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Hepatic p38y exacerbates acetaminophen-induced acute
liver injury via PI3K/Akt-dependent mechanisms
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Abstract. An acetaminophen (APAP) overdose can result
in acute and chronic liver injury. Thus, the discovery of
biomarkers for the management of APAP-induced liver injury
is crucial from a therapeutic standpoint. As one of the four
isoforms of p38 mitogen activated protein kinases, p38y
plays a notable role in the inflammatory processes associated
with various diseases. However, the underlying molecular
mechanisms of p38y in liver injury are largely unknown. In
the present study, it was demonstrated that AML-12 cells and
liver tissues induced with APAP had elevated p38y expres-
sion. DCFH-DA fluorescent probe and oil red O staining was
used to investigate oxidative stress and lipid metabolism in
APAP-induced AML-12 cells and western blotting was used
to assess the expression levels of oxidative stress and lipid
metabolism-related protein inflammatory cytokines. The
results showed that p38y knockdown significantly attenu-
ated the inflammatory response, oxidative stress and lipid
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accumulation, whereas overexpression of p38y exhibited the
opposite effect. Downstream, p38y induced the activation of
the PI3K/Akt signaling pathway via upregulation of phosphor-
ylated (p-)PI3K and p-Akt levels. Additionally, TargetScan
analysis and dual luciferase reporter assays showed that
microRNA-125 selectively targeted the 3'-untranslated region
of p38y, resulting in the repression of APAP-induced inflam-
mation, lipid accumulation and oxidative stress. Furthermore,
adeno-associated virus 9-short hairpin RNA p38y was used
via tail vein injection to cause p38y downregulation in vivo.
The results showed that knockdown of p38y significantly
reduced the inflammatory response, lipid accumulation and
oxidative stress in APAP-induced liver injury. Together, these
findings demonstrated that targeting p38y could be an effec-
tive approach for treating liver injury caused by APAP.

Introduction

The liver functions as a detoxifying organ once foreign
substances enter the human body, while excessive microbial
byproducts can induce damage to the liver (1). Acetaminophen
(APAP) is one of the most widely used analgesics and anti-
pyretic drugs worldwide (2,3). However, overdose of APAP
is the leading cause of drug-induced liver injury (DILI) and
liver failure in several countries, accounting for ~400,000
deaths every year in China alone (3-5). Overdose of APAP
results in the depletion of glutathione (GSH), leading to the
covalent binding of excess N-acetyl-p-benzoquinone imine
(NAPQI) to mitochondrial proteins. This triggers oxidative
stress, mitochondrial dysfunction and ultimately hepatocyte
necrosis (6-10). At present, N-acetylcysteine (NAC) is the
standard clinical antidote for the treatment of APAP poisoning
and its primary role is to replenish hepatic GSH; however, the
timeframe of administration and gastrointestinal side-effects
of NAC have limited its clinical use (11,12). Consequently, there
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is a pressing need for biomarkers that exhibit both specificity
and sensitivity in predicting the development or resolution of
acute liver injury. Such biomarkers could prove instrumental
in mitigating APAP-induced liver injury and reducing associ-
ated mortality rates.

There are four main isoforms of the p38 mitogen-activated
protein kinase (MAPK) family: p38a, p38f3, p38y and p384.
These isoforms may be categorized into two groups: One
comprising p38a/p and the other including p38y/d (13).
Although the p38 isoforms are similar in sequence and share
common upstream kinases, they may have unrelated or even
antagonistic roles in development and disease (14-16). Notably,
p38y (also known as MAPK12, ERK6 or SAPK3) can be acti-
vated by stress and mitogenic signals (17). p38y is expressed
predominantly in muscle tissue, where it promotes myoblast
differentiation into myotubes. p38y mRNA is upregulated in
several types of cancer, such as colon cancer (18-20). A study
has shown that p38y exhibits substrate selectivity and inhibi-
tion sensitivity similar to those of traditional cyclin-dependent
kinase (CDKs), hence functioning as a CDK-like kinase (21).
Notably, retinoblastoma (Rb), a well-known protein linked to
tumor suppression, may be phosphorylated by p38y, which
activates essential cyclins (E1/A). This, in turn, facilitates
cancer cell growth and proliferation, including hepatocellular
carcinoma (HCC) and other types of cancer (22). Additionally,
several findings indicate that p38y may link inflammation to
tumorigenesis (23,24). For example, Yin ef al (25) demon-
strated that p38y was activated by inflammation in the mouse
colon and knockdown of p38y attenuated the inflammatory
response, decreased proinflammatory cytokine expression
and inhibited inflammation-associated colon tumorigenesis.
Furthermore, biopsies of human HCC showed high expression
of p38y (22). Additionally, targeting p38y has been shown
to synergistically enhance sorafenib-induced cytotoxicity in
HCC (26), further supporting its functional significance in
liver pathobiology. Moreover, p38y expression is significantly
elevated in the livers of patients, diagnosed with non-alcoholic
fatty liver disease (NAFLD). Notably, our previous study
showed a direct link between p38y and the pathogenesis of liver
injury (27). It was shown that p38y expression is upregulated
in the liver after exposure to APAP and ethanol. Inhibition
of p38y attenuated ethanol- and APAP-induced AML-12 cell
injury. Moreover, the knockdown of p38y repressed the inflam-
mation, lipid accumulation and oxidative stress in ethanol- and
APAP-induced liver injury. Furthermore, previous studies
have indicated that mice that lack p38y exhibit resistance to
diet-induced fatty liver, as well as improved glucose tolerance
and reduced hepatic triglyceride accumulation (27,28). It has
been previously shown that p38y kinases regulate inflamma-
tion by influencing macrophage production of tumor necrosis
factor (TNF)-a (29,30) and T-cell activation (31). These find-
ings provide a strong rationale for investigating the specific role
and mechanism of p38y in APAP hepatotoxicity. In summary,
it is highly plausible that p38y may exert a significant influ-
ence on inflammation and oxidative stress in the context of
APAP-mediated liver injury.

MicroRNAs (miRNAs) are short non-coding RNAs, typi-
cally 20-22 nucleotides in length, that regulate gene expression
by binding to the 3'-untranslated region (UTR) of target
mRNAs (32,33). The dysregulation of miRNAs is associated

with hepatic metabolic disorders, injury, fibrosis and tumori-
genesis (34-37). For example, Ren et al (38) reported that aging
exacerbates alcohol-induced liver injury in mice and humans
through suppression of the sirtuin 1-C/EBPa/miR-223 axis,
highlighting the significance of miRNAs in liver disease.
Therefore, the present study explored the upstream regulatory
factors of p38y using bioinformatics analysis.

The present study aimed to investigate functional role of
p38y in APAP-induced liver injury and clarify its upstream
regulatory mechanisms. AML-12 cells and C57BL/6J mice
were used to establish a liver injury model induced by APAP.
Multiple experimental approaches were utilized, including
RNA-sequencing (RNA-seq) to analyze gene expression
profiles, western blotting and reverse transcription-quantitative
PCR (RT-qPCR) to detect the expression of target molecules,
luciferase reporter assays to verify miRNA-mRNA binding
interactions and biochemical analyses to assess oxidative stress
and lipid metabolism indicators. In addition, adeno-associated
virus 9 (AAV9)-mediated short hairpin RNA (shRNA) was
used for in vivo p38y knockdown. In conclusion, these strate-
gies elucidated the role of p38y and the regulatory effect of
miR-125 in APAP-induced liver injury, offering novel insights
into potential therapeutic targets.

Materials and methods

Reagents. The AML-12 cells (cat. no. CL-0602) were provided
by Wuhan Pricella Biotechnology Co., Ltd. (Elabscience
Bionovation Inc.). Assay kits for alanine aminotransferase
(ALT; cat. no. C009-2-1), aspartate aminotransferase (AST;
cat. no. C010-2-1), GSH (cat. no. A006-2-1), malondialdehyde
(MDA cat. no. A003-1-2) and superoxide dismutase (SOD; cat.
no.A001-3-2) were obtained from Nanjing Jiancheng Institute of
Bioengineering. The anti-p38y (cat. no. 20184-1-AP), anti-IL-6
(cat. no. 21865-1-AP), anti-IL-1f (cat. no. 16806-1-AP),
anti-albumin (cat. no. 16475-1-AP), Akt (cat. no. 10176-2-AP),
anti-phosphorylated (p-)Akt (cat. no. 66444-1-Ig), anti-TNF-a
(cat. no. 17590-1-AP), anti-peroxisome proliferator-activated
receptor (PPAR)-a (cat. no. 66826-1-Ig), anti-sterol regulatory
element-binding protein (SREBP)-1 (cat. no. 14088-1-AP) and
anti-Fasn (cat. no. 10624-2-AP) antibodies were purchased
from Proteintech Group, Inc. Anti-NADPH oxidase 4 (NOX4)
(cat. no. A11274) and anti-inducible nitric oxide synthase
(INOS) (cat. no. A14031) were purchased from ABclonal
Biotech Co., Ltd. Anti-f-actin (cat. no. AF7018), anti-PI3K
(cat. no. AF3241) and anti-p-PI3K (cat. no. AF6241) were
purchased from Affinity Biosciences, Ltd. ELISA kits for
IL-1p (cat. no. MLBOOC-1), IL-6 (cat. no. M6000B-1) and
TNF-a (cat. no. MTAOOB-1) were purchased R&D Systems,
Inc. The detection of IL-1f, IL-6 and TNF-a was carried out
in accordance with the manufacturer's instructions.

Animal experiments. All animal care and experimental
protocols were approved by the Anhui Medical University
Experimental Animal Ethics Committee (approval
no. LLSC20241364). The protocols for the use and care of
medical laboratory animals were followed in all operations.
For the animal experiments, 8-week-old male C57BL/6J mice
weighing 20-22 g were obtained from Jiangsu GemPharmatech
Co., Ltd. Mice were kept in a specific pathogen-free facility at
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the Anhui Medical University Experimental Animal Center.
The number of animals used in each group was 6, with a total
of 24 C57BL/6J mice used in the experiment. All 24 mice were
euthanized at the scheduled time point and no mice were found
dead during the experiment. The housing conditions were set
as follows: The breeding room temperature was maintained at
22+2°C, the relative humidity was 50+10% and the light/dark
cycle was 12/12 h. Mice had free access to standard laboratory
chow and sterile drinking water throughout the experiment.

