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Licorice attenuates
cisplatin-induced hepatotoxicity
by alleviating endoplasmic
reticulum stress and apoptosis

Jie Li*", Xiujuan Yang'!, Xiaolong Lian?, Baojian Li®, Quhuan Ma?,
Lingling Yang?, Guangmiao Gao?, Yi Deng'* and Zhijun Yang'*

!School of Pharmaceutical Science, Gansu University of Traditional Chinese Medicine, Lanzhou, Gansu,
China, ?Department of pharmacy, Qinghai University Medical College, Xining, China, *Shaanxi University
of Chinese Medicine, Xi'an, China

Cisplatin (CP), a widely used antineoplastic drug, could induce hepatotoxicity and
is also one of the most common reasons for drug-induced liver injury (DILI).
Licorice (Chinese name GanCao, GC) is a commonly used herbal drug in
traditional Chinese medicine (TCM) that has been shown to treat liver diseases
and DILI. CP has been documented to induce apoptosis through the promotion
of endoplasmic reticulum (ER) stress. However, the exact role of ER stress in the
pathogenesis of CP-induced hepatotoxicity remains unclear. A rat DILI model
was constructed through intraperitoneal injection of CP, and the anti-DILI effect
of GC was detected by liver coefficients, liver function tests, pathological staining,
and oxidative stress indices. Additionally, the ER stress and apoptosis indices were
investigated by quantitative real-time PCR (gRT-PCR), Western blotting, and
immunofluorescence (IF) on CP-induced toxicity in rat liver tissues and LO2
cells. In the model group, liver function indicators significantly elevated, liver
lesions more pronounced, and the reactive oxygen species (ROS) level in the liver
increased, the expression of ER stress markers, apoptosis factors, and indicators
related to the protein kinase RNA-like ER kinase/activating transcription factor 4/
C/EBP homologous protein (PERK/ATF4/CHOP) pathway significantly elevated.
Treatment of the CP-induced toxicity in the rat model with GC significantly
improved liver function, reduced liver lesions, decreased liver ROS. In addition,
GC significantly inhibited the expression of ER stress markers, apoptosis factors,
and indicators related to PERK/ATF4/CHOP pathway, demonstrating the anti-
CP-induced hepatotoxicity effect of GC. In this study, we verified the protective
effect of GC in CP-induced hepatotoxicity in rats and clarified its mechanisms
related to ER stress and apoptosis.
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Introduction

Drug-induced liver injury (DILI), which is a liver disorder resulting from prescription
and non-prescription drugs, is a major contributor to acute liver failure and death
worldwide (Fernandez-Checa et al., 2021). To date, more than 1,000 drugs have been
associated with DILI (Segovia-Zafra et al., 2021). Cisplatin (CP) is a widely used antitumor
drug; however, severe hepatotoxic side effects limit its efficacy (Abd Rashid et al., 2021).
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Cisplatin induced hepatotoxicity is currently a major health problem
due to its unpredictability and potentially fatal outcome, which can
lead to acute liver failure or death in severe cases (Bademci et al.,
2021). In addition, the hepatotoxicity of cisplatin can further
aggravate renal toxicity (Galfetti et al., 2020). However, the
potential mechanism of cisplatin induced liver injury has not
been fully studied. Data suggest that the pathogenesis of CP-
induced liver injury is thought to be a multi-factorial process
response, injury,
endoplasmic reticulum (ER) stress, and apoptosis, ultimately
leading to hepatocyte death (Aboraya et al, 2022; Fathy et al,
2022; Gad El-Hak et al,, 2022). Consequently, elucidation of the
mechanisms of hepatocyte death is essential for developing
CP-induced

involving  inflammatory oxidative stress

protective  therapeutic  interventions

hepatotoxicity.

against

Oxidative stress serves as a significant mechanism of CP-
induced hepatotoxicity, and many studies have indicated that
oxidative stress imbalance is closely associated with the
pathogenesis of CP-induced liver injury (Abd Rashid et al,
2021). Reactive oxygen species (ROS) are by-products of aerobic
metabolism, which can lead to oxidative stress imbalance during
drug-induced liver injury. Meanwhile, the production of ROS can
lead to mitochondrial dysfunction or inflammation, which
accelerates ER dysfunction and induces the unfolded protein
response (UPR), which ultimately triggers apoptosis in
hepatocytes (Villanueva-Paz et al, 2021). Studies have shown
that oxidative stress caused by the interaction between CP and
ER cytochrome P450 leads to apoptosis through activation of
caspasel2 (Liu and Baliga, 2005). Apoptosis, a primary death-
signaling response, can occur through intrinsic, extrinsic, or ER
stress pathways (Ajoolabady et al., 2023). Activation of ER stress
often leads to hepatocyte injury and death (Wu et al., 2021). When
drug treatment leads to the accumulation of misfolded proteins in
the lumen of the ER, the UPR is activated in response to stress,
promoting inflammation, oxidative stress, and apoptosis. However,
as ER stress increases, apoptotic pathways are activated, ultimately
leading to hepatocyte death (Huang et al., 2023). Research has found
that drugs that inhibit GRK2 (CP-25 or paroxetine) significantly
improve CP-induced acute liver injury (ALI) by suppressing
oxidative stress, ER stress, and reducing hepatocyte apoptosis
(Wang et al., 2024). In addition, Yu et al. found that acupuncture
can improve CP-induced liver injury through reducing the
expression of p-IRE-la, GRP78 and caspase-12, and inhibiting
the apoptosis rate of liver cells to reduce ER stress and apoptosis

