1' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 25 July 2019
doi: 10.3389/fend0.2019.00460

OPEN ACCESS

Edited by:
Justo P. Castafio,
Instituto Maimonides de Investigacion
Biomédica de Cordoba
(IMIBIC), Spain

Reviewed by:
Paloma Alonso-Magdalena,
Universidad Miguel Hernandez de
Elche, Spain
Beverly S. Rubin,
Tufts University School of Medicine,
United States

*Correspondence:
Susan C. Nagel
nagels@health.missouri.edu

Specialty section:
This article was submitted to
Translational Endocrinology,
a section of the journal
Frontiers in Endocrinology

Received: 08 October 2018
Accepted: 25 June 2019
Published: 25 July 2019

Citation:

Balise VD, Cornelius-Green JN,
Parmenter B, Baxter S, Kassotis CD,
Rector RS, Thyfault JP, Paterlini S,
Palanza P, Ruiz D, Sargis R and
Nagel SC (2019) Developmental
Exposure to a Mixture of
Unconventional Oil and Gas
Chemicals Increased Risk-Taking
Behavior, Activity and Energy
Expenditure in Aged Female Mice
After a Metabolic Challenge.
Front. Endocrinol. 10:460.

doi: 10.3389/fend0.2019.00460

Check for
updates

Developmental Exposure to a Mixture
of Unconventional Oil and Gas
Chemicals Increased Risk-Taking
Behavior, Activity and Energy
Expenditure in Aged Female Mice
After a Metabolic Challenge

Victoria D. Balise *2, Jennifer N. Cornelius-Green !, Brittany Parmenter ?, Sierra Baxter *,
Christopher D. Kassotis 2, R. Scott Rector “>¢, John P. Thyfault "8, Silvia Paterlini °,
Paola Palanza °, Daniel Ruiz *°, Robert Sargis ** and Susan C. Nagel **

1 Department of Obstetrics, Gynecology and Women's Health, biversity of Missouri, Columbia, MO, United States,

2 Department of Biological Sciences, University of MissoyrColumbia, MO, United States,® Nicholas School of the
Environment, Duke University, Durham, NC, United State$é Department of Nutrition and Health Exercise Physiology,
University of Missouri, Columbia, MO, United States, Division of Gastroenterology and Hepatology, School of Medine,
University of Missouri, Columbia, MO, United States] Research Service, Harry S. Truman Memorial Veterans Medica
Center, Columbia, MO, United States, Department of Molecular and Integrative Physiology, Univsity of Kansas Medical
Center, Kansas City, KS, United States® Kansas City VA Medical Center, Research Service, Kansas §itMO, United States,
9 Unit of Neuroscience, Department of Medicine and Surgery, hiversity of Parma, Parma, Italy’® Department of Medicine,
University of lllinois at Chicago, Chicago, IL, United States

Chemicals used in unconventional oil and gas (UOG) operatie can act as endocrine
disrupting chemicals and metabolic disruptors. Our lab hagseported altered energy
expenditure and activity in C57BL/6J mice that were preconeptionally, gestationally,
and lactationally exposed via maternal drinking water to aboratory-created mixture of
23 UOG chemicals from gestational day 1 to postnatal day 21 irr-month-old female
mice with no change in body composition. We hypothesized thaallowing the mice to
age and exposing them to a high fat, high sugar diet might revad underlying changes in
energy balance. To investigate whether aging and metabolichallenge would exacerbate
this phenotype, these mice were aged to 12 months and given aiigh fat, high sugar
diet (HFHSD) challenge. The short 3-day HFHSD challenge ie@ased body weight and
fasting blood glucose in all mice. Developmental exposureotthe 23 UOG mixture was
associated with increased activity and non-resting energgxpenditure in the light cycle,
increased exploratory behavior in the elevated plus maze $& and decreased sleep in
12 month female mice. Each of these effects was seen in the lig cycle when mice
are normally less active. Further studies are needed to bedt understand the behavioral
changes observed after developmental exposure to UOG cherals.

Keywords: unconventional oil and gas, energy expenditure, endocrine disrupting chemicals, activity, hydraulic

fracturing, metabolic
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INTRODUCTION energy expenditure and activity in the dark cycle compared to
vehicle-treated controlsL().

Endocrine-disrupting chemicals (EDCs) are chemicals ca&pabl Developmental exposure to metabolic disrupting chemicals
of disrupting normal hormone action and can be found in can be subtle and an absence of altered body composition
food, consumer products, and our environmer) (EDCs have at one adult age does not necessarily mean an absence of
been linked to health problems including obesity, diabetesgitered metabolism throughout adulthood ). The endocrine
reproduction, cancers, and neurodevelopmental problef)s (  system maintains homeostasis and utilizes many compensator
EDCs that can alter the predisposition to obesity and metabolimechanisms, such as feedback loops. To discern underlying
disease are now termed metabolic-disrupting chemicals (MDCsdevelopmental programming, a “second hit" is often needed
these chemicals can promote metabolic changes that cantisul to challenge the system beyond compensatiBh Common
type 2 diabetes, fatty liver, and/or obesisy{). challenges include stressors such as changes in actigity, |

