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Abstract: Background: Diaphragm is a primary inspiratory muscle and often receives off-target dose in patients with 
thoracic radiotherapy, and whether acute effect of low dose irradiation would cause contractile dysfunction of the 
diaphragm remains unclear. We use a rat model to investigate the effect of low-dose irradiation on diaphragm con-
tractile function in the current study. Methods: The radiation dose distributions in patients with esophageal cancer 
receiving radiotherapy were calculated to determine the dose received by the off-target diaphragm area. Rats were 
randomly assigned to an irradiated or a non-irradiated control group (n = 10 per group). A single-fraction of 5 Gy 
radiation was then delivered to the diaphragms of Sprague-Dawley rats in the irradiated group. The control group 
received sham irradiation (0 Gy). Rats were sacrificed 24 hours after the irradiation procedures and diaphragms 
were removed en bloc for contractile function assessment, oxidative injury and DNA damage analysis. Oxidative in-
jury was determined by analyzing concentration of protein carbonyls and DNA damage was determined by analyzing 
retention of γH2AX foci in nuclei of diaphragmatic tissue. Results: At 24 hours after delivery of a single dose of 5 Gy 
radiation, specific twitch (p = 0.03) and tetanus tension (p = 0.02) were significantly lower in the irradiated group 
than in the control group. The relative force-frequency curves showed a significant downward shift in the irradiated 
group. Protein carbonyl level (p < 0.01) and percentage of γH2AX-positive diaphragm muscle cells were signifi-
cantly higher in the irradiated group than in the control group 24 hours after irradiation (58% vs. 30%, p = 0.01). 
Conclusions: Off-target low dose irradiation could induce acute contractile dysfunction of the diaphragm which was 
related to radiation-induced direct DNA and indirect oxidative damage.
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Introduction

Radiotherapy is a common treatment option for 
patients with advanced thoracic cancer [1]. 
With advanced radiotherapy techniques, opti-
mal radiation doses could be delivered to the 
targeted areas while sparing critical organs. 
Surrounding areas of the treatment target are 
exposed to significant low doses of radiation 
simultaneously during radiotherapy, thereby 
increasing the risk for the development of nor-
mal tissue toxicity [2]. Coppes et al found that 
the out-of-field effects of radiation on vascular 
damage were very similar to the in-field effects 
in an irradiated rat lung model [3]. Furthermore, 

studies have shown that low-dose irradiation, 
as an off-target dose, significantly modulates 
the systemic pharmacokinetics of anticancer 
drugs [4, 5]. These data suggest that low-dose 
irradiation can produce unexpected or unwant-
ed biological effects.

Skeletal muscle is generally considered to be 
radiation resistant due to its post-mitotic state 
[6]. Irradiation not only damages deoxyribonu-
cleic acid (DNA) directly but also increases oxi-
dative stress, which can result in oxidative dam-
age to proteins, lipids, and DNA [7]. Muscle 
lesion repair and reconstruction depends on 
the ability of satellite cells to activate prolifera-
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contractile function in a 
rat model.

Methods and materials

Animals and sample 
preparation

A total of 20 adult male 
Sprague-Dawley (SD) rats 
weighing between 300 
and 350 g were utilized in 
this study (Bio-LASCO 
Taiwan CO., Taiwan). Ani- 
mals were maintained in 
an environmentally con-
trolled room (25 ± 1°C; 
12 h light/dark cycle) and 
fed a standard rat chow 
and water ad libitum in 
the Laboratory Animal 
Center at the Mackay 
Memorial Hospital (Tai- 
pei, Taiwan). The study 
was approved by the In- 
stitutional Animal Care 
and Use Committee at 
the Mackay Memorial 
Hospital, Taiwan (MMH-
A-S-100-36) and was car-
ried out in accordance 

tive myoblasts [8]. However, satellite cell and 
myoblast proliferation has been shown to be 
reduced in tissue exposed to low-dose irradia-
tion (range, 2 to 6 Gy) due to oxidative stress 
and cell death [9-11]. Low-dose irradiation has 
also been shown to impair skeletal muscle 
development and remodeling by impairing sat-
ellite cell function [9, 12]. 

