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ESSENCE OF ARTICLE

"On the basis of these findings, it was concludet in PTECSs, astaxanthin has a protective efficacy
against several deleterious effects caused bydligtose exposure and proposed that astaxanthimdshou
be explored further as a potential antidiabeticagyfor the treatment of diabetic nephropathy.”

ARTICLE
Abstract

Astaxanthin is a carotenoid with powerful antioxitiaroperties that exists naturally in various gan
algae, and seafood. The purpose of the present st examine the protective action of astaxanthi
against high-glucose-induced oxidative stressamifhation, and apoptosis in proximal tubular epighel
cells (PTECSs). To assess the efficacy of astaxansieiveral key markers and activities were measured
including lipid peroxidation, total reactive spexi®S), superoxide («O2), nitric oxide (NOe), and
peroxynitrite (ONOO-), as well as expressions §ammatory proteins, inducible nitric oxide synthas
(INOS) and cyclooxygenase-2 (COX-2), nuclear fakappa B (NF<B) nuclear translocation, and levels
of Bcl2/Bax protein. Results showed that astaxangfiectively suppressed lipid peroxidation, tdR&,
*02, NO¢, ONOO-, INOS and COX-2 protein levels, NBnuclear translocation, and pro-apototic Bax,
whereas it increased anti-apoptotic Bcl2 proteuele On the basis of these findings, it was caateti
that in PTECs, astaxanthin has a protective effiegainst several deleterious effects caused by hig
glucose exposure and proposed that astaxanthimdshewexplored further as a potential antidiabetic
remedy for the treatment of diabetic nephropathy.

What is Astaxanthin?

Astaxanthin is a red pigment occurring naturalliwide variety of living organisms. Although thend
astaxanthin may not be commonly encountered inyeagrspeech, the pigment itself is found in many
human foods, and you are quite likely to be conggrtiin your diet already. Most crustaceans,
including shrimp, crawfish, crabs and lobster,tared red by accumulated astaxanthin. The colomati
of fish is often due to astaxanthin; the pink flegla healthy wild salmon is a conspicuous exaniple.
commercial fish and crustacean farms, astaxanshiorinmonly added to feeds in order to make up for
the lack of a natural dietary source of the pign{@otrissen et al. 1989). Not only does astaxanthin
provide for pigmentation in these farmed animalalso has been found to be essential for thepgaro
growth and survival (Torrissen and Christiansen5)99

Astaxanthin is one of a group of natural pigmemsvin as carotenoids. In nature, carotenoids are
produced principally by plants and their microscagilatives, the microalgae. Animals cannot syrifiees
carotenoids de novo, thus ultimately they mustialdteese pigments from the plants and algae that
support their food chains (Britton et al. 1995)n@oercial production of astaxanthin from the micgaal
Haematococcus pluvialis is a growing business wadd, primarily due to the rapid growth of this
microorganism and its high astaxanthin contente©tiommercial ventures for natural astaxanthin
production utilize fermentation of the pink yeastithophyllomyces dendrorhous or extraction of the
pigment from by-products of crustacea such as thtaktic krill (Euphausia superba). In addition to



production from natural sources, astaxanthin maghgnically synthesized, and synthetic astaxarnshin
the major form currently being used in fish feedeCoy 1999).

The astaxanthin molecule is similar to that offdmiliar carotenoid beta-carotene (Fig. 1), butghsll
differences in structure confer large differencethe chemical and biological properties of the two
molecules. In particular, astaxanthin exhibits sigpexntioxidant properties to beta-carotene inumhber
of in vitro studies (Terao 1989; Miki 1991; Paloarad Krinsky 1992; Lawlor and O'Brien 1995). While
the positive effects of astaxanthin on farmed &sd crustaceans have been recognized for years, the
potential benefits of this powerful antioxidantitioman health are only now being revealed.

Fig. 1. Structure of selected carotenoids
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Astaxanthin in Foods
Does astaxanthin occur normally in foods?

Astaxanthin is the most commonly occuring red aaroid in marine and aquatic animals, and thus
occurs naturally in certain human foodstuffs, mogiortantly in salmon and rainbow trout, to whith i
imparts a characteristic pink color when presesufficient levels (Torrissen and Christiansen 995
Astaxanthin also occurs in shellfish (e. g., lolstnd shrimps), in fish eggs (e. g., salmon ram), in
some other fish species (e. g., red sea bream)a(Mlearmaceuticals 1999).

