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A B S T R A C T

Background: Alcohol consumption is considered to be a major health problem among people living with HIV/
AIDS. Our previous reports have shown that ethanol reduced intracellular concentrations of antiretroviral drugs
elvitegravir and darunavir in the HIV-1-infected U1 cell line. Ethanol also increased HIV-1 replication despite the
presence of elvitegravir. Our previous finding has also shown that the levels of cytochrome P450 enzyme 2E1
(CYP2E1) and oxidative stress in blood monocytes were induced, while the concentration of alcohol in the
plasma was reduced in HIV-1-infected alcohol users compared to uninfected alcohol users. However, the role of
CYP2E1 in ethanol-enhanced oxidative stress and HIV-1 replication is still unclear.
Methods: This study examined the chronic effects (14 days) of ethanol on HIV viral load, oxidative DNA damage,
expression of CYP2E1, expression of antioxidant enzymes (AOEs), expression of reactive oxygen species (ROS) in
human monocyte-derived macrophages (MDM). Further, to evaluate the role of CYP2E1 in mediating ethanol-
induced viral replication, CYP2E1 siRNA and CYP2E1 selective inhibitor were used in the HIV-1-infected U1 cell
line following ethanol treatment.
Results: Chronic ethanol exposure demonstrated an increase in oxidative DNA damage and CYP2E1 expression in
both non-infected and HIV-1-infected MDM. Our results showed that ethanol chronic exposure increased HIV-1
replication by ~3-fold in HIV-1-infected MDM. This ethanol-enhanced HIV-1 replication was associated with an
increased oxidative DNA damage, an increased expression of CYP2E1, and a decreased expression of antioxidant
enzyme PRDX6. In HIV-1-infected U1 cell line, we observed a decreased viral replication (~30%) and a de-
creased DNA damage (~100%) after repression of CYP2E1 by siRNA, upon ethanol exposure. We also observed a
decreased viral replication (~25%) after inhibition of CYP2E1 by using selective CYP2E1 inhibitor.
Conclusions: The data suggest that chronic ethanol exposure increases HIV-1 replication in MDM, at least in part,
through CYP2E1-mediated oxidative stress. These results are clinically relevant to potentially find effective
treatment strategies for HIV-1-infected alcohol users.

1. Introduction

Mild-to-moderate drinking is prevalent in people living with HIV/
AIDS (PLWHA) [1]. Alcohol consumption is considered to be a major
health problem among PLWHA [2]. Alcohol consumption is known to
increase the risk of acquisition of HIV-1 infection and the rate of HIV-1
disease progression [3,4]. Furthermore, chronic alcohol consumption in
HIV-1-infected patients has been reported to impact HIV-1 replication
and response to antiretroviral therapy [5–7]. Studies with HIV-1-in-
fected macaques have shown increased viral load in the blood and

cerebral compartments of chronic-drinking animals [8]. Moreover,
previous reports from our lab suggest that ethanol reduced intracellular
concentrations of antiretroviral drugs (elvitegravir, darunavir) in the
HIV-1-infected U1 cell line [9,10]. Ethanol also increased HIV-1 re-
plication despite the presence of elvitegravir [10]. Despite this, little is
currently known about the cellular pathways involved with alcohol
consumption and HIV-1 replication.

It is well known that monocyte/macrophage lineage cells perform
an important role in initial HIV-1 infection and serve as a major viral
reservoir for HIV-1 [11,12]. Additionally, HIV-1-infected monocytes/
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macrophages can infiltrate into the brain and spread the virus into the
central nervous system, causing neurocognitive disorders [13]. Thus,
the aim of this study was to examine the cellular pathway associated
with alcohol metabolism and HIV-1 replication in monocyte-derived
macrophages (MDM).

