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Abstract
Puerarin (Pue) is a kind of isoflavone compound extracted from Pueraria lobata, which 
has significant antioxidant activity. Excessive use of acetaminophen (APAP) can cause 
oxidative stress in the liver and eventually lead to acute liver injury. The purpose of 
this study was to investigate the protective effect and the mechanism of puerarin on 
APAP-induced liver oxidative damage. In in vitro experiments, puerarin significantly 
increased the cell activity of HepG2 cells, reduced the ROS accumulation, alleviated 
the oxidative damage and mitochondrial dysfunction. In in vivo studies, our results 
showed that puerarin enhanced antioxidant activity and alleviated histopathological 
damage. Further studies showed that puerarin decreased the expression of Keap1, 
promoted the nuclear migration of Nrf2, and up-regulated the expression of GCLC, 
GCLM, HO-1 and NQO1. This study demonstrated that puerarin can protect APAP-
induced liver injury via alleviating oxidative stress and mitochondrial dysfunction by 
affecting the nuclear migration of Nrf2 via inhibiting Keap1.
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1  |  INTRODUC TION

Acetaminophen (APAP) has significant antipyretic and analge-
sic effects, making it a common treatment for fever and pain; 
however, excessive use can lead to serious liver damage (Chun 
et al.,  2009; He et al.,  2022). Unfortunately, overuse of APAP 
has become the leading cause of drug-induced liver injury (DILI) 
in many countries around the world (Lee, 2013). Previous stud-
ies have shown that the main pathogenic mechanism of APAP-
induced liver injury includes that excessive APAP is converted 
into a large amount of NAPQI by CYP2E1, which rapidly depletes 
the intracellular GSH, causing mitochondrial oxidative stress 
and dysfunction, and finally leading to cell necrosis concen-
trated in hepatic lobules (Ramachandran & Jaeschke, 2019; Yan 
et al., 2018). This model of liver injury is widely used in the clinical 
study of the mechanism of drug-induced liver injury and potential 
therapeutic drugs.

Pueraria lobata (Pueraria montana var. lobata (Willd.) Sanjappa & 
Pradeep) was first recorded in the Shennong Materia Medical Classic 
(Zhao et al.,  2018). It has a long history of dual use of medicine 
and food and has a good reputation as Asian ginseng. According 
to the Compendium of Materia Medica written by Li Shizhen in the 
Ming Dynasty of China, pueraria lobata has the effect of clear-
ing heat and detoxification and can be used to treat diabetes and 
reduce liver poisoning caused by alcohol (Liu et al., 2019). It has 
been shown that the antioxidant effect of pueraria lobata is one 
of the ways to protect the liver, and its antioxidant activity is pos-
itively correlated with the content of isoflavone (Cherdshewasart 
& Sutjit,  2008; Lee,  2004; Zhao et al.,  2010). Puerarin is one of 
the active components in pueraria lobata and belongs to isofla-
vone, and as a phytoestrogen, it can be used as a food additive and 
an alternative medicine (Bacanli et al.,  2018; Zhou et al.,  2014). 
Many studies have shown that puerarin has a wide range of phar-
macological effects, such as antioxidant (Li et al.,  2020), lower-
ing blood lipid (Xu et al.,  2021) and anti-cardiovascular diseases 
(Li et al.,  2017). It has not been reported whether puerarin has 
protective effect on APAP-induced acute liver injury. Since oxida-
tive stress plays an important role in the hepatotoxicity of APAP, 
based on the pharmacological effects of puerarin, we speculate 
that puerarin may also play a hepatoprotective role in this disease 
model.

Nrf2 signaling pathway is a classical cellular antioxidant pathway, 
and its activity is controlled by cytoplasmic protein Keap1 (Kelch-
like ECH associated protein 1) (Nguyen et al., 2009; Xu et al., 2023). 
It has been reported that Nrf2 knockout mice are highly sensitive 
to APAP dose compared with wild-type mice, suggesting that Nrf2 
may have a certain resistance to the hepatotoxicity of APAP (Chan 
et al., 2001; Enomoto et al., 2001). It is reasonable to assume that 
targeting the Nrf2 signaling pathway can mitigate APAP-induced 
liver injury. Therefore, the purpose of this study was to investigate 
the effect of puerarin on APAP-induced liver injury, and to explore 
whether the liver protective mechanism of puerarin is related to the 
activation of Nrf2 signaling pathway.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals and reagents

Puerarin (98% purity; Product code: S30646) and acetaminophen 
(99% purity; Product code: S31044) were purchased from Shyuanye 
(Shanghai, China). Superoxide dismutase (SOD), catalase (CAT), malon-
dialdehyde (MDA), glutathione (GSH), reactive oxygen (ROS), aspartate 
transaminase (AST), alanine transaminase (ALT), alkaline phosphatase 
(AKP), γ-glutamyltransferase (γ-GT), total bilirubin (TBIL) assay kits were 
purchased from Nanjing Jiancheng (Nanjing, China). Mitochondrial 
membrane potential assay kit was purchased from Beyotime (Beijing, 
China). Total protein extraction reagent and Nuclear and Cytoplasmic 
Protein Extraction Kit were purchased from Boster (Wuhan, China). 
The antibodies against Keap1 (10503-2-AP), Nrf2 (16396-1-AP), GCLC 
(12601-1-AP), GCLM (14241-1-AP), HO-1 (10701-1-AP), NQO1 (67240-
1-Ig) and β-actin (66009-1-Ig) were obtained from Proteintech (Wuhan, 
China). The antibody against Lamin B (#13435) was obtained from Cell 
Signaling Technology (Danvers, MA, USA). The secondary antibody 
was obtained from Boster (Wuhan, China).

