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Abstract— Hyperglycemia-induced oxidative stress in podocytes exerts a major role in 
the pathological process of diabetic nephropathy. Tripartite motif-containing protein 32 
(TRIM32) has been reported to be a key protein in the modulation of cellular apoptosis 
and oxidative stress under various pathological processes. However, whether TRIM32 par-
ticipates in the regulation of high glucose (HG)-induced injury in podocytes has not been 
investigated. This work aimed to assess the possible role of TRIM32 in mediating HG-
induced apoptosis, oxidative stress, and inflammatory response in podocytes in vitro. Our 
results showed a marked increase in TRIM32 expression in HG-exposed podocytes and the 
glomeruli of diabetic mice. Loss-of-function experiments showed that TRIM32 knockdown 
improves the viability of HG-stimulated podocytes and suppresses HG-induced apoptosis, 
oxidative stress, and inflammatory responses in podocytes. Further investigation revealed 
that TRIM32 inhibition enhances the activation of nuclear factor erythroid 2-related factor 
2 (Nrf2) signaling, which is associated with the modulation of the Akt/glycogen synthase 
kinase-3β (GSK-3β) axis in podocytes following HG exposure. However, Akt suppression 
abrogated the TRIM32 knockdown-mediated activation of Nrf2 in HG-exposed podocytes. 
Nrf2 knockdown also markedly abolished the protective effects induced by TRIM32 inhibi-
tion o in HG-exposed podocytes. In summary, this work demonstrated that TRIM32 inhibi-
tion protects podocytes from HG-induced injury by potentiating Nrf2 signaling through 
modulation of Akt/GSK-3β signaling. The findings reveal the potential role of TRIM32 in 
mediating podocyte injury during the progression of diabetic nephropathy.
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INTRODUCTION

Diabetic nephropathy is a severe complication 
of diabetes and a major contributor to end-stage renal 
disease [1]. Diabetic nephropathy is characterized by 
glomerular injury and accompanied by proteinuria [2]. 
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Unfortunately, up to 40% of patients with diabetes will 
eventually develop diabetic nephropathy [3]. However, 
the treatment of diabetic nephropathy remains a challeng-
ing endeavor. Glomerular podocytes, the major compo-
nents of the glomerular filtration barrier, play a vital role 
in the progression of diabetic nephropathy [4]. Persistent 
exposure to hyperglycemia evokes podocyte injury via 
induction of apoptosis, oxidative stress, and the inflam-
matory response, which is related to the pathogenesis of 
diabetic nephropathy [5–7]. The molecular mechanisms 
underlying hyperglycemia-induced podocyte injury 
remain incompletely understood. Therefore, a deeper 
understanding of the molecular mechanisms behind 
hyperglycemia-induced podocyte injury may offer new 
opportunities for the development of innovative thera-
peutic options for diabetic nephropathy.

Tripartite motif-containing protein 32 (TRIM32), 
a member of the TRIM family, is related to a number of 
physiological and pathological processes [8]. TRIM32 
harbors the typical RING domain, confers E3 ligase activ-
ity, and is capable of ubiquitinating various substrates 
[9–11]. TRIM32 is widely expressed in adult tissues 
and plays a multifaceted role in diverse processes [12]. 
TRIM32 dysregulation is implicated in numerous patho-
logical conditions, including myopathy, cardiomyopa-
thy, neurological disorders, and various cancers [13–20]. 
Moreover, TRIM32 participates in the regulation of 
diverse cellular activities, including differentiation, pro-
liferation, apoptosis, oxidative stress, and the inflamma-
tory response [21–24].

Nuclear factor erythroid 2-related factor 2 (Nrf2) 
plays an essential role in organizing the cellular protec-
tion network under adverse stimuli [25]. Nrf2 translo-
cates to the nucleus, where it binds to an antioxidant 
response element (ARE) in gene promoters to induce 
the expression of cytoprotective target genes [26]; the 
protein is involved in numerous pathological conditions 
by affecting apoptosis, oxidative stress, and the inflam-
matory response [27–30]. Increasing evidence shows 
that Nrf2 exerts a key effect on the pathogenesis of dia-
betic nephropathy [31–33]. Nrf2 activation ameliorates 
high glucose (HG)-induced apoptosis, oxidative stress, 
and inflammation of podocytes, which is conducive to 
curing diabetic nephropathy [34–36]. While Nrf2 acti-
vation is known to be modulated by various factors, 
such as Keap1 and Akt/glycogen synthase kinase-3β 
(GSK-3β) [37], the regulation of Nrf2 activation in dia-
betic nephropathy remains poorly understood.

