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Abstract

Environmental bisphenol compounds like bisphenol F (BPF) are endocrine-disrupting chemicals (EDCs) affecting adipose and
classical endocrine systems. Genetic factors that influence EDC exposure outcomes are poorly understood and are unaccounted
variables that may contribute to the large range of reported outcomes in the human population. We previously demonstrated that
BPF exposure increased body growth and adiposity in male N/NIH heterogeneous stock (HS) rats, a genetically heterogeneous
outbred population. We hypothesize that the founder strains of the HS rat exhibit EDC effects that were strain- and sex-dependent.
Weanling littermate pairs of male and female ACI, BN, BUF, F344, M520, and WKY rats randomly received either vehicle (0.1% EtOH)
or 1.125 mg BPF/l in 0.1% EtOH for 10 weeks in drinking water. Body weight and fluid intake were measured weekly, metabolic
parameters were assessed, and blood and tissues were collected. BPF increased thyroid weight in ACI males, thymus and kidney
weight in BUF females, adrenal weight in WKY males, and possibly increased pituitary weight in BN males. BUF females also
developed a disruption in activity and metabolic rate with BPF exposure. These sex- and strain-specific exposure outcomes illustrate
that HS rat founders possess diverse bisphenol-exposure risk alleles and suggest that BPF exposure may intensify inherent organ
system dysfunction existing in the HS rat founders. We propose that the HS rat will be an invaluable model for dissecting gene EDC
interactions on health.
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Endocrine-disrupting chemicals (EDCs) are natural or man-made

compounds that mimic or interfere with normal hormonal func-

tion and may increase the risk of developing obesity and related

cardiometabolic disorders (Gore et al., 2015; Heindel et al., 2022).

Interactions between an individual’s genetic factors (i.e., regula-

tion of intricate endocrine and metabolic systems) and the envi-

ronment (i.e., environmental chemicals) lay the foundation for

the development of complex diseases, like obesity (Tchen et al.,

2022). This suggests that genetic variation may significantly

influence EDC exposure outcomes.
Bisphenols are EDCs used in the manufacturing of polycarbon-

ates and epoxy resins and in common consumer products such

as water bottles, dental sealants, and thermal cash register

receipt paper (Chen et al., 2016). Bisphenol F (BPF) is increasingly

used as a structural analog of bisphenol A (BPA), an obesogen

that is regulated in the European Union, Canada, and the United

States. While BPA has an allowable daily intake (ADI) of 50 mg/kg

body weight/day (USEPA, 2010), BPF is not regulated in any coun-

try and does not have an ADI for human safety. Regrettably, data

validating the safety of BPA-analogs as BPA substitutes are lack-

ing. A small-scale human biomonitoring study reported increas-

ing BPF exposures of U.S. adults from 2000 to 2014 (Ye et al.,

2015). Analysis of BPF levels in publicly available NHANES 2013–

2014 data found that it is present in 66.5% of urine samples from

the general U.S. population (Lehmler et al., 2018). Multiple analy-

ses of NHANES data determined that BPF is associated with a

higher risk of obesity as well as with cardiovascular disease,

asthma, sleep problems, and total testosterone levels (Choi et al.,

2022; Liu et al., 2019; Lu et al., 2022; Mendy et al., 2020; Zhang et al.,

2022; Zhou et al., 2022).
There is a paucity of physiological and functional studies that

consider genetic variation as a variable for EDC exposure out-

comes. Most toxicological studies of BPF are limited to in vitro or

non-mammalian models to investigate its endocrine-disrupting

potential. These studies consistently demonstrate that BPF is an

EDC having disruption potential like BPA, with effects on adipose,

immune, neuroendocrine, thyroid, and reproductive functions

(Chen et al., 2022a; Gu et al., 2022; Malais�e et al., 2020a;
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Michałowicz et al., 2015; Rosenfeld, 2017; Zhao et al., 2019; Zhu
et al., 2018). In vivo mammalian bisphenol studies tend to be per-

formed with isogenic or genetically undefined outbred rodents.

Mouse studies have shown that BPF exposure induces hepatic

dysfunction (Meng et al., 2019), immune impairment (Malais�e
et al., 2020b), anxiety and depression behavioral changes (Ohtani

et al., 2017), and reproductive dysfunction (Ding et al., 2022). BPF

exposure studies in rats report reproductive dysfunction in out-
bred Sprague Dawley and Wistar strains (Fatai and Aribidesi,

2022; Ijaz et al., 2020; Kaimal et al., 2021; Ullah et al., 2018).

However, using a single inbred or genetically undefined outbred

model could conceal or exaggerate the dangers of EDCs and does
not address the significant variability in an EDC’s effects at the

population level (Festing, 1993; Richter et al., 2007). Two investiga-

tions into gene EDC interactions have been performed in
humans. One candidate-based approach identified single-

nucleotide polymorphisms in genes controlling oxidative stress

as associated with liver function and BPA exposure (Kim et al.,

2016), and a small-scale genome-wide study identified multiple
loci as associated with urinary oxidative stress biomarkers and

BPA and triclosan exposure (Zhong et al., 2022).
In-depth studies to identify and understand gene EDC interac-

tions on disease risk and progression require a state-of-the-art

in vivo animal model. In the 1980s, the NIH created HS rats as an
outbred animal resource for experimental and selection studies

(Hansen and Spuhler, 1984). Eight inbred founder strains of the

HS colony (ACI/N, BN/SsN, BUF/N, F344/N, M520/N, MR/N, WKY/
N, and WN/N), chosen based on their phenotypic differences,

were systematically outcrossed to maintain genetic variation.

The genetic differences between the founder strains encompass

much of the rat phylogenetic tree (Saar et al., 2008). After more
than 90 generations of outbreeding, each HS rat represents a

genetic mosaic of the eight founders, with genetic diversity more

closely representing human than other available rat models
(Woods and Mott, 2017). Previous mapping studies using the HS

rat have identified potential candidate genes for complex traits

like addiction, behavior, kidney damage, and cardiometabolic dis-

eases (Chitre et al., 2020; Gunturkun et al., 2022; Hong-Le et al.,
2023; Keele et al., 2018, 2021; Tsaih et al., 2014). Other outbred

population models, like the Collaborative Cross mice and the

Diversity Outbred mice, have been leveraged in quantitative trait

loci studies to identify genetic loci associated with benzene toxic-
ity, acute ozone-induced injury, and ethanol sensitivity (Gatti

et al., 2017; Parker et al., 2022; Tovar et al., 2022). No EDC exposure

studies have been performed in mouse outbred populations to
date.

We previously demonstrated that male HS rats exposed to BPF

for 5 weeks in drinking water showed increased body weight,

increased abdominal adiposity, and unexplained dehydration

(Wagner et al., 2021). It is well documented that EDCs produce
sex-specific responses, including BPA (Sol et al., 2020; Yang et al.,

2017), so it is imperative to consider sex as a factor. Only one of

the eight HS founding strains, the F344, has been exposed to
bisphenols (Lejonklou et al., 2017; Manukyan et al., 2019). This

leaves a critical knowledge gap in HS rat founder responses to

BPF exposure and in the possible responses inherited by the HS

rat population. In this study, we hypothesize that post-wean BPF
exposure influences endocrine organs and whole-body metabo-

lism in HS rat founding strains depending on sex and genetic

background, demonstrating that gene EDC interactions are pivo-

tal in exposure outcome interpretation at a population level.

Materials and methods
Animals
ACI/EurMcwi (ACI), BN/NHsdMcwi (BN), BUF/MnaMcwi (BUF),
F344/StmMcwi (F344), and M520/NMcwi (M520) breeder rats were
purchased from the Hybrid Rat Diversity Panel at the Medical
College of Wisconsin and WKY/NCrl (WKY) breeder rats were
purchased from Charles River Laboratories between 3 and 4
weeks-of-age. All breeders were maintained on ad libitum hyper-
chlorinated reverse-osmosis water and phytoestrogen-free
Teklad 2920X diet (ENVIGO, Indianapolis, IN; <20 mg/kg isofla-
vones). Breeding pairs were set-up between 8 and 13 weeks-of-
age. Litters were culled to six pups per litter at ear-punching at 1
week of age to normalize litter size across the six strains.
Animals were housed in polysulfone micro-isolator cages with
wood chip bedding on a 14:10 light/dark cycle and were provided
paper huts (Bio-Huts for Rats, Certified, Bio-Serv, Flemington, NJ),
paper packets (ENVIROPAK, W.F. Fisher and Son, Branchburg,
NJ), and nylon bones (K3581, Bio-Serv) as environmental enrich-
ment. Final sample sizes were 9–17 females per strain and expo-
sure group and 10–15 males per strain and exposure group. ACI
rats display renal agenesis in �11% of the strain, a congenital dis-
order that involves abnormal development of the urogenital tract
(Samanas et al., 2015; Solleveld and Boorman, 1986). ACI rats with
renal agenesis were removed from the study (removed three
vehicle ACI males, two BPF-exposed ACI males, two vehicle ACI
females, and five BPF-exposed ACI females). All experiments
were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals in a protocol approved by the
Institutional Animal Care and Use Committee at the Medical
College of Wisconsin.

