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Abstract

Cytochrome P450 2A6 (CYP2A6) is known to metabolize nicotine, the major constituent of tobacco, leading to the
production of toxic metabolites and induction of oxidative stress that result in liver damage and lung cancer. Recently, we
have shown that CYP2A6 is induced by ethanol and metabolizes nicotine into cotinine and other metabolites leading to
generation of reactive oxygen species (ROS) in U937 monocytes. However, the mechanism by which CYP2A6 is induced by
ethanol is unknown. In this study, we have examined the role of the PKC/Nrf2 pathway (protein kinase C-mediated
phosphorylation and translocation of nuclear erythroid 2-related factor 2 to the nucleus) in ethanol-mediated CYP2A6
induction. Our results showed that 100 mM ethanol significantly induced CYP2A6 mRNA and protein (~150%) and
increased ROS formation, and induction of gene expression and ROS were both completely blocked by treatment with
either a CYP2ET1 inhibitor (diallyl sulfide) or an antioxidant (vitamin C). The results suggest the role of oxidative stress in the
regulation of CYP2A6 expression. Subsequently, we investigated the role of Nrf2 pathway in oxidative stress-mediated
regulation of CYP2A6 expression in U937 monocytes. Our results showed that butylated hydroxyanisole, a stabilizer of
nuclear Nrf2, increased CYP2A6 levels >200%. Staurosporine, an inhibitor of PKC, completely abolished ethanol-induced
CYP2A6 expression. Furthermore, our results showed that a specific inhibitor of mitogen-activated protein kinase kinase
(MEK) (U0126) completely abolished ethanol-mediated CYP2A6 induction and Nrf2 translocation. Overall, these results
suggest that CYP2E1-mediated oxidative stress produced as a result of ethanol metabolism translocates Nrf2 into the
nucleus through PKC/MEK pathway, resulting in the induction of CYP2A6 in monocytes. An increased level of CYP2A6 in
monocytes is expected to further increase oxidative stress in smokers through CYP2A6-mediated nicotine metabolism. Thus,
this study has clinical relevance because of the high incidence of alcohol use among smokers, especially in HIV-infected
individuals.
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Introduction

Cytochrome P450 (CYP) comprises a superfamily of heme
proteins, which are most abundant in the liver and are involved in
the metabolism of numerous xenobiotics, including the majority of
therapeutic drugs [1]. To a lesser extent, they are also found in
other organs, such as lung, brain, and kidney [2-4]. The CYP2A6
isozyme is known to metabolize nicotine, the major constituent of
tobacco, causing tobacco-associated toxicities in both the liver and
lung [5]. In addition, CYP2A6 activates multiple tobacco
procarcinogens including 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), leading to liver damage and lung cancer [3].
CYP2A6 is involved in approximately 3% of all CYP-mediated
metabolisms of therapeutic drugs, such as pilocarpine, cyclophos-
phamide and tegafur. Furthermore, CYP2A6 has been implicated
in drug-drug interactions in normal, as well as in polymorphic
populations [6,7].

In general, four major nuclear receptors are known to regulate
different CYP isozymes [8]. These are: 1) Aryl hydrocarbon
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receptor (AhR), which is associated with the regulation of
CYPIAI1, 1A2, and 1B1; 2) Constitutive androstane receptor ,
which mediates the regulation of CYP2B enzymes; 3) Peroxisome
proliferator-activated receptor (PPAR), which is associated with
CYP2C expression; and 4) Pregnane X-receptor (PXR), which is
important in regulating CYP2B and CYP3A enzymes. Although
the pathway by which many CYP enzymes are regulated is known,
the mechanism of CYP2A6 regulation is not clear. A previous
study has shown that in the presence of PPARY, the heterodimer
PXR/retinoic X receptor is involved in the regulation of CYP2A6
in hepatocytes [9].

A recent study has shown that mouse CYP2A5 (analogous to
human CYP2A6) is induced through oxidative stress resulting
from ethanol consumption and nicotine treatment [10,11].
Clonsistent with this, our previous study has shown that CYP2A6
1s the most abundant CYP in U937 cells and is induced by ethanol
[12,13]. However, the mechanism of CYP2A6 induction by
ethanol in monocytes is not known. Monocytes/macrophages are
one of the major targets of HIV-1 infection and are also one of the
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major reservoirs for virus replication [14]. U937 is a human
monocytic cell line and is utilized for HIV-1 related research [15].
The prevalence of smoking is 3 times higher in alcohol users
compared to the normal population, and the prevalence of co-
abuse is approximately 90% among HIV-1 infected individuals
[16,17]. Thus, it is important to determine the mechanism(s)
responsible for alcohol-mediated induction of CYP2A6 in
monocytes/macrophages. In the current study, we investigate
the pathway by which ethanol induces CYP2A6 in the U937
monocyte cell line.