We have previously reported that chemicals used irexposure, or diet. A high fat, high sugar diet (HFHSD) is often
unconventional oil and gas (UOG) operations can act agmployed as a metabolic challenge to induce obesity or métabo
EDCs. UOG operations use directional drilling and hydraulicdysfunction. Since we previously observed altered restiegyy
fracturing to release natural gas and oil that were previouslgxpenditure in female mice exposed to the 23 UOG mixture
inaccessible via traditional drilling methods. While ordyfew gt 7 months of age, but no change in body composition, we
dozen chemicals may be used in a single well in this procesgypothesized that allowing the mice to age and exposing them
over 1,000 di erent chemicals are used industrywide. We havgy a HFHSD might reveal underlying metabolic disruption.
previously shown that 23 commonly-utilized UOG chemicals
tested could disrupt ve nuclear hormone receptors [estroge
(ER), androgen (AR), progesterone (PR), glucocorticoid (GR), ATERIALS AND METHODS
and thyroid (TR)] ©). Animals

Wastewater from UOG processes can contaminate surfagghis study was carried out in accordance with the
and ground water. UOG activities and processes, such agcommendations National Research Councils Guide for
transportation, well casing failure, wastewater spills, aimélcl  the Care and Use of Laboratory Animals. The protocol was

injection have been linked to drinking water Contaminati(ﬁ}- approved by the University of Missouri Animal Care and
10). We have reported that surface water downstream of ase Committee.

injection well disposal site had higher antagonistic attifor ER,
AR, PR, GR, and TR compared to surface water upstream of tt€hemical Mixture and Treatment
site (L1). Female C57BL/6J mice (purchased from Jackson Laboratories)
Exposure to MDCs during susceptible windows ofwere mated at 9 months of age. It should be noted that these
development may result in adverse health outcomé&-( dams were used in a previous study by our lab, in which they
14). In a systematic review by Elliot et al., 41 UOG chemicalgere also mated and exposed to the same mixture of 23 UOG
were identied as being linked to developmental toxicity chemicals used in the present study. O spring outcomes from
(19. We recently demonstrated that UOG chemicals andhe rst experiment were reported previoushp,(19). These
wastewater can act as metabolic disruptors, promoting lipidemales received the same concentrations of chemical neixtu
accumulation and Stimulating adipocyte di erentiation aslive that were random]y assigned in the previous stuﬂy Dams
as promoting the proliferation of pre-adipocytes, via actoati (n D 14, 9, 11, 8, and 10) were exposed to the chemical
of peroxisome proliferator activated receptor gamma (PBAR mixture at concentrations of 0, 0.01, 0.10, 1.0, omg0mL,
or other mechanisms1€). We also found that female mice respectively, for 5 weeks prior to mating. Chemical exposure
prenatally exposed to a mixture of these 23 UOG chemicalgas paused while females were mated in order to bypass the
(which exhibited antagonistic activity for ER, AR, PR, GRda window of fertilization, and to avoid consumption of treatnten
TR) from gestation day 11 through 19 had altered organ wejghtghemicals by the males. Treatment was resumed at gesthtiona
reproductive endpoints, and increased body weights at poatnatday one (1 day after presence of copulatory plug) and continued
days 7, 13, and 2B). There is accumulating evidence that UOG through weaning of the F1 generation at PND 21. As reported
chemicals and wastewater are associated with developmenjg@lBalise et al. {7), dams had no dierences in body weight
programming of metabolism. or water consumption $upplementary Figure ). Also, there
In a recent study, we extended this line of research tQuere no dierences reported in either litter size or sex ratio
encompass a longer exposure window from gestation day 1 {&upplementary Figure ) (17).
postnatal day 21. Interestingly, we found an opposite e ect on  From birth to 6 months of age, F1 mice were housed in a
female body weight with the longer developmental exposurasarrier facility where both feed (LabDiet 5053: 13% kcaBi@5%
female mice exposed to the 23 UOG chemical mixture weighegkal sucrose) and acidi ed water were sterilized and protide
less on postnatal day 7 and 21, as opposed to mice exposed fr@ libitum. Glass bottles and polysulfone cages were used for all
PND 11-18, who weighed more than vehicle contrdl§)(These  animals. After the F1 generation reached 6 months of agg, the
female o spring were followed into adulthood, and showed nowere transferred to a conventional facility where the metib
changes in body composition (body weight, fat mass, or leamstrumentation was located. In this facility, they reanon-
mass) at 7 months of age, but exhibited a decrease in restiRgerilized feed (LabDiet 5053: 13% kcal fat, 3.25% kcabsepr
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and non-acidi ed, non-sterilized water. Both facilities nge expenditure for a 12h cycle. Resting energy expenditure was

temperature controlled and kept on a 12 h light/dark cycle. extrapolated from the lowest average energy expenditure in
The 23 chemicals were mixed equimass in 200 proof ethanal 30 min window within a 12h cycle. Non-resting energy

and added to drinking water such that each individual cheathic expenditure was calculated for each 12h cycle by subtracting

was present at a concentration of 0.01, 0.10, 1.0, ongl®L resting energy expenditure from total energy expenditureiv&c

in a 0.2% ethanol vehicle in acidi ed drinking water. Water energy expenditure was extrapolated from the highest average

bottles were changed twice per week to ensure consisteahergy expenditure for 15 min within a 12 h cycle.

chemical concentrations throughout the dosing period. Wate  Activity and meters traveled were measured by infrared leam

consumption was calculated as the di erence in the weight ofhat track movement in horizontal (X and Y plane) and vertical

the water bottle before and after use every time the bottle walirections (Z plane). Spontaneous activity was activity ie th

changed. Dosages based on weight of the dam and the amouxt Y, and Z direction, ambulatory activity in the X and Y

of water consumed were calculated as 1.5, 15, 150, and 1,50i6ections and rearing activity in the Z direction. Meterseled

mg/kg/day. O spring in litters that had less than one male orcounted all meters in the X, Y, and Z direction, while pedestria

female per litter were excluded from analysis. After appligatif  meters measured meters in the X and Y directions only. Food

inclusion criteria, 0, 1.5, 15, 150, and 1,50§/kg/day treatment consumption and food bouts (number of times the animal made

groups includech D 9, 11, 9, 10, and 10 total individual animals, contact with the food hopper) were also measured.

