
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Li et al. BMC Endocrine Disorders          (2023) 23:230 
https://doi.org/10.1186/s12902-023-01483-3

BMC Endocrine Disorders

*Correspondence:
Chanjuan Ma
mcj5670206@163.com
1Department of Nephrology, Shanxi Provincial People’s Hospital, Taiyuan, 
China
2Department of Nephrology, The Fifth Clinical Medical College of Shanxi 
Medical University, Fifth Hospital of Shanxi Medical University, Taiyuan, 
China
3Shanxi Provincial Key Laboratory of Kidney Disease, Shanxi Provincial 
People’s Hospital, Taiyuan, China
4The Third Clinical College, Shanxi University of Chinese Medicine, 
Jinzhong, China
5Department of Medical Record & Statistics, Shanxi Provincial People’s 
Hospital, Taiyuan, China

Abstract
Background  Podocyte apoptosis is one of the important pathological mechanisms of diabetic kidney disease (DKD). 
Acteoside (Act), a major active component of Rehmannia glutinosa leaves total glycoside, has a strong renoprotective 
action. Our study aims to demonstrate Act’s renoprotective actions in db/db mice.

Methods  We adopted C57BLKS/J db/db mice as DKD animal models. After 8 weeks of Act administration, the 
24-hour urine albumin, renal function index, and blood lipid levels were quantified using matching kits. Renal 
pathology was evaluated by HE and PAS staining. The podocyte damage and apoptosis-related signaling pathway 
were observed by using immunohistochemistry, western blot, and TUNEL staining.

Results  The albuminuria of db/db mice was reduced from 391 ug/24 h to 152 ug/24 h, and renal pathology changes 
were alleviated after Act administration. The western blot and immunohistochemistry showed that Act treatment 
upregulated the synaptopodin and podocin expression compared with db/db mice, while the TUNEL staining 
indicated podocyte apoptosis was inhibited. The B-cell lymphoma-2 (Bcl-2) level was upregulated in the Act group, 
but cleaved caspase-3 and Bcl-2 associated X protein (Bax) expression declined, while the protein kinase B/glycogen 
synthase kinase-3β (AKT/GSK-3β) signaling pathway was repressed.

Conclusions  By inhibiting the AKT/GSK-3β signaling pathway, Act protected podocytes from apoptosis, decreasing 
the urine albumin of db/db mice and delaying the course of DKD.
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Introduction
Diabetic kidney disease (DKD) is regarded as one of 
the most devastating consequences of diabetes mellitus 
(DM). Approximately 50% of DKD patients will even-
tually advance to end-stage renal disease (ESRD) [1, 
2]. DKD is now the main cause of chronic kidney dis-
ease (CKD) in China, having exceeded all other types of 
glomerulonephritis-related CKD [3]. DKD progresses 
to glomerular hyperfiltration, increasing proteinuria, 
decreasing glomerular filtration rate, and ultimately lead 
to dialysis or death from cardiovascular events.

The main pathological features of DKD are glomerular 
mesangial cell proliferation, glomerular basement mem-
brane thickening, podocyte disappearance, and extra-
cellular matrix (ECM) accumulation [1]. Podocytes are 
indispensable for the glomerular filtration membrane, 
considered as an essential role in the development of 
proteinuria [4]. Therefore, podocyte injury is considered 
to be one of the reliable factors for albuminuria forma-
tion and DKD progression [5–7]. Podocyte apoptosis is 
believed to be the primary cause of podocyte damage, 
leading to the loss of podocyte marker proteins such as 
synaptopodin and podocin [8, 9].

AKT (protein kinase B) is involved in cell development 
and apoptosis [10, 11]. Relevant studies have established 
that the AKT-related signaling pathway is connected 
with podocytes and proximal renal tubular epithelial cell 
death under high glucose conditions [12–16]. Glycogen 
synthase kinase-3β (GSK-3β) participates in cell differ-
entiation, proliferation, survival, and apoptosis [17, 18]. 
Several researchers had investigated that AKT represses 
GSK-3β activity via phosphorylating GSK-3β (ser-9) in 
a mouse model of T2DM and high glucose conditions, 
promoting podocyte apoptosis, inhibiting autophagy, and 
aggravating renal damage [18–20]. Therefore, we hypoth-
esize that AKT/GSK-3β signaling pathway acts a crucial 
role in regulating podocyte apoptosis.

In recent years, it has been found that traditional Chi-
nese medicine (TCM) plays a very good auxiliary and 
effective therapeutic role in the prevention and treatment 
of DKD [21–23]. How to better utilize TCM in clinical 
to postpone the progression of DKD and improve the 
quality of patient’s life has become a hot issue. Rehman-
nia glutinosa leaves total glycoside (DHY) was extracted 
from Rehmannia glutinosa leaf [24, 25]. Various kidney 
diseases, including DKD, have been treated with DHY. 
Acteoside (Act) is one of the primary components of 
DHY. Under high glucose circumstances, DHY and Act 
were reported to successfully decrease proteinuria in db/
db mice, inhibit human renal tubular epithelial cells (HK-
2) proliferation, and suppress mesangial cell hypertro-
phy and fibrosis [24–26]. However, the protective effect 
of Act on podocytes and its definite mechanism has not 
been fully explained.

Consequently, our research aimed to explore whether 
Act inhibits podocyte apoptosis and plays a renoprotec-
tive role via repressing AKT/GSK-3β signaling pathway 
in db/db mice. This study displays a possible scientific 
theoretical basis for illustrating the mechanism of the Act 
treatment of DKD.

