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Abstract: Apigenin (APG), a natural flavonoid with anti-inflammatory and anti-fibrosis properties, has been shown 
to play a protective role in diabetic nephropathy (DN), but their molecular protection mechanism for miRNA has not 
been elucidated in detail. This study was designed to focus on exploring its protective role in DN and whether miR-
423-5p-upstream stimulating factor 2 (USF2) axis was involved in its protective mechanism. The in vivo model of 
rat was induced by streptozotocin (STZ) and the in vitro model of renal tubular epithelial cell (RTEC) was induced by 
high glucose (HG). Our in vivo study revealed that APG had different protective effects on inflammation, renal fibrosis 
and epithelial mesenchymal transition (EMT) in DN rats, which is mainly reflected in that the inflammatory factors 
(IL-6, IFN-γ, TNF-α) were obviously down-regulated, the renal fibrosis markers (IV-C, FN, Col I) were significantly 
inhibited, the E-cadherin (EMT factors) was significantly up-regulated, while the vimentin and α-SMA (EMT factors) 
were significantly down-regulated, and the renal function indexes (serum Cr, BUN) were significantly improved. In 
terms of mechanism, the protective effect of APG was related to the regulation of the expression of miR-423-5p-
USF2 axis, and there was a targeted relationship between miR-423-5p and USF2. Down-regulating miR-423-5p or 
up-regulating USF2 could significantly aggravate the disease progression of in vitro model and eliminate DN resis-
tance under APG intervention. The above results revealed that the protective role of APG on DN was mediated by 
miR-423-5p-USF2 axis.

Keywords: Diabetic nephropathy, apigenin, miR-423-5p, USF2, inflammation/renal fibrosis/epithelial mesenchy-
mal transition

Introduction

DN is the most serious complication of diabe-
tes mellitus (DM), and it is also the main factor 
leading to end-staged renal disease [1, 2]. 
Statistics show that approximately 40% of 
patients with chronic kidney disease develop 
into end-staged renal disease unfortunately 
every year because of DN [3]. It is known that 
the pathological mechanism of DN is complex, 
which involves inflammation, renal fibrosis, 
EMT and other processes. Inflammation is the 
key factor for the progression of DM complica-
tions, accompanied by excessive secretion of 
various inflammatory factors [4-6]. Renal fibro-
sis is mainly manifested as tubular atrophy, 
which is the final process of DN. The EMT of 
renal tubules is a specific event in the process 
of fibrosis, which has important protective ef- 

fect against kidney injury and potential apop- 
tosis events [7]. In addition, almost all renal 
cells (including RTEC) respond to varying de- 
grees under the stimulation of hyperglycemia, 
and RTEC is highly responsive to renal fibrosis, 
EMT and other pathological processes [7, 8]. 
Therefore, RTEC is the research mediator of 
molecular mechanism of DN in vitro model. 
Apigenin (APG) is a kind of plant-derived flavo-
noid, which has many functions such as anti-
inflammation, anti-fibrosis, anti-apoptosis and 
anti-DM. Moreover, it has a certain protective 
effect on DN-related kidney injury [9, 10]. How- 
ever, there are still few studies on the mole- 
cular mechanism of miRNA and its related ef- 
fects and mechanisms on inflammation, renal 
fibrosis and EMT. This study was mainly de- 
signed to explore the influence of APG on the 
above pathological processes in DN and the 
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molecular mechanism of miRNA, aiming to pro-
vide new directions and clues for the treatment 
of DN.

It should be added that more and more studies 
have revealed that miRNA is involved in the 
pathogenesis and protection mechanism of 
DN. It is an RNA molecule composed of 18-24 
nucleotides, which plays a regulatory role in  
the physiological and pathological changes of 
the body at the post-transcriptional level [11]. 
In many reports, we have found that miRNA-
mRNA axis mediates the protection mechan- 
ism against DN. For example, miR-378-TRAF5 
axis is involved in the protective process of 
astragaloside on podocyte apoptosis of DN rat 
[12], and miR-497-ROCK axis mediates the 
therapeutic effect of melatonin on DN endo- 
thelial-interstitial glomerular endothelial cells 
[13]. In this study, it was found that miR-423-
5p-USF2 axis might play a vital role in the anti-
DN effect of APG, and both of them had poten-
tial conservative binding sites through biologi-
cal analysis. miR-423-5p has been reported to 
have a certain therapeutic effect on podocyte 
injury induced by HG, which is mainly reflected 
in that up-regulation of its expression can in- 
hibit oxidative stress, apoptosis and inflam- 
matory reaction by targeting nicotinamide ade-
nine dinucleotide phosphate oxidase 4 [14]. 
Upstream stimulating factor 2 (USF2) is a cru-
cial regulator of the pathological process of  
DN, and its downstream target is identified as 
renin gene. Its transgenic mice will have typical 
pathological progression characteristics of DN, 
i.e., up-regulation of renin in kidney, increase  
of urinary albumin excretion and extracellular 
matrix deposition in glomerulus, etc. [15].

