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Abstract

After the phase-out of polybrominated dipheny! ethers, their replacement compounds,
organophosphate flame retardants (OPFRs) became ubiquitous in home and work environments.
OPFRs, which may act as endocrine disruptors, are detectable in human urine, breast milk, and
blood samples collected from pregnant women. However, the effects of perinatal OPFR exposure
on offspring homeostasis and gene expression remain largely underexplored. To address this
knowledge gap, virgin female mice were mated and dosed with either a sesame oil vehicle or an
OPFR mixture (triphenyl phosphate, tricresyl phosphate, and tris(1,3-dichloro-2-propyl)phosphate,
1 mg/kg each) from gestational day (GD) 7 to postnatal day (PND) 14. Hypothalamic and hepatic
tissues were collected from one female and one male pup per litter on PND 0 and PND 14.
Expression of genes involved in energy homeostasis, reproduction, glucose metabolism, and
xenobiotic metabolism were analyzed using quantitative real-time PCR. In the mediobasal
hypothalamus, OPFR increased Pdyn, Tac2, Esrl, and Pparg in PND 14 females. In the liver,
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OPFR increased Pparg and suppressed /nsr, G6pc, and Fasnin PND 14 males and increased £5sr1,
Foxol, Dgat2, Fasn, and Cyb2b10in PND 14 females. We also observed striking sex differences
in gene expression that was dependent on the age of the pup. Collectively, these data suggest that
maternal OPFR exposure alters hypothalamic and hepatic development by influencing neonatal
gene expression in a sex-dependent manner. The long-lasting consequences of these changes in
expression may disrupt puberty, hormone sensitivity, and metabolism of glucose, fatty acids, and
triglycerides in the maturing juveniles.
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1. Introduction

Endocrine disrupting chemicals (EDCs) are a class of chemicals that interfere with typical
endocrine system function [1,2]. Dysregulation of this system produces grave adverse
developmental, reproductive, neurological, and immune effects in both human and animal
populations. EDCs are ubiquitous in our environment due to their usage in household
products, workplace settings, and in industrial and manufacturing plants [3]. Human daily
exposures are continuous as EDCs can be found in plastic bottles, pesticides, soy products,
and household goods that contain flame retardants (FRs) [4]. FRs are one of the most
common EDC:s as they are chemical additives applied to combustible materials to thwart the
spread of fire. As such, FRs are found throughout the home and workplace, in furniture,
clothing, drapery, and electronics. The constituents of FRs are not bound to these products;
thus, they leach off to accumulate in household dust that is subsequently ingested or inhaled
by humans, especially children [5]. The typical route of exposure in children occurs through
frequent hand-to-mouth or object-to-mouth contact with contaminated dust [6]. Indeed, high
levels of the widely used FR, tris(1,3-dichloro-2-propyl)phosphate (TDCPP) are observed in
the urine of children [7].

For decades, polybrominated diethyl ethers (PBDEs) were used as FRs. However, their
persistent presence in our environment and the associated adverse endocrine and
neurological effects led to a phase-out of production in the United States since the mid to
late 2000s [8]. One chemical replacement for PBDES were compounds called
organophosphate flame retardants (OPFRs). OPFRs are used as a mixture of several
compounds that do not persist and bioaccumulate to the same degree as PBDESs. However,
the ability of several OPFRs to interact with nuclear receptors has been recently
characterized. These receptors include estrogen receptor (ER) a and peroxisome
proliferator-activated receptor (PPAR) -y [9-11], both of which are involved in energy
homeostasis and neuroendocrine functions. These OPFRs include, TDCPP, tricresyl
phosphate (TCP), and triphenyl phosphate (TPP), which is a constituent of the common FR
mixture Firemaster® 550 (FM 550). All three of these OPFRs are detectable in urine, breast
milk, and blood samples from humans in a range of concentrations (1-100 ng/mL or 1-100
ng/g lipids) [5,12-16].
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Dysregulation of nuclear receptor expression and downstream signaling during development
(/n utero and neonatal) by FRs may disrupt essential homeostatic function later in adulthood.
We have previously demonstrated in mice that adult exposure to a mixture of TPP, TCP, and
TDCPP (1 and 10 mg each/kg/day) for 4 weeks disrupts energy homeostasis by influencing
hypothalamic and hepatic gene expression, including £srZ (ERa) and Pparg (PPARYy)
expression [17]. Both ERa and PPARYy play a critical role in the development and regulation
of the hypothalamic-pituitary-gonadal (HPG) axis as well as the regulation of
neuroendocrine functions related to energy homeostasis [18,19]. ERa and PPARYy are highly
expressed in the arcuate nucleus, particularly within the neurons controlling energy
homeostasis and reproduction: proopiomelanocortin (POMC) neurons; neurons that co-
express neuropeptide Y (NPY) and agouti-related peptide (AgRP); and Kisspeptin-
neurokinin B ( 7ac2)-dynorphin (KNDy) neurons, respectively [20-23].

