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ABSTRACT

Temperature has unequivocal effects on several aspects of fish physiology, but the full extent of its interaction
with key endocrine signaling systems to influence metabolic function remains unknown. The aim of the current
study was to assess the individual and combined effects of elevated temperature and hyperthyroidism on hepatic
metabolism in juvenile lake whitefish by quantifying mRNA abundance and activity of key metabolic enzymes.
Fish were exposed to 13 (control), 17 or 21°C for 0, 4, 8 or 24 days in the presence or absence of low-T,
(1 ug x g body weight ~!) or high-T, (10 ug X g body weight ') treatment. Our results demonstrate moderate
sensitivity to elevated temperature in this species, characterized by short-term changes in mRNA abundance of
several metabolic enzymes and long-term declines in citrate synthase (CS) and cytochrome ¢ oxidase (COX)
activities. T4-induced hyperthyroidism also had several short-term effects on mRNA abundance of metabolic
transcripts, including depressions in acetyl-coA carboxylase 3 (accf) and carnitine palmitoyltransferase 18 (cpt1f),
and stabilization of cs mRNA levels; however, these effects were primarily limited to elevated temperature
groups, indicating temperature-dependent effects of exogenous T4 treatment in this species. In contrast, maximal
CS and COX activities were not altered by hyperthyroidism at any temperature. Collectively, our data suggest
that temperature has the potential to manipulate thyroid hormone physiology in juvenile lake whitefish and,
under warm-conditions, hyperthyroidism may suppress certain elements of the B-oxidation pathway without
substantial impacts on overall cellular oxidative capacity.

1. Introduction

Temperature directly impacts nearly all aspects of physiology and is,
consequently, one of the most pervasive and influential stressors en-
countered in the environment. In recent decades, thermal shifts asso-
ciated with climate change have become a topic of global concern
which can have far-reaching effects on both local and global species
distribution patterns in fish and other aquatic ectotherms (Brander
et al., 2003; Britton et al., 2010; Cline et al., 2013; Perry et al., 2005), as
well as their physiological responses (Somero, 2010; Woodward et al.,
2010). Climate change models predict an increase in global air tem-
peratures between 1.4 and 3.1 °C without intervention to reverse the
current rates of greenhouse gas emissions (IPCC, 2014). Furthermore,
temperate regions in the northern hemisphere are anticipated to be
heavily impacted by these climate shifts (IPCC, 2014). When combined
with seasonal variability experienced in mid-range northern latitudes,
thermally-sensitive, cool-water fish species such as the lake whitefish
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(Coregonus clupeaformis), may be placed at significant risk of physiolo-
gical stress associated with exposure to chronic elevated temperatures
or those approaching the extreme ends of their preferred temperature
range.

Fish are ectothermic and do not actively regulate body temperature
through endogenous mechanisms. Thus, metabolic enzymes are directly
influenced by ambient thermal conditions, which can have a profound
impact on metabolic pathways regulating energy supply and demand
(Blier and Guderley, 1988; Hardewig et al., 1999; Schnurr et al., 2014).
Metabolic remodeling following long-term exposure to high or low
temperatures has been observed in several fish species (Johnston and
Dunn, 1987), but is primarily observed in those that inhabit temperate
regions (Battersby and Moyes, 1998; Blier and Guderley, 1988; Duggan
et al., 2011; Little et al., 2013; Lucassen et al., 2006; Sidell, 1980).
Effects of temperature on fish are complex and diverse ranging from
those on whole-body parameters to individual tissues and cells
(Johnston and Dunn, 1987). Some compensatory responses to cold
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acclimation include increases O, consumption rates (Guderley and
Johnston, 1996; Little et al., 2013; Moon et al., 1985), metabolic scope
(Little et al., 2013), mitochondrial density (Dhillon and Schulte, 2011;
Guderley, 2004) and the activity of certain oxidative enzymes
(Battersby and Moyes, 1998; McClelland et al., 2006). These increases
have primarily been attributed to compensation for the loss of enzyme
activity as temperatures decline, with the aim of maintaining cellular
homeostasis (Johnston and Dunn, 1987). The majority of studies ex-
amining phenotypic plasticity under chronic thermal stress conditions
have focused on oxidative metabolism associated with the carbohydrate
metabolism by glycolysis, the tricarboxylic acid cycle (TCA) and elec-
tron transport chain (ETC) (Battersby and Moyes, 1998; Blier and
Guderley, 1988; Bremer et al., 2012; Bremer and Moyes, 2011; Dhillon
and Schulte, 2011; Duggan et al.,, 2011; Guderley, 2004; Hardewig
et al., 1999; McClelland et al., 2006; O'Brien, 2011; Windisch et al.,
2011). However, secondary pathways of intermediary metabolism, such
as lipid oxidation and alternate carbohydrate pathways, play a pivotal
role in overall energy consumption by supplying substrates for sub-
sequent oxidative processes. Studies in fish have demonstrated sig-
nificant metabolic shifts with respect to the preference of lipid and
carbohydrate pathways following temperature change (Way-Kleckner
and Sidell, 1985; Sephton and Driedzic, 1991; Bailey et al., 1999;
Johnston and Dunn, 1987; Moon et al., 1985; Tocher et al., 2004;
Windisch et al., 2011), suggesting temperature exerts significant con-
trol over intermediary metabolic pathways in addition to the oxidative
metabolism core.

The full adaptive potential for metabolic remodelling in response to
elevated temperatures in cool-water fish is unknown, as are the me-
chanisms responsible for initiating and mediating these responses.
Although metabolic control occurs to some extent through allosteric
regulation (Brownsey et al., 2006; Cohen, 1991) and sensing of energy
stores (Mullur et al., 2014), there is also evidence that these pathways
are under both thermal (Bermejo-Nogales et al., 2014; Rodnick and
Sidell, 1994) and endocrine (Polakof et al., 2010; Vijayan and
Leatherland, 1989) influence in fish, including via thyroid hormones
(Chen et al., 2015; Gupta and Thapliyal, 1991; Kao et al., 1999; Leary
et al., 1996; Little et al., 2013; Peter and Oommen, 1993; Peter et al.,
1996; Shivakumar and Jayaraman, 1984; Zak et al., 2017). The meta-
bolic effects of thyroid hormones (THs) are well established in mam-
mals (Cioffi et al., 2013; Hulbert, 2000; Weitzel and Iwen, 2011) and
becoming increasingly recognized in fish (Gupta and Thapliyal, 1991;
Kao et al., 1999; Little et al., 2013; Peter and Oommen, 1993; Zak et al.,
2017). To date, documented effects of THs on metabolic processes in
fish range from whole-body responses, such as O, consumption (Leary
et al., 1996; Little et al., 2013; Peter and Oommen, 1993) and increases
in blood triglyceride levels (Plisetskaya et al., 1983; Vargas-Chacoff
et al., 2016), to cellular-level effects such as the activity of key enzymes
(Chen et al., 2015; Kao et al., 1999; Peter and Oommen, 1993; Peter
et al., 1996). For instance, exogenous THs transiently decrease the ac-
tivity of the rate-limiting enzyme of fatty acid biosynthesis, acetyl-coA
carboxylase (ACC), in sea lamprey (Petromyzon marinus) liver (Kao
et al., 1999) and increase cytochrome c oxidase (COX) activity in both
climbing perch (Anabas testudineus Bloch; Peter and Oommen, 1993;
Peter et al., 1996) and tilapia (Oreochromis mossambicus; Shivakumar
and Jayaraman, 1984). Hypothyroidism has also been linked to de-
creases in both the transcript abundance and activity of the lipogenic
enzymes 6-phosphogluconate dehydrogenase (6PGD), glucose 6-phos-
phate dehydrogenase (G6PD) and fatty acid synthase (FAS), but an
increase in the rate-limiting enzyme of mitochondrial -oxidation,
carnitine palmitoyltransferase 1 (CPT1) in yellow catfish (Pelteobagrus
fulvidraco; Chen et al., 2015). The presence of inter- and intra-species
variability in these TH responses (Etkin et al., 1940; Gupta and
Thapliyal, 1991; Leary et al., 1996; Little et al. 2013; Peter and
Oommen 1993; Umminger, 1978) suggests metabolic effects in fish
could also be under the influence of additional environmental factors,
such as temperature (Gupta and Thapliyal, 1991).
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From an ecological perspective, studies on the effects of en-
vironmentally-relevant temperatures and their potential regulation via
THs are best suited for temperate species that routinely experience large
annual thermal fluctuations. The lake whitefish (Coregonus clupea-
formis) is a cool-water, temperate species inhabiting freshwater systems
across North America (Bernachez and Dodson, 1991; Holmes et al.,
2002), many of which are geographically isolated. As a member of the
salmonid family, lake whitefish are closely related to well-studied
model species such as the rainbow trout (Oncorhynchus mykiss) and
Atlantic salmon (Salmo salar). However, compared to other cool-water
species that inhabit a similar geographic range such as the northern
pike (Esox lucius) and coho salmon (Oncorhynchus kisutch), lake white-
fish prefer cooler temperatures and have reduced tolerance to elevated
temperatures (Wismer and Christie, 1987). The preferred temperature
for juvenile lake whitefish typically ranges between 12.7 and 16.8°C
(Holmes et al., 2002; Wismer and Christie, 1987), with lethal limits
between 24 and 27 °C (Edsall and Rottiers, 1976; Zak and Manzon,
unpublished). However, lake whitefish is known to exhibit phenotypic
plasticity following long-term exposure to temperatures outside the
thermal preferendum, both with respect to cellular stress responses
(Zak and Manzon, unpublished) and metabolism (Blier and Guderley,
1988; Zak et al., 2017). The aim of the current study was to characterize
the extent of hepatic metabolic remodeling induced by long-term ex-
posure to elevated temperatures in this species and assess the capability
of TH, via exogenous TH treatment, to modulate these acclimation re-
sponses. To this end, we quantified the mRNA transcript abundance of
key metabolic enzymes and CS and COX activities in juvenile lake
whitefish exposed to elevated temperatures either in the presence or
absence of exogenous T, treatment. Our results demonstrate effects on
several metabolic enzymes following elevated temperature exposure
which are further modified by exogenous T4 treatment at elevated
temperatures.