To date, whether TRIM32 plays a role in diabetic 
nephropathy is unknown. In this study, we aimed to eluci-
date the potential role of TRIM32 in regulating the podo-
cyte injury induced by HG. Our results showed marked  
increases in TRIM32 expression in podocytes following 
HG exposure. Functional studies showed that TRIM32 
inhibition improves the viability of HG-stimulated  
podocytes and suppresses HG-induced apoptosis, oxida-
tive stress, and the inflammatory response in podocytes.  
Further investigation revealed the regulatory effect of  
TRIM32 on Nrf2 signaling in podocytes following 
HG exposure. Akt suppression abrogated the TRIM32 
knockdown-mediated activation of Nrf2 in HG-exposed 
podocytes. In addition, Nrf2 knockdown markedly abol-
ished the protective effects induced by TRIM32 inhibi-
tion on HG-exposed podocytes. These results collec-
tively show that TRIM32 inhibition protects podocytes 
from HG-induced injury by potentiating Nrf2 signaling  
via modulation of the Akt/GSK-3β axis.

MATERIALS AND METHODS

ANIMALS

All animal experiments conducted in this work 
were approved by the Ethical Committee of Xi’an 
Jiaotong University Health Science Center. Male 
diabetic mice (db/db) and age-matched male genetic 
control mice were purchased from Nanjing Biomedi-
cal Research Institute (Nanjing, China) and housed 
according to the standard protocols of the breeder. At 
12 weeks of age, the mice were euthanatized and their 
kidneys were excised. Glomeruli were isolated by laser 
capture microdissection.

CELL CULTURE AND HG TREATMENT

The conditionally immortalized mouse podocyte 
cell line MPC5 was provided by BeNa Biotechnology 
(Beijing, China). The mouse podocytes were maintained 
in RPMI-1640 medium containing 10% fetal bovine 
serum and 10 U/ml interferon-γ at 33 °C for cell prolif-
eration. The medium was replaced with fresh medium 
without interferon-γ, and cells were cultivated at 37 °C 
for 14 days to induce differentiation. The MPC5 cells 
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were then placed in medium containing 30 mM glucose 
and cultivated for 48 h to induce HG injury in podocytes. 
Cells maintained in medium containing normal glucose 
(NG, 5.5 mM) were utilized as a control.

REAL‑TIME QUANTITATIVE PCR

Total RNA was extracted from cultured podocytes 
and purified using the RNApure Tissue and Cell Kit 
(Cowin Biosciences, Beijing, China). The total RNA 
was reverse-transcribed into cDNA using the HiFi-
Script cDNA Synthesis Kit (Cowin Biosciences). Fast-
SYBR Mixture (Cowin Biosciences) was adopted to 
amplify cDNA by RT-qPCR with the appropriate prim-
ers. The data generated by real-time quantitative PCR 
(RT-qPCR) were assessed via the 2−ΔΔCt method, and 
relative gene expression was obtained using GAPDH for 
normalization.

WESTERN BLOT

Cultured podocytes were collected and lysed in 
lysis buffer (Solarbio, Beijing, China) supplemented 
with phosphatase inhibitors, proteinase inhibitors, and 
phenylmethanesulfonyl fluoride. Thereafter, the lysates 
were centrifuged and the supernatants were collected. 
Protein concentrations in the supernatants were quantified 
via the BCA Protein Assay Kit (Tiangen Biotech, Bei-
jing, China). The same amounts of proteins were placed 
into each lane of sodium dodecyl sulfate polyacrylamide 
gels and separated via electrophoresis. Proteins were 
transferred to polyvinylidene fluoride membranes via 
an electron-transfer method using a Bio-Rad Trans-Blot 
apparatus (Bio-Rad Laboratories, Hercules, CA, USA). 
The membranes were subsequently immersed in 5% 
skim milk for blocking, incubated with primary antibod-
ies, hybridized with matched secondary antibodies, and 
then incubated with enhanced chemiluminescent rea-
gents (Solarbio) to visualize the protein bands. The band 
intensity of the Western blot images was measured using 
Image-Pro Plus 6.0 software (MediaCybernetics, Rock-
ville, MD, USA). Primary antibodies against TRIM32 
(Abcam, Cambridge, UK), Akt (Proteintech Group, 
Wuhan, China), phospho-Akt (Ser473; Proteintech 

Group), GSK-3β (Proteintech Group), phopho-GSK-3β 
(Ser9; Proteintech Group), Nrf2 (Proteintech Group), 
GAPDH (Proteintech Group), and Lamin B1 (Proteintech 
Group) were used.

