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ARTICLE INFO ABSTRACT

Keywords: Paraquat (PQ), a toxic and nonselective bipyridyl herbicide, is one of the most extensively used pesticides in
Paraquat agricultural countries. In addition to pneumotoxicity, the liver is an important target organ for PQ poisoning in
Hepatotc‘)xicity humans. However, the mechanism of PQ in hepatotoxicity remains unclear. In this study, we found that exposure
gi?(i::iiles stress of rat hepatic H4IIE cells to PQ (0.1-2 mM) induced significant cytotoxicity and apoptosis, which was accom-
INK panied by mitochondria-dependent apoptotic signals, including loss of mitochondrial membrane potential

ERK1/2 (MMP), cytosolic cytochrome c release, and changes in the Bcl-2/Bax mRNA ratio. Moreover, PQ (0.5 mM)
exposure markedly induced JNK and ERK1/2 activation, but not p38-MAPK. Blockade of JNK and ERK1/2
signaling by pretreatment with the specific pharmacological inhibitors SP600125 and PD98059, respectively,
effectively prevented PQ-induced cytotoxicity, mitochondrial dysfunction, and apoptotic events. Additionally,
PQ exposure stimulated significant oxidative stress-related signals, including reactive oxygen species (ROS)
generation and intracellular glutathione (GSH) depletion, which could be reversed by the antioxidant N-Ace-
tylcysteine (NAC). Buffering the oxidative stress response with NAC also effectively abrogated PQ-induced
hepatotoxicity, MMP loss, apoptosis, and phosphorylation of JNK and ERK1/2 protein, however, the JNK or
ERK inhibitors did not suppress ROS generation in PQ-treated cells. Collectively, these results demonstrate that
PQ exposure induces hepatic cell toxicity and death via an oxidative stress-dependent JNK/ERK activation-
mediated downstream mitochondria-regulated apoptotic pathway.

1. Introduction leaved weeds and grasses in crop land and aquatic areas. The herbicidal
activity of PQ involves inhibition of the reduction of NADP™ to nico-

Paraquat (PQ; 1,1'-dimethyl-4,4-bipyridium dichloride), an impor- tinamide adenine dinucleotide phosphate (NADPH) during photosyn-
tant bipyridinium herbicide, is widely used worldwide to control broad- thesis and interference with intracellular electron transfer via reactive

Abbreviations: ERK, extracellular signal-regulated kinase; GSH, glutathione; JNK, c-Jun N-terminal kinase; MMP, mitochondrial membrane potential; MAPKs,
mitogen-activated protein kinases; NAC, N-acetylcysteine; NADPH, nicotinamide adenine dinucleotide phosphate; PARP, poly(ADP-ribose) polymerase; PQ, para-
quat; ROS, reactive oxygen species.
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oxygen species (ROS) induction (Awadalla, 2012). Noteworthy, PQ is
classified among the most poisonous herbicides with high water solu-
bility as it enters runoff, leading to water and environmental pollution
(Moustakas et al., 2016). Moreover, regular exposure to PQ may cause
occupational hazards, especially for workers in agricultural areas
(Cantor and Young-Holt, 2002; Dalvie et al., 1999). Many clinical deaths
have been reported owing to PQ intoxication through random or
optional consumption (such as accidents or suicide attempts, respec-
tively), which is considered to induce strong pneumotoxicity (Isha et al.,
2018; Liu et al., 2019). Similar to the lungs, the liver is a hallmark target
organ of systemic PQ poisoning (Hong et al., 2000; Spangenberg et al.,
2012). Epidemiological and animal experimental data have shown
hepatotoxic characteristics (including abnormal liver function and
pathological liver injury) after PQ exposure in humans and mammals
(Almeida et al., 2021; Deveci et al., 1999; Hong et al., 2000; Takegoshi
et al.,, 1988). However, few studies have investigated the molecular
mechanisms underlying the toxicological effects of PQ in the liver.

PQ is categorized as a possible (Class C) carcinogen, while its toxicity
is molecularly related to redox cycling and generation of massive toxic
ROS and subsequent induction of oxidative injuries (U.S. Environmental
Protection Agency’s Integrated Risk Information System (IRIS)). Several
studies have also found that PQ (0.1-1 mM) can be reduced to an un-
stable radical that is then reoxidized to form a cation and generate a
superoxide anion and hydroxyl free radical, leading to mammalian cell
damage and death (such as fibroblasts, lymphocytes, neuronal cells, and
pulmonary epithelial cells) (Alural et al., 2015; Jimenez Del Rio and
Velez-Pardo, 2008; Wu et al., 2023). The liver is major site for detoxi-
fication and xenobiotic metabolism, and has the potential to easily
produce excess ROS, thus posing a high risk for chemical-induced
oxidative damage (Li et al., 2015; Zeinvand-Lorestani et al., 2018).
Therefore, the liver has been suggested as a major target for PQ
poisoning. In experimental animals, histopathological alterations,
oxidative stress damage marker expressions (such as GSH depletion and
lipidperoxidation production), and apoptosis in the liver were observed
after administration of PQ (El-Boghdady et al., 2017; Semeniuk et al.,
2021; Shi et al., 2015).

