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Abstract

Sarcopenia is the aging-associated progressive loss of skeletal muscle; however, the pathogenic mechanism of sarcopenia is not clear. The 
orexigenic hormone ghrelin stimulates growth hormone secretion, increases food intake, and promotes adiposity. Here we showed that 
fasting-induced muscle loss was exacerbated in old ghrelin-null (Ghrl–/–) mice, exhibiting decreased expression of myogenic regulator MyoD 
and increased expression of protein degradation marker MuRF1, as well as altered mitochondrial function. Moreover, acylated ghrelin and 
unacylated ghrelin treatments significantly increased mitochondrial respiration capacity in muscle C2C12 cells. Consistently, acylated ghrelin 
and unacylated ghrelin treatments effectively increased myogenic genes and decreased degradation genes in the muscle in fasted old Ghrl–/– 
mice, possibly by stimulating insulin and adenosine monophosphate-activated protein kinase pathways. Furthermore, Ghrl–/– mice showed a 
profile of pro-inflammatory gut microbiota, exhibiting reduced butyrate-producing bacteria Roseburia and ClostridiumXIVb. Collectively, our 
results showed that ghrelin has a major role in the maintenance of aging muscle via both muscle-intrinsic and -extrinsic mechanisms. Acylated 
ghrelin and unacylated ghrelin enhanced muscle anabolism and exerted protective effects for muscle atrophy. Because unacylated ghrelin is 
devoid of the obesogenic side effect seen with acylated ghrelin, it represents an attractive therapeutic option for sarcopenia.
Keywords: Acyl-ghrelin, Unacylated ghrelin, Sarcopenia, Gut microbiota

Sarcopenia, a degenerative loss of skeletal muscle mass and 
strength during aging, is a major cause of age-related frailty and 
disability (1). Given the rising aging population, much effort has 
been made to develop preventive and therapeutic strategies to 
mitigate age-associated muscle loss (2). Many pathophysiological 
and environmental factors, including genetic deficiency, immo-
bility, disuse, endocrine dysfunctions, nutritional deficiencies, 
and inflammation, have been implicated in age-related skeletal 
muscle atrophy (3). However, currently the precise mechanisms of 

sarcopenia are not well defined, and there is no effective therapy 
without side effects (2).

Ghrelin is a 28-amino acid (AA) peptide hormone produced 
mainly by the stomach (4) that plays multi-faceted roles in nutri-
tional regulation, metabolism, and inflammation (5). Classically 
known as the “hunger hormone,” ghrelin induces growth hormone 
(GH) secretion, stimulates food intake, and promotes adiposity via 
its receptor, the growth hormone secretagogue receptor (GHS-R) 
(5,6). Ghrelin peptides are found in acylated ghrelin (AG; refers 
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to the peptide with posttranslational octanoylation at Ser3) and 
unacylated ghrelin (UAG) forms, with UAG being the predominant 
form in the circulation (7). AG binds to GHS-R in the nM range, 
whereas UAG binds to GHS-R at high µM range (8,9). Furthermore, 
in contrast to AG, UAG does not increase GH release or stimu-
late food intake (10,11). Ghrelin functions as a nutrient sensor; 
its levels in the circulation are reflective of energy state, increasing 
during fasting and decreasing after feeding (12). Interestingly, the 
decrease in postprandial ghrelin levels depends on the types of 
macronutrients (12). Because a pharmacological dose of ghrelin is 
a potent secretagogue of GH that regulates muscle growth and dif-
ferentiation through the GH–insulin-like growth factor (IGF) axis, 
ghrelin and ghrelin mimetics have recently emerged as attractive 
candidates for treating sarcopenia and cachexia (13). Although we 
and others have reported the beneficial effects of pharmacological 
doses of ghrelin in treating cachexia and sarcopenia (14–17), the 
role of endogenous ghrelin in the aging muscle remains undeter-
mined, and the mechanism is unclear.

Accumulating studies indicate that mitochondria have a critical 
role in maintaining cellular bioenergetics, production of reactive 
oxygen species, calcium homeostasis, and induction of apoptotic 
processes; mitochondrial dysfunction is considered a key contribu-
tor to the pathophysiology of aging (18,19). Interestingly, in vitro 
studies have shown that AG and UAG promote differentiation 
and fusion, and inhibit apoptosis of muscle C2C12 cells (20,21). 
However, whether these effects could be mediated by changes in 
mitochondrial function is currently unknown.

Skeletal muscle is known to use energy substrates selectively in 
response to changes in nutrient availability (22,23). Under fed condi-
tions, the insulin signaling pathway is activated in skeletal muscle, 
resulting in increased AA uptake and enhanced protein synthesis (22).  
Adenosine monophosphate-activated protein kinase (AMPK), a 
master regulator of cellular energy metabolism, is very important 
for protein metabolism (24). During prolonged fasting, the increase 
in the AMP/ATP ratio or depletion of glycogen stores activates the 
AMPK and the AMPK pathway in skeletal muscle. Activation of skel-
etal muscle AMPK-mediated autophagy is important in maintain-
ing muscle integrity and mitochondrial function during prolonged 
fasting and aging (25). Muscular atrophy is a genetically controlled 
process involving the activation of the autophagy–lysosome and the 
ubiquitin–proteasome systems; mitochondrial dysfunction is also 
known to exacerbate muscular atrophy (26).

