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The neuroendocrine control of reproduction is strictly coordinated at the central level by the pulsatile release of
gonadotropin-releasing hormone (GnRH) by the hypothalamic GnRH neurons. Alterations of the GnRH-network,
especially during development, lead to long-term reproductive and systemic consequences, also causing infer-
tility. Recent evidence shows that benzo[a]pyrene (BaP), a diffuse pollutant that can play a role as an endocrine
disruptor, affects gonadal function and gamete maturation, whereas data demonstrating its impact at hypotha-
lamic level are very scarce. This study investigated the effects of BaP (10 pM) in a primary cell culture isolated
from the human fetal hypothalamus (hfHypo) and exhibiting a clear GnRH neuron phenotype. BaP significantly
decreased gene and protein expression of both GnRH and kisspeptin receptor (KISS1R), the master regulator of
GnRH neuron function. Moreover, BaP exposure increased phospho-ERK1/2 signaling, a well-known mechanism
associated with KISS1R activation. Interestingly, BaP altered the electrophysiological membrane properties
leading to a significant depolarizing effect and it also significantly increased GnRH release, with both effects
being not affected by kisspeptin addition. In conclusion, our findings demonstrate that BaP may alter GnRH
neuron phenotype and function, mainly interfering with KISS1R signaling and GnRH secretion and therefore with
crucial mechanisms implicated in the central neuroendocrine control of reproduction.

sign of GnRH-positive cells into the fetal hypothalamus has been
detected by the ninth week of gestation (Bloch et al., 1992). Once
reached their final location, GnRH neurons conclude their maturation

1. Introduction

The small neuronal population of gonadotropin-releasing hormone

(GnRH)-secreting neurons, located into the preoptic area (POA) of the
hypothalamus, represents the central regulator of the hypothalamic-
pituitary-gonadal (HPG) axis and controls the initiation and mainte-
nance of reproductive function in mammals. During the human onto-
genesis, GnRH-secreting neurons originate outside the brain from
progenitors located in the medial part of the olfactory placode and
migrate along the route of the olfactory nerves to enter the forebrain and
finally reach their appropriate location into the hypothalamus (Casoni
et al., 2016; Schwanzel-Fukuda et al., 1996; Wray, 2010). The earliest
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starting to release, in a pulsatile manner, the GnRH peptide into the
pituitary portal blood circulation. The latter controls the gonadotropin
secretion by the anterior pituitary and, consequently, sex hormone
production and gametogenesis at peripheral gonadal level. This activity
is effective during gestational and neonatal period, then it is dampened
for a long time until specific permissive signals determine the reawak-
ening of GnRH neurons at the onset of puberty, when a complex regu-
latory network finely regulate the pulsatile GnRH release. In particular,
kisspeptin, a peptide encoded by KISS1 gene and produced by a discrete
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population of hypothalamic neurons, represents the master regulator of
GnRH-secreting activity (Tng, 2015) at the puberty onset, as well as
during adulthood. Indeed, GnRH neurons express the kisspeptin recep-
tor, KISSIR (also referred to as GPR54), through which the
kisspeptin-synthesizing neurons mediate a wide range of hormonal and
metabolic signals known to regulate GnRH secretion (Rgnnekleiv and
Kelly, 2013). Failure of GnRH neuronal migration and/or defects of
GnRH system maturation and hormone secretion results in alteration of
sex maturation and reproductive competence leading to infertility.

Epidemiological studies and pre-clinical investigations in animal
models revealed that increasing environmental pollution is becoming a
serious issue for the correct function of the HPG axis and, in general, for
human health (Segal and Giudice, 2019). The endocrine-disrupting
compounds (EDCs) are ubiquitous contaminants present in the envi-
ronment in many different forms. They can affect the endocrine ho-
meostasis by altering hormone secretion or their targets and
mechanisms of action (Gore et al., 2015; Marraudino et al., 2019; Street
et al., 2018). These environmental factors influence the reproductive
system by different mechanisms that can be more dangerous during
critical periods of development, such as fetal and perinatal life. Benzo[a]
pyrene (BaP), a polycyclic aromatic hydrocarbon (PAH), is a harmful
and widespread environmental toxicant that acts as EDC (Simeckova
et al., 2022). BaP results from the incomplete combustion of organic
substances, and it is present in industrial production, forest fires, ciga-
rette smoke, vehicular emissions, contaminated food and water (Aleg-
beleye et al., 2017). It is also persistent in the environment for long
periods due to its limited water solubility and high affinity for particu-
late matter (Kanaly and Harayama, 2000). Although several studies of
chronic BaP exposure demonstrated that cancerogenic risk is the most
common outcome, growing evidence indicates that BaP may cause
neurodevelopmental and reproductive toxicities in both males and fe-
males (Alamo et al., 2019; Bolden et al., 2017). Effects on semen quality
and fertility have been reported for men exposed to BaP (Hsu et al.,
2006; Soares and Melo, 2008). In vivo studies have shown that BaP can
cross the blood-testis barrier (Inyang, 2003), causing sperm DNA dam-
age and affecting spermatogenesis (Mohamed et al., 2010; Revel et al.,
2001). Moreover, several studies have demonstrated that BaP affects the
ovarian follicles and oocyte DNA (Einaudi et al., 2014; Neal et al., 2007;
Ramesh et al., 2010). Finally, urine PAH concentration, as a biomarker
of BaP exposure, is inversely related to fertilization rate in assisted
reproduction (Jeng et al., 2013; Netter et al., 2020).

