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Abstract

Background

Benzo(a)pyrene (BaP), naphthalene (NPh), phenanthrene (Phe), benzo(a)antharacene

(BeA), and benzo(b)fluoranthene (BeF) are known carcinogenic polyaryl hydrocarbons

(PAHs) present in cigarette smoke. This study was designed to examine the relative effect

of these constituents on the cytotoxicity of monocytic cells and the possible mechanism of

PAH-mediated cytotoxicity.

Methods

We examined the acute (6–24 hours) and chronic (7 days) effects of these PAHs on the

expression of cytochromes P450 (CYPs), oxidative stress, and cytotoxicity. The treated

cells were examined for mRNA and protein levels of CYPs (1A1 and 3A4) and antioxidants

enzymes (AOEs) superoxide dismutase-1 (SOD1) and catalase. Further, we assessed the

levels of reactive oxygen species (ROS), caspase-3 cleavage activity, and cell viability. We

performed these experiments in U937 and/or primary monocytic cells.

Results

Of the five PAHs tested, after chronic treatment only BaP (100 nM) showed a significant

increase in the expression of CYP1A1, AOEs (SOD1 and catalase), ROS generation, cas-

pase-3 cleavage activity, and cytotoxicity. However, acute treatment with BaP showed only

an increase in the mRNA expression of CYP1A1.

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 1 / 20

a11111

OPENACCESS

Citation: Ranjit S, Midde NM, Sinha N, Patters BJ,

Rahman MA, Cory TJ, et al. (2016) Effect of

Polyaryl Hydrocarbons on Cytotoxicity in

Monocytic Cells: Potential Role of Cytochromes

P450 and Oxidative Stress Pathways. PLoS ONE

11(9): e0163827. doi:10.1371/journal.

pone.0163827

Editor: Sanjay B. Maggirwar, University of

Rochester Medical Center, UNITED STATES

Received: August 4, 2016

Accepted: September 14, 2016

Published: September 29, 2016

Copyright: © 2016 Ranjit et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by the National

Institute of Health (DA042374) and the College of

Pharmacy at the University of Tennessee Health

Science center (UTHSC). The funders had no role

in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0163827&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Conclusions

These results suggest that of the five PAHs tested, BaP is the major contributor to the toxic

effect of PAHs in monocytic cells, which is likely to occur through CYP and oxidative stress

pathways.

Introduction

According to the International Agency for Research on Cancer (IARC), there are around 5,300
chemicals identified in mainstream cigarette smoke, among which seventy are classified as car-
cinogens [1, 2]. The IARC monograph program has listed several categories of chemical com-
pounds that are potential carcinogens in cigarettes, including polyaryl hydrocarbons (PAHs),
N-nitrosamines, aldehydes, phenols, volatile hydrocarbons, and other organic and inorganic
compounds. Since the identification of cigarette constituents in 1950s, several studies have
been conducted with regard to its carcinogenicity in different human organs. Tobacco-specific
nitrosamines and PAHs are the most studied cigarette carcinogens. Tobacco-specific nitrosa-
mines, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N’-nitrosonornicotine
(NNN) are reported to cause lung cancer and oral cavity cancer [3]. PAHs are associated with
several cancers such as skin, lung, oral, and breast cancer [4–7]. Among the hundreds of PAHs
present in the cigarette smoke, benzo(a)pyrene (BaP) is the most extensively studied PAH due
to its known carcinogenic effects. Naphthalene (NPh) and phenanthrene (Phe) have relatively
low carcinogenicity, but they contribute highly to the total PAH yield [8].

Cytochrome P450 (CYP) enzymes metabolize PAHs successively into epoxides and diol-
epoxides [9]. These metabolites cause cellular damage either by forming DNA and protein
adducts or by generating reactive oxygen species (ROS) [10, 11]. BaP is metabolized by
CYP1A1 into a carcinogen, BaP-7,8-dihydrodiol-9,10-epoxide (BPDE), via a series of meta-
bolic reactions. BPDE is reported to form DNA adducts which cause mutations in DNA, ulti-
mately leading to carcinogenesis in lung and skin epithelial cells [12]. BaP is also reported to
cause apoptosis in ovarian follicular cells via a CYP-mediated pathway [13]. Several reports in
literature suggest the role of aryl hydrocarbon receptor-mediated CYP-induction and the sub-
sequent oxidative stress in various forms of cancer and cardiac toxicity [14, 15]. Some studies
reveal that BaP causes carcinogenic effects by inducing CYP1A1 expression through binding of
p-53 to promoter region of CYP1A1 [16]. Rapid formation of [D10] r-1,t-2,3,c-4-tetrahydroxy-
1,2,3,4-tetrahydrophenanthrene ([D10] PheT), a carcinogenic diol metabolite of Phe, occurs in
smokers [17]. Oxidative stress, DNA damage, and cell toxicity were observed following treat-
ment with NPh in cultured J774A.1 macrophages [18].

Previous studies from our lab have shown that nicotine, a major constituent of tobacco,
causes oxidative stress in U937-derivedmacrophages through a CYP2A6-mediated nicotine
metabolic pathway [19]. Our in vitro data was validated by an in vivo study in which, HIV-pos-
itive smokers displayed a higher rate of nicotine metabolism by CYP2A6 than HIV-negative
smokers [20]. The results from these studies were consistent with the findings from another
study, in which there was an increase in viral load, cytokines, and oxidative stress, likely
through CYP pathway, in the plasma and monocytes of HIV-infected smokers compared to
HIV-infected nonsmokers [21]. As the ultimate goal of the aforementioned studies was to
explore the role of CYP enzymes in smoking-induced oxidative stress and HIV-1 pathogenesis,
the experiments were conducted in monocytes/macrophages.Monocytes/ macrophages are
one of the cellular targets for HIV-1 and they also serve as important viral reservoirs [22].
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Smoking may enhance the infiltration of the infectedmonocytes/macrophages into the brain
and further infect the microglia and astrocytes, ultimately leading to NeuroAIDS. However, it
is still not clear whether other cigarette components besides nicotine are also responsible for
CYP-mediated oxidative stress and HIV-1 replication in monocytes/macrophages. Therefore,
the current study was designed to first examine the relative contribution of five PAHs; BaP,
NPh, Phe, BeA, and BeF, on the regulation of CYP enzymes, oxidative stress, and cytotoxicity
in U937 monocytic cells followed by primary macrophages.

Materials and Methods

Cell culture and treatment

U937 monocyte cells. The U937 monocytic cell line used for the study was obtained from
ATCC (Manassas, VA). The cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 media (Sigma Aldrich, St. Louis, MO), which included 1% gentamycin (Mediatech Inc.
Manassas, VA), L-glutamine (Fischer Scientific, PA), and sodium bicarbonate (Fischer Scien-
tific, PA). To assess the acute effect of PAHs (1 μM NPh, 1 μM Phe, and 100 nM BaP) at 3, 6,
and 9 hours, 0.8 million cells/well were seeded in a 12-well plate. The cells were incubated over-
night at 37°C in an incubator with 5% CO2 prior to treatment with PAHs. Following treatment,
cells were collected at the designated time points. To assess the chronic effect of PAHs (100 nM
NPh, 100 nM Phe, 100 nM BeA, 100 nM BeF, 5 nM BaP, 25 nM BaP, and 100 nM BaP), 0.1
million cells were seeded per well in a 6-well plate. The cells were treated with PAHs after 30
minutes of incubation. The cells were treated every 12 hours for 7 days, with addition of 250 μL
of fresh media during each treatment to maintain the concentrations of PAHs. DMSO treated
cells served as control for both the acute and chronic treatment paradigms.

Primarymacrophages. Blood from interstate blood bank Inc. (Memphis, TN) was diluted
with phosphate-buffered saline (PBS, Life Technologies, NY), layered on Ficoll (Mediatech Inc.
Manassas, VA) and centrifuged at 400g for 30 minutes. The white ring of peripheral blood
mononuclear cells (PBMCs) formed in between the plasma and Ficoll layers were carefully iso-
lated. The PBMCs were washed with PBS several times to ensure the removal of Ficoll. The
cells were incubated with ammonium-chloride-potassium (ACK) lysing buffer (Life Technolo-
gies, NY) at 4°C for 15 minutes to lyse and remove any red blood cells, if present. The clear pel-
lets of PBMCs were then cultured in RPMI media with human serum and macrophage colony-
stimulating factor for macrophage differentiation. The differentiated macrophages were treated
with BaP (100 nM) for 6 days, every 24 hours with a addition of 500 μl fresh media after each
treatment.

