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Abstract
Ethanol induces hypoxia and elevates HIF-1α in the liver. CYP2E1 plays a role in the
mechanisms by which ethanol generates oxidative stress, fatty liver and liver injury. The current
study evaluated whether CYP2E1 contributes to ethanol-induced hypoxia and activation of
HIF-1α in vivo and whether HIF-1α protects against or promotes CYP2E1-dependent toxicity in
vitro. Wild type (WT), CYP2E1-knockin (KI) and CYP2E1 knockout (KO) mice were fed ethanol
chronically; pair fed controls received isocaloric dextrose. Ethanol produced liver injury in the KI
mice to a much greater extent than in the WT and KO mice. Protein levels of HIF-1α and
downstream targets of HIF-1α activation were elevated in the ethanol-fed KI mice compared to
the WT and KO mice. Levels of HIF prolylhydroxlase 2 which promotes HIF-1α degradation
were decreased in the ethanol-fed KI mice in association with the increases in HIF-1α. Hypoxia
occurred in the ethanol-fed CYP2E1 KI mice as shown by an increased area of staining using the
hypoxia-specific marker pimonidazole. Hypoxia was lower in the ethanol-fed WT mice and lowest
in the ethanol fed KO mice and all the dextrose-fed mice. In situ double staining showed that
pimonidazole and CYP2E1 were co-localized to the same area of injury in the hepatic
centrilobule. Increased protein levels of HIF-1α were also found after acute ethanol treatment of
KI mice. Treatment of HepG2 E47 cells which express CYP2E1 with ethanol plus arachidonic
(AA) acid or ethanol plus buthionine sulfoximine (BSO) which depletes GSH caused loss of cell
viability to greater extent than in HepG2 C34 cells which do not express CYP2E1. These
treatments elevated protein levels of HIF-1α to a greater extent in E47 cells than C34 cells. 2-
Methoxyestradiol, an inhibitor of HIF-1α, blunted the toxic effects of ethanol plus AA and ethanol
plus BSO in the E47 cells in association with inhibition of HIF-1α. The HIF-1α inhibitor also
blocked the elevated oxidative stress produced by ethanol/AA or ethanol/BSO in the E47 cells.
These results suggest that CYP2E1 plays a role in ethanol-induced hypoxia, oxidative stress and
activation of HIF-1α and that HIF-1α contributes to CYP2E1-dependent ethanol-induced toxicity.
Blocking HIF-1α activation and actions may have therapeutic implications for protection against
ethanol/CYP2E1-induced oxidative stress, steatosis and liver injury.
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Introduction
Hypoxia inducible factor (HIF) is activated by hypoxia and is master regulator of oxygen
homeostasis as it regulates the expression of many genes involved in glycolysis, glucose
transport, synthesis of nitric oxide and cytokines such as TNFα, blood flow, inflammation,
and cell death (1–3). Expression and activity of the HIF-1α subunit is regulated by cellular
oxygen levels, primarily at the level of protein stability (4,5). The HIF-1α protein is rapidly
degraded under normoxic conditions as oxygen-dependent proline hydroxylation of HIF-1α
by proline hydroxylases promotes ubiquitination of HIF-1α followed by rapid proteosome–
mediated degradation. Hypoxia enhances HIF-1α levels by inhibiting proline hydroxylation
and therefore the degradation of HIF-1α (1–5). The accumulated HIF-1α can dimerize with
the aryl hydrocarbon receptor nuclear translocator, move to the nucleus, and bind to the
hypoxia-responsive element in the promoter of its target genes (6–8). HIF-1α has been
implicated in the toxicity found in many models of liver injury, including alcohol-induced
liver injury (9–11).

Chronic ethanol consumption by rats was shown to cause hypoxia due to increasing oxygen
consumption; the latter reflected the requirement for oxygen to reoxidize reducing
equivalents, NADH, produced by the oxidation of ethanol by alcohol dehydrogenase and the
oxidation of acetaldehyde by the low Km mitochondrial aldehyde dehydrogenase (12–14).
Acute ethanol administration also produced hypoxia(14–16). Chronic intake of ethanol by
intragastric infusion caused hypoxia and oxidative stress in rat liver and pancreas (17–19).
The production of hypoxia by ethanol administration has been reviewed (20). Since ethanol-
induced hypoxia was most pronounced in the pericentral zone of the liver acinus reflecting
the gradient of oxygen across the liver, the ethanol-induced hypoxia was hypothesized to
play a role in the ethanol-induced liver injury (12,13,20). Li et al (21) showed that HIF-1α
mRNA and protein were elevated after intragastric administration of ethanol to rats for 24
weeks. Recent studies have assessed the possible role of HIF-1α in ethanol-induced
steatosis. Nath et al (22) reported that feeding mice for 4 weeks with the Lieber-DeCarli diet
increased HIF-1α mRNA, protein and DNA binding activity in wild type mice and produced
the typical fatty liver associated with ethanol consumption. Ethanol-induced fatty liver was
intensified in mice engineered to express high levels of hepatic HIF-1α but was decreased in
mice deficient in hepatic HIF-1α (22). Nath et al concluded that HIF-1α plays an important
role in ethanol-induced fatty liver and liver injury (22). Conversely, Nishiyama et al (23)
found that activation of HIF-1α suppresses ethanol-induced fatty liver. Using the same
Lieber-DeCarli model of ethanol feeding, they found that hepatocyte-specific HIF-1α
knockout mice developed a more pronounced fatty liver and elevated triglycerides than did
wild type mice and concluded that HIF-1α is protective against ethanol induction of fatty
liver. Possible reasons for these different conclusions were discussed (24) but remain
unclear and additional studies on this are needed.

