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ABSTRACT: Human health is intimately connected and tied to
the health of our environment and ecosystem, with only a very
small fraction of the risk for chronic diseases explained by genetics
alone. Companion animals are prone to disease types that are
shared with people, including cancers and endocrine disorders,
reinforcing the thought that environmental factors contribute to
the risks for chronic diseases. These factors include air and water
pollution and the built environment. As such, there is increasing
interest in pursuing research with companion animals, and
specifically dogs, as sentinel species to inform comparative health
assessments and identify risk factors for disease. Of the canine
diseases for which environmental exposure research has been
published, cancers have received the most attention. This review

Environmental
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Health
Effects

summarizes two main aspects of this comparative approach: (1) cancers that occur in dogs and which are similar to humans and (2)
research investigating environmental exposures and health outcomes in dogs. The goal of this review is to highlight the diverse
conditions in which pet dogs may provide unique perspectives and advantages to examine relationships between environmental
exposures and health outcomes, with an emphasis on chemical pollution and cancer. Furthermore, this review seeks to raise
awareness and stimulate discussion around the best practices for the use of companion animals as environmental health sentinels.
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Bl INTRODUCTION

One Health—One Medicine—One Pathogenesis—One
Environmental Health

The concept of One Health has evolved and developed from the
philosophies and contributions of people such as Hippocrates,
Rudolph Virchow, William Osler, and Calvin Schwabe, who
collectively recognized the interconnectedness of health for
humans, animals, and the environment. The term “One Health”
was defined by the One Health Initiative Task Force in 2008 as
the collaborative transdisciplinary effort to attain optimal health
for people, animals, and the environment at the local, national,
and global level."”” Much of the current literature supporting the
One Health concept is focused solely on infectious diseases.
This is likely due to the emergence of zoonotic diseases, wherein
the majority of novel infectious diseases in humans have
originated in animals, fostered by globalization that connects
people across the world.* Today, after more than a decade of
One Health research, gaps remain in our understanding of the
multifactorial and noncommunicable chronic diseases that are
the leading cause of mortality in humans,' as well as our
understanding of the role of exposure to chemical contaminants
on health. Deaths associated with modern pollution (air
pollution and toxic chemical exposure) have risen 66% since
© 2024 The Authors. Co-published by
Research Center for Eco-Environmental
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2000, and pollution now accounts for over 9 million premature
human deaths.’

Historically, much of the research on chronic diseases in
humans and the role of genetics in disease etiology has evolved
using laboratory models, primarily rodents. Rodent models
continue to offer valuable tools and mechanistic insight through
the development of transgenic or knockout animals® or
xenograft techniques;” however, the translational relevance to
humans can be complicated. Extrapolation of data from
traditional laboratory animal models of disease to human
populations can be challenging due to the extent of animal
inbreeding and the lack of replicability to complex human gene—
environment interactions. While laboratory animal models are
important in understanding biochemical and physiological
pathogenesis, they may not offer the best representation of
naturally occurring disease development in humans and
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particularly the relationship between real world-environmental
exposures and disease.

With a high degree of conservation of biological mechanisms
across evolution, it is unsurprising that there would be conserved
mechanisms associated with disease processes across species.
The domestic dog (Canis familiariz) represents a relatively
outbred species with an intact immune system that naturally
develops hundreds of diseases (including cancers)® shared with
humans, including those influenced by factors such as sex, age,
reproductive history, nutrition, and environmental exposures. In
addition, when considering purebred dogs, the breed itselfis also
considered a predisposing factor for numerous diseases. The
human genome is more similar to the canine genome than to the
mouse genorne,9 and as such, the development of accessible
canine specific genomic tools provides support for comparative
approaches to be used in assessing pathogenic variables at
genomic and molecular levels.

A major challenge associated with conducting contaminant
exposure related studies in laboratory animals is the ability to
replicate the complexity of real-world exposure to chemical
mixtures and the interplay between environmental exposures
and natural disease processes. In 2005, a cancer researcher
named Christopher Wild recognized this challenge in character-
izing environmental influences on chronic disease and urged
more attention to this issue. He coined the term “exposome” in
his seminal paper, which is defined as the totality of
environmental exposures over a lifetimes comprising chemical,
physical, biological, and social influences on health.'” Chemicals
are an inevitable component of our natural and built
environment. In discussing this point, it is important to clarify
the difference in the word toxins and toxicants that are often
associated with this concept. Toxins are chemicals produced by
living organisms (i.e., tetrodotoxin in pufferfish), while toxicants
are the chemicals produced intentionally or as a byproduct of
anthropogenic activities. Both have the potential to negatively
impact human, animal, and environmental health; however, in
this review, we focus on chemicals that are toxicants.

