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Purpose: Glomerular sclerosis and renal interstitial fibrosis are the most important pathol-
ogies in the development of kidney damage under diabetic conditions. Smad3 plays antag-
onistic roles in high glucose-induced renal tubular fibrosis, which is an important treatment 
target for diabetic nephropathy (DN). Formononetin (FMN) has multiple effects on diabetic 
vascular complications including DN. However, whether it plays an anti-fibrosis role by 
regulating smad3 is unclear. The purpose of this study was to evaluate the renoprotective 
effect of FMN by suppressing smad3 expression in db/db mice.
Methods: FMN was orally administered to db/db mice with a dose of 25 or 50 mg/kg/day 
for 8 weeks. At the end of the study, serum, urine, and kidney samples were collected for 
biochemical and pathological examinations. The expressions of proteins and mRNA asso-
ciated with renal fibrosis were determined by biochemical, histological, immunofluorescence, 
and real-time PCR analysis.
Results: The results showed that FMN substantially improved the glucolipid metabolism, 
reduced the oxidative stress, and protected renal function in db/db mice. Meanwhile, protein 
and mRNA expression of smad3 and related regulatory factor of extracellular matrix 
deposition were significantly suppressed.
Conclusion: The present study suggested that FMN has a good renoprotective effect in DN, 
which plays an anti-fibrosis role in db/db mice by suppressing the expression of smad3.
Keywords: formononetin, diabetic nephropathy, db/db mice, renal fibrosis, expression of 
smad3, antioxidants

Introduction
Diabetic nephropathy (DN) is one of the most severe chronic microvascular complica-
tions of diabetes mellitus (DM), and is also a growing worldwide epidemic disease, 
which has become a primary cause of end-stage renal disease (ESRD).1 The current 
major pathological manifestations of DN are glomerular hypertrophy, thickened glo-
merular basement membrane (GBM), and increased extracellular matrix (ECM), 
eventually lead to glomerular sclerosis and renal interstitial fibrosis.2 The deposition 
of collagen fibronectin and laminin in GBM and ECM increased significantly, parti-
cularly at an early stage of the DN.3 At a late stage, type I collagen and type III collagen 
(COLI, COLIII) depositions were evident in the kidney.4

Smad3 protein is an important inducer of epithelial-mesenchymal transforma-
tion (EMT) in fibrosis,5–7 and EMT is the key mechanism underlying renal fibrosis. 
Recent studies indicate that EMT is a potential source of activated myofibroblasts 
that finally result in renal fibrosis.8–10 When EMT is activated, mesenchymal 
feature-specific markers, such as alpha-smooth muscle actin (α-SMA) and vimentin 
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are up-regulated.11–13 The EMT of these cells leads to 
activated fibroblasts and enhances the pathological process 
of renal fibrosis. Smad3 protein can directly bind to the 
promoter region of collagen to up-regulate the expression 
of collagen and promote the process of renal fibrosis.14,15 

Oxidative stress injury is the basis of EMT,16 smad3 
protein reduces fibrosis and ECM deposition by inhibiting 
oxidative stress.17,18 Thus, renal fibrosis is the most impor-
tant feature of renal pathology of DN, which was related 
with smad3-mediated fibrosis and oxidative stress.

Formononetin (FMN, Figure 1) is a kind of isoflavone (7- 
hydroxy-4-methoxy isoflavone, C16H12O4), which is found in 
plants, such as the family lamiaceae and Leguminosae. It is the 
main active ingredient of Chinese medicine Radix Astragali, 
Spatholobus suberectus, and Beautiful Millettia Root. 
Accumulating evidence indicates that FMN has the effect on 
regulating glycolipid metabolism and anti-AGEs activity, 
which is used in the treatment of diabetic vascular 
complications.19–25 However, the anti-fibrosis activities of 
FMN and their underlying mechanisms have not been 
reported.

