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Background: Recent findings indicate that ghrelin, particularly the unacylated form (UnAG), acutely stimulates
skeletal muscle fatty acid oxidation (FAO) and can preserve insulin signaling and insulin-stimulated glucose
uptake in the presence of high concentrations of saturated fatty acids. However, we recently reported that the
stimulatory effect of ghrelin on FAO and subsequent ability to protect insulin stimulated glucose uptake was lost
following 6-weeks (6w) of chronic high fat feeding. In the current study we examined the effects of both short-
term 5 day (5d) and chronic 6w high-fat diet (HFD) on muscle ghrelin response, and whether exercise training
could prevent the development of muscle ghrelin resistance with 6w of HFD

Methods and Results: Soleus muscle strips were isolated from male rats to determine the direct effects of acylated
(AG) and UnAG isoforms on FAO and glucose uptake. A 5d HFD did not alter the response of soleus muscle to AG
or UnAG. Conversely, 6w of HFD was associated with a loss of ghrelin’s ability to stimulate FAO and protect
insulin stimulated glucose uptake. Muscle response to UnAG remained intact following the 6w HFD with chronic
exercise training. Unexpectedly, muscle response to both AG and UnAG was also lost after 6w of low-fat diet
(LFD) consumption. Protein content of the classic ghrelin receptor, GHS-R1a, was not affected by diet or training.
Corticotropin-releasing hormone receptor-2 (CRF-2R) content, a putative receptor for ghrelin in muscle, was
significantly decreased in soleus from 6w HFD-fed animals and increased following exercise training. This may
explain the protection of UnAG response with training in HFD-fed rats but does not explain why ghrelin response
was also lost in LFD-fed animals.

Conclusions: UnAG protects muscle glucose uptake during acute lipid oversupply, likely due to its ability to
stimulate FAO. This effect is lost in 6w HFD-fed animals but protected with exercise training. Unexpectedly,
ghrelin response was lost in 6w LFD-fed animals. The loss of ghrelin response in muscle with a LFD cannot be
explained by a change in putative ghrelin receptor content. We believe that the sedentary nature of the animals is
a major factor in the development of muscle ghrelin resistance and warrants further research.

1. Introduction

Ghrelin exists in two isoforms, an n-octanoyl-modified form referred
to as acylated ghrelin (AG), and unacylated ghrelin (UnAG). Both iso-
forms exhibit a rapid pre-prandial rise and post-prandial decline in the
plasma [1]. Ghrelin is best known for its orexigenic effect which is due to
AG binding to growth hormone secretagogue receptors (GHS-R1a) in the
hypothalamus [2]. Ghrelin’s in vivo metabolic effects on peripheral tis-
sues (skeletal muscle, adipose tissue, liver) have been studied primarily
using AG administration over several days in rodents [3-5]. The in-
terpretations are potentially confounded by secondary increases in
growth hormone (GH) which AG potently stimulates [6]. To examine the
direct effects of AG and UnAG, more recent studies have employed in-
cubation models using isolated tissues or cells.
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Skeletal muscle represents a significant depot for the clearance of
substrates such as glucose and fatty acids [7,8] and is an important tissue
in the etiology of metabolic diseases such as obesity and type 2 diabetes.
A growing body of work from our lab and others supports a role for
ghrelin in stimulating fatty acid oxidation (FAO) in cultured myocytes
and isolated skeletal muscle [9-11]. Recent work from our lab suggests
that ghrelin, particularly UnAG, is able to largely prevent the rapid
impairment of insulin stimulated glucose uptake and insulin signaling in
isolated muscle exposed to high concentrations of saturated fatty acids
[9]. This is attributed to UnAG’s ability to stimulate FAO, as the pro-
tective effect of UnAG is absent in the presence of etomoxir, an inhibitor
of mitochondrial FA uptake [9]. We have also shown that following 6
weeks (6w) of high-fat diet (HFD) consumption (60% kcal fat), neither
ghrelin isoform is able to stimulate FAO and preserve insulin stimulated
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glucose uptake in skeletal muscle when incubated with palmitate [9],
indicating the presence of ghrelin resistance. Although the underlying
cause of this resistance is not known, muscle from 6w HFD-fed rats
showed a significant reduction in corticotropin releasing factor receptor
2 (CRF-2R) content [9]. Previous work using C2C12 cells showed that
anti-sauvagine-30, a selective CRF-2R antagonist, is able to block the
metabolic effects of AG [12] and UnAG [13]. This suggests that CRF-2R
may be the receptor by which ghrelin exerts its metabolic effects in
muscle.

