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ABSTRACT

Purpose: To investigate the role of puerarin on renal fibrosis and the underlying mechanism in renal ischemia and reperfusion
(I/R) model. Methods: Rats were intraperitoneally injected with puerarin (50 or 100 mg/kg) per day for one week before renal I/R.
The level of renal collagen deposition and interstitial fibrosis were observed by hematoxylin and eosin and Sirius Red staining, and
the expression of a-smooth muscle actin (a-SMA) was examined by immunohistochemical staining. The ferroptosis related factors
and TLR4/Nox4-pathway-associated proteins were detected by Western blotting. Results: Puerarin was observed to alleviate
renal collagen deposition, interstitial fibrosis and the a-SMA expression induced by I/R. Superoxide dismutase (SOD) activities
and glutathione (GSH) level were decreased in I/R and hypoxia/reoxygenation (H/R), whereas malondialdehyde (MDA) and Fe?*
level increased. However, puerarin reversed SOD, MDA, GSH and Fe?* level changes induced by I/R and H/R. Besides, Western
blot indicated that puerarin inhibited the expression of ferroptosis related factors in a dose-dependent manner, which further
demonstrated that puerarin had the effect to attenuate ferroptosis. Moreover, the increased expression of TLR/Nox4-pathway-
associated proteins were observed in I/R and H/R group, but puerarin alleviated the elevated TLR/Nox4 expression. Conclusion:
Our results suggested that puerarin inhibited oxidative stress and ferroptosis induced by I/R and, thus, delayed the progression of
renal fibrosis, providing a new target for the treatment of renal fibrosis.
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Introduction

Chronic kidney disease (CKD) is a worldwide public health problem with high morbidity and mortality in more than
10% of the global population'. Closely associated with renal dysfunction and progression to renal failure, renal interstitial
fibrosis was considered to be the ultimate irreversible pathway and the most common pathological change in CKD. It is
widely verified that ischemia/reperfusion (I/R) has the capacity to promote kidney injury through aggravating oxidative
stress and inflammation, thus leading to renal fibrosis, and the I/R stimuli has become a well-established model in the

study of renal fibrosis**.

Due to the complex etiology and lack of effective treatment, renal fibrosis had great therapeutic challenges. As the major
bioactive ingredient extracted from the herb Pueraria Lobata, puerarin (C, H, O,) is the most important flavonoid in the
latter. Previous studies have reported that puerarin might play a vital role in the regulation of cell cycle, autophagy, oxidative
stress, inflammation, and insulin resistance-reducing effects*¢. Other ones found that puerarin protected against diabetic
nephropathy, acute kidney injury and renal toxic injury’® and reversed unilateral ureteral obstruction (UUO) induced
renal tubulointerstitial fibrosis in mice'. In this study, we aimed to investigate the effects of puerarin on I/R-induced renal

fibrosis in rats and to explore the underlying mechanisms.
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Puerarin alleviated oxidative stress and ferroptosis during renal fibrosis induced by ischemia/reperfusion injury via
TLR4/Nox4 pathway in rats

Ferroptosis is a kind of regulatory cell death caused by iron overload toxicity, lipid peroxidation, and plasma membrane
damage''. As an essential element of cell metabolism, the level of iron is strictly regulated under physiological conditions to
maintain homeostasis'?. Previous studies revealed that ferroptosis played a vital role in the development of renal fibrosis'>*.
Iron deposition leads to secrete fibrinogen in renal tubule epithelial cells, activating neighboring fibroblasts to transform into
myofibroblasts or inducing epithelial-mesenchymal transformation (EMT)®. It has also been reported that iron deposition
and ferroptosis increase significantly when oxidative stress occurs in CKD'®. Besides, lipid peroxidation and EMT were sharply
reduced after ferroptosis inhibited, thus alleviating renal fibrosis'”. Moreover, puerarin was also reported to participate in
nerve and myocardial protection by mitigating oxidative stress, inflammatory factors, and cell ferroptosis'®". However, it
still remains unknown whether puerarin affects ferroptosis during renal fibrosis induced by I/R.

Oxidative stress was regarded as an indispensable part of renal fibrosis. Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase 4 (Nox4), expressed mainly in the kidney, produced reactive oxygen species (ROS) that mediated oxidative
stress and promoted fibrosis in CKD?. Previous study suggested that ROS-MAPK signaling pathway was involved in fibroblast
activation, matrix production, and differentiation into profibrotic myofibroblast phenotype?'. In addition, oxidative stress
was supposed to aggravate renal fibrosis by promoting inflammation, apoptosis, mitochondrial damage, and extracellular
matrix (ECM) production®®. It was also reported that suppression of oxidative stress reduced renal interstitial fibrosis
significantly?>?’. Moreover, oxidative stress was widely involved in the process of ferroptosis. Previous study found that
inhibiting oxidative stress dramatically reduced ferroptosis and inflammation®. As an essential antioxidant, puerarin plays
a key role in a variety of diseases by alleviating oxidative stress. In this study, we attempted to investigate whether puerarin
inhibited the renal fibrosis induced by I/R and the underlying mechanism.

Methods
Animal experiments

This study was granted the permission of the Research Ethics Committee of Renmin Hospital of Wuhan University (No.
WDRM20191006) and carried out according to guidelines for the Care and Use of Laboratory Animals.

Forty-eight adult male Sprague Dawley rats, aged 10 weeks old and weighing 250-270 g, were provided by the center
of experimental animals in the Medical College of Wuhan University (Wuhan, China). Rats were housed under controlled

temperature conditions in a 12-hour light-dark cycle and exposed to free access to food and water at the temperature of 25 °C.

