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Abstract

Endocrine disrupting chemicals (EDCs) are implicated in the developmental mis-programming of
energy metabolism. This study examined the impact of combined gestational and lactational
exposure to the fungicide tolylfluanid (TF) on metabolic physiology in adult offspring. C57BL/6J
dams received standard rodent chow or the same diet containing 67 mg/kg TF. Offspring growth
and metabolism were assessed up to 22 weeks of age. TF-exposed offspring exhibited reduced
weaning weight. Body weight among female offspring remained low throughout the study, while
male offspring matched controls by 17 weeks of age. Female offspring exhibited reduced glucose
tolerance, markedly enhanced systemic insulin sensitivity, reduced adiposity, and normal
gluconeogenic capacity during adulthood. In contrast, male offspring exhibited impaired glucose
tolerance with unchanged insulin sensitivity, no differences in adiposity, and increased
gluconeogenic capacity. These data indicate that developmental exposure to the TF induces sex-
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specific metabolic disruptions that recapitulate key aspects of other /n utero growth restriction
models.
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1. Introduction

Sex differences in metabolic disease prevalence are characterized by higher diabetes rates in
males and higher obesity rates in females that are attributed to differences in physiology and
environmental interactions [1, 2]. An expanding body of epidemiological and animal studies
suggests that developmental exposures to endocrine disrupting chemicals (EDCs) can lead to
adverse effects on metabolic physiology that differ by sex [3, 4]. Sex-specific differences in
metabolic outcomes are known to occur after developmental exposure to other
environmental stressors, including both overnutrition and undernutrition [1]; however, the
mechanisms responsible remain poorly understood. Assessing alterations in whole-body
glucose-regulating physiological parameters is essential for subsequent mechanistic
delineation of how EDC exposures misprogram metabolism and increase disease risk in a
sex-specific manner. The urgency to address this data gap is heightened by the fact that
nearly 10% of the U.S. population has diabetes [5], and an estimated 629 million individuals
across the globe are projected to have the disease by 2045 [6].

While tens of thousands of chemicals lack basic endocrine toxicological screening [7], 800—
1000 compounds have already been identified as putative EDCs [8]. Among these, EDCs
that modulate glucocorticoid receptor (GR) signaling remain understudied, and little is
known about the long-term consequences of early-life exposure to GR-modulating EDCs
despite the critical role that maternal and fetal glucocorticoids play in the development of
key metabolic tissues, including pancreatic p-cells [9], adipose tissue [10], and liver [11]. In
humans, prenatal treatment with pharmacological glucocorticoids administered to accelerate
lung maturation has been shown to decrease birth weight [12] and may lower insulin
sensitivity during adulthood, potentially with more pronounced effects in women [13].
Multiple animal studies have shown that dexamethasone (DEX) treatment during the last
week of gestation promotes later-life metabolic defects, including insulin resistance and the
upregulation of the hepatic gluconeogenic machinery [14-16]. While the prenatal
programming of metabolic health by pharmacological glucocorticoids has been extensively
studied [17, 18], large data gaps exist regarding the later-life metabolic consequences of
exposure to GR-active chemicals with lower GR affinity. With at least 34 putative human
GR-modulating pesticides identified [19] and relatively high glucocorticoid receptor activity
detected in U.S. surface waters [20], it is essential to understand the impacts of
developmental exposure to GR-modulating EDCs on metabolic physiology and long-term
disease risk.

Tolylfluanid (TF) is a phenylsulfamide fungicide used in agriculture and as a booster biocide
in marine paints [21]. TF has been found on agricultural goods in Europe [22-24], where it
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has also been detected in groundwater in agricultural regions [25]. While not approved for
use in the United States, TF is permitted on imported foods. Previous studies have shown
that TF activates GR signaling in adipocytes, with consequential induction of cellular insulin
resistance [26—28]. Adult mice exposed to TF near the maximum U.S. tolerance limit for
imported foods exhibit weight gain, glucose intolerance, insulin resistance, and disrupted
circadian rhythms [21]. While the impact of dietary TF on energy homeostasis remains
controversial [29], data suggest that the precise physiological effects may be nutrient-
dependent [30, 31]. The present study sought to expand upon these data to ascertain the sex-
specific physiological effects of perinatal exposure to TF on later-life metabolic health.

