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Carotenoids, lutein and zeaxanthin, found in fruits and vegetables, comprise the macula pigment of
the eye. These carotenoids exist in plants as the all-trans geometric form; however, in human plasma,
cis isomers of these carotenoids have also been identified. Thermal processing can induce carotenoid
trans to cis isomerization. The aim of this research was to determine if thermal processing induces
isomerization of lutein and zeaxanthin and to quantify the extent of this reaction. High-performance
liquid chromatography was used to separate and quantitate geometric isomers of lutein and zeaxanthin.
Isomers were tentatively identified by UV—visible absorbance spectra, comparison of retention times
to those of isomerized standards using Czy chromatography, and mass spectrometry. Thermal
processing increased the percent cis isomers of lutein and zeaxanthin up to 22 and 17%, respectively.
Further studies are needed to consider the physiological impact of consuming carotenoid isomers in
processed vegetables.
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INTRODUCTION zeaxanthin, resulting from thermal processing. To determine the

Carotenoids, lutein and zeaxanthin, common in many fruits €Xt€nt to which the cis isomers of these carotenoids are
and vegetables, have been shown to be the primary Componentgroduced, the various forms present in fresh and processed
of the human macula pigment) The macula pigment is the ~vegetables must be quantified.
center portion of the retina where its primary function is to _Most carotenoid analytical data in fruits and vegetable (
protect the retina by filtering damaging blue ligtg).( Age- 15) only quantify the all-trans form of lutein and zeaxanthin
related macular degeneration and cataract formation are degen@nd provide no quantification of the geometrical isomers. Other
erative diseases of the eye that can lead to blindness. It haglata (16,17) report quantification of trans and cis isomers of
been shown that increased consumption of lutein and zeaxanthirlutein; however, each specific cis isomer is not individually
and foods rich in these carotenoids decreases the risk ofduantified. Humphries and Khachik recently published a study
developing these disease3-6). With an increasing elderly thatquanufled_ the d|s_tr|but|on of geometrical isomers of lutein
population along with a more health conscious society, lutein @nd zeaxanthin in fruits, vegetables, wheat, and pasta products
has found its way into supplements, as well as being added as(18)- The purpose of the present research is to (i) determine the
an ingredient in many food and beverage products in an attempteffects of thermal processing on the isomerization of lutein and
to combat these degenerative eye diseaBgs)( zeaxanthin in v_egetable§ that contain S|gn|f|car_|t quantities of

The structural form of lutein and zeaxanthin found in the these carotenoids and (ii) quantify the geometrical isomers of
macula pigment consists primarily of the all-trans isomer; lutein and zeaxanthin present in these vegetables. Taken
however, the cis isomers of lutein and zeaxanthin were detectedtogether, these results will provide a more accurate representa-
at low concentrations8j. In nature, carotenoids are predomi- tion of the geometrical isomers present in vegetables that are
nately present in the all-trans configurati@®).(The long chain commonly consumed.
of conjugated carboncarbon double bonds within carotenoids
is susceptible to light, oxygen, heat, and acid degradatith)s ( MATERIALS AND METHODS
\é\éii%feogﬂzczﬁilt)rllsrtrgzlgom’gtcr(iacsisseodr;wgr]iez;:%%s gr%l;?ilﬁgbgr::?; Materials. _The lutein standard was purchased from Sigma Chemical

. . - - ’ . . Co. (St. Louis, MO). The zeaxanthin standard was purchased from
configuration. The extent to which this occurs to provitamin A |qofine Chemical Co. (Bellemeade, NJ). All extraction and high-
carotenoids and lycopene has been investigated in fruits andperformance liquid chromatography (HPLC) solvents (Fisher Scientific
vegetables (11—13). However, there is little data dealing with Co., Fair Lawn, NJ) were of certified HPLC or ACS grade. The
the trans to cis isomerization of the carotenoids, lutein and vegetables evaluated were broccdlirdssica oleracep corn Zea
mays), kale (Brassica oleracea), green peas (Pisum sativum), and

