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Abstract

Background—Alcoholic steatohepatitis (ASH) is caused in part by the effects of ethanol on
hepatic methionine metabolism.

Methods—To investigate the phenotypic and epigenetic consequences of altered methionine
metabolism in this disease, we studied the effects of 4-wk intragastric ethanol feeding with and
without the methyl donor betaine in cystathionine beta synthase (CBS) heterozygous C57BL/6J
mice.

Results—The histopathology of early ASH was induced by ethanol feeding and prevented by
betaine supplementation, while ethanol feeding reduced and betaine supplementation maintained
the hepatic methylation ratio of the universal methyl donor S-adenosylmethionine (SAM) to the
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methyltransferase inhibitor S-adenosylhomocysteine (SAH). MethylC-Seq genomic sequencing of
heterozygous liver samples from each diet group found 2-4% reduced methylation in gene bodies
but not promoter regions of all autosomes of ethanol fed mice, each of which were normalized in
samples from mice fed the betaine supplemented diet. The transcript levels of inducible nitric
oxide synthase (Nos2) and DNA methyltransferase 1 (Dnmt1) were increased, while those of
peroxisome proliferator receptor-a (Ppar @) were reduced in ethanol fed mice, and each was
normalized in mice fed the betaine supplemented diet. DNA pyrosequencing of CBS heterozygous
samples found reduced methylation in a gene body of Nos2 by ethanol feeding that was restored
by betaine supplementation, and was correlated inversely with its expression and positively with
SAM: SAH ratios.

Conclusions—The present studies have demonstrated relationships among ethanol induction of
ASH with aberrant methionine metabolism that was associated with gene body DNA
hypomethylation in all autosomes and was prevented by betaine supplementation. The data imply
that ethanol-induced changes in selected gene transcript levels and hypomethylation in gene
bodies during the induction of ASH is a result of altered methionine metabolism that can be
reversed through dietary supplementation of methyl donors.
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Introduction

Chronic exposure to ethanol has profound effects on hepatic methionine metabolism which
secondarily are involved in the regulation of DNA methylation and consequently the
expressions of genes relevant to the pathogenesis of alcoholic steatohepatitis (ASH) (Halsted
and Medici, 2011; Kharbanda, 2009; Mato and Lu, 2007). In particular, methionine
metabolism is implicated in the production of the methyl donor, S-adenosylmethionine
(SAM), which is generated from homocysteine by the enzymes methionine synthase and
methionine adenosyltransferase and is the substrate for DNA and histone methyltransferases
(Fig. 1). The alternative pathway leading to the production of methionine uses the alternate
methyl donor betaine as a substrate and is catalyzed by the enzyme betaine homocysteine
methyltransferase. Ethanol exposure decreases the gene expressions and activities of both
methionine synthase and methionine adenosyltransferase, thereby reducing the production of
SAM (Lu et al., 2000; Villanueva and Halsted, 2004). Since cystathionine beta synthase
(CPS) is integral to the homocysteine degradation pathway (Fig. 1), the CBS heterozygous
mouse was developed as a model for elevated homocysteine and, through the reverse
pathway of SAH hydrolase, increased levels of the methyltransferase inhibitor S-
adenosylhomocysteine (SAH) (Watanabe et al., 1995). Since SAM is the principal methyl
donor and SAH is the principal methyltransferase inhibitor, the SAM:SAH ratio can be
considered a reasonable index of methylation capacity (Clarke and Banfield, 2001).
Previously, we showed reduced levels of the histone residue H3K9me3 together with up-
regulation of several genes involved in the endoplasmic reticulum stress pathway after
intragastric ethanol feeding of the CBS heterozygous mouse (Esfandiari et al., 2010).
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The effects of chronic alcoholism and experimental ethanol exposure on methionine
metabolism have been extensively described in humans and in animal models of ASH
(Halsted and Medici, 2011; Kharbanda, 2009; Watanabe et al., 1995), whereas a prior study
that used the same intragastric ethanol feeding model in wild type mice demonstrated the
reversal of histopathology and gene expressions relevant to the endoplasmic reticulum stress
pathway by supplementation with betaine (Ji and Kaplowitz, 2003). Others found that
supplemental betaine restored histopathology, the gene expression of nitric oxide synthase
(Nos2), and hepatic SAM levels, while reducing SAH and increasing the SAM:SAH
methylation ratio in an ethanol fed rat model of this disease (Kharbanda et al., 2012).

