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Oral Administration of Geranylgeraniol Rescues Denervation-
induced Muscle Atrophy via Suppression of Atrogin-1
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Abstract. Background/Aim: Geranylgeraniol (GGOH), a C20
isoprenoid naturally occurs in several foods. We previously
reported that GGOH treatment reduced the expression levels
of Atrogin-1 which is involved in skeletal muscle degradation
and stimulates the myogenic differentiation of C2CI2
myoblasts. However, the effect of GGOH supplementation on
skeletal muscle metabolism in vivo is unknown. Materials and
Methods: Skeletal muscle atrophy was induced by denervation.
The expression levels of Atrogin-1 were assessed by western
blotting or real time PCR. Results: Intraoral administration of
GGOH reduced the decrease in the cross-sectional area of
muscle fibers and also suppressed the expression levels of
Atrogin-1 in denervation induced muscle atrophy. Also, GGOH
treatment suppressed the expression of Atrogin-1 and the
decrease in skeletal muscle fiber size by glucocorticoid in vitro.
Conclusion: Intraoral administration of GGOH rescues
denervation-induced muscle atrophy via suppression of
Atrogin-1.

Sarcopenia is an age-related decline in muscle strength and
mass (1). Decreased muscle mass is often accompanied by
increased insulin resistance. Sarcopenia has also various
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adverse consequences including poor quality of life,
dependency, use of hospital services, institutionalization, and
ultimately mortality (2). With the worldwide increase in the
aging of the society there is an urgent need for strategies that
will improve skeletal muscle function and mass in aging adults.
In addition to sarcopenia, skeletal muscle degradation also
occurs in response to food deprivation, cancer cachexia,
uremia, diabetes, cardiac failure, sepsis and muscle disuse
(3, 4). Atrogin-1/MAFbx, a ubiquitin protein ligase, is
involved in skeletal muscle degradation (5, 6). Atrogin-1 is
induced at an early stage of the atrophy process and
increased atrogin-1 expression is related with a reduction in
muscle mass (5). Mice lacking atrogin-1 are resistant to
skeletal muscle atrophy following denervation (6). Therefore,
the induction of atrogin-1 plays an important role in skeletal
muscle atrophy. However, mechanisms by which Atrogin-1
expression is regulated are not fully understood.
Geranylgeraniol (GGOH) is a terpenoid and polyprenoid
occurring naturally in many plants and common foods such
as rice. The United States Food and Drug Administration
classifies GGOH as a Generally Recognized as Safe (GRAS)
compound (7). In animals, GGOH occurs as a metabolite
within the mevalonate pathway and as a precursor to
geranylgeranylpyrophosphate (GGPP). Two phosphorylation
events convert GGOH into the pyrophosphate moiety (8).
GGPP induces protein geranylgeranylation, a requirement for
plasma membrane localization of some proteins, particularly
the small GTP-binding proteins Ras, Rho, Rac and Rap (9).
Statins interact with the mevalonate pathway and are used
for inhibiting cholesterol synthesis. Statins have few adverse
side effects but can also cause muscle pain, myoblast
damage, and rhabdomyolysis (10). Cao P et al., reported that
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Figure 1. Optimization of administration schedules and dose of GGOH. Schematic of the GGOH administration schedule. Three hundred mg/kg
GGOH or control canola oil were administered intraorally once a day for 16 days with a rest day every fourth day (A). Body weight (B) and food

intake (C) were measured once a day. Data are mean+SD (n=8).

GGOH treatment reduces expression levels of atrogin-1 as
well as muscle damage induced by statins in vitro (11). We
also previously reported that GGOH treatment reduced the
expression levels of Atrogin-1 and moreover, dramatically
stimulated myogenic differentiation of C2C12 myoblasts
(12). However, the effect of GGOH supplementation on
skeletal muscle metabolism in vivo is completely unknown.

In present study, we demonstrated that oral administration
of GGOH rescued the denervation-induced decrease in fiber
size of murine skeletal muscle via decreasing the expression
of Atrogin-1.