Furthermore, mitogen-activated protein kinase (MAPK) family, a
class of serine/threonine protein kinases that are widely expressed in
mammalian cells, including c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK)1/2, and p38-MAPK, is crucial for the
maintenance and/or regulation of cellular processes, including cell
survival and apoptosis (Sun et al., 2015). Many studies have demon-
strated that exposure to chemical stimuli or toxic pollutants can induce
excessive ROS production, causing mammalian cell damage and death,
accompanied by MAPKs activation-regulated apoptosis pathway (Fu
et al., 2020; Huang et al., 2018). For example, the ROS-MAPK signaling
pathway is involved in the pathophysiological states of liver diseases
and injuries (such as alcoholic- and nonalcoholic-fatty liver disease, and
drug-induced hepatotoxicity) (Song et al., 2016; Win et al., 2018).
Moreover, the results from in vivo and in vitro models showed that PQ
exposure induced ROS production-triggered apoptosis in neuronal cells
and lung epithelial cells, but not in hepatocytes, via the IRE1/ASK1/JNK
cascade-mediated pathway, JNK1/Parkin-mediated mitophagy, or ERK/
MAPK-associated signaling pathway (Shen et al., 2017; Sun et al., 2018;
Yang et al., 2009; Zhang et al., 2019). Although PQ poisoning-induced
liver injury has been reported (El-Boghdady et al., 2017; Sharifi-Rigi
et al., 2019), the action mechanisms underlying PQ-induced ROS pro-
duction in hepatotoxicity have not yet been clarified.

Collectively, in this study, we investigated how PQ influences the
regulated apoptotic pathways of MAPKs and contributes to hepatocyte
death. Moreover, we investigated whether oxidative stress plays a
crucial role in PQ-induced hepatotoxicity and whether it mediates the
abovementioned apoptotic pathways.
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2. Materials and Methods
2.1. Materials

Unless otherwise specified, all chemicals (including PQ) and labo-
ratory plastic ware were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Falcon Labware (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA), respectively. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and antibiotics (pen-
icillin-streptomycin (Cat. No.: 15140122), and gentamicin (Cat. No.:
15710064)) were purchased from Gibco/Invitrogen (Thermo Fisher
Scientific, Waltham, MA, USA). Mouse- or rabbit- monoclonal anti-
bodies specific to cleaved caspase-3 (Cat. No.: #9661), cleaved caspase-
7 (Cat. No.: #9491), PARP (Cat. No.: #9542), cytochrome c (Cat. No.:
#11940), phosphorylated (p)-JNK (Cat. No.: #9255), p-ERK1/2 (Cat.
No.: #4377), p-p38 (Cat. No.: #9216), JNK-1 (Cat. No.: #3708), ERK1/2
(Cat. No.: #9102), p38 (Cat. No.: #8690), and p-actin (Cat. No.: #8457),
and secondary antibodies [horseradish peroxidase (HRP)-conjugated
anti-mouse IgG (Cat. No.: #7076) or anti-rabbit IgG (Cat. No.: #7074)
were purchased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Rat hepatic H4IIE cell culture

Rat hepatic H4IIE cells were purchased from American Type Culture
Collection (CRL-1548, American Type Culture Collection, Manassas, VA,
USA), and cultured in a humidified chamber with a 5 % C0O5-95 % air
mixture at 37 °C and maintained in DMEM containing glucose (4.5 g/L)
and L-glutamine (2 mmol/L) supplemented with 10 % FBS and antibi-
otics (1 % penicillin-streptomycin and 0.5 % gentamicin).

2.3. Measurement of cell viability

HA4IIE cells were washed with fresh media and cultured in 96-well
plates (2 x 10* cells/well) and then treated with PQ (0.1-2 mM) in
the absence or presence of SP600125 (20 pM), PD98059 (20 pM), or
NAC (3 mM) prior to treatment with PQ for 24 h. After incubation, the
medium was aspirated and cells were incubated with fresh medium
containing 0.2 mg/mL 3-(4, 5-dimethyl thiazol-2-yl-)-2, 5-diphenyl
tetrazolium bromide (MTT). After 4 h incubation at 37 °C, the me-
dium was removed and the blue formazan crystals were dissolved in 100
pL dimethyl sulfoxide (DMSO). Absorbance at 570 nm was measured
using an enzyme-linked immunosorbent assay microplate reader (Bio-
tek pQuant Monochromatic Microplate Spectrophometer, MTX Lab
Systems, Inc.).

