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hydroxynonenal; LS, lysosulfatides; MALDI-TOF MS, matrix-assisted laser desorption
ionization-time of flight mass spectrometry; MDA, malondialdehyde, MTTP,
microsomal triglyceride transfer protein; NCF, neutrophil cytosol factor; PCR,
polymerase chain reaction; PPAR, peroxisome proliferator-activated receptor; ROS,
reactive oxygen species; SCP2, sterol carrier protein 2; SD, standard deviation; SOD,
superoxide dismutase; TF, tissue factor; TG, triglyceride; UGT,

UDP-glucuronosyltransferase.
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Abstract

Epidemiological studies demonstrate a possible relationship between chronic ethanol
drinking and thrombotic diseases, such as myocardial infarction and stroke. However,
the precise mechanism for this association remains unclear. Sulfatides are endogenous
glycosphingolipids composed of ceramide, galactose, and sulfate, known to have
anti-thrombotic properties. Low (0.5 g/kg/day), middle (1.5 g/kg/day), and high (3.0
o/kg/day) doses of ethanol were administered for 21 days intraperitoneally to female
wild-type mice and serum/liver sulfatide levels were measured. No significant changes
in cholesterol and triglycerides were seen in serum and liver by ethanol treatment.
However, serum/liver sulfatide levels were significantly decreased by middle- and
high-dose ethanol treatment, likely due to down-regulation of hepatic cerebroside
sulfotransferase (CST) levels. Marked decreases in the expression of catalase and
superoxide dismutases and ensuing increases in lipid peroxides were also observed in
the livers of mice with middle- and high-dose ethanol treatment, suggesting the
association between suppression of hepatic CST expression and enhancement of
oxidative stress. Furthermore, serum levels of tissue factor, a typical pro-coagulant
molecule, were significantly increased in the mice with middle- and high-dose ethanol
treatment showing decreases in serum sulfatide levels. Collectively, these results
demonstrate that chronic ethanol consumption reduces serum sulfatide levels by
increasing oxidative stress and decreasing the expression of CST in the liver. These
findings could provide a mechanism by which chronic ethanol drinking increases

thrombotic events.
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Introduction

Most adults drink ethanol with no harmful effects to their health. Indeed, drinking
moderately decreases the incidence of cardiovascular disease (CVD) due in part to
increases in serum high-density lipoprotein cholesterol (HDL-C) levels (Gaziano et al.
2000; Sesso 2001; Brinton 2012). However, ethanol-related problems resulting from
chronic drinking or binge drinking are among the most significant public health
concerns in the United States and worldwide. Each year in the U.S., approximately
80,000 people die from ethanol-related causes, making it the third leading preventable
cause of death. The causes of death by heavy ethanol drinking are not only a
consequence of alcoholic liver disease (ALD), but also thrombotic diseases, such as
stroke and myocardial infarction (Djoussé and Gaziano 2008; Lakshman et al. 2010;
Kloner and Rezkalla 2007; Paunio et al. 1996; Lin et al. 2005). However, the
mechanism of increased risk of cardiovascular/cerebrovascular events by heavy ethanol
drinking remains unclear.

Chronic ethanol consumption causes lipid accumulation and increases oxidative
stress in the livers of mice and humans. The feeding of 4% ethanol-containing
Lieber-DeCarli diet to mice lacking peroxisome proliferator-activated receptor alpha
(PPAR) gene for 6 months exhibit hepatomegaly, macrovesicular steatosis, hepatocyte
apoptosis, mitochondrial swelling, hepatitis, and hepatic fibrosis, resembling
clinicopathological features of ALD in humans (Nakajima et al. 2004).
Polyenephosphatidylcholine, a major component of essential phospholipids, could
prevent ALD in Ppara-null mice by attenuating the increases in oxidative stress
(Okiyama et al. 2009). These findings indicate a close relationship among lipid

