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L-arginine supplementation attenuates capillary regression without 
increasing integrated succinate dehydrogenase activity and VEGF 
expression in skeletal muscle during hindlimb unloading
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Abstract. Decreased capillary number is observed in atrophied muscle. The change in capillary 
number is regulated by angiogenic factors. L-arginine enhances expression of endothelial nitric 
oxide synthase (eNOS), angiogenic factor, in skeletal muscle. Therefore, the aim of this study was 
to evaluate the effects of L-arginine supplementation on capillary regression during hindlimb 
unloading. Twenty-four male Wistar rats were divided into four treatment groups: (1) control, (2) 
L-arginine supplementation, (3) hindlimb unloading, and (4) hindlimb unloading with L-arginine 
supplementation. Hindlimb unloading resulted in a decrease of capillary-to-muscle fibre (C/F) ratio, 
eNOS expression, and integrated succinate dehydrogenase (SDH) activity. L-arginine supplementa-
tion attenuated the decrease in both eNOS expression and C/F ratio, although it did not increase 
integrated SDH activity in skeletal muscle. These results indicate that L-arginine supplementation is 
effective for maintaining capillary number in atrophied muscle, and that elevation of eNOS expres-
sion may be one mechanism associated with these responses.
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Introduction

Muscle atrophy results from a variety of conditions, such as 
inactivity (Adrian et al. 1988), cast immobilization (Booth 
1982; Pachter and Eberstein 1984), denervation (Dow et al. 

2004; Russo et al. 2007), and spinal-cord injury (Roy et al. 
2002; Kim et al. 2008). In addition, inactivity-induced atro-
phy occurs faster in antigravity muscle, such as slow-twitch 
muscle, than in fast-twitch muscle due to each muscle’s char-
acteristics (Sandonà et al. 2012). It has been well established 
that muscle mass and fibre cross-sectional area (FCSA) are 
decreased in atrophied muscle (Desplanches et al. 1987). 
Capillary number and mitochondrial oxidative enzyme ac-
tivity are also decreased in atrophied muscle (Desplanches 
et al. 1987; Fujino et al. 2005; Roudier et al. 2010). Regressed 

mailto:fujino@phoenix.kobe-u.ac.jp


426 Uchida et al.

capillary has been observed as an adaptive change to de-
creased oxidative demand in atrophied muscle. In addition, 
capillary regression induces decreasing endurance capacity 
in skeletal muscle (Tadaishi et al. 2011) and results in physi-
cal inactivity. Therefore, it is necessary to prevent capillary 
regression under inactivity conditions.

The alteration of capillary number is regulated by angio-
genesis-related factors, e.g. vascular endothelial growth factor 
(VEGF) and nitric oxide (NO) (Hoeben et al. 2004; Milkiewicz 
et al. 2005; Egginton. 2011; Forstermann and Sessa 2012). 
Several studies have suggested that the VEGF/endothelial NO 
synthase (eNOS)/NO pathway is one of the major pathways 
for regulating angiogenesis (Ziche et al. 1997; Llevadot and 
Asahara 2002; Kimura and Esumi 2003). VEGF, which works 
as the initiator in the pathway, increases the eNOS expres-
sion level and induces angiogenesis by regulating the eNOS/
NO step of the pathway. In addition, it has been shown that 
inactivity conditions induce a decrease of VEGF expression 
(Kaneguchi et al. 2014). Therefore, it is important to maintain 
VEGF expression to prevent capillary regression.

NO is produced from L-arginine by the catalytic action of 
eNOS with several coenzymes (El-Hattab et al. 2012). In ad-
dition, eNOS is essential for migration during angiogenesis 
(Murohara et al. 1999). However, the levels of eNOS expression 
(Schrage et al. 2000) and NO concentration (Lomonosova et 
al. 2011), as well as of VEGF expression, are decreased under 
inactivity conditions. Meanwhile, L-arginine supplementa-
tion can enhance the level of eNOS expression (Javanmard 
et al. 2009). Therefore, L-arginine supplementation seems to 
be a simple and effective intervention to enhance the level of 
eNOS expression. L-arginine supplementation could increase 
capillary number in skeletal muscle through the increased 
eNOS expression and activate the VEGF/eNOS/NO pathway 
under physical inactivity conditions. In addition, L-arginine 
supplementation attenuated the decrease in NO concentration 
in the soleus muscles during hindlimb unloading (Lomono-
sova et al. 2011). Therefore, we hypothesized that L-arginine 
supplementation would attenuate the regression of capillary 
number in skeletal muscle by activating the VEGF/eNOS/NO 
pathway during hindlimb unloading. If the hypothesis is veri-
fied, L-arginine supplementation would be a helpful strategy 
for the clinical rehabilitation of disuse-syndrome patients, 
because of the link to exercise-endurance capacity. The aim of 
the present study was to evaluate the effect of L-arginine sup-
plementation on capillary regression in hindlimb unloading.

