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UOG chemical mixtures disrupt mouse mammary gland

Prenatal exposure to unconventional oil and gas oper ation chemical mixtures
altered mammary gland development in adult female mice
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Unconventional oil and gas operations (UOG), wiiambine hydraulic fracturing (fracking)

and directional drilling, involve the use of hundiseof chemicals including many with endocrine
disrupting properties. Two previous studies exachiméce exposed during early development to
a 23-chemical mixture of UOG compounds (UOG-MIXreoonly used or produced in the
process. Both male and female offspring exposeagtaly to one or more doses of UOG-MIX
displayed alterations to endocrine organ functioth serum hormone concentrations. We
hypothesized that prenatal UOG-MIX exposures wauidlarly disrupt development of the
mouse mammary gland. Female C57BI/6 mice were @tptmsapproximately 3, 30, 300 or
3000ug/kg/day UOG-MIX from gestational day 11 to birtkithough no effects were observed
on the mammary glands of these females prior t@giypbin early adulthood, females exposed to
300 or 300Qug/kg/day UOG-MIX developed more dense mammary epahducts; females
exposed to dg/kg/day UOG-MIX had an altered ratio of apoptdsigproliferation in the
mammary epithelium. Furthermore, adult females fedndOG-MIX-treated groups developed
intraductal hyperplasia that resembled terminallamds, i.e., highly proliferative structures
typically seen at puberty. These results suggestiie mammary gland is sensitive to mixtures
of chemicals used in unconventional oil and gaslpecton, at exposure levels that are
environmentally relevant. The impact of theseifigd on the long-term health of the mammary
gland, including its lactational capacity and iskrof cancer, should be evaluated in future
studies.
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Prenatal exposure to a mixture of chemicals used in unconventional oil and gas operations resulted in
abnormal mammary morphology including intraductal hyperplasia resembling terminal end buds

I ntroduction

Unconventional oil and gas operations (UOG) combimgraulic fracturing (fracking) and
directional drilling. These techniques were devebb collect deposits of oil and natural gas
found in deep underground shale beds in low peritigadpeologic formations (1). During the
fracking process, a mixture of water and chemisaggimped deep into the shale bed under high
pressure, fracturing the reservoir rock and retepdeposits of gas and/or oil, which can then be
recovered at the surface. More than 1000 diffecbetnicals are reportedly used during UOG
operations for a range of purposes including comgsuhat act as bactericides, stabilizers for
the clay in the ground, chemicals that alter foictand fluid viscosity, and others, although each
individual site typically uses only one to two doz# these compounds. During UOG
operations, up to several million gallons of wates injected per well, and a mixture of injected
fluids and target formation water are collecteatizhout the life of the producing well. With
more than 17 million Americans living within onelenof a oil and gas well (2), concerns have

ADVANCE ARTICLE

ENDOCRINE
SOCIETY




Endocrinology; Copyright 2018 DOI: 10.1210/en.2017-00866

been raised about the possibility of contaminatibsurface and groundwater by the released oil
and gas, numerous inorganic compounds that anetdzefrom target geologic layers (e.g. trace
metals, radioactive isotopes, minerals) as wethashemicals used in well injection (3,4).

More than 1000 chemicals have been identified oiréwylic fracturing fluids and waste water
and/or are reported to be used by industry (5,@nybf these chemicals are known
developmental and reproductive toxicants (7). Farrttore, recent evaluations found that more
than 100 of these chemicals are known or suspectédcrine disrupting chemicals (EDCs) (4,8-
10), i.e. compounds that interfere with hormonéoacfl1). Water samples collected in drilling-
dense or UOG wastewater-impacted areas of the dUSii@tes exhibited disruption of the
estrogen, androgen, progesterone, glucocortica tfayroid receptors (4,8,12).

