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Binge alcohol promotes hypoxicliver injury through a CYP2E1-
HIF-1la-dependent apoptosis pathway in mice and humans
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bInstitute of Forensic Medicine, Seoul National University College of Medicine, Seoul, South
Korea

¢Gastroenterology Service VA Long Beach Healthcare System, Long Beach, CA, and Division of
Gastroenterology, University of California-Irvine, Irvine, CA, USA

Abstract

Binge drinking, a common pattern of alcohol ingestion, is known to potentiate liver injury caused
by chronic alcohol abuse. This study was aimed to investigate theeffects of acute binge alcohol
onhypoxia-inducible factor-1a (HIF-1a)-mediated liver injury and rolesof alcohol metabolizing
enzymes in alcohol-induced hypoxia and hepatotoxicity. Mice and human specimens assigned as
binge or non-binge group were analyzed for blood alcohol concentration (BAC), alcohol
metabolizing enzymes, HIF-1a-related protein nitration and apoptosis. Binge alcohol promoted
acute liver injury in mice with elevated levels of ethanol-inducible cytochrome P450-2E1
(CYP2EL) and hypoxia, both of which were co-localized in centrilobular areas. We observed
positive correlations among elevated BAC, CYP2E1, and HIF-1a in mice and humans exposed to
binge alcohol. TheCYP2EL protein levels(r=0.629, p=0.001) and activities (r=0.641, p=0.001)
showed significantly positive correlation with BACs in human livers. HIF-1a levels were also
positively correlated with BACs (r=0.745, p<0.001) or CYP2E1lactivities(r=0.792, p<0.001) in
humans. Binge alcoholpromotedprotein nitration and apoptosis with significant correlations
observed between inducible nitric oxide synthase and BACs, CYP2EL, or HIF-1a in human
specimens. Binge alcohol-induced HIF-1a activation and subsequent protein nitration
orapoptosisseen in wild-type were significantly alleviatedin the corresponding Cyp2el-null mice
while pretreatment with an HIF-1a inhibitor PX-478 prevented HIF-1a elevation with a trend of
decreased levels of 3-nitrotyrosine and apoptosis, supporting the roles of CYP2Eland HIF-1a in
binge alcohol-mediatedprotein nitration and hepatotoxicity. Thus binge alcohol promotes acute
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liver injury in mice and humans at least partly through a CYP2E1-HIF-1a-dependent apoptosis

pathway.
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Introduction

Alcoholic liver disease (ALD) is a major cause of morbidity and mortality globally, ranging
from simple steatosis to severe forms of liver injury such as steatohepatitis, cirrhosis and
hepatocellular carcinoma [1-4]. Drinking pattern is known to markedly affect ALD
[3].Binge drinking, a prevalent pattern of alcohol ingestion with more than 75% of alcohol
consumed [5],is defined by the National Institute on Alcohol Abuse and Alcoholism
(NIAAA) as consuming more than 4~5 alcoholic beverages within 2 hours and elevating
blood alcohol concentration (BAC) to greater than 0.08% [6].Binge drinking can cause
alcoholic hepatitis and liver cirrhosis with increased mortality rates [7,8]. The binge alcohol
phenomenon is now prevalentin young populations in many Western countries and
particularly alarming [8]. Although binge drinking is more common than chronic alcoholism
and causes more social and biomedical problems, less attention has been paid to acute binge
alcohol liver injury.

Alcohol ingestion causes central venous hypoxia due to increased hepatic oxygen
consumption with a smaller increase in oxygen delivery [1]. Hypoxia plays a role in
pathophysiological conditions such as inflammation, oxidative stress and is chemic
apoptosis [9]. Hypoxia-inducible factor 1 (HIF-1), the major transcriptional factor activated
during hypoxia, is known to regulatehypoxia-associated responses [10]. Under normoxic
condition, HIF-1a is rapidly degraded in a ubiquitin-dependent manner, whereas it escapes
degradation in hypoxia. Accumulated HIF-1a dimerizes with HIF-1B, translocates to
nucleus, and regulates numerous gene transcription programs [11,12]. Hypoxia can lead to
apoptosis by permeabilization of mitochondrial membrane, resulting in release of
mitochondrial cytochrome c into cytosol [10]. In hypoxia, HIF-1a also regulates inducible
nitric oxide synthase (iNOS) expression for production of nitric oxide (NO) [13,14].

Ethanol is metabolized to acetaldehyde by alcohol dehydrogenase (ADH), ethanol-inducible
cytochrome P450 2E1 (CYP2E1) and catalase (CAT), despite playing a minor role, while
acetaldehyde is further oxidized to acetate by mitochondrial aldehyde dehydrogenase
(ALDH2) [4,15]. Elevated CYP2E1 was reported to promote hypoxia and activate HIF-1a
in mice with chronic ethanol feeding [12]. Since CYP2EL is induced by binge as well as
chronic ethanol ingestion [16,17], we studied the effects of binge alcohol on HIF-1a-related
liver injury. However, comprehensive comparison analysis on the semetabolizing enzymes
inalcohol-induced hypoxia and HIF-1a activation has not been fully studied, especially in
case of binge alcohol ingestion as the most common pattern of alcohol drinking [5,8,18].
Therefore, the primary aim of this study was to determine the relationships between the
major alcohol metabolic enzymes including CYP2EL and HIF-1a-related liver injury
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following binge alcohol exposure. Significant progress has been made in developing various
animal models for studying the mechanisms of ALD, which cannot be performed step wise
in humans[2,19]. Therefore, the secondary aim of this study was to compare the outcomes
and study the mechanisms of liver injury in humans and mice exposed to binge alcohol.

