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Polycyclic aromatic compounds (PACs) are a broad class of contaminants ubiquitously present in the environ-
ment due to natural and anthropogenic activities. With increasing industrialization and reliance on petroleum
worldwide, PACs are increasingly being detected in different environmental compartments. Previous studies
have shown that PACs possess endocrine disruptive properties as these compounds often interfere with hor-
mone signaling and function. In females, the ovary is largely responsible for regulating reproductive and endo-
crine function and thus, serves as a primary target for PAC‐mediated toxicity. Perturbations in the signaling
pathways that mediate ovarian folliculogenesis, steroidogenesis and angiogenesis can lead to adverse reproduc-
tive outcomes including polycystic ovary syndrome, premature ovarian insufficiency, and infertility. To date,
the impact of PACs on ovarian function has focused predominantly on polycyclic aromatic hydrocarbons like
benzo(a)pyrene, 3‐methylcholanthrene and 7,12‐dimethylbenz[a]anthracene. However, investigation into the
impact of substituted PACs including halogenated, heterocyclic, and alkylated PACs on mammalian reproduc-
tion has been largely overlooked despite the fact that these compounds are found in higher abundance in free‐
ranging wildlife. This review aims to discuss current literature on the effects of PACs on the ovary in mammals,
with a particular focus on folliculogenesis, steroidogenesis and angiogenesis, which are key processes necessary
for proper ovarian functions.
1. Introduction

Endocrine disrupting chemicals (EDCs) are a broad group of exoge-
nous compounds that can interfere with hormone action (Gore et al.,
2015; Zoeller et al., 2012). While there are a number of naturally
occurring EDCs, a large proportion are derived from man‐made prod-
ucts including plastics, textiles, detergents, flame retardants, pesti-
cides, cosmetics and electronics (Bergman et al., 2013). To date,
nearly 1000 chemicals have been identified as EDCs, representing only
a small fraction of the tens of thousands of manufactured chemicals
worldwide that have been tested for safety, or waiting to be tested
(Gore et al., 2015). Since EDCs are a complex group of structurally
diverse chemicals detected as components of complex environmental
mixtures, it is often difficult for researchers to predict and establish
whether a specific compound will possess endocrine disruptive
properties.

Reproductive organs are major targets of EDCs since these chemi-
cals often mimic sex steroid hormones (Reviewed in: (Graceli et al.,
2020; La Merrill et al., 2020; Piazza & Urbanetz, 2019; Plunk &
Richards, 2020; Rattan et al., 2017; Sifakis et al., 2017). Indeed, many
ovarian disorders are characterized by impaired hormone signaling
(Reviewed in: (Rosenfield & Ehrmann, 2016)). As the ovary is a major
regulator of female reproductive and endocrine function in mammals,
the ovary is a vulnerable target for EDC toxicity. Exposure to environ-
mental chemicals may perturb ovarian structure (e.g. follicle dynam-
ics) and function, which can have long‐term consequences that
influence fertility, pregnancy success, and offspring development
(Rattan et al., 2017, 2018, Yu et al., 2019, 2020).

In contrast to commonly studied endocrine disruptors like bisphe-
nol A, phthalates and pesticides that are manufactured for commercial
use, polycyclic aromatic compounds (PACs) are ubiquitous
environmental contaminants formed from the incomplete combustion
or thermolysis of organic material (Hsieh et al., 2021). PACs are a
broad class of chemicals that possess two or more fused aromatic rings
and encompass polycyclic aromatic hydrocarbons (PAHs), N‐, S‐ and
O‐containing PAHs, heterocyclic PAHs, halogenated PAHs and their
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alkylated congeners (Achten & Andersson, 2015; Hsieh et al., 2021).
While natural sources (i.e., volcanic activity, forest fires) contribute
to PAC release, emissions are largely attributed to anthropogenic activ-
ity (i.e., vehicle exhaust, cigarette smoke, industrial activity) (Tevlin
et al., 2021). In fact, with global urban expansion and reliance on pet-
roleum products, several studies are reporting increased levels of PACs
near urban areas and industrial facilities (Cheng et al., 2018; Peng
et al., 2016; Tevlin et al., 2021). In general, PACs are highly lipophilic
compounds that can be found as complex mixtures adsorbed to parti-
cles within the air, water, soil and sediment and are able to persist in
the environment (Wallace et al., 2020). Exposure to PACs can occur
via inhalation, ingestion, absorption through the skin and other muco-
sal barriers, as well as be transferred between mother and offspring
(Gao et al., 2018; Karttunen et al., 2010). Studies across a wide range
of species have shown that PACs are carcinogenic, immunotoxic, geno-
toxic, cardiotoxic, and adversely affect reproductive and developmen-
tal health (Reviewed in: (Abdel‐Shafy & Mansour, 2016; Bolden et al.,
2017; Kim et al., 2013; Wallace et al., 2020)). Due to their negative
impacts on both human and wildlife health, a subset of PACs are listed
as Schedule 1 toxic substances under the Canadian Environmental Pro-
tection Act (CEPA) 1999 and as priority contaminants by the United
States Environmental Protection Agency (USEPA) (Abdel‐Shafy &
Mansour, 2016; Government of Canada, 2013; Keith, 2015). However,
there is increasing concern that this list of priority contaminants
should be expanded beyond the traditional parent compounds to
include current, environmentally relevant PACs such as alkylated
and heterocyclic derivatives (Marvin et al., 2020).

While previous reviews have summarized the effects of different
EDCs on female reproductive health and the ovary (Bolden et al.,
2017; Hannon & Flaws, 2015; Lauretta et al., 2019; Patel et al.,
2015; Rattan et al., 2017), evidence regarding the effects of PAC expo-
sure on mammalian ovarian function is limited. Toxicological studies
investigating the endocrine disruptive effects of PACs focus largely
on parent PAH compounds and overlooks other classes that are also
present in the environment and may be more toxic than their par-
ent/unsubstituted compounds (Hsieh et al., 2021; Lam et al., 2018;
Lee et al., 2017; Marvin et al., 2020; Provencher et al., 2020). As such,
there is an urgent need to consider PACs as a priority environmental
contaminant, especially as the risk for exposure continues to grow in
parallel with urban/industrial expansion and the global reliance for
petroleum products (Marvin et al., 2020). Indeed, while the exact
mechanisms by which PACs induce ovarian toxicity are unknown,
the next sections will review available literature discussing how PACs
disrupt ovarian function. A literature review was conducted using
PubMed and Google Scholar to collect relevant papers published
between the years 1979 and December 2021 using the following
search terms: “ovary”, “polycyclic aromatic compound”, “polycyclic
aromatic hydrocarbon”, “follicle”, “steroid”, “angiogenesis”, “granu-
losa”, “theca”, “reproduction”, “fertility”. We also reviewed relevant
literature from the reference lists of the selected papers and focused
on studies using mammalian cell lines and/or experimental models.
Studies were excluded if: the article was not written in the English lan-
guage, if the article did not focus on ovarian structure and/or function
and if the article did not specify individual PACs used in mixtures.
2. Overview: Ovarian targets of toxicity

The ovary is responsible for regulating reproduction through the
coordinated development and release of a mature oocyte (folliculoge-
nesis) (Fig. 1), and is responsible for regulating menstrual/estrus
cyclicity and sexual behaviour/characteristics through the synthesis
and secretion of steroid hormones (steroidogenesis) (Gibson &
Mahdy, 2021). These processes are under control from the
hypothalamic‐pituitary‐ovarian (HPO) axis, whereby gonadotropin‐
releasing hormone from the hypothalamus facilitates the secretion of
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luteinizing hormone (LH) and follicle stimulating hormone (FSH) from
the pituitary to aid in follicular growth and ovulation (Abedel‐Majed
et al., 2019; Richards & Pangas, 2010). In humans, a finite number
of primordial follicles are fully developed by 6 to 9 months of gestation
(post‐natal day 3 for rodents) (Rajah et al., 1992; Williams & Erickson,
2000). On average, females are born with 400,000 primordial follicles,
which declines exponentially with age (Kerr et al., 2013; Wallace &
Kelsey, 2010); this primordial follicle pool is thought to represent a
female’s reproductive potential of available oocytes for subsequent fer-
tilization (Rajah et al., 1992; Williams & Erickson, 2000). Chemical
insults which deplete the pool of primordial follicles therefore have
the potential to adversely affect life‐long fertility (Hoyer & Keating,
2014; Johansson et al., 2016). In contrast, xenobiotic exposures which
damage primary, secondary, and antral follicles may lead to temporary
infertility and anovulation (Hoyer & Keating, 2014); an effect which is
reversible if the remaining primordial pool can recruit new follicles
and replenish the supply of developing follicles for subsequent ovula-
tion. Lastly, if all populations of follicles are impacted as a result of
EDC exposure, either temporary infertility or premature ovarian insuf-
ficiency (early menopause) may result in affected women (Hoyer &
Keating, 2014).

Steroids produced within the ovary are critical to cyclically modu-
late gonadotropin responses along the HPO axis and facilitate oocyte
maturation, follicle growth, and ovulation (Jamnongjit & Hammes,
2006). Normal ovarian steroid production is hypothesized to follow
the “Two Cell/Two Gonadotropin Model” in which theca cells and
granulosa cells synthesize sex steroid hormones in response to LH
and FSH stimulation from the anterior pituitary (Jamnongjit &
Hammes, 2006). The steroidogenic cascade begins with LH and FSH
binding to their respective receptors which then facilitates the tran-
scription of several steroidogenic enzymes including steroidogenic
acute regulatory protein (STAR), cytochrome P450 cholesterol side‐
chain cleavage (CYP11A1), 3β‐hydroxysteroid dehydrogenase
(HSD3B), 17α‐hydroxylase (CYP17A1), 17 β‐hydroxysteroid dehydro-
genase (HSD17B) and aromatase (CYP19A1) (Jamnongjit &
Hammes, 2006). Following LH and FSH stimulation from the anterior
pituitary, both theca and granulosa cells produce progesterone (P4),
while androgens (A4) like testosterone (T) are primarily synthesized
within theca cells and estrogens like estradiol (E2) are primarily syn-
thesized within granulosa cells (Jamnongjit & Hammes, 2006). The
newly synthesized E2 can feedback to the HPO axis to inhibit gonado-
tropin hormone secretion or it can be metabolized into its inactive
form by CYP1A1, CYP1A2, CYP3A4 or CYP1B1 (Hayes et al., 1996;
Jamnongjit & Hammes, 2006; Mlynarcikova et al., 2014).
3. Effect of polycyclic aromatic compounds (PACs) on ovarian
development and folliculogenesis in mammals

There is considerable evidence that PACs can function as EDCs and
negatively affect reproductive function (Bolden et al., 2017; Khan
et al., 2021; Lee et al., 2017; Raez‐Villanueva et al., 2021; Zhang
et al., 2016). However, reports on the impacts of PACs on the ovary
in mammals are limited. Studies have focused largely on PACs such
as benzo(a)pyrene (BaP), 7,12‐dimethylbenz[a]anthracene (DMBA)
and 3‐methylcholanthrene (3MC), which are commonly found in high
concentrations in tobacco smoke, air pollution, petroleum compounds,
furnace gas and food (i.e., charred meat) (Borman et al., 2000; Health
Canada, 2015). Indeed, biomonitoring reports show detectable levels
of PACs and their metabolites in the blood, urine, placenta, maternal
and umbilical cord blood, milk and fat tissue (Guo et al., 2012;
Madhavan & Naidu, 1995; Neal et al., 2008; Strickland et al., 1996;
Wang et al., 2012). Similarly, detection of PACs in the follicular fluid
of females commonly exposed to cigarette smoke and undergoing
in vitro fertilization (IVF) (Neal et al., 2007, 2008) provide evidence



Fig. 1. Summary of ovarian folliculogenesis and signaling factors that regulate transition between each stage of follicle development. PI3k/AKT,
phosphoinositide 3-kinase serine/threonine protein kinase; mTOR, mammalian target of rapamycin; FOXL2, forkhead box L2; BMP, bone morphogenic proteins;
GDF9, growth differentiation factor-9; bFGF, basic fibroblast growth factor; KL, kit ligand; AMH, anti-Müllerian hormone; SDF1, stromal-derived factor-1; VEGF,
vascular endothelial growth factor; TNFa, tumor necrosis factor alpha; Fas ligand, FASL; TRAIL, TNF-related apoptosis-inducing ligand; p53, tumor suppressor p53;
Cx37, connexin 37; FSHR, follicle stimulating hormone receptor; LHR, luteinizing hormone receptor; STAR, steroidogenic acute regulatory protein; CYP11A1,
cytochrome P450 cholesterol side-chain cleavage; CYP17A1, 17α-hydroxylase; HSD3B1, 3b-hydroxysteroid dehydrogenase; HSD17B, 17b-hydroxysteroid
dehydrogenase; COX2, cyclooxygenase-2.
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that exposure to various PACs have the potential to disrupt ovarian
function.
3.1. Effect of PACs on ovarian germ cells

In vivo and in vitro studies have shown that exposure to PACs can
damage ovarian germ cells. Mice exposed to BaP in utero have signifi-
cantly reduced ovarian germ cell populations, an effect that diminishes
ovarian reserve (Luderer et al., 2019). In postnatal life, 10‐week old
female mice exposed to 10 mg/kg/day BaP in utero had a significant
reduction in the number of developing follicles (primordial‐antral),
possessing only 3% as many healthy follicles compared to control
(Luderer et al., 2019). This effect was paralleled with histopathological
abnormalities of the surface epithelia (i.e., multiple epithelial layers,
invaginations) in exposed animals (Luderer et al., 2019). Interestingly,
in vitro exposure to BaP also significantly increased germ cell expres-
sion of BCL2 associated X protein (BAX), an upstream regulator of
caspase‐mediated apoptosis (Lim et al., 2016). Pre‐treatment with a
pan‐caspase inhibitor prevented BaP‐induced ovarian germ cell death,
demonstrating that the ovotoxic effects of BaP on germ cells observed
in vitro may be caspase‐dependent (Lim et al., 2016). More recently,
transcriptomic analysis identified changes in genes related to inflam-
matory processes following fetal exposure to BaP at doses which have
been demonstrated to damage ovarian germ cells (Lim et al., 2022),
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suggesting that inflammation may also play a critical role in the ovo-
toxic effects of early life exposure to PACs.
3.2. Effect of PACs on oocytes

PAC exposure has also been shown to affect oocyte survival and
growth. For example, in 5‐ to 6‐week old mice, exposure to BaP,
3MC and DMBA (80 mg/kg) resulted in increased pyknosis and cytol-
ysis of the oocytes in primordial follicles (Mattison, 1980). BaP expo-
sure has also been shown to impair meiotic progression in both
porcine (Miao et al., 2018) and murine (Sui et al., 2020; Sobinoff
et al., 2012b; Zhang et al., 2018) oocytes, compromising oocyte matu-
ration and quality through altered spindle assembly, chromosomal
alignment, cytoskeleton structures and mitochondrial integrity. In fact,
exposure to BaP can cause mitochondrial dysfunction and induce
oxidative stress, leading to increased levels of reactive oxygen species
(ROS), lipid peroxidation and apoptosis (Lim et al., 2015b; Sobinoff
et al., 2012b; Zhang et al., 2018). Similarly, maternal BaP exposure
can also significantly alter meiotic progression, cause mitochondrial
dysfunction, and induce early apoptosis in offspring, thus compromis-
ing oocyte quality and developmental competence (Sui et al., 2020).
Together, these effects of BaP may decrease fertilization potential
and significantly reduce litter sizes of exposed females (Zhang et al.,
2018). Similarly, DMBA has also been shown to directly affect the
oocyte whereby porcine cumulus‐oocyte complexes cultured with
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DMBA in vitro exhibited decreased mitochondrial membrane potential,
increased cellular ROS, DNA damage and apoptosis, and histone mod-
ifications (Song et al., 2017). Single cell RNA‐sequencing revealed that
the adverse effects of DMBA on oocyte maturation may be attributed,
in part, to aberrant signaling pathways related to meiosis (Yang et al.,
2020a). In addition, oxidative stress following PAC exposure seems to
be central to the observed oocyte damage as antioxidants such as vita-
min C, coenzyme Q, or melatonin, reduced ROS levels and apoptosis in
exposed oocytes (Yang et al., 2020a).

