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Background: The inflammation and apoptosis of podocytes contribute to the pathological progression of diabetic nephrop-
athy. Gasdermin D (GSDMD) plays an executive role in pyroptosis, but its effect on high-glucose (HG)-induced
inflammation and apoptosis remains unclear. The aim of this study was to investigate the effect of GSDMD on
high-glucose-induced inflammation and apoptosis in podocytes.

Material/Methods: Mouse podocytes were cultivated by high- or normal-glucose medium. We used western blot analysis, reverse
transcription-quantitative polymerase chain reaction (RT-qPCR), and immunofluorescence to detect the expres-
sion and localization of GSDMD in high-glucose-induced podocytes, and the expression of apoptosis-related
proteins Bax and Bcl-2, inflammatory factors IL-1p, IL-6, and TNF-a, and JNK pathways in high-glucose-induced
podocytes. Western blot and immunofluorescence were used to detect the expression and localization of syn-
aptopodin under GSDMD knockdown and JNK-specific blocker SP600125. MitoSOX Red was used to detect the
production of ROS in mitochondria under siGSDMD. The intracellular ROS generation was detected using a re-
active oxygen species assay kit.

Results: We found that GSDMD knockdown and JNK inhibition reduced the expression of Bax, Bcl-2, cleaved caspase-3,
IL-1B, IL-6, and TNF-c. Our results showed that GSDMD knockdown can inhibit HG-induced mitochondrial ROS
production and JNK phosphorylation.

Conclusions: This study indicates that GSDMD knockdown can attenuate HG-induced inflammation and apoptosis by inhib-
iting the phosphorylation of JNK via mitochondrial ROS.
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Background

Diabetes is a group of metabolic diseases characterized by
hyperglycemia, and it is a major health problem worldwide.
According to the latest global diabetes map (Diabetes Atlas
9t Edition) released by the International Diabetes Federation
(IDF) in 2019 [1], there are approximately 463 million adults
age 20-79 years with diabetes. Moreover, it is estimated that
by 2030, the number of diabetic patients will reach 578.4 mil-
lion, and 700.2 million by 2045. Diabetic nephropathy (DN) is
the most serious long-term microvascular complication of di-
abetes and is also one of the main causes of end-stage re-
nal failure. Podocyte injury is an important factor of glomer-
ulosclerosis in DN. Moreover, studies have shown that the
production of ROS increases in a high-glucose (HG) environ-
ment [2] and that the mitochondria are the main source of
ROS production [3].

C-Jun N-terminal kinase (JNK) is an important member of the
mitogen-activated protein kinase (MAPK) family. Activation of
the JNK regulatory pathways can trigger several pathophysio-
logical processes such as cell proliferation and cell death [4].
Previous studies have shown that in rats with adenine-in-
duced nephropathy, activation of the TGF-B1/JNK signaling
pathway plays a major role in the apoptosis of renal tubular
epithelial cells and renal damage [5]. The JNK pathway is usu-
ally activated in diabetic nephropathy and the long non-cod-
ing RNA (IncRNA) CASC2 can be used to accurately predict DN.
Moreover, in mouse podocytes treated with high glucose, the
IncRNA CASC2 expression level was decreased, while the JNK
phosphorylation level was increased. IncRNA CASC2 overex-
pression has also been shown to inhibit the apoptosis of podo-
cytes and reduce JNK phosphorylation levels [6]. Therefore, in-
hibition of the JNK pathway is currently considered a target
for the treatment of DN.

Gasdermin D (GSDMD) belongs to the conserved gasdermin
domain protein family [7], which includes GSDMA, GSDMB,
GSDMC, GSDMD, DFNA5, and DFNB59 in humans, while mice
harbor 3 GSDMAs (GSDMA1-3) and 4 GSDMCs (GSDMC1-4)
[8,9]. GSDMD is the final executor of pyroptotic cell death and
serves as the direct substrate of activated caspase-1 in the
canonical inflammation signaling pathway and as that of cas-
pase-11/4/5 in the noncanonical pathway [10,11]. Inflammatory
caspases cleave GSDMD into a 32-kDa N-terminal domain
(GSDMD-N) and a 22-kDa C-terminal domain (GSDMD-C). The
GSDMD-N acts as the direct executor of pyroptosis by induc-
ing formation of pores in the plasma membrane [12]. GSDMD
also plays a significant role in chronic kidney diseases. Previous
research has suggested that pyroptosis can participate in the
development of DN, as high-glucose levels elevate GSDMD,
GSDMD-N, and cleaved caspase-1 protein levels in renal glo-
merular endothelial cells [13]. However, while the molecular
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mechanism underlying GSDMD-mediated pyroptosis in DN
is well understood, it remains unclear whether GSDMD also
plays a role in other inflammatory and apoptotic processes.

