www.aging-us.com

AGING 2021, Vol. 13, No. 22
Research Paper

Knockdown of transient receptor potential melastatin 2 reduces renal
fibrosis and inflammation by blocking transforming growth factor-β1activated JNK1 activation in diabetic mice
Feng Hu1, Yun Yu1, Feng Lu2, Xiaoshu Cheng1,&
1

The Department of Cardiovascular Medicine, The Second Affiliated Hospital of Nanchang University, Nanchang,
China
2
The Department of Cardiothoracic Surgery, The Second Affiliated Hospital of Nanchang University, Nanchang,
China
Correspondence to: Xiaoshu Cheng; email: xiaoshumenfan126@163.com
Keywords: diabetic nephropathy, type 2 diabetes, transient receptor potential melastatin 2, renal fibrosis, inflammation
Received: August 9, 2021
Accepted: October 27, 2021
Published: November 29, 2021
Copyright: © 2021 Hu et al. This is an open access article distributed under the terms of the Creative Commons Attribution
License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original
author and source are credited.

ABSTRACT
Background: Diabetic nephropathy is a major complication of diabetes. We explore the protective effect of
TRPM2 knockdown on the progression of diabetic nephropathy.
Methods: A type 2 diabetes animal model was established in C57BL/6N mice by long-term high-fat diet (HFD)
feeding combined with a single injection of 100 mg/kg streptozotocin (STZ). Genetic knockdown of TRPM2 in
mouse kidneys was accomplished by the intravenous injection via the tail vein of adeno-associated virus type 2
carrying TRPM2 shRNA.
Results: Mice with HFD/STZ-induced diabetes exhibited kidney dysfunction, as demonstrated by increased
blood creatinine and urea nitrogen levels, accompanied by glomerulus derangement, tubule damage and
extracellular matrix deposition in the interstitium. The protein expression of TRPM2, transforming growth
factor-β1 (TGF-β1), connective tissue growth factor, α-smooth muscles actin, fibronectin, collagen I and
collagen III, and the mRNA expression and contents of inflammatory factors, including interleukin-1β,
interleukin-6, interferon-α, tumour necrosis factor -α and monocyte chemotactic protein -1, were significantly
elevated in the renal tissues of the HFD/STZ-induced diabetes group compared to those of the two control
groups. Furthermore, fluorescent staining of TRPM2 was markedly increased in the renal tubular epithelial cells
from diabetic mice. Knockdown of TRPM2 significantly attenuated HFD/STZ-induced renal inflammatory
responses and fibrosis, which was accompanied by activation of TGF-β1-activated c-Jun N-terminal protein
kinase-1 (JNK1) signalling. JNK1 inactivation reversed hyperglycemia-induced fibrosis and inflammation in HK-2
cells.
Conclusion: TRPM2 silencing significantly attenuated fibrosis and inflammation in the kidneys of mice with
HFD/STZ-induced diabetes, which was largely achieved via the inhibition of TGF-β1-activated JNK1 activation.

INTRODUCTION
The prevalence of diabetes is rapidly increasing owing to
the extension of the average life span and the increased
prevalence of obesity [1]. Diabetic nephropathy (DN) is
a major complication of diabetes, with approximately
40% of diabetic patients presenting with DN [2]. The
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pathogenesis of DN is currently recognized to be
multifactorial, and includes advanced glycation end
products [3, 4], hemodynamic changes [5], inflammatory
response [6], and autophagy [7], cellular senescence [8],
epigenetic regulation [9], and mitochondrial hormesis
[10]. Collectively, these changes result in glomerular
hyperfiltration and pressure, renal hypertrophy and
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internal structure derangement [11]. Pathologically, the
kidneys undergo several changes, including deposition of
extracellular matrix (ECM) proteins, glomerular basement
membrane thickening, proliferative changes, and tubular
atrophy, ultimately resulting in interstitial fibrosis and
glomerulosclerosis [11]. Considering that DN treatment is
intractable and complicated, it is urgent to investigate the
underlying mechanisms in order to prevent and treat this
devastating disease [12].
The transient receptor potential melastatin (TRPM)
subfamily contains eight isoforms that form four
subfamilies of TRPM channels, namely, TRPM1/3,
TRPM2/8, TRPM4/5, and TRPM6/7; these channels play
crucial roles in various physiological and pathological
conditions, such as conditions related to sensory or renal
physiology, cancer, cardiac health and neuronal
development [13–16]. Among the isoforms, TRPM7,
TRPM2 and TRPM6 are unique because they are
bifunctional heteromeric ion channels that contain
functional enzymatic domains in their highly diverse Cterminal regions [13–16]. TRPM2 forms a tetrameric
cation channel that is permeable to calcium, sodium, and
potassium and is activated by oxidative stress through the
production of free intracellular adenosine diphosphateribose [14, 15]. Its two-in-one protein structure and
unique biophysical characteristics enable TRPM2 to be
involved in a large number of pathophysiological
processes, including cell apoptosis, inflammation and
fibrogenesis [14, 15]. For example, NF-κB pathway
activation in response to H2O2 stimulation was blocked in
TRPM2-knockout monocytes [17]. Similarly, TRPM2
activation in alveolar epithelial cells was involved in
bleomycin-induced pulmonary inflammation [18].
Additionally, inhibition of TRPM2 protects kidneys from
ischemia-reperfusion injury by attenuating oxidative
stress, inflammation and apoptosis [19]. Furthermore,
TRPM2 knockout inhibited fibrosis and inflammation in
the kidneys of mice that underwent unilateral urethral
obstruction [20]. However, the effect of TRPM2 on the
development of DN is unclear.
Here, we discussed whether TRPM2 knockdown has a
potential protective effect in the progression of renal
inflammation and fibrosis in mice with HFD/STZinduced diabetes. This study may provide a novel target
for preventing and treating DN.

