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Abstract

Background Ghrelin may ameliorate cancer cachexia (CC) by preventing anorexia, muscle, and fat loss. However, the
mechanisms mediating these effects are not fully understood. This study characterizes the pathways involved in muscle
mass and strength loss in the Lewis lung carcinoma (LLC)-induced cachexia model, and the effects of ghrelin inmice with
or without its only known receptor: the growth hormone secretagogue receptor-1a ((GHSR-1a), Ghsr+/+ and Ghsr�/�).
Methods Five to 7-month-old male C57BL/6J Ghsr+/+ and Ghsr�/� mice were inoculated with 1 × 106 heat-killed
(HK) or live LLC cells (tumour implantation, TI). When tumours were palpable (7 days after TI), tumour-bearing
mice were injected with vehicle (T + V) or ghrelin twice/day for 14 days (T + G, 0.8 mg/kg), while HK-treated
mice were given vehicle (HK + V). Body weight and grip strength were evaluated before TI and at termination
(21 days after TI). Hindlimb muscles were collected for analysis.
Results Less pronounced body weight (BW) loss (87.70 ± 0.98% vs. 83.92 ± 1.23%, percentage of baseline BW in
tumour-bearing Ghsr+/+ vs. Ghsr�/�, P = 0.008), and lower upregulation of ubiquitin-proteasome system (UPS,
MuRF1/Trim63, 5.71 ± 1.53-fold vs. 9.22 ± 1.94-fold-change from Ghsr+/+ HK + V in tumour-bearing Ghsr+/+ vs.
Ghsr-/-, P = 0.036) and autophagy markers (Becn1, Atg5, Atg7, tumour-bearing Ghsr+/+ < Ghsr�/�, all P < 0.02) were
found in T + V Ghsr+/+ vs. Ghsr�/� mice. Ghrelin attenuated LLC-induced UPS marker upregulation in both genotypes,
[Trim63 was decreased from 5.71 ± 1.53-fold to 1.96 ± 0.47-fold in Ghsr+/+ (T + V vs. T + G: P = 0.032) and
9.22 ± 1.94-fold to 4.72 ± 1.06-fold in Ghsr�/� (T + V vs. T + G: P = 0.008)]. Only in Ghsr+/+ mice ghrelin amelio-
rated LLC-induced grip strength loss [improved from 89.24 ± 3.48% to 97.80 ± 2.31% of baseline (T + V vs. T + G:
P = 0.042)], mitophagy markers [Bnip3 was decreased from 2.28 ± 0.56 to 1.38 ± 0.14-fold (T + V vs. T + G:
P ≤ 0.05)], and impaired mitochondrial respiration [State 3u improved from 698.23 ± 73.96 to
934.37 ± 95.21 pmol/min (T + V vs. T + G: P ≤ 0.05)], whereas these markers were not improved by ghrelin
Ghsr�/�. Compared with Ghsr+/+, Ghsr�/� tumour-bearing mice also showed decreased response to ghrelin in BW
[T + G-treated Ghsr+/+ vs. Ghsr �/�: 91.75 ± 1.05% vs. 86.18 ± 1.13% of baseline BW, P < 0.001)], gastrocnemius
(T + G-treated Ghsr+/+ vs. Ghsr�/�: 96.9 ± 2.08% vs. 88.15 ± 1.78% of Ghsr+/+ HK + V, P < 0.001) and quadriceps
muscle mass (T + G-treated Ghsr+/+ vs. Ghsr�/�: 96.12 ± 2.31% vs. 88.36 ± 1.94% of Ghsr+/+ HK + V, P = 0.01),
and gastrocnemius type IIA (T + G-treated Ghsr+/+ vs. Ghsr�/�: 1250.49 ± 31.72 vs. 1017.62 ± 70.99 μm2,
P = 0.027) and IIB fibre cross-sectional area (T + G-treated Ghsr+/+ vs. Ghsr�/�: 2496.48 ± 116.88 vs.
2183.04 ± 103.43 μm2, P = 0.024).
Conclusions Growth hormone secretagogue receptor-1a mediates ghrelin’s effects on attenuating LLC-induced
weakness but not muscle mass loss by modulating the autophagy-lysosome pathway, mitophagy, and mitochondrial
respiration.
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Introduction

Cancer cachexia (CC) is a multifactorial syndrome character-
ized by muscle loss that leads to functional impairment.1–3

It is associated with devastating complications, such as intol-
erance to cancer treatments, poor quality of life, and in-
creased morbidity and mortality.4,5 In spite of its relevance,
the mechanisms leading to cancer-induced muscle wasting
are incompletely understood, and this is a barrier to develop-
ing effective treatments for this condition.

Ghrelin, a circulating hormone secreted mainly by the
stomach, is known to stimulate appetite and growth hor-
mone secretion by binding to the growth hormone secreta-
gogue receptor (GHSR)-1a, its only known receptor to date.6

In animal models of muscle wasting induced by tumour,
chemotherapy, fasting, or denervation, ghrelin prevents the
loss of muscle mass and function7–9 and is currently consid-
ered a promising treatment for CC.10,11 Interestingly, emerg-
ing data suggest that some of the ghrelin’s effects are
independent of GHSR-1a.12,13 GHRS-1a is not expressed in
skeletal muscle,14,15 cisplatin-induced C2C12 myotube atro-
phy is prevented by ghrelin treatment in the absence of
GHSR-1a,7 and ghrelin prevented fasting-induced muscle at-
rophy and improved protein synthesis in GHSR-1a-deficient
mice.8 However, this has not been well-characterized in
tumour-induced cachexia. There is a pressing need to
understand how GHSR-1a mediates the effects of ghrelin on
attenuating muscle wasting in CC, and to characterize these
GHSR-1a-dependent and GHSR-1a-independent pathways
given that ghrelin and agonists of the GHSR-1a are in clinical
development for this indication.10,16,17

The relationship between muscle mass and function
changes in CC is not well-understood. The loss of muscle
strength and function is accompanied by the loss of muscle
mass, but muscle mass and function do not respond in
parallel to interventions in clinical studies.17 Muscle mass loss
is often seen as a result of the imbalance between protein
synthesis and degradation. The increased protein degrada-
tion in CC is regulated by several major catabolic pathways,
including the ubiquitin-proteasome system (UPS) and the
autophagy pathway.3,18,19 UPS is known as a major player in
myofibrillar protein degradation that leads to muscle mass
loss, and ghrelin has been shown to suppress UPS activation
in CC.7,8 Autophagy homeostasis is essential for maintaining
muscle quantity and quality. Under basal conditions,
autophagy removes damaged organelles, protein aggregates,
and pathogens to maintain muscle quality.20 During illness or

in conditions of negative energy balance, such as caloric
restriction,21,22 chemotherapy administration,23 and
denervation,24,25 excessive activation of autophagy triggers
selective removal of myofibrillar and structural proteins,19,26

and mitochondria (mitophagy).27,28 Excessive degradation of
these proteins and mitophagy contributes to muscle atrophy
and mitochondrial dysfunction in skeletal muscle.28,29 Au-
tophagy is thought to play a role in CC as increased autoph-
agy markers have been found in animal models30,31 and CC
patients,32 but its association with muscle function and the
potential role of ghrelin in altering autophagy is not known.
In addition, mitochondrial dysfunction also contributes to di-
minished muscle function. However, only a few studies have
shown decreased muscle mitochondrial respiration in rodent
models of CC,33,34 and the mechanisms are not fully under-
stood. The effect of ghrelin and GHSR agonists on restoring
mitochondria function has only been reported in a few
preclinical studies where ghrelin combined with higher food
intake improved mitochondrial oxidative capacity in rats
with chronic kidney disease35 or chronic heart failure.36 Also,
GHSR agonists improved cisplatin-induced autophagy
overactivation and mitochondrial dysfunction in rats by mod-
ulating mitochondrial biogenesis, mitochondrial dynamics,
and reactive oxygen species (ROS) production.37 Whether
ghrelin plays a role in modifying mitochondrial function dur-
ing cancer cachexia is not known.