Before the animal model was established, mice were
allowed to acclimatize for 1 week, during which they
were fed an adaptable diet and had access to sufficient
quantities of water. Following randomization, the animals
were weighed and split into four groups: Normal, APAP,
APAP + AAV9-Empty and APAP + AAV9-shRNA-p38y. For
the intervention groups, mice were slowly injected via the
tail vein with either AAV9-Empty or AAV9-shRNA-p38y.
The AAV9-shRNA-p38y used in the present study was
provided by Hanbio Biotechnology Co., Ltd. The sequences
were as follows: 5-GGCCAAGAACUACAUGGAATT-3'
and 5'-UUCCAUGUAGUUCUUGGCCTT-3". An intra-
peritoneal dose of APAP (250 mg/kg; Beijing Solarbio
Science & Technology Co., Ltd.) was used to induce liver
injury (39,40) 14 days after the AAV injection. Liver injury
was induced in the APAP, APAP + AAV9-Empty and APAP
+ AAV9-shRNA-p38y groups via an intraperitoneal injection
of APAP. At 24 h after APAP injection, blood was collected
via retro-orbital bleeding using sterile heparinized microhe-
matocrit capillary tubes in the SPF animal room. Mice were
anesthetized with isoflurane inhalation (induction 3-4%,
maintenance 1.5-2%) prior to collection. In total, 0.5-1.0 ml
of blood was obtained from each mouse and transferred into
plain serum separation tubes. The samples were allowed to
clot at room temperature for 30 min, and serum was sepa-
rated by centrifugation at 2,000 x g for 10 min at 4°C. Serum
was stored at -80°C until analysis. The mice were euthanized
24 h after APAP administration using CO, at 30-70% vol/min
displacement in compliance with the AVMA guidelines:
2020 Edition (41). The absence of a heartbeat and respira-
tory movement, along with a lack of response to physical
stimulation, were used to confirm animal death. The health
and behavior of the mice were monitored twice a day during
the acclimatization and experimental periods, including
the observation of mental state, activity, food intake, water
intake and hair condition. The humane endpoints followed in
the present study included: Severe weight loss (>20% of the
body weight), inability to eat or drink independently, severe
lethargy, abnormal posture, difficulty in breathing and severe
liver injury-related symptoms. No animals reached these
humane endpoints during the experiment and all mice were
euthanized as scheduled.

The livers were collected and divided into tiny pieces, then
fixed in 4% paraformaldehyde at room temperature for 48 h
for histology. The remainder of the tissue was frozen in liquid
nitrogen and kept at -80°C for further examination. To mini-
mize bias, group assignment was performed randomly using a
computer-generated random number sequence. Furthermore,
while the investigators administering the treatments were
necessarily aware of group identities, all subsequent data
acquisition and analysis were performed under blinded
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conditions. The personnel conducting histopathological
scoring, biochemical assays, western blot quantification and
statistical analysis were unaware of the group codes until after
all data collection was complete.

Cell culture. The AML-12 cells were cultured in DMEM/F-12
media (Gibco; Thermo Fisher Scientific, Inc.; cat. no. 11320033)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.; cat. no. 10099141), 1% penicillin-strep-
tomycin solution (10,000 units/ml penicillin and 10,000 pg/ml
streptomycin; Gibco; Thermo Fisher Scientific, Inc.). The cells
were maintained in a 37°C incubator with 5% CO,. Cells were
treated with 10 mM APAP for 24 h to establish an in vitro
model of liver injury (42,43). Cells between passages 5 and 15
were used for all experiments. For treatment, cells were seeded
and allowed to reach 70-80% confluency before the addition of
APAP or transfection.

Immunohistochemistry (IHC). For IHC, 4 ym sections were
cut from the paraffin-fixed liver tissues. Following deparaf-
finization and rehydration, heat-induced epitope retrieval was
performed by incubating the slides in sodium citrate buffer
(10 mM, pH 6.0) at 95°C for 20 min. The sections were then
allowed to cool to room temperature. After washing with PBS,
the sections were incubated with 3% hydrogen peroxide for
10 min at room temperature to quench endogenous peroxidase
activity, washed three times with PBS for 5 min each, then
blocked with 2% BSA (Sigma-Aldrich; Merck KGaA; cat.
no. A8806) for 30 min at room temperature. Subsequently,
after overnight incubation at 4°C with anti-TNF-a, anti-IL-1
or anti-IL-6 (all 1:150), the sections were washed three times
with PBS for 5 min each and then incubated for 1 h at room
temperature with a biotinylated IgG secondary antibody
(Proteintech Group, Inc.; cat. no. 16795-1-AP; 1:200). Next, the
sections were washed with PBS, then incubated with Vectastain
ABC reagent for 1 h at room temperature and diaminobenzi-
dine (Shanghai Aladdin Biochemical Technology Co., Ltd.)
substrate solution for 5 min at room temperature. Finally, the
slides were counterstained with hematoxylin at room tempera-
ture for 3 min and examined under a light microscope.

Immunofluorescence. The procedure for immunofluorescence
microscopy was performed as described previously (33,44).
Briefly, cells were plated on coverslips coated with 10 pg/ml fibro-
nectin. After fixing the cells for 10 min at room temperature with
3.7% paraformaldehyde, the cells were washed three times with
PBS. Cells were permeabilized with 0.5% Triton X-100 at 37°C
for 5 min. Subsequently, the cells were blocked with goat serum
(Beyotime Biotechnology; cat. no. C0265) at room temperature for
30 min, then incubated with anti-p38y and anti-albumin primary
antibodies (both 1:100) in a wet chamber at 4°C overnight. This
was followed by incubation with Alexa Fluor 488-conjugated
anti-rabbit/mouse (cat. no. P11047; 1:500; Invitrogen; Thermo
Fisher Scientific, Inc.) or Alexa Fluor 594-conjugated anti-rabbit
(cat. no. S32356; 1:500; Invitrogen; Thermo Fisher Scientific, Inc.)
secondary antibodies for 1 h at 37°C. Cells were washed with
PBS, then cell nuclei were counterstained with DAPI (1 pg/ml;
Beyotime Biotechnology) for 5 min at room temperature. The
cells were mounted with Prolong Gold anti-fade reagent and
imaged using a YB710FL fluorescence microscope.
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Western blotting. The radioimmunoprecipitation assay lysis
buffer (Beyotime Biotechnology; cat. no. P0O013B) supple-
mented with 1 mM phenylmethanesulfonyl fluoride was used
to extract total protein from the liver tissues and cultured
cells, then protein concentration was measured using a BCA
protein assay kit (Beyotime Biotechnology). Equal quantities
of protein (30 ug) were loaded per lane on a 10% SDS gel,
resolved using SDS-PAGE, transferred to PVDF membranes
at 400 V for 30 min and then blocked for 2 h at room tempera-
ture in 5% non-fat milk in Tris-buffered saline with 0.05%
Tween-20 (TBST). Subsequently, the membranes were incu-
bated with primary antibodies at 4°C overnight. The following
day, the membranes were washed TBST and incubated with
horseradish peroxidase-conjugated secondary antibodies (cat.
no. 7074S; Cell Signaling Technology, Inc.) diluted in blocking
buffer (1:5,000) for 1 h at room temperature. An enhanced
chemiluminescence kit (SuperSignal west pico trial kit; Pierce;
Thermo Fisher Scientific, Inc.) was used to visualize signals.
The signals were captured using a ChemiDoc MP Imaging
System (Bio-Rad Laboratories, Inc.). f-actin was used as the
loading control. Densitometry analysis was performed using
ImagelJ software (version 1.53k; National Institutes of Health).
The primary antibodies were diluted as follows: Anti-PI3K
(1:1,000), anti-p-PI3K (1:1,000), anti-Akt (1:1,000), anti-p-Akt
(1:1,000), anti-p38y (1:1,000), anti-IL-6 (1:1,000), anti-IL-1{
(1:2,000) anti-TNF-a (1:1,000), anti-NOX4 (1:2,000),
anti-iNOS (1:2,000), anti-PPAR-a (1:1,000), anti-SREBP-1
(1:1,000), anti-Fasn (1:1,000) and anti-f-actin (1:1,000).

Luciferase reporter assay. The putative wild-type (WT)
or mutant (MUT) 3'-UTR of p38y containing the miR-125
binding site was synthesized and cloned into the pmirGLO
Dual-Luciferase vector (Promega Corporation; cat. no. E1330).
AML-12 cells were co-transfected with the constructed
reporter vectors (luc-p38y-WT or luc-p38y-MUT) and either
miR-125 mimics or negative control (NC) mimics using
Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After 48 h, luciferase activity was measured using the
Dual-luciferase Reporter Assay Kit (Promega Corporation)
according to the manufacturer's protocol. Firefly luciferase
activity was normalized to Renilla luciferase activity for each
sample.

Biochemical analyses. The levels of serum (0.5-1.0 ml per
mouse) from mice ALT, AST, MDA, GSH and SOD were
measured using commercial kits according to the manufac-
turer's instructions.

Histological examination. Liver specimens were fixed in
4% paraformaldehyde, embedded in paraffin and cut into
50 um-thick sections. Samples were stained with hematoxylin
and eosin (H&E) as follows: Initially, samples were incubated
with hematoxylin for 5 min and then washed with water,
differentiated with hydrochloric acid solution for ~3 sec,
washed with tap water, counterstained with ammonia solu-
tion for ~3 sec and washed with tap water again. Under the
microscope, nuclei appeared pale blue to blue, with a pale
blue or nearly colorless background. Sections were dehydrated
sequentially in 85 and 95% ethanol solutions for 4 min each,
then immersed in eosin solution for 1-2 min. Dehydration

was performed using absolute ethanol, followed by clearing
with n-butanol and xylene. Sections were then transferred to
a square container containing clean xylene and mounted with
neutral resin.

For the Masson's trichrome staining procedure,
paraffin-embedded sections were dewaxed, immersed in
water for 2 min, then sequentially immersed in xylene, abso-
lute ethanol, 95% ethanol, 80% ethanol and 70% ethanol for
varying durations, followed by washing with distilled water.
Sections were then immersed in ferric hematoxylin stain for
3-8 min, then washed under running water. Subsequently,
sections were stained with Alizarin Red-Acid Fuchsin for
10 min. Next, the sections were placed in phosphomolybdic
acid for differentiation for several seconds, then washed with
water, followed by staining in aniline blue solution for 5 min
and washing with 0.2% glacial acetic acid. Sections were
sequentially immersed in 95% ethanol, anhydrous ethanol and
xylene for varying durations. After removing sections from
xylene, they were air-dried briefly and mounted in neutral
resin. Sirius red staining for collagen was performed according
to the manufacturer's protocol (Beyotime Biotechnology; cat.
no. C1006).

