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The purpose of this study is to investigate the protective effect of kaempferol (KAE), the
main active monomer from Penthorum chinense Pursh, on hepatic ischemia/reperfusion
injury (HI/RI) and its specific mechanism. HI/RI is a common complication closely related to
the prognosis of liver surgery, and effective prevention and treatment methods are still
unavailable. Ischemia/reperfusion (I/R) injury is caused by tissue damage during ischemia
and sustained oxidative stress and inflammation during reperfusion. Penthorum chinense
Pursh is a traditional Chinese medicine widely used to treat liver disease since ancient
times. Kaempferol (KAE), a highly purified flavonoid active monomer isolated and extracted
from Penthorum chinense Pursh, was investigated for its protective effect on HI/RI. Our
study indicates that KAE pretreatment alleviated I/R-induced transaminase elevation and
pathological changes. Further analysis revealed that KAE pretreatment attenuates
I/R-induced oxidative stress (as measured by the content of MDA, SOD and GSH) in
vivo and reduces hypoxia/reoxygenation (H/R) -induced reactive oxygen species (ROS)
generation in vitro. Meanwhile, KAE inhibits activation of NF-κB/p65 and reduces the
release of pro-inflammatory factors (TNF-α and IL-6) to protect the liver from I/R-induced
inflammation. Nuclear erythroid 2-related factor 2 (Nrf2) is a crucial cytoprotection regulator
because it induces anti-inflammatory, antioxidant, and cytoprotective genes. Therefore,
we analyzed the protein levels of Nrf2 and its downstream heme oxygenase-1 (HO-1) in the
liver of mice and hepatocytes of humankind, respectively, and discovered that KAE
pretreatment activates the Nrf2/HO-1 signaling pathway. In summary, this study
confirmed the hepatoprotective effect of KAE on HI/RI, which inhibits oxidative stress
and inflammation by activating the Nrf2/HO-1 signaling pathway.
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INTRODUCTION

HI/RI is a pathological state characterized by initial restriction of
blood flow to the organ followed by restoration of perfusion and
concomitant reoxygenation. However, blood flow restoration and
reoxygenation are frequently associated with worsening tissue
damage and a severe inflammatory response (Eltzschig and Eckle,
2011). HI/RI is a severe and unavoidable complication of certain
liver surgeries, particularly partial hepatectomy and liver
transplantation. It can result in delayed recovery of liver
function and nonfunctioning of the transplanted liver
following surgery, compromising the prognosis of liver surgery
(Jochmans et al., 2017). HI/RI is a biphasic pathophysiological
process that consists of two phases; the ischemic phase and the
reperfusion phase. During ischemia, activated Kupffer cells
release ROS, TNF-α, and IL-1β, leading to subsequent
leukocyte recruitment, hepatocyte death, and endothelial injury
(Ju and Tacke, 2016; Abu-Amara et al., 2010). Meanwhile,
reoxygenation during the reperfusion period will lead to acute
ROS generation, and the rapid accumulation of ROS directly
causes tissue damage and impairs mitochondrial function and
antioxidant systems, further exacerbating the deleterious effects
of ROS, leading to sterile inflammation, apoptosis, and organ
failure (Elias-Miró et al., 2013).

Natural product-based drugs have been regarded as a novel
therapeutic strategy for preventing and treating certain diseases in
recent years. Previous studies have shown that herbal active
monomers have tremendous therapeutic potential, with
pharmacological effects, including anti-inflammatory,
antioxidant, and anti-apoptotic (Subramanya et al., 2018).
Penthorum chinense Pursh (also known as Ganhuangcao in
traditional Chinese medicine) is a medicinal and edible herb
native to Miao nationality in China that grows primarily in
southwest China (especially in Gulin County, Luzhou,
Sichuan). Penthorum chinense Pursh has been used to treat
liver diseases and alleviate liver injury in acute and chronic
hepatitis, liver fibrosis, and non-alcoholic fatty liver disease for
thousands of years (Wang et al., 2015). The main active
ingredients of Penthorum chinense Pursh include flavonoids,
organic acids, sterols, lignans, and volatile oils (Guo et al., 2015).

