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Abstract

The use of sentinel species for population and ecosystem health assessments has been advocated 

as part of a One Health perspective. The Arctic is experiencing rapid change, including climate 

and environmental shifts, as well as increased resource development, which will alter exposure of 

biota to environmental agents of disease. Arctic canid species have wide geographic ranges and 

feeding ecologies and are often exposed to high concentrations of both terrestrial and marine-

based contaminants. The domestic dog (Canis lupus familiaris) has been used in biomedical 

research for a number of years and has been advocated as a sentinel for human health due to its 

proximity to humans and, in some instances, similar diet. Exploiting the potential of molecular 

tools for describing the toxicogenomics of Arctic canids is critical for their development as 

biomedical models as well as environmental sentinels. Here, we present three approaches 

analyzing toxicogenomics of Arctic contaminants in both domestic and free-ranging canids (Arctic 

fox, Vulpes lagopus). We describe a number of confounding variables that must be addressed 

when conducting toxicogenomics studies in canid and other mammalian models. The ability for 

canids to act as models for Arctic molecular toxicology research is unique and significant for 
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advancing our understanding and expanding the tool box for assessing the changing landscape of 

environmental agents of disease in the Arctic.

Graphical abstract

1. Introduction

Sentinel species serve as early warning indicators of ecosystem conditions as part of the 

“One Health” paradigm that utilizes a holistic approach to disease management in 

ecosystems, wildlife, and human populations. Some apex mammalian predators and 

omnivores are commonly utilized as sentinel species because of their relatively long life 

spans, subcutaneous fat stores that accumulate lipophilic anthropogenic contaminants, and 

accumulation of some nonlipophilic contaminants in relatively easily accessible matrices 

such as hair.1 The Arctic Monitoring and Assessment Program (AMAP) region (henceforth 

“Arctic”; Figure 1; www.amap.no) contains populations of both marine and terrestrial 

mammals, some of which have value as environmental sentinels.2,3 Although it is difficult to 

generalize risk assessment of contaminants across species or geographic ranges, several 

studies have indicated that concentrations of some contaminants (i.e mercury (Hg) and some 

polychlorinated biphenyl (PCB) congeners) are above thresholds of concern or correlate 

with potential adverse effects in some Arctic populations or subpopulations (see reviews).4–6 

Increasing environmental variability, due in part to climate change and human development, 

will undoubtedly influence contaminant exposure, body condition, and pathogen 

exposure.7,8 The health effects of contaminants in this context has not been well explored, 

thus making it increasingly prudent to develop tools to assess the health of individuals, 

populations, and ecosystems of northern latitudes.

Adverse effects concentrations and thresholds for toxic contaminant exposure are most often 

derived in controlled laboratory settings as solitary agents. In natural settings, exposure to 

complex mixtures can make the derivation of thresholds of adverse health effects in wild 

populations challenging, especially with respect to environmentally relevant mixtures of 

contaminants. However, using molecular toxicology methods, including assessments of 

mRNA populations (i.e., all mRNA molecules present in a sample), it is possible to detect 

biological responses at low exposure concentrations that provide insight on specific 

biochemical pathways involved.9 Although linking changes in gene expression to higher 

levels of biological organization (i.e., adverse outcome pathways (AOPs) is often 

challenging, these data can assist with descriptions of mechanistic pathways of 

biotransformation and potential injury from novel and emerging contaminants, and they also 
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provide documentation of a biological response. Many Arctic predators (including humans) 

have relatively high concentrations of some inorganic and organic environmental 

contaminants (e.g., Hg, PCBs) and are thus suitable for studying the molecular toxicology of 

environmentally relevant concentrations of chemical mixtures.4,10

The Arctic contains populations of free-ranging canid species such as the Arctic fox (Vulpes 
lagopus), red fox (Vulpes vulpes), coyotes (Canis latrans), and the gray wolf (Canis lupus). 

Some populations of Arctic foxes and gray wolves have been shown to have extremely 

variable diets and, depending on location and season, can reflect components of both marine 

and terrestrial ecosystems.11–13 The consumption of marine derived nutrients is associated 

with increased concentrations of mercury (Hg), and elevated concentrations of Hg have been 

found in both foxes and wolves due to an increase in marine-based foraging.11,13 This 

enhances their utility as sentinels, especially for coastal human inhabitants with similar 

mixed utilization of terrestrial and marine resources. Marine- and freshwater-derived diet 

items, including diadromous salmonids, represent an important component of Arctic human 

and canid diets and are key components for contaminants pathways across the landscape. 

