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Tomato sauces were produced from unique tomato varieties to study carotenoid absorption in humans.
Tangerine tomatoes, high in cis-lycopene, especially prolycopene (7Z,9Z,7′Z,9′Z), and high-â-carotene
tomatoes as an alternative dietary source of â-carotene were grown and processed. Sauces were
served after 2 week washout periods and overnight fasting for breakfast to healthy subjects
(n ) 12, 6M/6F) in a randomized crossover design. The serving size was 150 g (containing 15 g of
corn oil), tangerine sauce containing 13 mg of lycopene (97.0% as cis-isomers) and high-â-carotene
sauce containing 17 mg of total â-carotene (1.6% as the 9-cis-isomer) and 4 mg of lycopene. Blood
samples were collected 0, 2, 3, 4, 5, 6, 8, and 9.5 h following test meal consumption and carotenoids
determined in the plasma triacylglycerol-rich lipoprotein fraction by HPLC-electrochemical detection.
Baseline-corrected areas under the concentration vs time curves (AUC) were used as a measure of
absorption. AUC0-9.5h values for total lycopene in the tangerine sauce group were 870 ( 187 (nmol‚
h)/L (mean ( SEM) with >99% as cis-isomers (59% as the tetra-cis-isomer). The AUC0-9.5h values
for total â-carotene and lycopene after consumption of the high-â-carotene sauce were 304 ( 54
(4% as 9-cis-carotene) and 118 ( 24 (nmol‚h)/L, respectively. Lycopene dose-adjusted triacylglycerol-
rich lipoprotein AUC responses in the tangerine sauce group were relatively high when compared to
those in the literature and the high-â-carotene group. The results support the hypothesis that lycopene
cis-isomers are highly bioavailable and suggest that special tomato varieties can be utilized to increase
both the intake and bioavailability of health-beneficial carotenoids.
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INTRODUCTION

A diet high in carotenoid-rich fruits and vegetables is
associated with a reduced risk of developing several diseases
including cancer, cardiovascular diseases, macular degeneration,
and cataract formation (1-3). Lycopene, the compound giving
red color to tomatoes, is one of the major carotenoids in the
diet of North Americans and Europeans, mostly consumed in
the form of tomato and tomato-based products (2). Red tomatoes
typically contain 94-96% all-trans-lycopene, which is the
thermodynamically most stable form (4). In contrast, human
plasma and tissues contain at least 50%cis-isomers (5), the most
common isomeric lycopene forms beingall-trans-, 5-cis-, 9-cis-,
13-cis-, and 15-cis-lycopene. Contrarily, intangerinevariety

tomatoes, the predominant lycopene isomer present is proly-
copene (tetra-cis-lycopene,Figure 1), a geometric isomer of
all-trans-lycopene, giving this fruit a characteristic orange color.
Carotenoid isomerase is the enzyme in tomatoes responsible
for the conversion ofpoly-cis-lycopene toall-trans-lycopene.
Tangerine tomatoes lack this enzyme and therefore accumulate
tetra-cis-lycopene with 4 (7Z,9Z,7′Z,9′Z-tetra-cis) of its 11
double bonds in thecis-configuration (6).

Another commonly studied carotenoid in the human diet is
â-carotene because of its antioxidative and provitamin A
activities. Provitamin A carotenoids, in particularâ-carotene
in fruits and vegetables, are the major source of vitamin A for
a large proportion of the world population, and its deficiency
is a serious health problem in many developing countries (7).
Even though colored vegetables and fruits as well as dark green
leafy vegetables are good sources ofâ-carotene, the food matrix
affects its bioavailability, ranging from low in raw green leafy
vegetables to intermediate in cooked vegetables and fruits (8).
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In comparison to tomato-based foods, only carrots are a richer
dietary source of vitamin A (1); however, biotechnological
strategies have recently been attempted to obtain tomato fruits
with elevatedâ-carotene content (9). In addition to lycopene
and â-carotene, tomatoes can also be a good source of other
potential health-beneficial carotenoids, such as the lycopene
precursors phytoene, phytofluene, andú-carotene (10, 11).

The aim of the present study was to assess lycopene
bioavailability from tomato sauce produced from tangerine
tomatoes and lycopene andâ-carotene from tomato sauce
obtained from a high-â-carotene tomato variety. For this
purpose, tomato sauces containing added corn oil for superior
palatability and to improve carotenoid absorption (12, 13) were
served in a postprandial trial to human subjects. Intestinal
absorption of lycopene andâ-carotene including itscis-isomers
was assessed in the triacylglycerol-rich lipoprotein (TRL)
fraction of plasma over 9.5 h following the consumption of a
tomato-sauce-rich test meal. Carotenoids were determined using
a highly sensitive electrochemical detector (ECD) (14) coupled
with reversed-phase HPLC.

MATERIALS AND METHODS

Subjects. Healthy, nonpregnant, nonsmoking adults (n ) 12, 6M/
6F), age 19-45 (median 29.5 y) were enrolled in the study. Eligibility
was based on a health and lifestyle questionnaire along with a screening
test for blood lipids (cholesterol, triacylglycerol). Exclusion criteria were
hyperlipidemia, any history of chronic disease influencing gastrointes-
tinal function, use of medication affecting lipid absorption, transport,
or metabolism, regular use of vitamin supplements containing caro-
tenoids, and frequent alcohol consumption (>40 g/d). The study was
approved by the Biomedical Sciences Institutional Review Board (IRB)
of The Ohio State University (OSU), and written informed consent
was obtained from the subjects. All clinical procedures were conducted
at the General Clinical Research Center (GCRC) of OSU.