2.4. Measurement of Caspase-3 activity

HA4IIE cells were seeded (2 x 10° cells/well) in 24-well culture plates
and treated with PQ (0.25-1 mM) in the absence or presence of 20 uM Z-
DEVD-FMK, 20 uM SP600125, 20 pM PD98059, or 3 mM NAC (prior to
treatment with PQ) at 37 °C. At the end of the treatments (for 24 h), the
cell lysates were incubated at 37 °C with 10 pM Ac-DEVD-AMC, a
caspase-3/CPP32 substrate (Promega Corporation, Madison, WI, USA),
for 1 h. The fluorescence of the cleaved substrate was measured using a
spectrofluorometer (Gemini XPS Microplate Reader, Molecular Devices,
San Jose, CA, USA) at excitation and emission wavelengths of 380 and
460 nm, respectively.

2.5. Determination of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was analyzed using the
DiOCg fluorescent probe, which is a positively charged mitochondria-
specific fluorophore. Briefly, H4IIE cells were seeded (2 x 10° cells/
well) in 24-well culture plates and treated with 0.5 mM PQ in the
absence or presence of SP600125 (20 pM), PD98059 (20 pM), or NAC (3
mM) (prior to treatment with PQ) for 24 h. At the end of the treatments,
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the cells were incubated with medium containing 100 nM DiOCg for 30
min at 37 °C. After incubation with the dye, the cells were harvested,
washed twice with phosphate buffered saline (PBS), and then re-
suspended in ice-cold PBS. The MMP was determine using a flow cy-
tometer (excitation at 475 nm and emission at 525 nm; FACSCalibur,
Becton Dickinson, Sunnyvale, CA, USA).

2.6. Determination of ROS production

ROS generation was monitored by flow cytometry using the
peroxide-sensitive fluorescent probe: 2/, 7'-dichlorofluorescein diacetate
(DCFH-DA, Molecular Probes, Inc, Eugene, OR, USA), as described by Fu
et al.(2020). Briefly, cells were seeded at 2 x 10° cells/well in a 24-well
plate and treated with 0.5 mM PQ in the absence or presence of 3 mM
NAC (prior to treatment with PQ). At the end of the treatments, cells
were incubated with medium containing 20 pM DCFH-DA for 15 min at
37 °C. After incubation with the dye, the cells were resuspended in ice-
cold PBS and placed on ice in the dark. The intracellular peroxide levels
were measured using a flow cytometer (FACScalibur, Becton Dickinson
and Company, USA), with emitted a fluorescent signal at 525 nm.

2.7. Analysis of intracellular glutathione (GSH) content

HA4IIE cells were seeded at 2 x 10° cells/well in a 24-well plate and
incubated with PQ in the absence or presence of NAC (3 mM) (prior to
treatment with PQ). At the end of the treatments (for 8 h), cells were
incubated in a medium containing 60 pM monochlorobimane (mBCL, a
fluorescent probe for determining intracellular GSH levels) for a further
30 min at 37 °C. After loading the cells with mBCL, the supernatant was
discarded, and cells were washed twice with PBS and then lysed in lysis
buffer (10 mM Tris, 0.25 M sucrose in 0.05 % Triton X-100, pH 7.5). The
mBCL-GSH related fluorescence intensity of the intracellular fraction
was monitored using a Gemini XPS microplate reader (Molecular De-
vices, USA) at excitation and emission wavelengths of 385 and 485 nm,
respectively.

