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induces the accumulation of cells in S-phase of the cell cycle in human PBMC.
causes chromosome fragmentation by affecting DNA damage checkpoint in human PBMC.
induces ɣH2AX activation in human proliferating TCD4þ and TCD8þ lymphocytes.
modulates ERa and b expression in a sex speciﬁc manner in human PBMC.
exposure during development induces microglial DNA damage and astroglyosis
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Bisphenol A (BPA) is a synthetic xenoestrogen diffused worldwide. Humans are chronically exposed to
low doses of BPA from food and drinks, thus BPA accumulates in tissues posing human health risk. In this
study, we investigated the effects of BPA on peripheral blood mononuclear cells (PBMC) from human
healthy donors, and in glia and microglia of rat offspring at postnatal day 17 (17PND) from pregnant
females who received BPA soon after coupling and during lactation and weaning. Results indicated that
BPA affected Phytoemagglutinin (PHA) stimulated PBMC proliferation causing an S-phase cell cycle
accumulation at nanomolar concentrations while BPA was almost ineffective in resting PBMC. Furthermore, BPA induced chromosome aberrations and the appearance of shattered cells characterized by high
number of fragmented and pulverized chromosomes, suggesting that the compound could cause a
massive genomic rearrangement by inducing catastrophic events. The BPA-induced DNA damage was
observed mainly in TCD4þ and TCD8þ subsets of T lymphocytes and was mediated by the increase of
ERK1/2 phosphorylation, p21/Waf1 and PARP1 protein expression. Intriguingly, we observed for the ﬁrst
time that BPA-induced effects were associated to a sex speciﬁc modulation of ERa and ERb in human
PBMC. Immunoﬂuorescence analysis of rat hippocampus corroborated in vitro ﬁndings showing that BPA
induced ɣH2AX phosphorylation in microglia and astrocytosis by decreasing ERa expression within the
dentate gyrus. Overall these results suggest that BPA can alter immune surveillance functions at both
peripheral and central level with a potential risk for cancer, neuroinﬂammation and neurodegeneration.
© 2020 Elsevier Ltd. All rights reserved.
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Bisphenol A (BPA, 4,40 -isopropylidenediphenol) is an organic
compound widely used in the manufacture of plastic products such
as drink containers, medical devices, dental sealants, epoxy resin
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lining of food containers, thermal papers and many others (Ma
et al., 2019). Humans are exposed to BPA by both dietary and
non-dietary sources, however it appears that food is the primary
route of exposure (for a review see Chen et al., 2016). BPA is rapidly
metabolized to several inactive metabolites (Vandenberg et al.,
2007), however free BPA has been found in the urine of adults
and children (Covaci et al., 2015), breast milk (Lee et al., 2018),
foetal and pregnant mothers serum and amniotic ﬂuid (Teeguarden
et al., 2016) thus representing a severe health risk for adults and
children as well as for foetuses and neonates. BPA has been classiﬁed as an endocrine disruptor, that is a human health hazard, and
this is ascribable to its interaction with receptors of both Estrogen
(ERs), Androgen (AR), and thyroid hormone (THR) (Mhaouty-Kodja
et al., 2018). For this reason, research focused mainly on organs and
tissues strictly depending on steroid hormones for their function,
showing that BPA exposure can advance or delay offspring puberty
onset, and impair reproductive hormone levels and gamete quality
in adults (for reviews see Chianese et al., 2018a; Shafei et al., 2018;
Santoro et al., 2019). In addition, mouse perinatal exposure to BPA
can alter mammary gland development (Perrot-Applanat et al.,
2018) and affect white adipose tissue redox parameters potentially increasing obesity risk (Neier et al., 2019). BPA has been
shown to promote ovarian, prostate and breast cancer cell proliferation (Wetherill et al., 2005; Park et al., 2009; Sengupta et al.,
2013; Song et al., 2015; Shi et al., 2017; Lillo et al., 2017; Varuzza
et al., 2019), migration and invasion in vitro (Kim et al., 2015;
Castillo- Sanchez et al., 2016; Xu et al., 2017) and cancer development through the induction of pre-malignant and malignant lesions in animal models (Di Donato et al., 2017; Facina et al., 2018).
BPA may also affect the brain functions, since brain synthetizes
neurosteroids (Kimoto et al., 2001; Hojo et al., 2004, 2009), expresses oestrogen receptors (O’Keefe et al., 1995) and is sensitive to
the actions of circulating gonadal oestrogens (Leranth et al., 2002;
Hojo et al., 2009). All these factors are, in fact, required in neurogenesis and synaptic plasticity (Leranth et al., 2002; Hasegawa
et al., 2015; Preciados et al., 2016). Likewise, increasing evidence
indicate that oestrogen signalling is necessary for immune functions, and lymphocytes and innate immune cells have steroidogenic capacity that may have important intracrine and paracrine
roles both in the cells of origin and surrounding cells (Kovats, 2015;
Rubinow, 2018). Peripheral lymphocytes also express ERa and ERb
(Pierdominici et al., 2010) therefore, besides the known detrimental
effects on reproductive system functions, BPA could affect both
nervous and immune functions leading to cancer, autoimmune
disease and neurological disorders (for a review see Santoro et al.,
2019). From this point of view, it has been observed that BPA exhibits neurotoxic effects, in terms of decreased neurogenesis,
cognitive impairment and behavioural alterations (Santoro et al.,
2019); on the other hand, developmental exposure to BPA modulates innate immunity response against Inﬂuenza virus type A in
rodents (Nakajima et al., 2012; Roy et al., 2012; Nowak et al., 2019).
BPA has been found to affect the activation levels of lymphocytes and monocytes as well as dendritic cell differentiation in a
very wide concentration range (from 1 to 1000 nM) (Camarca et al.,
2016; Zbucka-Kretowska et al., 2017). Some studies showed a
genotoxic as well as protective effects of BPA on human lymphocytes depending on the dose (Durovcova et al., 2018), whereas
other authors found an inhibition of telomerase activity in a nonmonotonic way (Herz et al., 2017). BPA has been shown to affect
chromosome synapsis, spindle formation and increase chromosome alterations in the germline suggesting that it can be responsible for reduced fertility and developmental abnormalities in both
covo, 2010; Zhang et al., 2017; Radwan
sexes (Allard and Colaia
et al., 2018; Santoro et al., 2019). However studies on the genotoxic activity of BPA and its underlying mechanisms in immune