andn D 6, 4, 5, 4, and 4 pups from unique litters, respectively

(Supplementary Table L

. Body Composition

Elevated Plus Maze Behavioral Test At 12ymonths%f age, body weight, fat mass, and lean mass were

An elevated plus maze (EPM) test was conducted at 11 months pfeasured just prior to starting the HFHSD metabolic challenge

age. Tests were started in the light cycle, 3 h before thiatioh | Day 1, and on Day 4 and 7. Fat and lean mass were measured

of the dark cycle. Mice were placed gently into the maze facingsing the EchoMRI-900 (EchoMRI, Houston, TX)7. Fat and

an open arm and were video-recorded for a period of 5 minutege 4, percentages were calculated by dividing fat or lean mass
Time spent in open arms, closed arms, and center were reportgg| body weight.

as a percentage of the ve-min recordingdj.

Time Line of High Fat and High Sugar Diet

(HFHSD) Challenge and Necropsy
Mice were given two high fat, high sugar diet (HFHSD)

Glucose Tolerance Test
Glucose tolerance tests were performed in mice at 11 months of

. before and after HFHSD on Day 0 and Day 4, respectively.
challenges. Two separate challenges were needed since Y y P y

. . . ; ixteen mice from all treatment groups were randomized to be
could not be performed while mice were in metabolic cages <ied per day over the course of 1 week. Mice were weighed

(Figure 1). F1 females were given a HFHSD for 6 days. Th : :
high fat, high sugar diet (HFHSD) metabolic challenge cored %; 1000 h and fasted from 1000 to 1600 h. A baseline (0 min)

: ood sample was collected via tail snip at 1600-1630 hrs, and
0, 0, .
45% keal fat and 17% keal SUCTOSE, Research Diet D1245]), glucose was determined using a glucose monitor (Accu-
The rst HFHSD challenge was given at 11 months of age tQ:

hek Aviva Plus). Immediately after the baseline measunéme
perform glucose tolerance tests (GTT). GTT was assessem bef as taken, 250 mg/mL glucose was injected intraperitoneally

and 3 days after the HFHSD challendgegure 1A). The second 1 gram of glucose per kg of lean mags,(23. Blood glucose

HFHSD challenge was given at 12 months of age, to assesy enl@ncentrations were measured at 30, 60, and 120min after
expenditure and activity in the metabolic cagém(ire 1B). Mice injection (24) R

were given the HFHSD challenge for 3 days and placed into
indirect calorimetry cages on Day 4 for 3 additional daysj an
necropsy was performed on day 7. Necropsy was performed

A . .
carbon dioxide asphyxiation followed by cervical dislozati ti-'ver Triacylglycerol Concentration

At necropsy, livers were collected and stored &0 C. Liver
Indirect Calorimetry triacylglycerol concentration was determined as previpusl

Energy expenditure, activity, food and water intake, ancevédr described using a commercially available kit (F6428, Sigma,

were assessed via indirect calorimetry using the Prometingon ~ St. Louis, MO) £5).

Sable Systems Int., (Las Vegas, NV). Mice were individually

housed in the cages for 72h. The rst 24h were used as an

acclimation period, and the last 48h were used for analysiSerum Insulin Concentration

The 12h light cycles and 12h dark cycles were separateBtood was collected at time of necropsy by cardiac puncture

analyzed. Outcomes were calculated with macros providelddéy t and stored on ice. Centrifugation was performed to separate

manufacturer 21). serum, and samples were stored aB0 C. Serum insulin
Energy expenditure was obtained from measured oxygeconcentrations were measured using a commercially available

consumption. Total energy expenditure was calculated usingiouse insulin ELISA kit according to manufacturer's ingttions

the Weir equation in kilocalories and was the overall energyAlpco Diagnostics, cataolog #80-INSMSU-EQ1, Salem, MA).
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A Timeline for Glucose Tolerance Test +/- HFHSD challenge at 11 months of age
Day Number 1 2 3 4 15
HFHSD challenge
Assessments GTT* GTT EPM
B Timeline for Analysis of Energy Expenditure & Spontaneous Activity +/-HFHSD challenge at 12 months of age
Day Number 1 2 3 4 5 6 7

HFHSD challenge
Acclimation to metabolic cages
Data analyzed in metabolic cages

Assessments BW* BW Energy Expenditure Necropsy
Body comp* Body comp  Spontaneous Activity BW
Body comp
Organ weights
Blood insulin

*Assessments taken before initiation of HFHSD challenge
HFHSD = High fat high sugar diet challenge, BW = Body weight, Body Comp = Body composition, GTT = Glucose Tolerance Test,
EPM = Elevated plus maze test

FIGURE 1 | Metabolic challenge. Female mice were given a high fat higtugar diet (HFHSD) at 11 monthgA) and 12 months of age (B). After 3 days, either a
glucose tolerance test (GTT) was performed at 11 months of ag(A) or mice were placed in metabolic cages for indirect calorimey for 3 days (B). Mice were allowed
to acclimate to the new cage environment on rst day (Day 4) ofidirect calorimetry and Days 5 and 6 were used for data analys.

