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Dietary astaxanthin supplementation attenuates disuse-induced
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Abstract Extended periods of skeletal muscle disuse
results in muscle atrophy and weakness. Currently, no
therapeutic treatment is available for the prevention of this
problem. Nonetheless, growing evidence suggests that
prevention of disuse-induced oxidative stress in inactive
muscle fibers can delay inactivity-induced muscle wasting.
Therefore, this study tested the hypothesis that dietary
supplementation with the antioxidant astaxanthin would
protect against disuse muscle atrophy, in part, by preven-
tion of myonuclear apoptosis. Wistar rats (8 weeks old)
were divided into control (CT, n = 9), hindlimb unloading
(HU, n =9), and hindlimb unloading with astaxanthin
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(HU + AX, n = 9) groups. Following 2 weeks of dietary
supplementation, rats in the HU and HU + AX groups
were exposed to unloading for 7 days. Seven-day unload-
ing resulted in reduced soleus muscle weight and myofiber
cross-sectional area (CSA) by ~30 and ~47 %, respec-
tively. Nonetheless, relative muscle weights and CSA of
the soleus muscle in the HU + AX group were signifi-
cantly greater than those of the HU group. Moreover,
astaxanthin prevented disuse-induced increase in the
number of terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-positive nuclei. We conclude
that astaxanthin supplementation prior to and during hin-
dlimb unloading attenuates soleus muscle atrophy, in part,
by suppressing myonuclear apoptosis.

Keywords Antioxidant - Apoptosis - Disuse muscle
atrophy - Protein degradation

Introduction

It is well established that prolonged skeletal muscle inac-
tivity results in muscle atrophy and a decrease in muscle
force production (i.e., weakness). Disuse-induced muscle
atrophy is the consequence of a loss in muscle protein
resulting from increased protein degradation and decreased
protein synthesis [1, 2]. Protein synthesis and breakdown
are regulated through multiple signaling pathways [3-5],
but the molecular mechanisms are not completely under-
stood. Previous studies have reported that increased pro-
duction of reactive oxygen species (ROS) in muscle fibers
could be important as signaling molecules contributing to
disuse muscle atrophy, by promoting protease activation
and depressing protein synthesis [4, 6]. Therefore, it has
been hypothesized that antioxidant supplementation is a
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potential therapeutic countermeasure to protect against
inactivity-induced skeletal muscle atrophy [7].

During the past two decades, the effects of antioxidants
in disuse muscular atrophy have been investigated [7]. For
example, evidence reveals that disuse muscle atrophy can
be partially prevented by treatment with vitamin E sup-
plementation. Vitamin E is a potent antioxidative nutrient,
which has been reported to decrease the rate of muscle
atrophy induced by immobilization and hindlimb unload-
ing [8, 9]. Azzi et al. demonstrated that vitamin E mediates
cell signaling and regulates the expression of several genes
[10]. However, Koesterer et al. [11] and Ikemoto et al. [12]
reported that vitamin E supplementation failed to attenuate
skeletal muscle atrophy in similar contexts. Based on these
findings, although supplementation of antioxidative nutri-
ents may be beneficial in unloading-induced muscle atro-
phy, effectiveness in disuse muscle atrophy and underlying
mechanisms remain unclear. Therefore, it may be neces-
sary to apply a more potent antioxidant formulation to
prevent disuse muscle atrophy.