2. Material and methods

2.1 Animals, TF exposure, and tissue processing

Eight-week old C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME)
and housed at 22.2 + 1.1°C under a 12:12-hour light-dark cycle. Mating cages were arranged
with one male and two females per cage. Control mating cages received ad libitum access to
a standard rodent chow (Teklad Global Diet 2918, Harlan Laboratories, Madison, WI), while
TF cages received the identical diet supplemented with 100 mg/kg TF added at the time of
manufacturing (Harlan Laboratories, Madison, WI); diet preparation led to a final TF
concentration of 67 mg/kg that was stable for 6 months at —20°C. This dose was shown to
increase adiposity and lower insulin sensitivity in adult male mice in previous studies [21].
Upon confirming pregnancy by vaginal plug formation, dams were housed singly and
continued on their respective diet throughout gestation and lactation until postnatal day (PD)
21. Initial breeding was performed with a 1:1.5 control: TF ratio to account for potential
unknown effects of TF on fertility. The offspring analyzed in this study came from four
distinct cohorts that included 29 control pregnancies and 42 TF pregnancies. Litter size and
litter sex ratios were assessed at weaning; none of the litters were culled. Metabolic
phenotyping was performed in a randomly selected subset of the offspring (Supplemental
Figure 1). Offspring were housed by treatment and sex in groups of 2-3 littermates per cage.
Offspring were handled and weighed weekly after weaning, and food was weighed and
replaced weekly. All animals were treated humanely in accordance with protocols approved
by the Institutional Animal Care and Use Committees at the University of Chicago and the
University of Illinois at Chicago. Dams were euthanized after weaning by CO, asphyxiation
followed by cervical dislocation. Offspring were euthanized by isoflurane intoxication
followed by exsanguination via cardiac puncture. Relevant metabolic tissues were dissected,
weighed, flash frozen in liquid nitrogen, and stored at —80°C prior to processing.

2.2 Intraperitoneal glucose tolerance test (IP-GTT)

IP-GTT was performed at postnatal week (PW) 10 after a 6-hour fast beginning at 7:30 am
as previously described [21]. Fasting blood glucose was measured using a Freestyle Lite
glucometer (Abbott Laboratories, Abbott Park, IL). Plasma insulin concentrations were
determined using the ALPCO mouse insulin ELISA kit per the manufacturer’s instructions
(ALPCO, Salem, NH). Homeostatic model assessment of insulin resistance (IR) and pB-cell
function (HOMA-IR and HOMA-B, respectively) were calculated using fasting blood
glucose and fasting plasma insulin levels as previously described [32].
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2.3 Intraperitoneal insulin tolerance test (IP-ITT)

IP-ITT was performed at postnatal Week (PW) 16 (PW16) as previously described [21]
using Humalog insulin (Eli Lilly, Indianapolis, IN) (0.4 U/kg body weight for females, 0.5
U/kg body weight for males) after a 3-hour fast beginning at 9:00 am. Mice with blood
glucose readings that dropped below the limits of detection for the glucometer (20 mg/dl per
the manufacturer) were confirmed on repeat testing, and if confirmed, hypoglycemic mice
immediately received a rescue IP injection of dextrose. Post-hypoglycemia data points were
excluded from analysis.

2.4 Intraperitoneal pyruvate tolerance test (IP-PTT)

At PW 20-22, mice were fasted for 16 hours overnight from 5:00 pm to 9:00 am. This
duration of fasting has been used previously to assess gluconeogenesis [33, 34]. Fasting
blood glucose was measured, followed by IP injection of sodium pyruvate (Sigma, St. Louis,
MO) (1 g/kg body weight), and blood glucose was measured serially by tail vein sampling
using a Freestyle Lite glucometer.

2.5 Quantitative polymerase chain reaction

RNA extraction and quantitative RT-PCR were performed as previously described [27] from
mice fasted overnight using the E.Z.N.A. Total RNA Kit Il (Omega Bio-tek Inc., Norcross,
GA). Primer sequences (Integrated DNA Technologies, Coralville, 1A) can be found in
Supplemental Table 1. Gene expression levels were evaluated by the AA-Ct method [35]
with GAPDH used to control for total MRNA recovery; control values were normalized to a
group mean of 1.0.

