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Alcoholic  liver  disease  (ALD)  is  one  of  the  most  common  liver  diseases  worldwide.  However,  the  exact
mechanisms  underlying  ALD  remain  unclear.  Previous  studies  reported  that sphingosine  kinase  2  (SphK2)
plays  an essential  role  in  regulating  hepatic  lipid  metabolism.  In the  current  study,  we  demonstrate  that
compared  to  wild-type  (WT)  mice,  SphK2  deficient  (SphK2−/−) mice  exhibited  a  greater  degree  of  liver
injury  and  hepatic  lipid  accumulation  after  feeding  with  an alcohol  diet  for  60 days.  This  is accompanied  by
a down-regulation  of  steroid  7-alpha-hydroxylase  (Cyp7b1)  and  an up-regulation  of  pro-inflammatory
mediators  (Tnf˛,  F4/80,  Il-1ˇ).  In vitro  experiments  showed  that  alcohol  induced  SphK2  expression  in
mouse  primary  hepatocytes  and  cultured  mouse  macrophages.  Furthermore,  alcohol  feeding  induced  a
more  severe  intestinal  barrier  dysfunction  in SphK2−/− mice  than  WT  mice.  Deficiency  of  SphK2  impaired

the  growth  of intestinal  organoids.  Finally,  SphK2  expression  levels  were  down-regulated  in the  livers  of
human  patients  with  alcoholic  cirrhosis  and  hepatocellular  carcinoma  compared  to healthy  controls.  In
summary,  these  findings  suggest  that SphK2  is  a crucial  regulator  of  hepatic  lipid  metabolism  and  that
modulating  the  SphK2-mediated  signaling  pathway  may  represent  a  novel  therapeutic  strategy  for  the
treatment  of ALD  and other  metabolic  liver  diseases.

Published  by  Elsevier  Ltd  on behalf  of  Editrice  Gastroenterologica  Italiana  S.r.l.
. Introduction

Alcoholic liver disease (ALD) is one of the most common liver
iseases worldwide and exists as a spectrum ranging from hep-
tic steatosis, alcoholic hepatitis (AH), cirrhosis and hepatocellular
arcinoma (HCC) [1,2]. Interestingly, 90% of patients who consume
ore than 60 g/day of alcohol develop fatty liver but only 10–30%

rogress to AH and cirrhosis [3,4]. Several risk factors have been
hown to be associated with ALD progression including the female
ender, obesity, nutrition, drugs, smoking, genetic factors and
rinking pattern [5–12]. Among these risk factors, an individual’s
rinking pattern has the most profound effect on alcohol-induced
iver injury [13–15]. The mechanisms by which alcohol causes liver
njury is complex and is not fully understood but appears to be a
ombination of hepatic lipid metabolism dysregulation, induction
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E-mail address: huiping.zhou@vcuhealth.org (H. Zhou).
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of endoplasmic reticulum (ER) stress, and activation of inflamma-
tion [16–18]. There is no effective treatment for ALD and liver
transplantation remains the only definitive treatment option for
advanced stage alcoholic cirrhosis [3].

Sphingosine 1-phosphate (S1P) is a potent signaling molecule
that mediates various physiologic responses including cellular dif-
ferentiation, migration, survival, and metabolism [19,20]. S1P is
synthesized by two  kinases, sphingosine kinase 1 (SphK1) and sph-
ingosine kinase 2 (SphK2) [21]. SphK1 generates cytosolic S1P levels
while SphK2 contains a nuclear localization signal that allows the
synthesis of nuclear S1P. SphK2-generated nuclear S1P is a potent
natural inhibitor of histone deacetylases (HDAC1/2). Increased
histone acetylation is often associated with an increase in the tran-
scriptional activity of genes involved in cell proliferation, migration,
and metabolism [22]. Intracellular S1P can directly mediate various
cellular functions or be transported out of the cell by ATP-binding
cassette (ABC) transporter proteins such as Spinster homolog 2

(SPNS2) and activate five different G-protein coupled receptors
termed sphingosine 1-phosphate receptor 1–5 (S1PR1–5) [23–27].

l.
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We  have previously reported that conjugated bile acids can
ctivate S1PR2 to regulate SphK2 expression and hepatic lipid
etabolism [28]. Moreover, we demonstrated that S1PR2 deficient

S1PR2−/−) and SphK2 deficient (SphK2−/−) mice developed overt
atty liver on a two-week high fat diet feeding [28]. Indeed, SphK2
as also reported to ameliorate hepatic steatosis and improve

nsulin sensitivity through the activation of ER stress in non-
lcoholic fatty liver disease (NAFLD) mouse model [29]. Since ALD
nd NAFLD share similarities in disease progression, our previous
bservations in NAFLD prompted us to examine the role of SphK2
n alcohol-induced liver injury.

