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ABSTRACT Diabetic kidney disease is one of the most serious complications of 
diabetes. Although diabetic kidney disease can be effectively controlled through 
strict blood glucose management and corresponding symptomatic treatment, these 
therapies cannot reduce its incidence in diabetic patients. The sodium-glucose co-
transporter 2 (SGLT2) inhibitors and the traditional Chinese herb “Gegen” have been 
widely used in diabetes-related therapy. However, it remains unclear whether the 
combined use of these two kinds of medicines contributes to an increased curative 
effect on diabetic kidney disease. In this study, we examined this issue by evaluat-
ing the efficacy of the combination of puerarin, an active ingredient of Gegen, and 
canagliflozin, an SGLT2 inhibitor for a 12-week intervention using a mouse model of 
diabetes. The results indicated that the combination of puerarin and canagliflozin 
was superior to canagliflozin alone in improving the metabolic and renal function 
parameters of diabetic mice. Our findings suggested that the renoprotective effect of 
combined puerarin and canagliflozin in diabetic mice was achieved by reducing re-
nal lipid accumulation. This study provides a new strategy for the clinical prevention 
and treatment of diabetic kidney disease. The puerarin and SGLT2 inhibitor combina-
tion therapy at the initial stage of diabetes may effectively delay the occurrence of 
diabetic kidney injury, and significantly alleviate the burden of renal lipotoxicity.

INTRODUCTION
The prevalence of diabetes has dramatically risen worldwide 

over the past few decades as people’s lifestyles have changed. 
This chronic metabolic disease, characterized by elevated blood 
glucose levels, can cause severe damage to various organs in the 
body over time. Diabetic kidney disease is one of the most com-
mon fatal complications of diabetes and the most common cause 
of chronic and end-stage renal disease [1]. Although the treatment 
methods for diabetic kidney disease have improved in recent 
years and disease progression can be well controlled through 
strict blood glucose management, the incidence of diabetic kid-
ney disease did not reduce significantly [2,3].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a rela-

tively new class of diabetes drugs, which reduce blood glucose 
concentrations by inhibiting renal glucose reabsorption and in-
creasing glucose excretion in urine. In addition to the traditional 
hypoglycemic effect, researchers have also observed renopro-
tective effects of SGLT2 inhibitors in patients with diabetes or 
other chronic metabolic diseases [4-7], such as improved renal 
outcomes, e.g., serum creatinine, development of macroalbumin-
uria, need for dialysis and/or transplantation, and kidney death. 
In 2019, the Food and Drug Administration of America approved 
the SGLT2 inhibitor canagliflozin for the treatment of diabetic 
kidney disease. Renoprotective effects of SGLT2 inhibition in-
clude improved renal cortical oxygenation, renal mitochondrial 
function, tubular autophagy, and other blood glucose-dependent 
and independent pathways [8]. Undoubtedly, the mystery of 
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SGLT2 inhibitors for renoprotection still need to be further eluci-
dated. Moreover, the pathophysiological mechanisms of diabetic 
kidney disease are complex, and the existing treatments do not 
completely prevent kidney injury in diabetic patients. Therefore, 
the development of a prevention and treatment intervention that 
can be applied at the initial diabetes diagnosis is urgently needed.

Diabetic renal injury is a complex result of glucotoxicity and 
lipotoxicity. Growing evidence indicates that renal lipid metabo-
lism disorder, lipid accumulation and oxidative stress, inflam-
mation, and fibrosis are the main factors underlying the patho-
genesis of diabetic kidney disease. However, therapeutic methods 
targeting these pathways are still lacking [9]. Pueraria lobata 
(Willd.) Ohwi, a common “drug homologous” plant called Gegen 
in Chinese herbal medicine, is widely distributed in Asia, North 
America, and South America. In traditional Chinese medicine, 
Gegen is often combined with other herbs to treat cardiovascular 
diseases, diabetes, and other chronic metabolic diseases. The iso-
flavone puerarin is the main active ingredient of Gegen [10-12]. 
In this study, the combination of canagliflozin and puerarin in-
tervention for diabetic mice surpassed effectiveness of any single 
drug treatment in alleviating renal lipotoxicity and maintaining 
stable blood glucose levels, thereby effectively delaying the occur-
rence of renal injury and reducing the degree of damage. These 
findings suggest the combination of canagliflozin and puerarin 
as potential therapy for the prevention and treatment of diabetic 
kidney disease.

