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ABSTRACT

Astaxanthin, a member of the carotenoid family, is a dark-red pigment which
is the main carotenoid found in the marine world of algae and aquatic
animals. Astaxanthin, is present in many types of seafood, including salmon,
trout, red sea bream, shrimp and lobster, as well as in birds such as flamingo
and quail. Synthetic Astaxanthin dominates the world market but recent
interest in natural sources of the pigment has increased substantially.
Common sources of natural Astaxanthin, are the green algae haematococcus
pluvialis, the red yeast, Phaffia rhodozyma, as well as crustacean byproducts.
Astaxanthin possesses unusual antioxidant property which has caused a
surge in the nutraceutical market of the encapsulated products. Numerous
studies have shown that astaxanthin has potential health-promoting effects
in the prevention and treatment of various diseases, such as cancers, chronic
inflammatory diseases, metabolic syndrome, diabetes, diabetic nephropathy,
cardiovascular diseases, gastrointestinal diseases, liver diseases,
neurodegenerative diseases, eye diseases, skin diseases, exercise-induced
fatigue, male infertility, and renal failure. In this article, the currently
available scientific literature regarding the most significant activities of
astaxanthin is reviewed.
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INTRODUCTION: The ketocarotenoid astaxanthin, 3, 3'-
dihydroxy-b,b-carotene- 4, 4'-dione, belongs to the
family of xanthophylls, the oxygenated derivatives of
carotenoid. The synthesis of xanthophylls in plants is
derived from lycopene.

Astaxanthin is ubiquitous in nature, especially in the
marine environment * and is a red pigment common to
many marine animals, such as salmonids, shrimp,
lobsters, and crayfish, contributing to the pinkish-red
color of their flesh % Its main role is to provide the
desirable reddish-orange color in these organisms as
they do not have access to natural sources of
carotenoids.

Available online on www.ijpsr.com

In addition to its effect on color, one of the most
important properties of AX is its antioxidant property
which has been reported to surpass those of B-
carotene or even a-tocopherol ®. Due to its antioxidant
activity, AX can serve as a potent free-radical
scavenger. Moreover, Astaxanthin has been found to
provide many essential biological functions, including
protection against lipid-membrane peroxidation of
essential polyunsaturated fatty acids and proteins,
DNA damage and UV light effects; it also plays an
important role in immunological defense * > ® This has
stirred great interest in Ax and promoted numerous
research studies concerning its potential benefits to
humans and animals.
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Astaxanthin has been found and identified in several
microorganisms including the microalgae
Haematococcus pluvialis, Chlorella zofingiensis, and
Chlorococcum sp., the red yeast Phaffia rhodozyma,
and the marine bacterium Agrobacterium aurantiacum
’. There has been growing interest in the use of
astaxanthin as a food-coloring agent, natural feed
additive for the poultry industry and for aquaculture,
especially as a feed supplement in the culture of
salmon, trout, and shrimp. The use of AX in the
aquaculture industry is important from the stand point
of pigmentation and consumer appeal but also as an
essential nutritional component for adequate growth
and reproduction.

Much work has also been focused on the
identification, production and utilization of natural
sources of AX (algae, vyeast, and crustacean
byproducts) as an alternative to the synthetic pigment
which currently covers most of the world markets. This
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review paper aims to provide an updated overview of
the most important chemical, biological and
application aspects to this unusual carotenoid
underlying its relevance to the growing industry of
nutraceutical products.

Chemical structure of Carotenoids: Carotenoids
comprise a family encompassing more than 600
pigments which are synthesized de novo in higher
plants, mosses, algae, bacteria, and fungi 8, Although
carotenoids are largely diffused in the plant and animal
kingdoms, they are synthesized de novo only in higher
plants and protists ®. Animal carotenoids mainly result
from metabolic transformation (oxidation and/or
reduction) of those present in the food chain. Aquatic
animals constitute a considerable rich source of
carotenoids, which are in many cases responsible of
organoleptic characteristics considered by the

consumer (bright colours in lobster, shrimp, salmon,
9,10

fish eggs)
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FIG. 1: CHEMICAL STRUCTURE OF SOME CAROTENOIDS (Source : Urich 1994)
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Moreover, among the large number of pigments
present in living organisms (i.e. chlorophylls,
anthocyanins and porphyrins), carotenoids play an
important role in  protecting cells against
photosensitised oxidation 1 The structure of
carotenoids is derived from lycopene. The majority are
hydrocarbons of 40 carbon atoms which contain two
terminal ring systems joined by a chain of conjugated
double bonds or polyene system 12

Two groups have been singled out as the most
important: the carotene which are composed of only
carbon and hydrogen; and the xanthophylls which are
oxygenated derivatives, in the later, oxygen can be
present as OH groups (as in zeaxanthin), or a oxy-
groups (as in canthaxnthin): or in combination of both
(as in AX). The polyene system gives these carotenoids
their distinctive molecular structure, chemical
properties, and light-absorption characteristics 13

Different Chemical Forms of Astaxanthin: Astaxanthin
has unique chemical properties based on its molecular
structure. Astaxanthin has two carbonyl groups, two
hydroxyl groups, and eleven conjugated ethylenic
double bonds. The presence of the hydroxyl and keto
moieties on each ionone ring explains some of its
unique features such as the ability to be esterified and
a higher antioxidant activity and a more polar nature
than other carotenoids **. Astaxanthin may act as a
strong antioxidant by donating the electrons and
reacting with free radicals to convert them to more
stable product and terminate free radical chain
reaction in a wide variety of living organisms %1 nits
natural state, astaxanthin is usually associated with
other molecules. Free astaxanthin is particularly
susceptible to oxidation ™.