All humans and companion animals are exposed to toxicants
through inhalation, ingestion, and contact from air, water, food,
or other environmental media in their habitat. The acute and
chronic effects of these toxicants to each species will vary; some
species are likely more vulnerable or sensitive to these effects,
developing diseases or conditions sooner than other species and
thereby acting as a sentinel system. Assessment of human health
effects due to exposure to environmental contaminants,
particularly chronic exposures, can be ascertained through
sentinel systems in order to determine exposure and hazard.''
The use of companion species as sentinels can provide unique
insights into shared environmental exposures that increase risks
for certain diseases in humans."*”'* Animals have varying
responses to environmental exposures but may function as an
effective early indicator of human health effects (i.e., decreased
latency periods) or have a health effect at a lower threshold (i.e.,
increased susceptibility).'”'* It is unlikely that an animal
sentinel will exhibit identical response to every exposure as
humans do; however, understanding the properties and
mechanisms of exposure in nonlaboratory based biological
systems can greatly enhance our approaches to treatments,
mitigation, and prevention.

For an animal to be considered a sentinel for human health,
they could be equal, or more susceptible, or have greater
exposure or risk. The important factors to consider an animal as
a sentinel species, as defined by the National Research Council,
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are (1) have a measurable effect, which includes tissue
accumulation, (2) have an overlapping range of the area of
interest (i.e., shared environmental exposure), and (3) sufficient
population and ability to collect appropriate amount of data.""
Pet dogs meet all these criteria and, as such, are considered an
excellent sentinel species.

The domestic dog is a relevant model for human health due to
the strong synteny between their genomes and their shared
environment. As household occupants, our dogs live in the same
home, drink the same water, breathe the same indoor and
outdoor air, and sometimes eat the same food. In addition, pet
dogs are often affected by the socioeconomic status of their
owners; for example, food quality, housing conditions,
veterinary care, and proximity to point sources of environmental
contamination (i.e., landfills, Superfund sites). However,
compared to humans, dog have shorter lifespans (typically 1/
8th), a more consistent daily routine, and fewer confounding
variables such as alcohol consumption, smoking, or job-related
exposures (with some exceptions i.e., farming and scent
detection dogs). So, in some ways domestic dogs may be better
research models than human subjects. Two studies using a
cohort of paired owners and dogs demonstrated similar shared
exposures in the home environment using noninvasive passive
208199 1y addition, there were greater correlations with the
internal dose in dogs compared to humans (likely because they
have fewer of these confounding variables). As such, the dog
serves as a valuable comparative model for the unique
environmental exposure scenarios that need to be further
evaluated for disease risk and relevant cancer prevalence. There
is a unique opportunity with dogs to combine “omics” studies to
establish a more complete understanding of the interplay
between genomics, exposomics, etc., and disease etiology.

Bl REVIEW CRITERIA

This review provides an overview of the progress that has been
made in the use of companion dogs as sentinels for
environmental exposures and their associated health outcomes.
Cancer end points are the major focus of this review because
thus far the most progress has been made in this area. Within
cancer as a whole, the focus is on cancers where there has been
progress demonstrating shared features in diseases with
evidence of environmental exposure or potential for shared
environmental exposures. A potential limitation of these studies
is that many have largely focused solely on survey data, with few
reporting objective measurements of exposure. There is a
paucity of data regarding objective measurements of exposures
and health outcomes using comparative approaches. Studies
were excluded that used traditional laboratory colony dogs for
experiments or other intentionally dosed animals, except to
further amplify the weight of evidence for specific areas of
research. Finally, this review concludes with perspectives and
recommendations to improve the field.

Comparative Oncology

The study of analogous cancers in companion dogs (i.e.,
comparative oncology) has led to advancements in clinical and
basic science research for several cancers. Clinical trials for novel
therapeutics can be completed in a much shorter frame with
canine patients than with people. Further, the lack of gold
standard treatments in veterinary medicine for many cancers
allows for early/investigational and humane studies to be
conducted, whereas in human trials, novel therapeutics are often
only used following failure of standard of care approaches. For

https://doi.org/10.1021/envhealth.4c00029
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Figure 1. Cancers highlighted here have been studied using a comparative approach and display similarities among clinical, pathological, histological,
genomic, chromosomal, and molecular features. Cancers underlined have explored for shared environmental risk factors. Figure adapted and updated

from Schiffman and Breen, 2015.'52%%273!

many species and dogs in particular, comparative oncology
research has heavily focused on shared genomics, pathobio-
logical features, and therapeutics. A recent review article
summarizes these shared genomic features'”
discussed here.

It is estimated that six millions dogs per year are diagnosed
with cancer in the United States.'® Many cancers that present as
spontaneous disease in pet dogs share similar features with their
human equivalents, including morphological appearance,
molecular and genetic components, and biological and clinical
behaviors.'*™*" Figure 1 illustrates the corresponding cancers
present in humans wherein the dog has been identified as an
appropriate comparative model.">****7!

