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ABSTRACT
Diabetic kidney disease (DKD) is a common chronic microvascular complication of diabetes 
mellitus. Although studies have indicated the therapeutic potential of mesenchymal stem cells 
(MSCs) for DKD, the underlying molecular mechanisms remain unclear. Herein, we explored the 
renoprotective effect of placenta-derived MSCs (P-MSCs) and the potential mechanism of SIRT1/
FOXO1 pathway-mediated autophagy in DKD. The urine microalbumin/creatinine ratio was 
determined using ELISA, and renal pathological changes were detected by special staining 
techniques. Immunofluorescence was used for detecting the renal tissue expression of podocin 
and nephrin; immunohistochemistry for the renal expression of autophagy-related proteins (LC3, 
Beclin-1, SIRT1, and FOXO1); and western blotting and PCR for the expression of podocyte 
autophagy- and pathway-related indicators. We found that P-MSCs ameliorated renal tubular injury 
and glomerular mesangial matrix deposition and alleviated podocyte damage in DKD rats. PMSCs 
enhanced autophagy levels and increased SIRT1 and FOXO1 expression in DKD rat renal tissue, 
whereas the autophagy inhibitor 3-methyladenine significantly attenuated the renoprotective 
effect of P-MSCs. P-MSCs improved HG-induced Mouse podocyte clone5(MPC5)injury, increased 
podocyte autophagy, and upregulated SIRT1 and FOXO1 expression. Moreover, downregulation of 
SIRT1 expression blocked the P-MSC-mediated enhancement of podocyte autophagy and 
improvement of podocyte injury. Thus, P-MSCs can significantly improve renal damage and reduce 
podocyte injury in DKD rats by modulating the SIRT1/FOXO1 pathway and enhancing podocyte 
autophagy.

1.  Introduction

Diabetes mellitus (DM) is a chronic metabolic disease com-
mon worldwide. In 2015, an estimated 415 million people 
were living with diabetes globally, which was almost double 
the number in 2000, and the number is expected to increase 
to 642 million by 2040 [1]. Diabetic kidney disease (DKD) is a 
serious microvascular complication of diabetes mellitus, 
affecting 35–40% of patients with diabetes [2], and is one of 
the main causes of end-stage renal disease (ESRD). Its patho-
logical features include capillary basement membrane thick-
ening and diffuse and nodular glomerulosclerosis. In the 
early stages of DKD, glomerular lesions are characterized by 

hyperfiltration and increased albumin excretion. Albuminuria 
is a major characteristic of DKD and is caused by failure of 
the glomerular filtration barrier (GFB), which is composed of 
glomerular endothelial cells, glomerular basement membrane 
(GBM), and podocytes. Diabetic nephropathy is closely related 
to podocyte injury, one of the earliest glomerular injuries 
that contributes to the occurrence and development of DKD, 
in the early stage of diabetes [3, 4]. As the disease pro-
gresses, proteinuria gradually increases, the estimated glo-
merular filtration rate gradually decreases, and renal fibrosis 
leads to renal failure [5]. Glomerular hyperfiltration is associ-
ated with abnormal hemodynamics, glucose metabolism, and 
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genetic susceptibility. However, the specific molecular mech-
anisms underlying DKD are not fully understood.

Autophagy is a cellular process that degrades damaged 
organelles and malformed or nonfunctional proteins [6, 7]. 
Under physiological conditions, autophagy occurs at the 
basal level to maintain homeostasis [8]. However, it induces 
nutrient regeneration and cell death under various stress 
conditions [9, 10]. Autophagy is essential for maintaining 
podocyte homeostasis. Impaired autophagy in podocytes 
leads to GFB dysfunction, macroalbuminuria, and severe glo-
merulosclerosis [11]. The occurrence and development of 
DKD are related to many pathological factors, including the 
downregulation of autophagy, podocyte apoptosis and shed-
ding, and epithelial-mesenchymal transformation (EMT) [12–
14]. Some studies have shown that autophagy is inhibited in 
the kidney tissues of rats in a nephritis model of diabetes 
mellitus. Therefore, local renal autophagy is a potential ther-
apeutic target for DKD [15, 16]. The phosphatidylinositol-3-ki-
nase (PI3K)/Akt/mammalian target of rapamycin (mTOR) 
signaling pathway is a well-known upstream signaling path-
way of autophagy [17]. SIRT1 is a nicotinamide adenine dinu-
cleotide (NAD+)-dependent deacetylase that directly affects 
autophagy. It is also an important regulator of the transcrip-
tion factor forkhead box O1 (FOXO1). Its deacetylates FOXO1 
to upregulate its expression, which in turn induces autoph-
agy to reduce the renal damage caused by oxygen free rad-
icals [18, 19]. Thus, SIRT1/FOXO1 signaling pathway is 
associated with autophagy.