CYP2E1 metabolizes and activates many toxicologically important substrates to more toxic
products (25–28). Levels of CYP2E1 are elevated by ethanol (29) and during its catalytic
reaction with molecular oxygen, reactive oxygen species such as superoxide and hydrogen
peroxide are produced (30). In some, but not all studies the ethanol-induced liver pathology
correlated with CYP2E1 levels and the generation of ROS and oxidative stress (31–36). We
have shown that ethanol-induced steatosis and oxidative stress was lower in CYP2E1
knockout mice fed ethanol chronically as compared to wild type mice (37). The fatty liver
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produced in wild type mice was blunted by inhibitors of CYP2E1 (37). Ethanol-induced
fatty liver and oxidative stress was restored in CYP2E1 knockin mice (38) in which the
human CYP2E1 was expressed in the CYP2E1 knockout mice. Ethanol and other
prooxidants were more toxic to HepG2 cells expressing CYP2E1 than control HepG2 cells
not expressing CYP2E1 (31,39,40). CYP2E1 appears to play an important role in the
mechanisms by which ethanol generates oxidative stress and is hepatotoxic (31,39,40).
Given the different results on the role of HIF-1α in ethanol-induced fatty liver, the goal of
the current study was to evaluate whether CYP2E1 contributes to ethanol-induced hypoxia
and activation of HIF-1α and whether HIF-1α potentiates or prevents CYP2E1 –dependent
toxicity.

Materials and Methods
In Vivo Mouse Models

SV129 background CYP2E1 knockout (KO) mice (41) and humanized transgenic CYP2E1
knockin (KI) mice (42,43) were kindly provided by Dr. Frank J. Gonzalez (Laboratory of
Metabolism, National Cancer Institute, Bethesda, MD) and breeding colonies of these mice
were established at Mount Sinai. SV129 wild type (WT) mice were purchased from Charles
River Laboratory. All mice were housed in temperature-controlled animal facilities with 12-
hour light/12-hour dark cycles. The mice received humane care, and experiments were
carried out according to the criteria outlined in the Guide for the Care and Use of Laboratory
Animals and with approval of the Mount Sinai Animal Care and Use Committee.

WT, KO and KI mice, total of 72 mice (male 48, female 24), 8–10 weeks of age, weighing
22–28 g were initially fed the control liquid dextrose diet (Bio-Serv, Frenchtown, NJ) for 3
days to acclimate them to the Lieber and DeCarli liquid diet (44). Afterward, the mice were
fed either the ethanol diet or the dextrose diet as follows.. The content of ethanol was
gradually increased every 7 days from 10% (1.77% [vol/vol]) of total calories to 20%
(3.54% [vol/vol]), 30% (5.31% [vol/vol]), and finally 35% of total calories (6.2% [vol/vol])
for four weeks. The control mice were pair-fed the dextrose diet on an isoenergetic basis.
The amount of diet consumed by the knockout, the knockin and the wild type mice was
approximately the same. Mice were sacrificed between 3 and 5 PM on the 28th day of
ethanol (6.2% vol/vol) feeding. For acute ethanol treatment, 24 male WT, KO and KI mice,
6–8 weeks old, body weight of 20–25g, were gavaged with 30% ethanol at a dose of 3g/kg
body weight, twice a day for four days or were gavaged with saline. Mice were fasted for 18
hr prior to sacrifice after the fourth day of acute ethanol or saline administration.

At the end of treatment, the mice were sacrificed and serum and liver were collected. The
liver was rapidly excised into small fragments and washed with cold saline. One aliquot of
tissue was placed in 10% formalin solution for paraffin processing and one aliquot of tissue
was placed in RNAlater solution for RNA isolation (Ambion, Grand Island, NY). The
remaining aliquots were stored at −80°C for further assays. Liver homogenates were
prepared in ice-cold 0.15 M KCl. Nuclear extract was freshly prepared according to a
nuclear extract kit protocol (Active Motive, Carlsbad, CA). All samples were stored at
−80°C in aliquots.

Serum ALT and Ethanol Assay
Serum alanine aminotransferase (ALT) levels were measured using a diagnostic kit (Pointe
Scientific Inc., Brussels, Belgium) and kinetically following changes in absorbance at 340
nm using a UV-160 U Recording Spectrophotometer (Shimadzu, Kyoto, Japan). Serum
ethanol was measured using an Abcam’s Ethanol Assay Kit based on oxidizing ethanol by
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alcohol oxidase to generate H2O2 which then reacts with the provided probe to generate a
specific chromophore color (λmax= 570 nm).

Organelle preparations and assays
Mitochondria were isolated after centrifugation of homogenates at 8,500×g for 30 min and
suspended in 0.25 M sucrose-10 mM Tris pH 7.4 buffer and washed once. The
postmitochondrial supernatant was centrifuged at 100,000×g at 4°C for 60 min to obtain the
microsomal pellets and the cytosolic supernatant fraction, respectively. The protein
concentration of the different fractions was determined using a protein assay kit based on the
Lowry Assay (BioRad, Hercules, CA). CYP2E1 activity was measured in liver microsomes
by the spectrophotometric analysis at 546 nm of the oxidation of p-nitrophenol to p-
nitrocatechol in the presence of NADPH and oxygen (45). The production of thiobarbituric
acid reactive substances (TBARS), expressed as malondialdehyde (MDA) equivalents, was
assayed in liver mitochrondrial fractions by the spectrophotometric analysis at 535 nm of the
formation of thiobarbituric acid-reactive components. The concentration of malondialdehyde
was calculated using an extinction coefficient of 156 × mmol/L/cm and expressed as
picomoles per milligram of protein (46). Reduced glutathione (GSH) was analyzed in liver
mitochondria by a glutathione reductase assay (47).

