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Abstract
Endocrine disruptors (EDs), such as Bisphenols (BPs) and Perfluoroalkyls (PFs), are a class of plastic pollutants widely 
used in industrial applications. Human exposure to these molecules usually occurs through ingestion of contaminated food 
and water. Once entered the human body they can interfere with endogenous hormone signaling, leading to a wide spectrum 
of diseases. It has been reported that BPs and PFs can cross the placental barrier accumulating in the fetal serum, but the 
detrimental consequences for human development remain to be clarified. Here we analyze the effects of different doses of 
bisphenol A and S (BPA, BPS) perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) on proliferation and 
mitochondrial health on different types of stem cells: through an integrated approach that combines data from pluripotent 
stem cells (hiPSCs) with that from the “environment” in which the embryo develops (fetal annexes-derived perinatal stem 
cells) we verified the potential developmental toxicity of the in utero EDs exposure. Data obtained showed that overall, BPs, 
and PFs tended to increase the proliferation rate of perinatal stem cells; a similar response was observed in hiPSCs exposed 
to very low doses of BPs and PFs, while at higher concentrations these chemicals were toxic; in addition, both the BPs and 
the PFs exerted a mitotoxic effects hiPSCs at all the concentration studied. All these data suggest that antenatal exposure 
to BPs and PFs, also at very low concentrations, may modify the biological characteristics of stem cells present in both the 
developing fetus and the fetal annexes, thus perturbing normal human development.
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Introduction

Health concern is rising about the immediate- and long-
term consequences of human exposure to plastic pollut-
ants that contaminate the environment leaching molecules 
such as Bisphenols (BPs), in particular Bisphenol A (BPA) 
and S (BPS), and perfluoroalkyls (PFs), like perfluorooc-
tane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). 
All these chemical compounds act as endocrine disruptors 
(EDs) (Benjamin et al. 2017; Shafei et al. 2018). EDs are 
molecules that mimic or interfere with hormones, impact-
ing the endocrine system and subsequently impairing the 
animal and human health (Gore et al. 2015; Li et al. 2020); 
the endocrine system, indeed, underlies nearly all human 
biological functions and EDs (Shafei et al. 2018; Behr et al. 
2018). Although the molecular mechanism has not been 
completely clarified, it is generally accepted that BPs act as 
xenoestrogen, binding and activating the estrogen receptors 
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(ER) α and β that, in turn, bind the estrogen response ele-
ment (ERE) in the DNA promoter region of ER-target genes, 
inducing their transcription. ER-target genes are mainly 
involved in cell proliferation and regulation of WNT and 
TGFβ signaling pathways (Li et al. 2018). On the other side, 
when BPs are present at very low doses (pM), they can bind 
also the non-classical G-coupled estrogen receptor, activat-
ing the production of cAMP and the ERK1/2/c-fos cascade 
that usually induces cell migration and proliferation and it 
is a marker of poor prognosis in many cancers (Fenichel 
et al. 2013). Similarly, PFs can bind the ERs in addition to 
the androgen receptor (AR) and thyroid hormone receptors 
(TRs): PFOS has been shown to induce estradiol synthesis 
and reduce testosterone production, altering the expression 
of many steroidogenic genes and many members of the 
cytochrome P450 family (Du et al. 2013); PFOA can bind 
the soluble AR impairing its nuclear translocation and con-
sequently disrupting the expression of androgen-responsive 
genes (Tachachartvanich et al. 2022); evidence also support 
the idea that PFs may act as agonists of the TRs altering the 
neuronal development in the prenatal life and the metabo-
lism regulation in post-natal life (Coperchini et al. 2021).

BPs and PFs are leached by many daily objects; in par-
ticular, BPs are widely used in plastic products including 
food storage containers, while PFs are commonly used in 
industrial applications, such as non-stick pans, paper, and 
textile coatings. BPA is a ubiquitous compound that is a 
pseudo-persistent chemical; despite its short half-life, it is 
considered one of the most common EDs in the environ-
ment, being constantly released into it. After ingestion, 
BPA is converted into its glucuronide form, which is bio-
logically inactive. Despite that, the parent and biologically 
active BPA form can still be detected in the body and cause 
alterations in the reproductive organs of developing mice 
embryos (Schönfelder et al. 2002). BPA has gradually 
been replaced by its analogs; in particular, BPS is widely 
used because it has higher thermal stability and leaches to 
a lesser degree from plastics; however, being structurally 
similar to BPA, also BPS raises doubts relative to its safety 
for human health, particularly during pregnancy and pre-
natal life (Abrantes-Soares et al. 2022), as it was detected 
at greater concentrations than BPA in human samples and 
in both maternal and fetal plasma (Zhao et al. 2018; Pan, 
et al. 2020). Even the exposures to PFs are geographically 
global with significant discrepancies among countries 
and continents (Liu et al. 2020a): PFOS is a ubiquitous 
compound widely used in industrial products that accumu-
lates in the liver altering lipid metabolism and hormone 
regulation. PFOS is very stable in the environment and its 
half-life in humans was estimated at 5.4 years (Lau et al. 
2006). It has been also detected in breast milk, maternal 
serum, and cord blood. Like PFOS, PFOA is a very stable 
environmental contaminant: it is absorbed, not known to 

be metabolized, and poorly eliminated. Prenatal exposure 
to PFOA is associated with lower birth weight (Peterson 
et al. 2022). While the levels of PFOS and PFOA have 
declined since 2000, their levels exceed those of some 
major environmental toxins in maternal blood (Liu et al. 
2020a).

As all humans, also pregnant women are unavoidably and 
unintentionally exposed BPs or PFs using daily products. 
Pregnancy is one of the most susceptible periods to pollut-
ants as in utero exposures to xenobiotics may compromise 
early developmental processes and predispose the fetus to 
biological modifications that can cause adverse health risks 
both immediately and also later in life (Napso et al. 2021; 
Ghassabian et al. 2022). BPs can be transferred via the pla-
centa from the mother to the fetus; studies performed in sev-
eral European, American, and Asiatic countries evidenced 
the BPs presence in a variety of biological samples, such as 
in maternal and cord blood, maternal urine, placenta, and 
amniotic fluid (Abrantes-Soares et al. 2022). Similarly, PFs 
have been detected in maternal blood, cord blood, breast 
milk, placenta, and other fetal samples and their concentra-
tions are relatively high in blood samples (maternal, cord, 
and infant) and lower in breast milk (Liu et al. 2020a). 
Although maternal and infant exposure to BPs and PFs rep-
resent a global problem, the extent of BPs and PFs health 
impact remains to be clarified: it is very difficult, indeed, to 
develop ethical models that mimic human in utero exposure 
to EDs. Moreover, data on EDs dose response are still con-
troversial because, like hormones, they activate their recep-
tors in a non-linear manner (Hill et al. 2018).