The db/db mouse exhibits insulin resistance at around 2 
weeks of age and eventually develops hyperglycemia 
induced by β cell failure at 4–8 weeks, which accurately 
reflects the pathophysiology of diabetes.26,27 In the db/db 
mouse at 7–8 weeks, urinary albumin excretion increased 
significantly,28 and the kidney began to show pathological 
changes of DN such as increased Mesangium Matrix, base-
ment membrane thickening, and tubule dilation.29 This 
pathological change is consistent with the diabetic nephro-
pathy III period, which is known as the early diabetic nephro-
pathy. In the present study, we investigated the role of FMN 
in delaying DN and explored the potential mechanism related 
to smad3-mediated anti-fibrosis in a db/db mouse model.

Materials and Methods
Chemicals, Reagents, Kits, and Antibodies
Formononetin (FMN, Purity: HPLC>98%), Metformin 
(MET), and carboxymethyl cellulose sodium (CMC-Na) 

were provided by Weikeqi Biotechnology Co., Ltd. 
(Sichuan, China). RevertAid First Strand cDNA 
Synthesis Kit (#K1622) and FastStart Universal SYBR 
Green Master (Rox) were purchased from Thermo Fisher 
Scientific Co., Ltd. (USA). All test assay kits and the 
SOD, MDA, GSH-Px, and CAT ELISA kits were supplied 
by Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). The full wavelength enzyme marker was provided 
by Thermo Fisher Scientific Co., Ltd. (USA). 
Hematoxylin-eosin stain (H&E), Periodic Acid-Schiff 
stain (PAS), and Masson staining kits were provided by 
Servicebio Company (Wuhan, China). Goat anti-Rabbit 
IgG and Goat anti-Mouse IgG were provided by 
Servicebio Company (Wuhan, China). The FMN was dis-
solved with 0.5% CMC-Na. The MET was dissolved with 
water.

Animals
The male db/db mice (50–60 g) and wild db/+ littermates 
(25–30 g) in a C57BLKs/J background (8 weeks) were 
provided by Cavens Laboratory animals, Ltd. (Changzhou, 
China) [License No: SCXK (Su) 2016–0010]. Mice were 
housed at the Experimental Animals Center of Guangzhou 
University of Chinese Medicine (Guangdong, China) 
[License No: SCXK (Yue) 2018–0085]. All animals were 
fed freely under the conditions of temperature 22.0–26.0° 
C, humidity 50–60%, 12 hours:12 hours light dark cycle. 
The experimental animal protocol was approved by the 
Animal Ethics Committee of Guangzhou University of 
Chinese Medicine (No.00222199). All procedures were 
carried out on the basis of the Laboratory Animal Care 
and Use recommendations, which are intended to reduce 
the use of animals and minimize animal distress.

Drug Administration
The db/db mouse group is the model of spontaneous type 2 
diabetes. MET is demonstrated to have a good renoprotec-
tive effect in DN, which is used as a positive control 
drug.30,31 After 1 week adaptation, the db/db mice (9 
weeks) with non-random blood glucose levels 
>11.1 mmol/L were considered to be diabetes. The mice 
were randomly divided into five groups (n=10/group): 
normal control group (db/m) (NM), model group (db/db) 
(MD), positive control group (Met), FMN-treated low 
dose group (FMNL), and FMN-treated high dose group 
(FMNH). NM and MD were orally administered with 
0.5% CMC-Na solution (50 mg/kg). FMNL and FMNH 
were orally administered with 25 mg/kg and 50 mg/kg Figure 1 Chemical structure of FMN.
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FMN, respectively.32 MET were orally administered with 
MET (100 mg/kg). All mice were gavaged once per day, 
for 8 consecutive weeks.33

Sample Collection
During the experiment, weight, fasting blood glucose 
(FBG), food intake, and water intake were measured 
weekly. After 8 weeks of oral drug treatment, all mice 
were fasted overnight and then placed in metabolic 
cages (Yuyan Instruments, Inc., Shanghai, China) to 
collect fresh urine samples. After measuring urine 
volume, urine samples were collected by using EP 
tubes and centrifuged at 2000 rpm for 10 minutes to 
obtain urine samples and then stored at −20°C. Fresh 
blood samples were collected from retro-orbital plexus 
using micro-hematocrit capillaries and centrifuged at 
3000 rpm for 10 minutes to obtain serum samples and 
then stored at −20°C. After the animals were sacrificed, 
their kidneys, livers, and spleens were removed and 
weighed. The kidney was fixed in 4% paraformalde-
hyde and the remaining kidney tissue was snap frozen 
in liquid nitrogen and then stored at −80°C for 
analysis.