Drinking water
BPF was administered in drinking water as oral ingestion is a
major route of human exposure to bisphenols (Liao and Kannan,
2013). BPF was obtained from Angene International Limited,
Nanjing, Jiangsu, China (Batch No.: AGN2017-11809-001) and had
a purity >99% (Wagner et al., 2021). We previously published a
study on post-weaning BPF exposure in drinking water in male
rats using 1.125 mg/l BPF in 0.1% ethanol as the single exposure
level, resulting in an average rat dose of 152.5 mg BPF/kg BW/day
and an approximate human dose of 32 mg BPF/kg BW/day as cal-
culated by the BW3/4 equation (USEPA, 2011; Wagner et al., 2021).
Because there is no FDA ADI for BPF (the FDA ADI for BPA is 50 mg
BPF/kg BW/day) and our previous study achieved an average
study dose that was below a human dose of 50 mg BPF/kg BW/day,
this study continued with the 1.125 mg/l BPF in 0.1% ethanol
exposure paradigm previously used (Wagner et al., 2021). One
exposure level was selected for this study to test the specific
hypothesis that genetic background affects exposure outcomes.
Briefly, the BPF dosing solution was prepared by dissolving
281.25 mg of BPF in 250 ml of ethanol (U.S.P. dehydrated ethanol;
Spectrum, New Brunswick, NJ) to make a 1.125-mg/ml BPF in
ethanol solution. A 1.125 mg/l in 0.1% ethanol drinking solution
was prepared by diluting 10 ml of the dosing solution with
9990 ml of Barnstead water (Barnstead NANOpure Diamond Lab
Water System, Barnstead Lab Water Products, Lake Balboa, CA)
in a 10-l polypropylene carboy. The vehicle control drinking solu-
tion (0.1% ethanol) was prepared by combining 10 ml of the same
ethanol with 9990 ml Barnstead water in a 10-l polypropylene
carboy (ThermoFisher Scientific, Waltham, MA). All dosing solu-
tions were stored at 4�C until provided to the animals.
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Exposure and phenotyping protocol
Exposure

Littermate male and female rats were weaned at 3 weeks-of-age
and were randomly assigned to vehicle control or BPF exposure
group (Figure 1) by a random number generator (runif() function
in R 4.0.2). Animals were exposed to the vehicle (0.1% ethanol) or
BPF (1.125 mg/l BPF in 0.1% ethanol) in drinking water adminis-
tered in glass water bottles to avoid other potential oral expo-
sures due to leaching from plastic water bottles. All rats were
singly housed and exposed through ad libitum drinking through-
out the 10-week exposure and phenotyping protocol. Fluid intake
was monitored weekly to estimate daily fluid intake and subse-
quent exposure. The intake estimates did not account for fluid
bottle leak or evaporation. Since BPF exposure in children and
adolescent boys is positively associated with obesity (Jacobson
et al., 2019; Lehmler et al., 2018; Liu et al., 2019), exposure lasted
from wean to 13 weeks-of-age (the beginning of young adulthood
in rats [Sengupta, 2013]).

Phenotyping

Body weight was measured weekly beginning at 1 week of age
(Figure 1). Body composition was assessed at exposure start at 3
weeks-of-age, prior to metabolic cages at 4 and 10 weeks-of-age
using time-domain nuclear magnetic resonance (TD-NMR; LF110,
Bruker Biospin, Billerica, MA). After NMR at 4 and 10 weeks-of-
age, animals were placed in metabolic cages (No. 40615, Lab
Products, Inc.) and provided drinking water (either vehicle or BPF)
and food (Teklad 2920X, ad libitum). After a 48-h acclimation
period, 24-h urine and fecal samples were weighed and collected.
Fecal samples were stored at �20�C along with a representative
sample of diet. Urine samples were centrifuged at 4000 � g for
10 min, aliquoted, and stored at �80�C. Food and drinking fluid
intake in the 24-h period was determined. After an overnight fast
at 13 weeks-of-age, fasted blood glucose was measured from the
saphenous vein in unanesthetized animals using a handheld
glucometer. Animals were then euthanized by CO2 and

thoracotomy. Blood samples were collected by cardiac puncture

while animals were deeply anesthetized, processed into serum

(BD Microtainer, SST-Amber, Franklin Lakes, NJ) and plasma (BD

Microtainer, Tubes with K2E, Franklin Lakes, NJ), aliquoted, and

stored at �80�C. Body length measures (nose to rump, nose to tip

of tail, tibia) were determined. Tissues (liver, left ventricle of the

heart, kidneys, gonads, adrenal glands, gonadal white adipose tis-

sue [GWAT], perirenal white adipose tissue [PWAT], thymus

gland, thyroid gland, hypothalamus, pituitary gland, soleus

muscle, inguinal white adipose tissue [IWAT], and interscapular

brown adipose tissue [BAT]) were harvested and weights col-

lected on liver, left ventricle of the heart, kidneys, gonads, adre-

nal glands, GWAT, PWAT, thymus gland, thyroid gland, pituitary

gland, IWAT, and BAT. Tissue samples were either snap frozen in

liquid nitrogen and/or placed in RNAlater (Invitrogen, Carlsbad,

CA) at �80�C for RT-qPCR.

Promethion multiplexed metabolic phenotyping

A subset of the BUF female rats (n¼ 9/exposure) were phenotyped

at 11 weeks-of-age using a multiplexed metabolic phenotyping

system (Promethion, Sable Systems International, Las Vegas, NV)

at the Comprehensive Rodent Metabolic Phenotyping Core

(CRMPC) at the Medical College of Wisconsin. On Monday morn-

ing, animals entered the Promethion housing and were housed

continuously until Friday morning. Body composition was

recorded using TD-NMR before entering and after exiting the

Promethion (Reho et al., 2022). Promethion data presented were

analyzed as 24-h measures from 6 AM Thursday to 6 AM Friday to

provide maximal acclimation time of �72 h. Food and fluid

intake, energy expenditure, and ambulation were analyzed using

custom macros supplied by Sable Systems. Energy expenditure

was calculated using the modified Weir equation (Weir, 1949).

One female rat did not acclimate to the Promethion (fluid intake

<5 g in 48 h) and was removed due to concerns over acute dehy-

dration, reducing the vehicle BUF female sample size to n¼ 8.

Figure 1. Experimental design. ACI/EurMcwi (ACI), BN/NHsdMcwi (BN), BUF/MnaMcwi (BUF), F344/StmMcwi (F344), M520/NMcwi (M520), and WKY/
NCrl (WKY) were set-up 8–13 weeks-of-age. Body weights of pups were tracked weekly starting at ear punching at 1 week-of-age. Litters were ear
punched and culled to six pups to normalize litter size between strains. Breeders and offspring were provided ad libitum diet devoid of phytoestrogens
(Teklad 2920X). One to two littermates/sex were weaned at 3 weeks-of-age and randomly assigned to Vehicle (0.1% ethanol) or 1.125 mg/l BPF in 0.1%
ethanol. Animals were singly housed and glass water bottles were used. Body weight and fluid intake were monitored to calculate weekly exposure.
Body composition was determined at 3, 4, and 10 weeks-of-age by TD-NMR. At 4 and 10 weeks-of-age, animals were placed in metabolic cages to assess
feeding and drinking behavior and collect metabolic samples. BUF females were placed in the Promethion multiplexed metabolic phenotyping system
to assess energy homeostasis at 11 weeks-of-age. Animals were euthanized at 13 weeks-of-age and blood and tissues were collected. Study end points
focused on body growth, adiposity, metabolic tissues, and endocrine tissues. Created with BioRender.com.
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Calorimetry

To quantitatively assess digestive efficiency and caloric absorp-

tion, bomb calorimetry was performed on fecal samples at the

CRMPC as previously described (Grobe, 2017; Reho et al., 2022).