Numerous studies in rodents have demonstrated that mammals are particularly sensitive to
the effects of EDCs /n utero and neonatal development [24]. Gestational exposure to FRs
may influence developmental reprogramming, as these substances pass through the placenta
and are detectable in amniotic fluid in rats [16,25-27]. Studies examining human exposures
indicates that OPFR metabolites are detectable in humans during the perinatal period [7] and
are associated with increased risk for high body mass index (BMI) in children [28] and
adverse neurological outcomes [29]. OPFRs in household dust, which are inadvertently
ingested by a pregnant mother or a growing infant, are found at median concentrations of
~1-6 ug/g dust for TPP, TCP, and TDCPP [30-32]. Exposure to these compounds in two
non-mammalian models, zebrafish and chicks, via water immersion (0.2-1.0 mg/L) and egg
injection (9-51,600 ng/g), respectively, demonstrate OPFRs’ ability to disrupt energy
homeostasis, steroidogenesis, liver functions, lipogenesis, glucose homeostasis, and activity
levels and also influence hypothalamic gene expression [9,33]. Recently, maternal exposures
to TPP (1 mg/kg/day via oral gavage from gestational day (GD) 6 to postnatal day (PND) 21
in CD-1 dams led to disruption of energy homeostasis (increased body weight and adiposity
on a high-fat diet), increased liver weight and lipogenesis gene expression, and decreased
glucose clearance in adult offspring using a dose similar to our study [34,35].

Therefore, understanding the influence of maternal OPFR exposure during prenatal and
postnatal development on offspring gene expression in a mammalian model is needed. The
objective of the present study is to evaluate the effects of OPFRs known to interact with
ERa and PPARYy [9-11] on male and female neonatal gene expression in the hypothalamus
and liver, focusing on genes involved in reproduction and energy homeostasis. We studied
pups at PND 0 and PND 14 to assess differences between /n utero (PND 0) and lactational
exposures (PND 14) within the context of identified age and sex differences in gene
expression. Both the hypothalamus and the liver are especially sensitive to developmental
EDC exposures. These developmental periods are important windows for hypothalamic
development, when the expression of reproductive and metabolic neuropeptides and
hormone and nuclear receptors increases in the arcuate nucleus [24,36,37]. Furthermore,
numerous studies using other EDCs have indicated that gene expression in the liver is
susceptible during a period when the expression of metabolic and detoxification enzymes
increases in this organ [38—40]. Our findings indicate that maternal OPFR exposure
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influences hypothalamic and hepatic gene expression in the neonate and juvenile in a sex-
dependent manner in a mammalian model.

2. Material and Methods

2.1 Animal Care

Adult (>60 days old) wild-type (WT) C57BL/6J (Taconic) male and female virgin mice
were bred in-house with food (breeder diet; 25% fat kCal, 3.83 kcal/g, Lab Diet 5015; Lab
Diet, St. Louis, MO) and water available ad /ibitum. Mice were maintained under a 12-hour
light/dark cycle and kept under controlled temperature regulation (25°C). Breeding pairs
were established through pair housing or trio housing. The pre-pregnancy weights of
females were recorded, and weights were taken throughout the duration of pregnancy. GD 0
was determined by confirmation of a vaginal plug. On GD 7, males were removed, and dams
were individually housed for the duration of their gestation.

2.2 Chemicals

The OPFR mixture consisted of tris(1,3-dichloro-2-propyl)phosphate (TDCPP, Sigma
Aldrich, St. Louis, MO, CAS#:13674-87-8, 95.6%), triphenyl phosphate (TPP, Sigma
Aldrich, St. Louis, MO; CAS#:115-86-6, 99%), and tricresyl phosphate (TCP,
AccuStandard, New Haven, CT, CAS#: 1330-78-5, 99%), each at 1 mg/kg) dissolved in an
acetone:sesame oil solution (1:100). We and others have previously used similar doses of
OPFRs in perinatal studies in rodents [17,34,35,41,42]. To prepare the OPFR stock, each
compound was dissolved into 1 ml of acetone. One hundred (100) pl of stock acetone
solution was dissolved into 10 ml of non-estrogenic sesame oil and allowed to vent for 24—
48 h [17].

2.3 Maternal Exposures

Upon confirmation of a vaginal plug and sufficient weight gain of expected pregnancy on
GD 3, all mice were acclimated to the vehicle (30 ul acetone:sesame oil (1:100) in powdered
peanut butter (PB2®, Amazon)). To ensure that the entire OPFR dose was consumed,
powdered peanut butter was used as it is highly palatable to mice and does not cause stress
due to handling, gavaging, or injecting. Dams were randomly assigned to one of two
exposure groups: vehicle mixed with powdered peanut butter or the OPFR mixture
combined with powdered peanut butter and dosed from GD 7 to PND 14. Dams were
weighed every three days to reduce the influence of handling stress. The volume of sesame
oil, for both the vehicle and the OPFR mixture, added to the powdered peanut butter was
determined by the most recent body weight of the dam. Powdered peanut butter (~40-50
mg) was placed on 1 inch? weigh paper and mixed with the volume of sesame oil pipetted
directly onto the powdered peanut butter to a similar consistency of regular peanut butter.
Dams were monitored for consumption of peanut butter, which typically occurred within 20
min. Daily ingestion of the OPFR mixture or vehicle occurred at 1000 h.