Materials and methods
Experimental animals and ethical statement
We obtained 24 C57BLKS/J db/db male mice aged 5 
weeks (SPF grade) and 8 homogeneous wild-type control 
mice (db/m mice) (SPF grade) from the Nanjing Univer-
sity Model Animal Research Center and housed them 
at the Experimental Animal Center (SPF grade), Shanxi 
Provincial People’s Hospital. With a 12 h light/dark cycle, 
the temperature, and humidity remained consistent at 
22 ± 2  °C and 55%, respectively. The animal licensing 
number was SYXK (Jin 2019-0003). This study was car-
ried out in accordance with NIH guidelines for the care 
and use of laboratory animals (8th edition, NIH). And the 
animal research was approved by the Shanxi Provincial 
People’s Hospital’s ethical committee (No. 363). All appli-
cable international, national, and/or institutional guide-
lines for the care and use of animals were followed.

Act were a gift from Sichuan Meidakang Pharmaceu-
tical Co. (The lot number of the product is 190602). A 
week of adaptation was required for all mice. The con-
trol group (db/m group) consisted of 8 db/m mice. And 
we randomly assigned db/db mice to three groups: db/
db without medical intervention (db/db group); Act, 
40  mg/kg/d (Act group); and captopril, 100  mg/kg/d 
(Cap group). An equal saline volume was administered in 
both the db/m and db/db groups, whereas the treatment 
groups received the corresponding medication dosage 
intragastrically for 8 weeks. And the body weight of each 
mouse was monitored weekly. The blood glucose is tested 
every 2 weeks by tails vein blood collection.

Urine, blood samples and kidney tissue collection
Metabolic cages were used to collect 24  h urine from 
all mice. All animals were anesthetized by intraperito-
neal injected 1.25% avertin (tribromoethanol, 0.02 mg/g 
body weight) after 8  h of fasting. The avertin (M2910) 
were purchased from Nanjing Aibei Biotechnology Co., 
Ltd. Blood samples were collected and centrifugated 
(3000  rpm, 4℃, 15  min) to detect various biochemical 
indicators. All right kidneys were used for the paraffin 
section, and the left ones were saved at -80℃ for western 
blot analysis.

Biochemical assays
We detected Urine protein, serum creatinine (Scr), blood 
urea nitrogen (BUN), triglyceride (TG), total choles-
terol (TC), and low-density lipoprotein (LDL) by using 
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corresponding kits: Urine protein quantitative test kit 
(Cat. No. C035-2-1), Creatinine (CRE) assay kit (Cat. No. 
C011-2-1), BUN test kit (Cat. No. C013-2-1), TG test kit 
(Cat. No. A110-1-1), TC assay kit (Cat. No. A111-1-1), 
LDL-C test kit (Cat. No. A113-1-1). All the kits were pur-
chased from the Nanjing Institute of Bioengineering.

Hematoxylin–eosin (HE) staining and periodic acid–Schiff 
(PAS) staining
The right kidney tissue was processed into 5  μm paraf-
fin section. We performed HE and PAS staining refer-
ring to standard protocols. We captured images under 
a light microscope (Leica, DM 2500, Germany) with 
a magnification of 400×. The glomerulus morphology 
was observed under HE staining. At least 20 randomly 
selected glomerulus per group (n = 3) and the glomeru-
lar area was calculated using Image J software v.1.51j8 
(Image J software national Institutes of Health, USA). 
After PAS staining, at least 40 glomeruli per group (n = 3) 
were randomly selected to assess the severity of glomer-
ulus injury, and the grading was as follows : 0 = normal, 
Grade 1 < 25%, Grade 2 = 25–50%, Grade 3 = 50–75%, 
and Grade 4 = 75–100%. Assessment criteria include 
thickening of the glomerular basement membrane, the 
glomerular mesangial cells proliferation, and mesangial 
matrix deposition or Kimmelstiel-Wilson nodule (K-W) 
formation, podocyte injury. This study used the method 
of Dusabimana et al. [27]. And the description of the 
method partly reproduced their wording.

Western blot analysis
Mice kidney tissue was cut into small pieces and mixed 
with RIPA (Proteintech, Wuhan, China) buffer mixed 
with protease inhibitors (Proteintech, Wuhan, China) 
and phosphatase inhibitors (Proteintech, Wuhan, China) 
for 30  min, then the mixture was fully cracked under 
an ultrasonic comminution apparatus. The superna-
tant was then collected and detected using a BCA kit. 
Samples containing the same quantity of protein (50 
ug protein) were transferred to PVDF membranes after 
SDS-PAGE separation. Then it was sealed for 90  min 
with 5% skim milk. The primary antibodies were then 
incubated overnight at 4℃. The primary antibodies were 
purchased from Proteintech, China: anti-AKT (60203-
2-Ig), anti-p-AKT (Ser 473) (66444-1-Ig), anti-B-cell 
lymphoma-2 (Bcl-2) (12789-1-AP), anti-Bcl-2 associ-
ated X protein (Bax) (50599-2-Ig), anti-podocin (20384-
1-AP), anti-synaptopodin (21064-1-AP), anti-cleaved 
caspase-3(66470-2-Ig), anti-Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (60004-1-Ig), anti-β-Actin 
(20536-1-AP). We purchased anti-GSK-3β (sc-377,213) 
and anti-p-GSK-3β (sc-373,800) from Santa Cruz Bio-
technology, USA. The next day, the antigen-antibody 
reaction was observed by the ECL kit after the second 

antibodies were incubated including anti-rabbit IgG 
(SA00001-2, Proteintech, China) and anti-mouse IgG 
(A0216, Beyotime Institute of Biotechnology, China).

