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Bisphenol-A is one of the most studied endocrine-chemicals, which is widely used all over the world in plastic
manufacture. Because of its extensive use, it has become one of the most abundant chemical environmental
pollutants, especially in aquatic environments. BPA is known to affect fish reproduction via estrogen receptors
but many studies advocate that BPA affects almost all aspects of fish physiology. The possible modes of action
include genomic, as well as and non-genomic mechanisms, estrogen, androgen, and thyroid receptor-mediated
effects. Due to the high detrimental effects of BPA, various analogs of BPA are being used as alternatives.

Recent evidence suggests that the analogs of BPA have similar modes of action, with accompanying effects on fish
physiology and reproduction. In this review, a detailed comparison of effects produced by BPA and analogs and
their mode of action is discussed.

1. Introduction

Endocrine disrupting chemicals (EDCs) interfere with any aspect of
hormone synthesis and action. These compounds have the affinity to
bind with the hormone receptors and have the potential to incite or
suppress the hormone synthesis /metabolism or their action. EDCs can
bind to a variety of receptors including nuclear receptors, non-nuclear
steroid and non-steroid receptors (receptors of neurotransmitters e.g.
dopamine, serotonin, norepinephrine, etc.) and orphan receptors like
aryl hydrocarbon receptor (Diamanti-Kandarakis et al., 2009; Goksgyr,
2006; Segner et al., 2003). EDCs not only act through hormone receptors
but also exert their effect through epigenetic mechanisms by altering the
expression of key genes involved in reproduction and normal develop-
ment (Bhandari et al., 2015b).

One of the most studied EDCs is bisphenol A (BPA, 4,4’-iso-
propylidene diphenol, CAS No. 80-05-7). BPA is a commercially
important and highly produced chemical around the globe (Cantonwine
et al.,, 2013). BPA was synthesized for the first time in 1891 by
condensation of phenol and acetone (Vandenberg et al., 2007) and in
1952 the first plastic product was made with BPA (Vom Saal and Wel-
shons, 2006). Because of its cross-linking properties it is an effective
plasticizer (Alonso-Magdalena et al., 2006). Approximately around 90%
of the total manufactured BPA is used for the production of plastic and
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plastic derived products including food and beverage containers, water
and baby bottles, toys, impact-resistant eyeglass lenses, helmets and
compact discs (Eladak et al., 2015). BPA is also used as an antioxidant
and stabilizer during the manufacture of polyvinyl chloride (Staples
et al., 1998). Other uses of BPA are in dental sealants as dimethacrylate
(BIS-DMA), thermal paper (Biedermann et al., 2010; Mendum et al.,
2011) and medical equipment (Testai et al., 2016). The first source of
BPA exposure is through plastic and plastic made products while the
second-largest source of BPA exposure is through thermal paper receipts
(Sogorb et al., 2019) and according to “Regulation concerning the
Registration, Evaluation, Authorization, and Restriction of Chemicals
(REACH)” BPA will no longer be used in the thermal paper after 2020
(Wang et al., 2018a,b).

BPA has been listed as a class 1B reproductive toxicant by European
CLP regulation (Sogorb et al., 2019). A significant correlation was
observed in serum BPA levels and patients with dilated cardiomyopathy
(Xiong et al., 2015) and polycystic ovary syndrome (Hossein Rashidi
et al., 2017; Kandaraki et al., 2011). Recent evidence suggests that BPA
also acts as a metabolic disrupting chemical, affecting organs such as the
pancreas and adipose tissue (Rahmani et al., 2018) as well as causing
metabolic syndromes, such as obesity (Santangeli et al., 2018). Given
BPA has many negative physiological and behavioral health outcomes,
many countries have now banned BPA in consumer products, especially
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baby bottles (Li et al., 2016). This led to the use of alternatives to BPA in
plastic production. The available alternatives are listed in Table 1. The
structure of these BPA analogs is similar to parent molecule (Fig. 1).

2. Detected levels of BPA and its analogs in the water

In the late 1990s researchers started reporting the detection and
quantification of bisphenol-A in surface water (Corrales et al., 2015)
after the methods were developed to measure them in the select
specialized laboratories. Since then, BPA has been detected in various
environmental samples, and the findings suggest the ubiquitous nature
of its distribution (Bhandari et al., 2015a).

BPA has been detected in surface water samples collected from Sinos
River basin, Rio, Brazil (n.d to 517 ng/L) (Peteffi et al., 2019), Rio das
Velhas, Brazil (8.6 to 168.3 ng/L) (Moreira et al., 2011), Iguassu River,
Brazil (0.62-12.6 1 ng/L) (Froehner et al., 2011), surface water samples
from Germany (0.0005-0.41 pg/L)(Fromme et al., 2002a). Up to 330
ng/L of BPA was detected in surface water analyzed from different areas
of the Netherlands (Belfroid et al., 2002). Detected levels of BPA in
surface water of the Langat River basin, Malaysia was up to 215 ng/L
(Santhi et al., 2012). Surface water samples collected different rivers of
Portugal has BPA concentration ranging from 0.07 to 4 pg/L (Azevedo
etal., 2001). A high level of BPA (7.5 ng/L) has been detected in bottled
water stored outdoor from Riyadh, Saudi Arabia (ElAmin et al., 2013)
and Malaysia (3.3 ng/L) (Santhi et al., 2012).

Around 10 fold higher BPA concentration than average was detected
in surface water sample near industrial sites (Hohenblum et al., 2004)
and about 200 fold higher BPA levels were detected in water samples
contaminated with municipal waste site seepage (Sanchez-Avila et al.,
2009). Bisphenol AP (BPAP), a BPA alternative, has also been detected
in food products from China and United States (Liao and Kannan, 2013).
Measured concentrations of BPAP in food from China were approxi-
mately 12 times higher than in the USA (0.711 ng/g vs 0.059 ng/g) (Liao
and Kannan, 2014a). BPAP has also been detected in several personal
care products, such as toothpaste, lotions and makeup and indoor dust
(Liao et al., 2012). BPAF was detected in the Taihu lake (0.28 ng/L), the
Hunhe (2.4 ng/L) and Liaohe Rivers (1.9 ng/L) (Jin and Zhu, 2016). BPF
has been detected in sewage effluents from China (3.84 ng/g dw);
Bisphenol A (4.69 ng/g dw); Bisphenol S (3.02 ng/g dw) (Song et al.,
2014). The measured concentration of BPF in surface water collected
from various streams and rivers of Germany ranges from 0.1-180 ng/L
(Fromme et al., 2002b). A very high concentration of BPF (7.3 pg/g) was
recorded from sediment samples collected from China (Yang et al.,
2014). A fairly high concentration of BPF (0.054 mg/g) has also been
detected from indoor dust samples collected from various areas of the
United States (Liao et al., 2012). BPF has also been detected in canned
food and drinks (Tzatzarakis et al., 2017). BPF has been detected in
various food products including vegetables, fruits and levels were higher
in canned fruits and vegetables (Liao and Kannan, 2014b).

High concentrations of BPS (7200 ng/L) were detected in surface
water of the Adyar River, and Buckingham Canal India (1080 ng/L) and
from the Korttalaiyar River (8.7 ng/L) (Yamazaki et al., 2015). Rela-
tively low concentrations (0.29 to 19.0 ng/L) of BPS were detected in
Hangzhou Bay China (Yang et al., 2014). BPS was also detected in 46
water samples tested from the Liaohe River (14 ng/L), Taihu lake (6.0
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ng/L) and Hunhe River (11 ng/L), China (Jin and Zhu, 2016), as well as
the Edogawa (3.4 ng/L) and Arakawa Rivers (4.6 ng/L) in Japan
(Yamazaki et al., 2015).

