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Astaxanthin, a natural antioxidant, exists in non-esterified and
esterified forms. Although it is known that astaxanthin can improve
exercise endurance and cause metabolic improvement in skeletal
muscle, the effects of the two different forms are unclear. We
investigated the effects of the different forms of astaxanthin on
endurance in mice. Eight-week-old ICR mice were divided into
four groups: control; astaxanthin extracted from Haematococcus
pluvialis in an esterified form; astaxanthin extracted from Phaffia
rhodozyma in a non-esterified form; and astaxanthin synthesized
chemically in a non-esterified form. After 5 weeks of treatment,
each group was divided into sedentary and exercise groups. In
the group fed astaxanthin from Haematococcus, the running time
to exhaustion was longest, and the plasma and tissue concentra-
tions of astaxanthin were significantly higher than those in the
other groups. Astaxanthin from Haematococcus increased 5'-
adenosine monophosphate-activated protein kinase levels in the
skeletal muscle. Although the mice in the Haematococcus group
ran for longer, hexanoyl lysine adduct levels in the skeletal muscle
mitochondria were similar in the control and Haematococcus
groups. Our results suggested that esterified astaxanthin promoted
energy production and protected tissues from oxidative damage
during exercise owing to its favorable absorption properties,
leading to a longer running time.
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A staxanthin (3,3'-dihydroxy-f3,B'-carotene-4,4'-dione), a carot-
enoid, is biosynthesized via a unique metabolic pathway in
photosynthetic bacteria, algae and yeasts, although almost all
animals lack biosynthetic pathways. It has been known that
astaxanthin exists in three different forms related to its two
hydroxyl groups: 1) non-esterified form with both hydroxyl groups
unmodified, 2) monoesterified form with one hydroxyl group
esterified with fatty acid, and 3) diesterified form with both

Table 1. Chemical differences of astaxanthin

hydroxyl groups esterified with fatty acid. These three forms exist
in various ratios depending on the source of synthesis (Table 1).("
For example, it has been reported that astaxanthin extracted from
Haematococcus algae consists predominantly of the monoesterified
form, while astaxanthin sourced from Phaffia yeast is almost all
non-esterified. In addition to these extracted naturally occurring
materials of natural source, chemically synthesized astaxanthin is
available as a purely non-esterified form. Besides the esterified
and non-esterified forms, there also exist different types of optical
isomers, which occur in various ratios depending on the source.

Astaxanthin is known as a highly potent antioxidant.® Reactive
oxygen species (ROS) accumulate in the body during exercise,
causing oxidative stress.®* Many reports to date provide informa-
tion on the association of astaxanthin intake with exercise. Our
group and other researchers have reported animal studies that
astaxanthin decreases oxidative damage to skeletal and cardiac
muscles associated with exercise,”® promotes lipid metabolism
during exercise® and improvement in endurance performance.”
Clinical studies also showed improved muscular endurance by
astaxanthin intake and better performance in bicycle time trial.®?
On the other hand, clinical studies with daily-training athletes
showed that astaxanthin intake did not improve their anti-oxidant
capacity and performance.'*!V It is considered that this was due to
their endogenous anti-oxidant capacity already being enhanced
by their daily training routine. In addition, there are reports that
indicate various beneficial effects of astaxanthin, including singlet
oxygen quenching activity,"? antitumor,!® immunomodulating¥
and anti-inflammatory effects.!>

In the context of multifunctional role of astaxanthin, esterified
forms were reported to show higher antioxidant activity than the
non-esterified form both in in vitro experiments.!'® A study com-
paring the antitumor effect of esterified and non-esterified forms
in a rat model of skin cancer was reported higher activity of the
esterified form.!” Only a limited number of reports are available
on the difference of activity between both forms and, in particular,
reports comparing exercise performance are not available. There-

Source

Optical isomers

3,3'-OH group modification

Haematococcus pluvialis 3S,3'S Monoesterified form rich
Synthetic 3S, 3'S:meso:3R, 3'R = 1:2:1 Free form
Phaffia rhodozyma 3R, 3'R Free form
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fore, in this study, we investigated the effect of esterified and
non-esterified astaxanthins on endurance performance, and the
relationship of energy metabolism and oxidative damage with in
vivo distribution of astaxanthins after administration to mice.

