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Key points

� The ventromedial hypothalamus (VMH) and the central melanocortin system both play vital
roles in regulating energy balance by modulating energy intake and utilization.

� Recent evidence suggests that activation of the VMH alters skeletal muscle metabolism.
� We show that intra-VMH melanocortin receptor activation increases energy expenditure and

physical activity, switches fuel utilization to fats, and lowers work efficiency such that excess
calories are dissipated by skeletal muscle as heat.

� We also show that intra-VMH melanocortin receptor activation increases sympathetic nervous
system outflow to skeletal muscle.

� Intra-VMH melanocortin receptor activation also induced significant changes in the expression
of mediators of energy expenditure in muscle.

� These results support the role of melanocortin receptors in the VMH in the modulation of
skeletal muscle metabolism.

Abstract The ventromedial hypothalamus (VMH) and the brain melanocortin system both
play vital roles in increasing energy expenditure (EE) and physical activity, decreasing appetite
and modulating sympathetic nervous system (SNS) outflow. Because of recent evidence showing
that VMH activation modulates skeletal muscle metabolism, we propose the existence of an
axis between the VMH and skeletal muscle, modulated by brain melanocortins, modelled on
the brain control of brown adipose tissue. Activation of melanocortin receptors in the VMH of
rats using a non-specific agonist melanotan II (MTII), compared to vehicle, increased oxygen
consumption and EE and decreased the respiratory exchange ratio. Intra-VMH MTII enhanced
activity-related EE even when activity levels were held constant. MTII treatment increased gastro-
cnemius muscle heat dissipation during controlled activity, as well as in the home cage. Compared
to vehicle-treated rats, rats with intra-VMH melanocortin receptor activation had higher skeletal
muscle norepinephrine turnover, indicating an increased SNS drive to muscle. Lastly, intra-VMH
MTII induced mRNA expression of muscle energetic mediators, whereas short-term changes at
the protein level were primarily limited to phosphorylation events. These results support the
hypothesis that melanocortin peptides act in the VMH to increase EE by lowering the economy
of activity via the enhanced expression of mediators of EE in the periphery including skeletal
muscle. The data are consistent with the role of melanocortins in the VMH in the modulation of
skeletal muscle metabolism.
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Abbreviations ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; aMPT, α-methyl-p-tyrosine;
BAT, brown adipose tissue; CD36/FAT, fatty acid translocase; CPT1, carnitine palmitoyltransferase 1; EDL, extensor
digitorum longus; EE, energy expenditure; EWAT, epididymal white adipose tissue; gastroc, gastrocnemius; GWAT,
gluteal white adipose tissue; IWAT, inguinal white adipose tissue; Kir6.1, ATP-dependent potassium channel subunit
6.1; Kir6.2, ATP-dependent potassium channel subunit 6.2; MED1, mediator of RNA polymerase II transcription
subunit 1; MTII, melanotan II; MWAT, mesenteric white adipose tissue; NE, norepinephrine; NETO, norepinephrine
turnover; pACC, phosphorylated acetyl-CoA carboxylase; pAMPK, phosphorylated AMP-activated protein kinase;
PGC-1α, peroxisome proliferator-activated receptorγ coactivator 1α; PPARα, peroxisome proliferator-activated receptor
α; PPARγ, peroxisome proliferator-activated receptor γ; PPARδ, peroxisome proliferator-activated receptor δ; quad,
quadriceps; RER, respiratory exchange ratio; RWAT, retroperitoneal white adipose tissue; SERCA1, sarco/endoplasmic
reticulum Ca2+-ATPase 1; SERCA2, sarco/endoplasmic reticulum Ca2+-ATPase 2; SNS, sympathetic nervous system;
UCP1, uncoupling protein 1; UCP2, uncoupling protein 2; UCP3, uncoupling protein 3; VMH, ventromedial hypo-
thalamus; V̇O2 , oxygen consumption; WAT, white adipose tissue; ZT, zeitgeber time.

Introduction

With the increase in obesity rates, interest in the brain
regulation of energy balance has intensified, including how
hypothalamic regions regulate autonomic nervous system
control of metabolism. For example, peptide systems
including brain melanocortins modulate sympathetic
nervous system (SNS) outflow to peripheral tissues,
including brown adipose tissue (BAT), enhancing energy
expenditure (EE) (Labbé et al. 2015). Although interest has
focused on BAT and ‘browning’ of white adipose tissue
(WAT) (Contreras et al. 2015), hypothalamic nuclei are
also involved in the modulation of energetics of other peri-
pheral tissues, including skeletal muscle. Recent studies
show that these hypothalamic nuclei modulate skeletal
muscle metabolism (Toda et al. 2009; Miyaki et al. 2011;
Toda et al. 2013; Schneeberger et al. 2014). Of these, the
ventromedial hypothalamus (VMH) is part of a pathway
regulating energy balance via its actions on peripheral
glucose and lipid allocation, modulating the respiratory
exchange ratio (RER), as well as high-fat diet-induced
thermogenesis via the modulation of SNS (Borg et al. 1999;
Miyaki et al. 2011; Stephens et al. 2011).

The brain melanocortin system is an important
regulator of energy balance, decreasing appetite at the
same time as increasing EE and physical activity (Garfield
et al. 2009; Shukla et al. 2012). Activation of central
melanocortin receptors also impacts glucose uptake and
allocation, BAT thermogenesis and WAT lipolysis via the
SNS (Shrestha et al. 2010; Rossi et al. 2011; Vaughan et al.
2011; Xu et al. 2011; Yi et al. 2011; Sohn et al. 2013).
Altogether, this strongly implicates melanocortin peptides
and receptors in the regulation of peripheral metabolism
through sympathetic drive, with melanocortin receptors
acting at multiple sites along this pathway (Vaughan et al.
2011; Sohn et al. 2013). Growing evidence also implicates
SNS modulation of multiple peripheral systems outside of
those most commonly considered, such as BAT and WAT;
this includes skeletal muscle. Peripheral signals regarding
the energy status of the individual alter the functioning

of the hypothalamus, including the VMH, which in turn
co-ordinates energy partitioning in muscle, probably via
a sympathetic relay (Belgardt et al. 2010; Braun et al.
2011). This process is mediated at least in part by brain
melanocortin receptors, as shown by the ability of hypo-
thalamic administration of melanotan II (MTII), a mixed
melanocortin receptor agonist, to increase muscle glucose
uptake (Toda et al. 2009).