2.8. Western blot analysis

Western blotting was performed using standard protocols as previ-
ously described (Huang et al., 2021). H4IIE cells were seeded at 1 x
10° cells/well in a 6-well culture plate and treated with PQ (0.5 mM) in
the presence or absence of SP600125 (20 pM), PD98059 (20 pM), or
NAC (8 mM) (prior to treatment with PQ). At the end of various time-
course treatments, the cells were washed with PBS and Protein Extrac-
tion Solution (iNtRON Biotechnology, Gyeonggi-do, Korea) was added.
The protein concentration was determined using a bicinchoninic acid
protein assay kit (Pierce, Rockford, IL, USA). Equal amounts of proteins
(50 pg per lane) were subjected to electrophoresis on 10 % (w/v) SDS-
polyacrylamide gel and transferred onto polyvinylidene difluoride
(PVDF) membranes. The membranes were blocked for 1 h in PBST (PBS
with 0.05 % Tween-20) containing 5 % nonfat dry milk. After blocking,
the membranes were incubated with the specific antibodies against
caspase-3, —7, PARP, p-JNK, p-ERK1/2, p-p38, JNK, ERK1/2, p38, and
B-actin in 0.1 % PBST (1:1000) for 12-16 h at 4°C. After three additional
washes in 0.1 % PBST (15 min each), the respective HRP-conjugated
secondary antibodies were applied (in 0.1 % PBST (1:2500)) for 1 h at
4 C. The antibody-reactive bands were detected by enhanced chem-
iluminescence reagents (PierceTM, Thermo Fisher Scientific Inc., USA)
and analyzed using a luminescent image analyzer (ImageQuant™ LAS-
4000; GE Healthcare Bio-Sciences, Corp., Piscataway, NJ, USA). For
the detection of cytosolic cytochrome c¢ expression levels, the cells were
detached, washed twice with PBS, and then homogenized with a pestle
and mortar in extraction buffer [0.4 M mannitol, 25 mM MOPS (pH 7.8),
1 mM EGTA, 8 mM cysteine, and 0.1 % (w/v) bovine serum albumin].
Cell debris was removed by centrifugation at 6,000 x g for 2 min. The
supernatant was centrifuged at 12,000 x g for 15 min to pellet the
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mitochondria. Cytochrome c levels in the supernatant (cytosolic frac-
tion) were detected using western blot analysis.

2.9. Real-time quantitative RT-PCR analysis

The expression of apoptosis-related genes was evaluated using real
time quantitative RT-PCR (qPCR) as previously described (Lu et al.,
2011). Briefly, intracellular total RNA was extracted from the liver tissue
using RNeasy kits (Qiagen, Hilden, Germany) and reverse transcribed
into cDNA using the AMV RTase (reverse transcriptase enzyme; Prom-
ega Corporation, Madison, WI, USA) according to the manufacturer’s
instructions. Each sample (2 pL. cDNA) was then tested with Real-Time
SYBR Green PCR reagent (Invitrogen, USA) with rat specific primers
as follows: Bcl-2, forward: 5-GCTACGAGTGGGATACTGG-3' and
reverse: 5- GTGTGCAGATGCCGGTTCA-3' (Dinh et al., 2008); Bax, for-
ward: 5-CTGCAGAGGATGATTGCTGA-3' and reverse: 5-GAT-
CAGCTCGGGCACTTTAG-3' (Dinh et al., 2008); B-actin, forward: 5'-
CGTTGACATCCGTAAAGACC-3' and reverse: 5- AGCCACCAATCCACA-
CAGAG-3' (Dinh et al., 2008); in a 25-pL reaction volume, and amplifi-
cation was performed using an ABI StepOnePlus™ Sequence Detection
System (Applied Biosystems, Thermo Fisher Scientific, Inc.). Cycling
conditions were 10 min of polymerase activation at 95 °C followed by 40
cycles at 95 °C for 15 s and 60 °C for 60 s. Real-time fluorescence
detection was performed during the 60 °C annealing/extension step of
each cycle. Melt-curve analysis was performed on each primer set to
ensure that no primer dimers or nonspecific amplifications were present
under the optimized cycling conditions. After 40 cycles, data analysis
was performed using StepOne™ software version 2.1 (Applied Bio-
systems, Thermo Fisher Scientific, Inc.). All amplification curves were
analyzed with a normalized reporter (Ry: the ratio of the fluorescence
emission intensity to the fluorescence signal of the passive reference
dye) threshold of 0.2 to obtain the Cy values (threshold cycle). The
reference control genes were measured with four replicates in each PCR
run, and their average Ct was used for relative quantification analyses
(Pfaffl et al., 2002). TF expression data were normalized by subtracting
the mean of reference gene Cr value from their Cr value (ACy). The Fold
Change value was calculated using the expression 2#4C where AACT
represents ACr_condition of interest — ACT-control- Prior to conducting statis-
tical analyses, the fold change from the mean of the control group was
calculated for each individual sample.

2.10. Statistical analysis

Data are presented as means =+ standard error (SE.) of at least three
independent experiments. All data analyses were performed using SPSS
software version 12.0 (SPSS, Inc., Chicago, IL, USA). For each experi-
mental test condition, the significant difference compared to the
respective controls was assessed by one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. The p value of less
than 0.05 was considered a significant difference.

