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Abstract: Bisphenol A (BPA) is an endocrine disruptor that negatively affects spermatogenesis,
a process where Sertoli cells play a central role. Thus, in the present study we sought to ascertain
whether BPA could modulate the endocannabinoid (eCB) system in exposed mouse primary Sertoli
cells. Under our experimental conditions, BPA turned out to be cytotoxic to Sertoli cells with an
half-maximal inhibitory concentration (IC50) of ~6.0 µM. Exposure to a non-cytotoxic dose of BPA
(i.e., 0.5 µM for 48 h) increased the expression levels of specific components of the eCB system, namely:
type-1 cannabinoid (CB1) receptor and diacylglycerol lipase-α (DAGL-α), at mRNA level, type-2
cannabinoid (CB2) receptor, transient receptor potential vanilloid 1 (TRPV1) receptors, and DAGL-β,
at protein level. Interestingly, BPA also increased the production of inhibin B, but not that of transferrin,
and blockade of either CB2 receptor or TRPV1 receptor further enhanced the BPA effect. Altogether,
our study provides unprecedented evidence that BPA deranges the eCB system of Sertoli cells towards
CB2- and TRPV1-dependent signal transduction, both receptors being engaged in modulating BPA
effects on inhibin B production. These findings add CB2 and TRPV1 receptors, and hence the eCB
signaling, to the other molecular targets of BPA already known in mammalian cells.
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1. Introduction

Bisphenol A (BPA) is widely used to manufacture polycarbonate plastic and epoxy resin for the
production of a multitude of consumer products, such as plastic bottles, food and drink containers,
dental sealants, medical devices, and even toys and baby bottles [1]. Unsurprisingly, BPA has been
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detected in human colostrum [2], breast milk [3], urine [4], and saliva [5]. Unfortunately, BPA belongs
to the family of endocrine disruptors (EDs), a kind of environmental chemical able to interfere with
hormonal function, and hence disrupt hormone-dependent signaling with a severe impact on human
health, reproductive events included [6–9]. Indeed, BPA and other EDs have been shown to negatively
affect fertility, not only in females [10–12] but also in males [10,11,13–16].

In testis, Sertoli cells quantitatively and qualitatively support the spermatogenesis by providing
a complex nutritional and regulative network indispensable for germ cell maintenance and
development [17,18]. BPA specifically hits Sertoli cells by: (i) inducing their proliferation via
the expression of metabolic enzymes and oxidative stress-related proteins [19]; (ii) promoting their
apoptosis, and consequently that of germ cells, via different signaling pathways [20]; (iii) perturbing
actin cytoskeleton [20]; and (iv) damaging tight junctions [14]. Other EDs too, such as dioxins, hamper
Sertoli cells expression of secretory products and of specific proteins involved in cell–cell interaction [21].
Altogether, these studies support that the damage of Sertoli cells done by environmental pollutants
contribute to the impairment of the spermatogenesis.

In recent years, lipid signals collectively termed “endocannabinoids (eCBs)” have emerged as
key-regulators of diverse pathophysiologic processes, and have attracted considerable attention for their
potential as diagnostic and/or therapeutic tools in human infertility. On the female side, eCBs regulate
folliculogenesis, embryo oviductal transport, blastocyst development, implantation, decidualization,
placentation and labor [22]. On the male side, they play a key role in controlling spermatogenesis,
the acquisition of sperm fertilizing ability (i.e., sperm viability and motility), capacitation,
and sperm-oocyte fusion [23]. The best-characterized eCBs are N-arachidonoylethanolamine,
also known as anandamide (AEA), and 2-arachidonoylglycerol (2-AG). These bioactive lipids act
by binding to type-1 and type-2 cannabinoid receptors (CB1 and CB2), to the G protein coupled
orphan receptor 55 (GPR55), and to transient receptor potential vanilloid type 1 (TRPV1); in addition,
the biological activity of eCBs is tightly controlled by metabolic enzymes that synthesize and cleave
AEA (N-acylphosphatidylethanolamines-specific phospholipase D (NAPE-PLD), and fatty acid amide
hydrolase (FAAH), respectively), or 2-AG (diacylglycerol lipases (DAGL)α andβ, and monoacylglycerol
lipase (MAGL), respectively) [24].

