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ABSTRACT
Postoperative cognitive dysfunction (POCD) is a neurological complication of surgery especially common in
elderly patients. In this study, we investigated the role of NONMMUT055714 in POCD via regulation of miR7684-5p. In a POCD mouse model, we induced overexpression of NONMUTT055714 via transfection of lentivirus
into the hippocampus, and used the Morris water maze for assessment of cognitive function. Silencing of
NONMUTT055714 and miR-7684-5p was induced in primary hippocampal neurons to observe the effects of
these regulatory RNAs on cellular processes. Bioinformatics analysis and a double luciferase reporter
experiment were performed to further explore the relationship between NONMMUT055714, miR-7684-5p, and
SORLA. Cell and animal rescue experiments were performed to verify the ability of miR-7684-5p to reverse the
protective effects of NONMMUT055714 overexpression in POCD. We observed that NONMMUT055714 has
decreased expression in the POCD mouse model. Overexpression of NONMMUT055714 protected against
cognitive impairment of the POCD mouse model in vivo. We identified miR-7684-5p as a NONMMUT055714related miRNA and in turn as an upstream regulator of SORLA. We found that NONMMUT055714
downregulation is associated with decreased SORLA, increased Aβ and p-tau expression, increased
inflammatory biomarkers, increased markers of oxidative stress, and increased neuronal apoptosis in vitro. The
effects of NONMMUT055714 downregulation were reversed by silencing miR-7684-5p in vitro and in vivo.
Taken together, our findings suggest that NONMMUT055714 is protective against the development of POCD via
its function as a ceRNA (or miRNA sponge) in the regulation of miR-7684-5p and SORLA. We therefore propose
NONMMUT055714 as a novel target for the investigation and prevention of POCD.

INTRODUCTION
Postoperative cognitive dysfunction (POCD) is a
common neurological complication following surgery,
especially in elderly patients [1]. While varied
in presentation and timing, the main clinical
manifestations are disorders in memory, orientation,
attention, perception, and consciousness, which can last
for weeks or even months [2].
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POCD is associated with higher incidence of
postoperative complications, delayed recovery, reduced
quality of life, and increased mortality [3]. A previous
study involving 644 patients found that 17% of patients
with total hip joint replacement surgery and 43% of
patients with coronary artery bypass graft surgery
developed POCD at 7 days postoperatively, and
incidence of POCD in both groups remained at 16% three
months later [4]. Increased age, major surgery, history of
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myocardial infarction, history of alcohol dependence, and
pre-existing cognitive impairment have been identified as
independent risk factors for POCD [5–7]. While the
details of POCD pathogenesis remain unclear, it
is thought that inflammatory responses, oxidative stress,
changes in protein expression, apoptosis, and
degeneration of the central cholinergic system may be
contributing factors [8, 9]. POCD may even share a
common pathogenesis with Alzheimer’s disease, which is
associated with the deposition of amyloid beta (Aβ) and
hyperphosphorylation of tau protein in the hippocampus
[10]. In a mouse model, isoflurane anesthesia was shown
to induce high levels of Aβ peptide formation, suggesting
a possible mechanism for postoperative exacerbation of
Alzheimer’s disease and associated cognitive decline
[11]. There is an urgent need to understand the
underlying mechanisms leading to POCD and identify
effective methods to protect cognitive function after
surgery.
Long non-coding RNAs (lncRNAs) are RNA
molecules greater than 200 nucleotides in length which
participate in regulation of gene expression [12]. In the
brain, lncRNAs exhibit temporally- and spatiallyspecific patterns of expression relevant to the
development and neurological function of the central
nervous system [13]. LncRNA regulatory networks
appear to correlate with behavior and memory
formation, and their dysfunction may be involved in the
development of neurological disorders and neurodegeneration [14]. LncRNAs have been hypothesized
to act as competing endogenous RNAs (ceRNAs),
alternatively known as natural microRNA sponges, by
binding to and regulating microRNAs (miRNAs) [15,
16]. In turn, miRNAs, which are short non-coding
RNAs, act as important post-transcription regulators of
gene expression.
Previous microarray analysis performed by our group
demonstrated that the lncRNA NONMMUT055714 is
significantly downregulated in the hippocampus of a
POCD mouse model compared to control mice [17]. We
suggested based on a constructed ceRNA network that
NONMMUT055714 competitively binds to the miRNA
miR-7684-5p, regulating the expression of sortingrelated receptor with A-type repeats (SORLA, also
known as LR11 or SORL1) [17]. Defects in SORLA
have been implicated in the pathogenesis of
Alzheimer’s disease due to the protein’s role as an
intracellular sorting receptor, including for amyloid
precursor protein (APP), the precursor to Aβ [18, 19].
In this study, we hypothesize that decrease of expression
NONMMUT055714 contributes to the development of
POCD via regulation of miR-7684-5p. First, we evaluate
the expression of NONMMUT055714 in a POCD
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mice model. Second, we explore the effects of
NONMMUT055714 on neurotoxic protein level, tau
phosphorylation, inflammatory response, oxidative
stress, and neuronal apoptosis in primary hippocampal
neurons. Next, we test whether miR-7684-5p is in turn
involved in NONMMUT055714 regulation. Finally, we
investigate the effects of silencing and overexpression of
NONMMUT055714 in vitro and in vivo. Our study aims
to elucidate and define NONMMUT055714-driven
molecular mechanisms in the development of POCD,
providing rationale for NONMMUT055714 as a novel
therapeutic target for POCD prevention.