3. Results
3.1. PQ induces apoptotic cell death in hepatic H4IIE cells

To examine PQ-induced hepatocyte damage, we investigated the
cytotoxic effects of PQ on cultured H4IIE cells. Treating H4IIE cells with
PQ for 24 h significantly reduced the number of viable cells in a con-
centration dependent manner (0.1 mM, 86.9 + 2.4 % of control; 0.25
mM, 62.4 £+ 2.6 % of control; 0.5 mM, 49.2 £ 1.4 % of control; 1 mM,
39.9 £+ 1.2 % of control; 2 mM, 31.8 + 1.0 % of control; p < 0.05)
(Fig. 1A).

Next, we investigated whether apoptosis was involved in PQ-induced
hepatocyte damage. We analyzed caspase-3 activity, a characteristic
biomarker of apoptosis. As shown in Fig. 1B, H4IIE cells treated with PQ
for 24 h showed a significant increase in caspase-3 activity (0.25 mM,
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Fig. 1. Paraquat (PQ) induced cytotoxicity by apoptosis in H4IIE cells. (A) H4IIE cells were cultured and treated with PQ (0.1-2 mM) for 24 h, and cell viability was
determined using the MTT assay. (B) Cells were treated with PQ (0.25-1 mM) in the absence or presence of Z-DEVD-FMK (20 uM, a specific caspase 3 inhibitor), and
caspase-3 activity was examined using the CaspACE™ fluorometric activity assay kit. (C) H4IIE cells were treated with PQ (0.5 mM) for 8 and 24 h, and the cleavage
form of PARP and caspase-3 and -7 were examined by western blotting as described in the Materials and Methods section. Data in A and B are presented as mean + S.
E. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. *p < 0.05 compared to PQ treatment alone. Results
shown in C are representative images of at least three independent experiments, and p-actin was used as a loading control.

1.25 + 0.14 fold of control; 0.5 mM, 2.27 + 0.32 fold of control; 1 mM,
3.72 £ 0.12 fold of control; p < 0.05) relative to the untreated control
group, which could be effectively prevented by pretreatment with 20 pM
Z-DEVD-FMK (a specific caspase-3 inhibitor). Based on these findings,
the median effective concentration (ECso) of PQ for cell viability and
caspase-3 activity in H4IIE cells was approximately 0.5 mM. This con-
centration was therefore used in subsequent experiments.

Western blot analysis also showed a marked increase in the protein
expression of the cleaved forms of PARP and caspase-3 and -7 in PQ (0.5
mM)-treated H4IIE cells (Fig. 1C). These results suggest that PQ-induced
hepatocyte death is mainly due to apoptosis.

3.2. Pg-induced apoptosis is mediated by an intrinsic mitochondria-
dependent pathway in H4IIE cells

To further elucidate whether PQ-induced apoptosis in hepatocytes
was mediated by a mitochondria-dependent pathway, the effects of PQ

on MMP (by flow cytometry using the mitochondrial cationic dye
DiOCg) and cytochrome c release (by western blot analysis) were
analyzed. As shown in Fig. 2A, treatment of H4IIE cells with 0.5 mM PQ
for 8 h revealed a slight, but statistically significant loss of MMP (89.9 +
2.8 % of control; p < 0.05) and induced greater depolarization of MMP
(55.9 £ 3.9 % of control; p < 0.05) after 16 and 24 h treatments. Cy-
tochrome c release from mitochondria into the cytosolic fraction slightly
increased after treatment of cells with 0.5 mM PQ for 8 h, and it
dramatically increased after 16 and 24 h of treatment (Fig. 2B). In
addition, changes in the gene expression levels of the Bcl-2 family
members were investigated. As shown in Fig. 2C, treatment of H4IIE
cells with 0.5 mM PQ (for 8 and 24 h) markedly decreased Bcl-2 (anti-
apoptotic) and increased Bax (pro-apoptotic) mRNA expression levels,
which led to a significant shift in the anti-apoptotic/pro-apoptotic ratio
toward a state associated with apoptosis. These results indicate that an
intrinsic mitochondria-dependent apoptotic pathway plays an important
role in PQ-induced hepatocyte death.
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Fig. 2. PQ-induced mitochondrial dysfunction in H4IIE cells. Cells were treated with PQ (0.5 mM) for 8-24 h, and (A) loss of mitochondrial membrane potential
(MMP) was determined by flow cytometry; (B) cytosolic cytochrome c release was analyzed by western blot analysis; and (C) the expressions of anti-apoptotic (Bcl-2)
and pro-apoptotic (Bax) genes were analyzed by real-time quantitative RT-PCR. Data in A and C are presented as mean =+ S.E. for six independent experiments with
triplicate determination. *p < 0.05 compared to vehicle control. Results shown in B are representative images of at least three independent experiments, and p-actin is

used as an internal control.

