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Abstract We examined the role of nitric oxide (NO) in

muscle repair and regeneration following repetitive

eccentric contractions (ECC). A standardized exercise

protocol was used to create eccentric contraction-induced

injury to the left tibialis anterior muscle of 48 male Wistar

rats (body wt 250–350 g), using a customized isokinetic

test device and a bout of 40 ECCs under electrical stimu-

lation. A nitric oxide synthase inhibitor, N(G)-nitro-L-

arginine-methyl ester (L-NAME; 35 mg kg-1 day-1), was

included in the diet for half the animals (n = 24) beginning

3 days prior to the ECC and continuing throughout the

experiment, whereas the other half (n = 24) received a

control diet. ECC/?L-NAME and ECC/-L-NAME were

killed after the ECC protocol at 0, 1, 3 and 7 days (n = 6

on each day). An unexercised contralateral limb with and

without L-NAME infusion served as a respective control

muscle at each time point. Muscle NO content, skeletal

muscle damage, leukocyte infiltration, calpain activity, and

MyoD and myogenin expression were assessed. NO has

both pro-inflammatory and anti-inflammatory properties,

and several possible roles for NO in skeletal muscle

damage have been postulated. NO content was greater in

the ECC/-L-NAME group at all time points (p \ 0.05)

compared to ECC/?L-NAME. Additionally, significant

differences in NO content were observed on day 0

(p \ 0.05), and day 3 (p \ 0.05), ECC/?L-NAME versus

ECC/-L-NAME. One day following the bout of ECC, and

NO levels were increased in the ECC/-L-NAME group.

Three days following ECC, there was greater myofiber

damage (measured by b-glucuronidase activity) and leu-

kocyte invasion in the ECC/-L-NAME group as compared

to the ECC/?L-NAME group. One day after ECC, calpain

activity was significantly increased in ECC/-L-NAME

compared with control muscles (p \ 0.05). On days 3 and

7, Myo-D and myogenin gene expression was increased in

both groups; however, the degree of regeneration was less

in the ECC/?L-NAME-treated animals. These data suggest

that NO dynamics have important implications in the reg-

ulation of various factors during skeletal muscle regener-

ation following damaging eccentric muscle contractions.
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Introduction

Unaccustomed exercise involving eccentric contractions

(ECC) induces skeletal muscle damage including

decreased muscle strength, muscle edema, and loss of

function. The sequence of events during skeletal muscle

regeneration has been well characterized by remodeling of

the extracellular and intracellular protein networks, which

is maintained by a concerted regulation of the balance

between protein synthesis and degradation.

It is well known that nitric oxide (NO) plays an

important role in regulating blood flow and glucose

metabolism [1], as well as the cellular redox state of

skeletal muscle [2]. NO may also influence expression of

antioxidant enzymes, as well as cellular inflammation in

exercised skeletal muscles [3]. NO is produced in vivo

through the conversion of L-arginine to L-citrulline by nitric

oxide synthase (NOS). Skeletal muscle normally expresses

the nNOS and eNOS isoforms of NOS. iNOS is also

expressed in skeletal muscle in inflammatory conditions,

and activation of iNOS can elicit NO in quantities suffi-

cient to stimulate the inflammatory process [4–9]. Because

NO has both pro-inflammatory and anti-inflammatory

properties, several possible roles for NO in skeletal muscle

damage have been postulated. NO produced endogenously

by skeletal muscle and other cell types has the potential to

inhibit calpain activity and cytoskeletal proteolysis [10].

The possibility that NO plays a role in skeletal myogenesis

is suggested by observations that it participates in satellite

cell activation [11, 12]. Moreover, iNOS is a muscle-injury

inducer both in vitro and in vivo that triggers the loss of

MyoD mRNA [13]. Thus, the precise role of NO in skeletal

muscle damage and repair is not completely known.