Human-induced pluripotent stem cells (hiPSCs) are adult 
cells that have been genetically reprogrammed to an embry-
onic stem cell (ESC)-like state through the forced expression 
of pluripotency genes (Oct4, Sox2, Klf4, and cMyc) (Gaggi 
et al. 2021). In this way, these cells acquired the ability to 
undergo self-renewal indefinitely and the capacity to dif-
ferentiate into cells from all three germ layers (Baldassarre 
et al. 2018; Credico et al. 2021), both in vivo and in vitro, 
becoming morphologically, molecularly and epigenetically 
almost indistinguishable from ESCs isolated from a blasto-
cyst (Parrotta et al. 2017). The use of hiPSCs is generally 
preferred to hESCs since their isolation does not arise any 
ethical issue related to the destruction of a human blastocyst, 
which is why hESCs, use is forbidden in many countries (Lo 
and Parham 2009). On the other side, human fetal mem-
brane mesenchymal stromal cells (hFM-MSCs) and human 
amniotic fluid stem cells (hAFSCs) belong to perinatal stem 
cells; they are isolated from fetal annexes (amniotic fluid 
and amniochorionic membrane of the placenta, respectively) 
during easy medical routine such as amniocentesis or after 
term delivery; being isolated from discarded material, their 
use does not raise ethical concerns. They express many 
pluripotent state-associated markers and show intermediate 
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biological characteristics between the ESCs and the adult 
stem cells ((Gaggi et al. 2019, 2022)) (Gaggi et al. 2020a).

The aim of this study is to analyze the consequences of 
antenatal exposure to BPs and PFs on the fetus’s health: 
for this purpose, the hiPSCs and perinatal stem cells will 
be treated with different doses of BPs and PFs and the pos-
sible effects on their proliferation and mitochondrial health 
will be analyzed. In our study, the hiPSCs offer a reliable 
model to investigate the effects of EDs on embryonic-like 
cells without the controversial use of hESCs. On the other 
side, since hAFSCs and hFM-MSCs are isolated from the 
fetal annexes, they allow us to study the impact of EDs on 
the “environment” where the embryo develops. Indeed, it is 
well known that a healthy placenta is essential for a success-
ful pregnancy and its alteration is associated with poor out-
comes and impaired fetal development (Zhang et al. 2021; 
Hulme et al. 2018). This integrated approach might be the 
optimal model to clarify the potential developmental toxicity 
of the in utero EDs exposure.

Material and Methods

Human Cell Cultures and Treatments

Normal hiPSCs were purchased from iXCells Biotechnolo-
gies (San Diego, USA) and cultured on Matrigel (Corning, 
Sommerville, MA, USA) pre-coated 6-well plates (Corning 
Sommerville, MA, USA) in mTeSR Plus medium (STEM-
CELL Technologies, Vancuver, Canada), following the 
manufacturer’s procedures.

Placenta and amniotic fluid samples were obtained after 
written informed consent in accordance with the Declara-
tion of Helsinki. All samples had normal diploid karyotypes. 
The study was approved by the ethics committee of the “G. 
d’Annunzio” University of Chieti-Pescara, ASL Lanciano-
Chieti-Vasto, Italy and all experiments were performed in 
accordance with relevant guidelines and regulations. The 
hAFSCs were isolated as previously described (Antonucci 
et al. 2014) from 3 women undergoing amniocentesis for 
prenatal diagnosis at 16–17 weeks of pregnancy; cells were 
cultured in Iscove’s modified Dulbecco’s medium (IMDM) 
supplemented with 20% fetal bovine serum (FBS), 1% peni-
cillin/streptomycin, 2 mM l-glutamine, and 5 ng/mL bFGF. 
The hFM-MSCs were isolated from the term placentas of 3 
healthy donor mothers as previously described (Gaggi et al. 
2022). Cells were cultured in DMEM 10% FBS, 1% penicil-
lin/streptomycin, and 2 mM l-glutamine.

BPA, BPS, PFOS, or PFOA (Wellington Laboratories, 
Guelph, Canada) dissolved in methanol were serial diluted 
in culture media. Cells were then exposed to increasing con-
centration (0.01, 0.1, 1, and 2 μM) of BPA, BPS, PFOS, or 
PFOA for 24 or 48 h.

Analysis of Impedance

hFM-MSCs, hAFSCs, and hiPSCs were seeded at 
15–20 ×  105 on 96-Well CytoView MEA plate (Axion Bio-
systems, Atlanta, GA, USA). When the cells were in the 
logarithmic growth phase, sample were treated with the 
EDs (BPA, BPS, PFOS, or PFOA) ranging from 0.01 μM to 
2 μM for 48 h. Impedance values were recorded in real time 
by Maestro Edge (Axion Biosystems, Atlanta, USA) using 
the Impedance Module of Axion Integrated Studio software 
(Axion Biosystems, Atlanta, USA). The resistance was set 
at 41.5 kHz.

Immunofluorescence Analysis of Ki67 Expression

hFM-MSCs, hAFSCs, and hiPSCs were seeded at 
15–20 ×  105 cell/well in µ-Slide 8 Well (Ibidi, Germany). 
Chamber slides were pre-coated with Matrigel 1:50, when 
required. During the exponential phase, cells were treated 
with BPA, BPS, PFOS, and PFOA ranging from 0.01 μM to 
2 μM for 24 h. Then immunofluorescence analysis was per-
formed as previously described (Gaggi et al. 2020b). Briefly, 
cells were fixed in paraformaldehyde 4% and permeabilized 
by Triton 0.5%. After blocking with BSA 5%, cells were 
stained with anti-Ki67 antibody 1:100 Alexa fluor 488 con-
jugated (Thermo Fisher Scientific) overnight at 4 °C. Nuclei 
were counterstained with DAPI 1:1000 (Thermo Fisher Sci-
entific). Pictures were acquired by EVOS M7000 (Thermo 
Fisher Scientific) and analyzed by Celleste Image Analysis 
Software (Thermo Fisher Scientific).

Immunofluorescence Analysis of Mitochondrial 
Membrane Potential

The mitochondrial functionality was analyzed by HCS Mito-
chondrial Health Kit (Thermo Fisher Scientific) following 
the manufacturer’s procedures. Briefly, hFM-MSCs, hAF-
SCs, and hiPSCs were treated with BPA, BPS, PFOS, and 
PFOA ranging from 0.01 μM to 2 μM for 24 h; cells were 
then incubated with the MitoStain for 30 min at 37 °C and 
then fixed in paraformaldehyde 4% for 10 min; nuclei were 
counterstained by Hoechst 33,342. To quantify the fluores-
cence, 9 different fields for each sample were acquired by 
EVOS M7000 (Thermo Fisher Scientific) and analyzed by 
Celleste Image Analysis Software (Thermo Fisher Scientific) 
(Giacomo et al. 2005).

Statistical Analysis

All data are presented as the mean ± SD of 3 independ-
ent experiments. The statistical analysis was performed by 
Prism 9 (GraphPad, San Diego, CA, USA) using the Stu-
dent’s T Test. The level of significance was set at p < 0.05.
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Experimental Design

The potential BPs and PFs developmental toxicity have 
been evaluated by treating the hiPSCs and the perinatal 
stem cells with doses of BPA, BPS, PFOS, and PFOA 
ranging from 0.01 uM to 2 uM and analyzing their effects 
on cell proliferation and on mitochondria health.