Overall, cancers occur at similar life stages in dogs and people,
generally being an age associated disease.”> However, one
advantage to studying canines as a model for human health is
their shorter life span, which translates to a shorter disease
latency period compared to humans and a shorter time course
for disease progression. In addition, canines share similarities in
lifestyles with their owners, such as the indoor environment and
even aspects of their diet (drinking water and some foods).
Taken together, these similarities provide an opportunity to
leverage data derived from our pets as indicators of our health.

True incidence rates for canine cancers are difficult to
accurately determine due to the limited screening approaches,
variable access to veterinary care, and lack of a comprehensive
cancer registry. Another challenge in veterinary medicine is the
lack of confirmation of cancer type based on a gold standard
histopathological diagnosis. The few canine cancer registries
that do exist are restricted to canine populations within a limited
geographic range, limited breed inclusion, or limited cancer
types. 16333+

Most of the published studies of environmental risk factors for
canine cancers focus on bladder cancer, mammary cancer, and
lymphoma (Table 1). Most of those studies used questionnaires
or geospatial data to identify potential associations with
environmental exposures.

Of the 37 publications that attempted to integrate environ-
mental exposure data and cancer outcomes in dogs, only seven
made objective measurements from dogs diagnosed with cancer,
and all were either mammary cancer or mesothelioma. Below is a

and will not be
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summary of the current literature investigating environmental
exposure and specific cancer types in pet dogs.

Bladder. Canine bladder cancer is considered a good model
for high-risk muscle invasive bladder cancer in humans.”’
Urothelial carcinoma (previously termed transitional cell
carcinoma or TCC) accounts for most bladder cancer in both
species. Human bladder cancer is one of the top ten most
common cancer sites in humans with an estimated 82 thousand
cases of diagnosed in people in the United States each year,”
while urothelial carcinoma in the dog is the most common
malignancy in the urogenital tract with greater than 60,000
diagnoses in the United States each year.”” In addition to shared
cytogenetic and genomic aberrations, canine urothelial
carcinoma exhibits the same luminal and basal transcriptional
subtypes as those seen in human urothelial carcinoma. Among
other molecular targets, overexpression of EGFR is seen in
greater than 70% of urothelial carcinomas in both species."> A
homologous mutation in exon 15 of the BRAF gene that is highly
prevalent in canine urothelial carcinoma, although uncommon
in most human bladder cancers, has recently been reported to
have a higher incidence in humans with higher-risk tumors (i.e.,
larger masses and/or metastasis). 19 A cohort of humans with
high-risk urothelial carcinoma, defined as a rate of 55% with a 2-
year metastasis, had BRAF mutations on 25% of cases.’® A recent
study found that dogs with urothelial carcinoma that are BRAF
VS9SE undetected have other alterations within the MAPK
pathway, including short in-frame deletions within BRAF exon
12 and MAPK]1 exons 2 and 3.”

Although smoking is one of the principal risk factors for
bladder cancer in humans,” pet dogs do not inhale tobacco
smoke directly but can be exposed to passive tobacco smoke. A
recent study reported Scottish Terriers with bladder cancer had
greater odds of living in a home with a cigarette smoker (OR
6.34, p < 0.05).”” For all homes with cigarette smokers present,
dogs with bladder cancer were exposed to significantly greater
amounts of cigarettes (determined by quantity per day and years
of exposure) compared to dogs with no bladder cancer.”” Dogs
with quantifiable urinary cotinine concentrations had signifi-
cantly higher incidence of bladder cancer compared to dogs
without quantifiable urinary cotinine concentrations (p < 0.05),
however they found no correlations between reported passive
tobacco smoke exposure and urinary cotinine levels most likely

https://doi.org/10.1021/envhealth.4c00029
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Table 1. continued

Observation

Cancer
Category

Years Method of Chemical Assessment Reference
1989—1993

1986—1990
2012—-2018

Exposure Investigated

86
87
70
72

Questionnaire

Indoor air pollution — environmental tobacco smoke, indoor chemical solvents, coal/kerosene heating

Interview

Environmental tobacco smoke

ICP-MS deparaffinized tissues
Medical and service records

Trace elements

Liver

1968—-1973

Vietnam military service — Agent Orange/herbicides

Testis

71

Medical and service records

1968—-1973

Vietnam military service— Agent Orange/herbicides

521

due to reported smoking cessation.”” Two other previous
studies found no evidence that passive tobacco smoke exposure
is associated with canine bladder cancer based on questionnaire
data.*>*" Other possible risk factors include air pollution. One
study from the 1980s showed that human and canine cancers
share similar geographic distribution, and reported a significant
positive correlation between proportional morbidity ratios for
bladder cancer in dogs and the overall level of industrial activity
in the host county of the corresponding veterinary hospital.**
No specific pollutants were described in that study. A more
recent study found that dogs with bladder cancer lived in areas
with higher ambient ozone levels compared to controls.”
Although ozone is not a direct anthropogenic pollutant, it is
influenced by solar radiation and the presence of airborne
anthropogenic pollutants, such as volatile organic compounds,
and is considered a marker for poor air quality. These data are
consistent with human studies that have shown urban living
environments and air pollution are associated with increased risk
of bladder cancer incidence and mortality."*