CELL TRANSFECTION

SiRNAs targeting TRIM32 or Nrf2 were synthe-
sized by Genepharma (Shanghai, China) and then trans-
fected into podocytes by using TransIntro EL Transfec-
tion Reagent (Transgen, Beijing, China) according to the 
manufacturer’s protocol. The downregulation of target 
genes was confirmed by RT-qPCR or Western blot after 
48 h of transfection.

CELL VIABILITY ASSAY

MPC5 podocytes were cultured in a 96-well plate 
and transfected with the indicated siRNAs upon reach-
ing ~ 70% confluence. After the cells were transfected for 
48 h, the medium was replaced with fresh medium har-
boring HG. The podocytes were cultivated for another 
48 h. Cell Counting Kit-8 (CCK-8) reagents (Solarbio, 
Beijing, China) were added to each well to determine 
podocyte viability. The absorbance of each well at 
450 nm was measured via a microplate reader (BioTeke, 
Beijing, China).

TERMINAL DEOXYNUCLEOTIDYL 
TRANSFERASE DUTP NICK‑END LABELING 
ASSAY

Terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assay was performed using the 
TransDetect In Situ Fluorescein TUNEL Cell Apopto-
sis Detection Kit (Transgen, Beijing, China) following 
the manufacturer’s protocol. In brief, podocytes were 
fixed with a formaldehyde fixing solution at the time of 
detection. Subsequently, 0.1% Triton X-100 solution was 
adopted to permeabilize the podocytes. The podocytes 
were incubated with TdT reagent and labeling solution 
at 37 °C for 1 h and protected from light. After staining 
with DAPI, the cells were visualized using a fluorescence 
microscope.
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ANNEXIN V‐FITC/PI APOPTOSIS ASSAY

Annexin V‐FITC/PI apoptosis assay was performed 
via flow cytometry by using the Annexin V‐FITC/PI 
Apoptosis Kit (Solarbio, Beijing, China). In brief, cul-
tured podocytes were dissociated by trypsin digestion 
and washed with ice-cold PBS. Podocytes were col-
lected, resuspended in binding buffer, and then added 
with Annexin V‐FITC/PI solution. After cultivation for 
15 min at room temperature away from light, the cells 
were assessed via a FACScan flow cytometry system.

DETECTION OF ROS GENERATION

Intracellular levels of ROS were evaluated via 
2’,7’-dichlorodihydrofluorescein diacetate (DCFH-
DA), which could be oxidized to fluorescent DCFH. In 
general, at the time of detection, the old medium was 
discarded and fresh medium supplemented with 10 μM 
DCFH-DA (Beyotime, Shanghai, China) was added to 
cells. After cultivation for 30 min at 37 °C, the cells 
were washed with PBS and then analyzed via a FACS-
can flow cytometry system to quantify their fluorescence 
intensity.

MEASUREMENT OF MALONDIALDEHYDE 
AND SUPEROXIDE DISMUTASE ACTIVITY

The contents of malondialdehyde (MDA) and 
superoxide dismutase (SOD) in podocytes were respec-
tively measured by the Lipid Peroxidation MDA Assay 
Kit (Beyotime, Shanghai, China) and the Total Super-
oxide Dismutase Assay Kit (Beyotime) according to the 
manufacturer’s protocols.

ENZYME‑LINKED IMMUNOSORBENT ASSAY

The levels of pro-inflammatory cytokines, includ-
ing interleukin (IL)-6, tumor necrosis factor-α (TNF-α), 
and IL-1β, in the supernatants of cultured podocytes were 
quantified using enzyme-linked immunosorbent assay 
(ELISA) kits (R&D Systems, Minneapolis, MN, USA) 
following the manufacturer’s protocols.

LUCIFERASE ACTIVITY ASSAYS

The luciferase reporter vector pARE (Beyotime, 
Shanghai, China), which contains an ARE binding site, 
was adopted to measure the transcriptional activity of 

Fig. 1   Effect of HG treatment on TRIM32 expression. (A) The mRNA level of TRIM32 in the glomeruli of diabetic mice was measured by RT-
qPCR (n = 5, **p < 0.01). MPC5 cells were cultured for 48 h in the presence of NG or HG. (B) RT-qPCR was utilized to determine the effect of HG 
on TRIM32 mRNA levels. (C, D) Western blot was adopted to measure the effect of HG on TRIM32 protein levels. n = 5, **p < 0.01.
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Nrf2. The luciferase reporter vector pNF-κB (Beyo-
time) was utilized to detect the transcriptional activity 
of NF-κB. TRIM32 siRNAs and the corresponding 
luciferase reporter vectors were cotransfected into 

MPC5 podocytes and cultivated for 48 h prior to HG 
stimulation. Cells were collected, lysed, and then sub-
jected to luciferase activity measurements by using 
the Luciferase Reporter Gene Assay Kit (Beyotime).

