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Abstract Immobilization induces skeletal muscle fibrosis
characterized by increasing collagen synthesis in the per-
imysium and endomysium. Transforming growth factor-f1
(TGF-B1) is associated with this lesion via promoting
differentiation of fibroblasts into myofibroblasts. In addi-
tion, reactive oxygen species (ROS) are shown to mediate
TGF-B1-induced fibrosis in tissues. These reports suggest
the importance of ROS reduction for attenuating skeletal
muscle fibrosis. Astaxanthin, a powerful antioxidant, has
been shown to reduce ROS production in disused muscle.
Therefore, we investigated the effects of astaxanthin sup-
plementation on muscle fibrosis under immobilization. In
the present study, immobilization increased the collagen
fiber area, the expression levels of TGF-B1, o-smooth
muscle actin, and superoxide dismutase-1 protein and ROS
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production. However, these changes induced by immobi-
lization were attenuated by astaxanthin supplementation.
These results indicate the effectiveness of astaxanthin
supplementation on skeletal muscle fibrosis induced by
ankle joint immobilization.
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Introduction

Joint immobilization induces muscle contracture, limiting
daily activities, and needs rehabilitation during and/or after
immobilization. Although the prevention of this condition
is very important, it is difficult to continue physical ther-
apies (e.g., passive stretching, joint mobilization) during
immobilization such as casting. In previous studies [1, 2],
muscle fibrosis in the extracellular matrix was strongly
associated with reduced muscle extensibility and decreased
range of motion during immobilization. Moreover, over-
expressed collagen in extracellular matrix could not be
reduced after remobilization for the same period of
immobilization [3]. Recently, Honda et al. [4] implied that
the mechanism underlying immobilization-induced muscle
fibrosis was strongly associated with transforming growth
factor-B1 (TGF-B1), the most potent and ubiquitous profi-
brogenic cytokine [5], by promoting activation and dif-
ferentiation of fibroblasts into myofibroblasts, which have a
higher activity for collagen production than fibroblasts [6],
in the same way as the mechanism in the other fibrotic
organs [4]. Furthermore, reactive oxygen species (ROS)
mediates the TGF-B1-related development of fibrosis in
lung [5, 7, 8].
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ROS has been recognized as signaling molecules to
regulate multiple redox-sensitive signaling pathways that
play a critical role in cellular processes including gene
expression and protein modification [9]. The overproduc-
tion of ROS from mitochondria has been increased by
hindlimb immobilization [10-12]. In addition, ROS has
been shown to mediate TGF-B1-induced fibroblast activa-
tion and myofibroblast differentiation [13]. Therefore, the
prevention of ROS overproduction would be important for
attenuating  skeletal muscle fibrosis induced by
immobilization.

Astaxanthin, a pinkish-orange pigment naturally found
in many marine organisms such as crustaceans and fishes
(especially salmon), effectively scavenges ROS and redu-
ces oxidative stress, and has been widely used in many
experiments as a powerful antioxidant [14, 15]. Several
previous studies have shown that astaxanthin possesses
higher antioxidant activity than the other antioxidants such
as carotenoids and coenzyme Q10 under a variety of stress
conditions [16-19]. In addition, astaxanthin does not
become pro-oxidant in the body so it cannot cause harmful
oxidation [20, 21]. Therefore, there would be a possibility
that astaxanthin supplementation has an effective impact
on skeletal muscle fibrosis by suppressing oxidative stress
induced by immobilization. However, little information is
available about the efficacy of astaxanthin on muscle
fibrosis along with immobilization. If the efficacy is veri-
fied, it could establish an effective preventive intervention
for muscle contracture during immobilization, and con-
tribute to rehabilitation. Thus, the aim of the present study
was to investigate the effects of astaxanthin supplementa-
tion on skeletal muscle fibrosis induced by TGF-B1, via
modulation of ROS production induced by ankle joint
immobilization.