Pancreas Analysis the day before smears were performed and collected in a 96 well
Pancreatic Histology and Immunohistochemistry plate. Vaginal cytology was assessed and estrus cycle stage gi
(IHC) based on proportion of cell types, as previously repor&). (

At the time of necropsy, pancreata were dissected and xed in Mice were in metabolic cages for 3 days immediately
4% paraformaldehyde overnight and para n-embedded. Tissu@receding necropsy, so estrus cyclicity could not be monitored
sections (' in thickness) were immunostained with the as mice could not be removed from the metabolic cages. Vaginal
following primary antibodies (all at 1:500 dilution): polpclal — cytology was assessed on the day of necropsy. The rst single
guinea pig anti-porcine insulin (DAKO, Carpinteria, CA), maus smear contains a mixture of the preceding days vaginal cells. On
monoclonal anti-human glucagon (Sigma-Aldrich, St. Louisthe day of necropsy, smears contained only corni ed epithaliu
MO), polyclonal goat anti-somatostatin (Santa Cruz, Sant&nd did not contain white blood cells and were thus concluded t
Cruz, CA), and DAPI (Invitrogen, Carlsbad, CA). The primary be in persistent estrus at 12 months of age.

antibodies were detected using a combination of DyLight,488

549, and 649-conjugated secondary antibodies (1:200salack

Immuno Research Laboratory, West Grove, PA). Statistics

Data were analyzed with a linear mixed model using SPSS version

32. This model was selected so that litter could be incorpdrate

s a random e ect. Treatment group and dates of measurement
ereincluded as xed e ects for body weight, fat mass, leassna

at percent, lean percent, food consumption, and activity. For

analyses of body weight, litter size was included as a xedte ec

V). A mo.d' ed method of V|rtua.1I. sllcg capture” was utilized For analysis of energy expenditure, body weight was included a
Quanti cation of cellular composition (i.e., each arealsf a-, a xed e ect

and oLceI_I populations, _and islet area by automated con_touring Data that were not normally distributed were transformed
of“each islet) wgs carried qut using custom-written scrips f to achieve normality. Results are displayed in all gures as the
F”'/.l mageJ (http.//rsbweb.nlh.gov/u(). MATLAB (MathWis, estimated marginal means, back transformed for presentatio
Natick, MA) was used for mathematical analys24 7). transformation was necessary. Di erences between vehide an

treatment groups were analyzed using Fisher's Least Signi can
Vaginal Cytology and Estrus Cycle Analysis Di erence tests with 95% con dence intervals. Elevated plus
Vaginal smears were taken daily for 14 days between 9 and hfaze decision making was analyzed using Fisher's exacitest.
months of age. The vaginal cells of each female were wasted treatment groups were compared to vehicle only.

Image Capture and Islet Quanti cation

As previously described 26, 27), microscopic images of
pancreatic sections were taken with an Olympus IX8 DS
spinning disk confocal microscope (Melville, NY) with Stereof
Investigator imaging software (SI, Micro Bright Field, Wittis,

Frontiers in Endocrinology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 460


http://rsbweb.nih.gov/ij/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Balise et al. Fracking Chemicals Increased Risk-Taking Behavior

RESULTS Energy Expenditure

Exploratory Behavior Mice were placed in metabolic cages on Day 4, which was 3
_Xp ora 0 y behavio . _days after the HFHSD metabolic challenge bedaigyre 1B).

Mice were introduced to an elevated plus maze for 5min arhe HEHSD continued for 3 days (Days 4-6) and energy

the end of .the light cycle at 11 months of ageigure 1). expenditure was measured over the last 48h (Days 5-6).
Time spent in center, open and closed arms was measured ch parameter was analyzed as an average of two 12h

assess exp!oratory be_havior. Exploratory activity (de nedre . ht or dark cycles Figure 1). Developmental exposure to
amount of time spent in open areas of the _maze)_ was a'tefed OG chemical mixture after a HFHSD metabolic challenge
develop(;r(;entgloeé%%soure to thg UOG cnemlcal mlxturg. Aﬂ'm"’“%vas associated with altered non-resting energy expenditure
spent 400, 490, /6 more time In t '€ Open arms In t e_l'?n the light cycle. Total energy expenditure was 13% lower
15, and 15Gvg/kg/day groups, respectively, relative to Veh'CI‘?n the 1,500 mg/kg/day treatment group relative to vehicle

contro! (Figure 2A). Treatment lSOTg/kg/dgy also spent 115%, during the light cycle Figure 5A). No di erences in resting
more time in the center and 20% less time in closed arms w&ati energy expenditures were observed in any of the treatment

to vehicle Figures 2B,Q. Additionally, 100% of mice in the 15 groups relative to vehicleF{gure 5B), but non-resting energy
and 15(_)mg/kg/day groups chose to enter open arms vs. 43% 'gxpenditure was 74, 69, 51, and 77% higher in the 1.5, 15,
the vehicle control groupRigure 2D). 150, and 1,500mg/kg/day treatment groups, respectively, in
the light cycle Figure 50Q). Total energy expenditure, resting
Response to the High Fat High Sugar energy expenditure, and non-resting energy expenditure did n
Diet (HFHSD) dier in any treatmerlt group When compared. to vehicle in
Mice were given a HFHSD challenge for a total of 3the _dark cycle. Respiratory qu_ot|e_nt was nqt di erent between
days at 11 months of ageFigure 14). Three days on the vehicle and treatment groups in either the light or dark cgcle