Mesenchymal Stem Cells (MSCs) have strong self-renewal 
ability, differentiation potential, anabolic activity, immuno-
modulatory effects, and can secrete paracrine 
anti-inflammatory and cytoprotective factors [20–22], making 
them widely applicable in the field of regenerative medicine. 
Therefore, MSCs have promising prospects in the treatment 
of DKD.  
Yue Y et  al. [23] revealed that human umbilical cord-derived 
MSCs (HUCDMSCs) therapy effectively preserved the residual 
renal function, reduced proteinuria and remarkably reduced 
the inflammation, oxidative stress, and mitochondrial dam-
age in DKD rats. The potential renoprotective effects of 
MSC-derived exosomes are based on their upregulation of 
autophagy and inhibition of the mTOR pathway, as well as 
their anti-fibrotic effects in diabetic nephropathy models [24]. 
JUNG et  al. [25] found that placental chorion plate-derived 
MSCs (CP-MSCs) significantly increased the level of autoph-
agy in the liver of rats injured by carbon tetrachloride (CCl4). 
In addition, co-culture of CCl4-treated primary rat hepato-
cytes with CP-MSCs reduced necrotic cells and increased 
autophagy signals and regenerative factors. SIRT1 regulates 
the deacetylation of FOXO1 and plays a crucial role in regu-
lating cellular autophagy. Studies have shown that MSCs 
enhance autophagy and resist apoptosis [26]. In a study in 
which bone marrow-derived MSCs (BM-MSCs) were 
co-cultured with INS-1 cells exposed to high glucose (HG) 
medium, BM-MSCs enhanced the expression of Beclin-1 and 
LC3-II, increased the formation of autophagosomes and 
autolysosomes, and decreased cell apoptosis [27]. In 

conclusion, the therapeutic effects of MSCs are associated 
with alterations in autophagy levels in tissues and host cells. 
Placenta-derived MSCs (P-MSCs) are easier to obtain than 
MSCs from other sources and do not require invasive proce-
dures. Therefore, they have become an ideal source of stem 
cells for regenerative medicine. However, to our knowledge, 
there are few relevant studies on the efficacy and safety of 
P-MSCs in the treatment of diabetic nephropathy.

In this study, we established a streptozotocin (STZ)-induced 
diabetes rat model and an HG-induced podocyte injury model 
to determine whether P-MSCs play a role in renal protection 
by regulating autophagy, and to explore the potential mecha-
nism of SIRT1/FOXO1 pathway-mediated autophagy in P-MSC 
treatment of renal injury in the two models.

2.  Methods

2.1.  Experimental animals

Male Sprague–Dawley (SD) rats (210 ± 10 g, 6 weeks old) were 
purchased from Hunan Laike Jingda Experimental Animal Co., 
Ltd. (Changsha, China). They were fed at 26 °C, 12 h light/dark 
cycle and they were free to eat and drink. All experiments were 
conducted in accordance with the relevant regulations for ani-
mal experimentation and ethics. Our study protocol has been 
approved by the Research Committee of the First Affiliated 
Hospital of Nanchang University (Approval number: 2020-04).

The rats were randomly divided into four groups: NC, DKD, 
P-MSCs, and P-MSC + 3-MA group, with 10 rats per group. The 
NC group was fed normally and injected with the same dose 
of normal saline, whereas the other groups were injected 
intraperitoneally with STZ (60 mg/kg). After 72 h, BG was 
detected in the tail vein for three consecutive days using a BG 
meter, and the random BG level was higher than 16.7 mmol/L 
three consecutive times, indicating that the T1DM model was 
successfully established. After eight weeks of continuous feed-
ing, T1DM rats were maintained in a state of chronic hypergly-
cemia for a long time, resulting in diabetic chronic kidney 
injury. After eight weeks, the random BG level was higher than 
16.7 mmol/L for three consecutive times, and they were 
included in the DKD model group. In the P-MSC and P-MSC + 
3-MA groups, P-MSCs (1 × 106) were injected via the tail vein 
once a week, three times. The P-MSC + 3-MA group was intra-
peritoneally injected with 3-MA (15 mg/Kg/d) for eight weeks.