In 2015, Kassotis et al. evaluated 24 chemicalswieae reported by industry as commonly
used and/or produced by UOG operations to deterihthey displayed endocrine disrupting
properties (13). With cell-based reporter geneyassheir study revealed anti-androgenic, anti-
estrogenic, anti-progestogenic, anti-thyroidogemd anti-glucocorticogenic activities for many
of these compounds; when evaluated as mixturegj\adnd in some cases synergistic
antagonism of these receptors was also observesdols et al. then evaluated the effects of a
23-chemical mixture of UOG chemicals (UOG-MIX) orale mice (13); this mixture was
comprised of the 24 chemicals originally assesaksent bisphenol A (BPA), a well-
characterized EDC that has been evaluated at lgmgtiously (14), but which is not directly
used in UOG extraction as reported by industryl@p,Only one of the chemicals included in
this list (Table 1), benzene, was evaluated inveeveof 216 chemicals for carcinogenic effects
in the mammary gland, highlighting the general latknowledge on these chemicals (17). Male
mice exposed to environmentally relevant doses@GLMIX during prenatal development
displayed increased testes weight prior to pubantyin adulthood; decreased sperm counts;
increased serum testosterone concentrations; tardtadns to the weight of additional organs
including the heart and thymus (13). A second stedgaled effects of developmental exposures
to UOG-MIX on the female siblings (18). Exposed &es had alterations to the number and
developmental stages of ovarian follicles measpreat to puberty and in adulthood; weights of
several organs including the uterus, ovary andthesne also affected. Further, serum
concentrations of several hormones were disrupt¢ldese exposed females. These results
suggested the possibility that other hormone-seasitrgans may be disrupted by exposures to
UOG chemical mixtures.

The mouse mammary gland has proven to be an entelledel to study the effects of EDCs
(19-21). Development of the gland is dependentsbrogen, progesterone, prolactin,
testosterone and growth hormone, making it an rated biological endpoint that is sensitive to
agonists and antagonists of different hormone ttecg[f22). Estrogen receptor (ER) is
expressed in the mesenchymal compartment of thedktnd, but its expression shifts to the
epithelial compartment in the adult gland (23).haligh ER knockout mice have mammary
glands that are indistinguishable from wildtypetcols prior to puberty, they are visibly stunted
compared to controls once puberty begins, highhghthe importance of estrogen for growth of
the gland (24,25). Androgen receptor (AR) is abtgpressed in the mesenchyme of the fetal
mammary gland, and testosterone produced by thestesmale fetuses causes the mesenchyme
to condense around the epithelium, detaching thtedium from the skin; thus, male mice
typically do not have nipples (26,27). Anti-androgecompounds can lead to nipple retention in
exposed males (28). Testosterone is likely to leapkysiological role during postnatal
development of the female gland because the mamghamgs of female AR knockout mice
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show impaired ductal growth in postnatal life, cating a role in ductal elongation (29). A wide
range of EDCs including several pharmaceutical aamgs, naturally occurring EDCs, and
industrial compounds with varied modes of actionenlaeen demonstrated to alter the
development of the mammary gland, with effects thaitcally manifest at puberty and in
adulthood, when endogenous hormones induce itstgr(®0,30). Characteristics that are
commonly evaluated to determine the level of dgu@lent — and the disruption of development
by EDCs — include number of branching points, esitamof the ductal epithelium into the
stroma, the number and size of terminal end bul8§£T e.g., highly proliferative epithelial
structures present during puberty), and the presehalveolar buds and lobuloalveolar units
(e.g., structures that will produce milk in lactatifemales), among others (31).

Based on the hormone receptor antagonism of tteh@®ical mixture and the effects this
mixture induced in endpoints relevant to the hyptic-pituitary-gonadal axis in exposed
mice, we hypothesized that prenatal exposureset€)G-MIX would disrupt development of
the mouse mammary gland. Here, mammary glands evaleated in females after gestational
exposure to one of four doses of UOG-MIX. Consisteth our hypothesis, we have
characterized significant effects of this mixturernammary gland morphology in adulthood and
document the presence of hyperplastic lesions.

Materials and M ethods

Animal husbandry & Chemical Administration
C57BL/6J mice were housed in sterile polysulfongesaunder temperature- and light-controlled
(12 h light, 12 h dark) conditions in a barrierraal facility. Mice were fed LabDiet 5053 and
provided acidified watead libitumfrom glass bottles. Ten-week-old mice were matetithe
day of vaginal plug was denoted as gestationalDd&n gestational day 11, dams were
randomized to treatment groups and provided witfedarmental treatments in their drinking
water. Test concentrations included a 0.2% ethaslokle; flutamide, a known anti-androgenic
pharmaceutical (mechanistic anti-androgen cont®f,ug/mL); and four concentrations of the
23-chemical mixture (UOG-MIX), with each individuethemical present at 0.01, 0.10, 1.0, and
10 ug/mL. The composition of the chemical mixture awtrhone receptor antagonist activity
are described in Table 1. Water intake was mordtbseweighing the drinking water bottle
every day of the experiment, and based on intdiemeaal exposures were estimated at 3, 30,
300, or 300Qug/kg body weight/day for the mixtures. These tresattrgroups will be referred to
as MIX-3, MIX-30, MIX-300 and MIX-3000, respectiyelintake of the anti-androgenic control
was estimated at 50 mg flutamide/kg body weight/&dsiter intake did not differ in
experimental groups relative to the vehicle confdalta not shown). Experimental treatments
were provided until birth; dams were then revettedtandard acidified water when pups were
first detected. Litters with <2 males and femalesewemoved from analyses due to concerns of
gestational hormone exposure; litters with >2 males females were left unaltered, as culling
within litters has been shown to alter feeding,aw@br, and physiology of remaining pups (32).
All experimental procedures were performed acca tiinan approved University of
Missouri Animal Care and Use Committee protocol eede in accordance with the National
Research CouncilGuide for the Care and Use of Laboratory Animals
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Tissue Collection