The effects of the EDs on cell growth rate and viability 
were monitored in real time measuring the cell impedance 
(ohms, Ω) by means of microelectrodes embedded in the 
culture surface of each well; cells growth was detected 
as an increase in impedance, while cell death or detach-
ment determine an impedance decrease; continuous data 
have been registered up to 48 h to evaluate the cell-drug 
responses over time. The EDs effects on the proliferative 
activity were also immunocytochemically evaluated by 
the expression of the nuclear protein Ki67, a well-recog-
nized marker of proliferation (Sun and Kaufman 2018). 
Finally, to investigate if different doses of EDs could be 
detrimental for mitochondria activity and metabolism, we 
used the MitoHealth fluorescent stain; this dye accumu-
lates in active and healthy mitochondria that then appear 
brilliantly red; changes in the mitochondrial membrane 
potential are detected as a staining reduction.

Results

Dose–Response Effects of BPA on Perinatal Stem 
Cells and hiPSCs

hFM-MSCs were treated with increasing doses (0.01 uM, 
0.1 uM, 1 uM, and 2 uM) of BPA up to 48 h and the 
impedance values were in vivo monitored. We observed 
an increase in the cell growth in all BPA-treated samples; 
this effect, that become evident soon after the treatment 
(6–12 h), was dose dependent, with the more elevated 
impedance values recorded at the higher BPA concentra-
tion (1 and 2 μM) (Fig. 1A and Table 1). The exposure of 
the cells to 0.1-μM BPA was less affective on cell prolif-
eration than the 0.01 μM (Table 1). The hFM-MSCs prolif-
erative response to BPA was confirmed by morphological 
evaluation of the Ki67 expression, a typical marker of cell 
proliferation highly expressed in G2-M phases of the cell 
cycle (Sobecki et al. 2016); as reported in Fig. 1B, the 
percentage of the nuclei  Ki67+ was significantly modified 
in all 24-h BPA-treated samples. Finally, mitochondria 
health in control and EDs-treated cells was evaluated with 
MitoHealth, a specific fluorescent probe that stores inside 
the active mitochondria; the analysis of the fluorescence 
intensities evidenced a reduction of the mitochondrial 

staining upon a 24-h BPA exposure at all the concentra-
tion analyzed, except for the 0.1 μM (Fig. 1C).

To test whether other fetal annexes-derived stem cells dis-
played a similar sensitivity to BPA, the same set of experi-
ments was performed on the hAFSCs. MEA array evidenced 
that, although BPA after 24 h enhanced the cell proliferation 
rate, no differences in the impedance values were recorded 
after 48 h in all samples, except for BPA 0.1 μM (Fig. 2A 
and Table 1); the observation that low concentration of BPA 
initially drives cells toward proliferation was confirmed by 
the Ki67 expression that increased after 24-h exposure 
in 0.01- and 0.1-μM BPA-treated samples (Fig. 2B). The 
potential BPA mitotoxicity was then studied; the fluores-
cence quantification of the mitochondrial staining evidenced 
that 24-h exposure to very low (0.01 μM) or intermediate 
(1 μM) concentrations altered the mitochondrial membrane 
(Fig. 2C).

The biological effects of scalar dose of BPA were finally 
tested on hiPSCs. Unlike the perinatal stem cells, the pro-
liferation rate of hiPSCs was not affected by BPA except 
after 48 h at very low doses (0.01 μM); no changes in the 
percentage of  Ki67+ cells were detected (Fig. 3A, 3B and 
Table 1.) On the other side, this chemical caused a dramatic 
reduction of mitochondrial membrane potential (Fig. 3C) at 
all concentration tested.

These results indicated that BPA affected, even if at dif-
ferent extents, the proliferation rate and the mitochondria 
health of the fetal annexes-derived stem cells (more hFM-
MSCs than hAFSCs); on the other hand, hiPSCs responded 
only to very low doses of BPA by increasing the growth rate, 
but BPA exerted in these cells an important mitotoxicity.

Dose–Response Effects of BPS on Perinatal Stem 
Cells and hiPSCs

Like BPA, BPS exposure significantly increased the hFM-
MSC proliferation at all the tested concentration; this effect 
was evident earlier in presence of lower BPS concentra-
tions (Fig. 4A and Table 1). This observation was con-
firmed by the analysis of the Ki67 expression that was sig-
nificantly higher in the nuclei of the 0.01 μM-, 0.1 μM-, and 
1 μM-treated samples (Fig. 4B). No significant changes in 
mitochondria health were observed at any tested concentra-
tion (Fig. 4C).

The same tests were then performed on hAFSCs that, like 
hFM-MSCs, increased their proliferation rate in response 
to the pollutant; this effect, earlier detectable for very low 
and low doses, was clearly manifest after 48 h for all doses 
except for 2 μM (Fig. 5A and Table 1). The observation 
of the early effects evoked by very low and low doses of 
BPS on the proliferative activity was then supported by the 
immunofluorescence analysis that showed an increased Ki67 
expression after 24-h exposure to 0.01- and 0.1-μM BPS 
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Fig. 1  Dose–response effects of BPA on hFM-MSCs. A On day 0 
hFM-MSCs were treated with different doses of BPA and the imped-
ance values were monitored in real time up to 48 h. Green lines of 
increasing intensities, from pale to dark, represent the diverse BPA 
concentrations, as indicated. Cells not treated (brown line), treated 
only with the vehicle (dark blue line), or with lysing agents (pur-
ple line) represented the experimental controls. Left panel: absolute 
impedance values (expressed in ohms, Ω). Graph is representative 
of three different experiments. Right Panel: Normalized impedance 
values (Day 0 = 1) of Control (brown line) or BPA-treated samples 
(green histograms) at different concentration, as indicated. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control). B Immuno-
cytochemical detection of Ki67 (green fluorescence) in hFM-MSC 
control cells and after 24-h exposure to vehicle or increasing BPA 

concentration. The nuclei were counterstained with DAPI (blue). 
Original magnification: 40x, scale bar 50 mm. Images are representa-
tive of 3 independent experiments. Graph on the right indicates the % 
of the positive nuclei in the different experimental conditions. Data 
are expressed as mean ± SD (n = 3, *p < 0.05 vs Control). C Immuno-
cytochemical detection of mitochondria membrane potential (red flu-
orescence) in control cells and after 24-h exposure to vehicle only or 
to different BPA concentration. The nuclei were counterstained with 
DAPI (blue). Original magnification: 20×, scale bar 100 mm. Images 
are representative of 3 independent experiments. Graph indicates the 
fluorescent intensity (absolute values) in the different experimen-
tal conditions. Data are expressed as mean ± SD (n = 3, *p < 0.05 vs 
Control)
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(Fig. 5B). No significant changes in mitochondrial potential 
membrane health were observed at any tested concentration 
as well as in hFM-MSCs (Fig. 5C).

