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Abstract: Benzo[a]pyrene (B[a]P) is the main representative of polycyclic aromatic hydrocarbons
(PAHs), and has been repeatedly found in the air, surface water, soil, and sediments. It is present in
cigarette smoke as well as in food products, especially when smoked and grilled. Human exposure
to B[a]P is therefore common. Research shows growing evidence concerning toxic effects induced
by this substance. This xenobiotic is metabolized by cytochrome P450 (CYP P450) to carcinogenic
metabolite: 7f3,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), which cre-
ates DNA adducts, causing mutations and malignant transformations. Moreover, B[a]P is epigeno-
toxic, neurotoxic, and teratogenic, and exhibits pro-oxidative potential and causes impairment of
animals’ fertility. CYP P450 is strongly involved in B[a]P metabolism, and it is simultaneously ex-
pressed as a result of the association of B[a]P with aromatic hydrocarbon receptor (AhR), playing
an essential role in the cancerogenic potential of various xenobiotics. In turn, polymorphism of CYP
P450 genes determines the sensitivity of the organism to B[a]P. It was also observed that B[a]P facil-
itates the multiplication of viruses, which may be an additional problem with the widespread
COVID-19 pandemic. Based on publications mainly from 2017 to 2022, this paper presents the oc-
currence of B[a]P in various environmental compartments and human surroundings, shows the ex-

posure of humans to this substance, and describes the mechanisms of its toxicity.

Keywords: benzo[a]pyrene; polycyclic aromatic hydrocarbons; metabolism; genotoxicity;
carcinogenicity

1. General Information

Benzo[a]pyrene (B[a]P) is one of the representatives of aromatic hydrocarbons. Hav-
ing five benzene rings, B[a]P belongs to a group of polycyclic aromatic hydrocarbons
(PAHs). Depending on the place of the fifth benzene ring attachment, we can distinguish
B[a]P (a single benzene molecule attached at the bond a) or benzo[e]pyrene (a single ben-
zene molecule attached at the bond e) (Figure 1). A single molecule of benzene is liquid,
while benzopyrene is solid. PAHs containing two or more fused benzene rings form stable
molecule structures of a high hydrophobic nature [1].
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Figure 1. Chemical structures of benzopyrene. Created with BioRender.com (accessed on 12 April
2022).

B[a]P and other PAHs have been shown to be formed during the burning of fossil
fuels, wood, and other organic materials. B[a]P has been detected in high levels in cigarette
smoke, diesel exhaust, charcoal-based foods, as well as industrial wastes [2]. It is therefore
a substance that is formed as a by-product in various thermal processes.

The exposure to B[a]P in recent times is more common than ever before. Sources of
B[a]P emissions are mostly anthropogenic, and to a lower extent natural, including wild-
fires and volcanic eruptions [3].

In mammals, B[a]P is readily absorbed after inhalation, oral administration, and
through the skin [4]. The main sources of human B[a]P exposure are contaminated food
and the air [5].

An important source of exposure to B[a]P is tobacco smoke. B[a]P concentrations in
the side stream of cigarette smoke was shown to be in the range of 52 to 95 ng/cigarette—
over three times higher than in mainstream smoke [6]. High concentrations of B[a]P, and
particularly its metabolite—7[3,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydro-
benzo[a]pyrene (BPDE)—have been determined in smokers. Susanto et al. [7] detected a
higher level of BPDE protein adducts in smokers (8.87-33.55 ng/mL) compared to non-
smokers (3.87-13.27 ng/mL). BPDE DNA adducts were also determined in the placenta of
smoking mothers [8]. In smokers (compared to nonsmokers), the exposure to B[a]P pre-
sent in tobacco smoke leads to a prolonged gestation period, earlier mean menopausal
age, altered ovarian steroidogenesis, and ovarian reserve depletion [9].

2. Occupational Exposure to PAHs, Including B[a]P

B[a]P is usually present in the highest concentrations in the mixture of PAHs (emitted
during combustion and other technological processes) to which workers in many branches
of industry are exposed. Therefore, when evaluating the correlation between the incidence
of a given disease (including people representing specific occupational groups) and the ex-
posure to PAHs mixtures, it is justified to relate this association indirectly to B[a]P.
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Occupational exposure to PAHSs, including B[a]P, occurs mainly through inhalation
and dermal contact. The highest mean level of PAHs has been determined in aluminum
production (S6derberg process) with concentrations up to 100 pg/md3. Average levels of
PAHs are detected in roof coverings and pavements (e.g., 10-20 pug/m?), and the lowest
(i.e., 1 ug/m? or below) have been noted in coal liquefaction, coal-tar distillation, wood
impregnation, chimneys, and power plants [6].

Saleh et al. [10] assessed differences in the PAHs, including B[a]P concentrations, in
samples of air inhaled by occupationally exposed and nonexposed groups inhabited in
Makkah (Saudi Arabia). They detected B[a]P in the mean concentration of 0.082 + 0.032
ng/m? in occupationally exposed workers (bus and truck drivers, police officers, etc.),
while its mean concentration in unexposed group was 0.044 + 0.006 (Table 1). Interest-
ingly, they observed a positive correlation between increased B[a]P exposure and serum
p51 and p21 proteins levels that are considered to be implicated in tumor progression,
invasion, and metastasis.

In another work, Petit et al. [11] have recently evaluated the incidence of lung cancer
risk related with PAHs exposure in various industries using atmospheric B[a]P level as a
surrogate value. They analyzed a total of 93 exposure groups, which belonged to nine
branches of industry. They have shown that 30% of exposure groups were above the max-
imum risk level of the European Union (10-4).

Table 1. B[a]P levels in outdoor air.

Location Concentration [ng/m?3] Reference

7% of EU citizens live in areas with a

The European Union tolerable risk level of 0.12 ng/m3 [12]
France 1ng to 2.49 ng/m?3 [13]
Thailand 0.052 and 0.095 ng/m? in PM 2.5 fraction [14]
Iberian Peninsula exceeded target value of 1 ng/m? [15]

2 ng/m3 (along heavy traffic streets)
Italy —Genoa [16]
14 ng/m? (300 m from a coke oven)

Poland — Cracow 4-10 ng/m?,
Tarnow 4-6 ng/m? [17]

Nowy Sacz 10-11 ng/m3
China—Linzhou 5.1-20.2 ng/m3 [18]

0.082 + 0.032 ng/m? (occupationally ex-

Saudi Arabia—Mak- posed workers) [10]

kah

0.044 + 0.006 ng/m? (unexposed group)

3. Sources of Human Exposure to Bla]P

Accumulation of B[a]P and other PAHs on dust particles, as well as in fats, is associ-
ated with their high hydrophobicity. B[a]P accumulates in plants and the adipose tissue
of animals and is strongly attached to the organic fraction of soil but does not penetrate
deeper layers of soil. Therefore, it is poorly taken up by the plant root system [19].

Recently, Sushkova et al. [20] reported that B[a]P concentrations in plants depended
on the initial B[a]P level in the soil. It was observed that growing spring barley in the
B[a]P-spiked soils accumulated this compound.
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The estimated half-lives for B[a]P are less than 1-6 days in the atmosphere, less than
1-8 h in water, but more than 5-10 years in sediments and above 14-16 months in soil (for
complete degradation) [21].

3.1. Air
3.1.1. Outdoor Air

PAHs, including B[a]P, are significant components of air pollution. Most emissions of
PAHs derive from human sources, i.e., fossil fuels pyrolysis, incomplete combustion, and
burning of biomass [22]. PAHs are substantial parts of semivolatile organic substances. PAHs
of low molecular weight (2-3 rings) are most commonly detected in the gas phase due to their
low boiling points, whereas PAHs of high molecular weight, including B[a]P (46 rings), are
mainly adsorbed on the particulate phase and exhibit stronger carcinogenicity [23].

B[a]P is considered to be an indicator for the determination of a PAHs group; there-
fore, it is an important tool employed in the monitoring of the environment, including the
evaluation of air quality [24]. The European Union (EU) decided that B[a]P level in the air
must not exceed 1 ng/m3, while higher levels of this substance have been reported in var-
ious areas of the world, including countries of the European Union [25,26]. The mean lev-
els of various PAHs in the outdoor air of urban areas are usually from about one up to
several dozen ng/md. The highest B[a]P levels, reaching several dozens of nanograms per
cubic meter, were found in road tunnels and in big cities, which intensively utilize coal
and other fuels to heat houses [24,26]. It has been estimated that 20% of the European
population is exposed to B[a]P at the concentrations that exceeded the EU annual admis-
sible value of 1 ng/m?, while 7% of people live in regions in which B[a]P amounts are under
the tolerable risk level of 0.12 ng/m?3 [12].

For instance, in France (taken from studies from 1990 to 2011), the concentration
range of B[a]P in the air was from below 1 ng to 2.49 ng/m3 [13], while over several regions
of the Iberian Peninsula its level exceeded the European target value of 1 ng/m3 [22]. Sim-
ilarly, in Genoa (Italy), in areas along heavily trafficked streets, the average B[a]P concen-
tration was determined to be 2 ng/m?, while on a building’s roof, 300 m from a coke oven,
its mean level was detected to be much higher, at 14 ng/m? [16].

Among European countries, Poland is one with poor air quality, where high B[a]P
levels are detected in the outdoor air, particularly during the heating season. Flaga-Mar-
yanczyk and Baran-Gurgul, (2021) reported changes in atmospheric B[a]P levels in Cra-
cow and nearby localities (Tarnow, Nowy Sacz) in the years 2011-2020 [17]. The scientists
determined levels that repeatedly exceeded standards for B[a]P, which were in the range
from 4 to 10 ng/m3, 4 to 6 ng/m3, and 10 to 11 ng/m3 in Cracow, Tarnéw, and Nowy Sacz,
respectively. Similarly, in the air of Linzhou (China), B[a]P was detected in a very high
concentration range, from 5.1 to 20.2 ng/m? [18].

Mahasakpan et al. [14] assessed Thailand’s air quality, revealing that mean B[a]P con-
centrations (adsorbed at particle phase) during partial and strong haze periods were 0.052
and 0.095 ng/m? in PM 2.5 fraction, respectively, which was 6 and 11 times higher in com-
parison to the normal period (0.009 ng/m3). Disturbingly, B[a]P adsorbed on PM1 (the par-
ticles that can penetrate deeply into the respiratory tract and enter the circulatory system)
contributed to 74.0-91.1% of B[a]P-PM 2.5 fraction.

3.1.2. Indoor Air

PAHS’ emission, as a result of the combustion of numerous materials in indoor envi-
ronments, is a great danger for humans, particularly in less developed countries. Indoor
air pollution has been shown to be strongly linked with infections of the respiratory tract,
as well as nasopharyngeal and lung cancer [27]. It has been estimated that the pollution
of indoor air is responsible for 3.5-4 million deaths each year worldwide, with 1 million
deaths in China [28].
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The study of Feng et al. [29] aimed to assess various PAHs levels in gaseous samples
collected from indoor kitchens, during cooking, in 35 rural houses in North China. They de-
termined a high concentration of B[a]P both in the gaseous and particulate phases, which were
14.3 £ 23.0 ng/m? and 6.7 + 17.4 ng/m?, respectively (Table 2). The authors suggested that that
kind of combusted fuel and ventilation effectiveness had a significant effect on B[a]P levels. In
another study, Li et al. [30] assessed the presence of PAHs emitted from different cooking
activities in Yucheng City (China). They observed that total mean PAHs levels were from 105
* 65 ng/m? to 783 + 499 ng/m?3, and were the highest in the indoor air where cafeteria frying
occurred. They also observed that cooking methods and fat contents in raw materials mainly
determined PAHs emissions. As the study showed, the B[a]P level was much higher for the
oil-based (25.8 + 10.6 ng/m?® meat roasting) than the water-based (7.3 + 4.6 ng/m?, cafeteria
boiling) cooking activities. Interestingly, Cui et al. [31] analyzed indoor air pollution in the
Jokhang Temple (Tibet) and detected B[a]P at a mean concentration of 18.5 + 4.3 ng/m3, which
exceeded the maximum permissible risk value of 1 ng/m? by nearly twenty times. The authors
of the study suggested that high PAHs, including B[a]P levels, was due to the intense burning
of plant material, the dense flow of people, and poor ventilation in the building.

Table 2. B[a]P levels in indoor air.

Location Concentration Reference
North China 14.3 + 23.0 ng/m3 (gaseous phase) 9]
kitchens, indoor air 6.7 + 17.4 ng/m3 (particulate phase)
25.8 +10.6 ng/m? (oil-based cook-
China Yucheng City ing) [30]
kitchens, indoor air 7.3 £ 4.6 ng/m?3 (water-based cook-
ing)
Ti h T 1
ibet ].ok ang .emp e, 18.5 + 4.3 ng/m? [31]
indoor air
China Shanxi Provence 0.05 ng/m3 (nonheating season) [52]
schools, indoor air 10.3 ng/m? (heating season)
i Arabi h’
Saudi Arabia, Jeddah’s 163.87 + 68.53 ng/m? [33]
schools, indoor air
Poland, Silesia kindergar-
tens, 3.7 +0.8 ng/m?3 [34]
indoor air
India, Shimoga, 7.20 £ 1.11 pg/m? (melting section) [35]
iron foundry 45.37 pg/m?(molding section)
Sweden, A.luminum.manu- 14 pg/m? [36]
facturing factories
United Kingdom, 33 pg/m? 37]

Coke oven facilities

Children are the most sensitive to indoor air pollutants because of their not-fully de-
veloped respiratory and immune systems. Liu et al. [32] observed that in classrooms in
schools in Shanxi Provence (China), the concentrations of B[a]P increased from 0.05 ng/m?
(in the nonheating season) to as high as 10.3 ng/m? (in the heating season), which showed
that children were highly exposed to this compound in winter. The analysis also revealed
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that the combustion of coal and gasoline mainly contributed to B[a]P presence in the in-
door environment of tested buildings. In another study, Alghamdi et al. [33] determined
classroom, dust-bound PAHs, including B[a]P, in Jeddah’s schools in Saudi Arabia. The
authors detected B[a]P at a very high mean concentration of 163.87 + 68.53 ng/m?, noting
that mean PAHs levels were higher in classrooms in urban schools as compared to subur-
ban and residential schools. Moreover, based on incremental lifetime cancer risk and total
lifetime cancer risk calculations, they suggested that dibenz[a,h]anthracene and B[a]P
mainly contributed to cancer development in children in all schools tested. Similarly, the
study conducted in Poland (Silesia) showed exceeded B[a]P levels in indoor samples col-
lected in naturally ventilated kindergartens. The mean B[a]P level was estimated to be 3.7
* 0.8 ng/m?, and its content was affected by the usage of gas and coal stoves [34].

Huge concentrations of PAHs, including B[a]P, are often detected in the indoor air of
workplaces. Sen et al. [35] assessed the exposure of iron foundry workers (Shimoga, India) to
PAHs, including B[a]P. They detected mean concentrations of total PAHs, which were from
23.48 pg/m? at the melting section to 82.64 pig/m? at the molding section, while mean and max-
imum B[a]P levels were determined to be as high as 7.20 + 1.11 pg/m? and 45.37 ug/m3, respec-
tively. High mean concentrations of B[a]P, at levels of 14 pg/m? and 3.3 pg/m?3, were also de-
termined in the indoor air of aluminum manufacturing factories and in coke oven facilities,
respectively [36,37].

3.2. Surface Water

B[a]P has also been detected in surface water. Direct deposits of B[a]P in surface water
are important inputs to the environment. PAHs, including B[a]P, which are deposited on
the urban ground, are then washed out into waterways via erosion and surface run-off.
The low solubility of B[a]P in water ecosystems results in its binding with organic matter,
which leads to its occurrence in the hydrosphere [38].

A study performed in India showed that B[a]P content in river water reached 8.61
ng/L, and the total level of 17 PAHs was 157.96 + 18.99 ng/L [39]. He et al. [38] also studied
water in 44 Chinese lakes and determined levels of B[a]P from 0.07 to 2.26 ng/L.