Based on evidence that the VMH, melanocortins and
SNS outflow are each important mediators of the brain
control of muscle metabolism (Tanaka et al. 2007; Shiuchi
et al. 2009; Toda et al. 2009; Miyaki et al. 2011), we tested
the hypothesis that melanocortin receptor activation
in the VMH increases SNS outflow to muscle, modulating
thermogenesis and fuel selection. We modelled this
brain–SNS–muscle axis on the brain control of BAT
(Heeren & Münzberg, 2013; Labbé et al. 2015). The
investigations described in the present study examined the
impact of intra-VMH melanocortin receptor activation
with MTII on EE, particularly EE during activity, and
RER, hypothesizing fuel switching and utilization to fats,
as well as increased muscle thermogenesis. Lastly, we also
determine whether the melanocortin receptor-mediated
activation in the VMH will increase SNS outflow to skeletal
muscle and alter the expression of muscle thermogenic
mediators and proteins involved in EE and fuel storage
and utilization.

Methods

Ethical approval

All studies were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals [‘National
Research Council (US) Committee for the Update of
the Guide for the Care and Use of Laboratory Animals’,
2011] and with the approval of the Kent State University
Institutional Animal Care and Use Committee. Male
Sprague–Dawley rats (n = 73; 8 weeks old; �230–240 g
on arrival) were obtained from Harlan Labs (Indianapolis,
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Indiana, USA). Each rat was housed individually under a
12 : 12 h light/dark cycle (lights on at 07.00 h EST). Rats
received rodent chow (5P00 MRH 3000; T.R. Last Co.
Inc., Cabot, PA, USA) and water ad libitum. Details of
surgical procedures including anaesthesia, postoperative
care and death are discussed below. Exclusion of an animal
from final data was dependent on the study, as discussed
below (final total n = 60). The investigators understand
the ethical principles under which the journal operates
and the present study complies with it.

Stereotaxic surgery and transponder implantation

Once rats were acclimated to the housing conditions,
stereotaxic surgeries were performed to chronically
implant guide cannulae (Plastics One Inc., Roanoke,
VA, USA) aimed at the VMH. Rats were anaesthetized
using isoflurane and mounted on a stereotaxic apparatus
with atraumatic ear bars to prevent potential damage
to rats’ tympanic membrane. The following co-ordinates
obtained from a stereotaxic atlas of the rat brain (Paxinos &
Watson, 2010) were used for the VMH: anterior–posterior,
–2.5 mm; medial–lateral, +0.5 mm; dorsal–ventral,
–6 mm (from dura) and an injection needle with 3 mm
projection (final dorsal–ventral, –9 mm from dura). The
guide cannulae were attached to the skull using a sterile
wound clip and dental cement, as described previously
(Shukla et al. 2012). Postoperative pain management was
carried out using bruprenorphine at 0.05 mg kg−1 on the
day of surgery and 0.025 mg kg−1 every 12 h for next 2 days,
checking for signs of any discomfort. After completion of
the study, rats whose guide cannulae were within 250 μm
of the VMH were used for data analysis.

A group of male rats (n = 10) received transponder
implants during the stereotaxic surgery. A short incision
was made on both hind legs and near the interscapular
region. Sterile temperature transponders IPTT-300 (Bio
Medic Data Systems, Inc., Seaford, DE, USA) were
implanted on interscapular BAT and also adjacent to the
gastrocnemius (gastroc) muscle group of both hind limbs
to measure the heat generated by skeletal muscle during
activity. Care was taken to place the transponders aiming to
avoid disrupting locomotor function. No such disruption
or discomfort was noted upon inspection. Rats were
allowed to recover for 1 week before the graded treadmill
test was performed. Implant placement was confirmed
after death by rapid decapitation.

Body composition

Body composition was measured using an EchoMRI-700
(Echo Medical Systems, Houston, TX, USA) to determine
the fat and lean mass (g) of each rat the day before
experiment. This did not interfere with temperature trans-
ponder function.

Measurement of EE

After body composition determination, the EE and
physical activity of rats was measured using small-animal
indirect calorimetry (four-chamber Oxymax FAST
system; Columbus Instruments, Columbus, OH, USA)
with 24–48 h of acclimation in their testing cage at
thermoneutral conditions to avoid any novelty-induced
alterations in calorimetric parameters, as reported
previously (Gavini et al. 2014). On the day of
calorimetry, rats were weighed and injected with either
a non-specific melanocortin receptor agonist MTII
(Phoenix Pharmaceuticals, Mountain View, CA, USA)
(20 pmol per 200 nl) or vehicle (artificial cerebrospinal
fluid; 200 nl) over a period of 30 s, with the injection
needle held in place for another 30 s to avoid back-flush.
The rats (n = 12) were then placed in the chambers
without food but with free access to water, and the
chamber was sealed. The calorimeter was calibrated using
primary gas standards. Air was pumped into the chamber
at 1.9–3.1 litres min–1, depending on the weight of the
rat, and chamber air was sampled at 0.4 litres min–1.
Measurement of gas exchange took place every 30 s
throughout the 4 h period, except for a 3.5 min room-air
reference and settle period after each 60 sample inter-
val. Using infrared beam-break counts in the x- and
z- axes, physical activity data were collected every 10 s,
uninterrupted throughout the 4 h period; the first 15 min
of data were not included in the analysis. Gas exchange
data (V̇O2 ,V̇CO2 , RER, EE in kcal h–1) were averaged,
and physical activity data were expressed as mean beam
breaks min–1. Four days after the first injection, the
experiment was repeated with rats now receiving the
counterbalanced treatment (day 1 MTII rats receiving
vehicle on day 5 and vice versa). Each rat acted as its own
control, thereby nullifying the effects of body composition
on calorimetric parameters (Tschöp et al. 2012).

As reported previously (Novak et al. 2009; Gavini
et al. 2014), physical-activity EE was indirectly assessed
by measuring gas exchange once every 10 s during a
treadmill activity test. At least 1 day after a 15 min
treadmill acclimation period, rats (n = 12) were placed
in the treadmill after weighing them and injecting with
either MTII (20 pmol per 200 nl) or vehicle (artificial
cerebrospinal fluid) and allowed to acclimate without
food for 2 h. After the 2 h resting period, the treadmill
was started at 7 m min−1 for 30 min, during which time
physical-activity EE data were collected (no access to food
or water); the measurement was repeated after 4 days with
rats receiving the counterbalanced injection.

