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Abstract

Alcohol consumption causes comprehensive liver disorders, designated as alcoholic liver disease
(ALD). Because alcohol is detoxified by alcohol dehydrogenase (ADH), a major ethanol
metabolism system, the development of ALD was initially believed to be due to malnutrition
caused by alcohol metabolism in liver. The discovery of the microsomal ethanol oxidizing system
(MEOS) changed this dogma. Cytochrome P450 enzymes (CYP) constitute the major components
of MEQOS. Cytochrome P450 2E1 (CYP2E1) in MEQS is one of the major ROS generators in liver
and is recognized as a risk factor for ALD. Our labs have been studying the relationship between
CYP2E1 and ALD. Recently we found that human CYP2AG6 and its mouse analog CYP2A5 are
also induced by alcohol, and the alcohol induction of CYP2A5 in mice is regulated by Nrf2 and is
CYP2E1-dependent. Unlike CYP2E1, CYP2AD5 protects against the development of ALD. The
relationship of CYP2E1, CYP2AS5, and ALD is a major focus of this review.
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1. INTRODUCTION

The cytochrome P450 enzymes serve as terminal oxidases in the mixed-function oxidase
system for metabolizing various endogenous substrates and xenobiotics, including steroids,
fatty acids, drugs, toxins, and carcinogens [1]. Many different enzymes belong to this
cytochrome P450 family. The enzymes are named CYP for cytochrome P450, followed by
an Arabic number denoting the family, a letter designating the subfamily, and finally an
Arabic numeral representing the individual gene in the subfamily [2, 3]. In this review, we
focus on CYP2EL and CYP2AG6 in alcoholic liver disease (ALD).
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CYP2EL1 is expressed in multiple organs, but the highest level of CYP2EL1 is expressed in
liver. Hepatic CYP2EL can be induced by many energy-related pathological conditions such
as obesity, diabetes, starvation, high fat diet, fasting, ketone bodies, insulin, glucagon, and
alcohol consumption (for details about CYP2EL, please refer to reviews [4, 5]). More than
15 million people in the U.S. abuse or overuse alcohol. Alcohol consumption can induce
ALD, which is a spectrum of liver disorders ranging from fatty liver (steatosis), liver
inflammation (steatohepatitis), to liver fibrosis and cirrhosis [5]. ALD is a significant clinical
problem and a major cause of morbidity and mortality worldwide. In developed countries,
ALD is a major cause of end-stage disease that requires transplantation. We have been
focusing on hepatic CYP2E1 and ALD. By using CYP2EL inducers, CYP2EL1 inhibitor,
CYP2E1-adenovirus, HepG2 cells over-expressing CYP2E1 (E47 cells) and control cells not
expressing CYP2E1 (C34 cells), CYP2E1 knockout (cyp2e1™~) mice, and cyplel™" mice
reconstituted with human CYP2E1 (humanized CYP2E1 transgenic mice, cyp2el™ Tg
mice), we have confirmed that CYP2EL1 is one of major risk factors for the development of
ALD.

Among members of CYP2A subfamilies, mouse CYP2AS5 and rat CYP2A3 are orthologs to
human CYP2AG6 [6, 7]. Human CYP2A6 and mouse CYP2A5 are mainly expressed in liver,
but rat CYP2A3 is not expressed in the liver [6]. Therefore, human CYP2AG6 can be
reflected by mouse CYP2AS5 but not rat CYP2A3. Coumarin, a plant alkaloid, is 7-
hydroxylated by liver coumarin 7-hydroxylase (COH) which is encoded by the cyp2a5 gene
in mouse and the cyp2a6 gene in human (for details about CYP2A5, please refer to recent
reviews [8, 9]). COH (CYP2A6 in human and CYP2AS5 in mice) is a major enzyme for
nicotine metabolism in humans and mice [10, 11]. Recently, we found that mouse CYP2A5
can also be induced by alcohol feeding, and alcohol induction of CYP2A5 is CYP2E1-
dependent [12]. Further studies show that CYP2E1-generated reactive oxygen species (ROS)
up-regulates Nrf2, which in turn elevates CYP2AD5 levels in liver [13]. Unlike CYP2E1,
CYP2A5 does not promote but protects against the development of ALD because ALD
found in CYP2A5 knockout mice (cyp2a5~~ mice) is more severe than that developed in
wild type (WT) mice [14].

In response to a special issue “Current advances in pharmacotherapy and drug design against
inflammatory-related pathologies”, in this review, we summarize the relationship of
CYP2E1 and CYP2A5 and ALD development and the mechanisms involved. In addition to
recent advances, some unpublished data in our labs are also shown in Figures 1, 2, 3, 5, and
7.

2. CYP2E1 INDUCTION BY ALCOHOL

The most of toxic effects of ethanol are associated with its metabolism. Absorbed ethanol is
oxidized principally in the liver. The well-known major pathway for ethanol disposition in
the liver is the alcohol dehydrogenase (ADH) system [15, 16]. ADH oxidizes ethanol to
acetaldehyde in the cytosol; the resulting acetaldehyde enters mitochondria and is
subsequently metabolized by aldehyde dehydrogenase (ALDH) to acetate/acetyl CoA for
energy production in mitochondria [15]. In addition to ADH, microsomes, which are mainly
derived from endoplasmic reticulum (ER), can also oxidize alcohol to acetaldehyde by a
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pathway designated as the microsomal ethanol oxidizing system (MEQS). Cytochrome P450
enzymes (CYP), which are mainly located in smooth endoplasmic reticulum (SER),
constitute the major components of MEQS. Chronic alcohol consumption results in a
proliferation of SER [15, 16], and accordingly striking induction of certain CYPs. Three
CYP isoenzymes are reported to be able to oxidize ethanol: CYP2E1, CYP1AZ2, and
CYP3A4; CYP2E1 was reported to play the major role in the ethanol oxidation by
microsomes and has been studied extensively in the field of ALD [15].

CYP2EL1 has a relatively high Km for ethanol (8-10 mM for CYP2E1 vs0.2-2 mM for
hepatic ADH), so CYP2EL1 is believed to only accounts for a small amount (about 10%) of
total ethanol metabolism but it is more important after chronic alcohol consumption [5, 15].
Unlike the ADH system that requires NAD™ to serve as a co-factor to accept the hydrogens/
reducing equivalents from alcohol, CYP2EL efficiently activates molecular oxygen (O5) and
consumes NADPH provided by the NADPH-cytochrome P450 reductase, which results in
the production of ROS [5, 15]. Microsomes from ethanol-treated animals displayed elevated
rates of production of reactive oxygen species (ROS) and lipid peroxidation (LPO). At the
microsomal level, increased generation of ROS by ethanol was thought to be through the
induction of CYP2EL, because CYP2E1 exhibits enhanced NADPH oxidase activity as it is
poorly coupled with NADPH-cytochrome P450 reductase [17, 18]. Microsomes from
ethanol treated animals displayed elevated rates of generation of hydrogen peroxide and
superoxide radical [5]. Increases in production of ROS after ethanol treatment are prevented
by anti-CYP2E1 IgG, thus linking generation of ROS to the ethanol induction of CYP2E1

[5].

While CYP2E1 plays an important role in the oxidative stress produced by acute and chronic
ethanol treatment, CYP2E1 was found to promote an initial upregulation of antioxidant
defense in liver cells. Levels of GSH, content and catalytic activities of catalase, glutathione
transferases (GST) and heme oxygenase 1 (HO-1) were elevated in HepG2 E47 cells which
express CYP2E1 compared to the control HepG2 C34 cells which do not express CYP2E1
[19-21]. The increase in GSH was accompanied by a two-fold increase in mRNA levels of
v-glutamyl cysteine synthase, a rate limiting enzyme for GSH synthesis, both catalytic
subunit (GCSC) and regulatory subunit (GCSR) [19-21]. The upregulation of these
antioxidant enzymes in the E47 cells was blunted by N-acetyl-L-cysteine (NAC) and other
antioxidants as well as by inhibitors of CYP2E1 leading to the proposal that ROS generated
from CYP2EL in the E47 cells led to the upregulation of these antioxidants [21-23]. Similar
results were obtained with hepatocytes isolated from rats with elevated levels of CYP2E1
[21]. The significance of this upregulation was apparent from observations that removal of
GSH or inhibition of these enzymes e.g. catalase, or HO-1, sensitized the E47 cells to the
CYP2E1-generated oxidative stress and the toxicity of pro-oxidants [23]. These studies
suggested that upregulation of antioxidant enzymes was an initial adaptive response of liver
cells to the oxidative stress and toxicity promoted by CYP2E1; when the cells are subjected
to further or other oxidative damage, these antioxidant enzymes can’t further be elevated to
protect against the oxidative damage and thus cytotoxicity was enhanced. Therefore, alcohol
induction of CYP2E1 make livers vulnerable to oxidative stress and longer term of alcohol
consumption may contribute to the development of ALD.
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3. CYP2E1 AND PATHOGENESIS OF ALCOHOLIC LIVER DISEASE

Oxidative stress contributes to ALD including alcoholic steatosis, alcoholic steatohepatitis,
and alcoholic liver fibrosis and cirrhosis [5]. CYP2E1-mediated oxidative stress and ALD
have been extensively studied. Studies in rodents showed that evident induction of CYP2E1
by chronic alcohol feeding parallels with significant ALD [24-26], and inhibition of
CYP2EL1 attenuated ALD [27, 28]. CYP2EL inhibitors such as diallyl sulfide (DAS) [29],
phenethyl isothiocyanate (PIC) [30, 31] and chlormethiazole (CMZ) [32], blocked hepatic
LPO and ameliorated alcohol-induced hepatic pathological changes in rats.
Polyenylphosphatidylcholine (PPC), which was effective in suppressing alcohol-induced
oxidative stress [33], also had an inhibitory effect on CYP2EL1 [34]. Bardag-Gorce et a/ [35]
found that chronic ethanol-induced liver injury and oxidative stress were blunted in
cyp2e1™~ mice. In contrast, ALD was enhanced in transgenic mice overexpressing mouse
CYP2E1 gene [36].

