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Abstract

Muskoxen (Ovibos moschatus), a taxonomically unique Arctic species, are increasingly
exposed to climate and other anthropogenic changes. It is critical to develop and validate
reliable tools to monitor their physiological stress response in order to assess the impacts of
these changes. Here, we measured fecal glucocorticoid metabolite (FGM) levels in
response to the administration of adrenocorticotropic hormone (ACTH) in the winter (1 1U/
kg) and summer (2 IU/kg) using two enzyme immunoassays, one targeting primarily cortisol
and the other targeting primarily corticosterone. Fecal cortisol levels varied substantially
within and among individuals, and none of the animals in either challenge showed an
increase in fecal cortisol following the injection of ACTH. By contrast, two of six (winter) and
two of five (summer) muskoxen showed a clear response in fecal corticosterone levels (i.e.,
maximal percentage increase as compared to time 0 levels > 100%). Increases in fecal corti-
costerone post-ACTH injection occurred earlier and were of shorter duration in the summer
than in the winter and fecal corticosterone levels were, in general, lower during the summer.
These seasonal differences in FGM responses may be related to the use of different individ-
uals (i.e., influence of sex, age, social status, etc.) and to seasonal variations in the metabo-
lism and excretion of glucocorticoids, intestinal transit time, voluntary food intake, and fecal
output and moisture content. Results from this study support using FGMs as a biomarker of
hypothalamic—pituitary—adrenal axis activity in muskoxen, advance our understanding of
the physiological adaptations of mammals living in highly seasonal and extreme environ-
ments such as the Arctic, and emphasize the importance of considering seasonality in other
species when interpreting FGM levels.
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1. Introduction

Muskoxen (Ovibos moschatus) are a taxonomically unique Arctic species and one of the two
main ungulate herbivores in the tundra ecosystem [1]. They occupy a wide geographic range
throughout the circumpolar Arctic, with endemic populations found in Canada and eastern
Greenland, while other populations have been introduced or re-introduced in parts of Quebec,
Alaska, Russia, Western Greenland, Norway, and Sweden during the 20" century [2]. Musk-
oxen are seasonal breeders, with mating occurring in August or September, depending on the
latitude, and animals generally reaching sexual maturity at 2 years of age [3]. Climate and
other anthropogenic changes are taking place at an unprecedented pace in the Arctic and lead-
ing to the occurrence of multiple new stressors, including a higher frequency of extreme
weather events, changes in vegetation abundance and diversity, modifications in species distri-
bution and associations, and altered exposure to pathogens [1, 2, 4, 5]. Although muskoxen
are well adapted to the Arctic environment, their very low genetic diversity renders them par-
ticularly vulnerable to these new and accelerating environmental changes [2, 6]. It is, conse-
quently, becoming crucial to develop and validate reliable tools to monitor their physiological
stress response, in order to study the effects that ecological changes are having on individuals
and populations, and to identify which factors may be affecting muskoxen the most [2].

The hypothalamic-pituitary-adrenal (HPA) axis is an important mediator of the stress
response [7]. A stressor activates the hypothalamus, which then secretes corticotropin-releas-
ing factor and arginine vasopressin to stimulate the anterior pituitary. The pituitary in turn
secretes adrenocorticotropic hormone (ACTH) that stimulates the adrenal glands to produce
glucocorticoids (GCs), mainly cortisol in muskoxen [8]. Free GCs circulating in the plasma are
primarily metabolized by the liver, and the resulting metabolites are excreted via the bile into
the intestine, where further metabolism may occur, and some of the metabolites may also be
reabsorbed (enterohepatic circulation) [9]. Glucocorticoid metabolites consequently appear in
the feces after a species-specific time delay, approximately corresponding to the intestinal tran-
sit time, from duodenum to rectum. Fecal GC metabolite (FGM) levels thus are thought to
reflect the cumulative secretion and elimination of GCs over several hours to days [10-13].