Materials and Methods

Experimental groups and conditions

Twenty-four male Wistar rats (8 weeks old, body weight: 
180–200 g) were purchased from Japan SLC (Hamamatsu, 

Japan). After a 1-week familiarization period, the rats were 
randomly divided into the following four groups: (1) control 
(CON, n = 6), (2) control with L-arginine supplementation 
(CON+Arg, n = 6), (3) hindlimb unloading (HU, n = 6), and 
(4) hindlimb unloading with L-arginine supplementation 
(HU+Arg, n = 6). All rats were housed in an environmentally 
controlled room at 22 ± 2°C with a 12-h light/dark cycle, 
and given food and drinking water ad libitum. This study 
was approved by the Institutional Animal Care and Use 
Committee (Protocol No. P130903-R1), and was performed 
according to the Kobe University Animal Experimentation 
Regulations. All experiments were conducted in accordance 
with the National Institute of Health Guide for the Care and 
Use of Laboratory Animals (National Research Council, 
USA, 1996).

Hindlimb unloading

Hindlimb unloading was induced by suspending the rats by 
their tails for 7 days, according to the method described by 
Morey (Morey et al. 1979). Briefly, each rat in the HU and 
HU+Arg groups was fitted with a tail harness and suspended 
by a string, just high enough to prevent the hindlimbs from 
bearing weight on the floor or sides of the cage. The fore-
limbs were allowed to maintain contact with the floor of 
the cage.

L-arginine supplementation

L-arginine supplementation was started at 9 weeks of age, 
and administered during the hindlimb unloading period. 
The rats in the CON+Arg and HU+Arg groups were orally 
administered L-arginine (1,500 mg/kg body weight/day; 
03321-65, Nacalai Tesque, Kyoto, Japan) in solution via 
a sonde, twice a day. The L-arginine solution was prepared 
by dissolving 27% L-arginine (w/v) in distilled water and 
adjusting the pH to 7.4. The rats in the CON and HU groups 
were administered the same volume (approximately 0.6 ml) 
of distilled water.

Histological analyses

After 7 days of intervention, all rats were weighed and 
deeply anaesthetized with sodium pentobarbital (50 mg/
kg, intraperitoneal injection). Under anaesthetized condi-
tions, both soleus muscles were removed. The muscles were 
weighed, rapidly frozen in dry-ice-cooled acetone, mounted 
on cork, and stored at −80°C until use in histological and 
biochemical analyses. A block from the mid-region of the 
muscle was mounted on cork and tissue cross-sections of 
12-μm thickness were obtained by using a  cryostat (CM-
1510S, Leica Microsystems, Mannheim, Germany) at −25°C. 
The sections were stained for alkaline phosphatase (AP) to 
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visualize capillaries, according to the method described by 
Hansen-Smith et al. (1992). The sections were then incubated 
in 0.1% nitro blue tetrazolium, 0.1% 5-bromo-4-chloro-3-
indolyl phosphate p-toluidine salt, and 0.01 M magnesium 
sulphate in 0.2 M borate buffer for 60 min at 37°C, and fixed 
with 4% paraformaldehyde. The capillary-to-muscle fibre 
(C/F) ratio was calculated from the stained sections of at least 
300 individual capillaries using microscopic images of the 
AP staining. The activity of succinate dehydrogenase (SDH) 
was also measured in the sections, according to the method 
described by Nachlas et al. (1957). In brief, the sections were 
incubated at 37°C in 0.2 M sodium succinate and 0.05% nitro 
blue tetrazolium in 0.2 M phosphate buffer, pH 7.6, for 1 h. 
The SDH-stained sections were used to calculate FCSA and 
the mean value of SDH activity. Densitometry data on SDH 
activity were analysed by using the Image J software program 
(NIH, Bethesda, MD, USA). The FCSA was also measured 
in the SDH-stained sections and the results were analysed by 
using the same software program. At least 150 muscle fibres 
per individual were assessed for SDH activity and FCSA. 
The integrated SDH activities were calculated by a previ-
ously described method (Chalmers et al. 1991; Bekedam et 
al. 2003).