Materials and Methods

Administration of GGOH. Ten-week-old male Wister rats were
purchased from Kyudo (Saga, Japan). 300 mg/kg GGOH were
administered intraorally using a disposable animal feeding needle
(Fuchigami, Kyoto, Japan) once a day for 16 days with a rest day
every fourth day. GGOH was kindly provided as geranylgeraniol-
50® by Mitsubishi-chemical foods corporation (Tokyo, Japan).
Geranylgeraniol-50® is extracted from the seeds of annatto and
mixed with canola oil. Geranylgeraniol-50® is prepared to contain
50% GGOH (approval number: 17-003).

Muscle regeneration experiments. CSTBL/6J mice were purchased
from CLEA Japan Inc. (Tokyo, Japan). The tibial anterior muscle
(TA) of 10-week-old male C57BL/6 mice was injected with 50 ul
of 10 uM cardiotoxin (Sigma Aldrich Chemicals, St. Louis, MO,
USA) using a 30-G syringe. Muscles were removed 14 days later
and immediately frozen in isopentane cooled in liquid nitrogen. This
experiment was performed in accordance with the guidelines of the
experimental animal care and use committee of Kyushu Dental
University (approval number: 17-003).

Muscle atrophy experiments. In anesthetized 7- week-old mice, the
sciatic nerve of the right leg was cut and a 5 mm piece was excised.
The left leg remained innervated and was used as a control (13).
Gastrocnemius (GA) muscles were removed 6 days later, immediately
frozen in isopentane cooled in liquid nitrogen, or prepared for RNA
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extraction. This experiment was performed in accordance with the
guidelines of the experimental animal care and use committee of
Kyushu Dental University (approval number: 17-004).

Histological analysis. Freshly dissected TA or GA muscles in OCT
compound (Sakura Finetek Japan Co., Ltd, Tokyo, Japan) were
flash frozen with liquid nitrogen or fixed immediately with 2%
formaldehyde. 10 um sections were prepared using a cryostat (14).
Sections were stained with hematoxylin and eosin (H&E). 10x
magnification images of the sections were acquired with a BZ-II
Analyzer (KEYENCE, Osaka, Japan). Histomorphometric
measurements were obtained with ImageJ (National Institute for
Health, Bethesda, MD, USA). Muscle fibers for measurements
included an intact, distinct cell membrane without significant signs
of folding or distortion. Oblique sections with elongated fibers
were excluded. Image analyses were performed by two authors
(AM. and SK.)

Cell culture, and skeletal muscle atrophy in vitro. C2C12 cells were
purchased from American Type Culture Collection (Manassas, VA,
USA). C2C12 cells were maintained as previously described (14).
Well differentiated C2C12 cells were cultured in the presence with
0, 10, or 50 uM GGOH (Sigma Aldrich Chemicals, St. Louis, MO,
USA) along with or without 1 uM dexamethasone (WAKO, Osaka,
Japan) for 2 days. Dexamethasone was used to induce muscle
atrophy (15). Skeletal muscle differentiation of C2C12 cells was
induced by culturing with medium supplemented with 2% horse
serum for 4-8 days (14).

RNA isolation and quantitative real-time PCR (qgPCR). Total RNA
was isolated with FastGeneTM RNA Basic Kit (Nippon Genetics,
Tokyo, Japan). cDNA was synthesized with High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, ThermoFisher
Scientific, Waltham, MA, USA). qPCR was performed using
PowerUp SYBR Green Master Mix (ThermoFisher Scientific,
Waltham, MA, USA) and a QuantStudio 3 Real-Time PCR System
(ThermoFisher Scientific). Values were normalized to TATA box
binding protein (Thp) using the 2-PPCt method (16). The following
primers were used for qPCR analyses: qPCR for murine Atrogin-1
(primer sequences: forward, agtgaggaccggctactgtg; reverse,
gatcaaacgcttgcgaatct), murine Myogenin (primer sequences:
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Figure 2. GGOH does not affect skeletal muscle regeneration induced by CTX injection (A-D) The effects of intra oral GGOH administration on
total body weight (A), CTX injected tibial anterior muscle wet weight (B), and muscle cross sectional area (CSA) (C). CSA was quantified (D).
Representative images are shown. Scale=100 um (C). The mRNA levels of Myogenin (E) or Myosin heavy chain 1 (Myhcl) (F) from the TA muscle
of mice administered GGOH or not were assessed by quantitative real-time PCR. Data are mean+SD (n=6). *p<0.05, versus control (Ctrl).

forward, ccttgctcagetcectea; reverse, tgggagttgeattcactgg), murine
Myhcl (primer sequences: forward, aatcaaaggtcaaggcctacaa;
reverse, gaatttggccaggttgacat), and murine 7hp (primer sequences:
forward, ggcggtttggctaggttt; reverse, gggttatcttcacacaccatga).