Isolation of DNA, RNA, and protein

DNA, RNA, and protein were isolated from the lysed cells using Allprep DNA/RNA/Protein
QIAGEN Kit (Valencia, CA) using the supplier’s protocol. RNA and DNA were quantified
using Nanodrop 2000c UV-Vis Spectrophotometer (Thermo Fischer Scientific, Rockford, IL)
by measuring their absorbance at 260 nm. The protein was quantified using the BCA protein
assay kit (Thermo Fischer Scientific, Rockford, IL).

Quantitative reverse transcriptase polymerase chain reaction (RTPCR)

Quantitative RTPCR was performed to measure the relative mRNA fold expression of the CYPs
1A1, 3A4 and the antioxidant enzymes (AOEs) superoxide dismutase 1 (SOD1) and catalase in
U937 cells upon exposure to PAHs. PurifiedRNA (120 ng) was reverse transcribed to cDNA
using a SimpliAmp Thermal Cycler (Applied Biosystems, Foster City, CA). The cDNA was
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amplified in a Step-One Plus Real-Time PCR System (Applied Biosystems, Foster City, CA)
using TaqMan Gene Expression kit (Applied Biosystems, Foster City, CA). The following probes
from Applied Biosciencewere used for the Q-RTPCR reaction: CYP1A1 (Hs01054794_m1),
CYP3A4 (Hs00430021_ml), SOD1 (Hs00533490_ml) and catalase (Hs00156308_ml). The 2-ΔΔCt

methodwas used to calculate the relative mRNA fold expression of the genes, using glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control.

Western blotting

To determine the expression of proteins of interest, 30 μg of proteins in 5% SDS were separated
on a polyacrylamide gel (4% stacking, 10% resolving gel) at 150 V for 70 minutes. The proteins
from the gel were transferred to a polyvinylidene fluoridemembrane at 0.35 Amp for 90 min-
utes. The transferred blots were blocked with 5–10 mL of Li-Cor blocking buffer (LI-COR Bio-
sciences, Lincon, NE) for 1 hour and incubated overnight with primary antibodies (GAPDH
Rabbit Mab, 1:2000 dilution, Cell Signaling Technology, Danvers, MA; CYP1A1 rabbit Mab,
1:200 dilution, Abcam, Cambridge, MA; CYP3A4 Mouse Mab. 1:200 dilution, Santa Cruz Bio-
technology. Inc. Dallas, TX; SOD1 Mouse Mab, 1:1500 dilution, Santa Cruz Biotechnology.
Inc. Dallas, TX; Catalase Mouse Mab, 1:1200 dilution, Santa Cruz Biotechnology. Inc. Dallas,
TX) at 4°C. After subsequent washing, the blots were incubated with corresponding secondary
antibodies (1:10000 dilution, Goat anti-Mouse Mab, LI-COR Biosciences, Lincon, NE; 1:10000
dilution, Goat anti-Rabbit Mab, LI-COR Biosciences, Lincon, NE) for 1 hour at room tempera-
ture. The blots were scanned with Li-Cor Scanner (LI-COR Biosciences, Lincon, NE) and the
densitometry data obtained from Image Studio Lite version 4.0 were used to calculate the fold
expression of the proteins. GAPDH was used as an internal loading control to normalize the
expression of sample proteins.

Measurement of reactive oxygen species (ROS) and cell viability

ROS and cell viability were quantified by flow cytometry using the fluorescence dye 5-(and-
6)-chloromethyl 2’,7’- dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Life Technolo-
gies, Oregon, USA) and Ghost Dye (Tonbo Biosciences, San Diego, CA), respectively. The
treated cells were thoroughly washed with PBS and resuspended in 1 mL of PBS containing
2% FBS supplemented with 2–5 μL of CM-H2DCFDA and 1 μL of the Ghost dye. The cells
were then incubated at room temperature in the dark for 30 minutes and subsequently washed
and resuspended in 300 μL of PBS containing 2% FBS. Dichlorodihydrofluorescein (DCF)
emission at 525 ± 20 nm, which is proportional to the ROS generated in the cells, and emis-
sion of Ghost dye at 780 nm, which is proportional to the cell viability, were detected by flow
cytometry (BD Biosciences, San Jose, CA). The data were analyzed by using the BD FACS
software version 8.

XTT assay

Cell viability was also measured using the XTT assay kit (Cell Signaling Technology Inc., Dan-
vers, MA). The PAH-treated cells (0.12 million) were suspended in 200 μL of phenol red-free
media. XTT detection solution was made by mixing electron coupling solution and XTT
reagent in the ratio of 1:50. Fifty microliters of the XTT detection solution was added to each
well of the 96-well plate containing 200 μL of the cell suspension and the plate was incubated at
37°C for three hours. The absorbance measured at 450 nm represented cell viability.
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Caspase-3 activity assay

Caspase-3 activity was measured using Caspase-3 colorimetric assay kit (BioVision, Inc.,
Milpitas, CA). Cells (1–5 millions) obtained after the treatments were lysed and protein was
extracted. About 100 μg of the protein was diluted to a final volume of 50 μl in cell lysis buffer.
Each protein sample was added to 50 μl of 2X reaction buffer (containing 10 mM DTT) and
5 μl of 4 mM DEVD-pNA substrate and the reaction mixture was incubated at 37°C for 1 hour.
Absorbance of the samples was measured at 405 nm.

Statistical analysis

For the statistical analysis of the data obtained from RTPCR, Western blot, cell viability assay,
ROS level, and caspase-3 activity assay, mean ± SEM was calculated and One-way ANOVA
was applied to calculate p values. A p value of�0.05 was considered significant.

Results

Effect of chronic treatment of BaP, NPh, and Phe on the expression of

CYPs at mRNA and protein levels

PAHs are metabolized by various CYP enzymes, mainly CYPs 1A1, 1B1, and to a lesser extent
by CYPs 1A2, 2C9, 3A4, and 2C19 into reactive metabolites and produce ROS that cause DNA
damage [23]. Therefore, to examine the effect of these compounds on expressions of CYPs 1A1
and 3A4 that are prominently present in U937 cells, we treated the cells separately with 100
nM of each compound for seven days and measured the mRNA and protein levels of CYP1A1
and CYP3A4 (Fig 1). With BaP treatment, we observed~15 fold increase (p�0.05) in the
CYP1A1 mRNA expression (Fig 1A) and ~3 fold increase in CYP3A4 mRNA expression (Fig
1C). However, the CYP1A1 and 3A4 protein expression levels quantified from the Western
blots did not correspond to the respective changes in mRNA expression levels. NPh and Phe
did not show much change in the induction of either CYPs. Interestingly, there was ~2.5 fold
(p�0.05) increase in the protein expression of CYP1A1 in the cells treated with NPh (Fig 1B).

Effect of chronic treatment of BaP, NPh, and Phe on the expression of

AOEs at the mRNA and protein levels

PAHs are likely to induce expression of AOEs to combat PAH-induced oxidative stress in
U937 cells. To determine whether these compounds alter the expression of AOEs, we measured
the mRNA and protein levels of the major AOEs SOD1 and catalase (Fig 2). Chronic (seven
days) exposure of 100 nM BaP upregulated the mRNA expression of both SOD1 (~2.5 fold,
p�0.05, Fig 2A) and catalase (~2 fold, p�0.05, Fig 2C). The corresponding protein expression
levels of both AOEs were also upregulated by similar proportions: SOD1 (~2.5 fold) and cata-
lase (~2.5 fold) but the data were not statistically significant. Further, treatment with NPh or
Phe did not significantly alter the mRNA or protein expression of AOEs.

Effect of chronic treatment of BaP, NPh, and Phe on ROS and cell

viability

The cells were treated with three different concentrations of BaP (5 nM, 25 nM, and 100 nM),
100 nM NPh, and 100 nM Phe for seven days to examine the chronic effect of the PAHs on
ROS generation and cell viability. A significant concentration-dependent increase in ROS was
observedwith the chronic treatment of 25 nM BaP (~1.5 fold, p�0.05) and 100 nM BaP (~ 2.5
fold, p�0.05) (Fig 3A and 3B). However, there was no significant alteration in the ROS levels
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with 5 nM BaP. Similarly, no significant change in ROS was observedwith NPh and Phe treat-
ments. A statistically significant (p�0.05) decrease in cell viability (~60%) was observedwith
100 nM BaP treatment. Lower concentrations (5 nM and 25 nM) of BaP, as well as, the 100 nM
NPh and Phe treatments, however, did not have any effect on cell toxicity (Fig 4G). Similar
decrease in cell viability with 100 nM BaP treatment was observedusing XTT cell viability
assay (~40% decrease in cell viability, Fig 4H). Fig 4A–4F show the graphical representation of
cell viability, measured via flow cytometry.

