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Introduction: Diabetic nephropathy (DN) could impair the function of the glomerular filtration barrier by damaging the podocytes. 
Extant research has demonstrated that aldosterone plays a crucial role in this progression. Finerenone is a novel, high-selective 
mineralocorticoid receptor antagonist that has been demonstrated to be efficacious in renal protection in DN patients, albeit with an 
unclear underlying mechanism.
Methods: Podocytes were stimulated with RPMI 1640 medium containing different concentrations of glucose and treated with 
finerenone to evaluate the protective effect of finerenone on podocytes in high glucose environment. Intraperitoneal injection of STZ 
was used to induce diabetic nephropathy rats and intragastric administration with finerenone or vehicles, and the changes of renal 
function, renal pathological changes and renal tissue protein expression were assayed.
Results: Cell experiment showed that high glucose could induce epithelial–mesenchymal transition (EMT). After finerenone 
treatment, we accessed the EMT-related protein and found EMT was reversed. Besides, the cell migration capacity and cytoskeleton 
were also ameliorated. To further explore the mechanism, we found that finerenone could upregulate the expression of Krüppel-like 
factor 5 (KLF5) which was downregulated in a high glucose environment. After the silence of KLF5 in the presence of finerenone, the 
rescue experiment showed the protective function of finerenone is counteracted by KLF5. In animal experiment, after the treatment of 
finerenone, the level of blood creatinine decreased compared with the DN group while blood urea nitrogen (BUN) and potassium 
showed no significant difference. The pathological alterations of the treatment group also got ameliorated. Finerenone could normalize 
the level of EMT-related protein, nephrin, and KLF5 of kidney tissue in DN rats.
Conclusion: Our results suggest that finerenone could alleviate high glucose-induced podocyte EMT via regulating KLF5. Further 
investigation is warranted to elucidate the precise underlying mechanism.
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Introduction
Nowadays, diabetes become a huge health problem in human society: in 2021, the International Diabetes Federation 
(IDF) estimated that 537 million people have diabetes worldwide, and by 2045, this number is expected to rise to 
783 million.1 Diabetics often suffer a lot of complications, such as hypertension, cerebrovascular disease, cardiovascular 
disease, eye disease, et al. Besides, these patients’ leading causes of death are the vascular complications of the 
macrovascular system (cardiovascular disease) and microvascular system (diabetic kidney disease).2,3
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Diabetic nephropathy (DN) is able to cause serious kidney damage and is the leading cause of end-stage renal disease 
nowadays. Diabetic nephropathy is caused by a variety of causes, including genetics, renal hemodynamic abnormalities, 
metabolic changes, hypertension, and abnormal secretion of vasoactive substances.4,5 It presents clinically with protei
nuria, hypertension, and progressive decline in renal function.6 Diabetic nephropathy now become an important health 
problem that not only causes health damage but also causes quite important social finance issues. Most patients with 
diabetic nephropathy have glomerulosclerosis, kidney inflammation intensified fibrosis, and many other changes.7 

Although there are many treatments for diabetic nephropathy, the kidney damage of patients is still irreversible.8

Renal interstitial fibrosis is a common pathway for most chronic kidney diseases to progress to the end stage. Renal 
fibrosis leads to a decrease in functional renal parenchyma, resulting in impaired renal function.9 What is more serious is 
that there is no effective treatment for renal fibrosis. Epithelial to mesenchymal transition (EMT) has been shown to be an 
important factor in inducing renal fibrosis and causing kidney damage.10–12 Therefore EMT might be a new target in the 
treatment of Diabetic nephropathy.13

Mineralocorticoid receptors (MR) play an important role in kidney damage, and both the cells of the glomeruli and 
tubules contain mineralocorticoid receptors.14,15 Finerenone is a novel, high-selective mineralocorticoid receptor antago
nist, which was confirmed to have the ability to protect against kidney damage in CKD, especially in diabetic 
nephropathy.15 However, the specific role of finerenone for kidney protection is unclear. In this article, we proved that 
finerenone could inhibit EMT by restoring the expression of KLF5, thus achieving the effect of protecting the kidneys of 
diabetic patients, which might provide a new treatment idea in diabetic nephropathy.

