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A B S T R A C T

Alcohol metabolism in the liver generates highly toxic acetaldehyde. Breakdown of acetaldehyde by aldehyde
dehydrogenase 2 (ALDH2) in the mitochondria consumes NAD+ and generates reactive oxygen/nitrogen spe-
cies, which represents a fundamental mechanism in the pathogenesis of alcoholic liver disease (ALD). A mi-
tochondria-targeted lipophilic ubiquinone (MitoQ) has been shown to confer greater protection against oxidative
damage in the mitochondria compared to untargeted antioxidants. The present study aimed to investigate if
MitoQ could preserve mitochondrial ALDH2 activity and speed up acetaldehyde clearance, thereby protects
against ALD. Male C57BL/6 J mice were exposed to alcohol for 8 weeks with MitoQ supplementation (5 mg/kg/
d) for the last 4 weeks. MitoQ ameliorated alcohol-induced oxidative/nitrosative stress and glutathione defi-
ciency. It also reversed alcohol-reduced hepatic ALDH activity and accelerated acetaldehyde clearance through
modulating ALDH2 cysteine S-nitrosylation, tyrosine nitration and 4-hydroxynonenol adducts formation. MitoQ
ameliorated nitric oxide (NO) donor-mediated ADLH2 S-nitrosylation and nitration in Hepa-1c1c7 cells under
glutathion depletion condition. In addition, alcohol-increased circulating acetaldehyde levels were accompanied
by reduced intestinal ALDH activity and impaired intestinal barrier. In accordance, MitoQ reversed alcohol-
increased plasma endotoxin levels and hepatic toll-like receptor 4 (TLR4)-NF-κB signaling along with subsequent
inhibition of inflammatory cell infiltration. MitoQ also reversed alcohol-induced hepatic lipid accumulation
through enhancing fatty acid β-oxidation. Alcohol-induced ER stress and apoptotic cell death signaling were
reversed by MitoQ. This study demonstrated that speeding up acetaldehyde clearance by preserving ALDH2
activity critically mediates the beneficial effect of MitoQ on alcohol-induced pathogenesis at the gut-liver axis.

1. Introduction

Long-term heavy alcohol drinking causes alcoholic liver disease
(ALD), a leading cause of liver- related morbidity and mortality [1,2].
The clinical spectrum of ALD includes steatosis, steatohepatitis, cir-
rhosis, and hepatocellular carcinoma. Although much effort on ex-
ploring the pathogenesis of ALD has been made, FDA-approved thera-
pies are still not available for any stages of ALD. Increasing evidence
from both clinic and animal studies suggest that mitochondria damage/
dysfunction is one of the hallmarks of ALD [3–5]. Alcohol consumption
causes mitochondrial structural abnormalities, such as giant mi-
tochondria and loss of cristae. Alcohol-induced hepatic mitochondrial
dysfunction has been demonstrated by reduced ATP levels,

mitochondrial fatty acid β-oxidation proteins, and mitochondrial DNA
[6–8]. Our recent study demonstrated that chronic alcohol exposure
decreased the protein levels of respiratory chain complexes and caused
overproduction of reactive oxygen species (ROS) and lipid peroxidation
products [9]. Consequently, alcohol activated mitochondrial cell death
as indicated by increased mitochondrial Bcl-2-associated X protein le-
vels and cytochrome c release from mitochondria to the cytosol as well
as increased caspase-3 activation and DNA fragmentation. These pre-
vious findings suggest that mitochondria are central players in the pa-
thogenesis of ALD.

The liver is the primary organ for alcohol metabolism. Alcohol is
first metabolized to acetaldehyde by different pathways, including al-
cohol dehydrogenase (ADH), cytochrome P450 2E1 (CYP2E1) and
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catalase. However, previous reports have shown that chronic alcohol
consumption only induces CYP2E1 in the liver [10]. Alcohol break-
down by CYP2E1 is known to generate ROS. Both acetaldehyde and
ROS are highly reactive and can damage proteins and DNAs. Aldehyde
dehydrogenase 2 (ALDH2) is the major enzyme catalyzed the conver-
sion of acetaldehyde into non-toxic acetate, which is localized in the
mitochondrial matrix [11]. In addition, ALDH2 also detoxifies lipid
aldehydes such as 4-horoxynonenal (4-HNE) [12]. Inactivation of
ALDH2 by ROS or reactive nitrogen species (RNS) through post-trans-
lation modifications (PTMs) under oxidative conditions has been re-
ported [13–15]. Hepatic ALDH2 has been shown to be S-nitrosylated in
alcohol-exposed liver of rats, which led to reduction of ALDH activity
[16]. Inactivation of ALDH2 by tyrosine nitration has been reported as
one of the critical causes in acetaminophen-induced liver injury [17].
Furthermore, 4-HNE has been shown to inhibit ALDH2 activity by
forming adducts [15]. These findings highlight an essential role of
oxidative/nitrosative stress in regulating ALDH2 functions. Our pre-
vious study showed that activating ALDH2 by Alda-1 reversed chronic
alcohol-induced steatosis and apoptosis, suggesting that mitochondrial
ALDH2 is a molecular target for treating ALD [10].

