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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are petroleum components that, when dissolved in the aquatic environment, can
disrupt normal animal physiological functions and negatively affect species populations. Gambusia yucatana is an endemic fish
of the Yucatan Peninsula that seems to be particularly sensitive to the presence of PAHs dissolved in the water. Here, we
examined PAH effects on gene expressions linked to endocrine disruption and biotransformation in this species. Specifically,
we examined the expression of vitellogenin I (vfgl), vitellogenin II (v£g2), oestrogen receptor o (esrl), oestrogen receptor 3
(esr2), aryl hydrocarbon receptor (A4ZR) and the cytochrome P4503A (CYP3A) genes. We exposed G. yucatana to different
concentrations of PAHs (3.89, 9.27, 19.51 ug/L) over a period of 72 h and found changes associated with reproduction, such as
increases in hepatic expression of vig, esr, AhR and CYP3A, mainly at concentrations of 9.27 and 19.51 pg/L. Our results also
indicate that benzo[a]pyrene was probably the main PAH responsible for the observed effects. The genes examined here can be
used as molecular markers of endocrine-disrupting compounds, as the PAHs, present in the environment, as gene expression
increases could be observed as early as after 24 h. These biomarkers can help researchers and conservationists rapidly identify the
impacts of oil spills and improve mitigation before the detrimental effects of environmental stressors become irreversible.

Keywords Water contamination - Environmental stressors - Polycyclic aromatic hydrocarbons - Endocrine disruptors -
Biotransformation - Benzo[a]pyrene

Introduction sea and freshwater ecosystems due to the long-lasting effects
of these pollutants (Zabbey and Olsson, 2017). Polycyclic
aromatic hydrocarbons (PAHs) are a family of compounds

present among the petroleum components. They are

The release and discharge of petroleum and its chemical prod-
ucts are increasing worldwide (Walter et al., 2019), affecting
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characterised by the presence of 2 to 10 condensed aromatic
rings (Ha et al., 2019; Litasov et al. 2019) and are a matter of
significant ecotoxicological concern in aquatic environments
(Soltani et al., 2019). They also act as endocrine disruptors
(ED) by mimicking or antagonising the action of hormones
that occur naturally, thereby impacting the regulation of vital
life processes, including development, growth, metabolism and
reproduction (Roldan-Wong et al., 2020; Pulster et al., 2019).

Both crude oil and its by-products are highly toxic to fish
(Prabowo and Bae 2019). In fish, PAHs can alter the devel-
opment of secondary sexual characteristics and may impair
reproductive functions (Acolas et al., 2019; Toft et al., 2004;
Toft and Guillete Jr, 2005). Endocrine-disrupting chemicals
(EDCs), such as PAHs, activate oestrogen receptors (ERs),
encoded by the esr (oestrogen receptor) genes, which induce
the fish liver to produce vitellogenin (Vtg) (Chen et al., 2019),
a female-specific hepatic yolk precursor protein and that is not
detectable in male plasma. However, after exposure to EDCs,
the Vgt level in male plasma increases and remains elevated
(Davis et al., 2010).

Also, aryl hydrocarbon receptor (AhR) activation produces
cytochrome P4501A (CYP1A) (Marris et al., 2019) and cyto-
chrome P4503A (CYP3A; a subfamily of the CYP1A),
metabolising oestrogen, pregnanes and xenoestrogens into
more polar substances that are easier for the body to excrete
(Rodrigues et al., 2018). Therefore, the messenger RNAs
(mRNAs) of these proteins (i.e. Vtg, ER, AhR and CYP3A)
could indicate the effects of waters contaminated by PAHs
and act as an early biomarker of oil impact on fish species
(Nichols et al., 2019).

Biomarkers can be any measurable biomolecules that pro-
vide early warning signs of an individual imbalance resulting
from exposure to a xenobiotic (Martyniuk et al., 2019; Colin
et al., 2016). Conservation actions can highly benefit from
these tools that can be used in a predictive manner, allowing
bioremediation measures to be taken before irreversible eco-
logical damage and severe consequences occur (Aguilar et al.,
2020; Martyniuk et al., 2019; Colin et al., 2016). Biomarkers
of environmental contamination by PAHSs in fish seem to vary
with species, habitat and environment and are often contradic-
tory (Aguilar et al., 2020). Therefore, they need to be species-
and region-specific to be efficient, especially to detect an im-
pact on species with restricted geographic distribution
(Aguilar et al., 2020).