Materials and Methods

Animals and experimental design. The present study com-
plied with the principles and guidelines of the Japanese Council on
Animal Care and was also approved by the Committee for Animal
Research of Kyoto Prefectural University (KPU280526). ICR
mice (8 weeks old) (Oriental Bio Service, Inc., Kyoto, Japan) were
acclimatized for 1 week in an air-conditioned (23 + 2°C) room
with a 12-h light/dark cycle (lights on from 7:00 to 19:00). The
mice were divided into a control group and 3 astaxanthin groups
(HAE, SYN, PHA). Each group had 10 mice and feed with 0.02%
(w/w) of astaxanthin as free form was given to all astaxanthin
groups. Specifically, astaxanthin extracted from Haematococcus
pluvialis (AstaReal powder 20F, Fuji Chemical Industries Co.,
Ltd., Toyama, Japan) to HAE, synthetic astaxanthin (AstaSana,
DSM, Heerlen, Limburg, Nederland) to SYN, Phaffia rhodozyma-
derived astaxanthin (NatuAsta, ASKA Animal Health Co., Ltd.,
Tokyo, Japan) to PHA were given with feed. The same amount of
placebo powder (AstaReal placebo powder 20F) as AstaReal
powder 20F was fed to control group. Mice were given ad libitum
access to food and water for 5 weeks. All mice were accustomed
to the treadmill running exercise 3 days a week before the
endurance test in order to ensure that all of the mice were equally
exposed to stress in the same way. The running speed was gradu-
ally increased from 10 m/min to 25 m/min for 5 min. After 5 weeks
treatment, each group was divided into 2 groups of 5 animals each:
a sedentary group and a running group. Running groups performed
treadmill exercise for the assessment of endurance. The running
speed was 25 m/min until exhaustion, while the running time to
exhaustion was measured. Exhaustion was defined as the inability
of a mouse to right itself after being placed on its side. No mice
ceased exercise because of injury. Immediately after running,
mice were sacrificed by blood withdrawal from the heart. Skeletal
muscle, heart and liver were collected after the previous proce-
dure. The tissues of sedentary groups were collected at the same
time as the running group. For measurement of the astaxanthin
concentration and western blotting, heart and skeletal muscle were
homogenized with pestle and mortar under liquid nitrogen, and
were subsequently divided in half. All organs were stored at —80°C
before measurements.

Quantitative analysis of astaxanthin in plasma. To 100 pl
of plasma samples, 100 pl of trans-B-apo-8'-carotenal (100 ng/ml
in acetone; Sigma Aldrich, St. Louis, MO) as the internal standard
and 500 pl of butylhydroxytoluene (50 pg/ml in ethanol) were
added and stirred. To the mixture, 5 ml of hexane was added
followed by further stirring and centrifugation at 3,500 rpm for
10 min. After centrifugation, 4 ml of the supernatant was collected
and passed through a membrane filter with a pore size of 0.45 pum.
The filtrate was concentrated through evaporation, and the residue
was dissolved in 150 pl of acetone and applied to reversed-phase
high performance liquid chromatography (HPLC). Standard
solutions containing 100 ng/ml astaxanthin (Alexis Biochemicals,
Farmingdale, NY) and 100 ng/ml trans-B-Apo-8'-carotenal in
acetone was applied to reversed-phase HPLC. By comparing the
peak areas obtained above, the plasma astaxanthin concentration
was determined.