HFHSD resulted in increase in body weight and a 13-3p0k>uPplementary Figure %
increase in fasting blood glucosEidure 3). Mice were given Body Weight and Composition

a second metabolic challenge at 12 months of age for 3 . .
total of 6 days Figure 1B to examine energy expenditure evelopmental exposure to UOG chemical mixture altered
I_k))ody weight at 12 months of age. Before, during, and

and activity (below). Between days 0 and 3 on the HFHS .
. : . after the HFHSD challenge, body weight was 10% lower
body weight and fat mass increased 9-11%b(e 1). Between in the 1,500mglkg/day group Figure 64). There were no

days 3 and 6 mice lost weight. This was likely due to,. -
- . .di erences in fat mass or lean mass between treatment groups
the stress and novelty of being placed in the metaboli

cagesTable 1. ?Figures 6B,0. B(_)dy length (nose to rump) at necropsy
was not altered in any treatment group, in comparison to

vehicle Table 1).

Spontaneous Activity . . .

At 12 months of age, mice were placed in metabolic cages on D&ydipose Tissue and Organ Weights

4 of the HFHSD challenge. Spontaneous activity was measurédter 6 days of the HFHSD metabolic challenge, mice were

over the last 48 h (Days 5-6), and each parameter was analyzec®géhanized, and organs and tissues were collected and ecigh

an average of two 12 h light or dark cycl&gure 1B). Endpoints Periuterine adipose tissue weight was 35-38% less in th&3,.5,

that were measured included spontaneous activity (movenment and 1,500mg/kg/day groups compared to vehiclEigure 7A).

the x, y, and z directions), ambulatory activity (movementtie ~ Brown adipose weight did not dier; however, the 1500

x and y directions), rearing activity (z direction only),dutotal ~ mg/kg/day group demonstrated a 55% increase in brown adipose

meters traveled (meters moved in x, y, and z directions) i@ thweight compared to vehicle, when adjusted for body weight

12 h light or 12 h dark cycles). (Figures 7B,Q. Kidney, heart, spleen, uterus, ovary, and liver
Developmental exposure to UOG chemical mixture afteweights, and liver triglycerides did not di er between treant

a HFHSD metabolic challenge was associated with increasgtpups Table 2.

activity during the light cycle. Spontaneous activity was .

30-40% and ambulatory activity was 44-78% higher in afr00d Consumption and

treatment groups relative to vehicleFigures 4A,B. Total Glucose Homeostasis

meters traveled was 50-111% higher in the 1.5, 150, ar@&lucose tolerance tests were performed prior to initiation of

1500 ng/kg/day groups relative to vehiclérigure 4C). The the HFHSD and after 3 days on the HFHSEFidure 1A)

di erence in meters traveled was not restricted to a certaimt 11 months of age. Serum glucose concentration did not

time of the light cycle but was continuous throughoutdier before or after HFHSD metabolic challenge relative to

the light cycle Supplementary Figure 2 Rearing activity vehicle control whether calculated at individual time pa@int

did not dier relative to vehicle control within the light in area under the curve, or relative to basal glucose levels

cycle (data not shown). Spontaneous activity, ambulatorgSupplementary Figure .

activity, rearing activity, and meters traveled did not Food consumption and food bouts were measured on days

dier in treatment groups relative to vehicle during the 5-6 of HFHSD challenge at 12 months on adég(re 1B).

dark cycle. Total food consumption and food bouts did not dier
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FIGURE 2 | Exploratory activity of female mice at 11 months of age. Estiated marginal means ( SEM) of exploratory activity 3 h before initiation of the drcycle.
Percentage of time spent in the elevated plus maze in open arsn(A), center of the maze(B), and closed arms (C). Percent of animals within treatment group
choosing to enter open arms(D) (n D 7, 9, 7, 6, 6, respectively, for vehicle, 1.5, 15, 150, and 150 mg/kg/day treatment groups). < 0.05 and **p < 0.0125 relative
to vehicle. Model included covariates: litter and assessne date.

A Body Weight Before and B  Basal Glucose Before and
After HFHSD After HFHSD
351 sk kx kx kk ok 1757 %% #x * * *%
30 [ - 150~ - =
® 25+ 4 1254
£ 20- O 1001
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104 50+
5+ 254
0 . 0 -
Vehicle 1.5 15 150 1500 Vehicle 1.5 15 150 1500

FIGURE 3 | Body weight and basal glucose levels before and after high faigh sugar diet (HFHSD) at 11 months of age. Estimated mangal means ( SEM) of body
weight before and after 3 days on HFHSOHA), and basal blood glucose levels before and after 3 days on HFED (B). For body weightn D 10, 8, 9, 10, 9,
respectively, for vehicle, 1.5, 15, 150, and 1,500mg/kg/day treatment groups. For basal glucose levels before HESDn D 9, 9, 8, 9, 8, and after HFHSDn D 10, 11,
9, 10, 10, respectively for vehicle, 1.5, 15, 150, and 1,500ng/kg/day treatment groups. Two way ANOVA comparing within grap before and after HFHSD p < 0.05,
and *p < 0.0125.

between treatment groups in either the light or dark cycleconcentrations between vehicle and treatment groups
(Supplementary Figure 5. (Supplementary Figure . Total islet cell number and
Serum insulin concentrations were measured from bloodgroportion of cells types were quanti ed in one dose group.
collected at necropsy, which occurred during the rst 4hPancreatawere collected at necropsy, after 6 days on the BFHS
of the light cycle after 6 days on the HFHSD challenge aThe area of pancreas occupied by alpha, beta, and delta cells,
12 months of age. No dierences were detected in insulirand total islet area was quanti ed using immunohistochenyistr
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TABLE 1 | Body composition of female mice at 12 months of age: Estimateé marginal means ( SEMJ™ of body weight, fat mass, and lean mass.