All stained sections were examined under a light micro-
scope (Nikon Eclipse Ci-L) by two independent pathologists
blinded to the experimental grouping. All steps were performed
at room temperature.

Detection of intracellular reactive oxygen species (ROS). To
determine the intracellular ROS levels, a fluorescence-based
probe sensitive to oxidation, 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA; Beyotime Biotechnology) was used.
After treatment, cells were washed twice with PBS and then
incubated for 20 min at 37°C with 10 gmol/l DCFH-DA.
Non-specific esterase within the cells deacetylate DCFH-DA
and ROS are then oxidized to produce the fluorescent chemical
2'/7'-dichlorofluorescein (DCF). The cells were then washed
three times with pure DMEM. Fluorescence microscopy
(Yuescope; cat. no. YB710FL) was used to detect the ROS
levels with excitation/emission settings of 485/535 nm. To
validate the assay, untreated cells were used to establish the
baseline fluorescence (negative control) and cells treated with
hydrogen peroxide (200 M for 30 min) were used as a positive
control to confirm the responsiveness of the DCFH-DA probe.

RT-gPCR. Total RNA was extracted from tissues or cells using
TRIzol®reagent (Invitrogen; Thermo Fisher Scientific, Inc.; cat.
no. 15596026) according to the manufacturer's protocol. RNA
concentration and purity were assessed using a NanoDrop™
spectrophotometer (Thermo Fisher Scientific, Inc.). A total
of 1 ug total RNA was reverse-transcribed into cDNA using
the Transcriptor First-Strand cDNA Synthesis Kit (Roche
Diagnostics GmbH; cat. No 04379012001) with oligo(dT)
primers according to the manufacturer's protocol. qPCR was
performed using FastStart Universal SYBR Green Master
(Rox) (Roche Diagnostics GmbH; cat. no. 04913850001) on a
QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Thermo Fisher Scientific, Inc.). The thermocycling conditions
were as follows: 95°C for 30 min, followed by 40 cycles of 95°C
for 15 sec and 60°C for 30 min. All reactions were run in trip-
licate. The relative mRNA expression levels were calculated
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using the 224% method (45) and normalized to GAPDH. The
sequences of the primers are listed in Table I.

Cell transfection. To downregulate or upregulate the expression
of miR-125 and p38y, miR-125 mimic, miR-125 inhibitor, p38y
small interfering (si)-RNA, p38y plasmid (pEGFP-C1-p38y) or
corresponding control constructs were used. A total of 50 nM
nucleic acid constructs (miR-125 mimic, miR-125 inhibitor
or p38y siRNA) and 2 ug plasmid DNA (pEGFP-C1-p38y)
or corresponding control constructs were transfected using
Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. Cells were
transfected for 6 h, after which, the culture medium was
changed and APAP was added. AML-12 cells were cultured
at 37°C in a humidified incubator supplied with 5% CO, for
24 h and then collected for RT-qPCR or western blot analysis.
All transfected constructs were purchased from Shanghai
GenePharma, Co., Ltd. The sequences of the miR-125 mimic,
miR-125 inhibitor, p38y-siRNA and the corresponding NCs
are listed in Table II.

ELISA. The supernatants of AML-12 cells in the different
treatment groups were collected and the expression levels of
TNF-a, IL-1p and IL-6 were assessed by ELISA kits according
to the manufacturer's instructions.

MTT. MTT reagent was purchased from Sigma-Aldrich
(Merck KGaA). Before the experiment, MTT reagent was
prepared into a 5 mg/ml working solution with serum-free
medium, filtered and sterilized, and stored at 4°C in the
dark for later use. AML-12 cells in the logarithmic growth
phase were seeded into 96-well culture plates at a density
of 1x10* cells per well with a volume of 100 ul per well and
cultured in a 37°C, 5% CO, incubator until the cells adhered
to the wall. Then, different concentrations of APAP treatment
solution were added (the control group was added with the
same volume of solvent) and cultured for 0, 6, 12,24 and 48 h
respectively. After the incubation, 20 1 of MTT working solu-
tion was added to each well and the incubation was continued
for 4 h to form purple formazan crystals. After the incuba-
tion, the supernatant in the wells was carefully aspirated and
discarded, 150 ul of DMSO was added to each well and the
mixture was shaken at low speed on a shaker for 10 min to
ensure complete dissolution of formazan crystals. A microplate
reader was used to measure the absorbance of each well at a
wavelength of 570 nm with a reference wavelength of 630 nm.
The cell viability of the control group was set as 100% and the
relative cell viability of each treatment group was calculated.
Each treatment group was set with 3 replicate wells and the
experiment was independently repeated 3 times.

Isolation and culture of primary hepatocytes. The male
C57BL/6J mice (8 weeks old, body weight 20-22 g) were
obtained from Jiangsu GemPharmatech Co., Ltd. Mice were
housed under specific pathogen-free conditions at 22+2°C,
50+10% relative humidity and a 12 h light/dark cycle, with
free access to standard chow and water. Before the hepato-
cytes were isolated, mice were allowed to acclimatize for
1 week. Then, isoflurane (induction 3-4%, maintenance
1.5-2%) was used to anesthetize the mice, followed by
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Table I. Primer sequences for reverse transcription-quantitative
PCR.

Gene Sequence (5'-3")

p38y Forward: GAGAGTTGCGCCTCCTCAAA
Reverse: CACTCAGGGTCTCATGCTTCA

TNF-a Forward: AGGCACTCCCCCAAAAGATG
Reverse: CCACTTGGTGGTTTGTGAGTG

IL-6 Forward: CTGCAAGAGACTTCCATCCAG
Reverse: AGTGGTATAGACAGGTCTGTTGG

IL-1p Forward: TGGATGCTCTCATCAGGACAG

Reverse: GAAATGCCACCTTTTGACAGTG
18[6 Forward: CTCGCTTCGGCAGCACATATACT
Reverse: ACGCTTCACGAATTTGCGTGTC

miR-125 Forward: GCUCCCUGAGACCCUAAC
Reverse: CAGTGCAGGGTCCGAGGT
GAPDH Forward: GTCGATGGCTAGTCGTAGCATCGAT

Reverse: TGCTAGCTGGCATGCCCGATCGATC

miR-125, microRNA-125.

perfusion with a washing buffer [Hank's balanced salt solu-
tion (HBSS; Beyotime Biotechnology; cat. no. C0218) with
0.1% EDTA (Sigma-Aldrich; Merck KGaA; cat. no. E6758)]
via the inferior vena cava. Next, a digestive solution (HBSS
with 0.5 mg/ml collagenase D; Roche Diagnostics GmbH; cat.
no. 11088866001) was used for perfusion. Once the perfusion
was complete, the mice were euthanized using CO, and the
livers were extracted and primary hepatocytes were isolated by
carefully slicing the liver lobes. The cells underwent filtration,
centrifugation at 50 x g for 5 min at 4°C, washing twice with
cold William's E medium (Gibco; Thermo Fisher Scientific,
Inc.; cat. no. A1217601) by centrifugation at 50 x g for 5 min
at 4°C, and were resuspended in William's E medium. They
were then seeded at a suitable density for further experiments.

RNA-seq analysis. Total RNA was extracted from AML-12
cells, both untreated and treated with 10 mM APAP, using
TRIzol reagent, with three replicates per group. NanoDrop
spectrophotometry was used to evaluate the concentrations,
quality and integrity of the extracted RNA. Afterward,
3 ug of RNA (RNA integrity number, 10.0; a score of 10.0
indicates intact, high-quality RNA with no degradation)
was extracted from each sample, which was sequenced and
analyzed by Shanghai Personal Biotechnology Co., Ltd.
Briefly, the construction of the sequencing library was
completed using the TruSeq RNA Sample Preparation Kit
(cat. no. RS-122-2001; Illumina, Inc.). Library quantification
was achieved through a two-step method: Preliminary quan-
tification was performed using RT-qPCR, followed by precise
detection using the Agilent High Sensitivity DNA Kit on
the Agilent 2100 Bioanalyzer System (Agilent Technologies,
Inc.). After quantification, the library was sequenced on the
[llumina Novaseq 6000 sequencing platform (300 cycles; cat.
no. 20012860; Illumina, Inc.), generating paired-end reads of
150 bp in length. The final library was loaded at a concentration


https://www.spandidos-publications.com/10.3892/ijmm.2026.5855

6 FANG et al: p38y EXACERBATES ACETAMINOPHEN-INDUCED ACUTE LIVER INJURY

Table II. Sequences of miR-125 mimics, miR-125 inhibitor, p38y-siRNA and the corresponding NCs.

Gene Sequence (5'-3")
p38y-siRNA Sense: GGCCAAGAACUACAUGGAATT
Anti-sense: UUCCAUGUAGUUCUUGGCCTT
siRNA NC Sense: UUCUCCGAACGUGUCAGGUTT
Anti-sense: ACGUGACACGUUCGGAGAATT
Mimic NC Sense: ACACGUCAGCAUUAACUCCUUG

miR-125 mimic

Inhibitor NC
miR-125 inhibitor

Anti-sense: UGUGCAGUCGUAAUUGAGGAAC
Sense: UCCCUGAGACCCUUUAACCUGUGA
Anti-sense: ACAGGUUAAAGGGUCUCAGGGAUU
CAGUACUUUUGUGUAGUACAA
UCACAGGUUAAAGGGUCUCAGGGA

siRNA, small interfering RNA; miR-125, microRNA-125; NC, negative control.

of 150 pM, determined by RT-qPCR and verified using the
Agilent 2100 Bioanalyzer with the High Sensitivity DNA
Kit. The raw sequencing data was filtered using FastQC soft-
ware (version 0.11.9; https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) to remove low-quality sequences and
then the qualified reads were aligned to the human reference
genome (version hg38) using HISAT2 alignment software
(version 2.2.1; https://dachwankimlab.github.io/hisat2/).
HTSeq v0.9.1 (https://htseq.readthedocs.io/en/release_0.9.1/)
was used to calculate read counts, which were then normal-
ized and expressed as fragments per kilobase of transcript per
million mapped reads. Genes showing a fold change >2 and a
normalized P<0.05 were considered differentially expressed. A
heatmap of differentially expressed genes (DEGs) was created
using R (version 4.2.2; https:/www.R-project.org/). Gene
Ontology (GO) (http://www.geneontology.org/) was employed
to analyze biological processes and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) was used for pathway analysis.
Unlike the previous analyses that focused on identifying DEGs
by filtering with fold change >2 and normalized P<0.05, and
visualizing DEGs via a heatmap, GO_BP enrichment, KEGG
analysis and Gene Set Enrichment Analysis were performed
on DEGs specifically to annotate their biological functions,
enrich associated biological processes and explore the involved
signaling pathways. Circle plots were used to illustrate the
DEGs associated with specific BP terms.