The present study is the first demonstration of the effects of ethanol exposure with and
without betaine on global and genomic DNA methylation and their potential consequences
for regulation of specific genes relevant to liver damage. The goals of the present study were
to define the effects of ethanol-mediated aberrant methionine metabolism in wild type and
heterozygous CpS-deficient mice on global, genomic, and gene-specific DNA methylation
and activation of selected genes involved in the induction of ASH and the preventive effects
of the methyl donor betaine on each of these processes. The criteria for methylation
regulation of gene activation included significant changes in each parameter in response to
ethanol treatment that were prevented by betaine supplementation.

Materials and Methods

Animals and diets

CBS wild-type and heterozygous littermates were raised by S. Dayal at the University of
lowa breeding colony. Mice heterozygous for disruption of the Cs gene were crossbred to
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) for at least 20 generations and
genotyped as described (Dayal et al., 2006; Watanabe et al., 1995). The CBS deficient mouse
breeding protocol and subsequent care were approved by the Animal Care and Use
Committee of the University of lowa. Mice were shipped at 4 wk age to the Animal Core
facility of the University of Southern California Research Center for Alcoholic Liver and
Pancreatic Diseases for subsequent intragastric feeding of experimental diets. At age 5
months, the mice were grouped according to genotype and diet and intragastric feeding
tubes were placed under intraperitoneal anesthesia with ketamine and xylazine as described
(Tsukamoto et al., 2008) and each of three diets were infused after one week adaptation to
the control diet. The total energy intake was set at 568 kcal/kg/day, with caloric percentages
of dextrose, protein, and fat (corn oil) at 40%, 25%, and 35% in the control group (C),
substituting ethanol for dextrose up to 37% in the ethanol group (E), and the addition of
betaine at 1.5% volume in the supplemented group (B). Each diet contained all essential
vitamins and minerals (Dyets Inc, Bethlehem, PA) as recommended by the Committee on
Animal Nutrition of the National Research Council. After 4 weeks of intragastric feeding,
the mice were anesthetized with intraperitoneal ketamine and xylazine and then killed by
exsanguination, following which plasma and livers were removed and treated as described
previously (Esfandiari et al., 2010). The care and experimental procedures were approved by
the Animal Care and Use Committee of the University of Southern California according to
the Guide for the Care and Use of Laboratory Animals of the National Research Council.
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Liver methionine metabolite measurements

Liver SAM and SAH and plasma homocysteine were measured by high performance liquid
chromatography by K. Kharbanda (Kharbanda et al., 2005).

Liver histopathology

Liver histopathology was evaluated independently by S.W. French by quantitative scoring of
appropriately stained slides in blinded fashion using computerized software for 4 grades for
parameters of lipid accumulation, lobular inflammation, necrosis, and fibrosis. Intrahepatic
fat was further quantified as % per total pixels using the 10x objective. (French et al., 1993).

Analysis of global DNA methylation levels by dot blot analyses

Global DNA methylation was measured in mouse livers from each genotype and diet group
using dot blot analysis as previously described (Woods et al., 2012). Data are expressed
according to signal intensities of 5-methylcytosine.

Analysis of genomic DNA methylation levels by MethylC-seq

Genomic DNA methylation according to each autosome was analyzed in three
representative heterozygous liver samples from each of the three feeding groups of
heterozygous mice by MethylC-seq as described (Lister et al., 2009; Schroeder et al., 2011).
MethylC-seq provides a genome-wide quantitative measurement of DNA methylation that is
unbiased to genomic location of CpG sites (Lister et al., 2009). Briefly, genomic DNA from
each sample was sheared, annealed to methylated sequencing adapters, and bisulfite
converted. DNA methylation genomic sequencing of each prepared sample was performed
at the University of California Berkeley Vincent J. Coates Genomics Sequencing
Laboratory. Reads were mapped to the mm9 version of the mouse genome using BS Seeker
(Chen et al., 2010). CpG site methylation data in promoter and gene body regions of genes
from each of 19 autosomes were combined from both DNA strands, and multiple clonal
reads with the same start site were removed. Custom Perl scripts were used to convert BS
Seeker output to BED files of percent methylation per CpG site. The BED files were used
for data visualization on the UCSC Human Genome Browser and for further data analysis.
The data were analyzed using custom Perl scripts and R programs (Schroeder et al., 2013;
Schroeder et al., 2011).