Pesticides have also been implicated in the development of
canine bladder cancer. In the 1980s, based on interviews with pet
owners, and collection of data via surveys, significant
associations between pesticide use and canine bladder cancer
were observed.”’ Several studies have shown relationships
between owner reported use or known pesticide exposures and
proximity to potential point sources (i.e., farms and marshes). A
link between occupational exposure to various pesticides and
bladder cancer has also been reported in several studies, such as
exposure to aromatic amine pesticides and chlorinated
pesticides.**

Exposure to disinfection byproducts (DBPs), chemicals
produced during drinking water treatment, are also being
investigated as a potential risk factor for human bladder cancer.
Only two contradictory studies are available that assess
associations between DBPs in drinking water, based on
estimated exposure to total trihalomethanes (a major class of
DBPs), and canine bladder cancer. Using reports of DBP levels
in water from municipal records, Backer et al.*” found no
statistically significant differences in potential DBP exposure in
bladder cancer cases vs controls. In contrast, Smith et al.*®
reported 3-fold higher levels of DBPs in the drinking water of
canine bladder cancer cases compared to controls. However,
these data were based on county level total trihalomethane levels
reported by the drinking water utility during an annual water test
and so do not necessarily reflect levels of exposure experienced
by the dogs themselves. Levels of DBPs can change throughout
the year, and point of use water filtration within homes (e.g,,
kitchen sink water filters) may eliminate or reduce DBPs and
therefore exposure. Differences could also be attributable to the
different study designs. Backer et al.*’ matched cases and
controls by age and sex, and their assessment of DBP exposure
was based on historical water reports for each dog that was based
on their residential history over approximately eight years or a
five-year period ending two years prior to diagnosis. Smith et al.
matched age and sex but also accounted for breed and spay/
neuter status. In their study, however, they only estimated a
snapshot of DBP exposure based on the most recent county level
water utility data.”> More research is needed to understand the
role of DBP exposure in the incidence and severity.

Mammary/Breast. Similar to breast cancer in women,
mammary neoplasia in dogs is the most prevalent cancer in
females and has been shown to present similarly, follow similar
disease course, and exhibit molecular similarities.”® The
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prevalence, genomic, and clinical similarities of breast and
mammary cancer have been summarized in a recent review
article.”” This review highlights both germline and somatic
mutations in genes including TP53, BRCA1/2, and PTEN, all of
which have been implicated in human mammary carcinoma.””
Additionally, estrogen exposure is an important factor in both
species; dogs that undergo ovariohysterectomy procedures
earlier in life have lower risk of mammary cancer.”> Some
geographic differences in mammary neoplasia in dogs can be
attributed to regional differences in the practice of ovariohyster-
ectomy, which is chosen for the majority of dogs living in the US
but is much less common in dogs living in Europe.”

Contrary to most other cancers explored here, environmental
exposures studied in pet dogs with mammary tumors have all
objectively measured contaminant levels in biological tissues. A
small study of nine dogs detected pyrethroids in adipose tissue
adjacent to malignant mammary tumors in the three dogs with
the most aggressive tumor types.’’ Another study used a case-
control study design and measured 14 pesticides in biological
tissues.”’ This study, based in India, included 36 cases of
malignant mammary cancer and six tumor-free female dogs with
critical conditions undergoing euthanasia. The authors collected
blood samples prior to any sedation or euthanasia and collected
mammary and adipose tissues during surgery (cases) or
immediately following euthanasia (controls). Although the
results of this study were not statistically significant, the authors
reported higher odds of total pesticide concentration (n = 14
pesticides quantified) in mammary tissues from dogs with
malignant mammary cancer (f = 4.99). A major limitation of
this study was the small control sample size due to the use of
critical care terminal dogs and the logistics of owners being
willing and able to provide consent for participation.

Lymphoma. Lymphomas are a group of cancers that arise
from lymphocytes, and although the cancer can affect any organ,
most cases arise in immune system organs, most commonly in
the lymph nodes. Canine lymphomas are similar to human non-
Hodgkin lymphoma (NHL). The most frequent subtype in both
species is diffuse large-cell lymphoma (DLBCL). Subtype in
dogs is often breed associated, for example, boxers are
particularly predisposed to T-cell lymphoma and B-cell is
more common in Rottweilers and Dobermanns.”>* Studies
have shown similar genomic aberrations in these cancers
between species, specifically in alterations in the NF-xB pathway
and the MYC gene. Standard therapeutic protocols, using
CHOP-based chemotherapy (cyclophosphamide, doxorubicin,
vincristine, and prednisone), are considered standard of care in
both species and there have been major success in clinical trials
for treatment in dogs using immunotherapeutic approaches.”*
Geographical distributions of lymphoma and specific subtypes
of lymphoma in humans and do%s, suggest there may be shared
environmental risk factors.”>>

