
Environmental Research 151 (2016) 145–153
Contents lists available at ScienceDirect
Environmental Research
http://d
0013-93

n Corr
Mail Dr

E-m
1 In
journal homepage: www.elsevier.com/locate/envres
U.S. domestic cats as sentinels for perfluoroalkyl substances: Possible
linkages with housing, obesity, and disease

Phillip C. Bost a, Mark J. Strynar b,1, Jessica L. Reiner c, Jerry A. Zweigenbaumd,
Patricia L. Secoura e, Andrew B. Lindstromb,1, Janice A. Dye f,n,1

a Student Contractor to the U.S. Environmental Protection Agency, United States
b U.S. Environmental Protection Agency, National Exposure Research Laboratory, Exposure Methods and Measurement Division, Research Triangle Park, NC
27711, United States
c National Institute of Standards and Technology, Hollings Marine Laboratory, Charleston, SC 29412, United States
d Agilent Technologies, Wilmington, DE 19808, United States
e North Carolina State University, Veterinary Teaching Hospital, Raleigh, NC 27606, United States
f U.S. Environmental Protection Agency, National Health and Environmental Effects Research Laboratory, Environmental Public Health Division, Research
Triangle Park, NC 27711, United States
a r t i c l e i n f o

Article history:
Received 17 June 2016
Received in revised form
14 July 2016
Accepted 18 July 2016

Keywords:
Cats
Obesity
Perfluoroalkyl substances (PFAS)
Sentinels
x.doi.org/10.1016/j.envres.2016.07.027
51/Published by Elsevier Inc.

espondence to: U.S. Environmental Protection
op: B-105–02, Research Triangle Park, NC, 277
ail address: dye.janice@epa.gov (J.A. Dye).
dicates joint senior authorship.
a b s t r a c t

Perfluoroalkyl substances (PFAS), such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA), are persistent, globally distributed, anthropogenic compounds. The primary source(s) for human
exposure are not well understood although within home exposure is likely important since many con-
sumer products have been treated with different PFAS, and people spend much of their lives indoors.
Herein, domestic cats were used as sentinels to investigate potential exposure and health linkages. PFAS
in serum samples of 72 pet and feral cats, including 11 healthy and 61 with one or more primary disease
diagnoses, were quantitated using high-resolution time-of-flight mass spectroscopy. All but one sample
had detectable PFAS, with PFOS and perfluorohexane sulfonate (PFHxS) ranging from oLOQ to 121 and
oLOQ to 235 ng/mL, respectively. PFAS prevalence and geometric means in cats were very similar to
contemporary NHANES reports of human sera in the U. S. population. The highest PFAS serum con-
centrations detected were in indoor cats due to disproportionately elevated PFHxS levels. Ranked by
quartile, contingency testing indicated that total PFAS levels were positively associated with living in-
doors and with higher body weight and body condition scores. Individual PFAS quartile rankings sug-
gested positive associations with respiratory effusion, thyroid, liver, and possibly chronic kidney disease.
Domestic cats appear to be useful sentinels for assessing primary PFAS exposure routes, especially indoor
sources of relevance to children. Additional case-control studies in pet cats are warranted to better define
the potential health associations observed herein. A “One Health” approach assessing humans, pets, and
their common environment may improve our understanding of chronic low-level, largely indoor, PFAS
exposure and effects in humans and animals alike.

Published by Elsevier Inc.
1. Introduction

Perfluoroalkyl substances (PFAS) are ubiquitous chemicals of
major concern due to their global distribution, association with a
range of adverse health outcomes in human epidemiologic studies
(Melzer et al., 2010; Lopez-Espinosa et al., 2012; Barry et al., 2013;
Timmermann et al., 2014; Gleason et al., 2015) and evidence of
toxicity in laboratory animals (Lau et al., 2007). Owing to their
Agency, ORD/NHEERL/EPHD,
11, United States.
high-energy carbon-fluorine bonds, many PFAS are thermally
stable, resistant to biodegradation processes, and uniquely able to
repel both water and oils (Lehmler et al., 2005). Manufactured
since the late 1940 s, production sharply increased in the 1980 s as
their utility for industrial and commercial applications expanded
(Prevedouros et al., 2006). Personal and household product ap-
plications have included nonstick cookware, food contact surface
coatings (Begley et al., 2008), and anti-stain products for textiles,
furniture and carpeting (Lewandowski et al., 2006).

Subsequent accumulation of PFAS in aquatic environments,
biota, wildlife, and humans led to the addition of perfluorooctane
sulfonate (PFOS) to the list of restricted use compounds in Annex B
of the Stockholm Convention on Persistent Organic Pollutants
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(POPs) (Stockholm 2009). Additionally, the Office of Water of the
United States Environmental Protection Agency (USEPA) has is-
sued health advisories for PFOS (70 ng/L) and perfluorooctanoic
acid (PFOA, 70 ng/L) in drinking water, respectively in 2016
(USEPA, 2016). Although some manufacturers voluntarily phased-
out specific long-chain PFAS (USEPA, 2010), in other parts of the
world their importation and manufacturing continues to increase
and remains largely unregulated.