Biochemical Analysis
The levels of FBG, BUN, Scr, TG, TC, and FINS in serum 
were determined by test assay kits. ISI and IRI were 
calculated according to the formulas: ISI=-Ln 
(FBG×FINS) and IRI=(FINS×FBG/22.5). BUN/Scr was 
calculated according to the formula: BUN/Scr=(BUN/Scr).

Urine Analysis
The levels of 24-hour urine protein and Ucr in urine were 
determined by test assay kits. Urine Albumin-to- 
Creatinine Ratio (ACR) was calculated according to the 
formulas: ACR=(Urine protein/Ucr).

Oxidative Stress Parameters
After blood samples were taken, the renal tissues were 
separated. They were homogenized with homogenizer 
(IKA Company, Germany) and centrifuged at 3500 rpm 
for 15 minutes at 4°C, and the supernatants were taken. 
Total protein concentration in the supernatants was sepa-
rately determined by BCA protein assay kit. The SOD, 
MDA, GSH-Px, and CAT concentration of the pituitary in 
the supernatants were detected by ELISA assay kit. The 
results of ELISA assay kit were read by a ELISA reader 
(BioTeK Instruments, Inc., USA). The SOD, MDA, GSH- 

Px, and CAT expression levels were the ratio of their 
respective protein concentration to the total protein 
concentration.

Histological Analysis
After being fixed in 4% paraformaldehyde and 
embedded in paraffin, the kidney tissues were cut into 
3 μm thick sections. Sections were then deparaffinized 
in xylene and rehydrated in ethyl alcohol (from 100 to 
70%) in reverse order. All specimens were stained with 
hematoxylin and eosin (H&E), periodic acid schiff 
(PAS), and Masson staining and assessed for kidney 
damage and inflammation under a Eclipse E100 light 
microscope (Nikon, Japan) and imaged (200×). After the 
Masson staining procedure, the collagen fibers were 
bluish green in color, we analyzed and calculated the 
Collagen volume fraction (CVF).

Immunofluorescence
Expression of COLI, COLIII, and α-SMA in renal 
tissues were detected by immunofluorescence method. 
Renal tissues sections (3 μm) were blocked with 4% 
paraformaldehyde for 10 minutes and heated with 
EDTA antigen recovery buffer for 23 minutes. When 
the sections were cooled to room temperature and 
blocked with BSA for 30 minutes, then the immune 
fluorescent primary antibodies COLI, COLIII (1:300), 
and α-SMA (1:600) were incubated all-night at 4°C. 
CY3-labeled goat anti-rabbit and FITC-labeled goat 
anti-mouse fluorescent secondary antibodies were 
added dropwise and incubated for 50 minutes at room 
temperature, and DAPI stain was added dropwise and 
incubated at room temperature for 10 minutes in the 
dark. Three pancreas sections of each group were 
placed under a Eclipse E100 light microscope (Nikon, 
Japan).

Quantitative Real-Time PCR
Renal tissues of mice were isolated. Total RNA was 
extracted from the tissues by using TRIzol reagent. Total 
RNA samples were quantified spectrophotometrically at 
260 and 280 nm, with the OD260/OD280 ratio ranging 
from 1.8 to 2.0. The mRNA was transcribed into cDNA 
according to instructions of RevertAid First Strand cDNA 
Synthesis Kit. The polymerase chain reaction (PCR) was 
performed using the Stepone plus real-time PCR device 
(ABI, USA) by referencing to the protocol of FastStart 
Universal SYBR Green Master (Rox). The cycling 
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conditions were as follows: 95°C, 120 seconds and 45 
cycles of 95°C, 10 seconds, 60°C, 34 seconds, 72°C, 30 
seconds. The upstream and downstream primers 
(Servicebio Company, Wuhan, China) of these genes are 
shown in Table 1. Levels of mRNA expression were sub-
jected to housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). The relative transcript levels 
were quantified by 2−ΔΔCt value method and the final result 
was exhibited as a percentage of mRNA of normal.