Immunocytochemistry. C2C12 cells were incubated with anti-myhc
mouse monoclonal antibody (MF20, R & D Systems, Minneapolis,
MN, USA) for 1 h at room temperature following by
blocking/permeabilization with phosphate-buffered saline containing
0.3% Triton X100 and 5% goat serum for 30 min at room
temperature. The target proteins were visualized using an Alexa
488-conjugated secondary antibody (Invitrogen, Carlsbad, CA,
USA) and imaged with a ABZ-9000 (Keyence, Tokyo, Japan)
microscope. The circumference of each myosin heavy chain positive
fiber was outlined using the ImageJ software (National Institute for
Health) to calculate width of myofibers.

Western blot analysis. Rabbit Anti-Fbx32 (Atrogin-1) antibody
(ab168372) was used for Western blot analysis, and HRP conjugated
anti-GAPDH mouse monoclonal antibody (Proteintech, Chicago, IL,
USA). The target proteins were detected using anti-rabbit IgG antibody
conjugated with a horseradish peroxidase (Cell signaling, Beverly,
MA, USA) and visualized by using ImmunoStar LD (WAKO).

Statistical analysis. Unpaired ANOVA with Tukey-Kramer post-hoc
test and Wilcoxon’s signed rank test were used for comparisons
between groups. Results are shown as the mean+S.D. The statistical
significance is indicated as follows: **p<0.01 and *p<0.05.

Results

GGOH does not significantly affect skeletal muscle
regeneration. There are no reports in the literature describing
oral administration of GGOH in vivo. Therefore, we first
optimized dosage parameters to minimize adverse effects.
Our initial dose of 3,000 mg/ml/kg/day led to a reduction in
body weight and food intake (Data not shown). After careful
dose titration, we eventually found that the administration of
300 mg/kg/day with a rest day every fourth day (Figure 1A)
did not affect body weight (Figure 1B) or food intake (Figure
1C). This dosage regimen was then used for all further
experiments described.

To examine the effect of GGOH on skeletal muscle
regeneration in vivo, we first created a Cardiotoxin (CTX)
injury muscle regeneration model. Intraoral administration of
GGOH did not affect total body (Figure 2A) or tibial anterior
(TA) muscle weight following CTX injection and muscle
regeneration (Figure 2B). GGOH did not significantly increase
the size of regenerated fibers with central nuclei (Figure 2C
and D). We also examined the expression of myogenesis
marker genes such as Myogenin (Figure 2E) and Myosin
heavy chain (Myhcl) (Figure 2F). However, GGOH intake did
not affect Myogenin expression although Myhcl was slightly
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Figure 3. Administration of GGOH prevents muscle atrophy by denervation. (A-C) The effects of oral administration of GGOH on total body weight
(A), and wet weight of gastrocnemius muscles (GA) (B). Atrophy ratio (%): (sham side muscle wet weight - DN side muscle wet)/sham side muscle
wet x100 (C), or muscle cross sectional area (CSA). Scale=100 um (D). CSA was quantified (E). (F and G) The mRNA (F) or protein (G) levels of
Atrogin-1 from the GA muscle with or without GGOH administration were determined by quantitative real time PCR (F) or western blotting (G)
respectively. Representative images are shown (D and G). Data are mean+SD (n=10). **p<0.01, *p<0.05, versus control (Ctrl).

increased. Thus, our data suggests that GGOH administration
does not enhance skeletal muscle regeneration in vivo.