3.3. JNK and ERK1/2 signals play important roles in PQ-induced H4IIE
apoptosis

To ascertain whether the activation of MAPKs was involved in PQ-
induced H4IIE cell cytotoxicity and apoptosis, the phosphorylation of
MAPKSs proteins was examined by western blot analysis. As shown in
Fig. 3, treatment of H4IIE cells with PQ (0.5 mM) for 0.5-1.5 h signifi-
cantly increased the phosphorylation levels of JNK and ERK1/2 pro-
teins, but not p38-MAPK. Pretreatment with specific inhibitors of JNK
(SP600125) and ERK1/2 (PD98059) effectively attenuated the decrease
in the number of viable cells (Fig. 4A), loss of MMP (Fig. 4B), apoptotic
responses (including caspase-3 activity induction (Fig. 4C), and cleaved
form expression of caspase-3 and -7 proteins (Fig. 4D)). SP600125 and
PD98059 significantly inhibited the phosphorylation of JNK1/2
(Fig. 4E) and ERK1/2 (Fig. 4F), respectively. These findings indicate that
activation of the JNK and ERK pathways downstream-mediated mito-
chondria-dependent apoptosis is involved in PQ-induced HA4IIE cell
death.

3.4. Pg-induced H4IIE cell death via a ROS-dependent apoptotic pathway

Next, we determined whether PQ stimulated ROS generation and its

related apoptosis in H4IIE cells. Flow cytometric analysis showed that
exposure of H4IIE cells to 0.5 mM PQ for 0.25-2 h triggered a significant
increase in the intensity of dichlorofluorescein (DCF) fluorescence (an
indicator of ROS formation) in a time-dependent manner (Fig. 5A).
Concomitantly, exposure of H4IIE cells to PQ (0.1-2 mM) for 8 h caused
substantial intracellular GSH depletion in a dose-dependent manner
(Fig. 5B).

Because PQ stimulated ROS, and JNK and ERK activation down-
regulated H4IIE cell apoptotic signals, we examined whether there
was a relationship between ROS generation and JNK and ERK activation
in PQ-induced HA4IIE cell death. Pretreatment with NAC (3 mM; an
antioxidant and GSH precursor) for 1 h prior to PQ exposure signifi-
cantly prevented ROS production (Fig. 6A), intracellular GSH depletion
(Fig. 6B), cytotoxicity (Fig. 6C), apoptotic responses (Fig. 6D-6E), loss of
MMP (Fig. 6F), and phosphorylation of JNK and ERK1/2 proteins
(Fig. 6G). However, pretreatment with SP600125 or PD98059 did not
prevent PQ-induced ROS production (Fig. 6A). These results indicate
that ROS plays an important role in the activation of JNK/ERK signaling-
mediated mitochondria-dependent pathway-triggered apoptosis in PQ-
induced hepatic cell death.
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Fig. 3. Effects of PQ on the activation of mitogen-activated protein kinases (MAPKs). H4IIE cells were treated with PQ (0.5 mM) for 0.5-1.5 h, and the phos-
phorylation of JNK, ERK1/2, and p38-MAPK proteins was analyzed by western blotting. Representative images of at least three independent experiments are shown.

4. Discussion

PQ, one of the commonly used herbicides in agriculture, is an envi-
ronmental pollutant considered a major health concern for both humans
and mammals. It has been reported that PQ poisoning is caused by the
accumulation of PQ molecules that trigger the excessive production of
ROS, causing oxidative stress injury in cells resulting in multiple organ
failure and severe damage (Alizadeh et al., 2022; Chen et al., 2021). The
lungs are the primary organs affected; however, PQ can also exert toxic
effects on other organs, such as the liver (Fernando et al., 2018; Hong
et al., 2000; Takegoshi et al., 1988). The liver is the main site of xeno-
biotic metabolism and has a high potential for ROS production, which
can lead to toxicity (Lattuca et al., 2009). Epidemiological and animal
studies have shown that PQ can induce multiple organ injuries
(including hepatotoxicity) in mammals after the higher dose and pro-
longed exposure, accompanied by increased formation of ROS (Almeida
et al., 2021; Delirrad et al., 2015; Zhang et al., 2020a). Thus, the liver is
regarded as a key target organ for PQ toxicity (El-Boghdady et al., 2017;
Fernando et al., 2018). Several studies have shown that exposure to PQ
(0.1-1.2 mM) can stimulate neuronal and lung epithelial cells, but not
hepatocytes, leading to cytotoxicity and apoptosis, which is mediated by
oxidative stress damage-regulated JNK/REK/p38 signaling (Ju et al.,
2019; Shen et al., 2017; Sun et al., 2018; Zhang et al., 2019). A study by
Zhang et al., (2020a) reported that PQ exposure (0.1-1.0 mM, and ECsq

