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Isomerization of carotenoids, which is often encountered in food processing under the influence of
temperature and light, may play a role in the observed protective effects of this group of secondary
plant products. Investigation of in vitro antioxidant activity of prominent carotenoid geometrical isomers
was undertaken in light of recent reports illustrating a large percentage of carotenoid (2)-isomers in
biological fluids and tissues. o-Carotene, -carotene, lycopene, and zeaxanthin were isolated from
foods or supplements and subsequently photoisomerized with iodine as a catalyst. Major Z-isomers
of each carotenoid were fractionated by semipreparative C3; HPLC. In vitro antioxidant activity of all
isomers collected was measured photometrically using the Trolox equivalent antioxidant capacity
(TEAC) assay. TEAC values of 17 geometrical isomers investigated ranged from 0.5 to 3.1 mmol/L.
Three unidentified (2)-isomers of lycopene showed the highest antioxidant activity, being significantly
higher than the result for (all-E)-lycopene, which had approximately two times the activity of (all-E)-
p-carotene. On the other hand, (92)-zeaxanthin had a more than 80% lower TEAC value compared
to that of (all-E)-lycopene. These results allow for the in vivo relevance of (2)-isomers of carotenoids
to be considered.
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INTRODUCTION of carotenoid Z)-isomers in biological fluids and tissues)(

Carotenoids as biological antioxidants are currently the focus FOr €xample, in tomatoes and tomato-based foodsEall-
of numerous investigations. Those carotenoids with nine or more lycopene is predominant, accounting for-S88% of total
conjugated double bonds are able to quench singlet oxygen withlycopene ). In contrast, (alE)-lycopene accounts for only 12
increasing activity depending on the number of conjugated 21%, and (Z)-isomers account for788%, of total lycopene
double bonds (1) with lycopene being the most effective in benign or malignant prostate tissues. Lycopene in serum
guencher of singlet oxyger2). Miller et al. 3) investigated consists of 58—73% (Z)-isomers (5). Analyzing the formation
the antioxidant activity of different carotenoids, using the TEAC of methyl linoleate hydroperoxides, 49 3-carotene showed
(Trolox equivalent antioxidant capacity) test. In this assay higher in vitro antioxidant activity compared to that of (all-E)-
lycopene was the most effective radical scavenger, followed g_carotene (7). In rat®unaliella bardawil powder (42% (all-
by f-cryptoxanthin andp-carotene, with the xanthophylls gy g carotene, 43% (92)-B-carotene) inhibited formation of

showw][g m|n|hmal adcﬂ}ntg/. US'?_g ?‘g""t”'“at‘te‘:_ pletLOXy: r?q'c??is'th hepatic conjugated dienes after alcohol-induced oxidative stress
oa-carotene showed higher antioxidant potential than Iutein. 5o significantly better than synthetié-carotene (97% (all-E)-3-

rotenoids had more effi th, rotene and zeaxanthin .
carotenoids had more efficacy tharcarotene and zeaxa ' carotene, 3% (1945-carotene) (B Exposure ofDunaliella

which where comparable (4). . N . . .
Isomerization of carotenoids is often encountered in food bardawil to oxidative stress induced a sequential degradation