In previous studies, we have shown that Sertoli cells express the biochemical tools to metabolize
AEA, in particular its cleaving enzyme FAAH and its binding CB2 receptor [25,26]. We also showed that
AEA signaling plays a major role on Sertoli cell survival and death [17,26], with apparent consequences
on the whole spermatogenesis [27–29].

Interestingly, BPA has been shown to derange eCB signaling in adult zebrafish and in human
hepatocytes [30], much alike other EDs such as phthalates [31]. In addition, BPA has been shown
to down-regulate CB1 expression in the hypothalamus of male mice, with subsequent anorexigenic
effects [32]. Furthermore, environmentally relevant concentrations of BPA significantly impair
spermatogenesis, not only in experimental animal models [33,34] but also in humans [35]. Of note,
neonatal exposure to BPA inhibits the correct formation of blood testis barrier [20,36,37]. In any
case, it is surprising that only a few studies aimed to identify the specific effects of BPA on Sertoli
cells proliferation and functions. Thus, against this background we have been led to investigate
whether in exposed mouse primary Sertoli cells BPA could alter the expression levels of specific
eCB system components. Moreover, we tested two functional markers of Sertoli cells (transferrin
and inhibin B) [38], with the aim of interrogating a possible impact of BPA on cell function through
modulation of eCB signaling.
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2. Results

2.1. Effect of BPA on Sertoli Cell Viability

The possible cytotoxicity of BPA was checked by exposing 7-day-old mouse Sertoli cells for
48 h to a concentration range from 1 pM to 200 µM (Figure 1A, and data not shown), as reported
elsewhere [14,19,20,30,34]. A significant cytotoxicity was evident only at concentrations >1 µM (p < 0.01
vs. Ctr), with an overt change of morphology at 200 µM BPA (Figure 1B,C). From the viability data
shown in Figure 1A, a half maximal inhibitory concentration (IC50) value of 6.2 ± 2.0 µM was calculated.
Based on these data, all further experiments were performed at the non-cytotoxic dose of 0.5 µM,
in order to avoid cell poisoning and at the same time to reveal specific effects of BPA in living cells.
Incidentally, the latter BPA concentration is very close to the value previously measured in human
urine (0.65 µM) [39] and, most notably, in human follicular fluid (0.66 µM) [40].

Figure 1. Effect of increasing concentrations of BPA on mouse Sertoli cell viability (A), and morphology
(B,C), after 48 h of treatment. Magnification, ×200. Data are expressed as means± SEM of 5 independent
experiments. * p < 0.01 vs. vehicle-treated controls (Ctr).

2.2. Effect of BPA on Gene Expression of eCB System Elements

Gene expression of the major components of the eCB system was analyzed in Sertoli cells treated
with 0.5 µM BPA or with a vehicle (Control, Ctr) for 48 h. As shown in Figure 2, a significant increase
of mRNA level was observed only for the CB1 gene (p < 0.01 vs. Ctr), whereas levels of genes encoding
for other eCB-binding receptors, i.e., CB2, GPR55 and TRPV1 channel, were almost comparable to
controls (p > 0.05 vs. Ctr). Concerning the eCB metabolic enzymes, BPA significantly increased the
mRNA level of DAGL-α, which synthesizes 2-AG (p < 0.05 vs. Ctr), leaving nearly unchanged the
levels of either NAPE-PLD, which synthesizes AEA, or DAGL-β and MAGL, which synthesizes and
cleaves 2-AG, respectively (p > 0.05 vs. Ctr; Figure 3). In this context it should be recalled that the
receptors and metabolic enzymes tested here represent the major elements of the eCB system known
so far [24].
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Figure 2. Effect of BPA (0.5 µM for 48 h) on mRNA levels of eCB-binding receptors (CB1, CB2, GPR55
and TRPV1) in exposed Sertoli cells, compared to vehicle-treated controls (Ctr). Gene expression is
reported as 2−∆∆Ct values calculated by ∆∆Ct method vs. Ctr, posed equal to 1.0. Expression levels of
each gene were normalized to β-actin, and data were expressed as means ± SEM of 5 independent
experiments. * p < 0.01 vs. Ctr.

