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Abstract

Post hocanalysis of data obtained from a study designed to
modulate oxidative damage by dietary intervention revealed
consistently strong inverse correlations between plasma
xanthophyll carotenoids and oxidative damage indices.
Thirty-seven women participated in a 14-day dietary
intervention that increased mean vegetable and fruit (VF)
consumption to ~12 servings/day. An additional 10 subjects
participated in an intervention that limited VF consumption
to less than four servings per day. 8-Hydroxy-2-
deoxyguanosine (8-OHdG) in DNA isolated from peripheral
lymphocytes and 8-OHdG excreted in urine were measured
as indices of oxidative DNA damage. Lipid peroxidation was
assessed by measuring 8-epiprostaglandin,E (8-EPG) in
urine. Plasma levels of selected carotenoids were also
determined, with the intention of using a-carotene as a
biochemical index of VF consumption. Urinary 8-OHdG

and 8-EPG were measured by ELISA, and plasma
carotenoids were measured by high performance liquid
chromatography. Lymphocyte 8-OHdG was measured by
reverse phase high performance liquid chromatography
with electrochemical detection. We observed that the
structurally related xanthophyll carotenoids, lutein and -
cryptoxanthin, which occur in dissimilar botanical families,
were consistently inversely associated with these oxidative
indices. Statistically significant inverse correlations were
observed between plasma lutein and/op-cryptoxanthin
levels and lymphocyte 8-OHdG and urinary 8-EPG.
Moreover, an inverse correlation was observed between
change in plasma xanthophylls and change in lymphocyte
8-OHdG concentration that occurred during the course of
the study. These data lead us to hypothesize that lutein and
B-cryptoxanthin serve as markers for the antioxidant milieu
provided by plants from which they are derived. Whether
these carotenoids are directly responsible for the observed
antioxidant phenomena merits further investigation.
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Correlate Inversely with Indices of
and Lipid Peroxidatibn

Introduction

Epidemiology provides strong support for the hypothesis that
diets high in VP are protective against diseases such as cancer
and CHD, in which oxidative damage to biological macromol-
ecules plays a putative role (1-3). Carotenoids are plentiful in
VF and have been shown to act as antioxidamistro (4—10).
Thus, it has been proposed that carotenoids protect against
degenerative conditions such as cancer and CHD by antioxidant
mechanisms, although direct evidenceimfvivo antioxidant
activity by carotenoids is limited (7, 11-13). Over 600 naturally
occurring carotenoids have been identified, and 21 have been
detected in human blood plasma (18)carotene is abundant in
VF and plasma and has been the most extensively studied of the
carotenoids. Less examined are the xanthophyll carotenoids,
which are characterized by the presence of one or more func-
tional groups containing oxygen. Structures of five carotenoids
that predominate in human plasma, including the xanthophyll
carotenoids lutein an@-cryptoxanthin, are depicted in Fig. 1.

Carotenoids exerin vitro antioxidant activity by several
mechanismsB-carotene can be an effective chain-breaking anti-
oxidant at low oxygen tension (5, 6), and carotenoids have been
shown to scavenge various free radicals geneiatgiro (7, 8).
Carotenoids efficiently quench singlet oxygen by virtue of exten-
sively conjugated double bonds that readily absorb and thermally
dissipate energy of this reactive oxygen species (9, 10).

Results from intervention trials involving-carotene sup-
plementation have been mixed. Increased cancer incidence,
decreased cancer incidence, and no effect (13, 15-20) have
been reported with supplementation. Human studies that exam-
ined the effects ofB-carotene supplementation on oxidative
indices have also given mixed results (21-29). Collectively,
clinical trials have been disappointing and suggest {Bat
carotene is not beneficial in the absence of the chemical spec-
trum provided by VF in which it is prevalent. Another possi-
bility is that p-carotene serves only as a marker for VF
consumption and is not itself particularly beneficial.