Chronic low-grade inflammation is a hallmark of aging (27), and 
this condition has been suggested to contribute to the loss of muscle 
mass, strength, and functionality (28). Ghrelin possesses anti-inflam-
matory properties under a variety of pathological conditions, and 
administration of exogenous ghrelin attenuates endotoxic shock 
(29) and experimental colitis (30), and also increases oxidative cap-
acity and reduces triglyceride deposition in the muscles of high-fat 
diet fed rats (31). Moreover, we recently reported that endogenous 
ghrelin plays an anti-inflammatory role in diet-induced inflamma-
tory condition (32). When challenged with high fructose corn syrup, 
ghrelin-null (Ghrl–/–) mice showed increased adiposity and exacer-
bated adipose tissue inflammation, indicative of a predisposition 
toward inflammatory state in Ghrl–/– compared to wild-type (WT) 
mice. Taken together, these findings suggest that, in addition to dir-
ect effects on muscle, there may also be extrinsic factors mediating 
the protective effects of ghrelin. Given the emerging multi-faceted 
roles of gut microbiota in inflammation, aging, and sarcopenia (33), 
we investigated the gut microbiota composition in young ghrelin-
deficient mice in this study, intended to explore whether microbiome 

composition at young age may potentially influence muscle health 
in aging.

In this study, we investigated whether the Ghrl–/– mice display 
increased age-associated muscle wasting, and whether ghrelin-defi-
cient old mice have increased susceptibility to fasting-induced muscle 
atrophy. Next, we examined the expression profile of mitochondrial 
genes under fed or fasted conditions in vivo, and the effects of AG 
and UAG on mitochondrial function in muscle C2C12 cells. We then 
tested whether pharmacological treatment of AG and UAG might 
protect against fasting-induced muscle atrophy. Finally, we assessed 
the gut microbiota composition of Ghrl–/– mice to explore whether 
extrinsic mechanism may also contribute to or mediate the effect of 
ghrelin in muscle.

Methods

Animals
WT and Ghrl–/– mice have been fully back-crossed to C57BL/6J back-
ground (34). Age-matched male mice were used in this study. In the 
fed, fasted, and pharmacological studies, 18- to 20-month-old male 
mice were used, whereas gut microbiome was analyzed in 6-month-
old male mice. Animals were housed under controlled temperature 
and lighting (75 ± 1°F; 12 hour light–dark cycle) with free access to 
food and water. All diets were from Harlan Teklad (2920X, 16% 
of calories from fat, 60% from carbohydrates, and 24% from pro-
tein). All experiments were approved by the Animal Care Research 
Committee of the Baylor College of Medicine.

AG and UAG Pharmacological Treatment
AG and UAG were purchased from Phoenix Pharmaceuticals. Fasting-
induced atrophy was achieved by 48 hours of food removal (35).  
Mice were s.c. injected with 500 μg/kg AG or UAG, or with saline 
solution at time 0 and 24 hours after fasting. At the end of treat-
ment, muscles were collected, weighed, and processed either for 
RNA extraction or Western blot analysis. In all experiments with 
subcutaneous injection of AG or UAG, controls were saline-injected 
animals.

Metabolic Characterizations
Metabolic parameters were measured using an Oxymax open-cir-
cuit indirect calorimeter (Columbus Instruments, Columbus, OH). 
Locomotor activity was measured on x+z-axes using infrared beams 
to count the number of beam breaks during the recording period. 
When running wheels were used, the mice had unlimited access to 
the wheels and were allowed a few days of an adjustment period. 
Distance run was calculated by multiplying the number of complete 
rotations by the circumference of the wheel. The diameter of the 
running wheel was 95 mm. Magnetic Resonance Imaging analysis of 
body composition was carried out using an EchoMRI Whole Body 
Composition Analyzer (Echo Medical Systems, Houston, TX). Body 
composition was measured at time 0, 24, and 48-hour fast.

Cell Culture and Mitochondrial Function Analysis by 
Seahorse Mito Stress Test
Mouse myoblasts C2C12 cells were obtained from American 
Type Culture Collection (Manassas, VA) and were maintained 
in Dulbecco’s modified Eagle’s medium supplemented with 10% 
fetal bovine serum and antibiotics (growth medium) at 37°C in an 
incubator with 5% CO2. Mitochondria respiration was examined 
using Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies, 
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North Billerica, MA, USA) according to manufacturer’s instructions. 
C2C12 cells were seeded in XF 96-well cell culture microplate at 
103 cells/well density in 200 µL of culture medium. At 24 h after 
seeding, culture medium was changed to 0.2% fetal bovine serum in 
Dulbecco’s modified Eagle’s medium to synchronize the cells. After 
16 hours, the synchronized cells were treated with growth medium 
containing saline, 10 nM or 100 nM AG or UAG for 48 hours, with 
a change of fresh medium at 24 hours. On the day of mito stress test, 
assay medium was prepared by supplementing Seahorse XF Base 
Medium with pyruvate (1  mM), glutamine (2  mM), and glucose 
(10 mM), adjusted to pH 7.4 with 0.1 N NaOH, followed by sterile 
filtration. A pre-hydrated sensor cartridge (preloaded with 200 µL 
of Seahorse XF calibration buffer and placed overnight at 37°C in 
a non-CO2 incubator) was loaded with the following reagents that 
were freshly suspended in assay medium: Oligomycin (20  µL of 
10 µM solution) to port A; carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (22 µL of 10 µM solution) to port B; Rotenone/
Actmycin A (25 µL of 10 µM solution) to port C, and mounted on 
the analyzer. Concomitantly, a cell culture microplate was removed 
from 37°C CO2 incubator, washed twice in assay medium, and incu-
bated in 180 µL assay medium at 37°C in non-CO2 incubator for 1 
hour before the assay. The calibration plate is replaced with the cell 
culture microplate at the start of the assay program. Data were stat-
istically analyzed after subtraction of non-mitochondrial respiration.

Analysis of Gene Expression
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, 
CA) following the manufacturer’s instructions. RNA was treated 
with DNase and run on gels to validate the purity and quality of the 
RNA. The complementary DNA was synthesized from 1 μg RNA 
using the SuperScript III First-Strand Synthesis System for RT-PCR 
(Invitrogen). Real-time PCR was performed on a Bio-Rad using 
the SYBR Green PCR Master Mix, according to the protocol pro-
vided by the manufacturer. The primers’ sequences are available on 
request. 18S was used as the housekeeping gene.