Immunohistochemical staining analysis
The 3  μm paraffin slides of the kidney were deparaf-
finized with xylene, hydrated with graded ethanol, and 
repaired with Ethylene Diamine Tetraacetic Acid (EDTA) 
for antigen extract. We used 5% goat serum to block the 
samples after soaking them with 3% hydrogen peroxide 
for 22 min at room temperature. It was then treated for 
35 min with goat anti-rabbit IgG that had been labeled by 
horseradish peroxidase after being incubated with anti-
podocin (1:300) and anti-synaptopodin (1:300) overnight. 
We adopted light microscopy (Leica, DM 2500, Ger-
many) to capture the images under an optical microscope 
magnification of 400×. The mean optical density (MOD) 
was scanned by employing the Image-Pro Plus 5.0.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay
We performed TUNEL staining to assess the apopto-
sis level in mice kidney paraffin sections by using Cor-
aLite®594 TUNEL apoptosis detection kit (Proteintech, 
Wuhan, China) according to the protocols. A fluores-
cence microscope (Leica, DM 2500, Germany) was 
adopted to obtain images under an optical microscope 
magnification of 400×.

Podocyte culture
The immortalized mouse podocyte cell line mouse podo-
cyte clone 5 (MPC5) was purchased from China Fen-
ghui Biology. Podocytes were cultured in 1640 medium 
(Gibco, USA) supplemented with 10% Fetal Bovine 
Serum (FBS) and 1% penicillin and streptomycin, incu-
bated in a CO2 incubator at 37 °C with 5% CO2 for 10–14 
days to induce differentiation, and then cultured for 12 h 
at 37 °C in FBS-free RPMI-1640 medium containing 5.5 
mM D-glucose before subsequent experiments. Upon 
reaching a cell density of 90%, cell digestion and passag-
ing were performed using 0.25% trypsin.

In addition, MPC5 cells were treated with 5.5 mmol/L 
glucose (normal glucose, NG), 5.5 mmol/L glucose + 34.5 
mmol/L mannitol (Man), 40 mmol/L glucose (High glu-
cose, HG), 40 mmol/L glucose + 100 µmol/L Actroside 
(Act), 40 mmol/L glucose + 100 µmol/L Captopril (Cap) 
at 37 °C for 48 h.

Quantitative real-time PCR (qRT-PCR)
After administering drug treatment, total RNA was 
extracted from cells using the RNAiso Plus (Takara, Tai-
yuan, China), and the concentration was determined. 
Subsequently, cDNA synthesis was carried out following 
the instructions provided with the reverse transcription 
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kit (Takara, Taiyuan, China), using the primer sequences 
provided in Table  1. And the primer were Synthesized 
by Shanghai Sangon Biological Engineering Co. The 
obtained cDNA was used as a template for amplification 
with the following program: initial denaturation at 95 °C 
for 10  min, followed by denaturation at 95  °C for 5  s, 
annealing at 60 °C for 30 s, and 40 cycles of amplification. 
The expression levels of the target genes were evaluated 
using the 2^-ΔΔCt method. Quantification of related 
mRNA level was normalized to β-actin mRNA level.

Flow cytometry
MPC5 cells were thoroughly washed with PBS and 
enzymatically dissociated using 0.25% trypsin (with-
out EDTA). Subsequently, the cells were centrifuged at 
1000  rpm and the supernatant was carefully discarded. 
This was followed by two washes with PBS to ensure 
complete removal of any residual trypsin or debris. The 
resulting cell suspension, comprising 1 × 105 cells, was 
once again centrifuged at 1000  rpm for 5  min. After 
removing the supernatant, 500 µL of binding buffer was 
added to facilitate subsequent analysis. Furthermore, 5 
µL of Annexin V-FITC and 5 µL of propidine iodide (PI) 
were added to the cell suspension, followed by a 10-min-
ute incubation in a light-protected environment. Thus, 
the levels of cell apoptosis were assessed through the uti-
lization of flow cytometry.

Statistical analysis
We used SPSS 26.0 statistical software (SPSS software 
Inc, IBM Corp, Armonk, New York, USA) to analyze 
the data by Student’s t-test and one-way ANOVA (LSD 
or Tamnheini tests) when appropriate. The results were 
exhibited as the mean ± SD. Paired t-test was used for the 
urine protein of mice before and after drug intervention. 
To examine the ranking data, we used the rank sum test. 
P < 0.05 indicated a statistically significant difference.

Results
Act decreased albuminuria and improved renal function of 
db/db mice
To assess Act’s renoprotective impact on db/db mice, we 
evaluated urine protein, Scr, BUN, and serum lipid lev-
els. Before treatment, the db/db group, Act group, and 
Cap group had higher 24-hour urine protein compared 
with db/m group. Then the albuminuria was dramati-
cally reduced in the Act and Cap groups after 8 weeks of 
drug intervention compared with the experimental treat-
ment before (Fig. 1a). In comparison to db/m mice, db/
db group had higher Scr levels, which were significantly 
reduced by Act therapy (Fig. 1b). A renal protective effect 
of Act was observed, although there was no substantial 
difference in BUN levels among groups (Fig.  1c). Addi-
tionally, db/db mice showed increased TC, TG, and LDL 
levels compared to db/m mice. Act medication consid-
erably dropped the TC level (Fig.  1d), but TG and LDL 
level differences between the db/db and Act groups were 
not statistically significant (Fig.  1e-f ). Whereas there 
was no difference between the Act and Cap groups, the 
blood glucose levels in the db/db group, Act group, and 
Cap group were all obviously higher than the db/m group 
(Fig.  1g). We found the body weight of mice in the Act 
group and Cap group decreased compared with the db/
db group after 8 weeks of drug treatment (Fig. 1h). These 
data confirmed that Act treatment significantly reduced 
urinary protein, Scr, and TC levels, lowered body weight, 
and exerted a renoprotective but not hypoglycemic effect 
in db/db mice.