Fecal GC metabolites have been increasingly and widely used over the past 25 years as bio-
markers of the physiological stress response in free-ranging wildlife. Fecal GC metabolite anal-
ysis offers the advantage of easy and non-invasive sample collection, absence of capture and
handling feedback, and dampening of the pulsatile and diurnal fluctuations in circulating GCs
[12, 14, 15].

Glucocorticoids are generally heavily metabolized, which results in multiple metabolites,
and usually little to no native hormones, being excreted in the feces [14, 16, 17]. The cortisol
and corticosterone enzyme immunoassays (EIAs) commonly used to measure FGMs, there-
fore, rely mostly on the cross-reactivities of their antibodies to detect this diversity of metabo-
lites [18]. Glucocorticoid metabolism and excretion, the types and proportions of metabolites
formed, and consequently, which EIA will be most effective for detecting them, can vary
among species (S1 Table) [14]. For example, in Roosevelt elk (Cervus canadensis roosevelti),
Wasser et al. (2000) demonstrated that the corticosterone antibody used was superior to the
cortisol antibody to detect changes in FGMs following a pharmacological challenge [13].

Use of FGMs as a biomarker of HPA axis activity in a novel species, such as muskoxen,
requires confirmation that increases in FGM levels reflect changes in adrenal function that can
be accurately detected by EIA. Pharmacological challenges involving administration of syn-
thetic ACTH and measurement of the resulting adrenal response have been done across many
taxa and are the gold standard for validation [19]. The goal of this study was to validate the use
of FGMs as a biomarker of HPA axis activity in muskoxen. More specifically, the objective was
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to determine whether a single pharmacological stimulation of the adrenal glands (i.e., through
the administration of ACTH) was reflected in the FGM levels of muskoxen, measured using
two EIAs, one targeting primarily cortisol and the other targeting primarily corticosterone.

2. Material and methods
2.1 Animals

This study was approved by the Institutional Animal Care and Use Committee, University of
Alaska Fairbanks (protocol #1138945), the Veterinary Sciences Animal Care Committee, Uni-
versity of Calgary (protocol #AC16-0259), and the Morris Animal Foundation Animal Welfare
Advisory Board. It was done at the Robert G. White Large Animal Research Station at the Uni-
versity of Alaska Fairbanks (USA), where a population of captive muskoxen is maintained for
research and teaching purposes.

The muskoxen were housed in groups of two to six individuals based on the established
dominance hierarchies and their affinities. They were kept in outdoor pens of mixed pasture
dominated by smooth brome grass and boreal forest, varying in size from 0.4 to 11.3 ha. All
animals had access to seasonally available forage. They were also provided ad libitum fresh
grass hay (brome and bluegrass), received a daily pelleted supplement (custom milled by
Alaska Pet and Garden, Anchorage, USA), and had access to plain salt blocks. The muskoxen
had ad libitum access to water as snow in winter and in troughs throughout the rest of the
year.

All animals were accustomed to routine movement from their pens to a smaller handling
area, which led to a modified bison standing squeeze chute with a load scale for measures of
body mass (+ 1 kg).

2.2 ACTH challenges and fecal sampling

We did two ACTH challenges, one in winter, and the other in summer, 2018. The animals
were part of a broader study aiming to validate the use of hair cortisol as a biomarker of HPA
axis activity in muskoxen, which involved hair sampling at the time of the injection both in the
winter and summer [20]. The muskoxen were randomly allocated to the control (saline) and
ACTH groups as part of this broader study and were chosen to be sampled for feces based on
the ease and safety of sample collection: six animals were thus sampled in the winter and seven
in the summer, all consisting of intact males and non-pregnant females, with some of the
muskoxen switching experimental group for the summer challenge or being included in only
one of the challenges (Table 1).

Table 1. Identification (ID), sex, age, and experimental group of the animals included in the winter and summer ACTH challenges and sampled for feces.