Cytochrome P450 2E1 (CYP2E1), an important isozyme of CYP
superfamily, can metabolize alcohol and generate acetaldehyde and
reactive oxygen species (ROS), which can cause oxidative stress [14].
Alcohol is known to induce liver CYP2E1 in chronic drinkers [15].
Previous studies have shown that MDM express CYP2E1 [16], which
plays a central role in ethanol metabolism in MDM [17]. Furthermore, a
two-day acute ethanol exposure up-regulated CYP2E1 activity in both
uninfected and HIV-1-infected MDM, and these effects are assumed to
be associated with increased production of ROS [18]. Moreover, our
group has shown that alcohol exposure: 1) causes cellular toxicity
through the induction of CYP2E1 followed by CYP2E1-mediated oxi-
dative stress in U937 monocytic and SVGA astrocytic cells [19,20] and
2) induces the expression level of CYP2E1 and oxidative stress in blood
monocytes and decreases the level of alcohol in the plasma in HIV-1
positive drinkers compared to HIV-1 negative drinkers [21]. We now
hypothesize that chronic ethanol exposure will enhance oxidative stress
and HIV-1 replication in human primary MDM, and CYP2E1 plays a
critical role on ethanol-enhanced oxidative stress and HIV-1 replication
in MDM. The data in this study suggest that chronic ethanol exposure
increase HIV-1 replication in MDM, at least in part, through CYP2E1-
mediated oxidative stress. These results are clinically relevant to po-
tentially find effective treatment strategies for HIV-1-infected alcohol
users.

2. Materials and methods

2.1. Cell culture and treatment

Primary human MDM were isolated from peripheral blood mono-
nuclear cells (PBMCs). The protocol diagram for collecting HIV-1-in-
fected MDM and studying the chronic exposure of ethanol in MDM are
described in Supplementary Fig. 1. Briefly, buffy coats were isolated
from whole blood obtained from de-identified healthy individuals (In-
terstate Blood Bank Inc.; Memphis, TN). Buffy coats were incubated
with the RosetteSep enrichment cocktail (StemCell Technologies, Van-
couver, Canada) for 20min to enrich the yield of PBMCs. The buffy
coats were then layered over the lymphocyte separation medium
(Corning Life Sciences, Tewksbury, MA), and centrifuged for 20min at
1200 g. PBMCs were then collected from buffy coats and cultured in
Roswell Park Memorial Institute 1640 (RPMI, Corning Inc.; Tewksbury,
MA) media containing 10% human serum, 1% L-glutamine (Corning
Inc.), and 5% penicillin-streptomycin solution (Corning Inc.). Human
macrophage colony stimulating factor (M-CSF) (50 ng/mL) (PeproTech;
Rocky Hill, NJ) was added to the media for macrophage differentiation.
Our pervious study confirmed that primary MDM obtained through this
protocol yield 95% purity in CD14+ monocytic cells with less than 5%
contamination from B and T cells [22]. MDM were collected after 7–10
days of differentiation, then incubated with hexadimethrine bromide
(polybrene) (Sigma-Aldrich; St. Louis, MO) and HIV-1 Ada strain (NIH
AIDS Reagent Program; Germantown, MD) at 20 ng/million for HIV
infection in a 6-well plate with 0.8 million cells/well. After overnight
incubation, MDM were washed with PBS twice to remove the polybrene
and HIV-1 Ada strain. The cells attached on the bottom of the well were
considered as healthy primary MDM with initial HIV-1 infection. The
recombinant Human IL-2 (10 ng/mL) (PeproTech) and M-CSF (50 ng/
mL) (PeproTech) were added to the culture media of MDM as necessary
supplementary for HIV-1 infected MDM. After 7–10 days of the initial
HIV-1 infection, cell culture media samples were collected to assess
HIV-1 p24 level using a p24 ELISA kit (ZeptoMetrix Corp.; Buffalo, NY).
To determine the chronic effects of ethanol, both non-infected and HIV-
1 infected primary macrophage were treated either with a non-

significant toxic concentration of ethanol (20mM) or equivalent vo-
lume of media (control) for 14 days. The concentration of ethanol
(20mM) was selected to mimic the human blood alcohol concentration
(BAC) levels to 0.10% (weight/volume), which is a standard for drun-
kenness in most of the places [23]. The chronic ethanol treatment
pattern was selected based on our existing study [24]. Briefly, the cells
were treated every 24 h with 20mM of ethanol added with 0.5mL fresh
media. Ethanol treatments were done in an incubator humidified with
20mM ethanol to prevent loss due to ethanol evaporation. DNA, RNA,
and protein were isolated from the total cell pellets by using Allprep
DNA/RNA/Protein kit (Qiagen; Valencia, CA). DNA and RNA con-
centrations were measured using a Nanodrop 2000c UV–Vis Spectro-
photometer (Thermo Fischer Scientific; Rockford, IL). Protein quanti-
fications were performed with a BCA protein assay kit (Thermo Fischer
Scientific).