Mitochondria-targeted ubiquinone (MitoQ) comprises coenzyme
Q10 and lipophilic triphenylphosphonium (TPP), which make it accu-
mulate easily within the mitochondria to prevent mitochondrial oxi-
dative damage [18,19]. MitoQ has been demonstrated to be protective
against various oxidative stress-related diseases, including liver injury
in hepatitis C patients [20], LPS-induced sepsis [21], renal ischemia-
reperfusion injury [22], DSS-induced colitis [23], high fat diet induced
metabolic syndrome [24,25], tubular injury in diabetic kidney disease
[26]. Chacko et al. have demonstrated that MitoQ alleviated alcoholic
steatosis and ROS/RNS production associated downstream effects such
as inhibiting protein nitration and protein aldehyde formation [27].
However, the mechanisms of MitoQ-mediated protection have not been
fully defined. In this study, we determined if MitoQ may speed up
acetaldehyde detoxification through regulating ALDH2 post-translation
modifications, and thereby ameliorate alcohol-induced pathogenesis at
the gut-liver axis in a mouse model of ALD.

2. Research design and methods

2.1. Animal experimental design

Male C57BL/6 J mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). All mice were treated according to the experimental
procedures approved by Institutional Animal Care and Use Committee
of North Carolina Research Campus. Ten-week-old mice were pair-fed a
modified Lieber-DeCarli alcohol (alcohol-fed, AF) or isocaloric maltose
dextrin control (pair-fed, PF) liquid diet for 8 weeks (n=8) with or
without 5 mg/kg/d MitoQ supplementation (PF/MitoQ and AF/MitoQ,
n=8) for the last 4 weeks. The ethanol content (%, w/v) in the diet was
3.6 for the first 2 weeks and increased by 0.3% every 2 weeks, reaching
to 4.5% for the last 2 weeks. Food intakes of all the 4 groups were
measured daily. The amount of food given to the pair-fed mice was the
same as what the alcohol-fed mice consumed in the previous day. Four
hours before tissue collection, the mice were gavaged with ethanol
(3 g/kg) or isocaloric dextrin (5.2 g/kg). Mice were anesthetized with
inhalational isoflurane, and tissues were collected.

2.2. Histopathology and Oil red O staining

Histopathology and Oil red O staining were performed as previously
described [28]. Briefly, liver tissues were fixed in 10% formalin, and
processed for paraffin embedding. Paraffin sections were cut in 5 µm
and processed with hematoxylin and eosin (H&E) staining. For analysis
of fat accumulation, liver samples were frozen in Tissue-Tek OCT
(Optimum Cutting Temperature) Compound (VWR, Batavia, IL), and
stained with Oil red O solution for neutral lipids.

2.3. Immunohistochemistry

Hepatic 4-hydroxynonenal (4-HNE) and 3-nitrotyrosine (3-NT) le-
vels were detected by immunohistochemical staining. Liver tissue par-
affin sections were incubated with 3% hydrogen peroxide for 10 min to
inactivate endogenous peroxidases. The endogenous mouse IgG was
blocked by incubation with a mouse-to-mouse blocking reagent (ScyTek
Laboratories, Logan, UT). Tissue sections were then incubated with a
monoclonal mouse anti-4-HNE antibody (Northwest Life Science
Specialties, Vancouver, WA) or 3-NT antibody (Abcam, Cambridge,
MA) at 4 °C overnight, followed by incubation with EnVision+ Labelled
Polymer-HRP- conjugated anti-mouse IgG (DAKO, Carpinteria, CA) at
room temperature for 30 min. Diaminobenzidine (DAB) was used as
HRP substrate for visualization.

2.4. Western blot and Immunoprecipitation (IP)

Whole protein lysates of livers were extracted using 10% Nonidet P-
40 lysis buffer supplemented with protease inhibitor and phosphatase
inhibitor (Sigma-Aldrich). Aliquots containing 50 µg of proteins were
loaded onto 8–12% SDS-PAGE, trans-blotted onto PVDF membrane,
blocked with 5% nonfat milk in Tris-buffered saline solution with 0.1%
Tween-20 for 1 h at room temperature, and incubated with NOX4, 3-
NT, S-NO-cys, OXPHOS, MTCO1, ALDH2, CYP2E1 (Abcam, Cambridge,
MA), P-AMPKα, IRE1α, PERK, P- PERK, ATF4, cleaved caspase-3,
PARP, BCL2, NF-κB (Cell Signaling Technology, Denver, MA), SOD2
(Millipore, Billerica, MA), 4-HNE (Northwest Life Science Specialties,
Vancouver, WA), ADH, ATF6, XBP-1, CHOP, LC3B (Novus Biologicals,
Littleton, CO), CPT-1, ACOX-1 (Proteintech, Rosemont, IL), β-actin,
HNF-4α (Santa Cruz Biotechnologies, Santa Cruz, CA), P-PPARα,
PPARα and TLR4 (Thermo Scientific, Waltham, MA) respectively.
Membranes were washed and incubated with horseradish perox-
idase–conjugated secondary antibodies (Thermo Scientific, Rockford,
IL, USA). Bound complexes were detected via enhanced chemilumi-
nescence (GE Healthcare, Piscataway, NJ, USA). Bands were quantified,
and the ratio to β-actin was calculated and given as fold changes, set-
ting the values of pair-fed or control at 1.