All EE data from both studies were analysed using t tests
or repeated-measures ANOVA for changes in EE over time.
Because all rats received both injections, we compared EE
between MTII and vehicle treatments using a two-tailed
paired t test. A paired two-tailed t test was used to compare
treadmill gas exchange values between the groups.
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Muscle thermogenesis vs. time of day

Adult male Sprague–Dawley rats (n = 11) were housed
under a 12 : 12 h light/dark cycle [lights on 07.00 h EST; i.e.
07.00 h is Zeitgeber time (ZT) 0]. To determine whether
activity-induced muscle thermogenesis is influenced by
time of day, gastroc temperature was assessed using a IPTT
DAS-7007 s reader during the treadmill walking procedure
four times during the day: ZT0, ZT6, ZT12 and ZT18. Data
were analysed using a 4 × 9 repeated-measures ANOVA,
with the four times of day (ZTs) as one independent
variable and the level of treadmill intensity as the other
independent variable. Temperature of BAT was measured
only before and after the treadmill test, and these data were
analysed using a 4 × 2 repeated-measures ANOVA.

Home-cage temperature

To determine whether melanocortin receptor activation
in the VMH has any effect on the thermogenics of skeletal
muscle, we measured skeletal muscle heat dissipation for
4 h after intra-VMH MTII or vehicle microinjection,
with activation of BAT thermogenesis used as a positive
control (Brito et al. 2007). Rats (n = 10) were weighed
and injected with either MTII or vehicle, placed in their
home cage, and temperature data from the transponder
implants on the gastroc and BAT were collected every
15 min over 4 h. Again, all rats received both treatments,
and data were analysed using two-tailed paired t tests and
repeated-measures ANOVA to analyse the time course.

Graded treadmill test

To exclude changes in physical activity in the elevated
muscle thermogenesis seen after intra-VMH MTII,
skeletal muscle heat dissipation was assessed during
controlled physical activity. The rats (n = 10) were
acclimated to the treadmill for 10 min in the days prior
to the test as well as immediately before the test. The rats
received a microinjection of either MTII or vehicle 1.5 h
prior to the test. Gastroc temperatures in each leg were
recorded at baseline (before injecting and immediately
before start of the test) and at set intervals during a 35 min,
five-level graded treadmill test, as reported previously
(Gavini et al. 2014). The measurement was repeated after
4 days, with rats receiving the counterbalanced treatment.
Data were analysed using a two-tailed paired t test or
repeated-measures ANOVA to examine time course.

Norepinephrine turnover (NETO)

NETO was used to assess sympathetic drive to peripheral
tissues including liver, heart, BAT and skeletal muscle
[including quadriceps (quad), lateral and medial gastroc,
extensor digitorum longus (EDL) and soleus], as well as

different WAT depots: mesenteric WAT (MWAT), gluteal
WAT (GWAT), retroperitoneal WAT (RWAT), inguinal
WAT (IWAT) and epididymal WAT (EWAT). Rats (n = 24,
eight per group) were individually housed under a 12 : 12 h
light/dark cycle and acclimated to daily handling for 1 week
after stereotaxic surgery. The level of sympathetic drive to
peripheral tissues was determined by measuring NETO
using α-methyl-p-tyrosine (aMPT) (Shi et al. 2004; Brito
et al. 2007; Vaughan et al. 2014). The rats were divided
into three groups (aMPT/MTII, aMPT/vehicle, control).
On the day of the study, rats assigned to receive aMPT
were given injections (125 mg aMPT/kg body weight;
25 mg ml−1) and an additional dose at same concentration
2 h later. Then, 30 min after the first aMPT injection,
rats received intra-VMH microinjection of either MTII or
vehicle, depending on their group. All rats were killed by
rapid decapitation between 12.00 h and 15.00 h, 4 h after
their first aMPT injection. Tissues were rapidly dissected
and snap-frozen in liquid nitrogen.

Tissue was thawed and homogenized in a solution
containing dihydroxybenzylamine (internal standard) in
0.2 M perchloric acid with 1 mg ml−1 ascorbic acid.
Following centrifugation for 15 min at 7500 g at 4°C,
catecholamines were extracted from the homogenate with
alumina and were eluted into the perchloric acid/ascorbic
acid. Catecholamines were assayed using an HPLC system
with electrochemical detection (Coulochem III), MDTM
mobile phase (ESA Inc., Chelmsford, MA, USA) and a
reverse phase MD 150 × 3.2 column. NETO in peripheral
tissues was calculated using the formula (Shi et al. 2004;
Gavini et al. 2014; Vaughan et al. 2014):

k = (lg[NE]0 − lg[NE]4)/(0.434 × 4)

K = k[NE]0

where k is the constant rate of NE (norepinephrine) efflux
(also known as fractional turnover rate), [NE]0 is the initial
NE concentration from the 0-hour group (control), [NE]4

is the final NE concentration from the 4 h group (aMPT),
and K = NETO.

Differences in NETO between intra-VMH MTII
microinjected and vehicle-microinjected rat tissues were
calculated with respect to control-group rats and
compared using separate one-tailed t tests for each tissue.

Nadolol treatment

We determined the role of β-adrenergic signalling in
modulating muscle thermogenesis using the mixed β

adrenergic (β1 and β2) antagonist nadolol, which acts peri-
pherally but not centrally (Johnson et al. 2008). Nadolol
(8 mg kg−1 I.P.) or vehicle was injected 30 min prior
to the treadmill walking test, with each rat receiving
both treatments in counterbalanced order separated by
4 days; gastroc temperature was measured as described
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above, and BAT temperature was measured before and
immediately after treadmill walking. Data (n = 6) were
analysed using a 2 × 9 repeated-measures ANOVA, with
drug treatment (nadolol vs. vehicle) and time on treadmill
as the independent variables.