2.4 Tissue collection and tissue processing

A total of 34 dams were dosed - 19 dams were dosed with vehicle and 15 dams were dosed
with OPFR. Three dams per group did not get pregnant and 3 dams (2 vehicle and 1 OPFR)
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gave birth to less than 6 pups and were therefore excluded. Included in these 34 dams, were
three to four litters in each exposure group that were primarily male or female. Thus, more
dams were required to collect a sample size of 6 male and female PND 0 and 6 male and
female PND 14 pups. On PND 7, anogenital distance (AGD), the distance from the anus to
the genital tubercle, was assessed with calipers in all mice remaining in each litter and
average AGD per sex per litter (79 litters per group). The AGD was normalized to the cube
root of the body weight [43]. On PND 0 and PND 14, 1 male and 1 female pup from each
litter were randomly selected, weighed, and euthanized by decapitation (/7= 6/sex/exposure/
age). Each brain was immediately placed in ice-cold Sorenson’s buffer. After ~30 seconds,
the mediobasal hypothalamic (MBH) block, containing the arcuate nucleus and the
ventromedial hypothalamus, was cut using a brain matrix (Ted Pella, Redding, CA),
followed by microdissection corresponding to stereotaxic coordinates illustrated by Plates 42
(Bregma —1.34 mm) to 53 (Bregma —2.70 mm) from The Mouse Brain in Stereotaxic
Coordinates [44], as we have previously described [23]. MBH was submerged in RNAlater
(Life Technologies, Grand Island, NY) and stored at —80 °C. MBH RNA was extracted
using RNAqueous-Micro Kits (Life Technologies) according to manufacturer’s protocol.
Due to the small size of the liver in PND 0 and PND 14 pups, the whole liver was collected
from the abdominal cavity from all mice, cut into pieces ~5 mm?2, submerged in RNAlater,
and stored at —80 °C. Liver RNA was extracted using a Trizol extraction coupled with a
Macherey-Nagel NucleoSpin kit (Bethlehem, PA). To extract the hepatic RNA, ~20 mg of
each liver was used. MBH and liver RNA quantity and quality were determined using a
NanoDrop-2000 spectrophotometer (ThermoFisher, Waltham, MA).

2.5 Reverse Transcription and quantitative real-time PCR

As previously described [17], cDNA was synthesized from 0.5 pl of Superscript 111
transcriptase, 4 pl of 5x SS buffer, 1.25 pl of dNTP, 1 pl of 100 ng random hexamers, and
0.38 ul of RNasin in DEPC water to have a total volume of 20 pl. Reverse transcription was
conducted using the following protocol: Incubation at 25 °C for 5 min, transcription at 50 °C
for 60 min, denature at 70 °C for 15 min, and cooling for 4 min at 4 °C. Each sample was
diluted using nuclease-free water at a 1:20 dilution (final concentration: MBH - 0.5 ng
cDNAV/UI; liver - 1.5 ng ctNDA/ul). Quantitative real-time PCR (gPCR) was conducted using
the primers found in Table 1. Four pl of cDNA was amplified by either Power SYBR Green
(ThermoFisher) or SSO Advanced (BioRad, Hercules, CA) Master Mix using standard
protocols. Relative gene expression was determined using the 66Ct method calculated by
the geomean of reference genes Actband Gapdh [45,46].

2.6 Statistical Analysis

We have followed and met all the ARRIVE Guidelines for animal research. All data were
analyzed within each age group by two-way ANOVA (sex and maternal exposure) followed
by a post-hoc Holm-Sidak test using GraphPad Prism 8 (San Diego, CA), with tests for
normality prior to ANOVA. ANOVA statistics are reported in Supplemental Table 1. All
gene expression data were normalized to vehicle-treated female pups within PND 0 or PND
14 for comparison of sexes and maternal exposure. Outliers were determined using the
Grubbs test, and values that exceeded 3 SDs (a.<0.01) above or below the group mean. One
PND 14 vehicle female hypothalamic sample and one PND 14 OPFR male hypothalamic
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sample were removed after being determined to be an outliner in 3 or more genes. Results
were considered statistically significant at a<0.05. For all figures except Figure 1, lowercase
letters denote sex differences and lowercase letters with a capped bar underneath denote
OPFR effects. Data are represented as mean + SEM.

3. Results

3.1 Neonatal body weights and anogenital distance

All pups in each litter were weighed at PND 0 and again at PND 14. The average litter size
included in the study was 7.2 + 0.4 pups/litter for vehicle-treated dams and 7.2 + 0.3 pups/
litter for OPFR-treated dams. Both male and female pups gained weight from PND 0 to
PND 14 (p < 0.0001, for both), regardless of maternal exposure (Figure 1A). There were no
sex differences in weight; however, OPFR-exposed pups weighed more than their vehicle-
treated counterparts (females: p < 0.01; males: p < 0.05). AGD, which was higher in males
than females, regardless of exposure, was decreased by perinatal OPFR exposure in males (p
< 0.05; Figure 1B).