All animals were euthanized by carbon dioxide agption and cardiac puncture, and
mammary tissues were excised. One randomly selésteale pup from each litter was
necropsied on either postnatal day (PND) 21 or PNDB8& both ages, one fourth inguinal
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mammary gland was whole-mounted on a glass siixi] in neutral buffered formalin
overnight, and processed for carmine staining ugigpcols described previously (33). Whole
mounts were preserved in K-pax sealed bags withyhsalicylate. The contralateral fourth
inguinal mammary gland was formalin fixed for 24ihg washed in phosphate buffered saline
and stored in 70% ethanol for histological evahuati

Morphological Analysis of Whole Mount Mammary Glands
Whole mounts were imaged using a Zeiss dissectiogeswith AxioCam HRc digital

camera. For analyses of the pre-pubertal mammanddlPND21), images were captured of the
full ductal tree and its position relative to thentral lymph node. The following measurements
were made using methods developed previously {8&)l ductal area, measured by quantifying
the area subtended by ducts; ductal extension tifjedras the furthest growth of the ductal tree
measured from the center of the lymph node; andoenmf branching points, counted
throughout the entire gland. No animals had visieteninal end buds (TEBs) so these structures
were not quantified.

For analyses of the adult gland, two pictures waken, one of the entire mammary gland (at
3x magnification) and one anterior to the centyaiph node (at 13.5x magnification); the
former was used to evaluate the presence of TEBslikuctures and the latter image was used
for unbiased stereological evaluations using ZEMgimg software (Zeiss). Briefly, to quantify
the volume fraction of epithelial structures, a J&int grid was superimposed over each anterior
photo. The structure that fell on each crosshag eaunted; individual epithelial structures that
were evaluated included ducts (when the crossiitaindmiddle of a duct), terminal
ducts/terminal ends (when the crosshair hit a bémok of a duct), and alveolar buds (34). The
volume fraction of each type of structure was dalad by counting the number of crosshairs
that hit each structure divided by the total numifesrosshairs hitting mammary tissue
(typically 130). Volume fraction of all epitheliumas calculated by summing all epithelial
structures (ducts, terminal ends, and alveolarouds
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Excison of Mammary Tissue from Whole Mounts

For whole mounts which displayed unusual or TER-kkructures, small areas of the gland
including these abnormal structures were excisedjwsscalpel and dissecting scope. The
remainder of the whole mount was then re-baggatjusiethyl salicylate. Excised parts of
whole mounts were washed, processed through a sdraécohols, embedded in paraffin, and
sectioned using the methods described below. Adgitiareas from whole mounts with normal
appearances were also excised for use as costsakes. All excised tissues were coded so that
additional analyses could be conducted by expetiengiblind to their origin (e.g., unusual /
normal).

Histological Evaluation

One mammary gland from each sample was processmaph a series of dehydrating
alcohol washes and embedded in paraffin under vacytm sections were produced using a
rotary microtome and placed on Superfrost poskieblarged slides (Fisher Scientific). This
process was also used to evaluate excised tissmewhole mount mammary glands. For
histological evaluations, sections were deparaédiin xylene and rehydrated in a series of
alcohol washes. They were then stained using Hatesatoxylin and Eosin (Fisher Scientific),
dehydrated through an alcohol series, washed gneyland mounted using a permanent
mounting medium (Fisher Scientific). Slides weramined using a Zeiss Observer Z1 inverted
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light microscope at 40x magnification. Images waaptured using an AxioCam HRc digital
camera and evaluated with ZEN imaging softwareg@)dor the presence of hyperplastic ducts.

