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SUMMARY

Alcohol drinking inhibits carnitine palmitoyltransferase-1
expression by interfering with the interactions of key reg-
ulatory proteins on DNA via epigenetic mechanisms. These
alcohol-mediated changes were prevented by oral adminis-
tration of Tributyrin, a butyrate prodrug, thereby reducing
fat accumulation and liver injury, indicating a therapeutic
strategy in the treatment of alcoholic liver disease.

Ethanol-mediated down-regulation of carnitine
palmitoyltransferase-1 (CPT-1A) gene expression plays a major
role in the development of hepatic steatosis; however, the un-
derlying mechanisms are not completely elucidated. Tributyrin,
a butyrate prodrug that can inhibit histone deacetylase (HDAC)
activity, attenuates hepatic steatosis and injury. The present
study examined the beneficial effect of tributyrin/butyrate in
attenuating ethanol-induced pathogenic epigenetic mechanisms
affecting CPT-1A promoter–histone modifications and gene
expression and hepatic steatosis/injury.
METHODS: Mice were fed a liquid Lieber-DeCarli diet (Research
Diet Inc, New Brunswick, NJ) with or without ethanol for 4
weeks. In a subset of mice, tributyrin (2 g/kg) was administered
orally by gavage. Primary rat hepatocytes were treated with 50
mmol/L ethanol and/or 2 mmol/L butyrate. Gene expression
and epigenetic modifications at the CPT-1A promoter were
analyzed by chromatin immunoprecipitation analysis.

RESULTS: In vivo, ethanol induced hepatic CPT-1A promoter
histone H3K9 deacetylation, which is indicative of a repressive
chromatin state, and decreased CPT-1A gene expression. Our
data identified HDAC1 as the predominant HDAC causing CPT-
1A promoter histone H3K9 deacetylation and epigenetic down-
regulation of gene expression. Significantly, Specificity Protein
1 (SP1) and Hepatocyte Nuclear Factor 4 Alpha (HNF4a)
participated in the recruitment of HDAC1 to the proximal and
distal regions of CPT-1A promoter, respectively, and mediated
transcriptional repression. Importantly, butyrate, a dietary
HDAC inhibitor, attenuated ethanol-induced recruitment of
HDAC1 and facilitated p300-HAT binding by enabling SP1/
p300 interaction at the proximal region and HNF4a/peroxi-
somal proliferator-activated receptor-g coactivator-1a/p300
interactions at the distal region, leading to promoter histone
acetylation and enhanced CPT-1A transcription.

CONCLUSIONS: This study identifies HDAC1-mediated repres-
sive epigenetic mechanisms that underlie an ethanol-mediated
decrease in CPT-1A expression. Importantly, tributyrin/buty-
rate inhibits HDAC1, rescues CPT-1A expression, and attenu-
ates ethanol-mediated hepatic steatosis and injury, suggesting
its potential use in therapeutic strategies for alcoholic liver
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https://doi.org/10.1016/j.jcmgh.2019.10.005)
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lcoholic liver disease (ALD) is a multistage disease
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Aand is associated with alcohol-related mortality and
morbidity.1–3 Hepatic steatosis is an early manifestation of
ALD and has the potential to increase the susceptibility of the
liver to secondary insults or injuries. Furthermore, alcohol-
induced hepatic lipid accumulation can initiate and enhance
the progression of ALD from steatosis to more severe forms
of liver disease such as steatohepatitis and cirrhosis.1–4

Although various pathways can contribute to hepatic stea-
tosis, both experimental and clinical studies have reported
that alcohol-induced impairment of b-oxidation plays a
major role in the development of hepatic steatosis and
liver disease.5 Hence, it is highly relevant to study the un-
derlying molecular mechanisms involved in alcohol-induced
dysregulation of b-oxidation leading to steatosis in the liver.

Hepatic mitochondrial b-oxidation is regulated mainly by
carnitine palmitoyltransferase-1 (CPT-1A).6 CPT-1A acts as a
rate-limiting enzyme and controls fatty acid transport into
mitochondria for oxidation,7,8 and hence alterations in its
expression/activity can affect hepatic fat accumulation.
Studies have shown that alcohol feeding affects both function
and expression of CPT-1. At a functional level, ethanol con-
sumption decreases hepatic CPT-1 activity and also increases
enzyme sensitivity to malonyl coenzyme A (malonyl-CoA)
inhibition. Furthermore, this decrease in CPT-1 activity has
been correlated with a decrease in the rate of fatty acid
oxidation in hepatocytes, suggesting that CPT-1 may play
a major role in the generation of ethanol-induced fatty
liver.9–11 At the gene expression level, we and others have
shown that alcohol consumption down-regulates CPT-1
expression, which plays a major role in the development of
hepatic steatosis.12,13

There is gathering evidence regarding the contributory
role of epigenetic mechanisms in the development of
ALD.14,15 Epigenetic mechanisms, particularly promoter
histone modifications, play a major role in controlling
chromatin structure and regulate binding of transcription
factors and transcriptional activation of genes. Although
histone modifications, particularly acetylation, play a sig-
nificant role in the development of alcohol-associated liver
pathology, the underlying molecular epigenetic mechanisms
affected by alcohol are only beginning to be under-
stood.12,16,17 Promoter histone acetylation at the lysine
residues regulated by the opposing activities of histone
acetyltransferases (HATs) and histone deacetylases (HDACs)
play an important role in maintaining the transcriptionally
active and/or repressive chromatin state.18,19 Concerning
CPT-1A expression, both proximal and distal regions of the
CPT-1A promoter participate in the transcriptional regula-
tion of CPT-1A gene expression.20–23 Earlier work performed
by us showed that acute alcohol-induced down-regulation of
hepatic CPT-1A gene expression entails transcriptionally
repressive promoter histone deacetylation, mediated by the
Nuclear receptor co-repressor 1 (N-CoR)-HDAC3 core-
pressor complex, binding to the distal promoter region of
the CPT-1A gene.12 However, in the context of chronic
ethanol consumption, epigenetic mechanisms involving
HDACs as well as HATs, affecting both proximal and
distal promoter regulatory regions, leading to a decrease in
CPT-1A gene expression, have not been determined.

