2418 J. Agric. Food Chem. 2006, 54, 24182423 J O U RN AL

AGRICULTURA
FOOD CHEMISTRY

Astaxanthin Protects against Oxidative Stress and
Calcium-Induced Porcine Lens Protein Degradation

Tzu-Hua Wu*

Department of Clinical Pharmacy, School of Pharmacy, Taipei Medical University,
Taipei 110, Taiwan

JAHN-HAUR LiAO

Institute of Biological Chemistry, Academia Sinica, Taipei 115, Taiwan

WEN-CHI Hou

Institute of Pharmacognosy, School of Pharmacy, Taipei Medical University, Taipei 110, Taiwan

Fu-YunG HuaNG

Department of Chemistry, National Cheng Kung University, Tainan 701, Taiwan

TiMOTHY J. MAHER

Department of Pharmaceutical Sciences, Massachusetts College of Pharmacy and Health Sciences,

Boston, Massachusetts 02115

CHAO-CHIEN Hu
Department of Ophthalmology, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, 111 Taiwan

Astaxanthin (ASTX), a carotenoid with potent antioxidant properties, exists naturally in various plants,
algae, and seafoods. In this study, we investigated the in vitro ability of ASTX to protect porcine lens
crystallins from oxidative damage by iron-mediated hydroxyl radicals or by calcium ion-activated
protease (calpain), in addition to the possible underlying biochemical mechanisms. ASTX (1 mM)
was capable of protecting lens crystallins from being oxidized, as measured by changes in tryptophan
fluorescence, in the presence of a Fenton reaction solution containing 0.2 mM Fe?* and 2 mM H,0,.
Sodium dodecy! sulfate—polyacrylamide gel electrophoresis analysis demonstrated that Shigh-crystallin
was the most vulnerable protein under these conditions of free radical exposure. The proteolysis of
lens crystallins induced by calcium ion-activated calpain was also inhibited by ASTX (0.03—1 mM)
as determined by daily measurement of the light-scattering intensity at 405 nm for five consecutive
days. ASTX at 1 mM was as potent as a concentration of 0.1 mM calpain inhibitor E64 in protecting
the oxidative damage/hydrolysis of porcine crystallins. At a concentration of 1 mM, ASTX provided
better protection than the endogenous antioxidant glutathione in terms of suppressing calcium-induced
turbidity of lens proteins. Thin-layer chromatography analysis indicated that ASTX interacted with
calcium ions to form complexes, which we believe interfere with the hydrolysis of lens crystallins by
calcium-activated calpain. This in vitro study shows that ASTX is capable of protecting porcine lens
proteins from oxidative insults and degradation by calcium-induced calpain.
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INTRODUCTION cataract risk and that certain foods or supplements may be of

It has been suggested that in the daily diet vitamins and trace
minerals possessing antioxidant properties can help to reduc

benefit in terms of providing preventiod{5). Indeed, as early
£As 1988, zeaxanthin was reported to be predominant over lutein

in the foveal region of the human ey®) (It was suggested that

* To whom correspondence should be addressed. Tel: 886-2-2736-1661'[he xanthophylls, Iuteln and zeaxanthln,_ were protective agalnst
ext. 6118. Fax: 886-2-2231-1412. E-mail: thwu@tmu.edu.tw. age-related cataracts in humars-0). Higher concentrations
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Figure 1. Structure of ASTX.

of carotenoids were found in the epithelial and cortical layer used for running sodium dodecy! sulfatgolyacrylamide gel electro-

than in the nucleus of the human led€9{12). The two most phoresis (SDSPAGE) were purchased from Invitrogen (Carlsbad, CA).

common hypotheses for the protective role of these carotenoids Porcine Lens Protein Preparation. Porcine (Sus scrofavar.

are based on their ability to filter out the phototoxic short domestica) lenses purchased from a local farm were homogenized in a

wavelength visible light and their capacity to efficiently quench PH 8.0 buffer containing 50 mM Tris-HCI, 0.1 M NaCl, 5 mM EDTA,

light-induced free radicals such as singlet oxygea)( O.Ql%ﬂ-mercaptoethanol, anc_i 0.02% sodium azide, as dgscrlbed ina
Astaxanthin (ASTX:Figure 1), one of the most common prior study (36). After centrifugation at 27090for 30 min, the

hophvll be f d in th d bi f supernatants were collected and the lens protein concentration was
xanthophylls, can be found in the red pigment of crustacean subsequently determined using the Bradford dye-binding method (Bio-