Gene expression

Skeletal muscle (gastroc and quad), liver, WAT and BAT
were collected from rats 4 h after intra-VMH micro-
injection of either MTII or vehicle (death by rapid
decapitation) (n = 8 per group). Tissue samples were
homogenized and total mRNA was extracted using a
RiboPure kit (Ambion, Austin, TX, USA) in accordance
with the manufacturer’s instructions. The purity of the
mRNA was measured using a NANODROP (ND-1000;
NanoDrop, Wilmington, DE, USA) with an A260/A280 ratio
in the range 1.8–2.1. This mRNA was used to prepare
cDNA using an Applied Biosystems kit (Foster City, CA,
USA) and thermal cycling at 25°C for 10 min, 48°C for
30 min, 95°C for 5 min and holding at 4°C. The cDNA
was used for quantifying the expression of uncoupling
proteins 1, 2 and 3 (UCP1, UCP2, UCP3), ATP-dependent
potassium channel (K+

ATP subunits Kir6.1, Kir6.2),
mediator of RNA polymerase II transcription sub-
unit 1 (MED1), peroxisome proliferator-activated
receptors α, δ and γ (PPARα, PPARδ, PPARγ),
peroxisome proliferator-activated receptor γ coactivator
1α (PGC-1α), sarco/endoplasmic reticulum Ca2+-ATPase
1, 2 (SERCA), β2-, β3-adrenergic receptors and
glyceraldehyde 3-phosphate dehydrogenase (used as a
control). Relative expression was calculated using the
comparative Ct method (�Ct). Data are expressed as the
percentage expression using samples from vehicle-treated
rats as the reference value (defined as 100%) and groups
were compared using two-tailed t tests.

Western blots

Tissues samples from rats (same group of rats used for gene
expression) were homogenized with ice-cold RIPA buffer
(Thermo Scientific, Waltham, MA, USA) containing a
protease inhibitor cocktail (Roche Diagnostics, Basel,
Switzerland). The supernatant from the homogenization
and subsequent centrifugation was used for the analysis.
Equal quantities of supernatant and sample buffer
(150 mM tris-HCl pH 6.8, Trizma-base for pH, 6%
SDS, 30% glycerol, 0.03% pyronin-Y, dithiothreitol) were
mixed and tubes were heated at 90°C for 3 min. Samples
containing equal quantity of protein were loaded onto
a gradient gel (4–15%; Bio Rad, Hercules, CA, USA)
and electrophoresed using SDS running buffer (0.384 M

glycine, 0.05 M Trizma base, 0.1% SDS) at constant
voltage (150 V) for 30 min. The gel was blotted onto a
poly(vinylidene difluoride) membrane using a semi-wet

blotting apparatus and transfer buffer (49.6 mM Trizma
base, 384 mM glycine, 17.5% methanol, 0.01% SDS)
at constant current (400 mA) (Otter et al. 1987). The
blot was incubated overnight in a blocking solution
of 5% milk (Blotto blocking buffer) in 1 × PBST
(phosphate-buffered saline; 84 mM sodium hydrogen
phosphate, 16 mM sodium dihydrogen phosphate, 100 mM

sodium chloride, Tween 20) and then rinsed using
1 × PBST. Primary antibodies were diluted in blocking
solution and incubated with the blot overnight in
accordance with the manufacturer’s instructions (Abcam).
Secondary antibodies were diluted in blocking solution
and incubated for 1 h at room temperature. After washing,
the blots were developed using a chemiluminiscence
detector using an Amersham kit (GE Healthcare, Little
Chalfont, UK). The expression levels relative to actin were
plotted as a percentage of the reference value (samples
from vehicle-treated rats as 100%) and groups were
compared using two-tailed t tests.

Results

Intra-VMH MTII microinjection increases EE

As shown in Fig. 1, compared to vehicle microinjection,
rats treated with intra-VMH MTII have significantly
higher EE (Fig. 1A), higher oxygen consumption (V̇O2 )
(Fig. 1B) and lower RER (Fig. 1C). All rats (n = 10)
received microinjections of both vehicle and MTII, thereby
acting as their own control, eliminating confounding
effects of body composition on calorimetric parameters
(Tschöp et al. 2012). There was no significant difference
in body weight between vehicle vs. MTII treatment groups
(333.46 ± 8.01 vs. 326.78 ± 7.2 g). Compared to vehicle,
MTII injections significantly increased both horizontal
(Fig. 1D) and ambulatory activity (1.63 ± 0.16 for vehicle
vs. 2.57 ± 0.25 for MTII).

Intra-VMH MTII microinjection increases EE during
controlled activity

To determine whether the increase in these calorimetric
parameters described above was secondary to increased
physical activity after intra-VMH microinjection of MTII,
a controlled treadmill activity study was performed. As
shown in Fig. 1, compared to vehicle microinjection,
intra-VMH microinjection of MTII significantly increased
EE (Fig. 1E) and V̇O2 (Fig. 1F), and lowered RER (Fig. 1G),
during controlled treadmill walking activity (n = 10).
Therefore, the elevated EE and calorimetric parameters
in intra-VMH MTII-injected rats persisted in the absence
of differential change in physical activity. Because each rat
acted as its own control, and considering the relatively
constant body weight, lean mass and fat mass between
the two treatments (body weight 330.18 ± 10.32 vs.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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329.83 ± 9.65 g), the differential effect of workload during
activity was negligible. In summary, MTII increased
EE when physical activity and workload were held
constant.

High activity energy expenditure after intra-VMH
MTII microinjection is accompanied by skeletal muscle
energy dissipation as heat

The results described above showing decreased skeletal
muscle work efficiency, as well as studies pointing to
the VMH and melanocortin receptors inducing changes
in skeletal muscle fuel use and allocation (Tanaka et al.
2007; Shiuchi et al. 2009; Toda et al. 2009; Miyaki
et al. 2011), implicate altered skeletal muscle energetics,
although the fate of the energy from the enhanced
caloric expenditure has not yet been identified. To test
this, we microinjected these rats with MTII or vehicle
and measured subsequent gastroc and BAT temperatures
under resting conditions, as well as during graded
treadmill activity. Compared to vehicle, intra-VMH
MTII treatment significantly increased gastroc muscle
temperatures in the home cages between 90 and 240 min
after microinjection (Fig. 2B) (n = 8). Baseline gastroc
temperature was 36.2 ± 0.3°C before vehicle and
36.2 ± 0.2°C before MTII microinjection, rising to
36.5 ± 0.2°C between 180 and 210 min after MTII
injection (gastroc temperature was 36.1 ± 0.3°C at
180–210 min after vehicle injection). During resting,

compared to vehicle treatment, intra-VMH MTII induced
a significantly higher rise in BAT temperatures between
30 min and 105 min post-injection (Fig. 2A). Baseline BAT
temperature was 37.7 ± 0.2°C for vehicle and 37.7 ± 0.2°C
for MTII. Peak BAT temperature was 38.1 ± 0.2°C at
90 min after MTII microinjection; BAT temperature was
37.6 ± 0.2°C at 90 min after vehicle microinjection.
The relatively elevated temperatures measured by inter-
scapular relative to muscle transponders in this and other
experiments (Figs 2A and 3B), as well as the differential
effects of MTII and treadmill activity (Figs 2A and 3B),
confirm the measurement by transponders of BAT rather
than underlying muscle.

