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Abstract

There is growing evidence that high levels of the macular xanthophyll carotenoids lutein and zeaxanthin may be protective against visual

loss due to age-related macular degeneration, but the actual mechanisms of their protective effects are still poorly understood. We have

recently purified, identified and characterized a pi isoform of glutathione S-transferase (GSTP1) as a zeaxanthin-binding protein in the

macula of the human eye which specifically and saturably binds to the two forms of zeaxanthin endogenously found in the foveal region. In

this report, we studied the synergistic antioxidant role of zeaxanthin and GSTP1 in egg yolk phosphatidylcholine (EYPC) liposomes using

hydrophilic 2,2V-azobis(2-methyl-propionamidine) dihydrochloride (AAPH) and lipophilic 2,2V-azobis(2,4-dimethylvaleronitrile) (AMVN) as

lipid peroxyl radical generators. The two zeaxanthin diastereomers displayed synergistic antioxidant effects against both azo lipid peroxyl

radical generators when bound to GSTP1. In the presence of GSTP1, nondietary (3R,3VS-meso)-zeaxanthin was observed to be a better

antioxidant than dietary (3R,3VR)-zeaxanthin. This effect was found to be independent of the presence of glutathione. Carotenoid degradation

profiles indicated that the zeaxanthin diastereomers in association with GSTP1 were more resistant to degradation which may account for the

synergistic antioxidant effects.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Carotenoids are fat-soluble pigments that are found

abundantly in dark green leafy vegetables and fruits [1].

They are thought to play critical roles in the prevention of

important human diseases such as cancer, cardiovascular

disease [2–4], and age-related macular degeneration

(AMD) [5–7]. Over fifteen different dietary carotenoids

are detectable in human serum, but only lutein

[(3R,3VR,6VR)-h,q-carotene-3,3V-diol] and zeaxanthin [a

mixture of (3R,3VR)-h,h-carotene-3,3Vdiol and (3R,3VS-
meso)-h,h-carotene-3,3V-diol] (Fig. 1) and their metabolites

are found in substantial amount in the retina of humans [8–

10] and a few other primates [11]. Chromatographic
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analysis of postmortem eyes shows that zeaxanthin isomers

dominate over lutein in the foveal region of the human

retina [12].

The Eye Disease Case-Control (EDCC) Study reported

that high serum carotenoid levels and high dietary intakes

of lutein and zeaxanthin are associated with lower relative

risk of AMD [13,14], and subsequent studies have

continued to support the potential protective role of lutein

and zeaxanthin against AMD [15–18]. Lutein and zeax-

anthin are likely to play important roles in combating

reactive oxygen species (ROS) generated in the presence

of blue light and oxygen, especially since retinal mem-

branes are particularly rich in long-chain polyunsaturated

fatty acids [6]. In some situations, these antioxidant effects

of single carotenoids may be synergistic with the

antioxidant effects of other carotenoids and other chemical

compounds [19–21].
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Fig. 1. The chemical structures of dietary lutein, zeaxanthin and non-dietary

meso-zeaxanthin.
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The concentrations of lutein and zeaxanthin in the Henle

fiber layer of the human macula are thought to be between

0.1 and 1 mM [7]. We have previously reported that the

uptake of these xanthophyll carotenoids is likely to be

mediated by specific and saturable xanthophyll-binding

proteins [22], and we have recently identified a pi isoform of

glutathione S-transferase (GSTP1) as a specific and satu-

rable binding protein for both diastereomers of zeaxanthin

found in the human macula with a Kd in the range of 300–

500 nM [23]. The physiological role of GSTP1 in retinal

xanthophyll physiology remains unknown, however. In this

study we examine whether GSTP1 enhances the antioxidant

effect of zeaxanthin in a model lipid oxidation system.
2. Materials and methods

2.1. Reagents and chemicals

HPLC grade methylene chloride, methanol, and hexane

were obtained from Fisher Scientific (Hampton, NH).

Synthetic (3R,3VR)-zeaxanthin and (3R,3VS-meso)-zeaxan-
thin were gifts from Hoffmann-La Roche (Basel, Switzer-

land), and (3R,3VR,6VR)-lutein prepared from marigold

flowers was a gift from Kemin Health (Des Moines, Iowa).