In our previous study (Du et al., 2020), we isolated and
extracted high purity KAE (purity >98%, based on High-

performance liquid chromatography (HPLC) analysis)
(Figure 1) from Penthorum chinense Pursh and demonstrated
its significant anti-inflammatory, antioxidant, and anti-apoptotic
effects using the acetaminophen (N-acetyl-p-aminophenol,
APAP)-induced hepatotoxicity mice model. Furthermore,
Rabha et al. (Rabha et al., 2018) demonstrated that in a mice
model of sepsis-induced acute lung injury, KAE pretreatment
reduced the levels of cytokines IL-6, IL-1β, and TNF-α in plasma
and lung tissue and increases the antioxidant products, SOD and
GSH, to attenuate inflammation and oxidative stress.

Current studies widely indicate that oxidative stress and
inflammation are critical mechanisms for the occurrence and
progression of HI/RI, which is induced by the release of
inflammatory factors (primarily TNF-α and IL-6, etc.) and the
accumulation of ROS. Therefore, inhibiting oxidative stress and
inflammation following liver surgery is a feasible therapeutic
strategy for alleviating HI/RI (Pizzino et al., 2017; Nace et al.,
2013). Based on the above background, this study examined the
protective effect of KAE on I/R injury using the HI/RI model of
mice and the H/R model of hepatocytes, and investigated the
specific mechanism of the hepatoprotective effects of KAE.

MATERIALS AND METHODS

KAE Extraction and Isolation
The method for isolating and extracting KAE from Penthorum
chinense Pursh is described in our previous study (Du et al.,
2020), and the purity was confirmed to be >98% based on HPLC
analysis (Figure 1).

Animals and Groups
We purchased 48 male C57BL/6 mice (8–10 weeks old, weighing
18–22 g) from Hua Fukang Bioscience (Beijing, China) and
housed them under controlled light (12-h light/dark cycle) and
temperature (22 ± 2°C) conditions with free access to food and
water. After 1 week of adaptive feeding, the mice were randomly
divided into the following groups (eight mice each): 1) Sham
group (Sham); 2) KAE 60 mg/kg group (KAE60); 3) HI/RI group
(HI/RI); 4) HI/RI + KAE 15 mg/kg (HI/RI + KAE15); 5) HI/RI +
KAE 30 mg/kg (HI/RI + KAE30); 6) HI/RI + KAE 60 mg/kg (HI/
RI + KAE60).

Mice in groups 2), 4), 5), and 6) were administered the above
dose of KAE by gavage for 7 days, and HI/RI model was
performed, with samples collected on day 8. All animal
experiments in this study were reviewed and approved by the
Animal Care and Use Committee and Ethics Committee of
Southwest Medical University.

Mice HI/RI Model
According to Yuta Abe’s method, nonlethal segmental (70%) liver
ischemia was established. Briefly, all mice were anesthetized with
sodium pentobarbital (40 mg/kg, i.p) before dissecting their
abdomens along the midline. Then, using an atraumatic
microvascular clamp, nonlethal segmental (70%) liver ischemia
was induced by occlusion of the hepatic artery and portal vein of
the left and median lobes. After 60 min of segmental liver

FIGURE 1 | Chemical and 3D structure of KAE and chemical properties.
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ischemia, the clamps were removed to initiate liver reperfusion.
The mice were sacrificed with overdose sodium pentobarbital
(90 mg/kg, i. p) after 6 h of reperfusion, and plasma and liver
tissues were collected for analysis. Additionally, the mice
belonging to the Sham group underwent a midline laparotomy
incision without microvascular clamp placement.

Cell Culture and H/R Model of Hepatocytes
Normal human hepatocytes QSG-7701 were purchased from
Beyotime Biotechnology (Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo
Fisher Scientific, United States) supplemented with 10% fetal
bovine serum (Biological Industries, Beit Haemek, Israel) and 1%
penicillin-streptomycin (Solarbio, Beijing, China) in a humidified
incubator (Thermo Fisher Scientific, United States; 37°C, 5%
CO2). The H/R model of hepatocytes was established with
some modifications to our previous study (Du et al., 2019).
Briefly, experimental group hepatocytes were pretreated with
various concentrations of KAE for 24 h before H/R procedure,
while the control group was treated with the same volume of the
KAE vehicle (DMSO; Solarbio, Beijing China) and maintained in
the incubator. After that, all hepatocytes were washed twice with
warm PBS and replaced with glucose-free and serum-free DMEM
(Balanced with 1% O2, 5% CO2, and 94% N2; Procell, Wuhan,
China) 1 h before the hypoxia period. Experimental group cells
were then cultured under hypoxic conditions (37°C, 1% O2, 5%
CO2, and balanced N2) in an InvivO2 400 hypoxic workstation
(Baker Ruskinn, United Kingdom) for 6 h. Then, both groups of
hepatocytes were replaced with fresh warm DMEM in the
incubator (37°C, 5% CO2) for a 4-h reoxygenation period.

