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Background: Metformin is used as a first-line drug for the treatment of type 2 diabetes. Epithelial–mesenchymal transition (EMT) 
plays a significant role in the development of renal tubular damage in diabetic kidney disease. However, the underlying mechanisms of 
EMT in diabetic kidney disease are unclear and how to inhibit this process remains to be explored.
Methods: C57 mice were randomly divided into four groups, including the normal control group (NC group), the Type 2 diabetes 
group (T2DM group), the metformin group (MET group), and glibenclamide group (GLIB). Fasting blood glucose (FBG), glycated 
hemoglobin (HbA1c), urinary albumin, RBP, PCX, and creatinine were measured. Renal pathology was observed with HE staining. 
Molecular mechanism of VDR expression are regulated by metformin through wound healing assay, and Western blot analysis of 
VDR, Ecad, and SMA in HK2 cells.
Results: In animal experiments, compared with the NC group, the T2DM group showed decreased body weight, increased levels of 
FBG, HbA1c, UAlb/UCR, URBP/UCR, and UPCX/UCR, decreased levels of VDR protein and mRNA expression in renal tissues 
(P < 0.05), and significantly increased renal pathological damage in mice in the T2DM group. Compared with the T2DM group, mice 
in the GLIB and MET groups had higher body weight and lower FBG, HbA1c, UAlb/UCR, URBP/UCR, and UPCX/UCR (P < 0.05). 
In addition, renal pathological damage was significantly reduced in the MET group compared to the GLIB group. In HK2 cells, high 
glucose promoted the reduction of VDR and the development of EMT compared to the NC group. In addition, we found that 
Metformin can up-regulate VDR and inhibit EMT.
Conclusion: Our study shows that the renoprotective effect of metformin is independent of glycemic control and metformin is 
involved in the progression of EMT by regulating VDR expression.
Keywords: type 2 diabetes, diabetic kidney disease, metformin, VDR, EMT

Introduction
Metformin is currently the first-line drug of choice for the treatment of type 2 diabetes recommended by national 
guidelines.1 Recent studies have shown that in addition to lowering blood sugar, the drug may be beneficial to health.2 

Metformin is known to inhibit mainly the mitochondrial respiratory complex and can improve autophagy and oxidative 
stress through the AMPK signaling pathway,2,3 but its key targets and molecular mechanisms remain unclear.

Diabetic kidney disease (DKD) is a common chronic complication of diabetes and one of the main causes of end- 
stage renal disease (ESRD) in diabetic patients.4–6 The main features of DKD are proteinuria, glomerular thylakoid 
hyperplasia, basement membrane thickening, and tubulointerstitial fibrosis.7,8 Although glomerular injury is the main 
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pathological feature of DKD, a series of studies have shown that tubular injury is also critical in DKD and that 
tubulointerstitial fibrosis (TIF) is more associated with disease progression than glomerular injury.9,10 Epithelial– 
mesenchymal transition (EMT) is characterized by the loss of epithelial markers such as E-cadherin and the gain of 
mesenchymal markers such as α-smooth muscle actin (α-SMA).11 EMT occurs in tubular epithelial cells of diabetic 
patients as a basis for the progression of chronic kidney disease and leads to tubulointerstitial fibrosis (TIF).12 

Experiments have confirmed that metformin inhibits DKD-related phenotypes such as EMT.13 However, the mechanism 
by which metformin protects EMT of DKD is still under further study.

Vitamin D receptor (VDR) is a transcription factor that belongs to a superfamily of nuclear receptors and ligand- 
activated transcription factors. It is widely distributed in various tissues.14,15 Studies have shown that VDR plays an 
important role in cardiovascular and neurodegenerative diseases, skeletal muscle cell remodeling, muscle regeneration, 
and inflammatory bowel disease.16,17 In addition, VDR has a protective effect on the kidneys.18 There is a relative lack of 
VDR in some kidney-related diseases such as glomerulonephritis, acute kidney injury, and DKD.19,20 In intervention 
research of kidney-related diseases, VDR is a very attractive drug target.21 At present, there are almost no reports on the 
relationship between metformin and VDR and its mechanism in diabetic kidney disease.

In this study, we found that metformin could reverse EMT by upregulating VDR, thereby inhibiting the development 
of diabetic kidney disease. Our findings provide a new rationale for the renal protective effect of metformin.

