
Comparative Biochemistry and Physiology, Part A 152 (2009) 524–534

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part A

j ourna l homepage: www.e lsev ie r.com/ locate /cbpa
Changes in glucocorticoids, IGF-I and thyroid hormones as indicators of nutritional
stress and subsequent refeeding in Steller sea lions (Eumetopias jubatus)

Tiphaine Jeanniard du Dot a,⁎, David A.S. Rosen a, Julie P. Richmond b, Alexander S. Kitaysky c,
Steven A. Zinn b, Andrew W. Trites a

a Marine Mammal Research Unit, Department of Zoology and Fisheries Center, University of British Columbia, 2202 Main Mall, Vancouver, British Columbia, Canada V6T 1Z4
b Department of Animal Science, University of Connecticut, 3636 Horsebarn Rd. Ext., Storrs, CT 06269, USA
c Department of Biology and Wildlife, Institute of Arctic Biology, University of Alaska Fairbanks, Irving 311, Fairbanks, AK 99775, USA
⁎ Corresponding author. Tel.: +1 6048229150; fax: +1
E-mail address: dudot@zoology.ubc.ca (T. Jeanniard

1095-6433/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.cbpa.2008.12.010
a b s t r a c t
a r t i c l e i n f o
Article history:
 Physiological responses to c

Received 19 August 2008
Received in revised form 12 December 2008
Accepted 13 December 2008
Available online 25 December 2008

Keywords:
Sea lion
Glucocorticoids
IGF-I
Thyroid
Nutritional stress
Hormonal regulation
hanges in energy balance are tightly regulated by the endocrine system through
glucocorticoids, IGF-I and thyroid hormones. Changes in these hormones were studied in eight captive
female Steller sea lions that experienced changes in food intake, body mass, body composition, and blood
metabolites during summer and winter. During a period of energy restriction, one group of sea lions was fed
reduced amounts of Pacific herring and another was fed an isocaloric diet of walleye pollock, after which
both groups returned to their pre-experimental diets of herring. Cortisol was negatively and IGF-I was
positively associated with changes in body mass during periods of energy restriction (mass loss associated
with increase in cortisol and decrease in IGF-I) and refeeding (body mass maintenance associated with stable
hormone concentrations in summer and compensatory growth linked to decrease in cortisol and increase in
IGF-I in winter). Cortisol and IGF-I were also correlated with changes in lipid and lean mass, respectively.
Consequently, these two hormones likely make adequate biomarkers for nutritional stress in sea lions, and
when combined provide indication of the energetic strategy (lipid vs lean mass catabolism) animals adopt to
cope with changes in nutrient intake. Unlike type of diet fed to the sea lions, age of the animals also impacted
hormonal responses, with younger animals showing more intense hormonal changes to nutritional stress.
Thyroid hormones, however, were not linked to any physiological changes observed in this study.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Natural habitats are neither constant nor completely predictable,
and animals must continuously adjust to these environmental
variations (Wingfield and Kitaysky, 2002). Regulation of energy intake
and expenditure is an essential part of these adjustments, and is linked
to the survival and reproductive success of animals in their natural
environment (Lavigne et al., 1982). Insufficient quantity or quality of
food, conditions that Steller sea lions might chronically encounter in
thewild (Trites andDonnelly, 2003), results in animalsmodifying their
physiologies and behaviours to rebalance their energy budgets (Stini,
1969; Waterlow, 1986; Lawson et al., 1997; Schmidt-Nielsen, 1997;
Boyd, 2002; Trumble et al., 2003). Ultimately these physiological
changes are regulated by complex, interconnected endocrine systems.
Determining how changes in hormone concentrations are influenced
by external factors such as diet type, age, and season that all impact
nutritional physiology of Steller sea lions during periods of energy
restriction (Rosen and Trites, 2005; Kumagai et al., 2006; Jeanniard du
6048228180.
du Dot).
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Dot et al., 2008), can help to understand the regulatory mechanisms
behind changes in body composition, partitioning of the energy intake,
and ultimately life history of these animals.

Endocrine response to nutritional stress (in terms of food quantity or
quality) primarily, but not exclusively, involves the somatotropic, gluco-
corticoid, and thyroid hormones (Hornick et al., 2000; Robson et al.,
2002). Hormones from the somatotropic axis, including insulin-like
growth factor-I [IGF-I], are involved in protein and lipid metabolism as
well asmineralmetabolism and bone growth (Breier,1999; Butler and Le
Roith, 2001) while glucocorticoids (cortisol and free cortisol) are known
to be involved in lipid metabolism, and correlate with unpredictable life
situations such as energy intake shortages (Kitaysky et al., 2001b; Reeder
and Kramer, 2005). Thyroid hormones (triiodothyronine [T3], and
thyroxine [T4]) are essential for growth,metabolism, and thermogenesis
in mammals (Kelly, 2000). During a negative energy balance, GH and
glucocorticoidsusually increasewhile concentrations of IGF-I and thyroid
hormones decrease (Table 1) which are linked to a cessation of growth, a
sparing of protein and an increase in lipolysis (Hornick et al., 2000), an
overall decrease in energy expenditures through reduction in metabolic
rates (Buonomo andBaile,1991; Yambayamba et al.,1996;Weinsier et al.,
2000), and a modification of development and behaviour in birds and
mammals (Moberg, 1985; Ortiz et al., 2001a; Kitaysky et al., 2003).
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Table 1
Predicted and observed changes of blood concentrations of cortisol and free cortisol, IGF-I, total T3, total and free T4, BUN/creatinine, NEFA and β-HBA in 8 female Steller sea lions
during period of energy restriction followed by periods of refeeding in summer and winter

Parameter Predicted resultsa Observed results Related to loss of endogenous
energy reservesEnergy

restriction
Refeeding Energy restriction Refeeding

Summer Winter Summer Winter

Cortisol ↑ ↓ ↑ ↑b 0 ↓b − (lipids)
Free cortisol ↑ ↓ ↑ ↑b 0 ↓b − (lipids)
IGF-I ↓ ↑ ↓b ↓ 0 0 or ↑b + (proteins)
Total T3 (TT3) ↓ ↑ ↓ ↓ or ↑c 0 ↑ NA
Total T4 (TT4) ↓ ↑ 0 ↓ 0 ↑ NA
Free T4 (fT4) ↓ ↑ 0 0 0 0 NA
TT3:TT4 ↓ ↑ ↓c ↓ then ↑c ↓ 0 NA
BUN:creatinine ↑ ↓ 0 ↑ or 0c ↑ ↓ or 0c − (proteins)
NEFA ↑ ↓ ↓c ↑ 0 ↓ no
β-HBA ↑ ↓ 0 NA 0 NA no

Significant relations between changes in blood variables and changes in endogenous energy reserves during the course of the experiments are also indicated.
− and + means negatively and positively related to endogenous energy reserves (type in brackets).

a Predicted results are based on literature information from (Bergendahl et al., 1996; Buonomo and Baile,1991; Castellini et al., 1993; Eales,1988; Hornick et al., 2000; Kitaysky et al.,
2001a,b; Moberg, 1985; Rea et al., 1998; Reeder and Kramer, 2005; Renaville et al., 2002; Robson et al., 2002; Thissen et al., 1994; Weinsier et al., 2000).

b means difference between age groups.
c means difference between diet groups.
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While somatotropic, glucocorticoid, and thyroid hormones reg-
ulate lipid or protein metabolism during periods of energy restriction,
changes in tissue catabolism should also be reflected in blood
concentrations of relevant metabolite by-products. In fasting animals,
concentrations of non-esterified fatty acids (NEFA) and ketone bodies
(beta-hydroxybutyrate, [β-HBA]) usually indicate lipid catabolism
while concentrations of nitrogen waste in the blood (blood urea
nitrogen, BUN) reflect changes in protein catabolism (Castellini et al.,
1993; Rea et al., 2000; Mellish and Iverson, 2001). However, these
variables may not accurately reflect the source of tissue catabolism
during a milder energy restriction (when the rate of mass loss is less
than during a fast) and will be additionally affected by concentrations
of dietary protein and lipid intake (Narayanan and Appleton, 1980;
Ramsay et al., 1991).

Interpreting the relationship between hormones and responses to
nutritional stress is complex. Metabolism and hormone concentra-
tions of mammals in general, and Steller sea lions, in particular, may
vary naturally throughout the year with photoperiod or breeding
status, and by age of the animals independent of nutritional stress
(Engelhardt and Ferguson, 1980; Little, 1991; Thissen et al., 1994; Hall
et al., 1998; Haulena et al., 1998; Wingfield and Kitaysky, 2002;
Kumagai, 2004b; Myers et al., 2006; Mashburn and Atkinson, 2007).
Concentrations of glucocorticoids are generally greater during the
breeding season in summer in vertebrate species (Sangalang and
Freeman, 1976; Bartsh et al., 1992; Romero, 2002), while circulatory
concentrations of IGF-I are greater in younger animals (Aujard et al.,
2004) and in humans (Lamberts et al., 1997). Type of diet (protein/lipid
ratio) also seems to influence hormone concentrations (Nap et al.,
1993) and physiological response to nutritional stress (Kumagai et al.,
2006; Jeanniard du Dot et al., 2008). Consequently, it is essential to use
controlled studies to separate the impact of each variable (diet quality,
level of energy intake, season, and age of the animal) on the endocrine
systems to understand the potential impacts of resulting physiological
responses during periods of energy restriction.

