European Journal of Nutrition
38:35—-44 (1999)] Steinkopff Verlag 1999

ORIGINAL CONTRIBUTION

H. Mdaller t*

A. Bub

B. Watzl

G. Rechkemmer

Received: 30 September 1998
Acepted: 11 November 1998

* Deceased December 21, 1998

H. Mdller t - A. Bub - B. Watzl

Prof. Dr. Gerhard Rechkemmelrl)
Federal Research Center for Nutrition
Institute of Nutritional Physiology
Haid-und-Neu-Strasse 9

D-76131 Karlsruhe

Germany

e-mail: gerhard.rechkemmer@bfe.uni-
karlsruhe.de

Plasma concentrations of carotenoids
in healthy volunteers after intervention
with carotenoid-rich foods

Summary Aim of the study:

[-carotene concentrations increased

The present study was conducted t@B.6- and 3.2-fold, respectively.

investigate changes in the plasma
concentration of carotenoids and
carotenoid oxidation products,
vitamin A, a- and y-tocopherol, and
ubiquinone-10 during a dietary
intervention trial with 23 male
healthy volunteers.

Method: A two week carotenoid
depletion period was followed by a
daily consumption of 330 mL

tomato juice (40 mg lycopene), then

by 330 mL carrot juice (15.7 mg
o-carotene and 22.3 mf-carotene),

Finally, during the spinach
consumption period the lutein
concentration increased 2-fold,
while the B-carotene concentrations
were still elevated 2-fold.
Conclusions: The moderate change
in dietary habits, e.g., the
consumption of 330 mL of
carotenoid-rich vegetable juices
caused significant changes in the
plasma carotenoid concentrations,
indicating a high bioavailability of

and then by a 10 g spinach powdercarotenoids from these processed

preparation (11.3 mg lutein and
3.1 mg B-carotene) served with
main meals for two weeks,
respectively. Blood samples were
collected in the morning after an
overnight fasting and carotenoids,
vitamin A, tocopherols, and
ubichinone were analyzed by
reversed-phase HPLC.

Results: During the tomato juice

vegetable products. The changes in
plasma carotenoid concentrations
reflected the carotenoid composition
of the consumed foods. However,
particularly during the tomato juice
intervention period the occurrence
of lycopene oxidation products and
cis-lycopene isomers in plasma was
eminent. The formation may be
due to antioxidant reactions of

intervention, plasma concentrations |ycopene in the organism.
of trans- and cis-lycopene increased

3-fold compared to the depletion

period. Lycopene oxidation products

could be demonstrated in plasma
and were significantly elevated
compared to control (p < 0.001).
After two weeks of carrot juice
consumption,a-carotene and

Key words Carotenoids-

lycopene — lutein -a-carotene —
[-carotene — oxidation — antioxidant
— human



36 European Journal of Nutrition, Vol. 38, Number 1 (1999)
0 Steinkopff Verlag 1999

Introduction isomers and of carotenoid oxidation products during the
dietary treatment was quantified. The vegetable products
were used as a source for carotenoids to investigate

since a large number of epidemiologic studies ha hether minor dietary interventions would increase

shown a lower risk of cancer and cardiovascular diseak&SMa caroten0|d_s to a concentration, Wh'Ch in other
in individuals consuming diets high in vegetables an%tumes were negatively 'correlated with the risk of cancer
fruit (2, 4, 23, 41). Plasma carotenoid concentrations a%‘d of cardiovascular disease.

negatively correlated with the risk for these diseases (13)

and carotenoids may, therefore, in part mediate the pro-

tective effects of vegetables and fruit. However, interveiMaterials and methods

tion trials with B-carotene supplements given to male

smokers failed to show beneficial effects on cancer risgubjects

but in contrast showed an increased lung cancer risk (1,

31).. Therefore, other carotenoids besigesarotene 0C- Twenty three non-smoking men, 27-40 years old, were
curing in human plasma have recently become a major jgcruited from research institutes of the Research Center
sue in nutrition research, including-carotene, lycopene, Karlsruhe. The subjects were in good health as deter-
and lutein (40, 44). While vast information on absorptionnined by a screening history and medical examination.
metabolism, and the action ¢#-carotene in humans isThey refrained from taking vitamin supplements or any
available (14, 26, 32), much less is known about theggedication two months before and during the study. The
other carotenoids occuring in high concentrations in vegtudy was approved by the Medical Ethical Committee of
etables, such as lycopene in tomato and lutein in spinagfe andesarztekammer Baden-Wiirttemberg and all par-
or kale. The role of lycopene as an important carotenojiipants gave written consent. Height and body weight
for humans has recently been reviewed, emphasizing {jere determined, and body mass index (BMI) was calcu-
strongest singlet oxygen quenching ability among all cgated. Body fat was measured by bioelectrical impedance

rotenoids (40). Its potential health effects in humans igmalysis (Biodynamics 310, Seattle, Washington, USA).
clude a reduction of prostate cancer risk (17) and myo-

cardial infarction risk (23). The underlying mechanismstudy design
of these lycopene effects are still unclear, but there is