3.3. Effect of PACs on primordial follicles

The female reproductive life span can be shortened if unexpected
alterations occur to the primordial follicle pool, such as aberrant acti-
vation and/or follicular atresia (McLaughlin & McIver, 2009). BaP,
DMBA and 3MC have all been reported to target primordial follicles,
accelerating the depletion of the ovarian reserve (Borman et al.,
2000; Matikainen et al., 2001; Mattison, 1980; Mattison &
Thorgeirsson, 1979; Rhon‐Calderón et al., 2016; Sobinoff et al.,
2011, 2012a; Sobinoff et al., 2012b). Moreover, the ovotoxic effects
of these PACs may impact offspring born to exposed mothers, as mater-
nal exposure to BaP and DMBA significantly decreased ovarian reserve
and the size of the primordial follicle pool in F1 offspring (Jurisicova
et al., 2007). Transcriptomic analyses in rodent models revealed that
BaP, DMBA and 3MC exposure significantly induced genes and path-
ways involved in follicle atresia, follicle growth, primordial follicle
activation, cell adhesion, cell cycle progression and cell growth and
apoptosis (Pru et al., 2009; Rhon‐Calderón et al., 2018; Sobinoff
et al., 2011, 2012a; Sobinoff et al., 2012b). Studies conducted in
knockout mouse models revealed that proapoptotic markers like tumor
protein P53 and BAX are required for PAC‐induced depletion of pri-
mordial follicles and cell death (Jurisicova et al., 2007; Matikainen
et al., 2001; Pru et al., 2009). Other studies demonstrated that PI3K/
Akt and mTOR signaling pathways are induced by PACs as a compen-
satory mechanism to activate primordial follicles in an attempt to
replenish developing follicles lost to atresia (Sobinoff et al., 2011,
2012a).

3.4. Effect of PACs on pre-antral to antral follicles

There is considerable evidence from in vitro and experimental stud-
ies demonstrating the adverse effects of PACs on ovarian follicles at
multiple stages of follicle development. For example, isolated rat folli-
cles exposed to BaP at doses reported in follicular fluid of IVF patients
who smoked (Neal et al., 2008), had significantly decreased follicle
growth and cell proliferation (Neal et al., 2010). Similarly, ovaries cul-
tured with DMBA or its metabolite, DMBA‐3,4‐diol, showed a dose‐
and time‐dependent decrease in both primordial, primary and sec-
ondary follicle numbers, with greater sensitivity observed with
DMBA‐3,4‐diol treatment (Igawa et al., 2009; Madden et al., 2014;
Zhou et al., 2018). In fact, the rate‐limiting enzyme responsible for
DMBA‐3,4‐diol formation, microsomal epoxide hydrolase, was shown
to increase in expression just prior to follicle loss, suggesting that
bioactivation of DMBA is involved in PAC‐mediated ovotoxicity
(Igawa et al., 2009; Rajapaksa et al., 2006).

Typically, PACs are metabolized via phase I cytochrome P450
(CYP) enzymes, creating metabolites that may be more toxic than their
parent compounds (Lim et al., 2013). In fact, reactive metabolites,
BaP‐7,8‐dihydrodiol‐9,10‐epoxide (BPDE), BaP‐7,8‐quinone (BPQ),
and phenanthrene‐1,2‐quinone (PheQ) were detected in BaP or
phenanthrene exposed follicles and led to the formation of DNA
adducts (Einaudi et al., 2014; Yao et al., 2017). Importantly, sensitivity
to DNA damage may depend on the stage of follicle development as
immature oocytes of early antral stage and large preantral follicles (ex-
posed 4 and 6 days before ovulation, respectively) were more sensitive
to BaP‐induced DNA damage than oocytes of antral, primary and pri-
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mordial follicles (exposed 2, 15 and 22 days before ovulation, respec-
tively) (Einaudi et al., 2014). Of note, while toxic effects of BaP on late
antral follicles were not observed, it is plausible that oocytes within
antral follicles had already reached maximum maturity at the time
of BaP treatment and thus were not sensitive to DNA damage
(Einaudi et al., 2014). Typically, DNA damage to oocytes of developing
follicles occurs in parallel with follicular atresia and provide evidence
of their mutagenic potential and contribution towards the onset of pre-
mature ovarian insufficiency in PAC exposed females (Sobinoff et al.,
2012b).

PACs can also affect ovarian follicle development via increased
oxidative stress. Metabolism of PACs by the endogenous xenobiotic
metabolizing enzymes (e.g. CYP1A1 and CYP1B1) may contribute to
an increased production of ROS (An et al., 2011; Siddique et al.,
2014). In fact, a dose‐dependent increase in oxidative stress markers,
8‐isoprostane (8‐IsoP) and 8‐hydroxy‐2‐deoxy guanosine (8‐OH‐dG)
was observed following BaP treatment of isolated preantral follicles
(Siddique et al., 2014). Similarly, 4‐ to 6‐week old mice exposed to
BaP for 10 days had significant increases in ROS and oocyte apoptosis;
outcomes that interfered with proper oocyte maturation, fertilization
rate and reduced fertility in exposed females (Zhang et al., 2018). As
such, ovarian responses to mediate oxidative stress are critical for fol-
licle viability. There is evidence that DMBA significantly alters the
mRNA expression of genes involved in xenobiotic metabolism, autop-
hagy and oxidative stress response, in association with significant
decreases in large primary and secondary follicle numbers (Madden
et al., 2014). Similarly, in isolated rat follicles cultured with DMBA
for 12, 24 and 48 h, there was a significant increase in ROS produc-
tion, as well as increased granulosa and theca cell apoptosis at 48 h
(Tsai‐Turton et al., 2007). Whole rat ovaries cultured with DMBA
had significantly higher mRNA expression of the antioxidant enzymes
superoxide dismutase enzyme‐1 and −2 (Madden et al., 2014);
enzymes which are responsible for the detoxification of ROS and
demonstrate the pro‐oxidant effects of DMBA exposure. Co‐treatment
of ovaries with DMBA and glutathione (GSH), a phase II antioxidant
responsible for the detoxification of ROS generated by PAC metabo-
lites (Lim et al., 2013), alleviated DMBA‐induced follicle loss (Tsai‐
Turton et al., 2007). The observation that GSH may be important for
mediating antioxidant responses required for PAC detoxification are
further supported by animal studies done in mice genetically deficient
in the glutamate‐cysteine ligase modifier subunit (GCLM), a critical
enzymatic subunit necessary for proper GSH synthesis (Lim et al.,
2013, 2015a). Mice that lacked the gene that encoded for GCLM were
reported to be more sensitive to the toxic effects of prenatal exposure
to BaP on total follicle numbers at all stages of folliculogenesis and fer-
tility (Lim et al., 2013). Taken together, these studies suggest that pro-
totypical PACs such as BaP adversely affect both follicle structure and
function, which may contribute to impaired fertility observed in
women who smoke (Sadeu & Foster, 2011).

3.5. Other PACs and follicle development

To our knowledge, there is little to no data regarding the impacts
of other classes of PACs on ovarian follicle development in mammals.
Heterocyclic PACs, as well as N‐, O‐ and S‐containing PACs, are polar
hydrocarbons commonly found in crude oil, bitumen and petroleum
products like diesel and pavement sealants (Idowu et al., 2019). Sim-
ilar to non‐polar PACs, the mutagenic effects of polar PACs require
bioactivation and can lead to DNA damage and DNA adduct forma-
tion (Idowu et al., 2019). Interestingly, N‐containing PAC‐mediated
DNA adduct formation can occur via nitro reduction or CYP‐
dependent oxidation pathways (Benigni & Bossa, 2011; Idowu
et al., 2019). In human umbilical vein endothelial cells, 1‐
nitropyrene, which is one of the most abundant N‐containing PACs
in diesel exhaust, significantly induced DNA damage and ROS pro-
duction (Andersson et al., 2009). Treatment with dicoumarol, a nitro
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reductase inhibitor and aryl hydrocarbon receptor ligand, signifi-
cantly reduced 1‐nitropyrene‐induced genotoxicity, suggesting that
these effects were mediated by metabolites formed by nitro reduction
(Andersson et al., 2009). Similarly, exposure to the S‐containing hete-
rocyclic PAC, dibenzothiophene, led to significant concentration‐
dependent increases in ROS production and mitochondrial‐mediated
apoptosis in human neuroblastoma cells (Sarma et al., 2017).
Together, with changes to pro‐ and anti‐apoptotic gene expression
profiles, this suggests that PAC‐induced oxidative stress may involve
mitochondria‐dependent apoptotic pathways (Sarma et al., 2017).
Studies conducted in zebrafish (Danio rerio) and Japanese medaka
(Oriyzias latipes) embryos revealed that O‐containing PAC toxicity
may also be attributed to increased ROS formation and DNA damage
(Dasgupta et al., 2014; Elie et al., 2015; Knecht et al., 2013). In fact,
pathway analysis of the zebrafish metabolome revealed that
O‐containing PACs significantly perturb GSH biosynthesis and meta-
bolism (Elie et al., 2015); an effect supported by altered expression
of genes important to GSH‐mediated detoxification like glutathione
S‐transferase and glutathione peroxidase (Knecht et al., 2013).
Therefore, as oxidative stress and depletion of the antioxidant GSH
can induce apoptosis in preovulatory follicles (Tsai‐Turton &
Luderer, 2006), it is plausible that other substituted PACs like
N‐ or O‐containing PACs may impact folliculogenesis in mammals
through similar pathways of effect.
4. Effect of PACs on ovarian hormone secretion & angiogenesis

4.1. Effect of PACs on steroidogenesis and ovarian hormone secretion

Though PACs are known endocrine disruptors (Zhang et al., 2016),
very few studies have examined the effects of PACs on ovarian
steroidogenesis in mammals despite the fact that sex steroid hormones
are primarily synthesized by the ovary. Isolated rat follicles exposed to
BaP at doses reported in follicular fluid of IVF patients who smoked
(Neal et al., 2008), demonstrated a dose‐dependent decrease in E2
and anti‐Mullerian hormone (AMH) secretion (Neal et al., 2007,
2010). AMH is an important hormone primarily secreted by granulosa
cells in early growing follicles that negatively regulates primordial fol-
licle activation and FSH‐dependent follicle recruitment (Dewailly
et al., 2016). In fact, AMH has been shown to inhibit FSH‐dependent
induction of aromatase activity and E2 secretion (Andersen &
Byskov, 2006; Dewailly et al., 2016).

Interestingly, subacute (14 days) and subchronic (60 days) expo-
sure to BaP extended the length of the estrous cycle, significantly
decreased serum E2, LH and P4 levels, and reduced the rate of ovu-
lation and litter size in rats (Archibong et al., 2012; Liu et al., 2020;
Xu et al., 2010). Previous studies have attributed the reduction in P4
secretion to a lack of functional corpora lutea in BaP exposed animals
(Liu et al., 2020). Indeed, corpora lutea are incredibly important
steroidogenic structures that support uterine implantation and main-
tenance of early pregnancy (Oliver & Pillarisetty, 2021). BaP expo-
sure has also been shown to decrease the mRNA expression of
aromatase, the rate‐limiting enzyme responsible for E2 synthesis
(Xu et al., 2010). In human studies, fetal exposure to cigarette smoke
resulted in dysregulation of ovarian estrogen production and estrogen
receptor expression (Fowler et al., 2014). These results are consistent
with other reports of PACs perturbing estrogen signaling (Lee et al.,
2020; Rahmani et al., 2021; Šimečková et al., 2022; Słowikowski
et al., 2021). Together, these findings suggest that PACs can act
directly at the level of the ovary to disrupt ovarian steroidogenesis.
These findings are further supported by epidemiological studies
demonstrating an association between PAC exposure, ovarian steroid
hormone metabolites and reproductive endpoints (Luderer et al.,
2017).
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4.2. Effect of PACs on angiogenesis

Given that the ovary is in a continuous state of remodeling, proper
establishment of a vascular network is necessary to transport nutrients,
oxygen, hormones and waste between the developing follicle, corpus
luteum and the circulatory system (Bruno et al., 2009). VEGF is one
of the most notable growth factors that facilitates endothelial cell
migration and has been shown to significantly alter the total number
of healthy and atretic preovulatory follicles, as well as the number of
oocytes ovulated in mature rats (Iijima et al., 2005). VEGF expression
has been reported to increase in parallel to follicular development and
is critical for capillary network formation of the corpus luteum
(Ferrara et al., 2004; Greenaway et al., 2005; Yamamoto et al.,
1997; Yang & Fortune, 2007). BaP has been shown to interfere with
luteal angiogenesis and vascular maturation during pregnancy, imped-
ing the proper formation of corpora lutea (Liu et al., 2020). BaP trea-
ted rats possessed significantly fewer corpora lutea and altered
vascular branches. In fact, BaP treatment significantly decreased the
expression of pro‐angiogenic factors, VEGF receptor 2, ANGPT‐1,
and ANGPT‐1 receptor, and decreased expression of anti‐angiogenic
factor, TSP1 (Liu et al., 2020). The effects of BaP to inhibit angiogen-
esis may be a direct effect of its action to downregulate VEGF, as has
been reported in decidual tissues of mice exposed to BaP (Li et al.,
2017), or secondary to perturbations in ovarian steroidogenesis
(Hyder et al., 2000).

4.3. Other PACs and steroidogenesis

There are a limited number of studies that have investigated the
ovotoxic effects of polychlorinated naphthalenes (PCNs). PCNs are a
persistent group of halogenated PAHs previously used in the manufac-
turing of cable insulation, instrument seals and solvents, and lubricants
until commercial production ceased in the 1980s; however, PCNs are
also produced as a by‐product from chemical and industrial processes
involving organochlorides like polychlorinated biphenyls (Fernandes
et al., 2017). Porcine antral follicles exposed to a technical mixture
of PCN (Halowax 1051) had significant increases in T and decreases
in E2 secretion at all doses tested (1–1000 pg/mL) (Gregoraszczuk
et al., 2011). Alongside this effect, a low dose of PCN (1 pg/mL) signif-
icantly decreased activity of the steroidogenic biosynthetic enzyme
HSD17B and increased CYP19A1 activity, while high dose PCN
(10–1000 pg/mL) significantly increased HSD17B and decreased
CYP19A1 activity (Gregoraszczuk et al., 2011). It was later found that
the major chloronaphthalene congeners which constitute 10% of the
total technical mixture of PCN (CN73, CN74 and CN75) each possessed
androgenic and anti‐estrogenic properties in porcine follicles (Barć &
Gregoraszczuk, 2014), potentially contributing to the overall observed
effect of the Halowax 1051 mixture (Gregoraszczuk et al., 2011). In
fact, while each congener increased P4/A4 and T/E2 and decreased
A4/T secretion ratios, CN73 was the most potent.

Crude oil is a complex mixture of various PACs. A recent metabolo-
mics study demonstrated that steroid hormone biosynthesis was the
one of top metabolic pathways altered across 3 human cell types fol-
lowing exposure to PAC fractions of sediment samples collected from
the Alberta oil sands region, the world’s third largest heavy crude oil
reserve (Sarma et al., 2019). Indeed, it is well known that various indi-
vidual PACs, as well as environmental PAC mixtures, possess estro-
genic or antiestrogenic activity to affect steroid signaling pathways
(Reviewed in: (Zhang et al., 2016)). One study reported that 5 major
PACs commonly found in crude oil (naphthalene, fluorene, dibenzoth-
iophene, phenanthrene, chrysene) and their alkylated analogues pos-
sessed endocrine disruptive properties in human MVLN‐luc and
H295R cells (Lee et al., 2017). Twenty of 30 PACs tested significantly
altered steroid production, which may be attributed to the ability of
some of these compounds to be potent estrogen receptor agonists.
Interestingly, however, the observed effects were influenced by alkyla-
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tion (Lee et al., 2017). Similarly, another study conducted in human
placental trophoblast cells reported that the alkylated congener of a
petroleum‐derived S‐containing heterocyclic PAC, 2,4,7‐trimethyldi
benzothiophene, but not its parent compound dibenzothiophene, sig-
nificantly increased E2 secretion in association with surrogate markers
for angiogenesis (Raez‐Villanueva et al., 2021).