3.2. Hypothalamic gene expression in WT PND 0 and PND 14 neonates

We selected estrogen-responsive hypothalamic genes that are involved in energy
homeostasis and reproduction to analyze in the exposure groups. Based on their function,
genes are organized as neuropeptides, genes associated with KNDy neurons, or hormone or
nuclear receptors. In Figure 2A and 2B, expression of the neuropeptides Pomcand Cart were
not affected by sex or OPFR. There were no effects or patterns observed on Ajpy expression
in PND 0 pups, but Ajpy expression in the PND 14 pups was affected by an interaction of sex
and OPFR with higher expression of Ajpyin vehicle-treated male pups than female pups (p <
0.05; Figure 2C). In PND 0 pups, Agrp expression was affected by OPFR with higher
expression in OPFR-exposed male pups than vehicle-exposed male pups (p < 0.05; Figure
1D).

In Kiss1 expression, we observed an effect of sex in PND 0 pups with a 2-fold higher
expression in females than males, regardless of maternal exposure (p < 0.05; Figure 3A). In
PND 14 pups, Pdyn expression was affected by an interaction of OPFRs and sex (Figure
3B). Expression of Pdynwas increased ~50% in PND 14 female pups by OPFR (p < 0.05).
In PND 0 pups, 7ac2expression was affected by an interaction of OPFR and sex, with
OPFR-exposed males expressing more than OPFR-exposed females (p < 0.05; Figure 3C).
In PND 14 pups, overall 7ac2expression was increased by OPFR exposure with a doubling
in 7ac2expression in females (p < 0.01). Expression of the neurotrophin Banfwas affected
by sex in PND 14 pups with ~3-fold higher expression in vehicle-exposed males than in
vehicle-exposed females (p < 0.05; Figure 3D). No effects of sex or OPFRs were observed
on Foxol expression in either age group (Figure 3E).

We also examined hormone and nuclear receptors involved in energy homeostasis including
ERa (£sr1), PPARYy (Pparg), insulin receptor (/nsn), ghrelin receptor (Ghsr), and leptin
receptor (Lepr). In PND 14 pups, expression of £sr1 was affected by OPFRs (Figure 4A).
OPFR exposure increased £5r1 expression by ~3-fold in PND 14 females (p < 0.05).
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Expression of £sr2, Insr, and Ghsrwere not affected by sex or OPFRs (Figure 4B, 4E, and
4F). In PND 14 pups, OPFR increased overall Aparg expression, and by ~3-fold in PND 14
female pups (p < 0.01; Figure 4C). In PND 0 pups, Leprexpression was affected by OPFR
exposure with a decreasing (~50%) trend in expression in female pups (Figure 4D).

3.3 Hepatic gene expression in WT PND 0 and PND 14 neonates

Because the liver regulates glucose, fatty acid, and triglyceride metabolism, we examined
expression of hormone and nuclear receptors, metabolic enzymes, and transcription factors
in the liver. No effects of sex or OPFR exposure were observed in Ppara expression (Figure
5A). In PND 14 pups, Pparg expression was affected by OPFRs (Figure 5B). Pparg
expression was higher in OPFR-exposed males compared to vehicle-exposed males by
~50% (p < 0.05). Esr1 expression was affected by OPFRs (Figure 5C). OPFR exposure
doubled Esr1 expression in PND 14 females compared to vehicle-exposed females (p <
0.01), which produced a sex difference between PND 14 OPFR-exposed female and male
pups (p < 0.05). In PND 14 pups, /nsrexpression was affected by OPFRs, sex, and an
interaction of OPFRs and sex (Figure 5D). /nsrexpression was suppressed by more than
50% in OPFR-exposed, PND 14 males (p < 0.0001), leading to a sex difference in /nsr
expression between OPFR-exposed female and male pups on PND 14 (p < 0.0001).
Likewise, Leprexpression was affected by OPFRs in PND 14 pups, (Figure 5E), with ~25%
lower expression in OPFR-exposed males (p < 0.05). Similarly, liver K7ssZ expression in
PND 14 pups was ~50% lower in OPFR-exposed males compared to vehicle-exposed male
pups (Figure 5F).

For metabolic enzymes involved in glucose metabolism, G6pc expression in PND 0 pups
was not altered by OPFR exposure but there was a trend toward a sex difference (p = 0.0578;
Figure 6A). In PND 14, G6pc expression was altered by OPFR exposure, sex, and an
interaction of OPFRs and sex. OPFR exposure reduced G6pc expression in male pups by
~50% (p < 0.01) producing a sex difference between OPFR-exposed male and female pups
(p < 0.01). Pepck expression in PND 0 pups was affected by sex with lower expression in
OPFR-exposed male pups compared to OPFR-exposed female pups (p < 0.05; Figure 6B).
Foxol expression in PND 14 pups was affected by an interaction of OPFRs and sex because
OPFR exposure doubled Foxo1 expression in female pups (p < 0.05), producing a sex
difference with OPFR-exposed males (p < 0.01; Figure 6C). Dgat2 expression was
responsive to sex and OPFR exposure in both age groups (Figure 6D). In PND 0 pups,
OPFR exposure induced a ~3-fold increase in Dgat2 expression in female pups (p < 0.001)
yet suppressed expression by ~90% in male pups (p < 0.001). Thus, significant sex
differences were observed in both maternal exposure groups (vehicle: p < 0.01; OPFR: p
<0.0001). In PND14 pups, Dgat2 expression was ~50% lower in males compared to their
PND 14 female counterparts, regardless of maternal exposure (vehicle: p < 0.01; OPFR: p <
0.01). Hepatic Fasn expression was affected by sex and an interaction of OPFR and sex in
PND 14 pups (Figure 6E). OPFR exposure reduced Fasn expression in male pups by ~50%
(p < 0.05), leading to lower expression than in female pups (p < 0.001).