Tomato Sauce Processing. Two unique tomato (Solanum lycoper-
sicumL.) varieties, Ohio FG99-77 and 97L97, were used for these
studies due to their high prolycopene andâ-carotene contents,
respectively. Ohio FG99-77 was developed by crossing the tangerine
allele tV from LA3002 (Tomato Genetics Resource Center, Davis, CA)

into the Ohio 9242 genetic background (Department of Horticulture
and Crop Sciences, OSU, Wooster, OH). The variety 97L97 contains
the B allele of the fruit-specificâ-cyclase from LA0317 crossed into
the Ohio 8245 genetic background. Plants were grown with 30 cm
within row spacing and 1.5 m between row spacing at the OSU North
Central Agricultural Research Station near Fremont, OH, following
standard practices (15). Following harvest, both tomato varieties were
immediately processed into canned tomato juice (104°C, 30 min). The
tomato juice was then concentrated in a pilot plant scale rotary
evaporator under vacuum at mild temperatures (60°C). Following the
addition of small amounts of Italian seasoning and 7% high fructose
corn syrup to the concentrate, the mixture was heated to 75°C (ca.
15-20 min) in an agitated steam-jacketed vessel, hot filled into glass
jars (300 mL), sealed, and kept in the refrigerator after cooling.
Approximately 1000 g of fresh tomatoes yielded 250 g of tomato sauce.
Tangerine sauce high in prolycopene was developed from FG99-77
and sauce high inâ-carotene from 97L97. Both tomato sauces had a
brix value of 16.4°, indicating a similar amount of dissolved matter,
especially carbohydrates.

Test Meals. Test meals were served at 08:00 h and consisted of
tomato sauce (150 g, containing 15 g of corn oil) served with spaghetti
(200 g) along with a slice (25 g) fat-free white wheat bread to soak up
the tomato sauce leftover on the plate and bottled water (240 mL).
Tomato sauces were served at room temperature, added over warm,
not hot spaghetti, to not cause any change in the carotenoid composition.
The test meals provided 2.19 MJ of energy, with 29% of the energy
coming from fat, with the remainder coming almost entirely from
carbohydrates (Food Processor version 8.1, ESHA Reach, Salem, OR).

Experimental Design. All 12 subjects completed both absorption
studies. At enrollment, subjects consumed a diet devoid of tomato
products andâ-carotene for 13 d as a washout period. Subjects then
completed a 12 h overnight fast and presented to the OSU-GCRC for
the first test meal, which was consumed in randomized order, 6 subjects
starting with tangerine and 6 with the high-â-carotene variety. After
the baseline blood draw (0 h, 12 mL), test meal ingredients were served
and consumed completely under supervision within 20 min. Consecutive
blood samples were collected 2, 3, 4, 5, 6, 8, and 9.5 h after completion
of the test meal. At 4.5 h, subjects consumed a standardized lunch low
in carotenoids and fat (mushroom soup, saltines, tuna salad sandwich,
two vanilla sandwich cookies, diet soda, water). This meal provided
1.92 MJ of energy from 77 g of carbohydrates, 22 g of protein, and 7
g of fat. No other foods and beverages except water (ad libitum) were
allowed during the 10 h stays. Following the 10 h clinical stay, subjects
then completed another 13 d washout and presented for the second
test meal in a crossover design.

Blood Sampling and TRL Fraction Isolation. HPLC-grade solvents
and water were used throughout the experiments. Blood samples were
drawn into 10 mL EDTA tubes via a catheter placed in a forearm vein
and centrifuged immediately for plasma separation at 1250g for
10 min at 4°C with a Sorvall Legend TM T/RT centrifuge (Kendro,
Newtown, CT). TRL fractions were isolated from the plasma by
ultracentrifugation (16) at 155.000g for 30 min at 20°C with an L8-M
ultracentrifuge, SW 50.1 swinging bucket rotor (Beckman, Fullerton,
CA). The top layer (0.5 mL) containing the TRL fraction was removed
and stored at-80 °C until carotenoid analysis. All procedures were
conducted under dim or red light. Measurements of plasma cholesterol
and triacylglycerol levels were based on a spectrophotometric method
(17) by a Synchron LX 20 system (Beckman Coulter).

Carotenoid Extractions from the Food Matrix . Carotenoid extrac-
tions from tomato sauces followed a method developed by Ferruzzi et
al. (14). In brief, tomato sauce (5 g) was combined with Celite, CaCO3,
and methanol and homogenized. Carotenoids were extracted three times
with 50 mL of acetone/hexane (1:1, v/v). The combined hexane layer
was collected quantitatively after filtering through anhydrous sodium
sulfate. The aliquots (1 mL) were dried under nitrogen, reconstituted
in methyltert-butyl ether (MTBE)/methanol (1:1, v/v), filtered through
a 0.2µm 13 mm nylon syringe filter (type no. 2166, Alltech, Deerfield,
IL), and injected (25µL) for HPLC analysis.