There is increasing evidence that shows a significant
pathogenic role for the gut-liver axis in the development of
ALD.24 It has been documented that in the gut, alcohol de-
creases short chain fatty acids (particularly butyrate), which
are producedmainly bymicrobial fermentation of indigestible
dietary fibers.25 The decrease in short chain fatty acids likely
occurs owing to alcohol-induced gut microbial dysbiosis.26

Studies have shown that butyrate has a protective role by
acting as a HDAC inhibitor and affecting epigenetic regulation
of gene expression.27 Tributyrin is a butyrate prodrug that
after oral administration is hydrolyzed to butyrate and is able
to increase plasma butyrate levels, providing HDAC inhibitory
capabilities.28,29 Moreover, it has better pharmacokinetic
properties with low toxicity than butyrate.30 Regarding
beneficial effects, tributyrin (Tb) administration attenuates
lipopolysaccharide and chronic binge alcohol-induced in-
flammatory reactions and gut-mediated liver injury.28,31

However, the epigenetic mechanisms underlying the hep-
atoprotective effects of Tb in ALD remain undetermined.
Therefore, the present study examined the effect of oral Tb
administration onHDAC andHATpromoter interactions, CPT-
1A gene expression, and the development of hepatic steatosis
and injury in an animal model of chronic ethanol feeding.

The data identify that Tb/butyrate, via their ability to
inhibit HDAC function, prevents ethanol-induced repressive
epigenetic mechanisms affecting CPT-1A promoter histone
acetylation that down-regulates its expression and attenu-
ates hepatic steatosis and injury. Importantly, the data imply
that oral administration of Tb could be a potential compo-
nent of the therapeutic strategy in the treatment of ALD.
Results
Tb Administration Attenuates Ethanol-Induced
Hepatic Steatosis and Injury in Mice

To investigate the efficacy of orally administrated Tb as a
butyrate prodrug, we initially measured the butyrate levels
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in the portal blood and liver tissue in mice by gas
chromatography–mass spectrometry. We used 2 g/kg of Tb,
a concentration that protects against diet-induced hepatic
steatosis.28 Pharmacokinetic analysis showed an increase in
butyrate levels that peaked in the portal circulation (539.52
± 204.05 nmol/L) and the liver tissue (21.93 ± 9.8 nmol/g)
at 1.5 hours after oral administration. At 3 hours, serum
butyrate levels rapidly decreased to baseline, while hepatic
levels showed a trend of remaining slightly increased
(Figure 1A and B). Furthermore, we examined the effect of
Tb administration on ethanol-induced hepatic steatosis. As
shown in Figure 1C and D, H&E and Oil Red O staining of
liver sections showed that ethanol consumption resulted in
considerable hepatic steatosis that was attenuated markedly
in Tb-fed mice. Consistent with the observed decrease in
lipid accumulation, reduced levels of hepatic triglycerides
(Figure 1E) and free fatty acids (Figure 1F) also were
detected in Tb-fed mice. Moreover, Tb significantly reduced
an ethanol-mediated increase in serum alanine amino-
transferase and aspartate aminotransferase levels
(Figure 1G and H). These data indicate that oral adminis-
tration of Tb significantly attenuates ethanol-induced he-
patic steatosis and injury.
Tb Prevents an Ethanol-Induced Decrease in
Hepatic CPT-1A Expression in Mice

Work performed by us and others has shown that
ethanol-mediated down-regulation of CPT-1A plays a major
role in the development of hepatic steatosis.12,32–34 Hence,
the effect of Tb on hepatic CPT-1A expression was assessed
in ethanol-fed mice. In keeping with earlier reports, CPT-1A
gene expression (messenger RNA [mRNA] and protein) was
decreased significantly in ethanol-fed mice. Importantly, a
reduction in CPT-1A expression in response to ethanol was
significantly prevented by Tb administration (Figure 2A
and 2B).

Our earlier work showed that binge ethanol exposure
induced CPT-1A promoter histone H3 hypoacetylation,
leading to a decrease in CPT-1A mRNA expression.12 Hence,
we examined the effects of ethanol and butyrate on the
status of histone H3 lysine 9 acetylation (H3K9Ac), which
plays a key role in the transcriptional activation of gene
expression. Examination of the CPT-1A proximal mouse
promoter region (-169 to -81 bp) by chromatin immuno-
precipitation (ChIP) analysis showed a significant decrease
in histone H3K9Ac in ethanol-fed mice (EF). Significantly, Tb
administration blocked this ethanol-induced H3K9 deace-
tylation (EF þ Tb) (Figure 2C). These data suggest that Tb
Figure 1. (See previous page). Tb administration attenuate
(A and B) Pharmacokinetic analysis of butyrate concentration
chromatography with mass spectrometric detection in mice rec
control diet (isocaloric maltose dextrin [PF]) or ethanol-containin
oral gavage (2 g/kg; Tb or EF þ Tb) for 4 weeks. Representative
sections (original magnification, 20�), showing fat accumulatio
Hepatic (E) triglycerides and (F) nonesterified fatty acids (NEFA
aminotransferase (ALT) and (H) aspartate aminotransferase (AST
analysis of variance and are represented as means ± SD, n ¼ 4–
PF, (b) when compared with EF, and (c) when compared with E
blocks transcriptionally repressive epigenetic mechanisms
and prevents the decrease in CPT-1A mRNA expression.

