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Deletion of p38γ attenuates ethanol consumption- and
acetaminophen-induced liver injury in mice through
promoting Dlg1
Shuang Hu1,2, Yan Yao1,2, Ze-yuan Wei1,2, Shu-xian Wang1,2, Yin-cui Wu1,2, Ying Hu1,2, Chen-chen Yang1,2, Jing-li Min1,2, Liang-yun Li1,2,
Hong Zhou1,2, Jun-fa Yang1,2, Jun Li1,2 and Tao Xu1,2

Acetaminophen (APAP) is one of the major causes of drug-induced acute liver injury, and ethanol may aggravate APAP-induced
liver injury. The problem of ethanol- and APAP-induced liver injury becomes increasingly prominent, but the mechanism of ethanol-
and APAP-induced liver injury remains ambiguous. p38γ is one of the four isoforms of P38 mitogen activated protein kinases, that
contributes to inflammation in different diseases. In this study we investigated the role of p38γ in ethanol- and APAP-induced liver
injury. Liver injury was induced in male C57BL/6 J mice by giving liquid diet containing 5% ethanol (v/v) for 10 days, followed by
gavage of ethanol (25% (v/v), 6 g/kg) once or injecting APAP (200 mg/kg, ip), or combined the both treatments. We showed that
ethanol significantly aggravated APAP-induced liver injury in C57BL/6 J mice. Moreover, the expression level of p38γ was up-
regulated in the liver of ethanol-, APAP- and ethanol+APAP-treated mice. Knockdown of p38γ markedly attenuated liver injury,
inflammation, and steatosis in ethanol+APAP-treated mice. Liver sections of p38γ-knockdown mice displayed lower levels of Oil
Red O stained dots and small leaky shapes. AML-12 cells were exposed to APAP (5 mM), ethanol (100mM) or combined treatments.
We showed that P38γ was markedly increased in ethanol+APAP-treated AML-12 cells, whereas knockdown of p38γ significantly
inhibited inflammation, lipid accumulation and oxidative stress in ethanol+APAP-treated AML-12 cells. Furthermore, we revealed
that p38γ could combine with Dlg1, a member of membrane-associated guanylate kinase family. Deletion of p38γ up-regulated the
expression level of Dlg1 in ethanol+APAP-treated AML-12 cells. In summary, our results suggest that p38γ functions as an
important regulator in ethanol- and APAP-induced liver injury through modulation of Dlg1.
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INTRODUCTION
Alcoholic liver disease (ALD) is one of the most frequent and most
serious complications of chronic alcohol intake. Its clinical
manifestations include steatosis, fibrosis, alcoholic hepatitis (AH),
liver cirrhosis and hepatocellular carcinoma (HCC) [1, 2]. The
probability of hepatic steatosis (fatty liver) in alcoholic patients is
more than 90%, and ~20–40% of them will develop more severe
ALD [3]. In recent years, the occurrence of ALD has become
increasingly common, causing increasing harm to humans [2, 4].
Drug-induced liver injury (DILI) is a severe clinical challenge
worldwide, with more than 50% of cases of acute liver failure in
the United States [5]. Acetaminophen (APAP) is a dose-dependent
hepatotoxin that can cause intrinsic DILI [6]. The hepatotoxicity of
APAP is caused by its toxic metabolite n-acetyl group. It is mediated
by NAPQI, which is produced by hepatic cytochrome P450 and
detoxified by binding with hepatic glutathione (GSH) [7, 8]. Of note,
with the development of the social economy, the problem of DILI
with pre-existing ALD is becoming serious. Zimmerman et al. found
that the liver may be more sensitive to drug toxicity under
the influence of alcohol [9]. In addition, a case report shows that

long-term drinking can enhance the hepatotoxicity of low-dose
APAP, and repeated therapeutic dosing will lead to severe liver
injury, especially in chronic alcoholic abusers [10, 11]. However, at
present, the mechanism of EtOH- and APAP-induced liver injury is
not completely clear. Therefore, it is of practical significance to find
markers that can assist in differential diagnosis.
P38 are stress-activated serine/threonine kinases that sense a