Quantitative PCR

Liver samples from all mice were analyzed using the Vet-For-All kit and BioSprint
magnetic bead extraction instrument (QIAGEN, Valencia, CA) (Osman et al., 2012). We
selected a total of 21 genes involved in alcoholic liver injury and methionine metabolism
pathways for expression analysis by gPCR (Bustin et al., 2009), using the geometric mean of
three reference genes Hprtl, B2m, and Gapdh for normalization. Primers for each gene were
designed using Primer Express and are shown in Supplemental Table 1. Data were
expressed as fold changes in each feeding group of each genotype compared to the mean
gene expression values in control diet samples from mice of each genotype.
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Immunohistochemical staining

Liver tissues from heterozygous mice were fixed in neutral-buffered formalin, embedded in
paraffin, cut into 4 um thick sections, and stained with antibodies to inducible nitric oxide
synthase (iNOS), DNMT1 and PPARa, each at 1/100 titer (Epitomics, Burlington, CA),
followed by Donkey fluorescein isothiocyanate (FITC) labeled antibody 1/100 titer (Jackson
ImmunoReaserch Labs Inc., Westgrove, PA). The expression of each of these genes had
been identified by gPCR analysis as significantly altered in samples from ethanol fed mice
and normalized in samples from betaine supplemented mice. Cellular fluorescence intensity
was quantified in each slide in blinded fashion using a fluorescein isothiocyanate filter,
Nikon morphometric software, and a Nikon 400 fluorescent microscope 40x objective with
the same sensitivity setting throughout (Bardag-Gorce et al., 2008).

Pyrosequencing analysis of gene specific DNA methylation

Based on results from the gPCR analysis of gene expressions, we selected Nos2, Ppar-a,
and Dnmt1 for pyrosequencing analyses of potential methylation differences in liver samples
from each of the three heterozygous feeding groups, and to correlate these findings with
their respective gene expressions and with liver SAM and SAM: SAH ratios. Regions of
interest and primer selections were identified according to the prior MethylC-seq genomic
analyses and were further defined by PyroMark Assay Design 2.0 and the UCSC Genome
Browser July 2007 version. Bisulfite treatment of genomic DNA was performed using the
EZ DNA Methylation-Direct Kit (Zymo Research, Irvine, CA). Triplicate PCR
amplifications were performed using the recommended protocol for Pyromark CpG Assay
(QIAGEN, Valencia, CA). Samples were sequenced on a Pyromark Q24 Pyrosequencer
using Pyromark Gold Q24 Reagents (QIAGEN, Valencia, CA) and methylation levels were
analyzed using Pyromark Q24 Software. An internal bisulfite conversion control was used in
the pyrosequencing assay which measured methylation at selected CpG sites for each assay.

Statistical analyses

Results

Outcome variables were assessed for conformance to the normal distribution and
transformed if needed. Means were compared between diets and genotypes with 2-factor
ANOVA and Tukey-Kramer tests were used for post-hoc pairwise comparisons. Spearman
correlations were used to assess the relationships of Nos2 DNA methylation values in each
heterozygous feeding group to its respective gene expression values. Analyses were
performed with SAS for Windows Release 9.3 (Cary, NC). Group differences in MethyIC-
Seq analyses were determined separately by the Student’s t-test.