Western blot analysis

The expression of VEGF and eNOS in the soleus muscles were 
quantified by Western blotting. A portion (~20 mg) of each 
soleus muscle was homogenized in ice-cold homogenizing 
buffer (50 mM Tris-HCl, 120 mM NaCl, 1 mM EDTA, 1% 
NP-40, pH 7.4). The homogenates were then centrifuged for 
10 min (15,000 × g, 4°C). Total protein concentration was de-
termined with a protein determination kit (Bio-Rad, Hercules, 
CA, USA). The homogenates were solubilized in sample load-
ing buffer, containing 50 mM Tris-HCl, pH 6.8, 2% sodium 
dodecyl sulphate (SDS), 10% glycerol, 5% β-mercaptoethanol, 
and 0.005% bromophenol blue, and heated for 10 min at 
80°C. Sample proteins (30–40 μg) were separated by 7.5% 
(for eNOS) or 12.5% (for VEGF) SDS-polyacrylamide gel 
electrophoresis, and transferred to polyvinylidene fluoride 

membranes. The membranes were blocked for 1 h  in 5% 
skimmed milk in phosphate-buffered saline with Tween-20 
(PBST), and incubated with a primary antibody against eNOS 
(1:100; sc-654, Santa Cruz Biotechnology, Dallas, TX, USA) 
or VEGF (1:200; sc-7269, Santa Cruz Biotechnology) in PBST 
overnight at 4°C. The membranes were then incubated for 
60 min at room temperature with anti-mouse or anti-rabbit 
IgG conjugated to horseradish peroxidase (GE Healthcare, 
Waukesha, WI, USA). The membrane was developed using 
a chemiluminescent reagent (ECL plus, GE Healthcare) and 
analyzed with an image reader (LAS-1000, Fujifilm, Tokyo, 
Japan). A β-actin antibody (1:200; sc-47778, Santa Cruz Bio-
technology) was used as an internal control.

Statistical analysis

All data are presented as the mean ± SEM. Differences were 
assessed by two-way analysis of variance (ANOVA). The 
Tukey-Kramer post-hoc test was conducted if the two-way 
ANOVA indicated a significant difference. For all tests, values 
of p < 0.05 were considered statistically significant.

Results

Body weight, soleus muscle wet weight, relative muscle-to-body 
weight, and fibre cross-sectional area

Table 1 shows the results for mean body weight, soleus mus-
cle wet weight, relative muscle-to-body weight and FCSA. 
After 7 days of unloading, the body weights of the HU and 
HU+Arg groups were significantly lower than those of the 
CON and CON+Arg groups. For the soleus muscles, muscle 
wet weights, relative muscle-to-body weights and FCSA were 
significantly lower in the HU and HU+Arg groups than in 
the CON and CON+Arg groups. There was no significant 
difference in the relative muscle-to-body weight of the so-
leus muscles between the CON and CON+Arg groups, or 
between the HU and HU+Arg groups.

Table 1. Body weight, soleus muscle wet weight, relative muscle-to-body weight, and fibre cross-sectional area (FCSA)

Group Body weight  
(g)

Muscle wet weight  
(mg)

Relative muscle weight 
(×10–2 mg/g)

FCSA  
(μm2)

CON 230 ± 2 92 ± 2 39.8 ± 0.8 1965 ± 117
CON+Arg 232 ± 3 91 ± 2 39.5 ± 0.8 1887 ± 75
HU 212 ± 2*,† 62 ± 1*,† 29.4 ± 0.6*,† 1060 ± 67*,†

HU+Arg 209 ± 3*,† 63 ± 1*,† 30.4 ± 0.4*,† 1098 ± 75*,†

Values are the mean ± SEM. n = 6. CON, control (no treatment); CON+Arg, control with L-arginine supplementation; 
HU, hindlimb unloading (for 7 days); HU+Arg, hindlimb unloading with L-arginine supplementation. * and † indicate 
significant differences from CON and CON+Arg, respectively, at p < 0.05.
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Capillary-to-fibre ratio

Figure 1 shows representative optical micrographs of trans-
verse sections stained for alkaline phosphatase for each 
group. The stained capillaries are visualized as black points. 
There is main effect in with or without the HU treatment 
and is not in with or without the L-arginine treatment. 
Furthermore, the HU treatment × the L-arginine treatment 
interaction is confirmed. The C/F ratio was significantly 
lower in the HU group than in the CON and CON+Arg 
groups (Fig. 2). The C/F ratio in the HU+Arg group was 
significantly lower than that in the CON group. However, 
the C/F ratio in the HU+Arg group was significantly higher 
than that in the HU group.