2.6 Serum collection and analysis.

At the time of terminal sacrifice, blood was collected by cardiac puncture. Whole blood was
collected in microfuge tubes, allowed to clot at room temperature for 45 minutes, and then
centrifuged at 1500 g for 15 minutes at 4°C to collect serum. Serum was aliquoted in
separate tubes to minimize repeated freezing-thawing during later analyses; samples were
stored at —80°C.

2.7 Adipose tissue insulin signaling immunoblotting

At the time of tissue harvest following a 3-hour fast, perigonadal fat was assessed for insulin
sensitivity by quantifying the ratio of phosphorylated-to-total Akt at the serine 473 site
(S473) at insulin concentrations of 0, 1, 5, and 10 nM as previously described [27]. Mouse
monoclonal anti-total Akt (40D4) at 1:750 dilution and rabbit anti-phospho-S473 Akt (D9E)
at 1:500 dilution (Cell Signaling Technology, Danvers, MA) were used as primary
antibodies. Goat anti-rabbit IRDye® 680RD and goat anti-mouse IRDye® 800CW (LI-
COR, Inc., Lincoln, NE) were used as secondary antibodies to simultaneously image Akt
and phospho-Akt. Densitometry was performed using ImageStudioL.ite version 5.2.5 (LI-
COR, Inc., Lincoln, NE).
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2.8 Pancreatic histology and immunohistochemistry

At the time of tissue harvest, the pancreas was dissected, weighed, and fixed in 4%
paraformaldehyde overnight followed by paraffin embedding. Pancreas sections (5 pm in
thickness) were immunostained with the following primary antibodies at 1:500 dilution:
polyclonal guinea pig anti-porcine insulin (DAKO, Carpinteria, CA), mouse monoclonal
anti-human glucagon (Sigma-Aldrich), polyclonal goat anti-somatostatin (Santa Cruz
Biotechnology, Santa Cruz, CA), and DAPI (Invitrogen, Carlsbad, CA). The primary
antibodies were detected using a combination of DyLight 488-, 549-, and 649-conjugated
secondary antibodies (1:200, Jackson Immuno Research Laboratory, West Grove, PA).
Antibodies used in this study have been previously validated [36].

2.9 Image capture and endocrine cell quantification

As previously described [36], microscopic images of pancreatic sections were taken with an
Olympus 1X8 DSU spinning disk confocal microscope (Melville, NY) with Stereo
Investigator imaging software (SI; Micro Bright Field, Williston, VT). A modified method
of “virtual slice capture” was used. Quantification of cellular composition (i.e., each area of
B-, a-, and &-cell populations, or sum of endocrine cell populations per islet area) was
carried out using custom-written scripts for Fiji/lmageJ (https://rsbweb.nih.gov/ij/).
MATLAB (MathWorks, Natick, MA) was used for mathematical analyses.

2.10 Statistics

Relative to control mice, perinatal TF exposure consistently decreased weaning weight, our
primary outcome measure, with no differences in the magnitude of decrease across the
cohorts (data not shown); therefore, data were pooled from all studies. In collaboration with
the Statistical Laboratory at the University of Illinois at Chicago, Analysis of Response
Profile, which does not make a parametric assumption on the form of the mean trajectory,
was used to analyze effects on glucose tolerance, insulin sensitivity, and pyruvate tolerance
using R (R Foundation for Statistical Computing, Vienna, Austria). The main goal in the
Analysis of Response Profiles is to characterize the patterns of change in the mean response
over time in the two groups and to determine whether the shapes of the mean response
profiles do or do not differ for the two groups. The model employed for these analyses used
time and treatment as main effects, and treatment-by-time interaction effects. Post-hoc
unpaired ¢tests without assumption of consistent standard deviations were performed on
datasets with different Analysis of Response Profiles to ascertain time points at which blood
glucose levels were significantly different. For non-time-dependent outcomes, control and
TF treatment groups were compared by F-testing to determine differences in variance; for F
<0.05, ttests were performed with Welch’s correction, whereas when F >0.05, standard
Student’s ttests were performed. Log-Rank test was used to compare survival curves. Data
are presented as mean + standard error of the mean (SEM). A value of P <0.05 was
considered statistically significant. GraphPad Prism version 7.0 (La Jolla, CA) was used for
all other comparisons.
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3. Theory:

Glucocorticoids play a central role in metabolic programming, and pharmacologic treatment
with glucocorticoids during development alters metabolic outcomes. This study was
designed to test the hypothesis that the environmental GR-modulating EDC TF disrupts
later-life metabolic homeostasis.