2. Materials and methods
2.1. Animal husbandry

Spawning adult male and female lake whitefish (C. clupeaformis)
were collected from Lake Huron, ON in the winter of 2014 using
12-16h gill net sets. Ova and milt were stripped from multiple in-
dividuals and pooled for fertilization. Ova were dry-fertilized in vitro for
4min and disinfected for 30min using a 0.5% iodine solution.
Fertilized ova were subsequently rinsed three times in fresh lake water,
placed in 1 L plastic bottles (~ 10 000 embryos L™ !) and shipped on ice
by same-day air transport to the University of Regina aquatics facility.
Upon receipt, embryos were housed at 4 °C in 2 L mini-hatching bell jars
(Aquatic Ecosystems Inc. Apopka, Florida, USA) until hatch. Aerated,
dechlorinated City of Regina water was pumped through the system
continuously at a rate sufficient to maintain embryos at a gentle roll.
Dead embryos were removed from the system daily and water changes
were performed weekly. Synchronous hatch was initiated at 86 dpf by
increasing water temperature to 8°C at a rate of approximately
0.5°Cmin~". Post-hatch, fish were placed in 60L glass aquaria and
tank temperature was slowly raised to 10°C. Hatchlings were fed
Otohime fish feed (Reed Mariculture, California, USA) ad libitum several
times daily. Seven months post-hatch, fish were transferred to 1700 L
fiberglass holding tanks maintained at 13°C. Water changes to fi-
breglass tanks were performed three times per week using a flow
through system and dechlorinated City of Regina water and light:dark
photoperiod was 12:12. Fish were fed ad libitum with Aqueon mini ci-
chlid sinking pellets (PetSmart) beginning 14 months post-hatch. All
husbandry and experimental procedures were carried out in accordance
with the Canadian Council on Animal Care (CCAC) guidelines and were
approved by the University of Regina President's Committee on Animal
Care.
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2.2. Experimental design, hormone treatments and tissue collection

A total of 269 14-month-old juvenile lake whitefish were divided
into three TH status groups (TH control, low-T4 and highT,) receiving
exogenous T, (Sigma Aldrich, Oakville, ON, Canada) to manipulate
circulating TH levels. Final T, dosages were 0 ug T, X g~ ! body weight
(TH control), 1 ug T, X g~ body weight (low-T4) and 10 ug T4 x g~ *
body weight (high-T;) and were administered via coconut oil
(President's Choice, Extra Foods, Regina) implants at a volume of
15ul x g=! fish using 4.4% DMSO (BDH Chemicals, VWR
International, Mississauga, ON, Canada) as vehicle. Seven days post-
injection, 10 fish from each TH status group were sampled immediately
before temperature change to provide baseline data on effects of hor-
mone manipulation alone on metabolic activity (day 0). Remaining fish
in each TH status group were further divided into three temperature
groups of 13 (temperature control), 17 or 21 °C. Tank temperature was
raised to the desired temperature at a rate of 0.3 °C X h™! and fish from
each treatment group (TH status X acclimation temperature) were
sampled 4, 8 and 24 days following the initiation of temperature change
(days 4, 8 and 24). Food was withheld for 12h prior to sampling.
Sample size for each treatment group ranged between 7 and 10.

Length and weight measurements were collected following an-
esthesia with 0.03% 2-phenoxyethanol (Sigma) and blood was collected
either from the caudal vein or via caudal severance and permitted to
clot at 4 °C for a minimum of 4 h. Serum was isolated from whole blood
samples via two centrifugation steps (4000 X g for 5min and 3000 x g
for 3min) and stored at —80 °C for measurement of serum T, con-
centration. Whole livers were excised rapidly from animals following
euthanasia via transection of the spinal cord and weighed for calcula-
tion of the hepatosomatic index (HSI) before being snap frozen on li-
quid N, and stored at —80 °C until mRNA and protein analyses.

2.3. Serum thyroxine (T4) quantification

Total serum T, concentrations in juvenile lake whitefish were
quantified in duplicate using the T, Monoclonal Solid Phase
Radioimmunoassay kit from MP Biomedicals (Catalog No. 06B-254030)
according to the manufacturer's directions, using 50 pl serum for sham
and low-T, treated fish and 25 pl serum for high-T, treated fish. This kit
uses a competitive binding assay to quantify unknown total T4 con-
centrations in serum samples against a standard curve. Kit range was
expanded by adding 1 and 40 ug x d1~! to the standard curve as they
maintained conformity with kit standards. Equal parts O and
2pg x dI™! kit standards were loaded to a final volume of
25ul x tube™! to achieve 1ugx dl™' and input volume of
20 pg x dl~* kit standard was doubled to 50 pul tube™' to achieve
40 pg x d1~ 1. 125 activity was read in counts per minute (CPM) using a
Wallac 1470 Wizard® automatic gamma counter (Perkin Elmer Life
Sciences, Turku, Finland). Read duration for all runs was chosen to
ensure total (0 pg x dl™Y) counts were > 20,000.

To confirm kit suitability for lake whitefish serum, a linearity check
was performed between kit standards and TH-stripped lake whitefish
test serum spiked with equivalent concentrations of T, prior to com-
pleting experimental samples. Test serum was collected from a healthy,
adult lake whitefish using the serum isolation procedure described
above. Endogenous THs were stripped by suspending test serum in
50 mg x ml~! water-equilibrated AG-1-X8 resin (BioRad) and shaking
for 5h at room temperature. Serum was then collected by centrifuga-
tion (1000 x g for 10 min), transferred to a fresh tube of water-equili-
brated resin and shaken overnight at 4 °C. Stripped serum was collected
following a final centrifugation step (21000 X g for 30 min) and stored
at —86 °C until use. Stripped serum was spiked with an appropriate
volume of 0.04 mg x ml ™! stock T, solution in 0.22 M NaOH to achieve
final concentrations of 1, 2, 4, 8, 12, 20 and 40 pg dl™! and run si-
multaneously with comparison kit standards. Logit(B/B,) values were
calculated for each set of standards by taking the logit of observed
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counts (CPM) divided by total counts and plotted against log
[Concentration (ug X dl™Y)]. The results of these experiments con-
firmed linearity and parallelism between the two curves indicating lake
whitefish serum does not interfere with the immunoassay.

2.4. RNA extraction, cDNA preparation and real-time quantitative-PCR
(RT-qPCR) of metabolic enzyme mRNA transcripts

Total RNA was isolated from liver samples using TRIzol® Reagent
(Invitrogen Life Technologies, Burlington, ON, Canada) according to
the manufacturer's instructions and re-suspended in 20-100 pl mole-
cular-grade water. RNA concentration and absorbance ratios (A260/
280 and A260/230) were obtained using a NanoDrop 1000 spectro-
photometer (Thermo Scientific) and A260/280 and A260/230 va-
lues > 1.8 were used to confirm absence of salt, phenol and protein
contamination. RNA quality was assessed by performing agarose gel
electrophoresis to detect the presence of distinct 18S and 28S rRNA
bands and RNA was subsequently stored at —86 °C until required.
mRNA transcripts were reverse-transcribed to cDNA using the
QuantiTect® Reverse Transcription Kit (Qiagen, Mississauga, ON,
Canada), according to the manufacturer's directions, using 1 ug total
RNA and a final reaction volume of 20 pl.

Partial lake whitefish cDNA sequences for target genes sequences
acca, accB, cptla, cptlf, acox1, acox3, cs, cox4 and efla were amplified,
sub-cloned and sequenced using PCR-based sequencing methods and
submitted to GenBank (acca, accession no. MH744405; accfl, accession
no. MH744406; cptla, accession no. MH744409; cptl1f, accession no.
MH744410; acox1, accession no. MH744407; acox3, accession no.
MH744408; cs, accession no. MH744411, cox4, accession no.
MH744412; efla, accession no. MH744413). Degenerate primers used
for initial amplification of target sequences were generated using
BlockMaker and CODEHOP designer from teleost sequences available
on the NCBI database. Predicted amino acid sequences for each cloned
cDNA fragment were generated using EMBOSS Sixpack (EMBL-EBI) and
compared to sequences available on the NCBI database for several tel-
eost species to confirm clone specificity (Supplemental Table S1). Gene-
specific primers to be used in RT-qPCR were designed using Primer3
(Koressaar and Remm, 2007; Untergasser et al. 2012) and NetPrimer
software (Premier Biosoft, Palo Alto, CA, USA) using cloned partial
cDNA sequences acca, accf, cptla, cptlf, acox1, acox3, cs, cox4 and efla
and partial lake whitefish cDNA sequence information available on the
NCBI database for coxI (GenBank accession no. JX960883.1,
Supplemental Table S2). Primers for lake whitefish S-actin (GenBank
accession no. KP893542.1) were obtained from previous studies in our
laboratory (Stefanovic et al., 2016). All primers used for RT-qPCR were
validated to meet Minimum Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009)
prior to use on experimental samples. Appropriate cDNA and primer
concentrations were determined empirically by constructing a standard
curve for each target sequence using serially diluted liver cDNA from a
reference animal (Supplemental Table S2). Standard curves were also
used to ensure amplification efficiency of each primer pair ranged be-
tween 90 and 110 %. mRNA transcript abundance of target and re-
ference genes was quantified in triplicate using 2x SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad, Mississauga, ON, Canada)
in a final reaction volume of 20 ul. All RT-qPCR quantifications were
performed using a CFX Connect Real-Time detection system (BioRad)
using CFX Manager 3.1 software (BioRad) under the following reaction
conditions: 1 cycle of 95°C for 2min and 40 cycles of 95°C for 5s
followed by a 30s extension phase at 58, 62 or 63 °C (Supplemental
Table S2). The absence of genomic DNA contamination was confirmed
using melt curve analysis. Inter-run variation between RT-qPCR runs
was monitored using an inter-run calibrator (IRC) consisting of a cDNA
pool from several treatment groups.

Cross-amplification checks were performed between acca and accf,
and cptla and cptlf to ensure that primers were targeting the gene of
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interest. This was done by performing RT-qPCR reactions using a serial
dilution series of plasmid preps (E.N.Z.A. Plasmid DNA Kit, Omega Bio-
tek, Norcross, GA) generated for each gene during the gene cloning. For
each serial dilution of the plasmid prep, reactions were run as described
above using primer pairs for both the target and non-target isoform to
compare cDNA amplification. No cross-amplification was detected be-
tween primers and non-target isoforms.

2.5. Quantification of citrate synthase and cytochrome c oxidase enzyme
activities

The activity of liver CS and COX was determined spectro-
photometrically using chemicals purchased from Sigma Aldrich, unless
otherwise noted. Assays were performed as described by Zak et al.
(2017) and read at 25°C using a Synergy HTX multi-mode spectro-
photometer (BioTek).

2.6. Data handling and statistical analysis

2.6.1. Hepatosomatic index
Hepatosomatic index (HSI) was calculated for each individual using
the formula,

liver weight
body weight

HSI = 100

where liver weight and body weight were in common units. A two-way
ANOVA (GraphPad Prism 6, La Jolla, CA, USA) was used to test for
effects of temperature and time on HSI, and any interaction between
these two factors. Pairwise differences in HSI among temperature
groups were identified using the Bonferroni’s multiple comparison test.
Similarly, a two-way ANOVA was also used to test for effects of TH
treatment and time on HSI as well as any interaction between these two
factors with pairwise differences in HSI among TH treatment groups
were identified using the Bonferroni’s multiple comparison test.
Statistical analyses were accepted as statistically significant when
P < 0.05.