metabolism, oxidative stress, and ethanol toxicity.
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Sulfatides are glycosphingolipids composed of ceramide, galactose, and sulfate and
are widely distributed in various organs (Ishizuka 1997; Hara and Taketomi 1987; Hara
and Taketomi 1991; Kyogashima 2004; Hara et al. 1996; Hara et al. 1993). Sulfatides
are mainly produced in the liver and secreted into blood as a component of lipoprotein
(Ishizuka 1997; Hara and Taketomi 1987). Although the physiological roles of serum
sulfatides are not fully understood, administration of exogenous sulfatides prolongs
blood coagulation time, indicating the anti-coagulant and anti-thrombotic properties
(Hara and Taketomi 1987; Hara and Taketomi 1991; Kyogashima 2004; Hara et al.
1996; Hara et al. 1993). Indeed, it was reported that serum sulfatide levels are
significantly decreased in the maintenance hemodialysis patients having a history of
CVD compared with those having no history of CVD (Hu et al. 2007). It is tempting to
speculate that decreases in serum sulfatide levels may be associated with the
development of thrombotic events in heavy drinkers. However, the relationship between
ethanol consumption and sulfatide metabolism has not been examined.

In the present study, serum/liver sulfatide levels were measured in mice treated
with different doses of ethanol in order to examine whether high-dose ethanol

administration can affect sulfatide metabolism.
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Materials and methods
Mice and experimental design

Female Sv/129 mice (26 weeks of age; 22-34 g body weight) were used according
to the previous studies of acute ethanol toxicity (Zhou et al. 2003; Vasiliou et al. 2006).
The mice were housed under temperature- and light-controlled environment (25 °C; 12
h light/dark cycle) in a specific pathogen-free facility and fed standard rodent diet and
tap water ad libitum. The mice were randomly assigned to 4 groups [vehicle, low-dose
(0.5 g/kg/day), middle-dose (1.5 g/kg/day), and high-dose (3.0 g/kg/day) ethanol
treatment groups; n = 6 in each group]. The dose of ethanol at 3.0 g/kg/day in mice
corresponds to more than 50 g/day in humans who are defined as heavy drinkers.
Ethanol was administered intraperitoneally once a day (10:00 a.m.) for 21 days, as
reported previously (Vasiliou et al. 2006; Guo and Ren 2010a; Guo et al. 2010b; Ma et
al. 2009; Malcolm et al. 1981; Walker et al. 2009). In brief, ethanol (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) was diluted with physiological saline (Otsuka
Pharmaceutical Factory, Inc., Tokushima, Japan) and the solutions containing 3.3, 10,
and 20% (v/v) ethanol were prepared to inject 10 or 15 mL/kg/day to mice. For
acclimatization, 0.33, 1.0, and 2.0 g/kg/day of ethanol was injected in each group within
2 days. The dose of ethanol was raised to 0.5, 1.5, or 3.0 g/kg/day, respectively, at day 3.
The same amount of saline was administered to the vehicle group in a similar manner.
In the present study, intraperitoneal injection was selected as ethanol administration
according to the following 2 reasons. First, we wanted to minimize the influence of the
gastrointestinal tract to make serum ethanol levels as high as possible. In fact, the
maximum serum concentrations of ethanol after intraperitoneal administration of 3.0

o/kg ethanol were significantly higher than those after oral administration (61.0 + 3.18
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vs. 43.0 £ 4.06 mmol/L, P = 0.05, n =3 in each group). Serum ethanol levels could be
efficiently increased by intraperitoneal administration compared to oral administration.
Second, in preliminary experiments, some mice died after oral administration of
high-dose ethanol. Ethanol may induce the production of immunoregulatory cytokines
on contact with the stomach (Carson et al. 1996). The intraperitoneal administration of
ethanol may provide a reasonable representation of repeated binge drinking without the
increases in the immunoregulatory cytokines.

Daily food intake was determined in each cage in the same group and the body
weight was measured just before ethanol injection. At 21th day, the mice were killed
under anesthesia 2 hours after the last injection and serum and livers were collected
from each mouse and stored at -80 °C until analysis. Serum ethanol concentrations were
measured using the F-Kit Ethanol (Roche Diagnostics). All animal experiments were
conducted in accordance with the animal study protocols approved by the Shinshu

University School of Medicine.

