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Abstract

The aim of this study was to analyze whether dermal exposure to benzophenone 3 (BP-3) during pregnancy affects critical
parameters of pregnancy, and whether this exposure may affect the outcome of a second pregnancy in mice. Pregnant mice
were exposed to 50-mg BP-3/kg body weight/day or olive oil (vehicle) from gestation day (gd) O to gd6 by dermal exposure.
High-frequency ultrasound imaging was used to follow up fetal and placental growth in vivo. Blood flow parameters in
uterine and umbilical arteries were analyzed by Doppler measurements. Mice were killed at gd5, gd10, and gd14 on the first
pregnancy, and at gd10 and 14 on the second pregnancy. The weight of the first and second progenies was recorded, and sex
ratio was analyzed. BP-3 levels were analyzed in serum and amniotic fluid. BP-3 reduced the fetal weight at gd14 and feto-
placenta index of first pregnancy, with 16.13% of fetuses under the 5th percentile; arteria uterina parameters showed altered
pattern at gd10. BP-3 was detected in serum 4 h after the exposure at gd6, and in amniotic fluid at gd14. Offspring weight
of first progeny was lower in BP-3 group. Placenta weights of BP-3 group were decreased in second pregnancy. First and
second progenies of mothers exposed to BP-3 showed a higher percentage of females (female sex ratio). Dermal exposure
to low dose of BP-3 during early pregnancy resulted in an intrauterine growth restriction IUGR) phenotype, disturbed sex
ratio and alterations in the growth curve of the offspring in mouse model.

Keywords Benzophenone-3 - Pregnancy - Placenta - Development - Sex ratio

Introduction

Clarisa Guillermina Santamaria and Nicole Meyer share first
authorship. Endocrine disrupting chemicals (EDCs) are substances with
the potential to interfere with processes that are controlled
by hormones. Due to the increasing incidence of endocrine
disorders worldwide, and because of the continuous expo-
sure of humans and wildlife to EDCs, the World Health
Organization (WHO) urged to study the effects of EDCs
in different aspects of health, including their effects on the
reproductive system (Bergman et al. 2013) and the underly-
ing mechanisms. Particularly, increasing attention is moving
toward EDCs present in personal care products (PCPs). This
is because PCPs are applied topically and multiple times
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daily. Thus, several PCPs are leave-on products, exposing a
big proportion of the skin for prolonged time periods (Dar-
bre and Harvey 2015).

Sunscreen products are one of the most used PCPs
around the world. Benzophenone (BP)-type ultraviolet
(UV) light filters are present in many sunscreen products.
Among this family of compounds, BP-3—IUPAC name:
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(2-hydroxy-4-methoxyphenyl)-phenylmethanone—is the
most prominent. It has been classified as an agonist through
estrogen action pathways (Schlumpf et al. 2001) as well
as anti-androgenic and anti-progestagenic (Schreurs et al.
2005). Humans are highly exposed to BP-3 on a regular
basis not only by its topical application but also because of
its presence in drinking water or food (Hayden et al. 1997;
Janjua et al. 2004, 2008; Stackelberg et al. 2004; Loraine
and Pettigrove 2006; Kim and Choi 2014). The monitoring
results of BP-3 and/or its derivatives in urine performed in
different countries like the USA, Australia, China, Denmark
and Spain confirmed that the exposure to BP-3 is consistent
in different world regions and calls for careful studies of
its long-term effects on human health (Calafat et al. 2008;
Casas et al. 2011; Frederiksen et al. 2014; Gao et al. 2015;
Heffernan et al. 2015).

The potential danger of BP-3 contained in products used
by pregnant and lactating women needs to be assessed. BP-3
and its metabolite, 2,4-dihydroxybenzophenone, were both
detected in placenta and breast milk (Vela-Soria et al. 2014;
Molins-Delgado et al. 2018). Besides, BP-3 presence was
confirmed in amniotic fluid, fetal- and cord blood (Krause
et al. 2018). Previous work suggests that BP-3 presence is
associated with reproductive toxicity in humans and ani-
mals (Ghazipura et al. 2017). Accordingly, we have found
that BP-3 alters early follicular assembly in rat whole ovary
cultures, indicating that the negative effects are possible at
very early stages (Santamaria et al. 2019). However, other
publications doubt about the potential of BP-3 to negatively
affect fertility (Ghazipura et al. 2017). Thus, it is critical to
develop study models to precisely delineate the effect of
BP-3 in reproductive-related processes and more impor-
tantly during pregnancy. Here, we aim to analyze whether
and how a limited dermal exposure to a low dose of BP-3
during early gestation, affects critical parameters of preg-
nancy. This is relevant in particular because it includes the
critical period of implantation when pregnancy is usually
still not confirmed. Additionally, we studied whether the
exposure during the first pregnancy may affect the outcome
of a second one.