The body weights of the rats were recorded once a week, 
BG was measured once every 2 weeks, and urine protein was 
collected once in 24 h. After the end of the treatment (at the 
end of the 8th week), urine samples were collected to detect 
urinary microalbumin (mALB) and urinary creatinine (Ucr). Rats 
in each group were anesthetized by intraperitoneal injection 
of 10% chloral hydrate, and blood and kidney tissues were col-
lected. Owing to excessive fluctuations in short-term BG levels 
and glucose intolerance, seven rats died by the end of 8 weeks 
of treatment, including two rats in the DKD group, one rat in 
the P-MSC group, and four rats in the P-MSC + 3-MA group.



Renal Failure 3

2.2.  Detection of renal function

BG, TG, LDL-C, and BUN levels were measured using an auto-
matic biochemical analyzer at the First Affiliated Hospital of 
Nanchang University, Nanchang, Jiangxi, China. Rat urinary 
microalbumin was detected using a rat microalbuminuria 
(MAU/ALB) ELISA Kit (Cusabio) according to the manufactur-
er’s instructions. Rat urinary creatinine was detected using a 
creatinine assay kit (R&D Systems China Co., Ltd.), and the 
UACR was calculated and expressed in mg/g.

2.3.  Histopathological and immunohistochemical analysis

Kidney tissues were fixed with 4% paraformaldehyde and 
embedded in paraffin to prepare 4 μm tissue sections for HE 
and PAS staining. Based on the swelling of renal tubular epi-
thelial cells, intertubular hemorrhage, vacuolar degeneration, 
and necrotic tubules, histopathological changes were evalu-
ated according to the degree of 0–3 tubular damage. The 
criteria were as follows: 0, no damage; 1, <25%; 2, 25–50%; 
3, >50%.

Immunohistochemical staining was performed using 
anti-SIRT1 (Abcam, Cambridge, MA, USA), anti-FoxO1 (Cell 
Signaling Technology, Danvers, MA, USA), anti-Beclin1 
(Proteintech, Wuhan, China), and anti-LC3 (Proteintech) pri-
mary antibodies. Light microscopy and image acquisition 
were performed, and ImageJ software was used for 
semi-quantitative analysis of specific protein expression.

2.4.  Immunofluorescence staining

The frozen kidney tissue of rats was cut into 5 μm thick sec-
tions for indirect immunofluorescence staining of podocyte 
markers podocin and nephrin. Rabbit polyclonal antibodies 
against podocin (1:200 dilution, Proteintech) and nephrin 
(1:200 dilution, Abcam) were used as primary antibodies. 
Cy3-labeled goat anti-rabbit immunoglobulin (Servicebio) 
was used as a secondary antibody.

Cells cultured on glass slides were washed twice with cold 
phosphate-buffered saline (PBS) and fixed in 4% paraformal-
dehyde for 20 min. After washing thrice with phosphate buff-
ered saline (PBS), the cells were treated with 0.1% Triton 
X-100 for 5 min, blocked with 3% fetal bovine serum (FBS) in 
PBS for 30 min at room temperature, incubated with the spe-
cific primary antibody, podocin (1:200 dilution, Proteintech), 
and then stained with Cy3-labeled secondary antibody. 
Semi-quantitative analysis of specific protein expression was 
performed using fluorescence microscopy, and the mean 
gray value, representing the mean fluorescence intensity, was 
analyzed using ImageJ.

2.5.  Cell culture and treatment

Mouse podocyte clone5(MPC5) was purchased from 
Guangzhou Gineo Biological Technology Co., Ltd. (Guangzhou, 
Guangdong, China). Human P-MSCs were provided by Jiangxi 
Han’s United Stem Cell Technology Co. Ltd. The cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Solarbio Science & Technology Co., Ltd., Beijing, China) con-
taining 10% FBS. Cells were treated with different concentra-
tions of HG(50mM), and MPC5 cells and P-MSCs were 
co-cultured at a ratio of 10:1.

2.6.  Cell transfection

Mouse podocyte cells were transfected with siRNAs targeting 
SIRT1 (Santa Cruz Biotechnology, Dallas, TX, USA), or control 
(negative control) with Lipofectamine 2000 (Thermo Fisher 
Scientific, Shanghai, China). After 24 h of transfection, the 
cells were treated with P-MSCs and HG.

2.7.  Western blotting

Total protein was extracted from MPC5 cells using RIPA lysis 
buffer (Applygen, Beijing, China), and protein concentration 
was determined using a protein detection kit (TransGen 
Biotech, Beijing, China). The primary antibodies used in this 
study were podocin (1:500; Proteintech); Beclin-1 (1:1000; 
Proteintech), LC3 (1:500; Proteintech), FOXO1 (1:1000; Cell 
Signaling Technology), and SIRT1 (1:1000; Abcam). ECL 
(Tiangen Biochemical Technology, Beijing, China) was used to 
detect immunoreactive bands after incubation with the cor-
responding horseradish peroxidase-conjugated secondary 
antibodies.