Western Blotting
Gastrocnemius muscle (GM) tissues were homogenized in RIPA buf-
fer with Complete Protease Inhibitor Cocktail and PhosSTOP phos-
phatase inhibitor cocktail (Roche Inc., Indianapolis, IN). Protein 
concentration was measured by the BCA protein assay kit (Pierce, 
Rockford, IL). Fifty micrograms of proteins from each sample were 
separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis, and electro-transferred to nitrocellulose membrane for 
immunoblot analyses. The following antibodies were used: anti-IRS1 
(Cell signaling, 3407S, 1:1000), anti-AMPK (Cell signaling, 2603S, 
1:1000), anti-p-AMPK (Thr172; Cell signaling, 2535S, 1:1000), 
anti-MyoD (Santa Cruz, sc-377460, 1:500), anti-myogenin (Santa 
Cruz, sc-576, 1:500), anti-GAPDH (Cell signaling, 2118S, 1:1000), 
anti-rabbit IgG, HRP-linked antibody (Cell signaling, 7074, 1:2000). 
SignalFire ECL Reagent (Cell signaling, 6883) was used.

AA Analysis by HPLC
Serum samples were used for AA analysis by HPLC, as described 
previously (36). Concentrations of AAs in samples were quanti-
fied based on authentic standards from Sigma Chemicals (St. Louis, 
MO), using the Waters Millenium-32 workstation.

Gut Microbiota Analysis
Mice were individually housed, and stool was collected in the 
morning for 3 consecutive days. Nucleic acids were extracted 

from approximately 0.2  g of stool using the MO BIO PowerSoil 
extraction kit (MO BIO Laboratories, Carlsbad, CA). 
Amplification and sequencing of the V4 region of the 16S rRNA 
gene were performed using the NEXTflex 16S V4 amplicon-
Seq Kit 2.0 (Bioo Scientific, Austin, TX) with the following 
primers: 16S V4 Forward GACGCTCTTCCGATCTTATGGT 
AATTGTGTGCCAGCMGCCGCGGTAA, and 16S V4 Reverse 
T G T G C T C T T C C G AT C TAG T CAG T CAG C C G G AC TA 
CHVGGGTWTCTAAT. Sequences were generated on the Illumina 
MiSeq platform (Illumina, San Diego, CA) with a minimum of 800 
and an average of 7500 sequences generated per sample. Sequence 
data were processed as previously described (37). Briefly, sequence 
data were processed through the LotuS pipeline, and quality fil-
ters using the UPARSE algorithm were used to reduce error rates. 
Taxonomic assignment was performed with RDP as the classifier, 
and HitDB and SILVA as the selected databases. Alpha diversity was 
calculated using QIIME 1.7 to generate Chao1 and Shannon diver-
sity index. Beta diversity was determined by the unweighted UniFrac 
distance and Bray–Curtis dissimilarity. Comparisons between groups 
were made at various taxonomic levels.

Data Analysis
Data were expressed as means ± SEM. All statistical comparisons 
in microbiome analysis were calculated within GraphPad prism5 
(GraphPad Software, La Jolla, CA) using a two-tailed unpaired t test 
with Welch’s corrections. For other data, statistical analysis was per-
formed using unpaired t test or analysis of variance. Differences were 
considered statistically significant at p < .05.

Results

Old ghrelin Knockout Mice Showed Increased 
Adiposity but Reduced Locomotor Activity
To test whether endogenous ghrelin plays a role in age-associated 
metabolic changes, we examined the metabolic profile of old Ghrl–/– 
and WT mice. Compared to WT mice, 18-month-old Ghrl–/– mice 
showed significant increases in body weight and fat mass (Figure 1A). 
When normalized to body weight, Ghrl–/– mice showed a significant 
increase in the percentage of fat and a decrease in the percentage of 
lean mass (Figure 1B). Indirect calorimetry analysis using metabolic 
chambers showed that, similar to our previous report in 24 weeks of 
age, young Ghrl–/– mice (38), old Ghrl–/– mice exhibited similar daily 
food intake to that of WT mice (Figure 1C). Spontaneous locomotor 
activity of these mice during light and dark periods was comparable 
between Ghrl–/– and WT mice (Figure 1D). Next, we placed running 
wheels in the metabolic chambers. Food intake of the WT and Ghrl–/– 
mice remained similar in the presence of running wheels (Figure 1E). 
Interestingly, the traveled distance on the running wheels was signifi-
cantly reduced in the old Ghrl–/– mice, particularly during the active 
dark-phase (Figure  1F). Furthermore, total locomotor activity of 
Ghrl–/– mice in the chambers with running wheels was significantly 
lower than that of the WT mice (Figure 1G). In summary, the meta-
bolic profiling data showed that old Ghrl–/– mice had higher body fat, 
and decreased wheel running distance and locomotor activity.

Ablation of Ghrelin Exacerbated Fasting-Induced 
Muscle Atrophy
A previous study showed that overexpression of ghrelin in skeletal 
muscle protects against chemical-induced muscle damage (17). To 
determine whether endogenous ghrelin is involved in age-associ-
ated muscle wasting, we assessed muscle mass and gene expression 
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profiles of old Ghrl–/– mice. Gastrocnemius muscle (GM) and tibialis 
anterior (TA) muscle from fed, 20-month-old WT and Ghrl–/– mice 
were dissected to assess changes in muscle mass. Ghrl–/– mice had 
similar TA and GM mass compared to WT controls (expressed as 
percent body weight; Supplementary Figures  1A and 1B, respect-
ively). Next, we measured the expression of myogenic regulatory 
factors, MyoD and myogenin, and expression of the muscle-specific 
ubiquitin ligases, Atrogin-1 and MuRF1, which have been reported 
to drive muscle protein degradation in several models of muscle at-
rophy (39). We found that under normal fed condition, there was no 
difference in atrophy gene expression between WT and Ghrl–/– mice 
(Supplementary Figure 1C). Ghrelin is a potent secretagogue of GH 
(4), often assessed by IGF-1 levels (40), and it has been suggested 
that expression of IGF1 in skeletal muscle acts locally in a para-
crine/autocrine manner to sustain regeneration in senescent skel-
etal muscle (41). Similar to our previous report showing that serum 
IGF-1 levels were not changed in young Ghrl–/– mice (38), we did 
not observe differences in IGF1 messenger RNA levels in GM of 
old Ghrl–/– mice (Supplementary Figure 1D). Overall, the absence of 
ghrelin did not alter either the muscle mass or atrophic gene expres-
sion in the skeletal muscle of 20-month-old male mice under normal 
feeding condition.