Despite routine detection of PFAS in human serum in the ng/mL
range (Calafat et al., 2007; Kato et al., 2011), routes of human ex-
posure are not well understood and corresponding health risks
remain unclear. Oral ingestion is likely important as many PFAS are
frequently detected in food (Tittlemier et al., 2007), food packa-
ging (Begley et al., 2008), surface water (Saito et al., 2004), and
contaminated well (Lindstrom et al., 2011) or municipal drinking
water (Gyllenhammar et al., 2015). PFAS can also slough or vola-
tilize from household products, thus accumulating within house
dust. We (Strynar et al., 2008) and others (Björklund et al., 2009;
Beesoon et al., 2012) have shown house dust to contain PFAS in the
ng/g range. In the U.S., for example, total PFAS median (917 ng/g)
and maximum (52,900 ng/g) levels were measured in house dust
from Ohio and North Carolina (Strynar et al., 2008). It is estimated
that for two-year-olds, 36% of PFOS exposure is attributed to house
dust ingestion, where as in adults, only 6% is (Egeghy et al., 2011).

Sentinel species can be defined as animals who share a com-
mon environment with humans and can be used to measure the
extent of exposure when human measurement is impractical or
unethical. The canary in the mineshaft is a classic and probably the
best known example of a sentinel species whose extraordinary
sensitivity to toxic gases alerted miners to dangerous occupational
conditions. An emerging variation on the theme of animal senti-
nels relates to an increasing appreciation that animals and humans
often share risk to health from exposure to environmental agents.
As proposed by the interdisciplinary “One Health” concept, animals
may provide more direct information on environmental stressors,
food safety, and thus potential risks for human health (Frazzoli
et al., 2015). Accordingly, a “One Health” approach to assessing
humans, animals, and ecosystems may provide improved under-
standing for appropriate regulatory and public health response
(Zinsstag et al., 2011). In this context, domestic cats may be acutely
or chronically exposed to many of the same agents as their human
companions — sharing the same tap water, commercial food
(protein) sources, and, depending on their housing status —

comparable indoor or outdoor spaces. Consequently, cats may
serve as “situational” sentinels. As an example, recognition of
neurobehavioral changes in so-called “dancing cats” of Minamata
Bay, Japan in the 1950 s preceded the episode of severe neurologic
disease among local residents. Maladies in both species were due
to consumption of methylmercury-contaminated seafood (Tsu-
chiya et al., 1992). Likewise, humans and cats can be similarly
exposed to and affected by lead ingestion (Dowsett et al., 1994).

Cats may also serve as “health” sentinels because they develop a
number of chronic conditions that are closely analogous to that of
humans (e.g., asthma (Dye et al., 1996), pulmonary fibrosis (Cohn
et al., 2004), hyperthyroidism (Dye et al., 2007), urolithiasis (Ro-
binson et al., 2008), chronic kidney disease (Callaway, 2015; Brown
et al., 2016), obesity (Van de Velde et al., 2013), type 2 diabetes
mellitus (Nelson et al., 2014), and cardiomyopathies (Fox et al.,
2014). Recent advances into sequencing the feline genome are
anticipated to benefit both humans and cats by mapping the
mutations underlying conditions that afflict both species (Call-
away, 2015). Their lifespan, while longer than laboratory rodents,
is considerably shorter than that of people, providing a distinct
advantage where prolonged latency periods associated with the
human life span precludes early detection of, or linkage to, specific
environmental agents. In case control studies of pet cats, tobacco
smoke exposure is associated with increased risk of lymphoma
(Bertone et al., 2002) and oral squamous cell carcinoma (Snyder
et al., 2004). Risk appears to reflect inhalation and oral (via
grooming) routes of exposure. Thus, cats are a naturally-occurring
animal model for head and neck neoplasia in humans (Wypij et al.,
2013).

For these reasons, we had previously hypothesized that pet cats
may be useful sentinels for humans to assess potential relation-
ships between chronic exposure to persistent organic pollutants
(POPs) via indoor environments and adverse health outcomes
(Dye et al., 2007). We investigated serum polybrominated diphe-
nyl ethers (PBDEs) levels in cats and showed: (1) many cats had
BDE-47/BDE-99 congener ratios similar to house dust samples, and
(2) estimated dust ingestion in cats was comparable to that of
toddlers — because indoor cats likewise have increased contact
with PBDE-containing upholstery and carpeting and engage in
dust ingestion via frequent grooming (Dye et al., 2007).