3. Mechanism of action

Bisphenol-A has become a chemical of highest concern because it can
bind with estrogen receptors. BPA has an affinity for nuclear estrogen
receptors (a and ), but also the transmembrane G protein-coupled es-
trogen receptor (tGPR30) (Eckstrum et al., 2016) and orphan nuclear
estrogen receptor-y (ERRy) (Bulayeva and Watson, 2004; Gould et al.,
1998; Matsushima et al., 2007). BPA not only interacts with estrogen
receptors but also with androgen receptors and thyroid receptors (Reif
et al., 2010).

Estrogen receptors are nuclear receptors family and have 4 major
independent domains (A/B, C, D, E/F) (Zwart et al., 2010). The ligand
depended activation of ER is also dependent on the two transactivation
factors i.e. Activation function-1 (AF-1) present in 1%t domain (A/B)
domain and is a hormone-independent factor and Activation function-2
(AF-2) present in 4™ E/F domain and it is a hormone-dependent trans-
activation factor (Hall and McDonnell, 2005). ER-a has both AF-1 and
AF-2. Plenty of evidence suggests that BPA acts as an estrogen agonist
and has an affinity to bind directly with estrogen receptors of vertebrates
(Alonso-Magdalena et al., 2012) but has a higher affinity with ERp
(Routledge et al., 2000). As compared to endogenous estradiol, BPA has
a higher affinity (6.6 fold) to bind with estrogen receptor-f (Kuiper et al.,
1997). It is considered as a selective estrogen receptor modulator
(SERM) as it acts as an ER agonist in some tissues and ER antagonists in
other tissues. Similar to BPA, BPAF acts as an agonist of estrogen re-
ceptors (Li et al., 2012).

The action of BPA as an ER antagonist or agonist depends various
upon the following conditions. 1. Recruitment of co-regulatory factors.
These regulatory co-factors are tissue-specific and affect the interactions
of BPA with the estrogen receptor and ERE (estrogen response element)
on the target genes (Klinge, 2001). These tissue-specific differential in-
teractions lead to different tissue-specific molecular and physiological
responses in an organism. The tissue-specific agonistic and antagonistic
properties of BPA can be due to ligand-dependent recruitment of
co-activator proteins by estrogen receptors as BPA/ ERp complex is more
potent (500-folds) in recruiting co-activator factor TIF2 compared to
BPA/ERa complex (Wetherill et al., 2007). 2. Ligand-induced confor-
mational changes in ER. The ligands upon binding to the ERs induce
conformational changes specific to the ligands resulting in multiple
transcriptional and physiological responses in tissues (Paige et al.,
1999). 3. The ratio of ERa and ERp, and the presence of EREs in the
promoter region of a gene. (Pennie et al., 1998). In fish, exposure to BPA
results in an elevated level of circulating vitellogenin which is attributed
to direct binding of BPA to estrogen receptor (Faheem et al., 2017b). The
agonistic mode of action of BPA to the ERs may be due to the two
un-substituted phenolic rings in the BPA structure. The substitution of
one phenolic ring in BPA-diglydidyl ether makes this derivative as ER
antagonist (Letcher et al., 2005). Also, metabolites of BPA have been
found to have differential roles in agonism or antagonism of ERs. This
may be true for variable results observed in responses of wild pop-
ulations of fish. Agonistic and antagonistic properties of BPA seems to be

Table 1

Name, molecular weight and formula of bisphenol-A and analogs.
Name Abbreviation Chemical name Linear formula Molecular weight CAS #
Bisphenol-A BPA 2,2-bis(4-hydroxyphenyl)propane 4-(HO)CgH41,C(CH3), 228.29 80-05-7
Bisphenol-F BPF 2,2-bis [4-hydroxyphenol] methane CH,(CgH40H), 200.23 620-92-8
Bisphenol-S BPS 2,2-bis [4-hydroxyphenol]sulfone 4-(HO)CgH4]2S05 250.27 80-09-1
Bisphenol-AF BPAF 4, 4 '-hexafluoroisopropylidene]diphenol (CF3)»C(C¢H40H), 336.23 1478-61-1
Bisphenol-AP BPAP 4,4’-(1-phenylethylidene) bisphenol CH3C(CgH5)(CgH40H), 290.36 1571-75-1
Bisphenol-B BPB 2,2-bis(4-hydroxyphenyl)butane C16H1802 242.32 77-40-7
Bisphenol-Z BPZ [4,4'~(cyclohexane-1,1-diyl)diphenol C18H200- 268.350 843-55-0
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Fig. 1. Structure of bisphenol-A and its analogs (Source: Sigma-Aldrich).
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species-specific- partly because of ERa- ERf ratio in the specific target
tissue, recruitment of co-activator proteins, presence of EREs, and
ligand-induced conformational changes in ERs (Fig.2).

BPA also has an affinity for estrogen-related receptors (ERRs). These
ERRs are members of orphan nuclear receptors and share significant
structural similarities with estrogen receptors especially in the ligand-
binding domain. These ERR not only bind with endogenous estrogen
but have an affinity to bind with estrogen response elements. Therefore,
a possible overlap may exist between the action of estrogen receptors
and estrogen-related receptors (Acconcia et al., 2015). Very low con-
centrations of BPA (13.1 nmol/L) can still elicit a strong affinity with
human ERR (Takayanagi et al., 2006). Another member of the orphan
nuclear receptor having an affinity with BPA is orphan nuclear estrogen
receptor-y (EER-y). Interaction of BPA with EER-y in zebrafish resulted
in abnormal otolith development (Tohmeé et al., 2014). Studies with
mammals suggested that EER-y is involved in the regulation of insulin
secretion, muscle metabolism and transcription of genes of gluconeo-
genesis. Therefore, the binding of BPA with fish EER-y suggests that this
agent has greater far-reaching effects in fish than were originally
anticipated.

BPA can affect physiological processes by binding with peroxisome
proliferator-activated receptors (PPARs) (Fig. 2). These are nuclear re-
ceptors involved in many important cellular functions. PPAR«a and f§ are
involved in fatty acid metabolism, while PPARy is involved in glucose
metabolism (Berger and Moller, 2002). Interaction of BPA and PPAR can
lead to the disruption of PPAR regulated genes. Evidence suggested that
BPA can modulate mammalian PPAR (Hurst and Waxman, 2003) and its
ability to alter these receptors in non-mammalian species is not clearly
understood (Riu et al., 2011, 2014). Most of the tissue-specific effects of
BPA are through cell signaling pathways. Receptors of rapid signaling
pathways are associated with nuclear hormone receptor-like protein
(Watson et al, 2007) and transmembrane hepta-helical G
protein-coupled receptor e.g. GPR30 (Wong et al., 2003). BPA has a
better binding affinity to the membrane G protein-coupled ER (GPER)
(Thomas & Dong, 2006). BPA exposure has been found to result in
crosstalk between ERa and GPR30 to activate downstream pathways
(Sheng and Zhu, 2011). GPR30 binds with estradiol and EDCs with
relatively low affinity. The relative binding affinity of BPA with GPR30
is 2.83 nM compared to estradiol which is higher than that of ERs
(Quesada et al.,, 2002). For example, a 30-minute exposure of
ER-negative HEK 293 cells to 200 nM of BPA enhanced cAMP activity
that is a GPR30 dependent pathway, indicating BPA interactions with
GPR30 membrane receptors (Thomas & Dong, 2006). BPA shares a
structural resemblance with endogenous thyroid hormones (T3 and T4).
Therefore, it can also bind with the receptor of the thyroid hormone
(THRs) (Fig.2). Similar to the estrogen receptor, BPA has an antagonistic
or agonistic effect on THRs (Hiroi et al., 2006; Jung et al., 2007; Zoeller
et al., 2005). The evidence that BPA can bind directly to THRs has come
from studies on amphibian models.