Here, we assessed the effects of ED caused by PAHs on
Gambusia yucatana, an endemic fish species from the
Yucatan Peninsula (Rodriguez-Fuentes et al., 2016). We ex-
amined the transcriptional changes of vig/ and vig2, esrl and
esr2 and AhR and CYP3A in the livers of G. yucatana exposed
to PAHs. This species seems to be sensitive to the presence of
petroleum on the water. Chakrabarty et al. (2016) recorded
that between 2005 and 2010, before the oil spill in the Gulf
of Mexico, researchers collected G. yucatana 14 times but

only once after this event (between 2010 and 2015), indicating
that petroleum had lasting effects on the species’ survival.
Therefore, identifying the consequences of petroleum and its
by-products on G. yucatana could help scientists and conser-
vationists detect oil impacts at an early stage and respond
immediately to minimise them.

Material and methods
Harvesting and acclimatisation of G. yucatana

Juveniles of G. yucatana (mean body mass = 389.3 = 78.0 mg;
total length = 3.3 £ 0.2 cm) were collected from a small creek
in San Francisco de Campeche City (19°49'39.36" N, 90° 29’
42.41" W). Fish were acclimated to laboratory conditions for
15 days in 20-L aquariums (five individuals per litre of aged
dechlorinated tap water) at 26 + 2 °C under continuous filtra-
tion and aeration; 70% of the water was renewed every 3 days,
following Osten et al. (2005). Fish were fed twice a day (at 8
AM and 3 PM) with commercial fish food tested by the man-
ufacturer and free of contaminants (TretaMin, by Treta
Holding, USA). Uneaten feed and faecal wastes were re-
moved before the next feeding. In the 24 h preceding the
experiments, fish were not fed, and during the test period, no
food was provided. All procedures followed the guidelines
approved by Biological Ethics Committee of Ecology,
Fisheries and Oceanography of the Gulf of Mexico Institute
(EPOMEX), Campeche University, according to the Federal
Mexican Norm: NOM-01992-STPS-1993, with approval date
15 March 2017.

Experimental design

The petroleum (EPOMEX Institute, Mexico) was diluted by
weighing 10 g of petroleum into 100-mL glass scintillation
vials and adding 50 mL of HPLC-grade acetone to yield a
stock solution of 0.5 g/mL. The vials were shaken (Ika vortex
2 shaker, Ident. No. 0025000258 IKA-Werke GmbH & Co,
Germany) at 1500 rpm for 10 min (Schwab et al., 1999).
Subsequently, the PAH extract was quantified, defined as a
mixture of total PAHs that can potentially contain other polar
hydrocarbons such as alkanes (not analysed in the present
study but may be also partially extracted with acetone).
Experimental treatments consisted of two control groups of
females, one with acetone and no petroleum extract added,
and another with dechlorinated water without acetone to en-
sure acetone did not affect baseline mortality. Based on a
previous LCs bioassay (Aguilar et al., 2020), the approximate
value of half of the LC10 was used as the lowest concentration
for the bioassays. We examined petroleum extract concentra-
tions of 50, 100 and 200 mg/L in three experimental groups of
male fish; acetone (HPLC grade, < 0.5 mL/L) was used as a
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carrier in all treatments (Barata et al., 2005). Fish were added
with a stocking rate for the in vivo study of one fish per litre of
water (n = 15 per treatment) in a static test. The fish were
exposed to the experimental conditions for 72 h, and all bio-
assays were conducted in triplicate. After each full day (24, 48
and 72 h), five fish from each treatment were killed by snap-
freezing, and the length and weight of each fish were mea-
sured. Subsequently, the livers and fillets were removed and
stored at —80 °C until use. The fillets were used to measure the
PAHs from the muscles of G. yucatana before and after each
experimental treatment.

RNA isolation and quantitative polymerase chain
reaction analyses

Liver samples were pooled for the analysis, using five per
treatment per period of exposure to reduce the errors associ-
ated with individual differences. The RNA was isolated ac-
cording to the manufacturer’s protocol (Ultra Clean Tissue &
Cells RAN Isolation, Mobio Company) and diluted at 1 mg/
mL for reverse transcriptase. The reverse transcriptase reac-
tion mixture was composed of 5 ug of total RNA, 1 uL of
RNAase inhibitor, 1 uL of oligo (dT) primer and
diethylpyrocarbonate-treated water. The reaction mixture
was heated at 70 °C for 10 min and quickly chilled on ice.
After cooling, 4 pL of 5x reaction buffer containing 25 mM
MgCl,, 2 uL of deoxynucleotide triphosphate (AINTP, 10 mM
each), 1 pL of RNAase inhibitor and 1 uL of ReverTra Ace
(Bio-Rad) were added to a total volume of 20 pL. The reaction
mixture was incubated for 60 min at 42 °C and then heated for
5 min to stop the reverse transcriptase. Amplification reactions
were carried out in triplicate according to the instructions of
the manufacturer (Bio-Rad). Each quantitative polymerase
chain reaction (QPCR) amplification contained 2 uL of the
reverse transcriptase reaction mixture as the cDNA template,
5 uL of 10x PCR buffer, 1 puL of Taq polymerase (5 U/uL,
Bio-Rad), 3 uL of 25 mM MgCl2, 1 uL of deoxynucleotide
triphosphate (10 mM) and 15 pmol of both forward and re-
verse primers. The total volume of the reaction mixture was 50
pL. The primer pair sequences are shown in Table 1. The
reaction was performed in Step-one qPCR (Applied
Biosystems) according to Ishibashi et al. (2007). We used
the method 2—AACT to calculate the expression of the /-
actin gene, chosen as the reference gene (Livak and
Schmittgen, 2001).