The diaphragm often receives off-target irradia-
tion during radiotherapy in patients with tho-
racic cancers mainly due to its anatomical posi-
tion and movement during tidal breathing. 
Diaphragmatic dysfunction increases the risk 
of developing atelectasis and subsequent 
chronic respiratory failure that results in a 
decline in physical activity and thus impaired 
quality of life [13]. Although there is evidence to 
suggest that low-dose radiation might influence 
peripheral skeletal muscle remodeling [12], the 
effect of low-dose irradiation on contractile 
function of the diaphragm has yet to be deter-
mined. Thus, the purpose of this study was to 
examine the acute effects of a clinically rele-
vant off-target irradiation dose on diaphragm 

Figure 1. Radiotherapy planning for a patient with lower-third esophageal cancer 
in coronal view. The orange and light blue colored isodose lines represent 5 Gy 
and 10 Gy radiation doses, respectively.

with the Guide for the Care and Use of 
Laboratory Animals (National Institutes of 
Health, Bethesda, MD).

Experimental protocol

Rats were randomly assigned to an irradiated 
or a non-irradiated control group (n = 10 per 
group). Rats in the irradiated group received a 
single radiation dose of 5 Gy while rats in the 
control group received sham irradiation. Rats in 
both groups were sacrificed 24 hours after irra-
diation (or sham irradiation), and the dia-
phragms were removed en bloc with their rib 
cage origin intact as previously described [14]. 
Diaphragm strips measuring approximately 2 
mm in width were dissected from the anterolat-
eral portion of the diaphragm parallel to the 
long axis of the muscle fibers, with its attach-
ments to the central tendon and rib cage being 
left intact. The remaining diaphragms were 
fixed in formalin for subsequent immunohisto-
chemistry or frozen in liquid nitrogen and stored 
at -80°C for subsequent biochemical analysis.
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Diaphragm irradiation

To establish radiation exposure of the dia-
phragm in the rat model, the radiation dose dis-
tributions in patients with esophageal cancer 
who received radiotherapy were used to calcu-
late the appropriate off-target dose for rat dia-
phragms. In 6 patients with lower-third esopha-
geal carcinoma, the mean dose received by the 
right side of the diaphragm was 4.3 Gy and that 
received by the left side of the diaphragm was 
7.8 Gy. The mean dose received by the whole 
diaphragm was 5.9 Gy during the treatment 
course (Figure 1). Based on the clinical data 
and evidence provided in the study by Caiozzo 
et al which showed that a radiation dose of 5 Gy 
causes significant damage to myogenic stem 
cells in skeletal muscle [11], we chose 5 Gy as 
a feasible dose to examine the acute effect of 
off-target irradiation on the diaphragm in the 
rat model.

Rats in the irradiated group were anesthetized 
and immobilized on a board before undergoing 
computed tomography. Considering the respi-
ratory motion, the craniocaudal margin of irra-
diation was set at 1.5 cm above and below the 
dome of the diaphragm. The width of irradiation 
field opened to the right and left thoracic cage 
with 5 mm expansion bilaterally. Radiation was 
delivered using a conventional radiotherapy 
technique to the anterior-posterior (AP) and 
posterior-anterior (PA) fields in which 6-MV 
X-ray beams were delivered at a dose rate of 
600 MU/min for a total of 5 Gy using a Varian 
600CD linear accelerator (Varian Medical 
Systems, Palo Alto, CA).