We have suspected that APG may play an anti-
DN role by regulating miR-423-5p-USF2 axis, 
which is hereby verified.

Materials and methods

DN rat model

This animal test has been ratified by the Ani- 
mal Care and Use Committee of our hospital. 
We purchased 30 male Wistar rats (Viton Li- 
hua Experimental Animal Technology Co., Ltd., 
Beijing, China), weighing 400-450 g and aged 
18 weeks. They were raised in the environment 
of 12 h-12 h light and dark cycle. The tempera-
ture was controlled at 24°C and the relative 

humidity was (60±5)%, and the rats were given 
water and food. The in-vivo model of rat (DN 
group, n=10) was induced by streptozotocin 
(STZ) (Kairuiji Biotechnology Co., Ltd., Beijing, 
China, 82342) [16], and the rats were intra- 
peritoneally injected with STZ (50 mg/kg) dis-
solved in citric acid buffer (40 mg/mL) (Zeye 
Biotechnology Co., Ltd., Shanghai, China, ZY- 
N191070). Rats injected with citric acid buffer 
alone were selected as controls (NC group, n= 
10). In DN+APG group, rats were first induced 
by STZ and then given APG (20 mg/kg) (Kairuiji 
Biotechnology Co., Ltd., Beijing, China, 10806) 
[10] orally, once a day. DM rats were treated 
with insulin (4 U) (Hengdu Biotechnology Co., 
Ltd., Shanghai, China, I9278) every day, and 
the blood sugar level was maintained at 300-
400 mg/dl to prevent ketoacidosis. After APG 
treatment for 7 days, the rats were anesthe-
tized with pentobarbital sodium (60 mg/kg) 
(New Asiatic Pharmaceutical Co., Ltd., Shang- 
hai, China, H31021725), and their heart blood 
was drawn and centrifuged at 1500×g and 4°C 
for 10 min to obtain serum for biochemical 
study. After that, the rats were killed by cutting 
their necks, and their kidneys were collected 
for follow-up study.

Enzyme linked immunosorbent assay (ELISA)

ELISA kits (Lvyuan Bode Biotechnology Co., 
Ltd., Beijing, China; rat IL-6, rat IFN-γ, rat TNF- 
α) were used to detect interleukin-6 (IL-6), in- 
terferon-γ (IFN-γ) and tumor necrosis factor-α 
(TNF-α) in serum of DN rats. The operation was 
conducted in strict accordance with the opera-
tion specifications of kit.

Western blot analysis

The protein was extracted from kidney tissue  
by radioimmune precipitation test (RIPA) lysis 
buffer (Beinuo Biotechnology Co., Ltd., Shang- 
hai, China, Amresco N653-100ML), and BCA  
kit (Kairuiji Biotechnology Co., Ltd., Beijing, 
China, 120982) was used for quantitative 
detection. At first, the samples (30 μg) were 
separated through 10% SDS-PAGE (Lianshuo- 
bao Biotechnology Co., Ltd., Shanghai, China, 
N/A-271), and then transferred to polyvinyli-
dene fluoride membrane (Kairuiji Biotechnolo- 
gy Co., Ltd., Beijing, China, ISEQ00011). Then, 
it was sealed for 1 h in membrane blocking 
solution (Kairuiji Biotechnology Co., LTD., Bei- 
jing, China, 121422) at ambient temperature, 
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and then cultivated with primary antibody at 
4°C overnight. Finally, the samples were incu-
bated with secondary antibody at 37°C for 45 
min. In this study, the primary antibodies in- 
cluded type IV collagen (IV-C), fibronectin (FN), 
collagen I (Col I), E-cadherin, Vimentin, α 
smooth muscle actin (α-SMA) and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (as 
control). The secondary antibody was horsera-
dor-peroxidase (HRP)-labeled goat anti-rabbit. 
Finally, the chemiluminescence substrate kit 
(Yaoyun Biotechnology Co., Ltd., Shanghai, 
China, 1B1581-KIT-100ML) was used for visu-
alization and quantitative analysis.