Finally, we examined expression of target genes for xenaobiotic receptors in the liver. Bsep, a
pump for bile salts, was affected by OPFR only in PND 14 pups (Figure 7A). Bsep
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expression was ~25% higher in OPFR-exposed males compared to vehicle-exposed males (p
< 0.05). In PND 14 pups, expression of Cd36was affected by sex as Cd36 expression was
~50% lower in males than females, regardless of maternal exposure (vehicle: p < 0.01;
OPFR: p <0.01; Figure 7B). In PND 0 pups, Cyp2b10expression was not affected by OPFR
but there was a trend towards a sex difference (p = 0.0683), with vehicle-treated males
expressing 6-fold more than females (Figure 7C). The sex difference was eliminated by
OPFR exposure. In PND 14 pups, OPFR induced Cyp2Zb10expression in females by 2-fold
(p < 0.05), with an overall effect of OPFR exposure on Cyp2b10expression. Cyp3all
expression was not affected by sex or OPFR exposure (Figure 7D). Cyp4al0expression was
affected by sex with a higher expression in males than females in both age groups (Figure
TE). For example, Cyp4al0expression in PND 14 pups was ~3-fold higher in OPFR-
exposed males compared to OPFR-exposed females (p < 0.01, Figure 7E). Cyp7al
expression was affected only by sex (Figure 7F), with males exhibiting ~3-fold higher
Cyp7al levels than females in both age groups. No effects of OPFR or sex were observed in
Ostb or Shp expression (data not shown).

4. Discussion

As OPFRs are increasingly detectable in home and work environments and, thus, in human
samples [5,7], it is imperative to understand their impact on mammalian physiology and
gene expression, especially during sensitive developmental periods. Few studies have
examined OPFR exposure on neonatal gene expression in a mammalian model. Several
studies in fish and chicks have demonstrated that developmental exposures to OPFRs alter
both hypothalamic and hepatic gene expression [47-49]. Furthermore, few studies have
compared the different sensitivities of female and male neonates to these compounds during
the early neonatal period. Therefore, in the present study, we exposed pregnant dams to an
OPFR mixture (TPP, TCP, TDCPP) from GD7 to PND14 and measured the expression of a
range of genes involved in energy balance, reproduction, nutrient metabolism, and
xenobiotic metabolism in the hypothalamus and the liver. Rather than discussing individual
genes and their specific roles, we will focus on the interactions of age, sex, and OPFR
exposure in our discussion. As such, we observed both age- and sex-dependent effects on
gene expression in both the hypothalamus and liver, as well as the sensitivity of these tissues
to OPFR, illustrating the need for further targeted investigations into the effects of maternal
OPFR exposure on offspring physiology.

The mechanisms underlying OPFR endocrine disruption are not fully characterized in
mammalian systems. Our data indicates that these mechanisms include estrogenic or anti-
androgenic endocrine disruption because AGD, a hormone- and EDC-sensitive anatomical
measurement [50], was reduced in male pups by maternal OPFR exposure. Furthermore,
these mechanisms may also alter body weight and metabolism, at least in the neonate. Both
14-day-old male and female pups from OPFR-treated dams weighed more than pups from
vehicle-treated dams. Indeed, as both ERa and PPARy are critical for the control of energy
homeostasis, modulation of receptor expression by OPFRs during development, which is a
mechanism of toxicity different than receptor activation [51], may play a part in OPFR-
induced endocrine disruption.
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While our primary focus were the effects of OPFR on gene expression, we also observed
numerous sex differences in a number of genes in the hypothalamus. Sex was a factor in the
expression of Npy, Kiss1, Pdyn, TacZ, and Badnf, depending upon pup age. By analyzing
expression within each age group, we found that Ajpy expression was higher in vehicle-
treated males at PND14 which was eliminated by OPFR exposure. The transition to
consuming chow around PND 14 is associated with expression of arcuate neuropeptides that
control feeding; thus, the sex difference in expression may underlie the sex difference in
feeding during this transition [52,53]. Our data, reveals higher K7ssZ expression in neonatal
females than males, which supports earlier findings that juvenile female mice (PND16-18)
express more Kiss1in the mediobasal hypothalamus than male mice [54]. We also observed
OPFR-induced sex differences in 7ac2expression in neonatal mice and sex differences in
Pdyn expression in juvenile mice. Due to their roles in sexual maturation, the sex differences
in these genes underlie differences in the onset of puberty and the beginnings of luteinizing
hormone pulsatility in juvenile mice [55,56]. We also found sex differences in Banf
expression in PND 14 pups, again with vehicle-treated males expressing more than females.
These differences may be due to the effects of estrogens and ERa (£5rZ) in controlling Banf
expression in the brain [57] and the apparent sex differences in the regulation of BDNF-
TrkB signaling during development [58]. Since BDNF is necessary for neural plasticity and
neurogenesis in the developing brain [59], the differences may influence the sensitivities of
both sexes to exogenous compounds that alter neuronal development.