Carotenoid Extractions from the Plasma TRL Fraction. Extrac-
tion followed the method of Ferruzzi et al. (18) with minor modifica-
tions. Briefly, 200µL aliquots of each TRL fraction were transferred

Figure 1. Chemical structures of â-carotene and selected lycopene
isomers.
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into microcentrifuge tubes and deproteinated by the addition of equal
volumes of ethanol containing 0.1% 2,6-di-tert-butyl-4-methylphenol
(BHT) by mass. Carotenoids were extracted two times with 1 mL of
hexane/acetone (2:1, v/v) containing 0.02% BHT by mass. For each
extraction, the samples were vortexed and centrifuged at 5600g for
1 min at room temperature with a 10 MVSS microcentrifuge (Corning-
Costar, New York). The combined hexane layers were dried under
nitrogen, reconstituted in 400µL of MTBE/methanol (30:70, v/v),
filtered, and 100µL aliquots were analyzed by HPLC.

Quantification of Carotenoids by HPLC. all-trans standards of
lycopene andâ-carotene were purchased from Sigma (St. Louis, MO).
Stock solutions of carotenoids were prepared in hexane, and their
concentrations were determined spectrophotometrically, using their
specific absorption coefficients (19). all-trans standards were used for
the quantification of bothtrans- andcis-isomers of carotenoids except
for prolycopene. As the prolycopene absorption maximum was lower
(438 nm compared to 470 nm) than that of theall-trans configuration
and had a lower extinction coefficient (102900 m2/mol as compared to
184000 m2/mol (20)), it was purified from tangerine tomatoes on a
preparatory HPLC system employing a C18 column and 85% MeOH/
15% MTBE with a flow rate of 5 mL/min. Identification ofcis-isomers
was based on the comparison to previously reported UV-VIS and
electrochemical data (18, 21).

The HPLC system consisted of a Hewlett-Packard model 1050 (Santa
Clara, CA) solvent delivery system. An eight-channel 5600 Coularray
electrochemical detector (ESA, Chelmsford, MA) with cell potentials
set from 200 to 620 mV in 60 mV increments was used. Separations
were achieved using a 150 mm× 4.6 mm i.d., 5µm YMC C30 column
(Waters, Wilmington, NC). The solvent was methanol/MTBE/water/
ammonium acetate buffer (88:5:5:2, mobile phase A; 28:70:0:2, mobile
phase B). The linear gradient used was 100% A at 0 min; changed to
15% A from 0 to 40 min; changed to 100% B from 40 to 50 min, at
a flow rate of 1 mL/min (18).

Statistical Analysis. Statistical analyses were performed using SPSS
14.0 (SPSS Inc., Chicago, IL). Postprandial absorption for each
carotenoid in the plasma TRL fraction expressed as the baseline-
corrected area under the concentration vs time curve (AUC) over 9.5
h after test meal consumption was calculated by trapezoidal approxima-
tion using Igor Pro 4.06 software (Wave Metrics, Lake Oswego, OR).
Normal distribution of the data was tested byQ-Q plots and
Kolmogorov-Smirnov tests, equality of variance by Levene’s test and
box plots. A general linear multivariate model was developed with
lycopene andâ-carotene baseline-corrected and dose-adjusted (by
dividing the AUC values through the amount of lycopene consumed)
AUC values and fractional absorption as the dependent variables (all
log-transformed data) and subject and meal (tangerine or high-â-
carotene sauce) as fixed factors. AUC ((nmol‚h)/L), peak concentrations
(Cmax, nmol/L, baseline-corrected), and carotenoid content (mg/100 g
serving size) of the test meals were expressed as means( SEM.
P values of<0.05 were considered significant. Fractional lycopene
absorption from the test meals was estimated according to O’Neil and
Thurnham (22): fractional absorption) (ln 2)/t1/2 × (calculated oral
AUC × mass× plasma volume)/oral dose, assumingt1/2 of chylomi-
crons to be 0.192 h and the plasma volume (mL) to be 927+ (31.47
× body mass (kg)), with mass being the molecular mass (g/mol) of
lycopene.

RESULTS

All subjects recruited (Table 1) completed the study and
consumed the test meals without any complaint and compliance
problem. By mistake, however, the same sauce (high-â-carotene)
was served twice to one subject. For this reason, only 11
observations are present for the tangerine sauce consumption.
There was no significant difference among BMIs and plasma
cholesterol and plasma triacylglycerol levels of the females and
males, except the females were older than the males (P < 0.01).
Fasting plasma triacylglycerol and cholesterol levels were all
within the normal reported range (<2.3 mmol/L for tri-
acylglycerol and<5.2 mmol/L for cholesterol (23)).

The serving size of 150 g of tomato sauce processed from
tangerine tomatoes contained 13 mg of lycopene, and the high-
â-carotene tomato sauce contained 17 mg of totalâ-carotene
and 4 mg of lycopene (Tables 2and3). Food processing caused
a decrease in the abundance oftetra-cis-lycopene while increas-
ing the amount of othercis-isomers in the tangerine sauce
compared to raw tomatoes. Contrarily, processing did not cause
significant isomerization in high-â-carotene sauce as the
percentage of 9-cis-â-carotene in the totalâ-carotene increased
only slightly (Tables 2and3).

The predominant lycopene isomer detected both in tangerine
sauce and in the corresponding TRL fraction wastetra-cis-
lycopene (Tables 2and3). In addition to thetetra-cis-isomer,
several othercis-isomers of lycopene (Figure 1) were detected
as described by Hadley et al. (21) along with relatively low
amounts of theall-trans form. The sum of allcis-isomers (tetra-
cis, 9-cis, 13-cis, and 5-cis in addition to further but minor
quantities of unidentified ones) is reported as totalcis-isomers
as compared toall-trans-isomers. Aftertetra-cis-lycopene, 9-cis-
lycopene was found to be the second majorcis-isomer followed
by 13-cis-lycopene in the TRL fraction. In the high-â-carotene
sauce and the corresponding TRL fractions,all-trans-â-carotene
was the major component; the sum ofall-trans-â-carotene and
its 9-cis-isomer was expressed as totalâ-carotene.