The objectives of this study were (i) to characterize the role
of GHSR-1a on modulating tumour-induced activation of
catabolic pathways in skeletal muscle, including UPS and
autophagy, as well as mitochondrial dysfunction, and (ii) to
determine the extent to which GHSR-1a mediates the effects
of exogenous ghrelin administration on preventing muscle
mass and function loss in CC and the mechanisms mediating
these effects. We show that GHSR-1a mediates ghrelin’s ef-
fects on attenuating LLC-induced loss of muscle strength but
not muscle mass by modulating the autophagy-lysosome
pathway, mitophagy, and mitochondrial respiration.

Methods

Animals
Adult (5- to 7-month-old) male growth hormone (GH) secre-
tagogue receptor (GHSR)-1a wild type (Ghsr+/+) and knock
out (Ghsr�/�) mice on a C57BL/6J background were used
for the current study as previously described.15 Ghsr�/� mice
were originally generated on a 129Sv and C57BL/6J
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background and subsequently bred into C57BL/6J mice for at
least 10 generations. To determine whether both N10 Ghsr+/+

and Ghsr�/� mice were congenic, the mice were analysed
for 110 microsatellite markers (Charles River Laboratory,
Wilmington, MA). Besides the gene deletion, all other
markers were 100% identical to those characteristics of
C57BL/6J mice, indicating that the N10 null mice are
congenic. These procedures were performed in Dr. Roy G.
Smith’s Laboratory and described previously.38 The Ghsr�/�

and Ghsr+/+ mice used in our experiments were generated
from these established homozygous lines individually (ap-
proximately five generations), and the genotype of these
mice was confirmed. Mice were individually housed and
maintained on a 12/12 light/dark cycle (lights on at 6 a.m.).
A week prior to the experiments, mice were acclimated to
their cages and human handling. All experiments were con-
ducted with the approval of the Institutional Animal Care
and Use Committee at VA Puget Sound Health Care System
and in compliance with the NIH Guidelines for Use and Care
of Laboratory Animals.

Tumour implantation and ghrelin administration
The procedures of tumour implantation (TI) and ghrelin inter-
vention were described previously.7,15 Briefly, Lewis lung
carcinoma (LLC) cells (1 × 106 cells American Type Culture
Collection, Manassas, VA) were implanted subcutaneously
into the right flank of mice in tumour-bearing groups, while
the mice in control groups were injected with equal volume
and number of heat-killed LLC cells (HK) in the same area.
When the tumour was palpable (~1 cm in diameter, about
7 days after TI), the tumour-bearing mice were treated with
either acylated ghrelin (Anaspect, Fremont, CA) at a dose of
0.8 mg/kg (tumour + ghrelin, T + G) or saline solution
(tumour + vehicle, T + V), s.q., twice daily, at 8 a.m. and
5 p.m., for approximately 14 days; while mice in HK groups
received saline solution (15 mcl, HK + V), s.q., twice/day for
2 weeks until the endpoint (21 days after TI). Our dose selec-
tion was based on our group’s experience and that of other
groups.7,15,39 In brief, the dose selected for this study has
been shown to be well-tolerated and to induce a 5–10%
weight gain and a ~10% increase in food intake.39 These
changes are clinically relevant because they are similar to
those seen in recent human trials where ghrelin mimetics
are being used.10 Mice were euthanized by CO2 on Day 21 af-
ter TI, approximately 14 days after the tumour was noted.
Hindlimb muscles were collected after euthanasia. The right
gastrocnemius/plantaris (GAS/PL) muscles were preserved
in Optimal Cutting Temperature (OCT) for histology. The left
side of GAS/PL muscle was saved for biochemical analysis.
For the subsequent autophagy flux experiment, a separate
set of mice from each group also received vehicle or colchi-
cine treatment (intraperitoneal injection, 0.4 μg/g/day) for
2 days before euthanasia (Day 19 and 20 after TI).40 For the
mitochondrial respiration tests, plantaris (PL) muscles were

taken while mice were under anaesthesia with isoflurane.
These animals were terminated by cervical dislocation after
tissue collection.

Body weight and lean body mass

Body weight (BW) was assessed before TI and at the endpoint
(about 3 weeks after TI and before termination). The changes
in BW are expressed as carcass weight at the endpoint
(weight at endpoint minus tumour mass) normalized to
baseline BW in percentage. Baseline LBM was measured by
nuclear magnetic resonance (NMR, Bruker optics, The
Woodlands, TX) before TI. Muscle mass was determined by
the average muscle wet weight of bilateral muscles and
normalized to baseline LBM.

Grip strength

Grip strength was measured before TI and right before
euthanasia by a grip strength meter with a digital force gauge
(Columbus Instruments, Columbus, OH). Forelimb grip
strength was accessed by allowing the mouse to grasp a pull
bar connected to a force gauge by only using its forelimbs.
The maximum grip strength was recorded in the force gauge
in kilograms. The test was performed three times at a 1 min
interval. Maximum grip strength was recorded, and the final
result is expressed as grip strength at endpoint normalized
to baseline grip strength in percentage.

Immunohistochemistry

The cross-sectional area (CSA) of individual fibres from the
GAS and PL muscle was determined as previously
described.41–43 Briefly, the OCT-mounted GAS/PL muscle was
sliced at 10 μm using a Cryostat (Leica CM3050S, Nußloch,
Germany) at �25°C. All muscles were transected at the
mid-belly area, the largest cross-section of the whole muscle.
The muscle sections were dehydrated for 30 min, blocked
with 10% goat serum in PBS for 1 h. Primary antibodies were
applied for 2 h at room temperature. Primary antibodies and
dilutions were used as follows: BA-F8 (1:50), which detects
myosin heavy chain (MHC)-I fibres; SC-71 (1:600), which de-
tects MHC-IIA fibres; and BF-F3 (1:100), which detects type
MHC-IIB fibres (Developmental Studies Hybridoma Bank, Iowa
City, IA). After three washes in PBS, sections were incubated in
the corresponding secondary antibodies (Thermo Fisher
Scientific, Waltham, MA) for 1 h: Alexa 350 IgG2b (1:500) for
MHC-I (blue); Alexa 488 IgG1 (1:500) for MHC-IIA (green);
and Alexa 555 IgM (1:500) for MHC-IIB (red). After another
three washes in PBS, the sections were mounted with Prolong
Gold AntiFade reagent (Thermo Fisher Scientific).
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We obtained a 10× stitched whole cross-sectional image of
the GAS and plantaris (PL) muscle complex (6 × 6 sections
with 165.75 μm overlap) by using Nikon Ni-E microscope
and NIS-Elements software (Nikon, Tokyo, Japan). PL is lo-
cated between the deep areas of medial and lateral GAS mus-
cle flaps and can be identified by its epimysium and a blood
vessel between PL and medial GAS flap. To analyse the CSA
of GAS, 200 type IIA and 300 type IIB fibres were randomly
selected from the deep areas from both medial and lateral
GAS, where both IIA and IIB fibres are present (three to four
sections from deep GAS muscle areas parallel to PL, from
both sides), and traced by a blinded trained researcher using
ImageJ analysis software (National Institutes of Health,
http://rsb.info.nih.gov/ij/). Each section is right next to the
other and joined by a 165.75 μm overlap stitch. The overlap-
ping area is automatically merged by the NIS-Elements soft-
ware to prevent double-analysing. To analyse CSA of PL,
approximately 100 type IIA, 200 type IIB, and 60–80 type IIX
or IIA/X fibres from the whole PL area were analysed using
the same methods. The percentage of each fibre type in PL
muscle was analysed by using the Cell Counter plugin from
the ImageJ analysis software.

