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Abstract. Binge drinking among alcohol consumers is a 
common occurrence, and may result in the development of 
numerous diseases, including liver disorders. It has previ-
ously been reported that natural killer T (NKT) cells induce 
alcohol‑associated liver injury by promoting neutrophil 
infiltration. In the present study, the role of the orphan nuclear 
receptor small heterodimer partner (SHP), which is encoded 
by the NR0B2 gene, in acute binge drinking‑induced liver 
injury was investigated. SHP‑knockout (KO) and wild‑type 
(WT) control mice were intragastrically administered single 
doses of alcohol. The plasma concentrations of alanine 
aminotransferase and aspartate aminotransferase in SHP‑KO 
mice following alcohol treatment were significantly increased 
compared with WT mice. However, results of oil red O staining 
and 2',7'‑dichlorodihydrofluorescein diacetate staining indi-
cated that levels of acute binge drinking‑associated hepatic 
lipid accumulation and oxidative stress were not significantly 
different between WT and SHP‑KO alcohol‑treated mice. 
Notably, tumor necrosis factor‑α mRNA expression in the liver 
of SHP‑KO mice was significantly increased following alcohol 
administration, compared with WT mice. Furthermore, the 
mRNA expression levels of C‑C motif chemokine ligand 2, 
C‑X‑C motif chemokine ligand 2 and interleukin‑4, which are 
all potent chemoattractants of NKT cells, as well as neutrophil 
expression levels, were significantly increased in the livers of 

SHP‑KO mice compared with WT mice following alcohol 
administration, as determined by reverse transcription‑quanti-
tative polymerase chain reaction and flow cytometry. Enhanced 
infiltration of NKT cells, determined by flow cytometry, was 
also demonstrated in the livers of SHP‑KO mice following 
alcohol administration, compared with WT mice. The results 
of the present study indicate that SHP may be involved in 
liver‑associated protective mechanisms, with regards to the 
attenuation of damage caused by acute binge drinking, via 
regulation of NKT cell and neutrophil migration to the liver. 
The modulation of SHP may be a novel therapeutic strategy 
for the treatment of acute binge drinking‑induced liver injury.

Introduction

Excessive alcohol consumption is an important health issue 
globally, with ~3.3 million mortalities occurring annually 
worldwide as a result of alcohol consumption (1). The National 
Institute on Alcohol Abuse and Alcoholism defines binge 
drinking as a pattern of drinking that elevates blood alcohol 
concentration levels to ≥0.08 g/dl (2). Harmful effects of binge 
drinking, including enhanced coronary calcification, plaque 
formation and circulatory dysfunction, have previously been 
reported (3). Furthermore, binge drinking has been revealed to 
increase mortality in patients with acute myocardial infarction, 
or cancers of the oropharynx and esophagus. In addition, binge 
drinking is reported to substantially aggravate liver injury in 
individuals that chronically abuse alcohol (4). Therefore, a 
comprehensive understanding of the underlying mechanisms 
of binge drinking‑induced injury and its association with 
patient health is of great importance.

The liver has an important role in the regulation of host 
immune responses to various pathogens and toxins, and contains 
various types of immune cells (5,6). Natural killer T (NKT) 
cells account for 20‑30% of liver lymphocytes in mice and 
are involved in the pathogenesis of various immune‑mediated 
liver diseases (7‑10). Furthermore, NKT cells are reported to 
contribute to liver damage following chronic alcohol consump-
tion via the promotion of hepatic neutrophil infiltration, which 
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is one of the most important immune cells associated with the 
induction of alcohol‑induced liver injury (11‑13).

Small heterodimer partner (SHP), which is encoded by 
the NR0B2 gene, is an orphan nuclear receptor, the ligand 
of which remains undetermined, and lacks a DNA‑binding 
domain, unlike the majority of nuclear receptors. SHP acts as 
a corepressor by directly interacting with other transcription 
factors, and it is also involved in the metabolism of choles-
terol, bile acid, and fatty acids, in addition to roles in glucose 
and homocysteine homeostasis (14,15). SHP is expressed in 
various organs, including the liver (16,17), and certain studies 
have demonstrated an association between alcohol‑associated 
liver injury and SHP expression in chronic alcohol‑adminis-
tered models (15,18). These previous studies demonstrated that 
SHP‑knockout (KO) mice exhibited reduced inflammation 
via rapid detoxification of ethanol following administration of 
alcohol; however, the role of SHP in an acute binge drinking 
animal model, to the best of our knowledge, has not been 
previously investigated. Therefore, in the present study, the 
role of SHP in the severity of acute binge drinking‑induced 
liver injury, using a SHP‑KO animal model, was investigated.