Materials and Methods

Materials

The U937 monocytic cell line was obtained from ATCC
(Manassas, VA). Protease inhibitor cocktail, vitamin C, butylated
hydroxyanisole (BHA), staurosporine, U0126, and SB600125 were
bought from Sigma-Aldrich (St. Louis, MO). Diallyl sulfide (DAS)
was bought from Alfa Aesar, Heysham (Lancs, UK). Roswell Park
Memorial Institute (RPMI) 1640 and Dulbecco’s modified eagle
medium (DMEM) media were purchased from Mediatech Inc.
(Manassas, VA). The Qiagen RNeasy kit was obtained from
Qiagen, (Valencia, CA). Gene expression kits and primer probes
(CYP2A6, Hs0071162_m1) were obtained from Life Technologies
(Foster City, CA). Radioimmunoprecipitation assay (RIPA) buffer
was obtained from Boston BioProducts, (Ashland, MA). The
bicinchoninic acid (BCA) protein assay kit was obtained from
Thermo Scientific (Rockford, IL). All primary and secondary
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antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Luminata™ Crescendo western HRP  substrate was
obtained from EMD Millipore Corporation (Billerica, MA). NE-
PER Nuclear and Cytoplasmic Extraction Reagents were
purchased from Thermo Scientific (Rockford, IL). Dichlorofluor-
oscein diacetate (DCFDA) was purchased from Life Technologies
(Grand Island, NY).

Cell culture and treatments

U937 cells were grown in RPMI 1640 media with 1%
gentamicin at 37°C in a humidified incubator containing 5%
COsy. Ethanol treatment of U937 monocytes was performed at
100 mM as previously described [13]. Treatments with vitamin C,
BHA, staurosporine, SB600125, and U0126 were initiated 1 h
prior to ethanol treatment. However, DAS was pretreated for
15 min, prior to ethanol treatment according to the previous
protocol [18]. For control samples, only media or appropriate
solvents for each treatment group (alcohol with and without DAS,
BHA, vitamin C, SB600125 and U0126) were used at each time
point.

RNA extraction and quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR)

Total RNA was extracted using a Qiagen RNeasy kit based on
manufacturer’s protocols. For each reaction, RNA (100 ng) from
the samples was reverse-transcribed into cDNA using the High-
capacity cDNA Reverse Transcription Kit. qRT-PCR  was
performed using cDNA generated from the reverse transcription
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Figure 1. Effect of CYP2E1 selective inhibitor, DAS on ethanol-induced CYP2A6 expression level and oxidative stress. (A) CYP2A6
mRNA. (B) CYP2A6 protein. Both mRNA and protein expression levels were determined at 12 h in the presence of 100 mM ethanol (—/+100 uM DAS,
15 min prior to ethanol treatment). For each experiment, the mRNA/protein levels of various treatments were normalized relative to the untreated
control, which has been set to 100%. Blots are representative of at least three replicates. (C) Representative figure of the determination of ROS levels
at 2 h ethanol treatment with 0 and 100 uM DAS pretreatment for 15 min. The events (cell population) are presented in Y-axis and relative
fluorescence intensity is presented in X-axis. (D) Bar graphs of MFI in the presence and absence of ethanol and DAS. The mean = SD was calculated
from at least triplicates and significance (p=0.05; *) was determined using one-way ANOVA. The experiment was repeated twice.

doi:10.1371/journal.pone.0035505.g001
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of RNA according to the supplier’s instructions and the products
were analyzed on the iCycler iQ system (BioRad Laboratories,
Hercules, CA). Relative gene expression was calculated using p-
actin (ACTB) as an endogenous control. Ethanol treatment did not
alter ACTB gene expression significantly in our experimental
conditions in U937 monocytes (data not shown).

Western blotting

Total cell lysate was prepared using RIPA buffer, including 4%
of 1 X protease inhibitor cocktail. The protein concentrations were
measured using the BCA protein assay kit. Western blotting was
performed essentially as previously described [13]. Briefly, 20 pug
of total proteins were run on a SDS-PAGE and then transferred to
polyvinylidene fluoride membranes. Transferred blots were
blocked in 5% nonfat dry milk followed by overnight incubation
with primary antibody (1:1000 dilution) and 2 h incubation with
an appropriate secondary antibody (1:1500 dilution). Proteins
were detected using Luminata’™ Crescendo western HRP
substrate, and quantified using the Alpha Innotech FluorChem
HD2 gel documentation system (Proteinsimple, Santa Clara, CA).
The densitometry data were analyzed using AlphaEase FC
StandAlone software (version 6.0.0.14; Alpha Innotech). B-tubulin
served as internal loading control to normalize the expression of
CYP2A6 from whole cell extract, while lamin B was used as an
internal control for the nuclear extract.

Ethanol-Mediated Regulation of CYP2A6 in Monocytes

Nuclear fractions preparation

Nuclear and cytosolic fractions were separated using NE-PER
Nuclear and Cytoplasmic Extraction Reagents, according to the
manufacturer’s protocol. Briefly, the cell pellet was resuspended in
CER I buffer and incubated on ice for 10 min followed by
centrifugation at 16,000xg at 4°C for 5 min. The supernatant
(cytosolic fraction) was collected and stored at —80°C. The pellets
were resuspended in NER buffer, followed by 20 min incubation on
ice. Cell debris was removed by centrifuging at 16,000xg for
10 min and the nuclear fraction in the supernatant was stored at
—80°C. Nuclear fractions were used to measure Nrf2 protein levels.

ROS measurement by flow cytometry

The production of ROS was measured by flow cytometry using
DCFDA as described previously [12,13]. Briefly, the monocytes
were treated with alcohol, either with or without inhibitors, using
serum-free medium at different times in a 6-well plate followed by
addition of 10 uM DCFDA. Cells were then harvested and
resuspended in 1 ml PBS to measure the DCF emission at
52520 nm using a flow cytometer (BD Biosciences, San Jose,
CA). Mean fluorescence intensity (MFI) was measured and analyzed.