2.6.2. Serum T, concentrations

Interpolation and statistical analysis of serum T, concentrations was
completed in GraphPad Prism 6 statistical software. Total T4 con-
centration of unknown serum samples were determined from serum
standards using a four parameter logistic (sigmoidal) equation and no
special handling of outsider values. Values that fell outside the range of
the standard curve were eliminated from the data set. Serum T, levels
in juvenile lake whitefish treated with hormone implants did not meet
parametric assumptions of normality and homoscedasticity, so were
analyzed using Kruskal-Wallis (non-parametric) statistical tests. No
significant differences in serum T, levels were detected among sham-
injected fish at any temperature or time point, so values were pooled
into a single sham reference group for subsequent analyses. Increases in
hormone levels due to T, treatment were analyzed separately for low-
and high-T, groups using Kruskal-Wallis tests followed by Dunn's
multiple comparison tests and the reference sham treatment group as a
global control. Additional tests were completed at each time point in
low- and high-T,4 treatment groups to detect significant differences in
serum T, levels among temperature groups. All differences were con-
sidered significant when P < 0.05.

2.6.3. RT-qPCR mRNA transcript abundance

Statistical analysis of liver acca, accf, cptla, cptlf, acoxl, acox3, cs,
cox1 and cox4 mRNA abundance was completed using the MCMC.qPCR
package (Matz et al., 2013) in R Studio (R version 3.3.1; R Core Team; R
Studio version 1.0.136; R Development Core and Team (2013)). This
package predicts posterior mean estimates of mRNA transcript levels
within a Bayesian framework using a Poisson-lognormal generalized
linear mixed model and a Markov Chain Monte Carlo (MCMC) sampling
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scheme (Matz et al., 2013). Random effects representing variation
among technical replicates due to uneven template loading are also
incorporated into the model, acting to normalize the data without the
use of reference genes. Raw quantification cycle (Cq) values for target
genes were exported from CFX Manager 3.1 software (BioRad) and
converted into molecular counts with the cq2counts() function using a
Cql value of 37. The Cql value represents the number of qPCR cycles
required to detect a single target molecule. Previous tests in our la-
boratory have shown no difference in molecule count approximation or
model fit using either a Cql value of 37, as recommended by Matz et al.
(2013), or empirically determined values for single-molecule amplifi-
cation (Stefanovic et al. 2016). All models were run in R with the
mcmc.qper() function through 45,000 iterations using a thinning value
of 20 and a burn-in value of 5000. Impacts of temperature were mod-
eled using temperature, time and temperature X time as fixed factors.
Impacts of TH manipulation were modeled separately for each tem-
perature using hormone treatment (sham, low-T, or high-T,), time and
treatment X time as fixed factors. Models were run without priors since
use of the reference genes ef1a and S-actin did not alter model fit or data
interpretation. Posterior mean estimates of target transcript levels are
plotted as logo mRNA abundance and error bars represent 95% credible
intervals surrounding the posterior mean estimate. Estimates were
considered significant when 95% credible intervals did not overlap.

2.6.4. CS and COX activities

Activity rates for CS and COX activity are presented as pmol/mg
tissue/min. CS, activity was calculated using the rate of absorbance
change in the final 120 s of each assay trace. Background activity was
calculated for each sample and subtracted from the triplicate average.
COX, activity was calculated using the maximal rate of absorbance
change in a 120 s period of the assay trace. Molar absorptivity values
used for CS and COX enzyme activity calculations were 13.6 and 28.5
OD x mM ™! x min~?, respectively.

A two-way ANOVA (GraphPad Prism 6) was used to test for effects
of temperature and time on CS and COX activities, and any interaction
between these two factors. Pairwise differences in enzyme activities
among temperature groups were identified using the Bonferroni’s
multiple comparison test. Similarly, a two-way ANOVA was also used to
test for effects of TH treatment and time on CS and COX activities as
well as any interaction between these two factors. Pairwise differences
in enzyme activities among TH treatment groups were identified using
the Bonferroni’s multiple comparison test. Statistical analyses were
accepted as statistically significant when P < 0.05.

3. Results
3.1. Temperature effects

A time course of temperature-induced effects on hepatic metabolism
was examined in juvenile lake whitefish at 0, 4, 8 and 24 days following
exposure to 13 (control), 17 or 21 °C. The hepatosomatic index (HSI),
which provides an indication of hepatic energy reserves, was used as an
indicator of broad metabolic shifts in the liver. Overall, we observed
mild temperature sensitivity in the HSI of juvenile lake whitefish. There
were no significant differences among temperature groups within in-
dividual time points, but the HSI in 21 °C-acclimated fish increased
significantly between day 4 and day 24 (Fig. 1; Supplemental Table S3).
Neither temperature nor thyroid hormone treatment altered length,
weight or condition factor (data not shown).

A more detailed analysis of potential metabolic remodelling fol-
lowing temperature change was performed via mRNA and activity
quantification of enzymes associated with lipid and oxidative metabolic
pathways. Changes in the balance between fatty acid biosynthesis and
mitochondrial -oxidation were estimated by mRNA abundance of the
acc isoforms, acca and accf, and cptl isoforms, cptla and cptlf, re-
spectively. Both acca and accff were sensitive to temperature but were
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Fig. 1. Hepatosomatic index (HSI) of juvenile lake whitefish exposed to 13
(control), 17 or 21 °C for 0, 4, 8 or 24 days. Data points represent the mean HSI
of 7-10 fish = SEM, with day O representing the mean HSI from a single group
of animals (n = 10) sampled immediately prior to the initiation of temperature
change. Data for days 4, 8 and 24 days were analyzed using a two-way ANOVA
to detect effects of temperature, time and their interaction on the HSI. No
significant pair-wise differences (P < 0.05) were observed between treatments
within each time point. Data for day O is for reference purposes and was not
included in statistical analyses.

Table 1

Effects of elevated temperature exposure on mean mRNA abundance (logs) of
acca, accf, cptla, cptlf, acoxl, acox3 and cox4 in juvenile lake whitefish.
Different lowercase letters indicate non-overlapping 95% credible intervals
between time points within a temperature. Bolded values indicate significant
non-overlapping 95% credible intervals relative to 13 °C controls (greyed row)
within a time point.

Gene Temp (°C) Time
Day 4 Day 8 Day 24
acca 13 14.56 13.76 14.04
17 13.55 12.83 14.67
21 12.372 14.09%° 14.70°
accP 13 8.77° 7.29° 7.62°
17 8.87% 7.96%° 7.75°
21 9.22 9.15 8.65
cptla 13 8.80° 7.16° 8.20%"
17 7.71 8.27 6.80
21 8.06 7.37 7.44
cptlf 13 7.32° 5.78" 5.71°
17 8.02% 6.73%° 6.19"
21 8.85% 7.03° 6.74°
acox1 13 11.67 11.01 11.47
17 11.22 11.41 11.22
21 11.27 11.64 11.33
acox3 13 11.78° 10.85° 11.88°
17 11.54 11.66 11.49
21 12.83% 12.02°° 11.62°
cox4 13 14.58 14.62 14.86
17 14.36 14.46 14.43
21 13.93% 14.79%° 14.90°

driven in opposite directions and on different time scales following the
initiation of temperature change. On day 4 following the onset of 21 °C,
mean liver acca mRNA abundance was 4.6-fold lower than 13 °C con-
trols, but recovered to control levels by day 8 (Table 1 Supplemental
Table S4). In contrast, mean accf mRNA levels were elevated 3.6-fold in
fish exposed to 21°C, but not until day 8 post-temperature-change
(Table 1). accf remained elevated on day 24, demonstrating long-term

55

General and Comparative Endocrinology 275 (2019) 51-64

effects of elevated temperature on its abundance in liver. Exposure to
the intermediate temperature of 17 °C had no significant effects on ei-
ther acca or accf at any time point. cptla mRNA abundance fluctuated
in 13 °C control fish over the course the experimental period but was
still depressed in 17 °C fish at day 24 relative to controls (Table 1); a
similar depression was not observed in fish exposed to 21 °C. In con-
trast, cpt1f3 was elevated over controls by exposure to 21 °C, but only at
day 4 post temperature change (Table 1). The remaining time points
showed a decline in cptlf abundance by either day 8 or 24 in all three
temperature groups.

We also examined the mRNA abundance of the peroxisomal 3-oxi-
dation enzymes, acox1 and acox3, to investigate potential shifts in lipid
pathways independent of mitochondria quantity. Overall, acoxI was
unaffected by exposure to either 17 or 21 °C (Table 1), while mean
acox3 abundance was elevated 2.1-fold following the onset of 21 °C on
day 4 and 2.3-fold on day 8 before returning to control levels by day 24
(Fig. 2F). No effect was observed on acox3 following exposure to 17 °C.

Elevated temperature had mixed effects on mRNA abundance and
activity of the oxidative enzymes citrate synthase (CS) and cytochrome
¢ oxidase (COX) in juvenile lake whitefish. Relative to control fish
maintained at 13 °C, mean c¢s mRNA abundance declined 2.3-fold on day
4 following the onset of 21 °C (Fig. 2A; Supplemental Table S4). How-
ever, this effect was short-lived, as c¢s mRNA levels converged with
controls by day 8 and did not sustain long-term change in steady state at
day 24. CS activity was also assessed to detect functional shifts in en-
zyme capacity associated with temperature change. Unlike cs mRNA
levels, CS activity did not change in the short-term. Rather, CS activity
declined gradually over the 24-day period and was significantly lower
at day 24 following onset of 21 °C than activity levels observed in all
three temperatures groups on day 4. (Fig. 2B, Supplemental Table S5).
In addition to cs, we quantified mRNA abundance of two COX subunits.
Abundance of the mitochondrial-encoded subunit, coxl, exhibited a
3.7-fold increase at day 8 following the onset of 21 °C exposure (Fig. 2C;
Supplemental Table S4). However, like cs, there were no long-term
changes in steady state cox]I mRNA abundance observed at day 24.
Transcript abundance of the nuclear-encoded subunit, cox4, was not
altered by temperature at any time point (Figure S1; Supplemental
Table S4). Similar to CS, COX activity, which was used as a marker for
overall functional capacity of the electron transport chain, sustained
long-term changes in response to elevated temperature exposure. Here,
mean COX activity remained stable in response to temperature until day
24 following temperature change where it was 1.28- and 1.52-fold
lower in 17 and 21°C fish than in 13°C control fish, respectively
(Fig. 2D; Supplemental Table S5). However, this effect was only sig-
nificant for fish exposed to 21 °C.