Integrated succinate dehydrogenase activity

The results of integrated SDH activity calculations are 
shown in Figure 3. Integrated SDH activity was significantly 
higher in the CON and CON+Arg groups than in the HU 
and HU+Arg groups. There was no significant difference 

Figure 1. Transverse sections of the soleus muscles stained for alkaline phosphatase. Representative stained sections are shown for the 
control (A), control with L-arginine supplementation (B), hindlimb unloading (C), and hindlimb unloading with L-arginine supple-
mentation (D) groups. Capillaries are visualized as black dots. Bar = 100 μm.

Figure 2. Capillary-to-fibre ratio in the soleus muscles. CON, 
control; CON+Arg, control with L-arginine supplementation; 
HU, hindlimb unloading; HU+Arg, hindlimb unloading with 
L-arginine supplementation. Values are presented as the mean 
± SEM. *, †, and ‡ indicate significant differences from CON, 
CON+Arg, and HU, respectively, at p < 0.05.
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between the CON and CON+Arg groups, or between the 
HU and HU+Arg groups.

Angiogenic factors

There was no significant difference in the VEGF expression 
level among all the groups (Fig. 4A). On the other hand, 
there are main effects in with or without the HU treatment 
and the L-arginine treatment, and the HU treatment × the 
L-arginine treatment interaction. The eNOS expression level 
was significantly lower in the HU group than in the CON 
and CON+Arg groups (Fig. 4B). In addition, the eNOS 
expression level was significantly higher in the HU+Arg 
group than in the HU group. There was no significant dif-
ference in the eNOS expression level between the HU+Arg 
and CON groups.

Discussion

The novel findings of this study were as follows: (1) L-
arginine supplementation attenuated capillary regression 
under inactivity conditions via eNOS production in skeletal 
muscle, and (2) L-arginine supplementation increased the 
level of eNOS expression, although integrated SDH activity 
and VEGF expression were not increased. These results in-
dicate that the dissociation between integrated SDH activity 
and capillary number is a characteristic effect of angiogen-
esis induced by L-arginine supplementation, and that this 

intervention is an effective therapy for capillary regression 
in chronically unloaded muscles.

Hindlimb unloading for 7 days resulted in a decrease in 
wet weight, FCSA, integrated SDH activity, and C/F ratio in 
the soleus muscles. It has been well established that muscle 
mass and size are decreased in inactivity-induced muscle 
atrophy (Bodine and Bacher 2014). In addition, capillary 
number and integrated SDH activity are reduced in atro-
phied muscle. The decrease in oxygen demand resulted in 
capillary regression in tissue (Egginton 2010). The oxygen 

Figure 3. Integrated succinate dehydrogenase (SDH) activity in 
the soleus musclesValues are presented as the mean ± SEM. *and † 
indicate significant differences from CON and CON+Arg, respec-
tively, at p < 0.05. For abbreviations, see Fig. 2.

Figure 4. Expression of VEGF (A) and eNOS (B) in the soleus muscles. Representative Western blots are shown, and the histograms 
show quantification of the band densities (a.u., absorbance units). Values were calculated as the percentage change relative to CON and 
are presented as the mean ± SEM. *, †, and ‡ indicate significant differences from CON, CON+Arg, and HU, respectively, at p < 0.05. 
For abbreviations, see Fig.2.
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demand is correlated with mitochondrial oxidative enzyme 
activity (Blomstrand et al. 2011), and a  decrease in the 
oxidative enzyme activity caused by muscle disuse is also 
established (Fell et al. 1985). SDH activity is one of the most 
general mitochondrial oxidative enzyme activities. There-
fore, regressed capillary number has been observed as an 
adaptive change to the decreased integrated SDH activity in 
the soleus muscles caused by hindlimb unloading.

Schrage et al. (2000) reported that decreased eNOS 
expression was induced by loss of physical activity. In the 
present study, decreased eNOS protein expression was also 
observed under conditions of physical inactivity. In addition, 
production of endothelial NO by the eNOS enzyme depends 
on the level of physical activity (Suvorava et al. 2004). There-
fore, NO production would be decreased under inactivity 
conditions. Accordingly, decreased eNOS expression would 
induce a decrease in capillary number as an adaptation to 
muscular inactivity.