Animal ID

MX-738
MX-740
MX-741
MX-620
MX-621
MX-597
MX-283
MX-1169

https://doi.org/10.1371/journal.pone.0249281.t001

Sex

o m IR R

o]

Winter challenge Summer challenge
Age (years) Experimental group Age (years) Experimental group
0.75 Not included 1.25 ACTH
0.75 ACTH 1.25 Control
0.75 ACTH 1.25 ACTH
1.75 ACTH 2.25 Not included
1.75 ACTH 2.25 ACTH
2.75 Not included 3.25 ACTH
5.75 ACTH 6.25 Control
6.75 ACTH 7.25 ACTH
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2.2.1 Winter challenge. On February 5™, 2018, six muskoxen (Table 1) received a 1 IU/kg
intramuscular (IM) injection of Corticotrophin (Wedgewood Pharmacy, Swedesboro, NJ,
USA, along-term release gel formulation of ACTH; concentration of 80 IU/ml) in the shoul-
der. This dosage was chosen based on similar studies done in other ungulate species [13, 21—
23]. All injections were given between 8:20 and 11:20 AM. Since this challenge served as a pilot
study to test the ACTH dose and winter field conditions rendered sampling challenging, no
control animals were included.

February is one of the coldest months in Fairbanks with an average low temperature of -
25°C, an average high temperature of -12.2°C, 120 h of sunshine, an average precipitation of
11 mm, and an average snowfall of 20.3 cm [24].

Fecal samples were collected from the six animals 0-2.6 (referred to as time 0), 2.7-7.4, 22—
24.6,29.8-33,45.3-48.2, 52.5-55.3, 68.5-74.3, and 92.5-98.8 h after the ACTH injection.
Some of the muskoxen were not sampled at each time-period because of biological challenges
(i.e., animals did not defecate during the time-period) and technical constraints (i.e., small
number of workers and limited daylight), while others were sampled several times. To collect
fecal samples, animals (all well habituated to humans) were observed from a distance until
they defecated. They were then approached slowly and the entire fecal pile was collected with
gloves from the ground. Feces were immediately placed in a Whirlpack® and then in a cooler
with icepacks for a maximum of 4 h before being stored frozen at —20°C. Samples were
shipped frozen to the Endocrinology Laboratory of the Toronto Zoo for FGM analysis, no
later than 3 months’ post-collection.

2.2.2 Summer challenge. On July 23™, 2018, five muskoxen received a 2 IU/kg IM injec-
tion of Corticotrophin in the shoulder. Two control animals were administered an equivalent
volume of physiological saline (0.9% of sodium chloride), IM (Table 1). The dose of 2 IU/kg,
twice that of the previous challenge, was given because there were some non-responders, based
on FGM analyses, during the winter challenge (see Results). All injections were given between
9:00 AM and 12:00 PM.

July is the warmest month in Fairbanks with an average low temperature of 11.3°C, an aver-
age high temperature of 22.8°C, 274 h of sunshine, and an average precipitation of 55 mm [24].

Feces, sampled as indicated for the winter challenge, were collected the day before (referred
to as time 0), and then 6.7-8.4, 22-24.9, 29-33.2, 45.5-48.5, 53.3-57.4, 68.8-72.3, and 90.8-96
h after the ACTH/saline injection from the five ACTH-injected and two control animals.

2.3 Hormone analyses

All hormone analyses were done at the Endocrinology Laboratory of the Toronto Zoo. Both
cortisol and corticosterone EIAs were used to quantify FGMs in this study. To validate the
EIAs, immunological similarities between the standard and sample hormones were evaluated
by assessing parallel displacement between the standard curve and a serial dilution of a pooled
muskox fecal extract. Sample dilution was selected based on 50% binding of the pooled sample
curve. The recovery of exogenous hormone added to pooled muskox fecal extracts was also
tested. The percentage recovery was calculated as (amount observed/amount expected) x 100,
with the amount observed corresponding to the value obtained for the spiked sample minus
the amount of endogenous cortisol in the unspiked fecal extract and the amount expected cor-
responding to the amount of standard cortisol added.