MATERIALS AND METHODS
Animals
C57BL/6 elderly male mice (12-14 months) weighing
25-35g were obtained from Beijing Vital River
Laboratory Animal Technologies (Beijing, China). The
mice were initially kept in cages for one week so that
they could adapt to the environment. Animals received
food and water ad libitum with a constant room
temperature of 23-25° C and a relative humidity of 50–
60%. The room was well-ventilated, with a 12 hour
light/dark cycle each day. These experiments were
conducted strictly in accordance with guidelines for the
care and use of animals and were approved by the
hospital animal ethics committee at Capital Medical
University (NO: AEEI-2020-117).
Establishment of the POCD mice model
Mice received orthopedic surgery as we reported [17]
and Terrando et al. previously described [20]. The
surgical procedure was performed under 2% isoflurane
general anesthesia. A longitudinal incision was made
on the left hind paw of each mouse. A 0.38 mm pin
was then inserted in the tibial medullary canal,
followed by performance of an osteotomy. The skin
was closed with 5-0 nylon sutures. 0.2% ropivacaine
was injected subcutaneously for postoperative
analgesia. Isoflurane was discontinued immediately
after the operation, and animals were placed back in
their cages, where they awoke naturally. During the
procedure, temperature was maintained at 37° C using
a heating pad.
Grouping and stereotaxic injection
Mice were randomly divided into six groups: sham,
POCD, NONMMUT055714 (055714) + POCD,
negative control (NC) + POCD, miR-7684-5p + 055714
+ POCD, and miR-7684-5p inhibitor + 055714 +
POCD. Sham and POCD group mice did not receive
viral vectors. All mice besides the sham group received
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tibial fracture surgery with intramedullary pinning as
described above. For all other groups, mice were
anesthetized with Avertin (tribromoethanol) and headfixed on a stereotaxic apparatus. An incision was made
on the skull. 055714-overexpressed/NC lentivirus
and/or miR-7684-5p mimics/inhibitor lentivirus in a
total volume of 2 μl was injected bilaterally into the
hippocampal CA1 area (coordinates: -2.0 mm
anteroposterior, ±1.5 mm mediolateral, -1.5 mm
dorsoventral from the bregma). After stereotaxic
injection, the incision was closed. Mice were allowed to
recover and returned to their cages. Behavioral training
testing was performed 2 weeks following treatment with
lentivirus.

USA) was added to stop digestion. The supernatant
was collected and centrifuged at 1000 rpm for 5
minutes, the resulting supernatant was discarded, and
implant solution (DMEM-F12 medium with 10% FBS)
was added. The cell suspension was dripped onto a
cover slip coated with poly-D-lysine (Invitrogen, CA,
USA) and incubated at 37° C. After half of an hour,
neurobasal medium (Gibco, CA, USA) with Pen-Strep
(Invitrogen, CA, USA), B27 (Gibco, CA, USA) and
GlutaMAX (Thermo Fisher, MA, USA) was added. Si055714, si-NC, miR-7684-5p inhibitor and miR-NC
were obtained from Generalbiol (Chuzhou, China).
Neurons were transfected with Lipofectamine ™ 2000
(Invitrogen, CA, USA) on DIV4.