Statistical Analysis
SPSS 22.0 software (IBM Corporation, USA), was used 
for the statistical analyses. All data are checked by 
Shapiro-wilk test, P-values>0.05 are shown as the means 

±standard error (M±SEM). Significant differences of mul-
tiple groups were analyzed by using one-way analysis of 
variance (ANOVA). P-values<0.05 are shown as M (P25, 
P75). Significant differences of between groups were ana-
lyzed by using Mann–Whitney U-test. P<0.05 was con-
sidered to be statistically significant.

Results
Effect of FMN on Urine Volume, Food 
and Water Intake in db/db Mice
As shown in Table 2, compared with other groups, mice in 
the db/db model group showed slowed reactions, sluggish 
spirit, lackluster hair, and typical performance: Urine 
volume, food intake, and water intake have all increased 

Table 1 Primer Sequences for Quantitative RT-PCR

Gene Names Forward Sequences (5ʹ to 3ʹ) Reverse Sequences (5ʹ to 3ʹ)

GAPDH CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
Col1a1 AAGAAGCACGTCTGGTTTGGAG GGTCCATGTAGGCTACGCTGTT

Col3a1 GTGGCAATGTAAAGAAGTCTCTGAAG GGGTGCGATATCTATGATGGGTAG

α-SMA TCAGGGAGTAATGGTTGGAATG CCAGAGTCCAGCACAATACCAG
Smad3 GGAATGCAGCCGTGGAACTT TTGCAGCCTGGTGGGATCTT

Abbreviations: RT-PCR, reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; α-SMA, alpha- 
smooth muscle actin.

Table 2 Effect of FMN on Urine Volume, Food and Water Intake in db/db Mice

db/m db/db 100 mg/kg Met 25 mg/kg FMN 50 mg/kg FMN

Urine volume (mL) 0.61±0.07 1.94±0.12*** 1.24±0.16### 1.02±0.11### 0.93±0.12###

Food intake (g/day) 3.14±0.18 5.84±0.19*** 4.85±0.13### 4.90±0.19### 5.17±0.17##

Water intake (g/day) 3.18±0.18 6.68±0.24*** 5.17±0.13### 5.47±0.12### 5.04±0.15###

Notes: Data were expressed as Mean±SEM (n=6). ***P<0.001 vs db/+ mice; ###P<0.001, ##P<0.01 vs non-treated db/db mice.

Table 3 Effect of FMN on Body Weight and Organ Indices in db/db Mice

Week db/m db/db 100 mg/kg Met 25 mg/kg FMN 50 mg/kg FMN

Body weights (g) 0 26.51±0.61 52.61±0.37*** 54.81±1.08 57.09±0.82## 59.60±2.05

1 26.96±0.50 54.31±0.46*** 56.71±1.14 58.54±0.77## 60.69±1.95

2 27.66±0.66 56.43±0.65*** 57.28±0.79 58.50±0.68 60.37±1.85
3 27.37±0.59 56.58±0.58*** 56.37±0.58 57.75±0.67 59.53±1.76

4 27.80±0.64 55.82±0.98*** 56.19±0.66 57.27±0.88 58.99±1.68#

5 28.10±0.57 56.03±1.03*** 55.73±0.53 57.23±1.08 59.04±1.74
6 28.93±0.61 56.57±0.98*** 55.75±0.52 57.32±1.20 58.78±1.64

7 27.49±0.56 56.41±0.91*** 55.24±0.64 56.70±1.24 57.69±1.57

8 28.56±0.61 57.50±0.96*** 54.79±0.91 56.75±1.24 58.15±1.64

Organ indices (%) Kidney 0.58±0.01 0.54±0.02 0.41±0.03## 0.44±0.02## 0.43±0.03##

Liver 4.12±0.07 5.56±0.16*** 5.21±0.33 5.14±0.27 5.77±0.25
Spleen 0.22±0.02 0.09±0.01** 0.10±0.01 0.09±0.01 0.10±0.01