Another relevant sex difference was the response to OPFR exposure. In the hypothalamus,
female pups were more sensitive to maternal OPFR exposure than male pups. At PND 14,
two neuropeptides (Pdynand 7ac2) and two nuclear receptors (£sr1 and Pparg) were
expressed at higher levels in OPFR-exposed females than vehicle-exposed females, while
there were no differences between male groups at that age. Only Agrp expression was
sensitive to OPFR in neonatal male pups. Furthermore, OPFR exposure eliminated the
apparent sex difference in £srZ expression (males > females) in the MBH. Interestingly, in
rats, £sr1 expression via /n situ hybridization is equal between the sexes on PND 0, greater
in females than males during the early postnatal period (PND 2-7) in the arcuate and
ventromedial hypothalamus (VMH). However, by PND 19, E5r1 expression equalizes
between the sexes in the arcuate but not in the VMH, where males continue to express less
than females [60]. We found no significant sex differences in £srZ expression at PND 0 and
PND 14 in the vehicle-exposed groups. Because expression of these genes in OPFR-exposed
female pups was similar to the expression in vehicle-exposed males, we interpret this as a
masculinization of hypothalamic expression patterns of hormone-sensitive genes by
maternal OPFR exposure. This interpretation is further supported by the well-known effects
of the postnatal testosterone surge in male pups, which is converted into 17p-estradiol in the
brain by aromatase [61]. The neural production of 17p-estradiol activates ERa and other
estrogen receptors to modulate gene expression as well as neurogenesis and brain
development [62—-64]. We hypothesize that the increase in £srZ expression in PND 14
female pups and the potential interactions of OPFR with ERa influences subsequent
hypothalamic gene expression, at least transiently, and may have lasting consequences for
reproduction, energy balance, and a range of hypothalamic physiological and neurological
functions.
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Another organ that is especially sensitive to exogenous compounds and endocrine disruption
is the developing liver [65]. For a number of hepatic genes, sex is also an important factor in
expression patterns. In our study of neonates and juveniles, Cyp7al expression was higher in
male pups than female pups, while in studies using adults, the female mice have higher
Cyp7al expression and higher bile acid levels than males [66—68]. We also observed sex
differences in three other xenobiotic receptor targets: Cad36, Cyp2b10, and Cyp4alo0. In the
case of Cd36, males had lower expression than females at PND 14, but in adults, the reverse
is true especially when fed a high-fat diet [68,69]. In pups from our study, males expressed
more Cyp4alOthan females; however, in adult mice, Cyp4al0is expressed more in female
livers than in male livers [67,70]. Many of the sex differences in our study were due to
induction of expression in females by maternal OPFR exposure including £srl, Foxol,
Dgat2, Fasn, and Cyp2b10. This interaction is no more apparent than in the case of Dgat?
and Fasn. Diglyceride acyltransferase (DGAT) activity is the terminal reaction in the
production of triglycerides [71], while fatty acid synthase (FASN) is necessary for the
production of palmitate, a long-chain fatty acid [72]. While sex differences in hepatic Dgat?
and Fasn expression have been described in adult rodent models driven in part by steroids
[71-73], little is known about its expression in neonates. In our study, OPFR induced a
modest increase in Dgat2 expression in PND 14 female pups but not in males at that age.
However, in PND 0 pups, OPFR exposure induced Dgat2 expression in females and
suppressed it in males. For Fasn, females at PND 14 also expressed more than males, which
was exaggerated by OPFR exposure. Such sensitivity to OPFR indicates that triglyceride and
fatty acid metabolism may be a primary target for OPFR exposure in mammals, at least in
neonates and juveniles. One final point to make about sex differences is the direction of the
gene response to OPFR exposure. In females, OPFR exposure tended to induce expression,
while in males, OPFR exposure tended to reduce expression. Thus, the pattern of induction
between the sexes suggests that there are sex differences in the mechanisms of OPFR
toxicity in neonatal mice.

In terms of OPFR effects, receptors, enzymes, and xenobiotic receptor targets were
modulated, both positively and negatively, by maternal OPFR exposure. As in the
hypothalamus, £srZ was upregulated in OPFR-exposed female pups at PND 14, again
indicating that ERa and its regulatory gene network are important targets for OPFR
exposure. This is relevant as ERa activity, in cooperation with androgen receptors, drives the
sexually dimorphic expression of hepatic genes /n utero and through to early adulthood [74].
We also observed an increase in Pparg due to OPFR exposure, but this time in juvenile male
pups. Therefore, OPFRs interact with PPARy in both sexes but in a tissue-dependent
manner, which differentially impact the offspring by altering the central and peripheral
control of physiology. For example, the observed decrease in /nsrand Gépcby OPFR in
PND 14 males, but not females, may lead to disruption of glucose homeostasis in juvenile
males and perhaps later in life. OPFR also induced Cyp2b10expression in females,
indicating that constitutive androstane receptor (CAR) is a primary xenobiotic receptor
activated by OPFR in females pups [75]. However, OPFR induced Bsep expression in livers
from male pups suggesting that farnesoid X receptor (FXR) may also be a target [76]. In our
previous publication on adult OPFR exposure in wild-type mice, we also found CAR and
pregnane X receptor (PXR) activation by OPFR in the adult liver [17]. Collectively, these
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data suggest that multiple xenobiotic receptors are a target for OPFRs which is dependent on
developmental stage and sex of the mouse.