In this study, we examine the effects of SphK2 deficiency on
lcohol-induced liver injury using the most widely used ad-libitium
ieber-DeCarli alcohol diet chronic feeding mouse model [30–32].
he results indicated that alcohol exacerbates liver steatosis and
njury in SphK2−/− mice on a 60-day alcohol diet.

. Materials and methods

.1. Reagents

Oil Red O, maltodextrin and common laboratory chemicals
ere purchased from Sigma Aldrich (St. Louis, MO). Lieber-Decarli
iet was purchased from Bioserv (Flemington, NJ). The SphK2
ntibody was purchased from Proteintech (Chicago, IL). F4/80 con-
ugated with Alexa Fluor

®
488 and CD11b conjugated with FITC

ntibodies were purchased from BioLegend (San Diego, CA). BD
atrigel Basement Membrane Matrix was purchased from BD Bio-

ciences (Bedford, MA). Dulbecco’s PBS (DPBS), 100 × Penicillin/
treptomycin, 100 × GlutaMAX, 1M HEPES, 50× B-27 Supplement
nd 100× N-2 Supplement were obtained from Life Technologies,
ibco (Waltham, MA). Heat Inactivated Fetal Bovine Serum (FBS)
as from Atlanta Biologicals (Flowery Branch, GA). Recombinant
urine epithelial growth factor (EGF), recombinant murine Noggin

nd recombinant human R-Spondin-1 were purchased from Pepro
ech (Rocky Hill, NJ).

.2. Animal studies

WT  and SphK2−/− mice with C57BL/6J background (both male
nd female, 8–10 weeks old) were purchased from The Jackson
aboratory (Bar Harbor, ME)  and housed under a 12-h light/12-h
ark cycle with free access to water and regular chow. The 60-day
hronic alcohol feeding was performed by feeding mice ad libitum
ieber-DeCarli control diet or 5% alcohol diet for 60 days. At the end
f the experiment, mice were sacrificed. The blood, liver and small
ntestines were collected for subsequent biochemical analysis. All
nimal study protocols were approved by the Institutional Ani-
al  Care and Use Committee of Virginia Commonwealth University

Richmond, VA).

.3. Histological and immunohistochemical staining

Tissues (liver, small intestine) were processed for Hematoxylin
nd Eosin (H&E) and Masson’s Trichrome staining at the clinical
athology laboratory at the Medical College of Virginia Hospital
Richmond, VA). All histological samples are blinded to a board-
ertified pathologist for analysis. Frozen tissue sections cut to
0 �m in thickness and preserved in 3.7% formaldehyde for 20 min
ere used for Oil Red O (ORO) staining and immunofluorescence

IF) staining. For ORO staining, frozen tissue sections were washed
ith H2O twice followed by a wash with 60% isopropanol for 30 s.
he sections were incubated in 0.3% ORO solution for 20 min  at
oom temperature followed by two H2O washes and a subsequent
ash with 60% isopropanol for 30 s. The sections were counter-

tained with hematoxylin. For IF staining of frozen liver tissue,
 Disease 51 (2019) 1154–1163 1155

sections were blocked in 2% bovine serum albumin (BSA) with 0.1%
Triton-X for 30 min  followed by overnight incubation of primary
antibodies F4/80 conjugated with Alexa Fluor

®
488 and CD11B con-

jugated with FITC. DAPI was used as a counter-stain for nuclei.
Staining images were all taken using a Zeiss Axio Scope A1 micro-
scope (Carl Zeiss, Germany).