Calpain proteins are a family of Ca2?-activated non-lyso-

somal proteases that have been reported to cleave muscle

proteins. Three calpain family members are well character-

ized in skeletal muscle. l-calpain and m-calpain are ubiqui-

tously expressed and exhibit in vitro sensitivity to Ca2? in the

micro-molar and milli-molar range, whereas n-calpain

exhibits sensitivity in the more physiologically feasible nano-

molar Ca2?-range and is expressed predominantly, but not

exclusively, in skeletal muscle [14]. NO modulates the

mechanical behavior of skeletal muscle cells through a

decrease in calpain-mediated cytoskeletal proteolysis [15].

Thus, NO inhibition of calpain may provide a potential ther-

apeutic approach to protect from skeletal muscle injury [10].

In adult skeletal muscle, myogenic differentiation factor

D (MyoD) and myogenin are both expressed at relatively

low levels [16, 17]. However, in response to injury,

expression of MyoD is related to activation and prolifera-

tion of satellite cells, whereas myogenin reflects terminal

myoblast differentiation [18]. Several studies have aimed

to study the expression of MyoD or myogenin in skeletal

muscle, but, to the best of our knowledge, no study has

shown their presence in damaged skeletal muscle specifi-

cally after sessions of ECC [19].

In this study, we observed the repair process for 7 days

after mechanically damaging the tibial anterior (TA)

muscles of rats treated with NO synthesis inhibitors

(L-NAME). The purpose of the present investigation was to

examine the role of NO in skeletal muscle regeneration

following ECC. Specifically, we were interested in the time

course for regeneration and the potential role for factors

such as calpain and their effects on NO and muscle

regeneration.

Methods

Animal care

Forty-eight male Wistar rats (body wt 250–350 g) were

housed individually and fed food and water ad libitum in a

temperature-controlled room on a 12:12 h light:dark cycle.

All experiments on animals were performed following

approval by the Tokyo University of Agriculture Research

Animals and Resource Center Review Committee.

Experimental protocol

Following 1 week of acclimation in the laboratory, animals

were randomly divided into two groups: one group

(n = 24) received N(G)-nitro-L-arginine-methyl ester

(L-NAME; NOS inhibitor, 35 mg kg-1 day-1) in drinking

water starting 3 days before ECC and continuing until the

end of the experiment. A second (n = 24) control group

received tap drinking water during the experiment.

Eccentric contraction injury induction

The eccentric exercise was performed according to a condition

of Kano et al. [20]. Briefly, during eccentric exercise and all

surgical procedures, the rats were anesthetized with intraperi-

toneal injection of pentobarbital sodium (70 mg kg-1 i.p.) and

supplemental doses of anesthesia were administered, as nee-

ded. The right TA muscle was stimulated electrically via a

surface electrode (10 V stimulation, 100 Hz frequency,

700 ms stimulation period, i.e., 70 pulses). We confirmed that

maximum muscle tension was achieved by electrical stimu-

lation of a surface electrode (100 Hz,\10 V). In the resting

condition before ECC, the right foot was attached to the clamp

unit and the plate was connected to the electromotor system

(Model RU-72; NEC medical systems). The right ankle joint

was maintained at 50� as the initial angle and, during electro-

stimulation of the TA muscle, the electromotor was rotated at

an angular velocity of 260� s-1 to 180� of the ankle joint to
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lengthen the dorsiflexor muscle group. The muscle tension

generated during ECC was monitored using a strain gauge that

was incorporated into the plate fixing the foot. The strain gauge

was calibrated using precision calibration weights that spanned

the expected range of strains. The right TA muscle was sub-

jected to 40 repeated ECCs. The TA muscle undergoing ECC

treatment was isolated at 0, 1, 3, and 7 days. Animals were

divided into two groups for each of the 4 time points: (1)

ECC/-L-NAME, no L-NAME infusion (n = 6 on each day),

and (2) ECC/?L-NAME (n = 6 on each day). An unexercised

contralateral limb with and without L-NAME infusion served

as a respective control muscle at each time point.