~ 0.5 mM) can induce mitochondrial dysfunction and apoptosis in he-
patocytes, triggered by ROS generation. The results from animal ex-
periments also showed the histopathological alterations, abnormalities
of biochemical enzymes activity, and apoptosis in the liver tissue after
PQ treatment (50-75 mg/kg, i.p.; approximately to 0.2-0.3 mM) (El-
Boghdady et al., 2017; Semeniuk et al., 2021). However, the exact
mechanisms underlying PQ-induced hepatic cell damage and death have
not yet been elucidated. The main findings of the study showed that
exposure of hepatocytes to PQ was capable of triggering cytotoxicity (in
a concentration-dependent manner (ECsp ~ 0.5 mM)), accompanied by
mitochondrial dysfunction (loss of MMP and release of cytochrome c)
and apoptotic responses. More importantly, our results demonstrated
that PQ was capable of inducing not only JNK and ERK1/2 signaling
activation, but also oxidative stress damage, which downstream-
regulated apoptosis in hepatocytes. These findings highlight the
involvement of oxidative stress-induced JNK/ERK activation-regulated
apoptotic mechanisms in PQ-induced hepatocyte death.

JNK and ERK1/2 are stress-activated members of the MAPK family
and are involved in the regulation of cell proliferation, differentiation,
survival and apoptosis (Plotnikov et al., 2011). Further, JNK and ERK1/
2 have attracted attention as mediators of cell stress responses, as they
are involved in the deterioration of mammalian cell function and the
regulation of pro-apoptotic/pathological processes of various organ/
tissue dysfunctions and injuries, including the liver (Huang et al., 2021;
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Fig. 4. JNK- and ERK-mediated pathways are critical in PQ-induced apoptosis of H4IIE cells. Cells were treated with a specific JNK inhibitor (SP600125, 20 pM) or
ERK1/2 inhibitor (PD98059, 20 pM) for 1 h prior to PQ (0.5 mM) treatment, and then (A) cell viability was determined by MTT assay (for 24 h); (B) loss of MMP was
analyzed by flow cytometry (for 24 h); (C) caspase-3 activity was determined using the CaspACE™ fluorometric activity assay kit (for 24 h); (D) protein expressions
of caspase-3 and -7 (for 24 h); and (E and F) the phosphorylated levels of JNK and ERK1/2 proteins (for 1 h) were analyzed using western blot analysis. Data in A-C
are presented as mean + S.E. for six independent experiments with triplicate determination. *p < 0.05 compared to vehicle control. #p < 0.05 compared to PQ
treatment alone. Results shown in D-F are representative images of at least three independent experiments.

2019; Lu and Xu, 2006). Growing evidence indicates that exposure to
toxic chemicals (such as carbon tetrachloride (CCly) or acetaminophen)
can induce acute liver injury, leading to hepatocyte death, which is
correlated with the JNK/ERK activation-regulated apoptosis pathway
(Lietal., 2019; Liu et al., 2018). Furthermore, MAPKs sense the cellular
redox status, which can be induced or mediated by ROS activation
pathways, indicating that MAPKs are common targets for ROS (Son
et al., 2011). The results from in vitro experimental paradigms have
shown that the JNK/ERK signaling pathway is involved in toxic stimuli-
induced hepatotoxicity, which is accompanied by oxidative stress in-
teractions, resulting in apoptosis and pathophysiological injuries (Li
et al., 2020; Yang et al., 2018). Some studies have reported that PQ
exposure can cause cytotoxicity, and increase ERK signal activation,
leading to apoptosis in various cell types, including microglial,

embryonic fibroblast, neuroblastoma, and pulmonary alveolar epithelial
cells (Ju et al., 2019; Miller et al., 2007; Seo et al., 2014; Zhang et al.,
2019). Shen et al. (2017) and Yang et al. (2009) also observed that the
JNK inhibitor SP600125 effectively reduced JNK protein phosphoryla-
tion and downregulated cleaved caspase-3 protein levels and apoptotic
DNA damage, which improved apoptosis in neuroblastoma and pul-
monary alveolar epithelial cells and lung tissue injury after PQ
poisoning. Although studies have indicated that PQ exposure can induce
hepatotoxicity in in vivo and in vitro systems by causing apoptosis, ab-
normalities in histopathological changes, and serum liver enzyme ac-
tivities (Almeida et al., 2021; Atashpour et al., 2017; El-Boghdady et al.,
2017; Kheiripour et al., 2021), the toxicological effects and possible
mechanisms of JNK/ERK signaling in PQ-induced hepatotoxicity remain
unknown. In the present study, our results found that the treatment of
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hepatic cells with PQ significantly increased the phosphorylated levels
of JNK and ERK1/2 proteins, but not that of p38-MAPK. Pretreatment of
HA4IIE cells with the JNK inhibitor SP600125 and ERK1/2 inhibitor
PD98059, respectively, not only effectively blocked the phosphorylation
of JNK and ERK1/2, but also markedly abrogated cytotoxicity, loss of
MMP, and apoptotic responses in PQ-treated hepatic cells. These results
imply that JNK/ERK activation downstream  regulated
mitochondria-dependent apoptosis plays a crucial role in PQ-induced
hepatic cell death.