Next, we used an experimental model of fasting-induced muscle 
atrophy to assess the role of endogenous ghrelin in muscle atrophy. 
To induce skeletal muscle atrophy, 20-month-old male WT and 
Ghrl–/– mice were fasted for 48 hours and body weight and body 
composition were measured (Figure 2A). After 48-hour fasting, old 
Ghrl–/– mice lost significantly more body weight, fat, and lean mass 

compared to WT mice (Figure 2B). To further investigate the loss of 
lean mass, we measured the weights of two types of skeletal muscles, 
TA and GM, which are considered “fast-twitch” glycolytic muscle, 
predominantly containing IIA and IIB muscle fibers. After a 48-hour 
fasting, the TA muscle mass (normalized to body weight) was similar 
in WT and Ghrl–/– mice (Figure 2C), whereas GM mass (normalized 
to body weight) was significantly reduced in Ghrl–/– mice compared to 
WT mice (Figure 2D). Moreover, in this experimental muscle atrophy 
model, expression of the myogenic regulator MyoD was significantly 
reduced in GM of Ghrl–/– mice compared to WT mice, whereas ex-
pression of the protein degradation marker MuRF-1 was significantly 
increased in GM of Ghrl–/– mice compared to WT mice (Figure 2E). 
We also observed a significant decrease in MyoD protein level in GM 
of Ghrl–/– mice compared to WT, whereas myogenin levels were not 
significantly different (Figure 2F). Despite the decrease in MyoD lev-
els, the downstream effector cyclin-dependent kinase inhibitor p21 
(42) was increased in the GM of fasted Ghrl–/– mice compared to 
WT mice. Furthermore, the expression of downstream growth phase 
myogenic genes such as the myosin light chain, phosphorylatable, 
fast skeletal muscle gene (Mylpf), the skeletal muscle alpha-actin gene 
(Acta1), and Troponin I fast skeletal muscle gene (Tnni2) (43) was 
unchanged in the GM of fasted Ghrl–/– mice compared to WT mice 
(Supplementary Figure 2A). Similar to the fed condition, IGF1 ex-
pression in GM was not altered in Ghrl–/– mice compared with WT 
mice under fasted condition (Supplementary Figure 2B).

In addition, we assessed the expression profile of myogenic 
and degradation markers in the soleus muscle, which contains pre-
dominantly “slow-twitch,” oxidative type 1 fibers (44). We found 
no significant difference in the expression of MyoD, Myogenin, 
Atrogin, Murf1, and p21 between Ghrl–/– and WT mice at either fed 
or fasting state (Supplementary Figure  2C). Interestingly, 48-hour 
fasting significantly increased expression of Atrogin and Murf1 in 
the soleus muscle compared to the fed state, regardless of genotype 

Figure  2. Ablation of ghrelin exacerbated fasting-induced muscle atrophy. 
Changes of body weight, muscle mass and genes in 20-month-old wild-type 
(WT) and Ghrl–/– mice after 48-hour fasting. (A) Body weight and (B) body 
weight change of WT and Ghrl–/– mice. (C) Percentage of TA depot normalized 
to body weight. (D) Percentage of GM depot, n  =  9. (E) Relative MyoD, 
myogenin, Atrogin-1, and MuRF-1 in GM, n = 4–5. (F) Western blots probed 
for MyoD, Myogenin, and GAPDH proteins, n  =  5. Data are presented as 
mean ± SEM. *p < .05 versus WT mice, Student’s unpaired t test.

Figure 1. Old ghrelin knockout mice showed increased adiposity and reduced 
voluntary locomotor activity. Metabolic profiling of wild-type (WT) and 
Ghrl–/– mice at 18 months of age. (A) Body weight and composition of the 
WT and Ghrl–/– mice, n = 9–10. (B) Body composition of the WT and Ghrl–/– 
mice, normalized to body weight, n = 9–10. (C) Daily food intake, n = 6. (D) 
Locomotor activity, n = 6. (E) Daily food intake in the presence of running 
wheels inside metabolic cages, n = 6. (F) Total distance run on the running 
wheels, n  =  6. (G) Locomotor activity in the presence of running wheels, 
n = 6. Data are presented as mean ± SEM. *p < .05 versus WT mice, Student’s 
unpaired t test.
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(Supplementary Figure  2C). This suggested that type 1 oxidative 
muscles also undergo atrophy under prolonged fasting condition.