Materials and methods

Animal experiments. Male SHP‑KO mice (total n=50) and 
wild‑type (WT) C57BL/6 mice (total n=50; 8‑10 weeks old; 
body weight, 23‑27 g) were obtained from the Korea Research 
Institute of Bioscience and Biotechnology (KRIBB; Daejeon, 
Korea). All mice were housed and maintained in a specific 
pathogen‑free facility of Laboratory Animal Resource Center 
of KRIBB (temperature of 22±2˚C, relative humidity of 
50‑60%, ammonia concentration less than 1 ppm, and 12‑h 
light/dark cycle) and were given ad libitum access to food and 
water. All mice received a single dose of ethanol [6 g/kg body 
weight, 25% (v/v) solution, n=30 for each SHP‑KO mice or 
WT mice] or PBS (control, n=20 for each SHP‑KO mice or 
WT mice) intragastrically to induce acute alcohol‑associated 
liver injury, according to a previously reported method (19,20), 
and were euthanized 12 h post‑treatment. A total of 9‑11 mice 
were used for both control groups and 15 mice used for both 
alcohol groups. All experimental procedures were approved 
by the Institutional Animal Care and Use Committee of the 
KRIBB (Daejeon, Korea) and were performed in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (Guide for the care and use of 
laboratory animals, 8th edition) (21).

Blood analysis. At 12 h post‑alcohol or vehicle administration, 
blood samples were collected and centrifuged at 9,800 x g for 
10 min at 4˚C. The isolated plasma was subsequently used for 
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) analysis using an automated blood chemistry 
analyzer (Hitachi 7150; Hitachi, Ltd., Tokyo, Japan).

Oil red O staining and lipid quantification. Liver tissues, 
which were obtained from animals at 12 h post‑alcohol or 
vehicle administration, were embedded in a Tissue‑Tek optimal 
cutting temperature compound (Sakura Finetek, Tokyo, 
Japan) and sectioned at a thickness of 8‑µm using a cryotome 
(Sakura Finetek). Cryostat sections of liver tissue were fixed 

in 10% neutral buffered formalin at room temperature. After 
fixation, liver tissue sections were stained with 0.3% oil red O 
solution for 1 h and counterstained with Mayer's hematoxylin 
for 30 sec at room temperature. Images were captured using a 
light microscope (BX51; Olympus Corporation, Tokyo, Japan). 
Total hepatic lipid was isolated by performing previously 
reported methods  (22). Briefly, frozen livers were homog-
enized in 0.9% saline and a 100% chloroform: 100% methanol 
(1:2, v/v) solution was subsequently added to the samples. The 
solution was vortexed and centrifuged at 890 x g for 20 min. 
The chloroform layer was transferred to a glass tube and 
air‑dried until only the pellet remained. Hepatic triglyceride 
(TG) concentrations were analyzed using a commercially 
available kit (cat. no. AM 157S‑K; Asan Pharmaceuticals Co., 
Ltd., Seoul, Korea), in accordance with the manufacturer's 
protocol.

Lipid peroxidation assay. Hepatic lipid peroxidation levels 
were determined by previously described methods (23) with 
slight modifications. Briefly, the livers that were obtained from 
mice at 12 h after alcohol or vehicle treatment were homog-
enized in PBS containing 1 mmol/l butylated hydroxytoluene 
and 5% trichloroacetic acid solution. Following a cooling 
period on ice, the liver extracts were centrifuged at 890 x g for 
15 min. Supernatants were collected, 0.8% thiobarbituric acid 
(TBA) solution was added and the suspensions were subse-
quently boiled at 100˚C for 60 min in order to generate the 
malondialdehyde (MDA)‑TBA complex (red pigment). Samples 
were subsequently chilled on ice and centrifuged at 1,600 x g 
for 10 min. Supernatants were collected and the absorbance 
was measured at 535 nm. MDA solution was freshly prepared 
via hydrolysis of 1 mmol/l 1,1,3,3‑tetramethoxypropane solu-
tion (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) and 
the addition of 1 mol/l hydrogen chloride, and was used as the 
reference standard.