cells and in glial cells exerting immune surveillance functions in the
CNS are still poor and inconclusive. In fact, in the CNS immune
surveillance is quite different from the periphery since the cells of
adaptive immunity cannot pass unrestrictedly the blood brain
barrier (BBB) to reach CNS. Thus the immune surveillance of CNS is
predominantly entrusted to glial cells, a large component of the
brain that includes astrocytes, oligodendrocytes and microglia.
Microglia is the key immune regulator of CNS involved in the
interplay with neurons while astrocytes have an important role in
supporting neural functions. However while astrocytes derive from
neural stem cells (NSCs), microglia is the only cell type deriving
from haematopoietic precursors (for a review see Santoro et al.,
2018a).
In this study, we investigated the effects of BPA exposure on cell
proliferation, cell cycle progression and DNA damage in human
PBMC and examined the possible molecular pathways involved in
these effects. To ascertain whether similar effects could be produced by BPA in glial cells we also assessed BPA-induced neurotoxicity in terms of DNA damage, astrocytes activation and ERa
expression within the hippocampal dentate gyrus (DG) of rats
exposed to environmental relevant doses of BPA during
development.
2. Materials and methods
2.1. Chemical reagents
Bisphenol A (BPA, CAS registry number 80-05-7) and 17bEstradiol (E2) were both supplied by Merck and dissolved in DMSO
and absolute ethanol respectively to a ﬁnal concentration of 1 M
(stock solution) and then stored at 20  C. For each treatment, BPA
or E2 were diluted in the cell culture medium immediately before
use.
Both DMSO (0.1% ﬁnal concentration in culture) and ethanol
(0.01% or lower in the cultures), used as solvent controls, did not
induce any positive result in all the assays. Phytohemagglutinin
(PHA, M form) was obtained from GIBCO (Thermo Fischer Scientiﬁc) and added at a concentration of 10 mg/mL for the indicated time.
2.2. Cell cultures
Blood samples were collected from healthy unrelated volunteers
(aged 25e40 years) who gave written informed consent to the
study. All procedures were in accordance with the ethical standards
of the local committee (Ethical Committee of Campania Region,
Italy) and with the 1964 Helsinki Declaration and its later amendments. Human peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll-Hypaque gradient density (Lymphocyte Separation Medium, HIMEDIA) and cultured in RPMI-1640 medium supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS),
penicillin and streptomycin (100 U ml1), L-glutamine (2 mM). All
cell culture reagents were obtained from GIBCO, (Thermo Fisher
Scientiﬁc). Cells were grown at 37  C in a 5% CO2 atmosphere.
2.3. Animals and BPA treatment
The animal handling and treatments were performed as previously described (Chianese et al., 2018b) Brieﬂy, male-female couples (female:male 2:1) of adult Wistar rats (body weight 200e250 g
and 250e300 g respectively) (Harlan Laboratories) were randomly
assorted and housed in the same cage for one week. After the
coupling period, each female was housed in a separate cage and
half of the dams (n ¼ 3/group) received BPA (0.1 mg/L), or vehicle
(ethanol 0.1 mL/L) in the drinking water during gestation, lactation
and weaning of their offspring. Five females and 3 males pups from
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BPA-exposed mothers and 5 females and 3 males newborns from
vehicle-treated dams were then sacriﬁced at postnatal day (PND)
17 (late infantile) by an overdose of Tanax (0.1 mL intrapulmonary)
to perform immunohistochemical assays. A ﬂow chart of the
experimental protocol is given in Fig. 1.
All over the experiments, rats were housed under standard
temperature and humidity conditions with a 12 h light/12 h dark
cycle and free access to standard fresh food and water. Experimental protocols were approved by the Ethical Committee of the
University of Salerno, and by the Italian Ministry of Education,
University and Research (authorization number 45/2014-PR 17/11/
2014). All experimental procedures complied with the rules of the
European Union Guide for the Care and Use of Laboratory Animals.

stained with a 5% Giemsa solution as already described (Santoro
et al., 2005). From each treatment and from each subject, 30
metaphases were analyzed for the presence of structural chromosome aberrations (including chromatid and chromosome breaks,
rings and fragments) on blindly coded slides under a light microscope at 1000 magniﬁcation. The percentage of shattered cells was
evaluated as the ratio between the number of shattered cells and
the total number of the cells observed, X 100. The aberration frequency was calculated as the total number of aberrations/total
number of cells analyzed, X 100 and the percentage of aberrant
cells was determined as the total number of cells with at least one
chromosome aberration/total number of cells scored, X 100
(Santoro et al., 2005, 2008).