2.2  |  Cell culture

The HepG2 cells were purchased from Shanghai Fuheng Biological 
Cell Bank and cultured in DMEM containing 10% fetal bovine serum 
with 100 μg mL−1 streptomycin and 100 U penicillin, and placed in an 
incubator with 5% CO2 at 37°C.

2.3  |  Cell viability

HepG2 in logarithmic growth phase was taken and culture medium 
was added to make the cell density of 5 × 105 cells/mL. 100 μL per 
well was seeded into 96-well culture plate and cultured overnight in 
5% CO2 incubator. After 1 h treatment with different concentrations 
of Pue (0, 3.75, 7.5, 15, 30, 60, 120 μmol L−1) in advance, 10 mmol L−1 
APAP was added. After 24 h of incubation, DMEM medium contain-
ing 10%CCK-8 was added to each well. Then after 1 h of reaction at 
37°C, the absorbance (OD) was measured at 450 nm with a micro-
plate analyzer.

2.4  |  Measurement of intracellular ROS

DCFH-DA is one of the most commonly used and sensitive probes for 
detecting intracellular reactive oxygen species. After entering cells, it 
is hydrolyzed into DCFH by esterase. In the presence of reactive oxy-
gen species, it is oxidized into a strong green fluorescent substance 
that cannot penetrate the cell membrane. HepG2 cells were seeded 
at 4 × 104 cells per well in a 6-well plate and placed in an incubator 
at 37°C 5% CO2 overnight. Then, different concentrations of Pue (0, 
15, 30, 60 μmol L−1) and 10 mM APAP were added and incubated for 



6606  |    ZHOU et al.

24 h. The cell culture medium was added with DCFH-DA (10 μmol L−1) 
and incubated in darkness for 30 min. Fluorescence microscope was 
used to take pictures, and then, the fluorescence intensity was meas-
ured by a fluorescent enzyme plate. The excitation wavelength was 
488 nm, and the emission wavelength was 525 nm.

2.5  |  Measurement of mitochondrial 
membrane potential

JC-1 is a fluorescent probe widely used in the detection of mito-
chondrial membrane potential (ΔΨm). Whenever the ΔΨm is high, 
JC-1 forms polymers in the mitochondrial matrix and produces red 
fluorescence. While at higher ΔΨm, JC-1 could not gather in the 
mitochondrial matrix and produces green fluorescence. Therefore, 
the relative ratio of red-green fluorescence is often used to measure 
mitochondrial depolarization. Different treatment groups of HepG2 
were incubated for 24 h and 50% JC-1 working solution was added to 
each well and cultured at 37°C for 20 min. Fluorescence microscope 
was used for observation. Then, the cells were collected to prepare 
cell suspension, and the fluorescence intensity was detected by a 
luciferase plate analyzer. The detection conditions of JC-1 polymer 
were 525 nm excitation light and 590 nm emission light. The detec-
tion conditions of JC-1 monomer were 490 nm excitation light and 
530 nm emission light. The degree of ΔΨm depolarization was indi-
cated by the relative proportion of red-green fluorescence.

2.6  |  Quantitative real-time PCR

Total RNA was extracted from HepG2 cells and mouse liver using 
Trizol reagent and reverse transcribed into cDNA. The primers were 
designed using Oligo7 software according to the target gene se-
quence in NCBI and were synthesized and purified by Beijing Liuhe 
BGI Technology Co., Ltd. The primers used in this research are listed 
in Table 1. According to the recommended annealing temperature of 
each pair of primers, the temperature gradient was designed to find 
out the optimal annealing temperature of each gene, and each sam-
ple was subjected to RT-qPCR at the optimal annealing temperature 
of the above primers. Data were analyzed using the comparative 
threshold cycle (ΔΔCt) method.

2.7  |  Animals

SPF ICR mice (6-week-old, 18-22 g) were placed in an environmen-
tal control chamber (temperature 23°C, humidity 50%–10%) with 
a light–dark cycle for 12 h and fed pathogen-free food and water. 
The experiment began after 7 days of adaptive feeding. All proce-
dures involving animals and their care in this study were approved 
(No. 20190604) by the Ethics Committee of Sichuan Agricultural 
University according to the Regulation of Experimental Animal 
Management (State Scientific and Technological Commission of the 

People's Republic of China, No. 2, 1988) and The Interim Measures 
of Sichuan Province Experimental Animal Management (Science and 
Technology Bureau of Sichuan, China, No. 25, 2013).

Male mice were randomly divided into five groups, 10 mice in 
each group, which were blank control group (Ctrl), acetaminophen 
group (AG), puerarin low-dose group (PueL), puerarin medium-dose 
group (PueM), puerarin high-dose group (PueH). Mice in Pue group 
were given 200, 400 and 800 mg kg−1 puerarin (dispersed in 0.5% so-
dium carboxymethyl cellulose) for 10 days, once a day, respectively. 
Mice in Ctrl and AG were intragastrically given the same amount of 
0.5% sodium carboxymethyl cellulose. For 2 h after the last intragas-
tric administration, except for the BC mice, the other mice were in-
traperitoneally injected with 300 mg kg−1 APAP (dissolved in normal 
saline) and fasted for 24 h.

2.8  |  Liver index assay

The liver index was calculated based on the following formula: 
mouse liver index = liver weight (mg)/body weight (g).

2.9  |  Hematoxylin–eosin staining

The liver tissues were prepared into paraffin sections, stained 
with hematoxylin–eosin, and observed histologically under light 
microscope.

2.10  |  Measurement of blood biochemistry

The blood samples were collected into the blood collection tubes 
without anticoagulant, placed in an ice box for an appropriate time, 

TA B L E  1  Primer sequences for qPCR.