Materials and methods
Animals

Female C57BL/6J and male BALB/c mice were pur-
chased from Janvier Labs (France). Females were kept in
groups of 2—4 animals per cage. Mice received water and
food ad libitum and were maintained in a controlled envi-
ronment (22+2 C; 12-h light/dark cycle, 7am—7pm; air
humidity of 40-60%). Experiments started after 2 weeks of
acclimatization.
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Experimental design and sample collection

Animal experiments were performed according to the
institutional guidelines upon ministerial approval (Landes-
verwaltungsamt Sachsen Anhalt: 42502-21296UniMD,
Magdeburg, Germany and approved by the Ethical Com-
mittee of the Facultad de Bioquimica y Ciencias Biol6gi-
cas, UNL, Santa Fe, Argentina: CE2018-62). The experi-
ments were conducted by authorized persons according
to the Guide for Care and Use of Animals in Agriculture
Research and Teaching. C57BL/6J female and BALB/c
male mice were paired to have a physiologically relevant
allogeneic mating. The day of plug was defined as gesta-
tion day (gd) 0. Pregnant mice were distributed in three
groups:

e Group 1: C57BL/6J pregnant mice were shaved on the
back on gd0 and topical applications of 50-mg BP-3 per
kg of body weight (bw) per day (d) or olive oil (vehicle,
Extra virgin olive oil Tres Marias, San Juan, Argentina)
were given daily for 7 days (BP-3-treated mice: n= 19,
olive oil-treated mice: n=19). Pregnant females were
followed up throughout pregnancy by high-frequency
ultrasound at gd5, gd8, gd10, gd12 and gd14, and killed
on gd5, gd10 or gd14 (Fig. 1a). The number of implan-
tations was recorded for animals killed on gd5 (BP-
3-treated mice: n =4, olive oil-treated mice: n=4). For
those animals killed on gd10 (BP-3-treated mice: n=6,
olive oil-treated mice: n=6) and gd14 (BP-3-treated
mice: n=4, olive oil-treated mice: n=35), implantation
and abortions as well as the weight of fetuses and pla-
centas were recorded. Uteri were dissected and a single
implantation from each female at gd10 was dissected
and fixed in a 4% paraformaldehyde (PFA) solution
containing sucrose.

e Group 2: C57BL/6 pregnant mice were exposed to
BP-3 or olive oil from gdO to gd6 as it was previously
described for group 1 (BP-3-treated mice: n=09, olive
oil-treated mice: n=7). After weaning, the mothers
were mated again with BALB/c males and were killed
on gd10 (BP-3-treated mice: n =35, olive oil-treated
mice: n=3) and gd14 (BP-3-treated mice: n=4, olive
oil-treated mice: n=4) of their second pregnancy
(Fig. 1b). Samples were obtained at gd10 and gd14 as
we previously described.

e Group 3: C57BL/6 pregnant mice exposed to BP-3 or
olive oil from gdO to gd6 of their first pregnancy was
assigned to evaluate the weight of the pups from birth
until weaning during the first and the second pregnancy
(Fig. 1c) (BP-3-treated mice: n =4, olive oil-treated
mice: n=>5).
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Fig. 1 Short- term exposure to BP-3 or vehicle and sample collection.
a Group 1: topical applications of 50 mg BP-3/kg bw d or olive oil
(vehicle) were given to pregnant females from gdO to gd6. Pregnant
females were killed at gd5, gd10 and gd14. Females killed at gd10
and gd14 were analyzed at gd8 and gd8 and gd12 by high-frequency
ultrasound, respectively. b Group 2: pregnant females were exposed
to BP-3 dissolved in olive oil as it was described for Group 1. After
weaning, they were mated with BALB/c male mice and killed at

Thus, after the first pregnancy, the same mothers were
subjected to a second pregnancy, without re-exposing them
to BP-3 (multiparous study).