In the present investigation, we used a one health, multi-
disciplinary approach ― with collaboration across environmental
analytical, exposure, and health scientists ― to investigate serum
levels of PFAS across a cross-section of domestic cats. In so doing
we used domestic cats as sentinels to (1) better assess primary
exposure routes of PFAS and to (2) evaluate potential associations
with specific conditions or disease in cats, and by inference -
analogous conditions in people. As a cross-sectional study, this
was intended to be a hypothesis-generating effort by which to
guide future, more focused, research. By design, serum from cats
presenting to local clinics, shelters, and a veterinary teaching
hospital were included to allow comparisons of outdoor and in-
door housing status and across a broad spectrum of disease con-
ditions. We hypothesized that: (1) the majority of cats would show
evidence of PFAS exposure; (2) PFAS serum levels would increase
with increasing time spent indoors; (3) that levels in primarily
outdoor (including feral) cats would be lower and profiles would
mirror that of water or food (i.e., with PFOS more prevalent and
perfluorohexane sulfonate (PFHxS) lower or absent) (Egeghy et al.,
2011; Begley et al., 2008); and conversely (4) levels in cats housed
mainly indoors would be higher and profiles would reflect that of
house dust (i.e., dominated by PFOS þ PFOA þ PFHxS) (Strynar
et al., 2008; Björklund et al., 2009).
2. Materials and methods

2.1. Cats and serum

Over a 4 month period in 2008, serum was obtained from 72
cats presenting to clinics and shelters in the Raleigh, NC area, in-
cluding the Veterinary Teaching Hospital at North Carolina State
University. In all cases, serum was obtained for clinical purposes
(e.g., serology, geriatric screening, or case diagnostics). With per-
mission, once all clinical testing was complete, remaining serum
was stored at �80 °C until analysis. Samples were assigned unique
numbers to which subject and case information was linked via a
unique code for each cat (i.e., age, breed, sex, neuter status, weight,
housing, primary complaint(s) and current clinical diagnoses).
Seven cats were re-evaluated during this period, allowing assess-
ment of replicate samples 2–30 days later. While collating case
summaries, the coauthors were blinded to the results of PFAS
analysis, and likewise, while performing PFAS analysis, the ana-
lysts were blinded to clinical case details.

2.2. Sample analysis and instrumentation

More detailed information on reagents, instrument settings
(Table S1), procedures, and quality control (QC) steps are provided



Fig. 1. Cat serum values arranged by increasing concentration of total PFAS. Despite
wide variability in total PFAS concentrations in cat serum, PFOS [(white) (yellow
on-line version) and PFHxS [(medium gray) (light blue on-line version) were the
predominant constituents. The insert shows a box whiskers plot distribution of cats
by quartile based on serum total PFAS levels. *indicates significant difference from
other quartiles. For comparison, ΣPFAS levels reported in NHANES for human ser-
um from 2008 are depicted based on the GM of the 4 dominant analytes (GM Σ
[PFOSþPFOAþC9þPFHxS]). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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in the supplemental section. In brief, 50 μL subsamples were
prepared using a modified method for rodents (Reiner et al., 2009)
and analyzed using an Agilent 1100 series HPLC interfaced with a
6200 series Accurate-Mass LC-TOF system (Agilent Technologies,
Palo Alto, CA). The following PFAS were included in the analysis:
perfluorobutane sulfonate (PFBS), PFHxS, PFOS, perfluorohexanoic
acid (C6), perfluoroheptanoic acid (C7), PFOA, perfluorononanoic
acid (C9), perfluorodecanoic acid (C10), perfluoroundecanoic acid
(C11), and perfluorododecanoic acid (C12). In total, 72 case (serum)
samples, one serum collection tube blank, seven analyst-blinded
replicates, nine batch duplicates, and six analyst-blinded dupli-
cates were performed across three batches. Duplicates were de-
fined as split aliquots of the same cat's sample obtained on the
same day. Each analytical batch included method and matrix
blanks, 11 calibration curve standards, duplicates, and QC samples.
In each batch, the limit of quantitation (LOQ) for each analyte was
defined as the lowest standard curve point within 730% of its
theoretical value.

2.3. Quality control samples

Matrix and collection tube blanks were below each assay's LOD
for all target analytes. The mean recovery of all QC analytes in the
25–100 ng/mL range was within 730% of the theoretical spiked
concentration (Table S2). QC samples r10 ng/mL were also gen-
erally good except for C7 which was outside of this range at
10 ng/mL (187%) and 2 ng/mL (211%), along with C6 (160%) and
PFHxS (137%) also at the 2 ng/mL level. Overall performance of
blanks, QC and duplicate samples indicated acceptable data qual-
ity. Table S3 shows LOQs for each analyte across analytical batches.
Within each batch, when acceptable performance could not be
verified at the lowest levels, LOQs shifted up slightly. Replicate
samples and analyst-blinded duplicates had mixtures of analytes
at variable concentrations. Most duplicates in the middle range of
the calibration curves had relative percent differences of o20%,
with performance declining only at the very low portion of the
calibration curve (Table S4).