Statistical analysis
Statistical analysis for qRT-PCR, western blotting, and ROS
measurement data was performed to determine mean * SD and p
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Figure 2. Effect of vitamin C on ethanol-induced CYP2A6 expression level and CYP2E1-mediated oxidative stress. (A) CYP2A6 mRNA.
(B) CYP2A6 protein. Both mRNA and protein expression levels were determined at 12 h in the presence of 100 mM ethanol treatment (—/+100 uM
vitamin C 1 h prior to ethanol treatment). Blots are representative of at least three replicates. For each experiment, the mRNA/protein levels of various
treatments were normalized relative to the untreated control, which has been set to 100%. (C) Representative figure of the determination of ROS
levels at 2 h ethanol treatment with 0 and 100 uM vitamin C pretreatment for 1 h. The events (cell population) are presented in Y-axis and relative
fluorescence intensity is presented in X-axis. (D) Bar graphs of MFI in the presence and absence of ethanol and vitamin C. The mean = SD was
calculated from at least triplicates and significance (p=0.05; *) was determined using one-way ANOVA. The experiment was repeated three times.

doi:10.1371/journal.pone.0035505.9002
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values using one-way ANOVA. A p value of =0.05 was considered
significant.

Results

CYP2A6 is induced by CYP2E1-mediated ethanol

metabolism

U937 monocytes were pretreated in the absence or presence of
100 pM DAS to selectively inhibit CYP2E1 [19], followed by
ethanol treatment for 12 h. Consistent with our previous study
[13], 100 mM ethanol increased CYP2A6 mRNA and protein
expression levels to 170% and 150% relative to control,
respectively (Fig. 1A and B). As expected, DAS significantly
inhibited ethanol-mediated CYP2A6 induction at both mRNA
and protein levels. Similarly, consistent with our earlier finding
[13], ethanol increased ROS formation by 25-30%, and DAS
attenuated ethanol-induced ROS formation (Fig. 1C and D). DAS
alone did not alter CYP2A6 expression or ROS production. In
order to confirm that CYP2E] is mainly involved in ethanol
metabolism in U937 monocytes, we measured alcohol dehydro-
genase (ADH) in monocytes. However, the level of ADH mRNA
in U937 monocytes was undetectable (data not shown). Taken
together, these results suggest that ethanol-induced CYP2A6
expression is mediated by the oxidative stress resulting from
CYP2E1-dependent ethanol metabolism.
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Ethanol-mediated CYP2A6 induction is attenuated by
vitamin C

To examine the role of ethanol-metabolism induced oxidative
stress in CYP2A6 expression, we treated the cells with 100 uM
antioxidant vitamin C. Vitamin C significantly inhibited induction
of CYP2A6 mRNA and protein by ethanol (Fig. 2A and B). As
expected, vitamin C also attenuated ethanol-induced oxidative
stress (Fig. 2C and D). These results suggested that ethanol-
induced CYP2A6 expression is mediated through oxidative stress.

Ethanol-induced CYP2A6 expression is mediated through
nuclear translocation of Nrf2

Since oxidative stress-mediated translocation of nuclear ery-
throid 2-related factor 2 (Nrf2) is known to induce antioxidant
genes, we tested whether this pathway is also involved in the
regulation of the CYP2A6 enzyme. Treatment with 100 uM BHA,
a stabilizer of Nrf2, enhanced CYP2A6 mRNA and protein levels
by >200% and >150%, respectively (Fig. 3A and B). As expected,
BHA also increased the level of Nrf2 in the nucleus at 12 and18 h
(Fig. 3C). The BHA treatment at >24 h led to increased cell death
(data not shown), which is consistent with a previous study that
100 uM BHA potentiates apoptosis after 24 h [20].

To further examine the role of Nrf2 in CYP2A6 induction,
U937 monocytes were pretreated with staurosporine, an inhibitor
of PKC that also inhibits translocation of Nrf2 into the nucleus.
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Figure 3. Effect of 100 uM BHA on CYP2A6 and Nrf2 expression levels. (A) CYP2A6 mRNA. (B) CYP2A6 protein. (C) Nrf2 protein from nuclear
extracts. For each experiment, the mRNA/protein levels of various treatments were normalized relative to the untreated control, which has been set
to 100%. Blots are representative of at least three replicates. The mean = SD was calculated from at least triplicates and significance (p=0.05; *) was
determined using one-way ANOVA. The experiment was repeated twice.

doi:10.1371/journal.pone.0035505.9003
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Staurosporine abolished ethanol-mediated CYP2A6 mRNA and
protein induction (Fig. 4A and B). As expected, staurosporine also
decreased ethanol-induced Nrf2 expression in the nucleus
(Fig. 4C). Overall, these results suggest that CYP2A6 induction
is associated with increased translocation of Nrf2 into the nucleus.

Ethanol induces CYP2A6 by the activation of the MEK
pathway

To further investigate the signaling pathway(s) involved in
ethanol-mediated Nrf2 translocation into the nucleus and
CYP2A6 induction, we pretreated U937 monocytes using multiple
inhibitors of the oxidative stress-PKC mediated pathway. The
inhibitor of mitogen-activated protein kinase kinase (MEK),
U0126 [21], at 10 uM completely abolished ethanol-induced
nuclear Nrf2 expression, which was accompanied by decreased
expression of CYP2A6 at both mRNA and protein levels (Fig. 5A,
B and C). However, c-Jun N-terminal kinase (JNK) inhibitor,
SB600125, showed no effect on ethanol-induced nuclear Nrf2
expression and CYP2A6 induction (Fig. 5D).

