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Original Article 
Effects of hydrogen sulfide on high glucose-induced  
glomerular podocyte injury in mice

Ye Liu1,2*, Huichen Zhao1*, Ye Qiang7, Guanfang Qian3, Shengxia Lu4, Jicui Chen5, Xiangdong Wang5, Qingbo 
Guan6, Yuantao Liu7, Yuqin Fu1

1Department of Nephrology, The Second Hospital of Shandong University, Jinan, Shandong, China; 2Yantai Affili-
ated Hospital of Binzhou Medical University, Binzhou, Shandong, China; 3Department of Endocrinology, Traditional 
Chinese Medicine Hospital of Zhangqiu, Zhangqiu, Shandong, China; 4Department of Cardiology, Shandong 
Electric Power Central Hospital, Jinan, China; 5Institute of Cell Biology, Shandong University, Jinan, China; 6Pro-
vincial Hospital affiliated to Shandong University, Jinan, China; 7Department of Endocrinology, Qingdao Municipal 
Hospital, Qingdao, Shandong, China. *Equal contributors.

Received April 14, 2015; Accepted May 28, 2015; Epub June 1, 2015; Published June 15, 2015

Abstract: The aim of this study was to assess the effects of hydrogen sulfide on high glucose-induced mouse podo-
cyte (MPC) injury and the underlying mechanisms. Mouse podocytes were randomly divided into 4 groups, including 
high glucose (HG), normal glucose (NG), normal glucose + DL-propargylglycine (PPG), and high glucose + NaHS 
(HG + NaHS) groups for treatment. Then, ZO-2, nephrin, β-catenin, and cystathionine γ-lyase (CSE) protein expres-
sion levels were determined by western blot. We found that high glucose significantly reduced nephrin, ZO-2, and 
CSE expression levels (P<0.05), and overtly elevated β-catenin amounts (P<0.05), in a time-dependent manner. 
Likewise, PPG at different concentrations in normal glucose resulted in significantly lower CSE, ZO-2, and nephrin 
levels (P<0.05), and increased β-catenin amounts (P<0.05). Interestingly, significantly increased ZO-2 and nephrin 
levels, and overtly reduced β-catenin amounts were observed in the HG + NaHS group compared with HG treated 
cells (P<0.01). Compared with NG treated cells, decreased ZO-2 and nephrin levels and higher β-catenin amounts 
were obtained in the HG + NaHS group. In conclusion,CSE downregulation contributes to hyperglycemia induced 
podocyte injury, which is alleviated by exogenous H2S possibly through ZO-2 upregulation and the subsequent sup-
pression of Wnt/β-catenin pathway.
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Introduction 

Diabetic nephropathy (DN), one of the common 
microvascular complications of diabetes, is an 
important cause of diabetic death and disabili-
ty. In recent years, podocyte damage has been 
shown to play a key role in diabetic nephropa-
thy, especially proteinuria [1]. Wnt/β-catenin 
signaling is a highly conserved intracellular 
pathway involved in embryonic kidney develop-
ment. In adult kidney diseases such as acute 
kidney injury, renal disease, and diabetic 
nephropathy, this pathway is abnormally acti-
vated and involved in the pathological process 
of podocyte injury [2]. Zona occludens-2 (ZO-2) 
belongs to the membrane associated guanyl-
ate kinase (MAGUK) protein family. As a skele-
ton protein, it widely exists in the tight junctions 

of epithelial cells and within the nucleus. It par-
ticipates in a variety of signal transduction 
pathways. Studies have shown that ZO-2 in glo-
merular podocytes may be involved in the regu-
lation of Wnt/β-catenin signaling [3], and its 
expression may be affected by oxidative stress. 

Hydrogen sulfide (H2S) is a newly discovered 
gaseous signaling molecule beside carbon 
monoxide (CO) and nitric oxide (NO). In mam-
mals, H2S is generated with L-cysteine as a sub-
strate by activating 5’-pyridoxal phosphate-
dependent enzymes, including cystathionine- 
γ-lyase (CSE) and cystathionine-β-synthase 
(CBS) [4]. CBS and CSE are extensively distrib-
uted in mammalian tissues and cells [5]. CBS 
primarily exists in the nervous system, while 
CSE is mainly found in the peripheral system, 
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especially liver, kidney and the vascular system 
[6]. Recent studies have found that H2S has a 
protective effect on renal lesions in diabetic 
rats, which may be related to the inhibition of 
Renin Angiotensin System (RAS) system activa-
tion [7]. However, whether H2S has a protective 
effect on podocyte injury caused by high glu-
cose is unknown. This study aimed to assess 
the effects of H2S on high glucose-induced glo-
merular podocyte injury and identify the under-
lying molecular mechanisms.