Therefore, astaxanthin in nature is either conjugated
with proteins or esterified with one or two fatty acids
to form monoester and diester forms, producing an
array of colors in different organismsl4'16. It is the
chromophore in the blue, green, and yellow pigments
of lobsters. In other cases, astaxanthin may simply be
dissolved in the lipid fraction of complex molecules
such as lipoproteins, or it may actually be bound
chemically to molecules such as fatty acids to form
esters. Reddening of some snow algae and
Haematococcus is the result of such esters
accumulating in cytoplasmic lipid droplets .

Available online on www.ijpsr.com
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Whether free or complexed, the atoms comprising an
astaxanthin molecule can be oriented in different
ways, producing different isomers .The different
isomeric forms which can be classified accordingiy to
stereoisomers, geometic isomers, and free or
esterified forms . In the astaxanthin molecule,each
double bond from the polyene chain may exist in two
configurations as geometric isomers cis or trans 13,1516
Most carotenoids found in nature are predominantly
all trans-isomers ** 3. The trans-Astaxanthin is readily
isomerized to cis-trans mixtures, especially the 9-cis
and 13-cis unhindered isomers for steric reasons **.

Although astaxanthin exists mainly as trans-
astaxanthin esters of various fatty acids, cis-
astaxanthin esters are also detected in the algal
pigment extracts. In addition to forming geometric
isomers, and considering that each molecule has two
chiral centers in C-3 and C-3', AX may present three
configurational isomers: two enantiomers (3R, 3'R and
3S, 3'S) and a meso form (3R, 3'S) *’. From all these
isomers, the 3S, 3'S is the most abundant in nature 18
Synthetic AX consists of a racemic mixture of the two
enantiomers and the meso form '’. Three types of
optical isomers can be found in crustacean.

Synthetic AX is an identical molecule to that produced
in living organisms and it consists of a mixture 1:2:1 of
isomers (3S, 35'), (3R, 3S'), and (3R, 3R) respectively. It
is the main carotenoid used worldwide in the
aquaculture industry. However, the growing demand
for natural foods and the high cost of synthetic
pigments has stimulated the search for natural sources
of AX with potential for industrialization. Only a few
sources of microbial origin can compete economically
with  synthetic AX: the green microalgae
Haematococcus pluvialis and the red yeast Phaffia
rhodozyma. Their manufacturing methods have been
reviewed by 1% %,

Bioavailability and safety of Astaxanthin: Carotenoid
absorption strongly depends on a number of factors
that are not entirely understood. Bioavailability of
carotenoids also depends on their structures; in
general, polar carotenoids (e.g. free astaxanthin) tend
to be of higher bioavailability than apolar species (e.g.
b-carotene and lycopene) 2. It has been reported that
astaxanthin from H. pluvialis shows Dbetter
bioavailability than b-carotene from Spirulina platensis
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and lutein from Botryococcus braunii °. In addition,
cis-astaxanthins accumulate preferentially in blood
plasma compared with the trans-form due to apparent
shorter chain lengths 2 Xanthophyll esters seem to be
of low bioavailability, but there is a scientific
controversy 21 Studies suggested that xanthophyll
esters were hydrolyzed in the small intestine for
absorption in humans 2,

Recently, Sugawara et al, 22 found the enzymatic
esterification of xanthophylls such as astaxanthin in
intestinal cells at a lower rate, and suggested that the
esterification of xanthophylls was mediated by
enzymatic activity after intestinal absorption. The
esterified xanthophylls were likely to be incorporated
into the lipid core in chylomicron and carried into a
variety of tissues including the skin. In addition, by
esterifying xanthophylls into highly nonpolar products,
intestinal cells might be protected from the cytotoxic
effects of xanthophylls. The presence of astaxanthin
esters in H. pluvialis might be an added advantage to
influence the higher bioavailability of astaxanthin B

Health Benefits of Astaxanthin:

Antioxidant properties and Oxidative Stress: The
presence of the hydroxyl (OH) and keto (C=0) moieties
on each ionone ring explains some of its unique
features, namely, a higher antioxidant activity. In
recent years, a number of studies on astaxanthin have
in vitro and in vivo demonstrated its antioxidant effect,
for example, the quenching effect on singlet oxygen, a
strong scavenging effect on superoxide, hydrogen
peroxide and hydroxyl radicals and an inhibitory effect
on lipid peroxidation 31

In addition to these, several other biological activities
of  astaxanthin, including anticancer, anti-
inflammatory, anti-diabetic, immuno-modulatory
activities and a neuroprotective effect, also have been
reported 2 This capacity of astaxanthin to quench ROS
forms the basis of the “antioxidant role”” hypothesis.
ROS are highly reactive and can damage biologically
relevant molecules, such as DNA, proteins and lipids.
ROS covers both free radicals (e.g., superoxide,
hydroxyl, nitric oxide) and non-radical oxidants (e.g.,
hydrogen peroxide, hypochlorous acid, singlet oxygen).