Materials and Methods

Animal experiments

All animal experimental procedures were carried out by following the NIH guidelines for
small animal experiments and approved by the NIAAA Institutional Animal Care and Use
Committee. All mice were housed in temperature- and light-controlled animal facilities, and
allowed to have access to water and standard rodent chow ad libitum. All mice were fed
with the NIH31 autoclavable rodent diet, which contains 5.5% total fat where animal fat
(exclusively derived from menhaden fish oil) is 15% while vegetable oil (mostly from soy)
represents 85%. Female wild-type (WT) mice on 129/Svj background (n=3-4/group) were
orally administered with 3 doses of ethanol (6 g/kg) or dextrose (control) at 12-h intervals
and sacrificed at 1, 2, 4, 9, and 24 h after the lastdoseby method recently described [17]. The
whole blood was centrifuged at 3,000 rpm for 5 min, and plasma was separated
immediately. Plasma ALT activity was determined using a clinical chemistry analyzer
(IDEXX Vet Test, IDEXX Laboratories, Westbrook, ME, USA). Plasma BAC was also
measured by using a kit (Sigma Chemical, St. Louis, MO, USA). A small piece from the
largest liver lobe of each mouse was collected for liver histology and
immunohistochemistry. The remaining liver tissues were frozen in liquid nitrogen and stored
at —80 —C until further analysis. To determine the role of CYP2EL1 in binge alcohol-induced
hypoxic liver injury, age-matched female WT and Cyp2el-null mice (n=3/group) were
administered with 3 ethanol doses and euthanized at 6 h after the last dose [17]. To
determine the role of HIF-1a in bingealcohol-mediated liver injury, WT mice (n=3-5/group)
were pretreated intraperitoneally with an HIF-1a-specific inhibitor PX-478 (Oncothyreon,
Seattle, WA, USA) (5 mg/kg/dose) at 1 h before each ethanol exposure, as described [20],
and sacrificed at 6 h after the last ethanol administration.

Case selection of autopsied human specimens

Collection and analysis of autopsied human specimenswere approved by the Institutional
Review Board for Human Subjects Research and carried outby a certified staff in the
Department of Forensic Medicine of the Seoul National University (Seoul, Korea) following
the standard operating procedure for conducting autopsies. Characterization of autopsied
human specimens was also approved(exempted) by the NIH Office of Human Subjects
Research Protection. The collection of 26 autopsied blood and livers were performed within
24 h post mortem, as follows. During the autopsy procedures, the following information was
collected from the police reports and personal medical records: gender, age at death,
histological evaluation of liver, history of binge alcohol drinking, BAC, body mass index
and smoking history. Based on history of binge alcohol drinking in previous days before
autopsies, BAC, and liver histology, we selected 12 specimens as a binge group and 12
cases as a non-binge group. Femoral venous blood samples were collected from autopsy
cadavers. Obtained blood was stored in a refrigerator and used for determining alcohol
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concentration within 24 h of collection. Each blood sample was analyzed using head space-
gas chromatography equipped with a glass column and a flamed ionization detector. Two
hundred pL of a 0.02% solution of 2-methyl-2-propanol (tert-butyl alcohol, Aldrich
Chemical, Milwaukee, WI, USA) was used as an internal standard. The limit of detection for
BAC was 0.001%. A small portion of liver from each individual was fixed in 10% buffered
formalin for histology or frozen in liquid nitrogen followed by storage at —80 —C for future
analyses of immunoblot and enzyme activity measurements.

Hepatic tissue extraction and Western blotting

Total liver homogenates were prepared in ice-cold RIPA buffer. Cytosol, mitochondrial and
nuclear fractions were also prepared by differential centrifugations, as described previously
[21,22], and all extraction buffers were pre-equilibrated with nitrogen gas to remove the
dissolved oxygen. Protein concentrations of liver homogenates were determined using the
bicinchoninic acid protein assay reagent (Pierce, Rockford, IL, USA). Equal amounts of
liver homogenates were resolved on 12% SDS-PAGE gels and electrically transferred to
PVDF membranes. Membranes were initially blocked with 3% (w/v) non-fat milk proteins,
subsequently probed overnight with a specific primary antibody to each target protein as
indicated below at 4° C, and incubated with a secondary antibody conjugated with horse
radish alkaline phosphatase (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room
temperature for 1 h. Image detection was performed using Super Signal West Pico Kit
(Pierce) according to the manufacturer’s instructions. GAPDH or f-actin was used as a
loading control for whole extracts or cytosol proteins. ATP synthase and lamin A/C were
used as a loading control for mitochondria and nuclear proteins, respectively. All other
information regarding antibody concentrations are presented in Table 2.

Liver histology, alcohol metabolic enzyme activities, NO analysis, and TUNEL assay

Liver specimens were fixed overnight in 10% buffered formalin and embedded in paraffin.
Sections of formalin-fixed livers on paraffin blocks were stained with hematoxylin/eosinand
analyzed under microscopy for histology examinations. Activities of mitochondrial low Km
ALDH2 (Abcam, Cambridge, MA, USA) and cytosolic ADH (Sigma) were measured by
using a kit specific for each enzyme by following the manufacturer’s instructions. Cytosolic
proteins and mitochondrial lysates were used for measuring ADH and ALDH2 activities,
respectively.CYP2E1 activity was examined by the rate of p-nitrophenoloxidation to p-
nitrocatechol with 1 mg cytosol fractionfrom each liver as described previously [23]. As an
indicator of NO production, plasma nitrate and nitrite concentrations were measured using
the enzymatic nitric oxide assay kit (Oxford Biomedical Research, Oxford, Ml, USA).
According to the manufacturer’s instructions, this assay kit containing the Griess reagent
determines the conversion of nitrate to nitrite by nitrate reductase. The ApopTag peroxidase
in situ apoptosis detection kit (Millipore, Billerica, MA, USA) was used to identify
apoptotic hepatocytes by the TUNEL method.