2.8.  RT-PCR analysis

Total RNA from MPC5 cells was prepared using the TRIzol RNA 
isolation system, according to the manufacturer’s instructions 
(Applygen, Beijing, China), and the concentration of the 
extracted total RNA was detected using NanoDrop2000. The 
first strand of cDNA was synthesized with 2 μg of RNA and 
20 μL of reaction buffer at 42 °C using the RT/RI Enzyme Mix 
(Tiangen Biochemical Technology) and random primers. The 
amplification reaction was performed on a real-time fluores-
cent quantitative PCR instrument (Thermo Fisher Scientific, 
Shanghai, China) using 1 μL cDNA as a template and a stan-
dard PCR kit (QIAgen, Germany). The sequences of primer 
pairs were as follows: SIRT1 (forward) 5′-AGAACCACCA 
AAGCGGAAAA-3′ and (reverse) 5′-AATCCCACAGGAGACAGAA 
ACC-3′; β-actin (forward) 5′-AACAGTCCGCCTAGAAGCAC-3′ and 
(reverse) 5′-CGTTGACATCCGTAAAGACC-3′.

2.9.  Statistical analysis

All statistical results were expressed as mean ± standard devi-
ation (Mean ± SD). The experimental data were sorted and 
analyzed using SPSS25.0 software. One-way analysis of vari-
ance and least significant difference tests were used to com-
pare differences between groups. A p-value <0.05 represents 
a statistically significant difference.
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3.  Results

3.1  P-MSCs reduced blood glucose and lipid, improved 
renal function and pathological injury in DKD rats

After 8 weeks of P-MSCs and 3-methyladenine (3-MA) treat-
ment, blood glucose (BG), triglyceride (TG), low-density lipo-
protein cholesterol (LDL-C), and blood urea nitrogen (BUN) 
levels and urinary albumin-creatinine ratio (UACR) were sig-
nificantly lower in the treatment group than in the DKD 
group (p < 0.01) (Figure 1(A,E)). 3-MA inhibited the effects of 
P-MSCs on BG and UACR levels in DKD rats. Compared with 
the P-MSCs group, the LDL-C, TG, and BUN levels in the 
P-MSCs + 3-MA group increased, but the differences were 
not statistically significant (p > 0.05). Hematoxylin and eosin 
(H&E) staining was used to evaluate the degree of renal 
tubule injury in rat kidney tissue. The results showed that 
renal tubular epithelial cells in DKD rats were swollen, vacu-
olated, and necrotic, and that P-MSCs improved the patho-
logical changes in the renal tubules (Figure 1(F,G)). P-MSCs 
significantly reduced renal tubular injury (p < 0.01)), whereas 
3-MA inhibited the protective effects of P-MSCs on renal 
tubular injury (p < 0.05). Proliferation of the mesangial matrix 
was evaluated using periodic acid–Schiff (PAS) staining. The 
results showed a significant increase in the number of glo-
merular mesangial cells, deposition of mesangial matrix, and 
thickening of basement membrane in DKD rats. P-MSCs sig-
nificantly improved mesangial matrix proliferation, whereas 
3-MA inhibited the effect of P-MSCs on the pathological 
structure (Figure 1F). These observations clearly indicate that 

P-MSCs can improve glucose and lipid metabolism and renal 
function and reduce renal injury in DKD rats.

3.2  P-MSCs alleviated podocyte damage in DKD rats

Podocin and nephrin expression levels in the DKD group 
were significantly lower than those in the normal control 
(NC) group but were significantly higher than those in the 
P-MSC group. Furthermore, the expression of podocyte fis-
sure membrane protein in the P-MSCs +3-MA group was sig-
nificantly lower than that in the P-MSC group (Figure 2). 
These data suggest that P-MSCs can improve renal podocyte 
injury, whereas 3-MA inhibits the protective effect of P-MSCs 
on renal podocyte injury in DKD rats.