The effects of the scalar doses of BPS were then tested 
on hiPSCs: while very low dose (0.01 μM) sustained the 
cell proliferation, the higher doses (1 and 2 μM) were toxic, 
as evidenced by impedance values significantly lower than 
control after 48 h of treatment (Fig. 6A and Table 1). Also, 
the Ki67 expression was dramatically decreased by a 24-h 
exposure to the higher doses (Fig. 6B), thus confirming 
the detrimental effect of 1- and 2-μM BPS on hiPSCs. The 
analysis was then completed by the study of the mitochon-
drial response: the image analysis of BPS-treated samples 
evidenced that this xenobiotic dramatically altered the mito-
chondrial health, as evidenced by the drop in the fluorescent 
intensity of the cells (Fig. 6C).

These results indicated that BPS interferes with the cell 
growth regulation at low doses, while at higher doses may 
exert a toxic effect; moreover, similarly to BPA, BPS deeply 
affects the mitochondrial membrane potential in hiPSCs.

Dose–Response Effects of PFOS on Perinatal Stem 
Cells and hiPSCs

PFOS induced effects similar to that evoked by BPA and 
BPS exposure. Low doses of PFOS, indeed, increased the 

hFM-MSC proliferation rate, at shorter (0.01 μM) or longer 
(0.1 μM) incubation timepoints; the 2-μM dosage promptly 
induced a decrease of cell number, but this effect was tran-
sitory and at 48-h impedance was significantly higher than 
control. No effect on impedance was recorded at 1 μM 
(Fig. 7A and Table 1). The early interference with prolifera-
tive machinery exerted by very low PFOS doses (0.01 μM) 
was also confirmed by the Ki67 immunostaining (Fig. 7B). 
On the other side, PFOS seemed to not affect the mitochon-
drial health of hFM-MSC, compared to the control condition 
as well. (Fig. 7C).

The hAFSCs similarly responded to low and medium 
doses (0.01–0.1 and 1 μM) of PFOS, as an increase of the 
proliferation rate as detected, but, by contrast, the high-
est concentration (2 μM) induced a significant drop of the 
impedance values (Fig. 8A and Table 1). These data were 
confirmed also by immunofluorescent analysis that showed 
an increase of  Ki67+ cells after 24 h of treatment at all doses 
except for 2-μM PFOS that were statistically lower than the 
control. (Fig. 8B). No significant changes in mitochondrial 
potential membrane health were observed at any tested con-
centration as well as in hFM-MSCs (Fig. 8C).

By contrast, as observed with the other analyzed chemi-
cals, only very low concentration (0.01  μM) of PFOS 
increased the hiPSCs proliferation rate, according to the 
impedance analysis at 48 h, while the exposure to 2-μM 
concentration determined a toxic effect, inducing a decrease 
in cell number and a drop in the percentage of Ki67 positive 
hiPSCs (Fig. 9A, 9B and Table 1). Again, the mitochondrial 
functionality was deeply affected after the treatment with all 
the PFOS concentration tested (Fig. 9C).

Dose–Response Effects of PFOA on Perinatal Stem 
Cells and hiPSCs

Low doses of PFOA (0.01–0.1 μM) increased the prolifera-
tion rate of hFM-MSCs, already after 6 h the administration 
of the pollutant; however, this effect appeared to be tempo-
rary, since at 48 h the impedance values were comparable 
to that of control. On the other side, the treatment with the 
highest concentration tested (2 μM) took at least 36-48 h to 
slightly, albeit significantly, increase the cell growth. Like 
PFOS, 1-μM PFOA did not induce any effects. The imped-
ance data were consistent with the immunofluorescence 
against Ki67 that highlighted that only the 0.01-μM dose 
led to an increase of the positive cells after 24 h of treatment 
(Fig. 10A, B). Mitochondrial functionality was not altered 
by any PFOA concentration (Fig. 10C).

The proliferation rate of the hAFSCs were less affected 
by PFOA exposure, as only weak effect was observed at 
lowest concentration at late timepoints (Fig. 11A).  Ki67+ 
immunostaining did not detect any significant difference 
compared to the control (Fig. 11B). Unlike in hFM-MSCs, 

Table 1  Effects of a 48-h exposure to the diverse pollutants on cell 
proliferative rate

Data are expressed as fold increase of impedance values relative to 
control
The bold and italic values represent a significant (p < 0.05) increased 
or decreased fold change vs CTRL, respectively

Pollutant Doses Cell type

hFM-MSCs hAFSCs hiPSCs

BPA 0.01 uM 1.24 1.06 1.15
0.1 uM 1.17 1.14 0.96
1 uM 1.33 0.83 0.93
2 uM 1.46 1.07 1.10

BPS 0.01 uM 1.12 1.15 1.14
0.1 uM 1.26 1.22 0.93
1 uM 1.26 1.21 0.70
2 uM 1.20 1.04 0.92

PFOS 0.01 uM 1.12 1.27 1.20
0.1 uM 1.63 1.40 0.98
1 uM 1.09 1.17 1.03
2 uM 1.25 0.89 0.79

PFOA 0.01 uM 1.10 1.16 1.25
0.1 uM 1.10 1.21 1.03
1 uM 1.21 1.26 1.01
2 uM 1.14 1.08 1.00
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Fig. 2  Dose–response effects of BPA on hAFSCs. A On day 0 hAF-
SCs were treated with different doses of BPA and the impedance val-
ues were monitored in real time up to 48 h. Green lines of increasing 
intensities, from pale to dark, represent the diverse BPA concentra-
tions, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or BPA-treated samples (green histograms) 
at different concentrations, as indicated. Data are expressed as mean 
± SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hAFSC control cells and after 24-h 

exposure to vehicle or different BPA concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 40x, scale 
bar 50 mm. Images are representative of 3 independent experiments. 
Graph on the right indicates the % of the positive nuclei in the differ-
ent experimental conditions. Data are expressed as mean ± SD (n = 3, 
*p < 0.05 vs Control). C Immunocytochemical detection of mitochon-
dria membrane potential (red fluorescence) in Control cells and after 
24-h exposure to vehicle only or to different BPA concentrations. The 
nuclei were counterstained with DAPI (blue). Original magnification: 
20×, scale bar 100 mm. Images are representative of 3 independent 
experiments. Graph indicates the fluorescent intensity (absolute val-
ues) in the different experimental conditions. Data are expressed as 
mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 3  Dose–response effects of BPA on hiPSCs. A On day 0 hiPSCs 
were treated with different doses of BPA and the impedance values 
were monitored in real time up to 48  h. Green lines of increasing 
intensities, from pale to dark, represent the diverse BPA concentra-
tions, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or BPA-treated samples (green histograms) 
at different concentrations, as indicated. Data are expressed as mean 
± SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hiPSC control cells and after 24-h 