Act improved the pathological injury of db/db mice
Utilizing HE and PAS staining, we were able to see the 
glomeruli pathology of mice. The HE staining presented 
that the glomerulus in the db/m group was regular in 
shape and complete in structure, while the glomerulus 
in the db/db group was irregular, enlarged volume, and 
destroyed in capillary loops. The Act and Cap treatment 
group effectively alleviated the glomerular pathologi-
cal damage (Fig.  2a). The db/db mice’s glomerular area 

Table 1  Primers used for qRT-PCR
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was larger in contrast to db/m mice, while Act medica-
tion substantially lessened the glomerular area swelling 
(Fig. 2b). Moreover, PAS staining revealed that the num-
ber of mesangial cells and mesangial matrix deposition 
were increased in the db/db mice than in db/m mice, 
and the basement membrane was thicker (Fig. 2a), like-
wise, the db/db group had a notable higher glomerular 
injury score(Fig. 2c). The abovementioned changes were 
ameliorated after the Act intervention (Fig. 2a-c). Conse-
quently, the Act effectively diminished renal pathological 
injury of db/db mice.

Act protected podocytes and inhibited podocytes 
apoptosis in db/db mice and MPC5 cells
We then determined whether Act exerted a protective 
effect on podocytes in db/db mice and on MPC5 cells 
(Figure 3–4). According to the immunohistochemical 
findings, the synaptopodin and podocin expressions were 
lower in the db/db mice than in db/m mice, indicating 
that podocytes in db/db mice had suffered severe dam-
age. While the decrease of synaptopodin and podocin 

expression was greatly improved by Act therapy (Figur 
3a-c). Relative to db/m mice, the western blot analy-
sis revealed that although synaptopodin and podocin 
expression was noticeably lower in the db/db group, 
it rose following 8 weeks of Act intervention (Fig.  3d-
f ). Additionally, it was shown that Act administration 
reversed the higher Bax and cleaved caspase-3 levels, and 
restored the lower Bcl-2 level in db/db mice, indicating 
that Act substantially suppressed the podocyte apoptosis 
in db/db mice (Fig. 4a-d). In line with the above findings, 
TUNEL staining revealed that there were more apoptotic 
regions in db/db mice, while the Act treatment reduced 
the apoptosis area (Fig.  4e). In comparison with the 
db/m group, the podocyte apoptosis in the db/db group 
was noticeably higher. We next further verified whether 
Act could protect podocytes from apoptosis under high 
glucose conditions in MPC5 cells. The qPCR results 
showed that the WT1 and Bcl-2 mRNA levels of MPC5 
were significantly down-regulated, Bax mRNA level 
was up-regulated under high glucose conditions, indi-
cating that apoptosis occurred in the podocytes under 

Fig. 1  Act decreased albuminuria and improved the renal function of db/db mice. (a) The 24-hour albuminuria before and after the administration; (b-f) 
The levels of Scr, BUN, TC, TG, LDL; (g-h) The blood glucose and body weight of mice in different times of drug intervention. The results were presented 
as means ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. contemporary db/m group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. contemporary db/db group; 
+P<0.05, ++P<0.01 vs. the mice before experimental treatment
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hyperglycemic environment, whereas the decrease of 
the expression of WT1 and bcl-2, and the increase of the 
expression of Bax were reversed after Act intervention. 
Meanwhile, the results of flow cytometry further veri-
fied that high glucose promotes apoptosis in podocytes, 
whereas after Act intervention, podocyte apoptosis was 
reduced, suggesting that Act may protect podocytes from 
high glucose toxicity through its anti-apoptotic effect. 
According to the results above, Act protected podocytes 
against apoptosis in db/db mice and MPC5 cells.

Act regulated the AKT/GSK-3β signaling pathway in db/db 
mice
The AKT/GSK-3β signaling pathway is a typical nega-
tively related signaling pathway regulating tissue apop-
tosis. According to the western blot outcome, the db/db 
mice had higher p-AKT and p-GSK-3β (ser-9) expres-
sion levels than the db/m mice. However, the p-AKT 
and p-GSK-3β (ser-9) expression declined with Act and 
Cap treatment (Fig.  5), which means that AKT/GSK-3β 
signaling pathway was blocked after Act administration. 
Given our previous findings, we proposed the hypothesis 

that Act prevented apoptosis of podocytes and acted as a 
renoprotective agent in db/db mice by blocking the AKT/
GSK-3β signaling pathway.

Discussion
In db/db mice, we investigated whether Act could pro-
tect the kidneys by decreasing podocyte apoptosis. The 
Act was shown to reduce albuminuria, improve renal 
dysfunction, and ameliorate renal pathological abnor-
malities. Then we assessed synaptopodin and podocin 
expression levels, which were lower in db/db mice, show-
ing that podocytes had been injured. After Act admin-
istration, synaptopodin and podocin expression was 
upregulated, Bcl-2 expression was increased, Bax and 
cleaved caspase-3 expression were decreased. The results 
of TUNEL staining demonstrated that Act might reduce 
kidney apoptosis. Furthermore, we verified by qPCR and 
flow cytometry in MPC5 cells that high glucose promotes 
apoptosis in podocytes and that Act intervention could 
protect podocytes from high glucose damage through 
its anti-apoptotic effect. We also found that the activity 
of p-AKT/ p-GSK-3β (Ser-9) was significantly elevated 

Fig. 2  Act improved pathological injury in db/db mice. (a) HE and PAS staining analysis of kidney tissues (Scale bar = 50 μm); (b) The glomerular area was 
calculated using Image J software after HE staining; (c) The degree of glomerular pathological damage score was performed in PAS staining. The results 
were presented as means ± SD. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. db/m group; *P < 0.05, **P < 0.01 and ***P < 0.001 vs. db/db group
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in the kidney tissue of db/db mice compared with db/m 
mice and decreased after Act drug intervention. This 
might suggest that Act treatment prevents podocyte 
apoptosis due to the greatly inhibited activity of p-AKT 
and p-GSK-3β (Ser-9). Consequently, we hypothesized 
that Act might reduce podocyte apoptosis and decrease 
proteinuria by blocking the AKT/GSK-3β signaling path-
way to delay the course of DKD in db/db mice.