some evidence that the antioxidant capacity of lycopenge study of 8 weeks and was divided in 4 periods of 2
and the generation of lycopene metabolites are at legaeks each. During the entire study the volunteers were
partly involved. The singlet oxygen quenching capacityn their usual diet but were instructed to avoid food with
of carotenoids may form carotenoid isomers in vitro (43} high carotenoid content. They were given a list of vege-
Data on isomerization of carotenoids in vivo as a result %b|es and fruit and the Corresponding products’ com-
singlet oxygen quenching are not available so far. Hownonly eaten in Germany, to be excluded from their diet.
ever, the occurrence of cis-lycopene isomers in humame fruit and vegetables are given in Table 1. To check
plasma after a single dose of lycopene containing progompliance, subjects had to document their entire fruit
ucts has been demonstrated in the past (10, 34, 39). Litfgd vegetable consumption on a dietary record. The first
is known about the metabolism of lycopene in humangyo weeks served as a depletion period, during which no
like isomerization and oxidation due to tomato intake f%dditiona| carotenoid-rich food was given (day -14 to day
several days (44). Data about the interaction of carotgy. puring the following 14 days, the subjects ingested
noids during absorption in man are scarce and not concB30 mL of a commercially available tomato juice daily
sive. For[-carotene it has been shown that it may imgith their meals: tomato period (day O to day +14). Dur-
prove lycopene absorption (19) and reduce (24) as well g the next two weeks tomato juice was replaced by 330
increase (16) lutein absorption. In these studies caroifit of carrot juice daily: carrot period (day +14 to day
noids were given as single compounds or as natural ¢&g). Finally, during the last two experimental weeks a
rotenoid mixtures and not as a food preparation. liquid spinach powder preparation (10 g of spinach pow-
In order to obtain more information about the bioavailder) was given with the daily meals: spinach period (day
ability of carotenoids from food under physiological con+28 to day +42). Subjects were asked to consume the
ditions, a dietary intervention study with tomato juice (lyvegetable products with their main meals in order to as-
copene), carrot juicepfcarotene), and spinach powdesure a high bioavailability of the carotenoids. In this
(lutein) was conducted. A study design without washostudy, washout periods were omitted between the differ-
periods between the different vegetable intervention pegnt intervention periods to study possible interactions be-
ods has been chosen to mimic more closely the dietaween carotenoids during absorption. Vegetable juices
behavior of consumers and to investigate possible interg&choenenberger, Magstadt, Germany) and spinach pow-
tions in carotenoid absorption between lycopeffiecaro- der (Volpel, Kénigmoos, Germany) were obtained di-
tene, and lutein. In addition, the generation of carotenoidctly from the producers. For the carotenoid analysis

There is increasing interest in dietary phytochemical
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Table 1 Fruits and vegetables from which the volunteers had tiene-3,3-diol, cisf3-carotene for ZB,3-carotene, and

abstain during the study

fruits vegetables
apricot, dryed bell pepper
cantaloupe broccoli

guava brussels sprouts
mango carrot

nectarine chicory leaves
papaya corn

peach, dryed
pink grapefruit

cucumber pickle
fennel

all-trans-lycopene for all-Ep,p-carotene). The reference
substances a-carotene,-carotene, and lycopene were
obtained from Sigma (Deisenhofen, Germany), lutein
from Fluka (Neu-Ulm, Germany). Zeaxanthifi;crypto-
xanthin, and echinenone were gifts from Hoffmann-La
Roche (Basel, Switzerland). Carotenoids not commer-
cially available were extracted from suitable plants, iso-
lated pure by chromatographic methods (column liquid
chromatography, thin layer chromatography), identified
according to their VIS spectra and quantified by means
of the specific 1% (1 cm) extinction coefficients (6, 12).

watermelon kale ] - ; -
leek Violaxanthin was isolated from spinach, arwdcryptoxa-
lettuce nthin from carrot leaves. Vitamin A alcohol (retinol), vit-
mangold amin E @-tocopherol),y-tocopherol, and ubiquinone-10
peas (coenzyme Q) were likewise obtained from Fluka.
pumpkin Methanol, ethanol, acetone, acetonitrile, n-hexane, tet-
scallion rahydrofuran (THF), diethylether, potassium hydroxide,
spinach water-free NaSQ;, (all of HPLC quality or p.a. grade),
tchjn;frt,?m and pyrogallol were obtained from Merck (Darmstadt,

Germany), butylhydroxytoluol (BHT) from Sigma.

10 g of juice an 1 g of spinach powder were usedEquipment

respectively.
P y The HPLC systems consisted of two injectors (Waters,

type U6K; Rheodyne, type 7725i), two pumps (Waters,
] o type 501), photodiode array detector, PAD (Shimadzu,
Fasting blood samples were taken at the beginning of thgye SPD-M10AV), UV-VIS detector (Gamma-
study and at the end of each week between 7 and 9 afhalysen-Technik, GAT, type LCD 501), integrator
Blood was drawn from an antecubital vein into prechille@iierck-Hitachi, type D-2000), and separating columns
tubes containing EDTA (1.6 mg/mL, Monovette-SarstedpyYDAC 201TP54, Separation Group, Hesperia, USA,
Numbrecht, Germany) and immediately placed on ice far carotenoids and p-Bondapak-Phenyl, Waters, for
the dark. Plasma was collected after centrifugation gbiquinones). Other apparatus used were an Ultra-Turrax