Numerous studies have demonstrated that PACs affect ovarian
function in aquatic species (Reviewed in: (Hodson, 2017; Ruberg
et al., 2021; Wallace et al., 2020)). PACs present in petrogenic wastew-
aters and/or accidental oil spills are subject to chemical, biological and
physical weathering processes that increase the relative concentrations
of substituted PACs, thus supporting evidence of these substituted
PACs contributing to the majority of total PAC burdens in exposed
wildlife (Lee et al., 2017; Provencher et al., 2020). While there is lim-
ited data in mammals reporting the impact of substituted PACs on
ovarian steroidogenesis, studies done in aquatic species support the
hypothesis that substituted PACs may have more pronounced effects
on steroid synthesis than their parent counterparts. Carp (Cyprinus car-
ipo) gonads exposed to hydroxylated analogues of naphthalene,
phenanthrene, pyrene and chrysene demonstrated aberrant androgen
and estrogen synthesis while the parent compounds had no significant
effect (Fernandes & Porte, 2013). In fact, only 9‐hydroxyphenathrene
had a significant inhibitory effect on ovarian aromatase activity
(Fernandes & Porte, 2013). Similarly, Japanese embryo larvae (Oryzias
latipes) exposed to dibenzothiophene (either parent, alkylated and
mixture), a common heterocyclic PAC found in petroleum and
petroleum‐derived wastewaters, experienced significant reductions in
hatching success, with alkylated analogues impacting hatching success
to a greater extent (Rhodes et al., 2005). Although there are limited
studies regarding the ovarian‐specific toxicity of alkylated PACs, the
available data points to increased toxicity associated with alkylation
status.
5. Mechanisms mediating PAC ovotoxicity

Molecular pathways mediating the effects of PAC‐induced toxicity
have been well studied (Sobinoff et al., 2012a; Xu et al., 2010;
Zhang et al., 2016) and include effects mediated via estrogen receptor
(ER), aryl hydrocarbon receptor (AhR) and peroxisome proliferator
activated receptor (PPAR) pathways amongst others (Diamanti‐
Kandarakis et al., 2009). In a recent study conducted by Boonen and
colleagues, 9 PACs demonstrated multiple modes of receptor activity
involving AhR, ER and PPAR (Boonen et al., 2020). As these receptor
pathways are classical targets for EDC toxicity and play an important
role in normal ovarian function, their role in mediating PAC toxicity
will be discussed below.
5.1. The aryl hydrocarbon receptor (AhR)

The AhR is an important biological sensor that mediates the meta-
bolism, bioactivation and detoxification of endogenous and exogenous
compounds (Lauretta et al., 2019). Due to its role in xenobiotic sens-
ing, AhR is activated by a multitude of compounds, including PACs
(Horling et al., 2011; Huang et al., 2018; Sadeu & Foster, 2013).
AhR expression has been detected in the oocytes, granulosa cells and
theca cells of the ovary; with highest expression profiles reported in
granulosa cells (Baldridge & Hutz, 2007; Horling et al., 2011). Studies
performed in AhR knockout mice reveal that AhR plays an important
role in regulating female reproduction and ovarian function (Barnett
et al., 2007; Benedict, 2000; Benedict et al., 2003; Hernandez‐Ochoa
et al., 2010). AhR‐deficient mice have shown to have significantly
reduced numbers of pre‐antral and antral follciles and corpora lutea
compared to wildtype mice (Benedict, 2000; Benedict et al., 2003).
These effects on ovarian follicle development may be attributed to
decreased granulosa cell proliferation and changes in follicular estra-
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diol regulation and responsiveness (Barnett et al., 2007). AhR deletion
during different stages of sexual maturity also revealed that a lack of
AhR slows follicle growth and decreases estradiol production in prepu-
bertal mice, while ovaries collected from adult mice lacking AhR
showed no difference in follicle growth compared to wildtype and sig-
nificantly increased androgen production (Hernandez‐Ochoa et al.,
2010). Together this data demonstrates that AhR regulates follicle
growth via changes to estradiol biosynthesis and regulators for follicle
growth (Hernandez‐Ochoa et al., 2010).

Several studies have demonstrated the ability of AhR to mediate
the adverse effects of PACs (Billiard et al., 2006; Ohura et al., 2007;
Vondráček et al., 2017; Wincent et al., 2015). In fact, BaP exposure
has been shown to increase mRNA expression of Cyp1a1 and Cyp1b1
in preantral/antral and preovulatory mouse follicles, respectively
(Sadeu & Foster, 2013). Interestingly, BaP exposure in isolated follicles
(Sadeu & Foster, 2013), as well as in cultured oocytes and granulosa
cells (Jurisicova et al., 2007; Matikainen et al., 2001; Pru et al.,
2009), increased the expression of apoptotic genes, thus highighting
a role for AhR signaling and apoptosis in delayed follicle development,
survival and oocyte death. In a study conducted by Neal et al., the
authors revealed that co‐treatment with the AhR antagonists, resvera-
trol and 30,40‐dimethoxyflavone, reversed the inhibition of follicle
growth, steroidogenesis and granulosa cell prolifation in isolated rat
follicles exposed to BaP (Neal et al., 2010). Similarly, daily 3MC expo-
sure in pubertal rats adversely affected follicle growth and ovulation
rates while increasing CYP genes, demonstrating a role for AhR signal-
ing. In fact, 3MC exposure led to epigenomic remodeling and increased
AhR binding to promoter regions of genes involved in primordial fol-
licle activation, cell adhesion, stress and tumor progression and apop-
tosis (Rhon‐Calderón et al., 2018); effects that were completely
prevented with AhR‐specific antagonist, alpha‐naphthoflavone
(Rhon‐Calderón et al., 2016, 2018).

While single prototypical PACs can affect ovarian function via AhR
mediated effects, this is not always true when PACs are present in mix-
tures. For example, Zajda and colleagues exposed human non‐
luteinized granulosa cells to two types of PAC mixtures (M1, mix of
the top 16 priority PACs; and M2, top 5 most detected priority PACs
in maternal blood) and reported a significant increase in FSH‐
stimulated FSH receptor expression, and decreased aromatase expres-
sion and E2 output (Zajda et al., 2019). However, the authors observed
differential expression profiles of AhR and AhR‐related targets (Zajda
et al., 2017), thus highlighting the difficulty in determining the exact
mechanism of toxicity of these complex mixtures.

5.2. The estrogen receptor (ER)

Estrogens are major sex steroids that play a central role in female
fertility and reproduction (Findlay et al., 2010). The effects of estrogen
are largely mediated by two estrogen receptors: ER‐alpha (ERα) and
ER‐beta (ERβ). In the mammalian ovary, ERβ is found mainly within
granulosa cells, while ERα is found in theca and interstitial cells
(Drummond et al., 1999; Enmark et al., 1997; Lenie & Smitz, 2008;
Pelletier et al., 2000, 2000; Sar & Welsch, 1999). Evidence from ER
knockout (ER‐KO) mice models revealed that both ERα and ERβ are
critical for normal ovarian function; where ERβ‐KO mice showed
reduced fertility and ERα‐KO and ERαβ‐KO mice were completely
anovulatory (Reviewed in: (Hewitt & Korach, 2003)).

As established EDCs, various PACs have been reported to have
estrogenic and/or anti‐estrogenic activity (Zhang et al., 2016). Studies
in aquatic species, such as scallops (Clamys farreri) have explored the
role of ER in mediating the effects of PACs such as BaP. C. farreri
exposed to BaP at environmentally relevant concentrations had signif-
icantly decreased ER expression (3.8 μg/L BaP) during proliferative
and growing stages; but an upregulation of ER expression (0.38 μg/L
BaP) during mature stages of ovarian development (Yang et al.,
2020b). Ovaries of exposed C. farreri also demonstrated histopatholog-
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ical alterations induced by BaP and significantly reduced E2 secretion
during mature stages of development (Yang et al., 2020b). In another
study conducted in mature C. farreri, exposure to low dose of BaP
(0.025 μg/L) significantly induced ER expression, as well as AhR,
ARNT and CYP1A1, while high dose BaP (10 μg/L) exposure decreased
expression of all markers (Tian et al., 2013). Using human MVLN‐luc
cells to investigate ER binding of major PACs found in crude oil, Lee
and colleagues observed seven of the 30 investigated PACs demon-
strated ER activity, with greatest ER potency detected in methylchry-
sene, followed by phenanthrenes and its alkylated derivatives (Lee
et al., 2017). The effects of PACs on estrogen synthesis/signaling can
be attributed to the crosstalk between ER and AhR and highlight the
multiple modes of action for PAC‐induced toxicity (Göttel et al.,
2014; Matthews & Gustafsson, 2006; Tarnow et al., 2019). Interactions
between AhR and ER may lead to increased metabolism of estrogens,
impaired transcription, proteasomal degradation, and CYP‐driven
metabolism (Tarnow et al., 2019). In fact, postnatal exposure to BaP,
benz(a)anthracene (BaA) and benzo(k)fluoranthene, which are PACs
known to interact with AhR, significantly altered ovarian ERβ expres-
sion and resulted in observed changes to ovarian development and
function (Kummer et al., 2013). Similarly, in human non‐luteinized
granulosa cells exposed to different PAC mixtures (M1 and M2) known
to activate AhR, genetic silencing of ERα and ERβ revealed that the
observed inhibition of E2 secretion may also require regulation by
ERα (Zajda et al., 2019; Zajda & Gregoraszczuk, 2020).
5.3. The peroxisome proliferator activated receptor (PPAR)

The peroxisome proliferator activated receptor superfamily is a
group of nuclear transcription factors that regulate energy homeostasis
and lipid metabolism, inflammation, cell cycle progression, tissue
remodelling and steroidogenesis (Komar, 2005). Three PPAR subtypes
exist: PPARα, PPARβ/δ, and PPARγ. The expression of PPARα and
PPARβ/δ have been detected in the theca and stroma tissues of rats
(Komar & Curry, 2002), while high expression of PPARγ has been
reported in the granulosa cells in rodents, sheep, and humans
(Froment et al., 2006). In particular, PPARγ has been identified in
all stages of follicle development and is critical for female fertility
(Cui et al., 2002). While genetic deletion of Ppary in the ovary did
not affect the numbers of follicles at any stage of development nor
affect ovulation, female mice were either infertile or exhibited
impaired fertility alongside significantly reduced litter sizes (Cui
et al., 2002). Similar to AhR, PPARs are also capable of binding to a
variety of xenobiotic compounds that can induce the expression of
CYPs and modulate enzymes critical for steroid hormone synthesis
(Denison & Nagy, 2003; Horling et al., 2011; Huang & Chen, 2017).
In 5‐week old female mice exposed to BaP for 60 days (subchronic),
there was a significant reduction in serum E2 levels and CYP19A1 pro-
tein expression, along with decreased primordial follicle populations,
increased follicular atresia and granulosa cell apoptosis (Xu et al.,
2010). These changes occurred in association with increased ovarian
expression of PPARα and PPARγ and suggest that BaP‐induced ovotox-
icity may be attributed, in part, to PPAR‐mediated signaling (Xu et al.,
2010).
6. PACs and ovarian disorders in humans

While there is limited evidence on the effects of PAC exposure and
reproduction in humans, there is more data reporting adverse effects
on male fertility and damage to spermatozoa (Reviewed in: (Madeen
& Williams, 2017)) compared to data on female fertility and ovarian
function (Netter et al., 2020). Perturbations in the vital processes that
support ovarian function can lead to ovarian disorders including poly-
cystic ovary syndrome (PCOS), anovulation, premature ovarian insuf-
ficiency (POI), and infertility (Barontini et al., 2001; Mikhael et al.,
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2019; Molina et al., 2018; Petraglia et al., 2008). While approximately
15% of couples that are of reproductive age are infertile worldwide
(Sun et al., 2019), one of the most common causes of female infertility
is anovulation, or the failure to ovulate. Moreover, anovulation is pre-
dominantly attributed to endocrine abnormalities and altered ovarian
function and thus, can occur as a result of PCOS and POI (Balen &
Rutherford, 2007).

Polycystic ovary syndrome affects approximately 5–20% of women
of reproductive age (Azziz et al., 2016). Women with PCOS have a
greater number of follicles that are arrested at the pre‐antral and early
antral stages (“cysts”), and these follicles fail to mature even when
stimulated with exogenous FSH (Erickson et al., 1992). It is also
hypothesized that the dysregulation of the HPO axis may contribute
to PCOS, whereby the anterior pituitary disproportionately increases
LH and FSH production and secretion (Azziz et al., 2016). Together,
the disproportionate ratio of LH and FSH and aberrant steroid synthe-
sis may lead to excess androgen biosynthesis and altered development
and maturation of ovarian follicles, contributing to anovulation
observed in women with PCOS (Reviewed in: (Ashraf et al., 2019).
In a case‐control study including 80 Chinese women, results showed
that serum levels of 6 individual PAHs (naphthalene (Nap), acenaph-
thylene (Acn), phenanthrene (Phe), fluorene (Flu), acenaphthylene
(Ace)), as well as the sum of these PAHs (ΣPAH) were significantly
higher in women with PCOS compared to control (ΣPAH odd ratio
(OR) 2.39, 95% CI 0.94–6.05) (Yang et al., 2015). Additionally, signif-
icant associations between PCOS and levels of Nap and Acn (Nap OR
3.00, 95% CI 1.16–7.73; Acn OR 3.81, 95% 1.45–10.0) were detected
(Yang et al., 2015), demonstrating that PACs may contribute to aber-
rant steroid production and PCOS pathogenesis.

Premature ovarian insufficiency, also known as premature ovarian
failure, affects approximately 1% of women before the age of 40
(Webber et al., 2016). This ovarian disorder is characterized by ele-
vated gonadotropins, estrogen deficiency, loss of ovarian follicle
reserve, abnormal/absence of menstruation (amenorrhea), and subfer-
tility and/or infertility (Rudnicka et al., 2018). To date, while only
25% of POI cases have a known etiology (Reviewed in: (Rudnicka
et al., 2018; Vabre et al., 2017)), POI has been attributed to exhaustion
of primordial follicle pool, increased follicular atresia, increased pri-
mordial activation, inhibition of ovulation and arrest in preantral
stages of folliculogenesis (Vabre et al., 2017). A more recent case‐
control study also conducted in Chinese women showed that high
molecular weight PACs possessed a higher risk of POI compared to
low molecular weight PACs (Ye et al., 2020). In particular, 10 out of
the 12 individual PAHs tested (naphthalene, acenaphthene, acenaph-
thylene, phenanthrene, anthracene, fluoranthene, chrysene, benzo(b)
fluoranthene, benzo(k)fluoranthene and benzo(a)pyrene), as well as
the ΣPAH, were positively correlated with the risk for POI (ΣPAH
adjusted OR 1.879, 95% CI 1.423–2.481) (Ye et al., 2020). As POI is
also defined by low levels of AMH and high levels of FSH and LH in
women before the age of 40, the result showing that PAC levels were
also positively associated with serum levels of FSH and LH and nega-
tively associated with AMH levels supports the hypothesis that PAC
exposure may increase the risk for POI via aberrant steroid production
(Ye et al., 2020).
7. Conclusion and future directions

Polycyclic aromatic compounds are EDCs ubiquitously present in
the environment. There are reports across a wide range of species that
PACs significantly alter endocrine signaling and reproductive out-
comes (Bolden et al., 2017; Brinkmann et al., 2014; Rhodes et al.,
2005; Zhang et al., 2016) (Fig. 2). Animal models and in vitro work
has shown that exposure to PACs like BaP, DMBA and 3MC target
different stages of folliculogenesis and deplete ovarian germ cells
(Lim et al., 2016; Luderer et al., 2019); exhaust primordial follicles



Fig. 2. Summary of the effects of polycyclic aromatic compounds (PAC) on ovarian function in mammals. CYP19A1, aromatase; HSD17B, 17beta-
hydroxysteroid dehydrogenase; E2, estradiol; AMH, anti-Müllerian hormone; P4, progesterone; VEGF, vascular endothelial growth factor; ANGPT, angiopoietin
factor.
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via atresia or accelerated primordial follicle recruitment (Borman
et al., 2000; Jurisicova et al., 2007; Matikainen et al., 2001;
Mattison, 1980; Mattison & Thorgeirsson, 1979; Pru et al., 2009;
Rhon‐Calderón et al., 2018; Sobinoff et al., 2011); inhibit pre‐antral
and antral follicle growth (Einaudi et al., 2014); cause DNA damage
and form DNA‐adducts (Igawa et al., 2009; Lim et al., 2013; Yao
et al., 2017); induce oxidative stress and ROS production (An et al.,
2011; Siddique et al., 2014; Tsai‐Turton et al., 2007; Zhang et al.,
2018); and impede oocyte maturation (Sui et al., 2020). Additionally,
evidence has shown that PACs disrupt ovarian steroidogenesis via
altered enzymatic expression and activity leading to altered levels in
secreted estradiol, androgen and progesterone (Archibong et al.,
2012; Dewailly et al., 2016; Liu et al., 2020; Neal et al., 2007; Xu
et al., 2010). Limited epidemiological studies have reported effects
of PAC exposure on ovarian function in humans (Yang et al., 2015;
Ye et al., 2020). Nonetheless, together these studies provide evidence
that exposure to PACs can disrupt normal reproductive health and may
lead to ovarian disorders like PCOS, POI and infertility.