Figure 3. Effect of BPA (0.5 µM for 48 h) on mRNA levels of eCB metabolic enzymes (NAPE-PLD,
FAAH, DAGL-α, DAGL-β and MAGL) in exposed Sertoli cells, compared to vehicle-treated controls
(Ctr). Gene expression was reported as 2−∆∆Ct values calculated by ∆∆Ct method vs. Ctr, posed equal
to 1.0. Expression levels of each gene were normalized to β-actin, and data were reported as means ±
SEM of 5 independent experiments. ** p < 0.05 vs. Ctr.

2.3. Effect of BPA on Protein Expression of eCB System Components

In these experiments, the effects of BPA (0.5 µM for 48 h) on protein expression of eCB system
components were evaluated. As shown in Figure 4, in comparison with untreated controls Sertoli cells
exposed to BPA expressed significantly higher levels of CB2 (+140%), TRPV1 (+250%), and DAGL-β
(+130%) proteins (in all these cases: p < 0.05 vs. Ctr), and a trend towards reduced FAAH (−15%;
p > 0.05 vs. Ctr). Conversely, CB1, GPR55, NAPE-PLD, DAGL-α and MAGL proteins in all cases were
undetectable under our experimental conditions (p > 0.05).
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Figure 4. Protein expression levels of eCB system in mouse Sertoli cells. (A) Representative Western
blot and (B) densitometric analysis of eCB-binding receptors and metabolic enzymes in Sertoli cells
exposed to BPA (0.5 µM for 48 h) or to vehicle (Ctr). Data were expressed as mean values (arbitrary
units a.u.) ± SEM (n = 3 independent experiments) after normalization with β-actin, used as loading
control. * p < 0.05 vs. Ctr.

2.4. Effect of BPA on Production of Inhibin B and Transferrin by Sertoli Cells

To ascertain whether increased BPA-dependent expression of CB2, TRPV1 and DAGL-β proteins
(and hence their functional activities) could modulate Sertoli cell functions, inhibin B and transferrin
production were determined by means of quantitative ELISA tests with specific anti-inhibin B and
anti-transferrin antibodies. To this end, Sertoli cells were exposed to 0.5 µM BPA for 48 h in the absence
or in the presence of: (i) the selective DAGL-β inhibitor KT109 [41]; (ii) the selective CB2 antagonist
SR144528 [42]; the selective TRPV1 antagonist iodoresinferatoxin [42]; or (iii) a combination of the
last two compounds. BPA as such was found to significantly increase the production of inhibin B
compared to vehicle-treated Sertoli cells (0.335 ± 0.040 vs.0.200 ± 0.025; p < 0.05). A similarly increased
value was found when cells were treated with a combination of BPA and KT-109 (Figure 5). Although
small, a still significantly higher increase of inhibin B production was detected when cells grown
in the presence of BPA were exposed to the two CB2 and TRPV1 antagonists separately (SR144528:
0.412 ± 0.020 and iodoresinferatoxin: 0.469 ± 0.050, vs. 0.335 ± 0.040; p < 0.05) or both antagonists
in combination (SR144528 + iodoresinferatoxin: 0.503 ± 0.08 vs. 0.335 ± 0.040; p < 0.05). Finally,
transferrin production by Sertoli cells, grown in the absence or in the presence of BPA or a combination
of BPA and inhibitor/antagonists, did not significantly increase compared to controls.