1500 x g for 10 min at 4 °C. For carotenoid analySiS BH-'||-'25 (Janke & Kunkel, Germany ) and a Rotavapor RE
Sug/mL plasma and 1.5% sucrose (final concentratiomo (Buchi, Switzerland).

weres added to the plasma and then the samples were
stored at -80 °C until analysis. For serum measuremengs.
blood was collected in a “Serum Z Monovette” (Sarstedt,
Numbrecht, Germany) and separated after complete cl@arotenoids from food were extracted in an Ultra-Turrax
ting by centrifugation at 15D x g for 10 min at room by 50 mL of acetone/ethanol (1:1), to which 1 mL of 5%

temperature. Serum was stored at -80 °C until analysiagueous pyrogallol solution as antioxidant had been
added (modified method (11)). The spinach powder was
further saponified for removal of chlorophyll and for hy-

Cholesterol concentrations were assayed by measurin %c_)lysis of xanthophyll esters by addition of 5 mL of 20%
y y 9 Wethanolic potassium hydroxide and allowed to rest for

tal cholesterol with the CHOD-PAP enzymatic test ki 8 h at room temperature in the absence of light. The in-

(Boehringer Mannheim, Germany). Sodium, IOOt"leS'L”noluble residue was separated by filtration. Then 40 mL

and chloride were measured using ion selective electrocf) S0.5% NaSO, solution and 40 mL of n-hexane were

(AVL Analysentechnik, Bad Homburg, Germany). In . .
blood, hemoglobin and white blood cell count (WBC dded and shaken for a few min. After phase separation,
he lower phase was removed and shaken again with

were determined with an automated analyser (F-300, 831/1?)' mL n-hexane. The recombined n-hexane phases were
mex, Hamburg, Germany).

dried by 20 g of water-free N&O, and reduced in the ro-
tation evaporator at 35 °C and 150 mbar (15 kPa). Resid-
ual n-hexane was removed under nitrogen stream and the
Instead of the nomenclature of the Union of Pure and Apesidue was added to 5 mL of methanol/THF (1:1). THF
plied Chemistry, the usual common names are used foad been stabilized by 0.01% BHT. Depending on the
the carotenoids (e.g., lutein for (3REB6R)-B,e-caro- color intensity, the sample was diluted by the metha-

Blood samples

eparation of food samples

Serum measurements

Chemicals



38 European Journal of Nutrition, Vol. 38, Number 1 (1999)
0 Steinkopff Verlag 1999

nol/THF mixture for determinations by HPLC (additiona mAbs
information see 29). 3
2 -
1 -
0 -
To isolate blood carotenoids, vitamins A, E, and ubiqu = 15
nones, 2 mL plasma were extracted using 4 mL diethy £ 19 -
ether following the protein precipitation by addition of& s
2 mL ethanol. The sample was centrifuged for 15 mi 0 -
(3000 rpm, 20 °C) and the upper layer collected. Th 6 -
procedure was repeated twice. The combined ether ph. & 4]

Preparation of blood plasma samples

450 nm

m

was washed using 10 mL 5% NaCl, separated, a\£ 2 1| *® 19
dried with 4 g water-free Ng&O,. The ether extract was 0
evaporated in the water bath at 35 °C. Residual eth
i . . ; 0 10 20 30 40 .
was evaporated with nitrogen. The residue was dissolv min

in 1 mL of methanol/THF (1:1) for HPLC analysis, stabi-
lized by 0.01% BHT. Storage of solutions was at 4 ockig. 1 HPLC chromatogram with consecutive photodiode array

: ection of single representative plasma sample from day 14. Si-
Recovery rates of the reference carotenoids were ab(ﬂ? taneous detection at 450nm (upper panel), 325nm (mid panel),

80%. and 295nm (lower panel) is given. The denoted peak numbers repre-
sent the following carotenoids, vitamin A, and tocopheroles. Upper
HPLC panel,A=450nm: peak #1, lutein/zeaxanthin/carotenoid oxidation

products (retention time = 5.9 min); #2, carotenoid oxidation

For the analysis of carotenoids, tocopherols, and retirfgPducts (9-2 min); #3a-cryptoxanthin (10.6 min); #43-crypto-

anthin (12.9 min); #5p-carotene-5,6,5",6"-diepoxide (14.6 min);