processing and is influenced by both temperature and light ©f Pigments in the order &-f-carotene> (all-E)-f-carotene,
exposure. It has become important to address the significancendicating that (2)-j-carotene is a more effective scavenger
of carotenoid isomers and to decipher the r@dgiéomers may  Of reactive oxygen specie8)( In another study, @-j-carotene
play in light of recent reports highlighting a large percentage did not show any significant effect on generation of reactive
oxygen species by stimulated neutrophils. In contrastZ)13
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Table 1. Absorptivity Values and Wavelength Maxima of Carotenoid Table 2. Electronic Absorption Maxima of the Carotenoid Geometrical
Standards (12, 13, 14) Isomers Investigated
absorptivity isomer absorption maxima?d(nm) [ealeq] ®
wavelength value (@l-E)-o-carotene 336 424 (446) 473 [0.052]
standard solvent (nm) (E(1%, 1 cm)) (92)-a-carotene 330 418 (441) 467 [0.102]
(all-E)-a-carotene n-hexane 444 2800 (9'2)-o--carotene 330 420 (441) 469 [0.086]
(all-E)-p-carotene n-hexane 453 2592 (132)-a-carotene 332 416 (438) 465 [0.469]
(92)-p-carotene n-hexane 445 2550 (13 )u—carotene 332 416 (438) 465 [0.410]
(13Z) -B-carotene n-hexane 443 2090 (all-E)-p-carotene 426 (452) 478 [0.000]
(152)-B-carotene n-hexane 447 1820 (92)-B-carotene 340 422 (447) 473 [0.094]
(all-E)-lycopene n-hexane 472 3450 (132)-p-carotene 339 420 (445) 470 [0.371]
(all-E)-zeaxanthin ethanol 450 2540 (152)-p-carotene 338 424 (449) 474 [0.497]
(all-E)-lycopene 363 446 (472) 504 [0.098]
(2)-lycopene no. 1 361 441 (467) 498 [0.127]
LDL lipid peroxidation (L1) demonstrating higher efficacy for % :g/gggggg 28 g ggi ﬁi Ejg;g 332 {8'333
(all-E)-p-carotene compared to the mixture of (B)-and (%)- (2)-lycopene no. 4 363 446 (472) 504 [0.109]
[-carotene. (all-E)-zeaxanthin 425 (450) a77 [0.000]
The aim of this study was to investigate potential antioxidant  (92)-zeaxanthin 338 422 (445) 472 [0.097]
activity of prominent geometrical isomers af-carotene, (13Z)-zeaxanthin 33 420 (444 470 [0.440]

[-carotene, lycopene, and zeaxanthin, using the TEAC assay-
Information gained from this study will enable estimation of
the protective potential of processed foods rich in carotenoid
geometrical isomers. In addition, the possible role §figdmers
within the organism can be considered.

aMeasured in the LC mobile phase (MTBE-methanol) using a photodiode array
detector. Values in parentheses represent the main absorption maxima. ° Ratio of
absorption intensity (e;) at the near-UV maximum to absorption intensity (1) at
the main absorption maximum.

Table 3. Mobile-Phase Mixtures of Methanol and Methyl-tert-butyl
MATERIALS AND METHODS Ether (MTBE) for Carotenoid Fractionation on a Csp Column (250 x 10

Chemicals. 2,2'-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) MM, 3 um)
diammonium salt (ABTS) and 6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid (Trolox) were obtained from Sigma-Aldrich Chemical solvent

Co (St. Louis, MO). Manganese dioxide was obtained from Merck (no. carotenoid methanol MTBE
805958). Buffer salts and iodine were of analytical grade; all solvents a-carotene 75% 2504
used were of HPLC grade and used without further purification. B-carotene 75% 2504
a-Carotene was isolated from carrofscarotene was isolated from lycopene 50% 50%
Betatene (a gift from Cognis Corporation, Cincinnati, OH), andZ{15 zeaxanthin 90% 10%