DHY has a wide range of effects including immuno-
logical regulation, inhibition of inflammatory response, 
and reduction of urinary protein excretion rate [24]. A 

randomized controlled study found that the combina-
tion of Rehmannia glutinosa acteosides and irbesartan 
was more effective than irbesartan alone in the treat-
ment of chronic glomerulonephritis [28]. According to 
Wang et al. [29], who studied the interventional effects 
of Act on HK-2 cells and db/db mice in a high-glucose 
environment, Act was efficient in reducing urine protein 
and restoring renal function in db/db mice, which is con-
sistent with our findings. And the specific mechanism 
may be to suppress inflammation and oxidative stress in 
HK-2 cells by inhibiting the NADPH/oxidase-TGF-β/

Fig. 3  Act protected renal podocyte in db/db mice. (a-c) Immunohistochemistry of synaptopodin and podocin in mice (Scale bar = 50 μm); (d-f) The 
western blot consequences of synaptopodin and podocin. The results were shown as means ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/m group; 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. db/db group
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Fig. 4  Effects of Act on renal tissue and podocytes. (a-d) The Bcl-2, Bax, and cleaved caspase-3 expression in mice kidney tissue; (e) TUNEL assay in mice 
renal tissues (Scale bar = 50 μm); DAPI, blue, apoptotic cell, red. (f) Real-time RT-PCR quantitation of WT1、Bax、bcl-2. (g) Differences in apoptosis of 
MPC5 cells between normal glucose, high glucose and Act interventions: Q1 is necrotic cells, Q2 is late apoptotic cells, Q3 is early apoptotic cells and 
Q4 is the number of viable cells. The data were exhibited as means ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/m group; *P < 0.05, **P < 0.01, and 
***P < 0.001 vs. db/db group
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Smad signaling pathway, thereby alleviating renal fibrosis 
and ultimately ameliorating early renal damage in DKD. 
However, the effects and mechanisms of Act intervention 
on podocytes have not been explored.

Podocyte apoptosis is one of the major podocytes’ 
responses to various injuries, which include glomerular 
hyperfiltration, hypertension, hyperglycemia, and vari-
ous cytokines and hormones [30]. Podocyte apoptosis 
plays an essential role in DKD development [5–7, 31]. 
Accumulating studies suggested that targeting inhibi-
tion of podocyte apoptosis could relieve the progression 
of DKD to some extent [32–34]. Our research indicated 
that Act upregulated synaptopodin and podocin protein 
levels, inhibited podocyte apoptosis, reduced urine albu-
min, and ameliorated renal pathological injury in db/db 
mice. Similarly in MPC5 cells, the results of qPCR and 
flow cytometry suggested that high glucose promotes 
podocyte apoptosis, whereas Act intervention protects 
podocytes and inhibits the apoptotic activity. Therefore, 
it is noteworthy that our study demonstrated that Act 
protected podocytes from apoptosis caused by the dia-
betic environment, decreased the albuminuria, and pro-
tected the renal function, thus delaying the development 
of DKD in db/db mice.

AKT, as the core part of the PI3K/AKT/mTOR signal-
ing pathway, is essential in animal models of DKD and 
high glucose-induced podocyte damage [16]. Several 
studies have observed that AKT was activated in dia-
betic rats induced by streptozotocin (STZ), podocytes, 
and proximal tubular epithelial cells under high glucose 

conditions [35–38], which might be the risk factor for 
renal fibrosis and DKD progression, and it was consis-
tent with our findings. GSK-3β was identified as one of 
the downstream targets of AKT, which inhibits GSK-3β 
activity by phosphorylating GSK-3β (ser-9) [20]. Dusabi-
mana et al. [19] found that AKT was activated in the 
DKD mouse model and subsequently phosphorylated 
GSK-3β (Ser-9) which was the inhibitory site of GSK-3β, 
thereby inhibiting GSK-3β activity. While p-AKT and 
p-GSK-3β (Ser-9) were significantly inhibited after Geni-
poside treatment, resulting in decreased proteinuria and 
podocytes loss, and improved renal function. Xu et al. 
[13] found that autophagy was inhibited and apoptotic 
activity significantly increased in human podocytes cul-
tured with high glucose, which may correlate with abnor-
mal AKT/mTOR signaling pathway. In other words, 
inhibition of the AKT signaling pathway can improve 
podocytes loss and reduce proteinuria in the progres-
sion of DKD. Our findings revealed that p-AKT and 
p-GSK-3β activities were considerably increased in db/
db mice as compared to db/m mice, while Act suppressed 
the expression of p-AKT and p-GSK-3β, which was con-
sistent with previous findings. As a result, we propose 
that Act suppressed the AKT/GSK-3β signaling pathway, 
which in turn reduced podocyte apoptosis, improved 
glomerular pathology, and eventually delayed the devel-
opment of DKD in db/db mice.

we investigated the effect of Act on podocyte apopto-
sis, however, the deficiency of this study is lacking further 
study on the regulatory effect of Act on AKT/GSK-3β sig-
naling pathway. Thus, more in vitro studies are urgently 
needed to elucidate the regulatory mechanisms of Act on 
the AKT/GSK-3β signaling pathway in podocytes.

