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Abstract
In Brief: Unconventional oil and natural gas (UOG) operations, particularly hydraulic fracturing, have revolutionized 
oil and gas production, using and containing complex mixtures of chemicals that may impact reproductive health. 
While there is growing evidence for effects on births in hydraulic fracturing/UOG regions and good mechanistic 
evidence for potential reproductive toxicity, there is much research still needed to make firm conclusions about these 
practices and reproductive health.

Abstract: Unconventional oil and natural gas (UOG) operations have emerged over the last four decades to transform 
oil and gas production in the United States and globally by unlocking previously inaccessible hydrocarbon deposits. 
UOG development utilizes many compounds associated with conventional oil and gas, as well as some specific to 
UOG extraction, particularly during hydraulic fracturing (HF). While research is increasing on UOG chemicals and 
their mixtures, this review discusses the current evidence for reproductive toxicity following exposures to UOG/HF 
mixtures. These complex chemical mixtures have been demonstrated to interact with numerous mechanisms known 
to influence reproductive health. A growing number of environmental and controlled laboratory testing studies have 
reported adverse reproductive health effects in animals exposed to various UOG chemical mixtures. An expanding 
body of epidemiological literature has assessed adverse birth outcomes, although none has directly examined 
reproductive measures such as time to pregnancy, semen quality, and other direct measures of fertility. The existing 
literature provides moderate evidence for decreased birth weights, increased risk of small for gestational age and/
or preterm birth, increased congenital abnormalities, and increased infant mortality, though importantly, studies are 
widely variable in methods used. Most studies utilized distance from UOG operations as an exposure proxy and did not 
measure actual chemical exposures experienced by those living near these operations. As such, while there is growing 
evidence for effects on births in these regions and good mechanistic evidence for potential reproductive toxicity, there 
is much research still needed to make firm conclusions about UOG development and reproductive health.
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Introduction to UOG development

As conventional oil and gas resources have dwindled 
(particularly in much of the developed world), 
unconventional oil and natural gas (UOG) operations 
have emerged over the last four decades to transform 
oil and gas production in the United States and abroad 
by unlocking previously inaccessible hydrocarbon 
deposits (Choi et  al. 2023). UOG now accounts for the 
majority of oil and gas production in the US (US EPA 
2015, US EIA 2023). UOG production is defined by its 
extraction methods, which differ from conventional 
oil and gas (COG). COG resources are found in discrete 
pools and reservoirs and are extracted by allowing the 
oil or gas to flow to the surface, while UOG resources 
are found in reservoirs with poor permeability and 
porosity, preventing direct extraction (Ivanova et  al. 
2017). Accessing these resources requires different 
approaches, such as hydraulic fracturing (HF; high-
pressure injection of water, chemicals, and sand to 
generate fractures in shale and other low-permeability 
formations), and often results in lower efficiency than 
COG extraction (Wiseman 2008, Waxman et  al. 2011, 
Dubé et  al. 2022, Jew et  al. 2022). Oil sand reserves 
are mixed with sand, clay, and water to extract UOG 
resources like bitumen (a viscous constituent of 
petroleum), which then requires dilution with lighter 
hydrocarbon mixtures for pipeline transportation to 
achieve refinement or export (Hrudey et al. 2012). The 
resulting diluted bitumen (dilbit) is a complex mixture 
of heavy and light hydrocarbons, usually with a high 
sulfur content (Utting et al. 2022). UOG extraction also 
leads to the production of multiple other substances, 
from heavy oils to natural gas, and includes coal bed 
methane gas, tight sands gas, shale gas, and oil, heavy 
and viscous oils, tar sands, and methane hydrates 
(Ahmed & Meehan 2016), along with considerable 
wastewater from the producing formation and injected 
fluids. While these include most of the common types of 
UOG development, this review will focus specifically on 
HF chemical mixtures and reproductive toxicity.

HF extraction fluids consist of proppants (e.g. silica, 
sand, ceramic beads), which prevent the fractures from 
closing after the injection pressure is released, along 
with a mixture of other chemical additives (Gallegos 
et  al. 2015, US EPA 2015). These added chemicals 
serve several functions, including bacterial growth 
prevention, mineral scaling minimization, friction 
reduction, pH adjustments, corrosion inhibition, 
iron control, surfactants, clay stabilization, chemical 
crosslinking, chemical breaking, and gelling or 
foaming (Stringfellow et  al. 2014). Commonly used 
UOG chemicals can be seen in Supplementary Table 1 
(see the section on supplementary materials given at 
the end of this article); however, each UOG operation 
can employ a different mixture of chemicals with 
proprietary chemical compositions (Stringfellow et  al. 
2014). This process creates flowback and produced 

water (FPW) that contains high concentrations of salts 
and chemicals, some undisclosed, others well-known, 
such as 1,4-dioxane; organic contaminants; polycyclic 
aromatic hydrocarbons, or PAHs, such as anthracene 
and benzo(a)pyrene; volatile organic compounds; 
semi-volatile contaminants; acids; biocides; and 
surfactants (Colborn et  al. 2011, Danforth et  al. 2020).  
Contamination of local water sources has been 
demonstrated for some of these compounds, including 
BTEX (benzene, toluene, ethylbenzene, xylenes) and 
trace elements (Warner et al. 2012, Fontenot et al. 2013, 
Gross et al. 2013, Darrah et al. 2014, Llewellyn et al. 2015, 
Kassotis et al. 2020).

Overlap in chemicals between UOG/COG
COG operations do not employ HF techniques and 
therefore do not utilize many of the chemicals found in 
UOG operations. There is considerable overlap, however, 
in the chemicals used to facilitate well drilling. When 
drilling, either water-based drilling muds (WBMs), 
oil-based drilling muds (OBMs), or synthetic oil-based 
drilling muds are typically used (Fink 2012, Onojake 
& Waka 2021). These muds serve several functions 
including cooling and lubricating the drill bit, removing 
drill bit cuttings, overcoming the fluid pressure of the 
formation, ensuring the drilled formation is minimally 
damaged, stabilizing the shale, controlling viscosity, 
controlling fluid loss, and reducing corrosion (Fink 2012, 
Onojake & Waka 2021).

As outlined in Supplementary Table 2, there is 
also significant overlap in the chemicals used by 
COG and UOG operations to facilitate oil and gas 
transportation post-extraction. Additives are used to 
ease the transportation of natural gas and crude oil 
by reducing pipeline corrosion, improving flow, and 
inhibiting the formation of gas hydrates (Fink 2012, 
Onojake & Waka 2021). Odorizers are always added 
for olfactory detection in case of leaks, and surfactants 
are added to remove solids produced during drilling 
(Fink 2012, Onojake & Waka 2021). Crude oil typically 
has high wax content and is therefore treated with 
film-forming chemical inhibitors, which help coat 
the inside of pipelines, and wax inhibitors to prevent 
wax buildup (Fink 2012, Onojake & Waka 2021). The 
types of chemicals used to aid transportation depend 
on the temperature, the type of target reservoir, the 
unique chemical composition of the oil or gas, and the 
individual oil and gas operation (Fink 2012).