Recently, astaxanthin (AX) has attracted attention as an
effective treatment against disuse-induced muscle atrophy.
AX, a red carotenoid pigment, is a biological antioxidant
that is found in some marine flora and fauna, such as fish,
shrimp, and algae [13—15]. AX has potent antioxidant and
anti-inflammatory properties, with an antioxidant capacity
that is 100 times greater than that of alpha-tocopherol (i.e.,
vitamin E) [16, 17]. A previous study reported that high
dose (100 mg/kg per day) AX administered orally during
hindlimb unloading reduced capillary regression [18].
However, the preventive effects of AX in disuse muscle
atrophy remain unclear. Recent data demonstrated that a
combination of daily AX administration (100 mg/kg per
day) and intermittent muscle reloading attenuated unload-
ing-induced muscle atrophy; however, AX had no effect on
the decrease in muscle mass and fiber cross-sectional area
[19]. The lack of efficacy in preventing muscle atrophy
noted in this previous study may have been a product of the
timing of AX administration; it is possible that oxidative
stress from disuse could have been prevented with a dif-
ferent administration schedule. In this regard, Appell et al.
argued that oxidative stress plays a role in initiating muscle
atrophy, and antioxidant supplementation prior to and
during the early phase of immobilization should therefore
be recommended [8]. Importantly, numerous studies have
indicated that apoptosis-related proteins and gene expres-
sion increase during the early stages of disuse-induced
skeletal muscle atrophy [20-22]. Indeed, Leeuwenburgh
et al. [22] showed that a significant increase in apoptosis, as
evidenced by terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-positive nuclei, could be
observed within 2 days of muscle unloading. Maintaining
the number of myonuclei in the myofiber is important,
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because the myonuclei play an important role in skeletal
muscle size adaptation [23]. This finding suggests that
preventing myonuclei loss may be important in effectively
attenuating disuse-induced muscle atrophy.

In reference to antioxidant protection against ROS-in-
duced apoptosis, Ikeda et al. [24] demonstrated that AX
treatment abolished 6-hydroxydopamine-induced ROS
generation and apoptosis in SH-SYSY cells. They suggest
that the protective effect observed in association with AX
may be the product of modulation of apoptosis-related
factors, which is necessary to suppress the early stages of
apoptosis and consequently attenuate disuse muscle atro-
phy. Therefore, the purpose of this study was to examine
the effect of AX supplementation, prior to and during the
phase of unloading, on unloading-induced soleus muscle
atrophy. We hypothesized that dietary AX supplementa-
tion would attenuate the apoptosis induced by skeletal
muscle disuse, and thereby suppress atrophy of the soleus
muscle.

Materials and methods
Experimental animals

Twenty-seven male Wistar rats (age, 8 weeks; body
weight, 317.7 £ 2.6 g) were used. The rats were housed
in a climate-controlled room (24.0 £ 1 °C, 50-60 % rel-
ative humidity, 12:12 h light—-dark photoperiod) and were
given standard rat chow and water ad libitum. Rats were
divided randomly into three groups: control (CT;
316,66 = 1.9g, n=29), hindlimb unloading (HU;
319.7 £ 48 g, n=9), and hindlimb unloading with
astaxanthin administration (HU + AX; 316.3 £ 6.1 g,
n =9). This study was approved by the Yamaguchi
University Animal Care Committee and was performed in
accordance with the guiding principles for the care and
use of animals, as set forth by the Physiological Society
of Japan.

Astaxanthin supplementation

The base diet was a closed-formula commercial powder for
rodents (CE-2, CLEA Japan, Inc., Japan). The diet for the
AX administration group was prepared by mixing CE-2
powder with AX (BioAstin, Toyo Koso Kagaku, Co. Ltd,
Japan) at 0.04 % (wt/wt). Rats in the AX group were fed
the AX diet every day for 3 weeks, beginning 2 weeks
prior to unloading. Rats in the CT and HU groups received
a control diet without AX. The composition of both the AX
and control diets is shown in Table 1. Daily measurements
of food intake and body weight were performed throughout
the study duration.
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Table 1 Composition (%) of AX and control diets

AX Control

CLEA CE-2 powder 98.38 98.42
BioAstin SCE7 0.04 0

0il 0.11 0.11
Ester F160 0.15 0.15
Quillayanin C-100 0.04 0.04
Amycol C 0.23 0.23
Trehalose 0.97 0.97
Zein DP 0.08 0.08

The diet for the astaxanthin administration group (AX) was prepared
by mixing CE-2 powder with astaxanthin at 0.04 % (wt/wt). Rats in
the CT and HU groups were fed a control diet that did not contain
astaxanthin (control)

Hindlimb unloading

The HU and HU + AX groups were unloaded for 7 days,
as described previously [25]. Briefly, a tail cast was applied
to each rat, leaving the distal one-third of the tail free to
allow for proper thermoregulation. The tail cast was
attached to a hook on the ceiling of the cage, and the height
of the hook was adjusted at an inclination of approximately
35° in a head-down orientation. The rat was free to move
around the cage on its front feet. Rats were checked daily
for signs of tail lesions or discoloration. After the experi-
mental period, all rats were anesthetized with ether, the
soleus muscle was removed from both legs, frozen rapidly
in liquid nitrogen, and stored at —80 °C until analysis.

