPCR and HPLC analyses. Correlation between
mitochondrial gene expression and cancer aggressiveness was studied using a bioinformatics approach.
MacroH2A1 loss significantly attenuated UM cells proliferation and aggressiveness. Furthermore, genes
involved in oxidative phosphorylation displayed a decreased expression in KD cells. Consistently, macroH2A1
loss resulted also in a significant decrease of mitochondrial transcription factor A (TFAM) expression, suggesting
impaired mitochondrial replication. Bioinformatics analyses uncovered that the expression of genes involved in
mitochondrial metabolism correlates with macroH2A1 and with cancer aggressiveness in UM patients.
Altogether, our results suggest that macroH2A1 controls UM cells progression and it may represent a molecular
target to develop new pharmacological strategies for UM treatment.

INTRODUCTION
Uveal melanoma (UM) is the most common primary
intraocular tumour in adults [1, 2]. Metastasis is a
frequent occurrence in UM with a 5 years survival of
www.aging-us.com
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~15%. It is estimated that 40-50% of UM patients will
die of metastatic disease, even with early diagnosis and
proper treatment [3]. By far the most common site of UM
metastasis is the liver, reported in ~87% of metastasis
cases [4]. Although both uveal and cutaneous melanomas
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arise from melanocytes, UM is biologically and
genetically distinct from the more common cutaneous
melanoma [5]. In particular, UM lack mutations in
BRAF, NRAS, or KIT, unlike cutaneous melanoma and
it is characterized by activating mutations in the GPCR
alpha subunits GNAQ or GNA11 [6]. Moreover,
inactivating somatic mutations in the gene encoding
BRCA-1 associated protein 1 (BAP1) have been
observed in ~84% of metastasizing UM [7]. The
frequency of BAP1 mutations in metastatic UM suggests
that targeting the BAP1 pathway could be a valuable
therapeutic approach. BAP1 is an enzyme that mediates
epigenetic modifications like deubiquitination of histone
H2A and host cell factor 1 (HCF-1) [8–10]. Epigenetic
mechanisms controlling gene expression have long been
known to have a role in cancer development [11]. In UM
these include DNA methylation at CpG islands in
promoters leading to decrease expression of p16/INK4a
tumour suppressor protein [12]. However, compared with
the genetic mechanisms, the role of epigenetics in UM
carcinogenesis is poorly defined [13–16].
Histone variants confer unique biological functions to
chromatin [17–19]. The H2A family is the most diverse
and includes vertebrate-specific macroH2A1 (with splice
variants mH2A1.1 and 1.2) and macroH2A2 [20–22],
which are generally associated with transcriptionally
repressed chromatin [23, 24]. However, macroH2A
histones are widely distributed throughout chromatin,
but may also exert positive effects [20–22, 25, 26].
Recent studies have examined the expression of
macroH2A1 in solid tumours and its correlation with
clinical pathological features, including cutaneous

melanoma [27–31]. MacroH2A1 appears to act as
tumour suppressor or as an oncogene depending on the
type of cancer and on the degree of stemness [21, 27, 28,
30]. Contrary to cutaneous melanoma [27], we
demonstrated immunohistochemically that macroH2A1
expression is higher in metastatic UM than in not
metastatic UM [32]. However, the role of macroH2A1 in
UM development and progression is unknown. A better
understanding of the epigenetic processes leading to UM
progression, metastasis and mortality, is needed to
identify new prognostic markers for the early diagnosis
or response to treatment. The aim of the present study
was to assess the role of histone macroH2A1 in UM
progression and related metabolic pathways involved in
cell proliferation and metastasis, using cell models and
biopsies from UM patients.

RESULTS
MacroH2A1 silencing reduces cell proliferation and
migration
The role of macroH2A1 was investigated by lentiviral
mediated silencing in UM 92.1 cells. Control cells (CTL)
were infected with a bicistronic construct expressing
green fluorescent protein (GFP) and a scramble shRNA,
while silencing of macroH2A1 was achieved through
lentiviral infection of a bicistronic construct containing
shRNA against macroH2A1 and a GFP cassette [29, 33]
(knock-down, KD, Figure 1A). Lentiviral-mediated
shRNA against macroH2A1 was confirmed by immunoblotting (Figure 1B). Our group already showed that loss
of macroH2A1 leads to increased stemness and

Figure 1. macroH2A1 silencing (knock-down, KD) in UM 92.1 cells. (A) Cells were infected with a lentivirus bearing a bicistronic
construct expressing GFP and a macroH2A1-silencing shRNA. Control cells (CTL) were infected with lentivirus bearing a bicistronic construct
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expressing GFP and a scramble shRNA (data not shown). (B) Western blot analysis showed a significant reduction of macroH2A1 in
transfected cells.

decreased proliferation in liver cancer cells [29, 33].
Here, we generated cell growth curves for control and
KD UM 92.1 cells using xCELLigence. Cells were
seeded in wells carrying a gold electrode that measures
electric impedance. The latter is related to cell density on
the chip and is converted automatically into cell index by
the device. Evaluation of cell index per each time point
provides a direct quantification of cell proliferation [34].
XCELLigence analysis showed that macroH2A1 loss
leads to a significant decrease of proliferation rate
when compared to their control (p < 0.01) (Figure 2A).
Interestingly, wound healing assay showed that silencing
of macroH2A1 decreases wound closure ability of
92.1 UM cells (Figure 2B, Supplemental Figure 1). The
difference became significant (p < 0.01) 24 hours
after scrape introduction: at this time point the control
and silenced cells differ for ~50% in wound closure
(Figure 2B). Moreover, knockdown of macroH2A1
resulted into a decrease in migration in serum starved
92.1 UM cells (Figure 2C, Supplemental Figure 2).
The difference in migration became highly significant
(p < 0.0001) 6 hours after the introduction of the scrape.
At this time point the number of KD cells migrated
are a half compared with CTL cells (Figure 2C). These
findings were further confirmed by clonogenic assay.
Upon macroH2A1 knockdown 92.1 UM cells decreased

their colony formation capacity (Figure 3A). Moreover,
the plate efficiency (% of cells inoculated at a low
density that gave rise to colonies) of KD cells was
significantly decreased compared with CTL cells (24.3 ±
4.81 versus 38.42 ± 4.04). Therefore, macroH2A1
silencing in UM cells significantly hampers their ability
to proliferate and to migrate.
MacroH2A1 silencing
metabolism in UM cells

decreases

mitochondrial

MacroH2A1 KD is able to increase lipid synthesis and
to activate glycolytic pathways and in particular the
pentose phosphate pathway (PPP) in HCC cells,
rewiring energy metabolism to the needs of a cancer
stem cell (CSC)-like state [29, 33, 35]. To study the role
of macroH2A1 in the energy metabolism of UM cells,
we next analyzed the endogenous metabolic profiles of
control and macroH2A1 KD UM 92.1 cells. Metabolic
profiling relies on the ability to determine changes in
the total complement of metabolites in cells. In Figure 4A
we report a heatmap representing all the changes in the
levels of metabolites tested by high-performance liquid
chromatography (HPLC), which allows the separation
and quantification of most metabolites from glycolysis
and the Krebs cycle including the high energy

Figure 2. Proliferation and migration of UM 92.1 cells KD for macroH2A1. (A) Real time cell proliferation monitored by xCELLigence

system. Cell index values were normalized at the time zero in order to obtain a normalized cell index. Each line is expressing the average of
four different experiments. (B) Cell proliferation assay. Values are presented as percentage of the open wound following 4, 8, 24 and 48
hours (wound at time 0 was assumed as 100% and used as control). Values are expressed as the mean ± SEM of three different experiments.
(p < 0.0001 vs control). (C) The migration assay. Values are presented as number of migrating cells following 1, 4, 6 and 8 hours (wound at
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time 0 was assumed without migrating cells and used as control). Values are expressed as the mean ± SEM of three independent
experiments. (p < 0.0001 vs control).