Chen et al. [40] assessed PAHs, including B[a]P, levels in the surface water of the
Danshui River basin by collecting samples from the Karst River in Hubei (central China).
They determined mean total PAHs and B[a]P levels for 26.2 ng/L and 1.37 ng/L, respec-
tively. In another study, Hayakawa et al. [41] analyzed PAHs, including B[a]P, in surface
waters in the Southeast Sea (Japan). They detected 13 PAHs (3-6 rings) in the dissolved
phase (DP) and 12 PAHs in the solid phase (PP), with total PAHs levels (DP + PP) ranging
from 6.83 to 13.81 ng/L. Moreover, B[a]P in DP and PP phases was determined to be in the
average levels of 0.12 + 0.078 ng/L and 0.076 + 0.037 ng/L, respectively. The authors con-
cluded that a pyrogenic origin and a mixed type of pyrogenic and petrogenic origins were
major contributors to the DP-PAHs and PP-PAHs, respectively.

3.3. Soil

Li et al. [42] showed that the spatial distribution of PAHs and B[a]P produced by
industry impact the surrounding quality of soil. They pointed to following sources: com-
bustion of coal (40.77%), exhausts from vehicles (32.94%), combustion of biomass
(14.89%), and cooking (11.40%). Coal combustion and cooking were the prevalent sources
(52.17%) of PAHs, as well as carcinogenic risk (46.48%) assessed by B[a]P toxic equivalent
level in soil. The authors concluded that coal combustion mainly contributed to PAHs
contamination and health risk in Taiyuan soil.

B[a]P levels in soil was assessed in Poland from 1993 to 1994. B[a]P concentrations in
soil ranged from <0.0001 to 3.030 mg/kg, with the highest associated with motor vehicles
and hand-stocked residential furnaces [43]. In 2011 and 2012, Wydro et al. [44] determined
slightly lower B[a]P levels in soils collected in Bialystok, Poland. The concentration of
B[a]P was from 0.3 to 0.9 mg/kg of soil. B[a]P was also found in the concentration range
from 0.28 to 5.50 mg/kg in municipal soil in Cleveland [45]. In another study, B[a]P was
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determined to be in a mean value of 2.31 + 1.13 ug/kg in soil from greenhouse crops in the
Antalya Aksu region in Turkey [46] (Table 3).

Table 3. B[a]P levels in soils of various countries of the world since 2000.

Location Land Type Cor;:le;:ga)t ton Reference
Bangkok Urban-tropical 5.5
[47]
Brazil Forest-tropical 0.3
New Orleans Urban 276 [48]
Traffic 388
Park 71
Dalian, China [49]
Suburban 27
Rural 9
United Kingdom Rural 46
[50]
Norway Rural 5.3
Industrial-chemical 100
Industrial-petrochemi- 18
Spain cal [51]
Residential 56
Rural 22
Poland Agricultural 30 [52]
Poland, Bialystok Urban 300-900 [44]
USA, .
Cleveland Municipal plots 280-5500 [45]
Parkland 220
Russia, Residential 430 (53]
St. Petersburg
Industrial 340
Turkey,
h 2.31 4
Antalya Aksu region greeinotse crops 3 [46]
Urban 94.03
Taiyuan Agricultural 65.57 [42]
Montane 16.60
Antarctic Peninsula Antarctic station terri- 1.5 [54]
tory
Alushta 60
United Kingdom,
Cities of Crimea Yalta 139 [55]
Sebastopol 260
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Lee et al. [56] assessed PAHSs’ distribution in the sediments and fish collected from
30 major rivers in Taiwan. They showed that the total concentrations of 26 PAHs were
from 0.016 to 7.44 mg/kg dw and from 0.096 to 5.51 mg/kg ww in sediments and in fish,
respectively, while the levels of B[a]P in sediments were from 0.01 to 1.68 ug/kg dw. It
was observed that the composition of PAHs in sediments was different from that found
in fish, showing that sediments are not a prevalent source of PAHs in fish. The bioaccu-
mulation of different PAHs in fish depended on fish species, as well as on the environ-
mental contamination level, content of lipids, living pattern, and trophic level of each fish
species.

Biodegradation B[a]P by Microorganisms

B[a]P degradation in the environment by various micro-organisms has been widely
studied and became very popular in respect to the advantage of a high level of microbial
diversity and neutrality toward the environment. The enzymes produced by micro-organ-
isms, such as cytochrome P450, oxygenases, and hydrolases, have been shown to degrade
B[a]P [57].

Strains resistant to B[a]P that contribute significantly to its biodegradation have been
isolated. Recently, Nzila et al. [58] described the strain 10SBZ1A as a Staphylococcus
haemoliticus species that degrades B[a]P. Bioremediation of B[a]P by micro-organisms is
associated with the degradation of this toxicant to less harmful products, including CO:
(mineralization). Only a few microbes, such as Mycobacterium sp., Mycobacterium vanbaale-
nii, Stenotrophomonas maltophilia, Sphingomonas yanoikuyae JA, Mesoflavibacter zeaxan-
thinifaciens, Bacillus licheniformis, Bacillus subtilis, Novosphingobium pentaromativorans, and
Ochrobactrum sp. have been shown to degrade B[a]P in nonhalophilic conditions.

B[a]P degradation by micro-organisms is associated with various factors, i.e., B[a]P
concentration and its bioavailability, as well as properties of soil. Recently, some technol-
ogies, e.g., bioaugmentation and biostimulation, have been developed to accelerate the
rate of degradation of B[a]P. Furthermore, advanced technologies, such as omics and nan-
otechnology have provided new opportunities for more efficient microbial degradation of
B[a]P and other PAHs [57].

On the other hand, biodegradation of PAHs in the environment also adversely affects
bacterial organisms. During biodegradation, more toxic metabolites may be formed,
which can damage the biological membranes of micro-organisms, penetrate the organ-
isms, and impair their vital functions [59].

3.4. Food Contamination

Consumption of food contaminated with B[a]P, which is created as a result of food
preparation and processing during its baking, frying, grilling, or smoking (high tempera-
ture processes), is an important source of this substance for humans. B[a]P commonly oc-
curs in many food products [60], such as olive oil (2.19 + 0.2 ppb), Alwana olive oil (31.3 =
0.3 ppb) [61], milk (0.06-2.09 ug/kg), and meat/fish-based baby foods (0.00-1.66 ug/kg)
[62]. B[a]P has also been determined in traditionally smoked goat cheeses, such as Walla-
hian-style cheese (0.85 + 0.255 ug/kg) or smoked “Ritta” (17.0 + 5.10 pg/kg) [63], charcoal-
grilled chicken with and without marinating at 270 °C (1.19 + 0.31 ug/kg; 2.22 + 0.13 pg/kg)
[64], oysters (1.26 + 1.22 pg/kg), mussels (0.24 + 0.18 pg/kg), fresh shellfish (0.31 + 0.42
ug/kg) [65], Iranian bread samples (mean 0.1 pg/kg) [66], and cucumbers (4.35 ng/kg) [30],
but not in chocolate [67].

Kazerouni et al. [68] estimated the daily intake of B[a]P in a variety of foods in 228
subjects in the metropolitan area of Washington, D.C. The highest B[a]P concentrations
were found in grilled/barbecued very well-done steaks (4.15 pg/kg), hamburgers (0.9
ug/kg), and grilled/barbecued (0.9 pg/kg) well-done chicken with skin. B[a]P concentra-
tions in nonmeat products were generally low. However, some grains and vegetables
(e.g., kale, vegetable cabbage) showed B[a]P concentrations up to 0.5 pg/kg. It was found
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that in the studied population, grilled/barbecued meat and bread/cereal/grain constituted
21 and 29 percent of mean daily consumption of B[a]P, respectively.

Drinking Water

According to European Union (EU) standards, the admissible total concentration
PAHs level in drinking water is set to be 200 ng/L [69], while the concentration limit for
the total of four PAHs (B[b]F, B[k]F, B[ghi]P, and I[cd]P) is 100 ng/L, and for B[a]P it is 10
ng/L [70].

The concentrations of B[a]P in drinking water in Poland in £.6dZ city was from non-
detected (ND) to 16 ng/L, and in Tomaszéw Mazowiecki, it was from ND to 18 ng/L. In
other cities, such as Bydgoszcz, Gdansk, Katowice, Cracow, Warszawa, and Lublin, mean
concentrations of B[a]P were in the range from 4.00 to 8.33 ng/L. In all tested drinking
water samples, the sum of eight PAHs’ concentration was less than 200 ng/L, as recom-
mended by the World Health Organization (WHO) [71].

Aygun and Bagcevan [72] assessed B[a]P levels in samples of tap water collected from
Sinop, Ordu, Corum, Amasya, Giresun, and Kastamonu (Turkey). The mean B[a]P level
for the abovementioned locations were from 0.11 + 0.08 to 0.97 + 0.75 ng/L. The sum of the
concentrations of PAHs and B[a]P in drinking water were determined to be below the
limits of 100 ng/L and 10 ng/L, respectively, as it was defined in the Regulation on Water
Intended for Human Consumption. The detected concentrations were also below the lim-
its established by the WHO and Turkish legislation.

4. Metabolism of Bla]P

B[a]P metabolism in humans was studied by [73]. The researchers gave B[a]P a mi-
crodose orally to humans and observed its rapid uptake (Tmax, 0.5-1 h), complex metabo-
lism (predominantly at the B[a]P bay region), and fast removal (mean half-life—46.5 + 58.2
h) from the body. Parent [14C]-B[4]P was a minor component in plasma as compared to
the sum of metabolites, and decreased along with the dose. Pharmacokinetic parameters
for almost all metabolites showed a linear dose-response correlation. They also observed
interindividual differences in pharmacokinetics within doses of 25-250 ng.

The metabolism of B[a]P involves several phases, as it also is in the case of many other
hydrophobic xenobiotics (Figure 2).
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Figure 2. Steps in the biotransformation of B[a]P. Detoxification of B[a]P predominantly occurs with the
participation of several cytochrome P450 (CYPs) isoforms. During phase I, xenobiotic is oxidized to reac-
tive metabolites that may exhibit biological activity. In phase II, metabolites are conjugated with transfer-
ases (GSH, reduced glutathione; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; UDPGA, uridine di-
phosphate-glucuronic acid) and converted to more hydrophilic and biologically inactive forms. Then,
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metabolites are eliminated from the cell via specialized transporters (ABC, ATP-binding cassette trans-
porter; SLC, solute carrier). NTCP, sodium/taurocholate cotransporting polypeptide; OATPs, organic an-
ion transporting polypeptides—biological systems enabling the transport of xenobiotics to the cell [74,75].
Created with BioRender.com (accessed on 12 April 2022).

The first phase of biotransformation of PAHs, including B[a]P, involves the activity
of cytochrome P450 (CYP1 family) and of microsomal epoxide hydrolase. During the first
phase, PAHs are transformed to some phenols (hydroxy derivatives), phenol diols, dihy-
drodiols, quinones, and reactive-diol-epoxides enantiomers. During PAHs transfor-
mation, ROS are also produced as by-products of these reactions.

Several enzymes acting within cytochrome P450, including CYP1A1, CYP1A2, and
CYP1B1, have been shown to be implicated in B[a]P oxidation, while CYP1A1 is consid-
ered to be the most active in mammals [76,77]. B[a]P epoxidation by P450 at the 7,8 posi-
tions has been found to be one of the most dangerous reactions, which leads to the for-
mation of B[a]P toxic metabolites. Interestingly, B[a]P oxidation at the 4 and 5 positions
leads to the creation of an inactive metabolite, which is eliminated from the organism [78].
As mentioned above, CYP1A1 can convert B[a]P to B[a]P-7,8-epoxide, which (in the pres-
ence of epoxide hydrolase) is transformed to (+/-)-B[a]P-trans-7,8-dihydrodiol (DHD).
B[a]P-7,8-DHD is a substrate for the reaction of the second CYP-dependent oxidation,
which forms the final carcinogenic metabolite—73,8«-dihydroxy-9a,10a-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (BPDE). It has been shown that in the cell nucleus, diol-epox-
ides can bind covalently to DNA, creating deoxyguanosine-DNA adducts that may lead
to erroneous replication and mutagenesis [76,78] (Figure 2). Metabolism of B[a]P may
therefore lead to the production of electrophilic metabolites exhibiting a carcinogenic po-
tential. Cytochrome P4501A1 (CYP1A1) is believed to play the most important role in the
pro-carcinogenic B[a]P activation necessary for the formation of DNA adducts. Shiizaki et
al. [79], in a review paper, described factors that could affect the formation of B[a]P-DNA
adducts and hypothesized that CYP1A1 was a key enzyme in the production of (BPDE),
the major carcinogenic intermediate of B[a]P (Figure 3).
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Figure 3. Biotransformation of B[a]P into mutagen. B[a]P in the I phase of detoxification goes through
several stages, giving various derivatives, including B[a]P-7,8-diol-9,10-epoxide, that are able to react
with DNA guanine. The reaction results in the formation of adducts with DNA (mtDNA,
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mitochondrial DNA; nDNA, nuclear DNA) and mutations [80,81]. Created with BioRender.com (ac-
cessed on 12 April 2022).

AhR activators, such as 2,3,7,8-tetrachloro-dibenzo(p)dioxin, may potentially increase
B[a]P toxicity through induction of the CYPIA1 gene. At the same time, it is believed that
inhibitors of CYP1A1, including its substrates, may reduce the toxicity of B[a]P [76,79].

Phase I metabolism of B[a]P may not only be mediated by CYP but also by flavin-
containing mono-oxygenases, NAD(P)H: quinone oxidoreductases, amine oxidases, ester-
ases, alcohol dehydrogenases, and peroxidases [76]. Prostaglandin H synthase and lipox-
ygenase also participate in metabolic transformations of B[a]P, being responsible for the
formation of highly reactive, oxygen-free radicals [82]. In the presence of polyunsaturated
fatty acids, including linolenic and arachidonic acid, B[a]P undergoes oxidative transfor-
mations, and the resulting oxidized B[a]P and lipid peroxidation products demonstrate
mutagenic potential. Thus, products of B[a]P oxidation and polyunsaturated fatty acid
peroxidation may participate in mutagenesis and may also induce carcinogenesis [83].

In the second phase, products of the first phase are conjugated with endogenous com-
pounds, e.g., GSH, glucuronic, and/or sulfate acids, creating GSH conjugates, glucuron-
ides, and sulfate esters that are, due to their hydrophilic nature, more efficiently elimi-
nated from the body [84] (Figure 2).

In the third phase, an important role is played by ABC proteins, such as ATP binding
cassette (e.g., multidrug resistance protein family —MRP) [85] (Figure 2).

4.1. Polymorphism of Genes Involved in Bla]P Metabolism and DNA Repair, Influencing Its
Toxicity

Genetic polymorphism is associated with the presence of at least two different alleles
at a given locus with a frequency greater than 1% in a population. We distinguish, among
others: single nucleotide polymorphism and a variable number of tandem repeats polymor-
phism. The polymorphism of genes involved in the biosynthesis of enzymes implicated in
the metabolism of xenobiotics concerns: cytochrome P450, flavin-containing mono-oxygen-
ase, peroxidase, and carboxylesterase, as well as GST, UDP-glucuronosyltransferase, sul-
fotransferase, N-acetyltransferase, and methyl transferase, as well as quinone oxidoreduc-
tase and epoxide hydrolase of nontransferases of detoxification enzymes [86].

The main cytochromes P450 implicated in the formation of diols and diol-epoxides
are CYP1A1l, CYP1A2, and CYP1B1. The cytochrome P450 family has been well-studied
in genetic polymorphisms’ and enzymes’ activity. Moreover, in recent years, its associa-
tion with the development of various disorders has been widely discussed. The best-stud-
ied cytochromes are CYP2D6, CYP2C9, CYP2C19, and CYP1A1 [87]. Human cytochrome
P450 1A1 is one of the most essential enzymes involved in human carcinogenesis, as it
metabolizes several procarcinogens to active carcinogenic metabolites.