Histological evaluation for muscle damage

After the ECC protocols, the TA muscles of both legs were

carefully dissected and the mid-belly region cut trans-

versely to the long axis of the muscle. The tissue blocks

were rapidly frozen in isopentane cooled by liquid nitro-

gen. Transverse 10-lm cross-sections were made with a

cryostat (CM1510; Leica) at -20 �C and stained with

hematoxylin–eosin (HE) to examine the histological fea-

tures of muscle damage. To avoid sampling bias, each

section was sub-sampled at three different regions (ante-

rior, central, posterior) and each of these fields were ana-

lyzed in all muscles. Muscle fiber damage was determined

by a point-counting method using a 24 9 33 mounted grid

(i.e., 792 points total; one square = 30 9 30 lm) on

microscopic fields. Damaged fibers were defined as those

with infiltration of inflammatory cells, pale staining of the

cytoplasm, swollen appearance. Muscle damage was

expressed as a percentage of counted grid squares.

b-Glucuronidase activity assay

b-Glucuronidase activity was assayed in essence according

to Koskinen et al. [21]. Briefly, 450 ll 0.1 M acetate buffer,

pH 4.2, was added to 50 ll supernatant from muscle

homogenate and incubated for 5 min at 37 �C. Next, 250 ll

substrate (5 mM p-nitrophenyl-b-D-glucuronide; Sigma, St.

Louis, MO, USA) was added and incubated 18 h at 37 �C.

After overnight incubation, 1.5 ml 0.1 M glycine buffer

(ice-cold), pH 10, was added. The tubes were centrifuged at

3,000g for 10 min at 4 �C. The absorbances were measured

at the wavelength 420 nm. The results were calculated per

soluble protein and incubation time. Protein concentration

was measured using a commercial kit (Bio-Rad).

NO content

Samples were homogenized at 0–4 �C in ice-cold 0.1 M

K2HPO4–KH2PO4 (pH 7.4) buffer (wt:vol, 1:10) with a

motor-driven Potter-Elvehjem teflon glass homogenizer.

Quantification of NO content was performed spectrophoto-

metrically [22]. A range of standard solutions (concentra-

tion: 0–30 lM NO) was prepared using KNO3 as a standard.

Because the Griess reagent measures only nitrite, and bio-

logical systems contain both nitrite and nitrate, addition of

0.01 U nitrate reductase (Sigma) was added to each well,

followed by addition of NADH (0.02 mM). Samples were

read at 540 nm using a microplate reader (Molecular Devi-

ces, Sunnyvale, CA, USA) and the results were expressed as

pmol/mg protein. Pilot assays established inter/intraassay

variability of less than 3 % (data not shown).

Reverse-transcription polymerase chain reaction

(RT-PCR) Analysis

Total RNA was prepared from the skeletal muscles using

ISOGEN (NIPPON GENE, Tokyo, Japan). First-strand

complementary DNA was obtained by incubating total RNA

samples (2 lg) with reverse transcriptase (Superscript II;

GIBCO BRL, Gaithersburg, MD, USA) in the reaction mix-

ture (18 ll). The reverse transcription product (1 ll) was

subjected to polymerase chain reaction (PCR) using Taq DNA

polymerase (Perkin Elmer, Branchburg, NJ, USA). Twenty to

thirty cycles of amplification were carried out using the fol-

lowing conditions for each cycle: denaturing at 94 �C for

1 min, annealing at 72 �C for 2 min, and extension at 72 �C

for 3 min. The PCR products were electrophoresed in 1 %

agarose gels containing ethidium bromide. The intensity of the

bands was estimated by scanning with a Light-Capture

Scanner (ATTO, Tokyo, Japan), and the optical density of

each band was analyzed with the CS Analyzer (ATTO). The

primers used are described as follows:

Myo D forward: 50-CTACAGCGGCGACTCAGACG-30

Myo D reverse: 50-AGGATGTAGGCCGGGGTT-30

Myogenin forward: 50-ACTACCCACCGTCCATTCAC-30

Myogenin reverse: 50-TCTCTGTCACTCACGGGGCT-30

GAPDH forward: 50-CCAAAAGGGTCATCATCTCC-30

GAPDH reverse: 50-GGAGTTGCTGTTGAAGTCAC-30

Solution calpain assay

Calpain activity was measured as described [23]. Briefly,

0.25 U m-calpain was solubilized in 0.4 ml 50 mM Tris–

HCl, pH 7.4, containing 1 mM DTT, 5 mM CaCl2 or

EDTA, and 0.5 %-casein. Samples were preincubated with

varying concentrations of calpain inhibitor I for 15 min on

ice. All samples were then incubated at room temperature

for 30 min, and proteolysis was stopped by addition of

0.3 ml 10 % trichloroacetic acid. Samples were placed on

ice for 15 min, centrifuged for 15 min at 12,000g, and the

A280 of the supernatant was measured. Calpain activity

was defined as the Ca2?-dependent increase in A280.
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Data and statistical methods