Immunohistochemistry (IHC) and detection of liver hypoxia

Immnunohistochemical staining for CYP2E1 and HIF-1a was conducted on formalin-fixed
and paraffin-embedded slides with Rabbit Specific HRP/DAB (ABC) detection IHC kit
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(Abcam, USA) according to the manufacturer’s instructions. For detection of liver hypoxia,
Hypoxyprobe-1 Plus kit (Hypoxyprobe, Burlington, MA, USA) was used for IHC staining.
The mice were orally administered with 3 consecutive doses of ethanol (6 g/kg/dose) at 12-h
intervals and sacrificed at 6 h after the last ethanol dose, as described [17]. Pimonidazole
was injected intraperitoneally at a dose of 60 mg/kg body weight at 1 h before euthanasia.

Immunofluorescent and confocal microscopy

Liver tissues were fixed formalin and embedded in paraffin according to standard procedure.
Tissue sections were cut in 5um slices and transferred onto glass slides. Sections were
deparaffinized in xylene 3 times for 5 minutes each and rehydrated in following steps of: in
100% alcohol 2 times for 10 minutes, in 95% alcohol 2 times for 10 minutes and rinsed
twice for 5 minutes in distilled water. Pretreatment occurred in boiled 0.1 M sodium citrate
buffer (pH 7.2) by using microwave. These pretreated slides were cooled for 30 minutes at
room temperature and rinsed in distilled water three times for 5 minutes. After rinsing in
PBS, the sections were pre-incubated in 10% normal donkey serum in PBS (with 0.2%
Triton X-100) for 1 hour at room temperature and then incubated at 4°C overnight with the
primary antibody (anti-CYP2E1 from Abcam, Cambridge, United Kingdom). After
overnight incubation, slides were washed with PBS three times for 5 minutes and incubated
in the dark for 2 hour at room temperature with asecondary antibody (goat anti-rabbit 1gG-
FITC from Santa Cruz Biotechnology, Dallas, TX). Slides were washed in PBS and
incubated at 4°C overnight with another primary antibody (anti-HIF1a from Abcam). After
then slides were washed in PBS and incubated in the dark for 2 hour at room temperature
with a secondary antibody (goat anti-mouse 1gG,,-TR from Santa Cruz Biotechnology).
After washing in PBS, slides were mounted in Vectashield Mounting Medium (H-1400;
Vector Laboratories, Ontario, Canada). Immunostained slides were observed with confocal
microscopy (Al; Nikon, Tokyo, Japan).

Immunoprecipitation and immunoblot analyses

The immunoprecipitation of ADH was performed using Dynabeads Protein G (Novex, Life
Technologies, Carlsbad, CA, USA) following the manufacturers recommendations and
separated on 12% SDS-PAGE gels for immunoblot analysis using the specific antibody
against 3-nitrotyrosine or ADH, as described in the section of Western Blotting.

Quantification and Statistical analysis

Band densities were quantified using a gel digitizing software (UN-SCAN-IT, Orem, UT,
USA). The results are expressed as means = SEM. All data were analyzed by the Student’s t
test and aP value of 0.05 or less was considered statistically significant. Pearson correlation
analysis was performed using Minitab® 14 software (Minitab Inc., State College, PA, USA)
with exclusion of 1 outlier. All other methods are not described here were repeated at least
twice and performed as same as described [17,24].
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Effects of binge alcohol on liver injury and alcohol metabolic enzymes in mice

Time-dependent effects of binge alcohol were evaluated in mice treated with 3 consecutive
oral doses of ethanol at 12 h intervals. At 1 h after the third ethanol dose (or 25 h following
the first ethanol dose), BAC reached a maximum, 0.082% (Fig. 1A). It was higher than
0.08%, a concentration defined as binge drinking [6],indicating that our protocol was
sufficient to study effects of binge alcohol. Plasma alanine aminotransferase (ALT) was
significantly elevated at 2, 4 and 9 h (Fig. 1B). Histological analysis of liver tissues revealed
micro-vesicular lipid droplets accumulationat 24 h(i.e., 48 h from the first ethanol dose) in
binge alcohol-exposed mice (Fig. 1C and Supplementary Fig. 1A), along with increased
neutrophil infiltration and scattered inflammatory foci as shown in our previous findings
[17]. Consistent with our recent results [17], binge alcohol suppressed the hepatic levels of
peroxisome proliferator activated receptor-alpha, a transcription factor involved in fatty acid
oxidation and inflammation (Supplementary Fig. 1B), likely contributing to fat
accumulation and inflammatory liver injury, as indicated by elevated ALT and liver
histology.

Among major alcohol metabolizing enzymes, ADH was decreased by binge alcohol up to 9
h (Supplementary Fig. 1C), whereas hepatic CYP2E1 was increased up to 9 h while they
returned to basal levels at 24 h after the last ethanol dose (Fig. 1D). CAT, being considered
as a minor enzymein hepatic alcohol oxidation [15], was reduced by binge alcohol while
ALDH2 level was unchanged (Supplementary Fig. 1C). Hepatic activities of ADH and
CYP2E1 showed consistent patterns with their protein levels. Binge alcohol led to time-
dependent reduction of ADH activity up to 9 h (Supplementary Fig. 1D). Hepatic CYP2E1
activity was increased and reached a maximum at 9 h after thelast alcohol exposure (Fig.
1E).