Lipophilic and hydrophilic azo initiators 2,2V-azobis(2,4-
dimethylvaleronitrile) (AMVN) and 2,2V-azobis(2-methyl-

propionamidine) dihydrochloride (AAPH) were obtained

from Wako USA (Richmond, VA) and Sigma (St. Louis,

MO) respectively. Egg yolk phosphatidylcholine (EYPC),

glutathione (GSH), and recombinant human GSTP1 were

also obtained from Sigma.

2.2. Preparation of liposomes

Liposomes were prepared according to a previously

published methods [19,24] in which 500 Al of 0.2 mg/ml

EYPC in tricine buffer (0.1 M, pH 7.6) was sonicated on ice
in a glass tube for 10 min. In order to prepare zeaxanthin-

containing liposomes, appropriate amounts of zeaxanthin

were first dissolved in an ethanolic solution of EYPC prior

to liposome formation. The organic solvent was evaporated

under a stream of nitrogen, and liposomes were then

prepared as described above. GSTP1 (0.50 Ag) was added

after liposome formation. The final total concentration of

zeaxanthin in each set of experiments was 2 AM which is

several-fold higher than the Kd for binding to GSTP1 [23].

In some experiments, 1 AM glutathione was added to the

reaction mixture.

2.3. Lipid peroxidation reaction

Lipid peroxidation was initiated by the addition of 1 M

concentrates of the lipid peroxyl radical generators AAPH

or AMVN dissolved in tetrahydrofuran [THF (with 0.01%

ethanol added first to AAPH to improve solubility)]. The

final concentration of the initiators in the liposome

suspension was 10 mM, and the final concentration of

THF in the suspension was 1% (v/v). In order to stop the

oxidation reaction, 5 Al of 100 mg/ml butylated hydrox-

ytoluene (BHT) in methanol was added to the sample at a

final concentration of 0.1% (w/v). Lipid destruction was

followed by the measurement of thiobarbituric acid reactive

species (TBARS). Most of the experiments were carried out

at 37 8C for 2 h. For kinetic studies, larger reaction volumes

were used, and 0.5 ml samples were taken every 10 min for

2 h.

2.4. TBARS assay

TBARS were measured according to published meth-

ods [19,24]. BHT [0.1% (w/v)] was added to the

samples before boiling to prevent formation of further

TBA-reactive products. Malondialdehyde (MDA) equiv-

alents were calculated using a published extinction

coefficient: E532=1.56�105 M�1 cm�1 [19,24]. Absorb-

ance at 532 nm was calculated from spectra using the

formula: DA532=A532� (A515+A550) /2 to allow for base-

line correction.

2.5. Zeaxanthin extraction and analysis

Fifty microliters of reaction mixture was treated with 100

Al of acetone to disrupt lipid vesicle associations, and they

were then extracted into 200 Al of hexane at least three

times. Separation between the aqueous and organic phases

was promoted by the addition of 20 Al of saturated sodium

chloride. The organic layer was collected and centrifuged at

1800�g for 10 min. The extracts were then dried by

vacuum evaporation in a Speedvac Plus (SC110, Savant,

Cambridge, MA) and re-dissolved in 1 ml of HPLC mobile

phase [hexane:dichloromethane:methanol:N,NV-di-isopropyl-
ethylamine (80:19.2:0.7:0.1 v/v)]. HPLC separation was

carried out at a flow rate of 1.0 ml/min on a cyano column



Table 1

Protection of AAPH-induced lipid peroxidation by antioxidants

Experimental

groups

Experimental

combinations

TBARS

(meanFS.D., n=5)

nmol/mg

phospholipid

Percent

protectiona

A1b EYPC control 3.18F0.17 0

A2 GSTP1 (0.5 Ag) 2.96F0.03 7

A3 GSH (1 AM) 1.63F0.16 49

A4 GSTP1+GSH 1.45F0.12 54 (56)

B1c (3R,3VR)-Zeaxanthin
(2 AM)

1.96F0.13 38

B2 Zeaxanthin+GSTP1 1.60F0.07 50 (45)

B3 Zeaxanthin+GSH 1.19F0.18 63 (87)

B4 Zeaxanthin+GSH+GSTP1 1.08F0.17 66 (92)

C1d (3R,3VS-meso)- 2.14F0.12 33
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(Microsorb 25 cm length�4.6 mm id, Varian, Palo Alto, CA).

