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Renal interstitial fibrosis, a pathological feature of diabetic nephropathy, is closely related to endothelial-to-
mesenchymal transition (EMT).  This study aimed to explore the effect of H-1-2, a polysaccharide of 
Pseudostellaria heterophylla, on high glucose (HG) induced-podocyte EMT in vivo and ex vivo.  DBA/2 
mice were given five consecutive days of streptozotocin injection to induce the diabetic nephropathy model.  
H-1-2 treatment effectively attenuated general states (bodyweight and blood glucose level) and reduced 
oral glucose tolerance, insulin tolerance, kidney index, as well as the level of serum urine nitrogen, serum 
creatinine, and urinary albumin excretion rate in diabetic nephropathy mice.  The injury and EMT of 
podocytes in diabetic nephropathy mice were restrained by H-1-2.  After exposing podocytes to HG, the 
impaired cell viability, apoptosis, the downregulation of nephrin, synaptopodin, sirtuin 1 (SIRT1) and 
P-cadherin, and the upregulation of N-cadherin were observed in podocytes.  H-1-2 treatment could 
reverse these effects induced by HG.  To uncover the mechanism underlying H-1-2 suppressing EMT, small 
interference RNA for SIRT1 was transfected into podocytes.  Mechanically, silencing SIRT1 largely 
restrained the protective effect of H-1-2 on HG-induced podocytes.  In conclusion, H-1-2 exerts a potential 
role in alleviating HG-induced dysfunction and EMT of podocytes in vivo and ex vivo via SIRT1.
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Introduction
Diabetic nephropathy, one of the fatal complications of 

diabetes mellitus (DM), develops in 30~40% of DM 
patients and is the leading cause of end-stage renal disease 
worldwide (Gross et al. 2005).  Clinically, the stages of dia-
betic nephropathy can be classified according to the devel-
opment of proteinuria and the degree of renal impairment.  
Before any noticeable clinical changes occurred, the func-
tion of nephrons changed at the level of the glomerulus, 
such as glomerular hyperfiltration and hyperperfusion.  
Afterward, a series of structural pathological changes take 
place in the kidney, including basement membrane thicken
ing, mesangial expansion, glomerular hypertrophy and even 
sclerosis (Alicic et al. 2017).  As a type of highly special-

ized epithelial cells, podocytes are the main component of 
glomeruli, which are responsible for preventing the leakage 
of protein into the urine.  Increasing evidence supported 
that the progression of diabetic nephropathy is closely 
linked with abnormalities and depletion of podocytes 
(Barutta et al. 2022).

It is widely accepted that myofibroblasts contribute to 
glomerulosclerosis and interstitial fibrosis in diabetic 
nephropathy (Badid et al. 2001; Simonson 2007).  As a 
source of myofibroblasts, epithelial-to-mesenchymal transi-
tion (EMT) is a process that epithelial cells lose their hall-
mark epithelial features and acquire the characteristics of 
mesenchymal cells, which has implicated in diabetic 
nephropathy (Loeffler and Wolf 2015).  In the last decade, 
data from experimental and clinical studies demonstrated 
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that podocyte depletion may be attributed to EMT 
(Yamaguchi et al. 2009; Tu et al. 2019); therefore, podocyte 
EMT could be a potential target in developing novel thera-
peutic strategies for diabetic nephropathy patients.

The promising clinical effect of Traditional Chinese 
Medicine (TCM) in diabetic nephropathy treatment has 
become an attractive point for researchers (Liu et al. 2014).  
A seminal study by Mou et al. (2020) indicated the efficacy 
and underlying mechanism of Shenxiao decoction on alle-
viating renal tubular epithelial cell EMT in diabetic 
nephropathy based on in vivo and ex vivo experiments.  
More recently, a multicenter and randomized clinical trial 
reported that Zicuiyin decoction is capable of improving 
and protecting kidney function with no severe adverse 
events for diabetic nephropathy patients (Liu et al. 2022).  
Tailing Pills is an original prescription for diabetic nephrop-
athy with Pseudostellaria Heterophylla as monarch drug in 
our hospital.  Our previous study showed that Tailing Pills 
(10 g/kg/day) can effectively attenuate proteinuria and renal 
pathological changes in diabetic nephropathy model rats (Li 
et al. 2018).  A growing number of studies demonstrated 
that sirtuin 1 (SIRT1) is a target of diseases driven by EMT 
(Simic et al. 2013), including diabetic nephropathy (Du et 
al. 2021).  In recent years, H-1-2, a novel polysaccharide 
isolated from Pseudostellaria Heterophylla, was proven to 
alleviate DM by regulating SIRT1 (Fang et al. 2018).  
However, the effects of H-1-2 on diabetic nephropathy and 
podocyte depletion are largely unknown.