Immunohistochemistry

The kidney tissue was fixed with 4% neutral 
paraformaldehyde (Caiyou Industrial Co., Ltd., 
Shanghai, China, YS-7615), embedded in pa- 
raffin, made into 3 μm slices, washed with 
phosphate buffered saline (PBS) (Ziqi Bio- 
technology Co., Ltd., Shanghai, China, 00887), 
and incubated with 0.01% Triton (Baiaolaibo 
Technology Co., Ltd., Beijing, China, GL1461-
JNL) for 8 min. After that, they were contacted 
with 3% hydrogen dioxide solution for 10 min, 
and then the antigen was repaired with citrate 
buffer solution, and then sealed with 10% goat 
serum (Kairuiji Biotechnology Co., Ltd., Beijing, 
China, 40348). Then, it was incubated with 
IV-C, FN, Col I, E-cadherin, vimentin and α-SMA 
diluted with 1:100. The sections were washed 
with PBS, and then cultivated with HRP-label- 
ed goat anti-rabbit IgG (Baiaolaibo Technology 
Co., Ltd., Beijing, China, WE0394-OWS) for 30 
min, washed and stained with diaminobenzi-
dine for 5 min. The optical microscope was 
used to observe them and obtain images.

Evaluation of renal function

In this study, the renal function indexes were 
mainly serum creatinine (Cr) and urea nitrogen 
(BUN), which were tested by automatic bio-
chemical analyzer (Beden Medical Co., Ltd., 
Nanjing, China, V503629).

Assessment of renal pathological changes

After the renal tissue was made into thin sec-
tions, the hematoxylin and eosin (HE), periodic 
acid-schiff (PAS) staining and Masson staining 
were performed. Image-Pro Plus quantitative 
software was used to calculate the ratio of glo-
merular mesangial matrix area to total glomer-
ular area (M/G) in PAS stained sections.

TUNEL

The cells of kidney tissue were stained by ap- 
optosis in situ detection kit (Kaiji Biotechno- 
logy Co., Ltd., Nanjing, China, KGA7072). The 
paraffin-embedded, dewaxed and washed tis-
sues were treated with proteinase K and incu-
bated with TUNEL reaction mixture at 37°C for 
1 h. The Leica TCS-SP laser scanning confocal 
microscope was used for observation and the 
number of TUNEL positive cells was recorded.

Purchase and transfection of RTEC and con-
struction of DN in vitro model

RTEC (NRK-52E) (Zishi Biotechnology Co., Ltd., 
Shanghai, China, os100011) was purchased 
and cultured in DMEM (Lvyuan Bode Biotech- 
nology Co., Ltd., Beijing, China, PM150220B) 
containing 10% FBS, which was grown at  
37°C, 95% air and 5% CO2. RTEC was trans- 
fected with Lipo 2000 reagent (Lianshuobao 
Biotechnology Co., Ltd., Shanghai, China, 
11668-019). The transfection agents includ- 
ed miR-423-5p inhibitor, control (inhibitor-NC), 
USF2 over-expression vector (USF2) and corre-
sponding empty vector (pcDNA). The operation 
was carried out in strict accordance with the 
instructions. After transfection, the in-vitro 
model of RTEC was induced with high glucose 
(30 mM) (Huzhen Industrial Co., Ltd., Shang- 
hai, China, HZ1334) [17], while rats in the NC 
group were intervened by normal glucose (5 
mM). After 48 hours, the cells were collected  
to detect the transfection efficiency.