For immunoprecipitation studies, the IgG faction of anti-ALDH2
antibody was covalently immobilized onto immobilized protein G
agarose beads (Abcam, Cambridge, MA) following the manufacturer's
instruction. Immunoprecipitation of ALDH2 proteins was performed
following the procedure described previously [29]. The immune pur-
ified ALDH2 proteins were subjected to western blot analysis with each
of the antibodies.

2.5. qPCR analysis

Total RNA was isolated from the liver or small intestine and reverse-
transcribed with TaqMan Reverse Transcription Reagents (Applied
Biosystems, Foster City, CA). The gene expression of related mRNA was
measured in triplicate by the comparative cycle threshold method using
a 7500 real-time PCR system (Applied Biosystems, Foster City, CA). The
primer sequences (Integrated DNA Technologies, Skokie, IL) are shown
in Supplemental Table 1. The data were normalized to 18 S rRNA
mRNA levels and presented as fold changes, setting the value of the PF
mice as 1.

2.6. Immunofluorescence

To detect macrophages and tight junction proteins, cryostat sections
of liver and ileum were incubated with rabbit anti-CD11b antibody (BD
Biosciences, San Jose, CA, and rat anti-zona occludens-1 (ZO-1) anti-
body (Millipore, Billerica, MA) overnight at 4 °C, respectively, followed
by incubation with alexa fluor 594-conjugated anti-rat IgG or anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, USA) for 30 min at
room temperature.
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2.7. Measurement of ethanol and acetaldehyde

Plasma and hepatic ethanol and acetaldehyde levels were de-
termined by Headspace Gas Chromatography Mass Spectrometry (GC-
MS) analytical techniques using an Agilent 7890B GC system (Agilent
Technologies, Santa Clara, CA) equipped with a Gerstel autosampler as
described in our previous report [28].

2.8. Cell culture

Hepa-1c1c7 cells obtained from American Type Culture Collection
(Rockville, MD, USA) were cultured in Alpha minimum essential
medium without nucleosides (AMEM; Life technologies, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS; Atlanta Biologicals,
Lawrenceville, GA), 100 U/mL penicillin and 100 μg/mL streptomycin
(Invitrogen), at 37 °C in a humidified atmosphere of 5% CO2.
Hepatocytes were pretreated with BSO (500 μmol/L) for 16 h. BSO was
then replaced with either normal medium or S-Nitroso-N-Acetyl-DL-
Penicillamine (SNAP) (1 mmol/L) for 8 h in the absence or presence of
MitoQ (0.5 μmol/L). After treatments, cells were washed and collected
for further study. Cell variability was measured with Annexin Red Assay
commercial Kit (Millipore, Billerica, MA), and the resultant fluores-
cence was detected with flow cytometer (Millipore, Billerica, MA).

2.9. Statistics

Data are expressed as mean± standard deviation (SD). Results were
analyzed using the one sample t-test or one-way analysis of variance
(ANOVA) followed by Least Significant Difference. In all tests, p values
less than 0.05 were considered statistically significant.

3. Results

3.1. MitoQ suppressed alcohol-induced oxidative and nitrosative stress

Hepatic 3-nitrotyrosine levels (Fig. 1A) and 4-HNE adduct forma-
tion (Fig. 1B) were increased in the liver of alcohol-fed mice, and MitoQ
treatment reduced not only the positive cell numbers but also the
staining intensity. Chronic alcohol exposure significantly increased
plasma H2O2 levels, and MitoQ reduced it to normal levels (Fig. 1C).
Hepatic GSH concentrations were reduced by more than 50% in the
alcohol-fed mice compared to pair-fed mice, which was normalized by
MitoQ (Fig. 1D). MitoQ treatment also ameliorated alcohol-reduced
GSH/GSSG ratio in the liver (Supplementary Fig. 1). Furthermore,
chronic alcohol feeding dramatically reduced hepatic levels of total
NAD (Fig. 1E), NAD+ (Fig. 1G) and NAD+/NADH ratio (Fig. 1H); all
these were attenuated by MitoQ.

To determine whether alcohol-induced oxidative and nitrosative
stress are associated with mitochondrial dysfunction, the protein levels
of hepatic mitochondrial electron transport chain (mtETC) complexes
were examined. Chronic alcohol feeding increased the protein levels of
complexes I (CI-NDUFB8), II (CII-SDHB), III (CIII-UQCRC2) and V (CV-
NDUFB8), but not IV (MTCO1) (Fig. 1I). MitoQ treatment reversed al-
cohol-increased mtETC complexes to pair-fed levels. Induction of mi-
tochondrial NOX4 has been shown to contribute alcohol-induced he-
patic ROS generation. Chronic alcohol feeding significantly increased
hepatic NOX4 protein levels, which was reversed by MitoQ treatment
(Fig. 1I). Mitochondrial SOD2 is known to be responsible to cellular
superoxide increase. Alcohol increased hepatic SOD2 protein levels,
which was reversed by MitoQ (Fig. 1I).