Administration of GGOH prevents muscle atrophy induced by
denervation. We next examined whether intraoral
administration of GGOH affects the atrophy of skeletal
muscle in vivo. Intraoral administration of GGOH did not
affect total body weight (Figure 3A) or wet weight of intact
or denervated GA muscle (Figure 3B). However, GGOH
reduced the atrophy ratio of the GA muscle (Figure 3C) and
the decrease in cross-sectional area of muscle fibers (Figure
3D and E). Administration of GGOH also suppressed the
expression levels of Atrogin-1 in denervation-induced muscle
atrophy (Figure 3F and G).

The effect of GGOH on DEX-induced muscle atrophy in
vitro. Finally, we examined the effect of GGOH on Atrogin-
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1 expression and muscle atrophy in vitro. We used a common
well-characterized dexamethasone-induced atrophy model of
C2C12 cells based on glucocorticoid skeletal muscle atrophy.
Sandri M et al., (2004) demonstrated that treatment of
C2C12 myoblast with glucocorticoid activated the atrophy
related genes expression and increased the protein
degradation (15). GGOH treatment firmly suppressed
expression of Atrogin-1 (Figure 4A and B) and the decrease
of skeletal muscle fiber size (Figure 4C and D) in a dose-
dependent manner.

Discussion

In this study, the effect of GGOH administration was limited
to an increase in fiber size during denervation-induced
atrophy in vivo. Consistent with this, GGOH has been
previously shown to enhance the differentiation of C2C12
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Figure 4. The effect of GGOH on DEX-induced muscle atrophy in vitro. C2C12 cells were differentiated by treatment with myogenic medium for 6
days after which cells were cultured in the presence of 1 uM dexamethasone along with 0, 10, or 50 uM GGOH for 2 days. mRNA (A) or protein
(B) levels of Atrogin-1 were assessed by quantitative real time PCR (A) or Western blotting method (B), respectively. Myosin heavy chain positive
myotubes were determined by immunocytochemistry. Representative images are shown. Scale=500 um (C). The width of each fiber was quantified
(D). Data are mean=+SD (n=4). **p<0.01, versus control (Ctrl) or DMSO treatment.

myoblasts in vitro (12). Our previous report also showed that
high doses of GGOH tend to suppress proliferation of
myoblasts (12). In the process of skeletal muscle
regeneration, myoblast differentiation occurs following the
proliferation of myoblasts. Therefore, GGOH may negatively
affect proliferation during the early stage of regeneration
thereby neutralizing any positive enhancement gained during
its effects on differentiation at the late stage of regeneration.
Atrogin-1 expression is increased during muscle atrophy
induced by a variety of stressors including fasting,
denervation, glucocorticoids, cachexia, or statins (17).
Atrogin-1, as an E3 ubiquitin ligase, is thought to cause
degradation of skeletal muscle proteins via ubiquitination.
Thus, control of Atrogin-1 expression is important for
establishing a method to prevent skeletal muscle atrophy. Cao
et al., have reported that GGOH reduces statin-induced
protein levels of Atrogin-1 by stimulating geranylgeranylation
(11). In our study, GGOH also suppressed the expression of
denervation-induced or glucocorticoid-induced Atrogin-1.

Numerous studies have demonstrated a role of NF-xB in
the induction of muscle atrophy under conditions such as
disuse (18, 19), denervation (20), aging (21), and cachexia
(22, 23). Muscle atrophy induced by elevated NF-xB was
found to be associated with increased expression of Atrogin-
1, and NF-xB directly regulates transcription of Atrogin-1
(24). Feeding or treatment with GGOH has been shown to
reduce NF-xB signaling induced by lipopolysaccharide in the
rat liver or in human macrophage-like THP-1 cells (25, 26).
Furthermore, GGOH has also been shown to stimulate the
production of testosterone in testis-derived cells (27).
Testosterone is the main steroid hormone secreted by the
testes and is strongly involved in the process of growth,
maintenance and repair of muscle mass (28). Therefore, NF-
kB signaling and/or testosterone may be involved in the
inhibitory effect of GGOH on denervation induced muscle
atrophy. Needless to mention, additional experiments are
required to elucidate the exact effect of GGOH on skeletal
muscle metabolism.
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In this study, we demonstrated that GGOH rescues
skeletal muscle atrophy in vivo. Since GGOH is inexpensive,
categorized as GRAS and can be taken orally (25) our data
may lead to the development of novel treatments for muscle
atrophies including sarcopenia.
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