Figure 3. Colony formation capacity of UM 92.1 cells KD for macroH2A1. UM 92.1 cells were silenced for macroH2A1 expression as

in Figure 1. (A) Images are representative of three separate experiments. (B) The number of colonies was manually counted and presented as
the mean ± SEM of three independent experiments. (*p < 0.01 vs control).
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Figure 4. HPLC analysis of metabolites in CTL and macroH2A1 KD UM 92.1 cells. (A) Heatmap representing the levels of major

classes of metabolites detected by HPLC. (B) Acetyl-co-A levels; (C) NADP+ levels; (D) NADPH levels; (E) NADP+/NADPH levels; (F) NAD+/NADH
levels. Results are presented as the mean ± SEM of four independent experiments. (*p < 0.01; *** p < 0.001 vs control).

phosphates. Consistent with previous observations in
HCC cells [33], macroH2A1 silencing resulted in a
significant increase of acetyl-CoA (Figure 4B) and
NADP+ (Figure 4C) content accompanied by a
significant decrease of NADPH (Figure 4D), thus
suggesting a switch to reductive biosynthesis and to lipid
synthesis in KD cells. Consistent with this, the
NADP+/NADPH ratio is increased in UM 92.1 cells
knockdown for macroH2A1 (Figure 4E), while the ratio
NAD+/NADH showed a trend to be higher upon
macroH2A1 silencing (Figure 4F). As consequence, the
impaired lipid biosynthesis reflected into a decreased
efficiency of the pentose phosphate pathway (PPP) as
also supported by the decreased trend of nucleic acid
precursor CDP (cytosine diphosphate) and Hyp
(hypoxanthine) (Figure 4A). MacroH2A1.1 isoform has
been shown to boost mitochondrial respiration when
overexpressed in muscle cells [36]. Conversely, we
hypothesized that macroH2A1 KD in UM 92.1 cells
might hamper the activity of mitochondria. We thus
analyzed expression of genes involved in oxidative
phosphorylation: the expression of MT-ND4, MT-CO2,
COX4|1, MT-CYB, ATP5F1A and TFAM mRNAs were
significantly decreased in KD UM cells compared to
their controls (p < 0.001) (Figure 5A). The maintenance
of an optimal NAD+/NADH ratio is essential for
mitochondrial function [37]; UM 92.1 cells KD for
macroH2A1 showed also a significant (p < 0.001)
decrease in the mRNA levels of NMNAT1, NMNAT2,
SIRT1 and NAMPT, key enzymes implicated in NAD+
turnover [38] (Figure 5B). In contrast, the mRNA levels

of NMNAT3 were increased of >1.5 in UM cells KD for
macroH2A1 (Figure 5B). Interestingly, T-Fam transcript
was also found significantly downregulated in UM 92.1
cells KD for macroH2A1 compared to CTL cells (p <
0.001) (Figure 5B). The TFAM gene encodes for the
mitochondrial transcription factor A (TFAM), essential
for replication and packaging of mitochondrial DNA
into nucleoids, as well as critical for mitochondrial
biogenesis [39]. Consistently, imaging for viable
mitochondria co-stained with MitoTracker and TFAM
antibody showed an impaired mitochondrial status in
92.1 UM cells deficient for macroH2A1 (Figure 5C).
MacroH2A1 gene expression (H2AFY) regulates the
expression of genes involved in mitochondrial
metabolism in UM patients
We recently conducted a retrospective study on
macroH2A1 immunohistochemical expression in 55 UM
patients, demonstrating a positive immunohistochemical
correlation between macroH2A1 levels and UM
aggressiveness [32]. Here we sought to analyse larger
cohort to examine the correlation between the genes
involved in mitochondrial metabolism and UM
aggressiveness. To this aim, we took into account a total
of 190 samples of patients with UM and 96 retinal
pigment epithelium (RPE)-choroid of healthy control
subjects, pooled from 6 different publicly available Gene
Expression Omnibus (GEO) repositories [40]
(GSE44295, GSE22138, GSE27831, GSE84976,
GSE51880, GSE73652, GSE29801) (Table 1). From

Figure 5. KD for macroH2A1 reprograms energy metabolism in UM 92.1 cells. (A) mRNA levels MT-ND4, MT-CO2, COX4|1, MT-CYB,

ATP5F1A and TFAM were assessed by qPCR, and normalized to GAPDH levels. Values are presented as mRNA relative levels and they are
expressed as the mean ± SEM of three different experiments. (p < 0.0001 vs control). (B) mRNA levels NMNAT1, NMNAT2, SIRT1 and NAMPT.
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Values are presented as mRNA relative levels and they are expressed as the mean ± SEM of three different experiments. (**p<0.01****p <
0.0001 vs control). (C) Representative immunocytochemical images showing staining for TFAM (upper panels) and MitoTracker (lower panels)
in CTL and in UM 92.1 cells KD for macroH2A1.

Table 1. List of GEO datasets selected.
GSE
44295
22138
27831
84976
73652
29801

GPL
6883
570
570
10558
10558
4133

Disease
UM
UM
UM
UM
UM
UM

Sample
57
63
29
28
13
96

Male
32
39
17
ns
ns
58

all the selected datasets we were able to obtain data
regarding sex, age, presence of metastases, and survival
rate. The GSE73652 dataset did not present information
regarding sex. We divided the UM patients according
to the presence or absence of metastases. Two groups
of metastatic (88) and non-metastatic (102) patients
were compared with each other and with the control
group composed of healthy subjects (96), for the
expression of the same panel of genes analyzed in
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Female
25
24
12
ns
ns
38

Metastasis
24
35
11
13
5
Not affected

No Metastasis
33
28
18
15
8
Not affected

UM 92.1 cells KD for macroH2A1 and involved in
mitochondrial respiration and NAD+ metabolism
(Figure 5) (MT-ND4, MT-CO2, COX4|1, MT-CYB,
ATP5A1 and TFAM, NMNAT1, NMNAT2, NMNAT3
SIRT1 and NAMPT). Our analysis highlighted that for
NMNAT2, NMNAT3, COX4|1 and ATP5A1
expression levels were significantly increased in UM
(metastatic/non metastatic [32]) patients compared to
healthy controls (Figure 6A–6E). No differences were
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Figure 6. NMNAT1, NMAT2, NMNAT3, ATP5F1A, and COX4|1 mRNA expression levels in UM patients. Expression levels analysis
of (A) NMNAT1, (B) NMAT2, (C) NMNAT3, (D) ATP5F1A, and (E) COX4|1 in 96 healthy control subjects (H-RPE-choroid), 88 metastatic (M-UM)
and 102 non-metastatic (not-M-UM) UM patients. Data are expressed as z-score intensity expression levels and presented as vertical scatter
dot plots. P values <0.05 were considered to be statistically significant (*p<0.05; **p<0.005;***p<0.0005; ****p<0.00005).

observed for MT-ND4, MT-CO2, MT-CYB, TFAM,
SIRT1 and NAMPT across the three categories (data
not shown). Interestingly, when comparing metastatic
versus non metastatic UM patients, we observed a downregulation of the NMNAT1, NMNAT3 and COX4|1, but
not of NMNAT2 and ATP5A1, mRNA levels (Figure
6A–6E). This is consistent and mirrors our data in
macroH2A1 KD cells, less proliferative and aggressive,
where we observed a general downregulation of the
mRNA levels of the enzymes involved in NAD+
metabolism (Figure 5). Next, we sought to ascertain
whether the expression levels of the selected genes were
significantly correlated with the UM patient’s survival
rate. We found that only the COX4|1expression levels
were significantly positively correlated with the survival
rate of metastatic patients (r=0.3122, p=0.0041) (Table
2A, Figure 7A). A nearly significant negative correlation
between COX4|1 and survival was observed with
non-metastatic patients (r=-0.2035, p=0.0504) (Table 2B,
Figure 7B). Altogether these data demonstrate the
importance of mitochondrial metabolism, as assessed by
gene expression, in UM occurrence and aggressiveness.