In the present study, we assessed the regulatory role of mito-
chondrial ROS (mtROS) in GSDMD cleavage. Moreover, we fur-
ther explored the role of GSDMD in inflammation and apopto-
sis in a high-glucose environment.

Material and Methods

Chemicals and Regents

D-glucose and the JNK inhibitor SP600125 were obtained from
Sigma (St. Louis, USA). The RPMI 1640 medium was purchased
from Thermo Fisher (Carlsbad, USA) and DMEM-F12 medium
was obtained from Corning (Steuben County, NY, USA). Fetal
bovine serum (FBS) was purchased from GIBCO Invitrogen
(Carlshad, CA, USA). IFN-y was obtained from MedChem Express
(New Jersey, USA). The antibodies against GSDMD, GSDMD-N,
JNK, and p-JNK were purchased from Abcam (Cambridge, UK),
while the antibody against cleaved caspase-3 was obtained
from Cell Signaling Technology (Beverly, USA). The antibod-
ies against synaptopodin, Bax, Bcl-2, SOD2, TNF-a, IL-1, IL-6,
and B-actin were purchased from Proteintech (Chicago, USA).

Cell Culture

Conditionally immortalized mouse podocytes were cultured as
previously reported [14]. To induce differentiation, podocytes
cells were cultured at 37°C in a 95% air/5% CO, atmosphere
without IFN-y for 2 weeks and then were used for subsequent
experiments. The podocytes were cultured in DMEM-F12 (5: 1)
supplemented with normal-glucose (NG, 5.5 mM) or high-glu-
cose (HG, 30 mM) concentrations for 6 h, 12 h, 24 h, or 48
h after being pre-treated with the JNK inhibitor SP600125
(15 um) for 4 h.

Western Blotting

Western blotting was performed according to the standard
methods. Briefly, the podocytes were lysed in RIPA lysis buffer
containing 0.2% protease inhibitors (BestBio, Shanghai, China)
and 1% phosphatase inhibitors (Roche, Bale, Switzerland).
The BCA protein assay kit (Solarbio, Beijing, China) was used
to measure the total protein concentration. The primary anti-
bodies used were: anti-GSDMD, anti- GSDMD-N, anti -JNK, an-
ti-phospho-JNK, anti-cleaved caspase-3, anti-Bax, anti-synap-
topodin, anti-Bcl-2, anti-SOD2, and anti-B-actin. The protein
bands were visualized using an ECL detection kit (Biosharp,
Shenzhen, China), and detected using the Odyssey Fc System
(LI-COR, USA).
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Quantitative Real-time PCR (qRT-PCR)

The gRT-PCR experiments were performed according to the
methods described by Zhao et al [14]. Total RNA was extract-
ed from the samples using TRIzol reagent (Thermo Fisher,
Carlsbad, USA). The cDNA was synthesized using the Reverse
Transcription Kit (Thermo Fisher, Carlsbad, USA). PCR amplifi-
cation was conducted on the Agilent Mx3000PQPCR System
(Biosystems, USA) using SYBR Green Master Mix (Vazyme,
Nanjing, China). The primers were designed and synthesized
by Sangon Biotech (Shanghai, China). Primer sequences for
the genes analyzed were:

GSDMD: 5’-CTAGCTAAGGCTCTGGAGACAA-3’ and
5’-GATTCTTTTCATCCCAGCAGTC-3".

Actin: 5’-GGC TGTATTCCCCTCCAT CG-3’ and
5’-CCAGTTGGTAACAATGCCATGT-3".

The relative expression levels were analyzed using the 2724¢T
method.

Immunofluorescence Staining

Conditionally immortalized mouse podocytes were grown and
stimulated for 24 h, then incubated with the primary antibod-
ies (anti-GSDMD anti-synaptopodin). After being washed, the
cells were treated with FITC-conjugated secondary antibodies
for 2 h at 37°C, then the nuclei were stained with DAPI for 10
min at room temperature. The localization intensity was as-
sessed using a fluorescence microscope (Olympus BX63, Japan).