3.2. MitoQ treatment accelerated acetaldehyde clearance and restored
alcohol-reduced aldehyde dehydrogenase activity

To determine the effects of MitoQ on ethanol clearance, the levels of
ethanol and acetaldehyde in the plasma and liver were measured.

Chronic alcohol feeding increased ethanol and acetaldehyde levels in
both the liver (Fig. 2A) and plasma (Fig. 2B), and MitoQ treatment
significantly reduced ethanol and acetaldehyde levels in both the liver
and plasma compared to the AF mice. Chronic alcohol exposure dra-
matically decreased hepatic ALDH activity by more than 50%, and
MitoQ treatment restored it to PF levels (Fig. 2C). Hepatic CYP2E1
protein levels were increased by alcohol feeding regardless of MitoQ
treatment (Fig. 2D). The protein levels of ADH, catalase and ALDH2
were not affected by either alcohol or MitoQ.

3.3. MitoQ reversed alcohol-induced ALDH2 S-nitrosylation, nitration and
4-HNE adduct formation

To understand the mechanism of how alcohol suppresses, and
MitoQ restores, ALDH activity without affecting ALDH2 protein levels,
posttranslational modification of ALHD2 was assessed. Immunoblot
analysis with the anti-S-NO-Cys antibody or anti-3-NT antibody showed
increased S-nitrosylated cysteine band (Fig. 3A) and nitrated tyrosine
bands (Fig. 3B) in immunoprecipitated ALDH2 of the AF mice com-
pared to the PF mice. The S-nitrosylated and nitrated ALDH2 bands
were significantly diminished by MitoQ treatment. MitoQ also ame-
liorated alcohol-induced ALDH2-4HNE adduct formation (Fig. 3C).
Because nitration and S-ntrosylation are the major forms of ALDH2
posttranslational modification, hepatic nitrite levels were measured.
Chronic alcohol exposure elevated hepatic nitrite levels by 2-fold,
which was reversed by MitoQ treatment (Fig. 3D).

To determine the link between nitrosative stress, cystein S-ni-
trosylation and nitration of ALDH2, and ALDH activity, a NO donor
(SNAP) in GSH depletion condition was introduced to Hepa-1c1c7 cells
to mimic nitrosative stress condition. GSH-depletion was achieved by
treatment with buthionine sulfoximine (BSO) which blocks GSH bio-
synthesis. As shown in Fig. 3E, SNAP or SNAP plus BSO, but not BSO
alone, increased the nitrite concentrations, and MitoQ significantly
inhibited SNAP-increased nitrite levels. ALDH2 proteins were purified
from the treated Hepa-1c1c7 cells for analysis of cystein S-nitrosylation
and tyrosine nitration. Either BSO or SNAP did not induced cysteine S-
nirosylation (Fig. 3F) and tyrosine nitration (Fig. 3G) of ALDH2.
However, combination of BSO and SNAP significantly increased both
the ALDH2 cysteine S-nitrosylation (Fig. 3F) and tyrosine nitration
(Fig. 3G); these effects were significantly reversed by MitoQ adminis-
tration. BSO and SNAP synergistically also reduced cellular ALDH ac-
tivity, whereas either BSO or SNAP alone had minor inhibitory effect
(Fig. 3H). MitoQ remarkably ameliorated the synergistic effect of BSO
and SNAP on ALDH activity. Cytotoxicity of nitrosative stress was as-
sessed by analysis of annexin-5 and 7-AAD fluorescence intensity. As
shown in Figs. 3I and 3J, MitoQ inhibited cell death caused by SNAP
under GSH-depleted conditions.

3.4. MitoQ ameliorated alcohol-induced intestinal ALDH inactivation and
gut barrier disruption

The effect of MitoQ supplementation on ileal ALDH activity was
measured. Chronic alcohol feeding dramatically reduced the ALDH
activity of the ileum (Fig. 4A). MitoQ restored alcohol-reduced ileal
ALDH activity. Chronic alcohol feeding repressed the ileal expression of
tight junction proteins, claudin-1 (Fig. 4B) and occludin (Fig. 4C),
which was normalized by MitoQ supplementation. Immuno-
fluorescence staining of tight junction protein ZO-1 showed that alcohol
exposure reduced the distribution and intensity of ZO-1 at the top of the
ileal epithelium (Fig. 4D). This pathophysiological change was reversed
by MitoQ supplementation.

3.5. MitoQ ameliorated alcohol-induced endotoxemia and subsequent
hepatic pro-inflammatory response

In accordance with change of gut barrier integrity, the plasma
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bacteria endotoxin (LPS) levels were increased by chronic alcohol ex-
posure, and normalized by MitoQ supplementation (Fig. 5A). Conse-
quently, hepatic TLR4, which mediates LPS signaling, was increased by
alcohol exposure (Fig. 5B). MitoQ supplementation normalized alcohol-
increased hepatic TLR4 protein levels and attenuated alcohol-induced
NF-κB nuclear translocation.