by HPLC, a temperature regulated (20 °C) VYDAC, 6,0(-ca(rotene (2%.8m?n);#7, cig-carotene (24?4min);(#83-car- )
P'C18 column (250x4.6 mm), plus a precqlumn Colns'stgtene (26.9 min); #9, ci§-carotene (28.9 min); #10, lycope-
ing of a Waters Guard-PAK module equipped with @e-x,x-epoxide (31.6 min); #11, lycopene 5,6-epoxide (33.5 min);
p-Bondapak C18 insert were used. Eluent for isocrat#d2, lycopene 1,2-epoxide (37.2 min); #13, lycopene (39.9 min);
separation was a mixture of methanol, acetonitrile, arfd4, cis-lycopene (41.5 min). Middle panak325nm: #15, retinol
ammonium acetate (85:15:0.01). The prepared blo6#8 min); #16, phytofluene (23.4 min), but detectedaB47 nm.
plasma sample (5Ql) was injected into the HPLC. The Lower panel,}\=_295nm: # 17,y-FocopheroI (6.1 min), #18x-toc-
flow rate was 1 mL/min. The PAD was used to recor Eherol (7.4 min). Phytoene is denoted as #19, but detected at
chromatograms simultaneously at wavelengths of 450,
325, and 295 nm to quantify the carotenoids, retinol, and
tocopherols and to determine peak spectra for carotenoid
identification (from 280 to 520 nm) and for the checking
of peak purity. Phytofluene and phytoene were separately
determined atA = 347 nm and 286 nm, respectivelyhad been determined in the same way. Cis-derivatives and
Ubiquinones were determined by HPLC using a Wategpoxides were quantified by using determination factors
p-Bondapak-phenyl column (300x3.9 mm), plus af the initial substances (e.g., lycopene for cis-lycopene
precolumn consisting of above described modukend for lycopene-epoxides). Peak 1 in Fig. 1 was quanti-
equipped with a CN insert, a mixture of methanol, acetdied as being lutein only. The “carotinoid oxidation prod-
nitrile, and water (71:20:9) as the eluent, and a UV-VI§cts” of peak 3 were quantified using the factor of the ze-
detector. Detection wavelength was 275 nm. Figure gikanthin determination. Limits of detection depended on
shows a chromatogram of the separation of carotenoi@sention times (bottom width of peaks), e.g., 0.02 nMol
and vitamins A and Ed-tocopherol) in human plasma byfor B-cryptoxanthin, 0.03 nMol for lycopene, and 0.06
HPLC. nMol for -carotene. The internal standard echinenone

For quantification according to the external standandas used only in the phase of the method developement
method, a “one-point calibration” was performed for eacfit may interfere witha-carotene determination).
carotenoid available. In the measured range results were
linear. Carotenoids, for which reference substances westatistics
not available (phytoene, phytofluene), were quantified by
their 1% (1 cm) extinction coefficients E (7, 12). A ficti-Results are given as mean + SD. Analysis of variance
tious concentration, c* = detector signal/E x 100, whictANOVA) was used to compare the depletion period and
had been determined as a function of the size and georitgervention periods. Comparisons of means were per-
try of the flow-through cell, was related to the c* value oformed using the appropiate ANOVA post-test (Tukey-
B-carotene (its actual concentration was known), whidkramer or Dunn’s multiple comparison test). Differences

nm.
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were considered to be significant @ < 0.05. Regression crease in serum cholesterol was observed after two weeks
analysis was performed and coefficient of correlation (of tomato juice consumption compared to the depletion
was calculated for the relative plasma lycopene increageriod (195.3 + 27.8 vs. 201.5 + 31.9 mg/al = 23).

after tomato juice consumption versus plasma lycopene
concentration before tomato juice intervention. Statisticgh
calculations were done by using the InStat 2.02 statisti
program (Graph Pad Software Inc, San Diego, CA, Usig's
and EXCEL 5.0 (Microsoft Corp., Unterschleissheim2
Germany).

The carotenoid content of the selected vegetable juices
d spinach powder are shown in Table 3. With the con-
mption of 330 mL of tomato juice subjects were sup-
ed with 40 mg of lycopene. Carrot juice provided
2.3 mgp-carotene and 15.7 mg of-carotene daily, and
the spinach powder 11.3 mg of lutein and 3.6 fwgar-
otene daily. The consumption of these vegetable products
Table 2 Anthropometric data resulted in plasma concentrations of carotenoids, vit-
amins, and ubiquinone as summarized in Table 4.

mean range

The term “carotenoid oxidation products” summarizes
age [years] 34 27 - 40 ketones, and mono- and dihydroxy-carotenoids which oc-
height [cm] 181 168 - 200 cur in plasma only and seem to be specific plasma carote-
weight [kg] 76 59 - 100 noid metabolites (20, 21). The analyzed cis-carotenoid
body fat [%] 17 10.7 - 23.6 isomers in plasma are 1 or 2 disearotene isomers (9-
BMI [kg/m?] 23 19.6 - 28.1 cis- and 13-cig3-carotene according to (35), and 2-3 dif-

ferent geometric cis-lycopene isomers (9-cis-lycopene
and 13-cis-lycopene according to (39)). Besides the all-
trans and cis isomers, the appearence of several carote-
Table 3 Carotenoid content of tomato juice, carrot juice, anf0id oxidation products in human plasma could also be
spinach powder demonstrated. The term “lycopene epoxides” summarizes
lycopene-5,6-epoxide and lycopene-1,2-epoxide as deter-

tomato carrot spinach  mined py their VIS spectra. In some samples a third un-
Juice Juice powder identified peak was found near the two mentioned lyco-
mg/100 ml mg/100 g Pene epoxides. Other lycopene/cis-lycopene oxidation