Abbreviations:  ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ATF4, activating transcription factor 4; ATF6, activating
transcription factor 6; Bcl2, b-cell lymphoma 2; BSA, bovine serum
albumin; BPI, base peak ion; CHOP, C/EBP homologous protein; CP,
cisplatin; DAPI, 4',6-diamidino-2-phenylindole; DILI, drug-induced liver
injury; elF2a, eukaryotic initiation factor 2a; ELISA, enzyme-linked
immunosorbent assay; ER stress, endoplasmic reticulum stress; GRP78,
glucose-regulated protein 78; HE, hematoxylin and eosin; IREla, inositol-
requiring en-zyme-1a; LDH, lactate dehydrogenase; LT, labile enterotoxin;
PBS, phosphate buffered saline; PERK, protein kinase RNA-like ER kinase; PI,
propidium iodide; gRT-PCR, quantitative real-time PCR; RCN1, reticu-
localbin 1; TBIL, total bilirubin; TCM, traditional Chinese medicine; TEM,
transmission electron microscopy; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling; UPR, unfolded protein
response; WB, Western blotting.
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(Yu et al, 2024). These findings suggest a likely interrelated
mechanism of ROS overproduction leading to oxidative stress
imbalance, sustained activation of apoptosis signaling pathways
and the onset of ER stress, adding to the complexity of the
pathophysiology of DILI. Therefore, it is clinically important to
explore prevention and treatment strategies that simultaneously aim
at oxidative stress, ER stress and apoptosis to ameliorate CP-induced
liver injury.

PERK is a type I transmembrane protein located on the ER
membrane. Excessive activation of PERK signaling may impede a
long-term protein translation, upregulate CHOP transcription
factors, suppress anti-apoptotic genes expression and enhance
pro-apoptotic genes expression, thereby accelerating cell death
(Wang J. et al, 2022). PERK signaling pathway plays a crucial
role in the mechanism of cisplatin toxicity. Tang Z et al. found that
IS enhances cisplatin induced apoptosis by activating the PERK-
elF2a-ATF4-CHOP pathway mediated by ER stress (Tang et al.,
2022). Li X et al
transcriptional activity mediated by ER stress response elements

demonstrated that cisplatin activates

in hepatoma cells by increasing the mRNA level of PERK pathway
(Li et al,, 2018). Ertunc O et al. found that IRB alleviates cisplatin
induced hepatotoxicity by inhibiting ER stress by reducing the gene
expression of the downstream PERK factor CHOP (Ertung et al.,
2024). These studies indicate that PERK is closely related to ER
stress-mediated apoptosis in the mechanism induced by CP.
Consequently, the PERK pathway is a promising therapeutic
target for alleviating CP-induced ER stress and apoptosis.

Studies have shown that natural extracts with multiple
biological activities have promising potential in preventing and
treating various liver injuries, such as bergamot juice extract
(Lombardo et al., 2024), Cardamom Extract (Sun L. et al,
2022), Jasminum grandiflorum L. extract (Alkhalifah et al,
2022), Olive phenolic compounds (Maalej et al., 2017), etc.
Natural medicines are one of the important resources for the
development of medicine, Licorice (Chinese name GanCao, GC)
is derived from the dried root of Glycyrrhiza uralensis Fisch. ex
DC., which was first described in Shen Nong Ben Cao Jing. GC has
been extensively utilized on account of its anti-inflammatory,
attributes.  GC
pharmacologically active constituents, such as glycyrrhetinate,

antiviral and  antioxidant and  its
glycyrrhizic acid, and licoaryl-coumarin, alleviate the symptoms
of drug- and tox-in-induced poisoning and reduce mortality (Li
et al,, 2019). Our previous study showed that GC may ameliorate
CP-induced hepatotoxicity by regulating bile acid metabolism and
gut microbiota. However, the molecular mechanism of GC in the
treatment of CP-induced liver injury remains unclear. It has
previously been shown that elevated CP-induced ROS levels
lead to an imbalance in oxidative stress, which further leads to
ER stress and promotes tissue damage (Demir et al., 2024).
Furthermore, the active constituents of GC have been reported
to attenuate ER stress-induced hepatocyte apoptosis by
modulating the CHOP/DR5/Caspase-8 pathway in cholestasis
(Zou et al., 2023). Therefore, we hypothesized that GC might
prevent CP-induced hepatocyte apoptosis by inhibiting ROS
generation, alleviating oxidative stress injury and reducing ER
stress. Thus, this study aimed to determine the mechanism of GC
modulation of ER stress and apoptosis during CP-induced
hepatotoxicity.
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Materials and methods
GC sample preparation

Wild roots of G. uralensis Fisch. ex DC., purchased from Jinta,
Jiuquan (Gansu, China), were identified by Prof. Yi Deng (Gansu
University of Chinese Medicine). The extraction of Wild GC powder
was conducted by employing 70% ethanol, and the reflux process
was performed twice, each lasting for 3 h. Subsequently, the filtrates
were merged, concentrated, and ultimately freeze-dried to form
powders (39.6% yield). The lyophilized powder was stored at 4°C
and diluted into different concentrations with normal saline before
the experiments.