exposure to vehicle or different BPA concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 40x, scale 
bar 50 mm. Images are representative of 3 independent experiments. 
Graph on the right indicates the % of the positive nuclei in the differ-
ent experimental conditions. Data are expressed as mean ± SD (n = 3, 
*p < 0.05 vs Control). C Immunocytochemical detection of mitochon-
dria membrane potential (red fluorescence) in Control cells and after 
24-h exposure to vehicle only or to different BPA concentrations. The 
nuclei were counterstained with DAPI (blue). Original magnification: 
20×, scale bar 100 mm. Images are representative of 3 independent 
experiments. Graph indicates the fluorescent intensity (absolute val-
ues) in the different experimental conditions. Data are expressed as 
mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 4  Dose–response effects of BPS on hFM-MSCs. A On day 0 
hFM-MSCs were treated with different doses of BPS and the imped-
ance values were monitored in real time up to 48  h. Red lines of 
increasing intensities, from pale to dark, represent the diverse BPS 
concentrations, as indicated. Cells not treated (brown line), treated 
only with the vehicle (dark blue line), or with lysing agents (pur-
ple line) represented the experimental controls. Left panel: absolute 
impedance values (expressed in ohms, Ω). Graph is representative 
of three different experiments. Right Panel: Normalized impedance 
values (Day 0 = 1) of Control (brown line) or BPS-treated samples 
(red histograms) at different concentrations, as indicated. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control). B Immuno-
cytochemical detection of Ki67 (green fluorescence) in hFM-MSC 
control cells and after 24-h exposure to vehicle or different BPS con-

centrations. The nuclei were counterstained with DAPI (blue). Origi-
nal magnification: 40x, scale bar 50  mm. Images are representative 
of 3 independent experiments. Graph on the right indicates the % of 
the positive nuclei in the different experimental conditions. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control). C Immunocy-
tochemical detection of mitochondria membrane potential (red fluo-
rescence) in Control cells and after 24-h exposure to vehicle only or 
to different BPS concentrations. The nuclei were counterstained with 
DAPI (blue). Original magnification: 20×, scale bar 100 mm. Images 
are representative of 3 independent experiments. Graph indicates the 
fluorescent intensity (absolute values) in the different experimental 
conditions. Data are expressed as mean ± SD (n = 3, *p < 0.05 vs Con-
trol)
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Fig. 5  Dose–response effects of BPS on hAFSCs. A On day 0 hAF-
SCs were treated with different doses of BPS and the impedance val-
ues were monitored in real time up to 48 h. Red lines of increasing 
intensities, from pale to dark, represent the diverse BPS concentra-
tions, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line) or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or BPS-treated samples (red histograms) at 
different concentrations, as indicated. Data are expressed as mean ± 
SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hAFSC control cells and after 24-h 

exposure to vehicle or different BPS concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 40x, scale 
bar 50 mm. Images are representative of 3 independent experiments. 
Graph on the right indicates the % of the positive nuclei in the differ-
ent experimental conditions. Data are expressed as mean ± SD (n = 3, 
*p < 0.05 vs Control). C Immunocytochemical detection of mitochon-
dria membrane potential (red fluorescence) in Control cells and after 
24-h exposure to vehicle only or to different BPS concentrations. The 
nuclei were counterstained with DAPI (blue). Original magnification: 
20×, scale bar 100 mm. Images are representative of 3 independent 
experiments. Graph indicates the fluorescent intensity (absolute val-
ues) in the different experimental conditions. Data are expressed as 
mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 6  Dose–response effects of BPS on hiPSCs. A On day 0 hiP-
SCs were treated with different doses of BPS and the impedance val-
ues were monitored in real time up to 48 h. Red lines of increasing 
intensities, from pale to dark, represent the diverse BPS concentra-
tions, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or BPS-treated samples (red histograms) at 
different concentrations, as indicated. Data are expressed as mean ± 
SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hiPSC control cells and after 24-h 

exposure to vehicle or different BPS concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 40×, scale 
bar 50 mm. Images are representative of 3 independent experiments. 
Graph on the right indicates the % of the positive nuclei in the differ-
ent experimental conditions. Data are expressed as mean ± SD (n = 3, 
*p < 0.05 vs Control). C Immunocytochemical detection of mitochon-
dria membrane potential (red fluorescence) in Control cells and after 
24-h exposure to vehicle only or to different BPS concentrations. The 
nuclei were counterstained with DAPI (blue). Original magnification: 
20 ×, scale bar 100 mm. Images are representative of 3 independent 
experiments. Graph indicates the fluorescent intensity (absolute val-
ues) in the different experimental conditions. Data are expressed as 
mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 7  Dose–response effects of PFOS on hFM-MSCs. A On day 
0 hFM-MSCs were treated with different doses of PFOS and the 
impedance values were monitored in real time up to 48  h. Purple 
lines of increasing intensities, from pale to dark, represent the diverse 
PFOS concentrations, as indicated. Cells not treated (brown line), 
treated only with the vehicle (dark blue line), or with lysing agents 
(purple line) represented the experimental controls. Left panel: abso-
lute impedance values (expressed in ohms, Ω). Graph is representa-
tive of three different experiments. Right Panel: Normalized imped-
ance values (Day 0 = 1) of Control (brown line) or PFOS-treated 
samples (purple histograms) at different concentrations, as indicated. 
Data are expressed as mean ± SD (n = 3, * p < 0.05 vs Control). B 
Immunocytochemical detection of Ki67 (green fluorescence) in 
hFM-MSC control cells and after 24-h exposure to vehicle or differ-

ent PFOS concentrations. The nuclei were counterstained with DAPI 
(blue). Original magnification: 40×, scale bar 50  mm. Images are 
representative of 3 independent experiments. Graph on the right indi-
cates the % of the positive nuclei in the different experimental con-
ditions. Data are expressed as mean ± SD (n = 3, *p < 0.05 vs Con-
trol). C Immunocytochemical detection of mitochondria membrane 
potential (red fluorescence) in Control cells and after 24-h exposure 
to vehicle only or to different PFOS concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 20x, scale 
bar 100 mm. Images are representative of 3 independent experiments. 
Graph indicates the fluorescent intensity (absolute values) in the dif-
ferent experimental conditions. Data are expressed as mean ± SD 
(n = 3, *p < 0.05 vs Control)
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Fig. 8  Dose–response effects of PFOS on hAFSCs. A On day 0 hAF-
SCs were treated with different doses of PFOS and the impedance 
values were monitored in real time up to 48 h. Purple lines of increas-
ing intensities, from pale to dark, represent the diverse PFOS concen-
trations, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or PFOS-treated samples (purple histograms) 
at different concentrations, as indicated. Data are expressed as mean 
± SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hAFSC control cells and after 24-h 

exposure to vehicle or different PFOS concentrations. The nuclei 
were counterstained with DAPI (blue). Original magnification: 40x, 
scale bar 50 mm. Images are representative of 3 independent experi-
ments. Graph on the right indicates the % of the positive nuclei in 
the different experimental conditions. Data are expressed as mean ± 
SD (n = 3, *p < 0.05 vs Control). C Immunocytochemical detection of 
mitochondria membrane potential (red fluorescence) in Control cells 
and after 24-h exposure to vehicle only or to different PFOS concen-
trations. The nuclei were counterstained with DAPI (blue). Original 
magnification: 20x, scale bar 100  mm. Images are representative of 
3 independent experiments. Graph indicates the fluorescent intensity 
(absolute values) in the different experimental conditions. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 9  Dose–response effects of PFOS on hiPSCs. A On day 0 hiP-
SCs were treated with different doses of PFOS and the impedance 
values were monitored in real time up to 48 h. Purple lines of increas-
ing intensities, from pale to dark, represent the diverse PFOS concen-
trations, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or PFOS-treated samples (purple histograms) 
at different concentrations, as indicated. Data are expressed as mean 
± SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detec-
tion of Ki67 (green fluorescence) in hiPSC control cells and after 