To rule out potential changes in physical activity in
the MTII-induced muscle temperature changes, gastroc
temperature was also measured during a graded treadmill
walking test. Again, all rats received both sets of
injections and no significant changes in body composition
were observed between treatments. MTII treatment
stimulated significantly higher gastroc temperatures, and
the maximal rise in temperature was significantly higher
after MTII treatment compared to vehicle (Fig. 2C),
demonstrating increased muscle thermogenesis during
activity, where caloric expenditure stimulated by MTII is
dissipated as heat. Baseline temperature before treadmill
walking was 36.6 ± 0.1°C after both vehicle and
MTII microinjections, rising to a final temperature of
38.7 ± 0.1°C after MTII injection and 38.3 ± 0.1°C after
vehicle injection.
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Figure 1. Activation of VMH melanocortin receptors increases EE, even in the absence of altered physical
activity
Compared to vehicle microinjection, intra-VMH microinjection of the mixed melanocortin receptor agonist MTII
significantly increased (A) EE, (B) V̇O2 and (D) physical activity levels, and also (C) decreased the RER, implicating
increased lipid oxidation. When activity levels and workload were equalized using a treadmill walking protocol,
the ability of MTII to (E) elevate EE, (F) increase V̇O2 and (G) lower RER remained, indicating decreased locomotor
efficiency. ∗Significantly different from vehicle, P < 0.05 (n = 10).
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Figure 2. Intra-VMH microinjections of the melanocortin
receptor agonist MTII enhanced thermogenesis
A, change in BAT thermogenesis from baseline levels was
significantly higher between 30 and 105 min after MTII
microinjection compared to vehicle. B, gastroc muscle thermogenesis
was significantly elevated above baseline levels starting 90 min after
microinjection and continuing until the end of the 240 min
measurement. C, when gastroc temperature was measured after
activity levels and workload were equalized using a treadmill, the
activity-associated change in gastroc temperature was significantly
higher after intra-VMH MTII compared to vehicle. ∗Significantly
different from vehicle, P < 0.05 (n = 8).

Time of day modulates baseline muscle and BAT
thermogenesis

As shown in Fig. 3A, mean (right and left gastroc) muscle
temperature showed a significant interaction between time
of day (ZT) and treadmill intensity, as well as significant
main effects; individual gastroc temperatures (i.e. right
and left) showed the same effects (final n = 8; three rats
excluded because of an inability to read temperatures at
one or more time points). In short, baseline pre-treadmill
temperatures varied across ZTs, where ZT18>ZT0>ZT6,
with ZT12 < all time points, except ZT6. These differences
in gastroc temperature persisted during 5–10 min of
treadmill walking, and gastroc temperature at ZT18
remained higher than other time points during 10–15 min,
although there were no differences between any time
points at the two highest walking intensities. Change in
gastroc temperature from baseline also showed significant
main effects and interactions (except for the right leg,
for which there was a trend for a main effect of ZT,
P = 0.062). The maximal increase in temperature was
directly related to baseline temperatures, with the rats
and time points with the lower baseline temperatures also
showing highest maximal change (r = –0.74); accordingly,
temperature change was consistently highest at ZT12.
Time of day also significantly affected BAT temperature
(significant main effects and interaction). Baseline BAT
temperature was highest at ZT18 and decreased through
ZT0 and ZT6, reaching its nadir at ZT12. Treadmill activity
decreased BAT temperature at every time point, except
ZT12.

Intra-VMH MTII microinjection elevates sympathetic
drive to metabolic tissues

As illustrated in Fig. 4, compared to vehicle, intra-VMH
MTII-microinjected rats had higher NETO in all tissues
analysed, indicating higher sympathetic drive to these
tissues; this included skeletal muscle (quad, lateral and
medial gastroc, EDL, and soleus) (Fig. 4), WAT depots,
BAT, heart and liver (Table 1) (n = 8 per group). This
implicates a melanocortin-regulated pathway in the hypo-
thalamus, particularly the VMH, in the regulation of SNS
drive, potentially modulating muscle fuel storage and
utilization.

β-adrenergic receptor antagonist decreases muscle
heat dissipation

As shown in Fig. 3C, mean (left and right) gastroc
temperature showed a significant interaction between
treatment and time on treadmill, as well as a main effect
of time on treadmill and a trend toward a main effect of
nadolol (P = 0.060). After nadolol injection, mean (left
and right) gastroc temperature was significantly lower at
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baseline during 10 min of treadmill walking, and during
15 min in the left leg only.

Intra-VMH MTII microinjection elevates expression of
mRNA of mediators of energy expenditure, with a
trend towards lower expression of energy conserving
processes in peripheral metabolic tissues, and some
alteration in the protein content

To determine potential sources of calorie use and heat
dissipation in the muscle of MTII-treated rats, we
examined the levels of mRNA expression of potential
molecular mediators of energy balance: UCP1, UCP2,
UCP3, Kir6.1, Kir6.2, MED1, PPARα, PPARδ, PPARγ,
PGC-1α, Ca2+-ATPase (SERCA), β2-AR and β3-AR in
skeletal muscle, including quad and gastroc, BAT, WAT
and liver. For skeletal muscle, quad of MTII-microinjected
rats showed significantly higher UCP2, UCP3, PPARδ,
SERCA1 and SERCA2 mRNA expression (Fig. 5A), as well
as a trend toward higher expression of PPARα, PPARγand
β2-AR (Table 2). Compared to vehicle-treated rats, gastroc
muscle of intra-VMH MTII rats had significantly higher
mRNA expression of UCP2, UCP3, PGC-1α, PPARα,
PPARδ, PPARγ, SERCA2 and β2-AR (Fig. 5B). Gastroc
muscle also showed significantly lower levels of Kir6.2
(Fig. 5B), as well as a trend toward lower Kir6.1 and MED1
in MTII-treated rats (Table 2).