Diet-induced dysregulation of muscle metabolism can occur quite
rapidly. We have previously shown that rat skeletal muscle becomes
resistant to the stimulatory effects of leptin and adiponectin on FAO in
less than one week, prior to the impairment of insulin response [14].
Finally, exercise training for 2-4 weeks has been shown to protect
skeletal muscle response to hormones such as leptin and insulin in rats
consuming a HFD [15]. To date, no studies have examined the impact of
exercise training on muscle ghrelin response. The objectives of this study
were to determine i) if skeletal muscle ghrelin resistance manifests
following a short term HFD (5d), and ii) whether the inclusion of
endurance training with high-fat feeding can prevent the development
of skeletal muscle ghrelin resistance. Given the rapid loss of skeletal
muscle response to other hormones such as leptin and adiponectin
induced by a HFD, we speculated that ghrelin’s stimulatory effects on
skeletal muscle FAO would also be impaired in less than a week on a
HFD. We further hypothesized that exercise training would prevent the
development of ghrelin resistance in skeletal muscle with a prolonged
HFD, preserving ghrelin’s ability to stimulate FAO and protect insulin
stimulated glucose uptake during acute lipid oversupply. Additionally,
we hypothesized that exercise training may prevent significant re-
ductions in CRF-2R content.

2. Methods
2.1. Materials and reagents

Reagents, molecular weight markers, and nitrocellulose membranes
for all western blotting were purchased from BioRad. Synthetic acylated
(Cat. No- H-4862) and unacylated (Cat. No. H-6264) rat ghrelin was
purchased from Bachem. Antibodies purchased were GLUT4 (Cat. No.
22138, Cell Signaling), citrate synthase (Cat No. ab129095, Abcam),
cytochrome ¢ oxidase (Cat. No abl16056, Abcam), corticotropin
releasing factor-2 receptor (Cat. No ab104368, Abcam), growth hor-
mone secretagogue receptor 1-alpha (Cat. No sc-374515, Santa Cruz),
and peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (Cat. No. AB3242, Millipore). FAT/CD36 (M025) antibody was
kindly provided by Dr. Graham Holloway (University of Guelph, ON
Canada). Chemicals and reagents purchased were Western lighting plus
ECL reagent (NEL105001EA, Perkin Elmer), NP40 cell lysis buffer (Cat.
No. FNN0021, Life Technologies), phenylmethylsulfonyl fluoride (Cat.
No78830), protease inhibitor (Cat. No 9599, Millipore), palmitic acid
(Cat. No. P0500, Millipore), p-glucose (Cat. No. G-8270, Millipore),
Dulbecco’s modified eagle’s media (Cat. No. D5030, Millipore), D-
mannitol (Cat. No. M9546, Millipore), 2-deoxyglucose (Cat. No. D8375,
Millipore) and sodium pyruvate (Cat. No. P8574, Millipore). Bovine
serum albumin (Cat. No. A7030) was purchased from Sigma Aldrich.
Radiolabeled 14C-palmitic acid (Cat. No. 0172A), 14C-D-mannitol (Cat.
No. 0127) and 3H-2-deoxy-p-glucose (Cat. No. 0103) were purchased
from American Radiolabeled Chemicals Inc. Insulin (Humulin rDNA
origin, Eli Lilly) was purchased from a local pharmacy.

2.2. Animals

All procedures were approved by the Animal Care Committee at the
University of Guelph and followed the Canadian Council of Animal Care
Guidelines. For 5d feeding experiments, male Sprague-Dawley rats were
obtained from Charles River Laboratories at approximately 6w of age
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(175-200 g). Rats were given access to a standard chow diet for 4d and
water ad libitum, prior to beginning 5d of either high-fat diet (HFD, 60%
kcals fat, Research Diets D12492) or sucrose matched low-fat diet (LFD,
10% kcals fat, Research Diets D12450J). For 6w dietary intervention
and exercise-training experiments, rats were obtained at approximately
4w of age (75-100 g), received a similar 4d acclimation period on
standard chow diet, and subsequently provided with ad libitum access to
10% (LFD) or 60% kcal fat diets (HFD) for 6w. For all experiments, rats
were housed at 22-24 °C in groups of 3-4 with a 12 h reverse light:dark
cycle. Prior to all surgical procedures, rats were fasted overnight with a
brief reintroduction of food (30-45 min) at the beginning of their 12 h
dark cycle and approximately 2-3 h prior to surgical interventions to
prevent high levels of endogenous circulating ghrelin that would typi-
cally occur after a fast. This protocol has previously been confirmed by
our lab to reduce circulating ghrelin levels prior to surgical procedures
[11]. Body weights and food intake were tracked throughout the study.

