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ABSTRACT 2!

 3!
The proper and unimpeded function of hormones is essential for normal 4!

development, maturation, and prevention of chronic diseases. Exposure to many 5!

individual chemicals has been linked to adverse outcomes in humans, wildlife, 6!

and laboratory animals. Endocrine disrupting chemicals (EDCs) are exogenous 7!

chemicals that have been found to disrupt a number of receptor systems; 8!

disruption of nuclear receptor systems are better described than most and 9!

adverse outcomes have been associated with exposure at environmentally 10!

relevant levels. This body of work discusses a novel source of exposure to 11!

EDCs: unconventional oil and natural gas extraction operations utilizing hydraulic 12!

fracturing. This process uses and liberates EDCs and can contaminate water. 13!

Twenty-four hydraulic fracturing chemicals were tested for agonist and antagonist 14!

activities for five nuclear receptors. Twenty-three chemicals could disrupt one or 15!

more receptors with the majority of the chemicals antagonizing normal function. 16!

Subsequently, elevated estrogen and androgen receptor activities were 17!

measured in surface and ground water from drilling-dense sites with known spills, 18!

suggesting a route of potential human exposure. Lastly, potential adverse health 19!

outcomes following exposure to EDCs from oil and gas operations were tested 20!

with a gestational exposure model. Following gestational exposure to a mixture 21!

of these chemicals in drinking water, male mice exhibited increased body 22!

weights, organ weights, and decreased sperm counts. In total, this work 23!

highlights a novel route of exposure to EDCs and suggests a potential threat to 24!

human and animal health in areas where these operations occur. 25!
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– CHAPTER 1 – 26!

INTRODUCTION TO ENDOCRINE DISRUPTING CHEMICALS, 27!
UNCONVENTIONAL OIL AND GAS EXTRACTION, SOURCES OF WATER 28!

CONTAMINATION, AND MIXTURES 29!

 30!

Introduction 31!

 32!

A novel source of human and animal exposure to endocrine disrupting chemicals 33!

(EDCs) is through their use in unconventional oil and gas extraction operations, 34!

particularly those utilizing hydraulic fracturing. EDCs are exogenous compounds 35!

that have the ability to disrupt development and normal hormone action through 36!

directly interacting with hormone receptors as agonists/antagonists or indirectly, 37!

e.g., by altering endogenous hormone concentrations, delivery to receptors, 38!

modulation of endogenous hormone responses, enzyme activities, or other 39!

mechanisms (1-3). EDCs can exhibit effects at extremely low, environmentally 40!

relevant concentrations, particularly during sensitive windows when exposure 41!

can alter normal development and result in adult disease (4-9).  42!

 43!

The proper and unimpeded function of hormones is essential to normal 44!

development, maturation, and prevention of chronic diseases, with exposure to 45!

many individual chemicals being linked with adverse outcomes in humans, 46!

wildlife, and laboratory animals (5,10,11). While EDCs have been found to 47!

disrupt a number of receptor systems, disruption of nuclear receptors is better 48!

described than most and has documented adverse outcomes at environmentally 49!

relevant levels (Figure 1). Chemicals that disrupt estrogen signaling have been 50!
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linked to impaired fertility, increased cancer incidence, and impaired reproductive 51!

development (12-15). Chemicals that disrupt androgen signaling have been 52!

linked to impaired fertility, hypospadias and cryptorchidism, and other 53!

reproductive tract deformities (16-19). Chemicals that disrupt progesterone 54!

signaling have been linked to behavioral modifications, increased cancer 55!

incidence, and impaired fertility (20-22). Chemicals that disrupt glucocorticoid 56!

signaling have been linked to metabolic syndrome, neurological issues, and 57!

immune disorders (23-25). Chemicals that disrupt thyroid signaling have been 58!

linked to impaired neurodevelopment and behavioral modifications (26-29). All of 59!

these receptor systems impact numerous other endpoints, and interactions 60!

between some of these receptors have been previously described (30-34). 61!

 62!

Unconventional Oil and Natural Gas Extraction 63!

 64!

While hydraulic fracturing technologies have been developed over the last 65 65!

years, they have only recently been combined with horizontal drilling to unlock 66!

vast new oil and natural gas reserves around the globe that were previously 67!

deemed either inaccessible or unprofitable (35,36). In this process, drilling begins 68!

vertically and then turns either horizontally or directionally to target a shale or 69!

coal bed layer up to a mile or further underground. The drilling then proceeds for 70!

more than a mile in a targeted direction to maximize penetration into the target 71!

layer. In hydraulic fracturing, millions of gallons of water, tens of thousands of  72!

 73!

 74!



!

! 3 

 75!

Figure 1. Common Receptor-Mediated Adverse Outcomes. Common 76!

hormone receptor-mediated adverse health outcomes known to be associated 77!

with exposure to endocrine disrupting chemicals interacting with a given nuclear 78!

receptor.  79!

  80!
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gallons of chemicals, and suspended solids are injected into the ground under 81!

high pressure (Figure 2). This serves to fracture the shale or coal bed layer and 82!

release trapped natural gas or oil, allowing for increased well production. While 83!

these technologies have dramatically increased domestic oil and natural gas 84!

production, they have also raised concerns for the potential contamination of 85!

local water supplies with the chemicals and wastewater used.  86!

 87!

Following the initial injection of the water and chemical mixture into the well to 88!

generate fractures, a portion of the injected volume returns to the surface 89!

immediately and is termed “flow-back”. This wastewater consists of water and 90!

chemicals used for fracturing as well as some naturally occurring compounds 91!

and minerals from the shale layer (Table 1; 37,38). The remaining fluids either 92!

permeate into the shale or coal bed formation and/or return to the surface over 93!

the life of the producing well, termed “produced water” (Figure 2). These fluids 94!

contain fracturing fluids remaining underground from injection, naturally occurring 95!

salts, radioactive materials, heavy metals, and other chemicals from the shale 96!

formation such as polycyclic aromatic hydrocarbons, alkenes, alkanes, and other 97!

volatile and semi-volatile organic compounds (39-42). Wastewater is disposed of 98!

via injection wells, open evaporation pits, landfills, treatment plants, through on- 99!

site burial, being spread over road or fields, and/or is treated and reused in future 100!

hydraulic fracturing operations (36,37,43,44). Treatment of wastewater for reuse 101!

or disposal varies via geological region due to differing chemical compositions, 102!

and may include biological treatment, filtration or aeration steps, and/or reverse- 103!
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 104!

 105!

Figure 2. Hydraulic Fracturing Process and Potential Contamination 106!

Routes. Pictorial representation of the hydraulic fracturing process and potential 107!

routes of contamination for surface and ground water.  108!

All credit for image creation to the Checks and Balances Project; text adapted for 109!

our purposes.  110!

  111!
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Table 1. Functional categories of hydraulic fracturing chemicals 112!

Category of 

Chemicals 

Description of technical hydraulic 

fracturing  

use for this category of chemicals 

Specific Compound 

Example(s) 

Acids To achieve greater injection ability or 

penetration and later to dissolve minerals 

and clays to reduce clogging, allowing gas 

to flow to the surface. 

Hydrochloric acid 

Biocides To prevent bacteria that can erode pipes 

and fittings and break down gellants that 

serve to ensure that fluid viscosity and 

proppant transport are maintained.  

1-methyl-4-

isothiazolin-3-one, 2-

Bromo-2-

nitropropane-1,3-diol 

(bronopol), 

glutaraldehyde 

Breakers To allow the breakdown of gellants used to 

carry the proppant, added near the end of 

the hydraulic fracturing sequence to 

enhance flowback. 

Ammonium 

persulfate, 

magnesium peroxide 

Clay 

stabilizers 

To create a fluid barrier to prevent 

mobilization of clays, which can plug 

fractures. 

Tetramethyl 

ammonium chloride, 

sodium chloride 

Corrosion 

inhibitors 

To reduce the potential for rusting in pipes 

and casings. 

Ethoxylated 

octylphenol and 
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nonylphenol (4-

nonylphenyl 

polyethylene glycol), 

isopropanol 

Crosslinkers To thicken fluids, often with metallic salts, 

in order to increase viscosity and proppant 

transport.  

Ethylene glycol, 

sodium tetraborate 

decahydrate, 

petroleum distillate 

Defoamers To reduce foaming after it is no longer 

needed in order to lower surface tension 

and allow trapped gas to escape.  

2-ethylhexanol, oleic 

acid, oxalic acid 

Foamers To increase carrying capacity while 

transporting proppants and decreasing the 

overall volume of fluid needed. 

2-butoxyethanol, 

diethylene glycol 

Friction 

reducers 

To make water slick and minimize the 

friction created under high pressure and to 

increase the rate and efficiency of moving 

the hydraulic fracturing fluid.  

Acrylamide, 

Ethylene glycol, 

petroleum distillate, 

methanol 

Gellants To increase viscosity and suspend sand 

during proppant transport. 

Propylene glycol, 

guar gum, ethylene 

glycol 

pH control To maintain the pH at various stages using 

buffers to ensure maximum effectiveness 

Sodium hydroxide, 

acetic acid 
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of various additives. 

Proppants To hold fissures open, allowing gas to flow 

out of the cracked formation, usually 

composed of sand and occasionally glass 

or ceramic beads. 

Styrene, crystalline 

silica sand, ceramic, 

graphite 

Scale 

inhibitors 

To prevent build up of mineral scale that 

can block fluid and gas passage through 

the pipes. 

Acrylamide, sodium 

polycarboxylate 

Surfactants To decrease liquid surface tension and 

improve fluid passage through pipes in 

either direction. 

Naphthalene, 1,2,4-

trimethylbenzene, 

ethanol, methanol, 

2-butoxyethanol 

 113!

Categories and uses for commonly applied chemicals throughout the hydraulic 114!

fracturing process with specific chemical examples provided for each class. 115!

Adapted with permission from Colborn et al. 2011: Natural Gas Operations from 116!

a Public Health Perspective. 117!
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osmosis separation (45). 118!

 119!

The process of hydraulic fracturing is exempted from parts of six key federal 120!

regulatory acts that traditionally act to safeguard US water sources, including the 121!

Safe Drinking Water Act and Clean Water Act (36,37,46-48). Due to these 122!

exemptions, individual states with oil and gas activities have been left to 123!

determine environmental regulations. No states require the full disclosure of all 124!

chemicals used throughout the production process, routinely exempting 125!

chemicals considered “trade-secrets” from mandatory disclosure (36-38,49-51). 126!

Consequently, rigorously evaluating potential health impacts from exposure to 127!

these undisclosed chemicals has not been performed.  128!

 129!

Potential Routes of Exposure to Oil and Gas Operation Chemicals 130!

 131!

Water. Oil and natural gas operations can lead to the contamination of surface 132!

and ground water, both sources of drinking water (reviewed in 52-55). 133!

Contamination can occur through spills of chemicals during transport to and from 134!

the fracturing site, the drilling and fracturing processes, improper treatment and 135!

disposal of wastewater, failure of well casings, and from structural issues 136!

surrounding abandoned wells (54,56-59).  137!

 138!

In 2013, spills were reported at 1% of Colorado wells (550/51,000 active wells) 139!

and it has been estimated that 50% of surface spills contaminate ground water 140!

based on data from Weld County, CO (60). An analysis of permitted 141!
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Pennsylvania wells suggests a similar total spill rate of 2% (103/5,580 active 142!

wells; (61). Although all 24 states with active shale reservoirs report spills, 143!

reporting limits and information required vary widely, and only five states require 144!

maintenance of public records for spills and violations (61,62). Given the limited 145!

mandatory reporting, increase in reported spills when reporting limits are more 146!

stringent, and failure of industry to comply with spill reporting requirements, it is 147!

likely that the magnitude of oil and gas operations’ impact on water quality is 148!

significantly underestimated (61,62). Specifically, an analysis in Pennsylvania 149!

found that industry had only reported 59% of documented spills (61). 150!

 151!

Transportation of chemicals for drilling and fracturing to well pads and 152!

wastewater away from well pads poses significant risks for contamination (53). 153!

Spills can occur during transportation through wastewater pipelines in well- 154!

established regions, or more commonly during transfer to trucks at well pads and 155!

during vehicular transport to disposal facilities (44).  156!

 157!

Wastewater is commonly sent to wastewater treatment plants in many areas (44) 158!

that are not able to remove many of the anthropogenic or naturally occurring 159!

compounds present in wastewater from shale operations (63-65). This can result 160!

in the discharge of these compounds into surface water following treatment. 161!

Specifically, radium, barium, strontium, benzene, lithium, iodide, ammonium, and 162!

other oil and gas operation compounds have been reported, in some cases 163!

exceeding threshold regulation limits, downstream of treatment plants (41,66-68). 164!
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 165!

Ground water contamination associated with oil and gas operations has also 166!

been reported (40,55,69-71). This contamination can occur through two main 167!

routes: migration over time of chemicals spilled at the surface or leaking from 168!

containment ponds into ground water and contamination that occurs 169!

underground. For example, an investigation of wastewater pits and 170!

impoundments in the Marcellus Shale region of West Virginia reported numerous 171!

failures, citing lack of maintenance of containment and transport systems as a 172!

major issue (72). Spills that impacted ground water were found to largely be due 173!

to equipment failures and corrosion of pipes and tanks.  174!

 175!

More commonly, surface spills of fracturing fluids can contaminate ground water, 176!

and increased BTEX (benzene, toluene, ethylbenzene, and xylenes) 177!

concentrations have been reported in ground water near surface spills (60,72). A 178!

2011 EPA Draft Report concluded that chemicals used in natural gas operations 179!

had contaminated the ground water and domestic water supply in Pavillion, 180!

Wyoming (69). Gas and heavy metal concentrations have been shown to 181!

increase in drinking water with proximity to natural gas wells (40,70,71,73). 182!

Natural connectivity as a pathway between fractures and shallow ground water 183!

aquifers in the Marcellus Shale has also been reported (39). This work has 184!

suggested migration potential for oil and gas drilling fluids into ground water over 185!

time, which recent work suggests may be due primarily to faulty well casings in 186!

some regions (74). Variable susceptibility to contamination is present across 187!
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shale basins due to differing depths of shale, ground water, and degree of 188!

connectivity between formations (58).  189!

 190!

Air. Oil and natural gas production processes also contribute numerous 191!

contaminants to the air, creating another potential route of exposure for humans 192!

and animals (75-78). Elevated concentrations of volatile organic compounds 193!

(VOCs) such as BTEX, alkenes, alkanes, aromatic compounds, and aldehydes 194!

have been reported near and associated with fracturing operations (79-81). 195!

Potential sources of inhalation exposure for these chemicals include: evaporation 196!

from surface spills of the chemicals and/or evaporation pits, leaks from the wells 197!

and/or collection vessels, flaring at the surface, surface transfers of the product, 198!

and from processing the product to separate water from natural gas and/or oil 199!

(48,75). In many cases, high-level releases of chemicals may be episodic, 200!

requiring constant monitoring to capture such events (82,83). Despite this, 201!

elevated hydrocarbons and other compounds are reported during drilling, 202!

production, and completion from nearby wells (75,76,81), in some cases 203!

exceeding levels observed in heavily polluted inner cities (76). 204!

 205!

Soil. In many areas, particularly in the US, oil and gas operation wastewater may 206!

be spread over agricultural fields, forests, or on roads for de-icing or dust 207!

suppressing purposes. While these chemicals may eventually reach ground 208!

water, particularly in areas with shallow aquifers, soil contamination with these 209!

chemicals represents another potential route of human and environmental 210!
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exposure. Land application with EDCs has been previously characterized, and 211!

due to factors including hydrophobicity, resistance to anaerobic degradation, and 212!

sorption coefficients (84,85), many hormonally-active chemicals (including 213!

fragrances, pesticides, pharmaceuticals, etc.) have been shown to accumulate in 214!

soil over time (84-89). Several studies have now shown that many agricultural 215!

and other plant species can then uptake chemicals applied to soils, potentially 216!

resulting in an additional route of chemical exposure through agricultural 217!

products (90-92).  218!

 219!

Endocrine Disrupting Chemicals and Oil and Gas Operations 220!

 221!

EDC Activity of Chemicals Used in Oil and Natural Gas Operations. A 2011 222!

analysis reported approximately 120 known or suspected EDCs out of 353 oil 223!

and gas operation chemicals with Chemical Abstract Service (CAS) numbers 224!

(35,93,94). Importantly, only half of the 750 known oil and gas operation 225!

chemicals had CAS numbers at that time, which greatly limits the health 226!

assessment for many of the industry-reported chemicals (35), while many other 227!

chemicals remain proprietary information (50,95). For example, recent work 228!

found that 67%, 37%, and 18% of assessed wells were fractured with ≥ 1, 5 or 10 229!

proprietary chemicals (61). Identification of all chemicals used and subsequent 230!

biomonitoring in humans and animals should be considered of premiere 231!

importance. 232!

 233!
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We have tested the estrogen and androgen receptor activities of twelve common 234!

chemicals used in oil and gas operations, selected based on some mention of 235!

endocrine disruption potential in the literature. We identified one estrogen 236!

receptor agonist, eleven estrogen receptor antagonists, and ten androgen 237!

receptor antagonists, with several chemicals exhibiting multiple receptor activities 238!

(94). To our knowledge, this was the first report of direct hormone receptor 239!

activities for the majority of these chemicals, though previous reports of 240!

suspected reproductive effects had been noted for some (96-101). Continuing 241!

work in our laboratory has expanded this investigation to 24 chemicals as well as 242!

exploring the potential for disruption of the estrogen, androgen, progesterone, 243!

thyroid, and glucocorticoid receptors. This work has found that 21, 21, 12, 7, and 244!

10 chemicals acted as agonists or antagonists for the estrogen, androgen, 245!

progesterone, thyroid, and glucocorticoid receptors, respectively. Twenty-three of 246!

these 24 chemicals were found to be able to activate or inhibit one or several of 247!

these receptors (102). 248!

 249!

EDC Activity in Water Near Oil and Natural Gas Operations. We have assessed 250!

the estrogen and androgen receptor activities of water samples collected from 251!

five sites in the drilling-dense region of Garfield County, Colorado that had 252!

experienced industry related spills or preventable discharges (94). These 253!

samples were compared to surface and ground water collected immediately 254!

outside of the drilling-dense region in Garfield County, Colorado, and from a 255!

drilling-absent, more urban region in Missouri. Analysis of these samples 256!



!

! 15 

revealed that surface and ground water from Garfield County spill sites contained 257!

significantly elevated estrogen agonist, estrogen antagonist, and androgen 258!

antagonist activities relative to local and Missouri reference sites (94). 259!

Importantly, independent analytical testing of water from these sites identified 260!

chemicals that have been shown to exhibit these same agonist and antagonist 261!

activities (35,36,93,94). Associated work by other researchers has reported 262!

estrogen agonist and androgen antagonist activities associated with oil sands 263!

wastewater and oil production wastewater (103-106), reinforcing our preliminary 264!

findings. 265!

 266!

Concentration of Oil and Natural Gas Operation Chemicals in Water. Hydraulic 267!

fracturing wastewater is reported to contain hundreds of organic chemicals 268!

(polyethylene glycols, ethoxylated surfactants, BTEX compounds, biocides, 269!

polycyclic aromatic hydrocarbons, aromatic amines, and more), with total 270!

dissolved organ carbon as high as 5.5 g/L and many individual compounds 271!

present at >500 mg/L and up to g/L concentrations (87,107-109). This is 272!

consistent with our preliminary report of VOCs at mg-g/L concentrations in 273!

produced water samples from Colorado (102). A recent report analyzed publically 274!

available data on FracFocus, an industry disclosure website, and reported 275!

benzene at up to 4.1%, and naphthalene and ethylbenzene at up to 0.45% of 276!

total fracturing fluid volume, resulting in mg/L concentrations for these and other 277!

chemicals (110). 278!

 279!
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Surface spills have been found to contaminate ground water with oil and gas 280!

operation chemicals (60). Groundwater at surface spill sites contained 1400, 281!

2200, 190, and 2600 µg/L benzene, toluene, ethylbenzene, and xylene, 282!

respectively, and these concentrations decreased over time and distance from 283!

the spill sites (60). As some of these chemicals have been shown to disrupt 284!

multiple hormone receptors in vitro at concentrations in the µg/L range, these 285!

ground water samples contain concentrations within the bioactive range in our 286!

reporter gene assays (94). To date, there are few comprehensive analyses of oil 287!

and gas operation-derived chemicals in drinking water samples. 288!

 289!

Environmental Presence of Hormonally Active Chemicals. In addition to EDCs 290!

used and produced by oil and gas operations, both naturally occurring and 291!

anthropogenic chemicals contribute to EDC agonist and antagonist activities in 292!

surface and ground water (111,112), in many cases due to a lack of or 293!

incomplete removal by wastewater treatment plants (63-65,113). These sources 294!

are diverse: aquatic organisms, livestock (particularly concentrated animal 295!

feeding operations; CAFOs), and humans can excrete and/or release 296!

endogenous and synthetic hormones and/or pharmaceuticals, pesticide run-off 297!

can occur into surface water following rainfall, and effluent from wastewater 298!

treatment plants and/or spills can contribute waste from a variety of 299!

anthropogenic sources (111,112,114). A 2006 investigation of pharmaceuticals 300!

found that 13% of FDA-approved drugs specifically targeted nuclear receptors 301!

(115). Considering the incomplete removal of these chemicals in wastewater 302!
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treatment processes, it is no surprise that varied hormonal and anti-hormonal 303!

chemicals are nearly ubiquitous in surface and ground water. Investigations of 304!

surface and ground water susceptible to contamination in the United States 305!

detected organic wastewater contaminants in 80% and 81% of samples, 306!

respectively (116,117), while investigations across Europe (not targeted for 307!

susceptible sites) detected them in 97% and 84% (118,119), with many individual 308!

contaminants present at ng/L to µg/L concentrations. 309!

 310!