In summary, our investigation elucidated a prospec-
tive renoprotective mechanism, whereby Act suppressed 
the AKT/GSK-3β signaling pathway and reduced podo-
cyte apoptosis in db/db mice, resulted in decreased pro-
teinuria (Fig. 6), indicating that Act might be a potential 
renoprotective agent by alleviating DKD progression.

Fig. 6  The Act reduced the apoptosis activity of podocytes by blocking 
the AKT/GSK-3β signaling pathway, thus decreasing the proteinuria of db/
db mice, and ameliorating DKD progression

 

Fig. 5  The protective effect of Act on podocytes may correlated with 
the AKT/GSK-3β signaling pathway inhibitory. (a-c) Western blot conse-
quences of p-AKT, p-GSK-3β in mice kidney tissues. The data were exhib-
ited as means ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/m group; 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. db/db group
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Figure 3. Act protected renal podocyte in db/db mice. The western blot 
consequences of synaptopodin and podocin. The images are typical and 
representative. Figure 4. Effects of Act on renal tissue and podocytes. The 
Bcl-2, Bax, and cleaved caspase-3 expression in mice kidney tissue. The 
images are typical and representative. Figure 5. The protective effect of 
Act on podocytes may correlated with the AKT/GSK-3β signaling pathway 
inhibitory. Western blot consequences of p-AKT, p-GSK-3β in mice kidney 
tissues. The images are typical and representative. 

Acknowledgements
This work was supported by National Natural Science Foundation of China, 
Fund Program for the Scientific Activities of Selected Returned Overseas 
Professionals in Shanxi Province, Research Project Supported by Shanxi 
Scholarship Council of China and the Natural Science Foundation of Shanxi 
Province.

Authors’ contributions
Chanjuan Ma conceived the study. Xiaoya Li and Zhixiu He completed the 
establishment of experimental animal model and drug intervention. Xiaoya 
Li and Zhilong Liu performed the molecular biology experiment. Xiaoya Li 
performed the data-analysis with advice of Xiaocheng Wang. Rongshan Li and 
Chanjuan Ma read and revised the manuscript critically. Junwei Wang, Guiqiao 
Ma and Peipei Zhang mainly completed the supplementary experiment. Each 
author contributed to manuscript draft or revision and approved the final 
version of the manuscript.

Funding
The following grants made contributions to our investment: National Natural 
Science Foundation of China (No. 81300698), the Fund Program for the 
Scientific Activities of Selected Returned Overseas Professionals in Shanxi 
Province (No. 20220046), Research Project Supported by Shanxi Scholarship 
Council of China (2022 − 206) and the Natural Science Foundation of Shanxi 
Province (No. 201901D111437).

Data availability
The datasets supporting the results of this article are included within the 
article. Further enquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate
This study was carried out in accordance with NIH guidelines for the care 
and use of laboratory animals (8th edition, NIH). And the animal research 
was approved by the Shanxi Provincial People’s Hospital’s ethical committee 

(No. 363). All applicable international, national, and/or institutional guidelines 
for the care and use of animals were followed. The methods are reported 
in accordance with ARRIVE guidelines (https://arriveguidelines.org) for the 
reporting of animal experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 December 2022 / Accepted: 9 October 2023

References
1.	 Kato M, Natarajan R. Epigenetics and epigenomics in diabetic Kidney Disease 

and metabolic memory. Nat Rev Nephrol. 2019;15(6):327–45.
2.	 Alicic RZ, Rooney MT, Tuttle KR. Diabetic Kidney Disease: challenges, Progress, 

and possibilities. Clin J Am Soc Nephrol. 2017;12(12):2032–45.
3.	 Zhang L, Long J, Jiang W, Shi Y, He X, Zhou Z, Li Y, Yeung RO, Wang J, 

Matsushita K, et al. Trends in chronic Kidney Disease in China. N Engl J Med. 
2016;375(9):905–6.

4.	 Kato M, Natarajan R. Diabetic nephropathy-emerging epigenetic mecha-
nisms. Nat Rev Nephrol. 2014;10(9):517–30.

5.	 Feng Y, Chen S, Xu J, Zhu Q, Ye X, Ding D, Yao W, Lu Y. Dysregulation of 
lncRNAs GM5524 and GM15645 involved in high-glucose-induced podo-
cyte apoptosis and autophagy in diabetic Nephropathy. Mol Med Rep. 
2018;18(4):3657–64.

6.	 Chen Y, Zhang L, Liu S, Yao B, Zhang H, Liang S, Ma J, Liang X, Shi W. Sam68 
mediates high glucose-induced podocyte apoptosis through modulation of 
Bax/Bcl-2. Mol Med Rep. 2019;20(4):3728–34.

7.	 Susztak K, Raff AC, Schiffer M, Bottinger EP. Glucose-Induced reactive oxygen 
species cause apoptosis of Podocytes and Podocyte Depletion at the Onset 
of Diabetic Nephropathy. Diabetes. 2006;55:225–33.

8.	 Zhou Z, Wan J, Hou X, Geng J, Li X, Bai X. MicroRNA-27a promotes podocyte 
injury via PPARgamma-mediated beta-catenin activation in diabetic 
Nephropathy. Cell Death Dis. 2017;8(3):e2658.