Rodents were anesthetized via intraperitoneal injection of sodium
pentobarbital (6 mg/100 g body weight) prior to all surgical procedures
and were euthanized by intracardiac injection of anesthetic after all
tissues were removed. For exercise-trained animals, a 48 h period
without training was employed to prevent acute effects from the final
bout of exercise.

2.3. Exercise training

After the initial 2w of high-fat feeding, a subset of 6w HFD rats began
a 4w treadmill training protocol (Treadmill Serial No. 130254. Colum-
bus Instruments). Rats were briefly acclimated to the treadmill during
the second week of high-fat feeding and began training the following
(3rd) week. Animals were trained at approximately the same time each
day during their dark (active) cycle. The training protocol intensity
increased in a stepwise manner beginning at 10 m/min and 0% incline
for 1 h during the first week. In week two, animals trained at 15 m/min
at 5% incline for 1 h; in the third week, speed remained constant at 15
m/min and incline was increased to 10% for 1 h. During the final week
speed was increased to 20 m/min while the incline remained constant at
10% for 1 h. In the final two weeks of training (weeks 3 and 4), animals
were subjected to 6 intermittent sprints lasting 1 min at ~30-40 m/min.
This protocol is similar to those used previously by our lab [15,16].

2.4. Glucose tolerance tests

After 5w, rats were subjected to an intraperitoneal glucose tolerance
test (IPGTT) following an overnight fast. Fasting blood glucose (t = 0)
was measured via the tail vein using a FreeStyle Lite glucometer, fol-
lowed by a 2.0 g/kg body weight injection of glucose solution. Subse-
quent measurements of blood glucose were made at t = 15, 30, 45, 60,
90, and 120 min and used to calculate area under the curve (AUC) for
the assessment of glucose tolerance.

2.5. Fatty acid oxidation

Incubations were carried out as previously described (33). Briefly,
soleus muscle strips (~25 mg) were excised tendon to tendon and placed
in sealed vials to equilibrate for 30 min in a 30 °C shaking water bath in a
pre-gassed (95% O3, 5% CO3) incubation media of DMEM supplemented
with 8 mM glucose and 4% BSA. Remaining soleus muscle from each
animal was frozen at —80 °C to assess proteins (COXIV, CS, GLUT4,
FAT/CD36, GHS-R1a, CRF-2R). For 5d diet experiments, muscles were
incubated in the presence of 1 or 2 mM palmitate (with or without 150
ng/mL AG or UnAG) as we were only interested in the assessment of FAO
as a marker of ghrelin response. In experiments examining the effect of
6w of diet and exercise training, muscles were incubated in buffer
containing low (0.2 mM, baseline) or high (2 mM) palmitate, with or
without 150 ng/mL AG or UnAG. This was designed to test the ability of
ghrelin to stimulate FAO and protect the muscle from becoming less
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responsive to insulin during exposure to 2 mM palmitate (see below for
determination of glucose uptake). Incubations lasted for 4 h. After the
first 2 h, muscles were transferred to vials for an additional 2 h con-
taining the identical palmitate and ghrelin concentrations with the
addition of 0.5 mCi/mL **C-palmitic acid for the assessment of FAO. At
the end of the incubation, sulfuric acid was injected into the vial and
liberated *CO, was trapped in a 500 pL Eppendorf tube containing
benzethonium hydroxide. The tube containing the trapped gas was
placed into a 5 mL liquid scintillation vial containing CytoScint™-ES,
allowed to quench overnight in darkness, and counted for 5 min per
sample using a PerkinElmer Tri-Carb LSC 4910 TR liquid scintillation
counter.

2.6. Insulin stimulated glucose uptake

Due to tissue limitations, glucose uptake and insulin signaling were
determined in a separate set of animals from those used to assess FAO.
Glucose uptake was assessed as previously described [9,17,18]. Briefly,
soleus muscle strips from one leg were excised and equilibrated in
pre-gassed DMEM supplemented with 8 mM b-glucose and 4% BSA
(30 °C, 95% Oq, 5% CO3) before being transferred to medium containing
either low (0.2 mM) or high palmitate (2 mM) for 4 h with or without the
addition of AG or UnAG. This was essentially the same as the incubations
for the determination of FAO. Vials were re-gassed with 95% O3, 5% CO»
gas halfway through the incubation at 2 h. Following 4 h, muscles were
washed for 30 min in media containing 36 mM D-mannitol and 4 mM
sodium pyruvate before being transferred to the final buffer containing
28 mM D-mannitol, 8 mM 2-deoxyglucose, 4 mM sodium pyruvate,
radiolabeled '*C-mannitol, and >H-2-deoxy-p-glucose for 30 min. Insulin
(10 mU/mL) was added to both the 30 min wash and uptake buffers.
Following this, muscles were quickly blotted and trimmed of all visible
tendon before being boiled and digested at 95 °C in 1 M NaOH for 10
min. 200 pL of muscle homogenate was sampled in duplicate and added
to scintillation vials with 5 mL of CytoScint™-ES. Samples were allowed
to quench in darkness overnight before being counted.