fp-carotene was kindly supplied by Hoffmann-La Roche, Basel,
Switzerland. Lycopene was isolated from tomato paste, and zeaxanthin
was isolated from dry Chinese wolfberrielsy¢ium chinense). Each photodiode array detector. For separation, an analytical scale polymeric
carotenoid standard was measured photometrically and calculated usingZso (250 x 4.6 mm, 3um) column (Waters/YMC, Milford, MA) was
the dilution solvents (1:10) and values/o&ndE(1%, 1 cm) shown in used. Mobile-phase conditions were variable consisting of different
Table 1. Concentrations of th&)tisomers ofo-carotene, lycopene, gradients of methanol and MTBE tailored for the optimal separation
and zeaxanthin were calculated using the values of the relevant (all- of major carotenoid isomers. Thg){isomers of-carotenef-carotene,
E)-isomer. All isomers were separated and analyzed using HPLC. (all- and zeaxanthin were tentatively identified by their retention behavior
E)-a-Carotene and (al)-5-carotene were 100% pure. Purity of the  on the Go column and according to their unique electronic absorption
(2)-isomers ofa-carotene ranged from 76 to 93%, each containing other spectra (16,17). The electronic absorption maxima of all isomers
(2)-isomers and (alE)-o-carotene.Z)-Isomers of3-carotene were 65 investigated are shown in Table 2.
87% pure with impurities of (alE)-3-carotene. All lycopene isomers Fractionation. All mixtures of isomers were fractionated using a
investigated (purity 7685%) contained impurities of other lycopene  Spectra Physics SP8800 solvent delivery system and a Waters 996
isomers, as well as oxidation products. Purity of the zeaxanthin isomers photodiode array detector. The column used was a semipreparagive C
ranged from 88 to 100%, containing—Q2% impurities of other column (250x 10 mm, 3um) prepared at the National Institute of
zeaxanthin isomers. Most isomers were not 100% pure because ofStandards and Technology (Gaithersburg, MD). Mixtures of methanol
partial coelution while fractionating. and MTBE were used as mobile phases (for details see Table 3). The
Isolation of Carotenoids. All samples were homogenized in  relevant fractions were sampled and analyzed for purity by analytical
methanol with added calcium bicarbonate and Celite, and were C3 HPLC as described above. All solutions were dried down using a
subsequently filtered through Whatman No. 42 and No. 1 filter papers. vacuum evaporator (35). The residues were stored-a0 °C until
Carotenoids were extracted using a mixture of hexane/acetone (1:1,further analysis.
v/v). In the case of zeaxanthin, the extract was further saponified in ~ TEAC Assay. Antioxidant activity was determined following a
order to hydrolyze the xanthophyll esters prevalent in the wolfberries procedure similar to that of Miller et al3]. ABTS™ radical cation
and extracted thereafter with diethyl ether. [Bocarotene, Betatene  was prepared by passing a solution of ABTS through manganese dioxide
was dissolved directly in methyeért-butyl ether (MTBE) and filtered on a filter paper. Excess manganese dioxide was removed from the
through a 0.2-um filter prior to fractionation. filtrate by passing it through a 02n syringe filter. This solution was
lodine Isomerization. Carotenoid standards (26@00xg/mL) were diluted in 5 mM phosphate buffered saline (PBS) pH 7.4 to an
dissolved in hexane/acetone (1:1, v/v). lodine crystals were added toabsorbance of 0.70 at 734 nm and preincubated at room temperature
the standard at-1% of the carotenoids weight and photoisomerized for 2 h prior to use. Trolox was used as an antioxidant standard. 2.5
(exposed to ambient light) according to the method of Zechmeister mM Trolox was prepared in PBS for use as a stock standard. Fresh
(15). The resulting mixtures of isomers were stored, after removal of working standards were prepared daily by diluting this stock solution
the solvent under a stream of nitrogen,~&20 °C until analysis and with PBS.
fractionation. o-Carotene isomerg-carotene isomers, and lycopene isomers were
HPLC Analysis. All mixtures of isomers were analyzed using a dissolved in hexane, and zeaxanthin isomers were dissolved in acetone.
Hewlett-Packard model 1100 solvent delivery system, autosampler, andABTS** solution (1.0 mL) and 20@L of the solution of Trolox or the
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Figure 1. Trolox equivalent antioxidant capacities (TEAC) of (92)-a-carotene, (13Z)-a-carotene, (9'Z)-a-carotene, and (13'Z)-a-carotene compared to
that of (all-E)-o-carotene. Bars showing the same index are not significantly different (p > 0.05).
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Figure 2. Trolox equivalent antioxidant capacities (TEAC) of (92)-f-carotene, (13Z)-3-carotene, and (15Z)-/3-carotene compared to that of (all-E)-f3-
carotene. Bars showing the same index are not significantly different (p > 0.05).