To investigate the contribution of TLR4-NF-κB pathway-mediated
pro-inflammatory response, hepatic gene expression of cytokine and
chemokines including tumor necrosis factor (TNFα), monocyte che-
moattractant protein-1 (Mcp-1) and chemokine (C-X-C motif) ligand 1
(CXCL-).

(1/KC) was measured. Chronic ethanol exposure significantly up-
regulated the expressions of hepatic TNFα, Mcp-1 and KC, which were
effectively blocked by MitoQ supplementation (Fig. 5C-E). Immuno-
fluorescence staining showed that alcohol feeding increased the number
of inflammatory CD11b+ cells in the liver compared to the PF mice,
which was attenuated by MitoQ supplementation (Fig. 5F).

3.6. MitoQ treatment ameliorated alcohol-induced liver injury and
alterations in lipid metabolism

Liver damage was assessed by measuring plasma ALT and AST levels
and hepatic histopathological changes. Chronic alcohol feeding ele-
vated plasma ALT and AST levels (Fig. 6A) and caused hepatic accu-
mulation of macrovesicular lipid droplets and infiltration of in-
flammatory cells (Fig. 6B), which was attenuated by MitoQ
administration. Lipid accumulation was further measured by Oil red O
staining of neutral lipids and quantitative assay of TG and FFAs levels.
Hepatic accumulation of neutral lipid droplets was found in alcohol-fed
mice (Fig. 6C), and MitoQ supplementation reduced the size and
number of neutral lipid droplets. In accordance, MitoQ diminished al-
cohol-increased hepatic TG and FFAs accumulation (Fig. 6D and E).
MitoQ supplementation did not affect alcohol reduced plasma TG levels
(Fig. 6F), but reversed alcohol-increased plasma FFAs levels (Fig. 6G).

To further explore the potential mechanism of MitoQ in regulating
lipid homeostasis, we measured the protein levels of hepatic lipid

Fig. 1. Effects of MitoQ on hepatic nitrosative and oxidative stress in alcohol-fed mice. (A) Immunohistiochemistry of hepatic 3-NT. (B) Immunohistiochemistry of hepatic 4-HNE. (C)
Plasma hydrogen peroxide concentrations. (D) Hepatic GSH concentrations. (E) Hepatic total NAD concentrations. (F) Hepatic NAD+ concentrations. (G) Hepatic NADH concentrations.
(H) Hepatic NAD+/NADH ratio. (I) Western blot of mtETC complex subunits, NOX4 and SOD2 in the liver. Scale bar: 50 µm. * P< 0.05 vs PF, ** P<0.01 vs PF, # P<0.05 vs. AF, ##
P<0.01 vs. AF, § P< 0.05 vs. PF/MitoQ, §§ P<0.01 vs. PF/MitoQ.
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metabolism enzymes and lipid metabolism regulators. As shown in
Fig. 6D, chronic alcohol feeding significantly reduced hepatic fatty acid
β-oxidation-related proteins, mitochondrial CPT-1 and peroxisomal
ACOX-1, which was reversed by MitoQ administration (Fig. 6D). MitoQ
attenuated alcohol-reduced hepatic protein levels of p-PPARα and
HNF4α (Fig. 6D). MitoQ treatment also normalized alcohol-decreased
p-AMPKα protein levels (supplementary Fig. 2).

3.7. MitoQ supplementation inhibited alcohol-induced hepatic ER stress and
apoptotic signaling

To examine whether MitoQ affects alcohol-induced endoplasmic
reticulum (ER) stress activation, the protein levels of ER stress markers,
including PERK, ATF4 and CHOP were measured. Chronic alcohol ex-
posure significantly increased the protein levels of p-PERK, ATF4 and
CHOP, and all these changes were reversed by MitoQ supplementation
(Fig. 7A). Furthermore, MitoQ supplementation inhibited alcohol-in-
duced hepatic PARP and caspase-3 cleavage (Fig. 7B). The protein le-
vels of BCL-2 were increased by alcohol feeding, which were amelio-
rated by MitoQ supplementation (Fig. 7B). Because ER stress is a potent
trigger for autophagy which, in turn, regulates apoptosis, autophagy
was assessed by measuring LC3 activation. As shown in the Fig. 6C,
chronic alcohol exposure-increased hepatic LC3II/LC3I ratio was re-
versed by MitoQ supplementation.

4. Discussion

There are growing evidence supporting a causative role of acet-
aldehyde toxicity in the initiation and progression of ALD.
Acetaldehyde exerts hepatotoxicity through induction of oxidative
stress, mitochondrial abnormalities, apoptosis, gut hyper-permeability,
dysregulation of lipid metabolism and inflammatory response [30–36].
The present study demonstrated for the first time that reactivation of

ALDH2 via posttranslational modifications represents a novel me-
chanism underlying the protective effect of MitoQ against ALD. Re-
activation of ALDH2 accounts for MitoQ-enhanced acetaldehyde/lipid
aldehydes detoxification and the consequent protective effects on al-
cohol-induced pathogenesis at the gut-liver axis, including ER stress,
lipid dyshomeostasis, apoptosis, gut barrier dysfunction and hepatic
inflammatory response. To the best of our knowledge, this study for the
first time demonstrated that MitoQ provides protection against ALD by
preserving ALDH2 function.