Based the above-mentioned literature, the present 
study aimed to explore whether H-1-2 can alleviate diabetic 
nephropathy and podocyte depletion by EMT regulation via 
enhancing SIRT1 in vivo and in vitro.  The mechanism 
underlying the effect of H-1-2 on EMT was also determined 
based on in vitro analysis.

Materials and Methods
Animal grouping and treatment 

All animal experimental procedures were approved by 
the Ethics Committee of the People’s Hospital of Inner 
Mongolia Autonomous Region.  A total of twenty-five 
6-week age DBA/2 mice (male, 18~22 g) purchased from 
Shanghai Laboratory Animal Co., Ltd (SLAC, Shanghai, 
China) were included in this study.  After a week of adap-
tive feeding, 15 mice were randomly selected for consecu-
tive five days of intraperitoneal injection of streptozotocin 
(STZ; 50 mg/kg) after 12 h fasting to establish the DM 
model, while the remaining 10 mice as the control were 
given the equal volume of the vehicle (0.1 M citrate buffer).  
The mice with consecutive morning blood glucose levels ≥ 
300 mg/dL were chosen as DM models for the following 
study.

After the successful establishment of DM model, DM 
mice were divided into three groups: (1) diabetic nephriop-
athy (DNP) group, (2) DNP+H-1-2-L group, and (3) 
DNP+H-1-2-H group.  Three groups of mice (n = 5/group) 
were subjected to either vehicle or H-1-2 (1.5 g/kg or 3 g/

kg, dissolved in drinking water) administrations by oral 
gavage for eight weeks.  Meanwhile, the control mice were 
divided into two groups: normal group (vehicle) and 
normal+H-1-2 group (1.5 g/kg).  The body weight and fast-
ing blood glucose (FBG) of each group of mice were 
recorded every other week from the day of the first admin-
istration.

Oral glucose tolerance test (GTT) and insulin tolerance test 
(ITT)

After eight weeks of administration with H-1-2, all 
mice were subjected to overnight fasting and the baseline (0 
min) glucose levels were determined in blood sampled from 
the tail vein.  After intraperitoneal injection of either glu-
cose (2 g/kg) or insulin (1 U/kg), the blood samples were 
collected from the tail vein at time points of 15, 30, 60, 90, 
and 120 min for determining blood glucose levels.

Measurement of biochemical parameters and kidney index
The 24 h urine collection was performed using meta-

bolic cages on the day before the end of the experiment.  
On the last day, mice were anesthetized with pentobarbital 
for blood collection, followed by excising the kidney.  After 
weighting, the collected kidneys were stored at −80°C for 
the subsequent experiment.

The kidney index (kidney/body weight ratio), blood 
urine nitrogen (BUN), serum creatinine (Scr), and urinary 
albumin excretion (UAE) were detected to assess renal 
function.

Cell culture, treatment, and transfection
The mouse podocytes (MPC-5) were maintained in 

RPMI-1640 supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific Inc., Waltham, MA, USA) 
and 1% penicillin-streptomycin (Gibco) solution at 37°C 
and 5% CO2.  The ex vivo hyperglycemic condition for 
podocytes was induced by 33 mM glucose, which is defined 
as high glucose (HG) group.  Meanwhile, podocytes cul-
tured in media containing 5.5 mM glucose were defined as 
normal glucose (NG) group.   

SIRT1 small interference (si) RNA (si-SIRT1) and a 
negative control scramble siRNA (si-NC) were supplied by 
Shanghai Genechem Co., Ltd.  (Shanghai, China).  In brief, 
when the cell density reached approximately 70%, podo-
cytes were subjected to the transfection with the above-
indicated plasmids using Lipofectamine® 3000 (Invitrogen; 
Thermo Fisher Scientific Inc.) in line with the instructions 
provided by the manufacturer.  After 48 h transfection, 
transfection effectiveness was verified by both RT-PCR and 
western blot.

CCK-8 assay
CCK-8 assay was exploited to evaluate cell viability.  

