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Abstract: Cytochrome P450 2A13 (CYP2A13), an extrahepatic enzyme mainly expressed in the human
respiratory system, has been reported to mediate the metabolism and toxicity of cigarette smoke.
We previously found that nicotine inhibited 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
metabolism by CYP2A13, but its influence on other components of cigarette smoke remains unclear.
The nicotine component of cigarette smoke extract (CSE) was separated, purified, and identified using
high-performance liquid chromatography (HPLC) and ultra-performance liquid chromatography
tandem mass spectrometry (UPLC-MS/MS), splitting CSE into a nicotine section (CSE-N) and
nicotine-free section (CSE-O). Cell viability and apoptosis by Cell Counting Kit-8 (CCK-8) and flow
cytometry assays were conducted on immortalized human bronchial epithelial (BEAS-2B) cells stably
expressing CYP2A13 (B-2A13) or vector (B-V), respectively. Interestingly, CSE and CSE-O were toxic
to BEAS-2B cells whereas CSE-N showed less cytotoxicity. CSE-O was more toxic to B-2A13 cells
than to B-V cells (IC50 of 2.49% vs. 7.06%), which was flatted by 8-methoxypsoralen (8-MOP), a CYP
inhibitor. CSE-O rather than CSE or CSE-N increased apoptosis of B-2A13 cells rather than B-V
cells. Accordingly, compared to CSE-N and CSE, CSE-O significantly changed the expression of three
pairs of pro- and anti-apoptotic proteins, Bcl-2 Associated X Protein/B cell lymphoma-2 (Bax/Bcl-2),
Cleaved Poly (Adenosine Diphosphate-Ribose) Polymerase/Poly (Adenosine Diphosphate-Ribose)
Polymerase (C-PARP/PARP), and C-caspase-3/caspase-3, in B-2A13 cells. In addition, recombination
of CSE-N and CSE-O (CSE-O/N) showed similar cytotoxicity and apoptosis to the original CSE.
These results demonstrate that the nicotine component decreases the metabolic activation of CYP2A13
to CSE and aids in understanding the critical role of CYP2A13 in human respiratory diseases caused
by cigarette smoking.
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1. Introduction

Tobacco use is a serious threat to health, and there are approximately 1.1 billion smokers
worldwide [1]. China has a large market for tobacco consumption, as it produces and consumes
approximately 40% of the world’s cigarettes [2]. Cigarette smoke is the most common exogenous
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hazard for humans. It causes cancer in multiple organs and is the major cause of lung cancer [3].
Tobacco use causes approximately 6.3 million deaths every year [4], and approximately 0.45 million
cancer cases per year are caused by smoking [5]. When tobacco is burned during smoking,
many reaction products are formed. Among the approximately 5000 types of compounds observed in
cigarette smoke [6], more than 60 have been identified as carcinogenic, including polycyclic aromatic
hydrocarbons (PAHs), tobacco-specific N-nitrosamines [7] and aromatic amines [8]. It is well known
that tobacco smoke is a major component of air pollution. Exposure to environmental tobacco smoke
(ETS) is prevalent worldwide despite growing awareness of its adverse health effects on non-smokers,
especially for children. ETS contains the same toxic substances as identified in mainstream tobacco
smoke; exposure to ETS leads to reduced lung function, increased risk of respiratory tract illnesses,
increased prevalence of non-allergic bronchial hyperresponsiveness, and possibly increased risk of
asthma [9].

Typically, many components of cigarette smoke are pre-carcinogens that must be
activated by phase I metabolic enzymes (mainly cytochrome P450 enzymes—CYP) to exert
their carcinogenic effects [10,11]. CYP2A13 is an extrahepatic metabolic enzyme that is
mainly expressed in the human respiratory system, particularly in the trachea and bronchial
epithelial cells [12]. Previous studies reported that a variant genotype of CYP2A13, A257C,
showed a low metabolic activity and was associated with a substantially reduced risk of
lung adenocarcinoma [13,14]. There are several substrates of CYP2A13 in cigarette smoke,
such as nicotine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), benzo-pyrene, naphthalene,
and 3-methylindole (3-MI) [15]. NNK is the most well-known carcinogen in cigarette smoke,
and CYP2A13 was reported to play a key role in NNK-mediated lung cancer [16,17]. PAHs in
cigarette smoke, such as pyrene, 1-hydroxypyrene, 1-nitropyrene and 1-acetylpyrene, can be
metabolically activated by CYP2A13 and are thought to be associated with lung cancer [18].
Heterocyclic amines constitute another type of substrate of CYP2A13. For example, it has been
reported that 2-amino-3-methylimiidazo [4,5-f] quinolone (IQ) may lead to lung cancer in mice [19].

It should be noted that some of the non-carcinogenic substrates activated by CYP2A13 might
influence the activities of carcinogens during cigarette smoking, particularly the abundant compounds
such as nicotine. Nicotine is the most abundant alkaloid of tobacco, comprising approximately 95% of
the total alkaloid content. Nicotine exerts its addictive effects by stimulating nicotinic acetylcholine
receptors located in the central nervous system. At a high alkaline pH, nicotine is in a non-ionized
state and can be readily absorbed across the epithelium of the lung, oral mucosa, nose, and skin [20].
It undergoes metabolism by CYP2A13 and CYP2A6 in the liver and lung to generate the metabolite
cotinine [21].

Generally, the toxicity of nicotine and its metabolites mediated by CYP2A13 is relatively low [22],
and CYP2A13 is inactivated during the metabolism of nicotine [23]. Our previous study showed that
high concentrations of nicotine diminished the CYP2A13-induced metabolic activity of aflatoxin B1
(AFB1) and NNK [22], suggesting that nicotine in cigarette smoke might inhibit the metabolic activation
of CYP2A13 to the components that occur in low contents in cigarette smoke. Therefore, removing
nicotine in cigarette smoke would help to illustrate the role of CYP2A13 in cigarette smoking-induced
toxic effects (especially the indirect carcinogens) of lung tissues.

