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ABSTRACT ARTICLE HISTORY

We have previously identified predator odor as a potent stimulus activating thermogenesis in Received 1 December 2022
skeletal muscle in rats. As this may prove relevant for energy balance and weight loss, the current ~ Revised 17 January 2023
study investigated whether skeletal muscle thermogenesis was altered with negative energy ~ Accepted 18 January 2023
balance, obesity propensity seen in association with low intrinsic aerobic fitness, and monogenic  keyworbps

obesity. First, weight loss subsequent to 3 wk of 50% calorie restriction suppressed the muscle Melanocortin; MC4R:
thermogenic response to predator odor. Next, we compared rats bred based on artificial selection predator threat; weight loss;
for intrinsic aerobic fitness — high- and low-capacity runners (HCR, LCR) - that display robust energy balance; leanness;
leanness and obesity propensity, respectively. Aerobically fit HCR showed enhanced predator aerobic capacity;
odor-induced muscle thermogenesis relative to the less-fit LCR. This contrasted with the profound cardiorespiratory fitness
monogenic obesity di%)la}led by rats homozygous for a loss of function mutation in Melanocortin

4 receptor (Mc4r*®@#/K314X yats), which showed no discernable deficit in thermogenesis. Taken

together, these data imply that body size or obesity per se are not associated with deficient

muscle thermogenesis. Rather, the physiological phenotype associated with polygenic obesity

propensity may encompass pleiotropic mechanisms in the thermogenic pathway. Adaptive ther-

mogenesis associated with weight loss also likely alters muscle thermogenic mechanisms.
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Introduction

With the progression of the obesity epidemic [1],
increasing interest has focused on methods that
can decrease caloric intake as well as amplify calo-
ric expenditure. Potential strategies being consid-
ered have widened beyond those involving direct
manipulation of food intake and increasing physi-
cal activity, however, to include activating thermo-
genesis (reviewed by [2,3]). Strategies to combat
obesity by engaging thermogenic mechanisms
have focused on brown adipose tissue thermogen-
esis and “browning” of white adipose to induce or
amplify caloric expenditure (both reviewed by [4]);
less consideration is commonly given to the poten-
tial thermogenic role of skeletal muscle. Indeed,
muscle comprises a large proportion of body mass
in both men and women [5] and contributes 40%
[6] to resting energy expenditure in humans.
Evidence supports a sizable role of skeletal muscle
glucose uptake in homeostatic acute cold-induced
thermogenesis [7] as well as in thermogenic hyper-
metabolism to maintain temperature homeostasis
in an aquatic mammal [8,9].

Recently, we reported that skeletal muscle exhibits
a strong thermogenic response in rats and mice
exposed to predator threat [10]. This predator odor-
induced muscle thermogenesis cannot be accounted
for by elevated physical activity alone, and amplifies
thermogenesis during physical activity [10]. Caloric
expenditure is elevated by 40% or more in associa-
tion with predator threat in rats [10]. Like cold-
induced thermogenesis in brown fat and white adi-
pose browning, the muscle thermogenic response is
similarly reliant on sympathetic neural activation
and beta-adrenergic receptor activation [10]. While
this may provide a promising additional avenue to
amplify energy expenditure, it is important to dis-
cern if the muscle thermogenic response interacts
with energetic challenge. That is, does obesity or
the weight loss associated with negative energy bal-
ance diminish the ability of predator threat to induce
muscle thermogenesis?

Predation risk is known to interact with energy
balance on several levels. The presence of preda-
tors alters the energy balance of prey species. For
example, voles lose weight when forced to share an

ecological niche with the odor of their natural
predators, weasels [11,12]. Predator threat changes
multiple aspects of behavior and physiology that
impact energy balance, including caloric intake
[11-13], physical activity, and energy expenditure
[12], and as described above, energy expenditure
stemming from muscle thermogenesis [10]. All of
this interacts with ecological and other factors
including sex, season, and trade-offs with missed
opportunities that affect risk and survival
[12,14,15]. Altogether, animals can lessen their
risk for predation by shedding grams of body
weight, prioritizing mitigating predation risk over
starvation risk [13]. Less is known, however,
regarding how energetic challenge might alter the
response to predator threat, including the muscle
thermogenic response. Revealing these mechan-
isms may allow them to be exploited for therapeu-
tic purposes. Though predation is not a threat to
modern humans, the innate responsiveness to pre-
dator threat is retained in humans and is able to
strengthen fear memory [16]. In humans and non-
human primates, predator threat may be detected
through olfactory along with other sensory mod-
alities, and the neural substrates mediating beha-
vioral responses to these threat stimuli are highly
conserved [16,17]. This is an important considera-
tion in the context of potential therapeutic appli-
cation given how human obesity is associated with
relatively low brown adipose tissue thermogenesis
[18,19], and the difficulty in harnessing brown fat
thermogenesis to promote weight loss [3,20].
Conversely, negative energy balance induces adap-
tations that lower energy expenditure (reviewed in
[21]). This adaptive thermogenic response with
reduced weight includes diminished caloric expen-
diture during physical activity [22,23]. Lower core
body temperature with food restriction, associated
with lower heat production [24,25], may also
encompass an adaptive thermogenic response in
muscle heat generation.