Fig. 2   Effect of TRIM32 inhibition on HG-induced podocyte apoptosis. MPC5 cells were transfected with TRIM32 siRNA or control siRNA for 
48 h and then exposed to HG. Downregulation of TRIM32 levels by siRNA transfection was confirmed by (A) RT-qPCR and (B, C) Western blot 
(n = 5). (D) The effect of TRIM32 inhibition on podocyte viability was assessed by CCK-8 assay (n = 5). The effect of TRIM32 inhibition on podo-
cyte apoptosis was evaluated by (E, F) TUNEL assay and (G, H) Annexin V-FITC/PI assay (n = 5). **p < 0.01.
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STATISTICAL ANALYSIS

The experimental results were expressed as 
mean ± standard deviation. Statistical analysis and graph-
ing were implemented using GraphPad Prism 8. Student’s 
t test was adopted for two-group comparisons. One-way 
ANOVA was used when three or more groups were com-
pared. Differences were considered statistically signifi-
cant when p < 0.05.

RESULTS

TRIM32 Expression Was Elevated in Podocytes 
Exposed to HG

To determine the possible relevance of TRIM32 
in diabetic nephropathy, we first determined the expres-
sion levels of TRIM32 in the glomeruli of diabetic mice. 
The results showed markedly upregulated mRNA levels 
of TRIM32 in the glomeruli of diabetic mice compared 
with that in control mice (Fig. 1A). Next, we investigated 
whether HG exposure could affect TRIM32 expression 
in cultured podocytes in vitro. Our results showed that 
TRIM32 mRNA levels are obviously elevated in podo-
cytes after HG treatment (Fig. 1B). Western blot dem-
onstrated significant increases in TRIM32 protein in 

HG-treated podocytes (Fig. 1C, D). These data indicate 
that TRIM32 is induced by HG in podocytes.

Inhibition of TRIM32 Repressed HG‑Induced 
Apoptosis in Podocytes

To understand the biological role of TRIM32 in 
mediating HG-induced podocyte injury, we performed 
loss-of-function experiments on TRIM32. Transfection 
of TRIM32 siRNA into MPC5 cells markedly depleted 
TRIM32 expression with or without HG treatment 
(Fig. 2A–C). Viability assays showed that HG stimu-
lation significantly reduces the viability of podocytes, 
which is markedly reversed by TRIM32 knockdown 
(Fig.  2D). TUNEL assay showed that HG-induced 
apoptosis in MPC5 cells is significantly attenuated by 
TRIM32 knockdown (Fig. 2E, F). The inhibitory effect 
of TRIM32 knockdown on HG-induced podocyte apop-
tosis was confirmed by the Annexin V-FITC/PI apop-
tosis assay (Fig. 2G, H). To confirm that HG induces 
apoptosis in podocytes, we detected the effect of the 
caspase inhibitor Z-VAD-FMK on HG-induced podo-
cyte apoptosis. We found that treatment with Z-VAD-
FMK markedly decreases HG-induced apoptosis in 
podocytes (Supplementary Fig. 1A and B). HG also 
induced the cleavage of PARP, which was abolished by 

Fig. 3   Effect of TRIM32 knockdown on HG-induced oxidative stress in podocytes. (A, B) The effect of TRIM32 inhibition on ROS generation was 
monitored by DCFH-DA staining (n = 5). (C) The effect of TRIM32 inhibition on MDA content was assessed by MDA assay (n = 5). (D) The effect 
of TRIM32 inhibition on SOD activity was evaluated by SOD assay (n = 5). *p < 0.05 and **p < 0.01.
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Z-VAD-FMK treatment (Supplementary Fig. 1C). These 
data collectively suggest that TRIM32 inhibition allevi-
ates HG-induced apoptosis in podocytes.