Materials and methods
Animals

Twenty-eight male Wistar rats (age, 7 weeks; body weight,
159.3 + 1.0 g; Japan SLC, Shizuoka, Japan) were used.
Rats were randomly divided into two groups and provided
with oil either with or without astaxanthin (Fuji Chemical
Industry, Toyama, Japan) (n = 14/group). Animals were
further divided into the following four groups: control
(CON, n = 17), control with astaxanthin supplementation
(CON + Ax, n =T7), joint immobilization (IM, n = 7),
and joint immobilization with astaxanthin supplementation
(IM + Ax, n = 7). Rats in the IM and IM + Ax group
were immobilized for 14 days. All animals were housed at
a temperature of 22 4+ 2 °C with a 12:12 h light:dark cycle
and provided with standard rodent chow and water
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ad libitum. This study was approved by the Institution
Animal Care and Use Committee and followed the Kobe
University Animal Experimentation Regulations (Kobe,
Japan). All experimental and animal care procedures were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication no. 85-23, revised
1996).

Ankle joint immobilization

Rats in the IM and IM + Ax groups were subject to ankle
joint immobilization for 14 days using the modified
method previously described [4]. Briefly, these animals
were anesthetized with pentobarbital sodium (40 mg/kg,
i.p.), and both ankle joints were fixed in maximum plantar
flexion position with plaster casts (Pliton-100; Alcare,
Tokyo, Japan) to immobilize the soleus muscle in a
shortened position. The plaster cast, which fits the frontal
side of the leg directly below the ankle joint to the toe, was
rolled once every 4 days because of loosening consequent
to muscle atrophy. During this period, the rats were able to
freely eat food and drink water. After 14 days, the animals
in IM and IM + Ax groups were removed from the
immobilization and immediately sacrificed.

Astaxanthin supplementation

Astaxanthin supplementation was performed by the method
previously described [22, 23]. The rats in the CON + Ax
and IM + Ax groups were administrated with astaxanthin
oil (Fuji Chemical Industry) orally at 100 mg/kg/day by a
feeding tube for 3 weeks (for 1 week before ankle joint
immobilization and for 2 weeks during joint immobiliza-
tion). In a previous study, Aoi et al. [24] reported that
astaxanthin shifted and was accumulated in skeletal muscle
after oral ingestion, even though most dietary carotenoids
accumulate mainly in the liver and show relatively little
distribution to skeletal muscle. Therefore, we started sup-
plementation before 1 week of immobilization in this
study. The rats in the CON and IM groups were adminis-
tered medium chain triglyceride (MCT), which is the
medium of astaxanthin oil, as the placebo at the same
frequency and dose of the astaxanthin groups during
experimental period.

Tissue extraction

At the end of the experimental period, animals were
anaesthetized with sodium pentobarbital (50 mg/kg, i.p.)
and injected heparin (5000 IU/kg, i.p.). Animals were kil-
led and the soleus muscles were rapidly removed and
weighed. The muscle tissues were mounted on cork,
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rapidly frozen in an isopentane cooled in dry ice and stored
at —80 °C in a freezer until histological and biochemical
analyses.

Histological analyses

In the present study, we histologically analyzed both right
and left soleus muscles of each rat, and then averaged these
data as an individual. Serial transverse 12-um sections
were cut using a cryostat from the middle part of the
muscle belly for histological analysis. The sections were
subjected to hematoxylin and eosin (H&E) staining to
measure the fiber cross-sectional area (FCSA) of the soleus
muscle. The other sections were subjected to Elastica van
Gieson (EVG) staining to observe the collagen fiber in the
extracellular matrix of the soleus muscle as previously
described [25]. In this staining, portions of the collagen
fibers area were stained red. The sections stained with H&E
and EVG were observed in an optical microscope (Cx41;
Olympus, Tokyo, Japan) and then chromatic figures were
taken by a CCD camera (Moticam 1000; Shimadzu Rika,
Tokyo, Japan), which was connected to the microscope. To
examine both the deep (near the bone) and superficial
regions of each muscle, we acquired more than 6 micro-
scopic images from each transverse tissue section in the
present study. FCSA and collagen fiber area as a percent of
total area of the transverse tissue section was measured
using Image J software (NIH, Bethesda, MD, USA).