4. Results

4.1 Perinatal TF exposure does not alter litter size or sex-ratio

Litter size and sex ratio were assessed at weaning as a crude measure for developmental
toxicity. Mean litter size (Control = 6.2, TF = 5.6) was not significantly different between
groups (p = 0.31) (Figure 1A). Similarly, litter male-to-female sex ratio was also not
significantly different at weaning between groups (Control = 1.7 versus TF = 1.2; p = 0.20)
(Figure 1B). These data suggest that developmental exposure to TF did not result in
significant gestational toxicity.

4.2 Perinatal TF exposure reduces birth weight, weaning weight, and long-term body

weights in offspring
Offspring body weight was measured at birth, at weaning on PD21, and once weekly post-
weaning. TF exposure lowered birthweights by 3.7%, and lowered weaning weights in
females and males by 13.4% and 6.8%, respectively (Figures 1C, 1D, 1E). Female offspring
from TF exposed dams had significantly lower body weight throughout the entirety of the
study (Figure 1F), while male offspring from exposed dams achieved comparable weight to
that of control males by 17 weeks of age (Figure 1G).

4.3 Perinatal TF exposure results in sex-specific patterns of mild glucose intolerance
during acute glucose challenge

To assess whether perinatal TF exposure altered glucose homeostasis later in life, offspring
underwent an IP-GTT at PW10. Perinatal TF exposure resulted in mildly impaired glucose
tolerance in the offspring (Figure 2). Female offspring exposed to TF had higher blood
glucose levels early after glucose challenge (i.e., 12.4% higher at 10 minutes and 12.7%
higher at 20 minutes post-injection) (Figure 2A). In addition, insulin levels were 22.4%
higher at 30 minutes post-glucose load compared to controls (Figure 2B). Male offspring
exposed to TF had higher blood glucose levels compared to controls later during the course
of the GTT (i.e. 20% higher at 40 minutes, 17.9% higher at 90 minutes, and 16.2% higher at
120 minutes post-glucose injection) (Figure 2C), without significant differences in
circulating insulin levels over the first 60 minutes of the IP-GTT (Figure 2D).

4.4 Perinatal TF exposure increases whole-body insulin sensitivity in female offspring
but not male offspring
Global insulin sensitivity was assessed to determine whether the observed impairments in
glucose tolerance in TF-exposed offspring were attributable to impairments in insulin action.
Unexpectedly, TF-exposed female offspring showed evidence of markedly enhanced insulin
sensitivity (Figure 3). At PW10, assessment of steady-state glucose-insulin homeostasis
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demonstrated that TF-exposed female offspring had 29.7% lower HOMA-IR (Figure 3A)
without significant differences in p-cell function as assessed by HOMA-B (Figure 3B). At
PW16 TF-exposed female offspring exhibited a markedly enhanced response to insulin
during an IP-ITT with significantly lower blood glucose levels at every time point post
insulin injection (Figure 3C). Among TF-exposed female offspring, 38% experienced severe
hypoglycemia (<20 mg/dl) during the IP-ITT requiring rescue with dextrose, while no
control females exhibited this trait (Control n=0; TF n=7 with 4 at 45 minutes, 3 at 60
minutes, 1 at 90 minutes) (Figure 3D). Among male offspring, there were no significant
differences in HOMA-IR and HOMA-B at PW10 (Figures 3E and 3F), nor was there a
difference in response to insulin during the IP-ITT at PW16 (Figure 3G). Only one exposed
male offspring became hypoglycemic during the course of the IP-ITT (Control n=0; TF n=1
at 45 minutes) (Figure 3H).