Baseline characteristics and methionine metabolites

Mouse body weights were similar among all six groups after 4 weeks of feeding (Table 1).
Ethanol feeding increased liver weights and consequently liver/body weight ratios in both
wild-type and heterozygous mice, and this ratio was restored to control levels by betaine
supplementation in heterozygous mice. Blood ethanol levels were appropriately elevated in
the ethanol groups and were unchanged by betaine supplementation of the ethanol diets.
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Plasma alanine aminotransferase (ALT) levels were increased 3—4 fold by ethanol feeding in
each genotype but were not normalized by betaine supplementation of the ethanol diet, with
wide variation of individual results. SAM levels were reduced by about one half in each
genotype by ethanol feeding and were amplified by ~50-fold by supplementation of the
SAM precursor betaine to the ethanol diet. SAH levels were increased in both genotypes of
ethanol-fed mice and were further amplified by betaine treatment in response to the extreme
elevation of its precursor SAM. As a result of these changes, the SAM:SAH ratio in each
genotype was reduced by ethanol feeding and was increased by betaine supplementation.
Mean plasma homocysteine levels were increased more than 6- fold in the ethanol-fed
heterozygotes and were significantly lowered to control levels by betaine supplementation.
There were no genotype effects or interactions on these parameters except for genotype
effects on plasma homocysteine levels when comparing results from the two ethanol groups
(p<0.003).

Histopathology

Scores of liver injury were influenced by diets with no independent or interactive genotype
effects. As depicted (Fig. 2), total and steatosis scores were significantly increased by
ethanol feeding within each genotype and were reduced by betaine supplementation in
heterozygotes. There were no changes among the groups in inflammation scores, and there
were minimal to no scores for necrosis or fibrosis among the groups (not shown).

Global DNA methylation by dot blot analysis

Global methylation levels were assessed by signal intensities of 5-methylcytosine in liver
samples from each genotype and diet group. According to ANOVA of all results, there were
no genotype effects or differences among the diet groups.

Genome MethylC-seq analysis

Each of 19 autosomes from heterozygous ethanol- fed mice had lower percent genomic
methylation compared to values in control mice, whereas methylation in each autosome was
restored to its respective control level by betaine supplementation (Table 2). Combining
these data, the average methylation of all autosomes was 72.6% in control diet group
samples and was decreased to 71.1% in ethanol group samples (p<0.03 v control samples)
but was maintained at control diet levels by betaine supplementation with 72.4% average
methylation (p<0.04 vs ethanol samples with p = 0.0182 overall diet effect). Evaluating
regions of each genome in each autosome, the average methylation at CpG sites in gene
bodies in the ethanol group was significantly less than that found in the control and betaine
groups (Fig. 3a) However, methylation of the majority of CpG sites in promoter regions and
in CpG island shores were unaffected by ethanol feeding and betaine treatment (Fig. 3b).

Effects of ethanol and betaine on transcript levels of Dnmtl, Nos2, and Ppara

We selected a total of 21 genes in pathways of inflammation, lipogenesis, endoplasmic
reticulum stress, and methionine metabolism for expression analysis by gPCR. Specific
primer sequences and qPCR results for each gene according to the two genotypes are listed
in Supplemental Material, Tables 1 and 2. Among these 21 genes, only Dnmt1, Nos2, and
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Ppar a met criteria for changes in expression being altered by ethanol feeding and corrected
by betaine supplementation. Since the expressions of Nos2 and Ppar a were unaffected by
genotype, each of their dietary effects were analyzed by pooling data from both genotypes.
On the other hand, Dnmt1 expression was influenced by both genotype and diet, and dietary
effects were only significant in heterozygotes. As shown in Table 3, the mean expression of
Nos2 in pooled data from both genotypes was increased 7.6 -fold by ethanol treatment and
was reduced significantly to control levels by betaine supplementation. Whereas ethanol
feeding reduced Ppar a expression in pooled results from both genotypes, it increased
Dnmt1 expression among heterozygotes, and values for each gene expression were restored
to respective control levels by betaine supplementation.

Immunohistochemistry of selected proteins

Immunohistochemical staining for protein levels of DNMT1 and iNOS in liver specimens
from CBS heterozygous mice followed similar dietary patterns as found for their gene
transcripts, with maximal and significant staining in the ethanol group that was normalized
by betaine supplementation (Fig. 4). On the other hand, protein levels of Ppara did not
follow the same trend as their gene expressions, since its mean level was increased by
ethanol feeding and there was no difference after betaine treatment.