Certain polymorphisms in human CYPs and phase II enzymes (GST, uridine-5'-di-
phosphate, glucuronosyltransferases, and sulfotransferases) modulate cancer susceptibil-
ity [88]. In another metabolic pathway, B[a]P-7,8-dihydrodiol is oxidized to B[a]P-7,8-qui-
none by the enzymes from the aldo—keto reductase family, among which gene polymor-
phisms affecting NAD(P)H susceptibility have been identified. For example, quinone ox-
idoreductase-1 catalyzes reduction of B[a]P quinones to hydroquinones. These com-
pounds can be reoxidized and induce ROS formation [6].

The genetic variability of cytochrome P450 (CYP) 2C9 and the presence of CYP2C9*2
and CYP2C9”3 cause significant interindividual differences in response to drugs and var-
ious xenobiotics. The presence of the polymorphic allele CYP2C9*2 (Arg144Cys) or
CYP2C9*3 (Ile359Leu) significantly reduces the activity of the enzyme and B[a]P metabo-
lism.

Ahmed et al. [89] studied frequencies of these polymorphisms in various ethnic
groups living in Pakistan. Healthy volunteers (n = 467) from six major ethnic groups in
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Pakistan were tested. Twenty percent of the Pakistani population was found to have a
genotype containing at least one low-activity allele.

Polymorphisms of various metabolizing genes related to the toxicity of B[a]P have
been studied in many diseases, including oral squamous cell carcinoma (OSCC) [90]. The
researchers evaluated the dominance of CYP2 C9 polymorphism in healthy individuals
and patients who suffered from oral squamous cell carcinoma (OSCC) and analyzed this
disease risk development. Moreover, these researchers assessed the interaction between
wild-type CYP2 C9 with B[a]P and polymorphic variants. This clinical trial covered 46
OSCC patients and 46 healthy individuals. In the OSCC group, CYP2 C9*2 and CYP2 C9*3
polymorphisms constituted, respectively, 17.4% and 15.2%, and 8.7% and 6.5% in the con-
trol group, respectively. The OSCC group revealed a rise (statistically significant) in the
frequency of CYP2 C9 polymorphic variants in comparison to control individuals. It was
found that B[a]P bound specifically to the changed catalytic site of the enzyme CYP2 C9*3.
This research showed that a functionally important CYP2 C9 polymorphism was present
in OSCC patients, with a small rise in the risk of the disease in individuals who acquired
these poor metabolizing variants.

Polymorphism may also apply to genes encoding DNA repair enzymes, which is re-
lated to the speed and efficiency of DNA repair, which may protect or expose a person to
the effects of specific xenobiotics [91]. One of the studied polymorphisms is the nucleotide
excision repair (NER) polymorphism, which is an important defense mechanism for an
organism against mutagens and carcinogens, such as B[a]P. Genetic polymorphisms in
ERCC2/XPD, a crucial component in NER, are believed to be linked with cancer risk de-
velopment. Xiao et al. [92] examined cDNA clones carrying different ERCC2/XPD geno-
types (Lys751Glin) that were inserted into the ERCC2/XPD-deficient (UV5) cell line in a
controlled biological system. The wild-type AA (Lys) genotype was shown to be linked
with a superior DNA repair capacity in comparison to its CC polymorphic genotype (Gln).
These findings indicate that Lys751GIn ERCC2/XPD polymorphism influences the capac-
ity of DNA repair upon exposure to carcinogens, such as B[a]P, in this controlled in vitro
system, and can act as a biomarker enhancing the prognostic value of cancer development.

4.2. Bla]P Carcinogenesis Mechanisms Associated with Its Metabolism

The explanation of the underlying mechanisms of B[a]P-induced carcinogenesis in
animals is associated with pathways involved in the metabolism of B[a]P, two of which
appear to be the most important pathways of dioxides and radical cations (Figure 4) [6].
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Figure 4. Mechanisms of B[a]P toxicity. Created with BioRender.com (accessed on 12 April 2022).
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The diol-epoxide mechanism for B[a]P is characterized by a sequence of metabolic
transformations: B[a]P — B[a]P-7,8-oxide (by CYP1A1l and CYP1B1) — B[a]P-7,8-diol (by
epoxide hydrolase) — B[a]P-7,8-diol-9,10-epoxides (by CYP1A1 and CYP1B1) [93]. Diol-
epoxides react with DNA, mostly with purine bases, deoxyguanosine, and deoxyadeno-
sine. Each diol-epoxide can create cis and trans adducts, which provides a total of 16 pos-
sible B[a]P-7,8-diol-9,10-epoxy DNA adducts, the most common of which is the N2-deox-
yguanosine adduct (+)-N2-10S-(7R, 8S, 9R-trihydroxy-7,8,9,10-tetrahydroB[a]P)-yl)-2'-de-
oxyguanosine (BPDE-deoxyguanosine). The metabolite 73,8a-dihydroxy-9a,10a-epoxy-
7,8,9,10-tetrahydro benzo[a]pyrene (BPDE) participates in the production of this adduct.
BPDE can create both unstable (so-called “depurinating”) and stable DNA adducts [94].

In vivo, anti-B[a]P-7,8-diol-9,10-oxide forms stable adducts, which are created mainly
with guanines as observed in various species and organs [6]. It was found that in the lung
tissue of mice exposed to B[a]P and anti-B[a]P-7,8-diol-9,10-epoxide-N>-deoxyguanosine,
adducts were formed, and B[a]P-induced lung tumors showed G — T and G — A mutations
in the Ki-Ras gene at the codon 12 [95]. In turn, skin tumors appeared in mice exposed to
B[a]P had G — T mutations in codon 13 and A — T mutations in codon 61 of the Ha-Ras
gene [94].

The radical-cationic mechanism consists of single-electron oxidation of B[a]P by CYP
or peroxidase to a radical cation located at carbon 6. The presence of such metabolite and
its adducts covalently linked with guanine (at carbon C8 and nitrogen N”) and adenine (at
nitrogen N7) were shown in the skin of mice. These adducts are unstable and are believed
to produce apurinic sites [94].

The mesoregion mechanism, on the other hand, is associated with biomethylation of
the mesoregion and oxidation of benzyl. Biomethylation of B[a]P to 6-methylB[a]P takes
place, and S-adenosylmethione is a carbon donor. Subsequent transformations of this me-
tabolite result in the formation of 6-[(sulfoxide))methyl] B[a]P, which creates DNA ad-
ducts in vivo. The occurrence of these adducts was demonstrated in the rat liver [96].

Aldo-keto reductase enzymes play an important role in the mechanism through the
formation of ortho-quinone/ROS. They oxidize B[a]P-7,8-diol to orthoquinone(B[a]P-7,8-
quinone) [97] that may subsequently react with DNA, yielding both unstable and stable
depurination adducts with DNA in vitro. It can also undergo repetitive redox cycles that
generate ROS, provoking DNA oxidation. It was shown that in human A549 lung cancer
cells, B[a]P-7,8-quinone increased 8-oxo-deoxyguanosine adducts formation, as well as in-
duced the formation of DNA-strand breaks.

B[a]P and other PAHs can bind to the AhR nuclear complex, which may activate cy-
tochrome P450, and in the consequence, lead to alterations in CYP gene transcription. It
has been found that AhR knockout mice were resistant to B[a]P-induced oncogenesis [98].

4.2.1. Oxidative Stress and Apoptosis as a Result of Increased Expression of Selected
Genes and Increased CYP Activity

The activity of both CYP and peroxidases may contribute to the formation of radical
cations as a result of single-electron oxidation. These cations constitute a separate group
of terminal carcinogenic metabolites. The activity of CYP also produces a superoxide an-
ion, which may contribute to oxidative stress [99].

Gao et al. [100] pointed to an important pathway in which B[a]P influenced ROS for-
mation by affecting ROS/HIF-1a/HO-1 signaling (heme oxygenase 1—HO-1). They as-
sessed the impact of B[a]P (1.5 uM and 25 uM) on A549 and MCF-7 cancer cells and no-
ticed an increase in the ROS level and changes in HIF-1a and HO-1 in tested cancer cells.

Other studies have also shown induction of oxidative stress and apoptosis to be the
mechanisms of B[a]P action. Elfawy et al. [101] observed that B[a]P induced morphological
and physiological abnormalities in the zebrafish skeleton (head, spine, and tail) due to
induced oxidative stress leading to apoptosis.

Many publications have shown that B[a]P causes alterations in redox status and con-
tributes to oxidative stress. B[a]P has been shown to decrease the activities of antioxidant
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enzymes, such as catalase (CAT), glutathione peroxidase (GSH-Px), superoxidative dis-
mutase (SOD), GST, and glutathione reductase (GR), probably by changes in their expres-
sion. B[a]P also decreases the level of reduced glutathione (GSH), vitamin C, and vitamin E,
as well as increases the level of lipid peroxidation and protein carbonyl formation, as well
as increases the expression of CYP1A1 and proinflammatory cytokines. Metabolites of B[a]P
(mainly BPDE) and ROS created during transformation of B[a]P are the most important con-
tributors to the oxidative effects provoked by this substance [102-106] (Figure 5).
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Figure 5. Environmental pollutants, such as B[a]P, affect the balance between the production of re-
active intermediates and the biological system of ROS detoxification. The presence of B[a]P in the
cell environment induces various molecular changes, such as lipid peroxidation or protein oxida-
tion. B[a]P~, anion B[a]P radical; O, superoxide anion; H20z, hydrogen peroxide; OH*, hydroxyl
radical; HOCI, hypochlorous acid; NO, nitric oxide; ONOO-, peroxynitrite; GS-B[a]P, glutathione-
B[a]P conjugate; GSSG, glutathione disulfide (oxidized glutathione dimers); GR, glutathione reduc-
tase; GST, glutathione-S-transferase; CAT, catalase; SOD, superoxide dismutase; GSH, glutathione
(reduced state); MPO, myeloperoxidase; TBARS, thiobarbituric acid reactive substances [107-110].
Created with BioRender.com (accessed on 12 April 2022).

Bukowska and Duchnowicz [103] described in their review that B[a]P can increase
AhR translocation and, as a consequence, increases levels of CYP450 and other proteins
involved in B[a]P metabolism. As the result, increased BPDA-DNA adduct levels and
other DNA damage can occur. Moreover, B[a]P has been reported to increase gene expres-
sion associated with inflammation and oxidative stress, as well as to deplete the expres-
sion and the activities of antioxidative enzymes, i.e.,, CAT, GPx, SOD, GST, and GR. Fur-
thermore, B[a]P depleted nonenzymatic antioxidants levels, including GSH, Vit C, and Vit
E. Metabolites of B[a]P (mainly BPDE) have been shown to induce ROS formation, as well
as cause lipid peroxidation and protein carbonylation (Figure 6) [102-105].
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Figure 6. Pro-oxidative mechanisms of B[a]P action. Created with BioRender.com (accessed on 12
April 2022).

In another study, Lin et al. [105] noticed that maternal exposure to PAHs and B[a]P was
a risk factor for neural tube defects (NTD). The scientists suggested that oxidative stress and
apoptosis could have been implicated in the mechanism of these changes. These researchers
showed that intraperitoneal injection of B[a]P to the embryo after day 7 at the dose of 250
mg/kg induced NTD (incidence 13.3%) in ICR mice. The exposure to B[a]P significantly in-
creased the expression of oxidative stress genes, i.e.,, CYP1A1, SOD1, and SOD2, with sim-
ultaneous suppression of GPX1. Enhanced apoptosis and a higher expression of caspase-3
were determined in the neural epithelium of embryos of B[a]P-treated mice.

Another mechanism presenting the oxidative effects of B[a]P was shown by Allmann
et al. [111]. Transcriptional regulation of DNA repair is of paramount importance in re-
storing DNA integrity following genotoxic stress. These researchers showed that B[a]P
activated a response to cellular DNA damage, causing transcriptional repression of the
mismatch repair (MMR) genes (MSH2, MSH6, and EXO1) and RADS51, the central compo-
nent of homologous recombination repair (HR), causing downregulation of MMR and
HR. DNA repair repression was also reported after treatment with the metabolite of
B[a]P—BPDE —and after ionizing ir-radiation, and also occurred as a result of ir-reversible
cell cycle arrest induced by p53/p21, signifying the onset of cell aging. The suppression of
MMR and HR is an early event during genotoxic stress-induced aging. It was proposed
that sustained downregulation of DNA repair may participate in maintaining the aging
phenotype that is associated with the accumulation of ir-reparable oxidative DNA dam-
age [111].

4.2.2. Oxidative Stress and Neurotoxicity

Some studies have documented a neurotoxic potential of B[a]P for the nervous sys-
tem. Strong lipophilicity of B[a]P and its ability to bioaccumulate in lipid-rich tissues de-
termine that this toxicant is particularly dangerous for the brain [112,113]. B[a]P has been
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found to cross the blood-brain barrier [114] and increase PAHs levels, as well as the levels
of PAHs potentially reactive to biotransformation products in the brain [113].

The exposure to B[a]P also resulted in a progressive decline in spatial learn-
ing/memory and exploratory behavior in APP/PS1 and WT mice [115]. The exposure to
B[a]P also enhanced neurodegeneration induced by the aging A peptide in primary cul-
tures of glial neurons acting through enhancement of the oxidative stress derived from
NADPH oxidase. The research revealed that chronic exposure to B[a]P caused, enhanced,
and exacerbated progression of Alzheimer’s disease (AD) in which the main pathogenic
factor included increased inflammation of the nervous system and oxidative damage from
NADPH oxidase.

Grova et al. [116,117] demonstrated that repeated intraperitoneal exposure of adult
mice to B[a]P for 10 days caused behavioral abnormalities, such as anxiety and short-term
memory and motor activity losses in these animals. These changes correlated with the
level of oxidative stress and changes in the expression of N-methyl-D-aspartate (NMDA)
Nrl and Nr2a subunit mRNA in the hippocampus and in the frontal and temporal cor-
texes.

In another study, [118] B[a]P (20 and 200 mg/kg/day) was repeatedly given to mice,
causing a significant overexpression of cytochrome. An elevated expression of
Cyp1A1/Cyp1B1 was noted in two of the three brain regions, showing the brain’s capability
to metabolize B[a]P alone. Moreover, mice anxiety reduction was noted in the elevated
plus maze and the hole board apparatus. This work also showed that B[a]P induced dose-
dependent changes in NMDA subunits’ (Nrl and Nr2a/Nr2b) expression in regions im-
plicated in cognitive processes. The researchers also determined B[a]P metabolites, such
as 9-OH-B[a]P and 7,8-diol-B[a]P in serum in the concentrations at which cognitive dam-
age in mice was noticed.

Guo et al. [108] studied the effect of B[a]P at 10 and 100 ug/L on clam Tegillarca granosa
in laboratory conditions and observed a neurotoxic potential of this substance, which was
associated with inhibition of acetylcholinesterase and choline acetyltransferase activity.
Moreover, significant DNA hypomethylation was observed, which was positively corre-
lated with changes in the activity of tested enzymes.

4.2.3. The Role of AhR Receptor in Toxicity and Carcinogenicity of B[a]P

AhR is a ligand-activated transcription factor that responds to various chemicals,
such as chemical carcinogens. AhR is capable of inducing numerous genes implicated in
immune regulation, detoxification, and proliferation. In respect to its capacity to recognize
numerous chemical substances in the environment, it is often referred to as an environ-
mental sensor.

B[a]P activates AhR and induces its translocation from the cytoplasm to the nucleus.
The ligand-free AhR forms a cytosolic protein complex with the molecular chaperone
HSP90, cochaperone p23, and XAP2 in the cytoplasm [119]. When exogenous ligands bind
and cause AhR activation, it dissociates from the complex and migrates to the nucleus,
where it dimerizes to create a complex capable of binding to the aryl hydrocarbon receptor
nuclear translocator (ARNT). This complex activates the expression of a group of genes,
such as the Ah gene battery, including cytochrome P450 1A1 (CYP1A1), CYP1A2, and
CYP1B1 [120]. Importantly, the axis B[a]P-AhR-CYP1A1 additionally generates ROS and
activates proinflammatory cytokines [120] (Figure 7).