Histology and immunohistochemistry
Cross-sectional area (CSA) determination

Cross sections of the soleus muscle (n = 5, per group)
were cut on a cryostat (8 pm), before being rehydrated in
phosphate buffered saline with 0.1 % Tween-20 (T-PBS),
and stained with a standard hematoxylin and eosin protocol
to measure the total myofiber CSA, as previously described
[26]. Muscle sections were visualized and captured as
digital images using a fluorescence microscope (Y-FL
077907, Nikon, Tokyo, Japan), equipped with a CCD
camera (C120-PC, Leica, Wetzlar, Germany). CSA was
determined on 400-500 fibers from five different sections
of the mid-belly region of the soleus muscle; subsequently,
the mean myofiber CSA was calculated using the Scion
Image software package (NIH, Bethesda, MD, USA).

Determination of myonuclear apoptosis

Nuclei exhibiting apoptotic changes were identified with
the TUNEL assay, using the in situ cell death detection
kit, TMRred (Roche Applied Science, Indianapolis, IN,
USA), as described previously [26]. Briefly, sections were
rehydrated in PBS with 0.1 % Tween 20, fixed in 4 %
paraformaldehyde at room temperature for 20 min, and
then fixed in 0.1 % (w/v) sodium citrate (0.1 % CsHj.
0O;Na3.2H,0, 0.1 % Triton X-100) at room temperature
for 2 min. After several washes in T-PBS, sections were
immunoreacted with anti-laminin antibody (1:500, Dako
Japan, Tokyo, Japan) diluted in a solution of 1 % (w/v)
blocking reagent (Roche) in 1 % (w/v) maleic acid buffer
(0.1 M maleic acid, 0.15 M NaCl, pH 7.5) at room tem-
perature for 1 h. After washing, a fluorescein isothio-
cyanate (FITC) conjugated goat anti-rabbit IgG secondary
antibody (1:250, Sigma, St. Louis, MO, USA) in blocking
buffer (Roche) was applied for 1 h at room temperature.
After several washes in T-PBS, a TUNEL reaction mix
diluted in TUNEL dilution buffer (Roche) was applied
and incubated at 37 °C for 60 min in the dark. After
several washes in T-PBS, sections were coverslipped
using the Vectashield mounting medium with 4/, 6-di-
amidino-2-phenylindole (DAPI; Vector Labs, Burlingame,
CA). TUNEL-positive nuclei were located on the laminin
basement membrane, overlapping the nucleus, and were
counted as apoptotic muscle nuclei. The number of
TUNEL positive nuclei was expressed per muscle section
and CSA.

Protein isolation and western blot analysis
Muscle preparation

Frozen soleus muscle samples (~90 mg) were minced and
homogenized in 10 volumes of ice-cold homogenization
buffer (20 mM Tris—HCI, pH 7.4, 25 mM KCI, 5 mM
EDTA, 5 mM EGTA, and 1 mM dithiothreitol) containing
a protease inhibitor cocktail (Nacalai Tesque, Inc., Tokyo,
Japan). Homogenates were centrifuged at 3000 rpm for
10 min at 4 °C, and the supernatant was collected as the
soluble fraction. The protein concentration in the super-
natant was determined using a protein assay kit (Bio-Rad,
Hercules, CA, USA). The insoluble pellets, corresponding
to the particulate fraction, were suspended in lysis buffer
using the method of Solaro et al. [14]. Subsequently, the
protein concentration of the solubilized particulate fraction
was determined using the Biuret method.
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Immunoblotting A 500-

Proteins were loaded onto 10 % SDS-PAGE gels and ? 4007

transferred onto a polyvinylidene difluoride membrane ® 3004

(Amersham, Buckinghamshire, UK). After transferring the g

proteins, membranes were blocked with 5 % nonfat dry 2 200~

milk and incubated with primary antibodies overnight at *

4 °C. The primary antibodies used for the assay included: 1007

superoxide dismutase (SOD) 1 (1:10,000; Stressgen, Vic- 0 .