Effect of chronic treatment of BaP, NPh, and Phe on caspase-3 activity

In order to delineate the mechanism of cytotoxicity after chronic treatment of PAHs (BaP, NPh,
and Phe), we monitored the caspase-3 activity. We observeda significant increase in caspase-3

Fig 1. Effect of chronic (7 days) treatment of BaP, NPh, and Phe on mRNA and protein expression of CYP1A1 (A-B) and CYP3A4 (C-D) in U937

cells. The U937 cells were treated with 100 nM BaP, 100 nM NPh, and 100 nM Phe for seven days. The mRNA fold expressions were calculated using

qRT-PCR and normalized with control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was used as an endogenous control. The

protein fold expressions were quantified by Western blot and normalized with control that was set to 1-fold at every time point. Blots are representative of

at least three independent experiments. The data are presented as a mean ± SEM of three independent experiments. *represents p� 0.05, compared

with the control group.

doi:10.1371/journal.pone.0163827.g001
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activity with 100 nM BaP treatment (~2 fold, p�0.05, Fig 3C). However, there was no effect on
caspase-3 activity with lesser concentrations of BaP (5 nM and 25 nM) or 100 nM of NPh or Phe.

Effect of chronic treatment of BeA and BeF on ROS, cell viability, and

caspase-3 activity

In addition to three PAHs (BaP, NPh, and Phe), BeA and BeF are other PAHs that have carci-
nogenic potential. Therefore, we also studied these compounds with regard to oxidative stress
and cytotoxicity. The cells were treated with 100 nM of BeA or BeF for seven days and were
examined for ROS level and cell viability. Cell viability data from XTT assay showed approxi-
mately 10–13% cell death when treated with 100 nM of BeA or BeF for seven days (Fig 5A). A

Fig 2. Effect of chronic (7 days) treatment of BaP, NPh, and Phe on mRNA and protein expression of AOEs SOD1 (A-B) and catalase (C-D) in

U937 cells. The U937 cells were treated with 100 nM BaP, 100 nM NPh, and 100 nM Phe for seven days. The mRNA fold expressions were calculated

using qRT-PCR and normalized with control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was used as an endogenous control. The

protein fold expressions were quantified by Western blot and normalized with control (DMSO treated cells) whose expression was set at 1 fold. Blots are

representative of at least three independent experiments. The data are presented as a mean ± SEM of three independent experiments. *represents

p� 0.05, compared with the control group.

doi:10.1371/journal.pone.0163827.g002
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Fig 3. Effect of chronic (7 days) treatment of BaP, NPh, and Phe on Reactive Oxygen Species (ROS)

(A-B) and caspase-3 activity (C) in U937 cells. The U937 cells were treated with 5 nM BaP, 25 nM BaP,

100 nM BaP, 100 nM NPh, and 100 nM Phe for seven days. ROS level and caspase-3 activity were

calculated and normalized with control that was set as 100%. The data is presented as mean ± SEM of the

three independent experiments. * represents p� 0.05, compared with the control group.

doi:10.1371/journal.pone.0163827.g003
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significant decrease in ROS level was observedwith the chronic treatment of BeA 100 nM
(~35%, p�0.05) as well as BeF 100 nM (~23%, p�0.05) (Fig 5B). There was no significant
change in the caspase-3 activity with chronic treatment of both the compounds (Fig 5C). Over-
all, treatment with BeA and BeF had relatively less effect on the oxidative stress and cell viabil-
ity of U937 compared to BaP.

Effect of chronic treatment of BaP on CYP expression, ROS and cell

viability in primary macrophages

Of the five compounds, only exposure with BaP (100 nM) resulted in significant increased
expression of CYPs and AOEs, ROS and cell death in U937 cells. So, we exposed the primary
macrophages with 100 nM BaP to verify our observations in U937 cells. When we treated the
primary macrophages with BaP 100 nM for seven days, we observed~25% cell death accompa-
nied by ~30% increase in ROS and ~10 and ~ 3 fold (p�0.05) increase in CYP 1A1 and 3A4
respectively (Fig 6A–6D). These results confirm that BaP exposure leads to cytotoxicity in
monocytes/macrophages via CYP-mediated oxidative stress pathway.

Effect of acute treatment of BaP, NPh, and Phe on CYP and AOE

expression, ROS and cell viability in U937 cells

In addition to chronic treatment, we also monitored the effect of the acute exposure of BaP,
NPh, and Phe in U937 cells. The cells were treated with BaP (100 nM), NPh (1 μM), and Phe

Fig 4. Cell viability upon chronic treatment by BaP, NPh, and Phe measured by flow cytometry (A-G) and XTT assay (H). The U937 cells were

treated with 5 nM BaP, 25 nM BaP, 100 nM BaP, 100 nM NPh, and 100 nM Phe for seven days. Cell viability was calculated using flow cytometry and

XTT assay, and normalized with control that was set as 100%. The data is presented as mean ± SEM of the three independent experiments. *
Represents p� 0.05, compared with the control group.

doi:10.1371/journal.pone.0163827.g004
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Fig 5. Cell viability (A), Reactive Oxygen Species (ROS) level (B) and caspase-3 activity (C) upon

chronic treatment by BeA and BeF in U937 cells. The U937 cells were treated with 100 nM BeA and 100

nM BeF for seven days. ROS level, cell viability, and caspase-3 activity were measured and normalized with

control that was set as 100%. The data is presented as mean ± SEM of the three independent experiments.

* represents p� 0.05, compared with the control group.

doi:10.1371/journal.pone.0163827.g005
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(1 μM) for 3, 6, and 9 hours. There was no significant change in ROS and cell viability in cells
treated with the PAHs for 3 and 6 hours (Fig 7A and 7B). However, a significant decrease
(p�0.05) of ~10% in ROS was observedwith all the three compounds after 9 hours of exposure.
The cell death at 9 hours was not particularly different from the control. The small decrease in
ROS would not have been sufficient enough to cause a significant impact on cell viability. In
general, there was minimal to no effect of acute exposure of BaP, NPh, and Phe on oxidative
stress and cytotoxicity in U937 cells.

Furthermore, there was no significant effect of the acute exposure of the PAHs over the
induction of CYPs and AOEs (S1–S4 Figs). Only BaP exposure showed a significant ascending
trend in the mRNA expression of CYP1A1 over time (~10 fold increase at 6 hours to ~30 fold
increase at 24 hours, p�0.05), as well as with increasing concentration (S1A Fig). However, there
was no significant increase in the expression of CYP1A1 protein with either 100 nM or 1 μM
BaP treatment (S1B Fig). None of the PAHs showed significant change in either the mRNA and
protein expression levels of CYP3A4, except for the treatment with Phe (1 μM), which showed
~3 fold increase in CYP3A4 expression at mRNA level at 12 hours (p�0.05) (S2 Fig). At 24
hours, we observeda significant increase in the SOD1 mRNA expression level: ~3 fold with
(1 μM) BaP (p�0.05) and ~2 fold with 100 nM NPh (p�0.05). None of these compounds
showed significant alteration in the protein expression levels of SOD1 (S3B, S3D and S3F Fig).

Fig 6. Cell viability (A), Reactive Oxygen Species (ROS) level (B) and mRNA expression level of CYP1A1 (C) and CYP3A4 (D) upon chronic

treatment by BaP in primary macrophages. The differentiated macrophages obtained from healthy donors were treated with BaP (100 nM) for 6 days.

Cell viability and ROS were calculated were calculated and normalized with control that was set as 100%. The mRNA expression of treated cells were

normalized with control (DMSO treated cells) whose expression was set at 1-fold. The results for cell viability were confirmed using 3 different donors.

Due to inadequate number of primary cells, ROS and CYPs expression level were examined in only one donor. The data is presented as mean ± SEM of

the three replicates for ROS and two replicates for CYP expression levels. * represents p� 0.05, compared with the control group.

doi:10.1371/journal.pone.0163827.g006
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Fig 7. Effect of acute treatment of BaP, NPh, and Phe on Reactive Oxygen Species (ROS) (A) and Cell

viability (B) in U937 cells. The U937 cells were treated with 100 nM BaP, 1 μM NPh, and 1 μM Phe for 3, 6, and 9

hours. ROS level and cell viability were measured using flow cytometry. Measured values at every time point were

normalized to control that was set at 100%. X-axis and Y-axis correspond to time points and % of mean

fluorescent intensity (%MFI), respectively. The data are presented as a mean ± SEM of three independent

experiments. * represents p� 0.05 compared with the control group.

doi:10.1371/journal.pone.0163827.g007
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Similarly, no significant change in the mRNA and protein expression levels of catalase was
observedwith any of the acute PAH treatments (S4 Fig).