carotenoids were vortexed for 30 s in reaction tubes, which were (all-E)-Lycopene and four prominenZ)-isomers were in-
centrifuged for 60 s at 10000 rpm. The absorbance at 734 nm of the vestigated (Figure 3). Figure 4 shows a HPLC chromatogram
lower phase was taken in a Hewlett-Packard 8453 spectrophotometergf 5 tomato paste extract after isomerization with iodine. These
exactly 2 min after initiation of mixing. PBS blanks and hexane blanks (2)-isomers were analyzed by EQIS to ensure that each
were run in each assay. The desesponse curve for Trolox (0—100 o504 compound possessed the same molecular weight as (all-
uM) was used to determine the TEAC values of all isomers investigated. E)-lycopene (unpublished observation). The electronic absorp-

Each isomer was analyzed at least in quadruplicate. ; . ;
Statistical Analysis. All results (excluding purity) are given as mean 0N spectra of these (Z)-isomers showed only small cis-

+ standard deviation. Differences between variables were tested fora2bsorption in the near UV region (Table 2), indicating the cis
significance by one way ANOVA procedure, TukedSD (SPSS for double bonds are located more decentrall)( The exact

Windows, Release 10.07; SPSS, Chicago, IL). configuration is being determined as part of a separate inves-
tigation. One (Z)-isomer (no. 4, tentatively identified aZ)5
RESULTS lycopene), eluting shortly after (al)-lycopene, showed the

same efficacy as the (all)-isomer. In contrast, the other three
a-carotene isomers: (al)-o-carotene, (#)-a-carotene, (Z)- (Z)-isqmers had significantly highep (< 0.05) antioxidant
a-carotene, (138)-a-carotene, and (13)-a-carotene. The (9)- capacity than (E)-lycopene.

and (13'Z)-a-carotene isomers were found to have higher Besides (all-frzeaxanthin, the twoZ)-isomers (9%zea-
antioxidant activity than their @- and (1Z)-o-carotene  Xanthin and (13)-zeaxanthin were investigated (Figure 5). The
counterparts. However, only the TEAC value of the'7)3 (all-E)-isomer and the (13-isomer showed comparable TEAC
isomer was significantly higher than that of bothzj9 and values (p> 0.05), however we observed a significantly lower
(132)-isomers (p< 0.05). In contrast, alB-carotene isomers  Vvalue (p< 0.05) for (9Z)-zeaxanthin.

investigated showed comparable antioxidant activipes 0.05) Antioxidant activities of all carotenoid isomers investigated
(Figure 2). are listed in Table 4. All lycopene isomers showed the highest

Figure 1 shows the TEAC values of the five different
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Figure 3. Trolox equivalent antioxidant capacities (TEAC) of four lycopene (Z)-isomers (nos. 1-4, see Figure 4) compared to (all-E)-lycopene. Bars

showing the same index are not significantly different (p > 0.05).

5 f R % min

Figure 4. HPLC chromatogram of a tomato paste extract after iodine
isomerization. Chromatographic conditions: YMC Cg, (250 x 4.6 mm, 3
um); 1.0 mL/min methanol (A)/MTBE (B) gradient (0 min 60% A/40% B,
20 min 50% A/50% B, 30 min 50% A/50% B, 40 min 60% A/40% B);
column temperature ambient; detection UV 450 nm; 1 = lycopene (2)-
isomer no. 1; 2 = lycopene (Z)-isomer no. 2; 3 = lycopene (Z)-isomer
no. 3; 4 = (all-E)-lycopene; 5 = lycopene (Z)-isomer no. 4.

relative antioxidant activities being twice as effective as (all-
E)-S-carotene. In contrast, Z9-zeaxanthin had only less than
half the antioxidant activity of (all-E)-S-carotene.

DISCUSSION

Measures of antioxidant activity for carotenoids can be
determined by their ability to be involved in electron-transfer
reactions, the stability of the antioxidant-derived free radicals
after their action as an antioxidant, their interaction with other
antioxidants, and their reactivity with active oxygen. The
different modes of action are electron donation,ddnation,
or adduct formation. These differ among the various carotenoids
(19). The TEAC assay, first described by Miller et &0), was
originally used to determine the antioxidant activity of hydro-
philic compounds. Radicals are generated through the peroxidase
activity of metmyoglobin in the presence of hydrogen peroxide.
This early version of the assay determines the ability of
antioxidants to delay the formation of radicals as well as the
capability to scavenge radicals. For carotenoids, another version
of the TEAC assay was publishe8) (using preformed radical
cations after oxidation of the ABTS by manganese dioxide,
which was used with slight modifications for our study.