Determination of total reactive oxygen species (ROS). Mouse 
livers were obtained from mice at 12 h after alcohol or vehicle 
treatment and lysed in ice‑cold lysis buffer containing 1% 
nonyl phenoxypolyethoxylethanol, 0.25% sodium deoxycho-
late, 50 mmol/l Tris‑HCl, 1 mmol/l ethylenediaminetetraacetic 
acid, 120 mmol/l sodium chloride, protease inhibitor cocktail 
(Roche Diagnostics, Indianapolis, IN, USA) and phosphatase 
inhibitor cocktails (Sigma‑Aldrich; Merck KGaA). Following 
two cycles of centrifugation at 16,600 x g for 15 min at 4˚C, 
the supernatants were used for total ROS measurement. The 
protein concentration was measured using the Bradford assay. 
Following this, liver extracts were incubated with 20 µmol/l 
2',7'‑dichlorodihydrofluorescein diacetate (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C for 60 min. 
Fluorescence intensity was analyzed using a Victor3 1420 
Multilabel Counter (PerkinElmer, Inc., Waltham, MA, USA) 
at 485 nm excitation and 530 nm emission wavelengths.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated from mouse livers, which were obtained from mice at 
12 h after alcohol or vehicle treatment, using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). Liver tissues 
were homogenized in TRIzol reagent with stainless steel 
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beads using TissueLyser (Qiagen GmbH, Hilden, Germany). 
Following the addition of 300  µl 100% chloroform, the 
mixture was centrifuged at 16,600 x g for 15 min at 4˚C and 
the supernatant was transferred to a clean tube. The 500 µl 
100% isopropanol was subsequently added into supernatant. 
Following inversion, the mixture was centrifuged at 16,600 x g 
for 5 min at 4˚C and the pellets were washed with 75% (v/v) 
ethanol. The RNA pellet was dried at room temperature and 
dissolved in diethyl pyrocarbonate‑treated water. Following 
this, cDNA was synthesized from 1 µg total isolated RNA 
using a cDNA synthesis kit (iScript™ cDNA synthesis kit; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA) according to 
the manufacturer's protocol. The cycling conditions were as 
follows: Priming at 25˚C for 5 min and reverse transcription 
at 46˚C for 20 min and RT inactivation at 95˚C for 1 min. 
Subsequently, qPCR was performed using SYBR Green PCR 
Master Mix (AccuPower® 2X Greenstar™ qPCR Master Mix; 
Bioneer Co., Daejeon, Korea) and StepOne™ Real time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The cycling conditions were as follows: Pre‑denaturation at 
95˚C for 10 min, followed by denaturation at 95˚C for 10 sec, 
and annealing and extension at 60˚C for 30 sec, for 45 cycles 
of amplification. PCR was performed in duplicates. All 
expression data were normalized to 18S ribosomal RNA and 

were calculated using the 2‑ΔΔCq method (24). The results are 
presented in terms of fold change compared with the expres-
sion in the control group. The PCR primer pair sequences are 
detailed in Table I.

Fluorescence‑activated cell sorting (FACS) analysis. Livers 
were removed from the mice following euthanasia at 12 h after 
treatment with alcohol or vehicle, grounded using a plunger on 
70‑µm mesh, centrifuged at 39 x g for 5 min at 4˚C, and the resul-
tant supernatants were transferred to clean tubes. Following 
centrifugation at 431 x g for 5 min at 4˚C, the supernatants 
were eluted. Pre‑warmed 40% Percoll solution was added and 
the mixture was centrifuged at 1,265 x g for 30 min. Following 
this, red blood cells (RBCs) were lysed using RBC lysis buffer 
(BioLegend Inc., San Diego, CA, USA). Following centrifu-
gation at 712 x g for 15 min at 4˚C, liver mononuclear cells 
were suspended in FACS buffer (PBS containing 0.5% bovine 
serum albumin and 0.05% NaN3). Cells were blocked for 
30 min at 4˚C with unlabeled CD16/32 antibody (1/50 dilution; 
clone 93; cat. no. 101302; BioLegend Inc.). The cells were 
stained for 30 min at 4˚C using the following monoclonal 
antibodies against cell surface markers: Fluorescein isothio-
cyanate (FITC)‑anti‑CD45, phycoerythrin‑anti‑lymphocyte 
antigen 6 complex (Ly6) locus G, peridinin‑chlorophyll 

Table I. Primer sets for reverse transcription‑quantitative polymerase chain reaction analysis.