Succinate dehydrogenase staining

The succinate dehydrogenase (SDH) staining protocol is
adapted from Dr. Daniel P. Kelly’s lab.44 Briefly, the GAS/PL
sections were incubated with a mixed solution with 10 ml
0.2 M Phosphate Buffer, pH 7.6 (0.2 M NaH2PO4, 0.2 M Na2-
HPO4), 270 mg sodium succinate, and 10 mg nitro blue tetra-
zolium (NBT), for 30 min at 37°C. After three washes with
dH2O, unbound NBT was washed off by three exchanges of
the acetone solutions in increasing (30%, 60%, and 90% ace-
tone) followed by several rinses of dH2O and mounting with
an aqueous mounting medium. SDH+ (dark purple) and
SDH� fibres in PL muscles were counted by two trained
and blinded researchers using the Cell Counter plugin from
the ImageJ analysis software.

Real-time reverse transcription-quantitative
polymerase chain reaction

Half of the GAS/PL muscle from the left side of the animal
was saved in RNAlater® (Qiagen, Valencia, CA) after harvest-
ing. RNA was isolated by using Qiagen RNeasy mini kit
(Qiagen). Transcription levels of the isolated RNA were
identified by BioTek Cytation 5. Total RNA was reverse
transcribed to cDNA by QuantiTect Reverse Transcription
Kit (Qiagen). RT-PCR was detected by an ABI 7500 instru-
ment (Applied Biosystems, Foster City, CA) by using
predesigned Taqman Expression Assays (Thermo Fisher
Scientific, Waltham, MA). The quantification of genes of

interest was normalized to a reference gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and expressed as a
relative fold-change of the Ghsr+/+ HK + V group by a stan-
dard 2-ΔCT method. The following Taqman primers from
Thermo Fisher Scientific (4331182) were used in this
study: Gapdh (Mm99999915_g1), Ghsr (Mm00616415_m1),
Fbxo32/Atrogin1 (Mm00499523_m1), Trim63/MuRF1
(Mm01185221_m1), Becn1 (Mm01265461_m1), Atg5
(Mm01187303_m1), Atg7 (Mm00512209_m1), Bnip3
(Mm01275600_g1), and Ppargc1a (Mm01208835_m1).

Western blotting

Western blotting was performed to identify the protein
content of LC3B, p62, phospho-AKT (Ser473), total AKT,
oxidative phosphorylation (OXPHOS), and peroxisome
proliferator-activated receptor-gamma coactivator (PGC-1α)
in GAS/PL muscles. A portion of GAS/PL muscle (~60 mg)
was homogenized in RIPA buffer (Thermo Fisher Scientific)
with a cocktail of protease and phosphatase inhibitors
(Thermo Fisher Scientific). The homogenate was centrifuged
at 10 000 g for 15 min at 4°C, and the supernatant was col-
lected as the protein extraction. The protein concentration
was further quantified by a bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific) using bovine serum albumin (BSA)
as a standard. Prior to electrophoresis, protein extractions
were diluted with 5× Lane Marker Reducing Sample Buffer
(Thermo Fisher Scientific) and heated at 95°C for 4 min;
50 μg protein was loaded onto 4–15% Criterion™ TGX™ Pre-
cast Midi Protein Gels (BIO-RAD, Hercules, CA) and separated
by using a BIO-RAD Criterion™ Cell electrophoresis system
(165-6001). The proteins were then transferred to nitrocellu-
lose membranes by a BIO-RAD Criterion™ Blotter (170-4070)
at 100 V, 4°C, for 30 min. After blocking in 5% non-fat dry
milk in TBS/T at room temperature for 1 h, membranes were
incubated with primary antibodies overnight at 4°C. The
following primary antibodies and dilutions were used for
the experiments: anti-LC3B antibody (1:500. NB100-2220,
Novus Biologicals, CO); anti-SQSTM1/p62 antibody (1:1000.
Ab56416, Abcam, Cambridge, MA); GAPDH (D16H11) XP®
Rabbit mAb (horseradish peroxidase (HRP)-Conjugate,
1:2000. 8884, Cell Signalling, Beverly, MA); Phospho-Akt
(Ser473) (D9E) XP® Rabbit mAb (1:1000. 4060, Cell Signalling);
Akt (pan) (C67E7) Rabbit mAb (1:1000. 4691, Cell Signalling);
Anti-PGC1 alpha antibody (1:1000, ab54481, Abcam); Total
OXPHOS Rodent WB Antibody Cocktail (1:1000, ab110413,
Abcam); Anti-beta Actin antibody (1: 2000, ab8227, Abcam).
Following incubation, the membranes were washed and then
probed with the corresponding HRP-conjugated secondary
antibodies (except GAPDH). The membranes were developed
using SuperSignal™ West Dura Extended Duration Substrate
(Thermo Fisher Scientific) and imaged by ImageQuant LAS
4000 (GE Health Care, Chicago, IL). The quantification of
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densitometry was analysed by ImageJ and expressed as a
ratio over GAPDH.

Mitochondria isolation and mitochondrial
respiration measurements

The mitochondrial respiration tests were done in a separate
cohort of mice as it requires plantaris muscles from both
sides, and experiments for identifying molecular markers
and CSA require a complete set of GAS/PL muscles. There-
fore, CSA and molecular markers are from a set of mice
separate from mice used for mitochondrial respiration. How-
ever, other data including BW, grip strength, muscle wet
weight are combined data from both sets of mice as there
was no difference in these outcomes between the two co-
horts. The mitochondria isolation method is adapted from
an established protocol published previously.45 Plantaris mus-
cles were harvested while the mouse was under deep anaes-
thesia by isoflurane and immediately saved in mitochondria
isolation buffer (MIB) (210 mM sucrose, 2 mM EGTA,
40 mM NaCl, 30 mM HEPES, pH 7.4) on ice. The muscle was
then homogenized in MIB by Kimble homogenizer and cen-
trifuged at 900 g and 4°C for 10 min. The supernatant was
collected and centrifuged again at 10 000 g and 4°C for
10 min. The mitochondrial pellet was collected and resus-
pended in MIB, and protein concentration was identified
by Pierce Rapid Gold BCA Protein Assay (Thermo Fisher
Scientific). After another centrifuge at 10 000 g and 4°C
for 10 min, isolated mitochondria were resuspended in mi-
tochondrial assay solution (MAS), 70 mM sucrose, 220 mM
D-mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES,
1 mM EGTA, 0.2% fatty-acid free BSA, pH 7.4; Sigma-Aldrich,
Carlsbad, CA, USA) with substrates (5 mM malate and 5 mM
pyruvate).