*To whom correspondence should be addressed. Tel: 614-292-2934. Spinach (Spinacia oleracea). Approximately 10 Ib of each vegetable
Fax: 614-292-4233. E-mail: schwartz.177@osu.edu. was purchased from a local market in Columbus, OH, and subsequently
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divided into two lots. Lots were kept separate throughout processing, Taple 1. Electronic Absorption Maxima and Mass Spectral Data of the
extraction, and chromatographic analysis. The quantitative data pre- geometrical Isomers
sented for each vegetable are based on the average of two extractions

from each lot evaluated. absorption molecular

ProcessingWithin 24 h of purchase, samples were prepared as they isomer maxima? (nm) mass (m/z)
are commonly consumed (e.g., stems and blemishes removed), and they™ ™ ans utein 331, (444), 473 568
were processed whole. One lot of each vegetable was used for  13.is + 13'-cis lutein 330, (439), 466 568
processing. Canning was carried out at The Ohio State University pilot 9-cis lutein 330, (440), 467 568
plant according to the National Canners Associatidf) (time and 9'-cis lutein 330, (440), 468 568
temperature requirements. Water was the canning medium. The broccoli  all-trans zeaxanthin (450), 478 568
was not canned but microwaved for 8 min using a Goldstar microwave 13-cis zeaxanthin 338, (444), 470 568
oven, model ER-4010, with the addition of 10 mL of deionized water. 9-cis zeaxanthin 338, (445), 472

Extraction and Saponification. The following extraction procedures
were carried out under UV filtered light to prevent isomerization and ~ *Measured in the LC mobile phase [methanol-MTBE (85:15)] using a photodiode
photodegradation. The entire lot of each product (fresh and processed)yTay detector. Values in parentheses represent the main absorption maxima.
was pureed in a food processor (Cuisinart Mini Food Processor). All
of the canned samples were drained prior to pureeing. Moisture analysis
of the pureed tissue was performed in a vacuum oven 4€C7&nd 20
in. Hg for 5.5 h. For each extraction, approximately 10 g of the puree

tissue, calcium carbonate (1 g), Celite (4 g), and acetone (50 mL) were - ; - . .
mixed for 1 min and then homogenized using a PT 3100 Polytron resolublized in a suitable solvent for HPLC analysis as described above.

homogenizer (Kimematica, Switzerland) for 1 min. This mixture was Peak Identification. All-trans lutein and zeaxanthin and their

filtered through Nos. 1 and 42 (on the bottom) Whatman filter papers 980metrical isomers (Table 1) were identified by (i) UV-visible

under vacuum. The filter cake was resuspended in 50 mL of alcetone‘absorbance spectra using a Waters 996 photodiode array detector with

homogenized for 1 min, and filtered through the same filter papers. EMPower chromatography software (Waters) on a Dell Optiplex GX240

This acetone extraction was repeated until the filter cake was colorless,Personal computer (Dell Computer Corporation), (ii) comparison of
Because of the presence of chlorophylls in broccoli, kale, green peas,r_('?_tentlon “"?es and abst_)rbance spegtra to those of isomerized standards,

and spinach, these extracts were saponified with 75 mL of a 30% (w/ (!") comparison o previous separations og Columns (2324), and

v) methanolic potassium hydroxide solution at room temperature with ) an‘."‘IYS'S using mass spectrometry.

constant stirring for 30 min. To this mixture, 50 mL of a hexane:diethyl . Spa_tlstlcal Analysis. An analys_,ls'of variance was performed to Fest

ether (70:30 v/v) solution was added and then washed with deionized Si9Mificance ap < 0.05. All statistical calculations were done using

water until the layers separated. The organic layer containing the Statview version 5.0 (SAS Institute, Inc., Cary, NC).