Routes of exposure
UOG extractions and processes may lead to the release 
of chemical mixtures during each stage of development 
and production (Bolden et  al. 2018) that can result in 
exposure through inhalation, ingestion, and dermal 
absorption routes (Bolden et  al. 2018, Boogaard 2022, 
Zhan et al. 2023). These substances can be volatile and 
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mobile (e.g. volatile organic compounds (VOCs), BTEX, 
methane, etc.) or persistent and bioaccumulative (e.g. 
elements, PAHs, etc.) (Manzetti 2013, Barron et al. 2020). 
Benzene and other VOCs are highly mobile and have 
been found in the air near UOG operations (Colborn et al. 
2011, McKenzie et al. 2012, Brown et al. 2014) as well as  
in water and groundwater surrounding shale  
operations (Gross et  al. 2013, Llewellyn et  al. 2015). 
Groundwater and drinking water contamination  
are also a source of concern in UOG regions. 
Monitoring studies have reported increasing spill 
rates for wastewater, crude oil, drilling waters, and/or  
fracturing fluids in most states examined, with spills 
often occurring in regions that may impact important 
drinking water sources (Maloney et al. 2017). Supporting 
concerns over drinking water contamination, several 
studies have reported UOG-associated chemicals in 
drinking water sites nearest UOG wells/operations 
(Osborn et  al. 2011, Warner et  al. 2012, Jackson et  al. 
2013, Caron-Beaudoin et al. 2022, Gasparyan et al. 2024).

The transport of UOG waste and products is mainly 
achieved by pipelines, breaks of which pose an 
additional contamination risk to aquatic and terrestrial 
ecosystems. Studies and remediation processes 
following large oil spills have demonstrated the 
persistence of PAHs for years afterward (Environment 
Canada 2013). UOG wells in the U.S. produce up to 
an estimated four billion cubic meters of wastewater 
(inclusive of flowback and produced water) per year 
(Clark & Veil 2009, Harkness et  al. 2015). Wastewater 
is routinely disposed of through injection into deep 
disposal wells, reused for hydraulic fracturing 
operations, spread on roads as a de-icing or dust 
suppressing agent (Tasker et al. 2018), and/or pumped 
into open evaporation pits for disposal (Wiseman 
2008, Deutch et  al. 2011, Lee et  al. 2011, Lester et  al. 
2015); all additional routes of potential contamination 
and exposure. Many of the persistent compounds 
can then bioaccumulate and travel up the food chain 
to the human diet (Manzetti 2013). As such, animals 
and humans can be exposed to UOG chemicals from 
multiple sources. Aquatic animals are exposed through 
water either by consumption or through their skin and 
gills, while terrestrial animals, including birds, can 
be exposed through inhalation, dermal absorption, or 
ingestion (Ruberg et al. 2021).

Evidence of human exposure
Full characterization of health effects associated 
with exposure to this industry hinges on proper 
exposure assessments, which are typically based 
on exposure predictions from models (EPA 2019). 
Sources of uncertainty in models may lead to exposure 
misclassification or non-detection of adverse health 
outcomes (US EPA 2019). While recent scoping and 
systematic reviews demonstrate a growing body of 
research reporting significant associations between 

proximity to UOG and several adverse health outcomes, 
biomonitoring studies assessing human exposures 
from UOG development are limited (Werner et al. 2015, 
Bamber et al. 2019, Aker et al. 2024). Biomonitoring data 
are useful in assessing human exposure to chemicals 
by collecting human tissue or specimens such as 
blood, urine, and hair (NRC 2006). Biomonitoring data 
becomes particularly useful in environmental health to 
understand health effects by characterizing exposures 
when complete exposure data are not available or when 
exposure to multiple chemicals might have occurred 
(Arnold et al. 2013).

There are limitations to using biomonitoring data. 
Measuring chemicals in a person’s blood or urine 
does not equate with disease causation (US CDC 
2009). Furthermore, there is the potential for intra-
individual variability of non-persistent chemicals in 
the urine (US CDC 2009). While there has been some 
research measuring specific UOG chemicals in people, 
including a Canadian cohort (Caron-Beaudoin et  al. 
2018, Caron-Beaudoin et  al. 2019, Caron-Beaudoin 
et al. 2022, Claustre et al. 2023, Gasparyan et al. 2024) 
and small groups in Wyoming (Crowe et al. 2016) and 
Pennsylvania (Marusic 2021), these studies have been 
largely exploratory and limited in scope with small 
sample sizes. Further research is urgently needed to 
better characterize the complex chemical mixtures 
residents are exposed to near UOG sites.

Evidence for reproductive health 
effects in animals near UOG  
operations

Few studies have determined the relationship 
between UOG and reproductive and developmental 
outcomes in animal models (Bolden et  al. 2018). A 
systematic evaluation of UOG chemicals reported 
that the majority (76%) did not have any information 
on reproductive and developmental toxicity. For 
the chemicals with known information, 65% were 
possibly associated with adverse reproductive and 
developmental effects (Elliott et al. 2017). This section 
of the review will report the main reproductive 
and developmental effects of UOG chemicals on 
vertebrates and invertebrates. Overall, however, very 
little research evaluating the reproductive toxicity 
of UOG mixtures (either observationally or with 
laboratory animals) has been performed.

Most of the studies on mammals used laboratory mice 
that were gestationally exposed to a mixture of 23 UOG 
chemicals through drinking water (Kassotis et al. 2015, 
Kassotis et al. 2016a, Boule et al. 2018, Sapouckey et al. 
2018). These studies demonstrated that male offspring 
had a decreased sperm count, increased testis size, 
and increased serum testosterone (Kassotis et al. 2015). 
Female offspring had modified reproductive organ 
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weights, suppressed pituitary hormone concentrations, 
and disrupted folliculogenesis (Kassotis et  al. 2016a). 
Mammary glands collected from these female animals 
indicated no differences prior to puberty, but they 
had increased epithelial duct density, hyperplasia, 
and proliferation-to-apoptosis ratio in early adulthood 
relative to controls (Sapouckey et  al. 2018). These 
laboratory studies using a mixture of UOG chemicals in 
environmentally relevant concentrations demonstrated 
that exposure during gestation affects the normal 
development of reproductive organs and endocrine 
function in both male and female mice.

Limited field studies on the reproductive effects of 
UOG chemicals have been conducted in mammals 
living in proximity to fracking regions. In a case study 
of dysphagic neonatal foals born at an active UOG 
operation, exposures occurred through contaminated 
well water. Males were more affected than females, 
and foals’ dysphagia subsided following environmental 
management changes (Mullen et  al. 2020). A study 
of cow herds living within 1.6 km of a well or battery 
site (central distribution points that receive crude oil, 
condensate, and/or produced water from surrounding 
well sites), or within 8 km of a compressor of a gas plant, 
was performed to determine reproductive effects from 
air exposure to sulfur dioxide, hydrogen sulfide, toluene, 
and benzene. The results suggested no significant 
associations between chemical exposure, density of oil 
and gas wells, and pregnancy; though, a 3-day delay 
in breeding-to-calving was observed in cows with the 
highest benzene exposures (Waldner & Stryhn 2008). 
A related study observed calf survival and health in 
association with air pollution and proximity/density of 
UOG wells, reporting mortality associated with sulfur 
dioxide exposures in the first 3 months (Waldner 
2008). Related work in a longitudinal cohort of 21 food 
animals, companion animals, and wildlife reported 
diverse health issues following UOG fluid exposures, 
including reproductive health effects. Many of these 
symptoms improved over time for a subset of animals 
that were moved away from the source of exposure 
and did not improve for animals that remained near 
the presumed exposure site (Bamberger & Oswald 
2012, 2015). More comprehensive studies are necessary, 
specifically focused on the chemical exposures that may 
underlie reproductive health effects in mammals living  
near UOG development.