Measurement of lipids

Serum triglyceride (TG) concentrations were measured using the Triglyceride
E-Test Wako kits (Wako). To measure hepatic TG and the total cholesterol content, the
total lipid in liver tissue (30 mg) was extracted according to the hexane/isopropanol
method (Hara and Radin 1978). The lipid extract was solubilized in distilled water by
the addition of Triton X-100 (Wako) as described previously with minor modifications
(Carr et al. 1978), and hepatic TG and the total cholesterol content was measured using
the Triglyceride E-Test Wako kits and the Cholesterol E-Test kit (Wako), respectively.

Serum lipoprotein profiles from mice were examined by nondenaturing discontinuous
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gradient polyacrylamide gel electrophoresis (Lipofilm kit, Sebia, Issy-les-Moulineaux,

France) according to the manufacturer’s instructions (Peters et al. 1997).

Quantitation and identification of sulfatides

Sulfatides were extracted from 50 pL of serum and hepatic homogenate of each
mouse according to the hexane/isopropanol method (Hara and Radin 1978). Sulfatides
were converted to lysosulfatides (LS; sulfatides without fatty acids) by saponification
with sodium hydroxide (Fig. 1, Li et al. 2007; Hu et al. 2007; Wang et al. 2011; Sheng
et al. 2012). After purification, the LS samples were desalted by Mono-tip C18
cartridges (GL Sciences, Tokyo, Japan) followed by addition of N-acetyl LS possessing
sphinganine (LS-d18:0 NAc) as an internal standard. They were then analyzed by
matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) using a Voyager Elite XL Biospectrometry Workstation (PerSeptive
Biosystems, Framingham, MA, USA) in negative ionization mode (Li et al. 2007). A
two-point external calibration was performed with LS-d18:0 NAc ([M-H] = 584.31)
and LS-(4E)-sphingenine (LS-d18:1) ([M—H] = 540.28). The following 7 molecular
species of LS were detected based on the differences in sphingoid base structure:
LS-sphingadienine (LS-d18:2), LS-d18:1, LS-d18:0, LS-phytosphingosine (LS-t18:0),
LS-(4E)-icosasphingenine (LS-d20:1), LS-icosasphinganine (LS-d20:0), and
LS-4D-hydroxyicosasphinganine (LS-t20:0) (Ishizuka 1997, Li et al. 2007). The levels

of sulfatides were calculated as the sum of the levels of these 7 LS species.

Analysis of MRNA

Total liver RNA was extracted using the RNeasy Mini Kits (QIAGEN, Hilden,
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Germany) and the mRNA was reverse-transcribed using oligo-dT primers with
SuperScript Il reverse transcriptase (Invitrogen Corporation, Carlsbad, CA, USA).
Levels of MRNA were analyzed by quantitative real-time polymerase chain reaction
(PCR) using a SYBR Premix Ex Taq Il (Takara Bio, Otsu, Japan) on a Thermal Cycler
Dice TP800 system (Takara Bio) (Xiaowei et al. 2009; Tanaka et al. 2008a). The
specific primers were designed by Primer Express software (Applied Biosystems, Foster
City, CA, USA) and the sequences were shown in supplemental Table 1 (Xiaowei et al.
2009; Tanaka et al. 2008a). Each mRNA level was normalized to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA and then normalized to

that of mice in the vehicle group.

Immunoblot analysis

Preparations of whole liver lysates were performed as described previously
(Aoyama et al. 1994; Aoyama et al. 1995; Aoyama et al. 1989; Aoyama et al. 1998;
Tanaka et al. 2008b). Protein concentrations were determined using the BCA Protein
Assay Kits (Pierce Biotechnology, Rockford, IL, USA). Whole liver lysates (50 pg
protein) were subjected to sodium dodecyl sulfate gel electrophoresis and transferred to
nitrocellulose membranes (GE Healthcare, Chalfont St. Giles, UK). The sodium dodecyl
sulfate polyacrylamide precast gels (10%) were purchased from TEFCO (Tokyo, Japan).
After blocking, these membranes were incubated with primary antibodies followed by
alkaline phosphatase-conjugated secondary antibodies and then treated with 1-Step
NBT/BCIP substrate (Pierce Biotechnology, Rockford, IL, USA). A mouse polyclonal
primary antibody against cerebroside sulfotransferase (CST) was purchased from