In the present study, cigarette smoke extract (CSE) was prepared and separated into two
parts, nicotine section (CSE-N) and nicotine-free section (CSE-O), using high-performance liquid
chromatography (HPLC) and ultra-performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS). Immortalized human bronchial epithelial (BEAS-2B) cells that stably express human
CYP2A13 (B-2A13) and vector (B-V), as previously established and successfully used in our lab [22],
were used to compare the cytotoxicity induced by CSE, CSE-N, and CSE-O. The study aims to
understand the role of CYP2A13 in the metabolic activation of toxic components of cigarettes and
related respiratory diseases, including lung cancer.
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2. Materials and Methods

2.1. Cigarettes, Chemical and Reagents

The cigarettes used in the study were Kentucky reference cigarettes 3R4F from the University of
Kentucky (Lexington, KY, USA), containing 9.4 mg of tar and 0.726 mg of nicotine per cigarette;
(−) nicotine standard was obtained from Accustandard (New Haven, CT, USA). HPLC-grade
methanol, formic acid (FA), and ammonium acetate were purchased from Merck (Darmstadt,
Germany); 8-methoxypsoralen (8-MOP) dissolved in dimethyl sulfoxide (DMSO) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from GIBCO-BRL (Grand Island, NY, USA). Antibodies specific to caspase-3, C-caspase-3, Poly
(Adenosine Diphosphate–Ribose) Polymerase (PARP), Cleaved Poly (Adenosine Diphosphate–Ribose)
Polymerase (C-PARP), Bcl-2 Associated X Protein (Bax) and B cell lymphoma-2 (Bcl-2) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody, penicillin, streptomycin, and cell counting kit 8 (CCK-8) were purchased from
Beyotime (Shanghai, China).

2.2. Preparation of CSE and Separation of Nicotine from CSE

CSE was prepared following the method described previously [24]. Briefly, one cigarette with a
filter was fixed horizontally to be burned, and the main stream of smoke was aspirated at a flow rate of
75 mL/min (one cigarette per 5 min). Ten cigarettes were passed through a solvent of 10 mL to collect
CSE, and this content was defined as 100% (one cigarette per 1 mL). In the pilot study, dichloromethane
was selected as the best of the four candidate solvents that were tested (water, hexane, methanol,
and dichloromethane) on the basis of the highest absorbance and absorption peak of the substances by
HPLC (data not shown).

The HPLC system (LC-15C, Shimadzu, Kyoto, Japan) equipped with an ultraviolet (UV) detector
and Welchrom-C18 (4.6 mm × 150 mm, 5 µm; Welch Material, Inc., Austin, TX, USA) was used for
the determination and separation of nicotine from CSE. The detected condition for nicotine was as
follows: column temperature: 25 ◦C; injection volume: 100 µL CSE or nicotine standard (400 µg/mL);
wavelength: 260 nm. The mobile phase was composed of methanol and 0.1 M ammonium acetate.
Following the peak and the retention time of the nicotine standard in HPLC, both CSE-N (time:
8.8–10.8 min) and CSE-O (time: 0–8.8 and 10.8–25 min) were collected, respectively. After this
separation has occurred 10 times, the collected solution of CSE-N, CSE-O, and 1 mL of CSE in
dichloromethane (equal to the amount of CSE from one cigarette) was freeze dried and then dissolved
in 100 µL of DMSO as stock solution before use.

2.3. Identification of Nicotine by UPLC-MS/MS

Utimate 3000 UPLC coupled with a Q Exactive MS system (Thermo Fisher Scientific, Framingham,
MA, USA) was used to identify the nicotine in CSE, CSE-N, and CSE-O in an optimized condition
following the method described previously [25]. The UPLC system consisted of a vacuum degasser,
a quaternary pump, an autosampler and a Hypersil GOLD C18 Column (100 mm × 2.1 mm, 1.8 µm;
Thermo Fisher Scientific, Framingham, MA, USA). The column temperature was 35 ◦C, and the
injection volume was 10 µL. The Q Exactive MS system was equipped with a quadrupole mass
spectrometer and an obi-trap mass spectrometer. An electrospray ionization source (ESI) and full scan
were used. The analysis of nicotine was carried out in the positive ionization mode with a source
temperature of 350 ◦C and an ion source voltage of 3200 V.

2.4. Cell Viability Assay

BEAS-2B cells were originally purchased from ATCC (Manassas, VA, USA), and B-2A13 cells and
B-V cells (control cells) had been previously established and successfully used in our lab [22]. B-2A13
cells and B-V cells were plated into 96-well plates (5000 cells/well) with 200 µL of growth medium
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and were cultured at 37 ◦C in 5% CO2 overnight. The cells were treated with CSE, CSE-N, CSE-O,
a recombination of CSE-N and CSE-O (CSE-O/N) at different concentrations (0–10%), or nicotine
standard (0–100 µM) for 24 h, and the same volume of DMSO (1%) was used as the control. In order to
confirm the effects, the cells were co-treated with CSE, CSE-N, CSE-O at different concentrations and
8-MOP (1 µM; an inhibitor of CYP450s) for 24 h. After the treatments, cell viability was determined
using the CCK-8 assay as described in our previous study [22].

2.5. Cell Apoptosis Analysis

After B-2A13 and B-V cells (control cells) were incubated in a 3.5 cm dish (2 × 105 cells/well)
at 37 ◦C in 5% CO2 overnight, they were treated with 4% CSE, 4% CSE-N, 4% CSE-O, CSE-O/N,
or 100 µM nicotine standard for 24 h, and the same volume of DMSO (0.4%) was used as the control.
Cell apoptosis was then analyzed using a flow cytometry assay, as described in our previous study [26].