3.3  P-MSCs promoted autophagy likely by activating the 
SITR1/FOXO1 pathway in DKD rats

Immunohistochemical staining was used to evaluate the 
expression of the autophagy-related proteins Beclin1 and LC3 
in the renal tissue of the rats in each group. The results 
showed that the expression of Beclin1 and LC3 in the renal 
tissue of DKD rats was significantly decreased and that 
P-MSCs promoted autophagy, whereas 3-MA inhibited the 
autophagy-promoting effect of P-MSCs (Figure 3(A,B,C)). 
Moreover, the levels of SITR1 and FOXO1 were reduced in 
the renal tissues of DKD rats. P-MSCs could significantly 
upregulate the expression levels of SITR1 and FOXO1; how-
ever, 3-MA inhibited the P-MSC-mediated upregulation of 
SITR1 and FOXO1 (Figure 3(A,D,E)). These observations 

Figure 1. E ffects of placenta-derived mesenchymal stem cells (P-MSCs) on blood glucose (BG), lipid, renal function, and renal pathological structure in 
diabetic rats. A: Effect of P-MSCs on BG in diabetic kidney disease (DKD) rats; B: Effect of P-MSCs on triglyceride (TG) in DKD rats; C: Effect of P-MSCs on 
low-density lipoprotein cholesterol (LDL-C) in DKD rats; D: Effect of P-MSCs on blood urea nitrogen (BUN) in DKD rats; E: Effect of P-MSCs on urinary 
albumin-to-creatinine ratio (UACR) in DKD rats; F: Effect of P-MSCs on renal tubule and glomerulus in DKD rats; G: Pathological score of renal tubular 
injury(there are 6 rats in each group, and 5 pathological pictures are randomly selected for each group, so there are 30 pictures in each group to analyze 
the pathological score.)(nsP >0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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indicate that the protective effect of P-MSCs in the DKD rats 
may be related to SIRT1/FOXO1-mediated autophagy.

3.4  P-MSCs improved podocyte injury and autophagy and 
promoted SIRT1 and FOXO1 expression in vitro

We next investigated the therapeutic effects of P-MSCs on 
podocyte and found that high glucose (HG) inhibited auto-
phagy and induced podocyte damage in a concentration- 
dependent manner (p < 0.05) (Figure 4). For this, we estab-
lished a podocyte injury model by treating podocytes with 
50 mmol/L HG. Our results showed that podocin expression 
in the HG group was significantly lower than that in the nor-
mal glucose (NG) group (p < 0.01); However, podocin expres-
sion in the HG + P-MSC group was significantly higher than 
that in the HG group (Figure 5(A, B)). These results suggested 
that P-MSCs inhibited HG-induced MPC5 injury. The expres-
sion levels of LC3-II and Beclin1 were detected using western 
blotting. The results showed an increase in the expression 
levels of LC3-II and Beclin1 in the P-MSC-treated group, 

indicating an increase in MPC5 autophagy. Western blot anal-
ysis showed that LC3-II and Beclin1 in the HG group were 
significantly decreased compared with the NG group 
(p < 0.01). An increase in the protein expression levels of 
LC3-II and Beclin1 in the P-MSC group, compared with the 
HG group (p < 0.01) (Figure 5(A,B)), suggested that HG levels 
can inhibit MPC5 autophagy and that P-MSCs can promote 
MPC5 autophagy in HG culture. Protein expression levels of 
SIRT1 and FOXO1 were also detected by western blotting, 
which showed that, compared with the NG group, HG inhib-
ited SIRT1 and FOXO1 protein expression, while P-MSCs sig-
nificantly up-regulated SIRT1 and FOXO1 protein expression 
(p < 0.01) (Figure 5(C D)). At the same time, PCR results 
showed that compared with the NG group, HG inhibited 
SIRT1 mRNA expression, but P-MSCs significantly weakened 
the inhibitory effect of HG  
on SIRT1 mRNA expression (Figure 5E). Compared with the 
P-MSC group, podocin expression in the P-MSC + 3-MA 
group was significantly decreased (p < 0.01) (Figure 5(F, G)). 
These results suggested that P-MSCs protect podocytes by 

Figure 2. E ffects of placenta-derived mesenchymal stem cells (P-MSCs) and 3-methyladenine (3-MA) on glomerular podocyte fissure membrane proteins 
podocin and nephrin in diabetic kidney disease (DKD) rats. A-B: Immunofluorescence was used to detect the expression of podocin in rat glomerulus. C-D: 
Effects of P-MSCs and 3-MA on nephrin in DKD rats. (****p < 0.0001).
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activating autophagy and upregulating SIRT1 and FOXO1 
expression.