Inhibition of TRIM32 Relieved HG‑Induced 
Oxidative Stress in Podocytes

To explore the role of TRIM32 in mediating HG-
induced podocyte injury further, we investigated the 
effect of TRIM32 inhibition on HG-induced oxidative 
stress in MPC5 cells. HG exposure led to the extensive 
generation of ROS in podocytes, which was markedly 
decreased by TRIM32 knockdown (Fig. 3A, B). More-
over, HG-induced elevations in MDA contents were 
reduced by TRIM32 inhibition in podocytes (Fig. 3C). 
SOD activity, which was inhibited by HG, was signifi-
cantly increased by TRIM32 inhibition in podocytes 
(Fig. 3D). Mitochondrial complex-I dysregulation has 
been linked to the excessive production of ROS. A 
previous study reported the critical role of TRIM32 in 

mediating the activity of complex-I [23]. The activity 
of complex-I was decreased by HG in podocytes (Sup-
plementary Fig. 2). Interestingly, TRIM32 knockdown 
markedly restored the impaired activity of complex-I 
due to HG (Supplementary Fig. 2). To verify that oxida-
tive stress contributes to the HG-induced cell death of 
podocytes, we detected whether the antioxidant tBHQ 
could rescue the HG-induced cell death of podocytes. Our 
data demonstrated that treatment with tBHQ significantly 
ameliorates the HG-induced apoptosis of podocytes (Sup-
plementary Fig. 3). Altogether, these data indicate that 
TRIM32 inhibition relieves HG-induced oxidative stress 
in podocytes.

Inhibition of TRIM32 Repressed 
the HG‑Induced Inflammatory Response 
in Podocytes

We investigated the role of TRIM32 inhibition 
in the HG-induced inflammatory response in podo-
cytes. We found that TRIM32 knockdown prominently 

Fig. 4   Effect of TRIM32 knockdown on the HG-induced inflammatory response in podocytes. The effect of TRIM32 inhibition on the concen-
tration levels of (A) IL-6, (B) TNF-α, and (C) IL-1β in the culture supernatants was measured by ELISA (n = 5). (D, E) The effect of TRIM32 
inhibition on the levels of nuclear NF-κB p65 protein was determined by Western blot (n = 5). Lamin B1 served as the loading control for nuclear 
proteins. (F) The effect of TRIM32 inhibition on the transcriptional activity of NF-κB was measured by luciferase reporter assay (n = 5). *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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decreases the release of pro-inflammatory cytokines, 
including IL-6, TNF-α, and IL-1β (Fig. 4A–C). Moreo-
ver, TRIM32 knockdown markedly suppressed the acti-
vation of NF-κB in HG-exposed podocytes (Fig. 4D–F). 
To confirm that NF-κB activation contributes to the 
HG-induced cell death of podocytes, we detected the 
effect of NF-κB inhibition on HG-induced podocytes 
apoptosis. Interestingly, we found that NF-κB inhibi-
tion significantly attenuates the HG-induced apoptosis 
of podocytes (Supplementary Fig. 4). Overall, these 
data suggest that TRIM32 inhibition decreases the HG-
induced inflammatory response in podocytes.

Inhibition of TRIM32 Potentiated Nrf2 
Signaling in HG‑Exposed Podocytes

To determine the molecular mechanism underly-
ing the effects of TRIM32 inhibition on HG-exposed 
podocytes, we investigated the role of TRIM32 inhibi-
tion in Nrf2 signaling contributing to the mediation of 
HG-induced apoptosis, oxidative stress, and the inflam-
matory response in podocytes. The results showed that 
HG treatment decreases nuclear Nrf2 levels, which 
could be significantly upregulated by TRIM32 knock-
down (Fig. 5A, B). Furthermore, TRIM32 knockdown 

Fig. 5   Effect of TRIM32 inhibition on Nrf2 signaling in HG-exposed podocytes. (A, B) The effect of TRIM32 inhibition on the level of nuclear 
Nrf2 was measured by Western blot (n = 5). Lamin B1 served as the loading control for nuclear proteins. (C) The effect of TRIM32 inhibition on the 
transcriptional activity of Nrf2 was determined by luciferase reporter assay (n = 5). (D) The effect of TRIM32 inhibition on the levels of HO-1 and 
NQO-1 was assessed by Western blot. GAPDH served as the loading control. *p < 0.05 and **p < 0.01.
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markedly increased the transcriptional activity of Nrf2 
(Fig. 5C). TRIM32 knockdown also enhanced the expres-
sion of Nrf2 target genes, including HO-1 and NQO-1 
(Fig. 5D). These data imply that TRIM32 inhibition 
potentiates Nrf2 signaling in HG-exposed podocytes.