Discussion

Although CYP2A6 metabolizes the clearance of several
xenobiotics, including nicotine, its induction by xenobiotics is
not well understood [3,5,6]. Recently we have shown that
CYP2A6 is induced by ethanol and it metabolizes nicotine into
cotinine and NNK, and this produces oxidative stress in U937 cells
[12,13]. In the current study, we show that CYP2AG6 is induced by

Ethanol-Mediated Regulation of CYP2A6 in Monocytes

increased oxidative stress mediated through ethanol metabolism
by CYP2E1 in U937 monocytes. Furthermore, we have shown
that the Nrf2 pathway, which is regulated by PKC and MEK, is
involved in CYP2A6 induction mediated by oxidative stress
(Fig. 6). Although the involvement of Nrf2 in CYP2A6 induction
in hepatic cells has recently been shown [22], this is the first report
to provide evidence that ethanol induces CYP2A6 through an
oxidative stress-mediated pathway that involves signaling through
PKC/MEK/Nrf2.

Although the increase in CYP2A6 expression resulting from a
single acute treatment of ethanol is 150-200%, it is significant
and these levels are consistent with previous reports using
hepatocytes [11,23], and U937 cells [13]. In this study we used
acute ethanol treatment to dissect the mechanism involved in
ethanol-mediated regulation CYP2A6 expression. However, it is
anticipated that chronic ethanol exposure would produce a
relatively greater increase in CYP2E] expression that would lead
to higher levels of oxidative stress and CYP2A6 expression.
Indeed, our preliminary observations from human monocytes of
mild-to-moderate alcoholics have shown that CYP2El and
CYP2A6 are induced by ten and four fold, respectively (data not
shown), which is consistent with a previous study that evaluated
chronic exposure of liver and brain to alcohol and nicotine in rat
and monkey [24,25].

Recently it has been shown that rat CYP2A5 (homologous to
human CYP2A6) is induced by increased ROS generated from
ethanol metabolism, indicating the central role of oxidative stress
in regulating CYP2A5 [23]. A similar mechanism for CYP2A5
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Figure 4. Effect of 10 nM staurosporine on ethanol-induced CYP2A6 and Nrf2 expression levels. (A) CYP2A6 mRNA. (B) CYP2A6 protein.
(C) Nrf2 protein from nuclear extracts. Both mRNA and protein expression levels were evaluated at 12 h in the presence of 100 mM ethanol (—/
+10 nM staurosporine 1 h prior to ethanol treatment). Blots are representative of at least three replicates. For each experiment, the mRNA/protein
levels of various treatments were normalized relative to the untreated control, which has been set to 100%. The mean * SD was calculated from at
least triplicates and significance (p=0.05; *) was determined using one-way ANOVA. The experiment was repeated three times.

doi:10.1371/journal.pone.0035505.g004
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induction was also proposed for alcohol-mediated induction of
oxidative stress [11]. In these studies, they demonstrated that
CYP2A5 induction by ethanol is dependent upon CYP2E1 which
metabolizes ethanol and produces ROS. In an independent study
with African green monkeys, pretreatment with ethanol elevated
nicotine toxicity, presumably through enhanced CYP2A6 expres-
sion and nicotine metabolism [25]. These findings are consistent
with our results that ethanol-induced oxidative stress by CYP2EI
is responsible for the induction of CYP2A6. The increased level of
CYP2A6 could further increase ROS and generate pre-carcino-
gens through CYP2A6-mediated nicotine metabolism and/or
activation of other tobacco constituents as has been demonstrated
in liver [26] and U937 monocytes [12].

Oxidative stress generated by BHA has been shown to induce
nuclear transcription factor Nrf2, leading to the induction of
antioxidants [27,28]. Consistent with a recent report [22], our
results demonstrate that CYP2A6 is induced by ethanol-mediated
oxidative stress that subsequently activates the Nrf2 pathway
(Fig. 6). An increase in ROS level in the cytoplasm releases Nrf2
from the Nrf2/Kelch-like ECH-associated protein 1(Keapl)
complex and the free Nrf2 is phosphorylated by PKC resulting
in translocation of Nrf2 from the cytoplasm to the nucleus [29,30].
The translocated Nrf2 binds antioxidant response elements (ARE)
and induces multiple antioxidant enzymes, such as phase II
enzymes, NAD(P)H quinone oxidoreductase 1, and glutathione S-
transferase (GST) [31,32]. Earlier studies have shown that the

Ethanol-Mediated Regulation of CYP2A6 in Monocytes

nuclear translocation of Nrf2 and generation of antioxidants are
increased by alcohol, and function to ameliorate alcohol-induced
apoptotic death and liver toxicity [33,34]. Furthermore, the
Keapl/Nrf2/ARE signaling pathway has been shown to be
involved in suppression of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and its-mediated inflam-
matory effects [35]. Thus, the protective effect of Keapl/Nrf2/
ARE signaling contributes to the maintenance of cellular
homeostasis and the prevention of cell and tissue damage. As
ARE is a known ligand of AhR [36], Nrf2-mediated CYP2A6
expression may also be involved in the crosstalk between the
receptors AhR and PXR.