shells (for example, crab and shrimp), salmon, and asteroideanszag | aboratories, Hercules, CA). The lens protein preparations were
(13, 14). Many reports demonstrate that ASTX is @ more fyrther used for the oxidative study under the hydroxyl radical insults.
powerful antioxidant than other carotenoids, or vitamin E, and  porcine Lens Proteins Exposed to Various Concentrations of
that it may confer numerous health benefit§). Several prior Hydroxyl Radicals. Crude porcine lens proteins were incubated with
studies have demonstrated that ASTX displays wide-ranging various Fenton solutions (OX-2, OX-0.5, and OX-0.2) modified based
biological activity, including antioxidantl6—18), antihepato-  on the method of Huang et a#g). The final concentrations of F&
toxicity (19), antitumor 20), anti-Helicobacter pylor{21, 22), H20; in Fenton solutions of OX-2, 0X-0.5, and OX-0.2 were 2 mM
and antiinflammatory effects (14). In contrastdecarotene, ~ F&720 MM H0,, 0.5 mM Fé"/5 mM H.O,, and 0.2 mM F&7/2 mM
ASTX, an oxygenated carotenoid (xanthophylls), possesses not202, respectlvely. The incubations with or without ASTX (1 mM)
provitamin A activity. Furthermore, it was recently reported that We'e carried out at 37C for 1 h. Tryptophan fluorescence measure-
supplementing the diet with ASTX provided significant protec- ments of the lens samples were then used to assay the degree of free

. . he d | f in Atlanti | radical damage in the absence and in the presence of ASTX. The
tion against the development of cataracts in Atlantic salmon ,qrescence emission spectra were taken at room temperature and

(23). recorded with a Hitachi F4010 fluorescence spectrophotometer excited
Cataractous lenses are characterized by morphological changegith 295 nm light. The emission spectra were recorded from 300 to
including the appearance of lens opacification resulting from 400 nm using a light slit of 5 nm for both excitation and emission
aggregation of lens protein®4, 25). Crystallins, especially modes. Spectra of normal lens proteins and ASTX were used as
a-crystallins, the major proteins of the ocular lens, play a baselines for the calculation of the tryptophan fluorescence intensity
prominent role in the maintenance of the transparency and change. The intensity change at different emission wavelengths for each
refractive properties of the lensea6(28). The development er:(pe”";]em \;vas thfe ar:/ergge changiof three reﬁeated in;:ubagons, and
- . . then, the plots of the intensity change vs the wavelength were
of lens opacity calusled by free radical fc.)rmatltzﬁl))(.thermal determined. SDS—PAGE was also employed to analyze the vulner-
(30, 31)_and_ osmotic impacts3e, 33), um"_iV'Olet radlatlon_’\64— ability of lens crystallin components under various stresses in the
36), OX|_oIat|ve stress3(7—é_11), and calcium accumulatloﬂE(,_ presence or absence of ASTX.
42—44)involves blophemlcal processgs such as conformatllonal Porcine Lens Proteins Exposed to Calpain under Excess Calcium
changes, proteolysis, and denaturation of the lens proteins. It|ong calpain, a cysteine proteinase, hydrolyzes a variety of endogenous
was found that UV irradiation and aging result in the decrease proteins including lens proteins. To evaluate the effects of ASTX in

of tryptophan fluorescence intensity @fcrystallin andy-crys- preventing lens proteins from hydrolysis by calcium-activated calpain,
tallin, indicative of the structural changes of these lens proteins a modification of the methods of previous studies was ud@d49).
through protein modification (4516). Additionally, the struc- Microtiter plates (96 wells, Costar, MA) were used to incubate the
tural changes ofi-crystallin in turn resulted in the reduction of hydrolysis. Twenty microliters of various concentrations of ASTX (O,
chaperone-like activity (45). 0.03, 0.1, 0.3, and 1 mM), 144 of lens proteins (50 mg/mL), and

A more recent study demonstrated that ASTX may provide 20#L Of physiological grade KCI solution (120 mM) were placed in
the wells. To each well was then added calcium ions to a final

protection .a.galn.st UV insults to lens eplthellall celis) . concentration of 1 mM, and incubations were carried out at@7
Therefore, itis of interest to study the role of ASTX in protecting - aggitionally, incubation in the presence of the calpain inhibitor E64
|enS prOteInS from various OXIdatIVG InSU|tS. In thlS Study, we (100/,{M) or g'utath|0ne (1 mM)’ an endogenous antioxidant’ was also
have investigated the in vivo protection afforded by ASTX carried out for comparison. The turbidity developed in each well during
toward porcine lens proteins stressed with either iron-mediated incubation was subsequently measured daily for five consecutive days
hydroxyl radicals 46) or Cé&*-mediated activation of calpains  in terms of light-scattering intensity at 405 nm. On the fifth day of the