Most of endogenously produced ROS (about 90%) are
normal by-products of mitochondrial activity during

Available online on www.ijpsr.com
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aerobic metabolism ?*. Apart from cell metabolism,
another important source of ROS is the immune
response. During an infection, the immune system cells
are activated, which usually implies a certain degree
ROS production 2 B The lymphocytes constantly
generate ROS as a way to combat invading pathogens,
whereas macrophages and neutrophils phagocytose
and destroy foreign particles through an oxidative
mechanism termed respiratory burst that also involves
the production of ROS.

Even though ROS are produced as part of the killing
mechanism, this may be potentially harmful for the
host organism, increasing the cost of immune
response. The imbalance between ROS and antioxidant
defenses is defined as oxidative stress, and is involved
in relevant processes such as ageing and several
degenerative diseases %% Free radicals can damage
DNA, proteins and lipid membranes. Oxidative damage
has been linked to number of ailments.

The following pathological conditions have all been
linked to free radicals *’:

e Cancer

e Aging (including immune deficiency with aging
and premature aging disorders)

e Radiation injury
o Alcohol damage
e |schemia-reperfusion injuries

e Inflammatory-immune injuries  (including
vasculitis from drugs and hepatitis B virus,
idiopathic and membranous
glomerulonephritis, and autoimmune diseases)

e Reactions induced by drugs and toxins
e Amyloid diseases

e Affecting the brain senile dementia, neurotoxin
reactions, hyperbaric oxygen effects,
Parkinson's disease, cerebral trauma,
hypertensive cerebrovascular' injury, allergic
encephalomyelitis and other demyelinating
diseases, neuronal ceroid lipofuscinoses, ataxia-
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telangiectasia syndrome, potentiation of
traumatic injury, aluminum overload

e Affecting the heart and cardiovascular system-
atherosclerosis, stroke, peripheral circulation
problems, alcohol cardiomyopathy

e Affecting the kidney-renal graft rejection,
nephritic antiglomerular basement membrane
tlisease, heavy metal nephrotoxicity,
aminoglycoside nephrotoxicity

e Affecting joints--rheumatoid arthritis

e Affecting the gastrointestinal tract and liver
endotoxin liver injury, carbon tetrachloride liver
injury, diabetogenic action of alloxan,free fatty
acid-induced pancreatitis, abetalipoprotein-
emia, nonsteroidal antiinflammatory drug-
induced lesions

e Affecting the skin-sunburn and solar radiation
injury, thermal injury, porphyria, contact
dermatitis, effects of photosensitive dyes

o Affecting the eyes-age-related macular
degeneration, ocular hemorrhage,
degenerative retinal damage, cataractogeuesis,
retinopathy of rematurity, photic retinopathy.

Astaxanthin as Powerful Antioxidant: To fight ROS and
protect themselves from oxidative damage, organisms
rely on a relatively complex antioxidant system
composed of endogenously produced compounds,
including low molecular weight antioxidants, enzymes
and some other proteins without enzymatic functions,
plus some food-derived antioxidants. Within an
ecological and evolutionary context, and oxidative
stress may play a key role in life-history evolution
because increased oxidative damage is likely to be a
significant constraint in many biological processes.

Astaxanthin’s  antioxidant activity has been
demonstrated in several studies. In some cases,
astaxanthin has up to several-fold stronger free radical
antioxidant activity than vitamin E and b-carotene % %.
It has been generalized that astaxanthin has an
antioxidant activity, as high as ten times more than
other carotenoids such as zeaxanthin, lutein,
canthaxantin, and b-carotene, and 100 times more

Available online on www.ijpsr.com
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than a-tocopherol, and thus has been dubbed a “super
vitamin E” 3. Astaxanthin has unique chemical
properties based on its molecular structure. The
presence of the hydroxyl and keto moieties on each
ionone ring is responsible for its higher antioxidant
activity 2 The oxo function is capable to resonance-
stabilize carbon-centered radicals, which may explain
the powerful antioxidative properties of astaxanthin
without pro-oxidative contributions 30,

