
Abstract. Background: Laryngeal muscles play an
important role in breathing, sound production and trachea
protection against food. Laryngeal dysfunctions during
radiotherapy for head and neck cancers are common. In the
present study, we aimed to investigate the early effect of
radiation on the laryngeal muscles in vivo and possible
mechanisms involved in this process. Materials and Methods:
Eight-week-old female C57bl/ mice received neck irradiation
with a single dose of 25 Gy and bilateral thyroarytenoid (TA)
muscles of mice were collected at day 3, 7 and 10 post-
irradiation for evaluating muscle size, myosins, myosin heavy
chain (MyHC) composition and MuRF1 protein levels.
Results: A significant reduction in the size of muscle fibers
and myosins in the TA muscles were observed at days 3, 7,
10 after radiation (p<0.05). The loss of IIB myosin was more
severe than that of IIA/X myosins at day 7 post-irradiation
(75% vs. 64%). MuRF1 protein level was markedly increased
at day 7 and 10 after radiation (p<0.05). Conclusion:
Radiation induced an acute muscle fiber atrophy and myosin
loss in the intrinsic laryngeal muscles. MuRF1 may play an
important role in the radiation-induced protein degradation
in the laryngeal muscles and warrants further investigation.  

Head and neck cancer (HNC) is used to describe the presence
of squamous cell carcinomas (malignant epithelial tumors) in
the areas of the head and neck such as paranasal sinuses,
aerodigestive tract (nasal cavity, oral cavity, pharynx, and

larynx) and salivary glands (1, 2). HNC accounts for about 3%
to 5% of all cancers in the United States. In 2014,
approximately 55,070 new cases will be diagnosed and 12,000
deaths due to this disease (http://www.cancer.net/cancer-
types/head-and-neck-cancer/statistics). The choice of treatment
is usually based on patient variables, primary site, clinical
stages, and disectability of tumors. Surgery, radiotherapy and
chemotherapy are the major treatment modalities. The normal
tissues included in the field of radiotherapy also receive
irradiation. Although radiotherapy has been approved as an
effective treatment modality, unfortunately, radiation-induced
injury is often seen in the surrounding normal tissues.
Radiotherapy, particularly when combined with concurrent
chemotherapy, can result in edema (swelling) and fibrosis of
the tissues in the mouth and throat (3, 4). Currently, there exist
no successful treatments or any effective preventive strategies
for radiation-induced local injury. There is an ugent need in
both understanding and minimizing the side-effects of
radiation of HNC. The regions affected by radiotherapy of
HNC are involved with many important physiological
functions such as taste, voice and swallowing (5-8). Therefore,
a treatment plan must be taken into consideration of the acute
and late complications (4, 9). Larynx, an important organ for
phonation, breathing and swallowing, and one of the most
common sites for arising of squamous cell carcinoma.
Radiotherapy either alone or plus concomitant chemotherapy
is usually the preferred treatment approach, as an effort to
reserve larynx functions (10). 

Anatomical larynx, made up of cartilage, ligaments,
muscles, and mucous membrane, is an organ within the neck
involved in breathing, sound production, and protecting the
trachea against food to avoid aspiration (11). Radiation-
induced mucous edema and inflammation have been
associated with voice and swallowing problems (12).
However, it is unknown how the laryngeal muscles are
affected by irradiation. There are five pairs of intrinsic
laryngeal muscles in the human larynx, which can be divided
by their function into adductors, tensor and abductor.
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Laryngeal adductor muscle composes the majority of vocal
folds closure, thus plays an important role in the airway
protection and voice production (11, 13). Myosins are a
family of ATP-dependent motor proteins and play an
important role in muscle contraction. Early studies suggest
that myosin heavy chain proteins (MyHCs) are correlated
with muscle speed, endurance and strength (14-16). Nine
isoforms of MyHCs have been identified in mammalian
skeletal muscles (17, 18) and can be divided into slow (type
I) and fast (type II) sub-types based on their ATPase activity
(19, 20). Thyroarytenoid (TA) muscle, an adductor, has a
specific fiber profile and is the fastest MyHC isoform (21,
22). Therefore, TA muscle has a very short contraction time
and constant action, which are important features for timely
coordination of laryngeal closure to ensure a safe swallowing
and adjust vocal fold quickly for voice production (13). 