Measurement of PAHs in petroleum extract and
quality control

The total PAHs of the extract were quantified following
Vallarino and Rendén-von Osten (2017). We used a gas chro-
matographer GC Varian 3800 equipped with a DB-5 (5%-
phenyl)-methylpolysiloxane column of 30 m x 0.25 mm x
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0.32 mm with a flame ionization detector, using nitrogen as
a gas carrier, following the 8310-method approved by
U.S.EPA (1986). The column program was as follows: initial
temperature, 60 °C for 5 min, ramp to 300 °C at a rate of 2
°C/min and final hold time of 5 min. The detector was kept at
300 °C with a nitrogen makeup gas flow at 28 mL/min, hy-
drogen at 30 mL/min and air at 300 mL/min. Each compound
was identified using congruence of standard and unknown
retention times and was quantified using the integration of
peak areas. The limit of detection for individual aromatic com-
pounds was 0.01 pg/g, with recovery yields of 86 and 105%.
The PAHs present in the extract (of the 16 major PAHs) were
identified by comparing their retention times with those of the
aromatic analytical standards by Supelco 48743, according to
the priority PAHs from method EPA 610. For every batch of
10 samples, we analysed two quality-control samples and one
reagent-blank sample. To monitor extraction and analysis ef-
ficiency, the quality-control samples were spiked with each of
the standards (Vallarino and Rendon-von Osten, 2017). The
bioassays were conducted in triplicate.

Determination of PAHs in the water and in
G. yucatana muscle

The PAHs in the water and muscle were quantified following
Vallarino and Rendon-von Osten (2017). Solvents with a high
degree of purity (98% HPLC) were used; the glass material
was washed with Extran® MA 02 (Merck, Germany), dried
for4 h at200 °C and then rinsed with acetone and hexane. The
PAH analysis was performed according to Zhang et al. (2007).
Samples of G. yucatana muscle and water were weighed and
oven-dried for 24 h at 45 °C. Extraction was carried out with a
mixture of acetone and hexane (1:1) by placing the samples
into an ultrasonic water bath for 20 min. The amount of fat
was used to determine the concentrations of compounds (pLg/g
of fat). Subsequently, the samples were purified by filtering
them through a glass column packed with silica gel, glass
wool and sodium sulphate. The glass vessels were then rinsed
with 20 mL of acetone, then with 20 mL of a mixture of
dichloromethane and hexane (1:1) and finally with 20 mL of
dichloromethane, then evaporated to dryness and resuspended
in 50 pL of hexane for analysis by gas chromatography; the
PAHs were quantified using a Varian 3800 gas chromato-
graph equipped with a Ni63 electron capture detector (SGE
Analytical Science, USA). The temperature of the injector and
the detector was 150 and 300 °C, respectively. The concen-
tration of the PAHs was obtained by calculating the area under
the curve with the software Star Chromatography Workstation
version 6 and standard calibration. A mixture of the 16 major
PAHs standards was used — according to the EPA 610 meth-
od of Supelco 48743 — to identify and quantify the PAHs
(Vallarino and Rendon-von Osten, 2017) (Table 2).
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Table 1 Sequences of primer
pairs used in the qPCR study

Statistical analysis

Primers Reference

Name Sequence

(G-actina Forward AGACCACCTACAGCATC Ishibashi et al. (2008)

(S74868) Reverse TCTCCTTCTGCATTCTGTCT

AhR Forward AGGGGCGTCTGAAGTTCC Mortensen and Arukwe (2008)
Reverse GTGAACAGGCCCAACCTG

CYP3A Forward GAAGCTGTGATGCAGATGGA Ribecco et al. (2012)
Reverse TGCTGAACCTTTCAGGTTTG

ER«a Forward GTCAGTCGGGTTACTTGGCC Ishibashi et al. (2008)