Mitochondria are the main source of oxidative stress and/or ni-
trosative stress [37,38]. Under normal physiological conditions, ROS/
RNS serve as 'redox messengers' in the regulation of intracellular sig-
naling [39]. However, under elevated oxidative/nitrosative stress
conditions, DNA, proteins and lipids undergo oxidative modifications,
leading to disruption of their functions [40]. Many mitochondrial
proteins, including ALDH2, can be oxidatively modified under elevated
nitroxidative stress conditions through posttranslational modifications
and generally inactivated [41]. On the basis of these findings, we hy-
pothesized that mitochondria-targeted antioxidant could potentially
prevent ALDH2 PTMs, which may enhance acetaldehyde detoxification
in response to chronic alcohol exposure. MitoQ is a well-established
mitochondria-targeted antioxidant with strongly antioxidant property
as demonstrated by scavenging various radicals [42,43]. MitoQ also has
been shown to prevent peroxynitrite-mediated protein modification and
4-HNE formation [44]. Indeed, we found that MitoQ treatment sig-
nificantly reversed alcohol-impaired ALDH activity along with nor-
malization of hepatic ALDH2 cysteine residue(s) S-nitrosylation, tyr-
osine residue(s) nitration and 4-HNE adduct formation but not
acetylation (data not shown). MitoQ supplementation significantly de-
creased alcohol-increased hepatic 4-HNE, 3-NT levels and nitrite con-
tents. It has been reported that excessive NO in the mitochondria could
impair mitochondrial respiration [66]. Inducible nitric oxide synthase
(iNOS) plays an important role in the pathogenesis of ALD. Mice lacking

Fig. 2. MitoQ administration alleviated alcohol-impaired ALDH activity along with accelerated acetaldehyde clearance. (A) Hepatic ethanol and acetaldehyde concentrations. (B) Plasma
ethanol and acetaldehyde concentrations. (C) Hepatic ALDH activity. (D) Expression of hepatic ethanol and aldehyde metabolizing enzymes. ** P<0.01 vs PF, ## P<0.01 vs. AF.
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iNOS are significantly prevented from alcohol-induced inflammation
and steatosis [65]. However, Chacko et al. reported that MitoQ treat-
ment significantly decreased RNS in the liver of alcohol-fed rats but did
not have any effect on the induction of iNOS protein, which suggest that
the mode of action of MitoQ is on the downstream [27]. Alcohol-de-
creased hepatic GSH contents were reversed by MitoQ supplementa-
tion. In this study, MitoQ ameliorated NO donor-induced hepatocyte
ALDH2 cysteine residue(s) S-nitrosylation and tyrosine residue(s) ni-
tration under GSH-depletion condition in vitro. Alcohol feeding sig-
nificantly increased protein levels of mitochondrial complexes I, II, III,
and V but not IV, which was ameliorated by MitoQ treatment. The
protein levels of SOD2, which responds to elevated oxidative stress in
mitochondria, were increased in alcohol-fed mice and strongly de-
creased after MitoQ treatment. Alcohol-increased mitochondrial NOX4
expression was remarkably reversed by MitoQ. Our previous data have

shown that administration of an NOX4 inhibitor, GKT137831, amelio-
rated mitochondria superoxide and protected against alcohol-induced
hepatic steatosis and apoptosis in mice [45]. Exogenous NAD+ sup-
plementation blocked oxidative stress and cell death suggesting a stress
resistant role of NAD+ [46]. As a co-factor, NAD+ is the limiting sub-
strate for alcohol metabolism by ADH in the cytoplasm and acet-
aldehyde metabolism by ALDH2 in mitochondria [47]. Greater NAD
availability and cycling may enhance ADH and ALDH2 activity in the
liver. In this study, MitoQ restored alcohol-decreased NAD+ levels and
NAD+/NADH ratio and enhanced ethanol metabolism. Above all, these
data suggest that restored NAD+ levels and NAD+/NADH ratio, re-
versed mitochondrial respiratory alteration, enhanced GSH levels, and
inhibition of NOX4 may contribute to the beneficial effects of MitoQ on
ALDH2 post-translational modifications and related acetaldehyde de-
toxification in the alcohol-fed mice.