Materials and Methods
Chemicals and Reagents
Finerenone was purchased from Biochem Safebuy Bio-Technology company. A 10 mm stocking solution was dissolved 
and stored at −80°C. RPMI 1640 medium (Contains Glycine (10mg/L), L-Cystine dihydrochloride (65mg/L), 
L-Glutamine (300mg/L), L-Isoleucine (50mg/L), L-Leucine (50mg/L), L-Lysine hydrochloride (40mg/L), 
L-Methionine (15mg/L), L-Phenylalanine (15mg/L), L-Serine (30mg/L), L-Threonine (20mg/L), L-Tryptophan (5mg/ 
L), L-Tyrosine disodium salt dihydrate (29mg/L), L-Valine (20mg/L), L-Arginine (200mg/L), L-Asparagine monohy
drate (56.82mg/L), L-Aspartic acid (20mg/L), L-Glutamic Acid (20mg/L), L-Histidine (15mg/L), L-Hydroxyproline 
(20 mg/L), L-Proline (20mg/L), Magnesium Sulfate (48.84mg/L), Potassium Chloride (400mg/L), Sodium Bicarbonate 
(2000mg/L), Sodium Chloride (6000mg/L), Calcium Nitrate tetrahydrate (100mg/L), Sodium Phosphate dibasic (800mg/ 
L), Choline chloride (3mg/L), D-Calcium pantothenate (0.25mg/L), Folic Acid (1mg/L), i–Inositol (35mg/L), 
Niacinamide (1mg/L), Pyridoxine hydrochloride (1mg/L), Riboflavin (0.2mg/L), Thiamine hydrochloride (1mg/L), 
Biotin (0.2mg/L), Para-Aminobenzoic Acid (1mg/L), Vitamin B12 (0.005mg/L), D-(+)-Glucose (2000mg/L), Phenol 
Red (5mg/L), Glutathione (1mg/L), no HEPES) and fetal bovine serum (FBS) were purchased from Gibco, Invitrogen 
(Carlsbad, CA, USA). Trypsin/EDTA was purchased from HyClone (Logan, UT, USA). WST-8 cell proliferation and 
cytotoxicity assay kit was purchased from Dojindo (Kumamoto, Japan). The phalloidin staining reagent was bought from 
Sigma-Aldrich company. Nile acid was purchased from Macklin Inc. siRNA specific for KLF-5 was designed and 
provided by Genomeditech company (Shanghai). Primary antibodies were detailed as below: Anti-E-cadherin (protein
tech, China), Anti-N-cadherin (proteintech, China), Anti-Vimentin (proteintech, China), Anti-KLF5 (proteintech, China), 
Anti-Nephrin (Abcam, Cambridge, MA, UK). All other materials and reagents were endotoxin-free and supplied by 
central lab of Shandong Provincial Hospital.

Animal Experiments
The rats were studied with permission from animal protection authorities and the Animal Research Center of Shandong 
Provincial Hospital (ethics approval number: No.2022–142; ethics committee: the Institution Animal Care and Use 
Committee at the Shandong Provincial Hospital). Healthy male SD rats aged six weeks were purchased from Beijing 
Vital River Laboratory Animal Technology (China). All rats were accommodated for one week in a quiet room at 
22–26°C with a 12-hour light/dark cycle. Streptozotocin was dissolved in 0.1mol/L citric acid buffer, intraperitoneal 
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injection in rats at a dose of 40mg/kg body weight two times at a time interval of 5 days. Control rats received the same 
amount of citrate buffer. One week after the last injection, caudal vein blood samples were tested for random blood 
glucose two times. Rats with random blood glucose ≥16.7mmol/L twice were considered diabetes. One rat was excluded 
because its random blood glucose did not meet the criteria. All diabetes rats were randomly divided into 4 groups: STZ 
+DMSO group (n = 3), STZ+Finerenone10 (10mg/kg/d) group (n = 3), STZ+Finerenone3 (3mg/kg/d) group (n = 3), and 
STZ+Valsartan (40mg/kg/d) (n = 3). And chose 3 healthy rats which intraperitoneal injection of 0.1mol/L citric acid 
buffer as the control group. Finerenone was dissolved in DMSO to be stored and was intragastrical administered at 
a daily dose of 10mg/kg or 3mg/kg body weight. Valsartan was preserved in DMSO and was intragastrical administered 
at a daily dose of 40mg/kg based on previous studies. Control group was intragastrical administered DMSO at a same 
dose. Weight and blood glucose were measured periodically during gavage. After 8 weeks of intragastric administration, 
all rats were anesthetized intraperitoneally with Sodium pentobarbital (150mL/kg) and sacrificed. Serum was collected, 
then kidneys were collected for subsequent analysis.

