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Background: Diabetic nephropathy (DN), the formation of albuminuria, is one of the most important complications seen in
diabetic patients. IL-37, an inhibitor of congenital inflammation and immune response, plays an important role
in the occurrence and development of diabetes, but its study in DN has not been previously reported.

Material/Methods: Podocyte transfection techniques were used to overexpress STAT3 and cyclophilin A (CypA). The expression of
IL-37, STAT3, and CypA was detected by RT-qgPCR and western blot. Cell survival was detected by CCK-8. The
expression of inflammatory factors and molecules related to oxidative stress was detected by ELISA and west-
ern blot, and cell apoptosis was detected by flow cytometry and western blot.

Results: The expression of IL-37 was significantly decreased in high glucose-treated podocytes. IL-37 improved the sur-
vival rate of podocytes suffering from high glucose-induced apoptosis. It inhibited the expression of the in-
flammation-related factors tumor necrosis factor o (TNF-ov), IL-1pB, IL-6, malondialdehyde (MDA), and lactate
dehydrogenase (LDH), and promoted the expression of superoxide dismutase (SOD) in high glucose-treated
podocytes. In addition, IL-37 inhibited the expression of the inflammation-related proteins MCP-1, NLRP3, ASC,
and caspase-1. IL-37 also inhibited high glucose-induced apoptosis of podocytes by inhibiting the expression
of the apoptosis-related proteins Bax and cleaved caspase-3/6/9, and by promoting the expression of Bcl-2.
At the same time, we found that the STAT3/CypA signaling pathway was activated after induction by high glu-
cose, while it was inhibited after treatment with IL-37. Overexpression of STAT3 and CypA inhibited the effects
of IL-37 on the alleviation of inflammation and oxidative stress and on the reduction of apoptosis of high glu-
cose-treated podocytes.

Conclusions: IL-37 can significantly reduce podocyte inflammation, oxidative stress, and apoptosis induced by high glucose,
and can inhibit the STAT3-CypA signaling pathway. Upregulation of the STAT3-CypA signaling pathway can in-
hibit the protective effect of IL-37 against podocyte injury induced by high glucose.
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Background

Diabetic nephropathy (DN) is one of the most common forms
of diabetic microangiopathy. High glucose-induced podocyte
inflammation, oxidative stress, and apoptosis play a key role in
the occurrence and development of DN [1]. In the early stage
of DN, there are no obvious clinical symptoms, so it is easily
missed. As the disease progresses, renal insufficiency will ap-
pear, and eventually develop into the terminal stage of renal
failure [2]. Therefore, novel insights into the pathophysiolo-
gy and clinical aspects of diabetic nephropathy are urgently
needed [2]. Podocytes are highly differentiated epithelial cells
located in the glomerular basement membrane (GBM), which,
together with the GBM and capillary endothelium, constitute
the glomerular filtration membrane barrier. The main clini-
cal feature of DN is a significant increase in proteinuria in pa-
tients. The occurrence of proteinuria is closely related to the
integrity of the glomerular filtration barrier (GFB), the failure
of which is a major cause of end-stage nephropathy. Many di-
abetic animal model studies and cell experiments have sug-
gested that hyperglycemia can cause the destruction of podo-
cyte structure and function, thus leading to the development
of DN and proteinuria [3].

IL-37, a newly discovered member of the IL-1 family, is a nat-
ural inhibitor of congenital inflammation and immune re-
sponse. During acute or chronic inflammation, inflammato-
ry stimulation promotes the stabilization of the expression of
IL-37 mRNA, preventing excessive inflammation in cells and
thereby exerting anti-inflammatory effects[4,5]. IL-37 can re-
duce myocardial ischemia reperfusion injury in mice, accom-
panied by myocardial cell apoptosis and reactive oxygen spe-
cies (ROS) reduction [6]. In addition, IL-37 expression levels
have been significantly correlated with insulin resistance in
type 2 diabetes and are highly expressed in insulin-sensitive
mice. Subsequently, overexpression of IL-37 was found to in-
hibit the development of diabetes in mice[7]. However, the
effects of IL-37 on high glucose-induced podocyte inflamma-
tion, oxidative stress, and apoptosis have not been reported.