Morris water maze

Prediction of molecular targets and dual-luciferase
reporter assay

The Morris water maze test was selected to assess
spatial learning and memory [21]. The classic Morris
water maze test includes a water maze navigation test
and probe trail test. In the water maze navigation test,
water was added into the tank to about 30 cm height,
and the platform was placed in the first quadrant less
than 1 cm under the surface of the water. A small
amount of titanium dioxide powder was sprinkled into
the water, which was stirred and mixed so that the
platform was not visible. The water temperature was
kept at 23 ± 2° C. At the beginning of the experiment,
mice were placed on the platform for 30 seconds to
promote familiarity with the testing environment. The
mice were then placed into the water with their heads
facing toward the wall of the pool at four quadrants in
turn, and the time that they took to find the hidden
platform was recorded. If the time required exceeded
60s, the animal was guided to the platform and
allowed to stay on top of the platform for 30s. This
training was repeated four times in a fixed period
every day for 6 consecutive days before surgery with
the aim of training mice to find the underwater
platform. The probe trail test was performed on the
third day after surgery. The submerged platform was
removed. The mice were lowered headfirst into the
water of the contralateral quadrant of the original
platform. The percentage of time spent in the target
quadrant, latency, and swimming speed of were
recorded.
Cell culture and transfection
Primary hippocampal neurons were cultured from
postnatal day 0 (P0) C57BL/6 mice. Bilateral
hippocampi were dissected, and the hippocampal
tissue was washed twice with PBS and digested with
0.25% trypsin (Gibco, CA, USA) for 10 minutes. An
equal volume of DMEM-F12 medium (Gibco, CA,
USA) with 10% fetal bovine serum (FBS) (Gibco, CA,
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The potential targets of NONMMUT055714 were
predicted using the bioinformatics databases MiRanda
and PicTar. Potential binding targets of miR-7684-5p
were identified using the bioinformatics algorithm
TargetScan. To further explore the underlying
mechanism of the lncRNA/miRNA regulatory function
of NONMUT055714 and miR-7684-5p, dual-luciferase
reporter assay was performed. The putative miR-76845p binding sequences of the wild-type (WT) 3’-UTR or
mutant (MUT) 3’-UTR of NONMMUT055714 and
SORLA were amplified and subcloned into
psiCHECK-2 luciferase reporter vector, respectively.
HEK-293 cells were first transfected with plasmids for
48 hours. Cells were then washed 3 times with PBS and
cell lysis buffer was then added. The lysates were
transferred to a 96-well luciferase activity detection
plate. Luciferase Assay Reagent (Meilunbio, Dalian,
China) was added to each well, and the activity of
firefly luciferase was detected immediately after
mixing. Stop and Glo Reagent (Meilunbio, Dalian,
China) was quickly added to each well, and renilla
luciferase activity was detected immediately after
mixing. The relative activity of luciferase was
determined by the ratio of activity between renilla
luciferase and firefly luciferase.
qRT-PCR
Total cell RNA was extracted from tissues as directed
by the Trizol kit (Tiangen, Beijing, China), and cDNA
was synthesized by reverse transcription according to
protocol of the Trans Script First-Strand cDNA
Synthesis Super Mix (Tiangen, Beijing, China). The
RT-PCR reaction was performed according to protocol
of the Trans StartGreen q PCR Super Mix kit (Tiangen,
Beijing, China). Primers were designed by Primer 5.0
software and synthesized by Beijing Aoko Biological
Company. The PCR reaction conditions were as
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follows: denaturation at 95° C for 5 min, followed by 45
cycles of 95° C for 15s, 60° C for 15s and 72° C for
15s. The amplified products were detected by 1%
agarose gel electrophoresis, and Quantity One software
was used to analyze the band intensity and internal
parameters.
Western blotting
Dissected hippocampal tissues or cell samples were
added to lysis buffer (Solarbio, Beijing, China), then
ultrasonicated and centrifuged at 13,000 rpm for 10
min. The supernatant was collected and protein
quantification was conducted via the Lowery method.
Fifty micrograms of total proteins were added to a 10%
SDS-PAGE gel (Solarbio, Beijing, China), separated by
electrophoresis, and transferred to polyvinylidene
fluoride membrane, which was blocked with 5% skim
milk (Solarbio, Beijing, China). Membranes were
incubated with primary antibodies SORLA (ab190684;
Abcam, Cambridge, UK), Aβ (ab2539; Abcam,
Cambridge, UK), Phospho-Tau (#20194; Cell Signaling
Technology, USA), and GAPDH (#5174; Cell Signaling
Technology, USA) were incubated overnight at 4° C.
Secondary antibody (#7074; Cell Signaling Technology,
USA) were added, and the ECL method was used to
measure luminescence. X-ray scanning was used for
imaging, and Seion-Image software was used for
quantitative analysis of the results.

Detection of oxidative stress
Colorimetry was used to detect changes in
malondialdehyde (MDA), a product of chemical
reactions that take place during oxidative stress. The
level of 8-iso-Prostaglandin F2α (8-iso-PGF2α) were
measured by ELISA assay (Mouse 8-iso-PGF2α(8isoprostane) ELISA Kit, EM1579, Wuhan Fine Biotech,
China). The catalase (CAT) content was determined by
spectrophotometry.
Statistical analysis
No sample size calculations were performed. Sample
sizes were determined based on prior studies using
similar experimental paradigms. Data are presented as
the mean ± Standard Deviation (SD) from at least three
independent experiments. Unpaired t-tests were used to
analyze the difference between two groups, and oneway analysis of variance (ANOVA) was used for
analyzing the differences between multiple groups.
Differences with p <0.05 were considered statistically
significant. SPSS version 20.0 software was used for
statistical analysis.

RESULTS
NONMMUT055714 is downregulated in the mouse
model of POCD and is associated with decreased
performance on cognitive testing

