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Abstract
Background  Chronic renal failure (CRF) is the result of kidney damage. Puerarin is a flavonoid with specific nephroprotec-
tive effect, but its effect on CRF needs further research. This study explored the effect of puerarin on CRF and the potential 
molecular mechanism.
Methods  Adenine was used to establish an in vivo CRF model in rats, and rats were intragastrically administered with 
puerarin at a dose of 400 mg/kg body weight once a day from day 1 to day 28. Hematoxylin and eosin (HE) and Masson 
staining were used to observe the morphology and fibrosis of kidney tissue. Lipopolysaccharide (LPS) (400 ng/mL)/H2O2 
(200 µM) was applied to human kidney 2 (HK-2) cells to construct an in vitro CRF model. Enzyme-linked immunosorbent 
assay (ELISA) was performed to validate interleukin (IL)-1β and IL-18 levels. Quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) was performed to detect microRNA (miR)-342-3p levels. Transforming growth factor beta (TGF-
β)1, SMAD2, SMAD3, and pyroptosis marker proteins were detected by Western blot. The interaction between miR-342-3p 
and TGF-β/SMAD was determined by a dual-luciferase reporter gene assay. Cell Counting Kit-8 (CCK-8) assay was utilized 
to determine cell viability.
Results  In the CRF model, puerarin alleviated renal injury and fibrosis and reduced creatinine (Cr) and blood urea nitrogen 
(BUN) levels. At the same time, miR-342-3p was downregulated, while the TGF-β/SMAD axis was activated and levels of 
IL-1β and IL-18 were increased. After treatment of CRF rats with puerarin, the expression level of miR-342-3p was increased, 
the TGF-β/SMAD axis was inhibited, and the secretion of IL-1β and IL-18 was decreased. MiR-342-3p directly bound to 
and negatively regulated the expression of TGF-β1, SMAD2, and SMAD3. In the in vitro CRF model, miR-342-3p inhibited 
HK-2 cell pyroptosis by inhibiting the TGF-β/SMAD axis.
Conclusion  Puerarin reduced renal injury and pyroptosis in CRF rats by targeting the miR-342-3p/TGF-β/SMAD axis.
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Introduction

Chronic kidney disease (CKD) is characterized by high 
prevalence, poor prognosis, and high medical costs and 
is a significant danger to human health (Liu et al. 2015). 
Chronic renal failure (CRF), the advanced stage of CKD, 
is a clinical syndrome with many complications that seri-
ously affect the quality of life and longevity of patients (Ali 
et al. 2020). Therefore, a better understanding of how we can 

delay the progression of CRF, reduce the harm of compli-
cations and occurrence of uremia, and improve the quality 
of life of patients has important academic value and social 
significance.

Pyroptosis is a type of programmed cell death that is 
characterized by proinflammatory properties. It can be 
divided into a classical pyroptosis pathway that depends 
on caspase-1 and a nonclassical pathway dependent on 
caspase-dependent protease-4/5/11 (caspase-4/5/11) (Guo 
et al. 2019). Studies have shown that pyroptosis is widely 
involved in the occurrence and development of infectious 
diseases (Man et al. 2017), nervous system-related dis-
eases (Hu et al. 2022), atherosclerotic diseases (Xu et al. 
2018), and kidney diseases (Wang et al. 2022). Current 
research shows that pyroptosis plays an important role 
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in ischemia-reperfusion renal injury (Zhao et al. 2018), 
hypoxia-reoxygenation renal injury (Liu et al. 2022), dia-
betic nephropathy (Al Mamun et al. 2021), lupus nephritis 
(Cao et al. 2021), and other renal diseases by promoting 
inflammatory response (Zhang et al. 2022)and regulating 
renal fibrosis (Qu et al. 2022). Therefore, exploring the 
mechanism of pyroptosis of renal tubular epithelial cells 
in CRF is important in the treatment of CRF.