Immunohistochemistry

Immunohistochemical analysis for estrogen recefii®)a and Ki67, a marker of proliferation,
were performed as previously described (34). Pyraatibodies were used at 1:1000 (ER
Millipore, Cat #06-935; Ki67, ThermoFisher ScieittifCat#9106-S1; see Table 2). For
feasibility reasons, samples were examined in éméral, MIX-3 and MIX-3000 groups only;
these groups were selected to evaluate a wide @rdpses. Samples were visualized using a
Zeiss Observer Z1 inverted light microscope at d@gnification and images captured using an
AxioCam HRc digital camera. Images were analyzeéadgu8EN imaging software (Zeiss). For
each sample, two or three fields of view were getbarbitrarily (depending on the size of
epithelial ducts) and imaged at 40x; expressiomagh marker was quantified in all ducts within
these images. At least 200 epithelial cells wesessed for each antigen; each cell was counted
as either positively expressing the marker of egefbrown due to diaminobenzidine, the
colorometric reaction used to visualize immunoldk@mical reactions) or no expression (blue,
hematoxylin counterstain).

TUNEL Assay

The Trevigen TACS 2 TdT-DAm situapoptosis detection kit was used for detection of
apoptotic cells in mammary tissue sections. All gi@swere counterstained with Harris’
hematoxylin, dehydrated, mounted with a permaneninting medium and imaged with a Zeiss
Observer Z1 inverted light microscope at 40x magaiion. Quantification of TUNEL was
completed in two or three fields of view selecteuitaarily; all ducts within these images were
evaluated. At least 200 epithelial cells were assgseach cell was counted as either TUNEL
positive (brown due to diaminobenzidine, the cahoedric reaction used to visualize TUNEL
reactions) or no expression (blue, hematoxylin ¢enstain).

Statistical Analysis

The SPSS statistical software package v22 wasfosedl statistical analyses. ANOVA
followed by Fisher’s post hoc tests were used sessdifferences between control and UOG-
MIX treatment groups for each age (PND21 and PNDBBependent-samples T-tests were
used to compare control and flutamide-treated gg@8p). A chi square test was performed to
compare the incidence of hyperplasia in the mammkayd epithelium of control and UOG-
MIX-exposed animals. To account for litter effecnaly one animal was selected from each litter
for each age evaluated. For all statistical testylts were considered significanpat 0.05. All
results are presented as mean + S.E.M. and theysoliected and analyzed by experimenters
blind to treatment.
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Results

Prepubertal mammary gland mor phology was not altered by developmental exposureto UOG-MI X
Mice were exposed to vehicle or one of four doges28-chemical mixture (UOG-MIX) during
gestation. To determine the effects of UOG cherioalthe female prepubertal mammary
gland, morphological evaluations were first conddcit PND21. TEBs were not present in any
glands from any treatment group, consistent wiéhpie-pubertal stage of mammary gland
development (Figure 1A and data not shown). Morpgtoimevaluations revealed an inverse
association between treatment and total ductal(@egasmaller epithelial trees in UOG-MIX-
treated females), although there were no statitisgynificant differences in this growth
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parameter between controls and UOG-MIX-treatmdrigufe 1B). Flutamide-treated females
had significantly smaller ductal trees comparedawotrols (p<0.05, Independent Samples T-test,
Figure 1B). Ductal extension and the total numbidaranching points were not different in any
treatment groups including the flutamide-treateddkes (Table 3). Collectively, these data
suggest that prenatal exposure to the 23-chemiicélira did not alter morphological features of
female mammary glands prior to puberty.

Adult mammary gland mor phology was alter ed by developmental exposureto UOG chemical
mixtures

Increased volume of ducts and epithelial compartmen

Unbiased stereological methods revealed treatngdated effects on mammary gland
morphology in early adulthood (PND85, Figure 2Agntales exposed to MIX-300 had
significantly more ducts compared to vehicle-trdatentrols (p<0.05, Fisher’'s posthoc test,
Figure 2A,B) and a trend for an increase was aen 1 females exposed to MIX-30 and MIX-
3000 (p<0.1, Fisher’s posthoc test, Figure 2A,B)Iuvhe fraction of total mammary epithelium
was significantly increased in females exposed B§-BD0 and MIX-3000 (p<0.05, Fisher’'s
posthoc test, Figure 2A,C). Neither of these patarsavere significantly altered by flutamide
treatment. Alveolar buds were not observed in fesaf any treatment group (Figure 2A and
data not shown).

Increased proliferation:apoptosis ratio.