We applied cyp2el™~ mice, and cyp2el™~ Tg mice to examine the role of CYP2EL in ALD.
While cyp2e1™~ mice are CYP2E1-deficient, cyp2el™" Tg mice are cyp2el™" mice
reconstituted with human CYP2EL. These mice were developed in the laboratory of Dr.
Fank Gonzalez, National Cancer Institute [37, 38] and generously provided by Dr. Gonzalez
to allow evaluation of the role of CY2E1 in the biochemical and toxicological actions of
ethanol. After chronic ethanol feeding, alcoholic fatty liver was observed in WT mice but
not in the cyp2el™~ mice [39, 40]. Ethanol-induced oxidative stress was higher in WT mice
than in cyp2el™" mice. Peroxisome proliferator-activated receptor alpha (PPARa), a
regulator of fatty acid oxidation, was upregulated by ethanol in cyp2eZ~~ mice but not in
WT mice. A PPARa target gene, acyl CoA oxidase (AOX), was decreased by ethanol in WT
mice but not in cyp2e1™~ mice. CMZ, an inhibitor of CYP2EL, blunted alcoholic fatty liver
in WT mice; when CYP2E1 was reintroduced into cyp2el™~ mice by injection with
adenovirus expressing CYP2EL, alcoholic fatty liver was restored [39]. When the human
CYP2E1 gene was reintroduced and expressed in cyp2e1™~ mice (humanized cypZel™ Tg
mice), ethanol-induced steatosis was again observed, and liver necroinflammation and
oxidant stress were even more severe than those observed in WT mice [40]. These
experiments suggest that CYP2E1 plays an important role in alcoholic liver injury produced
by oral alcohol feeding.

A common rodent model for chronic ALD is the Lieber-DeCarli model [41]. The Lieber-
DeCarli diet is a high fat diet, including dextrose control diet and ethanol diet. The ethanol
diet contains lower calories than the dextrose control diet, so animals will develop less
steatosis in the ethanol diet group compared to the dextrose control diet group. However,
when a certain amount of ethanol is supplied, the calories in the ethanol diet will become
equal to the dextrose control diet, and animals will develop much more steatosis and
steatohepatitis in the ethanol diet group compared to the dextrose control diet group. This
shows synergism between ethanol and high fat. Usually, steatosis and steatohepatitis are
evident in this model, but liver fibrosis is rare and serum ALT and AST were just slightly
increased. Dr. Bin Gao’s group in NIAAA developed a Gao-Binge-on-chronic model e.g. 2
weeks of ethanol feeding followed by one single binge alcohol administration (5 g/kg) to
enhance alcohol-induced liver injury (elevated serum ALT/AST) [42]. In the Gao-Binge-on-
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chronic model, both steatosis and serum ALT/AST are increased; however, liver fibrosis is
still not evident. Common liver fibrosis models include carbon tetrachloride (CCL4) and
thioacetamide (TAA). CCL4 and TAA are substrates of CYP2E1, both of them are bio-
activated by CYP2EL1 to hepatotoxins. CCL4- and TAA-induced liver injuries are CYP2E1-
dependent because acute liver injury induced by CCL4 or TAA was observed in WT mice
but not in the cyp2e1™~ mice [43, 44]. We treated mice with CCL4 or TAA twice a week for
1 month to induce liver fibrosis and found that CCL4 or TAA induced chronic liver injury
and liver fibrosis in WT mice but not in cyp2e1™~ mice [45]. These results indicate that
CYP2E1 metabolism is indispensable for CCL4- and TAA-induced liver injury, either acute
or chronic. Moderate alcohol drinking plus lower dose of CCL4 (ethanol/CCL4) have been
used for study of alcoholic liver fibrosis [46, 47], but apparently this model is not suitable
for studying on the role of CYP2E1 in alcoholic liver fibrosis in cyp2el™~ mice.

To examine the role of CYP2E1 in alcohol-induced liver fibrosis, we modified the Gao-
Binge-on-chronic model to increase the times of alcohol binge administration and duration
of the chronic ethanol feeding. The mice were fed for 5 weeks instead of 2 weeks, and binge
ethanol was orally administrated at 5 g/kg weekly for 5 times instead of one single time
during the chronic ethanol feeding. We found that chronic-binge alcohol-induced liver
fibrosis was observed in cyp2e1™~ Tg mice but not in cyp2e1™~ mice (Fig. 1), suggesting a
connection of CYP2E1 to alcohol-induced liver fibrosis.

In addition to a chronic alcohol feeding model, in binge alcohol models alcohol-induced
liver injury is also CYP2E1-dependent. As mentioned above, CYP2E1 plays a major role in
chronic ethanol metabolism and chronic alcohol feeding models were applied to study the
role of CYP2EL in ALD. Does CYP2E1 have an influence on acute alcohol-induced liver
injury? Liver injury by different administration doses, times or patterns of acute or binge
alcohol were investigated in cyp2el™~ mice and WT mice. The acute-alcohol-induced liver
injuries in these different models were all less severe in cyp2e1™~ mice than in WT mice
[48, 49], suggesting that acute alcohol-induced liver injury is also CYP2E1-dependent. We
treated cyp2e1™~ mice and cyplel™~ Tg mice with binge alcohol at 6 g/kg: 4 h later, serum
TG, ALT, and AST were all increased in cyp2el™~ Tg mice but not in cyp2el™~ mice (Fig.
2). Interestingly, the difference in serum TG, ALT, and AST was observed in older mice
(older than 10 months) but not in younger mice (3-month old), suggesting that aging is a risk
factor for CYP2E1-mediated ALD. This requires further study.

Binge alcohol can induce severe steatohepatitis in obese animals [50, 51]. Binge alcohol
induced CYP2EL1 in obese fa/fa rats to a greater extent than in lean Fa/? rats, and
steatohepatitis was also more severe in in obese fa/fa rats than in lean Fa/? rats [51]. Oral
administered ethanol induced massive steatohepatitis in Otsuka Long-Evans Tokushima fatty
(OLETF) rats but not in control Otsuka Long-Evans Tokushima (OLET) rats. Staining for
CYP2E1 demonstrated marked increases in the hepatic tissue of ethanol-treated OLETF rats
compared with ethanol-treated OLET rats [52]. These studies suggest that CYP2E1 may
play a significant role in alcohol-enhanced steatohepatitis.
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4. CYP2E1 AND HYPOXIA

CYP2E1-mediated ethanol metabolism directly consumes O, and ethanol consumption can
induce hypoxia, which is considered as an important risk factor for liver injury. Thus,
CYP2E1 might play an important role in ethanol-induced hypoxia. We applied wild type
mice (WT), cyp2e1™~ mice, and cyp2e1™~ Tg mice in which the human CYP2E1 gene was
reintroduced and expressed in cyp2e1™~ mice to examine the role of CYP2E1 in ethanol
metabolism and development of hypoxia. After chronic ethanol feeding, CYP2E1 was
induced much more dramatically in the cyp2el™~ Tg mice than in WT mice, but liver ADH
levels was comparable in these mice (Fig. 3A). While blood ethanol levels are comparable in
WT mice and cyp2e1™~ mice, blood levels of ethanol in cyp2e1™~ Tg mice were strikingly
decreased (Fig. 3B), suggesting a relationship between CYP2E1 induction and alcohol
metabolism (clearance). Ethanol metabolism by ADH and CYP2E1 may consume oxygen
and induce hypoxia [53]. Hypoxia was higher in the ethanol-fed cyp2e1~~ Tg mice than in
the ethanol-fed WT mice and lowest in the ethanol-fed cyp2e1™~ mice (Fig. 3C). These
results suggest that highly induced CYP2E1 metabolize more ethanol, which consumes
more oxygen and induces more severe hypoxia.

Hypoxia Inducible factors (HIFs) are a family of transcription factors in important
transcriptional response to low oxygen tension, which promotes cell homeostasis under
hypoxia. Mature HIF is composed of one of three isoforms of an alpha- subunit (HIF-1a.,
HIF-2a, or HIF-3a)) and a B subunit, HIF-1p which is also termed the Aryl-Hydrocarbon
Receptor Nuclear Translocator (ARNT). Under normal conditions, the alpha subunits of HIF
are rapidly hydroxylated, ubiquitinated, and degraded. Under hypoxia, HIF alpha subunits
are stabilized and dimerize with HIF-1p/ARNT, translocate to the nucleus, and activate
hypoxia response elements (HRE) [54]. HIF-1a can be induced by alcohol consumption in
the liver [48, 55]. In humans, CYP2EL1 activity and protein levels were found to be positively
correlative with liver HIF-1a levels and blood alcohol concentrations, and binge alcohol
promoted apoptosis in liver with significant correlations between CYP2E1 and HIF-1a..
Binge alcohol-induced HIF-1a activation and subsequent apoptosis was more severe in WT
mice than in cyp2el™~ mice [48]. In a chronic model, HIF-1a and HIF-1a-regulated
downstream targets were elevated in the ethanol-fed cyp2e1™~ Tg mice compared to the WT
and cyp2e1™~ mice; HIF prolyl hydroxylase 2, a degrader of HIF-1a, was reduced in the
ethanol-fed cyp2el™~ Tg mice in association with the increases in HIF-1a [56]. These
results suggest that CYP2EL contributes to activation of HIF-1a.. In CYP2EL over-
expressing HepG2 cells, 2-Methoxyestradiol, an inhibitor of HIF-1a., blunted the ethanol-
related cytotoxic effects in association with inhibition of HIF-1a., suggesting that HIF-1a
contributes to CYP2E1-dependent ethanol-induced cytotoxicity [56]. In a binge model, a
HIF-1a inhibitor, PX-478, prevented alcohol-induced HIF-1a elevation and apoptosis in
mice [48]. The results from an in vitro cell model, /n vivo mouse models, and human
samples support the roles of CYP2EL in HIF-1a induction and ALD development.

5. CYP2E1 AND AUTOPHAGY

In cells, long-lived proteins and cellular organelles become damaged. Cells develop a
mechanism called autophagy to degrade and recycle those damaged protein or organelles
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through lysosomes. This pathway helps maintaining cellular energy homeostasis under
conditions of limited nutrients or stress by degrading cellular components [57-61]. The
process of autophagy is complex, and the regulation of this process is controlled by the
coordinated actions of autphagy-related genes (Atgs). Removal of damaged mitochondria by
cells is via a process of mitophagy and removal of lipid droplets by cells is via lipophagy,
both of these are selective forms of macroautophagy [59-61]. Removal of damaged
mitochondria protects the cell against mitochondrial oxidative stress, while removal of lipid
droplets limits the accumulation of lipids by hepatocytes in liver and adipocytes in adipose
tissue. Defects in lipophagy can contribute to hepatic steatosis, and hepatic lipid
accumulation also decreases autophagy; hepatic steatosis might be a mechanism of defective
autophagy in liver [62-64]. Autophagy is generally considered as a cell survival pathway but
it can also mediate cell death under certain conditions or when over-activated.