The prospective intervention study reported herein was
designed to test the hypothesis that increasing VF consumption
can mitigatein vivo oxidative damage to DNA and lipids.
Markers for oxidative DNA damage were 8-OHdG concentra-
tion in DNA isolated from peripheral lymphocytes and 8-OHdG
excreted in urine. Urinary 8-EPG served as an index of lipid
peroxidation. Selected plasma carotenoi@scyptoxanthin,
lutein, B-carotene a-carotene, and lycopene) were measured,
and plasma-carotene concentration was used as a biochemical
index of VF consumption (30). Results of this ongoing study in
the context of the hypothesis it was designed to test are de-
scribed in detail elsewhere (31).

Previous investigations into relationships between plasma

3The abbreviations used are: VF, vegetable and fruit; 8-OHdG, 8-hydroxy-2
deoxyguanosine; 8-EPG, 8-epiprostaglandjp; EHD, coronary heart disease.
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portions of fat (type and amount), carbohydrate, and protein (in-
cluding animal protein). In subjects who took antioxidant supple-
ments, supplementation was discontinued 1 week before starting
the intervention. Preintervention blood and urine samples were
obtained 1 week before starting the intervention, and postinterven-
tion samples were obtained at the end of the intervention; a 3-week
interval separated the collections.

Analytical Methods. Blood was processed in Cell Preparation
Tubes (Becton Dickinson, Franklin Lakes, NJ) from which
lymphocytes were harvested and frozen -a80°C in PBS
containing 10% DMSO. Nuclei were isolated from lympho-
cytes by use of nonionic detergeahd DNA was isolated from
nuclei by a method using proteinase K digestion and phenol/
chloroform extraction. 8-OHdG and’-2leoxyguanosine in
DNA from lymphocytes were measured by use of reverse phase
high performance liquid chromatography with electrochemical
and spectrophotometric detection, respectively. The analysis of
8-OHdG was performed with vigilant attention to conditions
that can induce the artificial formation of 8-OHdG. As de-
scribed in detail elsewhere, phenol does not appear to induce
8-OHdG artifacts in our method (34). Blood for plasma carot-
enoid analysis was collected in tubes containing tripotassium
EDTA as anticoagulant (Becton Dickinson), and plasma was
stored at—80°C. Plasma carotenoids were analyzed by reverse
phase high performance liquid chromatography (35). Urine was
collected without preservative in plastic vessels and stored at
—20°C for analysis of 8-EPG and 8-OHdG. Chromatographic
techniques for analysis of 8-OHdG in urine tend to be very
complex, and many published methods have reported alarm-
ingly low and variable recovery (36—-39). Given the paucity of
reliable methods available to us during this study, we elected to
use a commercial ELISA (Genox Corp., Baltimore, MD) for
estimating urinary 8-OHdG abundance, despite its reported
shortcomings (40). Urinary 8-EPG was also analyzed by use of
an ELISA kit (Assay Designs, Ann Arbor, MI). In contrast to
the urinary 8-OHdG ELISA, the utility of immunoassay for
urinary 8-EPG analysis has been favorably documented (41).

Lycopene

Fig. 1.  Structures of selected carotenoids. Results

Because the numerical relationships examined here were
largely independent of the dietary intervention used, we com-

carotenoid levels and indices of vivo oxidative damage are  Pined high and low VF intervention treatment groups for the
limited and have produced mixed results, but a protective role purposes of comparing plasma carotenoids and oxidative indi-

against DNA damage has been suggested (23, 25, 26, 32, 33) ces. The subsequent analysis of plasma carotenoid and oxida-
Our analyses have revealed inverse assoc'iatiolns 'bet\l/veerpve index data revealed striking inverse correlations between
plasma carotenoids and levels of oxidative damage that are plasma |utein ang-cryptoxanthin levels and both lymphocyte

remarkably consistent with respect to lutein g8wryptoxan- 8-OHdG and urinary 8-EPG. Because these carotenoids are
thin. These data and their implications are discussed. structurally similar and to facilitate clear presentation of the