2.7. Western blotting

Soleus pieces were chipped under liquid N5 into 20-30 mg samples
and homogenized using Qiagen TissueLyser LT in 500 pL of ice-cold cell
lysis buffer supplemented with phenylmethylsulfonyl fluoride (PMSF)
and protease inhibitor. Samples were homogenized for 8 min and
centrifuged at 1500g for 15 min at 4 °C. Protein concentrations were
assessed using the bicinchoninic acid (BCA) assay [19] to allow for equal
protein loading (10pg). Proteins were separated by electrophoresis on
10% acrylamide gels (15% for COX IV) and wet transferred onto nitro-
cellulose membranes for 1 h at 100 V and 4 °C. Membranes were then
blocked in 5% BSA or 5% skim milk powder plus TBST for 1 h at room
temperature before a 15-min wash with TBST. Primary antibody
(1:1000) was added to the membrane and shaken overnight at 4 °C. The
following day, membranes were washed with TBST for 30 min before
being incubated with secondary antibody (1:2000) for 1 h at room
temperature. Following this, membranes were again washed for 30 min
with TBST followed by a 10-min wash in TBS. Bands were visualized
using ECL and quantified with Alpha Innotech Software. Alpha-tubulin
was used as a loading control.

2.8. Statistics

All data are expressed as mean =+ standard deviation and statistical
significance was accepted at p < 0.05. Body weight, caloric intake, food
intake and fasting blood glucose tolerance test data in 6w LFD sedentary
(LFD-SED), HFD sedentary (HFD-SED) and HFD exercised (HFD-EX)
animals were analyzed using a 2-way ANOVA. 5d LFD and HFD body
weights were analyzed using a repeated measures two-way ANOVA. In
5d LFD and HFD animals, total food and caloric intake was analyzed
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using an unpaired t-test. IPGTT AUC was calculated as the area above
baseline blood glucose concentration at t = 0 min for each animal.
Western blot data in 6w LFD-SED, HFD-SED and HFD-EX animals were
analyzed within each group using a one-way ANOVA. Glucose uptake
and palmitate oxidation in 6w LFD-SED, HFD-SED, and HFD-EX animals,
as well as FAO in 5d LFD and HFD sedentary animals were analyzed
using a repeated measures two-way ANOVA. Tukey’s multiple com-
parisons post hoc testing was used if significance was detected with the
ANOVA.

3. Results
3.1. 5d LFD and HFD experiments

3.1.1. Body weight and caloric intake
HFD rats consumed significantly more calories (p < 0.0001; Table 1),
but body weight did not differ between groups (p > 0.05; Table 1).

3.1.2. Stimulation of FAO by UnAG

In the absence of ghrelin, rates of FAO were significantly increased in
2 vs. 1 mM palmitate concentration (p = 0.0190 LFD, p = 0.0001 HFD;
Fig. 1). UnAG, but not AG, significantly stimulated FAO at medium (1
mM) (p = 0.0678 LFD, p = 0.0324 HFD) and high (2 mM) palmitate
concentrations (p = 0.0437 LFD, p = 0.0400 HFD), indicating that
UnAG’s stimulatory effects are still present following 5d of HFD feeding.

3.2. 6w diet and exercise training experiments

3.2.1. Body weight, caloric intake, and whole-body glucose tolerance

HFD-sedentary (HFD-SED) rats had significantly greater body weight
beginning after one week of diet (p = 0.0079; Fig. 2C). HFD-SED rats had
significantly increased body weight compared to HFD-exercised (HFD-
EX) animals for the duration of the 4w training period (p = 0.0003 w3, p
= 0.0014 w4, p = 0.0001 w5, p = 0.0032 w6; Fig. 2C). Body weights
were not significantly different between LFD-sedentary (LFD-SED) and
HFD-EX rats following training (p = 0.4124; Fig. 2C). LFD-SED animals
consumed significantly more food for the duration of the study (p <
0.005; Fig. 2A), but energy intake was significantly greater in the HFD-
SED group relative to LFD-SED rats for the duration of the study (p <
0.0001 at all time points; Fig. 2B), and HFD-EX rats for the first 3w of
training (p = 0.0218 w3, p = 0.0035 w4, p = 0.0035 w5; Fig. 2B).