Autophagy can either be increased or decreased by ethanol depending on the model used,
the dose, the tissue evaluated and the experimental condition [65-72]. Chronic ethanol
consumption was recently shown to increase autophagy [68, 71] and in some cases this
increase was associated with a decrease in activity of the other major cellular proteolyic
system, the proteasome complex [72]. Many studies suggest that autophagy serves a
protective function against ALD [60, 65, 66]. For example, in HepG2 E47 cells which
express CYP2E1, ethanol-induced cytotoxicity, intracellular fat accumulation and generation
of ROS were potentiated by 3-methyladenine (3-MA), an inhibitor of autophagy, but these
toxic effects were decreased by rapamycin, which stimulates autophagy [73], suggesting that
autophagy protects against ethanol-induced cytotoxicity. The fact that no effect was found
with C34 control HepG2 cells which do not express CYP2E1 suggests that autophagy
protection is associated with CYP2EL. Similarly, other CYP2E1-related toxicity models
such as those induced by CCL4, arachidonic acid (AA), or depletion of GSH by buthionine
sulfoximine in the E47 cells, were also enhanced by 3-MA or by SiRNA against Atg 7 [74].
In an acute alcohol model, there was modest liver injury, fat accumulation and increased
ROS production in WT and cyp2e1™~ Tg mice but not in cyp2e1™~ mice [75]. These effects
were magnified by 3-MA injection but blunted by rapamycin injection along with ethanol
[75].

Autophagy is also protective against CYP2E1-dependent liver injury after chronic ethanol
treatment [76]. WT mice, cyp2e1™~ mice, and cyplel™~ Tg mice were fed an ethanol liquid
diet for 4 weeks. In the last week, some mice received 3-MA, an inhibitor of autophagy, or
rapamycin, an inducer of autophagy. The autophagy inhibition by 3-MA or induction by
rapamycin was indicated by decreased or increased levels of Beclin-1 and Atg 7,
respectively, but increased or decreased levels of p62, respectively. While the inhibition of
autophagy by 3-MA enhanced the ethanol-induced increases in serum levels of ALT, AST,
and TG in the WT and cyp2el™~ Tg mice but not in cyp2el1™~ mice, rapamycin prevented
the ethanol-induced liver injury in WT mice and cyp2el™~ Tg mice. Treatment with 3-MA
potentiated the ethanol-induced hepatic fat accumulation in WT mice and caused hepatocyte
necrosis in the cyp2el™~ Tg mice, but little or no effect was found in the ethanol-fed
cyplel™" mice [76]. These results suggest that autophagy is protective against CYP2E1-
dependent liver injury in the chronic ethanol-fed mouse model. These experiments,
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including /n vitroand /n vivo, acute and chronic models of ethanol intake, support the notion
that autophagy is protective against CYP2E1-dependent ALD.

6. CYP2E1 AND LPS/TNFa

Not all studies support the CYP2E1’s contributive effect on ALD. For example, Kono et al
did not observe any differences in steatosis and steatohepatitis between WT mice and
cyp2e1™~ mice in an intragastric infusion model [77]. Instead, many evidences support the
idea that endotoxemia is a major contributor to ALD [78]. Lipopolysaccharide (LPS) is a
component of the outer wall of gram-negative bacteria. Ethanol consumption can alter
microflora which normally inhabit the gut and increase the permeability of the gut, thus
elevating the absorption of LPS from the gut lumen into the portal circulation
(endotoxemia). Kupffer cells, the resident macrophages in liver, are activated by LPS and
release chemical mediators including tumor necrosis factor (TNFa)) and ROS or reactive
nitrogen species (RNS), which subsequently causes the development of ALD [79, 80].
Indeed, destruction of Kupffer cells with gadolinium chloride attenuated ALD [81] and anti-
TNFa antibodies protect against ALD [82]. The role of TNFa in ALD was further validated
by the findings that the ethanol-induced pathology was nearly blocked in TNFa receptor 1
knockout mice [83]. /17 vitro studies showed that osteopontin (OPN) can bind to LPS and
blunt LPS-activated production of TNFa in macrophage cells [84]. In /n vivo studies, bovine
milk osteopontin (MOPN) powder supplemented into the ethanol diet at 200 mg/L can
protect against ALD as indicated by reduced serum ALT/AST levels, decreased hepatic
triglyceride levels, less hepatic neutrophil infiltration, and decreased translocation of gram-
negative bacteria. Serum levels of LPS and TNF-a were lowered by mOPN, too. These
results suggest that a LPS-TNFa axis plays an important role in the development of ALD
[85].

6.1 CYP2E1 promotes gut LPS transporting into blood

The Keshavarzian and the BJ Song groups initiated studies on CYP2E1 and intestinal LPS
translocation. CYP2EL protein in colon tissue from chronic alcohol-fed mice was increased
[86]. To test whether colon CYP2E1 contributes to gut LPS leaking, Caco-2 cells were
applied. Caco-2 cells are human intestinal epithelial cells, which can grow confluent
monolayer and are often used as an in vitro model to test intestinal epithelium permeability.
When Caco-2 cell monolayers were incubated with alcohol, the monolayers exhibited an
increase in permeability. When Caco-2 cells were exposed to alcohol, CYP2EL1 protein and
activity were elevated. When CYP2EL1 expression was knocked down via siRNA, alcohol-
induced hyperpermeability was decreased. N-acetylcysteine (NAC), an antioxidant,
prevented the alcohol effects [86, 87]. These data suggest a possible novel role for intestinal
CYP2EL in alcohol-induced intestinal hyperpermeability via CYP2E1-dependent induction
of oxidative stress.

Results from /in vivo studies with WT mice and cyp2el™~ mice are consistent with the
Caco-2 in vitro data [88]. The mice were treated with three doses of binge ethanol at 6g/kg
by oral gavage at 12-h intervals. Epithelial alteration and blebbing of lamina propria in
intestines, which were accompanied by increased levels of serum endotoxin and TNFa,
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were only observed in WT mice but not in cyp2e1™~ mice. Likewise, elevated steatosis and
scattered inflammatory foci in liver were also observed in WT mice but not in cyp2e1™~
mice. The above changes were significantly reversed by a specific inhibitor of CYP2E1
(CM2Z) and an antioxidant (NAC). These data suggest that intestinal CYP2EL is critical in
binge alcohol-induced increased gut leakage, endotoxemia, and resultant steatosis and
steatohepatitis [88].

6.2 CYP2EL potentiates LPS-induced liver injury

In the intragastric infusion model, the ethanol diet is fed through catheters surgically
installed on the wall of the stomach, which may produce endotoxemia and have masked
differences in ALD between WT and cyp2e1™~ mice [77]. We examined whether CYP2E1
synergizes with LPS to promote ALD. Besides ethanol, pyrazole, a potent inhibitor of
alcohol dehydrogenase and of the oxidation of ethanol, is a well characterized inducer of
CYP2EL1 [4, 5]. Rats were injected intraperitonally with pyrazole at 200 mg/kg body wt,
once a day for 2 days, which causes hepatic CYP2E1 induction but without evident liver
injury. Following pyrazole induction of CYP2EL, LPS was injected via the tail vein at 10
mg/kg body wt. Neither pyrazole alone nor LPS alone caused liver injury as reflected by
serum levels of ALT/AST or liver histopathology. However, the combination of LPS plus
pyrazole increased serum ALT/AST about four-fold over the levels in the pyrazole alone or
LPS alone groups, suggesting that CYP2EL inducer pyrazole enhances LPS liver injury in
rats [89]. To test whether pyrazole enhancing effects on LPS liver injury is CYP2E1
dependent, WT mice and cyp2el™~ mice were injected with pyrazole (150 mg/kg), LPS (4
mg/kg), or combination of pyrzole plus LPS. While pyrazole alone or LPS alone caused no
liver injury, the combination of pyrazole and LPS induced severe liver injury in WT mice but
not in cyp2e1™~ mice, suggesting that CYP2E1 is indispensible for the pyrazole enhancing
effect on LPS liver injury. The role of CYP2E1 in the potentiation of LPS toxicity by
pyrazole was validated by experiments with CMZ, an inhibitor of CYP2E1, and cypZel™~
mice [90].

LPS can induce nitric oxide synthase (NOS) and cause an increase in RNS including nitric
oxide (NO) and peroxynitrite (OONO-) production, which results in protein nitration. Level
of 3-nitro-tyrosine protein adduct (3-NT), a marker for oxidized nitrated protein formation,
was lower in saline control livers. Treatments with either LPS alone or pyrazole alone
slightly elevated 3-NT protein adduct levels; however, striking increases in 3-NT were found
in the combined LPS plus pyrazole group, which was also observed in WT mice but not in
cyp2e1™~ mice. Thus CYP2E1 enhances LPS liver injury might be through LPS-stimulated
mediators such as RNS [89, 90]. In addition, LPS can potentiate ALD [91-94]. We found
that LPS injection following chronic alcohol feeding enhanced ALD in WT mice to a greater
extent than in cyp2e1™~ mice, suggesting that CYP2E1 contributes to LPS-enhanced ALD
[39].

6.3 CYP2EL Potentiates TNFa-induced liver injury

In addition to RNS, TNFa is a major proinflammatory mediator of LPS. TNFa levels are
elevated after LPS administration and TNFa plays an important role in the effects of LPS.
Does pyrazole induction of CYP2E1 potentiate TNFa toxicity? The same approaches for
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pyrazoe plus LPS were used, with injection of TNFa. (50 ug/kg body wt) replacing the LPS
treatment [95, 96]. Treatment with TNFa elevated serum ALT/AST levels by about 2-3-
fold, but treatment with pyrazole/TNFa elevated serum ALT/AST levels by more than 3-
fold over the TNFa alone-treated mice. Necrotic loci were observed in liver sections from
pyrazole/TNFa-treated mice but not in sections from pyrazole alone- or TNFa alone-treated
mice. These results suggest that the combined pyrazole plus TNFa treatment produces more
severe liver injury compared to TNFa alone or pyrazole alone. After TNFa administration
to pyrazole-treated mice, large increases in serum ALT and AST levels were found in WT
mice but not in cyp2el™~ mice. After pyrazole plus TNFa treatment, severe liver necrosis
was observed in WT mice, but normal liver pathology was observed in cyp2e1~~ mice. The
failure of TNFa to induce liver injury in pyrazole-treated cyp2el™~ mice supports a critical
role for CYP2EL1 in the potentiated injury observed in the WT mice.