Several of the published canine lymphoma studies that use
different approaches and specifically target unique chemicals
share one common denominator: chemicals that contribute to
air pollution. A study in Brazil found the greatest association
with canine lymphomas was with dogs that were permanently
kept outdoors in close proximity to high traffic areas (Odds
Ratio, OR 3.1, p < 0.01).>° Although vehicle emissions are
complex mixtures, benzene is a major component of vehicle
pollution, and recently reported as a key pollutant associated
with the risk of human NHL.*® A study in Italy found that dogs
with lymphoma were more likely to reside in industrial areas
(OR 8.5, 95% confidence interval (CI) 2.3—30.9) or have
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owners that use chemicals in the home, specifically paints,
solvents fuels, and oils (OR 5.5, CI 2.0—15.0).°

Three studies focused exclusively on a single breed when
examining exposures associated with lymphoma, two using
boxers and one using golden retrievers.””***> Two used
geospatial data to assess proximity to potential point sources
of environmental exposures, including manufacturer, chemical
plants or suppliers, incinerators, crematoriums, bus depots,
landfills, farms, golf courses, nuclear power plants, coal plants, or
mines. Boxers with lymphoma were found to be at increased
odds if they lived within two miles of a chemical industry
manufacturer or supplier (OR 2.28, p < 0.05) or a crematorium
(OR 2.17, p < 0.05), or with ten miles of a nuclear power plant
(OR 5.76, p < 0.01).>® In another study, using this same boxer
population, dogs with lymphoma were found to have greater
average ground level ozone concentrations (OR 2.66, p < 0.05)
based on EPA county level data. The National Air Toxics
Assessment (NATA) database additionally suggests that those
counties have higher exposure risk for 1,3-butadiene and
formaldehyde, which can be found in emissions from vehicle
exhaust and pollution from chemical industries and inciner-
ation.” However, these same results could not be replicated in a
case-control study using golden retrievers, which had an even
distribution of dogs with B- and T-cell lymphoma, from the
Golden Retriever Lifetime Study (GRLS). °* Within a
population of golden retrievers, it was found that although no
individual point source was significant, dogs with lymphoma had
greater odds of living in close proximity to three or more
pollution sources (OR 2.6, p = 0.053). Authors suggested there
could be breed differences or potentially differences in dogs with
B- versus T-cell subtypes, as they noted nonsignificant
differences in exposure patterns between dogs with the different
subtypes.®*

Similar to what has been reported in the human literature,
increased rates of cancer have been reported in canine residents
living in close proximity to 51tes where illegal dumping and
incineration of waste occurs.®” In this study, Marconato et al. 6
attributed an increased risk in developing canine cancer to high-
risk areas in Italy (areas with poor waste management practices)
for all tumor types combined (OR 1.55, p < 0.05) and
specifically to increased rates of lymphoma (OR 2.39, p < 0.01).
However, no increased risk of mast cell tumors or mammary
cancer was observed in dogs residing in these areas. The authors
suggested that dioxins generated by the incineration of waste
might be a contributing chemical exposure, on the basis that
another study in the region linked waste incineration to dioxin in
livestock milk. Dioxins are highly toxic, persistent organic
pollutants and known carcinogens, specifically associated vnth
NHL in humans exposed occupationally or accidentally.”” A
study of humans found increased odds of NHL in people with
higher serum concentrations of dioxins, furans and PCBs, which
was also associated with proximity to waste incineration.®*%°
Although dioxin is certainly a potential contributing factor,
waste incineration releases many chemicals into the environ-
ment, which may have an additive or synergistic effect on
lymphoma risk in people and dogs.

Tobacco smoke is another factor that may contribute to
cancer incidence. Dogs may be exposed to passive tobacco
smoke through inhalation or oral ingestion of chemicals
deposited on their fur during grooming. Although there are
mixed findings regarding the potential link between active
tobacco smoking and the follicular subtype of NHL in humans,
there is also evidence suggesting individuals with no history of
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smoking but exposure to passive tobacco smoke have an
elevated risk of follicular NHL.® The latter would likely be a
better comparison to the exposure scenario in pet dogs.
Marconato et al. also reported an increased odds for canine
lymphoma with exposure to passive tobacco smoke (OR 3.37, p
<0.01).> A small study of 19 dogs with lymphoma observed a
significant association between number of smokers in the home
and cellular proliferation of fine needle aspiration biopsies from
lymph nodes, determined via immunohistochemistry for Ki-67
expression.”” Combined, these studies suggest that passive
exposure to tobacco smoke in nonsmokers may be a risk factor
for lymphoma.