3.2. Thyroid hormone effects

To examine the role of THs in mediating the temperature responses
in juvenile lake whitefish liver, coconut oil implants containing either
low-T4 (1pgT4 x g body weight™) or high-T4 (1pugT4 X g body
weight 1) were used to manipulate TH status in juvenile lake whitefish.
T, implants were administered 7 days prior to the onset of temperature
change and serum T, levels were quantified to confirm manipulation of
TH status. While circulating serum T, levels were stable in sham-in-
jected fish across all temperature groups, levels in low- and high-T,4
treated fish exhibited variability with respect to both temperature and
time (Fig. 3, Supplemental Table S6). Serum T, levels were significantly
elevated relative to sham-injected controls at all three temperatures in
high-T, treated fish (Fig. 3B) and were also higher than sham levels in
low-T, treated fish in some temperature groups (Fig. 3A). Although
low-T4 had no effect on serum T4 levels in 13 °C groups at any of the 3
sampling time points or in 17 and 21 °C groups on day 24, elevations in
T, levels among the low-T, fish were evident in 17 and 21 °C tem-
perature groups on days 4 and 8 post temperature change.

The mRNA levels of several lipid enzyme isoforms were altered by
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Fig. 2. Effects of elevated temperature exposure on citrate synthase (cs) mRNA (A), CS activity (B), cytochrome c oxidase 1 (cox1) mRNA (C) and COX activity (D) in
juvenile lake whitefish. mRNA and enzyme activities in in liver were quantified 0, 4, 8 or 24 days following exposure to 13, 17 or 21 °C. c¢s and cox] mRNA abundance
are reported as log, abundance and were modelled using a Bayesian MCMC sampling scheme (See methods). Plots represent posterior mean estimates = 95%
credible intervals. Mean ( = SEM) CS and COX enzyme activities are reported as pmol X mg tissue "' x min~' and were analyzed using two-way ANOVA followed
by Tukey post-hoc comparisons (see methods). Significant differences from fish maintained at 13 °C are indicated by the corresponding temperature being noted
above the relevant data points. All data displayed for day O is for reference purposes and was not included in the displayed statistics.

A.Low Ty
Day 0 :Day4 Day 8 b Day 24
60
40
20+
: m W
=2} 0
£ sham 13 13 17 21 13 17 21 13 17 21
<
'E B. High T4
g 250 Day 0 :Day4 Day 8 Day 24
()
200
150
1004
50

sham 13 13 17 21 13 17 21 13 17 21

Acclimation Temperature (°C)

Fig. 3. Serum thyroxine (T4) levels (ng X ml™Y in juvenile lake whitefish
treated with low-T, (A; 1 pg T4 x g body weight ™) or high-T, (B; 10 ug T4 X g
body weight ') coconut oil implants at 4, 8 and 24 d following exposure to 13,
17 or 21°C. T4 implants were administered 7 days prior to the onset of tem-
perature change. Significant differences (Kruskal-Wallis and Dunn’s multiple
comparison tests) between temperatures within a time point are indicated by
different lower-case letters above treatment groups. Plots represent mean of 3-8
serum samples + SEM. Serum T, levels in sham-injected fish were not sig-
nificantly different between temperature or time points (Supplemental Table
S6) so were pooled and included in each plot for reference. Sham serum T,
levels are not included in the statistics indicated on each plot.
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TH, both in the presence and absence of elevated temperature stress. In
fish acclimated to 13 °C, an increase in acca mRNA was observed on day
0 in response to high-T, treatment only (Fig. 4A). Both low- and high-T,4
treatment increased acca mRNA abundance at this time point in fish at
17 and 21 °C (Fig. 4B and C; Supplemental Table S7). Additional short-
term effects of exogenous T, treatment were observed for elevated
temperature groups as both low- and high-T, treatment increased acca
mRNA abundance on day 8 in fish exposed to 17 °C (Fig. 4B) and low-T,
treatment increased levels at day 4 post temperature change at 21 °C
(Fig. 4C). Likewise, accf abundance was elevated by high-T, treatment
at day 0 and displayed temperature-dependent effects at subsequent
time points. For instance, while neither low-T4 nor high-T, treatment
altered accf transcript abundance at either of the two lower tempera-
tures (Fig. 4D and E), low-T, treatment reduced accf at both day 4 and
day 8 in fish acclimated to 21 °C (Fig. 4F; Supplemental Table S7).

Of the two cptl isoforms, cptlf was more strongly affected by T4
treatment than cptla. cptla mRNA abundance was stable in response to
T, treatment at all temperatures except for low- and high-T, treated fish
exposed to 21 °C on day 8 where cptla mRNA abundance was elevated
3.0-fold and 7.4-fold above shams, respectively (Fig. 5C; Supplemental
Table S7). In contrast, cpt1f exhibited short-term effects of TH treat-
ment which were amplified at elevated temperatures. At 13 °C, mean
cptlf mRNA levels were 6.4-fold lower with high-T, treatment on day 4
post-temperature change (Fig. 5D), but these declines expanded to
18.7-fold at 17 °C and 19.2-fold at 21 °C (Fig. 5E and F). Similarly, mean
cptl mRNA levels in low-T, treated fish on day 4 were also reduced
relative to sham-injected fish by 7.0-fold and 16.9-fold at 17 and 21 °C,
respectively. While the effects of TH on cpt1f in 13 °C fish were limited
to day 4, effects of high-T, treatment could be observed at subsequent
time points in elevated temperature groups. At 17 °C, mean cpt1f3 mRNA
levels remained depressed on day 8 post-temperature change, but re-
covered to sham levels by day 24 (Fig. 5E). In contrast, mean cptlf
mRNA abundance in high-T, treated fish exposed to 21 °C was not
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Fig. 4. Abundance of acetyl-coA carboxylase a (acca; A-C) and acetyl-coA carboxylase 3 (accf; D-F) mRNA transcripts (log,) in juvenile lake whitefish following
thyroid hormone manipulation and exposure to 13 (A, D), 17 (B, E) or 21 °C (C, F). Hormone status was manipulated via coconut oil implants containing vehicle
(sham), low-T, (1 pg T, X g body weight ') or high-T, (10 ug T, X g body weight ™) 7 days prior to the onset of temperature change. Data was modelled within
each temperature group using a Bayesian MCMC sampling scheme (see Methods). Data points represent posterior mean estimates from 7 to 10 fish + 95% credible
intervals. Letters above treatment groups indicate the hormone treatment at which 95% credible intervals differed from sham-injected fish within each time point

(L = low-Ty4, H = high-Ty,).

lower on day 8, but once again fell below sham levels at day 24
(Fig. 5F).

Similar to effects of temperature alone, acoxI mRNA abundance was
not altered by either low- or high-T, treatment at any temperature,
aside from a mild increase at day 8 in low-T,4 fish exposed to 17 °C
(Fig. 6A-C). For acox3, we observed no effects of exogenous T, treat-
ment in fish maintained at 13 °C (Fig. 6D), but acox3 mRNA abundance
was elevated by low- and high-T, treatment on day 8 post temperature
change at 17 and 21 °C, respectively (Fig. 6E and F).

Changes in TH status had temperature-dependent effects on cs
mRNA abundance in juvenile lake whitefish liver. While neither low-T,
nor high-T, treatment altered cs mRNA abundance of fish maintained at
13°C (Fig. 7A; Supplemental Table S7), transient effects of TH manip-
ulation were observed in response to temperatures in both 17 and 21 °C
fish. At 17 °C, low-T,4 increased cs mRNA levels 2.5-fold over sham-in-
jected controls, 8days following the onset of temperature change
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(Fig. 7B), but no effects of TH manipulation were observed at any other
time point. The strongest effects of TH manipulation were observed in
fish exposed to 21 °C. Here, cs mRNA abundance declined 3.0-fold on
day 4 in sham-injected fish in response to the increase in temperature to
21°C, but remained elevated, and significantly higher than sham-in-
jected, in fish when treated with high-T4 (Fig. 7C). Moderate recovery
of mRNA levels was also observed on day 4 in fish treated with low-Ty,
but 95% credible intervals overlapped with sham-injected fish and
high-T, groups. Changes in cs mRNA abundance with TH treatment did
not translate into effects on CS activity levels. Rather, CS activity in fish
treated with either low- or high-T, closely reflected responses observed
in sham-injected fish at all three temperatures (Fig. 7D-F; Supplemental
Table S8). In contrast to the temperature-dependent effects of T, ma-
nipulation on ¢s mRNA, cox1 and cox4 transcripts in low- and high-T,
treated fish did not differ from sham-injected controls at any tem-
perature (Fig. 8A-C and S2; Supplemental Table S7). Like CS, TH
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Fig. 5. Abundance of carnitine palmityoltransferase 1a (cptla; A-C) and carnitine palmitoyltransferase 13 (cpt1f; D-F) mRNA transcripts (log») in juvenile lake whitefish
following thyroid hormone manipulation and exposure to 13 (A, D), 17 (B, E) or 21 °C (C, F). Hormone status was manipulated via coconut oil implants containing
vehicle (sham), low-T4 (1 pg T4 x g body weight ~!) or high-T4 (10 ug T, X g body weight 1) 7 days prior to the onset of temperature change. Data was modelled
within each temperature group using a Bayesian MCMC sampling scheme (see Methods). Data points represent posterior mean estimates from 7 to 10 fish + 95%
credible intervals. Letters above treatment groups indicate the hormone treatment at which 95% credible intervals differed from sham-injected fish within each time

point (L = low-T4, H = high-T,).

manipulation had limited effects on COX activity (Fig. 8D-F;
Supplemental Table S8). While activity was mildly depressed by 1.39-
fold and 1.27-fold on day 0 in low- and high-T, treatment groups, re-
spectively, no difference from shams due to low- or high-T, treatment
were observed throughout the period following temperature change.