After incubation of 24 h, the CCK-8 reagent (Dojindo 
Laboratories Inc., Kumamoto, Japan) (10%, v/v, dissolved 
in RPMI-1640) was added to podocytes from different 
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groups for another 1.5 h cultivation, the absorbance was 
examined with a microplate reader at 450 nm to determine 
the cell viability.

Annexin-V/propidium iodide (PI) double staining assay 
The apoptosis rate of podocytes was detected by 

Annexin-V/PI staining and subsequent flow cytometry 
analysis.  The podocytes from three groups were harvested 
using Trypsin/EDTA and the concentration was adjusted to 
1.5 × 105 cells/mL with phosphate-buffered saline (PBS).  
After washing thrice, the collected podocytes were stained 
with annexin V-FITC and PI (Solarbio, Beijing, China) in 
the dark for 15 min.  Finally, the percentage of Annexin-V-
FITC+ was determined on flow cytometry (BD Biosciences, 
Franklin Lakes, NJ, USA) to evaluate the percentage of 
apoptotic podocytes.

Immunofluorescence
After finishing diverse treatments, podocytes were 

fixed with 2% formaldehyde, followed by permeabilized 
with 0.3% Triton-X 100 and blocked with PBSB solution.  
Then, podocytes were incubated with anti-Nephrin (#PA5-
106921, Thermo Fisher Scientific Inc.) or anti-Synaptopo-
din (#PA5-21062, Thermo Fisher Scientific Inc.) antibodies 
for 1 h.  Next, cells were washed thrice with cold PBS and 
then incubated with Cy3 conjugated anti-rabbit secondary 
antibodies (#A0516, Beyotime, Jiangsu, China) for 45 min.  
Coverslips were washed and mounted on DAPI 
Fluoromount-G.  Finally, staining podocytes were observed 
and imaged under the Zeiss confocal microscope.

RT-PCR
The extraction of total RNA from tissues or podocytes and  

the following reverse transcription was conducted as per 
standard protocols.  Afterward, RT-PCR analysis was per-
formed with SYBR green reagent (Thermo Fisher Scientific 
Inc.) on the 7500 Real-Time PCR System.  Our study selected  
GAPDH (Forward: 5′-AGTTAATGCCGCCCCTTACC-3′; 
Reverse: 5′-CAGGGCTGACTACAAACCCA-3′) as an 
internal reference gene to quantitate mRNA expression of 
SIRT1 (Forward: 5′-GTGGTGAGCGACTCAAGGAT-3′; 
Reverse: 5′-GAGCCGCAGCCTTTTGATCT-3′) based on 
the 2−ΔΔCt method (Livak and Schmittgen 2001).

Western blot
The collected kidney tissues and podocytes from 

diverse groups were lysed with RIPA Buffer on ice for 20 
min at 4°C to obtain the total protein.  After determining the 
concentration of total protein, equivalent amounts of pro-
tein were separated on 10% SDS-PAGE gels and subse-
quently transferred onto PVDF membranes.  Membranes 
were blocked with skimmed milk and then incubated with 
primary antibodies as follows: anti-SIRT1 (#AF0282, 
1:1,000; Beyotime), anti-β-actin (#AF0003, 1:1,000; 
Beyotime), anti-Desmin (#AF1414, 1:2,000; Beyotime), 
anti-Nephrin (#PA5-106921, 1:2,000; Thermo Fisher 

Scientific Inc.), anti-Synaptopodin (#PA5-21062, 1:2,000; 
Thermo Fisher Scientific Inc.), anti-P-cadherin (#13-2000Z, 
1:1,000; Thermo Fisher Scientific Inc.), and anti-N-cadherin 
(#AF0243, 1:800; Beyotime).  Then, the membranes were 
rinsed thrice before incubation with horseradish peroxidase 
(HRP)-conjugated secondary antibodies.  Finally, by using 
an ECL kit (Beyotime), the protein bands were visualized, 
of which intensities were measured by Image J 6.0 soft-
ware.

Statistical analysis
The data were analyzed by GraphPad Prism 8.0.1 soft-

ware.  The quantitative data were represented as the mean ± 
standard deviation (SD) of triplicate determinations.  The 
comparisons between the two groups or among more than 
two groups were performed with Student’s t-test or one-
way ANOVA with Tukey’s post hoc tests, respectively.  P < 
0.05 was considered a statistically significant difference.