Many UOG toxicity studies have been performed using 
fish, mainly observing embryonic/larval toxicity. 
In Canada, fish species during early life stages are 
particularly vulnerable to UOG waste from pipeline 
spills, as described in detail previously (Lin et al. 2022a, 
Perugini et  al. 2022). However, reproductive studies 
are very limited in fish. Endocrine perturbations were 
observed in cod exposed by ingestion to alkylphenols 
(20 mg to 80 mg/kg) found in produced water (PW). 
Male cod had an induction of vitellogenin, while both 
sexes had decreased serum sex steroids and delayed 

reproductive organ development (Meier et  al. 2007). 
Further research tested lower doses (0.4 mg to 4 mg/kg) 
of PW samples from Norway on female cod, reporting 
that low concentrations of alkylphenols induced similar 
effects on development, while PW samples did not 
(Meier et al. 2011). Juvenile rainbow trout exposed to the 
water-accommodated fraction from UOG oil exhibited 
increased expression of androgen and progesterone 
receptors as well as feminizing and masculinizing effects 
(De Anna et al. 2021). Other research using Nile tilapia 
reported that a UOG chemical-exposed group with 
no spirulina in the diet exhibited kidney histological 
changes, structural gonadal differences, chromosomal 
defects, cell edema, and decreased weight (Mahmoud 
et  al. 2019), whereas spirulina-supplemented groups 
did not, suggesting potential UOG/diet interactions. A 
variety of other research has focused on developmental 
toxicity and cardiometabolic effects, but not specifically 
on reproductive toxicity (Folkerts et al. 2017).

Finally, invertebrate and microbial communities can also 
be affected by chemicals from UOG operations. Daphnia 
magna, an invertebrate sentinel species, experienced a 
reduction of 70% in fecundity and delayed first brood 
after chronic exposure to 0.04% FPW (Blewett et  al. 
2017). While some studies evaluating microbial diversity 
and UOG operations have determined that exposures 
to FPW reduced biotic respiration, and modified 
microbial community structure and functions, resulting 
in higher species richness and unique functional genes 
(Amundson et  al. 2022, Zhong et  al. 2022), others have 
reported reduced diversity (Murali Mohan et  al. 2013, 
Morono et al. 2019). Thus, there is increasing evidence 
suggesting that exposure to UOG chemicals can affect 
the reproduction and development of diverse fauna 
surrounding UOG operations.

Evidence for reproductive health 
effects in humans near UOG  
operations

Pre- and post-natal UOG-mediated human health effects 
are comprehensively reviewed elsewhere (Webb et al. 
2014, Webb et al. 2018, Bamber et al. 2019, Deziel et al. 
2020). We reviewed 17 primary research articles that 
assessed relationships between UOG well proximity, 
density, and/or production and adverse birth outcomes 
with low and moderate confidence. We identified 
six additional articles that addressed relationships  
between oil and gas production and adverse birth 
outcomes, though we were unable to delineate between 
COG and UOG (McKenzie et al. 2014, Janitz et al. 2019, 
McKenzie et  al. 2019, Schuele et  al. 2022, Willis et  al. 
2023). We only discuss the former in the text, but all 
articles are listed in Table 1.

Here, we discuss epidemiological assessments 
of UOG exposure’s effects on five adverse birth 
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outcomes: low birth weight, small for gestational age 
(SGA), preterm birth, congenital abnormalities, and 
infant mortality. Birth weight and SGA are linked to, but 
distinct from, intrauterine growth restriction during 
gestation, which is sensitive to air pollution (Stieb et al. 
2012, Sun et al. 2015, Malhotra et al. 2019). Preterm birth 
is affected by environmental, genetic, and sociological 
factors that present a complex outcome requiring broad 
covariate control (Goldenberg et  al. 2008, Simmons 
et  al. 2010). Birth defects require temporally specific 
modulations to modify the fetal body plan. However, 
determination of teratogenic effects can be difficult, and  
many defects’ etiology is unknown (Dolk 2004, Feldkamp 
et  al. 2017). Thus, each birth outcome relies on a  
complex interplay of factors beyond, but including, 
environmental exposures that require careful covariate 
adjustment and study design.

Many of the studies discussed do not directly measure 
exposure levels. Rather, they use maternal addresses 
at varying geospatial levels (street address, zip code, 
county code) and surrounding UOG wells as exposure 
proxies, although with different comparison designs 
that can affect confidence in identified associations 
(Deziel et  al. 2022). Including only geocoded births for 
analysis can bias against individuals from medically 
underserved communities who tend not to be geocoded, 
but based on one analysis, are more likely to face adverse 
birth outcomes (Ha et  al. 2016). The related ‘live-birth 
bias’ in observational studies can also underestimate 
negative associations between exposure/stressors and 
birth outcomes as one key metric, infant mortality, 
is intentionally removed (Liew et  al. 2015). Finally, 
the application of temporal attributes to exposure, 
particularly when determining preterm birth rates, can 
be biased due to fixed effects with cohort start and end 
dates (Barnett 2011, Strand et al. 2011). The limitations 
produced by each of these biases are excellently 
discussed elsewhere (Neophytou et al. 2021).

Birth weight
Ten of the 17 articles tested for associations between 
UOG operations and birth weight. Low birth weight 
was typically defined as < 2500 g per World Health  
Organization values (Blencowe et  al. 2019). Over half 
of the articles reported decreased birth weight, or 
increased low birth weight risk/odds, in their UOG-
proximal populations (Stacy et al. 2015, Currie et al. 2017, 
Hill 2018, Apergis et al. 2019, Caron-Beaudoin et al. 2021, 
Tran et al. 2021). UOG exposure groups with lower birth 
weights tended to be spatially close to UOG operations, 
usually within 5 km of maternal residence (Stacy et al. 
2015, Currie et al. 2017, Apergis et al. 2019). One article 
reported complex, non-linear relationships between 
the proximity and density of UOG and birth weight in 
Colorado over a two-decade period (Erickson et  al. 
2022). However, this ecological study was conducted at 
the county level, where aggregate data can obfuscate 
population/region-specific effects (Morgenstern 1995, 
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Deziel et  al. 2020). Intricate spatial details are thus 
necessary to understand the effects of UOG on birth 
weight. Three studies did not report associations 
between UOG exposure and birth weight (Casey et  al. 
2016, Whitworth et al. 2017, Cushing et al. 2020).

Small for gestational age (SGA) 
Of the eight papers measuring SGA, five reported 
the adverse effects of UOG exposure manifested by 
increased SGA odds or risk (Stacy et al. 2015, Hill 2018, 
Cushing et  al. 2020, Tran et  al. 2021, Cairncross et  al. 
2022). Associations were typically observed for the 
highest UOG exposure group, determined either by 
exposure tertiles (Stacy et al. 2015) or high numbers of 
UOG-related events (Cushing et al. 2020). The remaining 
three papers did not observe associations between 
UOG exposure and SGA (Casey et  al. 2016, Cushing 
et  al. 2020, Caron-Beaudoin et  al. 2021). Two of these 
three studies focused on individual hospitals within a 
UOG-productive region, indicating a lack of local UOG 
effects on SGA but not disqualifying UOG effects on SGA  
in other regions.