As seen inFigure 2, the postprandial absorption curves for
the carotenoids examined followed a similar time course after
the consumption of tangerine and high-â-carotene sauces in the
plasma TRL fraction. All carotenoids studied visually indicated
a shoulder for carotenoid incorporation into the TRL fraction,
with the first moderate increase at 3 h after test meal consump-
tion, followed by the major response observed at 5 h, the time
after the lunch meal (Tables 2 and 3). Both total â-carotene
and total lycopene TRL concentrations in the subjects consuming
the tomato sauce based on the high-â-carotene and the tangerine
tomato varieties, respectively, were significantly higher at 5 h
compared to 4 h and 3 h (P < 0.044, Fisher protected LSD
test), the latter two being not significantly different.

When adjusted for the amount of lycopene intake by dividing
the TRL-AUC values through the amount of lycopene con-
sumed, AUC was found to be 68.1( 14.6 and 28.0( 5.6
(nmol‚h)/L (P ) 0.02) following consumption of the tangerine
and high-â-carotene varieties, respectively. Fractional absorption
of total lycopene was found to be 38( 31% from the tangerine
and 16( 11% from the high-â-carotene variety (P ) 0.03).
Correlation between lycopene absorption from the tangerine vs
the high-â-carotene variety was low and not significant,
indicating high intraindividual absorption differences within the
subjects.

DISCUSSION

The present study addressed the hypothesis of lycopenecis-
isomers being highly bioavailable from tomato sauce obtained
from tangerine tomatoes with elevatedcis-isomer concentrations,

Table 1. Subject Characteristics at the Onset of the Studya

age (y) BMI (kg/m2)

plasma
triacylglycerol
level (mmol/L)

plasma
cholesterol

level (mmol/L)

female (n ) 6) 35.5 ± 2.4b 26.3 ± 3.0 0.891 ± 0.080c 4.35 ± 0.19d

male (n ) 6) 25.5 ± 2.2 24.6 ± 1.5 1.298 ± 0.304 4.26 ± 0.53

a Values are means ± SEM. b P < 0.05, unpaired Student’s t test (two-tailed).
c The conversion factor to mg/dL is ×88.57. d The conversion factor to mg/dL is
×38.67.
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especiallytetra-cis-lycopene. In addition, absorption ofâ-car-
otene and lycopene from tomato sauce produced from a high-
â-carotene tomato variety was investigated. The tomato sauce
obtained from tangerine provided a good source to investigate
lycopene absorption when consumed predominantly ascis-
isomers (97%), in contrast to most commercial tomato products
rich in the all-trans form. The results revealed efficient
absorption of lycopene consumed ascis-isomers when compared
to both results from previous studies and lycopene absorption

from the high-â-carotene variety with lycopene existing pre-
dominantly in theall-trans form. To our knowledge, postpran-
dial absorption of lycopene andâ-carotene from these varieties
was tested in humans for the first time. So far, very limited
information has been available regarding the bioavailability of
lycopene isomers from tomatoes or tomato products, and most
studies focused on the blood plasma response after a longer
feeding period, not on TRL reflecting newly absorbed caro-
tenoids.

Lycopene absorption from the tangerine variety versus the
high-â-carotene variety was about 2.5 times higher, even when
adjusted for lycopene doses. The lower dose given within the
high-â-carotene variety could have been expected to result in a
rather higher fractional absorption, as lower lycopene doses are
assumed to be better absorbed compared to large doses (24).
Thus, the results suggest high lycopene bioavailability when
ingested predominantly in the form ofcis-isomers. In a recent
human study by Allen (25), lycopene plasma responses were
studied in a human crossover study following the consumption
of 140 g/d ofcis-lycopene-rich tangerine orall-trans-lycopene-
rich roma sauces for 4 d. Even though the total amount of
lycopene consumed in the tangerine group was lower, a 20%
vs 2% increase in plasma lycopene concentration after tangerine
and roma sauce consumption was observed, respectively,
suggesting thatcis-lycopene was more efficiently absorbed than
theall-trans-isomer. Similarly, preliminary results by Ishida et
al. (26) reported higher plasma lycopene responses following
tangerine vs red tomato sauce consumption.

Lycopene absorption measured by TRL-AUC in previous
studies tended to be lower as measured in the present study.
When 23 mg of lycopene within tomato paste was consumed,
12 h AUC responses of 110 (nmol‚h)/L for total lycopene
following meal consumption were reached (27). Tyssandier et
al. (28) reported TRL-AUC0-6h responses of 273( 32 (nmol‚
h)/L following the consumption of 30 mg of lycopene from
tomato puree. A high (38 mg) lycopene capsule (containing 43
g of fat) resulted in a mean TRL-AUC value of 147 (nmol‚
h)/L (22). TRL-AUC responses of up to 89 (nmol‚h)/L were
obtained from test meals including canned tomatoes containing
22 mg of lycopene and 23 g of fat (29), andCmax (21 nmol/L)