Statistical analysis. Data are presented as the mean + SD of
three repeats. One-way ANOVA with Bonferroni correction
was used to compare multiple groups. Otherwise, a two-tailed
unpaired t-test was used. All data were analyzed using SPSS
(version 21.0; IBM Corp.). P<0.05 was considered to indicate a
statistically significant difference.

Results

P38y expression is increased in APAP-induced liver injury. To
assess p38y expression during the progression of liver injury, a
liver injury model was established using APAP. H&E staining
was used to determine the degree of liver injury (Fig. 1A).
Additional analysis showed that ALT and AST activity was

increased compared with the normal group (Fig. 1B). IHC
analysis showed markedly increased levels of TNF-a, IL-6
and IL-1p (Fig. 1A). These results were further confirmed
by western blot analysis (Fig. 1C). Further western blot
analysis showed a significant decrease in the expression level
of PPAR-a, whereas the SREBP-1, Fasn, iNOS and NOX4
expression levels were increased compared with the normal
group (Fig. 1D and E). Next, APAP was used to construct a
liver injury cell model in vitro. To explore the pharmacological
effects of APAP, an MTT assay was conducted after 0, 6, 12,
24 and 48 h of incubation. The results showed that a reduc-
tion in cell viability from 99.33 to 51.67% was observed after
incubating with APAP for 24 h (Fig. S1A). In addition, the
expression of IL-6 and p38y in AML-12 cells treated with
APAP increased and peaked after 24 h of treatment (Fig. S1B).
A liver injury model in AML-12 cells was established using
APAP at 0, 2.5, 5, 10 and 20 mM. As shown in Fig. S1C, a
reduction in cell viability from 99.67 to 52.00% was observed
after incubating with 10 mM of APAP for 24 h. Additionally,
the western blot results showed that APAP significantly
increased the p38y and p-Akt expression levels compared
with the normal group, which peaked with APAP treatment at
10 mM (24 h) (Fig. S1D). Hence, AML-12 cells were treated
with APAP at 10 mM for 24 h. The results showed that the
expression levels of TNF-a, IL-6, IL-13, SREBP-1, Fasn,
iNOS and NOX4 was increased in AML-12 cells treated with
APAP compared with the normal group (Fig. 1F-H).

Next, RNA-seq analysis was used to compare gene expres-
sion in control AML-12 cells and APAP-induced AML-12
cells. A total of 2,138 significantly DEGs were identified,
consisting of 766 upregulated and 1,372 downregulated genes.
Our previous study indicated that p38y was upregulated in
the liver injury after exposure to APAP and ethanol, and its
inhibition could alleviate the cell damage and inflammatory
response in the combined model (27). Moreover, another of
our studies demonstrated that p38y significantly increased
during the NAFLD process and knockdown of p38y could
inhibit lipid accumulation in liver cells by suppressing the
activation of the JAK/STAT signaling pathway (28), providing
an important preliminary foundation for the present study.
Additionally, p38y is increasingly recognized as being related
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to liver diseases. For example, a study indicated that p38y
could regulate the proliferation of HCC cells (22). However,
the role of p38y as a therapeutic target for APAP-induced liver
injury remains poorly understood. Based on the preliminary
research of our previous studies and the core role of inflam-
mation, oxidative stress and lipid metabolism disorders in
APAP-induced liver injury, p38y was focused on for further
study among the significantly upregulated genes. Of note,
the results showed that p38y expression was upregulated in
APAP-treated AML-12 cells (Fig. 2A-C). The upregulation of
p38y provides a very reasonable and novel mechanism connec-
tion between APAP-induced liver injury (associated with
oxidative stress, lipid buildup and inflammatory responses)
and the molecular regulatory network mediated by p38y. The
results of the GO enrichment analysis showed that the liver
injury induced by APAP was linked to oxidative stress, lipid
buildup and inflammatory responses (Fig. 2D). Double immu-
nofluorescence staining showed that p38y co-localized with
hepatocyte albumin in the liver tissues (Fig. 2E), suggesting
that p38y was expressed in hepatocytes.

In addition, immunofluorescence, RT-qPCR and
western blot analysis results showed that the p38y expres-
sion level was significantly increased in the liver tissues of
APAP-treated mice compared with the normal group (Fig. 2F,
G and I). Similarly, p38y expression was also upregulated in
APAP-treated AML-12 cells (Fig. 2F, H and J). Collectively,
these findings from both in vivo (APAP-treated mice) and
in vitro (APAP-treated AML-12 cells) models confirmed
that APAP successfully induced liver injury and consistently
demonstrated p38y upregulation in this APAP-induced liver
injury model, suggesting that p38y is functionally involved
in the pathogenesis of APAP-induced liver injury. Thus, the
specific role of p38y in this process was further investigated.

p38y regulates APAP-induced oxidative stress and lipid
accumulation in AML-12 cells. A growing body of evidence
underscores the importance of oxidative stress and lipid
accumulation in liver injury induced by APAP (46-48). Thus,
whether p38y is functionally involved in regulating oxidative
stress and lipid accumulation was next assessed. To this end,
the p38y-siRNA and pEGFP-C1-p38y were used to downregu-
late and upregulate p38y expression, respectively. Satisfactory
transfection efficiency was obtained at 24 h post-transfection
(Figs. S2A-D and S3C). Next, it was found that the MDA level
was increased, while the GSH and SOD levels were decreased
in APAP-induced AML-12 cells compared with normal cells.
p38y knockdown reduced MDA levels and increased the
levels of GSH and SOD. By contrast, overexpression of p38y
increased MDA levels and decreased the GSH and SOD levels
(Fig.3A-C). Oil red O staining showed accumulation of cellular
lipid in APAP-treated AML-12 cells compared with the normal
group. Lipid accumulation was reduced by p38y knockdown
compared with p38y NC treatment, whereas overexpression
of p38y resulted in increased lipid accumulation (Fig. 3D).
The results of DCF, DHE and MitoSOX staining revealed
increased ROS production within the APAP group compared
with the normal group. Downregulation of p38y inhibited
the production of ROS compared with the APAP + p38y NC
group. Conversely, ROS generation was increased following
p38y overexpression compared with the APAP + pEGFP-C1

group (Fig. 3E). Next, the expression levels of SREBP-1, Fasn
and PPAR-a were assessed, three proteins that are linked to
lipogenesis (49). The results showed that APAP treatment
increased the expression of SREBP-1 and Fasn, and decreased
the expression of PPAR-a. The effect of APAP treatment
on these lipid accumulation-related proteins was promoted
by pEGFP-C1-p38y (Fig. 3G) and reduced by p38y siRNA
(Fig. 3F). The expression levels of oxidative stress-related
proteins (iNOS and NOX4) in AML-12 cells were assessed;
their expression was increased in APAP-induced AML-12
cells. p38y overexpression increased the impact of APAP treat-
ment on the production of NOX4 and iNOS (Fig. 3G), whereas
p38y knockdown reduced their expression (Fig. 3F), indicating
the regulatory function of p38y in oxidative stress. Overall,
these results demonstrated that p38y increased oxidative stress
and lipid accumulation aggravated by APAP in liver injury.

p38y regulates APAP-induced inflammatory response
in AML-12 cells. Inflammation is a critical cause of
APAP-induced hepatic injury. Therefore, the impact of p38y
on the inflammatory response in APAP-treated AML-12
cells was next assessed. The ELISA results indicated that the
expression of TNF-a, IL-6 and IL-1p were elevated by APAP.
This increase in inflammatory cytokine release was signifi-
cantly suppressed by p38y knockdown and enhanced by p38y
overexpression (Fig. 4A and B). Furthermore, the results of
the RT-qPCR analysis showed that, after p38y-siRNA treat-
ment, the expression levels of IL-1p, TNF-a and IL-6 were
significantly downregulated (Fig. 4C). However, p38y overex-
pression significantly increased the expression levels of IL-1§,
TNF-a and IL-6 (Fig. 4D). Notably, these results were further
validated through western blot analysis (Fig. 4E and F).
Consequently, these findings provided evidence supporting the
involvement of p38y in the release of inflammatory cytokines
during APAP-induced liver injury.

miR-125 directly targets p38y in AML-12 cells. TargetScan was
used to determine the upstream regulatory mechanism of p38y.
TargetScan analysis showed that a large number of miRNAs
could target the 3'-UTR region of p38y, such as miR-4319.
However, among all the predicted miRNAs targeting p38y,
miR-125 had a very high ‘context++ score’, which is a key
indicator reflecting binding affinity and conservation, and
identified miR-125 as a regulator targeting the 3'-UTR of p38y
(Fig. 5A). To further investigate if the predicted binding site of
miR-125 to the 3'-UTR of p38y mRNA was responsible for the
downregulation of p38y,a WT and MUT 3'-UTR of p38y was
cloned into a luciferase reporter vector. WT-p38y and miR-125
mimics or scrambled control were co-transfected into AML-12
cells to perform a luciferase reporter assay. In AML-12 cells
transfected with miR-125 mimics, the luciferase activity was
significantly reduced compared with the scrambled control
cells (Fig. 5B). In addition, the miR-125 mimics and miR-125
inhibitor were used to upregulate and downregulate the
miR-125 expression, respectively. Satisfactory transfection
efficiency was obtained at 24 h post-transfection (Fig. S3A-D).
RT-qPCR results indicated that the mRNA level of p38y
was downregulated by miR-125 mimics and upregulated by
miR-125 inhibitor (Fig. 5C); western blot analysis further
validated these findings (Fig. 5D). Next, AML-12 cells were
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Reverse transcription-quantitative PCR analysis of TNF-a, IL-6 and IL-1f activity in AML-12 cells following p38y (C) knockdown and (D) overexpression.
Western blot analysis of TNF-o, IL-6 and IL-1§ activity in AML-12 cells following p38y (E) knockdown and (F) overexpression. Data are presented as the
mean + SD of at least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction. "P<0.05, “P<0.01, ““P<0.001. APAP,
acetaminophen; siRNA, small interfering RNA; NC, negative control.
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Figure 5. p38y is a direct target of miR-125. (A) TargetScan was used to predict that p38y possesses binding sites for miR-125. (B) A luciferase reporter assay
was performed to detect luciferase activity in the mimics NC + MUT p38y, miR-125 mimics + MUT p38y, mimics NC + WT p38y and miR-125 mimics +
WT p38y groups. (C) The mRNA levels of p38y in cells were determined by RT-qPCR. (D) Western blot analysis of p38y expression in AML-12 cells treated
with miR-125 inhibitor or miR-125 mimics. (E) Western blot analysis of iNOS, NOX4, TNF-a, IL-6 and IL-1f expression in AML-12 cells. (F) The miR-125
expression was determined by RT-qPCR in liver injury tissues and primary hepatocytes. (G) miR-125 expression were determined by RT-qPCR in AML-12
cells. Data are presented as the mean + SD of at least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction. "P<0.05,
“P<0.01, "P<0.001. ns, not significant; miR-125, microRNA-125; NC, negative control; MUT, mutant; WT, wild type; RT-qPCR, reverse transcription
quantitative PCR; iNOS, inducible nitric oxide synthase; NOX4, NADPH oxidase 4; UTR, untranslated region; APAP, acetaminophen.