Astaxanthin catches radicals not only at the conjugated
polyene chain but also in the terminal ring moiety.
Goto et al. ** suggested that the hydrogen atom at the
C3 methine in the terminal ring was a radical trapping
site. Although the unsaturated polyene chain of
astaxanthin trapped radicals only in the membrane,
the terminal ring of astaxanthin could scavenge
radicals both at the surface and in the interior of the
phospholipid membrane. The unique properties of
astaxanthin have been associated with its potent
antiperoxidation activity 3

Recently, it was reported that astaxanthin could inhibit
lipid peroxide formation and enhance the antioxidant
enzyme status in glycated protein/iron chelate-
exposed endothelial cells by suppressing reactive
oxygen species generation 32 The antioxidant
properties of astaxanthin are believed to have a key
role in several other properties such as protection
against UV-light photooxidation, inflammation, cancer,
ulcer’s Helicobacter pylorii infection, aging and age-
related diseases, or the promotion of the immune
response, liver function and heart, eye, joint and
prostate health.

Astaxanthin as a Photoprotectant: Exposure of lipids
and tissues to light, especially UV-light, can lead to
production of singlet oxygen species and subsequently
free radicals and photo-oxidative damage of these
lipids and tissues 33 Carotenoids have an important
role in nature in protecting tissues against UV-light
mediated photo-oxidation and are often found in
tissues directly exposed to sunlight. Astaxanthin can be
significantly more effective than b-carotene and lutein
at preventing UV-light photooxidation of lipids *.
Oxidative damage to the eye and skin by UV light has
been widely documented 3*** and thus, the unique UV
protection properties of astaxanthin could be very
important for eye and skin health.
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Astaxanthin and Eye Health: Two of the leading causes
of visual impairment and blindness are age-related
macular degeneration (AMD) and age-related
cataracts. Both diseases appear to be related to light-
induced oxidative processes within the eye %38 1t s
therefore not surprising that factors related to
oxidation have been shown in epidemiological studies
to be related to an elevated risk for AMD, drusen
formation, blurred vision, loss of visual acuity, loss of
dark vision.A high dietary intake of carotenoids,
specifically lutein and zeaxanthin from spinach, kale,
and other leafy green vegetables) is associated with a
reduced risk for both nuclear cataracts and AMD 37,

Lutein and zeaxanthin, two carotenoid pigments
closely related to astaxanthin, are concentrated in the
macula of the eye . The structure of astaxanthin is
very close to that of lutein and zeaxanthin but has a
stronger antioxidant activity and UV-light protection
effect 2. Astaxanthin is concentrated in the cone cells
of the fovea, the center of macula. Astaxanthin
protects against oxidative and free radical damage in
eye.lt protects rods, cones and DHA containing
membranes. Astaxanthin is a potent inhibitor of DHA
oxidation and DHA content of the eye is 30% of dry
mass.Animal  studies [40] demonstrated that
astaxanthin is capable of crossing the blood-brain
barrier and, similar to lutein, will deposit in the retina
of mammals.

Nagaki et al. * found that 6mg of astaxanthin from H.
pluvialis per day could improve eye fatigue in visual
display terminal workers. It was shown that
astaxanthin might increase retinal capillary blood flow
in both eyes in normal volunteers and intraocular
pressures  remained unchanged during the
supplementation period *%. In addition, Izumi-Nagai et
al. ¥ concluded that astaxanthin treatment, together
with  inflammatory processes including NF-kB
activation,subsequent upregulation of inflammatory
molecules, and macrophage infiltration, significantly
suppressed the  development of choroidal
neovascularization capable of leading to severe vision
loss and blindness. Astaxanthin was found to be
capable of providing appreciable protection for
vulnerable tryptophan residues and beta high-crystallin
against oxidative stress, and thus capable of protecting
porcine lens crystallins against oxidative damage and
degradation by calcium-induced calpain *.
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Liao et al., ** reported that astaxanthin could interact

with selenite, whose accumulation in the lens might
cause cataract formation directly, and thus could delay
selenite induced lens crystalline precipitation and
attenuate selenite induced cataractogenesis in rats.
Nakajima et al., % found that astaxanthin had
neuroprotective effects against retinal ganglion cell
damage. Recently, Cort et al, * showed that
astaxanthin significantly decreased the percent of
apoptotic cells on the retina in rats with elevated
intraocular pressure .This study confirmed the role of
oxidative injury in elevated intraocular pressure and
highlighted the protective effect of astaxanthin in
ocular hypertension /.

Astaxanthin and Antidiabetic Activity: Diabetes
mellitus is strongly associated with oxidative stress,
which can be a consequence of increased free radical
production, reduced antioxidant defenses or both 8
Oxidative stress induced by hyperglycemia possibly
causes the dysfunction of pancreatic b-cells and
various forms of tissue damage in patients with
diabetes mellitus *°. It was found that astaxanthin
could diminish the oxidative stress caused by
hyperglycemia in the pancreatic b cells, significantly
improve glucose tolerance, increase serum insulin
levels, and decrease blood glucose levels, indicating
that astaxanthin might exert beneficial effects on
pancreatic b-cell function and could protect pancreatic
b-cells against glucose toxicity by preventing the
progressive destruction of these cells *.