6.4 MAP Kinases and pyrazole/TNFa-induced liver injury

Mitogen-activated protein kinases (MAPKS), a group of serine-threonine kinases, mediate
intracellular signaling associated with a variety of cellular activities including cell
proliferation, differentiation, survival, death, and transformation. The mammalian MAPK
family consists of extracellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun NH2-
terminal kinase (JNK) [97]. The MAPK signaling cascade includes MAP kinase (MAPK),
MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). MAPKKK phosphorylates and
thereby activates MAPKK, which in turn phosphorylates and activates MAPK. Activated
MAPK translocates to the cell nucleus to regulate activities of transcription factors and
thereby control gene expression [98]. In either in vivo or in vitro models of ALD, an
increase of gene expression and activation of the MAPK pathway was found [99-101].

We applied CYP2E1 overexpressing HepG2 cells (E47 cells) to examine whether CYP2E1-
dependent cytotoxicity is associated with ERK, JNK or p38 MAPK. Cisplatin, a potent
anticancer drug, has adversary effects such as kidney damage, liver injury, and ototoxicity.
Cisplatin cytotoxicity was increased in E47 cells compared to control HepG2 cells without
CYP2EL1 expression (C34 cells), suggesting that CYP2E1 contributes to cisplatin
cytotoxicity [102]. ERK and JNK phosphorylation was observed in both E47 cells and C34
cells. While JNK phosphorylation was comparable in E47 and C34 cells, ERK
phosphorylation was stronger in E47 cells than in C34 cells, suggesting that ERK but not
JNK phosphorylation is associated with CYP2E1. Indeed, inhibition of INK by SP600125
had no effect on cisplatin cytotoxicity. Inhibition of ERK by U0126 protected against
cisplatin cytotoxicity, suggesting that ERK activation contributes to cisplatin cytotoxicity but
unlike the usually protection by ERK against cell injury [102]. While cisplatin treatment did
not activate P38 MAPK, the polyunsaturated fatty acid arachidonic acid (AA)
phosphorylated P38 MAPK in E47 cells. SB203580, a p38 MAPK inhibitor, prevented AA
cytotoxicity in E47 cells [103]. These results suggest that different MAPK pathways play
different roles in different models of toxicity.

We evaluated for possible activation of MAP kinases in ur pyrazole/LPS or pyrazole/TNFa
hepatotoxicity models. LPS treatment alone or pyrazole alone did not cause significant
phosphorylation of INK or p38 MAPK. However, both INK and p38 MAPK were
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phosphorylated in livers of the pyrazole plus LPS-treated mice. ERK activation was not
detectable. A similar hepatic activation of JINK and p38 MAPK was also observed in mice
treated with pyrazole plus TNFa but not in mice treated with TNFa alone [95].
Administration of SP600125 or SB203580 prevented liver injury induced by LPS or TNFa
plus pyrazole. These results suggest that the CYP2EL1 elevation of LPS/TNFa. liver injury is
MAPK dependent.

JNK is encoded for by three genes, each of which is alternatively spliced to yield a and
forms of both a 54 and 46 kDa protein. In hepatocytes, only two of the genes, JNK1 and
INK2 are expressed [104]. Mice deficient in either INK1 (jnkZ™~ mice) or INK2 (jnk2™~
mice) are viable but double knockouts are lethal, suggesting some redundant functions
[104]. Liver injury produced by either LPS/D-galactosamine or TNFa/D-galacosamine was
comparable in WT and jnkZ™~ mice but lower injnk2”~ mice [105]. Singh et al. [106]
reported that j7k2 ™~ mice fed a high fat diet did not gain weight or develop steatohepatitis
as did the WT and jnk2”~ mice. We evaluated whether INK1 or JNK2 or both play critical
roles in the pyrazole/TNFa-induced hepatotoxicity [107]. Male jnkI 7=, jnk2™~, and WT
mice were injected either pyrazole alone, TNFa alone, or TNFa following pyrazole
pretreatment. Liver injury was significantly higher in the WT and /72~ mice treated with
pyrazole plus TNFa than that in the jnkZ™~ mice treated with pyrazole plus TNFa,
suggesting that JINK1 but not JNK2 plays a major role in pyrazole/ TNFa-induced liver
injury. Mechanisms responsible for this INK 1-dependent toxicity require further study.

Relationship between CYP2E1 and ALD summarized in this review is schematically
presented in Figure 4. Alcohol in intestines induces CYP2EL, which causes lumen LPS
translocating to blood and entering liver. In liver, LPS induces production of TNFa and
subsequent activation of MAPKSs, which causes liver injury. Alcohol induction of CYP2E1
in liver leads to ROS generation and results in HIF-1a induction, autophagy inhibition, and
activation of MAPKSs. All these events contribute to ALD. While liver CYP2EL1 inhibition is
being considered in the therapy strategy, intestine CYP2E1 should not be ignored as
intestine CYP2E1 promotes alcoholic inflammation by promoting LPS leakiness in guts.

7. CYP2E1-CYP2AS5 INTERACTIONS

Pyrazole is also an effective inducer of CYP2A5 in mice [108]. While CYP2E1 was induced
by pyrazole in WT mice but not in cyp2e1™~ mice, CYP2A5 induction was also higher in
WT mice than in cyp2el™~ mice [90]. When CYP2E1 was inhibited by CMZ, CYP2A5 was
also decreased [90]. These suggest that CYP2E1 has an influence on CYP2AS5 induction by
pyrazole. Does ethanol induce CYP2A5? If yes, is ethanol induction of CYP2A5 also
CYP2E1-dependent? In human, is CYP2AG6 induction also associated with CYP2E1? In
patients with ALD, both CYP2E1 and CYP2A6 expression were found to be induced in the
livers [109]. /n vitro studies showed that ethanol treatment up-regulated CYP2A6 expression
in a human U937 monocyte cell line, which is also associated with CYP2E1 upregulation
[110]. However, when drinking water containing ethanol was fed to mice, activity of COH, a
CYP2A5 marker enzyme, was not induced [111]. We examined mice subjected to oral
alcohol feeding with a Lieber-DeCarli liquid diet and found that COH activity was increased
dramatically, and CYP2A5 protein and mRNA levels were strikingly up-regulated [12, 13].
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Interestingly, a time course study showed that elevation of CYP2E1 activity was earlier than
CYP2AG5 elevation. In rats, CYP2A3, the ortholog to mouse CYP2A5 and human CYP2AG6,
is not detectable in the liver, even after treatments with pyrazole [112, 113]. Most studies on
microsomal ethanol metabolism were performed with rat microsomes, but COH activity
(CYP2A3) is absent in rat liver. This might be the major reason why ethanol induction of
COH was not detected before.

Considering the well-known increase in CYP2E1 by ethanol, we were especially interested
in whether CYP2EL1 also affects ethanol induction of CYP2A5. The Lieber-DeCarli diet has
been widely used to study the induction of CYP2EL1 [114]. Therefore, the Lieber-DeCarli
model was applied in both chronic and acute model to study the interaction between
CYP2E1 and CYP2A5 [12, 13]. After one week of ethanol feeding, CYP2E1 was induced
but CYP2A5 was not yet induced. After two weeks of ethanol feeding, CYP2A5 was
induced and CYP2E1 remained elevated. After 3 weeks of ethanol feeding, CYP2A5 was
further increased and CYP2EL1 still remained the similar levels to the 2 weeks of feeding.
These results suggest that CYP2E1 induction by ethanol is earlier than CYP2A5 induction.
Interestingly, those zones of the liver from the ethanol-fed mice with the highest levels of
CYP2EL1 as detected immunohistochemically also contained the highest amounts of
CYP2A5, i.e. CYP2E1 and 2A5 co-localized in the liver. With respect to human liver, the
levels of both CYPs varied widely from liver to liver. The levels of CYP2A6 paralleled the
levels of CYP2E1. Those livers with lower CYP2E1 content also had lower CYP2A6
content. These studies suggest a close association between induction of CYP2E1 and
induction of CYP2A5/2A6.

To examine possible association between CYP2E1 and 2A5 more directly, we determined if
chronic ethanol feeding induced CYP2AS5 in cyp2el™ mice and cyp2el™~ Tg mice, in
which the human CYP2E1 is added back into the cyp2e1™~ mice to reestablish expression
of human CYP2E1 [38, 115]. While CYP2A5 was induced in WT mice, there was no
increase in CYP2A5 in the cyp2el™" mice; when CYP2EL1 is restored in cyp2el™ Tg mice,
ethanol feeding resulted in an induction of CYP2AS5 in the cyp2e1™~ Tg mice. These results
indicate that induction of CYP2AD5 by chronic ethanol requires CYP2EL.

To further validate the role of CYP2E1 in the induction of CYP2A5 by chronic ethanol
feeding, the effect of CMZ, an effective chemical inhibitor of CYP2EL, was determined.
CMZ has been previously used to block ethanol-induced liver pathology in the intragastric
infusion model of chronic ethanol feeding [32] and to block ethanol-induced steatosis and
oxidant stress in the Lieber-DeCarli liquid ethanol diet model [39]. Treatment with CMZ
decreased the chronic ethanol-induction of CYP2E1 and 2A5 comparably. Thus, either
genetic knockout of CYP2E1 or chemical inhibition of CYP2E1 blunts ethanol induction of
CYP2A5

As mentioned above, one week of chronic ethanol feeding did not elevate CYP2AS5 levels in
WT mice although CYP2E1 was elevated two-fold. We evaluated whether earlier ethanol
induction of CYP2AS5 could be developed using the cyp2e1™~ Tg mice with higher levels of
CYP2E1 than the WT mice. The cyp2el™" mice and cyp2el™~ Tg mice were fed the
Lieber-DeCarli liquid diet for 1, 2 and 3 days instead of 1, 2,and 3 weeks. CYP2E1
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increased after 1 to 3 days of the ethanol feeding respectively in the cyp2el™~ Tg mice.
With respect to CYP2AS5, in the cyp2e1™~ Tg mice there was no induction after 1 day of the
ethanol feeding but CYP2A5 was increased after 2 and 3 days of ethanol feeding,
respectively. No such increases were found with the cyp2el~~ mice. Thus, acute ethanol
feeding can induce CYP2AS5 when levels of CYP2EL are high and this induction occurs after
CYP2EL1 is initially and sufficiently elevated.