Signal transducer and activator of transcription (STAT3) reg-
ulates the biological behavior of immune cells by mediating
extracellular signals of inflammatory mediators. It is an indis-
pensable key molecule in the process of inflammation. The
activation of STAT3 promotes the production of inflammato-
ry cytokines and chemokines as well as apoptosis in cells [8].
Cyclophilin A (CypA) is an inflammatory protein that is highly
expressed in atherosclerosis and DN [9,10]. It has been report-
ed that the STAT3-CypA signaling pathway stimulates human
umbilical vein endothelial cell apoptosis in vitro [11]. In addi-
tion, IL-37 can alleviate allergic inflammation in allergic rhini-
tis by inhibiting the expression of STAT3 and p-STAT3. We hy-
pothesized that IL-37 could inhibit the STAT3-CypA pathway
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and reduce hyperglycemia-induced podocyte inflammation,
oxidative stress, and apoptosis.

In this paper, we mainly studied the effects of IL-37 on high
glucose-induced podocyte inflammation, oxidative stress, and
apoptosis, and discussed the mechanism underlying these ef-
fects, thus providing potential therapeutic targets and ideas
for the treatment of DN.

Material and methods

Cell culture and induction

Podocytes (mouse origin) were obtained from the Shanghai
Cell Collection (Shanghai, China) and cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) (Gibco; Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS)
(Gibco; Thermo Fisher Scientific). The podocytes were incu-
bated at 37°C in 5% CO,. To construct the cell model of DN,
podocytes were incubated in medium with 30 mM glucose;
this group was designated the high-glucose group (HG) [12].
The normal glucose group (medium with 5.5 mM glucose) was
used as the control group (NG), and mannitol-treated podo-
cytes were used as the osmotic pressure control group (MA).
High-glycemic podocytes incubated with IL-37 (R&D Systems,
Minneapolis, MN, USA) were used as the experimental group.
Each set of experiments was repeated three times.

RNA extraction and quantitative real-time polymerase
chain reaction (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen,
Thermo Fisher Scientific, Inc.), and RNA concentration and quan-
tification were assessed using a Nanodrop spectrophotometer
(Thermo Fisher Scientific, Inc.). RNA was reverse transcribed us-
ing the First-Strand cDNA synthesis kit (Takara Biotechnology
Co., Ltd., Dalian, China). Subsequently, cDNA was analyzed us-
ing a TagMan® Universal PCR Master Mix kit (Thermo Fisher
Scientific, Inc.), according to the manufacturer’s protocols.
Amplification conditions were as follows: 95°C for 10 min,
followed by 40 cycles of 95°C for 10 sec and 60°C for 60 sec.
Primer sequences used in PCR were obtained from GenScript
(Piscataway, NJ, USA). The sequences of all primers, includ-
ing those to amplify GAPDH, are listed in Table 1. The relative
quantification of gene expression level was conducted using
the 244% method, and normalized to GAPDH expression [13].

Western blot
Total protein was extracted with a Radio Immunoprecipitation

Assay (RIPA) lysis solution. The proteins were denatured and
then separated using sodium dodecyl sulfonate (SDS) lysis
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Table 1. Primer sequences for gRT-PCR.

Gene Sequence (5°-3’)

37 Forward CTCCTGGGGGTCTCTAAAGG
Reverse TACAATTGCAGGAGGTGCAG
Forward GAGGACTGAGCATCGAGCA

ST AT I
Reverse CATGTGATCTGACACCCTGAA

CYPA Forward AAAGCATACAGGTCCTGGCATC
Reverse GGTCCTCAGTGTAGCCCAAG
Forward TGGGTGTGAACCACGAGAA

G

Reverse GGCATGGACTGTGGTCATGA

buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) and
then transferred onto polyvinylidene difluoride membranes.
Following blocking with 5% nonfat milk at room temperature
for 2 h, membranes were incubated with the primary antibod-
ies against IL-37, monocyte chemotactic protein 1 (MCP-1),
NOD-like receptor family protein 3 (NLPR3), apoptosis-asso-
ciated speck-like protein containing CARD (ASC), caspase-1,
Bcl-2, Bax, cleaved caspase-3, cleaved caspase-6, cleaved
caspase-9, caspase-3, caspase-6, caspase-9, STAT3, CypA (all
1: 1,000; all from Cell Signaling Technology, Inc.) at 4°C over-
night. Subsequently, the membranes were incubated with
secondary antibodies at room temperature for 2 h. GAPDH
(1: 5,000; Cell Signaling Technology, Inc.) was used as the in-
ternal control. A semiquantitative analysis was conducted us-
ing ImageJ software.