Mitochondrial respiration was detected by Agilent
Seahorse XFe24 Extracellular Flux Assay Kit (Agilent Technol-
ogies, Santa Clara, CA) by using the methods adapted from
Rodger’s protocol.46,47 The day prior to the Seahorse exper-
iment, XFe24 sensor cartridges were hydrated and incu-
bated in a non-CO2 incubator overnight following the
manufacturer’s instructions. On the day of the experiment,
the isolated mitochondria in MAS with substrates were
plated in Agilent Seahorse XF24 Cell Culture Microplates
(7.5 μg/well in triplicates). After centrifugation at 2000 g
and 4°C for 20 min, an additional MAS with substrates were
added to each well and made a final volume of 500 μL in
each well; 50 μL of adenosine diphosphate (ADP), 55 μL
oligomycin, 60 μL carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone (FCCP), and 65 μL of antimycin A were
loaded into the cartridge plate and injected into the cell
plate in sequence with final concentrations as follows:
ADP 4 mM, oligomycin 2 μM, FCCP 4 μM, and antimycin
A 2 μM. Oxygen consumption rate ((OCR), pmol/min) was

measured using an XFe24 Seahorse Instrument (Agilent
Technologies) in real-time. Two measures were made in
each mitochondrial respiration state: basal (state 2 respira-
tion), phosphorylating respiration in the presence of ADP
(state 3 respiration), resting respiration in the presence of
oligomycin (state 4o respiration), maximal uncoupling respi-
ration in the presence of FCCP (state 3u respiration) and
electron transport chain-unrelated respiration in the pres-
ence of complex III inhibitor antimycin A.

Plasma insulin-like growth factor-1 levels

Blood samples were collected after euthanasia and then
processed into plasma. Insulin-like growth factor-1 (IGF-1)
levels in the plasma were measured by Mouse Magnetic
Luminex Assay at the Hormone Assay and Analytical Services
Core at Vanderbilt University Medical Center.

Statistics

Two-way analysis of variance (ANOVA) was performed to
identify differences between genotypes (Ghsr+/+ vs. Ghsr�/�)
across treatments (HK + V, T + V, and T + G) followed by
Fisher’s least significant difference (LSD) post hoc test
(P < 0.05). Spearman correlations were used to determine
associations between grip strength and p62 or Bnip3 expres-
sion in all the animals. Values are presented in mean ± SE.
All statistical testing was performed using IBM SPSS version
18 software.

Results

Ghsr is not expressed in skeletal muscles from
either Ghsr+/+ or Ghsr�/� mice

In agreement with previous reports,14,15 Ghsr mRNA was
expressed in brain tissue but not in skeletal muscle in Ghsr+/+

mice. Also, no Ghsr mRNA was detected in brain or muscle
tissue in Ghsr�/� mice (Supporting Information, Figure S1).

Ghrelin requires the presence of growth hormone
secretagogue receptor-1a to restore muscle
strength but not muscle mass in Lewis lung
carcinoma-induced cachexia

Lewis lung carcinoma-tumour implantation induced signifi-
cant decreases in body weight (BW), grip strength, and
muscle mass in both genotypes (Figure 1A,B). Ghsr�/�

mice showed a more pronounced loss in BW compared with
Ghsr+/+ mice, suggesting a role of GHSR-1a in protecting
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Figure 1 Body weight (BW), grip strength, and muscle mass in Ghsr+/+ and Ghsr�/� mice. HK + V: Heat-killed + vehicle; T + V: Tumour + vehicle; T + G:
Tumour + ghrelin. (A) BW (carcass weight without tumour), and grip strength were measured at endpoint (~3 weeks after tumour implantation) and
are shown as % of their baseline levels (before tumour implantation, N = 28–34/group). (B) Muscle mass of hindlimb muscles. The average wet weight
of bilateral muscles was measured at the endpoint and expressed as the ratio of muscle wet weight to baseline lean body mass (LBM, mg/g) and nor-
malized to the Ghsr+/+ HK + V group. (N = 13–15/group for GAS and PL muscle mass; N = 27–35/group for other muscles). (C, D) cross-sectional area
(CSA) of myosin heavy chain (MHC) type IIA and IIB fibres in the deep area of GAS muscles at endpoint (μm2). 200–300 individual fibres/fibre type were
analysed per animal for CSA (N = 4). (D) Representative images of immunohistochemistry staining MHC I (blue), MHC IIA (green), MHC IIB (red), and
MHC IIX (blank, not being stained) fibres in the deep area of GAS muscles. Data are shown as mean ± SE. Two-way ANOVA was performed to detect
genotype and treatment differences. *, **, and *** denote significant differences comparing to HK + V within the same genotype; #, ##, and ## denote
significant differences compared with T + V within the same genotype. *P < 0.05, **P < 0.01, and ***P < 0.001. # P < 0.05, ## P < 0.01, and
### P < 0.001. The main effects of genotype (P < 0.05) are shown in P-values above the corresponding figures. §: Genotype difference between
Ghsr

�/�
and Ghsr

+/+
within the same treatment group (P < 0.05).
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against BW loss induced by LLC. Administration of ghrelin at-
tenuated LLC-induced loss in BW and prevented the decrease
in grip strength in Ghsr+/+ animals, whereas no significant ef-
fect of ghrelin was found in these measures in the Ghsr�/�

tumour-bearing mice (Figure 1A). Ghrelin also mitigated
LLC-induced muscle mass loss in soleus (trend), gastrocne-
mius (GAS), plantaris (PL), tibialis anterior (TA), and quadri-
ceps (Quad) in Ghsr+/+ mice. These effects of ghrelin were
attenuated and only partially seen in Ghsr�/�, where ghrelin
only partially ameliorated tumour-induced muscle wasting in
Quad (Figure 1B).

We analysed muscle fibre cross-sectional area (CSA) in the
deep area of GAS muscles. The decrease in fibre CSA induced
by LLC implantation was greater in type IIB (fast-twitching,
glycolytic) than in type IIA (slow-twitching, oxidative) muscle
fibres (Figure 1C,D). LLC-induced atrophy in type IIB fibres,
the predominant fibre type in GAS muscle, was fully
prevented in Ghsr+/+ but only partially attenuated in Ghsr�/�

mice (Figure 1D), suggesting a combination of GHSR-1a de-
pendent and independent effects of ghrelin on preserving
muscle mass loss. Interestingly, a genotype difference was ob-
served as a main effect in type IIA fibres that were smaller in
the absence of GHSR-1a (Figure 1C).