data, we elected to sum plasma lutein gBdryptoxanthin

) levels under the heading of xanthophylls. Plasma levels of
Materials and Methods structurally similara- and g-carotene were combined as car-
Dietary Intervention. The dietary interventions used are de- otenes. Lycopene is structurally distinct and was not combined
scribed in detail elsewhere (31). Briefly, subjects were recruited for analysis. We used a statistically conservative approach to
from a population of women participating in a clinical program for compensate for multiple comparisons; statistically significant
individuals at risk for breast cancer based on family history. High results were therefore defined as haviRg= 0.006 (0.05
and low VF interventions consisted of fully defined 14-day menus. divided by 9, the number of comparisons made). Table 1
Subjects were required to prepare all foods in their homes through- summarizes the Spearman rank correlations between oxidative
out the 2-week intervention. Preintervention and postintervention index abundance and plasma carotenoid levels. In all compar-
nonfasting blood samples and first void of the morning urine isons, at both pre- and postintervention, the correlation coeffi-
specimens were obtained from each subject. High VF intervention cients were negative. Significant inverse correlations between
recipes were formulated to providel2 servings of VF/day from plasma xanthophylls and both urinary 8-EPG and lymphocyte
a diverse number of botanical families. Low VF intervention 8-OHdG were observed both before and after intervention. The
recipes were designed to average 3.8 servings of VF/day and to becorrelations were not appreciably different between the two
approximately equivalent to the high VF diet in the relative pro- time points. These relationships are illustrated in Fig. 2. In
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Table 1 Spearman rank correlations between plasma carotenoids and oxidative dndices

Urinary 8-EPG Lymphocyte DNA 8-OHdG Urinary 8-OHdG
r P r P r P
Xanthophylls
Pre —-0.40 0.008 -0.42 0.004 -0.22 0.124
Post —0.44 0.002 —-0.44 0.004 -0.30 0.041
Carotenes
Pre —-0.22 0.150 -0.19 0.202 -0.16 0.293
Post -0.27 0.067 -0.30 0.048 -0.15 0.306
Lycopene
Pre -0.28 0.055 -0.21 0.174 -0.14 0.320
Post —0.40° 0.008 —-0.47 0.00? -0.35 0.017
2N = 45-47 for each comparison. Pre is baseline measurement; post is after 2-week dietary intemvent®pearman correlation coefficient.
b Significant results. To adjust for multiple comparisons, statistical significance is defined<a8.006.
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Fig. 2. Correlations between oxidative indices and plasma xanthophyll carote-
noids (lutein+ B-cryptoxanthin). For 8-OHdG concentration in DNA isolated
from peripheral lymphocytesAj, Spearman correlation coefficient) (= —.42

and —.44 for pre- and postintervention values, respectively. For urinary 8-EPG
(B), r = —.40 and—.44 for pre- and postintervention values, respectivilly.
preintervention;A, postintervention. All correlations illustrated are statistically
significant @ = 0.006).n = 45—47 at each time point.

been documented (40), and extreme variability was manifest in
these data, particularly the preintervention values.