Selection of the dose

We selected the dose of 50 mg/kd bw/day because it rep-
resents the calculated dose after controlled whole-body
dermal application in humans, according to Janjua et al.
(2008). In that study, 2 mg of cream formulation at 10%
(w/w) of BP-3 per cm? of body surface was applied.
Females displayed an average body area of 1.73 m?, result-
ing in a total average amount of 34,600 mg of cream each
(see Table 1 in Janjua et al. 2008). Thus, with an average
body weight of 68 kg, the BP-3 dose of Janjua’s study

gd10 and gd14 of their second pregnancy. ¢ Group 3: the weight of
the pups neonatally exposed to BP-3 or olive oil was recorded from
PND1 to PNDI19 every 3 days. Females exposed to BP-3 or olive oil
during their first pregnancy were again mated with BALB/c male
mice, and the weights of the pups were recorded from PDNI1-19
every 3 days. PND postnatal day, gd gestation day. Arrows indicate
the day of killing. Square indicates the day of high-frequency ultra-
sound analyses

was 50.88 mg/kg bw in females. Based on the fact that
an allometric conversion is not recommended for drugs
administered by topical, nasal, subcutaneous, or intramus-
cular routes (Nair and Jacob 2016), we used a direct mg/
kg conversion (50 mg/kg bw/day in mice).

Selection of window of exposure

We exposed the pregnant mice during the first seven days
of pregnancy (gd0-gd6), because resembles the first tri-
mester of a human pregnancy and includes the critical
period of implantation where many women may not even
have recognized that they are pregnant (Hill 2020).
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Detection of BP-3 in serum and amniotic fluid

Short-term exposure to BP-3 or vehicle, from gdO to gd6 was
achieved and blood was collected by cardiac puncture under
anesthesia 4 h after the last topical application of BP-3 on
gd6. In addition, blood and amniotic fluid were collected at
gd14 after the exposure to BP-3 or vehicle from gd0-gdé.
Serum was obtained by centrifugation and stored at — 20 °C
until measurement of BP-3 concentration. Amniotic fluid
samples from the fetuses of one mother were pooled, and 3
different pools obtained from 3 mothers were used to meas-
ure BP-3 During the second pregnancy, serum samples were
collected at gd10 and gd14. The detection of BP-3 was per-
formed by ultra-high-performance liquid chromatography
enhanced by chemometrics, following a methodology previ-
ously validated by our group (Teglia et al. 2019). The limit
of detection (LOD) and quantification (LOQ) of the method
are 0.7 ng/mL and 2.0 ng/mL, respectively.

High-frequency ultrasound examination

To analyze intrauterine embryonic and fetal development,
ultrasound examinations were performed at gd5, gd8, gd10,
gd12 and gd14 employing a Vevo 2100 System (Fuji Film
Visualsonics Inc). Mice were anesthetized with isoflurane
and fixed in dorsal position. Depilatory cream was used for
ventral hair removal. Implantation size was determined by
measuring the area of the implantation at gd5, gd8, gd10 and
gd12. Placental area, thickness, and diameter (gd10, gd14)
or blood flow in the arteria uterina (UA; gd5, gd8, gd10,
gd12, 1gd4) were recorded. Peak systolic velocity (PSV)
and end diastolic velocity (EDV) were measured. Moreo-
ver, the resistance index (RI) and the pulsatility index (PI)
were estimated. Vevo 2100 software was used to analyze the
recorded parameters.

Measurement of fetal and placental weight

The bicornial uterus of each mouse was collected and
opened lengthwise opposite to the placentas. Fetuses and
placentas were separated from surrounding decidual tis-
sue and yolk sac. The weight of each fetus and each corre-
sponding placenta was determined using an analytical bal-
ance (Kern & Sohn GmbH, minimum: 0.02 g, sensitivity:
0.001 g). Fetal growth restriction was defined as the weight
below the 10th percentile when compared to weights of con-
trol animals (Faraci et al. 2011; Miiller et al. 2018).

Analysis of uterine spiral arteries by histology
Implantations from gd10 were fixed in 4% PFA for 6 h at

room temperature (RT) and embedded in paraffin, follow-
ing protocols previously described (Zenclussen et al. 2010;
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Miiller et al. 2018). Implantations were serially sectioned
(5-um thick) and stained with hematoxylin—eosin (H/E) for
morphological analyses of the uterine spiral arteries (uSAs).
Parameters defining uSA remodeling were analyzed using
the Zeiss light microscope, and 3-8 uSAs were identified
and analyzed in the decidua basalis of one implantation per
mouse using the AxioVision Rel. 4.8 program. The outer and
the lumen circumferences of 3—8 arteries per animal were
measured and the diameter (diameter = circumference/x), the
wall-lumen ratio (uSA diameter/lumen diameter) as well the
wall thickness [(uSA diameter — lumen diameter)/2] were
calculated. Mean values of the parameters mentioned above
were calculated for each animal.