All values are represented as mean ± SE. Statistical

analysis was performed using two-way ANOVA and post

hoc Scheffe test using the Prism (v.4.0). Statistical signif-

icance was accepted at p \ 0.05.

Results

Muscle histology

In the control and 0 day muscles, myofibers demonstrated no

visible evidence of muscle inflammation. In contrast, typical

histological lesions appeared in the ECC muscle fiber around

1–3 days (Fig. 1). Area percentage of inflammation and

regeneration muscle fibers was determined by microscopic

fields (Table 1). On 1 day after ECC, some myofibers were

swollen (ECC/-L-NAME: 5.2 ± 2.2 %, ECC/?L-NAME:

6.1 ± 1.5 % of total fiber area). On day 3, myofiber dis-

ruption was evident and the extent of damaged fiber area was

significantly increased (ECC/-L-NAME: 43.1 ± 8.5 % of

total fiber area, ECC/?L-NAME: 35.7 ± 7.4 % of total fiber

area, p \ 0.01 vs. day 0). Muscle regeneration was observed

at 7 days following ECC, characterized by small diameter

fibers with multiple central nuclei (ECC/-L-NAME:

6.5 ± 2.3 % of total fiber area). Animals infused with

L-NAME had significant difference in regeneration at day 7

(ECC/?L-NAME: 3.7 ± 1.4 % of total fiber area, p \ 0.05

vs. ECC/-L-NAME).

Control ECC/-L-NAME         ECC/+L-NAME

0 day

1 day

3 day

7 day

L

E

F

A

G

H

K

I

J

D

C

B

Fig. 1 Histological analysis of muscle sections by H&E staining.

Representative effects of ECC in tibialis anterior (TA) muscles at

0 day (e, i), 1 day (f, j), 3 days (g, k) and 7 days (h, l). Effects of

ECC without L-NAME (e–h). Effects of ECC with L-NAME (i–l).
Serial transverse sections from control [contralateral (left) no-ECC/

-L-NAME muscle] (a–d). Bar 100 lm
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b-Glucuronidase activity

b-Glucuronidase activity was measured to provide us with

an indirect assessment of muscle damage (Fig. 2). b-Glu-

curonidase activity was elevated 3 days after ECC in all

groups, the increase was more pronounced in ECC/-L-

NAME muscles than ECC/?L-NAME (p \ 0.05). ECC/

-L-NAME muscles showed increased b-glucuronidase

activity at 3 days after ECC, as compared to 0, 1, and

7 days (p \ 0.05). However, in ECC/?L-NAME muscles,

b-glucuronidase activity increased continuously for 7 days.

NO content

ECC/-L-NAME muscles showed decreased NO content at

1 day, as compared to muscles at 0, 3, and 7 days

(p \ 0.05) (Fig. 3). Baseline NO levels, in ECC/?L-

NAME-treated animals were approximately 25 % of those

of in ECC/-L-NAME group For all time points, ECC/-L-

NAME values were significantly higher than ECC/?L-

NAME (p \ 0.05).

Calpain activity

In ECC/?L-NAME muscles, calpain activity had no

change with control muscles (Table 2). One day after ECC,

calpain activity was significantly increased in ECC/-L-

NAME compared with control muscles. But activity

returned to the level of control muscles at 3 and 7 days.

Myogenin gene expression

Following ECC, myogenin mRNA levels in ECC/-L-

NAME muscles significantly increased approximately

fourfold after 3 and 7 days compared with the control

condition (Fig. 4). In ECC/?L-NAME muscles; myogenin

mRNA levels were increased only on day 7. Furthermore,

L-NAME treatment resulted in a significant decrease in

myogenin expression on days 0 and 3 (p \ 0.05).