Cell Culture
Human podocytes were obtained from professor Fan Yi (Department of Pharmacology, Shandong University School of 
Medicine) which have been approved by Ethics Committee of Biomedical Research in Shandong Provincial Hospital. 
Podocytes were cultured in RPIM 1640 medium with 10% FBS and 10 U/mL interferon γ and placed in a humidified 
incubator with 5% CO2 at 33°C to induce proliferation. When ready for treatment, cells are transferred to 37°C, 5%CO2, 
and interferon-γ free incubators to induce differentiation for at least 14 days. In the next experiment, different mediums 
were designed and cells were incubated with low glucose (LG, 5.5mm glucose), and middle glucose (15mM glucose). 
High osmotic pressure (Man,30mM mannitol), high glucose (HG,30mM glucose), high glucose + different concentra
tions of finerenone.

Western Blot
First, total cell proteins were lysed with RIPA lysate supplemented with 1% Cocktail. Proteins were then isolated by 
using 10%SDS-PAGE. The protein was then transferred to polyvinylidene fluoride (PVDF) membranes, which were 
sealed with skim milk at room temperature for one hour. Then the membrane was incubated with primary antibody at 4°C 
overnight. On the second day, membranes were washed with TBST and incubated with HRP-conjugated anti-rabbit/rat 
IgG secondary antibodies for 1h. After all these steps, the membrane is examined by using the ECL system.

Phalloidin Staining
Podocyte was inoculated on the glass coverslips, after a series of treatments, the coverslips were removed, cleaned with 
PBS 3 times, fixed with 4% paraformaldehyde for 15 min, then cleaned with PBS again for 3 times, and soaked 
coverslips with 0.3% Triton. The slides were then stained with Phalloidin for 30 minutes in the dark and photographed.

Transwell Assay
Podocytes were grown in 1640 medium containing 10% FBS for 24 h. The cells were digested with trypsin and the 
sample was centrifuged (900rpm, 4 min). The supernatant was discarded and the cells were resuspended in serum-free 
1640 medium, and the number of inoculated cells was adjusted to 5×10*5/mL.1640 medium containing 10% fetal bovine 
serum (800ul) was added into the lower chamber of a 24-well plate, different stimuli were added, and the cells were 
cultured in a sterile cell incubator for 24h. The chambers were removed, washed 3 times with PBS, fixed with 4% 
paraformaldehyde and stained with 0.1% crystal violet. The chamber was natural shade drying and analyzed with 
a microscope.

Immunofluorescence Assay
Podocyocytes were inoculated in glass coverslips for 24 hours and given different stimuli. After 48h, used PBS washing 
coverslips for three times, fixed with 4% paraformaldehyde, and incubated with 0.1%TritonX-100 at 37°C for 15 min. 
The goat serum was blocked for 1h, and the coverslip was incubated in KLF5 Vimentin or E-Cadherin primary antibody 
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(incubated at 4°C overnight). On the second day, after washing with PBS three times, the coverslips were incubated with 
anti-rabbit IgG or anti-mouse IgG in the dark at 37°C for 1h. Washed with PBS three times, incubated with DAPI for 
10 min, and observed under a microscope.

WST-8 Assays
WST-8 proliferation and cytotoxicity assay kit was used to detect the cell viability of different groups. Simply put, the 
cells were grown in 96-well plates and given different stimuli. After 48h of treatment, the medium was changed to 90μL 
fresh serum-free medium containing 10μLWST-8 solution. Then, depending on the color of the medium, the dish is 
placed in an incubator for another 2–4 hours. The absorbance of the medium is then measured by a microplate reader 
with a wavelength of 450nm. Then calculate cell viability based on absorbance.