Here, we addressed this question from two
angles in rats. First, we examined how negative
energy balance and weight loss impacted predator
odor-induced muscle thermogenesis. Next, we
considered how obesity or obesity propensity
might alter muscle thermogenesis using two rat



models. Predator odor-induced muscle thermo-
genesis was measured in a contrasting rat model
of disease risk based on high and low intrinsic
aerobic fitness, wherein low aerobic fitness is asso-
ciated with obesity propensity and metabolic dis-
ease [26]. Next, the muscle thermogenic response
was examined in a monogenic model for profound
obesity using rats homozygous for a loss of func-
tion mutation (K314X) in Melanocortin 4 receptor
(Mc4r™ X I34% HOM) alongside rats heterozy-
gous for the mutation (Mc4r™®3 14X, HET) and
wild-type rats with intact MC4R function (Mc4r*’
"3 WT) [27,28]. Muscle thermogenesis in this rat
model is particularly interesting given the role of
melanocortin 4 receptor (MC4R) in modulating
sympathetic nervous system (SNS) outflow at mul-
tiple levels [29], and given the ability of central
activation of melanocortin receptors with melano-
tan-II to increase muscle thermogenesis [30]. As
we have demonstrated that the rat muscle thermo-
genic response is reliant on intact SNS nerves and
beta-adrenergic receptor activation [10], we pre-
dicted that loss of MC4R function could have
a substantial effect on the ability of predator threat
to engage this sympathetically driven muscle ther-
mogenic response.

Materials and methods
Animals, surgery, and predator odor.

These experiments examined (1) adult, male
Sprague Dawley rats (N = 8) from Envigo
(Indianapolis, IN), starting at 8 wk old; (2) female
HCR/LCR (generation 39, N = 16; n = 8/selected
line) from the University of Toledo; and (3) male
and female WT, HET, and HOM littermate off-
spring (N = 5/genotype/sex) that resulted from
mating of HET rats at Kent State University.
WT, HET, and HOM animals were weaned at
postnatal day 21 and group-housed (2-3 per
cage); ear punches were obtained at weaning and
processed using polymerase chain reaction to
identify genotype [31]. The HCR and LCR were
part of a larger study that utilized viral vector
(AAV)-mediated expression of a designer receptor
construct; the rats described here received the con-
trol construct (AAV-SF1-mCherry (AAV8)) along
with i.p. injections of a sterile-saline vehicle 1 h
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before odor presentation. At ~3 months of age,
rats underwent five treadmill-running trials to
assess aerobic capacity phenotype. All rats were
housed at 22-25°C and had free access to water
and fed ad libitum unless otherwise noted and
were housed individually with environmental
enrichment at the time of surgical transponder
placement. All rats were fed Prolab RMH 3000
diet with 26% of kcal from protein, 14% from fat,
and 60% from carbohydrates. Odor exposures and
treadmill assessments took place in the middle of
the light phase at ambient temperatures of 22-
25°C. Treadmill-walking muscle thermogenesis
was assessed to ensure differences in thermogen-
esis did not stem from reduced muscle contractile
thermogenesis. All rats were exposed to the tread-
mill [32] at walking speed (7 m/min) for 5 min at
least 1 d prior to measurement to assure compli-
ance with the walking protocol. Though walking
compliance was encouraged using a footshock,
pre-exposure to the treadmill procedure mini-
mized footshock during assessments. All breeding
and procedures were approved by the Kent State
University Institutional Animal Care and Use
Committee.

Rats underwent surgical implantation of sterile
IPTT-300 temperature transponders (Bio Medic
Data Systems, Seaford, DE) bilaterally into the
gastrocnemius muscle group, as previously
described [10,33]. Briefly, rats were anesthetized
using inhaled isoflurane (3-5% for induction, 1-
2.5% for maintenance), and a small incision was
made in each hindlimb. The transponders were
injected, and incisions were closed. Ketoprofen
(5 mg/kg, s.c.) and/or buprenorphine (0.01 mg/
kg; s.c.) were administered for analgesia.
Euthanasia procedures included CO, asphyxiation
and transcranial perfusion after terminal
anesthesia.

After at least 2 wk of recovery from surgery, rats
were habituated to the experimental procedure
(i.e. moved to the testing room, exposed to towel
stimulus with no odor, and transponder tempera-
tures measured using the reader) with no experi-
mental stimuli [10,34]. For measurement of the
predator odor-induced thermogenic response,
rats were exposed to a small fragment (~2X2
inches) of a towel that had been housed with
ferrets for 2-3 wk (Marshall Bioresources, North
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Rose, NY), or a “blank” odorless, control towel.
Temperatures were measured before odor presen-
tation as well as periodically through 2-6 h after
odor exposure. Each rat was measured under both
conditions in random order.