BPA can affect the metamorphosis process in amphibians. In a tail
cell culture, BPA downregulated the genes responsible for meta-
morphosis, suggesting that BPA can interact with thyroid hormone re-
ceptors (Iwamuro et al., 2003; Zoeller et al., 2005). According to
Iwamuro et al. (2006) BPA blocks TH-induced as well as spontaneous
metamorphosis in Xenopus larvae. The same author reported the ability
of BPA to block thyroid-induced tail resorption in-vitro (Iwamuro et al.,
2003). BPA blocked triiodothyronine (T3)-induced apoptotic features in
tails of Rana rugosa tadpole (Goto et al., 2006). BPA also suppressed
thyrotropin-releasing hormone (TRH)-inducible release of both prolac-
tin and TSH from the pituitary gland and corticotropin-releasing factor
(CRF)-inducible release of thyroid-stimulating hormone (TSH) (Kaneko
et al., 2008). In tadpoles, 17-p estradiol did not regulate prolactin and
TSH release, it confirms that BPA effects also are independent of ER and
it may affect the organism by directly binding to thyroid receptors. In
rodents, BPA acts as a weak ligand for thyroid receptor and a powerful
inhibitor of T3 binding to human TH-binding proteins. In amphibians,

Environmental Toxicology and Pharmacology 81 (2021) 103497

BPA inhibits human recombinant TPO activity (Schmutzler et al., 2004)
and, accordingly, blocks T3-induced metamorphism of tadpoles (Iwa-
muro et al., 2003). Furthermore, BPA binds THR (Kudo and Yamauchi,
2005). At the receptor level, BPA binds to the thyroid hormone receptor
(TR) as a weak ligand and acts as an antagonist to T3 thus inhibiting
TR-mediated transcriptional activity (Freitas et al., 2011; Moriyama
et al., 2002; Sun et al., 2009). The derivatives of BPA, TBBPA, and
TCBPA, showed an even higher affinity for the receptor (Jean-Baptiste
Fini et al., 2007; Kitamura et al., 2005). BPA exposure may also
modulate the expression of thyroid-related genes in the brain, although
the mechanisms are not clear (Zoeller et al., 2005). Taken together, the
TH antagonism could be played not at the receptor level, but through the
ability of the chemical to suppress TR-mediated transcription and
consequently to reduce TR availability (Mathieu-Denoncourt et al.,
2015).

BPA has been found to act as an antagonist of the androgen receptor.
Studies with fish and mammals indicate that BPA act as anti-androgen.
BPA acted as an androgen receptor antagonist in fish exposed to
waterborne BPA (Ekman et al., 2012). In female fathead minnows, BPA
at high concentrations (10 and 100 mg/ml) reduced the effect trenbo-
lone (androgen receptor agonists) which has a high affinity for AR
(~five times higher than testosterone) (Ankley and Gray, 2013). In
another study with female fathead minnows, BPA reduced trenbolone
effects on hepatic metabolome (Ekman et al., 2012). In vitro, BPA in-
hibits the binding of dihydrotestosterone to AR in a dose-dependent
manner (Ekman et al., 2012). These studies provide evidence that BPA
exerts its toxic effects not only via direct binding with the ER but also
through affinity with thyroid hormone receptors and androgen
receptors.

4. Effect of BPA and analogs on neuroendocrine system

In fish, reproduction is controlled by a conserved endocrine pathway
which includes, pineal, hypothalamus, pituitary and gonads. The
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Fig. 3. Hypothalamus Pituitary gonadal axis in teleost.
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neurosecretory system controlling reproduction involves gonadotropin-
releasing hormone (GnRH) secreting neurons that secrets GnRH, the
primary regulator of reproduction (Millar et al., 2004). GnRH, a
decapeptide hormone, synthesized by the hypothalamus which receives
the environmental signals through the pineal gland and secrets GnRH to
initiate the hormonal cascade. GnRH is critical for normal vertebrate
reproductive function as it stimulates the release of gonadotropins
(follicle-stimulating hormone; FSH and luteinizing hormone; LH) from
the anterior pituitary which signal gonads to release sex steroids (Har-
rison et al., 2004). This hypothalamus-pituitary-gonadal (HPG) axis is
essential for the manifestation of reproduction in all vertebrates (Fig. 3).
Any changes in gonadotropin levels may lead to altered production of
sex steroids, resulting in steroid imbalance leading to endocrine
disruption. Alteration in the sex hormone balance is considered as a
reliable biomarker of reproductive disturbance (Kime et al., 1999). BPA
not only impacts the proper functioning of the HPG axis but also has
several sex-specific effects.

Qin et al. (2013) observed that a 35-day exposure to BPA (5 and 15
pg/L) does not change GnRH2 mRNA levels both in male and female rare
minnow (Gobius rarus), while 15 pg/L BPA significantly upregulate
transcription of GnRH3 both in the male and female brain of fish. GnRH1
mRNA levels showed an increasing trend in the brain of male and female
G. rarus with 15 pg/L BPA exposure (Qin et al., 2013). Female Catla catla
exposed to 10 and 100 pg/L BPA showed increased levels of GnRH
mRNAs in the brain (Faheem et al., 2019a). Similar responses were
observed in zebrafish after exposure to BPS (Qiu et al., 2016a) and BPF
(Yang et al., 2017). BPF also induced GnRH3 expression in the zebrafish
brain after a 60-day exposure (Qiu et al., 2019). All these reports point to
BPA and its analogs causing increased expression of
gonadotropin-releasing hormones in the brain. GnRH is regulated by
endogenous estrogens through feedback loops (Herbison, 2009), but
exact mechanisms are not yet clearly understood.

The recent discovery of the kisspeptin system and their role in fish
reproduction led to a new understanding of GnRH regulation of repro-
duction and behavior in vertebrates (Seminara et al., 2003). Mostly two
isoforms of kisspeptins and their respective receptors (gpr54a and
gpr54b) have been identified in many fish species (Felip et al., 2009;
Kitahashi et al., 2009; Rather et al., 2016; Yang et al., 2010). They
regulate GnRH secretion in many species thus affecting the downstream
neuroendocrine processes, such as secretion of gonadotropins,
oxytocin-vasopressin neuronal excitation, steroid synthesis, and overall
reproduction and reproduction-related behaviors (Shahjahan et al.,
2010; Zohar et al., 2010). BPA exposure of grandparents during early
embryonic development resulted in a significant increase in mRNA
levels of kisspeptin and their receptors, but not GnRHs and ERs, in the
brain of grand grandchildren, suggesting that BPA can induce trans-
generational effects on brain probably affecting sexual behavior of fish
(Thayil et al., in press). In a freshwater fish Catla catla, an overexpression
of kisspeptin 1 and 2 after exposure to graded concentrations of BPA (10,
100 1000 pg/L) was reported (Faheem et al., 2019a). The expression of
kisspeptins showed a non-monotonic response. Similar graded concen-
trations of BPF and BPS induced expression of kissl and its receptor
kissr1 in zebrafish however, kiss2 and kiss2r mRNA remained unaffected
(Qiu et al., 2019, 2016b). These studies suggest that bisphenols can
affect brain kisspeptin system species-specifically. This neural regula-
tion of reproduction by bisphenols is through estrogen-mediated path-
ways (Weiler and Ramakrishnan, 2019).