(AB033491) Reverse CATCACCTTGTCCCAACCTG

ERS Forward GTGGACTCAACTTTCGGC Ishibashi et al. (2008)

(AB070901) Reverse CACGTCGCAGCAGGATCTT

vigl Forward TGGAAAGGCTGATG Ishibashi et al. (2008)

GGGAAG

(AB064320) Reverse AACTGCAGGCATGGTGAGCC

vig2 Forward GTCTTCAGGAGGTCTTCTTC Ishibashi et al. (2008)

(AB074891) Reverse GGTAGACAATGGTATCCGAC

The analyses were iterated in three replicates for each sample,

and the mean of the two closest values was used for statistical
interpretation. We tested the differences in individual gene

Table 2
limit of quantification.

expressions among different concentrations and exposure
times, using a two-way analysis of variance (two-way
ANOVA) with a permutation test. Also, we tested differences
in the joint responses among treatments of all genes, using a
permutational analysis of variance (PERMANOVA). The

Polycyclic aromatics hydrocarbons (PAH) analyzed in water and muscles of Gambusia yucatana per treatment. LOD, limit of detection; LOQ,

Compound No. of rings  Molecular weight  LOD LOQ  Treatment
3.89 pg/L 9.27 png/L 19.51 pg/L

—  Water Muscle  Water Muscle  Water Muscle

(Water = pg/mL and muscle = pg/g)
Naphthalene 2 128.2 0.06 0.22 0 0 0 0 0 0
Acenaphthylene 3 152.2 0.02 0.07 0.1822 0 03492 0 08847 0
Acenaphthene 3 154.2 0.02 0.05 0 0 0 0 0 0
Flourene 3 166.2 0.002 0.008 0 0 0 0 0 0
Phenanthrene 3 178.2 0.009 0.04 0 0 0 0 0 0
Anthracene 3 178.2 0.0009  0.003  0.3092 0 0.7133  0.0144 1.3901  0.0558
Fluoranthene 4 202.3 0.02 0.11 0.5238 0 0.9987  0.0099  2.1003  0.2375
Pyrene 4 202.1 0.07 0.21 039285 0 0.7577 0 14796 0
Benzo[a]anthracene 4 228.3 0.006 0.009  0.3055 0.0139 05481 0 09978 0
Chrysene 4 228.3 0.02 0.06 0 0 0 0 0 0
Benzo[b]flouranthene 5 2523 0.1 0.3 0 0 0 0 0 0
Benzo[k]flouranthene 5 2523 0.15 0.35 0.3701 0 1.0303 0 1.9003 0
Benzo[a]pyrene 5 2523 0.0023  0.057  0.6534 0.0594  1.0793  0.0985  2.519 0.1994
Benzo[ghi]perylene 6 276.4 0.35 0.55 0.5987 0 1.0466 0 20545 0
Dibenz[a,hJanthracene 5 278.3 0.07 0.27 0.4733 0 1.0295 0 2.1344 0
Indeno[1,2,3-cd]pyrene 6 276.3 0.016 0.05 0.3321 0.0599  0.6771 0 1.4003 0
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significance level was set at p < 0.05. All tests were performed
using the software R version 3.4.3 (2017-11-30).

Results
Health effect assessments

The fish presented toxic responses to the higher concentra-
tions of PAHs. In the first 2 h of exposure, they were excited
and swam freely. In the following hours, they swam close to
the surface. The next day, their heads and gills were
supervascularised, showing a more reddish hue than those of
the control group. The reddish tone lasted until the end of the
test. Gradually, they became slower and slower, and at the end
of the experiment, they were almost immobile at the bottom of
the aquarium. However, there was no mortality in any treat-
ment until the end of the exposure period. The control groups
without acetone (only with chlorinated water) and with ace-
tone showed no significant differences. For this reason, to
simplify the display of the results, we only show the results
of the control group with acetone.

Measurement of PAHs in petroleum and petroleum
extract, quantity of PAHs in the water and
bioaccumulation in G. yucatana muscle

The measured PAHs in the petroleum represented 8.73% of
the petroleum. The most predominant PAHs were those with
five, six and four rings: benzo[a]pyrene (BaP) (15%),
benzo[ghi]perylene (14%), fluoranthene (12%) and
dibenzo[a,h]anthracene (12%).

The concentrations of total PAHs at 50, 100 and 200 mg/L
of PAH extract were 3.89, 9.27 and 19.51 pg/L, respectively.
We detected 10 of the 16 major PAHs in the muscle of
G. yucatana (Table 1). The PAHs with five and four rings
showed the highest concentrations, following the order BaP
> fluoranthene > pyrene.