Butyrate Inhibits Ethanol-Mediated HDAC1
Recruitment and Prevents the Decrease in
CPT-1A Promoter Histone Deacetylation

To investigate the detailed epigenetic mechanisms that
regulate hepatic promoter histone H3K9 acetylation and
CPT-1A gene expression, we examined ethanol and butyrate
inducible chromatin changes at the CPT-1A promoter in
primary hepatocytes. Initially, CPT-1A gene expression was
examined in hepatocytes either left untreated or treated
with 50 mmol/L ethanol with or without sodium butyrate (2
mmol/L, 30 minutes before ethanol). Analogous to in vivo
effects, butyrate prevented an ethanol-mediated decrease in
CPT-1A gene expression at the mRNA as well as protein level
(Figure 3A and B). ChIP analysis was studied in both prox-
imal and distal promoter regions (region I: proximal tran-
scription start site, -262 to þ52; region II: distal DR-1 site,
-3011 to -2792) of the CPT-1A gene (Figure 3C).6,12,23

Correspondent to gene expression, ChIP analysis showed
that there was a modest yet significant reduction in tran-
scriptionally permissive H3K9Ac by ethanol treatment at
region I (Figure 3D). Butyrate pretreatment not only abro-
gated this decrease but substantively increased H3K9Ac by
approximately 2.5-fold at regions I and II (Figure 3D).
Moreover, butyrate treatment alone increased baseline
H3K9Ac and CPT-1A mRNA expression in primary hepato-
cytes (Figure 3E).

To address the mechanisms underlying ethanol-
mediated H3K9 deacetylation, the effects of ethanol and
butyrate on HDAC activity were examined in primary he-
patocytes (Figure 4A). Commensurate with its effect on
H3K9Ac, ethanol treatment increased the total HDAC ac-
tivity in primary hepatocytes. Importantly, butyrate, in
accordance with its HDAC inhibitory function, prevented the
ethanol-induced increase in HDAC activity. After an assess-
ment of hepatocyte HDAC activity, we examined the effects
of ethanol and butyrate on HDAC recruitment to the CPT-1A
promoter.

Transcription factors Specificity Protein 1 (SP1) and
Hepatocyte Nuclear Factor 4 Alpha (HNF4a) are known to
recruit HDAC1 to promoter regions and function as
transcriptional repressors in a context-dependent
manner.35,36 Because SP1 and HNF4a are established
transcription factors that bind the CPT-1A promoter at
regions I and II, respectively, we examined the effect of
ethanol on HDAC1, SP1, and HNF4a recruitment in these
s ethanol-induced hepatic steatosis and injury in mice.
in (A) plasma and (B) liver at 0, 1.5, 3, and 6 hours by gas
eiving oral gavage of Tb (2 g/kg). (C and D) Mice were fed a
g (5% vol/vol) diet (EF) with or without administration of Tb by
micrographs show (C) H&E and (D) Oil Red O staining of liver
n in the liver of EF mice. Representative images are shown.
) were assessed by biochemical analysis. Serum (G) alanine
) levels were assessed for liver injury. Data were analyzed by
6 animals/per group. P value < .05 for (a) when compared with
F þ Tb.
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regions. Consistent with decreased H3K9 acetylation and
CPT-1A mRNA expression, ethanol treatment significantly
increased HDAC1 binding at CPT-1A promoter regions I
and II (Figure 4B). Importantly, butyrate abolished the
ethanol-induced increase in HDAC1 binding to these re-
gions (Figure 4B) and rescued H3K9 acetylation and CPT-
1A mRNA expression. These changes in HDAC1 binding to
the CPT-1A promoter regions was not accompanied by an
increase or decrease in HDAC1 protein expression levels
in any of the treatment conditions (Figure 4C). In addi-
tion, treatment of hepatocytes with a specific HDAC1 in-
hibitor prevented the ethanol-mediated down-regulation
of CPT-1A mRNA expression, further supporting the
suppressive role of HDAC1 (Figure 4D). Because HDAC3
has been shown by us and others to be recruited to the
CPT-1A distal promoter region II via N-CoR binding,12,23

we also examined the effects of ethanol on HDAC3
recruitment at region II. The data showed that in com-
parison with HDAC1, there was no significant change in
HDAC3 binding in ethanol-treated hepatocytes
(Figure 4E).

After the changes in HDAC1 binding to promoter re-
gions I and II, we also examined the effects of ethanol
and butyrate on the critical transcription factors SP1 and
HNF4a that are known to bind the same promoter re-
gions. Interestingly, ethanol treatment did not have any
effect on either SP1 or HNF4a binding at region I or
region II, respectively (Figure 5A and B), indicating a
change in their ability to interact with HDAC1. Hence, we
further examined the effect of ethanol on HDAC1 binding
to SP1 and HNF4a by sequential ChIP/re-ChIP analysis.
Specifically, chromatin harvested from treated primary
hepatocytes was analyzed using either SP1 or HNF4a as
the first ChIP antibody, followed by HDAC1 as the second
(re-ChIP) antibody. The data showed that ethanol
significantly increases the co-occupancy of HDAC1 with
SP1 at region I and HNF4a at region II (Figure 5C).
Importantly, pretreatment of butyrate significantly
inhibited the interaction of HDAC1 to these transcription
factors (Figure 5C). These data indicate that the ethanol
exposure facilitated the interaction of SP1 and HNF4a
with HDAC1, leading to its increased binding and tran-
scriptionally repressive chromatin remodeling of the
CPT-1A promoter.
Figure 2. (See previous page). Tb administration down-regula
(isocaloric maltose dextrin [PF]) with either a control diet or EF (5
(A) CPT-1A mRNA levels were analyzed by real-time quantitat
chemical staining with anti–CPT-1A antibody (original magnifi
shows the quantification of CPT-1A protein using the MetaM
(Molecular Devices, LLC, San Jose, CA) by calculating the perce
of-view) microscope fields. Detection of CPT-1A protein level
stripped and re-probed with glyceraldehyde-3-phosphate dehyd
ratio for each band compared with its GAPDH is shown as a ba
per group. P value <.05 (a) when compared with PF, (b) when co
tissue. Chromatin fragments were immunoprecipitated with a
primer pairs specific for the TRE region on the CPT-1A prom
Data were analyzed by analysis of variance and represented as
P value < .05 (a) when compared with PF, (b) when compared
Butyrate Precludes Ethanol-Mediated Changes in
Peroxisomal Proliferator-Activated Receptor-g
Coactivator-1a and p300 Recruitment to the
CPT-1A Gene Promoter