VEGF contributes to angiogenesis in skeletal muscle 
(Hoeben et al. 2004). Disappointingly, VEGF expression in 
the HU group was unchanged from that in the CON group 
in the present study. This result seemed to contradict our 
hypothesis. Navasiolava et al. (2010) found that the VEGF 
expression level was lowest after 3 days of physical inactivity; 
thereafter, the VEGF expression level began to recover from 
the decline and return to baseline. Several studies have shown 
that the VEGF expression level did not change after 10–14 
days of physical inactivity (Wagatsuma. 2008; Kanazashi et 
al. 2014). Thus, in the present study, VEGF expression might 
have decreased and already recovered to the control level 
after 7 days of unloading.

L-arginine supplementation during hindlimb unloading 
maintained the protein level of eNOS and attenuated capil-
lary regression in the present study. Lomonosova et al. (2011) 
found that L-arginine supplementation during hindlimb un-
loading attenuated the decrease in NO concentration of the 
soleus muscles. In addition, Zhang et al. (2006) reported that 
L-arginine supplementation led to higher eNOS expression 
within the pulmonary endothelium coincident with elevated 
NO production. Therefore, eNOS expression might attenuate 
capillary regression through increasing NO production in 
the present study. On the other hand, L-arginine could not 
increase the VEGF expression level, regardless of unloading. 
VEGF is located upstream of eNOS/NO in this angiogenic 
pathway. Kon et al. (2003) showed that angiogenesis was 
accompanied by NO production without VEGF expression 
in a NOS inhibitor model. Therefore, L-arginine would only 
activate factors downstream of eNOS in hindlimb unload-
ing but could attenuate capillary regression in the present 
study. 

Interestingly, capillary regression was attenuated without 
increasing integrated SDH activity in the present study. 
Several reports have shown that nutrient supplementation 

can prevent a decrease of mitochondrial oxidative enzyme 
activity and capillary regression (Kanazashi et al. 2014; 
Kanazawa et al. 2014). Kanazashi et al. (2014) found that 
astaxanthin supplementation could prevent the regression 
of the three-dimensional capillary network and reduction 
of mitochondrial oxidative enzyme activity of skeletal 
muscle under hindlimb unloading. In addition, Kanazawa 
et al. (2014) reported that nucleoprotein supplementation 
could prevent the decreasing of SDH activity and capil-
lary number of skeletal muscle under hindlimb unload-
ing. Both studies showed the correlative change between 
mitochondrial oxidative enzyme activity and capillary 
number in skeletal muscle. On the other hand, Williams 
et al. (2006) reported a mismatch between mitochondrial 
function and capillary number. Prazosin treatment resulted 
in an increase of capillary number in skeletal muscle, 
although mitochondrial volume density was unchanged. 
Moreover, prazosin treatment induced angiogenesis via 
eNOS expression (Baum et al. 2004). Thus, the dissociation 
between integrated SDH activity and capillary number is 
a characteristic effect of angiogenesis induced by L-arginine 
supplementation. 

The expression of eNOS is primarily found in endothe-
lial cells of vessels and microvessels (Frandsen et al. 1996). 
However, eNOS exists not only in endothelial cell but also in 
mitochondria of skeletal muscle fibres as mtNOS (Bates et al. 
1996) and Kobzik et al. (1995) reported that eNOS expression 
in skeletal muscle fiber correlates with mitochondrial content. 
In the present study, the source of the eNOS would be both 
locations because soleus muscle had homogenized without 
distinction. Therefore, locality of eNOS and effect of eNOS to 
mitochondrial function have not been investigated.

In conclusion, L-arginine supplementation during hind-
limb unloading is effective in attenuating capillary regression 
through maintaining the eNOS expression level. Exercise 
is commonly used as a countermeasure to muscle atrophy 
and to maintain capillary number. However, patients cannot 
exercise if they are restricted by disease, e.g. all diseases that 
are accompanied by lack of consciousness, sepsis, or injury. 
L-arginine supplementation may be a beneficial interven-
tion in patients who suffer from malnutrition, because L-
arginine supplementation affected capillary number without 
increasing oxidative demand and metabolism in skeletal 
muscle. Therefore, these results indicate the efficiency of 
the L-arginine supplementation strategy during inactivity 
for clinical rehabilitation.
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