Preterm birth
We identified nine studies that measured preterm  
birth risks in the context of UOG. Five of these studies 
observed increased preterm birth risk or odds related to 
nearby UOG development (Casey et al. 2016, Whitworth 
et al. 2017, Cushing et al. 2020, Tran et al. 2021, Cairncross 
et  al. 2022). Three studies reported mixed effects from 
UOG exposure on preterm birth (Whitworth et  al. 
2017, Caron-Beaudoin et al. 2022, Erickson et al. 2022). 
Erickson et al. (2022) conducted a county-level ecological 
study with minimal covariates, potentially losing area-
specific effects. Whitworth et  al. (2018) noted high 
UOG activity and density during the first and second 
trimesters were associated with increased preterm 
birth odds, suggesting temporal specificity in when UOG  
might influence prematurity. Caron-Beaudoin et  al. 
(2021) reported associations with odds of preterm birth 
that did not follow a monotonic response. One study 
did not detect associations between UOG exposure and 
preterm birth (Hill 2018).

Congenital abnormalities
Four of the five studies that measured UOG associations 
with congenital abnormalities, predominantly structural, 
noted increased risks (Tang et  al. 2021, Cairncross 
et  al. 2022, Gaughan et  al. 2023, Han et  al. 2023). Two 
independent studies noted increased congenital heart 
defect (CHD) risks with UOG exposure in Texas cohorts, 
for the Barnett Shale region and statewide (Tang et al. 
2021, Han et al. 2023). Neural tube defect (NTD) risks were 
also associated with high UOG exposure for Texas and 
Ohio cohorts (Tang et al. 2021, Gaughan et al. 2023). Only 

one study did not detect significant associations between 
congenital abnormalities and UOG exposure (Ma et  al. 
2016). However, this study compared retrospective 
cohorts by zip codes. While a quasi-difference-in-
difference design was used, some of the spatiotemporal 
information used in the study designs for the other four 
studies was lost, and, perhaps, distinct relationships 
between abnormality risk and UOG exposure.

Infant mortality
Only three studies directly analyzed the relationship 
between UOG exposure and infant mortality (Busby 
& Mangano 2017, Whitworth et  al. 2017, Cairncross 
et  al. 2022). The remaining studies explicitly excluded 
birth records with infant mortality, potentially  
engaging in the ‘live-birth bias’ for perinatal 
epidemiology (Liew et al. 2015). All three studies noted 
increased infant mortality risk with UOG exposure at 
varying degrees of confidence. Busby and Mangano 
(2017) analyzed mortality at the county level without  
adjusting for covariates that influence infant mortality 
(Womack et  al. 2020), while Cairncross (2022) and 
Whitworth (2017) included relevant spatial and 
sociodemographic covariates.

Potential mechanisms involved in 
reproductive health effects

There are numerous mechanistic pathways regulating 
reproductive health. This review is not intended to 
comprehensively assess each pathway, which other 
reviews have thoroughly done (Danzo 1998, Jabbour 
et al. 2009, Balabanic et al. 2011, Siebold 2011, Patisaul 
2021). This section will focus on a subset of well-reported 
factors in reproductive health, namely nuclear receptor 
(NR) function and dysfunction, and discuss known 
evidence of NR disruption by UOG operation-associated 
mixtures. It is not within the scope of this review to 
similarly curate and discuss the bioactivity of individual 
UOG-associated chemicals, though we will discuss, as 
available, how environmentally relevant mixtures 
may significantly alter bioactivities and reproductive 
toxicity. The role(s) of NRs in vertebrate reproduction, 
and dysregulation by environmental contaminants, are 
reviewed elsewhere (Martin & Tremblay 2010, Craig 
et al. 2011, Hughes & Murphy 2021).

Estrogen receptor (ER)
The interactions of estrogens with ERs are crucial for 
fertility and the development of reproductive organs, 
secondary sexual characteristics, and sexual behavior 
(Nilsson & Gustafsson 2002, McCarthy 2008). Exposure 
to estrogens induces ERα and β to act as transcription 
factors, homodimerizing and binding to genomic 
response elements (directly or indirectly) to regulate 
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target genes that control many reproductive processes 
(Fuentes & Silveyra 2019). Apart from direct ER 
modulation, xenobiotics can also directly or indirectly  
disrupt ER signaling by altering the synthesis, 
transport, distribution, and breakdown of endogenous 
estrogens or by altering transcription, translation, 
modification, and degradation of the receptor, as 
well as proteins upstream and downstream of the 
signaling pathways (Shanle & Xu 2011, La Merrill et al. 
2020). Global and tissue-specific knockouts of ERs 
alter reproductive health (Curtis Hewitt et  al. 2000, 
Lee et al. 2012). ERα-knockout male and female mice 
are infertile with immature reproductive organs and 
mammary glands, disrupted ovulation and sperm 
maturation, elevated levels of sex steroids, and altered 
sexual behavior, whereas ERβ knockouts develop 
normal reproductive organs and sexual behaviors 
but have some impairments of fertility and ovulation 
(Couse et  al. 2000, Lee et  al. 2012). Similar adverse 
reproductive effects are seen following exposure to 
ER antagonists (Branham et al. 1996, Buelke-Sam et al. 
1998, Cho et al. 2003, Ali et al. 2018) and environmental 
estrogens (Toppari et al. 1996, Paterni et al. 2017, Wang 
et al. 2021b, Wojnarowski et al. 2021).

Many chemicals used in UOG operations are reportedly 
capable of disrupting ER signaling (Colborn et al. 2011, 
Gordalla et al. 2013, Webb et al. 2014, Elliott et al. 2017, 
Bolden et al. 2018). Surface water (SW) and groundwater 
(GW) samples collected from UOG regions across the 
US demonstrated pro- and anti-estrogenic activities, 
including: North Dakota (Cozzarelli et  al. 2017, Farag 
et al. 2022); West Virginia (Kassotis et al. 2016b); Colorado 
(Kassotis et al. 2014, Kassotis et al. 2020); Pennsylvania 
(Bamberger et  al. 2019); and Wyoming (Kassotis et  al. 
2018c), supporting ER disruption by UOG-associated 
chemicals. In animals, extracts of flowback and 
produced water (FPW) acted to both activate and inhibit 
ER activity (He et al. 2018b). Additionally, FPW extracts 
disrupted the gene expression of enzymes responsible 
for the synthesis of ER activating hormones, ER target 
genes, and ER itself, in exposed aquatic organisms (He 
et al. 2017, He et al. 2018a), though this did not always 
correlate with decreased average brood size and time 
to brood (Blewett et  al. 2017). More targeted research 
demonstrated that an equimolar mixture of 23 diverse 
HF chemicals displayed putative synergistic anti-
estrogenic bioactivity relative to individual component 
chemical responses (Kassotis et  al. 2014,Kassotis et  al. 
2016a). In animals, prenatal exposure to the 23-mix of HF 
chemicals (discussed above) at environmentally relevant 
concentrations resulted in a slew of developmental and 
reproductive health effects in mice across examined 
concentrations (Kassotis et  al. 2016a). Male offspring 
exhibited dose-dependent increases in pubertal testis 
weight, with concomitant decreased sperm counts and 
increased serum testosterone (Kassotis et  al. 2015). 
Female offspring displayed dose-dependent increases 
in body weights, modulated pituitary hormone levels, 
decreased uterine weights, disrupted ovary weights, and 

disrupted both folliculogenesis and mammary gland 
development in early adulthood (Kassotis et  al. 2016a, 
Sapouckey et al. 2018). Importantly, these studies did not 
specifically link these reproductive health outcomes to 
disruption of ER signaling. UOG-associated chemicals 
can thus produce complex effects on estrogen signaling 
and physiology, requiring further studies.