toria, BC, CAN), caspase-3 (1:500; Stressgen), Bcl-2 cT HU HU+AX

(1:200; Santa Cruz, Dallas, TX, USA), multi-ubiquitin Interaction: p=0.016

(1:500; Stressgen), and actin (1:5000; Sigma). Subse- Group: n.s.

quently, membranes were incubated with anti-rabbit or 287 Time: p<0.0001 Hindlimb | & CT
anti-mouse horseradish peroxidase-conjugated secondary 26 unloading i :llJJ+AX

antibodies (1:20,000; Sigma) for 2 h at room temperature.
Each band was revealed using ECL Plus reagents (GE
Healthcare, Piscataway, NJ, USA), and the signal was
recorded by an ATTO Light Capture system (ATTO,
Tokyo, Japan). Band intensities were quantified with the
CS ANALYZER 3.0 software (ATTO). Protein expression
is given as a percentage of that observed in the CT group.

To analyze heat shock protein (HSP) 72 expression
levels, membranes were incubated with anti-Hsp70 alka-
line phosphatase conjugate (1:2000; Stressgen) in T-TBS,
with 5 % nonfat dry milk, for 1 h at room temperature.
Subsequently, the membranes were reacted with alkaline
phosphatase substrate (1:6000; Bio-Rad) at room temper-
ature. Band quantification was performed using comput-
erized densitometry (Scion Image).

Statistical analysis

Values are presented as mean =+ standard error (SE).
Group differences were detected using one-way analysis of
variance (ANOVA). When ANOVA returned a significant
result, group differences were identified using Sidak’s post
hoc test. Food consumption data were analyzed by two-
way (time, group) ANOVA. P values < 0.05 were con-
sidered significant. All analyses were made using Prism
ver. 6.0 (GraphPad Software Inc., CA, USA).

Results
Body weight and food consumption

Mean body weights for the HU and HU + AX groups were
significantly lower than that of the CT group, but no dif-
ferences were observed between the two hindlimb
unloading groups (Fig. la). Although no significant chan-
ges were observed between the two unloaded groups (days
2-14: CT; 23.1 £ 0.3, HU; 22.7 £ 0.7, HU + AX;
24.1 £ 0.8 g/day, during hindlimb unloading days 2-6:
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Fig. 1 Body weight (a), food consumption (b) and astaxanthin intake
(¢) during experimental periods. CT control, HU hindlimb unloading,
HU + AX hindlimb unloading with astaxanthin administration.
Values are mean =+ standard error (SE); n =9 per group.
*p < 0.05 versus CT. The results of two-way ANOVA are displayed
in Fig. 1b. Notations a—c in (c) indicate significant differences at
p < 0.05

CT; 21.7£0.8, HU; 19.8 £ 0.8, HU 4+ AX; 19.7 &+
1.0 g/day), the observed food intake in the HU and
HU + AX groups was significantly lower than that of the
CT group, at approximately 90 % of the total intake in the
CT group (Fig. 1b). The decline in food consumption in the
HU and HU + AX groups (10.3 and 10.8 %, respectively)
was relatively small compared to a previous study, which
indicated that a 20 % food restriction (for 10-14 weeks)
did not result in changes to the weight of the soleus muscle,
when compared with non-food restricted sedentary control
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rats. Therefore, it is thought that soleus muscle atrophy in
the present study was not a product of starvation-induced
atrophy, but rather unloading-induced skeletal muscle
atrophy.

The mean dietary AX intake for 3 weeks in the
HU 4+ AX group was 30.3 & 0.1 mg/kg/day (prior to
hindlimb unloading days 2-14; 34.1 £ 1.2 mg/kg/day,
during hindlimb unloading days 2-6; 21.4 £ 0.9 mg/
kg/day) (Fig. 1c). The mean dietary AX intake was sig-
nificantly decreased during unloading (days 2-, 4-, and
6-HU), when compared with days 2, 4, 6, 8, and 14.
Moreover, mean dietary AX intake on hindlimb unloading
days 4 and 6 (days 4- and 6-HU) was significantly lower
than days 10 and 12.