Analysis and identification of blood
absorption components of GC

Using UPLC-Q-TOF-MS/MS
including terpenoids, phenols, amino acids and other metabolites

technique, 57 compounds
of GC were identified after GC administration in serum, blank
serum and GC extract.

CP-induced model and drug administration

Male SD rats were randomly separated into the following six
groups (8 rats per group): (1) Control, (2) CP (8 mg/kg), (3) CP +
Silibinin (44.1 mg/kg), (4) CP + GC (225 mg/kg), (5) CP + GC
(450 mg/kg), and (6) CP + GC (900 mg/kg) (Li et al., 2024). GC,
suspended in normal saline, and silibinin was used as the positive
98%; Aladdin, Shanghai, China),
suspended in 0.3% CMC-Na, were administered once a day

control group (purity >

for eight consecutive days. The control group and model
group rats were given an equal volume of physiological saline
via gavage, while the silibinin group and GC group were given
drugs via gavage. On the fifth day, 30 min after gavage
administration, apart from the control group, rats were
intraperitoneally injected with CP (purity > 98%; Solarbio,
Beijing, China) at 8 mg/kg to induce liver injury (Li et al.,
2024). After the last dose of normal saline, silibinin, and GC,
the rats were fasted for 24 h, and then anesthetized by
of 30%
(800 mg/kg). Blood was withdrawn from the abdominal aorta,

intraperitoneal injection pentobarbital sodium
and the serum was stored at —20°C for later use. Then, the rats
were euthanized using pentobarbital sodium, and the liver tissue
was flushed with normal saline, frozen at —80°C. Liver function
biochemical indicators and oxidative stress indicators were all
performed using serum samples. Hematoxylin and eosin (HE)
staining, terminal deoxynucleotidyl transferase-mediated 2'-
deoxyuridine 5'-triphosphate (dUTP)-biotin nick end labeling
(TUNEL) staining, dihydroethidium (DHE) staining, and
immunofluorescence (IF) staining were all performed using
one leaf of liver tissue. The ER ultrastructure, Western
blotting (WB), and quantitative real-time PCR (qRT-PCR)

indicators were all detected using the same leaf of liver tissue.

Frontiers in Pharmacology

10.3389/fphar.2025.1557125

Histological analysis

Pathological changes were observed with HE staining (Kkits:
hematoxylin (CR2311076, Servicebio) and eosin (CR2402037-5,
Servicebio)), and apoptosis of liver was observed with TUNEL
staining (kit: G1504-50T, Servicebio). Images were analyzed with
Case-Viewer2.3. The degree of liver injury is assessed using a four-
level grading system called the liver score, which primarily involves a
composite scoring of three pathological indicators, including
hepatocyte edema, necrosis, and inflammatory cell infiltration.
The scoring criteria are as follows: 1) Normal range: 0 points; 2)
Very mild: 1 point; 3) Mild: 2 points; 4) Moderate: 3 points; 5)
Severe: 4 points. Three fields are randomly selected from each
section. For IF (kit: GDP1011, Servicebio) analysis, tissue sections
were fixed with ice acetone for 20 min and then incubated in
phosphate buffered saline (PBS) containing 5% bovine serum
albumin (BSA) for 1 h. Subsequently, incubation was carried out
at 4°C with primary antibodies against ATF4 (1:200, BM5179,
Boster) and CHOP (1:500, 15204-1-AP, Proteintech). The slides
were incubated with secondary antibodies for 1 h. The nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI). The
results were observed using a fluorescence microscope.

Biochemical testing

The serum levels of aspartate aminotransferase (AST)

(B9F140223003X06801, Min-dray), total bilirubin (TBIL)
(A3H140623002X08431, Mindray), alanine aminotransferase
(ALT) (B9E140123004X03617,  Mindray), and lactate

dehydrogenase (LDH) (B9J142723002X03276, Mindray) were
assessed by the automatic biochemical analyzer (Beckman
Coulter, Shanghai, China).

Determination of ROS generation

Fresh excised livers were dabbed dry using filter paper, followed
by immediate freezing in a cryosectioning medium (OCT,
Servicebio, Wuhan, China). Post-sectioning, the tissue was placed
on anti-dehiscence slides, and a working solution of
dihydroethidium DHE staining (100 uL) (kit: 38483-26-0,
Aladdin) was dripped gradually. The sections were immediately
incubated at 37°C for 40 min, protected from light. Upon sealing the
sections with glycerol gelatine, they were examined under a
fluorescence microscope (Leica DM6000M, Germany).