2.4. Statistical analysis

Summary statistics were calculated using Microsoft Office Excel
(version 2007, Microsoft Corporation, Redmond, WA). For dupli-
cate samples, the average was used. Pearson correlations, linear
regressions, t-tests, and one-way analyses of variance (ANOVA
with Bonferroni post hoc correction) were performed on natural
log-transformed sample measurements. Pearson correlations were
run to elucidate associations between individual PFAS concentra-
tions. Where necessary, compound concentrations less than the
LOQ were assigned a value of LOQ/√2 prior to analyses. Linear
regression was used to examine potential relationships between
PFAS concentration and age and body weight. Fisher's exact testing
(one-sided) was used to assess 2�2 contingencies, while the Chi
Square Test for Trend was used to assess 2�4 assignments. All
group comparisons were performed using GraphPad Prism 4.03
(GraphPad Software, La Jolla, CA). Results were considered sig-
nificant when pr0.05.
3. Results

3.1. Prevalence of PFAS in cat serum

All but one serum sample contained at least one quantifiable
target analyte, with PFOS and PFHxS being the most abundant
compounds present, together representing 475% of the total
mass (∑PFAS) measured in the cats (Fig. 1). PFOS, the most
prevalent compound, was detected in 97% of the cats (70/72).
Other prevalent analytes included, in decreasing order, per-
fluorononanoic acid (PFNA or C9, 93%), PFOA (or C8, 82%), per-
fluorodecanoic acid (PFDA or C10, 65%), and PFHxS (47%) (Table 1).
Across all cats, the concentrations of PFOA, PFOS, and PFHxS ran-
ged from o LOQ to 26.4, 121, and 235 ng/mL, respectively (Ta-
ble 1). It is interesting and potentially informative to note that
geometric means (GM) of PFOS, PFOA, C9, C10, and per-
fluoroundecanoic acid (C11) in cats from this study were very si-
milar to GM reported in humans in the U.S., aged 12 and older, as
part of the 2007–08 National Health and Nutrition Examination
Survey (NHANES) (Kato et al., 2011) (Table 1). As in humans, the
short-chain perfluorinated carboxylic acids, C6 and C7, and PFBS
were infrequently detected (o12%). Consistent with these find-
ings, the shorter-chain compounds (C6, C7, PFBS) are relatively
more water soluble and thus somewhat less likely to bind plasma
proteins. They are therefore eliminated more readily than the
longer chain analytes (e.g., C8 and above). We also noted that the
presence of PFOS was correlated with PFOA, C9, and C10 and C11;
while PFHxS was only correlated with PFOS and PFOA. PFOA was
correlated with every compound except C7, C11 and C12 (Table
S5). These associations may be an indication of similar sources
and/or that these analytes were eliminated in a similar manner.

3.2. PFAS quartiles in cats

Based on the sum of all analytes (ΣPFAS) measured in each
subject, cats were grouped into quartiles as Q1, Q2, Q3, and Q4

(n¼18/quartile). Serum ΣPFAS concentrations for each quartile
were significantly different than the other quartiles (Fig. 1 insert),
consistent with differential exposure (i.e., different sources and
intensities within the cat's living conditions) across the four
groups. Approximately half of Q4 cats had ΣPFAS concentrations
Z95% of the U.S. population (Kato et al., 2011). In the sections that
follow, we examined factors that may have contributed to elevated
ΣPFAS levels observed.

3.3. Subject characteristics

In this cross-sectional study, subjects included 66 client-owned
pets, both indoor and outdoor cats, 5 feral cats, and one resident
shelter cat. Ages ranged from 0.5 to 19 years. By sex, 40% were



Table 1
Analyte summary statistics in cats.

% of Total PFAS %4 LOQ Median (ng/mL) Range (ng/mL) Geometric Mean (ng/mL)a NHANES Geometric Mean (ng/mL)b

PFBS 0.08 1.39 o LOQ oLOQ-2.35 – oLOQ
PFHxS 32.6 47.2 o LOQ oLOQ-235 6.91 1.96
PFOS 45.3 97.2 9.05 oLOQ-121 8.89 13.2
C6 0.00 0.00 o LOQ – – –

C7 0.62 11.1 o LOQ oLOQ-5.31 – oLOQ
PFOA 12.5 81.9 3.28 oLOQ-29.2 3.28 4.13
C9 5.91 93.1 1.77 oLOQ-13.8 1.72 1.49
C10 1.59 65.3 0.39 oLOQ-2.76 0.67 0.29
C11 1.21 59.7 0.21 oLOQ-2.88 0.5 0.20
C12 0.21 34.7 o LOQ oLOQ-0.69 – –

a Calculation based on values below the LOQ being assigned the value of LOQ/√2.
b 2008 NHANES data not available for either C6 or C12.
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female, with 26 (of 28) neutered; and 60% were males, with 42 (of
44) neutered. Breeds included domestic short-haired cats (n¼48),
domestic long-haired cats (n¼8), Siamese (n¼5), Himalayans
(n¼2), one each representing eight other pure breeds, and one
unknown (Table S6).

3.4. PFAS concentrations and profiles compared to housing status

In Fig. 2, we depict ΣPFAS serum concentrations in cats with
known housing status (n¼50). As hypothesized, levels in feral cats
(n¼5) were relatively low (r25 ng/mL). Likewise, ΣPFAS levels of
the largely outdoor pet cats (n¼8) were o50 ng/mL, as were 26
(of 36; 72%) of cats housed mainly indoors. Moreover, 8 (of 36;
22%) mainly indoor cats had ΣPFAS levels between 50–100 ng/mL,
while two (6%), both exclusively indoor cats, had levels
4300 ng/mL.