AG and UAG Increases Mitochondrial Respiratory 
Capacity
One of the hallmarks of aging muscle is mitochondrial dysfunction 
(45,46) and, therefore, we examined the expression of mitochon-
drial respiratory and biogenesis genes in fed and fasted GM from 
20-month-old Ghrl–/– and WT mice (Figure 3). We selected the genes 
involved in mitochondrial function and mitochondrial fusion/fission 
dynamics based on published works by others (47,48) and our la-
boratory (49). Expression of NADH dehydrogenase (ubiquinone) 1 
beta subcomplex (Ndufb5), part of the mitochondrial electron trans-
port chain complex I, was significantly reduced in Ghrl–/– mice in the 
fed state compared to WT mice, but unchanged in the fasting state 
(Figure 3A). In contrast, expression of ATP synthase-H+ transporting 
mitochondrial F1 complex beta subunit (Atp5b) and mitochondrial 
malate dehydrogenase (Mdh2) was unchanged in Ghrl–/– mice com-
pared to WT mice, in either fed or fasting state (Figure 3A). In add-
ition, messenger RNA levels of the mitochondrial fission gene Drp1 

and fusion gene Mfn2 were both significantly reduced in Ghrl–/– mice 
(Figure 3A), indicating decreased expression of key genes regulating 
mitochondrial dynamics in the GM of Ghrl–/– mice at fed state. In 
contrast, Ghrl–/– mice in the fasting state showed that mitochondrial 
fission gene Drp1 was significantly reduced whereas the fusion gene 
Mfn2 was significantly induced (Figure 3A). Interestingly, expression 
of the mitochondrial genes Ndufb5, Atp5b, Mdh2, Drp1, Mfn1, and 
Mfn2 was significantly reduced in the GM under fasted state com-
pared to fed state, regardless of genotype (Figure  3A), suggesting 
impaired mitochondrial function and dynamics in fasting-induced 
muscle atrophy condition. Together, these data suggest that mito-
chondrial function in skeletal muscle is impaired in Ghrl–/– mice, 
exhibiting distinct mitochondrial dynamics between fed versus 
fasted states.

To further define the role of ghrelin in regulating mitochondrial 
function, we used in vitro mitochondrial respiration assay in C2C12 
myoblast cells. Compared to saline control, 48-hour treatment with 
10 nM or 100 nM AG dose-dependently increased baseline mito-
chondrial oxygen consumption rate, and both doses significantly 
increased maximal oxygen consumption rate (Figure  3B). On the 
other hand, 48-hour treatment with 10  nM UAG significantly 
increased baseline and maximal oxygen consumption rate compared 
to control; however, increasing the dose to 100 nM actually damp-
ened mitochondrial oxygen consumption rate compared to 10 nM 
dose (Figure 3B).

AG and UAG Treatment Protected Against Fast-
Induced Muscle Atrophy in Ghrl–/– Mice
To investigate whether pharmacological supplementation with AG 
and UAG offers protection against fasting-induced muscle atrophy, 
we injected 20-month-old Ghrl–/– mice with saline, AG or UAG before 
fasting. After 24 hours of fasting, a second dosage of saline, AG, or 
UAG was injected. After a total of 48-hour fasting, body weight and 
body composition were measured, mice were killed and weights of 
TA, GM, and soleus muscles were measured. We found that after 
48 hours of treatment with AG or UAG in old Ghrl–/– mice did not 
significantly increase body weight, fat and lean mass, or weights of 
different types of muscles compared to saline treatment (data not 
shown). Next, we measured in GM the expression of differentiation 
and myogenic genes MyoD and myogenin, and muscle atrophy and 
degradation genes Atrogin-1 and MuRF-1. AG or UAG significantly 
increased MyoD and myogenin expression in GM of Ghrl–/– mice, 
whereas expression of Atrogin-1 and MuRF-1 were significantly 
decreased (Figure 4A). Analysis of protein levels of MyoD showed a 
trend for increase in AG-treated group but not UAG-treated group 
compared to saline control (Supplementary Figure 3A). Furthermore, 
no pronounced differences were observed for IGF1 gene expres-
sion in fasted animals that received saline, AG or UAG treatment 
(Supplementary Figure 3B). Expression of peroxisome proliferative 
activated receptor-γ coactivator 1 (PGC-1α), a transcription coacti-
vator that stimulates mitochondrial biogenesis and activates AMPK 
pathway (48), was significantly increased by UAG but not AG treat-
ment (Figure 4B). Furthermore, expression of target myogenic genes 
downstream of MyoD was significantly increased (Mylpf) or showed 
a trend for increase (Acta1 and Tnni2) by AG or UAG treatment 
(Figure 4B). Expression of p21 was unaltered by either AG or UAG 
treatment (Figure 4B).

A previous study has shown that ghrelin decreases atrogin expres-
sion in myotubes through increased phosphorylation of Akt in skeletal 
muscle (17). AMPK also responds to energetic stress to maintain energy 

Figure 3. Mitochondrial function in ghrelin-null mice, and acylated ghrelin 
(AG) and unacylated ghrelin (UAG) treatments on myocyte mitochondrial 
respiratory function. (A) Mitochondrial gene expression changes under 
fed and fasting condition. Data are presented as mean ± SEM, n = 4–5 per 
group. The symbol * denotes significant difference to wild-type (WT) mice 
at either fed or fasting state, and # denotes significant difference to WT-fed 
state (p < .05 analysis of variance [ANOVA]/Tukey Correction). (B) Baseline 
mitochondrial oxygen consumption rate (OCR), fraction of OCR used for 
ATP synthesis (determined by mitochondrial OCR after Oligomycin), and 
respiratory capacity (determined by mitochondrial OCR after addition of the 
uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone [FCCP]; 
n = 6). Data are presented as mean ± SEM. *p < .05 versus control, and # 
denotes significant difference between doses, ANOVA/Tukey Correction.
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balance in skeletal muscle (25), and recent study showed that muscle 
regeneration is impaired in AMP-activated protein kinase (AMPKa1) 
knockout mice (50). To explore the downstream signaling pathways 
mediating the protective effects of AG and UAG in GM, we exam-
ined the expression of genes in the insulin signaling pathways (IRS-1, 
IRS-2, Akt) and AMPKa1 after treatment with saline, AG or UAG in 
Ghrl–/– mice. In GM of Ghrl–/– mice, we found that UAG treatment sig-
nificantly increased gene expression of IRS-1 and IRS-2, and both AG 
and UAG significantly increased expression of AMPKa1 (Figure 4C). 
At protein levels, there was a trend of increased IRS-1 in AG-treated 
group, and a trend of increased phosphorylated AMPK (p-AMPK) in 
both AG- and UAG-treated groups (Figure 4D). Together, these data 
indicate that acute stimulation with AG and UAG is sufficient to pro-
tect Ghrl–/– mice from experimentally induced skeletal muscle atrophy, 
likely through enhancing insulin signaling and activation of AMPK.