Staurosporine, which blocks the translocation of Nrf2 into the
nucleus, is known to bind PKC leading to the inhibition of
phosphorylation of MEK and JNK proteins [37]. Our results from
experiments with staurosporine or U0126 (MEK inhibitor) clearly
suggest that phosphorylation of MEK, but not JNK, regulates
Nrf2-mediated transcription of CYP2A6. It should be noted that
U0126 alone also increased the levels of CYP2A6 mRNA, but not
the levels of protein. In an earlier study it was shown that, in
addition to being a strong inhibitor of MEK, U0126 is also a weak
trans-activator of AhR, which binds to the xenobiotic response
element (XRE) and upregulates CYPIA enzymes [21]. Since the
XRE is common to the CYPIA and CYP2A6 enhancer/promoter
regions, U0126 may also induce and/or stabilize CYP2A6 mRNA
in the absence of ethanol. However, in the presence of ethanol,
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Figure 5. Effect of 10 uM U0126 (MEK inhibitor), as well as 10 uM SB600125 (JNK inhibitor), on ethanol-induced CYP2A6 and Nrf2
expression levels. (A) CYP2A6 mRNA. (B) CYP2A6 protein. (C) Nrf2 protein from nuclear extracts. Both mRNA and protein expression levels were
evaluated at 12 h in the presence of 100 mM ethanol (—/+10 uM U0126 or SB600125 1 h prior to ethanol treatment). For each experiment, the
mRNA/protein levels of various treatments were normalized relative to the untreated control, which has been set to 100%. Blots are representative of
at least three replicates. The mean = SD was calculated from at least triplicates and significance (p=0.05; *) was determined using one-way ANOVA.

The experiment was repeated twice.
doi:10.1371/journal.pone.0035505.9g005
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U0126 only acts as an inhibitor of MEK because U0126 is a
strong inhibitor of MEK, but a weak agonist of AhR.

The findings from our study suggest that ethanol-induced Nrf2
translocation into the nucleus that results into CYP2A6 induction
is mediated through the activation of PKC/MEK pathway. PKC
is known as a “stress sensor” and controls the functions of other
proteins via phosphorylation of MEK or JNK. Its activation is
involved in multiple signal transduction cascades and is associated
with the regulation of different cellular processes; such as, cell
growth, immune response, apoptosis, and necrosis [38]. PKC is
also known to be involved in alcohol-induced toxicity and liver
damage [39]. As the downstream signaling cascades of PKC, both
MEK and JNK, have been found to be activated by alcohol
leading to expression of antioxidant genes in HepG2 cells and
primary hepatocytes [40,41]. In contrast, other studies have shown
that PKC can also directly affect Nrf2 nuclear translocation and
regulate the expression of antioxidant genes in HepG2 cells [42—
44]. These contrasting findings suggest that the involvement of
MEK in PKC-mediated Nrf2 translocation is cell type dependent.

The finding of oxidative stress-mediated CYP2A6 expression by
ethanol in monocytes, which are known to secrete anti-
inflammatory cytokines and chemokines [45], is important
because of the potential for cross talk between CYP and cytokines.
In fact, ethanol has been shown to induce several cytokines in
monocytes, lymphocytes, and astrocytes [46]. Furthermore,
emerging studies from simultaneous expressions of CYPs and
cytokines [47], as well as the finding that IL-6 regulates CYP3A4,
suggest a cross talk between CYPs and cytokines [48]. This could
have important implications in the case of simultaneous exposure
to various xenobiotics, as well as bacterial or viral pathogens.
Therefore, it is imperative to further dissect the signaling pathway

[Ethanol
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that is responsible for the simultaneous induction of both CYP2A6
and cytokines by ethanol in monocytes.

Previously, lipid peroxidation has been observed in studies on
the effects of alcohol [49,50]. In addition, nicotine has been
reported to cause oxidative damage and to increase the
permeability of the blood-brain barrier [51]. Chronic accumula-
tion of ROS leads to over consumption of glutathione and
antioxidants, leading to cellular toxicity [52]. The wuse of
antioxidant supplements, such as vitamin C and E, has been
shown to be effective in attenuating the oxidative stress-mediated
effects of alcoholic liver disease [53]. Our findings suggest the
potential use of a CYP2EI selective inhibitor [19] among alcohol
and tobacco users to reduce alcohol-mediated oxidative stress and
induction of CYP2A6 expression and activity, which can further
increase oxidative stress through nicotine metabolism. Our
argument 13 supported by the fact that a similar approach using
a selective CYP2AG6 inhibitor is being considered to treat nicotine
dependence [54] and to prevent tobacco/nicotine-mediated lung
cancer [55].

In conclusion, the current study provides the first report of the
regulation of CYP2A6 expression by ethanol through activation of
the oxidative stress-mediated PKC/MEK/Nrf2 pathway in
monocytic cells (Fig. 6). This is a significant finding because
tobacco/nicotine has been shown to enhance HIV-1 replication in
alveolar macrophages and microglia [56,57], perhaps through
oxidative stress [58-60]. We speculate that ethanol-mediated
induction of CYP2A6 will increase the metabolism of nicotine
leading to an increase in oxidative stress and perhaps HIV-1
replication in HIV-infected individuals who consume both alcohol
and tobacco (Fig. 6). This line of investigation may have clinical
relevance because HIV-1 infected monocytes may infiltrate the
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Figure 6. Schematic representation of oxidative stress-dependent Nrf2 translocation through PKC/MEK pathway leading to
induction of CYP2A6 by CYP2E1-mediated ethanol metabolism; the CYP2A6 induction can metabolize nicotine and further
increase ROS formation. DAS: Diallyl sulfide; ROS: Reactive oxygen species; BHA: Butylated hydroxyanisole; MAPK: Mitogen-activated protein
kinase; PKC: Protein kinase C; MEK: Mitogen-activated kinase kinase, Nrf2: Nuclear factor-erythroid2-related factor 2; Erk1: Extracellular signal-
regulated kinases; JNK: c-Jun N-terminal kinase; ARE: Antioxidant response element; XRE: Xenobiotic response element; TRE: 12-O-