Peroxisomal proliferator-activated receptor-g coac-
tivator-1a (PGC-1a) is a key transcriptional coactivator of
CPT-1A gene expression that is affected by ethanol.37 PGC-
1a is recruited to the distal direct repeat 1 (DR-1) region II
of the CPT-1A promoter via its interaction with HNF4a and
is known to enhance CPT-1A transcription.21 ChIP analysis
showed that ethanol decreased PGC-1a binding signifi-
cantly, which was prevented and further increased by
butyrate treatment (Figure 6A). To address the butyrate-
mediated enhancement of PGC-1a recruitment, we exam-
ined its effect on PGC-1a expression. Butyrate led to a
marked increase in PGC-1a gene expression in ethanol-
treated primary hepatocytes (Figure 6B and C). In addi-
tion, as shown earlier (Figure 5), butyrate treatment also
increased the recruitment of HNF4a at the distal DR-1 re-
gion II site, potentially contributing to the enhanced PGC-1a
binding (Figure 6A). Taken together, these data indicate that
the ethanol-mediated decrease in PGC-1a expression and
DNA binding led to a coordinated increase in HDAC1
recruitment to the CPT-1A promoter. Significantly, these
ethanol effects are reversed by butyrate, via HDAC1 inhi-
bition and increased PGC-1a expression and binding.

PGC-1a as a co-activator can recruit HATs, particularly
p300, which increases promoter histone acetylation and
transcriptional activation.38 In addition, p300 also poten-
tially can be recruited to the CPT-1A promoter region I via
SP1 interaction.39 Hence, we examined p300 recruitment to
the CPT-1A promoter at region II. In correlation with the
decrease in PGC-1a binding, ethanol treatment also led to a
decrease in p300 binding at region II (Figure 6D). Analogous
to region II, ethanol treatment also significantly decreased
p300 binding accompanied by a concurrent increase in
HDAC1 binding at region I (Figure 6B). These data imply
that the ethanol-mediated decrease in p300-HAT and a
corresponding increase in HDAC1 binding culminate in
CPT-1A promoter hypoacetylation. Significantly, butyrate
treatment counters these HDAC1-mediated effects of
ethanol by increasing p300 binding to both the distal and
proximal regions of the CPT-1A promoter.
tes hepatic CPT-1A expression in mice. Mice were pair-fed
% wt/vol) along with Tb (2 g/kg, EF þ Tb) administered orally.
ive PCR and normalized to b-actin mRNA. (B) Immunohisto-
cation, 20�). Representative images are shown. Bar graph
orph Microscopy Automation and Image Analysis Software
ntage of positive (based on the average intensity of the field-
s by Western blot analysis in mice liver tissues. Blots were
rogenase (GAPDH) antibody as a loading control. The density
r graph. Data are expressed as means ± SEM, n ¼ 5 animals/
mpared with EF. (C) ChIP analysis was performed on mice liver
nti-H3K9Ac antibody and ChIP-qPCR was performed using
oter. Nonimmunoprecipitated chromatin was used as input.
means ± SD, n ¼ 4–6 mice per group (n ¼ 3 for Western blot).
with EF.
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Butyrate Increases the Binding of RNA
Polymerase II

In correlation with the decrease in PGC-1a and p300
binding and a simultaneous increase in HDAC1 binding and
promoter histone hypoacetylation, ethanol disrupted the
transcriptional complex as indicated by the decrease in the
recruitment of RNA polymerase II (Pol II) at the CPT-1A
promoter (Figure 7). Importantly, butyrate prevented
these ethanol-induced repressive epigenetic effects and led
to an increase in RNA Pol II recruitment and CPT-1A gene
transcription (Figure 7).
Discussion
Hepatic CPT-1A promotes the maintenance of lipid

metabolism. Up-regulation in hepatic CPT-1A expression
occurs in response to hormones and nutrients whereas
down-regulation in hepatic CPT-1A expression is observed
under alcohol or high-fat feeding conditions as well as
altered circadian rhythms affecting cellular meta-
bolism.12,40-42 However, the molecular mechanisms, specif-
ically epigenetic chromatin modifications that contribute to
ethanol-induced changes in CPT-1A transcription, have not
been completely elucidated. In the present study, we iden-
tified CPT-1A promoter–associated epigenetic mechanisms
that underlie both physiologic and ethanol-mediated path-
ologic deregulation of CPT-1A gene expression. Moreover,
Tb protection against ethanol-mediated gut and liver dam-
age has been reported, but its role as a dietary HDAC in-
hibitor on epigenetic regulation needs detailed
investigation.43,44 Hence, we determined the therapeutic
effects of butyrate that target ethanol-driven epigenetic
deregulation of CPT-1A expression and attenuate hepatic
steatosis.