The BaP was bioaccumulated in all treatments. The highest
level of bioaccumulation (0.2 pg/g) occurred in the highest
PAH concentration (19.51 pg/L), with 2.5 ug/L of BaP in the
water. Fluoranthene bioaccumulated in two PAH concentra-
tions (9.27 and 19.51 ug/L). Muscle bioaccumulation was
0.01 and 0.20 pg/g, respectively. At these concentrations,
there was fluoranthene in the water at concentrations of 1.00
and 2.10 ug/L, respectively.

Anthracene was also bioaccumulated in the muscles of
G. yucatana at two PAH concentrations (9.27 and 19.51
pg/L). Muscle bioaccumulation was 0.01 and 0.06 pg/g, re-
spectively. In the water, anthracene occurred at concentrations
of 0.70 and 1.40 png/L, respectively. Benz[a]anthracene and
ideno[1,2,3-cd]pyrene were bioaccumulated only at the lower
PAH concentration (3.89 pg/L). Muscle bioaccumulation was
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0.01 and 0.06 pg/g, respectively. In the water,
benz[a]anthracene and ideno[1,2,3-cd]pyrene occurred at
concentrations of 0.31 and 0.33 pg/L, respectively, at the
lower PAH concentration.

Gene expression

The levels of vigl were higher in exposed fish than in the
control group at the treatments with 9.27 and 19.51 ug/L (F
=55.1, p < 0.0001) (Fig. 1a; Table 3). The levels of v#g2 in
exposed fish were higher than those in the control group at
3.89 and 19.51 ug/L (F = 655.4, p < 0.0001) (Fig. 1b;
Table 3).

The esrl levels were higher in exposed fish than in the
control group at the treatments with 9.27 and 19.51 ug/L
(F=10.4, p < 0.01) (Fig. 2a; Table 3). The levels of es2 were
higher in exposed fish than in the control group only in the
treatment with 9.27 pg/L (F = 174.1, p < 0.0001) (Fig. 2b;
Table 3).

The levels of CYP3A were higher in exposed fish than in
the control group in the treatment with 19.51 pug/L (F=6.8, p
< 0.0001) (Fig. 3; Table 3).

The AR levels were higher in exposed fish than in the
control group in all treatments (¥ = 6,226, p < 0.0001) (Fig.
4; Table 3).

Discussion

Whereas previous studies have described the effects of PAHs
in the endemic species G. yucatana and identified biomarkers
of oxidative stress (Aguilar et al., 2020), we expand this
knowledge by further identifying molecular markers of
endocrine-disrupting compounds in the environment.
Combined, these results can help researchers and conserva-
tionists identify the early responses of the species to oil

Table 3  Statistics analysis summary table for the assays with specific
genes in the liver homogenates of mosquito fish showing the differences
between the gene expressions according to the concentrations. For each
gene, the degrees of freedom (Df), the F statistics (with associated P
value), sum-of-squares (SS) and mean squares (MS) are shown, as well
as the statistics method used. Critical F = 2.922

Gene Df F Pvalue SS MS Method
AhR 3 6226 <0.001 129131 43044 ANOVA
CYP3A 6.840 <0.001 33339 111.130 ANOVA
ERc 10380  0.0014 92924  30.9748 ANOVA
ER( 174.1 <0.001 1039.18 34639 ANOVA
vigl 55.048 <0.00 77.000 25.6667 ANOVA
vig2 6554 <0.001 42006 14002.0 ANOVA
All genes 1151.96 0.001 172679 57560  Permanova
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Fig. 1 Expression of a
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pollution and, hence, take rapid mitigation actions. Prompt
actions are crucial for G. yucatana as its population has been
decreasing dramatically in recent years, and petroleum leak-
age or spill events present a real threat to the species
(Chakrabarty et al., 2016).

In our study, the expression of the genes analysed generally
peaked at a concentration of 19.51 pg/L after 48-h exposure to
PAH extract, but some gene inductions were detectable even
at 24 h (Figs. 3 and 4). Therefore, the impacts of oil contam-
inants could be identified as early as 24 h after the fish had
contact with PAH components. Out of the 16 major PAHs, we
only detected 10 (Table 2), which seems unusual. However,
this discrepancy could be attributed to the fact that PAHs
present in complex mixtures vary significantly from oil to
oil because of microbial activity, evaporation and/or
photodegradation (Bera et al., 2019; Tao et al., 2019).