4.5 Perinatal TF decreases adiposity and increases adipose tissue insulin sensitivity in
female offspring but not male offspring

Adiposity and adipose tissue insulin sensitivity were assessed at the time of sacrifice in the
offspring. Adiposity was defined as adipose tissue mass relative to total body weight for the
perigonadal (epididymal or periuterine), perirenal, mesenteric, or total visceral (sum of
perigonadal, perirenal, and mesenteric) depots. TF-exposed female offspring had 12.9%
lower perigonadal adiposity and 26.4% lower perirenal adiposity; there were no differences
in mesenteric adiposity (Figure 4A). Across all adipose depots analyzed, there was a trend
toward lower total visceral adiposity at week 19 (p=0.052) (Figure 4A). Adipose insulin
sensitivity was assessed ex vivo in perigonadal adipose tissue. Among TF-exposed female
offspring, adipose tissue insulin sensitivity was enhanced relative to control mice with a
88.7% and 53.7% increase in Akt phosphorylation at 5 nM and 10 nM insulin, respectively
(Figure 4B). To ascertain the molecular mechanism responsible for the observed
enhancement in adipose insulin sensitivity, expression of insulin signaling intermediates was
quantified; however, no differences were observed in the expression of the insulin receptor
or insulin receptor substrate-1 (data not shown). Among male offspring, there were no
differences in either depot-specific or total adiposity between control and TF-exposed mice
(Figure 4C). Relative insulin-stimulated AKT phosphorylation was not significantly
different between control and TF-exposed male offspring (Figure 4D).

4.6 Perinatal TF does not affect pancreatic endocrine cell area in exposed offspring

To ascertain whether alterations in glucose homeostasis, insulin sensitivity, and adiposity
were attributable to developmental disruption of the endocrine pancreas, pancreatic a-cell,
B-cell, and &-cell areas were quantified using immunohistochemistry. There were no
differences in a-cell, B-cell, &-cell, or total islet area relative to the total pancreatic area
analyzed between control and TF-exposed offspring Table 1 and Supplemental Figure 2).

4.7 Perinatal TF exposure results in sex-specific changes in hepatic gluconeogenic
capacity in exposed offspring

On PW4 offspring were fasted overnight and hepatic expression of genes regulating
gluconeogenesis was measured. Compared to control male offspring, male offspring
perinatally exposed to TF had 30.7% higher hepatic phosphoenolpyruvate carboxykinase
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(PEPCK) gene expression following overnight fasting with a trend toward higher expression
of glucose-6-phosphatase (G6PC) (p=0.08) (Figure 5A). There were no differences in
PEPCK or G6PC gene expression between female offspring (Figure 5B). Fasting circulating
corticosterone, a key gluconeogenesis-stimulating hormone, was not different between
groups in either sex (data not shown). Dynamic differences in gluconeogenic capacity
among offspring were assessed by IP-PTT at PW20-22 to ascertain whether the observed
differences in gene expression early in life had lasting physiological effects during
adulthood. Male offspring perinatally exposed to TF showed higher blood glucose levels
during the pyruvate challenge (p=0.047), (Figure 5C), while there were no differences in
circulating glucose in female offspring during the pyruvate challenge (Figure 5D).

5. Discussion

Informed by previous work demonstrating that dietary exposure to TF increased adiposity
and decreased systemic and adipose-specific insulin sensitivity in adult male mice [21], the
current study examined whether similar exposures during development elicited comparable
metabolic derangements in offspring. Of note, the TF dose used herein did not alter litter
size or sex ratio at the time of weaning, suggesting a lack of overt toxicity to developing
fetuses. However, perinatal TF exposure lowered birthweight and reduced weaning weight in
both female and male offspring, indicating that exposed offspring did not catch-up in growth
by the time of weaning. Reduced birth weight results from impaired fetal growth that
reflects an adverse intrauterine environment and is a known risk factor for later-life
cardiometabolic disease [37]. Indeed, the present studies demonstrate sex-specific metabolic
impairments in the adult offspring of TF-exposed dams, including mild impairments in
glucose tolerance without disruptions in insulin secretion or endocrine pancreas morphology.
In addition, female offspring exhibited decreased adiposity and markedly enhanced global
insulin sensitivity, while gluconeogenic capacity was enhanced in TF-exposed male
offspring. Collectively, these findings add to the growing body of research demonstrating
sex-specific and long-term alterations in metabolic physiology caused by early-life
exposures to EDCs [4].