The rats were randomly divided into six groups after acclimation as follows, sham group, sham-P1group, sham-P2 group,
I/R group, I/R-P1 group, and I/R-P2 group. P1 means the rats were injected with 50 mg/kg of puerarin, and P2 with 100 mg/kg.

According to Wang et al’s report®, 50 and 100 mg/kg doses of puerarin were used for administration. Puerarin injection
was dissolved in physiological saline. The rats of P1 and P2 groups were intraperitoneally injected with 50 or 100 mg/kg of
puerarin, once a day for seven days, and the sham group was injected with the same volume of physiological saline. On the 7%
day, 1 hour after puerarin administration, the rats underwent I/R model, which was performed as previously reported®. In brief,
the rats were under general anesthesia with pentobarbital sodium (50 mg/kg, i.p.), and then performed midline abdominal
incision and right nephrectomy. After exposed the left kidney, the rats were received postoperative analgesia with meloxicam
(4mg/kg/d, SC) for three days. Then, noninvasive clips were used for ischemia 45 minutes and then reperfusion 12 weeks.

Cell cultures

Human kidney-2 (HK-2) cells were provided by the China Center for Type Culture Collection (CCTCC, Wuhan, China).
HK-2 cells were cultured in modified Eagle medium (DMEM) (Invitrogen, United States of America), supplemented with
10% heat-inactivated fetal bovine serum under the atmosphere of 5% CO, at 37 °C. In order to establish the in-vitro model,
three days before hypoxia/reoxygenation (H/R), the cells were treated with puerarin P1 (1uM) and P2 (10uM) once a day
respectively, and the control group were treated with the same volume of physiological saline. The H/R process was carried
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out as described previously*'. In brief, HK-2 cells were incubated with non-nutrient medium under hypoxic condition
(5% CO,,1% O,,94% N,) for 12 hours, and then replaced with normal medium and cultured under normoxic condition for
24 hours. The control group was cultured in normal medium under normoxic condition.

Histopathological staining

Kidney tissue of rats was fixed in 10% paraformaldehyde solution for 24 hours, then embedded with paraffin and prepared
into 4-um sections. The slides were stained with the hematoxylin-eosin (HE) kit (Solarbio, Beijing, China, G1120) and
Sirius Red kit (Solarbio, Beijing, China, G1472). The images were photographed under an optical microscope (Olympus
Corporation, Japan) at 400x magnification.

Measurement of SOD, MDA, Fe**and GSH level

According to the manufacturer’s instruction, the activity of superoxide dismutase (SOD) (Xanthine oxidase method)
and malondialdehyde (MDA) (Thiobarbituric acid method) in renal tissue lysates or HK-2 cells were measured using the

commercial kit (Nanjing Jiancheng company, China). The methods were similar to Kar et al’s®.

The cells or kidney tissues were collected and homogenized with phosphate buffered saline (PBS). The level of normalized
iron concentration (Fe?* level) was detected with the Iron Assay Kit (Abcam, China) instruction. The level of glutathione

(GSH) was analyzed according to the commercial kit (Nanjing Jiancheng Bioengineering Institute, China).

Western blot analysis

Kidney tissues and HK-2 cells were lysed with RIPA buffer (Beyotime, Jiangsu, China) containing protease inhibitors to
extract total proteins. The total proteins were quantified using the BCA kit (Abcam, Shanghai, China). The lysed sample was
separated in sodium dodecyl sulfate (SDS) polyacrylamide gel and then transferred to polyvinylidene difluoride (PVDF)
membrane. Subsequently, it was blocked with 5% skimmed milk, followed by overnight incubation at 4 °C with the primary
antibodies as follows: anti-4-Hydroxynonenal (4-HNE) (Abcam, ab48506), anti-TLR4 (Abcam, ab8376), anti-NOX4 (Santa
Cruz, sc-518092), anti-ACSL4 (Abcam, ab155282), anti-GPX4 (Abcam, ab125066), anti-FSP1 (Abcam, ab197896), anti-a-
SMA (Abcam, ab244177) and anti-B-actin (Boster Biological Technology, A01263-4). Then, the membranes were washed
and incubated with the secondary antibody for 2 hours. The Image] software was used to quantify protein levels.

Immunofluorescence staining

HK-2 cells were washed twice with PBS, fixed with 4% paraformaldehyde for 15 minutes, and then closed with 5% BSA
for 30 minutes. The cells were incubated overnight with anti-a-SMA (Abcam, ab244177) primary antibody at 4 °C. Then, the
cells were incubated with fluorescent-conjugated secondary antibodies (Boster Biological Technology, Wuhan, China) at
room temperature in the dark for 1 hour. After washing with PBS twice, the nuclei were labeled with 4’6-diamidino-2-

phenylindole (DAPI). Finally, the accumulated optical density was calculated by utilizing Image] software.

Statistical analysis

All data were analyzed with Statistical Package for the Social Sciences (SPSS) 19.0 software (IBM, Armonk, NY, United States
of America), and the quantitative data was expressed as the means + standard error of the mean. Due to the small sample size,
the Shapiro-Wilk test was employed to evaluate the normal distribution. As the normal distribution of the data was tested, the
comparison between the two groups was conducted using analysis of variance (ANOVA), and Tukey’s multiple comparison
test was then applied to determine whether there was statistical significance between the multiple groups. The sample size
for this study was calculated using ANOVA test. The outcome suggested that 48 rats (eight in each group) were required
to be candidates in this study to meet the significant differences in the groups using 80% performance test (1-f = 0.80), o
=0.05 error (95% confidence interval) with a two-sided hypothesis. P < 0.05 was considered to be statistically significant.