The primary goal of this study was to investigate the impact of
season, age, and type of diet on the endocrine regulation in Steller
sea lions during and after nutritional stress. Hormone measure-
ments were discussed in reference to changes in body mass, body
composition, and energetic priorities. We hypothesized that the
endocrine response to nutritional stress would differ between
animals fed a different type of diet since it induces differential
loss of lean and lipid mass (Kumagai et al., 2006; Jeanniard du Dot et
al., 2008). We also expected the endocrine response to nutritional
stress would be more intense in winter when energetic demands are
greater, and in younger animals that have greater mass-specific
energetic needs compared with older sea lions (Winship et al.,
2002). Efficacy of blood metabolites and hormones as tools to
evaluate nutritional stress of the animals was also assessed. Defining
the relationship between the endocrine system and metabolic and
energetic status will expand our understanding of the mechanisms
of energetic adjustments available to Steller sea lions, and ultimately
shed light on how changes in diet quality and quantity may be
affecting animals' health in the wild.

2. Material and methods

2.1. Experimental design

Our study was conducted with the approval of the University of
British Columbia Animal Care Committee, under Permit No. A04-0169.
Experiments were conducted at the Vancouver Aquarium (BC,
Canada) in the summer (June–August) 2005 and winter (January–
March) 2006, on 8 female Steller sea lions (Eumetopias jubatus) (five 3-
year old juveniles and three 5-year old sub-adults). The animals were
randomly assigned to one of the two experimental groups, Group H or
Group P, which were kept identical for the two seasons.

Each trial consisted of three phases, starting with a 28-day baseline
(B) during which all the animals were fed their usual daily ration (i.e.
energy intake tomaintain bodymass or sustain a slowgrowth) of Pacific
herring (Clupea pallasii). The sea lions were then placed on a 28-day
restriction treatment (R) during which energy intake was reduced by
approximately 20–30%. Juveniles in both diet groups were given 260 kJ
kg−1 d−1 of food and sub-adults received 230 kJ kg−1 d−1 (to buffer age/
size differences and to result in a maximum 15% change in body mass).
The two diet groups were given the same restricted level of energy
(isocaloric diets), but Group H was fed exclusively Pacific herring and
GroupPwas fedonlywalleyepollock (Theragra chalcogramma). Lipid and
energy contents were less for pollock than for herring which resulted in
Group P eating 30% and 60%more fish thanGroupH during the summer
and winter energy restrictions, respectively, in order to obtain similar
energy intakes between the two groups. The restrictionwas followed by
a 28-day controlled refeeding (CR) period during which each sea lion
received the same diet and energy intake of Pacific herring as they had
received during the baseline phase. Subsamples of the herring and
pollock were analyzed for their proximate chemical composition by
Northwest Labs (Surrey, BC, Canada) and thegross energy contents of the
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fish were calculated using the energy conversion factors provided by
Schmidt-Nielsen (1997): 39.3 kJ g−1 for lipid and 18 kJ g−1 for protein
(proximate compositionoffish available in, JeanniardduDotet al., 2008).
No vitamins or medicines were added to the diet during the
experiments.

2.2. Data acquisition

Food intake (±0.02 kg d−1), energy intake (kJ d−1), and bodymass of
each animal (±0.1 kg, animal voluntary standing still on a scale) were
recorded daily. Measurements of body composition and blood sample
collection were performed in the morning before the first meal of the
day (~18 h overnight fast) and every two weeks (at the end of the
baseline period [B4], during 2nd and 4th week of restriction [R2, R4],
and of controlled recovery [CR2, CR4]). Blood sampleswere taken from
the caudal gluteal vein at similar times in the day (±1 h) throughout the
experiments to avoid potential influence of circadian rhythms on
circulating hormone concentrations. Procedures were performed
while animalswere under anaesthesia (isoflurane) andwith veterinary
supervision. Blood samples for hormone concentration and isotopic
measurements were collected into serum separator tubes and EDTA
tubes (plasma) andwere centrifuged (959 g for 5min). Sera andplasma
were then stored at −70 °C. Body composition was determined using
the deuterium dilution technique validated in pinnipeds (Reilly and
Fedak, 1990). Total body water, body fat mass and fat-free or leanmass
were calculated using the equation derived from Arnould et al. (1996)
(more details on the procedure in Jeanniard du Dot et al., 2008).
Changes in the percent of fat and lean mass over time and changes in
either component expressed as a percent of the total body mass loss
were calculated in reference to the baseline measurement.

Thyroid hormones (total thyroxine [TT4], total triiodothyronine
[TT3] and free thyroxine [fT4]) and bloodmetabolites (BUN, creatinine,
NEFA and β-HBA) concentrations were measured at the Central
Veterinary Laboratory (Langley, BC, Canada). Thyroid hormones were
measured by radioimmunoassay (RIA). Total T4 was measured using
Immulite® canine Total T4 kit (Siemens Medical Solution Diagnostics)
with intra-and inter-assays variation of 3.9% and 5.2%. Total T3 was
measured using Coat-A-Count® Total T3 kit (SiemensMedical Solution
Diagnostics) that had 6.6% and 5.9% of intra- and inter-assay coefficient
of variations. Concentrations of BUN and creatinine were measured
using Urea Nitrogen Flex™ and Creatinine Flex™ reagent cartridges
(Dimension® clinical chemistry system). Intra- and inter-assay
Table 2
Body mass, body condition, gross energy intake, and fish biomass intake of eight female Ste

Season Diet group Phase Mass (kg) Mass change (%) Body condition (% fat)

Summer H B4 108.88 (21.18) NA 20.10 (1.65)
R2 110.63 (23.24) −4.53 (0.19) 14.83 (1.13)
R4 98.65 (18.97) −9.29 (1.10) 12.23 (1.46)
CR2 101.37 (20.68) −12.26 (0.83) 16.59 (0.66)
CR4 96.10 (17.12) −11.06 (1.44) 17.06 (1.89)

P B4 131.35 (23.59) NA 16.96 (1.20)
R2 128.45 (23.60) −2.45 (0.55) 15.28 (0.77)
R4 120.40 (21.81) −8.42 (0.61) 14.22 (1.28)
CR2 118.10 (21.66) −10.29 (0.69) 17.43 (1.89)
CR4 118.33 (21.76) −10.14 (0.70) 14.26 (0.58)

Winter H B4 121.70 (19.73) NA 20.21 (0.86)
R2 115.45 (18.81) −5.17 (0.22) 17.79 (1.14)
R4 110.50 (18.88) −9.51 (0.85) 14.65 (1.44)
CR2 114.85 (18.10) −5.46 (0.73) 22.14 (2.04)
CR4 119.50 (17.74) −1.27 (1.40) 22.34 (0.71)

P B4 143.60 (21.94) NA 19.32 (1.43)
R2 139.85 (21.76) −2.74 (0.65) 19.74 (1.66)
R4 134.30 (21.19) −6.68 (1.14) 19.63 (1.46)
CR2 136.25 (20.65) −5.04 (1.16) 21.74 (2.31)
CR4 139.75 (20.14) −2.26 (1.06) 21.76 (1.57)

Measurements were taken at the end of the baseline (4th week, B4) and at week 2 and 4 of
change are calculated in reference to concentrations at the end of the baseline (B4). Numbe
coefficients of variation were 2.6% and 4.8% respectively for the BUN
tests and 0.6% and 1.1% for the creatinine tests. The BUN:creatinine
ratio was used as an indicator of protein catabolism (BUN) while
controlling for the impact of protein load in the diet on the BUN
concentrations (creatinine). Non-esterified fatty acids and β-HBAwere
measured by enzymatic colorimetric methods using the Wako NEFA C
test kit (ACS-ACOD method) and the enzymatic β-hydroxybutyrate
reagent set (Pointe Scientific, Iic.). Intra- and inter-assay variations
were 1.1% and 2.7% for NEFA respectively and 1.7% and 5.2% for β-HBA.

Concentrations of IGF-I were quantified by RIA previously
validated for Steller sea lion serum at the University of Connecticut
(Richmond, 2008) using rabbit-anti-human antisera as the primary
antibody (AFP4892898, National Hormone & Peptide Program), and
the secondary antisera to rabbit γ-globulin was produced in goats
(Calbiochem EMB Biosciences). Intra-assay variation was 5.1% and
inter-assay variation was 6.4%. Glucocorticoids were analysed at the
University of Alaska Fairbanks using techniques validated for Steller
sea lions detailed in Kitaysky et al. (2007). Cortisol was analysed by
RIA in duplicates using cortisol antiserum 07-121016 (ICN Biomedical
Inc. Costa Mesa CA, USA). The sensitivity of the technique was 7.8 pg/
tube and the intra- and inter-assay variations were 2% and 9%
respectively. Free cortisol was measured using a cortisol-binding
globulin assay according to previously established protocols (Breuner
and Orchinik, 2002; Love et al., 2004). Average intra- and inter-assay
and inter-assay variations were 2.5% and 6.2% respectively. Free
cortisol titers were estimated using the equation of Barsano and
Baumann (1989).