tetradecanoylphorbol-13-acetate response element.
doi:10.1371/journal.pone.0035505.g006
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CNS and exacerbate neuroAIDS and damage neurons [61].
Further, since the prevalence of smoking is 3 times higher among
alcoholics, especially among HIV-infected individuals, this finding
has important implications for HIV+ alcohol/tobacco co-abusers.

Acknowledgments

The authors thank Dr. Peter S. Silverstein for his critical comments and
editing the manuscript.

References

1.

20.

21.

22.

23.

Tang W, Wang RW, Lu AYH (2005) Utility of recombinant cytochrome p450
enzymes: a drug metabolism perspective. Curr Drug Metab 6: 503-517.
Meyer RP, Gehlhaus M, Knoth R, Volk B (2007) Expression and function of
cytochrome p450 in brain drug metabolism. Curr Drug Metab 8: 297-306.
Zhang JY, Wang Y, Prakash C (2006) Xenobiotic-metabolizing enzymes in
human lung. Curr Drug Metab 7: 939-948.

Pichette V, Leblond FA (2003) Drug metabolism in chronic renal failure. Curr
Drug Metab 4: 91-103.

Nakajima M (2007) Smoking behavior and related cancers: the role of CYP2A6
polymorphisms. Curr Opin Mol Ther 9: 538-544.

Di YM, Chow VDW, Yang LP, Zhou SF (2009) Structure, function, regulation
and polymorphism of human cytochrome P450 2A6. Curr Drug Metab 10:
754-780.

Kong SY, Lim HS, Nam BH, Kook MC, Kim YW, et al. (2009) Association of
CYP2A6 polymorphisms with S-1 plus docetaxel therapy outcomes in metastatic
gastric cancer. Pharmacogenomics 10: 1147-1155.

Sonoda J, Rosenfeld JM, Xu L, Evans RM, Xie W (2003) A nuclear receptor-
mediated xenobiotic response and its implication in drug metabolism and host
protection. Curr Drug Metab 4: 59-72.

Itoh M, Nakajima M, Higashi E, Yoshida R, Nagata K, et al. (2006) Induction
of human CYP2A6 is mediated by the pregnane X receptor with peroxisome
proliferator-activated receptor-gamma coactivator lalpha. ] Pharmacol Exp
Ther 319: 693-702.

Gilmore W], Hartmann G, Piquette-Miller M, Marriott J, Kirby GM (2003)
Effects of lipopolysaccharide-stimulated inflammation and pyrazole-mediated
hepatocellular injury on mouse hepatic Cyp2a5 expression. Toxicology 184:
211-226.

Lu Y, Zhuge J, Wu D, Cederbaum Al (2011) Ethanol induction of CYP2A5:
permissive role for CYP2EL. Drug Metab Dispos 39: 330-336.

. Jin M, Earla R, Shah A, Earla RL, Gupte R, et al. (2012) A LC-MS/MS

Method for Concurrent Determination of Nicotine Metabolites and Role
of CYP2A6 in Nicotine Metabolism in U937 Macrophages: Implications
in Oxidative Stress in HIV + Smokers. J Neuroimmune Pharmacol 7: 289—

299.

. Jin M, Arya P, Patel K, Singh B, Silverstein PS, et al. (2011) Effect of alcohol on

drug efflux protein and drug metabolic enzymes in U937 macrophages. Alcohol
Clin Exp Res 35: 132-139.

Coleman CM, Wu L (2009) HIV interactions with monocytes and dendritic
cells: viral latency and reservoirs. Retrovirology 6: 51.

Cassol E, Alfano M, Biswas P, Poli GJ (2006) Monocyte-derived macrophages
and myeloid cell lines as targets of HIV-1 replication and persistence. Leukoc
Biol 80: 1018-1030.

Schlaepfer IR, Hoft NR, Ehringer MA (2008) The genetic components of
alcohol and nicotine co-addiction: from genes to behavior. Curr Drug Abuse
Rev 1: 124-134.

Burkhalter JE, Springer CM, Chhabra R, Ostroff JS, Rapkin BD (2005)
Tobacco use and readiness to quit smoking in low-income HIV-infected persons.
Nicotine Tob Res 7: 511-522.

Morris CR, Chen SC, Zhou L, Schopfer LM, Ding X, et al. (2004) Inhibition by
allyl sulfides and phenethyl isothiocyanate of methyl-n-pentylnitrosamine
depentylation by rat esophageal microsomes, human and rat CYP2EI, and
Rat CYP2A3. Nutr Cancer 48: 54-63.

Brady JF, Ishizaki H, Fukuto JM, Lin MC, Fadel A, et al. (1991) Inhibition of
cytochrome P-450 2E1 by diallyl sulfide and its metabolites. Chem Res Toxicol
4: 642-647.