Assessment of diaphragm strip contractility

Contractile function of the diaphragm was 
assessed as previously reported [15]. Briefly, 
intact diaphragm strips were dissected from 
the left costal diaphragm and mounted verti-
cally in water-jacketed organ baths (37°C, bub-
ble 95% O2/5% CO2) containing Tyrode solution 
(137 mM NaCl, 4 mM KCl, 0.5 mM MgCl2, 0.5 
mM NaH2PO4, 11.9 mM NaHCO3, 5.6 mM glu-
cose, and 2.7 mM CaCl2). The rib end of the 
strips was attached to the bottom of the baths 
by silk ties, and the central tendon end was tied 
to a force transducer (XDFT200, Diagnostic & 
Research Instruments Co., Taiwan). Platinum 
field electrodes were placed around the strips 
and connected to a Grass S88 stimulator 

(Grass Technologies, Warwick, RI, USA). All data 
were recorded and analyzed using a XctionViewII 
Data Acquisition System recorder (Diagnostic & 
Research Instruments Co., Taiwan).

After determining the optimal length (Lo) of  
the diaphragm strips, they were allowed to  
thermoequilibrate to 37°C for 15 minutes. 
Twitch tension (Pt) was obtained using 1-ms 
supramaximal square wave pulses, and te- 
tanic tension (Po) was obtained by applying a 
train of supramaxial stimuli for 400 ms at opti-
mal length. A force-frequency curve was con-
structed by stimulating the strips with trains of 
supramaximal stimuli at 1, 15, 30, 50, 80, 100 
and 120 Hz with a 1-min rest period between 
adjacent stimulus trains. Finally, the fatigue 
characteristic was measured by giving the mus-
cle a series of 300 ms tetanic stimulations 
every 3 seconds at a frequency adjusted to pro-
duce 50% of Po for 10 minutes. The tetanic 
force measured after 2 minutes of stimulation 
was then used to calculate the fatigue index as 
follows:

Fatigue index
Po

tension measured at 2 minutes of fatigue test
=

Measurement of protein carbonyls

The concentration of protein carbonyls in the 
diaphragm was assessed using an enzyme-
linked immunoassay (ELISA) and a protein car-
bonyl content assay kit (Abcam®, Cambridge, 
UK) according the manufacturer’s instructions. 
The absorbance was determined at 375 nm 
and the results were expressed as nmol car-
boynl per mg protein. 

γH2AX-immunohistochemistry

Retention of γH2AX foci 24 hours after irradia-
tion was analyzed and used as an indicator of 
DNA damage. Cross sections of diaphragm 
bundles were cut on a cryostat (5 μm) and 
stored at -80°C. For immunohistochemical 
analysis, diaphragm tissue was fixed in forma-
lin and embedded in paraffin. Antigen was 
retrieved in a decloaking chamber (Biocare 
Medical) using Target Retrieval Solution (pH 
9.0) (DAKO, K3468) and a magnetic laboratory 
hot plate stirrer (PC-420, Corning, MA, USA). 
Tissues were incubated with primary antibody 
Phospho-histone H2AX (ser139) (Cell Signaling 
Technology, Danvers, MA, USA) and antibody 
(Ab) was detected using SS Multilink HK340-



Low-dose irradiation modulates contractile function of diaphragm 

1513 Am J Transl Res 2016;8(3):1510-1517

9K (BioGenex Laboratories, San Ramon, CA) 
and SS HRP Label HK330-9K (BioGenex 
Laboratories, San Ramon, CA). Slides were 
viewed with a Nikon E600 microscope (Melville, 
NY, USA) and an Axionplan 2 fluorescence 
microscope (Carl Zeiss Inc, Thornwood, NY, 
USA). ImageJ software (National Institute of 
Health, USA) was used to calculate the num- 
ber of γH2AX foci. Images were captured with  
a Spot RT digital camera (Diagnostic Instru- 
ments, Sterling Heights, MI, USA) MicroFire 
(Optronics Inc., OK, USA) and a PowerMac G4 
computer (Apple, Cupertino, CA, USA) XH61V 
(Shuttle Inc., Taipei, Taiwan) equipped with  
Spot RT software, version 4.0 (Diagnostic 
Instruments) PictureFrame (Optronics Inc., OK, 
USA). For quantitative analysis, foci were count-

ed visually using an objective magnification of 
x40. Foci counting was done until at least 40 
foci (tissues) were registered for each data 
point.