Renddon-von Osten et al. (2019) have previously shown
that oestrogen 178-estradiol (E2) caused endocrine disruption
in G. yucatana. The PAHs can also act in the environment as
ED, which interfere with the homeostasis of organisms by
mimicking endogenous hormones (Chen et al., 2019; Yang
et al., 2020; Zhang et al., 2016). One of the main PAHs that
can cause damage is BaP, which can drive endocrine disrup-
tion in many vertebrates (Yang et al., 2020; Honda and
Suzuki, 2020; Zhang et al., 2016). In all treatments of the

present study, the muscles of G. yucatana bioaccumulated
BaP more frequently than other PAHs (molecular weight =
252.3) (Table 2). The intoxication signs that occurred in our
experiment were similar to the physical and behavioural signs
of intoxication previously reported for G. yucatana (Aguilar
et al., 2020) and Carassius auratus when exposed to PAHs
(Lu et al., 2009).

Expression of vtg and esr genes

In teleosts, oestrogen steroid hormones influence a wide range
of physiological processes, affecting specific ERs of the nu-
clear receptor superfamily of ligand-activated transcription
factors. The ERs ERox and ERf3 are activated by E2, inducing
the formation of ER homo- or heterodimers that then activate
nuclear and extranuclear signalling pathways (Amenyogbe
et al., 2020). However, ERs can be activated by EDCs, which
can imitate, antagonise or not have an effect on the actions of
natural steroid hormones (Carnevali et al., 2018). In relation to
PAHs, it has been reported that both exposure to individual
compounds and complex mixtures can generate an agonist or
antagonistic effect on the expression of genes that encode
proteins that act in reproduction, such as Vtg (Vignet et al.,
2016). Thus, many authors recognise that both individual
PAH compounds and complex mixtures act as ED
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Fig. 2 Expression of a estrogen
receptor « (esr/) and b estrogen

~
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(Diamante et al., 2017; Booc et al., 2014; Arukwe et al., 2008;
Seruto et al., 2005), even though their estrogenic and or anti-
oestrogenic properties are not entirely clear.

The synthesis of ERs is induced by oestrogens or EDCs
(Amenyogbe et al., 2020). There is also the possibility that
AhR, responsible for the synthesis of CYP1A (enzymes in-
volved in PAHs metabolism), affects the expression of esrs
(Vignet et al., 2016). Some studies have investigated the in-
teractions between ER and AhR, which is another ligand-

activated nuclear transcription factor that forms a heterodimer-
ic nuclear complex with AhR nuclear translocator protein, and
it appears that these two receptors act in interdependently
(Abdelrahim et al., 2006; Liu et al., 2006). The AhR and ER
interact physically (Abdelrahim et al., 2006), and it appears
that AhR response modulation depends on ER, where ER can
increase, decrease or simply not alter the ligand-activated AhR
response (Vondracek et al., 2018). The differences in ER-AhR
interactions cannot be fully resolved but may be due, in part,

Fig. 3 Expression of aryl X —
hydrocarbon receptor (AAZR) gene < _
in Gambusia yucatana submitted < 300 .
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to the cell context and the specific response (Vondracek et al.,
2018). The increase in esrs expression in fish exposed to
EDCs may therefore be generated both by direct induction
of the ER signalling pathway in the presence of EDCs and
by an increase in AhR expression, indicating that the mecha-
nisms of detoxification and disruption are closely related.
Previous studies have demonstrated that ERs, especially
ER«, regulate various oestrogenic actions in female fish, main-
ly in vitellogenesis and oestrogen overload (Yan et al., 2012;
Huang et al., 2010; Marlatt et al., 2010). The Vtg is a
phospholipoglycoprotein precursor of egg yolk produced by
hepatocytes in females and regulated by E2 (Shaya et al.,
2018), which binds to ERs to activate the ER signalling path-
way that instructs the liver to synthesise Vtg and secrete it into
the bloodstream (Chen et al., 2019). However, when male fish
are exposed to E2 or other EDCs, they can bind to ERs, gen-
erating an ER homodimer complex that recruits additional tran-
scription factors, which then increase gene transcription and the
synthesis of oestrogen-inducible proteins, such as Vtg (Kent
et al., 2001). Therefore, exposure to EDCs can lead to the
production of Vtg in male fish, which otherwise could not be
produced (Burgos-Aceves et al., 2016; Yamamoto et al., 2017).
We observed the peak expression of esr/ and esr2 in male
specimens of G. yucatana at a concentration of 19.51 ug/L,
mainly 48 h after exposure to the PAH extract (Fig. 2).
Exposure to PAH extract increased the expression of esr/
more significantly than that of esr2 in the liver of male
G. yucatana specimens (Fig. 2). This finding is consistent
with Davis et al. (2010), who reported that male specimens
of tilapia (Oreochromis mossambicus) injected with E2
showed an apparent increase in esr/ liver expression and a
slight effect on esr2 expression. Likewise, Yan et al. (2012)
exposed male goldfish (C. auratus) specimens to a combina-
tion of E2 and BaP and also found that these substances in-
creased the expression of esr/ in the liver, with only a slight
effect on esr2. Our results demonstrate that ER«x is the dom-
inant ER that regulates oestrogenic effects, as the positive
regulation of ers/ expression correlated with the increase in
Vtg mRNA induction in males of G. yucatana (Fig. 1). We