We further evaluated composite PFAS analyte profiles based on
housing status (Fig. S1). As hypothesized, profiles of largely out-
door cats revealed that PFOS was prevalent while PFHxS was low
or absent. Analyte profiles for indoor cats with higher (50–
100 ng/mL) levels (n¼8) had prevalent PFHxS and PFOS, closely
resembling that of the 95th percentile ΣGM (Σ[PFOS þ PFOA þ
C9þ PFHxS]) in the NHANES report (Kato et al., 2011). The two
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Fig. 2. Total serum PFAS levels in cats are depicted based on housing status. Line
indicates the mean concentration per group.
cats with levels 4300 ng/mL (and PFHxScPFOS4PFOA) were
remarkably similar to serum profiles of the three youngest teen-
agers evaluated in a Canadian home in 2008 (Fig. S1) (Beesoon
et al., 2012). Dust and carpeting samples from the Canadian
home's family room likewise showed exceptionally high PFHxS
and moderate PFOS levels. This analyte profile was consistent with
the known content of a carpet anti-stain product that had been
applied repeatedly in their household over a 15-year-period
(Beesoon et al., 2012).

3.5. Associations of cat characteristics with PFAS quartiles

Excluding the resident shelter cat, contingency testing was
used to evaluate whether indoor cats were disproportionately in
Q4 compared to Q1–3. Based on ΣPFAS quartiles, cats were further
subdivided into a predominately indoor group (living 90% or ex-
clusively indoors; n¼36) and an outdoor group (pet cats living 40–
75% outdoors and feral cats; n¼13). Fisher's Testing revealed that
Q4 cats were significantly more likely to be indoor cats (p¼0.014).
In fact, based on ΣPFAS, no outdoor cats were present in Q4 (Fig.
S2). A Test for Trend examined whether the proportion of indoor
cats increased across the Q1 through Q4 rankings and showed a
suggestive association (p¼0.06) (Table S6).

We also used contingency testing to assess associations be-
tween ΣPFAS or individual analyte quartiles with cat character-
istics such as age, sex, or hair coat length. Results did not indicate
that male, long-haired, or older cats were more likely to be in the
highest quartile (Fig. S2; Table S6); although 8 (of 9) cats with the
highest PFOA and PFHxS levels measured were in cats Z10 years-
of-age (the median for this group).

A marginally significant relationship between ΣPFAS con-
centration and body weight (r2¼0.054, p¼0.052) was determined
(Fig. S3). Accordingly, when cats were subdivided by body weight,
Q4 cats were disproportionately more likely to weigh Z4.5 kg
(more than the median for this group) (Odds Ratio of 5.3; 95% CI
1.54–18.44) (Fig. S2; Table S6). Trend testing similarly revealed that
“heavier” cats were disproportionately present in the upper quar-
tiles (Fig. 3A). Furthermore, Fisher's Exact Testing of body weight
revealed significant associations with PFOS (p¼0.0008) and PFHxS
(p¼0.012); but not PFOA or C9. A Test for Trend showed robust
associations with body weight and PFOS (p¼0.0006) and PFHxS
(p¼0.001), and possibly PFOA (p¼0.05) but not C9.

Analogous to human body mass index (BMI) assessments, in
cats, body condition scores (BCS) are used clinically to assess re-
lative adiposity (1¼very thin, 5¼optimal, 9¼very obese). Con-
tingency testing across BCS likewise showed that Q4 cats were
disproportionately more likely to have scores Z5 (the median for
this group) (Odds Ratio of 4.4; 95% CI 0.96–19.8) (Fig. S2; Table S6).
Significant associations with BCS and PFOS were also observed
with Fisher's Exact Test (p¼0.05) and Test for Trend (p¼0.03)



Fig. 3. A & B. Contingency Test for Trend based on (A) associations of body weight (Wt) with quartile rankings (Q1 lowest; Q4 highest) based on serum total PFAS con-
centrations, and (B) body condition scores (BCS) with quartile rankings based on serum PFOS concentrations.
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greater (*) numbers of cats with this condition in Q4 vs Q1–3.
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(Fig. 3B).
Sources of PFAS exposure for the cats in the present study are

not known, but one hypothesis is that diet could play an important
role. As obligate carnivores, domestic cats may consume fish, a
food known to contain PFAS (Tittlemier et al., 2007; Haug et al.,
2010). Alternatively, other foods and food packaging could con-
tribute to the exposures made evident in this study (Begley et al.,
2008). Future studies are needed to assess PFAS levels present in
cat food. For example, in a similar study involving PBDEs, we
showed that BDE-47 content of fish- or seafood-based canned cat
food was significantly correlated with relative risk of developing
feline hyperthyroidism (Dye et al., 2007). Herein, when we re-
gressed serum PFAS levels against body weight, a borderline sig-
nificant relationship between ƩPFAS concentration and body
weight was determined. Given this marginal association, in addi-
tion to food intake, other factors likely play significant roles for
PFAS exposure in cats.