Cell Counting Kit-8 (CCK-8)

Cell viability was measured using a CCK-8 assay kit (Dojindo
Molecular Technologies, Inc.). Cells were seeded in 96-well
plates at a density of 2,000/well. The cells were treated ac-
cording to their experimental group, 10 pl CCK-8 solution was
added to each well, and the plates were incubated at 37°C for
2 h. The absorbance at 450 nm of each group was measured
by a multimode reader (Bio-Rad Model 550).

Enzyme-linked immunosorbent assay (ELISA)

Protein levels of tumor necrosis factor o (TNF-ot), IL-1p, IL-6,
malondialdehyde (MDA), lactate dehydrogenase (LDH), and
superoxide dismutase (SOD) were determined using an ELISA
kit (Thermo Scientific, Inc.), which displayed results based on
the semiquantitative enzyme immunoassay technique. The
absorbance of the resulting yellow product was measured at
450 nm. The test samples multiply the interpolated value ob-
tained from the standard curve by a dilution factor to calculate
concentrations of human TNF-q,, IL-1B, and IL-6 in the sample.
The calculations for MDA, LDH, and SOD were conducted ac-
cording to the instructions in the kit.
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Flow cytometry

The collected podocytes were washed with cold PBS and then
were collected and stained with Annexin V/PI double stain
(Annexin V-FITC, Vazyme Biotech Co. Lt, Nanjing City, China)
for 10 min. Cell apoptotic data were then analyzed using flow
cytometry (FACSCalibur; Becton-Dickinson, Franklin Lakes, NJ,
USA) and quantified by Flow Jo software (version 7.6.1; Flow
Jo LLC, Ashland, OR, USA).

Cell transfection

Total RNA was extracted from podocytes, and cDNA was syn-
thesized by reverse transcription. Full-length genes encod-
ing STAT3 and CypA were amplified with specific primers and
cloned into the pBabe vector (Addgene company, USA). The
cells were transfected with STAT3 and CypA plasmids or neg-
ative control (NC) using the Lipofectamine2000 transfer kit
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer’s instructions. Cells of the blank control group
(Control) did not receive any treatment.

Statistical analysis

Statistical analysis was conducted using SPSS version 17.0
(SPSS, Inc., Chicago, IL, USA). Data were expressed as the
meanzstandard deviation. Comparisons between two groups
were analyzed with an independent Student’s t-test. One-
way ANOVA followed by the Student-Newman-Keuls post-
hoc test was used to analyze the differences among multiple
groups. P<0.05 was considered to indicate a statistically sig-
nificant difference.

Results

IL-37 was decreased in high glucose-treated podocytes and
this increased their survival rate

Podocytes were treated with glucose at a concentration of 30
mM (HG group) to establish a model of DN. Glucose treatment
at a concentration of 5.5 mM was used as the control group;
namely, the NG group. Mannitol treatment was used as the os-
motic pressure control group; namely, the MA group. As shown
in Figure 1A and 1B, the expression of IL-37 in the HG group
decreased significantly compared with the NG group and the
MA group. Subsequently, podocytes were treated with IL-37
at concentrations of 0, 10, 100, and 1000 ng/mL for 48 h, and
cell survival was detected by CCK-8, with no significant dif-
ference found (Figure 1C). However, after treatment of high
glucose-treated podocytes with different concentrations of
IL-37 for 48 h, we found that, compared with the NG and MA
groups, the cell survival rate of HG-group podocytes decreased
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Figure 1. The expression of IL-37 decreased in high glucose-treated podocytes. (A) The expression of IL-37 was detected by RT-qPCR.
(B) The expression of IL-37 was detected by western blot. (C, D) The CCK-8 technique was used to detect cell survival rate.
** p<0.01; *** p<0.001 vs. NG; # p<0.01; ## p<0.001 vs. MA; & p<0.05, & p<0.01 vs. HG. NG — normal glucose group (medium
with 5.5 mM glucose); MA — mannitol-treated podocytes used as the osmotic pressure control group; HG — high-glucose
group (medium with 30 mM glucose).
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Figure 2. IL-37 reduces inflammation and oxidative stress of high glucose-treated podocytes. The expression of the inflammatory