carotenoids was collected. This extraction procedure was repeated until ESULTS AND DISCUSSION

the organic layer was colorless. The collected organic layers were passe '

through anhydrous sodium sulfate into a volumetric flask to remove  ldentification of the Geometrical Isomers. Figure 1shows

any contaminating water. The flask was brought to volume with hexane. the chemical structures of the geometrical isomers of lutein and

Samples were dried and stored with a nitrogen atmosphere in the darkzeaxanthin. Zeaxanthin is a symmetrical carotenoid whose

at—20°C. Within 24 h of extraction, all samples were filtered through  predominant cis isomers are 13-cis and 9-cis. However, lutein,

nylon 0.2um pore syringe filters and analyzed using HPLC.  an asymmetrical carotenoid, has more cis isomers as compared
Chroa“aﬁ]ogra%hgl-_ é‘” exl”a‘?‘s We“lf ana}_ll);%eg '“t dtupllcate hUS'”g to zeaxanthinKigure 1). Tentative identification of the isomers

reversed-phase employing a polymernias Cgo Stationary phase a5 achjeved by comparing the UVisible spectra data

(4.6 mm i.d.x 250 mm) carotenoid column (YMC/Waters, Milford, recorded by theyWaterps 9996 photodiode arrgy detector to

MA) and a Waters Symmetrysgguard column (Waters). An isocratic . . .
solvent system consisting of 85 methanol containing 2% (viv) 1 M 2PSOrption maxima and spectra previously reporggi-£s).

ammonium acetate (pH 4.6):15 methgh-butyl ether (MTBE) was 1€ Cis isomers of lutein have a hypsochromatic shift in the
delivered at 1 mL mint, using an Alliance 2695 Separations Module absorption maxima as compared to the all-trans lutein isomer.
(Waters). Samples were often concentrated prior to injection so that As shown inTable 1, the absorption maxima of the 9-cis and
the all-trans peak was in the range of the prepared standard curve. Anl13-cis isomers of lutein differ from the all-trans lutein isomer
automatic injector was used to inject 2& of sample resolublized in by 4 and 5 nm, respectively The absorption maxima of 9-cis
methanol. The column effluent was monitored using a Waters 996 zeaxanthin and 13-cis zeaxanthin differ from the absorption
ph_otodlode array detector from 210 to 600 nm. Peaks were '”tegrate‘jmaxima of all-trans zeaxanthin by 5 and 6 nm, respectively.
éig%g%%omwig:”(o&ﬁtoé’éﬁfhm ;Ofé"(")?re (V;/.aterng on 3 %e" SptT'E’('ex These differences in the hypsochromatic shift of the lutein and
el P mp poration, Round Rock, TX). ;oo anthin isomers are consistent with previous pag8s (
ndividual isomer concentrations were calculated using all-trans standard . . T .
curves recorded at 444 and 450 nm for lutein and zeaxanthin, 25). Standards of lutein and zeaxgnthm were iodine-isomerized
respectively. and analyzed by HPLC as describe abdvigure 2 shows the
Mass Spectrometry.HPLC-MS experiments were performed using  all-trans standards and the isomers of lutein and zeaxanthin that
a Micromass Quattro Ultima system with an APCI interface (Micro- resulted from iodine isomerization. Both spectral and retention
mass, Manchester, U.K.). The mass spectrometer was connected to #@lata of isomers resulting from thermal processing were analo-
Waters Alliance 2695 separations module (Waters) equipped with a gous to data of the isomers resulting from iodine isomerization.
photodiode array detector. Nitrogen was used as the cone gas at a flowPrevious separations of lutein and zeaxanthin isomerssn C
rate of 127 L h* and as the desolvation gas at a flow rate of 214 L columns were compared to the elution order of isomers found
h~%. The source temperature was 120, and the desolvation temper- thermally processed vegetables to aid in identificati®®, (
ature was 300C. The corona current was 144, and the cone was 56y _carotene has the same chromophore (number of conju-
86 V. The chromatographic conditions were the same as those . . -
mentioned above. gated double bonds) as that of lutein; however, in lutein, each
lodine Isomerization. The all-trans lutein and zeaxanthin standards end group contains a hydroxyl group Whgre asxrngrotene
were photoisomerized into an equilibrium mixture of various geo- these hydroxyl groups are absent. Emenhiser et al. isolated and
metrical isomers according to a published proced2. @riefly, iodine elucidated the structure of the predominant isomere-ofr-
catalyst was added at a concentration of 2% (w/w) of the carotenoid otene 20). The elution order of the lutein isomers resulting from
weight in hexane (determined spectrophotometrically at 444 and 450 thermal processing was similar to that obtained from separations