2.4. MTT assay

2.7. Flow cytometric determination of H2AX phosphorylation

Cell proliferation was determined by the colorimetric MTT [3(4,5- dimethyl-2- thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]
(Merck) method as already described (Santoro et al., 2018b). Brieﬂy,
PBMC were seeded in 96-well plates at a density of 5 X 104 cells per
well, stimulated or not with PHA for 16 h, and then treated with
increasing concentrations of BPA for 24 and 48 h. After treatments,
MTT solution was added to the medium to a ﬁnal concentration of
0.5 mg/mL, and cells were incubated at 37  C for additional 4 h.
Formazan products were solubilized with 10% Triton X-100, 0.1 N
HCl in 2-propanol and the absorbance at 595 nm was measured by a
microplate reader (MultiskanGo, Thermo Fisher Scientiﬁc).

PBMC were stimulated with PHA for 16 h then treated with BPA
at concentration of 50 nM for 24 h. For the intracellular detection of
the phosphorylation status of H2AX, a preliminary immunostaining
of surface lineages markers was performed by using conjugated
monoclonal antibodies against CD3, CD4, CD8, CD19, (all from
Miltenyi Biotec), and CD14 (Biolegend, USA) followed by intracellular staining with Histone H2AX-Phosphorylated (Ser139, Biolegend) antibody by using True-Phos™ Perm Buffer according to
the manufacturing protocol (Biolegend). At the end of the staining
procedure, 106 cells for each experimental point were collected,
washed with PBS and resuspended in staining buffer (PBS 2% FBS)
for the ﬂow cytometry acquisition and analysis using FACS Verse
Flow Cytometer (BD Biosciences). 50,000 events corrected for
debris and aggregates for each sample were analyzed.

2.5. Cell cycle analysis
PBMC were grown in 6-well plates at the concentration
of 106 cells/mL, stimulated with PHA for 16 h and treated with BPA
for 24 and 48 h. After treatments cells were transferred in 15 mL
polypropylene V-bottom tubes, rinsed twice in ice cold PBS and
stained in freshly prepared PBS buffer containing 1 mg/mL propidium iodide (PI) (Merck), 100 U mL1 DNAse free RNase A (Merck)
and 0.1% Triton X-100 (Merck). Cells were incubated for 30 min at
4  C in the dark and analyzed by ﬂow cytometry (FACS Verse, BD
Bioscience) counting 10,000 events corrected for debris and aggregates for each sample (Santoro et al., 2009). The percentage of
cells in each cell cycle phase was analyzed by ModFit LT Software
House (Topsham, ME) program.
2.6. Chromosome aberrations assay
PBMC (106) were seeded and immediately stimulated with PHA
for 16 h. Then, BPA was added at a ﬁnal concentration of 25 or
50 nM for further 48 h. To visualize metaphases, colcemid (Merck,
0.2 mg/mL ﬁnal concentration in culture) was added 2 h before
harvesting. Lymphocytes were collected by centrifugation, resuspended in pre-warmed hypotonic solution (0.075 M KCl) for 20 min
and ﬁxed in methanol/acetic acid (3:1) over night at 4  C. Fixed cells
were washed twice with fresh methanol/acetic acid solution and

2.8. Western blot
Cells were harvested and lysed in RIPA buffer (NaCl 150 mM, 1%
triton X-100 pH 8.0, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris, pH 8.0), supplemented with protease inhibitors cocktail and
phosphatase inhibitors (Merck), 1 h on ice as already described
(Santoro et al., 2009). Lysates were then centrifuged for 30 min at
13,000 rpm. Supernatants were collected and protein concentrations were determined by Bio-Rad protein assay (Bio-Rad). Equal
amounts of total protein extracts (20 mg) were separated by
SDSePAGE gels and transferred onto nitrocellulose membranes.
Nitrocellulose blots were blocked with 10% nonfat-dry milk in TBST buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl and 0.1% Tween20), and incubated in TBS-T containing 5% nonfat dry milk overnight at 4  C with the following primary antibodies: anti-phospho
ERK 1/2, anti-PARP1, anti-p21, anti-GAPDH and anti-aTubulin all
provided from Santa Cruz Biotechnology. Anti-phospho gH2AX (pH2AX, Abcam), anti-ERa (Merck), and anti-ERb (Thermo Fisher
Scientiﬁc). Immunoreactivity was detected by sequential incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Merck) for 1 h at room temperature and Pierce ECL
detection reagents (Thermo Scientiﬁc, Rockford, IL) on X-ray ﬁlms.
Densitometry of bands was performed by using ImageJ software
(NIH, USA).
2.9. Immunohistochemistry

Fig. 1. Flow chart of the animal experimental protocol.