Gene
Primer sequences fragment size (5′ > 3′) 
(forward/reversed)

Keap1 F-5′GTGGC​TGT​CCT​CAA​TCGTCT-3′

R-5′-TTGCT​GTG​ATC​ATT​CGC​CACT-3′

Nrf2 F-5′TGATA​TTC​CCG​GTC​ACA​TCGAG-3′

R-5′TGTCC​TGT​TGC​ATA​CCGTCT-3′

GCLC F-5′ATCAG​TTG​GCT​ACT​ATC​TGTCC-3′

R-5′TACAG​ATG​CAG​AAA​TCA​CTCCCC-3′

GCLM F-5′CATCA​TCA​ACT​AGA​AGT​GCAG-3′

R-5′TAATT​CCT​CCC​AGT​AAG​GCTGT-3′

HO-1 F-5′CCTTC​CCC​AAC​ATT​GCCAGT-3′

R-5′CTTGG​CCT​CTT​CTA​TCA​CCCTC-3′

NQO-1 F-5′CTGAA​CAA​AAG​AAG​CTGGAA-3′

R-5′TATGA​ACA​CTC​GCT​CAA​ACCA-3′

β-Actin F-5′ATCAA​GAT​CAT​TGC​TCC​TCCTG-3′

R-5′ATACT​CCT​GCT​TGC​TGA​TCCAC-3′
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centrifuged at 4930 g for 10 min, and the serum was collected. The 
serum was taken to detect the content of AST, ALT, AKP, γ-GT, and 
TBIL, and the specific operation method was carried out according 
to the instructions of the corresponding kit.

2.11  |  Measurement of oxidative stress

Fresh liver was taken to prepare tissue homogenate, and the super-
natant was extracted after centrifugation at 3000 rpm for 10 min. 
HepG2 cells were collected and lysed by ultrasonic wave to pre-
pare cell lysate. The supernatant or lysate was taken to detect the 
content of MDA, SOD, CAT, and GSH, and the specific operation 
method was carried out according to the instructions of the corre-
sponding kit.

2.12  |  Western blot analysis

Total proteins of mouse liver and HepG2 cells were extracted with 
total Protein Extraction reagent, and Cytoplasmic proteins and 
nuclear proteins of HepG2 cells were extracted with Nuclear and 
Cytoplasmic Protein Extraction Kit. A total of 50 μg protein was 
added to 10% SDS-PAGE, electrophoresis at low temperature for 
2 h, and then transferred to PVDF membrane. After protein transfer, 
PVDF membranes were placed in a plastic container containing 5% 
skimmed milk, sealed at room temperature for 2 h. Then, dilute the 
first antibody and β-Actin with 5% skim milk powder in a ratio of 
1:1000, hybridize and incubate the PVDF membrane with the fol-
lowing primary antibodies: Nrf2 (16396-1-AP), Keap1 (10503-1-AP), 
GCLC (12601-1-AP), GCLM (14241-1-AP), HO-1 (10701-1-AP), NQO1 
(11451-1-AP), and refrigerate overnight at 4°C, respectively. The 
next day, dilute HRP labeled secondary antibody with 5% skim milk 
powder at a ratio of 1:5000, and incubate for 1 h. The protein bands 
were visualized by ECL reagent and analyzed by Image J software.

2.13  |  Statistical analyses

All data were presented as the mean ± SD of at least three inde-
pendent experiments, and histograms were plotted using GraphPad 
Prism 5.0 software. Results: Statistical analysis was conducted by 
student's t-test, and a value of p < .05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  Inhibitory effects of Puerarin on 
APAP-induced cell cytotoxicity

As shown in Figure 1, Puerarin can reduce APAP-induced HepG2 cell 
damage in a dose-dependent manner in the concentration range of 

60 μmol L−1. However, when the concentration of puerarin was less 
than 15 μmol L−1, the survival rate of HepG2 cells increased compared 
with APAP group but there was no statistical difference (p > .05). It 
was proved that puerarin had the hepatic-protective potential.

3.2  |  Puerarin alleviates APAP-induced oxidative 
stress in HepG2 cells

Since APAP-induced liver cell injury is mainly caused by oxida-
tive stress, it is of great significance to study the effect of Pue 
on oxidative damage for evaluating its protective effect on APAP-
induced liver cell injury. The content of ROS can reflect the level of 
cellular oxidative stress (Ray et al., 2012). As shown in Figure 2a, 
by fluorescence microscope observation, compared with the con-
trol group, the ROS content in the APAP group was significantly 
increased. The results of present study have shown that pre-
treatment with different concentrations of puerarin reduced the 
content of reactive oxygen to different degrees. Subsequently, 
the fluorescence intensity was further detected by using a fluo-
rescence microplate reader (Figure 2b). It was concluded that pu-
erarin could inhibit ROS production in APAP-induced damaged in 
HepG2 cells. Next, we examined the content of MDA, which is a 
marker of oxidative stress, and we observed the similar trends: 
Pue can alleviate APAP-induced oxidative stress in HepG2 cells 
(Figure 2c). In addition, we have also detected the effect of puera-
rin on the antioxidant content in cells. The study showed that pu-
erarin could significantly increase the contents of T-SOD, CAT, and 
GSH in APAP-treated HepG2 cells, thus promoting the antioxidant 
reaction, especially at the concentration of 60 μM, which had the 
best effect (Figure 2d–f). These results clearly indicate that Pue 
has a great antioxidant effect.