Additional exposure routes related to the indoor environment
are interesting to consider because they are common for both cats
and humans. Shared sources likely include water (Egeghy et al.,
2011), ingestion of house dust (Strynar et al., 2008; Björklund
et al., 2009; Wu et al., 2015), contact with PFAS-treated textiles
(floors, carpets, furniture) and inhalation of volatile PFAS (Martin
et al., 2010). It is noteworthy the extent to which toddlers and
indoor cats may share similar exposure pathways. Children spend
time crawling on floors, sitting on furniture, and engaging in hand-
to-mouth activity which exposes them to house dust, dirt, and
other materials found on indoor surfaces. Due to their grooming
behavior, cats share similar exposures to materials on indoor
surfaces, which pet dogs do not share to the same extent.

Accordingly, our data showed that cats in the highest PFAS
quartile were significantly more likely to live indoors. Total, ΣPFAS,
serum levels increased in proportion to time spent indoors.
Moreover, the highest concentrations detected in pet cats were
due to disproportionately greater PFHxS levels. As previously re-
ported, the most contaminated house dust samples also contain
disproportionately greater amounts of PFHxS (Strynar et al., 2008;
Björklund et al., 2009; Beesoon et al., 2012). PFHxS was used in
post-market carpet treatment applications (Beesoon et al., 2012).
The wide variation in ΣPFAS serum levels in these indoor cats
further suggests that some (e.g., those with chronic regurgitation)
necessitated greater use of carpet and furniture stain-resistant
products. Of possible relevance, PFHxS levels were 30–40% higher
in adolescent and elderly humans compared to middle-aged adults
(Kato et al., 2011). Taken together — the higher serum levels
observed for PFHxS in certain aged humans or in individual cats
may reflect increased anti-stain product usage for those family
members (and pets) prone to generating stains.

3.6. Associations of disease sub-classifications with PFAS quartiles

Eleven (of 72; 15%) of cats were healthy and 61 (85%) had one
or more primary disease diagnoses. Based on ΣPFAS levels, con-
tingency testing did not indicate that diseased cats were generally
more likely to be in Q4 vs. Q1–3; nor was there any trend that
diseased cats were increasingly present in the higher quartiles
(Fig. 4). Therefore, cats were subdivided into groupings based on
standard veterinary sub-classifications of disease. In decreasing
order, these included: cardiovascular disease (40%; n¼25 of 61
affected cats), neoplasia (21%; n¼13), kidney/urinary disease (21%;
n¼13), alimentary disease (16%; n¼10), infectious/immune-
mediated disease (15%; n¼9), endocrine disease (11%, including
diabetes, Cushing's disease, and hyperthyroidism; n¼7), re-
spiratory disease (8%; n¼5), and primary liver disease (3%; n¼2).

Based on ΣPFAS levels, there were no cats with neoplasia in Q4.
Thus, contingency testing revealed a significant, but negative, as-
sociation with neoplasia (n¼13) and cats in Q4 vs. Q1–3 (p¼0.016)
(Fig. 4). However, trend testing across quartiles failed to show any
association with cats having (or not having) neoplasia (p¼0.54).
Furthermore, based on ΣPFAS levels, no significant associations
were observed with cats in Q4 vs. Q1–3 and cardiovascular, ali-
mentary, infectious/immune, or endocrine disease categories
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(Fig. 4). Likewise, trend testing across quartiles did not show as-
sociations with these categories (data not shown). Results are
consistent with a recent human epidemiology report that also
failed to find associations between PFAS exposure and cardiac
disease (Mattsson et al., 2015). Furthermore, because these cats
were largely neutered adults, it is beyond the scope of this study to
assess potential associations between PFAS levels and develop-
mental or reproductive outcomes (Itoh et al., 2016), including
testicular cancer (Barry et al., 2013). We acknowledge that this is a
limitation of using adult pet cats for these assessments, however,
their neutered status may have contributed to the negative asso-
ciation observed between ΣPFAS serum levels and cases of
neoplasia.

Again based on ΣPFAS rankings, weak associations were ob-
served for cats having liver (p¼0.06), respiratory (p¼0.10), and
possibly kidney/urinary disease (p¼0.19) (Fig. 4). Of possible re-
levance, post-mortem studies in animals (Olivero-Verbel et al.,
2006; Cui et al., 2009) and humans (Maestri et al., 2006) show
high PFAS tissue distribution to the liver, lungs, and kidneys.
Pharmacokinetic studies in pigs (Numata et al., 2014) and micro-
minipigs (Guruge et al., 2016) also show high distribution of PFOS
and longer chain perfluorinated carboxylates to the liver, with
corresponding longer half-lives for these compounds. Such find-
ings can be explained by the fact that, unlike classic POPs, PFAS do
not bioaccumulate in storage lipids, but instead partition within
membrane phospholipids that have a high affinity for charged
species, and interact with proteins like albumin, liver-fatty acid
binding proteins, and organic anion transporters (OATs) (Ng et al.,
2014). This results in ongoing enterohepatic recirculation and in
renal tubular reabsorption, especially of C6-C8 species (Weaver
et al., 2010); thus contributing to the persistency of PFOS and PFOA
in people.
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Fig. 5. Comparison of serum PFAS levels (mean 7 SE) in cats with or without certain
(n¼4), respiratory effusive disease (n¼3), or kidney/urinary tract disease (n¼13).
Lastly, we examined associations between specific disease en-
tities and individual analyte quartile rankings. Three (of 4) cats
with the highest PFHxS levels detected had chronic kidney disease
(CKD), although contingency testing did not show significant as-
sociations with PFHxS or other analytes (Table S7). There were,
however, marginally significant differences in serum PFOA
(p¼0.07) and PFHxS (p¼0.07) concentrations in cats with CKD
(n¼13) compared to those without (Fig. 5).