Due to their circumpolar distribution and previous use as biomedical models, the Arctic fox 

represents a valuable sentinel for Northern contaminant monitoring.14–16

In addition to free ranging canids, many northern communities (especially in areas of Alaska 

and Canada) are home to large teams (kennels) of sled dogs. Operators of these kennels 

often use locally derived diets that are similar to the resident human populations.17 The sled 

dog has previously been utilized as a biomedical model in controlled feeding experiments 

examining the metabolism and physiological effects of exposure to organohalogens via 

whale blubber, which is an important subsistence item in many Arctic communities.18–20 

Sled dogs do not engage in some activities that often complicate epidemiologic toxicology 

studies (i.e., tobacco and alcohol use), and they represent diverse trophic feeding levels and 

feeding ecologies (omnivory), which often mirror the cohabiting human populations.17 

Moreover, these dogs are housed in immediate vicinity to their handlers and are thus also 

mirroring nondietary environmental exposures such as airborne particulate matter (i.e., wood 

smoke). Particulate matter (PM) from vehicle emissions, wood stoves, and other 

combustions sources can become elevated during cold weather, especially in areas 

susceptible to temperature inversions such as Fairbanks, Alaska.21 Elevated PM 

concentrations have been implicated as a causative or exacerbating factor in a number of 

diseases that involve oxidative stress, alterations in DNA methylation and damage, and 

cellular injury and have been correlated to a number of clinical disease states.22 Sled dogs 

serve as excellent models for PM exposure and toxicogenomics studies for a number of 

reasons: (1) they are housed outdoors, eliminating the indoor and outdoor exposure gradient; 

(2) most animals are under similar kennel-wide diet and exercise regimens; (3) pedigrees are 

known for several generations, allowing for posthoc gene-environment interaction analyses; 

and (4) they can be easily assessed for the interaction between diet and environmental 

stressors, such as ultraviolet (UV) exposure or air pollution that is similar to humans in the 

area.

Environmental contaminants from dietary and airborne sources, while often utilizing 

different exposure and detoxification pathways, can nonetheless lead to similar general 
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mechanisms of cellular injury such as oxidative stress. Inducible molecular mechanisms 

exist that can protect against or repair oxidative damage,23 and many utilize sulfur (S) or 

selenium (Se) -based systems. Some S-based antioxidants such as glutathione (GSH), 

metallothionein, and thioredoxin reductase (TXNRD) are induced or activated by oxidative 

stress.24,25 Inducible cellular defenses to oxidative stress, such as those coordinated by the 

Nrf-1 and Nrf-2 binding to antioxidant response elements (ARE), have been shown to 

respond to a wide array of environmental stressors including cigarette smoke, environmental 

toxicants, and other inflammatory stressors.26 Many toxicogenomics studies compare 

differences between pre- and post-treatment expression (i.e., Bouwens et al.);24 however, 

this study design may not account for stochastic and time-dependent changes in gene 

expression.28 For instance, Robinson et al. found that in mice, following exposure to 6 

mg/kg MeHg+, a number of genes that were up-regulated at 8 h were not up-regulated 12 h 

post-exposure, and Robinson thus concluded that MeHg+-induced changes in gene 

expression may occur in a time-dependent manner.29 Indeed, the lag in sampling following 

contaminant exposure, chronic or acute, may account for some of the variation seen within 

and between toxicogenomics studies (Figure 2). Long-term studies of changes in gene 

expression due to diet or contaminant exposure are rare, and studies involving lower 

exposure concentrations (i.e., environmentally relevant), such as those encountered via 

dietary and occupational exposure, may benefit from long-time-scale examinations of 

changes in gene expression.

We present three scenarios evaluating the utility of Arctic canine models to describe gene 

expression in response to exposure to environmental contaminants. We demonstrate that (1) 

domestic sled dogs have time-dependent transcriptomic changes as a result of a 50% 

piscivorous diet (compared to 0% fish diet); (2) gene expression of free-ranging foxes can be 

reliably analyzed using a domestic canine microarray, and these data can be used to model 

toxicant interactions of an environmental mixture of PCBs and Hg; and (3) domestic sled 

dogs can be effective models for transcriptomic changes caused by exposure to air pollution 

as measured by PM. We investigate the boundaries of the Arctic canid model, including key 

caveats of study design and limitations of extending this model in a One Health context, and 

provide evidence that, despite difficulties in sampling associated with free ranging species 

and cold climates, samples collected in the field are of good quality for high-throughput 

molecular toxicology analyses. We also examine the potential use of a commercially 

available canine microarray for use in an Arctic fox model using strict quality-assurance 

measures (cross-species validation). Furthermore, our study emphasizes the potential uses of 

transcriptomics analyses in canid sentinel species to evaluate the response to several toxic 

agents, including airborne particulate matter, mercury via fish consumption, and diets with 

chemical mixtures containing PCBs and Hg.