Based on the strong correlation between oxidative
stress and immune dysfunction in diabetic
patients,Otton et al. *° recently studied the antioxidant
effects of astaxanthin in the reactive oxygen/nitrogen
species metabolism of lymphocytes isolated from
alloxan-induced diabetic rats. The results showed that
astaxanthin could be a good adjuvant in prophylaxis or
recovery of lymphocyte dysfunctions associated with
diabetic patients, especially when focusing on the re-
establishment of the redox balance and a hypothetical
antiapoptotic effect in lymphocytes *°. Nakano et al.>*
compared the effect of astaxanthin in combination
with other antioxidants such as ascorbic acid and a-
tocopherol against oxidative damage in streptozotocin
induced diabetic rats, and indicated that astaxanthin in
combination with a-tocopherol could ameliorate
oxidative injury through the suppression of oxidative
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stress induced by diabetes. On the contrary, a high
dose of ascorbic acid intake was found to increase lipid
peroxidation in diabetic rats >t Nishigaki et al. >2
recently found that astaxanthin could inhibit the
nonenzymatic glycation and glycated protein/iron
chelate-induced cytotoxicity in human umbilical-vein
endothelial cells by preventing lipid and protein
oxidation and increasing the activity of antioxidant
enzymes in vitro.

In addition, Hussein et al. >® investigated the effects of
astaxanthin in a metabolic syndrome animal model of
spontaneously hypertensive corpulent rat, and found
that astaxanthin significantly lowered the levels of
blood glucose, nonesterified fatty acids and
triglycerides, and significantly increased the levels of
high-density lipoprotein cholesterol and adiponectin,
indicating that astaxanthin ameliorates insulin
resistance and improve insulin sensitivity by
mechanisms involving the increase of glucose uptake,
and by modulating the levels of circulating adiponectin
and blood lipids.

Recently, Bhuvanesswari et al., >* showed that

significant elevation in both glucose and insulin levels
induced by a high fat plus high fructose diet in mice
was abolished by astaxanthin supplementation, also
indicating that astaxanthin could substantially improve
insulin sensitivity.

Astaxanthin and Skin Health: Excessive exposure of
unprotected skin to sunlight results in sunburn and can
also lead to photo-induced oxidation,inflammation,
immunosuppression, aging and even carcinogenesis of
skin cells. Pre-clinical studies show that typical dietary
antioxidants, such as a-tocopherol, ascorbicacid or b-
carotene, could reduce such damage > 657,
Astaxanthin is believed to protect the skin and eggs of
salmon against UV-light photo-oxidation %8 59 These
findings suggest that astaxanthin has an excellent
potential as an oral sun-protectant.

It was reported that preincubation with synthetic
astaxanthin or an algal extract containing 14% of
astaxanthin could prevent ultraviolet A-induced
alterations in cellular dismutase activity and decrease
in cellular glutathione content 0 Camera et al., ®
compared the modulation of ultraviolet A-related
injury by astaxanthin,canthaxanthin, and b-carotene
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for systemic photoprotection in human dermal
fibroblasts, and found that astaxanthin exhibited a
pronounced photoprotective effect and counteracted
ultraviolet A-induced alterations to a significant
extent,and uptake of astaxanthin by fibroblasts was
higher than that of canthaxanthin and b-carotene,
indicating that astaxanthin had a superior preventive
effect toward photooxidative changes.

Recently, Suganuma et al., ®* examined the effects of
astaxanthin on the induction of matrix metallo
proteinase-1 and skin fibroblast elastase by ultraviolet
A treatment of cultured human dermal fibroblasts, and
showed that astaxanthin could interfere with
ultraviolet A-induced matrix-metalloproteinase-1 and
skin fibroblast elastase/neutral endopeptidase
expression. These studies suggest that topical or oral
administration of astaxanthin might prevent or
minimize the effects of ultraviolet A radiation such as
skin sagging or wrinkling 60,62

Astaxanthin and Inflammation: In inflammation-
related clinical conditions such as Crohn’s disease,
toxic reactive oxygen species (ROS) are released by
phagocytic leucocytes at the site of inflammation
(intestinal mucosa and lumen). These, plus increased
concentrations of neutrophils at the site of
inflammation, create a pro-oxidative balance that leads
to lower levels of antioxidant vitamins and increased
levels of markers of oxidative stress and lipid
peroxidation 6,

Furthermore, oxidants have been directly linked to the
stimulation of inflammation genes in endothelial cells
o, Similarly, ROS have been attributed an aggravating
role in the inflammation that accompanies asthma 2
and exercise-induced muscle damage 6> Astaxanthin
was found to reduce induced swelling of rat paw, that
vitamin E did not reduce *. Macedo et al. °® showed
that astaxanthin significantly reduced the production
of pro-inflammatory cytokines, such as tumor necrosis
factor-a and interleukin-6 in lipopolysaccharide
stimulated neutrophils.