The HIV-1-infected U1 monocytic cell line was obtained from the
NIH AIDS Reagent Program. U1 cell line is an HIV-1-infected U937 cell
line, which is a commonly utilized model cell line for study of mono-
cytes and macrophages. It also has been shown to correlate very well to
primary cells [25]. U1 cells were grown in RPMI media supplemented
with 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 1% L-
glutamine, and penicillin-streptomycin solution, and plated at 0.8
million/wells in a 6-well plate. The cells were differentiated into
macrophages using 100 nM phorbol-12-myristate-13 acetate [26]
(Sigma-Aldrich) for 72 h. Two treatment protocols were set up in dif-
ferentiated U1 cells to evaluate the role of CYP2E1 in HIV-1 replication
after ethanol exposure: 1) U1 cells were transfected with scramble
siRNA or CYP2E1 siRNA (Hs00559368_m1) (Life Technologies;
Carlsbad, CA) for 24 h following the manufacturer's protocol. The cells
were then washed and treated with control (media only) or ethanol
(20mM) every day for 3 days. 2) U1 cells were treated with 20mM
ethanol then treated with CYP2E1 inhibitor diethyl ether (DE) (Sigma-
Aldrich) every day for 3 days. Cell culture media was collected to
measure HIV p24 level.

2.2. Quantitation of oxidative DNA damage

The concentration of 8-hydroxy-2′-deoxyguanosine (8-OHdG) is a
common marker for DNA damage. The amount of 8-OHdG in each
sample was determined using the manufacturer's instructions as de-
scribed previously [27]. The Oxiselect oxidative DNA damage ELISA kit
(Cell Biolabs; San Diego, CA) was used for MDM samples, which had a
lower DNA yield (< 300 ng/sample), while the EpiQuik 8-OHdG DNA
Damage kit (Colorimetric) (Epigentek; Farmingdale, NY) was used for
U1 cell line samples, which had a higher DNA yield (≥300 ng/sample).
The absorbance was measured at 450 nm using a microplate reader. The
amount of 8-OHdG was calculated using the standards provided with
the kit.

2.3. Reactive oxygen species quantitation

The concentration of reactive oxygen species (ROS) was measured
as previously described [20]. In brief, MDM from chronic ethanol
treatment were collected and washed with PBS. Cells were incubated
with the 5 µM H2DCFDA dye (Life Technologies) in PBS for 30min at
room temperature. The cells were washed with PBS and the median
fluorescent intensity (MFI) was measured at 525 ± 20 nm using flow
cytometer (BD Biosciences; San Jose, CA). The data were analyzed by
using the BD FACS software version 8.

2.4. Western blot analysis

Equal amount of proteins (20 µg) from 14-days treated experiments
of MDM were loaded on 10% acrylamide gel. After SDS-PAGE, the
proteins were transferred to a PVDF membrane. The membrane was
blocked in Li-Cor blocking buffer (LI-COR Biosciences; Lincon, NE) for
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1 h and incubated with primary antibodies against CYP2E1 (1:500,
Millipore; Billerica, MA), catalase (1:1000, Proteintech; Rosemont, IL),
PRDX6 (1:400, Proteintech), SOD1 (1:500, Santa Cruz; Dallas, Texas),
SOD2 (1:500, Santa Cruz), and β-actin (1:4000, Cell Signaling; Danvers,
MA) at 4 °C overnight. The membrane was then washed and incubated
with secondary antibodies: goat anti-mouse Mab (1:10,000, LI-COR
Biosciences) and goat anti-rabbit Mab (1:10,000, LI-COR Biosciences).
The blots were scanned with a Li-Cor Scanner (LI-COR Biosciences).