Body weight (g) Lean mass (g) Fat mass (9)
Days on HFHSD 0 3 6 0 3 6 0 3 6
Vehicle 27.9 (1.1) 30.8 (1.1) 29.0 (1.2) 20.0 (0.3) 20.5 (0.3 19.6 (0.4) 6.7 (0.7) 9.0 (0.8) 8.1 (0.9)
1.5 mg/kg/day 26.4 (1.1) 28.8 (1.1) 27.1(1.2) 19. 6 (0.3) 19.9 (0.3) 19.2 (0.3) 5.5 (0.7) 7.6 (0.8) 6.4 (0.9)
15 mg/kg/day 26.9 (1.2) 29.6 (1.2) 28.3(1.3) 19.5 (0.3) 19.8 (0.4) 19.2 (0.4) 6.1 (0.8) 8.2 (0.9) 7.5 (1.0)
150 mg/kg/day 26.2 (0.9) 29.2 (1.0) 27.8 (1.0) 19.5 (0.3) 20.1 (0.3) 19.3(0.3) 5.6 (0.6) 7.8 (0.7) 7.2(0.8)
1,500 mg/kg/day 24.9 (1.0)* 27.8 (L.1)* 25.9 (1.1)* 19.1 (0.3) 19.6 (0.3) 18.8 (0.3) 4.8(0.7) 6.9 (0.8) 6.1 (0.8)

n D 10, 8, 9, 10, 9 respectively, for vehicle, 1.5, 15, 150, and 1,500 g/kg/day treatment groups.
Bold represents*p< 0.05 relative to vehicle.
**Models included covariates: litter, date of body weight assessment, anditter size.

did not di er between the 1,500ng/kg/day group and vehicle activity in the light cycle compared to vehicle mice. Mice are

(Supplementary Figure §. nocturnal and habitually rest and avoid activity in the liglat
. likely adaptation to evade predators. Increased activithélight
Estrus Cyclicity cycle could be either an indication of disturbance of cireadi

Estrus cyclicity was monitored for 2 weeks at 9.5 months ef agrhythms and sleep disorders or of hyperactive behavior. We
Overall mice tended to have irregular cycles or be in pensiste cannot determine here if the increased light-related étytiin
estrus. Within each treatment group 90, 63, 89, 100, and 89% gxposed mice was already expressed as a baseline or it was
mice in vehicle, 1.5, 15, 150, and 1,500 ug/kg/day, respégtiv induced by the diet switch or by the hypercaloric diet intake.
spent 50% of days in estrus and this did not di er relative to pjets high in fat or sugar can indeed alter circadian rhythms
vehicle control. All mice appeared to be in perSiStent estrus aﬁ mammals 60) Female mice' however, have been reported
necropsy as vaginal smears contained only corni ed epitheliu to be more resistant to the disruption of daily activity rhytsm

and no white blood cells. during high fat feeding compared to males because of protectiv
e ects of circulating ovarian hormones3{). The 23 UOG
DISCUSSION mixture exposed female mice could thus be more sensitive to the

e ects of novelty or of high calories intake on activity. Take

Our ndings are the rst to report that developmental exposure together, increased time spent in open arms in the EPM test
(GD1-PND21) to a mixture of 23 oil and gas chemicals incrdaseand increased spontaneous activity in the light cycle sugges
exploratory and risk-taking activity with a subsequent is&se in  that developmental exposure to the UOG mixture led to an
energy expenditure in female C57BI/6 mice. All UOG exposurenhanced response to novel stimuli (environment and food) in
groups also had a decrease in peri-uterine fad pad weighiievelopmentally exposed females that may be related to high
which may have been a consequence of increased activity arigk-taking behavior.
energy expenditure. Overall, treatments largely did not &ec  While determining the exact mechanisms mediating altered
other aspects of body composition, although mice in the highesehavior is complex, several nuclear receptors have been shown
treatment group, 1,500/kg/day, had some unique impacts on to modulate time spent in open arms in the EPM test and the
body composition. The HFHSD metabolic challenge caused afluclear receptor antagonist activity in the UOG mixture is a
animals to have an increase in body weight, fat mass and highgkely candidate. Estrogen and androgen receptor agonaie h
fasting blood glucose, and did not di er between vehicle ancgenerally been shown to decrease time spent in open arms,
treatment groups. which is generally associated with anxiety. Postnatal exposure

Female mice developmentally exposed to the 23 UOG mixturg DHT in Long-Evans and Wistar rats, as well as C57BI/6
had an increase in exploratory activity and spontaneous iétiv mice, resulted in less time in open arms of the EPM and less
in the light cycle. We assessed exploratory behavior usieg thactivity (32-34); this was mirrored in a joint gestational/postnatal
elevated plus maze (EPM) test, and found mice developmentallyEHP exposure, where female o spring also spent less time
exposed to the 1.5, 15, and 16@/kg/day UOG groups spent in the open arms and made fewer entries into the®B)(
dramatically more time in the open arms compared to vehicleGestational exposure to testosterone was associated with les
(400, 490, 290%, respectively). Since mice tend to spend malge spent in the open arms in Wistar rats. This behavior was
time in enclosed and protected areas for saféi),(such a reversed by co-administration with the anti-androgen utéde
robust increase in the amount of time in open arms indicatesr the antiestrogen tamoxifen, indicating that both andeng
that UOG exposed mice display lower anxiety-like behavior angnd estrogens can regulate this behavig)( Similarly, BPA
are more prone to risk-taking behavior in response to novekxposure from either GD-1 to PND1 or PND1-PND8 resulted
and potentially risky environment. Furthermore, when expbse in females that spent less time in open arms in the EPM
to the HFHSD, these female mice that were developmentalgst and more anxious behavior in open eld test, and a
exposed to the 23 UOG mixture, showed increased locomotaiovelty test in CD-1 mice 7). As agonist activity for the
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FIGURE 4 | Activity of female mice at 12 months of age on a HFHSD. Estimatl marginal means ( SEM) in 12 h increments of: total spontaneous activityA),
ambulatory activity(B), and meters traveled(C). n D 10, 8, 9, 9, respectively for vehicle, 1.5, 15, 150, and 1,500ng/kg/day treatment groups. *p < 0.05 and
**p < 0.0125 relative to vehicle. Model included covariates: tér and assessment date.