HE Staining and Inflammatory Cell Detection
The fixed liver tissue was processed as paraffin blocks and sections were used for
hematoxylin-eosin (HE) staining and inflammatory cell detection. The morphological
changes of liver tissues were observed by two pathologists who were blinded from the
experimental information. All changes of fatty degeneration, inflammatory infiltration and
ischemic necrosis were graded as none (0), mild (<25%), moderate (25%–50%), and severe
(>75%).

Immunohistochemistry (IHC)
Immunohistochemical staining was performed on paraffin slides with the Histostain Plus
Broad Spectrum LAB-SA Kit (Invitrogen, Camarillo, CA) using either polyclonal rabbit-
anti-4-hydroxy-2-nonenal michael adducts (4-HNE) antibody (1:200) (Calbiochem, La Jolla,
CA) or polyclonal rabbit–anti–3-nitrotyrosine (3-NT) antibody (1:100) (Chemicon,
Temecula, CA) or polyclonal rabbit-anti-HIF-1α antibody (1:100) (Millipore, Temecula,
CA). Slides were visualized with 3,3′-diaminobenzidine (DAB), and positive staining was
reflected by brownish yellow color. In each case, a negative control (nonimmune serum)
was used. The immunostaining results were semi-quantified and evaluation of a specific
positive reaction was marked as negative (−), weakly positive (+), moderately positive (++),
and strongly positive (+++).

Western Blot Analysis
Levels of CYP2E1, HIF-1α, HPH-2, Bcl-2, P21 and LDHA protein in 20–100 μg of protein
samples from freshly prepared liver microsomal or nuclear extract, or homogenate fractions
were determined using western blot analysis with anti-CYP2E1 antibody (1:10,000) (a gift
provided by Dr. Jerome Lasker), anti-HIF-1α antibody (1:1000), anti-HPH-2 antibody
(1:500), anti-LDHA antibody (1:1000) (Thermo Scientific, Waltham, MA), anti-Bcl-2
antibody (1:500) and anti-P21 antibody (1:500) (Santa Cruz Biotechnology, Santa Cruz,
CA), respectively, followed by incubation with anti-rabbit or anti-mouse Odyssey secondary
antibody (1:10,000). Blots were scanned using an Odyssey Imaging System (LI-COR
Biosciences, Lincoln, NE). All specific bands were quantified with the Automated
Digitizing System (ImageJ gel programs, version 1.34S, National Institute of Health). β-
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actin was assayed by Western blot and results were expressed as the sample/actin ratio,
which are shown below the specific blots.

In Situ Detection of Liver Tissue Hypoxia
To detect liver hypoxia in situ, the Hypoxyprobe-1 Plus kit (Hypoxyprobe, Burlington, MA)
was used after injecting pimonidazole hydrochloride in vivo followed by immunochemical
staining. Pimonidazole is reductively activated in hypoxic cells and forms stable adducts
with thiol goups in proteins (48). After four-weeks on the ethanol or dextrose diets, WT or
KO or KI mice were injected IP with pimonidazole at a dose of 60 mg/kg body weight.
After one hr, mice were sacrificed and liver tissue was collected for processing paraffin
slides. Slides were immunostained for hypoxyprobe-1 adducts using a specific FITC-MAb1
primary antibody (1:50) and a peroxidase conjugated anti-FITC secondary antibody (1:50)
according to the suggested kit protocol. Slides were visualized with 3-amino-9-
ethylcarbazole (AEC), and positive staining was reflected by red color.

RNA Isolation and Real-Time PCR
Total RNA was extracted from liver tissues previously treated with RNAlater solution using
TRIzol Reagent according to the protocol provided by the manufacturer (Invitrogen, Grand
Island, NY). Reverse transcription was carried out using a RT system (Applied Systems,
Carlsbad, Ca) as follows: 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and the
product (the first strand of cDNA) was stored at −20°C. Real-time PCR was performed in 25
μl of reaction solution containing 5 μl of 2X Maxima SYBR Green/Fluorescein qPCR
Master Mix (Fermentas, Waltham, MA), 300 nM primers, and cDNAs. The cycles for PCR
were as follows: 95°C for 7 min, 40 cycles of 95°C for 20 s, 54°C for 30 s, and 72°C for 30
s (Mount Sinai Core Facility). The primers were as follows: Mouse HIF-1a-Forward,
GAAGACAACGCGGGCACCGA, Mouse HIF-1a-Reverse,
TGCTTCGCCGAGATCTTGCTGC. GAPDH was used as an internal control. mRNA levels
were expressed as -fold changes after normalization with GAPDH.

In Vitro Cell Culture Model
E47 cells, a human hepatoma cell line that constitutively expresses CYP2E1 (HepG2 cells
transfected with plasmid pCI-neo containing CYP2E1 cDNA in the sense orientation), and
C34 cells (HepG2 cells transfected with pCI-neo), which do not express CYP2E1 (49) were
used as an vitro model to evaluate the role of HIF-1α in CYP2E1-dependent toxicity. Cells
were grown in MEM containing 10% fetal bovine serum and 0.4 mg/ml of G418
supplemented with 100 units/ml of penicillin and 100 mg/ml of streptomycin and 0.01%
fungizone antibiotics in a humidified atmosphere in 5% CO2 at 37°C. Cells were
subcultured at a 1:5 ratio once a week. The content of CYP2E1 was assayed by western blot
analysis, and catalytic activity was determined by measuring the oxidation of p-nitrophenol
(45). E47 cells and C34 cells were treated with ethanol (100 mM) or ethanol plus AA (30
μM), or ethanol plus BSO (300 μM) in the absence or presence of 2-ME (45 μM), an
inhibitor of HIF-1α, for 2 days in a 5% CO2 incubator at 37°C. The water tray in the
incubator contained added ethanol at a final concentration of 100 mM. The culture medium
was replaced every 24 hr with fresh medium and reagents. The water tray was also replaced
every 24 hr with fresh filtered water plus ethanol. The Cell Titer Assay was used to assess
cell viability (50). Mitochondrial production of reactive oxygen species, mainly superoxide
radical was assayed by incubating with MitoSox (5 μM, Invitrogen) for 30 min. Staining
was observed under the fluorescence microscope (x100). Lipid peroxidation was determined
by assay of formation of TBARS (46).
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Statistical Analysis
Values reflect means±SD. One-way ANOVA with subsequent post-hoc comparisons by
Tukey HSD and corrected for multiple group comparisons were performed by SPSS analysis
software (version 10.0). P values of less than 0.05 were considered statistically significant
and results are from experiments using 8–12 mice of each genotype in the chronic model
and 4–6 mice of each genotype in the acute model. Results with the HepG2 cells are from 3
dishes.