Proteolytic and autophagy but not protein
synthesis markers are modulated by ghrelin in
Lewis lung carcinoma-induced cachexia

Tumour implantation induced an increase in atrogenes in all
groups. However, Ghsr�/� mice showed a more pronounced
increase in Trim63/MuRF1 in response to tumour implanta-
tion than Ghsr+/+ (Figure 2A). A similar pattern was observed
in Fbxo32/atrogin, although the genotype difference did not
reach significance. Exogenous ghrelin administration partially
prevented these tumour-induced atrogene increases. These
results suggest that GHSR-1a partially prevents the
LLC-induced activation of proteolysis and that ghrelin pre-
vents this in a GHSR-1a-independent manner. In Ghsr+/+ ani-
mals, there were no significant changes in autophagy
markers including Becn1, Atg5 and Atg7 at the transcript
level, as well as in protein 1A/1B-light chain 3 (LC3)-II protein
levels upon tumour implantation or ghrelin treatment
(Figure 2B–D). Becn1 is responsible for the initiation of
autophagy. Atg7 is the E1-like enzyme that mediates the
Atg5-Atg12 complex formation, and is essential for the con-
jugation of LC3I to phosphatidylethanolamine to form the
LC3-II.48 When autophagy flux was assessed by blocking the
delivery of autophagosomes to lysosomes with colchicine,
LLC tumour implantation induced a significant increase in
LC3II levels that was partially prevented by ghrelin treatment
(Figure 2D). In Ghsr�/� mice, LLC implantation caused an in-
crease in Becn1, Atg5, and Atg7, and these markers were
also higher than in the Ghsr+/+ mice. Ghrelin administration

prevented the increase in autophagy initiation (Becn1) but
did not impact autophagosome formation, LC3I conjugation
or activation into LC3II. The net result was that LC3II was sig-
nificantly increased in Ghsr�/� mice by LLC implantation and
ghrelin did not prevent this increase. Interestingly, when au-
tophagy flux was assessed with the administration of colchi-
cine in Ghsr�/� tumour-bearing mice, LC3II did not increase
as much as in Ghsr+/+ mice, suggesting that GHSR-1a plays
a role in inducing autophagosome degradation (Figure 2D).

We also detected markers of protein synthesis in
response to LLC tumour implantation and ghrelin. Tumour
implantation decreased phospho-Protein kinase B (p-AKT,
Ser473)/total AKT ratio in Ghsr+/+ mice and this decrease
was not prevented by ghrelin (Supporting Information,
Figure S2A,B). Ghsr�/� mice without tumour (HK + V)
showed lower levels of p-AKT/total AKT, and there was no
effect from either tumour or ghrelin in these mice.
Insulin-like growth factor 1 (IGF)-1 plasma levels were lower
in Ghsr�/�, and no effect was found in response to tumour
implantation or ghrelin treatment in either genotype
(Supporting Information, Figure S2C).

Lewis lung carcinoma induced mitophagy is
prevented by ghrelin via growth hormone
secretagogue receptor-1a

p62/Sequestosome-1 (SQSTM1) and BCL2 interacting protein
3 (Bnip3) are both involved in removing damaged mitochon-
dria via selective autophagic degradation (mitophagy) by
recruiting and binding autophagosome proteins through their
cargo-binding domains and LC3-interacting domains.49 The
protein level of p62 (Figure 3-A,B) and transcript level of
Bnip3 ( Figure 3D) were increased by LLC implantation in both
genotypes, and ghrelin attenuated these changes only in
Ghsr+/+ mice. Importantly, grip strength at the time of sacrific-
ing was inversely correlated with p62 (Figure 3C), and Bnip3
levels (Figure 3E), suggesting that elevated mitophagy is asso-
ciated with decreased grip strength.

Ghrelin prevented the Lewis lung
carcinoma-induced decrease in mitochondrial
respiration and growth hormone secretagogue
receptor-1a has a protective role in preserving
mitochondrial respiration

In Ghsr+/+ mice, LLC implantation reduced State 3 (ADP-de-
pendent respiration), and State 3u (maximal uncoupled
respiration) mitochondrial respiration. These changes were
partially ameliorated by ghrelin although it only reached sig-
nificance for State 3u (Figure 4A). No effect of tumour or
ghrelin was found in Ghsr�/� mice, and GHSR-1a deletion
was associated with lower mitochondrial respiration at all
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respiration states except for State 3u compared with Ghsr+/+

mice.
We did not observe any differences in the percentage of

Succinate Dehydrogenase (SDH, complex II of the mitochon-
drial electron transport chain) positive fibres in PL across
groups (Supporting Information, Figure S3A). Also, there
were no differences in protein levels of the mitochondrial
biogenesis marker peroxisome proliferator-activated recep-
tor-gamma coactivator (PGC-1α) in GAS/PL muscle of
Ghsr+/+ mice. In Ghsr�/� mice, PGC-1α protein level was
lower in HK + V compared with Ghsr+/+ mice but increased
with tumour implantation (Supporting Information, Figure
S3B,C). This was not affected by ghrelin administration.

Similar trends were seen at the transcript level (Ppargc1a)
but the differences did not reach significance (Supporting
Information, Figure S3D). Lastly, we detected the protein
levels of OXPHOS complexes from the isolated mitochon-
dria of PL muscles. Complex IV (Cytochrome c oxidase), a
catalytic complex in the electron transport chain, was de-
creased in Ghsr+/+ after tumour implantation and this
change was prevented by ghrelin treatment. The absence
of GHSR-1a tended to lower (genotype effect: P = 0.07)
the levels of Complex IV compared with Ghsr+/+, although
no tumour or ghrelin effect was found. We did not detect
any tumour or ghrelin effect on the protein levels of Com-
plex I, II, III, and V (Figure 4B,C).

Figure 2 Proteolytic and autophagy markers in skeletal muscles in Ghsr
+/+

and Ghsr
�/�

. HK + V: Heat-killed + vehicle; T + V: Tumour + vehicle; T + G:
Tumour + ghrelin. Gene expression of (A) proteolytic markers Fbxo32 and Trim63, (N = 12–14/group) and (B) autophagy markers Becn1, Atg5, and Atg7
(N = 9–12/group) in GAS/PL muscles. GAPDH was used as a reference gene, and data is expressed as a relative fold-change of the Ghsr+/+ HK + V group.
(C-D) protein levels of LC3II in GAS/PL muscles from mice without (N = 13–15) and with treatment (N = 6–7) with the lysosome inhibitor colchicine for
2 days before euthanasia. (C) Representative Western blots of LC3II, LC3I, and GAPDH. (D) the relative protein content of LC3II. Western blots were
quantified by densitometry and normalized to GAPDH. Results are presented as fold-change of Ghsr

+/+
HK + V. data are shown as mean ± SE.

Two-way ANOVA was performed to detect genotype and treatment differences. *, **, and *** denote significant differences comparing to HK + V
within the same genotype; # denotes significant differences compared with T + V within the same genotype. * P < 0.05, ** P < 0.01, and
*** P < 0.001. # P < 0.05. The main effects of genotype (P < 0.05) are shown in P-values above the corresponding figures. §: Genotype difference
between Ghsr�/� and Ghsr+/+ within the same treatment group (P < 0.05).
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Growth hormone secretagogue receptor-1a
modulates the effect of Lewis lung
carcinoma-implantation on plantaris fibre typing
and cross-sectional area

Type IIA and IIB fibre CSA in PL muscles were smaller in
Ghsr�/� mice compared with wildtype and type IIA fibre
CSA was also decreased in tumour-bearing Ghsr+/+ mice

(Figure 4D). We also identified fibre type % in PL muscles.
In Ghsr�/� mice, the percentage of IIA fibres was decreased
(trend) and the percentage of type IIB reciprocally increased
with tumour implantation. Also, Ghsr�/� tumour-bearing
mice showed less hybrid type IIA/X. These results suggest a
slow-to-fast fibre type switch with tumour implantation in
the absence of GHSR-1a that was not prevented by ghrelin
(Figure 4E).