2.4. Isolation of intestinal crypts and intestinal organoid culture

The small intestine was  cut open longitudinally and washed
with ice-cold PBS to remove intestinal contents. After removal
of intestinal villi with a sterile cell scraper, remains were cut
into small pieces, washed with 10% FBS-Dulbecco’s PBS (DPBS)
several times, transferred into 2 mM EDTA-DPBS and incubated
at 4 ◦C on a shaker for 30 min. After sedimentation, EDTA was
removed, followed by vigorously pipetting up and down in 10%
FBS-DPBS to dissociate intestinal crypts. After passing through a
100 �m cell strainer, the cell suspension containing the intesti-
nal crypts was centrifuged and then washed with Basic Medium
(Advanced DMEM/F12 medium with the supplement of 1× B27,
1× N2, 500 mM N-Acetyl-l-cysteine, 10 mM HEPES, 1× GlutaMAX
and 1× Penicillin/Streptomycin). The isolated crypts were resus-
pended with BD Matrigel Basement Membrane Matrix for intestinal
organoid culture. The crypts were cultured in Intestinal Organoid
Medium (Basic Medium supplemented with 30 ng/mL recombinant
murine EGF, 100 ng/mL recombinant murine Noggin and 500 ng/mL
recombinant human R-Spondin-1). Three dimensional-cultured
intestinal organoids were photographed every 2 days for 10 days
using a 10× or 20× objective lens of an Olympus 1X71 microscope
(Olympus Corp., PA) [33].

2.5. Isolation of primary mouse hepatocytes

Primary mouse hepatocytes were prepared from mice by the
collagenase-perfusion technique of Bissell and Guzelian has been
previously described [34]. Cells were plated at 2 × 106 cells per
collagen-coated 60-mm dish in serum-free Williams E medium
containing penicillin, dexamethasone (0.1 �M), and thyroxine
(1 �M).

2.6. Biochemical analyses of serum

Blood was  obtained from the inferior vena cava and allowed to
coagulate for 30 min. Serum was collected through centrifugation.
Biochemical analyses of the serum were performed using VetScan
and mammalian liver profile rotors purchased from Abaxis (Union
City, CA).

2.7. RNA isolation and RT-PCR

Total RNA was  extracted using Trizol reagent (ThermoFisher)
following the manufacturer’s protocol. cDNA synthesis and Quan-
titative RT-PCR analysis of relative mRNA expression levels of target
genes were previously described [35]. Primer sequences will be
provided upon request.

2.8. Western blot analysis

Cells were lysed in cold RIPA buffer (50 mM Tris−HCl pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
1X Protease Inhibitor) and centrifuged for 15 min  at 4 ◦C. Tissue
samples were homogenized in cold RIPA buffer using a tissue

grinder. Protein concentrations were determined using the Bio-
Rad Protein Assay reagent and Bradford protein assay. Samples
were resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes. After blocking with 5% skim milk in TBS-T (150 mM NaCl,



1  Liver

5
w
a
c
w

2

6
a
F
(
4

2

T
C

2

t
p
t
I
s

3

3
s

t
w
w
b
i
h
t
S
l
o
s
l
o
m
a
l
n
e
e
d

a
f
c
s
e
n
l

S

156 E.K. Kwong et al. / Digestive and

0 mM Tris−HCl, pH 8.0, and 0.05% Tween 20), the membranes
ere probed with the indicated primary antibodies overnight

t 4 ◦C followed by incubation with a horseradish peroxidase-
onjugated secondary antibody. The antibody-antigen complexes
ere detected using the ECL system.

.9. FITC-Dextran permeability assay

FITC-Dextran solution (100 mg/ml) was prepared in PBS.
0 mg/100 g of FITC-Dextran was administered to mice by oral gav-
ge, and blood samples were taken after 3 h. Serum concentration of
ITC-dextran was measured using Victor Multilabel Plate Counter
PerkinElmer, Waltham, MA)  with an excitation wavelength of
90 nm and an emission wavelength of 530 nm [36].

.10. Human liver samples

Frozen patient liver tissues were obtained through the Liver
issue Cell Distribution System (Minneapolis, MN)  funded by NIH
ontract# HSN276201200017C.

.11. Statistical analysis

Results are presented as the mean ± SE and are from at least
hree independent experiments. One-way analysis of variance and
osttest was performed to analyze the differences between mul-
iple groups by GraphPad Prism (version 5; GraphPad Software
nc., San Diego, CA). P-values of ≤ 0.05 were considered statistically
ignificant.