Salmon and trout, like other animals, cannot sysieeastaxanthin themselves and must obtain it from
their diet--in the wild, from zooplankton (whichgaumably feed on the microalgae that are the aligin



producers of the carotenoid), or, in the case ofroercial fish feeds used for pen-raised fish, from
intentionally added astaxanthin. It has been shinanin fish and crustaceans, astaxanthin is aasémnt
growth and plays a vitamin-like role, and, in faattaxanthin is absorbed and deposited in fish fiesre
efficiently than are other similar xanthophylls ygenated carotenoids) such as canthaxanthin, Juiein
zeaxanthin (Torrissen and Christiansen 1995).

Astaxanthin is thus commonly used world-wide todament fish feeds, and is approved in the United
States as a safe additive to salmonid fish feed@ 80 mg per kg feed) in order to obtain theireel
pink to orange-red color (Code of Federal Regutatidl CFR 73.35). Apart from imparting an attraetiv
color, astaxanthin has been shown to prevent thiatian of fats in rainbow trout during frozen stge,
thus preventing rancidity (Jensen et al. 1998).

Astaxanthin levels in the flesh of Atlantic salm@amge from about 4 to 10 mg per kg, whereas lauels
wild Pacific salmon can be much higher, with a nrt¢eDA study reporting an average of about 14 mg

per kg in coho salmon and about 40 mg per kg ikeyge salmon (Turujman et al. 1997). Thus, a
reasonable serving portion of 4 ounces (one-foafrtnpound, 113.4 g) of farmed Atlantic salmon vebul
contain from 0.5 to 1.1 mg of astaxanthin, whetbassame amount of sockeye salmon would contain 4.5
mg of astaxanthin.
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Different Chemical Forms of Astaxanthin

Is all astaxanthin the same?

How is synthetic astaxanthin different from natural astaxanthin?

Are there different forms of natural astaxanthin?

Why do we think natural astaxanthin may act differently from synthetic astaxanthin?
Is all astaxanthin the same?

Astaxanthin has chemical features that resulténetkistence of several forms of astaxanthin:



Stereoisomers. Astaxanthin has two chiral (pronednigy-ral"), or asymmetric, centers. These are the
carbons numbered 3 and 3' (pronounced "three pyiarethe two rings in the structure. One can tluhk
chiral asymmetry as analogous to "handedness'ftAdmd and a right hand are mirror images of each
other--they are similar but not identical, and moesuperimposable. Similarly, a chiral center ezist in
either of two configurations; the same atoms arelbd to the chiral center, but the three-dimensiona
arrangements are different and not superimpos@hlemists identify chiral centers as being either [$
(from rectus or sinister, Latin for "right" or "EJ. The two chiral centers in astaxanthin, carb®msd 3,
can each exist either in the R or the S form, &nd there are a total of three stereocisomers: 338,
3'S, or 3R,3'R. The 3S,3'S and 3R,3'R stereoisoanermirror images of each other and are termed
"enantiomers". Each enantiomer has the oppositeabictivity of the other, i.e., a solution of arp
enantiomer will rotate plane-polarized light inieedtion opposite to that observed for the other
enantiomer. The 3R,3'S form is sometimes termeddhand is optically inactive because there is a
plane of symmetry through the center of the molkecul

Geometric isomers. Carbon-carbon double bond$aae the atoms attached to them arranged in
different ways. This arrangement cannot be chabgetie atoms twisting or rotating around the bond
(since double bonds are not "flexible" in the wangke bonds are) without breaking the double bdihd.
the two largest groups are attached on the sareglsicking down the double bond's length) of the
double bond, they are termed Z (from zusammen, &effior "together"). If the two groups are on
opposite sides of the double bond, they are teftn@tbm entgegen, German for "opposed"). Olderstext
may refer to Z as "cis" and E as "trans", howevand E are the recommended nomenclature today. A
double bond may change its geometry from E to Yia@a-versa, but this process requires energy (asch
heat) and the breaking and reformation of the dmbbhd. Astaxanthin has several double bonds in the
linear portion of the molecule, each of which cateptially exist in the Z or E form. The
thermodynamically most stable form of the molegsilall-E ("all-trans") astaxanthin. This is because
the all-E form, the branching methyl (CH3) groupstioe linear portion of the molecule do not compete
for space. In nature, Z isomers have been obseatvedsitions 9, 13, and 15, singly or in combirmtio
Thus, several geometric isomers are possible:, 98, (132), (152), (92,132), (92,15Z), (132,152)
and (92,13Z,152) (Bernhard 1990).