Briefly, quantitative fecal samples collected in metabolic cages

were desiccated in an oven and weighed prior to and after desic-

cation. Desiccated samples were pressed into pellets and

weighed. Digestive efficiency and total daily caloric absorption

were determined using a semi-microbomb calorimeter (Model

6725, Parr Instrument Co., Moline, IL) by combusting samples to

completion according to the manufacturer’s protocol.

Desiccated, powderized Teklad 2920X diet sample obtained at the

time of metabolic cages was also analyzed by bomb calorimetry

to determine total caloric density of the diet.

Urine osmolality

Urine osmolality was measured by freezing-point depression

osmometry (OsmoPRO multi-sample micro-osmometer,

Advanced Instruments, Norwood, MA) at the CRMPC following a

published method (Wagner et al., 2021). Briefly, 24-h metabolic

cage urine samples were diluted 1:4 in deionized water. System

conditions were monitored by measuring a Clinitrol 290 reference

solution (Advanced Instruments).

Biomarker levels
Circulating

All assays analyzed terminal blood samples obtained at tissue

collection. Thyroid-stimulating hormone (TSH, ng/ml) was meas-

ured by ELISA in neat serum samples following the manufac-

turer’s protocol (Cat: 80564, Crystal Chem, Elk Grove Village, IL).

Total triidiothyronine (total T3, ng/dl) and total thyroxine (total

T4, mg/dl) were measured by radioimmunoassay in neat serum

samples following the manufacturer’s protocol (tT3 kit: 06B-

256447, tT4 Kit: 06B-254029, MP Biomedicals, Orangeburg, NY).

Follicle-stimulating hormone (FSH) and luteinizing hormone (LH)

were assayed in neat plasma samples using an LH/FSH multiplex

ELISA at the University of Virginia Center for Research in

Reproduction Ligand Assay and Analysis Core following the man-

ufacturer protocol (EMD Millipore, Burlington, MA). Total testos-

terone was measured in plasma samples by LC-MS/MS following

a previously published method (Raff et al., 2018).

Adrenocorticotropic hormone (ACTH) and corticosterone were

measured in plasma samples by radioimmunoassay following

previously published methods (Raff et al., 2023).

Urine

Creatinine concentration (mg/dl) in Week 10 urine samples was

determined in urine samples diluted appropriately in deionized

water (Invitrogen, Carlsbad, CA) following the manufacturer pro-

tocol for the colorimetric assay (K002-H1, Arbor Assays, Ann

Arbor, MI). Corticosterone concentrations (pg/ml) in Week 10

urine sample were determined in neat urine samples following

the manufacturers protocol (K014-H5, Arbor Assays). Sodium and

potassium were measured in Week 10 urine samples diluted in

deionized water using flame atomic absorption spectroscopy

(Jenway PFP7, Thermo Fisher Scientific, Waltham, MA).

Feces

Sodium and potassium were measured in Week 10 feces sam-

ples using flame atomic absorption spectroscopy (Jenway PFP7,

Thermo Fisher Scientific). Feces were subjected to an ashing

protocol as previously described (Titze et al., 2005) and the result-
ing ash was reconstituted in 10% nitric acid in deionized water.

Histological analysis

Fresh, whole adrenal glands and kidneys were fixed using 10%
neutral-buffered formalin for �48 h and embedded in paraffin by
the Children’s Research Institute Histology Core at the Medical
College of Wisconsin. Embedded samples were sectioned at 4 mm.
Adrenal samples were sectioned until the center of the sample
was reached. Sections were stained by hematoxylin and eosin
and imaged using a Hamamatsu slide scanner at the Children’s
Research Institute Imaging Core at the Medical College of
Wisconsin. Total area of the adrenal section and area of the adre-
nal medulla were assessed using the freehand region function in
NDP.view 2 software (Hamamatsu, Shizuoka, Japan) in the .ndpi
image files. Area of the adrenal cortex was determined by sub-
tracting adrenal medulla area from the total adrenal section
area. For each adrenal sample, the average area was calculated
from three adrenal sections (WKY males n¼ 6/exposure). Kidney
tubule damage was assessed in five random areas from the cor-
tex and five random areas of the outer stripe of the outer medulla
were visualized, imaged, and counted for each kidney. Tubular
injury was determined by counting the proportion of injured-to-
total tubules using cross-sectional images of the kidney at a mag-
nification of �20 (Regner et al., 2011). Tubular injury was defined
as the presence of tubular casts, loss of brush border, flattened
epithelium, and/or sloughing of tubular epithelial cells.
Glomerular area was assessed using the freehand region function
in NDP.view 2 software. For each kidney sample, the average glo-
merular area was calculated from at least 100 glomeruli through-
out the entire kidney sample (BUF females n¼ 6/exposure).

Total RNA isolation

Whole adrenal, testes, or thyroid tissue in RNAlater was thawed
on ice. One whole adrenal gland or pituitary gland, one lobe of
the thyroid gland, or 30–60 mg of testes was homogenized in 1 ml
of TRIzol Reagent (Invitrogen) using a Fisherbrand Bead Mill 4
Homogenizer (ThermoFisher Scientific, Waltham, MA).
Homogenization was repeated, and the homogenates were cooled
on ice. Samples were centrifuged at 21 100 � g for 3 min to pellet
unhomogenized tissue. The supernatant was combined equally
with chloroform (ThermoFisher Scientific), mixed rapidly by
inversion, incubated at room temperature for �3 min, and centri-
fuged at 4�C at 12 000 � g for 15 min. Total RNA was purified
from the aqueous layer following the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.
Samples were treated with DNase I from the RNase-Free DNase
Set (Qiagen) according to the manufacturer’s protocol to remove
gDNA. RNA was quantified by a NanoDrop 1000
Spectrophotometer (ThermoFisher Scientific) and was stored at
�80�C.

RT-qPCR

Purified RNA (�1 mg) was reverse transcribed using iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). All RT-qPCR
assays were prepared following the manufacturer protocol using
Prime Time Gene Expression Master Mix gene expression assay
(Integrated DNA Technologies, Coralville, IA). Experiments were
conducted on a QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems, Foster City, CA). Primer sequences for all
genes are listed in Supplementary Table 1. Genes were selected
to assess thyroid hormone synthesis, testosterone synthesis, cor-
ticosterone synthesis, aldosterone synthesis, catecholamine
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synthesis, and lactotroph markers. Endogenous controls for gene
expression normalization were: Hprt1 for adrenal and thyroid
samples and Rplp0 for testes samples. Relative mRNA expression
for each gene was calculated using the comparative cycle thresh-
old (Ct) method (Pfaffl, 2004) on the average of three technical
replicates per sample. PCR grade water (Invitrogen) was used as a
negative control replacing the reverse transcriptase and rat uni-
versal RNA (Biochain, Newark, CA) was used as a positive control.

Calculations

To remove body weight as a confounding variable in tissue
weights and drinking behavior, all absolute tissue weights and
fluid intake were normalized to body weight (grams) to provide a
“relative” value in units/g body weight. The corticosterone excre-
tion rate (pg/day) was calculated by multiplying the urinary corti-
costerone concentration by the 24-h urine output. Urinary and
fecal sodium and potassium excretion rates (mEq/day) were cal-
culated by multiplying the sample concentration by the 24-h out-
put value. Digestive efficiency, body weight gained between 4 and
10 weeks-of-age, food intake between 4 and 10 weeks-of-age, and
energy efficiency were calculated following equations in Grobe
(2017) and Reho et al. (2022) to assess energy balance. Fluid lost to
urine (%) was calculated as the percentage of urine (g/day) to
fluid intake in 24 h in metabolic cages. To calculate average daily
BPF exposure in HS rats, the following equation was used:

Exposure lg BPF=kg avg BW=dayð Þ

¼
ðFT1 mlð Þ � FT2 mlð ÞÞ� 1:125 lg BPF

ml water

� �

BWT1þBWT2ð Þ
2

� �
� 1 kg

1000 g

� �
� T2 � T1ð Þ

;

where T1 is time point 1, T2 is time point 2, BW is the body weight
(g), and F is fluid (ml).

Statistical analysis
Outlier analysis

Outliers were removed within each sex and strain group from the
raw dataset, body weight relative data, and other calculations by
ROUT analysis (Motulsky and Brown, 2006) (Q¼ 1%) (GraphPad
Prism v9.5.0 for Windows, www.graphpad.com, San Diego, CA).
See Supplementary Table 2 for details regarding outlier removal
and other impacts on experimental n.