Accession number	 Gene	 Primer sequence	 Product size, bp

NM_011850.3	 SHP	 5'‑TCTGCAGGTCGTCCGACTATT‑3 (F)	 168
		  5'‑TGTCTTGGCTAGGACATCCA‑3' (R)	
NR_003278.3	 18s rRNA	 5'‑GACACGGACAGGATTGACAGATTGATAG‑3 (F)	 129
		  5'‑GTTAGCATGCCAGAGTCTCGTTCGTT‑3' (R)	
NM_008361.4	 IL‑1β	 5'‑CTACAGGCTCCGAGATGAACAAC‑3 (F)	 79
		  5'‑TCCATTGAGGTGGAGAGCTTTC‑3' (R)	
NM_031168.2	 IL‑6	 5'‑GTTGCCTTCTTGGGACTGATG‑3' (F)	 90
		  5'‑GGGAGTGGTATCCTCTGTGAAGTCT‑3' (R)	
NM_013693.3	 TNF‑α	 5'‑TGGCCTCCCTCTCATCAGTT‑3' (F)	 110
		  5'‑CCTCCACTTGGTGGTTTGCT‑3' (R)	
NM_011333.3	 CCL2	 5'‑CAGCAAGATGATCCCAATGAGTAG‑3' (F)	 100
		  5'‑TCTCTTGAGCTTGGTGACAAAAAC‑3' (R)	
NM_008176.3	 CXCL1	 5'‑TGTCAGTGCCTGCAGACCAT‑3' (F)	 150
		  5'‑CAAGGGAGCTTCAGGGTCAA‑3' (R)	
NM_009140.2	 CXCL2	 5'‑GGCTGTTGTGGCCAGTGAA‑3' (F)	 140
		  5'‑CGCCCTTGAGAGTGGCTATG‑3' (R)	
NM_021283.2	 IL‑4	 5'‑GGAGATGGATGTGCCAAACG‑3' (F)	 80
		  5'‑GCACCTTGGAAGCCCTACAG‑3' (R)	
NM_021282.2	 CYP2E1	 5'‑ATCAACCTCGTCCCTTCCAA‑3' (F)	 71
		  5'‑GGGATGACATATCCTCGGAACA‑3' (R)	
NM_007409.2	 ADH1	 5'‑GGAGGGGTGGACTTTTCGTT‑3' (F)	 100
		  5'‑CTACGACGACGCTTACACCA‑3' (R)	
NM_009656.3	 ALDH2	 5'‑TGTTGTACCGATTGGCGGAT‑3' (F)	 131
		  5'‑GCGGAGACATTTCAGGACCA‑3' (R)	

18s rRNA, 18s ribosomal RNA; SHP, small heterodimer partner; IL, interleukin; TNF, tumor necrosis factor; CCL, C‑C motif chemokine 
ligand; CXCL, C‑X‑C motif chemokine ligand; CYP, cytochrome P450; ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; 
F, forward; R, reverse.



GO et al:  SMALL HETERODIMER PARTNER MODULATES ALCOHOL-INDUCED LIVER INJURY4992

protein complex (PerCP) cyanine (cy)5.5‑anti‑Ly6 locus C 
and allophycocyanin (APC)‑anti‑CD11b for neutrophils; and 
FITC‑anti‑CD3, PerCP cy5.5‑anti‑CD45 and APC‑anti‑killer 
cell lectin‑like receptor subfamily B member 1C for NKT cells. 
Stained cells were detected using a Gallios Flow Cytometer 
(Beckman Coulter, Inc., Brea, CA, USA) and analyzed using 
FlowJo software V10 (Tree Star, Inc., Ashland, OR, USA). 
The immune cell percentage data is expressed as stained 
cell number divided by the CD45+ cell number. The absolute 
cell number/g liver is calculated by multiplying CD45+ cell 
number/g liver by stained cell percentage.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean. Comparisons among groups were performed 
using one‑way analysis of variance followed by Tukey's 
post‑hoc test. JMP 5.1 software was used for analysis (SAS 
Institute, Inc., Cary, NC, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Genetic depletion of SHP aggravates binge drinking‑induced 
liver injury. In order to investigate the role of SHP in acute 
binge drinking‑induced liver injury, all mice were adminis-
tered 6 g/kg body weight of ethanol (alcohol group) or an equal 
amount of PBS (control group). SHP depletion in the liver of 
SHP‑KO mice was confirmed using RT‑qPCR (Fig.  1A). 
Plasma ALT and AST levels in the WT alcohol group were 
increased at 12 h post‑alcohol administration compared with 
the control group (Fig.  1B  and  C). Notably, the SHP‑KO 
alcohol group exhibited a significant increase in ALT and AST 
compared with the WT alcohol group (Fig. 1B and C). These 
results indicate that SHP may serve a protective role in acute 
binge drinking‑induced liver injury.

Increased binge drinking‑induced liver injury in SHP‑KO 
mice is independent of lipid accumulation and oxidative 
stress. Marked lipid accumulation was observed in liver 
samples following binge alcohol administration compared 

with the control group; however, no marked differences 
were observed between the WT and SHP‑KO alcohol groups 
(Fig.  2A). Furthermore, hepatic TG concentrations were 
enhanced in WT and SHP‑KO alcohol groups compared with 
the respective control groups. However, no significant differ-
ences in hepatic TG levels were observed between the WT and 
SHP‑KO alcohol groups (Fig. 2B). In addition, the level of MDA 
formation, a marker of lipid peroxidation, was similar between 
the WT and SHP‑KO alcohol groups (Fig. 2C). Furthermore, 
alcohol‑induced ROS production and the expression of genes 
associated with alcohol metabolism, including cytochrome 
P450 (CYP)2E1, alcohol dehydrogenase (ADH)1 and aldehyde 
dehydrogenase (ALDH)2, were analyzed; however, no signifi-
cant differences were demonstrated between WT and SHP 
alcohol groups (Figs. 2D and 3). These results indicate that 
SHP is not involved in lipid accumulation, lipid peroxidation, 
ROS production or alcohol metabolism in response to acute 
binge drinking exposure in mice.