The column was maintained at room temperature, and the

HPLC absorbance detector (Waters, Milford, MA) was

operated at 450 nm. Peak identities were confirmed by co-

elution with authentic standards as necessary. Peak areas were

integrated and quantified with an external standardization

curve.

2.6. Statistical analysis

All experimental sets were repeated five times, and

values are expressed with the standard deviation of the

means. Unpaired t-tests with a significance level of 0.05

were performed.
Zeaxanthin (2 AM)

C2 meso-Zeaxanthin+GSTP1 1.40F0.86 56 (40)

C3 meso-Zeaxanthin+GSH 1.16F0.16 64 (82)

C4 meso-Zeaxanthin+

GSH+GSTP1

1.00F0.13 69 (87)

D1e Zeaxanthin (1 AM)+

meso-Zeaxanthin (1 AM)

2.08F0.22 35 (36)

D2 Zeaxanthin+meso-

Zeaxanthin+GSTP1

1.35F0.10 58 (42)

D3 Zeaxanthin+meso-

Zeaxanthin+GSH

1.03F0.07 67 (84)

D4 Zeaxanthin+meso-

Zeaxanthin+GSH+GSTP1

0.89F0.10 72 (89)

a Percent protection values were recorded with the EYPC control as 0%,

and the remaining values were expressed with reference to this value.

Values in parentheses show the predicted additive effects of the mixtures.

GSTP1+GSH (54% protection) was used as the base to calculate the

expected additive effects for the multi-component mixtures. Bold entries

highlight synergistic effects that were greater than or equal to the typical

precision of the lipid peroxidation assay (F10%).
b Comparative statistical tests for Group A: A2, A3, and A4 were

compared with A1, and all P values were b0.001; A4 was compared with

A2 and A3, and both P values were b0.001.
c Comparative statistical tests for Group B: B2, B3, and B4 were

compared with B1, and all P values were b0.001; B4 was compared with

B2 and B3, and both P values were b0.002; B1 was also compared with

A1, and the P value was observed to be b0.005.
d Comparative statistical tests for Group C: C2, C3, and C4 were

compared with C1, and all P values were b0.001; C4 was compared with

C2 and C3, and both P values were b0.001; C1 was also compared with A1

and B1 and the P values were observed to be b0.05; C2 was compared with

B2 and the P values were observed to be b0.05.
e Comparative statistical tests for Group D: D2, D3, and D4 were

compared with D1, and all P values were b0.001; D4 was compared with

D2 and D3, and both P values were observed to be b0.005; D1 was also

compared with A1, B1, and C1, and P values were observed to be b0.008,

0.24, and 0.40 respectively.
3. Results

The protective effects of both forms of ocular zeaxanthin

on EYPC lipid peroxidation induced by the azo initiators

AAPH and AMVN are summarized in Tables 1 and 2,

respectively. AMVN is a non-polar, lipid soluble azo

initiator that is known to penetrate into the hydrophobic

interior of the phospholipid bilayer where it forms peroxyl

radicals which oxidize the unsaturated phospholipids. In all

cases, AMVN was observed to be more damaging to lipid

membranes than water soluble AAPH.

Dietary (3R,3VR)-zeaxanthin in the absence of added

GSH or GSTP1 was significantly more protective than non-

dietary (3R,3VS-meso)-zeaxanthin with either initiator

(Pb0.005). For AAPH the protective effects offered by

both forms of zeaxanthin were 38F4% and 33F3%,

respectively, whereas for AMVN the effects were 49F3%

and 45F2%, respectively. Assuming a linear antioxidant

response, a borderline synergistic antioxidant effect was

seen when the two xanthophylls were present at equimolar

concentrations in the presence of AMVN, but not in the

presence of AAPH.

In association with GSTP1, (3R,3VS-meso)-zeaxanthin
became a significantly better antioxidant than dietary

(3R,3VR)-zeaxanthin in protecting against AAPH or AMVN

induced peroxidation (Pb0.005). Considering the fact that

GSTP1 alone was minimally effective in preventing the

peroxidation of lipids, both (3R ,3VR)-zeaxanthin and

(3R,3VS-meso)-zeaxanthin exhibited synergistic protective

effects in the presence of GSTP1.