Materials and methods

Materials

Mouse podocytes (MPCs) were a kind gift from 
Professor YiFan (Medical College of Shandong 
University). Other reagents included: RPMI 
1640 and newborn fetal bovine serum (Hyclone, 
USA); sugar-free 1640 (Gibco, USA); D-glucose 
(Dingguochangsheng biotechnology company, 

China); DL-propargylglycine (PPG) and NaHS 
(Sigma, USA); rabbit anti-ZO-2 (CST, US); rabbit 
anti-CSE (Proteintech, USA); mouse anti-β-
catenin (Santa Cruz, USA); rabbit anti-nephrin 
(Abcam, USA); anti-β-actin, and horseradish 
peroxidase-labeled goat anti-rabbit and goat 
anti-mouse anti-secondary antibodies (Beijing 
Zhongshan Golden Bridge company, China); 
ECL luminescent kit (Merck Millipore, German); 
BCA kit (Jiangsu Biyuntian biotechnology 
Institute, China); film (Kodak, Japan).

Cell culture

MPCs were maintained in RPMI 1640 supple-
mented with 5.5 mM glucose, 10 U/mL 
γ-interferon, 10% fetal bovine serum (FBS), 100 
U/mL penicillin and 100 mg/mL streptomycin 
at 37°C in a humid environment containing 5% 
CO2. Before the experiment, cells were cultured 
in six-well plates to sub-confluency (80%), and 
serum-free culture media were added for 24 h 

Figure 1. Effects of high glucose (30 mmol/L) on nephrin, ZO-2 and β-catenin proteins expression at different time 
points. Mean ± SD. n=3. ΔP<0.05 vs. HG 0h group; ΔΔP<0.01 vs. HG 0h group.
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for cell synchronization. Synchronized cells 
were divided into several groups: Group A, High 
glucose (HG group, 30 mM glucose); Group B, 
a. Normal glucose group: 5.5 mM glucose 
+24.5 mM mannitol (NG group), b. Normal glu-
cose (5.5 mM glucose +24.5 mM mannitol) + 
PPG (0.1 mM), c. Normal glucose +1 mM PPG, 
d. Normal glucose +10 mM PPG; Group C, High 
glucose (30 mM glucose) + NaHS (100 μM). 
Cells were collected and analyzed by western 
blot at various time points.

Western blotting

Cells were harvested, washed with PBS, and 
lysed on ice in a lysis buffer (20 mM Tris-HCl, 
0.1 mM Na3VO4, 25 mM NaF, 25 mM 
β-glycerophosphate, 2 mM EDTA, 2 mM EGTA, 
1 mM DTT, 1 mM PMSF, 2 μg/ml aprotinin, and 
2 μg/ml leupeptin, pH 7.5). Cell lysates were 
centrifuged at 4°C for 15 min (14000 rpm). 
Total protein in supernatants was quantified 
with the BCA protein assay kit. Equal amounts 
of protein (20 μg) were separated by 10% SDS-
polyacrylamide gel electrophoresis and trans-
ferred onto PVDF membranes. After blocking 
with 5% nonfat dry milk at 4°C for 1 h, the mem-
branes were consecutively incubated with pri-
mary antibodies (12 h at 4°C) and horsera- 
dish peroxidase-labeled secondary antibodies 
(1:2000 dilution, room temperature, 1 h). 

After treatment with high glucose (30 mM) for 
12 h, nephrin and ZO-2 protein expression lev-
els were significantly reduced, with the mini-
mum obtained at 48 h. In contrast, β-catenin 
protein levels were significantly increased from 
12 h (P<0.05), peaking at 48 h (P<0.05) (Figure 
1).

Effect of high glucose on CSE expression 

Compared with the NG group, CSE expression 
levels in HG treated cells were significantly 
decreased (P<0.05), reaching a minimum at 48 
h (P<0.01) (Figure 2).

Effect of PPG on nephrin, ZO-2 and β-catenin 
expression in MPCs 

Podocytes cultured with normal glucose 
amounts were treated with PPG at different 
concentrations for 48 h. As shown in Figure 3, 
PPG significantly inhibited nephrin and ZO-2 
expression (P<0.05) in a concentration-depen-
dent manner. In contrast, β-catenin levels were 
significantly increased (P<0.05).