Despite the extensive research on BaP toxicity at the peripheral
gonadal level, very little is known about the effect of BaP exposure at the
central level on the GnRH regulatory network. As most lipophilic com-
pounds, BaP can easily cross the blood-brain barrier (BBB), directly
reaching neurons in the central nervous system (CNS) (Das et al., 1985;
Saunders et al., 2001). Moreover, in the case of GnRH-secreting neurons
it is known that they project their dendrites to the circumventricular
regions, outside the BBB (Herde et al., 2011), and are therefore partic-
ularly vulnerable to circulating toxicants, including BaP. Indeed, the
effect of BaP on the CNS has been well documented by several evidences
reporting behavioral deficits and cognitive decline both in animal
models and in humans (Liu et al., 2020; Niu et al., 2010; Saunders et al.,
2006). However, data on central GnRH system alterations by BaP
exposure are just limited to few recent researches on teleosts (Gao et al.,
2018; Wang et al., 2019). Overall, knowledge about GnRH neurons
biology is mainly based on animal models and immortalized cell lines,
either of mouse (Mellon et al., 1990; Radovick et al., 1991) or rat
(Mansuy et al., 2011) origin, while information from human models are
limited. In this regard, we recently demonstrated that BaP exposure
interferes with the migratory properties and thereby with the correct
maturation of GnRH neuroblasts isolated from the human fetal olfactory
epithelium (Guarnieri et al., 2021), while data concerning the effects of
BaP on human GnRH neurons at hypothalamic level are still lacking. We
previously established and characterized a primary culture of human
hypothalamic neurons (hfHypo) with a GnRH-secreting phenotype,
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isolated from the fetal brain at 12 weeks of gestation (Sarchielli et al.,
2017). This stage of fetal development corresponds to a wide distribu-
tion of GnRH cell bodies and fibers in the hypothalamus (Casoni et al.,
2016). In the present study, we took advantage of hfHypo cells to better
identify the effects of BaP exposure on human GnRH neuron maturation
and function. Although obtained in vitro in a simple model, the results
are the first evidence of the deleterious effects of BaP in GnRH neurons
of human origin.

2. Materials and methods
2.1. Cell cultures and reagents

All the experiments were performed using a primary culture of
human fetal GnRH-secreting neurons (hfHypo) previously established
and characterized (Sarchielli et al., 2017). The cell culture was isolated
from the hypothalamus of a 12-week old fetus from voluntary abortions
according to the Italian National Institute of Health ethical guidelines,
after written informed consent of the mother (ID: 20,028/13, released
on 09/20/2013) and with the approval of National Ethics Committee
and the local Ethics Committee for investigation in Humans (Protocol
Number: 678,304; University of Florence). Briefly, tissue was enzy-
matically digested and dispersed by pipetting in an appropriate culture
medium (Coon’s modified Ham’s F12; Sigma-Aldrich Corp., St. Louis,
MO, USA) with the supplementation of 10% fetal bovine serum (FBS;
Euroclone, Milan, Italy). hfHypo cells were cultured in a controlled at-
mosphere (5% CO-) at the temperature of 37 °C. BaP (Sigma-Aldrich
Corp.) was dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich Corp.)
at 50 mM concentration as stock solution.

2.2. Immunocytochemistry

GnRH immunostaining was performed as already reported (Guar-
nieri et al., 2021). Briefly, hfHypo cells were fixed using para-
formaldehyde 2% dissolved in PBS (phosphate buffered saline;
Sigma-Aldrich Corp.), permeabilized with Triton X-100 0.1% (Sig-
ma-Aldrich Corp.) and blocked with BSA 1% (bovine serum albumin;
Sigma-Aldrich Corp.). Immunofluorescence staining was performed
using a rabbit polyclonal anti-GnRH primary antibody (1:100; Abcam,
Cambridge, UK), followed by incubation with Alexa Fluor 488-conju-
gated secondary antibodies (1:200; Molecular Probes, Eugene, OR,
USA). ProLlong Gold antifade reagent with 4',6'-dia-
midino-2-phenylindole dihydrochloride (DAPI; Molecular Probes) was
used for mounting slides and counterstaining nuclei. Images were
collected using Nikon Microphot-FXA microscope (Nikon, Tokyo,
Japan).

2.3. Flow cytometry

Flow cytometry analysis was performed as previously published
(Guarnieri et al., 2021). Briefly, hfHypo cells (2 x 105) were firstly fixed
in PBS with paraformaldehyde 2%, next resuspended in wash buffer
(PBS with 1% FBS), incubated with anti-GnRH (1:100; Abcam) and
anti-KISS1R (1:150; Alomone Labs, Jerusalem, Israel) primary anti-
bodies, followed by the staining with the secondary antibody Alexa
Fluor 488 goat anti-rabbit IgG (1:200; Molecular Probes). Negative
controls were assessed by avoiding anti-GnRH and anti-KISS1R primary
antibodies, while autofluorescence was evaluated in cells without both
primary and secondary antibodies. Cells preparations were evaluated on
a FACSCanto II instrument (BD Pharmingen). BD FACSDiva Software
(BD) and FlowJo v10 (Tree Star Inc., Ashland, OR, USA) were used to
analyze the obtained data. At least three separate experiments were
assessed for obtaining statistical significance (Whittaker et al., 2015).
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2.4. Quantitative RT-PCR analysis

Gene expression analysis was performed by quantitative real-time
RT-PCR (qRT-PCR) as previously published (Sarchielli et al., 2017),
with minor modifications. First, RNeasy Mini kit (Qiagen, Hilden, Ger-
many) and iScript™ c¢DNA Synthesis Kit (Bio-Rad Laboratories, Hercu-
les, CA, USA) were used for RNA extraction from 2 x 10° hfHypo cells
and cDNA synthesis, respectively, both following the manufacturers’
instructions. Quantitative expression of target genes by qRT-PCR was
performed using SsoAdvanced Universal SYBR® Supermix and the
CFX96 Two-Color Real-Time PCR Detection System (both Bio-Rad
Laboratories), as appropriate. Specific primers and probes used were
predeveloped assays by Life Technologies (Carlsbad, CA, USA) or
custom made by sequences available at NCBI GenBank (https://www.
ncbi.nlm. nih. gov/) or Ensemble Genome (http://www.ensembl.org).
The 18 S ribosomal RNA subunit was measured with a predeveloped
assay (Hs99999901 s1, Life Technologies) and taken as reference gene
for the quantitation of the target genes. Relative quantification was
performed using the comparative threshold cycle (Gt) 2724 method
(Livak and Schmittgen, 2001). At least three separate experiments, each
including three independent biological replicates, were performed and
analyzed for obtaining statistical significance.