Flow cytometry
To examine the effect of NONMMUT055714
expression on cell apoptosis, we performed flow
cytometry on each group of primary hippocampal
neurons. Cells were collected, washed with PBS buffer
(Solarbio, Beijing, China), and digested with trypsin
(Solarbio, Beijing, China). Cell density was adjusted to
5 × 105/ml. The cells were suspended with 500 μl
binding buffer, mixed with 10 μl Annexin V-FITC and
10 μl PI (C1062M; Beyotime Biotechnology, Shanghai,
China), then incubated and stained at room temperature
in the dark for 15 min. A FACS flow cytometer was
used to quantify cellular fluorescence and observe the
percentage of apoptotic cells.
ELISA assay
Hippocampal neurons were isolated during logarithmic
growth, and the number of neurons was adjusted to
1×105/ml before addition to a 12-well plate at 1.0
ml/well. The supernatant was collected after cells were
incubated at 5% CO2 at 37° C for 48 h. The
concentrations of IL-1, IL-6, and TNF-α in the culture
supernatant were measured according to the instructions
of the ELISA kit (Abcam, Cambridge, UK).
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Previous microarray analysis performed by our group
identified differential expression of lncRNAs in the
hippocampus of POCD and control mice [17]. In this
study, the expression of NONMMUT055714 was
significantly downregulated in POCD mice compared to
the sham group (p < 0.01) (Figure 1A). To explore the
potential role of NONMMUT055714, we carried out the
Morris water maze to assess spatial learning and
memory ability [21]. With additional days of training,
latency for the mice to identify the underwater platform
decreased in all groups, while there was no difference in
escape latency and swimming speed among groups
(Figure 1B). When the POCD mice underwent the
probe trial on the 3rd day after surgery, their latency to
reaching the platform was significantly prolonged
compared with that of the sham group (sham vs. POCD,
mean difference [MD] 26.28 seconds, 95% confidence
interval [CI] 21.19 to 31.36, p < 0.05). POCD mice also
spent a lower percentage of time in the target quadrant
(sham vs POCD, MD -19.88%, 95% CI -23.16 to 16.60, p < 0.05) (Figure 1C). Overexpression of
NONMMUT055714 significantly reduced escape
latency (055714 + POCD vs. 005514 NC + POCD, MD
11.53 seconds, 95% CI 6.98 to 16.06, p < 0.05) and
increased the time percentage in target quadrant
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(055714 + POCD vs. 005514 NC + POCD, MD -11.02,
95% CI -13.29 to -8.74, p < 0.05) in POCD mice. There
was no difference in swimming speed between any
groups during the probe trail test (Figure 1C). These
finding
suggest
that
overexpression
of
NONMMUT055714 protects against the cognitive
impairment of POCD mice.
Silencing NONMMUT055714 induces key
biochemical features of POCD in vitro
To study the potential functions of NONMMUT055714,
we investigated whether its expression impacts
inflammatory responses, oxidative stress, and tau
phosphorylation in primary hippocampal neurons.
Suppression of NONMMUT055714 significantly
decreased the expression of SORLA in the siNONMMUT055714 group of primary hippocampal
neurons compared to the control and si-NC groups (p <
0.05) (Figure 2A). The si-055714 group demonstrated
significantly increased expression of Aβ and

phosphorylated tau protein (Figure 2A) as well as
inflammatory markers IL-1, IL-6, and TNF-α (p < 0.05)
(Figure 2B). Compared to the control and si-NC groups,
the si-055714 group had significantly increased levels
of MDA and 8-iso-PGF2α, and a significantly
decreased level of CAT (p < 0.05) (Figure 2C).
Increased apoptosis was also observed on flow
cytometry in si-055714 group relative to the NC group
(p < 0.05) (Figure 2D). Taken together, these results
indicate that silencing NONMMUT055714 promotes
inflammatory responses, oxidative stress, neuronal
apoptosis and tau phosphorylation in primary hippocampal neurons.
NONMMUT055714 binds miR-7684-5p to
potentially influence SORLA expression
We next explored the molecular mechanism underlying
the function of NONMMUT055714. Many lncRNAs
are known to function as a ceRNA to modulate the
expression and biological functions of miRNA. The

Figure 1. Overexpression of lncRNA NONMMUT055714 significantly preserves cognitive performance after surgery. (A) The
relative mRNA levels of NONMMUT055714 in sham and POCD mice. (B) Results of Morris water maze training trials in each group of aged
mice. (C) Comparison of probe trial performance between groups. N = 8 per group. Data represented as mean ± SD; * indicates p < 0.05.
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bioinformatics databases MiRanda and PicTar identified
one potential binding site on miR-7684-5p for
NONMMUT055714 (Figure 3A). The TargetScan
bioinformatics algorithm identified one potential
binding site on SORLA for miR-7684-5p (Figure 3A).
To further explore the underlying mechanism of the
lncRNA/miRNA regulatory function, dual-luciferase
reporter assay was performed. MiR-7684-5p
mimics reduced the luciferase activity of wild-type

NONMMUT055714 reporter vector psiCHECK2-WT
(p < 0.05), but not that of mutant reporter vector
psiCHECK2-MUT
(Figure
3B).
MiR-7684-5p
overexpression was associated with a significant
decrease in NONMMUT055714 expression (p < 0.05)
(Figure 3C), indicating that there exists mutual regulation
between miR-7684-5p and NONMMUT055714. The
miR-7684-5p mimics also led to the attenuation of
fluorescence of the wild-type 3’-untranslated region

Figure 2. Influence of NONMMUT055714 expression on inflammatory markers, oxidative stress, tau protein
phosphorylation, and neuronal apoptosis in primary hippocampal neurons. (A) Differential expression of SORLA, Aβ and P-Tau by
Western Blot. (B) Expression of IL-1, IL-6, and TNF-α. (C) Quantitative analyses of MDA, 8-iso-PGF2α, and CAT levels in neurons. (D)
Percentage of hippocampal neuron apoptosis by flow cytometry. N = 3 from three independent experiments. Data represented as mean ±
SD; * indicates p < 0.05.
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(WT 3’-UTR) in SORLA (p < 0.05), but had no effect
on SORLA with mutant (MUT) 3’-UTR (Figure 3D).
Expression of SORLA protein and SORLA mRNA
were significantly reduced in primary hippocampal
neurons with miR-7684-5p overexpression (p < 0.05)
(Figure 3E, 3F). These results suggest that SORLA is a
direct target of miR-7684-5p.
Downregulation of miR-7684-5p rescues the role of
NONMMUT055714 in vitro
We then investigated the influence of miR-7684-5p
downregulation on the role of NONMMUT055714 in