Results
High Concentrations of Glucose Could Facilitate the EMT of Human Podocytes
Human podocytes were placed in a humidified incubator with 5% CO2 at 33°C to induce proliferation (Figure S1A–C). 
To confirm the effect of a high glucose environment on podocytes, we used 15 and 30 mmol/L glucose in a culture 
medium to stimulate podocytes, to avoid the interference of osmolality in a high glucose environment, we used mannitol, 
configured as a medium with equal osmolality as control group. In terms of results, the high glucose environment leads to 
alterations in EMT-associated proteins by Western blot (Figure 1A). Compared with the low glucose group (5.5 mmol/L), 
in the cells of 30 mmol/L glucose group, the expression of vimentin and N-cadherin are increased and the expression of 
E-cadherin are decreased which means the podocytes have undergone EMT induced by high glucose. While the 
expression of EMT-related protein of the mannitol group showed no significant difference with the low glucose group 
(5.5 mmol/L) proved that those changes have no relatiion with high osmolality (Figure 1B–D). Cell scratching 
experiments found that the cell migration capacity of the 30mmol/L glucose group was increased significantly 
(Figure 1E). All of those experimental results could confirm the conclusion that high concentration of glucose can 
facilitate EMT of human podocytes.

Finerenone Could Ameliorate EMT Stimulated by High Glucose in Podocytes
To decide which concentration of finerenone in cell medium is most obvious for its function, we did a cell viability 
experiment which showed the viability of high glucose (30mmol/L) stimulated cells in the treatment by 2umol/L 
finerenone was most similar to the viability of cells cultured with low glucose culture (5.5mmol/L) (Figure 2A). Then 
we used 1 and 2umol/L finerenone in cell medium as treatment to high glucose-stimulated cells, the result of Western blot 
shows that finerenone could restore the alterations in EMT related proteins stimulated by high glucose (Figure 2B). In 
2ummol finerenone treatment group, unlike high glucose group, the expression of vimentin, N-cadherin and E-cadherin 
all have no significant difference with low glucose group (5.5 mmol/L), which means finerenone could prevent the 
occurrence of EMT (Figure 2C–E). We also did cell scratch experiments and trans-well experiments which found the 
migration capacity of the high glucose (30mmol/L) group was improved, and the finerenone alleviated this phenomenon 
(Figure 3B and C). In cytoskeleton staining, we used phalloidin as dye, the staining results showed that compared with 
the low glucose group, cytoskeleton arrangement was disordered in the 30mmol/L glucose group while this change could 
be ameliorated by treatment with 2umol/L finerenone (Figure 3A).

Finerenone Could Upregulate the Expression of KLF5 in High-Glucose Stimulated 
Cells
In previous studies of our group, KLF5 played an important protective role in diabetic lipotoxicity, so we questioned 
whether KLF5 could protect podocytes in a high-glucose environment. We did an immunofluorescence experiment and 
found that finerenone was able to enhance the expression of KLF5 which was downregulated in the high glucose 
(30mmol/L) group (Figure 4C). The result of the Western blot also proved that finerenone could upregulate the 
expression of KLF5 in high-glucose stimulated cells (Figure 4A and B).
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KLF5 Plays a Key Role in the Protective Effect of the Finerenone
To understand whether KLF5 plays an important role in the protection function of finerenone, we decided to silence the 
expression of KLF5 and then verify the protection function of finerenone. We started to down-regulate the expression of 
KLF5 by using siRNA. To choose the most effective siRNA, we used three different siRNA to test. After that, we 
infected the high glucose (30mmol/L) plus 2 umol/L finerenone groups with siRNA and blank vehicle as negative 
control. By Western blot, we found that NO.1 siRNA has the best-downregulated effect on the expression of KLF5 
(Figure 5A and B). Then we stimulated KLF5 silenced podocytes and blank siRNA control podocytes with high glucose, 

Figure 1 High concentrations of glucose could facilitate the EMT of human podocytes. Podocytes were incubated with 11,15,30 mm glucose and 30 mm mannitol for 2 days. 
The expression of E-cadherin, N-cadherin, and vimentin in podocytes,(A) representative blots. (B–D) representative of the result of densitometric analysis, compared with 
the expression of EMT-related protein in low glucose (5.5mmol/L) cultured cells, the high glucose group has obvious differences in vimentin, N-cadherin, and E-cadherin. 
(Data are the mean ± S.D; *P < 0.05 vs LG, **P < 0.01 vs LG, n = 3). The result of cytoskeleton staining(1), cell scratch experiments(1.E).
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after that we treated them with finerenone (2uM) and negative control. The result of Western blot showed that the 
protective function of finerenone on EMT was disappear in the KLF5 silenced group (Figure 6A–E), 
Immunofluorescence experiments which are stained on vimentin and E-cadherin could also prove this conclusion 
(Figure 7A and B). Cell scratching experiments and trans-well experiments found that finerenone has no ability to 
restore the migration stimulated by high glucose in KLF5 silenced cells (Figure 6F and G). The cytoskeleton staining 
results showed that finerenone lost its protective function to cytoskeleton arrangement in a KLF5 silent situation 
(Figure 6H). These experiments suggested that finerenone probably exerts their protective effect through KLF5.