Rat brains were removed, post-ﬁxed overnight in 4% paraformaldehyde and transferred to 70% ethanol, until they were
included in parafﬁn. Serial 10 mm coronal sections were sampled
from bregma 1.72 to 5 mm according to the Paxinos and Watson
rat brain atlas (2005). Sections were processed for immunohistochemical analysis of cells expressing Glial Fibrillary Acidic Protein
(GFAP, 1:300; Merck), Ionized calcium binding adaptor molecule 1
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(IBA1, 1:50; Millipore), ERa (1:50; Abcam), Neuronal Nuclei (NeuN,
1:100; Millipore), Nitrotyrosine (1:100; Millipore) or phosphoHistone gH2AX (Ser139) (1:50; Abcam). Sections were treated for
antigen retrieval with 10 mM citrate buffer (pH 6.0) and heated in a
microwave for 40 min. Slides were cooled for 30 min in antigen
retrieval buffers at room temperature, washed with TBS for 10 min
and then 0.1% Triton X-100 in TBS was added for 15 min for permeabilization. Sections were incubated overnight with the primary
antibody and then for 1 h with ﬂuorescent-dye conjugated secondary antibodies. All images were acquired with an inverted Leica
laser-scanning confocal microscope TCS SP5 (Leica Microsystems).
Fluorochromes were detected using laser lines 488 nm, 543 nm and
647 nm. Triple-stained images were obtained by sequential scanning for each channel to eliminate the crosstalk of chromophores
and to ensure reliable co-localization. Images were then processed
using ImageJ software.
To analyze the distribution of astrocyte cells in the hilus of the
DG, the total number of cells positive to GFAP at 20X magniﬁcation
in 5 sections were counted. For the evaluation of DNA damage in
microglia cells, the percentage of p-H2AX þ IBA1 double-labelled
cells were calculated on 5 sections per animal.
2.10. Statistical analysis
Data were expressed as mean ± standard deviation (SD) unless
otherwise indicated. Student’s t-test was performed for all in vitro
and in vivo experiments, evaluating the differences between BPA
exposed samples/groups and controls. Comparison between multiple groups were assessed by one-way ANOVA followed by Bonferroni’s post hoc test. Statistical analysis was performed with
GraphPad Prism software (version 5.0, GraphPad Software, San
Diego, CA). For all analyses, differences were considered statistically
signiﬁcant when P < 0.05.
3. Results
3.1. BPA affects cell proliferation of human PBMC
The ability of BPA to affect the growth of human PBMC from 5
unrelated healthy donors (adult males and females) in a wide
concentration range was tested. Results demonstrated that the
treatment with BPA did not affect cell proliferation of unstimulated
resting PBMC (Fig. 2a left histogram), however at 200 mM, BPA
induced a marked inhibition of cell proliferation at 24 and 48 h after
the treatment. On the contrary, in PHA-stimulated cells (Fig. 2a,
right histogram), BPA caused a pronounced increase of cell growth
starting from 10 nM to 100 nM and a dose-dependent decrease of
cell proliferation from 25 to 200 mM. The effect of BPA on cell cycle
distribution is presented in Fig. 2b. BPA at 50 nM increased the
percentage of cells in S phase of the cell cycle at 24 h and this effect
was higher at 48 h with an increase of about 17% of cells in the Sphase compared to the control. Conversely, at 100 mM, BPA induced
a signiﬁcant increase of the percentage of cells in the G0/G1 phase,
thus suggesting that BPA affected cell growth in a non-monotonic
way by stimulating the proliferation of already cycling cells at
low concentrations and inhibiting cell growth by inducing a G0/G1
phase cell cycle arrest.
3.2. BPA induces DNA damage in proliferating human PBMC
Results indicated that BPA-treatment for 48 h induced a significant increase (P < 0.001) of both the percentage of aberrant cells
(about 20% at 100 nM) calculated as the ratio between the total
number of cells having at least one chromosome aberration and the
total number of cells scored, and structural aberrations (about 27%

at the maximal concentration) including chromatid and chromosome breaks, rings and fragments reported in Fig. 3a as aberration
frequency and determined as the percentage of the total number of
aberrations/total number of cells observed. BPA also increased
signiﬁcantly the percentage of highly fragmented metaphases
(shattered cells, Fig. 3b and c). Taken together the cytogenetic data
provided evidence that BPA induced an extensive DNA damage and
chromosome misjoining events in proliferating PBMC. The
observed DNA damage was also corroborated by immunoblot
analysis showing that the treatment with 50 nM of BPA induced an
early activation of the DNA damage marker histone g2AX (p-H2AX)
on Ser139 (Fig. 3d).
Flow-cytometric analysis was used to detect the endogenous
levels of p-H2AX phosphorylation in CD3CD19þ B cells and both
CD8þ and CD4þ T-lymphocytes among proliferating (PHA-stimulated) PBMC from the same donor group. In PHA-stimulated PBMC
treated with a suboptimal dose of BPA (50 nM) for 24 h, p-H2AX
was present in a higher proportion of CD8þ T lymphocytes than the
CD4þ T lymphocytes (Fig. 3e), while a slight percentage of pH2AX þ cells was detected among the B cells. Interestingly, only the
proportion of p-H2AX þ CD3þ T lymphocytes was signiﬁcantly
increased in PHA-stimulated PBMC after the BPA treatment. More
in detail, the CD4þ T cell subset was mainly affected by BPA action
as it signiﬁcantly increased the percentage of p-H2AX þ CD4þ T
lymphocytes. To be noted, a similar trend was achieved for pH2AX þ CD8þ T lymphocytes (Fig. 3e), even though it failed to reach
statistical signiﬁcance.
3.3. BPA affects DNA damage checkpoint and modulates ERs
expression in human PBMC
The treatment of human PBMC with BPA signiﬁcantly caused a
pronounced transient increase of the phosphorylation of the
extracellular-signal regulated kinase (p-ERK 1/2) from 5 min to 1 h
(Fig. 4a) and an induction of both p21/Waf1 and PARP1 protein
expressions approximately within the same time interval (Fig. 4a
and b). These ﬁndings suggest that BPA could affect the p53-p21/
Waf1 checkpoint and PARP1 levels resulting in DNA damage repair
defects. Since BPA is a well known endocrine disruptor and immune
cells are responsive to hormones, we also investigated ERa and ERb
expression levels following BPA treatment. As expected, basal levels
of both estrogen receptors were different in male compared to female controls, however at 24 h of treatment, BPA was able to
modulate the expression of ERb in both sexes inducing or inhibiting
its expression in males and in females respectively (Fig. 4c and d).
The effect was more pronounced in male than in female donors and
was similar to the variations induced by pharmacological concentrations of E2 (100 nM) used as a positive control. In addition, the
expression of the N-terminus truncated ERa isoform (46 kDa) was
also up-regulated by BPA in male donors (Fig. 4c) even though this
induction was found in the ﬁrst hour of BPA treatment while in
female subjects ERa was down-regulated at 24 h (Fig. 4d). Of note,
in females the ERa modulation resembled that induced by E2,
suggesting that BPA was acting by mimicking estrogens’ effects.
3.4. BPA exposure during early brain development promotes
microglial DNA damage and astrocytosis in rat hippocampal DG
Based on our in vitro ﬁndings showing the ability of BPA to affect
immune proliferating cells and induce DNA damage, we examined
whether prenatal and early life BPA exposure (see Fig. 1 for the
animal protocol) altered neuroglial cells in the DG region of hippocampus in both 17PND female and male rats. Immunoﬂuorescence analysis revealed a signiﬁcant increase of the percentage of
p-H2AX-positive cells within the IBA1-positive microglial cells in
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Fig. 2. Histograms showing: (a) Effects of BPA on human PBMC proliferation. (b) Cell cycle progression. Data are expressed as mean ± SD and * ¼ signiﬁcant difference at P < 0.05
and ** ¼ signiﬁcant difference at P < 0.01 vs controls.

