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Astaxanthin Limits Exercise-Induced Skeletal and Cardiac
Muscle Damage in Mice
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ABSTRACT

Dietary antioxidants may attenuate oxidative damage from strenuous exercise in various tissues. Beneficial ef-
fects of the antioxidant astaxanthin have been demonstrated in vifro, but not yet in vivo. We investigated the
effect of dietary supplementation with astaxanthin on oxidative damage induced by strenuous exercise in
mouse gastrocnemius and heart. C57BL/6 mice (7 weeks old) were divided into groups: rested control, intense
exercise, and exercise with astaxanthin supplementation. After 3 weeks of exercise acclimation, both exercise
groups ran on a treadmill at 28 m/min until exhaustion. Exercise-increased 4-hydroxy-2-nonenai-modified
protein and 8-hydroxy-2'-deoxyguanosine in gastrocnemius and heart were blunted in the astaxanthin group.
Increases in plasma creatine kinase activity, and in myeloperoxidase activity in gastrocnemius and heart, alse
were lessened by astaxanthin. Astaxanthin showed accumulation in gastrocnemius and beart from the 3 week
supplementation. Astaxanthin can attenuate exercise-induced damage in mouse skeletal muscle and heart, in-
cluding an associated neutrophil infiltration that induces further damage. Antioxid. Redox Signal. 5, 139-144,

INTRODUCTION

INTR:‘NSE EXERCISE leads to production of reactive oxygen
species (ROS), mainly via the mitochondrial electron
transport chain, xanthin oxidase, and phagocytes (1, 12).
Exercise-induced ROS oxidize several targets such as proteins,
lipids, and DNA in these tissues, causing oxidative damage in
skeletal muscle, heart, and liver (1, 12). Previous studies have
demonstrated that dietary supplementation with antioxidants
such as vitamin E, vitamin C, and carotenoids can decreasc ox-
idative damage induced by intense exercise (6, 12).
Astaxanthin, a carotenoid pigment found in algae, fish, and
birds, shows highly potent antioxidative (8, 14, 16), im-
munomedulatory (4), antineoplastic (13), and antiinflamma-
tory (3) effects. Astaxanthin esters biosynthesized by a uni-
cellular alga, Haematococcus pluvialis, are obtained from
cultures (14) and can be used for studies in animals. We ex-

amined immunohistochemically and biochemically whether
dictary astaxanthin could attenuate delayed-onset oxidative
damage induced by intense exercise in skeletal muscle and
heart in mice.

Recent experiments in several models indicated that an in-
flammatory response is induced by intracellular production
of ROS, which increaseactivity of certain redox-sensitive
transeription factors. Nuclear factor-kB (NF-kB) and activa-
tor protein-1 (AP-1) are typical transcription factors con-
trolled by ROS that regulate gene expression for many
chemokines, inflammatory cytokines, and adhesion mole-
cules (18, 22). In response to these mediators, phagocytes in-
filtrate into tissues expressing them, where these cells induce
proteolysis, ultrastructural derangement, and further oxida-
tive damage. ROS, then, are not only a direct cause of oxida-
tive damage; they also act as a second messenger initiating
delayed-onset inflammatory damage. In previous studies, the
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cade was shown to be accelerated in skeletal
¢ muscles by oxidative stress (19, 23). Thus,
Lonset muscle damage after exercise, including oxida-
#ive injury, is induced by the inflammatory cascade; damage
and neutrophil infiltration occur together after a delay, not
immediately after exercise (5). Antioxidants may inactivate
transcription factors, decreasing expression of inflammatory
mediators and ultimately neutrophil infiltration. We therefore
also studied whether dictary astaxanthin decreased neutrophil
infiltration in skeletal muscle and heart induced by strenuous
exercise,