RT-PCR

In this research, the expressions of miR-423-
5p, USF2 and IL-6, IFN-γ and TNF-α in renal tis-
sue and RTEC of DN rats were measured. 
Firstly, the total RNA was separated by TRIzol 
reagent (Biolab Technology Co., Ltd., Beijing, 
China, QN2070-ZOG). Then, the complementa-
ry DNA was synthesized by reverse transcrip-
tion system (Promega Biotechnology Co., Ltd., 
Beijing, China, A3500). The expression levels 
were tested with SYBR Premix Ex Taq II (Zhijie 
Fangyuan Technology Co., LTD., Beijing, China, 
RR820A), and GAPDH and U6 were used as 
internal references.

Cell migration assay

The migration level of RTEC was detected by 
transwell chamber. First, the cells were inocu-
lated into the upper chamber. The RPMI1640 
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(500 mL) (containing 10% FBS) (Ziqi Biote- 
chnology Co., Ltd., Shanghai, China, SH- 
30203.05) was added to the lower chamber. 
After incubation for 48 hours, the RTEC in the 
lower chamber was immobilized with 4% para-
formaldehyde for 15 minutes and dyed with 
0.1% crystal violet (Mairuibo Biotechnology  
Co., Ltd., Beijing, China, M DZ0055) for 20 min-
utes. The microscope was used to observe and 
count.

Apoptosis assay

The ANNEXINV-FITC/PI apoptosis detection kit 
(Fusheng Industrial Co., Ltd., Shanghai, China, 
FS-79505) was used for detection. Firstly, the 
digested and washed RTEC were prepared into 
the suspension (1*106 cells/mL), and then 2  
μL of AnnexinV-FITC and 5 μL of PI were added  
in turn, and incubated for 5 min at room tem-
perature in the dark. After that, the apoptosis 
level was measured by flow cytometry (Bidake 
Biotechnology Co., Ltd., Changzhou, China, 
1026) within 1 hour.

Detection of double luciferase gene

Wild-type and mutant fragments (USF2-WT and 
USF2-Mut) containing predicted binding locus 
of miR-423-5p were inserted into pGL3 plas-
mid. Then, the recombinant vector and miR-
423-5p or miR-NC were co-transfected into 
RTEC by Lipo 2000. The luciferase activity was 
analyzed by double luciferase reporter gene 
assay system (Baiao Innovation Technology 
Co., Ltd., Beijing, China, E2940).

Statistical analysis

All experiments were reduplicated for three 
times. The data were expressed as mean num-

tion, and their abnormal up-regulation is relat-
ed to abnormal renal function. We investigated 
the effect of APG on renal function in rats. The 
results revealed that the above indexes in DN 
group were obviously higher than those in NC 
group, while the above indexes were signi- 
ficantly reduced under the influence of APG. 
This indicated that APG could improve abnor-
mal renal function by down-regulating serum  
Cr and BUN in DN rats (Figure 1).

APG could inhibit the pathologic changes of 
kidney in DN rats

We also performed HE, PAS, Masson staining 
analysis and TUNEL analysis on kidney of DN 
rats, and observed the pathological changes of 
kidney in each group. The results showed that 
compared with NC group, the rats in DN group 
indicated significant glomerular hypertrophy, 
glomerular mesangial matrix expansion and 
partial renal tubular atrophy under HE and PAS 
staining, and this pathological change was sig-
nificantly improved under the influence of APG. 
In addition, the results of PAS staining also 
showed that the M/G in DN group was obvious-
ly higher than that in NC group, but this ratio 
was significantly reduced under the interven-
tion of APG. Under Masson staining, the rats in 
DN group also showed obvious collagen fiber 
deposition in glomeruli and renal tubules, but 
this change was significantly reduced under the 
action of APG. TUNEL results showed that the 
proportion of apoptotic positive cells in DN 
group was obviously higher than that in NC 
group, and the high apoptosis level was signifi-
cantly reduced under the intervention of APG. 
All the results suggested that APG had differ- 
ent degrees and aspects of kidney protection 
for DN rats (Figure 2).

Figure 1. Effect of APG on renal function indexes of DN rats. It was found 
that (A) serum Cr and (B) BUN in DN rats were significantly higher than those 
in NC group, and the abnormality of these two indexes was significantly im-
proved under the influence of APG. Note: Compared with NC group, ** means 
P<0.01, * means P<0.05; a means that compared with DN group, P<0.05.

ber ± standard difference. 
The statistical significance 
was analyzed by student’s 
t-test or one-way anova. Gra- 
phpad Prism 7.0 was used to 
analyzed data and draw pic-
tures. P<0.05 was considered 
to be statistically significant.