Predator odor and muscle thermogenesis before
and after 50% calorie restriction

Predator odor-induced muscle temperatures were
measured in male Sprague Dawley rats, along with
muscle temperature in response to the control
odor, in random order, as previously reported
[10]. Briefly, rats were exposed to control odor or
predator odor counterbalanced in random order,
separated by 48 h; muscle temperatures were mea-
sured bilaterally at baseline before odor presenta-
tion, then again 10, 20, 30, 60, and 90 min after the
control or predator odor stimulus presentation.
Muscle temperatures reported are the average of
the right and left gastrocnemius muscle group,
except for one rat in which only the left-leg trans-
ponder was functional. Muscle temperature was
also measured during graded treadmill walking
following the protocol reported by Gavini et al.
(2014) [33]. Briefly, muscle temperatures were
measured, while rats walked for 2, 5, and 10 min
at 7 m/min (0° incline), then 15 min at 9 m/min
and 0° incline, and at 20 min at 9 m/min and 10°
incline. Many of the rats refused to walk after
15 min, with 5 (before 50% CR) and 4 (after 50%
CR) rats completing 20 min of treadmill walking.
Before the onset of food restriction, but after
baseline muscle thermogenesis measures, baseline
food intake was calculated. Then, rats were sub-
jected to 50% calorie restriction (50% CR, based
on 50% of baseline intake) for 3 wk; body weights
were measured daily. Subsequently, rats were again
assessed for their muscle thermogenic response to
predator odor, control odor, and treadmill walk-
ing. EchoMRI (EchoMRI, Houston, TX) [35] mea-
surement of fat and lean mass were conducted
10 d before the onset of CR, then again on day
19 of CR (where food was restricted starting
on day 0). Muscle thermogenesis in response to
predator and control odors was measured on days
20 and 22 of CR, and treadmill-walking muscle
thermogenesis was measured on day 23 of CR.

Predator odor and muscle thermogenesis in
aerobically fit high-capacity runners and
low-fitness low-capacity runners

HCR and LCR were habituated to the context of
odor presentation three times prior to exposure to
predator or control odors. Female HCR and LCR
were presented with control odor or predator odor
in random order, and muscle temperatures were
measured over 6 h after stimulus presentation.

Predator odor and muscle thermogenesis in rats
with monogenic obesity resulting from loss of
MCA4R function

Muscle thermogenesis in association with mono-
genic obesity was examined using HOM and HET
rats compared to WT controls. Rats underwent
EchoMRI magnetic resonance spectroscopy for
measurement of fat and lean mass [35]. After
transponder implantation and habituation to the
testing procedure, muscle thermogenesis was mea-
sured after exposure to control odor and predator
odor, in random order, in 30 male and female rats
(N = 5/genotype/sex). Baseline measurements
were taken before odor presentation, immediately
after the odor (i.e. towel) was placed in the cage at
0 min, and throughout 120 min of constant expo-
sure to ferret and control odors. On separate days,
muscle thermogenesis was also measured during
treadmill walking at a constant speed of 7 meters/
min for 35 min at 0° incline to promote compli-
ance in the obese HOM rats. The rats were com-
pliant with the treadmill-walking protocol with the
exception of the HOM rats, only one of which
finished the 35 min of walking; all but one rat
finished at least 20 min of walking in each
condition.

Statistical analyses

Data are presented as mean + SEM, with statistical
significance at p < 0.05. For all repeated-measures
ANOVAs, the Huynh-Feldt correction was used
when the assumption of sphericity was violated.
To examine the effect of negative energy balance
from food restriction (before vs after 50% CR) on
predator odor-induced muscle thermogenesis
(control vs ferret odor, baseline plus 5 timepoints),



average right and left muscle temperatures were
compared using a 3-way (2X2X6) repeated-
measures analysis of variance (ANOVA).
Subsequent follow-up tests consisted of 2 x 6
ANOVAs comparing control vs predator odor
before CR, and also after CR, as well as 2 x 6
ANOVAs examining control odor-induced ther-
mogenesis before compared to after CR, and ferret
odor-induced thermogenesis before vs after CR.
For treadmill-walking thermogenesis, there was
no odor presented, so treadmill-walking contrac-
tile thermogenesis was measured using a 2 x 5
ANOVA to analyze the impact of food restriction
(before vs after 50% CR) on muscle temperatures
before and during treadmill walking. Though the
rats subjected to CR could walk on the treadmill
for up to 25 min, many rats walked only 15 min;
therefore, data analyses were conducted on 5 time-
points (baseline, and treadmill walking for
2 min, 5 min, 10 min, and 15 min).

Muscle thermogenic response of HCR and LCR
was compared using a three-way mixed ANOVA,
with selected line (HCR and LCR) as the between-
animal independent variable, and odor (control vs
ferret odors) and time as the within-animal inde-
pendent variables. Separate follow-up 2-way
ANOVAs compared HCR and LCR thermogenic
responses to control odor and predator odor sepa-
rately. Similarly, a three-way mixed ANOVA com-
pared the muscle thermogenic response of WT,
HET, and HOM rats. For body weight and com-
position in the WT, HET, and HOM rats, a 3 x 2
ANOVA was used to compare body weight, fat
mass, and lean mass in the male and female rats
between genotypes. Follow-up tests between geno-
types used the LSD test, with unpaired t-tests used
for within-sex analyses (1-tailed).