2.5. Reverse transcription polymerase chain reaction

Real-time reverse transcription polymerase chain reaction (rt-PCR)
was performed to measure the relative mRNA fold expression of
CYP2E1 (Hs00559367_m1) and beta-actin (Hs9999903_m1) (Life
Technologies, Grand Island, NY) in MDM after ethanol exposure.
TaqMan Gene Expression kit (Applied Biosystems, Foster City, CA),
SimpliAmp Thermal Cycler (Applied Biosystems, Foster City, CA), and
Step-One Plus Real-Time PCR system (Applied Biosystems, Foster City,
CA) were used to perform the PCR reaction. The relative fold expression
was calculated by using 2-ΔΔCt method by using beta-actin as the
housekeeping gene.

2.6. HIV-1 p24 ELISA

The level of HIV-1 viral load was determined from cell culture
media by using HIV-1 p24 antigen ELISA kit following the manufac-
turer's protocol. The p24 was detected by measuring optical density at
450 nm using a microplate reader (Citation 5 from Life Technologies,
Grand Island, NY). The concentration of HIV-1 p24 antigen was cal-
culated using standard calibration curve. Since there is a significant
variations between experiments and donors, p24 level were normalized
to the control group (non-ethanol treated group), and reported as a
percentage of the control group.

2.7. Safety precautions

All the HIV-1 related experiments were performed in the Regional
Biocontainment Laboratory (RBL) of UTHSC. All the HIV-1 related work
was conducted according to biosafety level BSL-3 practices under the
protection of biosafety cabinets, personal protective equipment (PPE),
and N95 respirators. All the liquid waste was chemically disinfected
using 10% (v/v) bleach and all the solid waste was double bagged and
autoclaved before removal from containment areas.

2.8. Statistical analysis

All graphs were performed using GraphPad Prism 6 (GraphPad
Software; La Jolla, CA). All statistical analysis were performed using
RStudio (Version 1.0.153, RStudio, Inc.; Boston, MA). Student's t-test
analysis was used for comparisons between two groups. The statistical
significance among treatments were determined by using one-way
ANOVA post-hoc Tukey HSD Test. A p-value ≤ 0.05 among the treat-
ment groups was considered significant.

3. Results

3.1. Chronic ethanol exposure in non-infected MDM

Our previous study has shown that acute ethanol exposure causes
cellular toxicity through induction of CYP2E1 followed by CYP2E1-
mediated oxidative stress in U937 monocytic cells [19,20]. The next
logical step is to study the effect of chronic ethanol exposure to mac-
rophages. Therefore, we performed a 14-day ethanol treatment
(chronic) in human primary MDM to examine the effect of chronic
ethanol exposure on oxidative DNA damage, ROS production, and
CYP2E1 expression. We observed a ~1.5-fold increase on oxidative

DNA damage after 14-day ethanol treatment in non-infected MDM
(Fig. 1A, **p < 0.01). Similarly, an increased ROS production was
observed in ethanol-treated cells (Fig. 1B, *p < 0.05). We observed a
pattern of increased CYP2E1 protein expression in the ethanol-treated
non-infected MDM (Fig. 1C). To confirm the CYP2E1 induction, we
examined the mRNA level of CYP2E1 in non-infected MDM after
chronic ethanol exposure. An increased CYP2E1 mRNA expression was
observed in ethanol-treated MDM (Fig. 1D, *p < 0.05).

3.2. Effect of chronic ethanol exposure on oxidative DNA damage and HIV-
1 replication in HIV-1-infected MDM

To determine effect of chronic ethanol exposure on HIV-1 replica-
tion in human MDM, primary MDM were infected by HIV-1 prior to
ethanol treatment, as described in the Method section. HIV-1 infected
MDM, isolated from 3 different donors, was treated with 20mM ethanol
for 14 days. A significant increase (~2-fold) in DNA damage level was
observed in ethanol-treated MDM compared to control MDM (Fig. 2A,
*p < 0.05). Moreover, the increased oxidative DNA damage level was
associated with enhanced viral replication. Chronic ethanol exposure
demonstrated a significant (~2.5-fold) increase in viral load (Fig. 2B,