Bzl SPANDIDOS
7] .§, PUBLICATIONS

co-transfected with pEGFP-C1-p38y and miR-125 mimics.
Western blot analysis demonstrated a significant decrease in
TNF-a, IL-6 and IL-1f protein levels in the co-transfection
compared with the pEGFP-C1-p38y transfected group
(Fig. 5E). The expression levels of miR-125 in APAP-induced
liver injury mice were assessed using RT-qPCR; miR-125
expression was decreased in primary hepatocytes and liver
tissues (Fig. 5F). Similarly, APAP treatment significantly
suppressed miR-125 expression in AML-12 cells (Fig. 5G).
Taken together, these results indicated that miR-125 directly
targeted the 3'-UTR regions of p38y to inhibit its expression.

miR-125 regulates APAP-induced oxidative stress and lipid
accumulation of AML-12 in liver cells by targeting p38y. To
explore the effect of miR-125 on the etiology and progression
of liver injury induced by APAP treatment, additional analysis
on the impact of miR-125 on indicators associated with
oxidative stress and lipid accumulation was performed. The
results demonstrated that knockdown of miR-125 increased
MDA levels and decreased GSH and SOD levels. Notably, the
increase in MDA levels and decrease in GSH and SOD levels
could be reversed by the downregulation of p38y (Fig. 6A-C).
Conversely, the MDA level was reduced and the GSH and SOD
levels were elevated in AML-12 cells transfected with miR-125
mimics compared with AML-12 cells transfected with mimics
NC. However, the MDA level was increased and the GSH
and SOD levels were decreased in AML-12 cells transfected
with miR-125 mimics and pEGFP-C1-p38y compared with
AML-12 cells transfected with miR-125 mimics (Fig. 6A-C).
Furthermore, the results of Oil red O staining showed that
knockdown of miR-125 increased lipid accumulation compared
with AML-12 cells treated with miR-NC. When AML-12
cells were treated with miR-125 inhibitor and p38y-siRNA,
lipid accumulation was reduced compared with AML-12 cells
treated with miR-125 inhibitor. In addition, lipid accumula-
tion was repressed by miR-125 overexpression and reversed
by p38y overexpression (Fig. 6D). The findings of the DCF,
DHE and MitoSOX staining indicated that the generation of
ROS was increased in AML-12 cells transfected with miR-125
inhibitor and decreased in AML-12 cells transfected with
miR-125 mimics. However, the increase and decrease in ROS
generation were reversed by p38y-siRNA and pEGFP-C1-p38y,
respectively (Fig. 6E). Next, the expression levels of SREBP-1,
Fasn and PPAR-a we evaluated. The results suggested that
APAP suppressed the expression of PPAR-a and promoted
the expression of SREBP-1 and Fasn. Overexpression of
miR-125 increased the expression of PPAR-a and decreased
the expression of SREBP-1 and Fasn. Knockdown of miR-125
significantly increased the expression of SREBP-1 and Fasn,
and inhibited the expression of PPAR-a. However, the effect
of miR-125 inhibitor and miR-125 mimics treatment on lipid
accumulation-related proteins (PPAR-o, SREBP-1 and Fasn)
was reversed by pEGFP-C1-p38y and p38y-siRNA, respec-
tively (Fig. 6F and G). The expression levels of oxidative
stress-related proteins (iNOS and NOX4) in AML-12 cells
were next detected. It was found that the expression of iNOS
and NOX4 were increased by knockdown of miR-125, and this
was reversed by p38y knockdown. By contrast, overexpression
of miR-125 reduced the expression of iNOS and NOX4, and
upregulation of p38y reversed the inhibition (Fig. 6F and G),
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suggesting the regulatory role of miR-125 in oxidative stress.
Overall, these results indicated that miR-125 primarily
targeted p38y, inhibiting the aggravation of oxidative stress
and lipid accumulation in APAP-induced liver injury.

miR-125 regulates APAP-induced inflammatory response of
AML-12 in liver cells by targeting p38y. This regulatory axis
was next examined in the context of inflammation. ELISA,
RT-gqPCR and western blotting were used in APAP-treated
AML-12 cells to investigate the impact of miR-125 on inflam-
matory responses. Consistent with prior observations, ELISA
results confirmed elevated expression levels of TNF-a, IL-6
and IL-1P following APAP treatment. However, knockdown of
miR-125 significantly increased the levels of TNF-a, IL-6 and
IL-1p in AML-12 cells induced by APAP, which was reversed
by transfection with p38y siRNA (Fig. 7A). Overexpression
of miR-125 suppressed the levels of TNF-a, IL-6 and IL-18,
which was reversed by transfection with pEGFP-C1-p38y in
AML-12 cells treated with APAP (Fig. 7B). Furthermore,
RT-qPCR results showed that knockdown of miR-125
increased the expression levels of IL-1f, TNF-a and IL-6;
however, p38y-siRNA decreased the production of these
inflammatory cytokines. By contrast, overexpression of
miR-125 decreased the expression levels of IL-1f3, TNF-a and
IL-6, but pEGFP-C1-p38y increased the production of these
inflammation cytokines (Fig. 7C and D). Furthermore, the
validity of these findings was confirmed through the utiliza-
tion of western blot analysis (Fig. 7E and F). In summary, these
results provide evidence that, in the setting of APAP-induced
liver damage, miR-125 may directly target p38y to inhibit the
production of inflammatory cytokines.

miR-125 regulates APAP-induced liver injury by targeting
p38y via the PI3K/Akt signaling pathway. The KEGG pathway
enrichment analysis of the aforementioned RNA-seq data
revealed the emergence of the ‘PI3K-Akt signaling pathway’
(Fig. 8A), suggesting that this pathway may play a role in
APAP-induced liver damage. Based on these results, western
blot analysis confirmed that APAP could promote the phos-
phorylation of PI3K and Akt (Fig. 8B and C). The expression
levels of p-PI3K and p-Akt were markedly decreased by down-
regulating p38y and overexpressing miR-125 (Fig. 8D and F).
By contrast, upregulation of p38y and knockdown of miR-125
significantly increased the expression levels of p-PI3K and
p-Akt (Fig. 8E and G). In APAP-induced AML-12 cells,
LY294002 (40 uM; 48 h) was used to inhibit PI3K/Akt
signaling. The chemical structure of LY294002 is shown in
Fig. 8H. In APAP-induced AML-12 cells, oxidative stress,
lipid accumulation and inflammation-related proteins were
detected. The results of the western blot analysis showed that
the APAP + p38y NC+ LY294002 group had higher expres-
sion levels of PPAR-a and lower expression levels of SREBP-1,
Fasn, iNOS, NOX4, TNF-a, IL-6 and IL-1p compared to the
p38y NC group (Figs. 81 and 9C). The APAP + miR-125 NC +
LY294002 group had higher expression levels of PPAR-o and
lower expression levels of SREBP-1, Fasn, iNOS, NOX4,
TNF-a, IL-6 and IL-1p compared with the miR-125 NC group
(Figs. 8B and 9F). Conversely, LY294002 treatment did not
further alter the expression levels of PPAR-a, SREBP-1, Fasn,
iNOS, NOX4, TNF-a, IL-6 and IL-1p in the p38y siRNA or
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Figure 6. miR-125 inhibits oxidative stress and lipid accumulation by targeting p38y. Intracellular levels of (A) MDA and (C) GSH and (B) activity of SOD
were assessed in AML-12 cells. (D) Representative images of Oil red O staining of AMLI2 cells; scale bar, 100 ym. (E) Reactive oxygen species production
was detected using DCF, DHE and MitoSOX assays following overexpression and knockdown of miR-125. Western blot analysis of PPAR-a, SREBP-1,
Fasn, iNOS and NOX4 activity in AML-12 cells treated with (F) miR-125 inhibitor and (G) miR-125 mimics. Data are presented as the mean + SD of at
least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction. “P<0.05, “P<0.01, ““P<0.001. APAP, acetaminophen;
miR-125, microRNA-125; NC, negative control; siRNA, small interfering RNA; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; DCF,
2'7'-dichlorofluorescein; DHE, dihydroethidium; PPAR-a, peroxisome proliferator-activated receptor-a; SREBP-1, sterol regulatory element-binding protein 1;
Fasn, fatty acid synthase; iNOS, inducible nitric oxide synthase; NOX4, NADPH oxidase 4.