HFD-SED rats had significantly higher blood glucose concentrations
during the IPGTT (Fig. 2D) compared to LFD-SED rats at 30 (p =
0.0034), 45 (p = 0.0014), 60 (p = 0.0105), 90 (p = 0.0102), and 120
min (p = 0.0082). HFD-SED rats had significantly higher blood glucose
AUC (Fig. 2E) than both LFD-SED (p = 0.0020) and HFD-EX rats (p =
0.0357).

3.2.2. Mitochondrial markers, GLUT 4 and FAT/CD36 transporter content
in LFD-sedentary, HFD-sedentary, and HFD-exercised rats

COX IV (Fig. 5A), and CS (Fig. 5B) protein content was significantly
increased by exercise training relative to sedentary rats (COX IV: p =
0.0001 HFD-EX vs. HFD-SED, p = 0.0037 HFD-EX vs. LF-SED; CS: p =

Table 1
5-day LFD and HFD sedentary rat body weight and caloric intake.
LFD HFD p-value
Initial body weight (g) 154.0 + 2.8 152.8 + 1.9 p = 0.9999
Final body weight (g) 229.3 £ 3.2 238.1 £ 4.0 p = 0.0985
A Body weight (g) 75.3 + 8.0 85.4 + 14.9 p=0.1126
Total caloric intake (kcal) 326.8 + 4.5 457.3 + 40.9 p < 0.0001

Initial, final, and A body weight, and total caloric intake in 5d LFD and HFD rats.
Body weights were analyzed using a repeated measures two-way ANOVA.
Caloric intake and A body weight were analyzed using an unpaired t-test. Data is
expressed as the mean + standard deviation.
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0.0132 HFD-EX vs. HFD-SED, p = 0.0395 HFD-EX vs. LFD-SED). HFD-EX
rats tended to have greater PGC-1a content (Fig. 5C) relative to LFD-SED
(p = 0.0640). There was no significant difference between HFD-SED and
HFD-EX animals, which may be due to the tendency of a high-fat diet to
increase PGC-1a. There were no significant differences in total GLUT 4
(p = 0.6917 LFD-SED vs. HFD-SED, p = 0.8241 LFD-SED vs. HFD-EX, p
= 0.9712 HFD-SED vs. HFD-EX; Fig. 6A) or FAT/CD36 transporter
protein content in skeletal muscle between groups (p = 0.8812 LFD-SED
vs. HFD-SED, p = 0.4490 LFD-SED vs. HFD-EX, p = 0.7369 HFD-SED vs.
HFD-EX; Fig. 6B).

3.2.3. UnAG improves insulin-stimulated glucose uptake during high
palmitate exposure, but only in exercised rats

Insulin-stimulated glucose uptake in soleus was significantly
decreased following a 4 h exposure to high (2 mM) palmitate in all
experimental groups (p = 0.0391 LFD-SED, p = 0.0437 HFD-SED, p =
0.0020 HFD-EX; Fig. 4.). Neither ghrelin isoform was able to improve
insulin-stimulated glucose uptake in the presence of 2.0 mM palmitate in
HFD-SED rats, as glucose uptake was actually lower with AG (p =
0.0181) and UnAG had no effect (p = 0.2853; Fig. 4). As hypothesized, a
protective effect of UnAG (p = 0.0489 UnAG; Fig. 4) was observed in
HFD-EX rats. However, to our surprise, there was no protective effect of
UnAG on glucose uptake in LFD-SED rats (p = 0.9964). This was
completely unexpected.

3.2.4. Improvement in insulin-stimulated glucose uptake by UnAG coincides
with further stimulation of FAO

FAO was significantly greater with 2 vs. 0.2 mM palmitate in all
experimental groups (p = 0.0015 LFD-SED, p=<0.0001 HFD-SED, p =
0.0419 HFD-EX; Fig. 3). Neither ghrelin isoform further stimulated FAO
during the high palmitate condition in muscle from LFD-SED or HFD-
SED rats (p = 0.9911 AG, p = 0.9804 UnAG LFD-SED, p = 0.8962 AG,
p = 0.8788 UnAG HFD-SED; Fig. 3). In HFD-EX, UnAG significantly
increased rates of palmitate oxidation relative to high palmitate alone
(p = 0.0171; Fig. 3). AG did not further stimulate FAO (p = 0.7746;
Fig. 3).