Like humans, cats commonly develop urolithiasis and CKD. The
frequency of the diagnosis of CKD in cats has increased in recent
decades and the prevalence of CKD in cats now exceeds that of
dogs (Brown et al., 2016). For this reason, it was notable that cat #9
(4th highest ƩPFAS levels including PFHxS 4100 ng/mL) had CKD
related to idiopathic hypercalcemia. Unexplained hypercalcemia
has been increasingly recognized in cats since 1990 (Midkiff et al.,
2000). High PFAS serum levels may impair renal tubular secretion
of fixed acids (via interference with OATs) (Ng et al., 2014). We
hypothesize that high PFAA levels could therefore exacerbate
metabolic acidosis in cats, especially those consuming acidifying
diets for management of urolithiasis. As such, high PFAS levels
may promote calcium mobilization from bone and in turn, mod-
erate hypercalcemia, thus augmenting calcium renal excretion —

which on a chronic basis would increase the risk of developing
CKD.

Closer inspection of cats with respiratory disease noted that all
three cats afflicted with effusive disease (one with idiopathic
pleural effusion and two with chylothorax) were in Q4. Despite the
uncommon occurrence of these conditions, both Fisher's (p¼0.
014) and Trend Testing (p¼0.018) indicated significant associa-
tions (Fig. 4). Furthermore, there was a significant association
between pulmonary effusive disease and cats in Q4 based on
PFHxS levels (Table S7). Likewise, cats with effusive disease had
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significantly greater PFHxS serum levels than cats without (Fig. 5).
Although we are not aware of any similar reports in humans, PFAS
have a high tendency to partition into lipid bilayers including the
saturated phospholipid, dipalmitoylphosphatidylcholine (DPPC),
found in lung surfactant (Lau et al., 2007; Ng et al., 2014). Even at
low concentrations, PFAS have been shown to disrupt surfactant
surface tension (Gordon et al., 2007). In cats, DPPC is the main
phospholipid in the alveolar space, while the unsaturated phos-
pholipid, stearoyl-linoleoyl-phosphatidylcholine (SLPC), dom-
inates the pleural space (Mills et al., 2006). We postulate that, si-
milar to known PFAS-DPPC physical interactions contributing to
surfactant dysfunction, PFAS-SLPC interactions could disrupt
pleural fluid surface tension ― and therefore contribute to excess
pleural fluid accumulation and collapse of affected lung lobes.
Relatedly, prenatal PFOS exposure in rats has been shown to result
in neonatal mortality due to labored breathing and inability to
fully inflate the lungs after birth, possibly due to surfactant dys-
function (Grasty et al., 2005).

Among cats with endocrine disease, there was a significant
association between hyperthyroidism (n¼4) and Q4 status based
on PFOA (p¼0.05) and a weak association with ∑PFAS (p¼0.26)
(Fig. 4; Table S7). Since 2 (of 3) of the highest PFOA values mea-
sured were in cats with hyperthyroidism, PFOA serum levels were
significantly greater in hyperthyroid cats than in cats without this
condition (Fig. 5). Notably, serum PFOA concentrations have been
associated with thyroid disease in U.S. adults (Melzer et al., 2010)
and children (Lopez-Espinosa et al., 2012).

Finally, based on PFOS levels, we observed that both cats with
primary liver disease were in Q4. One cat, #58, had the highest
PFOS and PFHxS levels measured, thus equivalent, weak associa-
tions were noted across quartile rankings whether by PFOS, PFOA,
or PFHxS (Table S7). Significantly increased PFOS and PFHxS levels
were detected in the cats with primary liver disease compared to
those without (Fig. 5). Cat #58 was evaluated for chronic regur-
gitation and had clinically significant elevations in serum choles-
terol and liver enzymes (e.g., alanine transaminase, ALT). ALT is a
marker of hepatocellular damage. In humans, levels of PFOS (Gallo
et al., 2012) and PFHxS (Gleason et al., 2015) have been positively
associated with ALT levels; while PFOS and PFOA levels have been
positively associated with serum cholesterol (Nelson et al., 2010).