DISCUSSION
Epigenetic changes cooperate actively with genetic
alterations to drive the cancer phenotype. These changes
involve DNA methylation, histone modifiers and
readers, chromatin remodelers, ncRNA and other
physical components of chromatin such as the histone
variants [41]. During carcinogenesis, the result of the
interplay between oncogenes and tumor suppressor
genes can sometime code for histone variants [22, 42].
Others and we have shown that H2A histone variant
macroH2A1 can act as oncogene or tumor suppressor
depending on the blood or solid malignancy [27–31]. In
the present study, we report for the first time that the
loss of macroH2A1 inhibits UM cells proliferation and
aggressiveness, while inducing an inhibition of
mitochondrial metabolism and biogenesis through a
gene expression signature that is also observed in UM
patients. Therefore, consistent with previous clinical
and histological studies on an Italian national reference
cohort of biopsies from UM patients, where we showed
the role of macroH2A1 as prognostic marker for UM
progression [32], we conclude that macroH2A1 acts as
an oncoprotein in UM. At the cellular level, UM shares
the same lineage – the melanocytes – with cutaneous
melanoma. However, the two melanomas differ in their
etiologies, clinical features, and molecular abnormalities [43]. The size of the tumor and its degree of
invasion are prognostic in both entities, but the patterns
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of dissemination and metastasis differ: UM spreads
through the blood, while cutaneous melanoma can
spread through both the blood and the lymphatic
system [44]. The most common site of metastasis of
UM is the liver; cutaneous melanoma can instead
spread to the lymph nodes, lung, brain, and soft tissue
[32, 45].
The role of macroH2A1 in cutaneous melanoma has
been well studied. Kapoor et al. reported 2010 that
macroH2A proteins suppress progression of malignant
cutaneous melanoma [27]. Loss of all macroH2A1
isoforms, positively correlated with increasing malignant
phenotype of melanoma cells both in cell lines, in human
tissue samples, and in animal models of cutaneous
melanoma growth and metastasis; this phenotype could
be restored by reintroduction of macroH2A1 [27]. The
tumor suppression function of macroH2A1 in cutaneous
melanoma was attributed to a large extent to the
transcriptional suppression of CDK8, a known oncogene
[27]. MacroH2A1 and CDK8 expression levels anticorrelate in human cutaneous melanoma patient samples
[27]. Therefore, macroH2A1 functions as an oncogene
in UM and as a tumor suppressor in cutaneous
melanoma, highlighting the profound epigenetic
differences between the two types of melanocyte-derived
neoplasia. Genomic and transcriptomic approaches are
required in parallel in cutaneous and UM experimental
models and human biopsies to unravel the different
dynamics of macroH2A1-dependent gene expression.
The specific role of CDK8 in UM progression has not
been investigated so far, although pan-CDK inhibition
seems to be partially effective both in cutaneous
melanoma and in UM [46].
Here we found that macroH2A1 loss in UM cells
decrease their aggressiveness. This is supported by a
distinct gene expression pattern, which is conserved
between UM cultured cells and human UM datasets.
The metabolite-binding macrodomain (present in
macroH2A1.1 but not in macroH2A1.2) is required to
sustain mitochondrial function but, interestingly is
dispensable for gene regulation [36]. Resveratrol, a
natural phenol, is able to inhibit tumor growth in vitro
and in animal models of UM [47]. Consistent with our
findings, an early event in resveratrol action is the direct
targeting of mitochondria, which leads to a decrease in
cell proliferation [47]. Similar findings were obtained
with fisetin, a dietary flavonoid, and with another
natural phenol, curcumin [48]. Resveratrol, fisetin and
curcumin are contained in various fruits and vegetables.
To date, however, there are no studies on dietary factors
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and incidence of UM. Half of UM patients develop liver
associated with metastasis and poor prognosis [50].
metastases, with a median survival of > 12 months [49].
More than 90% of metastatic UM is M3. Consistent
The loss of one copy of chromosome 3 (Chr3) in a
with our findings, M3 UM has a greater mitochondrial
primary UM, referred to as monosomy 3 (M3), is
activity [51]. Our study identifies for the first time a
Table 2. Pearson correlation analyses between gene expression and survival in UM patients.

A
Metastatic
Pearson r
95% confidence interval
R squared
P (two-tailed)
P value summary
Significant (alpha = 0.05)
Number of XY pairs

B

Non Metastatic
Pearson r
95% confidence interval
R squared
P (two-tailed)
P value summary
Significant? (alpha = 0.05)
Number of XY pairs
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surviving
months vs.
NMNAT1
-0.1516
-0,3556 to
0,06628
0.02297
0.1714
ns
No
83
surviving
months vs.
NMNAT1
0.1271
-0,07869 to
0,3224
0.01614
0.2249
ns
No
93

surviving
months vs.
NMNAT2
0.1291
-0,08907 to
0,3354
0.01667
0.2448
ns
No
83
surviving
months vs.
NMNAT2
0.07544
-0,1303 to
0,2749
0.005691
0.4723
ns
No
93

9752
408

surviving
months vs.
NMNAT3
0.1098
-0,1085 to
0,3179
0.01205
0.3233
ns
No
83
surviving
months vs.
NMNAT3
0.04138
-0,1637 to
0,2430
0.001712
0.6937
ns
No
93

surviving
months vs.
ATP5A1
0.05273
-0,1648 to
0,2654
0.00278
0.6359
ns
No
83
surviving
months vs.
ATP5A1
0.05706
-0,1484 to
0,2578
0.003255
0.587
ns
No
93

surviving
months vs.
COX4I1
0.3122
0,1035 to
0,4946
0.09748
0.0041
**
Yes
83
surviving
months vs.
COX4I1
-0.2035
-0,3910 to
0,0002075
0.04142
0.0504
ns
No
93
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Figure 7. COX4|1 mRNA expression levels correlate with the surviving rate in UM metastatic patients. Correlation analysis of
COX4|1 with surviving rate in (A) 88 metastatic (M-UM) and 102 (B) non-metastatic (not-M-UM) UM patients. Data are expressed as z-score
intensity expression levels and presented as vertical scatter dot plots. Correlations were determined using Pearson’s ρ correlation. P values
<0.05 were considered to be statistically significant (*p<0.05; **p<0.005;***p<0.0005; ****p<0.00005).

correlation between the expression of COX4|1, key
regulatory subunit of human cytochrome c oxidase,
and UM patient survival, as observed in glioblastoma
multiforme [52].

In conclusion, we suggest that strategies aiming at
decreasing the expression of histone variant macroH2A1
[32], might effectively hamper the aggressiveness of UM
cells, by inhibiting their mitochondrial phosphorylation.
This could be a novel promising therapeutic strategy
against UM [51].