Figure 3 Mitophagy markers p62 and Bnip3 in skeletal muscles in Ghsr+/+ and Ghsr�/� mice. HK + V: Heat-killed + vehicle; T + V: Tumour + vehicle;
T + G: Tumour + ghrelin. (A, B) protein levels of p62 in GAS/PL muscles in mice from each group (N = 9–12/group). (A) Representative Western blots of
p62 and GAPDH. A dashed line indicates images acquired from different blots. (B) P62 relative protein content. Western blots were quantified by den-
sitometry and normalized to GAPDH. Results are presented as fold-change of Ghsr+/+ HK + V. (C) Correlation between grip strength and p62 relative
protein content (r = �0.398, P = 0.001). (D) Gene expression of Bnip3 in GAS/PL muscles in mice from each group (N = 7–10/group). GAPDH was used
as a reference gene, and data are expressed as a relative fold-change of the Ghsr+/+ HK + V group. (E) Correlation between grip strength and Bnip3
expression (r = �0.558, P = 0.001). (B and D) data are shown as mean ± SE. Two-way ANOVA was performed to detect genotype and treatment dif-
ferences. * and ** denote significant differences comparing to HK + V within the same genotype; # denotes significant differences compared with T + V
within the same genotype. * P< 0.05, ** P< 0.01. # P< 0.05. The main effects of genotype (P< 0.05) are shown in P-values above the corresponding
figures. §: Genotype difference between Ghsr�/� and Ghsr+/+ within the same treatment group (P < 0.05). (C and E) correlations were assessed with
the spearman correlation coefficient test. ** P < 0.01.
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Discussion

To this date, there are no Food and Drug Administration
(FDA)-approved drugs for CC, and several clinical trials

targeting this condition have failed to meet their primary
endpoints due to lack of an effect on muscle function in spite
of inducing significant gains in lean mass.17,10 Therefore,
there is a pressing need to improve our understanding of

Figure 4 Oxygen consumption rate, OXPHOS complexes and fibre CSA and typing in plantaris muscles in Ghsr+/+ and Ghsr�/� mice. (A) Oxygen con-
sumption rate (OCR, pmol/min) in mitochondria isolated from plantaris muscles in Ghsr+/+ and Ghsr�/� mice. HK + V: Heat-killed + vehicle; T + V:
Tumour + vehicle; T + G: Tumour + ghrelin. OCR was measured in five mitochondrial respiration states (N = 13–16/group). (B, C) protein levels of
OXPHOS in isolated mitochondria in PL muscles from each group (N = 9–12/group). (B) Representative Western blots of OXPHOS complexes and β-ac-
tin. (B) OXPHOS complexes relative protein content. Western blots were quantified by densitometry and normalized to β-actin. Results are presented
as fold-change of Ghsr+/+ HK + V (N = 9/group). (D) Cross-sectional area (CSA) of myosin heavy chain (MHC) type IIA, IIB, IIX, and IIA/X fibres in the PL
muscles at endpoint (μm2

). One hundred type IIA, 200 type IIB, and 60–80 type IIX or IIA/X individual fibres were analysed per animal for CSA (N = 4/
group). (E) Percentage of each fibre type in PL muscles. Type IIA, IIB, IIX, and IIA/X fibres were counted and normalized to total fibre number in PL
muscles (expressed as %, N = 4). Data are shown as mean ± SE. Two-way ANOVA was performed to detect genotype and treatment differences. *
and ** denote significant differences comparing to HK + V within the same genotype; # denotes significant differences compared with T + V within
the same genotype. * P < 0.05, ** P < 0.01. # P < 0.05. The main effects of genotype (P < 0.05) are shown in P-values above the corresponding
figures. §: Genotype difference between Ghsr

�/�
and Ghsr

+/+
within the same treatment group (P < 0.05).
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the mechanisms mediating muscle function loss in CC.
Ghrelin and agonists of its only known receptor, GHSR-1a,
show potential to ameliorate CC at least in part by preventing
decreases in body weight and muscle mass, but the specific
mechanisms mediating these effects have not been fully
characterized. In this study, we show that ghrelin ameliorates
LLC-induced muscle mass loss and UPS activation indepen-
dently of GHSR-1a; whereas, ghrelin prevents LLC-induced
decreases in grip strength, mitophagy, and mitochondrial dys-
function via GHSR-1a. In addition, we found that GHSR-1a
plays a role in regulating skeletal muscle fibre CSA, autoph-
agy, and mitochondrial respiration.

The loss of muscle strength and function in CC is accompa-
nied by loss of muscle mass.50 However, the relationship
between these parameters is likely to be non-linear, where
the loss of function may occur later in some cases but
earlier in others and accelerate faster than the loss of
muscle mass.51,52 Also, the post-intervention recovery of
muscle mass may happen sooner than the recovery of muscle
function.51 This could potentially explain why several phase
III clinical trials using GHSR-1a agonists or other anabolic
agents such as selective androgen receptor modulators failed
to improve muscle function in spite of increasing muscle
mass,17,53,54 In the current study, we show that, in the ab-
sence of GHSR-1a, ghrelin partly attenuates muscle atrophy
but not the decrease in grip strength induced by LLC tumour
implantation. Whereas, in the Ghsr+/+ mice, the magnitude of
muscle atrophy is less than in the Ghsr�/� mice, and ghrelin
prevents both tumour-induced muscle mass and function
loss. Taken together, this data is consistent with the clinical
evidence that muscle mass and function are independently
modulated in CC. It also suggests that both GHSR-1a-depen-
dent and -independent pathways contribute to the effects
of ghrelin, and that the presence of GHSR-1a is required for
ghrelin to improve muscle strength, with the caveat that
muscle strength was only determined by grip test in these ex-
periments. Future studies should incorporate other measures
of muscle function such as assessments of individual muscle
contractility and specific force.

The imbalance between protein synthesis and degradation
leads to muscle atrophy, and several groups have previously
suggested a potential role for protein synthesis in CC.3,7,8,55

In Ghsr+/+ mice, we found a decreased p-AKT/total AKT ratio
in response to LLC tumour but no effect from ghrelin. Interest-
ingly, we did not see a tumour or ghrelin effect in Ghsr�/�

mice, but these mice had a lower ratio of p-AKT/AKT at base-
line. This genotype difference could be related to IGF-1 levels,
which is upstream of AKT and were lower in the absence of
GHSR-1a in agreement with previous reports.56 The lack of ef-
fect of ghrelin on protein synthesis pathways has also been re-
ported previously. Porporato et al. reported that ghrelin
counteracted protein degradation rather than promoting
protein synthesis as determined by S6 phosphorylation level
in C2C12 cells, co-cultured with dexamethasone.8 Also, other

studies showed that the decreased protein synthesis
induced by C26 or LLC tumours cannot be restored by treat-
ments that attenuate muscle atrophy.57,58 Taken together,
our data suggest that protein synthesis pathways may not
be affected by ghrelin in the LLC-induced cachexia model,
although GHSR-1a is likely to play a role in regulating their
basal levels.