Is induction of CYP2E1 by ethanol modulated by CYP2A5? The above experiments indicate
that acute and chronic ethanol induction of CYP2AS5 is strongly potentiated by CYP2EL. Is
ethanol induction of CYP2E1 influenced by CYP2A5? The cyp2a5~~ mice were provided
as a generous gift from Dr Xinxin Ding (Wadsworth center, Albany NY) and fed ethanol
chronically along with their genetic control WT mice. The ethanol feeding produced a
comparable 2.5-3 fold increase in CYP2EL protein and catalytic activity in the WT and the
cypla5~'~ mice as compared to dextrose-fed controls. The ethanol feeding elevated CYP2A5
protein and activity in the WT mice and not in the cyp2a5~~ mice. Thus, the increase in
CYP2EL1 by ethanol is independent of the presence of CYP2AS5, in contrast to the increase in
CYP2AG5 by ethanol which requires CYP2EL.

In other experiments we found that cadmium induction of CYP2A5 occurred to similar
extents in cyplel™ Tg mice and cyp2el™" mice, indicating that CYP2AD5 is capable of
being induced in the cyp2e1™~ mice, depending on the inducer i.e. the cadmium induction
of CYP2AS5 is independent of CYP2EL. Thus, CYP2E1 and CYP2A5/6 seem to be
interactive during their co-induction by ethanol and pyrazole but not by cadmium.

8. MECHANISM OF ETHANOL INDUCTION OF CYP2A5

Induction of CYP2EL by chronic ethanol is largely through a posttranscriptional mechanism
involving stabilization of the CYP2EL1 protein by ethanol against proteasome-mediated
degradation, but CYP2E1 mRNA levels are not altered [116, 117]. However, 3 weeks of
ethanol feeding did increase CYP2A5 mRNA levels. Thus, while chronic ethanol feeding
increases two important CYPs in the liver, the mechanism of induction for each CYP
appears to differ. Hepatic CYP2A5 mRNAs can be induced by a PPARa ligand, Wy14,643
[118]; suppression of CYP2A5 expression by LPS was abolished in PPARa KO (ppara™")
mice (119). PPARa is a well-known ALD regulator [120]. We therefore examine whether
PPARa regulates the ethanol induction of CYP2AS. The ppara™~ mice and WT mice were
fed ethanol diets for 3 weeks. CYP2E1 and CYP2A5 expression and activities were
identically induced in WT mice and ppara ~~ mice, suggesting that PPARa doesn’t
regulate the ethanol induction of CYP2A5 [14, 121].

The redox-sensitive transcription factor nuclear factor erythroid 2 (NFE2)-related factor 2
(Nrf2) is a leucine zipper transcription factor which binds to the electrophilic- or
antioxidant-response element of many proteins to upregulate their expression [122-131].
Under basal cellular conditions, Nrf2 activation and translocation to the nucleus is
suppressed by its binding to Keapl (Kelch-like erythroid cell derived protein with CNC
homology-associated protein 1). Modification of thiol groups of Nrf2 and/or Keap 1 by
oxidants and electrophiles dissociates Nrf2 from Keapl, followed by degradation of Keapl
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by the proteasome complex and translocation of Nrf2 into the nucleus where it can dimerize
with small Maf proteins to function as a transcription factor [122, 123, 126]. CYP2A5 and
2A6 are regulated by Nrf2 [132-135]. Is the ethanol induction of CYP2A5 regulated by
Nrf2? Alcohol-induced liver injury was enhanced in Nrf2 KO (Arf277) mice [136]. The
alcohol feeding comparably induced CYP2E1 in the WT and Ar£27~ mice, suggesting that
Nrf2 did not significantly modulate levels of CYP2EL or its induction by alcohol [136].
Samples of liver from these mice were kindly provided to us by Dr. Vogel of the study in
[136]. Our results show that induction of CYP2A5 protein by alcohol was lower in the
Nrf2”~ mice (1.6 fold) than the WT mice (2.5 fold) and CYP2AS5 catalytic activity was
increased 9-fold by alcohol in the WT mice as compared to a 4-fold increase in the Nrf2”/~
mice. Thus, maximal induction of CYP2A5 by alcohol requires Nrf2.

In view of the induction of CYP2EL by ethanol, the increase in ROS by CYP2EL, the
activation of Nrf2 by CYP2E1-derived ROS, and the critical role of Nrf2 in regulating the
expression of the cyp2a5 gene, a hypothesis was formulated in which ethanol induction of
CYP2EL1 leads to an increase in ROS, which then leads to activation of Nrf2, which then
activates expression of CYP2AS5. The next studies evaluated whether the acute and chronic
ethanol treatments activated a CYP2E1-ROS-Nrf2-CYP2A5 pathway in mouse livers.

One day alcohol feeding resulted in an increase in hepatic Nrf2, nuclear Nrf2, and Nrf2-
DNA binding activity in cyp2e1™~ Tg mice but not in the cyp2el™~ mice. Thus, CYP2E1
was required for acute ethanol activation of Nrf2. The acute ethanol activation of Nrf2 was
blocked when the cyp2el™~ Tg mice were treated with antioxidants NAC or vitamin C (Vc),
indicating that CYP2E1-derived ROS is important in the acute ethanol activation of Nrf2.
The acute ethanol feeding elevated both CYP2E1 and CYP2A5. Treatment with the
antioxidants blunted the increase in CYP2A5 but had no effect on the induction of CYP2E1
by the acute ethanol treatment. Thus, the induction of CYP2A5 but not CYP2E1 by acute
ethanol involves, at least in part, a role for ROS. Similar results were found for the chronic
ethanol feeding model as Nrf2 was activated in WT mice fed ethanol for 3 weeks. Feeding
ethanol chronically along with either NAC or V¢ blunted activation of Nrf2 and this was
associated with prevention of the induction of CYP2A5, but not CYP2EL.

Does alcohol-induced human CYP2AG6 share the mechanism similar to the alcohol induction
of CYP2A5? CYP2AG, like CYP2A5, has been shown to be regulated by Nrf2 [135]. As
mentioned above, there appears to be an association between levels of CYP2A6 and
CYP2E1 in human livers from patients with alcoholic liver disease and with cirrhosis.
Perhaps such livers can be assayed for levels of Nrf2 or extent of oxidative stress. Incubation
of human hepatocytes with ethanol and determining whether an in vitro system for alcohol
induction of CYP2AG6 can be developed might prove useful for this. The human monocyte
cell line U937 when incubated with ethanol exhibited higher levels of CYP2A6 [110]. Blood
monocytes isolated from alcoholic patients may be a simple and feasible way to examine
ethanol induction of CYP2A6 in humans.
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9. CYP2A5 AND ALCOHOLIC LIVER DISEASE

Besides generating oxidants including ROS, CYP2EL1 can also upregulate antioxidants,
which may reflect an adaptive mechanism to remove CYP2E1-derived oxidants. Due to the
increase in ROS produced by the elevated levels of CYP2E1, Nrf2 is upregulated in
CYP2EL1 over-expressing HepG2 (E47) cells and livers from ethanol-fed rodents [137, 138].
Nrf2 up-regulates the expression of those antioxidant enzymes (such as HO-1, GCSR, and
GCSC) that were found to be elevated in E47 cells and liver cells with high expression of
CYP2EL. Nrf2 mRNA levels and Nrf2-DNA binding activity were two-fold higher in the
E47 cells. Transfecting the E47 cells with SIRNA Nrf2 lowered levels of Nrf2 mRNA and
protein as compared to SIRNA scramble and this resulted in a decline in levels of the
upregulated antioxidant enzymes and GSH. Formation of ROS and LPO were enhanced in
the E47 cells treated with SIRNA Nrf2, and cell viability was lowered. Thus, the
upregulation of Nrf2 in response to CYP2E1-derived ROS in the E47 cells results in elevated
antioxidant defense in these cells. Ethanol-induced liver injury was more severe in Nrf27~
mice compared with WT mice, suggesting that upregulation of Nrf2 may protect against
ALD [136]. The CYP2E1-dependent induction of CYP2A5 by ethanol is regulated by Nrf2,
thus the ethanol-induced CYP2A5 may be among the panel of Nrf2-regulated antioxidant
genes to protect against ALD.

We treated WT and cyp2a5~~ mice with alcohol and measured biochemical assays of liver
function to assess the possible effects of CYP2A5 on the alcohol actions. Our results suggest
that in contrast to CYP2E1, CYP2AS5 protects against and does not promote alcohol-induced
oxidative stress. After ethanol feeding, thiobarbituric acid-reactive substances (TBARS), a
marker of LPO, was increased by ethanol feeding more than 2-fold in cyp2a5~~ mice, but it
was increased only 50% in WT mice [48]. Formations of 4-hydroxy-nonenal adduct (HNE)
and 3-NT, markers of oxidative stress, were detected in cyp2a5~~ mice to a greater extent
than in WT mice [14]. These results suggest that CYP2AS5 induction inhibits alcohol-
induced oxidative stress, which is not surprising considering the facts that ethanol induction
of CYP2AS is regulated by the Nrf2 pathway. The cyp2a5~~ mice developed more severe
experimental ALD than the WT mice did, so alcohol-induced oxidative liver injury is also
protected by CYP2A5 [14].

Chronic ethanol feeding does not induce HO-1 in rodent liver [139]. Thus, other Nrf2-
regulated antioxidant mechanisms may be involved in ALD protection. Alcohol can cause an
increase in levels of heme, and free heme can catalyze the production of ROS through
Fenton chemistry [140, 141]. HO-1 exhibits antioxidant effects because HO-1 can decrease
heme levels through degrading heme with the production of iron, carbon monoxide, and the
bile pigments biliverdin and bilirubin [140-143]. Biliverdin can be reduced by ubiquitous
biliverdin reductase to bilirubin [144-146]. Bilirubin is an effective antioxidant at
concentrations ranging from 0.01 to 10 uM, but it is cytotoxic at concentrations >20 uM
[144, 145]. Thus, HO-1/bilirubin might have a dual role in antioxidant responses: elevated
levels of HO-1 or its substrate heme can produce bilirubin to high concentrations that may
be detrimental and not protective. Recently, bilirubin was identified as an endogenous
substrate for CYP2A5, and CYP2AD5 can oxidize bilirubin to biliverdin [144-146]. Both
HO-1 and CYP2A5/2A6 are regulated by Nrf2, it is possible that HO-1 could cause
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induction of bilirubin, and CYP2ADS5 could control the intracellular concentration of bilirubin
to a level with antioxidant instead of cytotoxic properties [145]. HO-1 and CYP2A5/6 may
coordinate to maintain intracellular bilirubin at an antioxidant concentration. CYP2A5 is
highly induced in liver [12, 13], but chronic ethanol feeding does not induce HO-1 (139). It
will be interesting to address whether no or weak induction of HO-1and highly induced
CYP2A5 coordinate to protect against alcohol-induced oxidative liver injury.