Abnova Corporation (Jhouzih St., Taiwan). Mouse polyclonal primary antibody against

10
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UDP-glucuronosyltransferase (UGT) 8a and mouse monoclonal primary antibodies
against galactosylceramidase (GALC) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Goat polyclonal primary antibodies against arylsulfatase A
(ARSA) and rabbit polyclonal primary antibodies against actin and 4-hydroxynonenal
(4-HNE) were obtained from Everest Biotech (Upper Heyford, Oxfordshire, UK), Santa
Cruz Biotechnology (Santa Cruz, CA), and ALEXIS Biochemicals (Farmingdale, NY,
USA), respectively. Polyclonal primary antibodies to catalase were prepared using
purified catalase (Furuta et al. 1986). Alkaline phosphatase-conjugated goat anti-rabbit
IgG, rabbit anti-goat IgG and goat anti-mouse IgG antibodies were obtained from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Other primary
antibodies, against neutrophil cytosol factor (NCF) 1, NADPH oxidase 2 (CYBB),
superoxide dismutase (SOD) 1, SOD2, and glutathione peroxidasel (GPX1), were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The positions of protein
bands were determined by co-electrophoresis of molecular weight marker. Band
intensities were quantified densitometrically, normalized to those of actin, and then

normalized to those of mice in the vehicle group.

Measurement of lipid peroxides
The concentrations of malondialdehyde (MDA) and 4-HNE in liver were measured

using a LPO-586 kit (OXIS International, Beverly Hills, CA, USA).

Assessment of liver injury
Serum levels of aspartate and alanine aminotransferase (AST and ALT,

respectively) were measured by use of commercial kits purchased from Wako (Tanaka

11
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et al. 2010). For histological examination, small blocks of liver tissue from each mouse
were fixed in 10% formalin in phosphate-buffered saline and embedded in paraffin.
Sections (4 um thick) were stained with hematoxylin and eosin as described previously

(Tanaka et al. 2008c).

Measurement of serum tissue factor (TF)
Serum TF levels were determined using the AssayMax Human Tissue Factor
ELISA Kit (AssayPro, Anaheim, CA, USA). The data sheet states that the mouse TF is

completely cross-reacted to the anti-human TF used in this Kit.

Statistical analysis

Results are expressed as mean * standard deviation (SD). Statistical analysis was
performed using SPSS software 11.5J for Windows (SPSS inc., Chicago, IL).
Comparison between the groups was made by mean of Student’s t test. A P < 0.05 was

considered to be statistically significant.

12
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Results
Decreased serum/liver sulfatide levels by middle- and high-dose ethanol treatment

All mice appeared healthy throughout the experimental period with no significant
differences in food intake, body weight, liver/body weight ratio, and serum AST and
ALT levels between the ethanol-treated groups and controls (Supplemental Fig. 1).
Serum ethanol levels were increased in a dose-dependent manner (Supplemental Fig. 1).
Histological findings of the liver showed no inflammation or steatosis in all mice
(Supplemental Fig. 2). TG and total cholesterol in serum and liver and the distribution
of serum lipoproteins were examined, revealing no significant differences between the
ethanol-treated groups and controls (Fig. 2).

To investigate the influence of ethanol on sulfatide metabolism, serum
concentrations of sulfatides were examined. Serum sulfatide levels in the low-dose
ethanol group (0.5 g/kg/day) were not altered, but were significantly decreased in the
middle-dose (1.5 g/kg/day) and high-dose ethanol groups (3.0 g/kg/day) (Fig. 3). Such
changes in serum sulfatide concentrations were correlated with changes in hepatic
sulfatide contents, which are in agreement with previous observations (Sheng et al.
2012). These results showed that chronic high-dose ethanol consumption decreased

serum/liver sulfatide levels.

Expression of the genes associated with lipid transport in the liver

Since sulfatides are present in serum as components of lipoprotein (Ishizuka 1997,
Hara and Taketomi 1987), there is a possibility that the reduction in serum sulfatide
levels might be due to impairment of lipid transport in hepatocytes. To assess this

possibility, the mRNA levels of the genes associated with lipid transport [fatty

13
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acid-binding protein 1 (Fabpl) and sterol carrier protein 2 (Scp2)] and secretion
[microsomal TG transfer protein (Mttp) and apolipoprotein B (Apob)] were examined.