We initially examined the status of the CPT-1A promoter
histone acetylation, which indicates the transcriptionally
permissive state of the chromatin (Figure 3). In accordance
with the basal expression of CPT-1A, control untreated pri-
mary hepatocytes had demonstrable promoter histone
H3K9Ac at both proximal and distal regions I and II.
Significantly, under pathologic conditions of ethanol expo-
sure, ethanol decreased promoter H3K9Ac levels and
correspondingly decreased CPT-1A mRNA levels (Figure 3).
These data suggest that ethanol induces promoter histone
deacetylation, indicative of repressive chromatin
Figure 3. (See previous page). Butyrate prevents an ethan
CPT-1A promoter–associated histone H3K9Ac. Primary hep
ethanol for 12 hours (Ethanol). Cells were pretreated with sod
(Ethanol þ NaB). (A) CPT-1A mRNA levels were analyzed by rea
Representative CPT-1A protein levels normalized to the corres
drogenase [GAPDH]). Numbers represent the densitometry ratio
the location of key transcriptionally active regions (region I: pro
promoter [DR-1] site) for analysis of epigenetic modifications are
respect to the þ1 start site NCBI Reference Sequences (REFS
cipitated with antibody specific for acetylated anti-H3K9Ac, and
pairs specific for region I and II on the CPT-1A promoter. Noni
analyzed by analysis of variance and represented as means ± SD
UT, (b) when compared with ethanol. (E) ChIP assay and CPT-
sodium butyrate–treated primary hepatocytes.
configuration affecting CPT-1A mRNA expression. The status
of promoter histone acetylation is regulated by the interplay
between HATs and HDACs.18,19,45 Our data obtained iden-
tified that HDAC1 is the predominant HDAC recruited to the
CPT-1A promoter, leading to histone deacetylation and
down-regulation of gene expression. The protective effects
of butyrate, a dietary HDAC inhibitor, further support the
regulatory role of HDAC1. Butyrate inhibited the ethanol-
induced recruitment of HDAC1 and consequent deacetyla-
tion and transcriptional suppression of CPT-1A. In addition,
the effects of the HDAC1-specific inhibitor, which inhibited
ethanol-induced down-regulation of CPT-1A mRNA expres-
sion, also supported the mechanistic role of HDAC1
(Figure 4).

Significantly, because HDACs do not directly bind DNA,
the data obtained from our sequential ChIP/re-ChIP analysis
showed that SP1 and HNF4a were involved in HDAC1
recruitment to the CPT-1A promoter at regions I and II in
ethanol-treated hepatocytes (Figure 5). It is noteworthy that
under normal physiological conditions both HNF4a and SP1
function as transcriptional factors that are required for he-
patic CPT-1A mRNA expression.20,46 In view of this, our data
show that in hepatocytes, ethanol alters the transcriptional
function of SP1 and HNF4a, leading to the recruitment of
HDAC1 to the CPT-1A promoter regions I and II, and mediate
transcriptional repression. Indeed, both HNF4a and SP1,
besides transcriptional activation, also have been shown to
function as transcriptional repressors in a cell type, stim-
ulus, and gene-specific manner.35,46,47 Taken together, the
data indicate that in hepatocytes ethanol treatment can in-
fluence the function of HNF4a and SP1, leading to a tran-
sition from transcriptional activators to repressors that
underlie ethanol-induced down-regulation of CPT-1A gene
expression.

Concerning the protective effects, besides inhibiting
HDAC1 binding, butyrate coordinately increased the binding
of HNF4a along with the co-activator PGC-1a at the distal
DR-1 region II (Figure 6). The effect of butyrate on increased
HNF4a binding is significant because HNF4a is a major
transcription factor that regulates CPT-1A transcription.21,46

Importantly, butyrate also increased the binding of PGC-1a,
a transcriptional co-activator of CPT-1A that was decreased
by ethanol. The interaction of HNF4a and PGC-1a at the
distal DR-1 region II, which can occur in a ligand-
independent manner, is important for the transcriptional
ol-mediated decrease in CPT-1A gene expression and
atocytes were left untreated (UT) or treated with 50 mmol/L
ium butyrate (NaB 2 mmol/L) for 30 minutes before ethanol
l-time quantitative PCR and normalized to b-actin mRNA. (B)
ponding control protein (glyceraldehyde-3-phosphate dehy-
normalized to GAPDH (n ¼ 3). (C) Schematic representation of
ximal promoter-transcription start site [TSS], region II: distal
shown. The coordinate locations of regions were shown with
EQ) NM_031559. (D) Chromatin fragments were immunopre-
ChIP real-time quantitative PCR was performed using primer
mmunoprecipitated chromatin was used as input. Data were
, n ¼ 4–6 experiments. P value < .05 (a) when compared with
1A mRNA analysis was performed as detailed earlier only in
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activation of the CPT-1A gene.21,48 Of note, HNF4a tran-
scriptional function is enhanced substantially when co-
activated by PGC-1a.21,48 Butyrate, along with PGC-1a
binding, also robustly activated PGC-1amRNA expression in
ethanol-treated hepatocytes. These findings indicate that the
negative effects of ethanol on PGC-1a transcription and
function also can be prevented by butyrate. Moreover,
butyrate, similar to other short chain fatty acids, can act as a
ligand for PPARa, activating its expression.49–52 It also is
known that PPAR can bind the intronic regions and regulate
the inducible CPT-1A gene transcription and expression.53

Because ethanol was observed to decrease inducible
PPARa expression and function,54–56 Tb/butyrate poten-
tially also could counter this effect, thereby contributing to
its protective function. The ethanol and butyrate-mediated
epigenetic regulation of PGC-1a as well as PPARa gene
expression and function currently is under investigation.

Although PGC-1a interacts and coactivates the nuclear-
receptor transcription factor HNF4a, it lacks histone ace-
tyltransferase activity required for histone acetylation and
transcriptionally permissive chromatin function.38,57

Accordingly, in the context of CPT-1A gene expression, it
has been suggested that PGC-1a further interacts with other
co-activators.40 In particular, PGC-1a has been shown to
interact with HAT coactivators including p300, and function
cooperatively to mediate promoter histone acetylation and
transcriptional activation of certain genes.38,57 In this
regard, the data obtained showed that an ethanol-induced
decrease in PGC-1a binding also led to a
concomitant decrease in the recruitment of p300-HAT and a
consequent decrease in basal H3K9 acetylation and CPT-1A
transcription. Besides the distal DR-1 region II, p300-HAT
also potentially could be recruited to the proximal pro-
moter region I via its interaction with the transcription
factor SP1. p300-HAT can act as a co-activator for SP1-
mediated transcription effecting promoter histone acetyla-
tion.58 Concerning CPT-1A transcription, SP1 binds the
proximal region (approximately -200 nucleotides) of the
TATA-less CPT-1A gene and plays an essential role in its
basal expression.20 The findings obtained show that p300-
HAT interacts with SP1 in region I and participates in pro-
moter histone acetylation and basal transcription of CPT-1A.