Figure 5. Production of inhibin B and transferrin by mouse Sertoli cells. Cells were cultured for 48 h in
the presence of vehicle (Ctr), or of 0.5 µM BPA alone or with 1 µM of KT109, SR144528 (SR2), IRTX, SR2
+ IRTX. Results of 3 independent experiments were expressed as fold increase over controls, posed
equal to 1.0. * p < 0.05 vs. Ctr; , p < 0.05 vs. BPA-treated cells.
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3. Discussion

Sertoli cells are targets of a variety of toxic EDs that induce reproductive dysfunctions [19,20,37].
Environmentally-relevant concentrations of BPA significantly impair spermatogenesis not only in
experimental animal models [33,34] but also in humans [35]. In this scenario, mouse prepubertal
Sertoli cells are commonly used to determine the impact of xenobiotics [43], because early postnatal
life represents the most critical phase for the determination of the final number of Sertoli cells and
spermatozoa, which establish the spermatogenic capacity of adult subjects [44,45].

Under our experimental conditions, BPA was cytotoxic at concentrations higher than 1 µM and
with an IC50 value (6.2 ± 2.0 µM) comparable to one of the two IC50 values previously reported
in mouse Sertoli TM4 cells [19]. However, in the latter immortalized cells BPA showed a biphasic
effect [19], which was not apparent in our experiments. This feature could be due to the different
experimental conditions used, and/or to a different sensitivity of the two cell types to BPA. Remarkably,
in zebrafish male gonads BPA was effective at 0.04 µM [34], a dose that is 2 orders of magnitude lower
than the IC50 value we found in mouse Sertoli cells. This finding highlights the limits of translating
data from the zebrafish vertebrate model to mammals or even to humans [46]. At any rate, at the
non-toxic concentrations utilized here, BPA was able to modulate gene and protein expression of
specific eCB system components. Indeed, our results demonstrate that CB1 and DAGL-α mRNAs
accumulate in exposed Sertoli cells (Figures 2 and 3, respectively). However, in BPA-treated cells
CB2, TRPV1 and DAGL-β protein contents were significantly higher than controls, and FAAH protein
content was lower. Interestingly, the present findings are in keeping with our previous reports that
documented CB2 and FAAH expression in Sertoli cells [25,26], and extend those data also to TRPV1
and DAGL-β. They also support the general notion that DAGL-α protein is predominantly expressed
in the brain, whereas DAGL-β is more abundant in non-neuronal cells [47,48]. Intriguingly, similar
disparities between changes in mRNA abundance and protein content have been already described in
other cell systems [49], and have been previously observed also within the eCB system by others [50],
and by us [51–53].

Overall, these data suggest that BPA enhanced eCB signaling triggered by CB2 and TRPV1,
an effect that is possibly further supported by increased levels of 2-AG synthesized by DAGL-β. In fact,
2-AG is an agonist at both CB2 [54] and TRPV1 [55]. In keeping with these findings, 2-AG rather than
AEA has been shown to contribute to normal progression of spermatogenesis via CB2 signaling [56,57],
and also in zebrafish BPA has been shown to increase 2-AG levels [30].