Table 2. Distribution of Lycopene Isomers in the Test Meal Prepared from Tangerine Tomatoes and the Corresponding AUC and Cmax Responses in
the TRL Fractionsa

all-trans-lycopene tetra-cis-lycopene
total

cis-isomers
total

lycopene

tomatoes (mg/ 100g), n ) 6 0.10 ± 0.01 (3.1)b 2.60 ± 0.04 (80.0) 3.15 ± 0.05 (96.9) 3.25 ± 0.07
tomato sauce (mg/ 100g), n ) 6 0.28 ± 0.04 (3.0) 5.66 ± 0.13 (59.8) 9.19 ± 0.23 (97.0) 9.47 ± 0.23
AUC0-9.5h ((nmol‚h)/L),c n ) 11 3.5 ± 2.8 (0.4) 515.1 ± 113.7 (59.2) 866.7 ± 185.4 (99.6) 870.2 ± 186.9
Cmax (nmol/L),d n ) 11 1.30 ± 0.33 (0.7) 117.3 ± 28.2 (61.8) 188.5 ± 44.1 (99.3) 189.8 ± 44.2

a Values are means ± SEM. b The percentage of lycopene isomers in total lycopene is given in parentheses. c Measured as baseline-corrected area under the curve
of the TRL fraction. d Maximum concentration reached in the baseline-corrected TRL fraction during the 9.5 h.

Table 3. Distribution of â-Carotene Isomers in the Test Meal Prepared from High-â-Carotene Tomatoes and the Corresponding AUC and Cmax

Responses in the TRL Fractionsa

all-trans-â-carotene 9-cis-â-carotene
total

â-carotene
total

lycopene

tomatoes (mg/100g), n ) 6 2.29 ± 0.21 (98.7)b 0.03 ± 0.01 (1.3) 2.32 ± 0.24 0.55 ± 0.03
tomato sauce (mg/100g), n ) 6 12.6 ± 0.50 (98.4) 0.20 ± 0.04 (1.6) 12.8 ± 0.5 3.13 ± 0.10
AUC0-9.5h ((nmol‚h)/L),c n ) 12 291.2 ± 53.9 (95.9) 12.4 ± 3.6 (4.1) 303.6 ± 53.9 118.2 ± 23.8
Cmax (nmol/L),d n ) 12 75.2 ± 11.5 (92.1) 6.5 ± 1.4 (7.9) 81.6 ± 12.1 35.9 ± 6.3

a Values are means ± SEM. b The percentage of â-carotene isomers in total â-carotene is given in parentheses. c Measured as the baseline-corrected area under the
curve of the TRL fraction. d Maximum concentration reached in the baseline-corrected TRL fraction during the 9.5 h.

Figure 2. Change in plasma TRL concentrations of lycopene and
â-carotene over 9.5 h following the consumption of (A) tangerine tomato
sauce (n ) 11) and (B) high-â-carotene tomato sauce (n ) 12), both
containing 15 g of corn oil/150 g serving size, in a postprandial crossover
study. Plasma TRL concentrations (nmol/L of plasma) are expressed as
the mean ± SEM.
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was also lower compared to that in our study (190 nmol/L)
following tangerine sauce consumption. Thus, relatively strong
TRL-AUC0-9.5h responses of total lycopene were obtained in
the present study following the consumption ofcis-isomer-rich
tangerine tomato sauce, while the lycopene TRL-AUC response
from the high-â-carotene variety was in a more similar range
when compared to literature values.

The percent distribution of lycopenecis-isomers in the
tangerine tomato sauce was reflected in a very similar TRL
response pattern, with a further shift ofall-trans-lycopene to
its cis form. Interestingly, only relatively low concentrations
of 5-cis-lycopene were detected following tangerine sauce
consumption, while it was frequently found in comparable high
concentrations following tomato feeding studies (21, 30). It
could therefore be speculated that 5-cis-lycopene is isomerized
predominantly fromall-trans-lycopene. The literature suggests
that, in addition to preferred absorption of lycopenecis-isomers
(31), further isomerization ofall-trans-lycopene into cis-
lycopene occurs in vivo (5, 32). In a recent study, thecis:all-
trans ratio of lycopene isomers changed from 55:45 in blood
plasma prior to intervention to 65:35 following a tangerine
intervention, while no significant change occurred following red
tomato consumption (25). Both further isomerization ofall-
trans-lycopene and effective absorption ofcis-isomers in vivo
are supported by one of our former studies investigating the
effect of processing to increase thecis-isomer lycopene content.
A baseline-corrected TRL-AUC0-9.5h response of 289.6( 57.6
(nmol‚h)/L was reached after the consumption of 150 g ofcis-
isomer-rich (45%, 40 mg of lycopene) tomato sauce, while it
was significantly lower (230.7( 52.5 (nmol‚h)/L) following
the consumption of a very similar,all-trans-isomer-rich (95%,
49 mg lycopene) sauce (unpublished results). These results
however are still clearly below the AUC responses observed in
the present study. Boileau et al. (32) investigated thecis-isomer
composition of micelles in vitro and suggested thatcis-lycopene
is more bioavailable thanall-trans-lycopene, most likely due
to increased solubility in mixed micelles. The enrichment of
cis-isomers in micelles may be attributed to the lower virtual
chain length ofcis-isomers due to structural bending compared
to that of theall-trans form, improving solubility in micelles
and making this structure less susceptible to crystallization. It
can be speculated that the higher number ofcis-bonds present
in prolycopene further increases solubility during micellization.