Finerenone Could Ameliorate Kidney Damage in Diabetic Rats
With the progress of gavage, we could find that compared with the control group, all the rats given STZ intraperitoneal 
injection showed slower weight gain and increased blood glucose (Figure 8A and B). After 8 weeks of gavage, we 
collected the blood samples of the rats for analysis, and the results showed as follows: Serum creatinine in rats decreased 
significantly after treatment STZ injection group with finerenone, and both doses of finerenone showed protective effects 
(Figure 8C). For BUN and potassium, finerenone treatment group has no significant difference with the DN group 
(Figure 8D and E). In addition, we also found that finerenone had a cholesterol-lowering effect (Figure 8F), which was 
consistent with our previous findings on the lipid-regulating effect of KLF5.

Finerenone Could Ameliorate the Pathological Changes of Glomeruli and Reduce 
Fibrosis in Diabetic Rats
After PAS, HE, and Masson staining of rat renal tissue sections, it was found that in diabetic rats, glomerulus 
significantly produced glomerular capillary basement membrane thickening and capillary interstitial (mesangial region) 
dilatation in response to PAS and HE staining, and these changes were improved by Finerenone treatment. In terms of the 
degree of fibrosis, Masson staining was significantly deepened in the glomeruli of diabetic rats, suggesting glomerular 
fibrosis, which was also improved by finerenone (Figure 9F).

Figure 2 Finerenone could ameliorate EMT stimulated by high glucose in podocytes. The result of the cell viability experiment (A), cell viability was measured by CCK-8 
assay and expressed as percent cell survival relative to low glucose (5.5mmol/L) controls. (*P < 0.05 vs LG, **P < 0.01 vs LG, n = 3). Podocytes were treated by 1 and 2umol/ 
L finerenone after being stimulated by 30mmol/L glucose. The expression of E-cadherin, N-cadherin, and vimentin in podocytes,(B) representative blots. (C–E) 
representative of the result of densitometric analysis, compared with the expression of EMT-related protein in high glucose (30mmol/L) cultured cell, 2umol/L finerenone 
treated group has obvious differences in vimentin, N-cadherin and E-cadherin.(Data are the mean ± S.D; **P < 0.01 vs LG, # P < 0.05 vs HG, ##P < 0.01 vs HG, n = 3).
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Finerenone Could Ameliorate EMT and Upregulate the Expression of KLF5 
in podocytes
Next, we performed a Western blot analysis on the protein extracted from the kidney tissue of the rats: compared with the 
normal group, EMT-related proteins were found to be changed in the diabetic rats, the expression of E-Cadherin was 
decreased (Figure 9B) and the expression of N-Cadherin and Vimentin were increased (Figure 9C and D). Same with the 
cell experiment, the expression of KLF5 was also significantly decreased in the diabetic rats (Figure 9E). These trends of 
expression of proteins were restored by finerenone (Figure 9A). In finerenone 10mg/kgd group, the expression of these 
proteins had no statistical difference with the normal group, while in finerenone 3mg/kgd group, the expressions of some 
EMT-related proteins (N-Cadherin and Vimentin) were improved, and the expression level of KLF5 was improved 
compared with that of diabetic nephropathy group, however, there was no significant difference with the diabetic 
nephropathy group. We also found that the expression of vimentin and KLF5 were increasing in glomerular supported 
by immunofluorescence of kidney tissue sections (Figure 10B and C).

Figure 3 Finerenone could ameliorate cytoskeleton and migration capacity of podocytes stimulated by high glucose in podocytes. The result of cytoskeleton staining (A) cell 
scratch experiments (B) and transwell experiments (C).
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Finerenone Could Protect Podocytes in Diabetic Rats
We selected nephrin as the target protein to conduct immunofluorescence and immunohistochemistry in rat glomerular 
sections. The results showed that the expression levels of nephrin in the diabetic group were decreased compared with the 
control group, which indicated the damage of podocin cells in the kidneys of diabetic rats. However, after treatment with 
finerenone, the expression levels of nephrin were significantly recovered, suggesting the protective effect of finerenone 
on renal podocytes (Figure 10A).