Soleus muscle weight and myofiber cross-sectional
area (CSA)

Although 7 days of hindlimb unloading resulted in a sig-
nificant reduction in soleus muscle weights in both hin-
dlimb unloaded groups (HU; —30.7 %, HU + AX;
—23.6; +10.2 % versus HU, Fig. 2a), the relative muscle
weight in the HU + AX group was significantly greater
than that in the HU group (HU; —26.7 %, HU + AX;

2001
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0 T
cT HU

Fiber Cross sectional area (p.mz) (¢

HU+AX

—14.4; +16.7 % versus HU, Fig. 2b). Moreover, hindlimb
unloading resulted in a significant reduction in soleus
myofiber CSA (HU; —-473 %, HU + AX; -32.0;
+29.1 % versus HU); however, the decrease observed in
the HU + AX group was somewhat attenuated by AX
supplementation (Fig. 2c).

TUNEL-positive nuclei

To identify apoptotic nuclei, a TUNEL assay was imple-
mented to identify TUNEL-positive nuclei located on the
laminin basement membrane that were overlapping the
nucleus; these nuclei were taken to indicate apoptotic
muscle nuclei (Fig. 3a). Compared to the CT group, the
number of TUNEL-positive nuclei per section of soleus
muscle fibers increased significantly in the HU group after
7 days of hindlimb unloading. However, this increase in
TUNEL-positive nuclei was significantly suppressed in the
HU 4 AX group (Fig. 3b). Similarly, the number of
TUNEL-positive nuclei per CSA in the HU group was
significantly higher than the CT group, but this increase
was attenuated by AX supplementation in the HU + AX
group (Fig. 3c).

500+
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N w S
o o o
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o
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Fig. 2 Soleus muscle weight (a), relative soleus muscle weight (b), and fiber CSA (c) after 7 days of hindlimb unloading. CSA cross-sectional
area. Values are mean + standard error (SE); n = 9 (n = 5 for fiber CSA) per group. *p < 0.05 versus CT; tp < 0.05 versus HU
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unloading (b, ¢). Values are mean &+ SE; n = 5 per group. *p < 0.05
versus CT; tp < 0.05 versus HU
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HSP72 and SOD1 expression

Expression levels of HSP72 in the soleus muscle were
significantly increased in the HU + AX group, when
compared with the CT group (Fig. 4a). SOD1 expression
exhibited a significant increase in only the HU group
(Fig. 4b).
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Caspase-3 and Bcl-2 expression

Caspase-3 expression was significantly increased in the HU
group, when compared with the CT group; however, no such
increase was observed in the HU 4+ AX group (Fig. 5a).
There were no significant differences observed in Bcl-2 pro-
tein expression in soleus muscles from any group (Fig. 5b).
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Fig. 5 Representative western A CcT HU

HU+AX CT HU HU+AX

blots, and caspase-3 (a) and Bcl-

2 (b) protein expression in the Caspase-3

Bcl-2

soleus muscle after 7 days of

hindlimb unloading. Actin

Actin

Experimental group data are

presented as a percentage of the
mean CT value, which was set
to 100 %. Values are

mean + SE; n = 9 per group.
*p < 0.05 versus CT. Actin
served as a loading control
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Fig. 6 Representative western
blots, and ubiquitinated protein
expression in the soleus muscle
soluble (a) and particulate

(b) fractions after 7 days of
hindlimb unloading.
Experimental group data are
presented as a percentage of the
mean CT value, which was set
to 100 %. Values are

mean £ SE; n = 9 per group.
*p < 0.05 versus CT; fp < 0.05
versus HU
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No significant differences were observed between the groups
with respect to ubiquitinated protein expression in the sol-
uble fraction. In contrast, ubiquitinated protein expression in
the particulate fraction from the HU group was significantly
increased, compared with the CT group, after 7 days of
hindlimb unloading (Fig. 6a, b). However, this increase was
significantly attenuated in the HU + AX group.

Discussion
Overview of principal findings

This is the first study to demonstrate the protective effects
of dietary AX supplementation in the context of apoptosis
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in an atrophied rat soleus muscle after 7 days of unloading.
Our data reveal that: (1) dietary AX supplementation prior
to and during hindlimb unloading attenuates soleus muscle
atrophy, and (2) unloading-induced apoptotic myonuclei
and protein ubiquitination are suppressed by AX. A brief
discussion of these issues follows.