47). incubation, the lens protein in each treatment was further analyzed by
SDS—PAGE.
MATERIALS AND METHODS Interactions between ASTX and Calcium lons.The interactions
between ASTX and calcium ions were identified using a silica-coated
Materials. ASTX [(3S3'9-3,3-dihydroxyp,5-carotene-4,4dione], thin-layer chromatographic (TLC) techniqug0d(51). The interaction

ferrous sulfate, hydrogen peroxide, and reduced/oxidized glutathione was performed by adding calcium ions to the ASTX solution in molar
were purchased from Sigma (St. Louis, MO). Tris-HCI, ethylenedini- ratios of 1:1, 2:1, and 10:1. TLC plates were eluted with a solvent
trilotetracetatic acid (EDTA)S-mercaptoethanol, sodium azide, and system of dichlormethane/methanol in the ratio of 9/1 (v/v). Chro-
calcium chloride were purchased from Merck (Darmstadt, Germany). matograms developed with this solvent system revealed bright orange
Double-distilled water was used to prepare all solutions. The materials spots. TheR: value for each spot was also determined.
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Figure 2. Porcine crystallins subjected to oxidative stress (OX) by various
strengths of Fenton solutions with/without the protection of ASTX. (A)
Negative changes indicate the loss of fluorescence intensity for tryptophan
(FIT) following 1 h incubations. FIT of normal lens proteins (without OX
exposure) changed slightly over the time. The magnitude of FIT loss
increased with the increased strength of OX. The protective activity of
ASTX was concentration-dependent. (B) The SDS—PAGE of the soluble
porcine lens proteins. Lane 1, normal lens proteins + 0X-0.2; lane 2,
normal lens proteins + OX-2 + 1 mM ASTX; lane 3, normal lens proteins
+ 0X-0.2 + 1 mM ASTX; lane 4, normal lens proteins; lane 5, porcine
o-crystallin; lane 6, porcine SBrig-crystallin; lane 7, porcine Bio-crystallin;
and lane 8, porcine y-crystallin.

RESULTS

ASTX Prevents Porcine Lens Proteins from Oxidative
Damage by Hydroxyl Radicals.The mean changes in tryp-

Wu et al.
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Figure 3. Effects of ASTX, the calpain inhibitor E64, and glutathione (GSH)
on the protection of porcine lens proteins (50 mg/mL) from denaturation
and aggregation caused by calcium-activated endogeneous calpain. All
samples except the normal group had calcium added to a final
concentration of 1 mM. Panels A and B were based on the intensity of

tophan fluorescence emission spectra of porcine lens proteinsthe light scattering measured at 405 nm. The light intensity (turbidity value)

subjected to oxidative stress at various concentrations of Was the mean + SD for 3-4 identically prepared wells. Panel C was

hydroxyl radicals in the presence or absence of ASTX are shown based on SDS-PAGE analysis of the soluble proteins. Lane 1, normal

in Figure 2A. This study found that the reductions in tryptophan lens proteins; lane 2, control without any additions; lane 3, control with

fluorescence intensity in the absence of ASTX were C|ear|y the addition of calpain inhibitor E64; lane 4, control with the addition of

observable, especially when exposed to the 2 mM Fenton 1 mM GSH; and lanes 5-8, control with the addition of 1 M and 0.1, 0.3,

solution, indicating that ASTX has significant antioxidant and 0.03 mM ASTX, respectively.

activity to protect proteins from this harsh oxidative insult. The

fluorescence spectra also showed that no wavelength shift foryylnerable to oxidative stress thfRw- or a-crystallin. Under

the maximum emission was observed, suggesting that somethe protection of ASTX, these lens proteins were more resistant

buried tryptophan residues might have become exposed duringto oxidative insults.

the exposure to the hydroxyl radicals; however, the tertiary  Porcine Lens Protein Exposure to Excess CalciunmiThe

structure somehow remained folded. effects of ASTX on calcium-induced turbidity due to endog-
To analyze which lens protein components were most enous lens calpain are illustrated figure 3A, which shows

vulnerable under the stress of hydroxyl radicals, SIPAGE that after 3 days in the absence of glutathione, calpain inhibitor

analysis was performed. The SBBAGE results as shown in  E64, or ASTX, the proteins began to denature. The result also

Figure 2B revealed tha{fhgr- and y-crystallins were more revealed that 1 mM ASTX was as potent as 0.1 mM the calpain
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intensity, due to the formation of N-formylkynurenine via the
oxidation of tryptophan, was inhibited by a hydroxyl radical
scavenger, mannitol, at 1 mM&). Our result of 1 mM ASTX

