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Abstract - Astaxanthin. one of the dominant carntenoids in 
marine animals. showed both a strclng quenching elfect against 
singlet oxygen. and a strong scavenging effect against free 
radicals. These el lects are considered to be defence 
aechanjsms rn the animals for attacking these active oxygen 

species. The activities of astaxanthrn are apprrrximately 
10 times stronger than those or other carotenoids that were 
tested. namely zeaxanthjn. lutein. tunaxanthin. canthnxanthin 
and B car0 tene. and 100 times greater than those of 
(I tocl,phero I _ bstaxanthrn also showed strong activity 
as an inhibttor or lipid peroxIdation mediated by these 
act jve forms 0r oxygen. From these resu I ts. astaxanthin 
has the propertjes 01 a ‘SUPER VITAYIN E’. 

INTRODlJCTlON 

Studjes on bIologica lunctions and activitjes ol carotenoids have been 
narnly perlnrned III the frelds or photosynthetic plants. algae and bacteria (rel.1). 
and two major functjons have been revealed. 1) a light harvesting role in the 
antenna cllmplexe,s 01 the chloroplast tn photosynthesis. 2) as protecting 
agents agajnst the haralul photooxidative e[Iects of bright light. 

On the other hand. the se11 established bjologrcal functtnn ol carotenoids 
in animals IS as vitamin A precursnrs (refs. 2 4). B Carotene or other 
carotentrids which possess a 19 -retinyltdene III’ 3 dehydroretinylidene end group 
can easily be bjoconvrrted into retinoids through cleavage ol the C 15. 15’ 
double bnnd by B .carcltene 15. 15’ -oxygenase. Carotenoids withnut such an 
end grrlup show I jttle or no pro vi tamin A activity. and any signrricance of 
these carotenojda remains unknown. 

For the past ten years. c~ur grnup has studied ovarian carotenoidn in 
narine rrsh and shellfish. and antaxanthin was lllund to be the most widely 
djstrjbuted and major carr~tenoid (ref. 5). Th I s  car0 teno i d. however. possesses 
nejther B retjnylrdene nor 3.hydroxyretinyljdene end group and shows little 
pro vjtamin A activjty (ref.4). Yoreriver. it is not. considered to be an 
ef lrctive protecting coIclrant because the col~lr IIf astaxanthin. pink to red. 
IS far different from that of the surrrlundings. In the case of the ovaries. 
ustaxtinthln usually exists both 111 the lree Il)rm and bound to prcltein as 
nstaxanth~n prllteln Lcjmplexcs. but nnt i.n estrrilicd IfIrm Crer.5). These 
studies showed the pljssibl 1 i ty III nnclther funct IMI (II cqrtrtenoids:. especially 
astaxarrthjn jn the free Irlrm. 
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In the case of phrrtcrsynthetlc plants. ~3 carcltefle. luteln and Itther 
cnrcltencllds pliry r~~lcs JS quenchers or scuvenKcrs ajialnst active tlrygen species 
fc,r the purpclae SIC ph~~tc~prcltectil~n ;\g.binst brlpht sun1 iKht. (hlr tiroup has 
thercfrarr searched for il s~nllar role for c~rrltlenclldb 111  an~nuls. arld has  
found interestlny actlvl ties cjf these carr)tentrids. expeclal ly 111 astaxunlhin. 

In this arllcle. I wrll descrlhe the quenchlnrr or scavenginK effects t~f 
nni~al cdrotenc>lds. especially astaxanthin. axrlinst act Lve oxygen speclen, 
singlet c]xygenf’U,) and hydroxy radical(-OH). and axuinst rrrgunic free rtidicalx, 
und cnmpurc the effects with those trf clther carlrtenolds and u tcKc,pherlrl(vi tamrn E). 

QUENCHING EFFECTS AGAINST SINGLET OXYGEN 

The strlnng quenchInK effect of fl carotene against singlet trxyKen in 
plants has been known fl,r clver twenty years (ref.61, but. in the case of 
an 1 ma  I carotenoids. such actrvity still remalns unknown. In this chapter. 
the activity of astaxanthin is described. and compared *i th those of the 
other carrltenc>ids and a trrcopherol as controls (ref. 7). 