3.2.5. Ghrelin receptor content in skeletal muscle of LFD-SED, HFD-SED,
and HFD-EX rats

There were no significant differences in soleus GHS-R1la protein
content between the groups (p = 0.3411; Fig. 7A). CRF-2R content was
significantly reduced in HFD-SED vs. LFD-SED rats (p = 0.0055). In 6w
HFD-EX animals CRF-2R content was not reduced relative to LFD-SED
(p = 0.4773). Exercise tended to increase CRF-2R content relative to
HFD-SED animals (p = 0.0944), however this did not reach statistical
significance.
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Fig. 1. Muscle fatty acid oxidation following 5d diets.

I LFD-SED Rates of palmitate oxidation in isolated soleus muscle
from 5d LFD and HFD animals following medium
|:| HFD-SED palmitate (MP; 1 mM) or high palmitate (HP; 2 mM)

exposure +/- AG/UnAG (150 ng/ml) treatment. Data
were analyzed using a repeated measures two-way
ANOVA (n = 8 for each) and expressed as individual
data points and the mean + standard deviation. Data
sharing a letter are not statistically significant from
each other within each diet condition.

4. Discussion
4.1. Overall findings

A growing body of evidence supports a role for ghrelin as a regulator
of glucose and fatty acid metabolism in peripheral tissues such as skel-
etal muscle and adipose tissue [3,4,9,12,20-22]. Findings from our lab
and others indicate a direct stimulatory effect of ghrelin (AG and UnAG)
on FAO [9-11], with some evidence of a role for the AMPK-ACC axis [11,
12]. Importantly, ghrelin’s ability to stimulate FAO protects the muscle
from acute impairments in insulin signaling and glucose uptake induced
by lipid oversupply [9,10]. In a recent study from our lab, we investi-
gated whether the ability of ghrelin to stimulate FAO and protect muscle
from palmitate-induced impairment in insulin signaling and glucose
uptake remained intact in chronically high-fat fed rats [9]. Our findings
indicated that muscle developed a resistance to ghrelin; however, this
comparison was made as part of a larger study and did not include a
chronic low-fat fed group as a control. Furthermore, we did not examine
how quickly resistance to ghrelin occurs in muscle, or whether exercise
training can prevent this. We have previously shown that skeletal muscle
can become resistant to hormones such as leptin and adiponectin in as
early as 3 to 7d of HFD feeding [23]. Furthermore, exercise training can
restore the response of muscle to hormones such as leptin and insulin
[15]. To our knowledge, no studies have examined exercise as a po-
tential intervention to modulate ghrelin response in skeletal muscle.
Therefore, in the present study we sought to determine i) if ghrelin’s
stimulatory effect on muscle FAO was impaired following short-term
(5d) high-fat feeding, and ii) if the development of skeletal muscle
ghrelin resistance induced by chronic (6w) high-fat feeding could be
prevented with concurrent exercise training.

In the current study, the ability of ghrelin to stimulate FAO and
protect insulin stimulated glucose uptake remained intact following 5d
of high-fat feeding. Following 6w of a HFD, neither AG nor UnAG
stimulated FAO or protected insulin-stimulated glucose uptake in the
presence of high palmitate concentrations. This was hypothesized and
consistent with previous findings from our lab [9]. In the present study,
anovel finding was that exercise training prevented the 6w HFD induced
loss of UnAG’s response. This was demonstrated by UnAG’s ability to
significantly stimulate FAO, which was associated with the protection of
insulin-stimulated glucose uptake during acute lipid oversupply. The
major unexpected finding from the current study was the absence of a
ghrelin response in muscle from 6w LFD-SED animals. Clearly, this
confounds the interpretation of a HFD being the predominant cause of
ghrelin resistance. Further investigation is warranted. A graphical rep-
resentation of the overall study findings is shown in Fig. 8.
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Fig. 2. Body weight, caloric intake, and blood glucose measurements following 6w of dietary and exercise interventions. Food intake (Fig. 2A), caloric intake
(Fig. 2B), body weights (Fig. 2C), blood glucose concentrations (Fig. 2D) and glucose AUC (Fig. 2E) following LFD-SED, HFD-SED, and HFD-EX interventions. Body
weight, food intake, caloric intake (n = 17-19/group) and blood glucose tolerance data (n = 9-11/group) were analyzed using a repeated measures two-way
ANOVA. Data are expressed as mean + standard deviation. Asterisks denote significant differences between groups: * indicates a difference between HFD-SED
and LFD-SED animals (Fig. 2D), ** indicate differences between HFD-SED in comparison to both HFD-EX and LFD-SED animals (Fig. 2B; Fig. 2C) and *** in-
dicates significant differences between all groups. For AUC (Fig. 2E), data not sharing a letter are statistically significant from each other.
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Fig. 3. Muscle fatty acid oxidation following 6w of
dietary and exercise interventions. Rates of palmitate
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4.2. Ghrelin resistance in skeletal muscle