Ultrastructural observation of the ER

Liver tissue was fixed in 4% glutaraldehyde, washed with
cacodylate buffer, and fixed in 1%
Subsequently, the tissues were dehydrated and embedded in

osmium tetraoxide.

epoxy resin. Ultra-thin sections were stained with uranyl acetate

and lead citrate. Results were detected using transmission electron
microscopy (TEM).
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Cell culture and treatment

LO2 cells (cell number corresponds to CVCL_6926), procured
from iCell Bioscience Inc. (Shanghai, China), were cultured in
1640 medium containing 20% fetal bovine serum and 1%
penicillin-streptomycin. The cells were incubated at 37°C with 5%
CO2 for 24 h to achieve optimal density, ensuring 80% confluence
for all cell studies as per the experimental design. LO2 cells were
treated with CP for 24 h to induce liver injury. GC (at concentrations
of 0.625, 1.25, 2.5 ug/mL), silibinin (0.125 pg/mL), and 4-PBA
(1.5 pg/mL) (ER stress inhibitor, purity > 98%, Sigma, St Louis,
MO, United States) were administered 4 h before modeling.

Cell viability analysis

Cell viability was determined using the 3-(4,5-Dimethylthiazol-
(MTT)  (1334GROO01,
Biofroxx) method according to the manufacturer’s instructions.
Briefly, LO2 cells were cultured in 96-well plates for 24 h and
then treated with different doses of GC (0.625, 1.25, 2.5, 5 ug/mL) for
4 h. LO2 cells were then incubated with CP (1, 2, 4 ug/mL) for 24 h.
10 pL of MTT reagent was added to each well and incubated at 37°C
for 2 h. The optical density was measured at 570 nm with an enzyme

2-yl)-2,5-diphenyltetrazoliumbromide

marker, and the formula for calculating cell viability is as follows:

Cell viability (%) = (OD value of dosing group - OD value of
zeroing group)/(OD value of control group - OD value of
zeroing group) x 100%

Flow cytometric detection

Apoptosis was detected through staining Annexin V-APC
(KGA1030, Keygen). LO2 cells were seeded at a density of 1 x
105 cells per well and cultured in a six-well plate. The cells were
then washed with pre-cooled PBS buffer, suspended in binding
buffer, and stained with PI and A-V reagents. Finally, the
samples were detected by flow cytometry using excitation
wavelengths of 488 and 535 nm. Each group of experiments
was repeated 3 times. The cell apoptosis rate was analyzed using
CytExpert software, and the results were expressed as the average
apoptosis rate.

WB analysis

WB analysis was performed as previously described (Sun L.
etal., 2022) using specific primary antibodies against CHOP (1:1000,
15204-1-AP, Proteintech), ATF4 (1:1000, BM5179, Boster), ATF6
(1:1000, A00655, Boster), GRP78 (1:1000, BA 2042, Boster),
p-IREla (1:1000, NB100-2323, Novus), p-elF2a (1:1000,
BM3942, Boster), Bcl-2 (1:1000, A00040-1, Boster), Bax (1:1000,
A00183, Boster), cleaved caspase-3 (1:1000, #9664T, Cell Signaling
Technology), caspase-12 (1:1000, BA3142, Boster), cleaved caspase-
8 (1:5000, ab108333, Abcam), p-PERK (1:1000, abs137056, Absin)
and f-actin (1:5000, 20536-1-AP, Proteintech). Using HRP-
conjugated Rabbit Anti-Goat IgG (H + L) (1:1000, SA0000-1-4,
Proteintech) as the secondary antibody.
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qRT-PCR analysis

Use the M5 Universal RNA Mini Kit (MF036-01, Mei5, Beijing,
China) to extract total RNA from liver tissue and cultured
hepatocytes. M5 Sprint qPCR RT Kit with gDNA Remover
(MF949-T, Mei5, Beijing, China) was utilized for reverse
transcription to generate cDNA. The 2X M5 HiPer SYBR Premix
EsTaq kit (MF787-T, Mei5, China) was used for qRT-PCR. Relative
quantitative analysis is performed using the 272" method. Primer
sequences of CHOP, GRP78, ATF4, ATF6, caspase-8, and caspase-
12 were synthesized by Servicebio Technology Co., Ltd. (Wuhan,

China) in Table 1.

Statistical analysis

All experimental data were statistically analyzed using GraphPad
Prism 9.0 software. One-way ANOVA followed by LSD post hoc test
was used to test for differences between groups. p-values <0.05 were
considered significant. All manuscripts reporting statistical analyses
should follow the SAMPL guidelines.

Results
GC alleviates liver injury in CP-induced rats

Firstly, the pathological changes in liver tissue and the
biochemical indicators of liver function (ALT, AST, TBIL, LDH)
were evaluated. H&E staining results showed that the liver tissue in the
CP group exhibited obvious edema, necrosis, and extensive infiltration
of inflammatory cells. Silibinin and GC treatment effectively
ameliorated CP-induced histological changes in the liver
(Figure 1A). Furthermore, GC significantly ameliorated the liver
injury and conspicuously decreased the liver histological score
(Figure 1A). The result showed that serum LDH, AST, TBIL and
ALT, which were significantly increased in the CP group, which were
substantially reduced with GC treatment (Figure 1B). These results

suggest that GC plays a protective role in CP-induced liver injury.