. Results

.1. SphK2 deficiency potentiates alcohol-induced hepatic
teatosis and liver injury

To investigate the role of SphK2 in alcohol-induced liver injury,
he mouse chronic feeding model with Lieber-DeCarli alcohol diet
as used. Both age- and sex-matched WT  and SphK2−/− mice
ere fed an alcohol diet (Lieber-DeCarli) containing 5% alcohol

y volume or Lieber-DeCarli control diet for 60 days. As shown
n Fig. 1A, compared to WT  mice, SphK2−/− on an alcohol diet
ad an overall increase in liver size and hepatic lipid accumula-
ion suggestive of fatty liver. Histological analysis revealed that
phK2−/− mice on an alcohol diet exhibited a greater extent of
iver injury characterized by an increase in the number and size
f lipid droplets and inflammatory cell infiltration (Fig. 1A). Con-
istent with the dramatic increase in the accumulation of hepatic
ipids shown in H&E staining, Oil Red O staining revealed an
vert amount of lipid droplets contained in the livers of SphK2−/−

ice on an alcohol diet (Fig. 1A). The histopathologic analysis
lso revealed evidence of necroinflammation and hepatocyte bal-
ooning in the livers of SphK2−/− mice on an alcohol diet (data
ot shown). However, Masson’s trichrome staining showed no
vidence of significant fibrosis (Fig. 1A). SphK2−/− mouse liv-
rs weighed 32% more than WT  mouse livers on an alcohol
iet (Fig. 1B).

To determine whether hepatic lipid accumulation was associ-
ted with liver injury, the serum levels of aspartate aminotrans-
erase (AST), alanine aminotransferase (ALT), bilirubin, albumin,
holesterol, and total bile acid levels (TBA) were measured. As
hown in Fig. S1A, S1B and S1F, the ALT, AST, and TBA levels were
levated in SphK2−/− mice-fed alcohol. Interestingly, there were

o significant changes in total bilirubin, albumin, and cholesterol

evels (Fig. S1C, S1D, and S1E).
To determine the potential underlying mechanisms by which

phK2−/− mice developed overt fatty livers, we examined the
 Disease 51 (2019) 1154–1163

mRNA expression levels of several genes that play a crucial role
in hepatic lipid metabolism. Real-time PCR results showed that the
mRNA level of Cyp7a1 was reduced in both WT and SphK2−/− mice
on an alcohol diet compared to the control diet group, but the mRNA
level of Cyp7b1 was only down-regulated in SphK2−/− mice-fed
alcohol (Fig. 2A). In addition, mRNA levels of fatty acid synthase
(Fas) and acetyl-CoA carboxylase-1 (Acc-1) were up-regulated in
both WT  and SphK2−/− mice on an alcohol diet (Fig. 2A). Although
Masson’s trichrome staining did not reveal extensive liver fibrosis
(Fig. 1A), there was a marked increase in the mRNA levels of fibro-
genic genes (Tgfˇ, fibronectin, collagen-1, H19) in SphK2−/− mice
on an alcohol diet (Fig. 2B).

3.2. SphK2 deficiency promotes inflammation in alcohol-induced
liver injury

Inflammation is the characteristic hallmark of alcohol-induced
liver injury and has been implicated in the progression of ALD. Con-
sistent with H&E staining showing inflammatory cell infiltration
(Fig. 1A), immunofluorescence (IF) staining of CD11b and F4/80
revealed increased recruitment of immune cells expressing CD11b+

and F4/80+ inflammatory cells in the SphK2−/− mouse livers on an
alcohol diet (Fig. 3A). As expected, real-time PCR results showed
that the pro-inflammatory markers including tumor necrosis fac-
tor � (Tnf˛) and EGF-like module-containing mucin-like hormone
receptor-like 1 (F4/80) were increased in SphK2−/− mice-fed alco-
hol (Fig. 3B). Although alcohol feeding upregulated interleukin-1�
(Il-1ˇ) expression, there was  no significant difference between WT
and SphK2−/− mice.

Interleukin-22 (IL-22) has been shown to protect the liver from
damage and promote regeneration after injury [37]. To access
whether SphK2−/− mice on an alcohol diet had reduced levels of
IL-22, we used real-time PCR to analyze the relative mRNA lev-
els of Il-22 and its associated receptors Il-10r2 and Il-22r1.  Il-22
was up-regulated in the livers of WT mice-fed alcohol but stayed
at relatively baseline levels in SphK2−/− mice-fed alcohol (Fig. 3C).
Interestingly, Il-10r2 was modestly up-regulated in SphK2−/− mice-
fed alcohol and Il-22r1 was increased in WT  mice-fed alcohol
compared to WT  mice-fed control group (Fig. 3C). These results
suggest that SphK2−/− promotes an inflammatory process when
exposed to alcohol.