2.6. Determination of the Expression of Apoptosis-Related Proteins in Cells

B-2A13 and B-V cells were plated into 10 cm plates (1 × 106 cells/well) in the growth medium
and cultured at 37 ◦C in 5% CO2 overnight. After treatment with 4% CSE, 4% CSE-N, 4% CSE-O,
a recombination of 4% CSE-O/N, or 100 µM nicotine standard for 24 h, apoptosis-related proteins were
examined by immunoblotting assays as described previously [22]. As is well known, caspase-3
is one of the key executioners of apoptosis, being responsible either partially or totally for the
proteolytic cleavage of many key proteins, such as the nuclear enzyme poly polymerase (PARP).
Cleaved caspase-3 (C-caspase-3) is an activated form of caspase-3 that acts as a lethal protease at the
most distal stage of the apoptosis pathway. C-PARP is the cleavage of PARP, and it has been considered
indicative of functional caspase activation. For the immunoblotting assay, cell lysates (50 µg) were
separated by Sodium Dodecyl Sulfonate (SDS)-polyacrylamide gel electrophoresis and were transferred
onto a polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). Using specific antibodies
for caspase-3, C-caspase-3, Cleaved Poly (Adenosine Diphosphate–Ribose) Polymerase (C-PARP),
Poly (Adenosine Diphosphate–Ribose) Polymerase (PARP), Bcl-2 Associated X Protein (Bax) or B cell
lymphoma-2 (Bcl-2), the protein immune complexes were detected using an Electrochemiluminescence
(ECL) immunoblotting assay kit. GAPDH was used as an internal control.

2.7. Statistical Analysis

The mean and standard deviation (SD) were calculated for all of the investigated parameters.
The data were analyzed using SPSS 19.0 software for Windows (SPSS, Chicago, IL, USA).
Significant differences between the treatment groups and controls were compared using one-way
analysis of variance (ANOVA); p < 0.05 was considered statistically significant.

3. Results

3.1. Separation and Identification of Nicotine in CSE

A representative chromatogram of the nicotine standard is shown in Figure 1. The retention time
of the peak was 9.83 min (8.8–10.8 min). Following the analysis of the total CSE, CSE was separated
into two groups: the nicotine section (CSE-N; 8.8–10.8 min) and nicotine-free section (CSE-O; 0–8.8
and 10.8–25 min). Compared to the total CSE (Figure 1), CSE-N showed a sharp chromatogram peak
at 9.83 min, but no similar peak was observed in CSE-O (Figure 1). CSE, CSE-N, and CSE-O were
identified by UPLC-MS/MS. As shown in Figure 2, similarly to the standard nicotine, CSE and CSE-N
were eluted at a retention time of 0.91 min and [M + H]+ m/z 163.12, and the concentration of nicotine
was 103.66 ± 17.34 µg/cigarette. However, no chromatogram peak or mass spectra were observed in
CSE-O (Figure 2), indicating that nicotine was completely separated from CSE.
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Figure 2. Chromatogram and mass spectra of nicotine in cigarette smoke extract (CSE) using
ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). The retention
time of nicotine occurs at 0.91 min (left panels), and m/z is 163.12 (right panels). (A) Nicotine standard,
(B) CSE, (C) nicotine section of CSE (CSE-N), and (D) nicotine-free section (CSE-O).
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3.2. Effects of Nicotine on CSE-Induced Cytotoxicity in B-2A13 Cells

The inhibitor of CYP enzymes 8-MOP [27] was used to demonstrate the effects of nicotine on the
metabolic activation of CSE by CYP2A13. As shown in Figure 3, CSE induced a similar dose-dependent
decrease in cell viability in B-V cells and B-2A13 cells and in B-2A13 cells co-treated with 8-MOP.
CSE-N, similarly to the nicotine standard, seemed to have no cytotoxicity effects on the two cell types
or on B-2A13 cells co-treated with 8-MOP. However, CSE-O induced significantly more cytotoxicity
in B-2A13 cells than B-V cells (IC50 of 2.49% vs. 7.49%), and 8-MOP could reverse CSE-O-induced
cell viability, similarly to B-V cells, in B-2A13 cells (IC50 = 7.06%). As expected, the cytotoxicity of
CSE-O was decreased to that of the original CSE when it was recombined with CSE-N. These results
are briefly summarized in Figure 3D and show that 4% CSE-O significantly decreased cell viability
rates compared to 4% CSE or CSE-N in B-2A13 cells.Int. J. Environ. Res. Public Health 2017, 14, 1221   7 of 14 
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Figure 3. Cell viability of immortalized human bronchial epithelial (BEAS-2B) cells treated with
cigarette smoke extract (CSE), nicotine section of CSE (CSE-N) and nicotine-free section of CSE (CSE-O).
The cells were treated with CSE, CSE-N, CSE-O, CSE-O/N, or nicotine standard for 24 h, and a cell
counting kit 8 (CCK-8) assay was used to determine cell viability. (A) CSE; (B) CSE-N; (C) CSE-O;
(D) CSE-O/N; (E) nicotine standard; (F) representative photography of cells treated with 4% CSE,
CSE-N, CSE-O, CSE-O/N, or nicotine standard (100 µM). The data are presented as the mean ± SD of
three independent experiments with triplicate samples; bar: 50 µm.