As detailed in Carlsson et al. (2016), GCs were extracted from 0.5 g of each fecal sample by
rotating overnight (16-18 h) at room temperature in 5 mL of 80% methanol-distilled water.
Samples were then centrifuged for 10 min at 2,400g and the supernatant (fecal extract) was
decanted and stored in glass vials at —20°C until further analysis [25].
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Samples were removed from the freezer and thawed at room temperature prior to analysis.
For cortisol analysis, 40 pl of fecal extract was evaporated in a fume hood at room temperature
and the dried extracts were then reconstituted in 160 pl of assay buffer for a 1:4 dilution. For
corticosterone analysis, 80 ul of fecal extract was evaporated in a fume hood at room tempera-
ture and the dried extracts were then reconstituted in 160 pl of assay buffer for a 1:2 dilution.
Fecal cortisol and corticosterone metabolites were measured using the appropriate EIA proto-
cols described by Majchrzak et al. 2015 and Baxter-Gilbert et al. 2014, respectively [26, 27].
Cortisol antibody and cortisol horseradish peroxidase conjugate dilutions were 1:10,250 and
1:33,400, respectively. Corticosterone antibody and corticosterone-HRP conjugate dilutions
were 1:298,000 and 1:100,000, respectively. The detection limits of these assays were 34.5 pg/
ml (cortisol) and 82.1 pg/ml (corticosterone). The cross-reactivities of the cortisol and cortico-
sterone EIAs used were 100% to the parent hormone and < 10 or < 15% with other GCs,
respectively (C. Munro, University of California, Davis, CA, USA; S1 File).

All concentrations were assayed in duplicate, with the mean of the two results presented as
data. Only the duplicates with coefficients of variation (CVs, calculated as (standard deviation/
mean) X 100) < 10% were accepted, and if CV was > 10%, duplicate quantitation was repeated
on a second run. Data are presented as nanograms of hormone metabolites per gram of wet
feces (ng/g). Due to the use of both a cortisol- and a corticosterone-specific EIA for GC metab-
olite detection in the fecal extracts, the terms “fecal cortisol” and “fecal corticosterone” will be
used for simplicity in the results to refer to the FGMs detected by the cortisol and corticoste-
rone EIAs, respectively. Results are presented as descriptive data and plots were done using the
R software version 3.4.4 [28].

3. Results
3.1 EIA validation

Serial dilutions of a pooled muskox fecal extract showed parallel displacement with the standard
curves for both the cortisol (Pearson’s correlation coefficient (r) = 0.987, p < 0.01) and cortico-
sterone (r = 0.971, p < 0.01) EIAs (S1 File). Recovery of exogenous hormone added to a pooled
muskox fecal extract was 117.6 £ 2.4% (r = 0.999, p < 0.001) for cortisol and 75.5 + 2.8%
(r=0.999, p < 0.001) for corticosterone (S1 File). Intra-assay CVs were 6.0 and 9.5%, and inter-
assay CVs were 9.2 and 3.7%, for the cortisol and corticosterone assays, respectively.

3.2 FGMs

Fecal cortisol levels varied substantially within and among individuals, and none of the ani-
mals in either challenge showed an increase in fecal cortisol following the injection of ACTH.
Results from the cortisol EIA are consequently presented in the S2 File.

Fecal corticosterone levels varied among individuals during both the winter and summer
challenges. Two of six (winter) and two of five (summer) muskoxen showed a clear response
following the injection of ACTH (Fig 1 and Table 2). Increases in fecal corticosterone post-
ACTH injection occurred earlier and were of shorter duration in the summer than in the win-
ter (Fig 1 and Table 2). Fecal corticosterone levels were also, in general, lower during the sum-
mer than during the winter challenge (Fig 1).