nm using a specific molar absorptivity coefficient of 147,3@@)(and
132,900 L mot! cmt (22) for lutein and zeaxanthin, respectively).

g The solution was exposed to ambient fluorescent light for 1 h. The
isomerized mixture was dried under a stream of nitrogen gas and
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Figure 1. Chemical structures of the geometrical isomers of lutein and zeaxanthin.

of a-carotene isomers. Mass spectrometry was employed toof separating cis and trans isomers of lutein and zeaxanthin
confirm the identification of individual isomers. All isomers under isocratic conditiondzigure 3 illustrates the resolution
had molecular masses consistent with the all-trans compoundsof three lutein isomers and two zeaxanthin isomers in repre-
(Table 1). On the basis of the elution order, absorption maxima, sentative samples of fresh and processed yellow sweet corn.
and mass spectrometry for conformation of molecular mass, As shown inFigure 3B, processing resulted in formation of
the cis isomers of lutein and zeaxanthin were tentatively 13-cis and 9-cis isomers of lutein and the 13-cis isomer of
identified. To confirm the position of the cis bond within the zeaxanthin in yellow sweet corrzigure 4 illustrates the
isomeric structure, large quantities of purified isomers are resolution of three lutein isomers present in representative
needed, and nuclear magnetic resonance spectroscopy shoulsamples of fresh and processed kale. As showrigure 4B,
be employed. processing resulted in the formation of the 13-cis, 9-cis, and
C30 Reversed-Phase HPLC Separation of Cis/Trans Iso- 9'-cis isomers of lutein.
mers. A Cgp stationary phase for reversed-phase HPLC was  Qualitative Distribution of Cis/Trans Isomers. For the
employed to separate geometrical isomers of lutein and zea-majority of samples analyzed, the-&dans isomer was lower
xanthin in vegetable extracts. This stationary phase was capablan processed as compared to fresh samples on a percent basis
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Figure 2. Chromatograms representing all-trans lutein and all-trans
zeaxanthin standards and their respective iodine-isomerized standards.
Peaks: (1) all-trans lutein, (2) 13-cis + 13'-cis lutein, (3) 9-cis lutein, (4)
9'-cis lutein, (5) all-trans zeaxanthin, (6) 13-cis zeaxanthin, and (7) 9-cis
zeaxanthin.
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the increase in cis isomers in the processed product was
significantly greater than the quantities of cis isomers in the
fresh product. Therefore, the carotenoids in all vegetables
investigated were susceptible to trans to cis isomerization as a
result of thermal processing. Even though broccoli was not
canned and thus underwent a less intense thermal process, lutein
was still susceptible to trans to cis isomerization.

The predominant cis isomer of lutein in processed vegetables
was 13-cis lutein followed by smaller quantities of 9-cis lutein
and 9'-cis lutein. The 13-cis isomer of lutein was present in
fresh broccoli, green peas, spinach, and to a lesser extent in
sweet yellow corn. This 13-cis isomer was not present in fresh
kale. The presence of these cis isomers in fresh vegetables likely
results from chlorophyll derivatives acting as sensitizers that
induce isomerization of all-trans carotenoids to their respective
cis forms 7). However, we have no explanation for the absence
of cis isomers in fresh kale tissue, which contains chlorophyll.
The largest increase of the 13-cis isomer of lutein due to
processing occurred in corn (11%) followed by the kale (9%).
Only a 2—3% increase in the 13-cis isomer of lutein was