Results

APG could protect renal func-
tion in DN rats

Serum Cr and BUN are well-
known indexes of renal func-
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APG exerted anti-inflammatory effect in DN 
rats

The inflammatory cytokines played a crucial 
role in the microenvironment of DN lesions, 
among which IL-6 was related to the risk of DN, 
IFN-γ was associated with the delay of immune 
response in DN, and TNF-α was bound up with 
the damage of glomerular permeability barrier 
[18-20]. We investigated the effect of APG on 
inflammatory reaction of DN rats. The results 
revealed that the concentrations of IL-6, IFN-γ 
and TNF-α were significantly increased in se- 
rum of DN rats compared with NC group, while 
the concentrations of these inflammatory indi-
cators were significantly decreased under the 
intervention of APG. The above results suggest-

ed that APG could reduce the inflammatory 
injury of DN by inhibiting the levels of inflam- 
matory indexes such as IL-6, IFN-γ and TNF-α 
(Figure 3).

APG exerted anti-renal fibrosis effect in DN 
rats

The elevation of IV-C, FN and Col I levels is a 
marker for the deterioration of of DN fibrosis, 
and all of them are biomarkers of fibrosis [21, 
22]. We investigated the influence of APG on 
renal fibrosis indexes in DN rats. The protein 
level of renal fibrosis indexes in DN group was 
obviously higher than that in NC group, but the 
protein level of the above indexes was signifi-
cantly decreased under the influence of APG. In 

Figure 2. Effect of APG on pathological changes of kidney in DN rats. According to the results of (A) HE staining 
(scale bar: 20 μm) and (B) PAS staining (scale bar: 20 μm), we found that APG could significantly improve glomerular 
hypertrophy, glomerular mesangial matrix expansion and partial renal tubular atrophy in DN rats. According to (C) 
Masson staining (scale bar: 15 μm) results, we found that APG could significantly improve collagen fiber deposition 
and M/G in glomeruli and renal tubules of DN rats. According to (D) TUNEL staining (scale bar: 20 μm) results, we 
found that the apoptosis level of DN rats decreased significantly under the influence of APG. Note: Compared with 
NC group, ** means P<0.01, * means P<0.05; a means that compared with DN group, P<0.05.



Molecular protective mechanism of apigenin in diabetic nephropathy

2011 Am J Transl Res 2021;13(4):2006-2020

immunohistochemistry, we also observed that 
the levels of IV-C, FN and Col I in DN rats were 
significantly increased compared with those in 
the NC group, and the above disorders were 
alleviated under the intervention of APG. This 
indicated that APG was helpful to resist renal 
fibrosis in DN (Figure 4).

APG exerted anti-EMT effect in DN rats

It is known that EMT is one of the potential 
pathogenic mechanisms of DN, and this patho-
logical process will lead to the development 
and progression of renal fibrosis, thus aggra-
vating the course of DN [23]. Among them, 
E-cadherin is an epithelial marker, while vimen-
tin and α-SMA are mesenchymal markers. The 
typical feature of EMT is that the level of epi- 
thelial marker protein is significantly down-reg-
ulated, while the level of mesenchymal marker 
protein is significantly up-regulated [24]. We 
investigated the effect of APG on EMT process 
in DN rats. The results showed that compared 
with NC group, E-cadherin in DN group was sig-
nificantly decreased, while vimentin and α-SMA 
were significantly up-regulated, and the chang-
es were significantly improved under the influ-
ence of APG. This indicated that APG had a re- 
versal effect on EMT process, which was main- 
ly reflected in its change in the expression level 
of EMT markers (Figure 5).

APG could adjust miR-423-5p-USF2 axis

For the purpose of understanding the underly-
ing mechanism of APG’s anti-DN effect more 
deeply, we analyzed its relationship with miR-
423-5p-USF2 axis. Analysis showed that DN 
rats had abnormally down-regulated miR-423-
5p and abnormally up-regulated USF2 (tran-

scription and protein level), and this abnormal 
imbalance was significantly alleviated under 
the interference of APG. This phenomenon was 
similar in the in vitro model of RTEC induced  
by HG. Therefore, we further explored the 
underlying mechanism through the in vitro 
model. The above results suggested that the 
protective effect of APG on DN might be relat- 
ed to miR-423-5p-USF2 axis (Figure 6).