Figure 4 Finerenone could upregulate the expression of KLF5 in high-glucose-stimulated cells. Figures 4 and 2 are WB analyses of the same batch of proteins extracted from 
the same batch of podocytes. The expression of KLF5 in podocytes, (A) representative blots. (B) representative of the result of densitometric analysis, compared with the 
expression of KLF5 in high glucose (30mmol/L) cultured cells, the 2umol/L finerenone treated group has an obvious difference. (Data are the mean ± S.D; *P < 0.05 vs LG, 
##P < 0.01 vs HG, n = 3).The result of the immunofluorescence experiment (C).

Figure 5 Select the most effective KLF5 siRNA Podocytes are transfected by 3 kinds of siRNA and blank vehicle (as a control group). The expression of KLF5 in podocytes, 
(A) representative blots. (B) representative of the result of densitometric analysis, compared with the expression of KLF5 in the control group, the siRNA1 transfected 
group has an obvious difference. (Data are the mean ± S.D; **P < 0.01 vs control, n = 3).
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Figure 6 KLF5 plays a key role in the protective effect of the finerenone. Podocytes were stimulated with high glucose, and treated with nothing (HG group) or 2umol/L 
finerenone (F2 group). Podocytes are transfected by siRNA1 (F2+R1 group) and blank vehicle (F2+NC group), then stimulated with high glucose and treated with 2umol/L 
finerenone. The expression of E-cadherin, N-cadherin, vimentin, and KLF5 in podocytes, (A) representative blots. (B–E) representative of the result of densitometric 
analysis, compared with the expression of E-cadherin, N-cadherin, vimentin, and KLF5 in the F2 group, HG group, and F2+R1 group have significant differences. (Data are the 
mean ± S.D; *P < 0.05 vs control, **P < 0.01 vs control, n = 3). The result of cell scratch experiments (F), transwell experiments (G) and cytoskeleton staining (6.H).
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Discussion
In this study, we found the protective effect of finerenone on diabetic nephropathy and podocytes stimulated by high 
glucose. The results showed that finerenone alleviated EMT by KLF5, thereby alleviating damage to DN and podocytes. 
In cell experiment, finerenone inhibited EMT, apoptosis, and cytoskeletal rearrangement by KLF5. In animal experiment, 
we found that Finerenone reduced EMT, apoptosis, and glomerular damage. Therefore, Finerenone may be an effective 
drug to treat DN or even reverse kidney damage in DN, and it would provide new ideas for future research.

Figure 7 KLF5 plays a key role in the protective effect of EMT of the finerenone. The result of the immunofluorescence experiment about E-Cadherin and vimentin (A and B).
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Finerenone is a novel, high-selective mineralocorticoid receptor antagonist.16 Many articles have already proved that 
finerenone has a very good effect on kidney disease, especially on kidney disease caused by diabetes. In CKD and type 2 
diabetes patients, finerenone treatment could reduce the progress of CKD and the occurrence of cardiovascular events.17 

It has been proved that finerenone could improve renal fibrosis in diabetes nephropathy.18 These above articles suggested 
that finerenone may have a protective effect on patients with diabetes nephropathy.

Diabetes nephropathy (DN) is the main cause of end-stage renal disease worldwide. The main starting mechanism of 
DN is hyperglycemia-induced vascular dysfunction.19 Its progression is due to different pathological mechanisms, 
including oxidative stress, inflammatory cell infiltration, inflammation, and fibrosis. In addition, studies have proved 
that EMT plays a key role in the development of diabetes nephropathy.20

Epithelial-mesenchymal transformation (EMT) is a regulated process in which epithelial cells lose their marker 
epithelial characteristics and acquire mesenchymal characteristics.21 For podocytes, the expression of nephrin, podocin, 
E-cadherin, and ZO-1 is down-regulated, the slit diaphragm (SD) will change, and the actin cytoskeleton will rearrange. 
Diabetes, especially hyperglycemia, has been proven through a variety of molecular mechanisms, such as the TGF- β/ 
Smad classic approach, Wnt /β- Catenin signal pathway, integrin /integrin-linked kinase (ILK) signal pathway, MAPKs 
signal pathway, Jagged /Match signal pathway, and NF - κB signal pathway to stimulate podocyte EMT.22,23 In our study, 
high glucose environment will stimulate podocytes to generate EMT, which is one of the reasons for podocyte lesions in 
diabetes patients. This process could be alleviated by novel, high-selective mineralocorticoid receptor antagonist 
finerenone.