Binge alcohol increased hypoxia, HIF-1la-related apoptosis and protein nitration in mice

To evaluate whether hypoxia actually occurred in binge alcohol-exposed mice, liver tissues
were stained with CYP2EL and a hypoxia-specific marker pimonidazole, as reported [12].
Immunohistochemical staining for CYP2E1 and pimonidazole were strongly positive in
binge alcohol-exposed mice (Fig. 1F). Moreover, CYP2E1 and pimonidazole were co-
localized in the centrilobular areas. Binge alcohol elevated HIF-1a expression sin whole
liver extracts and nuclear fractions, although the levels of laminused as a loading control for
nuclear proteins slightly decreased in alcohol-exposed samples while the GAPDH levels
seem unchanged (Fig. 2A), indicating binge alcohol-mediated hypoxia followed by
stabilization and translocation of HIF-1a to nucleus. Since hydroxylation of HIF-1a by HIF-
specific prolyl hydroxylase-2 (HPH-2) leads to proteasome-mediated degradation of HIF-1a
[12], we also measured the HPH-2 level. Interestingly, however, nuclear HPH-2 showed a
similar time-dependent expression with that of HIF-1a protein (Fig. 2A), supporting the
previous results of HIF-1a-dependent HPH-2 up-regulation [25,26].

HIF-1a induces apoptosis by stabilizing p53 and/or increasing the expression of Bcl-2/
adenovirus E1B 19 kDa interacting protein-3 (BNIP3) and pro-apoptotic Bax [10,27]. In our
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study, p53, BNIP3 and mitochondrial Baxwere elevated following binge alcohol (Fig. 2B).
Terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) analysis demonstrated significantly increased hepatocyte apoptosis by binge
alcohol (Figs. 2C-D and Supplementary Fig. 2). Collectively, the highest BAC was observed
between 1~4 h while CYP2EL1 activity continuously elevated between 1~9 h following the
last ethanol exposure. In contrast, maximal levels of HIF-1a and apoptotic rate were
observed at 4 h(i.e., 28 h from the first ethanol dose) (Fig. 2E).

Hypoxia can also lead to NO production with subsequent peroxynitrite formation
[28,29]through HIF-1a-mediated iNO Sinduction [13]. Consistently, hepatic iNOS
expression was increased at 9 h following the binge alcohol treatment (Fig. 2F), which
alsoelevated plasma nitrate/nitritecontents (Fig. 2G). Hepatic nitrated proteins, determined
by 3-nitrotyrosine (3-NT) immunoblot, were increasedin binge alcohol-exposed mice(Fig.
2F).

Changes in the alcohol metabolizing enzymes in binge alcohol-exposed humans

Information for the collected human specimens is summarized in Table 1 and
Supplementary Fig. 3. Based on history of binge alcohol drinking in previous days before
autopsies and BAC determined post-mortally, 26 individuals were firstly divided into 13
drinkers and 13 non-drinkers (Fig. 3). Twelve from 13 alcohol drinkers showed higher
BACs than 0.08%, a concentration defined as binge drinking[6]. Two non-drinkers with
liver cirrhosis were excluded from this study to rule out chronic effect. Consequently, total
24 individuals were assigned into 2 groups, a binge (n = 12; 3 females and 9 males) and a
non-binge group (n = 12; 7 females and 5 males). Average ages of binge and non-binge
group were 46.7 and 41.5, respectively. No significant difference inbody mass index (BMI)
was observed between the two groups (data not shown but provided to the reviewers).
Although smoking in male individuals was more prevalent in binge group (8/9) than non-
binge group (3/5), there was no significant difference in the quantity of smoking between the
two groups (data not shown but provided to the reviewers).

ALDH2 and CAT levels were similar between binge and non-binge groups (Figs. 4A and
B). In contrast, significantly reduced ADH (18%) and elevated CYP2E1 (188%) were
observed in binge group. Activity measurements showed decreasing trends in both ADH
(34.5%) and ALDH2 (18.8%) in binge group, although they were statistically
insignificant(Fig. 4C). ADH proteins in binge alcohol-exposed humans and mice were found
to be nitrated (data not shown but provided to the reviewers). These results may reflect that
nitration of ADH might have contributed to decreased ADH levels in bingealcohol-exposed
mice and humans, likely through accelerated ubiquitin-dependent protein degradation of
nitrated proteins, as reported [30,31]. Hepatic CYP2EL1 activity was significantly(173%)
elevated in binge group. We further analyzed statistical correlation between BACs and the
major alcohol metabolizing enzymes to determine which proteins were correlated with
BAC:s following binge alcohol ingestion. The activities of ADH and ALDH2 showed no
significant correlations with BACs, where as the CYP2EL1 activities (r = 0.641, p = 0.001)
and protein levels (r = 0.629, p = 0.001) were significantly correlated with BACs (Fig. 4D).
There was no marked difference in correlation coefficients between female and male
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individuals(Supplementary Fig. 4). Furthermore, the hepatic CYP2E1 protein levels and
activities did not statistically correlate with the quantities of smoking consumption in
humans(data not shown but provided to the reviewers), supporting the primary role of binge
alcohol in the CYP2E1 elevation.

Binge alcohol elevated HIF-1laand its apoptosis-related downstream target proteins in

humans

Hepatic HIF-1a was significantly increased (384%) in binge group(Fig. 5A). Subsequently,
p53 (124%), BNIP3 (119%) and mitochondrial Bax (124%) were significantly elevatedin
binge group. Particularly, HIF-1a levels were positively correlated with BACs (r = 0.745,
p< 0.001), CYP2EL1 levels (r = 0.450, p = 0.031) and CYP2E1 activities (r = 0.792, p<
0.001), respectively (Fig. 5B). In contrast, there was no significant relationship between
HIF-1a and ADH or ALDH?2 activity.