Weight curve

The weight of the pups was recorded from postnatal day 1
(PND1) to PND19 every three days using an analytical bal-
ance (OHAUS model CS 200, sensitivity: 0.1 g). The day of
the delivery was considered as PNDO. Pups were sexed and
weighted individually every 3 days. It was done blind each
time. We followed females and males individually, but they
were not identified by pup.

Statistics

Normal distribution of the data was assessed with the
D’Agostino—Pearson omnibus test. Data are presented as
means + S.E.M or means. Number of mice, samples, or
experiments performed as well as the used statistical test
and the according p values are indicated in the correspond-
ing figure legends. GraphPad Prism 5.0 was used to perform
the statistical analyses. MEDCALC® easy-to-use statistical
software was used to compared proportions (https://www.
medcalc.org/calc/comparison_of_proportions.php).

Results
Outcome obtained from the first pregnancy
BP-3 levels detected in serum and amniotic fluid

Table 1 provides BP-3 levels detected using our recently
developed methodology (Teglia et al. 2019). We were able
to detect BP-3 in serum of pregnant females exposed during
gd0-gd6 when measured four hours after the last dermal
application (n=3; BP-3 mean concentration=22.4 +2.3 ng/
mL). Regarding the control group, BP-3 was not detect-
able at gd6 (n=3). The levels of BP-3 in amniotic fluid
and serum of pregnant females at gd14 were analyzed in
paired samples. We found two samples of serum with non-
detectable levels of BP-3 and one sample of serum with a
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Table 1 BP-3 1§V§ls de.tected in BP-3 (ng/mL)
serum and amniotic fluid
First pregnancy Second pregnancy
Control BP-3 Control BP-3
gd6 gdl4 gd6 gd14 gd10 gd14 gd10 gd14
Serum Serum Serum Serum AF Serum Serum Serum Serum
ND ND 24.8 ND 13.9 ND ND ND ND
ND ND 19.3 ND 34.8 ND ND ND ND
ND ND 23.1 16.8 19.2 ND ND ND ND
224 ND ND ND
ND

Values are presented for each individual sample
ND non-detectable, AF amniotic fluid

concentration of 16.8 ng/mL of BP-3. Furthermore, BP-3
was present in the amniotic fluid (n=3; BP-3 mean con-
centration=22.63 + 10.8 ng/mL) confirming that BP-3 can
cross the placental barrier and directly affect the developing
fetus. Non-detectable levels of BP-3 were found neither in
the serum nor the amniotic fluid of control samples at gd14
(n=3).

Implantation and placental parameters

The areas of the implantation measured at gd5, gd8, gd10
and gd12 showed no differences between BP-3-treated and
control animals (Fig. S1a) Number of implantations, abor-
tions and abortion rates were not affected by the BP-3 treat-
ment (Fig. S2). In addition, placental parameters such as
placental area, diameter and thickness, measured via ultra-
sound at gd10 and gd12, were comparable among the groups
(Fig. S3).

Fetal weight and feto-placenta index

Fetal weight from BP-3-treated mice was significantly
reduced at gd14 (p <0.01) when compared to the controls
(Fig. 2a). The weight of the placentas was not affected
by BP-3 exposure (Fig. 2b). The feto-placenta index was
decreased (p <0.0001) as consequence of the diminished
fetal weight in BP-3-treated mice (Fig. 2¢). Additionally,
16.13% of fetuses in the BP-3 group were under the 5th per-
centile (Fig. 2d), meaning they are affected by intrauterine
growth restriction. The 10th and 5th percentiles correspond
to 200 mg and 195.95 mg, respectively.

Hemodynamic parameters (PSV, EDV, S/D ratio, R, Pl)
Blood velocity parameters of the maternal arteria ute-

rina (UA) and arteria umbilicalis (UmA) were followed
up by Doppler measurements at gd5, gd8, gd10, gd12 and

gd14. Our results showed a decrease in end diastolic veloc-
ity (Fig. 3b) and an increase in the systolic/diastolic ratio
(Fig. 3c¢), pulsatility and resistance index (Fig. 3d, e) of the
UA in BP-3 treated mice at gd10. In addition, no negative
effect of BP-3 exposure on flow velocity parameters of the
UmA was observed (Fig. S4).

Spiral artery remodeling

The analysis of uSA parameters in H/E-stained slides
obtained from uterine tissue of BP-3-treated and control
mice at gd10 revealed no statistically significant changes in
wall thickness or wall-lumen ratio after exposure to BP-3
when compared to the controls (Fig. S5).