Aromatase is an important enzyme that converts androgens to es-
trogens. Two isoforms of aromatase have been identified in fish (Dong
and Willett, 2008) that are responsible for estrogen synthesis in the brain
and gonads. Brain aromatase is expressed in progenitor cells of the hy-
pothalamus (Diotel et al., 2011). Estrogen response elements (EREs have
been identified in the promotor region of brain aromatase (Kong et al.,
2014). Aromatase is a potential target of EDCs especially BPA (Faheem
etal., 2019a). BPA has an affinity for both Cyp19al and Cyp19alb genes
(encoding ovary and brain aromatase respectively). Exposure to BPA
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may lead to alteration in local and systemic levels of 17-p estradiol that
results in the disruption of estrogen-related biological processes in the
body (Cheshenko et al., 2008). In a study, BPA induced significant
overexpression of brain aromatase in zebrafish embryos (Chung et al.,
2011). Wang et al. (2010) exposed thirty-one days post-fertilization
(dpf) rare minnow (Gobiocypris rarus) juveniles to BPA (0.1, 1, 10
nM), for 3 days exposure to both 1 and 10 nM BPA caused 0.7-fold
extremely significant decrease of Cypl9alb gene expression (Wang
etal., 2010). cyp19b gene of Rivulus marmoratus adult, and Cyp19alb of
zebrafish embryo was significantly enhanced by BPA (Kishida et al.,
2001; Lee et al., 2006). Significant upregulation of cypl9alb was
observed in pubertal Catla catla when exposed to low concentrations (10
pg/l) of BPA, while higher exposure concentrations resulted in a
decreased Cyp19alb mRNA expression (Faheem et al., 2019a). BPA, BPS
and BPF (100 pg/l) caused overexpression of brain aromatase in
zebrafish (Qiu et al., 2019). Taken together, BPA and its analogs (BPS
and BPF) have a similar mode of action and disrupt neuroendocrine
regulation of reproduction by acting on hypothalamic gonadotropin,
kisspeptins and aromatase mRNA. Exposure of wild fish to these EDCs
can change population dynamics in the wild population of fish through
disruption of their reproductive abilities.

5. Effect on Reproduction

Reproduction in all vertebrates including fish is hormonally regu-
lated through highly conserved endocrine pathways, such as the brain-
pituitary-gonad and brain-pituitary-renal axis. The liver is also an
important organ involved in hormonal control of reproduction in fish
and other egg-laying species. It does not synthesize any hormone but
produces many important chemicals/molecules e.g. vitellogenin under
the influence of hormone which is important for the success of repro-
duction (Fig. 3). Reproduction is initiated when the hypothalamus re-
ceives environmental signals and in turn secretes gonadotropin-
releasing hormone (GnRH). The GnRH signals pituitary to release go-
nadotropins mainly (follicle-stimulating hormone and luteinizing hor-
mone). These gonadotropins are released into the bloodstream and act
on gonads to produce sex steroids (estrogens and testosterone) through
binding to their respective receptors. The release of hormones is
controlled by the feedback of gonadotropins (Fig. 3).

BPA has adverse effects on fish reproduction. Even at low concen-
trations, BPA can alter the development of gonads and gamete quality in
fish. Declines in sperm density and quality are the main adverse repro-
ductive effects observed in males exposed to low levels of BPA in aquatic
organisms (Crain et al., 2007). In female common carp (Cyprinus carpio),
zebrafish and Catla catla BPA increased oocyte atresia and increased
vitellogenic follicles (Faheem et al., 2017c; Mandich et al., 2007;
Migliaccio et al., 2018) and in male common carp BPA alter male gonad
structure (Mandich et al., 2007). In brown trout, BPA exposure resulted
in reduced semen quality in males and delayed or complete reticence of
ovulation in female fish (Lahnsteiner et al., 2005). During the devel-
opment of gonads, BPA caused changes in germ cell progression in
fathead minnow (Sohoni et al., 2001). Environmentally relevant con-
centrations of BPA caused reduced sperm motility and velocity in male
goldfish, the underlying mechanism may involve alteration in sperm
maturation pattern or changes in steroidogenic pathways (Hatef et al.,
2012). Exposure of 274 and 549 pg/L (1.2 and 2.4 pM) BPA for 21 days
caused 40-75 % reduced total sperm count in guppies, Poecilia reticulata
(Haubruge et al., 2000). Rahman et al. (2015) reported that BPA
(100pM) adversely affects reproduction by altering embryonic devel-
opment, sperm function and fertilization through phosphorylation or
regulation of fertility-related proteins in spermatozoa (Rahman et al.,
2015). Alterations in levels of fertility-related protein may be related to
BPA mediated reproductive dysfunction. Exposure of male brown trout
to environmentally relevant concentrations (1.75, 2.40, 5.00 pg/L) of
BPA, during pre-spawning and spawning period affected quantity,
quality and maturation of sperm. At low exposure concentrations, BPA
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(1.75 and 2.40 pg/L) caused a decrease in sperm density, swimming
rate, and sperm motility during pre-spawning and spawning males. In
female brown trout, exposure of the same concentrations of BPA did not
affect the quality of eggs, but it altered the timing of ovulation in females
compared to controls. The females exposed to 1.74 ug/1 BPA ovulated 2
weeks later, whereas a three-week delay in ovulation was observed in
fish exposed to 2.74 pg/L (Lahnsteiner et al., 2005). A 30-day exposure
of 1.5 mg/L BPA to Japanese medaka resulted in a significant reduction
in the total number of eggs per pair and total number of brood (Li et al.,
2016). Hatef et al. (2012) exposed male goldfish to environmentally
relevant concentrations (0.6, 4.5 and 11.0 mg/L) of BPA and found the
sperm motility to be decreased after 20 or 30 days (Hatef et al., 2012).
Exposure of BPA not only affects the development and reproduction of
the exposed individuals but also affects the offspring of the exposed
individuals. BPA exposure during development induces transgenera-
tional phenotypes of reproductive impairment and increased incidences
of embryo mortality in fish of subsequent generations.

Reproduction was compromised in zebrafish when two generations
were exposed chronically to BPA (1 nM). Males of both generations had
a decreased sperm count. The sperm of the exposed males showed a
declined ATP production, were less motile, had a higher rate of lipid
peroxidation and sperm swimming velocity (Chen et al., 2015). Bhan-
dari et al. (2015b) reported that exposure of BPA (100 pg/L) to medaka,
during the first 7 days of post-fertilization (which overlaps with the
critical period of germ cell differentiation) did not produce any
morphological abnormality in gonads in FO and F1 generations, but
resulted in a decreased fertilization rate in individuals after 2 genera-
tions (F2) (Bhandari et al., 2015a). Taken together, observations suggest
that the effects of BPA are persistent and can be transgenerationally
inherited by subsequent generations. Similar effects were reported for
BPS exposure. Parental exposure of BPS resulted in delayed hatchability
in F1 generation (Ji et al., 2013), suggesting similar effects of BPA an-
alogs on fish reproduction. Yokota et al. (2000) reported that exposure
of 1.72 pg/L of BPA for 21 days significantly reduced the number of eggs
per spawn in medaka and 47 % incidences of testis-ova were observed. A
long-term exposure to BPA for 60 days led to an altered sex ratio.
Exposure to 355 pg/L (1.6 pM) BPA resulted in a significantly
female-biased sex ratio at the 1820 pg/L (8 pM). Short exposure of about
3 weeks to similar concentrations of BPA (837, 1720, 3120 pg/L or 3.7,
7.5, 13.7 pM) resulted in 13-80% testis-ova condition in males (Kang
et al., 2002). Similarly, exposure of BPA (1030 and 3406 pg/1) to male
Japanese medaka resulted in ova-testis condition and female like char-
acters (Horie et al., 2020).