Materials and Methods
Model Building and Grouping
The feeding conditions of the mice were kept at 12 h light/dark alternating regular lighting, room temperature (20±1) °C, 
humidity (48±10) %, and free feeding. After the mice were adapted for 1 week, eight mice were randomly selected as the 
normal control (NC) group and fed a normal chow diet, and the remaining mice were fed with high-fat diets. Two months 
later, a small dose of STZ (50 mg/kg, dissolved in 0.1 mol/L citric acid buffer, pH=4.2, continuous intraperitoneal 
injection for 3 days) was intraperitoneally injected, and the NC group was injected with an equal amount of citrate buffer. 
After a week, the tail vein detected random blood glucose ≥16.7 mmol/L, which is a successful model for T2DM. The 
successfully modeled T2DM mice were randomly divided into the T2DM group, the metformin group (MET group), and 
the glibenclamide group (GLIB group), and eight animals in each group were continued to be fed a high-fat diet. These 
mice were randomly divided into three groups: the T2DM group, in which mice were administered sterile saline daily by 
gavage for 8 weeks; the MET group, in which mice were administered metformin (250 mg/kg/day) daily by gavage for 8 
weeks; and the glibenclamide (GLIB, a clinically employed antidiabetic molecule) group, in which mice were adminis-
tered GLIB (2.5 mg/kg/day) daily by gavage for 8 weeks. Before killing the mice, their urine and blood were collected 
and weighed. The animals were then euthanized.

Detection of Blood and Urine Index
After 8 weeks of intervention, all mice were fasted with water, and urine sample of each mouse were collected in 
a metabolic cage. ELISA method is used to detect blood hemoglobin A1c (HbA1c) (Cat No. MM-0159M1, MEIMIAN, 
China), glucose oxidase method is used to determine fasting blood glucose (FBG). ELISA method was used to detect 
Urine albumin (UAlb), Retinol-Binding Protein (RBP), and Podocalyxin (PCX). The picric acid method was used to 
determine urine creatinine (UCR), and UAlb/UCR, URBP/UCR, and UPCX/UCR ratio were calculated.

HE Staining
First, the kidney tissues in different groups were used to make frozen sections. Then, a hematoxylin–eosin (HE) staining 
kit was used for HE staining. Mouse kidney sections were observed at high magnification using a microscope (400 ×).

Immunohistochemistry
Immunohistochemistry was performed as previously described. In brief, after deparaffinizing the sections were treated 
using 0.3% H2O2 at room temperature for 10 min to quench endogenous peroxidase. Next, 1% BSA was used to incubate 
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sections for 30 min at 37°C to block non-specific staining. Then, sections were incubated with primary antibody 
overnight at 4°C. After rinsing with PBS, sections were incubated with anti-Ecad 1:200 (Proteintech, China) or anti- 
SMA 1:200 (Proteintech, china) antibody at 37°C for 30 min and HRP-conjugated streptavidin at 37°C for 30 min, in 
turn. Finally, sections were incubated with 3.3′-diaminobenzidine tetrahydrochloride (DAB) to show positive staining. 
Sections were observed under a high magnification (400×) with a microscope (Olympus, Japan).

Quantitative Real-Time PCR
Kidney tissue RNA was extracted with TRizol and reverse transcribed into cDNA for qPCR. Then, Hieff® qPCR SYBR 
Green Master Mix (Cat No. 11201ES03; Yeasen, Shanghai, China) was used for real-time PCR detection in accordance 
with the protocol as follows: 95°C for 5 min, 95°C for 10 s, 60°C for 30 s, 40 cycles. The primer sequences are given as 
follows: VDR upstream primer: 5-GCTCAAACGCTGCGTGGACATT-3, the downstream primer: 5’- 
GGATGGCGATAATGTGCTGTTGC-3’; β-actin upstream primer: 5’-CATTGCTGACAGGATGCAGAAGG-3’, the 
downstream primer: 5’-TGCTGGAAGGTGGACAGTGAGG-3’. The results were analyzed using the 2−ΔΔCT method 
and shown as relative quantity (Gene/ACTB).

Cell Culture and Transfection
HK2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 
serum, 100 U/mL penicillin, and 100 U/mL streptomycin. To mimic a high-glucose environment, HK2 cells were 
incubated in high-glucose concentration medium with 50 mM glucose (Sigma-Aldrich, USA). The siVDR 
(Generalbiol, China) was transfected with NanoTrans 40 (Bioogenetech, China) and negative siRNA (Generalbiol, 
China) was used as a control.