The degree to which plasma xanthophyll concentration
and 8-OHdG abundance in lymphocyte DNA coincide was
further evidenced by the significant inverse correlation (Spear-
manr = —.45;P = 0.002) observed between change in plasma
xanthophylls and change in lymphocyte 8-OHdG that occurred
during the course of the study, as illustrated in Fig. 3. This was
the only relationship between changes in carotenoids and oxi-
dative indices that approached statistical significance.
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Discussion have indicated that lutein and/Brcryptoxanthin intake are asso-
The high VF intervention implemented in this study effectively ~Ciated with decreased risk of CHD and cancer at various sites (51,
raised mean plasma carotenoid levels and lowered indides of ~55-57). Cautious interpretation of these data are warranted, how-
vivo oxidative damage (31). The low VF intervention was €ver. Failed efforts to substantiate the benefizialivo effects
largely without effect. These results support our original hy- formerly attributed top-carotene underscore the danger in pro-
pothesis but are not central to the associations reported here;P0Sing that individual carotenoids or other plant isolates are them-
significant inverse relationships between plasma xanthophylls Selves responsible for the beneficial effects with which they are
and oxidative indices were evident before intervention and did associated. Carotenoids may serve as markers for types of foods
not change appreciably during the study. that possess such properties, or they may function effectimely
The link between oxidative DNA damage and plasma xan- vivoonly in the presence of_complementary compounds, |nclud|_ng
thophylls was arguably the most consistent of the relationships Cther carotenoids, with which they act cooperatively or synergis-
between carotenoids and oxidative indices; significant inverse tic@lly. Nonetheless, the structural similarity between lutein and
correlations were observed between plasma xanthophylls and lym-B-Cryptoxanthin and the dissimilar types of foods in which they are
phocyte 8-OHAG both before and after dietary intervention, and found (.53). suggest that_ these compou_nds may account for some of
change in plasma xanthophyll levels that occurred during the study e antioxidant effects indicated by this study, rather than serving
correlated inversely with change in lymphocyte 8-OHdG. To our Merely as markers for VF consumption. This possibility merits
knowledge, inverse relationships between plasma xanthophyll furthgrrhlnv(;asttlgatlon.t dh hibit kabl istent i
carotenoids and 8-OHdG concentration in lymphocyte DNA have el ?a rre]porg " ere exl - remartha }/]ilonss ten '.r:j'
not been previously reported. The apparent inhibition of oxidative Verse rejalionsnips between plasma xanthophnyll carotenolds
DNA damage associated with Ilutein a@dtryptoxanthin suggests and indices of oxidative damage, and conservative statistical
that xanthophylls may possess antioxidant activity that is particu- analysis shows that t.hese relgtlonshlps are .robust. Whether the
larly effective at protecting DNA. Although we judge these data xanthophyll carotenoids are directly responsible for antioxidant
remarkable, it must be noted that oxidative DNA damage is no- protection of macromolecules or whether they serve as markers

. : A . ) _ for other compounds contained in plants in which they abound,
itr?go(gily 452Lf22)pt'%|$;0 ggg[l)cilzl (')TJ?upcrte'%';l?tlij(;:]ng;ﬁ?g)l(;eprrt?scgsifis the relationships exhibited by these data point to specific types
plausible that the apparent inhibition of oxidative DNA damage of VF as effective dietary antioxidants. Investigation into the

. . . ability of VFs that contain high levels of lutein ¢@-cryptox-
zzi%ﬂ?ted with plasma xanthophyll content hassarivocom- anthin to inhibitin vivo oxidative damage is ongoing. Further

. - xamination into the effects of th rotenoi ietar
The significant inverse associations observed between examinatio 0 the effects of these carotenoids as dietary

. supplements is also warranted.

plasma lycopene and both urinary 8-EPG and lymphocyte PP
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high and low VF interventions were used in this study, and the Acknowledgments
intervention groups were combined for these correlation analyses. We thank the subjects who volunteered to participate in this study for their

; ommitment and adherence to the dietary intervention. We also thank Wendy
Cr?nsquently, Pgt?aThplasT‘a |);Ct0hpente ::(;.‘VG|S f((j)l’.:h.e Comlbmed ﬂat%oertch, Kathy Kuzela, Julie Maez, Cheng Jiang, Kim Marshall, Jay McCarren,
Cchange Very J e _ro_u_g ou e SL_J y, and It IS unclear Wny  airina Knott, and Kirsten Love for their excellent technical assistance.
weak, statistically insignificant correlations between lycopene and
oxidative indices changed during the study interval. References