ANCOVA for metabolic rate measures

To correct metabolic rate measures for covariates, such as fat-
free mass, fat mass, and 24-h distance traveled fat-free mass, a
generalized linear model was fit to the data. Covariates were
selected after ANOVA testing of the model coefficients where
F < 0.10. Estimated least squares means were extracted for the
Exposure variable (Grobe, 2017). Modeling was performed in
R 4.0.2 using the lsmeans package.

Comparing exposure groups

BPF exposure effect was determined in males and females sep-

arately. Comparisons between exposure groups of the same sex

were performed using a two-way ANOVA and �S�ıd�ak’s multiple

comparisons test when all data were present or were performed

using a mixed effects model and �S�ıd�ak’s multiple comparisons

test when there was missing data. In data generated for specific

strain-sex groups, comparison between exposure groups was per-

formed using an unpaired t test or a Welch’s unpaired t test

when appropriate. RT-qPCR results were determined on the DDCt

values using unpaired, two-tailed t test with or without Welch’s

correction when appropriate. Alpha level was 0.05 for all statisti-

cal testing. Exposure comparisons completed in GraphPad Prism

v9.5.0. Data figures created in GraphPad Prism v9.5.0.

Results
Fluid intake and dosing
Weekly fluid intake was determined in all animals over the study

protocol. From those data, fluid intake per day did not differ

between the vehicle- and BPF-exposed animals in any sex or

strain group (Supplementary Figure 1 and Supplementary Tables

3 and 4). There were strain differences in fluid intake with aver-

age daily fluid intake ranging between 11.7 and 23.5 g/day in

females and 13.9 and 25.2 g/day in males (Male PStrain < 0.0001,

Female PStrain < 0.0001). These differences in drinking behaviors

affected the average daily BPF exposure calculated over the 10-

week protocol (Supplementary Figure 2A, Supplementary Tables

5 and 6, and Table 1; PStrain < 0.0001, PSex < 0.0001, PStrain � Sex ¼
0.0164).

The average BPF exposure dose for female rats ranged from

124.9 to 206.2 mg/kg BW/day and for male rats ranged from 110.0

to 176.4 mg/kg BW/day. To compare the exposure doses in these

animals to a human dose, the dosimetric adjustment factor

equation (USEPA, 2011) was implemented using the BW3/4 equa-

tion and a human body weight of 70 kg (Supplementary Figure 2B

and Table 1). The comparable human dose range for females is

24.2–41.9 mg/kg BW/day and for males is 23.5–39.0 mg/kg BW/day.

BPF affects the thyroid in ACI males
After 10 weeks of BPF exposure, relative thyroid weight was sig-

nificantly increased by �15% in the BPF-exposed ACI males com-

pared with vehicle ACI males (PStrain � Exposure ¼ 0.19, pACI ¼ 0.03)

(Figure 2A and Table 2). To determine if hypothalamic–pituitary–

thyroid (HPT) axis hormones had changed with the increased thy-

roid weight, serum levels of TSH, total T3, and total T4 were

assessed in terminal blood samples. BPF exposure did not signifi-

cantly alter circulating levels of TSH, total T3, or total T4 in the

ACI males (Supplementary Table 10).

Table 1. Average daily BPF exposure in female and male ACI, BN, BUF, F344, M520, and WKY rats during the 10-week exposure period
(Mean 6 SEM (N)) and the comparable human dose for each sex and strain group (mean)

Strain Females Males

Average Rat Dose (mg/kg/day) Human Dose (BW3/4) (mg/kg/day) Average Rat Dose (mg/kg/day) Human Dose (BW3/4) (mg/kg/day)

ACI 169.3 6 3.0 (11) 31.8 146.9 6 1.9 (13) 30.2
BN 124.9 6 2.6 (10) 24.2 110.0 6 1.8 (11) 23.5
BUF 141.5 6 2.3 (10) 28.8 137.0 6 3.1 (11) 31.3
F344 136.7 6 4.5 (9) 26.5 115.7 6 1.8 (12) 25.4
M520 151.8 6 4.1 (9) 29.4 134.1 6 2.8 (12) 28.4
WKY 206.2 6 6.1 (10) 41.9 176.4 6 4.8 (15) 39.0
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To determine if expression of thyroid hormone synthesis
genes had changed with the increased thyroid weight, gene
expression of the TSH receptor (Tshr), important thyroid tran-
scription factors (Nkx2-1, Pax8), critical transport proteins (Slc5a5,
Slc26a4), thyroglobulin (Tg), and thyroid peroxidase (Tpo) were
assessed in the thyroid (Figure 2B). Slc26a4 expression was
increased by �84% in the BPF-exposed ACI males compared with
the vehicle ACI males, although the difference did not reach stat-
istical significance (pSlc26a4 ¼ 0.05). Nkx2-1, Pax8, Tg, Tpo, Tshr, and
Slc5a5 gene expression were not different between the ACI male
groups.

BPF affects the testes and testosterone synthesis in BN
males
After 10 weeks of BPF exposure, there was a modest increase in
relative testes weight (PStrain � Exposure ¼ 0.40, pBN ¼ 0.21, �3%) in
BPF-exposed BN males compared with vehicle BN males
(Figure 3A and Table 2). Considering the extensive literature
reporting male reproductive dysfunction after BPF exposure, we
measured plasma testosterone levels in terminal blood sam-
ples. Consistent with the modest increase in testes weight,
there was a modest �22% increase in total testosterone in BPF-
exposed BN males although variation was relatively high and
the difference did not reach statistical significance (PStrain �

Exposure ¼ 0.72, pBN ¼ 0.47, Figure 3B and Table 2). To determine
if gonadotrophic hormones had changed, we measured plasma
FSH and LH levels in terminal blood samples. BPF exposure did
not affect FSH or LH levels in BN males (Figure 3C and
Supplementary Table 10).

To ascertain if the increased testosterone in the BPF-exposed
BN males was due to a change in steroidogenic capacity, gene
expression of Star, the first enzyme in the steroidogenesis path-
way, cell surface receptors that participate in Star transcriptional
regulation (Lhcgr, Gnrhr, Prlr), and other steroidogenesis pathway
enzymes (Cyp11a1, Cyp17a1, Hsd3b17, Hsd3b1, Hsd3b2) were
assessed in whole testes samples (Figure 3D). Star was signifi-
cantly increased by �45% (pStar ¼ 0.02) and both Cyp11a1 and
Cyp17a1 had increased expression by �96% and �47%, respec-
tively, in BPF-exposed BN males compared with vehicle BN males
that did not reach statistical significance (pCyp11a1 ¼ 0.06, pCyp17a1

¼ 0.06). Prlr but not Lhcgr showed a possible increase in

expression by �22% in BPF-exposed BN males compared with
vehicle BN males that did not reach statistical significance (pPrlr ¼
0.07).

BPF affects energy homeostasis, thymus, and kidneys in
BUF females
BPF-exposed BUF females showed indications of energy homeo-
stasis imbalance without differences in body weight gained or in
body composition compared with vehicle controls
(Supplementary Figure 3 and Supplementary Tables 7 and 8).
Metabolic cage data were analyzed from the 4- to 10-week time
points to evaluate factors in energy homeostasis, like food intake
and energy efficiency (body weight gained per calorie absorbed).
The 24-h fecal sample collections at both time points were ana-
lyzed by bomb calorimetry to determine fecal caloric density and
the results were used to calculate energy efficiency. There was a
possible decrease in energy efficiency by �8% in the BPF-exposed
BUF females compared with the vehicle BUF females that also
did not reach statistical significance (PStrain � Exposure ¼ 0.29, pBUF

¼ 0.47) (Table 3). There was no difference in BPF-exposed BUF
female 24-h food intake at either time point compared with
vehicle BUF females (Supplementary Table 8). These results led
to the hypothesis that BPF exposure in BUF females altered their
energy expenditure.