Free or esterified. Astaxanthin has two hydroxyHj@roups, one on each terminal ring. These can be
"free" (unreacted) hydroxyls, or can react withaaid (such as a fatty acid) to form an ester. § on
hydroxyl reacts with a fatty acid, the result isted a mono-ester. If both hydroxyl groups aretezhc
with fatty acids, the result is termed a di-esfatding a fatty acid to form an ester makes ther#iste

end of the molecule more hydrophobic. In orderyafrbphobicity (difficulty in dissolving in waterjye
find that di-esters > mono-esters > free.

In summary then, astaxanthin occurs in severatwfit forms which can be classified according to
stereoisomers, geometric isomers, and free orifestieiorms. All of these forms are found in varu
natural sources. For example, the predominantasenmer of astaxanthin found in krill (Euphausia
superba, a shrimp-like marine animal) is 3R,3'Rr(Bard 1990), and the majority of this is estedifie
(Foss et al., 1987). In wild salmon, the predomirséereocisomer is 3S,3'S; in salmon flesh the
astaxanthin occurs as the free xanthophyll (Bexht800). The basidiomycete yeast Xanthophyllomyces
dendrorhous (formerly Phaffia rhodozyma) (Gobul893) accumulates astaxanthin as its major
carotenoid; in this yeast, astaxanthin occurs @8R, 3'R stereocisomer and is predominantly eserifin



the green alga Haematococcus pluvialis, astaxantitars as the 3S,3'S stereoisomer (Bernhard 1990).
Astaxanthin from H. pluvialis occurs primarily a®noesters (~80%) and diesters (~15%); the
predominant fatty acids that make up the ester€a8e1 and C20:0 (Renstrgm and Liaaen-Jensen 1981).

In one study (Dsterlie et al. 1999c), rainbow tr@mcorhynchus mykiss) were fed a diet containing
synthetic non-esterified astaxanthin in a 1:2:1tovix of the three stereoisomers 3S,3'S, 3R,3'S, and
3R,3'R; one group of fish received predominantlyEahstaxanthin and a second group received an E/Z
mixture. The all-E diet resulted in a greater uptakastaxanthin, indicating that this geometransr is
more easily digested by trout. In feces, blooderpand fillet, the R/S distribution was close t8:1, but

in skin and kidney the ratios were about 1:2:2 &12d3, respectively. In rainbow trout, at leasipmetric
and stereoisomers are distributed selectivelyfiermint tissues.

One study on the kinetics of dietary astaxanthitaks by humans has been reported (Jsterlie et al.
1999a, 1999b). In this study, three middle-ageahkséng, male volunteers were given a single olive oi
containing meal with 100 mg of synthetic non-e§tsliastaxanthin as a defined mixture of all-E-(all
trans), 9Z (9-cis), and 13Z (13-cis) geometric isosr(and with the 3S,3'S:3R, 3'S:3S,3'S stereodami
ratio of 1:2:1). The appearance and distributioastixanthin was quantified by HPLC analysis obtlo
samples taken ten times over the 72 hours followhegneal. The maximum plasma concentration of
astaxanthin was 1.24 mg/L, observed 6 hours posialy. There was an enrichment of the 13Z isomer
in plasma; whether this was due to a preferenptdke of the 13Z isomers, preferential catabolithe
all-E and 9Z isomers, in vivo isomerization, or goather process was not determined. Distribution of
the E/Z isomers was consistent among chylomicrdrsly LDL, and HDL lipoprotein fractions. During
the absorptive phase, the relative concentratidotaf astaxanthin in HDL decreased compared to the
other lipoprotein fractions. The relative ratiostéreochemical isomers remained unchanged (Ds¢trlie
al.1999b). The results of this one study indichtd geometric isomerism may be important in the
bioavailability of free astaxanthin in humans.

How is synthetic astaxanthin different from natural astaxanthin?

Synthetic astaxanthin is produced as the free {anfisd) xanthophyll and as a 1:2:1 mixture of theee
stereoisomers: 3S,3'S, 3R,3'S, and 3R,3'R. Thesinduproducers of synthetic astaxanthin are
Hoffmann-La Roche AG and BASF AG.

