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ABSTRACT
The acetylation of histone proteins in the core of DNA regulates
gene expression, including those affecting mitochondria. Both
histone acetylation and mitochondrial deficit have been impli-
cated in neuronal damage associated with drinking problems.
Many alcoholics will repeat unsuccessful attempts at abstaining,
developing a pattern of repeated drinking and withdrawal. We
investigated whether aberrant histone acetylation contributes to
mitochondrial and cellular damage induced by repeated ethanol
withdrawal (EW). We also investigated whether this effect of histone
acetylation involves let-7f, a small noncodingRNA (microRNA).Male
rats received two cycles of an ethanol/control diet (7.5%, 4 weeks)
and withdrawal. Their prefrontal cortex was collected to measure
the mitochondrial respiration and histone acetylation using extra-
cellular flux (XF) real-time respirometry and gold immunostaining,
respectively. Separately, HT22 (mouse hippocampal) cells re-
ceived two cycles of ethanol exposure (100 mM, 20 hours) and

withdrawal. Trichostatin A (TSA) as a histone acetylation pro-
moter and let-7f antagomir were applied during withdrawal.
The mitochondrial respiration, let-7f level, and cell viability were
assessed using XF respirometry, quantitative polymerase chain
reaction, TaqMan let-7f primers, and a calcein-acetoxymethyl
assay, respectively. Repeated ethanol withdrawn rats showed
a more than 2-fold increase in histone acetylation, accompanied
by mitochondrial respiratory suppression. EW-inducedmitochon-
drial respiratory suppression was exacerbated by TSA treatment
in a manner that was attenuated by let-7f antagomir cotreatment.
TSA treatment did not alter the increasing effect of EW on the
let-7f level but dramatically exacerbated the cell death induced by
EW. These data suggest that the multiple episodes of withdrawal
from chronic ethanol impede mitochondrial and cellular in-
tegrity through upregulating histone acetylation, independent
of or additively with let-7f.

Introduction
Long-term heavy drinking often results in alcoholism of

which symptoms include craving for drinking, loss of self-
control, organ damage, and withdrawal syndromes. With-
drawal syndromes such as anxiety and seizure can occur
upon the abrupt termination of long-term heavy drinking. Many
alcoholics repeat drinking and withdrawal, risking brain
damage and premature death (George et al., 1990; Becker
and Hale 1993; National Institute on Alcohol Abuse and
Alcoholism, 1995; Krystal et al., 1997; Stephens et al., 2001).
The premature death occurs even after complete abstinence
(Marmot et al., 1981; Holahan et al., 2010). However, the exact
mechanism underlying this problem and a preventative strat-
egy remain obscure.
Mitochondria are the major source of cellular energy,

critically affecting cell death and survival decision. Damaged
mitochondria are unable to provide the ATP necessary for ATP-
synthesizing enzyme and glutamate metabolism, provoking

excitotoxic stress (Jamme et al., 1995; Eisenberg et al., 2000;
Fighera et al., 2006). Mitochondria from ethanol withdrawn
(EW) rats show oxidized mitochondrial proteins (Jung et al.,
2008) and electron transfer deficit. In inner mitochondrial
membranes, electrons are transferred across the four enzyme
complexes (I–IV) for mitochondrial respiration and ATP
synthesis. Of importance, cytochrome c oxidase (CcO) is the
terminal enzyme complex (IV) that consumes most of mito-
chondrial O2 to help produce ATP. Because of its critical role in
ATP production, damage to CcO inevitably impedes mitochon-
drial function, provoking aberrant neurotransmission accom-
panied by ATP loss (Sánchez-Prieto and González, 1988). Our
previous study demonstrated that EW damages CcO, in turn
suppressingmitochondrial respiration (Jung et al., 2011, 2012).
Histones, a protein family located in the core of the DNA,

wrap and pack DNA inside the small nucleus. Recent studies
have discovered that modification of histones, such as histone
acetylation, plays an important role in gene expression,
including the genes that regulate mitochondrial function
(Wagner and Payne, 2011). Histone acetylation is regulated by
a balance between histone acetyltransferase and histone deace-
tylase (Kwon et al., 2002). Histone acetyltransferases transfer
acetyl moiety to lysine residues within histones, which enables
transcriptional regulatory proteins to assess chromatin for
gene activation (Kuo and Allis, 1998; Struhl, 1998; Peterson
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and Laniel, 2004). Histone deacetylases catalyze the re-
moval of acetyl groups in histone (Kuo and Allis, 1998),
inhibiting gene expression. Ethanol has been reported to
increase histone acetylation. Treatment of hepatocytes with
ethanol for 24 hours increases histone acetylation (Park
et al., 2003). Ethanol is metabolized to acetaldehyde and
subsequently to acetate. Acetate is converted to acetyl-
coenzyme A (Ugarte and Iturriaga, 1976), which is required
by histone acetyltransferase to acetylate histone (Breen
et al., 1971; Smith et al., 1987). On the other hand, an
increase or a decrease in histone acetylation has been
reported in the brain of EW rats (Pandey et al., 2008;
Pascual et al., 2012). These studies show that aberrant
histone acetylation may mediate ethanol consumption or
EW-related central nervous system disorders, making them
important drug targets to manage alcoholism.
MicroRNA are a class of small, 18–23 nucleotide, noncoding