cytokines TNF-a. (A), IL-1B (B), and IL-6 (C) as well as the oxidative stress-related molecules MDA (D), LDH (E), and SOD
(F) was detected by ELISA. *** p<0.001 vs. NG; #*# p<0.001 vs. MA; & p<0.05, & p<0.01, #& p<0.001 vs. HG. NG — normal
glucose group (medium with 5.5 mM glucose); MA — mannitol-treated podocytes used as the osmotic pressure control group;
HG - high-glucose group (medium with 30 mM glucose).
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Figure 3. IL-37 reduces inflammation of high glucose-treated podocytes. The expression levels of the inflammatory proteins MCP-1,
NLRP3, ASC, and caspase-1 were detected by western blot. ** p<0.01, *** p<0.001 vs. NG; ## p<0.01, ## p<0.001 vs. MA;
& p<0.05 vs. HG. NG — normal glucose group (medium with 5.5 mM glucose); MA — mannitol-treated podocytes used as the
osmotic pressure control group; HG — high-glucose group (medium with 30 mM glucose).

significantly. Compared with the HG group, the cell survival
rate increased significantly with increasing concentrations of
IL-37 (Figure 1D). Therefore, we chose 1000 ng/ml IL-37 for
follow-up experiments.

IL-37 reduces inflammation and oxidative stress in high
glucose-treated podocytes

Cells were divided into the NG group, MA group, HG group,
and HG+IL-37 group. The expression of inflammatory factors
was detected by ELISA. Compared with the NG group and
MA group, the expression levels of TNF-a (Figure 2A), IL-1B
(Figure 2B), and IL-6 (Figure 2C) in the HG group were signifi-
cantly increased, indicating that high glucose induced inflam-
mation in podocytes. However, after IL-37 treatment, com-
pared with the HG group, the expression levels of TNF-a, IL-1,
and IL-6 in the HG+IL-37 group were obviously decreased, in-
dicating that IL-37 reversed the expression level of inflam-
matory cytokines of podocytes treated with high glucose.
Subsequently, the oxidative stress level of cells was detected
by ELISA. Compared with the NG and MA groups, the expres-
sion levels of MDA (Figure 2D) and LDH (Figure 2E) in the HG
group were increased and the expression of SOD (Figure 2F)
was decreased, indicating that high glucose induced an oxida-
tive stress response in podocytes. However, after IL-37 treat-
ment, compared with the HG group, the expression levels of
MDA and LDH decreased, while SOD expression in the HG+IL-37
group increased significantly, indicating that IL-37 reduced the

oxidative stress level of podocytes treated with high glucose.
Western blot was used to detect the expression level of in-
flammation-related proteins, such as MCP-1, NLRP3, apopto-
sis-associated speck-like protein containing a CARD (ASC), and
caspase-1. The trend was consistent with the expression lev-
el of the inflammatory factors (Figure 3). The results showed
that IL-37 can reduce the inflammation and oxidative stress
induced in podocytes by high glucose.

IL-37 alleviated apoptosis of high glucose-treated
podocytes

Next, we detected cell apoptosis by flow cytometry and west-
ern blot. As shown in Figure 4, we found that, compared
with the NG and MA groups, the cell survival rate of the HG
group was decreased. This decrease in survival was accom-
panied by an increase in the apoptotic protein Bax, cleaved-
caspase-3, cleaved-caspase-6, and cleaved-caspase-9, and a
decrease in bcl-2 protein. Compared with the HG group, the
cell survival rate of the HG+IL-37 group increased, accompa-
nied by decreased Bax, cleaved-caspase-3, cleaved-caspase-6,
and cleaved-caspase-9 and by increased bcl-2 protein. These
results showed that IL-37 can reduce podocyte apoptosis in-
duced by high glucose.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€922979-5




LAB/IN VITRO RESEARCH

Zhang X. et al.:
Role of IL-37 in diabetic nephropathy induced by high glucose
© Med Sci Monit, 2020; 26: €922979