BPA can alter the somatic growth of the liver. A significantly higher
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hepatosomatic index was observed in Catla catla after exposure to BPA
(Faheem et al., 2019b) and in Zebrafish after exposure to BPF (Yang
et al., 2017). Vitellogenin is the egg yolk protein, produced by the liver
under the influence of estradiol. The presence of vitellogenin in serum or
overexpression of vitellogenin gene in the male and juvenile fish serves
as an important biomarker of exposure to EDCs especially EDCs with
estrogenic properties (Arukwe, 1998; Kime et al., 1999).

BPF exposure to zebrafish resulted in a decreased number of sper-
matogonia and spermatocytes in males and enhanced estrogen produc-
tion and decreased circulating testosterone in male and female zebrafish
(Yang et al., 2017). A significant upregulation of vitellogenin was
observed in zebrafish exposed to BPF (Yang et al., 2017). Exposure to
BPAF induced Vtg transcript in male zebrafish (Yang et al., 2014).
Exposure of zebrafish to BPA for 180 days also caused an increased
hepatic vitellogenin transcript in F1 males (Keiter et al., 2012). Plasma
vitellogenin levels increased significantly in male zebrafish exposed to
1uM BPF for 7 days (Le Fol et al., 2017). BPS also caused a significant
increase in plasma vitellogenin after exposure to BPS in zebrafish
(Naderi et al., 2014). Vitellogenin expression and protein levels were
induced significantly in zebrafish exposed to BPF (Qiu et al., 2019).
Higher levels of circulating vitellogenin may be responsible for many
reproductive abnormalities like ova-testis condition in male fish as
observed in Japanese medaka exposed to BPA (Horie et al., 2020)

The hypothalamus-pituitary-gonadal axis plays a crucial role in fish
reproduction and mediates its effects through sex steroids produced by
gonads through steroidogenesis. Any changes in the axis and steroido-
genic pathway results in altered sex hormone levels, ultimately leading
to reproductive dysfunctions. Studies reported that BPA altered the gene
expression profile of the enzymes responsible for steroid hormone pro-
duction. Enzymes affected by BPA in the steroidogenic pathway are
shown in Fig. 4.

Significantly higher levels of circulating estrone and lower testos-
terone were observed in juvenile turbot exposed to BPA (Labadie and
Budzinski, 2006). A similar higher estradiol level was observed in female
Catla catla after exposure to BPA (Faheem et al., 2017a). A decreasing
trend in testosterone levels was observed in male goldfish and female
Catla catla after exposure to BPA (Faheem et al., 2017a; Hatef et al.,
2012). Alteration of sex steroids in fish after exposure to bisphenols may
be due to the over- and underexpression of genes of the steroidogenic
pathway.

The 1% step in the steroidogenic pathway is the movement of
cholesterol (precursor molecule) across the mitochondrial membrane.
This movement is governed by steroidogenic acute regulatory protein
(StAR). Any changes in the activity of this enzyme will lead to altered
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Fig. 4. Effect of BPA and analogs on steroidogenic pathway.
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levels of circulating steroid hormones. BPA is known to affect StAR
mRNA expression in fish. In self-fertilizing Kryptolebias marmoratus
(Rhee et al., 2011) and rare minnow ovaries, BPA up-regulated StAR
expression (Liu et al., 2012; zhang et al., 2014). This effect seemed to be
gender-dependent. A different result came from a study with male rare
minnow where similar concentrations of BPA downregulated expression
of StAR in the ovary (Liu et al., 2012). Rare minnow exposed to BPA for
21 and 63 days (short and long term exposure) resulted in the upregu-
lation of StAR expression in the ovary (Liu et al., 2020).

The next step in the steroidogenic pathway is governed by Cypllal
(a side-chain cleavage enzyme) that converts cholesterol to pregneno-
lone. cypl1al mRNA increased significantly in rare minnow ovaries and
testis in fish exposed to 15 pg/L BPA. However the response was non-
monotonic (Liu et al.,, 2012). A similar increased expression of
cypl1lal was observed in rare minnow ovaries after long term (63-day)
exposure to BPA (Liu et al., 2020). BPA also upregulated the expression
of 3p-HSD (an enzyme responsible for conversion of pregnenolone to
progesterone, the 1% step towards cortisol synthesis) in both male and
female minnow gonads (Zhang et al.,, 2014). A possible mechanism
behind the disruption of key genes of steroidogenic pathway may be the
DNA/histone-methylation. Significant decrease in important histone
methylation markers (H3K4me3, H3K9me3, and H3K27me3) was
recorded in rare minnow ovaries after exposure to BPA (Liu et al., 2020)

6. Effect of BPA on growth and development

The direct effect of BPA is on reproduction, but this chemical has also
been found to negatively impact the development of the fish embryo and
growth both at the larval and juvenile stage.

Exposure of 200 pg/L of BPA to Oryzias melastigma embryos for the
whole embryonic stage, which started at 2 days postfertilization (dpf),
resulted in reduced body length and width in larvae (Huang et al.,
2012). Exposure of FO generation of zebrafish to 10, 200 and 400 ug/L of
BPA shows its effects in F2 generation. 90 dpf male and females of F2
generation had reduced body weight and body length compared to F2
individuals from the control group. These growth-related defects were
pronounced in groups exposed to the highest BPA concentration (Keiter
et al., 2012). In rainbow trout, three-hour acute exposure of eggs to 30
and 100 pg/L BPA did not alter fertilization rate but resulted in delayed
hatching, a longer time for yolk absorption, reduced larval growth and
delayed first feeding (approximately 7 days) of larvae. The level of
growth hormone was significantly high in both treatment groups
compared to controls at 65dpf. (Aluru et al., 2010a). Birceanu et al.
(2015) exposed rainbow trout eggs for 3 hours with a low concentration
of BPA 0.3, 3, and 30 pg/ ml and then fertilized with untreated milt,
mimicking the maternal transfer of BPA. After 42dpf all the BPA treated
fish has approximately 16 % significantly higher whole-body water
content and these levels were maintained even at 65 days
post-fertilization. In all BPA treated groups, a specific growth rate
decreased approximately 15 % compared to control. This suggests that
maternally transferred BPA has a long-term impact on the metabolism
and growth of the offspring (Birceanu et al., 2015). BPA has been shown
to alter metabolism rate and appetite. Rainbow trout eggs treated with
0.3, 3 and 30 pg/ml - of BPA followed by fertilization with clean milt
showed the BPA-treated group with altered appetite. The food conver-
sion ratio was high in BPA-treated groups. Approximately it took ~20%
more food by the BPA groups (Birceanu et al., 2015). Whether this
increased appetite in treated fish leads to lean and obese phenotypes is
currently unknown. BPA is weakly obesogenic and induces genes
involved in adipogenesis (Sun et al., 2019). Developmental BPA expo-
sure can exert latent effects that remain undetected during the mid-age
but elicit as obesogenic effects in adulthood via modulation of pathways
involved in differentiation of adipocytes from mesenchymal cells (Angle
et al., 2013).