Androgen receptor (AR)
Androgens (testosterone and dihydrotestosterone  
(DHT)) are male steroidal sex hormones primarily 
involved in the development and maturation of the 
male reproductive system as well as the maintenance 
of secondary sexual characteristics (MacLean et  al. 
1993). Under physiological conditions, both testosterone 
and DHT are endogenous AR ligands that mediate 
their actions through the genomic binding of AR 
(Chang et al. 1995). Upon ligand binding, AR undergoes 
conformational change, nuclear localization, occurs 
before homodimerization, and binding to androgen 
response elements (Bevan & Parker 1999, Eder et  al. 
2001). Non-canonical AR signaling can occur through the 
activation of secondary messenger pathways (Kousteni 
et  al. 2001, Estrada et  al. 2003, Gill et  al. 2004, Kang 
et  al. 2004). AR is widely expressed throughout male 
reproductive organs (Cooke et  al. 1991) and plays a 
role in follicular development (Hillier & Tetsuka 1997, 
Sen & Hammes 2010). Disruption or dysregulation of 
AR signaling would therefore be expected to adversely 
affect both male and female reproductive development. 
Global knockout of AR alters reproductive health (Yeh 
et al. 2002). AR-knockout male mice have smaller testes 
and reduced serum testosterone concentrations, with 
arrested spermatogenesis. AR-knockout female mice 
have reduced pup counts per litter, supporting negative 
effects on fertility in each sex (Yeh et al. 2002). Similar 
adverse reproductive effects are seen following exposure 
to AR antagonists (Gray et  al. 2006, Wilson et  al. 2008) 
and environmental androgens (Gray et al. 2006).

Studies have shown that environmental exposures 
to AR-disrupting UOG chemicals are associated with 
adverse male developmental and reproductive health 
outcomes (Webb et  al. 2014, Balise et  al. 2016, Bolden 
et  al. 2018). SW and air samples near UOG sites have 
increased levels of AR-disrupting chemicals (Kassotis 
et al. 2016b, Bolden et al. 2018), most typically producing 
anti-androgenic effects. In silico molecular docking 
analysis identified five UOG chemicals predicted to 
directly interact with AR (Tachachartvanich et al. 2020). 
Mechanistic studies have provided evidence that UOG 
chemicals inhibit AR via a noncompetitive antagonistic 
mechanism (Tachachartvanich et  al. 2020). Other 
research identified 23 of 24 common HF chemicals as 
anti-androgens, with the mixture of these chemicals 
acting in an additive manner in vitro (Kassotis et  al. 
2015). Murine models gestationally exposed to the 
23-mix of HF chemicals at environmentally relevant 
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concentrations exhibited decreased sperm count and 
reduced serum testosterone (Kassotis et  al. 2015). A 
control AR antagonist, flutamide, was included in these 
experiments and exhibited increased testes weights and 
a high degree of nipple retention (Kassotis et al. 2015). 
While the 23-mix effects were not shown to operate 
specifically through AR signaling, the concordance of 
some effects with those of flutamide provides some 
evidence for potential AR-mediated effects. Further 
studies are needed to elucidate adverse developmental 
and reproductive health outcomes via UOG chemical-
mediated AR disruption.

Progesterone receptor
The interaction of intracellular progesterone receptor 
(PR) isoforms PR-A and PR-B with endogenous progestins 
is crucial to the establishment and maintenance of 
pregnancy, initiation of lactation, mammary gland 
plasticity, and sexual initiation behavior (Conneely & 
Lydon 2000, Hannan et  al. 2023). Global and tissue-
specific knockouts of PRs in animal models demonstrate 
that disruptions of these interactions can have adverse 
effects on reproductive health (Conneely & Lydon 2000). 
PR null female mice displayed impaired ovulation, 
implantation, sexual behavior, lactation, and mammary 
gland development (Lydon et  al. 1995). PR-A ablation 
produces infertile females with severely impaired 
ovulation and uterine morphology and function (Mulac-
Jericevic et  al. 2000), while PR-B null females instead 
show disrupted mammary gland morphogenesis without 
ovarian and uterine impairments (Mulac-Jericevic et al. 
2003). Less is known about the role of PR signaling in male 
reproductive health (Lydon et al. 1995), though PR null 
male mice have reduced sexual initiation behaviors and 
response to testosterone (Phelps et  al. 1998). Clinically, 
PR antagonists are used to terminate pregnancy (Spitz 
2003) and can inhibit ovulation, induce endometrial 
hyperplasia, and result in irregular menstrual cycling 
and uterine bleeding (Nallasamy et  al. 2013, Autry & 
Wadhwa 2024). Clinical administration of PR agonists 
is effective for female contraceptives, with the addition 
of synthetic progestins to androgens resulting in 
significantly more effective male contraceptives that 
suppress spermatogenesis (Wang & Swerdloff 2010, 
Jacobstein & Polis 2014).

The limited toxicological data available for UOG-
associated chemicals have identified a small fraction 
that disrupt PR signaling. Fewer are also reprotoxic 
(Hamers et al. 2006, Bolden et al. 2018, Alofe et al. 2019). 
SW and GW samples collected from UOG regions across 
the US have demonstrated diverse PR bioactivities, 
including downstream from a UOG wastewater 
disposal site (Kassotis et al. 2016b), and from high UOG 
production regions (Kassotis et  al. 2018c, Bamberger 
et al. 2019). While these studies cannot entirely rule out 
confounding effects from other sources contributing 
to these bioactivities, improvements in geochemical 

fingerprinting and UOG well density/proximity 
correlation analysis have been able to more strongly 
associate PR bioactivities with UOG activity (Kassotis 
et  al. 2020). Specifically, ‘supra-maximal’ levels of PR 
agonism were observed in SW on or directly next to UOG 
well pads, and moderate PR agonism from SW and GW 
in areas of medium and high UOG activity in Colorado 
(Kassotis et al. 2020). Proximity to UOG wells was more 
direct in these samples, with geochemistry linking some 
of these samples specifically to UOG contamination. 
More directed testing reported that 12 of 24 tested HF 
chemicals significantly antagonized PR and 1 acted as a 
weak agonist. An equimolar mixture of 23 of these HF 
chemicals displayed additive PR antagonism relative 
to the individual compounds (Kassotis et  al. 2016a). In 
vivo, mice prenatally exposed to this mixture of 23 HF 
contaminants experienced decreased uterine weight 
as well as disrupted folliculogenesis and mammary 
gland morphogenesis (Kassotis et al. 2015, Kassotis et al. 
2016a, Sapouckey et  al. 2018). Importantly, however, 
this mixture contains EDCs able to disrupt multiple 
pathways, so linking these effects to PR or other pathways 
specifically requires further research.