4. Discussion
4.1. Thermal impact on metabolic pathways

Metabolic remodeling in response to temperature supports bio-
chemical changes in enzyme and cellular function, as well as changing
metabolic demands. Due to its influence on metabolic function, long-
term thermal acclimation has been extensively studied in fish and other
ectotherms (Battersby and Moyes, 1998; Blier and Guderley, 1988;
Duggan et al., 2011; Little et al., 2013; Lucassen et al., 2006; Sidell,
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1980). However, the majority of these studies have focused on the
physiological adjustments initiated by cold acclimation (Guderley,
2004; Johnston and Dunn, 1987, Hardewig et al., 1999; Lucassen et al.,
2003; Lucassen, et al., 2006), with less emphasis placed on the long-
term impacts of elevated heat stress on fish metabolism. From an en-
vironmental perspective, elevated temperatures are an important phy-
siological stressor, particularly for cool-water fishes that are well-
adapted to colder temperatures. Furthermore, increases in mean global
water temperatures, such as those predicted by certain climate change
models (IPCC, 2014), make the understanding of elevated temperature
responses in fish a priority. Collectively, our data suggest that juvenile
lake whitefish are capable of metabolic remodeling following exposure
to elevated temperature and that these effects can be triggered in re-
sponse to modest, environmentally relevant temperature shifts.
Thermal preferences of lake whitefish decline towards adulthood
(Holmes et al., 2002), but they are typically between 12.7 and 16.8 °C
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Fig. 6. Abundance of acyl-coA oxidase 1 (acox1; A-C) and acyl-coA oxidase 3 (acox3; D-F) mRNA transcripts (logs) in juvenile lake whitefish following thyroid
hormone manipulation and exposure to 13 (A, D), 17 (B, E) or 21 °C (C, F). Hormone status was manipulated via coconut oil implants containing vehicle (sham), low-
T4 (1 pg T4 X g body weight™!) or high-T, (10 ug T4 X g body weight ') 7 days prior to the onset of temperature change. Data was modelled within each tem-
perature group using a Bayesian MCMC sampling scheme (see Methods). Data points represent posterior mean estimates from 7 to 10 fish = 95% credible intervals.
Letters above treatment groups indicate the hormone treatment at which 95% credible intervals differed from sham-injected fish within each time point (L = low-Ty,

H = high-T,).

for juveniles (Holmes et al., 2002, Wismer and Christie, 1987). As such,
the temperatures chosen for this study represent the lower (13°C),
upper (17 °C) and extension (21 °C) of the preferred physiological range
for juveniles. However, they are still below the lethal limits of this
species, which vary between 24 and 26 °C in laboratory-acclimated
juveniles (Zak and Manzon, unpublished) and 26.7 °C for certain wild
lake whitefish populations (Edsall and Rottiers, 1976). With the ex-
ception of a mild depression in cptla mRNA at day 24, exposure to 17 °C
had little effect on the transcription and/or stability of the mRNA
transcripts we examined. In contrast, 21 °C had an effect on nearly all
other transcripts, suggesting the need for metabolic compensation as
temperatures extend beyond the preferred range of this species. The full
extent of downstream metabolic remodeling associated with these types
of transient fluctuations in mRNA abundance is unknown and, as such,
the possibility of long-term impacts on enzyme synthesis and biological
function remains to be determined. Unlike acca, cptlf, acox3, cs and
cox1, exposure to 21 °C resulted in sustained effects on accf mRNA
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abundance as well as CS and COX activities. The observed depression in
CS and COX activities by day 24 is consistent with metabolic responses
predicted by thermal enzymatic reaction rates whereby, as catalytic
rate increases with temperature, less enzyme is required to achieve an
equivalent physiological rate of activity. Interpreted alone, the ob-
served changes in CS and COX activities suggest that exposure to 21 °C
either does not alter overall metabolic demands in liver or a shift in
metabolism to alternate fuel sources occurs which in part compensates
for the decrease CS and COX activity.

The presence of warm-induced metabolic shifts in lake whitefish is
supported by the mild increase in HSI between day 4 and day 24 in fish
exposed to 21 °C. These results suggest an increase in hepatic glycogen
(carbohydrate) and/or triglyceride (lipid) reserves (Johnston and Dunn,
1987) following exposure to elevated temperatures. However, increases
in HSI following warm acclimation are unusual among fish species as
most studies describe a higher HSI in cold- versus warm-acclimated fish
(Arjona et al., 2010, 2011; Foster et al., 1993; Kullgren et al., 2013;



M.A. Zak and R.G. Manzon

mRNA

=—-LowT,

e— Sham

A.13°C

a---High T,
124

~

24

Relative cs mRNA (log2 abundance)

124

7 T T T T
0 4 8 24

Days after temperature change

CS Activity (umol x mg tissue™' x min™)

General and Comparative Endocrinology 275 (2019) 51-64

Activity
e— Sham s=--High T,

D.13°C

=-LowT,

0.005+

0.004 -

0.003+

0.002+

0.001 T T

24
0.005+

0.004+

0.003+

0.002+

0.001 T
0 4 8

0.0057F 21 o¢

24

0.004+

0.003

0.002+

0.001 T T
0 4 8

24

Days after temperature change

Fig. 7. Abundance of citrate synthase (cs) mRNA (A-C) and CS activity (D-F) in juvenile lake whitefish following thyroid hormone manipulation and exposure to 13
(A, D), 17 (B, E) or 21 °C (C, F). Hormone status was manipulated via coconut oil implants containing vehicle (sham), low-T,4 (1 pg T4 X g body weight™ Yor high-T,4
(10 ug T4 x g body weight ~1) 7 days prior to the onset of temperature change. mRNA abundance is reported as log, abundance and were modelled using a Bayesian
MCMC sampling scheme and the MCMC.qPCR package in R (Matz et al. 2013) with hormone treatment, time and treatment x time as fixed factors. Data points
represent posterior mean estimates from 7 to 10 fish + 95% credible intervals. Activity is reported as umol x mg tissue ™ x min~ ' and was analyzed using two-way
ANOVA to examine effects of hormone treatment, time and treatment X time on enzyme activity followed by Tukey post-hoc comparisons. Data points represent
mean activities of 7-10 fish + SEM. Letters above treatment groups indicate the hormone treatment at which 95% credible intervals differed from sham-injected fish
within each time point for cs mRNA and significant pair-wise comparisons (P < 0.05) between 13 °C and elevated temperature groups within a time point for CS

activity (L = low-T4, H = high-T,).

Larsen et al., 2001; Lucassen et al., 2006; Orczewska et al., 2010), in-
cluding previous studies in lake whitefish (Blier and Guderley, 1988). It
is conceivable that in some species, acclimation both below and above
typical preferred temperatures may increase HSI. For instance, in-
creases in HSI following warm-acclimation have been observed in other
laboratory-based experiments on certain salmonids, such as coho
salmon (Oncorhynchus kisutch; Larsen et al., 2001). Variable responses,
both between and within fish species, also suggests possible effects
related to the duration of temperature exposure and/or nutritional
status on regulation of the HSI following temperature change, or the
presence of additional internal and/or environmental cues (Larsen
etal., 2001). Increases in HSI and decreases in CS and COX activity with
increased temperature could also reflect a preferential shift away from
lipid -oxidation toward carbohydrate metabolism. Northern temperate
fish have been shown to enhance aerobic lipid -oxidation when ac-
climated to cold winter temperatures relative to warm summer
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temperatures (Way-Kleckner and Sidell, 1985; Sephton and Driedzic,
1991; Bailey et al., 1999). Consistent with this were observations that
warm water Amazonian teleosts preferential use anaerobic carbohy-
drate metabolism over aerobic lipid oxidation relative to cool water
temperature species (Driedzik and Fonseca de Almeida-Val, 1996).

4.2. Thyroid hormone impact on metabolic pathways

Changes in metabolic function and performance elicited by THs in
fish have not been unequivocally accepted. However, THs have been
associated with numerous aspects of metabolic remodeling in mam-
malian species (Cioffi et al., 2013; Hulbert, 2000; Weitzel and Iwen,
2011) and remain promising candidates in developing a mechanistic
understanding of metabolic changes induced by thermal acclimation.
Many of the effects elicited by THs in fish and other ectotherms are
temperature-dependent, whereby effects are observed at warm
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Fig. 8. Abundance of cytochrome c oxidase 1 (cox1) mRNA (A-C) and COX activity (D-F) in juvenile lake whitefish following thyroid hormone manipulation and
exposure to 13 (A, D), 17 (B, E) or 21 °C (C, F). Hormone status was manipulated via coconut oil implants containing vehicle (sham), low-T, (1 ug T4 X g body
weight ™) or high-T, (10 pg T4 X g body weight ~!) 7 days prior to the onset of temperature change. mRNA abundance is reported as log, abundance and were
modelled using a Bayesian MCMC sampling scheme and the MCMC.qPCR package in R (Matz et al. 2013) with hormone treatment, time and treatment X time as
fixed factors. Data points represent posterior mean estimates from 7 to 10 fish + 95% credible intervals. Activity is reported as pmol X mg tissue "' x min~' and
was analyzed using two-way ANOVA to examine effects of hormone treatment, time and treatment X time on enzyme activity followed by Tukey post-hoc com-
parisons. Data points represent mean activities of 7-10 fish = SEM. Letters above treatment groups indicate the hormone treatment at which 95% credible intervals
differed from sham-injected fish within each time point for coxI mRNA and significant pair-wise comparisons (P < 0.05) between 13 °C and elevated temperature
groups within a time point for COX activity (L = low-T4, H = high-Ty,).

temperatures, but not at cold (Gupta and Thapliyal, 1991). Our results most consistent effect of exogenous T4 exposure, as well as the clearest
largely support these observations and demonstrate a range of tem- depiction of a temperature-TH interaction on transcript abundance, was
perature-dependent effects of TH on mRNA abundance of metabolic observed on the mitochondrial p-oxidation enzyme, cptlf. High-T,4
enzymes in juvenile lake whitefish. Many studies examining the effects treatment depressed cptlf transcript abundance at day 4 in fish main-
of THs on metabolic function in fish have focused on oxidative enzymes tained at 13 °C while effects of high-T, treatment at this time point were
tightly associated with the TCA cycle and ETC (e.g., CS and COX). exaggerated at elevated temperatures and accompanied by effects of
However, temperature-dependent effects of TH on metabolism were low-T4 treatment (Fig. 5). These results depict strong short-term down-
observed in transcript abundance of several key enzymes involved in regulation of cptlf by elevated THs in juvenile lake whitefish, which
lipid oxidative metabolism, suggesting these effects extend beyond becomes more pronounced at higher temperatures. Since CPT1 activity
those of the TCA and ETC to influence several aspects of metabolic is thought to be largely regulated at the transcriptional level in fish
function in juvenile lake whitefish. (Leaver et al., 2008), these results could be interpreted as a potential,

Of the nine transcripts we examined, acca, accf, cptla, cptlf, acox3 biologically-relevant reduction in lipid oxidative capacity and pre-
and cs all exhibited temperature-dependent expression in response to ferential reliance on carbohydrate fuel sources which is further en-
exogenous T, treatment. In all cases, effects of T, were largely absent at hanced at elevated temperatures. Under most circumstances, mamma-
lower temperatures but became evident as temperature increased. The lian studies suggest a pronounced catabolic effect of THs on both lipid
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(Mullur et al., 2014; Pucci et al., 2000) and oxidative carbohydrate
(Barker and Klitgaard, 1952; Cioffi et al., 2013; Etkin et al., 1940;
Hulbert, 2000; Pucci et al. 2000) pathways. Furthermore, the majority
of reports on TH and cellular metabolism in fish and other ectotherms
also suggest the effects of TH are calorgenic in nature (Chen et al.,
2015; Gupta and Thapliyal, 1991; Little et al., 2013; Peter and
Oommen, 1993; Peter et al., 1996). Although the decrease in cpt1f may
seem inconsistent with expected effects of TH on metabolic processes
relative to mammalian models it might simply represent a shift in fuel
substrate associated with the temperature increase that is enhanced by
exogenous TH exposure. Fish have been shown to preferentially shift
towards aerobic lipid oxidation with cold acclimation and warm water
species tend to preferentially rely on anaerobic carbohydrate pathways
relative to cool water species (Way-Kleckner and Sidell, 1985; Sephton
and Driedzic, 1991; Bailey et al., 1999; Driedzik and Fonseca de
Almeida-Val, 1996). Given the complexity and interconnected nature of
these processes future work should take a systems based approach and
make use of a transcriptomic, proteomic or metabolomic technologies
to better decipher the key metabolic pathways regulated by TH and
temperature.