androgen and estrogen receptors causes an increase in anxiosnechanism, we previously reported that 21 of the chemicals in
behavior and a decrease in risk-taking behavior, it is péssibthe 23 UOG mix can antagonize the estrogen and/or androgen
that antagonist activity for these receptors might incredask-  receptors with IC50 concentrations of approximately 1 ama\b,
taking behavior. In support of this as a possible contributoryrespectively®).
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FIGURE 5 | Energy expenditure in female mice at 12 months of age on HFHSEstimated marginal means ( SEM) in 12 h increments of: total energy expenditure
(A), resting energy expenditure(B), non-resting expenditure(C). n D 10, 8, 9, 9, 8, respectively for vehicle, 1.5, 15, 150, and 1,80 nmg/kg/day treatment groups.
*p < 0.05 and **p < 0.0125 relative to vehicle. Model included covariates: titr, assessment date, litter size, and body weight.

Light Cycle

We previously reported that ten chemicals in the 23o spring that displayed anxious behavior: decreased time in
UOG mix antagonized the glucocorticoid receptar vitro
(5), suggesting this is a possible mechanism. Exposure tbe light-dark box, and decreased mobility in the forced rawi
increased stress from GD3-20 in Wistar rats resulted irtest 38). However, experimentally increasing or decreasing

open arms of the EPM, decreased time in the light side of
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FIGURE 6 | Body composition of female mice at 12 months of age after 6 day on a HFHSD after metabolic cage testing. Collapsed data fra days 0, 3, and 6 of a
HFHSD metabolic challenge. Estimated marginal means SEM) of: body weight(A), nose to rump length at necropsy(B), fat mass (C), and lean mass.*p < 0.05
relative to vehiclen D 10, 8, 9, 10, 9, respectively for vehicle, 1.5, 15, 150, and 1500 mg/kg/day treatment groups. Models included covariates: liger, date of body
weight assessment, and litter size.

FIGURE 7 | Fat pad weights of female mice at 12 months of age after HFHSCEstimated marginal means ( SEM) of periuterine fat pad weighfA), brown fat pad
weight (B), and brown fat weight adjusted for body weight(C), *p < 0.05 relative to vehicle *1{ D 10, 8, 9, 10, 9 respectively for vehicle, 1.5, 15, 150, and 1,80
mg/kg/day treatment groups). Model included covariates: ligr, date.

prenatal cortisol levels exogenously with dexamethason&grgeted receptor ligand controls in future studies to asslesir
betamethasone, or hydrocortisone did not lead to alteratio potential contributory roles in these e ects.
in anxiety-like behavior in the EPM 30-41). As excess While on the HFHSD, all treatment groups showed an
cortisol induced anxiety-like behavior in some studiesjncrease in spontaneous activity and increased non-resting
antagonistic activity could promote the opposite: an incréase energy expenditure within the light cycle. Despite this irase,
risk-taking behavior. body weight and overall fat mass were not signicantly
The UOG mix also antagonizes progesterone and thyroidli erent, though this did appear to contribute to a signi cant
hormone receptors, however, these are less likely to leduction in peri-uterine fat pad mass in the developmentally
targets mediating the altered behavior observed in theentrr exposed animals. However, a limitation of the metabolic
study. Progesterone receptor knockout mice supplementechges is that energy expenditure is only taken at one
with progesterone spent more time in the open arms oftime point and cannot re ect the metabolism of an animal
the EPM (@2). Exposure to a thyroid antagonist during throughout its lifespan. While mice were allowed 24h to
gestation did not impact alter time spent in open arms inacclimate to the cages, they did lose weight across the
the EPM test in either sex in Wistar ratgld). Given that 3 days spent in the metabolic cages, so it is possible
we reported anti-thyroid and anti-progesterone activity imet that stress is a complicating factor in the results of the
UOG chemicalsn vitro, we do not suspect these are causativeurrent study.
mechanisms herein. In the current study, four dierent doses of the same
The current study involves a complex paradigm withtreatment mixture spanned three orders of magnitude.
endocrine disrupting chemical mixture exposure duringDoses were selected to include environmentally relevant
development in addition to aging mice and a diet challengegoncentrations to mimic chemical concentrations found to
it is dicult to dissect the underlying mechanisms by which be reported in UOG drilling regions. The concentrations
developmental UOG chemical exposure altered activity anth the drinking water of the 1,500ng/kg/day group mimic
energy expenditure in aging female mice. However, there ihose reported in industry wastewater samples, the 150
evidence that antagonist activity to the glucocorticoitgiaogen, mg/kg/day group mimic those reported in surface and
and estrogen receptors could be possible underlying mecamanis groundwater at sites of UOG uid spills, and the 1.5 and
These mechanisms should be substantiated through the use 1% mg/kg/day groups mimic concentrations reported in surface
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TABLE 2 | Organ and tissue weights: Estimated marginal means (SEM) of wet organ and tissue weights.