Consistent with the results in mice, hepatic iNOS was significantly increased by 239% in
binge alcohol group(Fig. 6A). Moreover, its levels showed positive relationships with BACs
(r=0.500, p=0.015), CYP2E1 activities (r = 0.567, p = 0.005), and HIF-1a (r = 0.680, p<
0.001), respectively(Fig. 6B), suggesting that HIF-1a was likely involved in binge alcohol-
mediated induction of iNOS. The levels of nitrated proteins markedly differed among non-
alcoholic individuals, whereas more proteins in many individuals in binge group appeared
nitrated. The densitometric analysis revealed that3-NTlevels were 58% elevated (p< 0.05) in
binge group than non-binge group (Fig. 6A) and significantly correlated with BACs(r =
0.448, p = 0.032) (Supplementary Fig. 5). The 3-NTlevels exhibiteda tendency of positive
correlations with CYP2E1 and HIF-1a, albeit statistically insignificant, possibly due to rapid
degradation of some nitrated proteins, as reported [30,31]. The increased levels of iNOS and
3-NT observed in binge alcohol-exposed WT were alleviated in the corresponding Cyp2el-
null mice (Fig. 7C). Consistently, plasma nitrate/nitrite levels, significantly increased (55%)
in binge alcohol-exposed WT, were significantly attenuated in the corresponding Cyp2el-
null mice (Fig. 7D).

Role of CYP2Elor HIF-1a in binge alcohol-induced liver injury in mice

WT and Cyp2el-null mice were treated with binge alcohol to evaluate the role of hepatic
CYP2EL in promoting HIF-1a-related liver injury, as described [17]. There wasno
significant genotype difference inbinge alcohol-mediated reduction of ADH and CAT (Fig.
7A). ALDH2 level was unchanged by binge alcohol in both WT and Cyp2el-null mice.
However, CYP2EL, expressed in only WT mice,was in creased by binge alcohol. The
greatly elevated levels of HIF-1a, BNIP3 and p53 in the binge alcohol-exposed WT were
attenuated in the corresponding Cyp2el-null mice (Fig. 7B), providing a possible
explanation for our recent finding that binge-alcohol-induced apoptosis was markedly
prevented in Cyp2el-null mice [17]. Immunohistochemistry for hepatic CYP2E1 and
HIF-1a revealed that CYP2E1 and HIF-1a levels were markedly increased and co-localized
in central vein regions in binge alcohol-exposed WT mice (x 200) (Supplementary Figs. 6C
and D, respectively), compared to the control mice (Supplementary Figs. 6A and B,
respectively). In contrast, the levels of CYP2EL in control and ethanol-exposed Cyp2el-null
mice were very low or minimal, as expected (Supplementary Figs. 6E and G, respectively),
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while the level of HIF-1a seemed minimally elevated in binge alcohol-exposed Cyp2el-null
mice (Supplementary Fig. 6H), compared to the corresponding control (Supplementary Figs.
6F) or alcohol-exposed WT (Supplementary Fig. 6D). Consistently, the levels of fluorescein
is othiocyanate (green-fluorescence)-stained CYP2Eland Texas Red-stained HIF-1a(red-
fluorescence) were marked increased in binge alcohol-exposed WT mice (Supplementary
Figs. 7B and D, respectively), compared to their corresponding controls (Supplementary
Figs. 7A and C, respectively). In addition, these two proteins were elevated and co-
localized, as evidenced by the increased yellow merged images (Supplementary Fig. 7F),
compared to the control (Supplementary Fig. 7E).

To further investigate the role of HIF-1a in binge alcohol-mediated hepatotoxicity, WT
mice were pretreated with an HIF-1a-specific inhibitor PX-478 prior to binge alcohol
exposure. PX-478, at the dose used, partially suppressed binge alcohol-mediatedincreases in
HIF-1a and BNIP3 (Fig. 8A). Binge alcohol-mediated iNOS induction and subsequent
nitrotyrosine formation were also attenuated by PX-478 pretreatment (Fig. 8B), confirming a
previous report on the involvement of HIF-1a in iNOS expression [13]. In contrast, PX-478
did not cause any effect on alcohol-mediated elevation of CYP2E1 levels (Fig. 8C),
suggesting that the effect of PX-478 was not due to interference with CYP2EL upregulation.
However, PX-478 partially blocked binge alcohol-induced hepatocyte apoptosis and plasma
ALT elevation proportionally to the HIF-1a levels, which likely explains why the
amelioration did not reach the statistically significant levels (Fig. 8D and Supplementary
Fig. 8). Never-the-less, these results suggest an important role of HIF-1a, at least partially,
in binge alcohol-induced liver injury.

Discussion

As the primary site of alcohol metabolism, liver is a major target of alcohol-induced injury
[1-7,15]. Induction of CYP2EL, known to create potentially toxic metabolites that contribute
to oxidative tissue damage [15-17], has been associated with hypoxia and HIF-1a activation
in response to chronic alcohol feeding in rodents through elevated hepatic oxygen
consumption [12]. CYP2EL1 is induced by both binge and chronic ethanol ingestion
[12,16,17]. In this study, we aimed to investigate the potential mechanism of binge alcohol-
mediated liver injury and the relationship between the alcohol metabolizing enzymes
including CYP2E1 and HIF-1a-related liver injury inhumans and miceexposed to binge
alcohol as a common type of alcohol ingestion [5,8,32].