Though time of day, recent activity, ambient
temperature [36], habituation to the environment,
and potentially genetic background can all add
variance to muscle physiology and thermoregula-
tion [10,30,34], differences in baseline muscle tem-
perature likely stemmed from differences in
transponder placement between investigators.
This was mitigated by calculation of baseline-
corrected temperature area under the curve
(AUC), computed using the trapezoidal method
correcting for baseline temperature in each rat, as
described previously [10]. Muscle temperature
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AUCs with control and predator odors before
and after 50% CR were compared using a 2 x 2
ANOVA. Temperature AUCs with control and
predator odor for WT, HET, and HOM rats were
compared using a 2 x 3 ANOVA. For WT, HET,
and HOM rats, AUC was calculated using
the second baseline measurement (i.e. muscle tem-
perature just before exposure to the odor stimu-
lus). Treadmill-walking temperature AUCs were
compared wusing a two-tailed paired t-test.
Temperature AUCs were compared within-rat
using paired t-tests (50% CR) or repeated-
measures ANOVAs (HCR/LCR and WT/HET/
HOM rats), with paired (within rat) or unpaired

(between group) t-tests used for follow-up
comparisons.
Results

Calorie restriction-induced weight loss reduced
the thermogenic response to predator odor.

As shown in Table 1, body composition changes
with weight loss over 24 d of food restriction,
where 50% CR induced an 18.5% weight loss (£
0.7%, range of 16.6% to 22.2%, 88 g to 112 g);
initial body weights ranged from 487 g to 603 g
and final body weights ranged from 391 g to 503 g.
As shown in Figure 1a, predator odor significantly
increased rat gastrocnemius muscle temperature
(significant main effects of odor and time). While
there was no main effect of 50% CR, there was
a significant 3-way ANOVA. Follow-up ANOVAs
revealed that predator odor significantly increased
muscle temperature both before CR and after CR
(Supplemental Table 1). The muscle thermogenic
response to control-odor presentation did not sig-
nificantly change over 50% CR, but predator odor-
induced thermogenesis showed a significant inter-
action where the temperature after 50% CR was
lower than before CR. This was mirrored by the
muscle-temperature AUC (Figure 1b). At both 60
and 90 min after odor presentation, there was
a significant interaction where the thermogenic
response to predator odor changed over 50% CR.
Although predator odor increased muscle tem-
perature AUCs significantly more than control
odor both before and after 50% CR, temperature
AUCs after predator-odor presentation were
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Table 1. Body weight and composition before and after 50% calorie restriction (CR).

Before 50% CR After 50% CR Change
Body Weight (g) Day 0-24 536 + 14 437 + 13 -99 + 3
Day —-10-19 537 £ 15 455 + 13 -836g+3
Fat mass (g) 747 g £ 10 428 g+ 85 -3199g+25
Lean mass (g) 35749 £ 109 31219+ 85 —452 9 + 44

Mean + SEM; 50% CR significantly decreased body weight, fat mass, and lean mass (*p < 0.05).
Fat and lean mass measured 10 d before onset of CR and on the 19th d of CR. N = 8 adult male Sprague Dawley rats.

a Gastrocnemius Temperature b  Temperature AUC from Baseline
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Figure 1. Three weeks of food restriction decreased the muscle thermogenic response to predator odor. (a) Gastrocnemius
muscle temperature rapidly increased after exposure to predator (ferret) odor, and this significantly decreased after 21 d of 50%
calorie restriction (CR). (fsignificant interaction where the thermogenic response to predator, but not control, odors significantly
decreased with 50% CR; *significant main effect of predator odor; p < 0.05) (b) Baseline-corrected temperature area under the curve
(AUCQ) at 60 or 90 min after exposure (tsignificant main effect of CR; *significant main effect of predator odor; p < 0.05) (c) Muscle
temperature increased over time as rats walked on treadmills, with no decrement after CR and no difference in the maximum
temperature reached, and no difference in temperature AUC from baseline (d). (significant interaction between CR and time on
treadmill; p < 0.05; N = 10).

significantly higher after 50% CR compared to Treadmill-walking contractile thermogenesis
before CR. In contrast, control-odor temperature  increased over time spent walking on the treadmill
AUC did not significantly change over CR. (Figure 1c). There was no significant effect of CR;



however, there was a significant interaction.
Interestingly, two-tailed paired t-tests revealed sig-
nificantly higher muscle temperature at 2 min of
walking after CR compared to before CR, but not
at any other time-point. The baseline-corrected
treadmill-walking temperature AUC did not differ
before compared to after 50% CR (Figure 1d).

Low-fitness rats prone to obesity showed
a reduced thermogenic response to predator
odor.