Results
Chronic Ethanol- Induced-Hepatotoxicity

Wild type SV129 mice (WT), CYP2E1 knockout mice (KO) and CYP2E1 knockin mice
(KI) in which the human CYP2E1 was added to replace the knocked out mouse CYP2E1
were fed ethanol chronically as described. Pair-fed controls received isocaloric dextrose.
Serum ALT levels were elevated in the CYP2E1 KI mice fed with ethanol; no increase was
found in the WT or KO mice fed with ethanol (Fig. 1B). Pathological observation revealed
distinct steatosis but no necrosis in the ethanol-fed WT mice (Fig. 1A2). Steatosis was lower
and necrosis was not observed in the ethanol-fed KO mice (Fig 1A4). In the ethanol-fed KI
mice, cell degeneration, inflammatory infiltration and ischemic necrosis were observed (Fig.
1A6 arrows). Steatosis in the ethanol-fed KI mice was lower than in the ethanol-fed WT
mice as found previously (38). This may reflect that the ethanol-fed KI mice already passed
the maximal stage of steatosis to reach an inflammatory stage with liver necrosis. Time
course kinetic experiments will be needed to evaluate this possibility. The ratio of liver to
body weight was increased in all the ethanol-fed mice compared to the dextrose-fed mice
(Fig. 1C). No pathological changes were found in any of the dextrose-fed mice (Fig
1A1,1A3,1A5).. Serum ethanol levels ranged between 6.4 and 7 mM at the time of sacrifice
for all three genotypes fed ethanol and were below 1.2 mM for all three genotypes fed
dextrose. After feeding mice for 4 weeks, the body weight was slightly decreased in the
ethanol-fed WT and KI mice but not in the ethanol-fed KO mice. There was no significant
change of body weight in any of the dextrose-fed mice.

Ethanol-Induced CYP2E1 Expression and Oxidative Stress
Chronic ethanol feeding elevates oxidative stress and induction of CYP2E1 plays an
important role in these increases (28,29,31,51). Ethanol increased mouse hepatic CYP2E1
levels and catalytic activity in the WT mice (Fig. 2A,2B). CYP2E1 levels and PNP activity
were very low or not detectable in the dextrose or ethanol-fed KO mice (Fig. 2A,2B).
Human CYP2E1 and PNP activities were elevated in the ethanol-fed KI mice to an even
greater extent than levels and activity of mouse CYP2E1 found in the ethanol-fed WT mice
(Fig. 2A,2B), as previously described (38). MDA levels, a breakdown product of lipid
peroxidation, were increased in hepatic mitochondria of the WT mice and further increased
in mitochondria from the KI mice fed with ethanol compared to the mice fed with dextrose
(Fig. 2C). No increase of MDA in liver mitochondria was found in the KO mice fed with
ethanol. GSH levels were lowered about 40% in liver mitochondria from WT mice fed with
ethanol and about 60% in liver mitochondria from the KI mice fed with ethanol (Fig. 2E).
Ethanol had no effect on GSH levels in liver mitochondria from KO mice.
Immunohistochemical staining for 4-HNE and 3-NT protein adducts was strongly positive(+
++) in liver of the KI mice (arrows, Fig 2D6,2F6), and weakly positive in WT mice (+) fed
with ethanol. (Fig 2F4). There were no obvious HNE or 3NT adducts observed in the mice
(−) fed with dextrose (Fig. 2D1,2D2, 2D3,2F1,2F2,2F3) or the KO mice fed with ethanol
(Fig 2D5,2F5). Thus, levels of ethanol induced oxidative stress correlated to the induction of
CYP2E1 in mice fed with ethanol, being highest in the KI mice, intermediate in the WT
mice and lowest in the KO mice, respectively

Wang et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Expression of HIF-1α
The levels of HIF-1α in nuclear extracts were significantly increased in the ethanol-fed KI
mice compared to the ethanol-fed WT and KO mice or to the dextrose-fed mice (Fig. 3A).
The levels of HPH-2, a proline hydroxylase of HIF-1α which targets HIF-1α for
proteosome –mediated degradation, were significantly decreased in the ethanol-fed KI mice
compared to the ethanol-fed WT and KO mice or to the dextrose-fed mice (Fig. 3A). The
decrease in levels of HPH-2 may correlate with the increase in levels of HIF-1α in the
ethanol-fed KI mice. Ethanol treatment lowers the catalytic activity of the proteasome
complex (52) and this may also play a role in the ethanol-induced elevation of HIF-1α in
addition to the decrease in HPH-2. Immunohistochemical detection of HIF-1α showed
strongest staining in the livers of the KI mice (+++) fed ethanol (arrows, Fig. 3C6),
moderately positive staining in WT mice (++)(Fig. 3C4) and no or weakly positive staining
in KO mice fed with ethanol (Fig. 3C5). No obvious staining was observed in the dextrose-
fed mice (−) (Fig. 3C1,3C2,3C3)). There were no significant changes in HIF-1α mRNA
levels between all groups of mice (Fig. 3B), suggesting that the activation of HIF-1α may be
at the level of posttranscription.