B[a]P has been shown to increase mRNA expression of both AR and CYP1A1 genes
in vivo, which suggests that it can play a role in carcinogenesis. In the study of Chang et
al. [121], rats were injected intraperitoneally with B[a]P at 5, 10, and 15 pg/kg, and the
mRNA expression of both the AhR and CYPIAI genes was determined after 24, 48, and
72 h. It was revealed that the mRNA expression of AR and CYP1A1 genes increased with
B[a]P exposure in a dose-dependent manner.
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Figure 7. The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor located in
the cytosol. Inactive AhR occurs as a complex bonded with protein HSP90 (heat shock protein 90),
P23 co-chaperone, and protein XAP2 (aryl hydrocarbon receptor-interacting protein, known also as
AIP) or arachidonic acid (ARA). Binding AhR with ligand (B[a]P) leads to translocation of the active
form of receptor to the nucleus and binds it with AhR receptor nuclear translocator (ARNT). At-
tachment of specific transcription factors (xenobiotic response element, XRE; histone acetyltransfer-
ase p300, steroid receptor coactivator-1, SRC-1) triggers gene machinery leading to activation of de-
toxification pathways (mainly by cytochrome P450 activation, CYPs). Intensification of ROS pro-
duction can be correlated with DNA damage, mutation (mainly via PBDE), and carcinogenesis [122].
Created with BioRender.com (accessed on 12 April 2022).

AhR is contained in all tissues, particularly in the liver, adipose tissue, and bronchial
epithelial cells. Therefore, AhR plays a role in chronic bronchitis, asthma, and chronic ob-
structive pulmonary disease (COPD), and has also been shown to play an important role in
the development of lung cancer [123]. AhR plays a crucial role in the metabolism of B[a]P
by affecting the expression of CYP 450 and the regulation of numerous genes’ expression
that contributes to the initiation, promotion, and progression of lung cancer. AhR partici-
pates through physical association with the nuclear factor kappa-light-chain-enhancer sub-
units of activated B cells (NF-kB), as well as influences downstream signaling pathways,
which are involved in controlling lung cancer initiation and promotion. Recent data have
suggested that interactions with additional transcription factors, such as nuclear factor-
erythroid 2 (NF-E2), p45-related factor-2 (Nrf2), and estrogen receptor (ER), exist [123].
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AhR activation has a variety of downstream effects that determine carcinogenesis,
inflammation, DNA adduct formation, cell proliferation, and loss of cell-cell adhesion. In
addition to its role in detoxification, a recent study has also shown new roles for AhR in
cancer biology. Indeed, differential expressions of AhR have been noticed in various tu-
mors in comparison to normal tissue. Such altered states of AhR expression participates
in the pro- or antitumor action of cells depending on their condition [124]. A genomewide
association research work of skin squamous cell carcinoma (SCC) also found AhR as a
new site of susceptibility [125]. As reported by Hidaka et al. [120], AhR is a susceptibility
factor for squamous cell carcinoma and a prognostic factor for melanoma and Merkel cell
carcinoma. Additionally, it was noticed that carcinogenic effects caused by ultraviolet
(UV) ir-radiation and carcinogenic substances are partly modulated by AhR, which regu-
lates inflammation and apoptosis, DNA repair induced by UV, as well as activation of
metabolism of chemical carcinogenic compounds. Additionally, AhR has been shown to
modulate the effectiveness of therapeutic agents for melanoma. Activation of AhR triggers
the expression of gene resistance to inhibitors of the mutant proto-oncogene V600 B-Raf
and serine-threonine kinase in melanoma, and an increase in the expression of apoptosis
protein 1 (PD-1) in T cells infiltrating tumors that surround the melanoma.

Another example of the carcinogenic effects of B[a]P involving metabolic reprogram-
ming is the study conducted by [126]. These authors investigated the mechanism of AhR
metabolic reprogramming associated with malignant transformation in BEAS-2B lung
cells exposed to B[a]P. They observed that 52 metabolites were substantially changed in
BEAS-2B cells exposed to B[a]P. It was also revealed that numerous metabolic pathways
were substantially altered in B[a]P-exposed cells. It must be noted that most amino acids
levels were substantially decreased, whereas the levels of most fatty acids were substan-
tially increased in BEAS-2B cells exposed to B[a]P. Moreover, amino and fatty acids levels
were associated with the levels of the aforementioned metabolites and AhR signaling
after treatment with B[a]P. These researchers also found a reduction in peroxisome prolif-
erator-activated receptor signaling and a rise in fatty acids imported by the FATP1 trans-
porter in BEAS-2B cells treated with B[a]P.

Recently, Lou et al. [127] studied whether B[a]P regulates the metabolism of lipids
via AhR. In this study, C57BL/6 mice were treated with B[a]P for 12 weeks to determine
changes in serum lipids as well as glucose and insulin resistance. They observed that B[a]P
inhibited weight gain, depleted lipid content, elevated lipid levels, and depleted glucose
and insulin tolerance in tested animals. B[a]P also decreased C/EBPa, PPARy, FABP4,
PGC-1a, and PPARa expressions and increased NF-kB, MCP-1, and TNF-a expressions by
activation of AhR. The researchers concluded that B[a]P was capable of inhibiting the syn-
thesis and oxidation of fats, whereas triggering inflammation by activating AhR led to
white adipose tissue dysfunction and metabolic complications.

5. Adverse Effects Observed in In Vitro and In Vivo Studies
5.1. Genotoxicity and Carcinogenicity

Cancer cells act differently than normal cells in many cellular processes. One of the
main features of cancer is the Warburg effect, which is the glycolytic reprogramming that
allows cancer cells to survive and proliferate. Hardonniere et al. [128] studied the metab-
olism of mitochondria and showed that B[a]P promoted the metabolic reprogramming
characteristic of neoplastic cells. Cellular respiration was reduced, and lactate production
was elevated. Observed alterations were associated with changes in the cycle of the tricar-
boxylic acid that include dysregulation of the mitochondrial complex II. The glycolytic
shift depended on Na*/H* exchanger activation and was discovered to be a crucial factor
in the survival of the cells exposed to B[a]P.

Stowikowski et al. [129] indicated a possible carcinogenic synergy between estrogens,
especially E2 and B[a]P. These researchers suggested that the combined effect of disturbed
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estrogen production in cancer cells due to B[a]P action may explain the increased aggres-
siveness and rate of development of lung cancer.

On the other hand, Tseng et al. [130], in the study with an AhR antagonist, found that
B[a]P was also acting independently of the AhR pathway and suggested an alternative
pathway of B[a]P toxicity. They showed that B[a]P induced fibrotic alterations with the
depletion of a-1,6-fucosylation in lung stem cells (CD54 + CD157 + CD45), as well as ob-
served that B[a]P disturbed spheroid formation and podoplanin expression in investi-
gated lung stem cells, indicating that it inhibited differentiation in these cells. The ob-
served changes indicated an increased risk of lung dysfunction and cancer development.

Genotoxicity of B[a]P in Rainbow Trout was assessed by Fanali et al. [131]. Young
Rainbow Trouts were tested after exposure to B[a]P at 2 mg/kg. Among others, ethox-
yresorufin-O-deethylase activity, as a biomarker of exposure to chemical substances, was
assessed and a genotoxicity assay was performed. The obtained results indicated an in-
crease in ethoxyresorufin-O-deethylase activity and an increased frequency of micronu-
clei formation, which may show a genotoxic potential of B[a]P in this fish species.

5.2. Epigenetic Effect

DNA methylation is a crucial gene regulation process that is sensitive to the action of
environmental pollutants. A variety of xenobiotics have been identified as epigenetic mod-
ifiers, which are capable of inducing epimutations, particularly by influencing DNA meth-
ylation patterns [132]. In vitro studies have shown that B[a]P, a substance of carcinogenic
potential and toxic for development and reproduction, is also an epigenetic modifier.

B[a]P exhibits epigenotoxicity because it disrupts the processes of methylation of the
entire epigenome [133-135], as well as promoters of individual genes [136,137]. B[a]P also
influences the expression of histones [137,138] and induces the expression of miRNAs
[139]. Bukowska and Siciniska [5] presented in their review that the mechanism of epige-
netic changes induced by B[a]P was mainly associated with the creation of CpG-BPDE
adducts, between B[a]P metabolite —BPDE —and CpG that led to alterations in the level
of 5-methylcytosine [133-135]. Moreover, B[a]P has been shown to be able to inhibit the
activities of DNA methyltransferases [140,141] and increase the activities of histone
deacetylases (HDACs) [137] (Figure 8).

Formation of CpG-BPDE
Inhibition of DNA adducts,
methyltransferases changes in the level
activity of 5-methylcytosine
Methyl group
¢ —  BlalP_« mJm
Promoter  Target gene Bulky adducts/

Activation gene Intrastrand crosslinks

transcription

Increasing histone —/l_/lw

deacetylases activity
Activation gene
transcription

Figure 8. Mechanism of epigenetic changes induced by B[a]P. Created with BioRender.com (ac-
cessed on 12 April 2022).
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Recent studies have revealed that ancestral exposure to B[a]P causes intergenera-
tional osteotoxicity in nonexposed F3 offspring. The consequences of environmental pol-
lution with B[a]P/PAHs can thus be serious and may need reassessment. Mo et al. [142],
in a review, suggested that transgenerational inheritance of osteotoxicity in fish, induced
by ancestral exposure to B[a]P, is mediated by epigenetically deregulated bone
miRNA/genes. Harmful effects of B[a]P on aquatic animals and their offspring have been
confirmed by subsequent studies. Yin et al. [143] examined the offspring of sea medaka
(Oryzias melastigma) treated with B[a]P at 0.5 mg/L and observed disturbed circadian os-
cillations and severe damage to DNA. Many clock-related genes, including perl and p53,
were substantially modulated in the offspring. Moreover, after paternal exposure to B[a]P,
offspring had more severe damage to DNA and a higher hypermethylation degree than
after maternal exposure. F1 larvae from parents exposed to B[a]P were more sensitive to
B[a]P exposure, showing that expression of immunological and metabolic genes was sub-
stantially increased.

5.3. Epigenetic and Carcinogenic Effect of Benzo[alpyrene in Epidemiological Studies— Exposure
to Bla]P Present in PAH Mixtures

The International Agency for Research on Cancer (IARC) has classified B[a]P as “car-
cinogenic to humans” (Group 1) [6]. The carcinogenic effect of PAHs, including B[a]P, has
been confirmed by numerous scientific studies. For a long time, various studies have in-
dicated an increased risk of development of lung, skin, and bladder cancer in humans
exposed to PAHs [144-147]. Recent research works have also implied that the exposure to
PAHs is associated with increased risk of larynx, kidney, prostate, breast, blood (leuke-
mia), brain, and colon cancers [11,13,148,149].

B[a]P, and particularly its metabolites, form DNA adducts, which lead to mutations.
TP53 gene mutations have been shown to be common in the lung cancer of smokers, while
they less frequently appeared in nonsmokers. These mutations are G — T transversions with
hotspots at codons 157, 248, and 273 [150]. The active metabolite-anti-B[a]P-7,8-diol-9,10-
oxide produces a spectrum of unique TP53 mutations, which differ from those observed in
cancers, which are not linked with smoking. Similar G — T mutations were observed in lung
tumors in nonsmokers whose tumors were linked with PAHs exposure from smoke pro-
duced by the combustion of coal in unventilated homes. Mutations were clustered in codons
rich in CpG 153-158 of the TP53 gene and codons 249 and 273 [151].

Widziewicz et al. [152] examined the geographic distribution of lung cancer inci-
dence in Poland and found that emission of B[a]P associated with PM10 from domestic
heating contributed to the risk of lung cancer mainly in areas outside cities and agglom-
erations. When B[a]P concentrations were averaged across provinces, the exposure to
B[a]P turned out to account for up to 31% of all cases of lung cancer.

Amadou et al. [13] assessed the relationship between exposure to airborne B[4]P and
breast cancer risk. In the case—control study, 5222 women with breast cancer and 5222
appropriate controls were examined. The annual exposure to B[a]P of subjects was evalu-
ated using the chemical-transport model and was assigned to geocoded home addresses
of participants for each year from 1990 to 2011. This research elevated the known breast
cancer risk connected with cumulative exposure to B[a]P, which varied with the status of
menopause, the status of hormone receptors, and the degree of differentiation in breast
cancer.

Epidemiological studies in human cohorts have implied correlations between PAHs
exposure and a disturbed status of methylation in the offspring [133-135]. It has been sug-
gested that global hypomethylation, as well as hypermethylation of specific genes, are
connected with the development of cancer and other human disorders. Experimental data
have shown that B[a]P adducts with DNA may regulate methylated genomic regions.
Early embryonic development can be a period of particular susceptibility to B[a]P expo-
sure (present, e.g., in cigarette smoke, as shown above), which results in an increased
number of DNA adducts, as well as in disturbed DNA methylation.
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Suter et al. [135] implied that frequent perinatal exposure (such as maternal smoking)
dysregulates placental methylation in a CpG site-specific manner that correlates with sub-
stantial alterations in gene expression along signature pathways. It has been observed that
the expression of 623 genes and the methylation of 1024 CpG dinucleotides were changed
in smokers, with only 38 CpG revealing differential methylation (difference in methylation
of 210%).

Herbstman et al. [133] also conducted an epidemiological study which assessed the
effect of prenatal PAHs, including B[a]P, exposure on genomic DNA methylation in um-
bilical cord blood and assessed the associations between levels of methylation and the
occurrence of PAHs-DNA adducts. They found that prenatal PAHs exposure was con-
nected with lower global DNA methylation in umbilical cord blood cells and that the lev-
els of global methylation were positively correlated with the occurrence of adducts in cord
blood. The researchers suggested that PAHs exposure was sufficient to alter the global
methylation level in the tested population. A similar aspect of this research was under-
taken by Joubert et al. [134]. These workers determined the entire epigenome methylation
in newborns” umbilical cord blood in the context of maternal smoking during pregnancy.
They found a number of genes with methylation alterations appearing at birth in babies
whose mothers smoked during pregnancy. They proved that DNA methylation was sta-
tistically significant for the whole epigenome for 26 CpG mapped to 10 genes.

5.4. Effects on Reproduction
5.4.1. B[a]P Effect on Males

Spermatogenesis is a controlled process during which a mature sperm is produced
from sperm stem cells in three major stages, i.e., the mitotic stage, meiotic stage, and mat-
uration stage. Germ cells undergo mutations during mitotic and meiotic divisions. Alter-
ations in DNA sequence may be caused by cell treatment with xenobiotics during its entire
life, but may also be inherited from mutations in spermatogonia stem cells, thus increasing
the development risk of abnormalities or diseases in the offspring [153]. Damage to DNA
related to B[a]P exposure was observed at all spermatogenesis stages, which were con-
nected with a substantially reduced number of spermatozoids [154].

It was observed that subchronic exposure of adult male F-344 rats to inhaled B[a]P
caused a depletion of testicular and epididymal functions in the studied animals [155].
Moreover, some studies have shown that the escalation of sperm hyperactivity occurs
with an increase in the concentration of B[a]P due to premature capacitation [156].

Reddy et al. [157] assessed reproductive toxicity of B[a]P in adult male Wistar rats
and concluded that chronic exposure to sublethal doses of B[a]P altered steroidogenesis
and spermatogenesis, leading to depleted fertility in adult male rats. Rats received intra-
peritoneal injections containing B[a]P at doses of 1, 10, or 100 ug/kg b.w. each day for 60
days and were analyzed for fertility. At the end of dosing, the rats were euthanized and
analyzed. It was found that the relative weights of the testes, epididymis caput, epididy-
mal tail, seminal vesicle, and the prostate gland were substantially depleted in B[a]P-ex-
posed animals. They have noted that daily sperm production and epididymal sperm
count, mobility, and viability were substantially reduced in a dose-dependent manner in
B[a]P-exposed rats. Moreover, a dose-dependent reduction in the activities of testicular
steroidogenic enzymes was noted, whereas levels of serum testosterone were decreased
in B[a]P-exposed animals. In silico research showed a binding affinity of B[a]P with the
simulated StAR protein in the hydrophobic region of the tunnel and showed that the in-
teraction of B[a]P with StAR could have led to reduced cholesterol transport to the mito-
chondria, which changes androgen synthesis in B[a]P-exposed rats.