24-h exposure to vehicle or different PFOS concentrations. The nuclei 
were counterstained with DAPI (blue). Original magnification: 40x, 
scale bar 50 mm. Images are representative of 3 independent experi-
ments. Graph on the right indicates the % of the positive nuclei in 
the different experimental conditions. Data are expressed as mean ± 
SD (n = 3, *p < 0.05 vs Control). C Immunocytochemical detection of 
mitochondria membrane potential (red fluorescence) in Control cells 
and after 24-h exposure to vehicle only or to different PFOS concen-
trations. The nuclei were counterstained with DAPI (blue). Original 
magnification: 20×, scale bar 100 mm. Images are representative of 
3 independent experiments. Graph indicates the fluorescent intensity 
(absolute values) in the different experimental conditions. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control)
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Fig. 10  Dose–response effects of PFOA on hFM-MSCs. A On day 
0 hFM-MSCs were treated with different doses of PFOA and the 
impedance values were monitored in real time up to 48 h. Blue lines 
of increasing intensities, from pale to dark, represent the diverse 
PFOA concentrations, as indicated. Cells not treated (brown line), 
treated only with the vehicle (dark blue line), or with lysing agents 
(purple line) represented the experimental controls. Left panel: abso-
lute impedance values (expressed in ohms, Ω). Graph is representa-
tive of three different experiments. Right Panel: Normalized imped-
ance values (Day 0 = 1) of Control (brown line) or PFOA-treated 
samples (blue histograms) at different concentration, as indicated. 
Data are expressed as mean ± SD (n = 3, *p < 0.05 vs Control). B 
Immunocytochemical detection of Ki67 (green fluorescence) in 
hFM-MSC control cells and after 24-h exposure to vehicle or differ-

ent PFOA concentrations. The nuclei were counterstained with DAPI 
(blue). Original magnification: 40x, scale bar 50  mm. Images are 
representative of 3 independent experiments. Graph on the right indi-
cates the % of the positive nuclei in the different experimental con-
ditions. Data are expressed as mean ± SD (n = 3, *p < 0.05 vs Con-
trol). C Immunocytochemical detection of mitochondria membrane 
potential (red fluorescence) in Control cells and after 24-h exposure 
to vehicle only or to different PFOA concentrations. The nuclei were 
counterstained with DAPI (blue). Original magnification: 20x, scale 
bar 100 mm. Images are representative of 3 independent experiments. 
Graph indicates the fluorescent intensity (absolute values) in the dif-
ferent experimental conditions. Data are expressed as mean ± SD 
(n = 3, *p < 0.05 vs Control)
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Fig. 11  Dose–response effects of PFOA on hAFSCs. A On day 0 
hAFSCs were treated with different doses of PFOA and the imped-
ance values were monitored in real time up to 48  h. Blue lines of 
increasing intensities, from pale to dark, represent the diverse PFOA 
concentrations, as indicated. Cells not treated (brown line), treated 
only with the vehicle (dark blue line), or with lysing agents (pur-
ple line) represented the experimental controls. Left panel: absolute 
impedance values (expressed in ohms, Ω). Graph is representative 
of three different experiments. Right Panel: Normalized impedance 
values (Day 0 = 1) of Control (brown line) or PFOA-treated samples 
(blue histograms) at different concentrations, as indicated. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control). B Immunocy-
tochemical detection of Ki67 (green fluorescence) in hAFSC control 
cells and after 24-h exposure to vehicle or different PFOA concen-

trations. The nuclei were counterstained with DAPI (blue). Origi-
nal magnification: 40x, scale bar 50  mm. Images are representative 
of 3 independent experiments. Graph on the right indicates the % 
of the positive nuclei in the different experimental conditions. Data 
are expressed as mean ± SD (n = 3, *p < 0.05 vs Control). C Immu-
nocytochemical detection of mitochondria membrane potential (red 
fluorescence) in Control cells and after 24-h exposure to vehicle only 
or to different PFOA concentrations. The nuclei were counterstained 
with DAPI (blue). Original magnification: 20×, scale bar 100  mm. 
Images are representative of 3 independent experiments. Graph 
indicates the fluorescent intensity (absolute values) in the different 
experimental conditions. Data are expressed as mean ± SD (n = 3, 
*p < 0.05 vs Control)
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intermediate PFOA concentration (1 μM) affected the mito-
chondrial membrane potential. (Fig. 11C).

Finally, as observed with the other analyzed chemical, 
according to the impedance analysis and Ki67 immunostain-
ing (Fig. 12 A, B, Table 1), very low doses (0.01 μM) of 
PFOA boosted the cell proliferation of hiPSCs, while the 
other concentrations were not effective; however, PFOA 
induced an important mitotoxicity at all the concentration 
tested (Fig. 12C).

All the results are summarized in Table 2

Discussion

In this study we demonstrate that BPs and PFs can deeply 
affect stem cell biology, thus determining abnormal stem 
cell function and possible adverse effects on health at birth 
or later in adulthood; the main results of our study are that 
i. overall, PFs and BPs tend to drive perinatal stem cells 
toward proliferation; ii. hiPSCs responded to very low doses 
(0.01 μM) of BPs and PFs increasing their proliferation, 
while higher doses of BPS and PFOS were toxic; and iii. 
both BPs and PFs were mitotoxic for hiPSCs at all the tested 
concentration (Table 2).

BPs and PFs are compounds that act as EDs interfering 
with normal hormonal function. Since they can cross the 
blood–placenta barrier, it has been proposed that they may 
perturb the hormonal signaling in utero causing deregula-
tion of the fetal development. Parental BPA accumulates 
in both fetal plasma and placental tissue (Schönfelder et al. 
2002); BPS, which has been introduced as an alternative into 
many commercial products available on the market as “BPA-
free,” has been found in human placenta at concentrations 
higher than that detected in the maternal serum, suggest-
ing an accumulation of this ED in the perinatal tissues (Pan 
et al. 2020). In addition, BPS exposure of pregnant women 
is associated with altered fetal growth patterns and changes 
in neonatal metabolic profile (Blaauwendraad et al. 2021). 
PFOS has been reported to induce morphological changes 
in mice placenta (Wan et al. 2020); similarly, in vitro studies 
on human placental cell lines reported an impairment of cell 
migration and angiogenesis (Li et al. 2021). In a model of 
human trophoblast, PFOA induced changes in the vascular 
3D network structure (Poteser et al. 2020), while lead to a 
decrease of fetal survival and growth in mice (Jiang et al. 
2020). All these studies prompted us to better define the 
role of BPs and PFs in human development. Since stem cells 
represent natural units of embryonic development, the study 
of the EDs effects on stem cells is pivotal to shed light on 
the health effects of prenatal exposure to these pollutants.