Are there different forms of natural astaxanthin?

In its natural state, astaxanthin is usually asdediwith other molecules (Bernhard, 1990). Itfiero
complexed with proteins, producing an array of tola different organisms. For example, it is the
chromophore in the blue, green, and yellow pigmehtsbsters. In other cases, astaxanthin may simpl
be dissolved in the lipid fraction of complex maléss such as egg lipoproteins, or it may actuadly b
bound chemically to molecules such as fatty a@deitm esters. Reddening of some snow algae
(Bidigare et al. 1993) and Haematococcus is thdtre§such esters accumulating in cytoplasmiallipi
droplets. Less often, because it is not as stabtaxanthin occurs in cells as a free, unboundcutse

Whether free or complexed, the atoms comprisingsaéaxanthin molecule can be oriented in different
ways, producing different isomers. The most comg@ometric configuration in both synthetic and
natural astaxanthin is the most thermodynamicadiple all-E (all-trans) isomer. Astaxanthin from



natural sources tends to occur predominantly aereihe 3S,3'S or 3R,3'R form, while the meso (33},3
isomer is the most abundant in synthetic astaxariBernhard 1990).

Why do we think natural astaxanthin may act differently from synthetic astaxanthin?

All-E isomers are the major geometric isomers ithtsynthetic and natural astaxanthin (Turujmarl.et a
1997). However, synthetic astaxanthin is producefilele (unesterified) astaxanthin in a mixture of
stereoisomers: the stereoisomers (3R,3'R), (3RaBI&)3S,3'S) occur in a ratio of 1:2:1. Natural
astaxanthin, on the other hand, is usually esterifind predominantly of (3S,3'S) configurationiess
frequently, mainly (3R,3'R) (Bernhard 1990). In Hegococcus pluvialis, astaxanthin occurs as the
3S,3'S stereoisomer and primarily as monoeste®%}>9with diesters comprising ~8% and the free
molecule ~1% (Renstrgm et al. 1981). It tends tolpce higher pigmentation in rainbow trout compared
to synthetic astaxanthin provided at the same ietancentration (Bowen et al., 1999).
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Antioxidants and Eye Health

How does oxidation work in diseases of the eye?



Our eyes are our window on the world. Tragicalhgre are 30 to 50 million cases of blindness
worldwide, and a far greater number of people suffefrom visual impairment of some kind (Jacques
1999). Two of the leading causes of visual impairthand blindness are age-related macular
degeneration and age-related cataracts (Gerstér 188ques 1999). Both diseases appear to bedr¢tate
light-induced oxidative processes within the eyer&er 1989; Snodderly 1995; Christen 1999).

Within the eye, the lens focuses incoming lightoathe photosensitive retina, which transmits visual
signals to the brain. The lens is made mostly deéwand protein; the proteins are normally arrargeth
that light may pass through unimpeded. Cataraetai@as of the eye's lens that have become cldudy,
to the clumping together of proteins. These clopogions may grow over time and reduce the amotint o
light reaching the retina, resulting in blurrediors and potentially leading to blindness. Although
cataracts may be congenital, or brought on by tishateroid use, or trauma, most are relateditgag
Vision loss due to cataract is usually treatablg by surgical removal of the cataract.

The central area of the retina is known as the fadatea ("yellow spot"). In the middle of the méecu
lies the fovea, the part of the retina which hastighest density of photoreceptors, hence giveébeaus
highest visual acuity. Although retinal damage sult from injury (such as from staring at the)stime
slow degradation with age of the macular area®fétina, a condition known as age-related macular
degeneration or AMD, is a leading cause of blindr{&erster 1991; Seddon et al. 1994; Snodderly
1995). No treatment is available for most pati¢htsmpton and Nelsen 1992).

Both cataracts and AMD appear to be linked to tiraudative effects of a lifetime of light-induced
oxidation. Both the lens and the retina are expasatinually to light (particularly blue light) and
oxygen, which can work together to produce oxygeg fadicals. In cataract formation, free radicals
appear to impair the lens crystalline proteinssgaythem to clump, and also damage proteolytic
enzymes that would normally remove the damagecp®{Gerster 1989). In the retina, with its high
levels of oxygen and polyunsaturated fatty aciéspxidation of membranes likely leads to the dedith
photoreceptor cells (Gerster 1991). It is therefwesurprising that factors known to be related to
oxidation (cigarette smoking, cardiovascular diseagposure to sunlight, low ocular melanin content
have been shown in epidemiological studies to lada@ to an elevated risk for AMD (Snodderly 1995;
Snow and Seddon 1999).