2. Experimental Section

2.1. Fish-Fed Sled Dogs

The general study design and Hg findings for this study are described in full in Lieske et 

al.30 Briefly, eight sled dogs were randomly assigned to two feeding groups: a control group 

that was fed commercial fish-meal-free dog kibble (n = 4) (Standard Choice 26% Value 
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Meal dog food, Fromm Family Foods, Mequon, WI) and a fish-fed group (n = 4), which was 

given a 50% fish diet (one meal of chum (keta) salmon (Oncorhynchus keta) and another 

meal of kibble each day; details of diet composition are described in Lieske et al).30 Each 

treatment group consisted of two male and two female animals. Blood samples were 

collected via venipuncture from each dog 2 weeks prior to the controlled feeding, as well as 

once weekly during weeks 0–4 and once biweekly during weeks 6–12.

To compare gene expression between the two groups over the course of the 13-week 

experiment, we utilized a repeated-measures ANOVA, in which gene expression was 

compared between treatment groups with error nested in individual–week interactions. To 

eliminate differences in expression on the basis of intrinsic differences between individuals 

(i.e., differences in gene-expression pretreatment), we determined that expression values are 

reflected as fold-change difference from Week 0.

(1.1)

2.2. Mixtures of Hg and PCBs in Arctic Foxes

A total of 12 Arctic foxes were captured during July 2007 using Tomahawk live traps baited 

with canned tuna in oil placed outside of den sites and fox travel sites in the Deadhorse and 

Prudhoe Bay area, Alaska. Animals were sampled to study the health of free-ranging Arctic 

foxes, including an assessment of disease and contaminants (approved by the UAF Animal 

Care and Use Committee, IACUC 07-20 and 07-30). Animals were placed in a squeeze trap 

for the injection of immobilants via hand syringe [∼ 6 mg/kg ketamine and 3 mg/kg xylazine 

(20 mg of ketamine and 10 mg of xylazine for 2.3 to 3.6 kg] intramuscularly in the hind leg. 

Mass, sex, and body morphometry were recorded. A cursory physical examination 

(description of pelage, teeth wear, scars, injuries, etc.) was performed by a veterinarian to 

identify any health issues. Blood (approximately 10–14 mL) was directly collected from the 

jugular vein (cephalic vein and femoral artery as backup) using a 21 g ¾ in. needle blood 

collection set (“butterfly”). Blood volume draw did not exceed 1% of total body weight. 

After recovery from immobilants, animals were released back to the wild at their site of 

capture.

Of the animals captured, 11 Arctic foxes were selected for this study, and the Hg and PCB 

levels had been determined for each animal (Table 1). We used two different strategies to 

analyze the microarray data. Our first approach divided the animals in groups on the basis of 

the levels of Hg or PCB measured in tissue. This resulted in two discrete groups each of 

“low” (blood 5.5 ppb −22.1 ppb) and “high” (blood = 26.6–55 ppb) THg and low (below 

detection −0.77 ppb) and high (2.47–4.69) Σ(40)PCBs. Genes with statistically significant 

differential expression in the low- versus high-Hg or -PCB groups were identified using the 

Bioconductor limma package. The p values were calculated with a modified t test in 
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conjunction with an empirical Bayes method to moderate the standard errors of the 

estimated log-fold changes. The p values were adjusted for multiplicity with the 

Bioconductor package “qvalue”, which allows for selecting statistically significant genes 

while controlling the estimated false discovery rate. A limitation of dividing animals into 

groups of low and high Hg or PCB levels is that there is a considerable range of Hg or PCB 

concentrations, and it is somewhat arbitrary to define which animals are designated “low” or 

“high”. Furthermore, some animals with low Hg have relatively high levels of PCB and vice 

versa. Given that the samples were derived from Arctic foxes living in the wild, it was not 

possible to control Hg and PCB levels. Therefore, we employed a second analysis strategy 

that did not require assignment of animals to discrete groups of low and high Hg and PCB 

levels but, rather, treated Hg and PCB levels as continuous variables in the linear model for 

gene expression.