BPs and PFs exposure can affect the overall health of 
the pregnancy interfering with the finely orchestrated 
endocrine system, increasing maternal susceptibility to 

pregnancy complications, and predisposing the fetus to 
adverse health risks; indeed, the placenta is not an entirely 
effective barrier to maternal–fetal transfer of these xeno-
biotics, consequently, the bioaccumulation of these EDs 
in the fetus can be promoted, possibly compromising vari-
ous metabolic and physiological processes and increasing 
the risk of developing pathologies during the post-natal 
period and later in adulthood (Developmental Origins of 
Health and Disease theory). Animal studies have recently 
demonstrated that prenatal exposure to low doses of BPA 
induces lasting epigenetic alterations, disrupts the sexually 
dimorphic gene expression patterns of estrogen receptors in 
mice brain (Kundakovic et al. 2013), and impacts on brain 
expression of several genes, including that related to mating, 
cell–cell signaling, behavior, neurodevelopment, neurogen-
esis, synapse formation, cognition, and learning behaviors 
(Henriksen et al. 2020). On the other hand, several studies 
have observed associations between PFs and thyroid hor-
mones during pregnancy (Aimuzi et al. 2020), and it has 
been reported that these chemicals may disrupt androgenic 
and estrogenic pathways in pregnancy in a sex-dependent 
manner exerting androgenic effects in pregnancy (Rivera-
Núñez et al. 2023).

While animal research studies frequently employ high 
exposure doses of EDs that do not mimic “real life,” one 
strength of our study is that we tested a range BPs and PFs 
concentrations that resemble the xenobiotic levels detected 
in maternal and infant samples (Lorigo and Cairrao 2022; 
Rivera-Núñez, et al. 2023; Jin et al. 2020; Lauritzen et al. 
2016). Moreover, in addition to the widely used immu-
nostaining for the proliferation marker Ki67, we exploited 
the MEA biosensor technology on hiPSCs, hFM-MSCs, 
and hAFSCs that, thanks to the adherent nature of all these 
cells, provide a more sensitive and valuable assessment of 
the proliferation by measuring their impedance values: being 
this technique noninvasive and label-free, the dynamics of 
these changes can be monitored in real time. The study of 
the kinetic response is important because the analysis of a 
single time point may lead to incorrect results: for example, 
we observed that low doses of PFOS (0.01 uM) and PFOA 
(0.01 and 0.1 uM) promptly increased the proliferation of 
hFM-MSCs, while after 48 h of exposure, the impedance 
values were comparable to the control; a similar trend was 
observed in hAFSCs treated with BPA. On the other hand, 
we observed that hFM-MSCs were able to recover from 
the toxic effect promptly exerted by 2-μM PFOS. All these 
observations suggest that BFs and PFs interact in a complex 
way with the cell proliferative machinery; endocrine disrup-
tors can affect proliferation in different ways. BPA shows a 
significant interaction on neural stem cell proliferation and 
differentiation in the rat via the Wnt/β-catenin signaling 
pathway (Tiwari et al. 2015), while PFOS disturbs cell pro-
liferation by activating the glycogen synthase kinase‐3β with 
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Fig. 12  Dose–response effects of PFOA on hiPSCs. A On day 0 hiP-
SCs were treated with different doses of PFOA and the impedance 
values were monitored in real time up to 48 h. Blue lines of increas-
ing intensities, from pale to dark, represent the diverse PFOA concen-
trations, as indicated. Cells not treated (brown line), treated only with 
the vehicle (dark blue line), or with lysing agents (purple line) repre-
sented the experimental controls. Left panel: absolute impedance val-
ues (expressed in ohms, Ω). Graph is representative of three different 
experiments. Right Panel: Normalized impedance values (Day 0 = 1) 
of Control (brown line) or PFOA-treated samples (blue histograms) 
at different concentrations, as indicated. Data are expressed as mean 
± SD (n = 3, *p < 0.05 vs Control). B Immunocytochemical detection 
of Ki67 (green fluorescence) in hiPSC control cells and after 24-h 

exposure to vehicle or different PFOA concentrations. The nuclei 
were counterstained with DAPI (blue). Original magnification: 40x, 
scale bar 50 mm. Images are representative of 3 independent experi-
ments. Graph on the right indicates the % of the positive nuclei in 
the different experimental conditions. Data are expressed as mean ± 
SD (n = 3, *p < 0.05 vs Control). C Immunocytochemical detection of 
mitochondria membrane potential (red fluorescence) in Control cells 
and after 24-h exposure to vehicle only or to different PFOA concen-
trations. The nuclei were counterstained with DAPI (blue). Original 
magnification: 20×, scale bar 100 mm. Images are representative of 
3 independent experiments. Graph indicates the fluorescent intensity 
(absolute values) in the different experimental conditions. Data are 
expressed as mean ± SD (n = 3, *p < 0.05 vs Control)
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resultant downregulation of cellular β‐catenin (Dong et al. 
2016); Pierozan et al. have recently described that PFOS and 
PFOA deregulate cyclin D1, CDK6, p21, p53, p27, ERK 
1/2, and p38 in breast epithelial cells and that the cell cycle 
alteration persists in unexposed daughter cells after one 
and two passages (Pierozan et al. 2020); however, the EDs 
doses utilized in this study were above the normal range of 
exposure (10-μM PFOS and 100-μM PFOA), and the overall 
mechanisms through which BPs and PFs at lower concentra-
tion (similar to the current daily exposure of humans) may 
alter regulatory cell cycle proteins need to be clarified.

By reason of ethical and methodological issues, develop-
mental toxicity studies are usually conducted in animal mod-
els, but due to the inter-species differences in the hormonal 
involvement during development, current animal-based test-
ing methods can be considered neither specific nor sensi-
tive enough to predict the effects of the in utero exposure to 
BPs and PFs. Up to date, indeed, the implications of human 
intrauterine exposure were easily extrapolated from their 
interferent activities, and our knowledge on antenatal expo-
sure of human stem cells to BPs and PFs remains limited and 
controversial (Annab et al. 2012). In vitro models that mimic 
the in utero situation would allow more in-depth analysis of 
physiological processes essential for normal human devel-
opment, such as the regulation of the self-renewal and dif-
ferentiation of stem cells. In this study we exploited different 
human stem cells: hiPSCs, that are similar to embryonic 

stem cells that constitute the inner cells mass of the blasto-
cyst and then may be considered as an “in vitro” model of 
developing embryos, and perinatal stem cells (hFM-MSCs 
and hAFSCs) that, isolated from human fetal annexes, allow 
the study of the “environment” in which the embryo is devel-
oping, whose alterations can affect fetal health. By means 
of this approach, we demonstrated that BPs and PFs dis-
turb, even if at different extents and with diverse sensitivity, 
both the human embryonic-like cells (hiPSCs) and the fetal 
annexes-derived stem cells (hFM-MSCs and hAFSCs), by 
interfering with pivotal aspects of stem cell biology, such 
as the mitochondrial activity and proliferation rate. These 
observations offer new perspectives for understanding the 
fundamental mechanisms underlying the EDs effects on stem 
cells.