5. Conclusions

In summary, our study demonstrates that maternal OPFR exposure alters gene expression in
the brain and the liver, two organs sensitive to endocrine disruption. These effects of OPFR
exposure are also dependent on the sex and age of the pups as OPFR-induced changes in
gene expression in PND 0 pups were not observed, but were in 14-day-old pups, the last day
of maternal dosing. Many of the genes altered are involved in the hypothalamic control of
energy balance and reproduction and the metabolism of glucose, triglycerides, and fatty
acids in the liver. Our data also support a recent study demonstrating that direct OPFR
exposure from PND 1 to 10 in mice alters endocrine and lipid profiles [34]. However, our
study suggest that female pups are more susceptible than males, at least in terms of gene
expression. Furthermore, our data suggest that these effects occur via direct modulation of
metabolic enzymes or via modulation of nuclear and hormone receptors that control these
metabolic pathways. Future maternal exposure studies will follow the exposed pups into
adulthood and measure metabolic, reproductive, and behavioral outcomes that are regulated
by these receptors, neuropeptides, and metabolic enzymes.
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. Effects of OPFR was dependent on the developmental age of the pups.

. Striking sex differences in the response to OPFR in the hypothalamus and

Page 17
Highlights

. OPFR exposures increase pup body weight and reduce male anogenital

distance.
. Hypothalamic expression of hormone receptors and neuropeptides was altered

by OPFR.
. Hepatic expression of hormone receptors and metabolic enzymes was altered

by OPFR.

liver.
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Figure 1. Body weight and anogenital distance.
A) Body weights (BW) in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture starting on GD7. Sample size of 6 pups per group, one
from each litter at each age. B) Anogenital distance (AGD) normalized to cubed root of
body weight at PND 7 in female and male pups. Lowercase letters denote age differences,
lowercase letters with capped bar underneath denote effects of OPFR, and uppercase letters
denote sex differences (a = p < 0.05; b = p <0.01; D/d = p < 0.0001). Data are represented
as mean + SEM, A: n=6; B: n=T7-9 litters.
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Figure 2. Hypothalamic gene expression in PND 0 and PND 14 neonates - Neuropeptides.
Relative gene expression in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture. A) Pomc, B) Cart, C) Npy; and D) Agrp. Lowercase
letters denote sex differences and lowercase letters with capped bar underneath denote
OPFR effects (a = p < 0.05). Data are represented as mean + SEM, 7= 5-6.
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Figure 3. Hypothalamic gene expression in PND 0 and PND 14 neonates - KNDy neurons.
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Tac2
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Male
14

Female
PND

Relative gene expression in PND 0 and PND 14 female and male pups from dams orally
dosed with vehicle or OPFR mixture. A) Kiss1; B) Pdyn, C) Tacz, D) Banf. and E) Foxol.
Lowercase letters denote sex differences and lowercase letters with capped bar underneath
denote OPFR effects (a =p < 0.05; b = p <0.01). Data are represented as mean £+ SEM, n=

5-6.

Reprod Toxicol. Author manuscript; available in PMC 2021 June 01.

Male
14



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adams et al.

Page 21
A4]|Vehic|e Esr Bs Esr2 C, Pparg
[ oPFR a b
3
o ] 3
2 22 )
] ] H
£ £ r
02 o P
3 3 ]
8 €1 2
0 0 0 |1| i '
Female Male Female Male Female Male Female Male Female Male Female Male
PND 14 PND 0 PND 14 PND 14
D3 Lepr E 3 Insr F3 Ghsr
2] $2 &2
© © ©
£ £ F
o o o
z z z
) j i |1’ ) ' |l| )
0 III 0 0
Female Male Female Male Female Male Female Male Female Male Female Male
PND 14 PND 14 PND 0 PND 14

Figure 4. Hypothalamic gene expression in PND 0 and PND 14 neonates - Receptors.
Relative gene expression in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture. A) Esr1; B) Esr2, C) Pparg, D) Lepr, E) Insr, and F)
Ghsr. Lowercase letters with capped bar underneath denote OPFR effects (a=p < 0.05; b =
p <0.01). Data are represented as mean + SEM, n=5-6.
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Figure 5. Hepatic gene expression in PND 0 and PND 14 neonates - Receptors.
Relative gene expression in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture. A) Fpara; B) Pparg, C) Esrl; D) Insr, E) Lepr, and F)
Kiss1. Lowercase letters denote sex differences and lowercase letters with capped bar
underneath denote OPFR effects (a = p <0.05; b =p < 0.01; d = p <. 0001). Data are
represented as mean + SEM, n=5-6.
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Figure 6. Hepatic gene expression in PND 0 and PND 14 neonates - Enzymes.
Relative gene expression in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture. A) G6pc, B) Pepck; C) Foxol; D) DgatZ, and E) Fasn.
Lowercase letters denote sex differences and lowercase letters with capped bar underneath
denote OPFR effects (a=p < 0.05; b =p <0.01; c =p <0.001; d =p <. 0001). Data are
represented as mean + SEM, n=5-6.
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Figure 7. Hepatic gene expression in PND 0 and PND 14 neonates - Xenobiotic Targets.
Relative gene expression in PND 0 and PND 14 female and male pups from dams orally

dosed with vehicle or OPFR mixture. A) Bsep; B) Cd36, C) Cyp2b10, D) Cyp3all; E)
Cyp4all, and F) Cypral. Lowercase letters denote sex differences and lowercase letters
with capped bar underneath denote OPFR effects (a = p < 0.05; b = p < 0.01).Data are
represented as mean + SEM, n=5-6.
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List of primers for gPCR

Table 1.