RNA that largely downregulate gene expression through
base pairing the 39-untranslated region of (Djuranovic et al.,
2012). A single microRNA can target hundreds of mRNA,
affecting a variety of biologic as well as pathologic processes,
including those associated with ethanol (Sathyan et al., 2007;
Pietrzykowski et al., 2008; Tang et al., 2008; Miranda et al.,
2010). A particular microRNA, let-7f, belongs to the let-7
family and has been associated with ethanol and mitochon-
dria. Increased let-7f levels occur in the brain of postmortem
human alcoholics (Lewohl et al., 2011) and in alcoholic rats
(Jung and Metzger, 2014). Also, let-7f is highly expressed in
human mitochondria (Sripada et al., 2012) and in cells whose
death depends on mitochondria compared with mitochondria-
independent cells (Shell et al., 2007).
As such, both histone acetylation and let-7f are implicated

in the effect of ethanol and EW on mitochondria. However, it
is unknown whether histone acetylation adversely influences
mitochondria challenged by repeated EW and whether let-7f
is involved in this process. To this end, we investigated
whether histone acetylation plays a role in mitochondrial
damage through let-7f under the condition of repeated EW.
We used the model of repeated drinking/ethanol exposure and
withdrawal because it mimics the drinking pattern of many
alcoholics who repeat unsuccessful attempts at abstaining
(George et al., 1990; Becker and Hale 1993; National Institute
on Alcohol Abuse and Alcoholism, 1995; Krystal et al., 1997;
Stephens et al., 2001). We report that repeated EW increases
histone acetylation in a manner that suppresses mitochondrial
respiration and cell survival. This effect of histone acetylation
appears to occur independent of, or additively with, let-7f.

Materials and Methods
Major analytic reagents were purchased from Qiagen (Valencia,

CA), Sigma-Aldrich (St. Louis, MO), Santa Cruz Biotechnology (Santa
Cruz, CA), Mitosciences (Eugene, OR), and Seahorse Bioscience (North
Billerica, MA). Reagents for histone acetylation assay were from Zymo
Research (Orange, CA), Roche Diagnostic Corporation (Indianapolis,
IN), and Bio-Rad Laboratories (Hercules, CA). Diet ingredients were
obtained from Research Organics (Cleveland, OH) or MP Biomedicals
(Irvine, CA). HT22 cells, a murine hippocampal cell line, were the
generous gift of Dr. David Schubert (Salk Institute, San Diego, CA).

Animal Experimental Protocols. Male Sprague-Dawley rats,
aged 3 months, were housed individually at 22–25°C and 55% humidity,
with ad libitum access towater and a 12-hour light/dark cycle. All animal
experimentation was conducted in accordance with the Guide for the

Care and Use of Laboratory Animals (National Research Council, 1996)
and was approved by the University of North Texas Health Science
Center Animal Care and Use Committee.

Ethanol Program. Rats (seven rats/group) were assigned to two
groups such that one group received an ethanol program consisting of
two cycles of a liquid diet containing 7.5% (v/v) ethanol for 4 weeks
followed by withdrawal for 2 weeks. Another group (control diet
group) was fed a liquid diet with dextrin isocalorically substituted for
ethanol. The concentration of ethanol was gradually increased to 7.5%
during the first week of the ethanol program, as described in our
previous study (Jung et al., 2011). The physical appearance and body
weights were monitored daily. We did not include a chow pellet group
to compare the effect of a dextrin and a chow pellet diet on study end
points. We have repeatedly observed that there is no significant
difference between a dextrin diet versus a regular chow diet in vital
signs, including physical appearance and body weights (Supplemen-
tal Fig. 1). Animals were fed chow pellets during withdrawal periods.

For an in vitro ethanol program, HT22 cells (mouse hippocampal
cell line) were used, as they have shown a consistent effect of EW on
mitochondria and cell viability in our previous studies (Jung et al.,
2011). HT22 cells were cultured in flasks until they reached 70%
confluence, according to a method established by Perez et al. (2005).
The cells were then subjected to the ethanol program consisting of two
cycles of ethanol exposure (0 or 100 mM, 20 hours) and withdrawal
(4 hours). 2-Deoxyglucose (2-DG; glycolysis inhibitor), trichostatin A
(TSA; histone deacetylase inhibitor, histone acetylation promoter), or
let-7f antagomir (inhibitor) were applied to HT22 cells during the first
and second EW phases or during the corresponding time period of
control cells.

Brain Tissue Extraction. Rats were humanely sacrificed using
the combination of xylazine (20mg/kg i.p.) and ketamine (100mg/kg i.p.),
and the whole brain was harvested at the end of the ethanol program.
The prefrontal cortex from each rat was used to measure mitochondrial
respiration. A separate set of rats that received the same ethanol pro-
gram was anesthetized and perfused intracardially with saline followed
by 4%paraformaldehyde in phosphate-buffered saline (PBS). These fixed
brain samples were used for gold immunolabeling to measure histone
acetylation.