Stnglct oxygen was produced by aethylene blue under irradiation with 
white I ight. and the quantity of ‘0:. was measured by deterninlng the peroxldr 
value r~f I lnr>lelc acid dependence on ‘0, by the TBA(thiobarbl turlc auld>l 
nethad (ref. 7 ). This in vitro mcldel assay system was employed to check the -- 
inhibitory activities of nstaxanthln. u trlcopherol and other carotenc,tds by 
measuring the Increase III TBA value. The increase c,T the value rn the absence 
nf any carcatenoids or other ccbmpnunds was determined as a reference. and the 
carotennid activities were calculated by crbmparing with this reference value. 
The ED50 of astaxanthin was approx. 80 nY by this calculation. and the relative 
lnhibitrlry activities of the other sumples are shown beitlw (ref.8). 

bstaxanthin >:> astaxnnthin dtester......... 
Astaxanthin >> LI tnc[gherol.. . _ _. . . . . . . _ . . 
Astnxanthln > zeaxanthin ? B wrcltene...... 
Astaxanthin > canthaxanthin > ~9 wrotene. _ _ 
(3%3’S) astaxanthin .I (3.!%3’R)~astaxanthin 
Zeaxanthrn > lutein > tunaxanthin........... 

. . . . . . . . . . . .._........ 

. . . . . . . . . . . . . . . . . . . . . . 
(3R. 3’ R) astaxanthln. 

(a) 
(b) 
Cc) 
Cd) 
(e) 
(I) 

Frno result (u). astaxanthin diester showed no activity. hut, this cl lmpound 
can be activated to astaxanthin in the fret fclrm by esterase enzymes after 
udmtnistration to animals, so that free astaxanthln and astaxanthin diester 
show the sa~c activity when they are used in the diet. In the case of -- 
u tr)copherol, the ED5, is apprc>x. 1 UY in this system, and this value is about 
one-hundredth of that nf astaxunthln from result (b). u Tocopherrll has been 
used as an antirtxidant in lipids, drinks aud other foods. and this result 
shows that astaxunthin has the possibility to be used Crlr this purpose instead 
Of u tncrlpherrll. Results (c) and cd) showed that cnrbc)nyl and hydrrjxyl 
KrlJUpS rn carotenolds are important Ior the quenching nctivitles. perhaps 
because of the al finI t les between carcbtenoids and free fatty acid (linoleic 
acid) or the hydrclphcrblcltles r~f the snlvent used 111 the model experlaents. 
From result (e). the activtty IS clearly independent of the sterlc configuration 
trf the carotenold. These results shrlved that the carotennids and ‘0, come In 
cclntact dtrectly. and the energy transfer is very rapid. This phenomenon IS 
considered to be almost the same as the reaction between /3 carlltene and ‘0, In 
photosynthettc plants. Result (f) shoved that the number nf the ConJugated 
double bonds is very Important tn the activities. This result alw Indicated 
that the q aKnltude elf the quenching depends on the polyene chain. and the 
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eflects are shorn III equations (g! and (h). These equations are the same that 
Foote and Denny (rel. 6) descrtbed rn the case of #?-carotene. and the quenching 
effects are suggested to be due to the vibration of the polyene C-C and C-C 
bonds. That is. the energy of the singlet state oxygen is quickly transferred 
to the carotenoid by drrect contact. and the carotencrid in the triplet state 
relaxes tn the singlet state very quick!y by the transformatron of the potential 
energy Into thermal energy thrnugh the C-C and C C vibration of the polyene chain 

‘O? - ‘Carotenoid : ‘0, ‘Carotenoih _ _. . _. (g) 
YA-otenoid - ‘Carotenoid Them1 energy’. . _, (h) 

Overall. from these results. astaxanthin is the best compound of the 
samples used and a role srsilar to that of 0 -carotene or lutein for pbotoprotection 
nf plant chloroplasts from bright sunlight is presumed to exist in marine fish 
and shellfish. On the basis of these structure activity relationships. 
idnxanthln. B carotenetetrols. q actraxanthin and astacene also have a 
possible strong protective action against ‘Oz. 