Mitochondrial ROS Generation

The experiments were performed according to the methods
described by Zhao et al [14]. mtROS production was measured
using MitoSOX Red (Sigma, St. Louis, USA). After the treatment,
podocytes were incubated with 5 pM MitoSOX Red at 37°C in
the dark for 30 min. The fluorescent intensity was then detect-
ed using a confocal microscope (Leica, Germany).

siRNA Transfection

The day before transfection, 3-8x10° mouse podocytes were
seeded on 6-well plates and were grown to 70-90% conflu-
ence. The cells were transfected with 20 pM of GSDMD siRNA
or control siRNA using Lipofectamine 3000 reagents (Invitrogen,
CA, USA) according to the manufacturer’s protocol. After 4-6 h
of incubation in serum-free DMEM-F12 (5: 1) medium, the
medium was replaced with the original medium. After siRNA
transfection, the cells were treated and kept for subsequent
experiments. Western blotting was used to verify whether the
transfection was successful.
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Statistical Analysis

All experiments were done in triplicate. Dates are expressed as
the meantstandard deviation (SD). Date were analyzed using
SPSS software version 23.0 (SPSS, Inc, Chicago, IL, USA). The
differences among groups were analyzed for statistical signif-
icance using one-way ANOVA. Differences with P<0.05 were
considered to be statistically significant.

Results

High-glucose Induces GSDMD Expression in Mouse
Podocytes

To explore the role of HG in the activation of GSDMD in vitro,
mouse podocytes were cultured with HG for different time
periods. The protein and mRNA levels of GSDMD and the
protein level of GSDMD-N were then detected. As shown in
Figure 1A-1D, GSDMD and GSDMD-N protein levels were sig-
nificantly increased by HG in a time-dependent manner, with
the highest levels being detected in the podocytes that were
incubated with HG for 24 h. The immunofluorescence assay
demonstrated that GSDMD was mainly distributed in the cyto-
plasm of mouse podocytes. Compared with the NG group, the
GSDMD immunofluorescence intensity was found to be mark-
edly increased in the HG group at 24 h (Figure 1E), which is
consistent with the results obtained in the western blot and
gRT-PCR analyses.

GSDMD Knockdown Protects Mouse Podocytes Against
HG-induced Inflammation and Apoptosis

To identification the effect of GSDMD knockdown on HG-
induced inflammation and apoptosis, GSDMD siRNA and
NC siRNA were transfected into podocytes. Then, western
blot was used to detect the protein expression. Our results
showed that, compared with the NC group, siGSDMD protein
expression was significantly decreased, indicating GSDMD
was successfully knocked down (Figure 2A, 2B). As shown
in Figure 2C and 2D, GSDMD and GSDMD-N protein levels
were significantly decreased by siGSDMD in HG-cultured mouse
podocytes. Moreover, the Bax/Bcl-2 ratio and the expressed
level of cleaved caspase-3 were markedly increased after HG
incubation compared to the NG group (Figure 2E-2G). The ex-
pression of IL-1p, IL-6, and TNF-o was also found to be higher
in the HG group. Thus, our results show that the expression
of these proteins was significantly decreased by transfection
with siGSDMD, which indicates that siGSDMD can attenuate
HG-induced inflammation and apoptosis. Synaptopodin is
one of the cytoskeleton proteins found in differentiated ma-
ture podocytes, which helps maintain the functional structure
of podocytes and stabilize glomerular filtration [15]. Under
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Figure 1. Activation of GSDMD in HG-cultured mouse podocytes at various time points. (A-C) Western blot showing GSDMD and
GSDMD-N protein expression levels in NG and HG-cultured mouse podocytes. (D) The expression of GSDMD-N mRNA
was determined by RT-qPCR. (E) The expression of GSDMD in mouse podocytes was detected by immunofluorescence.
NG - normal-glucose; HG — high-glucose; Data represent the average of 3 measurements. Mean+SD of 3 experiments is

shown. * P<0.05, ** P<0.01 vs NG.

stimulation with HG, synaptopodin protein expression levels
were found to be significantly decreased compared to the NG
group. However, after siGSDMD treatment, synaptopodin ex-
pression levels were found to be significantly increased. In ad-
dition, immunofluorescence detection of synaptopodin con-
firmed the results of the western blot analysis (Figure 2H-2)).
These findings suggest that GSDMD knockdown can protect
podocytes from HG-induced injury.