2.3. PM Air Pollution Study

A detailed description of PM25 (particulate matter with diameter less than 2.5 μm) 

characterization and sampling design is presented in Montrose et al.31 Briefly, three mushing 

kennels were selected, with two kennels located within the Environmental Protection 

Agency's (EPA) PM25 nonattainment boundary established for the Fairbanks North Star 

Borough (FNSB) in 2009. The third kennel was located ∼30 km outside of the 

Environmental Protection Agency (EPA) nonattainment area for PM25. The three kennels 

had varying concentrations of PM25 throughout the course of the study period (November 

2012–March 2013).31 The 3 week period immediately preceding the blood sampling effort 

(January 26–February 15, 2014) was used to determine that the subjects in Kennel C had 

significantly lower PM25 concentrations than those in both kennel A and kennel B. For each 

kennel, 28–30 dogs were sampled. Dogs from kennel C were assigned to the “low exposure” 

group (n = 28), and dogs from kennel A and kennel B were combined into the “high 

exposure” group (n = 59). Blood samples were collected via jugular or cephalic 

venipuncture. Hematological variables were measured by the UAF Animal Resource Center 

using DriChem 4000 Chemistry Analyzer (Heska, Colorado) and CBC-Diff Veterinary 

Analyzer (Heska, Colorado).

Normality of quantitative hematological variables (presented in Montrose et al.)31 and gene 

expression data were analyzed using Shapiro-Wilk test. Variables that were non-normally 

distributed were log2-transformed. Some variables were non-normally distributed after log2 

transformation; these variables were excluded from ANOVA analysis and instead assessed 

by nonparametric analysis using the Mann–Whitney rank sum test. A one-way ANOVA was 

used to assess differences between exposure groups (high versus low), and significant 

differences between response variables were assessed using Tukey's HSD. To investigate 

potential associations between gene expression and hematological variables, we conducted 

simple linear regressions, with quantitative hematological variables serving as the 

independent variable and gene expression as the dependent variable. Outliers were examined 

using the Bonferroni inequality for computing p values for studentized residuals. 

Observations with adjusted p-values of p < 0.01 were determined to be outliers and removed 

from regression analysis. Normality of residuals was examined for all regressions using Q–Q 

plots.
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2.4. General Methods

2.4.1. RNA Preservation and Extraction—All blood samples destined for molecular 

analyses were collected in PAXgene (Qiagen) RNA tubes and stored on ice in the field until 

they were placed in −20 °C or −80 °C freezers. RNA was extracted using PaxGene Blood 

miRNA Kit (Qiagen) and quantity and integrity determined using an Agilent 2100 

Bioanalyzer (Agilent Technologies) or a Nano-Drop ND-1000 Spectrophotometer (Thermo 

Fisher Scientific).

2.4.2. RNA Quality Assurance—RNA integrity within the cell is dependent on a 

complex series of responses that are set in motion in response to insult (prior to or 

concurrent with sampling), including the critical interval between the time of collection and 

time of tissue preservation (e.g., stabilization of mRNA). Mechanisms of RNA degradation 

are complex and varied and not necessarily consistent across the population of mRNAs. 

Thus, multiple measures of RNA and assay quality are required, especially under conditions 

in which novel applications are being attempted, such as sampling in extreme field 

conditions (captured Arctic fox on the coast of the Arctic Ocean; remote dog kennels).

RNA samples were quantified by measuring OD260 using a Nanodrop spectrophotometer 

(Thermo Scientific, Wilmington, DE). RNA purity was assessed by measuring OD260/280 

(protein contamination) and OD260/230 (contamination with organics) ratios. All samples had 

OD260/280 between 1.8 and 2.2. RNA integrity was assessed with a Bioanalyzer 2100 

(Agilent Technologies, Palo Alto, California) using the RNA Pico kit. RNA integrity 

numbers (RIN) were calculated for each sample. The High Pure miRNA Isolation Kit 

(Roche) was used to clean samples with low RIN values. Additional measures of RNA 

quality are presented for the Arctic fox study because cross-species hybridization of cDNA 

microarrays requires stringent RNA quality standards (see the Supporting Information).

2.4.3. Targeted Gene Analysis by TaqMan-Based Quantitative RT-PCR Analysis
—Genes selected for q-RT-PCR analysis (n = 18) were chosen on the basis of involvement 

with sulfur-and selenium-based antioxidant systems and are presented in Table S1. Synthesis 

of cDNA was done using SuperScript III Reverse Transcriptase and Random Hexamers 

according to the manufacturer's protocol. Primers utilized were selected on the basis of 

canine primers available from Applied Biosystems (TaqMan Gene Expression Assays), and 

context sequences are available in Table S1. q-RT-PCR was conducted using the Biomark 

HD System by Fluidigm (Fluidigm, San Francisco, CA) and Applied Biosystems Sequence 

Detection System (ABI 7900, Life Technologies, Grand Island, NY).