variety of cardiac pathologies, which are closely related to the
production of ROS and consist of 4 isoforms: α, β, γ, and δ [12].
Biochemical evidence suggests that individual subtypes have
specific roles and are classified as stress-activated kinases [13].
Among the four isoforms, p38γ contributed to inflammation in
different diseases. Bárbara et al. confirmed that p38γ could reedit
liver metabolism by regulating neutrophil infiltration [14], and
p38γ is critical for regulating the cell cycle and affecting liver
tumorigenesis [15]. Xu et al. found that alcohol could activate the
Erb-B2 receptor tyrosine kinase 2 (ErbB2)/p38γ signaling pathway
[16]. Overall, it is highly possible that p38γ could play a vital role in
lipid accumulation and oxidative stress in EtOH- and APAP-
induced liver injury.
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Biopsies have shown that p38γ is highly expressed in human
HCC tissue and may become a therapeutic target for HCC
treatment [15]. In addition, p38γ is highly expressed in the livers
of NAFLD patients, and mice lacking p38γ are resistant to diet-
induced fatty liver, glucose intolerance and hepatic triglyceride
accumulation [14]. P38γ has been confirmed to be involved in
inflammation in different diseases [17], and the expression level of
p38γ is necessary for the prolongation of nascent TNF-α protein in
macrophages [18]. However, knowledge gaps still exist, the
potential molecular mechanism, and the applicability of phospha-
tase as a therapeutic target for the disease. These findings
demonstrated the role of p38γ in liver lipid metabolism and
oxidative stress in the EtOH+APAP-induced mouse group,
suggesting that p38γ has a potential role in the treatment of
ALD and will bring new potential ideas and potential targets for
future treatment.

MATERIALS AND METHODS
Reagent
F4/80-, Fasn-, Acox1-, and Dlg1-specific antibodies (Abcam,
Cambridge, UK). P38γ antibody (CST, Danvers, MA) and Abclonal
(ABc, Wuhan, China). P-p38γ antibody was acquired from Santa
Cruz Biotechnology (SCB, Beijing, China). Anti-albumin was
purchased from Proteintech (Pro, Beijing, China). Anti-NADPH
oxidase 4 (NOX4), anti-inducible nitric oxide synthase (iNOS), anti-
IL-6, anti-TNF-α, anti-IL-1β, anti-SREBP-1 and anti-PPAR-α were
purchased from Bioss Biotechnology (Bioss, Beijing, China). 2′,7′-
Dichlorodihydrofluorescein (DCF) and dihydroethidium (DHE)
were obtained from Beyotime Institute of Biotechnology (Jiangsu
Province, China). Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), malondialdehyde (MDA), glutathione
(GSH) and superoxide dismutase (SOD) commercial kits were
obtained from Nanjing Jiancheng Institute of Bioengineering
(Nanjing, Jiangsu, China). Respective ELISA kits (R&D Systems,
Wiesbaden, Germany) were used to detect IL-1β, IL-6, and TNF-α
according to the manufacturer’s instructions.

Animal experiments
Eight-week-old male C57BL/6 J mice were obtained from the
Experimental Animal Center of Anhui Medical University. Mice
were randomly separated into a normal group and an experi-
mental group [19]. Animal experiments were approved by the
ethics committee and approved by the animal Committee and
use Committee of Anhui Medical University (No.: llsc20150348).
Importantly, the modeling process of EtOH-fed mice lasted
16 days, including three processes: fluid diet adaptation stage
(5 days), modeling (10 days), gavage (once) and then specimen
(1 day) (EtOH feeding group). Of note, mice fed EtOH were
randomly given an LD liquid diet containing 5% EtOH (5% v/v) for
10 days and then given EtOH by gavage according to body
weight. Control mice were given the same amount of maltodex-
trin by gavage (Pair group). In addition, EtOH+APAP-fed mice
were given corresponding EtOH gavage according to body
weight, and APAP was intraperitoneally injected at 200 mg/kg. In
addition, overnight fasted mice were only intraperitoneally (i.p.)
injected 200 mg/kg APAP dissolved in normal saline. Mice were
sacrificed at 9 h after APAP or/and EtOH injection, and
livers and blood were collected. Adeno-associated virus was
obtained from Hanbio Biotechnology Co., Ltd. (Shanghai, China).
The mice were slowly injected with AAV9 packaged p38γ
knockdown (KD) plasmid through tail vein injection to construct
p38γ KD mice [20].

Cell culture
AML-12 cells (noncancerous) are stored in the School of Pharmacy,
Anhui Medical University. The battery is kept at 37 °C in an
atmosphere of 5% CO2.