Daily (DMR) and standard (SRMA) metabolic rates in air were mea-
sured by open circuit respirometry every two weeks concurrent with
body composition and hormone concentration determinations. All
metabolic procedures are detailed in Jeanniard du Dot et al. (in press).
Sea lionswere enclosed in a largemetabolic chamber containing a small
pool with enough room for the animals to perform their daily routine
during 24 h for measurement of DMR. They were enclosed in a small
metabolic dry chamber for 1 h for measurement of SMRA.

2.3. Statistical analyses

Repeated-measures variables in these experiments were analyzed
with linear mixed-effects models (lme) using R 2.4.0 (nlme library
from Pinheiro et al., 2007). The lme models were fitted such that
comparisons within a variable over the course of the experiments
ller sea lions in diet groups H and P in summer 2005 and winter 2006

Body condition change (%) Gross energy intake (kJ/d) Fish biomass intake (kg/d)

NA 35.43 (5.75) 4.83 (0.78)
−27.94 (6.43) 27.07 (3.92) 3.69 (0.53)
−37.43 (10.32) 27.07 (3.92) 3.69 (0.53)
−17.92 (12.40) 34.65 (6.07) 4.83 (0.78)
−14.45 (7.95) 34.65 (6.07) 4.83 (0.78)

NA 40.73 (7.13) 5.55 (0.97)
−8.33 (9.09) 31.64 (4.64) 5.82 (0.85)
−15.92 (5.99) 31.64 (4.64) 5.82 (0.85)
−13.47 (10.10) 39.78 (6.74) 5.55 (0.97)
−14.27 (8.48) 39.78 (6.74) 5.55 (0.97)

NA 47.59 (5.21) 6.13 (0.67)
−13.56 (3.45) 30.34 (3.78) 3.91 (0.49)
−26.98 (8.15) 30.34 (3.78) 3.91 (0.49)
18.20 (16.98) 45.33 (5.71) 5.84 (0.74)
10.69 (1.50) 45.33 (5.71) 5.84 (0.74)

NA 47.53 (4.58) 6.13 (0.59)
2.23 (4.08) 34.35 (3.94) 7.76 (0.89)
1.65 (1.24) 34.35 (3.94) 7.76 (0.89)
11.86 (4.89) 46.74 (4.66) 6.02 (0.60)
13.82 (9.09) 46.74 (4.66) 6.02 (0.60)

the restriction (R2 and R4) and of the controlled refeeding (CR2 and CR4). The rates of
rs in brackets represent the standard errors of the means.



Table 3
Serum concentrations of total and free cortisol and IGF-1 of eight female Steller sea lions
during the summer 2005 and winter 2006 experiments

Season Phase Age Total cortisol
(ng ml−1)

Free cortisol
(ng ml−1)

IGF-1
(ng ml−1)

Summer B4 Juvenile 93.70 (5.13) 27.12 (4.32) 333.39 (22.56)
R2 102.61 (4.57) 52.18 (4.51) 211.18 (16.02)
R4 104.17 (3.04) 49.68 (3.65) 131.30 (12.80)
CR2 110.67 (4.66) 55.48 (5.22) 133.87 (23.63)
CR4 109.56 (8.34) 47.00 (9.78) 130.75 (21.88)
B4 Subadult 68.58 (5.00) 6.00 (2.48) 288.25 (69.04)
R2 91.75 (15.05) 39.67 (10.90) 261.80 (52.84)
R4 85.98 (0.83) 28.10 (0.40) 206.59 (19.04)
CR2 80.11 (7.82) 16.98 (5.56) 219.07 (28.16)
CR4 90.15 (10.53) 23.87 (8.94) 213.29 (19.57)

Winter B4 Juvenile 82.91 (6.51) 12.91 (4.86) 134.67 (13.62)
R2 103.32 (4.10) 34.51 (5.93) 65.46 (4.11)
R4 114.91 (6.10) 51.75 (6.38) 61.10 (8.80)
CR2 109.79 (7.29) 41.69 (5.75) 81.84 (13.39)
CR4 102.26 (4.75) 33.77 (2.13) 94.22 (5.72)
B4 Subadult 78.03 (6.37) 10.39 (4.67) 143.41 (23.97)
R2 97.16 (7.75) 26.18 (2.03) 111.42 (17.75)
R4 91.89 (6.51) 30.72 (12.12) 94.84 (21.41)
CR2 102.59 (9.89) 32.14 (12.37) 109.79 (39.24)
CR4 99.69 (9.50) 32.25 (15.38) 87.96 (20.55)

Measurementswere taken at the end of the baseline (4thweek, B4) and atweek 2 and 4 of
the restriction (R2 andR4) andof the controlled re-feeding (CR2 andCR4). The averages are
given per age group and numbers in brackets represent the standard error of the means.
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were made in reference to the baseline measurement before the start
of the restriction. Models' assumptions were verified and any
autocorrelation or heterogeneity of variance of within-group residuals
was corrected for each model as explained by Pinheiro and Bates
(2000). Fixed effects considered were diet group, experimental phase,
age, season, or interaction between these terms. Random effects
grouped by individuals depended on best models fit. Sample size for
all hormones and blood metabolites was 40 in the summer and 47 in
the winter. Relationships between concentrations of hormones or
metabolites and body mass, body composition, and daily or standard
metabolic rates (DMR or SMRA) of the animals were also analyzed
using linear mixed effect models. The best model fits were estimated
by AIC. Data values provided as means±SE and all p values were
extracted from the mixed effect model summaries. Statistical
significance for each parameter estimate was set at α=0.05.

3. Results

3.1. Body mass and body composition

The body mass and body composition data were detailed in
Jeanniard du Dot (2008) and are summarized in Table 2. Animals lost
approximately 10–15% of their initial body mass during the periods of
energy restrictions. Rates of mass loss were similar in both seasons
(pN0.17) and between diet (pN0.55) and age groups (pN0.06). In
summer, animals in Group H lost themajority of bodymass from body
fat and conserved lean tissues, while Group P lost significantly less
body fat and more lean tissues (all pb0.01), as determined by
differences in body composition between the different phases. In
winter, lipid loss was overall slightly (but not significantly, p=0.11)
less than in summer for all animals. Group H again lost significantly
more body fat and less lean mass compared with Group P (pb0.01)
that lost around 80% of their body mass as lean mass. During the
subsequent controlled refeeding in summer, the animals did not
regain body mass when returned to their baseline diet but remained
stable at the same mass as at the end of the restriction treatment
(p=0.24). During this month, proportion of lean and fat tissues in the
body attained pre-restriction levels for both groups (pN0.46). During
the winter controlled recovery, however, all sea lions rapidly regained
the previously lost mass due to rates of mass gain that were 7.3±1.4%
greater than the rates of mass gain observed during the baseline
period (pb0.0001). This compensatory mass gain was accomplished
mostly by storing body fat. The age of animals had no significant effect
on the changes observed in body composition at any time throughout
the experiments or in any season (all pN0.05).

3.2. Glucocorticoids

3.2.1. Effects of diet composition
Experimental diet (low-quantity high-energy fish for Group H and

high-quantity, low-energy fish for Group P during the restrictions)
was never a factor impacting absolute concentrations or relative
changes in glucocorticoids during the experiments (all pN0.10).

3.2.2. Effects of age and season
In summer, relative changes (compared with baseline concentra-

tions) of cortisol and free cortisol concentrations were similar for both
age groups during the restriction and the controlled refeeding (p=0.46
and p=0.14) even though juveniles started the experiments with
greater baseline concentrations (cortisol: 93.70±5.13 ng mL−1 and
68.58±5.00 ng mL−1, free cortisol: 27.12±4.32 ng mL−1 and 6.00±
2.48 ng mL−1 for juveniles and subadults respectively, Table 3).
Animals responded to the experimental restriction of daily energy
intake by increasing glucocorticoid secretion (Fig. 1 and Table 1).
Concentrations of cortisol were 20% greater and concentrations of free
cortisol were approximately three times greater during both the
restriction and the controlled refeeding, compared with the baseline
concentrations, (all pb0.04; Fig. 1a, b).

In winter, cortisol concentrations increased significantly during the
restriction treatment for the juveniles (25–40% increase from 82.91±
6.51 ng mL−1 at B4, all pb0.01), but changes were not significant for
subadults (all pN0.05, Table 3). Overall, juveniles had greater cortisol
concentrations than subadults at the end of the restriction (p=0.04). For
the subadults, cortisol concentrationswere only elevated above baseline
concentrations in the middle of the controlled refeeding (p=0.05,
otherwise all pN0.08), while free cortisol concentrations increased
throughout the winter experiment (from 10.39±4.67 ng mL−1 at B4 to
30.72±12.12 ng mL−1 at R4, all pb0.01). Juveniles showed a five-fold
increase in concentrations of free cortisol during winter restriction
compared with baseline concentrations (all pb0.001; Fig. 1a, b). During
the controlled refeeding, concentrations tended to decrease slightly but
were still greater than the baseline values (pN0.01). Free cortisol
concentration were greater for the juveniles compared with the
subadults only at the end of the restriction (p=0.05).