However, the expression of these genes did not change in all groups (Fig. 4).

Decreased expression of CST, a sulfatide-synthesizng enzyme, by middle- and
high-dose ethanol treatment

To elucidate the molecular mechanisms underlying the decreases in serum/liver
sulfatides in middle- and high-dose ethanol-treated mice, hepatic expression of
sulfatide-metabolizing enzymes was examined. The mMRNA encoding Cst, a key enzyme
of sulfatide synthesis, was significantly decreased by the middle- and high-dose ethanol
treatment, but not altered in the low-dose ethanol group (Fig. 5A). The mRNA encoding
Arsa, a major enzyme of sulfatide degradation, was not altered by any ethanol
treatments (Fig. 5A). Similar changes were also confirmed by immunoblot (Fig. 5B).
Furthermore, hepatic expression of galactosylceramide-metabolizing enzymes was
examined because galactosylceramide is a precursor of sulfatide and its amounts may
influence sulfatide levels. Indeed, the mMRNA and protein levels of UGT8a and GALC
did not change by different doses of ethanol (Fig. 6). These results indicated that the
decreases in serum/liver sulfatide levels by high-dose ethanol were mainly due to

down-regulation of hepatic CST expression.

Increased hepatic oxidative stress by middle- and high-dose ethanol treatment
A previous report suggests the possible link between suppression of hepatic CST
expression and increased oxidative stress (Xiaowei et al. 2009). In agreement with this

finding, hepatic contents of lipid peroxidation byproducts, MDA and 4-HNE, were

14
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significantly increased in the middle- and high-dose ethanol groups (Fig. 7). There were
no significant changes in hepatic expression of reactive oxygen species
(ROS)-generating enzymes, NADPH oxidase subunits NCF1 and CYBB, in all groups
(Fig. 8). However, hepatic expression of catalase, SOD1, and SOD2 mRNA and protein,
which are involved in the elimination of ROS, were markedly decreased in the middle-
and high-dose ethanol groups while the expression of GPX1 mRNA and protein was not
different between the groups (Fig. 9).

Down-regulation of these 3 ROS-scavenging enzymes seemed to be associated
with increased hepatic lipid peroxides by the middle- and high-dose ethanol treatment.
Overall, these results demonstrated the close relationship among increased oxidative
stress, suppression of hepatic CST, and decreased serum sulfatide levels by heavy

ethanol consumption.

Increased serum TF by middle- and high-dose ethanol treatment

Serum concentrations of TF, one of the major pro-coagulant factors, were
determined in order to examine the relationship between the changes in sulfatides and
thrombosis. Serum TF levels were not changed in the low-dose ethanol group, but were
significantly increased in the middle- and high-dose ethanol groups (Fig. 10). Such
increases in serum TF were likely related to the decreases in serum sulfatide levels (Fig.
3A). Therefore, these results suggested the association between heavy ethanol

consumption, decreases in serum sulfatide levels, and thrombogenicity.

15
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Discussion

Sulfatides have anti-thrombotic properties in blood and the reduction is associated
with the occurrence of CVD (Xiaowei et al. 2009). The present study demonstrated that
serum/liver sulfatide levels were significantly decreased and serum TF levels were
increased in mice with middle- and high-dose ethanol treatment. These changes in
sulfatide levels were associated with down-regulation of hepatic CST expression, which
is one of the key enzymes involved in sulfatide synthesis. This is the first report that
heavy ethanol consumption significantly decreases serum/liver sulfatide levels and
increases serum TF in mice. Additionally, low-dose ethanol did not induce these
alterations, indicating that the effect of ethanol on sulfatide metabolism is
dose-dependent.