Growth hormone(GH) and Insulin-like growth factors (IGFs) are key
mediators of somatic growth in teleosts (Bjornsson et al., 2002;
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Shepherd et al., 2007). IGF signaling plays a key role in regulating so-
matic growth and post-hatch development in fishes (Aluru et al., 2010b;
Reinecke, 2010; Wood et al., 2005), and it is also a target for environ-
mental contaminants impact (Aksakal et al., 2010; Aluru et al., 2010b;
Hanson et al., 2014; Vandenberg et al., 2012). It has been recently
shown that BPA accumulation in eggs disrupts IGF transcript levels in
the trout larvae (Aluru et al., 2010a,b). The reduction in IGF-1 transcript
levels in the BPA groups at 112 dpf may be playing a role in the growth
reduction seen in the contaminant groups. Aluru et al. (2010a,b)
exposed juvenile rainbow trout to 0, 30, and 100 pg/mL BPA for 3 h in
ovarian fluid followed by fertilization and showed that BPA decreased
the expression of genes involved in the endocrine regulation of growth
and development, including the insulin-like growth factor 1 and 2 (igf-1
and igf-2), IGF-1 receptor alpha and beta (igf-Ira and igf-1rp), and
growth hormone receptors 1 and 2 (ghrl and ghr2).

Tail length, total length, and body weight were all reduced in Jap-
anese medaka and swordtail fish chronically treated with BPA at con-
centrations as low as 2 pg/L (Kwak et al., 2001; Yokota et al., 2000). BPA
delayed hatching in zebrafish (13.8 mg/L BPA; Duan et al., 2008) and
caused the delayed hatching, yolk absorption, and first feeding by about
seven days in juvenile rainbow trout (30-100 pg/mL BPA; Aluru et al.,
2010a,b). The authors suggested that BPA may have increased vitello-
genin (vtg) mRNA level, decreased growth hormone (GH)-related gene
expression and/or shifted the energy allocation from somatic growth to
vitellogenesis. Furthermore, delayed hatching was observed in zebrafish
exposed to 13.81 mg/L BPA at 72 hours post fertilization (Duan et al.,
2008). Altogether, BPA was shown to delay the development and to
reduce offspring weight and size by affecting the transcription of
TH-related genes in vertebrates. BPA, BPS, BPF and BPAF resulted in
developmental deformities in larval zebrafish, including cardiac edema,
spinal malformation, and craniofacial deformities (Moreman et al.,
2017). Literature suggests that bisphenols affect multiple developmental
pathways leading to direct developmental abnormalities and abnor-
malities related to growth (Faheem et al., 2020).

7. Neurobehavioral effects and learning

Exposure of human-relevant concentrations of BPA during ontoge-
netic development resulted in learning deficits and behavioral abnor-
malities in rodents (Jones et al., 2011; Palanza et al., 2008). In zebrafish,
exposure of low-dose BPA during the development of central nervous
system (CNS) resulted in hyperactivity in larvae and learning delays in
adults (Saili et al., 2012). Parental exposure of BPA resulted in altered
sexually dimorphic behaviors in offspring (Jones et al., 2011; Negishi
et al., 2004; Palanza et al., 2008). BPA affects learning and memory by
altering synaptic transmission and expression of neurotransmitter re-
ceptor (Ishido et al., 2004; Xu et al., 2010). The learning dysfunction in
BPA-exposed fish may be due to inappropriate activation of estrogen
receptors (Ben-Jonathan and Steinmetz, 1998). Alternatively, alteration
in hypothalamic neurogenesis by BPA/BPS is accompanied by upregu-
lation of aromatase which is androgen receptor-dependent (Kinch et al.,
2015).

Exposure to BPA and BPS to zebrafish larvae resulted in precocious
neurogenesis and hyperactive behavior (Kinch et al., 2015). Exposure to
BPS altered retinal physiology which resulted in impaired vision in male
zebrafish (Liu et al., 2017). BPS (3 mg/L) exposure to larval zebrafish
altered the structure of the retina, affected locomotor behavior and
down-regulated genes required for normal neural development (Gu
et al., 2019). In a recent study, exposure of BPA to zebrafish larvae
revealed that BPA can cross the blood-brain barrier and affect dopami-
nergic, GABAergic and cholinergic pathway that resulted in disruption
of behavior involving altered color preference, decrease in distance
traveled and slow movement (Kim et al., 2020). All these reports suggest
that BPA and its analog BPS can cause a damage to the nervous system
and impaired motor functions in aquatic animals, similar to the effects
seen in mammals and humans. The ability of BPA to cross the
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blood-brain barrier and disrupt neurotransmitter systems is the under-
lying cause of hyperactivity and altered behavioral pattern as observed
in the above-mentioned studies.

8. Effect of BPA and analogs on metabolism

Bisphenol analogs induce metabolic disruption, hyper-insulinemia,
and obesity in mammals (Alonso-Magdalena et al., 2015, 2006). How-
ever, little is known about the role of these compounds in disruption of
metabolic health of aquatic animal models, particularly fish. Exposure of
BPS to zebrafish led to insulin resistance and altered glucose homeo-
stasis (Zhao et al., 2018). BPA exposure resulted in increased weight,
hepatic triglyceride level, and lipid accumulation in male zebrafish (Sun
et al., 2019). Low concentration BPS (10,100 pg/L) impaired glucose
homeostasis in adult male zebrafish by altering higher fasting glucose
and lower insulin levels (Zhao et al., 2018). The exposure to 10 and 100
pg/L BPS decreased glycogen content of liver, while 1000 pg/L BPS
exposure resulted in increased hepatic glycogen content after 28 days of
exposure (Zhao et al., 2018). Insulin resistance and high glucose level
are highly correlated with obesity (Algoblan et al., 2014), indicating that
BPS has obesogenic properties. BPS acts on this pathway in a similar
mode of action to BPA by effecting the liver’s glucose homeostasis and
vianon-monotonic dose responses. Peroxisome proliferator-activated
receptor Y (PPARY) which is a member of the nuclear receptor super-
family has significant role in adipogenesis regulation and is the most
common target of almost all the obesogens. PPARy combined with ret-
inoic acid X receptor a are involved in lipid storage in zebrafish (Den
Broeder et al., 2015). Zebrafish (Danio rerio) embryos exposed to BPA
developed lipid accumulation via PPARY activation leading to early
onset of weight gain in juveniles (Riu et al., 2014). Exposure to low
concentration BPA (5 pg/L) increased the storage of triglycerides and
promoted fatty acid synthesis, while the higher concentrations (i.e., 20
pg/L) promoted de novo lipogenesis and cholesterolosis in adult female
zebrafish (Santangeli et al., 2018). Similarly, adult male zebrafish when
exposed to BPA resulted in the upregulation of genes responsible for
lipogenesis (Sun et al., 2019).