3.3. Effects of Nicotine on CSE-Induced Apoptosis and Expression of Related Proteins in B-2A13 Cells

As shown in Figure 4, 4% CSE, CSE-N, CSE-O and nicotine standard showed low and similar
apoptotic rates of B-V cells; however, 4% CSE-O significantly increased apoptosis (33%) compared to
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4% CSE or CSE-N in B-2A13 cells. The apoptosis of CSE-O was decreased to that of the original CSE
when it was recombined with CSE-N. The results were verified by the expression of apoptosis-related
proteins. As shown in Figure 5, 4% CSE, CSE-N, CSE-O and nicotine standard showed similar changes
in the protein expression in B-V cells. However, in B-2A13 cells, the expression of Bax, C-PARP,
and C-caspase-3 significantly increased, whereas Bcl-2, PARP, and caspase-3 decreased following
treatment with CSE-O compared to treatment with CSE or CSE-N. As expected, CSE, CSE-N and
CSE-O/N showed similar profiles of protein expression in B-2A13 and B-V cells.
Int. J. Environ. Res. Public Health 2017, 14, 1221   8 of 14 
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Figure 4. Cellular apoptosis of immortalized human bronchial epithelial (BEAS-2B) cells treated with
cigarette smoke extract (CSE), nicotine section of CSE (CSE-N), and nicotine-free section of CSE (CSE-O).
The cells were treated with 4% CSE, CSE-N, CSE-O, CSE-O/N, or nicotine standard for 24 h, and a
flow cytometry assay was used to determine cellular apoptosis. (A) Spectrum, and (B) statistical data.
The percentage of apoptotic cells is presented as the mean ± SD of three independent experiments
with triplicate samples. ** p < 0.01, compared to cells treated with CSE or CSE-N.
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Figure 5. Expression of apoptosis-related proteins in immortalized human bronchial epithelial
(BEAS-2B) cells treated with cigarette smoke extract (CSE), nicotine section of CSE (CSE-N) or
nicotine-free section of CSE (CSE-O). The cells were treated with 4% CSE, CSE-N, CSE-O, CSE-O/N,
or nicotine standard (100 µM) for 24 h. Cell lysates (50 µg) were prepared to determine the expression
of apoptosis-related proteins by Western blot assay using antibodies specific for B cell lymphoma-2
(Bcl-2), Bcl-2 Associated X Protein (Bax), nuclear enzyme poly polymerase (PARP), cleaved PARP
(C-PARP), caspase-3, and C-caspase-3. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal control. (A) Electrophoresis of Western blot. (B) Relative density scanned by Image
J software using GAPDH as a reference. * p < 0.05; ** p < 0.01, compared to cells treated with CSE
or CSE-N.

4. Discussion

Commonly, a Cambridge glass fiber filter and HPLC are used in the separation of CSE.
A Cambridge glass fiber filter is used to remove nicotine from the mass stream of smoke being passed
through, but the tar phase is always removed [28,29]. HPLC is commonly used in the separation
and extraction of the components of traditional Chinese medicine [30]. HPLC can still guarantee the
preparation of CSE with relatively simple, highly efficient, and real-time dynamic monitoring and
easy-to-collect fractions [28]. HPLC not only removes nicotine from CSE but also collects the tar phase.
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Our study demonstrated that nicotine was completely removed from CSE and that a high purity
of nicotine was collected (Figure 1). It was verified by UPLC-MS/MS that there was only one peak
of nicotine (m/z 163.12) in CSE-N rather than in CSE (Figure 2), thus confirming the differences in
composition between CSE-N and CSE-O in the present study.

There are thousands of compounds in cigarette smoke, dozens of which have been reported as
substrates of CYP2A13 [31]. Because it is the major component of cigarette smoke and was reported to
have a low cytotoxicity in our previous study [22], nicotine might obscure the potential toxicity of other
active substrates of CSE in the presence of CYP2A13. Previous studies have shown that nicotine-free
CSE decreases cell viability in mouse lung epithelium cell line LA-4 cells [32] and that the alteration
of tobacco in an attempt to reduce cigarette nicotine content and attenuate addiction could result in
increased toxicity and endothelial inflammatory response [33]. In the present study, CSE-O induced
much greater cytotoxicity and apoptosis in BEAS-2B cells stably expressing CYP2A13 (B-2A13) than the
total CSE induced, whereas CSE-N showed almost no toxicity in B-2A13 cells or B-V cells (control cells).
In addition, 8-MOP, an inhibitor of cytochrome P450 enzymes [23,27] reversed CSE-O-induced the
cytotoxicity of B-2A13 cells to that of the control cells, which indicated that nicotine inhibited the
metabolic activation of CYP2A13 to CSE and that the removal of nicotine might cause greater damage
to the respiratory system. As mentioned above, ETS contains the same toxic substances as are identified
in mainstream tobacco smoke, and exposure to ETS has been shown to be associated with an increased
prevalence of respiratory tract diseases [9]. Thus, it is possible that nicotine obscures the toxicity of
other active components when humans are exposed to the mixtures in cigarette smoke, including ETS.

Members of the cytochrome P450 2A (CYP2A) subfamily are well known for their roles in the
metabolism of nicotine and other precarcinogenic agents in tobacco, for example, NNK. CYP2A6
is mainly expressed in the human liver, whereas CYP2A13 is predominantly expressed in the
respiratory tract. Although both the hepatic CYP2A6 and respiratory CYP2A13 metabolize the
cigarette smoke-related compounds, CYP2A13 does so with much higher catalytic efficiency [34].
CYP2A13, in contrast to CYP2A6, plays an important role in tobacco-related tumorigenesis in the
human respiratory tract [16,35,36]. In addition, X-ray structures of nicotine complexes with CYP2A13
and CYP2A6 yield a structural rationale for the preferential binding of nicotine to CYP2A13 [34].
Thus, among the components of cigarette smoke, nicotine, as a result of the dominant amount in
CSE, might competitively consume CYP2A13 and subsequently reduce its metabolic activation of
other active substrates, which was supported by our previous study that 100 µM of standard nicotine
completely inhibited AFB1-induced cytotoxicity and apoptosis [22]. In the present study, the amount
of nicotine per cigarette was 103.655 ± 17.336 µg, which was approximately 1/10 of the content
of labeled nicotine (1.1 mg) in cigarettes because of the preparation of CSE from cigarettes with a
filter. Thus, 4% CSE (containing 25.2 µM nicotine) induced much less cytotoxicity in B-2A13 cells
compared to 4% CSE-O (Figure 3F). Further, this content of nicotine might consume CYP2A13 and
subsequently reduce its activities [34]. In addition, nicotine itself has been reported to inhibit the
activity of CYP enzymes. Previous studies have reported that nicotine was a more potent inhibitor
of CYP 2E1 activity [37], and a series of 3-heteroaromatic analogues of nicotine were synthesized to
delineate the structural and mechanistic requirements for selectively inhibiting CYP2A6 [38].