Discussion

Carcinogenic effects of smoking have been widely studied in various organs, especially lungs
and liver [24, 25]. Several studies have also reported CYP-mediated PAH toxicity in different
organs [26, 27]. However, relatively less information is available on the effects of smoking con-
stituents on the bloods cells such as monocytes and lymphocytes. A recent study conducted in
our lab has shown that nicotine causes oxidative stress in monocytic cells U937 cells through a
CYP-mediated pathway [19]. However, there is no report on the effect of PAHs and relative
contribution of different PAHs on oxidative stress and cytotoxicity, and underlying mechanism
in the monocytic cells. The present study is the first report of relative contribution of five
PAHs (BaP, NPh, Phe, BeA, and BeF) on the expression of CYPs and AOEs, induction of ROS,
and cytotoxicity in U937 monocytic cells. The results from this study support the existing liter-
atures that among the tested PAHs, BaP is the most harmful compound, which causes oxida-
tive stress and subsequent cytotoxicity, at least in part through CYP pathway.

Zhu et al. (2014) have shown that BaP (5 μM) significantly increases the expressions of
CYP1A1 and CYP1B1, ROS level, and cytotoxicity in lung epithelial cells (BEAS-2B cells) after
24 hour treatment [28]. In this paper, we examined the effect of both acute (6–24 hours) and
chronic (7 days) exposure of PAHs in U937 cells. We initially treated the cells with 100 nM
and 1 μM of each of the PAHs for acute study. These concentrations are very near to the physi-
ological concentrations of PAHs that caused toxicity in different cell lines [28, 29]. For the
chronic treatment, the lower concentration (100 nM) was preferred because higher concentra-
tion (1 μM) resulted in immense cell death when exposed for a prolonged period. There are
very few reports that account for the toxicity of chronic BaP exposure in human cell lines. For
examples, reports of chronic BaP exposure in animal model suggest its association with neuro-
toxicity [30], DNA damage [31], carcinogenicity, and cytotoxicity [32]. Most of the studies of
BaP toxicity have been conducted at higher concentration for an acute period. In this context,
our experimental design to study the acute as well as chronic effects of near physiological con-
centrations of PAHs on monocytic cells is pragmatic because it closely simulates the effects of
tobacco on these cells in vivo.

We have used U937 cells derived from histiocytic lymphoma tissues, which have function-
ally deficient p53 tumor suppressor gene due to gene mutation [33]. The phenomenon of apo-
ptosis is apparently ceased in these cell lines, causing massive cell proliferation. However,
apoptosis may occur in U937 cells when triggered by various stress factors such as ROS, via a
p53-independentmechanism. There are also reports that associate p53 with BaP-induced
CYP1A1 expression, which occur via p53 binding to a p53RE in the CYP1A1 regulatory region
[34]. Some studies suggest that p53 upregulates the gene associated with antioxidant activity
and thereby prevent the genome from oxidative damage by ROS [35]. Due to the lack of func-
tional p53 in U937 cells, induction of CYP1A1 and antioxidants by BaP occur via a p53 inde-
pendent pathway, probably via Nf-KB-mediated pathway. Another possible pathway for
induction of CYPs could be via binding of BaP to arylhydrocarbon receptor (AhR) and the sub-
sequent gene activation by constitution of the Arnt protein-BaP complex with XRE responsive
element [36].

With acute treatment of three PAHs BaP, NPh, and Phe, we did not observe any significant
change in the expressions of CYPs and AOEs, ROS level, or cell viability. So, we exposed the
cells for seven days with 100 nM of each of the compounds to monitor their chronic effect. Out
of five PAHs (BaP, NPh, Phe, BeA, and BeF), only BaP (100 nM) significantly increased the
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expressions of CYPs and AOEs, generation of ROS, and cytotoxicity in U937 cells. The pro-
longed exposure of BaP to the cells probably caused the accumulation of ROS, via CYP-path-
way. Elevated ROS then contributed to the oxidative stress and cytotoxicity. An increased level
of AOE expression with chronic BaP treatment is also consistent with the finding that there
was an increase in the ROS level.

BaP is considered a prototype compound for PAH carcinogenicity. IARC has listed BaP as a
group I human carcinogen, while NPh, Phe, BeA, and BeF have been classified as compounds
possibly carcinogenic to humans (IARC 2004). BaP-induced carcinogenesis has been studied
extensively for more than five decades. Previous studies reveal that CYP metabolites of BaP
form DNA adducts that inactivate the tumor suppressor p53 in human epithelial cells and
bronchial epithelial cells [24]. Kucab et al. (2015) has also suggested the role of BaP and its
metabolites in p53 mutagenesis, which is a common pathway observed in almost half of
human cancers [37]. However, the role of BaP and other PAHs with respect to oxidative stress
and cytotoxicity in monocytic cells is not known. In this context, evaluation of the role of
PAHs and their relative contributions to the expressions of CYPs, induction of oxidative stress,
and cytotoxicity further validates the literature that BaP is toxic to many cells including mono-
cytic cells.

BaP induces the expression of several CYPs including 1A1 and 1B1 in different cells [38–
40]. Since the basal expression of CYP1B1 in U937 cells is very low [41], we examined the effect
of PAHs on the expression of CYP1A1 only. Cytotoxicity induced by CYP1A1 metabolites of
BaP has been reported in different cellular systems: lung cells [42], porcine urinary bladder epi-
thelial cells [43], and bone marrow cells [44]. CYP1A1 metabolizes BaP into BPDE which
forms DNA adducts leading to genotoxicity and carcinogenesis. Some studies also suggest that
ROS generated from BaP via CYP pathway causes oxidative stress that lead to cytotoxicity. In
the present study, CYP1A1 mRNA expression was consistently upregulated (~15 fold) follow-
ing the acute and chronic treatment of BaP (100 nM) in U937 cells. However, the CYP1A1 pro-
tein levels were not consistent with the mRNA expression levels. Similar contradiction was
reported in earlier studies [45], the reason for which is not clear. However, it is possible that
CYP1A1 is relatively less stable upon extraction or there may be post-translational modifica-
tion of the protein. The metabolites obtained from the CYP1A1-mediated oxidation of BaP
may be responsible for the elevated ROS level and subsequent oxidative stress and cytotoxicity.
Further investigation is required to confirm our hypothesis that CYP1A1 metabolizes BaP into
ROS-generating metabolites that cause cytotoxicity in U937 cells. This can be done either by
knocking down CYP1A1 gene or by using a selective inhibitor of CYP1A1 and treating with
BaP to determine if ROS generation and cytotoxicity still occur. The chronic exposure to NPh
(100 nM) showed ~ 2 fold increase in CY1A1 protein expression but there was no significant
effect on AOE expression, ROS, cell viability and caspase-3 activity. Although, we observed
increase in CYP1A1 protein expression to some extent, the induced protein may not have been
sufficient enough to metabolize the compound.

CYP3A4 is a major drug metabolizing enzyme that metabolizes about 50% of the xenobi-
otics and is present in relatively high abundance compared to other CYPs, not only in hepatic
cells, but also in U937 monocytic cells [45]. BaP-induced CYP3A4 upregulation at mRNA
level has been observed in HepG2 liver cells and HEK-293 kidney cells [46]. Kumagai et. al
also suggested that BaP enhances CYP3A4 gene expression via PXR activation in liver cells
[47]. Furthermore, they suggested the possibility that the metabolites obtained through
CYP1A1 metabolism could act as CYP3A4 inducers. It is important to study the expression
level of CYP3A4 in context of BaP metabolism and toxicity. CYP3A4 does not metabolize
the PAH parent compounds but it does convert dihydrodiols into diol epoxides. However,
the rate of conversion is slower than that observed through CYP1A1 metabolism [23]. In
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the present study, we did not observed any significant change in CYP3A4 expression at
mRNA and protein levels after acute or chronic treatment with BaP. Since the overall
CYP3A4 expression was low, CYP1A1 metabolites also did not seem to contribute to
CYP3A4 induction.