A B
NG MA HG HGHIL-37
1001 @ 0@ @ W 10{a @ %0 Fidd
_ ] 00| g oS48 g _ e 3.15% s %
210 : 20 210 2 ERE
S = 10 z % g 2 28&
2 S e e o =
Ll ® Jjos 3 Ljoa ® 3
10%196.2% 2470% 10*195.5% 235% 10*156.4% | 230% 0
107 10° 104 10° 10° 107 107 10° 104 10° 10° 107 107 10° 10° 10° 10° 10 10° 10° 104 10° 10° 107 NG MA HG HG+IL-37
FL1-A: FL1-A FL1-A:FL1-A FL1-A: FL1-A FL1-A: FL1-A
Fiid - 3
C = *k 215 £ 20 sk
g g g &
Bax| = e o o— = Se
I | g3 8&& =10 wo & 33
Bc|-2|— — -| £ g ** g;;-)— 10
s = o=
= 0S5 T
(leaved caspase—3|—- — — -l S 1 =2 5805
= 2 S =
Caspase-3|- en emmy —l é 0 % 0.0 % 0.0
NG MA HG HGHIL-37 & NG MA HG HG+IL-37 = NG MA HG  HG+IL-37
(leaved caspase—6|~ S e ——| - -
Caspase-6|— - —| 2y rm g o
K] *R¥ K] *KK
(Ieaved(aspase—9| - e D —| 283 " TE4 48
8L 8L 3
Caspase—9|- -— e -| 2§82 gs X
GAPDH|-—--| §‘g1 §§1
NG MA  HG HG+L-37 2 0 Z 0
= NG MA  HG HG+IL-37 = NG MA  HG HG+IL-37

Figure 4. IL-37 alleviated the apoptosis induced by high-glucose treatment of podocytes. (A) The expression of apoptosis was detected
by flow cytometry. (B) Statistical analysis of apoptosis. (C) Western blot was used to detect the expression of apoptosis-
related proteins. ** p<0.01, *** p<0.001 vs. NG; # p<0.01, ## p<0.001 vs. MA; & p<0.05, & p<0.001 vs. HG. NG — normal
glucose group (medium with 5.5 mM glucose); MA — mannitol-treated podocytes used as the osmotic pressure control group;
HG - high-glucose group (medium with 30 mM glucose).

Overexpression of STAT3 and CypA inhibited the IL-37-
induced alleviation of inflammation and oxidative stress in
high glucose-treated podocytes

We treated podocyte cells with high glucose and found that
the expression of STAT3, p-STAT3, and CypA in the STAT3-CypA
signaling pathway increased markedly compared with the NG
and MA groups, but decreased significantly after the addition
of IL-37 (Figure 5). Therefore, we speculated that IL-37 might
play a regulatory role in the inflammation, oxidative stress,
and apoptosis of podocytes treated with high glucose via the
STAT3-CypA signaling pathway. Therefore, cell transfection
technology was used to overexpress STAT3 and CypA, and the
expression levels of STAT3 and CypA were detected by west-
ern blot and RT-qPCR. Figure 6A shows that, after the detec-
tion of overexpression of STAT3 by RT-qPCR, the expression of
STAT3 and CypA clearly increased, compared with that of the
overexpression negative control (Oe-NC) group. The western
blot data showed that, compared with Oe-NC, the expression
levels of STAT3, p-STAT3, and CypA were obviously increased
after the overexpression of STAT3 alone (Figure 6B, 6C). After
CypA overexpression alone, the results of RT-qPCR indicated

a clear increase in the expression of CypA, while there was no
significant change in the level of STAT3 (Figure 6D), indicating
successful transfection and overexpression of CypA. In addi-
tion, western blot was used to detect the expression of STAT3,
p-STAT3, and CypA, as shown in Figure 6E and 6F. We found
that, compared with the Oe-NC group, the expression of CypA
in the Oe-CypA group was significantly increased, which was
consistent with the results of RT-qPCR, while the expression
of STAT3 and p-STAT3 was not changed. Thereafter, we divid-
ed the cells into the following groups: NG group, HG group,
HG+IL-37 group, HG+IL-37+0e-STAT3 group, and HG+IL-37+0e-
CypA group. We found that, compared with the NG group, the
HG cells showed significantly increased levels of cellular ox-
idative stress (Figure 7). Specifically, the expression levels of
the cytokines TNF-q, IL-1B, and IL-6, and the inflammation-re-
lated proteins MCP-1 and NLRP3, were increased. The expres-
sion levels of the oxidative stress factors MDA and LDH also in-
creased, while the expression of SOD decreased. However, after
the addition of IL-37, the oxidative stress level of the cells de-
creased significantly. After overexpression of STAT3 and CypA,
compared with the HG+IL-37 group, the expression levels of
the inflammatory cytokines TNF-a, IL-1B, and IL-6 increased
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Figure 5. The expression of STAT3/CypA in cells treated with IL-37. Western blot was used to detect the expression of STAT3, p-STAT3,
and CypA in the cells. *** p<0.001 vs. NG; ## p<0.001 vs. MA; & p<0.01, #& p<0.001 vs. HG. NG, normal glucose group
(medium with 5.5 mM glucose); MA — mannitol-treated podocytes used as the osmotic pressure control group; HG — high-

glucose group (medium with 30 mM glucose).