Pyrosequencing

Samples from CS heterozygote mice were selected for pyrosequencing analyses of the
same three genes with differential gene expressions according to diet, and DNA regions
were chosen according to anticipated changes according to prior MethylC-seq analyses.
Since there were no significant methylation differences among groups in promoter region
CpG sites in any of the three genes, representative sites were selected according to CpG rich
sites in gene bodies. As shown in Table 4, DNA methylation of CpG rich regions in Dnmt1
and Ppar a were not significantly different in liver samples from the three diet groups,
except for increased methylation of Dnmt1 in the betaine supplement group at a region over
1 kb upstream of the transcription start site in chromosome 9. On the other hand, the percent
DNA methylation in a region spanning 7 CpG sites in the second intron of Nos2 was
significantly reduced by ethanol feeding and was sustained at control levels by betaine
supplementation. Among all three diet groups in this CBS heterozygote cohort, the percent
DNA methylation of Nos2 in this region was correlated negatively with its relative
expression (r=-0.5104; p<0.03) and positively with liver SAM (r=0.7538, p<0.0001) and the
SAM:SAH ratio (r=0.79850, p<0.0001). Whereas a previous study found that the
transcription of Nos2 in mouse mesangial cells was inhibited by hypermethylation of a
specific promoter region in its DNA (Yu and Kone, 2004), we were unable to find
methylation differences in the same Nos2 promoter region in the heterozygote livers of
control, ethanol-fed, and betaine supplemented mice.

Discussion

Epigenetic regulation of genes relevant to liver injury in ASH may be closely related to
underlying ethanol-induced changes in methionine metabolism. Our initial studies in
micropigs fed ethanol-containing diets that were deficient in the folate methyl donor
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demonstrated accelerated onset of the histopathology of ASH with significant decreases in
hepatic SAM and the SAM:SAH methylation ratio compared to those fed folate replete diet
(Halsted et al., 2002) together with increased transcript levels of genes involved in
endoplasmic reticulum stress and lipogenesis (Esfandiari et al., 2005). Subsequent
intervention studies in the same micropig model showed that the histopathology of ASH,
abnormal SAM:SAH ratio, and the activation of the same liver injury genes could be
prevented by concurrent supplementation of ethanol diets with the methyl donor SAM
(Esfandiari et al., 2007; Villanueva et al., 2007). More recently, we demonstrated that 4 wk
intragastric feeding of ethanol to CpS-heterozygous mice reduced the SAM:SAH ratio while
elevating the expressions of selected endoplasmic reticulum genes, each of which were
associated with decreased H3K9me3 histone methylation (Esfandiari et al., 2010).

The main findings of the present study are, first, that 4- wk of ethanol feeding resulted in
increased steatosis and total hepatic histopathology scores typical of early ASH in both
genotypes, together with significant reductions in SAM and the SAM:SAH methylation
ratio, all of which were prevented by supplementing the ethanol diet with the methyl donor
betaine (Fig. 2 and Table 1). Contrasting genotype effects, plasma homocysteine levels were
significantly increased in the ethanol fed heterozygotes compared to those in the wild type
mice (Table 1), as has been shown by others who developed this model (Watanabe et al.,
1995). These data showing greater perturbation of methionine metabolism among
heterozygotes provide a rationale for the use of this genotype for several of the subsequent
analyses, including MethylC-seq genomic and pyrosequencing methylation analyses.
Unexpectedly, betaine supplementation did not significantly reduce ALT levels in either
genotype despite the improvement of histological scores of inflammation and steatosis in
both genotypes. A prior study on the effects of betaine supplementation in a similar
intragastric mouse model with 6 weeks of ethanol feeding showed decreased serum
homocysteine and prevention of the steatosis response to ethanol but non-significant
reduction in ALT levels (Ji and Kaplowitz, 2003). We may speculate that longer dietary
exposure in our mouse model could have been associated with greater histopathology in the
ethanol groups and potential reductions in ALT in the betaine supplemented groups.