SCAVENGER EFFECTS AGAINST FREE RADICALS 

.8 Carotene has, been revealed to be an efficient scavenger al free radicals. 
notably under low partral pressure or oxygen (rel. 9). Terao’s grnup (ref. 10) 
examined the effects nl carotenords on peroxyl radical mediated lrpid 
perox i da t ion i n mode I sys terns. and reported that astaxanthin and canthaxanthin 
shored more efficient scavenging efIects against free radicals than did 
j3 carotene and zeaxanthin and they concluded that carotenoids which possess 
0x0 groups were aare elf icient than those without 0x0 groups. 

I have also investigated the effects of carotenoids as [ree radical 
scavengers using the TBA method with ferrous ion of hemeprotein as a free 
radrcal producer vith heat and lintrleic acid as an acceptor (ref. 11). Astaxanthin. 
fl -carotene, lutein. zeaxanthin. tunaxanthin and canthaxanthln were applied 
in this in vitro model assay system. -- and the most efficient scavenger was 
found to be astaxanthin. lollwed by zeaxanthin and canthaxanthrn. The EDso 
of astaxanthin was apprnx. 200 nY. and those of all the carotenoid samples 
used were III the range 200 - lDO0 nY. In contrast. the EDsD of Q -tocnpherol 
was approx. 3 gY (Table 1). These results showed that the number of carbonyl 
and hydrnxyl groups present was very important. and suggested that these 
groups had an aflrni ty for free radicals. linoleic acid or the solvent 
(100 % ethanol. 50 % aqueous ethanol. or 50 % aqueous dimethylsulfoxrde) used 
in this experiment. In these experimental conditions. idoxanthin. astacene or 
crustaxanthin could also have strong activity like astaxanthin. This 
structure activity relationship is very similar to that for the quenching 
elfect against singlet oxygen. Moreover. f ram these results. the impnrtant 
structural feature ,r)I carntenords is again suggested to be the polyene chain. 

Table 1. ED5o value of carotenoids and CI twopherol 
as free radrcal SGiVeIIRerS 

Scavenger EDqO(nY) 

Astaxunthin 
Zeaxanthin 
Canthaxanthrn 
LuteIn 
Tunaxanthrn 
@ Carotene 
R Ttwphero I 

200 
400 
450 
700 
780 
960 

2940 
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By these two ac>deI expcriacnts. nstnxanthln has been prtrved tc, be an 
efficient free radical scavenger. Further cxpcriaents to conf ITB this activi tv 
with red bltrc~d cells and WI trlChrlndrIi\ frrln rats f ref. 121 arc dcscrlhed tJeIr*u. 

1) Free radrcals were prclduced by the ilctifm 111 dldluric acid and Icrrlc 
tt,n ,,n rat red blood ccl 15 *I th heat. and this InItIaled lipid pcrc~\cdd;rtlr)n 
in the membrane rrl the ccl Is through chain rcactlon. The inhibl tory activity 
of astaxanthin MI the pcroxyl radical mediated 1 lpid peroxldatltrn were 
invest i~uted in cclmparis:c~n WI th a cclntr~~l which conlv~ned ncithcr carotenlllds 
nor other antioxidants. The results are shown in FIR. 1. 

The ED,,,, nf astaxanthin is opprrlx. 2 BM and this irctibitv IS rery htrl>nK 
compared CI th that 111 other cr)mmercIal ly avai I;lhlc anticlxidants. 

2) Free r;ldtcals were produced by actlrln IJr ferrous ion (Yohr’ s salt) 
UI th heat on a homogenate elf rat mitochl)ndria. rind lipid peroxidation in the 
homogenate was caused by chain react irk. The inhibltctry activity (J[ sstaxanthin 
nn the peroxyl radical mediated lipid peroxtdatlnn was tnvestigated. clrnpured 
WI th a control which contained neither carotenolds nor other antroxidants. 
The act rvity ()I u tcJcopherc>l was also measured In the same manner. The 
results are shorn in Fig. 2. 

0 1 2 3 4 5 
Astaxanthinc p Al) 

FIK. 1. The inhrbltory activity oI 
astaxanthin against the action of 
free radicals on red blood cells 
IJ~ rat. 