MATERIALS AND METHODS
Animal studies
6-week-old male C57BL/6N mice obtained from Hunan
SJA Laboratory Animal Co., Ltd (Hunan, China) were
fed conventionally at room temperature and optimum
humidity under a 12-h light-dark cycle with free access
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to water and food. All animal experiments were
implemented in compliance with the National Institutes
of Health (NIH) policies in the Guide for the Care and
Use of Laboratory Animals and were approved by the
Animal Ethics Committee of the Second Affiliated
Hospital of Nanchang University.
We used a high fat diet (HFD) and streptozotocin
(STZ, Sigma, USA) injection model to establish T2D
as previously described [21–29]. 8-week-old male
mice were fed either a HFD (60% of calories from fat,
Research Diets, #MD12033, Meidisen, China) or
normal chow. After 4 weeks, the HFD-fed mice that
exhibited insulin resistance received a single
intraperitoneal (i.p.) injection of 100 mg/kg STZ
dissolved in 100 mM citrate buffer (pH 4.5) to partly
destroy islet function and increase glucose levels. The
mice fed normal chow received citrate buffer alone
and were processed in parallel with the diabetic mice.
All the mice were maintained on their respective diets
until the end of the study. The fasting blood glucose
(FBG) levels were measured with a blood glucose
monitor (ACCU-CHEK Performa, Roche, USA), and
the weights of the mice were monitored every per two
weeks. Mice with FBG levels > 11.1 mmol/L were
considered diabetic and were used for further
study [30].
Twenty weeks after STZ treatment [31], all the animals
were anaesthetized by an i.p. injection of pentobarbital
(55 mg/kg, Sigma) and euthanized by exsanguination.
Then, partial renal tissues were fixed in 4%
paraformaldehyde for pathological analysis. The
remaining tissues were freshly flash-frozen in liquid
nitrogen for gene and protein expression analysis.
Human kidney samples
Formalin-fixed paraffin-embedded (FFPE) specimens of
renal biopsy material were obtained from the Pathology
Department of the Second Affiliated Hospital of
Nanchang University. This study was approved by the
Clinical Research Ethics Committee of the Second
Affiliated Hospital of Nanchang University. Kidney
samples were obtained from the remaining part of
diagnostic kidney biopsies of male patients with
diabetic nephropathy (n = 6) or normal kidneys (n = 6).
Control tissues were deemed normal on routine
histological examination. RNA was extracted from
archives of FFPE specimens for gene expression
analysis.
Cells culture and grouping
Human kidney-2 (HK-2) cells were obtained from the
Cell Bank of Shanghai Chinese Academy of Sciences
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(SCSP-511, Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5.5 mM D-glucose (normal glucose,
NG), 10% FBS, 100 U/ml penicillin, and 100 mg/ml
streptomycin. The cells were grown to 70–80% before
being passaged. Cells at passages three to eight were
used in the experiments. In the high-glucose (HG)
treatment group, the cells were stimulated with 33 mM
D-glucose for 24 h [30].
Recombinant
adeno-associated
construction and infection of mice

virus

(AAV)