F I G U R E  1  Inhibitory effects of Puerarin on APAP induced 
cell cytotoxicity. HepG2 cells were pretreated with different 
concentrations of Pue for 1 h and cultured with 10 mmol L−1 APAP 
for 24 h. Cell activity was detected by CCK-8 assay. The data 
represent the mean ± SD of six independent experiments. *p < .05, 
**p < .01 versus Blank control group; #p < .05, ##p < .01 versus APAP 
group.
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F I G U R E  2  Puerarin alleviates APAP-induced oxidative stress in HepG2 cells. HepG2 cells were pretreated with 15, 30 and 60 μmol L−1 Pue 
for 1 h, and then incubated with 10 mmol L−1 APAP for 24 h. DCFH-DA fluorescent probe was added into the culture medium. Representative 
images were taken under a fluorescence microscope at 200× (a), and fluorescence intensity was detected with a fluorescence microplate 
reader (b). The cells were lysed by ultrasonic wave and the contents of MDA (c), CAT (d), T-SOD (e) and GSH (f) in cell lysate were detected by 
microplate colorimetry. The data represent the mean ± SD of at least three independent experiments. *p < .05, **p < .01 versus Blank control 
group; #p < .05, ##p < .01 versus APAP group.



    |  6609ZHOU et al.

3.3  |  Effects of Puerarin on APAP induced 
mitochondrial dysfunction in HepG2 cells

It has been observed that APAP induced mitochondrial injury is the 
key factor for oxidative stress in the hepatocytes, and the ΔΨm re-
flect the extent of mitochondrial injury which is an important marker 
of early apoptosis (Umbaugh et al.,  2021). As shown in Figure  3a, 
normal cells stained by JC-1 fluorescent probe mainly emitted red 
fluorescence under fluorescence microscope, while HepG2 cells 
treated with APAP mainly presented green fluorescence. However, 
pretreatment of the cells with different concentrations of Pue (15, 
30, 60 μmol L−1), has significantly reduced the APAP-induced green 
fluorescence enhancement, which indicates that Pue can effectively 
alleviate APAP-induced ΔΨm depolarization. Subsequently, we de-
tected the intensity of red fluorescence and green fluorescence re-
spectively by the luciferase plate instrument and calculated the ratio 
of red-green fluorescence (Figure  3b), which further proved that 
puerarin can inhibit the APAP-induced mitochondrial dysfunction in 
HepG2 cells.

3.4  |  Protective effect of puerarin on acute liver 
injury induced by APAP in mice

In vitro results have been demonstrated that Pue can alleviate 
oxidative damage induced by APAP. In order to verify whether 
the same effects can be obtained in vivo, we constructed a mouse 
model of acute liver injury using APAP. As shown in Figure 4a, com-
pared with the blank control group, the liver index in the model 
group was increased significantly, and the difference was reduced 
to varying degrees by preventive administration of Pue (200, 400 
and 800 mg kg−1), among which PueM and PueH showed statistically 
significant differences compared with the model group. In the sub-
sequent blood biochemical tests, we found that the contents of 
ALT, AST, AKP, TBIL, and γ-GT in the serum of model group mice 
were significantly increased, and the contents of these biochemi-
cal factors in the serum were reduced after puerarin pretreatment 
(Figure 4b). In order to further confirm the pathological changes in 
the liver tissue, HE staining was performed. As shown in Figure 4c, 
the liver of blank group had normal structure, and the hepatic cord 
around the central vein was clearly visible, however, in the model 
group, enhanced necrosis in the central veins surrounding cells 
was observed that is characterized by nuclear enrichment, kary-
orrhexis, karyolysis, loss of normal structure, liver blood sinus in-
flammatory cells infiltration. While it was observed that Puerarin 
pretreatment at different levels has significantly ameliorated liver 
injury. In addition, we also determined the antioxidant effect of 
puerarin in vivo. As expected, puerarin can significantly reduce 
the content of MDA, a marker of oxidative stress, and increase the 
levels of CAT, T-SOD and GSH in liver (Figure 4d–g). These results 
suggest that puerarin has a protective effect on acute liver injury 
induced by APAP.

3.5  |  Puerarin activates the Nrf2 signaling pathway 
by inhibiting Keap1

Nrf2 signaling pathway is the regulatory center of the oxidative 
stress response in organisms and can regulate the expression of a 
variety of antioxidant reactive-related genes or enzymes. Therefore, 
we were interested in finding out the effect of puerarin on the Nrf2 
signaling pathway of APAP-induced oxidative damage to HepG2. As 
shown in Figure 5a, compared with APAP group, Pue treatment re-
duced the expression of Keap1 in oxygen-damaged HepG2 cells and 
increase the expression of GCLC, GCLM, HO-1, and NQO1 down-
stream of Nrf2 signaling pathway, while only 60 μM of Pue could 
significantly enhance the expression of Nrf2. Interestingly, we found 
that Pue did not promote the transcription of Nrf2, while the tran-
scription levels of Keap1, GCLC, GCLM, HO-1, and NQO1 showed 
the same trend as the protein levels (Figure 5b). On this basis, we 
detected the expression of Nrf2 in cytoplasm and nucleus of HepG2 
cells, respectively. The results showed that the treatment of Pue 
alone could significantly promote the nuclear migration of Nrf2, 
and this phenomenon was more obvious in APAP-induced oxidative 
damage cells (Figure 5c).

In order to verify whether puerarin has the same effect in vivo, 
we investigated the effect of puerarin on Nrf2 signaling pathway 
in APAP-induced acute liver injury mice. As shown by western blot 
analysis (Figure 6a), compared with the blank group, the expression 
of Keap1 protein was significantly reduced in mice with acute liver 
injury; meanwhile, the expression of Nrf2, GCLC, HO-1, and NQO1 
increased significantly, while GCLM showed an upward trend but no 
statistical difference. Compared with the APAP group, the expres-
sion of Keap1 was decreased and the expression of other proteins 
were further increased after pretreatment with Pue in advance. It 
is worth mentioning that the expression of Nrf2 was significantly 
increased only in PueH. On this basis, we detected the expression of 
Nrf2 in cytoplasm and nucleus of mice liver, respectively. The results 
showed that the treatment of Pue alone could significantly promote 
the nuclear migration of Nrf2, and this phenomenon was more ob-
vious in APAP-induced oxidative damage liver cells (Figure 6b). On 
the basis of vivo results, we have consistently concluded that Pue 
activates the Nrf2 signaling pathway mainly by inhibiting Keap1.