3.2.3. Relationships to body mass, body composition and blood metabolites
Concentrations of cortisol and free cortisol were negatively related

to changes in body mass of the sea lions in winter (both pb0.001)
while only free cortisol concentrations were related to changes in
body mass in summer (p=0.01). Diet group, age of the animals, and
season did not affect the relationships between glucocorticoid
concentrations and body mass (all pN0.09). Cortisol and free cortisol
were significantly related to body condition (body fat as a percent of
total mass [TBF%], both pb0.03) independent of season and diet group
(all pN0.07), but were not related to changes in body condition (pN0.1,
Fig. 2a, b). However, the slope of the relationship between cortisol and
body condition was greater for juveniles than subadults (p=0.009).
Finally, NEFAwas related to free cortisol and cortisol concentrations in
winter (all pb0.03) but not in summer (all pN0.39).

3.3. Insulin-like growth factor-I

3.3.1. Effects of diet composition
Diet group never affected changes in IGF-I concentrations in either

season (all pN0.10).



Fig. 2. Relationships between blood concentrations of free cortisol (ng mL−1) and body condition (% of fat in the body) (a), and between free cortisol and relative changes in body fat
(compared to baseline concentrations) (b) in the 8 female Steller sea lions during the summer (open circles and dashed line) and winter (closed circles and plain line) experiments.
The linear relationships were fitted using mixed-effects models. There were no seasonal difference in the relationships' slopes in (a) (p=0.82), but intercepts were statistically
different (p=0.0005).

Fig.1.Mean±SE serumconcentration of free cortisol and IGF-I in eight female Steller sea lions segregated by age class (filled diamonds: juveniles and opendiamonds: subadults)measured
at the end of the baseline (B4), and after 2 and 4weeks of restricted food intake (R2 and R4) and a controlled refeeding (CR2 and CR4) period. The two graphs on the left (a and c) represent
the data collected during the summer 2005 experiment and the two graphs on the right (b and d) during the winter 2006 experiment. The asterisks indicate significant within-group
differences compared to the respective B4 measurement.
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Fig. 3. Relationship between change in lean bodymass and serum concentration of IGF-I (ngmL−1) (a), the blood urea nitrogen [BUN]/creatinine ratio and serum concentration of IGF-I
(ng mL−1) (b) and BUN/creatinine ratio and changes in lean body mass (%) (c) in eight female Steller sea lions in summer 2005 (open circles and dashed lines) and winter 2006 (closed
circles and plain lines). Slopes and intercept were similar between season for graph (c), represented by a unique dotted line. The linear relationships were fitted using linear mixed-
effects models and were all significant (all pb0.01). Slopes in graphs (a) and (c) were similar between seasons (both pN0.43) but were different in graph (b) (p=0.04).
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3.3.2. Effects of age and season
Absolute concentrationsof IGF-I in eachphasewere overall greater in

summer than in winter (p=0.0001), and the relative decline during the
restriction was more pronounced in summer as well (Fig. 1c and d and
Table 3, all pb0.02). In summer, changes in IGF-I during the restriction
and the subsequent controlled refeeding were significantly more pro-
nounced for the juveniles than for the subadults (all pb0.0001; Fig. 1c).
Concentrations of IGF-I in juveniles were less than baseline values
(333.39±22.56ngmL−1 atB4) throughout the experiment (60%decrease
at R4 and throughout the refeeding, all pb0.0001), while in the sub-
adults the observed trend was also a decrease but not significant (all
pN0.07). As a result, absolute concentrations of IGF-I were less for
juveniles than subadults at the end of the restriction and during the
controlled refeeding (all pb0.05).

In winter, concentrations of IGF-I declined during the restriction in
both juveniles and subadults compared with baseline (all pb0.002) but
at a faster rate in juveniles (p=0.06, Fig. 1c, d and Table 3). In terms of
absolute value, juveniles showed lower concentrations of IGF-I than
subadults only in themiddle of the restriction (juveniles: 65.46±4.11 ng
mL−1, subadults: 111.42±17.75 ng mL−1, p=0.01; other phases: pN0.13).
During the controlled recovery, IGF-I concentrations were still lower
than baseline values (p=0.03 at CR1 and p=0.0005 at CR2), but changes
in concentrations were greater for juveniles compared to subaldults
(p=0.02).

3.3.3. Relationships to body mass, body composition and blood metabolites
IGF-I was positively related to body mass in both summer and

winter (both pb0.0001). These relationships were different between
seasons and between age groups (all pb0.001). Changes in concentra-
tions of IGF-I were also positively related to changes in lean bodymass
in both seasons (both pb0.002, Fig. 3a) but relationships were similar
between season, age, and diet groups (all pN0.8) and the intercept was
greater in winter (p=0.001). IGF-I concentrations were not related to
body condition (% of body fat, all pN0.08).

Changes inBUN:creatinine ratiowerenegatively related to changes in
IGF-I concentrations both in summer andwinter (both pb0.002; Fig. 3b)
and the winter slope was significantly less than summer one (p=0.01).
Finally, IGF-I was negatively related to free cortisol concentration, and
positively related to TT4 in both seasons (both pb0.01). The slopes of all
these relationships were similar between seasons (both pN0.18), but not
their intercepts (bothpb0.007). IGF-1was only related toTT3 in summer
(pb0.0001) but not in winter (p=0.58).



Fig. 4.Mean±SE serum concentration of total T3 (nM) in eight female Steller sea lions segregated by diet groups (circles: group H, triangles: group P) in summer 2005 (a) and winter
2006 (b). Measurements were taken at the end of the baseline (4th week, B4) and at week 2 and 4 of the restriction (R) and of the controlled refeeding (CR). The asterisks indicate
significant within-group differences compared to respective B4 measurement.

Fig. 5. Mean±SE changes in ratio of total T3 (TT3)/total T4 (TT4) in eight female Steller
sea lions in summer 2005 (filled squares) and winter 2006 (open squares). Measure-
ments were taken at the end of the baseline (4th week, B4) and at week 2 and 4 of the
restriction (R2 and R4) and of the controlled refeeding (CR2 and CR4). Asterisks indicate
the within-group differences compared to the respective B4 measurements.
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3.4. Thyroid hormones

3.4.1. Effect of age
Age never affected absolute concentrations or relative changes of

thyroid hormones compared to the baseline measurement during the
summer and winter experiments (all pN0.35, Fig. 5).

3.4.2. Effects of diet composition and season
In summer, relative changes in concentrations of TT3 during the

restrictionand the controlled refeedingwere similar for bothdiet groups
(all pN0.20; Fig. 4). Concentrations of TT3 were significantly less than
baseline concentrations (1.01±0.10 nM) from the end of the restriction
(R4: −35% at 0.61±0.08 nM) until the end of the experiment (0.74±
0.08 nM at CR4, all pb0.02). Concentrations of TT4 and fT4 were not
affected by diet group (all pN0.09) or by energy restriction and the
subsequent recovery in the summer (all pN0.21, baseline concentrations
TT4: 14.00±0.80nMand fT4: 25.75±2.52 pM). Overall, the TT3/TT4 ratio
decreased significantly during the restriction in summer (from 0.073±
0.008 at B4 to 0.054±0.008 at R4, pb0.002) and did not return to
baseline until the end of the controlled refeeding (0.065±0.009 at CR4,
p=0.27).

In winter however, diet group significantly affected changes in TT3
concentrations during the restriction (p=0.0005, Fig. 4). Concentrations
of TT3 for Group P decreased during the restriction relative to baseline
values (−50% decrease from 1.15±0.05 nM at B4 to 0.55±0.05 nM at R4)
and although still less than baseline concentrations, increased slightly
during the controlled refeeding, (−35% decrease and 0.75±0.03 nM at
CR4, all pb0.03). Concentrations of TT3 for Group H were generally
stable compared with the baseline (0.68±0.09 nM at B4, all pN0.08),
except for a temporary increase in the middle of the restriction (65%
increase at 1.15±0.12 nM, p=0.01), when TT3 concentrations were
greater for Group H comparedwith for Group P (p=0.0001). Neither fT4
nor TT4 were affected by diet group in winter (all pN0.09). Concentra-
tions of fT4 remained constant (21.87±1.81pMatB4 and25.83±3.88pM
at R4) but TT4 concentrations decreased (~25%) during the restriction
(from 12.63±1.18 nM at B4 to 9.38±1.64 nM at R4, pb0.04) before
returning to baseline concentrations during the controlled refeeding
(12.25±1.13 nM at R4, pN0.05). Finally, concentrations of TT3/TT4
increased in the middle of the restriction (from 0.075±0.010 at B4 to
0.130±0.032 at R2, p=0.03) but returned to baseline concentrations at
the end of the restriction and remained stable during the controlled
refeeding (0.073±0.008 at CR2, all pN0.30). Group P had lower TT3/TT4
ratios at the end of the restriction in both seasons comparedwith Group
H (both pb0.01). Overall, changes in thyroid hormones were similar
between season at all measurement points (all pN0.22) except for TT3
and TT3/TT4 ratio at R2 (both pb0.02) (Fig. 5).