METHODS

Animals

Sixty-six 7-week-old male C57BL/6 mice were purchased from 
Chengdu Dashuo Experimental Animal Breeding Co., Ltd. After 
a week of adaptation, the mice were randomly divided into eleven 
groups and treated continuously for 12 weeks, as follows: (i) con-
trol group (normal mice with no treatment), (ii) diabetes group 
(diabetes mice treated with intragastric administration of saline), 
(iii) canagliflozin group (diabetes mice with intragastric adminis-
tration of 1.5 mg/kg canagliflozin), (iv) puerarin groups (diabetes 
mice with intragastric administration of 4, or 10, or 40, or 100 
mg/kg puerarin), (v) puerarin + canagliflozin groups (diabetes 
mice with intragastric administration of 1.5 mg/kg canagliflozin 
and 4, or 10, or 40, or 100 mg/kg puerarin). In order to explore 
the dose-response relationship between the combination of pu-
erarin and canagliflozin, we designed four doses of puerarin for 
the study. Puerarin, chemical name is 4H-1-Benzopyran-4-one, 
8-β-D-glucopyranosyl-7-hydroxy-3-(4-hydroxyphenyl)-, was 
purchased from Shanghai Yuanye Bio-Technology Co., Ltd., and 
canagliflozin was purchased from Janssen-Cilag International 
NV.

Diabetes modeling methods were conducted as follows. The 

mice were fed a high-fat diet (63.4% regular diet plus 20% lard, 
15% sucrose, 1.5% cholesterol, 0.1% sodium cholate), and intra-
peritoneally administered the freshly prepared streptozotocin 
(S8050; Solarbio, dissolved in citrate buffer, pH 4.5) at 50 mg/kg 
after 4–6 h of food withdrawal for 5 days. Blood glucose was mea-
sured weekly using a blood glucometer (ACCU-CHEK Active; 
Roche). Two weeks after diabetes was confirmed (blood glucose > 
15.8 mM), mice were treated with puerarin and/or canagliflozin 
for 12 weeks.

All animal procedures were approved (approval no. 2021DL-
031) by the Ethics Committee of the Hospital of Chengdu Univer-
sity of Traditional Chinese Medicine Animal Policy and Welfare 
Committee. Mice were housed in an environmentally controlled 
room at 22°C ± 2.0°C, 50% ± 5% humidity, in a 12-h:12-h light/
dark cycle, with food and water provided ad libitum.

Metabolic parameters related to diabetes

Body weight and blood glucose (ACCU-CHEK Active blood 
glucometer) from the tail vein were measured every week after 
an overnight fast. Water and food intake were measured every 4 
weeks. At the end of the 12-week intervention, total cholesterol 
(TC) (A111-1-1, Nanjing JianCheng Bioengineering Institute), 
low-density lipoprotein cholesterol (LDL-C) (A113-1-1; Nanjing 
JianCheng Bioengineering Institute), high-density lipoprotein 
cholesterol (HDL-C) (A112-1-1; Nanjing JianCheng Bioengineer-
ing Institute), and triglyceride (TG) (A110-1-1; Nanjing JianCheng 
Bioengineering Institute) levels were determined by biochemical 
methods.

Renal function parameters

A metabolic cage was used to collect urine. Urinary volume, 
urinary glucose excretion (BC2505; Solarbio), urinary albumin 
(MM-44287M1; MEIMIAN), and urinary creatinine (C011-2-
1; Nanjing JianCheng Bioengineering Institute) were measured 
every 2 weeks. At the end of the 12-week intervention, blood urea 
nitrogen (BUN) (BC1535; Solarbio) and creatinine (C011-2-1; 
Nanjing JianCheng Bioengineering Institute) were determined by 
biochemical methods, and the kidneys were weighed.