Puerarin is an active ingredient extracted from Pueraria 
lobata, a plant used in traditional Chinese medicine. Puera-
rin has antioxidant (Bacanlı et al. 2017), anti-inflammatory 
(Zeng et al. 2022), antifibrosis (Wang et al. 2021), antitu-
mor (Zhu et al. 2021; , Lang et al. 2022), and vasodilatory 
properties (Jiang et al. 2022). It has been shown to protect 
kidneys in rats with diabetic nephropathy through antioxi-
dant and antiapoptotic effects (Shukla et al. 2018). Puerarin 
has also been reported to alleviate diabetic kidney damage 
by inhibiting the expression of NADPH oxidase 4 (NOX4) 
in podocytes (Li et al. 2017). In addition, puerarin alleviated 
renal fibrosis by reducing oxidative stress-induced epithelial 
cell apoptosis through the mitogen-activated protein kinase 
(MAPK) signaling pathwayin vitro and in vivo(Zhong et al. 
2014). Therefore, we speculated that puerarin might have 
the effect of relieving CRF.

The transforming growth factor beta (TGF-β)/SMAD 
pathway is one of the most important pathways for the 
inflammatory response and fibrosis that commonly lead 
to renal function loss and CRF. Activation of the TGF-β/
SMAD pathway has been found to promote pyroptosis and 
be involved in organ fibrosis and loss of function (Yang 
et al. 2018), suggesting that the TGF-β/SMAD pathway 
is involved in CRF. MicroRNAs(miRNAs) are a class 
of endogenous small non-coding Rnas (about 19 to 25 
nucleotides) that negatively regulate gene expression at 
the post-transcriptional level mainly by binding to com-
plementary target sequences in target mRNA (Xiong et al. 
2018). Recent studies have shown that some miRNAs are 
highly expressed in the kidney and are closely related to 
kidney development and kidney disease (Assmann et al. 
2018), suggesting that miRNAs are important regulators in 
renal physiology and pathology. Studies have shown that 
in diabetic retinopathy, miR-342 has been reported to be 
able to inhibit primary human periretinal cell pyroptosis 
(Yu et al. 2021). Further, A recent study (Shu et al. 2022)
showed that microRNA (miR)-342 participated in the pro-
cess of liver fibrosis by regulating the TGF-β/SMAD path-
way. Additionally, miR-342 has been shown to be involved 
in impaired renal function, and it has been reported to 
inhibit renal interstitial fibrosis in diabetic nephropathy 
by targeting SRY-box transcription factor 6 (SOX6) (Shu 
et al. 2022). At the same time, it has also been reported 
that puerarin could have an anticancer effect by promoting 
miR-342 (Huang et al. 2020). Therefore, we speculated 

that puerarin might alleviate the pyroptosis of renal tubular 
epithelial cells caused by CRF by regulating the TGF-β/
SMAD axis via miR-342.

In this study, we verified through in vivo and in vitro 
experiments that puerarin alleviated CRF-induced pyrop-
tosis of renal tubular epithelial cells by regulating the miR-
342-3p/TGF-β/SMAD axis, providing a potential therapeutic 
pathway for the treatment of CRF. We present the following 
article in accordance with the ARRIVE reporting checklist 
(available at https://​atm.​amegr​oups.​com/​artic​le/​view/​10.​
21037/​atm-​23-​64/​rc.).

Materials and methods

Establishment of in vivo CRF model

A total of 42 healthy male Sprague-Dawley rats weighing 
around 300 g and aged 7–8 weeks old were purchased from 
Shanghai SLAC Laboratory Animal Co. Ltd. The rats were 
housed in an environment with a controlled temperature 
of 24–26 ℃ and a cold white light source alternating with 
darkness (12 hours/12 hours). Rats had free access to food 
and water throughout the study. Standard granular rat chow 
containing 0.63% phosphorus, 0.74% calcium, 0.53% potas-
sium, and 0.22% sodium was gradually supplemented with 
adenine to induce CRF as per Kashioulis’ method (the con-
centration of adenine was 0.5% for the first 3 weeks, 0.3% 
for the next 2 weeks, and then 0.15% until the animals were 
sacrificed), with a CRF modeling period of 10 weeks (Nguy 
et al. 2012). After successful CRF modeling, the CRF rats 
were randomly divided into 2 groups: the CRF model group 
(model group, n = 14) and puerarin treatment group (puera-
rin group, n = 14). We refer to the experimental method of 
liu et al., the rats in the puerarin group were administered 
with puerarin (Meilunbio, Dalian, China) by gavage at a 
dose of 400 mg/kg once a day. The duration of drug treat-
ment lasted 4 weeks (Liu et al. 2019). In addition, normal 
rats serving as a control group (control group, n = 14) had 
free access to standard granular rat chow. After the experi-
ment, the rats were fasted for 4 hours, and blood was col-
lected from the tail vein to measure the levels of blood urea 
nitrogen (BUN) and creatinine (Cr). The rats were then 
sacrificed under anesthesia with 3% pentobarbital sodium 
(30 mg/kg), and kidney tissue was collected for subsequent 
experiments. Animal experiments were performed under 
a project license (No. kmmu20221002) granted by ethics 
board of the First Affiliated Hospital of Kunming Medical 
University, in compliance with The First Affiliated Hospital 
of Kunming Medical University guidelines for the care and 
use of animals. A protocol was prepared before the study 
without registration.