Thyroid receptor
Thyroid hormones (TH) are steroid-like hormones crucial 
to vertebrate development and metabolism. Circulating 
TH predominantly exists as low-activity thyroxine (T4) 
until local metabolism to bioactive triiodothyronine 
(T3) at target tissues (Bianco et  al. 2019). Canonical TH 
signaling occurs through intracellular thyroid receptors 
(TRs), isoforms α and β (Bianco et al. 2019). Unliganded 
TRs actively repress target genes through interactions 
with transcriptional co-repressor complexes; only ligand 
binding facilitates transcriptional activation (Astapova 
& Hollenberg 2013, Shi 2021). Putative roles for TH 
signaling in the female reproductive tract have been 
reviewed elsewhere (Carosa et  al. 2018). TH signaling 
through TRs is critical for pregnancy and prenatal 
development. Maternally, both TR isoforms are expressed 
in human oocytes and endometrium and are involved in 
oocyte maturation and uterine physiology (Zhang et al. 
1997, Aghajanova et  al. 2011). Clinical studies indicate 
that maternal thyroid deficiencies during pregnancy 
alter children’s brains and behavior, corroborating 
pregnancy as a critical window for TH activity, and 
later-life outcomes, in human neurology (Koopman-
Esseboom et  al. 1994, Haddow et  al. 1999, Gilbert 
et al. 2012, Medici et al. 2013). Prenatally, TH signaling 
through TRs significantly regulates neurogenesis (Bernal 
2007, Barez-Lopez et al. 2018, O’Shaughnessy & Gilbert 
2020), with isoforms playing distinct, stage-specific roles 
in neurodevelopment (Bernal & Pekonen 1984, Forrest 
et al. 1991, Wallis et al. 2010).

Studies on UOG and TH signaling have focused on 
interactions between HF chemicals/wastewater and in 
vitro TR bioactivity. Among 24 common HF chemicals 
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tested specifically for effects on TRβ signaling, seven 
acted as antagonists and two as weak agonists, while an 
equimolar mix of 23 of these HF contaminants exhibited 
apparent synergistic effects on TRβ antagonism (Kassotis 
et al. 2015). SW collected downstream of a UOG disposal 
site antagonized TRβ signaling (Kassotis et  al. 2016b), 
GW samples from UOG and COG regions minimally, but 
significantly, activated TRβ, though a UOG wastewater 
sample from the same area significantly inhibited TRβ 
(Kassotis et  al. 2018b). While no direct reproductive 
toxicity related to TR signaling has been reported in vivo, 
a set of directed studies evaluated a causal role for TR 
antagonism in a mixture of 23 HF chemicals (Robert et al. 
2018); further research honed this group of chemicals 
to just the described TR antagonists, demonstrating 
robust TR-directed effects on amphibian thymocyte 
differentiation and metamorphosis (Robert et  al. 2019, 
McGuire et al. 2021, McGuire & Robert 2022).

PPAR disruption, other MDC effects
Peroxisome proliferator-activated receptors (PPAR) 
are members of the nuclear receptor superfamily 
involved in metabolite sensing, with gamma, alpha,  
and beta/delta isoforms expressed broadly throughout 
the body (Berger & Moller 2002, Boitier et al. 2003). Upon 
ligand binding, PPARs undergo a conformational change 
allowing for nuclear translocation, heterodimerization 
with RXRs, and transcriptional responses at target genes 
(Willson et al. 2000, Rogue et al. 2010, Rogue et al. 2011), 
primarily regulating glucose and lipid homeostasis 
(Feige et  al. 2006, Heikkinen et  al. 2007). The ligand-
binding pocket of PPARs is highly promiscuous relative 
to other discussed receptors, resulting in diverse 
ligands both endogenous (e.g. fatty acids and eicosanoid 
metabolites) and exogenous (e.g. thiazolidinediones, 
bisphenols, phthalates) (Krey et  al. 1997, Plutzky 
2000, Neschen et  al. 2007). Natural PPAR ligands show 
clinical relevance in the treatment of cardiovascular 
and metabolic diseases (Wu et al. 2021), such as type 2 
diabetes (thiazolidinediones, PPARγ) and dyslipidemia 
(fibrates, PPARα) (Nakamura et al. 2000, Fruchart et al. 
2001, Taniguchi et al. 2001, Grossman 2003). While the 
expression of PPARγ is considerably over-expressed 
in adipose tissue, PPARs are expressed throughout the 
female reproductive system as well (Vitti et  al. 2016). 
A growing number of studies demonstrate potential 
roles in ovarian function, gestation, and placental 
communication, with related inhibitory effects on 
reproductive health and fertility through adverse 
cardiometabolic outcomes (Vitti et al. 2016). Specifically, 
PPARγ is suggested to have a key role in granulosa 
cell/oocyte communication, with thiazolidinedione 
treatment increasing oocyte competence (Minge et  al. 
2008) and decreasing androgenic precursor production 
in thecal cells (Veldhuis et  al. 2002). PPARγ also has 
purported key roles in follicle rupture, implantation, 
and placental nutrient flow (Fournier et  al. 2007, 
Kowalewski et  al. 2011, Matsuda et  al. 2013). PPARα is 

primarily expressed in theca and stroma, positively 
regulating 17β-hydroxysteroid dehydrogenase and 
directly influencing the conversion of estradiol to 
estrone (Lovekamp-Swan et al. 2003). Therapeutic PPARα 
targeting increases oocyte quality in poor responders 
and aged women (Artini et  al. 2012), with important 
roles in follicle development and steroidogenesis (Gatta 
et al. 2013). Despite relatively ubiquitous expression, the 
role of PPARβ/δ is poorly defined in reproductive tissues.

Limited research has directly evaluated PPAR-
disrupting UOG chemicals, and none have assessed 
links between UOG chemical-mediated PPAR disruption 
and reproductive outcomes. One study evaluated the 
PPARγ activity of a mixture of 23 UOG chemicals and 
several SW samples collected from UOG drilling dense 
regions (Kassotis et  al. 2018a). This study reported 
efficacious pro-adipogenic activity by both lab-
created and environmental mixtures, with some pro-
adipogenic environmental mixtures also exhibiting  
PPARγ agonism, suggesting a potential causal mechanism 
(Kassotis et al. 2018a). Related research also identified a 
potential role for polyethoxylated alcohols, which are 
high-use UOG contaminants, in UOG mixture-mediated 
adipogenesis (Kassotis et  al. 2018a). However, while 
extremely efficacious in promoting in vitro adipogenic 
activity, neither polyethoxylated alkylphenols nor 
alcohols interacted with PPARγ, similar to what was 
seen for the 23 chemical HF mixture (Thurman et  al. 
2014, Getzinger et  al. 2015, Lester et  al. 2015, Kassotis 
et  al. 2018b). In vivo, gestational exposure to the same 
23 chemical HF mixture increased both male and 
female mouse body weight (Kassotis et al. 2015, Kassotis 
et al. 2016b). Both low (Jornayvaz et al. 2016) and high 
birth weight (Hirschler et al. 2008) are associated with 
increased obesity risks later in life, which can contribute 
to severe adverse health outcomes (e.g. diabetes, 
cardiovascular disease, hypertension). These data 
suggest that UOG chemicals have the potential to disrupt 
metabolic health, which is intimately connected with 
reproductive health, but the role of PPAR disruption in 
observed reproductive toxicity has yet to be explored.