Serum Aminotransferase Analyses
Mice serum samples were obtained by centrifuging (4°C,
5,000 rpm, 5 min) blood. An automatic biochemical analyzer
(ADVIA 2400 Chemistry System, Siemens, Germany) was
used to determine the serum activities of ALT and AST in mice.

Determination of Hepatic MDA, SOD and
GSH Content
The supernatant was collected after the homogenization of the
mice liver, and the content of MDA, SOD and GSH were
measured according to the kit manufacturer’s instructions
(Beyotime, Shanghai, China).

Hematoxylin-Eosin and
Immunohistochemistry Staining
Liver samples from each group of mice were collected immediately
after the I/R procedure and fixed in a 4% paraformaldehyde
solution for 24 h, followed by dehydration with gradient
ethanol, paraffin embedding, and sectioning for H&E and IHC
staining of HO-1 (1:500, Proteintech, Wuhan, China).

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP-Biotin Nick
End Labeling Apoptosis Assay
TUNEL apoptosis assay for mice liver tissue sections was
performed according to the kit manufacturer’s instructions
(Servicebio, Wuhan, China).

Cell Viability Assay
According to the manufacturer’s instructions, cell viability was
determined using the cell counting kit 8 (CCK-8; Beyotime,
Shanghai, China). Briefly, hepatocytes (3 × 104/well) were
inoculated in a 96-well plate, then 10 μl CCK-8 solution was
added and cultured routinely. After 2 h, absorbance at 450 nm
was measured using a Cytation5 Imaging Reader (BioTek,
United States), and cell viability was calculated. Duplicate
wells were used in the respective groups and repeated four times.

Detection of ROS Generation
For cellular ROS determination and fluorescence analysis, we
loaded a dichlorofluorescein-diacetate (DCFH-DA) fluorescent
probe according to the manufacturer’s instructions (Beyotime,
Shanghai, China). The area scan function (3 × 3 reads/well;
excitation/emission = 488/525 nm) of the Gen5 software
(Vision.3.08; Biotek, United States) was used to calculate the
average fluorescence intensity of 6-well plates, and subsequent
fluorescence images were captured using a fluorescence
microscope (IX73; Olympus, Tokyo, Japan).

Western Blotting
According to the manufacturer’s instructions, RIPA lysis buffer
(Beyotime, Shanghai, China) was used to extract total protein
from liver tissue and hepatocytes. Western blotting was
performed as previously described (Lei et al., 2016). The
membranes were incubated with primary antibodies against
NF-κB/p65 (1:1,000; Proteintech, United States), phospho-NF-
κB/p65 (p-p65; 1:1,000; Zen Bioscience, China), TNF-α (1:1,000;
Proteintech; United States), IL-6 (1:1,000; Proteintech,
United States), IL-10 (1:1,000; Wanleibio, China), Bax (1:2000;
Proteintech, United States), Bcl-2 (1:1,000; Proteintech,
United States), Nrf2 (1:1,000; Proteintech, United States), HO-
1 (1:1,000; Proteintech, United States), β-actin (1:5,000;
Proteintech, United States) and then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:5,000; Proteintech, United States). The relative protein
expression was analyzed using ImageJ software (NIH,
Maryland, United States).