2.4.4. Microarray Processing and Data Analysis—The Functional Genomics and 

Proteomics Facility Core of the Center for Ecogenetics and Environmental Health at the 

University of Washington followed the manufacturer's protocols for processing Affymetrix 

GeneChip Canine Genome 2.0 arrays (Santa Clara, CA). Hybridized arrays were scanned 

with an Affymetrix GeneChip 3000 scanner. Raw microarray data were preprocessed and 

analyzed with Bioconductor (http://www.bioconductor.org/).32 Several quality-control steps 

were carried out to ensure data was of high quality: (1) the visual inspection of the GCOS 

DAT chip images, (2) the visual inspection of the chip pseudoimages generated by the 
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Bioconductor affyPLM package, (3) the generation of percent present calls and average 

background signals with the Bioconductor simpleaffy package, (4) the generation and 

inspection histograms of raw signal intensities, and (5) the generation and comparison of the 

relative Log expression and normalized unscaled standard errors using the Bioconductor 

affyPLM package. All microarray data derived from Affymetrix GeneChip Canine Genome 

2.0 arrays used in this study have been deposited in the Gene Expression Omnibus Database 

under accession number GSE71407 (http://www.ncbi.nlm.nih.gov/geo/).

2.1.5. Hg Analysis—Total Hg was measured as in Lieske et al.30 Briefly, total mercury 

concentrations ([THg]) were measured in whole blood from sled dogs and Arctic foxes 

using a DMA-80 analyzer (Milestone, Sorisole, BG, Italy) in at least two repeated samples. 

Blanks were below 0.1 ng THg, and standards including DORM-3 (National Research 

Council Canada), Lake Superior 1946 frozen fish homogenate (National Institute of 

Standards and Technology), and IAEA-086 human hair (International Atomic Energy 

Agency Analytical Quality Control Services) were all within 10% of their expected values. 

For further details of THg analysis in canids see refs 13 and 30.

2.1.6. PCB Analysis—PCB concentrations were determined in fox whole blood following 

modified procedures of Sloan et al. and Knott et al.33,34 Individual PCB congeners were 

analyzed using low-resolution quadruple gas chromatograph–mass spectroscopy (GC–MS) 

at the NOAA and NMFS Montlake laboratory in Seattle, WA. Each sample batch (n = 14) 

included a series of external standards and were based on a five-point calibration curve. 

Percent recoveries for these batches of samples were 98.7 ± 1.7%, 102.1 ± 1.9%, and 100.0 

± 15.9% for internal spike (PCB103) in blood–standard reference material (SRM)–method 

blank, certified congeners from SRM, and congeners of duplicates, respectively. All method 

blanks analyzed were below the limit of detection (no blank correction used).

Details regarding solvent extraction, filtration, cleanup, calibration, individual congeners 

analyzed, and QA/QC is available in the Supporting Information.

2.1.7. Statistical Analyses—All statistics and figures were generated using R 

programming language and ggplot2 package35,36 as well as the Bioconductor packages 

limma, qvalue, affy, and affyPLM.37–40

3. Results/Discussion

3.1. q-RT-PCR-Based Gene Expression Analysis in Fish-Fed Sled Dogs Sampled over 13 
Weeks

We used q-RT-PCR to assess expression of genes associated with heavy-metal metabolism 

and oxidative stress including CARM1, GCLC, GCLM, GPX1, GSTA3, GSTA4, GSTM3, 

GSTP1, GSTT1, MPST, MT1F, MT2A, MT4, MTR, SLC1A4, SLC1A5, SLC3A1, and TST 

(see Table S1). By examining the toxicodynamics of THg in WB (Figure 3), we concluded 

that the concentration of THg plateaued starting at approximately Week 11. Using a 

repeated-measures ANOVA with the error nested in individual variation per treatment group 

across all weeks of the treatment, no genes were determined to be expressed differently 

between treatment groups, although the power of these models was hindered by large 
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variability in individual gene expression levels and low sample size. By comparing the fold-

change difference in expression from Week 0 expression to that of Week 11 using posthoc 

paired t-tests, we determined one gene (metal-lothionein 2A (MT2A)) to be differentially 

expressed between the two treatment groups following Holm multiple test correction (Figure 

4a, p < 0.01). However, upon examination of individual dog expression profiles over the 

course of the feeding trial, it is clear that some animals displayed 2–10 fold up-regulation 

and down-regulation over the course of the experimental period (e.g., expression of MT2A 

shown in Figure 4b). If we simply assessed Week 11 alone, and not the time course variation 

in MT2A, we could have erroneously concluded a biologically and statistically significant 

difference in expression. We illustrate here that evaluating sulfur-dependent antioxidant 

systems using a standard pre- versus post-diet analysis of gene expression does not 

adequately capture the variability and stochasticity of domestic animal models over the 

temporal scale utilized in this experiment.