2.5. MTT assay

BaP cytotoxicity was assessed by MTT assay (Sigma-Aldrich Corp.) as
already described (Guarnieri et al., 2020). hfHypo cells (8 x 10% per
well) were seeded in 96 multi-well plates and, after 24 h, serum-starved
(8 h) and then treated with different concentrations of BaP (0.2, 1, 10,
20 and 60 pM) for additional 24 h. Culture medium was next discarded
and equal amount of MTT solution (Sigma-Aldrich Corp.) was added for
3 h at 37 °C. The absorbance was read at 450 nm using a Multiscan FC
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Data
were shown as a percentage of the control, taken as 100% (mean +
SEM). All experiments were in quadruplicate and at least three different
experimental setups were assessed for obtaining statistical significance.

2.6. Intracellular ROS detection

Intracellular ROS production was analyzed by flow cytometry using
the oxidation-sensitive fluorescent probe H2DCF-DA (Invitrogen,
Carlsbad, CA, USA), as already described with minor modifications
(Pensalfini et al., 2008). Briefly, 2 x 10° hfHypo cells were washed in
PBS and incubated with 1 pM H2DCF-DA in pre-warmed DMEM medium
without serum and phenol red for 30 min at 37 °C in the dark.
H2DCF-DA is a non-fluorescent indicator that can easily penetrate the
cells where can be oxidized by ROS generating the fluorescent form 2/,
7'-dichlorofluorescein (DCF). After labeling, hfHypo cells were washed
and resuspended in PBS and immediately analyzed using a FACSCanto™
flow cytometer (Becton-Dickinson, San Jose, CA, USA). The cell flow
rate was set to about 1000 cells/s and the gates were defined by forward-
and side-scatter measurements of the relative unlabelled cell population.
Negative controls were assessed analyzing autofluorescence of un-
stained cells. The fluorescence properties of 20,000 cells were collected
and analyzed using FloJo software (Tree Star, Inc.) (Becatti et al., 2016).
Three different sets of experiments were assessed for obtaining statisti-
cal significance.

2.7. Total antioxidant capacity (TAC) assay

Total antioxidant capacity (TAC) was estimated by oxygen radical
absorbance capacity (ORAC) method as previously described, with
minor modifications (Becatti et al., 2018). Briefly, 6 nM fluorescein
solution (from a 4 pM stock) was prepared in 75 mM sodium phosphate
buffer with pH 7.4, at the time of the experiment. Trolox, a water-soluble
vitamin E analog, was used as standard-solution at final concentration of
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250 pM. Protein lysate of each sample was pre-incubated with 100 pL of
fluorescein solution for 30 min at 37 °C, before rapidly adding 19 mM 2,
2'-azobis (2-amidinopropane) dihydrochloride (AAPH) solution. Fluo-
rescence emitted by the oxidation of fluorescein after the thermal
decomposition of AAPH was detected by a Fluoroskan Ascent Microplate
Fluorometer (Thermo Fisher Scientific) with 485 nm excitation and 537
nm emission. Data were reported as Trolox Equivalents (uM) normalized
for protein concentration. Three different experiments were assessed for
obtaining statistical significance.

2.8. GnRH release assay

The GnRH release in the culture medium was measured using LH-RH
Fluorescent EIA Kit (Phoenix Pharmaceuticals Inc., Burlingame, CA,
USA) according to manufacturer’s instructions. Briefly, 2 x 10° hfHypo
cells were cultured in serum-free condition in the presence or absence of
BaP (10 uM) for 24 h. Collected media were purified using Strata C18/E
200 mg/3 ml columns (Phenomenex, Torrance, CA, USA) and lyophi-
lized with LIO-5P DIGIT instrument (Tecnodinamica Moderna srl,
Monterotondo Scalo, Italy), as previously described (Morelli et al.,
2008). Next, lyophilized samples were reconstituted in 150 pl of assay
buffer and immediately used for the GnRH quantification. The resulting
fluorescence was evaluated with BioTek Synergy H1 Hybrid plate reader
(Agilent, Santa Clara, CA, USA). Three separate experiments, each
including three independent biological replicates, were performed and
analyzed for obtaining statistical significance.

2.9. Western blotting

Extraction of protein from 2 x 10> hfHypo cells was performed using
the RIPA buffer (Thermo Fisher Scientific) with the addition of protease
inhibitors cocktails (1:100; Sigma-Aldrich Corp.) according to the
manufacturers’ instruction. Quantification of the protein extracts was
carried out by Coomassie protein assay kit (Bio-Rad Laboratories). Ali-
quots containing 30 pg of protein extract were processed for immuno-
blotting as previously reported (Sarchielli et al., 2018). Briefly, proteins
extracts were subjected to protein molecular weight on SDS-PAGE and
transferred on polyvinylidene difluoride membranes (GE Healthcare,
Little Chalfont, UK). After blocking in 3% BSA in PBS, membranes were
incubated with the following primary antibodies: mouse monoclonal
anti-pERK1/2 (Cell Signaling Technology, Danvers, MA, USA; 1:2000),
rabbit polyclonal anti-ERK1/2 (Cell Signaling Technology; 1:1000),
rabbit polyclonal anti-KISS1R (Alomone Labs; 1:500), and rabbit poly-
clonal anti-o-tubulin (Cell Signaling Technology; 1:1000).
Peroxidase-conjugated secondary anti -mouse or -rabbit antibodies
(Santa Cruz Biotechnology, CA, USA) were used (1:5000 in PBS), as
appropriate. Blots were visualized using the enhanced chem-
iluminescence system LiteAblot extend (Euroclone) and the acquisition
was achieved with Amersham Hyperfilm (GE Healthcare). Densito-
metric analysis was quantified by ImageJ software (https://imagej.net/)
and a-tubulin protein was used as reference for normalization. At least
four different experiments were assessed for obtaining statistical
significance.