The commitment of a cell to enter a programmed cell death pathway represents a delicate
balance between pro- and anti-apoptotic signals. The cell death induced by cigarette smoke might
be caused by a mitochondria-mediated apoptotic pathway [39,40]. The Bcl-2 family is a key player
in the mitochondria-mediated apoptotic pathway, and caspase-3 plays a critical role in executing the
apoptotic process [41]. PARP is a caspase-3 substrate, and C-PARP is indicative of the activation of
the apoptotic pathway. In the present study, the changes of three pairs of apoptosis-related proteins,
Bcl-2/Bax, C-PARP/PARP, and C-caspase-3/caspase-3, were consistent with the cellular apoptosis
presented in Figure 4. CYP2A13 was much more active during the metabolic activation of CSE-O in
human lung epithelial cells, which suggests that CYP2A13 may be the primary metabolic enzyme
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involved in CSE-O metabolism in situ and possibly plays an important role in cigarette smoke-induced
respiratory disorders.

The tissue- and cell-specific expression of CYP enzymes is believed to play a critical role in the
metabolism in situ of various CYP substrates, particularly the precarcinogens in target tissues/cells.
The dominant expression of CYP2A13 in human bronchial epithelium [12] and its high efficiency in
the metabolic activation of tobacco-specific carcinogenic NNK are consistent with observations that
most smoking-related lung cancers are bronchogenic [42]. In addition, 3-MI is also a preferential
pneumotoxicant found in cigarette smoke. The metabolism of 3-MI by CYP2A13, but not hepatic
CYPs, elicits equal or greater mutagenicity compared to prototypical cigarette smoke mutagens,
for example, Benzopyrene, which suggests that 3-MI is a likely human pulmonary carcinogen [43].
Thus, in addition to the well-known NNK, other active substrates of CYP2A13 in CSE-O need to be
explored in the future.

5. Conclusions

In summary, CYP2A13 is an enzyme that metabolizes several components of cigarette smoke
in the respiratory system. The present study first demonstrated that nicotine in CSE decreased the
metabolic activation of CYP2A13 to other toxic components of CSE, which should provide a novel
basis that the cytochrome P450-mediated in situ metabolism might be helpful to identify the critical
components of cigarette smoking, including ETS, in human respiratory diseases.
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The following abbreviations are used in this manuscript.
CSE Cigarette smoke extract
CYP Cytochrome P450
CYP2A13 Cytochrome P450 2A13
NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
3-MI 3-methylindole
AFB1 Aflatoxin B1
BEAS-2B Immortalized human bronchial epithelial (cells)
B-2A13 BEAS-2B cells stably expressing CYP2A13
HPLC high-performance liquid chromatography
UPLC-MS/MS Ultra-performance liquid chromatography tandem mass-spectrometry
C-PARP Cleaved Poly (Adenosine Diphosphate-Ribose) Polymerase
PARP Poly (Adenosine Diphosphate-Ribose) Polymerase
Bcl-2 B cell lymphoma-2
Bax Bcl-2 Associated X Protein

References

1. Bilano, V.; Gilmour, S.; Moffiet, T. Global trends and projections for tobacco use, 1990–2025: An analysis of
smoking indicators from the WHO Comprehensive Information Systems for Tobacco Control. Lancet 2015,
385, 966–976. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(15)60264-1


Int. J. Environ. Res. Public Health 2017, 14, 1221 11 of 13

2. Chen, Z.; Peto, R.; Zhou, M.; Iona, A.; Smith, M.; Yang, L.; Guo, Y.; Chen, Y.; Bian, Z.; Lancaster, G.; et al.
Contrasting male and female trends in tobacco-attributed mortality in China: Evidence from successive
nationwide prospective cohort studies. Lancet 2015, 386, 1447–1456. [CrossRef]

3. Koplan, J.; Eriksen, M. Smoking cessation for Chinese men and prevention for women. Lancet 2015, 386,
1422–1423. [CrossRef]

4. Schwartlander, B.; Pratt, A. Tobacco in China: Taming the smoking dragon. Lancet 2015, 385, 2123–2124.
[CrossRef]

5. Sweeney, S.; Theodorou, I.G.; Zambianchi, M.; Chen, S.; Gow, A.; Schwander, S.; Zhang, J.J.; Chung, K.F.;
Shaffer, M.S.; Ryan, M.P.; et al. Silver nanowire interactions with primary human alveolar type-II epithelial
cell secretions: Contrasting bioreactivity with human alveolar type-I and type-II epithelial cells. Nanoscale
2015, 7, 10398–10409. [CrossRef] [PubMed]

6. Talhout, R.; Schulz, T.; Florek, E.; van Benthem, J.; Wester, P.; Opperhuizen, A. Hazardous compounds in
tobacco smoke. Int. J. Environ. Res. Public Health 2011, 8, 613–628. [CrossRef] [PubMed]

7. Cheng, G.; Li, J.; Zheng, M.; Zhao, Y.; Zhou, J.; Li, W. Nnk, a tobacco-specific carcinogen, inhibits the
expression of lysyl oxidase, a tumor suppressor. Int. J. Environ. Res. Public Health 2014, 12, 64–82. [CrossRef]
[PubMed]

8. Leon, M.E.; Peruga, A.; McNeill, A.; Kralikova, E.; Guha, N.; Minozzi, S.; Espina, C.; Schuz, J. European Code
against Cancer, 4th edition: Tobacco and cancer. Cancer Epidemiol. 2015, S20–S33. [CrossRef] [PubMed]