UPS and autophagy are overactivated in CC,1,59,60 and our
results demonstrate that they are regulated in a GHSR-1a-
specific manner. We show that the effects of ghrelin on alter-
ing tumour-induced upregulation of UPS do not require the
presence of GHSR-1a. This result is consistent with other
non-cancer in-vitro and preclinical studies.7,8 Previously, we
showed that ghrelin prevented LLC-induced increases in the
expression of Atrogin-1 and MuRF1,7 two muscle-specific E3
ubiquitin ligases in the UPS pathway known as ‘atrogenes’,
which are key markers of protein degradation in skeletal
muscle.61,62 Here, we show that these effects are mediated
through a GHSR-1a-independent mechanism. Our study also
shows that GHSR-1a plays a protective role in mitigating mus-
cle atrophy and suppressing UPS activation induced by LLC
tumour even in the absence of exogenous ghrelin administra-
tion given that Ghsr�/� mice exhibited more pronounced
muscle loss, and higher levels of ‘atrogenes’ in skeletal
muscle.

Autophagy homeostasis is essential for maintaining muscle
mass and quality by removing damaged organelles, protein
aggregates, and pathogens under basal conditions. Under
catabolic conditions, including CC, excessive activation of au-
tophagy also induces selective removal of myofibrillar and
structural proteins,19,26 as well as mitophagy.27,28 In brief,
the process of autophagy involves autophagosome engulfing
targeted organelles and proteins, and subsequently fusing
with lysosomes so the engulfed organelles and proteins
can be degraded by acidic lysosomal hydrolases.63,64 The
initiation of autophagy requires activation of Beclin-1, which
is responsible for the formation of the phagophore so it
can engulf the targeted organelles and proteins in the
cytoplasm to form an autophagosome. The formation of
autophagosomes also requires Atg12-Atg5 complex and
Atg7-mediated conjugation of LC3-I to the membrane lipid
phosphatidylethanolamine (PE) to form LC3-II, an important
marker for autophagy activation.65 Excessive activation of au-
tophagy is responsible for further protein degradation in skel-
etal muscle and mitophagy in CC.34 A protective role of
ghrelin in attenuating increased autophagy has been re-
ported in C26 co-cultured C2C12 myotubes.66 GHSR agonists
have also been found to play a role in decreasing increased
autophagy in a chemotherapy-induced cachexia rat model,37

although another study using the same animal model did
not show any chemotherapy- or GHSR agonist-effect on alter-
ing autophagy.67 To our knowledge, the role of ghrelin or
GHSR-1a agonists on modulating tumour-induced skeletal
muscle autophagy is unknown. In our study, we only found
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increases in autophagy markers upon tumour implantation in
Ghsr�/� mice, including Becn-1, Atg5, Atg7 at the transcript
level, and LC3II at the protein level. When autophagy flux
was assessed by blocking the delivery of autophagosomes
to lysosomes with colchicine, LLC tumour implantation in-
duced a significant increase in autophagy markers that was
partially prevented by ghrelin in wild-type animals. Our
data suggest that the presence of GHSR-1a promotes
autophagosome degradation preventing the increase in au-
tophagy markers induced by tumour implantation and that
ghrelin administration modulates this process via this recep-
tor. More studies will be required to confirm the relative con-
tribution of autophagy in mediating the effects of ghrelin in
LLC-induced cachexia.

Mitophagy is the process of removing mitochondria via se-
lective autophagy by cargo-binding proteins. p62, a
ubiquitin-binding protein, is responsible for mitochondrial
ubiquitination,68 whereas Bnip3 plays a central role in this
process by triggering mitochondrial depolarization and
mitophagy.69,70 Although mitophagy is considered to be es-
sential for cleavage of damaged mitochondria to maintain
muscle quality under basal conditions,49 it has been demon-
strated that accelerated mitophagy potentially contributes
to mitochondrial dysfunction in skeletal muscle during
CC.28,34 Increased mitophagy markers have been found in
preclinical CC models, including ApcMin/+,33 C26,34 and LLC33

and in cancer patients.71 Recently, Penna and coworkers
found increased mitophagy and impaired mitochondrial func-
tion in skeletal muscles in C26 tumour-bearing mice34; and
these changes were exacerbated and/or maintained after
the promotion of autophagy by overexpression TP53INP2,
suggesting that overactivation of mitophagy impairs mito-
chondrial function in CC. In our model, we found increased
Bnip3 and p62 levels in both genotypes that were amelio-
rated by ghrelin administration in a GHSR-1a-dependent
manner. Moreover, the correlation between mitophagy
markers and grip strength suggests that this process mediates
at least in part, the effects of ghrelin on preventing
tumour-induced grip strength loss. This also aligns with re-
cent data showing that mitochondrial dysfunction is associ-
ated with poor recovery of muscle function but not muscle
mass in non-cancer models of muscle atrophy,72 and results
from an LLC-induced cachexia model showing that mitophagy
occurs earlier than changes in muscle mass.33

Mitochondrial function is crucial for maintaining muscle
function by providing energy (adenosine triphosphate (ATP))
for contractility73 and by regulating calcium homeostasis in
skeletal muscle.74,75 In rodent models of cachexia, decreased
oxidative phosphorylation (OXPHOS) capacity,33,76 disrupted
mitochondrial dynamics,33,37,76 and diminished mitochondrial
respiration has been observed in muscles with decreased
mass and/or strength. Impairment in state 3 mitochondrial
respiration has been reported in LLC-,33 C26-,34 and
LP07-induced cachexia,77 as well as in LLC co-cultured

C2C12 myotubes.78 However, the role of ghrelin in modulat-
ing mitochondrial function is not well-characterized. Al-
though a positive effect has been recently reported in
sarcopenic mice lacking ghrelin,79 there is no evidence of
ghrelin’s effects on mitochondrial dysfunction in cancer ca-
chexia. We found decreased complex-I-driven maximal state3
respiration under coupled (ADP-stimulated) and uncoupled
(FCCP-stimulated) conditions in wild-type, LLC-implanted
mice. Ghrelin administration partially prevented these
changes. Interestingly, all Ghsr�/� mice including controls
had lower mitochondrial respiration compared with
wild-type mice and this was not affected by tumour implanta-
tion or ghrelin administration. In the context of decreased
type IIA (oxidative) fibre size in Ghsr�/� mice, this suggests
a role of GHSR-1a in regulating mitochondrial respiration.
Our data also is consistent with the hypothesis that the in-
crease in muscle strength with ghrelin administration in
LLC-implanted mice is due, at least in part, to increased mito-
chondrial respiration mediated via GHSR-1a.