the DG of BPA-exposed group compared to the control group
(Fig. 5a and b). These data corroborated that BPA induced DNA
damage in immune cells at both peripheral and central level;
however, neither morphological or numerical changes were
observed in this cell type. Furthermore, BPA increased the mean
ﬂuorescence intensity (MFI) of the glial speciﬁc marker GFAP in rat
astrocytes which assumed the typical activated morphology (Fig. 6a
and b). In addition, in association with the enhancement of staining
intensity, immunohistochemistry of BPA-treated PND17 pups also
revealed a signiﬁcant increase in the number of GFAP þ cells,
(Fig. 6c). Immunohistochemical staining performed with a

polyclonal anti-nitrotyrosine (NT) antibody was more intense in
the DG of BPA-exposed rats compared with that of the control
group (Fig. 6d and e). Of note, NT staining was predominantly
detected in hilar GFAP positive cells but also in the sub granular
zone (SGZ), the border between the granule cell layer and the hilus
in which dividing progenitors reside. No differences were found
between the sexes. Unexpectedly, we observed that ERa positive
cells were conﬁned to neurons in the hilus and granule cell layer of
the DG in the control group. In BPA-exposed rats a marked
decreasing trend of ERa expression was found (Fig. 7), thus proposing a role for this receptor in the detrimental BPA-induced
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Fig. 3. Effects of BPA on DNA damage in human PBMC. PBMC from 5 human healthy donors (three males and two females), were pre-stimulated with PHA for 16 h and then treated
with 50 nM BPA for additional 48 h for structural chromosome aberrations detection (a) and shattered cells determination (b). c: Representative image showing a typical shattered
metaphase: arrows indicated multiple fragments. d: Western blot showing phospho-histone gH2AX phosphorylation (p-H2AX) in the same donor group. eef: Cytoﬂuorimetric