To date, toxicological research has focused largely on PAHs despite
the fact that other classes of PACs are also present in the environment;
and sometimes at higher levels than their parent compounds
(Provencher et al., 2020; Wallace et al., 2020). There is a growing
body of evidence elucidating the biological effects associated with
exposure to other classes of PACs, such as heterocyclic PAHs, N‐ PAHs,
halogenated PAHs and alkylated congeners in biota (Reviewed in:
(Brinkmann et al., 2014; Khan et al., 2021; Lee et al., 2017; Zhang
et al., 2016). In fact, there are reports that degrees of alkylation or sub-
stitution can significantly impact total burden in exposed biota (Lee
et al., 2017). While some studies have already reported that these
other classes of PACs possess endocrine disruptive properties, a large
8

proportion of the available literature has been conducted in aquatic
species (Brinkmann et al., 2014; Hellou et al., 1994; Honda &
Suzuki, 2020; Jing‐jing et al., 2009; Machala et al., 2001;
Provencher et al., 2020; Rhodes et al., 2005; Sørensen et al., 2016;
Tollefsen et al., 2011; Wallace et al., 2020; Yun et al., 2019), whereas
research in mammalian species is currently more limited. This repre-
sents a critical knowledge gap as PACs are able to persist in the envi-
ronment as the widespread risk of exposure is increasing in parallel
with global industrialization. While it is generally accepted that PAHs
can significantly impair ovarian function and fertility, less is known
regarding heterocyclic, substituted, halogenated and alkylated PACs.
As such, this warrants further investigations to elucidate the toxic
effects of PACs on female reproductive health and ovarian function
at biologically relevant levels in mammals. Understanding the health
effects associated with exposure to various PACs will help inform envi-
ronmental policy to ensure that proper mitigation strategies are put in
place to reduce any risk posed by PACs on female reproductive health.
Funding

This work was supported by the Canadian Institutes of Health
Research (PJT‐155981) to A.C.H. G.A.P. was funded by a Canadian
Graduate Scholarship — Master’s Award.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



G.A Perono et al. Current Research in Toxicology 3 (2022) 100070
References

Abdel-Shafy, H.I., Mansour, M.S.M., 2016. A review on polycyclic aromatic
hydrocarbons: Source, environmental impact, effect on human health and
remediation. Egyptian Journal of Petroleum 25 (1), 107–123. https://doi.org/
10.1016/j.ejpe.2015.03.011.

Abedel-Majed, M.A., Romereim, S.M., Davis, J.S., Cupp, A.S., 2019. Perturbations in
Lineage Specification of Granulosa and Theca Cells May Alter Corpus Luteum
Formation and Function. Frontiers in Endocrinology 10, 832. https://doi.org/
10.3389/fendo.2019.00832.

Achten, C., Andersson, J.T., 2015. Overview of Polycyclic Aromatic Compounds (PAC).
Polycyclic Aromatic Compounds 35 (2–4), 177–186. https://doi.org/10.1080/
10406638.2014.994071.

An, J., Yin, L., Shang, Y., Zhong, Y., Zhang, X., Wu, M., Yu, Z., Sheng, G., Fu, J., Huang,
Y., 2011. The combined effects of BDE47 and BaP on oxidatively generated DNA
damage in L02 cells and the possible molecular mechanism. Mutation Research 721
(2), 192–198. https://doi.org/10.1016/j.mrgentox.2011.02.002.

Andersen, C.Y., Byskov, A.G., 2006. Estradiol and Regulation of Anti-Müllerian
Hormone, Inhibin-A, and Inhibin-B Secretion: Analysis of Small Antral and
Preovulatory Human Follicles’ Fluid. The Journal of Clinical Endocrinology &
Metabolism 91 (10), 4064–4069. https://doi.org/10.1210/jc.2006-1066.

Andersson, H., Piras, E., Demma, J., Hellman, B., Brittebo, E., 2009. Low levels of the air
pollutant 1-nitropyrene induce DNA damage, increased levels of reactive oxygen
species and endoplasmic reticulum stress in human endothelial cells. Toxicology
262 (1), 57–64. https://doi.org/10.1016/j.tox.2009.05.008.

Archibong, A.E., Ramesh, A., Inyang, F., Niaz, M.S., Hood, D.B., Kopsombut, P., 2012.
Endocrine disruptive actions of inhaled benzo(a)pyrene on ovarian function and
fetal survival in fisher F-344 adult rats. Reproductive Toxicology 34 (4), 635–643.
https://doi.org/10.1016/j.reprotox.2012.09.003.

Ashraf, S., Nabi, M., Rasool, S. ul A., Rashid, F., Amin, S., 2019. Hyperandrogenism in
polycystic ovarian syndrome and role of CYP gene variants: a review. Egyptian
Journal of Medical Human Genetics 20 (1), 25. https://doi.org/10.1186/s43042-
019-0031-4.

Azziz, R., Carmina, E., Chen, Z., Dunaif, A., Laven, J.S.E., Legro, R.S., Lizneva, D.,
Natterson-Horowtiz, B., Teede, H.J., Yildiz, B.O., 2016. Polycystic ovary syndrome.
Nature Reviews Disease Primers 2 (1), 16057. https://doi.org/10.1038/
nrdp.2016.57.

Baldridge, M.G., Hutz, R.J., 2007. Autoradiographic localization of aromatic
hydrocarbon receptor (AHR) in rhesus monkey ovary. American Journal of
Primatology 69 (6), 681–691. https://doi.org/10.1002/ajp.20381.

Balen, A.H., Rutherford, A.J., 2007. Managing anovulatory infertility and polycystic
ovary syndrome. BMJ 335 (7621), 663–666. https://doi.org/10.1136/
bmj.39335.462303.80.

Barć, J., Gregoraszczuk, E.Ł., 2014. Effects of individual polychlorinated naphthalene
(PCN) components of Halowax 1051 and two defined, artificial PCN mixtures on
AHR and CYP1A1 protein expression, steroid secretion and expression of enzymes
involved in steroidogenesis (CYP17, 17β-HSD and CYP19) in porcine ovarian
follicles. Toxicology 322, 14–22. https://doi.org/10.1016/j.tox.2014.04.010.

Barnett, K.R., Tomic, D., Gupta, R.K., Miller, K.P., Meachum, S., Paulose, T., Flaws, J.A.,
2007. The Aryl Hydrocarbon Receptor Affects Mouse Ovarian Follicle Growth via
Mechanisms Involving Estradiol Regulation and Responsiveness1. Biology of
Reproduction 76 (6), 1062–1070. https://doi.org/10.1095/biolreprod.106.057687.

Barontini, M., García-Rudaz, M.C., Veldhuis, J.D., 2001. Mechanisms of hypothalamic-
pituitary-gonadal disruption in polycystic ovarian syndrome. Archives of Medical
Research 32 (6), 544–552. https://doi.org/10.1016/s0188-4409(01)00325-3.

Benedict, J.C., 2000. Physiological Role of the Aryl Hydrocarbon Receptor in Mouse
Ovary Development. Toxicological Sciences 56 (2), 382–388. https://doi.org/
10.1093/toxsci/56.2.382.

Benedict, J.C., Miller, K.P., Lin, T.-M., Greenfeld, C., Babus, J.K., Peterson, R.E., Flaws, J.
A., 2003. Aryl Hydrocarbon Receptor Regulates Growth, But Not Atresia, of Mouse
Preantral and Antral Follicles1. Biology of Reproduction 68 (5), 1511–1517.
https://doi.org/10.1095/biolreprod.102.007492.

Benigni, R., Bossa, C., 2011. Mechanisms of Chemical Carcinogenicity and Mutagenicity:
A Review with Implications for Predictive Toxicology. Chemical Reviews 111 (4),
2507–2536. https://doi.org/10.1021/cr100222q.

Bergman, Å., Heindel, J.J., Jobling, S., Kidd, K.A., Zoeller, T.R., 2013. In: State of the
Science of Endocrine Disrupting Chemicals 2012.World Health Organization, p. 296.

Billiard, S.M., Timme-Laragy, A.R., Wassenberg, D.M., Cockman, C., Di Giulio, R.T.,
2006. The Role of the Aryl Hydrocarbon Receptor Pathway in Mediating Synergistic
Developmental Toxicity of Polycyclic Aromatic Hydrocarbons to Zebrafish.
Toxicological Sciences 92 (2), 526–536. https://doi.org/10.1093/toxsci/kfl011.

Bolden, A.L., Rochester, J.R., Schultz, K., Kwiatkowski, C.F., 2017. Polycyclic aromatic
hydrocarbons and female reproductive health: A scoping review. Reproductive
Toxicology 73, 61–74. https://doi.org/10.1016/j.reprotox.2017.07.012.

Boonen, I., Van Heyst, A., Van Langenhove, K., Van Hoeck, E., Mertens, B., Denison, M.
S., Elskens, M., Demaegdt, H., 2020. Assessing the receptor-mediated activity of
PAHs using AhR-, ERα- and PPARγ- CALUX bioassays. Food and Chemical
Toxicology 145,. https://doi.org/10.1016/j.fct.2020.111602 111602.

Borman, S.M., Christian, P.J., Sipes, I.G., Hoyer, P.B., 2000. Ovotoxicity in Female
Fischer Rats and B6 Mice Induced by Low-Dose Exposure to Three Polycyclic
Aromatic Hydrocarbons: Comparison through Calculation of an Ovotoxic Index.
Toxicology and Applied Pharmacology 167 (3), 191–198. https://doi.org/
10.1006/taap.2000.9006.

Brinkmann, M., Maletz, S., Krauss, M., Bluhm, K., Schiwy, S., Kuckelkorn, J., Tiehm, A.,
Brack, W., Hollert, H., 2014. Heterocyclic Aromatic Hydrocarbons Show Estrogenic
9

Activity upon Metabolization in a Recombinant Transactivation Assay.
Environmental Science & Technology 48 (10), 5892–5901. https://doi.org/
10.1021/es405731j.

Bruno, J. B., Matos, M. H. T., Chaves, R. N., Celestino, J. J. H., Saraiva, M. V. A., Lima-
Verde, I. B., Araújo, V. R., & Figueiredo, J. R. (2009). Angiogenic factors and ovarian
follicle development. 9.

Cheng, I., Wen, D., Zhang, L., Wu, Z., Qiu, X., Yang, F., Harner, T., 2018. Deposition
Mapping of Polycyclic Aromatic Compounds in the Oil Sands Region of Alberta,
Canada and Linkages to Ecosystem Impacts. Environmental Science & Technology
52 (21), 12456–12464. https://doi.org/10.1021/acs.est.8b02486.

Cui, Y., Miyoshi, K., Claudio, E., Siebenlist, U.K., Gonzalez, F.J., Flaws, J., Wagner, K.-U.,
Hennighausen, L., 2002. Loss of the Peroxisome Proliferation-activated Receptor
gamma (PPARγ) Does Not Affect Mammary Development and Propensity for Tumor
Formation but Leads to Reduced Fertility. Journal of Biological Chemistry 277 (20),
17830–17835. https://doi.org/10.1074/jbc.M200186200.

Dasgupta, S., Cao, A., Mauer, B., Yan, B., Uno, S., McElroy, A., 2014. Genotoxicity of
oxy-PAHs to Japanese medaka (Oryzias latipes) embryos assessed using the comet
assay. Environmental Science and Pollution Research 21 (24), 13867–13876.
https://doi.org/10.1007/s11356-014-2586-4.

Denison, M.S., Nagy, S.R., 2003. Activation of the aryl hydrocarbon receptor by
structurally diverse exogenous and endogenous chemicals. Annual Review of
Pharmacology and Toxicology 43, 309–334. https://doi.org/10.1146/annurev.
pharmtox.43.100901.135828.

Dewailly, D., Robin, G., Peigne, M., Decanter, C., Pigny, P., Catteau-Jonard, S., 2016.
Interactions between androgens, FSH, anti-Müllerian hormone and estradiol during
folliculogenesis in the human normal and polycystic ovary. Human Reproduction
Update 22 (6), 709–724. https://doi.org/10.1093/humupd/dmw027.

Diamanti-Kandarakis, E., Bourguignon, J.-P., Giudice, L.C., Hauser, R., Prins, G.S., Soto,
A.M., Zoeller, R.T., Gore, A.C., 2009. Endocrine-Disrupting Chemicals: An
Endocrine Society Scientific Statement. Endocrine Reviews 30 (4), 293–342.
https://doi.org/10.1210/er.2009-0002.

Drummond, A.E., Baillie, A.J., Findlay, J.K., 1999. Ovarian estrogen receptor α and β
mRNA expression: Impact of development and estrogen. Molecular and Cellular
Endocrinology 149 (1–2), 153–161. https://doi.org/10.1016/S0303-7207(98)
00247-0.

Einaudi, L., Courbiere, B., Tassistro, V., Prevot, C., Sari-Minodier, I., Orsiere, T., Perrin,
J., 2014. In vivo exposure to benzo(a)pyrene induces significant DNA damage in
mouse oocytes and cumulus cells. Human Reproduction 29 (3), 548–554. https://
doi.org/10.1093/humrep/det439.

Elie, M.R., Choi, J., Nkrumah-Elie, Y.M., Gonnerman, G.D., Stevens, J.F., Tanguay, R.L.,
2015. Metabolomic analysis to define and compare the effects of PAHs and
oxygenated PAHs in developing zebrafish. Environmental Research 140, 502–510.
https://doi.org/10.1016/j.envres.2015.05.009.

Enmark, E., Pelto-Huikko, M., Grandien, K., Lagercrantz, S., Lagercrantz, J., Fried, G.,
Nordenskjöld, M., Gustafsson, J.-Å., 1997. Human Estrogen Receptor β-Gene
Structure, Chromosomal Localization, and Expression Pattern1. The Journal of
Clinical Endocrinology & Metabolism 82 (12), 4258–4265. https://doi.org/
10.1210/jcem.82.12.4470.

Erickson, G.F., Magoffin, D.A., Garzo, V.G., Cheung, A.P., Chang, R.J., 1992. Granulosa
cells of polycystic ovaries: Are they normal or abnormal? Human Reproduction 7
(3), 293–299. https://doi.org/10.1093/oxfordjournals.humrep.a137638.

Fernandes, A., Rose, M., Falandysz, J., 2017. Polychlorinated naphthalenes (PCNs) in
food and humans. Environment International 104, 1–13. https://doi.org/10.1016/j.
envint.2017.02.015.

Fernandes, D., Porte, C., 2013. Hydroxylated PAHs alter the synthesis of androgens and
estrogens in subcellular fractions of carp gonads. Science of The Total Environment
447, 152–159. https://doi.org/10.1016/j.scitotenv.2012.12.068.

Ferrara, N., LeCouter, J., Lin, R., Peale, F., 2004. EG-VEGF and Bv8: A novel family of
tissue-restricted angiogenic factors. Biochimica et Biophysica Acta (BBA) - Reviews on.
Cancer 1654 (1), 69–78. https://doi.org/10.1016/j.bbcan.2003.07.001.

Findlay, J.K., Liew, S.H., Simpson, E.R., Korach, K.S., 2010. Estrogen Signaling in the
Regulation of Female Reproductive Functions. In: Habenicht, U.-.-F., Aitken, R.J.
(Eds.), Fertility Control, Vol. 198. Springer, Berlin Heidelberg, pp. 29–35. https://
doi.org/10.1007/978-3-642-02062-9_2.