Wound Healing Assays
HK2 cells were seeded into 12-well plate and cultured until the cells were confluent. Once the cells reached 90% 
confluence, a plastic 10 µL pipette tip was used to create wounds. After washing 3 times in PBS, the cells were incubated 
for 24 h in DMEM without FBS. Photos were taken at 0 and 24 h after wound formation. Cell migration capacity is 
calculated in proportion to the wound.

Western Blot
Kidney cortical protein was extracted with RIPA lysate, and protein concentration was quantified by BCA method. Equal 
amount of protein was subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membrane. The membranes were blocked by 5% skimmed milk for 1 h and then incubated with primary antibody at 
4°C overnight, washed three times, then incubated with secondary antibody at room temperature for 1 h. The protein 
bands were detected by Gel Imaging System and analyzed with Image J.

Statistical Analysis
Statistical analyses were performed using GraphPad and SPSS 26.0. Data were expressed as the mean ± standard 
deviation (mean ±SD), and comparisons between two groups were performed using a Student’s t-test. One-way analysis 
of variance was used to compare the data between multiple groups. If the data were shown to be normally distributed, 
pairwise comparisons were conducted using the least significant difference test. Otherwise, pairwise comparisons were 
conducted using Dunnett’s T3 test. Statistical significance was set at P < 0.05.

Results
The Renal Protective Effect of Metformin in T2DM Mice is Independent of Glycemic 
Control
In our experiment, we used a clinically employed antidiabetic drug (GLIB) as a hypoglycemic control. As shown in 
Figure 1A, compared with the NC group, the body weight of each diabetes group decreased (p<0.05); compared 
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with the T2DM group, the body weight of the MET group and the GLIB group increased (p<0.05); Compared with 
the NC group, FBG and HbA1c of the MET group and GLIB group were increased (p<0.05). Compared with the 
T2DM group, FBG and HbA1c of the MET group and GLIB group were decreased (p<0.05). There was no 
significant difference in FBG and HbA1c between the GLIB group and the MET group (Figure 1B and C). In 
addition, we measured urinary albumin (reflecting glomerular damage), RBP (reflecting proximal renal tubular 
dysfunction), and PCX (reflecting podocyte damage) excretion. We found that MET and GLIB significantly 
ameliorated the increased urine UAlb/UCR, UPCX/UCR, and URBP/UCR excretion levels in T2DM mice. 
Furthermore, compared to the GLIB group, the MET group significantly decreased the UAlb/UCR, UPCX/UCR, 
and URBP/UCR ratios, indicating that its renal protective effects were independent of glycemic control 
(Figure 1D–F). These results suggest that metformin treatment has renoprotective effects in T2DM mice independent 
of glycemic control.

Metformin Ameliorates Tubular EMT in T2DM Mice
HE staining showed no obvious pathological changes in the NC group. The renal tubular cells in the T2DM group were 
distorted and arranged irregularly. Pathological damage was reduced in the MET group and was less severe than in the 
GLIB group (Figure 2A). These morphological changes may be hallmarks of EMT in renal tubular epithelial cells. 
Furthermore, metformin has been reported to protect renal tubular cells from EMT in various animal models of acute 
kidney disease (AKI).22 Therefore, we examined the expression of markers of EMT (SMA and Ecad) in diabetic kidney 
disease by IHC. IHC analysis showed that SMA expression increased in T2DM mice compared to NC group mice, while 
Ecad expression decreased. Their expression was significantly improved after metformin administration and was superior 
to the GLIB group (Figure 2B and C). Collectively, these findings suggest that metformin treatment may significantly 
improve renal tubular epithelial EMT in T2DM mice independent of glycemic control.

Metformin Intervention Upregulates the Expression of VDR in DKD
A recent trial showed a reduction in VDR in rats with diabetic kidney disease.23 To further verify the results, we 
detected the level of VDR mRNA and protein in each group of kidney tissues. Compared with the NC group, the 
VDR mRNA level of each diabetes group decreased, and it was further found that the VDR mRNA level of the 

Figure 1 Comparison of body weight and biochemical indexes among four groups. (A) Their body weights were measured. (B and C) FBG and HbA1c were measured in 
the blood samples of each group. (D–F) The UAlb/UCR, UPCX/UCR, and URBP/UCR of each group of urine samples were measured separately. Data are expressed as the 
mean ± SD. *P<0.05 vs NC group; #P<0.05 vs T2DM group; ΔP<0.05 vs GLIB group.
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MET group was higher than that of the T2DM group and the GLIB group (p<0.05) (Figure 3A). Similarly, WB 
results showed (Figure 3B and C) that compared with the NC group, the relative expression of VDR protein in each 
diabetes group decreased, and the expression level of VDR protein in the MET group was higher than that in the 
T2DM group and the GLIB group (p<0.05).