A very interesting study was conducted by Jorge et al. [158], who assessed how
peripubertal exposure to B[a]P in male rats could cause reproductive disorders in the off-
spring. B[a]P was given orally to male rats in the postnatal period 23-53 days at environ-
mentally relevant doses (0, 0.1, 1, or 10 pg/kg/day). On day 90 of the postnatal period,
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exposed males were mated with untreated B[a]P females to conceive the next generation
(F1). Paternal exposure to B[a]P depleted the body weight of the offspring and also re-
sulted in a depletion in the relative anorectal distance in males. The exposure to B[a]P also
accelerated the onset of puberty, as shown by an earlier vaginal opening and first estrus
in the lowest dose group of females, as well as a delay in testicular prolapse and foreskin-
separation age in males. In males, a reduction in the production of daily sperm, as well as
disturbed sperm morphology, were observed. Moreover, testicular histology was
changed, as shown by a depletion in the number of Leydig cells and the diameter of sem-
inal vesicles. Females showed changes in estrus cycles and some fertility parameters, as
well as histological changes in the ovaries and uterus. B[a]P changed the reproductive
parameters of the F1 generation, which suggested that the peripubertal exposure of the FO
generation to this compound caused permanent modifications in the reproduction of
these animals [158].

5.4.2. Effect on Females

The ovarian function may be compromised by exposure to toxicants. Xenobiotics can
affect the ovary itself, leading to impaired oocyte maturation and/or its destruction. The
mechanism of B[a]P-mediated ovotoxicity may be indirect because oocytes are sur-
rounded by follicular cells at all stages of development [159]. The loss of integrity of the
follicle wall as a result of B[a]P exposure may adversely affect maintaining oocyte viability
[160]. Extensive damage to the follicles can also impair the production of steroid hor-
mones, which in turn affects the hormonal balance and leads to ovarian failure [161]. Lim
et al. [162] noticed that developing ovaries are more vulnerable when compared with tes-
tes to prenatal exposure to B[a]P, which may be associated with the formation of higher
B[a]P metabolites levels in female embryos.

In ovarian tissue, adducts of the B[a]P metabolite—BPDE —with DNA have been de-
termined in oocytes and luteal cells in the ovaries of adult women exposed to cigarette
smoke from smoking or passive smoking [163]. B[a]P has been proven to cross the pla-
centa in mice, rats, and guinea pigs as a result of maternal injection, inhalation exposure,
or dermal contact [164]. Treatment of pregnant mice or rats with B[4]P (inhalation) caused
a reduction in the number of live pups at birth [165]. B[a]P injection into pregnant rats
caused reduced fetal weight, as well as increased fetal mortality [166], whereas giving
B[a]P by ingestion to pregnant females increased the number of stillborn young [167].

Yang et al. [168] investigated the mechanisms underlying endocrine and reproduc-
tive disorders in bivalves exposed to B[a]P. The analysis covered three reproductive stages
(the proliferative, growth, and mature stages) of female Chlamys farreri scallops, which
were exposed to B[a]P at 0.38 and 3.8 ug/L. This research showed a toxic impact of B[a]P
on the gonadosomatic index, endocrine-related gene expression, circulating hormone lev-
els, and ovarian histology. A substantial depletion in sex hormones, including testos-
terone, progesterone, and 17B-estradiol levels, was noticed in B[a]P-exposed C. farreri dur-
ing phases of growth and maturity. These effects were linked to decreased steroidogenic
enzymes expression, including 33-hydroxysteroid dehydrogenase, CYP17, and 175-HSD,
which were regulated by the upstream signaling pathway of adenylate cyclase and pro-
tein kinase. It was also found that ovarian estrogen receptor and caveolin-1 (cav-1) tran-
scripts levels were depleted in C. farreri. Moreover, vitellogenin, a precursor of egg yolk
involved in ovarian development, was downregulated by B[a]P [168].
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5.4.3. Effect on Fetal Development

Yamaguchi et al. [169] studied embryonic teratogenicity and developmental toxicity
of B[a]P in Japanese Medaka (Oryzias latipes) after exposure to B[a]P at 0.1 and 1 mg/L for
2 h. Embryos exposed to B[a]P were found to reveal typical teratogenic and developmen-
tal effects, including cardiovascular and developmental abnormalities and curvature of
the spine. DNA microarray analysis showed several unique upregulated genes, such as
those connected with cardiovascular disease, various cellular processes, and neuronal de-
velopment. These findings have suggested a potential teratogenicity and developmental
toxicity of B[a]P.

Epidemiological studies have shown that increased PAHs, including B[a]P, exposure
could be connected with a variety of abnormalities, including lower serum progesterone
levels, reduced fetal growth [170], and a higher risk of early miscarriage, which suggests
a possible disturbing effect of these toxicants on the reproductive process [171]. Popula-
tion analyses have also indicated that mice exposed to B[a]P showed depleted fetal weight,
length, and head circumference; preterm delivery; birth defects; and reduced growth
[172]. Ye et al. [171] recently investigated the effects of B[a]P and its metabolite, BPDE, on
human trophoblasts and miscarriages in mice. They found a dose-dependent incidence of
abnormal murine fetuses starting from a dose of B[a]P of 0.1 pg/kg; at a dose of 2 mg/kg,
no fetus was developed. Apoptosis in human trophoblasts was also demonstrated, which
was associated with BPDE concentration. Moreover, BPDE from a dose of 0.5 uM caused
an increase in Bax/caspase-3, and a decrease in Bcl-2 levels BPDE was also shown to in-
hibit, in a concentration-dependent manner, chorion explants’ migration from women
who had undergone an elective abortion procedure, which is in agreement with depleted
chorion explants’ migration from women who experience a recurrent loss of pregnancy.
Moreover, in a dose-dependent manner, it reduced cell immigration in Swan 71 tropho-
blasts.

6. Impact on Virus Development

Smoking increases the pathogenesis of HIV-1 and reduces the response to antiretro-
viral therapy. Ranjit et al. [173] showed a ~three- to fourfold rise in the replication of HIV-
1 in U1 cells and human primary macrophages after chronic treatment with B[a]P. They
also noticed a ~30-fold rise in the expression of CYP1A1 at the mRNA level, a ~2.5-fold
rise in its enzymatic activity, and an increase in ROS level and cytotoxicity in Ul cells.
Inhibition of the CYP1A1 gene with siRNA and treatment with selective CYP inhibitors
and antioxidants substantially depleted HIV-1 replication. Similarly, suppression of the
NEF-kB pathway with specific NF-«B inhibitors also substantially decreased HIV-1 repli-
cation. The authors suggested that B[a]P enhanced HIV-1 replication in macrophages
through the CYP-mediated oxidative stress pathway followed by the NF-«kB pathway.

Zhang et al. [174] investigated the effects of 17 PAHs on high-risk Human Papilloma-
virus (HPV16). They showed that the HPV16 E7 oncogene was expressed in primary cells
extracted from the kidneys of young rats, which were treated with PAHs. B[a]P,
dibenzo[a h]anthracene, and indeno[1,2,3-cd]pyrene revealed the strongest potential for co-
transformation in the renal cell system of young rats. Short-term exposure to B[a]P did not
change the proliferation of C33A or CaSki cells; nevertheless, long-term exposure caused a
dramatic rise in CaSki cell growth rate by 120-140%. In addition, the exposure to B[a]P
changed the mobility and invasiveness of C33A and SiHa cells, but not of MCF7 cells. These
results indicated that exposure to B[a]P may be a key cofactor in HPV-related cancer devel-
opment. B[a]P can operate at all three stages: initiation, promotion, and progression.

7. Other Effects

B[a]P has been reported to be implicated in the accelerated mucus secretion in the
airways and high mucin 5AC (MUC5AC) expression. Sun et al. [175] proved that B[a]P
increased the levels of mRNA and MUC5AC proteins in airway epithelial cells. In turn,
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Tajima et al. [176] indicated that B[a]P-induced AhR receptor activation was implicated in
a proinflammatory response to a respiratory allergy in a mouse model of allergic airway
inflammation, and this process could have been mediated by the increased expression of
IL-33 and eosinophil infiltration. Moreover, Choi et al. [177] reported that B[a]P strongly
influenced nonatopic asthma, while there was no clear association with atopic asthma.

8. Summary

B[a]P is commonly found in the air, surface water, soil, food, dust, and cigarette
smoke. Due to high hydrophobicity, B[a]P is present in high concentrations in aquatic
sediments and soil, while low concentrations of this substance are present in surface wa-
ters. Outdoor air is often contaminated with B[a]P at concentrations which consistently
exceed acceptable standards. In particular, inhaling indoor air containing very high B[a]P
concentrations poses a serious health risk for children in school and kindergarten, as well
as workers employed in aluminum factories or coke-oven facilities.

This substance is very toxic, and it is a group I carcinogen. B[a]P is also genotoxic,
mutagenic, epigenotoxic, teratogenic, and neurotoxic, and it impairs fertility. The mecha-
nism of B[a]P-action involves the formation of depurinating DNA adducts, generation of
ROS, activation of AhR, and various epigenetic changes.

Undue pollution of the atmosphere with B[a]P is now one of the essential environ-
mental health threats for numerous countries. Taken into consideration the current state
of B[a]P air pollution, the governments of those countries must implement new measures
to reduce B[a]P emissions into the atmosphere.

On the other hand, B[a]P that has already been introduced in the environment (par-
ticularly the presence in heavily contaminated soils), must be eliminated as soon as pos-
sible by the usage of bacteria strains capable of efficiently degrading this substance.

Author Contributions: B.B.: Conceptualization, Writing—original draft, Writing—review & edit-
ing. K.M.: Visualization, Writing —review & editing. ].M.: Writing —original draft, Writing —review
& editing. All authors have read and agreed to the published version of the manuscript.

Funding: This manuscript was funded by Research granted (B2011000000191.01) to the Department
of Biophysics of Environmental Pollution, Faculty of Biology and Environmental Protection, Uni-
versity of Lodz.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.  Bezza, F.A,; Chirwa, EM.N. The Role of Lipopeptide Biosurfactant on Microbial Remediation of Aged Polycyclic Aromatic
Hydrocarbons (PAHs)-Contaminated Soil. Chem. Eng. J. 2017, 309, 563-576.

2. Bostrom, C.E.; Gerde, P.; Hanberg, A.; Jernstrom, B.; Johansson, C.; Kyrklund, T.; Rannug, A.; Térnqvist, M.; Victorin, K.;
Westerholm, R. Cancer Risk Assessment, Indicators, and Guidelines for Polycyclic Aromatic Hydrocarbons in the Ambient Air.
Environ. Health Perspect. 2002, 110, 451-488.

3. Saravanakumar, K; Sivasantosh, S.; Sathiyaseelan, A.; Sankaranarayanan, A.; Naveen, K.V.; Zhang, X.; Jamla, M.; Vijayasarathy,
S.; Vishnu Priya, V.; MubarakAli, D.; et al. Impact of Benzo[a]Pyrene with Other Pollutants Induce the Molecular Alternation
in the Biological System: Existence, Detection and Remediation Methods. Environ. Pollut. 2022, 304, 119207.

4. Knafla, A.; Phillipps, K.A.; Brecher, RW.; Petrovic, S.; Richardson, M. Development of a Dermal Cancer Slope Factor for
Benzo[a]Pyrene. Regul. Toxicol. Pharmacol. 2006, 45, 159-168.

5. Bukowska, B.; Sicinska, P. Influence of Benzo(a)Pyrene on Different Epigenetic Processes. Int. ]. Mol. Sci. 2021, 22, 13453.

6. IARC Working Group Benzo[a]Pyrene. larc Monographs on the Identification of Carcinogenic Hazards to Humans. 2010. Avail-
able online: https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono100F-14.pdf (accessed on 05.06.2022).

7. Susanto, A; Yusril, N.; Zaini, J.; Nuwidya, F. Comparison of Serum Benzo(a)Pyrene Diol Epoxide —Protein Adducts Level be-

tween Kretek Cigarette Smokers and Nonsmokers and the Related Factors. J. Nat. Sci. Biol. Med. 2021, 12, 52.



Int. ]. Mol. Sci. 2022, 23, 6348 25 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Motejlek, K.; Palluch, F.; Neulen, J.; Griimmer, R. Smoking Impairs Angiogenesis during Maturation of Human Oocytes. Fertil.
Steril. 2006, 86, 186-191.

Younglai, E.V.; Holloway, A.C.; Foster, W.G. Environmental and Occupational Factors Affecting Fertility and IVF Success. Hum.
Reprod. Update 2005, 11, 43-57.

Saleh, S.A K.; Adly, HM.; Aljahdali, I.A.; Khafagy, A.A. Correlation of Occupational Exposure to Carcinogenic Polycyclic Aro-
matic Hydrocarbons (CPAHs) and Blood Levels of P53 and P21 Proteins. Biomolecules 2022, 12, 260.

Petit, P.; Maitre, A.; Persoons, R.; Bicout, D.]. Lung Cancer Risk Assessment for Workers Exposed to Polycyclic Aromatic Hy-
drocarbons in Various Industries. Environ. Int. 2019, 124, 109-120.

Guerreiro, C.B.B.; Horalek, J.; de Leeuw, F.; Couvidat, F. Benzo(a)Pyrene in Europe: Ambient Air Concentrations, Population
Exposure and Health Effects. Environ. Pollut. 2016, 214, 657-667.

Amadou, A.; Praud, D.; Coudon, T.; Deygas, F.; Grassot, L.; Faure, E.; Couvidat, F.; Caudeville, ].; Bessagnet, B.; Salizzoni, P.;
et al. Risk of Breast Cancer Associated with Long-Term Exposure to Benzo[a]Pyrene (BaP) Air Pollution: Evidence from the
French E3N Cohort Study. Environ. Int. 2021, 149, 106399.

Mahasakpan, N.; Chaisongkaew, P.; Inerb, M.; Nim, N.; Phairuang, W.; Tekasakul, S.; Furuuchi, M.; Hata, M.; Kaosol, T.; Tekasa-
kul, P; et al. Fine and Ultrafine Particle- and Gas-Polycyclic Aromatic Hydrocarbons Affecting Southern Thailand Air Quality
during Transboundary Haze and Potential Health Effects. J. Environ. Sci. 2023, 124, 253-267.

San José, R.; Pérez, J.L.; Callén, M.S.; Lopez, ].M.; Mastral, A. BaP (PAH) Air Quality Modelling Exercise over Zaragoza (Spain)
Using an Adapted Version of WRF-CMAQ Model. Environ. Pollut. 2013, 183, 151-158.

Valerio, F.; Pala, M.; Lazzarotto, A ; Stella, A.; Ciccarelli, F.; Balducci, D.; Brescianini, C. Air Quality Standard for Benzo(a)Pyrene
(BaP) in Genoa (1994-1995). Polycycl. Aromat. Compd. 1996, 9, 61-66.

Flaga-Maryanczyk, A.; Baran-Gurgul, K. The Impact of Local Anti-Smog Resolution in Cracow (Poland) on the Concentrations
of PM10 and BaP Based on the Results of Measurements of the State Environmental Monitoring. Energies 2021, 15, 56.

Deziel, N.C.; Wei, W.-Q.; Abnet, C.C.; Qiao, Y.-L.; Sunderland, D.; Ren, ].-S.; Schantz, M.M.; Zhang, Y.; Strickland, P.T.; Abu-
baker, S.; et al. A Multi-Day Environmental Study of Polycyclic Aromatic Hydrocarbon Exposure in a High-Risk Region for
Esophageal Cancer in China. |. Expo. Sci. Environ. Epidemiol. 2013, 23, 52-59.

Fismes, J.; Perrin-Ganier, C.; Empereur-Bissonnet, P.; Morel, J.L. Soil-to-Root Transfer and Translocation of Polycyclic Aromatic
Hydrocarbons by Vegetables Grown on Industrial Contaminated Soils. |. Environ. Qual. 2002, 31, 1649-1656.

Sushkova, S.; Deryabkina, I.; Antonenko, E.; Kizilkaya, R.; Rajput, V.; Vasilyeva, G. Benzo[a]Pyrene Degradation and Bioaccu-
mulation in Soil-Plant System under Artificial Contamination. Sci. Total Environ. 2018, 633, 1386-1391.