Myosin loss has been reported to play an important role in
muscle atrophy and muscle deficits in muscle-wasting
diseases (23-25). Degradation of muscle proteins is often seen
in cancer patients due to a rapid increase in ATP-dependent
ubiquitin proteasome activity (26). The ubiquitin proteasome
system (UPS) is the major peoteolytic system in skeletal
muscles. Increased activity of UPS has been observed in
many disease models and is involved in the degradation of
target proteins (27). Ubiquitination is carried-out in three
main steps: activation, conjugation, and ligation, performed
by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s), respectively. In
brief, ubiquitin is bound and activated by E1 in an ATP-
dependent manner, the activated ubiquitin transferred by E1
to the cysteine residue of E2; and E3 binds to E2 with the
activated ubiquitin and conjugated to the target protein via a
lysine residue in the target protein. The process is repeated
until a minimum of four ubiquitin monomers are covalently
attached to the target protein, proteasome recognizes the
polyubiquitin chain and uses ATP to degrade the protein
substrate to small pieces. The polyubiquitin chain is broken
and ubiquitin is re-generated (28).

E3 enzymes function in substrate recognition and
ubiquitination of specific target proteins for degradation by
proteasomes. In other words, without E3 recognization of a
substrate, a polyubiquitin chain can’t be formed and the
substrate will not be degraded. Thus, E3 is a determiner if a
protein should be degraded by proteasomes. Muscle RING
Finger-1 (MuRF-1) and muscle atrophy F-Box (MAFBx) are
two muscle-specific E3 ubiquitin ligases. The discovery of
MuRF1 and MAFBx has renewed our understanding of muscle
atrophy (29-32). MuRF-1 contains a tripartite RING-B box-
coiled-coil domain and plays an essential role in the
degradation of MyHCs. Altered levels of MuRF1, as well as
MaFbx, were observed in the model of sepsis, amputation for
vascular disease, limb immobilization, chronic obstructive
pulmonary disease (COPD), amyotrophic lateral sclerosis and

aging (33-37). Files et al. found that MuRF1 was responsible
for muscle waste accumulation and muscle atrophy in acute
lung injury (23) mice (38, 39). Radiation-induced muscle
weakness and atrophy have been reported in patients with
radiotherapy in the head and neck area (40). It is suggested that
the muscle deficits are due to the microvascular fibrosis and
neurogenic damage (40). Up to date, the effect of radiation on
intrinsic laryngeal muscles has not been well-investigated and
the role of MuRF-1 in the muscle wasting of HNC patients
received radiotherapy has not been studied. Therefore, we
hypothesized that MuRF-1 mediates radiation-induced
laryngeal muscle atrophy. To test our hypothesis, in the present
study, we established a mouse model to assess radiation-
induced laryngeal muscle injury. Eight-week-old female
C57bl/6j mice received neck irradiation with a single dose of
25 Gy. Muscle atrophy in laryngeal TA was determined and
MuRF1 protein level in the TA muscles was analyzed at day 3,
7 and 10 post-irradiation. Our data show a positive association
of radiation-induced acute muscle fiber atrophy and myosin
loss with increased expression of MuRF1, suggesting that
MuRF1 is involved, at least in part, in the radiation-induced
protein degradation in the intrinsic laryngeal muscles.

Materials and Methods

Animals. Twenty eight-week-old female C57bl/6j mice were
purchased from The Jackson Laboratory (Bar Harbor, Maine, USA).
The mice were housed in the AALAC-accredited animal care
facility at WFUHS and acclimated for 2 weeks before initiating the
studies. All animal care and experimental procedures were
performed in strict accordance with the Declaration of Helsinki and
the NIH Guide for Care and Use of Laboratory Animals. All
protocols were approved by our Institutional Animal Care and Use
Committee before experiments begin. 

Irradiation procedures. The neck region of mice was irradiated with
a single dose of 25 Gy γ-ray using a 137Cs irradiator and a
Cerrobend collimator that restricts the beam to the targeting area.
This dose was chosen based on the previous studies those have
shown that single doses of 20-30 Gy are associated with the
development of muscle inflammation and fibrosis (41). Control mice
were handled identically with sham irradiation. The irradiated mice
were sacrificed at day 3, 7 and 10 (n=5/each group) after irradiation,
respectively. The mice in the sham-control group (n=5) were
sacrificed at day 10. 

Tissue collection. TA muscles on both sides of mouse larynx were
dissected under a microscope. The right side of TA muscles was
quickly frozen in an optimal cutting temperature (OCT) compound
(Tissue-TEK, Torrance, CA, USA) using liquid nitrogen and the
tissue blocks then stored at −80˚C freezer for histology and
histochemical analysis. The left side of TA muscles was snap frozen
in the liquid nitrogen and stored for western blot analysis. 