8-EPG is emerging as a valuable index iofvivo lipid .
peroxidation (41, 42, 45, 46), and our data show that lipid peroxi- L Block, G., Patterson, B., and Subar, A. Fruit, vegetables, and cancer preven-
. .. i . ... tion: a review of the epidemiological evidence. Nutr. Cand&,1-29, 1992.
dation as indicated by urinary 8-EPG was correlated inversely with . ) o
. . R . 2. Steinmetz, K. A., and Potter, J. D. Vegetables, fruit, and cancer. |. Epidemi-
plasma xanthophyll level. This report of an inverse relationship oy, cancer Causes Contral, 325-357, 1991.
between plasma xanthophyll carotenoids and 8-EPG is to our 3 ziegler, R. G. Vegetables, fruits, and carotenoids and the risk of cancer. Am. J.
knowledge without precedent, although a nonsignificant reduction Clin. Nutr., 53: 251s-259s, 1991.
in urinary 8-EPG excretion in response to lycopene supplementa- 4. Handelman, J. G. Carotenoids as scavengers of active oxygen Sfrectes.
tion has been reported (29). It is noteworthy that urinary 8-EPG Cadenas and L. Packer (eds.), Handbook of Antioxidants, pp. 259-314. New
was positively correlated with lymphocyte 8-OHdG at both pre- \S(orII;. Marcg' Svek:er_ '”_Z" 1996. . e 3. NS 105111 1689
and postinterventiorr (= 0.19 and- = 0.44, respectively; Spear- > B“rio"' o m'm;' lam Tgt'olz ouzag’te"?' S J. Nutd.9: e
B H . purton, . .,oan ngoia, K. -Carotene: an unusual type ofr lipi

man ranked data)._AIthough notan essential element o_f t_hls repOIt, ,\ ioxidant. Science (Washington D@g4- 569573, 1984.
evidence of a positive correlation between DNA and lipid oxida-

i T ! B X ; ) R 7. Miller, N. J., Sampson, J., Candeias, L. P., Bramley, P. M., and Rice-Evans,
tion indices lends credence to their putative link in biological c. A. Antioxidant activities of carotenes and xanthophylls. FEBS L&84:

oxidative damage (47-50). 240-242, 1996.
Considerable literature exists that is consistent with antioxi- 8. Chopra, M., Willson, R. L., and Thurnham, D. |. Free radical scavenging of
dant/disease preventing properties for lutein gratyptoxanthin. lutein in vitro. Ann. NY Acad. Sci.691: 246249, 1993.

A recent article reports inverse correlations between lutein and 9. Krinsky, N. I. Antioxidant functions of carotenoids. Free Radic. Biol. M&d.,

C 17-635, 1989.
9X|dat|;/e ?'\:A damatge as mﬁ.aﬁu.red by the co?wet_gss?y t(zi’?'),f'?n 10. Stratton, S. P., Schaefer, W. H., and Liebler, D. C. Isolation and identification
In contras _oB-caro er?e' whic '_S a poor an '_OXl _an a 'g_ of singlet oxygen oxidation products ¢-carotene. Chem. Res. Toxicob;
oxygen tension due to its propensity for auto-oxidation (5), lutein 542-547, 1993.
has been shown to possess potent antioxidant activitjtro at 11. Swanson, J. E., and Parker, R. S. Biological effects of carotenoids in humans.
atmospheric pressure (§-Cryptoxanthin appears to accumulate In: E. Cadenas and L. Packer (eds.), Handbook of Antioxidants, pp. 337-367.

; i ide New York: Marcel Dekker Inc., 1996.
preferentially in human plasma compared to other carotenoids ' oK . ) i
because it is relatively abundant in plasma despite its scarcity in 12. Halliwell, B. Oxidative stress, nutrition and health. Experimental strategies
. g . . for optimization of nutritional antioxidant intake in humans. Free Radic. R6s.,

most diets (51-53). It is unique among xanthophylls in its role as 57_74 1996,
a_ ||g_and for a recemly identified mammal'an Ce"!'"ar ?amtenq‘d 13. Cooper, D. A, Eldridge, A. L., and Peters, J. C. Dietary carotenoids and lung
binding protein (54). Moreover, numerous epidemiological studies cancer: A review of recent research. Nutr. R&Z; 133-145, 1999.



Cancer Epidemiology, Biomarkers & Prevention 425

14. Khachik, F., Beecher, G. R., and Smith, J. C., Jr. Lutein, lycopene, and their
oxidative metabolites in chemoprevention of cancer. J. Cell Biochem. Sagpl.,
236-246, 1995.

15. The effect of vitamin E an@-carotene on the incidence of lung cancer and
other cancers in male smokers. T&d ocopherol 3-Carotene Cancer Prevention
Study Group. N. Engl. J. Med330: 1029-1035, 1994.