3.89 927 19.51 (ug. LY

detected Vtg induction in males of G. yucatana, with the ex-
pression of vtg/ and 2 reaching a peak at the concentration of
19.51 ng/L (Fig. 1). We noticed an increase in v¢g/ expression
as early as 24 h after exposure to PAHs at concentrations of
9.27 and 19.51 pug/L and in v#g2 at a concentration of 3.89
ug/L (Fig. 1).

Previous studies have reported a similar induction of Vtg
synthesis, where E2 and EDCs act as agonists, inducing the
production of Vtg in male fish. For example, Wang et al.
(2015) demonstrated that the injection of E2 induced (10
mg/kg) plasma Vtg in male goldfish (C. auratus) after 7 days
of exposure. Bowman et al. (2002) reported that the plasma
Vtg of males of the largemouth bass (Micropterus salmoides)
increased 48 h after the injection of E2 (in concentrations of
0.05, 0.5, 5.0 mg/kg). Furthermore, Prasatkacw et al. (2019)
showed an increase in plasma Vtg levels in male sea bass
(Lates calcarifer) 3 days after exposure to 2 mg/kg of E2.
Finally, Rodas-Ortiz et al. (2008) found that O. niloticus ex-
posed to BaP produced more Vtg, indicating that this EDC has
oestrogenic effects. Yan et al. (2012) also observed that BaP
induces the expression of esrs in male goldfish.

However, several other studies have reported that EDCs
also act as antagonists of protein synthesis in the reproduction
of female fish, decreasing their reproductive capacity. For
example, Gao et al. (2018) exposed adult female zebrafish
(Danio rerio) to BaP and reported a negative regulation of
ersl, ers2, vtgl and vtg2. Zheng et al. (2006) observed a
decrease in the levels of Vtg and ERs in females of
Sebastiscus marmoratus after exposure to BaP. Similarly,
Smeets (1999) found an antiestrogenic effect of BaP as it
decreased the levels of Vtg in the hepatocytes of female carp
specimens (Cyprinus carpio).

In our experiment, the PAH extract appears to have func-
tioned as a xenoestrogen, inducing the expression of esr and
vtg through the ER signalling pathway in male fish. We be-
lieve that PAHs, in males of G. yucatana, are critical inducers
of Vtg and ERs and potential endocrine disruptors. Due to the
higher concentration of BaP, it is possible that this EDC is
primarily responsible for our results. However, it is important
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to consider that our research evaluated the effects of a PAH
extract (and potentially other hydrocarbon substances), and
further research into using both BaP and other PAHs in isola-
tion would be necessary to obtain more robust conclusions
about the effect of PAHs as endocrine disruptors in
G. yucatana. Although the estrogenic and/or antiestrogenic
properties of PAHs in fish are not entirely clear, PAHs often
act as ED in fish, as already mentioned, as they alter the ER
signalling pathway either by induction or antagonism.
Therefore, the effect observed in our study indicates a serious
risk for the populations of G. yucatana, since the reproductive
success of this species can be affected in the presence of
PAHs. In relation to fish, EDCs can seriously alter sex ratios,
reduce fecundity, affect reproduction, cause a decline of fe-
cundity and gamete quantity, alter the production of vitello-
genin in males, change the intersex condition and collapse fish
populations (Belcher et al., 2019; Teta and Naik, 2017).

Expression of AhR and CYP3A response genes

The gene AAR participates in the production of CYP1A phase
I biotransformation enzymes, representing a metabolic re-
sponse to the detoxification of PAHs, which activate AhR,
inducing CYPIA expression in fish and mammals (Hahn,
2002; Choi et al., 2011). Although biotransformation general-
ly detoxifies the contaminant, the action of CYP450 complex
enzymes can also generate toxic metabolites that contribute to
the increased risk of cancer, embryonic deformations and
other deleterious effects (Nebert and Karp, 2008). For exam-
ple, naphthalene generates reactive intermediates
(naphthoquinones) after biotransformation of the CYPIA
phase, which can cause oxidative stress, DNA damage and
lipid peroxidation in the brain and liver of fish and mammals
(Bagchi et al., 2002). Here, naphthalene was found in the
water but not in the fish tissues. A previous study has reported
a strong biotransformation of PAHs at the concentrations of
8.73, 17.46 and 34.95 ug/L in G. yucatana, as well as oxida-
tive stress (Aguilar et al., 2020). Based on this, our results lead
us to infer that the biotransformation system of G. yucatana is
activated by PAHs, as expected. However, an increase in the
expression of AhR may also be associated with an increase in
the expression of esrs, as already mentioned. Thus, it is be-
lieved that in G. yucatana, the increase in AhR expression is
also indicative of endocrine disruption caused by PAHs.