Acta Cir Bras. V38. e382523 . 2023 3



Puerarin alleviated oxidative stress and ferroptosis during renal fibrosis induced by ischemia/reperfusion injury via
TLR4/Nox4 pathway in rats

Results
Puerarin alleviated renal fibrosis induced by I/R in vivo

To explore the effect of puerarin on renal fibrosis, I/R model was established. As shown in Fig. 1, in HE and Sirius
Red staining, kidney collagen deposition, and interstitial fibrosis were significantly elevated in I/R group compared with
control group. However, puerarin could attenuate the increased collagen deposition and interstitial fibrosis induced by I/R.
In accordance with the results of immunohistochemical staining, the expression of a-SMA was dramatically increased in
renal I/R, whereas the puerarin reduced its expression in a dose-dependent manner. (Figs. 1la-1c). Therefore, our results
suggested that puerarin pretreatment could reduce renal fibrosis induced by I/R in vivo.
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H&E: hematoxylin and eosin; a-SMA: a-smooth muscle actin; I/R: ischemia and reperfusion; *P < 0.05 vs. sham group; #P < 0.05 vs. I/R group.

Figure 1 — Puerarin alleviated renal fibrosis induced by I/R in vivo. Different concentration of puerarin (50 and 100 mg/kg) was
intraperitoneally injected before renal I/R model established, once a day for seven days, and the sham group was injected with the same
amount of physiological saline. Then, the rats in I/R group were underwent ischemia 45 minutes and reperfusion 12 weeks: The kidney
tissue was collected for staining and photographing in H&E, Sirius Red and immunohistochemical staining (n = 8); Quantitative images of
Sirius Red staining; Quantitative images of IHC staining of a-SMA. Three different visual fields were randomly selected for quantitative
analysis under the microscope. The staining positive region was extracted by ImagelJ software, and the optical density was calculated.
Then, the GraphPad prism8 software was used for visualization. Each experiment was repeated at least three times independently.

Puerarin alleviated ferroptosis and oxidative stress induced by I/R through TLR4/Nox4 pathways in vivo

Previous studies have demonstrated that UUO led to ROS accumulation, iron deposition and lipid peroxidation, and aggravated
renal fibrosis®. In this work, we aimed to investigate whether puerarin affected renal fibrosis through regulating ferroptosis and
oxidative stress. As shown in Fig. 2, the level of MDA and normalized Fe** levels were increased (Figs. 2b and 2c) in I/R group, whereas
SOD and GSH decreased (Figs. 2a and 2d). However, puerarin pretreatment reversed these changes induced by renal I/R group.
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SOD: superoxide dismutase; MDA: malondialdehyde; GSH: glutathione; I/R: ischemia and reperfusion; *P < 0.05 vs. sham group; #P < 0.05 vs. I/R group.
Figure 2 — Puerarin reduced oxidative stress and ferrotosis induced by I/R in rats. Different concentration of puerarin (50 and 100 mg/kg)
was intraperitoneally injected before renal I/R model established, once a day for seven days, and the sham group was injected with the
same amount of physiological saline. Then, the rats in I/R group was underwent ischemia for 45 minutes and reperfusion 12 weeks.
(a) The measurement of SOD expression in each group; (b) the measurement of MDA expression in each group; (c¢) the measurement
of GSH expression in each group; (d) the measurement of normalized Fe?* level in each group (n = 8). All data were showed as mean
+ standard error mean, and two-way analysis of variance was used. Each experiment was repeated at least three times independently.

Western blot revealed that the expression of Acyl-CoA synthetase long-chain family member 4 (ASCL4) and 4-hydroxynonenal
(4-HNE) were elevated (Fig. 3a) in I/R group compared with the sham group. However, the expression of ferroptosis suppressor
protein 1 (FSP1) and glutathione peroxidase 4 (GPX4) were reduced (Fig. 3b). Moreover, puerarin could reverse these changes
induced by I/R in a dose-dependent manner. In order to investigate the possible mechanism, TLR4/Nox4 pathway, closely
related to ferroptosis and oxidative stress, was detected in each group. The results showed that TLR4/Nox4 expression was
elevated in I/R group, which was reversed by puerarin treatment (Fig. 3c). Therefore, our results demonstrated that puerarin
might alleviate ferroptosis and oxidative stress induced by I/R through TLR4/Nox4 pathway in rats.
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Figure 3 — Puerarin alleviated ferroptosis induced by I/R through TLR4/Nox4 pathway in rats. Different concentration of puerarin (50
and 100 mg/kg) was intraperitoneally injected before renal I/R model established, once a day for seven days, and the sham group was
injected with the same amount of physiological saline. Then, the rats in I/R group was underwent ischemia 45 minutes and reperfusion
12 weeks. (a) Representative Western blot and quantitative images of ASCL4 and 4-HNE expression. (b) Representative Western blot
and quantitative images of FSP1 and GPX4 expression. (¢) Representative Western blot and quantitative images of Nox4 and TLR4
expression. B-actin was used for normalization (n = 8). All data were showed as mean =+ standard error mean, and two-way analysis of
variance was used. Each experiment was repeated at least three times independently.
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Puerarin attenuated o-SMA expression induced by H/R in HK-2 cells

Our results suggested that a-SMA expression was significantly increased in H/R group compared with control group,
indicating that H/R might facilitate fibrosis in HK-2 cells (Fig. 4). Puerarin pretreatment attenuated the increased a-SMA
induced by H/R in a dose-dependent manner (Fig. 4), which indicated that puerarin attenuated renal fibrosis induced by
H/R in vitro.

a-SMA

Nucleus

MErged

Control H/R H/R+P1 H/R+P2

a-SMA: a-smooth muscle actin; H/R: hypoxia/reoxygenation.