Second, there were no significant changes in global DNA methylation according to dot-blot
analyses of all samples from both genotypes and all three diets. These findings are consistent
with those from our prior study (Esfandiari et al., 2010) which used the liquid
chromatography-tandem mass spectrometry (LC-TMS) method to calculate percentage of
methyl-C among total cytosine residues (Quinlivan and Gregory, 2008). Both methylation
dot blot and MethylC-seq specifically quantitate CpG site methylation, while LC-TMS
measures all cytosine methylation. According to prior studies in animal models of other liver
diseases, global DNA methylation may be regulated in part by underlying hepatic
inflammation (Gonda et al., 2012; Medici et al., 2013; Stenvinkel et al., 2007; Wierda et al.,
2010), which was minimal in our studies.

Third, our genome analysis of heterozygote samples by MethylC-seq showed that DNA
hypomethylation was induced by ethanol feeding in each of 19 autosomes and was
prevented in each autosome by betaine supplementation (Table 2). Furthermore, the results
of this analysis showed that hypomethylation occurred exclusively in gene bodies, whereas

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Medici et al.

Page 9

no diet induced methylation effects were found in gene promoter regions (Fig. 3). These
novel findings highlight the need to examine gene body methylation patterns when
examining DNA methylation changes in other models of ASH. Our data are consistent with
other genome-wide studies of DNA methylation patterns, in which CpG island promoters
are predominantly un-methylated, in contrast to the high levels of methylation within gene
bodies (Aran et al., 2011; Ball et al., 2009; Lister et al., 2009; Zemach et al., 2010). Recent
studies indicate that gene body methylation levels are likely to be determined by the greater
accessibility of their DNA to methyl donors and methyltransferases (Jjingo et al., 2012).

Fourth, among the 21 selected genes related to liver injury and methionine metabolism, only
Nos2, Ppar a, and Dnmt1 presented patterns of changes in transcript levels that reflected
opposing responses to ethanol and betaine supplementation. In particular, ethanol feeding
increased both the transcript and protein levels of Dnmt1 in heterozygous mice and of Nos2
in pooled genotype samples, each of which were reduced by provision of the methyl donor
betaine, whereas the transcript levels of Ppar a were reduced by ethanol and maintained at
control levels by betaine (Table 3 and Fig. 4).

Fifth, the findings of significant methylation changes in the gene body of Nos2 (Table 4) are
supported by the novel observation from methylome analysis that the effects of ethanol on
mouse chromosomes are confined to gene bodies and are not found in promoter regions

(Fig. 3).

The significant correlations of these findings with SAM:SAH ratios from all three diet
groups supports a potential link between the effects of ethanol and betaine with hepatic
methionine metabolism and gene specific methylation. However, since gene expression is
regulated by many factors, we cannot infer a specific causative relationship between the
methylation pattern of Nos2 (Table 4) at this gene body site and its expression (Table 3),
whereas the clinical relevance of this finding may only be established by additional studies
in liver biopsies from ASH patients.

iNOS is required for the sustained generation of nitric oxide, which, in turn, causes a broad
spectrum of injury, including processes of lipid peroxidation, mitochondrial disruption, and
DNA damage with pro-apoptotic effects (Davis et al., 2001). Others correlated increased
liver Nos2 expression and activity in rats fed high ethanol diets with the severity of steatosis
and necroinflammation in association with activation of nuclear factor kappa beta and
induction of tumor necrosis factor alpha (Yuan et al., 2006). Furthermore, mitochondrial
dysfunction and the histopathology of ASH were significantly attenuated in ethanol-fed
Nos2 knock-out mice (Venkatraman et al., 2004) and in mice treated with a selective iNOS
inhibitor (McKim et al., 2003). Consistent with our present findings, others found more than
40-fold elevation in hepatic Nos2 transcript levels in mice fed an intragastric ethanol and
high fat diet, together with more severe histopathology than shown in the present experiment
(Xu et al., 2011), whereas betaine supplementation reversed liver histopathology, elevated
iNOS levels, and nitric oxide accumulation in an ethanol fed rat model of ASH (Kharbanda
etal., 2012).
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PPARa functions as a transcription factor to induce the expressions of a series of genes
involved in fatty acid transport, mitochondrial fatty acid oxidation, catabolism, and
inflammatory responses. Our present data showed a discrepancy between the transcript and
protein expressions of Ppar a in response to ethanol feeding (Table 3 and Fig. 4) and no
changes among diet groups in its DNA methylation according to pyrosequencing (Table 4).
Another study showed that Ppar a gene expression was both increased and associated with
increased DNA methylation in ethanol fed rats (Khachatoorian et al., 2013), while others
showed that down-regulation of Ppar a gene expression is involved in the development of
steatosis associated with ASH (Aoyama et al., 1998). The regulation of Ppar a expression is
complex and is influenced by fatty acid accumulation (Kersten et al., 2000), whereas its
protein level is unstable and is rapidly degraded through the ubiquitin-proteasome pathway
(Blanquart et al., 2002). The observation that the ubiquitin-proteasome pathway is inhibited
by ethanol (French, 2000) could account for our findings of increased PPARa protein levels
according to immunohistochemistry after ethanol diet (Fig. 4).