The CYP3A—another subfamily of cytochrome P450—
participates in the metabolism of steroids and xenobiotics in
fish (Hegelund and Celander, 2003; Kullman and Hinton,
2001). Fish CYP3A proteins are mainly expressed in the liver
and intestine, suggesting that these enzymes act in the first-
pass metabolism of xenobiotics (Della-Torre et al., 2010) and,
similar to CYP1A, can metabolize xenobiotics and generate
toxic metabolites. The CYP3A metabolises BaP in vertebrates
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(James et al., 2005), and fish exposed to BaP increase the
expression of the CYP3A gene (Nebert and Russell, 2002).
Although the metabolism of BaP by CYP3A has already been
reported, here, exposure to PAH extract induced the expres-
sion of CYP3A, which indicates that PAHs were metabolised,
but also that BaP was the PAH that occurred in greater quan-
tity in the muscles of G. yucatana in the treatment of 19.51
png/L in 48 h of exposure (Table 2). This indicates that this
EDC was not completely metabolised. That is, in G. yucatana,
exposure to PAH extract may generate toxic metabolites, as
well as intoxication by the fraction of the non-metabolised
components. It is likely that although CYPs are able to
biotransform part of the PAHs, another part is bioaccumulated
due to the relatively high levels of PAHs bioavailable in the
water.

The toxicity as well as the mutagenic and carcinogenic
potential of BaP have been described elsewhere (Labib et al.
2013), and several studies have demonstrated that BaP expo-
sure may damage fish in various ways. For example, BaP
exposure may result in the generation of ROS, leading to toxic
effects via numerous cellular processes (Cui et al., 2019). The
lipid metabolism of Xenopus tropicalis was impaired by BaP,
leading to hepatotoxicity (Regnault et al., 2014). Therefore,
the activity of BaP as an endocrine disruptor is generally con-
sidered secondary (Booc et al., 2014). However, some studies
have already demonstrated that it is a potential endocrine
disruptor in fish, and many countries and regions have includ-
ed BaP in their endocrine-disrupting chemical screening pro-
grams (Cai et al., 2018). The detoxification mechanism of BaP
is complex; for example, Cai et al. (2018) reported that short-
term exposure to BaP can adversely affect detoxification and
lipid metabolism in the liver of Mugilogobius chulae. Feng
et al. (2020) have reported that BaP damages immunity and
enhances the consumption of the available energy stored to
activate detoxification mechanisms in G. affinis. However,
according to Booc et al. (2014), there is no doubt that it acts
as an endocrine disruptor. In their experiment, the authors
exposed males and females of Fundulus heteroclitus to BaP
and noticed a decrease in the concentration of circulating
oestrogen in females and of testosterone in males (Booc
etal., 2014).

In view of our findings and the data found in the literature,
we can infer that the male specimens of G. yucatana positively
regulated the CYP3A gene to produce more hepatic CYP3A
to metabolise BaP and other components of the PAH extract.
We believe that BaP may be one of the main PAHs responsi-
ble for inducing the expression of the CYP3A gene in
G. yucatana; however, we understand that we cannot consider
it in isolation since G. yucatana was exposed to a complex of
PAHs, where BaP was already present at a greater concentra-
tion. For this reason, we suggest that future experiments
should be conducted to clarify the mechanisms of ED caused
by PAHs in G. yucatana.
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Conclusions

This study demonstrates the effects of PAHs as EDCs on the
reproduction of the G. yucatana. We found reproductive
changes, such as increases in the hepatic expression of vig
and esrs in male fish (mainly in the higher concentrations).
We also found the same pattern of A#ZR and CYP3A hepatic
expression, demonstrating an increase in the metabolism of
xenobiotics of G. yucatana.

Based on our results, BaP appears to be the main driver of
the effects observed in G. yucatana. However, as the experi-
ment was performed using a PAH mixture, we cannot state
this conclusively before more specific studies are carried out.

Due to oil exploration in the Gulf of Mexico, a region with
a high risk of oil spill accidents, Gambusia yucatana may
often to be under the action of PAHs dissolved in water.
Thus, in addition to acute exposure studies (such as ours),
we recommend that future studies on this topic should focus
on the effects of chronic exposure to PAHs.
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