after the overexpression of STAT3 and CypA (Figure 7A), and
the expression levels of the inflammation-related proteins MCP-
1 and NLRP3 were also elevated (Figure 7B). Furthermore, the
expression of oxidative stress parameters such as MDA and
LDH increased (Figure 7C), which showed that overexpression
of STAT3 and CypA inhibited the effects of IL-37 on the allevi-
ation of inflammation and oxidative stress of podocytes treat-
ed with high glucose. However, overexpression of STAT3 and
CypA did not decrease the expression of SOD.

Overexpression of STAT3 and CypA inhibited the anti-
apoptotic effects of IL-37 in high glucose-treated
podocytes

Next, we looked at cell apoptosis. As shown in Figure 8A and 8B,
the apoptosis rate of podocytes increased after treatment with
high glucose, accompanied by increased expression of Bax,
cleaved caspase-3, cleaved caspase-6, and cleaved caspase-9,
while there was no significant change in the expression of cas-
pase-3, caspase-6, and caspase-9. Decreased expression of
Bcl-2 protein was also found. The apoptosis rate of damaged
podocytes decreased substantially after the introduction of
IL-37, accompanied by decreased expression of Bax, cleaved
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caspase-3, cleaved caspase-6, and cleaved caspase-9 and in-
creased expression of Bcl-2 protein. This result is consistent
with Figure 4. Compared with the HG+IL-37 group, after the
overexpression of STAT3 and CypA, apoptosis increased, ac-
companied by increased expression of Bax, cleaved caspase-3,
cleaved caspase-6, cleaved caspase-9, and decreased expres-
sion of Bcl-2 protein (Figure 9), which showed that overexpres-
sion of STAT3 and CypA inhibited the reduction in apoptosis
by IL-37 in podocytes treated with high glucose.

Discussion

The most common clinical feature of DN is progressive protein-
uria due to impairment of the GFB, and the normal morpholo-
gy and function of podocytes play an important role in protein-
uria formation and maintenance of renal function [14,15]. In
many studies, podocytes have been treated with high glucose
to cause DN in experimental models [16,17]. In this study, we
treated podocytes with high glucose to construct a cell mod-
el of DN, and found that high glucose induced increased lev-
els of inflammation and cell damage in podocytes. This was
consistent with the findings in the literature we reviewed [18].
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Figure 6. Overexpression of STAT3 regulated the expression of downstream CypA in cells treated with IL-37. (A) After overexpression
of STAT3, expression levels of STAT3 and CypA were detected by RT-qPCR. (B) After overexpression of STAT3, expression
of STAT3 and CypA was detected by western blot. (C) Statistical analysis chart of B. (D) After overexpression of CypA,
expression levels of STAT3 and CypA were detected by RT-gPCR. (E) After overexpression of CypA, expression of STAT3 and
CypA was detected by western blot. (F) Statistical analysis chart of E. * p<0.05, ** p<0.01, *** p<0.001 vs. Oe-NC. Oe-NC —

overexpression-negative control.

In this study, we found that the expression of IL-37 was sig-
nificantly decreased in podocytes treated with high glucose.
This finding indicated that the expression of IL-37 was close-
ly related to the development of diabetes. It has been docu-
mented that the expression of IL-37 is decreased significantly
in type 2 diabetes mellitus and that overexpression of IL-37
inhibits the development of diabetes mellitus [7]. This is con-
sistent with our results. IL-37 inhibits inflammatory respons-
es and thus protects pregnant women from developing gesta-
tional diabetes [19]. Moreover, IL-37 reduces the production of
pro-inflammatory cytokines in adipose tissue, thereby improv-
ing insulin sensitivity in mice with metabolic syndrome [20]. In
this study, we treated cells with 1000 ng/mL IL-37 and found

that high glucose-induced podocyte inflammation and oxidative
stress were clearly reduced. Next, we tested for cell apoptosis
and found that IL-37 alleviated apoptosis induced by high-glu-
cose treatment of podocytes. This suggests that IL-37 can re-
duce DN symptoms by inhibiting inflammation and cell damage.