Notes: Data were expressed as Mean±SEM (n=6). ***P<0.001, **P<0.01 vs db/+ mice; ##P<0.01, #P<0.05 vs non-treated db/db mice.
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Figure 2 Effect of FMN on FBG (A, B), FINS (C), ISI (D), IRI (E), TG (F), and TC (G) in db/db mice. Data were expressed as Mean±SEM (n=6). ***P<0.001, **P<0.01, 
*P<0.05 vs db/+ mice; ###P<0.001, ##P<0.01, #P<0.05 vs non-treated db/db mice.
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Figure 3 Effect of FMN on 24hUP (A), UCr (B), BUN (C), SCr (D), ACR (E), and BUN/SCr (F) in db/db mice. Data were expressed as Mean±SEM (n=6). ***P<0.001, 
**P<0.01, *P<0.05 vs db/+ mice; ###P<0.001, ##P<0.01, #P<0.05 vs non-treated db/db mice.
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(P<0.001). Compared with the model group, FMN signifi-
cantly improved the symptoms (P<0.01).

Effect of FMN on Body Weight and Organ 
Indices in db/db Mice
As shown in Table 3, Compared with db/m, the db/db mice 
showed increased bodyweight and changes in the organ 
indices of the kidney, spleen, and liver, presenting typical 
obesity manifestations of type 2 diabetes. After 8 weeks of 
administration, FMN strongly enhanced the kidney indices 
(P<0.01).

Effect of FMN on Blood Glucose, Insulin, 
and Blood Lipids in db/db Mice
As shown in Figure 2, the levels of FBG, FINS, IRI, 
TG, and TC in db/db mice were significantly higher 
than those in the db/m group, while the ISI level was 
significantly decreased (P<0.05). FMN significantly 
decreased the levels of FBG, FINS, IRI, TG, and TC, 

and increased ISI level when compared to db/db mice 
(P<0.05).

Effect of FMN on Renal Function in db/db 
Mice
As shown in Figure 3, the levels of 24 hour urine 
protein, Ucr, BUN, Scr, and ACR in db/db mice were 
significantly higher than those in the db/m group, and 
BUN/Scr levels were significantly decreased (P<0.05). 
FMN significantly decreased the levels of 24-hour 
urine protein, Ucr, BUN, Scr, and ACR, and increased 
BUN/Scr levels when compared to db/db mice 
(P<0.05).

Effect of FMN on Renal Histopathology in 
db/db Mice
As shown in Figure 4, H&E and PAS staining of the renal 
sections from the db/m group revealed a normal glomer-
ulus surrounded by capsule, proximal, and distal 

Figure 4 Effect of FMN on histopathologically (200X) (A), CVF (B) in db/db mice. Data were expressed as Mean±SEM (n=6). ***P<0.001 vs db/+ mice; ###P<0.001, #P<0.05 
vs non-treated db/db mice. Notes: Black triangle indicates small vacuoles and mesangial hyperplasia are seen in the cytoplasm in the db/db mice; Red triangle indicates 
glomerular mesangial hyperplasia in the db/db mice; Green triangle indicates glycogen accumulate in the kidney of db/db mice.
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convoluted tubules without any glycogen accumulated and 
inflammatory changes. While the db/db model group 
showed renal tubule atrophy, thickening of basement 
membrane, and glycogen accumulating. The FMN-treated 
groups exhibited a significantly-attenuated basement mem-
brane and significantly-reduced glycogen accumulation. 
Compared with the db/m group, collagen volume fraction 
(CVF) of the db/db group exhibited a marked increase 
(P<0.05). Compared with the db/db group, significantly- 
reduced renal fibrosis was observed in the FMN-treated 
groups (P<0.05).

Effect of FMN on Renal SOD, MDA, GSH- 
Px, and CAT in db/db Mice
As shown in Figure 5, the level of MDA in db/db 
model mice was significantly higher than those in the 

db/m group, SOD and GSH-Px levels were signifi-
cantly decreased (P<0.05). FMN significantly 
decreased the level of MDA, and increased SOD, 
GSH-Px, and CAT levels when compared to db/db 
mice (P<0.05).

Effect of FMN on Renal COLI, COLIII, 
and α-SMA Expression in db/db Mice
Renal COLI was detected by immunofluorescence label-
ing. Renal COLIII and α-SMA were detected by immuno-
fluorescence double labeling. In Figure 6, the expressions 
of COLI, COLIII and α-SMA in the db/db model mice 
were significantly higher than those in the db/m group 
(P<0.001). FMN significantly decreased the level of 
COLI, COLIII, and α-SMA levels, when compared to 
db/db mice (P<0.01).