Cells are equipped with an antioxidant defense mechanism to counteract the oxidative stress
resulting from elevated ROS [48]. Oxidative stress is alleviated either by endogenous antioxi-
dants such as reduced glutathione (GSH) or by adaptive defense mechanism through induction
of genes encodingAOEs [49]. The induction of genes encodingAOEs are regulated by nuclear
factor erythroid 2- related factor (Nrf-2) signaling pathway [50]. Any perturbations in the
AOE defense system that decrease the AOE expression may aid elevation in ROS level. Higher
incidence of oxidative stress-induced carcinogenesis is reported in Nrf-2 knockout mice that
are treated with BaP. Furthermore, if the level of ROS exceeds the threshold, the AOEs may not
be able to overcome the resulting oxidative insult [21, 51]. SODs and catalase are major AOEs
in majority of the cell lines. In case of acute treatment of BaP, we observed a slight decrease in
ROS which may be attributed to the protective activity of the endogenous AOEs. We antici-
pated higher levels of ROS and AOEs with chronic treatment of the PAHs, but we observed the
expected result only with BaP-treated cells. The elevation in gene transcription of SOD1 and
catalase over the course of seven day treatment with BaP may not be sufficient enough to allevi-
ate the high ROS level. Rather, an increase in the expression level of these AOEs are the indica-
tion that there is oxidative stress in the system.

In addition to BaP-mediated mutagenesis and carcinogenesis through DNA adduct for-
mation, there are also reports of apoptosis induced by BaP metabolites in different human
cell lines: Daudi B cells [52], H460 lung cancer cells [53], hepatoma HepG2 cells [54] and
endometrial cancer RL95-2 cells [55], the latter two being directly associated with CYP-medi-
ated metabolism of BaP. ROS triggers apoptosis by enhancing the permeability of the mito-
chondrial outer membrane and thereby leaking out pro-apoptotic proteins [56]. Pro-
apoptotic proteins aid in the activation of caspases, cysteine proteases that cause cellular deg-
radation. We observed apoptosis in U937 cells via caspase-3 dependent pathway, with
chronic treatment of BaP. Our data suggests the involvement of CYP in the metabolism of
BaP and generation of ROS with chronic treatment of BaP. Therefore, we conclude that BaP
causes apoptosis in U937 cells through a caspase-3-dependent pathway. BaP-induced cyto-
toxicity, in turn, is mediated by ROS that is likely to be generated through CYP-mediated
metabolism of BaP.

Our previous in vitro and ex vivo studies have suggested the role of nicotine metabolism via
CYP2A6 in generating oxidative stress and HIV-1 replication in monocytic cells. The current
study has established the fact that, in addition to nicotine, BaP is the major PAHs that is
responsible for inducing oxidative stress, apoptosis, and cytotoxicity, perhaps through the CYP
pathway in monocytic cells. The confirmation of increase in CYP expression, ROS generation
and cytotoxicity mediated by chronic treatment of BaP in primary macrophages has further
strengthened our findings from U937 monocytic cells. We speculate that BaP-induced oxida-
tive stress via CYP metabolism would enhance HIV-1 replication. In fact, our study with ciga-
rette smoke condensate (CSC), which contains nicotine and PAHs, has demonstrated an
increase in HIV-1 replication in primary human monocyte-derivedmacrophages [21]. This is
also based on the fact that BaP induced greater levels of ROS (>150%) compared to nicotine
(15–20%) [19]. Taken together these findings indicate that BaP is likely the most active com-
pound in cigarette smoke, and may generate oxidative stress leading to cytotoxicity and
increasedHIV-1 replication in monocytic cells. However, this has yet to be fully demonstrated
using HIV-infected U937 and human primary monocytic cells.
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Supporting Information

S1 Fig. Effect of acute treatment of BaP (A-B), NPh (C-D), and Phe (E-F) on mRNA and
protein expression of CYP1A1 in U937 cells.The U937 cells were treated with 100 nM BaP,
100 nM NPh, and 100 nM Phe for 6, 12 and 24 hours. The mRNA fold expressions were calcu-
lated using qRT-PCR and the protein fold expressions were measured by Western blots, and
normalizedwith control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was
used as an endogenous control. Blots are representative of at least three independent experi-
ments. The data are presented as a mean ± SEM of three independent experiments. � represents
p� 0.05, compared with the control group.
(TIF)

S2 Fig. Effect of acute treatment of BaP (A-B), NPh (C-D), and Phe (E-F) on mRNA and
protein expression of CYP3A4 in U937 cells.The U937 cells were treated with 100 nM BaP,
100 nM NPh, and 100 nM Phe for 6, 12 and 24 hours. The mRNA fold expressions were calcu-
lated using qRT-PCR and the protein fold expressions were quantified by Western blots, and
normalizedwith control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was
used as an endogenous control. Blots are representative of at least three independent experi-
ments. The data are presented as a mean ± SEM of three independent experiments. � represents
p� 0.05, compared with the control group.
(TIF)

S3 Fig. Effect of acute treatment of BaP (A-B), NPh (C-D), and Phe (E-F) on mRNA and
protein expression of SOD1 in U937 cells.The U937 cells were treated with 100 nM BaP, 100
nM NPh, and 100 nM Phe for 6, 12 and 24 hours. The mRNA fold expressions were calculated
using qRT-PCR and the protein fold expressions were quantified by Western blots, and nor-
malized with control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was
used as an endogenous control. Blots are representative of at least three independent experi-
ments. The data are presented as a mean ± SEM of three independent experiments. � represents
p� 0.05, compared with the control group.
(TIF)

S4 Fig. Effect of acute treatment of BaP (A-B), NPh (C-D), and Phe (E-F) on mRNA and
protein expression of catalase in U937 cells.The U937 cells were treated with 100 nM BaP,
100 nM NPh, and 100 nM Phe for 6, 12 and 24 hours. The mRNA fold expressions were calcu-
lated using qRT-PCR and the protein fold expressions were quantified by Western blots, and
normalizedwith control (DMSO treated cells) whose expression was set at 1-fold. GAPDH was
used as an endogenous control. Blots are representative of at least three independent experi-
ments. The data are presented as a mean ± SEM of three independent experiments. � represents
p� 0.05, compared with the control.
(TIF)

Acknowledgments

The authors are thankful to College of Pharmacy, University of Tennessee Health Science center
(UTHSC), Tennessee, United States and National Institute of Health (DA042374) for financially
supporting the project. The authors appreciate Professor Tony, N. Marion, Ph.D. from the Depart-
ment of Microbiology and Immunology, UTHSC for his technical assistance in flow cytometry.

Author Contributions

Conceptualization: SK SR.

CytochromeP450-Mediated Polyaryl Hydrocarbon Cytotoxicity in Monocytes

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163827.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163827.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163827.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163827.s004


Data curation: NMM SK.

Formal analysis: SR NMM PSSR.

Funding acquisition: SK.

Investigation: SR NMM NS BJP MAR PSSR.

Methodology:SR NMM NS BJP MAR PSSR.

Project administration: SK.

Resources: SK TJC.

Supervision:SK.

Validation: NMM TJC SK.

Visualization: SR SK.

Writing – original draft: SR NMM SK.

Writing – review& editing: SR SK.

References
1. Humans IWGotEoCRt. Tobacco smoke and involuntary smoking. IARC monographs on the evaluation

of carcinogenic risks to humans / World Health Organization, International Agency for Research on

Cancer. 2004; 83:1–1438. PMID: 15285078.

2. Rodgman A, Perfetti TA. The chemical components of tobacco and tobacco smoke. 2nd ed. Boca

Raton: CRC Press; 2013. xciii, 2238 p. p.

3. Hecht SS, Stepanov I, Carmella SG. Exposure and Metabolic Activation Biomarkers of Carcinogenic

Tobacco-Specific Nitrosamines. Accounts of chemical research. 2015. doi: 10.1021/acs.accounts.

5b00472 PMID: 26678241.

4. Wang GZ, Cheng X, Zhou B, Wen ZS, Huang YC, Chen HB, et al. The chemokine CXCL13 in lung can-

cers associated with environmental polycyclic aromatic hydrocarbons pollution. eLife. 2015; 4. doi: 10.

7554/eLife.09419 PMID: 26565418.

5. Siddens LK, Larkin A, Krueger SK, Bradfield CA, Waters KM, Tilton SC, et al. Polycyclic aromatic

hydrocarbons as skin carcinogens: comparison of benzo[a]pyrene, dibenzo[def,p]chrysene and three

environmental mixtures in the FVB/N mouse. Toxicology and applied pharmacology. 2012; 264

(3):377–86. doi: 10.1016/j.taap.2012.08.014 PMID: 22935520; PubMed Central PMCID:

PMC3483092.

6. Chuang CY, Tung JN, Su MC, Wu BC, Hsin CH, Chen YJ, et al. BPDE-like DNA adduct level in oral tis-

sue may act as a risk biomarker of oral cancer. Archives of oral biology. 2013; 58(1):102–9. doi: 10.