Growth of the mammary epithelium is dependent balance of proliferation (to extend ductal
structures into the mammary fat pad) and apop{tsisroduce hollow ducts capable of
transporting milk) (36). To quantify apoptosis iretepithelium of the adult female mammary
glands, TUNEL staining was used to compare contMIX-3, MIX-3000 and flutamide-treated
mice. No statistically significant changes in TUNEkorporation were seen in MIX-3 and
MIX-3000 females (Figure 3A,B). There was a bornaerkignificant decrease in TUNEL-
positive cells in the flutamide treated group (@82, Independent Samples T-test, Figure 3B).

We next evaluated proliferation in the mammaryhegitim using antibodies for Ki67, a
marker of proliferation. Although proliferation lels were low, as expected for adult mammary
glands, we observed statistically significant effeaf the 23-chemical mixture on the number of
cells expressing Ki67 in the MIX-3 group (p<0.0%sHer’s posthoc test, Figure 3A,C); females
from the MIX-3 group had 427% more Ki67 positivéeleeompared to controls. The MIX-3000
treatment group had 54% more Ki67 positive cell®gared to controls, although these
differences were not significant. Ki67 expressiamswot altered by flutamide (Figure 3C).

We evaluated the ratio of proliferation:apoptosisontrol, MIX-3, MIX-3000 and
flutamide-treated females. We found a striking, @9rcrease in the proliferation:apoptosis ratio
in the MIX-3 treatment group (p<0.05, Fisher’s ost test), and non-significant increases in the
MIX-3000 group (131%) compared to controls (Fig8E. No effect on the
proliferation:apoptosis ratio was observed in finide-treated females (Figure 3D).

ERa expression tended to be associated with develgaig®G-MIX treatment.

EDCs have been shown to not only bind to hormooept®rs, but also to alter expression of
hormone receptors in a dose-, age- and tissuefgp@enner (37). We next asked whether
developmental exposures to fracking chemicals walilt expression of ERin the mammary
epithelium. We observed a general increase in Epression with increasing UOG-MIX dose,
although these differences were not statisticafjgiBcant (Figure 3A,E). Flutamide also did not
affect the percentage of epithelial cells exprag&iRo (Figure 3E).
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TEB-like intraductal hyperplasia in mammary glaradter developmental mix treatment.

A striking observation made during the morpholobassessment of the adult (PND85)
mammary glands was the appearance of structuresefembled TEBs (Figure 4). These TEB-
like structures were not observed in control feméleable 4). The unusual structures were
excised from whole mount mammary glands and furtharacterized using histological and
immunohistochemistry tools (Figure 5). H&E stainmegealed ducts with excessive layers of
epithelial cells, consistent with intraductal hyplesia (Figure 5A). These TEB-like lesions were
highly proliferative: >40% of epithelial cells iesions were Ki67 positive compared with <4%
of epithelial cells in normal ducts collected frone same animals or ducts excised from control
females (Figure 5A,B). ElRexpression was also higher in many, although hoabdfathe excised
lesions (Figure 5A,C). Collectively, these ressliggest that the retained TEB-like structures
are highly proliferative intraductal hyperplasibattare likely to be estrogen-responsive.

Discussion

We examined the effects of exposure to a mixtur23oéhemicals that are used in
unconventional oil and gas extraction, the majarsityvhich were previously shown to exhibit
antagonistic properties on one or more hormoneptece[(13) and Table 1] including the
estrogen, progesterone, and androgen receptorabo®1, 20, and 11 of these chemicals were
previously demonstrated to antagonize human ER,ahR,PR, respectively, in a reporter gene
assay in human endometrial cells (See Table luimnsary). Here, we show for the first time
that the mouse mammary gland is sensitive to dewsmtal UOG-MIX exposure, with dose-
specific effects on tissue morphology (after expesa MIX-300 and MIX-3000), cell
proliferation (after exposure to MIX-3), and theluttion of unique intraductal hyperplasias
(observed in all MIX groups). Importantly, the effe that were observed in this study occurred
at low doses; the two lowest dose groups (MIX-3 sihd-30) are equivalent to the
concentrations measured in drinking water in regjiexperiencing drilling while the highest
dose group (MIX-3000) is equivalent to the concatins of many UOG-MIX components
measured in industry wastewater (4,13,18,38).dukhbe noted that concentrations for several
of the 23 chemicals in the UOG-MIX used here hanteyet been determined in either drinking
water or wastewater