GC inhibits CP-induced oxidative damage
in rats

To assess the level of oxidative stress, ROS production in the livers
of CP-induced hepatotoxic rats was measured by DHE staining. In
rats with CP-induced hepatotoxicity, the quantity of DHE-stained
cells was significantly elevated in liver tissue compared to controls. GC
and silibinin treatment markedly decreased the quantity of DHE-
stained cells in rat livers (Figure 2). The results show that GC could
reduce CP-induced oxidative damage by inhibiting ROS generation.

GC attenuates ER stress and apoptosis in
CP-induced rats

To analyze the effect of GC on CP-induced ER stress, the
ultrastructure of hepatocyte ER was observed via TEM. In the
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TABLE 1 Gene primer sequences.

10.3389/fphar.2025.1557125

Gene name Forward primer (5'—3') Reverse primer (5'—-3')

Rat CHOP AATTGGGGGCACCTATATCTCATC GGCTTTGGGAGGTGCTTGT

Rat ATF4 TGGCTATGGATGGGTTGGTC GCTCATCTGGCATGGTTTCC

Rat ATF6 CCAGAGGCTCAAAGTCCCAAGT TGACATGGAGGTGGAGGGATAT
Rat GRP78 CTCATCGGACGCACTTGGA CTCGGCAGTTTCCTTCATTTTA
Rat Caspase-8 AAGAACTGGCTGCCCTCAAG GCATAACCCTGTAGGCAGAAACC

Rat Caspase-12 GGAGGTAAATGTTGGAGTGGC

TTGTTGCAGATGATGAGGGC

Human ATF6 CAGTACCAACGCTTATGCCATT TGTAGGACAGGTTTAGTCACGGA
Human GRP78 ACCGCTGAGGCTTATTTGGG CTGCCGTAGGCTCGTTGAT
Rat B-actin TGCTATGTTGCCCTAGACTTCG GTTGGCATAGAGGTCTTTACGG

Human f-actin CACCCAGCACAATGAAGATCAAGAT

control group, liver cells were observed with parallel ER arranged,
with black particles indicating ribosomes present as rough ER. In
contrast, in the CP group, the cavity between the ER on either side
of the liver cells was enlarged, indicating ER swelling, and the color of
the ER became lighter, indicating the loss of black particles as smooth
ER (Figure 3A). Additionally, key markers of ER stress were further
detected using qRT-PCR and WB analysis. GC reduced the protein
expressions of GRP78, ATF6, and p-IREla compared to the CP group
(Figure 3B). Additionally, the gene ex-pressions of GRP78 and
ATF6 was consistent with the results above (Figure 3C). In addition,
we investigated whether GC inhibited CP-induced ER stress in rat liver.
Not surprisingly, silibinin and GC had the same effect on CP-induced
ER stress, reducing the CP-induced increase in the expressions of
GRP78, ATF6 and p-IREla proteins and GRP78 and ATF6 mRNA.
These findings indicate that CP-induced liver injury induces an ER
stress response. Furthermore, GC and silibinin significantly inhibit CP-
induced ER stress, thereby reducing hepatotoxicity.

Next, the effect of GC on CP-induced apoptosis was evaluated by
analyzing TUNEL staining and apoptotic protein expression.
TUNEL staining (Figure 4A) indicated that GC treatment
notably decreased CP-induced apoptosis in TUNEL-positive cells.
In addition, CP-induced liver injury significantly upregulated Bax
expression while downregulating the expression of Bcl-2. GC
intervention significantly decreased the expression of Bax protein
while increasing the expression of Bcl-2 protein (Figure 4B).
Unsurprisingly, silibinin pretreatment had the same effect on the
expression of apoptotic proteins (Figure 4B). The data confirmed
that GC pretreatment reduced CP-induced apoptosis in the liver.

GC attenuates CP-induced ER stress
in LO2 cells

To further validate the protective effect of GC against CP-induced
liver injury after GC, a CP-treated DILI-LO2 hepatocyte model was
established to investigate the effect of GC on ER stress. The effects of
CP and GC on LO2 cell viability were determined by MTT. As
displayed in Figure 5A, the viability of LO2 cells gradually decreased
with increasing CP concentration. At a CP concentration of 2.5 pg/
mlL, the viability of LO2 cells was ap-proximately 50% (Figure 5A),
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which was chosen as the concentration for the subsequent
hepatotoxicity test. Furthermore, GC had no cytotoxic effect on
LO2 cells in the concentration range of 0-5 pg/mL (Figure 5B).
Compared with the CP group, the cell survival rate was significantly
increased after pretreatment of LO2 cells with GC (Figure 5C),
suggesting that GC could protect injured LO2 cells. To assess the
level of ER stress, we examined the expression of several key ER stress
markers, GRP78, ATF6, and p-IREla in CP-induced LO2 cells by WB
and qRT-PCR. GC treatment significantly reduced these markers at
protein levels compared to the model group (Figure 5D). The trend of
GRP78 and ATF6 mRNA expression is consistent with the results of
WB (Figure 5E). Similarly, silibinin significantly alleviated the degree
of CP-induced ER stress in LO2 cells (Figures 5D,E). In conclusion,
GC can alleviate CP-induced hepatotoxicity by inhibiting ER stress.