The likely possibility that upregulation of CB2, TRPV1 and DAGL-β could be engaged in the
effect of BPA on specific Sertoli cell functions has been confirmed by the finding that BPA significantly
increases inhibin B, but not transferrin, production. Such an ability of BPA to increase inhibin B has
been already described in immature rat Sertoli cells [58,59], and is shared with other environmental
pollutants [60]. Interestingly, blockade of CB2 or TRPV1 receptors further enhanced the effect of
BPA on inhibin B production, suggesting that both receptors are able to counterbalance it. Although
signal transduction pathways triggered by CB2 and TRPV1 are largely different [42], blocking both
receptors at the same time did not further potentiate BPA effect, suggesting that activation of one of
them was enough to prevent BPA effect. Moreover, inhibition of DAGL-β in the presence of BPA had
no effect on inhibin B production, probably due to a compensation of 2-AG biosynthesis by one of
the alternative biosynthetic pathways known [24]. At any rate, the observation that eCB signaling
is enhanced by BPA appears in line with the widely recognized pro-homeostatic role of eCBs [23],
also in reproductive events [61–64]. From our results, CB2 and TRPV1 receptors can be added to the
list of other known targets of BPA, such as estrogen receptors α [65] and β [66], androgen receptor [67],
peroxisome proliferator-activated receptor γ and thyroid hormone receptor [68], G protein-coupled
receptor 30 [69], membrane-bound estrogen receptor [70], and in Sertoli cells Fas/FasL, JNKs/p38
MAPK and NF-kB [71]. The molecular chain of events by which BPA stimulates inhibin B remains a
relevant issue to be further investigated in independent studies. In this context, it seems noteworthy
that previous reports have pointed to caspase 3 as an executioner of BPA in controlling mouse Sertoli
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cell morphology and viability [72]. Moreover, Sertoli cell adhesion molecules could be impaired
upon BPA exposure [73], thus possibly contributing to its overall effect. At present, it remains to be
ascertained whether engagement of caspase 3 and/or adhesion molecules might occur through eCB
signaling. Certainly, a complex relationship exists among follicle-stimulating hormone (FSH), inhibin
B and spermatogenesis. Inhibin B suppresses FSH secretion from the pituitary, thus contributing to
the control of FSH-dependent stimulation of Sertoli cell proliferation. Indeed, circulating inhibin B
can be considered as a “measure” of Sertoli cell number and sperm concentration [74]. In adult men,
high levels of inhibin B are indicative of normal fertility, while low levels are associated with germ cell
depletion [75]. However, when an abnormal rise of inhibin B level is accomplished by the decrease of
FSH release, both markers indicate spermatogenic injury [76]. In mouse testis, a low level of inhibin B
has been detected from post-natal day (PND) 1 to 6, and its expression raises from PND 18 onward [77].
Thus, since in our experiments we utilized Sertoli cells collected from 7-day-old mice, the rise of inhibin
B content following BPA stimulation could be due to a deregulation of hypothalamic-pituitary-gonadal
axis or of inhibin B expression. Since we found that CB2 and TRPV1 antagonism further increases
inhibin B production, this might indicate a possible deregulation of FSH signaling by BPA, especially
because of FSH-dependent modulation of eCB signaling in immature Sertoli cells [17,78]. Nevertheless,
since inhibin B release is regulated not only by FSH but also by testosterone and even germ cells,
the existence of multiple pathways acting synergistically to influence Sertoli cell differentiation makes
the identification of a dysregulative mechanism more complex. Finally, the finding that transferrin
level is not altered neither by BPA nor by BPA plus eCB system-targeting compounds is not surprising.
Indeed, a constitutive secretion of transferrin occurs in primary Sertoli cell cultures from immature
mice [79], and the lack of FSH in our culture conditions rules out well-known gonadotropin-dependent
stimulative effects [80].

4. Materials and Methods

4.1. Chemicals

Chemicals were of the purest analytical grade. MEM, glutamine, PES, DMSO, collagenase, DNase1,
trypsin, BPA (Bisphenol A), ABTS (2,2′-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium
salt), and hyaluronidase were purchased from Sigma (St. Louis, MO, USA). Rabbit anti-CB1, anti-CB2,
anti-GPR55, anti-FAAH, anti-DAGL-α, anti-DAGL-β, anti-MAGL, anti-NAPE-PLD polyclonal
antibodies, and KT109 were purchased from Cayman Chemicals (Ann Arbor, MI, USA). Mouse
anti-actin antibody was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA),
and rabbit anti-TRPV1 polyclonal antibody was from OriGene Technologies (Rockville, MD, USA).
Rabbit anti-inhibin B polyclonal antibody was obtained from Elabscience Biotechnology (Houston, TX,
USA), and rabbit anti-transferrin polyclonal antibody was from Proteintech Group (Chicago, IL, USA).
Iodoresinferatoxin was obtained from Tocris Cookson (Bristol, UK), whereas SR144528 was a kind gift
from Sanofi-Synthelabo (Montpellier, France).