P. Di Pietro et al. / Chemosphere 254 (2020) 126819

effects in both astrocytes and microglia.
4. Discussion
A number of studies have addressed cytotoxic as well as genotoxic effects of BPA on reproductive system organs and cells (Xin
et al., 2015; Aghajanpour-Mir et al., 2016), however few and contrasting data are available about the genotoxicity and carcinogenic
activity of this compound on immune system and immune function
of the cells of the CNS. The ﬁndings of our study have shown that
BPA can induce a biphasic effect on PBMC proliferation being proproliferative at low concentrations (included in the nanomolar
range) and anti-proliferative at high doses. These results are in
agreement with previous data indicating non-monotonic effects of
BPA on Sertoli cells and other experimental cell systems (Ge et al.,
2014; Ma et al., 2019; Nowak et al., 2019). Such biphasic effect was
associated to different alterations of the cell cycle progression,
suggesting that BPA could bind different nuclear or membrane receptors depending on the doses, and abnormally activates or inhibits multiple signalling pathways. Indeed, our ﬁnding show that
low BPA concentrations induced proliferation only in cycling PBMC
together with an accumulation of cells in the S phase of the cell
cycle. It suggests that BPA may behave like a cancer accelerating
agent in immune system cells.
It is well known that tumour cells originated from normal cells
gain a sequence of special features, such as sustained proliferative
signalling, inefﬁcient growth suppression, replicative immortality,
and genome instability (Hanahan and Weinberg, 2011). Therefore
we focused on BPA doses in the nanomolar range and investigated
chromosome instability as a DNA damage endpoint. Our results
indicated that BPA signiﬁcantly increased structural chromosomal
aberrations supporting its carcinogenic potential in human PBMC
as already observed in Human epithelial type 2 (Hep-2) and in
Chinese hamster Ovary (CHO) cells (Xin et al., 2015; Ramos et al.,
2019). Interestingly, we also found a roughly 20-fold increase in
the percentage of such kind of shattered cells characterized by a
high number of chromosomal fragments in BPA treated cells. The
parallel presence of shattered metaphases and the observed accumulation of cells in S-phase of the cell cycle suggest that replicative
repair pathways operating during the S-phase could have been
affected by BPA. As a consequence of the altered DNA repair machinery during the S phase, a catastrophic phenomenon known as
chromoanagenesis might be occurred generating these kind of
devastated cells (Pellestor, 2019). According to these data, cytoﬂuorimetric analysis conﬁrmed the presence of an extensive DNA
damage in human T lymphocytes (CD4þ and, to a lesser extent,
CD8þ cell subsets) but not in B lymphocytes, monocytes or Natural
Killer (NK) cells (data not shown). This could be due to the fact that
PHA has mitogenic properties particularly on T cells but is relatively
ineffective inducer of B cell differentiation and activation in the
absence of additional stimuli (Clement et al., 1983). Accordingly,
Zbucka-Kretowska et al. (2017) showed that the treatment with
high BPA concentrations (200 and 1000 nM) inﬂuences the
phenotype of monocytes increasing the frequency of CD14þ and
CD16þ subtypes being almost ineffective in resting lymphocytes.
The accumulation of circulating T cells positive to p-H2AX might
also suggest the induction of senescence-related programs upon
BPA exposure. Immunosenescence refers to the physiological
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decline in immunological functions associated with impaired
innate and adaptive immunity (Santoro et al., 2018a). In humans,
immunosenescence naturally occurs with aging but it can be also
driven by chronic inﬂammatory or aberrant and stressful conditions. Among the different immune cells, the T-cell pool is mainly
affected by the multiple phenotypic and dysfunctional characteristics (Hao et al., 2004). This condition may impact disease occurrence, susceptibility to infections, laboratory indices of severity or
speciﬁc treatment outcome in BPA-exposed population. Indeed, in
the U.S. Population (NHANES, 2003e2006) BPA resulted to negatively affect human immune function as measured by cytomegalovirus (CMV) antibody levels and allergy occurrence (Clayton et al.,
2011). Recently, in the clinical diabetes setting increased BPA levels
have been associated with cellular senescence, proinﬂammation,
poor glycemic control, insulin resistance, and shortened telomeres
in patients with type 2 diabetes mellitus (T2DM) (Soundararajan
et al., 2019).
The molecular mechanisms underlying the induction of DNA
damage by BPA was studied by the analysis of the downstream
target of the p53 protein p21/Waf1, and the nuclear PARP1, both
involved in DNA repair and activated in the case of DNA breaks
induced by genotoxic insults (el-Deiry et al., 1993; Cohen-Armon,
2007; Santoro et al., 2008; Jeggo et al., 2016). The present ﬁndings demonstrated an over-expression of these proteins and a
slowdown of the cell cycle progression suggesting that the activation of the DNA repair signalling following BPA treatment could be
occurred during the S-phase of the cell cycle. This is also in
agreement with other ﬁndings showing that increased p21/Waf1
expression can be induced by both DNA damage and impaired DNA
replication during the S-phase (Barr et al., 2017). Indeed, to ensure
correct replication of the genome, cells have evolved several
mechanisms maintaining genome integrity, including the poly
(ADP-ribose) polymerases (PARPs) which are required at the
replication fork during the S-phase to preserve the correct DNA
replication (Hanzlikova and Caldecott, 2019). In the presence of
DNA damage the over-expression of PARPs could favour other DNA
repair mechanisms such as the BRCA1 and BRCA2-mediated homologous recombination that, if already mutated as in the case of
cancer cells, could be a potential source of chromosome aberrations
and rearrangements leading cells towards a more invasive phenotype (Schlacher et al., 2011; Hanzlikova and Caldecott, 2019). These
results are in line with our observations and further support that
BPA might act as a tumour promoting agent. In addition, recent
ﬁndings have stressed that PARP1 activation could occur also via a
direct interaction with phosphorylated ERK2 proposing a role for
PARP1 in epigenetic mechanisms promoting cell proliferation
(Cohen-Armon, 2007). Accordingly, as we found a concomitant
increase of both phosphorylated forms of ERK (ERK1 and ERK2), it is
conceivable that PARP1 induction by BPA could be indirectly
mediated through ERK2 phosphorylation. The over activation of
ERK1/2 also indicates that BPA can modulate the MAPK/ERK signalling pathway which is involved in both cell proliferation and AP1-mediated induction of pro-inﬂammatory cytokines (Karin, 1995;
Santoro et al., 2018b). Therefore, BPA could induce a proinﬂammatory status as already observed in immune cells, BV2
microglial cells and cardiac T cells (Zhu et al., 2015; Bruno et al.,
2019; Ma et al., 2019). Of note, our analysis of ERs expression
revealed that in human PBMC both ERa and ERb are affected by BPA

analysis of the BPA-mediated induction of p-H2AX on PHA-stimulated PBMC treated with BPA for 24 h. At the end of the cell culture treatment, PBMC were recovered and stained
using anti-CD3, anti-CD4, anti-CD8, anti-CD19 mAb and anti-intracellular p-H2AX and analyzed by ﬂow cytometry. Representative dot plots are presented (e) showing unstimulated
(control, CTR), PHA stimulated (PHA) and PHA-stimulated treated with BPA (PHA þ BPA) cells. All results are given as the mean percentage ± SD of three to ﬁve experiments each
using different donors. In the case of cytoﬂuorimetric analysis Bar graph (f) reports the mean percentage ± SD of p-H2AX positive of CD3þ gated T, of both CD4þ and CD8þ gated
TCD3þ cell subsets and of CD19þ CD3gated B cells pH2AX positive of CD3þ gated T, of both CD4þ and CD8þ gated TCD3þ cell subsets and of CD19þ CD3gated B cells. *P < 0.05,
**P < 0.01 and ***P < 0.001 compared to the corresponding controls stimulated with PHA.