AAs are building blocks of muscle, and a number of reports have 
shown that some AAs are very relevant to muscle atrophy (51). Next, 
we examined free AA levels in serum of old Ghrl–/– mice treated with 
saline, AG and UAG under 48-hour fasting condition (Supplementary 
Table  1). Serum arginine levels were significantly reduced in both 
AG- and UAG-treated mice (Figure 4E), whereas serum taurine and 
threonine levels were significantly reduced in AG-treated mice only 
(Figures 4F and 4G). Skeletal muscle is known to express arginase 
(52). Although the major sites of arginine biosynthesis are the small 
intestines and kidney, the enzyme arginase drives l-arginine catab-
olism to l-ornithine, in competition with catabolism to nitric oxide 
(NO) by NO synthase; this competition has been suggested to limit 

NO production (53). Interestingly, expression of arginase in GM of 
Ghrl–/– mice was slightly increased by AG and significantly increased 
by UAG treatments (Figure 4H).

Gut Microbiota Composition Is Shaped by Ghrelin
There is increasing evidence that gut microorganisms and their 
metabolites influence host responses within the intestinal mucosa as 
well as the metabolism of host cells in tissues outside the intestine, 
ultimately modulating energy homeostasis and systemic inflamma-
tion (54). To investigate possible alterations in gut microbiota as 
part of an integrative regulatory mechanism by ghrelin, the variable 
region 4 (V4) of bacterial 16S ribosomal RNA genes in fecal sam-
ples from 6-month-old Ghrl–/– and control WT mice were amplified 
by PCR and sequenced using the Bio Scientific NEXTFlex platform 
(37). Six-month-old mice were selected to compare microbiome pro-
files before the divergence of metabolic phenotypes become apparent 
(34,38). To investigate how ablation of ghrelin affects the microbiota 
phylogenetic richness in the fecal samples, we analyzed α-diversity as 
depicted by the Shannon and Chao 1 diversity index (Figures 5A and 

Figure 4. Pharmacological treatment with acylated ghrelin (AG) and unacylated 
ghrelin (UAG) protected against fasting-induced muscle atrophy in Ghrl–/– 
mice. AG and UAG pharmacological treatment of 20-month-old Ghrl–/– mice 
under 48-hour fasting. (A) Relative MyoD, myogenin, Atroigin-1, and MuRF-1 
in gastrocnemius muscle (GM), n = 5–6. (B) Relative PGC-1α, p21, Mylpf, Acta1, 
Tnni2 expression in GM, n = 5–6. (C) Relative expression of genes in insulin 
signaling pathway (IRS-1, IRS-2, Akt1) and AMPKa1, n = 5–6. (D) Western blots 
probed for IRS-1, p-AMPK, and AMPK proteins, n = 3. (E–G) Serum from saline, 
AG- or UAG-treated 20-month-old Ghrl–/– mice under 48-hour fasting was 
analyzed: (E) arginine; (F) taurine; (G) threonine levels, n = 4. (H) Relative Arg II 
expression in GM, n = 5–6. Data are presented as mean ± SEM. *p <0.05 versus 
saline control, analysis of variance/Bonferroni Correction.

Figure  5. Deletion of ghrelin altered gut microbiota at young age. (A) 
Comparison of alpha diversity metrics for the fecal microbiome of wild-type 
(WT) and Ghrl–/– mice. Shannon diversity index (left panel) reveals a significant 
variation of microbiota richness and evenness between the intestinal 
microbiome compositions of the Ghrl–/– mice versus WT mice (p  =  .003). 
No significant differences (p  =  .533) were observed in taxonomic richness 
across the groups (middle panel) or in the Chao1 diversity index (right panel; 
p = .756). The Chao1 diversity index is another richness estimator that predicts 
the number of taxa by extrapolating the number of rare organisms. (B) 
Graphical presentation of the Chao1 diversity index. No significant differences 
were found. (C) Beta diversity comparison for the fecal microbiome of WT and 
Ghrl–/– mice. Principal coordinate analysis of mean beta diversity distances 
(unweighted UniFrac) between all samples. Axes represent two synthetic 
variables explaining the greatest proportion of variation in the samples. (D–
E) Taxonomic composition of the fecal microbiome of WT and Ghrl–/– mice. 
Total operational taxonomic unit OTU relative abundances of the two mouse 
groups is represented at the phylum level (D) and the genus level (E). Data are 
presented as mean ± SEM. *p < .05 versus WT mice, Student’s unpaired t test.
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5B). Shannon diversity index, a hybrid measure of the richness of a 
sample and the evenness of taxa in the sample, showed a significant 
variation of microbiota richness and evenness between the intestinal 
microbiome composition of the Ghrl–/– and WT mice (Figure 5A, far 
left panel, p = .003). Chao 1 analysis, which predicts the number of 
taxa in a sample by extrapolating out the number of rare organisms 
that may have been missed due to under sampling, revealed no sig-
nificant difference between Ghrl–/– and control mice (Chao diversity 
index, Figures 5A and 5B). We next performed principal coordinate 
analysis of unweighted UniFrac distances between the fecal samples 
from Ghrl–/– and WT mice, and found that there was a slight separ-
ation between the communities (Figure 5C).