Fowler, P.A., Childs, A.J., Courant, F., MacKenzie, A., Rhind, S.M., Antignac, J.-P., Le
Bizec, B., Filis, P., Evans, F., Flannigan, S., Maheshwari, A., Bhattacharya, S.,
Monteiro, A., Anderson, R.A., O’Shaughnessy, P.J., 2014. In utero exposure to
cigarette smoke dysregulates human fetal ovarian developmental signalling. Human
Reproduction 29 (7), 1471–1489. https://doi.org/10.1093/humrep/deu117.

Froment, P., Gizard, F., Defever, D., Staels, B., Dupont, J., Monget, P., 2006. Peroxisome
proliferator-activated receptors in reproductive tissues: From gametogenesis to
parturition. Journal of Endocrinology 189 (2), 199–209. https://doi.org/10.1677/
joe.1.06667.

Gao, P., da Silva, E., Hou, L., Denslow, N.D., Xiang, P., Ma, L.Q., 2018. Human exposure
to polycyclic aromatic hydrocarbons: Metabolomics perspective. Environment
International 119, 466–477. https://doi.org/10.1016/j.envint.2018.07.017.

Gibson, E., Mahdy, H., 2021. Anatomy, Abdomen and Pelvis. StatPearls Publishing,
Ovary. In StatPearls. http://www.ncbi.nlm.nih.gov/books/NBK545187/.

Gore, A.C., Chappell, V.A., Fenton, S.E., Flaws, J.A., Nadal, A., Prins, G.S., Toppari, J.,
Zoeller, R.T., 2015. EDC-2: The Endocrine Society’s Second Scientific Statement on
Endocrine-Disrupting Chemicals. Endocrine Reviews 36 (6), E1–E150. https://doi.
org/10.1210/er.2015-1010.

Göttel, M., Le Corre, L., Dumont, C., Schrenk, D., Chagnon, M.-C., 2014. Estrogen
receptor α and aryl hydrocarbon receptor cross-talk in a transfected hepatoma cell
line (HepG2) exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicology Reports 1,
1029–1036. https://doi.org/10.1016/j.toxrep.2014.09.016.

https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.3389/fendo.2019.00832
https://doi.org/10.3389/fendo.2019.00832
https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1016/j.mrgentox.2011.02.002
https://doi.org/10.1210/jc.2006-1066
https://doi.org/10.1016/j.tox.2009.05.008
https://doi.org/10.1016/j.reprotox.2012.09.003
https://doi.org/10.1186/s43042-019-0031-4
https://doi.org/10.1186/s43042-019-0031-4
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1002/ajp.20381
https://doi.org/10.1136/bmj.39335.462303.80
https://doi.org/10.1136/bmj.39335.462303.80
https://doi.org/10.1016/j.tox.2014.04.010
https://doi.org/10.1095/biolreprod.106.057687
https://doi.org/10.1016/s0188-4409(01)00325-3
https://doi.org/10.1093/toxsci/56.2.382
https://doi.org/10.1093/toxsci/56.2.382
https://doi.org/10.1095/biolreprod.102.007492
https://doi.org/10.1021/cr100222q
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0090
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0090
https://doi.org/10.1093/toxsci/kfl011
https://doi.org/10.1016/j.reprotox.2017.07.012
https://doi.org/10.1016/j.fct.2020.111602
https://doi.org/10.1006/taap.2000.9006
https://doi.org/10.1006/taap.2000.9006
https://doi.org/10.1021/es405731j
https://doi.org/10.1021/es405731j
https://doi.org/10.1021/acs.est.8b02486
https://doi.org/10.1074/jbc.M200186200
https://doi.org/10.1007/s11356-014-2586-4
https://doi.org/10.1146/annurev.pharmtox.43.100901.135828
https://doi.org/10.1146/annurev.pharmtox.43.100901.135828
https://doi.org/10.1093/humupd/dmw027
https://doi.org/10.1210/er.2009-0002
https://doi.org/10.1016/S0303-7207(98)00247-0
https://doi.org/10.1016/S0303-7207(98)00247-0
https://doi.org/10.1093/humrep/det439
https://doi.org/10.1093/humrep/det439
https://doi.org/10.1016/j.envres.2015.05.009
https://doi.org/10.1210/jcem.82.12.4470
https://doi.org/10.1210/jcem.82.12.4470
https://doi.org/10.1093/oxfordjournals.humrep.a137638
https://doi.org/10.1016/j.envint.2017.02.015
https://doi.org/10.1016/j.envint.2017.02.015
https://doi.org/10.1016/j.scitotenv.2012.12.068
https://doi.org/10.1016/j.bbcan.2003.07.001
https://doi.org/10.1007/978-3-642-02062-9_2
https://doi.org/10.1007/978-3-642-02062-9_2
https://doi.org/10.1093/humrep/deu117
https://doi.org/10.1677/joe.1.06667
https://doi.org/10.1677/joe.1.06667
https://doi.org/10.1016/j.envint.2018.07.017
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0210
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0210
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1016/j.toxrep.2014.09.016


G.A Perono et al. Current Research in Toxicology 3 (2022) 100070
Government of Canada. (2013). Toxic Substances List: PAHs. Toxic Substances List: PAHs.
Available from: https://www.canada.ca/en/environment-climate-change/
services/management-toxic- substances/list-canadian-environmental-protection-
act/polycyclic-aromatic- hydrocarbons.html.

Graceli, J.B., Dettogni, R.S., Merlo, E., Niño, O., da Costa, C.S., Zanol, J.F., Ríos Morris,
E.A., Miranda-Alves, L., Denicol, A.C., 2020. The impact of endocrine-disrupting
chemical exposure in the mammalian hypothalamic-pituitary axis. Molecular and
Cellular Endocrinology 518. https://doi.org/10.1016/j.mce.2020.110997 110997.

Greenaway, J., Gentry, P.A., Feige, J.-J., LaMarre, J., Petrik, J.J., 2005. Thrombospondin
and vascular endothelial growth factor are cyclically expressed in an inverse pattern
during bovine ovarian follicle development. Biology of Reproduction 72 (5),
1071–1078. https://doi.org/10.1095/biolreprod.104.031120.

Gregoraszczuk, E.Ł., Jerzak, J., Rak-Mardyła, A., Falandysz, J., 2011. Halowax 1051
affects steroidogenesis, 17β-hydroxysteroid dehydrogenase (17β-HSD) and
cytochrome P450arom (CYP19) activity, and protein expression in porcine
ovarian follicles. Reproductive Toxicology 32 (4), 379–384. https://doi.org/
10.1016/j.reprotox.2011.09.008.

Guo, Y., Huo, X., Wu, K., Liu, J., Zhang, Y., Xu, X., 2012. Carcinogenic polycyclic
aromatic hydrocarbons in umbilical cord blood of human neonates from Guiyu,
China. Science of The Total Environment 427–428, 35–40. https://doi.org/
10.1016/j.scitotenv.2012.04.007.

Hannon, P.R., Flaws, J.A., 2015. The Effects of Phthalates on the Ovary. Frontiers in
Endocrinology 6. https://doi.org/10.3389/fendo.2015.00008.

Hayes, C.L., Spink, D.C., Spink, B.C., Cao, J.Q., Walker, N.J., Sutter, T.R., 1996. 17 beta-
estradiol hydroxylation catalyzed by human cytochrome P450 1B1. Proceedings of
the National Academy of Sciences 93 (18), 9776–9781. https://doi.org/10.1073/
pnas.93.18.9776.

Health Canada. (2015). Benzo[a]pyrene in Drinking Water (p. 52). https://www.canada.
ca/en/health-canada/services/environmental-workplace-health/consultations/
benzo-pyrene-drinking-water-health-canada-2015/consultation-document.html.

Hellou, J., Payne, J.F., Hamilton, C., 1994. Polycyclic aromatic compounds in Northwest
Atlantic COD (Gadus morhua). Environmental Pollution 84 (2), 197–202. https://
doi.org/10.1016/0269-7491(94)90103-1.

Hernandez-Ochoa, I., Barnett-Ringgold, K.R., Dehlinger, S.L., Gupta, R.K., Leslie, T.C.,
Roby, K.F., Flaws, J.A., 2010. The Ability of the Aryl Hydrocarbon Receptor to
Regulate Ovarian Follicle Growth and Estradiol Biosynthesis in Mice Depends on
Stage of Sexual Maturity1. Biology of Reproduction 83 (5), 698–706. https://doi.
org/10.1095/biolreprod.110.087015.

Hewitt, S., Korach, K., 2003. Oestrogen receptor knockout mice: Roles for oestrogen
receptors alpha and beta in reproductive tissues. Reproduction 143–149. https://
doi.org/10.1530/rep.0.1250143.

Hodson, P.V., 2017. The Toxicity to Fish Embryos of PAH in Crude and Refined Oils.
Archives of Environmental Contamination and Toxicology 73 (1), 12–18. https://
doi.org/10.1007/s00244-016-0357-6.

Honda, M., Suzuki, N., 2020. Toxicities of Polycyclic Aromatic Hydrocarbons for
Aquatic Animals. International Journal of Environmental Research and Public
Health 17 (4), 1363. https://doi.org/10.3390/ijerph17041363.

Horling, K., Santos, A.N., Fischer, B., 2011. The AhR is constitutively activated and
affects granulosa cell features in the human cell line KGN. Molecular Human
Reproduction 17 (2), 104–114. https://doi.org/10.1093/molehr/gaq074.

Hoyer, P.B., Keating, A.F., 2014. Xenobiotic effects in the ovary: Temporary versus
permanent infertility. Expert Opinion on Drug Metabolism & Toxicology 10 (4),
511–523. https://doi.org/10.1517/17425255.2014.880690.

Hsieh, J.-H., Sedykh, A., Mutlu, E., Germolec, D.R., Auerbach, S.S., Rider, C.V., 2021.
Harnessing In Silico, In Vitro, and In Vivo Data to Understand the Toxicity
Landscape of Polycyclic Aromatic Compounds (PACs). Chemical Research in
Toxicology 34 (2), 268–285. https://doi.org/10.1021/acs.chemrestox.0c00213.

Huang, Q., Chen, Q., 2017. Mediating Roles of PPARs in the Effects of Environmental
Chemicals on Sex Steroids. PPAR Research 2017. https://doi.org/10.1155/2017/
3203161 3203161.

Huang, C., Xu, X., Wang, D., Ma, M., Rao, K., Wang, Z., 2018. The aryl hydrocarbon
receptor (AhR) activity and DNA-damaging effects of chlorinated polycyclic
aromatic hydrocarbons (Cl-PAHs). Chemosphere 211, 640–647. https://doi.org/
10.1016/j.chemosphere.2018.07.087.

Hyder, S.M., Huang, J.-C., Nawaz, Z., Boettger-Tong, H., Mäkelä, S., Chiappetta, C.,
Stancel, G.M., 2000. Regulation of Vascular Endothelial Growth Factor Expression
by Estrogens and Progestins. Environmental Health Perspectives 108 (s5), 785–790.
https://doi.org/10.1289/ehp.00108s5785.

Idowu, O., Semple, K.T., Ramadass, K., O’Connor, W., Hansbro, P., Thavamani, P., 2019.
Beyond the obvious: Environmental health implications of polar polycyclic aromatic
hydrocarbons. Environment International 123, 543–557. https://doi.org/10.1016/
j.envint.2018.12.051.

Igawa, Y., Keating, A.F., Rajapaksa, K.S., Sipes, I.G., Hoyer, P.B., 2009. Evaluation of
ovotoxicity induced by 7, 12-dimethylbenz[a]anthracene and its 3,4-diol
metabolite utilizing a rat in vitro ovarian culture system. Toxicology and
Applied Pharmacology 234 (3), 361–369. https://doi.org/10.1016/
j.taap.2008.10.009.

Iijima, K., Jiang, J.-Y., Shimizu, T., Sasada, H., Sato, E., 2005. Acceleration of Follicular
Development by Administration of Vascular Endothelial Growth Factor in Cycling
Female Rats. Journal of Reproduction and Development 51 (1), 161–168. https://
doi.org/10.1262/jrd.51.161.

Jamnongjit, M., Hammes, S.R., 2006. Ovarian Steroids: The Good, the Bad, and the
Signals that Raise Them. Cell Cycle 5 (11), 1178–1183. https://doi.org/10.4161/
cc.5.11.2803.

Jing-jing, M., Lu-qing, P., Jing, L., Lin, Z., 2009. Effects of benzo[a]pyrene on DNA
damage and histological alterations in gonad of scallop Chlamys farreri. Marine
10
Environmental Research 67 (1), 47–52. https://doi.org/10.1016/
j.marenvres.2008.10.006.

Johansson, H.K.L., Jacobsen, P.R., Hass, U., Svingen, T., Vinggaard, A.M., Isling, L.K.,
Axelstad, M., Christiansen, S., Boberg, J., 2016. Perinatal exposure to mixtures of
endocrine disrupting chemicals reduces female rat follicle reserves and accelerates
reproductive aging. Reproductive Toxicology 61, 186–194. https://doi.org/
10.1016/j.reprotox.2016.03.045.

Jurisicova, A., Taniuchi, A., Li, H., Shang, Y., Antenos, M., Detmar, J., Xu, J.,
Matikainen, T., Hernández, A.B., Nunez, G., Casper, R.F., 2007. Maternal exposure
to polycyclic aromatic hydrocarbons diminishes murine ovarian reserve via
induction of Harakiri. Journal of Clinical Investigation 117 (12), 3971–3978.
https://doi.org/10.1172/JCI28493.

Karttunen, V., Myllynen, P., Prochazka, G., Pelkonen, O., Segerbäck, D., Vähäkangas, K.,
2010. Placental transfer and DNA binding of benzo(a)pyrene in human placental
perfusion. Toxicology Letters 197 (2), 75–81. https://doi.org/10.1016/
j.toxlet.2010.04.028.

Keith, L.H., 2015. The Source of U.S. EPA’s Sixteen PAH Priority Pollutants. Polycyclic
Aromatic Compounds 35 (2–4), 147–160. https://doi.org/10.1080/
10406638.2014.892886.

Kerr, J.B., Myers, M., Anderson, R.A., 2013. The dynamics of the primordial follicle
reserve. REPRODUCTION 146 (6), R205–R215. https://doi.org/10.1530/REP-13-
0181.

Khan, A., Ahsan, A., Farooq, M.A., Naveed, M., Li, H., 2021. Role of Polycyclic Aromatic
Hydrocarbons as EDCs in Metabolic Disorders. In: Akash, M.S.H., Rehman, K.,
Hashmi, M.Z. (Eds.), Endocrine Disrupting Chemicals-induced Metabolic Disorders
and Treatment Strategies. Springer International Publishing, pp. 323–341. https://
doi.org/10.1007/978-3-030-45923-9_19.

Kim, K.-H., Jahan, S.A., Kabir, E., Brown, R.J.C., 2013. A review of airborne polycyclic
aromatic hydrocarbons (PAHs) and their human health effects. Environment
International 60, 71–80. https://doi.org/10.1016/j.envint.2013.07.019.

Knecht, A.L., Goodale, B.C., Truong, L., Simonich, M.T., Swanson, A.J., Matzke, M.M.,
Anderson, K.A., Waters, K.M., Tanguay, R.L., 2013. Comparative developmental
toxicity of environmentally relevant oxygenated PAHs. Toxicology and Applied
Pharmacology 271 (2), 266–275. https://doi.org/10.1016/j.taap.2013.05.006.

Komar, C.M., 2005. Peroxisome proliferator-activated receptors (PPARs) and ovarian
function – implications for regulating steroidogenesis, differentiation, and tissue
remodeling. Reproductive Biology and Endocrinology 3 (1), 41. https://doi.org/
10.1186/1477-7827-3-41.

Komar, C.M., Curry, T.E., 2002. Localization and Expression of Messenger RNAs for the
Peroxisome Proliferator-Activated Receptors in Ovarian Tissue from Naturally
Cycling and Pseudopregnant Rats1. Biology of Reproduction 66 (5), 1531–1539.
https://doi.org/10.1095/biolreprod66.5.1531.

Kummer, V., Mašková, J., Zralý, Z., Faldyna, M., 2013. Ovarian disorders in immature
rats after postnatal exposure to environmental polycyclic aromatic hydrocarbons.
Journal of Applied Toxicology: JAT 33 (2), 90–99. https://doi.org/
10.1002/jat.1714.