Statistical Analysis
All data analyses were performed using GraphPad Prism v.8.0
(GraphPad Software, San Diego, United States) and presented as
mean ± standard deviation. All data were compared using one-
way ANOVA and t-test, and a p-value less than 0.05 (p < 0.05)
was considered to represent statistically significant results.
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RESULTS

KAE Mitigates Liver Injury in Mice HI/RI
Model
In this study, mice were pretreated with different doses of KAE
gavage (15, 30, and 60 mg/kg) for 7 days before establishing HI/RI
models, as previously described (Figure 2A). We first evaluated

the effect of KAE on the liver of mice and observed no significant
difference in liver function (p > 0.05) (Figures 2B,C) and tissue
structure (Figure 2D) between the KAE60 and Sham groups of
mice, confirming that the dose of KAE gavage was not
significantly toxic to mice. While KAE pretreatment dose-
dependently reduced I/R-induced transaminase elevation, with
the most significant effect of KAE at 60 mg/kg (ALT, p < 0.01;

FIGURE 2 |KAEmitigates liver injury in mice HI/RI model. (A) KAE administration and HIRI model establishment in mice (n = 8/group); Effect of KAE pretreatment on
serum of ALT (B) and AST (C); (D) Pathological evaluation of liver tissue specimens by H&E staining (original magnification ×200). Data were expressed as mean ±
standard deviation (SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no
significance.
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AST, p < 0.001) (Figures 2B,C). The Sham and KAE60 groups had
normal liver structure and intact liver lobules onmorphological and
histopathological inspection. In contrast, mice in the HI/RI group
showed a larger area of necrosis in the liver, and KAE pretreatment
reversed this result (Figure 2D). The area of I/R-induced necrosis
was reduced in all KAE pretreatment groups, with the best effect in
the KAE60 group. However, the improvement of I/R by KAE
15mg/kg was less significant (Figure 2D), consistent with
serological results (p > 0.05) (Figures 2B,C).

KAE Attenuates I/R-Induced Oxidative
Stress in vivo
To assess the KAE effect on oxidative stress in the mice HI/RI
model, we measured the content of MDA, SOD and GSH in the
supernatant of mice liver tissue homogenates as markers of
oxidative stress levels (Figures 3A–C). Compared with the
Sham group, the MDA content in the liver of mice subjected
to I/R injury significantly increased (p < 0.001) (Figure 3A), but

the KAE pretreatment group was considerably lower than the HI/
RI group, especially the HIRI + KAE60 group (p < 0.001)
(Figure 3A). SOD and GSH, components of the antioxidant
system in organisms, were significantly reduced by I/R-induced
oxidative stress (p < 0.001) (Figures 3B,C), and KAE
pretreatment dose-dependently reversed this result, with the
best effect at a KAE dose of 60 mg/kg (p < 0.001) (Figures
3B,C). However, KAE pretreatment at 15 mg/kg had almost
no effect on oxidative stress (Figures 3A–C).

KAE Suppresses I/R-Induced Inflammation
in vivo
To investigate the protective effect of KAE against inflammation
induced by I/R, we analyzed the protein expression of
inflammatory factors and markers by western blotting.
I/R-induced significant NF-κB/p65 phosphorylation and
increased the expression of pro-inflammatory factors,
including TNF-α and IL-6 (p < 0.001) (Figures 4A–D),

FIGURE 3 | KAE attenuates I/R-induced oxidative stress in vivo. Determination of MDA (A), SOD (B) and GSH content (C) in mice liver tissue homogenates using
the corresponding kits. Data were expressed asmean ± standard deviation (SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the sham group; #p < 0.05, ##p <
0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
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whereas KAE pretreatment dose-dependently reversed these
effects, and the anti-inflammatory effect was most pronounced
at a dose of 60 mg/kg (p < 0.001) (Figures 4A–D). In addition, the

IL-10 involved in anti-inflammatory was significantly
downregulated by I/R injury (p < 0.001) (Figures 4A,E),
whereas KAE pretreatment dose-dependently restores some of

FIGURE 4 | KAE suppresses I/R-induced inflammation in vivo. (A) Protein expression in liver tissue were determined by western blotting for p65, p-p65, TNF-α, IL-
6, IL-10 and β-actin. (B–E)Relative protein expression was semi-quantified by analyzing protein grayscale values. Data were expressed as mean ± standard deviation
(SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
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the effects (Figures 4A,E). The above results indicate that KAE
pretreatment inhibits I/R-induced pro-inflammatory factors
release by suppressing NF-κB/p65 activation and increasing
the expression of anti-inflammatory factors.