Western blotting
Western blotting was performed as described in the literature [21].
Of note, the primary antibodies included p38γ (1:1000), p-p38γ
(1:1000), Dlg1 (1:600), TNF-α (1:800), IL-6 (1:800), IL-1β (1:800),
PPAR-α (1:500), SREBP-1 (1:500), Fasn (1:1000), and Acox (1:1000).
ImageJ software (National Institutes of Health) was used to
quantitatively analyze the results.

Total RNA extraction and real-time PCR
Total RNA was extracted from the frozen liver and cultured cells.
After reverse transcription, real-time PCR was implemented by
utilizing Bio–Rad iQ SYBR Green Supermix with Opticon 2
(Bio–Rad, Hercules, CA) according to the manufacturer’s instruc-
tions. Fold changes in the mRNA levels of target genes were
related to the invariant control GAPDH.

Immunohistochemistry (IHC)
We extracted liver tissue from mice and fixed it with 4%
paraformaldehyde for 24 h (5 μm) [22], followed by photograph-
ing the tissue using an optical microscope [22].

Immunofluorescence (IF)
Albumin and p38γ expression levels were detected in liver tissue.
After fixation, the slide was blocked with goat serum before
incubation with primary antibodies (anti-albumin and anti-p38γ)
overnight at 4 °C in a humidified chamber. For in vitro
experiments, AML-12 cells were cultured overnight with anti-
bodies detecting p38γ and Dlg1 (1:200) followed by appropriate
secondary antibodies for 2 h. Finally, the cell nuclei were stained
with DAPI. All images were taken by fluorescence microscopy
(Olympus, Tokyo, Japan).

Coimmunoprecipitation (Co-IP) assay
Co-IP was analyzed in AML-12 cells by using the Co-IP Pull-Down
Kit (RiboBio, Guangzhou). The cells were lysed in precooling lysis
buffer. Protein A beads were incubated with anti-p38γ for 4 h and
then cultured with total protein lysate overnight. The specific
experimental steps were as follows in the kit instructions.

Biochemical analyses
Blood was collected, and serum was separated by centrifugation
(4 °C, 3000 r/min, 10 min). The expression levels of serum ALT, AST,
MDA, SOD, and GSH were determined according to the
requirements of the instructions provided in reagent kits.

Hepatocyte isolation
Hepatocyte isolation was performed as described in the literature
[23].

Statistical analyses
All experiments were repeated at least three times. The
differences between groups were compared by one-way ANOVA.
The data were analyzed as the mean ± standard error at least
three times independently by Tukey’s multiple comparison test
using GraphPad Prism Version 7.

RESULTS
EtOH aggravated APAP-induced liver injury in C57BL/6 J mice
To investigate the effect of EtOH in APAP-induced C57BL/6 J mice,
histopathological studies were performed. As shown in Fig. 1a,
there were marked microsteatosis and macrosteatosis, as well as
hepatocyte ballooning, in EtOH+APAP-induced mice (EtOH
+APAP group) compared with EtOH-induced mice (EtOH group)
and APAP-induced mice (APAP group). Serum expression levels of
ALT and AST were markedly increased in the EtOH+APAP group
(Fig. 1b, c). In addition, compared with the control mice (Pair
group), MDA expression level increased significantly (Fig. 1d), GSH
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Fig. 1 EtOH aggravated APAP-induced liver injury in C57BL/6 J mice. a Liver tissues stained with HE. b, c Serum ALT and AST assay.
d–f Levels of MDA, GSH, and SOD in serum; (g-h). Levels of TNF-α and IL-6 in serum. i IHC and quantitative analysis of F4/80. j The expression
levels of SREBP-1 and Fasn detected by real-time PCR and Western blotting. k Oil Red O staining in mice. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 vs Pair group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs APAP or EtOH alone group.
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and SOD expression levels (Fig. 1e, f) decreased in liver tissues of
the EtOH group, while APAP significantly aggravated the oxidative
stress. A comparison of liver inflammation in the EtOH group and
EtOH+APAP group is presented in Fig. 1G-I. We used ELISA to
detect the expression of TNF-α and IL-6. Compared with the Pair
and EtOH groups, TNF-α and IL-6 expression levels were
significantly increased in the EtOH+APAP group (Fig. 1g, h).
Moreover, the IHC analysis results showed significantly enhanced
F4/80+ positive signals in the EtOH+APAP group (Fig. 1i).
Furthermore, we found that the SREBP-1 expression level was
markedly increased in the EtOH+APAP group compared with the
EtOH group, while the MDA level was significantly increased
(Fig. 1j). Oil Red O staining also showed more severe hepatic
steatosis and lipid accumulation in the EtOH+APAP group (Fig. 1k).
In conclusion, EtOH aggravated APAP-induced liver injury in
C57BL/6 J mice.