1016/j.archoralbio.2012.06.004 PMID: 22809837.

7. McCarty KM, Santella RM, Steck SE, Cleveland RJ, Ahn J, Ambrosone CB, et al. PAH-DNA adducts,

cigarette smoking, GST polymorphisms, and breast cancer risk. Environmental health perspectives.

2009; 117(4):552–8. doi: 10.1289/ehp.0800119 PMID: 19440493; PubMed Central PMCID:

PMC2679598.

8. Vu AT, Taylor KM, Holman MR, Ding YS, Hearn B, Watson CH. Polycyclic Aromatic Hydrocarbons in

the Mainstream Smoke of Popular U.S. Cigarettes. Chemical research in toxicology. 2015; 28

(8):1616–26. doi: 10.1021/acs.chemrestox.5b00190 PMID: 26158771; PubMed Central PMCID:

PMC4540633.

9. Shimada T, Fujii-Kuriyama Y. Metabolic activation of polycyclic aromatic hydrocarbons to carcinogens

by cytochromes P450 1A1 and 1B1. Cancer science. 2004; 95(1):1–6. PMID: 14720319.

10. Conney AH. Induction of microsomal enzymes by foreign chemicals and carcinogenesis by polycyclic

aromatic hydrocarbons: G. H. A. Clowes Memorial Lecture. Cancer research. 1982; 42(12):4875–917.

PMID: 6814745.

11. Henkler F, Stolpmann K, Luch A. Exposure to polycyclic aromatic hydrocarbons: bulky DNA adducts

and cellular responses. Exs. 2012; 101:107–31. doi: 10.1007/978-3-7643-8340-4_5 PMID: 22945568.

CytochromeP450-Mediated Polyaryl Hydrocarbon Cytotoxicity in Monocytes

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/15285078
http://dx.doi.org/10.1021/acs.accounts.5b00472
http://dx.doi.org/10.1021/acs.accounts.5b00472
http://www.ncbi.nlm.nih.gov/pubmed/26678241
http://dx.doi.org/10.7554/eLife.09419
http://dx.doi.org/10.7554/eLife.09419
http://www.ncbi.nlm.nih.gov/pubmed/26565418
http://dx.doi.org/10.1016/j.taap.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22935520
http://dx.doi.org/10.1016/j.archoralbio.2012.06.004
http://dx.doi.org/10.1016/j.archoralbio.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22809837
http://dx.doi.org/10.1289/ehp.0800119
http://www.ncbi.nlm.nih.gov/pubmed/19440493
http://dx.doi.org/10.1021/acs.chemrestox.5b00190
http://www.ncbi.nlm.nih.gov/pubmed/26158771
http://www.ncbi.nlm.nih.gov/pubmed/14720319
http://www.ncbi.nlm.nih.gov/pubmed/6814745
http://dx.doi.org/10.1007/978-3-7643-8340-4_5
http://www.ncbi.nlm.nih.gov/pubmed/22945568


12. Goldman R, Enewold L, Pellizzari E, Beach JB, Bowman ED, Krishnan SS, et al. Smoking increases

carcinogenic polycyclic aromatic hydrocarbons in human lung tissue. Cancer research. 2001; 61

(17):6367–71. PMID: 11522627.

13. Sadeu JC, Foster WG. The cigarette smoke constituent benzo[a]pyrene disrupts metabolic enzyme,

and apoptosis pathway member gene expression in ovarian follicles. Reproductive toxicology. 2013;

40:52–9. doi: 10.1016/j.reprotox.2013.05.008 PMID: 23747951.

14. Van Tiem LA, Di Giulio RT. AHR2 knockdown prevents PAH-mediated cardiac toxicity and XRE- and

ARE-associated gene induction in zebrafish (Danio rerio). Toxicology and applied pharmacology.

2011; 254(3):280–7. doi: 10.1016/j.taap.2011.05.002 PMID: 21600235; PubMed Central PMCID:

PMC3134122.

15. Nebert DW, Dalton TP, Okey AB, Gonzalez FJ. Role of aryl hydrocarbon receptor-mediated induction

of the CYP1 enzymes in environmental toxicity and cancer. The Journal of biological chemistry. 2004;

279(23):23847–50. doi: 10.1074/jbc.R400004200. PMID: 15028720

16. Wohak LE, Krais AM, Kucab JE, Stertmann J, Ovrebo S, Seidel A, et al. Carcinogenic polycyclic aro-

matic hydrocarbons induce CYP1A1 in human cells via a p53-dependent mechanism. Archives of toxi-

cology. 2016; 90(2):291–304. doi: 10.1007/s00204-014-1409-1 PMID: 25398514; PubMed Central

PMCID: PMC4748000.

17. Zhong Y, Wang J, Carmella SG, Hochalter JB, Rauch D, Oliver A, et al. Metabolism of [D10]phenan-

threne to tetraols in smokers for potential lung cancer susceptibility assessment: comparison of oral

and inhalation routes of administration. The Journal of pharmacology and experimental therapeutics.

2011; 338(1):353–61. doi: 10.1124/jpet.111.181719 PMID: 21515812; PubMed Central PMCID:

PMC3126648.

18. Bagchi M, Balmoori J, Ye X, Bagchi D, Ray SD, Stohs SJ. Protective effect of melatonin on naphtha-

lene-induced oxidative stress and DNA damage in cultured macrophage J774A.1 cells. Molecular and

cellular biochemistry. 2001; 221(1–2):49–55. PMID: 11506186.

19. Jin M, Earla R, Shah A, Earla RL, Gupte R, Mitra AK, et al. A LC-MS/MS method for concurrent deter-

mination of nicotine metabolites and role of CYP2A6 in nicotine metabolism in U937 macrophages:

implications in oxidative stress in HIV + smokers. Journal of neuroimmune pharmacology: the official

journal of the Society on NeuroImmune Pharmacology. 2012; 7(1):289–99. doi: 10.1007/s11481-011-

9283-6 PMID: 21655912; PubMed Central PMCID: PMC4118724.

20. Earla R, Ande A, McArthur C, Kumar A, Kumar S. Enhanced nicotine metabolism in HIV-1-positive

smokers compared with HIV-negative smokers: simultaneous determination of nicotine and its four

metabolites in their plasma using a simple and sensitive electrospray ionization liquid chromatogra-

phy-tandem mass spectrometry technique. Drug metabolism and disposition: the biological fate of

chemicals. 2014; 42(2):282–93. doi: 10.1124/dmd.113.055186 PMID: 24301609; PubMed Central

PMCID: PMC3912541.

21. Ande A, McArthur C, Ayuk L, Awasom C, Achu PN, Njinda A, et al. Effect of mild-to-moderate smoking

on viral load, cytokines, oxidative stress, and cytochrome P450 enzymes in HIV-infected individuals.

PLoS One. 2015; 10(4):e0122402. doi: 10.1371/journal.pone.0122402 PMID: 25879453; PubMed

Central PMCID: PMCPMC4399877.

22. Pierson T, McArthur J, Siliciano RF. Reservoirs for HIV-1: mechanisms for viral persistence in the pres-

ence of antiviral immune responses and antiretroviral therapy. Annual review of immunology. 2000;

18:665–708. doi: 10.1146/annurev.immunol.18.1.665 PMID: 10837072.

23. Shimada T, Oda Y, Gillam EM, Guengerich FP, Inoue K. Metabolic activation of polycyclic aromatic

hydrocarbons and other procarcinogens by cytochromes P450 1A1 and P450 1B1 allelic variants and

other human cytochromes P450 in Salmonella typhimurium NM2009. Drug metabolism and disposi-

tion: the biological fate of chemicals. 2001; 29(9):1176–82. PMID: 11502724.

24. Jablonowska-Fudzinska D, Marszalek A, Szylberg L. [Tobacco smoking as a cofactor for the develop-

ment of cervical cancer]. Przeglad lekarski. 2015; 72(3):103–5. PMID: 26731863.

25. Pfeifer GP, Denissenko MF, Olivier M, Tretyakova N, Hecht SS, Hainaut P. Tobacco smoke carcino-

gens, DNA damage and p53 mutations in smoking-associated cancers. Oncogene. 2002; 21

(48):7435–51. doi: 10.1038/sj.onc.1205803 PMID: 12379884.

26. Stiborova M, Moserova M, Cerna V, Indra R, Dracinsky M, Sulc M, et al. Cytochrome b5 and epoxide

hydrolase contribute to benzo[a]pyrene-DNA adduct formation catalyzed by cytochrome P450 1A1

under low NADPH:P450 oxidoreductase conditions. Toxicology. 2014; 318:1–12. doi: 10.1016/j.tox.