9. Chan-Yeung, M.; Dimich-Ward, H. Respiratory health effects of exposure to environmental tobacco smoke.
Respirology 2003, 8, 131–139. [CrossRef] [PubMed]

10. Li, L.; Megaraj, V.; Wei, Y.; Ding, X. Identification of cytochrome P450 enzymes critical for lung tumorigenesis
by the tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK): Insights from a
novel Cyp2abfgs-null mouse. Carcinogenesis 2014, 35, 2584–2591. [CrossRef] [PubMed]

11. Oyama, T.; Uramoto, H.; Kagawa, N.; Yoshimatsu, T.; Osaki, T.; Nakanishi, R.; Nagaya, H.; Kaneko, K.;
Muto, M.; Kawamoto, T.; et al. Cytochrome P450 in non-small cell lung cancer related to exogenous chemical
metabolism. Front. Biosci. 2012, 4, 1539–1546. [CrossRef]

12. Zhu, L.R.; Thomas, P.E.; Lu, G.; Reuhl, K.R.; Yang, G.Y.; Wang, L.D.; Wang, S.L.; Yang, C.S.; He, X.Y.;
Hong, J.Y. Cyp2a13 in human respiratory tissues and lung cancers: An immunohistochemical study with a
new peptide-specific antibody. Drug Metab. Dispos. 2006, 34, 1672–1676. [CrossRef] [PubMed]

13. Wang, H.; Tan, W.; Hao, B.; Miao, X.; Zhou, G.; He, F.; Lin, D. Substantial reduction in risk of lung
adenocarcinoma associated with genetic polymorphism in Cyp2A13, the most active cytochrome P450 for
the metabolic activation of tobacco-specific carcinogen NNK. Cancer Res. 2003, 63, 8057–8061. [PubMed]

14. D’Agostino, J.; Zhang, X.L.; Wu, H.; Ling, G.Y.; Wang, S.P.; Zhang, Q.Y.; Liu, F.C.; Ding, X.X. Characterization
of Cyp2A13*2, a variant cytochrome P450 allele previously found to be associated with decreased incidences
of lung adenocarcinoma in smokers. Drug Metab. Dispos. 2008, 36, 2316–2323. [CrossRef] [PubMed]

15. Xiang, C.; Wang, J.C.; Kou, X.C.; Chen, X.B.; Qin, Z.Y.; Jiang, Y.; Sun, C.; Xu, J.B.; Tan, W.; Jin, L.; et al.
Pulmonary expression of Cyp2A13 and ABCB1 is regulated by FOXA2, and their genetic interaction is
associated with lung cancer. FASEB J. 2015, 29, 1986–1998. [CrossRef] [PubMed]

16. Megaraj, V.; Zhou, X.; Xie, F.; Liu, Z.; Yang, W.; Ding, X. Role of Cyp2A13 in the bioactivation and lung
tumorigenicity of the tobacco-specific lung procarcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone:
In vivo studies using a Cyp2A13-humanized mouse model. Carcinogenesis 2014, 35, 131–137. [CrossRef]
[PubMed]

17. Jalas, J.R.; Hecht, S.S.; Murphy, S.E. Cytochrome P450 enzymes as catalysts of metabolism of
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, a tobacco specific carcinogen. Chem. Res. Toxicol. 2005, 18,
95–110. [CrossRef] [PubMed]

18. Shimada, T.; Takenaka, S.; Murayama, N.; Kramlinger, V.M.; Kim, J.H.; Kim, D.; Liu, J.; Foroozesh, M.K.;
Yamazaki, H.; Guengerich, F.P.; et al. Oxidation of pyrene, 1-hydroxypyrene, 1-nitropyrene and
1-acetylpyrene by human cytochrome P450 2A13. Xenobiotica 2016, 46, 211–224. [CrossRef] [PubMed]

19. Ohgaki, H.; Kusama, K.; Matsukura, N.; Morino, K.; Hasegawa, H.; Sato, S.; Takayama, S.; Sugimura, T.
Carcinogenicity in mice of a mutagenic compound, 2-amino-3-methylimidazo[4,5-f]quinoline, from broiled
sardine, cooked beef and beef extract. Carcinogenesis 1984, 5, 921–924. [CrossRef] [PubMed]

20. Benowitz, N.L.; Hukkanen, J.; Jacob, P., III. Nicotine Chemistry, Metabolism, Kinetics and Biomarkers.
Handb. Exp. Pharmacol. 2009, 29–60. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(15)00340-2
http://dx.doi.org/10.1016/S0140-6736(15)00416-X
http://dx.doi.org/10.1016/S0140-6736(15)60996-5
http://dx.doi.org/10.1039/C5NR01496D
http://www.ncbi.nlm.nih.gov/pubmed/25996248
http://dx.doi.org/10.3390/ijerph8020613
http://www.ncbi.nlm.nih.gov/pubmed/21556207
http://dx.doi.org/10.3390/ijerph120100064
http://www.ncbi.nlm.nih.gov/pubmed/25546273
http://dx.doi.org/10.1016/j.canep.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26272517
http://dx.doi.org/10.1046/j.1440-1843.2003.00453.x
http://www.ncbi.nlm.nih.gov/pubmed/12753526
http://dx.doi.org/10.1093/carcin/bgu182
http://www.ncbi.nlm.nih.gov/pubmed/25173884
http://dx.doi.org/10.2741/s350
http://dx.doi.org/10.1124/dmd.106.011049
http://www.ncbi.nlm.nih.gov/pubmed/16815959
http://www.ncbi.nlm.nih.gov/pubmed/14633739
http://dx.doi.org/10.1124/dmd.108.022822
http://www.ncbi.nlm.nih.gov/pubmed/18669584
http://dx.doi.org/10.1096/fj.14-264580
http://www.ncbi.nlm.nih.gov/pubmed/25667220
http://dx.doi.org/10.1093/carcin/bgt269
http://www.ncbi.nlm.nih.gov/pubmed/23917075
http://dx.doi.org/10.1021/tx049847p
http://www.ncbi.nlm.nih.gov/pubmed/15720112
http://dx.doi.org/10.3109/00498254.2015.1069419
http://www.ncbi.nlm.nih.gov/pubmed/26247835
http://dx.doi.org/10.1093/carcin/5.7.921
http://www.ncbi.nlm.nih.gov/pubmed/6733854
http://dx.doi.org/10.1007/978-3-540-69248-5_2