GC reduces CP-induced apoptosis in
LO2 cells by suppressing ER stress

Flow cytometry analysis was performed to assess the level of
apoptosis in LO2 cells, and GC treatment significantly reduced the
proportion of apoptotic cells compared to the CP group (Figure 6A). In
addition, WB analysis were used to detect the expressions of cleaved
caspase-3, cleaved caspase-8 and caspase-12 at the protein level in rats.
As presented in Figure 6B, the expression of apoptotic proteins was
significantly increased in CP-induced LO2 cells, whereas GC and
silibinin decreased the expression of these apoptotic proteins. The
above results verified that administration of GC and silibinin prevented
CP-induced apoptosis. Interestingly, we found that pretreatment with
4-PBA (ER stress inhibitor) decreased the expression of these apoptotic
proteins (Figure 6C). Accordingly, by reducing ER stress, GC may
reduce CP-induced apoptosis in LO2 cells.

GC attenuated CP-induced apoptosis by
modulating the ER-mediated PERK/ATF4/
CHOP pathway

To further explore the specific mechanism of ER stress-induced
apoptosis, we hypothesized that the molecular mechanism by which
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FIGURE 1
GC could ameliorate CP-induced liver injury. (A) Histological staining of liver tissue (400x) and histological staining of liver tissue for histological
scoring. White arrows indicate liver cell necrosis, yellow arrows indicate liver cell edema, and black arrows indicate inflammatory cells. (B) Liver function
parameters, including serum AST, ALT, TIBL, and LDH levels. All data are expressed as mean + SD. ##p < 0.01 compared with control group; *p < 0.05,
**p < 0.01 compared with CP group.

GC prevents hepatocyte CP-induced apoptosis may be associated  expressions of ATF4, p-PERK, CHOP and p-elF2a and further

with the PERK/ATF4/CHOP signaling pathway. As illustrated in
Figure 7A, protein expressions of ATF4, p-PERK, CHOP and
p-elF2a were significantly increased in the liver of the CP
group. However, GC and silibinin effectively inhibited the
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inhibited the expression of the apoptotic factor CHOP. PCR assays
and immunofluorescence observations were consistent with the
above results (Figures 7B, C), suggesting that GC could
antagonize ER stress to achieve anti-hepatotoxicity effects.
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Besides, protein expressions of apoptosis-related factors (cleaved
caspase-3, cleaved caspase-8, and caspase-12) down-stream of
CHOP was significantly reduced in the GC-treated group
compared to the CP-treated group (Figure 7D). PCR assays were
consistent with the above results (Figure 7E). The results showed
that CP-mediated hepatotoxicity induced hepatocyte apoptosis by
stimulating ER stress and further activating PERK/ATF4/CHOP
signaling in the liver. In contrast, GC and silibinin suppressed
hepatocyte apoptosis by alleviating CP-induced ER stress by
inhibiting the PERK/ATF4/CHOP pathway.

Discussion

ER stress is closely associated with various drug-induced liver
dysfunctions. Apoptosis is among the most significant types of cell
death in DILI (Sun Y. et al,, 2022). Consequently, preventing ER
stress and hepatocyte apoptosis may be the key to treating DILI. This
study found that GC may attenuate CP-induced oxidative stress and
further attenuate CP-induced ER stress, thereby inhibiting
hepatocyte apoptosis. The underlying mechanisms of these effects
may be related to the regulation of PERK/ATF4/CHOP-related
signaling pathways.

Oxidative
hepatotoxicity (Okkay et al,

in CP-induced
ROS production is a

homeostasis is crucial
2022).

significant contributor to CP-induced oxidative injury. We found

stress

that GC suppressed the generation of ROS when compared with the
model group. This suggests that GC reduced oxidative damage to the
liver due to CP-induced toxicity. Furthermore, silibinin, an
antioxidant flavonoid complex from milk thistle (silybum
marianum), inhibits oxidative stress and attenuates CP-induced
hepatotoxicity (Ahmed, 2024). Not surprisingly, our results
showed that silibinin inhibited ROS production induced by CP.
Silibinin and GC shared the same effect on CP-induced oxidative
stress suppression. These outcomes imply that the mechanism
against CP-induced hepatotoxicity is linked to the antioxidant
properties of GC.