3.4.3. Relationship with metabolic rates
Daily metabolic rate (DMR) and standard metabolic rate in air

(SRMA) were measured in the course of the summer and winter
experiments and results were published in Jeanniard du Dot et al. (In
press). Neither TT3, TT4, nor fT4 showed a significant relationship
with the measured DMR or SRMA (all pN0.1).

3.5. Blood metabolites

3.5.1. Effects of age
Age of the animals did not alter changes in BUN:creatinine ratio,

NEFA, or β-HBA during the restriction periods or the controlled re-
feedings (all pN0.10).
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3.5.2. Effects of diet composition and season
In summer, blood parameters were not influenced by the fish type

animals were eating (all pN0.06). BUN:creatinine ratios were greater
than baseline concentrations only in the middle of the controlled
refeeding (109.88±4.71 compared with baseline concentration: 96.57±
3.43, p=0.01), but not during the energy restriction period (94.49±6.50
at R4). This was due to an increase in BUN (from 8.00±0.33 mMat B4 to
9.00±0.45 mM at CR2) rather than a decrease in creatinine (83.88±
8.25 µM at B4 to 82.50±4.32 µM at CR2). In addition, restriction
triggered a decrease in concentrations of NEFA in summer (all pb0.02)
for all animals, but the decreasewas greater (p=0.04) forGroupH (1.02±
0.29mM, atB4, 0.43±0.07mMatR4 and0.35±0.05at CR4) thangroupP
(0.47±0.07 mM at B4, 0.78±0.27 mM at R4 and 0.69±0.27 at DCR4).
Finally, β-HBA concentrations remained stable at baseline concentra-
tions (0.08±0.04 mM) throughout the summer experiment (0.03±0.02
both at R4 and CR4, all pN0.10).

In winter however, diet composition had a significant impact
during the restriction treatment on concentrations of BUN/creatinine
(R2: p=0.02 and R4: p=0.03). Animals in Group P displayed an
increase in BUN/creatinine ratio during the restriction (28% increase
from 90.12±5.9 during the baseline to 112.9±6.6 after 2 weeks of
restriction p=0.05 and 42% at 126.2±2.9 after 4 weeks p=0.005) and a
following decrease during the controlled refeeding to return to
baseline concentrations (95.4±6.0 at CR4). The increase in BUN/
creatinine ratio for group P during the restriction was due to both a
decrease in creatinine and an increase in BUN from 95.25±5.68 µM
and 8.50±0.27 mM at B4 to 80.50±4.23 µM and 10.10±0.82 mM
respectively. Ratio of BUN/creatinine for Group H stayed constant
throughout the experiment (95.37±8.5 at B4, 105.4±3.9 at R4 and
107.1±7.7 at CR2; all pN0.05) due to concentrations of both BUN and
creatinine remaining around baseline concentrations (8.10±0.38 mM
and 87.00±9.64 µM, respectively). Absolute BUN/creatinine ratios
were greater for Group P relative to Group H during the winter
restriction (both pb0.03). Concentrations of NEFA increased during
thewinter restriction (50% increase from0.42±0.06mMat B4 to 0.65±
0.10 mM at R4, p=0.03) and returned to baseline concentrations
during the controlled refeeding (0.54±0.10 mM at CR4, p=0.22), with
no significant difference between diet groups (p=0.62). Finally, 75% of
the blood samples tested in winter for concentrations of β-HBA were
too close to the detection limit of the measurement kits (detection
limit: 0.01 mM) to evaluate concentrations accurately. Consequently
statistical analysis was not possible on this parameter in winter.

3.5.3. Relationships to body mass and body composition
Changes in BUN/creatinine concentrations were negatively related

to changes in lean body mass both in summer (p=0.02) and in winter
(pN0.005) with no significant effect of diet group, age, or season (all
pN0.1, Fig. 3c). Neither changes in NEFA nor β-HBA were related to
changes in body fat (pN0.07).

4. Discussion

4.1. Endocrine changes during mild energy restriction

Concentrations of glucocorticoids, IGF-I, and thyroid hormones are
known to vary with energy intake, quality and quantity of food, sex,
and age as well as external variables such as season and temperature
in mammals and birds (for clarity purposes, expected and observed
trends in blood parameter concentrations during our experiments are
summarized in Table 1) (Eales, 1988; Kitaysky et al., 2001a; Romero,
2002; Oki and Atkinson, 2004; Reeder and Kramer, 2005; Myers et al.,
2006). Among their functions, these hormones are linked to regula-
tion of body homeostasis, and lipid and protein metabolism to
optimize fitness of animals during suboptimal conditions (Ward and
Armitage, 1981). In the context of the decline of Steller sea lions, it is
essential to understand the relationship between variation in energy
budgets and endocrine factors to help interpret physiological effects of
potential chronic nutritional stress. Hormones involved in regulation
of nutritional physiology could also be used as health bioindicators of
sea lions in the wild.

In the restrictionphase of our experiment, energy intake of all the sea
lions was reduced to a level that induced significant body mass loss
(Table 1). Changes in glucocorticoid concentrations represent a major
endocrine response to stressors, includingnutritional stress, inmammals
and birds (Bergendahl et al., 1996; Ortiz et al., 2001b) and somatotropic
hormones such as IGF-I are the main inducers of growth in terrestrial
mammals (Hornick et al., 2000; Lupu et al., 2001). The two groups of
hormones were expected to be affected by nutritional stress in sea lions,
reflecting control mechanisms for body homeostasis during periods of
mass loss. The increase in cortisol and free cortisol concentrations and
the decrease of IGF-I observed in the sea lions were similar to those
observed for other mammals during nutritional stress (Mosier, 1986;
Buonomo and Baile, 1991; Ortiz et al., 2001a).This supports the notion
that IGF-I and free cortisol are involved (most likely cooperatively) in the
control of bodymasshomeostasis of sea lions inboth summerandwinter
(Goodman and Knobil, 1961; Ashwell-Erickson et al., 1986) and could
thus be used as indicators of general stress in Steller sea lions.

Although the sea lions lost mass at the same rate during the energy
restrictions, the two diet groups lost body parts (lipid mass versus lean
mass) in different proportions during mass loss (as calculated from
differential changes in body composition). There was, however, no
difference in changes in concentrations of IGF-I (preservation agents of
body protein; Breier, 1999) and glucocorticoids (mobilizing energy
stores through lipolysis; Ortiz et al., 2001a) between diet groups. This
result indicates that hormone concentrations were not directly
influenced by the type of fish eaten. However IGF-I was positively
related to changes in leanmass both inwinter and summer and to BUN/
creatinine ratios. Similarly, free cortisol concentrations were related to
absolute concentrations of body fat, as previously reported for other
pinnipeds (Ortiz et al., 2001a, 2003; Guinet et al., 2004; Kumagai,
2004b), and to concentrations of NEFA, a by-product of lipid catabolism.
This indicates that these two hormones could be used as biomarkers of
changes in lean and lipid mass respectively. In addition, even if
hormonal changes were not directly linked to type of diet fed to the
sea lions, they were linked to changes in body composition that were
themselves attributable to the experimental diet. Pairing IGF-I, found to
be a valid indicator of changes in lean mass, with free cortisol an
indicator of lipid catabolism, could thus provide insights on the strategy
of fuel utilization (lipid or protein) duringnutritional stress that either of
these hormones could not achieve alone. Among the blood metabolites
measured, only the BUN/creatinine ratiowas found to reflect differences
in bodycomposition changes between the twodiet groups andmight be
used in extreme cases as a bioindicator given that blood concentrations
decreased inwinter for Group Pwhen the animals lost up to 80% of their
body mass as lean mass (potentially from muscle). Assessing the
proportion of lean mass versus lipid mass catabolised during energy
restriction is useful to assess the long termconsequences of high- versus
low-energy density diets in sea lions, especially if animals predomi-
nantly lose lean mass which can impair organ integrity and ultimately
survival and reproduction of the animals on a chronic basis.

It is also important to consider age of the animals and season while
interpreting IGF-I andglucocorticoid concentrations, as bothparameters
were found to impact hormones concentrations. Relative decreases in
IGF-I during periods of energy restriction were greater in summer for
juvenile sea lions, even though changes in body mass and body
composition during the restriction were not age-dependant. Further-
more, absolute concentrations of free cortisol were greater for juveniles
in summer, while relative changes in free cortisol during restriction,
compared to respective baseline concentrations, were more intense for
juveniles than subadults during the winter energy restriction. This may
suggest that greater endocrine responses, at least for free cortisol and
IGF-I, are necessary for juveniles to preserve bodyhomeostasis andbody
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composition to the same level as subadults. Younger animalsmaybe less
sensitive to changes in hormone concentration compared with adults
(Govoni et al., 2003) which would require greater changes in hormones
concentrations to elicit a response to stress. Although an increase in
glucocorticoids is part of the natural acute defence response, long term
elevated concentrations of stress hormones can be detrimental, par-
ticularly for development and cognitive capacities of young animals
(Kitayskyet al., 2006). Ifwild Steller sea lions experiencemild restriction
at an early age (asmight happenwhen eating low-energy densityfish on
a chronic basis) that results in increased concentrations of stress
hormones, then growth, diving and foraging capacity and the immune
system could be impaired (St Aubin and Dierauf, 2001; Kitaysky et al.,
2003; Reeder and Kramer, 2005; Richmond et al., 2006), particularly as
young animals are more likely to suffer from nutritional stress during
suboptimal conditions since they require a higher mass-specific energy
intake than older ones (Kleiber, 1975; Winship et al., 2002).