Fish liver and intestine are the main organs for the production of fats.
The liver is the main site to convert glucose into glycogen/fatty acids
which are ultimately converted into triglycerides. These TAGs are either
stored in hepatocytes as fat droplets or released into the bloodstream as
VLDL (Coleman and Lee, 2004). In the bloodstream, this VLDL is con-
verted into high- and low-density lipoproteins which are responsible for
lipid transport to the liver (for energy production) and adipose tissues
(for storage). Alterations in these pathways results in excessive storage
of TAG. Exposure to BPA resulted in a higher hepatic TAG level in
zebrafish (Sun et al., 2019). BPS exposure resulted in increased hepatic
glycogen content in zebrafish (Wang et al., 2019; Zhao et al., 2018)
indicating that glucose is converted into glycogen but not fatty acids
which may lead to increased TAG content. In another study by Guan
et al. (2016), BPA exposure at 15 pg/L for 27 days resulted in increased
triglyceride content in male zebrafish suggesting that BPA caused
metabolic disorders. Chronic exposure to BPS resulted in fat accumu-
lation, higher plasma triglyceride levels in male zebrafish (Wang et al.,
2019). Zebrafish larvae (2hpf) exposed to BPS had higher TAG and
visceral fat content after 15 days (Wang et al., 2018a,b). Similarly, an
increased TAG level was observed in male zebrafish exposed to BPS for
120 days (Wang et al., 2019). The obesogenic effect caused by BPA and
analogs may be due to their direct effect on genes involved in lipogenesis
and metabolism. Both BPA and BPS increased the expression of genes
responsible for lipid synthesis (fasn, accl, and agpat4) and also altered
the expression of retinoic acid X receptor o (Santangeli et al., 2018;
Wang et al., 2019, 2018a,b). Taken together, literature suggests that the
bisphenols can induce obesity and lipid accumulation by upregulating
expression of genes in the lipogeneic pathways.
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9. Effect of BPA and analogs on the immune system

Chemicals released into the waterbodies influence the immune
competence of aquatic organisms. The endocrine and immune systems
are intricately linked in vertebrates. Macrophages in fish have estrogen
receptors. Effects of BPA and related bisphenols on immune regulation
of macrophages may be due to interaction with nuclear factor -xB
signaling and estrogen receptor a (Yang et al., 2015). Cytokines and
chemokines are the pro-inflammatory mediators and effector molecules
of the innate immune system, secreted by immune cells and are critical
for inflammatory response. The proinflammatory activity of cytokines
and chemokines are mediated through upstream signal transduction
pathways (Xu et al., 2013). BPA induces the state of inflammation in the
body which can be detected by the biomarkers of inflammation. Xu et al.
(2013) observed that cytokines, chemokines and interleukins were
significantly induced in zebrafish exposed to 0.1, 1 and 1000 pg/L of
BPA (Xu et al., 2013). BPA also act as a kinase inhibitor or activator
especially for mitogen-activated protein kinase, regulating signal
transduction and transcription activation which in turn control cyto-
kines and chemokines expression (Canesi et al., 2005, 2004). In goldfish
(Carassius auratus) BPA at a concentration of 5-50 pg/L increased pro-
liferation of lymphocytes. Higher doses of BPA (500-1000 pg/L)
inhibited proliferation of macrophages (Yin et al., 2007). In yellow
perch, exposure to environmentally relevant concentrations of BPA (2-8
pg/L) caused a significant increase in leukocyte count (Rogers and
Mirza, 2013) Yang et al. (2015) observed that in Cyprinus carpio head
kidney, low doses of BPA (0.1, 1, and 10 pg/L) resulted in antimicrobial
activity, but the higher doses (100-1000 pg/L) induced apoptosis (Yang
et al., 2015). The proinflammatory effects of BPA were associated with
increased mRNA of NF-kB and other NF-kB-associated immune genes,
interleukin 1 and increase in reactive oxygen species (ROS) and nitric
oxide (NO). Transcription of iNOS gene leads to production of iNOS. NO
is a byproduct of oxidative metabolism and acts as a pro-inflammatory
mediator. Appropriate levels of NO generated by iNOS in cells facili-
tate the mounting of an effective defense against invading microbes.
However, excess NO is toxic and proinflammatory to cells (Guzik et al.,
2003). Inflammatory cytokines e.g. [FNY, IL-1p and TNF-a can stimulate
iNOS gene transcription leading to overproduction of NO. BPA induces a
state of inflammation in the body. A wide variety of cells including
neutrophils, monocytes, T cells and epithelial cells secrete inflammatory
chemokines (CC-chemokine and CXCL-clc) (Hermann and Kim, 2005).
These chemokines activate leukocytes and recruit them to mount an
immune response. Xu et al. (2013) observed increased expression of
these chemokines after the exposure of zebrafish embryos to graded
concentrations of BPA. BPA exposure resulted in the upregulation of
pro-inflammatory genes leading to a state of inflammation (Sun et al.,
2019). Similarly, long term30-days exposure to BPA activated toll-like
receptor (TLRs) signaling pathway in gills of common carp leading to
inflammation and immune disturbance (Gu et al., 2020). A little is
known about effects of BPS and BPF on immune function in fish. A recent
study demonstrated an up-regulation of immune genes (il-14, il-6, il-10,
il-11a, il-12a, infy and tnfa) in zebrafish embryo similar to BPA (Qiu
et al., 2018), suggesting that bisphenols can alter immune function in
fish. It is important to explore the biomarkers of immunotoxicity to
monitor and predict the toxicological risk of various aquatic pollutants
in fish (Segner et al., 2012; Zelikoff et al., 2002).

10. Effect on the Thyroid Axis

Thyroid hormones are important for the maintenance of the physi-
ology and metabolism of vertebrates including energy balance, growth
and metabolism (Zhang et al., 2018). Thyroid hormones influence a
wide variety of tissues and biological functions than any other hormones
(Janz, 2000). In fish, thyroid hormones provide assistance to control
osmoregulation, somatic growth, post-hatch metamorphosis and
development. Thyroid hormones also regulate uptake of vitellogenin by
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the oocytes (Shibata et al., 1993) and act in cooperation with gonado-
trophins to stimulate early ovarian follicle growth (Cyr and Eales, 1996).
Chemicals that cause thyroid disruption act either by disturbing syn-
thesis, secretion, and transport of thyroid hormone or by altering their
binding to receptors or transactivation of target genes containing thy-
roid response elements (Brent et al., 2007; Raldtia and Babin, 2009) and
elimination (Kloas and Lutz, 2006).

The thyroid gland in fish is variable in location and form. It is either
present as compact or connective tissue encapsulated, but it is present
around vascular tissue in a diffused form (Fales, 1979; Wanderlaar
Bonga, 1993). Thyroid follicles are present next to the ventral aorta in
medaka (Oryzias latipes) (Raine et al., 2001), dispersed in connective
tissue near the pharyngeal region in fathead minnow (Wabuke-Bunoti
and Firling, 1983; Wanderlaar Bonga, 1993) and some are present in
association with kidney as seen in poecilids and some freshwater cyp-
rinids. In fish, T4 is produced by thyroid follicles which is converted to
T3 by the action of deiodinases. T4 is converted into biologically active
T3 form by outer ring deiodination (ORD). T3 production from T4 oc-
curs in peripheral tissues, mainly the liver (Darras et al., 1998; Eales
et al., 1999). Therefore, in the piscine thyroid gland, increased pro-
duction of T4 does not mean increased production of T3 and any adverse
effects on T4 may not directly affect the function of T3. Less association
is present between alteration in circulating T4 levels and change in
biologically active tissue level of T3 and this is important in consider-
ation of methods for measurement of thyroidal status in fish (Balton and
Specker, 2007). Mol et al. (1998) reported that T3 present in blood-
stream is mainly released from the liver after conversion, other pe-
ripheral tissues responsible for T4 to T3 conversion e.g. brain and gill
will bind this T3 to their receptors and prevent it to enter in plasma. In
teleosts e.g. in Cod, the liver manufactures the bulk of the circulating T3
(Eales & Brown, 1993; Cyr et al., 1988). The activity of
thyroid-stimulating hormone (TSH) is only limited to iodide uptake by
thyroid follicles and regulating T4 release (Eales et al., 1999). In the
teleosts, both T3 and T4 exert a negative feedback mechanism to
secretion of TSH from pituitary (Yoshiura et al., 1999).