As a result, estrogen, androgen, thyroid, progesterone, glucocorticoid, and aryl 311!

hydrocarbon receptor agonist and antagonist activities are nearly ubiquitous in 312!

both surface and ground water (Table 2). Importantly, while agonist activities are 313!

generally well-reported for nuclear receptor activities in surface and ground 314!

water, antagonist activities are less understood (112). Specific sources of some 315!

antagonist activities are now understood, such as the oil sands wastewater 316!

association with anti-androgenic activity (106) or the wastewater association with 317!

anti-estrogenic and anti-androgenic activities (120-122). Mineralocorticoid (120) 318!

and retinoic acid receptor (123,124) agonist and antagonist activities, despite 319!

being less commonly assessed, may also be a concern for adverse health 320!

effects. Many of these chemicals have been reported at bioactive concentrations 321!

associated with adverse in vivo outcomes (125-130). Since chemicals with the 322!

same mechanism of action, e.g. binding to estrogen or androgen receptors, can 323!

have additive effects (19,131-137), even environmentally-relevant concentrations 324!

of these chemicals in water may add up to levels sufficient to disrupt the  325!
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Table 2. Common Hormonally Active Contaminants in Water Sources 326!
 327!
Receptor Activity 

Type 
Common 
Contaminant 
Classes 

Commonly 
Reported 
Compounds 

References 

Estrogen Agonist Endogenous steroids, 
pharmaceuticals, 
industrial and 
agricultural chemicals 

Estradiol, 
ethinylestradiol, BPA, 
atrazine 

(106,111,13
8,139) 

  Antagonist Pharmaceuticals, 
industrial chemicals 

Tamoxifen, PAHs, 
PCBs 

(140-143) 

Androgen Agonist Endogenous steroids, 
animal waste 
compounds, industrial 
chemicals 

Testosterone, 
trenbolone acetate, 
androstenedione 

(106,144-
148) 

  Antagonist Pesticides, 
wastewater effluents, 
pharmaceuticals, 
industrial chemicals 

Vinclozolin, 
flutamide, BPA, 
nonylphenol 

(16,111,149
,150) 

Glucocorticoid Agonist Pharmaceuticals, 
animal waste 
compounds, 
wastewater effluents 

Prednisolone, 
dexamethasone, 
cortisol 

(126,147,15
1,152) 

  Antagonist Pharmaceuticals Mifepristone (120,153) 
Progesterone Agonist Endogenous steroids, 

animal waste 
compounds, 
pharmaceuticals 

Progesterone, 
megestrol acetate, 
levonorgestrel 

(144,154-
156) 

  Antagonist Pharmaceuticals Mifepristone (120,153) 
Thyroid Agonist Endogenous 

hormones, 
pharmaceuticals 

Thyroxine, 
liothyronine, 
levothyroxine 

(157-159) 

  Antagonist Industrial chemicals Triclosan, BPA, 
phthalates, PCBs, 
perchlorate 

(111,157,15
8) 

 328!
Description of common environmental contaminants that interact with the most 329!

commonly investigated nuclear hormone receptor systems. See provided references for 330!

manuscripts, which either report bioactive concentrations in their study or assess 331!

adverse health outcomes from environmentally relevant exposures. EE2 = 332!

ethinylestradiol, BPA = bisphenol A, PCBs = polychlorinated biphenyls. 333!

 334!
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endocrine system.  

 

Endocrine-Related Health Effects of Oil and Gas Operation Chemicals 

 

Living in close proximity to oil and gas operations has the potential to affect 

human and environmental health (57,160,161). Despite an understanding of 

adverse health outcomes associated with exposure to EDCs achieved through 

controlled laboratory studies, research on the health implications of exposure to 

oil and gas operation chemicals is lacking. Hydraulic fracturing and the 

production of natural gas have the potential to impact human and environmental 

health through many pathways: oral (water and food), dermal (water and dust) 

and inhalation (57,160,161). A recent cross-sectional study has shown that the 

number of reported adverse health effects is greater in residents living closer to 

natural gas wells than those further away (162). While recent studies have begun 

to evaluate specific adverse health outcomes in these regions, much of the 

evidence remains anecdotal, with landowners reporting symptoms such as 

nausea, dizziness, tremors, headaches, and nosebleeds (80,82,161,163).  

 

There is increasing evidence that links exposure to chemicals used in oil and 

natural gas operations with negative health outcomes (81,93,163-166). Many of 

these chemicals have documented adverse health effects in humans, are 

designated priority pollutants by the USEPA, and/or are known or suspected 

EDCs (35,93). However, establishing sufficient risk of any given adverse health 
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effect is complicated by multiple potential routes of exposure (oral, dermal, and 

inhalation) and little to no human exposure data. This is further complicated in 

many cases due to nondisclosure agreements made by affected residents 

(93,95). In addition, many chemicals can be listed as proprietary information as 

discussed above, complicating already insufficient knowledge of exposure 

(50,61,95). Lastly, as EDCs may exert the majority of their impacts during 

sensitive periods of development and only result in adverse health effects later in 

life, the widespread application of hydraulic fracturing technology has occurred 

too recently to assess many potential adverse outcomes resulting from 

developmental exposures. 

 

Occupational exposures to oil and gas operation chemicals and potential adverse 

health effects have been infrequently studied, in many cases due to concerns 

over job security or lack of information regarding potential health threats (167). 

Despite this, the National Institute of Occupational Health and Safety (NIOSH) 

has published two studies that reported necessary health precautions are not 

routinely taken at well sites, likely increasing exposure to chemicals used in and 

produced by these operations (160,168). Most recently, airborne concentrations 

of benzene at some well sites were found to exceed NIOSH relative exposure 

and short-term exposure limits and even exceeded the American Conference of 

Governmental Industrial Hygienists (ACGIH) threshold limit values in some 

cases, likely resulting in adverse health outcomes for these workers (168). 
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Reproductive effects. Exposure to VOCs including but not limited to benzene, 

toluene, ethylbenzene, toluene, and formaldehyde, all chemicals used in and 

produced by fracturing operations (35,93), are associated with reproductive 

health effects in both humans and animals (169). These effects can include 

impaired fertility and fecundity via reduced semen quality and impaired menstrual 

cycles as well as increased risks for miscarriage, stillbirth, preterm birth, and birth 

defects (169). Adverse endocrine health effects due to exposure to single 

chemicals used in and produced by oil and gas operations have been reviewed 

previously (available at: http://endocrinedisruption.org/chemicals-in-natural-gas-

operations/chemicals). For example, naphthalene, a constituent of crude oil and 

a chemical very commonly used for fracturing processes by industry (35), is 

reported in air and water near these operations and can result in altered steroid 

hormone levels, increased reproductive abnormalities, and impaired sexual 

maturation (75,94,96,170).  

 

Exposure to chemicals used in and produced by oil and gas operations has been 

associated with impaired reproductive health in both males and females. In 

males, exposure to BTEX chemicals (171,172), ethylene glycols (173,174), and 

formaldehyde (175) have all been associated with negative impacts on sperm 

quantity and quality in both men and animals. In females, exposures to BTEX 

chemicals (176,177) and ethylene glycols (178) have been associated with 

disruption of normal menstrual cyclicity in women. Further, exposure to BTEX 

chemicals has been associated with decreased fecundity (179) and fertility (180) 
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in women.  

 

Miscarriage and stillbirth are common disorders, occurring in 15-20% of human 

pregnancies (181,182), and can be caused by placental oxidative stress, 

degeneration, and placental insufficiency (183), a deterioration of placental 

function and subsequent decreases in oxygen and nutrient transport to the fetus 

(184). Direct epidemiological associations between oil and gas development and 

these disorders are lacking, though recent reports have raised concerns about 

potential effects. The first reported an unusually high rate of miscarriages and 

stillbirths from a densely-drilled oil and gas region of Western Colorado, though 

the Colorado Department of Public Health and Environment concluded that no 

single environmental factor could explain these anomalies (185). A second report 

in Vernal, Utah found an unusually high rate of miscarriages and stillbirths in an 

active oil and gas extraction area that also receives substantial oil and gas 

wastewater from other states. Researchers are currently investigating potential 

links between these adverse outcomes and the chemicals used in and produced 

by oil and gas operations. Specifically, exposure to heavy metals (including lead, 

cadmium, and arsenic) that are routinely mobilized during oil and gas operations 

(186-188), are associated with increased risks of miscarriage and/or stillbirths 

(189-197), potentially due to placental rupture, oxidative stress, and/or placental 

insufficiency (195-202). Exposure to BTEX chemicals has also been associated 

with increased risks for miscarriage (177,180,203-206).  
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Exposure to oil and gas chemicals is associated with increased risks of low birth 

weight (LBW) and preterm birth. LBW is defined as an infant birth weight of less 

than 2.5 kilograms, and preterm birth as the birth of an infant prior to 37 weeks of 

pregnancy. Preterm birth occurs in 12-13% of US pregnancies and is a leading 

global cause of perinatal morbidity and mortality (207,208). Intrauterine growth 

restriction (IUGR) is the poor growth of an infant in the womb, defined as a birth 

weight in the lowest 10% of normal weights for gestational age (209). Of the four 

million neonatal deaths that occur each year, at least 60% are due to LBW 

associated with IUGR and/or preterm birth (210). Several compounds associated 

with oil and gas operations have been associated with negative birth outcomes. 

Specifically, ozone, nitric oxides, and fine particulate matter (all commonly 

released into the air during oil and gas operations; 77,211) have been associated 

with LBW/IUGR (212-222) and preterm birth (213,218,222-232).  

 

Studies have now begun to assess a more direct link between oil and gas 

operation chemicals and adverse fetal outcomes. A preliminary study from the 

Marcellus Shale region reports increased LBW children from mothers living within 

2.5 km of a natural gas well (233). In contrast, McKenzie et al. reported a slight 

increase in birth weight of children born to mothers living near natural gas wells 

during pregnancy (165). Mechanistically, birth weight has been associated with 

chemical exposure. Developmental exposures to estrogens, androgens, and 

progestogens are associated with decreased birth weight (234-237), while 

developmental exposures to anti-thyroidogens and anti-glucocorticogens are 
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associated with increased birth weight (238,239). Many of the oil and gas 

chemicals that our lab has analyzed can antagonize these receptors, so it is 

mechanistically plausible that a causal association exists between altered birth 

weight and exposure to oil and gas production chemicals.  

 

Developmental and birth defects. Work by McKenzie et al. used spatial modeling 

of drilling well density and pregnancy outcomes in a retrospective study design 

and reported a 30% increased rate of congenital heart defects (CHDs) and 

double the risk for neural tube defects (NTDs) in children born to mothers living 

within ten miles of drilling operations (165). Work in our lab and others suggest 

that these altered development and pregnancy outcomes are mechanistically 

plausible based on human and animal epidemiological studies. For example, 

prenatal exposure to EDCs such as pesticides has been associated with an 

increased risk for NTDs in offspring (240-242). Importantly, gestational exposure 

to glycol ethers, hormonally active chemicals used in fracturing fluids, has also 

been associated with NTDs in children (243). Prenatal exposure to EDCs such 

as pesticides, industrial chemicals, and oral contraceptives has also been 

associated with an increased risk of CHDs in children (244-247), as has paternal 

exposure during the periconceptional period (248). Further, exposure to 

environmentally relevant levels of polycyclic aromatic hydrocarbons, chemicals 

associated with the drilling and extraction processes (75,76,81), have been 

shown to impact cardiac function and result in heart malformations in large 

predatory pelagic fish (249).  



!

25!

 

Cancer. Spatial modeling based on residence proximity to oil and gas operations 

in Colorado found an elevated risk of cancer for people living near extraction 

sites (81). The Texas Department of State Health Services reported elevated 

rates of breast cancer in a drilling-dense region of TX using a retrospective study 

design (250). Re-analysis of this data confirmed the elevation in breast cancer 

risk and also noted elevated risks for childhood leukemia and non-Hodgkin’s 

lymphoma (251). Similar work in Pennsylvania reported an apparent increased 

rate of central nervous system tumors following drilling operations (252).  

 

Limitations and data gaps. A limitation of the current epidemiological studies is 

the lack of exposure assessment. For example, McKenzie et al. utilized well 

density and proximity as markers for human exposure to air pollutants (165). 

Wells release different amounts of air pollutants at different stages of the 

development and production processes (75,76,81,82), and mothers may be 

exposed to these pollutants throughout the process or only during specific 

stages. For example, the concentration of many pollutants increases throughout 

the production process, and some such as polycyclic aromatic hydrocarbons 

have been detected at concentrations known to be associated with lower 

developmental and IQ scores in children (75). Using a snapshot of well 

density/proximity fails to capture the intricacies of these factors on likely 

exposure via air emissions. For a more rigorous study design, residential history 

and occupational exposure need to be considered for pregnancy outcome 



!

26!

evaluation, as well as gathering other known risk factor data at the individual 

level, ideally in a prospective manner. Other potential major exposure sources 

such as water (oral and dermal exposure) also need to be taken into account 

when quantifying the magnitude of exposure until biomonitoring can be 

performed. Biomonitoring studies should be considered of the utmost importance 

to examine associations between chemical exposures and adverse health 

outcomes observed in these regions.  

 

 

Mixtures of EDCs and Methods for Assessment 

 

With approximately 750 chemicals used in and produced by oil and gas 

operations, there is a critical need for methods to assess EDC activity of these 

complex mixtures. Current means of assessing activity and potential health risks 

due to mixtures of endocrine disruptors that can appropriately address the 

interplay between receptor systems is limited. Observed outcomes in vivo can 

often be the result of disruption of several hormone receptor systems (Figure 1). 

Further, as specific chemicals can interact with many receptors, the combined 

outcomes of mixtures can be quite complex. For example, medroxyprogesterone 

acetate, used in high doses as a contraceptive and in the treatment of conditions 

such as endometriosis, is a potent agonist for the progesterone, androgen, and 

glucocorticoid receptors (144). Further, brominated flame-retardants exhibit 

overlapping estrogen, androgen, progesterone, thyroid, and aryl hydrocarbon 
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receptor activities (253). Statistical modeling (254), in vitro and in vivo assays 

(131), quantitative structure analysis (255), gene expression testing (256), and 

other tools have been used to assess a number of laboratory-defined mixtures 

that interact with single hormone receptors. However, due to these complexities, 

these tools have achieved limited success with environmentally relevant mixtures 

in in vivo models.  

 

Modeling of potential effects from exposure to complex mixtures has been shown 

to greatly reduce the number of independent tests necessary to assess complex 

mixtures. For example, Bertin et al. used a neural networking model to assess 

mixture toxicity, achieving a predictive model by only testing approximately 10% 

of actual interactions (257). However, despite clear successes with less 

complicated mixtures, analysis of more complicated mixtures appears to be 

beyond current capabilities (30,254).  

 

Limitations of current mixture assessment methods include a lack of 

understanding of multiple receptor interactions as well as indirect interactions 

between chemicals and receptors. Until the cross talk between hormone receptor 

systems is better understood, modeling may fail to appropriately assess adverse 

outcomes observed in humans or animals. For example, recent work attempted 

to determine whether known human serum concentrations of anti-androgens 

could account for rising rates of cryptorchidism, hypospadias, and testicular 

cancer, and concluded that they could only be explained by as yet unknown anti-
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androgens or receptor interactions with other systems (30). There are poorly 

described pathways for anti-androgen action, such as prostaglandin synthesis 

suppression by paracetamol or glucocorticogenic influence on androgen-

dependent diseases (30). Indirect interactions between chemicals and receptors 

are another real concern. For example, interaction with the aryl hydrocarbon 

receptor can result in the activation of cytochrome P450 enzymes, well 

understood to alter endogenous and exogenous chemical metabolism and 

therefore exposure (258,259). Inactive chemicals can be metabolized into active 

metabolites, resulting in mixtures of inactive chemicals that can act as agonists 

or antagonists in mixtures only. For example, research on a mixture of PCB 

congeners found that one congener activated the aryl hydrocarbon receptor, 

inducing CYP1A1 expression and metabolizing one or both other congeners, 

resulting in a metabolite(s) that could act as a thyroid receptor agonist (260). 

Better characterization of these interactions and models in controlled laboratory 

experiments will provide a clearer understanding of the utility and limitations they 

provide towards assessing in vivo outcomes.  

 

Goals of these Studies 

 

Understanding sources of exposure to EDCs is critical to assessing risks. The 

focus of this dissertation is on describing a potential novel source of EDCs that 

may pose health risks for humans and animals living nearby. I was particularly 

interested in mixtures of EDCs, and so worked to characterize exposure to these 

chemicals and potential health effects. In this work, I describe how a subset of oil 
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and gas operation chemicals exhibits antagonist activities for the estrogen, 

androgen, progesterone, glucocorticoid, and thyroid receptors, and how surface 

and ground water from a drilling-dense region exhibited greater levels of some of 

these antagonist activities. Developmental exposure to a mixture of oil and gas 

operation chemicals resulted in adverse health outcomes in male offspring 

including increased body weights, increased heart, testes, and other organ 

weights, and decreased sperm counts. Importantly, my research demonstrates 

that exposure to a mixture of oil and gas operation chemicals at likely 

environmentally relevant concentrations may result in adverse health outcomes 

in humans and animals living near these operations.  
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– CHAPTER 2 – 

ESTROGEN AND ANDROGEN RECEPTOR ACTIVITIES OF HYDRAULIC 
FRACTURING CHEMICALS AND SURFACE AND GROUND WATER IN A 

DRILLING-DENSE REGION 

 

Introduction 

 

Hundreds of synthetic and naturally occurring chemicals have the ability to 

disrupt normal hormone action and have been termed endocrine disrupting 

chemicals (EDCs). EDCs can act through multiple mechanisms: direct interaction 

with hormone receptors (13,261), indirect enhancement or suppression of a 

receptor’s ability to respond to endogenous hormones (262,263), or modulation 

of endogenous hormone levels (263,264). EDCs are unique from toxicants in that 

they have been shown to exhibit non-monotonic dose response curves, resulting 

in quantitatively and qualitatively different health outcomes at low versus high 

doses. Laboratory experiments have shown a wide range of effects at 

environmentally relevant, low concentrations that were not predicted by 

traditional risk assessments from high-dose testing (4-7). EDCs may be of 

particular concern during critical windows of development when exposure can 

alter normal development and has been linked to adult disease (4,5). 

 

EDCs have been measured in humans and other animals and exposure has 

been linked to a number of negative health effects (5,10,11). While EDCs have 

been described to disrupt many hormone systems, chemicals that disrupt 
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estrogen and androgen receptor action have documented health outcomes at 

environmentally relevant exposure levels. Exposure to estrogenic chemicals has 

been linked to decreased fertility, increased cancer incidence, impaired gonadal 

development, and more (12-14). Exposure to anti-androgenic chemicals has 

been linked to decreased sperm quality and quantity, delayed preputial 

separation, hypospadias and cryptorchidism, decreased anogenital distance (a 

biomarker for fetal androgen exposure), reproductive tract deformities and other 

adverse health outcomes (16-19). Exposure to anti-estrogenic chemicals may be 

the least understood, though research on ewes in pastures treated with sewage 

sludge exhibited reduced bone density and mineral content, end-points that have 

been reported with exposure to anti-estrogens (15).  

 

A potential novel source of EDCs is through their use in hydraulic fracturing 

operations for natural gas and/or oil extraction processes. Hydraulic fracturing 

involves the underground injection of several million gallons of water combined 

with chemicals and suspended solids (proppants) into each well under high 

pressure. More than 750 chemicals are reportedly used throughout this process. 

Of these, more than 100 are known or suspected endocrine disrupting chemicals 

and still others are toxicants and/or carcinogens (35,265). The rapid expansion in 

drilling operations utilizing hydraulic fracturing increases the potential for 

environmental contamination with the hundreds of hazardous chemicals used 

(36,265). Importantly, hydraulic fracturing was exempted from multiple federal 

regulatory acts in 2005 including the Safe Drinking Water Act, the Clean Water 
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Act, and the Clean Air Act (36).  

 

Chemicals are added throughout the drilling and fracturing processes for a 

variety of reasons. For example, during drilling they are used to reduce friction 

and shorten drilling time (36,37). In horizontal or directional wells, drilling starts 

vertically and then turns and proceeds for up to a mile or more. Following 

stabilization, several million gallons of water, chemicals, and proppants are 

injected into the well under high pressure to form and maintain fractures 

throughout the shale or coal bed layer to liberate natural gas and/or oil. 

Chemicals are injected for reasons ranging from increasing the viscosity to 

serving as antibacterial agents (37,49). Once the water mixture has been forced 

into the well under high pressure, up to 40% may be immediately recovered as 

flow back and contains the chemicals used for fracturing as well as some 

naturally occurring chemicals from the shale layer (37). Produced water is 

composed of naturally occurring compounds from the shale formation as well as 

remaining hydraulic fracturing fluids that come to the surface over the life of a 

producing well. It should be noted that both of these types of wastewater can be 

heavily laden with naturally occurring radioactive compounds, heavy metals from 

the shale layer, and chemicals used in fracturing operations (37,43) and may be 

injected into disposal wells, reused in drilling operations, or pumped into open 

evaporation pits (36,37). 

 

There have been many reports of changes in surface, ground, and drinking water 
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quality near natural gas drilling operations, particularly in drilling-dense regions, 

with some specifically linked to natural gas extraction (36,69,164). For example, 

in 2011, the USEPA concluded that chemicals used in natural gas operations 

had contaminated ground water and domestic water supply in Pavillion, Wyoming 

(69).  

 

There are many pathways for chemicals used in natural gas operations to 

contaminate surface and ground waters: spills during transport before and after 

extraction, the drilling and fracturing processes, disposal of wastewater, failure of 

well casings, and from structural issues surrounding abandoned wells (54,56). 

Multiple researchers have demonstrated that levels of stray gases and heavy 

metals in drinking water increased with proximity to natural gas wells, suggesting 

the possibility of underground migration of fluids associated with hydraulic 

fracturing (40,70,71). Vengosh and colleagues further reported natural 

connectivity between shallow drinking water aquifers and formations deep 

underground in areas of the Marcellus Shale (39), suggesting a route for the 

potential migration of natural gas drilling fluids into ground water. These studies 

support the hypothesis that fracturing fluids remaining underground have the 

potential to migrate into shallow ground water sources over time. Taken together, 

there is the potential for surface and ground water contamination throughout the 

entire extraction process.  

 

The goals of this study were two fold. First, we measured the estrogenic, anti-
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estrogenic, androgenic, and anti-androgenic activities of twelve suspected or 

known EDCs used in natural gas operations. Second, we measured the same 

activities in surface and ground water from a natural gas drilling-dense region in 

Garfield County, Colorado (Figure 3), an area with approximately 10,444 active 

wells (266). Of particular concern with exposure to EDCs is the potential for 

additive effects of mixtures of chemicals that act through a common biological 

pathway, even when each chemical in the mixture is present at levels below an 

observed effect threshold (19,131,136). Due to this, several researchers have 

taken the approach of measuring the total bioactivity of chemicals with a common 

mechanism of action in water samples (149,267). This approach leads to a 

greater sensitivity of detection as multiple chemicals with the same mechanism of 

action have additive effects. This is very relevant when attempting to detect 

potential contamination of water with hundreds of chemicals at low 

concentrations. We hypothesized that 1) a subset of chemicals used in natural 

gas operations would exhibit estrogen and/or androgen receptor activity and 2) 

surface and ground water in this natural gas drilling-dense area, impacted by 

drilling-related spills, would exhibit greater estrogen and androgen receptor 

activities than reference sites with no or limited drilling activities. 
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Figure 3: Map of Garfield County sample collection area. Pictorial 

representation of the sample collection area in Garfield County, Colorado. White 

rectangle denotes the zone from which all high-density sample collection sites 

(Sites 1-5) were collected. X marks denote high-density drill sites that had also 

experienced a drilling-related spill and R marks denote local reference sites 

outside of the high-density drilling area.  

Red, orange, and yellow circles denote natural gas drilling wells in various stages 

of operation as of June 2008. This represents an under-estimation of the wells 

present when our samples were collected in September 2010.  

Credit for map data to Google, Image Landsat.  

Credit for well data to SkyTruth for tabulating and mapping Colorado Oil & Gas 

Conservation Commission data on wells active as of June 2008. 
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Materials and Methods 

 

Chemicals. 17β-estradiol (98% pure), ICI 182-780 (Fulvestrant, 98% pure), 

testosterone (98% pure), flutamide (100% pure), and all other chemicals were 

purchased from Sigma-Aldrich Co. (St. Louis, MO). Stock solutions were 

prepared in HPLC-grade methanol (Fisher Scientific catalog # A452-1) at 10 mM 

and stored at 4 °C. The twelve chemicals used in natural gas operations that 

were selected (Supplemental Table 1) were chosen from lists of all known 

chemicals used in natural gas operations (35,265), narrowed by selecting only 

chemicals that were known or suspected endocrine disrupting chemicals (265), 

those reportedly used in Colorado, and preference given to chemicals used in 

multiple chemical products. 