Proinf lammatory cytokine expression is elevated in 
SHP‑KO mice following binge alcohol administration. 
Inflammation‑associated gene expression was investigated in 
order to determine the factors that induce severe liver injury in 
SHP‑KO mice. It was revealed that interleukin (IL)‑1β and IL‑6 
expression levels were increased following alcohol administra-
tion; however, the differences in the expression levels between 
the WT and SHP‑KO alcohol groups were not significant 
(Fig. 4A and B). Tumor necrosis factor (TNF)‑α expression was 
also enhanced in WT and SHP‑KO alcohol groups compared 
with the respective controls, and its expression was significantly 
increased in SHP‑KO alcohol mice compared with WT alcohol 
mice (Fig. 4C). These results indicate that SHP may have a role 
in acute binge drinking‑induced liver inflammation.

Hepatic NKT cell and neutrophil levels are increased in 
SHP‑KO mice following binge alcohol administration. 
Immune cell populations were analyzed following acute 
binge alcohol administration using FACS analysis. The results 
demonstrated that the number of neutrophil cells increased 

Figure 1. SHP gene expression and plasma levels of liver injury markers following binge alcohol administration in mice. Mice were administered a single 
dose of alcohol (6 g/kg body weight; n=15) or equal amounts of PBS (control group; n=11) and were euthanized 12 h post‑treatment. (A) SHP gene expression 
was investigated using reverse transcription‑quantitative polymerase chain reaction. Plasma concentrations of (B) ALT and (C) AST were determined. Data 
are presented as the mean ± standard error of the mean. Comparisons between groups are indicated by lowercase letters and groups not sharing a common 
letter are significantly different to one another at a threshold of P<0.05. SHP, small heterodimer partner; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; WT, wild‑type; KO, knockout. 
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in the livers of both of the alcohol groups compared with 
the control groups (Fig. 5A). The percentage of neutrophils 
observed was similar between both alcohol groups; however, 
the absolute cell numbers were elevated in the SHP‑KO 
alcohol group compared with the WT alcohol group (Fig. 5A). 
Acute binge alcohol administration did not alter the NKT cell 
population in the livers of WT mice (Fig. 5B). Notably, both 
the percentage and absolute number of NKT cells increased 
significantly in the livers of the SHP‑KO alcohol group 

compared with the WT alcohol group (Fig. 5B). These results 
indicate that increased recruitment of NKT cells and neutro-
phils to the liver may be a causative factor of exacerbated acute 
binge drinking‑induced liver injury in SHP‑KO mice.

Expression levels of cytokines and chemokines associated with 
NKT cell and neutrophil migration are elevated in SHP‑KO 
mice following binge alcohol administration. Chemokine 
expression levels were investigated in order to determine 

Figure 2. Lipid accumulation and oxidative stress in the liver of mice following binge alcohol administration. Mice were administered a single dose of alcohol 
(6 g/kg body weight) or equal amounts of PBS (control group) and were euthanized 12 h post‑treatment. (A) Representative images of liver sections stained 
with oil red O. Lipid droplets are stained red. For oil red O staining, n=11 in WT and SHP‑KO control groups and n=15 in WT and SHP‑KO alcohol groups. 
Levels of (B) TG, (C) malondialdehyde formation and (D) total ROS levels in the liver extracts were determined. For TG, malondialdehyde lipid peroxidation 
and total ROS assays, n=3 in WT and SHP‑KO control groups and n=5 in WT and SHP‑KO alcohol groups. Data are presented as the mean ± standard error of 
the mean. Comparisons between groups are indicated by lowercase letters and groups not sharing a common letter are significantly different to one another at 
a threshold of P<0.05. TG, triglyceride; ROS, reactive oxygen species; WT, wild‑type; SHP, small heterodimer partner; KO, knockout; TBARS, thiobarbituric 
acid reactive substances; ns, not significant.

Figure 3. Expression of genes encoding alcohol metabolism‑associated enzymes following binge alcohol administration in mice. Mice were administered a 
single dose of alcohol (6 g/kg body weight) or equal amounts of PBS (control group) and were euthanized 12 h post‑treatment. mRNA expression levels of 
(A) CYP2E1, (B) ADH1 and (C) ALDH2 were measured using reverse transcription‑quantitative polymerase chain reaction. WT and SHP‑KO control groups, 
n=11; WT and SHP‑KO alcohol groups, n=15. Data are presented as the mean ± standard error of the mean. Comparisons between groups are indicated by 
lowercase letters and groups not sharing a common letter are significantly different to one another at a threshold of P<0.05. CYP, cytochrome P450; ADH, 
alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; WT, wild‑type; SHP, small heterodimer partner; KO, knockout; ns, not significant.