Inhibition of TRIM32 Enhanced Nrf2 Signaling 
via Modulation of the Akt/GSK‑3β Axis 
in HG‑Exposed Podocytes

TRIM32 plays a vital role in mediating the activa-
tion of the Akt/GSK-3β axis. Considering that the Akt/
GSK-3β axis also regulates the activation of Nrf2 signal-
ing, we sought to determine whether TRIM32 modulates 
Nrf2 signaling via the Akt/GSK-3β axis in HG-exposed 
podocytes. Interestingly, we found that TRIM32 inhibition 

increases the phosphorylation of Akt and GSK-3β in HG-
exposed podocytes (Fig. 6A–C). Treatment with Akt inhib-
itors markedly decreased the phosphorylation of Akt and 
GSK-3β induced by TRIM32 inhibition in HG-exposed 
podocytes (Fig. 6A–C). TRIM32 inhibition-induced Nrf2 
activation in HG-exposed podocytes was markedly abol-
ished by Akt inhibition (Fig. 6D–F). In summary, these 
findings confirm that TRIM32 inhibition enhances Nrf2 
signaling via modulation of the Akt/GSK-3β axis.

Knockdown of Nrf2 Reversed TRIM32 
Inhibition‑Mediated Protective Effects 
in HG‑Exposed Podocytes

To confirm whether TRIM32 inhibition pro-
tects podocytes from HG injury via Nrf2 signaling,  

Fig. 6   Effect of Akt inhibition on TRIM32-mediated Nrf2 signaling. MPC5 cells were transfected with TRIM32 siRNA for 48  h in the pres-
ence or absence of the Akt inhibitor, MK-2206 2HCl, and then treated with HG. Levels of (A–C) phospho-Akt and phospho-GSK-3β and (D, E) 
nuclear Nrf2 were determined by Western blot (n = 5). (F) Nrf2 transcriptional activity was monitored by luciferase activity (n = 5). *p < 0.05 and 
**p < 0.01.
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we detected the effect of Nrf2 knockdown on the pro-
tective effects of TRIM32 inhibition on HG-exposed 
podocytes. Transfection of Nrf2 signaling markedly 
decreased the activation of Nrf2 induced by TRIM32 
inhibition in HG-exposed podocytes (Fig. 7A–C). As 
expected, Nrf2 knockdown significantly abolished 
TRIM32 inhibition-induced suppressive effects on 
HG-induced apoptosis (Fig. 7D, E) and ROS genera-
tion (Fig. 7F, G). In addition, the inhibitory effects 
of TRIM32 inhibition on the HG-induced release of 
IL-6, TNF-α, and IL-1β were partially reversed by Nrf2 
knockdown (Fig. 7H–J). In summary, these data con-
firm that TRIM32 inhibition protects podocytes from 
HG injury via Nrf2 signaling.

DISCUSSION

In this work, we determined the pivotal role of 
TRIM32 in regulating the HG-evoked injury of podo-
cytes. TRIM32 expression was significantly elevated 
in podocytes stimulated by HG. TRIM32 inhibition by 
siRNA-mediated gene silencing markedly suppressed 
HG-induced podocyte apoptosis, oxidative stress, and 
the inflammatory response. Moreover, we determined that 
TRIM32 inhibition confers anti-HG injury in podocytes 
by potentiating Nrf2 signaling via regulation of the Akt/
GSK-3β axis (Fig. 8). Overall, our work demonstrates 
the vital role of the TRIM32/Akt/GSK-3β/Nrf2 axis in 
mediating HG-induced podocyte injury and highlights the 
possible relevance of TRIM32 in diabetic nephropathy.

TRIM32 exerts a key role in regulating the sur-
vival and apoptosis of various cell types. TRIM32 can 
inhibit the apoptosis of cancer cells and enhance cell sur-
vival following exposure to chemotherapeutics [38–40]. 
TRIM32 overexpression protects keratinocytes from 
apoptosis induced by ultraviolet B rays and TNF-α [23]. 
Besides the anti-apoptotic function of TRIM32, the 
pro-apoptotic role of TRIM32 in certain contexts has 
also been reported. Traumatic brain injury-induced cell 

apoptosis in the cortex is markedly reduced in TRIM32-
knockout mice when compared with that in wild-type 
mice [41]. Moreover, TRIM32 knockdown alleviates 
oxygen glucose deprivation-induced apoptosis of hip-
pocampal neurons [42]. TRIM32 silencing decreases the 
apoptosis of nucleus pulposus cells induced by IL-1β or 
TNF-α [43]. TRIM32 expression is notably induced by 
hydrogen peroxide or rotenone in human kidney cells, 
and TRIM32 upregulation enhances the sensitivity of 
human embryonic kidney cells to hydrogen peroxide- or 
rotenone-induced cell death [23]. These studies indicate 
that TRIM32 inhibition is conducive to kidney cell sur-
vival under noxious stimuli. However, whether TRIM32 
is involved in regulating HG-induced apoptosis in podo-
cytes remains unknown.