Aryl hydrocarbon receptor (AhR)
AhR is a non-NR ligand-activated transcription factor  
that regulates xenobiotic metabolism, particularly 
for oil and gas chemicals and dioxin-like compounds  
(Hahn 2002, Okey 2007, Doering et al. 2013, Vogel et al. 
2020). AhR is involved in diverse physiological processes 
(Carlson & Perdew 2002, Lin et al. 2022b). AhR functions 
and effects have been extensively studied across 
species (Nebert et  al. 2004, Head et  al. 2008, Shankar 
et  al. 2020, Xu et  al. 2021, Lin et  al. 2022b). Related to 
reproductive health, AhR has roles in ovarian function, 
the establishment of an optimal environment for 
fertilization, maintaining pregnancy, and regulation of 
lifespan and fertility, as well as the ability to affect AR 
and ER signaling by mediating receptor proteasomal 
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degradation (Hernandez-Ochoa et  al. 2009, Shaya 
et  al. 2019). A growing body of evidence demonstrates 
that UOG-associated AhR ligands, mainly PAHs and 
their simple mixtures, can affect AhR signaling and 
related pathways involved in reproduction, sex-specific 
receptors, and development of reproductive organs 
(Pocar et al. 2005, Karman et al. 2011). AhR can crosstalk 
with other reproductive pathways in vertebrates  
(Ohtake et al. 2007, Ohtake et al. 2009, Shimba & Watabe 
2009), though the precise mechanisms underlying 
impacts on female reproduction have not yet been 
elucidated (Pocar et al. 2005).

No studies have determined a direct relationship  
between UOG-mediated AhR disruption and  
reproductive health; however, the detoxification of 
UOG chemicals and AhR-ligands can produce toxic 
metabolites (Hawkins et  al. 2002). These, in turn, can 
cause the formation of oxidative compounds that  
damage DNA (Cantrell et  al. 1996). Studies have 
demonstrated reduced sperm count and increased 
apoptosis in mice injected with benzo(a)pyrene (Revel 
et al. 2001) and in rats exposed to PAHs by inhalation (Jeng 
& Yu 2008), an endpoint also observed in men exposed to 
inhaled hydrocarbons from coke ovens (Hsu et al. 2006). 
Research in rodents demonstrated an AhR-dependent 
role in these reproductive health effects (Klenov 
et  al. 2021). Similar effects were noted in a study with 
juvenile catfish, where exposures to two AhR agonists 
(β-naphthoflavone and dimethylbenz(a)anthracene, 
DMBA) increased apoptosis in the ovaries. However, 
the direct role of AhR was not confirmed (Weber & Janz 
2001). As reviewed previously (Bhattacharya & Keating 
2011), exposures to DMBA can increase apoptosis,  
reduce ovarian volume, and decrease follicle number. 
Finally, a recent study demonstrated AhR-mediated 
disruption of ovarian steroidogenesis in mice during 
prepubertal development, indicating that TCDD 
exposure could affect ovarian function, puberty, and 
fertility (Devillers et al. 2020).

Reactive oxygen species
Reactive oxygen species (ROS) are naturally produced  
by the human body as a by-product of aerobic  
respiration. While ROS serve functional roles as 
signaling molecules in numerous pathways, elevated 
concentrations of ROS can result in lipid, protein, 
and DNA damage (Agarwal et  al. 2005, Kiruthiga et  al. 
2007). In healthy individuals, ROS levels are therefore  
balanced by the activity of antioxidant enzymes  
(Sies et al. 2022). Elevated ROS is inherent in pregnancy 
because of normal high placental mitochondrial activity 
(Pereira & Martel 2014). ROS modify key transcription 
factors and gene expression patterns, affect embryo 
growth, and can influence birth outcomes (Dennery 
2004). ROS increases are typically matched with 
antioxidant increases, but abnormally elevated oxidative 
stress has been shown to reduce antioxidant activity 

through the consumption of antioxidants, activation 
of other pathways, including NF-κB or TP53, and the 
downregulation of the Nrf2 antioxidant pathway (Xiao 
et  al. 2003, Myatt & Cui 2004, Faraonio et  al. 2006, Liu 
et  al. 2008). Abnormally elevated oxidative stress has  
also been linked to several negative pregnancy pathologies 
and outcomes including preeclampsia, gestational 
diabetes mellitus, intrauterine growth restriction, 
recurrent pregnancy loss, spontaneous abortion, reduced 
birth weight, congenital malformations, and impaired 
embryo neurodevelopment (Wall et al. 2002, Hempstock 
et al. 2003, Takagi et al. 2004, Burton et al. 2009, Burton 
et al. 2010, Poston et al. 2011, Tobola-Wrobel et al. 2020). 
Additionally, elevated oxidative stress has been linked 
to accelerated oocyte aging and, in males, can result 
in reduced sperm motility and a lower likelihood of 
blastocyst formation (Agarwal & Saleh 2002, Virro et al. 
2004, Wang et al. 2021a).

Exposure to pollutants, including some linked to UOG 
and COG, has been shown to increase ROS production 
and produce a state of oxidative stress (Kiruthiga 
et  al. 2007), though limited direct testing has been 
performed. Increased environmental concentrations of  
VOCs, PAHs, and trace elements have previously been 
found to be associated with UOG well proximity in 
humans (Bolden et  al. 2018, Caron-Beaudoin et  al. 
2019). Separate studies have found associations 
between elevated exposure to these compounds and 
elevated ROS concentrations (Kim et  al. 2011, Yang 
et al. 2015, Wang et al. 2017, Kim et al. 2019, Cao et al. 
2020, Zhang et  al. 2022, Yan et  al. 2023). Specifically, 
urinary concentrations of metals associated with UOG 
operations were associated with increased oxidative 
stress markers (Kim et  al. 2011, Zhang et  al. 2022). 
Urinary concentrations of PAHs, BTEX, and other 
VOCs associated with UOG operations have also been 
associated with increased oxidative stress biomarkers, 
DNA damage, and increased gene expression of 
oxidative stress markers (Kim et  al. 2011, Yang et  al. 
2015, Wang et  al. 2017, Kim et  al. 2019, Cao et  al. 
2020, Zhang et  al. 2022, Yan et  al. 2023). Additional 
research directly investigating changes in oxidative 
stress in response to UOG proximity will be needed 
to completely understand the potential reproductive  
health effects.

Data gaps and recommendations for 
future research on UOG operations

Environmental exposure to complex mixtures of  
UOG-associated chemicals clearly can impact  
endocrine signaling, revealing potential mechanisms 
through which UOG activity could adversely affect 
reproductive health. A priori determinations of 
UOG chemicals and/or byproducts’ potential roles 
in reproductive toxicity are difficult to determine 
through the described assessments on key 
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reproductive signaling pathways. Reasons include: the 
unique chemical compositions for each UOG sample 
(company- and geology-specific changes to the injected 
mixture); contributions of each regions’ unique 
geochemistry (e.g. inorganic components in a target 
production region); limited testing for specific receptor 
bioactivities among UOG chemicals (e.g. PPARγ) and 
more comprehensively around UOG production sites 
(e.g. TR, PPARγ, AhR, etc.); limited causal evaluations 
(receptor bioactivity ‘recovery’ experiments to assess 
the specificity of the observed bioactivities); and 
lack of strong data on extraction efficiencies for UOG 
compounds in many studies (making it difficult to 
determine whether the extraction methods utilized 
resulted in the loss of potentially bioactive compounds) 
(Kassotis et  al. 2016c). Greater sampling from more 
UOG sites for endocrine effects is therefore necessary. 
Additionally, nuclear receptors can be selective in 
their responses to potential ligands, underscoring the 
importance of assessing UOG bioactivities on multiple 
receptor isoforms (Schriks et  al. 2007), in various 
tissues (Walker et al. 1999, Diel 2002, Shang & Brown 
2002, Smith and O’Malley 2004, Giera et al. 2011), and 
across species (Walker et al. 1999, Matthews et al. 2000, 
Roberts et al. 2011, Bearr et al. 2012).