Effects of NaHS on nephrin, ZO-2 and 
β-catenin expression in MPCs 

Compared with the NG group, nephrin and ZO-2 
levels in the HG group at 48 h were signifi- 
cantly reduced (P<0.01); meanwhile, β-catenin 

Figure 2. The effect of high glucose (30 mmol/L) on expression of CSE at 0 
h, 12 h, 24 h and 48 h. Mean ± SD. n=3. ΔP<0.05 vs. HG 0h group; ΔΔP<0.01 
vs. HG 0 h group.

Finally, membranes were wa- 
shed in TBST and detected with 
the ECL kit. Quantitative results 
were obtained with the NIH 
ImageJ 1.42 software. 

Statistical analysis

Results were presented as me- 
an ± SE of at least 3 indepen-
dent experiments. Comparisons 
were performed by one-way 
analysis of variance (ANOVA), 
followed by the Neman-Keuls 
test using SPSS 17.0 software 
package. A value of P<0.05 was 
considered statistically signifi- 
cant.

Results

Effects of high glucose on 
nephrin, ZO-2 and β-catenin 
expression in podocytes
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expression was significantsly increased (P< 
0.01). In the HG + NaHS group, nephrin and 
ZO-2 protein expression levels were significant-
ly enhanced compared with the HG group 
(P<0.01), but still lower than the values 
obtained after NG treatment (P<0.01). In con-
trast, β-catenin expression was significantly 
decreased in the HG + NaHS group compared 
with the HG group (P<0.01), but still higher 
compared with NG treated cells (P<0.01) 
(Figure 4).

Discussion

Proteinuria is an important clinical characteris-
tic of diabetic nephropathy and a significant 
indicator of clinical diagnosis. It can lead to pro-
gressive deterioration of the renal function, 
from microalbuminuria in the early phase to 
macroalbuminuria in the late period. Abnormal 
glucose metabolism is the initiating factor of 

diabetic nephropathy podocyte injury. Indeed, 
high blood glucose increases the permeability 
of the glomerular filtration membrane [8]. 
Podocytes are the last bulwark of glomerular 
filtration membranes with the ability of size and 
charge selectivity. Therefore, their injury causes 
macromolecules, such as plasma proteins, to 
leak out from the glomerular system. A pro-
nounced protein leakage will increase podocyte 
injury and glomerulosclerosis. Podocyte loss 
and apoptosis are significantly involved in the 
generation of proteinuria, suggesting that after 
high glucose stimulation, podocyte injury trig-
gers proteinuria generation at the molecular 
level. Nephrin is a marker protein of the podo-
cytes’ hiatus membrane and closely related to 
albumin filtration. It is therefore an important 
marker of podocyte injury, and its down-regula-
tion may lead to further deterioration of the 
renal function and glomerular sclerosis [9]. 
Reports have shown that nephrin reduction 

Figure 3. Effects of the different concentration of PPG on nephrin, ZO-2 and β-catenin at 48 h. A: NG group; B: NG 
+0.1 mmol/L PPG group; C: NG +1 mmol/L PPG group; D: NG +10 mmol/L PPG group. Mean ± SD. n=3. ΔP<0.05 
vs. NG group; ΔΔP<0.01 vs. NG group.



Hydrogen sulfide attenuates glucose-induced glomerular podocyte injury

6818	 Int J Clin Exp Pathol 2015;8(6):6814-6820

may be associated with abnormal activation of 
the Wnt/β-catenin pathway [10].

The Wnt signaling pathway plays a critical role 
in podocyte injury and proteinuria. The tran-
scriptional activator adhering protein β-catenin 
(APC) and GSK3β enzyme form a complex in 
the cytoplasm in absence of Wnt. Then, the 
GSK3β enzyme phosphorylates and degrades 
β-catenin to maintain low intracellular expres-
sion. When the Wnt pathway is activated, the 
extracellular ligand Wnt, cell surface receptors 
Frizzled, and co-receptor LRP all combine. In 
this case, GSK3β is phosphorylated and inacti-
vated, preventing β-catenin ubiquitination and 
degradation. Then, cytoplasmic β-catenin 
enters the nucleus and activates the transcrip-
tion of target genes together with the LEF/TCF 
transcription factors. The expression of Wnt 
family proteins increases, e.g. Wnt1 in podo-
cytes, inhibiting β-catenin phosphorylation. 

Cytoplasmic accumulation of β-catenin acti-
vates the critical transcription factor snail, 
thereby inhibiting nephrin expression and lead-
ing to podocyte dysfunction [11, 12]. Recent 
studies have shown that ZO-2 may be involved 
in the regulation of the Wnt pathway [3, 13].