https://atm.amegroups.com/article/view/10.21037/atm-23-64/rc
https://atm.amegroups.com/article/view/10.21037/atm-23-64/rc
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Hematoxylin and eosin (HE) staining

The formalin-fixed kidney tissues were embedded in par-
affin and sectioned (5 µm thick). Subsequently, the tissues 
sections were deparaffinized with xylene, and 100%, 95%, 
80%, and 70% alcohol was used for hydration. The tissues 
were then stained with HE for 5 minutes and 2 minutes, 
respectively. Sections were then dehydrated in 90% and 
100% ethanol for several minutes, respectively, and then 
placed in xylene. Finally, the sections were mounted with 
neutral resin and the histomorphological changes of renal 
tissue were observed under an optical microscope.

Determination of serum BUN and Cr

Blood was obtained from the tail vein of rats, and serum 
was collected after centrifugation. Conventional biochemi-
cal analysis (biochemical analyzer) was used to determine 
serum BUN and Cr. The urease method was used for the 
determination of BUN, and the protein removal method was 
used for the determination of Cr.

Masson staining

Kidney tissues were fixed with 4% paraformaldehyde, eth-
anol was used for multistage dehydration, and the tissues 
were subsequently embedded in paraffin, sectioned, and then 
deparaffinized. The dewaxed sections were sequentially pro-
cessed through hematoxylin solution, Masson’s lichun red 
acid staining solution, 2% glacial acetic acid solution, 1% 
phosphomolybdic acid solution, aniline blue staining solu-
tion, and 0.2% glacial acetic acid solution. Finally, alcohol 
was used for dehydration, and the slides were mounted after 
being cleared with xylene.

Cell culture and transfection

Human kidney 2 (HK-2) cells were purchased from The 
American Type Culture Collection (ATCC, Manassas, 
VA, USA) and cultured in Roswell Park Memorial Insti-
tute (RPMI)-1640 containing 10% fetal bovine serum (FBS, 
Gibco, Waltham, MA, USA) in an incubator (Gibco) with 
5% CO2 at 37 ℃. MiR-342-3p mimics, miR-342-3p inhibitor, 
negative control (miR-NC), and negative control inhibitor 
(inhibitor-NC) were purchased from RiboBio (Guangzhou, 
China). Cell transfection was performed according to the 
instructions for Lipofectamine 2000 (Invitrogen, Waltham, 
MA, USA).

Establishment of in vitro CRF model

As previously reported, HK-2 cells were cultured under nor-
mal conditions and treated with lipopolysaccharide (LPS) 

(400 ng/mL)/H2O2(200 µM) for 12 hours to construct an 
in vitro model of CRF (Sun et al. 2020). For the puerarin 
treatment group, We followed the dosage of puerarin used by 
Wang et al.,puerarin (Meilunbio) at a concentration of 100 
µM was used to treat cells for 24 hours (Wang et al. 2019).

Dual‑luciferase reporter gene assay

The interaction between TGF-β1, SMAD2/3, and miR-
342-3p was confirmed by dual luciferase reporter assay. 
Briefly, the 3'-UTR sequences of wild-type (WT) TGF-β1 
and SMAD2/3 (with a binding site for miR-342-3p) were 
inserted into the pmirGLO vector (Promega, Madison, WI, 
USA) to form WT luciferase reporter genes for TGF-β1 and 
SMAD2/3, respectively. At the same time, after the binding 
site of miR-342-3p was mutated, a mutant (MUT) reporter 
gene of TGF-β1 and SMAD2/3 was constructed. HK-2 cells 
were cotransfected with miR-342-3p mimic or NC to con-
struct a dual-luciferase system. Finally, luciferase activity 
from cell lysates was measured using a luminometer (Pro-
mega GloMax 20/20 Luminometer, Madison, WI, USA).