Fig. 3. MitoQ enhanced ALDH activity in alcohol-fed mice through modulating ALDH2 post- translation modifications. Hepatic ALDH2 proteins from 4 groups were purified and
subjected to immunoblot analysis with the specific anti-ALDH2, anti-S-nitrosocysteine antibody, anti-3-NT antibody or 4- HNE antibody respectively (A-C). (D) Hepatic nitrite contents. *
P<0.05 vs PF, ** P< 0.01 vs PF, # P<0.05 vs. AF, ## P<0.01 vs. AF. For in vitro studies, hepatocytes were pretreated with BSO (500 μmol) for 16 h. BSO was then replaced with
either medium or SNAP (1 mM) for 8 h in the absence or presence of 0.5 μM MitoQ. (E) Nitrite concentrations. (F-G) Immunoblot analysis for immunopurified ALDH2 proteins from
Hepa1c1c7 cells with anti-ALDH2, anti-S- nitrosocysteine antibody or anti-3-nitrotyrosine antibody. (H) Hepatocyte ALDH activity. (I) Flow cytometry to measure cell death. (J)
Apoptosis rate in Hepa1c1c7 cells. ** P< 0.01 vs control, # P<0.05 vs. BSO plus SNAP, ## P<0.01 vs. BSO plus SNAP.
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Acetaldehyde plays an important role in regulating alcohol-induced
intestinal barrier dysfunction. In vitro studies have shown that tight
junction proteins, such as ZO-1 and occludin, were disrupted and dis-
sociated from actin cytoskeleton of Caco-2 cell monolayers by acet-
aldehyde [48]. Our previous data showed that nicotinic acid supple-
mentation modulates intestinal ALDH gene expression and luminal
acetaldehyde levels [49]. We also found that zinc supplementation
improved tight junction genes expression in association with increased
intestinal ALDH expression and activity [50,51]. In this study, MitoQ
treatment did not affects ileal ALDH2 protein levels in alcohol-fed mice
(data not shown). However, enhanced ALDH activity in small intestine
indicates a more effective response of the intestinal epithelium to
counteract the acetaldehyde-related damage in alcohol-fed mice. In-
terestingly, this affect may indicate that MitoQ potentially regulates
posttranslational modulation of intestinal ALDHs. One possibility could
be the antioxidant capacity of MitoQ. Indeed, oxidative stress is a causal
factor in cellular stress-related tight junction dysfunction in the in-
testinal epithelium [52]. It has been shown that DSS-induced barrier
dysfunction and tight junction disruption can be reversed by anti-
oxidant administration [53]. Therefore, MitoQ may alleviate the oxi-
dative processes, and eventually protect the function of ALDHs as well
as tight junction.

Endotoxemia has been well documented in alcoholic patients [54].
Both clinical and animal studies have shown that the plasma endotoxins
and hepatic cytokine/chemokine were increased by alcohol [55,56]. In
this study, alcohol feeding-induced LPS translocation in association
with impaired gut barrier function. LPS of Gram-negative bacterial cell
wall are the major pathogen-associated molecular patterns (PAMPs)
and a natural ligand of toll-like receptors (TLR). Studies have reported
that the activation of TLR4 is involved in the development and pro-
gression of ALD [57]. In this study, MitoQ treatment ameliorated al-
cohol-induced LPS penetration to the circulation and TLR4-NF-κB sig-
naling pathway activation. These findings were associated with a
marked inhibition of alcohol-induced TNFα, Mcp-1 and Cxcl-1 gene
expression.

Fatty liver is one of the earliest pathological changes in the pro-
gression of ALD, and acetaldehyde may participate in the pathogenesis

through modulating hepatic lipid metabolism and lipid homeostasis
[58]. An in vitro study using recombinant HepaG2 cells demonstrated
that only cells producing acetaldehyde can induce early triglyceride
and growth response-1 accumulation after alcohol exposure [59].
Chacko et al. have reported that MitoQ treatment significantly de-
creased ethanol-dependent micro and macro hepatosteatosis in rat,
however only high dose MitoQ (25 mg/kg/d) administration has
modestly effect on AMPK signaling [27]. In our alcohol-fed mouse
model, MitoQ treatment at 5 mg/kg/d significantly reversed alcohol-
decreased p-AMPKα protein levels. The differences on animal species
and alcohol feeding method may contribute to this discrepancy. In the
present study, alcohol-induced steatosis resulted from decreased fatty
acid oxidation and de-regulated lipid metabolism regulators. Two al-
cohol- perturbed fatty acid β-oxidation enzymes (CPT-1 and ACOX-1)
were significantly reversed by MitoQ treatment. MitoQ significantly
ameliorated alcohol-decreased protein levels of HNF-4α and p-PPARα,
two transcription factors that play critical roles in the regulation of
hepatic lipid homeostasis. CPT-1 and ACOX-1 are both classical target
genes regulated by PPARα. HNF-4α is a master regulator of hepatic
gene expression, and liver-specific knockout of HNF-4α led to severe
steatosis in mice. In our previous study, activation of HNF-4α by zinc
attenuated alcohol- induced hepatic steatosis along with upregulated
gene expressions including CPT-1 and ACOX-1. We also showed that
acetaldehyde and 4-HNE could decrease hepatocyte P-PPARα and HNF-
4α protein levels [60]. These data suggest that modulation of fatty acid
uptake-related proteins and lipid metabolism regulators contribute to
the beneficial effects of MitoQ on alcohol-induced hepatosteatosis.