MATERIALS AND METHODS
Cell culture
Human uveal melanoma cells (92.1) were purchased
from ATCC Company (Milan, Italy). Cells were
suspended in RPMI1640 culture medium containing
10% FBS, 100 U/mL penicillin, and 100 U/mL
streptomycin. At 80% confluency, cells were passaged
using trypsin-EDTA solution (0.05% trypsin and 0.02%
EDTA).
Cell transfection was achieved using lentiviral particles
[53] and carried out as previously described [28]. Cell
proliferation and migration were studied using the
“wound healing” assays [28]. The uncovered wound
area was measured and quantified at different intervals
with ImageJ 1.37v (NIH).
Immunoblotting
Histone protein isolation was achieved using ab113476
Histone Extraction Kit (Abcam, UK). Western blot
analysis was performed as previously described [54, 55].
Rabbit MacroH2A1 and H3 antibodies were from Santa
Cruz Biotechnology (CA, US). Anti-rabbit HRP linked
was from Cell Signaling Technology (Praha, CZ).
Real time proliferation
xCELLigence experiments were performed using the
RTCA (Real-Time Cell Analyzer) instrument (Roche
Applied Science, Mannheim, Germany and ACEA
Biosciences, San Diego, CA) [34]. First, the optimal
seeding number was determined by cell titration and
growth experiments. After seeding the optimal cell
number (2500 cells/well), cells were automatically
monitored every 15 min for 72h.
qPCR
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Upon mRNA extraction and cDNA reverse transcription
we evaluated expression of selected genes in 92.1 cells,
CTL and KD. The quantitative analysis was performed
using the One-Step Real-time PCR instrument and
SYBR Green PCR master mix (Life Technology, Milan,
Italy) [56]. GAPDH was used for normalization. Primer
sequences were: GAPDH, forward 5’-CCGCATCTTC
TTTTGCGTCG-3’, reverse 3’-GACTCCGACCTTCAC
CTTCC-5’, MT-ND4, forward 5’- CAGCCACATAGC
CCTCGTAG-3’, reverse, 3’-TCGGGGTTGAGGGATA
GGAG-5’, MT-CO2, forward, 5’- GAACTATCCTGCC
CGCCATC-3’, reverse, 3’-AGGGATCGTTGACCTCG
TCT-5’, COX4|1, forward, 5’-GCGGTGCCATGTTCT
TCATC-3’, reverse, 3’-GGGCCGTACACATAGTGCT
T-5’, MT-CYB, forward 5’-TCTTGCACGAAACGGG
ATCA-3’, reverse 3’-TGATTGGCTTAGTGGGCGAA5’, ATP5F1A, forward, 5’- TGTGTGTAGTCTCACGT
CACC-3’, reverse, 3’- CTGCCTCATTATGGCCACT
CC-5’, NMNAT1, forward 5’-CCTTGAGGGATGGCG
TCAAA-3’, reverse, 3’- CTTGGCCAGCTCAAACAA
CC-5’, NMNAT2, forward 5’- CATGACCGAGACCA
CCAAGAC-3’, reverse 3’-GTCGTGGACAGGGGAGA
CAA-5’, SIRT1, forward, 5’- CCAAGGCCACGGATA
GGTC-3’, reverse, 3’- ATTGTTCGAGGATCTGTGCC5’, NAMPT, forward, 5’- GCTTGGGGGAAAGACCAT
GA-3’, reverse, 3’-GCTGACCACAGATACAGGCA-5’.
Clonogenic assay
Colony assays performed by seeding cells in 6-wells
plates at low density (5000 cells/well) and allowing
growth for 9 days. Colonies were fixed, stained with
crystal violet (Sigma Aldrich) and quantified using
ImageJ (NIH).
Immunofluorescence
Cells were grown directly on coverslips before
immunofluorescence [57]. Briefly, after washing
with PBS, cells were fixed in 4% paraformaldehyde
(Sigma-Aldrich, Milan, Italy) for 20min at room
temperature. Subsequently, cells were incubated with
primary antibody against T-Fam we purchased from
Thermo Fisher scientific (1:200), overnight at 4 °C.
Cells were then washed three times in PBS for 5 min
and incubated with secondary antibodies from Cell
Signaling Technology. Nuclei were counterstained with
DAPI (4′,6- diamidino-2phenylindole, Santa Cruz
Biotechnology, CA, USA). Images were obtained using
a Zeiss Axio Imager Z1 Microscope with Apotome 2
system (Zeiss, Milan, Italy).
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HPLC analysis of metabolites
Cellular packages were deproteinized to measure acid
labile and easily oxidizable compounds [58]. The
Table 3. Probes set list.
N°
1

GSE
44295

GPL
6883

2

22138 27831 51880

570

3

84976 73652

10558

4

29801

4133

Probe set
ILMN_1692413
ILMN_1742968
ILMN_2153485
ILMN_1652207
ILMN_2341363
223692_at
1562818_at
228090_at
227323_at
1569891_at
ILMN_1692413
ILMN_1742968
ILMN_2153485
ILMN_1652207
ILMN_2341363
3719
25564
20338
39732
37865

derivatives (Acetyl-CoA, Malonyl-CoA), nicotinic
coenzymes (NAD+, NADH, NADP+, NADPH), reduced
glutathione (GSH), malondialdehyde (MDA), nitrite
and nitrate in the protein-free cell extracts, was carried
out using established HPLC methods [58, 59]
Dataset selection and analysis
The NCBI Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) [40] was used to
select microarray datasets. Mesh terms “Uveal
Melanoma” and “eyes choroid” were used to identify
datasets of interest. The obtained datasets were sorted
by the number of samples (High to Low) and to
available clinical data. Seven datasets were selected:
GSE44295, GSE22138 [60], GSE27831 [61],
GSE84976 [62], GSE51880 [63], GSE73652 [64], and
GSE29801 [65] (Table 1). All the selected datasets were
composed of samples from UM patients, divided
according to sex and the presence of metastases. The
samples were homogeneous for the age. Furthermore,
the samples were selected based on survival rate. The
GSE29801 dataset consisted of 151 samples from the
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Gene nomenclature
NMNAT1
NMNAT2
NMNAT3
COX4I1
ATP5A1
NMNAT1
NMNAT2
NMNAT3
COX4I1
ATP5A1
NMNAT1
NMNAT2
NMNAT3
COX4I1
ATP5A1
NMNAT1
NMNAT2
NMNAT3
COX4I1
ATP5A1

macular or extramacular region of donor eye retinal
pigmented epithelium. Data processing: to identify
significant differentially expressed genes (SDEG) in
data sets, we used the MultiExperiment Viewer (MeV)
software. In cases where multiple genes probes have
insisted on the same GeneID NCBI, we have used those
with the highest variance (Table 3). Statistical analysis
was performed using GEO2R, applying a Benjamini
and Hochberg (False discovery rate) to adjust P values
for multiple comparisons [66–68].
Statistical analysis
Data are shown as means ± standard error of the
mean (SEM). For statistical analysis, Prism 7 software
(GraphPad Software, USA) was used. Significant
differences between groups were assessed using the
one-way ANOVA test. Correlations were determined
using Pearson’s ρ correlation. All tests were two-sided,
and significance was determined at p < 0.05. The
analysis of microarray data by Z-score transformation
was used in order to allow the comparison of
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microarray data independent
hybridization intensities [34].
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Proliferation of 92.1 UM cells control (CTL) or knock-down (KD) for macroH2A1, in presence of
serum. The number of the cells in the area of wound was measured for all the fields and time points (4h, 8h, 24h, 48h) using Image J.