To determine if BPF exposure in the BUF females affected
energy expenditure, such as metabolic rate and activity levels,
BUF females were observed in the Promethion multiplexed met-
abolic phenotyping system. BPF-exposed BUF females showed a
possible increase in 24-h distance traveled by �51% compared
with vehicle BUF females (Figure 4A, p¼ .08) and no change in
24-h sleep time (Table 4). There was also a modest decrease in
average daily metabolic rate by �3% in the BPF-exposed BUF
females compared with the vehicle BUF females (Table 4), and
this difference remained after correction for their 24-h distance
traveled, fat-free mass, and fat mass (Table 4, p¼ .08). Since
average daily metabolic rate includes the active period and does
not account for expected metabolic rate differences due to vary-
ing fat-free mass levels, resting metabolic rate (RMR) was cor-
rected for fat-free mass. Prior to adjustment, BPF exposure
significantly decreased RMR by �8% (Table 4, p¼ .01) and that
difference was maintained after fat-free mass adjustment

Figure 2. BPF exposure effects on the thyroid in ACI males. A, At 13 weeks-of-age, thyroid glands were harvested, weighed, and adjusted for body
weight. BPF-exposed ACI males had significantly increased thyroid gland tissue compared with vehicle ACI males. B, Gene expression of the TSH
receptor (Tshr), important thyroid nuclear transcription factors (Nkx2-1, Pax8), thyroglobulin (Tg), thyroid peroxidase (Tpo), and critical transporters
(Slc5a5, Slc26a4) (n¼ 9–12 per exposure group). Slc26a4 had a possible increase in expression in the BPF-exposed ACI males compared with vehicle ACI
males. Unpaired, two-tailed t test with or without Welch’s correction used when appropriate for comparing vehicle and BPF-exposed ACI males only.
Two-way ANOVA, �S�ıd�ak’s multiple comparisons test, #p< .05.

Wagner et al. | 89

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad046#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad046#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad046#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad046#supplementary-data


Table 3. Metabolic parameters and tissue phenotypes in female ACI, BN, BUF, F344, M520, and WKY rats (mean 6 SEM (N))

Phenotype ACI BN BUF F344 M520 WKY

Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF

Metabolic cage
measurements

Food intake
Wk4–Wk10 (g)

455.2 6 17.2 (14) 430.7 6 11.9 (11) 454.7 6 13.0 (10) 460.8 6 10.9 (9) 617.7 6 22.2 (10) 659.2 6 17.5 (10) 498.6 6 15.7 (9) 493.2 6 17.2 (9) 518.9 6 12.5 (11) 497.5 6 16.8 (8) 543.3 6 14.8 (10) 522.8 6 19.8 (10)

Body weight
gained
Wk4–Wk10 (g)

80 6 1 (15) 81 6 1 (11) 92 6 2 (10) 88 6 2 (10) 113 6 3 (10) 111 6 2 (10) 78 6 2 (9) 80 6 2 (9) 72 6 2 (11) 75 6 2 (9) 112 6 3 (10) 113 6 3 (10)

Energy efficiency
(g/kcal)

0.205 6 0.008 (14) 0.215 6 0.007 (11) 0.191 6 0.007 (9) 0.196 6 0.007 (10) 0.206 6 0.006 (10) 0.189 6 0.005 (10) 0.210 6 0.006 (9) 0.205 6 0.008 (9) 0.160 6 0.007 (11) 0.176 6 0.006 (8) 0.235 6 0.010 (10) 0.237 6 0.007 (9)

Tissue
measurements

Total
kidney (mg)

1054.0 6 10.4 (15) 1021.4 6 13.4 (11) 1002.1 6 25.5 (10) 1024.4 6 15.7 (10) 1971.8 6 37.8 (10) 2103.6 6 41.7 (10)** 1110.0 6 19.8 (9) 1105.1 6 12.1 (9) 1200.5 6 21.1 (10) 1207.8 6 28.7 (8) 1407.7 6 32.5 (10) 1405.7 6 31.0 (10)

Total
kidney (mg/g)

7.2304 6 0.0536 (15) 7.1203 6 0.0621 (11) 6.5106 6 0.1106 (10) 6.6064 6 0.0780 (10) 9.6436 6 0.1722 (10) 10.5346 6 0.2388 (10)*** 6.6397 6 0.0849 (9) 6.8335 6 0.0687 (9) 7.7465 6 0.1269 (10) 7.7665 6 0.1091 (8) 7.0450 6 0.0706 (10) 7.0046 6 0.1003 (10)

Thymus
gland (mg)

268.3 6 9.0 (9) 279.8 6 8.7 (8) – – 1066.1 6 38.8 (10) 1156.5 6 50.5 (10) 239.4 6 13.8 (2) 211.2 6 2.1 (2) 218.2 6 34.9 (4) 234.2 6 42.5 (5) 244.9 6 8.2 (2) 238.2 6 2.4 (2)

Thymus
gland (mg/g)

1.823 6 0.061 (9) 1.899 6 0.055 (8) – – 5.206 6 0.151 (10) 5.774 6 0.218 (10)* 1.439 6 0.096 (2) 1.346 6 0.038 (2) 1.395 6 0.204 (4) 1.487 6 0.275 (5) 1.241 6 0.012 (2) 1.206 6 0.021 (2)

Relative tissue weights in mg/g are mg tissue per g body weight. Thymus weight was not assessed in the BN females (Supplementary Table 2). Comparisons made between vehicle and BPF animals of the same strain done by two-way ANOVA
with �S�ıd�ak’s multiple comparisons test. Significant differences highlighted in bold.

* p< .05,
** p< .01,
**** p< .0001.

Table 2. Weight parameters and other phenotypes in male ACI, BN, BUF, F344, M520, and WKY rats (mean 6 SEM (N))

Phenotype ACI BN BUF F344 M520 WKY

Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF Vehicle BPF

Tissue
measurements

Adrenal
glands (mg)

38.6 6 0.8 (12) 39.2 6 0.6 (13) 50.4 6 1.2 (10) 50.5 6 1.0 (10) 37.4 6 0.4 (10) 37.2 6 0.4 (11) 45.6 6 1.2 (12) 45.1 6 0.9 (12) 38.7 6 1.0 (12) 37.7 6 0.9 (12) 48.4 6 1.1 (13) 51.6 6 0.9 (14)

Adrenal
glands (mg/g)

178 6 4 (12) 181 6 2 (13) 205 6 4 (10) 205 6 4 (11) 110 6 1 (10) 109 6 1 (11) 159 6 4 (12) 157 6 3 (12) 163 6 3 (12) 159 6 1 (12) 160 6 3 (13) 173 6 2 (14)*

Testes (g) 2.2984 6 0.0158 (12) 2.3068 6 0.0252 (13) 2.9931 6 0.0382 (9) 3.0345 6 0.0340 (10) 3.0345 6 0.0253 (10) 3.0388 6 0.0239 (11) 3.0032 6 0.0217 (12) 2.9680 6 0.0260 (12) 2.5570 6 0.0407 (12) 2.5192 6 0.0304 (12) 2.5957 6 0.0153 (15) 2.5836 6 0.0215 (15)
Testes (mg/g) 10.599 6 0.066 (12) 10.659 6 0.154 (13) 12.171 6 0.212 (9) 12.557 6 0.171 (10) 8.944 6 0.114 (10) 8.905 6 0.065 (11) 10.432 6 0.109 (12) 10.333 6 0.061 (12) 10.757 6 0.161 (12) 10.652 6 0.115 (12) 8.645 6 0.092 (15) 8.682 6 0.066 (15)
Thyroid

gland (mg)
9.5 6 0.4 (12) 11.0 6 0.2 (12) 9.8 6 0.6 (9) 9.4 6 0.5 (11) 14.0 6 0.6 (10) 14.8 6 0.3 (11) 11.6 6 0.3 (12) 11.8 6 0.4 (12) 16.2 6 0.6 (12) 16.2 6 0.7 (12) 11.3 6 0.4 (12) 11.7 6 0.5 (12)

Thyroid
gland (mg/g)

43.9 6 1.7 (12) 50.3 6 0.9 (13)* 40.1 6 1.9 (9) 38.2 6 1.9 (11) 41.4 6 1.9 (10) 43.3 6 1.1 (11) 40.4 6 1.0 (12) 41.0 6 1.2 (12) 68.1 6 2.1 (12) 68.1 6 2.2 (12) 37.5 6 1.2 (12) 39.3 6 1.8 (12)

Circulating
hormones

Plasma total
testosteronea

(ng/ml, Log10)

1.9 6 0.1 (6) 1.9 6 0.1 (7) 1.2 6 0.0 (9) 1.4 6 0.1 (11) 2.3 6 0.2 (6) 2.1 6 0.1 (8) 1.5 6 0.2 (7) 1.5 6 0.1 (7) 1.7 6 0.2 (5) 1.7 6 0.2 (4) 2.1 6 0.2 (7) 2.0 6 0.1 (7)

Relative tissue weights are per gram body weight.
a

Total testosterone data were transformed by log10 to meet normality requirement for statistical comparison. Comparisons made between vehicle and BPF animals of the same strain done by two-way ANOVA with �S�ıd�ak’s multiple
comparisons test. Significant differences highlighted in bold.