Kirby et al first raised the notion that CYP2A5 may play a role in energy metabolism [8].
Pyrazole, an inducer of CYP2AD5, causes hepatic glycogen depletion and decreases serum
glucose levels [8]. We found that chronic ethanol feeding induced hyperglycemia in
cypla5~'~ mice but not in WT mice [14]. The cyp2a5~~ mice exhibited more obvious
glucose intolerance than WT mice did [147]. These results suggest that CYP2A5 may
participate in regulation of glucose homeostasis. Glucose homoestasis regulating factors
such as glucagon, cyclic adenosine monophosphate (CAMP), and protein kinase A (PKA)
can induce CYP2A5 [148, 149]. Glucagon mediates cCAMP production, and cAMP activates
PKA, which causes cCAMP response element-binding protein (CREB) phosphorylation at
Ser133, followed by subsequent translocation to the nucleus and binding to the cAMP
response element (CRE) [150-152]. CREB cannot directly regulate CYP2AS5 transcription
because the cyp2a5 promoter lacks CRE. However, CREB can act through the coactivator
peroxisome proliferator-activated receptor y coactivator-1 a (PGC-1a) [151] and PGC-1a
mediates CYP2AS5 induction via hepatocyte nuclear factor 4 (HNF-4) [153]. Interestingly,
chronic ethanol increases cAMP levels in the liver [154, 155]. It is possible that ethanol
induction of CYP2AS5 is regulated, at least in part, by a CAMP-PKA-CREB pathway via
PGC-1a /HNF-4. It will be interesting to address whether CYP2A5/2A6 regulate glucose
homoestasis via the cCAMP-PKA-CREB pathway.

Pyrazole also causes hepatic lipid accumulation, which might be associated with AMP-
activated protein kinase (AMPK), a regulator of lipid metabolism [8]. Inhibition of AMPK
plays a key role in ethanol-induced fatty liver by enhancing lipogenesis and depressing the
rate of fatty acid p-oxidation (156). The previously published results obtained from WT and
cyp2a5~'~ mice chronically fed ethanol [14] or from primary hepatocytes isolated from WT
and cyp2a5~~ mice incubated with ethanol, or from WT and cyp2a5~~ mice gavaged with
binge ethanol all show that ethanol-induced steatosis was higher in cyp2a5~~ mice or
hepatocytes compared with WT mice or hepatocytes [12]. After chronic ethanol feeding,
hypertriglyceridemia was induced in cyp2a5~~ mice but not in WT mice and liver TG
contents are increased more strikingly in cyp2a5~~ mice than in WT mice [14]. These
results suggest that in contrast to CYP2E1, CYP2A5 protects against but does not promote
alcohol-induced steatosis. In patients with alcoholic and nonalcoholic fatty liver, CYP2A6
was found to co-localize with lipid droplets [109], which thus might be extrapolated to be a
compensatory or adaptive response to antagonize fat accumulation in the liver. Perhaps
inducers of CYP2A5 may have therapeutic potential in ameliorating alcoholic fatty liver.

10. INTERACTION BETWEEN CYP2A5 AND PPARa-FGF21 AXIS

PPARa regulates mitochondrial and peroxisomal fatty acid oxidation. AOX, a key enzyme
in peroxisomal fatty oxidation, is regulated by PPARa. Carnitine palmitoyltransferase |
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(CPT 1), which promotes fatty acid uptake into the mitochondria for mitochondrial fatty acid
oxidation, is also regulated by PPARa. (157, 158). Interestingly, basal level of PPARa
expression is up-regulated in cyp2a5~~ mice. To test whether the upregulation of PPARa in
cypla5~~ mice is attributed to the enhanced alcoholic fatty liver in cyp2a5~~ mice, we
designed a model to abrogate the upregulation of PPARa in cyp2a5~~ mice by creating
PPARa and CYP2AS5 double knockout (gpara ~~/cypZa5~") mice. The comparison
between cyp2a5~~ mice not expressing PPARa (ppara™ /cyp2a5") and cyp2a5”~ mice
still expressing PPARa (ppara™?/cyp2a5~") could help define the role of PPARa in the
enhanced alcoholic fatty liver in cyp2a5~~ mice. The results showed that alcoholic fatty
liver is more severe in ppara ~~/cyp2a5~~ mice than in ppara*’*/cyp2a5~"~ mice,
suggesting that PPARa interacts with CYP2A5 to protect against the development of
alcoholic fatty liver [121]. Both AOX and CPT I are regulated by PPARa., but only basal
AOX is upregulated in cyp2a5~~ mice, and basal CPT I is identical in cyp2a5~~ mice and
WT mice [121]. Thus, it is possible that PPARa. interacts with CYP2AS5 via regulating AOX
(the peroxisomal fatty acid oxidation pathway) but not CPT I (the mitochondrial fatty acid
oxidation pathway).

Fibroblast growth factor 21 (FGF21) is a hovel metabolic regulator [159, 160] and FGF21
knockdown promoted both hepatic steatosis and hypertriglyceridemia in HFD-fed mice
[161]. Liver expresses the highest levels of FGF21 [162]. Liver produced FGF21 can be
released into blood and act on extra-hepatic tissues in an endocrine manner [163]. FGF21
exerts its effect via binding to FGF receptor 1 (FR1) [163]. A major source of serum FGF21
is liver [163]. In liver, FGF21 is regulated by PPARa [161, 164, 165]. Therefore, we
examined FGF21 expression in cyp2a5~~ mice.

We found that basal levels of serum FGF21 in Cyp2a5~~ mice were higher than those in
WT mice; but ethanol feeding induced FGF21 in WT mice but not in Cyp2a5”~ mice.
Serum FGF21 was almost undetectable in ppara ™~ mice, and injection of recombinant
mouse FGF21 (rFGF21. restored serum FGF21 to a level similar to WT mice. Injection of
rFGF21 also blunted the increase in serum TG in ppara™~ mice. Likewise, serum FGF21
was much lower (almost undetectable) in gpara™~/cyp2a5~~ mice compared to ppara*?*/
cypla5~'~ mice, suggesting that PPARa interacts with CYP2AS5 probably through its
downstream signaling molecule FGF21 [121].

To further test the role of FGF21 in the development of alcoholic fatty liver, we created liver
specific FGF21 knockout (Fgf21/0-¢r€) mice and liver specific FR1 knockout (Fr12/0-cr)
mice. Serum FGF21 was almost undetectable in the Fgf212/0-¢"¢ mice while it was
unchanged in the Fr1é/-¢e mice, suggesting that deletion of FR1 in liver does not have an
influence on liver FGF21 expression. Serum FGF21 was induced by ethanol in the Frza/b-cre
mice but it was not induced in the Fgf212/0-c"¢ mice. Correspondingly, Fgf212/0-c¢ mice
developed more severe alcoholic fatty liver compared with the control mice that express
FGF21 in liver, suggesting that FGF21 plays an indispensable role in protecting against the
development of alcoholic fatty liver. However, alcoholic fatty liver was comparable in the
Frialb-cre mice and the control mice that express FR1 in liver, suggesting that FGF21 does
not exert its effects through liver FR1 [121].
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Adipose tissues have comparatively high expression of FR1; FR1 expression in liver is only
about 10% the level of expression detected in adipose tissue [166], which leads to a
suggestion that FGF21 acts on adipose tissue to a greater extent than on liver. About 60% of
hepatic fat is derived from adipose tissues [167], and adipose tissues play a very important
role in the development of ALD [168-170]. It will be interesting to address whether FGF21
exerts its effects through adipose FR1 by using adipose tissue specific FR1 knockout mice.

11. CYP2A5 AND LIVER FIBROSIS

As discussed above, the Lieber-decarli ALD animal model does not induce evident liver
fibrosis. We applied CCL4 and TAA models to test whether CCL4- and TAA-induced liver
fibrosis may be enhanced in cyp2a5~~ mice compared with WT mice [45]. Acute liver
injury induced by one single injection of CCL4, either higher dose or lower dose, was
comparable in cyp2a5~~ mice and WT mice; chronic liver injury and liver fibrosis induced
by multiple injection for one month were comparable, too. However, acute liver injury
induced by one single injection with TAA at lower doses (75 and 100 mg/kg) was enhanced
in cyp2a5~~ mice compared with WT mice, while high dose of TAA (200mg/kg) induced
liver injury in cyp2a5~~ mice to the same extent as in WT mice. Therefore, we selected the
dose of 200 mg/kg to induce chronic liver injury and liver fibrosis. As a result, we found that
TAA-induced liver fibrosis was more severe in cyp2a5~~ mice than in WT mice, while
TAA-induced chronic liver injury as indicated by serum ALT/AST and pathological necrosis
evaluation was comparable in cyp2a5~~ mice and WT mice, suggesting that CYP2A5
protects against TAA-induced liver fibrosis, and this protection against liver fibrosis is
independent of the protection against liver injury [45]. We found that CYP2A5 but not
CYP2E1 was expressed in hepatic stellate cells (HSC), a major fibrogenic cell type in liver
(Fig. 5). Thus it will be interesting to examine the role of CYP2A5 in activation of HSC.

12. CYP2A5 AND NICOTINE

Tobacco cigarette smoking is another worldwide major cause of preventable morbidity and
mortality. Nicotine is a major stimulant and dependence-forming alkaloid in tobacco smoke
[171]. Pre- and post-natal nicotine exposure might be a contributing factor for the
occurrence of metabolic disorders later in life [172]. In humans, CYP2AG6 is a major enzyme
that metabolizes nicotine [173]; in mice, 80% of nicotine is metabolized by CYP2A5 [174,
175]. Alcohol consumption induces CYP2A6, and the induced enzyme metabolizes nicotine
very quickly and decrease blood levels of nicotine dramatically. Thus, one has to smoke
more tobacco to maintain blood nicotine levels. As a matter of fact, alcohol and tobacco are
frequently co-abused [176, 177]. Cigarette smoke exposure promotes alcoholic cirrhosis,
increases certain cancers, and possibly increases mortality in heavy alcohol drinkers [178].
Likewise, tobacco smoke exposure increases experimental ALD in apoE-deficient mice
[179].