Kidney histology and lipid accumulation

Paraffin-embedded kidney samples were cut into 4-μm-thick 
sections for hematoxylin and eosin (HE) staining and periodic 
acid-Schiff (PAS) staining to evaluate the incrassation of the 
glomerular mesangial matrix; the positive area was calculated as 
previously described [13,14]. Picrosirius red staining was used to 
detect renal fibrosis as previously reported [15]. Frozen kidney 
samples were cut into 10-μm-thick sections for oil red O staining 
to evaluate the lipid accumulation.

The expression of CD36, adipophilin, and PPARα was detected 
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using Western blotting. Kidney proteins were obtained via cold 
radioimmunoprecipitation assay lysis buffer (BL504A; Biosharp) 
with the addition of phenylmethylsulfonyl f luoride (BL507A; 
Biosharp) on ice and quantified using a bicinchoninic acid assay 
kit (P0012S; Beyotime). Western blotting was performed accord-
ing to standard protocols. The following antibodies were used: 
anti-CD36 (1:1,000, bs-1100R, Bioss), anti-adipophilin (1:300, bs-
1164R, Bioss), anti-PPARα (1:600, 15540-1-AP, Proteintech) and 
anti-GAPDH (1:1,500, BA2913, Boster).

Oxidative stress and inflammatory factors

Kidney homogenates were centrifuged to obtain supernatants 
(3,500 rpm, 15 min, 4°C) to measure superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GPx), glutathione (GSH), 
and malondialdehyde (MDA) levels by biochemical methods 
(BC0175, BC0205, BC1195, BC1175, BC0025; Solarbio).

Western blotting was used to estimate tumor necrosis factor 
α (TNFα), interferon γ (IFNγ), interleukin (IL) 6, and IL1β ex-
pression according to standard protocols described before. The 
following antibodies were used: anti-TNFα (1:800, 17590-1-AP, 
Proteintech), anti-IFNγ (1:1,000, 15365-1-AP, Proteintech), anti-
IL6 (1:600, bs-0782R, Bioss), anti-IL1β (1:800, bs-0812R, Bioss), 

and anti-β-actin (1:1,000, bs-0061R, Bioss).

Statistical analyses

Data are presented as the mean ± standard deviation. Statistical 
analysis was performed using ANOVA followed by the LSD test. 
p < 0.05 was considered significant.

RESULTS

Effect of puerarin in combination with canagliflozin 
on glycemic control and other symptoms of diabetes

The body weight presented no significant difference before the 
treatment. At the end of the treatment, however, body weight was 
significantly higher in the diabetes group and puerarin groups 
compared to the control group; the canagliflozin, higher dose 
of puerarin (40 mg/kg and 100 mg/kg), and canagliflozin + pu-
erarin groups were significantly lower than those of the diabetes 
group; the canagliflozin + puerarin groups with higher doses 
of puerarin (40 mg/kg and 100 mg/kg) were significantly lower 
than the canagliflozin group (Fig. 1A, C, Supplementary Table 

Fig. 1. Effect of canagliflozin and puerarin on body weight and hyperglycemia. (A) Body weight in control and diabetic mice with different treat-
ments at the end of the 22nd week. (B) Blood glucose in control mice and diabetic mice with different treatments at the end of the 22nd week. (C) 
Body weight time course in control mice and diabetic mice with different treatments. (D) Blood glucose time course in control mice and diabetic mice 
with different treatments. Data are shown as mean ± SD (n = 6). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. diabetes group; ^p < 0.05, 
^^p < 0.01 vs. canagliflozin group.
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1). Additionally, the blood glucose level was significantly higher 
in the diabetes group and the puerarin group than in the control 
group, and was lower in each treatment group than in the diabe-
tes group. Blood glucose levels were also higher in the puerarin 
groups when compared to the canagliflozin group, while cana-
gliflozin + puerarin groups were similar with the canagliflozin 
group (Fig. 1B, D, Supplementary Table 2).