Similar to the inhibitory effect on p300-HAT recruitment
at region II, ethanol also decreased its binding to region I,
which correlated with a decrease in promoter H3K9
Figure 4. (See previous page). Butyrate prevents ethanol-m
Primary hepatocytes were left untreated (UT) or treated with 50
with sodium butyrate (NaB 2 mmol/L) for 30 minutes before etha
colorimetric HDAC activity assay kit. ChIP analysis was perfor
anti-HDAC1 and (E) anti-HDAC3. ChIP real-time quantitative PCR
on the CPT-1A promoter. Nonimmunoprecipitated chromatin w
Western blot analysis in mice liver tissues. Blots were stripped
nase (GAPDH) antibody as a loading control. The density ratio
graph. (D) H4IIE cells were kept UT or treated with 50 mmol/L eth
(HDAC1i) (1 mmol/L) 30 minutes before ethanol. CPT-1A mRNA l
and normalized to b-actin mRNA. Data were analyzed by an
experiments. P value < .05 (a) when compared with UT, (b)
Ethanol þ HDAC1i.
acetylation and CPT-1A transcription. Significantly, butyrate
clearly blocked the negative effects of ethanol, enabling
HNF4a/PGC-1a/p300 interactions at the distal DR-1 region
II and SP1/p300 interaction at proximal region I, leading to
promoter histone acetylation and CPT-1A transcription.

In conclusion, the present studies provide evidence for
the ethanol-induced, HDAC1-mediated, transcriptionally
repressive, epigenetic mechanisms that down-regulate
CPT-1A gene expression contributing to hepatic steatosis.
Our results also show that Tb/butyrate effectively can
inhibit ethanol-induced HDAC1 recruitment to CPT-1A pro-
moter regions and suppression of gene expression, attenu-
ating hepatic steatosis and injury. Moreover, examination of
the chromatin state of the CPT-1A promoter region in pri-
mary hepatocytes under basal as well as ethanol and
butyrate treatment conditions also identified the interplay
of major molecular components, namely HNF4a, PGC-1a,
SP1, and p300-HAT in regulating CPT-1A transcription.
Taken together, these data identify the pathogenic role of
HDAC1 in ethanol-induced hepatic steatosis and injury that
may serve as a potential therapeutic target in the treatment
strategy for ALD.
Materials and Methods
Animal Model

Eight-week-old male C57BL/6N mice were obtained
from Harlan (Indianapolis, IN). All mice were housed in a
pathogen-free, temperature-controlled animal facility
accredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care with 12-hour light–dark
cycles. All experiments were performed according to the
criteria outlined in the Guide for Care and Use of Laboratory
Animals and with the approval of the University of Louis-
ville Animal Care and Use Committee. Mice were fed a
modified Lieber-DeCarli liquid diet enriched in unsaturated
fat (corn oil), which provided 40% of energy from fat, 43%
from carbohydrates, and 17% from protein (Research Diet,
New Brunswick, NJ).

Mice were pair-fed a Lieber-DeCarli liquid diet contain-
ing either ethanol or isocaloric maltose dextrin for 4 weeks.
Ethanol was increased gradually over a period of 1 week
and then mice were fed the ethanol diet (5% vol/vol) ad
libitum for 4 weeks. The control pair-fed mice were given
the isocaloric maltose-dextrin–containing liquid diet. For Tb
ediated recruitment of HDAC1 to the CPT-1A promoter.
mmol/L ethanol for 12 hours (Ethanol). Cells were pretreated
nol (Ethanol þ NaB). (A) HDAC activity was evaluated with the
med using chromatin fragments immunoprecipitated with (B)
was performed using primer pairs specific for regions I and II

as used as input. (C) Detection of HDAC-1 protein levels by
and reprobed with glyceraldehyde-3-phosphate dehydroge-
for each band compared with its GAPDH are shown in a bar
anol for 24 hours. Cells were pretreated with HDAC1 inhibitor
evels were analyzed by reverse-transcription quantitative PCR
alysis of variance and represented as means ± SD, n ¼ 4
when compared with ethanol, and (c) when compared with
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treatment groups, both pair-fed (Tb) as well as ethanol-fed
(EF þ Tb) mice received Tb (Sigma Aldrich, St. Louis, MO)
by oral gavage (2 g/kg, 5 days/wk) for 4 weeks.

Analysis of Butyrate by Gas
Chromatography–Mass Spectrometry

Plasma samples were derivatized with penta-
fluorobenzyl bromide and extracted with hexane. The hex-
ane extract was analyzed by gas chromatography–mass
spectrometry using an Agilent DB-225 J&W GC column
(Agilent Technologies Inc, Santa Clara, CA) with a temper-
ature gradient from 50�C to 220�C at 30�C/min, at a flow
rate of 1.5 mL/min with helium as a carrier gas. Detection
was by electron ionization and selective ion monitoring of
m/z at 256 for sample and m/z at 257 for 13C-labeled
butyrate standard. Using the peak area for corresponding
labeled and unlabeled derivatives, a standard curve was
generated by plotting 12C/13C ratios against the concentra-
tion of solutions. The slope and intercept were used to
determine the concentration of butyrate in the samples.

Liver Histopathologic Examination
For histologic analysis, liver sections were fixed in 10%

buffered formalin for 24 hours and embedded in paraffin.
Tissue sections were stained with H&E and examined under
light microscopy.