The recombinant AAV2-U6-negative control (NC)
and recombinant AAV2-U6-shTRPM2 constructs
were constructed and ordered from GeneChem
(Shanghai, China), and the titers were ~3 × 1012 viral
genomes per ml (vg/ml). An shRNA sequence
targeting TRPM2 (5′-tAACCTTAGCTCATGGATTC
CCtcaagagGGGAATCCATGAGCTAAGGTTttttttc-3′),
which corresponded to coding regions 68–89 relative
to the first nucleotide of the start codon of mouse
TRPM2 (GenBank no. NM_138301) and a scrambled
(5′-tAATTCTCCGAACGTGTCACGTtcaagagACGTG
ACACGTTCGGAGAATTttttttc-3′) sequence were
cloned into the U6-MCS-CAG-mCherry vector
(plasmid GV480).
We knocked down the TRPM2 gene with a single
caudal vein injection of 3 ×1011 genome copies of
recombinant AAV2-U6-shTRPM2 at 8 weeks of age in
the corresponding mice. To this end, 32 8-week-old
mice were randomly assigned into four groups: (i)
AAV2-U6-NC recombinant treated control mice
(AAV2-NC group, n = 8); (ii) AAV2-U6-NC
recombinant treated mice with HFD/STZ-induced
diabetes (AAV2-NC diabetes group, n = 8); (iii) AAV2U6-shTRPM2 recombinant treated mice (AAV2shTRPM2 group, n = 8); and (iv) AAV2-U6-shTRPM2
recombinant treated mice with HFD/STZ-induced
diabetes (AAV2-shTRPM2 diabetes group, n = 8).
Pathological tissue morphology
Kidney specimens were perfused, and partial
specimens were incubated in 10% neutral formalin
fixation solution at room temperature for pathological
morphology. These paraffin-embedded sections were
stained with hematoxylin-eosin (HE), periodic acidSchiff (PAS) staining, Sirius Red and Masson staining
solutions, respectively [31–33]. Then, the samples
were observed with a light microscope (Olympus,
Japan). To quantify cardiac fibrosis, 10 fields were
randomly selected from 3 cardiac sections, image
analysis software (Image-Pro 6.0) was used to
calculate the collagen volume fraction (CVF =
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myocardial collagen area/total area of the image) and
the average value was determined.
Immunofluorescent (IF) staining
5 μm frozen sections of kidney specimens were washed
three times with PBS. Then slides were blocked
with 5% bull serum albumin (BSA) for half an hour
and incubated with both TRPM2 antibody and the
antibody of specific renal tubular epithelial cell
marker, antiaquaporin 1 (AQP1) overnight at 4° C
(Supplementary Table 1). After washing with PBS,
slides were correspondingly incubated with two kinds
of secondary antibody (Cy3 conjugate, SA00009-1,
Proteintech, Wuhan, 1:100; FITC conjugate SA000031, Proteintech, Wuhan, 1:100, respectively) for 1 h at
room temperature in the darkroom. The cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI,
C0065, Solarbio, Beijing) for 10 min, and all stained
sections were viewed by fluorescent microscope
(Olympus, Tokyo).
Enzyme linked immuno sorbent assay (ELISA) and
biochemical determination
Mouse interleukin (IL)-1β, IL-6, interferon (IFN)-α,
tumor necrosis factor (TNF)-α and monocyte chemotactic
protein (MCP)-1 ELISA kits (MEIMIAN, Shanghai,
China) were applied to detect the levels of these cytokine
in renal homogenates following the manuals. The levels
of blood creatinine and urea nitrogen (BUN) reflected the
kidney function using commercial kits purchased from
Proteintech Company (Wuhan, China).
Small interfering RNA (siRNA) transfection and cell
grouping
TRPM2 knockdown was achieved by siRNA
transfection. si-TRPM2 (sense, 5′-AAGTAGGAGAG
GATGTTCAGG-3′; and antisense, 5′-ATCCTCATCC
AGTATGTACTC-3′) and Si-negative control (NC,
sense, 5′-UUCUCCGAACGUGUCACGUTT-3′; and
antisense, 5′-ACGUGACACGUUCGGAGAATT-3)
were constructed by Gene Pharma (Shanghai, China).
HK-2 cells were instantly transfected with 100 nM siTRPM2 or Si-NC using GP-transfect-Mate (G04009,
GenePharma, Shanghai, China). Western blotting
analysis was performed to verify the efficacy of
siRNA transfection.
HK-2 cells were instantly transfected with si-TRPM2 or
si-NC for 48 h, followed by NG or HG treatment for
another 24 h. In another experimental group, HK-2 cells
were incubated with 10 μM SP600125 (a JNK inhibitor,
S1876, Shanghai, China) for 1 h, followed by HG
treatment for 24 h.
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Western blotting

RESULTS

HK-2 cells and homogenized renal specimens were
lysed pyrolysised by radioimmunoprecipitation (RIPA)
buffer (R0010, Solarbio, Beijing, China) supplemented
with cocktail proteinase and phosphatase inhibitors.
Protein assay was quantified with the Quantification
Kit (PA115, Tiangen, Beijing, China). Equivalent
proteins were isolated on sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and
wet transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, USA). The membranes were
blocked in 5% BSA and furthermore cultivated with
each primary antibody (Supplementary Table 1) at -4° C
overnight. Then, bands were tested by corresponding
secondary antibody (Boster, Wuhan, China) and
imaged through Pro-light horseradish peroxidase (HRP)
chemiluminescence detection reagents (PA112-01,
Tiangen, Beijing, China).