% dry matter 6.0 8.7 99.7 products such as lycophyll (lycopene-16-16"-diol) and
all-trans-carotene 0.45 6.56 31.1 5,6-dihydroxy-5,6-dihydro-lycopene have been described
cisB-carotene 0.06 0.19 4.83 in the literature (20, 22). Additionally, in some samples
a-carotene n.d. 4.76 0.89 mono-epoxides of-carotene , phytofluene, and phytoene
B-cryptoxanthin n.d. 0.01 1.47 as well as a diepoxide oB-cryptoxanthin were deter-
a-cryptoxanthin n.d. 0.007 n.d. mined by given HPLC retention times and spectra (6, 12).
lutein (zeaxanthin) n.d. 0.154 (0.019) 113'5 . .
violaxanthin n.d. nd. 22.6 Two weeks of tomato juice consumption (day 0-14)
lycopene 11.84 n.d. n.d. resulted in a 2.4-fold increase in lycopene and cis-
cis-lycopene 0.28 n.d. n.d. lycopene in plasma, respectively. After two weeks of a
lycopene-epoxides 0.3 n.d. n.d. tomato-free, but carrot juice-rich diet, plasma lycopene
phytofluene 0.71 0.96 n.d. concentration declined to the initial concentration at
phytoene 2.23 2.1 n.d. day O (Table 4). Lycopene epoxides increased 3.5-fold

after tomato juice consumption and were still elevated on
day 28 and 42 (211% and 132%, respectively).

The percentage distribution among the lycopenes in
plasma and tomato juice is given in Table 5. Lycopene is
Results predominant in the tomato juice (95.3%) with only small

amounts of cis-lycopene and lycopene epoxides. How-
Anthropometric data of the volunteers are given imver, in plasma 40% of total lycopene appeared as cis-
Table 2. All subjects tolerated the vegetable interventidpcopene and increased to almost 48% at the end of the
well and none of them had to be excluded from analys&udy. Simultaneously, lycopene decreased from 45% to
due to illness or noncompliance. Blood hemoglobin coi38%. Lycopene epoxides in plasma increased up to 18%
centration, white blood cells, and serum electrolytes weod the total lycopene on day 28, when tomato juice was
within the normal range and did not change significantlgiready been omitted for 14 days. The relative increase of
during the entire study (data not shown). No significamtlasma lycopene from day O to 14 depended on the
changes in serum cholesterol concentrations wepgasma concentration of the total lycopene before tomato
observed. Mean serum cholesterol during the study wjasce was given (r = -0.749) but not on the total carote-
200 = 26 mg/dl (mean = SD). A trend (p = 0.13) for a denoids (r = -0.233) (Fig. 2).

n.d.: not detected! see (20)
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Table 4 Concentrations(nmol/mL) of carotenoids, vitamins, and ubichinone in human plasma

depletion tomato carrot spinach
day -14 day -7 day 0 day 14 day 28 day 42
lutein (incl. zeaxanthin) 0.37+0.14 0.40+0.13 0.35+0.12 0.33+0.12 0.36+0.11 0.71+0.17
carotenoid oxidation produéts d d d d d a,b,c
cis-lutein 0.02+0.01 0.02+0.01 0.014+0.004 0.02+0.01 0.02+0.01 0.012+0.004
c,d c,d b b
carotenoid oxidation produdts 0.13+0.04 0.12+0.04 0.13+0.04 0.20+0.05 0.14+0.03 0.16+0.05
(+lycopene-16,16'-diol) b,d b,d b,d a,c,d b a,b
a-cryptoxanthin 0.05+0.02 0.05+0.02 0.05+0.02 0.06+0.03 0.04+0.02 0.04+0.02
c,d c,d c,d c,d a,b a,b
B-cryptoxanthin 0.16+0.10 0.16+0.10 0.18+0.11 0.20+0.12 0.21+0.12 0.2240.13
c,d c,d d a
a-carotene 0.24+0.16 0.22+0.14 0.20+0.11 0.17+0.09 1.47+0.40 0.7940.28
c,d c,d c,d c,d a,b a,b
all-trans$-carotene 0.74+0.44 0.71+0.41 0.60+0.36 0.65+0.25 2.05+0.72 1.21+0.52
cd cd c,d c,d a,b a,b
cisB-carotene 0.02+0.01 0.02+0.01 0.02+0.01 0.02+0.01 0.03+0.01 0.02+0.01
B-carotene-5,6,6',6'-diepoxide 0.01+0.01 0.02+0.01 0.014+0.005 0.018+0.004 0.02+0.01 0.031+0.01
d d d a
all-trans-lycopene 0.16+0.07 0.16+0.08 0.16+0.09 0.38+0.13 0.15+0.05 0.14+0.06
b b b a,c,d b b
cis-lycopene 0.14+0.06 0.14+0.07 0.15+0.08 0.34+0.08 0.19+0.05 0.18+0.05
b b b a,c,d b b
lycopene epoxides 0.04+0.02 0.04+0.01 0.05+0.03 0.14+0.04 0.08+0.02 0.05+0.01
b,c b,c b,c a,d a b
phytofluene 0.14+0.08 0.13+0.08 0.12+0.06 0.41+0.19 0.44+0.15 0.29+0.10
b,c,d b,cd b,c,d a a a
phytoene 0.14+0.08 0.12+0.07 0.09+0.05 0.46+0.17 0.55+0.16 0.26+0.08
b,c b,cd b,cd a ad a,c
vitamin A (retinol) 2.40%0.39 2.32+0.40 2.43%x0.49 2.50%0.44 2.28%0.45 2.34%0.46
vitamin E (@-tocopherol) 22.345.2 22.3%5.0 24.4+3.8 25.1+£3.7 22.5%£3.6 24.1+4.2
a,b b c b
y-tocopherol 1.724+0.64 1.70+0.67 2.30+0.75 2.19+0.73 2.20+1.14 2.08+0.73
a,b a,b
ubiquinone-10 0.38+0.11 0.36+0.08 0.35+0.08 0.40+0.10 0.29+0.07 0.32+0.09
c,d c c,d b b

iIMean £ SD, n = 232see (20 and 21); a, b, ¢, d: p<0.05, significantly different from day 0 (a), day 14 (b), day 28 (c), and day 42 (d)