As shown in Table 2, LCR weighed significantly
more than HCR in both control (p = 0.023) and
predator odor exposure (p = 0.033; two-tailed
unpaired t-test), with no difference between con-
trol and predator odor-exposed conditions in
either HCR (p = 0.551) or LCR (p = 0.913; two-
tailed paired t-test). This is consistent with their
phenotype (high and low aerobic fitness), as was
the HCRs’ relatively elevated time spent running
and distance run on the treadmill during pheno-
type assessment (Table 2).

The 3-way ANOVA revealed that HCR and
LCR showed significantly different thermogenic
responses to predator odor over time (Figure 2a).
Since all main effects and interactions were signif-
icant, separate follow-up 2-way ANOVAs were
conducted showing a significant difference
between HCR and LCR muscle temperatures (i.e.
main effect) and an interaction between selected
line (i.e. HCR and LCR) and time (6 h after expo-
sure) after predator-odor exposure but not after
control-odor exposure (Supplemental Table 2).
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Both HCR and LCR showed significantly higher
temperatures after predator odor than control
odor (i.e. main effect), with a significant interac-
tion between odor (i.e. predator odor vs control)
and time (6 h of exposure) only in HCR. The
maximal temperature elevation after ferret odor
above control exposure in HCR was 1.38°C at
25 min, compared to a 0.52°C increase in LCR at
20 min.

The baseline-corrected AUC analyses for
120 min and 360 min of exposure both showed
a significant elevation of muscle temperature with
predator odor compared to the control odor, as
well as a significant difference between HCR and
LCR, and a significant interaction where HCR and
LCR responded differently to predator odor and
control odor (Figure 2b). Follow-up 2-tailed t-tests
revealed that HCR temperature AUCs were signif-
icantly higher than LCR after predator odor but
not control odor. Moreover, HCR showed
a significant change in temperature AUCs when
comparing control and predator odor exposures,
whereas LCR did not.

Rats with loss of MC4R function showed no
deficit in predator odor-induced muscle
thermogenesis.

As shown in Table 3, body weight and composition all
significantly differed by genotype and sex, where
males had higher body weight, fat mass, and lean
mass than females. For body weight and fat mass,
the LSD test showed that each genotype significantly
differed from every other genotype, with the HOM

Table 2. Body weight and aerobic capacity differences in high-capacity runners (HCR) and low-capacity runners (LCR).

Best time Best distance Best speed Work
Selected line Exposure Body weight (g) (min) (m) (m/min) 0)]
HCR Control 1268 + 7 179.6 12355 149.3 11007.0
(230-297) +26 + 131 +14 + 65
PO 1270 + 8 (64.0-87.1) (1632-2724) (42-53) (666.9-1217.0)
(226-300)
LCR Control 321 £ 19 16.6 227 17.8 118.0 + 8.9
(248-409) +0.38 + 14 + 04 (78.9-154.5)
PO 321 + 20 (13.4-19.6) (172-281) (16-19)
(297-405)

Mean * SEM (range in parentheses). There was no difference between control and predator-odor (PO) exposed rats within selected line (2-tailed
paired t-test). Aerobic capacity phenotyping took place at ~3 months of age and consisted of 5 graded treadmill trials. HCR had significantly
longer maximal running time (best time), maximal distance traveled (best distance), highest speed attained (best speed), and vertical work
performed (work). tSignificantly different than LCR (p < 0.05, 2-tailed unpaired t-tests) N = 8 female HCR and 8 female LCR.
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t

w
o
L}

200

a Gastrocnemius Temperature
38.0
—O— HCR, Control Odor t

—~ 375 —@— HCR, Predator Odor*t
9 —O— LCR, Control Odor
E’ 37.0 —@— LCR, Predator Odor*
2 365
©
Q 360
5
it 35.5 t

35.0

100 4§

o

HCR, Control Odor
HCR, Predator Odor*
LCR, Control Odor t

LCR, Predator Odor*t

-100 +

BEOEO

0 5 10 15 20 25 30 45 60 120 180 240 300

Minutes after Exposure

Temperature AUC (°C*min) o5

60 90
Minutes after Exposure

Figure 2. Predator odor induces a greater muscle thermogenic response in lean high-capacity runners (HCR) compared to
obesity-prone low-capacity runners (LCR). (a) Exposure to predator (ferret) odor rapidly increased muscle temperature in HCR and
LCR, with a significantly higher amplitude in HCR. (fsignificant 3-way interaction between fitness phenotype, odor, and time;
tsignificant main effect of fitness phenotype; *significant main effect of predator odor; p < 0.05) (b) Temperature area under the
curve (AUC) from baseline was also significantly increased after 60 and 90 min of odor exposure in HCR compared to LCR.
(significant interaction between fitness phenotype and odor; tsignificant main effect of fitness phenotype; *significant main effect

of predator odor; p < 0.05; N = 7 HCR + 7 LCR).

Table 3. Body weight and composition of rats deficient in MC4R and the heterozygous and wild-type controls. Mean + SEM.