The human body uses natural defenses against mxid#tthese eye tissues, including the antioxidant
enzymes glutathione peroxidase, superoxide dismusesl catalase, as well as the antioxidant vitaigin
and C, and the pigment melanin (Gerster 1991).aftiqular significance may be the carotenoid
pigments lutein and zeaxanthin, which are conctedrm the macula and give it its yellow color (Boet
al. 1985). These pigments are known to absorbllghtand have the potential to quench singlet exyg
(Landrum et al. 1999). Epidemiological studies hslvewn that a high dietary intake of carotenoids,
specifically lutein and zeaxanthin (from spinachlglk and other leafy green vegetables), is assokiat
with a reduced risk for both nuclear cataractsAliiD (Seddon et al. 1994; Lyle et al. 1999). It ladso
been shown experimentally that regular consumpifdatein supplements can increase the macular
pigment density in the eye, which may potentiadigluce the risk for later development of AMD
(Landrum et al. 1997). However, little is known abthe potential unwanted interactions of carotdsoi
in the eye when taken in high-dose supplementai ftinus supplementation should be approached with
some caution (Snodderly 1995).
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Antioxidants and Neurodegenerative Diseases
How does oxidation work in neurodegenerative disea®

The nervous system, including the brain, spinadlcand peripheral nerves, is rich in both unsatarat
fats (which are prone to oxidation) and iron (Hedlll 1992). The high lipid content of nervous tiesu
coupled with its high metabolic (aerobic) activityakes it particularly susceptible to oxidant daenag
(Dawson and Dawson 1996). The high level of brain may be essential, particularly during
development, but its presence also means thayitguorain cells may release iron ions that cad lea
oxidative stress via the iron-catalyzed formatibneactive oxygen species (Gerlach et al. 1994).



There is substantial evidence that oxidative sfieascausative or at least ancillary factor in the
pathogenesis of major neurodegenerative diseasshgding Parkinson's disease (Ebadi et al. 1996),
Alzheimer's disease (Markesbery and Carney 1998l B#99), and amyotrophic lateral sclerosis (ALS,
"Lou Gehrig's disease") (Olanow and Arendash 19®#pnian and Coyle 1996; Hall et al. 1998) as well
as in cases of stroke, trauma, and seizures (@oygld°uttfarcken 1993; Facchinetti et al. 1998).
Decreased levels of antioxidant enzyme activityfaved in Parkinson's disease patients (Fahn and
Cohen 1992). Evidence of oxidative stress in tfof increased lipid peroxidation and oxidation of
DNA bases is seen in the substantia nigra, theairéee brain affected in Parkinson's disease @enn
1996). Similar increased lipid peroxidation anddation of DNA and proteins are seen in Alzheimer's
disease (Retz et al. 1998) and in Huntington'sadis¢Borlongan et al. 1996). Increases in markers o
oxidative stress (e.g., oxidation of proteins oDdfA) are seen in both familial ALS (FALS) and
sporadic ALS (SALS) patients (Ferrante et al. 1989 Has been suggested that Alzheimer's diseage ma
be linked to diet, with reduced risk associatedwliets high in antioxidants (Grant 1997).

A number of in vitro studies have shown that antarts, both endogenous and dietary, can protect
nervous tissue from damage by oxidative stres. &flid, an endogenous antioxidant, was found to
prevent neuron damage in rats, both in vitro andvia, from the metabolic stresses of ischemia
(oxidative stress as well as exposure to the @wcitamino acid glutamate and the toxic compound
cyanide) (Yu et al. 1998). Vitamin E was found teyent cell death (apoptosis) in rat neurons stixec
to hypoxia followed by oxygen reperfusion (Tagamak 1998). The same study showed that vitamin E
prevented neuronal damage from reactive nitrogenisp (Tagami et al. 1998). Both vitamin E and beta
carotene were found to protect rat neurons agakigdative stress from exposure to ethanol (Mitckell

al. 1999). In an experimental model of diabetessedwneurovascular dysfunction, beta-carotene was
found to protect cells most effectively, followed Witamin E and vitamin C (Cotter et al. 1995).