High-fat feeding rapidly (i.e., within days to weeks), induces skeletal
muscle resistance to a number of hormones including leptin, adipo-
nectin, and insulin [14,15,23,24]. Previous work from our lab has
shown that ghrelin resistance occurs in white adipose tissue (WAT) in as
early as 5d of HFD consumption in rats [22]. This was evidenced by the
loss of ghrelin’s ability to blunt beta-adrenergic stimulated lipolysis
[22]. Furthermore, central ghrelin resistance can manifest in as little as
12 h of HFD feeding [25]. Given these findings, we were surprised to
find that ghrelin response in skeletal muscle remained intact following
5d of HFD feeding. This suggests that the initial etiology of resistance to
these hormones is different. HFD-induced insulin resistance is generally
attributed to the accumulation of the development of LCFA-CoA in-
termediates, diacylglycerol, and ceramides [26,27]. The underlying
causes of leptin resistance are poorly understood but likely involve
negative feedback by suppressor of cytokine signaling (SOCS)-3 [28].
However, the mechanisms underlying ghrelin resistance in peripheral
tissues have not yet been examined, as this is a newly discovered
phenomenon.

We recently reported that WAT becomes unresponsive to ghrelin
following only 5d of a HFD compared to a LFD. However, by 6w, WAT
was unresponsive to ghrelin regardless of the dietary fat content [22].
Thus, it seems that dietary fat may be responsible for the initial

oxidation in isolated soleus muscle from LFD-SED,
HFD-SED and HFD-EX animals following low-
palmitate (LP; 0.2 mM) or high-palmitate (HP; 2.0
mM) exposure +/- AG/UnAG (150 ng/ml) ghrelin
treatment. Data were analyzed using a repeated
measures two-way ANOVA (n = 9 for each group) and
expressed as individual data points and the mean +
standard deviation. p < 0.05 was considered statisti-
cally significant. Data sharing a letter are not statis-
tically significant from each other within each diet
condition.

1 HFD-SED
(1 HFD-EX

Fig. 4. Muscle glucose uptake following 6w of dietary
and exercise interventions. Rates of insulin (INS;
10mU/ml) stimulated glucose uptake in isolated so-
leus muscle from LFD-SED, HFD-SED and HFD-EX
animals following low palmitate (LP; 0.2 mM) or
high palmitate (HP; 2.0 mM) exposure +/- AG/UnAG
(150 ng/ml) ghrelin treatment. Data were analyzed
using a repeated measures two-way ANOVA (n = 8 for
LFD-SED and HFD-EX; n = 13 for HFD-SED) and
expressed as individual data points and the mean +
standard deviation. p < 0.05 was considered statisti-
cally significant. Data sharing a letter are not statis-
tically significant from each other within each diet
condition.

BN LFD-SED
1 HFD-SED
1 HFD-EX

development of ghrelin resistance in WAT, but other factors must be
contributing to the later development. In the current study, we did not
examine any time points between 5d and 6 w; therefore, we cannot
exclude the possibility that ghrelin resistance in muscle may have
manifested earlier with the HFD vs. LED. Overall, further work is needed
to determine whether dietary fat is a contributor to the development of
muscle ghrelin resistance. It is our opinion that a significant factor is the
sedentary behavior of the rats, particularly considering that they were
housed in cages in groups of 3-4. Insulin resistance, for example, has
been shown to manifest in mice with running wheel lock in as little as
10d [29]. In the current study, the inclusion of a moderately intense
training protocol prevented the loss of UnAG response observed in the
6w HFD. However, the amount of physical activity or exercise training
that is required to prevent ghrelin resistance remains to be determined.
We would anticipate that exercise training would also have protected
the muscle from ghrelin resistance in the LFD group. Clearly, we did not
anticipate finding muscle ghrelin resistance in LFD rats; due to the large
number of animals already required, we did not include a group of 6w
LFD rats that also received exercise training. Future studies should
include this to better establish the role of sedentary behavior vs. dietary
fat in the development of muscle ghrelin resistance.
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Fig. 5. Training adaptations following 6w of dietary and exercise interventions. Cytochrome ¢ oxidase subunit 4 (COX IV), Citrate synthase (CS), and peroxisome
proliferator-activated receptor coactivator 1-alpha (PGC-1a) protein expression in isolated soleus of LFD-SED, HFD-SED, and HFD-EX animals. Data were analyzed
using an ordinary one-way ANOVA (n = 8-16 for each) and expressed as individual data points and the mean =+ standard deviation. p < 0.05 was considered
statistically significant. Data sharing a letter are not statistically significant from each other.