In this work, we confirmed that HG induces the 
apoptosis of podocytes. Our results showed that HG 
treatment induces the cleavage of the apoptosis indica-
tor PARP. Moreover, treatment with caspase inhibitors 
significantly diminished the HG-induced apoptosis of 
podocytes. Our findings indicate that HG can trigger 
the apoptosis of cultured podocytes in vitro. Our work 
explores the role of TRIM32 in mediating HG-induced 
podocyte apoptosis. Our data demonstrated that TRIM32 
expression is elevated in HG-exposed podocytes and that 
TRIM32 inhibition by siRNA-mediated gene silencing 
effectively attenuates HG-induced podocyte apoptosis. 
Thus, our work confirms that TRIM32 inhibition exerts 
an anti-apoptotic role in mediating HG-induced podo-
cyte injury. The disparate functions of TRIM32 in medi-
ating cell apoptosis may be associated with the cell type 
considered. Specifically, TRIM32 exerts a pro-apoptotic 
function in terminally differentiated cells, such as neurons 
and podocytes, but has an anti-apoptotic function in cells 
with high proliferation rates, such as cancer cells.

TRIM32 is involved in modulating oxidative stress. 
TRIM32 overexpression enhances the production of ROS 
induced by hydrogen peroxide or rotenone [23]. TRIM32 
inhibition decreases the generation of ROS induced by 
oxygen glucose deprivation in hippocampal neurons and 
upregulates SOD contents [42]. In line with these find-
ings, we found that TRIM32 knockdown inhibits the pro-
duction of ROS and MDA but increases SOD contents 
in podocytes exposed to HG. Therefore, our work con-
firms the crucial role of TRIM32 in modulating oxidative 
stress. To verify that HG-induced oxidative stress con-
tributes to the HG-induced cell death of podocytes, we 
investigated whether antioxidant treatment could rescue 
the HG-induced cell death of podocytes. Interestingly, 

Fig. 7   Effect of Nrf2 inhibition on the protective effects induced by 
TRIM32 inhibition in HG-exposed podocytes. TRIM32 siRNA and 
Nrf2 siRNA were cotransfected into MPC5 cells, which were then 
incubated for 48 h before HG exposure. (A–C) Levels of nuclear Nrf2 
were examined by Western blot (n = 5). (D, E) Podocyte apoptosis was 
measured by Annexin V-FITC/PI assay (n = 5). (F, G) ROS levels in 
podocytes were assessed by DCFH-DA staining (n = 5). Concentration 
levels of (H) IL-6, (I) TNF-α, and (J) IL-1β in the culture superna-
tants of podocytes were monitored by ELISA (n = 5). *p < 0.05 and 
**p < 0.01.
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we found that treatment with the antioxidant tBHQ effec-
tively alleviates the HG-induced apoptosis of podocytes. 
Therefore, our data confirm that HG-induced oxidative 
stress contributes to the death of podocytes.

A recent study reported that TRIM32 regulates ROS 
production via the modulation of complex I activity in 
mitochondria [23]. Our data showed that HG treatment 
significantly decreases the activity of complex I, which 
may contribute to the excessive production of ROS. 
TRIM32 inhibition markedly restored the activity of 
complex I in HG-exposed podocytes. In line with previ-
ous findings, our work suggests that TRIM32 can affect 
HG-induced ROS production by regulating the activity 
of complex I.

TRIM32 plays a vital role in regulating the inflam-
matory response. TRIM32 knockout mice demonstrate 
reductions in pro-inflammatory cytokine and chemokine 
production post-Streptococcus suis infection [24]. 
TRIM32 overexpression promotes the release of pro-
inflammatory cytokines in TNF-α-stimulated fibroblast-
like synoviocytes [44]. Consistent with these studies, our 
work showed that TRIM32 inhibition markedly represses 
the production of pro-inflammatory cytokines induced 
by HG in podocytes. Moreover, TRIM32 regulates the 
inflammatory response associated with the modulation 
of NF-κB [44]. We demonstrated that TRIM32 inhibi-
tion impedes the nuclear translocation of NF-κB p65 and 

reduces the transcriptional activity of NF-κB. Therefore, 
TRIM32 inhibition may attenuate the HG-induced inflam-
mation in podocytes associated with the downregula-
tion of NF-κB activation. To confirm that the activation 
of NF-κB contributes to the HG-induced cell death of 
podocytes, we measured the effect of NF-κB inhibition 
on HG-induced podocyte apoptosis. Our results showed 
that NF-κB inhibition could significantly attenuate the 
HG-induced apoptosis of podocytes. Therefore, our work 
confirms that HG-induced NF-κB activation contributes 
to the cell death of podocytes.