During the winter challenge, MX-283 exhibited a maximal percentage increase in fecal cor-
ticosterone of 229% at 47 h post-ACTH injection and levels subsequently decreased by 55 h.
For MX-1169, fecal corticosterone concentrations started increasing after 25 h before reaching
a peak at 55 h, corresponding to a 394% increase, and decreasing back to levels similar to those
measured at time 0 by 95 h. The other four muskoxen (MX-740, MX-741, MX-620, and MX-
621) had maximal percentage increases less than 70% (Fig 1 and Table 2).

PLOS ONE | https://doi.org/10.1371/journal.pone.0249281  April 14, 2021 5/14


https://doi.org/10.1371/journal.pone.0249281

PLOS ONE

Fecal glucocorticoid metabolites reflect hypothalamic—pituitary—adrenal axis activity in muskoxen

MX-597 MX-738 MX-620
o o o
5% 100~ 57 100- & % 100-
33 53 s 8
38 22 22
oL 9L SZ
£e gt g3
39 82 8o
72 5 2 50 72 %]
3 S 3
w w w
0- 04 0-
0 2 50 75 100 0 2 50 75 100 0 2 50 75 100
Time post ACTH injection (h) Time post ACTH injection (h) Time post ACTH injection (h)
MX-741 MX-1169 MX-621
2 2 2
S3 100+ S 100- S @100~
58 28 83
72 22 22
o 9% 8=
S S® S3
2 B2 2
82 82 8o
329 2% 32 %
3 3 ]
w w w
04 04 0- T
0 2% 50 7% 100 0 2% 50 7% 100 0 2 50 75 100
Time post ACTH injection (h) Time post ACTH injection (h) Time post ACTH injection (h)
MX-283 MX-740
2~ 2
5% 100~ 2100~
58 58
39 30
t3od 8T
£3 £3
8o | 89 |
z2 % g2 %
& & 2
1P N 5 S ) R 51 .—\/—"‘\/
04 07
0 2 50 75 100 0 2 50 7% 100
Time post ACTH/saline injection (h) Time post ACTH/saline injection (h)

Fig 1. Individual fecal corticosterone levels of the muskoxen as a function of the time following a single injection
of ACTH during the winter (ACTH dose 1 IU/kg-n = 6) and/or of ACTH or saline (control) during the summer

(ACTH dose 2 IU/kg-n = 5 ACTH-injected and n = 2 controls). Winter data are indicated as grey lines. Data for the
ACTH-injected and control animals during the summer challenge correspond to the black and red lines, respectively.

https://doi.org/10.1371/journal.pone.0249281.g001

During the summer challenge, for MX-741 and MX-1169, fecal corticosterone concentra-
tions increased by 228 and 2,814%, respectively, at approximately 7 h post-ACTH injection
before decreasing back to levels similar to those measured at time 0 by 22 h. MX-597 exhibited
a 776% increase in fecal corticosterone at 55 h. The other two ACTH-injected animals (MX-
738 and MX-621) had maximal percentage increases lower than 70% (Fig 1 and Table 2). The

Table 2. Maximal percentage increase in fecal corticosterone as compared to time 0 levels for the muskoxen given a single injection of ACTH (1 IU/kg) during the
winter and/or a single injection of ACTH (2 IU/kg) or saline (control) during the summer, and the respective times post-injection at which it was observed.

Winter challenge Summer challenge

Animal Experimental Maximal percentage increase in Time post- Experimental Maximal percentage increase in Time post-

1D group fecal corticosterone (%) injection (h) group fecal corticosterone (%) injection (h)
MX-738 / / / ACTH 64 7
MX-740 ACTH 13 53 Control 237 94
MX-741 ACTH 17 25 ACTH 228 7
MX-620 ACTH 0* 0* / / /
MX-621 ACTH 69 45 ACTH 0* 0*
MX-597 / / / ACTH 776 55
MX-283 ACTH 229 47 Control 25 45
MX-1169 ACTH 394 55 ACTH 2,814 7

*The maximal fecal corticosterone concentration was measured at time 0.

https://doi.org/10.1371/journal.pone.0249281.t1002
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two control animals, MX-740 and MX-283, exhibited a maximal percentage increase of 237%
at 94 h and 25% at 45 h, respectively (Fig 1 and Table 2).