MATERIALS AND METHODS

Animals and experimental design

Twenty-seven female C57BL/6 mice (7 weeks old; Clea
Japan, Osaka, Japan) were acclimated for 1 weck in an air-
conditioned room (22 + 2°C) with a 12-h light/12-h dark
cycle (lights on, 7:30 a.m. to 7:30 p.m.). Mice were divided
into three groups of nine animals each: rested controls (R),
intense cxercise (F), and exercise plus dietary astaxanthin
supplementation (EA). All mice were acclimated to running
on a motor-driven treadmill designed for mice, beginning at
5 m/min for 10 min/day, 3 days/week. Over a 3-week period.
intensity was gradually increased to 28 m/min while a {0-min
duration was maintained. On the day of the experiment, E and
EA mice performed a bout of treadmill running to exhaustion
at the above speeds. Exhaustion was defined as the inability
of a mouse to right itself when laid on its side. The diet for the
astaxanthin supplementation group was prepared by mixing
CE-2 powder with astaxanthin (Fuji Chemical Industry,
Toyama. Japan) at 0.02% (wt/wt). The food intake was re-
corded daily for 3 weeks before the final day of the experi-
ment. Mice were weighed every 3 days. Significant differ-
ences were not observed between groups in weight gain or
daily food intake. At 24 h after exhaustive exercise, mice
were decapitated and then exsanguinated. The left gastrocne-
mius and heart were quickly removed.

In an additional experiment, 12 mice were divided into 2
control diet group (# = 6) and an astaxanthin supplementation
group (n = 6). Quantitative analysis was performed for astax-
anthin concentration in gastrocnemius and heart after mice
had consumed the respective diet for 3 weeks.

Immunohistochemistry for 4-hydroxy-2-nonenal
(4-HNE)-modified proteins

Serial 8-pm transverse sections cut with a cryostat (5030
Microtome, Bright Instrument Co. Ltd., Huntingdon, Cam-
bridgeshire, UK.) were affixed to silanized slides (Dako Japan,
Tokyo, Japan). All subsequent steps were carried out as de-
scribed previously (21). In brief, the sections were incubated
overnight at 4°C with a primary antibody diluted in phosphate-
buffered saline (PBS). Sections then were rinsed well with PBS
and incubated with biotinylated anti-mouse IgG (1:300 dilution;
Dako) for 30 min at room teniperature. After extensive rinsing,
sections were incubated for 30 min with peroxidase-streptavidin
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conjugate (Vector Laboratories, Burlingame; CA, US.A), and
visualized with diaminobenzidine and hydrogen peroxide
(H,0,). Sections then were mounted in a glycerol-based
medium containing p-phenylenediamine. A negative contro|
with omission of the primary antibody was included in the im-
munostaining procedures in each instance,

Production of 8-hydroxy-2'-deoxyguanosine
(8-OHdG)

DNA was extracted from heart and gastrocnemius using g
DNeasy kit (Qiagen, Valencia, CA, U.S.A.). Extracted DNA
was digested by DNase 1, alkaline phosphatasc (type 1), and
phosphodiesterase, and then analyzed by HPLC with electro-
chemical detection as previously described (11).

Myeloperoxidase (MPO) activity

MPO activity was determined by the method of Smith e
al. {24). Tissue samples were homogenized in 30 mM potas-
sium phosphate buffer (pH 7.4) using a Polytron tissue ho-
mogenizer. The homogenate was centrifuged at 12,000 rpm
for 15 min at 4°C. The resulting pellet was homogenized
again in 50 mA/ potassium phosphate buffer ( pH 6.0) contain-
ing 0.5% hexadecylirimethylammonium bromide. MPO ac-
tivity was assessed by continuously monitoring H,O0,-
dependent oxidation of ¢-dianisidine dihydrochloride at 480
nm and 37°C. One unit of activity was defined as a change in
absorbance of 1.0 at an optical density of 480 nm. Activity is
stated as units per gram of wet tissuc,

Plasma creatine kinase (CK) activity

Plasma samples were refrigerated until assay and total CK
activity was measured by using a kit (CPK 45-5; Sigma
Chemical Co., St. Louis, MO, U.S.A.), with an interassay re-
liability of +2%.