Fig. 1. Effect of chronic exposure of ethanol on DNA damage, ROS production,
and CYP2E1 expression in non-infected primary monocyte-derived macro-
phages (MDM). A. The concentration of 8-OHdG was measured using Oxiselect
Oxidative DNA Damage ELISA kit. B. Reactive Oxygen Species (ROS) level was
measured using flow cytometry and reported as a percentage of the control
MDM. The inset indicates absolute MFI between control (orange) and ethanol-
treated (yellow) groups C. The CYP2E1 protein relative expression were
quantified by western blot and reported as a percentage of the control group
(control MDM). ᵦ-actin was used as an endogenous control. D. The CYP 2E1
mRNA fold expression was calculated using qRT-PCR and normalized with
control group. ᵦ-actin was used as an endogenous control. All assays were
performed on at least triplicate samples with MDM derived from the same
donor. Mean ± SEM values were graphed. * and ** indicate p < 0.05 and
p < 0.01, respectively, compared to control MDM. Student's t-test. MFI –
Median fluorescence intensity.
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*p < 0.05).

3.3. Effect of chronic ethanol exposure on the expression of CYP2E1 and
antioxidant enzymes in HIV-1-infected MDM

CYP2E1 and antioxidant enzymes (AOEs) both play a major role in
alcohol-induced oxidative stress and tissue/organ damage [28].
Therefore, we determined the level of ethanol-metabolizing CYP2E1
enzyme, and important AOEs; Catalase, SOD1, SOD2, and PRDX6,
which are known to play important role in detoxifying ROS and
maintaining cellular oxidative homeostasis [29,30]. Compared with the
non-ethanol treated group, we observed a significant increase (~20%)
in the protein expression of CYP2E1 (Fig. 3A, *p < 0.05) and a pattern
of increase in the mRNA expression of CYP2E1 (Fig. 3B) in chronic
ethanol-treated HIV-1-infected MDM among 3 different donors. A sig-
nificant decrease (~20%) of PRDX6 protein expression was observed
and there was no significant change in the expression of other AOEs
upon ethanol treatment (Fig. 3C, *p < 0.05).

3.4. Role of CYP2E1 on ethanol-mediated oxidative DNA damage and HIV-
1 replication in U1 cells

Overall our finding showed that ethanol induces oxidative DNA
damage, HIV-1 replication, and CYP2E1 expression in HIV-1-infected
human primary MDM. To further determine the role of CYP2E1 in
ethanol-enhanced HIV-1 replication, CYP2E1 siRNA was transfected
into HIV-1-infected U1 monocytic cell lines followed by ethanol treat-
ment. We selected to perform the CYP2E1 siRNA experiment in the
HIV-1-infected U937 cell line (U1 cells), because it is an important and
established in vitro model system to study HIV-1 pathogenesis [25].
After ethanol exposure, a significantly increased oxidative DNA damage
(~80%) was observed in ethanol-treated group compared to control
(non-ethanol treated) group. This increased oxidative DNA damage in
ethanol-treated cells was rescued by CYP2E1 siRNA, which significantly
decreased the DNA damage to the control level (~100%) compared
with the treatment of scrambled siRNA (Fig. 4A, *p < 0.05 compared
to control scramble siRNA, ##p < 0.01 compared to ethanol scramble
siRNA). We also examined HIV-1 replication after CYP2E1 siRNA
transfection. As expected, an increased HIV-1 replication was observed
in the ethanol-treated scramble group compared to control scramble

group. CYP2E1 siRNA was able to decrease the viral replication in both
control and ethanol-treated groups. However, the effect of CYP2E1
siRNA appears to be more pronounced in the ethanol-treated group,
which showed a significant decrease (~30%) in HIV-1 replication
compared to the ethanol-treated control (Fig. 4B, *p < 0.05 compared
to control scramble siRNA, ##p < 0.001 compared to ethanol
scramble siRNA). Furthermore, we treated U1 cells with a novel
CYP2E1 inhibitor diethyl ether (DE), which has been identified by our
group [31], to further examine the role of CYP2E1 in ethanol-enhanced
HIV-1 replication. As expected, selective CYP2E1 inhibitor DE sig-
nificantly decreased the level of HIV-1 replication (~25%) upon
ethanol exposure (Fig. 4C, #p < 0.05 compared to ethanol control).