* p< .05.

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad046#supplementary-data


(Figure 4B and Table 4, p¼ .02). BPF exposure did not change 24-
h food or fluid intake in the BUF females in the Promethion
(Table 4).

After 10 weeks, BPF exposure significantly increased relative
thymus weight by �11% (PStrain � Exposure ¼ 0.36, pBUF ¼ 0.03) in
BPF-exposed BUF females compared with vehicle BUF females
(Figure 4C and Table 3).

Additionally, 10 weeks of BPF exposure increased relative total
kidney weight by �10% (PStrain � Exposure ¼ 0.0003, pBUF < 0.0001)
in BPF-exposed BUF females compared with vehicle BUF females
(Figure 4E and Table 3). To determine if BPF exposure induced
histological differences in the BUF female kidney, a subset of kid-
ney samples was processed for histological examination and
tubule damage in the kidney cortex and medulla was assessed
and glomerular area was measured. There was a significant
increase in glomerular area by �14% in the BPF-exposed BUF
females compared with the vehicle BUF females (Figure 4F,
Table 4, and Supplementary Figure 5, p¼ .03). BPF exposure did
not increase cortex or medullary tubule damage in the BUF
females (Table 4).

BPF affects the adrenal glands in WKY males
Ten weeks of BPF exposure significantly increased relative adre-
nal weight by �8% in the BPF-exposed WKY males compared
with the vehicle WKY males (PStrain � Exposure ¼ 0.08, pWKY ¼ 0.01)
(Figure 5A and Table 2). To determine if hypertrophy of the adre-
nal cortex or adrenal medulla was responsible for the increased
weight, a subset of adrenal samples was processed for histologi-
cal examination and the areas of the adrenal section, the adrenal
cortex, and the adrenal medulla were measured (Supplementary
Figure 6). There was a decrease in adrenal medulla area by �23%
in the BPF-exposed WKY males compared with the vehicle WKY
males that did not reach statistical significance (Supplementary
Table 10, p¼ .11). Adrenal section total area and adrenal cortex
area were not different between the WKY male exposure groups
(Supplementary Table 10).

To determine if the increased adrenal weight was associated
with an increase in basal corticosterone secretion, urinary corti-
costerone and creatinine in 24-h urine samples from metabolic
cages at 10 weeks-of-age were assessed. There was no difference
between vehicle or BPF-exposed WKY males in urinary

Figure 3. BPF exposure effects on the testes in BN males. A, At 13 weeks-of-age, the testes were harvested, weighed, and adjusted for body weight. BPF-
exposed BN males had possible increases in testes tissue compared with vehicle BN males. B, Total testosterone was assayed in terminal plasma
samples. There was a possible increase in total testosterone in the BPF-exposed BN males compared with the vehicle BN males. C, Gene expression of
enzymes in testosterone biosynthesis pathway (Star, Cyp11a1, Cyp17a1, Hsd3b1, Hsd3b2) and receptors that influence transcriptional regulation of Star
(Lhcgr, Gnrhr, Prlr). There was a significant expression increase of Star and modest increases in Cyp11a1, Cyp17a1, and Prlr (n¼ 10–11 per exposure group).
Unpaired, two-tailed t test with or without Welch’s correction used when appropriate for comparing vehicle and BPF-exposed BN males only, *p< .05.
Two-way ANOVA, �S�ıd�ak’s multiple comparisons test.
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Table 4. Energy homeostasis and kidney histology data in female BUF rats (mean 6 SEM (N))

BUF Female Phenotype Vehicle BPF p-Value

24-h food (g) 17.42 6 0.60 (8) 16.92 6 0.74 (9) .61
24-h fluid (g) 20.40 6 1.23 (8) 19.09 6 0.90 (9) .39
24-h sleep (h) 14.28 6 0.53 (8) 13.93 6 0.59 (9) .67
24-h distance traveled (m) 80.30 6 8.91 (8) 121.40 6 19.01 (9) .08*
Average metabolic rate (kcal/h) 1.80 6 0.02 (8) 1.75 6 0.03 (9) .16
ANCOVA-adjusted average metabolic rate (kcal/h) 1.80 6 0.02 (8) 1.75 6 0.02 (9) .08*
RMR (kcal/h) 1.53 6 0.04 (8) 1.38 6 0.03 (9) .01**
ANCOVA-adjusted RMR (kcal/h) 1.51 6 0.03 (8) 1.39 6 0.03 (9) .02**
Kidney cortex tubule damage (%) 26.2 6 1.8 (6) 28.1 6 3.3 (6) .62
Kidney medulla tubule damage (%) 18.9 6 2.3 25.4 6 3.4 .15
Average glomerular area (mm2) 0.0093 6 0.0004 (6) 0.0106 6 0.0003 (6) .04**

Comparisons made between vehicle and BPF BUF females done by unpaired, two-tailed t test or Welch’s unpaired, two-tailed t test where appropriate.
* p< .10,
** p< .05.

Figure 4. BPF exposure effects on energy balance, the thymus, and the kidneys in BUF females. A and B, At 11 weeks-of-age, BUF female energy
homeostasis was assessed in the Promethion system. BPF BUF females exhibited a possible increase in 24-h distance traveled (A) compared with the
vehicle BUF females. BPF-exposed BUF females also had a significant decrease in RMR after correction for fat-free mass (B). C, At 13 weeks-of-age, the
thymus gland was harvested, weighed, and adjusted for body weight. BPF-exposed BUF females had significantly increased thymus gland tissue. Note
that thymus weight was not assessed in BN females (Supplementary Table 2). D, At 13 weeks-of-age, kidneys were harvested, weighed, and adjusted for
body weight. Total kidney weight in BPF-exposed females was significantly increased compared with vehicle BUF females. E, BUF female kidneys were
fixed, embedded, sectioned, and H&E stained to measure glomerular hypertrophy (n¼ 6 per exposure group; glomerular area measured in 103–110
glomeruli per sample). There was significantly increased glomerular area in the BPF-exposed BUF female compared with the vehicle BUF females.
Unpaired, two-tailed t test with or without Welch’s correction used when appropriate for comparing vehicle and BPF BUF females only, *p< .05.
Two-way ANOVA, �S�ıd�ak’s multiple comparisons test, #p< .05, ####p< .0001.
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corticosterone concentration, excretion rate, creatinine-corrected

corticosterone, urinary creatinine concentration, or creatinine

excretion rate between the WKY male exposure groups

(Supplementary Table 10). To ascertain if the increased weight

was associated with downstream effects of aldosterone, urinary

and fecal sodium and potassium were measured by flame photo-

metry in 24-h samples collected at 10 weeks-of-age. There were

no differences in concentrations or excretion rates of either

sodium or potassium in urine and feces between the WKY male

exposure groups (Supplementary Table 10).
Stress is an archetypal stimulus to the hypothalamic–pitui-

tary–adrenal (HPA) axis in which ACTH from the pituitary stimu-

lates the synthesis and release of corticosterone from the adrenal

cortex (Raff et al., 2014). To assess the acute HPA axis response to

a maximal stressor under BPF exposure, plasma ACTH and corti-

costerone were measured in blood samples collected at euthana-

sia. BPF-exposed WKY males showed a significant increase in

plasma corticosterone levels compared with vehicle WKY males

and a trend toward an increase in plasma ACTH (Figure 5B and

Supplementary Table 10, pACTH ¼ 0.07, pcorticosterone ¼ 0.04).To

determine if WKY male adrenal glands after exposure had

altered expression of steroidogenic enzyme and related genes,

mRNAs for Star, steroidogenesis enzymes (Hmgcs1, Hsd3b,

Cyp21a1, Cyp11b1, Cyp11b2), catecholamine synthesis enzymes

(Th, Ddc, Dbh, Pnmt), and important adrenal transcription factors

(Nr4a1, Nr4a2, Nr4a3, Asah1) were assessed in whole adrenal

gland samples (Figure 5C). BPF-exposed WKY males showed

markedly decreased expression of Nr4a1, Nr4a2, and Nr4a3 by

�48%, �37%, and �54%, respectively, compared with the vehicle

WKY males (pNr4a1 ¼ 0.01, pNr4a2 ¼ 0.01, pNr4a3 ¼ 0.04). Expression

of Asah1, a negative regulator of the Nr4a subfamily (Lucki et al.,

2012), was not differently expressed between the WKY male

exposure groups. There was no difference in gene expression con-

trolling corticosterone or aldosterone synthesis between the

WKY male exposure groups.