Another factor that may contribute to human and canine
lymphoma is pesticide exposures. In a UK based study, canine
lymphoma showed highly variable geographic distributions with
some mild clustering near London and the southwest of England
which they reported as similar to the distribution of NHL in
men.>> Using pesticide data at the census ward level herbicides
and fungicides levels were shown to have a weak association with
canine lymphoma cases, and after adjusting for breed and age,
associations with moderate herbicide exposure (135—754 kg
usage per census ward) and lymphoma diagnosis (OR 1.55, p <
0.05) were evident. A questionnaire-based study found that
yearly number of owner applied lawn applications of 2,4-D with
either short- or long-term use was associated with canine
lymphoma (OR 1.9, p < 0.05).°® Another study reported that
some lawn care chemicals may increase dogs’ risk for lymphoma
for professionally applied pesticides (OR 1.7, p < 0.05) or
personal application of insect growth regulators (OR 2.7, p <
0.05).”” However, no association with the personal application
of other pesticides or herbicides was reported. In contrast,
Gavazza et al.’' found no association between canine lymphoma
and pesticides exposure, but they attributed their lack of findings
to absence of participant knowledge regarding the specific types
of products used and thus they could only reasonably assess the
broad effect of any and all pesticide applications.®"

Other Cancers

There are limited studies that investigated the role of
environmental exposure and various other neoplasia in pet
dogs. As documented in humans, imbalances in hepatic trace
mineral concentrations have been reported in a study of canine
hepatocellular carcinoma (HCC).”® Specifically, archived liver
tissues in dogs with hepatocellular carcinoma had significantly
higher levels of copper and significantly lower levels of zinc
compared to a control population (n = 170; p < 0.03). While
copper and zinc are considered essential metals, excess or
deficient concentrations of either can be a cause or a
consequence of disease. Although there are many explanations
that could account for these imbalances, some possibilities may
be abnormal mineral transport proteins, abnormal cellular
metabolism in neoplastic liver tissues, impaired cholestasis, or
differential patterns of exposure to metals from diet or the
environment. Further studies are required to assess potential
relationships between HCC and trace metals. Another study
investigated testicular tumors and environmental exposures in
working dogs and soldiers. Although no definitive associations
have been made, it has been postulated that environmental
exposures associated with the Vietnam War, such as herbicides
(e.g, Agent Orange which contained chlorinated dioxins), may
have contributed to increased incidence of testicular tumors.” ">

In contrast to humans, primary cancers in the respiratory tract
are uncommon in pet dogs, and little is known about risk factors
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for dogs. It is possible that the low incidence of lung cancers in
the canine population is a reflection of a broad study design that
included all types of primary cancers of the lung. Focusing on
specific types of cancer may improve the findings. For example,
mesothelioma has been linked to asbestos exposure in humans
and dogs.”* Some of the earliest reports of environmental risk
factors for canine respiratory tract cancers found that dogs living
in urban environments compared to rural had higher prevalence
of tonsillar carcinoma compared to gastrointestinal cancers (> =
10.2, p < 0.01) and compared to the total hospital population (*
=3.8,p<005).”"

One of the biggest challenges that may affect the mixed
findings in these questionnaire-based studies is exposure
misclassification. For example, owner reported use of pesticides
is subject to both recall bias and the owner’s potentially limited
knowledge of pesticide classifications or use of specific products.
There is tremendous variability in the amount of product,
duration, and frequency of use, and the extent of access the dog
has to treated areas. Furthermore, many of the case control
studies used controls that had either other forms of cancer or
chronic diseases and may or may not have matched controls
based on varying factors such as age, sex, and breed.

Other Chronic Diseases—Emerging Areas

Kidney Disease. While cancers are the most well studied,
the value of companion animals as a model of environmental
health extends to many other areas. For example, higher
concentrations of chromium and cadmium have been reported
in liver tissue of dogs with chronic kidney disease compared to
dogs with normal kidney function.*® Synergistic effects of heavy
metals, including chromium with cadmium and lead, have been
associated with decreased renal function in humans.*

Endocrine Disorders. Companion animals may also
provide unique insights into disease incidence based on
exposure to endocrine disrupting chemicals (EDCs) because
there are opportunities to investigate effects in the presence and
absence of normal endogenous hormones due to the practice of
gonadectomy. A recent review article looked closely at chemical
exposures associated with endocrine disruption and the “shared
risk” scenario, which implicates pet dogs and cats as sentinels for
studying the effect of endocrine disrupting chemicals.”® This
review highlights reproductive and thyroid disorders in
companion animals as a model for human health.

Reproductive/Fertility. Dogs and humans are subject to
similar conditions that are often attributed to endocrine
disruption including fertility issues, hypospadias, and cryptorch-
idism. Given that several studies are now suggesting a link
between environmental chemical exposures to EDCs and loss of
fertility, it seems prudent and crucial to expand these studies in
dogs to support successful breeding programs and their long-
term health. Furthermore, there may be a unique opportunity to
investigate the transgenerational effects or developmental
origins of adult diseases.