Although Lieske et al.30 estimated dietary THg intake, the nutritional content and 

contaminant concentrations of fish are very different than kibble alone. Bouwens et al. 

demonstrated gene expression changes in response to dietary supplementation of fish oil in 

human peripheral blood monocytes (PBMCs).27 Although the animals were of similar age, 

sex, and body condition, individual variation likely plays a large role in both baseline 

expressions of inducible genes as well as individual response to environmental stimuli.41 

Indeed, our data seem to support both observations because although the mean expressions 

values of some genes were consistently different between the two groups, the variability 

within groups (i.e., individual variation) as well as small sample size prevented differences 

in expression from being rigorously elucidated. We emphasize that we are not attempting to 

describe a dose–response relationship as a different study design would be needed. Although 

it is conceivable that there may be changes in transcriptional profiles at low doses of 

mercury, Radonjic et al.42 only found altered gene expression in the cerebellums of 

developing rats at MeHg+ doses that were 1 order of magnitude higher than the estimated 

dose in this study (0.100 mg/kg body weight versus 0.013 mg/kg body weight this study). 

The current study design featured continuous dietary exposure to Hg [THg], thus time 

(week) and [THg] in WB were highly correlated (r = 0.91). Thus, it would be not feasible to 

try and tease out the actual effects of Hg on gene expression using this study design as the 

use of fish as the vehicle for delivering Hg is not an inert method. It is interesting to consider 

that, although it would be difficult to assign changes in gene expression to Hg in fish rather 

than other nutrients and contaminants, it may be worthwhile to compare the results from a 

fish-based feeding study to laboratory experiments of Hg exposure. In other words, it is 

important to consider that changes in physiology associated with Hg exposure in a 

laboratory setting might be absent in a fish-based diet exposure due to protective nutrients 

collocated in fish (i.e., selenium and polyunsaturated fatty acids).43

Many toxicological, pharmacological, and nutritional studies have been designed to describe 

changes in gene expression associated with a treatment, yet there is a paucity of data 

concerning “normal” or “baseline” expression levels to which to compare treatment groups 

(e.g., fish-fed and no-fish-in-diet groups). Whitney et al. found effects of sex, age, and time-

dependence (what time of day blood was drawn) and considered 2-fold differences in 

expression levels as over- or under-expressed.41 Although there have been a few studies that 
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have examined environmental toxicant-induced changes in gene expression over small time 

scales (i.e., 8–12 h,29), very few have examined the transcriptomic response of a model 

organism over extended time periods. In the present study, we found that some individuals, 

even those maintained on the kibble diet, demonstrated 2-fold increases and decreases in 

gene expression on numerous time-points over the course of the study (see Figure 4). 

Although it is conceivable that observed changes in gene expression could be related to other 

environmental factors that were not controlled for in the present study, we argue that 

establishing values for variation in baseline (i.e., normal) expression is critical for assessing 

canine toxicogenomics and should be used to develop and validate potential biomarkers.

3.2. Mixtures of Hg and PCBs in Arctic foxes

A full description of methods for assessing RNA quality and probe hybridization in this 

cross-species assessment is presented in the Supporting Information. The RNA quality from 

the 11 Arctic fox samples here fell within the benchmark levels used to assess performance 

on this array (Table 2).

The PCB and Hg concentrations measured are well within the range of concentrations 

previously reported and expected (see Table 1). Analysis of microarray gene expression 

resulted in relationships with sex and concentrations of Hg or PCB for numerous genes 

known to be associated with these measures from previously published research, although 

small sample size and strict false-discovery control reduced the power of our models. For the 

model comparing gene expression by sex, a significant difference was noted for eukaryotic 

translation initiation factor 2, subunit 3 γ (EIF2S3) that has been documented to be more 

highly expressed in male dogs.44 The expression in the Arctic fox model was at least 2-fold 

higher in males (adjusted p value = 0.003). The significance of this finding is outlined by 

Nicolson et al. for the domestic dog and would apply to other canine models in that gender 

dimorphic toxicity should be considered an important factor to address.44 They investigated 

gene expression in the heart (ventricle and atrium), ileum, liver, and kidney (medulla and 

cortex) and showed that EIF2S3 is consistently highlighted across all six tissues examined 

(nearly three times over-expressed in male dogs).44 We document a similar finding in 

peripheral blood samples of the Arctic fox, and this provides another piece of evidence that 

this domestic dog microarray has utility for our model addressed here (conserved elements 

related to sex differences).