Oil Red O Staining
To examine the amount of fat accumulation, the liver

sections were stained with Oil Red O. Frozen liver sections
were washed in phosphate-buffered saline twice for 5 mi-
nutes. Oil Red O and 85% propylene glycol were added with
agitation for 15 minutes, followed by washing in tap water.

Biochemical Analyses
Total liver triglycerides were extracted from mouse liver

tissue and quantified using triglyceride reagents (Thermo
Fisher Scientific, Inc, Waltham, MA) as previously
described.12 Briefly, hepatic tissue (100 mg) was homoge-
nized in 50 mmol/L NaCl. The homogenate (500 mL) was
mixed with chloroform/methanol (2:1, 4 mL) and incubated
overnight at room temperature with gentle shaking. Ho-
mogenates were vortexed and centrifuged for 5 minutes at
3000 X g. The lower lipid phase was collected and
Figure 5. (See previous page). Ethanol does not affect recruit
with HDAC1 to the CPT-1A promoter. Primary hepatocytes we
hours (Ethanol). Cells were pretreatedwith sodium butyrate (NaB,
analysis was performed using chromatin fragments immunoprec
ChIP real-time quantitative PCRwas performed using primer pair
promoter. Nonimmunoprecipitated chromatin was used as input.
means ± SD, n¼ 4. P value< .05 (a) when compared with UT and
the co-occupancy of transcription factors and HDAC-1 at the C
patocytes and re-ChIP was performed. The anti-SP1 or anti-HNF4
the first ChIP reaction followed by re-ChIPwith anti-HDAC1 antibo
manner as described earlier for ChIP analysis for both regions
normalized with input. The representative gel images are shown
variance and represented as means ± SD, n¼ 4 experiments. P v
with ethanol.
concentrated by vacuum. The lipid pellets were dissolved in
1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in
phosphate-buffered saline, and hepatic triglyceride content
was determined via enzymatic colorimetric methods.
Immunohistochemical Staining
Mice liver sections were stained with a commercially

available antibody against CPT-1A (Proteintech Group, Inc,
Chicago, IL) according to the manufacturer’s protocols.
Cell Culture and Treatments
All cells were cultured in Dulbecco’s modified

Eagle medium supplemented with 10% fetal bovine serum,
10 U/mL penicillin, and 10 g/mL streptomycin. Cells were
maintained in an incubator at 37�C with 5% CO2. Cells were
plated and incubated overnight before treatment, in all ex-
periments. Cells were untreated and/or treated with
ethanol (50 mmol/L) for the indicated times. Sodium
butyrate (2 mmol/L) treatment was performed 30 minutes
before ethanol exposure (ethanol þ sodium butyrate). The
HDAC inhibitor entinostat was purchased from Selleckchem
(Houston, TX).
RNA Isolation and Real-Time Polymerase Chain
Reaction Analysis

Total RNA was isolated using TRIzol (Invitrogen,
Carlsbad, CA) and complementary DNA was made using
Quanta qScript (Quanta BioSciences, Gaithersburg, MD).
The real-time polymerase chain reaction (PCR) was per-
formed with Quanta Perfecta SYBR green fast mix and the
ABI prism 7500 sequence detection system (Applied Bio-
systems, Foster City, CA). The relative gene expression was
analyzed using the delta delta cycle of threshold 2-DDCt

method by normalizing with b-actin gene expression in all
the experiments and is presented as fold change over
untreated/pair-fed treatment group, which was set at 1.

Rat CPT-1A mRNA primers were as follows: forward:
CTGCATGGAAGATGCTTTGA, reverse: GCCATGACA-
TACTCCCACAA; mouse CPT-1A mRNA primers were as
follows: forward: GCTGCACTCCTGGAAGAAGA, reverse:
GGAGGGGTCCACTTTGGTAT; and mouse/rat b-actin mRNA
primers were as follows: forward: CAGCTGA-
GAGGGAAATCGTG, reverse: CTCCAGGGAGGAAGAGGATG.
ment of transcription factors but increases their interaction
re left untreated (UT) or treated with 50 mmol/L ethanol for 12
2mmol/L) for 30minutes before ethanol (EthanolþNaB). ChIP
ipitated with (A) anti-SP1 and (B) anti- HNF4a antibodies, and
s specific for region I and region II, respectively, on theCPT-1A
Data were analyzed by analysis of variance and represented as
(b) when compared with ethanol. (C) Re-ChIP analysis shows
PT-1A promoter. Chromatin was harvested from primary he-
a or Rabbit Immunoglobulin G (RIgG) antibodies were used for
dy. Quantitative ChIP-PCR analysis was performed in a similar
I and II of the CPT-1A promoter. Relative enrichment was
for each re-ChIP reaction. Data were analyzed by analysis of
alue< .05 (a) when compared with UT and (b) when compared
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Figure 7. Butyrate increases RNA Pol II recruitment to the
CPT-1A promoter. Primary hepatocytes were left untreated
(UT) or treated with 50 mmol/L ethanol for 12 hours (Ethanol).
Cells were pretreated with sodium butyrate (NaB, 2 mmol/L)
for 30 minutes before ethanol (Ethanol þ NaB). ChIP analysis
was performed using chromatin fragments immunoprecipi-
tated with anti-RNA Pol II antibody and ChIP real-time
quantitative PCR was performed using primer pairs specific
for region I on the CPT-1A promoter. Nonimmunoprecipitated
chromatin was used as input. Data were analyzed by analysis
of variance and represented as means ± SD, n ¼ 4. P value <
.05 (a) when compared with UT and (b) when compared with
ethanol.
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Total HDAC Activity
Total HDAC activity in the primary hepatocytes was

estimated using a commercially available HDAC activity/
inhibition assay kit (colorimetric) according to the manu-
facturer’s protocol (Epigentek, Farmingdale, NY).