We recently reported that administration of nicotine increased chronic ethanol-induced
steatosis [180]. While nicotine treatment or ethanol feeding alone failed to induce
hypertriglyceridemia and hyperglycemia, the combination of ethanol feeding and nicotine
administration caused increases in serum levels of TG and glucose [180]. To further study
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the relationship of CYP2A5 and nicotine/alcohol-induced fatty liver, we fed nicotine/alcohol
to WT mice and cyp2a5~~ mice and found that nicotine enhanced alcoholic fatty liver in
WT mice but not in cyp2a5~~ mice. Cotinine is a major metabolite of nicotine produced by
CYP2AS5 [175], but we found that cotinine still enhanced alcoholic fatty liver in WT mice
but not in cyp2a5~~ mice (unpublished results). It is still being under investigation in our lab
whether CYP2A5-dependent nicotine-enhanced alcoholic fatty liver is attributed to nicotine
metabolites. Figure 6 shows relationship between CYP2AS5, nicotine, and ALD. If tobacco
and alcohol are co-abused, CYP2AD5 induction may enhance ALD due to CYP2A5-mediated
nicotine metabolism.

13. CONCLUSIONS AND STRATEGIES FOR ALD THERAPY

Since CYP2EL has been found to be a major component in MEOS which is induced by
alcohol consumption, the studies on CYP2E1 mainly focus on its metabolic action on
alcohol and its pathogenesis in ALD. Due to being loosely coupled with NADPH-
cytochrome P450 reductase (18), CYP2EL is a more active generator of ROS compared to
other CYPs. Therefore, a lot of studies focus on CYP2E1-mediated oxidative stress and liver
injury induced by alcohol consumption.

Now it is generally accepted that CYP2E1 induction is one of the major risk factors for
ALD. CYP2A5/2A6 induction by alcohol consumption is a novel new finding. Based on the
requirement for CYP2E1 for effective induction of CYP2A5 and Nrf2 by acute and chronic
alcohol treatment, the requirement for Nrf2 for maximal induction of CYP2AS5, and the
prevention by antioxidants of this induction of Nrf2 and CYP2A5, we suggest that increased
generation of ROS produced from the induction of CYP2E1 by acute or chronic alcohol
treatment activates Nrf2 and activated Nrf2 transcriptionally activates CYP2A5. While the
increase in CYP2EL by alcohol has generally been studied from either a drug metabolism
point of view e.g. oxidation of substrates such as nitrosamines, anesthetics, alcohols, etc or
from a toxicological point of view e.g. metabolism of hepatotoxins such as acetaminophen,
CCLg4, TAA, benzene or generation of ROS such as superoxide anion radical and hydrogen
peroxide, CYP2E1-generated ROS can also modulate transcription factor activity and
thereby regulation of expression of various genes e.g. the activation of Nrf2 by CYP2E1-
generated ROS was previously shown to increase the expression of GCS (and subsequently
GSH levels), HO-1 and GST activity. Perhaps this reflects initial efforts of liver cells to
protect against the alcohol/CYP2E1 toxicity. As summarized in this review, it appears novel
that another consequence of the increase in CYP2E1-generated ROS and activation of Nrf2
is the induction of another member of the cytochrome P450 family, CYP2A5. CYP2AS5 is
found to be protective but not detrimental against ALD. As monooxygenases, in the
presence of substrates and O, CYPs can produce a small amount of ROS. CYP2EL1 is
special because CYP2E1 can generate ROS even in the absence of substrates. Therefore,
CYP2EL1 is pro-oxidant and detrimental. However, how CYP2ADS5 protects against ALD still
needs further studies.

For ALD therapy or prevention, the strategies should be blocking CYP2EL1 activity without
inhibiting CYP2AS5 activity, or inhibiting CYP2E1 and simultaneously inducing
CYP2A6/2A5. CYP2A3, a rat ortholog of CYP2A5 and CYP2ABS, is not expressed in liver
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of rat, so CYP2EL inhibitors will not affect CYP2A3 in rat liver. Therefore, there are no
concerns about CYP2E1-dependent induction of CYP2A3. As mentioned above, CYP2E1
inhibitors, such as DAS, PIC and CMZ, have been shown to partially block hepatic LPO and
ameliorate alcohol-induced hepatic pathological changes in rats [29-32]. Now more studies
are performed in mice. For example, CMZ can inhibit ethanol-induced liver injury in mice
through suppression of Akt phosphorylation [181]. Apigenin, a plant flavonoid, can also
protect against ALD in mice through regulating hepatic CYP2E1-mediated oxidative stress
and PPARa-mediated lipogenic gene expression [182]. MicroRNAs (miRNAs) can regulate
ALD in mice [183-185]. MiRNAs can bind to 3’-untranslated region (3'-UTR) and inhibit
CYP2E1 expression [186-189]. Ethanol induction of CYP2A5/2A6 is CYP2E1-dependent.
Thus, inhibition of CYP2E1 may inhibit CYP2AS5 induction by ethanol in mice. Due to the
protective effects of CYP2AD5, it is possible that CYP2AS5 inhibition resulted from CYP2E1
inhibition may compromise the therapeutic effects of CYP2E1 suppression

Induction of CYP2A5/2A6 may prevent ALD. Although many toxic chemicals can induce
CYP2AD5, until now, there are no convincing pharmacological inducer of CYP2A5/2A6 that
can be used for studies on ALD. Fatty acids can induce CYP2AS5 in HFD-fed mice [190,
191]. Since fatty acids contribute to non-alcoholic fatty liver disease (NAFLD), it is possible
that CYP2A5 induction by fatty acids is a compensatory response in NAFLD. In contrast,
inhibition of CYP2A5/2A6 will enhance ALD. Celery extract can inhibit both CYP2A5 and
CYP2A6 [192]. While celery extract exhibits antioxidant, hypoglycemic, hypolipidemic and
anti-platelet aggregation effects, it is unclear whether these pleiotropic effects will be
compromised when it is applied for ALD.

Recently, liver cancer was also included in the spectrum of ALD. Upregulation of CYP2E1
and subsequent production of ROS play a significant role in the pathogenesis of liver cancer
during chronic ingestion of ethanol [193]. Alcohol consumption can cause formation of
carcinogenic etheno-adduct and CYP2E1 plays an important role in the generation of
etheno-adduct [194, 195]. CYP2E1 can also metabolize and bioactivate procarcinogens such
as nitrosamines to direct carcinogenic metabolites [195-196]. Thus, inhibition of CYP2E1
can suppress ALD as well as carcinogenesis in liver.

For CYP2A5/2A6, it is more complicated. Like CYP2E1, CYP2A5 can also bioactivate
carcinogens. For example, nicotine-derived nitrosamine ketone [NNK, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone], a potent lung carcinogen, is bio-activated by
CYP2A5 (COH) [197, 198]. CYP2A5-mediated bioactivation of NNK in mouse lung is
inhibited by 8-methoxypsoralen (MOP), a potent inhibitor of CYP2A, leading to the
prevention of NNK-induced lung adenoma [199, 200]. Thus, for the people co-abusing
alcohol and tobacco, inhibition of CYP2AS5 suppresses carcinogenesis, but it may enhance
ALD.

14. FUTURE DIRECTIONS

Several directions for future research which may develop from these studies are the
following:
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A: Is alcohol a ligand or a substrate for oxidation by CYP2A5? Many substrates for CYPs
induce their own metabolism via increasing the levels of the corresponding CYP that
metabolizes them. Alcohol is a substrate for CYP2EL to be oxidized to acetaldehyde and
alcohol binds to CYP2E1 producing a modified type Il binding spectrum [114]. Could the
alcohol induction of CYP2AS5 reflect alcohol serving as a metabolic substrate for CYP2A5?
This can be readily addressed using isolated microsomes expressing only CYP2AS5 or
microsomes from cyp2a5~~ mice or studying the oxidation of ethanol to acetaldehyde in the
absence and presence of inhibitors of CYP2AG5 or inhibitory CYP2A5 antibodies. When
microsomes from WT and cyp2a5~~ mice were incubated with ethanol, acetaldehyde
production was 15% higher in WT microsomes than CYP2A5 microsomes, suggesting
CYP2AS5 plays a minor role in ethanol metabolism [12]. Alternatively, ligands for CYP2E1
like alcohol can increase the half-life of CYP2E1 protein by stabilizing the protein against
proteosome —mediated degradation [116, 117]. Although, unlike CYP2E1, CYP2A5 is
induced by alcohol probably via transcriptional upregulation (MRNA levels are increased), it
still deserves to investigate whether alcohol can work as a possible ligand to increase the
stability and half-life of CYP2AS5.

B: As discussed above, bilirubin was recently identified as an endogenous substrate for
CYP2A5, and CYP2AS5 can function as a hepatic bilirubin oxidase to decrease intracellular
bilirubin [144-146]. Common bile duct ligation (BDL), a model for portal fibrosis, can
induce cholestasis in which bilirubin accumulates [201]. BDL-induced hepatic fibrosis was
more severe in cyp2a5~~ mice than in WT mice [14]. Consistently, liver injury as indicated
by serum ALT and ALP (alkaline phosphatase) were more severe in cyp2a5~~ mice than in
WT mice, but serum bilirubin levels including unconjugated free bilirubin and conjugated
bilirubin and total bilirubin were not significantly higher in cyp2a5~~ mice than in WT mice
due to a huge individual variation among the mice (Gordon M. Kirby, personal
communication). Future studies should evaluate whether CYP2A5 might be related to
cholestasis or sickle cell disease, which displays a higher levels of serum bilirubin [202].

C: What other transcription factors besides Nrf2 upregulate expression of CYP2A5?
Normally, Nrf2 heterodimerizes with small MAF proteins to function as a transcription
factor. As discussed above, although lower, there was still significant induction of CYP2A5
by alcohol in 727~ mice. Besides Nrf2, other transcription factors or receptors e. g.
pregnane X receptor (PXR), retinoid x receptor a (RXRa) [118], co-activator PGC-1a
[153], HIF-1B/ARNT [203] and AhR [204] are known to be capable of upregulating the
basal and the inducible expression of the CYP2A5. In addition, tumor suppression gene P53
was also found to be a new regulator of CYP2A6 [205]. The effects of alcohol on these
factors deserve to be assessed.