GO et al:  SMALL HETERODIMER PARTNER MODULATES ALCOHOL-INDUCED LIVER INJURY4994

the chemotactic factors and cytokines that elicit increased 
neutrophil and NKT cell recruitment to the livers of SHP‑KO 
mice following alcohol administration. Following acute binge 
alcohol administration, C‑C motif chemokine ligand (CCL)2 
and C‑X‑C motif chemokine ligand (CXCL)1 expression 
levels were upregulated in the livers of both alcohol groups 
compared with those exhibited by the control groups, and 
significantly enhanced expression levels of CCL2 and CXCL1 
were observed in the SHP‑KO alcohol group compared with 
the WT alcohol group (Fig. 6A and B). Furthermore, although 
CXCL2 expression was upregulated in the livers of both of 

the alcohol groups compared with the respective controls, the 
difference in the expression levels between the SHP‑KO group 
and the WT group were not significant (Fig. 6C). Additionally, 
hepatic IL‑4 expression was not significantly affected by 
alcohol administration in the WT group, and was significantly 
increased in the SHP‑KO alcohol group compared with the 
other three groups (Fig. 6D). Taken together, these results 
indicate that elevated expression levels of CCL2, CXCL1 and 
Il‑4 in the liver of SHP‑KO binge drinking‑exposed mice may 
promote the recruitment of NKT cells and neutrophils, and 
thus exacerbate binge alcohol‑induced liver injury.

Figure 5. Immune cell populations in the liver following binge alcohol administration in mice. Mice were administered a single dose of alcohol (6 g/kg body 
weight) or equal amounts of PBS (control group) and were euthanized 12 h post‑treatment. Liver immune cells were isolated and flow cytometry analysis 
was performed. (A) Neutrophils (CD45+, CD11b+, Ly6C+ and Ly6G+) and (B) natural killer T cells (CD45+, CD3+ and NK1.1+) were recruited to the liver in 
SHP‑KO mice following alcohol administration. WT and SHP‑KO control groups, n=9; WT and SHP‑KO alcohol groups, n=15. Data are presented as the 
mean ± standard error of the mean. Comparisons between groups are indicated by lowercase letters and groups not sharing a common letter are significantly 
different to one another at a threshold of P<0.05. Ly6, lymphocyte antigen 6 complex; Ly6C, Ly6 locus C; Ly6G, Ly6 locus G; NK1.1, killer cell lectin‑like 
receptor subfamily B member 1C; SHP, small heterodimer partner; KO, knockout; WT, wild‑type.

Figure 4. Hepatic proinflammatory cytokine expression levels following binge alcohol administration in mice. Mice were administered a single dose of alcohol 
(6 g/kg body weight) or equal amounts of PBS (control group) and were euthanized 12 h post‑treatment. mRNA expression levels of (A) IL‑1β, (B) IL‑6 and 
(C) TNF‑α in the livers were determined via reverse transcription‑quantitative polymerase chain reaction. WT and SHP‑KO control groups, n=11; WT and 
SHP‑KO alcohol groups, n=15. Data are presented as the mean ± standard error of the mean. Comparisons between groups are indicated by lowercase letters 
and groups not sharing a common letter are significantly different to one another at a threshold of P<0.05. IL, interleukin; TNF, tumor necrosis factor; WT, 
wild‑type; SHP, small heterodimer partner; KO, knockout; ns, not significant.
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Discussion

In the present study, it has been demonstrated that acute 
alcohol binging led to increased infiltration of NKT cells and 
neutrophils in the livers of SHP‑KO mice, which was associ-
ated with enhanced severity of liver injury in SHP‑KO mice 
compared with WT mice.

NKT cells, which are a major population of mouse liver 
lymphocytes, have been reported to have an important role in 
alcohol‑induced liver injury (5,6). NKT cells migrating from 
peripheral blood to the liver respond to several chemokines, 
including CCL2 (25,26). In the present animal model of acute 
alcohol binge drinking, CCL2 expression was only signifi-
cantly upregulated in the liver of the SHP‑KO alcohol group, 
and not in the WT alcohol group, compared with the respective 
control groups. However, it was previously demonstrated that 
acute binge ethanol administration did not alter the NKT cell 
population in the liver (11). Similarly, in the present study, the 
NKT cell population was not significantly altered following 
acute binge alcohol administration in the livers of WT mice; 
however, the SHP‑KO alcohol group demonstrated a signifi-
cantly increased infiltration rate of NKT cells to the liver. 
Furthermore, previous studies have revealed that NKT cells 
may participate in the progression of inflammation by secreting 