3.3. Effect of alcohol on SphK2 expression in hepatocytes and
macrophages

Previous studies have shown that the up-regulation of SphK2
can attenuate hepatic steatosis in the NAFLD mouse model [29]. To
investigate whether alcohol could induce the expression of SphK2,
we isolated primary mouse hepatocytes and treated the cells with
alcohol. Real-time PCR and Western blot analysis revealed that
both mRNA and protein levels of SphK2 were up-regulated in
hepatocytes treated with alcohol for 6 h (Fig. 4A–B). Macrophages
are important players in alcohol-induced liver inflammation, and
SphK2 is also highly expressed in macrophages. Interestingly,
alcohol also induced both the mRNA and protein expression of
SphK2 in mouse macrophages (Fig. 4C–D), but did not affect S1PR2
mRNA expression (data not shown). Furthermore, alcohol upreg-
ulated the expression of inflammatory cytokines, Tnf  ̨ and Il-1ˇ
(Fig. 4E–F).

3.4. SphK2 deficiency suppresses intestinal stem cell growth and
increases alcohol-induced intestinal barrier dysfunction
Alcohol has been shown to disrupt intestinal barrier integrity
which allows the translocation of bacteria and antigens to sensitize
the liver to inflammation. To investigate whether alcohol-induced
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Fig. 1. Effect of alcohol on hepatic lipid accumulation in SphK2−/− mice. Wild type (WT) and SphK2−/− mice (male and female, 20 weeks old) were fed Lieber-DeCarli control
diet  or 5% alcohol diet for 60 days. The liver sections were subjected to H&E staining, Oil Red O, and Masson’s Trichrome staining. The images were taken with an Olympus
m image
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icroscope equipped with an image recorder using a 400× lens. (A) Representative 

eight  and body weight (mg/g). Results are represented as mean ± SE from each gr

iver inflammation is associated with intestinal barrier dysfunction,
e examined the intestinal permeability in WT  and SphK2−/− mice

fter a 60-day alcohol feeding. As shown in Fig. S2A, the serum
evels of FITC-Dextran were significantly higher in SphK2−/− mice
han WT  mice fed the control diet. Alcohol-feeding did not impact

ntestinal permeability in WT  mice. Consistently, the H&E staining
evealed that the intestinal barrier was disrupted in WT  mice-fed
lcohol diet compared to WT  mice-fed control diet. The intestinal
isruption was substantial in SphK2−/− mice-fed control diet and
s of livers, H&E staining, Oil Red O staining, Masson are shown. (B) The ratio of liver
 = 7). Statistical significance relative to the control, *P < 0.05; **P < 0.01.

most profound in SphK2−/− mice-fed alcohol diet (Fig. S2B). These
results suggest that SphK2 deficiency impair intestinal epithelial
cell growth.

Our recent study reported that the activation of ER stress
induced the loss of stemness in intestinal stem cells [33]. To fur-

ther determine whether SphK2 plays a critical role in maintaining
normal function of intestinal stem cells, we isolated intestinal stem
cells from WT  and SphK2−/− mice and cultured them in a Matrigel.
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Fig. 2. Effect of alcohol on the mRNA expression of the hepatic lipid and fibrogenic genes in SphK2−/− mice. Wild Type (WT) and SphK2−/− mice (male and female, 20 weeks
old)  were fed Lieber-DeCarli control diet or 5% alcohol diet for 60 days. Total liver RNA was isolated, and the mRNA levels of target genes were determined using quantitative
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T-PCR and normalized to Hprt1 as an internal control. (A) The mRNA levels of key g
esults  are represented as mean ± SE from each group (n = 7). Statistical significanc

s shown in Fig. S2C, the SphK2−/− intestinal organoids have a
lower growth rate than those compared to WT.

.5. SphK2 is downregulated in human alcoholic cirrhosis and
epatocellular carcinoma

We  have determined that SphK2 deficiency potentiates alcohol-
nduced liver injury in mice. To further determine whether these

ndings are translatable to human alcoholic patients, we examined
he expression levels of hepatic SphK2 in patients with alcoholic
irrhosis and HCC. Real-time PCR results showed that there were
o significant changes in the mRNA expression levels of SphK2
n bile acid synthesis and lipid metabolism. (B) The mRNA levels of fibrogenic genes.
ive to the WT group, *P < 0.05.