TRPM2 expression was increased in the kidneys
from mice with HFD/STZ-induced diabetes

Quantitative real-time polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from the kidney samples or
cells employing Trizol reagent (Invitrogen Life
Technologies, Carlsbad, USA). cDNA synthesis was
executed through a TaqMan reverse transcription kit
(KR118-03, Tiangen, Beijing, China). Then, qRT-PCR
was processed through a SuperReal PreMix Plus Kit
(FP205, Tiangen, Beijing, China) on a 7500 FastPCR
system from Applied Biosystems (Bio-Rad, USA). The
sequences of each primer were presented in
Supplementary Table 2. The relative mRNA levels were
calculated by the 2–ΔΔCT using GAPDH as a housekeeping gene.
Statistical analysis
All data were presented as means ± standard deviation
(SD) using the Graphpad Prism 8.0 software (GraphPad
Software Inc., CA, USA). One-way anova was conducted
followed by Bonferroni post hoc test for multiple group
comparisons. Statistical analysis was performed using
SPSS23.0 (SPSS Inc., Chicago, IL, USA) software and P
< 0.05 was considered statistically significant.
Ethics statement
All animal experiments were conducted in compliance
with the National Institutes of Health (NIH) policies in
the Guide for the Care and Use of Laboratory Animals
and were approved by the Nanchang University Animal
Care and Use Committee. The clinical research
including human kidney samples was approved by the
Clinical Research Ethics Committee of the Second
Affiliated Hospital of Nanchang University.
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Compared to the control and HFD-control groups, the
mice with HFD/STZ-induced diabetes exhibited
hyperglycemia peaking near 30 mmol/L accompanied
by weight loss; these findings indicated metabolic
disturbance (Figure 1A, 1B). The mice with HFD/STZinduced diabetes exhibited kidney dysfunction, as
determined by increased serum creatinine and BUN
levels (Figure 1C), which were accompanied by
glomerulus derangement and proximal tubule damage
as shown by HE and PAS staining (Figure 1D). Masson
and Sirius staining indicated a severely sclerotic
glomerulus, serious tubular damage and collagen
accumulation in the vicinity of several large vessels
(Figure 1E–1G) in the mice with HFD/STZ-induced
diabetes compared to the mice in the other two groups.
Western blotting analysis suggested that the protein
expression levels of transforming growth factor-β1
(TGF-β1), connective tissue growth factor (CTGF), αsmooth muscle actin (SMA), fibronectin (FN),
collagen I and collagen III were significantly increased
in the mice with HFD/STZ-induced diabetes compared
to the mice in the other two groups (Figure 1H, 1I).
The inflammatory response exacerbates the
development of renal injury [34]. The mRNA
expression (Figure 2A) and contents (Figure 2B) of
cytokines, such as IL-1β, IL-6, IFN-α, TNF-α and
MCP-1, were markedly increased in the renal tissues
of diabetic mice compared to the renal tissues of the
mice in the other two groups.
The mRNA and protein expression levels of TRPM2
were significantly increased in renal specimens from
the diabetic mice compared to those from the mice
in the other two groups (Figures 1H, 1I, 2C).
Hyperglycemia initially damages the glomerulus and
successively tubule-interstitial structure in the progress
of DN [34]. We next evaluated the localization of
TRPM2 in renal tubular epithelial cells. We carried
out IF staining utilizing the specific AQP1 marker
to identify TRPM2-positive tubular epithelial cells
in mouse renal specimens. It is interesting to note
that fluorescent staining of TRPM2 was enhanced
in the tubular epithelial cells from the kidneys of
diabetic mice compared to those from the mice in the
other two groups (Figure 2D). Clinically, the mRNA
levels of TRPM2 were significantly increased in
kidney biopsies obtained from human subjects with
diabetic nephropathy (Figure 2E). The characteristics
of the human subjects are shown in Supplementary
Table 3.
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Knockdown of TRPM2 expression ameliorated renal
injury in diabetic mice
To explore whether TRPM2 knockdown alleviated
kidney damage under diabetic conditions, we knocked
down TRPM2 expression with by a single caudal vein
injection of 3 ×1011 genome copies of recombinant
AAV2-U6-shTRPM2 at 8 weeks of age in the
corresponding mice. AAV2 injection resulted in
enhanced expression in the kidneys [35]. We injected
AAV2-U6-shTRPM2 recombinant two weeks before
starting HFD feeding. Protein quantification confirmed
that the level of TRPM2 was effectively reduced in the
kidneys of AAV2-shTRPM2 mice (Figure 3C, 3D). In
addition, the TRPM2 fluorescence intensity was
decreased in the renal tubular epithelial cells from the
kidneys of AAV2-shTRPM2 mice (Figure 3E). TRPM2

knockdown by AAV2-shTRPM2 neither changed the
levels of FBG (Figure 3B) nor the weight loss in
mice with HFD/STZ-induced diabetes (Figure 3A).
Nonetheless, TRPM2 knockdown alleviated the HFD/
STZ-induced increase in the levels of serum creatinine
and BUN, suggesting an improvement in renal function
(Figure 3F, 3G).
In addition, silencing of TRPM2 attenuated glomerular
damage, as shown by HE and PAS staining (Figure 4A),
and reduced the severity of glomerular sclerosis, tubular
damage and interstitial fibrosis as shown by Masson
and Sirius staining (Figure 4B–4D), in the kidneys of
diabetic mice. Furthermore, TRPM2 silencing inhibited
expression of the pro-fibrotic proteins TGF-β1, p-Smad2,
CTGF, α-SMA, FN, Collagen I and Collagen III in the
kidneys of diabetic mice (Figure 4E–4H).