 

Sample Collection. All samples were collected in one-liter amber glass bottles 

(Fisher Scientific catalog # 12-100-130) and certified to meet the USEPA 

standards for metals, pesticides, volatiles, and non-volatiles. Surface water 

samples were taken from water that had collected on the ground such as rivers, 

creeks, and ponds, and were collected by submerging bottles approximately ten 

inches. Ground water samples were taken from water that had collected 

underground, typically accessed via drinking or monitoring wells. Artesian water 

samples were defined as ground water sources that had flowed to the surface 

under pressure and were collected where they met the surface. Samples were 

collected by filling bottles two times from the source prior to keeping the third 
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collection. Samples were stored on ice in the field, stored at 4 °C in the 

laboratory, and processed within two months of collection. All analyses were 

performed blinded to sample identification using a unique 6-digit bottle ID. 

 

Reference Control Sites. Ground water reference samples were collected from 

one drilling absent location in Boone County, Missouri (MO Ref) in 2011 and two 

drilling sparse (≤ 2 wells within one mile) locations in Garfield County, Colorado 

(CO Ref) in February 2013 within the bounds of the Piceance Shale Basin 

(Figure 3, Table 3, Supplemental Table 2). Surface water reference samples 

were collected from two drilling absent locations in Boone County, Missouri (MO 

Ref) in 2011. Surface water reference samples from drilling sparse locations in 

Garfield County were not obtained due to the scarcity of surface water sources 

not impacted by nearby drilling operations.  

 

Sample Sites. Water samples were collected from ground, surface, and artesian 

(n=9, 19, and 1, respectively) water sources in September 2010 in drilling-dense 

areas of Garfield County, CO from five distinct sites with unique characteristics 

(Figure 3, Table 3, Supplemental Table 2). All sites were located within the 

Colorado River Drainage Basin and the Piceance Shale Basin, had been 

directionally fractured to extract natural gas, contained from 43 to 136 natural gas 

wells within one mile (Table 3), and a spill or incident related to natural gas 

drilling processes had occurred within the past six years. Five surface water 

samples were also collected from the Colorado River, the drainage basin for this  
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Table 3: Description of Sample Collection Sites 

Site 

Number 

Samples 

Collected 

(n=) 

# NGD 

wells 

within 1 

mile1 

Distance 

to CO 

River 

(miles) 

Approximate 

Well Depth 

(ft)2 

Approximate 

Frack Fluid 

Vol (gal)2 

Description 

of Incident 

Date of 

incident3 

MO Ref 3 0 N/A - - - - 

CO Ref 2 ≤2 4.75-6.5 Unknown Unknown - - 

1 8 43 5.25 5,500 4,000,000 
Natural gas 

upwelling 
May-083 

2 8 78 0.75 8,000 1,500,000 
Fluid spill 

into creek 
Dec-09 

3 5 69 8.75 9,500 1,000,000 

Spill at 

nearby drill 

pad 

May-083 

4 8 136 6.00 9,000 4,000,000 

Produced 

water tank 

leak 

Nov-04 

5 9 95 0.50 7,500 3,000,000 

Produced 

water line 

leak 

Jul-103 

CO Riv 5 Varied N/A - - - - 

 

NGD = natural gas drilling 

1 Uses a radius of one mile from the sampling location. Number is approximate 

based on data obtained from the Colorado Oil & Gas Conservation Commission, 

accessed at http://dnrwebcomapg.state.co.us/mg2010app/ on April 19, 2012. 

2 Information on well depth and typical fracturing fluid volume obtained from 
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Fracfocus based on wells after January 1, 2011 for the same radius as used for 

well number determination. All samples were collected in September 2010. 

3 Documented benzene levels exceeding acceptable limits detected in water 

tests conducted on or around this date. 
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drilling dense region. 

 

Process Controls. Process controls were prepared using one liter of Fisher 

HPLC-grade water (Fisher Scientific catalog # WFSK-4) following the same 

procedure used for all experimental samples. These controls were included in all 

assays to measure any background hormonal activity contributed by the solid 

phase extraction process.   

 

Extraction of Water Samples. Water samples (1-liter) were filtered through a 

ceramic Buchner funnel using Whatman Filter Paper #54, 90 mm, to remove 

suspended solids and were then subjected to solid-phase extraction using Oasis 

HLB glass cartridges (Waters catalog # 186000683) (268). All additions to the 

cartridges were made using disposable borosilicate glass pipets. Cartridges were 

attached to a vacuum manifold and conditioned with 100% HPLC-grade 

methanol and 100% HPLC-grade H2O. Water samples were loaded onto the 

cartridge and washed with 5 mL of 5% methanol. They were then removed from 

the manifold and seated on amber glass vials, where elution was performed with 

three 1-mL additions of 100% methanol. Eluted samples were then dried under 

nitrogen and reconstituted in 250 µL methanol (100%), creating stock 

concentrations of 4,000x the original water concentration. Reconstituted samples 

were stored at 4 °C, protected from light, until tested. In order to be applied to 

cells, stock samples were diluted 100 and 1,000-fold in tissue culture medium, 

creating final concentrations, in contact with the cells, of 40x and 4x the original 
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water concentration.  

 

Extraction Method Recovery Efficiencies. Extraction method recovery efficiencies 

were determined using 3H-17β-estradiol (100 Ci/mmol; Perkin Elmer, Waltham, 

MA), 3H-testosterone (70 Ci/mmol; Perkin Elmer, Waltham, MA), and 3H-

bisphenol A (7.3 Ci/mmol; Moravek Biochemicals, Brea, CA). Tritiated chemicals 

were spiked at an activity of 1 µCi each in one liter of water and processed in the 

manner described above. Final concentrations of test chemicals used included 

1.4 pM testosterone, 1.4 pM 17β-estradiol, and 140 pM bisphenol A. 

Radioactivity was measured for duplicate samples using a scintillation counter 

prior to processing, after elution, and after dry-down and reconstitution. Recovery 

was 71.5% ± 3.5% for 3H-17β-estradiol, 79.0% ± 3.6% for 3H-testosterone, and 

71.1% ± 4.1% for 3H-bisphenol A.  

 

Cell Culture. HepG-2 cells (ATCC # HB-8065) were maintained in Gibco 

Minimum Essential Medium (MEM) supplemented with 8% fetal bovine serum 

(Thermo Hyclone cat # SH30396.03), 2 mM glutamax, 0.1 mM non-essential 

amino acids, and 1 mM sodium pyruvate. MCF-7 cells (ATCC # HTB-22) were 

maintained in Gibco MEM supplemented with 5% newborn calf serum (Thermo 

Hyclone cat # SH30118.03), 2 mM glutamax, 0.1 mM non-essential amino acids, 

and 6 ng/mL bovine insulin. Water sample and chemical dilutions were 

performed in respective media as described above with the following exceptions: 

medium used was phenol-red free and sera were charcoal-stripped to remove 
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endogenous steroids. Cell lines were transferred to this modified medium two 

days prior to the start of assays. 

 

Plasmids. For androgenic activity testing, HepG-2 cells were transfected with 

androgen receptor, pSG5-AR (269), androgen response element linked to the 

firefly luciferase gene, 2XC3ARETKLuc (lab of Donald P. McDonnell), and CMV-

β-Gal (270). For anti-androgenic activity testing, HepG-2 cells were transfected 

with androgen receptor, CMV-AR1 (271), androgen response element linked to 

the firefly luciferase gene, PSA-Enh E4TATA-luc (272), and CMV-β-Gal (270). 

For estrogenic and anti-estrogenic activity testing, MCF-7 cells were transfected 

with estrogen response element linked to the firefly luciferase gene, 

3XERETKLuc (273), and CMV-β-Gal (270). 

 

Estrogen and Androgen Receptor Reporter Gene Assays. Activities were 

measured using reporter gene assays containing a hormone response element 

linked to luciferase. Each treatment concentration for each sample was 

performed in quadruplicate within each assay and each assay was repeated 

three times. Cells were co-transfected with the vectors listed above using MEM 

with reduced serum (Invitrogen catalog # 31985). Cells were transfected in T25 

or T75 flasks for approximately 5 hours using Lipofectamine LTX and Plus 

Reagent (Invitrogen catalog # 15338-100) and then allowed to recover overnight. 

Transfected cells were then trypsinized, seeded into 96-well tissue culture plates 

at approximately 70,000 cells per well, and allowed to settle for four hours before 
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induction. Cells were induced with dilution series of the positive/negative 

controls, the reconstituted water samples at 4x and 40x concentrations, or a 

dilution series of the selected subset of chemicals from 10 µM – 10 nM, diluted in 

medium as described above using a 1% methanol vehicle for all concentrations 

tested. Receptor assays used dilution series of positive controls as follows: 

androgenic assays used testosterone (EC50 ~40 nM), anti-androgenic assays 

used flutamide (10 µM; IC50 ~200 nM, concentration required to suppress half 

the positive control activity), estrogenic assays used 17β-estradiol (EC50 ~5 pM) 

and anti-estrogenic assays used ICI 182,780 (ICI; 100 nM; IC50 ~250 pM) 

(Figure 4). The estrogen and androgen reporter gene assays have sensitivities 

within the ranges of other published studies, as reviewed previously (101). After 

induction for 18-24 hours, cells were incubated in a cell lysis solution for twenty 

minutes at 37°C before using lysate for a luciferase reporter gene assay and 

beta-galactosidase assay.  

 

Hormonal activity was measured using a firefly luciferase reporter gene assay, as 

described previously (274). CMV-β-Gal activity was measured using a 

chlorophenolred-β-d-galactopyranoside substrate diluted to a concentration of 

500 µg/mL in a buffer consisting of 60 mmol/L sodium phosphate dibasic, 40 

mmol/L sodium phosphate monobasic, 10 mmol/L potassium chloride, 1 mmol/L 

magnesium sulfate, and 50 mmol/L beta-mercaptoethanol. The above mixture 

(200 µL) was added to 20 µL of cell lysate in a 96-well microtiter plate. Color was 

allowed to develop before reading the absorbance on a plate reader at a 570 nm  
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Figure 4: Positive Control Dose Response Curves. Representative samples 

of positive controls for our reporter gene assays. Specifically, dilution series for 

17β-estradiol (E2), the positive control used for all estrogenic assays, ICI 

182,780, the positive control used for all anti-estrogenic assays (inhibition of set 

concentration of E2), testosterone, the positive control used for all androgenic 

assays, and flutamide, the positive control for all anti-androgenic assays 

(inhibition of set concentration of testosterone). 
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wavelength.  

 

CMV-β-Gal activity was used to normalize estrogen receptor assays but not used 

for androgen receptor assays. We found androgens to regulate CMV-β-Gal 

expression so did not use this to normalize the androgenic luciferase data. 

However, transfections were performed in flasks and then seeded into tissue 

culture plates, controlling for changes in transfection efficiency between wells. As 

such, comparing the coefficient of variation (CV; standard deviation/mean) of 

normalized samples to un-normalized samples resulted in minimal change.  

 

Sample Toxicity. In MCF-7 cells, we used CMV-β-Gal activity as a marker of cell 

number. A serial 10-fold dilution of transfected cells was used to assess the 

reliability of using CMV-β-Gal activity as a marker of cell number (r2 = 0.996). As 

a result, we used this as a surrogate marker for sample toxicity, as estrogens 

were not found to regulate CMV-β-Gal expression. Thus, any sample found to 

have deviated significantly from the activity of the vehicle was deemed toxic and 

excluded from analysis. The following samples were excluded from analysis at 

the 40x concentration only: 1E, 3D, 5B, 5C, and 5E, while sample 3B was 

excluded at both the 4x and 40x concentrations for all assays. All samples were 

excluded from analysis at the 40x concentration within the androgenic assays 

due to observed cell-specific toxicity in the HepG-2 cell line. No evidence of 

toxicity was observed at the 4x concentration.  
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Calculation of Estrogen/Androgen Receptor Activities. Agonist activities were 

calculated as percent activity relative to the maximal positive control response of 

100 pM 17β-estradiol and 1 µM testosterone for estrogen and androgen receptor 

assays, respectively. Antagonist activities were calculated as a percent 

suppression or enhancement of 10 pM E2 or 100 nM testosterone, based on the 

EC50s of the positive controls. Positive values denote additive agonist activities 

and negative values denote antagonist activities.  

 

Statistical Analysis. Linear mixed models (hierarchical linear models) were used 

to analyze the results from all three assays (estrogenic, anti-estrogenic, and anti-

androgenic), and incorporated random effects to account for dependency among 

measurements arising from the same sampling source within a site 

(Supplemental Figures 1-3). Fixed effects considered included site (Sites 1-5, 

Colorado River, Colorado Reference, and Missouri Reference), water type 

(ground/surface), concentration (40x/4x) and a covariate for the negative control 

of the assay plate, which was conceived as a baseline response for the assay. 

The Kenward-Roger method was used for estimating the degrees of freedom. 

Least-squares (LS) means, based on the final models, were used for planned 

contrasts and to compute 95% confidence intervals for differences of interest. A 

model selection criterion, corrected Akaike information, was used to evaluate 

relative goodness of fit of the models, and therefore helped determine the final 

form of the model for the estrogenic assay. For ease of comparison and to avoid 

averaging over effects which may interact based on statistical results from the 
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estrogenic assay, the same model form was used for the other assays when 

possible. Diagnostic plots were used to assess model fit and check distributional 

assumptions. PROC GLIMMIX in SAS 9.3 (SAS Inc., Cary, NC) was used for the 

data analysis. 

 

Results 

 

Estrogen and Androgen Receptor Activities of Chemicals Used in Natural Gas 

Operations. Anti-estrogenic, anti-androgenic, and limited estrogenic activities 

were observed in the 12 natural gas drilling chemicals tested (Figure 5, 

Supplemental Table 1), while no androgenic activity was observed. At 10 µM, 

anti-estrogenic activities ranged from 24% to 65% suppression of 10 pM 17β-

estradiol (E2) and anti-androgenic activities ranged from 0% to 63% suppression 

of 100 nM testosterone. The chemicals exhibited IC10s (concentrations required 

to suppress 10% of the maximal activity of the positive control) ranging from 

0.15-6.33 µM (Figure 5). Of note, 2-ethyl-1-hexanol (IC10 = 0.60 µM) and 

ethylene glycol (IC10 = 0.15 µM) exhibited the greatest potencies for anti-

estrogenic activities and ethylene glycol (IC10 = 0.50 µM), n,n-dimethylformamide 

(IC10 = 0.50 µM), and cumene (IC10 = 0.62 µM) exhibited the greatest potencies 

for anti-androgenic activities. Estrogenic activity was observed for bisphenol A, 

which exhibited supra-agonistic activity and an EC50 of 2.00 µM (Figure 6; 

concentration required to exhibit half of its maximal activity). To our knowledge 

this is the first report of anti-estrogenic activity of ethylene glycol monobutyl  
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Figure 5: Estrogen and Androgen Receptor Activities of Selected 

Chemicals Used in Natural Gas Operations. Representative dose responses 

of selected hydraulic fracturing chemicals tested for anti-estrogenic (A) and anti-

androgenic (B) activities. Anti-estrogenic activity presented as the percent 

suppression of 10 pM 17β-estradiol (set to 100%) for each chemical from 0.1-100 

µM. Anti-androgenic activity presented as the percent suppression of 100 nM 

testosterone (set to 100%) for each chemical from 0.1-100 µM.  
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Figure 6: Estrogenic Activities of Selected Chemicals Used in Oil and Gas 

Operations. Representative dose responses of selected hydraulic fracturing 

chemicals tested for estrogenic activity. Estrogenic activity expressed as a 

percent of the activity of 100 pM 17β-estradiol for each chemical from 0.1-100 

µM.  
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ether, 2-ethylhexanol, ethylene glycol, diethanolamine, diethylene glycol methyl 

ether, sodium tetraborate decahydrate, 1,2-bromo-2-nitropropane-1,3-diol, n,n-

dimethyl formamide, cumene, and styrene; and novel anti-androgenic activity of 

2-ethylhexanol, naphthalene, diethanolamine, sodium tetraborate decahydrate, 

1,2-bromo-2-nitropropane-1,3-diol, and cumene. 

 

Overall Estrogen and Androgen Receptor Activities of Water Samples. Surface 

and ground water samples were collected from Sites 1-5 (sites in Garfield County 

with known natural gas drilling spills in high-density natural gas drilling region), 

several locations along the Colorado River (the drainage basin for the entire 

drilling region), local reference sites in Garfield County with limited drilling 

activities nearby, and reference sites in Boone County, Missouri, an area devoid 

of natural gas drilling (Figure 3, Table 3, Supplemental Table 2). Estrogenic, anti-

estrogenic, androgenic, and anti-androgenic activities were observed in 89%, 

41%, 12%, and 46% of all water samples, respectively (Supplemental Figures 4, 

5). The type of activities observed differed widely between sites (Figure 7, 

Supplemental Figures 4, 5). Ground water at Sites 1, 2, and 3 exhibited near 

maximal estrogenic activities and low to moderate anti-androgenic activities, 

while both Garfield County and Missouri reference sites exhibited low levels of 

estrogenic activities only (Figure 7A). Surface water at Sites 1-5 varied greatly; 

Sites 1 and 4 exhibited low estrogenic, high anti-estrogenic, and low to moderate 

anti-androgenic activities, Sites 3 and 5 exhibited higher estrogenic and lower 

anti-estrogenic activities, and Site 2 exhibited only estrogenic activities (Figure  
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Figure 7: Combined estrogen and androgen receptor activities of ground 

and surface water by site. Combined estimated marginal means of estrogenic 

(blue), anti-estrogenic (red), and anti-androgenic activities (green) at each 

sample collection site for ground water (A) and surface water (B).  

Estrogenic activities expressed as a percent of the activity of 100 pM 17β-

estradiol at 40x concentration, anti-estrogenic activities expressed as percent 

suppression of 10 pM 17β-estradiol at 40x concentration, and anti-androgenic 

activities expressed as percent suppression of 100 nM testosterone at 4x 

concentration. Antagonist activities expressed as positive values; additive agonist 

activities not expressed on this figure. 

The absence of a sample group for a particular figure panel is due to no samples 

present at that site for that particular water type. 

See Supplemental Table 2 for more details on each group. 
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7B). Colorado River samples exhibited activities at moderate levels, while 

Missouri reference sites exhibited low estrogenic, very low anti-estrogenic, and 

no anti-androgenic activities. 

 

The results from all three assays were modeled using a mixed model framework 

(Supplemental Figures 1-3), with final model forms for the estrogenic and anti- 

estrogenic assays consisting of a three-way interaction (and all lower order 

terms) among the fixed effects (site, water type, and concentration), along with 

the baseline covariate (vehicle control). For the anti-androgenic assay, there was 

only one level of concentration used (4x), so three-way interactions were not 

applicable. The anti-androgenic model consisted of a site-by-water type 

interaction term, main effect terms for site and water, and the baseline covariate 

(vehicle control). 

 

Estrogenic Activities of Water Samples from Natural Gas Drilling-Dense versus 

Sparse Sites. Estrogenic activities were observed in both ground and surface 

water at Sites 1-5 and in Colorado River samples. Low estrogenic activities were 

also observed in Garfield County and Missouri reference sites. Ground water 

samples collected from Sites 1-3 exhibited higher estrogenic activities than both 

Garfield County and Missouri reference samples (p<0.0001; Figure 8A, 

Supplemental Tables 3, 4). Interestingly, ground water samples collected from 

Garfield County reference sites exhibited higher estrogenic activities than 

Missouri reference sites (p<0.05). Estrogenic activities tended to be higher in  
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Figure 8: Average estrogen and androgen receptor activities of ground and 

surface water samples by site. Estimated marginal means ± SEM of estrogenic 

activities of each ground water (A) and surface water site (B) relative to 100 pM 

17β-estradiol at 40x sample concentration. Estimated marginal means of anti-

estrogenic activities of each ground water (C) and surface water site (D) as 

percent suppression or enhancement of 10 pM 17β-estradiol (set to zero) at 40x 

concentration. Negative values denote suppression of agonist activities and thus 

antagonist activities. Estimated marginal means of anti-androgenic activities of 
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each ground water (E) and surface water site (F) as percent suppression or 

enhancement of 100 nM testosterone (set to zero) at 4x concentration. Negative 

values denote suppression of agonist activities and thus antagonist activities.  

Superscript letters denote statistical similarities and differences between sample 

groups within each pane. Groups containing the same letter were found to be the 

same, while groups with different letters were found to be significantly different.  

The absence of a sample group for a particular figure panel is due to no samples 

present at that site for that particular water type. 

See Supplemental Table 2 for more details on each sample group. 
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ground water samples than in surface water samples, with ground water from 

Sites 1-5 exhibiting a minimum of 75% of maximal activity compared to a 

maximum of 60% in surface water samples. Surface water samples at Sites 2, 3, 

and 5 exhibited greater estrogenic activities than Missouri reference sites 

(p<0.05; Figure 8B, Supplemental Tables 3, 4).  

 

Anti-estrogenic Activities of Water Samples from Natural Gas Drilling-Dense 

versus Sparse Sites. Anti-estrogenic activity was observed in surface water at 

Sites 1, 3, 4, 5, and in Colorado River samples. Little to no anti-estrogenic activity 

was observed in Garfield County or Missouri reference sites. Ground water 

samples exhibited little to no anti-estrogenic activity, with Sites 1-3 tending to 

exhibit greater additive agonist activities than reference sites (Figure 8C, 

Supplemental Tables 3, 4), likely due to the high levels of estrogenic activities 

exhibited by these samples (Figure 8A). Anti-estrogenic activity was almost 

exclusively exhibited by surface water samples, where more apparent differences 

were observed between Sites 1-5. Notably, Sites 1 and 4 exhibited greater anti-

estrogenic activity than Missouri reference sites (p<0.05; Figure 8D, 

Supplemental Tables 3, 4). The surface water samples collected from the 

Colorado River exhibited moderate activity, having less than Site 4, which 

exhibited the highest anti-estrogenic activity (p<0.05) but no difference from Sites 

1, 3, or 5. Site 2 displayed a clear absence of anti-estrogenic activity. 

 

Anti-androgenic Activity of Water Samples from Natural Gas Drilling-Dense 
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versus Sparse Sites. Anti-androgenic activity was observed in ground and 

surface water at Sites 1, 3, 4, 5, and in Colorado River samples. No anti-

androgenic activity was observed in Garfield County or Missouri reference sites. 

Water samples collected from Sites 1-3 exhibited higher anti-androgenic activity 

than Garfield County reference samples that exhibited additive agonist activity 

(p<0.01), but did not differ from Missouri reference sites that displayed no 

androgen receptor activity (Figure 8E, Supplemental Tables 3, 4). Surface water 

samples collected from Sites 1, 4, and 5 displayed greater anti-androgenic 

activity than Missouri references sites (p<0.05; Figure 8F, Supplemental Tables 

3, 4). Surface water samples collected from the Colorado River again displayed 

intermediate anti-androgenic activity that did not differ from Sites 1-5 but that 

were significantly greater than the activity exhibited by Missouri reference sites 

(p<0.05). Site 2 displayed a clear absence of anti-androgenic activity.  