Gold Immunolabeling of Acetylated Histones Proteins. Rats
were deeply anesthetized with pentobarbital (50 mg/kg) and then
perfused intracardially with saline, followed by 4% ice-cold para-
formaldehyde fixative. After fixation, the brain sample was soaked in
10% sucrose, followed by 20% and then 30% sucrose (prepared in
0.1 M PBS, pH 7.4). The brain sample was then frozen, sectioned
(20 mm) using a cryostat, and treated with the antibody for acetylated
histones H3 (Lys 9) (Millipore, Billerica, MA) for gold immunolabel-
ing, as described previously elsewhere (Pandey et al., 2006). Histones
are a protein family, consisting of histones 1 through 5. We chose histone
3 (H3) because it is implicated in both ethanol (Pandey et al., 2008)
and mitochondria (McBrian et al., 2013). The quantification of gold-
immunolabeled proteins was performed using the Image Analysis
System (Loats Associates, Westminster, MD) connected to a light
microscope that calculated the number of immunogold particles/m2

in the prefrontal cortex at high objective magnification (100�). The
threshold of each image was set up in such a way that an area without
staining gave zero counts. Under this condition, immunogold particles
in the defined areas of five adjacent brain sections of each rat were
counted, and the values were averaged for each rat and group.

Mitochondrial Respiration (Mitochondrial O2 Consumption
Rate). Mitochondrial O2 consumption rate was measured according
to the manufacturer’s instruction (Seahorse Bioscience). For brain
mitochondrial respiration, the prefrontal cortex was obtained from
rats at the end of the ethanol diet program. Immediately thereafter,
mitochondria were isolated by conventional differential centrifugation
as described in our previous study (Jung et al., 2011). Mitochondria
were then diluted with an extracellular flux (XF) assay solution (KCL,
KH2PO4, MgCL2, HEPES, EGTA, and bovine serum albumin), and
transferred into an XF24 analyzer (Seahorse Bioscience) cell culture
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plate. The plate was centrifuged (4°C, at 3000g), added with succinate
(substrate), incubated (37°C), and loaded into the XF24 respirometer.
For cell mitochondrial respiration, HT22 cells (800 cells/well) were
seeded into each well of a XF24 cell plate, cultured, and subjected to the
aforementioned ethanol program. The cell plate was then placed on an
O2 sensor cartridge and inserted to the XF respirometer. TSA (0 or
400 nM) and/or let-7f antagomir (0 or 50 nM) was applied to HT22
cells during EW phases.

For both brain and HT22 cell samples, compounds that affect
mitochondrial respiration were used to characterize the effect of
repeated EW on mitochondrial respiration. Those compounds were
ADP (1 mM), oligomycin (2 mM, ATP synthesis inhibitor), let-7f
antagomir (50 nM, acute treatment), NaN3 (CcO inhibitor, 1 mM), or
FCCP (carbonilcyanide p-triflouromethoxy phenylhydrazone) (uncou-
pler, 0.6 mM). They were added to an XF24 cell plate in a sequential
order immediately after the XF24 respirometer read a basal O2 con-
sumption rate. Data were normalized based on mitochondrial contents
or cell numbers in each well.

Quantification of let-7f. The level of let-7f was measured in
prefrontal cortex and in HT22 cells at the end of the ethanol program.
Total RNA was isolated from brain tissues or cells using RNeasy kit
(Qiagen) and quantified using Agilent 2100 bioanalyzer (Agilent
Technologies Inc., Santa Clara, CA). RNA was then reverse-transcribed
to cDNA using TaqMan let-7f primers (for forward, 59-GAAAGAGATT-
GATGTTT ATTTTAGAAG-39; for reverse, 59-AATTCACCTAAATTTA-
TAATATCCTCT-39) and the miScript reverse-transcription kit (Qiagen).
Quantitative polymerase chain reaction reactions were performed as
follows: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute. Cycle threshold (Ct) values
were calculated with SDS software v.2.3 (Applied Biosystems, Foster
City, CA) using automatic baseline settings and a threshold of 0.2. The
comparative Ct method was used to calculate the relative microRNA
expression. The Ct value of an internal control gene (U6) was measured
and subtracted from the corresponding Ct value for let-7f gene to
calculate the ΔCt value.

Calcein-Acetoxymethyl Ester Viability Assay. Cell viability
was quantified using the membrane-permeant calcein-acetoxymethyl
(calcein-AM) ester dye (Invitrogen, Carlsbad, CA). HT22 cells received
the aforementioned ethanol program. The cells were then treated
with calcein-AM for 30 minutes. TSA (0 or 400 nM) with or without
a CcO inhibitor (NaN3, 5 mM) or let-7f antagomir (0 or 50 nM) was
applied to cells during EW phases. After the removal of the medium
from the 96-well plates, the cells were rinsed once with PBS and
incubated in a solution of 2.5 mM calcein-AM in PBS. Twenty minutes
later, we determined the fluorescence using a BioTek FL600microplate
reader (BioTek Instruments,Winooski, VT) with an excitation/emission
filter set at 495/515 nm. Cell culture wells treatedwithmethanol served
as blanks. The results, obtained in relative fluorescent units, were
expressed as the percentage of nonethanol, control media values.