HIF-1α Downstream Targets and Hepatic Hypoxia
Hypoxia can induce expression or repression of many genes and HIF-1α-dependent targets
include Bcl-2, P21 and LDHA (2,3,9,53). Protein levels of Bcl-2 were decreased about 40%
in the ethanol-fed KI mice compared to the ethanol-fed WT and KO mice or to any of the
dextrose-fed mice (Fig. 4A). Protein levels of P21 were very low or not reproducibly
detectable in the ethanol-fed WT and KO mice or in the dextrose-fed mice but were highly
expressed in the ethanol-fed KI mice (Fig. 4, lanes 11 and 12). LDHA was highly expressed
in the ethanol-fed KI mice compared to the other groups (Fig. 4 lanes 11 and 12). These data
suggest that Bcl-2 is negatively correlated and P21 and LDHA are positively correlated to
the activation of HIF-1α in the ethanol fed KI mice. To evaluate whether hypoxia occurred
in the ethanol-fed mice, liver slices were stained with the hypoxia-specific marker
pimonidazole followed by immunohistochemical detection. Immunohistochemical staining
was strongly positive in liver of the KI mice (arrows, +++) (Fig 4B6) and weakly positive in
WT mice (+) fed with ethanol (Fig. 4B2). There were no staining in the KO mice (−) fed
with ethanol (Fig. 4B4) or in any of the dextrose-fed mice (−) (Fig. 4B1,4B3, 4B5). In situ
double staining of livers from the ethanol-fed KI mice showed that pimonidazole and
CYP2E1 were co-localized to the same centrilobular area of the liver (Fig. 4C), suggesting
that CYP2E1 may play an important role in ethanol-induced hypoxic liver injury.

Protein Expression of HIF-1α in an Acute Ethanol Model
The effect of acute ethanol-treatment on HIF-1α levels was evaluated in the three mouse
genotypes. Levels of HIF-1α protein were increased in the KI mice gavaged with ethanol
compared to the WT and KO mice gavaged with ethanol or to the mice gavaged with saline
(Fig. 5A). The levels of HPH-2 protein were lowest in the KI mice gavaged with ethanol
compared to the WT and KO mice gavaged with ethanol or to any of the mice gavaged with
saline (Fig. 5A). Immunohistochemistry showed strong staining (+++) for HIF-1α in
pericentral areas of livers of the ethanol-gavaged KI mice (arrows, Fig 5B6); although
weaker, there was also staining (+) for HIF-1α in the ethanol-gavaged WT mice (Fig. 5B4)
and the saline gavaged KI mice (Fig. 5B3). There was weak or no staining in the ethanol or
saline treated WT or KO mice. Most of the staining appeared to be in the cytosol in the acute
ethanol model. There were no increases in serum ALT or AST levels in any of the three
genotypes treated acutely with ethanol (data not shown) despite the increases in CYP2E1,
oxidant stress and HIF-1α. Most likely a more prolonged period of exposure to ethanol, than
four days e.g as in the chronic ethanol-fed KI mice, may be needed for significant liver
injury to develop.
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Effects of Inhibition of HIF-1α on CYP2E1-dependent Toxicity in E47/C34 HepG2 Cells
Experiments were carried out to evaluate the effect of HIF-1α on the toxicity of AA plus
ethanol or BSO plus ethanol treatment in CYP2E1-expressing E47 cells and control C34
cells which do not express CYP2E1. Previous studies with these cells showed that
polyunsaturated fatty acids such as AA (54,55) or depletion of GSH with BSO (56,57)
produced greater toxicity to the E47 cells as compared to the C34 cells. This elevated
toxicity was associated with more pronounced increases in oxidative stress in the E47 cells
than the C34 cells (54–57). Fig 6A confirms that the combination of ethanol plus AA or
ethanol plus BSO produced greater toxicity in E47 cells compared to C34 cells. Protein
levels of HIF-1α were increased in E47 cells compared to C34 cells after treatment with
ethanol plus AA or BSO plus ethanol (Fig. 6B). Protein levels of HPH-2 were decreased in
the E47 cells compared to the C34 cells after treatment with ethanol plus AA or ethanol plus
BSO (Fig. 6B). To evaluate a possible role for HIF-1α in the toxicity found in the E47 cells
treated with AA or BSO, 2-methoxy-estradiol (2-ME), an inhibitor of HIF-1α (58,59) was
added to the cells. After treatment with 2-ME, AA plus ethanol or BSO plus ethanol
produced less toxicity in the E47 cells compared to the toxicity found in the absence of 2-
ME (Fig. 6C). Little or no toxic effects were found with the C34 cells incubated with
ethanol plus AA or ethanol plus BSO in the absence or presence of 2ME (Fig. 6C). The
levels of HIF-1α protein were decreased both in E47 cells and C34 cells upon 2-ME
treatment (Fig. 6D) validating the effectiveness of 2ME in inhibiting HIF-1α. These results
suggest that HIF-1α contributes to the toxicity of AA and BSO in CYP2E1-expressin
HepG2 cells.