SPANDIDOS
PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 184, 2026

TNF-QP -— e e -1

IL-6|- ----|

e

Practin [ . ————

TNF-o IL-6 IL-1p
2000 e 800 1 600 A e
n = EE 0= 0w =
2E 1500 2E 600 g€
_é g _g g 3k e sk _é g 400 e ke
= L] = sz
35 1000 35 400 35
23 2z 235 200
£8 500 38 200 2
od a o a o a
0 0 0
APAP — + + + + APAP — + + + + APAP — * + + 4
Inhibitor NC  — - + — - InhibitorNC - - + - - InhibitorNC - - + - -
miR-125 inhibitor - - - + + miR-125 inhibitor - - — + + miR-125 inhibitor - - — + 4+
p38y-sikRNA - — — — + p38y-sikRNA — - — — + p38y-siRNA - - - - +
B TNF-a IL-6 IL-1p
1500 600 500
= ke sk sk Aszledls e sk 2 3k sk
@E Rkl 8E g 400 e A
< & 1000 = £ 400 22 300
35 e e
e e 22 200
£3 500 28 200 28
eg 38 38 100
s Cs Cs
0 0 0
APAP — + + + + APAP — + + + + APAP — + + + +
MimicsNC - - 4+ - - MimicsNC - - + — - MimicsNC - - 4+ — -
miR-125 mimics - - - + + miR-125 mimics - - + + miR-125 mimics — -+ o+
pEGFP-C1-p38y - - - -— + pEGFP-C1-p38y - - - -— + pEGFP-C1-p38y — — — — +
C TNF-o. IL-6 IL-1p
1.5 e 0.25 0.10
B c - A c ke sk ke’ 2t
3 -§, o © % 0.20 5‘% 0.08
8 22 o015 22 006
g 23 23
@ 246 ke e 8 ke s
< 05 g 010 S< o004
° 2 ocF 0T e ke e
2z € 0.05 £ 0.02
B . 0.00
APAP - + + + + APAP - + + + + APAP - + + + +
InhibitorNC - - + - - InhibitorNC — - + — - InhibitorNC - — + — -
miR-125 inhibitor - - - + + miR-125 inhibitor — - - + + miR-125 inhibitor - - - +
p38y-siRNA - — — — + p38y-siRNA — — — — + p38y-siRNA — — — — +
TNF- IL-6
D 10 * 0107 _ww ... 0.03
s é 0.8 o - § 0.08 w8
W © ‘0 p_— 7}
Z¢ o6 - =% 006 5§ o0
E5 25 ° g2
23 23 23
E; 0.4 S« 0.04 F< 001
2L o2 CE 002 cE
E E 3
. 0.00 0.00
_APAP — 4+ o+ 4 APAP - + + + + APAP — + + + +
) Mlmlc:s NC - - 4+ - - MimicsNC — — 4+ — — MimicsNC - - + - -
miR-125 mimics — - - + + miR-125 mimics — — — + + miR-125 mimics - - — + +
pEGFP-C1-p38y - - - — + PEGFP-C1-p38y — — — — + pEGFP-C1-p38y - - - -— +
E APAP — + + + F APAP — + + + +
Inhibitor NC =~ — - - - Mimics NC — - + - -
miR-125 inhibitor  — - - + + miR-125 mimics — - - +
p38y-siRNA  — - - - + pEGFP-C1-p38y — - - - +

TNF—U.|— - .. -—|

IL—6|---- -|

IL-1[5|— L. -|

STy

Normal * APAP Normal * APAP
c APAP + inhibitor NC ¢ APAP + miR-125 inhibitor - APAP + mimics NC e APAP + miR-125 mimics
2 APAP + miR-125 inhibitor + p38y SIRNA S 1.0~ APAP+ miR-128 mimics + pEGFP-G1-p38y
173 @ Ak g oxk -
g 15 2o . o 808 ¢ =3 R £
o 3 i ? a M
x 4 [ % x
@ e PR —= %96
£ 1.0 Py ELN N < 0. .
2 ] T * 2 »
g S 04
o S
0 0.5 o
= = 02
© k]
° ©
o 0.0 T T T 61:) 0.0 T T T
TNF-o IL-6 IL-1B TNF-o IL-6 IL-18

15

Figure 7. miR-125 inhibits inflammatory response by targeting p38y. TNF-a, IL-6 and IL-1f levels were measured in cell supernatant using ELISA kits
in AML-12 cells following (A) miR-125 knockdown along with p38y knockdown and (B) miR-125 overexpression along with p38y overexpression. The
mRNA levels of TNF-a, IL-6 and IL-1f in AML-12 cells were determined by reverse transcription-quantitative PCR in AML-12 cells following (C) miR-125
knockdown along with p38y knockdown and (D) miR-125 overexpression along with p38y overexpression. Western blot analysis of TNF-a, IL-6 and IL-18
activity in AML-12 cells in AML-12 cells following (E) miR-125 knockdown along with p38y knockdown and (F) miR-125 overexpression along with p38y
overexpression. Data are presented as the mean + SD of at least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction.
“P<0.05, “P<0.01, "“P<0.001. APAP, acetaminophen; miR-125, microRNA-125; NC, negative control; siRNA, small interfering RNA.
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Figure 8. miR-125 reverses APAP-induced liver injury by targeting p38y via activation of the PI3K/AKT signaling. (A) Kyoto Encyclopedia of Genes and
Genomes enrichment of the potential signaling pathways associated with significantly differentially expressed genes between the control and APAP-treated
groups. Western blot analysis of p-PI3K and p-AKT expression in (B) liver injury tissues and (C) AML-12 cells. Western blot analysis of p-PI3K and p-AKT
expression in AML-12 cells transfected with (D) p38y siRNA and (E) pEGFP-C1-p38y. Western blot analysis of p-PI3K and p-AKT expression in AML-12 cells
following (F) overexpression and (G) knockdown of miR-125. (H) Chemical structure of the PI3K/AKT signaling pathway inhibitor, LY294002. (I) Western
blot analysis of PPAR-a, SREBP-1, Fasn, iNOS and NOX4 activity in AML-12 cells following p38y knockdown and treatment with LY294002. (J) Western blot
analysis of PPAR-o,, SREBP-1, Fasn, iNOS and NOX4 activity in AML-12 cells following p38y overexpression and treatment with LY294002. Data are presented
as the mean = SD of at least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction. ‘P<0.05, “P<0.01, ““P<0.001. APAP,
acetaminophen; miR-125, microRNA-125; NC, negative control; siRNA, small interfering RNA; p-, phosphorylated; PPAR-a, peroxisome proliferator-activated
receptor a; SREBP-1, sterol regulatory element-binding protein 1; Fasn, fatty acid synthase; iNOS, inducible nitric oxide synthase; NOX4, NADPH oxidase 4.
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Figure 9. miR-125 reverses APAP-induced liver injury by targeting p38y via activation of the PI3K/AKT signaling pathway. (A) Western blot analysis of PPAR-a,,
SREBP-1, Fasn, iNOS and NOX4 expression in AML-12 cells transfected with miR-125 inhibitor and treated with LY294002. (B) Western blot analysis of PPAR-a,
SREBP-1, Fasn, iNOS and NOX4 expression in AML-12 cells transfected with miR-125 mimics and then treated with LY294002. Western blot analysis of TNF-a,
IL-6 and IL-1f expression in AML-12 cells transfected with (C) p38y siRNA and (D) pEGFP-C1-p38y and then treated with LY294002. Western blot analysis
of TNF-a, IL-6 and IL-1f expression in AML-12 cells transfected with (E) miR-125 inhibitor or (F) miR-125 mimics and then treated with LY294002. Data are
presented as the mean + SD of at least three repeats and were compared using a one-way ANOVA followed by Bonferroni's correction. “P<0.05, “P<0.01. ns, not
significant; APAP, acetaminophen; miR-125, microRNA-125; NC, negative control; siRNA, small interfering RNA; PPAR-a, peroxisome proliferator-activated
receptor a; SREBP-1, sterol regulatory element-binding protein 1; Fasn, fatty acid synthase; iNOS, inducible nitric oxide synthase; NOX4, NADPH oxidase 4.
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miR-125 mimics group compared with the p38y siRNA or
miR-125 mimics group, indicating that the protective effects of
p38y knockdown or miR-125 overexpression are largely medi-
ated through the PI3K/Akt signaling pathway (Figs. 8I, 9B,
C and F). Conversely, compared with the pEGFP-C1/miR-125
NC group, the pEGFP-C1/miR-125 NC + LY294002 group
showed decreased expression levels of SREBP-1, Fasn, iNOS,
NOX4, TNF-a, IL-6 and IL-1f, and increased expression
levels of PPAR-a. However, the pEGFP-C1-p38y/miR-125
inhibitor + LY294002 group exhibited repressed expression
levels of SREBP-1, Fasn, iNOS, NOX4, TNF-a, IL-6 and
IL-1B, and elevated expression levels of PPAR-o compared
to the pEGFP-C1-p38y/miR-125 inhibitor group (Figs. 8J,
9A, D and E). These results suggested that miR-125 may
inhibit oxidative stress, lipid accumulation and inflammatory
response by targeting p38y via the PI3K/Akt signaling pathway
in APAP-induced liver injury.

P38y knockdown attenuates liver injury induced by APAP in
mice. AAV9-shRNA-p38y was injected into the tail vein to
knock down p38y expression to investigate the possible role
of p38y in APAP-induced liver injury in more detail. The
results showed that the p38y knockout mice were success-
fully constructed (Fig. 10A and B). Immunofluorescence
and western blot results indicated that AAV9-shRNA-p38y
reduced the expression level of p38y (Fig. 10C and D). H&E
staining results showed that inflammatory cell infiltra-
tion, vacuolar degeneration and the area of necrosis were
significantly decreased, indicating liver injury was reduced
in AAV9-shRNA-p38y mice (Fig. 10E). IHC staining results
showed that the expression of TNF-a, IL-6 and IL-13 were
decreased in the AAV9-shRNA-p38y mice (Fig. 10F). In
addition, the AAV9-shRNA-p38y group showed higher serum
GSH and SOD levels compared with the AAV9-Empty group
(Fig. 101 and K). By contrast, the serum levels of ALT, AST
and MDA were lowered (Fig. 10G, H and J). Oil red O staining
suggested that the lipid accumulation was decreased in the
AAV9-shRNA-p38y group (Fig. 10L). Crucially, primary
hepatocytes were extracted from both the AAV9-shRNA-p38y
group and the AAV9-Empty group. The DFH staining find-
ings indicated that the generation of ROS was reduced in
the AAV9-shRNA-p38y group (Fig. 10M). Additionally, the
expression of PPAR-a was increased in the AAV9-shRNA-p38y
group; however, the expression of SREBP-1, Fasn, iNOS,
NOX4, TNF-a, IL-6 and IL-1f was suppressed, according
to the findings of the western blot analysis (Fig. 10N and O).
Collectively, these findings indicate that the notable impacts
of hepatic p38y depletion are partially governed by the reduc-
tion of APAP-induced inflammation, oxidative stress and
lipid accumulation. Essentially, miR-125 may regulate p38y,
which may function as an important modulator in the setting
of APAP-induced liver damage.

Discussion

Although the role of p38y in hepatic pathophysiology has been
previously investigated, including in combined ethanol and
APAP injury models (27), the present study was the first to
reveal a novel comprehensive regulatory axis specific to APAP
overdose. The present study noted several key advances:

Firstly, the study focused on APAP hepatotoxicity, which is
the leading cause of acute liver failure in a number of countries
worldwide (50); secondly, and most notably, it was verified
that miR-125 is a direct upstream regulator of p38y using
luciferase reporter gene assays; thirdly, it was demonstrated
that the detrimental effects of p38y may be mediated through
activation of the PI3K/Akt signaling pathway; and finally,
through AAV9-mediated in vivo knockdown of p38y, the
therapeutic potential of targeting this pathway was confirmed.
Collectively, the present study demonstrated that miR-125
downregulated the expression of p38y and that the reduction
of p38y lead to inhibition of the PI3K/Akt signaling pathway
in APAP-induced liver injury, revealing a regulatory axis for
this affliction.