Compared to BAT of vehicle-treated rats, BAT from
rats with intra-VMH MTII microinjections showed
significantly elevated expression levels of UCP1, PGC-1α,
PPARδ and PPARγ, with a trend (1.0 > P > 0.05) toward
higher PPARα (Fig. 5D and Table 2). There were also trends
toward increased PPARγ, PPARα and PPARδ in WAT from
rats that received intra-VMH MTII (Table 2). In liver,
intra-VMH MTII-treated rats showed significantly higher

mRNA expression of UCP2, PPARα and PPARδ, as well as
a trend for PPARγ (Fig. 5C and Table 2).

Protein expression levels of some mediators of EE were
altered by intra-VMH MTII, although protein levels did
not consistently change in accordance with the effects
of MTII treatment on mRNA expression within 4 h of
treatment. Compared to vehicle, quad of MTII-treated
rats showed a significant increase in phosphorylated
AMP-activated protein kinase (pAMPK)/AMP-activated
protein kinase (AMPK) and phosphorylated acetyl-CoA
carboxylase (pACC)/acetyl-CoA carboxylase (ACC)
(Fig. 5F), as well as a trend for increased expression of fatty
acid translocase (CD36/FAT), PPARα, PGC-1α, PPARδ,
UCP3, UCP2, PPARγ and SERCA1 (Table 3). Compared
to vehicle-treated rats, gastroc muscle of intra-VMH
MTII-microinjected rats showed significantly higher
expression of PGC-1α, PPARα, pAMPK/AMPK and
pACC/ACC proteins (Fig. 5G and Table 3). Gastroc muscle
also showed trends toward higher expression of several
proteins including SERCA1, SERCA2, β2-AR, PPARγ,
PPARδ, UCP2, UCP3, carnitine palmitoyltransferase 1
(CPT1) and CD36/FAT in MTII-treated rats (Table 3).

Compared to vehicle, BAT of intra-VMH MTII-treated
rats showed significantly higher protein expression of
UCP1, PGC-1α, pAMPK/AMPK and pACC/ACC (Fig. 5I
and Table 3), as well as trends toward increased
expression levels of PPARγ, PPARα, β3 AR, PPARδ,
CPT1 and CD36/FAT (Table 3). In WAT, no significant
differences were observed, except for the expression
of pAMPK/AMPK, which was significantly elevated in
MTII-treated rats (Fig. 5J). Similar to this was the liver
of MTII-microinjected rats, which showed significantly
higher pAMPK/AMPK (Fig. 5H), as well as a trend
for increased expression of PPARγ, UCP2, β2-AR and
PGC-1α (Table 3).
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Figure 3. Time of day, indicated by ZT (lights on ZT0), influenced baseline gastroc muscle and BAT
thermogenesis
A, baseline gastroc temperature and activity-related gastroc heat dissipation was highest at ZT18, with the most
ZT-associated differences seen between baseline during the first 10 min of treadmill walking. B, BAT thermogenesis
showed a similar pattern of baseline temperature, with treadmill walking activity inducing a significant suppression
in temperature (∗P < 0.05). C, mixed β-adrenergic antagonist nadolol significantly suppressed baseline and
activity-related gastroc heat dissipation during 10 min of treadmill walking (∗P < 0.05) (n = 8).
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Discussion

Hypothalamic nuclei and neuropeptides including
melanocortins modulate SNS outflow to peripheral
systems, impacting peripheral metabolism and thermo-
genesis (Vaughan et al. 2011; Sohn et al. 2013).
The investigations reported in the present study
demonstrate that intra-VMH melanocortin receptor
activation increases EE, including the EE of activity
by reducing locomotor efficiency. Because muscle
temperature is also increased by intra-VMH MTII,
this implies that the additional calories expended are

dissipated as heat energy. The thermogenesis and reduced
energetic efficiency may be attributed to MTII-induced
increases in molecular pathways, including UCPs, PPARs,
PGC-1α, SERCAs and AMPK activation. Lastly, the
increased NETO to skeletal muscle implicates intra-VMH
MTII-induced increases in SNS outflow to muscle as
a potential driver of the muscle thermogenesis, similar
to SNS-induced energetic changes in BAT and WAT
(Shrestha et al. 2010; Rossi et al. 2011; Stephens et al.
2011; Vaughan et al. 2011; Xu et al. 2011; Yi et al.
2011; Sohn et al. 2013; Lee et al. 2014). Altogether, these
studies support a hypothetical pathway through which
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greater than vehicle, P < 0.05 (n = 8 per group).
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Table 1. Intra-VMH microinjection of the mixed melanocortin
receptor agonist MTII increased NETO in peripheral metabolic
tissues

Vehicle MTII

BAT 103.73 ± 8.34 145.37 ± 11.69∗

EWAT 0.91 ± 0.06 1.18 ± 0.07∗

RWAT 25.8 ± 2.21 44.1 ± 3.78∗

MWAT 29.49 ± 3.18 40.77 ± 4.41∗

IWAT 17.97 ± 1.14 21.99 ± 1.39∗

GWAT 7.23 ± 0.62 11.82 ± 1.01∗

Liver 0.82 ± 0.07 1.26 ± 0.11∗

Heart 20.61 ± 1.67 28.88 ± 2.35∗

∗Significantly greater than vehicle, P < 0.05 (n = 8 per group).
Data are the mean ± SEM.

melanocortin peptides act in the VMH to alter skeletal
myocyte energetic pathways, reducing muscle efficiency
and increasing EE and dissipating calories as heat energy.
Considering the contribution of skeletal muscle to body
mass, this induction of thermogenesis has the potential
to exert a physiologically relevant impact on total energy
expenditure.