We next evaluated whether HIF-1α modulated AA- or BSO- CYP2E1-dependent oxidant
stress since such oxidant stress is central to the toxicity produced by these compounds (54–
57). Lipid peroxidation was elevated by treatment with ethanol alone or AA alone and
especially by ethanol plus AA combined treatment to a greater extent in the E47 cells than
the C34 cells (Fig. 7A). Similarly, lipid peroxidation was elevated to a greater extent in the
E47 cells after treatment with BSO and especially ethanol plus BSO as compared to the C34
cells (Fig. 7A). Treatment with 2-ME lowered the levels of TBARS in E47 cells treated with
AA or BSO in the absence or presence of ethanol as compared to the levels in the E47 cells
without 2-ME treatment (Fig. 7A). Mitochondrial superoxide production was assayed via
fluorescence of the mitochondrial localized probe, Mitosox. As shown in Fig. 7B, Mitosox
fluorescence in the E47 cells was elevated by the addition of ethanol or AA or BSO and
further increased by the combination of ethanol plus AA or ethanol plus BSO. Smaller
increases were found with the C34 cells (Fig. 7B). Treatment of the E47 cells with 2ME
blunted the increases in Mitosox fluoresecence produced by all these additions (Fig. 7B).

Discussion
The pioneering studies of Israel and co-workers showed that chronic ethanol administration
increased oxygen consumption by the liver, consistent with the requirement for oxygen for
the overall metabolism of ethanol (60,61). Ethanol-induced hypoxia occurs primarily in the
pericentral zone of the liver, where oxygen levels are lowest. One important consequence of
hypoxia is the induction and activation of the transcription factor HIF-1α (1,2). A major
mode of regulation of HIF-1α is at the level of protein stabilization. Under normoxic
conditions, the prolyl hydroylases use molecular oxygen to hydroxylate specific proline
residues of HIF-1α. This results in ubiquitination of HIF-1α followed by proteosome-
mediated degradation. Under hypoxia, the limitation in concentrations of oxygen lowers
prolyl hydroxylase activity and prevents hydroxylation of HIF-1α which thereby stabilizes
HIF-1α protein, followed by activation of HIF-1 target genes (1,2,4,5). Chronic ethanol
consumption increases hepatic HIF-1α levels (13,14,17–19). What is not clear is what are
the functional consequences of the increased levels of HIF-1α for the actions of ethanol.

Wang et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While hypoxia is thought to promote cellular toxicity, especially in the pericentral zone of
the liver with low concentrations of oxygen, induction of HIF-1α may serve as a metabolic
adaptation to hypoxia as HIF-1α upregulates many genes which can serve to protect against
hypoxia. Two recent studies evaluated whether induction of HIF-1α protected against or
played a critical role in promoting ethanol-induced liver steatosis and injury and for
unexplained reasons came to opposite conclusions (22,23). As discussed by Mehal (24), in
some other models of liver injury, HIF-1α appears to be a key step in driving the pathology
rather than producing adaptive changes to protect against the liver injury. With respect to
ethanol-induced liver injury, further studies are required to assess the role of HIF-1α in
protecting against or contributing to the liver injury process.

CYP2E1 potentiates ethanol-induced oxidative stress and fatty liver and at high levels, plays
a role in ethanol liver damage as shown by experiments with CYP2E1 inhibitors (33,34,37),
CYP2E1 knockout and knockin mice (37,38) and transgenic mice overexpressing CYP2E1
(62). HIF-1α expression and activation is regulated by oxidative stress, redox state and
inflammatory cytokines (63–65). ROS have been suggested to decrease hydroxylation of
HIF-1α by prolyl hydroxylases by oxidizing the ferrous iron necessary for catalytic activity
of these enzymes (65). This would promote stabilization of HIF-1α. For example, ROS
produced by hypoxia from complex III of the respiratory chain stabilized HIF-1α by
decreasing prolyl hydroxylase activity (66) and a decrease in manganese superoxide
dismutase which increased superoxide levels potentiated hypoxic induction of HIF-1α (67).
Exogenous addition of hydrogen peroxide to mouse embryonic cells stabilized HIF-1α (68).
In view of these considerations, we evaluated the possibility that increased oxygen uptake,
especially in the pericentral zone of the liver, the area where ethanol induction of CYP2E1
primarily occurs (29), may contribute to ethanol-induced hypoxia; and that increased
production of ROS as a result of ethanol induction of CYP2E1 would elevate hepatic
HIF-1α levels.

As shown by others, chronic ethanol consumption caused liver hypoxia as detected by
pimonidazole staining. Intensity of staining was greatest in ethanol-fed CYP2E1 KI mice,
intermediate in the ethanol-fed WT mice and weakest in the ethanol-fed KO mice. In the
liver of the KI mice, the pimonidazole staining co-localized with CYP2E1. HIF-1α levels
were elevated by the chronic ethanol feeding with highest amounts in the KI mice.
Interestingly, in the KI mice, levels of HIF-1α mRNA were not increased after ethanol
feeding but protein levels of prolyl hydroxlase 2 were decreased by the ethanol feeding
suggesting that the increase in HIF-1α protein is posttranscriptional and likely due to
prevention of HIF-1α rapid degradation. Although ethanol-induced hypoxia was more
prominent in the WT than the KO mice, we could not detect significant differences in
HIF-1α protein levels between these 2 groups. These results suggest only when CYP2E1
levels are very high, as in the ethanol-fed KI mice, do levels of HIF-1α correspondingly
increase. Of note, although ethanol-induced fatty liver and oxidative stress was higher in the
WT mice compared to the KO mice, liver injury or necrosis was minimal in both genotypes.
However, liver injury did occur in the ethanol-fed KI mice with very high levels of CYP2E1
and HIF-1α. Additional experiments with direct inhibitors of HIF-1α or activators of prolyl
hydroxylases to decrease HIF-1α or generating double CYP2E1KI/HIF-1α knockouts are
needed to evaluate if the elevated HIF-1α levels play a role in the increased liver injury in
vivo in the ethanol-fed KI mice. Future experiments with antioxidants are needed to assess
the role of ROS in the elevated levels of HIF-1α in the KI mice.