Immunohistochemical analysis. Series cross-sections from the
mid-compartment of right-side TA muscles were cut at 12 μm in
a cryostat at –20˚C. The sections were mounted onto histologic
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slides. The tissue sections were incubated with ATPase in sodium
barbiturate and calcium chloride solution at pH 9.8 to
differentiate fiber types. The fibers stained to gray color were
type II fast fibers (Figure 1). We could not further differentiate
the subtypes within the type II fibers but the boundary of the
muscle fibers could be clearly identfiyed with ATPase staining.
Then, we measured the covered area of all type II fibers in the
whole mid-cross-section of TA muscle to estimate the muscle
fiber size changes due to the radiation. 

SDS-PAGE and silver staining for MyHC analysis. Quantification
of the expression and composition of each MyHC isoform from
whole TA muscle analysis were performed as described previously
(42). Briefly, SDS-PAGE and 0.6 μg of protein from each
preparation for western blot (below) was used. Electrophoresis was
performed using a vertical slab gel unit (0.75-mm-thick) consisted
of 8% separating gel and 4% stacking gel (Bio-Rad Mini-Protean
Tetra II, Bio-Rad Laboratories, Hercules, CA, USA) run at 140 V
for 7.5 h at 4˚C. Separating gels were silver-stained using the Silver
Stain Plus Kit (Bio-Rad Laboratories, Hercules, CA, USA) to
visualize the MyHC bands. Pooled muscles including extensor
digitorum longus, soleus and diaphragm from mouse were prepared
and run together as MyHC standard for skeletal muscle. Images of
silver-stained gels were obtained using an AGFA Duoscan HiD
scanner (AGFA Corporation, Ridgefield Park, NJ, USA). The
integrated density of individual bands was analyzed and quantified
by Image J software (1.42q, National Institutes of Health, USA).
The composition (%) of each MyHC isoform in each muscle was
calculated as the integrated density of each band*100/sum of
integrated densities of all bands (MyHC isoforms) presented within
the TA muscle.

Western blotting analysis. The left side of TA muscles was
homogenized in RIPA lysis buffer (Cell Signaling Technology,
Danvers, MA, USA) supplemented with protease inhibitors (Roche,
South San Francisco, CA, USA). Fifteen μg protein per sample was
denatured at 95˚C for 5 min and resolved on SDS–PAGE gels. The

proteins were transferred onto nitrocellulose membranes. The blots
were then blocked for 1 h in 5% BSA in TBS-Tween and incubated
overnight at 4˚C with either anti-MuRF (1:1000, R&D Systems,
Minneapolis, MN, USA) or anti-GAPDH (1:5,000, Life
technologies, Grand Island, NY, USA) antibodies. Following TBS-
Tween washes for 3 times (10 min/each wash), the blots were
incubated with HRP-conjugated secondary antibodies for 1 h and
the protein signals visualized by chemiluminescence and exposure
to film. Autoradiographs were quantified by densitometry using
image J software. 

Statistical analysis. Variables are expressed as mean±standard
error of the mean (SEM). Data were analyzed using two-way
ANOVA. Post-hoc analysis was performed using a t-test with the
Bonferroni adjustment method. A p-value ≤0.05 was considered
significant.

Results

Effects of radiation on the fiber size of TA muscles. The TA
muscles collected from irradiated and non-irradiated mice
were stained with ATPase, as described in the Materials and
Methods. We measured the cross-sectional area (CSA) of
each muscle fiber from a middle section of the TA muscles
to estimate muscle atrophy post-irradiation. A significant
reduction in the fiber size of TA muscles was observed at day
3, 7, 10 after irradiation in comparison with the non-
irradiated sham control (p<0.05) (Figure 2). The CSA of TA
muscle fibers was much smaller in the mice sacrificed at day
10 after irradiation than those collected at day 3 and 7
(p<0.05). There was no difference in muscle fiber size
between day 3 and 7 (p>0.05).
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Figure 1. Representative ATPase staining image in the TA muscle. The
muscle fibers stained with medium (circle) to dark (triangle) grey colors
at pH 9.8 were type II fibers. No fibers were stained with light white
color (type I fiber). ATPase staining showed a clear boundary of muscle
fiber for measuring the fiber size. 

Figure 2. Irradiation leads to a significant reduction in the fiber size of
TA muscle. C56bl/6j mice were irradiated with a single dose of 25 Gy
and TA muscles collected at day 3 (D3), 7 (D7) and 10 (D10)
postirradiation. Mice received sham irradiation were used as control
(C). *p<0.05, **p<0.01, n=5.