Figure 4 — Puerarin reduced the a-SMA expression induced by H/R in vitro. Before H/R established, HK-2 cells were treated
with puerarin P1 (1uM) or P2 (10uM) for three days, once a day, and the control group were treated with the same amount of
physiological saline. Then, the HK-2 cells were cultured under hypoxia conditions for 12 hours and then normoxic conditions for
24 hours. Immunofluorescence staining of a-SMA was performed, and representative images were photographed in HK-2 cells
(n = 8). Each experiment was repeated at least three times independently.

Puerarin alleviated ferroptosis and oxidative stress induced by H/R through TLR4/Nox4
pathway in vitro

Consistent with the in-vivo results, the MDA content and normalized Fe** level were elevated in H/R group compared
with control group (Figs. 5b and 5¢), while GSH and SOD activity were decreased (Figs. 5a and 5d). Moreover, puerarin

pretreatment could reverse these changes induced by H/R in a dose-dependent manner (Fig. 5).

Western blot results revealed that the level of ACSL4 and 4-HNE were upregulated, whereas FSP1 and GPX4 expression
were downregulated in the HK-2 cells exposed to H/R (Figs. 6a and 6b). Further, puerarin could reverse these changes
induced by H/R. In addition, consistent with in vivo results, it was found that puerarin inhibited the increased TLR4/Nox4
pathway induced by H/R in vitro. In conclusion, the results mentioned suggested that puerarin attenuated ferroptosis and

oxidative stress induced by H/R through TLR4/Nox4 pathway in vitro.
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Figure 5 — Puerarin decreased oxidative stress and ferrotosis induced by H/R in vitro. Before H/R established, HK-2 cells were treated with
puerarin P1 (1uM) or P2 (10uM) for three days, once a day, and the control group were treated with the same amount of physiological saline.
Then, the HK-2 cells were cultured under hypoxia conditions (5% CO2, 1% 02, 94% N2) for 12 hours and then normoxic conditions for
24 hours. (a) The measurement of SOD expression in each group. (b) The measurement of MDA expression in each group. (¢) The measurement
of GSH expression in each group. (d) The measurement of normalized Fe** level in each group (n = 8). All data were showed as mean +
standard error mean, and two-way analysis of variance was used. Each experiment was repeated at least three times independently.
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Figure 6 — Puerarin alleviated ferroptosis induced by H/R through TLR4/Nox4 pathway in vitro. Before H/R established, HK-2 cells
were treated with puerarin P1 (1uM) or P2 (10uM) for three days, once a day, and the control group were treated with the same amount
of physiological saline. Then, the HK-2 cells were cultured under hypoxia conditions (5% CO2, 1% 02, 94% N2) for 12 hours and
then normoxic conditions for 24 hours. (a) Representative Western blot and quantitative images of ASCL4 and4-HNE expression in
each group. (b) Representative Western blot and quantitative images of FSP1 and GPX4 expression in each group. (¢) Representative
Western blot and quantitative images of Nox4 and TLR4 expression in each group (n = 8). All data were showed as mean + standard
error mean, and two-way analysis of variance was used. Each experiment was repeated at least three times independently.
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Discussion

Renal fibrosis was the ultimate consequence of all CKD, characterized by interstitial fibrosis and glomerulosclerosis,
giving rise to progressive and irreversible renal impairment, and eventually leading to end stage of renal disease (ESRD)*.
Due to the complex etiology of renal fibrosis, the exploration and application of therapeutic targets were urgently needed.

In this study, we demonstrated that puerarin might alleviate I/R-induced renal fibrosis in rats for the first time.

Puerarin is an important isoflavone compound extracted from herb Pueraria lobata with strong antioxidant activity, which
directly or indirectly reinforces energy metabolism, reduces oxidative stress, and plays a vital role in a variety of diseases™.
According to previous studies, puerarin could reduce diabetic nephropathy and UUO-induced renal fibrosis by alleviating
oxidative stress and inflammation®". In this study, the results of HE and Sirius Red staining suggested that collagen deposition
and interstitial fibrosis were significantly elevated in I/R group compared with sham group. Consistent with previous studies,
our study confirmed that puerarin pretreatment dramatically mitigated renal collagen deposition, tubulointerstitial fibrosis and
a-SMA expression induced by I/R in a dose-dependent manner. In immunofluorescence staining, the expression of a-SMA
in HK-2 cells was increased in H/R group compared with the control group, while puerarin pretreatment reversed this effect.

Therefore, our results indicated that puerarin pretreatment could relieve renal fibrosis both in-vivo and in-vitro models.

Oxidative stress, caused by ROS accumulation, played an important role in renal fibrosis. Nox4 was involved in transforming
growth factor (TGF)-B-induced ROS production and the differentiation of myofibroblasts into fibrinous phenotypes®. In
response to ROS, renal tubular EMT was activated to conduce to renal fibrosis®. It was found that suppression of oxidative
stress could alleviate renal fibrosis™. In previous studies, the level of SOD and MDA were detected subsequently***. In this
work, it was found that SOD level was decreased in both I/R and H/R model, while the MDA level increased. However,
puerarin could reverse the decreased SOD level and increased MDA level induced by I/R and H/R.