We found some evidence that thyroid hormone receptor interacting proteins (TRIP6 and 

TRIP10) have an altered expression related to sex and concentrations of toxicants in Arctic 

foxes, although following p value adjustment, the results were not statistically significant. 

Gauger et al. indicated that PCBs may interfere with thyroid hormone (TH) signaling by 

reducing TH levels in blood and exerting direct effects on TH receptors (TRs).45 Miyazaki et 

al. showed that hydroxylated PCB at doses as low as 10−10 M suppresses TH-induced 

transcriptional activation of TR.46 Similarly, Kirkegaard et al.18 found lower concentrations 

of T3 and T4 in plasma from sled dogs fed contaminated minke whale blubber compared to 

that from animals fed a control diet. In our models some evidence of interactions with PCBs 

was noted, but it was not conclusive. Although low sample size prevented a robust analyses 

of mixture effects on gene expression, we note that in light of the Arctic foxes' diverse 
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foraging ecologies and the ability to retrieve high-quality RNA from remote field sites, the 

Artic fox represents a unique model for understanding toxicity of contaminant mixtures in 

Arctic ecosystems that can be enhanced using domestic-canine-based molecular tools.

3.3. Sled Dogs and Particulate Matter Pollution

Weldy et al. reported the glutathione (GSH) synthesis genes (GCLC and GCLM) were 

induced by exposure of endothelial cells and macrophages to collected diesel particulates in 

vitro.47 In our study, there was no difference in GCLC expression between the two exposure 

groups, although this may reflect exposure route of the particulates between our study and 

Weldy et al. (in vitro cell culture versus respiratory exposure and circulating leukocytes).47 

No differences were observed in clinical examination variables (i.e., weight or temperature) 

or hematological variables (i.e., complete blood count; full list presented in Montrose et 

al.31) between the two exposure groups. Although mean values were often unequal, large 

intraexposure group variability prevented comparisons from being statistically significant. 

Similarly, gene expression did not vary between exposure levels, indicating that if there is 

indeed a measurable physiologic or transcriptomic response to observed levels of PM2.5 

exposure, it could not be detected using these metrics or analytics.

The pathway of PM2.5 injury remains unclear, and it is important to identify potential 

confounding variables associated with gene expression levels if transcriptomic approaches 

are to be effective. Because of the relatively large sample size (n = 28–30 animals per 

kennel) and the exploratory nature of this study, we investigated potential confounding 

variables related to gene expression and physical and hematological variables.

PM2.5 has been observed to induce oxidative stress in peripheral blood.48 Glutathione 

peroxidase (GPx) activity is a common biomarker of oxidative stress. In this study, we did 

not detect any link between PM2.5 “dose” and GPX1 (coding for glutathione peroxidase 

(GPx)-1 isozyme) expression, although we did note a significant relationship between GPX1 

expression and canine body mass (Figure 5a; n = 70; min= 17.7 kg; max =32.2 kg; median = 

23.8 kg; p < 0.01, r = 0.30). GPx activity has previously been associated with measures of 

body condition. Espinoza et al. found that body mass index (BMI) was significantly 

positively associated with Gpx-1 expression at <30 kg/m2, and Ozata et al. found 

significantly greater GPx levels in obese individuals (BMI > 39 kg/m2) versus “healthy” 

individuals (BMI 21.75 ± 1.87 kg/m2).49,50 None of our study animals were determined to 

be obese, no doubt due largely to the incredible fitness of Alaskan sled dogs; however, we 

did note that heavier animals tended to have higher levels of GPX1 expression compared to 

smaller animals.

Another biomarker of oxidative stress, 4-hydroxynonenal (4-HNE), is produced as a 

byproduct of lipid peroxidation and is biotransformed via GSH-dependent detoxification 

systems. GSTA4, coding for glutathione-s-transferase (GST) isozyme 4, has been shown to 

have catalytic efficiency toward conjugating 4-HNE to GSH and thus is an important 

enzyme in the 4-HNE induced apoptotic pathway.51 We found that expression of GSTA4 in 

dogs was significantly affected by the proportion of specific leukocyte populations (in this 

case, percent granulocytes, % GRA) in the blood. Similarly, GSTP1 (GST-π 1), which has 

been shown to be induced by oxidative stress in cultured human cells, showed a significant 
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positive relationship with lymphocyte percentage (Figure 5b).52 Gene expression profiles 

have been shown to differ across leukocyte populations in humans, and it could explain the 

observations presented here.53 An alternative explanation is that both gene expression and 

leukocyte profiles are co-varying with another physiological variable that was not recorded 

in this study. Regardless, we emphasize the benefit of accompanying hematological data 

with assessments of gene expression in PBMCs in canid models.