Most in vivo and clinical studies of the effectslipid-soluble antioxidant supplementation on
neurological diseases have focused on vitamin Eepért in 1991 demonstrated that the rate at which
Parkinson's disease progressed to the point wigepatent required treatment with levodopa was stbw
by 2.5 years in patients given large doses of vitdtnand synthetic vitamin E (Fahn 1991). Although
one study reported that high doses of vitamin Elted in elevated plasma levels but failed to insee
vitamin E levels in cerebrospinal fluid (CSF) (Pagpet al. 1996), a later report demonstratedhfuit
doses of vitamin E did result in elevation of C3famin E levels, and possibly brain vitamin E level
(Vatassery et al. 1998). Recently it was showntieprotein responsible for the uptake of Vitaiiis

in fact present in brain cells of patients suffgrirom Vitamin E deficiency or diseases associatith
oxidative stress (Copp et al. 1999). In a Dutcllgtit was found that the risk for Parkinson's dsewas
lower for subjects who had higher dietary intakeargioxidants, particularly vitamin E (de Rijk &t
1997). The same group reported that a low dietatgke of beta-carotene was associated with impaired
cognitive function in a group of persons aged 55r@bsuch association was observed for either witam
C or E (Jama et al. 1996). In an Austrian studsyreeconcentration of Vitamin E was found to be
significantly associated with cognitive functionddults aged 50 - 75 years measured by a standdrdiz
test; serum concentrations of lutein/zeaxanthiyptoxanthin, canthaxanthin, lycopene, alpha-caeten
beta-carotene, retinol, gamma-tocopherol, and hat®had no significant effects (Schmidt et al.8)99
In another study, it was found that patients suftefrom Parkinson's disease had consumed le$eof t
small-molecule antioxidants beta-carotene and vitainthan did non-sufferers of the disease, imgyin
that dietary antioxidants do play a protective fialéhis disease (Hellenbrand et al. 1996). Abd@%b2f



FALS cases are associated with a mutation in the §@& copper/zinc superoxide dismutase, an
important antioxidant enzyme, and in vitro expemisedemonstrated that expression of the mutant
enzyme in neuronal cells caused cell death, whicitdcbe prevented by antioxidant small molecules
such as glutathione and vitamin E (Ghadge et 8719
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Antioxidants and Cardiovascular Diseases
How does oxidation work in cardiovascular disease?

Atherosclerosis is a condition where the wallshef &rteries are damaged and narrowed by deposits of
plague (cholesterol and other fatty substancesiura] fibrin, and cellular wastes) , eventuallydiimg

off the flow of blood. Plague deposits can resulbieeding (hemorrhage) or formation of a blood clo
(thrombus). When hemorrhage or thrombus blocksléeof blood through the entire artery, a heart
attack or a stroke occurs. High blood levels oflesterol - particularly the cholesterol carriedltw-
density lipoprotein ("LDL", a protein found in bldp- are associated with an increased risk of
atherosclerosis.

Normal LDL in plasma is not oxidized. OxidationldDL is believed to contribute to the development of
atherosclerosis (Frei 1995). Macrophage cells peatally take up oxidized LDL, become loaded with
lipids, and convert into "foam cells" (Aviram 199&pam cells accumulate in fatty streaks, earlysiof
atherosclerosis. Humans produce auto-antibodieasigaidized LDL, and the levels of such auto-
antibodies are higher in patients with atheroseierFrei 1995).

The identification of LDL oxidation as a key evémiatherosclerosis suggests that it may be postible
reduce the risk of atherosclerosis by antioxidappgmentation (Yla-Herttuala 1991). Vitamin Ehet
major naturally-occurring antioxidant in human fgpoteins (Bowry et al. 1992). Most circulating
carotenoids are associated with lipoproteins ismpka (Clevidence and Bieri 1993). The largest foacti

of total carotenoids is found in LDL, as evidentgdhe typically yellow color of this lipoprotein

fraction (Clevidence and Bieri 1993). The largeatfion of hydrocarbon carotenoids (e.g., betateae
and lycopene), as well as most vitamin E and dbmpherols, is transported by LDL (Clevidence and
Bieri 1993; Goulinet and Chapman 1997; Oshima.et387), suggesting that these compounds in
particular may play an important role in preventingdative modification of this lipoprotein fractio