Genotypet Sex* Body weight (g) Fat mass (g) Lean mass (g)
M4+ Female 2787 + 54 450 + 43 176.8 + 3.4
Male 488.0 + 244 98.7 + 145 304.2 + 8.0
Mcart/314X Female 323.1 + 222 78.1 +17.2 1835 + 6.5
Male 553.6 + 253 143.1 £ 9.7 3225 + 148
Mcd4r 1C19X/K314X Female 508.2 + 16.8 2356 + 10.8 202.8 + 6.9
Male 7430 + 114 297.6 + 8.0 349.1 + 45

WT, Mc4™*; HET, Mc4r*" ", HOM, Mc4y/CT#/H314

tSignificant main effects of genotype: body weight and fat mass, HOM > HET > WT; for lean mass, HOM > HET and WT.
*Significant main effect of sex: body weight, fat mass, and lean mass, male > female (p < 0.05).

N =5 females and 5 males/genotype.

rats having significantly higher body weights and fat
mass than HET rats, which were in turn significantly
higher than WT rats; one-tailed t-tests showed that
these same differences were found in both male and
female rats of each genotype. Lean mass showed less
divergence between genotypes, with the HOM rats
having significantly more lean mass than HET rats
and WT rats. T-tests of male and female rats separately
revealed that both male and female HOM rats had
more lean mass than WT rats, and female (p = 0.037),
but not male (p = 0.062), HOM rats had more lean
mass than HET rats; Neither male nor female HET
rats had more lean mass than WT rats (p > 0.100).
Temperature data were first subjected to
a 4-way ANOVA including all factors (genotype,
sex, predator or control odor, and change in

temperature over 120 min); significant effects
were limited to time (change in temperature over
120 min) and the interaction between odor (con-
trol vs predator odor) and time; no significant
main effect or interactions were found for sex,
therefore, the analysis was collapsed over sex and
subjected to a 3-way ANOVA to probe the factors
of genotype, odor, and time (change over
120 min). Again, there was a main effect where
temperature changed over 120 after odor presenta-
tion, and a significant interaction between odor
and time where exposure to predator and control
odors resulted in a different change in temperature
over time. There was no significant main effect of
genotype and no significant interaction between
genotype and odor presentation nor 3-way



interaction; the interaction between temperature
(change over 120 min) and genotype did not
reach significance. The analyses of the baseline-
control temperature AUC yielded similar results.
A 2X2X3 ANOVA (odor stimulus, sex, genotype)
yielded a significant main effect of odor on tem-
perature; no main effect of sex or interactions with
sex were found, so this factor was dropped from
the analysis. The resulting 2 x 3 ANOVA revealed
a significant main effect of odor, where predator
odor presentation resulted in a significantly higher
temperature AUC than control-odor presentation,
but no other main effects or interactions
(Supplemental Table 3); the main effect of geno-
type did not reach significance (p = 0.093).

Muscle temperatures during treadmill walking
and treadmill-walking temperature AUCs were
analyzed using mixed ANOVAs; no effects of sex
and no sex-related interactions were found, so sex
was dropped as a factor from the analyses. The
analyses were complicated by the incomplete
treadmill walking by all but one of the male
HOM rats after both predator- and control-odor
exposures (all other rats completed the full 35 min
of treadmill walking). To enable inclusion of male
HOM in the analysis, the full 35 min treadmill
walking were supplemented by separate analyses
of shorter datasets comprised 15 min (N =4 HOM
males) and 20 min (N = 3 HOM males) treadmill
walking. In all analyses, temperatures increased
with time spent walking on the treadmill, but no
other main effects or interactions were significant.
In short, walking on the treadmill increased mus-
cle temperatures, and neither treadmill-walking
contractile thermogenesis nor temperature AUCs
were significantly altered by sex, genotype, or pre-
dator odor.

Discussion

Like other aspects of energy balance, muscle ther-
mogenesis is modulated by energetic challenge,
even when the thermogenesis is provoked by an
allostatic stimulus such as predator threat.
Negative energy balance and weight loss sup-
pressed predator odor-induced thermogenesis;
however, even after substantial weight loss, rats
still showed a marked thermogenic response to
predator threat (Figure 1). This implies that
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muscle thermogenesis could be harnessed to pro-
mote energy expenditure even in states of reduced
weight or negative energy balance, albeit with
some deficit. The ability of predator threat to
provoke muscle thermogenesis also differed based
on underlying aerobic fitness, where rats artifi-
cially selected for high aerobic capacity show an
elevated thermogenic response compared to low-
fitness rats (Figure 2). The suppressed thermo-
genic response in obesity-prone rats does not
appear to stem from or be dependent on obesity
itself, however, as monogenic obesity resulting
from loss of MC4R function led to no detectable
deficit in thermogenesis (Figure 3). Altogether, the
muscle thermogenesis seen with predator threat,
while impacting energy balance due to the resul-
tant caloric expenditure [10], may serve a function
outside of energy balance, for example, promoting
escape from predators [10,12,13].