Ferroptosis is a programmed cell death caused by ROS accumulation in iron-dependent cells that leads to the breakdown
of cell redox homeostasis'. It is driven by severe lipid peroxidation and regulated by the lipid repair enzyme GPX4, which
relies on the generation of ROS and iron overload®. Previous studies have found that ferroptosis inhibitor had the ability to
reduce lipid peroxidation and renal fibrosis induced by UUO or hypertension'*"”. Others have found that puerarin reduces
ferroptosis and thus plays a crucial role in alleviating myocardial injury®, lung injury caused by sepsis*, and brain injury*s.

However, it still remains unknown whether puerarin regulates ferroptosis in renal fibrosis.

In this study, we measured the GSH and normalized Fe** level both in-vivo and in-vitro model. Consistent with previous
findings, our results showed that GSH expression was reduced during I/R, while the normalized Fe** level increased dramatically.
However, the puerarin pretreatment significantly reversed the changes of GSH and normalized Fe** level caused by I/R and H/R.
Previous study also showed that FSP1 could inhibit ferroptosis effectively, while ASCL4 aggravated ferroptosis*"*2. Our results
showed that the expression of ACSL4 and 4-HNE was up-regulated, while FSP1 and GPX4 was down-regulated in I/R and H/R
groups. Consistent with previous study, our results indicated that puerarin pretreatment reversed the changes of ACSL4, 4-HNE,
FSP1 and GPX4 induced by I/R and H/R model, which further demonstrated that puerarin regulated ferroptosis in renal fibrosis.

It also has been found that the silencing of TLR4/Nox4 pathway was correlated to the reduction of oxidative stress and
ferroptosis***!. To further investigate the protection mechanism of puerarin, TLR4/Nox4, closely related with ferroptosis
and oxidative stress, was detected in each group. The results showed that TLR4/Nox4 expression increased in I/R and H/R
group, which was inhibited by puerarin in a dose-dependent manner. Therefore, our results illustrated that puerarin might
alleviate ferroptosis and oxidative stress through TLR4/Nox4 pathway.

Conclusion

Our research demonstrated that puerarin might alleviate I/R-induced renal fibrosis by attenuating ferroptosis and
oxidative stress via TLR4/Nox4 pathway for the first time, providing a new target for the therapy of renal fibrosis.

8 Acta Cir Bras. V38. e382523 . 2023



Jian J et al.

Authors’ contributions

Conception and design: Jian ], Wang D, Wang L, Xiong Y, Wang J, Zheng Q and Yang S; Analysis of data: Jian ], Yang
S, Xiong Y, Wang J, Zheng Q, Jiang Z and Zhong J; Manuscript writing: Jian ] and Wang D; Critical revision: Wang L;
Final approval: Jian ], Wang D, Wang L, Xiong Y, Wang ], Zheng Q, Jiang Z, Yang S and Zhong J.

About the authors

Jun Jian, Dan Wang, Yufeng Xiong, Jingsong Wang, Jiacheng Zhong and Song Yang are Masters.
Lei Wang, Qingyuan Zheng and Zhengyu Jiang are Medical Doctors.

Conflict of interest

Nothing to declare.

Data availability statement

The data will be available upon request.

Funding

National Natural Science Foundation of China
https://doi.org/10.13039/501100001809
Grant No. 82000639

Acknowledgement

Our manuscript received language editing by Shujie Fu, from Wuhan university.

References

1.  Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney disease. Lancet. 2017;389(10075):1238-52. https://doi.
org/10.1016/S0140-6736(16)32064-5

2. Rovcanin B, Medic B, Kocic G, Cebovic T, Ristic M, Prostran M. Molecular dissection of renal ischemia-reperfusion:
oxidative stress and cellular events. Curr Med Chemistry. 2016;23(19):1965-80. https://doi.org/10.2174/0929867323
666160112122858

3. Wu HP, Zhou J, Ou WM, Li Y, Liu ME, Yang CX. Takl as the mediator in the protective effect of propofol on
renal interstitial fibrosis induced by ischemia/reperfusion injury. Eur J Pharmacol. 2017;811:134-40. https://doi.
org/10.1016/j.ejphar.2017.06.009

4. ZengX, Feng Q, Zhao E, Sun C, Zhou T, Yang J, Zhan X. Puerarin inhibits trpm3/mir-204 to promote mc3t3-el
cells proliferation, differentiation and mineralization. Phytother Res. 2018;32(6):996-1003. https://doi.
org/10.1002/ptr.6034

5. Zhou YX, Zhang H, Peng C. Puerarin: a review of pharmacological effects. Phytother Res. 2014;28(7):961-75. https://
doi.org/10.1002/ptr.5083

Acta Cir Bras. V38. e382523 . 2023 9


https://doi.org/10.13039/501100001809
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.2174/0929867323666160112122858
https://doi.org/10.2174/0929867323666160112122858
https://doi.org/10.1016/j.ejphar.2017.06.009
https://doi.org/10.1016/j.ejphar.2017.06.009
https://doi.org/10.1002/ptr.6034
https://doi.org/10.1002/ptr.6034
https://doi.org/10.1002/ptr.5083
https://doi.org/10.1002/ptr.5083