There was a targeting relationship between 
miR-423-5p and USF2

According to biological analysis, miR-423-5p 
had a potential conservative binding site with 
USF2. The double luciferase report revealed 
that miR-423-5p only declined the level of 
USF2-Wt, but had no significant effect on  
USF2-Mut. RT-PCR and western blot analysis 
showed that transfection of miR-423-5p could 
significantly decline the expression of USF2 
and its protein level. The above results indicat-
ed that there was a targeting relationship 
between them (Figure 7).

Down-regulation of miR-423-5p could aggra-
vate the progression of DN in vitro model and 
eliminate the protective effect of APG in vitro

For the purpose of exploring the role of miR-
423-5p-USF2 axis in APG’s anti-DN protection 
mechanism more deeply, we successively ana-
lyzed the effect of miR-423-5p and USF2 in DN 
and their influence on the protection of APG. 
First, the miR-423-5P was down-regulated by 
transfecting miR-423-5p inhibitors. Then, we 
found that down-regulating miR-423-5p could 
aggravate inflammation, fibrosis, EMT and oth- 
er processes of DN model in vitro, improve its 
migration level and induce its apoptosis. In 

Figure 3. Effect of APG on inflammatory indexes in DN rats. The serum inflammatory indexes (A) IL-6, (B) IFN-γ and 
(C) TNF-α in DN rats were significantly higher than those in NC group, but these indexes were significantly decreased 
under APG intervention. Note: Compared with NC group, ** means P<0.01, * means P<0.05; a means that com-
pared with DN group, P<0.05.
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addition, down-regulating miR-423-5p could 
also significantly eliminate the improvement of 
APG on DN in-vitro model in these aspects. This 
revealed that down-regulation of miR-423-5p 
not only aggravated the disease progression of 
DN model in vitro, but also significantly inter-
fered with the protective effect of APG in vitro 
(Figure 8).

Up-regulation of USF2 could aggravate the 
progression of DN model in vitro and eliminate 
the protective effect of APG in vitro

Similarly, USF2 was over-expressed by trans-
fection. We found that up-regulation of USF2 
and down-regulation of miR-423-5p had simi- 
lar performances, that is, they had negative 

Figure 4. Effect of APG on renal fibrosis indexes in DN rats. The (A) IV-C, FN and Col I of rats in DN group were sig-
nificantly higher than those in NC group, but the protein levels of these indexes decreased significantly under APG, 
which were shown in (B) protein map and (C) immunohistochemistry (×400) (scale bar: 15 μm). Note: Compared 
with NC group, ** means P<0.01, * means P<0.05; a means that compared with DN group, P<0.05.
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effects on inflammation, fibrosis, EMT process, 
cell migration and apoptosis of DN, which made 
the pathological changes of DN in-vitro model 
more serious than before. On the other hand, 
this effect also threatened the in-vitro protec-
tive effect of APG, and almost eliminated the 
in-vitro protective effect of APG in the above 
aspects. The above results suggested that up-
regulating USF2 could also aggravate DN and 

reduce the anti-DN performance of APG (Figure 
9).

Discussion

DN is the most common factor of DM’s morbid-
ity and death, as well as the main risk factor of 
cardiovascular disease, which has a great neg-
ative impact on human health and social and 

Figure 5. Effect of APG on EMT markers in DN rats. (A) The (A) E-cadherin of rats in DN group was significantly lower 
than that in DN group, while vimentin and α-SMA were significantly higher. After APG intervention, the protein level 
changes of these indexes were significantly improved, which were shown in (B) protein map and (C) immunohisto-
chemistry (×400) (scale bar: 15 μm). Note: Compared with NC group, ** means P<0.01, * means P<0.05; a means 
that compared with DN group, P<0.05.
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Figure 6. Regulatory effect of APG on miR-423-5p-USF2 axis. We found that APG could significantly adjust abnormally low levels of (A, E) miR-423-5p and abnormally 
high levels of (B, C, F, G) USF2 backwards in the in-vitro and in-vivo model of DN, which were shown in the (D, H) protein map of USF2.
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economic burden [25, 26]. APG is also one  
of the components of Ginkgo biloba extract, 
which has a positive effect on the in-vitro bio-
transformation of intestinal bacterial matrix in 
DN rats [27]. In this study, an in vivo and in  
vitro study of DN was carried out around APG, 
and three conclusions were mainly drawn.  
First, APG had anti-inflammatory, anti-fibrosis 
and anti-EMT effects, and it could ameliorate 
the pathologic changes of kidney in DN rats. 
Secondly and thirdly, down-regulating miR- 
423-5p or up-regulating USF2 could aggravate 
the pathological process of DN model in vitro, 
and it could reduce the in-vitro protective ef- 
fect of APG. These last two points are also the 
novelty of the results of this study. These con-
clusions revealed the key effects and poten- 
tial mechanisms of APG and miR-423-5p-USF2 
axis in DN process, which might provide new 
clues for the treatment of DN.