Thyroid hormones are a third set of hormones known tobe involved
in regulation of body homeostasis during periods of nutritional stress.
Blood concentrations of thyroid hormones play an important role in
basal metabolic expenses and metabolic thermogenesis (Renouf and
Noseworthy,1991; Silva,1995; Haulena et al., 1998) andwere expected
to decrease during the energy restrictions as a mechanism to save
energy (Azizi et al., 1979; Eales, 1988; Kelly, 2000; Diez et al., 2004).
Concentrations of TT3 decreased slightly during the energy restriction
in summer and TT4 in winter. However, fT4 concentrations did not
significantly change during the experiments. Unlike data in other
pinnipeds and woodchucks (Young, 1984; Ashwell-Erickson et al.,
1986; Boily, 1996), none of the thyroid hormones were correlated to
either measure of metabolism (DMR and SMRA). This suggests that,
even if changes in thyroid hormones were linked to changes in basal
metabolic rates (not measured), responses may not have been severe
enough to impact standard and daily metabolic rates. However, the
down regulation of deiodination of T4 into T3 (as observed from TT3/
TT4 data) and the decrease of TT3 concentrations in summer likely
reflected a decrease in the anabolic activity of the thyroid hormones
even though we were not able to quantify it. Changes in thyroid
hormones were overall less pronounced than anticipated. However,
we didnotmeasure free T3, themostmetabolically active hormone nor
reverse T3 which plays an important role in the regulation of thyroid
hormone activity during nutritional stress (O'Brian et al., 1980; Kelly,
2000). Changes in their concentrations could showamore pronounced
role of thyroid hormones in Steller sea lions energy regulation than our
results indicate.

4.2. Endocrine changes during the controlled refeeding

The endocrine changes that occur during the energy restriction
phase establish the hormonal state at the beginning of the refeeding
phase. These altered concentrations likely modify the capacity of
organisms to recover from nutritional stress (Mosier, 1986; Boersma
and Wit, 1997; Hornick et al., 2000). In our study, the sea lions
displayed a compensatory increase in body mass post-restriction in
winter but not in summer (for more details, see Jeanniard du Dot et al.,
2008). The hormonal control of compensatory growth is well
documented in domestic animals and humans (Mosier, 1986; Boersma
and Wit, 1997; Hornick et al., 2000) and involves cooperative changes
in IGF-I, glucocorticoid, and thyroid hormones (Boersma and Wit,
1997). Compensatory growth usually results from an important
increase in production of IGF-I upon refeeding, especially if growth
hormone [GH] concentrations were elevated during the restriction.
Simultaneous increase in concentrations of GH and IGF-I, works
synergistically to increase anabolism providing energy for structural
growth and/or energy storage (Mosier, 1986; Van Den Brande, 1986;
Boersma and Wit, 1997).

In our study, winter concentrations of IGF-I increased to baseline
values upon refeeding when compensatory growth was observed in
combination with an increase in thyroid hormones and decrease in
cortisol. The collaborationbetween the increase in energy intake and the
signals from different endocrine systems to increase tissue synthesis
might have facilitated the occurrence of the observed spurt of growth in
the sea lions in winter, in the same way described for terrestrial
mammals (Hornick et al., 2000). Whatever the mechanisms, there
appears to be a priority for Steller sea lions to regain their ‘optimal’mass
in winter compared to summer, potentially for reproductive or
thermoregulatory reasons (Kleiber, 1975; Pitcher et al., 1998).

In summer however, this phenomenon did not occur. It is unclear
why hormone concentrations did not reach pre-energy restriction
concentrations in summer. Hormone concentrations are known to
vary seasonally (Thissen et al., 1994; Romero, 2002; Myers et al., 2006)
and could be linked to a greater structural growth in summer. If this
was the case, then seasonal differences in compensatory growth could
result from a priority to resume structural growth (to the detriment of
body energy content which might not lead to a mass increase) in
summer and a priority for energy accumulation (which increases
mass) in winter (Jeanniard du Dot et al., 2008). In addition, hormone
concentrations remained similar to those attained at the end of the
energy restriction period in summer, even though the animals
stopped losing mass. This means that under different levels of energy
intake (restriction and refeeding) the same concentrations of
hormones were linked to different levels of catabolic response and
body mass change (mass loss during restriction, maintenance during
refeeding in summer). While the increase in nutrient intake in the
controlled refeeding period did not elicit a hormonal response
sufficient to return to pre-experimental body mass, changes in
nutrient intake could be linked to changes at other levels within the
endocrine system, such as a difference in tissue sensitivity to the
hormones that could have facilitated the stop of mass loss (Wingfield
and Kitaysky, 2002). For example, circulating IGF-I is bound to IGF
binding proteins (IGFBP), which can alter IGF-I availability and
therefore biological activity in both positive and negative ways
(Jones and Clemmons, 1995). Therefore, even though the overall
IGF-I concentrations did not increase as expected with refeeding in
summer, changes in IGFBP could account for the differential response
of sea lion (Govoni et al., 2003).

It is also interesting to note that during the one-month controlled
refeeding periods in both seasons, concentrations of glucocorticoids
and IGF-I never reached the pre-restriction concentrations, even if in
winter the trends especially for juveniles were indicative of the
system returning to initial baseline concentrations. A comparison of
results between a previous study on the same animals that were fed
ad-libitum food of high energy fish after severe energy restriction
(Kumagai, 2004a; Kitaysky et al., 2007) showed that the return to
baseline concentrations of glucocorticoid was rapid and complete. In
our study however, the amount of food the animals were given during
the controlled refeeding was equal to the energy content and
composition of food they were given before the energy restriction.
In this case, the animals did not recover at all during the summer and
the hormone concentrations did not complete their return to baseline
during the one month refeeding in winter. This indicates that there
might be a cumulative effect of energy restriction/refeeding on the
nutritional axis of sea lions that is highly linked to the quantity and
type of food available to sea lions, in addition to a seasonal effect.
Importantly, in the context of the nutritional stress hypothesis, if sea
lions do not have access to ad-libitum high energy fish after a period of
energy restriction such as in this study, the recovery capacity might be
impaired or greatly delayed, especially in summer time.

5. Conclusions

All the hormones discussed above are intricately related to one
another to create a complexweb that regulates nutritional and energetic
status (Robson et al., 2002). Absolute hormone concentrations provide
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only a reductive snapshot of the very complex and dynamic endocrine
regulation of energy budget (Eales, 1988). Their actions are also subject
to changes in sensitivity at the organ level, either on a seasonal basis as
part of the natural life cycle (Romero, 2002), or as a security control in
case of chronic elevated hormone concentrations (St Aubin and Dierauf,
2001). Consequently, it is extremely difficult to assess the dominant
regulatory systems and the endocrine changes related to the physiolo-
gical responses observed. The results of our study show that a panel of
hormones from different hormone axes such as concentrations of
glucocorticoids (mostly free cortisol) and IGF-I can nevertheless be
useful tools to understand and detect the general occurrence of a mild
nutritional stress in sea lions, and to some extent the energetic strategy
(lipid versus protein mass catabolism) the animals chose to cope with
this nutritional stress and the subsequent refeeding. These data also
provide clues on how age and season affect the response of the animals
to energy restriction. Determining bioenergetic strategies of sea lions
when faced with different nutritional condition might help in under-
standing howwell the animals cope with changes in their environment
when faced with unpredictable shortage of energy intake.

Acknowledgements

We thank the training and veterinarian staff of the Vancouver
Aquarium for their role in handling and training of the sea lions, and
the research technicians for help with collecting the data. Financial
support was provided by a grant from the North PacificMarine Science
Foundation to the North Pacific Universities MarineMammal Research
Consortium, with additional support from the U.S. National Oceanic
and Atmospheric Administration.

References

Arnould, J.P.Y., Boyd, I.L., Speakman, J.R., 1996. Measuring the body composition of
Antarctic fur seals (Arctocephalus gazella): validation of hydrogen isotope dilution.
Physiol. Zool. 69, 93–116.

Ashwell-Erickson, S., Fay, F.H., Elsner, R., Wartzok, D., 1986. Metabolic and hormonal
correlates of molting and regeneration of pelage in Alaskan harbor and spotted
seals (Phoca vitulina and Phoca largha). Can. J. Zool. 64, 1086–1094.