Glutathione S-transferases (GSTs) are members of a

super family of phase II enzymes known to be involved in

the detoxification of various metabolites generated by

oxidative processes in the body. Since most of the

detoxification activities are glutathione dependent, we also

studied the antioxidant effect of GSH in the presence and

absence of zeaxanthin and/or GSTP1. One micromolar

concentrations of GSH showed excellent antioxidant effects,

but in the presence of GSTP1 and/or either form of ocular

zeaxanthin, the effects were never synergistic. The origin of
the antagonistic interaction of GSH and zeaxanthins will

require further investigation.

The stability of the two forms of ocular zeaxanthin to

azo-initiated lipid peroxidation was studied in the presence

and absence of GSTP1 (Fig. 2). In all cases, zeaxanthin

degradation in the presence of GSTP1 was slower than the

control during the first hour. It has been reported that

zeaxanthin is more stable than h-carotene against various

lipid peroxyl radical generators [25], and our results indicate



Table 2

Protection of AMVN-induced lipid peroxidation by antioxidants

Experimental

groups

Experimental

combinations

TBARS

(meanFS.D., n=5)

nmol/mg

phospholipid

Percent

protectiona

A1b EYPC control 14.23F1.39 0

A2 GSTP1 (0.5 Ag) 13.58F1.77 5

A3 GSH (1 AM) 6.73F0.85 53

A4 GSTP1+GSH 6.24F0.76 56 (58)

B1c (3R,3VR)-Zeaxanthin
(2 AM)

7.27F0.45 49

B2 Zeaxanthin+GSTP1 5.69F0.98 60 (54)

B3 Zeaxanthin+GSH 4.72F0.31 67 (N100)

B4 Zeaxanthin+GSH+GSTP1 4.47F0.26 69 (N100)

C1d (3R,3VS-meso)-
Zeaxanthin (2 AM)

7.77F0.88 45

C2 meso-Zeaxanthin+GSTP1 4.41F0.50 69 (50)

C3 meso-Zeaxanthin+GSH 3.63F0.29 74 (98)

C4 meso-Zeaxanthin+GSH+

GSTP1

3.56F0.18 75 (N100)

D1e Zeaxanthin (1 AM)+meso-

Zeaxanthin (1 AM)

6.29F0.54 52 (47)

D2 Zeaxanthin+meso-

Zeaxanthin+GSTP1

4.37F0.75 69 (57)

D3 Zeaxanthin+meso-

Zeaxanthin+GSH

3.50F0.21 75 (N100)

D4 Zeaxanthin+meso-

Zeaxanthin+GSH+GSTP1

3.44F0.19 76 (N100)

a Percent protection values were recorded with the EYPC control as 0%,

and the remaining values were expressed with reference to this value.

Values in parentheses show the predicted additive effects of the mixtures.

GSTP1+GSH (56% protection) was used as the base to calculate the

expected additive effects for the multi-component mixtures. Bold entries

highlight synergistic effects that were greater than or equal to the typical

precision of the lipid peroxidation assay (F10%).
b Comparative statistical tests for Group A: A2, A3, and A4 were

compared with A1, and all P values were b0.001; A4 was compared with

A2 and A3, and both P values were b0.001.
c Comparative statistical tests for Group B: B2, B3, and B4 were

compared with B1, and all P values were b0.001; B4 was compared with

B2 and B3, and both P values were b0.03; B1 was also compared with A1,

and the P value was observed to be b0.005.
d Comparative statistical tests for Group C: C2, C3, and C4 were

compared with C1, and all P values were b0.001; C4 was compared with

C2 and C3, and both P values were b0.006; C1 was also compared with A1

and B1, and the P values were observed to be b0.005; C2 was also

compared with B2, and the P values were observed to be b0.005.
e Comparative statistical tests for Group D: D2, D3, and D4 were

compared with D1, and all P values were b0.001; D4 was compared with

D2 and D3, and both P values were observed to be N0.05; D1 was also

compared with A1, B1, and C1, and all of the P values were observed to be

b0.05, N0.05, N0.05, respectively.
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that GSTP1 further stabilizes its zeaxanthin ligand, thereby

enhancing its antioxidant activity.
4. Discussion

The human retina is a well oxygenated tissue that is rich

in long-chain polyunsaturated fatty acids (PUFA), such as

docosahexaenoic acid, that are quite vulnerable to lipid
peroxidation. High-energy short-wavelength visible light

promotes the formation of reactive oxygen species (ROS)

which can initiate lipid peroxidation in the macula and

elsewhere. The macular carotenoids are thought to combat

light-induced damage mediated by ROS by absorbing the

most damaging incoming wavelengths of light prior to the

formation of ROS and by chemically quenching ROS once

they are formed.