4. Discussion

In this study, we demonstrated that a corticosterone EIA could detect changes in FGM levels
following pharmacological stimulation of the HPA axis with the administration of ACTH. By
contrast none of the animals in either challenge showed an increase in fecal cortisol in
response to the pharmacological challenge. This is likely due to the cortisol antibody not cross-
reacting with the metabolites present in the feces of muskoxen. The cortisol EIA will not be
discussed further and FGMs in the remainder of this manuscript refer to those measured with
the corticosterone EIA. We observed seasonal differences in the timing and duration of the
increase in FGMs post-ACTH injection, as well as in FGM levels in general. Despite limita-
tions associated with working with a large non-domesticated arctic ungulate in captivity, this
work advances our understanding of FGMs in muskoxen, and provides insights into the inter-
pretation of FGM levels for other species.

During both the winter and summer challenges, there was a high variability among individ-
uals in the presence and magnitude of their response to a single dose of ACTH, as well as in
the timing of the peak and duration of the increase in FGMs post-injection. Similar inter-indi-
vidual variations have been reported in other ungulates (e.g., Rocky mountain goats (Oream-
nos americanus) [29], reindeer (Rangifer tarandus tarandus) [30]; S1 Table). These could be
due to a variety of factors, including sex, age, reproductive status, health condition, and/or
“individual” characteristics, such as genetic background or past and recent experiences, which
may influence GC levels, the responsiveness of the HPA axis, and the metabolism and excre-
tion of FGMs [19, 31]. In this study, the same individual (i.e., MX-1169) exhibited the highest
increase in both challenges. Additionally, differences in the age and sex of the muskoxen may
explain some of the inter-individual variability in FGM responses. During the summer chal-
lenge, MX-1169 (2,814% increase) was a sexually mature female, whereas MX-738 and MX-
741, which exhibited peaks of lower magnitude (64 and 228% increase, respectively), were
male yearlings. A lower responsiveness of males was found during a pharmacological challenge
in reindeer [21] and increased HPA axis responsiveness with age has been described in other
vertebrate species [31]. By contrast, reproductive status is likely not an influential factor in this
study as (i) we included only non-pregnant females; (ii) breeding occurs in September at this
location; and (iii) we did not use sexually mature males in July, a time at which they would
have started to exhibit increased agonistic interactions associated with the approach of the rut.
Multiple aspects of the social environment, such as the social status of the animals and the sta-
bility of the social hierarchy, may also affect GC levels [32]. Even though the dominance hier-
archies were well established in the various groups of muskoxen, it is possible that the social
interactions and status of individuals influenced our results. Additionally, animal ‘origin” may
have contributed to the inter-individual differences in FGM responses as all except two of the
muskoxen were born and raised in captivity, with MX-1169 and MX-283 brought into captiv-
ity from the wild as calves. However, this is unlikely, as a study in bighorn sheep (Ovis cana-
densis) found that, once acclimated, animals born in the wild and brought into captivity had
similar HPA axis responses to animals born and raised in captivity [33]. A larger sample size
would have allowed us to carry out statistical analyses and better assess the influence of sex,
age, and other influential factors on the FGM results.

The fecal sampling regime may also have contributed to the inter-individual variations
observed. If collections are not sufficiently frequent, the peak response for some animals may
be missed. For example, by not collecting the fecal samples voided between 8 and 24 h post-
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injection during the summer challenge, we likely detected only the beginning of the FGM
increase in MX-738 and MX-741 and probably missed the response entirely for MX-597 and
MX-621. The possibility of having missed peak samples in some animals emphasizes the
importance of collecting and testing, when feasible, feces from all fecal voidance events during
the expected time of response. We observed relatively low maximal percentage increases of
13% at 53 h, 17% at 25 h, and 69% at 45h in three animals (MX-740, MX-741, and MX-621,
respectively) during the winter challenge (Fig 1), and two other animals (MX-620 —-winter and
MX-621 —summer) had their maximal FGM levels measured at time 0. These zero and low
maximal increases may reflect the unusually high FGM concentrations measured at time 0.
We are unaware of the occurrence of a previous stressful event that may have caused these
high time 0 levels. Ideally, because of intra-individual variations, multiple samples (rather than
just a single sample, as was done in this study) should be collected prior to adrenal stimulation
to establish an FGM baseline [19]. Finally, it is possible that some animals exhibited a low or
an absence of response to the ACTH administered as has been highlighted in other studies
(e.g. [21,29, 34]).