 

Discussion 

 

We report for the first time estrogenic, anti-estrogenic, and anti-androgenic 

activity in a selected subset of chemicals used in natural gas operations and the 

presence of these activities in ground and surface water from a natural gas 

drilling-dense area in Garfield County, Colorado. One of twelve chemicals tested 

exhibited estrogenic activity, eleven had anti-estrogenic activity, and ten had anti-

androgenic activity. While these chemicals were selected because of their 

suspected or known EDC activity (35,265), very few had been shown to have 
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direct receptor activity (96-101). Thus, this is the first demonstration of anti-

estrogenic or anti-androgenic activity for the majority of these chemicals. 

 

Importantly, we found that water samples from sites with known natural gas 

drilling incidents had greater estrogen and androgen receptor activities than 

drilling sparse or absent reference sites. Very little estrogen or androgen receptor 

activity was measured in drilling-sparse reference water samples, moderate 

levels were measured in samples collected from the Colorado River (the 

drainage basin for all Colorado collection sites), and moderate to high activities 

were measured in water samples from Garfield County spill sites. The Garfield 

County spill sites were known to have various types of contamination including 

produced water (wastewater and chemical mixture recovered after hydraulic 

fracturing) pipe leaks, a produced water tank spill, the improper disposal of 

produced water into surface water, and a natural gas upwelling (Table 3), which 

may have resulted in the distinct site-specific patterns of activities observed. At 

Site 1, several ground water samples exhibited anti-estrogenic activities despite 

the absence of anti-estrogenic activities across all other ground water samples 

(Supplemental Fig. 4, 5). However, water quality testing performed at this site in 

September 2010 revealed high levels of mixing between surface and ground 

water, possibly explaining the notable differences observed (275). Site 2 

exhibited an absence of anti-estrogenic and anti-androgenic activities in contrast 

to the other spill sites. As described in Table 3, the spill at this site occurred into 

a creek and thus likely traveled away from the spill site more readily than at other 
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sites, suggesting a basis for the different pattern of hormonal activities.  

 

In the present study, we identified EDC activity of several individual chemical 

components used in natural gas operations that may contribute to the activity that 

we measured in water. Independent analyses identified these or similar 

chemicals at several of the sites we collected water from, despite the fact that our 

study did not pursue analytical identification of chemicals present in our water 

samples. At Site 1, researchers at the University of Colorado collected water 

samples in September 2010 and performed analytical identification of chemicals 

present. Their testing revealed five polyethylene glycols used in natural gas 

drilling operations to be present in ground water from a monitoring well at this site 

(275). Our analysis of three ethylene glycols revealed anti-estrogenic and anti-

androgenic activities for ethylene glycol, ethylene glycol butyl ether, and 

diethylene glycol methyl ether. At Site 5, an analytical laboratory found that water 

samples contained elevated levels of several BTEX (benzene, toluene, 

ethylbenzene, and xylenes) chemicals, which are reported to be associated with 

fracturing fluids (35,36,265). Naphthalene, which exhibited both anti-estrogenic 

and anti-androgenic activity in the current study, was detected in soil samples 

collected from Site 5 (276). Further, it was only detected at the site of the spill 

and not in the surrounding area, strongly suggesting that the source was the 

produced water leak.  

 

Both naturally occurring chemicals and synthetic chemicals from other sources 
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could contribute to the activity observed in the water samples collected in this 

study (116,117,277,278). While agricultural and animal care operations could 

potentially contribute to the measured activity in Garfield County, all sample sites 

were on land devoid of any recent animal care or agricultural use so these 

sources are likely to have minimal contributions. Wastewater contamination is 

another potential source of EDCs and we acknowledge that Missouri Reference 

samples were collected in a more urban area than Colorado samples (Boone 

County population approximately three times greater than Garfield County). 

However, as Garfield County samples were all collected in more rural areas, we 

expect that any potential contribution through wastewater contamination would 

be lower in these samples. Further, the more urban samples were found to 

exhibit the lowest levels of hormonal activity in the current study. Taken together 

with independent analytical identification of drilling-related chemicals at sites we 

sampled from, this provides further support for a link to the source of the activity 

observed. 

 

Exposure to EDCs has been linked to a number of negative health outcomes in 

laboratory animals, wildlife and humans (12-14,16-19). Despite an understanding 

of adverse health outcomes associated with exposure to EDCs, research on the 

potential health implications of exposure to chemicals used in hydraulic fracturing 

is lacking. Bamberger and Oswald analyzed the health consequences associated 

with exposure to chemicals used in natural gas operations and found respiratory, 

gastrointestinal, dermatologic, neurologic, immunologic, endocrine, reproductive, 
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and other negative health outcomes in humans, pets, livestock, and wildlife 

species (164). Of note, Site 4 in the current study was used as a small-scale 

ranch prior to the produced water spill in 2004. This use had to be discontinued 

because the animals no longer produced live offspring, perhaps due to the high 

anti-estrogenic activity observed at this site. There is evidence that hydraulic 

fracturing fluids are associated with negative health outcomes, and there is a 

critical need to quickly and thoroughly evaluate the overall human and 

environmental health impact of this process. It should be noted that although this 

study focused on only estrogen and androgen receptors, there is a need for 

evaluation of other hormone receptor activities to provide a more complete 

endocrine disrupting profile associated with natural gas drilling. 

 

In conclusion, most water samples from sites with known drilling-related incidents 

in a drilling-dense region of Colorado exhibited more estrogenic, anti-estrogenic, 

and/or anti-androgenic activities than the water samples collected from reference 

sites and twelve chemicals used in drilling operations exhibited similar activities. 

The following support an association between natural gas drilling operations and 

EDC activity in surface and ground water: hormonal activities in Garfield County 

spill sites and the Colorado River are higher than reference sites in Garfield 

County and in Missouri, selected drilling chemicals displayed similar activities to 

those measured in water samples collected from a drilling-dense region, several 

of these chemicals and similar compounds were detected by other researchers at 

our sample collection sites, and known spills of natural gas fluids occurred at 
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these spill sites. Taken together, this suggests that natural gas drilling operations 

may result in elevated EDC activity in ground and surface water.  
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– CHAPTER 3 – 

ENDOCRINE DISRUPTING ACTIVITY OF HYDRAULIC FRACTURING 
CHEMICALS AND ADVERSE HEALTH OUTCOMES FOLLOWING 

PRENATAL EXPOSURE IN MICE 

 

Introduction 

 

Endocrine disrupting chemicals (EDCs) are defined as any exogenous chemical 

or mixture of chemicals that can interfere with any aspect of hormone action 

(279). As many as one thousand EDCs have been identified (280), both synthetic 

and naturally occurring, that can act by directly interacting with hormone 

receptors (13,261), enhancing or suppressing a receptor’s ability to respond to 

endogenous hormones (262,263), modulating endogenous hormone levels 

(263,264), or other mechanisms (2). EDCs are often able to act at 

environmentally relevant concentrations (below those traditionally examined in 

toxicological risk assessments), exhibit non-monotonic dose response curves 

(resulting in quantitatively and qualitatively different outcomes at low versus high 

concentrations), and routinely exert greater effects during critical windows of 

development when exposure can alter normal development and lead to adult 

disease (4-7). We have recently reported an association between endocrine 

disrupting activity and hydraulic fracturing for natural gas and oil (94,169).  

 

Hydraulic fracturing involves the high-pressure underground injection of several 

million gallons of water mixed with chemicals and suspended solids to fracture 
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the shale or coal bed layer and release trapped natural gas and/or oil (35,36). 

Chemicals are added for reasons such as increasing the viscosity, preventing 

salt build-up, and serving as antibacterial agents, among others (37,49). A small 

percentage of injected fluids are immediately recovered as “flow back” and 

contain mainly the chemicals used for fracturing and some naturally occurring 

chemicals from the shale layer (37). “Produced water” comes to the surface over 

the life of a producing well and is composed of naturally occurring compounds 

from the shale formation as well as the fracturing fluids remaining underground. 

Both of these wastewaters can be heavily laden with naturally occurring 

radioactive compounds, heavy metals from the shale layer, and chemicals used 

in fracturing operations, and are routinely injected into disposal wells, reused in 

future fracturing operations, and/or pumped into open evaporation pits for 

disposal (36,37,43). Chemical concentrations in wastewaters vary over time from 

a given well--some chemicals decrease following hydraulic fracturing input, some 

vacillate over the entire process, and others increase over the life of the 

producing well and may be liberated from shale or coal beds over time (107). 

While less than twenty chemicals are typically used for the hydraulic fracturing of 

a single well, industry has reported 750 different chemicals used throughout the 

entire process (35); of these, more than 100 are known or suspected EDCs 

(35,265,281). Combined with differences in fracturing mixtures that companies 

utilize between locations to maximize production based on geology and other 

factors, there is a ubiquitous lack of uniformity between chemicals and 

concentrations present in these wastewaters (36,37,49). 
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Oil and natural gas operations have been shown to contaminate surface and 

ground water through a variety of mechanisms (39,40,54,56,66,69-71). 

Specifically, spills of chemicals during transport to and from the extraction site, 

the production processes, improper treatment and disposal of wastewater, 

failures of well casings, and structural issues surrounding abandoned wells 

(54,56,57) are all potential routes of contamination. Releases of these 

compounds have been shown to increase levels of stray gases and heavy metals 

in drinking water (39,40,70,71), increase radioactivity in rivers downstream of 

treatment plants (66), and increase fracturing chemical concentrations in local 

water supplies (54,69,275). Previous work in our laboratory reported estrogen 

and androgen receptor activities for twelve chemicals used in oil and natural gas 

operations as well as similar activities in surface water from a drilling-dense 

region of Colorado, suggesting that oil and natural gas operations may be 

increasing EDC activities in local water sources (281). Importantly, key data gaps 

exist in conclusively linking oil and natural gas operations to changes in local 

water qualities, as most regions have not performed baseline environmental 

analyses (58).  

 

Health outcomes from exposure to chemicals used in and produced by oil and 

natural gas operations are poorly understood (166). Many individual chemicals 

used or liberated during oil and natural gas operations are associated with 

adverse reproductive outcomes such as miscarriage, preterm birth, and 
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decreased fertility (169). An analysis of health consequences associated with 

exposure to hydraulic fracturing fluids, via spills or disposal, found respiratory, 

gastrointestinal, dermatologic, neurologic, immunologic, endocrine, reproductive, 

and other adverse health outcomes in humans, pets, livestock, and wildlife 

species (162,164). A literature review of adverse health effects associated with 

353 of the chemicals used in oil and natural gas operations found that 75% can 

impact sensory organs, respiratory, and gastrointestinal systems, 37% were 

known or suspected endocrine disruptors, and 25% were human carcinogens 

(93). Adverse health outcomes from developmental exposure are difficult to 

assess in humans, as many of these outcomes may take years to develop. 

However, McKenzie et al. recently reported an association between congenital 

heart defects and neural tube defects in children born to mothers who lived within 

ten miles of natural gas operations during pregnancy (165). These outcomes 

have been associated with gestational EDC exposure in both humans and 

animals (240,245,246,248).  

 

The goals of this study were to address three major data gaps regarding 

chemicals associated with oil and natural gas operations. First, we measured the 

estrogen, androgen, glucocorticoid, progesterone, and thyroid receptor activities 

of twenty-four suspected or known EDCs used in oil and natural gas operations 

(Table 4). Second, we screened several wastewater samples from oil and natural 

gas operations in Colorado for the presence of these chemicals. Third, we 

assessed potential adverse reproductive and developmental outcomes from 
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Table 4: D
escription of oil and gas operation chem

icals used in each m
ixture tested 

Chem
ical)N

am
e)

CAS)#)
O
il)and)G

as)
O
peration)U

se)
Com

m
on)U

se)
N
aturally)

occurring)
9<m
ix

1)
23<
m
ix

1)
ER))
M
ix

2)

AR))
M
ix

2)

PR))
M
ix

2)

TR))
M
ix

2)

G
R))

M
ix

2)
1,2,4&
trim

ethylbenzene!
95&63&
6!

Surfactant!
Dyes,!resins,!perfum

es,!
gasoline!constituent!

X!
10!

10!
!

!
!

!
!

2&(2&
m
ethoxyethoxy)!

ethanol!

111&
77&3!

Biocide,!Surfactant!
Industrial!solvent,!icing!
inhibitor!

!
!

10!
0.1!

2.5!
!

!
4.0!

2&ethylhexanol!
104&
76&7!

Defoam
er,!Breaker!

Plasticizer!precursor,!
sunscreens!

!
10!

10!
0.2!

1.0!
10.0!

!
2.8!

Acrylam
ide!

79&06&
1!

Scale!Control,!
Friction!Reducer!

W
ater!treatm

ent,!
personal!care!products!

!
!

10!
!

77.5!
!

!
!

Benzene!
71&43&
2!

Paraffin!Inhibitor,!
Surfactant!

Chem
ical!precursor,!

resins,!rubbers,!plastics!
X!

10!
10!

9.0!
6.0!

!
!

!

Bisphenol!A!
80&05&
7!

Resins,!equipm
ent!

sealings!
Plastics,!resins,!therm

al!
receipt!developer!

!
!

!
!

1.3!
0.7!

19.0!
17.5!

Bronopol!(1,2&
brom

o&2&
nitropropane&1,3&
diol)!

52&51&
7!

Biocide!
Personal!care!products,!
antim

icrobials!
!

!
10!

2.3!
85.0!

30.0!
!

0.3!

Cum
ene!

(Isopropylbenzene)!
98&82&
8!

Paraffin!Inhibitor!
Chem

ical!precursor,!
paints!

X!
10!

10!
0.9!

0.6!
30.0!

!
!
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Table 4: continued 

Chem
ical)N

am
e)

CAS)#)
O
il)and)G

as)
O
peration)U

se)
Com

m
on)U

se)
N
aturally)

occurring)
9<m
ix

1)
23<
m
ix

1)
ER))
M
ix

2)

AR))
M
ix

2)

PR))
M
ix

2)

TR))
M
ix

2)

G
R))

M
ix

2)
Diethanolam

ine!
111&
42&2!

Friction!Reducer,!
Corrosion!Inhibitor!

Personal!care!products,!
chem

ical!precursor!
!

!
10!

0.3!
2.3!

35.0!
!

!

Dim
ethylform

am
id

e!
68&12&
2!

Corrosion!Inhibitor!
Plastics,!pesticides,!
adhesives!

!
!

10!
0.3!

4!
40.0!

!
!

Ethoxylated!
nonylphenol!

9016&
45&9!

Surfactant,!
Corrosion!Inhibitor!

Detergents,!dust!
control,!icing!inhibitor!

!
!

10!
0.2!

3!
0.2!

1.1!
0.4!

Ethoxylated!
octylphenol!

9036&
19&5!

Surfactant,!
Corrosion!Inhibitor!

Cleaning!agents,!paints,!
coatings!

!
!

10!
0.1!

1.3!
1.5!

1.8!
3.5!

Ethylbenzene!
100&
41&4!

N
on&em

ulsifier,!
paraffin!inhibitor!

Styrene!precursor,!
gasoline!

X!
10!

10!
55.0!

15!
!

!
!

Ethylene!glycol!
107&
21&1!

Crosslinker,!
Friction!reducer!

Antifreeze,!coolant,!
polyester!fiber!
production!

!
!

10!
0.2!

0.4!
30.0!

1.5!
5.0!

Ethylene!glycol!
m
onobutyl!ether!

(2&BE)!

111&
76&2!

Surfactant,!Foam
er!

Corexit!9527,!paint!
solvent,!personal!care!
products!

!
!

10!
0.1!

0.6!
!

8.0!
!

M
ethyl&4&

isothiazolin!
2682&
20&4!

Biocide!
Personal!care!products,!
preservative!

!
!

10!
7.5!

22.5!
!

!
3.0!
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Table 4: continued 

Chem
ical)N

am
e)

CAS)#)
O
il)and)G

as)
O
peration)U

se)
Com

m
on)U

se)
N
aturally)

occurring)
9<m
ix

1)
23<
m
ix

1)
ER))
M
ix

2)

AR))
M
ix

2)

PR))
M
ix

2)

TR))
M
ix

2)

G
R))

M
ix

2)
N
aphthalene!

91&20&
3!

Surfactant,!Acid!
Inhibitor!

M
othballs,!fum

igant,!
chem

ical!precursor!
X!

10!
10!

2.7!
2.5!

20.0!
1.7!

0.4!

Phenol!
108&
95&2!

Resin&coating!for!
proppants!

Plasticizer!precursor,!
resins!

X!
!

10!
15.0!

31!
50.0!

!
!

Propylene!glycol!
57&55&
6!

G
ellant,!Breaker!

Personal!care!products,!
resins!

!
!

10!
27.5!

!
!

!
!

Sodium
!tetraborate!

decahydrate!
1303&
96&4!

Crosslinker!
Borax,!personal!care!
products,!detergents!

X!
!

10!
0.3!

5!
!

!
!

Styrene!
100&
42&5!

Proppant!
Plastics,!rubber,!
insulation!

X!
10!

10!
0.3!

!
!

4.5!
4.5!

Toluene!
108&
88&3!

N
on&em

ulsifier,!
paraffin!inhibitor!

Chem
ical!precursor,!

paints!
X!

10!
10!

80.0!
70.0!

!
!

!

Triethylene!glycol!
112&
27&6!

Biocide,!
Dehydration!

Plasticizer!precursor,!air!
sanitizers,!disinfectants!

!
!

10!
36.6!

32.5!
!

!
!

Xylenes!
1330&
20&7!

N
on&em

ulsifier,!
Breaker!

Plasticizer!precursor,!
polyester!production!

X!
10!

10!
4.5!

63.3!
21.0!

!
!
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List of oil and gas operation chem
icals tested in this study and relevant inform

ation on their uses both in and outside of 

industry. D
escriptive colum

ns define the chem
icals present and their concentrations in the various m

ixtures tested in this 

study. 

1 C
hem

ical concentrations for the highest m
ixture concentration. Tested listed concentrations as w

ell as 10, 100, and 

1,000-fold low
er. 

2 IC
10 (concentration of chem

ical that inhibits 10%
 of positive control activity) chem

ical concentrations for each 

com
ponent in these m

ixtures. Tested listed concentrations as w
ell as 10-fold higher and 10 and 100-fold low

er.  

E
R

 = estrogen receptor; A
R

 = androgen receptor; P
R

 = progesterone receptor; TR
 = thyroid receptor; G

R
 = glucocorticoid 

receptor. 
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prenatal exposure to a laboratory-created mixture of these chemicals in male 

mice. We hypothesized that 1) chemicals used in oil and natural gas operations 

would exhibit antagonist activities for nuclear hormone receptors and may act 

additively in combination, and 2) a laboratory-created mixture of these chemicals 

would impact hormone-sensitive endpoints in C57 mice exposed prenatally 

(Figure 9).  

Materials and Methods 

 

Chemicals. 17β-estradiol (E2; estrogen agonist, 98% pure), ICI 182,780 

(estrogen antagonist, 98% pure), 4,5α-dihydrotestosterone (DHT; androgen 

agonist, ≥97.5% pure), flutamide (androgen antagonist, 100% pure), 3,3’,triiodo-

L-thyronine (T3; thyroid agonist, ≥95% pure), progesterone (P4; progesterone 

agonist, ≥99% pure), mifepristone (thyroid/progesterone antagonists, ≥98% 

pure), dexamethasone (DXM; thyroid agonist, 99.5% pure), and all drilling 

chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO). 1-850 

(thyroid antagonist, ≥95% pure) was purchased from EMD Millipore (Billerica, 

MA). Stock solutions of all chemicals were prepared at 10 mM in HPLC-grade 

methanol and stored at 4 °C, except T3 and 1-850 (prepared in DMSO). The 

twenty-four oil and natural gas operation chemicals that were selected (Table 4) 

were chosen from lists of all known chemicals used in oil and natural gas 

operations (35,265), narrowed to chemicals that were known or suspected EDCs 

(265), with preference given to those used in multiple chemical products 

(35,265). 
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Figure 9: Mouse Exposure and Collection Timeline. Timeline of oil and gas 

operation chemical exposure to pregnant dams and assessment of 

developmentally exposed pups. 

Colored bars represent ongoing treatment or measurements and black arrows 

represent set collection or measurement points. 

GD = gestational day; PND = postnatal day 
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Plasmids. For estrogen receptor activity testing, cells were transfected with 

estrogen response element linked to the firefly luciferase gene, 3XERETKLuc 

(273), and CMV-β-Gal (270). For androgen receptor activity testing, cells were 

transfected with androgen receptor, CMV-AR1 (271), androgen response 

element linked to the firefly luciferase gene, PSA-Enh E4TATA-luc (272), and 

CMV-β-Gal (270). For progesterone receptor activity testing, cells were 

transfected with progesterone receptor B, pcDNA3 PRB (282), progesterone 

response element linked to the firefly luciferase gene, 2XPRE-TK-Luc (283), and 

CMV-β-Gal (270). For thyroid receptor activity testing, cells were transfected with 

thyroid receptor, pSG5-hTRβ1 (284), thyroid response element linked to the 

firefly luciferase gene, pGL4-TK-2X taDR4 (285) (thymidine kinase gene minimal 

promoter sequence at http://microbiology.ucdavis.edu/privalsky/pGL4CP.html), 

and CMV-β-Gal (270). For glucocorticoid receptor activity testing, cells were 

transfected with glucocorticoid receptor, pRST7-GR (286), glucocorticoid 

response element linked to the firefly luciferase gene, MMTV-luc (287), and 

CMV-β-Gal (270). 

 

Hormone Receptor Reporter Gene Assays. MCF-7 cells (ATCC # HTB-22) were 

maintained in Gibco Minimum Essential Medium (MEM) supplemented in our lab 

with 5% newborn calf serum (Thermo Hyclone cat # SH30118.03), 2 mM 

glutamax, 0.1 mM non-essential amino acids, and 6 ng/mL bovine insulin. Cell 

lines were transferred to phenol red free medium (Gibco cat # 51200) that was 

supplemented in our lab with charcoal-stripped newborn calf serum two days 
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prior to the start of assays. Hormone receptor activities were measured using 

reporter gene assays utilizing hormone response elements linked to the 

luciferase gene. Each test concentration for all chemicals was performed in 

quadruplicate within each assay and each assay was repeated three times. Cells 

were co-transfected with the vectors listed above using MEM with reduced serum 

(Invitrogen catalog # 31985) as described previously (94,274). Briefly, cells were 

transfected in T25 or T75 flasks, allowed to recover overnight, and seeded into 

96-well tissue culture plates at approximately 70,000 cells per well. Cells were 

induced with dilution series of the positive controls (Figure 10) or of the selected 

subset of chemicals (10 µM – 10 nM), diluted in medium using a 1% methanol 

vehicle. Dilution series of positive controls were applied as follows: estrogen 

assays used E2 (EC50 ~20 pM), anti-estrogenic assays used ICI (100 nM; IC50 

~250 pM, concentration required to suppress half the positive control activity), 

androgen assays used DHT (EC50 ~250 pM), anti-androgenic assays used 

flutamide (10 µM; IC50 ~1.66 µM), progestogenic assays used P4 (EC50 ~300 

pM), anti-progestogenic assays used mifepristone (1 µM; IC50 ~4.75 nM), 

thyroidogenic assays used T3 (EC50 ~2.0 nM), anti-thyroidogenic assays used 

1-850 (10 µM; IC50 ~1 µM), glucocorticogenic assays used dexamethasone 

(EC50 ~1.5 nM), and anti-glucocorticogenic assays used mifepristone (1 µM; 

IC50 ~650 pM).  
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Figure 10: Positive Control Dose Response Curves. Representative samples 

of positive controls for the agonist and antagonist reporter gene assays used 

herein. Positive controls for agonist assays are included as solid lines and 

positive controls for antagonist assays are included as dashed lines. Specifically, 

dilution series for 17β-estradiol and ICI 182,780, the positive controls used for all 

estrogen assays (black), dihydrotestosterone and flutamide, the positive controls 

used for all androgen assays (blue), progesterone and mifepristone (RU-486), 

the positive controls used for all progesterone assays (green), triiodothyronine 

and 1-850, the positive controls used for all thyroid assays (purple), and 

dexamethasone and mifepristone, the positive controls used for all glucocorticoid 

assays (orange).  
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Sample Toxicity. The CellTiter 96 Non-Radioactive Cell Proliferation Assay 

(Promega cat# G4000) was used to assess cell toxicity in MCF-7 cells, according 

to slightly amended manufacturer’s instructions (288). MCF-7 cells were seeded 

into 96-well tissue culture plates at approximately 30,000 cells per well and 

allowed to settle for four hours. Cells were induced with dilution series of the 

positive controls or of the selected subset of chemicals from 0.1-100 µM, diluted 

in medium as described above using a 1% methanol vehicle. Cells were 

incubated for approximately 18-20 hours before dye solution addition. Plates 

were incubated for one and a half hours further, solubilization/stop solution 

added, incubated for one hour, and absorbance read at 570nm using 96-well 

plate reader. Toxicity was determined by a significant decrease in absorbance 

exceeding at least 15% of baseline levels. Toxicity was exhibited by 100 µM of 

methyl-4-isothiazolin, bisphenol A, bronopol, ethoxylated octylphenol, and 

nonylphenol, with none observed at 50 µM. The 9-mix, 23-mix, and 24-mix 

mixtures (described above) also exhibited toxicity at 100 µM only. All toxicity was 

confirmed using the beta-galactosidase normalization vector as described 

previously (94). 