For HPLC, a Shimadzu LC20A series system (pump, LC-
20AD; degasser, DGU-20A5R; auto-sampler, SIL-20AC; column
oven, CTO-20AC; detector, SPD-20AV; system controller, CBM-
20A; all the components were from Shimadzu Corporation, Kyoto,
Japan) was used. A YMC-Carotenoid column (4.6 x 250 mm,
5 um of particle size, YMC, Kyoto, Japan) was used for the
analysis. HPLC analysis used methanol, fers-butyl methyl ether
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and 1% (v/v) phosphate solution as mobile phase A, B and C,
respectively, and started at the mobile phase ratio, A:B of
81%:15%. Then, the percentage of mobile phase B changed for
elution in a gradient manner to 30% at 15 min and 80% at 23 min,
then maintained 80% until 27 min, and returned to the initial
condition at 27.1 min. The initial ratio was then maintained until
35 min. The percentage of mobile phase C was maintained at 4%
throughout the analysis session. The HPLC analysis was run at
I ml/min using a column oven at 25°C and an ultraviolet-visible
absorption photometer at a detection wavelength of 470 nm.

Quantitative analysis of astaxanthin in the heart, skeletal
muscle and liver. Each organ was extracted twice with acetone.
Extracts were combined, and after filtration, the solution was
evaporated. Then, the residue was dissolved in diethyl ether/n-
hexane (2:8) and submitted to HPLC analysis. HPLC was per-
formed with a Hitachi L-6200 intelligent pump, and an L-4250
UV-VIS detector set at 450 nm, and a 5 um Cosmosil 5SL-II
column (4.6 x 250 nm, Nacalai Tesque, Inc., Kyoto, Japan) with a
mobile phase of acetone/n-hexane (2:8) at a flow rate of 1.0 ml/min).
The astaxanthin content was quantified relative to a standard
sample.

Western blotting. Proteins were extracted from skeletal
muscle and heart tissues of CON and HAE group mice using a
lysis buffer (CelLytic MT Cell Lysis Reagent; Sigma Aldrich),
and mitochondria were extracted from muscle and heart using
mitochondria isolation kit (Abcam plc, Cambridge, UK)
according to the manufacturer’s instructions, on all samples and
under the same conditions. Equal amounts of protein in the lysates
were separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and proteins were then trans-
ferred onto nitrocellulose membranes. The blots were incubated
with primary antibodies against total-5'-adenosine mono-
phosphate-activated protein kinase (AMPK) o (Cell Signaling
Technology, Beverly, MA) and hexanoyl lysine adduct (HEL)
(JaICA, Nikken Seil Co., Ltd., Shizuoka, Japan), and reaction
products were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (GE Healthcare UK Ltd.,
Buckinghamshire, UK), followed by detection via chemilumines-
cence (ImmunoStar Zeta; Wako Pure Chemical Industries, Ltd.,
Osaka, Japan, or Chemi-Lumi One Super; Nacalai Tesque). Band
densities were measured using Image J software (NIH, Research
Service Branch).

Statistical analysis. All data were reported as the mean +
SD. Outliers were detected using the Smirnov-Grubbs test and
removed. Differences between the groups were evaluated using
one-way or two-way analysis of variance (ANOVA) or Student’s
t test. If ANOVA indicated a significant difference, the Tukey-
Kramer post-hoc test was used to determine the significance of the
differences between the means. Values of p<0.05 were considered
to indicate statistical significance.

Results

Body weight. There were no significant differences in body
weight in all experiments groups (CON: 44.8 £5.9 g; HAE:
43.5+3.7g;SYN:43.6 £4.0 g; PHA: 42.5+4.5 g).

Running time to exhaustion. The results from the treadmill
running test are shown in Fig. 1. There was no significant differ-
ence in running time comparing HAE, SYN, PHA and CON
(»=0.106 vs HAE, p=0.919 vs SYN, p=0.741 vs PHA).
However, the running time was significantly longer in the HAE
group than in the SYN (p = 0.032) and PHA groups (p = 0.015).

Concentration of astaxanthin in plasma and tissues.