Next, taxonomy was assigned to the two groups and represented 
as “percent abundance” at the level of bacterial phyla (Figure 5D) 
and genera (Figure  5E). Although no significant differences were 
detected among the different phyla, there was a trend of decrease in 
Bacteroidetes and increase in Firmicutes in Ghrl–/– mice. Bacteroidetes 
are associated with healthy lean metabolic state and Firmicutes are 
associated with obese inflammatory state (55,56). The remainder of 
the microbiota were composed of divisions commonly encountered 
at lower abundance in the mouse and human guts: Proteobacteria, 
Actinobacteria, and Candidatus Saccharibacteria. At the genus level, 
there were decreased Anaeroplasma in the Ghrl–/– mice in compari-
son to WT mice (p  =  .001). However, the amounts of Roseburia 
(  =  0.0007) and ClostridiumXIVb (p  =  .025) were significantly 
decreased in the Ghrl–/– mice compared to WT mice. Roseburia and 
ClostridiumXIVb are butyrate-producing, gram-positive anaerobic 
bacteria (57,58), and butyrate protects against high fat diet-induced 
metabolic changes (59), reduces inflammation (60) and attenuates 
muscle atrophy during aging (61). Taken together, these data suggest 
that the composition of gut microbiota in young Ghrl–/– has shifted 
toward a pro-inflammatory state, starting at a young age before 
metabolic changes are detectable.

Discussion

The loss of muscle mass with aging in sarcopenia is an important 
contributor to diminished functional ability in the elderly adult (1). 
Ghrelin, given its role in nutrient sensing and metabolism, is thought 
logically to be a promising candidate for treating sarcopenia (13). 
Although several studies have demonstrated the beneficial effects of 
pharmacological doses of ghrelin in treating cachexia and sarcope-
nia (14–17), a recent report showed that deletion of ghrelin reduced 
body weight and preserved muscle function in aging mice (62). Thus, 
the role of endogenous ghrelin in aging-associated muscle atrophy 
remains unclear.

Skeletal muscle fibers are broadly classified as “slow-twitch,” oxi-
dative (type 1)  and “fast-twitch,” glycolytic (type 2) muscles (44). 
Different muscle groups have varying proportions of fiber types, 
with soleus muscle consisting of predominantly type 1 fibers, and 
GM consisting of type 2.  These proportions of different types of 
muscle fibers are plastic and display differential susceptibility to 
various muscle diseases. In particular, sarcopenia and other muscle 
wasting conditions such as cancer cachexia and fasting have been 
associated with selective reduction in size and greater atrophy of 
type 2 fibers (44). Here, we report that old Ghrl–/– mice are more 
susceptible to muscle atrophy under fasting condition, particularly 
in the GM and not in the soleus muscle, indicating a critical role for 
endogenous ghrelin in maintaining muscle homeostasis and metab-
olism in type 2 fibers. Muscle homeostasis is maintained by the ana-
bolic processes of muscle proliferation, differentiation, fusion, and 

catabolic processes of muscle proteolysis and degradation. MyoD 
and myogenin belong to a family of proteins known as myogenic 
regulatory factors, which promote muscle proliferation, differenti-
ation and fusion (43). Atrogin-1 and MuRF-1 are ubiquitin ligases 
expressed in skeletal muscle that direct the poly-ubiquitination of 
proteins to target them for proteolysis (39). Here, we showed that, 
under the fed condition, deletion of ghrelin had no effect on muscle 
mass and proteolysis in old mice. However, under prolonged fast-
ing, GM of old Ghrl–/– mice showed significantly elevated expression 
of the atrophy gene MuRF-1, whereas MyoD, important for muscle 
differentiation, was reduced at both the gene expression and protein 
levels. In the state of negative energy (ie, prolonged fasting) muscle 
wasting occurs through degradation of intracellular macromolecular 
components via the lysosome-degradation and proteasome systems 
(63). Because plasma ghrelin increases with fasting (12,64), our data 
suggest that the endogenous ghrelin is important in maintaining ana-
bolic pathways, especially under nutrient-deficient conditions. This 
is consistent with the notion that ghrelin is a “thrifty gene,” serving 
as a survival factor under negative energy balance (65).

A key finding from this study is the demonstration of ghrelin’s 
effect on mitochondrial function in aging muscle under atrophic 
state. Increasing evidence indicate a crucial role for mitochon-
drial dysfunction in aging-associated degeneration of muscle fibers 
(18,45,46). Mitochondrial function is impaired in muscle stem cells 
during aging, manifested in decreased expression of genes involved 
in electron transport chain as well as decreased oxygen consumption 
rate in freshly isolated muscle stem cells (47). Furthermore, mito-
chondrial fusion and fission have emerged as important processes 
that govern mitochondrial function and contribute to muscle remod-
eling and atrophy (48,66). Here, we showed that deletion of ghrelin 
altered mitochondrial function and dynamics in the skeletal mus-
cle of old mice, showing differential function and dynamic changes 
under fed and fasted conditions. Importantly, in vitro analysis of 
mitochondrial respiratory function in C2C12 cells showed that AG 
and UAG treatments significantly increased mitochondrial oxygen 
consumption rates, supporting a cell-autonomous effect of ghrelin 
on stimulating mitochondrial function in muscle.