The biological significance of these correlative findings is uncertain but does serve as a 

cautionary caveat (e.g., confounding variables) to interpreting transciptomic data especially 

in natural systems (i.e., uncontrolled settings). In toxicogenomics studies in which the 

pathway of cellular injury is not well described (i.e., PM exposure), it may be highly 

valuable to collect hematological and physical examination data on the study animals.

The use of Arctic canid species as models for investigating molecular toxicology of 

environmental contaminants presents a number of intriguing possibilities. Wild canids 

represent a number of ecosystems and feeding ecologies, while large kennels of domestic 

dogs (sled dogs) share a similar diet and air pollution exposure with humans.17 While we 

note that our initial studies revealed few significant differences in gene expression between 

exposure groups, we demonstrated that (1) successful hybridization of Arctic fox cDNA to a 

domestic dog array support the use of Arctic fox in molecular toxicology, and (2) sled dogs 

can be used as environmental sentinels to monitor changes in gene expression brought on by 

varying exposure to contaminants via diet or air pollution. We interpret our initial correlative 

findings with caution; however, we feel that with improved study design and control Arctic 

canid models have the potential to elucidate changes, if any, in gene responses to 

environmental contaminants. The results of these findings would have implications for not 

only describing biological responses to contaminants but also the health and status of Arctic 

wildlife populations and human inhabitants.

We have shown here that collecting gene expression data, in particular data collected from 

PBMCs, is feasible for field-based studies of free ranging and domestic populations. Using 

stabilization techniques, high-quality total RNA can be extracted from whole-blood samples 

collected in remote field conditions, widening the scope of molecular toxicology 

investigations. Although PBMCs represent an interesting tissue to examine for gene 

expression and can elucidate questions involving potential immunotoxicity and immune 

function, there are a number of questions that remain concerning baseline variability in gene 

expression and temporal response of gene transcription to toxic insult. Future investigations 

should establish methods for assessing sources of variation and stochasticity in PBMC gene 

expression to advance the field of molecular toxicology in wildlife and domestic animal 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Boundary of the Arctic Monitoring and Assessment Program (AMAP) that will be 

considered as the delineation for the “Arctic” region in this study. Figure from AMAP 

(2009).
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Figure 2. 
Hypothetical up-regulation (a) and down-regulation (b) profiles for genes expressed over 

time in response to environmental contaminants. By sampling at time 0 (baseline) and 

comparing the expression of these genes to post-treatment time points (time 1–3), we 

determined that it is clear that some gene response and time points will result in variable 

ability to detect biological response (c).
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Figure 3. 
Concentrations of THg in WB measured in sled dogs fed 50% fish and 50% kibble (fish 

group, n = 4) and 100% kibble (kibble group, n = 4). THg values for the kibble group were 

below detection limit for all weeks sampled. Data from Lieske et al.30
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Figure 4. 
(a) MT2A expression at Week 11 (fold-change from Week 0) was determined to be 

significantly different between treatment groups. Error bars represent standard error (b). 

However, some dogs showed large variability in MT2A expression (log2 fold-change) for 

Week n compared to Week 0 over the course of the feeding trial. Here, the gray lines 

represent the mean for each treatment group per week. Each colored line represents an 

individual animal. We emphasize that single-time point analysis of gene response might not 

reflect variability found in in vivo studies.
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Figure 5. 
(a) Log2 expression of GSTP1 was positively associated with the percent lymphocytes in the 

whole blood sample, and (b) log2 GPX1 expression was positively correlated with weight of 

the animal (kg) (p < 0.01).
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Table 1

[THg] in Hair and Blood and [ΣPCBS] in Blood for 11 Arctic Foxes Caught in 2007a

animal ID sex blood THg (ppb) hair THg (ppm) blood Σ(40)PCBs (ppb)

AFX07–001 M 12.3 0.55 2.47

AFX07–002 F 20.6 0.81 2.97

AFX07–003 M 17.9 1.02 0.18

AFX07–004 M 5.5 0.39 0

AFX07–005 F 27.9 1.46 0

AFX07–006 M 22.1 0.59 0.51

AFX07–007 F 12.2 0.44 0

AFX07–008 F 26.6 0.74 0.77

AFX07–009 F 55.5 5.1 3.17

AFX07–010 M 18.3 0.75 0.07

AFX07–011 F 31.4 1.73 4.67

a
Blood [THg] values are shown as wet weight in parts per billion, and hair [THg] values are given as dry weight in parts per million. [ΣPCBS] 

values in blood are shown for 40 PCB congeners and expressed in (ng/g) wet weight.
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