Western blotting

The expression levels of TGF-B1, a-smooth muscle actin
(SMA), a myofibroblast marker, and superoxide dismutase
(SOD)-1, one of antioxidant enzymes, were quantified by
western blotting. A portion (~20 mg) of the left soleus
muscle was homogenized in ice-cold homogenizing buffer
(Ez RIPA Lysis buffer; ATTO, Tokyo, Japan) and sup-
plemented with Sigma protease inhibitor mixture (P8340;
Sigma-Aldrich, St. Louis, MO, USA). The homogenates
were centrifuged at 15,000 rpm for 15 min at 4 °C, and the
resulting supernatants were collected. Total protein content
of the samples was measured using the Bradford method
[26]. The supernatants were solubilized in sodium dodecyl
sulfate (SDS) sample buffer (62.5 mM Tris-HCI, 2 %
SDS, 10 % glycerol, 5 % 2-mercaptoethanol and 0.02 %
bromophenol blue) and boiled for 15 min at 70 °C. Sample
proteins were electrophoresed on 10-15 % SDS-poly-
acrylamide gels and transferred to a polyvinylidene diflu-
oride (PVDF) membrane. After blocking the membranes in
5 % skimmed milk in phosphate-buffered saline with
Tween 20 (PBST), the membranes were incubated using a
solution with antibodies against TGF-B1 (1:50 in PBST, sc-
13067; Santa Cruz Biotechnology, Santa Cruz, CA, USA),

o-SMA (1:500 in PBST, M0851; Dako Denmark, Den-
mark) or SOD-1 (1:200 in PBST, sc-8637; Santa Cruz
Biotechnology), overnight at 4 °C and then incubated in a
solution with anti-rabbit, mouse or goat secondary antibody
(1:1000 in PBST) for 1 h, respectively. The proteins were
detected using the ECL Westlumi One Western Blotting
Detection System (Amersham Life Science, Arlington
Heights, IL, USA). Images were analyzed with the LAS-
1000 (Fujifilm, Tokyo, Japan) using a chemiluminescent
image analyzer. The digitized signals were quantified using
the Multi-Gauge Image Analysis Software program (Fuji-
film) against the relative concentration of GAPDH as an
internal control.

Detection of ROS production

The measurement of ROS production was evaluated using
oxidative fluorescent dihydroethidium (DHE) as previously
described [22, 23]. DHE is a cell-permeable agent and it
interacts with nucleic acids. DHE produces red fluores-
cence when oxidized to ethidium bromide by ROS,
including superoxide anion [27]. We detected the red light
by fluorescence microscopy (BXS51; Olympus) with a
rhodamine filter (excitation 490 nm, emission 590 nm).
Briefly, the sections were incubated with 0.1 % DHE
(Wako Pure Chemicals, Osaka, Japan) solution for 30 min
at 37 °C in a dark box, rinsed with PBS, and viewed using
a fluorescence microscope (filter with excitation at
545 nm). Densitometric analysis of DHE fluorescence was
performed using the ImageJ software program (NIH) in
three images per muscle and reported as a percentage of the
control group. The individuals performing the densito-
metric analyses of fluorescence were blinded to the
experimental groups.

Statistical analysis

All data are presented as mean + SEM. Significant dif-
ferences were determined by two-way analysis of variance
(ANOVA). Bonferroni post hoc analyses were subse-
quently performed between significant means when the
ANOVA demonstrated a significant difference. P < 0.05
was considered to be statistically significant.

Results

Body and muscle weight

Mean body weight, soleus muscle wet weight, and muscle
to body weight ratio were shown in Table 1. The main

effect of immobilization was significant (P < 0.01); how-
ever, the main effect of supplementation (P = 0.95, 0.52,
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Table 1 Body mass, soleus muscle wet weight, muscle to body weight ratio and fiber cross-sectional area (FCSA)

CON M ANOVA P values

Placebo Astaxanthin ~ Placebo Astaxanthin ~ Food Immobilization F x [
Body weight (g) 252 +£3 251 + 3 207 + 3* 208 + 5° P=095 P<0.01 P =0.73
Muscle wet weight (mg) 94 +2 97 £ 2 38 +1° 39 +1° P=052 P<0.01 P =0.89
Muscle to body weight ratio (mg/100 g) 38+ 1 38+ 1 19 £ 1°* 19 +1° P=040 P<0.01 P =0.70
FCSA (um?) 2014 +£ 47 2002 + 46 872 + 54* 994 4 45° P=026 P<0.01 P=0.18
Data are expressed as the mean (=SEM)
? Versus CON with same supplementation (P < 0.05)
0.40) and interaction (P = 0.73, 0.89, 0.70) were not sig- A F'Iacebo

nificant in the two-way ANOVA. When compared with the
control groups providing the same supplementation by post
hoc test, the body weight, soleus muscle wet weight, and
muscle to body weight ratio significantly decreased in IM
and IM + Ax groups.