P38γ was elevated in EtOH- and APAP-induced liver injury in
C57BL/6 J mice
P38γ was upregulated in the patients with HCC [15]. Herein, we
detected the expression level of hepatic p38γ in the EtOH+APAP
group. The p38γ expression level was significantly upregulated in
the EtOH+APAP group, as shown by IHC (Fig. 2a). In addition, the
results of Western blotting in hepatic lysates showed that p38γ
and p-p38γ expression levels were upregulated in the EtOH+APAP
group compared with the EtOH group (Fig. 2b). Notably,
immunofluorescence double staining showed that there was a
typical colocalization of p38 and hepatocyte albumin immunor-
eactivity in liver tissue (Fig. 2c). In addition, the biopsies from the
EtOH+APAP group showed that p38γ had the strongest
fluorescence intensity compared to the pair group and EtOH
group (Fig. 2d). These findings ascertained elevated hepatic p38γ
upon EtOH+APAP challenge and suggested that abnormal p38γ
expression levels might be relevant to EtOH-induced hepatic
dysfunction.

EtOH enhanced inflammation secretion, lipid accumulation and
oxidative stress in response to APAP
To establish an in vitro model, AML-12 cells were induced
with APAP and EtOH to observe the influence of EtOH on APAP-
induced inflammation, lipid accumulation and oxidative
stress. As shown in Fig. 3a–d, EtOH-induced (100 mM EtOH)
lower PPAR-α but higher SREBP-1 and Fasn expression levels in
APAP-treated (5 mM APAP) AML-12 cells. In addition, we
assessed the effects of EtOH+APAP (5 mM APAP and 100 mM
EtOH) on the inflammatory response of AML-12 cells. The results
showed that the expression levels of IL-6 and TNF-α were
notably upregulated in the EtOH+APAP group (Fig. 3e, f). In
addition, the protein expression level of NOX4 was also
upregulated in the EtOH+APAP group (Fig. 3g). DCF and DHE
staining results also demonstrated that the production of
ROS increased in the EtOH+APAP group (Fig. 3h, i). Overall, it
was suggested that EtOH could more seriously induce inflam-
mation, lipid accumulation and oxidative stress in APAP-induced
AML-12 cells.

P38γ was also increased in EtOH+APAP-induced AML-12 cells
To further define the expression level of p38γ in EtOH+APAP-
induced AML-12 cells, we used IF, Western blotting and real-time
PCR analysis to detect the expression level of p38γ. Compared
with the EtOH group, the p38γ expression level was obviously
upregulated in the EtOH+APAP group (Fig. 4a–c). Next, AML-12
cells were transfected with pEGFP-C1-p38γ, pEGFP-C1, p38γ-siRNA
and NC-siRNA, and related results confirmed that pEGFP-C1-p38γ
and p38γ-siRNA were successfully transferred into AML-12 cells
(Fig. 4d–h). Therefore, the effect of p38γ on inflammation, lipid
accumulation and oxidative stress in EtOH+APAP-induced AML-12
cells could be detected.

Interference of P38γ mitigated inflammation, lipid accumulation
and oxidative stress in EtOH+APAP-induced AML-12 cells
After successful construction of the p38γ-siRNA cell model, we
further detected the effects of p38γ on inflammatory reactions,
lipid accumulation and oxidative stress in EtOH+APAP-induced
AML-12 cells. First, we assessed the expression levels of cytokines
(IL-1β, IL-6, TNF-α, iNOS and NOX4). These cytokines exhibited a
trend of lower induction in p38γ-siRNA-transfected AML-12 cells
(Fig. 5a–e). In addition, we tested the expression levels of hepatic
steatosis-associated proteins. As shown in Fig. 5f, the expression
levels of PPAR-α and ACOX1 were increased, and the expression
levels of lipogenesis-associated proteins, including SREBP-1 and
Fasn, were inhibited in p38γ-siRNA-transfected AML-12 cells. The
results of real-time PCR also showed the same effects (Fig. 5g–j).
These findings suggested that p38γ could inhibit EtOH+APAP-
induced lipogenesis and facilitate fatty acid oxidation. Consis-
tently, the disruption of p38γ suppressed oxidative stress levels
(Fig. 5k). Next, we further examined the role of p38γ over-
expression in EtOH+APAP-induced AML-12 cells. As shown in
Fig. 5l–p, these cytokines (IL-1β, IL-6, TNF-α, iNOS and NOX4)
exhibited a trend of higher expression levels in pEGFP-C1-p38γ-
transfected AML-12 cells. In addition, the expression levels of
PPAR-α and ACOX1 were decreased, and the expression levels of
lipogenesis-associated proteins, including SREBP-1 and Fasn, were
promoted in pEGFP-C1-p38γ-transfected AML-12 cells. The results
of real-time PCR also showed the same effects (Fig. 5q-u).
Consistently, p38γ could stimulate the levels of oxidative stress
(Fig. 5v). Overall, these data suggested that inhibition of p38γ
alleviated the sensitivity of AML-12 cells to EtOH+APAP-induced
injury.