The results also showed that astaxanthin improved
neutrophil phagocytic and microbicidal capacity and
reduced superoxide anion and hydrogen peroxide
production, which appeared to be mediated by calcium
released from intracellular storages and nitric oxide
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production, indicating a beneficial effect of astaxanthin
on human neutrophils function . Immune cells are
particularly sensitive to oxidative stress due to a high
percentage of polyunsaturated fatty acids in their
plasma membranes and generally produce more
oxidative products. Park et al., ®7 studied the possible
immune-enhancing, antioxidative, and anti-
inflammatory activity of astaxanthin in young healthy
adult female human subjects, and showed that
astaxanthin could decrease a DNA oxidative damage
biomarker and inflammation, and enhance immune
response. The immunomodulatory, antioxidative, and
anti-inflammatory activity of astaxanthin would likely
influence the etiology of cancer and inflammatory
diseases ©.

The anti-inflammatory activity of astaxanthin may also
have a role in the prevention or treatment of asthma.
It was reported that that ginkgolide B, astaxanthin, or
their combination could suppress activation of T cells
from asthma patients In the recent
experiment,Haines et al., % showed that the asthmatic
animals fed astaxanthin, Ginkgo biloba extract and
vitamin C alone or in combination exhibited
significantly lower bronchoalveolar lavage fluid
inflammatory cell numbers and enhancement of lung
tissue content of cAMP and cGMP, and the efficacy
was equal to or better than ibuprofen, a widely used
nonsteroidal anti-inflammatory drug.

More recently, dietary astaxanthin was found to help
fight symptoms of ulcer disease from Helicobacter
pylori. Astaxanthin reduced symptoms of gastric
inflammation and was also associated with shifts in the
inflammation response Although it could be
assumed that the antioxidant properties of astaxanthin
explains its anti-inflammatory activity, further studies
are needed to better understand the specific mode of
action of astaxanthin in fighting inflammation.

Astaxanthin and Heart Health: High blood levels of
LDL-cholesterol (the ‘bad’ cholesterol) are associated
with an increased risk of atherosclerosis. However,
HDL blood levels are inversely correlated with coronary
heart disease and are indicative of protection against
atherosclerosis. The risk of developing arteriosclerosis
in humans correlates positively with the cholesterol
content bound to Low Density Lipoprotein (LDL) or
“bad cholesterol” .
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Many studies have documented that high levels of LDL
are related to prevalence of cardiovascular diseases
such as angina pectoris, myocardial infarction, and
brain thrombosis "% Inhibition of oxidation of LDL has
been postulated as a likely mechanism through which
antioxidants could prevent the development of
arteriosclerosis. Several studies have looked at
carotenoids, mainly B-carotene and canthaxanthin, as
inhibitors of LDL oxidation "> ”*. Astaxanthin is carried
by VLDL, LDL and HDL in the human blood. An in vitro
test and a study with human subjects ingesting daily
dosages as low as 3.6 mg astaxanthin per day for two
consecutive weeks demonstrated that astaxanthin

protects LDL-cholesterol against induced in vitro
oxidation ”°.
In an animal model study, astaxanthin

supplementation led to an increase in blood levels of
HDL "%, the form of blood cholesterol inversely
correlated with coronary heart disease. Thus,
astaxanthin could benefit heart health by modifying
blood levels of LDL and HDL cholesterol.Finally,
astaxanthin could also be beneficial to heart health by
reducing inflammation presumably associated with
the development of coronary heart disease ’’. Lipid
and macrophage infiltration is closely associated with
early plaque development 2. It was found that
astaxanthin  significantly reduced the macrophage
infiltration in the lesions, and lowered the occurrence
of macrophage apoptosis and plaque ruptures,
indicating that astaxanthin might improve plaque
stability in the atherosclerotic setting ’® by increasing
adiponectin.

Another study showed that astaxanthin could suppress
the scavenger receptors upregulation, matrix
metalloproteinases activation, and pro-inflammatory
cytokines expression in macrophages, indicating that
astaxanthin is effective to regulate the macrophage
atherogenesis-related functions ?°. Hussein et al. ”°
found that oral administration of astaxanthin for 14
days significantly lowered the arterial blood pressure
in spontaneously hypertensive rats but not in
normotensive Wistar Kyoto strain, and the long-term
administration of astaxanthin for 5wk could also delay
the incidence of stroke in the stroke prone
spontaneously hypertensive rats.
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Subsequently, showed that astaxanthin might
modulate the blood fluidity in hypertension, and the
antihypertensive effects of astaxanthin might be
exerted through mechanisms including normalization
of the sensitivity of the adrenoceptor sympathetic
pathway, particularly a-adrenoceptors, and by
restoration of the vascular tone through attenuation of
the angiotensin II- and reactive oxygen species-induced
vasoconstriction. These results indicated that
astaxanthin could exert beneficial effects in protection
against hypertension and stroke %7 In addition, it
was shown that astaxanthin lowered blood pressure
and lessened the activity of the renin-angiotensin
system in Zucker Fatty Rats, indicating that the renin-
angiotensin system was involved in the ability of
astaxanthin to lower blood pressure .