The concentration of astaxanthin in plasma, skeletal muscle, heart
and liver are shown in Table 2. Because ingested esterified
astaxanthin has been known to be detected as non-esterified form
in plasma and tissues in mammals,'® the concentrations of non-
esterified astaxanthin were determined. For all examined tissues,

doi: 10.3164/jcbn.17-89
©2018 JCBN



Table 2. Astaxanthin concentration in tissues

Group Plasma (ng/ml) Skeletal muscle (ng/g) Heart (ng/qg) Liver (ng/g)
Sedentary n.d. n.d. n.d. n.d.
CON .
Running n.d. n.d. n.d. n.d.
HAE Sedentary 294.5 + 114.6*"$ 268.2 + 104.9* 15 1,379.2 £ 470.5* 15 2,559.4 + 530.9*"$
Running 277.5 £ 97.4*%15 318.0 + 165.6* "5 1,033.3 £322.1*18 2,682.5 + 812.4*"5
SYN Sedentary 1.4+0.7 10.8+3.9 71.6 +50.2 93.3+31.6
Running 1.1+0.3 21.0+11.7 54.9+25.4 50.3+34.2
PHA Sedentary 53.8+£21.0 54.9 £ 16.6 164.8 £ 62.3 588.0 + 236.0*
Running 50.4+14.7 78.4+40.6 205.3+£52.3 463.5 + 258.2

Values are means + SD obtained from 4-5 mice. **SSignificant differences at the level of p<0.05 vs control group (*), synthetic astaxanthin
group ("), Phaffia astaxanthin group (%) in sedentary or running group by using Tukey-Kramer test. No significant differences at the p<0.05
level of running vs sedentary groups were detected using Student'’s t test. n.d., not detected; CON, control group; HAE, Haematococcus
astaxanthin group; SYN, synthetic astaxanthin group; PHA, Phaffia astaxanthin group.
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Fig. 1. Running time to exhaustion. Exercise groups performed treadmill

running at 25 m/min after 5 weeks, and running time to exhaustion was
measured. Circles indicate mean values and lines indicate individual
values. n =5. *Significant differences between groups at the p<0.05
level by using Tukey-Kramer test. CON, control group; HAE, Haemato-
coccus astaxanthin group; SYN, synthetic astaxanthin group; PHA, Phaffia
astaxanthin group.

the concentrations of astaxanthin were significantly higher in the
HAE group than in the control, SYN, and PHA groups. In the
liver, the concentrations of astaxanthin in the PHA group were
significantly higher than those in the control group in the sedentary
condition. The concentrations of astaxanthin in tissues were not
significantly different between sedentary and running animals
within each group.

AMPK contents in skeletal muscle. As shown in previous
reports, 20 total AMPK level does not change in response to a
single bout of exercise for approximately 1 h. Thus, we analyzed
the data from all animals combined, sedentary or running, for the
control group and the HAE group. The level of total AMPK in
skeletal muscle was significantly augmented in the HAE group
than in the control group (Fig. 2).

Oxidative damage in skeletal muscle and heart. The
levels of HEL in the mitochondria of the skeletal muscle are
shown in Fig. 3a. Based on two-way ANOVA, the level of HEL
in the running groups was significantly higher than that in the
sedentary groups. However, no significant differences were
observed in the levels of HEL between the control group and the
HAE group. There was no significant interaction effect. The levels
of HEL in the heart mitochondria are shown in Fig. 3b. Based on
two-way ANOVA, the factors of exercise and treatment had no

W. Aoi et al.

Total-AMPK = s ro—

Gapdh S

CON HAE
2.5
*

2.0 f 1
o
+J —
©
S 1.5F _
(0] -
= - e
[ —
o -
=

0.5

0.0

CON HAE

Fig. 2. The effect of astaxanthin on total AMPK level in skeletal muscle.
Circles indicate mean values and lines indicate individual values. n = 9-10.
*Significant differences at the level of p<0.05 vs control group by using
Student’s t test. CON, control group; HAE, Haematococcus astaxanthin
group; AMPK, 5'-adenosine monophosphate-activated protein kinase;
Gapdh, glyceraldehyde 3-phosphate dehydrogenase.

significant effect on the levels of HEL in heart mitochondria.
There was no significant interaction effect.