While a clear depression was observed in cptlf mRNA abundance in
response to exogenous T, treatment, cptla abundance remained un-
affected except for a transient increase above control levels at day 8
following exposure to 21 °C (Fig. 5A). These results indicate distinct
directional and temporal regulatory differences between cptla and
cptl1f via THs. In most vertebrates, cptlfi expression occurs almost ex-
clusively in cardiac and skeletal muscle (Leaver et al.,, 2008;
Boukouvala et al., 2010), so the presence of detectable changes in he-
patic cptl1f mRNA abundance in lake whitefish is particularly note-
worthy. Studies conducted in other salmonids (Morash et al., 2010) as
well as other more distantly-related species such as yellow catfish
(Pelteobagrus fulvidraco; Zheng et al., 2013) have identified diversifi-
cation of the cptl gene family as well as extensive cross-expression of
cptla and cptlf isoforms between several different tissues. For salmo-
nids, the unique tissue expression profiles of cptla and cptlf3 isoforms
have been attributed to recent genome duplication events in the sal-
monid lineage (Créte-Lafreniére et al., 2012; Morash et al., 2010). Such
changes have the potential to greatly increase the complexity of cptl
function and regulation, via sub- and neo-functionalization of cptl
isoforms (Morash et al., 2010). Currently, little information on the
functional differences between CPT1a and CPT1( activities exists in the
literature, aside from notable differences in their sensitivity to allosteric
inhibition by malonyl-coA and carnitine binding affinity (McGarry and
Brown, 1997). In mammals, CPT1( is approximately 80 times more
sensitive to allosteric inhibition by malonyl co-A and is able to bind
carnitine more effectively, resulting in a lower half maximal inhibitory
concentration of malonyl-coA for muscle than liver (McGarry and
Brown, 1997). In rainbow trout (Oncorhynchus mykiss), tissue-specific
sensitivities to malonyl-coA are reversed to exhibit increased inhibition
by malonyl-coA in liver than skeletal or cardiac muscles. These ob-
servations are likely attributed to differences is cptla and cptif ex-
pression profiles (Morash et al., 2008). TH-induced changes in the re-
lative proportions of hepatic CPT1la and CPT1p in lake whitefish are
plausible given the results of the present study and could have the
potential to regulate overall -oxidation rates. This could ultimately
result in altered functional associations between ACC and CPT1, par-
ticularly since malonyl-coA is considered one of the primary regulators
of mitochondrial B-oxidation (Boukouvala et al., 2010).

Previous studies in our laboratory have demonstrated modest in-
creases in liver CS activity with exogenous T4 treatment in fish exposed
to elevated temperatures (Zak et al., 2017) suggesting TH could have a
biological effect on overall oxidative capacity by the TCA cycle and ETC
in juvenile lake whitefish. However, neither low- nor high-T, treatment
altered CS or COX enzyme activity in the present study, despite coin-
ciding with exposure to a higher acclimation temperature (Fig. 6D-F
and 7D-F). The most likely explanation for this disparity is due to
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differences in T4 dose administration and the resulting serum T4 con-
centration. Serum T4 levels in our previous study were approximately
165- to 175-fold higher than sham injected controls (Zak et al., 2017)
while those in the present study were elevated by both low- and high-T4
treatment, but no more than 2.3-fold higher than the observed phy-
siological range for salmonids (Dickhoff et al., 1978). As such, the re-
sults of the present study are likely reflective of physiological, rather
than supraphysiological, responses. Despite the absence of distinct
changes in CS and COX activities associated with physiological TH
treatment, the results in our previous study do suggest regulatory po-
tential via THs. It is possible that TH-induced effects on transcription
and activity of these enzymes could become more pronounced as
temperatures continue to increase, but this remains to be explicitly
tested. Temperature-dependent changes in metabolism and their po-
tential relationship to both TH levels (Comeau et al., 2000; Eales and
Fletcher, 1982; Johnston and Eales, 1995; Larsen et al., 2001; Levin and
Bolotovskiy, 2015; O'Brien, 2011) and TH action (Gupta and Thapliyal,
1991) are becoming increasingly relevant due to rising global tem-
peratures associated with climate change.

Several studies have linked THs to a number of metabolic effects at
elevated temperatures that are consistent with increased energy pro-
duction in fish (Gupta and Thapliyal, 1991), including changes in O,
consumption (Little et al. 2013; Peter and Oommen, 1993). While the
measurement of maximal CS and COX activities provides an estimate of
cell mitochondrial content (Battersby and Moyes 1998; Dalziel et al.,
2005; O'Brien, 2011) and in some cases overall ETC capacity (Dalziel
et al., 2005; O'Brien, 2011), it may not provide an accurate assessment
of substrate turnover, also known as metabolic flux, or in vivo O, con-
sumption rates (Schulte, 2015; Suarez et al., 1997). As such, the ab-
sence of direct changes in CS and COX activities does not rule out the
possibility of changes in metabolic pathways upstream of the citric acid
cycle and ETC, such as those involved in lipid catabolism. Furthermore,
since certain rate-limiting enzymes we examined, such as cptl, are
thought to be regulated at the transcriptional level (Leaver et al., 2008),
there is reason to predict that changes in mRNA abundance could have
biologically-relevant effects on metabolic flux that are independent of
overall ETC capacity. The full extent which these processes are also
controlled by internal endocrine factors is unknown. However, the re-
sults of our study indicate some level of regulatory potential via THs on
the abundance of rate-limiting enzymes of lipid pathways, particularly
at elevated temperatures, and warrant further research directed to-
wards understanding changes in both in vivo metabolic processing and
the potential for TH influence in mediating these processes.

Acknowledgements

The authors wish to acknowledge T. Blampied, U. Gochin, L.
Manzon, C. McDougall, L. McDougall, A. Murillo and L. Whitehouse for
their assistance in hormone injections and tissue collection. This re-
search was supported by a Natural Sciences and Engineering Research
Council of Canada (NSERC) Discovery Grant to R.G.M (2014-03831).
M.Z. was supported in part by a fellowship from the University of
Regina.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygcen.2019.02.001.

References

Arjona, F.J., de Vrieze, E., Visser, T.J., Flik, G., Klaren, P.H.M., 2011. Identification and
functional characterization of zebrafish solute carrier Slc16a2 (Mct8) as a Thyroid
hormone membrane transporter. Endocrinology 152, 5965-15073.

Arjona, F.J., Ruiz-Jarabo, I., Vargas-Chacoff, L., Martin del Rio, M.P., Flik, G., Mancera,
J.M., Klaren, P.H.M., 2010. Acclimation of Solea senegalensis to different ambient
temperatures: implications for thyroidal status and osmoregulation. Mar. Biol. 157,


https://doi.org/10.1016/j.ygcen.2019.02.001
https://doi.org/10.1016/j.ygcen.2019.02.001
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0005
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0005
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0005

M.A. Zak and R.G. Manzon

1325-1335. https://doi.org/10.1007/s00227-010-1412-x.

Bailey, J.R., Val, A.L., Almeida-Val, V.M.F., Driedzic, W.R., 1999. Anoxic cardiac per-
formance in Amazonian and north temperate-zone teleosts. Can. J. Zool. 77,
683-689.

Barker, S.B., Klitgaard, H.M., 1952. Metabolism of tissues excised from thyroxine injected
rats. Am. J. Physiol. 170, 81-86.

Battersby, B.J., Moyes, C.D., 1998. Influence of acclimation temperature on mitochon-
drial DNA, RNA, and enzymes in skeletal muscle. Am. Physiol. Soc. 275, R905-R912.

Bernachez, L., Dodson, J.J., 1991. Phylogeographic structure in mitochondrial dna of the
lake whitefish (Coregonus clupeaformis) and its relation to pleistocene glaciations.
Evolution 45, 1016-1035.

Bermejo-Nogales, A., Nederlof, M., Benedito-Palos, L., Ballester-Lozano, G.F., Folkedal,
0., Olsen, R.E., Sitja-Bobadilla, A., Pérez-Sanchez, J., 2014. Metabolic and tran-
scriptional responses of gilthead sea bream (Sparus aurata L.) to environmental stress:
new insights in fish mitochondrial phenotyping. Gen. Comp. Endocrinol. 205,
305-315.

Blier, P., Guderley, H., 1988. Metabolic responses to cold acclimation in the swimming
musculature of lake whitefish (Coregonus clupeaformis). J. Exp. Zool. 246, 244-252.

Boukouvala, E., Leaver, M.J., Favre-Krey, L., Theodoridou, M., Krey, G., 2010. Molecular
characterization of a gilthead sea bream (Sparus aurata) muscle tissue cDNA for
carnitine palmitoyltransferase 1B (CPT1B). Comp. Biochem. Physiol. Part B. 157,
189-197.

Brander, K., Blom, G., Borges, M.F., Erzini, K., Henderson, G., MacKenzie, B.R., Mendes,
H., Ribeiro, J., Santos, A.M.P., Toresen, R., 2003. Changes in fish distribution in the
eastern North Atlantic: are we seeing a coherent response to changing temperature?
Marine Sci. Symp. 219, 261-270.

Bremer, K., Monk, C.T., Gurd, B.J., Moyes, C.D., 2012. Transcriptional regulation of
temperature-induced remodeling of muscle bioenergetics in goldfish. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 303, R150-R158. https://doi.org/10.1152/ajpregu.
00603.2011.

Bremer, K., Moyes, C.D., 2011. Origins of variation in muscle cytochrome c oxidase ac-
tivity within and between fish species. J. Exp. Biol. 214, 1888-1895. https://doi.org/
10.1242/jeb.053330.

Britton, J.R., Cucherousset, J., Davies, G.D., Godard, M.J., Copp, G.H., 2010. Non-native
fishes and climate change: predicting species responses to warming temperatures in a
temperate region. Freshwater Biol. 55, 1130-1141. https://doi.org/10.1111/j.1365-
2427.2010.02396.x.

Brownsey, R.W., Boone, A.N., Elliot, J.E., Kulpa, J.E., Lee, W.M., 2006. Regulation of
acetyl-CoA carboxylase. Biochem. Soc. Trans. 34, 223-227.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R.,
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The
MIQE guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin. Chem. 55, 611-622.