4.2. Animals

Mouse (Mus musculus) Swiss CD1 males (7-day-old; Charles River Laboratories, Lecco, Italy)
were housed in an animal facility under controlled temperature (21 ± 1 ◦C) and light (12 h light/day)
conditions. A total number of 60 mice were used to perform the study.
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4.3. Ethical Approval

All experimental procedures involving animals and their care were performed in conformity
with national and international laws and policies (European Economic Community Council Directive
86/609,OJ 358, 1, 12 December, 1987; European Parliament Council Directive 2010/63/EU, OJ L 276,
20 October 2010; Italian Legislative Decree 116/92, Gazzetta Ufficiale della Repubblica Italiana n. 40,
18, February 1992; National Institutes of Health Guide for the Care and Use of Laboratory Animals,
NIH publication no. 85–23, 1985). The method of euthanasia consisted of an inhalant overdose of
carbon dioxide (CO2, 10–30%), followed by cervical dislocation. All efforts were made to minimize
animal suffering.

4.4. Sertoli Cell Culture

Purified Sertoli cells were isolated from decapsulated testes of 7-day old CD1 mice, as previously
described [25]. Sertoli cells (95% pure) were cultured at 34 ◦C and 5% CO2 for 48 h in serum
and phenol-free Dulbecco’s Modified Eagle’s Medium-high glucose, as previously reported [25],
supplemented with 2 mM glutamine and penicillin-streptomycin solution, in the presence of DMSO
(0.1%) vehicle for controls (Ctr), or with the indicated concentrations of BPA, alone or in the
presence of receptor antagonists (CB2 antagonist: 1 µM SR144528 [81]; TRPV1 antagonist: 1 µM
iodoresinferatoxin [82,83]) or DAGL-β inhibitor: 1 µM KT109 [84].

4.5. Cytotoxicity Assay

The number of viable cells was evaluated by a colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay that assesses metabolic integrity [85]. Briefly, Sertoli cells
were seeded in 96-well plates, and were treated with DMSO (0.1%) vehicle (Ctr), or with increasing
concentrations of BPA (from 1 pM to 200 µM). After 48 h of treatment, 10 µL of MTT solution was
added to each well at a final concentration of 0.5 mg/mL, and plates were incubated at 37 ◦C for
2 h. The amount of MTT-formazan product, dissolved in acidified isopropanol, was estimated by
measuring the absorbance at 570 nm in a microplate reader (Model 550, BioRad, Hercules, CA, USA).

4.6. Analysis of Gene Expression

Messenger RNAs were extracted from control or BPA-exposed Sertoli cells using TRIzol Plus
RNA Purification Kit (Invitrogen, Carlsbad, CA, USA), as per manufacturer’s instructions, and were
quantitated spectrophotometrically (NanoDrop, Thermo Scientific ND-2000c). One µg of total mRNA
was reverse-transcribed to cDNA, using SuperScript Vilo™Master Mix (Invitrogen, Carlsbad, CA,
USA). Quantitative PCR analysis was performed using SYBR Green I Master and the LightCycler 480
System (Roche, Basel, Switzerland) on a DNA Engine Opticon 2 Continuous Fluorescence Detection
System (BioRad, Hercules, CA, USA). The reaction was performed using the following qRT-PCR
program: 95 ◦C for 10 min, followed by 40 amplification cycles of 95 ◦C for 10 s, optimal annealing
temperature (see Table 1) for 30 s, and 72 ◦C for 30 s. The primers used for the amplification are listed
in Table 1, with pertinent references. All data were normalized to the endogenous reference gene
β-actin. Relative quantitation of mRNAs was performed by the comparative ∆∆Ct method [22,86].
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Table 1. List of the primers used for qRT-PCR analysis.