KAE Alleviates I/R-Induced Hepatocellular
Apoptosis in vivo
To further assess the extent of I/R-induced injury in vivo, we
analyzed the expression of related proteins by western blotting

FIGURE 5 | KAE alleviates I/R-induced hepatocellular apoptosis in vivo. (A) Protein expression in liver tissue were determined by western blotting for Bax, BCL-2,
and β-actin; (B,C) Relative protein expression was semi-quantified by analyzing protein grayscale values. (D) Analysis of hepatocellular apoptosis by TUNEL staining.
Data were expressed asmean ± standard deviation (SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001
versus the HI/RI group; NS: no significance.
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and performed TUNEL staining on liver tissue sections. Western
blotting of apoptosis-related protein expression revealed that I/R
significantly upregulated the expression of the pro-apoptotic
protein Bax while inhibiting the expression of the anti-
apoptotic protein Bcl-2 (p < 0.001) (Figures 5A–C), which
was reversed by KAE pretreatment at an optimal dose of

60 mg/kg (p < 0.001) (Figures 5A–C). TUNEL staining was the
next section, and our results showed that a large number of TUNEL-
positive cells were detected in the liver tissue of the HI/RI group
compared with the Sham group (Figure 5D). However, apoptotic
hepatocytes in the KAE pretreatment group were significantly lower
than those in the HI/RI group, which was particularly significant in

FIGURE 6 | KAE activates the Nrf2/HO-1 signaling pathway to attenuate I/R injury in vivo. (A) Protein expression in liver tissue were determined by western blotting
for Nrf2, HO-1, and β-actin; (B,C) Relative protein expression was semi-quantified by analyzing protein grayscale values. (D) Analysis of HO-1 expression in mice liver
tissues by IHC staining. Data were expressed asmean ± standard deviation (SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the sham group; #p < 0.05, ##p <
0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
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the HIRI + KAE60 group (Figure 5D), indicating that KAE
pretreatment inhibits I/R-induced hepatocellular apoptosis by
downregulating pro-apoptotic protein expression and
upregulating anti-apoptotic protein expression.

KAE Activates the Nrf2/HO-1 Signaling
Pathway to Attenuate I/R Injury in vivo
To investigate the role of KAE in the Nrf2/HO-1 signaling
pathway, we analyzed the expression of Nrf2 and HO-1 in

total protein extracts from the mice liver by western blotting.
Our study showed that I/R injury mildly increased the expression
of Nrf2 (p < 0.05) (Figures 6A,B) and dramatically increased the
expression of HO-1 (p < 0.001) (Figures 6A,C) compared with
the Sham group. Compared with the HI/RI group, expression of
Nrf2 and HO-1 were further increased in the KAE pretreatment
groups, and the extent of the increase correlated with the KAE
dose, the effect was most pronounced when KAE pretreatment
dose reached 60 mg/kg (p < 0.001) (Figures 6A,C). IHC staining
of HO-1 showed similar results: a minor increase in HO-1-

FIGURE 7 | KAE palliates H/R-induced hepatocellular apoptosis in vitro. (A) Assessment of cytotoxicity of KAE by cell viability assay; (B) Screening of optimal
concentration of KAE pretreatment by cell viability assay. (C) Protein expression in liver tissue was determined by western blotting for Bax, BCL-2, and β-actin; (D,E)
Relative protein expression was semi-quantified by analyzing protein grayscale values. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ppp <
0.01, and pppp < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the H/R group; NS: no significance.
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positive cells in the HI/RI group compared with the Sham group,
and a significant increase in HO-1-positive cells in the KAE
pretreatment group (Figure 6D). These results indicate that Nrf2
was activated under stress conditions and upregulated HO-1
expression to counteract I/R injury, and KAE pretreatment
further enhanced the effect.

KAE Palliates H/R-Induced Hepatocellular
Apoptosis in vitro
At the cytological level, we started by pretreating the normal
human hepatocyte line QSG-7701 with DMSO and different KAE
concentrations for 24 h. Then, cell viability was measured to
assess the cytotoxicity of KAE (Figure 7A). Hepatocyte
proliferation was significantly inhibited at KAE concentrations
up to 20 μM (p < 0.001) (Figure 7A), hence KAE concentrations
below 20 μM will be used in subsequent experiments. H/R injury
significantly inhibited the proliferation of hepatocytes (p < 0.001)
(Figure 7B), and KAE pretreatment restored the injury, with
5 μM KAE being the optimal concentration (p < 0.01)
(Figure 7B). Subsequently, western blotting was performed to
detect the expression of pro-apoptotic factor Bax and anti-apoptotic
factor Bcl-2 in each group of hepatocytes (Figures 7C–E). The
results showed that H/R significantly upregulated Bax expression
but downregulated the expression of Bcl-2, which was reversed by
KAE with an optimal concentration of 5 μM (p < 0.001) (Figures
7C–E). These findings are similar to those obtained in vivo.