8

P. Di Pietro et al. / Chemosphere 254 (2020) 126819

Fig. 4. Effects of BPA on DNA damage response and Estrogen Receptors (ERs) expression. Isolated PBMC were stimulated with PHA for 16 h and then treated or not (controls, CTR)
with 50 nM BPA for the indicated time. On the left, representative western blots on protein extracts showing the effects of BPA on pERK 1/2 and p21/Waf1 (a), PARP1 (b), ERa and
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Fig. 5. Impact of prenatal BPA exposure on DNA damage in rat hippocampal microglia. a: Confocal representative images showing immunoﬂuorescence (IF) staining for p-H2AX
(red), IBA1 (cyan) and NeuN (green) in the dentate gyrus (DG) of pups exposed to BPA or vehicle (CTRL) at 17PND. b: Histograms showing the increase of doubly labelled p-H2AX
and IBA1 cells in rat hippocampal DG of BPA exposed-pups. Data are expressed as the percentage of the total number of p-H2AX þ cells. Arrows indicate p-H2AX nuclear localization
in IBA1 positive cells. Scale bar: 25 mm. Data are expressed as mean ± SEM. *P < 0.05 vs controls.

treatment even though in an opposite way in males and female
donors. BPA has been reported to exert estrogenic, antiestrogenic or
androgenic effects depending on doses, exposure time and route,
tissue, sex and age (Kovats, 2015; Chianese et al., 2018a; Nowak
et al., 2019). In the present study, BPA has a clear estrogenic effect
on the PBMC of male and female donors (i.e. its effect on ERa/b
overlaps those reported following E2 treatment), however the sexspeciﬁc differences in the expression rate of ERa/b could be
emerged as a consequence of the physiological differences in steroid levels/responsivity in both sexes. Accordingly, the sex speciﬁc
modulation of ERs subtypes have been already reported in PBMC
from healthy donors or patients (see for example Brundin et al.,
2012). Therefore ﬁndings of the present study deserve particular
attention for the preservation of health status following BPA
exposure risk. BPA has been found to act through other nuclear and
membrane receptors involved in non-estrogen receptor pathways,
such as the Androgen receptor (AR), the Estrogen related receptor g
(ERRg), Peroxisome proliferator-activated receptors (PPARs)
(Mhaouty-Kodja et al., 2018). It is conceivable that in our experimental conditions other receptors may have been activated by BPA.
Anyway, our results clearly indicate that BPA, by disrupting estrogen receptor signalling in PBMC, can induce changes in cell proliferation, and DNA damage.
On the bases of our in vitro results, we investigated if BPA could
induce DNA damage also at central level affecting cells possessing
immune function in the CNS, like astrocytes and microglia (accounting for about the 50% and 15% respectively of all brain cells).
Microglial cells derive from haematopoietic stem cells, and once

migrated in the brain they are self-renewal and do not need the
maintenance upon the recruitment of bone marrow-derived cells
(Lampron et al., 2013; Sun et al., 2016). Microglia preserve brain
homeostasis responding for clearance of invading pathogens, tissue
debris, and synaptic remodelling (for a review see Santoro et al.,
2018a); an interplay between microglia and astrocytes occurs
during aging and the over expression of astrocytes’ GFAP and
vimentin together with an activated morphology have been found
to modulate microglial functions in hippocampal CA1, CA2 and CA3
subregions (reviewed in Pekny and Pekna, 2004). Therefore we
chose to study this brain region because it is an active brain site of
neurogenesis also in adult (Ohtsuka and Kageyama, 2019), it is
hormone sensitive particularly during development (Santoro et al.,
2019; Gillies and McArthur, 2010) and there is a sex-speciﬁc
microglial colonization of this region (Schwarz et al., 2012). Also,
the BPA low doses DNA damage and oxidative stress reduction in
spermatogenesis was demonstrated by Chianese et al. (2018b).
Our ﬁndings demonstrating for the ﬁrst time that BPA induces
genotoxic effects (ɣH2AX phosphorylation) in the DG of rat hippocampus suggest that the compound can be responsible for an
early appearance of immunosenescence in these cells (Santoro
et al., 2018a). Accordingly, maternal BPA exposure has been
shown to induce the inﬂammatory factor TNFa production in the
prefrontal cortex of female offspring juvenile mice (Luo et al., 2014),
and neuroinﬂammation markers in mouse embryos (Takahashi
et al., 2018) and in BV-2 microglial cells (Zhu et al., 2015). In our
experimental conditions, we did not observe numerical or
morphological changes in microglia following BPA exposure and