Profita and coll have recently evidenced that BPA and 
BPS, already at sub-nanomolar concentrations, affect the 
proliferation of human trophoblast cell line through ER/
MAPK-mediated processes (Profita et al. 2021). Our results 
confirm and extend these data, evidencing that, albeit to a 
varying degree, BPs and PFs modify the proliferation of 
the stem cells present in the placenta, in the amniotic fluid 
and also of the embryonic-like stem cells. Like other EDs, 
BPs and PFs displayed non-linear dose–response curves, 
and the low and intermediate concentrations appear to be 
more effective than the higher. Interestingly, hiPSCs were 
particularly sensitive to very low doses (0.01 uM) of the 

Table 2  Effects of 48-h 
exposure BPs and PFs 
at different doses on 
the proliferation and on 
mitochondrial membrane 
potential of perinatal stem cells 
and hiPSCs

The table summarizes the results obtained from scalar doses of BPA, BPS, PFOS, and PFOA on the pro-
liferation (measured as impedance values) and on mitochondrial membrane potential (measured as fluores-
cent intensity of the MitoHealth Staining) of perinatal stem cells and hiPSCs. + and –: significant increased 
or decreased fold change vs CTRL, respectively, p < 0.05

Cell type

hFM-MSCs hAFSCs hiPSCs

Proliferation Mitotoxicity Proliferation Mitotoxicity Proliferation Mitotoxicity

BPA 0.01 uM  +  + No effect  +  +  + 
0.1 uM  + No effect  + No effect No effect  + 
1 uM  +  + No effect  + No effect  + 
2 uM  +  + No effect No effect No effect  + 

BPS 0.01 uM  + No effect  + No effect  +  + 
0.1 uM  + No effect  + No effect No effect  + 
1 uM  + No effect  + No effect –  + 
2 uM  + No effect No effect No effect –  + 

PFOS 0.01 uM No effect No effect  + No effect  +  + 
0.1 uM  + No effect  + No effect No effect  + 
1 uM No effect No effect  + No effect No effect  + 
2 uM  + No effect - No effect –  + 

PFOA 0.01 uM No effect No effect  + No effect  +  + 
0.1 uM No effect No effect  + No effect No effect  + 
1 uM No effect No effect No effect  + No effect  + 
2 uM  + No effect No effect No effect No effect  + 
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BPs and PFs that induced a significative proliferative surge 
in, while higher concentrations were not effective (BPA and 
PFOA) or toxic (BPS and PFOS). Collectively, these data 
evidence that BPs and PFs can perturb stem cell biology 
also at low concentrations. It is evident that the proliferative 
characteristics of the stem cells, which include the ability to 
both self-renew and differentiate by asymmetric divisions, 
must be strictly regulated especially during the critical win-
dow of the development, when interferences in the cell cycle 
regulation of stem cells may induce permanent alterations 
to developing tissues and organs. It is also worth noting that 
in hiPSCs intermediate concentration (0.1 μM and 1 μM) 
BPS appear to be more toxic than the same concentration 
of BPA: based on this result, the replacement of BPA with 
BPS in several daily objects does not represent a safer choice 
for human health.

Exposure to BPs and PFs results in oxidative stress and 
alterations of mitochondrial biogenesis, mitochondrial mem-
brane potential (MMP) decline, and mitophagy (Nayak et al. 
2022) (Zhou et al. 2022). It is well known that mitochondria 
are structurally complex organelles that provide energy to 
the cells by synthesizing ATP and have important roles in 
several metabolic pathways and in ROS production; regu-
lating the cytosolic  Ca2+ concentration, mitochondria also 
modulate cell signaling pathways associated with cell pro-
liferation, differentiation, cell cycle progression, and apop-
tosis (Osellame et al. 2012). All of these functions may be 
significant in aging and/or disease (Bisaccia et al. 2021). The 
integrity of MMP is essential for maintaining mitochondrial 
structure, function, and metabolism, and therefore, its depo-
larization is a good indicator of mitochondrial dysfunction. 
In this study, we evaluated the BPs and PFs effects on MMP 
using the MitoHealth assay, a fluorescent live stain that 
accumulates in mitochondria proportionally to the MMP. 
Our data evidenced that, even though mitochondria of peri-
natal stem cells were not affected by the treatments, BPs and 
PFs exerted an important mitotoxic activity in hiPSCs. The 
mitochondrial number, morphology, ultrastructure, and dis-
tribution in hiPSCs are remarkably similar to those of ESCs; 
hiPSCs exhibit an elevated rate of proliferation and a signifi-
cant part of cellular energy is expended to sustain the cell 
growth and at the same time to preserve their specific fea-
tures of self-renewal and potency (Bukowiecki et al. 2014). 
In this scenario, the MMP modifications induced in hiPSCs 
by BPs and PFs are particularly significant. Accumulating 
evidence suggests, indeed, that mitochondrial function and 
integrity affect stem cell viability, proliferative and differen-
tial potential, and lifespan (Parker et al. 2009). Although the 
exact molecular mechanism leading BPs and PFs to MMP 
impairment and consequently, their effect on mitochon-
drial function requires detailed investigation, previous data 
have evidenced that endocrine disruptors can interfere with 
mitochondrial function through different pathways. PFs can 

accumulate inside the of eukaryotic membranes altering ion 
permeability and thus inducing changes in MMP (Qiao et al. 
2019; Kleszczyński and Składanowski 2009) and PFOS 
induced mitochondrial dysfunction via blocking autophagy-
lysosome degradation (Liu et al. 2020b); experiments per-
formed on neuronal cells show that BPA affects key regula-
tory proteins of mitochondrial import pathways (PGC1α and 
TFAM) and mitochondrial biogenesis (GFER); moreover, 
the BPA-dependent change in MMP triggers apoptosis by 
inducing the cytochrome c translocation into the cytosol 
and reduce the antioxidants superoxide dismutase and cata-
lase (Goyal et al. 2021). Given the diverse sensibility of the 
different cell populations, understanding the mechanisms 
through which BPs and PFs affect the MMP of stem cells 
may be critical in defying their toxic activity and may sig-
nificantly improve research on EDs and pollutants.

In conclusion, our data suggest that antenatal exposure to 
BPs and PFs, also at very low concentrations, may modify 
the biological characteristics of stem cells present in both the 
developing fetus and the fetal annexes, thus perturbing nor-
mal human development. Since health risk assessment for 
these xenobiotics is complicated by several factors, includ-
ing the wide disparity observed in the dose–response rela-
tionships reported in animal toxicity bioassays (Perez et al. 
2023), in vitro studies may represent a useful tool in toxi-
cological studies: indeed, data from these cellular models 
related to human embryo development can help us to better 
understand what effects BPs and PFs may have on human 
health and to establish more precisely which mechanisms are 
associated with the pathophysiology of the diseases.
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