Chen, Q., Luo, Z., Shi, X., Wu, K., Zhuo, M., Song, Y., Hu, W., 2015. Dietary methimazole-
induced hypothyroidism reduces hepatic lipid deposition by down-regulating lipo-
genesis and up-regulating lipolysis in Pelteobagrus fulvidraco. Gen. Comp. Endocrinol.
217-218, 28-36.

Cioffi, F., Senese, R., Lanni, A., Goglia, F., 2013. Thyroid hormones and mitochondria:
with a brief look at derivatives and analogues. Mol. Cell. Endocrinol. 379, 51-61.

Cline, T., Bennington, V., Kitchell, J.F., 2013. Climate change expands the spatial extent
and duration of preferred thermal habitat for lake superior fishes. PLoS One 8,
€62279.

Cohen, N., 1991. Cell structure, Function and Metabolism. The Open University, Milton
Keynes, UK.

Comeau, L.A., Campana, S.E., Hanson, J.M., Chouinard, G.A., 2000. Seasonal changes of
thyroid hormones in field-collected Atlantic cod in relation to condition indices,
water temperature and photoperiod. J. Fish Biol. 57, 571-588. https://doi.org/10.
1006/jfbi.2000.1334.

Créte-Lafreniere, A., Weir, L.K., Bernachez, L., 2012. Framing the salmonidae family
phylogenetic portrait: a more complete picture from increased taxon sampling. PLoS
One 7, e46662. https://doi.org/10.1371/journal.pone.0046662.

Dalziel, A.C., Moore, S.E., Moyes, C.D., 2005. Mitochondrial enzyme content in the
muscles of high-performance fish: evolution and variation among fiber types. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 288, R163-R172.

Dhillon, R.S., Schulte, P.M., 2011. Intraspecific variation in the thermal plasticity of
mitochondria in killifish. J. Exp. Biol. 214, 3639-3648.

Dickhoff, W.W., Folmar, L.C., Gorbman, A., 1978. Changes in plasma thyroxine during
smoltification of coho salmon, Oncorhynchus kisutch. Gen. Comp. Endocrinol. 36,
229-232.

Driedzik, W.R., Fonseca de Almeida-Val, V.M., 1996. Enzymes of cardiac energy meta-
bolism in Amazonian teleosts and the fresh-water stingray. . J. Exp. Zool. 274,
327-333 (Potamotrygon hystrix).

Duggan, A.T., Kocha, K.M., Monk, C.T., Bremer, K., Moyes, C.D., 2011. Coordination of
cytochrome c oxidase gene expression in the remodelling of skeletal muscle. J. Exp.
Biol. 214, 1880-1887. https://doi.org/10.1242/jeb.053322.

Eales, J.G., Fletcher, G.L., 1982. Circannual cycles of thyroid hormones in plasma of
winter flounder (Pseudopleuronectes americanus Walbaum). Can. J. Zool. 60, 304-309.

Edsall, T.A., Rottiers, D.V., 1976. Temperature tolerance of young-of-the-year lake
whitefish, Coregonus clupeaformis. J. Fish. Res. Board Can. 33, 177-180.

Etkin, W., Root, R.W., Mofshin, B.P., 1940. The effect of thyroid feeding on oxygen
consumption of the goldfish. Physiol. Zool. 13, 415-429.

Foster, A.R., Hall, S.J., Houlihan, D.F., 1993. The effects of temperature acclimation on
organ/tissue mass and cytochrome c oxidase activity in juvenile cod (Gadus morhua).
J. Fish Biol. 42, 947-957.

Guderley, H., 2004. Metabolic responses to low temperature in fish muscle. Biol. Rev. 79,
409-427. https://doi.org/10.1017/51464793103006328.

63

General and Comparative Endocrinology 275 (2019) 51-64

Guderley, H., Johnston, I.A., 1996. Plasticity of fish muscle mitochondria with thermal
acclimation. J. Exp. Biol. 199, 1311-1317.

Gupta, B.B.P., Thapliyal, J.P., 1991. Endocrine regulation of the oxidative metabolism in
poikilothermic vertebrates. Zool. Sci. 8, 625-638.

Hardewig, I., van Dijk, M., Moyes, C.D., Portner, H.O., 1999. Temperature-dependent
expression of cytochrome-c oxidase in Antarctic and temperate fish. Am. Physiol. Soc.
277, R508-R516.

Holmes, J.A., Noakes, D.L.G., Crawford, S.S., Wismer, D.A., 2002. Whitefish Interactions
with Nuclear Generating Stations (WINGS), Lake Whitefish and Round Whitefish
Biology: A review of ecological factors affecting growth, survival, and reproduction.
Prepared by Axelrod Institute of Ichthyology, University of Guelph for Ontario Power
Generation-Nuclear, Chippewas of Nawash First Nation and Bruce Power,
Incorporated.

Hulbert, A.J., 2000. Thyroid hormones and their effects: a new perspective. Biol. Rev. 75,
519-631.

IPCC, 2014. Climate Change 2014 Synthesis Report. ed. Pachauri, R.K and Meyer, L.

Johnston, L.A., Dunn, J., 1987. Temperature acclimation and metabolism in ectotherms
with particular reference to teleost fish. Symp. Soc. Exp. Biol. 41, 67-93.

Johnston, C.E., Eales, J.G., 1995. Effects of acclimation and assay temperature on outer-
and inner-ring thyroxine and 3,5,3’-triiodo-L-thyronine deiodination by liver micro-
somes of rainbow trout, Oncorhynchus mykiss. J. Exp. Zool. 272, 426-434. https://doi.
org/10.1002/jez.1402720604.

Kao, Y., Manzon, R.G., Sheridan, M.A., Youson, J.H., 1999. Study of the relationship
between thyroid hormones and lipid metabolism during KClO4-induced metamor-
phosis of landlocked lamprey, Petromyzon marinus. Comp. Biochem. Physiol. Part C
363-373.

Koressaar, T., Remm, M., 2007. Enhancements and modifications of primer design pro-
gram Primer3. Bioinformatics 23, 1289-1291.

Kullgren, A., Jutfelt, F., Fontanillas, R., Sundell, K., Samuelsson, L., Wiklander, K., Kling,
P., Koppe, W., Larsson, D.J.J., Bjornsson, B.T., Jonsson, E., 2013. The impact of
temperature on the metabolome and endocrine metabolic signals in Atlantic salmon
(Salmo salar). Comp. Biochem. Physiol. 164, 44-53.

Larsen, D.A., Beckman, B.R., Dickhoff, W.W., 2001. The effect of low temperature and
fasting during the winter on metabolic stores and endocrine physiology (Insulin,
Insulin-like Growth Factor-I, and Thyroxine) of Coho Salmon, Oncorhynchus kisutch.
Gen. Comp. Endocrinol. 123, 308-323. https://doi.org/10.1006/gcen.2001.7677.

Leary, S.C., Barton, K.N., Ballantyne, J.S., 1996. Direct effects of 3,5,3-triiodothyronine
and 3,5-diiodothyronine on mitochondrial metabolism in the goldfish Carassius aur-
atus. Gen. Comp. Endocrinol. 104, 61-66.

Leaver, M.J., Bautista, J.M., Bjornsson, B.T., Jonsson, E., Krey, G., Tocher, D.R.,
Torstensen, B.E., 2008. Towards fish lipid nutrigenomics: current state and prospects
for fin-fish aquaculture. Rev. Fish. Sci. 16, 73-94.

Levin, B.A., Bolotovskiy, A.A., 2015. Discovery of latitudinal gradient of triiodothyronin
concentrations in ectotherms as revealed from a cyprinid fish, the common roach
Rutilus rutilus. Biochem. System. Ecol. 62, 128-136.

Little, A.G., Kunisue, T., Kannan, K., Seerbacher, F., 2013. Thyroid hormone actions are
temperature-specific and regulate thermal acclimation in zebrafish (Danio rerio). BMC
Biol. 11, 26.

Lucassen, M., Koschnick, N., Eckerle, L.G., Portner, H.O., 2006. Mitochondrial mechan-
isms of cold adaptation in cod (Gadus morhua L.) populations from different climatic
zones. J. Exp. Biol. 209, 2462-2471.

Lucassen, M., Schmidt, A., Eckerle, L.G., Portner, H.O., 2003. Mitochondrial proliferation
in the permanent vs. temporary cold: enzyme activities and mRNA levels in Antarctic
and temperate zoarcid fish. Am. J. Physiol. Regul. Integr. Comp. Physiol. 285,
R1410-R1420. https://doi.org/10.1152/ajpregu.00111.2003.

Matz, M.V., Wright, R.M., Scott, J.G., 2013. No control genes required: bayesian analysis
of gqRT- PCR Data. PLoS One 8, e71448.

McClelland, G.B., Craig, P.M., Dhekney, K., Dipardo, S., 2006. Temperature- and exercise-
induced gene expression and metabolic enzyme changes in skeletal muscle of adult
zebrafish (Danio rerio). J. Physiol. 577, 739-751.

McGarry, J.D., Brown, N.F., 1997. The mitochondrial carnitine palmitoyltransferase
system: from concept to molecular analysis. Eur. J. Biochem. 244, 1-14.

Moon, T.W., Walsh, P.J., Mommsen, T.P., 1985. Fish hepatocytes: a model metabolic
system. Can. J. Fish. Aquat. Sci. 42, 1772-1782.

Morash, A.J., Kajimura, M., McClelland, G.B., 2008. Intertissue regulation of carnitine
palmitoyltransferase I (CPTI): mitochondrial membrane properties and gene expres-
sion in rainbow trout (Oncorhynchus mykiss). BBA 1778, 1382-1389.

Morash, A.J., LeMoine, C.M.R., McClelland, G.B., 2010. Genome duplication events have
led to a diversification in the CPT I gene family in fish. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 299, R579-R589. https://doi.org/10.1152/ajpregu.00088.2010.

Mullur, R., Liu, Y., Brent, G.A., 2014. Thyroid hormone regulation of metabolism. Physiol.
Rev. 94, 355-382. https://doi.org/10.1152/physrev.00030.2013.

O'Brien, K.M., 2011. Mitochondrial biogenesis in cold-bodied fishes. J. Exp. Biol. 214,
275-285.

Orczewska, J.I., Hartleben, G., O'Brien, K.M., 2010. The molecular basis of aerobic me-
tabolic remodeling differs between oxidative muscle and liver of threespine stickle-
backs in response to cold acclimation. Am. J. Physiol. Regul. Integr. Comp. Physiol.
299, R352-R364.

Perry, A.L., Low, P.J., Ellis, J.R., Reynolds, J.D., 2005. Climate change and distribution
shifts in marine fishes. Science 308, 1912-1915.