Perinatal TF exposure resulted in modest, sexually-dimorphic impairments in whole-body
glucose clearance during an acute glucose challenge. Despite relatively higher insulin
sensitivity at steady-state (as assessed by HOMA-IR), exposed female offspring exhibited
elevated blood glucose levels relative to controls during the early phase of the glucose
tolerance test. Importantly, the observed glucose intolerance among TF-exposed females was
not due to impairments in insulin action as TF-exposed females were markedly more insulin
sensitive than control mice. In evaluating insulin-glucose dynamics in this study, the modest
blood glucose elevation in females was noted to normalize after 30 minutes when circulating
insulin was significantly higher for exposed females. This suggests that hyperglycemia may
have arisen from relative reductions or delays in insulin release from pancreatic p-cells. Of
note, however, TF exposure did not result in morphological changes in the endocrine
pancreas, suggesting overt p-cell toxicity was not responsible for the observed findings.

In contrast to females, exposed male offspring experienced a more pronounced impairment
in glucose clearance that was notable at later time points post-glucose challenge.
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Importantly, this hyperglycemia was not accompanied by compensatory p-cell insulin
hypersecretion as seen in TF-exposed female offspring. Furthermore, the observed
impairment in glucose clearance was not due to diminished systemic insulin action. Thus,
we hypothesized that increased or sustained hepatic glucose output may have contributed to
hyperglycemia in TF-exposed male offspring. Indeed, male TF-exposed offspring exhibited
enhanced hepatic PEPCK gene expression at PW4, suggesting an upregulation of the
gluconeogenic machinery early in life that may persist into later-life. Indeed, with
provocative testing TF-exposed male offspring exhibited enhanced gluconeogenic capacity
as evidenced by higher hepatic glucose production following pyruvate challenge.
Importantly, this was a sex-dependent effect as exposed female offspring did not exhibit
these changes. Taken together, these data indicate that the path to glucose intolerance among
mice exposed perinatally to TF is sexually dimorphic.

The observed effects of developmental TF exposure on insulin sensitivity and adiposity in
female offspring coincide with results from previous /n utero growth restriction studies
demonstrating that prenatal growth restriction that is not followed by catch-up growth is
accompanied by increased insulin sensitivity and decreased adiposity [38—47]. This
enhancement of systemic insulin sensitivity is mirrored at the tissue level by enhanced
adipose insulin sensitivity resulting from molecular effects upstream of Akt; however, our
studies were unable to identify changes in insulin signaling intermediates to explain this
phenomenon (data not shown). One possibility is that insulin sensitivity is tuned to be more
responsive through the differential phosphorylation of insulin receptor substrates [48];
however, further molecular analyses will be required to test this hypothesis. Interestingly,
evidence from rat studies suggest that compensatory increases in global insulin sensitivity
following developmental growth-inhibiting insults are followed by later-life onset of insulin
resistance and metabolic deterioration [41, 49-51]. For example, in rat models of
uteroplacental insufficiency, female offspring exhibited enhanced insulin sensitivity at up to
12 months of age [42]; however, age-related deterioration in metabolic health and the
development of insulin resistance was observed at 21 months of age [51]. The current study
followed the exposed offspring for up to 22 weeks of age, which is within the timeframe
during which other rodent models of growth restriction have observed enhanced insulin
sensitivity [38—43]. Whether mice developmentally exposed to TF ultimately go on to
develop insulin resistance and worsened glucose intolerance with aging requires additional
study.

Importantly, the current study adds to the growing body of evidence implicating hepatic
gluconeogenesis as a sensitive metabolic endpoint for developmental misprogramming [14—
16, 52, 53]. The upregulation of gluconeogenesis with antecedent increased PEPCK
expression in TF-exposed male offspring is consistent with several studies in rats
demonstrating that gluconeogenesis in male offspring is disrupted by either glucocorticoid
exposure or protein restriction during development [14-16, 52, 53]. Importantly, in the
present studies PEPCK upregulation was not due to enhanced corticosterone secretion (data
not shown), suggesting that another mechanism is responsible, including potential epigenetic
alterations; however, this hypothesis requires further study. Interestingly, our study suggests
that gluconeogenic capacity in exposed female offspring trends lower and that these mice are
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more prone to hypoglycemia with insulin challenge. The reasons behind this sex-specific
defect in counterregulation needs further study.