The binge groups in both humans and mice exhibited BACs greater than 0.08%, the legal
limit concentration defined as binge drinking [6]. Mice exposed to binge alcohol showed
increases in hepatic steatosis and inflammation. Importantly, among the major alcohol
metabolizing enzymes, only CYP2E1 was significantly elevatedin binge group. CYP2EL1 is
critical in the development of non-alcoholic steatohepatitis and alcoholic hepatitis through
increased oxidative/nitrative stress, gut leakiness, endotoxemia, and inflammation-mediated
events [17,24,33,34]. In addition, CYP2E1 was shown to play an important role in the
production of hydroxyethyl radicals during alcohol consumption, and human alcoholic
individuals showed increased levels of autoantibodies against CYP2E1-hydroxyethyl
adducts [35,36]. In this study, hepatic CYP2E1 levels and activities in humans and mice
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were selectively elevated by binge alcohol while the other alcohol metabolizing enzymes did
not change or slightly decreased. The increased CYP2E1 amounts and activities positively
correlated withthose of BACcompared to other factors such as smoking and BMI,
andwerelikely induced through protein stabilization in the presence of alcohol, as reported
[37].

Alcohol ingestion can lead to hypoxia around the central vein [12] through increased hepatic
oxygen consumption along with a smaller increase in oxygen delivery [1]. All cytochrome
P450 enzymes require molecular oxygen for their catalytic activities [15,34]. Especially,
CYP2EL1 has been known to contribute to ethanol-induced hypoxic damage through
increased microsomal oxygen consumption [34,38]. Indeed, we observed co-localization of
CYP2E1L, HIF-1a and pimonidazole-sensitive hypoxia in the same areas of centrilobule,
where oxygen tension is lowest [1,12,39], in binge alcohol-exposed mouse liver tissues. The
results of centrilobular hypoxia in binge alcohol-exposed mice are also consistent with the
pericentralhypoxia in mice chronically fed an alcohol liquid diet in a CYP2E1-dependent
manner, as previously reported [12]. Moreover, significant correlationsamong BAC,
CYP2E1 and HIF-1a were observed in humans. Collectively, this datasuggests a criticalrole
of hepatic CYP2E1 in binge alcohol-induced hypoxia and subsequent HIF-1a activation.

The underlying mechanisms by which elevated CYP2E1 induces HIF-1a in alcohol-exposed
tissues are unknown and need to be studied in the future. The levels of HIF-1a can be
regulated by many different pathways during its synthesis and degradation. However, based
on our results (Fig. 2A) and the previous reports on the elevated levels of HPH-2 in response
to alcohol exposure, this enzyme does not seem to be the main reason for HIF-1a up-
regulation, despite its critical role in the hydroxylation of HIF-1a needed for ubiquitin
conjugation and subsequent degradation. For instance, alcohol administration was shown to
increase the catalytic activities and levels of HPH, as reported by at least three different
laboratories [40-42]. Therefore, it is more likely that the elevated levels of HIF-1a in
alcohol-exposed mice (Fig. 2) and human specimens (Fig. 5) could result from CYP2E1-
related increased oxidative stress, which can oxidatively-modify one of the enzymes in the
26S proteasomal multi-protein complex involved in the ubiquitin-dependent degradation of
HIF-1a. For instance, various subunits of the 26S proteasomal complex can be covalently
modified: 1) adduct formation with 4-hydroxynonenal [43]; 2) phosphorylation [44]; and 3)
oxidative modification of Cys residues [45] in a CYP2E1-dependent manner, since
proteasomal activities were not significantly decreased in alcohol-exposed Cyp2el-null mice
[46]. In addition to the suppression by chronic alcohol administration, proteasomal activities
can be also suppressed by acute binge alcohol exposure [47]. These types of modifications
of the proteasomal subunits likely result in suppressed proteasomal activity, thus leading to
increased HIF-1a levels.

Hypoxic cells initiate a cascade of events that induce apoptosis to prevent the accumulation
of injured cells from hypoxia-induced mutations, while cells also try to adapt to hypoxic
condition to survive [10]. One of the key regulators in these processes is a transcription
factor HIF-1a [10]. Elevated HIF-1a can increase stability of a tumor suppressor gene p53,
which induces apoptosis by up-regulating Bax under stress conditions [10,27]. HIF-1a can
inhibitanti-apoptotic effect of Bcl-2 through induction of BNIP3 [10]. It is also known that
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HIF-1a can induce various anti-apoptotic proteins, such as survivin, inhibitor of apoptosis
protein 2, and vesicular endothelial growth factorto facilitate cell survival and promote
angiogenesis [48,49], while cells with high concentrations of HIF-1a can be more resistant
to apoptosis under hypoxic conditionsespecially in cancer cells [50]. Our preliminary results
showed that the levels of survivin were slightly elevated at 1 h but significantly decreased at
later time points after ethanol exposure. Thus, our current observations with normal tissues
seem to favor toward increased apoptosis with elevated levels of pro-apoptotic proteins such
as p53, BNIP3 and mitochondrial Bax and decreased levels of survivin, all of which are
involved in HIF-1a-dependent apoptosis [10,27], in both human and mice exposed to binge
alcohol. This result is in agreement with a recent study showing that moderate ethanol
exposure leads to hypoxia/HIF1la-induced signaling in liver cells with induction of p53-
dependent apoptosis of hepatocytes, contributing to increased hepatic fibrosis during chronic
CCl4 exposure [51].