Gene Accession # Forward Primer Reverse Primer

Agrp NM_007427.2 CTCCACTGAAGGGCATCAGAA ATCTAGCACCTCCGCCAAA

Banf NM_001316310.1 TCATACTTCGGTTGCATGAAGG AGACCTCTCGAACCTGCCC

Bsep NM_021022.3 CTGCCAAGGATGCTAATGCA CGATGGCTACCCTTTGCTTCT
Cart NM_013732 GCTCAAGAGTAAACGCATTCC GTCCCTTCACAAGCACTTCAA
Cca36 NM_001159558.1 GATGACGTGGCAAAGAACAG TCCTCGGGGTCCTGAGTTAT
Cyp2b10 NM_009999.4 GACTTTGGGATGGGAAAGAG CCAAACACAATGGAGCAGAT
Cyp3all NM_007818.3 ACAAACAAGCAGGGATGGAC GGTAGAGGAGCACCAAGCTG
Cyp7al NM_007824.2 AACAACCTGCCAGTACTAGATAGC GTGTAGAGTGAAGTCCTCCTTAGC
Cyp4al0 NM_010011.3 CACACCCTGATCACCAACAG TCCTTGATGCACATTGTGGT
Dgat2 NM_026384.3 ACTCTGGAGGTTGGCACCAT GGGTGTGGCTCAGGAGGAT

Esrl NM_007956 GCGCAAGTGTTACGAAGTG TTCGGCCTTCCAAGTCATC

Esr2 NM_010157 AATGTCCACCCGCTAGGCATTC CTCCATGTCTTGCGTAGGTCTC
Fasn NM_007988.3 GGGTTCTAGCCAGCAGAGTC TCAGCCACTTGAGTGTCCTC
Foxol NM_019739 CAATGGCTATGGTAGGATGG TTTAAATGTAGCCTGCTCAC

Gépe NM_013732 TGCACCGCAAGAGCATT GCCTCCTGTCGGATACAGAA
Ghsr NM_177330 CAGGGACCAGAACCACAAAC AGCCAGGCTCGAAAGACT

Insr NM_010568 GTGTTCGGAACCTGATGAC GTGATACCAGAGCATAGGAG
Kiss1 NM_178260 TGATCTCAATGGCTTCTTGGCAGC CTCTCTGCATACCGCGATTCCTTT
Lepr NM_146146.2 AGAATGACGCAGGGCTGTAT TCCTTGTGCCCAGGAACAAT

Npy NM_023456 ACTGACCCTCGCTCTATCTC TCTCAGGGCTGGATCTCTTG

Ostb NM_178933 GCAGCTGTGGTGGTCATTAT TAGGCTGTTGTGATCCTTGG

Pdyn NM_018863 AGCTTGCCTCCTCGTGATG GGCACTCCAGGGAGCAAAT
Pepck NM_011044.2 AGCGGATATGGTGGGAAC GGTCTCCACTCCTTGTTC

Pomc NM_008895 GGAAGATGCCGAGATTCTGC TCCGTTGCCAGGAAACAC

Ppara NM_011144.6 CTAACCTTGGGCCACACCT CGGGTAACCTCGAAGTCTGA
Pparg NM_011146.3 CTGCTCAAGTATGGTGTCCATGAG GAGGAACTCCCTGGTCATGAATC
Shp NM_011850.3 TCTGCAGGTCGTCCGACTATTC AGGCAGTGGCTGTGAGATGC
Tac2 NM_001199971 CGTGACATGCACGACTTC CCAACAGGAGGACCTTAC

Page 25

Agrp. agouti related peptide; Badnf: brain-derived neurotrophic factor; Bsep: bile salt export pump; Cart. cocaine and amphetamine regulatory
transcript; Cd36, cluster of differentiation 36; cytochrome P450 family: ¢yp210, cyp3all, cyp7al, and cyp4al0, Dgat2. diglyceride acyltransferase;

Esr1: estrogen receptor alpha; Esr2: estrogen receptor beta; Fasr. fatty acid synthase; Foxol: forkhead box protein O1; g6pc: glucose-6-

phosphatase, catalytic subunit; GhAsr. growth hormone secretagogue receptor; /nsr. insulin receptor; KissZ: kisspeptin; Lepr. leptin receptor; Apy.

neuropeptide Y; Ostb: organic solute transporter beta; Pdyr. prodynorphin; Pepck. phosphoenolpyruvate carboxykinase; Pomc:.

proopiomelanocortin; Ppara: peroxisome proliferator-activated receptor alpha; Pparg. peroxisome proliferator-activated receptor gamma; Sfp:
small heterodimer partner; 7ac2. neurokinin B.
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