Critically, the sex-specific differences in effects on growth, insulin sensitivity, glucose
tolerance, adiposity, and hepatic glucose output resulting from perinatal TF exposure
highlights the importance of studying males and females in developmental studies that
assess GR signaling modulation, especially since most of the prenatal studies published to
date have focused on male offspring [14-16, 52, 53]. The current study adds to this area of
study by demonstrating that perinatal exposure to a fungicide that alters GR signaling also
has lasting effects on growth and metabolism. As evidence continues to emerge suggesting
that a subset of EDCs modulate GR signaling, the current studies provide a useful
framework for interrogated the long-term metabolic consequences of developmental
exposure to these agents.

Despite the strengths of the current study, work presented herein has several limitations.
These studies only examined one concentration of TF; thus, assessments of dose-response
relationships are not possible. In addition, these studies used the inbred C57BL/6J mice
strain commonly employed in metabolic disease research. While our previous work
demonstrated similar effects of TF on adipocytic insulin signaling in four different rodent
strains, including the C57BL/6J, as well as in human adipose tissue [54], developmental
programming is complex, and the relative lack of genetic diversity in this strain may limit
the generalizability of the findings. The present work only followed offspring for 20-22
weeks after birth; thus, it remains unknown whether further aging would unmask metabolic
deterioration in exposed mice as in other growth restriction models. While this work found
enhanced adipose-specific insulin sensitivity that could partly explain the increase in whole
body insulin sensitivity in exposed female offspring, additional mechanistic studies are
needed to identify the molecular bases for the physiological alterations identified herein.
Finally, it is also possible that the observed effects of TF could be mediated by alterations in
maternal metabolism. Based on data that exposure of adult male mice to TF did not alter
adiposity, glucose tolerance, or insulin sensitivity until 8 weeks of exposure [21], it does not
seem likely that this was a major driver of the observed effects; however, this requires formal
assessment. Despite these limitations the observed phenotypic disruptions in body weight,
adiposity, insulin sensitivity, and gluconeogenesis induced by TF reflect growth and
metabolic changes observed in other developmental stress models including prenatal DEX
exposure, in utero protein restriction, or uterine artery ligation studies [38—43]. Future
studies are warranted to elucidate the common molecular mechanisms by which these
diverse stressors impact long-term metabolic health.

6. Conclusion

The present study provides further evidence that sex-specific alterations in metabolic
physiology can be programmed by environmental insults during periods of enhanced
susceptibility, including /n utero and early post-natal life. Furthermore, these results add to
existing evidence that developmental stressors that induce growth restriction without catch-
up growth increase insulin sensitivity. Finally, this study provides insights into how early life
GR-modulating EDC exposure abnormally programs metabolic physiology later in life.
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These data underscore the importance of early developmental windows in long-term
metabolic health and highlight the need to address maternal and early childhood exposure to
metabolism-disrupting chemicals.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Tolylfluanid (TF) is a fungicide that disrupts glucocorticoid receptor
signaling.
. Gestational plus lactational exposure to TF disrupts metabolism in adult
offspring.
. The metabolic impact of developmental TF exposure is sex-specific.
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Figure 1. Litter and growth outcomes of perinatal TF exposure in female and male offspring.
Pregnant C57BL/6J mice were provided a standard chow with or without tolylfluanid (TF) at

a concentration of 67 mg/kg throughout pregnancy and lactation. Litter size (Panel A) and
offspring sex-ratio (Panel B) was assessed at weaning (PD21), Control n=17 litters, TF
n=24 litters. Body weight was measured at birth (Panel C), Control n=30 pups, TF n=25
pups. Offspring were weaned at 3 weeks and weighed until they reached 19 weeks of age.
Weaning weight for females (Panel D) and males (Panel E). Weekly body weight for
females (Panel F) and males (Panel G). Control n=25, TF n=53 for female offspring
weaning and weekly body weights. Control n=36, TF n=43 for male offspring weaning and
weekly body weights. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 2. Perinatal TF exposure impairs glucose clearance in a sex-specific manner during acute
glucose challenge.