In the course of the experiment, we found that the expression
levels of STAT3, p-STAT3, and CypA were significantly increased
in the high-sugar-treated cells, indicating that the STAT3-CypA
signaling pathway was activated in these cells upon high glu-
cose stimulation. STAT3 is a transcription factor central to cy-
tokine signaling that regulates the inflammatory response by
inducing the expression of cytokines, adhesion molecules, and
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Figure 7. Overexpression of STAT3 and CypA inhibited the IL-37-induced reduction of inflammation and oxidative stress in high
glucose-treated podocytes. (A) Expression of the inflammatory cytokines TNF-q, IL-1f, and IL-6 was detected by ELISA.
(B) Expression of the inflammatory proteins MCP-1 and NLRP3 was detected by western blot. (C) Expression of the oxidative
stress-related factors MDA, LDH, and SOD was detected by ELISA. *** p<0.001 vs. NG; # p<0.05, # p<0.01, ## p<0.001 vs. HG;
& p<0.05 vs. HG+IL-37. NG — normal glucose group (medium with 5.5 mM glucose); HG — high-glucose group (medium with
30 mM glucose); HG+IL-37 — high-glucose group with added IL-37.

chemokines. Inhibition of STAT3 can prevent lung inflamma-
tion, remodeling, and accumulation of Th2 and Th17 cells in
a murine asthma model [21]. CypA is an inflammatory medi-
ator that plays an important role in both atherosclerosis and
myocardial inflammation [9,22]. In addition, CypA has been
identified as a new biomarker for early diabetic nephropa-
thy [10,23-25]. Moreover, by inhibiting the activation of NF-
kB and STAT3, IL-37 can relieve asthma airway inflammation
and remodeling [26]. IL-37 also downregulates the expression

of phosphorylated STAT6 and phosphorylated STAT3 to reduce
inflammation in allergic rhinitis [27].

It has been reported that the STAT3-CypA signaling pathway
stimulates apoptosis of human umbilical vein endothelial cells
in vitro [11]. Therefore, we speculated that IL-37 could inhib-
it the STAT3-CypA pathway to alleviate high glucose-induced
podocyte inflammation, oxidative stress, and apoptosis. The
results of our experiment confirm this speculation. After the
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Figure 9. Overexpression of STAT3 and CypA inhibited the IL-37-induced reduction of apoptosis of high glucose-treated podocytes.
Western blot was used to detect the expression of apoptosis-related proteins in cells. *** p<0.001 vs. NG; #*## p<0.001 vs.
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addition of IL-37, the expression levels of STAT3, P-STAT3, and
CypA decreased, and the levels of cell inflammation, oxidative
stress, and apoptosis also decreased significantly, which sug-
gested that IL-37 may inhibit cell inflammation, oxidative stress,
and apoptosis by inhibiting the STAT3-CypA signaling pathway.

To further validate our findings, STAT3 and CypA were overex-
pressed in the high glucose-treated+IL-37-treated podocytes.
As a result, the alleviating effects of IL-37 on inflammation
and injury of podocytes induced by high glucose were inhib-
ited. This conclusion is also consistent with the experimental
results of Wang et al. [27]. However, overexpression of STAT3
and CypA did not decrease the expression of SOD. The rea-
son for this may be that the increase in SOD is pathologic. In
the early stage of acute diseases, when the body produces a
large amount of free radicals, the body will soon cause oxi-
dative stress, and affect the expression of proteins and oth-
er regulatory and response mechanisms. Under conditions
of induction of free radicals and the compensatory stress of
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the body, in order to enhance antioxidant capacity, SOD lev-
el will be transiently increased. Therefore, we concluded that
upregulation of the STAT3-CypA signaling pathway could in-
hibit the protective effect of IL-37 against podocyte injury in-
duced by high glucose.

Conclusions

IL-37 can significantly reduce podocyte inflammation, oxidative
stress, and apoptosis induced by high glucose, and inhibit the
STAT3-CypA signaling pathway. Upregulation of the STAT3-CypA
signaling pathway can inhibit the protective effect of IL-37 on
podocyte injury induced by high glucose.
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