P38γ interacted with Dlg1 in AML-12 cells
IHC staining showed that the Dlg1 expression level was obviously
reduced in the livers of the ALD group compared with the pair
group (Fig. 6a). Similarly, the GEO database and Western blotting
analysis results showed lower levels of Dlg1 in ALD patients and
the EtOH+APAP group (Figs. 6b, c). Interestingly, we found that
p38γ could interact with Dlg1 in the STING database (Fig. 6d).
Next, the Co-IP analysis results showed that p38γ bound to Dlg1 in
EtOH+APAP-induced AML-12 cells (Fig. 6e), and the IF results also
confirmed this (Fig. 6f). Furthermore, p38γ-siRNA upregulated the
expression level of Dlg1 in EtOH+APAP-induced AML-12 cells
(Fig. 6g, h).

Interference of P38γ mitigated inflammation, lipid accumulation
and oxidative stress in EtOH+ APAP-induced AML-12 cells by
interacting with Dlg1
Next, we cotransfected p38γ-siRNA and Dlg1-siRNA into EtOH
+APAP-induced AML-12 cells. The Western blotting results
showed that the expression level of p38γ was significantly
increased in the cotransfection group, while the Dlg1 expression
level was reduced compared with that in the group transfected
with p38γ-siRNA (Fig. 7a–d). In addition, the cotransfection group
showed obviously higher levels of TNF-α, Fasn and SREBP-1 than
the group transfected with p38γ-siRNA (Fig. 7e–g). DCF and DHE
staining also exhibited the same effects (Fig. 7h). Thus, these
results showed that p38γ could not only regulate inflammatory
reactions but also regulate lipid accumulation and oxidative stress
by increasing the expression level of Dlg1 in AML-12 cells.

P38γ KD alleviated liver injury in EtOH- and APAP-induced mice
Next, we verified the role of p38γ in EtOH- and APAP-induced mice.
AAV9-ShRNA-p38γ was injected into the tail vein to silence p38γ
(Fig. 8a). According to the Western blotting analysis results, the p38γ
protein expression level was downregulated in the AAV9-shRNA-
p38γ group. Real-time PCR also verified the results at the gene level
(Fig. 8b–d). In addition, significant fat accumulation in hepatocytes,
mild necrosis and inflammatory infiltration and increased serum ALT
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Fig. 2 P38γ was elevated in EtOH- and APAP-induced liver injury in C57BL/6 J mice. a IHC analysis of p38γ. b The expression level of p38γ
and p-p38γ was detected by real-time PCR and Western blotting. c Albumin and p38γ colocalized in the liver by double immunofluorescence.
d Immunofluorescence analysis of p38γ. **P < 0.01, ***P < 0.001 vs Pair group. ##P < 0.01 vs APAP or EtOH alone group.
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Fig. 3 EtOH enhanced inflammation secretion, lipid accumulation and oxidative stress in response to APAP. a–d Real-time PCR and
Western blotting detected the levels of PPAR-α, SREBP-1 (the cleaved nuclear (~68 kDa) forms of SREBP-1) and Fasn. e, f Real-time PCR
detect the level of TNF-α and IL-6. g Western blotting detected the level of NOX-4. h, i The production of ROS detected by DCF and DHE
assay. **P < 0.01, ***P < 0.001 vs Normal group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs APAP or EtOH alone group.
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Fig. 4 P38γ was also increased in EtOH+APAP-induced AML-12 cells. a–c Immunofluorescence, Western blotting and real-time PCR were
used to detect the p38γ expression level. d, e. Real-time PCR and Western blotting of the level of p38γ after transfection with pEGFP-C1-p38γ.
f, g. Real-time PCR and Western blotting of the level of p38γ after transfection with p38γ-siRNA. h Immunofluorescence analysis of p38γ after
transfection with pEGFP-C1-p38γ and p38γ-siRNA. *P < 0.05, **P < 0.01, ***P < 0.001 vs Normal group. #P < 0.05, ##P < 0.01 vs APAP or EtOH
alone group.
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and AST were exhibited in the EtOH+APAP group compared to the
pair group. In contrast, p38γ KD exerted liver-protective effects in
the EtOH+APAP group (Fig. 8e–h). The results of Western blotting
analysis further confirmed that p38γ could regulate Dlg1 in the EtOH
group and EtOH+APAP group (Fig. 8i).