Because serum bile acids are commonly increased in cholestatic
liver disease, and knowing that PFAS have natural interferences in
serum [e.g., the bile acid, taurodeoxycholic acid (TCDA)], we used
TOF mass spectrometry to ensure adequate discrimination of PFOS
from TDCA. Analysis of replicate samples showed that PFOS levels
remained relatively constant over the elapsed time while TDCA
levels were quite variable (Fig. S4). Upon re-evaluation of cat #58
(28 days later), the replicate sample (#58-R) still showed high
PFOS and PFHxS levels, and the cat continued to exhibit elevated
TDCA, cholesterol, and ALT levels owing to its liver disease. As
discussed earlier, enterohepatic recirculation of PFAS, similar to
that of bile acids, appears to contribute to the persistence of PFAS
in exposed people and animals. In the liver disease cases herein, it
is not possible to discern whether increased PFAS levels in these
cats contributed to their observed liver disease, or conversely,
whether existing liver disease in some manner reduced PFAS
elimination, and thus elevating PFAS serum concentrations in
these cats, or both. Limited evidence in humans with liver cancer
or cirrhosis suggests that hepatic pathology may alter the dis-
tribution of PFAS between serum and the liver (Yeung et al., 2013).
4. Discussion

In summary, to our knowledge, this is the first published report
of PFAS in individual domestic cats. Results clearly show that cats
are exposed to PFAS and appear to be useful sentinels, especially
for assessing indoor exposures of children. The fact that all but one
cat had measureable serum levels of PFAS parallels the finding that
virtually all human serum samples collected from the in-
dustrialized world contain PFAS in the ng/mL range. The fact that
one cat did not have detectable levels suggests that the levels
detected do not simply represent contamination during collection
of or processing of serum. Importantly, concentrations and analyte
profiles of PFOS, PFHxS, PFOA, and C9 in cat sera largely paralleled
that of the contemporary NHANES report (2007–2008) in serum of
U.S. adults; while in some instances, the levels in cats closely
matched that of the 95% percentile, including the exceptionally
high levels noted in teenagers in the Canadian home case report
(Kato et al., 2001; Beesoon et al., 2012). PFAS have also been
measured in captive tigers and lions in China with mean PFOS
serum concentrations of 1.18 and 2.69 ng/mL, respectively (Li et al.,
2008); while in dogs in Japan, serum PFOS ranged from 12 to
57 ng/g and PFHxS from 0.89 to 32 ng/g (Guruge et al., 2008).
Clearly, none of these species reflect exposure conditions for hu-
mans, in particular toddlers and teens, as closely as the domestic
cat. While serum half-lives of PFOS and PFOA in humans and ro-
dents are fairly well established, such information is unknown in
the cat. However, the observed consistency of PFOS concentrations
across the replicate sampling periods (Fig. S4) suggests that PFAS
half-lives in the cat may be relatively prolonged; hence, more si-
milar to humans than rodents. In humans the half-life of PFOS is
approximately 4.8 years while in certain rodent species it is 1–2
months (Olsen et al., 2007; Chang et al., 2012). For PFOA, the half-
life is 3.5 years in humans, days in male rats, and only hours in
female rats (Olsen et al., 2007).

The associations observed herein between increased ∑PFAS in
cats with living indoors and with obesity is quite intriguing. In the
U.S., obesity is a growing problem in both pets and people. In the
past 30 years, obesity has more than doubled in children and
quadrupled in adolescents (Ogden et al., 2014). A recent survey of
U.S. pets revealed that the number of overweight pet cats is at an
all-time high, with nearly 60% considered overweight or obese by
their veterinarian (Sourcebook, 2012). It may be that indoor cats
simply get less exercise and are more likely to participate in
boredom-related excessive eating and grooming, thus increasing
their exposure to PFAS via these routes. On the other hand, ex-
perimental studies have shown that mice exposed in utero to PFOA
had significantly increased body mass by 10 weeks-of-age which
persisted through mid-life (Hines et al., 2009). Similarly in chil-
dren, higher prenatal serum PFOA concentrations were associated
with greater adiposity at 8 years of age and a more rapid increase
in BMI between 2 and 8 years (Braun et al., 2016). In overweight
children, PFAS levels have been associated with insulin resistance
and with higher triglyceride concentrations (Timmermann et al.,
2014); while in adults, PFAS have been associated with increased
BMI and waist circumference (Lin et al., 2009; Ng et al., 2014).
Mechanistically, PFAS appear to activate peroxisome proliferator-
activated receptors (PPARs) (Lau et al., 2007). In turn, PPAR activity
appears to play a critical role in adipocyte differentiation and
metabolism and can influence cellular insulin sensitivity (Watkins
et al., 2015) and may promote adipogenesis (Xu et al., 2016). PFAS
are purportedly one of a group of chemicals that may act as obe-
sogens (Holtcamp et al., 2012; Janesick and Blumberg, 2016).

In terms of the utility of domestic cats as health sentinels for
PFAS exposure, it is important to reiterate that as a cross-sectional
study, we used contingency testing simply to explore potential
associations between increased PFAS serum levels and various
subject factors and disease conditions. Any associations noted
herein should in no way be considered causal. Thus, more focused,
case-control studies in cats with better defined dietary and indoor
source information are warranted to further examine relationships
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between PFAS serum and/or organ specific PFAS levels with
adiposity, respiratory, liver, thyroid, or renal health outcomes.
Studies to investigate relationships between serum levels in co-
habitating cats and humans (across toddlers, teens, and adults)
would assist in establishing the role of house dust ingestion as a
predominant route of exposure to PFAS and other POPs (e.g.,
PDBEs). With 74 million domestic cats occupying 36 million homes
in the U.S. (APOP, 2014), pet cats represent an underutilized re-
source by which to explore these relationships and gain improved
understanding of shared environmental exposures and “one
health” risks for humans and pets alike.
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