POCD. Significantly decreased SORLA expression and
increased Aβ expression were observed with silencing
of NONMMUT055714 in transfected primary
hippocampal neurons in vitro. Silencing of miR-76845p reversed these effects, with SORLA and Aβ
expression similar to negative controls (p < 0.05)
(Figure 4A). The expression of IL-1, IL-6, and
TNF-α were significantly increased with siNONMMUT055714 transfection, while there was a
relative decrease in these markers with the addition of
miR-7684-5p inhibitor transfection (p < 0.05) (Figure
4B). Silencing of miR-7684-5p also reversed siNONMMUT055714-induced increases in MDA and

Figure 3. NONMMUT055714 and SORLA as binders of miR-7684-5p. (A) Predicted binding sites of miR-7684-5p to
NONMMUT055714 and SORLA. (B) Dual-luciferase reporter experiments indicating NONMMUT055714 as a binder of miR-7684-5p. (C)
The relative mRNA levels of NONMMUT055714 in the setting of miR-7684-5p overexpression. (D) SORLA as a potential target of miR7684-5p. (E) Levels of SORLA protein in primary hippocampal nerve cells in the setting of miR -7684-5p overexpression. (F) Levels of
SORLA mRNA in primary hippocampal nerve cells in the setting of miR-7684-5p overexpression. N = 3 from three independent
experiment. Data represented as mean ± SD; * indicates p < 0.05.

www.aging-us.com

12558

AGING

8-iso-PGF2α and decrease of CAT (p < 0.05)
(Figure 4C). In flow cytometry, silencing of miR-76845p eliminated the effect of si-NONMMUT055714
increasing the rate of apoptosis, with the percentage of
apoptotic neurons similar to the negative control group
(p < 0.05) (Figure 4D).

NONMMUT055714 regulates SORLA and Aβ
expression through miR-7684-5p in vivo
We further evaluated the role of NONMMUT055714 in
POCD through miR-7684-5p expression. Overexpression
of NONMMUT055714 improved cognitive performance

Figure 4. Silencing miR-7684-5p restores the effects of silencing NONMMUT055714 in primary hippocampal neurons in vitro.
(A) The protein expression of SORLA, Aβ and P-Tau by western blot. (B) The expression of IL-1, IL-6, and TNF-α, as determined by ELISA assay.
(C) Silencing miR-7684-5p reverses the effect of si-NONMMUT055714 on markers of oxidative stress. (D) Percentage of hippocampal neuron
apoptosis by flow cytometry. N = 3 from three independent experiment. Data represented as mean ± SD; * indicates p < 0.05.
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in POCD mice, but overexpression of miR-7684-5p
reversed those effects, with prolonged latency (055714
+ POCD vs. miR-7684-5p + 055714 + POCD, MD
11.15 seconds, 95% CI 7.53 to 14.78, p < 0.05) and
decreased time percentage in the target quadrant
(055714 + POCD vs. miR-7684-5p +055714 + POCD,
MD -7.41, 95% CI 9.89 to -4.92, p < 0.05) (Figure 5A).
However, miR-7684-5p inhibitor enhanced the
protective effect of NONMMUT055714 in POCD, with
reduced latency (055714 + POCD vs. miR-7684-5p
inhibitor + 055714 + POCD, MD -7.22 seconds, 95%
CI -10.55 to -3.88, p < 0.05) and a greater percentage of
time in the target quadrant (055714 + POCD vs. miR7684-5p inhibitor + 055714 + POCD, MD -5.20, 95%
CI 2.85 to 7.55, p < 0.05) (Figure 5A).

Overexpression of miR-7684-5p decreased SORLA
expression and increased Aβ expression in miR-76845p + 055714 + POCD mice compared to 055714 +
POCD mice, but silencing miR-7684-5p reversed that
effect caused by lncRNA NONMMUT055714 (p <
0.05) (Figure 5B).

DISCUSSION
Postoperative cognitive dysfunction (POCD) is a
neurological complication of surgery especially
common in elderly patients [1]. POCD is characterized
by changes in orientation, difficulty concentrating,
memory loss, and decrease in executive ability [8]. The
biological and molecular mechanisms underlying