We found that suppression of CST might be associated with increased oxidative
stress in the liver. However, the precise mechanism remains unknown. Searching
upstream of promoter regions of the mouse Cst gene (Match;

http://www.gene-requlation.com/cgi-bin/pub/programs/match/bin/match.cgi) revealed

the presence of several antioxidant response element-like sequences: -915/-905
(GGTGACTCAGG), -788/-778 (TCTGACGTGGC), and -595/-585
(AGTGACTCGGC) on exon la; +33/+43 (AGTGACTCACA) on exon 1d;
-1,256/-1,246 (TATGACGTCTG) and -526/-516 (AGTGACTTCGC) on exon 1f; and
-2,523/-2,513 (ACTGACTAAGC), -790/-780 (GTGACGTGCC), and -361/-351
(GCTGACTCAAC) on exon 1g. These sites could be bound by NF-E2-related factor 2
(Motohashi et al. 2004), Bachl (Dohi et al. 2008), and activating transcription factor 3
(Okamoto et al. 2006), all of which are induced/activated in response to oxidative stress.

These transcription factors could directly or indirectly modulate the transcription of Cst.

16
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Further studies are necessary to clarify the molecular mechanism for regulating Cst
transcription.

SOD converts 02" into hydrogen peroxide and catalase further catalyzes it to water
and oxygen. In this study, increased oxidative stress by middle- and high-dose ethanol
loading was associated with reductions in SOD and catalase expression. Such
alterations are consistent with results of a previous study demonstrating significant
decreases in the activities of SOD and catalase after binge drinking (Carmiel-Haggai et
al. 2003). These antioxidant enzymes are known to be prone to inactivation under
conditions in which oxidative stress is generated by chronic ethanol exposure. Therefore,
ethanol may amplify hepatic oxidative stress and decrease the expression of antioxidant
enzymes, which may lead to suppression of hepatic CST expression.

It is well known that obesity and hepatic steatosis can enhance ethanol toxicity to
the liver. For example, obese fa/fa Zucker rats are sensitive to liver injury by binge
drinking compared with the lean counterparts (Carmiel-Haggai et al. 2003). In this study,
body weight and serum lipid profiles were not changed by middle- and high-dose
ethanol treatment. Additionally, accumulation of TG and cholesterol in the liver was not
noted in mice under chronic ethanol consumption. Therefore, the changes in serum/liver
sulfatide levels likely stem from singular effect of ethanol, probably mediated by
oxidative stress. Oxidative stress is a crucial contributor to the pathogenesis of several
liver diseases, such as ALD (Okiyama et al. 2009), nonalcoholic steatohepatitis (Tanaka
et al., 2012), toxicant-induced liver injury (Matsubara et al. 2012), cholestatic disease
(Matsubara et al. 2011), and hepatocellular carcinoma (Tanaka et al. 2008a). Evaluating
the changes in sulfatides will be important using other disease models.

Another interesting finding in this study is that serum TF was markedly decreased

17
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in mice with middle- and high-dose ethanol administration. Serum concentrations of TF
seemed to be inversely correlated with those of sulfatides (Figs. 3A and 10), suggesting
the possible relationship between sulfatides and TF. We found significant decreases in
hepatic sulfatide contents after middle- and high-dose ethanol treatment, likely due to
enhancement of oxidative stress. Recently, TF activity was reported to be induced by
4-HNE in human monocytic cells (Vatsyayan et al. 2013). This finding enables us to
consider that increased oxidative stress may cause decreases in sulfatides and increases
in TF in the liver. Additionally, TF is expressed on the surface of endothelial cells and
its expression is suppressed by annexin A5 (Ravassa et al. 2005). Annexin A5 exerts
anti-thrombotic properties by interacting with sulfatides and heparin (Cederholm and
Frostegard, 2007). Therefore, we can speculate that a reduction in serum sulfatides
might weaken the function of annexin A5 to suppress the expression of TF, which may
lead to the increases in serum TF concentrations. We are examining the relationship
between sulfatides, other coagulation factors, and thrombogenecity in various
physiological/pathological conditions.