Data and statistical analyses

Cross-sectional area (CSA) of the diaphragm 
was calculated as follows:

CSA
length cm specific gravity

muscle weight g
=

#^
^

h
h

Where specific gravity equals 1.06 g/cm2 [16]. 
Specific twitch and tetanus of the diaphragm 
strips were calculated as follows:

T N/cm
muscle weight g

tension kg 9.8 m/s length cm 1.06 g/cm2

2 3

=
# # #

^
^

^ ^ ^ ^
h

h
h h h h

A twitch tension curve was used to determine 
time-to-peak tension (TPT) and time-to-half 
relaxation duration (½RT).

The results are presented as means ± standard 
error (SE) of the mean. Differences in means of 
continuous measurements were tested by  
the Student’s t Test. To compare differences  
in force-frequency curves between the two 
groups, we used a generalized estimating  
equation (GEE) regression model with an 
exchangeable correlation matrix to take into 
account the repeated measurements of ten-
sion. A p value of < 0.05 was considered to  
indicate statistical significance. All statistical 
analyses were performed with the statistical 
package SPSS for Windows (Version 17.0, 
SPSS, Chicago, IL, USA).

Results

There were no significant differences in age (p 
= 0.97), body weight (p = 0.34), average dia-
phragm strip length (p = 0.64) or strip weight (p 
= 0.33) between the two groups. The average 
CSA area was 4.8 ±0.6 in the control group and 
4.6 ±0.5 mm2 in the irradiated group (p = 0.82).

The effects of low-dose radiation on diaphragm 
contractile properties are shown in Figure 2. A 
single dose of 5 Gy radiation significantly 
decreased the peak twitch (radiation: 6.3± 0.4 
N/cm2 vs. control: 8.6±0.8, p = 0.02) and teta-
nus tension (irradiated: 16.7±3.2 N/cm2 vs. 
control: 27.6±2.7, p < 0.001). The Pt/Po ratio 
was similar between the two groups (p = 0.2). 
Although there was no significant difference in 
TPT between the two groups (p = 0.2), the ½RT 
was significantly longer in the irradiated group 

Figure 2. Specific twitch and tentanic tension (N/cm2) 
of diaphragm strips in the control group (black bars) 
and irradiated group (white bars). Data are means ± 
SE. *Indicates significant difference between the two 
groups (p < 0.05).

Figure 3. Time-to-peak tension (TPT) and half relax-
ation time (½RT) of diaphragm strips in the control 
group (black bars) and irradiated group (white bars). 
Data are means ± SE. *Indicates significant differ-
ence between the two groups (p < 0.05).
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than in the control group (p < 0.001) (Figure 3). 
In addition, the mean Pt/TPT ratio was signifi-
cantly lower in the irradiated group than in the 
control (p < 0.001).

The force-frequency curves are presented in 
Figure 4. The force-frequency curve for the irra-
diated group was significantly downward shift-
ed, i.e., there was less diaphragmatic force with 
increased frequency in the irradiated group 
than in the control group. At stimulation fre-
quencies of 50 Hz and above (all p < 0.05), spe-
cific tensions in the irradiation group were sig-
nificantly lower than those in the control group 
(Figure 4).

Relative force (force as a percentage of its ini-
tial value) over time curves for repetitive fatigu-
ing electrical stimulation trials performed on 
diaphragm strips for both groups are displayed 
in Figure 5. Diaphragm strips in the irradiated 
group showed significantly greater fatigue than 
those in the control group after 2 mins of repet-
itive stimulation. The fatigue index in the irradi-
ated group (57.2±5.6) was significantly lower 
than that in the control group (66.2±6.5) (p < 
0.01).