Supplementary Figure 2. Migration of 92.1 UM cells control (CTL) or knock-down (KD) for macroH2A1, with serum
starvation. The number of the cells in the area of wound was measured for all the fields and time points (0h, 1h, 4h, 6h, 8h) using Image J.
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ABSTRACT
Uveal melanoma is an aggressive intraocular malignancy that often exhibits low immunogenicity. Metastatic
uveal melanoma samples frequently exhibit monosomy 3 or BAP1 deficiency. In this study, we used
bioinformatic methods to investigate the immune infiltration of uveal melanoma samples in public datasets.
We first performed Gene Set Enrichment/Variation Analyses to detect immunological pathways that are altered
in tumors with monosomy 3 or BAP1 deficiency. We then conducted an unsupervised clustering analysis to
identify distinct immunologic molecular subtypes of uveal melanoma. We used CIBERSORT and ESTIMATE with
RNA-seq data from The Cancer Genome Atlas and the GSE22138 microarray dataset to determine the samplelevel immune subpopulations and immune scores of uveal melanoma samples. The Kaplan-Meier method and
log-rank test were used to assess the prognostic value of particular immune cells and genes in uveal melanoma
samples. Through these approaches, we discovered uveal melanoma-specific immunologic features, which may
provide new insights into the tumor microenvironment and enhance the development of immunotherapies in
the future.

INTRODUCTION
Immune
heterogeneity
within
the
tumor
microenvironment has been linked to the drug
sensitivity and prognosis of patients with various cancer
types [1, 2]. Thus, the profiling of immune signatures
might uncover biomarkers for targeted therapy and
clinical outcome assessment. Recently, datasets from
The Cancer Genome Atlas (TCGA) have been used to
depict the immune landscapes of multiple tumor types
[1]. Researchers have used integrated approaches and
multidimensional datasets to determine the infiltration
levels and co-infiltration networks of various immune
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cell populations in tumors [3, 4]. For instance, genomic
data and hematoxylin & eosin image data were used to
assess the total lymphocyte infiltration and immune cell
fractions of the tumor microenvironment in different
cancer types in TCGA [3]. This analysis revealed
common immune subtypes, immune gene expression
signatures and tumor-extrinsic features, which could be
used to identify transcriptional regulatory networks in
the tumor microenvironment. Moreover, an extensive
immunogenomic analysis of PanCancer TCGA data
from 33 diverse cancer types revealed six distinct
immune subtypes and various tumor-immune cell
interactions [1].
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Uveal melanoma (UM) is the most common aggressive
intraocular malignancy in adults, and originates from
the uveal tract [5]. UM is characterized by different
cytogenetic alterations than cutaneous melanoma (CM),
and has the potential for hepatic metastasis [6].
Nevertheless, UM and CM share a common lineage
that is determined by melanoma-specific neural crest
genes [7]. Recently, a comprehensive analysis of
80 UM cases identified four molecularly distinct
subtypes. Monosomy 3 (M3) tumors were found to be
enriched for genes in immune pathways such as
interferon signaling, T cell invasion and cytotoxicity
[8]. Several reports have demonstrated that CM is
highly infiltrated by immune cells such as CD4 and
CD8 cells [9–11]. However, only a subset of UM
patients exhibit similar lymphocyte infiltration of their
tumors, suggesting that UM immune infiltration is
heterogeneous [7]. In liver metastases, the tumorinfiltrating lymphocyte activity is lower in UM patients
than in CM patients [5, 7, 12].
The inflammatory phenotype of UM is characterized by
high infiltration of lymphocytes and macrophages, and
by the expression of human leukocyte antigen (HLA)
Class I and II antigens [13]. Mutation of
GNA11/GNAQ was not found to significantly alter the
immune infiltration and HLA Class I expression of
primary UM [14]. However, the nuclear factor kappalight-chain-enhancer of activated B cells (NF-kB)
pathway was found to be associated with the
inflammatory phenotype and high HLA Class I
expression, and was upregulated upon the inactivation
of BAP1 in UM. The levels of the NF-kB pathway
molecules NF-kB1, NF-kB2 and RELB were reported
to correlate positively with the expression of HLA Class
I and with the infiltration of T cells and macrophages in
UM [15]. Moreover, one of the most significant UM
studies revealed that lymphocyte infiltration and tumorassociated M2 macrophage levels were associated with
a poor prognosis in primary UM after adjustment
for other risk factors [16]. In another study, the
authors used a digital PCR-based T cell quantification
method to characterize the prognostic value of the
T cell count and activated macrophage level in the
microenvironment of UM[17]. Thus, characterizing the
immunological features of UM may provide novel
immune biomarkers for prognostic assessment and
immunotherapy.
Immunotherapy through immune checkpoint blockades
has displayed promising clinical efficacy in multiple
tumor types [18–20]. Enhancing the cytolytic functions
of infiltrating lymphocytes can significantly improve
antitumor immunity [4]. However, due to the low levels
of cytotoxic cells in the tumor microenvironment, nonresponsiveness to immunotherapy remains a clinical
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challenge. Thus, a deep comprehension of the interplay
among the immune cell subsets in the tumor
microenvironment is needed for the development of
effective antitumor immune therapies. Here, we sought
to identify the molecular immune subtypes and
infiltrating immune cells of UM, in order to discover
possible candidates for immunotherapy.

RESULTS
Identification of M3/BAP1-specific immunological
pathways using GSEA
BAP1 is frequently mutated in metastatic UM, and is
associated with chromosome 3 loss (M3) [16, 21]. Thus,
we investigated whether BAP1-deficient UM samples
exhibited distinct immune infiltration patterns from
BAP1-intact samples in TCGA. Gene Set Enrichment
Analysis (GSEA) was used to develop M3/BAP1null
aberrant gene signatures and reveal novel immune
pathways. The immune-related gene signatures were
then used to estimate the level of immune cell
infiltration. Among the most significantly altered
pathways in M3/BAP1null tumors, those involving the
CD8/T-cell-receptor, adaptive immune system, pre-B1
lymphocytes and differentiating T lymphocytes were
significantly enriched in the M3 group (Figure 1A),
consistent with a previous study [22]. In curating the
differential gene expression data, we found significant
gene expression changes in a variety of immuneassociated processes, suggesting that M3/BAP1null
tumors highly express immune pathway genes.
Next, we performed Gene Set Variation Analysis
(GSVA) to compare the sample-level infiltration of
M3/BAP1null tumors and disomy 3 (D3)/BAP1intact
tumors. The top 10 significantly enriched immune
pathway gene sets were selected. As shown in the
heatmap (Figure 1B), the “B-cell receptor signaling”
pathway, the “IRF4 targets in plasma cells vs. mature B
lymphocytes” pathway and the “peripheral blood
mononuclear cell response to ionizing radiation (IR)”
pathway were significantly enriched in M3/BAP1null
tumors, suggesting that IRF4 may enhance immunity in
BAP1 deficient UMs.
To further assess the immune cell subpopulations of
M3/BAP1null and D3/BAP1intact tumors, we compared
the relative abundance of immune cells between these
two UM subtypes. As shown in Figure 1C, the levels of
infiltrating CD8 T cells and T follicular helper cells
were significantly higher in M3-subtype tumors (n = 42)
than in D3 tumors (n = 38) (P<0.01, Mann-Whitney
test). Of note, D3 tumors were previously reported to
have a better prognosis than M3 tumors. In contrast,
monocytes and CD4 memory resting cell levels were
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higher in D3 tumors than in M3 tumors (P<0.01, MannWhitney test).
Hierarchical clustering of immune cell-associated
gene expression in UM
We then performed an unsupervised clustering analysis
of 730 immune-related genes in the UM dataset of
TCGA, as described in a previous study [11]. The
sample clustering revealed three clear groups of samples

that separated predominantly according to the gene
expression of infiltrating immune cells, here termed the
Immune Low (Immune L, n=54, 67.5%), Immune
Medium (Immune M, n=16, 20%) and Immune High
(Immune H, n=10, 12.5%) groups (Figure 2A). As
shown in the heatmap, the Immune H group expressed
high levels of the majority of the immune-related genes,
in contrast to the Immune L group. The Immune H
group highly expressed genes associated with CD8 T
cells, B cells and natural killer cells (Figure 2B). The