Preventive effect of astaxanthin on unloading-
induced muscle atrophy via prevention of apoptosis

The main finding of this investigation is that dietary AX
supplementation 2 weeks prior to and during hindlimb
unloading attenuates soleus muscle atrophy, in part, via
suppression of apoptotic activation and the loss of
myonuclei. It is well established that skeletal muscle
atrophy is associated with increased apoptosis [5, 27, 28].
Consistent with previous studies using the hindlimb
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unloading model [20, 22], the current results reveal that
the number of TUNEL-positive nuclei in the soleus
muscle increases significantly with disuse. Our findings
suggest that the number of TUNEL-positive nuclei can be
suppressed with dietary AX supplementation (Fig. 3);
most importantly, AX supplementation attenuates inac-
tivity-induced decreases in relative muscle weight and
fiber CSA (Fig. 2). Unfortunately, the underlying mech-
anisms responsible for AX-induced protection against
disuse muscle atrophy are currently unknown. Nonethe-
less, it appears likely that many of these effects can be
attributed to the action of AX as a scavenger for free
radicals and oxidants. Previous studies have demonstrated
that AX treatment abolishes 6-hydroxydopamine-induced
ROS generation and p38 MAPK activation, including the
release of cytochrome c, and the cleavage of caspase-9
and caspase-3 in SH-SYSY cells [24]. Moreover, AX
supplementation has been associated with attenuation of
strenuous exercise-induced oxidative damage in the gas-
trocnemius and cardiac muscle [29], and inhibition of
hexanoyl-lysine modification of carnitine palmitoyltrans-
ferase I (CPT I) in skeletal muscle [30]. As shown in
Fig. 4b, we found that AX protects the soleus muscle
against unloading-induced oxidative stress. In general,
SOD1 (Cu, Zn-SOD) is induced by superoxide anions;
therefore, SOD1 levels have been thought to reflect the
generation of superoxide anions in the cytoplasm during
disuse-induced muscle atrophy [31, 32]. Moreover, a
disuse-induced increase in caspase-3 was not observed in
the AX supplementation group (Fig. 5a). Therefore, AX
may reduce the disuse-induced production of superoxide
anions, production of hydrogen peroxide (as catalyzed by
SOD1), and subsequent activation of caspases in the
atrophied soleus muscle. It follows that ROS-mediated
apoptosis may be prevented in the rat soleus muscle
during hindlimb unloading due to the ROS scavenging
effects of AX supplementation. Furthermore, no changes
in Bcl-2 levels in either unloaded groups were observed
(Fig. 5b). The Bcl-2 family includes anti-apoptotic
members that prevent apoptosis by either sequestering
proforms of death-driving caspases (a complex called the
apoptosome), or by preventing the release of mitochon-
drial apoptogenic factors such as cytochrome c into the
cytoplasm [21]. However, previous research has demon-
strated that Bcl-2 protein expression is decreased in the
rat soleus muscle following 6-12 h of hindlimb unload-
ing, and returns to basal levels 48 h after unloading [21].
Moreover, Dupont-Versteegden et al. [20] have shown
that significant changes in apoptosis-related signaling
occur within 2 days of unloading, suggesting that the
marked changes in apoptosis markers, such as Bcl-2, may
have been observed during the early phase of disuse
muscle atrophy in our study.
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It was also noted that an increase in ubiquitinated
protein content in the atrophied soleus muscle was pre-
vented by AX supplementation (Fig. 6b). Ubiquitination
of myofibrillar proteins reflects enhancement of muscle
protein degradation (protein catabolism) via the ubiquitin—
proteasome pathway; with elevated ubiquitination, con-
sequent decreases in muscle weight and CSA are
observed [33]. Ikemoto et al. [34] have demonstrated that
endogenous  cysteine  antioxidant  supplementation
(140 mg/rat) prevents skeletal muscle atrophy induced by
hindlimb unloading, via suppression of oxidative stress
and subsequent protein ubiquitination. Given that skeletal
muscle myofibrillar protein degradation during disuse is
primarily due to the activity of the ubiquitin—proteasome
system [35, 36], this may indicate that AX supplemen-
tation is effective in reducing myofibrillar protein ubig-
uitination induced by oxidative stress and, therefore,
protects against increased muscle protein degradation via
the ubiquitin—proteasome system [35, 36]. Nonetheless,
because we did not assess muscle ROS production and
oxidative stress makers directly in the present study,
further study will be required to reveal the specific effects
of dietary AX supplementation on oxidative stress during
disuse muscle atrophy.