Hypothalamic nuclei respond to changes in energy
status by regulating the expression of specific
homeostasis-related neuropeptides and neurotrans-
mitters. Although the VMH used to be described as ‘the

satiety centre’ (Hetherington & Ranson, 1940; Anand
& Brobeck, 1951; Elmquist et al. 1999; King, 2006),
it is now clear that ‘VMH obesity’ is not completely
secondary to hyperphagia (King, 2006). Today, the VMH
is conceptualized as a part of a pathway regulating
energy balance through its actions on peripheral glucose
and lipid allocation, modulating RER and high-fat
diet-induced thermogenesis (Akira & Takashi 1981; Toda
et al. 2009; Kim et al. 2011; Miyaki et al. 2011). The
VMH also shows melanocortin receptor binding (Harrold
et al. 1999) and our results demonstrating that VMH
melanocortin receptor activation enhances activity-EE
and muscle thermogenesis are consistent with other
studies demonstrating the importance of the VMH in
the functional modulation of skeletal muscle energetic
processes (Tanaka et al. 2007; Shiuchi et al. 2009; Toda
et al. 2009; Miyaki et al. 2011). Although the specific
identity of the neurons important in this pathway has yet
to be determined, VMH steroidogenic factor-1 neurons
have been implicated in BAT thermogenesis and muscle
glucose uptake (Orozco-Solis et al. 2016; Toda et al.
2016) and may modulate the SNS through projections
to pre-autonomic brain regions (Lindberg et al. 2013).
The investigations reported in the present study confirm
that this brain-muscle pathway can be targeted to increase
activity-EE.

Compared to vehicle, MTII microinjection increased
total EE in freely moving rats, accompanied by increased
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Figure 5. Intra-VMH microinjection of the mixed melanocortin receptor agonist MTII elevates mRNA
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physical activity and V̇O2 , and a decrease in RER, indicating
altered lipid mobilization and utilization (Fig. 1A–D).
The metabolic effects of intra-VMH MTII were seen
in the absence of altered body weight. Moreover,
these effects persisted when physical activity was held
constant by walking rats on a treadmill (Fig. 1E–G),
demonstrating that the enhanced EE was not dependent
on increased physical activity. Although demonstration
of melanocortin receptor antagonist-induced inhibition
of this effect would provide further support, these results
are consistent with the known role of brain melanocortin
peptides in energy balance and SNS outflow (Shrestha
et al. 2010; Vaughan et al. 2011; Sohn et al. 2013; Labbé
et al. 2015). Genetic alterations in this system are known
to result in obesity in humans (Loos et al. 2005; Yako
et al. 2012) and animals (Chen et al. 2000; Butler et al.
2001; Mul van Boxtel, et al. 2012), yet these same genetic
perturbations are protective of obesity-induced hyper-
tension (Hall et al. 2010). Brain melanocortins promote
negative energy balance through actions on behaviours
including food intake (Garfield et al. 2009) and physical
activity (Shukla et al. 2012), as well as on SNS outflow
(Sohn et al. 2013). The investigations reported in the pre-
sent study are consistent with recent work demonstrating
a central regulation of skeletal muscle metabolism,
where peripheral signals relating to energy status alter
energy partitioning in muscle, possibly via a sympathetic
relay, with melanocortin signalling comprising a critical
component (Shiuchi et al. 2009; Toda et al. 2009; Belgardt
et al. 2010; Braun et al. 2011). The decreased RER
seen during activity in MTII-injected rats, implicating
switching of fuel utilization to fats, is also in line with
the role of central melanocortins on peripheral lipid
metabolism (Nogueiras et al. 2007).

Based on these data, knowledge that both BAT and
skeletal muscle share common progenitors, and the
capacity of muscle to mimic energy usage and thermo-
dynamics of BAT (Zurlo et al. 1990), we propose the
existence of a pathway between VMH and skeletal muscle,
modelled on melanocortin-regulated VMH control of
BAT. Central melanocortin controls peripheral glucose
and lipid metabolism and thermogenesis in BAT (Obici
et al. 2001; Voss-Andreae et al. 2006; Nogueiras et al.
2007), demonstrating neuroendocrine control over peri-
pheral cell metabolism, probably via regulation of the
SNS (Rahmouni et al. 2003). Hypothalamic peptides
probably modulate BAT and muscle through parallel but
distinct pathways. For example, although melanocortin
can activate both pathways (Toda et al. 2009), the
dorsomedial hypothalamus appears to be critical in the
regulation of BAT thermogenesis (Tupone et al. 2014),
whereas inhibition of the VMH but not the paraventricular
or lateral hypothalamus attenuated fatty acid oxidation
during endurance exercise (Miyaki et al. 2011). It is
possible that the targeted microinjections performed in the

present study affected additional brain regions in addition
to the VMH; however, the preponderance of evidence
highlights the need for signalling in the VMH, rather
than adjacent hypothalamic regions, with respect to the
modulation of muscle energetics (Toda et al. 2009; Miyaki
et al. 2011). Lastly, the activity-related EE and thermo-
genesis were probably not influenced by BAT because, first,
treadmill activity decreases BAT thermogenesis (Fig. 3B)
and, second, increased BAT thermogenesis was observed
only for a short duration (for �1.5 h after melanocortin
receptor activation) (Fig. 2A), indicating that alterations
at the level of skeletal muscle have a greater probability
of playing a role in the observed changes in calorimetric
parameters seen 2–4 h after treatment.

Central melanocortin regulation of EE and peripheral
metabolism is associated with altered SNS activity to
systems including BAT, liver and skeletal muscle (Obici
et al. 2001; Rahmouni et al. 2003; Voss-Andreae et al.
2006; Nogueiras et al. 2007). To determine whether
the SNS was activated by intra-VMH melanocortin
receptor stimulation, we measured the level of sympathetic
drive to the peripheral tissues by assessing NETO,
where endogenous tissue levels of NE decline at a rate
proportional to the initial NE concentrations after aMPT
administration (Shi et al. 2004; Vaughan et al. 2014).
Intra-VMH MTII-treated rats had significantly higher
NETO, indicating higher sympathetic drive in the tissues
analysed (Fig. 4 and Table 1). This supports the over-
all hypothesis that MTII-induced melanocortin receptor
activation in the VMH and subsequent alteration in EE,
thermogenesis, and fuel utilization in muscle is driven
by the SNS. Increased SNS outflow to WAT and liver
(Table 1) would support the increased energy needs of
muscle by increasing lipolysis. Although functional studies
have shown the VMH to be a regulator of peripheral
metabolism, evidence of a probable neuronal pathway was
only recently identified. Steroidogenic factor-1 neurons
send direct projections to the rostral ventrolateral medulla
(Lindberg et al. 2013), which is a critical site in the
regulation of SNS outflow (Burke et al. 2011; Korim et al.
2011).