In addition tocis:trans isomer distribution, carotenoid bio-
availability is influenced by a number of factors. Among these
are food processing by disrupting the cell matrix and caro-
tenoid-protein complexes (33) mechanically and thermally for
the release of lycopene from the food matrix (4, 27). Heating
is also known to influence thecis:trans ratio of lycopene and
therefore potentially its bioavailability when tomatoes are
processed into sauce (34, 35). In our study, the percentage of
tetra-cis-lycopene of total lycopene decreased after processing,
while that ofall-trans-lycopene stayed about the same, and the
sum of othercis-lycopene isomers increased. These findings
are consistent with earlier observations (25) and the fact that
all-trans-lycopene is the more thermodynamically stable com-
pound (4). Coconsumption of lipids also has been shown to be
important (12, 36). In addition to an increase in carotenoid
solubility during digestion, it was postulated that carotenoids
are kept in the enterocyte and are not released until long-chain
fatty acids (12:0-18:0) from a present or subsequent meal
enable carotenoid packaging into chylomicrons (37). This could
explain the observed shoulder in the postprandial TRL curves
(Figure 2), which might indicate a double peak absorption

pattern which has been observed in a number of previous studies
(22, 27, 29). Monounsaturated fatty acids especially were shown
to be incorporated preferably into lipoproteins as compared to
oils higher in saturated fatty acids (38, 39). Short- and medium-
chain fatty acids seem to have a less strong effect on increasing
carotenoid absorption (37). For this reason, we chose to add
10% corn oil, rich in long-chain, unsaturated (linoleic) acid, to
the tomato sauce to enhance carotenoid bioavailability.

The second objective of the present study was to investigate
â-carotene absorption in humans from tomato sauce produced
from a high-â-carotene tomato variety as an alternative dietary
source forâ-carotene, as tomato and its products are commonly
consumed. The present results indicate effective absorption of
â-carotene from the tomato sauce obtained from this unique
variety. TRL-AUC0-9.5h responses of 304 (nmol‚h)/L for total
â-carotene were reached in the present study following the
consumption of high-â-carotene sauce (containing 17 mg of
â-carotene). Compared to our results, lower TRL-AUC0-10h

responses of 35 (nmol‚h)/L were reached when 15 mg of
â-carotene in the form of boiled carrots was consumed.
However, higher responses of 271 (nmol‚h)/L were obtained
following the consumption of the same amount ofâ-carotene
(15 mg) when given in the form of a palm oil suspension (40).
In a study investigating the amount of dietary fat (0, 6, 28 and
g of canola oil) onâ-carotene absorption from carrots in salad
(containing 12 mg ofâ-carotene) AUC0-9h values of 6, 104,
and 221 (nmol‚h)/L were obtained after fat-free, reduced, and
full-fat salad dressing consumption, respectively (12), highlight-
ing the importance of fat present in the meal forâ-carotene
absorption. Similar high AUC results forâ-carotene of 268 and
490 (nmol‚h)/L were reported after consumption of 26 mg of
â-carotene within a liquid emulsion of 60 g of sunflower oil
and beef tallow, respectively. In summary, the dose-corrected
â-carotene absorption from tomato sauce processed from high-
â-carotene tomatoes in the present study seemed slightly higher
than from carrots in earlier studies.

In addition to lycopene andâ-carotene, tomatoes can also
be rich sources of other carotenoids such asγ-carotene and
precursors of lycopene such as phytoene, phytofluene, and
ú-carotene (11), which were not determined in the present study.
As these compounds have also been suggested to possess health-
beneficial properties such as lowering the risk of developing
prostate cancer (10), future studies to characterize differences
between tomato varieties and study absorption of additional
carotenoids in human trials are merited.

In conclusion, this study supports the hypothesis of lycopene
cis-isomers being highly bioavailable. The use of tangerine
tomatoes provided a unique source to investigate absorption of
cis-lycopene. The present results demonstrate high absorption
of lycopene when consumed predominantly ascis-isomers,
suggesting the consumption of this variety could be a way to
increase lycopene absorption and to benefit from its health-
associated effects. In addition, the high absorption ofâ-carotene
from tomato sauce processed from a high-â-carotene tomato
variety indicates that tomato products obtained from this unique
variety are a good dietary source forâ-carotene and therefore
for vitamin A.

ABBREVIATIONS USED

AUC, area under the concentration vs time curve; ECD,
electrochemical detection; GCRC, General Clinical Research
Center; OSU, The Ohio State University; TRL, triacylglycerol-
rich lipoprotein.

Carotenoid Absorption in Humans J. Agric. Food Chem., Vol. 55, No. 4, 2007 1601



LITERATURE CITED

(1) Canene-Adams, K.; Campbell, J. K.; Zaripheh, S.; Jeffery,
E. H.; Erdman, J. W., Jr. The tomato as a functional food.
J. Nutr. 2005, 135, 1226-1230.

(2) Clinton, S. K. Lycopene: Chemistry, biology, and implications
for human health and disease. Nutr. ReV. 1998, 56, 35-51.

(3) Calvo, M. M. Lutein: a valuable ingredient of fruit and
vegetables.Crit. ReV. Food Sci. Nutr.2005, 45, 671-696.

(4) Porrini, M.; Riso, P.; Testolin, G. Absorption of lycopene from
single or daily portions of raw and processed tomato.Br. J. Nutr.
1998, 80, 353-361.

(5) Clinton, S. K.; Emenhiser, C.; Schwartz, S. J.; Bostwick, D. G.;
Williams, A. W.; Moore, B. J.; Erdman, J. W., Jr. Cis-trans
lycopene isomers, carotenoids, and retinol in the human prostate.
Cancer Epidemiol. Biomarkers PreV. 1996, 5, 823-833.