KAE Reduces ROS Generation and
Activates the Nrf2/HO-1 Signaling Pathway
to Relieve H/R Injury in vitro
To assess the level of H/R-induced oxidative stress in vitro, the
DCFH-DA fluorescent probe was used to label ROS. DCFH-DA
fluorescent probe was loaded on hepatocytes, and the
fluorescence area was compared to measure ROS levels.
Pretreatment with a 5 μM KAE concentration reversed
H/R-induced fluorescent area increase, but increasing the KAE
concentration to 20 μM may have caused more ROS generation
(p > 0.05) (Figure 8A). The average fluorescence intensity
measurement confirmed the above results (p < 0.001)
(Figure 8B). Further, we investigated Nrf2 and HO-1 protein
expression in hepatocytes under H/R conditions. Compared with
the Sham group, H/R injury increased the expression of total Nrf2
and its downstream HO-1 (p < 0.001) (Figures 8C–E), which was
further enhanced by KAE pretreatment, especially at KAE
pretreatment concentration of 5 μM (p < 0.001) (Figures
8C–E). The above in vitro results were in good agreement
with the in vivo experiments, confirming the validity of KAE
pretreatment.

DISCUSSION

HI/RI is a common and severe complication in liver surgery,
which constrains the development of hepatic surgery, but current
therapeutic strategies are limited (Yang et al., 2019). KAE, a

flavonoid isolated from Penthorum chinense Pursh, has been
reported to exhibit significant anti-inflammatory and
antioxidant effects (Suchal et al., 2016; Xu et al., 2019; Chen
et al., 2020; Du et al., 2020). However, the effects of KAE on HI/RI
are yet to be reported. Our study showed that KAE pretreatment
significantly reduced I/R-induced impairment of liver function
and tissue structure. We attempted to elucidate its possible
mechanisms in three dimensions: inflammation, oxidative
stress, and apoptosis.

HI/RI manifests as a direct result of hepatocyte injury during
the ischemic phase, which induces an inflammatory response,
and further cellular dysfunction and injury caused by
inflammatory pathway activation (Nace et al., 2013). The anti-
inflammatory effect of KAE has been demonstrated in several
disease models (Devi et al., 2015), and our study showed that the
anti-inflammatory effect of KAE is closely related to the
inhibition of NF-κB phosphorylation. NF-κB/p65, as one of
the primary regulators of classical inflammatory pathways,
plays a vital role in the occurrence and progression of
ischemia-reperfusion injury in multiple organs (Zhang et al.,
2020). In addition, our study indicated that KAE
downregulated the expression of pro-inflammatory factors
(including TNF-α and IL-6) by inhibiting the activation of
NF-κB/p65.

When it comes to oxidative stress, as mentioned previously,
the occurrence and progression of HI/RI are closely related to
oxidative stress, and ROS is a key link in it (Elias-Miró et al.,
2013). Therefore, we measured the content of MDA, SOD, and
GSH in vivo and the level of ROS in vitro to represent the degree
of oxidative stress. Several existing studies have demonstrated the
potential of KAE on scavenging ROS and mitigating oxidative
stress (Saw et al., 2014; Zeka et al., 2020). In the present study, our
data confirmed that KAE exerts antioxidant effects by activating
the Nrf2/HO-1 signaling pathway.

Further investigation of the hepatoprotective effects of KAE
revealed that KAE pretreatment attenuates inflammation and
oxidative stress under stressful conditions in vivo and in vitro and
remarkably alleviates hepatocyte apoptosis. It has long been
demonstrated that Bcl-2 is a critical anti-apoptotic protein in
organisms and promoting Bcl-2 expression significantly alleviates
HI/RI (Selzner et al., 2002). Similarly, our results suggested that
KAE downregulates the expression of apoptotic protein Bax and
upregulates the expression of anti-apoptotic protein Bcl-2 in I/R
and H/R-induced injury, thereby alleviating hepatocyte
apoptosis. Also, TUNEL staining of liver sections supported
the results of western blotting.