As discussed above, chronic ethanol increases cCAMP levels in the liver [154, 155] and
cAMP mediates upregulation of CYP2AS5 in hepatocytes [148, 149]. cAMP activates PKA,
which phosphorylates CREB and causes phosphorylated CREB (p-CREB) translocation to
the nucleus followed by binding to the cAMP response element (CRE) [150-152]. P-CREB
results in recruitment of the coactivators CREB-binding protein (CBP) and transducer of
regulated CREB activity 2 (TORC?2) to form the CREB-CBP-TORC complex. With CBP
and TORC2 as coactivators, CREB binds to the cAMP response element (CRE). However,
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the cypZa5 promoter lacks CRE, which means CREB cannot directly regulate CYP2A5
transcription. It was reported that CREB can act through PGC-1a [151] and PGC-1a
mediates CYP2AS5 induction via HNF-4a [91]. It remains to be determined whether ethanol
induction of CYP2AS is regulated, in part, by the cCAMP-PKA-CREB pathway via PGC-1a/
HNF-4a.

CBP possesses intrinsic histone acetyltransferase (HAT) activity. CBP and p300 share a high
degree of homology. P300/CBP serves as transcription coactivators to acetylate core
histones, which facilitate chromatin decondensation and recruit basic RNA polymerase
machinery [152]. Many nonhistone proteins, particularly transcription factors, are also
substrates for p300/CBP [206]. CBP and P300 were shown to interact with Nrf2 and to
enhance Nrf2-dependent reporter gene activities [207]. Further study indicates that
acetylation of Nrf2 augments promoter-specific DNA binding and activity of Nrf2 during the
antioxidant response [208]. In contrast, the deacetylase sirtuin 1 (SIRT1) decreased
acetylation of Nrf2 and Nrf2-dependent gene transcription [209]. CBP may act as a histone
transacetylase to cause acetylation of Nrf2 and subsequently enhance activity of Nrf2 [208].
It will be interesting to address whether the cAMP-PKA-CREB-CBP pathway regulates
CYP2AS5 through enhancing Nrf2 transcriptional activity especially when nuclear Nrf2
decreases.

D: CYP2A5 and tobacco: Alcohol induction of CYP2A5 will accelerate blood nicotine
clearance and increase the amount of tobacco smoking necessary for maintaining blood
nicotine levels, thus alcohol induction of CYP2AS5 perhaps alter smoking behavior. Such
issues are being studied by Tyndale and associates [210, 211]. Nicotine-derived nitrosamine
ketone [NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone] was found to be associated
with enhanced ALD in rats [212]. NNK is a potent lung carcinogen and is bio-activated by
CYP2AS5 (COH) [197, 198]. CYP2AS inhibition can inhibit pulmonary carcinogenesis [199,
200]. We found that alcohol feeding also induced CYP2A5 expression and COH activity in
lung (Fig. 7). Thus, it deserves to investigate whether alcohol synergizes with tobacco to
induce lung cancer.

We recently reported that injection of nicotine increased chronic ethanol —induced steatosis
and collagen deposition [180]. Nicotine can induce fibrogenic changes in human liver via
nicotinic acetylcholine receptors expressed on HSC [213]. As mentioned above, the Lieber-
DeCarli model does not induce evident liver fibrosis. Whether nicotine plus alcohol diet will
induce evident alcoholic liver fibrosis needs to be addressed.

E: Like CYP2EL, CYP2AS5 can also be detected in mitochondria [214, 215]. It is still
unclear whether alcohol can cause an elevation of CYP2A5 in mitochondria and if so, what
are the toxicological significance of mitochondrial CYP2AS5.

F: An interesting speculation is the possibility that other CYPs which can be regulated by
Nrf2 may be up-regulated by alcohol induction of CYP2E1 analogous to CYP2A5. Recently,
Cyp2b10 expression was shown to be increased by activators of Nrf2 such as phorone and
phenobarbital in wild type but not in A2~ mice [216]. Alcohol has been shown to
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increase hepatic CYP2B [176], but we are not aware of any studies specifically evaluating
Cyp2h10.
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Abbreviation

3-MA
3-methyladenine

3-NT
3-nitro-tyrosine protein adduct

4-HNE
4-hydroxy-nonenal adduct

AA
arachidonic acid

ADH
alcohol dehydrogenase

ALD
alcoholic liver disease

ALDH
aldehyde dehydrogenase

ALP
alkaline phosphatase

ALT
alanine transaminase

AMPK
AMP-activated protein kinase

AOX
Acyl-CoA oxidase
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AST
aspartate transaminase

Atgs
autophagy-related genes

BDL
Common bile duct ligation

C34 cells

HepG2 cells transfected with empty plasmid that do not express CYP2E1

CAMP
Cyclic adenosine monophosphate

CB
conjugated bilirubin

CBP
CREB-binding protein

CCLy4
carbon tetrachloride

CMZ
chlormethiazole

COH
coumarin 7-hydroxylase

CoA
Coenzyme A

CPT I
Carnitine palmitoyltransferase |

CRE
cAMP response element

CREB
cAMP response element-binding protein

CYPs
Cytochromes P450s

cyp2a5~'~ mice
CYP2AS5 knockout mice

cyp2e1~/~ mice
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CYP2E1 knockout mice

cyp2e1~/~ Tg mice
humanized CYP2E1 transgenic mice

DAS
diallyl sulfide

E47 cells

HepG2 cells transfected with CYP2E1-plasmid that overexpress CYP2E1

ER
endoplasmic reticulum

ERK
extracellular signal-regulated kinases

FGF21
fibroblast growth factor 21

Fgf21alb-cre
liver-specific FGF21 knockout mice

FR1
FGF receptor 1

Fralb-cre
liver-specific FR1 knockout mice

GCsC
v-glutamyl cysteine synthase catalytic subunit

GCSR
v-glutamyl cysteine synthase regulatory subunit

GSH
reduced glutathione

GST
glutathione transferase

HAT
histone acetyltransferase

HFD
high fat diet

HIF-1la
hypoxia inducible factor 1a
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HIF-18/ARNT

hypoxia inducible factor-1p/aryl hydrocarbon receptor nuclear translocator

HNF-4a
hepatocyte nuclear factor 4 a

HO-1
heme oxygenase 1

HRE
hypoxia response elements

HSC
hepatic stellate cells

1gG
immunoglobulin G

i.p
intraperitoneal

Keapl

Kelch-like erythroid cell derived protein with CNC homology-associated protein 1

KO
knockout

INK
c-Jun NH2-terminal kinase

JInk1~~ mice
JNK1 knockout mice

JInk2~/~ mice
JNK?2 knockout mice

LPO
lipid peroxidation

LPS
lipopolysaccharide

MAPK
mitogen-activated protein kinases

MAPKK
MAPK kinase

MAPKKK
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MAPKK kinase

MEQOS
microsomal ethanol oxidizing system

MOP
8-methoxypsoralen

mOPN
milk osteopontin

NAC
N-acetyl-L-cysteine

NAD*
oxidized nicotinamide adenine dinucleotide

NADPH
reduced nicotinamide adenine dinucleotide phosphate

NNK
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

NO
nitric oxide

NOS
nitric oxide synthase

Nrf2
nuclear factor erythroid 2 (NFE2) -related factor 2

Nrf2~/~ mice
Nrf2 knockout mice

02
molecular oxygen

OPN
osteopontin

OONO-
peroxynitrite

PGC-la
peroxisome proliferator-activated receptor y coactivator-la

PIC
phenethyl isothiocyanate
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PKA
protein kinase A

PPARa
peroxisome proliferator-activated receptor a

ppara~'~ mice
PPARa knockout mice

ppara~/~/cyp2a5~/~ mice
PPARa and CYP2A5 double knockout mice

PPC
polyenylphosphatidylcholine

PXR
pregnane X receptor

rEGF21
recombinant mouse FGF21

RNS
reactive nitrosative species

ROS
reactive oxygen species

RXR
retinoid X receptor

SER
smooth endoplasmic reticulum

SiRNA
small interference RNA

SIRT1
deacetylase sirtuin 1

TAA
thoiacetamide

B
total bilirubin

TBARS
thiobarbituric acid-reactive substances

TG
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triglyceride

TNFa
tumor necrosis factor alpha

TORC2
transducer of regulated CREB activity 2

uB
unconjugated bilirubin

Ve
vitamin C

WT
wild type
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Figure 1.
Liver fibrosis was induced in cyp2e1™~ Tg mice but not in cyp2el™~ mice. The mice were

fed ethanol diet (35% calorie derived from ethanol) for 5 weeks, and binge ethanol was
orally administrated at 5 g/kg weekly for 5 times during the chronic ethanol feeding. (A)
Sirius Red/Fast Green staining. Arrows show collagenous fibers. (B) Collagen |
immunohistochemistry staining. Arrows show fibers with collagen | positive staining. (C)
CYP2E1 immunohistochemistry staining. Arrows show positive CYP2EL1 staining in
cyp2Ze1™~ Tg mice but not in cyp2Zel™ mice.
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Figure 2.

Bi%ge alcohol induced liver injury in cyp2el™~ Tg mice but not in cyp2el™~ mice. The
cyp2e1™~ mice and cyp2lel™~ Tg mice were treated with binge alcohol by gavage at 6 g/kg,
4 h later, blood was collected. (A) Serum TG; (B) Serum ALT; (C) Serum AST. * P<0.05,
compared with cyp2el™~ mice treated with binge alcohol; #P<0.05, compared with
cyplel™ Tg mice without alcohol treatment.
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Figure 3.
Alcohol induced hypoxia in cyp2el™~ Tg mice to a greater extent than in cyp2el™~ mice

and WT mice. The mice were fed alcohol diet for 3 weeks. 30 min before being sacrificed,
the mice were injected ip with pimonidazole, a hypoxia-specific marker. (A) Liver ADH and
CYP2E1 expression; (B) Serum alocohol; * P<0.05, compared with cyp2el™" mice;
#P<0.05, compared with W/T mice. (C) Hypoxia detected by pimonidazole
immunohistochemistry staining.
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Figure 4.

Schema of CYP2E1-mediated liver injury.
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Figure 5.
Hepatic stellate cells express CYP2A5 but do not express CYP2EL. (A) Morphology of

isolated HSC. (B) HSC isolated from WT mice were cultured for 10 days, and then were
collected for CYP2E1 and CYP2A5 analysis by Western blotting. Liver tissue homogenate
was used as positive controls.
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Figure 6.
Schema for CYP2AD5, nicotine, and ALD.
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Figure 7.

Alcohol feeding induced COH activity in lung. Male C57BL/6 mice were fed alcohol diet
for 3 weeks. Microsomes were isolated from the lungs. (A) COH activity. *P<0.05,
compared with WT mice. (B) CYP2AS5 expression in lung was measured by Western

blotting analysis.
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