It has been demonstrated that HSPs also play a role in
suppression of cellular apoptosis. Li et al. [37] reported that
HSP70/HSP72 inhibited apoptosis downstream of cyto-
chrome c release and upstream of caspase-3 activation
in vitro (U937/HSP70 cells). HSP72, the most inducible
cytoprotective HSP, has molecular chaperone and protein
repair functions to protect against muscle atrophy [38, 39].
Servais et al. reported that antioxidant vitamin E supple-
mentation induces an upregulation of the inducible form of
HSP70 (HSP72) expression in unloaded rats [9]. Further-
more, Lee et al. reported that AX treatment increased
HSP72 expression and was associated with protective
effects against cerebral ischemia in SH-SYSY cells [40].
As expected, we found that AX supplementation prior to
(2 weeks) and during unloading increased HSP72 expres-
sion in the atrophied soleus muscle (Fig. 4a). Thus, these
results suggest that AX supplementation is useful in
attenuating the loss of muscle mass and size induced by
disuse in vivo. Although the cellular mechanism respon-
sible for AX-induced suppression of muscle atrophy
remains unclear, HSPs may play an important role in
facilitating protein translation as molecular chaperones to
counter disuse muscle atrophy. Recent evidence has
reported that high dose AX supplementation (50 mg/kg,
with a 6-h interval between two doses; total of 100 mg/
kg/day) attenuates capillary regression after 1 or 2 weeks
of unloading, but AX supplementation alone did not sup-
press soleus muscle atrophy [18, 19]. Interestingly, we
demonstrate herein that relatively low dose dietary AX
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supplementation (30.3 + 0.1 mg/kg/day, prior to hindlimb
unloading; 34.1 + 1.2 mg/kg/day, during hindlimb
unloading; 21.4 £ 0.9 mg/kg/day) can attenuate unload-
ing-induced soleus muscle atrophy. When comparing AX
intake in the present study with that of a previous study, the
total intake observed herein was 606.5 £ 20.3 mg/kg
(prior to hindlimb unloading; 478.1 £ 16.9 mg/kg, during
hindlimb unloading; 128.4 4+ 5.5 mg/kg) for 3 weeks
(prior to and during hindlimb unloading). In contrast, the
aforementioned previous study reported that 700 and
1400 mg/kg AX administration alone failed to suppress
soleus muscle atrophy. This may be due to the fact that
apoptosis is a very early event in disuse muscle atrophy
[21, 22]. Previous studies have indicated that apoptosis and
proteolysis related proteins and genes increase during the
early stages of disuse-induced skeletal muscle atrophy,
with an increase in apoptosis occurring within 2 days of
unloading [20, 21]. Notably, whilst food consumption (AX
intake) was decreased by hindlimb unloading, 2 weeks of
AX supplementation prior to unloading may contribute to
the suppression of muscle atrophy-related protein expres-
sion. These facts indicate that suppressing increases in the
early phase of apoptotic and proteolytic activation may be
important in effectively attenuating disuse-induced muscle
atrophy. Consequently, it is necessary to enhance the pre-
antioxidant capacity for prevention of muscle atrophy, even
with low dose treatment, rather than ingesting a high dose
of AX during hindlimb unloading.

Conclusions

In conclusion, our data demonstrate that dietary AX sup-
plementation prior to and during hindlimb unloading
attenuates soleus muscle atrophy. Similarly, increases in
unloading-induced apoptotic myonuclei and protein ubig-
uitination appear to be suppressed by AX supplementation.
Future research is required to improve our understanding of
the mechanism(s) responsible for the protective effect
observed with AX administration for disuse-induced mus-
cle atrophy.
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