Gene Corresponding
Protein PCR Primers Annealing

T (◦C) Reference

Cnr1 CB1
Fw: 5′-CCAAGAAAAGATGACGGCAG-3′

Rev: 5′-AGGATGACACATAGCACCAG-3′ 57 [87]

Cnr2 CB2
Fw: 5′-TCGCTTACATCCTTCAGACAG-3′

Rev: 5′-TCTTCCCTCCCAACTCCTTC-3′ 57 [87]

Gpr55 GPR55 Fw: 5′-ATTCGATTCCGTGGATAAGC-3′

Rev: 5′- ATGCTGATGAAGTAGAGGC -3′ 57 [88]

Trpv1 TRPV1 Fw: 5′-TGAACTGGACTACCTGGAAC-3′

Rev: 5′-TCCTTGAAGACCTCAGCATC-3′ 57 [88]

Magl MAGL Fw: 5′-TTGTAGATACTGGAAGCCC-3′

Rev: 5′-ATGGTGTCCACGTGTTGCAGC-3′ 62 [52]

Faah FAAH Fw: 5′- AGATTGAGATGTATCGCCAG-3′

Rev: 5′- CTTCAGAATGTTGTCCCAC-3′ 56 [78]

Dagl-α DAGL-α Fw: 5′- AATGGCTATCATCTGGCTGAGC-3′

Rev: 5′-TTCCGAGGGTGACATTCTTAGC-3′ 60 [52]

Dagl-β DAGL-β Fw: 5′- TGTCAGCATGAGAGGAACCAT-3′

Rev: 5- CGCCAGGCGGATATAGAGC-3′ 60 Designed by Primer
blast software

Nape-pld NAPE-PLD Fw: 5′-AAGTGTGTCTTCTAGGTTCTCC-3′

Rev: 5′-TTGTCAAGTTCCTCTTTGGAACC-3′ 62 [52]

Act-β β-actin Fw: 5′-TGTTACCAACTGGGACGA-3′

Rev: 5′-GTCTCAAACATGATCTGGGTC-3′ 56 [78]

4.7. Western Blotting

At the end of 48 h culture, control or BPA-exposed Sertoli cells were resuspended in RIPA buffer
containing a protease inhibitors cocktail for 30 min. The cell lysates were centrifugated for 15 min
at 12,000× g at 4 ◦C, and the resulting supernatants were collected. Lysates (40 µg/sample) were
separated on a 12.5% SDS-page and transferred to polyvinylidene difluoride (PVDF) (Hybond C
Extra, Amersham, Little Chalfont, UK). Membranes were blocked with 5% (w/w) nonfat dry milk and
incubated at 4 ◦C with specific primary antibodies: anti-actin (1:200); anti-CB1 (1:200); anti-CB2 (1:200);
anti-GPR55 (1:200); anti-TRPV1 (1:1000); anti-MAGL (1:200); anti-FAAH (1:200); anti-DAGL-α (1:1000);
anti-DAGL-β (1:1000); anti-NAPE-PLD (1:200); anti-inhibin B (1:400), anti-transferrin (1:200), and then
for 1 h with a peroxidase-conjugated anti-mouse (1:20,000) or anti-rabbit (1:10,000) secondary antibody.
After detection with a chemiluminescence reagent (ECL, Pierce, Rockfort, IL, USA), densitometric
quantification was performed with the public domain software NIH Image v.1.62, and was standardized
to β-actin (1:200) as a loading control.