Oxidative stress can upregulate the production of 
pro-inflammatory mediators, which contributes to the 
initiation of cell death [45]. In this work, we showed that 
TRIM32 inhibition restrains both oxidative stress and 
the inflammatory response induced by HG in cultured 
podocytes. Moreover, Nrf2 inhibition reversed TRIM32 
inhibition-mediated inhibitory effects on HG-induced cell 
death and the inflammatory response, thereby indicating 
that TRIM32 inhibition restrains HG-induced cell death 
and inflammatory responses via Nrf2-regulated antioxi-
dant effects.

Nrf2 signaling plays a vital role in modulating 
HG-induced apoptosis, oxidative stress, and inflamma-
tion in podocytes [34–36]. Interestingly, we found that 
TRIM32 inhibition potentiates Nrf2 signaling in HG-
exposed podocytes, which is consistent with a recent study 

Fig. 8   Proposed mechanism by which TRIM32 mediates HG-induced podocyte injury.
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demonstrating that TRIM32 plays a role in regulating Nrf2 
activation in oxygen glucose deprivation-induced neurons 
[42]. We found that TRIM32 inhibition shows no obvi-
ous effect on Nrf2 expression under normal conditions 
whereas Nrf2 expression decreases under HG conditions. 
Interestingly, Nrf2 expression in HG-exposed podocytes 
obviously increases to a greater extent compared with 
that under NG conditions following TRIM32 inhibition. 
Therefore, TRIM32 may regulate Nrf2 activation in a 
context-dependent manner. Under HG stress, Nrf2 acti-
vation is depressed by the high expression of TRIM32. 
WhenTRIM32 is inhibited, Nrf2 is drastically activated to 
antagonize HG-induced oxidative stress. We also found 
that TRIM32 inhibition potentiates Nrf2 signaling via 
modulation of the Akt/GSK-3β axis. The Akt/GSK-3β 
axis contributes to the modulation of Nrf2 activation 
[46–48], and TRIM32 may act as a vital regulator of the 
Akt/GSK-3β axis. TRIM32 inhibition enhances plako-
globin binding to PI3K, which leads to Akt activation [49]. 
TRIM32 knockout significantly increases the phosphoryla-
tion of Akt and GSK-3β in cardiomyocytes under hyper-
trophic stresses [50]. In this work, we showed that TRIM32 
inhibition could increase the phosphorylation of Akt and 
GSK-3β in HG-exposed podocytes. Moreover, Akt inhibi-
tion markedly reversed TRIM32 inhibition-mediated Nrf2 
activation in HG-exposed podocytes. Therefore, our data 
confirm that TRIM32 inhibition potentiates Nrf2 signaling 
via modulation of the Akt/GSK-3β axis.

Targeting TRIM32 to manipulate Nrf2 activa-
tion may have potential applications in the treatment 
of diabetic kidney disease. However, this strategy may 
present some limitations. Interventions upstream of the 
pathway (TRIM32-Akt/GSK-3β-Nrf2 axis), for example, 
are an indirect approach and could bring about greater 
concerns related to side effects or unexpected interac-
tions compared with interventions farther downstream 
(Nrf2). Therefore, the precise therapeutic effects of 
TRIM32 inhibition on the treatment of diabetic kidney 
disease should be evaluated further by using animal 
models in vivo before this target can be used for therapy 
development.

CONCLUSION

The findings of this study demonstrate that TRIM32 
inhibition ameliorates HG-induced apoptosis, oxida-
tive stress, and inflammatory responses in podocytes by 
potentiating Nrf2 signaling via modulation of the Akt/
GSK-3β axis. The data suggest that the TRIM32/Akt/

GSK-3β/Nrf2 axis is a novel mechanism for regulating 
HG-induced injury in podocytes. Our findings indicate 
that TRIM32-mediated podocyte injury may play a vital 
role in the pathogenesis of diabetic nephropathy and sug-
gest that TRIM32 may be a potential target for podocyte 
protection. However, the precise role of TRIM32 in medi-
ating diabetic nephropathy requires further investigation 
by using animal models in vivo.
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