Our in-vivo study first revealed that APG had  
different protective effects on inflammation, 
renal fibrosis and EMT in DN rats. APG is kn- 
own to have similar functions in other disea- 
ses. For example, the studies by Dang [28] 
have reported that it can suppress the inflam-
matory cascade reaction by inhibiting the acti-
vation of NF-κB, and play an anti-inflammatory 
and anti-apoptosis role in testicular cells. Jiao 
et al. [29] have revealed that it can improve  
the epidural fibrosis of fibroblasts by regulating 
Wnt3a/β-catenin signaling pathway. In addi-
tion, Qin et al. [30] have revealed that it can 
resist EMT process and metastasis of cancer 
cells by inhibiting NF-κB-Snai pathway in liver 
cancer. miR-423-5p has been revealed to pro-

mote disease progression by activating NF-κB 
in lupus nephritis [31]. In the molecular me- 
chanism based on myocardial cells in cardio-
vascular diseases, depletion of miR-423-5p 
can stimulate activation of Wnt3a/β-catenin 
pathway by targeting Myb-related protein B 
(MYBL2), thereby improving myocardial apop- 
tosis and mitochondrial dysfunction [32]. In 
addition, miR-423-5p has also been proved to 
mediate the regulation of EMT process [33]. 
The above studies indicate that APG is closely 
related to miR-423-5p, and the former may 
affect the expression of miR-423-5p through 
one or more of the above molecular pathways.

The above studies have also revealed the posi-
tive performance and therapeutic effect of APG 
in diseases from different angles. In addition, 
there are many studies on APG in DN or DM. 
Previous studies have shown that APG is also 
anti-DM, which can play a therapeutic role by 
relieving STZ-related oxidative damage of islet β 
cells. APG can also alleviate vascular dysfunc-
tion of type 2 DM rats by affecting glucose  
and lipid metabolism [9, 34]. Sun et al. [10] 
have reported that APG can inhibit oxidative 
stress, fibrosis and other pathological changes 
in DN rats by regulating the signal transduction 
of MAPK-NF-κB-TNF-α and TGF-β1-MAPK-Fn. 
Zhang [35] and others have pointed out that it 
can also play the protective role of DN in vitro, 
mainly by regulating the activation of NF-E2-
related factor 2 (Nrf2) pathway to protect the 
RTEC injury induced by HG. Our in-vitro study 
also revealed that APG could play an anti-DN 
role in inflammation, fibrosis, EMT and other 
aspects.