Figure 2 Metformin ameliorates tubular EMT in T2DM mice. (A) HE staining of kidney tissue in each group (scale bar, 50 µm) (Significant kidney damage is indicated by red 
arrows). (B) Immunohistochemistry of SMA and Ecad expression in the kidneys. (C) Quantification of SMA and Ecad protein detected by IHC staining. Data are expressed 
as the mean ± SD. *P<0.05 vs NC group; #P<0.05 vs T2DM group; ΔP<0.05 vs GLIB group.

Figure 3 Metformin intervention upregulates the expression of VDR in the kidneys of T2DM. (A) The expression of VDR in kidney tissues of each group was verified by 
qRT-PCR. (B and C) Western blot and statistical analysis of VDR protein in kidney tissues of each group. Data are expressed as the mean ± SD. *P<0.05 vs NC group; 
#P<0.05 vs T2DM group; ΔP<0.05 vs GLIB group.
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Metformin Ameliorates VDR Expression and EMT in the HK-2 Cell Model of 
Hyperglycemia Injury
Subsequently, we investigated the effects of VDR expression and EMT in HK2 cells cultured in vitro under high-glucose 
and metformin intervention. HK2 cells were treated with normal glucose (NG), high-glucose (HG), and high-glucose 
plus metformin (HG+MET). By analyzing the WB results, we found that metformin rescued the reduction of VDR under 
a high-glucose environment (Figure 4A and B). At the same time, we further found that metformin could rescue the 
changes of Ecad and SMA under a high-glucose environment. Similarly, in HK2 cells, metformin intervention also 
rescued the increase in cell motility and invasion induced by high-glucose intervention (Figure 4C and D). Collectively, 
these findings suggest that metformin improves VDR expression and EMT in HK-2 cells model of high-glucose injury.

Metformin Inhibits EMT by Upregulating VDR in HK2 Cells
It has been reported that VDR activation alleviates intestinal fibrosis by inhibiting fibroblast activation and epithelial mitochon-
dria-mediated EMT.24 To confirm whether VDR expression could affect EMT in DKD, we intervened cells with the VDR 
agonist calcitriol. Compared with the DMSO group, calcitriol intervention reduced SMA and increased Ecad expression in HK2 
cells (p<0.05) (Figure 5A and B). After that, we further found that VDR knockdown is sufficient to rescue MET intervention on 
Ecad and SMA expression in HK2 cells (Figure 5C and D). Furthermore, compared to the NC group, the MET group was found 
to repress cell motility and invasion. However, these downregulations were inhibited after transfection with siVDR (Figure 5E 
and F). In conclusion, these findings suggest that metformin improves EMT in HK-2 cells by modulating VDR.

Figure 4 Metformin ameliorates VDR expression and EMT in the HK-2 cell model of high-glucose injury. (A and B) The protein expression of SMA and Ecad was detected 
by Western blotting HK2 cells of normal glucose group (NG), high glucose group (HG), and high glucose plus MET group (MET). (C and D) Wound healing experiment of 
HK2 cells of NC group, MET group, and MET+siVDR group (scale bar, 500 µm). Data are expressed as the mean ± SD. *P<0.05.
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Discussion
Metformin is used as first-line therapy for type 2 diabetes (T2D). Based on its various pharmacologic actions, the 
renoprotective effects of metformin have been extensively studied.13 Although several signaling pathways by which 
metformin regulates EMT have been previously reported, the detailed molecular mechanisms of diabetes-induced renal 
tubular EMT are not fully understood. Here, we used HK2 cells cultured in HG as an in vitro model of DKD and 
demonstrated that VDR expression has an important role in HG-induced EMT. In particular, our findings suggest that 
VDR knockdown rescues MET intervention on EMT in HK2 cells. Based on our findings, we believe that VDR may 
serve as a potential molecular target for blocking tubular EMT and fibrosis in DKD.