Int. J. Environ. Res. Public Health 2017, 14, 1221 12 of 13

21. Murphy, S.E.; Raulinaitis, V.; Brown, K.M. Nicotine 5’-oxidation and methyl oxidation by P450 2A enzymes.
Drug Metab. Dispos. 2005, 33, 1166–1173. [CrossRef] [PubMed]

22. Yang, X.J.; Lu, H.Y.; Li, Z.Y.; Bian, Q.; Qiu, L.L.; Li, Z.; Liu, Q.; Li, J.; Wang, X.; Wang, S.L. Cytochrome
P450 2A13 mediates aflatoxin B1-induced cytotoxicity and apoptosis in human bronchial epithelial cells.
Toxicology 2012, 300, 138–148. [CrossRef] [PubMed]

23. Von Weymarn, L.B.; Brown, K.M.; Murphy, S.E. Inactivation of CYP2A6 and CYP2A13 during Nicotine
Metabolism. J. Pharmacol. Exp. Ther. 2006, 316, 295–303. [CrossRef] [PubMed]

24. Comer, D.M.; Elborn, J.S.; Ennis, M. Inflammatory and cytotoxic effects of acrolein, nicotine, acetylaldehyde
and cigarette smoke extract on human nasal epithelial cells. BMC Pulm. Med. 2014, 14, 32. [CrossRef]
[PubMed]

25. Jin, M.; Earla, R.; Shah, A.; Earla, R.L.; Gupte, R.; Mitra, A.K.; Kumar, A.; Kumar, S. A LC-MS/MS Method
for Concurrent Determination of Nicotine Metabolites and Role of CYP2A6 in Nicotine Metabolism in
U937 Macrophages: Implications in Oxidative Stress in HIV + Smokers. J. Neuroimmune Pharmacol. 2012, 7,
289–299. [CrossRef] [PubMed]

26. Zhang, Z.; Yang, X.; Wang, Y.; Wang, X.; Lu, H.; Zhang, X.; Xiao, X.; Li, S.; Wang, X.; Wang, S.L. Cytochrome
P450 2A13 is an efficient enzyme in metabolic activation of aflatoxin G1 in human bronchial epithelial cells.
Arch. Toxicol. 2013, 87, 1697–1707. [CrossRef] [PubMed]

27. Von Weymarn, L.B.; Zhang, Q.Y.; Ding, X.; Hollenberg, P.F. Effects of 8-methoxypsoralen on cytochrome
P450 2A13. Carcinogenesis 2005, 26, 621–629. [CrossRef] [PubMed]

28. Noya, Y.; Seki, K.; Asano, H.; Mai, Y.; Horinouchi, T.; Higashi, T.; Terada, K.; Hatate, C.; Hoshi, A.;
Nepal, P.; et al. Identification of stable cytotoxic factors in the gas phase extract of cigarette smoke and
pharmacological characterization of their cytotoxicity. Toxicology 2013, 314, 1–10. [CrossRef] [PubMed]

29. Asano, H.; Horinouchi, T.; Mai, Y.; Sawada, O.; Fujii, S.; Nishiya, T.; Minami, M.; Katayama, T.; Iwanaga, T.;
Terada, K.; et al. Nicotine- and tar-free cigarette smoke induces cell damage through reactive oxygen species
newly generated by PKC-dependent activation of NADPH oxidase. J. Pharmacol. Sci. 2012, 118, 275–287.
[CrossRef] [PubMed]

30. Liu, D.; Mei, Q.; Wan, X.; Que, H.; Li, L.; Wan, D. Determination of rutin and isoquercetin contents in Hibisci
mutabilis folium in different collection periods by HPLC. J. Chromatogr. Sci. 2015, 53, 1680–1684. [CrossRef]
[PubMed]

31. Shimada, T.; Murayama, N.; Yamazaki, H.; Tanaka, K.; Takenaka, S.; Komori, M.; Kim, D.; Guengerich, F.P.
Metabolic activation of polycyclic aromatic hydrocarbons and aryl and heterocyclic amines by human
cytochromes P450 2A13 and 2A6. Chem. Res. Toxicol. 2013, 26, 529–537. [CrossRef] [PubMed]

32. Pouli, A.E.; Hatzinikolaou, D.G.; Piperi, C.; Stavridou, A.; Psallidopoulos, M.C.; Stavrides, J.C. The cytotoxic
effect of volatile organic compounds of the gas phase of cigarette smoke on lung epithelial cells. Free Radic.
Biol. Med. 2003, 34, 345–355. [CrossRef]

33. Naik, P.; Fofaria, N.; Prasad, S.; Sajja, R.K.; Weksler, B.; Couraud, P.O.; Romero, I.A.; Cucullo, L. Oxidative
and pro-inflammatory impact of regular and denicotinized cigarettes on blood brain barrier endothelial cells:
Is smoking reduced or nicotine-free products really safe? BMC Neurosci. 2014, 15, 51. [CrossRef] [PubMed]

34. DeVore, N.M.; Scott, E.E. Nicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone binding and access
channel in human cytochrome P450 2A6 and 2A13 enzymes. J. Biol. Chem. 2012, 287, 26576–26585. [CrossRef]
[PubMed]

35. Liu, Z.; Megaraj, V.; Li, L.; Sell, S.; Hu, J.; Ding, X. Suppression of pulmonary cyp2a13 expression by
carcinogen-induced lung tumorigenesis in a Cyp2A13-humanized mouse model. Drug Metab. Dispos. Biol.
Fate Chem. 2015, 43, 698–702. [CrossRef] [PubMed]