9.	 Eid S, Boutary S, Braych K, Sabra R, Massaad C, Hamdy A, Rashid A, Moodad S, 
Block K, Gorin Y, et al. mTORC2 Signaling regulates Nox4-Induced Podocyte 
Depletion in Diabetes. Antioxid Redox Signal. 2016;25(13):703–19.

10.	 Chen M, Yan R, Zhou K, Li X, Zhang Y, Liu C, Jiang M, Ye H, Meng X, 
Pang N, et al. Akt-mediated platelet apoptosis and its therapeutic 
implications in immune thrombocytopenia. Proc Natl Acad Sci U S A. 
2018;115(45):E10682–91.

11.	 Sun B, Dong C, Lei H, Gong Y, Li M, Zhang Y, Zhang H, Sun L. Propranolol 
inhibits proliferation and induces apoptosis of hemangioma-derived endo-
thelial cells via akt pathway by down-regulating Ang-2 expression. Chem Biol 
Interact. 2020;316:108925.

12.	 Liao J, Liu B, Chen K, Hu S, Liu ZY, Li YX, Yang ZM, Zhang M, Chen X. Galangin 
attenuates oxidative stress-mediated apoptosis in high glucose-induced 
renal tubular epithelial cells through modulating renin-angiotensin system 
and PI3K/AKT/mTOR pathway. Toxicol Res (Camb). 2021;10(3):551–60.

13.	 Xu J, Deng Y, Wang Y, Sun X, Chen S, Fu G. SPAG5-AS1 inhibited autophagy 
and aggravated apoptosis of podocytes via SPAG5/AKT/mTOR pathway. Cell 
Prolif. 2020;53(2):e12738.

14.	 Liu Y, Zhang J, Wang Y, Zeng X. Apelin involved in progression of diabetic 
Nephropathy by inhibiting autophagy in podocytes. Cell Death Dis. 
2017;8(8):e3006.

15.	 Sun Y, Deng M, Ke X, Lei X, Ju H, Liu Z, Bai X. Epidermal Growth Factor Protects 
against High Glucose-Induced Podocyte Injury Possibly via modulation of 
Autophagy and PI3K/AKT/mTOR signaling pathway through DNA methyla-
tion. Diabetes Metab Syndr Obes. 2021;14:2255–68.

16.	 Yang F, Qu Q, Zhao C, Liu X, Yang P, Li Z, Han L, Shi X. Paecilomyces Cicadae-
fermented Radix astragali activates podocyte autophagy by attenuating 
PI3K/AKT/mTOR pathways to protect against diabetic Nephropathy in mice. 
Biomed Pharmacother. 2020;129:110479.

https://doi.org/10.1186/s12902-023-01483-3
https://doi.org/10.1186/s12902-023-01483-3
https://arriveguidelines.org


Page 11 of 11Li et al. BMC Endocrine Disorders          (2023) 23:230 

17.	 Mancinelli R, Carpino G, Petrungaro S, Mammola CL, Tomaipitinca L, Filippini 
A, Facchiano A, Ziparo E, Giampietri C. Multifaceted roles of GSK-3 in Cancer 
and Autophagy-Related Diseases. Oxid Med Cell Longev. 2017;2017:4629495.

18.	 Mariappan MM, Shetty M, Sataranatarajan K, Choudhury GG, Kasinath BS. 
Glycogen synthase kinase 3beta is a novel regulator of high glucose- and 
high insulin-induced extracellular matrix protein synthesis in renal proximal 
tubular epithelial cells. J Biol Chem. 2008;283(45):30566–75.

19.	 Dusabimana T, Park EJ, Je J, Jeong K, Yun SP, Kim HJ, Kim H, Park SW. 
Geniposide improves Diabetic Nephropathy by enhancing ULK1-Mediated 
autophagy and reducing oxidative stress through AMPK activation. Int J Mol 
Sci 2021, 22(4).

20.	 Hou B, Li Y, Li X, Zhang C, Zhao Z, Chen Q, Zhang N, Li H. HGF protected 
against diabetic Nephropathy via autophagy-lysosome pathway in podocyte 
by modulating PI3K/Akt-GSK3β-TFEB axis. Cell Signal. 2020;75:109744.

21.	 Li XY, Wang SS, Han Z, Han F, Chang YP, Yang Y, Xue M, Sun B, Chen LM. 
Triptolide restores autophagy to Alleviate Diabetic Renal Fibrosis through the 
miR-141-3p/PTEN/Akt/mTOR pathway. Mol Ther Nucleic Acids. 2017;9:48–56.

22.	 Shi R, Wang Y, An X, Ma J, Wu T, Yu X, Liu S, Huang L, Wang L, Liu J, et al. Effi-
cacy of co-administration of Liuwei Dihuang Pills and Ginkgo Biloba tablets 
on Albuminuria in Type 2 Diabetes: a 24-Month, Multicenter, Double-Blind, 
Placebo-Controlled, Randomized Clinical Trial. Front Endocrinol (Lausanne). 
2019;10:100.

23.	 Yang R, Xu S, Zhang X, Zheng X, Liu Y, Jiang C, Liu J, Shang X, Fang S, Zhang 
J, et al. Cyclocarya paliurus triterpenoids attenuate glomerular endo-
thelial injury in the diabetic rats via ROCK pathway. J Ethnopharmacol. 
2022;291:115127.

24.	 Xu Z, Dai XX, Zhang QY, Su SL, Yan H, Zhu Y, Shang EX, Qian DW, Duan JA. 
Protective effects and mechanisms of Rehmannia glutinosa leaves total 
glycoside on early kidney injury in db/db mice. Biomed Pharmacother. 
2020;125:109926.