Effects of radiation on MyHC expression and composition in
TA muscles. The protein samples from TA muscles were
resolved on SDS-PAGE gels and silver-stained. The intensity
of MyHC bands were analyzed using Image J software. As
shown in the Figure 3, IIA and IIX bands were very close to
each other and could not be clearly separated. Therefore, we
combined these two bands as one for analysis in this study.
Firstly, we examined the effects of radiation on amount of

myosins and found that the protein levels of both IIA/X
(Figure 3b) and IIB MyHCs (Figure 3c) were decreased at
day 3, 7 and 10 (p<0.01) after irradiation, indicating a loss
of all types of myosin due to the radiation effects on the TA
muscles. The myosin in the TA muscles dropped to the
lowest level at day 7 and then backed to the level similar to
that at day 3 postirradiation. Secondly, we examined the
effects of radiation on the composition of different myosin

ANTICANCER RESEARCH 35: 6049-6056 (2015)

6052

Figure 3. Expression and composition of MyHCs in TA muscle are changed following irradiation. The MyHCs in TA muscles were seperated by
SDS-PAGE gel and stained using Sliver staining kit. a. Silver-stained gel shows the separated MyHC isoforms in the TA muscles. b. Densitometric
analysis of radiation-induced changes in IIA/X MyHCs. c. Densitometric analysis of radiation-induced changes in IIB MyHCs at day 3 (D3), 7 (D7)
and 10 (D10) after irradiation. d. Compositions of IIA/X MyHCs in the TA muscle following irradiation. e. Composition of IIB MyHC in the TA
muscle following irradiation. *p<0.05, **p<0.01, n=5.  



in the TA muscles. The percentage of type IIA/X (Figure 3d)
was increased and IIB myosin (Figure 3e) decreased at day 7
after radiation when compared with the non-irradiated
control (p<0.01). No marked changes in myosin composition
were observed in the TA samples collected at day 3 or day
10 after radiation (p>0.05). Our data suggested a more
severe radiation effect on IIB myosin or a possible switch of
myosin in the TA muscle from fast to slow at day 7 post-
irradiation.

Effects of radiation on the MuRF-1 protein level in TA
muscles. MuRF-1 is a muscle-specific E3 ubiquitin ligase
and plays a key role in the degradation of muscle proteins.
To test if the expression of MuRF-1 was associated with the
radiation-induced atrophy of TA muscles, we collected the
total proteins from TA muscles and examined the protein
level of MuRF1 using western blot. The protein level of
GAPDH was used as a loading control (Figure 4a). Our data
showed the protein level of MuRF1 in the TA muscles was
significantly increased at day 7 and reached a higher level at
day 10 after radiation, when compared to the non-irradiated
sham control (p<0.01) (Figure 4b). No difference in the
MuRF1 protein level was seen between the irradiated group
collected at day 3 after radiation and the sham control group
(p>0.05). 

Discussion

Radiotherapy is one of the most important treatment
modalities for HNC, and HNC patients who were treated
with radiation often developed acute and late complications
(4, 9). Tedla et al. found that radiotherapy was responsible
for a significant reduction in the number of fibers in the TA
muscles and loss of muscle mass following irradiation was
correlated with muscle weakness and decreased function in
patients who undergo radiotherapy (43). The maintenance of
muscle mass is dependent on balance of muscle protein
synthesis and degradation. Activation of ATP-dependent
ubiquitin/proteasome pathway has been observed in many
muscle atrophy-associated disease models (44) and
considered to be responsible for muscle loss. MuRF-1 is a
muscle-specific ubiquitin protease ligase and increased
expression of MuRF-1 was observed during the ubiquitin
proteasome pathway activation in muscle atrophy diseases
(30, 34, 45).