As a post-translational modification, protein nitration is known to modify protein structure,
alter their functions, and increase susceptibility to protein degradation [30,31]. NO, required
for peroxynitrite formation in the presence of reactive oxygen species, is mostly produced
by the action of NOS enzymes, including iNOS [28-31]. In hypoxia, HIF-1a can stimulate
iNOS expression [13]. It has been also shown that hepatic Kupffer cell activation following
ethanol exposure increased iINOS expression [52]. The NO produced from iNOS might have
damaged the mitochondrial respiratory chain, contributing to hypoxia, as described [52].
Our results (Figs. 2 and 6) also showed the elevation of hepatic iNOS and 3-NT possibly
associated with HIF-1a activation in binge alcohol-exposed humans and mice. It is also
possible that CYP2EL1 plays a permissive role in iNOS effects although this needs further
investigation. Particularly, significant relationships among BAC, CYP2EL, HIF-1a
andiNOS provide evidence about the involvement of HIF-1a in binge alcohol-induced iNOS
induction and subsequent events such as protein nitration under hypoxia, at least partially, in
binge alcohol-exposed humans and mice. Although not conducted in this study, it is likely
that increased protein nitration, that is likely mediated by the increased CYP2E1 and iNOS
protein levels, in different sub-cellular fractions might be also involved in inactivation of
their functions, contributing to mitochondrial dysfunction, endoplasmic reticulum stress, and
apoptosis in alcoholexposure, as recently demonstrated [17,52,53].

In agreement with the results with chronic alcohol feeding [12], our present results of
Cyp2el-null mice following binge alcohol suggest that CYP2E1 most likely plays an
important role in promoting binge alcohol-induced apoptosis and protein nitration
throughCYP2E1-HIF-1a-dependent mechanism, although further experiment using Cyp2el
transgenic mice is needed to achieve higher signal to noise effects in clearly establishing the
role of CYP2EL. Our results with the HIF-1a inhibitor showed proportionate to inhibition of
HIF-1a and its downstream targets along with partial protection against binge alcohol-
induced hepatotoxicity, suggesting that HIF-1aplays at least a partial role in CYP2E1-
mediated apoptotic injury in response to binge alcohol. In this regard, other factors such as
gut leakiness, immune cell activation, oxidative/nitrative protein modifications followed by
mitochondrial dysfunction, and epigenetic elements may also contribute to binge alcohol-
induced acute liver injury [4,17,24,32,54].
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By comparing the data, we found that the elevation of CYP2E1, HIF-1a, p53, BNIP3, iNOS
and 3-NT observed in binge alcohol-exposed humansgenerally agreed with those of the
corresponding mice.CYP2E1 is regulated by both exogenous substrates such as ethanol and
isoniazidas well as endogenous substrates including fatty acids and ketone bodies
[33-37,55]. In addition, our study represents the first evidence of a strong and possibly direct
relationship between CYP2E1 and HIF-1a activation in human sexposed to acute binge
alcohol. We concluded that binge alcohol promotes acute hypoxic liver injury in mice and
humans at least partly through activating the CYP2E1-HIF1la-dependent apoptosis pathway.
Furthermore, based on the similar results, our rodent model seems to represent a good
surrogate tool to predict the effects of binge alcohol on people. Along with a recent report
with chronic alcohol exposure [12], our findings clearly indicateCYP2Eland HIF-1a as
potential targets in development of preventive and/or therapeutic agents against alcohol-
induced liver injury.
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Fig. 1. Binge alcohol increasedCYP2EL1 and hypoxia in mice
(A,B) The changes of BAC (A) and plasma ALT (B) after binge alcohol exposure.(C)

Representative H&E staining of livers at 9 h after the last ethanol dose. (D) Immunoblot
analysis of CYP2E1lin whole liver lysates.(E) CYP2E1lactivityin cytoplasm.(F)
Representative immunohistochemicalstainings(arrows) of CYP2EL and pimonidazole in
livers at 6 h (i.e., 30 h from the first ethanol dose). PC, pericentral regions. Data (n=4/group)
expressed as means + SE(*p< 0.05 and **p< 0.01).
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Fig. 2. Effects of binge alcohol on hepatic levels of HIF-1a-related apoptosis and protein
nitration in mice

(A,B) Immunoblot analyses of HIF-1a (A) and itsapoptosis-related target proteins (B), as
indicated.(C,D) Representative TUNEL staining (C) for apoptotic hepatocytes (arrows) at 4
h (i.e., 28 h from the first ethanol dose) and quantitative analysis (D). (E) The time-
dependent changes in BAC, CYP2EL1 activity, HIF-1a and apoptotic hepatocytes.(F)
Immunoblot analysis of INOS and 3-NT at 9 husing whole liverlysates. Densitometric
analysis for A,B, and F was performed for each target protein in each lane and normalized to
either GAPDH (whole lysates), lamin A/C (nuclear fraction), or ATP synthase
(mitochondrial fraction). Each number on top of the panels represents the average density of
two lanes compared to the WT control (100).(G) Plasma nitrate/nitrite concentrationat 9 h
(i.e., 33 h from the first ethanol dose). Data expressed as means + SE(*p< 0.05 and **p<
0.01).
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Fig. 3.
Flow chart of study groups of human specimens
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Fig. 4. Effects of binge alcohol on alcohol metabolizing enzymes in humans
(A,B) Immunoblot analyses of the alcohol metabolizing enzymes (A) and quantitative

analysis (B).(C) The activities of alcohol metabolizing enzymes. Data expressed as means +
SE(*p< 0.05 and **p< 0.01).(D) Correlative analysison BACs and the alcohol metabolizing
enzymes. BACs were plotted against: ADH, ALDH2, CYP2EL1 activities, or CYP2E1
expressions with linear regression lines.r, Pearson correlation coefficient.
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Fig. 5. Effects of binge alcohol on HIF-1a and itsapoptosis-related target proteins in humans
(A) Immunoblot analyses of HIF-1a and downstream target proteins and quantitative