Length Kidney Heart Spleen Uterus Ovaries Liver TAG
Vehicle 9.8(0.1) 174.0 (4.9) 119.1 (4.3) 89.4 (6.3) 128.2312) 5.6 (0.5) 1247.5 (74.6) 23.4(2.7)
1.5 mg/kg/day 9.8 (0.1) 177.6 (4.6) 123.6 (4.2) 90.0 (6.1) 126.1 (18) 5.9 (0.5) 1154.7 (81.6) 17.4 (3.0)
15 mg/kg/day 9.9 (0.1) 172.1 (5.3) 114.9 (4.6) 79.9 (6.8) 112.2 (12) 6.2 (0.6) 1321.8 (89.1) 17.4 (2.8)
150 mg/kg/day 9.9 (0.1) 171.6 (4.0) 118.2 (3.6) 95.3 (5.3) 129.9 (11) 6.1 (0.4) 1274.0 (54.9) 17.7 (2.7)
1,500 mg/kg/day 9.9 (0.1) 168.6 (4.5) 120.0 (4.1) 83.3 (5.9) 133.4 (18) 5.3 (0.5) 1243.4 (59.0) 19.7 (2.8)

n D 10, 8, 9, 10, 9 respectively, for vehicle, 1.5, 15, 150, and 1500 g/kg/day treatment groups.

Length D nose to rump length in cm.

Kidney, heart, liver, spleen, uterus, and ovary weights expresses mg and included body weight as a covariate.
TAG D liver triacylglycerol mmol/kg wet weight.

and groundwater UOG regions without reported spillsH-46). ndings as the current study has limitations. The dams a&id
The lower dose groups are potentially within the range oherein were exposed twice to the same concentration of UOG
current human exposures for those living in UOG drilling mix for two sets of experiments during pregnancy; we cannot
dense areas. rule out that this double exposure in part contributed to
Given the broad dose response and the known EDGhe observed e ects. While further research utilizing a #ng
antagonist activity of the UOG mixes, we anticipated andexposure should be performed to substantiate these ndirgs, t
found quantitatively and qualitatively dierent eects at current experimental paradigm is completely relevant to women
low vs. high doses across the broad dose response followiadno have more than one child while living in UOG areas. We
developmental exposuré). For example, the 150@g/kg/day also evaluated only female mice, and further investigatbn
UOG chemical dose group was unique. These animals exhibitedales should be explored in future work to assess impacts on
a signicant decrease in body weight. Energy expenditurenale o spring and potential sex di erences in these e ects. We
and activity were similar to other dose groups that did nothave previously reported that a prenatal only exposure to the
share this body weight di erence, though these animals didhighest doses altered testosterone concentrations irt ackies
also have a signicant increase in brown adipose, whicl{5); it also altered some pituitary hormones, but did not alter
may have impacted metabolic health. The 1,58@9/kg/day estradiol concentrations in adult female$9. Future studies
group also did not show an increase in time spent inshould evaluate these hormones and others, like cortisdfQin
open arms in the EPM test as observed in other treatmerdénd F1 mice. Lastly, we assessed potential e ects after a shbrt d
groups, suggesting diering mechanisms promoting thesehallenge, which has been previously shown to disrupt metabolic
eects. Future studies directed at this treatment grouphealth; however, chronic exposure to a HFHSD would more
should include looking further into thermogenic factors of closely mirror a western diet.
brown adipose, for example, expression of Prdm16, UCP-1 Taken together, developmental exposure to the 23 UOG
or PGC-A. mixture was associated with increased activity and notings
Many developmental programming phenotypes need &nergy expenditure in the light cycle, increased exploratory
secondary adult challenge to be revealed. At seven monthghavior in the EPM test, and decreased sleep and fat
of age, these mice exhibited decreased resting energad weight in 12 month female mice. All of these e ects
expenditure and activity 1(7). To investigate whether were seen in the light cycle when mice are normally less
aging and a metabolic challenge would exacerbate thictive, suggesting potential adverse e ects. Increased risk
phenotype, these mice were aged to 12 months and giventaking behavior and decreased sleep could be factors ategbcia
HFHS diet challenge (current study). This led to an overalith attention de cit and hyperactivity disorders, along Wit
increase in energy expenditure and activity in treatmeninajor depressive disordersld). Interestingly in humans, an
groups compared to vehicle. While we did not see arassociation between living close to an unconventional ratur
exacerbation of the eects seen at 7 months, age plus gas development and symptoms of depression has been reported
HFHS diet was associated with increased spontaneos9). Further studies are needed to better understand the
activity in treatment groups in the light cycle. Both age andbehavioral changes observed after developmental exposure to
the HFHSD can alter behavior and metabolism and it isSUOG chemicals.
possible that the combination could result in unanticipated
opposing actions. Future studies are needed to separatgfTHICS STATEMENT
examine these two variables to completely understand how
age and diet interact with developmental exposure to th@his study was carried out in accordance with the
UOG mix to modulate activity and energy expenditurerecommendations National Research Council's Guide for
in adulthood. the Care and Use of Laboratory Animals. The protocol was
Further research is needed to more conclusively determingpproved by the University of Missouri Animal Care and
the mechanisms driving these e ects and substantiate thesgse Committee.
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