Other BPF exposure outcomes
After 10 weeks of exposure, BPF-exposed ACI females exhibited a

possible increase in relative thyroid gland weight by �9% com-

pared with vehicle ACI females that did not reach statistical sig-

nificance (PStrain � Exposure ¼ 0.46, pACI ¼ 0.24) (Supplementary

Table 8). There were no differences in any measured parameter

in the BPF-exposed BN female, BUF male, WKY female, F344 or

Figure 5. BPF exposure effects on the adrenal glands in WKY males. A, At 13 weeks-of-age, adrenal glands were harvested, weighed, and adjusted for
body weight. BPF-exposed WKY males had increased adrenal tissue compared with vehicle WKY males. B, Plasma ACTH and corticosterone levels in
WKY males from terminal blood samples. BPF exposure increased both ACTH and corticosterone levels in WKY males. C, Gene expression of critical
adrenal transcription factors (Asah1, Nr4a1, Nr4a2, Nr4a3), important enzymes in steroidogenesis pathways (Star, Hmgcs1, Cyp21a1, Cyp11B1, Cyp11b2)
and catecholamine biosynthesis enzymes (Th, Ddc, Dbh, Pnmt) (n¼ 9–11 per exposure group). All three Nr4a genes had significantly reduced expression
in the BPF-exposed WKY male compared with the vehicle WKY males. Unpaired, two-tailed t test with or without Welch’s correction used when
appropriate for comparing vehicle and BPF-exposed WKY males only, *p< .05. Two-way ANOVA, �S�ıd�ak’s multiple comparisons test, #p< .05.
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M520 rats compared with vehicle controls during this study
(Supplementary Figures 3 and 4 and Supplementary Tables 5–9).

Discussion
Incorporating genetic variation in toxicological and environmen-
tal health studies can provide the necessary innovation to iden-
tify precision environmental risks. We used six substrains similar
to the HS rat founding strains to determine the endocrine and
metabolic effect of 10 weeks post-wean BPF exposure in young-
adult rats of both sexes. Our data reveal that post-wean BPF
exposure has numerous sex- and strain-specific effects on the
endocrine system and energy balance (Figure 6). In male rats, BPF
exposure disturbed functions in the thyroid in ACI males, of the
HPG axis in BN males, and of the HPA axis in WKY males. In
female rats, BPF exposure increased thymus and kidney weight
and decreased metabolic rate in the BUF females. We recognize
the small effect size of these phenotypes; we propose that this
study design allowed us to capture mechanistic features rather
than long-term BPF exposure endpoints and is likely more similar
to what will be experienced in human populations.

The male and female rats were exposed to human comparable
doses ranging from 23.5 to 41.9 mg BPF/kg/day. This dose range
was due to strain- and sex-specific drinking behaviors. While the
estimated dose for each rat group were not identical, all
BPF exposure doses were below the current FDA ADI for BPA of
50 mg/kg/day (USEPA, 2010), making our dose relevant to human
environmental health concerns. EDCs are widely known to show
non-monotonic dose responses (Vandenberg, 2014). It is possible
that the single BPF exposure dose design implemented in this
study does not translate to the same position on the BPF dose
response curve for each tested strain and sex, a limitation that
warrants future studies with additional doses. However, human
exposure to bisphenols is not consistent across the globe (Dodson
et al., 2020; Dualde et al., 2019; Engdahl et al., 2021; Huang et al.,
2022; Lu et al., 2022; Tkalec et al., 2021). Therefore, this study
reflects BPF exposure outcomes from genetically and

behaviorally variable groups, adding another layer of gene by
EDC variability relevant to human populations. An intriguing
future direction of this project is to perform BPF toxicokinetic
experiments in these rat strains to determine how gene EDC
interactions extend to the ADME of BPF.

Ten weeks of post-wean BPF exposure in ACI rats induced a
significant increase in thyroid weight in males and an increasing
trend in females. The thyroid weight change in the BPF-exposed
ACI males was not associated with TSH, total T3, or total T4.
Since there were no BPF exposure effects on TSH, total T3, or total
T4 in the ACI males, BPF does not induce hypo or hyperthyroid-
ism in this short exposure paradigm. In zebrafish embryo studies,
BPF exposure alters whole-body TSH and thyroid hormone levels
and increases thyroid hormone synthesis gene expression
(Huang et al., 2016; Lee et al., 2019). Human epidemiological stud-
ies have found that urinary BPF levels in pregnant women are
positively associated with free T4 in Puerto Rico (Aker et al., 2019)
and free T3 in Sweden (Derakhshan et al., 2019). Thyroid hor-
mones are metabolized by sulfotransferases and glucuronidases
to promote its excretion (Emi et al., 2007; Kester et al., 2003;
Richardson and Klaassen, 2010). In comparison to F344 and SD
rats, ACI rats demonstrate lower T3 sulfonation activity (Gong
et al., 1992), an indication of an abnormal HPT axis in ACI rats.
Interestingly, Slc26a4, encoding an iodide transporter and associ-
ated with congenital hypothyroidism (Cort�es and Zer�on, 2019),
was possibly increased in expression in the BPF-exposed ACI
male thyroid, suggesting iodine accumulation in the BPF-exposed
ACI males. Thyroid hyperplasia can be regulated by intracellular
iodine content (Fujimoto et al., 1999; Stübner et al., 1987); how-
ever, thyroid samples were not appropriately collected for histo-
pathological examination in this study. Future studies will
determine if extending to chronic BPF exposure in aged ACI males
promotes thyroid hyperplasia and thyroid disease.

Most in vivo studies report no change in testes weight with BPF
exposure (Kaimal et al., 2021; Li et al., 2022; Ullah et al., 2018),
which is consistent with our findings in the BPF-exposed BN
males. The slight increase in plasma total testosterone is at odds

Figure 6. Summary figure of BPF exposure outcomes in HS rat founder strains. Ten weeks of post-wean BPF exposure in drinking water induced strain-
and sex-specific outcomes. These results indicate that the genetic background and sex are determinants in bisphenol exposure effects on endocrine
and metabolic health. Created with BioRender.com.
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with previous reports of BPF exposure in males. Sub-chronic BPF
exposure (<12 weeks) studies in adult male SD and Wistar rats
report decreased testosterone levels after 1, 10, 30, 50, and
100 mg BPF/kg/day (Fatai and Aribidesi, 2022). A zebrafish study
reported decreased testosterone levels after sub-chronic expo-
sure to 0.01 mg BPF/l in aquarium water (Yang et al., 2017). A
chronic BPF exposure study exposing young SD male rats to 50 mg
BPF/l in drinking water found that circulating testosterone levels
decreased after 48 weeks of exposure (Ullah et al., 2018), indicat-
ing that the low dose exposure performed in this study may
require longer exposure times to generate significant testoster-
one phenotypes. There are also conflicting reports of BPF associ-
ating with testosterone in humans. Analysis of NHANES data
from 2011 to 2016 found that urinary BPF levels were positively
associated with total testosterone and free testosterone in U.S.
adult men (Zhang et al., 2022) but urinary BPF levels in
reproductive-aged Chinese men were not associated with testos-
terone levels (Zeng et al., 2022). These conflicting reports may be
rooted in genetic and/or environmental differences between the
tested populations.

The BN strain is a model for primary and secondary testicular
failure with low circulating testosterone levels in adulthood and
a dysfunctional HPG axis (Abuelhija et al., 2012; Gruenewald et al.,
1994; Syed and Hecht, 2001). The modest increase in plasma total
testosterone in BPF-exposed BN males was supported by signifi-
cantly increased Star and strong trends in increased Cyp11a1 and
Cyp17a1 gene expression in the testes. Star expression is predomi-
nantly regulated by cAMP-dependent mechanisms through LH
receptor activation (Manna et al., 2009). Lhgcr expression was not
different between the BN male exposure groups, which suggest
that the LH-cAMP pathway is not upregulating Star. Trophic fac-
tors, like prolactin, can also transcriptionally regulate Star in the
testes. There was a possible increase in Prlr expression in the BPF-
exposed BN male testes, suggesting that prolactin receptor activ-
ity may be dysregulating Star. A recent study found that male
Wistar rats exposed to 30 and 50 mg/kg BPF for 28 days developed
hyperprolactinemia (Fatai and Aribidesi, 2022). Prolactin levels
and histopathological examination of the testes in future studies
will investigate the hypothesis that BPF exposure in BN males
causes increased prolactin levels and elevates testosterone syn-
thesis.