The mammary gland is a hormone-sensitive organshrasponsive to multiple endocrine
inputs during early development. Testosterone hascue role in establishing the sexually
dimorphic development of the mouse mammary glagg2{@ but is not thought to play a role in
the female, or postnatally. AR expression remaigk m the mammary stroma until birth
(26,39), suggesting that UOG-MIX exposures coutdcfmammary development via actions at
this receptor. Importantly, although some endpoivese similarly affected (e.g., retention of
TEBS), other effects of UOG-MIX exposures we obedriiere were distinct from the effects of
flutamide, suggesting that the UOG mixture maywotking through an anti-androgenic
mechanism as we originally hypothesized. To date,dtudies have evaluated the effects of
prenatal exposures to anti-androgenic chemicatb®@female mammary gland; most studies of
anti-androgens have examined their effects on wf&ering including nipple retention and
other disruptions to mammary gland morphology feeexample (40-42)]. These studies
suggest that evaluations of mammary glands in mée exposed to UOG mixtures are a
priority. A better mechanistic understanding of dfiects of AR antagonists on the female
mammary gland, including a wider range of expostodhitamide, is also needed.
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Previous studies of other EDCs have shown few &fige the female gland at pre-puberty
(33,43) suggesting that the most obvious effecBRECs manifest visibly only after the onset of
ovarian hormone production. In support of this,observed striking effects of developmental
exposure to UOG chemical mixtures in the adult femn@ammary gland (at PND85). Not only
were mammary glands more developed in UOG-MIX-g@atdult females, as indicated by the
increased volume fraction of epithelium (Figurel®#)t UOG-MIX treatment also altered ratios
of proliferation and apoptosis (Figure 3), cellgraeters that are important for dictating the
growth and function of the mammary gland (33,44,M8)rmal growth of the mammary
epithelium is dependent on a balance of proliferatto extend ductal structures into the
mammary fat pad) and apoptosis (to produce hollogtsicapable of transporting milk) (36),
thus disruptions to these cellular features couddlispose animals to mammary gland diseases
(e.g., cancer) or abnormal functions (e.g., disamgtto lactation). Additional studies are needed
to evaluate these outcomes in UOG-MIX treated fesmalhe significant alterations to the
apoptosis: proliferation ratio suggest that the mmamy glands from UOG-MIX treated females
may continue to manifest complex hyperplastic amdneoplastic lesions in later adulthood;
additional studies are needed to evaluate thisiubigs

We were also surprised to see TEB-like hyperpldstions in mammary glands collected
from mice in UOG-MIX-treatment groups as well as flutamide-treated animals (Figure 4).
Other EDCs have also been shown to induce developoféntraductal hyperplasias, although
these typically have a ‘beaded duct’ rather thaB-Tike appearance (34,46,47). TEBs are a
characteristic structure of glands undergoing piyl@5,48); these highly proliferative
structures drive the growth of the mammary epithrelinto the surrounding fat pad. Once the
epithelial tree is fully formed, TEB structuresede and are not seen in adult glands (19,49).
One possibility is that UOG-MIX exposure duringlgdife delays the appearance of TEBs, and
thus their presence in the glands of adult migedgative of a shift in the timing of puberty.
Although the timing of vaginal opening and the aférst vaginal estrus were not affected by
UOG-MIX exposure (18), the timing of pubertal grovih the mammary gland involves distinct
events (50). Alternatively, it is possible that threing of mammary puberty is unaffected by
UOG-MIX exposures, but the retention of TEBs isizadive of failure to progress to blunt
ductal ends. Thus, the presence of TEBs may bgneted as diminished development of the
mammary gland in UOG-MIX-treated groups, in corttkaish the effects of these chemical
mixtures on epithelial density, which are more dstesit with advanced development of the
gland (Figure 2). EDCs have previously been shanpréduce competing effects on growth
parameters in the mammary gland, including somieattheance one aspect of development while
seeming to delay other developmental landmarks @&iligies of BPA, for example, have shown
that developmental exposures can both decreasal @x¢eénsion (growth) and increase the size
of TEBs (33,44,52-54). These results are consistéhtthe two competing roles that hormones
such as estrogen can have in the developing glacidding its ability to promote proliferation
of some mammary epithelial cells while also indgcipoptosis of other mammary epithelial
cells inside the duct, allowing the lumen to fo55,66). TEBs are one of the sites where cancers
are thought to arise, thus delays in TEB recessiay increase the gland’s sensitivity to
carcinogens (51,57). Future studies are needeetéordine if these TEBs are retained into later
adulthood, and if prenatal UOG-MIX exposures inseethe sensitivity of the gland to
carcinogens.