Weight curves of the progeny from the first pregnancy

The results from the weight curves of male- and female off-
spring from the first pregnancy are illustrated in Fig. 4. As
it can be observed, male offspring was more affected than
females. Male offspring from mothers exposed to BP-3 was
lighter in PND4 and then since PND10 onwards. On the
other hand, females born to BP3-exposed mothers showed
decreased weight at PND1, PND10 and PND13, but then
recovered their normal weight since PND16 forward. Thus,
decreased weight persist until weaning only in males.

Outcome obtained after the second pregnancy
BP-3 serum levels

Females treated with BP-3 or vehicle during gd0-gd6 of
their first pregnancy were mated again and serum was col-
lected at gd10 and gd14 of the second pregnancy. During the
second pregnancy, there was no further exposure to BP-3.
We found no detectable levels of BP-3 in serum at gd10 or
gd14 (see Table 1).
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Fig.2 Fetal and placental weight in control and BP-3-treated mice at
gd14. Fetal weight (a), placental weight (b), and feto-placental index
(c) from the progeny of control (mice: n=>5; fetuses/placentas: n=40)
or BP-3-treated (mice: n=4; fetuses/placentas: n=31) mice at gd14
d) Percentage of fetuses from BP-3-treated mice from whose weight

Implantations and abortion numbers

We found comparable numbers of implantations, abortions and
abortion rates between BP-3-treated and control mice at gd10
and 14 of the second pregnancy (Fig. S6).

Placenta and fetal weights of second pregnancies

The placenta weights from the second pregnancy of BP-
3-treated mothers and controls were comparable at gd10
(Fig. 5a). At day 14, however, the placenta weights from
BP-3-treated mothers were significantly reduced (p <0.05)
compared to the controls (Fig. 5a). Fetal weight and fetus/
placenta index showed no differences between controls and
BP-3-treated mice (Fig. 5b, ).
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FPI feto-placental index. 'p <0.01, $p <0.0001 (color figure online)

Weight curve of the offspring from the second pregnancies
whose mothers were exposed to BP-3 during the first
pregnancy

As shown in Fig. S7, neither male nor female offspring from
the second pregnancy was affected by BP-3 treatment of
mother during its first pregnancy.

Sex ratio from both pregnancies

The percentage of females (sex ratio) was higher in first and
second pregnancies of mothers exposed to BP-3 during the
first pregnancy compared to the vehicle-treated controls.
(Fig. 6).
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Fig.3 Flow velocity parameters of the UA in control and BP-
3-treated mice at different gestational days. Peak systolic velocity (a),
end diastolic velocity (b), systolic/diastolic ratio (c), resistance index
(d) and pulsatility index (e) of UAs of control and BP-3-treated mice
at gd5 (control: n=4, BP-3: n=4), gd8 (control: n=4, BP-3: n=4),

Discussion

Several compounds are used to absorb UV light in personal
care products (PCPs), not only to protect the skin but also to
protect the product itself during storage (Krause et al. 2012;
Darbre and Harvey 2015). BP-3 is one of the most widely
used UV filters in sunscreen, being detectable in urine of
humans from different countries, including vulnerable pop-
ulations such as pregnant women, teenagers, and children
of 6-11 years old (Calafat et al. 2008; Zhang et al. 2013;
Frederiksen et al. 2013; Vela-Soria et al. 2014; Buck Louis
et al. 2014). More recently, a clinical trial using commer-
cially available sunscreens at maximal use conditions (i.e.,
applied at least every 2 h) resulted in plasma concentrations
of active UV filters exceeding 0.5 ng/mL. Considering that

2d10 (control: n=6, BP-3: n=6), gd12 (control: n=3, BP-3: n=4),
and gd14 (control: n=4, BP-3: n=4) are shown. Data are presented
as means and SEM. Statistical analysis was performed using the
Mann-Whitney U test. BP-3 benzophenone-3, UA uterine artery, gd
gestation day. *p <0.05