3.5  P-MSCs inhibited HG‐induced MPC5 injury via 
activating SIRT1/FOXO1‐mediated autophagy

To determine whether P-MSCs inhibited MPC5 damage 
through SIRT1/FOXO1 signaling pathway, SIRT1 expression 
levels in MPC5 cells treated with HG or P-MSCs were down-
regulated using siRNA, and then the culture was continued 
in medium containing 50 mM HG. Western blotting and PCR 
verified that the expression of SIRT1 protein and mRNA was 
significantly downregulated after treatment with siRNA 
SIRT1(Figure 6(A B)).

As shown in Figure 6(D, E), the downregulation of SIRT1 
expression in MPC5 cells significantly reduced podocin 
expression (p < 0.01). These results suggest that P-MSCs pro-
tect MPC5 cells from HG injury via the SIRT1/FOXO1 signal-
ing pathway.

To explore the role of the SIRT1/FOXO1 signaling pathway 
in autophagy, siRNA transfection was used to downregulate 
the expression level of SIRT1 in MPC5 cells treated with HG 
and P-MSCs. The expression levels of FOXO1, LC3, and Beclin1 
in each group of cells were analyzed by western blotting. The 
results showed that SIRT1 expression was downregulated in 
MPC5 cells and the expression levels of FOXO1, LC3-II, and 
Beclin1 were significantly decreased (p < 0.01) (Figure 6(B,C,D,E)). 
These results suggest that P-MSCs promote HG-induced MPC5 
autophagy via the SIRT1 the FOXO1 signaling pathway.

4.  Discussion

With the improvement of people’s living standards and 
changes in lifestyle, the number of patients with diabetes is 
increasing at an alarming rate over the past 30 years, with 
DKD becoming the most frequent cause of ESRD in both 
developed and developing countries [28, 29]. In the multi-
factorial pathogenesis of DKD, the oxidative stress caused 
by long-term hyperglycemia, activation of growth factors 
such as transforming growth factor-β (TGF-β), glomerular 
hypertension, production of advanced glycation end- 
products, and podocyte injury are believed to play import-
ant roles in kidney injury [30, 31]. DKD is characterized by 
persistent elevated proteinuria, GBM thickening, and extra-
cellular matrix accumulation, leading to inhibition of auto-
phagic flux, increased podocyte injury, and progressive 
renal dysfunction [32]. At present, the main therapeutic 
drugs for DKD include: renin-angiotensin-aldosterone sys-
tem (RAS) inhibitors, sodium-glucose cotransporter 2 
(SGLT2) inhibitors and Finerenone, which is a selective  
nonsteroidal mineralocorticoid receptor antagonist (MRA) 
[33,34].

Patients with DKD and ESRD impose a heavy economic 
burden on their families and society, making early detection 
and treatment particularly important.

MSCs are mesoderm-derived adult stem cells with strong 
self-renewal ability and differentiation potential and are 
widely used in regenerative medicine. They are mainly used 
as P-MSCs, BM-MSCs, adipose-derived MSCs (AD-MSCs), and 
umbilical cord MSCs (UC-MSCs). Numerous studies have 

Figure 3. E ffects of placenta-derived mesenchymal stem cells (P-MSCs) and 3-methyladenine (3-MA) on autophagy-related proteins, SITR1 and FOXO1 in 
renal tissue of diabetic kidney disease (DKD) rats. A: Expression of autophagy-related proteins Beclin1, LC3, SITR1, and FOXO1 was evaluated by immuno-
histochemical staining in renal tissue of rats in each group; B: Effects of P-MSCs and 3-MA on Beclin1 in renal tissue of DKD rats; C: Effects of P-MSCs and 
3-MA on LC3 in renal tissue of DKD rats D: Effects of P-MSCs and 3-MA on SITR1 in renal tissue of DKD rats; E: Effects of P-MSCs and 3-MA on FOXO1 in 
renal tissue of DKD rats. (***p < 0.001,****p < 0.0001).
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validated the role of MSCs in many diseases, including osteo-
arthritis, pulmonary fibrosis, systemic lupus erythematosus, 
and diabetic nephropathy [35–40]. We learned that MSCs can 
decreasing blood glucose through islet function recovery, islet 
cell proliferation, and insulin sensitivity improvement [41]. In 
a clinical study, Packham et  al. [42] found that a single intra-
venous injection of MPCs showed a tendency to stabilize or 
improve the estimated and measured glomerular filtration 
rates at 12 weeks with a good safety profile. Animal studies 
have shown that MSCs can reduce the severity of DKD in rats 
by improving proteinuria, serum creatinine/urea ratio, glomer-
ular hypertrophy, mesangial expansion and sclerosis, foot pro-
cess loss, renal tubular injury, and interstitial fibrosis [39, 
43–45]. The therapeutic effect of MSCs is mainly related to 
their paracrine mechanism, anti-inflammatory activity, secre-
tion of cytoprotective factors, reduction of oxidative stress, 
and inhibition of the mTOR pathway [5, 24, 44]. Through 
these mechanisms, MSCs can improve the intrarenal environ-
ment and slow down or reverse key pathogenic pathways, 
including glomerular barrier dysfunction, proinflammatory cell 
infiltration, tubular epithelial cell stress, and progressive inter-
stitial fibrosis.