Our study on the mechanism of KAE revealed that the potent
anti-inflammatory, antioxidant and anti-apoptotic effects of KAE
might be attributed to the activation of the Nrf2/HO-1 signaling
pathway by KAE. Previous studies have demonstrated that the
Nrf2/HO-1 signaling pathway is one of the critical pathways for
biological resistance to inflammation and oxidative stress, and the
transcriptional response of Nrf2 is essential for maintaining
homeostasis in the organism (Bardallo et al., 2021). Under
physiological conditions, Nrf2 is anchored in the cytoplasm by
binding to its inhibitor, Kelch-like ECH-associated protein-1
(Keap1). Various endogenous or exogenous stimuli dissociate
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Nrf2 from Keap1, resulting in nuclear translocation of Nrf2,
which in turn mediates transcriptional activation of antioxidant
response element (ARE) regulatory genes, thereby reducing ROS
levels, inflammation, and cell death (Bataille and Manautou,
2012; Galicia-Moreno et al., 2020; Jayasuriya et al., 2021).
Among the genes downstream of ARE-mediated

transcriptional activation, up-regulation of HO-1 may be one
of the most critical cytoprotective mechanisms activated during
cellular stress, such as inflammation, ischemia, hypoxia,
hyperoxia, hyperthermia, or radiation (Brockmann et al.,
2005). Moreover, HO-1 was thought to play a crucial role in
maintaining antioxidant/oxidant balance during cellular injury

FIGURE 8 | KAE reduces ROS generation and activates the Nrf2/HO-1 signaling pathway to relieve H/R injury in vitro. (A) Assessment of hepatocellular ROS
generation by DCFH-DA fluorescent probe; (B) Analysis of ROS relative fluorescence intensity by area scan (3 × 3 reads/well; excitation/emission = 488/525 nm); (C)
Protein expression in liver tissue were determined by western blotting for Bax, BCL-2, and β-actin; (D,E) Relative protein expression was semi-quantified by analyzing
protein grayscale values. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ppp < 0.01, and pppp < 0.001 versus the control group; #p <
0.05, ##p < 0.01, and ###p < 0.001 versus the H/R group; NS: no significance.
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(Waltz et al., 2011), and its anti-inflammatory and anti-apoptotic
effects have been validated in multiple disease models (McDaid
et al., 2005).

Notably, studies showed that the expression of Nrf2 and HO-1
were downregulated under stress conditions (Yao et al., 2020; Yu
et al., 2021). In addition, KAE was found to upregulate the
expression of Nrf2 and HO-1 in WT mice and cells without
any treatment (Yao et al., 2020). However, in contrast to earlier
findings, our results demonstrate that KAE pretreatment has no
significant effect under physiological conditions (Sham group
versus KAE60 group in vivo). Meanwhile, Nrf2 and HO-1
expression was mildly elevated under stress conditions (Sham
group versus HI/RI group in vivo; Control group versus H/R
group in vitro), and the effect was dose-dependently enhanced by
KAE pretreatment. Our results are similar to some studies that
indicated that upregulation of Nrf2 and HO-1 expression was
associated with anti-inflammatory and antioxidant functions
initiated by hepatocytes during HI/RI (Li et al., 2021; Ma
et al., 2021; Zhuang et al., 2021). Collectively, our results
suggested that I/R injury upregulated Nrf2 and HO-1 to some
extent to counteract stress and injury and that KAE pretreatment
has a significant effect only when mice are subjected to I/R injury.

CONCLUSION

This study verified the protective effects of KAE pretreatment on
the liver from both animal and cellular perspectives. Its potent anti-
inflammatory and antioxidant effects were associated with
inhibition of the NF-κB/p65 and activation of the Nrf2/HO-1
signaling pathway. Based on the existing studies, the current
study further elaborated the specific mechanism of KAE to
alleviate HI/RI. These results suggest promising drug candidates
for preventing and treating HI/RI and laying the foundation for the
development and application of Penthorum chinense Pursh.
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