Carrot juice consumption increased plasma concentia-this study were not sufficient to discriminate lutein
tions of a-carotene 8.6-fold an@-carotene 3.2-fold and oxidation products, possibly hidden in peak 1 in Fig. 1.
did not decline to basal concentrations within the followutein epoxide (taraxanthin), zeaxanthin epoxide (an-
ing 14 days (Table 4). There was only an increase of aghreraxanthin), and zeaxanthin diepoxide (violaxanthin)
proximately 50% cig3-carotene and (3-carotene-5,6, which are present in high concentrations in fruit and
5’,6'-diepoxide. The increase off-carotene-5,6,5",6"- vegetables could not be discriminated from oxidation
diepoxide, however, was not observed at the end of theoducts in human plasma. Spinach powder contains ap-
carrot juice period, but at the end the spinach period wifiroximately 13% of violaxanthin, which, however, was
a delay of 14 days. not detectable in human plasma.

Spinach powder mixed with water, milk, yoghurt, or Throughout the whole intervention period (day O to
soup, given as 10 g portions daily, resulted in a two-folday 42), no significant changes were observed in plasma
increase in plasma concentrations of lutein (incl. zeaxanitamin A, y-tocopherol, anda-tocopherol except for a
thin) after 14 days (Table 4). The analytical methods usathall decrease ia-tocopherol on day 28, which returned
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rotene or lutein, was observed. In addition, a substantial
r=-0.749 increase in lycopene oxidation products after vegetable
cen juice consumption was demonstrated in human plasma,
suggesting antioxidant activity of lycopene.
o ° The results of this study therefore show that, on the
400 1 basis of a diet low in carotenoids, the consumption of
o food given as vegetable juice will increase carotenoid
3' ° ° plasma concentrations significantly (8, 9, 27, 44). The
baseline carotenoid plasma concentrations reported in this
g o study are in a range which has been described in carote-
noid intervention studies before (5, 9, 27, 34, 36, 39, 44).
[ ] . . . .
0 . . i . In this study an intervention with vegetable products was
chosen to mimic the physiological situation resulting
0.0 0.1 0.2 0.3 0.4 from the ingestion of carotenoid-rich foods instead of iso-
; lated carotenoids. It was the aim to investigate the bio-
lycopene before supplementation (uM) availability of a large dose of carotenoids provided by
Fig. 2 Correlation plot of plasma lycopene concentration beforéegetables. The daily amount of ingested lycopene from
tomato juice consumption (day 0) and the relative increase 830 mL tomato juice was 40 mg which is 40 times more
lycopene plasmaconcentration(_"/q) aftertomatoj'uice consumptigfan the average daily lycopene intake in Germany and
(day O to day 14). n = 23, 1: coefficient of correlation. the UK (30, 36). The daily intake of 330 mL carrot juice
provided 22.3 mg of3-carotene, which is 10 times of the
average daily3-carotene intake in Germany and the UK

. - 30, 36). Since spinach juice was not commercially avail-
to basal concentration on day 42. Ubiquinone 10 plas Ble, 12) g of spiﬁach chJWder (11.3 mg lutein) We)r/e cho-

concentrations did not change until day 14 but then dgén, which delivered again about 10 times of the average
creased S|gn|f|c§ntly on day 28 and 42. daily lutein intake in Germany and the UK (30, 36).

The carotenoid precursor phytoene and phytofluene The different amounts of carotenoids provided by the
which are present in tomato and carrot juice but not ifegetables may partly explain the different increases in
spinach powder could also be determined in humaarotenoid plasma concentrations, which we observed af-
plasma. There was a 6.3-fold, 8-fold, and 3.5-fold iner the consumption of the various vegetable preparations
crease of phytoene (day 14, 28, 42) and a 4-fold, 4.4-foldycopene 2.4-fold,a-carotene 8.6-foldB-carotene 3.2-
and 2.8-fold increase of phytofluene (day 14, 28, 42) ifld, and lutein 2-fold). However, the small increase in
plasma, respectively. plasma lutein might not only be due to the lower amount
of ingested lutein (11.3 mg/d), but also to the preceeding
carrot juice periodo-Carotene an@-carotene were still
elevated at the end of the spinach period and might, there-
fore, interact with lutein absorption, which has been pro-
posed by others (24, 27). Additionally, the elevated
In this study, daily consumption of vegetable productslasma concentrations ofi-carotene andp-carotene
over 14 days increased carotenoid plasma concentratiomght also result from the consumption of the spinach
up to 8-fold, indicating a high bioavailability of carote-powder preparation (Table 3). However, recently it has
noids in these processed products. Furthermore, a pbeen shown that at least at the chylomicron level, lutein
dominant cis-isomerization of lycopene, but not@ta- and zeaxanthin are taken up preferentially even in the

