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Epidemiological studies have shown that consumption of carotenoid-rich fruits and vegetables is
associated with a reduced risk of developing chronic diseases. j-Carotene, a-carotene, and
pB-cryptoxanthin are precursors of vitamin A, a nutrient essential for human health. However, little is
known about the bioavailability of carotenoids from whole foods. This study characterized the intestinal
uptake performance of carotenoids using monolayers of differentiated Caco-2 human intestinal cells
and mimicked human digestion to assess carotenoid absorption from carrots and corn. Results showed
that Caco-2 cellular uptake of -carotene and zeaxanthin was higher than that of lutein. Uptake
performances of pure carotenoids and carotenoids from whole foods by Caco-2 cells were both
curvilinear, reaching saturated levels after 4 h of incubation. The time kinetics and dose response of
carotenoid uptake presented a similar pattern in Caco-2 cells after plating for 2 and 14 days.
Furthermore, the applicability of this new model was verified with whole grain corn, showing that
cooked corn grain significantly enhanced carotenoid bioavailability. These results support the feasibility
of the in vitro digestion cell model for assessing carotenoid absorption from whole foods as a suitable
and cost-effective physiological alternative to current methodologies.
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INTRODUCTION It has been estimated that over 3 million children worldwide
Epidemioloaical studies h istently sh that th suffer from xerophthalmia and that 25600 million children
piaemiological studies have consistently snown that the go blind annually due to vitamin A deficiencyl®). This

consumption of caroten.0|d-r|ch foods is .ass.omated with a situation occurs most commonly in India, Africa, Latin America,
reduced risk of developing several chronic diseases such as

cardiovascular disease and cancer (1-5). It has been reporte nd the Caribbean. Grains such as rice and wheat are the
. e ; o P (Eredominant foods in these regions, and these grains are
that carotenoids have specific biological activities such as free

. 8 . Lo typically milled to remove the aleurone layer prior to further
;)ae(:loczl(jsa(t:i?)\;]er;gg:git(i?ﬁ Sér)'.gl?:taorggr?gig:err:g;mgfer\'grl:f'?he processing into foods. This milling results in a food product

development of atherosclerosis and preserve vascular functionthat 's deficient in provitamin A carotenoids. Breeding and
S o . netic recombinant technologies to pr iofortified f
by inhibiting the oxidation of low-density lipoprotein (LDL) genetic recombinant technologies to produce biofortified foods

. ; ) such as provitamin A enhanced rice endosperm are current
cholesterol (9—11). Certain carotenoids such as lutein and b P

zeaxanthin have been associated with a reduced risk of catarac, pproaches used to increase the levels of carotenoids in natural

. oods (17,18).
development 12) and have been shown to play a protective bl bi hesi id d
role in the progression of early atherosclerodi)( Humans are unable to biosynthesize carotenoids and must

Carotenoids, such g&carotene a-carotene, ang-crypto- acquire these essential compounds through the diet. Research
. ’ oenen ) Typ to understand and enhance carotenoid bioavailability is also
xanthin, are precursors of vitamin A4). Vitamin A deficiency

: A . important, as much is still unknown; a majority of the work to
is a global health problem responsible for growth failure and understand bioavailability has focused on dietary supplements
increased susceptibility to infection, blindness, and deHi. ( ’

not natural food sources of carotenoids. Additionally, many
factors have been found to affect carotenoid absorption once
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assessed primarily by monitoring the change of carotenoid Food preparation
concentration in plasma following either acute/chronic admin-
istration or the ingestion of the purified carotenoids or a
carotenoid-rich meal (2425). However, in these studies —
individuals have typically shown a wide variation in plasma Gasric d},gesuon
carotenoid content after the consumption of carotenoid-rich diets, PH2,37°C, 1 hr
suggesting that absorption of carotenoids had been influenced
by genetic, physiological, and metabolic factd?6)( Addition-