Moon HJ, Park WH (2011) Butylated hydroxyanisole inhibits the growth of
HeLa cervical cancer cells via caspase-dependent apoptosis and GSH depletion.
Mol Cell Biochem 349: 179-186.

Andrieux L, Langouét S, Fautrel A, Ezan F, Krauser JA, et al. (2004) Aryl
hydrocarbon receptor activation and cytochrome P450 1A induction by the
mitogen-activated protein kinase inhibitor U0126 in hepatocytes. Mol
Pharmacol 65: 934-943.

Yokota SI, Higashi E, Fukami T, Yokoi T, Nakajima M (2011) Human CYP2A6
is regulated by nuclear factor-erythroid 2 related factor 2. Biochem Pharmacol
81: 289-294.

Kirby GM, Nichols KD, Antenos M (2011) CYP2A5 induction and
hepatocellular stress: an adaptive response to perturbations of heme homeostasis.
Curr Drug Metab 12: 186-197.

@ PLoS ONE | www.plosone.org

Ethanol-Mediated Regulation of CYP2A6 in Monocytes

Author Contributions

Conceived and designed the experiments: SK M] AK. Performed the
experiments: MJ. Analyzed the data: SK MJ AK. Contributed reagents/
materials/analysis tools: SK AK. Wrote the paper: SK M].

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

39.

40.

41.

42,

43.

44.

Howard LA, Miksys S, Hoffmann E, Mash D, Tyndale RF (2003) Brain
CYP2ELI is induced by nicotine and ethanol in rat and is higher in smokers and
alcoholics. Brit J Pharmacol 138: 1376-1386.

Ferguson C, Miksys S, Palmour R, Tyndale RF (2011) Independent and
Combined Effects of Ethanol Self-Administration and Nicotine Treatment on
Hepatic CYP2E1 in African Green Monkeys. Drug Metab Dispos 39:
2233-2241.

Yamazaki H, Inui Y, Yun CH, Guengerich FP, Shimada T (1992) Cytochrome
P450 2E1 and 2A6 enzymes as major catalysts for metabolic activation of N-
nitrosodialkylamines and tobacco-related nitrosamines in human liver micro-
somes. Carcinogenesis 13: 1789-1794.

Keum YS, Han YH, Liew C, Kim JH, Xu C, et al. (2006) Induction of heme
oxygenase-1 (HO-1) and NAD[P]H: quinone oxidoreductase 1 (NQOI) by a
phenolic antioxidant, butylated hydroxyanisole (BHA) and its metabolite, tert-
butylhydroquinone (tBHQ) in primary-cultured human and rat hepatocytes.
Pharm Res 23: 2586-2594.

Nguyen T, Nioi P, Pickett CB (2009) The Nrf2-antioxidant response element
signaling pathway and its activation by oxidative stress. J Biol Chem 284:
13291-13295.

Lee SE, Jeong SI, Yang H, Park CS, Jin YH, et al. (2011) Fisetin induces Nrf2-
mediated HO-1 expression through PKC-8 and p38 in human umbilical vein
endothelial cells. J Cell Biochem 112: 2352-2360.

Correa F, Ljunggren E, Mallard C, Nilsson M, Weber SG, et al. (2011) The
Nrf2-inducible antioxidant defense in astrocytes can be both up- and down-
regulated by activated microglia: Involvement of p38 MAPK. Glia 59: 785-799.
Villeneuve NF, Lau A, Zhang DD (2010) Regulation of the Nrf2-Keapl
antioxidant response by the ubiquitin proteasome system: an insight into cullin-
ring ubiquitin ligases. Antioxid Redox Signal 13: 1699-1712.

Tkachev VO, Menshchikova EB, Zenkov NK (2011) Mechanism of the Nrf2/
Keapl/ARE signaling system. Biochemistry (Moscow) 76: 407-422.
Narasimhan M, Mahimainathan L, Rathinam ML, Riar AK, Henderson GI
(2011) Overexpression of nrf2 protects cerebral cortical neurons from ethanol-
induced apoptotic death. Mol Pharmacol 80: 988-999.

Lamlé J, Marhenke S, Borlak J, von Wasielewski R, Eriksson CJ, et al. (2008)
Nuclear factor-eythroid 2-related factor 2 prevents alcohol-induced fulminant
liver injury. Gastroenterology 134: 1159-1168.

Carayol N, Chen J, Yang F, Jin T, Jin L, et al. (2006) A dominant function of
IKK/NF-kappaB signaling in global lipopolysaccharide-induced gene expres-
sion. J Biol Chem 281: 31142-31151.

Prochaska HJ, Talalay P (1988) Regulatory mechanisms of monofunctional and
bifunctional anticarcinogenic enzyme inducers in murine liver. Cancer Res 48:
4776-4782.

Gescher A (1998) Analogs of staurosporin: potential anticancer drug? Gen
Pharmacol 31: 721-728.

Huang KP (1990) Role of protein kinase C in cellular regulation. Biofactors 2:
171-178.

Nitti M, Pronzato MA, Marinari UM, Domenicotti C (2008) PKC signaling in
oxidative hepatic damage. Mol Aspects Med 29: 36-42.

Hennig M, Yip-Schneider MT, Klein P, Wentz S, Matos JM, et al. (2009)
Ethanol-TGFalpha-MEK signaling promotes growth of human hepatocellular
carcinoma. J Surg Res 154: 187-195.