Figure 5 Effect of FMN on SOD (A), MDA (B), GSH-Px (C), CAT (D) in db/db mice. Data were expressed as Mean±SEM (n=6). **P<0.01, *P<0.05 vs db/+ mice; 
###P<0.001, ##P<0.01, #P<0.05 vs non-treated db/db mice.
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Effect of FMN on Renal COL1a1, 
COL3a1, α-SMA, and Smad3 mRNA 
Expressions in db/db Mice
As shown in Figure 7, the level of COL1a1, COL3a1, α- 
SMA, and smad3 mRNA expressions in a db/db model 
mice were significantly higher than those in the db/m 
group (P<0.01). FMN significantly decreased the level of 
COL1a1, COL3a1, α-SMA, and smad3 mRNA expres-
sions when compared to db/db mice (P<0.01).

Discussion
In the present study, db/db mice were used as experimental 
animal models, which have been reported under a state of 
high sugar status prone to kidney disease and, with an 

increase of blood sugar, the kidney becomes further 
aggravated.34 Combined with hyperglycemia and insulin 
resistance during the development of DN, oxidative stress, 
and inflammation are reported to be involved in the pro-
cesses of tubular fibrosis and mesangial expansion.35

In this study, compared with NM, FBG, FINS, IRI, 
TG, TC, BUN, and Scr levels of MD were significantly 
increased, ISI level was significantly reduced of MD, 
and 24-hour urine protein and Ucr of urine increased of 
MD, which suggests that the mode of DN is success-
fully replicated.36 Compared with MD, oral administra-
tion of FMNH and FMNL significantly improved the 
abnormalities of the above indicators. Moreover, 
FMN significantly decreased the production and 
deposition of collagen and ameliorated the fibrous 

Figure 6 Continued.
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Figure 6 The fluorescent immunogram (A, B), the expressions of COLI (C), COLIII (D), and α-SMA (E) of pancreas tissues on db/db mice between different study groups. 
Data were expressed as Mean±SEM (n=3). ***P<0.001 vs db/+ mice; ###P<0.001, ##P<0.01 vs non-treated db/db mice.

Figure 7 Effect of FMN on COL1a1 (A), COL3a1 (B), α-SMA (C), and smad3 (D) in db/db mice. Data were expressed as M(P25, P75) (n=3). **P<0.01 vs db/+ mice; ##P<0.01 
vs non-treated db/db mice.
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hyperplasia and glycogen accumulated in the kidney of 
db/db mice.

Oxidative stress is involved in the pathogenesis of DN, 
which is the basis of EMT. MDA level reflects the ability 
of the body to resist oxidative stress,37 and oxidative 
damage can be prevented by enhancing the activities of 
antioxidant enzymes, including CAT, GSH-Px, and SOD, 
which strengthen the response of the antioxidant defense 
system.38 In this study, Formononetin significantly 
decreased the level of MDA, and increased SOD,GSH- 
Px, and CAT levels. The results suggested that FMN has 
antioxidant effects.

In the process of renal fibrosis of DN, renal mesench-
ymal fibroblasts and renal tubular epithelial cells can be 
transformed into myofibroblasts, which are thought to be 
the primary source of ECM. α-SMA is often used as a 
surface marker for myofibroblasts.39 Normally, over-acti-
vation of α-SMA protein may be aggravated in renal 
fibrosis.40,41 Smad3 directly binds to the promoter region 
to activate COLI and COLIII and promotes ECM synth-
esis, which is involved in the process of renal fibrosis.42 In 
this study, FMN can suppress the mRNA expressions of 
smad3, COL1a1, and COL3a1, and protein expressions of 
smad3, COLI, and COLIII in the kidney of DN mice. The 
results suggested that FMN play a role in the renoprotec-
tive effect by suppressing smad3 expression.

Conclusion
In summary, FMN can significantly improve the glucolipid 
metabolism, reduce the oxidative stress, alleviate the renal 
fibrosis, and protect the renal function of DN in db/db 
mice. Meanwhile, protein and mRNA expression of 
smad3 and related regulatory factors of extracellular 
matrix deposition were significantly suppressed. The 
mechanism might be mediated by suppressing smad3 
expression.
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