Cell counting Kit‑8 (CCK‑8) assay

The cells were inoculated into a 96-well plate, CCK-8 rea-
gent was added to each well 2 hours before the end of the 
culture, and cells continued to be cultured in an incubator for 
2 hours at 37 ℃. The absorbance (A) at 450 nm of each well 
was measured with a microplate reader (BioTek, Winooski, 
VT, USA). Three replicate wells were set in each group to 
take the average value, and a single well was set up with only 
medium added as a blank control. Cell viability (%) = (A 
detection time point-A0h)/(A0h − A blank control) ×100%.

Enzyme‑linked immunosorbent assay (ELISA)

The level of interleukin (IL)-1β and IL-18 in the homogen-
ate supernatant of kidney tissue was determined by ELISA. 
About 100 mg of kidney tissues were homogenized in 1 mL 
of 0.05 M precooled phosphate buffered saline (pH 7.4) 
and centrifuged at 12,000 r/min at 4 ℃. After 10 minutes, 
the supernatant was collected, and the assay was carried 
out according to the instructions of the ELISA kit (Abcam, 
Cambridge, MA, USA).

Next, the level of IL-1β and IL-18 in HK-2 cell culture 
medium was determined. Differently treated cells were 
grown into 12-well plates at a density of 2×105. The instruc-
tions of the ELISA kit (R&D Systems, Minneapolis, MN, 
USA) were strictly followed to measure IL-1β and IL-18 
levels, and the optical density (OD) value at 450 nm was 
measured by an ELISA reader (Spectramax 250, Molecular 
Devices, Sunnyvale, CA, USA).
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Quantitative reverse transcription polymerase chain 
reaction (RT‑qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen). 
The complementary DNA (cDNA) of miR-342-3p was syn-
thesized by All-in-One First-Strand cDNA Synthesis Kit 
(FulenGen Co., Ltd., Guangzhou, China). Next, RT-qPCR 
was performed using SYBR green (Applied Biosystems, 
Waltham, MA, USA). U6 was used as an internal control 
for miR-342-3p. The following were the primer sequences: 
miR-342-3p sense (5'-3'): GGG​TCT​CAC​ACA​GAA​ATC​GC 
and antisense (5'-3'), CAG​TGC​GTG​TCG​TGG​AGT; and U6 
sense (5'-3'): CGC​GCT​TCG​GCA​GCA​CAT​ATACT and anti-
sense (5'-3'): ACG​CTT​CAC​GAA​TTT​GCG​TGTC.

Western blot

Radioimmunoprecipitation assay (RIPA) lysis buffer was 
used to extract total protein. Proteins were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and electrotransferred to a nitrocellulose mem-
brane. The membrane were blocked with 5% skim milk at 
25 ℃ for 1 hour, after which primary antibody was added, 
and it was then incubated overnight. After washing the mem-
brane, horseradish peroxidase-labeled secondary antibody 
was added and incubated at 25 ℃ for 2 hours. The enhanced 
chemiluminescence (ECL) reagent was developed, the gel 
imaging system was exposed and photographed, and ImageJ 
software was used to analyze the gray value of protein 
bands. Primary antibodies was as follows: TGF-β1 (1:1,000, 
ab215715, Abcam); SMAD2/3 (1:1,000, ab202445, Abcam), 
pro-caspase-1 (1:1,000, ab32150, Abcam), caspase-1 
(1:1,000, ab207802, Abcam), GAPDH (1:2,000, ab8245, 
Abcam), and β-actin (1:2,000, ab8226, Abcam).

Statistical analysis

Statistical analysis was performed by SPSS software (IBM, 
Armonk, NY, USA) and GraphPad Prism 7 (GraphPad Inc., 
San Diego, CA, USA), the Student's test was used to ana-
lyze the differences between the two groups and the results 
are expressed as mean ± standard deviation (SD). Statistical 
significance was P < 0.05.