Pearson Correlation Assay. The physiologic relationship be-
tween mitochondrial respiration, histone acetylation, and let-7f was
assessed using the prefrontal cortex obtained from rat study and
Pearson correlation statistical assay. To do this, the level of let-7f was
measured in the same rats that were used tomeasure histone acetylation,
and mitochondrial respiration. The Pearson correlation coefficient (r),
a degree of correlation between two independent variables, was computed
between two variables: mitochondrial respiration versus histone acetyla-
tion, mitochondrial respiration versus let-7f, or histone acetylation versus
let-7f. Results were presented as r and P values.

Statistical Analysis. Student’s t test was used to analyze the
data of histone acetylation. One- or two-way analysis of variance
was used to analyze the data of one factor (basal mitochondrial
respiration, let-7f level, or cell viability) or two factors [mitochon-
drial respiration with drug treatment (ethanol treatment � drug
treatment)]. Analysis of variance was followed by a post hoc Tukey’s
test to identify a specific difference between groups. Values were
expressed as mean 6 S.E.M. P , 0.05 was considered statistically
significant.

Results
Characterization of the Mitochondrial Respiration

of Ethanol Withdrawn Rat. We characterized the mito-
chondrial respiration of EW rats using compounds that affect
mitochondrial respiration (Fig. 1). The basal mitochondrial
respirationwithout any drug treatment is lower in EWrats than
control diet rats (P 5 0.002). For control rats, the addition of
ADP to mitochondria stimulates mitochondrial respiration as
ADP is converted to ATP as a coupling reaction between
mitochondrial respiration and ATP synthesis (P 5 0.05 versus
basal mitochondrial respiration). The addition of ATP synthase
inhibitor oligomycin to mitochondria of control diet rats de-
creases mitochondrial respiration (P 5 0.001 versus mitochon-
drial respiration stimulated byADP treatment). FCCPuncouples
mitochondrial respiration from ATP generation by dissipating
the electrochemical gradient (membrane potential). FCCP treat-
ment to mitochondria normally maximizes mitochondrial respi-
ration to maintain electrochemical gradient across mitochondrial
membranes as seen in the mitochondria of control diet rats
(P , 0.0001 versus mitochondrial respiration suppressed by
oligomycin treatment). By contrast, mitochondria from EW rats
show a blunt response to the addition of ADP, oligomycin, or
FCCP. The addition of CcO inhibitor (NaN3) inhibits the mito-
chondrial respiration of both control and EW rats (P , 0.002
versus mitochondrial respiration after FCCP treatment). These
data suggest that the coupling function is not efficient in EWrats.
They also indicate that EW impedes the maximal respiratory
capacity of mitochondria in response to ATP demand.
Effects of 2-DG (Glycolysis Inhibitor) on Mitochon-

drial Respiration. For most mammalian cells, the majority
of cellular energy (38 ATP) is supplied from mitochondrial
oxidative phosphorylation, and minimal ATP is supplied from

Fig. 1. Characterization of the mitochondrial respiration of EW rats.
Young adult male rats received an ethanol diet program consisting of two
cycles of an ethanol/control diet for 4 weeks andwithdrawal for 2 weeks. At
the end of the ethanol program, rats were humanely sacrificed, and their
prefrontal cortex was collected to measure mitochondrial respiration
using an XF respirometer. ADP (1 mM), oligomycin (ATP synthase
inhibitor, 2 mM), FCCP (uncoupler, 0.6 mM), and NaN3 (CcO inhibitor,
5 mM) were added to mitochondria in a sequential order immediately after
the basal respiration had been measured. For control rats, the addition of
ADP increased mitochondrial respiration, which was subsequently de-
creased and then increased back by oligomycin and FCCP addition, re-
spectively. EW rats show lower basal mitochondrial respiration (P = 0.002)
and a lack of response to ADP, oligomycin, or FCCP compared with control
diet rats. CcO inhibitor (NaN3) inhibited the mitochondrial respiration of
both control and EW rats (P, 0.002). The time zero on the x-axis indicates
the time when brain samples were loaded to the XF respirometer.
Depicted values are mean 6 S.E.M., n = 6 or 7 rats/group. Some S.E.M.
values are not shown because they were small.
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glucose breakdown (glycolysis) (2 ATP) that takes place in
cytoplasm. This difference in ATP production between mito-
chondrial oxidative phosphorylation and glycolysis is dramati-
cally reduced in a disease condition, such as cancer (Nakashima
et al., 1984). The 2-DG is phosphorylated by hexokinase, an
enzyme that catalyzes the first step of glycolysis. This
phosphorylated molecule (2-DG-6P) cannot be metabolized,
thereby blocking the further process of glycolysis. Using 2-DG,
we compared the extent of glycolysis-driven mitochondrial
respiration between control and EW HT22 cells. Although
2-DG treatment does not significantly alter the mitochondrial
respiration of control cells, it exacerbates (P, 0.001) the already
suppressed (P , 0.002) mitochondrial respiration of EW cells
(Fig. 2). This indicates that mitochondria from EW cells heavily
rely on glycolysis.
Effects of Repeated EW on Histone Acetylation. Pre-