Astaxanthin and Cellular Health: In the mitochondria,
multiple oxidative chain reactions generate the energy
needed by the cell but produce large amounts of free
radicals that need to be neutralized to maintain proper
mitocondrial function. It is hypothesized that the
cumulative oxidative damage to mitochondria is the
main culprit for the senescence of cells, which in turn is
responsible for aging &'. The efficacy of astaxanthin in
preventing in vitro peroxidation of mitochondria of rat
liver cells can be as high as 100 times that of vitaminE
8 This highlights the unique capacity of astaxanthin in
helping to preserver mitochondrial functions and its
unique potential in the fight against aging.

Astaxanthin’s superior role in protecting cellular
membranes is believed to derive from its ability to
protect both the inner part and external surface of
membranes against oxidation (a result of the moieties
of its polyene chain and terminal rings as well as of
rigidifying membranes and modifying their
permeability) % ® °  Antioxidants, carotenoids in
particular,are not only essential to cellular health
because they help protect cellular components against
oxidative damage but also because they have a role in
regulating gene expression and in inducing cell-to-cell
communications % #,

Recently, astaxanthin was reported to have a role in
regulating CYP genes in rat hepatocytes, although it did
not seem to have that effect in human hepatocytes *°.
Also carotenoids are active inducers of communication
between cells at the cell-gap junctions (the water-filled
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pores in the cell membranes that permit cell to-cell
communications needed to modulate cell growth and,
in particular, to limit expansion of cancerous cells) 8,
Thus, it is hypothesized that carotenoids affect DNA
regulating RNA  responsible for gap-junction
communications and that this role in cell-gap junctions
communications might explain some of the anti-cancer
activities of astaxanthin.

Anti-cancer properties of Astaxanthin: Several studies
have demonstrated the anti-cancer activity of
astaxanthin in mammals. A case-control study with a
large cohort involving ten countries showed that
higher plasma concentrations of some individual
carotenoids, retinol, and a-tocopherol were associated
with reduced risk of gastric cancer 8 There are two
different classes of chemopreventive agents,
retinoids/provitamin A carotenoids and the
nonprovitamin carotenoids, which may act through
separate mechanisms ¥’

Increasing evidence has shown that carotenoids
possess potent cancer chemopreventive properties
independent of their antioxidant activity or their
potential for conversion to retinoids 8 Some of
carotenoids showed more potent anticarcinogenic
activity than b-carotene and might be more useful for
cancer prevention 8 1t had been reported that in
individuals at high risk for developing lung cancer as a
consequence of smoking and/or asbestos exposure, b-
carotene failed to demonstrate protection, and even
was found to induce lung pathology 0 suggesting that
the use of carotenoids without pro-vitamin A activity
such as astaxanthin might provide protection and
avoid the toxicity associated with retinoids ¥

Chew and Park °' had suggested that although
astaxanthin, canthaxanthin, and b-carotene inhibited
tumor growth, astaxanthin showed the highest anti-
tumor activity. Growth-inhibitory effects of astaxanthin
have been reported in different tumor cells, including
colon, oral fibrosarcoma, breast, prostate cancer cells,
and embryonic fibroblasts 8  Daubrawa et al. *
compared the effects of canthaxanthin and
astaxanthin  on  gap  junctional intercellular
communication, which is important for homeostasis,
growth control, and de velopment of cells, in primary
human skin fibroblasts, and found that astaxanthin
was a strong suppressor of gap junctional intercellular
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communication and affected channel function by
changing the phosphorylation pattern of connexin43.
However, in contrast to astaxanthin, canthaxanthin
and other carotenoids could stimulate gap junctional
intercellular communication and enhance connexin 43
expression in cell culture.Briviba et al., %3 compared the
subcellular localization of astaxanthin and b-carotene
in cultured HT29 human colon adenocarcinoma cells.
The results showed that astaxanthin was effectively
taken up by the cells and localized mostly in the
cytoplasm, and cells incubated with b-carotene
showed about a 50-fold lower cellular amount of b-
carotene.

The difference of astaxanthin and b-carotene
distribution in cells of intestinal origin suggested that
the possible defense against reactive molecules by
carotenoids in these cells might also be different 3,
Astaxanthin protected mice from carcinogenesis of the
urinary bladder by reducing the incidence of chemically
induced bladder carcinoma **. Rats fed a carcinogen
but supplemented with astaxanthin had a significantly
lower incidence of different types of cancerous
growths in their mouths than rats fed only the
carcinogen. The protective effect of astaxanthin was
even more pronounced than that of b-carotene .
Furthermore, a significant decrease in the incidence of
induced colon cancer in those rats fed astaxanthin
versus those administered only the carcinogen was
found %°.