La Merrill, M.A., Vandenberg, L.N., Smith, M.T., Goodson, W., Browne, P., Patisaul, H.B.,
Guyton, K.Z., Kortenkamp, A., Cogliano, V.J., Woodruff, T.J., Rieswijk, L., Sone, H.,
Korach, K.S., Gore, A.C., Zeise, L., Zoeller, R.T., 2020. Consensus on the key
characteristics of endocrine-disrupting chemicals as a basis for hazard
identification. Nature Reviews Endocrinology 16 (1), 45–57. https://doi.org/
10.1038/s41574-019-0273-8.

Lam, M.M., Bülow, R., Engwall, M., Giesy, J.P., Larsson, M., 2018. Methylated PACs are
more potent than their parent compounds: A study of aryl hydrocarbon receptor-
mediated activity, degradability, and mixture interactions in the H4IIE- luc assay:
Methylated PACs are more potent than their parent compounds. Environmental
Toxicology and Chemistry 37 (5), 1409–1419. https://doi.org/10.1002/etc.4087.

Lauretta, R., Sansone, A., Sansone, M., Romanelli, F., Appetecchia, M., 2019. Endocrine
Disrupting Chemicals: Effects on Endocrine Glands. Frontiers in Endocrinology 10,
178. https://doi.org/10.3389/fendo.2019.00178.

Lee, I., Zhang, G., Mesaros, C., Penning, T.M., 2020. Estrogen receptor-dependent and
independent roles of benzo[a]pyrene in Ishikawa cells. Journal of Endocrinology
247 (2), 139–151. https://doi.org/10.1530/JOE-19-0579.

Lee, S., Hong, S., Liu, X., Kim, C., Jung, D., Yim, U.H., Shim, W.J., Khim, J.S., Giesy, J.P.,
Choi, K., 2017. Endocrine disrupting potential of PAHs and their alkylated
analogues associated with oil spills. Environmental Science: Processes & Impacts
19 (9), 1117–1125. https://doi.org/10.1039/C7EM00125H.

Lenie, S., Smitz, J., 2008. Estrogen receptor subtypes localization shifts in cultured
mouse ovarian follicles. Histochemistry and Cell Biology 129 (6), 827–840. https://
doi.org/10.1007/s00418-008-0408-9.

Li, X., Shen, C., Liu, X., He, J., Ding, Y., Gao, R., Mu, X., Geng, Y., Wang, Y., Chen, X.,
2017. Exposure to benzo[a]pyrene impairs decidualization and decidual
angiogenesis in mice during early pregnancy. Environmental Pollution 222,
523–531. https://doi.org/10.1016/j.envpol.2016.11.029.

Lim, J., Kong, W., Lu, M., Luderer, U., 2016. The Mouse Fetal Ovary Has Greater
Sensitivity Than the Fetal Testis to Benzo[a ]pyrene-Induced Germ Cell Death.
Toxicological Sciences 152 (2), 372–381. https://doi.org/10.1093/toxsci/kfw083.

Lim, J., Lawson, G.W., Nakamura, B.N., Ortiz, L., Hur, J.A., Kavanagh, T.J., Luderer, U.,
2013. Glutathione-Deficient Mice Have Increased Sensitivity to Transplacental
Benzo[a]pyrene-Induced Premature Ovarian Failure and Ovarian Tumorigenesis.
Cancer Research 73 (2), 908–917. https://doi.org/10.1158/0008-5472.CAN-12-
3636.

Lim, J., Nakamura, B.N., Mohar, I., Kavanagh, T.J., Luderer, U., 2015a. Glutamate
Cysteine Ligase Modifier Subunit (Gclm) Null Mice Have Increased Ovarian
Oxidative Stress and Accelerated Age-Related Ovarian Failure. Endocrinology 156
(9), 3329–3343. https://doi.org/10.1210/en.2015-1206.

https://doi.org/10.1016/j.mce.2020.110997
https://doi.org/10.1095/biolreprod.104.031120
https://doi.org/10.1016/j.reprotox.2011.09.008
https://doi.org/10.1016/j.reprotox.2011.09.008
https://doi.org/10.1016/j.scitotenv.2012.04.007
https://doi.org/10.1016/j.scitotenv.2012.04.007
https://doi.org/10.3389/fendo.2015.00008
https://doi.org/10.1073/pnas.93.18.9776
https://doi.org/10.1073/pnas.93.18.9776
https://doi.org/10.1016/0269-7491(94)90103-1
https://doi.org/10.1016/0269-7491(94)90103-1
https://doi.org/10.1095/biolreprod.110.087015
https://doi.org/10.1095/biolreprod.110.087015
https://doi.org/10.1530/rep.0.1250143
https://doi.org/10.1530/rep.0.1250143
https://doi.org/10.1007/s00244-016-0357-6
https://doi.org/10.1007/s00244-016-0357-6
https://doi.org/10.3390/ijerph17041363
https://doi.org/10.1093/molehr/gaq074
https://doi.org/10.1517/17425255.2014.880690
https://doi.org/10.1021/acs.chemrestox.0c00213
https://doi.org/10.1155/2017/3203161
https://doi.org/10.1155/2017/3203161
https://doi.org/10.1016/j.chemosphere.2018.07.087
https://doi.org/10.1016/j.chemosphere.2018.07.087
https://doi.org/10.1289/ehp.00108s5785
https://doi.org/10.1016/j.envint.2018.12.051
https://doi.org/10.1016/j.envint.2018.12.051
https://doi.org/10.1016/j.taap.2008.10.009
https://doi.org/10.1016/j.taap.2008.10.009
https://doi.org/10.1262/jrd.51.161
https://doi.org/10.1262/jrd.51.161
https://doi.org/10.4161/cc.5.11.2803
https://doi.org/10.4161/cc.5.11.2803
https://doi.org/10.1016/j.marenvres.2008.10.006
https://doi.org/10.1016/j.marenvres.2008.10.006
https://doi.org/10.1016/j.reprotox.2016.03.045
https://doi.org/10.1016/j.reprotox.2016.03.045
https://doi.org/10.1172/JCI28493
https://doi.org/10.1016/j.toxlet.2010.04.028
https://doi.org/10.1016/j.toxlet.2010.04.028
https://doi.org/10.1080/10406638.2014.892886
https://doi.org/10.1080/10406638.2014.892886
https://doi.org/10.1530/REP-13-0181
https://doi.org/10.1530/REP-13-0181
https://doi.org/10.1007/978-3-030-45923-9_19
https://doi.org/10.1007/978-3-030-45923-9_19
https://doi.org/10.1016/j.envint.2013.07.019
https://doi.org/10.1016/j.taap.2013.05.006
https://doi.org/10.1186/1477-7827-3-41
https://doi.org/10.1186/1477-7827-3-41
https://doi.org/10.1095/biolreprod66.5.1531
https://doi.org/10.1002/jat.1714
https://doi.org/10.1002/jat.1714
https://doi.org/10.1038/s41574-019-0273-8
https://doi.org/10.1038/s41574-019-0273-8
https://doi.org/10.1002/etc.4087
https://doi.org/10.3389/fendo.2019.00178
https://doi.org/10.1530/JOE-19-0579
https://doi.org/10.1039/C7EM00125H
https://doi.org/10.1007/s00418-008-0408-9
https://doi.org/10.1007/s00418-008-0408-9
https://doi.org/10.1016/j.envpol.2016.11.029
https://doi.org/10.1093/toxsci/kfw083
https://doi.org/10.1158/0008-5472.CAN-12-3636
https://doi.org/10.1158/0008-5472.CAN-12-3636
https://doi.org/10.1210/en.2015-1206


G.A Perono et al. Current Research in Toxicology 3 (2022) 100070
Lim, J., Ortiz, L., Nakamura, B.N., Hoang, Y.D., Banuelos, J., Flores, V.N., Chan, J.Y.,
Luderer, U., 2015b. Effects of deletion of the transcription factor Nrf2 and benzo [a]
pyrene treatment on ovarian follicles and ovarian surface epithelial cells in mice.
Reproductive Toxicology 58, 24–32. https://doi.org/10.1016/j.
reprotox.2015.07.080.

Lim, J., Ramesh, A., Shioda, T., Leon Parada, K., Luderer, U., 2022. Sex Differences in
Embryonic Gonad Transcriptomes and Benzo[a]pyrene Metabolite Levels After
Transplacental Exposure. Endocrinology 163 (1), bqab228. https://doi.org/
10.1210/endocr/bqab228.

Liu, M., Deng, T., He, J., Ding, Y., Liu, X., Xu, H., Gao, R., Mu, X., Geng, Y., Liu, T., Wang,
Y., & Chen, X. (2020). Exposure to Benzo[a]pyrene impairs the corpus luteum
vascular network in rats during early pregnancy. Environmental Pollution, 259,
113915. https://doi.org/yao.

Luderer, U., Christensen, F., Johnson, W.O., She, J., Ip, H.S.S., Zhou, J., Alvaran, J.,
Krieg, E.F., Kesner, J.S., 2017. Associations between urinary biomarkers of
polycyclic aromatic hydrocarbon exposure and reproductive function during
menstrual cycles in women. Environment International 100, 110–120. https://doi.
org/10.1016/j.envint.2016.12.021.

Luderer, U., Meier, M.J., Lawson, G.W., Beal, M.A., Yauk, C.L., Marchetti, F., 2019. In
Utero Exposure to Benzo[a ]pyrene Induces Ovarian Mutations at Doses That
Deplete Ovarian Follicles in Mice. Environmental and Molecular Mutagenesis 60
(5), 410–420. https://doi.org/10.1002/em.22261.

Machala, M., Ciganek, M., Bláha, L., Minksová, K., Vondráck, J., 2001. Aryl hydrocarbon
receptor-mediated and estrogenic activities of oxygenated polycyclic aromatic
hydrocarbons and azaarenes originally identified in extracts of river sediments.
Environmental Toxicology and Chemistry 20 (12), 2736–2743. https://doi.org/
10.1002/etc.5620201212.

Madden, J.A., Hoyer, P.B., Devine, P.J., Keating, A.F., 2014. Acute 7,12-dimethylbenz
[a]anthracene exposure causes differential concentration-dependent follicle
depletion and gene expression in neonatal rat ovaries. Toxicology and Applied
Pharmacology 276 (3), 179–187. https://doi.org/10.1016/j.taap.2014.02.011.

Madeen, E.P., Williams, D.E., 2017. Environmental PAH exposure and male idiopathic
infertility: A review on early life exposures and adult diagnosis. Reviews on
Environmental Health 32 (1–2), 73–81. https://doi.org/10.1515/reveh-2016-0045.

Madhavan, N., Naidu, K., 1995. Polycyclic aromatic hydrocarbons in placenta, maternal
blood, umbilical cord blood and milk of Indian women. Human & Experimental
Toxicology 14 (6), 503–506. https://doi.org/10.1177/096032719501400607.

Marvin, C.H., Tomy, G.T., Thomas, P.J., Holloway, A.C., Sandau, C.D., Idowu, I., Xia, Z.,
2020. Considerations for Prioritization of Polycyclic Aromatic Compounds as
Environmental Contaminants. Environmental Science & Technology 54 (23),
14787–14789. https://doi.org/10.1021/acs.est.0c04892.

Matikainen, T., Perez, G.I., Jurisicova, A., Pru, J.K., Schlezinger, J.J., Ryu, H.-Y., Laine,
J., Sakai, T., Korsmeyer, S.J., Casper, R.F., Sherr, D.H., Tilly, J.L., 2001. Aromatic
hydrocarbon receptor-driven Bax gene expression is required for premature ovarian
failure caused by biohazardous environmental chemicals. Nature Genetics 28 (4),
355–360. https://doi.org/10.1038/ng575.

Matthews, J., Gustafsson, J.-Å., 2006. Estrogen receptor and aryl hydrocarbon receptor
signaling pathways. Nuclear Receptor Signaling 4 (1), nrs.04016. https://doi.org/
10.1621/nrs.04016.

Mattison, D.R., 1980. Morphology of oocyte and follicle destruction by polycyclic
aromatic hydrocarbons in mice. Toxicology and Applied Pharmacology 53 (2),
249–259. https://doi.org/10.1016/0041-008X(80)90424-X.

Mattison, D.R., Thorgeirsson, S.S., 1979. Ovarian aryl hydrocarbon hydroxylase activity
and primordial oocyte toxicity of polycyclic aromatic hydrocarbons in mice. Cancer
Research 39 (9), 3471–3475.

McLaughlin, E.A., McIver, S.C., 2009. Awakening the oocyte: controlling primordial
follicle development. Reproduction 137 (1), 1–11. https://doi.org/10.1530/REP-
08-0118.

Miao, Y., Zhou, C., Bai, Q., Cui, Z., ShiYang, X., Lu, Y., Zhang, M., Dai, X., Xiong, B.,
2018. The protective role of melatonin in porcine oocyte meiotic failure caused by
the exposure to benzo(a)pyrene. Human Reproduction 33 (1), 116–127. https://doi.
org/10.1093/humrep/dex331.

Mikhael, S., Punjala-Patel, A., Gavrilova-Jordan, L., 2019. Hypothalamic-Pituitary-
Ovarian Axis Disorders Impacting Female Fertility. Biomedicines 7 (1), 5. https://
doi.org/10.3390/biomedicines7010005.

Mlynarcikova, A., Fickova, M., Scsukova, S., 2014. Impact of endocrine disruptors on
ovarian steroidogenesis. Endocrine Regulations 48 (04), 201–224. https://doi.org/
10.4149/endo_2014_04_201.

Molina, A., Abril, N., Morales-Prieto, N., Monterde, J., Ayala, N., Lora, A., Moyano, R.,
2018. Hypothalamic-pituitary-ovarian axis perturbation in the basis of bisphenol A
(BPA) reproductive toxicity in female zebrafish (Danio rerio). Ecotoxicology and
Environmental Safety 156, 116–124. https://doi.org/10.1016/j.
ecoenv.2018.03.029.

Neal, M.S., Mulligan Tuttle, A.M., Casper, R.F., Lagunov, A., Foster, W.G., 2010. Aryl
hydrocarbon receptor antagonists attenuate the deleterious effects of benzo[a]
pyrene on isolated rat follicle development. Reproductive BioMedicine Online 21
(1), 100–108. https://doi.org/10.1016/j.rbmo.2010.03.025.

Neal, M.S., Zhu, J., Foster, W.G., 2008. Quantification of benzo[a]pyrene and other
PAHs in the serum and follicular fluid of smokers versus non-smokers. Reproductive
Toxicology 25 (1), 100–106. https://doi.org/10.1016/j.reprotox.2007.10.012.

Neal, M.S., Zhu, J., Holloway, A.C., Foster, W.G., 2007. Follicle growth is inhibited by
benzo-[a]-pyrene, at concentrations representative of human exposure, in an
isolated rat follicle culture assay. Human Reproduction 22 (4), 961–967. https://
doi.org/10.1093/humrep/del487.

Netter, A., Siri, E., Tassitro, V., Resseguier, N., Beauval, N., Sari-Minodier, I., Courbiere,
B., Perrin, J., 2020. Influence of polycyclic aromatic hydrocarbon exposure on IVF:
11
Now is the time to focus on women. Reproductive BioMedicine Online 41 (2),
161–169. https://doi.org/10.1016/j.rbmo.2020.03.022.

Ohura, T., Morita, M., Makino, M., Amagai, T., Shimoi, K., 2007. Aryl Hydrocarbon
Receptor-Mediated Effects of Chlorinated Polycyclic Aromatic Hydrocarbons.
Chemical Research in Toxicology 20 (9), 1237–1241. https://doi.org/10.1021/
tx700148b.

Oliver, R., Pillarisetty, L.S., 2021. Anatomy, Abdomen and Pelvis. Ovary Corpus Luteum.
StatPearls Publishing http://www.ncbi.nlm.nih.gov/books/NBK539704/.

Patel, S., Zhou, C., Rattan, S., Flaws, J.A., 2015. Effects of Endocrine-Disrupting
Chemicals on the Ovary1. Biology of Reproduction 93 (1). https://doi.org/
10.1095/biolreprod.115.130336.

Pelletier, G., Labrie, C., Labrie, F., 2000. Localization of oestrogen receptor alpha,
oestrogen receptor beta and androgen receptors in the rat reproductive organs.
Journal of Endocrinology 165 (2), 359–370. https://doi.org/10.1677/
joe.0.1650359.