vious investigations have shown a decrease or an increase in
histone acetylation under the condition of EW. When mea-
sured 2 weeks after last ethanol feeding, we found a more
than 2-fold increase (P , 0.0001) in histone acetylation in the
prefrontal cortex of EW rats compared with control diet rats
(Fig. 3). These results indicate that repeated EW from chronic
ethanol feeding provokes the upregulation of histone acety-
lation in this brain area.
Effects of Histone Acetylation on Mitochondrial

Respiration. Numerous studies have used histone deacetylase
inhibitor TSA to determine the involvement of histone acetyla-
tion in brain disorders associated with ethanol (Pascual et al.,
2012; You et al., 2014). Using TSA, we determined whether
histone acetylation is an upstream mediator that triggers
EW-induced mitochondrial respiratory damage. We mea-
sured the mitochondrial respiration of EW cells in the presence
or absence of TSA and/or let-7f antagomir. Repeated EW
suppresses mitochondrial respiration (P , 0.01) in a manner
that is further suppressed by TSA treatment (P , 0.002), most
notably during the basal mitochondrial respiration (Fig. 4A).
This effect of TSA was attenuated by the let-7f antagomir
(P, 0.05) that was applied in both phases of EW (total 8 hours).
However, when let-7f antagomir was acutely applied (marked
with an arrow in Fig. 4A), it failed to improve mitochondrial
respiration.

CcO inhibitor (NaN3) treatment suppressed the mitochon-
drial respiration of both EW and control cells (P, 0.01). FCCP
that was applied to cells subsequent to the CcO inhibitor
treatment failed to maximize mitochondrial respiration. This
suggests that mitochondria cannot reach maximal respiration
after CcO is damaged. These data indicate that EW-induced
histone acetylation impedes basal mitochondrial respiration
and maximal respiratory capacity.
For the effect of TSA on the basal respiration of control cells

(Fig. 4B), TSA treatment also decreased (P , 0.001) mitochon-
drial respiration in a manner that was attenuated by let-7f
antagomir cotreatment (P 5 0.02).
Effects of Histone Acetylation on the Level of let-7f. We

determined whether EW-induced histone acetylation increases
the level of let-7f. As we previously reported elsewhere (Jung
and Metzger, 2014), repeated EW increases the level of let-7f
(P , 0.001) (Fig. 5). However, TSA treatment during EW does
not alter the level of let-7f in EW cells or control cells (data not
shown). Given this, the aforementioned decreasing effect of TSA
on mitochondrial respiration is unlikely through the effect of
histone acetylation on let-7f.
Effects of Histone Acetylation on Cell Viability. The

cellular consequences of EW-induced histone acetylation were
tested by assessing cell viability using a calcein-AM assay.
The viability of control cells was not altered by TSA treatment
but decreased by the combination of TSA with CcO inhibitor
NaN3 treatment (P , 0.01). EW suppresses cell viability, and
this effect was strikingly exacerbated by TSA treatment (P ,
0.001) (Fig. 6). The cotreatment of TSA and NaN3 virtually
left no live (spindle shape) EW cells. When let-7f antagomir
was applied to ethanol-free control cells or EW cells, it tended
to increase the cell viability of control cells or statistically
significantly (P, 0.01) increased that of EW cells. These data
indicate that CcO inhibition creates a milieu favorable for the
adverse effect of TSA on cell survival. Notice that the viability
of control cells treated with the combination of TSA with CcO
inhibitor resembles that of vehicle-treated EW cells. Collec-
tively, this raises a possibility that cell death induced by EW
is attributed to the combined effect of histone acetylation
upregulation, CcO damage, and excessive let-7f level.
Physiologic Relationship between Mitochondrial

Respiration, Histone Acetylation, and let-7f. Pearson
correlation assay indicated that there is a statistically signif-
icant inverse relationship between the level of mitochondrial
respiration versus histone acetylation (r 5 20.49, P , 0.0001)
or let-7f (r 5 20.40, P 5 0.007) such that rats with a higher
level of histone acetylation or let-7f showed a lower level of
mitochondrial respiration (Fig. 7). However, no statistically
significant correlation was found between the level of histone
acetylation or let-7f among these rats. These data suggest that
EW-induced upregulation of histone acetylation contributes to
mitochondrial respiratory suppression independently or in-
directly from the effect of let-7f.