An IP-GTT was performed in the offspring at PW10 by IP injection of dextrose (2 g/kg).
Serial blood glucose measurements were taken for 120 minutes in females (Panel A) and
males (Panel C). Control n=20, TF n=39 for female offspring. Control n=27, TF n=33 for
male offspring. Plasma insulin during IP-GTT was assessed at baseline and 10, 30, and 60
minutes after dextrose injection in females (Panel B) and males (Panel D). Control n=11,
TF n=20 for female offspring; control n=20, TF n=20 for male offspring. GTT, glucose
tolerance test; IP, intraperitoneal; *p<0.05; ***p<0.001.
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Figure 3. Perinatal TF exposure results in sex-specific differences in insulin sensitivity.
HOMA-IR (Panel A) and HOMA-B (Panel B) were calculated for female offspring using

fasting blood glucose and plasma insulin levels at PW10 after a 6-hour fast, (Control n=21,
TF n=31). An IP-ITT was performed at PW16 by IP injection of insulin (0.4 U/kg), and
serial blood glucose measured for 90 minutes in female offspring (Control n=12; TF n=21)
(Panel C). HOMA-IR (Panel E) and HOMA-B (Panel F) were calculated for male
offspring using fasting blood glucose and plasma insulin levels at PW 10 after a 6-hour fast
(Control n=28; TF n=19). An IP-ITT was performed at PW16 of exposure by IP injection of
insulin (0.5 U/kg for males), and serial blood glucose was measured for 90 minutes for male
offspring (Control n=15; TF n=26) (Panel G). Survival curves for females (Panel D) and
males (Panel H) show the percentage of mice that experienced severe hypoglycemia (<20
mg/dl) during IP-ITT at PW16. ITT, insulin tolerance test. *p<0.05; **p<0.01; ***p<0.001,
***x <0.0001.
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Figure 4. Perinatal TF exposure results in sex-specific differences in adiposity and adipose
insulin sensitivity.

Visceral adipose depots were collected and weighed at sacrifice (PW19). Perigonadal,
perirenal, and mesenteric fat depot weight was normalized to total body weight. Total
visceral adiposity was calculated by adding all of the individual depots and normalizing to
body weight for female offspring (Panel A), Control n=25, TF n=50; and male offspring
(Panel C), Control n=35, TF n=31. A subset of the perigonadal tissue was stimulated with
different insulin concentrations for 10 minutes, and insulin sensitivity was assessed as the
ratio of the band sizes of phosphorylated-to-total Akt at the S473 site for female offspring
(Panel B) Control n=14, TF n=14 (except for 10 nM, n=13); and male offspring (Panel D),
Control n=11, TF n=11 (except for 10 nM, n=10). *p<0.05.
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Figure 5. Perinatal TF exposure results in sex-specific differences in gluconeogenic capacity.
Hepatic gene expression was measured by gPCR at PW4 after an overnight fast (16 hours)

for females (Panel A) (Control n=9-10, TF n=10) and males (Panel B) (control n=9-10, TF
n=12) per group. An IP-PTT was performed at PW20-22 after an overnight fast by IP
injection of sodium pyruvate (1 g/kg) and serial blood glucose measured for 75 minutes in
female offspring (Panel C) (n=5 per group) and male offspring (Panel D) (n=10 per group).
PTT, pyruvate tolerance test; PEPCK, phosphoenolpyruvate carboxykinase; Gépc,
glucose-6-phosphatase; *p<0.05; **p<0.01.
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Pancreas was collected at sacrifice (PW 19). Histological slides were immunostained for insulin, glucagon,
and somatostatin. p-cell, a-cell, and &-cell areas were calculated as the percent cell area relative to the
pancreatic area analyzed, and islet area was calculated as the sum of three endocrine cell types relative to

Table 1.

Perinatal TF exposure does not alter pancreatic endocrine cell area.

analyzed area. For females, control n=9, TF n=8. For males n=9 per group.

Females Males

Control TF pvalue | Control TF p value
p-cell area (%) | 0.39+0.07 | 0.28+0.05 | 0.23 0.22+0.05 | 0.33+£0.04 | 0.11
a-cell area (%) | 0.07£0.02 | 0.08+0.02 | 0.67 0.05+0.02 | 0.03+0.01 | 0.35
&-cell area (%) | 0.15+0.07 | 0.29+0.22 | 0.57 0.09+0.04 | 0.04+£0.02 | 0.34
Islet area (%) 0.61+0.12 | 0.65+0.21 | 0.87 0.36+0.09 | 0.41+0.07 | 0.64
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