4. Discussion

Ethanol-induced oxidative stress is known to cause alcoholic liver
disease [32] and other conditions such as blood-brain barrier dys-
function in brain endothelial cells [33]. Oxidative DNA damage has
been widely used as a biomarker for oxidative stress [34], and oxidative
stress has been identified as a potent inducer of HIV-1 replication [15].
In this study, we observed increased oxidative DNA damage in both
non-infected and HIV-1-infected human primary MDM after chronic

Fig. 2. Effect of chronic exposure of ethanol on DNA damage and HIV-1 re-
plication in HIV-1-infected primary MDM. A. The concentration of 8-OHdG was
measured using Oxiselect Oxidative DNA Damage ELISA kit. B. Viral load was
measured from culture media using a p24 ELISA kit. The p24 levels, obtained
from the same donor and for each experiment, were normalized to the re-
spective control MDM, and reported as a percentage of the control group. As
expected, the absolute level of p24 varied significantly from donor-to-donor. All
assays were performed on triplicate samples with MDM derived from three
different donors. * indicates p < 0.05 compared to control MDM, student's t-
test.

Fig. 3. Effect of chronic exposure of ethanol on CYP2E1 and antioxidant en-
zymes (AOEs) protein expressions in HIV-1-infected primary MDM. A. The
CYP2E1 protein relative expression was examined using Western blots. B. The
CYP 2E1 mRNA fold expression was calculated using qRT-PCR. C. AOEs protein
relative expressions were examined using Western blots. Protein/mRNA re-
lative expressions were quantified reported as a percentage/fold change of the
control group (control MDM). ᵦ-actin was used as an endogenous control.
Western blot and qRT-PCR results, obtained from the same donor and for each
experiment, were normalized to the respective control MDM and reported as a
percentage of the control group. As expected, the absolute intensity of Western
blots and qRT-PCR varied significantly from donor-to-donor. All assays were
performed with at least duplicate samples with MDM derived from three dif-
ferent donors. * indicates p < 0.05 compared to control MDM, student's t-test.
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ethanol exposure, which clearly suggests increased oxidative stress as-
sociated with chronic ethanol exposure. Moreover, it has been reported
that ROS plays a physiological role in activating nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB), which induces HIV-1
replication [35]. The increased accumulation of ROS in ethanol-treated
primary macrophages is likely to activate NF-κB and subsequently cause
HIV-1 replication [35].

The majority of xenobiotics, including alcohol, are metabolized
through CYP pathways [36]. Our previous reports have shown that
several CYP enzymes, including CYP2E1, are expressed in the U937
monocytic cell line and primary monocytes, and are associated with
ethanol-induced oxidative stress in those cells [20,21]. In this study,
our goal is to investigate whether CYP2E1 is associated with ethanol-
induced oxidative stress and HIV-1 replication in MDM. Our observa-
tions show that chronic ethanol treatment significantly increases pro-
tein expression of CYP2E1 in HIV-1-infected primary MDM. Further, a
subsequent study with CYP2E1 siRNA and CYP2E1 selected inhibitors
suggested the role of CYP2E1 in ethanol-mediated HIV-1 replication.
These results are consistent with our earlier observations in U937
monocytic cells [24]. Our previous studies have also shown that acute
ethanol treatment caused significant upregulation of CYP2E1 protein in
U937 monocytic cell, as well as in SVGA astrocyte, which is also known
to be infected by HIV-1 [19,20]. More importantly, those findings were
consistent with our ex vivo data, which showed higher expression level
of CYP2E1 in blood monocytes of HIV-1-infected alcohol users com-
pared to uninfected alcohol users, while the concentration of alcohol in
the plasma was reduced in HIV-1-infected drinkers compared to unin-
fected drinkers [21].