ChIP and Quantitative ChIP PCR Analysis
The ChIP assay was conducted using the ChIP assay

protocol established in the laboratory.59 ChIP antibodies
directed against anti-acetyl H3K9 (17-615), anti-HDAC1(17-
608), anti-HDAC3 (17-10238), anti-p300 (05-257), anti-SP1
(17-601), and anti-RNA polymerase II (17-672) were pur-
chased from EMD Millipore (Burlington, MA), anti–PGC-1a
(Sc-13067) (Santa Cruz, Dallas, TX), and anti-HNF4a
(ab41898) (Abcam, Cambridge, United Kingdom). ChIP-PCR
primers designed for the regions of the CPT-1A were used
and their sequences are detailed later. Data were analyzed
as the differential occupancy fold change. ChIP–quantitative
real-time PCR results were calculated by the DDCt method
Figure 6. (See previous page). Butyrate prevents an ethanol-
the CPT-1A promoter. Primary hepatocytes were left untreated
Cells were pretreated with sodium butyrate (NaB 2 mmol/L) for 3
performed using chromatin fragments immunoprecipitated with
quantitative PCR was performed using primer pairs speci
immunoprecipitated chromatin was used as input. (C and E) D
analysis in mice liver tissues. Blots were stripped and reprobed
antibody as a loading control. The density ratio for each band c
(B) PGC-1a mRNA levels were analyzed by real time-qPCR and
of variance and represented as means ± SD, n ¼ 4 experimen
compared with ethanol.
in which each ChIP DNA fraction’s Ct value was normalized
to the input DNA fraction. Semiquantitative ChIP PCR was
performed and analyzed by ethidium bromide–stained
agarose gel electrophoresis using CPT-1A
promoter–specific primers (Figure 3C).

Three ChIP-PCR primers were designed for each region
of the rat CPT-1 promoter and 1 primer for the mouse CPT-
1 promoter. The primer sequences were as follows: region I
of the mouse CPT-1 promoter: TRE forward:
GGTGACGTTGGCTGAGCAA and TRE reverse: TGAGCCCCTG-
TACACGTTTTG; region I of the rat CPT-1 promoter:
Chp2_forward: ATGGGCATGGCTTTAATGAG and Chp2_re-
verse: GGCTAGGACCCGAGCTTGT; GCTSspn_forward:
AGCCTCGCCCGCCCCTGCTC and GCTSspn_reverse:
CAGCGCTGCCCTCCCGGTGTC; and GCTSspn_forward:
TCCAGGCCCCGCCCCGTCCT and GCTSspn_reverse:
GCGCCGCGGGTGATTGGCTGA. Region II of the rat CPT-1
promoter: TRE forward: GGTGACGTTGGCTGAGCAA and
TRE reverse: TGAGCCCCTGTACACGTTTTG; TrChp_forward:
GCCTCATGGACTCCAAGTTC and TrChp_reverse:
TATTTGTTCAGCCAGCGTCA; and TrChp_forward:
CAAAACGTGTACAGGAGCTCAA and CPT-1 TrChp_reverse:
TAATCCCAGAAGGCAGTGCT.
Sequential ChIP/Re-ChIP Analysis
The re-ChIP method was performed as described previ-

ously60 to detect HDAC-1 binding with transcription factors.
Briefly, the chromatin was prepared and the first ChIP re-
action was set up for anti–SP-1, anti-HNF4a, and anti-IgG
control as mentioned in the ChIP assay method earlier.
After the overnight incubation, the beads were pelleted and
washed once each with buffer 1 (0.1% sodium dodecyl
sulfate, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L
Tris–HCl [pH 8.0], 150 mmol/L NaCl), buffer 2 (0.1% so-
dium dodecyl sulfate, 1% Triton X-100, 2 mmol/L EDTA, 20
mmol/L Tris–HCl [pH 8.0], 500 mmol/L NaCl), buffer 3 (1%
NP40, 1% deoxycholic acid, 1 mmol/L EDTA, 10 mmol/L
Tris–HCl [pH 8.0], 250 mmol/L LiCl), and buffer 4 (2 mmol/L
EDTA, 10 mmol/L Tris–HCl [pH 8.0]). After the final wash,
the DNA–protein complexes were eluted with 50 mL 10
mmol/L dithiothreitol at 37�C for 30 minutes with gentle
shaking. The beads were pelleted, the supernatant was
diluted at least 20 times with ChIP dilution buffer, and the
secondary ChIP reaction was performed using anti–HDAC-1
antibody. After overnight incubation with the second anti-
body, the wash steps with buffers 1–4 were repeated. The
DNA was eluted from the beads and purified similar to
the ChIP assay. The ChIP- PCR primers designed for regions I
mediated decrease in recruitment of PGC-1a and p300 to
(UT) or treated with 50 mmol/L ethanol for 12 hours (Ethanol).
0 minutes before ethanol (Ethanol þ NaB). ChIP analysis was
(A) anti–PGC-1a and (D) anti-p300 antibodies. ChIP real-time
fic for regions I and II on the CPT-1A promoter. Non-
etection of PGC-1a and p300 protein levels by Western blot
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

ompared with its GAPDH are shown in an adjacent bar graph.
normalized to b-actin mRNA. Data were analyzed by analysis
ts. P value < .05 (a) when compared with UT and (b) when
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and II of the CPT-1A promoter were used to determine the co-
occupancy of the transcription factor and HDAC-1. The fold
enrichment of co-occupied protein was detected using the
DDCt method in which each ChIP DNA fraction’s Ct value was
normalized to the input DNA fraction as described in the ChIP
and quantitative ChIP PCR analysis method.
Statistical Analysis
Data are presented as means ± SEM for the indicated

number of independently performed experiments or 4–6
mice per group. The Student t test and 1-way analysis of
variance with Bonferroni multiple comparison tests were
used for the determination of statistical significance. P < .05
was considered significant.

All authors had access to all data and have reviewed and
approved the final manuscript.
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