cytokines, including IL‑4, which subsequently induce neutro-
phil recruitment and survival and enhance liver injury (27,28). 
Previous studies also demonstrated that NKT cells contributed 
to alcohol‑induced liver injury by promoting neutrophil infil-
tration, which is a well‑established immune cell responsible 
for alcoholic steatohepatitis (ASH) (11‑13,29). In the present 
study, the percentages of neutrophils were similar between 
both alcohol groups, however, the absolute cell numbers were 
increased in the SHP‑KO alcohol group compared with the WT 
alcohol group. The immune cell percentage data is expressed 
as stained cell number divided by the CD45+ cell number. 
The absolute cell number/g liver is calculated by multiplying 
CD45+ cell number/g liver by stained cell percentage. In the 
present study, CD45+ cell number/g liver in the SHP‑KO 
alcohol group was slightly increased compared with the WT 
alcohol group (data not shown). Thus, although the percent-
ages of neutrophils were similar between both alcohol‑treated 
groups, the absolute cell number was higher in SHP‑KO 
mice. In the current study, a significant increase in hepatic 
IL‑4 expression was observed in the SHP‑KO alcohol group 
compared with the WT alcohol group, in addition to elevated 
NKT cell infiltration and a higher migration rate of neutro-
phils to the liver. Furthermore, hepatic CXCL1 expression, a 
well‑established chemoattractant of neutrophils (30,31), was 

Figure 6. Liver cytokines and chemokines associated with immune cell recruitment following binge alcohol administration. Mice were administered a single 
dose of alcohol (6 g/kg body weight) or equal amounts of PBS as a control and were euthanized 12 h later. The expression of immune cell recruitment associ-
ated genes, including (A) CCL2, (B) CXCL1, (C) CXCL2 and (D) IL‑4, was determined in liver tissues using reverse transcription‑quantitative polymerase 
chain reaction. WT and SHP‑KO control groups, n=9; WT and SHP‑KO alcohol groups, n=15. Data are presented as the mean ± standard error of the mean. 
Comparisons between groups are indicated by lowercase letters and groups not sharing a common letter are significantly different to one another at a threshold 
of P<0.05. CCL, C‑C motif chemokine ligand; CXCL, C‑X‑C motif chemokine ligand; IL, interleukin; WT, wild‑type; SHP, small heterodimer partner; KO, 
knockout.
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enhanced in the SHP‑KO alcohol group compared with the 
WT alcohol group. Although the exact involvement of SHP in 
immune cell migration and recruitment mechanisms remain 
poorly understood, the results of the present study indicate that 
the exacerbated acute alcohol‑induced liver injury in SHP‑KO 
mice may be due to increased levels of hepatic CCL2, CXCL1 
and IL‑4, and subsequent increases in the infiltration of NKT 
cells and neutrophils in the liver. Further studies are required 
in order to identify the immune cell‑specific roles of SHP.

SHP is a physiologically important nuclear receptor that 
acts as a transcriptional inhibitor of genes associated with 
various biological pathways (14,15,32). In the present study, 
alcohol‑induced liver injury, as measured by AST and ALT 
levels in the plasma, was most severe in SHP‑KO mice 
compared with WT mice. These results indicate that SHP may 
be associated with acute alcohol‑induced liver injury. ADH1 
and CYP2E1 are responsible for metabolizing alcohol to acet-
aldehyde. Acetaldehyde is subsequently converted to acetate by 
ALDH2 in the liver (33). These alcohol metabolites were previ-
ously reported to induce liver injury via ROS production and 
endotoxin influx from the gut due to altered intestinal permea-
bility (34,35). Furthermore, alcohol consumption induced lipid 
accumulation in the liver by upregulating lipid biosynthesis and 
lipid oxidation (36,37). Numerous studies have demonstrated 
that lipid accumulation and peroxidation were suppressed 
in the livers of chronic alcohol administered SHP‑KO mice 
compared with WT mice (15,18). Furthermore, these studies 
indicated that SHP may be involved in alcohol‑associated liver 
injury via the regulation of liver‑associated lipid metabolism. 
In the current acute alcohol binge administration study, the 
degrees of hepatic lipid accumulation and lipid peroxidation 
did not vary between WT and SHP‑KO mice. Previous studies 
have demonstrated that chronic and acute alcohol‑induced 
steatosis may share a common mechanism responsible for the 
upregulation of lipid biosynthesis and lipid oxidation, which 
involves sterol regulatory element‑binding protein 1 in fatty 
acid synthesis and AMP‑dependent protein kinase, peroxi-
some proliferator‑activated receptor (PPAR)α and adiponectin 
in lipid oxidation (33,38‑40). To the best of our knowledge, 
although the underlying mechanisms responsible for the 
phenotypic differences resulting from alcohol‑associated 
hepatic steatosis are largely undetermined, based on the 
inconsistent degrees of hepatic lipid accumulation between 
acute and chronic alcohol administered SHP‑KO mice, it may 
be hypothesized that the role of SHP in hepatic lipid metabo-
lism may vary between acute and chronic alcohol ingestion 
conditions. In addition, different alcohol ingestion patterns 
induced opposite results under similar conditions; acute 
and chronic alcohol consumption led to opposing results in 
monocytes by regulating the levels of IL‑1 receptor‑associated 
kinase‑monocyte (IRAK‑M) (41). Acute alcohol treatment was 
demonstrated to inhibit IRAK‑M and induce hyporesponsive-
ness of monocytes to lipopolysaccharide (LPS) via inhibition 
of LPS‑induced nuclear factor‑κB (NF‑κB) and extracellular 
signal‑regulated kinase (ERK) activation, while chronic 
alcohol suppressed IRAK‑M expression and activated NF‑κB 
and ERK kinases, which sensitize monocytes to the effects of 
LPS (41). Furthermore, alcohol consumption in patients with 
alcoholism suffering from acetaminophen poisoning has been 
reported to act as protective factor following acute alcohol 