Results

Puerarin protects renal function and alleviates 
fibrosis in CRF rats

First, we investigated whether puerarin had a protective 
effect on renal injury in CRF rats. The results of histological 
analysis of the kidneys by HE staining showed that the rats 

in the control group showed normal renal tissue morphol-
ogy without obvious inflammatory cells. However, in the 
model group, the renal tubular lumen was enlarged, the renal 
tubular epithelial cells were vacuolated, the interstitium was 
expanded, and a large number of inflammatory cells were 
infiltrated around the glomerulus. These negative changes 
were effectively mitigated in the puerarin treatment group 
(Fig. 1A). Meanwhile, compared with the control group, the 
levels of Cr and BUN in the model group were significantly 
increased, while compared with the model group, the lev-
els of Cr and BUN in the puerarin group were significantly 
decreased (P < 0.01, P < 0.001, Fig. 1B, C). Masson stain-
ing of the kidney tissues revealed that the model group had 
focal fibrosis compared with the control group, and puerarin 
significantly inhibited the occurrence of renal lesions in CRF 
rats (Fig. 1D). The above results suggested that puerarin 
could effectively protect renal function and alleviate fibrosis 
in CRF rats.

Puerarin upregulates miR‑342‑3p, inhibits 
TGF‑β/SMAD signaling activation, and alleviates 
pyroptosis in CRF rats

To further explore whether puerarin-induced protection of 
renal function was associated with the miR-342-3p/TGF-β/
SMAD axis, we detected the expression of miR-342-3p in 
kidney tissues of CRF rats. The results showed that miR-
342-3p was significantly decreased in the CRF group com-
pared with the control group, while after treatment with 
puerarin, the level of miR-342-3p was markedly increased 
(P < 0.05, P < 0.01, P < 0.001, Fig. 2A). In addition, we found 
that the TGF-β/SMAD signaling-related proteins TGF-β1, 
SMAD2, and SMAD3 in the model group were much higher 
than that in the control group, while puerarin administra-
tion significantly reduced these increases (P < 0.05, P < 0.01, 
P < 0.001, Fig. 2B, C). At the same time, we explored the 
effect of puerarin on pyroptosis, with the results showing 
that puerarin essentially inhibited the expression of pyropto-
sis marker caspase-1 (P < 0.05, P < 0.01, P < 0.001, Fig. 2D, 
E) and inflammatory factors, including IL-1β and IL-18 
(P < 0.05, P < 0.01, P < 0.001, Fig. 2F) in CRF rats. Taken 
together, these results indicated that puerarin increased miR-
342-3p expression, inhibited TGF/SMAD signaling, and 
alleviated pyroptosis in CRF rats.

MiR‑342‑3p targets inhibition of the TGF‑β/SMAD 
signaling pathway in HK2 cells

To explore the potential relationship between miR-342-3p 
and the TGF-β/SMAD axis, we predicted potential binding 
sites for miR-342-3p using TargetScan (http://​www.​targe​
tscan.​org). the results showed that miR-342-3p fully matched 
the 3'-UTR sequences of TGF-β1(Fig. 3A), Meanwhile, a 

http://www.targetscan.org
http://www.targetscan.org
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dual-luciferase reporter assay further confirmed that TGF-
β1 was the direct target genes of miR-342-3p (P < 0.001, 
Fig. 3B). Moreover, SMAD2 was also shown to be a tar-
get of miR-342-3p (P < 0.001,Fig. 3C, D). Not surprisingly, 
SMAD3 was also found to be regulated by miR-342-3p as 
a target of miR-342-3p (P < 0.001,Fig. 3E, F). Finally, we 
transfected miR-342-3p mimic into HK-2 cells. The suc-
cessful transfection of HK-2 cells with miR-342-3p mimic 
was verified by RT-qPCR (P < 0.001, Fig. 3G), and protein 
levels of TGF-β1 and SMAD2/3 were significantly reduced 
in HK-2 cells transfected with miR-342-3p mimic (P < 0.05, 
P < 0.01, P < 0.001, Fig. 3H, I). Taken together, these results 
suggested that TGF-β1 and SMAD2/3 were direct targets of 
miR-342-3p.