Discussion
It is a common phenomenon that human alcoholics undergo

multiple cycles of heavy drinking and withdrawal, and this
increases the risk of brain damage (Ballenger and Post, 1978;
Brown et al., 1988). Using the model of repeated ethanol
consumption andwithdrawal, our study has demonstrated that
repeated EW from lengthy and heavy ethanol consumption

Fig. 2. Effects of 2-DG (glycolysis inhibitor) on mitochondrial respiration.
HT22 cells were plated in 24-well microplate and subjected to an ethanol
program consisting of two cycles of ethanol exposure (0 or 100 mM) for
20 hours andwithdrawal for 4 hours.We added 2-DGduring the EWphases.
At the end of the program, the microplate was placed on the O2 sensor
cartridge and inserted into the XF respirometer. The basal O2 consump-
tion rate was measured at four time points. Compared with control cells,
EW cells showed lower mitochondrial respiration in a manner that was
further lowered by 2-DG treatment. *P , 0.002 or **P , 0.001 versus
control cells. †P , 0.005 versus cells of repeated EW, n = 6 wells/each
condition. Depicted values are mean 6 S.E.M.
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increases histone acetylation in the brain of rats, accompa-
nied by mitochondrial respiratory deficit. The mitochondrial
deficit is exacerbated by TSA treatment but attenuated by

the cotreatment with let-7f antagomir. These findings sug-
gest that the multiple episodes of chronic ethanol con-
sumption and withdrawal damage mitochondrial integrity

Fig. 3. Effects of repeated EW on histone acetylation. Young adult male rats received an ethanol diet program consisting of two cycles of an ethanol/
control diet for 4 weeks and withdrawal for 2 weeks. At the end of the ethanol program, rats were deeply anesthetized and subjected to the process of
brain perfusion and fixation. Brains were sectioned and treated with the antibody against acetylated histone H3. Gold-immunolabeled protein was
quantified using the Image Analysis System connected to a light microscope that calculated the number of immunogold particles/m2 area of a defined
prefrontal cortex area at high objective magnification (100�). Immunogold particles shown as dark deposits indicate acetylated histones (H3) (A). They
are statistically significantly more populated in EW rats than control diet rats (B). *P, 0.0001 versus control diet rats. Depicted values are mean6 S.E.M.,
n = 5 slides/rat for four rats in each group.

Fig. 4. Effects of histone acetylation on
mitochondrial respiration. HT22 cells
(800 cells/well)were plated in24-wellmicroplates
and subjected to an ethanol program consisting
of two cycles of ethanol exposure (0 or 100 mM)
for 20 hours and withdrawal for 4 hours. TSA
and/or let-7f antagomir were added during
both phases of EW. The microplate was
then placed on the O2 sensor cartridge and
inserted into the XF respirometry. The
mitochondrial respiration was assessed by
measuring the O2 consumption rate. Imme-
diately after the basal O2 consumption rate
had been read, we added oligomycin (2 mM),
let-7f antagomir (50 nM), NaN3 (CcO in-
hibitor, 5 mM), and FCCP (0.6 mM) to cells in
a sequential order. Compared with a control
condition, repeated EW suppresses basal
mitochondrial respiration (*P , 0.01) and
further does so in the presence of TSA (**P,
0.002) (A). This effect of TSA is attenuated
after let-7f antagomir cotreatment during the
EW phases (†P , 0.05). However, acutely
applied let-7f antagomir (marked with arrow
in this figure) fails to alter mitochondrial
respiration. For the effect of TSA on control
cells (B), only basal respiration data are
presented as a representative case. TSA
decreased (**P , 0.001) the basal mitochon-
drial respiration of control cells in a manner
that was attenuated by let-7f antagomir
cotreatment (†P = 0.02). Depicted values are
the mean for 16 wells/group; some S.E.M. are
omitted for figure clarity. *P , 0.001; **P ,
0.0001 versus control cells treated with
vehicle at 100%.
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through mechanisms involving the upregulation of histone
acetylation and let-7f.
We first characterized the effect of repeated EW on

mitochondrial respiration using compounds that affect mito-
chondria. Due to the coupling reaction with ATP generation,
mitochondrial respiration is normally increased by ADP or
uncoupler FCCP, and decreased by oligomycin treatment.
However, none of the ADP, oligomycin, and FCCP treatments
could alter mitochondrial respiration under repeated EW
conditions, indicating an inefficient coupling function. The
failure of ADP to stimulate mitochondrial respiration may
also indicate that EW depletes ATP, and thus mitochondrial

respiration becomes ATP independent. Instead, mitochon-
drial respiration during EW may be influenced by a second
messenger molecule, cAMP. This view is based on a report
that aberrant signaling mechanism associated with cAMP
mediates EW-induced anxiety (Pandey et al., 2003). A CcO
inhibitor decreased mitochondrial respiration in both control
and EW rats, indicating the essential role of CcO in mitochon-
drial respiration. When mitochondrial ATP generation is
malfunctioning, a less efficient way of ATP generation (glycol-
ysis) is increased. The glycolysis inhibitor 2-DG significantly
inhibited the mitochondrial respiration of EW cells, suggesting
that EW cells heavily rely on glycolysis for ATP generation.
These data demonstrate thatmitochondria fromEWrats under-
go a respiratory and energetic crisis.
The acetylation of lysine residues of histone proteins regulates