Discussion

This is the first study to compare the effect of astaxanthin on
exercise performance of mice administered non-esterified and
esterified astaxanthin. The mice were administered astaxanthin
isolated from Haematococcus pluvialis, Phaffia rhodozyma, or
obtained synthetically for 5 weeks and subjected to an assessment
of their running time to exhaustion via a treadmill running test and
an analysis of astaxanthin concentrations in each tissue. The
animals in the HAE group ran for the longest time in 4 groups,
along with higher tissue astaxanthin levels than other groups.
Generally, the in vivo absorption of carotenoids has been known to
be better in the esterified form than in the non-esterified form."
For example, 3R,3'R-zeaxanthin dipalmitate had higher bio-
availability than non-esterified form.?? In addition, astaxanthin
applied with molecular delivery technologies, such as liposomes
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HEL-modified protein levels in (a) skeletal muscle and (b) heart. Circles indicate mean values and lines indicate individual values. n = 5.

*Significant differences between groups at the p<0.05 level were evaluated using Tukey-Kramer test. CON, control group; HAE, Haematococcus

astaxanthin group; HEL, hexanoyl lysine.

encapsulating, also could have potent scavenging effects against
various ROS and ultraviolet-induced skin damage could be pre-
vented more suitably by transdermal administration of liposomal
astaxanthin than non-liposomal astaxanthin.?*=% In the present
study, in the group administered esterified astaxanthin, the HAE
group, the tissue astaxanthin level was higher than those in the
groups administered non-esterified astaxanthin, the SYN and PHA
groups. Furthermore, the HAE group showed a longer running
time than that shown by the other groups, suggesting that accumu-
lation of astaxanthin in the tissue might contribute to endurance.
Therefore, to elucidate the mechanism underlying astaxanthin’s
activity, we investigated the energy metabolism and oxidative
damage in the tissue in the HAE group, in which the accumulation
of astaxanthin in the tissue was greater than that in the other
groups.

In our efforts to explain the longer running time of the animals
in the HAE group, we first focused on AMPK as a metabolic
sensor in mammalian cells. AMPK plays an important role in the
regulation of both carbohydrate and lipid metabolism. Specifi-
cally, AMPK activation induces the translocation of the glucose
transporter-4 in an insulin-independent manner, which leads to the
stimulation of cellular glucose uptake.?® AMPK also inhibits
fatty acid synthesis via the suppression of acetyl coenzyme A
carboxylase (ACC) and hydroxymethylglutaryl coenzyme A
(HMG-CoA) reductase activities, which are required for fatty acid
and cholesterol synthesis, and further stimulates the 3-oxidation of
fatty acids.®” In addition, AMPK is known to increase mitochon-
drial biosynthesis and activity via the transcription cofactor,
peroxisome proliferator-activated receptor-y coactivator-1o.@®
The most prominent role of mitochondria is the energy production
via the citric acid cycle and the electron transport system. The
stimulation of mitochondrial biogenesis results in active energy
synthesis, supporting a continuous energy supply that allows
long-term exercise. In the present study, the intake of esterified
astaxanthin significantly increased AMPK levels; that is, animals
administered esterified astaxanthin exhibited a longer running
time owing to the activation of energy metabolism.