The possible role of HIF-1α in CYP2E1-dependent toxicity was studied in vitro in HepG2
cells. As reviewed elsewhere (31,39,40), many hepatotoxins are more toxic in the E47 cells
which express CYP2E1 than in the control C34 cells which do not express significant
CYP2E1. Combined treatment with ethanol plus AA or with BSO plus ethanol caused the
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E47 cells to lose viability to a greater extent than did the C34 cells. This enhanced toxicity
was associated with increases in ROS production in the E47 cells. Treatment with ethanol
plus AA or ethanol plus BSO increased HIF-1α protein levels in the E47 cells but not the
C34 cells. Levels of HPH-2 were decreased by the combined additions in the E47 cells but
not the C34 cells. We speculate that increased ROS production by the combined treatments
in the CYP2E1-expressing cells may have inactivated HPH-2, resulting in the stabilization
of HIF-1α. Does the increased HIF-1α contribute to the enhanced toxicity produced by the
combined treatments in the E47 cells ? HIF-1α levels in both the E47 and C34 cells were
decreased by 2-methoxyestradiol, an inhibitor of HIF-1α (58,59), in the presence of ethanol
alone or ethanol plus AA or ethanol plus BSO. This inhibition of HIF-1α resulted in
protection of the E47 cells against loss of viability caused by the combined treatments.
Inhibition of HIF-1α also resulted in blunting the increase in oxidative stress in the E47 cells
produced by the combined treatments, a likely factor in the protection against loss of cell
viability. These results suggest that HIF-1α plays a role in potentiating CYP2E1-generated
oxidative stress and cellular toxicity in these HepG2 cells. Further studies such as assays of
antioxidant defense and antioxidant transcription factors, mitochondrial dysfunction,
autophagy, cell signaling pathway such as MAP kinase pathways, are required to understand
mechanisms by which HIF-1α and CYP2E1 synergize to increase oxidative stress and cause
loss of cell viability.

As described above, hypoxia and HIF-1α were elevated by chronic ethanol consumption to
the greatest extent when CYP2E1 levels were highest. Under these conditions, ethanol-
induced liver injury occurs. HIF-1α potentiated CYP2E1 toxicity and oxidative stress in
vitro. Further studies to define and characterize potential interactions between CYP2E1 and
HIF-1α would be important. For example, inducible nitric oxide synthase is elevated by
HIF-1α (69). Increased nitric oxide production coupled to increased superoxide production
from elevated CYP2E1 can produce peroxynitrite, (70) which has been implicated in the
toxic actions of ethanol (71). Indeed 3-nitrotyrosine protein adducts (an indirect assay for
peroxynitrite) were detected in livers of the ethanol-fed KI mice with elevated CYP2E1 and
HIF-1α (Fig 2F). Since CYP2E1 is elevated by many chemicals besides ethanol, and is
increased in diabetes, obesity and in non alcoholic fatty liver, whether HIF-1α and hypoxia
potentiate CYP2E1 oxidative stress and toxicity would be of broad clinical significance to
determine and to provide a rationale to develop hepatoprotective therapies which target
HIF-1α or HIF-1α downstream mediators.
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GSH reduced glutathione

HE hematoxylin-eosin

4-HNE 4-hydroxynonenal

HIF-1α hypoxia inducible factor-1α

HPH-2 HIF prolylhydroxylase-2

IHC immunohistochemistry

KI knock in

KO knock out

LDHA lactate dehydrogenase A

MDA malondialdehyde

2-ME 2-methoxyestradiol

3-NT 3-nitrotyrosine

PNP p-nitrophenol

ROS reactive oxygen species

WT wild type
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HIGHLIGHTS

Ethanol induces hypoxia and elevates HIF-1α in the liver.

Ethanol increased liver injury and oxidative stress in CYP2E1 overexpresing KI
mice compared to wild type and CYP2E1 knockout KO mice.

HIF-1 and hypoxia were elevated in the ethanol-fed KI mice compared to WT and
KO mice. Inhibition of HIF-1α, blunted the toxic effects of ethanol in CYP2E1-
expressing HepG2 cells

CYP2E1 plays a role in ethanol-induced hypoxia, oxidative stress and activation of
HIF-1α. HIF-1α contributes to CYP2E1-dependent ethanol-induced toxicity.
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Fig. 1. Metabolic Changes After Chronic Ethanol Feeding
WT, CYP2E1 KO and CYP2E1 KI mice were fed ethanol or dextrose for 4 weeks. (A)
Histopathology. Panel A6 show severe pathological changes including hepatocyte ischemic
necrosis and infiltration of inflammatory cells in central zone of the hepatic lobule (arrows,
HE×200). Panels A2 and A4 show mild pathological changes including simple liver
steatosis. Panels A1, A3 and A5 show minimal steatosis and no obvious pathological
changes (HE×200). (B) serum ALT. (C) Ratio of liver to body weight. * p<0.05, ** p<0.01
compared to the CYP2E1 KI group fed dextrose. # p<0.05 compared to CYP2E1 KO or WT
group fed ethanol or dextrose.
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Fig. 2. CYP2E1 Levels and Oxidative Stress After Chronic Ethanol Feeding
(A) CYP2E1 catalytic activity assayed with para-nitrophenol. (B) CYP2E1 protein levels.
(C) MDA level in mitochondria. (D) Immunohistochemical staining for 4-HNE in liver.
Panel D6 shows strong 4-HNE positive staining (arrows, IHC×200). Other panels show little
or no obvious positive staining. (E) GSH level in mitochondria. (F) Immunohistochemical
staining for 3-NT in liver. Panel D6 show strong 3-NT positive staining (arrows, IHC×200).
Panel D4 show weak 3-NT positive staining (arrow, IHC×200). Other panels show no
obvious positive staining * p<0.05, ** p<0.01 compared to the CYP2E1 KI groups fed
dextrose. # p<0.05, ## p<0.01 compared to CYP2E1 KO or WT groups fed ethanol or
dextrose. & p<0.05 compared to WT group fed dextrose.