It is well known that antioxidant systems of the cell reduce oxidative
stress [37]. Oxidative stress occurs when ROS generation increases to
an extent that the cellular antioxidants cannot counteract [29]. It has
been previously suggested that alcohol consumption can decrease the
expression of AOEs and further attenuate cellular antioxidant capacity
[38,39]. Moreover, the literature shows that PLWHA are under chronic
oxidative stress due to the changes in AOE expression during HIV-1
infection [40]. In this study we have shown decreased expression of
PRDX6 after chronic ethanol exposure, while the expression of other
major AOEs did not change. This result is consistent with our previous
study that reported significant decrease in the expression of PRDX6
after ethanol exposure in U937 cells [24]. PRDX6 is well known as an
antioxidant enzyme that can reduce hydrogen peroxide, fatty-acid

hydroperoxides, and phospholipid hydroperoxides [41]. Our result is
consistent with the literature report that suggests that PRDX6 plays an
important role in ethanol-induced oxidative stress [30]. Thus, a de-
crease in PRDX6 expression and no change in other AOEs, with an in-
crease in CYP2E1 expression suggest an increase in oxidative stress
resulting into an increase in HIV-1 replication.

The majority of CYPs are located in the liver, which is the main site
of CYP-mediated drug metabolism and drug-drug interaction [42].
However, we have earlier shown that CYPs are also expressed in extra-
hepatic cells, including monocytes and astrocytes [20,43]. It is gen-
erally considered that the level of CYPs in monocytes or astrocytes, is
not sufficient to cause ethanol-mediated oxidative stress. However, our
study has clearly suggested the role of CYP2E1 in ethanol-mediated
oxidative stress and HIV-1 replication in MDM. Furthermore, our la-
boratory has been studying the effect of alcohol consumption on anti-
retroviral drugs in the past few years. We have shown that the meta-
bolism of darunavir, an important ARV drug, is influenced by ethanol,
and has faster hepatic intrinsic clearance in the presence of a ritonavir-
boosted darunavir combination [9]. Our previous studies have also
shown that ethanol has the ability to interact with microsomal CYP3A4
and alter elvitegravir metabolism and HIV-1 replication in monocytic
cells [44]. These studies suggest a potential role of ethanol in causing a
reduced response to antiretroviral drugs, which subsequently increases
HIV-1 replication. Taken together, ethanol has the capability of in-
creasing HIV-1 replication, not only directly through CYP2E1-mediated
oxidative stress, but also through decreased efficacy of ARV drugs. Our
results represent a step forward in potentially finding improved treat-
ment strategies for HIV-1 positive alcohol users.

In conclusion, the results from this study suggest that ethanol in-
creases HIV-1 replication and oxidative stress in human primary MDM.
The enhanced oxidative stress is accompanied by an induction of
CYP2E1 and a failure of cellular antioxidant mechanisms to maintain
redox homeostasis. This is the first study that demonstrates enhanced
HIV-1 replication in human primary MDM following chronic ethanol
treatment. Further, the study demonstrated the role of CYP2E1 in
ethanol-induced oxidative stress and viral replication. This was done by
using CYP2E1 siRNA and a CYP2E1 novel inhibitor to eliminate
CYP2E1 expression and activity, respectively. Overall, this study sug-
gests the involvement of CYP2E1 and oxidative stress in ethanol-in-
duced HIV-1 replication in MDM. These results are clinically relevant to
potentially find effective treatment strategies for HIV-1-infected alcohol

Fig. 4. Effect of ethanol exposure on HIV-1 replication and DNA damage by using CYP2E1 siRNA and CYP2E1 inhibitors in U1 cells. A. CYP2E1 siRNA experiment:
The percentage of 8-OHdG in siRNA-transfected cells was determined using EpiQuik 8-OHdG DNA Damage Quantification Direct kit and reported as a percentage of
the control scramble group. Mean ± SEM values were graphed from 3 independent experiments. B. CYP2E1 siRNA experiment: Viral load was measured from
culture media of siRNA-transfected cells using a p24 ELISA kit and reported as percentage of the control scramble group. Mean ± SEM values were graphed from 6
independent experiments. C. CYP2E1 inhibition experiment: Viral load was measured from culture media using a p24 ELISA kit and reported as percentage of ethanol
control group (20mM ethanol only). Mean ± SEM values were graphed from 3 independent experiments. * indicates p < 0.05 compared to control. # and
##indicate p < 0.05, p < 0.01 compared to ethanol treated cells, respectively. Fig. A and B were analyzed by one-way ANOVA post-hoc Tukey HSD Test. Fig. C was
analyzed by student t-test. DE - diethyl ether.
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