Muscle fiber cross-sectional area

Muscle fiber cross-sectional area (FCSA) was shown in
Table 1. The main effect of immobilization was significant
(P < 0.01); however, the main effect of supplementation
(P = 0.26) and interaction (P = 0.18) were not significant
in the two-way ANOVA. When compared with the control
groups providing the same supplementation by post hoc
test, FCSA significantly decreased in the IM and IM + Ax
groups.

Change of collagen fiber area

Collagen fiber deposition in skeletal muscle was measured
by EVG stain (Fig. 1a). The areas of collagen fibers as
percent of the total field are shown in Fig. 1b. The main
effect of immobilization, supplementation and interaction
were significant in the two-way ANOVA (P < 0.01, <0.05,
and <0.05, respectively). Moreover, the collagen fiber
deposition significantly increased in both groups of
immobilized rats compared with the control groups pro-
vided the same supplementation, whereas the collagen fiber
area in the IM 4+ Ax group was significantly lower than
that in the IM group.

Profibrotic factor expression level

TGF-B1 and a-SMA expression levels were determined by
western blotting (Fig. 2). In the TGF-B1 expression levels,
the main effect of supplementation was not significant;
however, the main effects of immobilization and interac-
tion were significant in the two-way ANOVA (P = 0.26,
<0.01, <0.05). However, also in the a-SMA expression
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Fig. 1 Collagen fiber area. Cross-sectional images of Elastica van
Gieson staining of the soleus muscle (a). Scale bar 100 pm. Also
shown is the collagen fiber area as a percent of the total field area (b).
* ys CON with same supplementation, * Placebo vs astaxanthin (P <
0.05)

levels, the main effect of supplementation was not signif-
icant, although the main effects of immobilization and
interaction were significant in the two-way ANOVA
(P = 0.08, <0.01, <0.05). Therefore, in the immobilized
muscle, these fibrotic factors were especially attenuated by
astaxanthin supplementation. As a result of the post hoc
test, the expression levels of TGF-Bl1 and o-SMA
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Fig. 2 Protein levels of TGF-B1 and a-SMA. Protein levels of TGF-
B1 (a) and a-SMA (b) in all experimental groups. Each protein was
quantified in relation to the levels of GAPDH proteins from each gel.

significantly increased in both groups of immobilized rats
compared with the control groups providing the same
supplementation, whereas TGF-B1 and o-SMA expression
levels in the IM + Ax group were significantly lower than
those in the IM group, respectively.

Production of ROS

ROS production in skeletal muscle was measured by DHE
stain (Fig. 3a) as DHE fluorescence intensity in the nucleus

Fig. 3 Factors of oxidative Placebo
stress. Cross-sectional images of
dihydroethidium (DHE) staining
of the soleus muscle (a). Scale
bar 100 pm. The DHE
fluorescence intensity (b), and
protein levels of SOD-1 (c) are
shown in all experimental
groups. SOD-1 protein was
quantified in relation to the
levels of GAPDH proteins from
each gel. The expression levels
are calculated as the fold change
(in a.u.) and indicated as

mean £ SEM. *Versus CON

B
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- |
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The expression levels are calculated as the fold change (in a.u.) and
indicated as mean + SEM. *Versus CON with same supplementa-
tion, #placebo vs. astaxanthin (P < 0.05)

(Fig. 3b). The main effect of immobilization, supplemen-
tation and interaction were all significant in the two-way
ANOVA (P < 0.05, <0.01, <0.05). Therefore, DHE fluo-
rescence intensity was increased by immobilization and
decreased by astaxanthin supplementation. Moreover,
especially in the immobilized muscle, the increase of DHE
fluorescent intensity was prevented by astaxanthin sup-
plementation. In addition, as a result of post hoc testing, the
DHE fluorescence intensity in the IM group was higher

than that in the CON group. Meanwhile, the DHE
Astaxanthin B
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fluorescence intensities in the CON + Ax group and the
IM + Ax group were equivalent, and that in the IM 4 Ax
group was significantly lower than that in the IM group.