In this study, intraperitoneal injection was selected instead of oral administration
for the purpose of making serum ethanol levels as high as possible and minimizing the
production of immunoregulatory cytokines on contact of ethanol with the stomach
(Carson et al. 1996). This procedure has been used for several previous studies that need
to raise serum ethanol concentrations as possible (Vasiliou et al. 2006; Guo and Ren
2010a; Guo et al. 2010b; Ma et al. 2009; Malcolm et al. 1981; Walker et al. 2009). Our
preliminary experiment showed that the maximum serum ethanol concentrations after
intraperitoneal administration of 3.0 g/kg ethanol were significantly higher than those

after oral administration. Recently, Bartola et al. (2013) proposed that 5%

18
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ethanol-containing Lieber-DeCarli diet for 10 days plus a single binge ethanol
administration would be very useful for the study of ALD compared with standard
long-term feeding. However, blood ethanol levels 2 hours after ethanol administration in
this 10 day-plus-binge model were approximately10-fold lower than those in our model
(Supplemental Fig. 1, Bartola et al. 2013). We adopted intraperitoneal injection to make
closer condition to heavy ethanol consumption as possible in this study, but it may be of
interest to examine whether serum sulfatide/TF levels change in other mouse models of
heavy ethanol consumption.

We used Sv/129 mice according to the previous studies of acute ethanol toxicity
(Vasiliou et al. 2006; Zhou et al. 2003). C57/B6 mice are known to be more sensitive for
ALD compared with Sv/129. However, the decreases in serum/liver sulfatides by heavy
ethanol consumption were not related to liver pathologies such as steatosis and
steatohepatitis, but to oxidative stress. Additionally, hepatic glutathione depletion, an
indicator of oxidative stress, was observed after ethanol consumption in both mouse
strains (Tsuchiya et al. 2012). Therefore, similar alterations in sulfatides might be seen
in C57/B6 mice with high-dose ethanol treatment.

The findings in this study lead us to speculate that serum sulfatide levels may be
decreased in heavy drinkers and patients having ALD. Future assays using samples from
human patients may uncover the contribution of sulfatides to the pathogenesis of CVD
that develops in heavy drinkers.

In conclusion, heavy ethanol consumption reduces serum sulfatide levels by
increasing oxidative stress and decreasing the expression of CST in the liver. These
findings could provide a mechanism by which chronic heavy ethanol drinking increases

the risk of thrombotic events, such as stroke and myocardial infarction.
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Figure legends

Fig. 1. Structure of the representative sulfatide (A) and lysosulfatide (B).
(A) Sulfatide-possessing d18:1 as a sphingoid base with cerebronic acid.

(B) Lysosulfatide (LS-d18:1), which is generated from (A).

Fig. 2. Serum and liver cholesterol/TG levels in mice receiving ethanol treatment.
(A) Serum/liver TG levels.

(B) Representative cholesterol profile composed of very low-density lipoprotein
(VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) and the
peak area ratio of the serum cholesterol distribution.

(C) Hepatic total cholesterol levels.

Data for (A) and (C) are expressed as mean + SD. Data for (B) is expressed as mean.
Vehicle, vehicle group (n = 6); EtOH (0.5 g/kg/day), low-dose ethanol treatment group
(n =6); EtOH (1.5 g/kg/day), middle-dose ethanol treatment group (n = 6); EtOH (3.0

g/kg/day), high-dose ethanol treatment group (n = 6).

Fig. 3. Serum and liver sulfatide levels in mice receiving ethanol treatment.
Sulfatide levels in serum and liver were measured by MALDI-TOF MS and calculated
as the sum of 7 LS species. Data are expressed as mean + SD. The groups and numbers
of mice were the same as Fig. 2. *P < 0.05 between the vehicle and indicated ethanol

treatment groups.

Fig. 4. Expression of the genes associated with lipid transport in mice receiving
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ethanol treatment.

Hepatic mMRNA levels encoding Fabpl, Scp2, Mttp, and Apob were measured using
quantitative real-time PCR and normalized to those of Gapdh mRNA. Relative mRNA
levels are shown as fold changes to that of mice in the vehicle group. Data are expressed

as mean = SD. The groups and numbers of mice were the same as Fig. 2.

Fig. 5. Hepatic expression of the enzymes involved in sulfatide metabolism in mice
receiving ethanol treatment.