ER stress is a significant factor in hepatocyte injury and plays a
2023). The
accumulation of misfolded proteins mediated by the ER due to

crucial role in the pathogenesis of DILI (Pu et al,
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GC inhibits CP-induced oxidative damage in rats. Representative image and quantification of the DHE fluorescence. All data are expressed as

07

Mean fluorescence
intensity
= N W A~ O

p < 0.01 compared with control group; *p < 0.05, **p < 0.01 compared with CP group

stimuli such as viral and pharmacological agents is often implicated
as the cause of ER stress (Wang N. et al., 2022). To maintain ER
homeostasis and reduce stress, the UPR can be initiated. However,
UPR overactivation due to sustained or severe ER stress can yield
cellular damage and death (Baral, 2024). GRP78—a key receptor
protein for ER stress—regulates ER transmembrane transactivation
through UPR activation (Chuan et al., 2021). ATF6, IREla and
PERK are ER transmembrane receptor proteins that can activate
three signaling pathways down-stream of the UPR. Activation of ER
stress and UPR leads to the binding of GRP78 to unfolded proteins,
causing separation from ER transmembrane receptors. This results
in the autophosphorylation of IREla and PERK, while ATF6 is
activated via protein hydrolysis (Ong et al., 2024). Furthermore, the
activation of the UPR signaling pathway affects genes that improve
ER stress (Ong et al., 2024). Tsai et al. found that glycyrrhetinic acid
reduced ER stress-related protein levels and ameliorated acute liver
injury associated with total parenteral nutrition in rats (Tsai et al.,
2013). In this study, the expressions of p-IREla, GRP78 and
ATF6 were increased in CP-induced liver tissue and LO2 cells.
GC significantly reduces these factors in both liver tissue and liver
cells. To investigate whether GC inhibited CP-induced ER stress in
rat liver and whether it was associated with ROS. we pretreated CP-
induced rat and LO2 cells with silibinin. The data indicated that
silibinin reduced the expressions of p-IREla, GRP78 and ATF6 by
inhibiting ROS generation. Silibinin and GC had the same effect on
CP-induced ER stress inhibition. These findings suggest that GC
plays a protective role in liver function by inhibiting CP-induced ER
stress and is associated with ROS.

In this study, CP significantly increased Bax/Bcl-2 protein
expression in liver tissues and cleaved caspase-3, cleaved caspase-
8, and caspase-12 protein expressions in LO2 cells. However, GC
reduced the expression of these apoptotic proteins. The TUNEL
assay results showed that GC significantly reduced the number of
TUNEL-positive cells compared to the CP group. Additionally, flow
cytometry results revealed that CP in-creased the percentage of
apoptotic cells in LO2 hepatocytes, whereas GC treatment
significantly decreased the percentage of apoptotic cells. In light
of these findings, we postulated that GC could suppress apoptosis
induced by CP. Apoptosis is a pathway mediated by intrinsic
apoptosis, extrinsic apoptosis, or ER stress (Ajoolabady et al.,
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Effects of GC on CP-induced ER stress. (A) Effect of GC on the morphological changes of ER in liver cells induced by CP. Red arrows show the
morphology of the endoplasmic reticulum and ribosomes. (B, C) Effect of GC on CP-induced ER stress-related indicators. GRP78, ATF6, and p-IREla
protein expression were detected by WB analysis. GRP78 and ATF6 gene expression were detected by gRT-PCR analysis. All data are presented as the
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Frontiers in Pharmacology 08 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1557125

Li et al. 10.3389/fphar.2025.1557125
A
Control CP+Silibinin CP+GC(225 mg/kg) CP+GC(450 mg/kg) CP+GC(900 mg/kg)
o
z o 8
= § 5
_ 9§ 4
g gt
a § 2
s
S O
= ¢° <$°§°f{." 2 o
o Y —
5 ,‘9‘ CP+GC(mglkg)
=
B
NS N
RO
S & O
& & Q@ & 15
S PSS .
& V9
> Ny N O~ O c
& @ L LKE g 1.0
L& & &L 3
Bel-2 e s e s - 8 29 kD § 0.5
Bax ™ s s - 21 kD -
0.0
-actin
B - —— - 2 kD S RSP S
0 —
® Q,‘a)“ CP+GC(mglkg)
<
1.5
[ il giasammy
£ 1.0 o
4? Q
: g
R 05 ©
8 m
0.0
N 3 D 0 O » D O O
C P LS LSS PES
¥ & cP+GC(mgikg) S & CP+GC(mglkg)
&K &K
FIGURE 4

Effect of GC on CP-induced apoptosis levels in the liver. (A) Representative image and quantification of TUNEL staining. (B) Effects of GC on CP-
induced apoptosis-related proteins in the liver. Protein expressions of Bax and Bcl-2 was assessed using WB. All data are presented as the mean + SD
##p < 0.01 compared with control group; *p < 0.05, **p < 0.01 compared with CP group.

2023). ER-mediated apoptosis-associated proteins CHOP and
CHOP s
transducer and a key pro-apoptotic signaling protein that

caspase-12 can induce apoptosis. an ER stress
downregulates Bcl-2 expression, upregulates Bax expression, and
induces caspase-8 activation, which further activates downstream
, 2023). Caspase-12 is a
protein enzyme activated by IREla and associated with ER-

caspase-3, leading to apoptosis (Zou et al.

mediated cell apoptosis. Excessive ER stress triggers the caspase-
12 response, which promotes the progression of cell death by
activating the caspase-3-induced apoptotic mechanism (Murata
et al., 2024). Therefore, we hypothesized that GC could prevent
apoptosis by reducing ER stress. In order to verify this assumption,
we pre-treated LO2 cells with 4-PBA (ER stress inhibitor) and
silibinin. The results showed that 4-PBA and silibinin had the

Frontiers in Pharmacology

same effect as GC in attenuating CP-induced apoptosis in
LO2 cells. This suggests that GC may reduce apoptosis by
inhibiting oxidative stress and ER stress during CP-induced
liver injury.