0.5 ng/mL is the threshold of the FDA for waiving some
nonclinical toxicology studies for sunscreens, the clinical
effect of plasma concentrations of BP-3 exceeding 0.5 ng/
mL is unknown (Matta et al. 2019). Thus, this study and
several others (Janjua et al. 2008; Krause et al. 2012, 2018;
Darbre and Harvey 2015; Ghazipura et al. 2017), support
the concern that has arisen about the potential implications
of UV filters for human health, especially on reproductive
outcomes. No experimental models address the immediate
and midterm effect of UV filters applied topically on preg-
nancy outcome. In the present study we exposed pregnant
mice to BP-3 at a daily-use dose. We have chosen a dose
of 50 mg/kg bw day to mimic a realistic scenario of daily
sunscreen use in spring and summer time (Janjua et al. 2008;
Matta et al. 2019). We did so during the first seven days of
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(BP-3-treated: n=7) compared to the control group (control: n=17).
The weight of the female progenies was lower after birth and at the
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middle of lactation in the BP-3-treated group (BP-3-treated: n=12)
compared to the control group (control: n=11). Results are presented
as the average weight of all offspring per group per day and were ana-
lyzed by Mann—Whitney U test. BP-3 benzophenone-3. *p<0.05,
p<0.01, ¥p<0.001, *p <0.0001
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Fig.5 Placental and fetal weight at gd14 of the second pregnancy.
Placental weight (a), fetal weight (b), and feto-placental index (c)
from the second pregnancy of control (gd10 mice: n=3/placen-
tas: n=14; gd14 mice: n=4, gd14 fetuses/placentas: n=24) or BP-
3-treated (gd10 mice: n=>5/placentas: 34; gd14 mice: n=4, fetuses/
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Fig.6 Percentage of males and females of the first and second preg-
nancies. Data are presented as percentage of females and males of
mothers exposed to BP-3 or oil during the first and second preg-
nancies (control males: n=24, BP-3-treated males: n=13; control
females: n=26, BP-3 treated females: n=18). Statistical differences
were determined using N-1 Chi-squared test from the online software
MEDCALC®. *p <0.05

@ Springer

placentas: n=25) mice. Results are presented as individual values
and means. Statistical differences were determined using unpaired
t test. BP-3 benzophenone-3, gd gestation day, FPI feto-placental
index. *p <0.05

pregnancy. This early application resembles the topical use
of sunscreen even before pregnancy is noticed as well as dur-
ing the first trimester. We studied the consequences of BP-3
on implantation outcome, implantation size throughout preg-
nancy, fetal and placental size as well as fetal and placental
weight. We further recorded the postnatal weight develop-
ment of the progeny after birth. The serum concentrations
reported here after the last topical application of BP-3 on
gd6 (internal dose) was lower than the plasma concentra-
tion reported in humans at the same time (Janjua et al. 2008;
Matta et al. 2019). Our results suggest that dermal exposure
to BP-3 at a low internal dose during early pregnancy could
impair fetal development, resulting in growth-restricted
fetuses. The intrauterine growth restriction (IUGR) pheno-
type of the fetuses was associated with transient changes in
hemodynamic parameters at maternal uterine artery, reduced
weight of male offspring and persistence of significant
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levels of BP-3 in amniotic fluid until gd14. After the first
pregnancy, the same mothers were mated again refraining
BP-3 exposure to understand whether the observed BP-3
effects are sustained long-term. In the second pregnancy, no
changes in fetal or placental weights were recorded on gd10
or gd14. The placenta weights were, however, decreased
compared to the values observed for the offspring of vehi-
cle-treated mothers. A very interesting observation done in
our studies was an alteration of the sex ratio of the progeny,
with females predominating over males when analyzing both
pregnancies. Thus, our results show that dermal exposure to
BP-3 at a low internal dose during early pregnancy affects
fetal growth and this has a long-lasting impact at least in
males as they have both a lower weight than the controls and
decreased % of male offspring when analyzed after birth.
Based on a teratogenicity study performed in rats, the
Scientific Committee on Consumer Products (SCCP) of
European Union deducted that the No-Observed-Adverse-
Effect Level (NOAEL)-value for maternal and developmen-
tal toxicity is 200 mg/kg bw/day (SCCP 2008). This value
was obtained from a prenatal developmental toxicity study
performed following a valid test guideline and under GLP
conditions upon oral gavage. In the same document, the
NOAELSs referred from a subchronic dermal reproduction
toxicity screening test (SCCP 2008) for reproductive tox-
icity were 200 mg/kg bw/day for rats and 364 mg/kg bw/
day for mice. The dose of BP-3 that we have used to apply
on pregnant mice is lower than the NOAELs adopted by
SCCP. Besides, the dose we tested in the present study is
similar to the dose applied in humans by topical applica-
tion of sunscreens on skin (Janjua et al. 2008; Matta et al.
2019). Janjua et al. (2008) applied an estimated/average
dose of 51 mg/kg bw/day in 32 healthy volunteers and have
shown that the maximum median plasma concentrations of
BP-3 were 187 ng/mL for females and 238 ng/mL for men
after a whole-body dermal application. More recently, the
reported mean maximum plasma concentrations of BP-3
after sunscreen application under maximal use conditions
(ie, applied at least every 2 h) were 209.6 ng/mL, 194.9 ng/
mL or 169.3 ng/mL depending on formulation tested (Matta
et al. 2019). Taking advantage of an analytical method able
to measure BP-3 in biological fluids that we recently devel-
oped (Teglia et al. 2019), we determined an average serum
concentration of 16.8 ng/mL of BP-3 in pregnant females
4 h after the last application at gd6. Thus, the internal dose
in animals of our experiment was lower than the values
reported in humans by Janjua et al. (2008) or Matta et al.
(2019). Moreover, except for one animal, we found no meas-
urable serum levels of BP-3 at gd14 but, instead, we found
that BP-3 is measurable in amniotic fluid at gd14 (average
concentration of 22.63 ng/mL, last application took place
at gd6). This is in accordance with other studies in humans
that detected BP-3 in 61% of amniotic fluid samples (Claire