4.8. ELISA Assay

Sertoli cells were cultured for 48 h, in the presence of vehicle (Ctr) or of BPA, alone or supplemented
with 1 µM of: (a) KT-109; (b) SR144528 (SR2); (c) IRTX; or (d) the combination IRTX + SR2.
Protein expression of inhibin B and transferrin was determined by enzyme linked immunosorbent
assay (ELISA), as reported [89]. Briefly, wells were coated with Sertoli cell lysates (20 µg/well) in
coating buffer (0.05 M Na2CO3, pH 9.6) for 2 h at room temperature. Then, they were incubated
with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h, and then for 2 h
with anti-transferrin or anti-inhibin B polyclonal antibodies diluted to 1:500 and 1:1000, respectively,
with 1% BSA in PBS. In preliminary experiments, these antibodies were found to recognize a single
immunoreactive band in Sertoli cell extracts, of the molecular weight expected for inhibin B (45 kDa)
and transferrin (77 kDa), respectively. After rinsing three times with 1% BSA in PBS-Tween 20, 100 µl
horseradish peroxidase (HRP)-conjugated secondary antibody (diluted 1:5000) were added, and the
ELISA plate was further incubated for 1 h at room temperature. Afterwards, enzymatic activity
of HRP was determined by adding 100 µl/well of ABTS, then stopped with 100 µl of stop solution
(1% SDS), and finally absorbance at 405 nm was measured in a Multiskan ELISA Microplate Reader
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(ThermoLabsystems, Bevery, MA, USA). The linearity ranges of ELISA against inhibin B and transferrin
were ascertained by dose-dependence curves with different amounts (0–40 µg/well) of Sertoli cell
extracts. All data were within these linearity ranges, and were expressed as fold increase over controls,
posed equal to 1.0.

4.9. Statistical Analysis

Unless otherwise indicated, data are shown as mean ± SEM of at least three different experiments.
The Prism 6 programme of GraphPad software (San Diego, CA, USA) was used to test the statistical
significance of differences between group means. Comparisons between multiple groups were
performed by ANOVA test, followed by Dunnett’s and Duncan’s test. Half-maximal inhibitory
concentration (IC50) values were calculated using the OriginPro software version 8.5 (OriginLab
Corporation, Northampton, Massachusetts). Changes in gene and protein expression were analyzed
using unpaired t-test. Level of p < 0.05 was regarded as statistically significant.

5. Conclusions

Our present results provide unprecedented evidence that the endocrine disruptor BPA deranges
the eCB system of primary mouse Sertoli cells towards CB2- and TRPV1-dependent signaling. They also
show that both eCB-binding receptors contribute to the effect of BPA on inhibin B production, suggesting
their engagement in the modulation of Sertoli cell function. Even though it seems premature to draw
any conclusion on the molecular clues at the basis of the overall effect of BPA on Sertoli cells [90],
our data add CB2 and TRPV1 to the already known molecular targets of BPA in mammalian cells.
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Abbreviations

ABTS 2:2′-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt
2-AG 2-Arachidonoylglycerol
AEA N-Arachidonoylethanolamine
AU Arbitrary units
BPA Bisphenol A
BSA Bovine serum albumin
CB1 Type-1 cannabinoid receptor
CB2 Type-2 cannabinoid receptor
Ctr Control
DAGL-α Diacylglycerol lipase-α
DAGL-β Diacylglycerol lipase-β
DMSO Dimethyl sulfoxide
eCBs Endocannabinoids
ED Endocrine disruptors
ELISA Enzyme-linked immunosorbent assay
FAAH Fatty acid amide hydrolase
GPR55 G protein-coupled receptor 55
HRP Horseradish peroxidase



Int. J. Mol. Sci. 2020, 21, 8986 11 of 15

IRTX Iodoresinferatoxin
MAGL Monoacylglycerol lipase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
NAPE-PLD N-acyl phosphatidylethanolamine-specific phospholipase D
PBS Phosphate-buffered saline

SR144528 (SR2)
5-(4-Chloro-3-methylphenyl)-1-(4-methylbenzyl)-N-((1S,2S,4R)-1,3,3-trimethylbicyclo
[2.2.1]heptan-2-yl)-1H-pyrazole-3-carboxamide

TMB Tetramethylbenzidine
TRPV1 Transient receptor potential vanilloid type 1 channel
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