Figure 1. BAP1-mutant/M3 UM is enriched in immune signatures. (A) GSEA plots of gene ontology categories, including the immune

response, immune system process, adaptive immune response, immune effector process, and regulation of immune system process. (B)
GSVA analysis of differing immune pathways between BAP1wild type and BAP1 mutant tumors. (C) Differential proportions of immune cells
between D3 and M3 tumors.
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Figure 2. Immune-related gene expression in the UM dataset of TCGA. (A) Hierarchical clustering of 80 tumors based on 730

immune-related genes. Genes were median-centered. Each colored square represents the relative mean transcript abundance (log2 FPKM+1)
for each sample, with the lowest levels shown in green, the median levels in black and the highest levels in red. The genetic mutation type,
SCNA type, immune score, leukocyte fraction and BAP1 mutation status are shown below the array tree. (B) The expression of selected gene
signatures or genes is demonstrated below the heatmap.
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inhibitory checkpoint molecules PD-1 and CTLA-4 and
the genes directly associated with MHC CLASS I/II,
Cytolytic Activity and co stimulatory Molecules were
also highly expressed in the Immune H group and
modestly expressed in the Immune M group
(Supplementary Figure 2).
Next, we sought to determine the clinical and molecular
features underlying the immune clustering. The age,
American Joint Committee on Cancer stage (AJCC),
sex and GNAQ/11 mutation status of the patients did
not differ significantly between the Immune H group
and the Immune L and M groups (Immune H vs. M vs.
L). Interestingly, the BAP1 mutation status differed
significantly among the groups (P<0.0001, Fisher’s
exact test, Immune H vs. M vs. L). Similarly, a
significant difference in somatic copy number alteration
(SCNA1/2 vs. 3/4) was found among the groups
(P<0.0001, Fisher’s exact test, Immune H vs. M vs. L)
(Table 1). Our analysis suggested that BAP1 mutations
and chromosome alterations may determine the tumor
immune state and immune infiltration of UM.
Immune subtypes correlated with immune
infiltration and clinical outcomes
ESTIMATE (Estimation of STromal and Immune cells
in MAlignant Tumor tissues using Expression data) is a
tool for predicting tumor purity and assessing
stromal/immune cell infiltration into tumor tissues
based on gene expression data [23]. We used the
ESTIMATE algorithm to calculate the immune score
and stromal score for each UM sample from TCGA, and
we compared the scores of the different immune
subgroups. Since the immune score reflects the overall
immune infiltration based on lymphocyte gene
expression, we used this score to estimate the total
immune cell infiltration of each sample. The Immune L
group demonstrated the lowest immune and stromal
scores, whereas the Immune M and Immune H groups
displayed modest and high stromal and immune scores,
respectively (P<0.0001, analysis of variance [ANOVA],
Immune H vs. M vs. L) (Figure 3A). The tumor purity
calculated by the ESTIMATE algorithm revealed
that the Immune L group was the purest subtype
(mean 0.9373) and the Immune H group was the least
pure subtype (mean 0.7649) (P<0.0001, ANOVA)
(Figure 3A).
To further examine the tumor microenvironment, we
assessed the infiltration of distinct immune
subpopulations in the three tumor subtypes. The Immune
L group had the lowest levels of CD8 T cells and total
lymphocytes, whereas the Immune M and Immune H
subtypes displayed relatively high levels of these cell
types (P<0.0001, Immune H vs. M vs. L). In addition,
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the Immune H group had lower levels of M2
macrophages and mast cells than the other two groups.
The Immune L group also exhibited low infiltration of T
follicular helper cells and regulatory T cells (P<0.0001,
Immune H vs. M vs. L) (Figure 3B), suggesting that
there are distinct subtypes of UM with low or high T cell
infiltration.
Next, we investigated the prognostic impact of immune
clustering on patient survival. Interesting, we observed
significantly worse overall survival (OS) and
progression-free intervals (PFIs) in the Immune M and
Immune H groups than in the Immune L group in the
cohort from TCGA, suggesting that distinct
immunological features correlate with the patient
prognosis in UM (Figure 3C). However, the OS
and PFI did not differ significantly between the
Immune M and H groups (log-rank test, P>0.05,
Immune H vs. M).
Correlations of immune cells and immune scores in
TCGA and Laurent datasets
Next, we performed a hierarchical clustering analysis of
the pairwise correlations between the different immune
subpopulations in UM samples from TCGA (Figure 4A).
The heatmap revealed high correlations among several
types of immune cells associated with cytotoxic T cell
infiltration (i.e., lymphocytes, regulatory T cells, T
follicular helper cells, M1 macrophages and CD8 T
cells). We obtained similar results using Laurent
microarray data (Figure 4B). Therefore, we concluded
that the identified immune cells were significantly
associated with immune infiltration in the tumor
microenvironment.
We then examined the correlations between other
immune parameters for UM patients in TCGA and
Laurent UM dataset, and found a significant correlation
between the immune score and the stromal score
(Spearman’s
r=0.806,
0.7789,
respectively;
Supplementary Figure 4A and 4B). We also observed a
strong correlation between the immune score and T cell
infiltration (Spearman’s r=0.7633, 0.4993, respectively;
Supplementary Figure 4A and 4B). Additionally, a
significant inverse correlation was found between the
immune score and tumor purity (Spearman’s r =-0.9758,
r=-0.9651 Supplementary Figure 4A and 4B). In the
Laurent UM dataset, the association between the
immune score and CD8 T cell infiltration remained
significant (Supplementary Figure 4A and 4B),
supporting the ability of the immune score to predict
immune infiltration. Therefore, the immune score based
on immune marker gene expression reflected immune
cell infiltration in both the UM TCGA RNA-seq dataset
and an independent microarray dataset.
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Table 1. Clinical–pathologic characteristics of the TCGA Dataset in this study.
N(%)
80
60 (22–86)

N
Age, median (range)
Sex
Female
Male
AJCC Clinical Stage
II
III/IV
Histological type
Epithelioid cell dominant
Spindle Cell dominant
GNAQ/11 status
Mutation
Wild type
BAP1 status
Mutation
Wild type
Monosomy3
Monosomy3/LOH
Disomy3
SCNA
1/2
3/4

35(43.8%)
45(56.2%)
36(45%)
44(55%)
23(28.8%)
57(71.2%)
74(92.5%)
6(7.5%)
35(43.8%)
45(56.2%)
42(52.5%)
38(47.5%)
38(47.5%)
42(52.5%)