& - being capable of preventing the loss of tryptophan fluorescence
= D intensity was consistent with that 1 mM mannitol being able to
inhibit the damage caused by hydroxyl free radicals.
1 2 3 4 That antioxidant activities of ASTX are concentration-

dependent was further supported by the subsequent electro-
phoresis analysis. The severity of degraded lens crystallins was
also related to the presence of ASTX and the relative concentra-

Figure 4. Silica-coated thin layer plates of ASTX/Ca?* complex. Lane 1, tions of metal-mediated radicals. ASTX at 1 mM proved to be

ASTX and calcium ions at 1:2 (R; = 0.66); lane 2, ASTX and calcium an effective concentration to protect the proteins from the
ions at 1:1 (Ry= 0.64); lane 3, ASTX (R;= 0.63); and lane 4, ASTX and damage b_y free radicals g_enerated from a relatively low
calcium ions at 1:10 (R; = 0.65). concentration of Fenton solution, 0X-0.2 (0.2 mMeFHE mM

H20,). Although 1 mM ASTX did not provide complete
inhibitor E64 in protecting lens proteins from degradation. protection against the oxidative insults from the higher con-
Dose—response data for ASTX in providing the protection of centration of Fenton solution, OX-2 (2 mM #¢20 mM H,0,),
proteins from oxidative damage are showirigure 3B, which the lens protein degradations (patterns) of the sample incubated
demonstrates that the effective doses for the protection of lensin ASTX (1 mM)/OX-2 were almost the same (patterns) as those
proteins from oxidative degradation by ASTX can be as low as incubated in OX-0.2 alone, as shownkigure 2B, indicating
0.03 mM even after 5 days of incubation. In contrast to this, thatphigr-Crystallin was more vulnerable to free radicals, whereas
without the protection of ASTX, protein degradation became both a- and y-crystallins were partially degraded. This dif-
obvious after 3 days of incubation. The results of the SDS ferentiation in the destruction among the crystallins is consistent
PAGE analyses of lens protein proteolysis by endogenous with the previous study thgi-crystallin was more susceptible
calpain activated by calcium for 5 days in the presence and theto hydrogen peroxide than botlx or y-crystallin (54). It was
absence of glutathione or ASTX are illustratedrigure 3C. found that the degradations of botth andy-crystallins were
We found that 1 mM ASTX was as active as the calpain from the NH termini as found in the calpain-induced lens
inhibitor, E64, in protecting lens protein from proteolysis. These protein degradation (55). In fact, it is well-known theatcrys-
results are consistent with those from the analyses using thetallin is a major lens protein with a chaperone-like activity; more
light-scattering technique. recently, it was found that bovine-crystallin also showed

Interaction between ASTX and Calcium lons. Because antioxidant and free radical-scavenging properties in a series
calpain requires activation to function as a protease and becausef in vitro studies $6). In this study, besides ASTX;crystallin
ASTX was capable of preventing the occurrence of lens protein may have provided additional antioxidative protection against
hydrolysis, ASTX may have likely interacted with either or both oxidative insults to other crystallins. However, in the presence
of them before the hydrolysis taking pladégure 4 illustrates of hydrogen peroxide, the increased expression of calpain Il in
the results of the interactions between ASTX and calcium ion rat lens epithelial cells was observeB7] and the loss of
obtained by TLC. We found that th& values for the molar  a-crystallin’s chaperone-like activity was observed when in-
ratio of ASTX/calcium ion being 1/1, 1/2, and 1/10 were 0.66, cubated with calpain 1158). Therefore, if ASTX also affects
0.64, and 0.65, respectively, while for ASTX alone it was 0.63. the progression of calcium-activated proteolysis mediated by
This result indicated that ASTX must have reacted with'Ca  calpain, the chaperone activity of-crystallin would also be

to form a complex leading to the decrease of freé*Cavhich expected to influence ASTX’s overall protective activity.

then resultgd in less possibility of activating calpain to hydrolyze  ynder conditions of adequate free concentrations, calcium

lens proteins. plays an important role in calpain activation. Calcium at 1 mM
is an appropriate concentration to be used to activate calpain