Anti-oxidative enzyme expression level

SOD-1 expression level was determined by western blot-
ting (Fig. 3c). In the SOD-1 expression levels, the main
effects of immobilization, supplementation and interaction
were all significant in the two-way ANOVA (P < 0.01,
<0.01, <0.05). Therefore, SOD-1 expression level was
increased by immobilization and decreased by astaxanthin
supplementation. Moreover, especially in the immobilized
muscle, the increase of SOD-1 was prevented by astaxan-
thin supplementation. In addition, as a result of post hoc
testing, the expression levels of SOD-1 protein increased in
both groups of immobilized rats compared with the control
groups providing the same supplementation, whereas the
levels of SOD-1 expression in the IM + Ax group were
significantly lower than those in the IM group.

Discussion

To our knowledge, this is the first study to report the effects
of astaxanthin supplementation on skeletal muscle fibrosis
induced by ROS production and profibrotic factor expres-
sion in ankle joint immobilization. In the present study,
astaxanthin prevented the overproduction of ROS induced
by immobilization. In addition, astaxanthin supplementa-
tion attenuated increases in collagen fiber, TGF-B1, o-
SMA, and SOD-1 expression levels. These novel data
demonstrate that astaxanthin supplementation is effective
as a nutritional regimen to attenuate muscle fibrosis during
joint immobilization.

In the present study, joint immobilization increased
collagen fibers and the profibrotic factor (TGF-B1 and a-
SMA) protein expression levels. In addition, the DHE
fluorescent intensity and SOD-1 protein expression levels
were also increased by immobilization. Honda et al. [4]
reported that immobilization resulted in the overproduction
of the collagen fiber area in the perimysium and endomy-
sium, up-regulation of TGF-f1 mRNA, and increases in o-
SMA-positive cells in the soleus muscle. Meanwhile,
Kondo et al. [28] reported that immobilization induced
overproduction of ROS in skeletal muscle. Therefore, the
expression levels of fibrotic factors and oxidative stress
were observed in the present study. These results are in
agreement with those of previous studies. TGF-B1 is a
potent profibrotic cytokine, which plays a pivotal role in
the pathogenesis of organ fibrosis [29, 30]. TGF-f1 mRNA
upregulation in skeletal muscle affected the differentiation
of fibroblasts into myofibroblasts, which possess a high
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capacity for collagen production [6], early in the immobi-
lization period, and these alterations were associated with
the incidence of immobilization-induced muscle fibrosis
[4]. Moreover, TGF-B1 has been shown to increase mito-
chondrial ROS production in different types of cells, which
mediate TGF-fB-induced o-SMA expression resulting in
fibroblast differentiation into myofibroblasts [31, 32]. In
contrast, ROS increases TGF-B1 transcription [33] and
promotes TGF-B1 activity [34]. Therefore, the overpro-
duced ROS and highly expressed TGF-B1 induced by
immobilization would act synergistically to promote o-
SMA expression and deteriorate skeletal muscle fibrosis in
the present study.

The present study showed the attenuating effects of
astaxanthin supplementation on increases in collagen fiber
area and profibrotic factors (TGF-B1 and a-SMA) protein
expression levels induced by immobilization for the first
time (Fig. 4). In addition, the DHE fluorescent intensity
and SOD-1 expression levels were also decreased com-
pared with the immobilized group with astaxanthin sup-
plementation. Dihydroethidium produces red fluorescence
when oxidized to ethidium bromide by ROS [27]. Mean-
while, SOD-1, one of the cellular antioxidant enzymes, is
upregulated in response to increases in oxidative stress
[35]. In the present study, ROS production and SOD-1
expression induced by immobilization was prevented by
astaxathin supplementation. Astaxanthin quenched the

[Joint immobilization

Inflammation Overproduction
Promoting
activity
_
TGF-f11 | ey | ROST
Increasing
Differentiation production

of fibroblasts
into myofibroblasts

-—

Effective
scavenging

<>

[ Skeletal muscle fibrosis ]

a-SMA?

Production
of collagen

7~

Fig. 4 Putative effect of astaxanthin supplementation on immobi-
lization-induced muscle fibrosis. Astaxanthin quenchs the overpro-
duction of ROS and reduces oxidative stress. Astaxanthin prevents the
collagen fiber area and profibrotic factors (TGF-B1 and a-SMA)
protein expression levels induced by immobilization via inhibiting
ROS. As a result, astaxanthin can prevent skeletal muscle fibrosis
during immobilization as well as other stress conditions
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overproduction of ROS, and reduced oxidative stress in
previous studies [16, 36]. In addition, astaxanthin actually
showed the effects on skeletal muscle by anti-oxidative
capacity in various situations, e.g., accelerating lipid uti-
lization during exercise [37], attenuating exercise-induced
damage [24], and delaying physical exhaustion [14].
Moreover, astaxanthin supplementation prevented capillary
regression via overproduction of ROS and SOD-1 in
skeletal muscle during hindlimb unloading in our studies
[22, 23]. Therefore, these results in the present study
indicated that astaxanthin supplementation could prevent
the overproduction of ROS resulting in the relief of
oxidative stress in skeletal muscle during immobilization
as well as other stress conditions.