Results
H-1-2 exerted anti‑hyperglycemic effect and improved renal 
function in DM mice

The chemical structure of H-1-2 was shown in Fig. 
1A.  Before the onset of administration, mice in both the 
DNP and DNP+H-1-2 groups exhibited a significantly 
higher FBG than those in the normal mice (Table 1), con-
firming the successful establishment of the DM mice model.  
As for body weight monitor results, there was no obvious 
difference among the three groups of mice at the beginning 
of treatment.  From week 6 to the end of the experiment, 
the body weight in the normal group was continuously and 
significantly increased the compared with those in the DNP 
group (Table 1).  After the administration of either a low or 
high dosage of H-1-2, the body weight of the diabetic 
nephropathy mice increased slowly, and their FBS signifi-
cantly decreased from week 4 (Table 1).  In GTT and ITT, 
diabetic nephropathy mice showed oral glucose tolerance 
and insulin tolerance, which were significantly improved 
after treatment with H-1-2, especially at the high dosage 
(Fig. 1B, C).  These data revealed that H-1-2 could improve 
body weight, FBG, as well as insulin resistance in the DM 
mice model.  In the meantime, H-1-2 possessed no effect on 
the control mice (normal+H-1-2 group).

Thus, we further explore the role of H-1-2 in protect-
ing kidneys in the DM mice model.  Compared with those 
of the normal mice, both the kidney weight and kidney 
index of the mice in the DNP group were significantly 
increased (Fig. 1D, E).  H-1-2 treatment significantly 
reduced these increases (Fig. 1D, E).  At the same time, the 
DNP group exhibited significantly greater Scr (Fig. 1F), 
BUN (Fig. 1G), and UAE (Fig. 1H) than the normal group, 
while these differences were obviously suppressed by 
8-week H-1-2 treatment (Fig. 1F-H).  Collectively, H-1-2 
has anti‑hyperglycemic effect and renal protective function 
on DM mice, while exerts no effect on normal mice.
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H-1-2 ameliorated podocyte injury and suppressed EMT in 
the kidney of DM mice

Given that podocytes are crucial in supporting the 
integrity of the filtration barrier, we detected the expression 
of the key podocyte markers in kidneys from three groups 
using western blot to investigate whether H-1-2 protects 
podocytes against DM-induced injury.  The podocyte injury 
was observed in the kidney of DM mice, which was evi-
denced by a significant decrease in the expression of synap-
topodin and nephrin (key podocyte markers) and a signifi-
cant increase in the expression of desmin (podocyte injury 
marker) (Fig. 2A).  After intervention with H-1-2, these 

abnormalities were partially restored (Fig. 2A).  These 
results suggested that H-1-2 protected the kidney by attenu-
ating podocyte injury.  EMT and SIRT1 have been proven 
to be closely related to the pathogenesis of diabetic 
nephropathy.  Western blot showed a significant downregu-
lation of P-cadherin and a significant upregulation of 
N-cadherin in the DNP group relative to the normal group 
(Fig. 2B), suggesting that EMT occurred in the kidney of 
mice from the DNP group.  Intriguingly, this phenomenon 
was restrained by the 8-week H-1-2 administration (Fig. 
2B).  Moreover, compared with the normal group, the 
expression of SIRT1 in kidney tissue of the DNP group sig-

Fig. 1.  H-1-2 improved biochemical indexes and renal function in DM mice.  
(A) H-1-2 chemical structure.  H-1-2 treatment was started 2 weeks after streptozocin (STZ) injection and was adminis-
tered once daily by the oral garage for eight weeks.  The following analyses were performed after the completion of the 
H-1-2 treatment.  (B) Insulin tolerance test (ITT).  (C) Oral glucose tolerance test (GTT).  (D) Kidney weight.  (E) Kid-
ney index (kidney weight/body weight).  (F) Serum creatinine (Scr).  (G) Blood urea nitrogen (BUN).  (H) Urine albu-
min excretion (UAE).  Normal, control mice; Normal+H-1-2, control mice treated with 1.5 g/kg/day of H-1-2; diabetic 
nephropathy (DNP), STZ-induced DM mice; DNP+H-1-2-L, DM mice treated with 1.5 g/kg/day of H-1-2; DNP+H-1-
2-H, DM mice treated with 3 g/kg/day of H-1-2.  ***P < 0.001, vs. normal group; ###P < 0.001, vs. DNP group; n = 5.
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nificantly decreased at both mRNA and protein levels (Fig. 
2C).  In the DNP+H-1-2 group, the suppressed SIRT1 
mRNA expression was significantly reversed (Fig. 2C), as 
was the case for the SIRT1 protein expression (Fig. 2D).