DISCUSSION for the hydrolysis of lens protein in in vitro cataract model

Pure carotenoids even in a crystalline state are unstable wherstudies. Inhibition of the occurrence of calcium-induced turbidity
exposed to air and are rapidly broken down if samples are storedin lens proteins was observed in the presence of ASTX (0103—
in the presence of traces of oxygen. The most important moiety MM). The possible mechanism for the antiproteolytic activity
of the ASTX molecule is the polyene chain (52). The 13 exerted by ASTX was likely the formation of ASTX/€a
conjugated double bonds, in contrast to the sevehdarotene, complexes as evidenced by the results observed in the TLC
gives it significantly greater antioxidant capacity, and its long experiment, in which more polar spots were observed for the
chain conjugated polyene structure makes it highly reactive to mixtures of ASTX and C& prepared by mixing various molar
singlet oxygen and free radicals. ratios ASTX and C& (1:1, 1:2, and 1:10). The formation of

Our tryptophan fluorescence study indicated that ASTX is ASTX/Ca" complexes would be expected to leave inadequate
able to retard lens crystallin oxidation under high concentrations C&* for the activation of calpain. The complexation of ASTX/
of metal-mediated radicals for up to an hour. Although all amino Cé&" can also be used to explain the observed results shown in
acid residues in the protein chain are susceptible to modification Figure 3C, in which ASTX (1 mM) showed better protection
by the hydroxyl radical, among them tryptophan is the most than glutathione (1 mM), an endogenous antioxidant, in sup-
vulnerable amino acid. Previous studies of two lens proteins pressing calcium-activated calpain hydrolysis of lens proteins.
had demonstrated that the tryptophan residues of crystallins areThis complex may also have the ability to enhance the resistance
readily modified in the Fenton oxidation reactiod3j and in of lens proteins to degradation/proteolysis besides reducing the
the chemical-produced hydroxyl radicad6); however, no available free calcium ions for activating calpain. Our finding
aggregation caused by protein covalent bonding was observedof calcium—ASTX complexation may also provide a plausible
The latter study also showed that loss of the fluorescence explanation for a previous study indicating that the reduced
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serum calcium levels resulted from the daily consumption of
ASTX (59). Like corticosteroids, the l3ydroxyl/2oxo structure
in each cyclohexene ring of ASTX may be a site foPCto
bind. The possibility of an unwelcome calcium metabolic

disturbance due to the ability of excessive overconsumption of

ASTX to sequester calcium ion requires investigation.

Taken together, these studies demonstrate that ASTX provides
appreciable protection for vulnerable tryptophan residues against (13

oxidative stress and also fgigr-crystallin as well. In this in
vitro cataract model study induced by calcium, ASTX at a
concentration of 1 mM was capable of inhibiting calpain-induced

proteolysis, which was as active as that observed with the calpain

inhibitor E64 at a concentration of 0.1 mM. In addition, at a
much lower concentration (0.03 mM), ASTX was still able to
significantly retard protein degradation. The complex formation
of calcium ions with ASTX led mainly to less free calcium ions

available for the activation of calpain, which was evidenced as

a decrease in lens protein turbidity and proteolysis. The
xanthophylls ASTX may play a beneficial role in eye health.
An in vivo study for the effectiveness of ASTX in protecting

eyes from various stressors is currently underway in this
laboratory.

ACKNOWLEDGMENT

We thank Professor S.-H. Chiou at the Laboratory of Crystallin
Research, National Taiwan University, Taipei, Taiwan, for
generously supplying the isolated, Bhigh-, Biow-, andy-crys-
tallin proteins used in this study.

LITERATURE CITED

(1) Head, K. A. Natural therapies for ocular disorders, part two:
Cataracts and glaucomAltern. Med. Re. 2001,6, 141—166.

(2) Taylor, A.; Jacques, P. F.; Chylack, L. T., Jr.; Hankinson, S. E.;
Khu, P. M.; Rogers, G.; Friend, J.; Tung, W.; Wolfe, J. K,;
Padhye, N.; Willett, W. C. Long-term intake of vitamins and

carotenoids and odds of early age-related cortical and posterior

subcapsular lens opacitiedm. J. Clin. Nutr.2002, 75, 540—
5409.

(3) Trevithick, J. R.; Mitton, K. P. Vitamins C and E in cataract
risk reduction.Int. Ophthalmol. Clin.2000,40, 59-69.

(4) Kilic, F.; Trevithick, J. R. Vitamin C reduces cytochalasin D
cataractogenesi€urr. Eye Res1995,14, 943—949.

(5) Jacques, P. F.; Chylack, L. T., Jr.; Hankinson, S. E.; Khu, P.
M.; Rogers, G.; Friend, J.; Tung, W.; Wolfe, J. K.; Padhye, N.;
Willett, W. C.; Taylor, A. Long-term nutrient intake and early
age-related nuclear lens opacitiésch. Ophthalmol2001,119,
1009-10109.