analysis. Data expressed as means + SE(*p< 0.05 and **p< 0.01). (B) Correlative analysis
among BACs, the alcohol metabolizing enzymes and HIF-1a. HIF-1alevels were plotted
against: BACs, ADH, ALDH2, CYP2E1 activities or CYP2E1 protein levels.
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Fig. 6. Effects of binge alcohol on protein nitration in humans
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(A) Immunoblot analyses of iNOS and 3-NT in whole liver lysates and quantitative analysis.
Data expressed as means + SE(*p< 0.05 and **p< 0.01). (B) Correlative analysis between
iNOS and BACs, CYP2E1, or HIF-1a. iNOS levels were plotted against: BACs, CYP2E1
activities or HIF-1a. r, Pearson correlation coefficient.
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Fig. 7. Effects of Cyp2eldeletioninbinge alcohol-exposed mice for 6 hours
(A-D) Immunoblot analyses of the alcohol metabolizing enzymes (A), HIF-1a-related

apoptosis target proteins(B), protein nitration (C). Densitometric analysis for A, B, and C
was performed for each target protein in each lane and normalized to either GAPDH (whole
lysates) or ATP synthase (mitochondrial fraction). Each number on top of the panels
represents the average density of two lanes compared to the WT control (100). (D) Plasma
nitrate/nitrite concentration was evaluated as shown. Data expressed as means + SE(*p <

0.05 and **p< 0.01).
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Fig. 8. Effects of HIF-1a inhibition in binge alcohol-exposed mice
(A-D) Immunoblot analyses of HIF-1a, BNIP3 (A), iINOS, 3-NT (B), CYP2EL1 (C).

Densitometric analysis was performed for each target protein and normalized to GAPDH or
B-actin. Each number on top of the panels represents the average density of two lanes
compared to the WT control (100). Representative TUNEL staining for apoptotic
hepatocytes (arrows) (D) in WT mice exposed to binge alcohol for 6 h(i.e., 30 h from the
first ethanol dose) in the absence or presence of PX-478 pretreatment. Data expressed as
means £ SE(*p < 0.05 and **p< 0.01).
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Clinical data of human subjects

Table 1

Sal\rlr;?Ie Gender ﬁg;t?f Dgir;laieng ?{)2(): Autopsy diagnosis (kBg'/\:lnlz) Srrggl;;ng Group
1 Female 21 Yes 0.319 - 19.92 0 Binge
2 Female 38 Yes 0.179 Fatty liver 24.52 0 Binge
3 Female 49 Yes 0.477 Acute alcohol intoxication 24.00 0 Binge
4 Female 45 Yes 0.023 - 24.89 0 Non-binge
5 Female 46 No 0.000 Acute cardiac death 24.22 0 Non-binge
6 Female 18 No 0.000 Acute cardiac death 23.23 0 Non-binge
7 Female 54 No 0.000 - 22.47 0 Non-binge
8 Female 28 No 0.000 - 21.93 0 Non-binge
9 Female 37 No 0.000 Acute cardiac death 28.16 0 Non-binge
10 Female 45 No 0.000 Acute cardiac death 21.23 0 Non-binge
11 Male 64 Yes 0.634 Acute alcohol intoxication 23.63 40 Binge
12 Male 50 Yes 0.225 Stroke 22.23 30 Binge
13 Male 51 Yes 0.472 Acute alcohol intoxication 19.37 26 Binge
14 Male 45 Yes 0.427  Acute alcohol intoxication, Fatty liver 24.85 20 Binge
15 Male 44 Yes 0.187 Acute cardiac death 25.71 28 Binge
16 Male 44 Yes 0.223 Liver cirrhosis 21.61 20 Binge
17 Male 74 Yes 0.270 Acute cardiac death 26.26 55 Binge
18 Male 42 Yes 0.189 Acute cardiac death 24.67 0 Binge
19 Male 38 Yes 0.095 Acute cardiac death, Fatty liver 25.26 15 Binge
20 Male 32 No 0.000 Acute cardiac death 28.03 12 Non-binge
21 Male 56 No 0.000 Acute cardiac death 24.13 0 Non-binge
22 Male 64 No 0.000 Acute cardiac death 21.88 42 Non-binge
23 Male 47 No 0.000 Acute cardiac death 26.70 24 Non-binge
24 Male 26 No 0.000 Acute cardiac death 22.72 0 Non-binge
25 Male 62 No 0.000 Acute cardiac death, Liver cirrhosis 20.42 0 -
26 Female 31 No 0.000 Liver cirrhosis 17.18 0 -
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Table 2
Primary antibodies used in this study
Antigen Species Working dilution g ffer* Source
ADH Rabbit 1:5000 3% milk Cell Signaling
CYP2E1 Rabbit 1:10000 3% milk Abcam
Catalase Rabbit 1:2000 3% milk Abcam
ALDH2 Goat 1:3000 3% milk  Santa Cruz Biotechnology
ATP-Synthase  Rabbit 1:3000 3% milk  Santa Cruz Biotechnology
PPARa Rabbit 1:1000 3% milk Abcam
HIF-1a Rabbit 1:500 3% milk  Santa Cruz Biotechnology
HPH-2 Mouse 1:1000 3% milk Thermo Scientific
BNIP3 Rabbit 1:2000 3% milk Cell Signaling
P53 Mouse 1:1000 3% milk Cell Signaling
Bax Rabbit 1:2000 3% milk Cell Signaling
iNOS Rabbit 1:1000 3% milk Abcam
3-nitrotyrosine  Mouse 1:1000 3% milk Abcam
GAPDH Rabbit 1:2000 3% milk Cell Signaling
f-actin Rabbit 1:2000 3% milk Cell Signaling
Lamin A/C Rabbit 1:1000 3% milk Cell Signaling

*
TTBS represents:Tris buffered saline, pH 7.4 with 0.1% Tween 20.
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