The more polar xanthophylls (oxygenated carotensit$ as lutein, zeaxanthin, canthaxanthin, beta-
cryptoxanthin, and capsanthin) are distributed nemenly between HDL and LDL (Clevidence and Bieri
1993; Goulinet and Chapman 1997; Oshima et al. 1 $®f example, a Japanese study found that ~70%
of hydrocarbon carotenoids (lycopene, alpha-camtend beta-carotene) were found in LDL, whereas
the polar xanthophylls (capsanthin, lutein, andkaathin) were distributed about equally between HDL
and LDL (Oshima et al. 1997). The authors specdlttat these polar xanthophylls might be localiaed
the polar surface of lipoproteins high in phosphidl (as is HDL) (Oshima et al. 1997). Upon
subfractionation of LDL particles, it was found thacopene, beta-carotene and beta-cryptoxanttan ar



found mostly in larger, less-dense LDL particlesveas lutein and zeaxanthin are mostly in the small
more dense LDL particles (Lowe et al. 1999). Ind&érgly, the more dense LDL subfractions, which had
lower overall carotenoid and vitamin E concentragiovere also more easily oxidized (Lowe et al.9)99

Epidemiological and clinical data indicate thattdig antioxidants may protect against cardiovascula
disease (Frei 1995). Several epidemiological studé/e shown an inverse association between serum
levels of beta-carotene and other carotenoids ar@hary heart disease (reviewed by Kritchevsky 1999
One study found that serum levels of alpha- and-batotene and lycopene were 1.9-, 1.7-, and 2d7-fo
higher, respectively, in Israeli men than in Czewn; mortality rates, blood pressure, and corohagyt
disease rates in the subjects were highest in Cazetihowest in Israeli men (Bobak et al. 1999).
However, clinical studies with carotenoid suppletagon have been equivocal, and in fact some major
clinical trials with beta-carotene supplementatiawve shown either no or negative effects on chronic
diseases such as cardiovascular disease and ¢gewsewed by Mayne 1996 and Kritchevsky 1999).
Carotenoids are regarded as good biomarkers fibraind vegetable dietary intake, but other plant-
derived compounds may well play a significant rial@ealth. Still, studies have shown that
supplementation with vitamin E (Reaven and Witzti@83) and other small compounds (including
vitamin C, beta-carotene and other carotenoidsdamgls such as probucol) can decrease the
susceptibility of LDL to oxidation (Jialal and Fefl1995); these compounds have in common their
antioxidant activity.

Carotid intima-media thickness ("carotid IMT", esBelly the thickness of one of the main arterieshie
neck) is a measure of asymptomatic early athenasite in one atherosclerosis risk study, carddd |
was found to be inversely correlated to the levélsitein and zeaxanthin, which are xanthophylls
(oxygenated carotenoids) regarded as biomarkdrsibfind vegetable intake (Iribarren et al. 1997).
Another study found that lutein and cryptoxanthiergvtwice as high in a population (Toulouse) tlzat h
a much lower incidence of coronary heart disease #mother group (Belfast), suggesting that such
xanthophylls (hydroxycarotenoids) may be usefud@tioxidant supplements (Howard et al. 1996).

Few studies have used carotenoids (other thandaetéene) as anti-atherogenic dietary supplements.
One in vitro study showed that cell-mediated oxatabf LDL was inhibited by beta-carotene, but
enhanced by lutein or lycopene (Dugas et al. 1988).same researchers later reported that diatary (
in vivo) supplementation of 15 mg per day of beasatene over four weeks resulted in a 3- to 6-fold
increase in the beta-carotene content of LDL; thatro-tested increase in oxidation resistancei
isolated from the subjects was greater than thease in oxidation resistance seen in LDL enriched
vitro 11- to 12-fold with beta-carotene (Dugas 199@jain, no effect on LDL resistance to oxidatisas
seen for lycopene supplied as a dietary supple(@rgas 1999). These results are in contradiction to
studies that reported a significant decrease unsdipid peroxidation and LDL oxidation after three
weeks of lycopene dietary supplementation (Agaamal Rao 1998), and that in vitro supplementation of
beta-carotene, canthaxanthin, or zeaxanthin irddhiell-mediated LDL oxidation (Carpenter et al. 199
A recent large study of the relationship betweeteady antioxidant intake and risk for ischemic kérdas
a consequence of atherosclerosis) followed 43,7@8 aged 40 -75 years over 8 years (Ascherio et al.
1999). This study found a significant inverse lielabetween lutein intake and risk for ischemiolstr
but this was not independent of other dietary flact®he authors concluded that vitamin E and vite@i
supplements and specific carotenoids did not saobaly reduce risk for stroke in the populationdied.
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Astaxanthin and Other Health Properties
What are other potential benefits of astaxanthin orhealth and wellness?