Alcohol-fed mice exhibited steatohepatitis along with induction of
ER stress [61]. It has been suggested that ALDH2 may have a beneficial
role against ER stress-induced cardiac anomalies [62]. ER stress dis-
turbs hepatic lipid metabolism by deregulation of lipogenic genes,
promotion of apoptosis, and activation of several pro-inflammatory
pathways [63,64]. Alcohol-increased oxidative stress, enhanced in-
flammatory response and accumulated free fatty acids in the liver all
could mediate unfolded protein response (UPR) activation, which
contributes to ALD development. In this study, the unfolded protein
response transducers IRE-1α and P-PERK were activated after alcohol

Fig. 4. MitoQ reversed alcohol-induced gut barrier disruption along with enhanced intestinal ALDH activity. (A) Intestinal ALDH activity (B) Bar graphs shown mRNA levels of Claudin 1
determined by RT-qPCR. (C) Bar graphs shown mRNA levels of Occludin determined by RT- qPCR. (D) Immunofluorescent staining of ZO-1 in the ileum. Scale bar: 10 µm. Red: ZO-1;
blue: 4′,6-diamidino-2-phenylindole counterstaining of the nuclei; white trigangle: disassembled tight junction proteins. * P< 0.05 vs PF, ** P< 0.01 vs PF, # P<0.05 vs. AF.
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exposure. As a consequence, the transcription factor CHOP, which is
known to modulate cell death, along with cleaved caspase-3 and PARP
protein levels were increased. Anti-apoptosis protein BCL-2 and au-
tophagy-related proteins LC3B levels were increased in alcohol-fed
mice, which may serve as an adaptive response to ethanol toxicity, and
significantly prevented by MitoQ. MitoQ ameliorated alcohol-induced
ER stress and apoptosis demonstrated a mechanistic link between
mtROS and ER stress in alcohol-induced apoptotic cell death. The
beneficial effect of MitoQ on ER stress and apoptosis could be exerted
by a complex mechanism underlying its modulatory effect on aldehydes
detoxification and also by counteracting oxidative stress, alcoholic li-
potoxicity and pro-inflammatory cytokine-dependent inflammation as a
result of its anti-oxidant and anti-inflammation activity, as previous
suggested.

5. Conclusions

Acceleration of acetaldehyde and lipid aldehyde clearance accounts
for the protective effect of dietary MitoQ supplementation on alcohol-
induced hepatic lipid metabolic disorder, ER stress, apoptosis and in-
flammation. Restoration of ALDH activity by preventing oxidative/ni-
trosative posttranslational modification of mitochondrial ALDH2 re-
presents a novel molecular mechanism underlying MitoQ-accelerated
clearance of acetaldehyde and lipid aldehyde and the consequent pro-
tective effects against alcohol-induced pathogenesis at the gut-liver axis
(Fig. 8).

Funding

This research was supported by the National Institutes of Health
grants (R01AA018844, R01AA020212).

Conflicts of interest

No potential conflicts of interest relevant to this article are reported.

Author contributions

S.Q., W.Z., W.L.Z., X. and X.S. conducted animal feeding experi-
ment. H.L., S.Q, and X.S. performed data analysis. H.L. conducted cell
culture experiment. H.L. drafted the manuscript, and W.Z., W.L.Z., and
Z.Z. participated in the manuscript preparation. H.L. is the guarantor of
this work and, as such, had full access to all the data for the study and
takes responsibility for its integrity and for the accuracy of the data
analysis.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.redox.2017.11.005.

Fig. 5. Effects of MitoQ on endotoxemia and TLR4-NF-κB signaling pathway activation. (A) Plasma LPS levels. (B) Immunoblot bands of hepatic TLR4 and NF-κB. (C) Bar graphs shown
mRNA levels of hepatic Mcp-1. (D) Bar graphs shown mRNA levels of hepatic KC. (E) Bar graphs shown mRNA levels of hepatic TNFα. (F) Immunofluorescent staining of CD11b+ in
mouse liver. Scale bar: 50 µm. Arrows: CD11b+ cells; blue: 4′,6-diamidino-2-phenylindole counterstaining of the nuclei. * P< 0.05 vs PF, # P<0.05 vs. AF.
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Fig. 6. MitoQ ameliorated alcohol-induced liver injury and lipid metabolism alterations. (A) Levels of plasma ALT and AST in each group. (B) Liver histopathological changes in each
group shown by H&E staining (arrows: lipid droplets, arrowheads: inflammatory cells) Scale bar: 50 µm. (C) Oil red O staining of neutral lipids. Scale bar: 20 µm. (D) Levels of proteins
involved in lipid metabolism. (E) Liver TG content. (F) Liver FFA concentration. (G) Plasma TG content. (H) Plasma FFA concentration. Proteins levels were quantitated by NIH image J.
All values are denoted as means± SD. * P< 0.05 vs PF, ** P< 0.01 vs PF, # P<0.05 vs. AF, ## P<0.01 vs. AF, §, P< 0.05 vs. PF/MitoQ.

Fig. 7. MitoQ reversed alcohol-induced hepatic ER
stress along with attenuation of apoptosis. (A)
Western blot of proteins involved in ER stress (B)
Western blot of proteins involved in apoptosis. (C)
Expression of hepatic LC3I/II. * P<0.05 vs PF, **
P< 0.01 vs PF, # P<0.05 vs. AF, ## P<0.01 vs.
AF, § P<0.05 vs. PF/MitoQ.
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