BUF females had modestly decreased energy efficiency during
the first 7 weeks of BPF exposure, meaning that the body weight
gained by the females was disproportionately decreased relative
to their estimated total absorbed calories, which suggests
increased total energy expenditure. Further examination of the
BUF females in the Promethion revealed that BPF-exposed BUF
females had increased activity levels and decreased RMR after 8
weeks of BPF exposure. The decreased energy expenditure in the
BPF-exposed BUF females in the Promethion is at odds with the
decreased energy efficiency. These measures of energy expendi-
ture may reflect a developmental effect of BPF or a critical shift in
energy homeostasis in the BUF females. The balance in excess
energy lost during activity and excess energy gained by a lower
metabolic rate may explain why body weight and body composi-
tion of BPF-exposed BUF females did not change. The lack of BPF
effects on body weight and composition in the BUF females is
consistent with two studies in prenatally exposed and post-wean
exposed female SD rats (Ijaz et al., 2020; Kaimal et al., 2021), but
other studies report that BPF exposure can decrease body weight
in adult female SD rats exposed to 20–500 mg BPF/kg/day
(Higashihara et al., 2007; Lee et al., 2022). These inconsistencies
may be due to environmental differences, genetic differences

within the SD colonies, or to the exposure dose. To our knowl-
edge, this is the first report of BPF exposure changing activity lev-
els and metabolic rate.

Alterations in energy homeostasis in BPF-exposed BUF females
may be connected to their significantly increased thymus weight.
Immune activation influences whole-body metabolism and,
therefore, metabolic rate (Hotamisligil, 2017; Zmora et al., 2017).
The BUF rat strain is known to develop autoimmune disorders
and hyperplasia of the thymus and peripheral T-cell system
(Lahat et al., 1989; Matsuyama et al., 1986; Noble et al., 1976).
Given that women are at higher risk for developing autoimmune
disease compared with men (Kronzer et al., 2021), it is intriguing
that a female group developed BPF-exposure outcomes related to
the immune system. BPF has been shown in previous studies to
affect immune system features, like apoptosis in RAW264.7 mac-
rophages (Chen et al., 2022b) and increased IL-17 secretion from
Th17 differentiating T-cells (Malais�e et al., 2020a). To our knowl-
edge, this is the first report of BPF altering thymus weight.
Lymphocyte profiling and thymus histopathological examination
will be included in future studies of the BUF immune system after
BPF exposure.

Ten weeks of BPF exposure also significantly increased kidney
weight in BUF females. There was no change in fluid intake or
urine output to indicate changes in hydration or kidney function.
Interestingly, BUF rats are a potential model for idiopathic neph-
rotic syndrome because they develop focal and segmental glo-
merulosclerosis (Nakamura et al., 1988; Tsukaguchi et al., 2000).
Two studies found no significant BPF effects on kidney weight in
adult female SD rats and in female SD rats exposed gestationally
(Ijaz et al., 2020; Kaimal et al., 2021). Increased kidney weight after
BPF exposure was found in a subacute oral toxicity study at 100
and 500 mg BPF/kg in adult female SD rats (Higashihara et al.,
2007). Urinary BPF levels in NHANES data from 2013 to 2016 indi-
cate a significant relationship between increased BPF and
decreased eGPF (Moreno-G�omez-Toledano, 2022). Our analysis
showed that BPF-exposed BUF females displayed glomerular
hypertrophy without tubule damage. Glomerular hypertrophy is
an early phase in glomerulosclerosis development (Fogo and
Ichikawa, 1991; Zamami et al., 2021), and the BUF rat kidney phe-
notype is preceded by renal macrophage activation and Th2
polarization (Le Berre et al., 2005). Additional studies will be con-
ducted to assess immune infiltration and function of the BUF
female kidney after BPF exposure.

Adrenal gland weight was significantly increased in WKY
males after 10 weeks of BPF exposure. We did not detect differen-
ces in urinary or fecal sodium and potassium that would suggest
a change in aldosterone nor was aldosterone synthase gene
expression changed. There was no difference in urinary cortico-
sterone levels in the BPF WKY males nor were corticosterone syn-
thesis gene expression changed compared with vehicle WKY
males. These results suggest that basal levels of adrenocortical
hormones were unaffected by BPF exposure in WKY males. To
our knowledge, this is the first report of BPF exposure altering
adrenal gland weight.

All members of the Nr4a transcription factor subfamily were
significantly downregulated by 40%–50% in the BPF-exposed
WKY males. These transcription factors are critical regulators in
the adrenal gland that control steroidogenesis (Kurakula et al.,
2014) and are immediate early genes that rapidly change expres-
sion in response to external stimuli (Helbling et al., 2014).
Decreased Nr4a gene expression may indicate that WKY males
do not respond normally to stimuli, suggesting that BPF exposure
may alter HPA axis response in WKY males. Support for this
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hypothesis can be found in the increased plasma ACTH and corti-
costerone in BPF-exposed WKY males after carbon dioxide eutha-

nasia. These results may indicate that the BPF exposure

increases the maximal secretory capacity of ACTH from the pitui-

tary in WKY males. This was reflected in the increased cortico-
sterone response to a supraphysiological increase in ACTH as the

adrenal cortex integrates the ACTH signal from the anterior pitui-

tary (Keller-Wood et al., 1983). An increase in maximal adrenal
secretory capacity in response to ACTH as reflected in our studies

may indicate a clinically significant phenomenon (Raff et al.,

2014). Cognitive functions and behaviors that may indicate devel-

opment of anxiety and depression have been noted after BPF
exposure in gestationally exposed C57BL/6NCrSlc mice and adult

male zebrafish (Kim et al., 2022; Ohtani et al., 2017). The WKY rat

strain is known for its HPA axis abnormalities and depression-
like behaviors, including greater immobility time in the forced

swim test and avoidant behavior in social interactions

(Malkesman et al., 2006; Redei et al., 2022; Rittenhouse et al., 2002).

Future investigations into BPF exposure in WKY rats will incorpo-
rate behavioral assessments.

Surprisingly, there were no significant BPF effects on body

weight or adiposity, the primary outcomes in our post-wean BPF

exposure study in male HS rats (Wagner et al., 2021). The genetic

background of the selected rat strains may be responsible for the
lack of body weight and adiposity effects, a potential experimen-

tal design limitation. Of note, we were able to study six of the

eight HS founder strains; the MR and WN HS rat founder strains
were not studied as they are still being cryoresuscitated or are

extinct, respectively. Genetic variation can occur even within an

inbred strain due to incomplete inbreeding and genetic drift

(Hermsen et al., 2015). The ACI, BN, F344, M520, and WKY sub-
strains used here share 97.1%–99.9% genetic identity to the HS

rat founders (RGD, 2023). The high genetic similarities between

the studied substrains and the HS rat founder substrains reduce
the odds that the reported BPF exposure outcomes are unique to

these substrains. BUF/MnaMcwi is the most divergent substrain

studied in this project and shares 73.6% genetic identity with the

HS rat founder BUF/N (RGD, 2023). It is possible that BUF/
MnaMcwi contains genetic loci affecting BPF exposure outcomes.

The HS rat founders may individually harbor BPF exposure risk

alleles for increased body weight and adiposity. It is likely that

the body weight and adiposity effects were only observed in the
HS rats because a mixture of HS rat founder-specific risk alleles

is needed for trait development and is only available within the

HS rat population.
In this study, we found that 10 weeks of post-wean BPF expo-

sure in six inbred rat strains affected a diverse range of endocrine

and metabolic measures. We report that BPF has the endocrine-

disrupting potential to affect nearly all the major endocrine axes

(adrenal, testes, thymus, thyroid) using a single exposure dose.
The final exposure outcome was tied to the genetic make-up and

sex of the exposed individual. Synthesizing the results reveals

that all the major BPF exposure outcomes occurred in organs
from strains with documented organ system dysfunctions, posit-

ing the working hypothesis that BPF exposure intensifies existing

organ system dysfunction. Importantly, these results underscore

our premise that common preclinical animal models can conceal
or exaggerate the effects of BPF. This work further supports BPF

exposure as an endocrine and metabolic risk factor and indicates

that the HS rat will be a useful model for dissecting gene EDC

interactions on health.
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