Taken together, these findings we concluded that Pue can pro-
mote the nuclear translocation of Nrf2 by inhibiting the expression 
of Keap1, thereby activating the expression of GCLC, GCLM, HO-1, 
and NQO1, exerting antioxidant effects and alleviating the hepato-
cyte injury caused by APAP.

4  |  DISCUSSION

The liver is one of the most important organs of the organism, serving 
as the two most important functions of metabolism and detoxification. 
Drug-induced liver injury is a common type of liver disease and has 
become a serious public health problem worldwide (Ramachandran & 
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Jaeschke, 2019). Based on the antioxidant function of puerarin, in this 
study, we have systematically evaluated the protective effect of puera-
rin on hepatotoxicity induced by APAP in vivo and in vitro.

Organ index is one of the biological characteristics that used to 
measure and reflects the functional state of animals, which can be 
used as evidence to evaluate histopathological changes, and it is also 
a sensitive index to judge the toxicity of drugs (Bailey et al.,  2004). 
Due to the low bioavailability of puerarin in oral administration (El 
Desoky et al., 2022; Zhang, 2019), mice were treated with 200, 400, 
800 mg kg−1 Pue for 10 days in advance and then injected intraperi-
toneally with 300 mg kg−1 APAP to establish the model of acute liver 

injury. Interestingly, we found that Pue can significantly reduce liver 
index in APAP injected mice. In order to further confirm the patho-
logical changes of liver tissue, the liver sections were observed by HE 
staining in this experiment. The results showed that Pue could reduce 
the necrosis of liver cells around the central vein to a certain extent.

For liver diseases, blood biochemical test can reflect the changes 
of liver function to a large extent, so it also has a particularly im-
portant application value. Serum levels of ALT, AST, AKP, γ-GT, and 
TBIL are the most common indicators of liver function evaluation 
(Kwo et al., 2017; Woreta & Alqahtani, 2014). We found that com-
pared with the blank control group, the five liver function related 

F I G U R E  3  Puerarin inhibited APAP-induced mitochondrial dysfunction in HepG2 cells. HepG2 cells were grouped with 10 mmol L−1 APAP 
and different concentrations of Pue for 24 h. (a) JC-1 fluorescent probe was added to stain the cells, and representative images were taken 
under a fluorescence microscope at 200×. (b) The ratio of red-green fluorescence was calculated. The data represent the mean ± SD of three 
independent experiments. *p < .05, **p < .01 versus Blank control group; #p < .05, ##p < .01 versus APAP group.
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F I G U R E  4  Protective effect of puerarin on acute liver injury induced by APAP in mice. After 7 days of feeding, mice were given different 
doses of Pue (200, 400 and 800 mg kg−1) for 10 days, and then, 300 mg kg−1 APAP was intraperitoneally injected to establish the model of 
acute liver injury. (a) The liver index was measured. (b) The contents of ALT, AST, TBIL and γ-GT in serum of mice were measured. (c) The 
representative HE staining liver samples were observed under a 100× and 400× microscope. The liver homogenate was prepared, and 
the supernatant was taken after centrifugation. The contents of MDA (d), CAT (e), T-SOD (f) and GSH (g) in supernatant were detected by 
microplate colorimetry. The data represent the mean ± SD, n = 10. *p < .05, **p < .01 versus. Blank control group; #p < .05, ##p < .01 versus 
APAP group.
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indexes in the APAP group were significantly changed, and ALT and 
AST index increased the most, which was consistent with the blood 
biochemical characteristics of acute liver injury caused by acetamin-
ophen (Andrade et al., 2019). The serum contents of ALT, AST, AKP, 
γ-GT, and TBIL in mice pretreated with different doses of Pue were 
reduced in a dose-dependent manner. These results proved that 
puerarin has a protective effect on APAP-induced acute liver injury.

Oxidative stress is the key cause of liver injury caused by APAP. 
GSH is a kind of low molecular scavenger, which can be used to 
measure the antioxidant capacity of the organism (Townsend 
et al., 2003). Since the toxic mechanism of oxidative stress induced 

by APAP is the depletion of GSH, which makes it particularly im-
portant to detect the GSH content in the liver. SOD and CAT are 
important components of the biological antioxidant enzyme system, 
which can remove oxygen free radicals produced by metabolism in 
cells and protect cells from the toxicity of peroxides (Ighodaro & 
Akinloye, 2018). MDA is the product of lipid peroxidation and can 
indirectly reflect the degree of cell damage (Całyniuk et al., 2016). 
Therefore, GSH, SOD, CAT, and MDA can be used as indexes to eval-
uate liver oxidative damage. Both in vivo and in vitro experimental 
results showed that Pue treatment increased the contents of GSH, 
SOD and CAT in liver and HepG2 cells, and reduce the content of 