Puerarin alleviated oxidative stress and ferroptosis during renal fibrosis induced by ischemia/reperfusion injury via
TLR4/Nox4 pathway in rats

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

10

Ahmad B, Khan S, Liu Y, Xue M, Nabi G, Kumar S, Alshwmi M, Qarluq AW. Molecular mechanisms of anticancer
activities of puerarin. Cancer Manag Res. 2020;2020:79-90. https://doi.org/10.2147/CMAR.S233567

Liu G, Zhang K, Dong W, Tan Y, Long M, Zou H, Liu Z. Puerarin restores the autophagic flux to alleviate
cadmium-induced endoplasmic reticulum stress in nrk-52e cells. Molecular Med Rep. 2020;22(3):2551-63. https://
doi.org/10.3892/mmr.2020.11301

Zhu Q, Yang S, Wei C,Lu G, Lee K, He JC, Liu R, Zhong Y. Puerarin attenuates diabetic kidney injury through interaction
with guanidine nucleotide-binding protein gi subunit alpha-1 (gnail) subunit. ] Cell Mol Med. 2022;26(14):3816-27.
https://doi.org/10.1111/jcmm.17414

Liu Q, Liu Z, Huo X, Wang C, Meng Q, Sun H, Sun P, Peng J, Ma X, Liu K. Puerarin improves methotrexate-induced
renal damage by up-regulating renal expression of oatl and oat3 in vivo and in vitro. Biomed Pharmacother.
2018;103:915-22. https://doi.org/10.1016/j.biopha.2018.04.122

Wang J, Ge S, Wang Y, Liu Y, Qiu L, Li ], Huang X, Sun L. Puerarin alleviates uuo-induced inflammation and fibrosis
by regulating the nf-xb p65/stat3 and tgfB1/smads signaling pathways. Drug Des Devel Ther. 2021;2021:3697-708.
https://doi.org/10.2147/DDDT.S321879

Chen X, Kang R, Kroemer G, Tang D. Ferroptosis in infection, inflammation, and immunity. ] Exp Med.
2021;218(6):€20210518. https://doi.org/10.1084/jem.20210518

Zhao L, Zhou X, Xie F, Zhang L, Yan H, Huang ], Zhang C, Zhou E, Chen ], Zhang L. Ferroptosis in cancer and cancer
immunotherapy. Cancer Commun. 2022;42(2):88-116. https://doi.org/10.1002/cac2.12250

Zhang B, Chen X, RuF, GanY,Li B, Xia W, Dai G, He Y, Chen Z. Liproxstatin-1 attenuates unilateral ureteral obstruction-
induced renal fibrosis by inhibiting renal tubular epithelial cells ferroptosis. Cell Death Dis. 2021;12(9):843. https://
doi.org/10.1038/s41419-021-04137-1

Balzer MS, Doke T, Yang YW, Aldridge DL, Hu H, Mai H, Mukhi D, Ma Z, Shrestha R, Palmer MB, Hunter CA,
Susztak K. Single-cell analysis highlights differences in druggable pathways underlying adaptive or fibrotic kidney
regeneration. Nature Commun. 2022;13(1):4018. https://doi.org/10.1038/s41467-022-31772-9

Zhang Y, Zhang ], Feng D, Zhou H, Gui Z, Zheng M, Hang Z, Wang Z, Wang Z, Gu M, Tan R. Irfl/znf350/gpx4-
mediated ferroptosis of renal tubular epithelial cells promote chronic renal allograft interstitial fibrosis. Free Radic
Biol Med. 2022;193(Pt 2):579-94. https://doi.org/10.1016/j.freeradbiomed.2022.11.002

Giuliani K, Grivei A, Nag P, Wang X, Rist M, Kildey K, Law B, Ng MS, Wilkinson R, Ungerer J, Forbes JM, Healy H,
Kassianos AJ. Hypoxic human proximal tubular epithelial cells undergo ferroptosis and elicit an nlrp3 inflammasome
response in cdlc(+) dendritic cells. Cell Death Dis. 2022;13(8):739. https://doi.org/10.1038/s41419-022-05191-z

Li XT, Song JW, Zhang ZZ, Zhang MW, Liang LR, Miao R, Liu Y, Chen YH, Liu XY, Zhong JC. Sirtuin 7 mitigates
renal ferroptosis, fibrosis and injury in hypertensive mice by facilitating the klf15/nrf2 signaling. Free Radic Biol Med.
2022;193(Pt 1):459-73. https://doi.org/10.1016/j.freeradbiomed.2022.10.320

Huang Y, Wu H, Hu Y, Zhou C, Wu J, Wu Y, Wang H, Lenahan C, Huang L, Nie S, Gao X, Sun J. Puerarin attenuates
oxidative stress and ferroptosis via ampk/pgclo/nrf2 pathway after subarachnoid hemorrhage in rats. Antioxidants.
2022;11(7):1259. https://doi.org/10.3390/antiox11071259

Zhou B, Zhang ], Chen Y, Liu Y, Tang X, Xia P, Yu P, Yu S. Puerarin protects against sepsis-induced myocardial injury through
ampk-mediated ferroptosis signaling. Aging (Albany NY). 2022;14(8):3617-32. https://doi.org/10.18632/aging.204033

Decléves AE, Sharma K. Novel targets of antifibrotic and anti-inflammatory treatment in ckd. Nature Rev Nephrol.
2014;10(5):257-67. https://doi.org/10.1038/nrneph.2014.31