Although direct receptor interaction by single chemicals 
is somewhat limited, there is even less available 
information on potential mixture effects, such as those 
seen from UOG wastewater samples, where dramatically 
altered (e.g. supra-maximal) bioactivity has been 
observed (and in some cases, specifically linked to UOG 
operations) (Paul-Friedman et  al. 2019, Bérubé et  al. 
2023, Kassotis & Phillips 2023). Therefore, the observed 
bioactivities in some of these environmental samples 
may represent only a fraction of their potential. This 
emphasizes the importance of evaluating complex 
mixtures associated with UOG activity since the 
bioactivities of individual UOG-associated chemicals 
may be insufficient to predict the magnitude of receptor 
disruption and the potential adverse reproductive effects 
these complex mixtures may induce in human exposure 
scenarios. Additionally, while higher concentrations 
typically have higher bioactivity (and higher overall 
toxicity), sometimes more concentrated samples may 
have altogether opposite bioactivities (Kassotis et  al. 
2018c). For FPW samples, as well as SW and GW samples, 
it can also be difficult to separate the confounding effects 
of salinity and additional sources of environmental 
pollution from respective sample bioactivities (Kassotis 
et al. 2014, Kassotis et al. 2016b, He et al. 2017, He et al. 
2018b, Kassotis et  al. 2018c, , Bamberger et  al. 2019). 
Inclusion of salinity controls (Blewett et al. 2017, He et al. 
2018a), as well as improved methods of geochemical 
fingerprinting and UOG well density/proximity 
correlation analysis (Cozzarelli et  al. 2017, Kassotis 
et  al. 2020, Farag et  al. 2022), has been able to better 
associate receptor bioactivities with UOG activity and 
spills. Lastly, the FPW, SW, and GW samples evaluated 

in these studies have undergone diverse extraction 
methods that could result in the loss of potential 
bioactive compounds that would be present in an actual 
exposure scenario. This hypothesized loss is supported 
by the finding that in the fraction of studies that attempt 
to quantify target UOG compounds in their samples 
(Kassotis et al. 2014, Cozzarelli et al. 2017, He et al. 2017, 
He et al. 2018a,b, Kassotis et al. 2018c, Bamberger et al. 
2019, Kassotis et  al. 2020), those that estimate target 
compound extraction efficiency showed poor rates of 
recovery (Kassotis et al. 2014, He et al. 2018b). Therefore, 
these findings potentially underestimate the ability 
of environmentally relevant UOG mixtures to disrupt  
receptor signaling.
There is also diverse evidence for other potential 
adverse health impacts from UOG operations. Given 
the epidemiological evidence suggesting adverse 
neurodevelopmental outcomes from gestational 
proximity to UOG operations (Webb et  al. 2018), 
understanding the role thyroid disruption might play 
in these pathologies is paramount, as well as expanding 
the epidemiological (and animal model) research in this 
area. There is also an interesting base of in vitro and 
lab animal research demonstrating metabolic health 
impacts of UOG chemicals and mixtures (Kassotis et al. 
2015, Kassotis et al. 2016a, 2018a,b, Kassotis et al. 2022, 
LeFauve et  al. 2023). While there is a growing body of 
literature reporting impacted birth weights in relation 
to UOG, metabolic health more broadly has not yet been 
assessed in these populations.
As discussed above, exposure to UOG chemicals has 
been poorly characterized thus far. These chemicals 
can be released during each stage of development and 
production (Bolden et al. 2018) and can lead to human/
animal exposures through inhalation, ingestion, and 
dermal absorption exposure routes (Bolden et al. 2018, 
Boogaard 2022, Zhan et  al. 2023). These may include 
highly mobile chemicals being released into the air; 
groundwater and surface water contamination via 
spills, drilling, or contamination via underground 
injection for disposal and/or hydraulic fracturing; and/
or highly persistent chemicals that may accumulate 
in the environment near UOG operations. Persistent 
UOG compounds can then bioaccumulate and result 
in human exposure (Manzetti 2013). As such, animals 
and humans can be exposed to UOG chemicals from 
multiple sources. Unfortunately, due to the high 
complexity of UOG-associated chemicals, there is 
insufficient data available on bioaccumulation for 
most of the associated chemicals; the vast majority 
of these have not been evaluated for persistence, 
transport, and bioaccumulation near UOG operations. 
Additionally, despite numerous publications reporting 
environmental presence of diverse UOG chemicals, 
there are limited data evaluating human exposure to 
these chemicals (Caron-Beaudoin et al. 2018, 2019, 2022, 
Claustre et al. 2023, Gasparyan et al. 2024). These studies 
have been largely exploratory and limited in scope with 
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small sample sizes, limiting the ability to draw firm 
conclusions about risk assessment in populations near 
UOG operations.
There are inconsistencies among the research evidence 
because of limitations inherent to epidemiological 
studies (Liccione 1999). A few reasons why findings in 
epidemiological studies are at times inconsistent include 
the exposure metrics used, the population studied, 
and the presence of confounders (Liccione 1999). For 
instance, Whitworth et al. (2017) and Casey et al. (2016) 
reported no association between the proximity of UOG 
activity and birth weight, while Hill (2018) reported a 
positive association. First, different exposure metrics 
are used by all three studies to describe exposure from 
nearby UOG developments. Secondly, the populations 
studied are different, not only in sample size but also 
in socioeconomic characteristics such as race, income, 
and education. Typically, very large sample sizes 
are required to detect slight incidences of adverse 
health effects (Liccione 1999). The characteristics 
of the study population in a region may also not be 
representative of another region (US EPA 2019, Health 
Canada 2021). Finally, confounders can influence the 
association between exposure and the health outcome 
(Cohrssen et al. 1987). Covariates such as race, family 
income, and maternal smoking are examples of well-
documented confounders not exclusively measured 
among epidemiological studies. Confounders are 
significant when interpreting epidemiological 
data because, if present they may bias observed 
associations between exposure and health outcome  
(Cohrssen et al. 1987).
Altogether, we report moderate evidence for the 
role of UOG operations, utilizing HF, in disrupting 
nearby human and animal reproductive health. 
Further research is urgently needed to directly assess 
reproductive health parameters in these populations 
more broadly. Despite a lack of broad epidemiological 
evidence, growing evidence agrees that nearby 
exposure to UOG development is associated with 
adverse birth outcomes in humans. While human 
exposure data are currently limited, animal studies 
support the role of UOG operations in reproduction, 
fertility, birth effects, and other reproductive toxicity. In 
vitro data support potential widespread effects on key 
hormone receptors and signaling pathways central to 
reproductive health that require further elucidation in 
vivo. Specifically, we call for more research evaluating 
effects on fertility, time to pregnancy, semen quality, 
oocyte quality, and other discrete reproductive 
health parameters, as fertility has been poorly 
characterized relating to UOG development. Lastly, 
epidemiological studies will remain limited until more 
comprehensive exposure assessments are performed 
in UOG production regions. Existing research has 
focused on small subsets of chemicals associated 
with UOG production, instead of the 1500+ known to 
be used in HF and other phases of UOG development. 
Considerable research is needed to better evaluate 

chemical exposures associated with UOG/HF chemical 
mixture exposures and thus their toxicity.
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