F I G U R E  5  Puerarin activates the Nrf2 signaling pathway by inhibiting Keap1. HepG2 cells were grouped with 10 mmol L−1 APAP 
and different concentrations of Pue for 24 h; Mice were given different doses of Pue (200, 400 and 800 mg kg−1) for 10 days, and then, 
300 mg kg−1 APAP was intraperitoneally injected to establish the model of acute liver injury. (a) The protein contents of Keap1, Nrf2, GCLC, 
GCLM, HO-1 and NQO1 in HepG2 cells lysates were analyzed by Western blot analysis. (b) Total RNA was extracted from HepG2 cells, and 
quantitative real-time PCR was used to detect the mRNA expression levels of KEAP1, Nrf2, GCLC, GCLM, HO-1, and NQO1. (c) The protein 
expression levels of Nrf2 in cytoplasm and nucleus were analyzed by Western blot. Expression levels of Keap1, Nrf2, GCLC, GCLM, HO-1 
and NQO1 in mouse liver were analyzed by Western blot. The data represent the mean ± SD of at least three independent experiments. 
*p < .05, **p < .01 versus Blank control group; #p < .05, ##p < .01 versus APAP group; &p < .05, &&p < .01 versus Pue-treated group.
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MAD. Subsequently, the experiment for determination of ROS in 
HepG2 cells was performed. It was observed that Pue treatment has 
significantly reduced the APAP induced ROS increase, which proved 
that Pue could effectively alleviate the oxidative stress. Oxidative 
stress is linked to mitochondrial dysfunction (Ott et al., 2007). The 
decrease of ΔΨm indicates mitochondrial dysfunction and is also one 
of the early markers of apoptosis. We used JC-1 fluorescent probe to 
detect ΔΨm, and as expected, puerarin could alleviate the decrease 
of ΔΨm caused by APAP, that is, alleviate mitochondrial damage.

Nrf2 as a key coordinating factor of anti-oxidative stress, plays 
an indispensable role in improving and alleviating acute liver injury. 
Crucially, among Nrf2-regulated proteins, GCLC and GCLM act as the 
catalytic and regulatory subunits of γ-GCS, respectively, and their 
expression determines the activity of γ-GCS, which are rate-limiting 
enzymes for GSH synthesis (Lu,  2009). Therefore, Nrf2 signaling 
pathway may become a potential target for the treatment of APAP-
induced acute liver injury. Keap1 is the upstream negative regulator 
of Nrf2, and has an inhibitory effect on the nuclear translocation of 

F I G U R E  6  Puerarin activates the Nrf2 signaling pathway by inhibiting Keap1. Mice were given different doses of Pue (200, 400 and 
800 mg kg−1) for 10 days, and then 300 mg kg−1 APAP was intraperitoneally injected to establish the model of acute liver injury. (a) The protein 
expression levels of Keap1, Nrf2, GCLC, GCLM, HO-1 and NQO1 in mouse liver were analyzed by Western blot. (b) Total RNA was extracted 
from mouse liver, and Quantitative real-time PCR was used to detect the mRNA expression levels of KEAP1, Nrf2, GCLC, GCLM, HO-1 and 
NQO1. The data represent the mean ± SD of at least three independent experiments. *p < .05, **p < .01 versus Blank control group; #p < .05, 
##p < .01 versus APAP group; &p < .05, &&p < .01 versus Pue-treated group.
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Nrf2 (Suzuki et al., 2013). In this study, we investigated the effect 
of Pue on the Nrf2 signaling pathway. Our experimental conclusion 
showed that Pue can inhibit the expression of Keap1 to promote the 
nuclear migration of Nrf2, and activate the expressions of GCLC, 
GCLM, HO-1, and NQO1, so as to promote the production of cell 
antioxidants and alleviate mitochondrial damage. Subsequent in vivo 
studies supported this view. Interestingly, we found that APAP can 
also activate the Nrf2 signaling pathway, which is consistent with ex-
isting report (Shen et al., 2018). This is because cells under the state 
of oxidative stress will spontaneously activate the Nrf2 signaling 
pathway to play the role of anti-oxidative damage, while Pue can fur-
ther promote the antioxidant reaction without causing cell damage.

By reason of the foregoing, these data suggest that Pue has ex-
cellent antioxidant activity both in vivo and in vitro, may alleviates 
APAP-induced liver injury through activation of Nrf2 signaling path-
way. Although the clinical practicality of puerarin is limited by its low 
bioavailability, these problems will be solved with the development 
of microemulsion and nanoparticle technology (Luo et al., 2011; Wu 
et al., 2018). We have reason to believe that Pue has the possibility 
of becoming a candidate drug for preventing liver injury and has a 
broad application prospect.

5  |  CONCLUSION

To sum up, Pue can activate the antioxidant reaction by inhibiting 
the expression of Keap1, which can control the nuclear migration 
of Nrf2, thereby enhancing the activities of GSH and various anti-
oxidant enzymes to reduce the accumulation of ROS and alleviate 
mitochondrial damage, thus playing a protective role against the 
liver injury caused by APAP. Therefore, Pue may be considered as a 
potential complementary and alternative therapy for the prevention 
of APAP-induced acute liver injury.

AUTHOR CONTRIBUTIONS
Wanhai Zhou: Conceptualization, Formal analysis, Investigation, 
Methodology, Resources, Date curtin, Validation, Visualization, 
Writing-original draft. Heng He: Conceptualization, Formal analy-
sis, Investigation, Methodology, Resources, Date curtin, Validation, 
Visualization, Writing-original draft, Writing-review & editing. 
Qin Wei & Litao Che: Visualization, Formal analysis, Investigation, 
Methodology. Xin Zhao: Data curation, Formal analysis, Validation, 
Visualization. Wenwen Liu & Yue Yan: Validation, Visualization. 
Liangqing Hu & Yonghua Du: Visualization, Formal analysis, 
Investigation, Supervision. Yongkang Shuai & Li Yang: Validation, 
Visualization, Writing-review & editing. Zhongqiong Yin & Ruizhang 
Feng: Conceptualization, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Resources, 
Supervision, Writing-review & editing.