ERb in males (c) and females (d) healthy donors. a-Tubulin and GAPDH were used as loading controls. On the right, densitometric analyses showing relative band intensity means
(arbitrary units, a.u.) ± SD of ﬁve independent experiments each done on a single subject (a and b). For ERs detection, densitometric analysis was carried out on the same donor
group of 3 males (c) and 2 females (d). *P < 0.05 and **P < 0.001 vs controls. Statistical analysis referred to Fig. 4d was performed only with the Student’s t-test, due to the limited
number of female subjects.
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Fig. 6. Effects of BPA on hippocampal rat astrocytes. a: Representative images of IF staining for GFAP (red) and NeuN (green) in the DG of pups exposed to BPA or vehicle (CTRL) at
17PND. White square in the panel image shows higher-magniﬁcation of GFAP þ hypertrophic astrocytes in the hilus of BPA-exposed rat. Scale bars: (panel) 50 mm; (square frame)
5 mm. b: Mean ﬂuorescence intensity (MFI) values of GFAP expression in hippocampal DG of BPA-exposed (BPA) and vehicle-exposed (CTRL) groups. c: Histograms show the
signiﬁcant increase of GFAP þ cells in the hilus of BPA-exposed group. d, e: Representative images and histogram of IF staining showing intense nitrotyrosine (green) immunoreactivity in the DG of BPA-exposed pups. DAPI (blue) was used to stain nuclei. Arrows indicate nitrotyrosine localization on hilar GFAP þ cells and in the subgranular zone. Scale
bar: 25 mm. Data are expressed as mean ± SEM. *P < 0.05 vs controls.
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Fig. 7. Effects of BPA on ERa expression. a: Representative images showing IF staining for ERa (green), GFAP (red) and NeuN (blue) in rat DG of 17PND BPA-exposed group compared
to the group treated with vehicle alone (CTRL). b: Histograms showing the relative ERa expression in NeuN þ cells in rat hippocampal DG of BPA- and vehicle-exposed (CTRL)
groups. Data are expressed as the percentage of the total number of NeuN þ cells (Mean ± SEM). Arrows indicate nuclear ERa localization in vehicle-exposed group. Scale bar:
25 mm.

this is in agreement with Rebuli et al. (2016), who indicated that
BPA did not increase amoeboid microglia number at PND12 of BPA
exposed female rats while in male rats it was slightly increased.
In this study glial activation was evaluated as a potential
mechanism of BPAeinduced neurotoxicity within the DG of rat
hippocampus. Indeed, few and not conclusive data are reported on
BPA-induced effects on astrocytes. Wise et al. (2016) did not
observe a variation of astrocyte cell number in the medial prefrontal cortex (mPFC) of both male and female adolescent rats
exposed to BPA, whereas another study demonstrated an increase
of both neurons and glial cells within the mPFC of male rats
(Sadowski et al., 2014). The results of the current study clearly
showed that BPA altered the morphology and number of astrocytes,
hallmarks of astrogliosis, in the DG of both female and male rats.
Previous study observed that environmental toxicants exposure act
as a critical contributor for the induction of reactive astrogliosis and
consequent astrocytic nitrosative stress (Rizor et al., 2019). To the
best of our knowledge, this is the ﬁrst in vivo study showing a BPAinduced inﬂammatory response in hippocampal astrocytes, in association with increased nitrosative stress particularly in the SGZ in
which dividing progenitors reside. Indeed, the astrocytes perturbation induced by BPA could alter the glia-mediated ﬁne tune of
neuronal migration and differentiation leading to memory and
cognitive impairment (Santoro et al., 2019). From this hand, Tiwari
et al. (2015) evidenced that BPA treatment (4, 40 and 400 mg/kg/
day) of rats from gestational day 6 to PND21 affected neuronal stem
cell proliferation within the hippocampus and SVZ.
Interestingly, we observed a decrease of ERa expression in the
hilus and granule cell layer of the DG of BPA-exposed rats compared
to the controls without substantial differences between males and
females. This suggests that BPA can act as an endocrine disruptor in
both sex by modulating ERa expression in the same manner in
prepubertal rats. Accordingly, previous evaluation of BPA exposure
during postnatal development has shown its ability to reduce

phosphorylation and nuclear translocation of ERa in all subregions
of male rat hippocampus (Xu et al., 2014) and BPA has been found
also to decrease the expression of ERa mRNA within the same brain
region, along with elevated DNA methylation of the ERa gene
promoter in adult rats exposed to BPA during gestation and lactation (Chang et al., 2016). Additionally, we also observed that ERa
immunoﬂuorescence was mainly conﬁned to neurons while the
DNA damage was found in microglia and BPA exposure caused
astrocytes activation. This apparent discrepancy could be explained
by a cross talk among brain cell types and their released factors. It is
well recognized that astrogliosis, as well as DNA-damaged microglia can lead to the expression of senescence markers or the production of speciﬁc factors required for the crosstalk with the
neighbouring cells (Santoro et al., 2018a). Therefore, it is conceivable that increased astrocyte activation and microglia senescence
could have altered ERa expression and signalling in neurons, a
matter that could lead to the alteration of hippocampal function.
Accordingly, a number of in vivo studies in rodents have pointed
out cognitive disabilities following BPA exposure (for a review see
Santoro et al., 2019).
In summary, although the Environmental Protection Agency and
the European Safety Authority (EFSA, 2015) have recently reduced
the BPA tolerable daily limit intake from 50 mg/kg bw/day to 4 mg/
kg bw/day, our results indicating genotoxic and neurotoxic effects
of this compound in peripheral circulating immune cells and in
immune-like cells of the brain. These ﬁndings suggest that the
established safety limits require further redeﬁnition taking into
account the different effects induced by BPA in each hormonesensitive system.
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