Figure 1. Renal injury and TRPM2 expression were increased in the kidneys of mice with HFD/STZ-induced diabetes. (A) Body
weight of mice was documented from week 0 to 24 of the HFD/STZ-induced diabetes model. (B) Blood glucose was measured in the indicated
weeks. (C) The levels of blood creatinine and BUN were tested before the mice were sacrificed. (D) HE and PAS staining of mouse kidney
specimens in the 24th week (▼indicates renal glomeruli, ˃ indicated renal tubules). (E–G) Fibrosis was determined by Masson and Sirius red
staining (▼indicates renal glomeruli, ˃ indicates renal tubules, ↓ indicates renal interstitials). (H, I) Protein analysis was conducted to
evaluate the protein expression levels of TRPM2, TGF-β1, CTGF, α-SMA, FN, Collagen I and Collagen III in renal tissues of mice in the 24th
week. The data are shown as the mean ± SD, n = 6 per group; *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05, ##p <
0.01 and ###p < 0.001 versus the HFD-control group.
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Knockdown of TRPM2 alleviated
inflammatory response in diabetic mice

the

renal

The nosogenesis of DN includes an intractable
inflammatory response [36]. The elevated mRNA
expression (Figure 5A) and levels (Figure 5B) of
inflammatory factors, such as IL-1β, IL-6, IFN-α, TNFα and MCP-1, in the kidneys of diabetic mice were
alleviated by TRPM2 knockdown.
Subsequently, analysis of proteins in the NF-κB pathway
showed that TRPM2 knockdown markedly inhibited the
levels of p-IKKα and p-NF-κB in the kidneys of diabetic
mice (Figure 5C, 5D). The intranuclear aggregation
of NF-κB was significantly elevated under the
hyperglycemic conditions, whereas its translocation to

the nucleus was decreased in TRPM2-silenced mice
(Figure 5E, 5F). The above results showed that
knockdown of TRPM2 expression might inhibit diabetic
inflammatory responses in the kidneys by inhibiting the
NF-κB pathway to some degree.
The role of TRPM2 in c-Jun N-terminal protein
kinase (JNK1) activation
JNK signalling plays has an important role in
modulating fibrogenesis and inflammation during the
development of DN [37]. Therefore, we explored
the role of TRPM2 in JNK1 activation during the
development of DN. We found that the increased level
of p-JNK1 in the kidneys of diabetic mice was
inhibited by TRPM2 knockdown (Figure 5C, 5D).

Figure 2. Inflammatory response and the localization of TRPM2 in the kidneys of mice with HFD/STZ-induced diabetes.
(A) qRT-qPCR assay was used to determine the mRNA expression of inflammatory factors including IL-1β, IL-6, IFN-α, TNF-α and MCP-1
in the kidney tissues of mice in the 24th week. (B) ELISA was used to determine the contents of inflammatory factors including IL-1β, IL6, IFN-α, TNF-α and MCP-1 in the kidney tissues of mice in the 24th week. (C) qRT-PCR assay was performed to assess the mRNA levels
of TRPM2 in the kidney tissues of mice in the 24th week. (D) IF double-staining analyses of TRPM2 and APQ1 in the renal tissues of mice
in the 24th week. (E) qRT-PCR assay was performed to assess the mRNA levels of TRPM2 in kidney biopsies obtained from human
subjects with diabetic nephropathy. The data are shown as the mean ± SD, n = 6 per group; *p < 0.05, **p < 0.01 and ***p < 0.001
versus the control group.

www.aging-us.com

24610

AGING

In vitro, HG treatment significantly elevated the protein
levels of TRPM2 and TGF-β1 (Figure 6A). Subsequently,
TRPM2 expression was downregulated in HK-2 cells
using specific si-TRPM2 (Figure 6B). TRPM2 silencing
markedly attenuated the protein expression levels of TGFβ1 and p-JNK1 in HG-treated HK-2 cells (Figure 6C).
Western blotting analysis showed that HG treatment
significantly increased the protein expression levels of
CTGF, α-SMA, FN, Collagen I and Collagen III in HK-2
cells, and the expression of these proteins were markedly
inhibited by TRPM2 silencing (Figure 6D). In addition,
treatment with SP600125 in another experimental group
resulted in the downregulation of the HG-induced
expression of CTGF, α-SMA, FN, Collagen I and
Collagen III (Figure 6D).
As expected, TRPM2 suppression and SP600125
treatment markedly reduced the HG-induced mRNA
expression of IL-1β, IL-6, IFN-α, TNF-α and MCP-1 in