gene expression, including the genes affecting mitochondria
(Wagner and Payne, 2011). The oncogene c-Myc contributes to
histone acetylation by increasing the mitochondrial synthe-
sis of acetyl-coenzyme A, which provides an acetyl moiety for
histone acetylation (Morrish et al., 2010). The increased
histone acetylation may activate genes of mitochondrial
apoptotic molecules (Zhang et al., 2004), promoting apoptotic
damage to mitochondria. Studies using histone deacetylase
inhibitors (promoting histone acetylation) support this idea
such that apicidin induces cytochrome c leakage, activating
apoptotic caspases in human leukemia cells (Kwon et al.,
2002). Suberic bishydroxamate induces the entry of apopto-
tic Bax to mitochondria (Zhang et al., 2004), triggering
mitochondrial damage. We have demonstrated that repeated
EW provokes the leakage of mitochondrial cytochrome c in
male rats (Ju et al., 2012) and the collapse of mitochondrial
membrane potential in HT22 cells (Jung et al., 2009). These
studies suggest that aberrant histone acetylation has
a potential to impede mitochondrial integrity (Bernhard
et al., 1999; Burgess et al., 2001) through factors involving
mitochondrial apoptosis.

Fig. 5. Effects of histone acetylation on the level of let-7f. HT22 cells were
subjected to an ethanol program consisting of two cycles of ethanol
exposure (0 or 100 mM) for 20 hours and withdrawal for 4 hours. TSA was
applied during both EW phases. At the end of the program, the total RNA
were isolated and reverse-transcribed to cDNA using TaqMan let-7f
primers and the miScript reverse-transcription kit. Quantitative PCR was
performed to quantify the level of let-7f. An internal control gene (U6) was
also measured and subtracted from the corresponding Ct value for let-7f
gene to calculate the ΔCt value. Compared with control cells without TSA
treatment, EW cells showed an increase in the level of let-7f (*P , 0.001).
This effect of EW was not altered by TSA treatment. Depicted are the
mean 6 S.E.M. for 6 wells/group. *P , 0.001 versus control cells without
TSA treatment at 1 with dash line.

Fig. 6. Effects of histone acetylation on cell viability. HT22 cells were subjected to an ethanol program consisting of two cycles of ethanol exposure (0 or
100 mM) for 20 hours and withdrawal for 4 hours. TSA (0 or 400 nM) with or without NaN3 (0 or 5 mM), and let-7f antagomir (50 nM) alone were applied
during EW phases or the corresponding time period of control cells. At the end of the program, cell viability was assessed using a calcein-AM assay.
Microscopic cell populations were assessed using a fluorescence microscope at the objective magnification of 100� (A). Fully confluent, healthy cells with
spindle-shaped morphology are shown in control cells. The viability of control cells was not altered by TSA treatment alone but decreased with the
combination of TSA with the CcO inhibitor NaN3 (*P, 0.01). Healthy cells with spindle-shaped morphology were much less populated, hardly shown, or
did not exist in EW cells treated with vehicle, TSA, or TSA + NaN3, respectfully. Except for control cells treated with TSA or let-7f antagomir, all
treatment groups showed statistically significantly lower cell viability (P , 0.01) than the control cells treated with vehicle at dash line (statistical
symbols of this difference are omitted for figure clarity); *P, 0.01 versus control cells treated with TSA; †P, 0.005 versus EW cells treated with vehicle
or TSA + NaN3;

‡P , 0.01 versus EW cells treated with let-7f antagomir. Depicted values are mean 6 S.E.M. for 16 wells/group.
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Previous investigations of the effect of EW on histone
acetylation have yielded controversial results. A decrease in
histone acetylation occurs in the amygdaloid of EW rats
(Pandey et al., 2008). TSA treatment attenuates EW-induced
anxiety in rats (You et al., 2014), suggesting a protective effect
of histone acetylation. More relevant to our current study,
Pascual et al. (2012) observed that repeated ethanol feeding
and withdrawal increased histone acetylation in the prefrontal
cortex of adolescent rats but not in adult rats. By comparison,
we observed a more than 2-fold increase in histone acetylation
in EW adult rats (Fig. 1). Both our and Pascual’s studies used
a program of repeated ethanol feeding and withdrawal, but our
ethanol program was much longer (total 12 weeks) than theirs
(2 weeks). This suggests that repeated EW from lengthy
ethanol consumption may be more prone to increasing histone
acetylation than that from short-term ethanol exposure. It is
also possible that histone acetylation was initially decreased
during the acute phase of EW and later increased as a rebound
response in our study. Alternatively, ethanol-induced increase
in histone acetylation (Park et al., 2003) might have persisted
throughout the late phase of EW. Taken together, one can
argue that the effects of repeated EW on histone acetylation
depend on multiple factors, including brain region, the length
of ethanol feeding, and an early versus late phase of EW.
We have recently demonstrated that EW-induced mitochon-