Dietary astaxanthin is also effective in fighting
mammary cancer by reducing growth of induced
mammary tumors by 50%, more so than b-carotene
and canthaxanthin *°. Astaxanthin inhibits the enzyme
5-a-reductase responsible for prostate growth and
astaxanthin supplementation was proposed as a
method to fight benign prostate hyperplasia and
prostate cancer .

More recently, astaxanthin supplementation in rats
was found to inhibit the stress-induced suppression of
tumor-fighting natural killer cells % As noted earlier,
astaxanthin’s anti-cancer activity might be related to
the carotenoids’ role in cell communications at gap
junctions, which might be involved with slowing
cancercell growth ' the induction of xenobiotic-
metabolizing enzymes *° or by modulating immune
responses against tumor cells %,
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Astaxanthin in detoxification and liver function: The
liver is a complex organ in which intense catabolism
and anabolism take place. Liver functions include
active oxidation of lipids to produce energy,
detoxification of contaminants, and destruction of
pathogenic bacteria, viruses and of dead red blood
cells. These functions can lead to significant release of
free radicals and oxidation byproducts and therefore it
is important to have mechanisms that protect liver
cells against oxidative damage. Astaxanthin is much
more effective than vitamin E at protecting
mitochondria from rat liver cells against lipid
peroxidation 2.

Astaxanthin also induces xenobiotic metabolizing
enzymes in rat liver, a process that could help prevent
carcinogenesis 101~ Astaxanthin can induce xenobiotic
metabolizing enzymes in the lung and kidney »,
Recently,Bhuvaneswari et al. >* evaluated the effects of
astaxanthin in obese mice fed a high fat plus high
fructose diet, and showed that astaxanthin restricted
weight gain, promoted insulin sensitivity, and
prevented liver injury by decreasing cytochrome P
4502E1, myeloperoxidase,and nitro-oxidative stress,
and improving the antioxidant status. In addition, lipid
deposition and increased transforming growth factor-b
expression induced by the high calorie diet were also
abolished by astaxanthin >*. These studies indicated
that astaxanthin might be of value in preventing
obesity, metabolic syndrome, and liver disease arising
from insulin resistance/obesity in affluent societies

Astaxanthin and Neurodegenerative Diseases: The
nervous system is rich in both unsaturated fats (which
are prone to oxidation) and iron (which has strong
prooxidative properties). These,together with the
intense metabolic aerobic activity and rich irrigation
with blood vessels found in tissues of the nervous
system, make tissues particularly susceptible to
oxidative damage '®. There is substantial evidence
that oxidative stress is a causative or at least ancillary
factor in the pathogenesis of major neurodegenerative
diseases (Alzheimer’s, Huntington’s, Parkinson’s and
amyotrophic lateral sclerosis, ALS) and that diets high
in antioxidants offer the potential to lower the
associated risks *°> 1% 1% |n a scientific study with rats
fed natural astaxanthin demonstrated that
astaxanthin can cross the blood brain barrier in
mammals and can extend its antioxidant benefits
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beyond that barrier. Liu et al., *°® demonstrated that
astaxanthin could prevent docosahexaenoic acid
hydroperoxide or 6-hydroxydopamine-induced
neuronal apoptosis, mitochondrial abnormalities, and
intracellular reactive oxygen species generation in SH-
SY5Y cells. Chan et al, 197 3lso  showed that
astaxanthin likely enhanced cell and mitochondrial
membrane stability. These studies suggested that
astaxanthin had the protective effects on a
neurodegenerative disease, dependent on its
antioxidant potential and mitochondria protection, and
might be a promising neuroprotective therapeutic
agent for oxidative stress-associated

neurodegeneration such as Parkinson’s disease ® %
107

It has been found that astaxanthin could reduce
ischemia induced free radical damage, apoptosis,
neurodegeneration and cerebral infarction in brain
tissue through the inhibition of oxidative stress,
reduction of glutamate release, and antiapoptosis,
and might be clinically useful for patients vulnerable or
prone to ischemic events %,

CONCLUSION: The unique potential of astaxanthin to
be used as the nutritional component in treatment or
prevention strategies against several health problems
caused by oxidative stress, UV-light photooxidation or
inflammation, cancers and other pathological
conditions has generated great interest in clinical trials
and increased production of astaxanthin at commercial
levels.

The protection mechanism that are likely to be
involved are the activation of thymocites, the
expression of immune-related genes, the up-regulation
of proteins involved in cell-to-cell communication, and
the increase in membrane fluidity, decreased
expression or production of inflammatory mediators
and cytokines by suppressing the activation of nuclear
factor-kB, decreased expression or production of
transforming growth factor-bl, increased levels of
circulating adiponectin and insulin  sensitivity,
decreased activity of the renin-angiotensin system. The
important antioxidant and health promoting aspect of
this unusual carotenoid in the living organism has
generated great interest among behavioral ecologists
and scientists.
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The growing industry of nutraceutical has been
focusing on safety aspect of this carotenoid
supplementation, and commercial production .With in
few years to come,it may be an important antioxidant
supplement with good market potential if its
production cost are optimized.
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