In the current study, we did not see any difference in SDH
content across groups in PL muscles 3 weeks after tumour im-
plantation. In a similar LLC-induced cachexia mouse model, a
decrease in SDH + cells in TA muscle was found 4 weeks after
tumour implantation but was not observed when assessed at
weeks 1 or 3, suggesting that this is a late effect in the course
of CC.33 We also did not detect a difference in PGC-1α protein
or mRNA levels from ghrelin administration or tumour in
Ghsr+/+ mice. Similarly, in Brown’s study, PGC-1α was not al-
tered while mitochondrial respiration was diminished in re-
sponse to LLC tumour 3 weeks after tumour implantation.33

We also detected genotype differences in this marker. The
lower PGC-1α protein level in non-tumour-bearing Ghsr�/�

mice is likely associated with its smaller IIA fibre size, and
may potentially explain its lower mitochondrial respiration
at several states (basal, state4, and AntimycinA) when com-
pared with Ghsr+/+. However, we also saw an increase of
PGC-1α in animals without GHSR-1a in response to tumour
implantation and this may be due to the more profound neg-
ative energy balance in these animals. We found that the de-
creased protein level of Complex IV (Cytochrome c oxidase)
was prevented by ghrelin treatment; whereas lacking
GHSR-1a tended to lower Complex IV levels, although no tu-
mour or ghrelin effect was found in Ghsr�/�. Other studies
have also shown decreased Complex IV levels in different
CC models, such as Apcmin/+ mice,55,76 C26 mice,80 and
Walker 256 tumour-bearing rats.81 We did not detect any tu-
mour or ghrelin effect on the protein levels of Complex I, II,
III, and V. Although it is not clear if all the OXPHOS compo-
nents respond to cachexia in the aforementioned studies,
our study showed complex IV is more susceptible to
LLC-induced cachexia than other OXPHOS complexes, which
is likely due to the involvement of complex IV in both com-
plex I and II-driven respiration and the higher abundance
of complex IV than other complexes.82 Also, this complex
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IV-dominated change has been shown in human mitochon-
drial myopathy83 and training-related mitochondrial modifi-
cations in mice.84 We showed that Ghsr�/� mice have
overall smaller type IIA and IIB fibres and there may be a
slow-to-fast fibre type transformation (IIA to IIB) in PL in re-
sponse to tumour-implantation. These fibre type differences
between groups could account at least in part for the differ-
ences in mitochondrial respiration given that type IIA fibres
are known to have greater mitochondrial content than type
IIB fibres.85 Taken together, we show evidence that
GHSR-1a may modulate tumour-induced mitochondrial respi-
ration by changing the expression of Complex IV and the
slow-twitch fibre type content; whereas ghrelin’s effects on
mitochondrial respiration are not mediated by PGC-1α and
are not associated with SDH protein content, at least in the
current LLC tumour model. Future studies will be required
to elucidate the function of the electron transport chain in
more depth.47

Tumour weights, food intake, and physical activity levels
may also contribute to the progression of CC and potentially
influence the effects of ghrelin. These data in this cohort of
mice have been recently published.15 Briefly, the tumour size
was not affected by either genotype or ghrelin treatment
(Ghsr+/+: T + V: 3.7 ± 0.5 g; T + G: 3.5 ± 0.5 g; Ghsr�/�:
T + V: 4.4 ± 0.6 g; T + G: 3.0 ± 0.3 g. Two-way ANOVA: Geno-
type effect: P = 0.872; Treatment effect: P = 0.115). Ghrelin
attenuated the tumour-induced decrease in food intake only
when GHSR-1a was present, confirming a GHSR-1a-depen-
dent ghrelin effect on food intake. Lastly, we found that tu-
mour implantation decreased spontaneous locomotor
activity in both genotypes, and that ghrelin administration
did not prevent these changes.15 These data suggest that
the effects of ghrelin on muscle cannot be explained by dif-
ferences in locomotor activity levels or tumour size. An effect
of food intake cannot be entirely ruled out in Ghsr+/+. More
studies will be needed to address this issue.

In our study, Ghsr�/� mice showed a more profound ca-
chectic phenotype in response to LLC tumour implantation,
including lower body weight, smaller muscle mass, and
higher levels of proteolysis and autophagy when compared
with wild-type tumour-bearing mice receiving vehicle. These
results suggest a protective role of GHSR-1a, and, potentially,
of endogenous ghrelin as the ligand for this receptor, in main-
taining muscle mass and function in LLC-induced cachexia.
The results also align with the therapeutic effects of exoge-
nous ghrelin administration we report here that are partly
GHSR-1a dependent.

There are several limitations in our study. The preclinical
experiments reported here will have to be validated in clinical
trials to determine their clinical relevance. Our results imply
the existence of an alternative receptor for ghrelin which
has not been characterized so far; ongoing experiments are
underway to identify this receptor. Given the presence of
esterases in blood,19 it is expected that both acyl- and

desacyl-ghrelin levels will increase upon acyl-ghrelin adminis-
tration. Therefore, it is possible that desacyl-ghrelin is at least
partially responsible for the GHSR-1a independent effects of
ghrelin administration.20 As we did not process blood sam-
ples with acidification and the addition of protease inhibitors,
measurements of acyl-ghrelin were not possible. As
mentioned before, we only assessed muscle strength by grip
strength and more studies are needed to confirm these ef-
fects on other measures of muscle function such as muscle
contractility and specific force. Also, these experiments
included only male, young adult mice, and the potential
contribution of sex or age as a biological variable of interest
will require more studies. Lastly, we only investigated GAS
and PL muscles in these mice. More studies will be required
to confirm our results in other muscles.

In summary, we show for the first time that GHSR-1a me-
diates ghrelin’s effects on attenuating cancer-induced muscle
weakness but not muscle mass loss and that it does so by
modulating the autophagy-lysosome pathway, mitophagy,
and mitochondrial respiration. These results fill a critical
gap in our knowledge and may inform the design of future
clinical trials targeting the ghrelin pathway as a therapeutic
for cancer cachexia.
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Figure S1. Ghsr mRNA expression in brain and skeletal mus-
cles (GAS/PL) in Ghsr+/+ and Ghsr�/� animals. GAPDH was
used as a reference gene, and data are expressed as ΔCt nor-
malized by GAPDH expression in the same sample. Data are
shown as mean ± SE (N = 4/group).

Figure S2. AKT in muscle and plasma IGF-1 levels from Ghsr+/+

and Ghsr�/� mice. HK + V: heat-killed + vehicle; T + V: tumour
+ vehicle; T + G: tumour + ghrelin. (A-B) Protein levels of p-
Akt (Ser473) and total Akt in GAS/PL muscles in mice from
each group (N = 4). (A) Representative Western blots of p-
Akt (Ser473) and total Akt. (B) Ratio of p-Akt (Ser473)/total
Akt. Western blots were quantified by densitometry. (C)

IGF-1 expression in plasma (ng/ml). Data are shown as mean
± SE. Two-way ANOVA was performed to detect genotype
and treatment differences. * denote significant differences
comparing to HK + V within the same genotype (p < 0.05).
The main effects of genotype (p < 0.05) are shown in
p-values above the corresponding figures.

Figure S3. Oxidative capacity markers in skeletal muscles in
Ghsr+/+ and Ghsr�/�. HK + V: heat-killed + vehicle; T + V: tu-
mour + vehicle; T + G: tumour + ghrelin. (A) Percentage of
SDH + fibres in PL muscles (N = 4/group). (B) Representative
Western blots of PGC-1α and GAPDH. (C) Relative protein con-
tent of PGC-1α. Western blots were quantified by densitome-
try and normalized to GAPDH. Results are presented as fold-
change of Ghsr+/+ HK + V (N = 7–10/group). (D) Relative gene
expression of PGC-1α (Ppargc1a) in GAS/PL muscles. GAPDH
was used as a reference gene, and data is expressed as a rel-
ative fold-change of the Ghsr+/+ HK + V group. Data are shown
as mean ± SE. Two-way ANOVA was performed to detect ge-
notype and treatment differences. * denotes significant differ-
ences comparing to HK + V within the same genotype
(p < 0.05). §: Genotype difference between Ghsr�/� and
Ghsr+/+ within the same treatment group (p < 0.05). N.S.:
No significant difference was detected across the groups.

Data S1. Supporting Information
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