Figure 5. Silencing miR-7684-5p uncovers the effect of NONMMUT055714 on postoperative cognitive function in aged mice.
(A) Latency time and percentage time spent in target quadrant in the probe trial. (B) Differential expression of SORLA and Aβ by Western
Blot. N = 8 per group. Data represented as mean ± SD; * indicates p < 0.05.
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development of POCD are poorly understood. Like
other progressive neurological diseases, the complex
network of transcriptional regulation and gene
expression in the brain is likely to play an important
role in POCD pathogenesis [13].
LncRNAs represent an important area of research
investigating the pathogenesis of POCD. Several recent
studies have identified lncRNAs which are differentially
expressed in POCD [22–24]. Among these, Chen et al.
demonstrated that knockdown of the lncRNA PCAI
decreased cell death and degree of inflammatory
response in BV-2 cells treated with lipopolysaccharide
in vitro [25]. Microarray analysis previously performed
by our group demonstrated that the lncRNA
NONMMUT055714 is significantly downregulated in
the hippocampus of a POCD mouse model compared to
control mice [17]. The cause of NONMMUT055714
downregulation in the postoperative setting remains
unclear.
In this study, we focused on the role of
NONMMUT055714 in the development of POCD via
regulation of miR-7684-5p. We confirmed again that
NONMMUT055714 has decreased expression in a mouse
model of POCD. Lentivirus-induced overexpression of
NONMMUT055714 in our POCD model protected
against cognitive impairment experienced postoperatively
compared to control POCD mice.
We next investigated the effects of NONMMUT055714
on cellular function of hippocampal neurons. Silencing
of NONMMUT055714 in vitro was associated with
decreased SORLA, increased Aβ and p-tau expression,
increased inflammatory biomarkers, increased markers
of oxidative stress, and increased neuronal apoptosis.
Normally, the generation and clearance of Aβ constitute
a dynamic balance. When there is impairment of these
processes, abnormal and excessive Aβ deposition has
been shown to occur, resulting in increased microglial
cell activation and inflammatory responses [26],
oxidative stress [27, 28], tau protein phosphorylation
[29, 30], cell apoptosis [31, 32], and release of proinflammatory cytokines including IL-1, IL-6 and TNF-α
[33]. Together, these changes characterize the molecular
basis and proposed pathogenesis of neurological decline
in many neurodegenerative diseases.
We identified miR-7684-5p as a NONMMUT055714related miRNA, and in turn a potential upstream
regulator of SORLA. Sorting-related receptor with Atype repeats, or SORLA, is a 250 kDa transmembrane I
protein on chromosome 11 that plays an important role in
transporting proteins in neurons [17, 34]. SORLA likely
acts as an intracellular sorting receptor for proteins
including APP, the precursor to Aβ. Defects in SORLA
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may contribute to the development of Alzheimer’s
disease via its upstream regulation of Aβ production and
aggregation [18, 19, 35]. In this study, silencing of
NONMMUT055714 reduced expression of SORLA in
vivo and in vitro. Silencing of miR-7684-5p was shown
to reverse these effects, again both in vivo and in vitro.
These findings are consistent with previous research from
our group showing that miR-7684-5p expression induced
hippocampal Aβ accumulation through downregulation
of SORLA in a mouse POCD model [36].
In the competing endogenous RNA (ceRNA) hypothesis
put forth by Salmena et al., lncRNAs act as ceRNAs,
also known as natural miRNA sponges, to competitively
bind miRNAs. Together, these interactions form
mutually-regulating lncRNA-miRNA-mrRNA networks
[15, 16]. We identified NONMMUT055714 as a
potential competitive binder of miR-7684-5p. The
overexpression of miR-7684-5p resulted in decreased
SORLA and increased Aβ expression in vitro. In the
subsequent cell rescue experiment, silencing of miR7684-5p reversed the promotion of the inflammatory
response, oxidative stress, tau phosphorylation, and cell
apoptosis induced by silencing of NONMMUT055714.
In the corresponding animal rescue experiment,
silencing miR-7684-5p reversed the effects of silencing
NONMMUT055714, leading to rescue of cognitive
function, decreased Aβ expression, and the promotion
of SORLA expression.
Our findings suggest that NONMMUT055714 is
protective against the development of POCD. We propose
that NONMMUT055714 functions as a miRNA sponge to
regulate miR-7684-5p and SORLA, thus influencing
inflammation, oxidative stress, tau phosphorylation, and
cell apoptosis pathways. NONMMUT055714 is a novel
target for the investigation and prevention of POCD
deserving of future study.

AUTHOR CONTRIBUTIONS
Designed research: C.W. and Y.S.; Performed research:
Y.S. and D.L.; Data analyzed: D.L. and J.W.; Writing –
Original Draft Preparation: Y.S.; Writing – Review and
Editing: C.W., V.C. and H.S.; Supervision: A.W.;
Funding Acquisition: C.W.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of
interest.

FUNDING
This study was supported by the Beijing Natural
Science Foundation No.7194270, Beijing Hospitals

AGING

Post-Operative Cognitive Dysfunction: An exploration
of the inflammatory hypothesis and novel therapies.
Neurosci Biobehav Rev. 2018; 84:116–33.
https://doi.org/10.1016/j.neubiorev.2017.11.011
PMID:29180259

Authority Youth Programme QML20190307, and
National Natural Science Foundation of China
No.81771139.

REFERENCES
1.

2.

3.

4.

5.

6.

7.

8.

Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST,
Rasmussen LS, Oh ES, Crosby G, Berger M, Eckenhoff
RG, and Nomenclature Consensus Working Group.
Recommendations for the Nomenclature of Cognitive
Change Associated with Anaesthesia and Surgery2018. Anesthesiology. 2018; 129:872–79.
https://doi.org/10.1097/ALN.0000000000002334
PMID:30325806
Pappa M, Theodosiadis N, Tsounis A, Sarafis P.
Pathogenesis and treatment of post-operative
cognitive dysfunction. Electron Physician. 2017;
9:3768–75.
https://doi.org/10.19082/3768
PMID:28465805
Pan LF, Wang DX, Li J. [Effects of different methods of
anesthesia and analgesia on early postoperative
cognitive dysfunction after non-cardiac surgery in the
elderly]. Beijing Da Xue Xue Bao Yi Xue Ban. 2006;
38:510–14.
PMID:17068625
Evered L, Scott DA, Silbert B, Maruff P. Postoperative
cognitive dysfunction is independent of type of surgery
and anesthetic. Anesth Analg. 2011; 112:1179–85.
https://doi.org/10.1213/ANE.0b013e318215217e
PMID:21474666
Silbert B, Evered L, Scott DA, McMahon S, Choong P,
Ames D, Maruff P, Jamrozik K. Preexisting cognitive
impairment is associated with postoperative cognitive
dysfunction after hip joint replacement surgery.
Anesthesiology. 2015; 122:1224–34.
https://doi.org/10.1097/ALN.0000000000000671
PMID:25859906
Silbert BS, Scott DA, Evered LA, Lewis MS, Maruff PT.
Preexisting cognitive impairment in patients scheduled
for elective coronary artery bypass graft surgery.
Anesth Analg. 2007; 104:1023–28.
https://doi.org/10.1213/01.ane.0000263285.03361.3a
PMID:17456647
Hudetz JA, Patterson KM, Byrne AJ, Iqbal Z, Gandhi SD,
Warltier DC, Pagel PS. A history of alcohol dependence
increases the incidence and severity of postoperative
cognitive dysfunction in cardiac surgical patients. Int J
Environ Res Public Health. 2009; 6:2725–39.
https://doi.org/10.3390/ijerph6112725
PMID:20049218
Skvarc DR, Berk M, Byrne LK, Dean OM, Dodd S, Lewis
M, Marriott A, Moore EM, Morris G, Page RS, Gray L.

www.aging-us.com

12562

9.

Gao ZX, Rao J, Li YH. Hyperbaric oxygen
preconditioning improves postoperative cognitive
dysfunction by reducing oxidant stress and
inflammation. Neural Regen Res. 2017; 12:329–36.
https://doi.org/10.4103/1673-5374.200816
PMID:28400818

10. Mawuenyega KG, Sigurdson W, Ovod V, Munsell L,
Kasten T, Morris JC, Yarasheski KE, Bateman RJ.
Decreased clearance of CNS beta-amyloid in
Alzheimer’s disease. Science. 2010; 330:1774.
https://doi.org/10.1126/science.1197623
PMID:21148344
11. Xie Z, Culley DJ, Dong Y, Zhang G, Zhang B, Moir RD,
Frosch MP, Crosby G, Tanzi RE. The common inhalation
anesthetic isoflurane induces caspase activation and
increases amyloid beta-protein level in vivo. Ann
Neurol. 2008; 64:618–27.
https://doi.org/10.1002/ana.21548 PMID:19006075
12. Kopp F, Mendell JT. Functional Classification and
Experimental Dissection of Long Noncoding RNAs. Cell.
2018; 172:393–407.
https://doi.org/10.1016/j.cell.2018.01.011
PMID:29373828
13. Ng SY, Lin L, Soh BS, Stanton LW. Long noncoding RNAs
in development and disease of the central nervous
system. Trends Genet. 2013; 29:461–68.
https://doi.org/10.1016/j.tig.2013.03.002
PMID:23562612
14. Goldstrohm AC, Hall TM, McKenney KM. Posttranscriptional Regulatory Functions of Mammalian
Pumilio Proteins. Trends Genet. 2018; 34:972–90.
https://doi.org/10.1016/j.tig.2018.09.006
PMID:30316580
15. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity
of ceRNA crosstalk and competition. Nature. 2014;
505:344–52.
https://doi.org/10.1038/nature12986 PMID:24429633
16. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A
ceRNA hypothesis: the Rosetta Stone of a hidden RNA
language? Cell. 2011; 146:353–58.
https://doi.org/10.1016/j.cell.2011.07.014
PMID:21802130
17. Wei C, Luo T, Zou S, Zhou X, Shen W, Ji X, Li Q, Wu A.
Differentially expressed lncRNAs and miRNAs with
associated ceRNA networks in aged mice with
postoperative cognitive dysfunction. Oncotarget. 2017;
8:55901–14.

AGING

https://doi.org/10.18632/oncotarget.18362
PMID:28915561
18. Schmidt V, Subkhangulova A, Willnow TE. Sorting
receptor SORLA: cellular mechanisms and implications
for disease. Cell Mol Life Sci. 2017; 74:1475–83.
https://doi.org/10.1007/s00018-016-2410-z
PMID:27832290
19. Willnow TE, Andersen OM. Sorting receptor SORLA--a
trafficking path to avoid Alzheimer disease. J Cell Sci.
2013; 126:2751–60.
https://doi.org/10.1242/jcs.125393
PMID:23813966
20. Terrando N, Gómez-Galán M, Yang T, Carlström M,
Gustavsson D, Harding RE, Lindskog M, Eriksson LI.
Aspirin-triggered resolvin D1 prevents surgery-induced
cognitive decline. FASEB J. 2013; 27:3564–71.
https://doi.org/10.1096/fj.13-230276
PMID:23709617
21. Vorhees CV, Williams MT. Morris water maze:
procedures for assessing spatial and related forms of
learning and memory. Nat Protoc. 2006; 1:848–58.
https://doi.org/10.1038/nprot.2006.116
PMID:17406317
22. Zhang Y, Liu YX, Xiao QX, Liu Q, Deng R, Bian J, Deng IB,
Al-Hawwas M, Yu FX. Microarray Expression Profiles of
lncRNAs and mRNAs in Postoperative Cognitive
Dysfunction. Front Neurosci. 2018; 12:694.
https://doi.org/10.3389/fnins.2018.00694
PMID:30349449
23. Li M, Chen C, Zhang W, Gao R, Wang Q, Chen H, Zhang
S, Mao X, Leblanc M, Behensky A, Zhang Z, Gan L, Yu H,
et al. Identification of the Potential Key Long Noncoding RNAs in Aged Mice With Postoperative
Cognitive Dysfunction. Front Aging Neurosci. 2019;
11:181.
https://doi.org/10.3389/fnagi.2019.00181
PMID:31379560
24. Deng F, Cai L, Zhou B, Zhou Z, Xu G. Whole
transcriptome sequencing reveals dexmedetomidineimproves postoperative cognitive dysfunction in rats
via modulating lncRNA. 3 Biotech. 2020; 10:202.
https://doi.org/10.1007/s13205-020-02190-9
PMID:32309111
25. Chen Y, Zhang Y, Ye G, Sheng C, Kong L, Yuan L.
Knockdown of lncRNA PCAI protects against cognitive
decline induced by hippocampal neuroinflammation
via regulating SUZ12. Life Sci. 2020; 253:117626.
https://doi.org/10.1016/j.lfs.2020.117626
PMID:32247002
26. Deng Y, Long L, Wang K, Zhou J, Zeng L, He L, Gong Q.
Icariside II, a Broad-Spectrum Anti-cancer Agent,
Reverses Beta-Amyloid-Induced Cognitive Impairment