The results of this study showed that the BG, TG, LDL-C, 
BUN, and UACR levels in DKD rats significantly decreased 
after 8 weeks of P-MSC treatment, suggesting that P-MSCs 
can improve glucose and lipid metabolism and renal func-
tion in DKD rats. Moreover, we found that P-MSCs alleviated 
tubular injury and GBM thickening, and the expression levels 
of the glomerular podocyte markers podocin and nephrin in 
the renal tissue of DKD rats significantly increased after 
P-MSC treatment, suggesting that P-MSCs can significantly 
reduce glomerular podocyte injury in the renal tissue of 
DKD rats.

Autophagy is a conserved and tightly regulated process 
that maintains cellular homeostasis. Autophagy-related pro-
tein 6 (ATG6 or Beclin-1) is the most important regulator of 
autophagy, and its upregulation usually represents increased 
autophagic activity [46]. Autophagy plays key roles in pro-
tecting cells under both normal and diseased states, includ-
ing immunity, inflammation, adaptation to stress, development 
and aging, metabolic and neurodegenerative diseases, and 
cancer [8]. Many studies have shown that impaired autoph-
agy is associated with the pathogenesis of diabetic nephrop-
athy. Barbosa et  al. [47] reported that autophagy was 
decreased in the renal tubular cells of STZ-induced rats, and 

Figure 4. E ffects of high glucose on podocyte- and autophagy-related proteins Beclin1 of podocytes. A-B: Immunofluorescence was used to detect the 
expression of podocin expression in podocytes with different concentrations of high glucose; C-D: Western blot was used to detect the effects of different 
concentrations of high glucose on podocyte autophagy. (*p < 0.05, **p < 0.01).
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insulin treatment or insulin replacement with islet transplan-
tation promoted autophagy. Vallon et  al. [48] found the 
expression levels of p62/SQSTM1, a substrate of the autophagy- 
lysosomal degradation pathway, were elevated in diabetic 
mice, indicating impaired autophagy function. Podocytes, or 
glomerular visceral epithelial cells, are terminally differenti-
ated cells that line the glomerular sacs that enclose capillar-
ies [49]. Podocyte injury often results in proteinuria, and the 
extent of podocyte injury and loss plays a decisive role in 
the speed of DKD progression [50]. Because podocytes do 
not replicate, intracellular degradation systems are essential 
for maintaining their homeostasis. Autophagy is primarily 
responsible for the degradation of proteins and organelles, 
and hence for maintaining homeostasis, in podocytes. Its 
dysfunction is considered an important inducer of podocyte 
injury [51, 52]. It has been reported that autophagy is acti-
vated in adriamycin-induced nephropathy to protect podo-
cytes from injury [53]. In Podo-ATG7 podocyte-specific 
knockout mice, doxorubicin treatment results in podocyte 
injury, glomerulopathy, and proteinuria [54]. Our animal 

experiments also showed that autophagy is downregulated 
in kidney  
tissue, and podocytes are severely damaged in DKD rats. 
Furthermore, the results of our vitro experiment showed that 
HG levels could lead to the downregulation of autophagy 
and damage to podocytes.

SIRT1 is a highly conserved NAD+-dependent deacetylase 
that is activated in response to energy limitation and acts as 
a cellular sensor to detect energy availability and regulate 
metabolism in various tissues [55]. It forms molecular com-
plexes with essential components of the autophagy machin-
ery such as ATG5, ATG7, and LC3, and directly deacetylates 
these components in an NAD-dependent manner [56]. The 
most frequently deacetylated transcription factors are the 
members of the FOXO family [57], which participate in the 
regulation of cell proliferation, apoptosis, metabolism, DNA 
damage repair, and other processes in various organs or tis-
sues such as the heart, skeletal muscle, liver, and brain tissue 
by activating cell autophagy. The transcriptional activation 
ability of the FOXO family members is specifically regulated 