»
o
o
°

200 - .

lycopene increase (%)

Discussion

Table 5 Distribution of lycopene isomers and epoxides in tomato juice and human plasma

depletion tomato carrot spinach
day -14 day -7 day 0 day 14 day 28 day 42
tomato juice plasma
(%)
all-trans-lycopene 95.3 48.1 453 45.0 43.0 36.3 37.9
cis-lycopene 2.3 40.9 42.2 41.6 40.3 45.4 47.9

lycopene epoxides 2.4 11.0 12.5 13.4 16.7 18.3 14.2
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presence of high amounts @fcarotene (16). From these Carotenoids are acceptors of the energy that is trans-
contradictory findings, it could be concluded that théerred from singlet oxygen to the quencher (25). There-
[B-carotene plasma concentrations in this study do nfmre, carotenoids do possess a remarkable antioxidant po-
substantially influence lutein absorption from spinactential in the sense of an extended antioxidant definition:
powder in the volunteers. This conclusion is supported tyological antioxidant (18). When looking at the plasma
the fact that the relative increase in lutein plasma concesoncentrations of the main representative carotenoids in
tration seems to depend on lutein plasma concentratiadhe vegetable products of this study (lycopeiwe, and
before supplementation (r = -0.584 ), but not on the totBtcarotene, and lutein), an outstanding position of lyco-
plasma carotenoid concentration (TC) (r = -0.189). Simpene is obvious. Compared to other carotenoids, cis-
lar findings were observed for lycopene arfiicarotene, isomers and oxidation products of lycopene are measur-
showing a great variability among the individuals in thable in relatively high quantities in human plasma. The
response to the plasma carotenoids present in the veggestion arises, what is behind the different metabolism
etable juices. The relative increase in lycopene plasrofithis single carotenoid. The importance of lycopene for
concentration, seems to depend on lycopene plasma chomans has recently been reviewed (40), but the role of
centrations before supplementation (r = -0.749) but not dycopene oxidation products and cis-isomers in human
TC (r = -0.233). Similar results were obtained for th@lasma is still unclear. Research on carotenoid isomers in
relative increase im-carotene (r = -0.747 foa-carotene human plasma has been focused on 9Betsarotene (3,
before supplementation, dnr = -0.326 for TC),-ca- 35, 37, 38, 42, 45). Only trace amounts of 9-Bigar-
rotene (r = -0.477 fof-carotene before supplementationptene could be detected in these studies and it has been
and r = -0.220 for TC), and for lutein, as already merdemonstrated that 9-c{3-carotene is poorly absorbed (3,
tioned. This might indicate that the absorption of carot&8) and that an isomerization to all-trafiszarotene oc-
noids and their appearence in blood is regulated seletts in the human gut after oral supplementation with 9-
tively for each carotenoid and that interactions betweeis{3-carotene (45). Little is known about the uptake and
carotenoids may play a minor role only. appearence of cis-lycopene in human plasma (10, 34, 39,
It has been reported in the past that uptake of lycopedd). Information on the time course of cis-lycopene for
from tomato juice is low (8, 39). In the present studyseveral weeks is so far not available. Here, we report on
however, lycopene is well absorbed after tomato juidbe plasma concentrations of cis-lycopene over a period
consumption, since mean plasma lycopene concentrat@nd weeks, with two weeks of tomato juice consumption
increases 2.4-fold. The findings are in accordance withcluded. The results show that the consumption of to-
the results from Micozzi et al. (27), who showed thainato juice containing 95% trans-lycopene leads to a sub-
based on a controlled low-carotenoid diet additional tstantial increase of cis-lycopene in plasma. Cis-lycopene
mato juice consumption prevented the decline of theccounts for about 40-50% of the lycopene isomers
plasma lycopene concentration, while plasma concentrhich is in accordance with previous observations (39).
tions of other carotenoids, which were not supplementethe molar concentrations of lycopene rapidly decreased
were reduced in plasma (27). The discrepancies founddfter tomato juice intake was stopped. However, cis-
the different studies might result from the duration dfycopene concentrations remained elevated and did not
juice consumption and different application forms of theeach baseline values even 4 weeks after tomato juice in-
juice. The studies mentioned above (8, 39) were singlervention. The relative distribution of lycopenes (trans-
dose studies. The juice intervention in this study lastégcopene, cis-lycopene, lycopene epoxides) in plasma
2 weeks and the volunteers were asked to take the juicd®w a decrease of trans-lycopene and a delayed relative
with their main dishes, providing enough fat with théncrease of cis-isomers in plasma during the study, which
meal for carotenoid absorption. At least in one study (39)pints toward a different metabolism for trans-lycopene
where lycopene uptake from tomato juice was low, no adnd cis-lycopene isomers in humans. The occurrence of
ditional fat was given with the juice, which might be rehigh amounts of cis-lycopene in plasma could be due to a
sponsible for the low lycopene absorption. preferential uptake of cis-isomers, a conversion of trans-
The slight reduction in serum cholesterol concentréycopene to cis-lycopene, or a higher degradation rate of
tions on day 14 after tomato juice consumption (p = 0.13)ans-lycopene compared to cis-lycopene. Heat-treated ly-