(6) Bone, R. A.; Landrum, J. T.; Fernandez, L.; Tarsis, S. L. Analysis

of the macular pigment by HPLC: Retinal distribution and age

study. Invest. Ophthalmol. Vis. Sc1988,29, 843—849.

Brown, L.; Rimm, E. B.; Seddon, J. M.; Giovannucci, E. L.;

Chasan-Taber, L.; Spiegelman, D.; Willett, W. C.; Hankinson,

S. E. A prospective study of carotenoid intake and risk of cataract

extraction in US menAm. J. Clin. Nutr.1999, 70, 517—524.

Chasan-Taber, L.; Willett, W. C.; Seddon, J. M.; Stampfer, M.

J.; Rosner, B.; Colditz, G. A.; Speizer, F. E.; Hankinson, S. E.

A prospective study of carotenoid and vitamin A intakes and

risk of cataract extraction in US wometim. J. Clin. Nutr1999

70, 509—-516.

(9) Lyle, B. J.; Mares-Periman, J. A.; Klein, B. E.; Klein, R.; Greger,

J. L. Antioxidant intake and risk of incident age-related nuclear

cataracts in the Beaver Dam Eye Studyn. J. Epidemiol1999

149, 801—809.

Yeum, K. J.; Taylor, A.; Tang, G.; Russell, R. M. Measurement

of carotenoids, retinoids, and tocopherols in human lemhsesst.

Ophthalmol. Vis. Sci1995,36, 2756—2761.

@)

®)

(10)

Wu et al.

(11) Yeum, K. J.; Shang, F. M.; Schalch, W. M.; Russell, R. M;
Taylor, A. Fat-soluble nutrient concentrations in different layers
of human cataractous lenGurr. Eye Res1999,19, 502—505.
Bernstein, P. S.; Khachik, F.; Carvalho, L. S.; Muir, G. J.; Zhao,
D. Y.; Katz, N. B. Identification and quantitation of carotenoids
and their metabolites in the tissues of the human Eye. Eye
Res.2001,72, 215—223.

) Miki, W.; Yamaguchi, K.; Konosu, S. Comparison of carotenoids

in the ovaries of marine fish and shellfisGomp. Biochem.

Physiol. B1982,71, 7—11.

Ohgami, K.; Shiratori, K.; Kotake, S.; Nishida, T.; Mizuki, N.;

Yazawa, K.; Ohno, S. Effects of astaxanthin on lipopolysaccha-

ride-induced inflammation in vitro and in vivinvest. Ophthal-

mol. Vis. Sci2003,44, 2694—2701.

Guerin, M.; Huntley, M. E.; Olaizola, M. Haematococcus

astaxanthin: Applications for human health and nutritinends

Biotechnol.2003,21, 210—216.

(16) Naguib, Y. M. Antioxidant activities of astaxanthin and related
carotenoidsJ. Agric. Food Chem2000,48, 1150—1154.

(17) Palozza, P.; Krinsky, N. I. Astaxanthin and canthaxanthin are
potent antioxidants in a membrane modékch. Biochem.
Biophys.1992,297, 291—295.

(18) Terao, J. Antioxidant activity of beta-carotene-related carotenoids
in solution. Lipids 1989,24, 659—661.

(19) Kang, J. O.; Kim, S. J.; Kim, H. Effect of astaxanthin on the
hepatotoxicity, lipid peroxidation and antioxidative enzymes in
the liver of CCl4-treated ratdMethods Find Exp. Clin. Phar-
macol.2001,23, 79-84.

(20) Jyonouchi, H.; Sun, S.; lijima, K.; Gross, M. D. Antitumor
activity of astaxanthin and its mode of actidtutr. Cancer2000,

36, 59-65.

(21) Wang, X.; Willen, R.; Wadstrom, T. Astaxanthin-rich algal meal
and vitamin C inhibitHelicobacter pyloriinfection in BALB/
cA mice.Antimicrob. Agents Chemothe200Q 44, 2452-2457.

(22) Bennedsen, M.; Wang, X.; Willen, R.; Wadstrom, T.; Andersen,
L. P. Treatment of H. pylori infected mice with antioxidant
astaxanthin reduces gastric inflammation, bacterial load and
modulates cytokine release by splenocytesnunol. Lett1999
70, 185—189.

(23) Waagbo, R.; Hamre, K.; Bjerkas, E.; Berge, R.; Wathne, E.; Lie,
O.; Torstensen, B. Cataract formation in Atlantic salmon, Salmo
salar L. smolt relative to dietary pro- and antioxidants and lipid
level. J. Fish Dis.2003,26, 213—229.