MyoD gene expression

In ECC/-L-NAME muscles, MyoD mRNA expression

increased at day 1 (p \ 0.05) and peaked at day 7 (*2.8-

fold, p \ 0.01) (Fig. 5). With ECC/?L-NAME treatment,

MyoD mRNA level was higher on day 3, but significantly

lower on day 7 compared to that in ECC/-L-NAME

(p \ 0.05).

Discussion

NO production is known to increase dramatically in injured

skeletal muscle [11, 24–26]. In addition, previous studies

have shown that a decrease in NO accompanies inflam-

mation and recovery after muscle injury [5, 6, 27]. How-

ever, there are many uncertainties regarding the role that

NO plays in recovery after muscle injury. In this study, we

examined the relationship between muscle NO levels

Table 1 Area percentage of inflammation and regeneration muscle

fibers

Control 1 day 3 days 7 days

Inflammation fibers area (%)

ECC/-L-NAME 0.0 ± 0.0 5.2 ± 2.3 43.1 ± 8.5** 0.0 ± 0.0

ECC/?L-NAME 0.0 ± 0.0 6.1 ± 1.5 35.7 ± 7.4** 0.0 ± 0.0

Regeneration fibers area (%)

ECC/-L-NAME 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 6.5 ± 2.3*

ECC/?L-NAME 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.7 ± 1.4

Control contralateral (left) no-ECC muscle. Values represent
mean ± SEM

* p \ 0.05, significantly different from ECC/?L-NAME; ** p \ 0.01,
significantly different from control

Fig. 2 Time course for b-glucuronidase content at 0, 1, 3, and 7 days

following ECC in rat TA muscle. Data are presented as the

mean ± SEM for five animals at each time point. * Significantly

different from ECC/?L-NAME. ? Significantly different from 3 days

from ECC/-L-NAME treatment

Fig. 3 Time course for NO content at 0, 1, 3, and 7 days following

ECC in rat TA muscle. NO data are presented as the mean ± SEM for

five animals at each time point. Cont contralateral (left) no-ECC/-L-

NAME muscle. * Significantly different from 0 day. ? Significantly

different from ECC/?L-NAME
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resulting from altered NO synthesis and regeneration

markers after eccentric contraction injury using a rat TA

eccentric muscle injury model. The major finding in the

current study was that NO dynamics have important

implications in the regulation of various factors during

skeletal muscle regeneration following damaging eccentric

muscle contractions.

In our previous study, we reported that intramuscular

NO concentration after injury exhibited a bimodal response

[9]. In the current study, we reproduced this NO bimodality

by showing a decreased NO concentration a day after ECC

injury followed by an increase on day 3. On the other hand,

the higher initial NO levels on day 0 compared with the

control muscles may also have resulted from a general

systemic blood-borne response from the injury as well as

the surgery. The histological changes shown in Fig. 1,

where muscle fiber damage caused by ECC on day 1

through day 3 began to recover by day 7 in animals with

normal NO, but recovery was delayed in the NO-deprived

animals, suggest to us that adequate NO exerts a crucial

effect on muscle recovery after EEC-induced injury. Sev-

eral studies have indicated that iNOS-derived NO is an

important homeostatic regulator of leukocyte recruitment

in the inflamed microcirculation, suggesting that one of its

functions may be to act as an anti-inflammatory agent

during inflammation [28].

Muscle injury was indirectly assessed by measuring

b-glucronidase activity. This marker is a reliable indicator

of necrosis caused by exercise-induced muscle injury

Table 2 Calpain activity

Control 0 day 1 day 3 days 7 days

ECC/-L-NAME 13.4 ± 1.8 12.8 ± 1.9 26.3 ± 3.7* 12.2 ± 4.4 14.2 ± 2.5

ECC/?L-NAME 12.8 ± 1.6 15.3 ± 3.2 16.6 ± 2.8 15.3 ± 3.5 17.9 ± 4.6

Expressed as nmol/min/g ww. Control contralateral (left) no-ECC muscle. Values represent mean ± SEM for five animals at each time point