In the most severe instances, DILI, which is the primary
cause of acute liver failure in Western nations (51), can result
in liver necrosis or fatality. Drug-induced hepatotoxicity can
manifest as either common (predictable), such as in the case
of APAP, or as idiosyncratic (unpredictable) (52). APAP, a
widely utilized antipyretic, analgesic and anti-inflammatory
medication, is commonly prescribed in clinical settings.
For a healthy adult, a dose of <4,000 mg per day is gener-
ally considered safe and well-tolerated (53,54). Nevertheless,
elevated concentrations of usage or prolonged excessive
accumulation may lead to liver injury and potentially progress
to liver failure. The pathogenesis of APAP hepatotoxicity is
multifaceted. Briefly, APAP undergoes hepatic metabolism by
the enzyme cytochrome P450 2E], resulting in the formation
of NAPQI. This metabolite is subsequently conjugated and
detoxified with GSH. However, when hepatic GSH is depleted,
an excess of NAPQI accumulates, leading to mitochondrial
dysfunction (55). This dysfunction triggers the production of
a significant quantity of ROS (56). Elevated levels of ROS can
further impair the mitochondria, initiate a cycle of damage
and ultimately result in hepatic impairment. Moreover, a
previous study has highlighted the strong association between
abnormal lipid metabolism and excessive APAP-induced liver
injury in rats (11). Notably, prior research has shown that dihy-
dromyricetin effectively mitigates APAP-induced liver injury
in mice through the inhibition of p53-mediated regeneration,
regulation of lipid homeostasis and APAP metabolism (57).
Furthermore, it has been suggested that inflammation may
exacerbate the initial damage caused by APAP (58-60), while
also facilitating the elimination of deceased cells and debris,
as well as promoting liver repair and regeneration during the
later stages of damage (61,62). Consequently, inflammation
appears to possess a distinct function throughout various
phases of the pathogenic progression of APAP-induced liver
injury (55). Collectively, these studies underscore the central
roles of the inflammatory response, oxidative stress and
lipid dysregulation in APAP-induced liver injury. One of the
most commonly used animal models for APAP-induced liver
damage is the mouse model, which has been used extensively
to study the molecular pathways underlying APAP-induced
liver injury (63,64). Accordingly, an APAP-induced liver
injury model in mice was employed in the present study to
investigate the role of p38y in DILI. Of note, distinct mani-
festations resembling DILI following APAP administration
were observed, including elevated liver enzyme levels, hepatic
tissue damage, oxidative stress, inflammatory responses and
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Figure 10. p38y knockdown attenuates liver injury in APAP-treated mice. (A) Small animal imaging analysis. (B) Fluorescence imaging analysis showed that
AAV9-shRNA-p38y was specifically located in the mouse liver tissues. (C) Immunofluorescence staining of p38y in APAP-induced mice liver injury tissues; scale
bar, 100 pm. (D) Western blot analysis of p38y expression in mouse liver tissues. (E) The H&E staining of liver sections; scale bar, 100 and 40 ym. (F) IHC analysis
of TNF-a, IL-6 and IL-1{ expression in liver extracts prepared from mice liver tissues. Serum levels of (G) AST and (H) ALT were measured (n=6). Serum levels of
(I) GSH, (J) MDA and (K) SOD were measured (n=3). (L) Representative images of Oil red O staining of AML-12 cells; scale bar, 100 and 40 ¢m. (M) DCF analysis
of reactive oxygen species production; scale bar, 100 and 40 ym. (N) Western blot analysis of TNF-a, IL-6 and IL-1f expression in mouse liver tissues. (O) Western
blot analysis of PPAR-a,, SREBP-1, Fasn, iNOS and NOX4 expression in mouse liver tissues. Data are presented as the mean + SD of at least three repeats and were
compared using a two-tailed unpaired Student's t-test. "P<0.05, “P<0.01, ““P<0.001. APAP, acetaminophen; A AV, adeno-associated virus; shRNA, short hairpin
RNA; H&E, hematoxylin and eosin; IHC, immunohistochemistry; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GSH, glutathione; MDA,
malondialdehyde; SOD, superoxide dismutase; DFH, dihydrofluorescein; DCEF, 2',7'-dichlorofluorescein; PPAR-a., peroxisome proliferator-activated receptor alpha;
SREBP-1, sterol regulatory element-binding protein 1; Fasn, fatty acid synthase; iNOS, inducible nitric oxide synthase; NOX4, NADPH oxidase 4.

lipid accumulation. Subsequent knockdown of p38y effec- inflammatory response, oxidative stress and lipid accumula-
tively mitigated APAP-induced liver injury by suppressing tion.
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There are four isoforms of the p38MAPK signaling
pathway, each of which is encoded by a different gene: p38a,
p38P, p38y and p38J. These isoforms are activated in response
to different cellular stressors and inflammatory cytokines (65).
It is noteworthy that p38a plays a critical role in immune
response regulation and the generation of pro-inflammatory
molecules (66). Additionally, previous studies have demon-
strated the crucial involvement of p38y in the regulation of
cytokine production, T-cell activation, insulin resistance
and the development of inflammation-associated tumorigen-
esis (30,31,67). p38y expression is highly increased in several
primary human tumor cell lines, including osteosarcoma,
breast cancer, colorectal cancer and HCC (68,69). The upregu-
lation of p38y significantly enhances the proliferative and
migratory/invasive capacities of primary cancer cells through
the phosphorylation of the Rb tumor suppressor protein at
the molecular level, whilst upregulating expression of the
cell cycle protein cyclin E1/A (68). Moreover, stimulation of
p38y leads to cell cycle arrest in the G2/M phase and sustains
the survival of cancer cells (70). Furthermore, p38y has been
linked to NAFLD in dietary rodent models. Myeloid-specific
p38y deletion has been shown to impede neutrophil migration,
ameliorating steatosis and liver damage (28,66,69), high-
lighting p38y as a potential therapeutic target in metabolic
liver disease. The findings indicated that targeting p38y may
present a promising approach for the development of therapeu-
tics for liver diseases. However, the specific functional roles of
p38y in liver injury remain unexplored.

In the present study, an APAP-induced liver injury mouse
model was used to investigate the effect of p38y on liver injury.
The findings indicated that APAP upregulated the expression
of p38y in a dose-dependent manner. Moreover, knockdown
of p38y decreased the MDA level and increased the GSH and
SOD levels, while overexpression of p38y increased the MDA
level and decreased the GSH and SOD levels. ROS produc-
tion was reduced by the knockdown of p38y and upregulated
by the overexpression of p38y. Notably, Oil red O staining
showed that downregulation of p38y notably decreased lipid
accumulation and the expression of lipid metabolism-related
proteins. p38y siRNA transfection also decreased the levels
of the inflammation-related proteins, TNF-a, IL-6 and IL-1f.
Together, the results of the present study showed that p38y
may play a notable role in regulating hepatic inflammatory
response, oxidative stress and lipid accumulation during
APAP-induced liver damage. The results also suggested that
p38y suppression may be a viable therapeutic approach for the
management of liver injury.

In the present study, AAV9-shRNA-p38y was injected into
the tail veins of APAP-induced liver injury mice to knock
down p38y expression. The results demonstrated that inflam-
matory response, oxidative stress and lipid accumulation were
decreased in the AAV9-shRNA-p38y mice compared with the
AAV9-shRNA-NC mice, suggesting that the significant effect
of liver p38y depletion on APAP-induced liver injury was
mainly due to its ability to alleviate the inflammatory response,
oxidative stress and lipid deposition. Notably, while the results
indicated that AAV9-shRNA-p38y mainly targeted hepatocytes
and achieved protective effects by knocking down p38y expres-
sion in the liver, the possibility of minor off-target effects or
systemic effects should be acknowledged. Although AAV9 has

a strong liver-tending property, it cannot be completely ruled
out that it may have low-level transduction in other cell types
within the liver, such as Kupffer cells or sinusoidal endothelial
cells, or in extracorporeal tissues. This off-target transduction
may contribute to the observed phenotype through indirect
mechanisms. However, multiple pieces of evidence support
that the protective effect of AAV9- shRNA-p38y is mainly
mediated by the knockdown of p38y in the liver. The specific
enrichment of AAV0 in liver tissue, the most significant p38y
knockdown efficiency in the liver and the direct association
between the reduction of p38y in the liver and the reversal
of the APAP-induced injury phenotype. Future studies using
cell type-specific knockout models will help to ultimately
confirm the cell-autonomous role of p38y in hepatocytes in
APAP-induced liver injury. Previous studies have demon-
strated that p38y promoted hepatic steatosis and inflammatory
responses by modulating the JAK/STAT pathway in NAFLD
models (28) and is essential for cell cycle progression and liver
tumorigenesis (22). Notably, Gonzdlez-Teran et al (71) demon-
strated that p38y and p388 were elevated in the livers of obese
patients with NAFLD and that mice with myeloid cells lacking
p38y/d are resistant to diet-induced fatty liver, hepatic triglyc-
eride accumulation and glucose intolerance. Furthermore,
Criado et al (31) also found that reduced disease severity in
p38y-knockdown mice was associated with lower cytokine
production and anti-collagen antibody responses, indicating
that p38y may be a crucial regulator of inflammatory joint
destruction in collagen-induced arthritis. These findings indi-
cated that p38y may be potential therapeutic target in complex
diseases, such as rheumatoid arthritis, that involve innate and
adaptive immune responses. Consistently, the present study
also identified p38y as a key regulator of inflammation in
APAP-induced liver injury, supporting the broad role of p38y
in modulating inflammatory responses across multiple disease
types. Additionally, Zhu et al (72) found that p38y knockdown
markedly attenuated brain tissue damage, oxidative stress
and inflammatory cell infiltration in brain damage mice. In
summary, the findings of these studies are consistent with the
results of the present study, supporting a key role for p38y in
regulating oxidative stress, lipid metabolism and inflammation
across multiple tissue and disease contexts.