16. Taylor, P.R., Li, B., Dawsey, S. M., Li, J. Y., Yang, C. S., Guo, W., and Blot,
W. J. Prevention of esophageal cancer: the nutrition intervention trials in Linxian,
China. Linxian Nutrition Intervention Trials Study Group. Cancer Réd.,
2029s-2031s, 1994.

17. Omenn, G. S., Goodman, G. E., Thornquist, M. D., Balmes, J., Cullen, M. R.,
Glass, A., Keogh, J. P., Meyskens, F. L., Valanis, B., Williams, J. H., Barnhart,
S., and Hammar, S. Effects of a combinatiorBedarotene and vitamin A on lung
cancer and cardiovascular disease. N. Engl. J. M38#l; 1150-1155, 1996.

18. Hennekens, C. H., Buring, J. E., Manson, J. E., Stampfer, M., Rosner, B.,
Cook, N. R., Belanger, C., LaMotte, F., Gaziano, J. M., Ridker, P. M., Willett, W.,
and Peto, R. Lack of effect of long-term supplementation \gittarotene on the
incidence of malignant neoplasms and cardiovascular disease. N. Engl. J. Med.
334:1145-1149, 1996.

19. Greenberg, E. R., Baron, J. A., Tosteson, T. D., Freeman, D. H., Jr., Beck,
G. J., Bond, J. H., Colacchio, T. A., Coller, J. A, Frankl, H. D., and Haile, R. W.
A clinical trial of antioxidant vitamins to prevent colorectal adenoma. Polyp
Prevention Study Group. N. Engl. J. MeB831: 141-147, 1994.

20. Greenberg, E. R., Baron, J. A., Stukel, T. A., Stevens, M. M., Mandel, J. S,
Spencer, S. K., Elias, P. M., Lowe, N., Nierenberg, D. W., and Bayrd, G. A clinical

isolation of 8-oxoguanine and its nucleoside derivatives from biological fluids with a
monoclonal antibody column. Proc. Natl. Acad. Sci. U8S; 3375-3379, 1992.

37. Germadnik, D., Pilger, A., and Rudiger, H. W. Assay for the determination
of urinary 8-hydroxy-2-deoxyguanosine by high-performance liquid chromatog-
raphy with electrochemical detection. J. Chromatogr. B. Biomed. Sci &89,
399-403, 1997.

38. Loft, S., Vistisen, K., Ewertz, M., Tjonneland, A., Overvad, K., and Poulsen,
H. E. Oxidative DNA damage estimated by 8-hydroxydeoxyguanosine excretion
in humans: influence of smoking, gender and body mass index. Carcinogenesis
(Lond.), 13: 2241-2247, 1992.

39. Tagesson, C., Kallberg, M., Klintenberg, C., and Starkhammar, H. Determi-
nation of urinary 8-hydroxydeoxyguanosine by automated coupled-column high
performance liquid chromatography: a powerful technique for assayinvyo
oxidative DNA damage in cancer patients. Eur. J. Car@ef: 934-940, 1995.

40. Prieme’, H., Loft, S., Cutler, R. G., and Poulsen, H. E. Measurement of
oxidative stress in humans: Evaluation of a commercially available ELISA assay.
In: J. T. Kumpulainin (ed.), Natural Antioxidants and Food Quality in Athero-

, sclerosis and Cancer Prevention, pp. 78—-82. Cambridge, United Kingdom: Royal
Society of Chemistry, 1996.

41. Wang, Z., Ciabattoni, G., Creminon, C., Lawson, J., FitzGerald, G. A.,
Patrono, C., and Maclouf, J. Immunological characterization of urinary
8-epi-prostaglandin F2x excretion in man. J. Pharmacol. Exp. The275:
94-100, 1995.

42. Halliwell, B. Establishing the significance and optimal intake of dietary
antioxidants: the biomarker concept. Nutr. R&/7; 104-113, 1999.

trial of B-carotene to prevent basal-cell and squamous-cell cancers of the skin. The 43 Halliwell. B. Can oxidative DNA damage be used as a biomarker of cancer

Skin Cancer Prevention Study Group. N. Engl. J. M8@3: 789-795, 1990.