(24) Sheridan, E. J.; Zigman, S. Fate of human lens soluble protein
during cataractogenesiExp. Eye Resl971,12, 33-38.

(25) Jedziniak, J. A.; Kinoshita, J. H.; Yates, E. M.; Hocker, L. O.;
Benedek, G. B. Calcium-induced aggregation of bovine lens
alpha crystallinsinyzest. Ophthalmol1972,11, 905—915.

(26) Horwitz, J. Proctor Lecture. The function of alpha-crystallin.
Invest. Ophthalmol. Vis. Sc1993,34, 10-22.

(27) Groenen, P. J.; Merck, K. B.; de Jong, W. W.; Bloemendal, H.
Structure and modifications of the junior chaperone alpha-
crystallin. From lens transparency to molecular pathol&gy.

J. Biochem1994,225, 1-19.

(28) Liao, J. H.; Hung, C. C,; Lee, J. S.; Wu, S. H.; Chiou, S. H.
Characterization, cloning, and expression of porcine alpha B
crystallin. Biochem. Biophys. Res. Commu998,244, 131—
137.

(29) Garner, B.; Davies, M. J.; Truscott, R. J. Formation of hydroxyl
radicals in the human lens is related to the severity of nuclear
cataractExp. Eye Res2000,70, 81-88.

(30) Kramar, P.; Harris, C.; Guy, A. W. Thermal cataract formation
in rabbits.Bioelectromagnetic4987,8, 397—406.

(31) Mohan, M.; Sharma, Y. R.; Vajpayee, R. B.; Bhatnagar, R.; Azad,
R. V.; Mukesh, K. Clinical evidence for light-induced thermal
damage in cortical cataracBev. Ophthalmol1989,17, 114—
117.

(12)

(14)

(15)



Protective Effects of Astaxanthin

(32) Cammarata, P. R.; Zhou, C.; Chen, G.; Singh, |.; Reeves, R. E.;
Kuszak, J. R.; Robinson, M. L. A transgenic animal model of
osmotic cataract. Part 1: Overexpression of bovine-Mayo-
inositol cotransporter in lens fibernvest. Ophthalmol. Vis. Sci.
1999,40, 1727—-1737.

(33) Rosen, N.; Godel, V.; Lazar, M. Cataracts due to repeated
osmotic insultsOphthalmological981,183, 187—189.

(34) Ayala, M. N.; Michael, R.; Soderberg, P. G. Influence of
exposure time for UV radiation-induced catardotest. Oph-
thalmol. Vis. Sci2000,41, 3539—3543.

(35) West, S. Ocular ultraviolet B exposure and lens opacities: A
review.J. Epidemiol.1999,9, S97—S101.

(36) Liao, J. H.; Lee, J. S.; Chiou, S. H. Distinct roles of alphaA-
and alphaB-crystallins under thermal and UV stresBeschem.
Biophys. Res. CommuB002,295, 854—861.

(37) Goldstein, L. E.; Leopold, M. C.; Huang, X.; Atwood, C. S.;
Saunders, A. J.; Hartshorn, M.; Lim, J. T.; Faget, K. Y.; Muffat,
J. A.; Scarpa, R. C.; Chylack, L. T., Jr.; Bowden, E. F.; Tanzi,
R. E.; Bush, A. I. 3-Hydroxykynurenine and 3-hydroxyanthranilic
acid generate hydrogen peroxide and promote alpha-crystallin
cross-linking by metal ion reductiomBiochemistry2000, 39,
7266—7275.

(38) Smith, J. B.; Jiang, X.; Abraham, E. C. Identification of hydrogen
peroxide oxidation sites of alpha A- and alpha B-crystalliree
Radical Res1997,26, 103—111.

(39) Willis, J. A.; Schleich, T. Oxidative-stress induced protein
glutathione mixed-disulfide formation in the ocular leBgchim.
Biophys. Actal996,1313, 20-28.

(40) Wang, K.; Spector, A. Alpha-crystallin can act as a chaperone
under conditions of oxidative stresihvest. Ophthalmol. Vis.
Sci. 1995,36, 311—-321.

(41) Hanson, S. R.; Chen, A. A.; Smith, J. B.; Lou, M. F. Thiolation
of the gammaB-crystallins in intact bovine lens exposed to
hydrogen peroxidel. Biol. Chem.1999,274, 4735—4742,

(42) Qian, W.; Shichi, H. Naphthoquinone-Induced cataract in mice:
Possible involvement of Ca2release and calpain activatiah.
Ocul. Pharmacol. Ther2001,17, 383—392.