* p \ 0.05, significantly different from control values

Fig. 4 Myogenin mRNA expression. Samples were taken from rat

immediately after ECC treatment muscles at times indicated. a ECC,

b ECC/?L-NAME, cont contralateral (left) no-ECC/-L-NAME

muscle. Values represent mean ± SEM for five animals at each time

point, expressed as relative expression levels normalized by dividing

by the GAPDH level. * Significantly different from 0 day.
? Significantly different from ECC/?L-NAME

Fig. 5 MyoD mRNA expression. Samples were taken from rat

immediately after ECC treatment leg at times indicated. a ECC,

b ECC/?L-NAME, cont contralateral (left) no-ECC/-L-NAME

muscle. Values represent mean ± SEM for five animals at each time

point, expressed as relative expression levels normalized by dividing

by the GAPDH level. * Significantly different from 0 day.
? Significantly different from ECC/?L-NAME

268 J Physiol Sci (2013) 63:263–270

123



[29–31]. In the ECC/-L-NAME group, ECC-triggered

high b-glucronidase activity declined on day 7 in the

presence of NO, whereas in ECC/?L-NAME rats, it con-

tinued to increase and almost doubled the level seen in

ECC/-L-NAME rats. Hence, it may be that NO affected

the balance between necrosis and apoptosis. This finding is

in accordance with previous studies on the development of

apoptosis due to ECC [32, 33].

The mRNA levels of MyoD, which are the activity and

the proliferation marker of a satellite cell, and myogenin,

which is the marker of myotube production, were both

affected by the presence of NO. The expression of MyoD

contributes to satellite cell proliferation [34]. When satel-

lite cell proliferation enters the differentiation arrest step,

the expression of myogenin is induced, and satellite cells

differentiate into myotube cells. This stimulates maturation

of myotube cells to become muscle fibers [35]. In this

study, since myotube cells were found in large numbers in

the tissue 3 days following ECC and the administration of

L-NAME, it can be assumed that satellite cell proliferation

and differentiation occurred. Under normal conditions,

control of muscle cell differentiation that occurs after ECC

injury is considered to be a cause of the significant

increases in the expression of MyoD 1 day following injury

and in the expression of myogenin 3 days after injury. An

increase in NO suppresses MyoD [13]. Our results also

showed that, as endogenous NO increased on day 3, MyoD

was suppressed. These findings suggest that NO contributes

to the time difference between the expression of MyoD and

myogenin. Ulibarri et al. [36] demonstrated that myoblast

proliferation is stimulated by sodium nitroprusside (SNP)

and S-nitroso-N-acetyl-penicillamine (SNAP), but the

addition of high concentrations of NO donor agents sup-

pressed this stimulation. It was assumed that, since SNP is

a calcium channel blocker, it had an effect on the expres-

sion of satellite cell proliferation markers according to the

difference in calcium/calmodulin regulation. Myogenin

and MyoD also contribute to regeneration in muscle fiber

[37]. Myogenin plays an important role in the reconstruc-

tion of damaged neuromuscular connections [38] and the

differentiation of terminal myoblasts [12]. There is a pos-

sibility that skeletal muscle damage accompanies regen-

eration, since this accounts for the fact that the expression

of myogenin increased significantly from 3 days after

injury.

Calpain plays an important role in the breakdown of

proteins in skeletal muscle, inflammation, and induction

during regeneration [39]. NO inhibits calpain activity. In

addition, it has been reported that calpain reduces the

expression of myogenic regulatory factors (MRFs),

including myogenin [40]. The present study found further

evidence to support these previous findings. The increase in

calpain concentration 1 day after injury accelerates the

disassembly of broken-down muscle protein, and that it is

synchronized with satellite cell proliferation, as indicated

by the expression of MyoD.

In summary, the results of the present study demon-

strated the important role of NO in recovery after muscle

injury. It was suggested that NO activation after injury

exerts an effect on the expression of MRFs that occur

during recovery, and that it makes a significant contribution

to the reconstruction of tissue. Furthermore, there is a

possibility that NO plays an important role in regulating

both the destruction and the construction of tissue during

recovery after skeletal muscle injury. Further research is

required, since NO dynamics has important implications in

the regulation of various factors during skeletal muscle

regeneration.
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