Three weeks of 50% CR induced a marked
weight loss, which was accompanied by
a dampening of the ability of predator threat to
induce muscle thermogenesis (Figure 1). Contrary
to our previous report [37], CR did not suppress
muscle contractile thermogenesis during treadmill
walking in these rats (Figure 1c). This implies that
changes in load per se do not meaningfully con-
tribute to muscle thermogenesis, at least within
a range of ~100 g, consistent with our prior evi-
dence [10]. Also, this implies that muscle has the
capacity to generate ample heat even during CR,
but that thermogenic mechanisms are less engaged
by the predator-threat context during CR com-
pared to ad libitum feeding. Similarly, CR may
have differential impact on contractile thermogen-
esis compared to non-shivering thermogenesis in
muscle. The rats were in negative energy balance
during thermogenic assessments. Thus, the adap-
tive thermogenic suppression of the muscle
response demonstrated here could be reliant on
sustained negative energy balance [38], the weight-
reduced state (e.g. even if the absence of sup-
pressed intake relative to expenditure), or both.
This suppressed muscle thermogenesis stands in
contrast to the ability of calorie restriction to
enhance white adipose tissue “browning” to
adopt a thermogenic profile [39,40]. We did not
consider the potential impact of shorter- or
longer-term food restriction or weight loss nor
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Figure 3. Obese rats lacking functional melanocortin 4 receptor (HOM, Mc4r"3"*/K314X) do not show deficits in predator
odor-induced muscle thermogenesis relative to rats heterozygous for the mutation (HET, Mc4r*’*3"*) or wild-type rats
(WT, Mc4*"*). (a) Exposure to predator odor increased muscle (gastrocnemius) temperature relative to control odor, and there was
no significant difference between HOM, HET, and WT rats, despite the profound obesity seen in HOM rats. (fsignificant interaction
between odor and time; p < 0.05) (b) Temperature area under the curve (AUC) from baseline was significantly higher with predator
odor compared to control odor (*significant main effect of predator odor; p < 0.05), with no effect of genotype. (N = 5 females and 5
males per genotype) (c) Treadmill walking increased muscle temperature, with no significant differences between genotype and no
effect of odor. (*significant main effect of time on treadmill; p < 0.05) (d) Treadmill-walking temperature AUC did not significantly
change with exposure to predator odor or genotype. (N = 5 females and 5 males per genotype; for treadmill, N = 4 male HOM).

other dietary challenge like a high-fat diet, on
muscle thermogenesis, however.

The suppressed muscle thermogenesis could
stem from one or more of several potential
mechanisms during food restriction. Lower leptin
levels concomitant with fat loss impair the ther-
mogenic response to cold exposure in mice [41].
Like muscle thermogenesis [10], brain control of
brown adipose tissue (BAT) thermogenesis is
regulated centrally and controlled by SNS outflow

[42]. Human skeletal muscle shows biochemical
adaptations to weight reduction, along with
increased muscle work efficiency [43-45], and
much of this is countered by leptin treatment
[46,47]. In addition, recovery from weight loss
alters iodothyronine deiodinase actions in muscle
to favor lower T3 and a local hypothyroid state in
muscle without changing systemic thyroid hor-
mones [48-50]. Given the importance of thyroid
hormone actions in thermogenesis and



metabolism, this may be relevant to muscle ther-
mogenesis as well.

The metabolic challenge of obesity has the
potential to alter non-shivering thermogenesis, at
least in BAT. For example, in humans, BAT and
cold-induced thermogenesis are lower with higher
body mass index [19,51]. Febrile heat response, on
the other hand, is intact in different rat models of
monogenic obesity [52]. Here, we examined pre-
dator odor-induced muscle thermogenesis in rats
with loss of MC4R function that shows profound
obesity [27,53-55]. Surprisingly, we detected no
deficit in predator odor-induced muscle thermo-
genesis in HOM rats (Figure 3). In fact, there was
a non-significant trend toward a higher (rather
than lower) thermogenic response in the obese
HOM rats compared to their leaner WT counter-
parts. This was unexpected due to the known role
of MC4R in multiple aspects of thermogenic con-
trol [56,57], including muscle thermogenesis [30].
We have previously demonstrated that activation
of brain melanocortin receptors induces muscle
thermogenesis [30]. Moreover, MC4R located in
sympathetic preganglionic neurons is involved in
the control of body weight, energy expenditure,
and thermogenesis [29,58], and the full muscle
thermogenic response to predator threat is reliant
on intact sympathetic neuronal innervation of
muscle [10]. Yet, predator odor-induced thermo-
genesis was evident in HOM rats compared to WT
rats, suggesting that MC4R is dispensable for allo-
static induction of muscle thermogenesis. There
remains the possibility that melanocortin peptides
could exert their actions through other receptors,
including MC3R and MC5R, which are present in
the brain and modulate metabolic endpoints [59-
62]. Moreover, HOM rats show evidence of com-
pensatory overexpression of hypothalamic Mc3r
[27,55], suggesting the possibility of adaptations
in the brain and subsequent behavioral and phy-
siological responses resulting from life-long
absence of MC4R signaling. Acute loss of MC4R
signaling could influence the normal thermogenic
response to predator threat in genetically intact
animals. Altogether, despite the contribution of
MCA4R to the central and endocrine stress response
[63] and SNS preganglionic neuron activity [29],
the relevance of the brain agouti-related peptide/
melanocortin system to integrating internal state
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with environmental cues including contextual fear
[64] and the ability of melanocortin receptor ago-
nists to promote moderate muscle thermogenesis
[30,33], this receptor does not appear to be critical
for the ability of predator threat to stimulate mus-
cle thermogenesis.