HK-2 cells (Figure 6E). Moreover, the HG-induced
increase in the protein expression levels of cellular pIKKα p-NF-κB (Figure 6F), and nuclear NF-κB was
markedly attenuated by TRPM2 silencing or SP600125
treatment (Figure 6F, 6G). These results showed that
TRPM2 activated HG-induced fibrosis and the
inflammatory response through the TGF-β1/JNK1
signalling pathway (Figure 6H).

DISCUSSION
Renal tubule fibrogenesis and inflammation participated
in the pathogenesis of chronic renal failure [38].
However, the underlying molecular mechanism has
not yet been completely determined. Sustained
hyperglycemia with increased fatty acid and cytokine
levels gives rise to kidney damage [39]. TRPM2 is a
prominent therapeutic target in various chronic maladies
[15, 40, 41]. The fundamental purpose of this research

Figure 3. Silencing TRPM2 attenuated the renal function of diabetic mice. (A) Body weight of mice was documented from week 0 to
24 after the HFD/STZ-induced diabetes model was established. (B) Blood glucose levels in the four treatment groups were measured in the
indicated weeks. (C, D) Protein assay of TRPM2 expression in renal specimens from AAV2/2-NC and AAV2/2-shTRPM2 treated mice. (E) IF
double-staining analyses of TRPM2 and APQ1 in the renal tissues of mice in the 24th week in the four treatment groups. (F, G) The levels of
blood creatinine and BUN were tested before the mice were sacrificed in the four treatment groups. The data are shown as the mean ± SD, n
= 6 per group; *p < 0.05, **p < 0.01 and ***p < 0.001. For (A, B), *p < 0.05 and ***p < 0.001 indicate the AAV2/2-NC + STZ group versus the
AAV2/2-NC group, #p < 0.05 and ###p < 0.001 indicate the AAV2/2-shTRPM2 + STZ group versus the AAV2/2-shTRPM2 group.
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was to evaluate whether TRPM2 suppression could be a
therapeutic approach for treating DN, and to determine
whether renal tubular epithelial cells are involved
in the pathological process of DN. Our results showed
that TRPM2 expression was elevated under the
diabetic/hyperglycemic conditions in vivo and in vitro.
Compared to AAV2/2-NC treatment, silencing TRPM2
alleviated HFD/STZ-induced diabetic renal injury, as
shown by ameliorated blood creatinine and BUN levels.
In particular, IF staining showed that the fluorescence
intensity of TRPM2 staining was markedly increased in
the epithelial tubular cells of kidneys of mice with
HFD/STZ-induced diabetes. In addition, HG treatment
elevated the levels of fibrotic factors and inflammatory
cytokines in HK-2 cells. These results indicated that
epithelial cells contributed to the inflammatory response
and collagen deposition under the pro-inflammatory and
pro-fibrotic conditions associated with DN. Similarly,
TRPM2 silencing inhibited the pro-inflammatory and

pro-fibrotic processes in HG-treated HK-2 cells.
Therefore, these findings suggested that TRPM2
expression in renal tubular epithelial cells participates in
the pathogenesis of DN. However, the role of TRPM2
in other renal cell types in the pathogenesis of DN also
deserves to be discussed.
TGF-β1 was established to be involved in the
progression of DN, and it also exerted fibrogenic effects
in this model [42]. Inhibition of the TGF-β1 pathway
might be a strategy to prevent the development of renal
fibrosis in DN [42]. Hypoxic stress induced TRPM2
expression in adult rat cardiac fibroblasts, resulting in
myocardial fibrogenesis [43]. In addition, TRPM2
activated the TGF-β1 signalling pathway to meditate the
fibrosis induced by bleomycin [18] and the kidney
fibrosis induced by unilateral urethral obstruction [20].
Here, our findings showed that TRPM2 might activate
TGF-β1 to aggravate the development of kidney fibrosis
in mice with HFD/STZ-induced diabetes.