drial respiratory deficit is attenuated by let-7f antagomir
treatment, suggesting that let-7f upregulation contributes to
the mitochondrial deficit (Jung and Metzger, 2014). Increased
let-7f has been shown in the postmortem brain of human
alcoholics (Lewohl et al., 2011) and in alcoholic rats (Jung and
Metzger, 2014). In particular, let-7f localizes in humanmitochon-
dria (Sripada et al., 2012) and inhibits CcO protein expression
(Jung and Metzger, 2014). We thus tested whether let-7f
mediates TSA’s inhibition of mitochondrial respiration. Although
let-7f antagomir treatment during a few hours of EW attenuated
the inhibiting effect of TSA on mitochondrial respiration, acutely
applied let-7f antagomir failed to do so. This might reflect a slow
genomic process. If TSA and let-7f act at the genomic level, this
may be a slow process where a change in gene expression takes
effect at the level of mitochondria.
We subsequently determined whether histone acetylation

induced by TSA treatment increases let-7f level in HT22 cells.
TSA treatment did not alter the level of let-7f either in control

or EW cells (Fig. 5), suggesting no direct interaction between
histone acetylation and let-7f. Presumably, histone acetylation
and let-7f suppressmitochondrial respiration through pathways
independent of each other. In support of this view, no correlation
was found between the level of histone acetylation and let-7f
(Fig. 7) in the rat brain. By comparison, a strong inverse
correlation was observed between the levels of mitochondrial
respiration versus histone acetylation or let-7f. These in vivo
correlation data are consistent with the data of cell mitochon-
drial respiration, which was decreased and increased by TSA
and let-7f antagomir treatment, respectively. This suggests that
our cell model reflects a physiologic aspect at the level of
mitochondrial respiration, histone acetylation, or let-7f.
Although histone acetylation largely activates gene expres-

sion, it also inhibits the expression such that histone
deacetylase inhibitor phenylbutyrate represses CcO gene in
flies (Kang et al., 2002). This raises a possibility that histone
acetylation inhibits the CcO gene, thereby inhibiting mito-
chondrial respiration independently or additively with the
inhibiting effect of let-7f on mitochondrial respiration. Notice
that mitochondrial respiration after FCCP treatment is even
lower than the basal level when FCCP is added to mitochon-
dria subsequent to NaN3 (CcO inhibitor) (Fig. 4A). When CcO
is not functioning, mitochondria may lose their ability to max-
imize respiration in response to FCCP. Given these results,
complex serial and parallel mechanisms may simultaneously
affect mitochondria through factors associated with histone
acetylation, let-7f, and CcO upon repeated EW.
We finally determined a cellular consequence of an increase

in histone acetylation by assessing the effect of TSA on cell
viability. Studies on the effect of TSA on cell viability have
yielded mixed results. TSA treatment protects rat cerebellar
neurons from glutamate excitotoxicity (Leng and Chuang,
2006), controversially suppresses cell survival, and increases
the apoptosis of dopaminergic neuronal cells (Wang et al.,
2009). Histone deacetylase inhibitor suberic bishydroxamate
increases mitochondrial membrane permeability and releases
mitochondrial apoptogenic proteins in melanoma cells (Saito
et al., 1999; Zhang et al., 2004). Of interest, the viability of
control cells is not altered by TSA treatment but decreased by
the combination of TSA and CcO inhibitor. Despite that
histone acetylation induced by TSA suppresses mitochondrial
respiration, control cells are resistant to the adverse effect of

Fig. 7. The relationship between changes in mitochondrial respiration, let-7f, and histone acetylation. The levels of mitochondrial respiration, let-7f
level, and histone acetylation were measured in the prefrontal cortex of rats using the method of XF respirometry, gold immunolabeling of acetylated
histones proteins, and TaqMan let-7f primers, respectively. The data were analyzed using a Pearson correlation statistical assay to determine
a physiologic relationship between changes in the three variables. The degree of mitochondrial respiration was inversely correlated with that of let-7f
(r = 20.4, P = 0.007) and histone acetylation (r = 20.49, P , 0.0001), but no correlation was found between the level of let-7f and histone acetylation.
Depicted are multiple data points from 14 rats.
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TSA on cell survival, perhaps through intact endogenous
defense mechanisms. However, when CcO is damaged, it may
create a mitochondrial milieu favorable for TSA’s cytotoxicity,
overriding the defense mechanisms. In EW cells, CcO deficit
(Jung et al., 2011) and histone acetylation are already
occurring even in the absence of a CcO inhibitor or TSA
treatment. Therefore, it is not surprising that the viability of
vehicle-treated EW cells resembles that of control cells
cotreated with a CcO inhibitor and TSA. Further insult to
EW cells with TSA and/or CcO inhibitor virtually leaves few
or no live cells.
In conclusion, our study provides empirical evidence that

multiple withdrawals from lengthy and heavy drinking have
a potential to activate histone acetylation and result in
adverse downstream effects on mitochondrial and cellular
homeostasis. Our findings may shed a new mechanistic in-
sight into the role of histone acetylation and mitochondria for
managing brain disorders associated with repeated un-
successful attempts at abstaining.
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