et al. 2013) or even in amniotic fluid and cord blood paired
samples (Krause et al. 2012, 2018; Zhang et al. 2013; Buck
Louis et al. 2014). Thus, our results add important evidence
of BP-3 presence in amniotic fluid, suggesting its ability to
reach feto-maternal compartments, which confirms a risk for
direct fetal exposure.

Despite the widespread exposure to BP-3, there are
few studies evaluating its effects on human reproductive
outcomes (Ghazipura et al. 2017). Some studies reported
associations between BP-3 levels in maternal urine samples
and reduced duration of pregnancy or alterations in infant
birth weight (Wolff et al. 2008; Claire et al. 2012; Tang et al.
2013). Even considering that the body of literature regard-
ing effects of BP-3 on reproductive outcomes is larger in
rodent species, the reported results are often conflicting and,
particularly, studies performed by dermal route are scarce
(French 1992; Ghazipura et al. 2017).

In the present work, we evaluated the impact of a dermal
exposure to BP-3 during early murine pregnancy on preg-
nancy outcome. To do that, we have studied implantation
outcome, implantation size throughout pregnancy, fetal and
placental size as well as fetal and placental weight in a set-
ting where BP-3 was applied from gd0O to gd6. We found
that dermal exposure to BP-3 had no negative impact on
implantation and no increased abortion was observed after
BP-3 treatment. These results are in agreement with those
referred by Nakamura et al. (2015), who observed no differ-
ences in the number of implantation sites/litter, resorptions/
litter, number and weights of live fetuses in pregnant Harlan
Sprague—Dawley rats after treatment with different doses
of BP-3. To gain insights whether fetal growth was normal
after implantation on day 5, high-frequency ultrasound
was performed at gd8, gd10 and gd12. Measurements of
the implantation areas revealed no differences in implanta-
tion size between BP-3-treated and control animals. Hence,
we conclude that, in our experimental setting, BP-3 did not
negatively influence implantation and fetal growth at early
to mid-pregnancy. Moreover, we also observed that placental
parameters were unaffected after BP-3 exposure. Concord-
antly with normal placental parameters observed in gd10
and gd12, the placenta weight was also unaffected in gd14.
However, we observed a significant decrease in fetal weight
and consequently a reduced FPI at the same day. In humans,
fetal growth restriction (FGR), usually referred to as IUGR,
is defined as the estimated fetal weight being below the
10th percentile of the normal value for a determined popu-
lation. FGR or IUGR calls for extensive medical attention
as the fetus may be undernourished as a consequence of
a maternal or pregnancy pathology. Besides, fetuses with
measurements below the 5th percentile are considered
severely growth restricted (Zhang-Rutledge et al. 2018).
Doppler abnormalities usually precede IUGR, as they are
the first indication that the blood supply from the mother
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to the fetus is inadequate. Gordijn SJ et al. (2016) define
IUGR as estimated fetal weight below the 10th percentile
and uterine artery PI above the 95th percentile (Gordijn
et al. 2016). Dall’Asta et al. (2017) and Krishna and Bhalero
(2011) showed that high resistance or pulsatility indices are
signs for [IUGR (Krishna and Bhalerao 2011; Dall’Asta et al.
2017). Our results showed that dermal exposition to a low
dose of BP-3 leads to 16.3% of all fetuses being below the
5th percentile. This is further accompanied by transient
changes in Doppler parameters of the UA at mid-pregnancy.
Specifically, we found an increase of PI, S/D ratio and RI at
gd10. Therefore, our results suggest that a short-term expo-
sure to BP-3 leads to a clear [IUGR phenotype in mice, with
16.3% of fetuses having a severe growth restriction. This
alarming fact should not stay unnoticed as the health of the
fetuses is in danger.