Figure 4. TRPM2 silencing attenuated renal damage in mice with HFD/STZ-induced diabetes. (A) HE and PAS staining of mouse
kidney specimens in the four treatment groups in the 24th week (▼indicates renal glomeruli, ˃ indicates renal tubules). (B–D) Fibrosis was
determined by Masson and Sirius red staining in the four treatment groups (▼ indicates renal glomeruli, ˃ indicates renal tubules, ↓ indicates
renal interstitials). (E, F) Protein assay was implemented to evaluate the protein levels of TGF-β1, CTGF, α-SMA, FN, Collagen I and Collagen III
in the renal specimens from the four treatment groups. (G, H) Protein assays were conducted to evaluate the protein levels of P-Smad2 and
Smad2 in the renal specimens of the four treatment groups. The data are shown as the mean ± SD, n = 6 per group; *p < 0.05, **p < 0.01 and
***p < 0.001.

www.aging-us.com

24612

AGING

Numerous studies have shown that the NF-kB
participates in the development of inflammatory
responses in the kidney triggered by infection,
immune response overactivation and hyperglycemia
[44, 45]. TRPM2 ubiquitously expressed in different
immunocytes, such as neutrophils, monocytes and
leukomonocytes [13, 16, 17]. TRPM2 positively
increased the nuclear translocation of NF-kB [17].
TRPM2 suppression effectively improved ischemiareperfusion associated acute kidney injury by inhibiting
inflammation [19]. Similarly, TRPM2 silencing
ameliorated the inflammatory response of the kidneys
of mice that underwent unilateral urethral obstruction
by inhibiting TGF-β1-activated JNK activation [20].
TRPM2 knockout improved central nervous system
inflammation and cognitive impairment by inhibiting
the activation of microglia in a mouse model of chronic
cerebral hypoperfusion with bilateral common carotid
artery stenosis [46]. Resveratrol ameliorated hypoxiainduced neuronal inflammation by modulating TRPM2
channels [47]. In our research, an inflammatory
response was observed in mice with DN as previously

described [29, 36]. However, this renal inflammation
was reversed by TRPM2 knockdown. Furthermore, in
kidney samples from diabetic mice, the expression of pIKKα and p-NF-κB and the nuclear accumulation of
NF-κB were reduced after TRPM2 knockdown. These
results indicated that TRPM2 knockdown could relieve
inflammatory responses in DN partially by inhibiting
the NF-κB pathway.
Extracellular signal regulated kinase (ERK), JNK, and
p38-MAPK (mitogen activated protein kinase) are the
three subgroups of MAPKs that play significant roles in
inflammation, and fibrosis of the kidney [48].
In turn JNK signalling mediates the TGF-β1-induced
switch of renal tubular epithelial cells to myofibroblasts
[49]. In addition, JNK phosphorylation is closely
associated with the exacerbation of inflammation by
enhancing the NF-κB pathway [50]. Furthermore,
MAPK/NF-κB signaling pathways play a crucial
role in the pathogenesis of of DN [29]. TRPM2mediated chemokine production was associated with
JNK pathway activation in lipopolysaccharide-treated

Figure 5. Silencing TRPM2 alleviated inflammation in the kidneys of mice with HFD/STZ-induced diabetes. (A) qRT-PCR and (B)
ELISA analysis of the IL-1β, IL-6, IFN-α, TNF-α and MCP-1 levels in the kidney tissues of mice in the four treatment groups in the 24th week. (C,
D) Western blotting assays were conducted to evaluate the protein levels of p-JNK1, p-IKKα and p-NF-κB in the renal specimens of the four
treatment groups. (E, F) Western blotting of the NF-κB levels in the nuclei of the renal specimens in the four treatment groups. The data are
shown as the mean ± SD, n = 6 per group; *p < 0.05, **p < 0.01 and ***p < 0.001.
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microglia [51] and monocytes [17]. TRPM2 knockout
markedly lowered inflammation and the fibrotic
response by suppressing JNK activation in mice
that underwent unilateral urethral obstruction [20]. In
our research, JNK1 activation was elevated in DN,
which was consistent with previous research results
[37, 52]. Hyperglycemia-induced inflammation and
fibrosis could be inhibited by TRPM2 silencing
through the inhibition of JNK1 activation in vivo
and in vitro. Despite, we could not rule out the
possibility that TRPM2-activated renal inflammation
and fibrosis might be caused by the activation of
p38 and ERK1/2 in mice with HFD/STZ-induced
diabetes. Further studies are needed to address this
possibility.

This study has some limitations. Considering that
knockdown of TRPM2 is not tissue-specific in our
study, the significance for finding new therapeutic
target is debatable. We will establish renal-specific
TRPM2 knockout mice to discuss the protective effect
of TRPM2 knockdown on the progression of DN in
future. The TRPM2 staining seems to be primarily
nuclear, we will explore further the significance of this
specific localization.
In conclusion, we showed that TRPM2 silencing
significantly ameliorated fibrosis and inflammation in
the kidneys of mice with HFD/STZ-induced diabetes,
and this effect was largely achieved by the inhibition of
TGF-β1-activated JNK1 activation.