Abnormal expression of the Krϋppel-like factor (KLF) gene appears in many disease-related pathologies. KLF2 is 
essential for maintaining endothelial barrier integrity, preventing crevice formation, and preventing glomerular endothe
lial and podocyte damage. In the AKI environment, KLF4 has a renal protective effect and is a key regulator of 
proteinuria in mice and humans. Expression of KLF6 in podocytes protects mitochondrial function and prevents 
podocyte apoptosis, while KLF5 can prevent podocyte apoptosis by blocking the ERK/p38 MAPK pathway.24 Those 
molecules might be a new target for diabetic nephropathy treatment.

In our previous study, we already proved that the KLF5 could alleviate podocyte injury by regulating cholesterol 
metabolism. In our current experiment, the cholesterol level of rats treated with finerenone also decreased, and the level 

Figure 8 Finerenone could ameliorate kidney damage in diabetic rats. The changes in weight and blood glucose of each group of rats (A and B). Analyzing the result of 
blood samples of the rats: (C–F) representative of the result of serum sample analysis in serum creatinine, BUN, potassium, and cholesterol. (Data are the mean ± S.D; **P < 
0.01 vs control group, ##P < 0.01 vs diabetic nephropathy group, n = 3).
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of EMT-related protein in the kidney of rats also recovered, which was confirmed in Western blot and immunohisto
chemistry experiments. However, in the current scientific research field, the effect of KLF5 is not completely determined: 
KLF5 can regulate apoptosis, proliferation, inflammation, oxidative stress, and fibrosis related to obesity or diabetes- 
induced nephropathy and other kidney diseases. Different cell types or animal models have different conclusions.25 

Baotong Z et al found that KLF5 had an inhibitory effect on EMT.26 Many reports have confirmed that KLF5 has 
a significant effect on EMT, this may be related to NF-κB,27 HIF-1,28 TGF-β29 and other pathways. A number of studies 
have reported the interaction between KLF5 and TGF-β in the occurrence of EMT29,30 of tumor. So far, the exact 
mechanism of KLF5 acting on various kidney diseases is still limited. In our experiment, we proved that KLF5 has 
a protective effect on the kidney in diabetes: the EMT levels of rats with KLF5 level restored are significantly reduced. In 

Figure 9 Finerenone could ameliorate the pathological changes of glomeruli, reduce fibrosis, ameliorate EMT, and upregulate the expression of KLF5 in diabetic rats. The 
expression of E-cadherin, N-cadherin, vimentin, and KLF5 in the kidney tissue of rats, (A) representative blots. (B–E) representative the result of densitometric analysis, 
compared with the expression of E-cadherin, N-cadherin, vimentin, and KLF5 in the control group, diabetic nephropathy group has obvious difference; compared with 
diabetic nephropathy group, some treated group have a significant difference in above protein. (Data are the mean ± S.D; *P < 0.05 vs control group, **P < 0.01 vs control 
group,# P < 0.05 vs diabetic nephropathy group, ##P < 0.01 vs diabetic nephropathy group, n = 3). (F) representative PAS, HE, and Masson staining.
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Figure 10 Finerenone could protect podocytes in diabetic rats (A) represent the result of an immunohistochemistry experiment for nephrin. Red arrows represent high 
expression region of KLF5. (B and C) represent the result of the immunofluorescence experiment for vimentin and KLF5. Blue arrows represent high expression region of 
vimentin, green arrows represent high expression region of KLF5.
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the next step, our research team needs to build more different animal and disease models to further evaluate the role of 
KLF5 in kidney disease. In this study, we proved for the first time that finerenone exerts its protective effect on DN and 
high glucose-stimulated podocytes by affecting Podocytes EMT through enhancing the expression of KLF5. However, 
merely applying rats may not fully simulate patients with diabetic nephropathy; in the future, we consider using large 
animals (like primate) for further research.

In conclusion, in our current study, we found that finerenone inhibits renal fibrosis and podocyte damage induced by 
high glucose. Mechanistically, we found that finerenone could restore KLF5 expression and reduce high glucose-induced 
EMT by KLF5.
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