Ghrelin peptides are found in acylated (AG) and unacylated 
(UAG) states in circulation, with UAG being the predominant form 
(7). Both AG and UAG have been suggested to promote differen-
tiation and fusion and to inhibit apoptosis of muscle C2C12 cells 
(20,21). In addition, AG and UAG have been shown to protect 
against atrophy induced by denervation and starvation in WT mice 
(17). UAG possesses both pro-anabolic and anti-catabolic effects, 
protecting against burn-induced proteolysis in rodents (67). Here, 
we used the ghrelin-null mouse model to assess whether pharma-
cological treatment with AG and UAG could protect the old mice 
from fasting-induced atrophy. We observed increases in myogenic 
genes MyoD, Myogenin, PGC-1α, and Mylpf, and reduction in 
atrophy and proteolysis related genes Atrogin-1 and MuRF-1, in 
both the AG- and UAG-treated groups. These data suggest a shift 
toward anabolic pathways in the skeletal muscle of AG- and UAG-
treated groups. AAs are crucial elements against muscle wasting, and 
increased protein breakdown is associated with increased AAs in 
the circulation (51). Indeed, free AA levels in serum showed signifi-
cant reductions of arginine, threonine, and taurine in the AG-treated 
group, and reduction of arginine in the UAG-treated group, sug-
gesting reduced proteolysis in GM. Furthermore, arginine can be 
metabolized in muscle through arginase to ornithine, or through NO 
synthase to NO (53). The increase in arginase in GM of mice treated 
with AG and UAG may competitively limit availability of arginine 
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for the NO production pathway, thus providing an alternative way 
for protecting against oxidative stress under atrophic condition.

In this study, we did not observe any change in IGF-1 expres-
sion in skeletal muscle of Ghrl–/– mice under fed, fasting, or pharma-
cologically treated conditions. These observations suggest that the 
GH–IGF-1 axis in Ghrl–/– mice is not affected by the absence of ghre-
lin, nor activated by AG or UAG treatment, consistent with previous 
reports (17). Importantly, we showed that insulin signaling and acti-
vation of AMPK appeared to be increased as a result of AG and UAG 
treatment, consistent with the increase in myogenic pathways. The 
increase in insulin signaling by AG and UAG treatment is consist-
ent with previous reports showing anti-atrophic effects of ghrelin in 
experimentally induced muscle atrophy (17,21). Interestingly, UAG, 
which is far more abundant in plasma than AG, binds to GHS-R 
at micromolar concentrations, whereas AG binds to GHS-R at 
nanomolar concentrations (8,9). Furthermore, UAG regulates gene 
expression in fat, muscle, and liver independently of GHS-R (11). 
Here, we showed that UAG at nanomolar concentration can increase 
mitochondrial oxygen consumption in C2C12 cells, again suggesting 
the existence of yet unidentified receptor other than GHS-R mediat-
ing the anti-atrophic effects of UAG. The corticotropin releasing fac-
tor 2 receptor has been suggested to be a receptor for AG in C2C12 
cells (68), and may potentially function as a receptor for UAG in 
myocytes; however, it was reported that corticotropin releasing fac-
tor 2 receptor is not a receptor for UAG in INS-1E rat insulinoma 
cells (69). Hence, the identity of the receptor for UAG remains elu-
sive. Nevertheless, our study supports that similar to AG, UAG has 
a strong and specific potential for the prevention or treatment of 
muscle atrophy, while avoiding the adipogenic effects of AG.

Gut microbiota has an important impact on muscle wasting 
in aging (33), and using our Ghrl–/– mouse model we show for the 
first time that ghrelin plays an important role in regulating gut 
microbiota. Increased Firmicutes and decreased Bacteroidetes were 
observed in the gut microflora of young Ghrl–/– mice at a time when 
there was no difference in food intake nor body composition, sug-
gesting that ghrelin inactivation is associated with a pro-inflamma-
tory microbiome profile, similar to microbiome changes observed 
with the low-grade inflammation resulting from diet-induced obesity 
and aging (55,56). Moreover, we found a significant reduction in 
the butyrate-producing bacteria, Roseburia and ClostridiumXIVb, 
in the Ghrl–/– mice compared to WT mice. Butyrate has been impli-
cated in protection against diet-induced metabolic dysfunctions (59) 
and exerts anti-inflammatory effects (60). More relevantly, butyr-
ate has been reported to reduce muscle atrophy during aging, likely 
due to its property as a general histone deacetylase inhibitor (61). 
The altered microbiome is in line with the increased adiposity and 
susceptibility to fasting-induced muscle atrophy in old Ghrl–/– mice 
we observed in this study. Previously we reported that Ghrl–/– mice 
exposed to high fructose corn syrup showed exacerbated adipose 
tissue inflammation and insulin resistance (32). The altered micro-
biome we detected in Ghrl–/– mice may also explain the exacerbated 
obese and diabetic phenotype of Ghrl–/– mice subjected to high fruc-
tose corn syrup or sucrose challenge (32). However, more studies are 
needed to decipher whether there is a direct cause and effect rela-
tionship between ghrelin-mediated microbiota changes and muscle 
mass/function in aging.

Here, we showed that old Ghrl–/– mice exhibit increased body 
weight and adiposity, in contrast to a recent report showing 
decreased body weight and adiposity in old ghrelin knockout mice 
(62). This discrepancy may be due to different genetic background 
of the mice, differences in housing condition and/or rodent diets. 

Nevertheless, both our study and the other study (62) reported the 
beneficial effect of AG treatment in improving muscle function. In 
this study we have used male mice, and the role of endogenous ghre-
lin in female mice will be investigated in future studies as it is known 
that sexual dimorphism exists in the muscle transcriptome and mus-
cle mass/strength during aging (70,71).

In summary, our studies demonstrate a key role of ghrelin signal-
ing in maintenance of aged muscle, involving both muscle-intrinsic 
and -extrinsic mechanisms. We provide in vivo evidence that old 
mice deficient of ghrelin are more susceptible to fasting-induced 
muscle atrophy, and that AG and UAG can reverse the process by 
promoting anabolic effect and suppressing catabolic effect in muscle. 
We report for the first time that the absence of ghrelin shifts the gut 
microbiota profile toward a pro-inflammatory state, which suggests 
that ghrelin deficiency may prime the muscle to atrophy as animal 
ages. Future investigation of the relationship between gut microbiota 
and muscle function will provide additional insights on the patho-
genesis of sarcopenia. AG and UAG hold exciting promise for pre-
vention/treatment of sarcopenia.
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