H-1-2 restrained injury and EMT in HG-induced podocytes 
ex vivo

To verify the protective role of H-1-2 in podocyte 
injury, ex vivo studies were performed in podocytes exposed 
to HG.  Firstly, the cytotoxicity of H-1-2 in podocytes was 
observed under normal conditions.  CCK8 assay demon-
strated that H-1-2 treatment did not cause any conspicuous 
cytotoxicity in podocytes when its concentration is lower 
than 200 mg/L (Fig. 3A).  Next, we examined cell viability 
under a series of concentrations (5, 10, 50, 100, and 200 
mg/L) of H-1-2 to evaluate the protective function of H-1-2 
in podocytes under HG conditions.  HG caused a significant 
reduction in cell viability, while H-1-2 could improve the 
cell viability impaired by HG in a concentration-dependent 
way (Fig. 3B).  Ameliorative effects of H-1-2 on 
HG-induced podocyte injury did not differ significantly 
between 100 and 200 mg/L (Fig. 3B).  Thus, 100 mg/L of 
H-1-2 was selected to carry out the following experiments.

Annexin-V/PI double staining assay was conducted to 
identify podocyte apoptosis.  The result showed that the 
apoptosis rate of podocytes was significantly higher in the 
HG group than in the NG group, while H-1-2 effectively 
alleviated podocyte apoptosis (Fig. 3C).  In immunofluores-
cence analysis, exposing podocytes to HG led to a signifi-

cant decrease in the expression of nephrin (Fig. 4A) and 
synaptopodin (Fig. 4B).  Meanwhile, H-1-2 reversed these 
changes induced by HG in podocytes (Fig. 4A, B).  Western 
blot analysis for nephrin and synaptopodin showed a trend 
similar to that observed with immunofluorescence analysis 
(Fig. 4C), which corroborated the protective effect of H-1-2 
on podocyte injury.

In addition, we perceived that H-1-2 repressed 
HG-induced podocyte EMT, as evidenced by the increased 
levels of P-cadherin and the decreased levels of N-cadherin 
(Fig. 4D).  Consistent with the findings of in vivo experi-
ment, H-1-2 could block the suppressive effect of HG on 
the expression of SIRT1 in podocytes (Fig. 4D).  These 
results revealed that H-1-2 can ameliorate podocyte injury, 
EMT, as well as SIRT1 downregulation induced by HG.

Effect of H-1-2 on HG-induced podocyte injury and EMT is 
mediated by SIRT1

To investigate whether H-1-2 is involved in regulating 
SIRT1 under the HG condition, the expression levels of 
SIRT1 were detected in HG-induced podocytes after the 
intervention of H-1-2 with diverse concentrations.  The 
results showed that SIRT1 expression levels were elevated 
with increasing H-1-2 concentrations (Fig. 5A), which let 
us wondering the involvement of SIRT1 in the effect of 
H-1-2 on HG-induced podocytes.  Thus, si-SIRT1 transfec-
tion was applied to HG-induced podocytes before H-1-2 
treatment.  Both RT-PCR and western blot analysis showed 
that si-SIRT1 effectively blocked the SIRT1 upregulation in 

Table 1.  Body weight and fasting blood glucose of different groups of mice during 8 weeks.

Index Time Normal Normal+H-1-2 DNP DNP+H-1-2-L DNP+H-1-2-H

Body weight (g)

0W 24.48 ± 3.12 24.16 ± 3.54 22.94 ± 3.85 23.27 ± 3.59 23.41 ± 3.44
1W 26.15 ± 3.64 25.87 ± 3.75 23.21 ± 4.07 23.88 ± 3.92 24.06 ± 3.82
2W 28.09 ± 4.16 27.91 ± 4.02 23.68 ± 4.51 25.17 ± 4.25 25.51 ± 4.05
3W 29.89 ± 3.95 29.42 ± 4.11 24.17 ± 4.37 26.04 ± 5.10 26.77 ± 4.83
4W 32.06 ± 4.28 32.26 ± 4.38 23.96 ± 4.65 28.23 ± 5.48 29.01 ± 5.14
5W 33.53 ± 4.49 33.40 ± 4.25 24.59 ± 3.86 29.36 ± 4.79 30.01 ± 5.37
6W 35.27 ± 3.92 34.73 ± 4.07 24.82 ± 4.18* 31.14 ± 5.13 31.89 ± 5.04#