Whereas monogenic obesity had no discernable
impact on muscle thermogenesis, the metabolically
relevant trait of aerobic capacity was a significant
determinant of muscle thermogenic response to
predator odor. Rats with high intrinsic aerobic
fitness showed an elevated muscle thermogenic
response compared to low-fitness rats (Figure 2).
This is consistent with prior demonstration of
elevated activity thermogenesis in high-fitness
rats [30,65]. As differences in metabolic or ther-
mogenic contributions of brain, sympathetic out-
flow, and muscle have all been established [33,65-
67], this phenotypic difference in muscle thermo-
genesis could originate from any or all of these
levels of the pathway that ultimately control mus-
cle thermogenesis. Centrally, this elevated thermo-
genic response to predator odor may be a part of
a distinct profile of response to predation risk in
the high-fitness HCR, where a predator odor is
a more salient conditioning stimulus [68]. HCR
also show relatively elevated sympathetic outflow
to muscle, as indicated by increased norepinephr-
ine turnover [33,65]. Lastly, the high-capacity run-
ners also show elevated muscle expression of some
proteins relevant to thermogenesis [33,65], as well
as lower sarco-endoplasmic reticulum Ca**
ATPase (SERCA) coupling efficiency [69].
Altogether, this implies that elevated muscle ther-
mogenic capacity may be part of the phenotype of
high aerobic capacity or cardiorespiratory fitness,
which is associated with lower disease risk in
adults and children [70-76]. Given the importance
of muscle sarco/endoplasmic reticulum Ca**
ATPase uncoupling to both predator odor-
induced muscle thermogenesis [69] and resistance
to running fatigue [77], it is conceivable that
a shared mechanism connects elevated running
capacity and muscle thermogenic potential.

Exposure to predator threat alters behavior and
endocrine outcomes along with thermogenesis
[10,78-80]. Previous investigation considered
potential confounders including general stress,
aversion, and novelty, also demonstrating elevated
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muscle thermogenesis in the presence of predator
threat even when physical activity is held constant
[10]. These considerations are relevant given the
differential spontaneous physical activity and
stress response of WT and HOM rats [27,55,63],
HCR and LCR rats [33,68,81,82], and food
deprived rats [37,83]. While exposure to predator
odor makes rats more active, the relatively minor
increase in activity seen does not lead to large
elevations in muscle temperature in other contexts
[10,30]. Therefore, increased physical activity is
unlikely to be a major contributor to predator
odor-induced muscle thermogenesis or the differ-
ences detected here with food deprivation or phe-
notype. Though restraint stress induces a relatively
minor increase in muscle temperature in rats [10],
it is conceivable that this could vary with sex, as
sex-dependent effects of MC4R genotype have
been observed related to HPA axis tone [31]. Sex
and the accompanying size difference are unlikely
to meaningfully affect muscle thermogenesis. Both
male and female rats exhibit muscle thermogenesis
with predator threat, with no detectable change
over the estrous cycle [10]. Lastly, evidence to
date does not suggest that size differences between
sexes or genotypes, or changes in body size with
food deprivation, affect muscle thermogenesis.
Here, female rats are consistently smaller than
males but not cooler, and the obese HOM rats
do not have higher muscle temperatures than
their HET or WT counterparts; lastly, consistent
with previous evidence [10], rats that increase
body weight over time do not see
a corresponding increase in muscle temperature.
Altogether, these studies demonstrate that con-
textually induced muscle thermogenesis is modu-
lated by energy availability as well as aerobic
fitness and obesity propensity but is not dimin-
ished by obesity per se. Though weight loss sup-
presses predator odor-induced muscle
thermogenesis, the weight-reduced rats still
showed significant muscle thermogenesis, imply-
ing that this thermogenesis might be harnessed to
increase caloric expenditure even in conditions of
energetic adaptation. Similarly, rats with mono-
genic obesity stemming from loss of MC4R func-
tion showed no discernable deficit in contextually
induced muscle thermogenesis. Though rats with
low intrinsic aerobic fitness that were obesity

prone (but not obese) showed less thermogenic
capacity than their high-fitness counterparts, the
muscle thermogenic response was still sizable -
~1°C - therefore potentially exploitable for weight
loss. The difference in muscle thermogenesis with
disparate aerobic fitness may reflect altered func-
tion of one or more mechanisms underlying mus-
cle non-shivering thermogenesis [69]. Altogether,
augmenting muscle thermogenesis may be one
way to amplify energy expenditure and combat
weight gain.
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