 

Calculation of Estrogen/Androgen Receptor Activities. Agonist activities were 

calculated as a percent activity relative to the maximal positive control responses 

of 2 nM E2, 30 nM DHT, 3 nM P4, 1 nM T3, and 200 nM DXM, for estrogen, 

androgen, progesterone, thyroid, and glucocorticoid receptor assays, 

respectively. Antagonist activities were calculated as a percent suppression or 
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enhancement of the positive controls at their EC50s: 20 pM E2, 300 pM DHT, 

100 pM P4, 2 nM T3, and 50 nM DXM, for estrogen, androgen, progesterone, 

thyroid, and glucocorticoid receptor assays.  

 

Isobolographic Mixture Activity Assessment. Eight mixtures of oil and natural gas 

chemicals were also tested in vitro: A nine chemical equimolar mixture (9-mix), a 

24 chemical equimolar mixture (24-mix), a 23-mix with equimolar concentrations 

of all chemicals except bisphenol A (BPA), and five receptor-specific mixtures 

that were prepared at equipotent concentrations, with all chemicals exhibiting 

antagonist activity for a given receptor combined at their respective IC10 

concentrations (Table 4). Assessment of the antagonist mixture interactions was 

performed using the method of isoboles, as described previously (289). Briefly, 

activity exhibited by mixtures was compared to single chemical activities using 

the equation: dA/DA + dB/DB + dC/DC + … = 1, where dA/B/C denotes the 

concentration of chemicals A, B, and C in a mixture that produces a specific 

effect, and DA/B/C denotes the concentration required of the individual chemicals 

to exhibit the same activity. Values of one denote additivity, values above one 

denote antagonism, and those below one denote synergism. Mixtures were 

assessed only at a concentration where data on all chemicals was present to 

avoid extrapolation.  

 

Analysis of Oil and Gas Wastewater Samples. Three oil and gas wastewater 

(WW) samples were collected in Garfield County, Colorado either directly from 
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the source or from immediate spills of these fluids into the environment. 

Quantitation using authentic standards was performed for 12 of the 24 industry-

reported oil and gas operation chemicals examined in this study. WW1 

(wastewater sample 1) was collected from a ruptured industry wastewater 

pipeline that was still actively leaking. This sample separated into organic and 

aqueous layers after collection, and these phases were analyzed separately. 

WW2 and WW3 were collected from recovered fluids stored in collection tanks. 

WW2 was collected from an open WW storage tank that may have been diluted 

with rainwater, and WW3 was collected from a closed WW storage tank. Both 

WW2 and WW3 were filtered through Whatman filter paper #54 to remove 

suspended solids prior to solid phase extraction and were analyzed both before 

and after this step. Wastewater samples were shipped on ice to our laboratory 

and stored at 4 °C until processing. Aliquots for analytical investigation were 

stored in volatile organic chemical (VOC)-certified vials at -20 °C. 

 

Analysis of EDCs by SPME followed by GC-MS. VOCs in water were quantified 

according to previously published methods (290,291). Briefly, toluene-d8 was 

spiked into samples as an internal standard and a headspace solid-phase 

microextraction (SPME) process, using an 85-µm carboxen/polydimethylsiloxane 

fiber, was used to extract the VOCs. Analysis was performed with an Agilent 

6890N gas chromatography coupled with an Agilent 5973N quadrupole mass 

spectrometer (GC-MS; Agilent Technologies, Santa Clara, CA). In brief, the 

sample was diluted into 40 mL vials containing 20 mL of deionized water and 8 g 
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of NaCl. The vials were sealed and the temperature was increased to 30oC. The 

SPME fiber was inserted into the headspace of the vigorously stirred sample and 

left for 15 min. After extraction, the fiber was removed from the vial and 

immediately inserted into the hot injection port of the GC for 3 minutes to desorb 

the VOCs. The VOCs were separated by a Hewlett Packard cross-linked 

methylsiloxane DB-5 capillary column (30 m x 0.25 mm I.D.). The GC 

temperature program was 35ºC for 10 min, increased to 200ºC at 10ºC/min, and 

then increased to 230ºC at 3ºC/min before holding for 6 minutes. Injector 

temperature was held at 250ºC, transfer line between the GC and mass 

spectrometer was held at 150ºC, and the MS source was held at 230oC. The 

mass spectra of each peak identified on the chromatograms were characterized 

by comparison with the mass spectra of commercially available reference 

standards and mass spectral libraries supplied by National Institute for Standard 

and Technology (NIST/EPA/NIH Mass Spectral Library Version 2.0.f, 2009). 

Selection of diagnostic and quantitative ions was optimized and the calibration 

equations were developed following the procedure described previously 

(290,291). 

 

Analysis of EDCs by Liquid-Liquid Extraction followed by GC-MS. The nonvolatile 

EDCs were extracted by a 1:1 water:dichloromethane liquid–liquid procedure 

described previously (290,291). The identification and quantification of EDCs 

were performed using a Varian 3400cx GC with a Hewlett Packard cross-linked 

methylsiloxane DB-5 capillary column (30 m x 0.25 mm I.D.) coupled with a 
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Varian Saturn 2000 ion-trap mass selective detector (Varian Inc., Walnut Creek, 

CA). The GC temperature program was 35ºC for 10 min, increasing to 200ºC at 

10ºC/min, then increasing to 260ºC at 3ºC/min, and held for 6 min. Injector 

temperature was held at 260ºC for 5 min, the transfer line between the GC and 

mass spectrometer was held at 280ºC, and the ion trap manifold was set to 

250oC. Split injection mode with split ratio of 1:100 was used, and helium as the 

carrier gas at a flow rate of 1 mL/min. The quantitative ions were selected by 

injecting a working standard of each compound, and selection of diagnostic and 

quantitative ions was optimized by a procedure described previously (292). The 

most predominant product ions generated during electron ionization were 

recorded and background spectra subtraction was subsequently performed to 

identify the combination of the ions to optimize the selectivity and sensitivity. The 

ions providing the highest signal to noise ratios were selected and calibration 

curves were developed using seven concentrations of the standards to relate 

known concentrations to ion intensities. 

 

Animal Work. C57BL/6J mice were housed in sterile polysulfone cages under 

temperature and light-controlled (12L:12D) conditions in a barrier animal facility. 

All experimental procedures were performed according to an approved University 

of Missouri Animal Care and Use Committee protocol and were in accordance 

with the National Research Council’s Guide for the Care and Use of Laboratory 

Animals. All experimental mice were fed LabDiet 5053 (St. Louis, MO) and 

received acidified water ad libitum from glass bottles.  
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Ten-week old mice were time-mated and denoted as Gestation Day (GD) 0 on 

the day of vaginal plug. On GD11, dams were provided with experimental 

treatments in their drinking water. Test concentrations included a 0.2% ethanol 

negative control vehicle, 166.67 µg/mL flutamide androgen antagonist control (50 

mg/kg/day), and four concentrations of a mixture of 23 oil and gas operation 

chemicals, with each individual chemical present at 0.01, 0.10, 1.0, and 10 µg/mL 

(3, 30, 300, 3000 µg/kg/day of each chemical). The mixture included all 

chemicals tested in vitro except for BPA, which was excluded due to 1) being the 

only chemical exhibiting estrogenic activity and 2) failure of industry to report 

using this chemical directly, despite the use of resins that likely contribute BPA to 

wastewater (35). Experimental doses were provided until pups were born on 

GD19 and dams were then reverted to standard acidified water. Anogenital 

distances were assessed with calipers on postnatal day (PND) 7, nipple retention 

(fully retained only, areolae could not be observed) on PND 13, and body weights 

were measured through PND21 for all male pups. 

 

One male pup from each litter was necropsied on PND21. All animals were 

euthanized by carbon dioxide asphyxiation, cardiac puncture, and tissues were 

excised. Tissues were weighed, formalin fixed for 24 hours for histological 

evaluation, homogenized in lysis binding solution (Ambion RNAqueous, Austin, 

TX) for RNA isolation, or snap frozen on pulverized dry ice or in liquid nitrogen for 

later analysis. Following PND21 collection, all remaining males were assessed 
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for pubertal development via age of preputial separation. A second collection of 

one male from each litter was performed on approximately PND85 in the same 

manner as described above with the addition of sperm assessments as 

described below (Figure 9).  

 

Sperm Assessment. Sperm quantitation, motility, and morphology assessments 

were performed as follows. Both cauda epididymides were excised and placed 

into 600 µL DMEM (Gibco cat# 11885). Tissues were macerated with a needle 

and sperm allowed to swim out into medium for 10 minutes at 37 °C and 5% CO2 

conditions. After 10 minutes, tissue was removed with forceps and a 10 µL of 

mixed sperm suspension was mounted on a Makler Chamber (Sefi Medical 

Instruments, Haifa, Israel) warmed to 37 °C for binary motility assessments. 

Motility was scored by hand counter with non-progressively motile sperm 

included in the motile count. After dilution with a 2% paraformaldehyde solution, 

sperm concentrations were assessed using a hemocytometer. Sperm 

morphology slides were cleaned with 70% ethanol prior to preparing two slide 

smears for each sperm specimen. Smears were allowed to dry at room 

temperature and then were stored at 4°C until staining. Smears were stained 

using a modified Wright stain (Protocol Hema3, Fisher Scientific Company 

L.L.C., Kalamazoo, MI) according to the manufacturer’s instructions, with the 

exceptions that slides were dried at 35°C after fixation and an extra dip in the 

methylene blue stain improved visualization of the sperm midpiece. Slides were 

mounted with a minimal volume of Permount mounting medium (Fisher 
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Chemicals, Fair Lawn, NJ), then observed with 60X bright field optics. 

Morphology was scored as described previously (293), with midpiece bends and 

cytoplasmic droplets considered as abnormal (294). Two hundred sperm per 

slide were counted (400 per mouse). If the difference between duplicate slide 

counts exceeded 5% (295), each slide was counted again and the average of the 

four counts was used. 

 

Statistical Analysis. Linear models were used to analyze the results from all 

single data-point-per-litter data sets (sex ratio, litter size, organ weights, body 

weights post-weaning, sperm assessments). Linear mixed models were used to 

analyze the results from all multiple data-point-per-litter data sets (anogenital 

distance, body weights pre-weaning, pubertal development), and incorporated 

random effects to account for dependence among measurements due to the 

same litters contributing multiple animals. Fixed effects considered included 

treatment, litter ID, sex ratio, litter size, body weight, birth weight (PND7), and 

date of measurement or collection when appropriate for the different analyses 

performed. Variables were transformed to achieve normal distributions when 

necessary and adjusted means back-transformed for data display. Least-squares 

means were used for planned contrasts and to determine 95% confidence 

internals for differences to the vehicle control. Diagnostic plots were used to 

assess the fit of the model and to check distributional assumptions. Proc GLM 

and GLIMMIX in SAS 9.4 (SAS Inc.) were used for the data analysis.  

 



!

83!

Results 

 

EDC Activities of Chemicals Used in Oil and Natural Gas Operations. We tested 

24 chemicals for antagonist and agonist activity for five nuclear receptors. 

Antagonist activity was exhibited by 21, 21, 12, 7, and 10 chemicals, for the 

estrogen, androgen, progesterone, thyroid, and glucocorticoid receptors, 

respectively (Figure 11). Agonist activity was exhibited by one, one and two 

chemicals for the estrogen, progesterone, and thyroid receptors, respectively. At 

least one type of receptor activity was observed for all chemicals except 1,2,4-

trimethylbenzene. Antagonist activities were the most potent for the estrogen 

receptor (Figure 11A), with two chemicals exhibiting an IC50 below 10 µM and 

eight chemicals reaching an IC50. Antagonist activities for the androgen and 

progesterone receptors also included two chemicals exhibiting an IC50 below 10 

µM, with six and four chemicals reaching an IC50, respectively (Figure 11B, C). 

Antagonist activities for the thyroid and glucocorticoid receptors were the least 

potent, with three chemicals reaching an IC50 for both receptors and one 

chemical exhibiting an IC50 below 10 µM for the glucocorticoid receptor, (Figure 

11D, E).  

 

The alkylphenol ethoxylates (ethoxylated octylphenol and nonylphenol) exhibited 

the most potent antagonism for all five receptor systems, though their activity 

varied between them. The highest potency of inhibition was observed for the 

progesterone and estrogen receptors, with approximately 10-fold less potent  
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Figure 11: Receptor Activities of Selected Chemicals Used in Oil and Gas 

Operations. Representative dose responses of selected hydraulic fracturing 

chemicals tested for anti-estrogenic (A), anti-androgenic (B), anti-progestogenic 



!

85!

(C), anti-thyroidogenic (D), and anti-glucocorticogenic (E) activities. Antagonist 

activities presented as the percent suppression of 20 pM 17β-estradiol, 300 pM 

dihydrotestosterone, 100 pM progesterone, 2 nM thyroxine, 50 pM 

dexamethasone (set to 100%) for anti-estrogenic, anti-androgenic, anti-

progestogenic, anti-thyroidogenic, and anti-glucocorticogenic activities, 

respectively, for each chemical from 0.1-100 µM 

NGD = natural gas drilling 
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activity for the androgen and thyroid receptors (Figure 11). Bisphenol A acted as 

an antagonist for the androgen and progesterone receptors, an agonist for the 

estrogen receptor, and exhibited no significant activity for the glucocorticoid and 

thyroid receptors. The glycol ethers (ethylene glycol, ethylene glycol butyl ether, 

diethylene glycol methyl ether, triethylene glycol, propylene glycol) displayed 

potent activity for the estrogen and androgen receptors, with little activity 

exhibited for the other receptor systems. To our knowledge this is the first report 

of direct receptor activities for many of these chemicals.  

 

Analytical Identification of Chemicals Present in Oil and Gas Wastewater 

Samples. Twelve of the EDCs examined in vitro were quantified in the 

wastewater samples from Garfield County, Colorado. The majority of these 

chemicals were detected and ranged from 0.01-79 mg/L in the aqueous 

wastewater samples and as high as 5.8 g/L in the organic fraction of WW1 (Table 

5). Most of the concentrations detected were greater than the experimental 

concentrations used in our in vitro assays and in vivo animal study; 

concentrations in the aqueous samples averaged 11.81 mg/L, with some 

constituents at up to 8-fold greater concentrations than the average. 

Concentrations of chemicals in the organic phase of the fractionated WW1 

sample averaged 1.16 g/L, with some constituents at up to 6-fold greater 

concentrations than the average. Estimated human exposure to these chemicals, 

based on these measured concentrations and considering an average United 

States body weight of 80 kg and 2L daily water consumption, would be  
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Table 5: Concentrations (mg/L) of Oil and Gas Endocrine Disrupting Chemicals 

in Wastewater Samples 

Chemicals CAS # LOD1 WW1 

Aqu 

WW1 

Org 

WW2 WW3 

1,2,4-

trimethylbenzene 

95-63-6 0.0482 78.54 5873 0.32 2.71 

2-(2-methoxyethoxy) 

ethanol 

111-77-3 10,800

3 

<LOD <LOD <LOD <LOD 

2-ethylhexanol 104-76-7 0.0242 <LOD <LOD <LOD <LOD 

Benzene 71-43-2 0.0712 0.90 331.5 1.82 4.56 

Bisphenol A 80-05-7 6703 <LOD <LOD <LOD <LOD 

Cumene 98-82-8 0.0312 4.21 128.9 0.01 0.16 

Ethylbenzene 100-41-4 0.0522 7.34 1099 0.11 0.98 

Ethylene glycol butyl 

ether (2-BE) 

111-76-2 1,8403 <LOD <LOD 77.5 <LOD 

Naphthalene 91-20-3 0.0052 3.54 264.5 0.11 0.20 

Styrene 100-42-5 0.0332 <LOD 51.97 <LOD <LOD 

Toluene 108-88-3 0.0522 27.28 1410 4.76 11.75 

m-xylene + p-xylene   0.0422 40.09 2057 0.73 3.87 

o-xylene 95-47-6 0.062 14.97 396.4 0.86 2.71 
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Concentrations in mg/L of 24 endocrine disrupting chemicals used in oil and gas 

operations present in three industry wastewater samples from Garfield County, 

Colorado. Concentrations were assessed in unfiltered raw water samples. 

1 limits of detection (LOD) provided in µg/L concentrations. 

2 LOD determined via the solid-phase microextraction procedure and GC-MS 

analysis described in the Material and Methods. 

3 LOD determined via the liquid-liquid extraction procedure and GC-MS analysis 

described in the Materials and Methods. 

WW = wastewater sample #1, 2, 3. 

  



!

89!

approximately 295 µg/kg/day and 29 mg/kg/day for the aqueous and organic 

sample concentrations, respectively. These represent the highest exposures that 

humans could conceivably be exposed to, as chemicals are likely diluted into 

receiving water in the case of a spill. 

 

Adverse Health Outcomes in Mice Exposed to Mixture of 23 Oil and Natural Gas 

Operation Chemicals. C57BL/6J mice were exposed to a laboratory-created 

mixture of oil and gas operation chemicals provided to dams via their drinking 

water from gestation day 11 to 18. The calculated maternal doses based on 

consumption were 3, 30, 300, and 3,000 µg/kg/day for Mix3, 30, 300, and 3000, 

respectively. Male offspring were assessed at several time points (Figure 9).  

 

Decreased sperm counts were observed in the Mix30 and Mix300 groups at 

PND85 (Figure 12C). Epidydimal sperm counts from Mix3, 30, 300, 3000, and 

flutamide groups were reduced 24, 33, 35, 17, and 17%, respectively. Sperm 

motility tended to be reduced in the Mix30 group. No differences in sperm 

morphology were observed between treatments. 

 

Developmental exposure to Mix3, Mix300 and flutamide increased testis weights 

by 10, 6 and 3% at PND21, though not significantly in the flutamide group (Figure 

12A). At PND85, increased testis weights were observed in Mix3 (7% increase), 

and tended to be greater in the Mix3000 and flutamide groups (Figure 12B).  
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Figure 12: Testis weights and Sperm Quantity Assessments in 

Developmentally Exposed Male Mice. Estimated marginal means ± SEM of 

paired testis weights for developmentally exposed C57 mice collected at both 

PND21 (A) and PND85 (B) as well as sperm quantity assessment performed at 

PND85 (C), provided in millions of cauda sperm per mL. 

* Difference than vehicle alone at p ≤ 0.05 

# Difference than vehicle alone at 0.05 < p ≤ 0.10 

N = 11, 10, 10, 11, 10, 10 for vehicle, Mix3, 30, 300, 3000, and flutamide, 

respectively. 
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Overall, most effects were noted in the Mix3 and Mix300 treatment groups. 

Increased body weights were observed in the Mix300 group at PND21 (24% 

increase; Figure 13A, Supplemental Tables 5, 6). Heart weight was 7% higher in 

the Mix3 group (Figure 13B), and thymus weight was 8% higher in the Mix300 

group at PND21 (Figure 13C). Spleen weight tended to be higher in the Mix3 and 

Mix300 groups at PND21 (Supplemental Table 5), and kidney weight tended to 

be higher in the Mix300 group at PND21 and PND85 (Supplemental Table 5). 

Some other outcomes were suggestive of effects, e.g., all experimental groups 

resulted in decreased anogenital distance at PND7. Significant differences in 

litter size, sex ratio, and age of preputial separation were not observed for any 

treatments (Supplemental Table 6). Fully retained nipples were evaluated at 

PND13, though due to black coloration of mice, dark focal spots (areola) could 

not be assessed. Pups in the flutamide control group exhibited between  

1-9 fully retained nipples, while no vehicle or mixture animals retained any. 

Cannibalization of liters before PND 7 occurred only in treatment groups, with 1, 

2, and 3 cases observed in the Mix3, Mix30, and Mix3000 groups, respectively 

(Supplemental Table 6).  

 

EDC Activity of Mixtures of Oil and Natural Gas Operation Chemicals. Mixtures of 

9, 23, and 24 chemicals associated with oil and natural gas operations were 

tested in vitro for agonist and antagonist activities for five nuclear receptors 

(Figure 14) and receptor-specific mixtures were assessed for disruption of their  
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Figure 13: Body and Organ Weights for Developmentally Exposed Male 

Mice at PND21. Estimated marginal means ± SEM of body weights (A), heart 

weights (B), thymus weights (C), and spleen weights (D) for developmentally 

exposed C57 mice collected at PND21. 

* Difference than vehicle alone at p ≤ 0.05 

# Difference than vehicle alone at 0.05 < p ≤ 0.10 

N = 11, 10, 10, 11, 10, 10 for vehicle, Mix3, 30, 300, 3000, and flutamide, 

respectively. 
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Figure 14: Receptor Activities of Laboratory-Created Mixtures of Chemicals 

Used in Oil and Gas Operations. Representative dose responses of mixtures of 

chemicals used in oil and gas operations tested for anti-estrogenic (black), anti-
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androgenic (blue), anti-progestogenic (green), anti-thyroidogenic (purple), and 

anti-glucocorticogenic (orange) activities. Antagonist activities presented as the 

percent suppression of 20 pM 17β-estradiol, 300 pM dihydrotestosterone, 100 

pM progesterone, 2 nM thyroxine, 50 pM dexamethasone (set to 100%) for anti-

estrogenic, anti-androgenic, anti-progestogenic, anti-thyroidogenic, and anti-

glucocorticogenic activities, respectively, for each chemical from 0.1-100 µM.  