(Fig. 5A). However, Western blot analysis revealed that there was
a significant down-regulation of SphK2 protein expression in the
livers with alcoholic cirrhosis and HCC (Fig. 5B). These results
underscored the importance of SphK2 in ALD.

We  have also examined the mRNA expression levels of genes
that play a key role in bile acid metabolism and inflamma-
tion. Although we did not find CYP7B1 and other major bile
acid transporters to be down-regulated (Data not shown), the

inflammatory mediators, such as IL-1ˇ, IL-6, MCP-1,  TNF-˛, IL-
22, and IL-22R1, were upregulated in alcoholic cirrhosis and HCC
(Fig. S3).
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Fig. 3. SphK2 deficiency promotes a hepatic inflammatory response. (A) Representative images of immunofluorescence staining against CD11b and F4/80 with DAPI as
a  counterstain are shown. (B and C) Total liver RNA was isolated. Relative mRNA levels of target genes in WT and SphK2−/− mice on a 60-day control diet or 5% alcohol
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ieber-DeCarli diet were determined using quantitative RT-PCR and normalized to H
tatistical significance relative to the WT  group, *P < 0.05; ***P < 0.001.

. Discussion

We  have previously reported that S1PR2−/− and SphK2−/− mice
apidly developed overt fatty liver after two-week feeding with a
igh-fat diet [28]. Here, this current study identified a protective
ole for SphK2 in alcohol-induced liver injury. Our results indi-
ate that SphK2−/− mice potentiated alcohol-induced liver injury,
epatic steatosis, and inflammation.

Hepatic steatosis is the hallmark feature of early-stage ALD and
s present in up to 90% of patients who consume large quanti-
ies of alcohol [3]. It has been previously reported that alcohol

auses lipid accumulation in the liver through the dysregulation
f genes that regulate lipid metabolism such as Fas, Acc-1, sterol
egulatory element binding protein-1 (Srebp-1), and peroxisome
roliferator-activated receptor � (Ppar˛) [38]. In the context of
s an internal control. Results are represented as mean ± SE from each group (n = 7).

our study, we  have previously demonstrated that SphK2−/− mice
exhibited a down-regulation of key genes involved in hepatic lipid
metabolism, which suggests the importance of SphK2 as a regu-
lator of hepatic lipid metabolism [28]. Moreover, another study
reported that SphK2 attenuated hepatic steatosis by inducing the
expression of fatty acid oxidation genes such as Ppar˛, carnitine
palmitoyltransferase 1 (Cpt1), and peroxisomal acyl-coenzyme A
oxidase 1 (Acox1)  [29]. Our results showed that SphK2−/− mice
on a 60-day alcohol diet exhibited enlarged livers and a dra-
matic increase in lipid accumulation in the liver. We  observed an
increase in the genes that regulate fatty acid metabolism such as

Fas and Acc-1 in both WT  and SphK2−/− mice on a 60-day alcohol
diet 3.

Interestingly, there was a down-regulation of Cyp7b1 in
SphK2−/− mice-fed alcohol compared to WT  mice-fed alcohol.
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Fig. 4. Effect of alcohol on SphK2 expression in hepatocytes and macrophages. Mouse primary hepatocytes were treated with alcohol (0, 50, or 100 mM)  for 6 h. (A) Total
RNA  was  isolated, and the mRNA level of SphK2 was determined using quantitative RT-PCR and normalized to Hprt1 as an internal control. (B) Total protein lysates were
prepared, and the protein level of SPHK2 was determined by Western Blot analysis. Relative protein levels were determined by normalizing to loading control ACTIN. (C)
RAW  264.7 cells were treated with alcohol (0, 25 or 100 mM)  for 48 h. Total cellular RNA was  isolated. Relative mRNA levels of SphK2, S1pr2, Tnf˛, Il-1  ̌ were determined
using  quantitative RT-PCR and normalized to Hprt1 as an internal control. (D) RAW 264.7 cells were treated with alcohol (0, 50 or 100 mM)  for 6 h and total cellular protein
was  isolated. Relative protein levels of SPHK2 were determined and normalized to ACTIN. Results are represented as mean ± SE from each group (n = 3). Statistical significance
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elative to the no treatment group, *P < 0.05; **P < 0.01.