Figure 5. E ffects of placenta-derived mesenchymal stem cells (P-MSCs) and 3-methyladenine (3-MA) on autophagy-related proteins and SIRT1, FOXO1 in 
high glucose-induced MPC5 cells A-B: Effects of P-MSCs on podocin and autophagy-related proteins (Beclin1 and LC3) in high glucose-induced MPC5; C-D: 
Western blot was used to detect the expression of SIRT1 and FOXO1 in high glucose-induced MPC5 cells treated with P-MSCs; E: PCR was used to evaluate 
SIRT1 mRNA expression in high glucose-induced MPC5 cells by P-MSCs; F-G: Effects of P-MSCs and 3-MA on podocin in high glucose-induced MPC5 cells. 
(**p < 0.01, ***p < 0.001, ****p < 0.000, ## p < 0.001).
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by their acetylation/deacetylation and phosphorylation/
dephosphorylation processes [58]. Among them, FOXO1 plays 
a key role in cellular stress adaptation and directly regulates 
the transcription of autophagy-related genes. In addition, 
acetylated FOXO1 can interact with ATG7, leading to 
enhanced expression of BNIP3 [59,60]. Studies have reported 
that metformin and resveratrol may reduce kidney injury in 
diabetic rats by inducing the SIRT1/FOXO1 autophagy signal 
axis [61, 62] and that the SIRT1/FOXO1 pathway can regulate 
autophagy in endothelial cells, myocardium, and kidney tis-
sues [63–65]. Therefore, the SIRT1/FOXO1 pathway is an 
important regulator of autophagy.

The expression levels of SIRT1 and FOXO1 are decreased in 
the kidney tissue of diabetic animal models, and the upregu-
lation of the SIRT1/FOXO1 pathway reduces BG levels, 
improves oxidative stress, and enhances autophagy, thereby 
reducing renal damage. In contrast, 3-MA, a PI3K inhibitor, 
causes kidney injury. In this study, we treated DKD rats with 
P-MSCs in combination with the autophagy inhibitor 3-MA. 
The results showed that P-MSCs significantly upregulated the 
expression of SIRT1, FOXO1, LC3II, and Beclin1 in the renal 
tissues of rats. These results suggested that P-MSCs upregu-
lated SIRT1/FOXO1 expression and enhanced autophagy. 
However, the intervention of the autophagy inhibitor weak-
ened the autophagy-enhancing effect of P-MSCs, leading to 
renal pathological disorder and increased UACR in DKD rats. 
These results suggest that the inhibition of autophagy can 
block the protective effect of P-MSCs on the kidneys of DKD 
rats, and its mechanism is related to the SIRT1/FOXO1 path-
way. In vitro, we confirmed that different HG concentrations 

can reduce the expression of LC3II and Beclin1. With an 
increase in the concentration gradient, the damage to MPC5 
autophagy was more serious, and P-MSCs could reverse the 
inhibition of MPC5 autophagy.

We observed that HG affected the expression of SIRT1, 
FOXO1, and autophagy in MPC5 cells, and that the upregula-
tion of FOXO1 expression and autophagy was significantly 
reduced when SIRT1 was silenced by siRNA. These results sug-
gest that the effect of P-MSCs on the upregulation of 
HG-induced MPC5 autophagy is mediated by SIRT1/FOXO1 
pathway.

This study has limitations. First, after T1DM induction, 
there may be a bias that only rats resistant to hyperglyce-
mic injury will survive; therefore, results such as blood glu-
cose and ACR might be underestimated. Second, The study 
concludes that P-MSCs can improve blood glucose and 
blood lipid levels, but the specific mechanism of its action 
is not explored in depth, and further research in this direc-
tion is needed. Third, this study did not explore whether 
P-MSCs or exosomes play an important role in the improve-
ment of diabetic kidney injury. The role of P-MSCs-secreted 
exosomes in diabetic kidney disease needs to be further 
explored.

5.  Conclusion

This study indicates that P-MSCs alleviate diabetic kidney 
injury by regulating the SIRT1/FOXO1 pathway and upreg-
ulating autophagy in kidney tissues and podocytes 
(Figure 7).

Figure 6. E ffects of SIRT1 siRNA on SIRT1/FOXO1 and autophagy-related proteins in MPC5 cells treated with high glucose and placenta-derived mesenchy-
mal stem cells (P-MSCs). A: SIRT1 siRNA inhibited P-MSCs from promoting SIRT1 mRNA expression in high glucose-induced MPC5 cells; B-C: Effects of SIRT1 
siRNA on SIRT1 and FOXO1 expression in MPC5 cells treated with high glucose and P-MSCs; D-E: Effects of SIRT1 siRNA on podocin and autophagy-related 
proteins in MPC5 cells treated with high glucose and P-MSCs. (**p < 0.01).
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