Puerarin alleviates pyroptosis in CRF model cells 
in vitro by inducing miR‑342‑3p

Finally, we explored the effect of miR-342-3p on pyroptosis 
in an in vitro model of CRF. We first incubated cells with 

different concentrations of puerarin to find the appropriate 
concentration for treating the cells before the establishment 
of the in vitro CRF model. The results showed that higher 
concentrations (150 and 200 µM) of puerarin markedly 
reduced cell viability compared with the control, while the 
lower concentration (0–100 µM) of puerarin had no signifi-
cant effect on cell viability. Thus, a concentration of 100 
µM puerarin was selected for the subsequent experiments 
to treat renal tubular epithelial cells (P < 0.05, Fig. 4A). We 
also verified the transfection efficiency of HK-2 cells trans-
fected with NC inhibitor and mR-342-3p inhibitor and found 
miR-342-3p inhibitor significantly inhibited the expression 
of miR-342-3p compared with the control group (P < 0.01, 
Fig. 4B). Next, we treated HK-2 cells with LPS (400 ng/
mL)/H2O2 (200 µM) for 12 hours to construct a CRF model 
in vitro. Cell viability in the model group was much lower 
than that in the control group, and puerarin (100 µM) could 
ameliorate the decreasing trend to a certain extent, while 
mR-342-3p inhibitor blocked the rescue effect of puerarin 
(P < 0.01, P < 0.01, Fig. 4C). The TGF-β/SMAD signaling 

Fig. 1   Puerarin protects renal function and alleviates fibrosis in a rat 
model of CRF. A HE staining was used to observe the morphology 
of rat kidney tissue. The magnification is 200 times, scale bar = 100 
µm. B, C Kidney function indicators BUN and Cr were detected by 
an automatic biochemical analyzer. D  Masson staining was used to 

detect the expression of collagen in rat kidney tissue. The magnifi-
cation is 200 times, scale bar = 100 µm. ***, P < 0.001 vs. Control 
group; ##, P < 0.01, ###, P < 0.001 vs. Model group. CRF, chronic renal 
failure; HE, hematoxylin and eosin; BUN, blood urea nitrogen; Cr, 
creatinine
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pathway was activated in the model group, and puerarin 
inhibited the TGF-β/SMAD pathway induced by CRF mode. 
In addition, mR-342-3p inhibitor reduced the blocking 
effect of puerarin on the TGF-β/SMAD pathway (P < 0.05, 
P < 0.01, P < 0.001, Fig. 4D, E). Puerarin also blocked the 
level of pyroptosis and inflammation in the model group, 
and consistent with the previous results, mR-342-3p inhibi-
tor alleviated the blocking effect of puerarin on pyroptosis 
and inflammation (P < 0.05, P < 0.01, P < 0.001, Fig. 4F−H). 
Taken together, the results indicated that puerarin allevi-
ated the pyroptosis of CRF model cells in vitro by inducing 
miR-342-3p.

Discussion

CRF is a clinical syndrome in the late stage of a vari-
ety of CKDs (Su et al. 2018). Due to advancements in 
dialysis and kidney transplantation technology, the effi-
cacy of CRF treatment has improved significantly. How-
ever, the high cost of treatment is unmanageable for most 
patients and their families. Therefore, the search for effec-
tive non-dialysis methods and drugs is a current focus of 
research. Traditional Chinese medicine has been shown 
to have a significant effect on relieving symptoms, pro-
tecting residual renal function, and delaying the disease 

(Ye et al. 2018), and thus it is expected to be effective 
in the treatment of CRF. Puerarin is an isoflavone com-
pound extracted fromPuerariaand used in traditional Chi-
nese medicine. In recent years, puerarin has been widely 
used in the clinical treatment of cardiovascular diseases, 
cerebrovascular diseases (Qin et al. 2022), and diabetic 
nephropathy (Zhu et al. 2022). Puerarin has also been 
reported to play an important role in the treatment of kid-
ney-related diseases (Keskin Alkaç et al. 2022). In this 
study, we found that puerarin could effectively alleviate 
the renal injury and fibrosis caused by CRF in rats. Our 
results were consistent with previous studies (Zhu et al. 
2022). In addition, in CRF rats, due to renal excretion 
dysfunction and increased protein decompositionin vivo, 
serum BUN and Cr levels were significantly increased, 
causing the body’s own toxic symptoms. In the puerarin 
treatment group, the renal tissue damage caused by CRF 
was effectively reduced and the content of BUN and Cr 
inhibited. The mechanism may have been related to the 
vasodilator effect of puerarin, which can improve hemor-
heology, increase renal tissue perfusion, improve hypoxia, 
increase Na+/-K+-ATPase activity, decrease intracellular 
Na content, and reduce Na+/-Ca+exchange protein, reduc-
ing the intracellular calcium overload and cell edema 
(Zhao et al. 2005). Pyroptosis is a novel proinflammatory 
programmed cell death mediated by Caspase-1-dependent, 