The mammary gland provides emvivotool to evaluate the effects of EDCs with different
modes of action, including chemicals administeredhatures. To datén vivo studies of EDC
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chemical mixtures have been limited, with even feaeamining mammals [examples include
(58-60)].In vitro studies have suggested that compounds with a simdade of action can have
additive effects, including some xenoestrogen meduhat have been described as producing
“something from nothing” (61-63). Assessment of thigture of 23 chemicals assessed herein in
human endometrial cells demonstrated synergissigareses for ER and thyroid receptor
antagonism, and less than additive effects for AR glucocorticoid receptor antagonism (13).
Other groups have found that the toxic effectseasftigides are compounded when examined as
formulations rather than when studying only thecalbed active ingredient (64), suggesting that
novel insights may be gained from examining chehmdatures that would not be detected, or
even anticipated, from examining the mixture conguas individually. Concerns have been
raised that any effects that are observed aftevsxes to mixtures are difficult to evaluate
mechanistically because they cannot be attribwtehy single component of the chemical
mixture unless all individual components are alsal@ated. Yet, it is worth noting that humans
are exposed to chemical mixtures rather than sicwyigpounds, and thus the study of mixtures
in laboratory animals may provide better understagdf the human condition (65).

To date, more than 1000 different chemicals haes lbeported for use during
unconventional oil and gas extraction (5). Priodgts have shown that prenatal exposure to this
same 23-chemical mixture induced adverse healitomgs in the male offspring (the brothers
of the females examined in the current study) (E@jthermore, other endocrine organs were
affected in the females examined in this study el & alterations to serum hormone
concentration including decreased pituitary hornsdad, prolactin, and FSH, among others
(18). Decreased pituitary hormone concentrationgdcmfluence mammary gland health,
including development of the gland during pregnaacyendpoint that deserves future attention.

Determining whether mixtures of fracking chemicafiect human populations is an
important goal, particularly as the number of drdlsites continues to increase (66). A recent
systematic review evaluating the strength of thta ftar the association between conventional
and unconventional oil and gas operations and hue@oductive outcomes found moderate
evidence for an increased risk of preterm birthsaairiage, birth defects, decreased semen
quality and prostate cancer (67). The evidencaroassociation between UOG operations and
breast cancer, or other diseases of the breastjmenmadequate. The results from our study
suggest that longitudinal studies, evaluating woegrosed to UOG chemical mixtures during
early life, are needed to address this data gap.

Future studies are needed to evaluate the mangiaddichemicals used in and produced by
UOG processes, to better quantify the concentratodrthese and other contaminants in
environmental samples, and to assess the effeetgpokures during other sensitive windows of
development including pregnancy/lactation, pubehyd in the aging female. Future studies
should also evaluate whether developmental UOG-MEdtments can sensitize animals to
hormones or carcinogens, as would be expectednalés with retained TEBs. For mechanistic
insights, additional examination of some of theivictlal components in the fracking chemical
mixture may be warranted.
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Figure 1. No significant effects of developmental exposuresto fracking mixtureswere
observed on mor phology of the pre-pubertal mammary gland. A) Examples of whole mount
mammary glands from vehicle, MIX-3000 and flutamideated females. Lymph node is
indicated by (LN). Scale bar = 0.5 mm. B) Quanéfion of ductal area suggests an inverse
relationship between UOG-MIX-treatment and ductabaalthough this difference was not
statistically significant. The flutamide-treatedfales had significantly smaller ductal trees.
p<0.05, Independent Samples T-test, comparing alosuid flutamide-treated femalesuthors
request online publication in color, print publigan in B&W.

Figure 2. Prenatal UOG-M I X-treatment induces increased epithelial density in female
mammary glands at adulthood. A) Example whole mount mammary glands (13x
magnification) from control, MIX-300 and MIX-3000satment groups on PND85. Vehicle-
treated females have the least dense mammary kyoithé&lote that alveolar buds were not
observed in any treatment group. B) Volume fracbbducts and C) volume fraction of all
epithelium was increased in UOG-MIX-treated groups:0.05, Fisher's posthoc te§p<0.1,
Fisher’'s posthoc tesfuthors request online publication in color, prpublication in B&W.
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Figure 3. Apoptosis, proliferation, and proliferation:apoptosisratiosare altered in UOG-
M1X- and flutamide-treated females. A) Examples of TUNEL and immunohistochemistries
for Ki67 and ER in mammary gland sections from control, MIX-3, MBOOO and flutamide-
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treated females. Positive cells are indicated dyareows. Scale bar (bottom right panel) = 20
um. B) Quantification of TUNEL incorporation in epélium from vehicle, MIX-3, MIX-3000

and flutamide-treated females reveals a dose-depe@crease in the percent of epithelial cells
undergoing apoptosis. C) Quantification of Ki6éarker of proliferation, in epithelial cells. D)
Significant alterations to the ratio of cell preli&tion and cell death were observed in both MIX-
3 and MIX-3000 treatment groups and the flutammeated group. E) Quantification of the
percentage of mammary epithelial cells expressiRg. Ep<0.05, Fisher’'s posthoc testp<0.1,
Independent Samples T-test, comparing control nanide-treated femaleg\uthors request
online and print publication in color.