7W 36.44 ± 4.38 36.09 ± 3.95 24.14 ± 3.73* 33.16 ± 4.12# 34.21 ± 4.83##

8W 37.21 ± 3.60 36.84 ± 3.79 23.65 ± 3.91* 33.85 ± 4.39# 35.06 ± 4.95##

Fasting blood glucose 
(mg/dL)

0W 125.34 ± 18.47 121.69 ± 20.35 351.72 ± 32.16*** 348.94 ± 36.25 352.47 ± 35.11
1W 119.62 ± 20.35 115.73 ± 21.66 365.15 ± 35.80*** 341.57 ± 38.21 337.28 ± 40.07
2W 128.17 ± 21.71 123.92 ± 22.87 372.23 ± 39.22*** 335.14 ± 35.82 328.16 ± 38.75
3W 130.44 ± 23.04 125.33 ± 20.84 380.79 ± 36.14*** 318.45 ± 36.90 306.94 ± 40.33#

4W 126.63 ± 20.95 128.42 ± 21.77 384.81 ± 35.29*** 302.83 ± 33.75# 291.56 ± 36.80##

5W 122.82 ± 17.79 124.39 ± 19.60 391.54 ± 36.10*** 286.47 ± 35.62# 269.32 ± 37.61###

6W 120.47 ± 22.68 126.01 ± 20.54 405.73 ± 38.46*** 251.38 ± 32.15## 240.35 ± 35.27###

7W 125.60 ± 24.56 124.35 ± 21.36 397.20 ± 35.84*** 238.41 ± 30.25## 223.66 ± 32.89###

8W 127.41 ± 21.87 122.69 ± 23.82 390.85 ± 37.62*** 210.33 ± 29.49## 204.50 ± 33.45###

Data are shown as mean ± SD (n = 5). *P < 0.05, ***P < 0.001 vs. Normal; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. DNP.
Normal, control mice; Normal+H-1-2, control mice treated with 1.5 g/kg/day of H-1-2; diabetic nephropathy (DNP), STZ-induced 
DM mice; DNP+H-1-2-L, DM mice treated with 1.5 g/kg/day of H-1-2; DNP+H-1-2-H, DM mice treated with 3 g/kg/day of H-1-2; W, 
week(s).
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Fig. 2.  H-1-2 suppressed podocyte depletion and EMT in renal tissues of DM mice.
(A) The protein expressions of nephrin, synaptopodin, and desmin were detected to evaluate the podocyte depletion in 
renal tissues by western blot.  (B) The protein expressions of EMT-related markers (P-cadherin and E-cadherin) in renal 
tissues were detected by western blot.  The expression of SIRT1 in renal tissues was examined at (C) mRNA and (D) 
protein levels using RT-PCR and western blot, respectively.  Normal, control mice; Normal+H-1-2, control mice treated 
with 1.5 g/kg/day of H-1-2; diabetic nephropathy (DNP), STZ-induced DM mice; DNP+H-1-2-L, DM mice treated with 
1.5 g/kg/day of H-1-2; DNP+H-1-2-H, DM mice treated with 3 g/kg/day of H-1-2.  ***P < 0.001, vs. normal group; ###P 
< 0.001, vs. DNP group; n = 3.



The Effect of Polysaccharide H-1-2 41

HG-induced podocytes with H-1-2 treatment (Fig. 5B, C), 
indirectly revealing the successful transfection of si-SIRT1.

It was observed that no significant difference in the 
cell viability and apoptosis between the HG+H-1-2 and 
HG+si-NC+H-1-2 groups, while the effect of H-1-2 on the 
cell viability and apoptosis of HG-induced podocytes was 
markedly abrogated by silencing SIRT1 (Fig. 5D, E).  The 
restoration by H-1-2 in the downregulation of nephrin and 
synaptopodin induced by HG was also evidently blocked by 
the transfection of si-SIRT1 in podocytes (Fig. 5F, G).  
Moreover, in the HG+H-1-2 group, the protein levels of 
P-cadherin were dramatically increased compared with 
those of the HG group, while the protein levels of 
E-cadherin were evidently decreased, and si-SIRT1 trans-
fection remarkably blocked this effect (Fig. 5H), indicating 
that SIRT1 plays a crucial role in the protective effect of 
H-1-2 on HG-induced EMT in podocytes.  Besides, silenc-
ing SIRT1 has a slight effect on the HG-induced injury in 
podocytes (Fig. 5D-H).  We speculated it may be because 
HG exposure remarkedly downregulated the activity of 
SIRT1 at a deficient level that knocking down SIRT1 could 
not further injure podocytes.  Besides, silencing SIRT1 has 
slight effect on the HG-induced injury in podocytes (Fig. 
5D-H).  Taken together, the protective effect of H-1-2 on 
podocyte injury and EMT in HG conditions was associated 

with the upregulation of SIRT1.