2.10. Electrophysiological records

The whole cell patch-clamp technique, both in current- and voltage-
clamp conditions, was performed as previously described (Sarchielli
et al., 2017). The cells were continuously superfused with a physiolog-
ical solution having the following composition (mM): 150 NaCl, 5 KCl,
2.5 CaCly, 1 MgCly, 10 D-glucose and 10 HEPES. The patch pipettes were
filled with an internal solution containing (mM): KCl 130, NaH;PO4 10,
CaCly 0.2, EGTA 1, MgATP 5 and HEPES/KOH 10. Once filled, the
pipette resistance measured 1-2 MQ. The pH was set to 7.4 with NaOH
for external solution and to 7.2 with tetraethyl ammonium hydroxide
(TEA-OH) for the internal solution.
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The resting membrane potential (RMP) was recorded in the current-
clamp mode, by applying a stimulus I = 0 nA. The membrane passive
properties, cell resistance (Rp,), resting conductance (Gy,) and linear
capacitance (Cy,), were evaluated in voltage clamp mode starting from a
holding potential (HP) of —70 mV, by applying two 75-ms step voltage
pulses to —80 and —60 mV, as detailed in previous papers (Squecco
et al.,, 2015). The Ry, and its reciprocal value, Gy, (calculated from
1/Ry), are indicative of the membrane permeability, whereas Cp, is
related to the cell surface area. Thus, the ratio Gp,/Cy, represents the
specific conductance.

The currents flowing through transient receptor potential canonical
(TRPC)-like cationic channels were isolated with the use of GdCls, as
previously published (Sarchielli et al., 2017). Briefly, we applied a pulse
protocol of stimulation consisting of 200-ms step pulses ranging from
—80 to 0 mV, in 10 mV-increments, starting from a HP = —60 mV. The
current actually flowing through TRPC (Itgpc) was obtained by sub-
tracting from the current evoked by the test pulses the residual current
recorded at least 3 min after the addition of the TRPC blocker gadolin-
ium chloride (GdCls; 50 pM; Sigma-Aldrich Corp.) in the bath solution at
the end of the trial.

To compare correctly the currents recorded from different cells, the
current amplitude was consistently normalized to Cp,, and reported as
current density, I/Cp,.
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2.11. Statistical analysis

Data were expressed as mean + standard error of mean (SEM), or
standard deviation (SD) or median =+ interquartile range, as appropriate.
Student’s unpaired t-test or one-way ANOVA followed by Bonferroni’s
correction for multiple comparison were performed, as appropriate, to
determine statistical significance which was defined as p < 0.05. In the
electrophysiological experiments n represents the number of cells. Re-
sults were evaluated using the Statistical Package for the Social Sciences
(SPSS v.28.0; SPSS Inc., Chicago, IL, USA; https://www.ibm.
com/support/pages/downloading-ibm-spss-statistics-25).

3. Results
3.1. Cytotoxicity and metabolism of BaP in hfHypo

The GnRH phenotype of hfHypo cells was confirmed as already
published (Sarchielli et al., 2017). In particular, the identity of hfHypo
as GnRH-secreting neurons was demonstrated by a strong immunopo-
sitivity to GnRH, as assessed by both immunocytochemistry and flow
cytometry analyses (Fig. 1A and B). By qRT-PCR analysis, we also
confirmed that hfHypo cells express specific genes of the GnRH neuron
phenotype, such as the neuronal marker f-tubulin IIT as well as GnRH1
and KISS1R (Fig. 1C). Moreover, to better characterize the hfHypo cells
phenotype, we analyzed the expression of sex hormone receptors
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Fig. 1. Hypothalamic GnRH neurons characterization and mRNA expression profile of hfHypo culture. A) Representative image of hfHypo cells expressing
GnRH (green) as demonstrated by immunofluorescence analysis; blue-colored DAPI counterstained nuclei are also shown; scale bar: 50 pm. B) Representative
overlaid histogram of GnRH expression (yellow peak), as detected in hfHypo cells by flow cytometry analysis. Negative control is light grey peak. (C-E) Relative
mRNA expression by qRT-PCR analysis of target genes normalized over 18 S ribosomal RNA subunit, taken as the housekeeping gene, and showed as mean + SEM (n
= 9). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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implicated in GnRH neuron function and we observed high mRNA levels
of the androgen receptor (AR) and the membrane estrogen receptor
GPER1 (G Protein-Coupled Estrogen Receptor 1) accompanied by low
expression levels of the nuclear ERJ transcripts, while ERa mRNA
expression was not detected (Fig. 1D). In addition, to explore the ability
of hfHypo cells to directly respond and metabolize BaP, we verified that
hfHypo cells expressed high levels of aryl hydrocarbon receptor (AhR)
mRNA, which mediates intracellular signaling of BaP, as well as both
CYP1A1 and CYP1B1, two cytochrome P450 isoforms responsible for the
metabolic activation of BaP, with CYP1B1 mRNA being more abundant
than CYP1A1 (Fig. 1E).

We next evaluated the cytotoxicity of BaP on hfHypo cells by MTT
assay. After 24 h of treatment, BaP (0.2-60 pM) induced significant
cytotoxicity in cells at concentrations greater than 10 uM, as compared
to untreated cells (p < 0.001; Fig. 2A). Based on these results the sub-
toxic concentration of 10 pM BaP was used for the subsequent experi-
ments, as relevant and commonly chosen concentration for in vitro
toxicity studies (Sarma et al., 2017; Slotkin and Seidler, 2009; Zhang
et al., 2022) and also selected as environmentally relevant dose (Chen
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et al., 2012; Slotkin et al., 2013).