Figure 7. Relationship between miR-423-5p and USF2. The online prediction site of miRNA target genes showed 
(A) the binding site of miR-423-5P and USF2, and (B) the double luciferase report showed that miR-423-5p only 
knocked down USF2-Wt (rather than USF2-Mut). (C, D) RT-PCR and western blot analysis also showed that transfec-
tion of miR-423-5p could reduce the expression and protein level of USF2.
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Figure 8. Effect of down-regulating miR-423-5p on DN model in vitro and protec-
tive effect of APG in vitro. (A) miR-423-5p was down-regulated by inhibitor trans-
fection. Down-regulation of miR-423-5p had different degrees of negative ef-
fects on (B) inflammation, (C, D) fibrosis, (E, F) EMT, (G, H) cell migration (scale 
bar: 20 μm) and (I, J) cell apoptosis of DN model in vitro, and it could also offset 
the improvement of APG in the above aspects. Note: Compared with inhibitor-
NC/DN, ** means P<0.01, * means P<0.05; a represents that compared with 
DN+APG, P<0.05; b represents that compared with DN+inhibitor, P<0.05.
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Figure 9. Effect of upregulation of USF2 on DN model in vitro and protec-
tive effect of APG in vitro. (A) USF2 was up-regulated by transfection. Up-
regulation of USF2 had different degrees of negative effects on (B) inflam-
mation, (C, D) fibrosis, (E, F) EMT, (G, H) cell migration (scale bar: 20 μm) 
and (I, J) apoptosis of DN in-vitro model, and it could also reduce the pro-
tective effects of APG in these aspects. Note: Compared with pcDNA/DN, 
** means P<0.01, * means P<0.05; a represents that compared with 
DN+APG, P<0.05; b represents that compared with DN+USF2, P<0.05.
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Through further experiments, we explored the 
underlying molecular mechanism of APG’s pro-
tective effect in DN. We found that the protec-
tive effect of APG was related to the expression 
regulation of the miR-423-5p-USF2 axis, which 
was mainly manifested as that APG could 
improve abnormally down-regulated miR-423-
5p and abnormally up-regulated USF2 in DN in-
vitro model. It has been reported that miR-423-
5p is significantly declined in kidney tissues of 
patients with DN, which is similar to the results 
of our research. In addition, up-regulating miR-
423-5p can improve cell damage induced by 
HG by improving podocyte vitality and inhibiting 
apoptosis and inflammatory state, and this pro-
tective effect is related to its targeted inhibition 
of Nox4 and suppression of ROS activity [14]. 
Our research also showed that miR-423-5p had 
a target-controlled relationship with USF2, and 
the expression or protein level of USF2 was 
negatively regulated by miR-423-5p. It is known 
that miR-423-5p is also abnormally down-regu-
lated in ovarian cancer, growth hormone cell 
adenoma and other diseases, and the restora-
tion of miR-423-5p expression has shown posi-
tive effects to varying degrees [36, 37]. How- 
ever, USF2 has different pathogenic mecha-
nisms in DN or DM, such as being significantly 
up-regulated under the stimulation of HG, and 
this abnormality may be triggered by the ac- 
tivation of angiotensin II-AT1-dependent cAMP 
response element binding protein in RTEC, thus 
promoting the renal fibrosis process of DM 
[38]. For another example, its transcription and 
protein level are significantly higher in mesan-
gial cells of DN, and this change may be related 
to the stimulation of glycated albumin and the 
dependent reverse effect of its promoter on 
NF-κB [39]. All the above evidences have 
revealed that USF2 is highly expressed in DM or 
DN and has certain pathogenicity, which is simi-
lar to the results of our research. On the other 
hand, we also revealed that down-regulation of 
miR-423-5p or up-regulation of USF2 could sig-
nificantly aggravate the disease progression of 
in-vitro model and eliminate DN resistance 
under the intervention of APG, both of which 
were reflected in five aspects, namely inflam-
mation, fibrosis, EMT, cell migration and apo- 
ptosis. Therefore, miR-423-5p-USF2 axis not 
only mediated the pathological process of DN, 
but also had a certain regulatory capacity for 
the DN treatment of APG.

The novelty of this study lies in proving that the 
anti-inflammatory, anti-renal fibrosis and anti-
EMT mechanism of APG in DN is related to the 
regulation of it APG the miR-423-5p-USF2 axis. 
Our research has revealed the protective effect 
of APG in DN and it has shown that its protec-
tive mechanism are related to miR-423-5p-
USF2 axis. However, there are still some short-
comings that can be improved in our research. 
First of all, we can increase the exploration of 
the upstream target factors of miR-423-5p, 
which is of great significance for further ex- 
panding the potential regulation mechanism of 
APG. Secondly, we can explore whether the 
molecular network regulated by APG is accom-
panied by the regulation of a certain pathway, 
which is of great value for further improving  
the molecular mechanism. We will carry out 
supplementary research based on the above 
points in the future, hoping to contribute to the 
new molecular therapy strategy of DN.

In a word, we have proposed for the first time 
that APG alleviates inflammation, renal fibrosis 
and EMT in DN by regulating miR-423-5p-USF2 
axis, which may be a new opportunity for the 
treatment of DN.
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