In the present study, we investigated the radiation-induced
acute laryngeal muscle atrophy and the role of MuRF-1 in
laryngeal muscle-wasting after radiation. Our results showed
that there was a time-dependent reduction in the fiber size of
TA muscles after radiation. But the number of fibers in the TA
muscles was not altered in the radiated mice (data not shown).
A reduction of TA muscle fibers in patients received 60-66 Gy
preoperative radiotherapy to the area of larynx was previously
reported. However, the laryngectomy was performed during 7-
15 months after radiotherapy in that study (43). The loss in the
number of fibers in that study appeared to be a chronic effect.
Ten days after radiation seems not long enough to course fiber
loss in our study. The persistent reduction of myosins in the
irradiated TA muscles at all of the time points suggested that
the radiation-induced protein degradation occurred in the TA
muscle. A dose-dependent reduction in the expression of
MyHCs in the intrinsic laryngeal muscles received radiation
was also observed in a rat model previously (41). Although
our study did not evaluate dose effect of irradiation, the
reduced muscle fiber size over time indicated a radiation-
induced early-stage of atrophy due to the myosin protein
degradation. A previous study has also shown that fast type II
MyHCs were more sensitive to radiation treatment, when
compared to the slow type I MyHC in the intrinsic laryngeal
muscles of rat. IIa MyHC appeared to be more sensitive to
irradiation than the other MyHC isoforms (41). We observed
about 45%, 64%, 48% loss of IIA/X MyHC expression and
50%, 75%, 48% loss for IIB MyHC expression in the TA
muscle at day 3, 7 and 10 post-irradiation, respectively. Our
data indicated that IIB was more sensitive to irradiation than
other sub-types of MyHCs. Distinct types of muscle fiber can
be affected differently under a variety of atrophic conditions.
For example, fast muscle fibers can be more vulnerable than
slow fibers in aging and other muscle wasting diseases (46,
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Figure 4. Radiation-induced changes in the protein level of MuRF1 in TA
muscle. a. A representative image of SDS-PAGE showing radiation-induced
changes in MuRF-1 protein. b. Densitometric analysis of radiation-induced
changes in MuRF-1 protein level in the TA muscles at day 3 (D3), 7 (D7)
and 10 (D10) postirradiation. *p<0.05, **p<0.01, n=3. 



47). Interestingly, we found that at day 3 after radiation the
percentage composition of IIA/X MyHC was increased and
IIB MyHC decreased synchronously. There are two
possibilities for our findings; one is due to the more severe
loss of IIB (75%) than that of IIA/X MyHC (64%) at day 3,
which could result in an increased composition of IIA/X
MyHC in the whole muscle. It is known that increased
neuromuscular activity, mechanical loading and
hypothyroidisms can induce fast-to-slow transitions in skeletal
muscles (reviewed by Pette and Staron (48)). It is unclear if
the muscle fiber switch in this study was due to direct effects
of radiation on muscle or due to indirect effects from the
radiation-induced changes in neuromuscular activity, vascular
and/or thyroid hormones. 

Muscle wasting may arise under a variety of
pathophysiologic conditions through multiple distinct signaling
pathways (49). Skeletal muscle fiber sub-types can be
selectively affected by special pathways. Intrinsic laryngeal
muscles are distinct from other skeletal muscles of the body
and have specific muscle fiber composition/functions,
innervations/neuromuscular junction morphology, mito-
chondrial content (50-53). Intrinsic laryngeal muscles were
spared or less affected in many muscular dystrophy diseases
(54-56). Our previous study on laryngeal muscle atrophy in a
muscle-wasting mouse model of acute lung injury, showed that
posterior cricoarytenoid muscle was spared from MuRF1-
mediated muscle atrophy (42). MuRF1 expression was
increased in skeletal muscle during a variety of atrophy-
inducing conditions (30) and MyHC was a primary target for
MuRF1-mediated ubiqutination and degradation (57). In this
study, we found that radiation induced intrinsic laryngeal
muscle atrophy was associated with an increased MuRF1
expression in the muscle. Our results suggested that MuRF1
might be involved in the radiation-induced muscle atrophy. 

The skeletal muscle is relative radio-resistant. Radiation-
induced muscle injury is usually considered as late stage
complication in radiotherapy. In addition, dysfunction of
muscles is believed to be caused by microvascular and
nervous systems injury due to radiotherapy (40). A recent
study found that radiation was associated with a significant
decrease in tongue muscle force and contraction speed
without muscle atrophy and fibrosis formation in
genioglossus muscles in rats at three months after radiation
(58). The various results from previous studies might be due
to the different dose used for irradiation, the time period
selected for observation, and species-specific sensitivity/
response to radiation. Among these studies, few have focused
on the early response of muscle to radiation which plays an
important role in the later complications. In the present
study, we demonstrated a loss of myosin protein in the TA
muscles and its association with an increased expression of
MuRF1 protein. A limitation of the study is the lack of
detection of TA muscle functions following irradiation. 

Conclusion

We demonstrated radiation-induced acute TA muscle atrophy
and an association of TA muscle atrophy with loss of myosin
and increased expression of MuRF1 in a mouse model. Our
data suggest that MuRF1 may play an important role in the
radiation-induced protein degradation in the laryngeal muscles. 
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