Peter, M.C.S., Oommen, O.V., 1993. Stimulation of oxidative metabolism by thyroid
hormones in propranolol/alloxan-treated bany fish, Anabas testudineus (Bloch). J.
Exp. Zool. 266, 85-91.

Peter, M.C.S., Sutharam, K.K., Oommen, O.V., 1996. In vitro effects of thyroid and go-
nadal hormones on the activity of mitochondrial oxidative enzymes in a teleost
(Anabas testudineus Bloch) and an apodan amphibian (Gegenophis carnosus Beddome).


https://doi.org/10.1007/s00227-010-1412-x
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0015
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0015
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0015
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0020
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0020
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0025
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0025
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0030
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0030
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0030
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0035
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0035
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0035
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0035
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0035
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0040
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0040
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0045
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0045
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0045
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0045
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0050
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0050
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0050
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0050
https://doi.org/10.1152/ajpregu.00603.2011
https://doi.org/10.1152/ajpregu.00603.2011
https://doi.org/10.1242/jeb.053330
https://doi.org/10.1242/jeb.053330
https://doi.org/10.1111/j.1365-2427.2010.02396.x
https://doi.org/10.1111/j.1365-2427.2010.02396.x
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0070
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0070
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0075
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0075
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0075
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0075
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0080
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0080
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0080
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0080
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0085
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0085
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0090
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0090
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0090
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0095
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0095
https://doi.org/10.1006/jfbi.2000.1334
https://doi.org/10.1006/jfbi.2000.1334
https://doi.org/10.1371/journal.pone.0046662
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0110
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0110
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0110
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0115
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0115
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0120
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0120
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0120
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0125
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0125
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0125
https://doi.org/10.1242/jeb.053322
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0135
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0135
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0140
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0140
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0145
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0145
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0150
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0150
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0150
https://doi.org/10.1017/S1464793103006328
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0160
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0160
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0165
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0165
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0170
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0170
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0170
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0180
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0180
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0190
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0190
https://doi.org/10.1002/jez.1402720604
https://doi.org/10.1002/jez.1402720604
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0200
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0200
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0200
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0200
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0205
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0205
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0210
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0210
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0210
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0210
https://doi.org/10.1006/gcen.2001.7677
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0220
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0220
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0220
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0225
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0225
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0225
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0230
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0230
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0230
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0235
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0235
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0235
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0240
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0240
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0240
https://doi.org/10.1152/ajpregu.00111.2003
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0250
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0250
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0255
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0255
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0255
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0260
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0260
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0265
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0265
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0270
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0270
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0270
https://doi.org/10.1152/ajpregu.00088.2010
https://doi.org/10.1152/physrev.00030.2013
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0285
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0285
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0290
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0290
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0290
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0290
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0295
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0295
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0300
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0300
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0300
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0305
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0305
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0305

M.A. Zak and R.G. Manzon

Proc. Indian Nat. Sci. Acad. B62, 71-80.

Plisetskaya, E., Woo, M.Y.S., Murat, J.C., 1983. Thyroid hormones in cyclostomes and fish
and their role in regulation of intermediary metabolism. Comp. Biochem. Physiol.
74A, 179-187.

Polakof, S., Médale, F., Skiba-Cassy, Corraze, G., Panserat, S., 2010. Molecular regulation
of lipid metabolism in liver and muscle of rainbow trout subjected to acute and
chronic insulin treatments. Domest. Anim. Endocrinol. 39, 26-33. https://doi.org/
10.1016/j.domaniend.2010.01.003.

Pucci, E., Chiovato, L., Pinchera, A., 2000. Thyroid and lipid metabolism. Int. J. Obesity.
24, S109-S112.

R Development Core Team, 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Rodnick, K.J., Sidell, B.D., 1994. Cold acclimation increases carnitine palmitoyl-
transferase I activity in oxidative muscle of striped bass. Am. J. Physiol. 266,
R405-R412.

Schnurr, M.E,, Yin, Y., Scott, G.R., 2014. Temperature during embryonic development has
persistent effects on metabolic enzymes in the muscle of zebrafish. J. Exp. Biol. 217,
1370-1380. https://doi.org/10.1242/jeb.094037.

Schulte, P.M., 2015. The effects of temperature on aerobic metabolism: towards a me-
chanistic understanding of the responses of ectotherms to a changing environment. J.
Exp. Biol. 218, 1856-1866. https://doi.org/10.1242/jeb.118851.

Sephton, D.H., Driedzic, W.R., 1991. Effect of acute and chronic temperature transition on
enzymes of cardiac metabolism in white perch (Morone americana), yellow perch
(Perca flavescens), and smallmouth bass (Micropterus dolumieui). Can. J. Zool. 69,
258-262.

Sidell, B.D., 1980. Responses of goldfish (Carassius auratus, L.) muscle to acclimation
temperature: alterations in biochemistry and proportions of different fiber types.
Physiol. Zool. 53, 98-107.

Shivakumar, K., Jayaraman, J., 1984. Salinity adaptation in fish: effect of thyroxine on
mitochondrial status. Arch. Biochem. Biophys. 233, 728-735.

Somero, G.N., 2010. The physiology of climate change: how potentials for acclimatization
and genetic adaptation will determine ‘winners’ and ‘losers’. J. Exp. Biol. 213,
912-920.

Stefanovic, D.I.,, Manzon, L.A., McDougall, C.S., Boreham, D.R., Somers, C.M., Wilson,
J.Y., Manzon, R.G., 2016. Thermal stress and the heat shock response in embryonic
and young of the year juvenile lake whitefish. Comp. Biochem. Physiol. Part A. 193,
1-10.

Suarez, R.K., Staples, J.F., Lighton, J.R.B., West, T.G., 1997. Relationship between

64

General and Comparative Endocrinology 275 (2019) 51-64

enzymatic flux capacities and metabolic flux rates: nonequilibrium reactions in
muscle glycolysis. PNAS 94, 7065-7069.

Tocher, D.R., Fonseca-Madrigal, J., Dick, J.R., Ng, W., Bell, J.G., Campbell, P.J., 2004.
Effects of water temperature and diets containing palm oil on fatty acid desaturation
and oxidation in hepatocytes and intestinal enterocytes of rainbow trout
(Oncorhynchus mykiss). Comp. Biochem. Physiol. Part B. 137, 49-63.

Umminger, B.L., 1978. The role of hormones in the acclimation of fish to low tempera-
tures. Naturwissenschaften 65, 144-150.

Untergasser, A., Cutcutache, 1., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen,
S.G., 2012. Primer3 - new capabilities and interfaces. Nucl. Acids Res. 40, e115.
Vargas-Chacoff, L., Ruiz-Jarabo, I., Arjona, F.J., Laiz-Carrion, R., Flik, G., Klaren, P.H.M.,
Mancera, J.M., 2016. Energy metabolism of hyperthyroid gilthead sea bream Sparus

aurata L. Comp. Biochem. Physiol. Part A. 191, 25-34.

Vijayan, M.M., Leatherland, J.F., 1989. Cortisol-induced changes in plasma glucose,
protein, and thyroid hormone levels, and liver glycogen content of coho salmon
(Oncorhynchus kisutch Walbaum). Can. J. Zool. 67, 2746-2750.

Way-Kleckner, N., Sidell, B.D., 1985. Comparison of maximal activities of enzymes from
tissues of thermally acclimated and naturally acclimatized chain pickerel (Esox niger).
Physiol. Zool. 58, 18-28.

Weitzel, J.M., Iwen, K.A., 2011. Coordination of mitochondrial biogenesis by thyroid
hormone. Mol. Cell. Endocrinol. 342, 1-7.

Windisch, H.S., Kathover, R., Portner, H., Frickenhaus, S., Lucassen, M., 2011. Thermal
acclimation in Antarctic fish: transcriptomic profiling of metabolic pathways. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 301, R1453-R1466. https://doi.org/10.1152/
ajpregu.00158.2011.

Wismer, DA., Christie, A.E., 1987. Temperature Relationships of Great Lakes Fishes: A
Data Compilation. Great Lakes Fishery Commission Special Publication No. 87-3.

Woodward, G., Perkins, D.M., Brown, L.E., 2010. Climate change and freshwater eco-
systems: impacts across multiple levels of organization. Phil. Trans. R. Soc. B. 365,
2093-2106.

Zak, M.A., Regish, A.M., McCormick, S.D., Manzon, R.G., 2017. Exogenous thyroid hor-
mones regulate the activity of citrate synthase and cytochrome c oxidase in warm-
but not cold-acclimated lake whitefish (Coregonus clupeaformis). Gen. Comp.
Endocrinol. 247, 215-222. https://doi.org/10.1016/j.ygcen.2017.02.005.

Zheng, J., Luo, Z., Zhu, Q., Chen, Q., Gong, Y., 2013. Molecular characterization, tissue
distribution and kinetic analysis of carnitine palmitoyltransferase I in juvenile yellow
catfish Pelteobagrus fulvidraco. Genomics 101, 195-203.


http://refhub.elsevier.com/S0016-6480(18)30465-9/h0305
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0310
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0310
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0310
https://doi.org/10.1016/j.domaniend.2010.01.003
https://doi.org/10.1016/j.domaniend.2010.01.003
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0320
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0320
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0325
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0325
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0330
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0330
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0330
https://doi.org/10.1242/jeb.094037
https://doi.org/10.1242/jeb.118851
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0345
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0345
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0345
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0345
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0350
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0350
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0350
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0355
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0355
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0360
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0360
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0360
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0365
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0365
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0365
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0365
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0370
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0370
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0370
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0375
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0375
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0375
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0375
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0380
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0380
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0385
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0385
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0390
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0390
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0390
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0395
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0395
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0395
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0400
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0400
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0400
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0405
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0405
https://doi.org/10.1152/ajpregu.00158.2011
https://doi.org/10.1152/ajpregu.00158.2011
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0420
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0420
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0420
https://doi.org/10.1016/j.ygcen.2017.02.005
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0430
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0430
http://refhub.elsevier.com/S0016-6480(18)30465-9/h0430

	Expression and activity of lipid and oxidative metabolism enzymes following elevated temperature exposure and thyroid hormone manipulation in juvenile lake whitefish (Coregonus clupeaformis)
	Introduction
	Materials and methods
	Animal husbandry
	Experimental design, hormone treatments and tissue collection
	Serum thyroxine (T4) quantification
	RNA extraction, cDNA preparation and real-time quantitative-PCR (RT-qPCR) of metabolic enzyme mRNA transcripts
	Quantification of citrate synthase and cytochrome c oxidase enzyme activities
	Data handling and statistical analysis
	Hepatosomatic index
	Serum T4 concentrations
	RT-qPCR mRNA transcript abundance
	CS and COX activities


	Results
	Temperature effects
	Thyroid hormone effects

	Discussion
	Thermal impact on metabolic pathways
	Thyroid hormone impact on metabolic pathways

	Acknowledgements
	Supplementary data
	References