Additional information on chemicals used to create each mixture is presented in 

Table 4. 
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individual receptors (Table 4). Assessment of the antagonist mixture interactions 

was performed using the method of isoboles: additive response = 1, less than 

additive or antagonistic response > 1, greater than additive or synergistic 

response < 1. Chemical mixtures exhibited mixed activities including greater than 

additive, additive, and less than additive responses. Apparent synergism (greater 

than additive response) was exhibited by the 23-mix for the estrogen and thyroid 

receptors, with scores that were 3-fold and 5-fold less than the expected 

response of one (Figure 14, Table 6). Four mixtures exhibited apparent additivity, 

with scores that were less than 2-fold deviated from one, and the remaining 14 

mixtures exhibited less than additive responses, with scores more than 2-fold 

greater than one. The receptor-specific mixtures and the 9-mix and 24-mixes 

behaved additively or less than additively, though they typically exhibited more 

potent responses than any of the individual components (Figure 14A, Table 6). 

This increased potency of mixtures relative to individual components correlated 

well with the presence of agonists. For example, more potent activities were 

exhibited by the 24-mix for the androgen, glucocorticoid, and thyroid receptors, 

and less potent activities for the estrogen and progesterone receptors, which 

contained one or more agonists. Further, when the estrogenic constituent of the 

24-mix was excluded (bisphenol A), the resulting combination (23-mix) then 

exhibited a more potent response than any individual constituent chemical 

(Figure 14B) and the isobole score dropped to below one, denoting a synergistic 

response (Table 6). 
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Table 6: Isobolographic Calculations for in vitro Chemical Mixture Responses 

Receptor 

Mixture 

Receptor 

Mix1 

24-mix2 23-mix2 9-mix4 

Estrogen 2.13 3.96 0.78 8.50 

Androgen 4.44 2.22 2.03 1.18 

Progesterone 2.04 1.71 1.17 N/A 

Thyroid 1.61 2.30 0.55 N/A 

Glucocorticoid 3.22 4.913 2.43 N/A 

 

Calculated isobolographic values used to assess the interactions of chemical 

mixtures with specific receptors. If calculated value is equal to 1.0, response is 

considered additive. Values less than 1.0 are considered synergistic, and values 

greater than 1.0 are considered antagonistic.  

1 mixtures tested with only active chemicals for each given receptor combined at 

their individual IC10 values; 2 mixtures tested with all chemicals at 1 µM 

concentration; 3 mixture tested with all chemicals at 2 µM concentration; 4 

mixtures tested with all chemicals at 10 µM concentration. 

N/A mixtures did not exhibit significant antagonist activity and thus isobolographic 

values could not be calculated.  
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Discussion 

 

We report diverse estrogen, androgen, glucocorticoid, progesterone, and thyroid 

receptor activities in a subset of chemicals associated with oil and natural gas 

operations (Figures 11 and 14, Table 6), and the presence of many of these 

chemicals in associated wastewater samples (Table 5). We further report, for the 

first time, adverse outcomes in male reproductive health following prenatal 

exposure to a laboratory-created mixture of oil and gas operation chemicals 

provided via drinking water at concentrations equal to and below those detected 

in produced water samples. Notably, decreased epididymal sperm counts and 

increased testis weights were observed in C57BL/6J mice (Figure 12).  

 

Our lab previously reported the estrogen and androgen receptor activities of 12 

chemicals used in the oil and natural gas operations (94) and elevated EDC 

activity in surface and ground water collected near natural gas operation 

wastewater spills. The current work expanded the analysis of these chemicals to 

the progesterone, thyroid, and glucocorticoid receptors, and assessed an 

additional 12 chemicals that are all reported to be used in hydraulic fracturing 

operations (35). We address key data gaps for oil and gas operations: analytical 

wastewater analysis, nuclear receptor bioactivity of associated chemicals, and 

potential health outcomes. 
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Exposure to multiple EDCs simultaneously is a common concern that is not well 

understood. Many of these chemicals have the potential to act additively through 

a common biological pathway, as has been described in vitro and in vivo for the 

estrogen and androgen receptors (19,131-137). Due to these combinatory 

receptor interactions, effects can be observed even when each chemical in the 

mixture is present at levels below an observed effect threshold (19,131,136). The 

indirect interactions between chemicals and receptors further complicate the 

issue. For example, several researchers have reported mixtures of chemicals 

that exhibit receptor activity without any of the individual components having an 

effect. One mechanism for this is interaction of the chemicals with the aryl 

hydrocarbon receptor and subsequent activation of cytochrome P450 enzymes. It 

is well understood that P450 expression can increase or decrease exposure to 

pharmaceuticals through modulating metabolism (258,259). This process can 

also work to degrade chemicals that do not interact with hormone receptors into 

active metabolites, creating a situation where inactive chemicals may become 

active and disrupt receptor-mediated transcription in mixtures. For example, 

Gauger et al. reported that one polychlorinated biphenyl congener bound to and 

activated the aryl hydrocarbon receptor, inducing CYP1A1 expression, which led 

to metabolism of two other congeners and resulted in a metabolite that could act 

as a thyroid receptor agonist (260).  

 

Our results support the idea that these interactions are complex and difficult to 

predict. When removing an agonist for the estrogen receptor from the 24-mix, we 
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obtained a mixture that appeared to act synergistically (23-mix, Table 6), rather 

than the anticipated additive behavior, based on isobolographic calculations. This 

apparent synergistic behavior may be due to induction of metabolic enzymes and 

subsequent alteration in the ratios of agonists to antagonists in the cells and at 

the level of the receptors. However, removing a non-active thyroid receptor 

compound from the 24-mix resulted in an apparent synergistic response for the 

resulting mixture (23-mix, Table 6). The increased potency and efficacy for this 

mixture was not expected and may be due to unknown indirect interactions of the 

chemicals with the receptor. We further demonstrated additivity in the androgen, 

progesterone, and thyroid receptor systems, with isobole scores less than 2-fold 

varied from the expected response of one. However, the majority of our chemical 

mixtures displayed apparent antagonism, or less than additive activity; however, 

some mixtures displayed more than additive activities relative to the potencies of 

the individual components. Potencies of the mixtures relative to individual 

chemicals correlated well with the presence of agonists; less potent responses 

were observed for mixtures when partial or weak agonists were present. In 

contrast, greater isobole scores did not always correlate with the presence of 

partial or weak agonists. This suggests the utility of isobolographic mixture 

assessments: the degree of interaction is not readily determined through relative 

potencies alone. Without a defined method to calculate expected behavior and 

thus, deviations from it, you may assume additive interactions when synergism 

(greater than additive) or antagonism (less than additive) is in fact present. 
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Reproductive and developmental effects have been previously reported for 

several of the 23 oil and gas chemicals used in our developmental exposure 

experiment at high doses typical of occupational exposure (169). Many of these 

chemicals have been specifically linked to decreased sperm concentrations, 

motility and abnormal morphology in both humans and animals, including the 

BTEX chemicals (171,172), glycol ethers (173,174,296), acrylamide (297), 

diethanolamine (298), dimethylformamide (299), styrene (300), phenol (301), and 

sodium tetraborate decahydrate (302). Exposure to many of these chemicals has 

been shown to result in decreased steroid hormone levels in animal models 

including testosterone by acrylamide in rats (303), styrene in mice (304), sodium 

tetraborate decahydrate in several animal models (302), and estradiol by 

naphthalene (96,170). Decreased testosterone in humans has been associated 

with exposure to glycol ethers (305,306). Other negative effects have been noted 

for a number of these chemicals, including increased reproductive/developmental 

effects, impaired fertility, and/or altered pubertal development for naphthalene 

(96,170), trimethylbenzene (307), sodium tetraborate decahydrate (302), 2-

ethylhexanol (308), cumene (309), phenol (310), and alkylphenol ethoxylates 

(311-313). 

 

Importantly, we report for the first time adverse health outcomes in mice following 

exposure to a laboratory-created mixture of 23 commonly used oil and gas 

operation chemicals (23-mix) in drinking water. EDCs can result in both 

overlapping and distinct adverse health outcomes, as a result of shared 



!

101!

endpoints and interplay between receptor systems (30-34). For example, 

disruption of the estrogen, androgen, progesterone, glucocorticoid, and other 

receptors can result in impaired fertility (97,314-316). Mice exhibited increased 

testis weights at PND21 and 85 as well as decreased sperm quantity at PND85, 

indicating decreased efficiency of spermatogenesis by testicular tissue (Figure 

11). Increased testis weights were also observed in the flutamide control, as well 

as a trend for decreased sperm quantity. Despite this apparent anti-androgenic 

mechanism of action, in utero exposure to flutamide is generally associated with 

decreased testis weights in male rats (317,318), as is also observed in the ARKO 

(androgen-receptor knock-out) mouse model (319). Due to the mild agonist 

activity also exhibited by flutamide in some cases (320), it is possible that our 

dose was not appropriately selected to elicit the antagonist effects for this 

endpoint. However, this dose appropriately acted to fully retain nipples in the 

flutamide group, as evaluated at PND 13. Reduced testis weights and 

subsequent reduced sperm quantity and motility have also been reported 

following exposure to anti-progestogens, anti-glucocorticogens, and anti-

estrogens (321-323). In contrast, increased testis weights and decreased sperm 

concentrations are routinely observed following in utero exposure to 

propylthiouracil and other anti-thyroidogens provided via drinking water (324,325) 

and have also been observed in the ERKO (estrogen-receptor knock-out) mouse 

model (326). In this case, estrogen inhibition is suspected to lead to the 

accumulation of testicular secretions in the lumen of the seminiferous tubule, 

transiently increasing testicular weight prior to the long-term atrophy of testes 
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due to the back-pressure of the luminal fluids (326). As anti-estrogenic activity 

was the most prevalent activity observed in vitro, further targeted investigation 

should assess whether the supplementation of low-dose estrogens, 

thyroidogens, or other mechanistically plausible receptor agonists can reverse 

this effect. 

 

Increased birth weights in Colorado children have been associated with maternal 

residence proximity to natural gas development during pregnancy (165). We 

observed increased body weight PND21 for Mix300 (Figure 13A) and a tendency 

for increased body weights in Mix3 and Mix300 groups at PND7 and 13 

(Supplemental Table 6). The effect did not persist through PND85, though non-

significant body weight increases were noted in the Mix30 and Mix300 groups. 

No increases in body weight were observed in the flutamide control, suggesting 

that an anti-androgenic mechanism of action may not be likely. Body weight is a 

complex endpoint, with disruption of multiple receptors able to result in an altered 

phenotype. Decreased prenatal thyroid hormones (238) as well as decreased 

glucocorticoids (239) have been associated with increased birth weights. In 

contrast, increased androgens (234), estrogens (235), and progestogens 

(236,237) have been associated with increased body weights, although this is 

mechanistically inconsistent with our in vitro data of antagonism for these 

receptors, at least in human cells. Taken together, this suggests that an anti-

thyroidogenic or anti-glucocorticogenic mechanism of action may be most likely 

for the increased body weights. 
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We detected increased heart weights in Mix3 offspring and a tendency toward 

increased heart weights in Mix300 (p<0.10) treatment groups (Figure 13B). 

Increased heart weights can be indicative of cardiac hypertrophy, though without 

assessment of ventricular wall thickness or isolated ventricular weights, it can 

also be indicative of changes to other structures (327,328). Exposures to 

glucocorticoids (329) and androgens (330) in utero have been associated with 

ventricular hypertrophy in adulthood, while exposure to estrogens and 

progesterone have been implicated as well (331). Altogether, this suggests an 

endocrine effect on the hearts of exposed mice, though the mechanism requires 

further investigation. Furthermore, McKenzie et al. reported an association 

between increased rate of congenital heart defects in children and exposure to 

dense natural gas operations during gestation (165). Heart defects have also 

been associated with gestational exposure to EDCs, reinforcing an endocrine-

mediated mechanism of action (246,248). Of interest, exposure to 

environmentally relevant levels of polycyclic aromatic hydrocarbons, chemicals 

associated with the drilling and extraction processes (75,76,81), have been 

shown to disrupt cardiac function and result in heart malformations in large 

predatory pelagic fish (249). Taken together, cardiac defects are a likely outcome 

following exposure to these chemicals, though the mechanism requires additional 

investigation. 
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Analytical identification of EDCs used in and produced by oil and gas operations 

(that we tested in vitro and in vivo through these experiments) was performed on 

industry wastewater samples from Colorado. Twelve of these oil and gas 

chemicals were measured at concentrations ranging from 0.01-5,800 mg/L 

(Table 5). Other researchers have recently reported analytical approaches for 

identification and quantitation of oil and gas wastewater samples (45,107,332), 

measuring many organic compounds at mg/L to g/L concentrations (45,107). 

Human exposure, based on our measured concentrations of selected EDCs in 

our aqueous wastewater samples, would be approximately 300 µg/kg/day or 

equivalent to our Mix300 dose. Exposure based on the measured concentrations 

in the organic fraction of the wastewater sample would be approximately 30 

mg/kg/day or 10-fold higher concentrations than our Mix3000 dose. Considering 

that wastewater is diluted into natural water sources following spills, we consider 

our selected doses in drinking water to represent a likely approximation of human 

and animal exposure to these chemicals in impacted regions. This is supported 

by research that assessed concentrations of benzene, toluene, ethylbenzene, 

and xylene in groundwater at the site of surface spills, reporting 1.4, 2.2, 0.2, and 

2.6 mg/L concentrations, respectively (60). Sampling of ground water in Pavillion, 

WY by the USEPA, in a region where no specific accident or spill had occurred, 

revealed concentrations of BTEX, naphthalene, ethylene glycols, and other oil 

and gas chemicals at concentrations ranging from 0.01-8 mg/L (69). All of these 

chemicals were reported at concentrations that were used as experimental doses 
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in this study, suggesting that we have appropriately captured environmentally 

relevant exposure levels for human and animals living in dense-drilling regions. 

It is also important to note that some of these chemicals antagonized hormone 

receptors in vitro at concentrations as low as 1.0 µM (~100 µg/L), demonstrating 

that these ground water samples often contained bioactive concentrations of 

these chemicals as demonstrated in our reporter gene assays (Figure 11, Figure 

14). 

 

Despite knowledge gaps addressed in this study, more research is needed to 

assess the many additional chemicals used in and produced by this process, 

better characterize wastewater samples, measure these compounds in drinking 

water samples, and assess reproductive and other health outcomes via other 

exposure routes and during varying windows of development. Humans and 

animals may be exposed to the chemicals examined in the current study from oil 

and natural gas operations and/or from other sources. Many of these compounds 

are also used in personal care products, cleaning agents, plastic products, dyes 

and resins, or for other personal and industrial products (Table 4). Also, 

inhalation and dermal absorption are potential additional routes of exposure to 

these chemicals and were not examined in this study. Lastly, analytical 

limitations prevented complete characterization of all 23 in vivo-tested chemicals 

in the Colorado wastewater samples, and some of these compounds have yet to 

be characterized in wastewater samples. As a result, the concentrations tested in 

this study may not accurately reflect concentrations of some constituents in 
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impacted drinking water, nor does this study assess potential health 

consequences for exposure to the additional 730 other known oil and gas 

operation chemicals used.  

 

In conclusion, we report for the first time that a mixture of chemicals commonly 

used in oil and gas operations can act as EDCs both in vitro and in vivo. We 

report that a subset of these chemicals can activate or inhibit activation of the 

estrogen, androgen, glucocorticoid, progesterone, and thyroid receptors in a 

human breast cancer reporter gene system. We further report adverse health 

outcomes in C57BL/6 male mice exposed during gestation to a mixture of these 

commonly used oil and gas operation chemicals at concentrations that may be 

found in drinking water following spills. It is important to note that our results only 

assessed outcomes following oral exposure to these chemicals, though humans 

and animals living in drilling-dense regions are likely exposed via dermal and 

inhalation routes as well. A comprehensive understanding of routes of exposure 

is critical to assessing bioactivity, and the current understanding of adverse 

health effects due to oil and gas operations is limited. Our results suggest 

adverse health outcomes that may be observed in humans and animals exposed 

to these 23 commonly used oil and gas operation chemicals in areas impacted 

by extraction operations and provide mechanistic evidence for these effects. 

Further work should examine these endpoints in both laboratory experiments and 

epidemiological studies as well as to better characterize the complex mixtures of 

EDCs used in and produced by oil and natural gas operations.  
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– CHAPTER 4 – 

DISCUSSION 

 

Description of Overall Results 

 

The work presented herein describes a novel source of exposure to EDCs, from 

unconventional oil and natural gas operations, which may pose health risks for 

humans and animals living nearby. We have reported for the first time the 

presence of estrogenic, anti-estrogenic, and anti-androgenic activity in surface 

and ground water samples collected from a natural gas drilling-dense area in 

Garfield County, Colorado. Notably, we not only tested sites that had 

experienced industry wastewater spills, but also reference sites outside the 

active drilling region that exhibited significantly reduced or even absent receptor 

activities. In addition, receptor profiling of twenty-four chemicals used in and/or 

produced by oil and natural gas operations revealed similar receptor activities as 

the twenty-four examined chemicals. Taken together, these data suggest that oil 

and gas operations may be increasing these nuclear receptor activities in 

drinking water following spills of the wastewater fluids. More comprehensive 

studies are required to investigate other potential sources for elevated receptor 

activities, determine if these elevated receptor activities are also present in 

drilling-dense areas without spills, and identify the responsible chemicals in these 

water samples. 

 

The majority of the examined chemicals exhibited antagonism for the examined 
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nuclear receptors. Individual screening of twenty-four oil and gas operation 

chemicals for five receptors revealed 21, 21, 12, 10, and 7 antagonists for the 

estrogen, androgen, progesterone, glucocorticoid, and thyroid receptors, 

respectively, and 1, 1, and 2 agonists for the estrogen, progesterone, and thyroid 

receptors, respectively. While these chemicals were selected in part due to 

suspected or known EDC activity, very few had previously been shown to have 

direct receptor activity. Initial mixture assessments for these chemicals revealed 

heterogeneous interactions, with different mixtures exhibiting additive, less than 

additive, or greater than additive (synergistic) interactions. Potencies of the 

mixtures relative to individual chemicals correlated well with the presence of 

agonists; less potent responses were observed for mixtures when partial or weak 

agonists were present. In contrast, greater isobole scores (less than additive 

behavior) did not always correlate with the presence of partial or weak agonists. 

Importantly, these results demonstrated the utility of isobolographic mixture 

assessments: the degree of interaction in the mixtures was not readily predicted 

through relative potencies alone. Many of the chemicals that we evaluated, 

despite exhibiting more potent activities than the component chemicals, were 

actually displaying a less than additive behavior. Without a defined method to 

calculate expected behavior and deviations from it, you may assume additive 

interactions when synergism (greater than additive) or antagonism (less than 

additive) is in fact present.  

 

Lastly, we report adverse health outcomes in C57BL/6J male mice following 
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prenatal exposure to a laboratory-created mixture of oil and gas operation 

chemicals, demonstrating the potential for adverse human and animal health 

effects from chemical mixtures found in dense-drilling regions. Chemicals were 

provided via drinking water at concentrations equal to and below those detected 

in industry wastewater samples, suggesting that our experimental doses have 

captured both the highest levels that humans and animals should be exposed to 

and below environmentally relevant levels. Adverse outcomes included increased 

body weights, increased organ weights such as heart, spleen, and testes, and 

decreased epididymal sperm counts. Mechanistically, many of these outcomes 

can be accounted for based on known effects following exposure to well-

characterized chemicals and could be anticipated based on in vitro receptor 

activities. In particular, anti-androgenic and/or anti-thyroidogenic mechanisms 

could account for the increased testes weights and decreased sperm counts 

(324,325), increased body weights (238), increased heart weights (246,248), and 

decreased anogenital distances (317,318), among others.  

 

Data Gaps, Limitations, and Recommendations 

 

Through the work presented herein, we address key data gaps for oil and gas 

operations including analytical wastewater analysis, nuclear receptor bioactivity 

of associated chemicals, and potential health outcomes. The analytical 

identification and quantitation of EDCs used in and produced by oil and gas 

operations (that we tested in vitro and in vivo through these experiments) was 
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performed on industry wastewater samples from Colorado and helped fill a 

critical gap in current knowledge of environmental concentrations. While several 

labs have begun to publish on methods to assess chemicals present 

(45,107,332), very few labs have taken the confirmatory steps necessary to 

quantitate those chemicals in wastewater samples beyond standard water quality 

measures such as total dissolved organic carbon, total dissolved solids, salinity, 

pH, and conductivity. Our work is also the first to demonstrate that chemicals 

used in and produced by oil and gas operations are EDCs both in vitro and in 

vivo, and that water contamination may be a potential route through which 

humans and animals could be exposed to these chemicals. 

 

Based on our results, it is mechanistically plausible that exposure to oil and 

natural gas chemicals can result in negative health outcomes in drilling-dense 

regions. Despite the data gaps that these results contribute to, clear data gaps 

still exist and limitations of this work prevent some determinations from being 

made. Herein I describe these limitations, remaining data gaps, and suggest 

research approaches for moving forward and addressing these unknowns. 

 

Qualitative and quantitative assessments of chemicals in wastewater, humans, 

and animals. One of the major limitations in human risk assessment of oil and 

natural gas operations is the paucity of chemical exposure information, 

considering the hundreds of chemicals used and the proprietary disclosure rules 

that govern others. To our knowledge, no researchers have yet published data 
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on concentrations of oil and gas operation chemicals in humans or animals, and 

limited information exists on characterization of compounds in wastewater 

samples (45,107). In addition, while limited knowledge of chemical 

concentrations in wastewater provide us with some preliminary evidence that our 

in vivo doses are equal to and below environmentally relevant concentrations, 

insufficient data exists for some of our test chemicals in wastewater and for all of 

our test chemicals in drinking water (60).  

 

Researchers characterizing chemicals in industry wastewater samples have 

made great strides recently, describing methods to assess chemicals and 

chemical classes present in produced and flowback water samples using a suite 

of different mass spectrometry approaches. In particular, gas chromatography 

mass spectrometry (GC-MS) has been successfully applied for the analysis of 

volatile and polar compounds, and inductively coupled plasma mass 

spectrometry (ICP-MS) is commonly applied in the analysis of inorganic elements 

and metals (45,107,332). Liquid chromatography (LC-MS) has been infrequently 

applied to analyze oil and gas wastewater samples, though one study used LC 

coupled with time-of-flight (TOF) to characterize a sub-class of ethoxylated 

surfactants (109). Most recently, Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR/MS) and other accurate mass options (Orbitrap, etc.) have 

been suggested as the most promising options for these analyses, as the 

superior resolving power (FT-ICR offers up to ten times better resolution than 

orbitrap) allows for accurate identification of unknowns without utilizing authentic 



!

112!

standards (45,107,332). In many cases though, investigation of chemicals is still 

occurring through bottom-up approaches, rather than utilizing comprehensive 

lists already reported by industry and other researchers (35,75,93).  

 

Importantly, chemists need to begin testing against authentic standards to 

confirm analytical identification and determine chemical concentrations. Oil and 

gas chemicals determined through this process can then be further tested in 

bioassays to elucidate receptor activities and determine their potential 

contribution to activities in surface and ground water samples. The new methods 

being generated can be used to guide the development of methods to detect and 

quantitate common chemicals and their metabolites as biomonitoring candidates 

in humans and animals living near oil and gas operations. This will allow 

epidemiologists to focus on actual exposure data for chemicals and link these to 

any potential adverse health outcomes in drilling-dense regions. !