Research Committee Report, 1984 - epa nepis. Available online: https://nepis.epa.gov (accessed on 05.06.2022).
Dejchanchaiwong, R.; Tekasakul, P.; Tekasakul, S.; Phairuang, W.; Nim, N.; Sresawasd, C.; Thongboon, K.; Thongyen, T.; Su-
wattiga, P. Impact of Transport of Fine and Ultrafine Particles from Open Biomass Burning on Air Quality during 2019 Bangkok
Haze Episode. J. Environ. Sci. 2020, 97, 149-161.

Jin, T.; Han, M.; Han, K; Fu, X,; Xu, L.; Xu, X. Health Risk of Ambient PM10-Bound PAHs at Bus Stops in Spring and Autumn
in Tianjin, China. Aerosol Air Qual. Res. 2018, 18, 1828-1838.

Air Quality in Europe. 2020. Available online: https://www.eea.europa.eu/publications/air-quality-in-europe-2020-report (ac-
cessed on 05.06.2022).

Schreiberova, M.; Vlasakova, L.; Vicek, O; émejdifové, J.; Horalek, J.; Bieser, J. Benzo[a]Pyrene in the Ambient Air in the Czech
Republic: Emission Sources, Current and Long-Term Monitoring Analysis and Human Exposure. Atmosphere 2020, 11, 955.
Eionet Report—ETC/ATNI Benzo(a)Pyrene (B[a]P) Annual Mapping. 2021. Available online: Benzo(a)pyrene (BaP) annual
mapping - Eionethttps://www.eionet.europa.eu (accessed on 05.06.2022).

Gordon, S.B.; Bruce, N.G.; Grigg, J.; Hibberd, P.L.; Kurmi, O.P.; Lam, K.H.; Mortimer, K.; Asante, K.P.; Balakrishnan, K.; Balmes,
J.; et al. Respiratory Risks from Household Air Pollution in Low and Middle Income Countries. Lancet Respir. Med. 2014, 2, 823—
860.

Cohen, A]; Brauer, M.; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dan-
dona, R;; et al. Estimates and 25-Year Trends of the Global Burden of Disease Attributable to Ambient Air Pollution: An Analysis
of Data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907-1918.

Feng, S.; Shen, X.; Hao, X; Cao, X; Li, X.; Yao, X,; Shi, Y.; Lv, T.; Yao, Z. Polycyclic and Nitro-Polycyclic Aromatic Hydrocarbon
Pollution Characteristics and Carcinogenic Risk Assessment of Indoor Kitchen Air during Cooking Periods in Rural Households
in North China. Environ. Sci. Pollut. Res. 2021, 28, 11498-11508.

Li, Y.C; Qiu, ]J.Q.; Shu, M.; Ho, S.S.H.; Cao, J.J.; Wang, G.H.; Wang, X.X,; Zhao, X.Q. Characteristics of Polycyclic Aromatic
Hydrocarbons in PM2.5 Emitted from Different Cooking Activities in China. Environ. Sci. Pollut. Res. 2018, 25, 4750-4760.

Cui, L.; Duo, B.; Zhang, F.; Li, C,; Fu, H.; Chen, ]. Physiochemical Characteristics of Aerosol Particles Collected from the Jokhang
Temple Indoors and the Implication to Human Exposure. Environ. Pollut. 2018, 236, 992-1003.

Liu, Y.; Qin, N.; Liang, W.; Chen, X.; Hou, R.; Kang, Y.; Guo, Q.; Cao, S.; Duan, X. Polycycl. Aromatic Hydrocarbon Exposure of
Children in Typical Household Coal Combustion Environments: Seasonal Variations, Sources, and Carcinogenic Risks. Int. J.
Environ. Res. Public Health 2020, 17, 6520.

Alghamdi, M.A.; Hassan, S.K.; Alzahrani, N.A.; Al Sharif, M.Y.; Khoder, M.I. Classroom Dust-Bound Polycyclic Aromatic Hy-
drocarbons in Jeddah Primary Schools, Saudi Arabia: Level, Characteristics and Health Risk Assessment. Int. J. Environ. Res.
Public Health 2020, 17, 2779.



Int. ]. Mol. Sci. 2022, 23, 6348 26 of 31

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Blaszczyk, E.; Rogula-Koztowska, W.; Klejnowski, K.; Kubiesa, P.; Fulara, L; MielZyﬁska—évach, D. Indoor Air Quality in Urban
and Rural Kindergartens: Short-Term Studies in Silesia, Poland. Air Qual. Atmos. Health 2017, 10, 1207-1220.

Sen, S.; Narayana, J.; Ravichandran, B.; Dhananjayan, V. Polyaromatic Hydrocarbons Depositions and Their Carcinogenic Risk
Assessment in the Foundry Workers. Aerosol Sci. Eng. 2018, 2, 173-181.

Ny, E.T.; Heederik, D.; Kromhout, H.; Jongeneelen, F. The Relationship Between Polycyclic Aromatic Hydrocarbons in Air and
in Urine of Workers in Soderberg Potroom. Am. Ind. Hyg. Assoc. ]. 1993, 54, 277-284.

Brandt, H.C.; Watson, W.P. Monitoring Human Occupational and Environmental Exposures to Polycyclic Aromatic Com-
pounds. Ann. Occup. Hyg. 2003, 47, 349-378.

He, Y.; Yang, C.; He, W.; Xu, F. Nationwide Health Risk Assessment of Juvenile Exposure to Polycyclic Aromatic Hydrocarbons
(PAHSs) in the Water Body of Chinese Lakes. Sci. Total Environ. 2020, 723, 138099.

Singare, P.U. Carcinogenic and Endocrine-Disrupting PAHs in the Aquatic Ecosystem of India. Environ. Monit. Assess. 2016,
188, 599.

Chen, W.; Peng, B.; Huang, H.; Kuang, Y.; Qian, Z.; Zhu, W.; Liu, W.; Zhang, Y.; Liao, Y.; Zhao, X,; et al. Distribution and
Potential Sources of OCPs and PAHs in Waters from the Danshui River Basin in Yichang, China. Int. |. Environ. Res. Public Health
2021, 19, 263.

Hayakawa, K.; Makino, F.; Yasuma, M.; Yoshida, S.; Chondo, Y.; Toriba, A.; Kameda, T.; Tang, N.; Kunugi, M.; Nakase, H.; et
al. Polycyclic Aromatic Hydrocarbons in Surface Water of the Southeastern Japan Sea. Chem. Pharm. Bull. 2016, 64, 625-631.

Li, R.;; Cheng, M.; Cui, Y.; He, Q.; Guo, X.; Chen, L.; Wang, X. Distribution of the Soil PAHs and Health Risk Influenced by Coal
Usage Processes in Taiyuan City, Northern China. Int. J. Environ. Res. Public Health 2020, 17, 6319.

Twardowska, I.; Kolodziejczyk, A.M. Benzo[a]Pyrene in Soils and Ground Water: Occurrence, Sources, Distribution, Interrela-
tion. Toxicol. Environ. Chem. 1998, 66, 127-144.

Wydro, U.; Wotejko, E.; Loboda, T.; Kowczyk-Sadowy, M. Changes the Concentration of Selected PAHs in Urban Soils Fertilized
with Municipal Sewage Sludge. ]. Ecol. Eng. 2015, 16, 62-67.

Obrycki, J.F.; Basta, N.T.; Culman, S.W. Management Options for Contaminated Urban Soils to Reduce Public Exposure and
Maintain Soil Health. J. Environ. Qual. 2017, 46, 420-430.

Olgun, B.; Dogan, G. Polycyclic Aromatic Hydrocarbon Concentrations in Soils of Greenhouses Located in Aksu Antalya, Tur-
key. Water Sci. Technol. 2020, 81, 283-292.

Wilcke, W. SYNOPSIS Polycyclic Aromatic Hydrocarbons (PAHs) in Soil —A Review. J. Plant Nutr. Soil Sci. 2000, 163, 229-248.
Mielke, HW.; Wang, G.; Gonzales, C.R.; Le, B.; Quach, V.N.; Mielke, P.W. PAH and Metal Mixtures in New Orleans Soils and
Sediments. Sci. Total Environ. 2001, 281, 217-227.

Wang, Z.; Chen, J.; Yang, P.; Qiao, X.; Tian, F. Polycyclic Aromatic Hydrocarbons in Dalian Soils: Distribution and Toxicity
Assessment. |. Environ. Monit. 2007, 9, 199-204.

Nam, J.J.; Thomas, G.O.; Jaward, F.M.; Steinnes, E.; Gustafsson, O.; Jones, K.C. PAHs in Background Soils from Western Europe:
Influence of Atmospheric Deposition and Soil Organic Matter. Chemosphere 2008, 70, 1596-1602.

Nadal, M.; Schuhmacher, M.; Domingo, ].L. Levels of PAHs in Soil and Vegetation Samples from Tarragona County, Spain.
Environ. Pollut. 2004, 132, 1-11.

Maliszewska-Kordybach, B.; Smreczak, B.; Klimkowicz-Pawlas, A. Concentrations, Sources and Spatial Distribution of Individ-
ual Polycyclic Aromatic Hydrocarbons (PAHs) in Agricultural Soils in the Eastern Part of the EU: Poland as a Case Study. Sci.
Total Environ. 2009, 407, 3746-3753.

Shamilishvily, G.; Abakumov, E.; Gabov, D. Polycyclic Aromatic Hydrocarbon in Urban Soils of an Eastern European Mega-
lopolis: Distribution, Source Identification and Cancer Risk Evaluation. Solid Earth 2018, 9, 669-682.

Abakumov, E.; Nizamutdinov, T.; Yaneva, R.; Zhiyanski, M. Polycyclic Aromatic Hydrocarbons and Potentially Toxic Elements
in Soils of the Vicinity of the Bulgarian Antarctic Station “St. Kliment Ohridski” (Antarctic Peninsula). Front. Environ. Sci. 2021,
9, 656271.

Bezberdaya, L.; Kosheleva, N.; Chernitsova, O.; Lychagin, M.; Kasimov, N. Pollution Level, Partition and Spatial Distribution
of Benzo(a)Pyrene in Urban Soils, Road Dust and Their PMio Fraction of Health-Resorts (Alushta, Yalta) and Industrial (Sebas-
topol) Cities of Crimea. Water 2022, 14, 561.

Lee, C.C.; Chen, C.S.; Wang, Z.X.; Tien, C.J. Polycyclic Aromatic Hydrocarbons in 30 River Ecosystems, Taiwan: Sources and
Ecological and Human Health Risks. Sci. Total Environ. 2021, 795, 148867.

Punetha, A.; Saraswat, S.; Rai, ].P.N. An Insight on Microbial Degradation of Benzo[a]Pyrene: Current Status and Advances in
Research. World ]. Microbiol. Biotechnol. 2022, 38, 61.

Nzila, A.; Musa, M.M.; Sankara, S.; Al-Momani, M.; Xiang, L.; Li, Q.X. Degradation of Benzo[a]Pyrene by Halophilic Bacterial
Strain Staphylococcus haemoliticus Strain 10SBZ1A. PLoS ONE 2021, 16, e0247723.

Delgado-Saborit, ].M.; Alam, M.S.; Godri Pollitt, K.J.; Stark, C.; Harrison, R.M. Analysis of Atmospheric Concentrations of Qui-
nones and Polycyclic Aromatic Hydrocarbons in Vapour and Particulate Phases. Atmos. Environ. 2013, 77, 974-982.

Sampaio, G.R.; Guizellini, G.M.; da Silva, S.A.; de Almeida, A.P.; Pinaffi-Langley, A.C.C.; Rogero, M.M.; de Camargo, A.C.;
Torres, E.A.F.S. Polycyclic Aromatic Hydrocarbons in Foods: Biological Effects, Legislation, Occurrence, Analytical Methods,
and Strategies to Reduce Their Formation. Int. ]. Mol. Sci. 2021, 22, 6010.

Gharby, S.; Harhar, H.; Farssi, M.; Ait Taleb, A.; Guillaume, D.; Laknifli, A. Influence of Roasting Olive Fruit on the Chemical
Composition and Polycyclic Aromatic Hydrocarbon Content of Olive Oil. OCL 2018, 25, A303.



Int. ]. Mol. Sci. 2022, 23, 6348 27 of 31

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.
88.

89.

90.

Santonicola, S.; Albrizio, S.; Murru, N.; Ferrante, M.C.; Mercogliano, R. Study on the Occurrence of Polycyclic Aromatic Hydro-
carbons in Milk and Meat/Fish Based Baby Food Available in Italy. Chemosphere 2017, 184, 467-472.

Migdat, W.; Walczycka, M.; Migdal, L. The Levels of Polycyclic Aromatic Hydrocarbons in Traditionally Smoked Cheeses in
Poland. Polycycl. Aromat. Compd. 2020, 42, 1-13.

Wang, H.; Wang, C.; Li, C.; Xu, X.; Zhou, G. Effects of Phenolic Acid Marinades on the Formation of Polycyclic Aromatic Hy-
drocarbons in Charcoal-Grilled Chicken Wings. J. Food Prot. 2019, 82, 684—690.

Bogdanovi¢, T.; Pleadin, J.; Petricevi¢, S.; Listes, E.; Sokoli¢, D.; Markovi¢, K.; Ozogul, F.; éimat, V. The Occurrence of Polycyclic
Aromatic Hydrocarbons in Fish and Meat Products of Croatia and Dietary Exposure. |. Food Compos. Anal. 2019, 75, 49-60.
Kamalabadi, M.; Kamankesh, M.; Mohammadi, A.; Hadian, Z.; Ferdowsi, R. Contamination and Daily Intake of Polycyclic Ar-
omatic Hydrocarbons in Iranian Bread Samples. Polycycl. Aromat. Compd. 2020, 40, 1187-1195.

ZyZelewicz, D.; Oracz, J.; Krysiak, W.; Budryn, G.; Nebesny, E. Effects of Various Roasting Conditions on Acrylamide, Acrolein
and Polycyclic Aromatic Hydrocarbons Content in Cocoa Bean and the Derived Chocolates. Dry. Technol. 2017, 35, 363-374.
Kazerouni, N.; Sinha, R.; Hsu, C.H.; Greenberg, A.; Rothman, N. Analysis of 200 Food Items for Benzo[a]Pyrene and Estimation
of Its Intake in an Epidemiologic Study. Food Chem. Toxicol. 2001, 39, 423-4367.

Hassan, S.5.M.; Abdel-Shafy, H.I.; Mansour, M.S.M. Removal of Pyrene and Benzo(a)Pyrene Micropollutant from Water via
Adsorption by Green Synthesized Iron Oxide Nanoparticles. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 015006.

European Union. 5AD European Union Council Directive 98/83/EC of 3 November 1998 on the Quality of Water Intended for
Human Consumption (Council Directive). Off. . Eur. Communities 1998, 330, 32-54.

Kabzinski, A K.M.; Cyran, J.; Juszczak, R. Determination of Polycyclic Aromatic Hydrocarbons in Water (Including Drinking
Water) of £6dz. Pol. ]. Environ. Stud. 2002, 11, 695-706.

Aygun, S.F.; Bagcevan, B. Determination of Polycyclic Aromatic Hydrocarbons (PAHs) in Drinking Water of Samsun and Its
Surrounding Areas, Turkey. J. Environ. Health Sci. Eng. 2019, 17, 1205-1212.

Vermillion Maier, M.L.; Siddens, L.K.; Pennington, ].M.; Uesugi, S.L.; Anderson, K.A.; Tidwell, L.G.; Tilton, S.C.; Ognibene, T.J.;
Turteltaub, KW.; Smith, J.N.; et al. Benzo[a]Pyrene (BaP’) Metabolites Predominant in Human Plasma Following Escalating Oral
Micro-Dosing with [14C]-BaP. Environ. Int. 2022, 159, 107045.

Nebert, D.W.; Shi, Z.; Galvez-Peralta, M.; Uno, S.; Dragin, N. Oral Benzo[a]Pyrene: Understanding Pharmacokinetics, Detoxi-
cation and Consequences— Cyp1 Knockout Mouse Lines as a Paradigm. Mol. Pharmacol. 2013, 84, 304-313.