Dnmt1 encodes the principal mammalian DNMT and functions in maintenance of
methylation status. Our study showed that ethanol feeding of heterozygous mice increased
the transcript and protein levels of Dnmt1 (Table 3, Fig. 4), which were each reduced by
provision of the methyl donor betaine, whereas pyrosequencing demonstrated that
methylation targeted an upstream non-promoter region of the gene body after betaine
treatment (Table 4). Limited data are available on the role of Dnmt1 in the development of
ASH. Ethanol fed Dnmt1 N/+ hypomorphic mice that express reduced levels of Dnmtl
presented less severe hepatic steatosis than wild type mice with normal expression of
Dnmt1, together with concomitant dysregulation of key enzymes involved in lipid
metabolism and oxidative stress (Kutay et al., 2012). Consistent with our findings, the
methylation of the promoter regions of the genes for ethanol and lipid metabolism in that
study were not different among genotypes and dietary treatments, suggesting that factors
other than DNA methylation regulated gene transcript levels in absence of Dnmt1 with or
without ethanol feeding.

In summary, ethanol feeding of the CRS-deficient mouse model reduced the hepatic
SAM:SAH ratio of methylation capacity in association with reduced gene body methylation
in all autosomes and in a specific gene body site in Nos2, each of which were prevented by
betaine supplementation. Even though this is a new finding, its clinical significance remains
uncertain and other factors linking methylation to gene expression changes in ASH include
histone modifications (Esfandiari et al., 2010; Mandrekar, 2011; Shukla et al., 2008) and/or
potential effects of ethanol induced liver injury and inflammation on epigenetic marks as
described by others (Gonda et al., 2012; Medici et al., 2013; Stenvinkel et al., 2007; Wierda
et al., 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Control Ethanol Betaine

iNOS
DNMT1
PPARa
Control Ethanol Betaine
iNOS 136.4 +23.32 227.0+14.8° 183.0+32.7¢
DNMT1 99.8+9.12 153.7 + 8.4 127.0+21.7¢
PPARa 11.5+5.22 29.0+ 15.0° 16.8+ 4.6

Figure 1. Methionine metabolism pathway
Methionine is the precursor of the principal methyl donor SAM which is the substrate for

several methylation reactions catalyzed by DNA and histone methyltranferases. Conversely,
SAH, which is the product of both methyltransferases and the reverse activity of SAHH,
inhibits methylation reactions. Homocysteine can be metabolized through the
transsulfuration pathway, which includes the enzyme CBS, or through the transsmethylation
pathway, which includes the enzymes MS and BHMT. The methyl donor betaine is the
substrate of BHMT. SAM: S-adenosylmethionine; DNMT: DNA methyltransferase; SAH:
S-adenosylhomocysteine; SAHH: S-adenosylhomocysteine hydrolase; BHMT: betaine-
homocysteine methyltransferase; DMG: dimethylglycine; MS: methionine synthase; THF:
tetrahydrofolate; MTHF: 5-methyltetrahydrofolate; MAT: methionine adenosyl transferase;
CPBS: cystathionine beta synthase; GSH: glutathione.
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Figure 2. Histopathology of mouse livers after 4 weeks of control (A, D), ethanol (B, E), and
betaine-supplemented ethanol diet (C, F) (hematoxylin and eosin, 10x)