ROS are generated in the body during exercise and can cause
oxidative stress.®¥ HEL is a lipid-lysine adduct used as an oxida-
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tion marker that reflects the initial phase of lipid peroxidation
caused by oxidative stress.®” It has been reported that HEL in-
creases with various causes of oxidative stress. For example,
cisplatin of anticancer drug and aristolochic acid of plant alkaloid
are known to enhance oxidative stress.®%*" In addition, HEL is
also increased in skeletal muscle by aerobic exercise.®? Exercise-
induced oxidative damage is known to be elevated with duration
time.®*3 The comparison of the levels of HEL in skeletal muscle
mitochondria between sedentary and running animals in the
present study demonstrated that animals experienced oxidative
stress after running. On the other hand, there was no significant
difference when comparing running time among the 4 groups but
when comparing that in the 2 groups of CON and HAE, positive
effect of esterified astaxanthin was seen (p = 0.057, Student’s ¢
test). Furthermore, despite the difference in running time, there
was no significant difference in HEL between the exercise groups
of CON and HAE (p>0.05). Therefore it seems that intake of
esterified astaxanthin can inhibit the HEL increase due to a
running exercise. A number of reports have demonstrated that
astaxanthin has superior antioxidant potency and participates in
the protection of tissues from oxidative damage in vivo.?+39 We
have also reported that astaxanthin intake inhibited the oxidative
modification of carnitine palmitoyltransferase I (CPT-I) on the
mitochondrial outer membrane of skeletal muscle.® On the other
hand, our previous study showed that astaxanthin intake enhances
the biosynthesis of mitochondria, a result which we consider to be
due to the improvement of aerobic metabolism in mitochondria.¢”

In contrast, no significant differences were observed in the
levels of HEL in the heart mitochondria between the sedentary
and running groups and between the control and HAE groups;
an interaction effect between exercise and treatment was not
observed. The oxidative stress level during exercise is known to
be lower in the heart than in skeletal muscle;® therefore, the
experimental conditions in the present study might have resulted
in less oxidative stress in the heart, which resulted in no significant
difference in oxidative damage between running and sedentary
animals. However, in our previous study, we measured 4-
hydroxynonenal-modified protein and 8-hydroxy-2'-deoxyguanosine
as markers of oxidative damage to lipid and DNA, respectively.
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These markers were significantly decreased by astaxanthin
intake.® In the present study, though the HAE group ran for a
longer time than the control group, the level of oxidative damage
in the HAE group was as low as that in the control group. This may
indicate that HAE group showed an increased heart astaxanthin
level, which helped to protect the heart from oxidative damage
caused by a longer running time compared to that of the control
group; however further studies are needed.

Other reported effects of astaxanthin intake include inhibition
of blood lactic acid elevation.®® Generation of lactic acid lowers
pH and hydrogen ions inhibit skeletal muscle contraction. How-
ever, astaxanthin prevents oxidative modification of CPT-I on the
mitochondrial membrane, accelerates lipid utilization as an energy
substrate, and inhibits the elevation of lactic acid as a carbohydrate
metabolite.® In the present study, intake of esterified astaxanthin
prevented oxidative damage in mitochondria of skeletal muscle,
also suggesting possible suppression of lactic acid generation and
eventual extension of the running time to exhaustion.

It is also known that peripheral transport of blood oxygen
improves muscular endurance.®” There are other reports, indi-
cating sufficient astaxanthin dosage enables the transfer of astax-
anthin from plasma to erythrocytes and astaxanthin shows an
inhibitory effect on phospholipid peroxidation in erythrocytes,#*+?
improves erythrocyte deformability via antioxidant effect,*> and
has a vasodilating effect mediated by nitric oxide.“*¥ These reports
indicate that astaxanthin suppresses oxidative damage in erythro-
cytes, stimulates blood flow properties, and helps transport of
blood constituents, such as erythrocytes, to peripheral tissues.
Because astaxanthin functions in various aspects, the effect of
esterified astaxanthin intake on exercise performance likely in-
volves more diverse mechanisms than mentioned above, warranting
further investigation.

In conclusion, our present study compared the effect of non-
esterified vs esterified astaxanthin intake on exercise performance
and distribution in the body. Haematococcus algae-derived, pre-
dominantly esterified astaxanthin material had the greatest effect
on exercise performance. This is likely attributed to the difference
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