ROS, which elicit oxidative stress, can affect a variety of patho-
physiological processes and induce undesirable biological reactions,
such as apoptosis (Redza-Dutordoir and Averill-Bates, 2016). In

mammals, the liver is a most important organ because of its metabolic
and detoxifying activities, which play a key role in the metabolism of
GSH (the main endogenous antioxidant), and that is particularly sus-
ceptible to oxidative stress. It is well known that toxic insults are further
transformed and metabolized after being absorbed by the body, leading
to the overproduction of free radicals (to elicit oxidative stress),
resulting in hepatocyte oxidative damage and death (Parvez et al.,
2018). Moreover, NADPH oxidases have been discovered in the liver and
are sources of ROS that play critical roles in the progression of hepatic
diseases (Liang et al., 2016). Nonetheless, PQ is very poisonous to both
humans and animals because of its toxicological characteristics of
inducing ROS (Chen et al., 2015; Muthu et al., 2015). PQ can be
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experiments.

converted to paraquat radicals by NADPH oxidase, which then inhibit
the synthesis of NADPH, ultimately producing ROS (such as hydroxyl
radicals (OH") and hydrogen peroxide (H202)). These undesirable re-
actions result in oxidative stress and at subsequently compromised
antioxidant defense system (such as the depletion of endogenous natural
GSH), which is accompanied by various types of cell damage, especially
in the hepatocytes (El-Boghdady et al., 2017). PQ-induced hepatotox-
icity is primarily mediated by ROS overproduction, which induces
oxidative stress, a vital incentive for organelle dysfunction and apoptosis
(Atashpour et al., 2017; Kheiripour et al., 2021; Zeinvand-Lorestani
et al., 2018; Zhang et al., 2020a). Several studies in in vitro and in vivo
experimental systems have demonstrated severe GSH depletion under
PQ-induced oxidative stress, resulting in hepatocyte dysfunction and
liver failure (Almeida et al., 2021; El-Boghdady et al., 2017; Jjaz et al.,
2024; Zhang et al., 2020b). Zhang et al., (2020a) also highlighted that
PQ exposure can induce marked cytotoxic responses in hepatocytes,
including a decrease in cell viability and an increase in the apoptosis
rate, mitochondrial dysfunction, and intracellular ROS production.
However, the possible mechanism, especially in detailed analysis of the
regulatory role of oxidative stress-linked JNK/ERK signaling, in PQ-
induced hepatocyte apoptosis, remains to be clarified. The results of

the current study showed that exposure of H4IIE cells to PQ resulted in
significant cytotoxicity and JNK/ERK activation (the phosphorylation of
JNK and ERK1/2 proteins) downstream-regulated mitochondrial
dysfunction, leading to apoptosis, which was accompanied by the in-
duction of intracellular ROS generation and GSH depletion. Pretreat-
ment of the cells with the antioxidant NAC (a GSH precursor that results
in increased GSH synthesis, leading to protection against oxidative
stress-induced damage) attenuated the decrease in cell viability, loss of
MMP, apoptotic responses, and intracellular GSH depletion, and JNK
and ERK1/2 phosphorylation in PQ-treated H4IIE cells. Increased ROS
production in PQ-treated HAIIE cells was effectively prevented by NAC
but not a JNK inhibitor (SP600125) or ERK inhibitor (PD98059). These
findings suggest that oxidative stress plays a critical role in PQ-induced
cytotoxicity, causing JNK/ERK activation downstream-regulated mito-
chondria-dependent apoptosis, subsequently contributing to hepatocyte
death.

5. Conclusions

Overall, the present findings show that PQ is capable of inducing
toxicological effects and oxidative stress damage causing hepatocyte
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apoptosis. Furthermore, as shown in Fig. 7, our findings elucidate that
PQ triggers hepatocyte apoptosis through the JNK/ERK activation-
regulated downstream mitochondria-dependent pathway. ROS-
activated JNK/ERK signal is identified as a key axis in PQ-induced
hepatotoxicity, thus further clarifying the mechanisms underlying PQ-

induced hepatocyte apoptosis. These observations provide additional
evidence that NAC is an effective antidote against PQ-induced
hepatotoxicity.
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