Protein carbonyl concentration was significant-
ly higher in the irradiated group (2.3±0.1) than 
in the control group (0.8±0.1) (p < 0.01) at 24 
hours after the radiation procedure. Retention 
of γH2AX foci 24 hours after radiation was ana-
lyzed as a proxy for radiation-induced double 
strand breaks (DSBs). The percentage of dia-
phragmatic cells with radiation-induced γH2AX 
foci was significantly higher in the irradiated 

Figure 4. Diaphragmatic force (N/cm2)-frequency 
(Hz) curve for the control (-♦-) and irradiated (--■--) 
groups. Values are mean ± SE. *Indicates significant 
difference between the two groups (p < 0.05).

Figure 5. Mean changes in peak tetanic tension dur-
ing repetitive stimulation of diaphragmatic stripes in 
the control (-♦-) and irradiated (--■--) groups. Peak te-
tanic tension is plotted as a percentage of the initial 
tetanic tension, and time is from the onset of stimu-
lation. Values are mean ± SE. *Indicates significant 
difference between the two groups (p < 0.05).

Figure 6. Representative immunofluorescence im-
ages used for manual foci counting. A: Control group; 
B: Irradiate group. The red, solid circles in the lower 
images were placed manually to mark individual foci 
in the diaphragm.
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group than in the control group (57.6±12.7 vs. 
30.0±6.0%, p < 0.01) (Figure 6). 

Discussion

This is the first study to show that simulating 
low dose off-target irradiation to the diaphragm 
can cause acute contractile dysfunction in rat 
model. The potential mechanisms for this con-
tractile dysfunction might due to direct DNA 
damage or indirect damage through oxidative 
stress to the myofibrils.

Diaphragm contractile dysfunction is of clinical 
importance because it may progress to respira-
tory failure. Studies have shown that diaphragm 
muscle performance were significantly related 
to and predictive of exercise performance and 
hence influence quality of life [17, 18]. 

Clinical studies have reported a spectrum of 
dose-dependent changes in skeletal muscle 
function after irradiation that can remain for 
many years [19, 20]. A single dose larger than 
10 Gy has been shown to result in reduced total 
muscle protein and RNA [12, 21], and to cause 
interfibrillar edema, myofilament disruption 
and endothelial swelling [22]. However, radia-
tion dose lower than 10 Gy on functional out-
come of muscle has not been examined before. 
In this study, we demonstrated that the peak 
twitch and tetanus tension of the diaphragm 
decreased by 26.7% (p = 0.02) and 39.5% (p < 
0.001), respectively, 24 hours after a radiation 
dose of 5 Gy. These results suggest that low 
dose irradiation to the rat diaphragm, mimick-
ing off-target dose during radiotherapy for 
patients with esophageal cancer, could result 
in marked contractile function decline 24 hours 
after irradiation. Whether radiation poses simi-
lar pattern of detrimental effect on diaphragm 
contractile function in clinical patients receiv-
ing radiotherapy around the thoracic area war-
rants further studies to explore. 

Distribution of fiber types of skeletal muscle is 
one of the important factors affecting the con-
tractile function of skeletal muscle [23]. In this 
study, ½RT was significantly longer in the irradi-
ated group than in the control group. A lower 
½RT value is often observed when muscle is 
injured, in fatigued state, or an alteration in the 
composition of fiber types occurs. The rat dia-
phragm contains 40%, 24% and 34% of Type I, 
Type IIa, and Type IIb fibers, respectively [24], 

and type II fibers were found to be more sensi-
tive to radiation related injury than type I fibers 
[25]. Thus, the finding of a longer ½RT after a 
low dose of irradiation indicated that low dose 
would cause diaphragm injury and alter the 
ratio of fiber type composition, i.e., mainly due 
to loss of Type II fibers. Further histochemical 
staining is needed to confirm this exploration. 
Although fiber type distribution in the adult 
human diaphragm (55% Type I, 21% type Iia, 
and 24% Type IIb) is slightly different than in the 
rat [26], whether the same low dose irradiation 
would cause human diaphragm injury and 
result in contractile dysfunction warrants fur-
ther investigation.