In terms of lipid metabolism indicators at the end of treatment, 
the levels of TC, LDL-C, and TG levels were higher, and the level 
of HDL-C was lower in the diabetes group when compared with 
the control group (control group vs. diabetes group, Table 1). 
All parameters in all treated groups, i.e., canagliflozin, puerarin 
groups, and canagliflozin + puerarin groups, recovered to vary-
ing degrees (treated groups vs. diabetes group, Table 1). Com-
bined use canagliflozin + puerarin groups with higher doses of 
puerarin (40 mg/kg and 100 mg/kg) showed better performance 
in restoring the parameters of lipid metabolism (canagliflozin 
group vs. canagliflozin + puerarin groups, Table 1). In terms of 
water intake, food intake, urine volume, and urinary glucose ex-
cretion, the combination therapies revealed more improvement in 
these parameters when compared with therapies using puerarin 
or canagliflozin alone (Supplementary Tables 3 and 4). Based on 
the above results, 40 mg/kg puerarin was chosen as an applicable 
dose in the following part of our study.

The combined use of canagliflozin and puerarin 
delays the occurrence of renal injury

For the urinary albumin excretion, all groups increased to 
varying degrees over the control group within 22 weeks of treat-
ment; all treated groups significantly decreased compared to the 
diabetes group (Fig. 2A). Notably, the puerarin + canagliflozin 
group showed a remarkable delay in the occurrence of urinary al-
bumin excretion, compared to all other groups except the control 
group (Fig. 2A). At the end of the treatment, mice in the diabetes 
group had the highest levels of kidney weight, relative kidney 
weight, BUN, and serum creatinine (control group vs. diabetes 
group, Table 2). Treatment with puerarin and/or canagliflozin 
restored these values (treated groups vs. diabetes group, Table 2). 
The combined use of puerarin and canagliflozin showed a greater 
effect on kidney weight, BUN, and serum creatinine levels than 
using canagliflozin alone (canagliflozin groups vs. puerarin + 
canagliflozin group, Table 2).

To further verify the renoprotective effect of the combination 
of canagliflozin and puerarin in diabetic mice, we performed HE 
staining of kidney sections to observe morphology. PAS staining 
was used to evaluate the expansion of the glomerular basement 
membrane, and picrosirius red staining to observe the interstitial 
fibrosis. In the diabetes group, HE staining demonstrated a more 
pronounced tubular vacuolation (Fig. 2B upper panels), and PSA 
staining revealed considerable glomerular basement membrane 
expansion. The expansion was ameliorated by the puerarin + 
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canaglif lozin treatment (Fig. 2B middle panels and C). Fur-
thermore, picrosirius red staining demonstrated that interstitial 
fibrosis was more severe in the diabetes group than in the control 
group. All treatments were able to suppress interstitial fibrosis, 
with the combined use of puerarin and canagliflozin being most 
effective (Fig. 2B lower panels and D).

Effect of puerarin in combination with canagliflozin 
on renal lipid homeostasis

Oil red O staining revealed that lipid accumulation was aggra-
vated in the diabetes group compared with the control group and 

improved in the puerarin and puerarin + canagliflozin groups 
compared with the diabetes group. Notably, the lipid droplets 
were ameliorated more effectively by puerarin + canagliflozin 
treatment than by canagliflozin treatment (Fig. 3A, B). To investi-
gate the anti-lipid accumulation effect of puerarin + canagliflozin 
therapy, we detected the level of fatty acid synthesis and oxidation 
in the kidney, marked by the protein expression of CD36, adipo-
philin, and PPARα using Western blotting. The levels of CD36 
and adipophilin were decreased in the puerarin + canagliflozin 
group compared with the groups treated with either drug alone, 
and the protein level of PPARα was increased in the puerarin 
and puerarin + canagliflozin groups compared with the diabetes 

A

B

Fig. 2. Effect of canagliflozin and puerarin on functional and structural parameters of kidneys. (A) Effect of canagliflozin and puerarin on urinary 
albumin excretion. (B) Representative image of HE (100×), PAS (400×), and picrosirius red (100×) staining of kidney sections. (C) PAS-positive area in 
glomeruli. (D) Percentages of picrosirius red-positive areas. Data are shown as mean ± SD (n = 6). HE, hematoxylin and eosin; PAS, periodic acid-Schiff. 
##p < 0.01 vs. control group; **p < 0.01 vs. diabetes group; ^^p < 0.01 vs. canagliflozin group.
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group (Fig. 3C–F). Together, these results suggest that the combi-
nation of canagliflozin and puerarin may prevent lipid accumula-
tion by inhibiting fatty acid synthesis and promoting fatty acid 
oxidation.