Aujard, F., Bluet-Pajot, M.T., Zizzari, P., Perret, M., Epelbaum, J., 2004. Age-related
changes in plasma IGF-1 levels in a short living primate, the gray mouse lemur. Exp.
Gerontol. 39, 1767-1767.

Azizi, F., Mannix, J.E., Howard, D., Nelson, R.A., 1979. Effect of winter sleep on pituitary
thyroid axis in American black bear. Am. J. Physiol. 237, E227–E230.

Barsano, C.P., Baumann, G., 1989. Simple algebraic and graphicmethods for the apportion-
ment of hormone (and receptor) into bound and free fractions in binding equilibria—
or how to calculate bound and free hormone. Endocrinology 124, 1101–1106.

Bartsh, S.S., Johnston, S.D., Siniff, D.P., 1992. Territorial behavior and breeding frequency
of male Weddell seals (Leptonychotes weddelli) in relation to age, size, and con-
centrations of serum testosterone and cortisol. Can. J. Zool. 70, 680–692.

Bergendahl, M., Vance, M.L., Iranmanesh, A., Thorner, M.O., Veldhuis, J.D., 1996. Fasting
as a metabolic stress paradigm selectively amplifies cortisol secretory burst mass
and delays the time of maximal nyctohemeral cortisol concentrations in healthy
men. J. Clin. Endocrinol. Metab. 81, 692–699.

Boersma, B., Wit, J.M., 1997. Catch-up growth. Endocr. Rev. 18, 646–661.
Boily, P., 1996. Metabolic and hormonal changes during the molt of captive gray seals

(Halichoerus grypus). Am. J. Physiol. 39, R1051–1058.
Boyd, I.L., 2002. Energetics: consequences for fitness. In: Hoelzel, A.R. (Ed.), Marine

Mammal Biology: An Evolutionary Approach. Blackwell Sciences Publishing,
Oxford, Malden, pp. 247–277.

Breier, B.H., 1999. Regulation of protein and energy metabolism by the somatotropic
axis. Domest. Anim. Endocrinol. 17, 209–218.

Breuner, C.W., Orchinik, M., 2002. Plasma binding proteins as mediators of
corticosteroid action in vertebrates. J. Endocrinol. 175, 99–112.

Buonomo, F.C., Baile, C.A., 1991. Influence of nutritional deprivation on insulin-like
growth factor-I, somatotropin, and metabolic hormones in swine. J. Anim. Sci. 69,
755–760.

Butler, A.A., Le Roith, D., 2001. Control of growth by the somatropic axis: growth
hormone and the insulin-like growth factors have related and independent roles.
Annu. Rev. Physiol. 63, 141–164.

Castellini,M.A., Davis, R.W., Loughlin, T.R.,Williams, T.M.,1993. Blood chemistries and body
conditionof steller sea lionpupsatMarmot Island, Alaska.Mar.Mamm. Sci. 9, 202–208.

Diez, M., Michaux, C., Jeusette, I., Baldwin, P., Istasse, L., Biourge, V., 2004. Evolution of
blood parameters during weight loss in experimental obese Beagle dogs. J. Anim.
Physiol. Anim. Nutr. 88, 166–171.

Eales, J.G., 1988. The Influence of nutritional state on thyroid function in various
vertebrates. Am. Zool. 28, 351–362.
Engelhardt, F.R., Ferguson, J.M., 1980. Adaptive hormone changes in harp seals, phoca
groenlandica, and gray seals, Halichoerus grypus, during the postnatal period. Gen.
Comp. Endocrinol. 40, 434–445.

Goodman, H.M., Knobil, E., 1961. Some endocrine factors in regulation of fatty acids
mobilization during fasting. Am. J. Physiol. 201, 1–3.

Govoni, K.E., Hoagland, T.A., Zinn, S.A., 2003. The ontogeny of the somatotropic axis inmale
and female Hereford calves from birth to one year of age. J. Anim. Sci. 81, 2811–2817.

Guinet, C., Servera, N., Mangin, S., Georges, J.Y., Lacroix, A., 2004. Change in plasma
cortisol and metabolites during the attendance period ashore in fasting lactating
subantarctic fur seals. Comp. Biochem. Physiol. A 137, 523–531.

Hall, A.J., Green, N.J.L., Jones, K.C., Pomeroy, P.P., Harwood, J., 1998. Thyroid hormones as
biomarkers in grey seals. Mar. Pollut. Bull. 36, 424–428.

Haulena, M., St Aubin, D.J., Duignan, P.J., 1998. Thyroid hormone dynamics during the
nursing period in harbour seals, Phoca vitulina. Can. J. Zool. 76, 48–55.

Hornick, J.L., Van Eenaeme, C., Gerard, O., Dufrasne, I., Istasse, L., 2000. Mechanisms of
reduced and compensatory growth. Domest. Anim. Endocrinol. 19, 121–132.

Jeanniard du Dot, T., Rosen, D.A.S., Trites, A.W., 2008. Steller sea lions show diet-
dependant changes in body composition during nutritional stress and recovermore
easily from mass loss in winter. J. Exp. Mar. Biol. Ecol. 367, 1–10.

Jeanniard du Dot, T., Rosen, D.A.S., Trites, A.W., in press. Energy Re-Allocation During
and After Periods of Nutritional Stress in Steller Sea Lions: Low-Quality Diet
Reduces Capacity for Physiological Adjustments. Physiol. Biochem. Zool.

Jones, J.I., Clemmons, D.R., 1995. Insulin-like growth factors and their binding proteins:
biological actions. Endocr. Rev. 16, 3–34.

Kelly, G.S., 2000. Peripheral metabolism of thyroid hormones: a review. Altern. Med.
Rev. 5, 306–333.

Kitaysky, A.S., Wingfield, J.C., Piatt, J.F., 2001a. Corticosterone facilitates begging and
affects resource allocation in the black-legged kittiwake. Behav. Ecol. 12, 619–625.

Kitaysky, A.S., Kitaiskaia, E.V., Wingfield, J.C., Piatt, J.F., 2001b. Dietary restriction causes
chronic elevation of corticosterone and enhances stress response in red-legged
kittiwake chicks. J. Comp. Physiol. B 171, 701–709.

Kitaysky, A.S., Kitaiskaia, E., Piatt, J., Wingfield, J.C., 2003. Benefits and costs of increased
levels of corticosterone in seabird chicks. Horm. Behav. 43, 140–149.

Kitaysky, A.S., Kitaiskaia, E.V., Piatt, J.F., Wingfield, J.C., 2006. Amechanistic link between
chick diet and decline in seabirds? P. R. Soc. Lond., B BioL. 273, 445–450.

Kitaysky, A., Rosen, D.A.S., Trites, A.W., 2007. Endocrine response of Steller sea lions to
nutritional stress. Final Report to the Marine Mammal Research Consortium.
University of Alaska Fairbanks. 35 pp.

Kleiber, M., 1975. The Fire of Life: An Introduction to Animal Energetics. R. E. Krieger
Pub. Co., Huntington, N.Y. xxii, 453 pp.

Kumagai, S., 2004a. Seasonal differences in physiology of captive Steller sea lions
(Eumetopias jubatus) in response to short term low energy intake. Faculty of
Graduate Studies — Zoology. University of British Columbia, Vancouver, p. 95.

Kumagai, S., 2004b. Seasonal Differences in Physiology of Captive Steller Sea Lions
(Eumetopias jubatus) in Response to Short Term Low Energy Intake, MSc
Dissertation, Faculty of Graduate Studies — Zoology. University of British Columbia,
Vancouver, pp. 95.

Kumagai, S., Rosen, D.A.S., Trites, A.W., 2006. Body mass and composition responses to
short-term low energy intake are seasonally dependent in Steller sea lions
(Eumetopias jubatus). J. Comp. Physiol. B 176, 589–598.

Lamberts, S.W.J., vandenBeld, A.W., vanderLely, A.J., 1997. The endocrinology of aging.
Science 278, 419–424.

Lavigne, D.M., Barchard, W., Innes, S., Øritsland, N.A., 1982. Pinniped Bioenergetics,
Mammals in the Seas: Small Cetaceans, Seals, Sirenians, and Sea Otters. Fisheries
Series, vol. 5. FAO, Rome, pp. 191–235.

Lawson, J.W., Miller, E.H., Noseworthy, E., 1997. Variation in assimilation efficiency and
digestive efficiency of captive harp seals (Phoca groenlandica) on different diets.
Can. J. Zool. 75, 1285–1291.

Little, G.J., 1991. Thyroid morphology and function and its role in thermoregulation in
the newborn southern elephant seal (Mirounga leonina) at Macquarie Island. J. Anat.
176, 55–69.

Love, O.P., Breuner, C.W., Vezina, F., Williams, T.D., 2004. Mediation of a corticosterone-
induced reproductive conflict. Horm. Behav. 46, 59–65.

Lupu, F., Terwilliger, J.D., Lee, K., Segre, G.V., Efstratiadis, A., 2001. Roles of growth hormone
and insulin-like growth factor 1 in mouse postnatal growth. Dev. Biol. 229, 141–162.

Mashburn, K.L., Atkinson, S., 2007. Seasonal and predator influences on adrenal function
in adult Steller sea lions: gender matters. Gen. Comp. Endocrinol. 150, 246–252.