P38γ KD protected against liver inflammation, lipid accumulation
and oxidative stress in EtOH- and APAP-induced mice
In the p38γ KDmodel group, the p38γ expression level was reduced,
but the Dlg1 expression level was increased (Fig. 9a, b). The results
of IHC analysis showed that F4/80+ positive signals were alleviated
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in the p38γ KD EtOH+APAP group (Fig. 9c). In addition to the above
experimental results, the authors also detected lower expression
levels of IL-6, FASN and SREBP-1 and higher PPAR-α expression
levels (Fig. 9d). Moreover, EtOH- and APAP-induced oxidative stress
was obviously ameliorated in the p38γ KD mouse group (Fig. 9e–g),
implying that p38γmight be an effective target for preventing EtOH
+APAP-induced liver injury.

P38γ disruption alleviated inflammation, lipid accumulation and
oxidative stress in primary hepatocytes extracted from EtOH- and
APAP-induced mice
Finally, primary hepatocytes were isolated from the control group
and p38γ KD group, and the expression levels of markers related to
inflammation, lipid accumulation, and oxidative stress were
measured. Additionally, SREBP-1, Fasn, and p38γ expression levels
were increased, while the expression levels of PPAR-α and Dlg1 were
downregulated in the EtOH+APAP-induced group (Fig. 10a–f). The
EtOH+APAP-induced elevation of SREBP-1, Fasn, p38γ and TNF-α
was downregulated in the p38γ KD group compared to control
hepatocytes (Fig. 10g–k). Moreover, DCF staining revealed that the
p38γ KD group had alleviated oxidative stress (Fig. 10l). Taken
together, these results confirmed that the important effects of
hepatic p38γ destruction are regulated partly by diminishing EtOH
+APAP-induced oxidative stress. Overall, p38γ might be an
important regulator in EtOH- and APAP-induced liver injury through
modulation of Dlg1.

DISCUSSION
Liver disease is caused by hepatitis virus infection, poor habits,
drug toxicity, alcohol and so on. It has a high incidence rate
worldwide and poor long-term clinical efficacy, causing serious
public health problems [24, 25]. In the clinic, complex liver
diseases caused by multiple stimuli are common. Of note, alcohol
is first converted into acetaldehyde through oxidative

degradation by alcohol dehydrogenase (ADH) and CYP2E1, and
then acetaldehyde is oxidized to nontoxic acetate by aldehyde
dehydrogenase 2 (ALDH2) and coenzyme NAD or NADP to be
excreted [26, 27]. Members of the ALDH family further convert
reactive aldehydes, providing cells with potential protection
against free radical oxidants (ROS) [27]. ROS accumulation in the
liver is the main cause of the oxidative stress response [26, 28]. In
addition, acetaldehyde enhances the redox cell state, and ROS
activate transcription factors, thereby activating lipid biosynth-
esis genes and protecting liver cells from alcoholism [29]. As a
common antipyretic and analgesic, APAP is often combined with
GSH to remove the toxic compound NAPQI produced by
metabolism. However, after GSH is exhausted, the accumulation
of NAPQI will lead to liver injury [10]. Of note, it was suggested
that even moderate EtOH consumption increases the manifesta-
tions and clinical course of liver damage in APAP acute liver
failure. Generally, metabolic disorders and liver steatosis have
been associated with stress signals, and the activation of
lipokinases and stress kinases in obesity indicates the moderat-
ing effect of these proteins in diseases [30]. ALD is the main type
of chronic underlying liver disease with DILI. EtOH- and APAP-
induced liver injury is a hot issue in most countries [30, 31]. Of
note, related studies showed that APAP might affect the
bioavailability of EtOH by inhibiting gastric ADH. The hepato-
toxicity of APAP will increase due to chronic alcoholism.
Interestingly, even after the alcohol in the body is completely
removed, it will increase the toxic risk of APAP [32]. However, the
mechanism of EtOH- and APAP-induced liver injury needs to be
further studied. Here, we demonstrated elevated inflammation,
lipid accumulation, and oxidative stress in EtOH+APAP-cultured
AML-12 cells and EtOH- and APAP-induced liver injury in mice,
which was related to high levels of activation of p38γ. However,
AAV9-mediated p38γ KD in the liver attenuated EtOH+APAP-
induced liver injury compared to Pair p38γ KD. Mechanistically,
p38γ could bind to the Dlg1 protein in AML-12 cells treated with