might be a result of increased lycopene plasma concenteapene (24 h at 37 °C, dissolved in n-hexane) and canned
tions. Recently, it was shown that dietary supplement@mato products preferentially show a cis-lycopene with a
tion with lycopene (60 mg daily for 3 months) reducedelayed retention time to 45-50 min in the HPLC chro-
plasma LDL cholesterol in healthy volunteers by 14%natogram (Fig. 1). This cis-lycopene isomer was also de-
(15). The authors attributed the cholesterol loweringected in the LDL fraction of day 14 and represents 13%
effect of lycopene to the inhibition of macrophagef the total cis-lycopene isomers (data to be published
3-hydroxy-3-methyl glutaryl coenzyme A reductase. Thelsewhere). In contrast to other cis-lycopene isomers, its
lower lycopene intake by the volunteers in this study argpectrum clearly shows the typical cis-peak (at 360 nm).
the much shorter intervention period may in part explaibelayed retention time and typical cis-peak in the spec-
the discrepancy between the two studies. trum may indicate a trans-cis isomerization in the center
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of the lycopene molecule, which might be possible onlgfter carrot juice consumption, but reached its maximum
in the presence of heat. It has previously been shown thwet day 42, where carrot juice consumption was stopped
lycopene is the most efficient singlet oxygen quencheiready for 14 days. However, the relative contribution of
(see 40) and phenoxyl radical scavenger (28) among feearotene-5,6-5",6"-diepoxide to total carotenes accounts
naturally occuring carotenoids. Since we have found hidbr less than 2%. In contrast, lycopene-epoxides account
plasma concentrations of cis-lycopene, we might spedior 11-18% of total lycopenes.
late of a quenching reaction of lycopene with singlet oxy- Phytofluene with 5 conjugated double bonds and phy-
gen, as it is described foB-carotene (25), resulting intoene with 3 conjugated double bonds in the chromophor
triplet oxygen and an activated (rotating and vibratingre acyclic carotenoids with the same chain length as ly-
lycopene molecule switching from the all-trans to theopene (11 conjugated double bonds). In some plasma
cis-isomer. However, further studies are needed to answaimples up to 20% of epoxides of these two carotenoids
this question. could be detected, which is similar to the 18% epoxides
Another feature of lycopene in human blood, and #iom lycopene. Presumably the length of the chromo-
second possible antioxidant action of lycopene, is thghore (the number of conjugated double bonds) is import-
chemical reaction with peroxides or peroxyradicalgnt for the reactivity and, therefore, the antioxidative ca-
thereby forming lycopene epoxides. Recently, lycopemécity of a carotenoid. Oxidation products previously de-
has been shown to be the most efficient scavanger of piseribed in the literature (20) such as ketones and
noxyl radicals followed byB-carotene, zeaxanthin, andhydroxy-ketones fronu-carotene ang-carotene, as well
lutein (28). In the present study, lycopene epoxides aps oxidation products from lutein and zeaxanthin could
pear in rather high concentrations in plasma, comparedrtot be detected because of lacking mass spectrometry fa-
other carotenoid epoxides, and increase even more aftiities.
tomato juice consumption. The predominant generation of In conclusion, moderate changes in diet, e.g., interven-
lycopene epoxides in human plasma indicates a preferdien with carotenoid-rich vegetables under physiological
tial oxidation of lycopene and might point to a distinctonditions, increase plasma carotenoid concentrations in
antioxidant function of lycopene. The fate of lycopene efiealthy volunteers substantially. Uptake of carotenoids
oxides in plasma is unclear. However, like the cisseems to depend on the preexisting plasma concentration
isomers, plasma concentrations of lycopene epoxidesthe corresponding carotenoid mainly, and not on total
were also elevated after tomato juice consumption hpkisma carotenoid concentration. Of the three main ca-
been terminated, although the trans-isomers had alreadienoids (lycopenef-carotene, and lutein) studied in
reached baseline values. Again, in human plasma for lpis trial, lycopene shows striking differences concerning
copene epoxides a different metabolism has to be consitg- metabolism in plasma compared to other carotenoids
ered compared to the all-trans-isomer. A further reactiamder investigation. Lycopene cis-isomers and epoxides
mechanism of lycopene epoxides could be the hydrolysitcrease in plasma after tomato juice consumption reflect-
leading to diols. One example is the lycopene oxidatidng its different metabolism and/or a massive cis-
product 5,6-dihydroxy-5,6-dihydro-lycopene (20) whiclisomerization and epoxidatioim vivo. Results about the
should be the result of lycopene-5,6-epoxide hydrolysitglative distribution of carotenoids in lipoproteins, func-
Additionally, lycoxanthin (lycopene-16-ol) and lycophylltional antioxidant measurements, and immunological data
(lycopene-16,16"-diol) detected in human plasma, witre under preparation and will be published elsewhere.
their methyl-based hydroxy-groups, could either be geResults on DNA-protecting effects from this trial have re-
erated enzymatically, or by reaction with hydroxycently been published (33).

radicals, indicating another hypothetical antioxidant
mechanism of lycopene. Acknowledgement We thank Martina Werner, Ria Eysler, Tanja

Oxidati ducts f th t id | Gadau, Marina Giorgi-Kotterba, and Ute Stadler-Prayle for their
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