DSBs are the most deleterious form of radia-
tion-induced DNA damage [27]. The γH2AX foci 
analysis is used to identify the number and 
location of DSBs and to verify the different DSB 
repair deficiencies [27, 28]. The dynamics of 
radiation-induced γH2AX phosphorylation are 
usually starting a few minutes after irradiation 
and occur during the following 24 hrs [29]. In 
the current study, the number of nuclei in dia-
phragm cells that stained positive for γH2AX at 
24 hours was higher in the irradiation group 
(58%) than in the control group (30%). In a 
study on reactive oxygen in skeletal muscle, 
Reid et al mounted diaphragm fiber bundles in 
chambers containing Krebs-Ringer solution 
and γH2AX staining became visible as early as 
30 minutes after exposure to 0.5 μM H2O2 [30]. 
The findings could explain, at least in part, why 
30% of control tissue stained positive for 
γH2AX in our study. Furthermore, these data 
suggest that DSB repair deficiencies are do- 
minate in diaphragms after exposure to radi- 
ation. 

It has been reported that when skeletal muscle 
undergoes atrophy, a subset of myonuclei 
undergo apoptosis, even though the rest of the 
muscle fibers themselves remain intact [31]. 
Fitts, et al reported that myofibrillolysis and 
microcirculatory endothelial cell changes were 
observed as early as 24 hrs after irradiation 
[32]. The DNA-dependent protein kinase (DNA-
PK) is a nuclear serine/threonine kinase whose 
activity is stimulated by double-stranded DNA 
ends [6] and the activity of DNA-PKcs is specifi-
cally required for the induction of γH2AX [33]. It 
also plays an important role in triggering apop-
tosis in response to excessive or unrepairable 
DNA damage. 
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Inhibition of Ca2+ release from the sarcoplasmic 
reticulum (SR) was shown to result in changes 
in the time course of the twitch [34]. In a cardi-
ac dysfunction study, Sag et al reported that 
targeted cardiac irradiation induced the gener-
ation of reactive oxygen species (ROS) which 
led to the activation of Ca2+/calmodulin-depen-
dent protein kinase II (CaMKII) and induce a 
chronically low sarcoplasmic reticulum (SR) 
Ca2+ load [35]. Schulte et al. found that a longer 
relaxation time in denervated extensor digito-
rum longus muscle of rats was correlated with 
a decrease in mRNA and protein expression of 
the fast Ca2+ pump isoform in the SR [36]. 
Interestingly, in the current study, the peak 
twitch and tetanus tension were lower, the ½RT 
was longer, the Pt/TPT ratio was lower and the 
force-frequency curve was shifted downward in 
the irradiation group than in the control group. 
In addition, diaphragm strips in the irradiation 
group showed significantly greater fatigue than 
those in the control group. The results from the 
above-mentioned studies as well as this study 
indicate that low-dose irradiation modulates 
the twitch contractile parameters in the dia-
phragm , at least in part, may by altering Ca2+ 
homeostasis and muscle metabolism or mus-
cle fiber type, which consequently has an effect 
on force output.

Conclusion

To the best of our knowledge this is the first 
study to investigate the acute effect of low-
dose irradiation on diaphragm contractile func-
tion using a rat model to mimic the off-target 
dose to the diaphragm received during radio-
therapy to the thoracic region in patients. Our 
findings indicate that contractile dysfunction 
might be related to radiation induced DNA dam-
age that alters muscle metabolism or myofibril 
damage that alters fiber composition caused by 
radiation induced oxidative stress. Additional 
studies are needed to better understand the 
potential detrimental effects of low dose radia-
tion to respiratory outcome in patients receiv-
ing radiotherapy to the thoracic region.
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