yp7b1 encodes for the enzyme oxysterol 7-alpha-hydroxylase,
hich synthesizes the bile acid chenodeoxycholic acid in the alter-
ative pathway [39]. Studies have shown that bile acids regulate

ipid metabolism through pathways involving FXR and small het-
rodimer partner (SHP) [40]. In this regard, we speculate that a
ecrease in the synthesis of certain bile acids could alter the func-
ion of the liver to transport and metabolize lipids effectively. This
s supported by a recent study demonstrating that FXR agonists
ttenuate alcohol-induced liver injury and steatosis [41]. In addi-

ion, a down-regulation of Cyp7b1 has been shown to cause an
ccumulation of oxysterols which promote liver inflammation and
brosis [42]. Inflammation has been implicated in ALD progression

rom hepatic steatosis to AH, fibrosis, and cirrhosis [43]. SphK2−/−
mice on an alcohol diet produced a more profound inflamma-
tory response as shown by an increase in inflammatory markers
Tnf˛, F4/80, and Il-1ˇ. It is interesting to note that Il-22 has been
shown to protect mice from alcohol-induced liver injury through
the activation of signal transducer and activator of transcription
3 (STAT3) [44]. We  observed that the mRNA levels of Il-22 were
up-regulated in the livers of WT  mice-fed alcohol but stayed at
relatively baseline levels in SphK2−/− mice-fed alcohol. This would
suggest that SphK2 may  play a role in IL-22 activation. Further stud-

ies are warranted to determine whether this is a direct effect of
SphK2.

One of the functions of the intestine is to provide a physical
barrier against bacteria and associated antigens from reaching the
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Fig. 5. The hepatic SphK2 expression is downregulated in the patients of alcoholic cirrhosis and hepatocellular carcinoma (HCC). (A) Total RNA was isolated from human
liver  samples from normal control, alcoholic cirrhosis or HCC patients (both male and female). The mRNA levels of SphK2 were determined using quantitative RT-PCR and
normalized to HPRT1 as an internal control. Results are represented as mean ± SE from each group (n = 8). (B) The protein levels of SphK2 were determined by Western Blot
a e rela
c signifi

l
t
s
t
h
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r
n
c
m
h
m
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s
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m
t

nalysis.  Representative immunoblot images of SphK2 and actin are shown. (C) Th
ontrol. Results are represented as mean ± SE from each group (n = 3–6). Statistical 

iver [45]. Given that 70% of the blood drains from the intestines
o the liver, compromised intestinal integrity would result in tran-
ient endotoxemia that could promote an inflammatory process in
he liver known as leaky gut syndrome [46]. Previous studies have
ighlighted the importance of S1P in promoting intestinal stem cell
rowth and the maintenance of the intestinal barrier [47,48]. Our
esults showed that SphK2−/− mice exhibited compromised intesti-
al integrity and attenuation of intestinal crypt growth, which is
onsistent with the notion that S1P plays an essential role in the
aintenance of intestinal epithelial cell growth. Interestingly, it

as been reported that alcohol alters the composition of the gut
icrobiome which may  shift the levels of bacteria favoring the

roduction of potent inflammatory antigens such as lipopolysac-
haride (LPS) [49]. Moreover, it has been shown that patients who
re active drinkers with alcoholic cirrhosis have elevated levels of
econdary bile acids compared to those who are abstinent with

lcoholic cirrhosis [50].

In summary, the current study demonstrated that SphK2−/−

ice on an alcohol diet potentiates alcohol-induced liver injury
hrough the increased accumulation of hepatic lipids and inflam-
tive protein level of SPHK2 was determined by normalizing to ACTIN as a loading
cance relative to the normal control group, *P < 0.05.

matory response. The data also highlight the importance of the
gut-liver axis as SphK2−/− mice have compromised intestinal
integrity that is worsened by alcohol (Fig. 6). Moreover, SphK2 is
induced in hepatocytes when exposed to alcohol and the striking
observation that SphK2 is down-regulated in advanced stages of
human ALD demonstrates the importance of SphK2 in maintain-
ing liver homeostasis. Here, we  have provided evidence to suggest
that targeting the SphK2-mediated signaling pathway represents
a therapeutic strategy against ALD as well as other various liver
diseases.
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