4.3. Ghrelin signaling in skeletal muscle

Although ghrelin’s orexigenic effects are attributed to AG signaling
through GHS-R1a in the hypothalamus and anterior pituitary gland [6,
30], GHS-R1a mRNA has also been detected in other tissues [31]. Our
lab has also detected GHS-R1a protein content in muscle [9] and WAT
[22]. In the current study, there were no changes in GHS-R1a protein

content in any of the groups. Both AG and UnAG may exert their effects
in muscle via the corticotropin releasing factor family receptor
(CRF-2R). Through the use of a selective CRF-2R antagonist, Gershon
et al. demonstrated in C2C12 cells that the AG-induced increase in
glucose uptake [12] and the shift towards fat utilization induced by
UnAG [13], were dependent on the CRF-2R receptor.

Previous work in our lab demonstrated a significant reduction in
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Fig. 6. Effects of 6w dietary and exercise interventions on muscle substrate transporters. GLUT 4 and FAT/CD36 protein expression in isolated soleus of LFD-SED,
HFD-SED, and HFD-EX animals. Data were analyzed using an ordinary one-way ANOVA (n = 8/group) and expressed as individual data points and the mean +
standard deviation. p < 0.05 was considered statistically significant. Data sharing a letter are not statistically significant from each other.

CRF-2R content in muscle following a HFD that was associated with the
loss of ghrelin response [9]. In the current study, the soleus content of
CRF-2R protein was significantly reduced by the chronic HFD and ten-
ded to be increased (p = 0.0944) with exercise training. While this data
fits with our finding that HFD-EX animals displayed an intact UnAG
response compared to HFD-SED rats, it does not explain why the
LFD-SED rats also showed no UnAG response. Finally, it should be
acknowledged that changes in protein content may not entirely explain
changes in the functioning of the CRF-2R receptor, which was beyond
the scope of this study.

5. Limitations and considerations
In the current study, an acute high-palmitate exposure (lipid over-

supply) was utilized to induce impaired insulin stimulated glucose up-
take in skeletal muscle. However, this is not representative of the

presence of various fatty acids in the circulation. Isolated incubations
permit for the testing of direct effects but cannot replicate in vivo sub-
strate and hormonal concentrations. Due to tissue limitations, there was
no treatment assessing the combined effects of AG and UnAG. The pri-
mary focus of this study was the chronic effect of diet and exercise
training on muscle ghrelin response. Therefore, while we included a
short-term 5d dietary treatment to determine whether muscle ghrelin
resistance could be rapidly induced, we did not also include an exercise
training condition for this brief period. Further, muscle measurements
after 5d were not performed as there was no observed impairment in
ghrelin response. No cellular measurements were made to directly
confirm the ghrelin resistance observed in functional outcomes of FAO
and glucose transport, as the exact signaling transducers for ghrelin’s
effects in skeletal muscle remain uncertain. We did not anticipate the
loss of muscle ghrelin response following the chronic LFD. Although the
reason for this finding is unknown, we suspect it may be caused by
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letter are not statistically significant from each other.

sedentary behaviour in these animals. As this was an unexpected
finding, there was no exercise training condition combined with the
LFD. Future work is required to better understand the mechanisms by
which ghrelin resistance occurs.

6. Conclusions

The results from the current study demonstrate that a short-term 5d
diet high in saturated fat does not cause ghrelin resistance, as we pre-
viously observed in WAT. Unexpectedly, after the consumption of either
a low or high-fat diet fed chronically for 6w, neither AG nor UnAG were
able to stimulate FAO in isolated skeletal muscle or prevent the

palmitate-induced impairment in glucose uptake. The reason for the loss
of muscle ghrelin response in LFD-SED rats is currently unknown but
may be caused by chronic sedentary behavior. 4w of exercise training
was able to prevent the development of this resistance. To our knowl-
edge, this is the first study to examine if ghrelin response in skeletal
muscle can be altered by chronic exercise training. The mechanisms
underlying the development of ghrelin resistance remain unclear and
future research in our lab will aim to elucidate this phenomenon. The
practical implications to humans, at this point, are not known. However,
these findings suggest that muscle might be quite susceptible to
becoming ghrelin resistant, with the consequence of losing some pro-
tection against the damaging effects of lipid oversupply. Exercise
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diet shared a similar metabolic profile to sedentary animals on a HFD and were not included in this figure. Dashed lines and question mark represent unassessed
mechanisms. Upward arrow indicates increase. Downward arrow indicates inhibition. Broken arrow indicates loss of signaling pathway. GHS-R1; Growth Hormone
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appears to be an effective strategy to prevent muscle ghrelin resistance
from developing. These results provide yet another potential reason for
individuals to be regularly physically active.
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