 

Linking oil and gas operation chemicals to elevated endocrine disrupting 

activities through effect-directed analysis. The work presented herein report a 

correlation between oil and gas operations and elevated estrogen and androgen 

receptor activities in surface and ground water nearby. The provided evidence 

includes: collection at fluid spill sites, presence of hormonally active chemicals 

used in and/or produced by oil and gas operations in the water and/or soil at 

these sites, and absence or significant reduction in nuclear receptor activities 

immediately outside the drilling-dense region. These factors suggest a causal 
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relationship between the industry spills and the elevated activities, though 

several gaps exist that prevent surety of determination. Exposure could occur 

through other additional sources, as many of these compounds are also used in 

personal care products, cleaning agents, plastic products, dyes and resins, or for 

other personal and industrial products. Thus, developing a clear picture of 

concentrations and occurrence of these chemicals is critical to determining their 

source.  

 

First, preliminary evidence that oil and natural gas operations increase EDC 

activity in water must be substantiated with a more comprehensive sample 

collection study that includes drilling-dense non-spill sites and larger numbers of 

samples. I am following up this initial investigation via two main routes. First, a 

second trip was made to Garfield County in September 2014, and included the 

collection of approximately 75 samples from more than 50 unique sites. These 

include drilling-dense spill sites similar to the first study, drilling-dense sites 

without any known spills, medium-density drilling sites without known spills, 

reference sites with little to no nearby drilling, and samples collected from a 

series of other potential EDC inputs such as golf courses, wastewater treatment 

plants, and fish hatcheries. Second, several other sampling efforts have been 

undertaken to compare to our preliminary results and see how broadly applicable 

those trends may be. These include ground water from Pavillion, WY, the first 

suspected site of hydraulic fracturing ground water contamination (69), surface 

water surrounding an industry wastewater injection well site in rural WV, and 
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surface water near a recent spill of 3 million gallons of hydraulic fracturing 

wastewater into a ND river. Analyses of samples for these projects are ongoing, 

and I expect that they will help elucidate whether oil and gas operations are 

resulting in elevated EDC activities in nearby water. 

 

Second, analytical identification of the hormonally active chemicals present in 

water samples must be performed to better characterize source, exposure, and 

assess risk. Whenever possible, analysis of complex environmental samples 

should be performed using an effect-directed analysis approach (333-335) 

coupled with a response-balance approach (139,152,336). This approach should 

target the most hormonally active samples from a drilling region (as well as 

reference sites in order to eliminate background activity and chemicals) for 

chemical fractionation and testing of the fractions. These procedures should 

include orthogonal separations and screening of the resulting fractions to refine 

and isolate bioactive chemicals. Multiple fractionation strategies will undoubtedly 

be necessary to separate agonist and antagonist activities and further reduce 

potential candidate compounds. Refined fractions can then be analyzed using 

MS tools described above and reported recently (45,107,332) to help identify 

chemicals responsible for observed activities. Once candidate chemicals are 

identified, analytical standards may be used both to confirm MS identification and 

bioactivity in reporter gene assays (334,335). Lastly, results from authentic 

standards in bioassays can then be utilized along with chemical concentration 

data from environmental monitoring to determine the relative contribution of each 



!

115!

chemical for the observed activities. This method has been used successfully to 

identify novel bioactive compounds and represents the best approach for 

characterizing the EDCs most responsible for observed activities (139,152,336). 

 

Developing a more comprehensive understanding of receptor interactions. 

Exposure to multiple dissimilar EDCs simultaneously is a common concern that 

is not well understood. Many of these chemicals have the potential to act 

additively through a common biological pathway, as has been described in vitro 

and in vivo for the estrogen and androgen receptors (19,131-137). Due to these 

combinatory receptor interactions, effects can be observed even when each 

chemical in the mixture is present at levels below an observed effect threshold 

(19,131,136). The indirect interactions between chemicals and receptors further 

complicate the issue. For example, chemicals can interact with the aryl 

hydrocarbon receptor and modulate cytochrome P450 enzymes that influence 

chemical metabolism (258-260).  

 

Since in vitro and/or in vivo laboratory testing of all combinations of chemicals in 

currently implausible, we recommend guided in vitro and in vivo approaches that 

focus on receptor interactions. We suggest reporter gene assays be used for in 

vitro testing due to low cost, ease of use, reliability, high sensitivity, and ease of 

adapting for multiple receptor systems (131,132,337,338). Similar assays 

including the yeast receptor screens (YES, YAS, etc.) tend to be less robust and 

less sensitive though are less susceptible to toxicity, while cell proliferation 
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assays (E-SCREEN, A-SCREEN, etc.) can be equally sensitive and unlike 

reporter gene assays are able to measure non-genomic effects through cell-

surface receptors, though they are less applicable for diverse receptor testing 

(339). Current high-throughput screening (HTS) assay options such as Tox21 or 

ToxCast, while of great use as first pass screens for individual compounds, are 

likely insufficient to assess complex mixtures appropriately (340,341). 

Considering the challenges encountered with single chemical profiling thus far 

(340,341), it is likely that these HTS tools will be best utilized for diverse single 

chemical testing. Rather than the rapid examination of single chemicals in single-

receptor tests utilized by HTS systems, assessing chemicals and mixture of 

chemicals in controlled multiple-receptor systems is critical to better understand 

and account for receptor interplay. 

 

Improvement of the utility of in vitro assay systems should take place in several 

steps in order to bolster the understanding of complex mixtures and allow more 

informed analysis of interactions. First, a more comprehensive analysis of how 

these examined nuclear receptors interact can be achieved through assessing 

the activity of known controls both in the presence and absence of other nuclear 

receptors. Observing how the presence or absence of other receptors can 

modulate responses (receptor binding, gene transcription, etc.) will prove critical 

to understanding in vivo responses. For example, lesser/greater responses may 

provide evidence of inhibitory or additive pathway interactions (as described 

above for anti-androgenic outcomes). Ideally, this should be done across several 
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cell lines to identify chemical impingement on receptor interactions and tissue 

specific comodulators. Once multiple receptor experiments are carried out with 

single chemicals, introducing simple mixtures with clearly defined individual 

receptor activity profiles can be used to determine how simultaneous interactions 

with several receptor systems can modulate responses of mixtures. Initial 

experiments should be carried out with well-described standards, then data from 

oil and natural gas process chemicals tested in multi-receptor systems could be 

better understood and interpreted. Our preliminary work in individual chemicals 

and mixtures needs to be expanded to in vitro systems with multiple receptors to 

understand how these mixtures may interact in vivo.  

 

Assessing adverse endocrine health outcomes in humans. Potential health risks 

to humans and wildlife exposed to chemicals used in oil and natural gas 

operations are not well understood. Several recent studies have reported greater 

reported health concerns for humans and animals living near oil and gas 

operations (161,162,164,342,343). One recent report found a correlation 

between natural gas development and adverse developmental outcomes in 

children (165). Coupled with the adverse developmental and reproductive health 

outcomes reported herein, it is clear that endocrine disruption associated with oil 

and gas operation chemicals is a cause for concern. The endocrine system is 

designed to respond to extremely low concentrations of hormones, making it 

uniquely equipped to assess exposure to low levels of exogenous hormonally 

active contaminants relevant to humans living near oil and gas operations. 
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Zoeller et al. recently presented a set of recommendations to develop a path 

forward for assessing EDCs and potential adverse health outcomes (3). These 

recommendations emphasize the role of hormones in development, timing of 

disruption, varying potencies for different endpoints, and a need to develop clear 

rules to conclude causal relationships between environmental exposures and 

health outcomes (3), all points that have been shared by other researchers 

(2,3,344). Preliminary work presented herein suggest that this approach is not 

only feasible but can represent a clear path forward to better direct 

epidemiological studies for overall human and animal health assessments in 

drilling regions.  

 

Prioritizing adverse health outcomes is critical for developing proper 

epidemiological studies to assess potential human health outcomes in drilling-

dense regions. Mechanistically-likely adverse health outcomes include increased 

risks of 1) reproductive (infertility, subfertility, reduced sperm counts, miscarriage, 

preterm birth, birth weight, puberty), 2) developmental (cryptorchidism, 

hypospadias, NTDs, CHDs), and 3) cancer (particularly hormone-responsive 

types such as testicular, breast, prostate, brain) outcomes (169). These adverse 

health outcomes are known to be associated with EDC exposure and many have 

also been associated with exposure to oil and gas operation chemicals in 

epidemiological or controlled laboratory settings. Further, information on many of 

these outcomes (such as cancer incidence, developmental abnormalities, etc.) is 

available retrospectively via medical records and state databases, and methods 
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for the assessment of fertility in men and women have been developed (345-

347). Determining the potential risks of oil and gas operation chemicals to human 

and animal health are critical next steps as the use of this technology expands 

across the United States and globally. We therefore recommend that future 

epidemiological studies and health assessments target these endpoints as likely 

impacts from oil and natural gas operations. 

 

Assessing adverse endocrine health outcomes in controlled animal studies. 

While epidemiological studies proceed with these known endpoints, laboratory 

animal models can and should be used to test for causal relationships between 

exposure to oil and gas operation chemicals and negative health outcomes. 

These studies can help to work out potential outcomes due to different: 

developmental windows, routes of exposure, and chemicals and chemical 

mixtures. Humans and wildlife living in these regions are likely exposed to oil and 

gas operation chemicals during various developmental windows. As many as 

30% of pregnant women are reported to move during the course of their 

pregnancy alone (165), meaning that developing offspring may be exposed 

during critical developmental periods. While oral exposure studies are commonly 

utilized in EDC studies, inhalation and dermal absorption are other potential 

routes of exposure to these chemicals and are not commonly examined. Also, of 

the approximately 750 known chemicals used in hydraulic fracturing and/or 

unconventional oil and gas operations, we have only examined 24 in vitro and in 

vivo, leaving approximately 725 additional chemicals unexplored outside of 
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traditional toxicological risk assessments and/or occupational exposure studies.  

 

As exposure during different developmental windows can result in quantitatively 

and qualitatively different outcomes, guided animal studies should assess each 

of these. Studies assessing in utero exposure should be particularly sensitive to 

gathering data on gestational age. Other known developmental periods such as 

perinatal, childhood, and puberty should also be carefully considered, as well as 

chronic exposure throughout development. Lastly, studies of adult exposure 

should be considered to assess occupational as well as chronic exposure 

scenarios that may be experienced by people living in these regions.  

 

Route of administration is crucial to understanding health effects, as varying 

routes of exposure can result in very different bioavailability of EDCs. For 

example, oral gavage studies of bisphenol A (BPA) show low bioavailability due 

to first-pass metabolism in the liver, while recent work on sublingual and dermal 

exposure routes demonstrate considerably higher bioavailability due to a bypass 

of this first-pass metabolism (348-351). Thus, it is essential that chemical 

exposure remain as relevant as possible. Likely exposure to oil and gas 

operation chemicals may occur through oral, dermal, and/or inhalation routes, 

and parameters such as volatility and partition coefficients will help determine 

which exposure routes are likely to be of the highest concern for individual 

chemicals. If necessary, multiple routes of exposure can be utilized for separate 

chemicals or even individual chemicals to determine resulting outcomes based 
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on realistic exposure routes. The results presented herein only assessed 

outcomes following oral exposure to these chemicals. A comprehensive 

understanding of routes of exposure is critical to assessing these results, and 

further work to evaluate human and animal exposure to these chemicals is 

critical to furthering this work.  

 

 

Conclusions and Implications of Work 

 

Body burden studies report regular human exposure to hundreds of chemicals, 

including chemicals used in or produced by oil and natural gas operations 

(352,353), exposure that may increase in drilling-dense regions and may result in 

uncertain health effects. Scientific evidence, along with the precautionary 

principle, suggests a critical need to quickly and thoroughly evaluate the overall 

human and environmental health impacts of oil and natural gas operations. 

Importantly, chemicals used vary between companies and geologies, so impacts 

on local water and air quality are likely to vary considerably across regions (58). 

The risks outlined above related to potential exposure and adverse outcomes in 

humans and wildlife populations have not been afforded complete evaluations 

due in part to exemptions from certain aspects of both state and federal water 

regulations.  

 

There are potentially very large financial implications of exposure to EDCs from 
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their widespread use in oil and gas operations. EDC exposure and its potential 

contribution to adverse endocrine health outcomes, such as, obesity, cancers 

(particularly hormone-dependent), reproduction/infertility, metabolic diseases, 

and developmental abnormalities, has been estimated by various studies to 

account for 1.8% to 40% of societal health care costs (354-356). More recently, a 

suite of studies estimated the potential health care costs for the European Union 

(EU) due to: neurobehavioral deficits and disorders (greater than 150 billion 

euros; 357), obesity and diabetes (greater than 18 billion euros; 358), and male 

reproductive disorders and diseases (greater than 15 billion euros; 359). 

Altogether, the cost to the EU for EDCs with the highest probability of causation 

was estimated at up to 244 billion euros per year, with a median value of 157 

billion (360). 

  

Our results link chemicals commonly used in and/or produced by unconventional 

oil and natural gas operations to potential adverse health outcomes in humans 

and animals exposed to these chemicals and provide mechanistic evidence for 

these effects. Further work needs to examine these endpoints more 

comprehensively in both laboratory experiments and epidemiological studies as 

well as to better characterize the complex mixtures of EDCs used in and 

produced by oil and natural gas operations. We have therefore provided a series 

of recommendations that will allow scientifically defensible, accurate 

assessments of the potential endocrine-related risks from chemical exposure 

associated with oil and natural gas operations. We present these 
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recommendations in light of the growing information regarding chemical 

concentrations in the environment as well as adverse health outcomes reported 

both in humans and wildlife associated with dense-drilling operations. We 

suggest that these approaches will lead to better information for resource 

management decisions and a healthier environment. 
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Supplemental Table 1: Estrogen and Androgen Receptor Activities of 

Selected Chemicals Used in Natural Gas Operations 

! Estrogenic+Activity+ Anti/estrogenic+
Activity+

Anti/androgenic+
Activity+

Chemical+ CAS+#+ Efficacy1+ Potency+
(µM)4+ Efficacy2+ Potency+

(µM)4+ Efficacy3+ Potency+
(µM)4+

Ethylene glycol 
butyl ether 

111-76-2 N/A N/A -33%* 2.50  -11%* 5.67 

2-Ethyl-1-
hexanol 

104-76-7 N/A N/A -36%* 0.60  -25%* 3.33 

Naphthalene 91-20-3 N/A N/A -33%* 3.00  -31%* 2.77 
Ethylene glycol 107-21-1 N/A N/A -53%* 0.15  -63%* 0.50 
Diethanolamine 111-42-2 N/A N/A -25%* 3.00  -25%* 1.75 
Sodium 
tetraborate 
decahydrate 

1303-96-4 N/A N/A -44%* 1.18  -33%* 6.33 

Diethylene 
glycol methyl 
ether 

111-77-3 N/A N/A -30%* 1.77 -13% 6.17 

N,N-Dimethyl-
formamide 

68-12-2 N/A N/A -43%* 1.50   -31%* 0.50 

Cumene 98-82-8 N/A N/A -30%* 1.68   -17%* 0.62 
Bronopol 52-51-7 N/A N/A -36%* 3.33   -21%* 3.50 
Bisphenol A 80-05-7 157%* 2.00          

0% 
N/A   -92%* 0.35 

Styrene 100-42-5 N/A N/A -24%* 2.00 0% N/A 
!

No significant androgenic activities were observed for any chemicals. 
1 Mean of the percent activity relative to 100 pM 17β-estradiol for each chemical 
at 10 µM. 
2 Mean of the percent suppression of 10 pM 17β-estradiol (set to zero) for each 
chemical ast 10 µM. 
3 Mean of the percent suppression of 100 nM testosterone (set to zero) for each 
chemical at 10 µM. 
4 Potencies presented as EC50 values for estrogenic activity (concentration 
required to exhibit half of maximal activity for that chemical) and IC10 values for 
anti-estrogenic and anti-androgenic activities (concentration required to suppress 
10% of the positive control response), in µM. 

* p ≤ 0.05. 
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one observed 

Pond sam
ple 

5A
 

Site 5 
000664 

Surface 
9/25/10 

ǂ 
ǂ 

N
one observed 

Tem
porary standing w

ater sam
ple 

5B
 

Site 5 
000668 

Surface 
9/25/10 

8.0 
22.4 

40x Toxicity 
Pond sam

ple 
5C

 
Site 5 

000675 
Surface 

9/25/10 
8.1 

20.2 
40x Toxicity 

Pond sam
ple 

5D
 

Site 5 
000782 

Surface 
9/25/10 

7.9 
21.8 

N
one observed 

Pond sam
ple 

5E 
Site 5 

000802 
Surface 

9/25/10 
8.1 

22.5 
40x Toxicity 

Pond sam
ple 

5F 
Site 5 

000803 
Surface 

9/25/10 
7.8 

20.8 
N

one observed 
C

reek sam
ple entering pond 

5G
 

Site 5 
000806 

Surface 
9/25/10 

ǂ 
ǂ 

N
one observed 

Tem
porary standing w

ater sam
ple 

C
R

A
 

C
O

 R
iver 

000776 
Surface 

9/25/10 
8.1 

13.6 
N

one observed 
C

olorado R
iver 

C
R

B
 

C
O

 R
iver 

000795 
Surface 

9/26/10 
ǂ 

ǂ 
N

one observed 
C

olorado R
iver 

C
R

C
 

C
O

 R
iver 

000796 
Surface 

9/25/10 
8.9 

17.6 
N

one observed 
C

olorado R
iver 

C
R

E 
C

O
 R

iver 
005789 

Surface 
2/17/13 

ǂ 
2.2 

N
one observed 

C
olorado R

iver 
C

R
F 

C
O

 R
iver 

014831 
Surface 

2/17/13 
ǂ 

2.2 
N

one observed 
C

olorado R
iver 

C
O

A
 

C
O

 R
ef 

005791 
G

round 
2/18/13 

ǂ 
12.0 

N
one observed 

D
rinking w

ater w
ell 

C
O

B
 

C
O

 R
ef 

005796 
G

round 
2/18/13 

ǂ 
6.7 

N
one observed 

O
utside ground w

ater hydrant 
M

O
A

 
M

O
 R

ef 
000814 

Surface 
6/6/11 

7.8 
ǂ 

N
one observed 

M
issouri R

iver 
M

O
B

 
M

O
 R

ef 
000816 

Surface 
6/6/11 

8.0 
ǂ 

N
one observed 

H
inkson C

reek 
M

O
C

 
M

O
 R

ef 
009449 

G
round 

8/11/11 
ǂ 

ǂ 
N

one observed 
U

SG
S w

ell 
ǂ M

easurem
ent not taken. 



!

127!

Supplemental Table 3. Model-based estimates of differences between water 

collection sites for receptor activities at highest concentrations 

Activity 
Type 

Water 
Type 

Site
X 

Site
Y 

Estimate SE df t p 

Estrogenic GROUND 1 2 -0.07276 0.05852 68.11 -1.24 0.2180 
Estrogenic GROUND 1 3 -0.00116 0.07169 68.16 -0.02 0.9871 
Estrogenic GROUND 1 7 0.42960 0.07210 69.44 5.96 <.0001 
Estrogenic GROUND 1 8 0.68720 0.09820 82.22 7.00 <.0001 
Estrogenic GROUND 2 3 0.07160 0.07167 68.10 1.00 0.3213 
Estrogenic GROUND 2 7 0.50240 0.07200 69.13 6.98 <.0001 
Estrogenic GROUND 2 8 0.76000 0.09788 81.40 7.76 <.0001 
Estrogenic GROUND 3 7 0.43080 0.08297 68.67 5.19 <.0001 
Estrogenic GROUND 3 8 0.68840 0.10600 78.56 6.49 <.0001 
Estrogenic GROUND 7 8 0.25760 0.10440 74.88 2.47 0.0159 
Estrogenic SURFACE 1 2 -0.33560 0.09127 103.20 -3.68 0.0004 
Estrogenic SURFACE 1 3 -0.25650 0.11600 87.57 -2.21 0.0297 
Estrogenic SURFACE 1 4 -0.05116 0.08645 108.40 -0.59 0.5552 
Estrogenic SURFACE 1 5 -0.18890 0.09106 110.90 -2.07 0.0403 
Estrogenic SURFACE 1 6 -0.14920 0.08949 105.40 -1.67 0.0984 
Estrogenic SURFACE 1 8 -0.04406 0.10180 100.10 -0.43 0.6661 
Estrogenic SURFACE 2 3 0.07916 0.09252 68.08 0.86 0.3952 
Estrogenic SURFACE 2 4 0.28450 0.05068 68.10 5.61 <.0001 
Estrogenic SURFACE 2 5 0.14670 0.05820 79.79 2.52 0.0137 
Estrogenic SURFACE 2 6 0.18640 0.05565 68.63 3.35 0.0013 
Estrogenic SURFACE 2 8 0.29160 0.07373 74.63 3.95 0.0002 
Estrogenic SURFACE 3 4 0.20530 0.08777 68.10 2.34 0.0223 
Estrogenic SURFACE 3 5 0.06754 0.09232 72.45 0.73 0.4668 
Estrogenic SURFACE 3 6 0.10730 0.09071 68.24 1.18 0.2410 
Estrogenic SURFACE 3 8 0.21240 0.10270 71.16 2.07 0.0423 
Estrogenic SURFACE 4 5 -0.13780 0.05031 84.32 -2.74 0.0075 
Estrogenic SURFACE 4 6 -0.09804 0.04739 69.10 -2.07 0.0423 
Estrogenic SURFACE 4 8 0.00709 0.06784 76.49 0.10 0.9170 
Estrogenic SURFACE 5 6 0.03975 0.05536 82.11 0.72 0.4749 
Estrogenic SURFACE 5 8 0.14490 0.07364 83.17 1.97 0.0525 
Estrogenic SURFACE 6 8 0.10510 0.07052 72.29 1.49 0.1404 
Anti-
estrogenic 

GROUND 1 2 -0.32870 0.13450 42.34 -2.44 0.0188 

Anti-
estrogenic 

GROUND 1 3 0.06506 0.16630 43.62 0.39 0.6975 
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Supplemental Table 3: continued 