Fig. 2   Puerarin promotes the expression of miR-342-3p and inhibits 
the activation of the TGF-β/SMAD signaling pathway. A  RT-qPCR 
was used to detect miR-342-3p levels. B, C  Western blot was per-
formed to detect TGF-β/SMAD pathway-related proteins. D, E West-
ern blot was used to detect the levels of pro-caspase-1 and caspase-1. 
F ELISA was used to detect the levels of IL-1β and IL-18 in kidney 

tissue homogenates. *, P < 0.05, **, P < 0.01, ***, P < 0.001 vs. Con-
trol group; #, P < 0.05, ##, P < 0.01, ###, P < 0.001 vs. Model group. 
TGF, transforming growth factor; RT-qPCR, quantitative reverse tran-
scription polymerase chain reaction; ELISA, enzyme-linked immuno-
sorbent assay; IL, interleukin
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accompanied by the release of a large number of proin-
flammatory factors and inducing a cascade of amplified 
inflammatory responses(Shi et  al. 2015)At the same 
tiome, Puerarin ameliorates acute lung injury by modulat-
ing NLRP3 inflammasome-induced pyroptosis (Cai et al. 
2022). Our study also showed that puerarine treatment 
effectively reduced the levels of inflammatory cytokines 
(IL-1β and IL-18) and pyrogenic markers (pro-caspase-1 
and caspase-1) in renal tissue homogenate.. The results 
of the above studies suggested that puerarin may have 

alleviated CRF in rats through its vasodilator effect and 
pyroptosis alleviationmechanism.

Renal interstitial fibrosis is an asymptotic pathological 
process that occurs after kidney injury caused by various 
etiologies and is an important part of CRF (Peng et al. 2022). 
Active prevention and treatment of renal fibrosis is of great 
significance to the early treatment and prevention of CRF. 
TGF-β1 is a key factor in renal fibrosis, inducing hyper-
trophy of glomerular and tubular cells through autocrine 
and paracrine pathways and promoting extracellular matrix 

Fig. 3   Targets of miR-342-3p, TGF-β1, and SMAD2/3. A, C, E Star-
base tool showing schematic representation of putative binding sites 
for miR-342-3p in 3'-UTRs of TGF-β1, SMAD2, and SMAD3. B, 
D, F The dual-luciferase reporter assay was used to verify the tar-
geting relationship between miR-342-3p and TGF-β1, SMAD2, and 
SMAD3 respectively. ***, P < 0.001 vs. NC (Wt-Smad2/3) group, 
###, vs. Mimic(Mut-Smad 2/3) group. G RT-qPCR was used to verify 

the transfection efficiency of miR-342-3p. P < 0.05 vs. NC group. H, 
I The protein level of TGF-β1, SMAD2, and SMAD3 was detected 
by Western blot., P < 0.05; **, P < 0.01; ***, P < 0.001 vs. NC group. 
Wt, wild-type; Mut, mutant; TGF, transforming growth factor; RT-
qPCR, quantitative reverse transcription polymerase chain reaction; 
NC, negative control
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(ECM) accumulation (Peng et al. 2022). SMAD protein, the 
only TGF-β receptor intracellular kinase substrate discov-
ered in recent years, mediates the intracellular conduction 
process of TGF-β1, and the TGF-β/SMAD signaling path-
way plays an important role in the occurrence and develop-
ment of renal fibrosis (Zou et al. 2022). Our results showed 
that TGF-β1, SMAD2, and SMAD3 were upregulated in the 
kidney tissue of CRF rats, indicating that the TGF-β/SMAD 
signaling pathway was activated, while puerarin could 
downregulate TGF-β1, SMAD2 and SMAD3, indicating 

that the activation of TGF/SMAD signaling was inhibited. 
The above results suggested that puerarin may have inhib-
ited pyroptosis by blocking the activation of TGF-β/SMAD 
signaling.