Bondi CD, Manickam N, Lee DY, Block K, Gorin Y, Abboud HE, Barnes JL. Nad(p)h oxidase mediates tgf-betal-induced
activation of kidney myofibroblasts. ] Am Soc Nephrol. 2010;21(1):93-102. https://doi.org/10.1681/ASN.2009020146

Wu X, Li H, Wan Z, Wang R, Liu J, Liu Q, Zhao H, Wang Z, Zhang H, Guo H, Qi C, Jiao X, Li X. The combination
of ursolic acid and empagliflozin relieves diabetic nephropathy by reducing inflammation, oxidative stress and renal
fibrosis. Biomed Pharmacother. 2021;144:112267. https://doi.org/10.1016/j.biopha.2021.112267

Acta Cir Bras. V38. e382523. 2023


https://doi.org/10.2147/CMAR.S233567
https://doi.org/10.3892/mmr.2020.11301
https://doi.org/10.3892/mmr.2020.11301
https://doi.org/10.1111/jcmm.17414
https://doi.org/10.1016/j.biopha.2018.04.122
https://doi.org/10.2147/DDDT.S321879
https://doi.org/10.1084/jem.20210518
https://doi.org/10.1002/cac2.12250
https://doi.org/10.1038/s41419-021-04137-1
https://doi.org/10.1038/s41419-021-04137-1
https://doi.org/10.1038/s41467-022-31772-9
https://doi.org/10.1016/j.freeradbiomed.2022.11.002
https://doi.org/10.1038/s41419-022-05191-z
https://doi.org/10.1016/j.freeradbiomed.2022.10.320
https://doi.org/10.3390/antiox11071259
https://doi.org/10.18632/aging.204033
https://doi.org/10.1038/nrneph.2014.31
https://doi.org/10.1681/ASN.2009020146
https://doi.org/10.1016/j.biopha.2021.112267

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jian J et al.

Zhang S, Tan X, Chen Y, Zhang X. Postconditioning protects renal fibrosis by attenuating oxidative stress-induced
mitochondrial injury. Nephrol Dial Transplant. 2017;32(10):1628-36. https://doi.org/10.1093/ndt/gfw469

Sun L, Yang Z, Zhang J, Wang J. Isoliquiritigenin attenuates acute renal injury through suppressing oxidative stress,
fibrosis and jak2/stat3 pathway in streptozotocin-induced diabetic rats. Bioengineered. 2021;12(2):11188-200. https://
doi.org/10.1080/21655979.2021.2006978

Chen J, Hu Y, Mou X, Wang H, Xie Z. Amygdalin alleviates renal injury by suppressing inflammation, oxidative stress
and fibrosis in streptozotocin-induced diabetic rats. Life Sci. 2021;265:118835. https://doi.org/10.1016/j.1fs.2020.118835

Tamay-Cach E Quintana-Pérez JC, Trujillo-Ferrara JG, Cuevas-Hernandez RI, Del VL, Garcia-Trejo EM, Arellano-
Mendoza MG. A review of the impact of oxidative stress and some antioxidant therapies on renal damage. Ren Fail.
2016;38(2):171-5. https://doi.org/10.3109/0886022X.2015.1120097

Pat B, Yang T, Kong C, Watters D, Johnson DW, Gobe G. Activation of erk in renal fibrosis after unilateral
ureteral obstruction: modulation by antioxidants. Kidney Int. 2005;67(3):931-43. https://doi.org/10.1111/j.1523-
1755.2005.00157.x

Zhu K, Zhu X, Sun S, Yang W, Liu S, Tang Z, Zhang R, Li ], Shen T, Hei M. Inhibition of tlr4 prevents hippocampal
hypoxic-ischemic injury by regulating ferroptosis in neonatal rats. Exp Neurol. 2021;345:113828. https://doi.
org/10.1016/j.expneurol.2021.113828

Wang JE, Mei ZG, Fu Y, Yang SB, Zhang SZ, Huang WE, Xiong L, Zhou HJ, Tao W, Feng ZT. Puerarin protects rat brain
against ischemia/reperfusion injury by suppressing autophagy via the ampk-mtor-ulkl signaling pathway. Neural
Regen Res. 2018;13(6):989-98. https://doi.org/10.4103/1673-5374.233441

Zhao X, Wang D, Wan S, Liu X, Wang W, Wang L. The suppression of pinl-alleviated oxidative stress through
the p38 mapk pathway in ischemia- and reperfusion-induced acute kidney injury. Oxid Med Cell Longev.
2021;2021:1313847. https://doi.org/10.1155/2021/1313847

Liu H, Wang W, Weng X, Chen H, Chen Z, Du Y, Liu X, Wang L. The h3k9 histone methyltransferase g9a modulates
renal ischemia reperfusion injury by targeting sirtl. Free Radic Biol Med. 2021;172:123-35. https://doi.org/10.1016/j.
freeradbiomed.2021.06.002

Kar F, Hacioglu C, Senturk H, Donmez DB, Kanbak G. The role of oxidative stress, renal inflammation, and apoptosis
in post ischemic reperfusion injury of kidney tissue: the protective effect of dose-dependent boric acid administration.
Biol Trace Elem Res. 2020;195(1):150-8. https://doi.org/10.1007/s12011-019-01824-1

Zhao X, Kwan J, Yip K, Liu PP, Liu FE. Targeting metabolic dysregulation for fibrosis therapy. Nat Rev Drug Discov.
2020;19(1):57-75. https://doi.org/10.1038/s41573-019-0040-5