Aging. All mammals, including dogs and humans, experience
similar developmental stages of life beginning with embryo-
genesis, then birth, and infancy, followed by juvenile,
adolescence, adulthood, and finally geriatric stages. Aging is
the single greatest risk factor for mortality and many chronic
diseases, including cancer, arthritis, and neurogenerative disease.
The factors that affect aging are complex, and while some strides
have been made in terms of the molecular and environmental
influences on aging, there is still a lot to be learned. Dogs are an
emerging model of aging. Patterns of age-related mortality and
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morbidity are similar between dogs and humans.”” There are
immense opportunities to investigate how environmental
exposures not only contribute to disease but also impact
aging. Environmental chemicals that have the capacity to
accelerate physiological aging are known as gerontogens.”' In
longitudinal studies accessing data from the pet dog population,
it should be possible to investigate how gerontogens may
accelerate aging in dogs. Cross species analyses of DNA
methylomes across physiologic life stages have shown that
there is a nonlinear epigenetic signature that is conserved across
dogs and humans.”> DNA methylation, which is a hallmark of
aging, can be used in cross-species studies to assess how various
environmental factors influence aging and age-related diseases.

Neurodegeneration. In addition to physiologic aging and
age-related risk of various morbidities, dogs offer a unique
opportunity to study age-related cognitive declines. Senior dogs
tend to exhibit age-related cognitive abnormalities similar to
human neurodegenerative diseases with symptoms including:
apathy, anxiety, disorientation and confusion, altered sleep
cycles, impaired social interactions, and incontinence.”
Typically, this is clinically referred to as Canine Cognitive
Dysfunction Syndrome (CCD) and has been linked to both tau
tangles and f-amyloid accumulations like those seen in humans
with neurodegenerative diseases.”””> Tau and B-amyloid are
natural occurring proteins, but when they abnormally
accumulate, they can interfere with cognition and memory
and are considered hallmarks of Alzheimer’s disease. Although
no specific studies were identified linking a specific environ-
mental exposure to a neurodegenerative disease in pet dogs,
studies conducted in Mexico City with mongrel dogs linked
exposure to urban air pollution, with brain abnormalities
consistent with neurodegenerative disorders like Alzheimer’s
disease.”>”’

Other Outcomes. Further, studies have reported that
concurrent chronic immune related diseases occur in cohab-
itating do§s and people, including allergies,””” obesity,'**~""
diabetes,'" and elevated chronic stress.'”* While environmental
exposures could be involved in these, it is possible that other
shared lifestyle factors, such as exercise and feeding habits, may
also contribute to shared disease risk. Another facet of research
that is increasingly being considered for its role in overall health
and particularly immune related diseases is the microbiome.
Studies have shown cohabitating people and dogs have shared
microbiomes.' %% These areas all deserve further research to
understand the role of the environment on both human and pet
health.

Perspectives on Wearable Sensors for Advancing Research

This review highlights areas of research where companion dogs
have been used as a model for environmental health research,
specifically focusing on health outcomes in dogs that have been
associated with environmental exposures. While there is
increasing recognition and value attributed to the use of pet
dogs as sentinel species for environmental health, one of the
most consistent challenges is lack of statistical power, which may
be attributed to the historically limited availability of funds to
support these types of studies. Furthermore, there has been a
major reliance on observational data, and future studies need
objective environmental exposure data for their participants.
Wearable technologies (i.e., personal samplers) are an
excellent tool for companion animal research (Figure 2). For
example, silicone dog tags have been used as a complementary
method to the silicone wristband used in human exposure
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Figure 2. Personal passive samplers are typically deployed on the collar
of companion animals and sample both inhalation and dermal routes of
exposure.

assessment studies.'”” These have successfully been used in
domestic cats and dogs.'”*™""" There are several reviews that
have been published in the past few years that describe the use of
passive silicone samplers for environmental exposure assess-
ments, detailing their applications in environmental health
research, best practices for their use, advantages and challenges,
comparisons with other methods and matrices used in exposure
assessment and analytical capabilities."'*~""> Some of the key
advantages of their utility with pets include the following:

e Correlation with internal biomarkers of exposure

e Noninvasive and simplicity of use by owners

e Shown to correlate with owner exposures

e Transportability and stability; easily transported/mailed
between study participants and researchers

e Wide range of exposure measures— data sets can be
curated to look at thousands of chemicals in a single
sample

e Integrated measures over the sampling time period

o Can support prospective measures over time/seasons

However, there are some limitations to wearable sensors. For
example, it is important to note that these wearables do not
capture dietary exposures (i.e., chemicals in drinking water or
food). Furthermore, they are not capable of capturing exposure
to metals, which can have major health impacts. Lastly, it is very
important for studies to include experts with experience in
analytical chemistry and exposure assessments to ensure the
proper interpretation of data. The data are unlikely to identify a
single source of exposure for most chemicals. Despite these
limitations, silicone samplers offer a unique and valuable tool for
assessing personal exposures, particularly for the use of
comparative studies because they measure external exposures
which are not influenced by xenobiotic metabolism.