The PERK/ATF4/CHOP signaling pathway plays a key role in
, 2022). EIF2a is a
significant substrate of PERK; its phosphorylatlon leads to the
arrest of protein translation, thereby maintaining ER homeostasis
(Huang et al., 2024); CHOP has been identified as a key factor in ER
stress-induced apoptosis, and sustained PERK signaling can
enhance thereby
upregulation of CHOP expression (Wu et al., 2023). Studies have

ER stress-induced liver disease (Hou et al.

stress-specific ATF4 expression, inducing

shown that modulating PERK pathway can prevent DILI (Chen
et al,, 2022). For example, rosiglitazone can alleviate APAP-induced
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FIGURE 5

(A-C) MTT assay for determining cell viability. (D-E) GC reduced the expression of ER stress-related indicators. Expression levels of GRP78, ATF6, and
p-IREla protein were tested by WB analysis. Expression levels of GRP78 and ATF6 mRNA were tested by gRT-PCR analysis.

ALI by down-regulating protein levels of p-PERK, p-elF2a and
CHOP in the PERK pathway and attenuating ER stress (Cao et al.,
2022). In addition, CAT inhibits ER stress by down-regulating the
expression of p-PERK, ATF4, and CHOP, thereby reversing TP-
induced hepatotoxicity (Zhang et al., 2022). Similar to these results,
our results found that GC mitigated CP-induced hepatotoxicity by
reducing protein expression of p-PERK, p-elF2a, ATF4, and CHOP
in the PERK pathway. Apoptosis is closely related to PERK/ATF4/
CHOP pathway mediated by ER stress. Studies have shown that LPS
can inhibit the activation of caspase-12 and caspase-3 by inhibiting
the ATF4-CHOP pathway to reduce hepatocyte apoptosis (Rao
2013). Similarly, this study found that GC treatment
downregulated the expression of apoptosis-related factors
downstream of CHOP (caspase-12, cleaved caspase-3, and
cleaved caspase-8), suggesting that GC mitigated CP-induced

et al.,
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apoptosis by inhibiting ER stress. This is consistent with the
results of in vitro analysis. Therefore, we hypothesize that GC
attenuates CP-induced hepatocyte apoptosis by inhibiting ER
stress-mediated PERK/ATF4/CHOP signaling pathway, thereby
alleviating hepatotoxicity.

Opverall, based on the experiments in vivo and in vitro, this study
revealed the hepatotoxic protective mechanism of GC against CP
from the perspective of ER stress and apoptosis, providing some new
insights for the prevention of CP-induced hepatotoxicity. Although
the findings of this study are of great significance, there are still some
limitations that need to be further explored in future studies. Firstly,
on the basis of cell experiments, it is necessary to further elucidate
the influence mechanism of ER stress and apoptosis in CP-induced
liver injury through ER stress inhibitor treatment in animal studies.
Second, in addition to the PERK pathway, this study also needs to
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FIGURE 7
GC attenuated CP-induced apoptosis by modulating the ER-mediated PERK/ATF4/CHOP pathway. (A) The expressions of p-PERK, p-elF2a,

ATF4 and CHOP proteins were detected by WB analysis. (B) gRT-PCR was performed to detect the expression of CHOP and ATF4 mRNA. (C)
Representative image and quantification of the immunofluorescence of CHOP and ATF4. (D) The expressions of cleaved caspase-3, cleaved caspase-8,
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All data are presented as the mean + SD. #p < 0.01 compared with control group; *p < 0.05, **p < 0.01 compared with CP group
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further clarify the effects of GC on the ER stress-mediated ATF6 and
IREla pathways in the mechanism of CP hepatotoxicity.

Conclusion

This study found that GC exerts a protective role in CP-induced
liver toxicity. Animal studies showed that GC reduced ROS level in
the liver to inhibit oxidative stress induced by CP. Furthermore, GC
reversed the expression of ER stress markers (GRP78, ATF6, and
p-IREla) and cell apoptosis-related factors (Bax/Bcl-2, cleaved
caspase-3, cleaved caspase-8, and caspase-12) that were elevated,
and inhibited the PERK/ATF4/CHOP pathway, indicating that GC
inhibits CP-induced ER stress to reduce cell apoptosis in liver tissue
and thus protect liver function. Similarly, cell experiments showed
that GC alleviated ER stress in CP-induced hepatocytes and
inhibited hepatocyte apoptosis, demonstrating the anti-CP
hepatotoxicity of GC. Therefore, the protective mechanism of GC
against CP-induced liver toxicity may be related to inhibiting ER
stress and apoptosis.
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