Exposing hfHypo to BaP (10 pM for 24 h) induced a significant
decrease of AhR mRNA (p < 0.05; Fig. 2B), while both CYP1A1l and
CYP1B1 mRNA levels were significantly increased (p < 0.001; Fig. 2C
and D, respectively), as expected by the BaP-induced mechanisms for
these isoforms (Gelboin, 1980). In addition, a significant increase in
gene expression of cyclooxygenase-2 (COX-2), an inducible enzyme
associated to inflammation, was also observed in hfHypo cells treated
with BaP (10 pM for 24 h; p < 0.001; Fig. 2E), while mRNA expression of
the proinflammatory cytokine TNFa was unchanged by BaP exposure
(10 pM for 24 h; Fig. 2F).

Based on previous studies demonstrating that BaP and its metabolites
produce reactive oxygen species (ROS), which may cause oxidative
stress (Ji et al., 2013), we analyzed ROS generation in hfHypo cells. As
detected by the flow cytometry analysis, using a specific indicator of
cellular oxidative stress (H2DCF-DA), treating hfHypo with BaP (10 pM
for 24 h) significantly increased ROS production in comparison with
control cells (p < 0.05; Fig. 2G). We also observed that BaP determined a
significant 30% increase in total antioxidant capacity (TAC) in hfHypo
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Fig. 2. Cytotoxicity and effects on target genes of BaP in hfHypo cells. A) MTT analysis of BaP-treated hfHypo cells at different concentrations (0.2, 1, 10, 20 and
60 pM) for 24 h (dark grey bars); vehicle control (DMSO; white bar) was also included in the analysis; cell viability was reported as percentage of viable cells over
control (untreated cells; CTL; light grey bar), taken as 100% (mean + SEM; n = 12). B-F) qRT-PCR analysis indicating mRNA expression of target genes (AhR, arylic
hydrocarbon receptor; CYP1A1, cytochrome P450 1A1 isoform enzyme; CYP1B1, P450 1B1 isoform enzyme; COX-2, cycloxygenase-2, TNFa, tumor necrosis factor o)
in untreated (CTL, light grey box) and BaP-treated (10 pM for 24 h; dark grey box) hfHypo cells. Data are normalized over 18 S ribosomal RNA subunit, taken as the
housekeeping gene, expressed as percentage of CTL (median =+ interquartile range; n = 9). G) Representative overlaid histogram (left) and the bar graph (right) of
intracellular reactive oxygen species (ROS) production in hfHypo cells with (BaP, pink peak, dark grey bar) or without (CTL, green peak, light grey bar) BaP exposure
(10 pM 24 h), as detected by flow cytometry analysis. Data are expressed as percentage of CTL (mean + SEM; n = 3). H) Total antioxidant capacity in untreated (CTL,
light grey box) and BaP-treated (10 uM 24 h; dark grey box) hfHypo cells. Data are expressed as Trolox Equivalents (pmol), normalized for protein concentration (ug)

and reported as percentage of CTL (mean + SEM; n = 3). Statistical analysis was performed using unpaired Student’s t-test; *p < 0.05, ***p < 0.001 vs. CTL. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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cells, as detected by ORAC chemiluminescence method (p < 0.05;
Fig. 2H), thus confirming the presence of oxidative insult.

3.2. BaP affects GnRH neuron function

We next verified if BaP might interfere with GnRH neuron phenotype
and function. Gene expression analysis by QRT-PCR demonstrated that
24 h exposure to BaP (10 pM) significantly reduced GnRH1 mRNA
levels, when compared to untreated cells (p < 0.001; Fig. 3A), with no
effects on p-tubulin IIl mRNA expression (data not shown). Moreover, as
compared to untreated cells, BaP exposure significantly reduced AR (p
< 0.05; Fig. 3B) and increased GPER1 (p < 0.01; Fig. 3C), without
changing ERf mRNA expression (data not shown). Flow cytometry
analysis demonstrated that BaP (10 uM for 24 h) significantly decreased
GnRH levels in hfHypo cells also in terms of protein expression (p <
0.01; Fig. 3D). In particular, BaP significantly reduced the percentage of
GnRH-positive cells (46.93 + 4.66%) when compared to untreated cells
(78.47 + 3.38%; p < 0.01; Fig. 3E). Interestingly, when we analyzed the
GnRH-secreting ability of hfHypo cells we found that the amount of
GnRH released by the cells in the culture medium was significantly
increased by BaP exposure (10 pM for 24 h), as compared to untreated
cells (p < 0.01; Fig. 3F).

To further characterize the effect of BaP, we analyzed if the pollutant
might alter the response of hfHypo cells to kisspeptin. As shown in Fig. 4
(panels A-C), BaP exposure (10 uM for 24 h) significantly reduced both
gene (p < 0.05) and protein (p < 0.01) expression of KISS1R in com-
parison to untreated cells. Moreover, as expected (Kotani et al., 2001;
Sarchielli et al., 2017), exposing hfHypo cells to kisspeptin (1 pM for 15
min) determined a phospho-ERK1/2 increase, as evaluated by Western
blot analysis (p < 0.01; Fig. 4D). Interestingly, BaP treatment (10 pM)
for 24 h determined a significant induction of phospho-ERK1/2 and the

Environmental Pollution 317 (2023) 120766

addition of kisspeptin (1 pM for 15 min; p < 0.01) in BaP-treated cells
did not further increase this expression (Fig. 4D).

3.3. BaP affects electrophysiological properties and kisspeptin-mediated
response of hfHypo

Since hfHypo cells depolarize and release GnRH peptide in response
to kisspeptin by the activation of transient receptor potential canonical
(TRPC) channels (Zhang et al., 2008), we next performed electrophysi-
ological experiments to verify this functional aspect. As already reported
(Sarchielli et al., 2017), we confirmed that hfHypo cells normally
exhibited a resting membrane potential (RMP) of —45.8 + 7.4 mV,
which resulted significantly depolarized after the addition of kisspeptin
(1 uM) to the bath solution (p < 0.01; Fig. 5A). In the presence of GdClg
(50 pM), the specific blocker of TRPC channels, kisspeptin was no more
able to depolarize the cells (Fig. 5A). Pretreating hfHypo cells with BaP
(10 pM for 24 h) caused a significant depolarization of the RMP
compared to control cells that was not affected by the addition of kiss-
peptin, nor by GdCls (p < 0.01; Fig. 5A). However, BaP (10 pM for 24 h)
caused a significant decrease of cell resistance values, R,, compared to
untreated cells (p < 0.05; Fig. 5B), suggesting the ability of the pollutant
to determine some ion channels and/or hydrophilic pores to open, most
likely independently from TRPC activation.