Discussion
The incidence of diabetic nephropathy has been 

increasing dramatically because of the rapid economic 
growth and urbanization, and changes in lifestyle in China 
(Zhang et al. 2020).  Diabetic nephropathy has more com-
plicated metabolic disorders relative to general kidney dis-
eases; hence, there is no completely effective prevention 
and treatment for it at present.  Considerable evidence indi-
cates that podocyte depletion plays a decisive role in the 
progression of diabetic nephropathy (Li et al. 2007; Dai et 
al. 2017).  Increasing studies have highlighted the impor-
tance of podocyte EMT in the development of diabetic 
nephropathy.  Dai et al. (2011) found the reduction of epi-
thelial markers and the induction of mesenchymal proteins 
in podocytes in the early stages of diabetic nephropathy in 
STZ-induced rodents.  Another in vivo study demonstrated 
that podocyte EMT may be a potential factor causing pro-
teinuria in diabetic nephropathy (Li et al. 2008).  Hence, 
targeting inhibition of podocyte EMT is recognized as a 
new therapeutic strategy for diabetic nephropathy.  H-1-2 is 
a novel polysaccharide of Pseudostellaria heterophylla, 
which has been reported to exert anti‑hyperglycemic and 
anti-cancer effects in recent studies (Fang et al. 2018; Sun 

Fig. 3.  H-1-2 alleviated podocyte depletion induced by high glucose (HG).  
(A) The cell viability of podocytes was evaluated by CCK-8 after treatment with a series of concentrations of H-1-2.  
(B) The cell viability of HG-induced podocytes was evaluated by CCK-8 after treatment with a series of concentrations 
of H-1-2.  (C) The cell apoptosis of podocytes was analyzed by flow cytometry with Annexin-V/PI double staining.  
Normal glucose (NG) group and HG group were cultured in the media containing 5.5 mM glucose and 33 mM glucose, 
respectively.  **P < 0.01 and ***P < 0.001, vs. NG group; ##P < 0.01 and ###P < 0.001, vs.  HG group; n = 3.
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et al. 2020).  Herein, we investigated whether H-1-2 ame-
liorates HG-induced-podocyte depletion and EMT in vivo 
and ex vivo, and preliminarily uncovered the underlying 
mechanism.

Considering that DBA/2 mice are more susceptible to 
renal injury during STZ-induced DM compared with other 
strains of mice (Qi et al. 2005), the present study used 

DBA/2 mice to induce diabetic nephropathy.  H-1-2 treat-
ment effectively attenuated diabetic symptoms of DM mice, 
such as increased FBG and body weight loss, which was 
identical to a previous study conducted by Fang et al. 
(2018).  In addition, DM mice exhibited renal dysfunction 
characterized by the increased kidney index, and elevated 
levels of Scr, BUN, and UAE, which means that DM has 