Inhibition of the JNK Pathway Alleviates HG-induced
Inflammation and Apoptosis

The JNK-specific inhibitor SP600125 (15 pM) was used to as-
sess the effect of the JNK pathway on HG-induced inflamma-
tion and apoptosis. Our results showed that JNK and p-JNK
protein levels were reduced in both the NG and HG groups
after pretreatment with SP600125 (Figure 3A, 3B). However,
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Figure 2. Effects of GSDMD gene knockout on inflammation and apoptosis in mouse podocytes induced by HG. (A-D) The expression
of siGSDMD protein was detected by western blot. (E-G) The activity of Bax, Bcl-2, cleaved caspase-3, IL-1B, IL-6, and TNF-a.
was evaluated by western blotting. (H-J) The activities of synaptopodin in mouse podocytes was evaluated by western
blotting and immunofluorescence. NC — siRNA negative control; siRNA — GSDMD siRNA (20 pM); NG — normal-glucose;

HG - high-glucose; HG+NC - high-glucose+siRNA negative control; HG+siGSDMD - high-glucose (30mM)+GSDMD siRNA
(20 puM). Date represent the average of 3 measurements. Mean+SD of 3 experiments is shown. * P<0.05, ** P<0.01 vs NG,

# P<0.05 vs HG.

the HG+SP600125 group showed a lower Bax/Bcl-2 ratio and
lower cleaved caspase-3, IL-1B, IL-6, and TNF-a protein ex-
pression levels compared to the HG group, as determined by
western blot analysis (Figure 3C-3E). Moreover, as shown in
Figure 3F-3H, the expression of synaptopodin protein in the
HG+SP600125 group was significantly higher than that in the
HG group. The detection of synaptopodin using immunoflu-
orescence and the results of the western blot analysis were
consistent. Therefore, our results demonstrate that pretreat-
ment with SP600125 significantly suppresses HG-induced in-
flammation and apoptosis.

GSDMD Knockdown Suppresses HG-induced Activation of
JNK via ROS

In the mitochondria, which are the major source of ROS, super-
oxide dismutase (SOD2) plays a critical role in maintaining the
redox balance to avoid or repair oxidative damage, which can
lead to dysfunction and cell death. To further explore the ef-
fect of GSDMD on the mitochondria, we assessed mtROS levels
using the MitoSOX Red fluorescence probe and we measured

SOD2 protein levels using western blot. Our results showed
that the enhanced mtROS production and reduced expression
of SOD2 induced by HG were ameliorated by siGSDMD treat-
ment (Figure 4A-4C). N-acetylcysteine (NAC) is an antioxidant
that can effectively inhibit the production of endogenous ROS.
As shown in Figure 4D, 4E, we found that the expression lev-
els of p-JNK protein in the HG+siGSDMD and HG+NAC groups
were significantly lower than those in HG group. Moreover,
there was no significant difference in the levels of p-JNK be-
tween the HG+siGSDMD group and HG+NAC group. On the
whole, our research demonstrates that GSDMD is a key regu-
lator of mtROS production and that GSDMD knockdown sup-
presses HG-induced activation of JNK via ROS.

Discussion

Proteinuria, including microalbuminuria, occurs during the ear-
ly stages of DN, and its pathological manifestations are main-
ly characterized by podocyte injury [16,17]. Podocytes are ter-
minal differentiated cells with no regeneration ability, which
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Figure 3. Effects of JNK inhibitor on inflammation and apoptosis in mouse podocytes induced by HG. (A, B) The activities of JNK and
p-JNK were evaluated via western blotting. (C-E) The activities of Bax, Bcl-2, cleaved caspase-3, IL-1B, IL-6, and TNF-o. were
evaluated via western blotting. (F-H) The intensity of synaptopodin in mouse podocytes was detected via western blotting
and immunofluorescence. NG — normal-glucose; HG — high-glucose; NG+SP — normal-glucose+SP600125; HG+SP — high-
glucose+SP600125. Data represent the average of 3 measurements. Mean+SD of 3 experiments is shown. * P<0.05, ** P<0.01
vs NG, # P<0.05, # P<0.01 vs HG.
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Figure 4. Effect of GSDMD knockdown on HG-induced mitochondrial ROS production and p-JNK expression levels in mouse podocytes.
(A) Mitochondrial ROS production was measured using a confocal microscope. (B, C) SOD2 activity was evaluated by western
blotting. (D, E) The protein activity of INK and p-JNK was detected by western blotting. NG — normal-glucose; HG - high-
glucose; HG+siGSDMD - high-glucose+siGSDMD; HG+SP — high-glucose+SP600125. Data represent the average of 3
measurements. Mean+SD of 3 experiments is shown. (C) * P<0.05 vs NG, ¥ P<0.05 vs HG; (E) * P<0.05 vs HG, * P<0.05 vs HG.
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together with the glomerular basement membrane and endo-
thelial cells constitute the glomerular filtration barrier. Damage
to the glomerular filtration barrier is the main pathological
mechanism of proteinuria. Accumulating evidence has dem-
onstrated that overproduction of ROS is the common denom-
inator which links the altered metabolic pathways with dis-
rupted renal hemodynamics in DN. These pathways ultimately
lead to inflammation, fibrosis, and endothelial dysfunction [18].