Diabetes is one of the leading causes of end-stage renal disease (ESRD), and approximately one-third of people with 
type 2 diabetes will eventually develop DKD.25 Reducing the progression of kidney damage and managing associated 
complications are goals of DKD treatment.26 Metformin is widely used in the treatment of diabetes due to its various 
pharmacological effects.27 In addition, many studies have shown that metformin also has a protective effect on the 
kidneys and can delay the occurrence and progression of DKD.28 Our study showed that urinary albumin (reflecting 
glomerular injury), RBP (reflecting proximal tubular function injury), and PCX (reflecting podocyte injury) excretion 
were significantly increased in type 2 diabetic mice compared with normal controls. HE staining showed the existence of 
significant renal injury in mice in the T2DM group under hyperglycemic condition. These symptoms are similar to those 
previously reported for kidney disease.29 After MET and GLIB intervention, the above urinary indexes and renal 
histopathological changes were significantly improved. In addition, we further found similar glycemic control in the 
MET and GLIB groups, but renal improvement was more significant in the MET group. It is suggested that the renal 
protection of diabetic mice by metformin treatment is partially independent of glycemic control.

The vitamin D receptor (VDR) is a nuclear steroid hormone receptor that binds 1.25 dihydroxyvitamin D3 (1,25(OH) 2D3) 
with high affinity and regulates calcium metabolism as well as cell proliferation and differentiation.30,31 DKD has a very close 
relationship with VDR.32 In the diabetic state, VDR regulates JAK/STAT signaling to protect mesenchymal cells from high- 

Figure 5 Metformin inhibits EMT by upregulating VDR in HK2 cells. (A) Western blot of E-cadherin and SMA expression in DMSO/calcitriol in HK2 cells and (B) statistical 
analyses. (C and D) The protein expression of SMA and Ecad was detected by Western blotting HK2 cells of the normal control group (NC), Metformin Intervention group 
(MET), and Metformin plus siVDR group (siVDR). (E and F) Wound healing experiment of HK2 cells of NC group, MET group, and MET+siVDR group (scale bar, 500 µm). 
Data are expressed as the mean ± SD. *P<0.05.
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glucose damage.33 Da et al showed that calcitriol activates VDR-suppressed p38MAPK signaling and reduces apoptosis in renal 
tubular epithelial cells in diabetic nephropathy.34 In addition, activation of VDR in DKD has good effects in reducing proteinuria, 
alleviating podocyte damage, renal tubulopathy, interstitial fibrosis, and anti-inflammatory effects.18 The results of this study 
showed that compared with the NC group, the expression of VDR mRNA and protein in the kidney tissue of the T2DM group 
decreased. After metformin intervention treatment, it increased significantly, and was higher than that in the glibenclamide group, 
suggesting that MET intervention treatment could upregulate the expression of VDR in the kidneys of diabetic mice, which was 
partially independent of glycemic control. Similarly, in vitro experiments showed that high glucose treatment of HK2 cells 
decreased VDR expression, which was significantly increased after metformin intervention. Although we show that metformin 
decreases VDR expression, the mechanism behind this regulation is unclear, and this needs to be further explored.

EMT is an important biological process during which epithelial cells can transdifferentiate into mesenchymal cells 
and contribute to pathological fibrosis, chronic inflammation, and wound healing.35 EMT is also one of the important 
causes of tubulointerstitial fibrosis in DKD, so EMT of renal tubular cells is considered to be a key process in the 
development of tubulointerstitial fibrosis in DKD.36 By analyzing the expression of SMA, Ecad, and wound-healing 
assays, we found that EMT occurred in renal tubular epithelial cells in a high-glucose environment and recovered after 
metformin intervention. In addition, we found that the increase of VDR was accompanied by the down-regulation of 
EMT by calcitriol intervention. Similarly, studies have reported VDR as an important regulator of EMT in RCC cells.37 

Therefore, we further hypothesize that MET can improve EMT through VDR in DKD. Ultimately, we demonstrate that 
knockdown of VDR can alter the therapeutic effect of MET on EMT.

Due to some limitations of our study, there is still a need for further research on this topic. Firstly, due to relevant 
conditions, clinical DKD kidney specimens have not been collected for examination. Second, we did not explore the 
mechanism of VDR activation by metformin in detail. Therefore, further studies are needed in the future to improve the 
more detailed understanding of metformin by increasing VDR expression.

Conclusion
In conclusion, the present study showed that inhibition of EMT process and upregulation of VDR were found in renal 
tubular epithelial cells when treated with metformin. Further, overexpression of VDR inhibited the EMT process. 
Mechanistic analysis showed that metformin inhibits EMT by upregulating VDR in diabetic kidney disease. In summary, 
our findings provide a new theoretical basis for the treatment of diabetic kidney disease with metformin.
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