Mellish, J.E., Iverson, S.J., 2001. Blood metabolites as indicators of nutrient utilization in
fasting, lactating phocid seals: does depletion of nutrient reserves terminate
lactation? Can. J. Zool. 79, 303–311.

Moberg, G.P., 1985. Animal stress. American Physiological Society, Bethesda, USA. viii,
324 pp.

Mosier Jr., H.D., 1986. The control of catch-up growth. Acta Endocrinol., Suppl. 279, 1–7.
Myers, M.J., Rea, L.D., Atkinson, S., 2006. The effects of age, season and geographic

region on thyroid hormones in Steller sea lions (Eumetopias jubatus). Comp.
Biochem. Physiol. A 145, 90–98.

Nap, R.C., Mol, J.A., Hazewinkel, H.A.W., 1993. Age-related plasma-concentrations of
growth-hormone (GH) and insulin-like growth-factor I (Igf-I) in great dane pups
fed different dietary levels of protein. Domest. Anim. Endocrinol. 10, 237–247.

Narayanan, S., Appleton, H.D., 1980. Creatinine — a review. Clin. Chem. 26, 1119–1126.
O'Brian, J.T., Bybee, D.E., Burman, K.D., Osburne, R.C., Ksiazek, M.R., Wartofsky, L.,

Georges, L.P., 1980. Thyroid hormone homeostasis in states of relative caloric
deprivation. Metabolism 29, 721–727.

Oki, C., Atkinson, S., 2004. Diurnal patterns of cortisol and thyroid hormones in the
harbor seal (Phoca vitulina) during summer and winter seasons. Gen. Comp.
Endocrinol. 136, 289–297.



534 T. Jeanniard du Dot et al. / Comparative Biochemistry and Physiology, Part A 152 (2009) 524–534
Ortiz, R.M., Wade, C.E., Ortiz, C.L., 2001a. Effects of prolonged fasting on plasma cortisol
and TH in postweaned northern elephant seal pups. Am. J. Physiol. 280, R790–R795.

Ortiz, R.M., Noren, D.P., Litz, B., Ortiz, C.L., 2001b. A new perspective on adiposity in a
naturally obese mammal. Am. J. Physiol. 281, E1347–1351.

Ortiz, R.M., Houser, D.S., Wade, C.E., Ortiz, C.L., 2003. Hormonal changes associated with
the transition between nursing and natural fasting in northern elephant seals
(Mirounga angustirostris). Gen. Comp. Endocrinol. 130, 78–83.

Pinheiro, J.C., Bates, D.M., 2000. Mixed-Effects Models in S and S-PLUS. Springer-Verlag,
New York.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., 2007. nlme: Linear and Nonlinear Mixed-
Effects Models, R Package Version 3.1–86.

Pitcher, K.W., Calkins, D.G., Pendleton, G.W., 1998. Reproductive performance of female
Steller sea lions: an energetics-based reproductive strategy?Can. J. Zool. 76, 2075–2083.

Ramsay, M.A., Nelson, R.A., Stirling, I., 1991. Seasonal changes in the ratio of serum urea
to creatinine in feeding and fasting polar bears. Can. J. Zool. 69, 298–302.

Rea, L.D., Rosen, D.A.S., Trites, A.W., 2000. Metabolic response to fasting in 6-week-old
Steller sea lion pups (Eumetopias jubatus). Can. J. Zool. 78, 890–894.

Reeder, D.M., Kramer, K.M., 2005. Stress in free-ranging mammals: integrating
physiology, ecology, and natural history. J. Mammal. 86, 225–235.

Reilly, J.J., Fedak, M.A., 1990. Measurement of the body composition of living gray seals
by hydrogen isotope dilution. J. Appl. Physiol. 69, 885–891.

Renouf, D., Noseworthy, E., 1991. Changes in food intake, mass, and fat accumulation in
association with variations in thyroid hormone levels of harbour seals (Phoca
vitulina). Can. J. Zool. 69, 2470–2479.

Richmond, J.P., 2008. Evaluation of the Somatotropic Axis in TwoMarine Mammal Species
with Diverse Life History Strategies, PhD Dissertation, Department of Animal Science.
University of Connecticut, Storrs, pp. 183.

Richmond, J.P., Burns, J.M., Rea, L.D., 2006. Ontogeny of total body oxygen stores and
aerobic dive potential in Steller sea lions (Eumetopias jubatus). J. Comp. Physiol. B.
Biochem. Syst. Environ. Physiol. 176, 535–545.

Robson, H., Siebler, T., Shalet, S.M., Williams, G.R., 2002. Interactions between GH, IGF-I,
glucocorticoids, and thyroid hormones during skeletal growth. Pediatr. Res. 52,
137–147.

Romero, L.M., 2002. Seasonal changes in plasma glucocorticoid concentrations in free-
living vertebrates. Gen. Comp. Endocrinol. 128, 1–24.

Rosen, D.A.S., Trites, A.W., 2005. Examining the potential for nutritional stress in young
Steller sea lions: physiological effects of prey composition. J. Comp. Physiol. B 175,
265–273.

Sangalang, G.B., Freeman, H.C., 1976. Steroids in plasma of gray seal, Halichoerus grypus.
Gen. Comp. Endocrinol. 29, 419–422.
Schmidt-Nielsen, K., 1997. Animal Physiology: Adaptation and Environment. Cambridge
University Press, Cambridge. viii, 607 pp.

Silva, J.E., 1995. Thyroid hormone control of thermogenesis and energy balance. Thyroid
5, 481–492.

St Aubin, D.J., Dierauf, L.A., 2001. Stress and marine mammals. In: Dierauf, L.A., Gulland,
F.M.D. (Eds.), CRC Handbook of Marine Mammal Medicine. CRC Press, Boca Raton,
pp. 253–269.

Stini, W.A., 1969. Nutritional stress and growth — sex difference in adaptive response.
Am. J. Phys. Anthropol. 31, 417–426.

Thissen, J.P., Ketelslegers, J.M., Underwood, L.E., 1994. Nutritional regulation of the
insulin-like growth factors. Endocr. Rev. 15, 80–101.

Trites, A.W., Donnelly, C.P., 2003. The decline of Steller sea lions Eumetopias jubatus in
Alaska: a review of the nutritional stress hypothesis. Mamm. Rev. 33, 3–28.

Trumble, S.J., Barboza, P.S., Castellini, M.A., 2003. Digestive constraints on an aquatic
carnivore: effects of feeding frequency and prey composition on harbor seals. J.
Comp. Physiol. B 173, 501–509.

Van Den Brande, J.L., 1986. Catch-up growth. Possible mechanisms. Acta Endocrinol.,
Suppl. 279, 13–23.

Ward, J.M., Armitage, K.B., 1981. Circannual rhythms of food consumption, body mass,
andmetabolism in yellow belliedmarmots. Comp. Biochem. Physiol. A 69, 621–626.

Waterlow, J.C., 1986. Metabolic adaptation to low intakes of energy and protein. Annu.
Rev. Nutr. 6, 495–526.

Weinsier, R.L., Nagy, T.R., Hunter, G.R., Darnell, B.E., Hensrud, D.D., Weiss, H.L., 2000. Do
adaptive changes in metabolic rate favor weight regain in weight-reduced
individuals?An examination of the set-point theory. Am. J. Clin. Nutr. 72,1088–1094.

Wingfield, J.C., Kitaysky, A.S., 2002. Endocrine responses to unpredictable environ-
mental events: stress or anti-stress hormones? Integr. Comput. Biol. 42, 600–609.

Winship, A.J., Trites, A.W., Rosen, D.A.S., 2002. A bioenergetic model for estimating the
food requirements of Steller sea lions (Eumetopias jubatus) in Alaska, USA. Mar. Ecol.
Prog. Ser. 229, 291–312.

Yambayamba, E.S., Price, M.A., Foxcroft, G.R., 1996. Hormonal status, metabolic changes,
and resting metabolic rate in beef heifers undergoing compensatory growth. J.
Anim. Sci. 74, 57–69.

Young, R.A., 1984. Interrelationships between body weight, food consumption and
plasma thyroid hormone concentration cycles in the woodchuck, Marmota monax.
Comp. Biochem. Physiol. A 77, 533–536.


	Changes in glucocorticoids, IGF-I and thyroid hormones as indicators of nutritional stress and .....
	Introduction
	Material and methods
	Experimental design
	Data acquisition
	Statistical analyses

	Results
	Body mass and body composition
	Glucocorticoids
	Effects of diet composition
	Effects of age and season
	Relationships to body mass, body composition and blood metabolites

	Insulin-like growth factor-I
	Effects of diet composition
	Effects of age and season
	Relationships to body mass, body composition and blood metabolites

	Thyroid hormones
	Effect of age
	Effects of diet composition and season
	Relationship with metabolic rates

	Blood metabolites
	Effects of age
	Effects of diet composition and season
	Relationships to body mass and body composition


	Discussion
	Endocrine changes during mild energy restriction
	Endocrine changes during the controlled refeeding

	Conclusions
	Acknowledgements
	References