abuse, while chronic alcohol abuse represents a risk factor 
for acetaminophen‑induced hepatotoxicity (42). However, the 
effects of varied alcohol ingestion patterns are not clearly 
defined and thus require further investigation. Although up to 
90% of individuals who regularly consume large quantities of 
alcohol may develop steatosis, only a minority of such indi-
viduals develop ASH and 10‑20% of regular binge drinkers 
eventually develop cirrhosis (43). In the present study, and 
according to the results of a previous study (18), SHP‑KO mice 
were susceptible to acute binge alcohol‑induced liver injury 
and were resistant to chronic alcohol‑induced liver injury. The 
results of the present study indicate that SHP may be a candidate 
genetic regulatory factor for idiosyncratic reactions of alcohol 
in humans; however, further studies are required in order to 
determine the exact involvement of SHP in pathogenesis asso-
ciated with acute and chronic alcohol consumption conditions.

In the current study, TNF‑α expression was upregulated in 
both of the alcohol groups, however, the expression level was 
significantly higher in SHP‑KO alcohol mice compared with 
WT alcohol mice. Previous studies have demonstrated that 
TNF‑α is implicated in acute and chronic alcohol‑induced 
hepatic injury  (19,44) and is considered to be an apop-
tosis‑mediating cytokine. In the present study, apoptosis was 
observed in the WT and SHP‑KO alcohol groups; however, the 
differences between WT and SHP‑KO alcohol groups were 
not significant (data not shown). Based on these results, it may 
be hypothesized that the enhanced hepatic TNF‑α expression 
in the present study may have induced an increased severity 
of liver damage; however, the damage was insufficient for the 
induction of apoptosis following alcohol binge exposure in 
SHP‑KO mice.

Although alcohol consumption is associated with substan-
tial economic and health problems (1), there is currently no 
effective therapy for alcohol‑associated liver disease. Cessation 
of alcohol consumption, nutrient therapy and antioxidant 
administration represent currently available treatments for 
alcohol‑associated liver disease. Furthermore, nuclear recep-
tors, such as PPARα and farnesoid X receptor (FXR), have 
previously been suggested as be potential therapeutic targets 
for alcohol‑associated liver disease. Activation of PPARα by an 
agonist was reported to inhibit hepatic steatosis, inflammation 
and fibrosis in alcohol‑associated liver disease via regula-
tion of fatty acid transport and oxidation, the inflammatory 
response and hepatic stellate cells activation and pro‑fibrotic 
genes such as transforming growth factor β 1, while FXR 
agonist treatment inhibited lipid accumulation and suppressed 
oxidative stress induced by ethanol ingestion (45‑47). In the 
present study, SHP depletion aggravated acute alcohol‑induced 
liver injury. Therefore, SHP overexpression may inhibit liver 
injury following alcohol ingestion; however, further studies 
are required in order to verify this hypothesis. SHP may serve 
as a therapeutic target for the treatment of alcohol‑associated 
liver disease.

In conclusion, to the best of our knowledge, the present 
study is the first to demonstrate that SHP depletion enhanced 
the migration of NKT cells and neutrophils to the liver, and 
aggravated liver injury following acute binge alcohol adminis-
tration. The results of the present study indicate that SHP may 
be involved in protective mechanisms associated with acute 
binge alcohol‑induced liver injury, and modulation of SHP 
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may be a novel therapeutic agent for the treatment of acute 
binge drinking‑induced liver injury.
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