Astaxanthini 
a -Tocnpherol 

r* 5/ 7 
- 

lo-” 1 lo3 
Concentration(pM) 

Fig. 2. The inhibitory activitv of astaxanthin 
and (I trEopherc)l against the action or 
Irce radicals w rat mitochllndria. 

The ED5, (.)I astaxanthin was apprcjx. 40 nY. whereas that of C-I t~)cl)pherol 
was approx. 10 Q II. Astuuanthln thus shnred activity mnre thdn 100 times 

’ greater than a ttlcopherol in this experiment. No other cnmpcbund showed such 
a strong activity. This result suggested that the affinity between the 
scavenger and the membrane r)T the mitochondrta was very imprlrtant for the 
activl ty. and this aTf ini ty was assumed to lye based upon both hydrophobrc 
b I nd I ng and hydrogen bond I ng. In the case ol astaxanthln. the polyene chain 
and the 3 hydroxy. 4 keto substituents of the cyclohexene ring. respectively, 
WI I I play these roles. 

SCAVENGER EFFECTS AGAINST HYDROXY RADICALS 

hctrve rlxyr(en species nre classified IntO two types. 1) those with lnng 
I Ives and less strong elrccts. 2) thnse Of short I ives and stronx errects. 
In the lrrst case. the scavengers are usual Iy hinh nr)leculnr mass cc)apnunds. 
I. e. pro tel ns and enzynies. and the time scale for scavenK!nx IS very long. 
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The !ype I act~vc nxy~cn species rlrc supcrrrv~de. hydrcbren pern*ldc and nthers. 
In the second case. which rncludes singlet oxv~cn and lrec radicals. the 
quenchers and scavengers are almost a1 1 IoI molecular mass substances. and 
clur group (ref. 12) examined the activity OI astaxnnthin against hydrclxy 
radiralsc-OH) which are classified in ~rtrup 2) ;Ind are very important active 
c~~ygen species. I MI I I review the scavenging effect ol astuxunthin in experiments 
WI th rat red blrrcld ccl Is. 

Yale rata. SIX ttr seven weeks old. were divided Into three groups: 
‘.!;Livcn regular duct. GX1ven a vitamin E deficient diet, QXivcn a vi tnmln E 
dcrlcient diet supplemented with 1 a~; 100 I! astaxanthin. The rats In the three 
droups were reared Inr four weeks. The Ehost:; 01 the red hInod ccl Is were 
obtained by the method ol Dodge et al -2 (ref. 13). and the hydmxy radical mediated 
lipid peroxldat~r~ns were produced by supercbxide (xanthine and xanthlnc tixldase) 
and ferric ion. Ha Inndlaldehyde produced thrl,ugh this procedure in each g,roup 
Y;IS measured by the TBA method. The results are shown in Fig. 3. 

cl 

..dn E / Q-vitamin E. 
Ocontml 

0 100 200 
Reaction timecmin) 

tastaxanthin 

FiK. 3. The inhibitory activity nf astaxnnthln and 
P tocopherol axainst the actirln III hydrnxv 
radlculs cm ghclsts of rat red bllxd cells. 

. 
As shown in FIN. 3. the ghtlsts of the cells obtained frnm the rats led the 

control diet suffered almost no I ipid peroxidation. whereas those from the rat 
led e vitamin E derlcient diet apparently produced a high cc>ncuntratitbn III 
malondialdehyde. In the case of those frclm the rats fed vitamin E deficient 
diet supplemented vith astaxanthin. the prtduct~r)n of n alondialdehyde was cle;~rly 
depressed. These results indicate that astaxanthln plays a role as an inhibitor 
nKainst lipid peroxidation. not only in in vitro ml,del systems but als;o In viva. -- -- 
and it is supposed thn t in this case the react ic,n targets tbal are protected 
are phospho1 ipids in the menbrane. 

CONCLUSION 

4stuxonthin IS revculed ttr be either a quencher or a scavenyer of active 
oxygen species in these studies. and the kind (!I the activity is very similar to 
that lb1 vitamin E. Generally speuklng. carolenoids shl,ved strong act iv1 t ies. 
and astnxanthin rao the btrtlngest of the crrrtrtenolds examined. This suggests 
a role for nstaxanthin as a “SUPEP YJT!WJN E”. 
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