The combined use of canagliflozin and puerarin 
inhibits lipotoxicity-induced oxidative stress and the 
inflammatory response in the kidneys

It is well known that lipotoxicity causes damage via oxidative 
stress and inflammatory responses [9]. In this study, we verified 
the increased levels of oxidative stress and inflammatory response 
in diabetic kidneys by measuring the levels of MDA, GSH, TNFα, 
IFNγ, IL6, and IL1β, and the activities of GPx, SOD, and CAT. No 
significant differences in these parameters were detected between 
the puerarin + canagliflozin group and the control group, sug-
gesting the changes observed in the diabetes group were restored 
by the combination of puerarin and canagliflozin (Fig. 4). These 
results confirm the renoprotective effect of canagliflozin and 
demonstrate that canagliflozin with puerarin treatment results 
in the remission of lipotoxicity-induced oxidative stress and the 
inflammatory response in the kidneys.

DISCUSSION
Glucose and lipid metabolism disorders play a key role in the 

occurrence and development of diseases. Furthermore, dyslip-
idemia induced by hyperglycemia contributes to the occurrence 
and progression of diabetic nephropathy [9,16]. A previous study 
found that the incidence of chronic kidney disease was signifi-
cantly reduced in patients with dyslipidemia after hypolipidemic 
treatment [17], indicating that dyslipidemia may induce renal 
injury by mechanisms dependent on or independent of hyper-
glycemia. Lipotoxicity caused by abnormal lipid metabolism in 
the body is a destructive process caused by lipid accumulation 
in nonadipose tissue, which leads to cellular oxidative stress and 
inflammatory responses. These changes are closely related to 
the pathogenesis of diabetic kidney disease, explaining why the 
incidence of chronic kidney disease is still high in diabetic pa-
tients with well-controlled blood glucose. Our study confirmed 
the abnormal serum lipid metabolism and lipid accumulation in 
the kidneys of mice with diabetes, providing strong evidence that 
lipotoxicity is involved in the occurrence and development of dia-
betic kidney disease and thus represents a new intervention target 
for treating diabetic kidney disease.

In this study, we treated diabetic mice with 12 weeks of cana-

C D

Fig. 2. Continued.

Table 2. Influence of canagliflozin and puerarin on functional and structural parameters of kidneys in diabetes mice at the end of treatment 
(22 weeks of age)

Parameter Control Diabetes Can Pue40 Can + Pue40

Kidney weight (mg) 291.3 ± 9.4 462.0 ± 10.3## 342.1 ± 12.0##** 346.7 ± 45.36##** 311.6 ± 4.8**^

Relative kidney weight 
   (mg/g body weight)

8.8 ± 0.3 11.7 ± 0.3## 10.1 ± 0.4##** 9.5 ± 1.3** 9.5 ± 0.4**

BUN (mg/dl) 8.6 ± 1.0 20.2 ± 1.3## 15.3 ± 0.5##** 14.6 ± 0.9##** 9.5 ± 0.9**^^

Serum creatinine (mg/dl) 0.40 ± 0.04 0.93 ± 0.08## 0.70 ± 0.03##** 0.58 ± 0.10##** 0.47 ± 0.04**^^

Data are presented as the mean ± SD (n = 6). BUN, blood urea nitrogen. ##p < 0.01 vs. Control; **p < 0.01 vs. Diabetes; ^p < 0.05, ^^p < 
0.01 vs. Can.
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gliflozin and/or puerarin and found that all interventions were 
effective in reducing blood glucose and alleviating diabetes symp-
toms in mice, but puerarin alone could not achieve complete 
remission of diabetic symptoms. Moreover, our experimental 
results showed that the puerarin intervention ameliorated lipid 
metabolism in both the serum and kidney in diabetic mice, which 
is consistent with previous research results on puerarin [18,19], 
and verified the improved clinical outcome of Gegen regarding 

chronic metabolic diseases. In addition, studies have shown that 
puerarin can inhibit Guanine nucleotide-binding protein Gi 
alpha-1, activate the cAMP/PKA/CREB pathway in renal podo-
cytes, and reduce podocyte apoptosis induced by high glucose 
[20]. Puerarin can also inhibit the oxidative stress process of the 
endoplasmic reticulum in podocytes to play a renal protective 
role [21]. Combining above studies with our results, it is suggested 
that the mechanism of puerarin is possibly achieved by regulating 