Wang, L.; Xu, W.; Ma, L.; Zhang, S.; Zhang, K.; Ye, P.; Xing, G.; Zhang, X.; Cao, Y.; Xi, J.; et al. Detoxification of Benzo[a]Pyrene
Primarily Depends on Cytochrome P450, While Bioactivation Involves Additional Oxidoreductases Including 5-Lipoxygenase,
Cyclooxygenase and Aldo-Keto Reductase in the Liver. |. Biochem. Mol. Toxicol. 2017, 31, €21902.

Barnes, J.L.; Zubair, M.; John, K.; Poirier, M.C.; Martin, F.L. Carcinogens and DNA Damage. Biochem. Soc. Trans. 2018, 46, 1213—
1224.

Chung, J.Y.; Kim, J.Y.; Kim, Y.J.; Jung, S.J.; Park, J.E,; Lee, S.G.; Kim, ]J.T.; Oh, S.; Lee, C.J.; Yoon, Y.D.; et al. Cellular Defense
Mechanisms against Benzo[a]Pyrene in Testicular Leydig Cells: Implications of P53, Aryl-Hydrocarbon Receptor and Cyto-
chrome P450 1A1 Status. Endocrinology 2007, 148, 6134-6144.

Bukowska, B. Hemoglobin Adducts as Biomarkers of Human Exposure to Selected Xenobiotics. Postepy Hig. Med. Dosw. 2015,
12, 668-680.

Shiizaki, K.; Kawanishi, M.; Yagi, T. Modulation of Benzo[a]Pyrene-DNA Adduct Formation by CYP1 Inducer and Inhibitor.
Genes Environ. 2017, 39, 14.

Gelboin, H.V. Benzo[Alpha]Pyrene Metabolism, Activation and Carcinogenesis: Role and Regulation of Mixed-Function Oxi-
dases and Related Enzymes. Physiol. Rev. 1980, 60, 1107-1166.

Koreeda, M.; Moore, P.D.; Wislocki, P.G.; Levin, W.; Conney, A.H.; Yagi, H.; Jerina, D.M. Binding of Nenzo[a]Pyrene 7,8-Diol-
9,10-Epoxides to DNA, RNA, and Protein of Mouse Skin Occurs with High Stereoselectivity. Science 1978, 199, 778-781.

Fantel, A.G. Reactive Oxygen Species in Developmental Toxicity: Review and Hypothesis. Teratology 1996, 53, 196-217.
McNeEeill, J.M.; Wills, E.D. The Formation of Mutagenic Derivatives of Benzo[a]Pyrene by Peroxidising Fatty Acids. Chem.-Biol.
Interact. 1985, 53, 197-207.

Marinkovi¢, N.; Pasali¢, D.; Potocki, S. Polymorphisms of Genes Involved in Polycyclic Aromatic Hydrocarbons’ Biotransfor-
mation and Atherosclerosis. Biochem. Med. 2013, 23, 255-265.

Esteves, F.; Rueff, J.; Kranendonk, M. The Central Role of Cytochrome P450 in Xenobiotic Metabolism — A Brief Review on a
Fascinating Enzyme Family. JoX 2021, 11, 94-114.

Chen, C.-H. Xenobiotic Metabolic Enzymes: Bioactivation and Antioxidant Defense; Springer International Publishing: Cham, Swit-
zerland, 2020; ISBN 9783030416782.

Monostory, K.; Dvorak, Z. Steroid Regulation of Drug-Metabolizing Cytochromes P450. Curr. Drug Metab. 2011, 12, 154-172.
Shimada, T. Xenobiotic-Metabolizing Enzymes Involved in Activation and Detoxification of Carcinogenic Polycyclic Aromatic
Hydrocarbons. Drug Metab. Pharmacokinet. 2006, 21, 257-276.

Ahmed, S.; Altaf, N.; Ejaz, M.; Altaf, A.; Amin, A.; Janjua, K.; Khan, A.U.; Imran, I; Khan, S. Variations in the Frequencies of
Polymorphisms in the CYP2C9 Gene in Six Major Ethnicities of Pakistan. Sci. Rep. 2020, 10, 19370.

Hannah, R.; Ramani, P.; Ramanathan, A.; Merlin, J.; Gheena, S.; Ramasubramanian, A.; Monika, K. CYP2 C9 Polymorphism
among Patients with Oral Squamous Cell Carcinoma and Its Role in Altering the Metabolism of Benzo[a]Pyrene. Oral Surg. Oral
Med. Oral Pathol. Oral Radiol. 2020, 130, 306-312.



Int. ]. Mol. Sci. 2022, 23, 6348 28 of 31

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Bukowski, K.; Wozniak, K. Polymorphism of Genes Encoding Proteins of DNA Repairvs. Occupational and Environmental
Exposure to Lead, Arsenic and Pesticides. Med. Pr. 2017, 69, 225-236.

Xiao, S.; Cui, S.; Lu, X,; Guan, Y.; Li, D.; Liu, Q.; Cai, Y.; Jin, C.; Yang, J.; Wu, S.; et al. The ERCC2/XPD Lys751GIn Polymorphism
Affects DNA Repair of Benzo[a]Pyrene Induced Damage, Tested in an in Vitro Model. Toxicol. Vitr. 2016, 34, 300-308.

Xue, W.; Warshawsky, D. Metabolic Activation of Polycyclic and Heterocyclic Aromatic Hydrocarbons and DNA Damage: A
Review. Toxicol. Appl. Pharmacol. 2005, 206, 73-93.

Chakravarti, D.; Venugopal, D.; Mailander, P.C.; Meza, ].L.; Higginbotham, S.; Cavalieri, E.L.; Rogan, E.G. The Role of Polycyclic
Aromatic Hydrocarbon-DNA Adducts in Inducing Mutations in Mouse Skin. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2008,
649, 161-178.

Mass, M.].; Ross, J.A.; Nesnow, S.; Jeffers, A.J.; Nelson, G.; Galati, A.J.; Stoner, G.D. Ki-Ras Oncogene Mutations in Tumors and
DNA Adducts Formed by Benz[jJAceanthrylene and Benzo[a]Pyrene in the Lungs of Strain A/] Mice. Mol. Carcinog. 1993, 8,
186-192.

Surh, Y.-J; Liem, A.; Miller, E.C.; Miller, J.A. Metabolic Activation of the Carcinogen 6-Hydroxymethylbenzo[a]Pyrene: For-
mation of an Electrophilic Sulftiric Acid Ester and Benzylic DNA Adducts in Rat Liver In Vivo and in Reactions In Vitro. Car-
cinogenesis 1989, 10, 1519-1528.

Mangal, D.; Vudathala, D.; Park, J.-H.; Lee, S.H.; Penning, T.M.; Blair, . A. Analysis of 7,8-Dihydro-8-Oxo-2'-Deoxyguanosine
in Cellular DNA during Oxidative Stress. Chem. Res. Toxicol. 2009, 22, 788-797.

Shimizu, Y.; Nakatsuru, Y.; Ichinose, M.; Takahashi, Y.; Kume, H.; Mimura, J.; Fujii-Kuriyama, Y.; Ishikawa, T. Benzo[a]Pyrene
Carcinogenicity Is Lost in Mice Lacking the Aryl Hydrocarbon Receptor. Proc. Natl. Acad. Sci. USA 2000, 97, 779-782.

Bartosz, G. The Second Face of Oxygen: Free Radical in Nature, 2nd ed.; PWN: Warszawa, Poland, 2009.

Gao, M.; Zheng, A; Chen, L.;; Dang, F.; Liu, X.; Gao, J. Benzo(a)Pyrene Affects Proliferation with Reference to Metabolic Genes
and ROS/HIF-1a/HO-1 Signaling in A549 and MCF-7 Cancer Cells. Drug Chem. Toxicol. 2022, 45, 741-749.

Elfawy, H.A.; Anupriya, S.; Mohanty, S.; Patel, P.; Ghosal, S.; Panda, P.K.; Das, B.; Verma, S.K.; Patnaik, S. Molecular Toxicity
of Benzo(a)Pyrene Mediated by Elicited Oxidative Stress Infer Skeletal Deformities and Apoptosis in Embryonic Zebrafish. Sci.
Total Environ. 2021, 789, 147989.

Aparna, S.; Patri, M. Benzo[a]Pyrene Exposure and Overcrowding Stress Impacts Anxiety-like Behavior and Impairs Learning
and Memory in Adult Zebrafish, Danio rerio. Environ. Toxicol. 2021, 36, 352-361.

Bukowska, B.; Duchnowicz, P. Molecular Mechanisms of Action of Selected Substances Involved in the Reduction of
Benzo[a]Pyrene-Induced Oxidative Stress. Molecules 2022, 27, 1379.

Gonzalez, A.; Espinoza, D.; Vidal, C.; Moenne, A. Benzopyrene Induces Oxidative Stress and Increases Expression and Activi-
ties of Antioxidant Enzymes, and CYP450 and GST Metabolizing Enzymes in Ulva lactuca (Chlorophyta). Planta 2020, 252, 107.
Lin, S.; Ren, A.; Wang, L.; Huang, Y.; Wang, Y.; Wang, C.; Greene, N.D. Oxidative Stress and Apoptosis in Benzo[a]Pyrene-
Induced Neural Tube Defects. Free. Radic. Biol. Med. 2018, 116, 149-158.

Lin, Y.C; Wu, C.Y; Hu, CH.; Pai, TW.; Chen, Y.R.; Wang, W.D. Integrated Hypoxia Signaling and Oxidative Stress in Devel-
opmental Neurotoxicity of Benzo[a]Pyrene in Zebrafish Embryos. Antioxidants 2020, 9, 731.

Droge, W. Free Radicals in the Physiological Control of Cell Function. Physiol. Rev. 2002, 82, 47-95.

Guo, B.; Feng, D.; Xu, Z.; Qi, P.; Yan, X. Acute Benzo[a]Pyrene Exposure Induced Oxidative Stress, Neurotoxicity and Epigenetic
Change in Blood Clam Tegillarca granosa. Sci. Rep. 2021, 11, 18744.

Kirkham, P.; Rahman, I. Oxidative Stress in Asthma and COPD: Antioxidants as a Therapeutic Strategy. Pharmacol. Ther. 2006,
111, 476-494.

Sullivan, P.D. Free Radicals of Benzo(a)Pyrene and Derivatives. Environ. Health Perspect. 1985, 64, 288-295.

Allmann, S.; Mayer, L.; Olma, J.; Kaina, B.; Hofmann, T.G.; Tomicic, M.T.; Christmann, M. Benzo[a]Pyrene Represses DNA
Repair through Altered E2F1/E2F4 Function Marking an Early Event in DNA Damage-Induced Cellular Senescence. Nucleic
Acids Res. 2020, 48, 12085-12101.

Das, L.; Patel, B.; Patri, M. Adolescence Benzo[a]Pyrene Treatment Induces Learning and Memory Impairment and Anxiolytic
like Behavioral Response Altering Neuronal Morphology of Hippocampus in Adult Male Wistar Rats. Toxicol. Rep. 2019, 6,
1104-1113.

Grova, N.; Salquebre, G.; Schroeder, H.; Appenzeller, B.M.R. Determination of PAHs and OH-PAHs in Rat Brain by Gas Chro-
matography Tandem (Triple Quadrupole) Mass Spectrometry. Chem. Res. Toxicol. 2011, 24, 1653-1667.

Chahin, A; Peiffer, ].; Olry, ].-C.; Crepeaux, G.; Schroeder, H.; Rychen, G.; Guiavarc’h, Y. EROD Activity Induction in Peripheral
Blood Lymphocytes, Liver and Brain Tissues of Rats Orally Exposed to Polycyclic Aromatic Hydrocarbons. Food Chem. Toxicol.
2013, 56, 371-380.

Liu, D.; Zhao, Y.; Qi, Y,; Gao, Y.; Tu, D.; Wang, Y.; Gao, HM.; Zhou, H. Benzo(a)Pyrene Exposure Induced Neuronal Loss,
Plaque Deposition, and Cognitive Decline in APP/PS1 Mice. ]. Neuroinflammation 2020, 17, 258.

Grova, N.; Valley, A,; Turner, ].D.; Morel, A.; Muller, C.P.; Schroeder, H. Modulation of Behavior and NMDA-R1 Gene MRNA
Expression in Adult Female Mice after Sub-Acute Administration of Benzo(a)Pyrene. Neurotoxicology 2007, 28, 630-636.

Grova, N.; Schroeder, H.; Farinelle, S.; Prodhomme, E.; Valley, A.; Muller, C.P. Sub-Acute Administration of Benzo[a]Pyrene
(B[a]P) Reduces Anxiety-Related Behaviour in Adult Mice and Modulates Regional Expression of N-Methyl-d-Aspartate
(NMDA) Receptors Genes in Relevant Brain Regions. Chemosphere 2008, 73, S295-S302.



Int. ]. Mol. Sci. 2022, 23, 6348 29 of 31

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Cherif, L.S.; Cao-Lei, L.; Farinelle, S.; Muller, C.P.; Turner, ].D.; Schroeder, H.; Grova, N. Assessment of 9-OH- and 7,8-Diol-
Benzo[a]Pyrene in Blood as Potent Markers of Cognitive Impairment Related to Benzo[a]Pyrene Exposure: An Animal Model
Study. Toxics 2021, 9, 50.

Tsuji, N.; Fukuda, K.; Nagata, Y.; Okada, H.; Haga, A.; Hatakeyama, S.; Yoshida, S.; Okamoto, T.; Hosaka, M.; Sekine, K ; et al.
The Activation Mechanism of the Aryl Hydrocarbon Receptor (AhR) by Molecular Chaperone HSP90. FEBS Open Bio 2014, 4,
796-803.

Hidaka, T.; Fujimura, T.; Aiba, S. Aryl Hydrocarbon Receptor Modulates Carcinogenesis and Maintenance of Skin Cancers.
Front. Med. 2019, 6, 194.

Chang, F.; Yin, Q.; Qi, J.; Wang, M.; Fan, L.; Han, R. The Benzo(a)Pyrene-Induced MRNA Expression of Aromatic Hydrocarbon
Receptor and Cytochrome P4501A1 Genes in Rat Liver. J. Pharm. Anal. 2010, 22, 30-33.

Zhu, K;; Meng, Q.; Zhang, Z.; Yi, T.; He, Y.; Zheng, J.; Lei, W. Aryl Hydrocarbon Receptor Pathway: Role, Regulation and
Intervention in Atherosclerosis Therapy (Review). Mol. Med. Rep. 2019, 20, 47633-4773.

Tsay, J.J.; Tchou-Wong, K.M.; Greenberg, A K.; Pass, H.; Rom, W.N. Aryl Hydrocarbon Receptor and Lung Cancer. Anticancer.
Res. 2013, 33, 1247-1256.

Safe, S.; Cheng, Y.; Jin, U.-H. The Aryl Hydrocarbon Receptor (AhR) as a Drug Target for Cancer Chemotherapy. Curr. Opin.
Toxicol. 2017, 2, 24-29.

Chahal, H.S,; Lin, Y.; Ransohoff, K.J.; Hinds, D.A.; Wu, W.; Dai, H.].; Qureshi, A.A.; Li, W.Q.; Kraft, P.; Tang, ].Y.; et al. Genome-
Wide Association Study Identifies Novel Susceptibility Loci for Cutaneous Squamous Cell Carcinoma. Nat. Commun. 2016, 7,
12048.

Ye, G.; Gao, H.; Zhang, X,; Liu, X.; Chen, J.; Liao, X.; Zhang, H.; Huang, Q. Aryl Hydrocarbon Receptor Mediates Benzo[a]Py-
rene-Induced Metabolic Reprogramming in Human Lung Epithelial BEAS-2B Cells. Sci. Total Environ. 2021, 756, 144130.

Lou, W.; Zhang, M.; Chen, Q.; Bai, T.Y.; Hu, Y.X,; Gao, F.; Li, J.; Lv, X.L.; Zhang, Q.; Chang, F.H. Molecular Mechanism of
Benzo[a]Pyrene Regulating Lipid Metabolism via Aryl Hydrocarbon Receptor. Lipids Health Dis. 2022, 21, 13.