www.aging-us.com

12563

through Reducing Inflammation and Apoptosis in Rats.
Front Pharmacol. 2017; 8:39.
https://doi.org/10.3389/fphar.2017.00039
PMID:28210222
27. Manczak M, Kandimalla R, Fry D, Sesaki H, Reddy PH.
Protective effects of reduced dynamin-related protein
1 against amyloid beta-induced mitochondrial
dysfunction and synaptic damage in Alzheimer’s
disease. Hum Mol Genet. 2016; 25:5148–66.
https://doi.org/10.1093/hmg/ddw330 PMID:27677309
28. Fan CD, Li Y, Fu XT, Wu QJ, Hou YJ, Yang MF, Sun JY, Fu
XY, Zheng ZC, Sun BL. Reversal of Beta-AmyloidInduced Neurotoxicity in PC12 Cells by Curcumin, the
Important Role of ROS-Mediated Signaling and ERK
Pathway. Cell Mol Neurobiol. 2017; 37:211–22.
https://doi.org/10.1007/s10571-016-0362-3
PMID:26971524
29. Balaban H, Nazıroğlu M, Demirci K, Övey İS. The
Protective Role of Selenium on Scopolamine-Induced
Memory Impairment, Oxidative Stress, and Apoptosis
in Aged Rats: The Involvement of TRPM2 and TRPV1
Channels. Mol Neurobiol. 2017; 54:2852–68.
https://doi.org/10.1007/s12035-016-9835-0
PMID:27021021
30. Lee HR, Shin HK, Park SY, Kim HY, Lee WS, Rhim BY,
Hong KW, Kim CD. Attenuation of β-amyloid-induced
tauopathy via activation of CK2α/SIRT1: targeting for
cilostazol. J Neurosci Res. 2014; 92:206–17.
https://doi.org/10.1002/jnr.23310 PMID:24254769
31. Wang M, Li Y, Ni C, Song G. Honokiol Attenuates
Oligomeric Amyloid β1-42-Induced Alzheimer’s Disease
in Mice Through Attenuating Mitochondrial Apoptosis
and Inhibiting the Nuclear Factor Kappa-B Signaling
Pathway. Cell Physiol Biochem. 2017; 43:69–81.
https://doi.org/10.1159/000480320
PMID:28848085
32. Lin CL, Cheng YS, Li HH, Chiu PY, Chang YT, Ho YJ, Lai TJ.
Amyloid-β suppresses AMP-activated protein kinase
(AMPK) signaling and contributes to α-synucleininduced cytotoxicity. Exp Neurol. 2016; 275:84–98.
https://doi.org/10.1016/j.expneurol.2015.10.009
PMID:26515689
33. Park SY, Kim JH, Lee SJ, Kim Y. Surfactin exhibits
neuroprotective effects by inhibiting amyloid βmediated microglial activation. Neurotoxicology. 2013;
38:115–23.
https://doi.org/10.1016/j.neuro.2013.07.004
PMID:23906708
34. Chou CT, Liao YC, Lee WJ, Wang SJ, Fuh JL. SORL1 gene,
plasma biomarkers, and the risk of Alzheimer’s disease
for the Han Chinese population in Taiwan. Alzheimers
Res Ther. 2016; 8:53.

AGING

https://doi.org/10.1186/s13195-016-0222-x
PMID:28034305

https://doi.org/10.3233/JAD-2012-121399
PMID:22986780

35. Capsoni S, Carlo AS, Vignone D, Amato G, Criscuolo C,
Willnow TE, Cattaneo A. SorLA deficiency dissects
amyloid pathology from tau and cholinergic
neurodegeneration in a mouse model of Alzheimer’s
disease. J Alzheimers Dis. 2013; 33:357–71.

www.aging-us.com

12564

36. Wei CW, Zou SS, Luo T, Hao YN, Zhou XB, Shen WZ, Wu
AS. MiR-7684-5p leads to surgery-induced cognitive
decline in mice probably through the downregulation
of SorLA. Int J Clin Exp Pathol. 2017; 10:10186–96.
PMID:31966352

AGING