Chromatographic analysis of the central fovea and the

peripheral regions of the human retina has revealed that the

zeaxanthin to lutein ratio in the fovea is about 2:1, while in

the periphery lutein predominates [8,9]. More recently, it

was determined that foveal zeaxanthin is actually an

equimolar mixture of dietary (3R,3VR)-zeaxanthin and non-

dietary (3R,3VS-meso)-zeaxanthin [9]. It is likely that dietary

lutein is the metabolic precursor to meso-zeaxanthin

[11,12]. Along with these three major macular carotenoids,

several of their oxidation products are also detectable in

substantial amounts, indicating that the macular carotenoids

are likely to be acting as antioxidants [8].

Xanthophyll carotenoids have poor aqueous solubility,

and therefore in biological tissues such as the human

macula they are present in the lipid membrane bilayers or

associated with proteins. The polar hydroxyl groups at

each end of the xanthophyll molecules encourage a

membrane spanning configuration in lipid bilayers, espe-

cially in the case of zeaxanthin [24,25]. Their presence in

biological membranes is ideal if they are to act as lipid

antioxidants, but lipid associations alone cannot explain

the extraordinarily specific uptake of carotenoids into the

macula. Thus, xanthophyll-binding proteins are likely to be

involved in the specific uptake, stabilization, and physio-

logical functions of lutein and zeaxanthin in the retina, but

until recently relatively little has been known about

xanthophyll-binding proteins in any vertebrate system.

Initially, we found that tubulin in the cone axons of the

Henle fiber layer was a likely site for the deposition and

stabilization of the high concentrations of xanthophyll

carotenoids found there [26]. In follow up studies, we

demonstrated that there was an additional high affinity

xanthophyll-binding activity present in membrane fractions

derived from human retina and macula [22]. Recently, we

identified the protein responsible for this binding activity

as a pi isoform of glutathione S-transferase (GSTP1) [23].

Recombinant human GSTP1 binds both forms of macular

zeaxanthin with high affinity (300–500 nM), while lutein

binds poorly. GSTP1’s physiological role in the transport,

stabilization, and metabolism of carotenoids is currently

under investigation in our laboratory.

In the study reported here, we have investigated

whether or not GSTP1 can enhance zeaxanthin’s well

known ability to protect polyunsaturated lipid membranes

from oxidation. We found that GSTP1 did indeed

synergistically enhance zeaxanthin’s antioxidant properties,

while the addition of GSTP1’s other known ligand, GSH,

led only to additive effects at best. Our quantitative
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degradation studies indicate that part of GSTP1’s syner-

gistic enhancement of zeaxanthin’s antioxidant activity

stems from its ability to bind and shield dietary (3R,3VR)-
zeaxanthin and non-dietary (3R,3VS-meso)-zeaxanthin from

irreversible oxidative degradation.

Synergistic antioxidant enhancements in liposome mod-

els have been displayed previously between two different

antioxidant vitamin [27] and carotenoid [19] complexes,

and four different isoforms of GST have been reported to

bind and protect protoporphyrins from non-enzymatic

autoxidation in Zea mays L. [28]. In previous photo-

physical studies, we have observed that the S1-Sn decay

kinetics of meso-zeaxanthin bound to partially purified

macular xanthophyll-binding protein were dominated by a

decay component much slower than expected for unbound

carotenoids with 11 conjugated double bonds, suggesting

that stabilizing changes in the structure of meso-zeaxanthin

occur when it is in association with specific binding

proteins [29].

The experiments reported here are just the beginning of

our efforts to understand the potential antioxidant role of

macular xanthophylls in association with binding proteins.

Assay protocols still need to be optimized, and other

proteins and ocular carotenoids such as lutein need to be

examined under similar conditions. Increased knowledge of

the functions of lutein and zeaxanthin and their ocular

binding proteins should yield important insights into their
potential role as protectants against age-related macular

degeneration.
Acknowledgements

This work was supported by the National Institute of

Health Grant EY-11600, by Kemin Health (Des Moines,

IA), and by Research to Prevent Blindness (New York, NY).