25.	 Dai XX, Su SL, Cai HD, Wei DD, Yan H, Zheng TY, Zhu ZH, Shang EX, Guo S, 
Qian DW et al. Protective effects of total glycoside from Rehmannia Glutinosa 
leaves on Diabetic Nephropathy rats via regulating the metabolic profiling 
and modulating the TGF-β1 and Wnt/β-Catenin signaling pathway. Front 
Pharmacol 2018, 9.

26.	 Dai XX, Su SL, Cai HD, Wei DD, Zheng TY, Zhu ZH, Yan H, Shang EX, Guo 
S, Qian DW et al. Comparative pharmacokinetics of acteoside from total 
glycoside extracted from leaves of Rehmannia and Dihuangye total glycoside 
capsule in normal and diabetic Nephropathy rats. Biomed Chromatogr 2017, 
31(12).

27.	 Dusabimana T, Kim SR, Park EJ, Je J, Jeong K, Yun SP, Kim HJ, Kim H, Park SW. 
P2Y2R contributes to the development of diabetic Nephropathy by inhibit-
ing autophagy response. Mol Metab. 2020;42:101089.

28.	 Qiu H, Fu P, Fan W, Zuo C, Feng P, Shi P, Cao L, Liu F, Zhou L, Chen F, et al. 
Treatment of primary chronic glomerulonephritis with Rehmannia Glutinosa 
acteosides in combination with the angiotensin receptor blocker irbesartan: 
a randomized controlled trial. Phytother Res. 2014;28(1):132–6.

29.	 Wang QW, Dai XX, Xiang X, Xu Z, Su SL, Wei DD, Zheng TY, Shang EX, Qian 
DW, Duan JA. A natural product of acteoside ameliorate kidney injury in 
Diabetes db/db mice and HK-2 cells via regulating NADPH/oxidase-TGF-β/
Smad signaling pathway. Phytother Res. 2021;35(9):5227–40.

30.	 Shankland SJ. The podocyte’s response to injury: role in proteinuria and 
glomerulosclerosis. Kidney Int. 2006;69(12):2131–47.

31.	 Liu WT, Peng FF, Li HY, Chen XW, Gong WQ, Chen WJ, Chen YH, Li PL, Li ST, Xu 
ZZ, et al. Metadherin facilitates podocyte apoptosis in diabetic Nephropathy. 
Cell Death Dis. 2016;7(11):e2477.

32.	 Zhang T, Chi Y, Kang Y, Lu H, Niu H, Liu W, Li Y. Resveratrol ameliorates podo-
cyte damage in diabetic mice via SIRT1/PGC-1alpha mediated attenuation of 
mitochondrial oxidative stress. J Cell Physiol. 2019;234(4):5033–43.

33.	 Zhang Y, Xu C, Ye Q, Tong L, Jiang H, Zhu X, Huang L, Lin W, Fu H, Wang J, et al. 
Podocyte apoptosis in diabetic Nephropathy by BASP1 activation of the p53 
pathway via WT1. Acta Physiol (Oxf ). 2021;232(1):e13634.

34.	 He M, Li Y, Wang L, Guo B, Mei W, Zhu B, Zhang J, Ding Y, Meng B, Zhang L, 
et al. MYDGF attenuates podocyte injury and proteinuria by activating Akt/
BAD signal pathway in mice with diabetic Kidney Disease. Diabetologia. 
2020;63(9):1916–31.

35.	 Xue M, Cheng Y, Han F, Chang Y, Yang Y, Li X, Chen L, Lu Y, Sun B, Chen L. 
Triptolide attenuates renal tubular epithelial-mesenchymal Transition Via the 
MiR-188-5p-mediated PI3K/AKT pathway in Diabetic Kidney Disease. Int J Biol 
Sci. 2018;14(11):1545–57.

36.	 Zhang X, Liang D, Fan J, Lian X, Zhao Y, Wang X, Chi ZH, Zhang P. Zinc attenu-
ates Tubulointerstitial Fibrosis in Diabetic Nephropathy Via Inhibition of HIF 
through PI3K Signaling. Biol Trace Elem Res. 2016;173(2):372–83.

37.	 Xue R, Zhai R, Xie L, Zheng Z, Jian G, Chen T, Su J, Gao C, Wang N, Yang 
X et al. Xuesaitong Protects Podocytes from Apoptosis in Diabetic Rats 
through Modulating PTEN-PDK1-Akt-mTOR Pathway. J Diabetes Res 2020, 
2020:9309768–9309779.

38.	 Song Y, Liu W, Tang K, Zang J, Li D, Gao H. Mangiferin alleviates renal intersti-
tial fibrosis in Streptozotocin-Induced Diabetic mice through regulating the 
PTEN/PI3K/Akt signaling pathway. J Diabetes Res. 2020;2020:9481720–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Acteoside protects podocyte against apoptosis through regulating AKT/GSK-3β signaling pathway in db/db mice
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental animals and ethical statement
	﻿Urine, blood samples and kidney tissue collection
	﻿Biochemical assays
	﻿Hematoxylin–eosin (HE) staining and periodic acid–Schiff (PAS) staining
	﻿Western blot analysis
	﻿Immunohistochemical staining analysis
	﻿Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
	﻿Podocyte culture
	﻿Quantitative real-time PCR (qRT-PCR)
	﻿Flow cytometry
	﻿Statistical analysis

	﻿Results
	﻿Act decreased albuminuria and improved renal function of db/db mice
	﻿Act improved the pathological injury of db/db mice
	﻿Act protected podocytes and inhibited podocytes apoptosis in db/db mice and MPC5 cells
	﻿Act regulated the AKT/GSK-3β signaling pathway in db/db mice

	﻿Discussion
	﻿References