In numerous types of cells (hepatic satellite cells [38];
lung fibroblasts [31]) with fibrotic situation, ROS production
is increased by TGF-B1, which promotes collagen produc-
tion via activation of fibroblast or differentiation of fibrob-
lasts into myofibroblasts [39]. In contrast, ROS play a central
role in the fibrogenic activity of TGF-B1 [40]. Jaffer et al.
[41] reported that ROS from mitochondria activated TGF-1
expression and activity in airway epithelium. In addition, Liu
et al. [40] indicated that therapeutic targeting of TGF-p-
mediated ROS production might provide a beneficial effect
for the treatment of fibrotic diseases. Actually, astaxanthin
supplementation prevented fibrosis induced by TGF-B1 in
other organs (lung [42, 43]; liver [44]; kidney [45]). Thus,
these studies indicate that astaxanthin has preventive effects
on TGF-B1-mediated fibrosis through mediating ROS pro-
duction. In the present study, the preventive effect of ROS
overproduction and the attenuating effect of collagen
expression was obtained by astaxanthin supplementation.
Therefore, astaxanthin supplementation would effectively
attenuate immobilization-induced collagen expression in
extracellular matrix of skeletal muscle through prevention of
ROS overproduction.

We focused on TGF-B1 as a therapeutic target for
muscle fibrosis, because it is an essential role for fibrosis
development in almost all organs including skeletal muscle
[4, 40, 46]. However, the underlying mechanism in fibrosis
development is associated not only with TGF-1 but also
connective tissue growth factor (CTGF) [47], which has
also been shown to be induced by overproduction of ROS
[48, 49]. Thus, immobilization-induced ROS production
observed in the present study would promote the expres-
sion of CTGF in immobilized muscle. Therefore, the sup-
pression of overproduced ROS by astaxanthin might
attenuate CTGF expression in immobilized muscle, leading
to amelioration of developing muscle fibrosis.

In the present study, astaxanthin supplementation failed
to attenuate immobilization-induced muscle atrophy as
observed in the results for muscle wet weight and FCSA
(Table 1). In fact, the effects of antioxidants on muscle

atrophy is still debated [11, 50-54]. With respect to
astaxanthin, Yoshihara et al. and Shibaguchi et al. sug-
gested that the supplementation could attenuate disuse-in-
duced atrophy [55, 56], but Kanazashi et al. showed that
supplementation failed to attenuate immobilization-in-
duced muscle atrophy in spite of successful suppression of
oxidative stress in disused muscle [22, 23]. These results
suggest that the efficacy of astaxanthin on muscle atrophy
depends on experimental conditions, e.g., duration, timing,
and dosage of astaxanthin administration, and applied
animal model of muscle atrophy. Therefore, our results
may be partly explained by the fact that we performed
astaxanthin supplementation using the same protocol, i.e.,
supplemdose (100 mg/kg body weight/day) as previously
described by Kanazashi et al. However, the molecular
mechanisms were not assessed in the present study, so
further investigations are needed to determine the effect of
astaxanthin on muscle atrophy.

Clinically, joint immobilization-induced muscle con-
tracture results in permanent impairment and disability
[57]. Unfortunately, medical professionals are still strug-
gling to find definitive therapies for the prevention and
management of joint contracture [58]. In the present study,
we revealed the protective effects of astaxanthin on muscle
fibrosis via attenuating immobilization-induced activation
of profibrogenic TGF-f1 signaling. We believe that
astaxanthin supplementation could be an effective pre-
ventive intervention without cast removal for muscle con-
tracture during joint immobilization, and contributes to
rehabilitation after remobilization.

Conclusion

In conclusion, we find that astaxanthin supplementation is
effective to attenuate skeletal muscle fibrosis induced by
ankle joint immobilization. This study indicated that
astaxanthin supplementation could be an effective pre-
ventive intervention on skeletal muscle contracture induced
by joint immobilization.
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