Geometrical isomers af-caroteneg-carotene, lycopene, and
zeaxanthin showed TEAC values over a wide range of-0.5
3.1 mmol/L. Lycopene isomers demonstrated the highest
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Figure 5. Trolox equivalent antioxidant capacities (TEAC) of (9Z)-zeaxanthin and (13Z)-zeaxanthin compared to that of (all-E)-zeaxanthin. Bars showing

the same index are not significantly different (p > 0.05).
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Table 4. TEAC Values of Five a-Carotene Isomers, Four 3-Carotene
Isomers, Five Lycopene Isomers, and Three Zeaxanthin Isomers

Trolox equivalent
carotenoid antioxidant capacity?

(2)-lycopene isomer 1 3.1+02°
(2)-lycopene isomer 2 31+05°
(2)-lycopene isomer 3 3.1+047
(2)-lycopene isomer 4 27+0.1%8
(all-E)-lycopene 25+0.58
(13'Z)-oi-carotene 1.9+0.2¢
(9'2)-a-carotene 1.6 +£0.04¢0
(all-E)-oi-carotene 1.5+0.3CDE
(all-E)-B-carotene 1.4 +0.2CPE
(92)-B-carotene 1.4 +0.3CDE
(132)-zeaxanthin 1.3+0.2PF
(152)-B-carotene 1.2+0.2PF
(92)-a-carotene 1.2 +£0.04PE
(132)-a--carotene 1.2+0.2PF
(all-E)-zeaxanthin 1.1+0.20E
(132)-3-carotene 1.0 £0.28F
(92)-zeaxanthin 0.5+0.2F

2 Values showing the same index are not significantly different (p > 0.05).

antioxidant potential with approximately twice the activity of
(all-E)--carotene. To date, published results for the antioxidant
activity of -carotene isomers differ widely due to the various

test systems employed. Often (92)-f3-carotene (used as mixture

with (all-E)-B-carotene) was more effective than @)H5-
carotene (7,8, 9). However, there are also investigations
showing higher efficacy for @®)-3-carotene compared to the
mixture of (92)-f3-carotene and (all-E)-/-carotene (11). In our
investigations, the foys-carotene isomers (att)-, (92)-, (132)-,

and (15Z)-p-carotene showed comparable TEAC values (p
0.05). This observation could depend on the experimental
conditions used. All measurements were made under atmo-
spheric pressure, which led to the loss of the antioxidant activity
of f-carotene in an earlier studpX). However, as long as
identical conditions for all geometrical isomers investigated were
employed, it is reasonable to compare relative results. Another
important point is the choice of solvent used. In a recent study,
the observed TEAC off-carotene strongly depended on the
solvent type (22). However, these authors used only solvents
compatible with water and therefore investigated only low
concentrations because of the limited solubility.

According to our knowledge this is the first study to present
antioxidant activity data regarding geometrical isomers of
o-carotene, lycopene, and zeaxanthin. Seledgispmers such
as (132)-a-carotene and the lycopeng){isomers no. 1-3
showed significantly higher TEAC values when compared to
their corresponding (alk)-isomers. This observation is impor-

tant when one considers that in contrast to tomatoes and tomato

based foods with 9698% (allE)-lycopene €), serum lycopene
may be 58-73% in the Z)-conformation (5). On the other end

of the ranged TEAC values, (92)-zeaxanthin had less than half
the antioxidant activity compared to that of (&)-zeaxanthin.

It therefore becomes paramount to determine the geometrical
configurations of major carotenoids during routine analyses that
pertain to potential biological activity. Information gained from
this study, together with reports on biological isomer levels,
allows for further consideration of the biological relevance of
circulating carotenoid (Z)-isomers.
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