Figure 6. The protective effect of TRPM2 knockdown in DN by blocking TGF-β1-activated JNK1 activation. (A) Protein assay of
TRPM2 and TGF-β1 expression in HK-2 cells stimulated with HG for 24 h. (B) Protein analysis was utilized to confirm the efficacy of TRPM2
silencing in HK-2 cells transfected with si-TRPM2. (C) HK-2 cells were instantly transfected with si-TRPM2 or Si-NC for 48 h, followed by NG or
HG treatment for another 24 h. The protein levels of TGF-β1 and p-JNK1 were detected by protein assay. (D) HK-2 cells were instantly
transfected with si-TRPM2 or Si-NC for 48 h, followed by NG or HG treatment for another 24 h. In another experimental group, HK-2 cells
were incubated with 10 μM SP600125 (a JNK inhibitor) for 1 h, followed by HG treatment for 24 h. Protein assay of CTGF, α-SMA, FN,
Collagen I and Collagen III expression in HK-2 cells. (E) qRT-PCR analysis of IL-1β, IL-6, IFN-α, TNF-α and MCP-1 expression in HK-2 cells. (F)
Protein assay of TGF-β1, p-IKKα and p-NF-κB expression in HK2 cells. (G) Protein assay of the NF-κB levels in the nuclei of HK2 cells. (H) The
protective effect of TRPM2 knockdown in DN by blocking TGF-β1-activated JNK1 activation. The data are shown as the mean ± SD of three
independent experiments; *p < 0.05, **p < 0.01 and ***p < 0.001.
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SUPPLEMENTARY MATERIALS
Supplementary Tables
Supplementary Table 1. List of primary antibodies.
Name

Catalog

TRPM2

#PA1-46473

Antiaquaporin 1(AQP1)
TGF-β1
CTGF
α-SMA
Fibronectin
Collagen I
Collagen III
Phospho-AMPK(S487)
JNK1
Phospho-IKKα (T23)
IKKα
Phospho-NF-κB (Ser536)
NF-κB
Lamin B
GAPDH

#NB600-749
#ab64715
#bs-0743R
#bs-33187M
#bs-0666R
#bs-7158R
#bs-0549P
#ab131357
#ab199380
#32041
#ab32041
#3033
#8242
#ab32535
#60004

Analysis
Western blot
IF staining
IF staining
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot
Western blot

Dilutions
1:1000
1:50
1:200
1:1000
1:1000
1:1000
1:1000
1:500
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:500
1:10000

Company
Invitrogen
Novus Biologicals
Abcam
Bioss
Bioss
Bioss
Bioss
Bioss
Abcam
Abcam
Abcam
Abcam
CST
CST
Abcam
Proteintech

IF, immunofluorescence.

Supplementary Table 2. The RT-qPCR sequences used in the study.
Gene name
mouse-TRPM2
human-TRPM2
mouse-TNF-α
mouse-IL-1β
mouse-IL-6
mouse-MCP-1
mouse- IFN-γ
mouse-GAPDH
human-GAPDH

www.aging-us.com

Primer sequences (5’→3’)
F: TACTCGCTTACGTGCGTAG
R: ATCGCTTCCGCCATAGTT
GAAGAGCATTTTCCGCAGAG
ATGAGCTCGCCTTCCTTGTA
F:CATCTTCTCAAAACTCGAGTGACAA
R: TGGGAGTAGATAAGGTACAGCCC
F: GCCTCGTGCTGTCGGACCCATAT
R: TCCTTTGAGGCCCAAGGCCACA
F: TCCGAGTTGCCGAACGAC
R: ATGACTCTATGCTCCACGTC
F: CCCACTCACCTGCTGCTACT
R: TCTGGACCCATTCCTTCTTG
F: GCGTCATTGAATCACACCTG
R: TGAGCTCATTGAATGCTTGG
F: AGGTCGGTGTGAACGGATTTG
R: TGTAGACCATGTAGTTGAGGTCA
F: CTGCACCACCAACTGCTTAG
R: AGGTCCACCACTGACACGTT
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Supplementary Table 3. Clinical data on male patient samples.
Total numbers
Age
Weight (kg)
Body mass index ( kg/m2)
Systolic blood pressure on admission (mmHg)
Diastolic blood pressure on admission (mmHg)
Serum creatinine (mmol/L)
Serum uric acid (umol/L)
Estimated glomerular filtration rate (ml/min/1.73m 2)
Serum albumin (g/L)
Proteinuria (mg/day)

Normal
6
54.33 ± 2.93
72.20 ± 3.57
24.38 ± 0.62
115.50 ± 4.32
73.17 ± 1.54
63.83 ± 6.45
231.00 ± 12.56
108.00 ± 3.30
38.17 ± 3.50
59.50 ± 4.82

Diabetic nephropathy
6
54.67 ± 2.91
62.20 ± 2.58
20.85 ± 1.09
157.17 ± 3.73
84.00 ± 1.93
148.83 ± 20.66
370.50 ± 22.62
58.83 ± 2.34
26.33 ± 1.98
3620.00 ± 613.89

P-value
0.937
0.047
0.019
<0.001
0.001
0.008
<0.001
<0.001
0.015
<0.001

Data are means ± S.E.
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