It is clear that astaxanthin is a potent <ANTIOXINA< a>carotenoid and, at least in some farmed
animals, it provides demonstrable health benefigséaxanthin has further been shown to exhibit pidén
health benefits in numerous tests using laboratomals. These results offer some indication that
astaxanthin may be useful in the maintenance ofamunealth, to the extent that these animal testtses
can be extrapolated to human beings.

Several studies have shown the effectiveness akasthin as a cancer preventive in rats and mie. F
example, Tanaka et al. (1994b) showed that astaixgptotected mice from urinary bladder
carcinogenesis. The investigators fed a known ldaddrcinogen to two groups of mice (36 and 33 mice
respectively) for 20 weeks. Then, the carcinoges reanoved from the diet for both groups. After
another week, the second group of mice was fedastiain in the diet for another 20 weeks while the
first group did not get any astaxanthin. Histoladjiexamination of the mouse bladders indicated that
while the group that did not get astaxanthin showd@% incidence of bladder carcinoma the astaianth
group had only an 18% incidence rate. In a secardygTanaka et al. 1995b) the investigators showed
that astaxanthin prevents oral carcinogenesistén Tae investigators fed a known carcinogen tooam

of rats. A second group of the rats was also fecttrcinogen but supplemented with astaxanthithign
direct comparison they found that the group fedhhoé carcinogen and astaxanthin had a signifigantl
lower incidence of different types of cancerousnmghe in their mouths than those rats fed only the



carcinogen. The authors concluded that astaxanfféned effective protection against oral cancéreyr
also concluded that the inhibitory effect of astahen on cancer was even more pronounced tharothat
beta-carotene, which they had tested in a prexstudy (Tanaka et al. 1994a). A further study byg thi
group (Tanaka et al. 1995a) explored the effeetstdxanthin on colon cancer in male rats. As in the
previous studies, groups of rats were fed a knoslonccarcinogen with or without astaxanthin
supplements in the diet. Again, the investigatotsfl a significant (P<0.001) decrease in the ingide
of colon cancer in those animals that were giveaxasthin.

Astaxanthin has been shown to significantly inflceimmune function in a number of in vitro and in
Vivo assays using animal models. The majority of Work has been carried out by Harumi Jyonouchi
and colleagues at the University of Minnesota. Aatdhin enhances in vitro antibody production by
mouse spleen cells stimulated with sheep red htetld (Jyonouchi et al. 1991), at least in part by
exerting actions on T-cells, especially T-helpdisa@yonouchi et al. 1993). Astaxanthin can also
partially restore decreased humoral immune respansald mice (Jyonouchi et al. 1994). These
immunomodulating properties are not related to paovin-A activity, because astaxanthin, unlike beta
carotene, does not have such activity (Jyonouchii. 4991). Studies on human blood cells in vitagén
demonstrated enhancement by astaxanthin of immahaoljh production in response to T-dependent
stimuli (Jyonouchi et al. 1995a). Other supportiiaga on astaxanthin and immune function, including
studies on the mechanisms of action involved, neafohnd in Jyonouchi et al. (1995b), Jyonouchilet a
(1996), Okai & Higashi-Okai (1996), and Tomita bt(2993).

There is abundant evidence that certain carotemaiddelp protect the retina from oxidative damage
(Snodderly 1995). A recent study with rats indisateat astaxanthin is effective at amelioratingedt
injury, and that it is also effective at protectiplgotoreceptors from degeneration (Tso and Lam 1996
The results of this study suggest that astaxarihitd be useful for prevention and treatment ofroeall
damage associated with age-related macular degemerand that it may also be effective at treating
ischemic reperfusion injury, Alzheimer's diseassakiison's disease, spinal cord injuries, and dihers
of central nervous system injuries (Tso and Lan6)9@ this study, astaxanthin was found to easily
cross the blood-brain barrier (unlike beta-caroteaed did not form crystals in the eye (unlike
canthaxanthin; Tso and Lam 1996).
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