ACKNOWLEDG MENTS
We would like to acknowledge the contributions of colleagues, in-
stitutions, and agencies that aided the efforts of the authors. This 

research was supported by the Program Bureau of Science and tech-
nology (2021YGC03), the Open Fund of Key Lab of Aromatic Plant 
Resources Exploitation and Utilization in Sichuan Higher Education 
(21XLZ01), the Open Fund of Sichuan Oil Cinnamon Engineering 
Technology Research Center (21YZY06, 22YZZ01), the program 
Sichuan Veterinary Medicine and Drug Innovation Group of China 
Agricultural Research System (SCCXTD-2020-18).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

DATA AVAIL ABILIT Y S TATEMENT
All datasets presented in this study are include in the article/sup-
plementary material.

E THIC S S TATEMENT
All procedures involving animals and their care in this study were 
approved (No. 20190604) by the Ethics Committee of Sichuan 
Agricultural University according to the Regulation of Experimental 
Animal Management (State Scientific and Technological 
Commission of the People's Republic of China, No. 2, 1988) and 
The Interim Measures of Sichuan Province Experimental Animal 
Management (Science and Technology Bureau of Sichuan, China, 
No. 25, 2013).

ORCID
Zhongqiong Yin   https://orcid.org/0000-0003-1752-644X 

R E FE R E N C E S
Andrade, R. J., Aithal, G. P., Björnsson, E. S., Kaplowitz, N., Kullak-Ublick, 

G. A., Larrey, D., & Karlsen, T. H. (2019). EASL clinical practice 
guidelines: Drug-induced liver injury. Journal of Hepatology, 70, 
1222–1261.

Bacanli, M., Aydin, S., Başaran, A. A., & Başaran, N. (2018). A phytoestro-
gen puerarin and its health effects. In Polyphenols: Prevention and 
treatment of human disease (pp. 425–431). ACADEMIC PRESS.

Bailey, S. A., Zidell, R. H., & Perry, R. W. (2004). Relationships between 
organ weight and body/brain weight in the rat: WhaT is the best 
analytical endpoint? Toxicologic Pathology, 32, 448–466.

Całyniuk, B., Grochowska-Niedworok, E., Walkiewicz, K., Kawecka, S., 
Popiołek, E., & Fatyga, E. (2016). Malondialdehyde (MDA) – Product 
of lipid peroxidation as marker of homeostasis disorders and aging. 
Annales Academiae Medicae Silesiensis, 70, 224–228.

Chan, K., Han, X. D., & Kan, Y. W. (2001). An important function of Nrf2 
in combating oxidative stress: Detoxification of acetaminophen. 
Proceedings of the National Academy of Sciences of the United States 
of America, 98, 4611–4616.

Cherdshewasart, W., & Sutjit, W. (2008). Correlation of antioxidant ac-
tivity and major isoflavonoid contents of the phytoestrogen-rich 
Pueraria mirifica and Pueraria lobata tubers. Phytomedicine, 15, 
38–43.

Chun, L. J., Tong, M. J., Busuttil, R. W., & Hiatt, J. R. (2009). 
Acetaminophen hepatotoxicity and acute liver failure. Journal of 
Clinical Gastroenterology, 43, 342–349.

El Desoky, G. E., Wabaidur, S. M., Alothman, Z. A., & Habila, M. A. (2022). 
Evaluation of Nano-curcumin effects against tartrazine-induced 

https://orcid.org/0000-0003-1752-644X
https://orcid.org/0000-0003-1752-644X


    |  6615ZHOU et al.

abnormalities in liver and kidney histology and other biochemical 
parameters. Food Science & Nutrition, 10(5), 1344–1356.

Enomoto, A., Itoh, K., Nagayoshi, E., Haruta, J., Kimura, T., O'Connor, 
T., Harada, T., & Yamamoto, M. (2001). High sensitivity of Nrf2 
knockout mice to acetaminophen hepatotoxicity associated 
with decreased expression of ARE-regulated drug metabo-
lizing enzymes and antioxidant genes. Toxicological Sciences, 59, 
169–177.

He, H., Peng, S., Song, X., Jia, R., Zou, Y., Li, L., & Yin, Z. (2022). Protective 
effect of isoflavones and triterpenoid saponins from pueraria lo-
bata on liver diseases: A review. Food Science & Nutrition, 10(1), 
272–285.

Ighodaro, O. M., & Akinloye, O. A. (2018). First line defence antioxidants-
superoxide dismutase (SOD), catalase (CAT) and glutathione per-
oxidase (GPX): Their fundamental role in the entire antioxidant de-
fence grid. Alexandria Journal of Medicine, 54, 287–293.

Kwo, P. Y., Cohen, S. M., & Lim, J. K. (2017). ACG clinical guideline: 
Evaluation of abnormal liver chemistries. American Journal of 
Gastroenterology, 112, 18–35.

Lee, J. S. (2004). Supplementation of Pueraria radix water extract on 
changes of antioxidant enzymes and lipid profile in ethanol-treated 
rats. Clinica Chimica Acta, 347, 121–128.

Lee, W. M. (2013). Drug-induced acute liver failure. Clinics in Liver 
Disease, 17, 575–586.

Li, X., Lin, Y., Zhou, H., Li, Y., Wang, A., Wang, H., & Zhou, M. S. (2017). 
Puerarin protects against endothelial dysfunction and end-organ 
damage in ang II-induced hypertension. Clinical and Experimental 
Hypertension, 39, 58–64.

Li, X., Zhang, J., Zhang, X., & Dong, M. (2020). Puerarin suppresses 
MPP+/MPTP-induced oxidative stress through an Nrf2-dependent 
mechanism. Food and Chemical Toxicology, 144, 111644.

Liu, J., Shi, Y.-C., & Lee, D. Y.-W. (2019). Applications of Pueraria lobata 
in treating diabetics and reducing alcohol drinking. Chinese Herbal 
Medicine, 11, 141–149.

Lu, S. C. (2009). Regulation of glutathione synthesis. Molecular Aspects of 
Medicine, 30, 42–59.