The timing and magnitude of the peaks in FGMs that we detected, as well as the timing of
return to baseline levels, are comparable to those measured following pharmacological chal-
lenges in other even-toed ungulate species (S1 Table). The 2,814% increase observed in MX-
1169 during the summer challenge sits at the high end of the ranges of FGM peak magnitudes.
The summer FGM peak timing of 7 h with a return to time 0 levels by 22 h post-injection
would be closest to the responses measured in reindeer [30], caribou (Rangifer tarandus granti)
[21], cattle (Bos taurus) [10, 35], and sheep (Ovis aries) [35]. The later peaks and long responses
observed during the winter challenge (i.e., peak in FGMs at 47 h with a decrease by 55 h in
MX-283 and increase after 25 h followed by a return to time 0 levels by 95 h in MX-1189) are
at the high end of the ranges measured in other even-toed ungulate species, but such responses
have been observed in reindeer [21] and dromedary camels (Camelus dromedaries) [36].

Increases in FGMs post-ACTH injection occurred earlier and were of shorter duration in
the summer than in the winter. While the differences observed between the two challenges
may be the result of the different doses of ACTH administered (1 IU/kg in the winter and 2
IU/kg in the summer), this is unlikely. In cattle, an increased dosage of ACTH did not affect
the peak value or the timing of the cortisol response in serum, but was associated with an elon-
gation of the response [37]. We would, therefore, have expected a longer FGM response in the
summer with the higher ACTH dose. While comparisons between the two challenges must be
made with caution because of differences in ACTH dosage, sampling times, and animals used
(i.e., with a possible influence of the multiple factors discussed for inter-individual variations),
our data suggest that metabolism of GCs and intestinal transit time were faster in the summer
than in the winter (Fig 1). The few studies that have compared seasonal responses of FGMs to
ACTH administration have had differing results depending on the species. A study of reindeer
in Norway in which FGMs were measured following a pharmacological challenge in the winter
and a stressful event (i.e., calf marking) in the summer found no major differences in the tim-
ing of the FGM elevation [30]. A study in white-tailed deer (Odocoileus virginianus) detected
earlier peaks in FGMs following a pharmacological challenge in the winter (10-13 h post-
ACTH injection) compared to the fall (20-24 h) [38]. Finally, a study in cattle found longer lag
times between elevated plasma GC levels and peak FGM concentrations following ACTH chal-
lenges in the autumn (14.8 + 0.47 h (mean + SD)) compared to the spring (8.61 + 0.26 h) [10].
Seasonal differences in FGM responses may be related to seasonal variations in type and quan-
tity of food intake, as well as differences in liver metabolism and conjugation rates, bacteria
action as they further metabolize GCs in the intestines, and fecal output and moisture content
[10, 38]. Muskoxen live in a highly seasonal environment characterized by a short summer
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with access to abundant forage of high quality, during which they accumulate important fat
reserves, followed by a long winter of restricted access to generally limited and low-quality for-
age [3]. To conserve energy in the extreme winter conditions, muskoxen down-regulate their
metabolism and lower their energy expenditure and body temperature [39-41], which would
explain a possible slower metabolism of GCs during this period. Studies on intestinal transit
times in muskoxen have consistently found that these were slowest during the winter (S2
Table) [42-44]. Based on the high seasonal, inter and intra-individual variations highlighted in
these studies (S2 Table), we cannot exclude the range of 7-hour to 47-hour intestinal transit
time that we detected depending on the season and based on the timing of the FGM peak.
Finally, voluntary food intake [45] and frequency of defecation (Di Francesco, personal obser-
vation) were higher during the summer, which may have also contributed to the seasonal dif-
ferences we observed. Radiometabolism studies, which involve the injection of a radiolabeled
steroid hormone and subsequent collection of all the excreta voided, typically represent the
gold-standard to determine the metabolism and excretion pathways of steroid hormones [19].
Undertaking such a study in muskoxen both in winter and summer would help to refine the
seasonal variations in this species.