2014.02.002 PMID: 24530354.

27. Androutsopoulos VP, Tsatsakis AM. Benzo[a]pyrene sensitizes MCF7 breast cancer cells to induction

of G1 arrest by the natural flavonoid eupatorin-5-methyl ether, via activation of cell signaling proteins

and CYP1-mediated metabolism. Toxicology letters. 2014; 230(2):304–13. doi: 10.1016/j.toxlet.2013.

08.005 PMID: 23994263.

CytochromeP450-Mediated Polyaryl Hydrocarbon Cytotoxicity in Monocytes

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11522627
http://dx.doi.org/10.1016/j.reprotox.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23747951
http://dx.doi.org/10.1016/j.taap.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21600235
http://dx.doi.org/10.1074/jbc.R400004200
http://www.ncbi.nlm.nih.gov/pubmed/15028720
http://dx.doi.org/10.1007/s00204-014-1409-1
http://www.ncbi.nlm.nih.gov/pubmed/25398514
http://dx.doi.org/10.1124/jpet.111.181719
http://www.ncbi.nlm.nih.gov/pubmed/21515812
http://www.ncbi.nlm.nih.gov/pubmed/11506186
http://dx.doi.org/10.1007/s11481-011-9283-6
http://dx.doi.org/10.1007/s11481-011-9283-6
http://www.ncbi.nlm.nih.gov/pubmed/21655912
http://dx.doi.org/10.1124/dmd.113.055186
http://www.ncbi.nlm.nih.gov/pubmed/24301609
http://dx.doi.org/10.1371/journal.pone.0122402
http://www.ncbi.nlm.nih.gov/pubmed/25879453
http://dx.doi.org/10.1146/annurev.immunol.18.1.665
http://www.ncbi.nlm.nih.gov/pubmed/10837072
http://www.ncbi.nlm.nih.gov/pubmed/11502724
http://www.ncbi.nlm.nih.gov/pubmed/26731863
http://dx.doi.org/10.1038/sj.onc.1205803
http://www.ncbi.nlm.nih.gov/pubmed/12379884
http://dx.doi.org/10.1016/j.tox.2014.02.002
http://dx.doi.org/10.1016/j.tox.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530354
http://dx.doi.org/10.1016/j.toxlet.2013.08.005
http://dx.doi.org/10.1016/j.toxlet.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23994263


28. Zhu W, Cromie MM, Cai Q, Lv T, Singh K, Gao W. Curcumin and vitamin E protect against adverse

effects of benzo[a]pyrene in lung epithelial cells. PloS one. 2014; 9(3):e92992. doi: 10.1371/journal.

pone.0092992 PMID: 24664296; PubMed Central PMCID: PMC3963982.

29. Hardin JA, Hinoshita F, Sherr DH. Mechanisms by which benzo[a]pyrene, an environmental carcino-

gen, suppresses B cell lymphopoiesis. Toxicology and applied pharmacology. 1992; 117(2):155–64.

doi: 10.1016/0041-008X(92)90232-H PMID: 1335172.

30. Gao D, Wu M, Wang C, Wang Y, Zuo Z. Chronic exposure to low benzo[a]pyrene level causes neuro-

degenerative disease-like syndromes in zebrafish (Danio rerio). Aquatic toxicology. 2015; 167:200–8.

doi: 10.1016/j.aquatox.2015.08.013 PMID: 26349946.

31. Einaudi L, Courbiere B, Tassistro V, Prevot C, Sari-Minodier I, Orsiere T, et al. In vivo exposure to

benzo(a)pyrene induces significant DNA damage in mouse oocytes and cumulus cells. Human repro-

duction. 2014; 29(3):548–54. doi: 10.1093/humrep/det439 PMID: 24327538.

32. Santacroce MP, Pastore AS, Tinelli A, Colamonaco M, Crescenzo G. Implications for chronic toxicity

of benzo[a]pyrene in sea bream cultured hepatocytes: Cytotoxicity, inflammation, and cancerogenesis.

Environmental toxicology. 2015; 30(9):1045–62. doi: 10.1002/tox.21978 PMID: 24610634.

33. Sugimoto K, Toyoshima H, Sakai R, Miyagawa K, Hagiwara K, Ishikawa F, et al. Frequent mutations in

the p53 gene in human myeloid leukemia cell lines. Blood. 1992; 79(9):2378–83. PMID: 1571549.

34. Krais AM, Speksnijder EN, Melis JP, Indra R, Moserova M, Godschalk RW, et al. The impact of p53 on

DNA damage and metabolic activation of the environmental carcinogen benzo[a]pyrene: effects in

Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice. Archives of toxicology. 2016; 90(4):839–51. doi: 10.1007/

s00204-015-1531-8 PMID: 25995008; PubMed Central PMCID: PMC4785204.

35. Sablina AA, Budanov AV, Ilyinskaya GV, Agapova LS, Kravchenko JE, Chumakov PM. The antioxi-

dant function of the p53 tumor suppressor. Nature medicine. 2005; 11(12):1306–13. doi: 10.1038/

nm1320 PMID: 16286925; PubMed Central PMCID: PMC2637821.

36. Andrieux L, Langouet S, Fautrel A, Ezan F, Krauser JA, Savouret JF, et al. Aryl hydrocarbon receptor

activation and cytochrome P450 1A induction by the mitogen-activated protein kinase inhibitor U0126

in hepatocytes. Molecular pharmacology. 2004; 65(4):934–43. doi: 10.1124/mol.65.4.934 PMID:

15044623.

37. Kucab JE, van Steeg H, Luijten M, Schmeiser HH, White PA, Phillips DH, et al. TP53 mutations

induced by BPDE in Xpa-WT and Xpa-Null human TP53 knock-in (Hupki) mouse embryo fibroblasts.

Mutation research. 2015; 773:48–62. doi: 10.1016/j.mrfmmm.2015.01.013 PMID: 25847421; PubMed

Central PMCID: PMC4547099.

38. Chang H, Chang LW, Cheng YH, Tsai WT, Tsai MX, Lin P. Preferential induction of CYP1A1 and

CYP1B1 in CCSP-positive cells. Toxicological sciences: an official journal of the Society of Toxicology.

2006; 89(1):205–13. doi: 10.1093/toxsci/kfj025 PMID: 16237193.

39. Harrigan JA, McGarrigle BP, Sutter TR, Olson JR. Tissue specific induction of cytochrome P450

(CYP) 1A1 and 1B1 in rat liver and lung following in vitro (tissue slice) and in vivo exposure to benzo(a)

pyrene. Toxicology in vitro: an international journal published in association with BIBRA. 2006; 20

(4):426–38. doi: 10.1016/j.tiv.2005.08.015 PMID: 16198082.

40. Houser WH, Raha A, Vickers M. Induction of CYP1A1 gene expression in H4-II-E rat hepatoma cells

by benzo[e]pyrene. Molecular carcinogenesis. 1992; 5(3):232–7. PMID: 1316759.

41. Matsunawa M, Akagi D, Uno S, Endo-Umeda K, Yamada S, Ikeda K, et al. Vitamin D receptor activa-

tion enhances benzo[a]pyrene metabolism via CYP1A1 expression in macrophages. Drug metabolism

and disposition: the biological fate of chemicals. 2012; 40(11):2059–66. doi: 10.1124/dmd.112.046839

PMID: 22837390.

42. Arlt VM, Krais AM, Godschalk RW, Riffo-Vasquez Y, Mrizova I, Roufosse CA, et al. Pulmonary Inflam-

mation Impacts on CYP1A1-Mediated Respiratory Tract DNA Damage Induced by the Carcinogenic

Air Pollutant Benzo[a]pyrene. Toxicological sciences: an official journal of the Society of Toxicology.

2015; 146(2):213–25. doi: 10.1093/toxsci/kfv086 PMID: 25911668; PubMed Central PMCID:

PMC4517052.

43. Plottner S, Borza A, Wolf A, Bolt HM, Kuhlmann J, Follmann W. Evaluation of time dependence and

interindividual differences in benzo[a]pyrene-mediated CYP1A1 induction and genotoxicity in porcine

urinary bladder cell cultures. Journal of toxicology and environmental health Part A. 2008; 71(13–

14):969–75. doi: 10.1080/15287390801989184 PMID: 18569604.