Fig. 4.  H-1-2 reversed HG-induced podocyte depletion and EMT ex vivo.
Podocytes were exposed to normal glucose (NG, 5.5 mM) or high glucose (HG, 33 mM) conditions, and were subse-
quently treated with or without H-1-2 (100 mg/L).  Immunofluorescence analysis of (A) nephrin (scale bar, 50 μm) and 
(B) synaptopodin (scale bar, 50 μm).  (C) The protein expressions of nephrin and synaptopodin were detected by west-
ern blot.  (D) The protein expressions of EMT related markers (P-cadherin and E-cadherin) and SIRT1 were detected by 
western blot.  ***P < 0.001, vs. NG group; ###P < 0.001, vs. HG group; n = 3.
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Fig. 5.  Effect of H-1-2 on HG-induced podocyte depletion and EMT depending on SIRT1.  
(A) The expression changes of SIRT1 in HG-induced podocytes with a series of concentrations of H-1-2 were evaluated 
by western blot.  After being transfected with si-NC or si-SIRT1, the (B) mRNA and (C) protein expression levels of 
SIRT1 in HG-induced podocytes were analyzed by RT-PCR and western blot, respectively.  (D-G) Podocytes were 
transfected with si-NC or si-SIRT1 before hyperglycemic exposure, followed by incubation with H-1-2 (100 mg/L).  (D) 
The cell viability was evaluated by CCK-8.  (E) The cell apoptosis was analyzed by flow cytometry with Annexin-V/PI 
double staining.  (F) Nephrin expression in HG-induced podocytes was investigated by immunofluorescence staining 
(scale bar, 50μm).  (G) The protein expressions of nephrin and synaptopodin were detected by western blot.  (H) The 
protein expressions of EMT related markers (P-cadherin and E-cadherin) were detected by western blot.  **P < 0.01 and 
***P < 0.001, vs. HG group; ##P < 0.01 and ###P < 0.001, vs. HG+H-1-2 group; n = 3.
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developed diabetic nephropathy in mice.  Our study firstly 
indicated the renoprotection of H-1-2 in DM-induced kid-
ney injury.  Besides, our ex vivo experiments revealed that 
H-1-2 effectively enhanced the ability of podocytes against 
HG, as shown by the restoration of cell viability and 
reduced apoptosis in HG-induced podocytes.  As one of the 
epithelial markers, nephrin is an important protein that con-
stitutes the key functional unit of podocytes (Ruotsalainen 
et al. 1999); thus, reducing nephrin expression may contrib-
ute to the increasing albuminuria in early DPN (Kim et al. 
2007).  Synaptopodin has long been suggested as an impor-
tant marker protein of podocyte maturation, of which 
expression was decreased when podocytes were damaged 
(Susztak et al. 2006).  In our study, HG decreased nephrin 
and synaptopodin expression in vivo and ex vivo, which was 
consistent with the above literature.  However, H-1-2 
administration for eight weeks preserved both renal nephrin 
and synaptopodin expression in DM mice.  These in vivo 
observations were corroborated by ex vivo.  H-1-2 signifi-
cantly restored nephrin and synaptopodin expression in 
HG-induced podocytes.  Simultaneously, HG-induced EMT 
was observed in vivo and ex vivo in this study.  Notably, 
treatment with H-1-2 effectively ameliorated the decreasing 
P-cadherin expression and increased N-cadherin expression 
in podocytes.  These results collectively indicated that 
H-1-2 ameliorated HG-induced EMT and subsequent podo-
cyte depletion, which might be a potential novel therapeutic 
option for diabetic nephropathy.

It is well established that SIRT1 plays a salutary role 
in multiple kidney diseases (Wakino et al. 2015), including 
diabetic nephropathy (Yacoub et al. 2014).  Hasegawa et al. 
(2013) and Chuang et al. (2011) previously found that 
SIRT1 expression is significantly reduced in the kidney of 
patients with diabetic nephropathy.  A growing number of 
studies revealed that the therapeutic effect of multiple 
potential strategies for diabetic nephropathy is related to 
their role in SIRT1 regulation (Kitada et al. 2011; Xu et al. 
2012; Zhong et al. 2018).  It has been reported that H-1-2 
treatment caused SIRT1 upregulation to alleviate DM (Fang 
et al. 2018).  To uncover the mechanisms underlying the 
effect of H-1-2 on HG-induced podocyte EMT, we investi-
gated the effects of H-1-2 and si-SIRT1 transfection on 
podocyte depletion and EMT in HG-induced podocytes.  
Consistent with previous studies, our data showed that HG 
stimulated podocyte EMT and SIRT1 downregulation.  
SIRT1 has been shown to reduce TGF-β-induced EMT in 
diabetic nephropathy (Du et al. 2021).  In this study, H-1-2 
significantly restrained HG-induced podocyte depletion and 
EMT, and concentration-dependently enhanced SIRT1 
expression in HG-induced podocytes.  Furthermore, silenc-
ing SIRT1 significantly blocked these effects of H-1-2 in 
HG-induced podocytes.  Therefore, the regulatory effect of 
H-1-2 on SIRT1 seems to be responsible for its protective 
effects against HG-induced podocyte injury and EMT.

In conclusion, our research has provided experimental 
evidence that H-1-2 can reduce the symptoms of renal dys-

function in DM mice.  H-1-2 alleviates podocyte injury and 
EMT, at least in part by regulating the SIRT1 expression, 
thus exerting a protective effect for podocytes under a HG 
environment.  Nevertheless, since the pathogenesis of dia-
betic nephropathy is complex, and may involve many path-
ways, the specific mechanism underlying H-1-2 in diabetic 
nephropathy still calls for further investigations.   
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