One recent study reported a decrease in the body weights
of pups born to mothers orally treated with BP-3 at the high-
est dose at PND14 (50,000 ppm, equivalent to 7178.5 mg/
kg bw/animal at PND14) (Nakamura et al. 2015). We found
a decrease of male offspring weight after birth at PND 4, 10,
13, 16 and 19 by BP-3 exposure. On the contrary, female
offspring showed a transitory decrease, showing normal
weights at weaning. Taking into consideration that we also
found transient alterations of Doppler parameters of UA at
mid-pregnancy, is interesting to note that the early detec-
tion of an altered hemodynamical profile of UA is typical of
pregnancies with high risk for development of small fetuses
for gestational age (Barati et al. 2014).

After the first pregnancy, the same mothers were sub-
jected to a second pregnancy, but without exposing them to
BP-3. In their second pregnancy, we observed a decrease of
placenta’s weight but no alterations in fetal or pups growth.
Placental growth/development is regulated by epigenetic
pattern (Vaiman 2017; McAninch et al. 2017). Taking into
consideration that EDCs have been shown to affect epige-
netic marks such as DNA methylation and histone modifica-
tions, and an epigenetic response of placenta to EDCs had
been very well established (Grindler et al. 2018; Strakovsky
and Schantz 2018; Leppert et al. 2020), epigenetic changes
might be part of the underlying mechanisms altering placen-
tal growth. The impact of BP-3 in fetal growth prompted the
question about the mechanisms leading to [IUGR phenotype.
Whereas alterations in Doppler flow studies of the UmA can
reflect abnormalities in the fetal side of placental resistance,
those observed in UA reflect the maternal side of placen-
tal resistance and are associated with a poor blood supply
from the mother to the fetus with negative consequences
(Sciscione and Hayes 2009). Despite the low fetal weight,
in the BP-3-treated group, no differences were detected in
placenta parameters (area, diameter and thickness) compared
with the animals exposed to vehicle. We also evaluated SA
remodeling, a crucial process to ensure that maternal blood
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reaches the fetus. In our experimental model, SA remodeling
was unchanged in BP-3-exposed mothers. Future studies
including the evaluation of cellular and molecular pathways
will shed light to the underlying mechanisms.

To understand whether the impact of maternal exposure
to BP-3 was different in female vs male fetuses, pups were
sexed and weighted every 3 days starting on PND1 until
weaning in first and second pregnancies. Analyzing both
pregnancies, we determined that the percentage of females
(female sex ratio) increased after BP-3 exposure (84%) com-
pared to the control group (64%). We consider this result as
a very important event, because altered sex ratio in a given
population is considered an indicator of endocrine disruption
(Mackenzie et al. 2005; Larebeke et al. 2008). For instance,
it was established a significant decrease in the male—female
sex ratio in a community living amid of petrochemical plants
(Mackenzie et al. 2005). Other study shows that sex ratio
at birth has declined significantly in USA population over
the past four decades (Davis et al. 2007). Changes in sex
ratio have been emphasized as a useful indicator of public
health (Larebeke et al. 2008), because it is used to assess the
reproduction of populations with demonstrated exposures
to EDCs (Mocarelli et al. 1996), as well as in communi-
ties near hazardous chemical sites (Williams et al. 1995). In
summary, independent of in which direction the sex ratio is
skewed, any deviation of normal ratio is considered as sign
of alarm. Among the lot of factors that could influence sex
ratio, EDCs are one of them. Thus, our results suggest that
exposure to BP-3 at a low dose dose could be one contribut-
ing factor to biased sex ratio.

This should urgently call for more experimental studies
analyzing the underlying mechanisms behind these observa-
tions. Further, as the exposure to BP-3 took place in a nar-
row window of pregnancy, we also call for settings where
BP-3 exposure takes place through a longer period and in
combination with further EDCs contained in PCPs so to
have a more realistic picture of the situation.

Conclusions

Using a mouse model, we show that the exposure to BP-3 as
contained in sunscreens during early pregnancy was asso-
ciated with an IUGR phenotype, disturbed sex ratio and
alterations in the growth curve of male offspring. This is in
accordance with other studies showing the higher vulnerabil-
ity of male fetuses to environmental conditions (Rosenfeld
and Roberts 2004; Pongou 2013). This alarming fact should
not remind unnoticed and future studies will help to confirm
these effects and understanding the underlying mechanisms.

To our knowledge, this is the first time that IUGR pheno-
type and disturbed sex ratio caused by exposure to the UV
filter BP-3 at a low internal dose are reported. Based on that



Archives of Toxicology (2020) 94:2847-2859

2857

sunscreens have not been subjected to standard drug safety
testing (Califf and Shinkai 2019), our results reinforce the
need of performing more studies designed to evaluate the
safety and effectiveness of these products.
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