Prognostic value of immune cells and immune scores
in TCGA and Laurent datasets
To assess the prognostic value of immune cells in UM,
we first used a Univariate Cox regression model to
investigate the associations of different immune
subpopulations with the OS and PFI of patients in
TCGA. The infiltration of M1 macrophages, activated
natural killer cells and CD8 T cells was associated with a
worse prognosis in the UM datasets (Figure 5A). On the
contrary, the infiltration of monocytes was positively
associated with patient survival (Figure 5A, 5B). In
general, the infiltration of immune subpopulations
involved in adaptive immunity is more likely to be an
unfavorable prognostic factor than the infiltration of
subpopulations involved in innate immunity.
To determine whether the immune score could predict
the prognosis of UM patients in TCGA, we used a
Kaplan-Meier curve and log-rank test to estimate the
hazard ratios (HRs) of OS and the PFI. High immune
scores and stromal scores were associated with worse
OS in the datasets of TCGA (HR=6.721, P<0.0001,
Figure 5B) and GSE22138 (HR=2.508, P=0.02,
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Supplementary Figure 1A). Next, we determined the
associations of different immune cells with the patient
prognosis. Consistent with the Univariate Cox regression
analysis, our survival analysis revealed that particular
immune subpopulations (M1 and M0 macrophages, CD8
T cells and T follicular helper cells) were associated with
a worse prognosis, whereas total CD4 cells were
associated with a better prognosis in the UM dataset of
TCGA. Similar results were obtained with the
GSE22138 dataset (Supplementary Figure 1B). These
results suggest that UM patients with greater infiltration
of immune cells and effector molecules exhibit poorer
survival and may benefit from immunotherapies.
Immune marker genes predict the prognosis of UM
patients
Next, we examined the prognostic value of individual
immune genes in predicting patient survival. Higher
mRNA levels of CD8A (P<0.0001), HLA-A (P<0.0001),
HLA-B (P=0.0001), HLA-C (P=0.0003) and HLA-DRA
(P=0.0001) in TCGA samples were associated with
significantly shorter OS and PFIs (Figure 6A, 6B).
Similarly, higher levels of HLA-A (P=0.02), HLA-B
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Figure 3. Differential infiltration of the immune subgroups. (A) Box plots comparing the distribution of immune infiltration measures
in the three immune subtypes. Each box spans the interquartile range, with the lines representing the median for each group. Whiskers
represent the absolute range. All outliers are included in the plot. (B) Differential proportions of immune cells in the immune subtypes. (C)
Kaplan-Meier survival curves demonstrate that the Immune M and H groups of UM patients consistently exhibited worse OS and PFIs than
the Immune L group (log-rank test, P<0.05).
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(P=0.002), HLA-C (P=0.007) and HLA-DRA (P=0.03)
were associated with significantly shorter metastasis-free
survival in the 63 patients in the Laurent UM dataset
(Figure 6C), and CD8A expression (P=0.06) displayed a
similar but non-significant trend of association with
metastasis-free survival.

UM, with prognostic implications for immunological
cancer management. The immune score was strongly
associated with immune infiltration and poor outcomes,
regardless of the tumor genome ploidy of the UM tumor
samples. The underlying mechanism needs to be
explored.

DISCUSSION

Genomic and transcriptomic data have been used to
detect immune infiltration and to determine the
molecular subtypes of ovarian cancer, melanoma and
pancreatic cancer [29–31]. For instance, DNA
sequencing data have been used to connect the
neoantigen load to the T cell response and to link
somatic mutations to immune infiltration [1, 32]. More
recently, deconvoluted expression data have been used
to measure the cytolytic activity in the tumor
microenvironment and to quantify the infiltration of
individual immune cell subsets [33–35]. A common
theme across these studies is the integration of several
types of genomic and clinical data, allowing for
associations to be made among immune activity, gene
expression, the mutation burden and patient survival. In
this study, we examined the immune infiltration of UM
samples through a single-sample GSEA and
deconvolution method based on publicly available data
in TCGA and the Gene Expression Omnibus. Our results
suggested that the infiltration of immune cells differs
markedly among immune subtypes. This analysis may

TCGA has illuminated the genomic data from bulk
tumor samples, and has provided detailed information
about the tumor immune microenvironment [1, 24–26].
In previous studies, low immune cell infiltration has
been associated with poor clinical outcomes for patients
with different cancers [1, 27]. Through gene expression
profiling, researchers can identify prognostic gene
signatures and detect candidate genes for targeted
therapies [27]. For example, an immune score based on
gene expression data was found to correlate significantly
with recurrence-free survival in thyroid cancer patients,
regardless of their BRAF(V600E) status [28]. The
fraction of immune cells in clinical tumor samples can
be evaluated by multiple algorithms; indeed, aside from
curating samples and performing basic pathologic
characterization, investigators can analyze digitized
hematoxylin & eosin-stained images of TCGA samples
for tumor-infiltrating lymphocytes [3]. Using TCGA
data, we identified three distinct immune subtypes of

Figure 4. The correlation between the immune score and immune cell infiltration in UM. Pairwise correlation heatmap among
immune cell-type scores in the datasets from TCGA (A) and GSE22138 (B).
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ultimately reveal prognostic gene signatures and provide
candidate genes for targeted therapies.
Despite the great success of immunotherapies against
metastatic and late-stage melanoma [36, 37],
immunotherapy has had limited success in UM [38]. UM

is considered to be an immunotherapy-resistant subtype
of melanoma, and UM patients are frequently excluded
from clinical trials of immunotherapies for metastatic
melanoma [20, 39, 40]. Although higher cytotoxic
expression patterns are associated with better anti-tumor
response and better patient survival in many solid

Figure 5. The prognostic value of the immune score and immune cell infiltration in UM. (A) HRs of OS and the PFI based on the

infiltration of various immune cells (as continuous variables) in all patients (left); the horizontal bars represent the 95% confidence intervals
of the HRs. Statistically significant variables are shown. Each cell type was evaluated individually and rank-ordered based on the estimated
HR. (B) Kaplan-Meier survival analysis based on immune score and stroma score. Patients were divided into the high and low groups based on
the level of immune score and stroma score. (C) Kaplan-Meier survival analysis based on selected immune cells. Patients were divided into
the high and low groups based on their expression of each cell.
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tumors [34, 41, 42], the prognostic effects of immune
infiltration depend on the type of tumor, the location of
the cells and the state of activation. In UM, high levels
of immune cells are associated with poor prognostic
factors, such as M3 and BAP1 mutation [15, 17, 43].
Immune cell infiltration occurs more frequently in
epithelioid-cell-type UM, which also has a poor
prognosis [44]. Crosstalk in the tumor microenvironment
can promote the inﬂammatory response in cancer cells.
Cancer cells may also promote the type 2 differentiation
of macrophages and neutrophils, and may attract
myeloid-derived suppressor cells and regulatory T cells
to tumor sites. Thus, we speculate that UM cells may
utilize immune cells for their survival and protection
from immunological attack. The immunomodulatory
microenvironment in the liver could further protect
escaped UM cells from systemic immune surveillance
[5, 44, 45].
De Lange et al have used unsupervised clustering to
investigate the gene expression profiles of 64 enucleated
eyes from UM patients, and divided them into class I
tumors with a good prognosis and class IIa and IIb

tumors with a poor prognosis [46]. Their study revealed
an immune phenotype with a different prognosis. High
expression of immune-related genes in class IIb UM
suggested that the tumors were inflamed. Furthermore,
study from TCGA of UM showed that the genes
encoding chemotactic signals (e.g., CXCL9 and
CXCL13), MHC class I (A, B, C) and MHC class II
(DP, DM, DOA, DOB, DQ and DR) were upregulated in
M3 patients [22]. Consistent with the previous studies,
we demonstrated that BAP1 inactivation was associated
with immune infiltration and immune marker gene set
expression, indicating the BAP1 may regulate tumor
immunology. GSVA results suggested that IRF4 targets
and BCR pathways may be induced in BAP1-deficient
tumors. Loss of BAP1 expression is also associated with
an increased infiltration of T cell follicular helper, Treg
and CD8+ T cells, suggesting an inflammatory tumor
microenvironment. Our data demonstrated that the
immune cell subpopulations were differentially
distributed between M3/BAP1null and D3/BAP1intact
tumors, suggesting that BAP1 null tumors might be
prioritized for immune checkpoint blockade therapies
in UM.