(6) Isaacson, T.; Ronen, G.; Zamir, D.; Hirschberg, J. Cloning of
tangerine from tomato reveals a carotenoid isomerase essential
for the production of beta-carotene and xanthophylls in plants.
Plant Cell 2002, 14, 333-342.

(7) van Lieshout, M.; West, C. E.; van Breemen, R. B. Isotopic tracer
techniques for studying the bioavailability and bioefficacy of
dietary carotenoids, particularly beta-carotene, in humans: a
review.Am. J. Clin. Nutr.2003, 77, 12-28.

(8) Mayne, S. T. Antioxidant nutrients and chronic disease: Use of
biomarkers of exposure and oxidative stress status in epidemio-
logic research.J. Nutr. 2003, 133, 933S-940S.

(9) D’Ambrosio, C.; Giorio, G.; Marino, I.; Merendino, A.; Petrozza,
A.; Salfi, L.; Stigliani, A. L.; Cellini, F. Virtually complete
conversion of lycopene intoâ-carotene in fruits of tomato plants
transformed with the tomato lycopeneâ-cyclase (tlcy-b) cDNA.
Plant Sci.2004, 166, 207-214.

(10) Campbell, J. K.; Canene-Adams, K.; Lindshield, B. L.; Boileau,
T. W.; Clinton, S. K.; Erdman, J. W., Jr. Tomato phytochemicals
and prostate cancer risk.J. Nutr. 2004, 134, 3486S-3492S.

(11) Khachik, F.; Carvalho, L.; Bernstein, P. S.; Muir, G. J.; Zhao,
D. Y.; Katz, N. B. Chemistry, distribution, and metabolism of
tomato carotenoids and their impact on human health.Exp. Biol.
Med.2002, 227, 845-851.

(12) Brown, M. J.; Ferruzzi, M. G.; Nguyen, M. L.; Cooper, D. A.;
Eldridge, A. L.; Schwartz, S. J.; White, W. S. Carotenoid
bioavailability is higher from salads ingested with full-fat than
with fat-reduced salad dressings as measured with electrochemi-
cal detection.Am. J. Clin. Nutr.2004, 80, 396-403.

(13) van het Hof, K. H.; West, C. E.; Weststrate, J. A.; Hautvast,
J. G. Dietary factors that effect the bioavailability of carotenoids.
J. Nutr. 2000, 130, 503-506.

(14) Ferruzzi, M. G.; Sander, L. C.; Rock, C. L.; Schwartz, S. J.
Carotenoid determination in biological microsamples using liquid
chromatography with a coulometric electrochemical array detec-
tor. Anal. Biochem.1998, 256, 74-81.

(15) Precheur, R. J. Ohio vegetable production guide.The Ohio State
UniVersity CooperatiVe Extension Bulletin; The Ohio State
University: Columbus, OH, 2000; p 672.

(16) van Vliet, T.; Schreurs, W.; van den Berg, H. Intestinal beta-
carotene absorption and cleavage in men: response of beta-
carotene and retinyl esters in the triglyceride-rich lipoprotein
fraction after a single oral dose of beta-carotene.Am. J. Clin.
Nutr. 1995, 62, 110-106.

(17) Beckman Coulter.SYNCHRON LX* system(s) chemistry infor-
mation sheets for cholesterol and triglycerides; Beckman
Coulter: Fullerton, CA, 2006; http://www.beckmancoulter.com/
products/testmenu/synchron.asp.

(18) Ferruzzi, M. G.; Nguyen, M. L.; Sander, L. C.; Rock, C. L.;
Schwartz, S. J. Analysis of lycopene geometrical isomers in
biological microsamples by liquid chromatography with coulo-
metric array detection.J. Chromatogr., B2001, 760, 289-
299.

(19) Weast, R.Handbook of chemistry and physics; CRC Press:
Cleveland, OH, 1973.

(20) Hengartner, U.; Bernhard, K.; Meyer, K.; Englert, G.; Glinz, E.
Synthesis, isolation, and NMR-spectroscopic characterization of
14 (z)-isomers of lycopene and of some acetylenic didehydro-
lycopenes and tetradehydrolycopenes.HelV. Chim. Acta1992,
75, 1848-1865.

(21) Hadley, C. W.; Clinton, S. K.; Schwartz, S. J. The consumption
of processed tomato products enhances plasma lycopene con-
centrations in association with a reduced lipoprotein sensitivity
to oxidative damage.J. Nutr. 2003, 133, 727-732.

(22) O’Neill, M. E.; Thurnham, D. I. Intestinal absorption of beta-
carotene, lycopene and lutein in men and women following a
standard meal: response curves in the triacylglycerol-rich
lipoprotein fraction.Br. J. Nutr.1998, 79, 149-159.

(23) Third Report of the National Cholesterol Education Pro-
gram (NCEP) Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol in Adults (Adult Treat-
ment Panel III) final report.Circulation 2002, 106, 3143-
3421.

(24) Gustin, D. M.; Rodvold, K. A.; Sosman, J. A.; Diwadkar-
Navsariwala, V.; Stacewicz-Sapuntzakis, M.; Viana, M.; Crowell,
J. A.; Murray, J.; Tiller, P.; Bowen, P. E. Single-dose pharma-
cokinetic study of lycopene delivered in a well-defined food-
based lycopene delivery system (tomato paste-oil mixture) in
healthy adult male subjects.Cancer Epidemiol. Biomarkers PreV.
2004, 13, 850-860.