In the present study, TargetScan was used to predict that
p38y may be a direct target of miR-125. miR-125 was shown to
bind to the 3'-UTR of p38y and thus regulate p38y expression.
Although TargetScan analysis predicted multiple potential
miRNAs that might target p38y, miR-125 was chosen as the
focus of the present study. TargetScan analysis showed that
among all the predicted miRNAs targeting p38y, miR-125
had a very high ‘context++ score’, which is a key indicator
reflecting binding affinity and conservation. The binding site
between miR-125 and the 3'-UTR of p38y is highly conserved
across mammalian species, such as humans and mice (73). In
addition, accumulating evidence has implicated miR-125 in
the regulation of liver homeostasis and disease progression.
For example, miR-125 was reported to be dysregulated in
NAFLD, HCC and DILI (74-76), which was consistent with
the focus of the present study on APAP-induced liver injury.
Most notably, the results of the present study indicated that
miR-125 was significantly downregulated in APAP-induced
liver injury models. This concurrent dysregulation indicated



Bzl SPANDIDOS
7] .§, PUBLICATIONS

that there may be a functionally related interaction between
miR-125 and p38y in APAP-induced liver injury. These find-
ings collectively supported miR-125 as the most promising
candidate for further mechanistic exploration.

miRNAs are a highly conserved class of RNAs that regu-
late target mRNA by binding to its 3'-UTR and preventing
the production of certain proteins (77). In previous years,
numerous studies have highlighted the functional signifi-
cance of specific miRNAs in various biological processes,
including the dysregulation of miRNAs in the develop-
ment and progression of liver disease (78,79). For instance,
miR-124-3p.1 targets AKT2 and sirtuin 1 to sensitize HCC
cells to sorafenib (80). In addition, Xu ez al (81) found that
miR-26a expression was induced in liver cell lines subjected
to an endoplasmic reticulum stress inducer. Conversely, the
hepatic expression of miR-26a was downregulated in patients
with NAFLD, indicating the existence of an endoplasmic
reticulum stress/miR-26a feedback loop within hepatocytes.
Together, these studies support the critical role of miRNAs
in regulating hepatic function and liver disease progression,
consistent with the identification of miR-125 as a key regulator
in APAP-induced liver injury by targeting p38y. In the present
study, miR-125 was shown to bind directly to the 3'-UTR of
p38y. miR-125 knockdown increased p38y expression, ROS
production, lipid accumulation and inflammatory cytokine
secretion; these effects were reversed by p38y knockdown.
Conversely, miR-125 overexpression suppressed the expres-
sion of p38y and its downstream effects. However, oxidative
stress-related indicators and lipid accumulation-related
indicators changed in the same direction under the same
experimental conditions. In summary, the present study
demonstrated that downregulation of miR-125 contributed
to increased p38y expression, thereby exacerbating oxida-
tive stress, lipid accumulation and inflammation. Moreover,
miR-125 may protect against APAP-induced liver injury
primarily by targeting p38y to suppress ROS production, lipid
deposition and inflammatory cytokine secretion.

Based on these findings, the dynamic changes in inflam-
mation during APAP-induced liver injury were further
investigated in the present study by examining inflammatory
factor expression and related signaling pathways in mouse
liver tissue. It is well established that inflammation exerts
a dual role in exacerbating the initial injury during t acute
phase and promoting tissue repair and regeneration during the
recovery phase. Although the present study did not explicitly
delineate the specific roles of p38y and miR-125 during these
different stages, the upregulation of p38y in the early stage of
liver injury and the reduction in the inflammatory and oxida-
tive stress responses caused by p38y knockdown indicated that
p38y may primarily exacerbate disease progression during the
early phase of APAP-induced liver injury. The downregula-
tion of miR-125 during the early stage of injury may promote
p38y-driven inflammatory response. Furthermore, we hypoth-
esize that p38y may affect the later stages of injury repair or
regeneration by modulating macrophage polarization, neutro-
phil clearance or hepatocyte proliferation, but this remains to
be assessed. Future studies analyzing the temporal expression
patterns and cell type-specific regulation of p38y and miR-125
are required to elucidate their stage-specific contributions and
therapeutic timing.
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In the present study, RNA-seq analysis was performed
using AML-12 cells from the normal and APAP groups.
KEGG pathway enrichment analysis of the RNA-seq data
showed that the PI3K/Akt signaling pathway was activated
in the APAP-treated group compared with the normal control
group. The PI3K pathway is of paramount importance in the
regulation of cell metabolism and growth. This pathway is
activated by a number of stimuli, including insulin, growth
factors and cytokines; it then regulates several critical meta-
bolic functions, including protein synthesis, lipid and glucose
metabolism and energy metabolism (82,83). In addition, a
recent study has hypothesized that the PI3K/Akt signaling
pathway is activated in a range of diseases, leading to the
activation of Akt (84). This activation of Akt subsequently
triggers the activation of Bad and Caspase-9 expression, or
alternatively, activates the NF-kB pathway to enhance cellular
resistance against apoptosis (85,86). In the present study, it was
demonstrated that APAP may activate the PI3K/Akt signaling
pathway, an effect that may be enhanced by p38y overexpres-
sion or miR-125 knockdown. By contrast, p38y knockdown or
miR-125 overexpression was shown to significantly repress
the activation of the PI3K/Akt signaling pathway. Notably,
LY294002 suppressed the upregulation of hepatic ROS
production, lipid accumulation and inflammatory cytokine
secretion, indicating that p38y may mediate oxidative stress,
lipid accumulation and inflammatory cytokine secretion
during APAP-induced liver injury via the PI3K/Akt signaling
pathway. Based on these findings, it is suggested that miR-125
targets p38y to prevent hepatic oxidative stress, lipid buildup
and the release of inflammatory cytokines via the PI3K/Akt
pathway. However, the precise molecular mechanism by which
p38y activates the PI3K/Akt pathway remains unclear. Further
investigation is required to determine whether p38y directly
phosphorylates components of the PI3K/Akt cascade or acts
through intermediate adaptor proteins or upstream regula-
tors. For example, p38y may interact with and phosphorylate
regulatory subunits of PI3K, or influence PI3K signaling by
modulating the activity of phosphatases such as PTEN, which,
in-turn, negatively regulate PI3K signaling. An alternative
mechanism involves p38y indirectly regulating upstream
PI3K signaling by influencing the expression and activation
of receptor tyrosine kinases or G protein-coupled receptors.
Future studies should employ co-immunoprecipitation assays,
kinase assays and phosphoproteomics to identify direct
substrates of p38y within the PI3K/Akt pathway and clarify
whether its regulatory mechanism involves direct action or
intermediary signaling molecules.

In summary, although previous studies have associated
p38y with inflammation-related tumorigenesis and NAFLD,
the present study provides direct causal evidence that p38y
activation in hepatocytes may drive the core pathologies of
APAP toxicity primarily through PI3K/Akt hyperactivation,
including oxidative stress, lipid accumulation and inflamma-
tion. Notably, it was demonstrated that miR-125 may be a
key upstream regulatory factor, and the absence of miR-125
explains the upregulation of p38y during injury. To the best
of our knowledge, this relationship between miR-125 and
p38y has not been reported previously. This delineation of a
potential miR-125/p38y/PI3K/Akt axis not only refines the
understanding of isoform-specific p38 MAPK functions but
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also highlights a potential therapeutic target for mitigating
APAP-induced liver injury. Notably, in addition to miR-125,
bioinformatics analysis indicated that other miRNAs might
also target the 3'-UTR region of p38y, such as miR-4319,
suggesting that there are additional upstream regulatory
mechanisms that can activate p38y in APAP-induced liver
injury. Although the present study focused on miR-125, future
work should explore the roles of these alternative regulatory
factors. Moreover, although the present study demonstrated
that the PI3K/Akt signaling pathway may be a key downstream
mediator of p38y, the specific PI3K/Akt effector molecules
that execute phenotypes such as oxidative stress, lipid accu-
mulation and inflammation remain to be fully elucidated.
Subsequent studies aimed at identifying these downstream
targets will help to more comprehensively understand the
signaling network that regulates APAP hepatotoxicity.

Although the findings of the present study suggest that
targeting p38y or modulating miR-125 hold therapeutic
potential for APAP-induced liver injury, several implications
and challenges need to be explicitly discussed. Targeting
p38y kinase is particularly appealing in drug development.
Small-molecule inhibitors for kinases are generally more
feasible to develop and administer clinically compared with
nucleic acid-based therapies. Pharmacological inhibition of
p38y could serve as a standalone treatment or be combined
with NAC to synergistically address both oxidative stress and
inflammatory pathways. This approach may benefit patients
who present outside the narrow therapeutic window of NAC
or who are unresponsive to it. Additionally, miR-125 agonism
(for example, using miR-125 mimics) represents another prom-
ising strategy. The results of the present study indicate that
miR-125 negatively regulates p38y and mitigates liver injury.
However, the clinical translation of miRNA-based therapies
faces challenges related to the efficiency of delivery, stability
and off-target effects.

The present study has some limitations that should be
acknowledged. Firstly, although the results of the present
study indicated that hepatic p38y plays a crucial role in
exacerbating APAP-induced liver injury via the PI3K/Akt
pathway following its regulation by miR-125, it is important
to note that these findings are primarily based on hepatocytes.
Double immunofluorescence staining confirmed that p38y
is upregulated in albumin-positive hepatocytes following
APAP injury. However, whether this regulatory axis is
cell-type-specific or conserved in other hepatic cell types
(such as Kupffer, stellate or endothelial cells) remains to be
explored. Future studies utilizing cell-type-specific knockout
models or single-cell RNA-seq will help elucidate whether
the miR-125/p38y/PI3K/Akt axis operates autonomously in
hepatocytes or also interacts with non-parenchymal cells.
Conversely, the delivery of miR-125 mimics or inhibitors
remains a significant challenge in vivo. Current nucleic acid
delivery systems, such as liposomes and viral vectors, may
pose issues regarding hepatocyte-specific targeting, potential
immunogenicity and long-term safety. Moreover, miRNA
therapeutics commonly face off-target effects due to partial
complementarity with non-target mRNAs, which may lead
to unintended consequences. Finally, while the present study
demonstrated the efficacy of the miR-125/p38y/PI3K/Akt
axis as a therapeutic target in mouse models and cell lines,

its translational relevance to APAP-induced liver injury in
humans requires validation using human clinical samples.
Analyzing p38y and miR-125 expression in liver biopsy
specimens from patients with APAP overdose may enhance
the clinical relevance of the present findings. In conclusion,
while the present study identified the miR-125/p38y/PI3K/Akt
axis as a promising therapeutic target for APAP-induced liver
injury, addressing these limitations will be essential for future
clinical translation.
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