Lv ], Shi S, Zhang B, Xu X, Zheng H, Li Y, Cui X, Wu H, Song Q. Role of puerarin in pathological cardiac remodeling:
a review. Pharmacol Res. 2022;178:106152. https://doi.org/10.1016/j.phrs.2022.106152

Barnes JL, Gorin Y. Myofibroblast differentiation during fibrosis: role of nad(p)h oxidases. Kidney Int. 2011;79(9):944-
56. https://doi.org/10.1038/ki.2010.516

SuH, Wan C, Song A, Qiu Y, Xiong W, Zhang C. Oxidative Stress and Renal Fibrosis: Mechanisms and Therapies.
In: Liu BC, Lan HY, Lv LL. (eds.). Renal Fibrosis: Mechanisms and Therapies. Advances in Experimental
Medicine and Biology. Singapore: Springer Singapore; 2019, v. 1165, pp. 585-604. https://doi.org/10.1007/978-
981-13-8871-2_29

Liu B, Zhao C, Li H, Chen X, Ding Y, Xu S. Puerarin protects against heart failure induced by pressure overload through
mitigation of ferroptosis. Biochem Biophys Res Commun. 2018;497(1):233-40. https://doi.org/10.1016/j.bbrc.2018.02.061

Kar F, Hacioglu C, Senturk H, Donmez DB, Kanbak G, Uslu S. Curcumin and loxblock-1 ameliorate ischemia-
reperfusion induced inflammation and acute kidney injury by suppressing the semaphorin-plexin pathway. Life Sci.
2020;256:118016. https://doi.org/10.1016/j.1fs.2020.118016

Zhang Y, Mou Y, Zhang ], Suo C, Zhou H, Gu M, Wang Z, Tan R. Therapeutic implications of ferroptosis in renal
fibrosis. Front Mol Biosci. 2022;9:890766. https://doi.org/10.3389/fmolb.2022.890766

Acta Cir Bras. V38. e382523 . 2023 I


https://doi.org/10.1093/ndt/gfw469
https://doi.org/10.1080/21655979.2021.2006978
https://doi.org/10.1080/21655979.2021.2006978
https://doi.org/10.1016/j.lfs.2020.118835
https://doi.org/10.3109/0886022X.2015.1120097
https://doi.org/10.1111/j.1523-1755.2005.00157.x
https://doi.org/10.1111/j.1523-1755.2005.00157.x
https://doi.org/10.1016/j.expneurol.2021.113828
https://doi.org/10.1016/j.expneurol.2021.113828
https://doi.org/10.4103/1673-5374.233441
https://doi.org/10.1155/2021/1313847
https://doi.org/10.1016/j.freeradbiomed.2021.06.002
https://doi.org/10.1016/j.freeradbiomed.2021.06.002
https://doi.org/10.1007/s12011-019-01824-1
https://doi.org/10.﻿1038/s41573-019-0040-5
https://doi.org/10.1016/j.phrs.2022.106152
https://doi.org/10.1038/ki.2010.516
https://doi.org/10.1007/978-981-13-8871-2_29
https://doi.org/10.1007/978-981-13-8871-2_29
https://doi.org/10.﻿1016/j.bbrc.2018.02.061
https://doi.org/10.1016/j.lfs.2020.118016
https://doi.org/10.3389/fmolb.2022.890766

Puerarin alleviated oxidative stress and ferroptosis during renal fibrosis induced by ischemia/reperfusion injury via
TLR4/Nox4 pathway in rats

40.

41.

42.

43.

44,

12

Xu B, Wang H, Chen Z. Puerarin inhibits ferroptosis and inflammation of lung injury caused by sepsis in LPS induced
lung epithelial cells. Front Pediatr. 2021;9:706327. https://doi.org/10.3389/fped.2021.706327

Stockwell BR. A powerful cell-protection system prevents cell death by ferroptosis. Nature. 2019;575(7784):597-8.
https://doi.org/10.1038/d41586-019-03145-8

Liao P, Wang W, Wang W, Kryczek I, Li X, Bian Y, Sell A, Wei S, Grove S, Johnson JK, Kennedy PD, Gijon M, Shah
YM, Zou W. Cd8(+) t cells and fatty acids orchestrate tumor ferroptosis and immunity via acsl4. Cancer Cell.
2022;40(4):365-78.¢6. https://doi.org/10.1016/j.ccell.2022.02.003

Feng RK, Xiong YF, Lei YR, Huang Q, Liu H, Zhao XJ, Chen ZY, Chen H, Liu XH, Wang L, Weng XD. Lysine-specific
demethylase 1 aggravated oxidative stress and ferroptosis induced by renal ischemia and reperfusion injury through
activation of tlr4/nox4 pathway in mice. ] Cell Mol Med. 2022;26(15):4254-67. https://doi.org/10.1111/jcmm.17444

Chen XQ, Xu SD, Zhao CX, Liu B. Role of tlr4/nadph oxidase 4 pathway in promoting cell death through autophagy
and ferroptosis during heart failure. Biochem Biophys Res Commun. 2019;516(1):37-43. https://doi.org/10.1016/j.
bbrc.2019.06.015

Acta Cir Bras. V38. e382523. 2023


https://doi.org/10.3389/fped.2021.706327
https://doi.org/10.1038/d41586-019-03145-8
https://doi.org/10.1016/j.ccell.2022.02.003
https://doi.org/10.1111/jcmm.17444
https://doi.org/10.1016/j.bbrc.2019.06.015
https://doi.org/10.1016/j.bbrc.2019.06.015