MiRNA is a non-coding RNA involved in the occurrence 
of various diseases (Jin et al. 2018), and there is growing 
evidence that miRNAs are key regulators of renal patho-
physiology. Studies have shown that miRNAs were asso-
ciated with nephrotic syndrome (Li et al. 2022), immuno-
globulin A (IgA) nephropathy (Szeto et al. 2022), diabetic 

Fig. 4   Puerarin alleviates pyroptosis in CRF model cells in vitro by 
inducing miR-342-3p. A CCK-8 assay was used to detect the viabil-
ity of HK-2 cells treated with different concentrations of puerarin. B 
RT-qPCR was used to detect the transfection effect of miR-342-3p. C 
The viability of HK-2 cells in different treatment groups was detected 
by CCK-8 assay. D, E Western blot was performed to detect of the 
level of TGF-β1, SMAD2, and SMAD3. F, G  The protein levels 
of pro-caspase-1 and caspase-1 were detected by Western blot. H 

ELISA was used to detect the levels of IL-1β and IL-18 in the culture 
medium. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. Control group. 
#, P < 0.05; ##, P < 0.01; ###, P < 0.001 vs. Model group. ^, P < 0.05; 
^^, P < 0.01 vs. Puerarin group. CRF, chronic renal failure; CCK-8, 
Cell Counting Kit-8; HK-2, human kidney 2; RT-qPCR, quantitative 
reverse transcription polymerase chain reaction; TGF, transform-
ing growth factor; ELISA, enzyme-linked immunosorbent assay; IL, 
interleukin; NC, negative control
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nephropathy (Asgari et al. 2022), lupus nephritis (Liao et al. 
2022), and other kidney injuries. In addition, miRNAs can 
play a role in kidney disease by regulating pyroptosis. For 
example, miRNA-92a-3p has been recognized as a vital con-
troller of pyroptosis in renal ischemia-reperfusion damage 
(Wang et al. 2020). Previous studies have shown that the 
miR-223-3p/NLRP3 pathway was involved in LPS-induced 
intense kidney damage and inhibited HK-2 cell pyroptosis 
(Tan et al. 2020), and that the discharge of miRNA-135b-5p 
might have hindered LPS-induced pyroptosis and inflamma-
tion in HK-2 cells (Huang and Xu 2021). Our experimental 
results found that miR-342-3p inhibitor could interfere with 
the pyroptosis level of HK-2 cells, which was consistent 
with previous findings. In addition, this study revealed the 
relationship between miRNA-342-3p and pyroptosis for the 
first time.

In addition, some studies based on gene knockout tech-
nology have confirmed that tumor cells can disrupt the 
miRNA homeostasis mechanism (Balatti and Croce 2022), 
thereby hindering the antitumor effect of TGF-β, indicating 
that miRNAs could regulate the TGF-β/SMAD signaling 
pathway (Hu et al. 2021). It has been reported that miR-
342-3p was abnormally expressed in diabetic nephropa-
thy (Clegg et al. 1987), and we found through prediction 
software that miR-342-3p has binding sites for TGF-β1, 
SMAD2, and SMAD3. MiR-342-3p negatively regulated the 
expression of TGF-β1, SMAD2, and SMAD3, and there-
fore, miR-342-3p inhibited the activation of the TGF-β1/
SMAD signaling pathway by targeting the 3'-UTR of TGF-
β1, SMAD2, and SMAD3, while puerarin treatment could 
significantly promote the expression of miR-342-3p. The 
above results showed that puerarin inhibited the occurrence 
of pyroptosis through the miR-342-3p/TGF-β/SMAD axis 
and ultimately alleviated CRF.

Conclusions

In conclusion, puerarin played an anti-CRF role by inhibit-
ing cell pyroptosis. Pyroptosis was regulated by miR-342-3p 
targeting 3'-UTR of TGF-β1, SMAD2, and SMAD3 and 
then inhibiting the activation of the TGF-β/SMAD signaling 
pathway. This study provided preliminary evidence of a new 
mechanism for CRF treatment based on puerarin. In future 
studies, the dose-response relationship between puerarin and 
CRF needs to be further explored.
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