(A) The mRNA levels encoding Cst and Arsa. The same samples in Fig. 4 were used.
Relative mMRNA levels are shown as fold changes to that of mice in the vehicle group.
(B) Immunoblot analysis of CST and ARSA. Fifty pug of whole-liver lysate protein
prepared from each mouse were loaded into each well for electrophoresis. Actin was
used as the loading control. Band intensities were measured densitometrically,
normalized to those of actin, and then normalized to those of mice in the vehicle group.
Data are expressed as mean + SD. The groups and numbers of mice were the same as

Fig. 2. *P < 0.05 between the vehicle and indicated ethanol treatment groups.

Fig. 6. Hepatic expression of the enzymes involved in galactosylceramide
metabolism in mice receiving ethanol treatment.

(A) The mRNA levels encoding Ugt8a and Galc. The same samples in Fig. 4 were used.
(B) Immunoblot analysis of UGT8a and GALC. The same samples in Fig. 5B (50 ug of
protein) were used. Band intensities were measured densitometrically, normalized to
those of actin, and then normalized to hepatic levels of mice in the vehicle group. Data

are expressed as mean £ SD. The groups and numbers of mice were the same as Fig. 2.
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Fig. 7. Hepatic oxidative stress in mice receiving ethanol treatment.

(A) Hepatic contents of lipid peroxides.

(B) Immunoblot analysis of 4-HNE. The same samples in Fig. 5B (50 ug of protein)
were used. Band intensities were measured densitometrically, normalized to those of
actin, and then normalized to hepatic levels of mice in the vehicle group. The groups
and numbers of mice were the same as Fig. 2. *P < 0.05 between the vehicle and

indicated ethanol treatment groups.

Fig. 8. Hepatic expression of the NADPH oxidases in mice receiving ethanol
treatment.

(A) The mRNA levels of Ncfl and Cybb. The same samples in Fig. 4 were used.

(B) Immunoblot analysis of NCF1 and CYBB. The same samples in Fig. 5B (50 pg of
protein) were used. Band intensities were measured densitometrically, normalized to
those of actin, and then normalized to hepatic levels of mice in the vehicle group. The

groups and numbers of mice were the same as Fig. 2.

Fig. 9. Hepatic expression of the ROS-eliminating enzymes in mice receiving
ethanol treatment.

(A) The mRNA levels of Cat, Sod1, Sod2 and Gpx1. The same samples in Fig. 4 were
used.

(B) Immunoblot analysis of these enzymes. The same samples in Fig. 5B (50 pg of
protein) were used. Band intensities were measured densitometrically, normalized to

those of actin, and then normalized to hepatic levels of mice in the vehicle group. The

31



©CO~NOOOTA~AWNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

groups and numbers of mice were the same as Fig. 2. *P < 0.05 between the vehicle and

indicated ethanol treatment groups.

Fig. 10. Serum TF levels in mice receiving ethanol treatment.
Serum TF levels were measured by ELISA. Data are expressed as mean = SD. The
groups and numbers of mice were the same as in Fig. 2. *P < 0.05 between the vehicle

and indicated ethanol treatment groups.

Supplemental Fig. 1. Phenotypical changes in mice receiving ethanol treatment.
(A) Body weight changes.

(B) Ratio of liver weight to body weight.

(C) Mean food intake. Daily food intake in the same group (n = 6) was measured from
the remaining food weight as the difference between the weight before and after the
feeding every day and mean food intake was calculated in each week.

(D-F) Serum levels of ethanol, AST, and ALT at 2 hours after the last ethanol
administration. Data for (A), (B), (D), (E), and (F) are expressed as mean + SD. Data
for (C) is expressed as mean. Vehicle, vehicle group (n = 6); EtOH (0.5 g/kg/day),
low-dose ethanol treatment group (n = 6); EtOH (1.5 g/kg/day), middle-dose ethanol
treatment group (n = 6); EtOH (3.0 g/kg/day), high-dose ethanol treatment group (n = 6).

*P < 0.05, ***P < 0.001 between the vehicle and indicated ethanol treatment groups.

Supplemental Fig. 2. Histological findings of the liver in mice receiving ethanol
treatment.

Liver sections were stained by hematoxylin and eosin methods. Upper and lower rows
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show a magnification of 100x and 400x%, respectively. The scale bar represents 100 um

(upper rows) and 20 um (lower rows), respectively.
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