Diet and drinking water represent significant pathways for
environmental exposure in dogs and people. While silicone
samplers offer a noninvasive method for assessing external
exposures, they are unable to capture chemicals ingested
through diet or drinking water. Instead, exposure assessments
through blood and urine collection or the analysis of hair and
nails for select chemicals provide valuable insights into internal
exposures. Urine samples offer a snapshot of recent exposures to
certain compounds with shorter half-lives. However, it is
essential to note the limitations of single spot urine samples,
as they may not fully reflect long-term average exposure patterns.
Blood samples can provide an assessment of both recent and
cumulative exposures and offer insights into longer-term
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exposure patterns; however, chemicals that are rapidly
metabolized can be difficult to detect in the blood and urine.
Furthermore, some metabolites are not specific to one parent
compound and can confound interpretation of the exposures.
Prospective studies or biobanks aiming to investigate these
exposure pathways should plan ahead for sample collection,
ensuring that the methods and materials are conducive to future
analytical techniques. Nevertheless, it is important to recognize
that collecting blood samples can be invasive and cumbersome
for pet owners, often requiring the assistance of veterinary
professionals, which may incur additional costs.

B RECOMMENDATIONS FOR ENHANCING FUTURE
STUDIES

As household dogs share much of their own daily environment,
there is enormous potential to gather an abundance of data from
our pets as we address possible links between exposure and
health outcomes. There is value in information obtained that
links exposures and conditions in both species as well as the
absence of associations in one or the other. There is increasing
pressure to reduce the primary reliance on laboratory animal
testing to alternative approaches under the rubric of New
Approach Methodologies (NAM), and the use of naturally
occurring diseases in companions complements that movement.
Companion animal exposure science is on the precipice of
tremendous opportunity that needs support and greater
recognition within the scientific community.

Companion animal veterinary studies should not exist in a
bubble; the full potential of the companion animal model will be
realized when experts from both human and veterinary sciences
incorporate these types of studies on a larger scale in a One
Health effort. Interdisciplinary studies using companion animals
would benefit from experts in veterinary, human, and basic
science focused fields. Long-term studies should be designed
with input from experts in exposure science, toxicology, and
statistics from the outset to better optimize experimental design
and prioritize types of sample collection for analyses. This may
help to reduce the consistent reports of insufficient statistical
power in studies and maximize the potential data obtained from
each study.

Despite the advances that have been made using companion
animals for comparative environmental health studies, there are
major design issues that need to improve. First, proper selection
and definition of cases versus controls are critical to evaluating
associations. Second, recruitment and inclusion of animals needs
to be properly considered, and we should focus more on pets
rather than animals housed in an animal shelter, which may not
be reflective of normal human conditions. Third, characterizing
and comprehensively reporting demographic data for pets used
in the studies should consider the NIH expectations for human
studies including sex and age but should also include factors such
as spay/neuter status and breed. While there are quite a few
studies that examine urban versus rural environments, none of
these studies factor in the socioeconomics of the home in which
these pets reside in. The following recommendations for best
practices should be considered when using companion animals
as sentinels:

o Selecting appropriate controls for studies of chronic
diseases based on age, breed, and sex (including spay/
neuter status)

e Enrolling a greater number of participants to improve
statistical power

e Obtaining objective measurements of environmental
exposures (e.g., collection and analysis of blood, urine,
nail clippings or silicone tags)

e Improved characterization of the home (e.g., age of home,
type of flooring) and socioeconomic status of the
homeowners

e Only animals living with a shared environment with
people should be included (i.e., shelter animals are in a
much different environment that does not reflect the
general population)

Bl CONCLUSIONS

As the age of “big data” progresses, our ability to interrogate
complex multispecies data sets will vastly improve, allowing
better understanding of putative pathogenic genes and toxicants
that dictate the development and progression of diseases and
aging. The role of cross-species analysis to fill in gaps for
undiscovered or poorly characterized mechanisms of patho-
genesis should be recognized. Further, companion animals offer
a unique opportunity to integrate various ‘omics to address the
complexity of real-world relevant studies on mixtures or the total
burden of exposures and changes in health-related variables,
such as genomic, transcriptomic, metabolomic, etc. perturba-
tions. Capitalizing on the use of companion animal models may
provide advances in disease prevention in both medical and
veterinary science. Further, there is a unique opportunity to
investigate the role of early life exposures on later in life health
outcomes in a shortened time frame.

Environmental exposure remains a critical global issue, and
linking exposures to health outcomes in humans can be
challenging. There is now a growing body of literature
documenting links between exposures and various adverse
health outcomes in companion animals. The use of naturally
occurring health end point with companion animals as a model
to study shared diseases and shared environmental exposures is
an invaluable opportunity that needs further support from the
scientific community and funding bodies. The pet dog is the
modern-day canary in the coal mine with the ability to alert us to
not only potential acute dangers but also subtler long-term
consequences of environmental exposures and greater public
health outcomes, otherwise known as the canine on the couch.
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