21. van Poppel, G., Poulsen, H., Loft, S., and Verhagen, H. No influence of
B-carotene on oxidative DNA damage in male smokers. J. Natl. Cancer@nst.,
310-311, 1995.

22. Sumida, S., Doi, T., Sakurai, M., Yoshioka, Y., and Okamura, K. Effect of
a single bout of exercise ardcarotene supplementation on the urinary excretion
of 8-hydroxy-deoxyguanosine in humans. Free Radic. R#s.607-618, 1997.

23. Daube, H., Scherer, G., Riedel, K., Ruppert, T., Tricker, A. R., Rosenbaum,
P., and Adlkofer, F. DNA adducts in human placenta in relation to tobacco smoke
exposure and plasma antioxidant status. J. Cancer Res. Clin. OI&1141—

151, 1997.

24. Panayiotidis, M., and Collins, A. REx vivo assessment of lymphocyte
antioxidant status using the comet assay. Free Radic. R&$533-537, 1997.

25. Duthie, S. J., Ma, A., Ross, M. A, and Collins, A. R. Antioxidant supple-
mentation decreases oxidative DNA damage in human lymphocytes. Cancer Res
56: 1291-1295, 1996.

26. Collins, A. R., Olmedilla, B., Southon, S., Granado, F., and Duthie, S. J.
Serum carotenoids and oxidative DNA damage in human lymphocytes. Carcino-
genesis (Lond.)19: 2159-2162, 1998.

27. Lepage, G., Champagne, J., Ronco, N., Lamarre, A., Osberg, I., Sokol, R. J.
and Roy, C. C. Supplementation with carotenoids corrects increased lipid per-
oxidation in children with cystic fibrosis. Am. J. Clin. Nut64: 87—93, 1996.

28. Rust, P., Eichler, I., Renner, S., and Elmadfa, |. Effects of long-term oral
B-carotene supplementation on lipid peroxidation in patients with cystic fibrosis.
Int. J. Vitam. Nutr. Res.68: 83-87, 1998.

29. Ferretti, A., and Flanagan, V. P. Isolation and measurement of urinary
8-iso-prostaglandin R by high-performance liquid chromatography and gas
chromatography-mass spectrometry. J. Chromatogr. B. Biomed. Sci. 8.,
271-276, 1997.

30. Polsinelli, M., Rock, C. L., Henderson, S. A., and Drewnowski, A. Plasma
carotenoids as biomarkers of fruit and vegetable servings in women. J. Am. Diet.
Assoc.,98: 194-196, 1998.

31. Thompson, H. J., Heimendinger, J., Haegele, A. D., Sedlacek, S., Gillette, C.,
O'Neill, C., Wolfe, P., and Conry, C. Effect of increased vegetable and fruit
consumption on markers of oxidative cellular damage. Carcinogenesis (Lond.),
20: 2261-2266, 1999.

32. Odagiri, Y., and Uchida, H. Influence of serum micronutrients on the inci-
dence of kinetochore-positive or -negative micronuclei in human peripheral blood
lymphocytes. Mutat. Res415: 35-45, 1998.

33. Fillion, L., Collins, A., and Southon, R-carotene enhances the recovery of
lymphocytes from oxidative DNA damage. Acta Biochim. P4b; 183-190, 1998.

34. Haegele, A. D., Wolfe, P., and Thompson, H. J. X-radiation induces
8-hydroxy-2-deoxyguanosine formatioim vivo in rat mammary gland DNA.
Carcinogenesis (Lond.}9: 1319-1321, 1998.