Peng, C., Wang, M., Chen, W., 2016. Spatial Analysis of PAHs in Soils along an
Urban–Suburban–Rural Gradient: Scale effect, distribution patterns, diffusion and
influencing factors. Scientific Reports 6 (1), 37185. https://doi.org/10.1038/
srep37185.

Petraglia, F., Musacchio, C., Luisi, S., De Leo, V., 2008. Hormone-dependent
gynaecological disorders: A pathophysiological perspective for appropriate
treatment. Best Practice & Research. Clinical Obstetrics & Gynaecology 22 (2),
235–249. https://doi.org/10.1016/j.bpobgyn.2007.07.005.

Piazza, M.J., Urbanetz, A.A., 2019. Environmental toxins and the impact of other
endocrine disrupting chemicals in women’s reproductive health. JBRA Assisted
Reproduction. https://doi.org/10.5935/1518-0557.20190016.

Plunk, E.C., Richards, S.M., 2020. Endocrine-Disrupting Air Pollutants and Their Effects
on the Hypothalamus-Pituitary-Gonadal Axis. International Journal of Molecular
Sciences 21 (23), 9191. https://doi.org/10.3390/ijms21239191.

Provencher, J.F., Thomas, P.J., Pauli, B., Braune, B.M., Franckowiak, R.P., Gendron, M.,
Savard, G., Sarma, S.N., Crump, D., Zahaby, Y., O’Brien, J., Mallory, M.L., 2020.
Polycyclic aromatic compounds (PACs) and trace elements in four marine bird
species from northern Canada in a region of natural marine oil and gas seeps.
Science of The Total Environment 744. https://doi.org/10.1016/j.
scitotenv.2020.140959 140959.

Pru, J.K., Kaneko-Tarui, T., Jurisicova, A., Kashiwagi, A., Selesniemi, K., Tilly, J.L.,
2009. Induction of Proapoptotic Gene Expression and Recruitment of p53 Herald
Ovarian Follicle Loss Caused by Polycyclic Aromatic Hydrocarbons. Reproductive
Sciences 16 (4), 347–356. https://doi.org/10.1177/1933719108327596.

Raez-Villanueva, S, Perono, G.A., Jamshed, L., Thomas, P.J., Holloway, A.C., 2021.
Effects of dibenzothiophene, a sulfur-containing heterocyclic aromatic hydrocarbon,
and its alkylated congener, 2,4,7-trimethyldibenzothiophene, on placental
trophoblast cell function. Journal of Applied Toxicology 41 (9), 1367–1379.
https://doi.org/10.1002/jat.4128.

Rahmani, Z., Karimpour Malekshah, A., Zargari, M., Talebpour Amiri, F., 2021. Effect of
prenatal exposure to Benzo[a]pyrene on ovarian toxicity and reproductive
dysfunction: Protective effect of atorvastatin in the embryonic period.
Environmental Toxicology 36 (8), 1683–1693. https://doi.org/10.1002/tox.23164.

Rajah, R., Glaser, E.M., Hirshfield, A.N., 1992. The changing architecture of the neonatal
rat ovary during histogenesis. Developmental Dynamics 194 (3), 177–192. https://
doi.org/10.1002/aja.1001940303.

Rajapaksa, K.S., Sipes, I.G., Hoyer, P.B., 2006. Involvement of Microsomal Epoxide
Hydrolase Enzyme in Ovotoxicity Caused by 7,12-Dimethylbenz[a]anthracene.
Toxicological Sciences 96 (2), 327–334. https://doi.org/10.1093/toxsci/kfl202.

Rattan, S., Brehm, E., Gao, L., Flaws, J.A., 2018. Di(2-Ethylhexyl) Phthalate Exposure
During Prenatal Development Causes Adverse Transgenerational Effects on Female
Fertility in Mice. Toxicological Sciences 163 (2), 420–429. https://doi.org/
10.1093/toxsci/kfy042.

Rattan, S., Zhou, C., Chiang, C., Mahalingam, S., Brehm, E., Flaws, J.A., 2017. Exposure
to endocrine disruptors during adulthood: Consequences for female fertility. Journal
of Endocrinology 233 (3), R109–R129. https://doi.org/10.1530/JOE-17-0023.

Rhodes, S., Farwell, A., Mark Hewitt, L., MacKinnon, M., George Dixon, D., 2005. The
effects of dimethylated and alkylated polycyclic aromatic hydrocarbons on the
embryonic development of the Japanese medaka. Ecotoxicology and Environmental
Safety 60 (3), 247–258. https://doi.org/10.1016/j.ecoenv.2004.08.002.

Rhon-Calderón, E.A., Galarza, R.A., Lomniczi, A., Faletti, A.G., 2016. The systemic and
gonadal toxicity of 3-methylcholanthrene is prevented by daily administration of α-
naphthoflavone. Toxicology 353–354, 58–69. https://doi.org/10.1016/
j.tox.2016.05.005.

Rhon-Calderón, E.A., Toro, C.A., Lomniczi, A., Galarza, R.A., Faletti, A.G., 2018.
Changes in the expression of genes involved in the ovarian function of rats caused
by daily exposure to 3-methylcholanthrene and their prevention by α-
naphthoflavone. Archives of Toxicology 92 (2), 907–919. https://doi.org/
10.1007/s00204-017-2096-5.

Richards, J.S., Pangas, S.A., 2010. The ovary: Basic biology and clinical implications.
Journal of Clinical Investigation 120 (4), 963–972. https://doi.org/10.1172/
JCI41350.

Rosenfield, R.L., Ehrmann, D.A., 2016. The Pathogenesis of Polycystic Ovary Syndrome
(PCOS): The Hypothesis of PCOS as Functional Ovarian Hyperandrogenism
Revisited. Endocrine Reviews 37 (5), 467–520. https://doi.org/10.1210/er.2015-
1104.

Ruberg, E.J., Elliott, J.E., Williams, T.D., 2021. Review of petroleum toxicity and
identifying common endpoints for future research on diluted bitumen toxicity in
marine mammals. Ecotoxicology 30 (4), 537–551. https://doi.org/10.1007/
s10646-021-02373-x.

https://doi.org/10.1016/j.reprotox.2015.07.080
https://doi.org/10.1016/j.reprotox.2015.07.080
https://doi.org/10.1210/endocr/bqab228
https://doi.org/10.1210/endocr/bqab228
https://doi.org/10.1016/j.envint.2016.12.021
https://doi.org/10.1016/j.envint.2016.12.021
https://doi.org/10.1002/em.22261
https://doi.org/10.1002/etc.5620201212
https://doi.org/10.1002/etc.5620201212
https://doi.org/10.1016/j.taap.2014.02.011
https://doi.org/10.1515/reveh-2016-0045
https://doi.org/10.1177/096032719501400607
https://doi.org/10.1021/acs.est.0c04892
https://doi.org/10.1038/ng575
https://doi.org/10.1621/nrs.04016
https://doi.org/10.1621/nrs.04016
https://doi.org/10.1016/0041-008X(80)90424-X
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0505
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0505
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0505
http://refhub.elsevier.com/S2666-027X(22)00007-X/h0505
https://doi.org/10.1530/REP-08-0118
https://doi.org/10.1530/REP-08-0118
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.3390/biomedicines7010005
https://doi.org/10.3390/biomedicines7010005
https://doi.org/10.4149/endo_2014_04_201
https://doi.org/10.4149/endo_2014_04_201
https://doi.org/10.1016/j.ecoenv.2018.03.029
https://doi.org/10.1016/j.ecoenv.2018.03.029
https://doi.org/10.1016/j.rbmo.2010.03.025
https://doi.org/10.1016/j.reprotox.2007.10.012
https://doi.org/10.1093/humrep/del487
https://doi.org/10.1093/humrep/del487
https://doi.org/10.1016/j.rbmo.2020.03.022
https://doi.org/10.1021/tx700148b
https://doi.org/10.1021/tx700148b
http://www.ncbi.nlm.nih.gov/books/NBK539704/
https://doi.org/10.1095/biolreprod.115.130336
https://doi.org/10.1095/biolreprod.115.130336
https://doi.org/10.1677/joe.0.1650359
https://doi.org/10.1677/joe.0.1650359
https://doi.org/10.1038/srep37185
https://doi.org/10.1038/srep37185
https://doi.org/10.1016/j.bpobgyn.2007.07.005
https://doi.org/10.5935/1518-0557.20190016
https://doi.org/10.3390/ijms21239191
https://doi.org/10.1016/j.scitotenv.2020.140959
https://doi.org/10.1016/j.scitotenv.2020.140959
https://doi.org/10.1177/1933719108327596
https://doi.org/10.1002/jat.4128
https://doi.org/10.1002/tox.23164
https://doi.org/10.1002/aja.1001940303
https://doi.org/10.1002/aja.1001940303
https://doi.org/10.1093/toxsci/kfl202
https://doi.org/10.1093/toxsci/kfy042
https://doi.org/10.1093/toxsci/kfy042
https://doi.org/10.1530/JOE-17-0023
https://doi.org/10.1016/j.ecoenv.2004.08.002
https://doi.org/10.1016/j.tox.2016.05.005
https://doi.org/10.1016/j.tox.2016.05.005
https://doi.org/10.1007/s00204-017-2096-5
https://doi.org/10.1007/s00204-017-2096-5
https://doi.org/10.1172/JCI41350
https://doi.org/10.1172/JCI41350
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1007/s10646-021-02373-x
https://doi.org/10.1007/s10646-021-02373-x


G.A Perono et al. Current Research in Toxicology 3 (2022) 100070
Rudnicka, E., Kruszewska, J., Klicka, K., Kowalczyk, J., Grymowicz, M., Skórska, J.,
Pięta, W., Smolarczyk, R., 2018. Premature ovarian insufficiency – aetiopathology,
epidemiology, and diagnostic evaluation. Menopausal Review 17 (3), 105–108.
https://doi.org/10.5114/pm.2018.78550.

Sadeu, J.C., Foster, W.G., 2011. Effect of in vitro exposure to benzo[a]pyrene, a
component of cigarette smoke, on folliculogenesis, steroidogenesis and oocyte
nuclear maturation. Reproductive Toxicology 31 (4), 402–408. https://doi.org/
10.1016/j.reprotox.2010.12.006.

Sadeu, J.C., Foster, W.G., 2013. The cigarette smoke constituent benzo[a]pyrene
disrupts metabolic enzyme, and apoptosis pathway member gene expression in
ovarian follicles. Reproductive Toxicology (Elmsford, N.Y.) 40, 52–59. https://doi.
org/10.1016/j.reprotox.2013.05.008.

Sar, M., Welsch, F., 1999. Differential Expression of Estrogen Receptor-β and Estrogen
Receptor-α in the Rat Ovary. Endocrinology 140 (2), 963–971. https://doi.org/
10.1210/endo.140.2.6533.

Sarma, S.N., Blais, J.M., Chan, H.M., 2017. Neurotoxicity of alkylated polycyclic
aromatic compounds in human neuroblastoma cells. Journal of Toxicology and
Environmental Health, Part A 80 (5), 285–300. https://doi.org/10.1080/
15287394.2017.1314840.

Sarma, S.N., Kimpe, L.E., Doyon, V.C., Blais, J.M., Chan, H.M., 2019. A metabolomics
study on effects of polyaromatic compounds in oil sand extracts on the respiratory,
hepatic and nervous systems using three human cell lines. Environmental Research
178,. https://doi.org/10.1016/j.envres.2019.108680 108680.

Siddique, S., Sadeu, J.C., Foster, W.G., Feng, Y., Zhu, J., 2014. In vitro exposure to
cigarette smoke induces oxidative stress in follicular cells of F 1 hybrid mice:
Cigarette smoke and oxidative stress in follicular cells. Journal of Applied
Toxicology 34 (2), 224–226. https://doi.org/10.1002/jat.2884.

Sifakis, S., Androutsopoulos, V.P., Tsatsakis, A.M., Spandidos, D.A., 2017. Human
exposure to endocrine disrupting chemicals: Effects on the male and female
reproductive systems. Environmental Toxicology and Pharmacology 51, 56–70.
https://doi.org/10.1016/j.etap.2017.02.024.

Šimečková, P., Pěnčíková, K., Kováč, O., Slavík, J., Parõenicová, M., Vondráček, J.,
Machala, M., 2022. In vitro profiling of toxic effects of environmental polycyclic
aromatic hydrocarbons on nuclear receptor signaling, disruption of endogenous
metabolism and induction of cellular stress. Science of The Total Environment 815.
https://doi.org/10.1016/j.scitotenv.2021.151967 151967.

Słowikowski, B.K., Jankowski, M., Jagodziński, P.P., 2021. The smoking estrogens – a
potential synergy between estradiol and benzo(a)pyrene. Biomedicine &
Pharmacotherapy 139. https://doi.org/10.1016/j.biopha.2021.111658 111658.

Sobinoff, A.P., Mahony, M., Nixon, B., Roman, S.D., McLaughlin, E.A., 2011.
Understanding the Villain: DMBA-Induced Preantral Ovotoxicity Involves
Selective Follicular Destruction and Primordial Follicle Activation through PI3K/
Akt and mTOR Signaling. Toxicological Sciences 123 (2), 563–575. https://doi.org/
10.1093/toxsci/kfr195.

Sobinoff, A.P., Nixon, B., Roman, S.D., McLaughlin, E.A., 2012a. Staying Alive: PI3K
Pathway Promotes Primordial Follicle Activation and Survival in Response to 3MC-
Induced Ovotoxicity. Toxicological Sciences 128 (1), 258–271. https://doi.org/
10.1093/toxsci/kfs137.

Sobinoff, A. P., Pye, V., Nixon, B., Roman, S. D., & McLaughlin, E. A. (2012). Jumping
the gun: Smoking constituent BaP causes premature primordial follicle activation
and impairs oocyte fusibility through oxidative stress. Toxicology and Applied
Pharmacology, 260(1), 70–80. https://doi.org/10.1016/j.taap.2012.01.028.

Song, Z.-Q., Li, X., Wang, Y.-K., Du, Z.-Q., Yang, C.-X., 2017. DMBA acts on cumulus cells
to desynchronize nuclear and cytoplasmic maturation of pig oocytes. Scientific
Reports 7 (1), 1687. https://doi.org/10.1038/s41598-017-01870-6.

Sørensen, L., Meier, S., Mjøs, S.A., 2016. Application of gas chromatography/tandem
mass spectrometry to determine a wide range of petrogenic alkylated polycyclic
aromatic hydrocarbons in biotic samples: Application of GC/MS/MS to determine a
wide range of alkylated PAHs. Rapid Communications in Mass Spectrometry 30
(18), 2052–2058. https://doi.org/10.1002/rcm.7688.

Strickland, P., Kang, D., Sithisarankul, P., 1996. Polycyclic aromatic hydrocarbon
metabolites in urine as biomarkers of exposure and effect. Environmental Health
Perspectives 104 (suppl 5), 927–932. https://doi.org/10.1289/ehp.96104s5927.

Sui, L., Nie, J., Xiao, P., Yan, K., Zhang, H., Liu, J., Zhang, H., Cui, K., Lu, K., Liang, X.,
2020. Maternal benzo[a]pyrene exposure is correlated with the meiotic arrest and
quality deterioration of offspring oocytes in mice. Reproductive Toxicology 93,
10–18. https://doi.org/10.1016/j.reprotox.2019.12.003.

Sun, H., Gong, T.-T., Jiang, Y.-T., Zhang, S., Zhao, Y.-H., Wu, Q.-J., 2019. Global,
regional, and national prevalence and disability-adjusted life-years for infertility in
195 countries and territories, 1990–2017: Results from a global burden of disease
study, 2017. Aging 11 (23), 10952–10991. https://doi.org/10.18632/
aging.102497.

Tarnow, P., Tralau, T., Luch, A., 2019. Chemical activation of estrogen and aryl
hydrocarbon receptor signaling pathways and their interaction in toxicology and
metabolism. Expert Opinion on Drug Metabolism & Toxicology 15 (3), 219–229.
https://doi.org/10.1080/17425255.2019.1569627.

Tevlin, A., Galarneau, E., Zhang, T., Hung, H., 2021. Polycyclic aromatic compounds
(PACs) in the Canadian environment: Ambient air and deposition. Environmental
Pollution 271. https://doi.org/10.1016/j.envpol.2020.116232 116232.