Hardonniere, K.; Saunier, E.; Lemarié, A.; Fernier, M.; Gallais, I.; Hélies-Toussaint, C.; Mograbi, B.; Antonio, S.; Bénit, P.; Rustin,
P.; et al. The Environmental Carcinogen Benzo[a]Pyrene Induces a Warburg-like Metabolic Reprogramming Dependent on
NHE1 and Associated with Cell Survival. Sci. Rep. 2016, 6, 30776.

Stowikowski, B.K.; Jankowski, M.; Jagodzinski, P.P. The Smoking Estrogens—A Potential Synergy between Estradiol and
Benzo(a)Pyrene. Biomed. Pharmacother. 2021, 139, 111658.

Tseng, Y.H.; Chen, Y.C; Yu, A.L; Yu, J. Benzo[a]Pyrene Induces Fibrotic Changes and Impairs Differentiation in Lung Stem
Cells. Ecotoxicol. Environ. Saf. 2021, 210, 111892.

Fanali, L.Z.; De Oliveira, C.; Sturve, J. Enzymatic, Morphological, and Genotoxic Effects of Benzo[a]Pyrene in Rainbow Trout
(Oncorhynchus mykiss). Environ. Sci. Pollut. Res. 2021, 28, 53926-53935.

Bollati, V.; Baccarelli, A. Environmental Epigenetics. Heredity 2010, 105, 105-112.

Herbstman, J.B.; Tang, D.; Zhu, D.; Qu, L.; Sjodin, A.; Li, Z.; Camann, D.; Perera, F.P. Prenatal Exposure to Polycyclic Aromatic
Hydrocarbons, Benzo[a]Pyrene-DNA Adducts and Genomic DNA Methylation in Cord Blood. Environ. Health Perspect. 2012,
120, 733-738.

Joubert, B.R.; Haberg, S.E.; Nilsen, R.M.; Wang, X.; Vollset, S.E.; Murphy, S.K.; Huang, Z.; Hoyo, C.; Midttun, &.; Cupul-Uicab,
L.A.; Ueland, P.M.; Wu, M.C.; Nystad, W.; Bell, D.A.; Peddada, S.D., London, S.J. 450K Epigenome-Wide Scan Identifies Dif-
ferential DNA Methylation in Newborns Related to Maternal Smoking during Pregnancy. Environ. Health Perspect. 2012, 120,
1425-1431.

Suter, M.; Ma, J.; Harris, A.S.; Patterson, L.; Brown, K.A.; Shope, C.; Showalter, L.; Abramovici, A.; Aagaard-Tillery, KM. Ma-
ternal Tobacco Use Modestly Alters Correlated Epigenome-Wide Placental DNA Methylation and Gene Expression. Epigenetics
2011, 6, 1284-1294.

Tang, W.; Levin, L.; Talaska, G.; Cheung, Y.Y.; Herbstman, J.; Tang, D.; Miller, R.L.; Perera, F.; Ho, S.M. Maternal Exposure to
Polycyclic Aromatic Hydrocarbons and 5’-CpG Methylation of Interferon-y in Cord White Blood Cells. Environ. Health Perspect.
2012, 120, 1195-1200.

Xia, B.; Yang, L.Q.; Huang, H.Y.; Pang, L.; Yang, X.F.; Yi, Y.J.; Ren, X H.; Li, J.; Zhuang, Z.X.; Liu, J.J. Repression of Biotin-Related
Proteins by Benzo[a]Pyrene-Induced Epigenetic Modifications in Human Bronchial Epithelial Cells. Int. J. Toxicol. 2016, 35, 336—
343.

Sadikovic, B.; Andrews, J.; Carter, D.; Robinson, J.; Rodenhiser, D.I. Genome-Wide H3K9 Histone Acetylation Profiles Are Al-
tered in Benzopyrene-Treated MCF7 Breast Cancer Cells. ]. Biol. Chem. 2008, 283, 4051-4060.

Li, D.; Wang, Q.; Liu, C.; Duan, H.; Zeng, X.; Zhang, B.; Li, X.; Zhao, J.; Tang, S.; Li, Z.; et al. Aberrant Expression of MiR-638
Contributes to Benzo(a)Pyrene-Induced Human Cell Transformation. Toxicol. Sci. 2012, 125, 382-391.

Subach, O.M.; Baskunov, V.B.; Darii, M.V.; Maltseva, D.V.; Alexandrov, D.A.; Kirsanova, O.V; Kolbanovskiy, A.; Kolbanovskiy,
M.; Johnson, F.; Bonala, R.; et al. Impact of Benzo[a]Pyrene-2‘-Deoxyguanosine Lesions on Methylation Of DNA by SssI and
Hhal DNA Methyltransferases. Biochemistry 2006, 45, 6142-6159.

Yauk, C.L.; Polyzos, A.; Rowan-Carroll, A.; Kortubash, I.; Williams, A.; Kovalchuk, O. Tandem Repeat Mutation, Global DNA
Methylation, and Regulation of DNA Methyltransferases in Cultured Mouse Embryonic Fibroblast Cells Chronically Exposed
to Chemicals with Different Modes of Action. Environ. Mol. Mutagen. 2008, 49, 26-35.



Int. ]. Mol. Sci. 2022, 23, 6348 30 of 31

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Mo, J.; Au, D.W.T.; Guo, J.; Winkler, C.; Kong, R.Y.C.; Seemann, F. Benzo[a]Pyrene Osteotoxicity and the Regulatory Roles of
Genetic  and  Epigenetic =~ Factors: A Review.  Crit.  Rev.  Environ.  Sci.  Technol. 2021,  1-39.
https://doi.org/10.1080/10643389.2021.1915052

Yin, X.; Liu, Y.; Zeb, R.; Chen, F.; Chen, H.; Wang, K.J. The Intergenerational Toxic Effects on Offspring of Medaka Fish Oryzias
melastigma from Parental Benzo[a]Pyrene Exposure via Interference of the Circadian Rhythm. Environ. Pollut. 2020, 267, 115437.
Bosetti, C.; Boffetta, P.; La Vecchia, C. Occupational Exposures to Polycyclic Aromatic Hydrocarbons, and Respiratory and
Urinary Tract Cancers: A Quantitative Review to 2005. Ann. Oncol. 2007, 18, 431-446.

Ifegwu, O.C.; Anyakora, C. Polycyclic Aromatic Hydrocarbons. In Advances in Clinical Chemistry; Elsevier: Amsterdam, The
Netherlands, 2015; Volume 72, pp. 277-304.

Kim, K.E.; Cho, D.; Park, H.J. Air Pollution and Skin Diseases: Adverse Effects of Airborne Particulate Matter on Various Skin
Diseases. Life Sci. 2016, 152, 126-134.

Rota, M.; Bosetti, C.; Boccia, S.; Boffetta, P.; La Vecchia, C. Occupational Exposures to Polycyclic Aromatic Hydrocarbons and
Respiratory and Urinary Tract Cancers: An Updated Systematic Review and a Meta-Analysis to 2014. Arch. Toxicol. 2014, 88,
1479-1490.

Hamidi, E.N.; Hajeb, P.; Selamat, J.; Razis, A.F.A. Polycyclic Aromatic Hydrocarbons (PAHs) and Their Bioaccessibility in Meat:
A Tool for Assessing Human Cancer Risk. Asian Pac. ]. Cancer Prev. 2016, 17, 15-23.

Korsh, J.; Shen, A.; Aliano, K.; Davenport, T. Polycyclic Aromatic Hydrocarbons and Breast Cancer: A Review of the Literature.
Breast Care 2015, 10, 316-318.

Pfeifer, G.P.; Denissenko, M.F.; Olivier, M.; Tretyakova, N.; Hecht, S.S.; Hainaut, P. Tobacco Smoke Carcinogens, DNA Damage
and P53 Mutations in Smoking-Associated Cancers. Oncogene 2002, 21, 7435-7451.

DeMarini, D.; Landj, S.; Tian, D. Lung Tumor KRAS and TP53 Mutations in Nonsmokers Reflect Exposure to PAH-Rich Coal
Combustion Emissions. Cancer Res. 2001, 61, 6679-6681.

Widziewicz, K.; Rogula-Koztowska, W.; Majewski, G. Lung Cancer Risk Associated with Exposure to Benzo(a)Pyrene in Polish
Agglomerations, Cities, and Other Areas. Int. ]. Environ. Res. 2017, 11, 685-693.

Vilarifo-Giiell, C.; Smith, A.G.; Dubrova, Y.E. Germline Mutation Induction at Mouse Repeat DNA Loci by Chemical Mutagens.
Mutat. Res./Fundam. Mol. Mech. Mutagen. 2003, 526, 63-73.

Verhofstad, N.; van Oostrom, C.T.M.; van Benthem, ].; van Schooten, F.].; van Steeg, H.; Godschalk, R.W.L. DNA Adduct Ki-
netics in Reproductive Tissues of DNA Repair Proficient and Deficient Male Mice after Oral Exposure to Benzo(a)Pyrene. Envi-
ron. Mol. Mutagen. 2010, 51, 123-129.

National Toxicology Program. Toxicology and Carcinogenesis Studies of Naphthalene (CAS No. 91-20-3) in F344/N Rats (Inha-
lation Studies). Natl. Toxicol. Program Tech. Rep. Ser. 2000, 500, 1-173.

Zenzes, M.T. Smoking and Reproduction: Gene Damage to Human Gametes and Embryos. Hum. Reprod. Update 2000, 6, 122—
131.

Reddy, K.P.; Girish, B.P.; Reddy, P.S. Reproductive and Paternal Mediated Developmental Toxicity of Benzo(a)Pyrene in Adult
Male Wistar Rats. Toxicol. Res. 2015, 4, 223-232.

Jorge, B.C.; Reis, A.C.C,; Stein, ].; da Silva Balin, P.; Sterde, E.T.; Barbosa, M.G.; de Aquino, A.M.; Kassuya, C.A.L.; Arena, A.C.
Parental Exposure to Benzo(a)Pyrene in the Peripubertal Period Impacts Reproductive Aspects of the F1 Generation in Rats.
Reprod. Toxicol. 2021, 100, 126-136.

Hombach-Klonisch, S.; Pocar, P.; Kietz, S.; Klonisch, T. Molecular Actions of Polyhalogenated Arylhydrocarbons (PAHs) in
Female Reproduction. Curr. Med. Chem. 2005, 12, 599-616.

El-Nemr, A.; Al-Shawaf, T.; Sabatini, L.; Wilson, C.; Lower, A.M.; Grudzinskas, ].G. Effect of Smoking on Ovarian Reserve and
Ovarian Stimulation in In Vitro Fertilization and Embryo Transfer. Hum. Reprod. 1998, 13, 2192-2198.

Shiverick, K.T.; Salafia, C. Cigarette Smoking and Pregnancy I: Ovarian, Uterine and Placental Effects. Placenta 1999, 20, 265
272.

Lim, J.; Ramesh, A.; Shioda, T.; Leon Parada, K.; Luderer, U. Sex Differences in Embryonic Gonad Transcriptomes and
Benzo[a]Pyrene Metabolite Levels After Transplacental Exposure. Endocrinology 2022, 163, bqab228.

Wright, K.P.; Trimarchi, J.R.; Allsworth, J.; Keefe, D. The Effect of Female Tobacco Smoking on IVF Outcomes. Hum. Reprod.
2006, 21, 2930-2934.

Karttunen, V.; Myllynen, P.; Prochazka, G.; Pelkonen, O.; Segerback, D.; Vahakangas, K. Placental Transfer and DNA Binding
of Benzo(a)Pyrene in Human Placental Perfusion. Toxicol. Lett. 2010, 197, 75-81.

Wu, J.; Ramesh, A.; Nayyar, T.; Hood, D.B. Assessment of Metabolites and AhR and CYP1A1 MRNA Expression Subsequent to
Prenatal Exposure to Inhaled Benzo(a)Pyrene. Int. ]. Dev. Neurosci. 2003, 21, 333-346.

Bui, Q.; Tran, M.; West, W. A Comparative Study of the Reproductive Effects of Methadone and Benzo [a] Pyrene in the Preg-
nant and Pseudopregnant Rat. Toxicology 1986, 42, 195-204.

Perera, F.P.; Rauh, V.; Whyatt, RM.; Tsai, W.Y.; Bernert, ].T.; Tu, Y.H.; Andrews, H.; Ramirez, J.; Qu, L.; Tang, D. Molecular
Evidence of an Interaction between Prenatal Environmental Exposures and Birth Outcomes in a Multiethnic Population. Envi-
ron. Health Perspect. 2004, 112, 626—630.

Yang, Y.; Zhou, Y.; Pan, L.; Xu, R.; Li, D. Benzo[a]Pyrene Exposure Induced Reproductive Endocrine-Disrupting Effects via the
Steroidogenic Pathway and Estrogen Signaling Pathway in Female Scallop Chlamys farreri. Sci. Total Environ. 2020, 726, 138585.



Int. ]. Mol. Sci. 2022, 23, 6348 31 of 31

169.

170.

171.

172.

173.

174.

175.

176.

177.

Yamaguchi, A.; Uchida, M.; Ishibashi, H.; Hirano, M.; Ichikawa, N.; Arizono, K.; Koyama, J.; Tominaga, N. Potential Mecha-
nisms Underlying Embryonic Developmental Toxicity Caused by Benzo[a]Pyrene in Japanese Medaka (Oryzias latipes). Chemo-
sphere 2020, 242, 125243.

Perera, F.P.; Tang, D.; Rauh, V,; Lester, K.; Tsai, W.Y.; Tu, Y.H.; Weiss, L.; Hoepner, L.; King, J.; Del Priore, G.; et al. Relationships
among Polycyclic Aromatic Hydrocarbon-DNA Adducts, Proximity to the World Trade Center and Effects on Fetal Growth.
Environ. Health Perspect. 2005, 113, 1062-1067.

Ye, Y; Jiang, S.; Zhang, C.; Cheng, Y.; Zhong, H.; Du, T.; Xu, W.; Azziz, R.; Zhang, H.; Zhao, X. Environmental Pollutant
Benzo[a]Pyrene Induces Recurrent Pregnancy Loss through Promoting Apoptosis and Suppressing Migration of Extravillous
trophoblast. BioMed Res. Int. 2020, 2020, 8983494.

Legraverend, C.; Guenthner, T.M.; Nebert, D.W. Importance of the Route of Administration for Genetic Differences in
Benzo[a]Pyrene-Induced in Utero Toxicity and Teratogenicity. Teratology 1984, 29, 35-47.

Ranyjit, S.; Sinha, N.; Kodidela, S.; Kumar, S. Benzo(a)Pyrene in Cigarette Smoke Enhances HIV-1 Replication through NF-KB
Activation via CYP-Mediated Oxidative Stress Pathway. Sci. Rep. 2018, 8, 10394.

Zhang, C.; Luo, Y.; Zhong, R.; Law, P.T.Y.; Boon, S.S.; Chen, Z.; Wong, C.H.; Chan, P.K.S. Role of Polycyclic Aromatic Hydro-
carbons as a Co-Factor in Human Papillomavirus-Mediated Carcinogenesis. BMC Cancer 2019, 19, 138.

Sun, Y.; Shi, Z,; Lin, Y.; Zhang, M,; Liu, J.; Zhu, L.; Chen, Q.; Bi, J.; Li, S.; Ni, Z.; et al. Benzo(a)Pyrene Induces MUC5AC Expres-
sion through the AhR/Mitochondrial ROS/ERK Pathway in Airway Epithelial Cells. Ecotoxicol. Environ. Saf. 2021, 210, 111857.
Tajima, H.; Tajiki-Nishino, R.; Watanabe, Y.; Kurata, K.; Fukuyama, T. Activation of Aryl Hydrocarbon Receptor by Benzo[a]Py-
rene Increases Interleukin 33 Expression and Eosinophil Infiltration in a Mouse Model of Allergic Airway Inflammation. J. Appl.
Toxicol. 2020, 40, 1545-1553.

Choi, H.; Dostal, M.; Pastorkova, A.; Rossner, P.; Sram, R.J. Airborne Benzo[a]Pyrene May Contribute to Divergent Pheno-
Endotypes in Children. Environ. Health 2021, 20, 40.