(25) Allen, C. M. Effects of the consumption of fresh and processed
tomato products on blood and tissue lycopene concentra-
tions. Ph.D. Thesis, The Ohio State University, Columbus, OH,
2000.

(26) Ishida, B. K.; Burri, B. J.; Chapman, M. H. Effects of processing
on lycopene-isomer content of tangerine tomato.Abstr. Pap. Am.
Chem. Soc.2005, 229, U46-U47.

(27) Gartner, C.; Stahl, W.; Sies, H. Lycopene is more bioavailable
from tomato paste than from fresh tomatoes.Am. J. Clin. Nutr.
1997, 66, 116-122.

(28) Tyssandier, V.; Cardinault, N.; Caris-Veyrat, C.; Amiot, M. J.;
Grolier, P.; Bouteloup, C.; Azais-Braesco, V.; Borel, P. Vegetable-
borne lutein, lycopene, and beta-carotene compete for incorpora-
tion into chylomicrons, with no adverse effect on the medium-
term (3-wk) plasma status of carotenoids in humans.Am. J. Clin.
Nutr. 2002, 75, 526-534.

(29) van het Hof, K. H.; de Boer, B. C. J.; Tijburg, L. B. M.; Lucius,
B.; Zijp, I.; West, C. E.; Hautvast, J.; Weststrate, J. A. Carotenoid
bioavailability in humans from tomatoes processed in different
ways determined from the carotenoid response in the triglyceride-
rich lipoprotein fraction of plasma after a single consumption
and in plasma after four days of consumption.J. Nutr. 2000,
130, 1189-1196.

(30) Allen, C. M.; Schwartz, S. J.; Craft, N. E.; Giovannucci, E. L.;
De Groff, V. L.; Clinton, S. K. Changes in plasma and oral
mucosal lycopene isomer concentrations in healthy adults
consuming standard servings of processed tomato products.Nutr.
Cancer2003, 47, 48-56.

(31) Erdman, J. W. How do nutritional and hormonal status modify
the bioavailability, uptake, and distribution of different isomers
of lycopene?J. Nutr. 2005, 135, 2046S-2047S.

(32) Boileau, A. C.; Merchen, N. R.; Wasson, K.; Atkinson, C. A.;
Erdman, J. W. Cis-lycopene is more bioavailable than trans-
lycopene in vitro and in vivo in lymph-cannulated ferrets.J. Nutr.
1999, 129, 1176-1181.

(33) Dietz, J. M.; Sri Kantha, S.; Erdman, J. W. J. Reversed phase
HPLC analysis of alpha- and beta-carotene from selected raw
and cooked vegetables.Plant Foods Hum. Nutr.1988, 38,
333-341.

(34) Agarwal, A.; Shen, H.; Agarwal, S.; Rao, A. V. Lycopene content
of tomato products: Its stability, bioavailability and in vivo
antioxidant properties.J. Med. Food2001, 4, 9-15.

(35) van het Hof, K. H.; Gartner, C.; West, C. E.; Tijburg, L. B. M.
Potential of vegetable processing to increase the delivery of

1602 J. Agric. Food Chem., Vol. 55, No. 4, 2007 Unlu et al.



carotenoids to man.Int. J. Vitam. Nutr. Res.1998, 68, 366-
370.

(36) Unlu, N. Z.; Bohn, T.; Clinton, S. K.; Schwartz, S. J. Carotenoid
absorption from salad and salsa by humans is enhanced by the
addition of avocado or avocado oil.J. Nutr. 2005, 135, 431-
436.

(37) Borel, P.; Tyssandier, V.; Mekki, N.; Grolier, P.; Rochette, Y.;
Alexandre-Gouabau, M. C.; Lairon, D.; Azais-Braesco, V.
Chylomicron beta-carotene and retinyl palmitate responses are
dramatically diminished when men ingest beta-carotene with
medium-chain rather than long-chain triglycerides.J. Nutr.1998,
128, 1361-1367.

(38) Jackson, K. G.; Robertson, M. D.; Fielding, B. A.; Frayn,
K. N.; Williams, C. M. Olive oil increases the number of triacyl-
glycerol-rich chylomicron particles compared with other oils:
an effect retained when a second standard meal is fed.Am. J.
Clin. Nutr. 2002, 76, 942-949.

(39) van Greevenbroek, M. M. J.; van Meer, G.; Erkelens, D. W.; de
Bruin, T. W. A. Effects of saturated, mono-, and polyunsaturated

fatty acids on the secretion of apo B containing lipoproteins by
Caco-2 cells.Atherosclerosis1996, 121, 139-150.

(40) van den Berg, H.; van Vliet, T. Effect of simultaneous, single
oral doses of beta-carotene with lutein or lycopene on the beta-
carotene and retinyl ester responses in the triacylglycerol-rich
lipoprotein fraction of men.Am. J. Clin. Nutr. 1998, 68,
82-89.

Received for review August 13, 2006. Revised manuscript received
November 17, 2006. Accepted November 20, 2006. Salaries and research
support were provided by state and federal funds appropriated to The
Ohio State University, Ohio Agricultural Research and Development
Center (OARDC) Competitive Grants Program; The General Clinical
Research Center at The Ohio State University, Grant M01-RR00034
from the National Center of Research Resources of the National
Institutes of Health; National Cancer Institute Grant R01 CA 112632;
and USDA-IFAFS Grant 2001-52102-11333.

JF062337B

Carotenoid Absorption in Humans J. Agric. Food Chem., Vol. 55, No. 4, 2007 1603