Wang et al. Page 17

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Levels of HIF-1α and HPH-2 protein After Chronic Ethanol Feeding
(A) Nuclear protein levels of HIF-1α and HPH-2. (B) HIF-1α mRNA level. Note no
significant difference between all groups. (C) Immunohistochemical staining for HIF-1α in
the liver. Panel C6 shows strong HIF-1a staining in the KI mice (+++) fed with ethanol
(arrows, Fig. 3C), moderate HIF-1a staining in the WT mice (++)(Fig. 3C4, arrows,
IHC×300) and weak or no positive staining in KO mice (Fig. 3C5, IHC×300) fed with
ethanol. No obvious positive staining was observed in the dextrose-fed mice (−) (Fig.
3C1,3C2,3C3). * p<0.05, ** p< 0.01 compared to the CYP2E1 KI groups fed dextrose. # p<
0.05 compared to CYP2E1 KO or WT groups fed ethanol or dextrose.
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Fig. 4. Levels of HIF-1α Downstream Targets and Pimonidazole Staining After Chronic Ethanol
Feeding
(A) The levels of Bcl-2, P21 and LDHA protein. Levels of p21 were very low and could not
be reproducibly detected except for the ethanol-fed KI mice. Levels of LDHA could not be
reproducibly detected in the dextrose-fed WT mice. The ratio of LDHA/β-actin for the
ethanol-fed WT mice was taken as 1.0, to be compared to the other groups. (B)
Immunohistochemical staining of the hypoxia-marker pimonidazole in liver. Panel 4B6
shows strongly hypoxia positive staining in liver of the KI mice (+++) (arrows, IHCx300).
Panel 4B2 shows hypoxia positive staining in WT mice (+) (arrows, IHCx300) fed with
ethanol. Panel 4B4 or 4B1,4B3,4B5 show no positive staining in the KO mice (−) fed with
ethanol or in any of the dextrose-fed mice. (C) Fluorescent double staining of hypoxia-
specific pimondazole and CYP2E1 in hepatic centrilobule. Panels 1 and 2 show co-location
(yellow) of hypoxia (yellowish green, IHCx400) and CYP2E1 (red, IHCx400) in the same
centrilobular area of the liver in the KI mice fed with ethanol * p< 0.05, *** P <0.001
compared to the CYP2E1 KI groups fed dextrose. # p<0.05, ### p< 0.001 compared to
CYP2E1 KO or WT groups fed ethanol or dextrose.
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Fig. 5. HIF-1α and HPH-2 Protein Levels After Acute Ethanol Treatment
(A) Nuclear protein levels of HIF-1α and HPH-2. (B) Immunohistochemical staining for
HIF-1α in the liver of WT, CYP2E1 KO and CYP2E1 KI mice treated with acute ethanol or
saline. Panel B6 shows strong staining for HIF-1α in pericentral areas of livers of the
ethanol-gavaged KI mice (+++) (arrows, IHCx300). Panel B4 show moderate staining for
HIF-1α in the ethanol gavaged WT mice (arrows, IHCx300). Panel B3 shows weaker
staining in the saline gavaged KI mice (arrows, IHCx300). Panels B1, B2 or B5 show no
obvious HIF-1α positive staining in ethanol or saline treated KO mice or saline treated WT
mice. * p<0.05 compared to the CYP2E1 KI groups treated with saline. # p<0.05, ## p<0.01
compared to CYP2E1 KO or WT groups treated with ethanol or saline.
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Fig. 6. Toxicity of Ethanol, Ethanol + AA or Ethanol + BSO in E47/C34 HepG2 Cells in the
Absence and Presence of the HIF-1α Inhibitor 2-ME
E47 cells which express CYP2E1 and C34 cells which do not were treated for 48 hours with
100 mM ethanol alone or ethanol plus 30 μM AA or ethanol plus 300 μM BSO in the
absence or presence of the HIF-1α inhibitor 45 μM 2-ME. (A,C): Cell viability was assayed
by a MTT assay. (B, D): Protein levels of HIF-1α and HPH-2 from nuclear extracts of E47/
C34 cells. * p<0.05 compared to ethanol treatment alone in E47 cells. # p<0.05 compared to
E47 cells treated with ethanol plus AA or ethanol plus BSO in the absence of 2-ME. &
p<0.05 compared to E47 cells treated with ethanol alone or to C34 cells treated with ethanol
plus AA or ethanol plus BSO in the absence of 2-ME.
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Fig. 7. Oxidative Changes in E47/C34 HepG2 Cells in the Absence and Presence of the HIF-1α
inhibitor, 2-ME
(A) The level of TBARS in E47 or C34 cells treated with 100 mM ethanol alone or 30 μM
AA alone or 300 μM BSO alone or AA plus ethanol or BSO plus ethanol in the absence or
presence of the HIF-1α inhibitor 45 μM 2-ME. * p<0.05 compared to E47 cells treated with
AA alone or ethanol alone or AA plus ethanol in the absence of 2-ME. # p<0.05 compared
to E47 cells treated with BSO alone or BSO plus ethanol in the absence of 2-ME. & p<0.05
compared to C34 cells control without treatment. (B) The positive staining of 5 μM Mitosox
in E47/C34 cells treated with AA or ethanol or BSO or AA plus ethanol or BSO plus ethanol
in the absence or presence of 2ME was observed under the fluorescence microscope. (Red
color, ×100)
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