To further investigate the mechanism through which BaP altered cell
membrane potential and better clarify if the unresponsiveness to kiss-
peptin of BaP-treated cells was due or not to interference with TRPC
channels, we analyzed other electrophysiological parameters, such as
the specific conductance, G,,/Cp, (Fig. 5C). While the patch clamp re-
cordings in control hfHypo cells showed that kisspeptin (1 pM) induced
a significant 3-fold increase of Gp,/Cy, (p < 0.01), which was markedly
inhibited by GdCl3 (50 pM), the pretreatment with BaP (10 pM for 24 h)
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Fig. 3. Effect of BaP on GnRH neurons phenotype. A-C) qRT-PCR analysis showing mRNA expression of target genes (GnRH1, gonadotropin-realizing hormone;
AR, androgen receptor; GPER1, G Protein-Coupled Estrogen Receptor 1) in untreated (CTL, light grey box) and BaP-treated (10 pM 24 h; dark grey box) hfHypo cells.
Data are normalized over 18 S ribosomal RNA subunit, taken as the housekeeping gene, and expressed as percentage of CTL (median =+ interquatile range; n = 9). D)
Representative overlaid histogram (left) and the bar graph (right) showing the mean fluorescence intensity for GnRH protein in control (untreated cells, CTL, red
peak, light grey bar), taken as 100%, and BaP-treated (10 pM for 24 h, light blue peak, dark grey bar), as detected in hfHypo cells by flow cytometry analysis. Data are
reported as mean + SEM (n = 3). E) Bar graph showing the percentage of GnRH-positive cells in untreated (CTL, light grey bar) and BaP-treated (10 pM for 24 h, dark
grey bar) hfHypo cells, as detected by flow cytometry analysis. Data are reported as percentage of positive cells (mean + SEM; n = 3). F) GnRH secretion in the
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did not affect G,/C, measures compared to control cells. Kisspeptin (1
pM) addition to the bath solution in BaP-treated cells again did not
induce significant increase of Gp,/Cp, and likewise adding GdCls (50
pM) in this condition did not cause further changes (Fig. 5C).

We next analyzed the currents evoked by a voltage step pulse pro-
tocol. Consistent with previous observations (Sarchielli et al., 2017)
acute addition of kisspeptin (1 pM) to the bath solution induced a clear
increase of current amplitude, that reverted towards control values in
the presence of GdCl3 (Fig. 5D). Notably, the baseline current (indicated
by the red arrow in Fig. 5D), positively related to the ion fluxes through
TRPC channels (Formigli et al., 2009), showed different values in the
three conditions, being increased by kisspeptin, and decreased towards
control values by GdCls addition (50 pM), as compared to control. In
contrast, the current traces evoked from BaP-treated cells showed a
similar baseline current in the three conditions (Fig. 5D), suggesting a
scarce effect of kisspeptin on TRPC current in cells pretreated with BaP.
In addition, when compared to records obtained in control hfHypo cells,
BaP-treated cells exhibited a quite different time course of the test
currents evoked by voltage steps that were more positive than —30/-20
mV, almost lacking the early outward transient current.

The kisspeptin-sensitive current flowing through TRPC was esti-
mated by the point-by-point subtraction of the current traces recorded
after GdCl; addition from the total current traces evoked by kisspeptin
(Fig. 5D). The evaluation of the amount of TRPC current measured at the
end of the test pulses (response region of the pulse protocol) as a func-
tion of the voltage test applied showed that kisspeptin-sensitive currents
flowing through TRPC (Itgrpc) were significantly reduced in BaP-treated
hfHypo cells compared to those recorded in untreated cells (p < 0.05;
Fig. 5E).

4. Discussion

The correct control of puberty onset and the maintaining of repro-
ductive function is guaranteed by a sophisticate neuroendocrine
network that crucially depends on the regulation of pulsatile GnRH
release by hypothalamic neurons. Environmental perturbations, espe-
cially during fetal and pubertal development, were demonstrated to
compromise the normal reproductive maturation (Lopez-Rodriguez
et al.,, 2020). In this report, we describe for the first time that the
function of human GnRH-secreting neurons is altered by the exposure to
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Fig. 5. Effect of BaP on membrane electrophysiological property and kisspeptin responsiveness in hfHypo cells. A) Effect of kisspeptin (Kissp) on RMP (mV)
in untreated (CTL) and BaP-treated (10 pM 24 h) hfHypo cells in the absence or presence of TRPC blocker GdCls. Data are reported as mean =+ SD of n analyzed cells.
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current is indicated by the red arrow. E) Mean values of the kisspeptin-sensitive TRPC current (pA/pF) evoked in untreated (CTL) and BaP-treated (10 pM 24 h)
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mean + SD of n analyzed cells. Error bar is visible when its size exceeds the symbol dimension. Statistical analysis was performed using unpaired Student’s t-test, *p

< 0.05. (CTL, n = 4; BaP, n = 4).

the environmental pollutant BaP, which has already been implicated as
EDC in affecting the peripheral gonadal function and consequent
fertility both in males and females (Bukowska et al., 2022). As we
recently demonstrated (Guarnieri et al., 2021), BaP exposure affects the
migratory properties of GnRH-secreting neuron precursors isolated from
the human fetal olfactory epithelium (fetal neuroblast cells B4, FNCB4),
thus interfering with a critical function of these cells that need to
migrate towards the hypothalamus in order to complete their matura-
tion. The results obtained in the present study using the hfHypo cells
strongly suggest that also GnRH-secreting neurons within the hypo-
thalamus may represent a target for BaP-induced toxicity, thereby
leading to HPG axis alterations. Indeed, hfHypo cells possess all features
indicative of GnRH-secreting neuron phenotype (expression of specific
markers, including p-tubulin III, GnRH and KISS1R) and function
(responsiveness to kisspeptin, activating specific currents and release of
GnRH peptide in the culture medium) (Sarchielli et al., 2017). All these
features were affected by BaP exposure, demonstrating the ability of
these neurons to metabolize the pollutant. Accordingly, hfHypo cells
express the nuclear receptor AhR, a well-known mediator of BaP toxicity
(Pieterse et al., 2013) as well as the AhR target genes CYP1Al and
CYP1B1, which encode for the main cytochrome P450 enzymes impli-
cated in the bioactivation of BaP (Uppstad et al., 2010).