35. Peng, Y. M., Peng, Y. S, Lin, Y., Moon, T., Roe, D. J., and Ritenbaugh, C.

risk in humans? Problems, resolutions and preliminary results from nutritional
supplementation studies. Free Radic. R28:,469—-486, 1998.
44. Kasai, H. Analysis of a form of oxidative DNA damage, 8-hydroxy-2
deoxyguanosine, as a marker of cellular oxidative stress during carcinogenesis.
Mutat. Res. 387: 147-163, 1997.
45. Morrow, J. D., and Roberts, L. J. The isoprostanes: unique bioactive products
of lipid peroxidation. Prog. Lipid Res36: 1-21, 1997.
46. Roberts, L. J., Brame, C. J., Chen, Y., and Morrow, J. D. Novel eicosanoids.
Isoprostanes and related compounds. Methods Mol. Bi@b; 257-285, 1999.
47. Haegele, A. D., Briggs, S. P., and Thompson, H. J. Antioxidant status and
dietary lipid unsaturation modulate oxidative DNA damage. Free Radic. Biol.
Med., 16: 111-115, 1994.
48. Yang, M. H., and Schaich, K. M. Factors affecting DNA damage caused by
lipid hydroperoxides and aldehydes. Free Radic. Biol. M2@: 225-236, 1996.
49. de Kok, T. M., ten Vaarwerk, F., Zwingman, I., van Maanen, J. M., and
Kleinjans, J. C. Peroxidation of linoleic, arachidonic and oleic acid in relation to
the induction of oxidative DNA damage and cytogenetic effects. Carcinogenesis
(Lond.), 15: 1399-1404, 1994.
50. Park, J. W., and Floyd, R. A. Lipid peroxidation products mediate the
' formation of 8- hydroxydeoxyguanosine in DNA. Free Radic. Biol. Mé;
245-250, 1992.
51. Howard, A. N., Williams, N. R., Palmer, C. R., Cambou, J. P, Evans, A. E.,
Foote, J. W., Marques-Vidal, P., McCrum, E. E., Ruidavets, J. B., Nigdikar, S. V.,
Rajput-Williams, J., and Thurnham, D. I. Do hydroxy-carotenoids prevent cor-
onary heart disease? A comparison between Belfast and Toulouse. Int. J. Vitam.
Nutr. Res.,66: 113-118, 1996.
52. Dorgan, J. F., Sowell, A., Swanson, C. A., Potischman, N., Miller, R.,
Schussler, N., and Stephenson, H. E., Jr. Relationships of serum carotenoids,
retinol, alpha-tocopherol, and selenium with breast cancer risk: results from a
prospective study in Columbia, Missouri (United States). Cancer Causes Control,
9: 89-97, 1998.
53. Mangels, A. R., Holden, J. M., Beecher, G. R., Forman, M. R., and Lanza,
E. Carotenoid content of fruits and vegetables: an evaluation of analytic data.
J. Am. Diet. Assoc.93: 284-296, 1993.
54. Rao, M. N., Ghosh, P., and Lakshman, M. R. Purification and partial
characterization of a cellular carotenoid- binding protein from ferret liver. J. Biol.
Chem.,272: 2445524460, 1997.
55. Goodman, M. T., Kiviat, N., McDuffie, K., Hankin, J. H., Hernandez, B.,
Wilkens, L. R., Franke, A., Kuypers, J., Kolonel, L. N., Nakamura, J., Ing, G.,
Branch, B., Bertram, C. C., Kamemoto, L., Sharma, S., and Killeen, J. The
association of plasma micronutrients with the risk of cervical dysplasia in Hawaii.
Cancer Epidemiol. Biomark. Prev; 537-544, 1998.
56. Le Marchand, L., Hankin, J. H., Bach, F., Kolonel, L. N., Wilkens, L. R.,
Stacewicz-Sapuntzakis, M., Bowen, P. E., Beecher, G. R., Laudon, F., and Baque,
P. An ecological study of diet and lung cancer in the South Pacific. Int. J. Cancer,

Concentrations and plasma-tissue-diet relationships of carotenoids, retinoids, and63: 18-23, 1995.

tocopherols in humans. Nutr. Canc@8: 233-246, 1995.

36. Park, E. M., Shigenaga, M. K., Degan, P., Korn, T. S., Kitzler, J. W., Wehr,
C. M,, Kolachana, P., and Ames, B. N. Assay of excised oxidative DNA lesions:

57. Micozzi, M. S., Beecher, G. R., Taylor, P. R., and Khachik, F. Carotenoid
analyses of selected raw and cooked foods associated with a lower risk for cancer.
J. Natl. Cancer Inst82: 282-285, 1990.