Quantitative analysis of astaxanthin

Astaxanthin content in each tissue was quantified by
HPLC. Tissues were homogenized with acetone. After cen-
trifugation (3,000 rpm; 10 min), supernatants were evaporated
to dryness. The residue was dissolved in 200 .l of acetonc and
filtered through a 0.45-pm polytetrafluorocthylene membrane
filter; then 20 w1 of solution was subjected to HPLC on a Shi-
madzu LC-6A instrument equipped with a Shimadzu SPD-
6AV spectrometer (Shimadzu, Kyoto, Japan) set at 460 nm.
The column used was a Wakosil 5C,; (ODS) column (250 mm
length X 4.6 mm internal diameter) with a mobile phase of
methyl alcohol. A low flow rate was used (1.0 ml/min). Astax-
anthin was quantified relative to calibration with a standard
sample (K. Hoffman-La Roche, CA, US.A).

Statistical analysis

Data were analyzed by using a two-way ANOVA. If the
ANOVA indicated a significant difference, Tukey’s HSD
was performed to determine the significance between
means. A value of p < 0.05 was considered to indicate statis-
tical significance.




ASTAXANTHIN LIMITS EXERCISE-INDUCED MYOPATHY

RESULTS

Immunohistochemistry for
4-HNE-modified proteins

According to immunohistochemistry, 4-HNE-modified
proteins were minimal or undetected in sarcolemma of most
muscle cells in the R group (Fig. 1). Expression of 4-HNE-
modified proteins was noted at the surfaces of muscle cells in
the E group. This immunoreactivity was remarkably de-
creased in mice treated with astaxanthin. Labeling of stained
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muscle was abscent after antibody preabsorption with the
4-HNE peptide. Observations werc similar between gastroc-
nemius and heart.

Production of 8-OHdG

At 24 h after intense exercise. 8-OHAG/10° X dG tended
to be higher in both gastrocnemius and heart in the E group
than in the R group (Fig. 2). Increases in 8-OHdG/10° X dG
were significantly inhibited by treatment with astaxanthin
(p <0.05).

FIG. 1.

Immunohistochemical findings for 4-HNE-modified proteins in gastrocnemius (A-C) and heart (D-F) after in-

tense exercise. (A and D) Tissues from rested control mice. (B and E) Tissues from exercised mice. (C and F) Tissues from acute

exercised mice receiving astaxanthin. Scale bar = 50 pm.
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FIG. 2. Production of 8-OHdG in gastrocnemius and
heart. Data are presented as means + SE for four mice. *p <
0.05 (Tukey’s HSD). AX, astaxanthin.

MPO activity

Tissue-associated MPO activity was increased from con-
trol concentrations of 0.64 = 0.15 to 2.15 * 0.31 in gastroc-
nemius and 1.18 * 0.30 to 2.39 & 0.38 in heart at 24 h after
intense exercise (Fig. 3). These increases in MPO activity
were significantly inhibited by treatment with astaxanthin
(» <0.05).

CK activity

Plasma CK activity was significantly greater in the E
group (3,018 = 231.7 U/L) than in the R group (1,361 =
17.6 U/L) (Fig. 4). The increase in plasma CK activity
was significantly inhibited by treatment with astaxanthin
(2,608 = 186.5 U/L) (p < 0.05).

Astaxanthin content in tissues

Astaxanthin had accumulated not only in liver, but also in
gastrocnemius and heart at 3 weeks of feeding of a diet con-
taining 0.02% astaxanthin (Table 1). No astaxanthin was de-
tected in the tissues of rats fed a normal diet.

D Rested
8 Exercised
8 Exercised+AX
3 - # *
& 2k
k3
2
S
=’
£
B 1
0

Gastrocnemius

FIG. 3. MPO activity in gastroenemius and heart. Data are
presented as means + SE for eight mice. *p < 0.05 (Tukey’s
HSD). AX, astaxanthin.
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FIG. 4. CK activity in plasma. Data are presented as means
+ SE for eight mice. *p < 0.05 (Tukey’s HSD). AX, astaxanthin,

DISCUSSION

The present study is the first to demonstrate that astaxan-
thin can attenuate exercise-induced oxidative damage in gas-
trocnemius and heart. We mcasured 4-HNE-modified pro-
teins and 8-OHdG as markers of oxidative damage to lipids
and DNA, respectively. These markers have recently been val-
idated as quantitative indications of oxidative damage (10).
Our study is also the first to immunohistochemically localize
oxidative damage induced by strenuous exercise in skeletal
muscle and heart using a monoclonal antibody against
4-HNE-modified protein.