Figure 4. TEB-like structures observed in whole mount mammary glands from prenatally
UOG-MI X-treated females on PND85. A) Micrograph of whole mount mammary gland from a
control animal with typical terminal ducts. Thedertt ends (indicated by arrowheads) are the
normal structures observed at the ends of duceslyfhph node is indicated by ‘LN’. B) These
examples illustrate the TEB-like structures thatenexcised from whole mounts from UOG-

; MIX- and flutamide-treated females. Arrows indicatenormal structures. Treatment groups for
o the individual females are indicated on each pakgthors request online publication in color,
— print publication in B&W.
o)
c Figure5. Histological and immunohistochemical evaluation of TEB-like structures excised
‘o from UOG-MI X-treated females. A) Representativiesions from three MIX groups (lesion
W 1:MIX-30, lesion 2:MIX-3 and lesion 3:MI1X-300) wemrsraluated using H&E staining and
o immunohistochemistry for Ki67 (a marker of prolééon) and ER. B) Quantification of Ki67
© in excised TEB-like structures compared to Ki67respion in other regions of the same glands.
c C) Quantification of ER in excised TEB-like structures compared tooERRpression in other
LL regions of the same glandsithors request online and print publication in@ol
L'u' Table 1. Chemicals in the UOG mixture and hormauweptor antagonist activity, as
demonstrated in (13
. (13)
O Receptor
Chemical Name Antagonist Activity
T ER |AR |PR | TR |GR
I_ 1,2 - Trimethylbenzen
m 2-(2-Methoxyethoxy) ethanol X X X
2-Ethylhexanol | X X X X
< 2-Methyl-4-isothiazolir-3-one X X X
Acrylamide X
LLI Benzene X X
O Bronopol X X X X
Cumen: X X X
Z Diethanolamine X X X
< Ethoxylated nonylphenol X X X X X
Ethoxylated octylphen X X X X X
> Ethylbenzen X X
D Ethylene glycol X X X X X
Ethylene glycol monobutyl ether X X X
< Naphthalen X | x [ X [x [X
N,n-dimethylformamid X X X
Phenol X X X
= Propylene glycol X
iil Sodium tetraborate decahydi X X
Styrene X X X
Toluene X X

LL
e
5o
0)0)
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z
]
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| Triethylene glycol | x ] x ] | [ |
X indicates the presence of receptor antagonistigcas measured via transiently transfected regarene assays
in human cells.

Table 2. Required Table of Information about Anties

Peptide/ Antigen Name of Manufacturer, Species Raised in RRID Dilution Used
Protein Sequence (If Antibody Catalog No., or Name | Monoclonal or
Target Known) of Source Polyclonal
ERo Anti-Estrogen Millipore, 06-935 Rabbit; polyclonal] AB_31030 10
Receptom
(C1355)
Ki67 Ki67 Thermo Fisher Rabbit; AB_149792 | 1:1000
Scientific, RM-9106- | monoclonal
S1
Secondary Biotinylated Gogt abcam, ab64256 Goat; polyclonal AB_26618%Ready to use
Anti-Rabbit IgG 2 (5ug/ml)

Table 3. UOG-MIX treatment did not alter growth qaueters in the pre-pubertal mammary

gland
Ductal extension (mm)? Number of branching points
Control (n=6) -13.64 +1.07 25.0+2.2
MIX-3 (n=8) -14.19 + 0.96 249+2.1
MIX-30 (n=5) -12.96 + 0.43 20.8+2.3
MIX-300 (n=6) -15.74 + 1.46 25.7+25
MIX-3000 (n=6) -13.88 + 0.34 26.2+24
Flutamide (n=9) -14.03 + 0.84 209+1.4

#Negative values for ductal extension indicate ductes that have not yet grown past the centraply node

Table 4. Presence of TEB-like structures in cordrdlOG-MIX-treated females

>
o
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