Luo, C. F., Yuan, M., Chen, M. S., Liu, S. M., Zhu, L., Huang, B. Y., Liu, X. 
W., & Xiong, W. (2011). Pharmacokinetics, tissue distribution and 
relative bioavailability of puerarin solid lipid nanoparticles follow-
ing oral administration. International Journal of Pharmaceutics, 410, 
138–144.

Nguyen, T., Nioi, P., & Pickett, C. B. (2009). The Nrf2-antioxidant re-
sponse element signaling pathway and its activation by oxidative 
stress. Journal of Biological Chemistry, 284, 13291–13295.

Ott, M., Gogvadze, V., Orrenius, S., & Zhivotovsky, B. (2007). 
Mitochondria, oxidative stress and cell death. Apoptosis, 12, 
913–922.

Ramachandran, A., & Jaeschke, H. (2019). Acetaminophen hepatotoxic-
ity. Seminars in Liver Disease, 39, 221–234.

Ray, P. D., Huang, B. W., & Tsuji, Y. (2012). Reactive oxygen species (ROS) 
homeostasis and redox regulation in cellular signaling. Cellular 
Signalling, 24, 981–990.

Shen, Z., Wang, Y., Su, Z., Kou, R., Xie, K., & Song, F. (2018). Activation 
of p62-keap1-Nrf2 antioxidant pathway in the early stage of 
acetaminophen-induced acute liver injury in mice. Chemico-
Biological Interactions, 282, 22–28.

Suzuki, T., Motohashi, H., & Yamamoto, M. (2013). Toward clinical ap-
plication of the Keap1-Nrf2 pathway. Trends in Pharmacological 
Sciences, 34, 340–346.

Townsend, D. M., Tew, K. D., & Tapiero, H. (2003). The importance of 
glutathione in human disease. Biomedicine and Pharmacotherapy, 57, 
145–155.

Umbaugh, D. S., Nguyen, N. T., Jaeschke, H., & Ramachandran, A. (2021). 
Mitochondrial membrane potential drives early change in mito-
chondrial morphology after acetaminophen exposure. Toxicological 
Sciences, 180, 186–195.

Woreta, T. A., & Alqahtani, S. A. (2014). Evaluation of abnormal liver 
tests. Medical Clinics of North America, 98, 1–16.

Wu, J. Y., Li, Y. J., Han, M., Bin, H. X., Yang, L., Wang, J. M., & Xiang, D. X. 
(2018). A microemulsion of puerarin–phospholipid complex for im-
proving bioavailability: Preparation, in vitro and in vivo evaluations. 
Drug Development and Industrial Pharmacy, 44, 1336–1341.

Xu, D. X., Guo, X. X., Zeng, Z., Wang, Y., & Qiu, J. (2021). Puerarin im-
proves hepatic glucose and lipid homeostasis: In vitro and in vivo 
by regulating the AMPK pathway. Food & Function, 12, 2726–2740.

Xu, M., Che, L., Gao, K., Wang, L., Yang, X., Wen, X., Li, M., & Jiang, Z. 
(2023). Taurine alleviates oxidative stress in porcine mammary epi-
thelial cells by stimulating the Nrf2-MAPK signaling pathway. Food 
Science & Nutrition, 11(4), 1736–1746.

Yan, M., Huo, Y., Yin, S., & Hu, H. (2018). Mechanisms of acetaminophen-
induced liver injury and its implications for therapeutic interven-
tions. Redox Biology, 17, 274–283.

Zhang, L. (2019). Pharmacokinetics and drug delivery systems for puer-
arin, a bioactive flavone from traditional Chinese medicine. Drug 
Delivery, 26, 860–869.

Zhao, M., Du, Y. Q., Yuan, L., & Wang, N. N. (2010). Protective effect of 
puerarin on acute alcoholic liver injury. American Journal of Chinese 
Medicine, 38, 241–249.

Zhao, Y. R., Du, L. D., Zhang, L., & Du, G. H. (2018). Puerarin.
Zhou, Y. X., Zhang, H., & Peng, C. (2014). Puerarin: A review of pharma-

cological effects. Phytotherapy Research, 28, 961–975.

How to cite this article: Zhou, W., He, H., Wei, Q., Che, L., 
Zhao, X., Liu, W., Yan, Y., Hu, L., Du, Y., Yin, Z., Shuai, Y., Yang, 
L., & Feng, R. (2023). Puerarin protects against 
acetaminophen-induced oxidative damage in liver through 
activation of the Keap1/Nrf2 signaling pathway. Food Science 
& Nutrition, 11, 6604–6615. https://doi.org/10.1002/
fsn3.3609

https://doi.org/10.1002/fsn3.3609
https://doi.org/10.1002/fsn3.3609

	Puerarin protects against acetaminophen-­induced oxidative damage in liver through activation of the Keap1/Nrf2 signaling pathway
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Chemicals and reagents
	2.2|Cell culture
	2.3|Cell viability
	2.4|Measurement of intracellular ROS
	2.5|Measurement of mitochondrial membrane potential
	2.6|Quantitative real-­time PCR
	2.7|Animals
	2.8|Liver index assay
	2.9|Hematoxylin–­eosin staining
	2.10|Measurement of blood biochemistry
	2.11|Measurement of oxidative stress
	2.12|Western blot analysis
	2.13|Statistical analyses

	3|RESULTS
	3.1|Inhibitory effects of Puerarin on APAP-­induced cell cytotoxicity
	3.2|Puerarin alleviates APAP-­induced oxidative stress in HepG2 cells
	3.3|Effects of Puerarin on APAP induced mitochondrial dysfunction in HepG2 cells
	3.4|Protective effect of puerarin on acute liver injury induced by APAP in mice
	3.5|Puerarin activates the Nrf2 signaling pathway by inhibiting Keap1

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