Astaxanthin has been reported to be more effective than
other antioxidants, such as vitamin E and B-carotene, in pre-
venting lipid peroxidation in solutions and in various biologic
membrane systems (8, 16). Goto et al. (9) reported that the
superior antioxidant activity of astaxanthin may involve the
unique structure of the terminal ring moiety, where radicals
can be trapped, in addition to trapping at the conjugated poly-
ene chain. In the terminal ring, the hydrogen atom at the C3
methine was suggested to be a radical trapping site (9). Our
data documented that astaxanthin indeed is absorbed and
transported into skeletal muscle and heart in mice, even
though most dietary carotenoids accumulate mainly in the
liver and show relatively little distribution to other peripheral

ASTAXANTHIN CONTENT AND RATIO
OF ITs ISOMERS IN TISSUES

TABLE 1.

Gastrocnemius ~ Heart  Liver

Content (jug/g of tissue) 18.6 46.7 270.3
Isomer ratio (%) trans 722 76 68.1
cis 27.8 24 31.9

Values are means for six mice receiving an astaxanthin diet
for 3 weeks.



ues, including skeletal muscle and heart. This unique
rmacokinetic characteristic of astaxanthin makes it well
ed to decreasing oxidative stress in gastrocnemius and

he main sources of ROS generation as a result of exercise
¢ the mitochondrial electron transport chain, xanthine oxi-
e, and phagocytes (6, 12). Phagocytes are a particularly
mportant source, considering that oxidative damage and
hagocytic infiltration occur at the same time point after a
elay following exercise, “delayed-onset damage™ (5, 17, 24).
1i the present study, MPO, an enzyme unique to neutrophils
42, 24), was increased in gastrocnemius and heart at 24 h after
:éxercise. In addition, plasma CK activity also was increased
at. 24 h after exercise. CK is present mainly in muscles, and
measurement of plasma concentrations after exercise is a fre-
quently used indicator of muscle damage (7, 15). Many stud-
ies, including the present one, have demonstrated increased
-plasma CK at a delayed time point after exercise (7, 15), indi-
cating that this increase is closely related to the inflammatory
response.

Dietary astaxanthin attenuated not only oxidative metabo-
lites, but also MPO activity in muscle and CK activity in
plasma compared with the exercise-only E group. Neu-
trophils infiltrate into tissues where cells express chemo-
kines, cytokines, and adhesion molecules that mostly are reg-
ulated by NF-xB and AP-1 (18, 20, 22). Ordinarily, these
redox-sensitive transcription factors can be localized to the
cytoplasm; stimulated by stresses such as ROS, they move
into nuclei and attach to binding sites on DNA (19, 23). We
therefore believe that astaxanthin suppressed activity of these
transcription factors by scavenging the ROS that would acti-
vate them; this decreased the expression of inflammatory
mediators, attracting fewer neutrophils and Iessening delayed-
onset damage, including further oxidative damage.

In summary, we studied the effect of astaxanthin dietary
supplementation on delayed-onset damage following intense
exercise, especially oxidative damage, in gastrocnemius and
heart. Dietary astaxanthin attenuated oxidative damage to
lipids and DNA in these tissues, and also leakage of CK into
plasma. In addition, this treatment inhibited neutrophil infil-
tration into the tissues. Thus, astaxanthin attenuates exercise-
induced damage by directly scavenging ROS and also by
down-regulating the inflammatory response.
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ABBREVIATIONS

AP-1, activator protein-1; CK, creatine kinase; E, intense
exercise; EA, exercise plus dietary astaxanthin supplementa-
tion; 4-HNE, 4-hydroxy-2-nonenal; H,0,, hydrogen peroxide;
MPO, myeloperoxidase; NF-kB, nuclear factor-kB; 8-OHdG,
8-hydroxy-2'-deoxyguanosine; PBS, phosphate-buffered sa-
line; R, rested controls; ROS, reactive oxygen species.
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