Figure 6. The prognostic value of individual immune genes in UM. (A) Kaplan-Meier survival curves demonstrate that elevated levels

of CD8A (P<0.0001), HLA-A (P<0.0001), HLA-B (P=0.0001), HLA-C (P=0.0003) and HLA-DRA (P=0.0001) were consistently associated with
worse OS in the UM dataset of TCGA. (B) Kaplan-Meier survival curves demonstrate that elevated levels of CD8A, HLA-A, HLA-B, HLA-C and
HLA-DRA were consistently associated with a worse PFI in the UM dataset of TCGA (log-rank test, P<0.05). (C) Kaplan-Meier survival curves
demonstrate that elevated levels of CD8A (P=0.06), HLA-A (P=0.02), HLA-B (P=0.002), HLA-C (P=0.007) and HLA-DRA (P=0.03) were
consistently associated with worse metastasis-free survival in the Laurent UM dataset (n=63; log-rank test, P<0.05).
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At the time of this work, large, publicly available gene
expression profiling datasets of UM patients treated with
immune checkpoint blockers were not available. In
addition, clinical trials in immunotherapy are being
deployed earlier in the course of the disease, whereas the
cohort in TCGA is more representative of the clinical
population. We hope that large sequencing data from
UM patients undergoing immune checkpoint blocker
treatment will emerge in the future. Nevertheless, our
analysis of the available datasets has advanced the
application of genomic data to tumor immunology. The
immune features reported herein should be considered
for integration into prognostic models, or explored as
predictors of adjuvant immune therapy responsiveness in
patients with BAP1-deficient UM.

MATERIALS AND METHODS
UM gene expression datasets
RNA-seq data for UM samples were generated by TCGA
and downloaded from the Genomic Data Commons Data
Portal (https://portal.gdc.cancer.gov/). This dataset
includes normalized gene expression profiles for 80
tumor samples in FPKM (Fragments Per Kilobase of
transcript per Million fragments mapped). We
downloaded one additional microarray gene expression
dataset from the Gene Expression Omnibus database
(accession number: GSE22138 [6]; n=63) to verify the
immune scores and gene signatures and to predict the
patients’ prognoses. GSE22138 included information on
metastasis-free survival, while the UM dataset from
TCGA included data on patients’ OS and PFI from the
supplemental file of a previous study [1]. The clinical
information and molecular data for the UM samples from
TCGA were also downloaded from the supplemental file
of a previous study [8]. The clinical information included
the age, sex, metastatic status, histology cell type,
American Joint Committee on Cancer clinical stage,
mutation data, SCNA data and vital status of the patients.
We used the complete linkage method for hierarchical
clustering analysis of the tumor samples, immune cell
types and genes. The hierarchical clustering algorithm is
agglomerative in that it joins samples based on a
measure of multivariate distance, and prevents the joined
samples from clustering independently again. Pair-wise
joins in samples are represented as combined branches
of a tree in a Dendrogram Plot. Pearson’s correlation
distance method was used to determine whether samples
clustered together [47].
ESTIMATE
ESTIMATE is a tool that predicts tumor purity and
detects infiltrating stromal/immune cells in tumor tissues
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based on gene expression data [23]. The ESTIMATE
algorithm calculates the stromal and immune scores by
performing single-sample GSEA for each sample. Data
on the leukocyte fractions of the 80 tumor aliquots from
TCGA were obtained from a previous study [1].
CIBERSORT (immune cellular fraction estimates)
The relative fractions of 22 immune cell types within the
leukocyte
compartment were estimated
with
CIBERSORT (Cell-type Identification By Estimating
Relative Subsets Of RNA Transcripts) [33].
CIBERSORT requires a specialized knowledgebase of
gene expression signatures, termed a “signature matrix,”
to deconvolute cell types of interest. CIBERSORT uses
a set of 22 immune cell reference profiles (LM22) [33]
to derive a base (signature) matrix that can be applied to
mixed samples to determine the relative proportions of
immune cells. LM22 is a signature matrix file consisting
of 547 genes that can precisely distinguish 22 mature
human hematopoietic populations (from peripheral
blood or in vitro culture), including seven T cell types,
naïve and memory B cells, plasma cells, natural killer
cells, myeloid subsets, etc. LM22 can be applied to
RNA-seq data as well as to microarray data. We used
CIBERSORT to re-quantify several key immune gene
signatures from GSE22138, and to identify the immune
cells in the dataset from TCGA, as in a previous
PanCancer immune study [1].
Predicting patient survival with the Cox
proportional hazards model
A Cox proportional hazards regression model was used
to investigate the effectiveness of immune cells in
predicting patients’ survival (PFI or OS). The optimal
cut-off values of the proportions of immune cells in the
cohort from TCGA were calculated based on their
prognostic effects in X-Tile software [48]. The UM
samples were then divided into high and low groups
based on the cut-off point for the fraction level of each
type of immune cell. In the subsequent scoring formula,
the immune cell fraction level was given a value of 0 or
1. In STATA15, a univariate Cox proportional hazards
model was used to evaluate the effects of significant
prognostic immune cell fractions on survival outcomes.
Kaplan-Meier plots were used to visualize the
differences in survival between groups. The survival
proportions of the different groups were compared
through a log-rank test.
GSVA
GSVA was performed as previously described [49] with
the curated gene set collection of the Molecular
Signatures Database (Broad Institute, c2. CP CPG). We
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searched for significant pathway gene sets that were
differentially enriched between the BAP1null and
BAP1intact groups (FDR≤0.01). The top 10 immunerelated pathways were selected and shown in the
heatmap.

the figures; Wang Z and Fan X discussed and approved
the manuscript. All authors approved this manuscript.
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Survival curves were generated by the Kaplan-Meier
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significant.
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. The prognostic value of immune cell types in the Laurent UM dataset. (A) Kaplan-Meier survival

analysis based on the immune score and stromal score. Patients were divided into high and low groups based on their value for each score.
(B) Kaplan-Meier survival analysis based on immune cell types. Patients were divided into high and low groups based on their expression of
each cell type. (C) The results of CIBERSORT in the Laurent UM dataset. n=63.
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Supplementary Figure 2. Immune-related gene expression in the UM dataset of TCGA. (A) Hierarchical clustering of 80 tumors
based on selected gene signatures or genes is shown.
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Supplementary Figure 3. The prognostic power of the immune score in the UM dataset of TCGA. (A) HRs based on various
clinical features in all patients; the horizontal bars represent the 95% confidence intervals of the HRs. Statistically significant variables are
shown. (B) Area under the curve for the immune score and M3 in predicting survival among UM patients in TCGA.
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Supplementary Figure 4. The correlation between the immune score and immune cell infiltration in UM. (A) Correlations

among the estimate score, CD8 T cell infiltration, stromal score, tumor purity and immune score in the GSE22138 dataset. (B) Correlations
among CD8 T cell infiltration, the stromal score, tumor purity and the immune score in the UM dataset of TCGA.
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