Fig. 3. Effect of canagliflozin and puerarin on lipid homeostasis of kidneys. (A) Representative image of oil red O staining (100×) of kidney sec-
tions. (B) Oil red O-positive area in the kidney. (C) Western blot of CD36, adipophilin, and PPARα in the kidney. (D) Relative expression of CD36. (E) 
Relative expression of adipophilin. (F) Relative expression of PPARα. Data are shown as mean ± SD (n = 6). #p < 0.05, ##p < 0.01 vs. control group; **p < 
0.01 vs. diabetes group; ^^p < 0.01 vs. canagliflozin group.
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various physiological functions of podocytes. In our results, the 
combination of canagliflozin and puerarin showed a significant 
anti-lipotoxicity effect, which indicates that the puerarin in com-
bination with canagliflozin treatment may improve the prognosis 
and enhance the quality of life of patients with diabetes.

In this study, a preclinical mouse model was used to verify the 
positive effect of SGLT2 inhibitors on kidney protection in clini-
cal practice. Our research revealed a new renoprotective pathway 
of SGLT2 inhibitors, in which the mechanisms are possibly via 
the reduction of renal filtration and reabsorption pressure by 
well-controlled blood glucose [22] and the alleviation of glo-
merular basement membrane thickening. We also found that the 
parameters of serum lipid metabolism and renal lipid accumula-
tion improved after canagliflozin treatment, as indicated by the 
amelioration of glucose metabolism. When combined with puer-
arin, the renoprotective effect was enhanced. The results showed 
changes in the serum renal function parameters of occurred later, 
and the degree of the damage was reduced in the combination 
of canagliflozin and puerarin group, compared with the cana-
gliflozin group, or the puerarin group, or the diabetes group. Glo-
merular basement membrane thickening and renal fibrosis were 
milder, and the levels of oxidative stress and inflammation were 
significantly decreased in the puerarin + canagliflozin group, 
compared with the untreated diabetes group and other treatment 
groups. Such results are consistent with the findings of previous 
studies on the renoprotection of SGLT2 inhibitors [23-26] and the 

antioxidant and anti-inflammatory effects of puerarin [27-30].
The current clinical treatment of diabetic kidney disease most 

frequently focuses on symptomatic treatment, while prevention of 
its occurrence has received much less attention. In this research, 
we showed that administering puerarin with the SGLT2 inhibi-
tor canagliflozin at the initial diagnosis stage of diabetes can 
effectively delay the occurrence of diabetic kidney disease and 
significantly reduce the degree of damage by reducing renal lipo-
toxicity in a mouse model. This study demonstrates prevention of 
diabetic kidney disease is on the horizon. However, more research 
is essential to replicate and strengthen these results. These find-
ings also offer strong evidence for the need of future research to 
explore safety and synergy assessments.
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Fig. 4. Effect of puerarin in combination with canagliflozin on oxidative stress and the inflammatory response of kidneys. (A) MDA level in the 
kidney. (B) GPx activity in the kidney. (C) SOD activity in the kidney. (D) CAT activity in the kidney. (E) GSH levels in the kidney. (F) Western blot of TNFα, 
IFNγ, IL6, and IL1β in the kidney. (G) Relative expression of TNFα. (H) Relative expression of IFNγ. (I) Relative expression of IL6. (J) Relative expression of 
IL1β. Data are shown as mean ± SD (n = 6). MDA, malondialdehyde; GPx, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; GSH, glu-
tathione; TNFα, tumor necrosis factor α; IFNγ, interferon γ; IL, interleukin. #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. diabetes group.
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