(Table 2). This change in isomeric composition results from observed during processing of broccoli, green peas, and spinach.
trans to cis isomerization, which occurred during thermal The 9-cis isomer of lutein was found only in corn, kale, green
processing. Canning of kale caused the largest increase in totapeas, and spinach postprocessing. The 9-cis isomer of lutein
cis isomers of lutein on a percent basis (22%), followed by was 1.4, 2.3, 4.8, and 6.8% of the total isomeric profile in corn,
processing of corn (12%), spinach (11%), green peas (6%), andpea, spinach, and kale, respectively. Thei9 isomer occurred
broccoli (3%). Thermal processing of corn resulted in a 17% less frequently and was only observed in pea (1.3%), spinach

increase of cis isomers of zeaxanthiiable 3). In all vegetables,

(3.1%), and kale (5.7%) as a percentage of the total isomeric

A 2
4
g
=
<
<
<
=
b]
:‘:E)
[ b\JL
9
=
<
°o
S
)
oy
gl
<
2
B 4

MWL_; .\ AN —

0

30

Retention Time (min)

Figure 3. Reversed-phase HPLC separation of lutein and zeaxanthin isomers in (A) fresh and (B) canned yellow sweet corn using a 3 um Cs Stationary
phase column and 85:15 methanol/MTBE mobile phase. Peaks: (1) 13-cis lutein, (2) all-trans lutein, (3) 13-cis zeaxanthin, (4) all-trans zeaxanthin, and

(5) 9-cis lutein.
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Figure 4. Reversed-phase HPLC separation of lutein isomers in (A) fresh and (B) canned kale using a 3 um Cg stationary phase column and 85:15
methanol/MTBE mobile phase. Peaks: (1) 13-cis, (2) all-trans, (3) 9-cis, and (4) 9'-cis.

Table 2. Quantitative Distribution of Lutein Isomers in Fresh and
Processed Vegetables®? and Percent Moisture of Tissue Purees

Table 3. Quantitative Distribution of Zeaxanthin Isomers in Fresh and
Processed Corn2® and Percent Moisture of Tissue

all- total
extract trans 13-cis 9-cis 9'-cis  cis total  moisture®

broccoli

fresh 83.0 0.6 06 836 87.8

microwaved  101.8 39 39 1057 87.1
comn

fresh 120 tr 12.0 77.2

canned 11.0 14 0.2 1.6 12.6 82.2
kale

fresh 5154 5154 85.9

canned 4898 586 427 359 1372 627.0 87.5
pea

fresh 40.7 0.7 0.7 414 76.2

canned 54.3 24 14 0.8 46 589 83.1
spinach

fresh 8539 271 27.1 8810 93.5

canned 7936 562 444 289 1295 9231 90.6

@ Data are based on an average of two extractions from each lot. Each extraction
was analyzed by HPLC in duplicate. ® Concentrations are in ug g~ dry weight.
¢ Moistures are based on duplicate determinations of each lot. ¢ tr, trace.

corn all-trans 13-cis total cis total moisture®
fresh 238 0.1 0.1 239 772
canned 19.8 4.2 42 24.0 82.2

2 Data are based on an average of two extractions from each lot. Each extraction
was analyzed by HPLC in duplicate. ® Concentrations are in ug g~! dry weight.
¢ Moistures are based on duplicate determinations of each lot.