Selective images show typical changes in wild-type (top) and heterozygous mice (bottom)
and followed by quantitative scores for each diet and genotype. Values in the table are

expressed as mean = standard deviation. The number of mice in each group is reported in
parentheses. Values with different letter symbols are significantly different (p<0.05) from
each other within each genotype.
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WT +/+ WT ++ WT +/+ Het +- Het +- Het +-
Control Ethanol Betaine Control Ethanol Betaine
(6) (4) (6) (7) (8) (8)

. a b ab a b a
Steatosis | 02:04° | 20+08 | 08%1.1 00 28+12° | 0812
Pot fatipixels| 0.3+0.8° | 121+114°| 51293 | 04+05" | 233+140] 80122
Inflammation| 3.0+15 | 35+05 | 2.0:09 | 20+17"| 35+1.0"| 1616
Total score | 35+12° | 87+30 | 40:22°| 20:17"| 91:20° | 38+24

Figure 3. Genome-wide changesin methylation in (A) gene bodies and (B) promoters, CpG
islands (CGls), and CGI shores

The average methylation was computed for each gene/promoter/CGI and CGI shore within
each of the three groups, and differences among groups were plotted as density histograms.
As shown in the left box for gene bodies, ethanol diet samples had on average 1.2% less
methylation than betaine supplemented diet samples, whereas control diet samples had on
average 1.5% greater methylation than ethanol diet samples. As shown in the right box,
ethanol and betaine treatments did not change methylation levels in promoters, CG Islands

(CGl), or CGl shores.
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Figure 4. Immunohistochemical staining for iINOS, DNMT1, and PPARa in representative liver
sections from heter ozygous mice fed control (A), ethanol (B), and betaine-supplemented ethanol
diets (C)

Both iINOS and DNMT1 are shown at 10X and PPARa is shown at 40 X magnification.
Immunohistochemical intensity units are shown in the accompanying table. Values are
expressed as mean * standard deviation intensity units. Values with different letter

superscripts are significantly different, p<0.05.
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Table 3

Relative Gene Expressions of Dnmt1, Nos2, and Ppara.

Diet Dnmtl Nos2 Ppara
Control 0.126+0.772 (7) -0.208+1.0692 (10) -0.609+0.4692 (13)
Ethanol | 1.817+0.463" (8) 7.610+2.616° (12) -2.079+0.401° (12)
Betaine | -2.7+1.639% (8) | -2.694+2.445% (14) | -0.095+0.756% (14)

Page 20

Data are expressed as mean =+ standard error of mean. In parentheses, the numbers of mice studied in each group. All data are represented by
relative fold differences from control values within each genotype. Since there were no genotype effects on expressions of Nos2 and Ppara, values
were calculated by pooling diet data from both genotypes, whereas Dnmt1 data refer to heterozygous mice only. Values with different letters are
significantly different at p<0.05.
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Table 4

CpG methylation of Dnmt1, Nos2, and Ppara in heterozygous mice.

Diet Dnmtl Nos2 Ppara

Control | 47.9+8.472(5) | 43.81+0.63° (6) | 39.5+7.89 (5)

Ethanol | 47.6+7.48% (5) | 41.17+0.77% (7) | 36.4x4.53 (5)

Betaine | 60.5+5.5" (5) | 4559 +1.73°(7) | 27.645.29 (5)

Values are expressed as mean * standard deviation. In parenthesis, the number of mice studied in each group. Dnmt1 chromosome 9, base pair
position in gene body 20,766,199-20,766,217; Nos2: chromosome 11, second intron, base pair position 78,738,995 — 78,739,403, including 7 CpG
sites; Ppar @ chromosome 15, base pair position in promoter region at 8,557,227-8,557,256. VValues with different letter symbols are significantly
different: a vs. b: p<0.04; c vs d p<0.01.
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