Tian, S., Pan, L., Sun, X., 2013. An investigation of endocrine disrupting effects and toxic
mechanisms modulated by benzo[a]pyrene in female scallop Chlamys farreri.
Aquatic Toxicology 144–145, 162–171. https://doi.org/10.1016/j.
aquatox.2013.09.031.

Tollefsen, K.E., Sundt, R.C., Beyer, J., Meier, S., Hylland, K., 2011. Endocrine
Modulation in Atlantic Cod (Gadus morhua L.) Exposed to Alkylphenols,
Polyaromatic Hydrocarbons, Produced Water, and Dispersed Oil. Journal of
12
Toxicology and Environmental Health, Part A 74 (7–9), 529–542. https://doi.org/
10.1080/15287394.2011.550562.

Tsai-Turton, M., Luderer, U., 2006. Opposing Effects of Glutathione Depletion and
Follicle-Stimulating Hormone on Reactive Oxygen Species and Apoptosis in
Cultured Preovulatory Rat Follicles. Endocrinology 147 (3), 1224–1236. https://
doi.org/10.1210/en.2005-1281.

Tsai-Turton, M., Nakamura, B.N., Luderer, U., 2007. Induction of Apoptosis by 9,10-
Dimethyl-1,2-Benzanthracene in Cultured Preovulatory Rat Follicles Is Preceded by
a Rise in Reactive Oxygen Species and Is Prevented by Glutathione1. Biology of
Reproduction 77 (3), 442–451. https://doi.org/10.1095/biolreprod.107.060368.

Vabre, P., Gatimel, N., Moreau, J., Gayrard, V., Picard-Hagen, N., Parinaud, J., Leandri,
R.D., 2017. Environmental pollutants, a possible etiology for premature ovarian
insufficiency: A narrative review of animal and human data. Environmental Health
16 (1), 37. https://doi.org/10.1186/s12940-017-0242-4.

Vondráček, J., Pěnčíková, K., Neča, J., Ciganek, M., Grycová, A., Dvorõák, Z., Machala,
M., 2017. Assessment of the aryl hydrocarbon receptor-mediated activities of
polycyclic aromatic hydrocarbons in a human cell-based reporter gene assay.
Environmental Pollution 220, 307–316. https://doi.org/10.1016/j.
envpol.2016.09.064.

Wallace, S.J., de Solla, S.R., Head, J.A., Hodson, P.V., Parrott, J.L., Thomas, P.J.,
Berthiaume, A., Langlois, V.S., 2020. Polycyclic aromatic compounds (PACs) in the
Canadian environment: Exposure and effects on wildlife. Environmental Pollution
265. https://doi.org/10.1016/j.envpol.2020.114863 114863.

Wallace, W.H.B., Kelsey, T.W., 2010. Human Ovarian Reserve from Conception to the
Menopause. PLoS ONE 5, (1). https://doi.org/10.1371/journal.pone.0008772
e8772.

Wang, N., Kong, D., Shan, Z., Shi, L., Cai, D., Cao, Y., Liu, Y., Pang, G., 2012.
Simultaneous determination of pesticides, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls and phthalate esters in human adipose tissue by gas
chromatography–tandem mass spectrometry. Journal of Chromatography B 898,
38–52. https://doi.org/10.1016/j.jchromb.2012.04.012.

Webber, L., Davies, M., Anderson, R., Bartlett, J., Braat, D., Cartwright, B., Cifkova, R.,
de Muinck Keizer-Schrama, S., Hogervorst, E., Janse, F., Liao, L., Vlaisavljevic, V.,
Zillikens, C., Vermeulen, N., 2016. ESHRE Guideline: Management of women with
premature ovarian insufficiency. Human Reproduction (Oxford, England) 31 (5),
926–937. https://doi.org/10.1093/humrep/dew027.

Williams, C. J., & Erickson, G. F. (2000). Morphology and Physiology of the Ovary. In K.
R. Feingold, B. Anawalt, A. Boyce, G. Chrousos, W. W. de Herder, K. Dungan, A.
Grossman, J. M. Hershman, J. Hofland, G. Kaltsas, C. Koch, P. Kopp, M. Korbonits,
R. McLachlan, J. E. Morley, M. New, J. Purnell, F. Singer, C. A. Stratakis, … D. P.
Wilson (Eds.), Endotext. MDText.com, Inc. http://www.ncbi.nlm.nih.gov/books/
NBK278951/.

Wincent, E., Jönsson, M.E., Bottai, M., Lundstedt, S., Dreij, K., 2015. Aryl Hydrocarbon
Receptor Activation and Developmental Toxicity in Zebrafish in Response to Soil
Extracts Containing Unsubstituted and Oxygenated PAHs. Environmental Science &
Technology 49 (6), 3869–3877. https://doi.org/10.1021/es505588s.

Xu, C., Chen, J.-A., Qiu, Z., Zhao, Q., Luo, J., Yang, L., Zeng, H., Huang, Y., Zhang, L.,
Cao, J., Shu, W., 2010. Ovotoxicity and PPAR-mediated aromatase downregulation
in female Sprague-Dawley rats following combined oral exposure to benzo[a]pyrene
and di-(2-ethylhexyl) phthalate. Toxicology Letters 199 (3), 323–332. https://doi.
org/10.1016/j.toxlet.2010.09.015.

Yamamoto, S., Konishi, I., Tsuruta, Y., Nanbu, K., Mandai, M., Kuroda, H., Matsushita,
K., Hamid, A.A., Yura, Y., Mori, T., 1997. Expression of vascular endothelial growth
factor (VEGF) during folliculogenesis and corpus luteum formation in the human
ovary. Gynecological Endocrinology 11 (6), 371–381. https://doi.org/10.3109/
09513599709152564.

Yang, C.-X., Song, Z.-Q., Pei, S., Yu, X.-X., Miao, J.-K., Liang, H., Miao, Y.-L., Du, Z.-Q.,
2020a. Single cell RNA-seq reveals molecular pathways altered by 7, 12-
dimethylbenz[a]anthracene treatment on pig oocytes. Theriogenology 157,
449–457. https://doi.org/10.1016/j.theriogenology.2020.08.020.

Yang, M.Y., Fortune, J.E., 2007. Vascular endothelial growth factor stimulates the
primary to secondary follicle transition in bovine follicles in vitro. Molecular
Reproduction and Development 74 (9), 1095–1104. https://doi.org/10.1002/
mrd.20633.

Yang, Q., Zhao, Y., Qiu, X., Zhang, C., Li, R., Qiao, J., 2015. Association of serum levels
of typical organic pollutants with polycystic ovary syndrome (PCOS): A case–control
study. Human Reproduction 30 (8), 1964–1973. https://doi.org/10.1093/humrep/
dev123.

Yang, Y., Zhou, Y., Pan, L., Xu, R., Li, D., 2020b. Benzo[a]pyrene exposure induced
reproductive endocrine-disrupting effects via the steroidogenic pathway and
estrogen signaling pathway in female scallop Chlamys farreri. Science of The
Total Environment 726. https://doi.org/10.1016/j.scitotenv.2020.138585 138585.

Yao, C., Foster, W.G., Sadeu, J.C., Siddique, S., Zhu, J., Feng, Y.-L., 2017. Screening for
DNA adducts in ovarian follicles exposed to benzo[a]pyrene and cigarette smoke
condensate using liquid chromatography-tandem mass spectrometry. Science of The
Total Environment 575, 742–749. https://doi.org/10.1016/j.scitotenv.2016.09.
122.

Ye, X., Pan, W., Li, C., Ma, X., Yin, S., Zhou, J., Liu, J., 2020. Exposure to polycyclic
aromatic hydrocarbons and risk for premature ovarian failure and reproductive
hormones imbalance. Journal of Environmental Sciences 91, 1–9. https://doi.org/
10.1016/j.jes.2019.12.015.

Yu, K., Zhang, X., Tan, X., Ji, M., Chen, Y., Tao, Y., Liu, M., Yu, Z., 2019.
Transgenerational impairment of ovarian induced by 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) associated with Igf2 and H19 in adult female rat. Toxicology 428,.
https://doi.org/10.1016/j.tox.2019.152311 152311.

https://doi.org/10.5114/pm.2018.78550
https://doi.org/10.1016/j.reprotox.2010.12.006
https://doi.org/10.1016/j.reprotox.2010.12.006
https://doi.org/10.1016/j.reprotox.2013.05.008
https://doi.org/10.1016/j.reprotox.2013.05.008
https://doi.org/10.1210/endo.140.2.6533
https://doi.org/10.1210/endo.140.2.6533
https://doi.org/10.1080/15287394.2017.1314840
https://doi.org/10.1080/15287394.2017.1314840
https://doi.org/10.1016/j.envres.2019.108680
https://doi.org/10.1002/jat.2884
https://doi.org/10.1016/j.etap.2017.02.024
https://doi.org/10.1016/j.scitotenv.2021.151967
https://doi.org/10.1016/j.biopha.2021.111658
https://doi.org/10.1093/toxsci/kfr195
https://doi.org/10.1093/toxsci/kfr195
https://doi.org/10.1093/toxsci/kfs137
https://doi.org/10.1093/toxsci/kfs137
https://doi.org/10.1038/s41598-017-01870-6
https://doi.org/10.1002/rcm.7688
https://doi.org/10.1289/ehp.96104s5927
https://doi.org/10.1016/j.reprotox.2019.12.003
https://doi.org/10.18632/aging.102497
https://doi.org/10.18632/aging.102497
https://doi.org/10.1080/17425255.2019.1569627
https://doi.org/10.1016/j.envpol.2020.116232
https://doi.org/10.1016/j.aquatox.2013.09.031
https://doi.org/10.1016/j.aquatox.2013.09.031
https://doi.org/10.1080/15287394.2011.550562
https://doi.org/10.1080/15287394.2011.550562
https://doi.org/10.1210/en.2005-1281
https://doi.org/10.1210/en.2005-1281
https://doi.org/10.1095/biolreprod.107.060368
https://doi.org/10.1186/s12940-017-0242-4
https://doi.org/10.1016/j.envpol.2016.09.064
https://doi.org/10.1016/j.envpol.2016.09.064
https://doi.org/10.1016/j.envpol.2020.114863
https://doi.org/10.1371/journal.pone.0008772
https://doi.org/10.1016/j.jchromb.2012.04.012
https://doi.org/10.1093/humrep/dew027
https://doi.org/10.1021/es505588s
https://doi.org/10.1016/j.toxlet.2010.09.015
https://doi.org/10.1016/j.toxlet.2010.09.015
https://doi.org/10.3109/09513599709152564
https://doi.org/10.3109/09513599709152564
https://doi.org/10.1016/j.theriogenology.2020.08.020
https://doi.org/10.1002/mrd.20633
https://doi.org/10.1002/mrd.20633
https://doi.org/10.1093/humrep/dev123
https://doi.org/10.1093/humrep/dev123
https://doi.org/10.1016/j.scitotenv.2020.138585
https://doi.org/10.1016/j.scitotenv.2016.09.122
https://doi.org/10.1016/j.scitotenv.2016.09.122
https://doi.org/10.1016/j.jes.2019.12.015
https://doi.org/10.1016/j.jes.2019.12.015
https://doi.org/10.1016/j.tox.2019.152311


G.A Perono et al. Current Research in Toxicology 3 (2022) 100070
Yu, K., Zhang, X., Tan, X., Ji, M., Chen, Y., Wan, Z., Yu, Z., 2020. Multigenerational and
transgenerational effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure on
ovarian reserve and follicular development through AMH/AMHR2 pathway in
adult female rats. Food and Chemical Toxicology 140,. https://doi.org/10.1016/j.
fct.2020.111309 111309.

Yun, Y., Zhang, Y., Li, G., Chen, S., Sang, N., 2019. Embryonic exposure to oxy-
polycyclic aromatic hydrocarbon interfere with pancreatic β-cell development in
zebrafish via altering DNA methylation and gene expression. Science of The Total
Environment 660, 1602–1609. https://doi.org/10.1016/j.scitotenv.2018.12.476.

Zajda, K., Gregoraszczuk, E., 2020. Environmental polycyclic aromatic hydrocarbons
mixture, in human blood levels, decreased oestradiol secretion by granulosa cells
via ESR1 and GPER1 but not ESR2 receptor. Human & Experimental Toxicology 39
(3), 276–289. https://doi.org/10.1177/0960327119886027.

Zajda, K., Ptak, A., Rak, A., Fiedor, E., Grochowalski, A., Milewicz, T., Gregoraszczuk, E.
L., 2017. Effects of human blood levels of two PAH mixtures on the AHR signalling
activation pathway and CYP1A1 and COMT target genes in granulosa non-tumor
and granulosa tumor cell lines. Toxicology 389, 1–12. https://doi.org/10.1016/
j.tox.2017.07.003.
13
Zajda, K., Rak, A., Ptak, A., Gregoraszczuk, E.L., 2019. Compounds of PAH mixtures
dependent interaction between multiple signaling pathways in granulosa tumour
cells. Toxicology Letters 310, 14–22. https://doi.org/10.1016/j.toxlet.2019.04.008.

Zhang, M., Miao, Y., Chen, Q., Cai, M., Dong, W., Dai, X., Lu, Y., Zhou, C., Cui, Z., Xiong,
B., 2018. BaP exposure causes oocyte meiotic arrest and fertilization failure to
weaken female fertility. The FASEB Journal 32 (1), 342–352. https://doi.org/
10.1096/fj.201700514r.

Zhang, Y., Dong, S., Wang, H., Tao, S., Kiyama, R., 2016. Biological impact of
environmental polycyclic aromatic hydrocarbons (ePAHs) as endocrine disruptors.
Environmental Pollution 213, 809–824. https://doi.org/10.1016/j.
envpol.2016.03.050.

Zhou, H., Young, C.J., Loch-Caruso, R., Shikanov, A., 2018. Detection of lindane and
7,12-dimethylbenz[a]anthracene toxicity at low concentrations in a three-
dimensional ovarian follicle culture system. Reproductive Toxicology 78,
141–149. https://doi.org/10.1016/j.reprotox.2018.04.010.

Zoeller, R.T., Brown, T.R., Doan, L.L., Gore, A.C., Skakkebaek, N.E., Soto, A.M.,
Woodruff, T.J., Vom Saal, F.S., 2012. Endocrine-Disrupting Chemicals and Public
Health Protection: A Statement of Principles from The Endocrine Society.
Endocrinology 153 (9), 4097–4110. https://doi.org/10.1210/en.2012-1422.

https://doi.org/10.1016/j.fct.2020.111309
https://doi.org/10.1016/j.fct.2020.111309
https://doi.org/10.1016/j.scitotenv.2018.12.476
https://doi.org/10.1177/0960327119886027
https://doi.org/10.1016/j.tox.2017.07.003
https://doi.org/10.1016/j.tox.2017.07.003
https://doi.org/10.1016/j.toxlet.2019.04.008
https://doi.org/10.1096/fj.201700514r
https://doi.org/10.1096/fj.201700514r
https://doi.org/10.1016/j.envpol.2016.03.050
https://doi.org/10.1016/j.envpol.2016.03.050
https://doi.org/10.1016/j.reprotox.2018.04.010
https://doi.org/10.1210/en.2012-1422

	The effects of polycyclic aromatic compounds (PACs) on mammalian ovarian function
	1 Introduction
	2 Overview: Ovarian targets of toxicity
	3 Effect of polycyclic aromatic compounds (PACs) on ovarian development and folliculogenesis in mammals
	3.1 Effect of PACs on ovarian germ cells
	3.2 Effect of PACs on oocytes
	3.3 Effect of PACs on primordial follicles
	3.4 Effect of PACs on pre-antral to antral follicles
	3.5 Other PACs and follicle development

	4 Effect of PACs on ovarian hormone secretion & angiogenesis
	4.1 Effect of PACs on steroidogenesis and ovarian hormone secretion
	4.2 Effect of PACs on angiogenesis
	4.3 Other PACs and steroidogenesis

	5 Mechanisms mediating PAC ovotoxicity
	5.1 The aryl hydrocarbon receptor (AhR)
	5.2 The estrogen receptor (ER)
	5.3 The peroxisome proliferator activated receptor (PPAR)

	6 PACs and ovarian disorders in humans
	7 Conclusion and future directions
	Funding
	Declaration of Competing Interest
	References