(43) Duncan, G.; Bushell, A. R. lon analyses of human cataractous
lensesExp. Eye Resl975,20, 223—230.

(44) David, L. L.; Shearer, T. R. Calcium-activated proteolysis in
the lens nucleus during selenite cataractogené&sigst. Oph-
thalmol. Vis. Sci1984,25, 1275—-1283.

(45) Chitchumroonchokchai, C.; Bomser, J. A.; Glamm, J. E.; Falilla,
M. L. Xanthophylls and alpha-tocopherol decrease UVB-induced
lipid peroxidation and stress signaling in human lens epithelial
cells.J. Nutr.2004,134, 3225—3232.

(46) Guptasarma, P.; Balasubramanian, D.; Matsugo, S.; Saito, I.
Hydroxyl radical mediated damage to proteins, with special
reference to the crystallinBiochemistryl992 31, 4296-4303.

(47) Biswas, S.; Harris, F.; Singh, J.; Phoenix, D. A. The in vitro
retardation of porcine cataractogenesis by the calpain inhibitor,
SJA6017.Mol. Cell Biochem2004,261, 169—173.

J. Agric. Food Chem., Vol. 54, No. 6, 2006 2423

(48) Huang, F. Y.; Chia, C. M.; Ho, Y. The formation of oxidatively
induced high-molecular-weight aggregate of alpha-/gamma-
crystallins.Biochem. Biophys. Res. Commu999, 260, 66—

65.

(49) Nakamura, Y.; Fukiage, C.; Azuma, M.; Shearer, T. R. Oxidation
enhances calpain-induced turbidity in young rat len€asr.
Eye Res1999,19, 33-40.

(50) Yokoyama, A.; Adachi, K.; Shizuri, Y. New carotenoid gluco-
sides, astaxanthin glucoside and adonixanthin glucoside, isolated
from the astaxanthin-producing marine bacterium, Agrobacterium
aurantiacumJ. Nat. Prod.1995,58, 1929—1933.

(51) Monder, C.; lohan, F.; Marandici, A. Corticosteroid-calcium
complexes Steroids1988,52, 15-36.

(52) Yamano, Y.; Sato, Y.; Watanabe, Y.; Namikawa, K.; Miki, Y.;
Ito, M. Carotenoids and related polyenes. Part 6. Stereoselective
synthesis of astaxanthin analogues and their antioxidant activities.
J. Chem. Soc., Perkin Tran2001,1, 1862—1869.

(53) Garland, D.; Zigler, J. S., Jr.; Kinoshita, J. Structural changes
in bovine lens crystallins induced by ascorbate, metal, and
oxygen.Arch. Biochem. Biophy4.986,251, 771—776.

(54) Bando, M.; Obazawa, H. Calcium-induced opacification of rat
lens beta-crystallin solution: Its susceptibility to H202 oxidation.
Jpn. J. Ophthalmol1989, 33, 204—211.

(55) David, L. L.; Wright, J. W.; Shearer, T. R. Calpain Il induced
insolubilization of lens beta-crystallin polypeptides may induce
cataractBiochim. Biophys. Actd992,1139, 210—216.

(56) Manzanares, D.; Bauby, C.; de la Pena, R.; Garcia, J. C.; Sanchez,
R.; Martinez, S.; Romay, C. H.; Lopez-Reconde, J. L.; Pino, E.;
Lissi, E. A. Antioxidant properties of alpha-crystallih.Protein
Chem.2001,20, 181—189.

(57) Xu, W.; Yao, K.; Wang, K.; Shentu, X.; Qiu, P. [The expression
of calpain Il in rat lens epithelial cells of hydrogen peroxide-
induced cataract]Zzhonghua Yan Ke Za ZH002 38, 282—

285.

(58) Kelley, M. J.; David, L. L.; lwasaki, N.; Wright, J.; Shearer, T.
R. alpha-Crystallin chaperone activity is reduced by calpain Il
in vitro and in selenite cataracfl. Biol. Chem.1993, 268,
18844—-18849.

(59) Spiller, G. A.; Dewell, A. Safety of an astaxanthin-rich Hae-
matococcus pluvialis algal extract: A randomized clinical trial.
J. Med. Food2003,6, 51-56.

Received for review October 25, 2005. Revised manuscript received
January 19, 2006. Accepted January 23, 2006. This work was supported
by a grant from the National Science Council, Taiwan (NSC93-2320-
B-038-053), for which we are extremely grateful. We declare that no
commercial relationship, in the form of either financial support or
personal financial interest, exists between us and any commercial
producer of ASTX-based products.

JF052651Q