Activity 
Type 

Water 
Type 

Site
X 

Site
Y 

Estimate SE df t p 

Anti-
estrogenic 

GROUND 1 7 0.32550 0.17440 50.47 1.87 0.0679 

Anti-
estrogenic 

GROUND 1 8 0.22530 0.21440 43.43 1.05 0.2991 

Anti-
estrogenic 

GROUND 2 3 0.39370 0.16730 44.42 2.35 0.0231 

Anti-
estrogenic 

GROUND 2 7 0.65420 0.17250 48.83 3.79 0.0004 

Anti-
estrogenic 

GROUND 2 8 0.55400 0.21370 42.97 2.59 0.0130 

Anti-
estrogenic 

GROUND 3 7 0.26040 0.20690 54.65 1.26 0.2135 

Anti-
estrogenic 

GROUND 3 8 0.16020 0.23870 45.64 0.67 0.5053 

Anti-
estrogenic 

GROUND 7 8 -0.10020 0.23450 43.23 -0.43 0.6713 

Anti-
estrogenic 

SURFACE 1 2 -0.89780 0.19030 84.03 -4.72 <.0001 

Anti-
estrogenic 

SURFACE 1 3 -0.44730 0.25360 63.25 -1.76 0.0826 

Anti-
estrogenic 

SURFACE 1 4 -0.00910 0.17850 94.74 -0.05 0.9595 

Anti-
estrogenic 

SURFACE 1 5 -0.49720 0.18820 101.80 -2.64 0.0096 

Anti-
estrogenic 

SURFACE 1 6 -0.25780 0.18610 87.10 -1.38 0.1696 

Anti-
estrogenic 

SURFACE 1 8 -0.47330 0.22060 81.88 -2.15 0.0349 

Anti-
estrogenic 

SURFACE 2 3 0.45050 0.21410 43.28 2.10 0.0412 

Anti-
estrogenic 

SURFACE 2 4 0.88870 0.11660 42.52 7.62 <.0001 

Anti-
estrogenic 

SURFACE 2 5 0.40070 0.13050 54.68 3.07 0.0033 

Anti-
estrogenic 

SURFACE 2 6 0.64010 0.12930 44.08 4.95 <.0001 

Anti-
estrogenic 

SURFACE 2 8 0.42450 0.17460 52.90 2.43 0.0185 

Anti-
estrogenic 

SURFACE 3 4 0.43820 0.20240 42.79 2.16 0.0360 

Anti-
estrogenic 

SURFACE 3 5 -0.04988 0.20910 45.88 -0.24 0.8126 

Anti-
estrogenic 

SURFACE 3 6 0.18950 0.21370 45.81 0.89 0.3798 

!
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Supplemental Table 3: continued 

Activity 
Type 

Water 
Type 

Site
X 

Site
Y 

Estimate SE df t p 

Anti-
estrogenic 

SURFACE 3 8 -0.02601 0.24130 48.32 -0.11 0.9146 

Anti-
estrogenic 

SURFACE 4 5 -0.48810 0.11070 58.60 -4.41 <.0001 

Anti-
estrogenic 

SURFACE 4 6 -0.24870 0.11230 47.14 -2.21 0.0316 

Anti-
estrogenic 

SURFACE 4 8 -0.46420 0.16130 55.28 -2.88 0.0057 

Anti-
estrogenic 

SURFACE 5 6 0.23940 0.12860 63.68 1.86 0.0673 

Anti-
estrogenic 

SURFACE 5 8 0.02386 0.17150 62.46 0.14 0.8898 

Anti-
estrogenic 

SURFACE 6 8 -0.21550 0.17080 55.06 -1.26 0.2123 

Anti-
androgenic 

GROUND 1 2 -0.13410 0.09781 30.34 -1.37 0.1804 

Anti-
androgenic 

GROUND 1 3 -0.00608 0.11980 30.36 -0.05 0.9599 

Anti-
androgenic 

GROUND 1 7 -0.48820 0.12190 32.42 -4.01 0.0003 

Anti-
androgenic 

GROUND 1 8 -0.29400 0.15520 30.80 -1.89 0.0677 

Anti-
androgenic 

GROUND 2 3 0.12800 0.11980 30.32 1.07 0.2935 

Anti-
androgenic 

GROUND 2 7 -0.35410 0.12150 32.04 -2.91 0.0065 

Anti-
androgenic 

GROUND 2 8 -0.15990 0.15540 30.96 -1.03 0.3116 

Anti-
androgenic 

GROUND 3 7 -0.48210 0.13960 31.45 -3.45 0.0016 

Anti-
androgenic 

GROUND 3 8 -0.28790 0.17030 30.93 -1.69 0.1009 

Anti-
androgenic 

GROUND 7 8 0.19420 0.17330 33.09 1.12 0.2705 

Anti-
androgenic 

SURFACE 1 2 -0.30150 0.10720 31.71 -2.81 0.0083 

Anti-
androgenic 

SURFACE 1 3 -0.06105 0.15970 30.34 -0.38 0.7049 

Anti-
androgenic 

SURFACE 1 4 -0.02658 0.09368 30.39 -0.28 0.7785 

Anti-
androgenic 

SURFACE 1 5 -0.00799 0.09550 30.40 -0.08 0.9339 

Anti-
androgenic 

SURFACE 1 6 -0.06292 0.10130 30.71 -0.62 0.5392 

!
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Supplemental Table 3: continued 

Activity 
Type 

Water 
Type 

Site
X 

Site
Y 

Estimate SE df t p 

Anti-
androgenic 

SURFACE 1 8 -0.35820 0.13960 44.56 -2.57 0.0138 

Anti-
androgenic 

SURFACE 2 3 0.24040 0.15570 30.98 1.54 0.1327 

Anti-
androgenic 

SURFACE 2 4 0.27490 0.08665 32.52 3.17 0.0033 

Anti-
androgenic 

SURFACE 2 5 0.29350 0.08861 32.43 3.31 0.0023 

Anti-
androgenic 

SURFACE 2 6 0.23860 0.09483 32.47 2.52 0.0170 

Anti-
androgenic 

SURFACE 2 8 -0.05672 0.13510 47.50 -0.42 0.6765 

Anti-
androgenic 

SURFACE 3 4 0.03447 0.14670 30.31 0.24 0.8158 

Anti-
androgenic 

SURFACE 3 5 0.05307 0.14780 30.31 0.36 0.7221 

Anti-
androgenic 

SURFACE 3 6 -0.00187 0.15160 30.37 -0.01 0.9902 

Anti-
androgenic 

SURFACE 3 8 -0.29720 0.18000 38.41 -1.65 0.1069 

Anti-
androgenic 

SURFACE 4 5 0.01860 0.07157 30.31 0.26 0.7968 

Anti-
androgenic 

SURFACE 4 6 -0.03634 0.07898 30.53 -0.46 0.6487 

Anti-
androgenic 

SURFACE 4 8 -0.33160 0.12510 50.23 -2.65 0.0107 

Anti-
androgenic 

SURFACE 5 6 -0.05494 0.08110 30.50 -0.68 0.5032 

Anti-
androgenic 

SURFACE 5 8 -0.35020 0.12650 49.73 -2.77 0.0079 

Anti-
androgenic 

SURFACE 6 8 -0.29530 0.13170 49.19 -2.24 0.0295 

 

Model-based (least-square means) estimates of the differences between Site X 

and Site Y (Site X – Site Y) for estrogenic and anti-estrogenic activity at 40x dose 

and anti-androgenic activity at 4x dose. The reported p-value (p) is based on a 

Wald t-test (t) computed based on the estimated standard error (SE) and 
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degrees of freedom (df) as given. A p<0.05 implies a difference between sites. 

See Figure 2 for a graphical representation of these comparisons.   
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Supplemental Table 4. Model-based estimates of differences between water 

collection sites for receptor activities at lowest concentrations 

Activity 
Type 

Water 
Type 

Site 
X 

Site 
Y 

Estimate SE df t p 

Estrogenic GROUND 1 2 0.08430 0.05852 68.11 1.44 0.1543 
Estrogenic GROUND 1 3 0.04247 0.07169 68.16 0.59 0.5555 
Estrogenic GROUND 1 7 0.20030 0.07210 69.44 2.78 0.0070 
Estrogenic GROUND 1 8 0.36940 0.09820 82.22 3.76 0.0003 
Estrogenic GROUND 2 3 -0.04183 0.07167 68.10 -0.58 0.5614 
Estrogenic GROUND 2 7 0.11600 0.07200 69.13 1.61 0.1116 
Estrogenic GROUND 2 8 0.28510 0.09788 81.40 2.91 0.0046 
Estrogenic GROUND 3 7 0.15790 0.08297 68.67 1.90 0.0613 
Estrogenic GROUND 3 8 0.32690 0.10600 78.56 3.08 0.0028 
Estrogenic GROUND 7 8 0.16900 0.10440 74.88 1.62 0.1096 
Estrogenic SURFACE 1 2 0.07304 0.06321 68.11 1.16 0.2519 
Estrogenic SURFACE 1 3 -0.04723 0.09556 68.11 -0.49 0.6227 
Estrogenic SURFACE 1 4 0.00823 0.05602 68.08 0.15 0.8836 
Estrogenic SURFACE 1 5 0.09174 0.05710 68.08 1.61 0.1128 
Estrogenic SURFACE 1 6 0.00670 0.06063 68.81 0.11 0.9123 
Estrogenic SURFACE 1 8 0.18410 0.07773 74.66 2.37 0.0205 
Estrogenic SURFACE 2 3 -0.12030 0.09252 68.08 -1.30 0.1980 
Estrogenic SURFACE 2 4 -0.06480 0.05068 68.10 -1.28 0.2053 
Estrogenic SURFACE 2 5 0.01870 0.05187 68.10 0.36 0.7196 
Estrogenic SURFACE 2 6 -0.06634 0.05565 68.63 -1.19 0.2373 
Estrogenic SURFACE 2 8 0.11110 0.07373 74.63 1.51 0.1362 
Estrogenic SURFACE 3 4 0.05546 0.08777 68.10 0.63 0.5296 
Estrogenic SURFACE 3 5 0.13900 0.08847 68.10 1.57 0.1209 
Estrogenic SURFACE 3 6 0.05393 0.09071 68.24 0.59 0.5541 
Estrogenic SURFACE 3 8 0.23130 0.10270 71.16 2.25 0.0274 
Estrogenic SURFACE 4 5 0.08350 0.04283 68.08 1.95 0.0553 
Estrogenic SURFACE 4 6 -0.00153 0.04739 69.10 -0.03 0.9743 
Estrogenic SURFACE 4 8 0.17590 0.06784 76.49 2.59 0.0114 
Estrogenic SURFACE 5 6 -0.08504 0.04867 69.07 -1.75 0.0850 
Estrogenic SURFACE 5 8 0.09236 0.06874 76.30 1.34 0.1831 
Estrogenic SURFACE 6 8 0.17740 0.07052 72.29 2.52 0.0141 
Anti-
estrogenic 

GROUND 1 2 0.11370 0.13450 42.34 0.85 0.4025 

Anti-
estrogenic 

GROUND 1 3 0.08425 0.16630 43.62 0.51 0.6150 
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Supplemental Table 4: continued 

Activity 
Type 

Water 
Type 

Site 
X 

Site 
Y 

Estimate SE df t p 

Anti-
estrogenic 

GROUND 1 7 0.27420 0.17440 50.47 1.57 0.1223 

Anti-
estrogenic 

GROUND 1 8 0.28770 0.21440 43.43 1.34 0.1866 

Anti-
estrogenic 

GROUND 2 3 -0.02949 0.16730 44.42 -0.18 0.8609 

Anti-
estrogenic 

GROUND 2 7 0.16040 0.17250 48.83 0.93 0.3570 

Anti-
estrogenic 

GROUND 2 8 0.17390 0.21370 42.97 0.81 0.4201 

Anti-
estrogenic 

GROUND 3 7 0.18990 0.20690 54.65 0.92 0.3628 

Anti-
estrogenic 

GROUND 3 8 0.20340 0.23870 45.64 0.85 0.3985 

Anti-
estrogenic 

GROUND 7 8 0.01349 0.23450 43.23 0.06 0.9544 

Anti-
estrogenic 

SURFACE 1 2 -0.18650 0.14510 42.22 -1.28 0.2059 

Anti-
estrogenic 

SURFACE 1 3 -0.22520 0.22130 43.37 -1.02 0.3145 

Anti-
estrogenic 

SURFACE 1 4 -0.07893 0.12900 42.61 -0.61 0.5440 

Anti-
estrogenic 

SURFACE 1 5 -0.03681 0.13290 44.06 -0.28 0.7832 

Anti-
estrogenic 

SURFACE 1 6 0.04316 0.14010 43.50 0.31 0.7595 

Anti-
estrogenic 

SURFACE 1 8 0.00249 0.18300 51.82 0.01 0.9892 

Anti-
estrogenic 

SURFACE 2 3 -0.03876 0.21410 43.28 -0.18 0.8572 

Anti-
estrogenic 

SURFACE 2 4 0.10750 0.11660 42.52 0.92 0.3618 

Anti-
estrogenic 

SURFACE 2 5 0.14960 0.12070 44.05 1.24 0.2217 

Anti-
estrogenic 

SURFACE 2 6 0.22960 0.12930 44.08 1.78 0.0826 

Anti-
estrogenic 

SURFACE 2 8 0.18890 0.17460 52.90 1.08 0.2841 

Anti-
estrogenic 

SURFACE 3 4 0.14630 0.20240 42.79 0.72 0.4738 

Anti-
estrogenic 

SURFACE 3 5 0.18840 0.20330 42.29 0.93 0.3592 

Anti-
estrogenic 

SURFACE 3 6 0.26840 0.21370 45.81 1.26 0.2156 

!
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Supplemental Table 4: continued 

Activity 
Type 

Water 
Type 

Site 
X 

Site 
Y 

Estimate SE df t p 

Anti-
estrogenic 

SURFACE 3 8 0.22770 0.24130 48.32 0.94 0.3501 

Anti-
estrogenic 

SURFACE 4 5 0.04212 0.09905 43.16 0.43 0.6728 

Anti-
estrogenic 

SURFACE 4 6 0.12210 0.11230 47.14 1.09 0.2823 

Anti-
estrogenic 

SURFACE 4 8 0.08142 0.16130 55.28 0.50 0.6158 

Anti-
estrogenic 

SURFACE 5 6 0.07997 0.11870 51.41 0.67 0.5034 

Anti-
estrogenic 

SURFACE 5 8 0.03930 0.16430 55.83 0.24 0.8118 

Anti-
estrogenic 

SURFACE 6 8 -0.04067 0.17080 55.06 -0.24 0.8127 

!

Model-based (least-square means) estimates of the differences between Site X 

and Site Y (Site X – Site Y) for estrogenic and anti-estrogenic activity at 4x dose. 

The reported p-value (p) is based on a Wald t-test (t) computed based on the 

estimated standard error (SE) and degrees of freedom (df) as given. A p<0.05 

implies a difference between sites.  
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Supplem
ental Table 5: O

rgan w
eight data in m

ale m
ice follow

ing developm
ental exposure to oil and gas 

operation chem
icals in drinking w

ater 

Treatm
ent 

PN
D

 
B

ody 
W

eight (g)  
Thym

us 
H

eart 
G

onadal 
Fat 

Testes 
(paired) 

Liver 
Left 

K
idney 

Spleen 
R

enal 
Fat 

V
E

H
 

21 
8.1 ± 0.4 

40.3 ± 
4.5 

47.9 ± 
2.7 

- 
35.6 ± 

2.8 
334.1 ± 

19.0 
56.1 ± 3.5 

60.9 ± 
6.8 

- 

  
85 

25.4 ± 0.4 
37.3 ± 

1.9 
117.2 
± 3.5 

162.9 ± 
11.0 

173.8 ± 
2.2 

1124.4 ± 
67.5 

124.8 ± 
32.8 

105.2 ± 
15.4 

52.9 ± 
6.2 

M
IX

3 
21 

8.4 ± 0.2 
44.5 ± 
2.8 # 

53.6 ± 
1.5 * 

- 
41.5 ± 
1.1 * 

332.4 ± 
18.1 

60.8 ± 2.3 
66.4 ± 
5.1 # 

- 

  
85 

24.3 ± 0.8 
33.5 ± 

1.4 
110.2 
± 2.8 

171.7 ± 
12.3 

180.0 ± 
6.1 # 

1181.6 ± 
54.0 

118.7 ± 
26.2 

105.9 ± 
18.9 

57.5 ± 
10.6 

M
IX

30 
21 

8.5 ± 0.2 
45.0 ± 

2.4 
50.7 ± 

0.9 
- 

40.4 ± 
1.1 

359.1 ± 
10.5 

59.3 ± 1.1 
68.7 ± 

2.4 
- 

  
85 

25.7 ± 0.7 
37.9 ± 

1.4 
118.4 
± 4.5 

172.4 ± 
10.3 

185.2 ± 
5.7 

1183.1 ± 
67.3 

143.8 ± 
26.4 

100.2 ± 
14.9 

48.8 ± 
5.3 

M
IX

300 
21 

8.9 ± 0.3 * 
48.8 ± 
2.2 * 

53.1 ± 
1.6 # 

- 
42.2 ± 
1.9 * 

369.7 ± 
20.9 

62.4 ± 2.7 
# 

75.6 ± 
4.3 # 

- 

  
85 

26.3 ± 0.5 
35.6 ± 

2.5 
116.2 
± 2.6 

165.1 ± 
11.6 

177.1 ± 
6.3 

1188.7 ± 
61.8 

165.5 ± 
23.7 

93.2 ± 
15.9 

45.8 ± 
5.3 
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Supplem
ental Table 5: continued 

Treatm
ent 

PN
D

 
B

ody 
W

eight (g)  
Thym

us 
H

eart 
G

onadal 
Fat 

Testes 
(paired) 

Liver 
Left 

K
idney 

Spleen 
R

enal 
Fat 

M
IX

3000 
21 

8.6 ± 0.3 
47.4 ± 

3.7 
49.8 ± 

2.1 
- 

37.9 ± 
1.5 

360.5 ± 
21.8 

57.3 ± 2.6 
64.3 ± 

3.9 
- 

  
85 

25.1 ± 0.3 
32.9 ± 

2.7 
111.9 
± 2.3 

158.2 ± 
14.1 

185.4 ± 
5.4 * 

1232.5 ± 
21.2 

152.1 ± 
24.4 

92.6 ± 
16.9 

53.7 ± 
10.5 

FLU
T 

21 
8.4 ± 0.2 

48.6 ± 
1.7 # 

48.4 ± 
1.4 

- 
37.4 ± 
1.3 # 

347.6 ± 
12.2 

57.6 ± 1.9 
61.9 ± 

2.6 
- 

  
85 

24.9 ± 0.6 
37.0 ± 

1.6 
110.7 
± 3.7 

183.3 ± 
9.9 

186.8 ± 
5.6 * 

1191.7 ± 
36.5 

144.2 ± 
17.9 

94.7 ± 
13.8 

50.3 ± 
5.7 

 E
stim

ated m
arginal m

eans ± S
E

M
 for body and organ w

eights of developm
entally exposed m

ale m
ice at P

N
D

21 and 85. 

* p ≤ 0.05; # 0.05 < p ≤ 0.10 

Treatm
ents listed are as follow

s: V
E

H
 = 0.2%

 ethanol in w
ater, M

IX
3/30/300/3000 = 3/30/300/3000 µg/kg/day of each of 

23 chem
icals listed in Table 1 (23-m

ix), and FLU
T = flutam

ide at 50 m
g/kg/day. 
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Supplem
ental Table 6: Litter effects follow

ing prenatal exposure to oil and gas operation chem
icals 

T
reatm

en
t 

Litters 
(n

) 
Litter 
S

ize 
S

ex R
atio

 
M

/
to

tal 
A

n
o

g
en

ital 
D

istan
ce 

B
o

d
y W

eig
h

t 
P

N
D

7
 

B
o

d
y W
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Supplemental Figure 1: Estrogenic Statistical Model Diagnostic Plots. A 

collection of diagnostic plots based on conditional studentized residuals for 

estrogenic assays. For each data point, studentized residuals are computed by 

subtracting the value predicted by the model from the actual observed value, and 

then dividing by an estimate of the standard deviation derived from the model. 

Because this can be viewed as standardizing the residuals in terms of standard 

deviation, most studentized residuals should have values between -3 and 3. A 

plot of the studentized residuals versus the predicted values (A) shows no 

discernible pattern providing evidence that the model is correctly specified. A 

histogram of the residuals (B) is mound-shaped and symmetrically distributed, 
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further supporting this notion. A quantile-quantile plot based on a normal 

distribution (C) shows most points lying on the identity line, indicating that 

distributional assumptions of normality based on the residuals are valid. A simple 

box-and-whisker plot of the studentized residuals is given in (D). 
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Supplemental Figure 2: Anti-estrogenic Statistical Model Diagnostic Plots. 

A collection of diagnostic plots based on conditional studentized residuals for 

anti-estrogenic assays. For each data point, studentized residuals are computed 

by subtracting the value predicted by the model from the actual observed value, 

and then dividing by an estimate of the standard deviation derived from the 

model. Because this can be viewed as standardizing the residuals in terms of 

standard deviation, most studentized residuals should have values between -3 

and 3. A plot of the studentized residuals versus the predicted values (A) shows 

no discernible pattern providing evidence that the model is correctly specified. A 
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histogram of the residuals (B) is mound-shaped and symmetrically distributed, 

further supporting this notion. A quantile-quantile plot based on a normal 

distribution (C) shows most points lying on the identity line, indicating that 

distributional assumptions of normality based on the residuals are valid. A simple 

box-and-whisker plot of the studentized residuals is given in (D). 
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Supplemental Figure 3: Anti-androgenic Statistical Model Diagnostic Plots. 

A collection of diagnostic plots based on conditional studentized residuals for 

anti-androgenic assays. For each data point, studentized residuals are computed 

by subtracting the value predicted by the model from the actual observed value, 

and then dividing by an estimate of the standard deviation derived from the 

model. Because this can be viewed as standardizing the residuals in terms of 

standard deviation, most studentized residuals should have values between -3 

and 3. A plot of the studentized residuals versus the predicted values (A) shows 

no discernible pattern providing evidence that the model is correctly specified. A 

histogram of the residuals (B) is mound-shaped and symmetrically distributed, 
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further supporting this notion. A quantile-quantile plot based on a normal 

distribution (C) shows most points lying on the identity line, indicating that 

distributional assumptions of normality based on the residuals are valid. A simple 

box-and-whisker plot of the studentized residuals is given in (D). 
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Supplemental Figure 4: Estrogen/Androgen Receptor Activity of Ground 

and Surface Water Samples. Estrogen and androgen receptor activity of ground 

and water samples for reference sites (green), Colorado River samples (orange), 

and drilling-dense spill sites (red). Estimated marginal means of estrogenic 

activity of each ground water sample (A) and surface water sample (B) relative to 

100 pM 17β-estradiol at 40X sample concentration. Estimated marginal means of 

anti-estrogenic activity of each ground water (C) and surface water site (D) as 

percent suppression or enhancement of 10 pM 17β-estradiol (set to zero) at 40X 
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concentration. Negative values denote suppression of agonist activity and thus 

antagonist activity. Estimated marginal means of anti-androgenic activity of each 

ground water (E) and surface water site (F) as percent suppression or 

enhancement of 100 nM testosterone (set to zero) at 4X concentration. Negative 

values denote suppression of agonist activity and thus antagonist activity.  

See Supplemental Information, S1, for additional details on each sample and 

groups. 

* Denotes missing sample activity due to toxicity observed at that sample 

concentration. 
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Supplemental Figure 5: Estrogen/Androgen Receptor Activity of all Water 

Samples. Estrogen and androgen receptor activity of all water samples for both 

the 4x (blue) and 40x (red) test concentrations. Estimated marginal means of 

estrogenic activity of each sample collected (A), separated by collection site, 
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relative to 100 pM 17β-estradiol. Estimated marginal means of anti-estrogenic 

activity of each sample collected (B), separated by collection site, as percent 

suppression or enhancement of 10 pM 17β-estradiol (set to zero. Negative 

values denote suppression of agonist activity and thus antagonist activity. 

Estimated marginal means of anti-androgenic activity of each sample collected 

(C), separated by collection site, as percent suppression or enhancement of 100 

nM testosterone (set to zero). Negative values denote suppression of agonist 

activity and thus antagonist activity. 

* Denotes missing sample activity due to toxicity observed at that sample 

concentration. 
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