36. Jia, K.; Li, L.; Liu, Z.; Hartog, M.; Kluetzman, K.; Zhang, Q.Y.; Ding, X. Generation and characterization of a
novel Cyp2A13—Transgenic mouse model. Drug Metab. Dispos. 2014, 42, 1341–1348. [CrossRef] [PubMed]

37. Van Vleet, T.R.; Bombick, D.W.; Coulombe, R.A., Jr. Inhibition of human cytochrome P450 2E1 by nicotine,
cotinine, and aqueous cigarette tar extract in vitro. Toxicol. Sci. 2001, 64, 185–191. [CrossRef] [PubMed]

38. Yano, J.K.; Denton, T.T.; Cerny, M.A.; Zhang, X.; Johnson, E.F.; Cashman, J.R. Synthetic inhibitors of
cytochrome P-450 2A6: Inhibitory activity, difference spectra, mechanism of inhibition, and protein
cocrystallization. J. Med. Chem. 2006, 49, 6987–7001. [CrossRef] [PubMed]

39. Naserzadeh, P.; Hosseini, M.J.; Mohamadzadeh Asl, B.; Pourahmad, J. Toxicity mechanisms of cigarette
smoke on mouse fetus mitochondria. Iran. J. Pharm. Res. 2015, 14, 131–138. [PubMed]

http://dx.doi.org/10.1124/dmd.105.004549
http://www.ncbi.nlm.nih.gov/pubmed/15860657
http://dx.doi.org/10.1016/j.tox.2012.06.010
http://www.ncbi.nlm.nih.gov/pubmed/22743290
http://dx.doi.org/10.1124/jpet.105.091306
http://www.ncbi.nlm.nih.gov/pubmed/16188955
http://dx.doi.org/10.1186/1471-2466-14-32
http://www.ncbi.nlm.nih.gov/pubmed/24581246
http://dx.doi.org/10.1007/s11481-011-9283-6
http://www.ncbi.nlm.nih.gov/pubmed/21655912
http://dx.doi.org/10.1007/s00204-013-1108-3
http://www.ncbi.nlm.nih.gov/pubmed/23907605
http://dx.doi.org/10.1093/carcin/bgh348
http://www.ncbi.nlm.nih.gov/pubmed/15579482
http://dx.doi.org/10.1016/j.tox.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/23981515
http://dx.doi.org/10.1254/jphs.11166FP
http://www.ncbi.nlm.nih.gov/pubmed/22302021
http://dx.doi.org/10.1093/chromsci/bmv071
http://www.ncbi.nlm.nih.gov/pubmed/26089170
http://dx.doi.org/10.1021/tx3004906
http://www.ncbi.nlm.nih.gov/pubmed/23432465
http://dx.doi.org/10.1016/S0891-5849(02)01289-3
http://dx.doi.org/10.1186/1471-2202-15-51
http://www.ncbi.nlm.nih.gov/pubmed/24755281
http://dx.doi.org/10.1074/jbc.M112.372813
http://www.ncbi.nlm.nih.gov/pubmed/22700965
http://dx.doi.org/10.1124/dmd.115.063305
http://www.ncbi.nlm.nih.gov/pubmed/25710941
http://dx.doi.org/10.1124/dmd.114.059188
http://www.ncbi.nlm.nih.gov/pubmed/24907355
http://dx.doi.org/10.1093/toxsci/64.2.185
http://www.ncbi.nlm.nih.gov/pubmed/11719700
http://dx.doi.org/10.1021/jm060519r
http://www.ncbi.nlm.nih.gov/pubmed/17125252
http://www.ncbi.nlm.nih.gov/pubmed/26185515


Int. J. Environ. Res. Public Health 2017, 14, 1221 13 of 13

40. He, X.; Song, W.; Liu, C.; Chen, S.; Hua, J. Rapamycin inhibits acrolein-induced apoptosis by alleviating
ROS-driven mitochondrial dysfunction in male germ cells. Cell Prolif. 2014, 47, 161–171. [CrossRef] [PubMed]

41. Chen, T.A.; Yang, F.; Cole, G.M.; Chan, S.O. Inhibition of caspase-3-like activity reduces glutamate induced
cell death in adult rat retina. Brain Res. 2001, 904, 177–188. [CrossRef]

42. Williams, M.D.; Sandler, A.B. The epidemiology of lung cancer. Cancer Treat. Res. 2001, 105, 31–52. [PubMed]
43. Weems, J.M.; Lamb, J.G.; D’Agostino, J.; Ding, X.; Yost, G.S. Potent mutagenicity of 3-methylindole requires

pulmonary cytochrome P450-mediated bioactivation: A comparison to the prototype cigarette smoke
mutagens B(a)P and NNK. Chem. Res. Toxicol. 2010, 23, 1682–1690. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/cpr.12091
http://www.ncbi.nlm.nih.gov/pubmed/24483236
http://dx.doi.org/10.1016/S0006-8993(01)02485-4
http://www.ncbi.nlm.nih.gov/pubmed/11224993
http://dx.doi.org/10.1021/tx100147z
http://www.ncbi.nlm.nih.gov/pubmed/20795680
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cigarettes, Chemical and Reagents 
	Preparation of CSE and Separation of Nicotine from CSE 
	Identification of Nicotine by UPLC-MS/MS 
	Cell Viability Assay 
	Cell Apoptosis Analysis 
	Determination of the Expression of Apoptosis-Related Proteins in Cells 
	Statistical Analysis 

	Results 
	Separation and Identification of Nicotine in CSE 
	Effects of Nicotine on CSE-Induced Cytotoxicity in B-2A13 Cells 
	Effects of Nicotine on CSE-Induced Apoptosis and Expression of Related Proteins in B-2A13 Cells 

	Discussion 
	Conclusions 