Edelenbos et al. (28) also found the 13-cis isomer of lutein to
be more prevalent than the 9-cis isomer in processed green peas.
Quantitative Distribution of Cis/Trans Isomers. On a
quantitative basis (ugd dry weight), processing resulted in
42, 26, 22, 5, and 4% increases in total lutein content of green
peas, broccoli, kale, spinach, and corn, respectively, relative to
total lutein content in fresh sample3able 2). It has been
observed that lutein has greater stability to degradation, as
compared to its hydrocarbon carotenoid counterparts, when
heated (29); therefore, the increased content of lutein in
processed vegetables was most likely a result of a loss of soluble

profile. Only these three cis isomers of lutein were observed in solids into the canning medium3@, 31), inactivation of
these vegetables. In a survey of major carotenoid and chlorophyllcarotenoid-oxidizing enzyme82), and/or increased extraction

constituents of several green vegetables, Khachik etlé) (

efficiency due to disruption of carotenoid—protein complexes

found that the 13-cis isomer of lutein was more prevalent than (33). All of the vegetables that demonstrated an increase in total
the 9-cis isomer of lutein in broccoli, spinach, and kale. lutein concentration relative to fresh samples had had the
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canning medium drained prior to analysis. Because the broccoliACKNOWLEDGMENT

was not canned and had no substantial liquid to drain, the
increase in lutein most likely resulted from an increase in
extraction efficiency due to softening and disruption of the tissue
releasing lutein from within the chloroplast (34).

We thank Qingguo Tian for assistance with the mass spectral
analysis and Rebecca Keller for assistance with thermal process-

ing.

Carotenoid concentrations of vegetables vary with plant LITERATURE CITED

variety, maturity, growing conditions, season of the year, and
the part of the plant consumed (14). Many papers that have
analyzed vegetables containing lutein have not analyzed specific
cis isomers of lutein but rather quantified the total amount of
lutein present, presumably only the all-trans form (14,35).
Recently, Humphries and Khachik analyzed several fruit,
vegetable, wheat, and pasta products for lutein and zeaxanthin
and their relative geometrical isomers (18). In all of the
vegetables that were analyzed, cis isomers of both xanthophylls
were found and quantified separately. Their work along with
our present findings will help create a database describing
specific isomers of lutein and zeaxanthin and their concentrations
found in foods. In addition, few studies have analyzed fresh
and processed foods originating from the same starting material

processed under controlled conditions, and consequently the true G

effects of thermal processing were not determined.

Many studies report data on a fresh weight basis, and other
studies report data on a dry weight basis with no moisture
content information included, thus making comparisons of
individual studies difficult. To minimize this confusion, Mangels
et al. 36) surveyed many papers, evaluated their data, and

subsequently created a carotenoid database that compiled

acceptable values for carotenoid content of fruits and vegetables
including median, minimum, and maximum values of five
carotenoids on a fresh weight basis. Values obtained for lutein
in the vegetables investigated in this research were both within
and outside (data not shown) the range of values given by
Mangels et al. 6). This most likely results from factors
affecting composition as mentioned above.

The processing of vegetable products has been found to
enhance the bioavailability of carotenoids. Gartner et3) (
found that lycopene bioavailability from tomato paste (a
thermally processed product) was greater than that from fresh
tomatoes. Dewanto et aB§) also found thermal processing to
significantly increase the bioacessibility of lycopene from

processed tomatoes. Dewanto et al. reasoned that this occurred

primarily because of an increase in release of carotenoids from
the food matrix resulting from thermal processing. This increase
of bioaccessibility from thermally processed vegetable products
may occur with lutein. However, further studies must determine
if this is indeed the case.

The implication of consuming cis isomers in these products
has not been considered extensively. Additionally, we investi-
gated the lutein isomeric profile of a commercially available
meal replacement containing lutein and a commercially available
supplement containing lutein. In both products, detectable levels
of cis isomers were found in addition to the all-trans isomer.
The geometrical isomers of lutein and zeaxanthin have been
isolated from human plasm&%) and human retina8). This
evidence indicates that cis isomers of xanthophylls can either
be absorbed directly from foods or result from a trans to cis
isomerization after absorption. Questions remain as to whether
cis isomers could participate in photoprotection of the retina as
effectively as that proposed for their all-trans counterparts.
Further studies must be conducted to follow cis isomers during
digestion and absorption and determine what physiological
impact, if any, these cis isomers may have.
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