Data from in vitro and in vivo studies showed that BPA and analogs
have the potential to bind with thyroid hormone receptors (THRa and )
(Zhang et al., 2019) and inhibit TR mediated transcription (Moriyama
et al., 2002; Sun et al., 2009; Freitas et al., 2010). Plasma levels of
thyroid hormones (T3 and T4) were significantly decreased in male and
female zebrafish exposed to 10 and 100 pg/L BPS (Naderi et al., 2014).
Similarly, 10 and 30 pg/L BPS significantly lowered the whole body T3
and T4 levels in larval zebrafish while inducing significant TSH levels
(Zhang et al., 2017). Similarly, BPAF exposure to zebrafish larvae also
resulted in an insignificant decrease in whole-body level of T3 and T4
(Tang et al., 2015). A similar decrease in T4 levels was reported in
zebrafish exposed to BPF, but the T3 levels increased in zebrafish larvae
after exposure to 200 pg/L BPF (Huang et al., 2016). In Catla catla fe-
males, BPA exposure (1000 pg/L) resulted in significant reduction in T3
and T4 levels (Faheem et al., 2017a,b,c). A decrease in circulating levels
of thyroid hormones may be associated with the increased transcription
of deiodinases enzymes. In fish, T4 is produced by thyroid follicles
which is converted to T3 by action of peripheral deiodinases. Three
isoforms of deiodinases are reported in fish, namely Diol, Dio2, and
Dio3 (Orozco and Valverde, 2005). Diol and Dio2 are responsible for
iodine recovery and conversion of T4 to T3, respectively, while Dio3
inactivates enzyme (Van der Geyten et al., 2005; Orozco and Valverde,
2005). Zebrafish larvae exposed to 10 and 30 pg/L BPS had significantly
higher transcripts of both Diol and Dio 2 and significantly lower
whole-body T3 and T4 levels (Zhang et al., 2014). The mRNA level of
Diol and Dio2 were significantly higher in zebrafish larvae treated with
BPAF (Tang et al., 2015). A similar increase in Dio2 transcript was
observed in zebrafish after exposure to BPF (Huang et al., 2016).
Collectively, BPA and its analogs including BPS, BPF and BPAF exert
thyroid disrupting effects by altering circulating levels of thyroid hor-
mones and gene expression of deiodinases, which will impact the
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growth, metabolism and reproduction of fish.
11. Bisphenols and Cellular stress

Reactive oxygen species (ROS) are produced by normal metabolic
products and they are normalized by enzymatic and non-enzymatic
antioxidants. Oxidative stress arises when the balance between pro-
duction and depletion of ROS is disturbed. ROS cause lipid peroxidation
and damage cellular biomolecules (Valavanidis et al., 2006). Lipid
peroxidation is the direct measure of tissue membrane damage due to
reactive oxygen species (Blokhina et al., 2003). Enzymes in the body
prevent oxidative stress. Catalases and SOD are vital first-line defenses
against oxygen toxicity (Yu, 1994). The glutathione system is a key
nonenzymatic radical scavenger and antioxidant that scavenges residual
free radicals generated from oxidative metabolism and those not
decomposed by antioxidant enzymes (El-Shenawy, 2010). Inhibition of
these enzymes may lead to the accumulation of hydrogen peroxide or its
decomposition products (Halliwell, 1994). Studies in rats suggest that
BPA induces oxidative stress by decreasing antioxidant enzyme activ-
ities, resulting in liver abnormalities (Bindhumol et al., 2003).

A concentration-dependent increase in ROS, NO, MDA and a signif-
icant decrease in GSH, CAT, and GR were recorded in zebrafish embryos
exposed to graded concentration (0.1, 1, 10, 100, 1000 pg/L) of BPA
suggesting that BPA acts as a strong inducer of oxidative stress (Wu
et al., 2011). BPA induced generation of ROS in fish embryos in a
dose-dependent manner. Exposure to BPA at concentration of 100 and
1000 pg/L caused significant induction of NO and NOS (Xu et al., 2013).
Long-term exposure to BPA was found to induce CAT and SOD activities
in the livers of adult Japanese medaka fish (Wu et al., 2011). Dietary
exposure of 50 and 100 mg/kg of BPA to juvenile seabream (Sparus
aurata) for 21 days resulted in a significant increase in catalase activity,
while the level of GST remained unaffected (Maradonna et al., 2014).
This increase could be a defense mechanism of the body to cope with the
ROS produced after BPA exposure. In eukaryotic cells, GSH is the most
abundant free thiol and is important to maintain optimal redox balance
in cells for the proper function of cellular proteins (Circu and Aw, 2010).
Exposure to 1, 15 and 225 pg/L of BPA caused a reduction in the GSH
levels in rare minnow ovaries leading to oxidative stress (Zhang et al.,
2016). Li et al. (2016) observed that 60 days of exposure of 1.5 mg/L of
BPA to juvenile Japanese medaka resulted in reduced catalase activity in
the ovary. GST activity was significantly enhanced in the liver and gill
tissues, while MDA activity was increased in liver gills testes, and ovaries
of the BPA exposed fish compared to control (Li et al., 2015). The
sub-lethal concentration of BPA caused oxidative stress in liver and
kidney of grass carp (Faheem and Lone, 2017). Exposure to the graded
concentrations of BPA (0.01-2 mg/1) resulted in a significant decrease of
antioxidants (Cat, GST, GSH) in gills of common carp inducing a state of
oxidative stress (Gu et al., 2020). A similar increase in ROS level was
reported in zebrafish embryos exposed to BPA, BPS and BPF (Qiu et al.,
2018). Taken together, BPA and bisphenol analogs can induce a state of
oxidative stress in fish. Oxidative stress can cause damage to lipids,
carbohydrates, and nucleic acids and ultimately disrupt cellular
homeostasis.

12. Conclusions

Bisphenols are ubiquitous chemicals and have been detected in
aquatic environments across the globe. All the literature discussed here
suggests that BPA and analogs have a similar mode of action. The
mechanisms of action are estrogen-, androgen-, and thyroid-mediated.
These bisphenols also exert their effects through epigenetic and rapid
signaling pathways. Fish physiological systems are severely affected by
bisphenols. Reproduction is adversely affected in fish after exposure to
BPA and its analogs. Bisphenols also exert their harmful effects on the
immune system, cellular homeostasis, and metabolism. The BPA-
induced changes in the normal profile of endogenous hormones and
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disruption of neuroendocrine genes may lead to adverse health effects
and reproductive disorders, such as a shift in spawning time, alterations
in reproductive behavior, and acceleration of puberty. It is imperative to
understand these hidden ecological threats to aquatic organisms and
mitigate them by introducing and enforcing strict regulations for elim-
ination of BPA and its congeners in domestic and industrial effluents.
This will protect watercourses, safeguarding not only the environment,
but also sustainable agriculture and food production worldwide.
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