Our study demonstrated that GSDMD plays a critical role in the
development of DN. In our study, we observed that GSDMD pro-
tein and mRNA expression levels significantly increased when
mouse podocytes were treated with HG for 24 h. Moreover, the
immunofluorescence staining experiments showed that acti-
vated GSDMD mainly localized to the cell membrane. Several
recent studies have shown that there is crosstalk between py-
roptosis and apoptosis. GSDMD is a newly defined pyroptotic
executor. In addition, Gao et al found that GSDMD knockdown
facilitates the intrinsic mitochondrial apoptotic pathway and at-
tenuates tumor proliferation in non-small cell lung cancer [19].
Inflammatory responses are known to be a major component
and play an important role in the pathophysiology of DN [20].
However, it is not known whether GSDMD knockdown affects
the apoptosis and inflammation induced by HG in mouse podo-
cytes. Accordingly, we transfected mouse podocytes with a
GSDMD siRNA after treatment with HG and found that trans-
fection with the GSDMD siRNA reversed HG-induced inflam-
mation and apoptosis in mouse podocytes. Synaptopodin is
an important protein marker of podocytes and can be used
to determine the structural integrity of podocytes. After be-
ing treated with siGSDMD, synaptopodin protein expression
levels were shown to increase significantly in an HG environ-
ment. Moreover, the HG-induced podocyte damage was found
to be alleviated by siGSDMD treatment. Thus, we speculated
that a mechanism of endogenous activation may be involved
in this process.

JNK is a stress-activated protein kinase that induces transac-
tivation by phosphorylating the N-terminal Ser-63 and Ser-73
residues factors [3]. The JNK pathway is considered to be an
important regulatory pathway for cell apoptosis. as it regulates
members of the Bcl-2 family [21,22]. JNK can inactivate anti-
apoptotic Bcl-2 proteins and activate the mitochondrial trans-
location of Bax [23]. SP600125, a JNK inhibitor, downregulates

LAB/IN VITRO RESEARCH

the expression of p-JNK, Bax, and cleaved caspase-3, thereby
blocking HG-induced apoptosis. The JNK pathway plays a cru-
cial role in the molecular mechanism underlying cardiac path-
ological processes initiated by inflammation and oxidative
stress [24,25]. In lipopolysaccharide (LPS)-stimulated mouse
neurons, the suppression of JNK activation can improve inflam-
matory responses, while the release of inflammatory markers
such as IL-1B, TNF-0, and IL-6 has been found to be signifi-
cantly reduced [26]. Our results suggest that the HG-induced
inflammatory response was alleviated by blocking JNK activa-
tion, while the protein expression of IL-1B, TNF-o, and IL-6 was
decreased. Several studies have revealed that ROS, which play
a key role in the pathogenesis of DN, are mainly derived from
mitochondrial dysfunction [27,28]. Previous studies have also
found that the insertion of GSDMD-N into the mitochondrial
membrane drives mitoROS production [29]. Our findings con-
firmed that mitoROS production is triggered by GSDMD and
further showed that GSDMD knockdown enhances the anti-
oxidant activity. Incubation with NAC was also shown to in-
hibit HG-induced ROS production and reduced p-JNK the pro-
tein expression levels. Thus, treatment with siGSDMD protects
against HG-induced inflammation and apoptosis by blocking
the JNK signaling pathway.

Conclusions

Collectively, the results of our study revealed a novel mecha-
nism through which GSDMD drives mitoROS production up-
stream of the JNK pathway. Our results provide new under-
standing of GSDMD in regulating HG-induced inflammation
and apoptosis. Moreover, we demonstrated that the siGSD-
MD treatment markedly repressed inflammation and apopto-
sis, an effect which was largely dependent on blockage of the
JNK pathway. The present study enhances our knowledge re-
garding the molecular mechanisms underlying inflammation
and apoptosis and illustrates the important role of GSDMD in
DN, and it might be a strong candidate for the development
of novel DN treatments.
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