PSB is a Sybil B. Harrington Research to Prevent Blindness

Scholar in macular degeneration research.
References

[1] G. Block, Nutrient sources of provitamin A carotenoids in the

American diet, Am. J. Epidemiol. 139 (1994) 290–293.

[2] R. Peto, R. Doll, J.D. Buckley, M.B. Sporn, Can dietary h-carotene
materially reduce human cancer rates? Nature 290 (1981) 201–208.

[3] E. Giovannucci, E.B. Rimm, Y. Liu, M.J. Stampfer, W.C. Willett, A

prospective study of tomato products, lycopene, and prostate cancer

risk, J. Natl. Cancer Inst. 94 (2002) 391–398.

[4] B. Olmedilla, F. Granado, S. Southon, A.J. Wright, I. Blanco, E. Gil-

Martinez, H. Berg, B. Corridan, A.M. Roussel, M. Chopra, D.I.

Thurnham, Serum concentrations of carotenoids and vitamins A, E,

and C in control subjects from five European countries, Br. J. Nutr. 85

(2001) 227–238.

[5] D.M. Snodderly, Evidence for protection against age-related macular

degeneration by carotenoids and antioxidant vitamins, Am. J. Clin.

Nutr. 62 (1995) 1448–1461.



P. Bhosale, P.S. Bernstein / Biochimica et Biophysica Acta 1740 (2005) 116–121 121
[6] S. Beatty, H. Koh, M. Phil, D. Henson, M. Boulton, The role of

oxidative stress in the pathogenesis of age-related macular degener-

ation, Surv. Ophthalmol. 45 (2000) 115–134.

[7] N.I. Krinsky, J.T. Landrum, R.A. Bone, Biologic mechanisms of the

protective role of lutein and zeaxanthin in the eye, Annu. Rev. Nutr.

23 (2003) 171–201.

[8] P.S. Bernstein, F. Khachik, L.S. Carvalho, G.J. Muir, D.Y. Zhao, N.B.

Katz, Identification and quantitation of carotenoids and their

metabolites in the tissues of the human eye, Exp. Eye Res. 72

(2001) 215–223.

[9] R.A. Bone, J.T. Landrum, L.M. Friedes, C.M. Gomez, M.D. Kilburn,

E. Menendez, I. Vidal, W. Wang, Distribution of lutein and zeaxanthin

stereoisomers in the human retina, Exp. Eye Res. 64 (1997) 211–218.

[10] L.M. Rapp, S.S. Maple, J.H. Choi, Lutein and zeaxanthin concen-

trations in rod outer segment membranes from perifoveal and

peripheral human retina, Invest. Ophthalmol. Vis. Sci. 41 (2000)

1200–1209.

[11] F. Khachik, F.F. de Moura, D.Y. Zhao, C.P. Aebischer, P.S. Bernstein,

Transformations of selected carotenoids in plasma, liver, and ocular

tissues of humans and in nonprimate animal models, Invest.

Ophthalmol. Vis. Sci. 43 (2002) 3383–3392.

[12] R.A. Bone, J.T. Landrum, G.W. Hime, A. Cains, J. Zamor, Stereo-

chemistry of the human macular carotenoids, Invest. Ophthalmol. Vis.

Sci. 34 (1993) 2033–2040.

[13] Eye Disease Case-Control Study Group, Antioxidant status and

neovascular age-related macular degeneration, Arch. Ophthalmol.

111 (1993) 104–109.

[14] J.M. Seddon, U.A. Ajani, R.D. Sperduto, R. Hiller, N. Blair, T.C.

Burton, M.D. Farber, E.S. Gragoudas, J. Haller, D.T. Miller, et al.,

Dietary carotenoids, vitamins A, C, and E, and advanced age-related

macular degeneration. Eye Disease Case-Control Study Group, JAMA

272 (1994) 1413–1420.

[15] S. Beatty, I.J. Murray, D.B. Henson, D. Carden, H.H. Koh, M.E.

Boulton, Macular pigment and risk for age-related macular degener-

ation in subjects from a Northern European population, Invest.

Ophthalmol. Vis. Sci. 42 (2001) 439–446.