Fig. 5 P38γ interference mitigated inflammation, lipid accumulation and oxidative stress in EtOH+ APAP-induced AML-12 cells. a–e The
expression levels of IL-1β, IL-6, TNF-α, iNOS and NOX4 detected by Western blotting and real-time PCR. f–j The expression levels of PPAR-α,
ACOX1, Fasn and SREBP-1 (the cleaved nuclear (~68 kDa) forms of SREBP-1) detected by Western blotting and real-time PCR. k The production
of ROS detected by DCF and DHE assay. l-p. The expression levels of IL-1β, IL-6, TNF-α, iNOS, and NOX4 detected by Western blotting and real-
time PCR after over-expression of p38γ. q–u The expression levels of PPAR-α, ACOX1, Fasn, and SREBP-1 detected by Western blotting and real-
time PCR after over-expression of p38γ. v. The production of ROS detected by DCF and DHE assay after over-expression of p38γ. *P < 0.05,
**P < 0.01, ***P < 0.001 vs Normal. #P < 0.05, ##P < 0.01 vs EtOH or APAP alone. $$P < 0.01, $$$P < 0.001 vs EtOH+APAP group.
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Fig. 6 P38γ interacted with Dlg1 in AML-12 cells. a–c IHC and Western blotting analysis of Dlg1 in mice. d, e P38γ could interact with Dlg1 in
AML-12 cells, as demonstrated by a co-IP assay. with Dlg1. f Double immunofluorescence displayed the typical colocalization of p38γ and Dlg1
in AML-12 cells. g, h Western blotting and real-time PCR of the levels of Dlg1 after transfection with p38γ-siRNA in AML-12 cells. *P < 0.05,
**P < 0.01, ***P < 0.001 vs Normal group. ##P < 0.01, ###P < 0.001 vs EtOH or APAP alone group. $$P < 0.01, $$$P < 0.001 vs EtOH+APAP group.
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Fig. 7 P38γ interference mitigated inflammation, lipid accumulation and oxidative stress in EtOH+ APAP-induced AML-12 cells by
interacting with Dlg1. a–d IF, Western blotting and real-time PCR were used to detect the expression levels of p38γ and Dlg1 in AML-12 cells
after transfection with p38γ-siRNA and Dlg1-siRNA. e–g Western blotting and real-time PCR were used to detect TNF-α, Fasn and SREBP-1 (the
cleaved nuclear (~68 kDa) form of SREBP-1). h The production of ROS detected by DCF and DHE assays. ***P < 0.001 vs Normal group. ###P <
0.001 vs APAP or EtOH alone group. $$P < 0.01, $$$P < 0.001 vs EtOH+APAP group.
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EtOH+APAP, thereby enhancing cell inflammation, lipid accu-
mulation and oxidative stress.
P38 mitogen-activated protein kinases (MAPKs) play an

important role in various cell stress responses, including apoptosis

and necrosis, including cell death [33, 34]. The four members of
the p38 isoform family are p38α, p38β, p38γ, and p38δ [35], which
have high sequence homology and the iconic TGY phosphoryla-
tion motif in the kinase activation loop [36]. It is worth noting that