The strong induction after BaP exposure of both enzyme isoforms
demonstrates that GnRH-secreting neurons may be a direct target of
BaP, which could act not only at peripheral level on gonadal function,
but also at the brain level. Remarkably, BaP exposure determined a
significant decrease of AhR mRNA expression in hfHypo cells, thus
definitely confirming the activation of AhR-mediated signaling, which,
in fact, is known to be downregulated by a negative feedback mecha-
nism, due to the CYP1A1 activity (Schiering et al., 2017).

Several evidences indicate that BaP is a potent pro-oxidative agent in
both human and animal models (Adedara et al., 2015; Chiba et al., 2011;
Sun et al., 2021). Our data confirm that BaP generates ROS in the brain,
as already reported (Adedara et al., 2015; Saha et al., 2020). A signifi-
cant increase in ROS production was found in BaP-treated hfHypo cells
and, interestingly, this activity was accompanied by a significant in-
crease in the total antioxidant capacity of hfHypo cells, suggesting a
possible early compensatory mechanism aimed at restoring homeostatic
balance (Moreira et al., 2006). Our results are consistent with previous
reports of activation of antioxidant mechanisms following BaP stimu-
lation in human trophoblasts (Dong et al., 2016) and in human T-lym-
phoblasts (Nguyen et al., 2010).

With regard to the effect of BaP on the GnRH neuron phenotype we
observed a significant reduction of GnRH in terms of both gene and
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protein expression. These findings are consistent with previous studies
reporting GnRH gene expression alteration in the mouse hypothalamic
GT1-7 cell line exposed to other EDCs, such as polychlorinated biphenyls
(Gore et al., 2002) and in in vivo studies in the sheep, where GnRH
mRNA was decreased by the EDC bisphenol A (Mahoney and Padma-
nabhan, 2010).

At present, the main research in the field is focused on the effects of
the most popular EDCs, such as bisphenol A at the hypothalamic level
(Lopez-Rodriguez et al., 2020; Ruffinatti et al., 2019), whereas only few
studies have investigated the action of BaP on GnRH neurons, despite in
certain urban and industrial areas the population is dramatically
exposed to this toxicant. In particular, studies on the effect of BaP
exposure are just limited to few researches in teleosts. Consistent with
our findings, Gao and co-workers reported a GnRH1 mRNA expression
decrease, following long-term embryonic exposure to BaP in zebrafish,
associated with GnRH1 gene methylation (Gao et al., 2018). On the
contrary, a recent study in lined Hippocampus erectus demonstrated an
increase of GnRH1 transcript expression after short-term effect of BaP
(Wang et al., 2019). Data from our previous report (Guarnieri et al.,
2021) indicated no significant changes of GnRH1 mRNA expression in
FNCB4. This apparent discrepancy may actually suggest the complexity
of BaP effects, which could depend not only on the duration of the
exposure, but also on the physiological state of the cell at the moment of
the exposure. In particular, comparing the cellular models used in our
previous study (Guarnieri et al., 2021) and in the present one, they are
representative of different steps of GnRH neuronal maturation and
therefore their responsiveness to BaP may be different. FNCB4, derived
from the nasal placode, are representative of early steps of GnRH neu-
rons maturation when the neuroblasts are mainly involved in cell
migration regulatory pathways. GnRH expression and release could
instead characterize more crucially the functional activity of
post-migratory hfHypo cells in comparison to FNCB4.

Another interesting observation is that BaP exposure significantly
reduced both gene and protein expression of KISSIR/GPR54 in hfHypo
cells. It is well known that the kisspeptin/KISS1R system is crucially
required as physiological regulator of mature hypothalamic GnRH
neurons function, controlling GnRH neurons activation and GnRH
peptide release (Tng, 2015). The inhibitory effect of BaP on KISS1R
expression in hfHypo cells supports the hypothesis that the exposure to
the pollutant may alter the physiological responsiveness of
GnRH-secreting neurons to kisspeptin. Our results are consistent with
data concerning other EDCs, such as phthalates, which showed mixed
effects on KISS1R expression depending on dose, duration, and devel-
opmental period of exposures in a rat model (Graceli et al., 2020).
However, to our knowledge, no further information is available on the
effect of BaP on KISS1R expression in hypothalamic cells. In this context,
our findings may help to clarify the mechanisms through which GnRH
neurons responsiveness to kisspeptin could be altered by BaP exposure.