FGM levels were also, in general, higher during the winter than during the summer chal-
lenge (Fig 1). This finding is in line with the lower hair cortisol concentrations measured in
the summer than during the fall and winter in wild muskoxen [46]. Similar seasonal variations
in FGM levels have been observed in goral (Naemorhedus griseus) [47] and red deer (Cervus
elaphus) [48]. These may reflect the reduced metabolic rate and voluntary food intake of musk-
oxen in winter with a shift towards catabolic metabolism [48, 49].

Two muskoxen in the summer challenge had significant increases in FGMs at 55h (776%)
and 94 h (237%) post-ACTH and saline injection, respectively. It is likely that these correspond
to an independent stimulus, rather than a delayed experimental response. While we were not
able to identify a possible stressful event that could explain these increases, this may support
the corticosterone EIA’s potential to detect biological HPA axis responses.

The performance of the cortisol and corticosterone EIAs used in this study differed. While
the corticosterone EIA detected responses to the pharmacological challenge in several musk-
oxen, the cortisol EIA did not detect any changes post-ACTH injection (S2 File) and was thus
not used in subsequent studies. Multiple studies have highlighted differences in assay perfor-
mance for FGM quantification depending on the species. Due to species-specific differences in
hormone metabolism during transit through the gut, the excreted metabolites vary in structure
and proportion, and consequently, will only be effectively detected using an antibody that
cross-reacts with the specific structures present (S1 Table). For example, a study in giraffes (Gir-
affa camelopardalis) found variations both between the animals and among the six EIAs used to
quantify FGMs following an ACTH injection [50], and the contrasting results of two pharmaco-
logical challenges done in reindeer may have been due to the use of different EIAs (see S1 Table
for study details) [21, 30]. While the corticosterone EIA detected responses in several musk-
oxen, an EIA more specifically targeting the metabolites excreted by this species may have
allowed us to more reliably detect changes in FGMs with greater consistency across animals.
Access to high-performance liquid chromatography data would have enabled us to separate and
characterize the metabolites excreted by the muskoxen, and consequently to determine whether
another assay would have been better suited to measure FGMs in this species.

5. Conclusion

We have illustrated, through two pharmacological challenges in captive muskoxen, that the
FGM response following the administration of ACTH can be measured in this unique arctic
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ungulate species using a corticosterone EIA. This is encouraging with respect to using FGMs
as a biomarker of HPA axis activity in muskoxen. Fecal GC metabolites have been widely used
to inform wildlife conservation in a variety of species and settings (e.g., [51-53]). This tool can
now be applied to assess the impact of various stressors (e.g., weather conditions, anthropo-
genic activities) in muskoxen and to investigate the relationship between FGM levels and
health indicators (e.g., parasite richness and infestation intensity or exposure to various bacte-
rial and viral pathogens). This is particularly important to evaluate in the Arctic, where rapid
climate warming is leading to increased environmental changes and altered host-pathogen
interactions, as evidenced, for example, by the recent range expansion of two major muskox
lungworms in the Canadian Arctic Archipelago [54, 55].

Our results also suggest that there are seasonal variations in the metabolism and excretion
of GCs, as well as in intestinal transit time, in muskoxen. These findings advance our under-
standing of the physiological adaptations of mammals living in highly seasonal and extreme
environments such as the Arctic, and emphasize the importance of considering seasonality in
other species when interpreting FGM levels.
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