Venugopal SK, Chen J, Zhang Y, Clemens D, Follenzi A, et al. (2007) Role of
MAPK phosphatase-1 in sustained activation of JNK during ethanol-induced
apoptosis in hepatocyte-like VL-17A cells. J Biol Chem 282: 31900-31908.
Kim KC, Kang KA, Zhang R, Piao MJ, Kim GY, et al. (2010) Up-regulation of
Nrf2-mediated heme oxygenase-1 expression by eckol, a phlorotannin
compound, through activation of Erk and PI3K/Akt. Int J Biochem Cell Biol
42: 297-305.

Bloom DA, Jaiswal AK (2003) Phosphorylation of Nrf2 at Ser40 by protein
kinase C in response to antioxidants leads to the release of Nrf2 from INrf2, but
is not required for Nrf2 stabilization/accumulation in the nucleus and
transcriptional activation of antioxidant response clement-mediated NAD(P)H:-
quinone oxidoreductase-1 gene expression. J Biol Chem 278: 44675-44682.
Niture SK, Kaspar JW, Shen J, Jaiswal AK (2010) Nrf2 signaling and cell
survival. Toxicol Appl Pharmacol 244: 37-42.

Solodova E, Jablonska J, Weiss S, Lienenklaus S (2011) Production of IFN-3
during Listeria monocytogenes infection is restricted to monocyte/macrophage

lineage. PLoS ONE 6: ¢18543.

April 2012 | Volume 7 | Issue 4 | 35505



46.

47.

48.

49.

50.

51.

52.

53.

Achur RN, Freeman WM, Vrana KE (2010) Circulating cytokines as
biomarkers of alcohol abuse and alcoholism. J Neuroimmune Pharmacol 5:
83-91.

Williams JF (1991) Cytochrome P450 isoforms. Regulation during infection,
inflammation and by cytokines. J Fla Med Assoc 78: 517-519.

Prandota J (2005) Important role of proinflammatory cytokines/other
endogenous substances in drug-induced hepatotoxicity: depression of drug
metabolism during infections/inflammation states, and genetic polymorphisms
of drug-metabolizing enzymes/cytokines may markedly contribute to this
pathology. Am J Ther 12: 254-261.

Orlicky DJ, Roede JR, Bales E, Greenwood C, Greenberg A, et al. (2011)
Chronic ethanol consumption in mice alters hepatocyte lipid droplet properties.
Alcohol Clin Exp Res 35: 1020-1033.

Haorah J, Ramirez SH, Floreani N, Gorantla S, Morsey B, et al. (2008)
Mechanism of alcohol-induced oxidative stress and neuronal injury. Free Radic
Biol Med 45: 1542-1550.

Manda VK, Mittapalli RK, Bohn KA, Adkins CE, Lockman PR (2011) Nicotine
and cotinine increases the brain penetration of saquinavir in rat. J Neurochem
115: 1495-1507.

Maicas N, Ferrandiz ML, Brines R, Ibafiez L, Cuadrado A, et al. (2011)
Deficiency of Nrf2 accelerates the effector phase of arthritis and aggravates joint
disease. Antioxid Redox Signal 15: 889-901.

Guo X, Li W, Xin Q, Ding H, Zhang C, et al. (2011) Vitamin C protective role
for alcoholic liver disease in mice through regulating iron metabolism. Toxicol

Ind Health 27: 341-348.

@ PLoS ONE | www.plosone.org

54.

56.

57.

58.

59.

60.

61.

Ethanol-Mediated Regulation of CYP2A6 in Monocytes

Sellers EM, Tyndale RF, Fernandes LC (2003) Decreasing smoking behaviour
and risk through CYP2A6 inhibition. Drug Discov Today 8: 487-493.

. von Weymarn LB, Chun JA, Hollenberg PF (2006) Effects of benzyl and

phenethyl isothiocyanate on P450s 2A6 and 2A13: potential for chemopreven-
tion in smokers. Carcinogenesis 27: 782-790.

Rock RB, Gekker G, Aravalli RN, Hu S, Sheng WS, et al. (2008) Potentiation of
HIV-1 expression in microglial cells by nicotine: involvement of transforming
growth factor-beta 1. J Neuroimmune Pharmacol 3: 143-149.

Abbud RA, Finegan CK, Guay LA, Rich EA (1995) Enhanced production of
human immunodeficiency virus type 1 by in vitro-infected alveolar macrophages
from otherwise healthy cigarette smokers. J Infect Dis 172: 859-863.
Peterhans E (1997) Oxidants and antioxidants in viral diseases: disease
mechanisms and metabolic regulation. J Nutr 127: 9625-965S.

Boelaert JR, Piette J, Weinberg GA, Sappey C, Weinberg ED (1996) Iron and
oxidative stress as a mechanism for the enhanced production of human
immunodeficiency virus by alveolar macrophages from otherwise healthy
cigarette smokers. J Infect Dis 73: 1045-1047.

Boelaert JR, Weinberg GA, Weinberg ED (1996) Altered iron metabolism in
HIV infection: mechanisms, possible consequences, and proposals for manage-
ment. Infect Agents Dis 5: 36-46.

Buckner CM, Calderon TM, Willams DW, Belbin TJ, Berman JW (2011)
Characterization of monocyte maturation/differentiation that facilitates their
transmigration across the blood-brain barrier and infection by HIV: implications
for NeuroAIDS. Cell Immunol 267: 109-123.

April 2012 | Volume 7 | Issue 4 | 35505