44. Iqbal J, Sun L, Cao J, Yuen T, Lu P, Bab I, et al. Smoke carcinogens cause bone loss through the aryl

hydrocarbon receptor and induction of Cyp1 enzymes. Proceedings of the National Academy of Sci-

ences of the United States of America. 2013; 110(27):11115–20. doi: 10.1073/pnas.1220919110

PMID: 23776235; PubMed Central PMCID: PMC3704019.

45. Jin M, Arya P, Patel K, Singh B, Silverstein PS, Bhat HK, et al. Effect of alcohol on drug efflux protein

and drug metabolic enzymes in U937 macrophages. Alcoholism, clinical and experimental research.

CytochromeP450-Mediated Polyaryl Hydrocarbon Cytotoxicity in Monocytes

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 19 / 20

http://dx.doi.org/10.1371/journal.pone.0092992
http://dx.doi.org/10.1371/journal.pone.0092992
http://www.ncbi.nlm.nih.gov/pubmed/24664296
http://dx.doi.org/10.1016/0041-008X(92)90232-H
http://www.ncbi.nlm.nih.gov/pubmed/1335172
http://dx.doi.org/10.1016/j.aquatox.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26349946
http://dx.doi.org/10.1093/humrep/det439
http://www.ncbi.nlm.nih.gov/pubmed/24327538
http://dx.doi.org/10.1002/tox.21978
http://www.ncbi.nlm.nih.gov/pubmed/24610634
http://www.ncbi.nlm.nih.gov/pubmed/1571549
http://dx.doi.org/10.1007/s00204-015-1531-8
http://dx.doi.org/10.1007/s00204-015-1531-8
http://www.ncbi.nlm.nih.gov/pubmed/25995008
http://dx.doi.org/10.1038/nm1320
http://dx.doi.org/10.1038/nm1320
http://www.ncbi.nlm.nih.gov/pubmed/16286925
http://dx.doi.org/10.1124/mol.65.4.934
http://www.ncbi.nlm.nih.gov/pubmed/15044623
http://dx.doi.org/10.1016/j.mrfmmm.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25847421
http://dx.doi.org/10.1093/toxsci/kfj025
http://www.ncbi.nlm.nih.gov/pubmed/16237193
http://dx.doi.org/10.1016/j.tiv.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16198082
http://www.ncbi.nlm.nih.gov/pubmed/1316759
http://dx.doi.org/10.1124/dmd.112.046839
http://www.ncbi.nlm.nih.gov/pubmed/22837390
http://dx.doi.org/10.1093/toxsci/kfv086
http://www.ncbi.nlm.nih.gov/pubmed/25911668
http://dx.doi.org/10.1080/15287390801989184
http://www.ncbi.nlm.nih.gov/pubmed/18569604
http://dx.doi.org/10.1073/pnas.1220919110
http://www.ncbi.nlm.nih.gov/pubmed/23776235


2011; 35(1):132–9. doi: 10.1111/j.1530-0277.2010.01330.x PMID: 21039635; PubMed Central

PMCID: PMC3058808.

46. Luckert C, Ehlers A, Buhrke T, Seidel A, Lampen A, Hessel S. Polycyclic aromatic hydrocarbons stimu-

late human CYP3A4 promoter activity via PXR. Toxicology letters. 2013; 222(2):180–8. doi: 10.1016/j.

toxlet.2013.06.243 PMID: 23845848.

47. Kumagai T, Suzuki H, Sasaki T, Sakaguchi S, Miyairi S, Yamazoe Y, et al. Polycyclic aromatic hydro-

carbons activate CYP3A4 gene transcription through human pregnane X receptor. Drug metabolism

and pharmacokinetics. 2012; 27(2):200–6. doi: 10.2133/dmpk.DMPK-11-RG-094 PMID: 22076448.

48. Gupta RK, Patel AK, Shah N, Chaudhary AK, Jha UK, Yadav UC, et al. Oxidative stress and antioxi-

dants in disease and cancer: a review. Asian Pacific journal of cancer prevention: APJCP. 2014; 15

(11):4405–9. doi: 10.7314/APJCP.2014.15.11.4405 PMID: 24969860.

49. Karihtala P, Soini Y. Reactive oxygen species and antioxidant mechanisms in human tissues and their

relation to malignancies. APMIS: acta pathologica, microbiologica, et immunologica Scandinavica.

2007; 115(2):81–103. doi: 10.1111/j.1600-0463.2007.apm_514.x PMID: 17295675.

50. Li N, Alam J, Venkatesan MI, Eiguren-Fernandez A, Schmitz D, Di Stefano E, et al. Nrf2 is a key tran-

scription factor that regulates antioxidant defense in macrophages and epithelial cells: protecting

against the proinflammatory and oxidizing effects of diesel exhaust chemicals. Journal of immunology.

2004; 173(5):3467–81. doi: 10.4049/jimmunol.173.5.3467 PMID: 15322212.

51. Aleksunes LM, Manautou JE. Emerging role of Nrf2 in protecting against hepatic and gastrointestinal

disease. Toxicologic pathology. 2007; 35(4):459–73. doi: 10.1080/01926230701311344 PMID:

17562481.

52. Salas VM, Burchiel SW. Apoptosis in Daudi human B cells in response to benzo[a]pyrene and benzo

[a]pyrene-7,8-dihydrodiol. Toxicology and applied pharmacology. 1998; 151(2):367–76. doi: 10.1006/

taap.1998.8455 PMID: 9707513.

53. Xiao H, Rawal M, Hahm ER, Singh SV. Benzo[a]pyrene-7,8-diol-9,10-epoxide causes caspase-medi-

ated apoptosis in H460 human lung cancer cell line. Cell cycle. 2007; 6(22):2826–34. doi: 10.4161/cc.

6.22.4891 PMID: 17986867.

54. Chen S, Nguyen N, Tamura K, Karin M, Tukey RH. The role of the Ah receptor and p38 in benzo[a]pyr-

ene-7,8-dihydrodiol and benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide-induced apoptosis. The Journal

of biological chemistry. 2003; 278(21):19526–33. doi: 10.1074/jbc.M300780200 PMID: 12637498.

55. Kim JY, Chung JY, Park JE, Lee SG, Kim YJ, Cha MS, et al. Benzo[a]pyrene induces apoptosis in

RL95-2 human endometrial cancer cells by cytochrome P450 1A1 activation. Endocrinology. 2007;

148(10):5112–22. doi: 10.1210/en.2007-0096 PMID: 17640999.

56. Circu ML, Aw TY. Reactive oxygen species, cellular redox systems, and apoptosis. Free radical biol-

ogy & medicine. 2010; 48(6):749–62. doi: 10.1016/j.freeradbiomed.2009.12.022 PMID: 20045723;

PubMed Central PMCID: PMC2823977.

CytochromeP450-Mediated Polyaryl Hydrocarbon Cytotoxicity in Monocytes

PLOS ONE | DOI:10.1371/journal.pone.0163827 September 29, 2016 20 / 20

http://dx.doi.org/10.1111/j.1530-0277.2010.01330.x
http://www.ncbi.nlm.nih.gov/pubmed/21039635
http://dx.doi.org/10.1016/j.toxlet.2013.06.243
http://dx.doi.org/10.1016/j.toxlet.2013.06.243
http://www.ncbi.nlm.nih.gov/pubmed/23845848
http://dx.doi.org/10.2133/dmpk.DMPK-11-RG-094
http://www.ncbi.nlm.nih.gov/pubmed/22076448
http://dx.doi.org/10.7314/APJCP.2014.15.11.4405
http://www.ncbi.nlm.nih.gov/pubmed/24969860
http://dx.doi.org/10.1111/j.1600-0463.2007.apm_514.x
http://www.ncbi.nlm.nih.gov/pubmed/17295675
http://dx.doi.org/10.4049/jimmunol.173.5.3467
http://www.ncbi.nlm.nih.gov/pubmed/15322212
http://dx.doi.org/10.1080/01926230701311344
http://www.ncbi.nlm.nih.gov/pubmed/17562481
http://dx.doi.org/10.1006/taap.1998.8455
http://dx.doi.org/10.1006/taap.1998.8455
http://www.ncbi.nlm.nih.gov/pubmed/9707513
http://dx.doi.org/10.4161/cc.6.22.4891
http://dx.doi.org/10.4161/cc.6.22.4891
http://www.ncbi.nlm.nih.gov/pubmed/17986867
http://dx.doi.org/10.1074/jbc.M300780200
http://www.ncbi.nlm.nih.gov/pubmed/12637498
http://dx.doi.org/10.1210/en.2007-0096
http://www.ncbi.nlm.nih.gov/pubmed/17640999
http://dx.doi.org/10.1016/j.freeradbiomed.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20045723