Zona occludense-2 (ZO-2), a cytoskeletal pro-
tein, is widely expressed in epithelial tight junc-
tions and the nucleus. ZO-2 has many protein 
binding sites with multiple membrane-associat-
ed guanylate kinase characteristics, including 
three PDZ domains, an SH3 domain, and a GuK 
domain [3]. ZO-2 plays several roles, including 
connection of occludin and claudins to cyto-
skeleton, and combining α-catenin, connexins 
36 and 43 together with other tight junction 
proteins like ZO-1 and cingulin. In the kidney, 
ZO-2 is found in glomerular podocytes and 
tubular epithelial cells. In glomerular cells, ZO-2 
and nestin co-localize on the podocyte foot, 

Figure 4. The effect of hydrogen sulfide on protein levels of nephrin, ZO-2 and β-catenin at 48 h. Mean ± SD. n=3. 
ΔΔP<0.01 vs. NG group; ##P<0.01 vs. HG group.
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unlike ZO-1. ZO-2 is associated with cell prolif-
eration, apoptosis, tumorigenesis and oxidative 
stress [13, 14]. In addition, ZO-2 promotes the 
cytoplasmic accumulation of β-catenin by inhib-
iting GSK3β phosphorylation, and prevents the 
loss of nephrin to avoid large-scale podocyte 
integration or loss [3, 13]. It may be an impor-
tant mechanism leading to podocytes dysfunc-
tion and proteinuria formation.

Endogenous kidney H2S has powerful antioxi-
dant, anti-apoptotic and anti-inflammatory 
effects and is catalytically synthesized by 
cystathionine-β-synthase (CBS), cystathionine-
γ-lyase (CSE) and 3-mercaptopyruvate sulfur-
transferase (3MST) from cysteine [15]. Yuan et 
al. [16] demonstrated that glomerular mesan-
gial cell damage caused by high glucose 
induced reactive oxygen species (ROS) can be 
ameliorated by H2S. High environmental glu-
cose levels decrease the activity of NAPDH oxi-
dases and promote ROS production. Fur- 
thermore, high environmental glucose levels 
break the redox balance and decrease H2S pro-
duction. However, whether podocytes contain 
enzymes that synthesize endogenous H2S 
remains unclear as well as the mechanism of 
these potential enzymes.

We found significantly reduced expression of 
nephrin in podocytes cultured with high glu-
cose, suggesting that high glucose causes 
podocyte injury. Then, we assessed the chang-
es in ZO-2 and β-catenin expression levels. As 
shown above, high glucose overtly reduced 
ZO-2 expression and activated the Wnt/β- 
catenin pathway. CSE is necessary for H2S pro-
duction in vivo and highly expressed in the kid-
ney. Indeed, CSE is found in mesangial cells. 
However, its presence in podocytes has not 
been demonstrated. Our results revealed that 
podocytes express CSE. In addition, we showed 
that high glucose reduces nephrin and CSE 
expression levels. In order to clarify whether 
high glucose-induced down-regulation of CSE is 
related to podocyte injury, we further evaluated 
the effects of CSE specific inhibitor on nephrin 
expression. As shown above, the CSE inhibitor 
significantly reduced nephrin expression in 
MPCs under normal conditions of glucose in a 
dose-dependent manner. These results sug-
gest that high glucose-induced down-regulation 
of CSE might be a mechanism underlying podo-
cyte injury. In addition, cells treated with NaHS 
produced H2S. Indeed, NaHS had a significant 

inhibitory effect on high glucose-induced neph-
rin down-regulation, suggesting that exogenous 
H2S plays a preventive role in MPC injury under 
high glucose.

In order to investigate the mechanism of H2S, 
we assessed the effect of the CSE specific 
inhibitor on ZO-2 and the Wnt/β-catenin path-
way. Interestingly, the CSE inhibitor significantly 
decreased ZO-2 expression and enhanced 
β-catenin protein levels. In contrast, exogenous 
H2S significantly inhibited high glucose-induced 
down-regulation of ZO-2 and β-catenin up-regu-
lation, indicating that the protective effect of 
H2S on high glucose-induced podocyte injury is 
possibly generated by ZO-2 regulation; howev-
er, the detailed mechanism should be further 
explored. 

In conclusion, our findings suggest the down-
regulation of CSE expression by high glucose in 
podocytes to be an important mechanism for 
podocyte injury reduction. In addition, exoge-
nous H2S has a protective effect on high glu-
cose-induced podocyte injury, which might be 
associated with increased ZO-2 levels and inhi-
bition of the Wnt/β-catenin pathway. This study 
provides new insights for the prevention and 
treatment of diabetic nephropathy. Neverthe- 
less, these results need to be confirmed by in 
vivo experiments.
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