Fig. 8 P38γ silencing alleviated liver dysfunction and injury in EtOH- and APAP-treated mice. a Mouse in vivo imaging analysis showed
that AAV9-shRNA-p38γ was specifically located in mouse liver tissue. b–d The mRNA and protein expression levels of p38γ and p-p38γ. e. HE
staining in liver tissue. f. Oil Red O staining in liver tissue. g, h. Serum ALT and AST assay. i Western blotting detected the expression
levels of p38γ and Dlg1. **P < 0.01, ***P < 0.001 vs Normal group. ##P < 0.01, ###P < 0.001 vs APAP or EtOH alone group. $$P < 0.01, $$$P < 0.001
vs EtOH+APAP group.
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Fig. 9 P38γ KD protected against liver inflammation, lipid accumulation and oxidative stress in EtOH- and APAP-induced mice. a–c IHC
analysis of p38γ, Dlg1, and F4/80. d The protein expression levels of IL-6, Fasn, PPAR-α, and SREBP-1 (the cleaved nuclear (~68 kDa) forms of
SREBP-1). e–g The expression levels of MDA, SOD, and GSH. *P < 0.05, **P < 0.01, ***P < 0.001 vs Normal group. ##P < 0.01, ###P < 0.001 vs APAP
or EtOH alone group. $$P < 0.01, $$$P < 0.001 vs EtOH+APAP group.
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Fig. 10 P38γ disruption alleviated inflammation, lipid accumulation and oxidative stress in primary hepatocytes extracted from EtOH-
and APAP-induced mice. a–f The mRNA and protein expression levels of SREBP-1, Fasn, PPAR-α, p38γ, and Dlg1 in the pair group and model
primary hepatocytes. g–k The mRNA and protein expression levels of SREBP-1 (the cleaved nuclear (~68 kDa) forms of SREBP-1), Fasn, p38γ
and TNF-α in Pair p38γ KD and model p38γ KD primary hepatocytes. l DCF analysis of ROS production. **P < 0.01, ***P < 0.001 vs Normal
group. ##P < 0.01, ###P < 0.001 vs APAP or EtOH alone group. $$P < 0.01, $$$P < 0.001 vs EtOH+APAP group.
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the observed increase in hepatic p38γ is mainly due to changes in
hepatocytes, as they constitute 80% of the liver volume [37–39].
P38γ can regulate hepatic metabolic reprogramming by regulat-
ing neutrophil infiltration [14], and p38γ is essential for the
progression of liver tumorigenesis [15]. In addition, Xu et al. found
that alcohol could activate the p38γ signaling pathway, and p38γ
plays an important role in alcohol-enhanced aggressiveness of
breast cancer [16]. Nevertheless, the molecular mechanism of
p38γ upregulation in EtOH- and APAP-induced livers is not yet
clear. Similarly, the regulatory mechanism has not yet been
determined and may include changes in translation, protein
expression, and degradation. In this study, p38γ expression was
increased by EtOH+APAP-induced AML-12 cells. Based on these
results, we used p38γ-siRNA AML-12 cells and p38γ KD mouse
models to examine whether p38γ could affect EtOH- and APAP-
induced liver injury. Furthermore, the vital regulatory role of p38γ
in various processes, including cytokine production, protein
synthesis, exocytosis, cell migration, stress and inflammatory
responses, has been demonstrated [38, 40]. In addition, the
knockout of p38γ will protect against methionine-choline-
deficient (MCD)-induced steatosis [14]. Lipid accumulation and
oxidative stress are vital to the occurrence and progression of liver
diseases [41, 42]. In this article, the destruction of p38γ attenuated
EtOH- and APAP-induced AML-12 cell injury. Moreover, the KD of
p38γ could attenuate the inflammation, lipid accumulation and
oxidative stress in EtOH- and APAP-induced liver injury.
In addition, p38γ could be combined with Dlg1 by querying the

STING database. Dlg1, also a member of the membrane-associated
guanylate kinase family, maintains septate junctions and controls
the localization of apical and adherens junction proteins, and it
plays a vital role in cell polarity, proliferation and migration
[43, 44]. Aline et al. found that Dlg1 can regulate the polarity of
epithelial cells and is a signaling pathway destroyed by hepatitis C
virus core protein [45]. In addition, Zinc finger protein 191
(ZNF191) activates Yap in hepatoma cells, inhibits cell migration
and finally inhibits metastasis by upregulating DLG1 [46].
Interestingly, the STING database and Roberta et al. confirmed
that p38γ could combine with Dlg1 to regulate peripheral nervous
system (PNS) and central nervous system (CNS) myelination [47].
Related results showed that p38γ could bind to Dlg1 and reduce
the expression level of Dlg1 in AML-12 cells treated with EtOH and
APAP, thereby alleviating ROS production and liver damage.
In summary, our study showed that deletion of p38γ helps to

alleviate EtOH+APAP-induced lipid accumulation and oxidative
stress via the promotion of Dlg1. Thus, it is highly possible that
p38γ could be considered a potential protein for the treatment of
EtOH- and APAP-induced liver injury. It was suggested that p38γ
pharmacological inhibition might provide a feasible treatment for
EtOH- and APAP-induced liver injury.
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