It is well documented that the administration of BaP resulted in a
significant increase of pro-inflammatory cytokines, including TNFa
(Adedara et al., 2015; Lou et al., 2022; Malik et al., 2018; Zheng et al.,
2010). Previous research carried out in a rabbit model demonstrated
that metabolic syndrome-related hypothalamic inflammation was
associated with the GnRH neuron impairment and, consequently,
reduction of gonadotropins and sex hormones levels (Morelli et al.,
2014). In this rabbit model, the hypothalamic dysfunction evocated by a
pro-inflammatory status was associated with a significant reduction of
KISS1R positivity. Accordingly, we recently reported (Sarchielli et al.,
2017) that TNFa directly affects hfHypo cells decreasing KISSIR mRNA
level and downregulating kisspeptin signaling. Moreover, KISSIR mRNA
was significantly reduced by BaP exposure in FNCB4 (Guarnieri et al.,
2021). Overall, we could speculate that a possible mechanism through
which BaP downregulates KISS1R in hfHypo cells may be related to the
induction of a local proinflammatory microenvironment. Consistent
with this hypothesis we found a significant increase of COX-2 mRNA
level, a well-known inducible target by TNFa (Guarnieri et al., 2020),
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after BaP exposure of hfHypo cells, as also reported in rat astrocytes
treated with BaP in vivo and in vitro (Weng, 2004). However, we did not
demonstrate any induction of TNFa expression in hfHypo exposed to
BaP, thus suggesting that different mechanisms, not TNFa-mediated,
may activate the COX-2-related inflammatory signaling. In this regard,
AhR activation could be involved, as reported previously (Degner et al.,
2007; Guo et al., 2020).

In this study, we also demonstrated that exposing hfHypo cells to BaP
determined a significant induction of ERK1/2 phosphorylation. This
ability of BaP in exerting its effects has been well documented in pre-
vious studies (Sun et al., 2021; Vazquez-Gomez et al., 2018). Since
KISS1R activation by kisspeptin also recruits pERK1/2 intracellular
pathways (Szereszewski et al., 2010), we can hypothesize that this could
be a mechanism through which BaP could interfere with KISS1R
signaling. Indeed, kisspeptin was unable to further induce ERK1/2
phosphorylation in BaP-treated hfHypo cells, thus suggesting that GnRH
neurons may be less sensitive to their physiological regulator in presence
of BaP.

To further investigate the effect of BaP on GnRH neurons function we
analyzed whether the downregulation of the expression of both GnRH
and KISS1R was also related to alterations in GnRH-secreting ability of
hfHypo cells. Surprisingly, we found that in the presence of BaP the
amount of GnRH peptide released by the cells in the culture medium was
significantly increased. This finding is apparently in contrast with the
observation of a reduction in GnRH protein expression, in terms of both
the number of GnRH-positive cells and total amount of GnRH protein. To
explain this discrepancy, we hypothesized a dual mechanism of action
through which BaP may affect not only the hfHypo phenotype (reduced
GnRH and KISSIR expression), but also their functional properties
increasing the GnRH-secreting ability. Accordingly, the BaP-mediated
activation of GnRH release in the culture medium could contribute to
the protein depletion within the cellular compartments, as detected by
FACS. Consisting with this finding we observed that BaP was able to
affect the hfHypo cell electrophysiological properties, causing a signif-
icant depolarization of the RMP. This effect could be responsible not
only for the not-physiological release of GnRH by the cells, but also for
the decreased response to the TRPC current-mediated depolarizing, and
physiological, stimulus of kisspeptin, as expected by KISS1R activation
(Kotani et al., 2001). The well-known ability of BaP, linked to its
carcinogenic action, in altering the lipid profile and physiochemical
property of membranes (Bhardwaj et al., 2019) is consistent with our
results. However, further studies are needed to better characterize the
BaP-induced mechanisms responsible for membrane depolarization in
hfHypo cells.

We also found that BaP affected mRNA expression of hormone re-
ceptors, such as AR and GPER1, further confirming a role of the toxicant
as EDCs. In particular, AR expression was reduced by BaP in hfHypo
cells, consistent with previous several reports that have indicated that
BaP (but also other PAHs acting as AhR ligands) may interfere with
nuclear receptor activity, including AR (Lin et al., 2004; Simeckova
et al., 2022). In contrast, the membrane estrogen receptor
GPER1/GPR30, which has been implicated in rapid action of estrogen in
GnRH neurons (Noel et al., 2009), was increased by BaP in hfHypo cells.
A relation between the altered expression of AR and GPER1 and GnRH
secretion has not been specifically investigated but merits to be
addressed in future studies.

Taken together, our findings demonstrate for the first time in a
human cellular model that BaP exposure may directly affect the normal
physiology and function of GnRH-secreting neurons. By a mechanistic
point of view, the effects of BaP on hfHypo cells may be summarized in
1) oxidative stress induction (ROS generation and activation of TAC); 2)
AhR-mediated downstream effects, such as activation of inflammatory
signaling (COX2 induction) and gene expression alteration (GnRH,
KISS1R, sex hormone receptors) leading to phenotypic changes; 3)
perturbations of membrane properties leading to membrane depolari-
zation and changes in ionic currents. In particular, we can hypothesize
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that the exposure to BaP may contribute to desensitize GnRH neurons to
the physiological depolarizing stimulation of kisspeptin, which in turn
may result in an uncontrolled functional activity in terms of GnRH
secretion.

By a translational point of view, our study could support clinical
reports that indicated how EDCs may anticipate the puberty onset
(Parent et al., 2015) through a direct action on the HPG axis or indirectly
on target organs, including adipose tissue or adrenal glands (Lee et al.,
2019). Interestingly, it has been proposed that environmental pollutants
can affect genes linked to HPG pathways, or alter metabolic program-
ming during prenatal and early childhood development, interfering with
the timing of puberty onset and fertility (Roth and DiVall, 2016).
Epidemiologic data demonstrating a causal relationship between BaP
exposure and changes in pubertal timing are still lacking. In this context,
although being obtained in vitro and not complete in terms of mecha-
nistic findings, our results may be regarded as a good proof of concept
for encouraging future studies aimed at better clarifying the toxicity
mechanisms of BaP on human GnRH neurons and thereby human
reproduction.

5. Conclusions

In conclusion, we hereby provide the first evidence in a human in
vitro model that BaP exposure may directly affect post-migratory GnRH
neuron function by reducing GnRH and KISS1R expression, altering
electrophysiological property, and interfering with kisspeptin/KISS1R
signaling and GnRH secretion. Hence, our results identified a possible
EDCs-related mechanism at central level underlying reproductive
function alterations due to persistent exposure to environmental pol-
lutants, such as BaP.
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