[16] P.S. Bernstein, D.Y. Zhao, S.W. Wintch, I.V. Ermakov, R.W.

McClane, W. Gellermann, Resonance Raman measurement of

macular carotenoids in normal subjects and in age-related macular

degeneration patients, Ophthalmology 109 (2002) 1780–1787.

[17] S. Richer, W. Stiles, L. Statkute, J. Pulido, J. Frankowski, D. Rudy, K.

Pei, M. Tsipursky, J. Nyland, Double-masked, placebo-controlled,

randomized trial of lutein and antioxidant supplementation in the

intervention of atrophic age-related macular degeneration: the
Veterans LAST study (Lutein Antioxidant Supplementation Trial),

Optometry 75 (2004) 216–230.

[18] R.A. Bone, J.T. Landrum, S.T. Mayne, C.M. Gomez, S.E. Tibor, E.E.

Twaroska, Macular pigment in donor eyes with and without AMD: a

case-control study, Invest. Ophthalmol. Vis. Sci. 42 (2001) 235–240.

[19] W. Stahl, A. Junghans, B. de Boer, E.S. Driomina, K. Briviba, H. Sies,

Carotenoid mixtures protect multilamellar liposomes against oxidative

damage: synergistic effects of lycopene and lutein, FEBS Lett. 427

(1998) 305–308.

[20] M. Wrona, W. Korytowski, M. Rozanowska, T. Sarna, T.G. Truscott,

Cooperation of antioxidants in protection against photosensitized

oxidation, Free Radic. Biol. Med. 35 (2003) 1319–1329.

[21] M. Wrona, M. Rozanowska, T. Sarna, Zeaxanthin in combination with

ascorbic acid or alpha-tocopherol protects ARPE-19 cells against

photosensitized peroxidation of lipids, Free Radic. Biol. Med. 36

(2004) 1094–1101.

[22] A.Y. Yemelyanov, N.B. Katz, P.S. Bernstein, Ligand-binding charac-

terization of xanthophyll carotenoids to solubilized membrane proteins

derived from human retina, Exp. Eye Res. 72 (2001) 381–392.

[23] P. Bhosale, A.J. Larson, J. Frederick, K. Southwick, C.D. Thulin, P.S.

Bernstein, Identification and characterization of a pi isoform of

glutathione S-transferase as a zeaxanthin-binding protein in the

macula of the human eye, J. Biol. Chem. 279 (2004) 49447–49454.

[24] A. Sujak, J. Gabrielska, W. Grudzinski, R. Borc, P. Mazurek, W.I.

Gruszecki, Lutein and zeaxanthin as protectors of lipid membranes

against oxidative damage: the structural aspects, Arch. Biochem.

Biophys. 371 (1999) 301–307.

[25] J. Gabrielska, W.I. Gruszecki, Zeaxanthin (dihydroxy-h-carotene) but
not h-carotene rigidifies lipid membranes: a 1H-NMR study of

carotenoid-egg phosphatidylcholine liposomes, Biochim. Biophys.

Acta 285 (1996) 167–174.

[26] P.S. Bernstein, N.A. Balashov, E.D. Tsong, R.R. Rando, Retinal

tubulin binds macular carotenoids, Invest. Ophthalmol. Vis. Sci. 38

(1999) 167–175.

[27] L. Tesoriere, A. Bongiorno, A.M. Pintaudi, R. D’Anna, D. D’Arpa,

M.A. Livrea, Synergistic interactions between vitamin A and vitamin

E against lipid peroxidation in phosphatidylcholine liposomes, Arch.

Biochem. Biophys. 326 (1996) 57–63.

[28] B. Lederer, P. Boger, Binding and protection of porphyrins by

glutathione S-transferases of Zea mays L, Biochim. Biophys. Acta

1621 (2003) 226–233.

[29] H.H. Billsten, P. Bhosale, A. Yemelyanov, P.S. Bernstein, T. Polivka,

Photophysical properties of xanthophylls in carotenoproteins from

human retinas, Photochem. Photobiol. 78 (2003) 138–145.


	Synergistic effects of zeaxanthin and its binding protein in the prevention of lipid membrane oxidation
	Introduction
	Materials and methods
	Reagents and chemicals
	Preparation of liposomes
	Lipid peroxidation reaction
	TBARS assay
	Zeaxanthin extraction and analysis
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