The non-specific β-adrenergic receptor antagonist
nadolol significantly decreased muscle heat dissipation
during low-intensity treadmill activity (Fig. 3C),
suggesting sympathetic modulation of locomotor
efficiency, as reflected in the flexibility of muscle heat
generation. Although this is consistent with the evidence
supporting the roles of SNS and β2 in the control of muscle
energetics (Maurya et al. 2015), inhibition of SNS neural
signalling is needed to confirm that increased neural
SNS activity underlies the muscle thermogenic effects of
MTII demonstrated in the present study. Unlike baseline
temperatures, muscle heat production at higher-intensity
activity was not significantly affected by β adrenergic
blockade (Fig. 3C). This is consistent with the results of
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clinical studies where human muscle work efficiency is
most labile at lower rather than higher workloads in people
who maintain high or reduced body weights (Rosembaum
et al. 2003; Rosenbaum et al. 2005; Goldsmith et al. 2010).
Although baseline muscle and BAT temperatures varied by
time of day (Fig. 3A and B), similar to body temperature
(Abreu-Vieira et al. 2015), and probably secondary to the
activity state of the rat, maximal activity thermogenesis
was the same regardless of the time of day. Therefore, the
time of day when rats were measured was kept consistent
in studies measuring the effects of MTII. Baseline BAT
temperatures were higher than that of muscle and varied
similarly across the day (data not shown) and treadmill
activity suppressed BAT thermogenesis to baseline levels
or below, consistent with mathematical models where
thermogenic systems and heat dissipation are altered to
compensate for activity-related heat production (Yoo et al.
2015).

Increased sympathetic drive to the skeletal muscle
may impact the molecular pathways involved in EE and
in energy conservation, playing an important role in
determining the propensity of an an individual for obesity.
In the present study, we show that there is a significant
increase in the expression of several of these mediators
of EE at the level of both mRNA and protein (Fig. 5 and
Tables 2 and 3) in metabolically active tissues, including
muscle. Compared to vehicle, intra-VMH melanocortin
receptor activation also induced an increase in UCP1
in BAT, as well as UCP2 and UCP3 in oxidative gastroc
muscle (Fig. 5B and D). UCPs have several hypothesized
functions, including thermogenesis, protection from ROS,
mediation of insulin secretion, neuroprotection and
export of fatty acids (Fisler & Warden, 2006). The increase
in UCP after intra-VMH melanocortin receptor activation
and downstream SNS may account for some of the changes
in the calorimetric parameters seen in the present study,
such as increased EE, partially through increased BAT and
skeletal muscle thermogenesis, and may also be involved in
fatty acid transport, thereby affecting RER (Fig. 1C and G).
A longer delay after MTII injection may reveal significant
changes to proteins where trends are indicated (Table 3)
for example in SERCA1 and SERCA2, regulators of cyto-
solic calcium levels and muscle thermogenesis (Periasamy
& Kalyanasundaram, 2007), and CD36/FAT involved in
the transport of fatty acids to heart and skeletal muscle
for oxidation in the mitochondria (Bonen et al. 2006).
Compared to vehicle, intra-VMH melanocortin receptor
activation induced a higher expression of PPARs and
coactivator PGC-1α, which are involved in the regulation
of metabolic pathways including lipid metabolism and
mitochondrial biogenesis (Evans et al. 2004; Finck &
Kelly, 2006). In metabolically active tissues such as muscle,
liver and BAT, activation of PPARs leads to increased
β-oxidation of fatty acids by switching muscle fibres
to be oxidative, as well as to adaptive thermogenesis

(Wang et al. 2003; Wang et al. 2004). The expression and
activity of these PPAR and coactivators such as PGC-1α

depends on the energy demands of the cell, thereby
affecting substrate uptake and utilization (Finck & Kelly,
2006). We found an increase in PPARs and PGC-1α in
BAT and skeletal muscle after intra-VMH melanocortin
receptor activation, which probably contributed to the
increased fatty acid oxidation as indicated by the low RER
(Fig. 1C and G). This is consistent with previous studies
on PGC-1α altered tissue fuel selection (Finck & Kelly,
2006).

Although only trends were seen in most proteins
discussed above (Table 3), intra-VMH melanocortin
receptor activation increased the expression of pAMPK
and pACC in most of the tissues analysed (Fig. 5F and J).
In skeletal muscle, the degree of activation of AMPK is
dependent on the metabolic stress caused by contraction.
Under basal conditions, leptin or adiponectin increases
the expression of pAMPK in skeletal muscle and liver by
increasing sympathetic drive to these tissues (Minokoshi
et al. 2002; Tomas et al. 2002; Yamauchi et al. 2002). This
increases EE in muscle by increasing fatty acid oxidation
and up-regulating mitochondrial biogenesis (Minokoshi
et al. 2002). pAMPK also inhibits ACC by phosphorylation
(pACC), thereby inhibiting fatty acid synthesis (Corton
et al. 1995; Henin et al. 1995). MTII-induced activation of
pAMPK would increase pACC, lowering the malonyl-CoA
concentration. This in turn relieves the myocyte of
inhibition for the uptake of fatty acids into mitochondria
via the carnitine carrier system, thus stimulating fatty
acid oxidation and also up-regulating mitochondrial
biogenesis (Merrill et al. 1997; Winder et al. 2000).

The data reported in the present study demonstrate that
melanocortins act in the VMH to activate SNS outflow,
increasing sympathetic drive to skeletal muscle, and
modulating fuel allocation and use, potentially through
the differential activation of molecular mediators of energy
homeostasis. One or more of these molecular pathways
probably increases EE and lowers fuel economy during
activity, dissipating wasted calories as heat at the same
time as increasing free fatty acid uptake for use as fuel.
Even a small change in thermogenesis or EE at the level of
skeletal muscle, which makes up to 40% of total body
mass (Zurlo F et al. 1990) and is major consumer of
fuels (glucose and fatty acids) during acute physiological
demand (Maurya et al. 2015), can have a major impact
on energy homeostasis. Altogether, these results support
the role of melanocortin receptors in the VMH in the
regulation of peripheral metabolism, particularly in tissues
such as BAT and skeletal muscle, via increased sympathetic
drive. Taken together, this suggests that the VMH is
important for the regulation of peripheral metabolism,
and that tissues such as skeletal muscle are a good target
system for changing EE in the treatment of individuals
who are overweight and obese.
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