ally, the levels of ingested carotenoids that have actually been

In vitro digestion

Pancreatin-bile digestion
pH 6.9,37°C, 2 hr

absorbed and metabolized are difficult to meas@.(Some — l —
animal models for the assessment of human carotenoid bio- Uptake by Caco-2 cells, 37°C, 4 hr
availability have tried to solve this problen2%), but such

models are limited in application; the efficiency of carotenoid WWWW
absorption, the conversion ratio of carotenoids to retinol, and 1

the metabolic pathway of carotenoids are known to be species

dependent8). Approaches using isotopic labeling coupled with

mass spectral analysis for the measurement of the absorptiorfigure 1. In vitro digestion/Caco-2 cell culture model for carotenoid

of carotenoids from foods give the most direct measurement of bioavailability.

carotenoid bioavailability (29); however, these methods are

costly and complex. period (37). To our knowledge, no study has examined the
Given the limitation of using animal or human subjects, a involvement of carotenoid receptors, carriers, or functional

simple alternative model for studying human intestinal caro- €NZYMes in the transmission of carotenoids across cell mem-
tenoid absorption would be useful. Park8p) suggested that ~ Pranes. Parkei30) suggested that the uptake of carotenoids by
the development of in vitro Caco-2 cell culture models for duodenal mucosal cells was associated with passive diffusion

assessing carotenoid bioavailability from foods could be a cost- ©f carotenoids driven by concentration gradients. Therefore, it
effective alternative. Garrett et aBY, 32) reported a Caco-2 'S reasonable to propose that when a short-term assay is used

cell culture model for the assessment of carotenoid bioavail- to screen for carotenoid bioavailability from foods, it is possible

ability from fresh and cooked vegetables and meals. They used!© US€ cells plated after 48 h instead of 14 days or more.
a digestion procedure in which 2-monoacylglycerol, oleic acid, Although Caco-2 cells plated at thfe_rent times, fqr example,
phosphatidlycholine, vegetable oil, and animal fat were added 48 h Versus 14 days’_may exhibit differences n mtracelll_JIar
to the meals, and micellarized carotenoids were separated vigtnzyme act|_V|t|es?\7), It Is not known wheth_er this results in
ultracentrifugation. The amount of micellarized carotenoids dn‘ferencgs n rate or gfflClency of carotenoid uptake.

present was used as an estimation of carotenoid bioavailability. | € objectives of this study were (1) to develop a Caco-2
During et al. 83) reported a Caco-2 cell model used to cell cuItur_e mO(_jeI _c_oupled with an in vitro digestion process to
characterize carotenoid absorption and secretion. In the presenc8SSess bioavailability of carotenoids, (2) to assess the uptake
of microsomes from rat liver, Tween 40, oleate, and taurocho- of carotenoids from whole foods including carrots and whole
late, cells could assemble and secrete chylomicrons, which9"@ins, and (3) to compare efficacy of carotenoid bioavailability
enhanced cellular absorption and secretion of carotenoids. AlN €aco-2 cell cultures plated after 48 h and 14 days. Our overall

potential limitation of these approaches to mimic human goal i; to provide researchers with a suitable, rapid, and cost-
physiological absorption of carotenoids is that the models effective Caco-2 cell culture model for whole food carotenoid

incorporated additional emulsifiers, which are not ingested along Pioavailability screening that is particularly useful for the
with carotenoid-rich fruits and vegetables as part of the human @ssessment of whole grains (Figure 1).

diet. Therefore, it is necessary to develop an alternative Caco-2

cell model that mimics human physiological absorption and EXPERIMENTAL PROCEDURES

more closely parallels the human diet. Chemicals. Butylated hydroxytoluene (BHT)3-carotene, lutein,

It has been found that the consumption of heat-processedcarotene (2:14:a), bile extract (from porcine), pepsin (from porcine
carrots and spinach can significantly increase fhearotene  stomach mucosa), and pancreatin (from porcine pancreas) were
Concentration in human p|asm34o, and heat treatment Of purchased from Slgm_a Chemlc.al Co. (St LOUIS,_ MO) Zeaxanthlr.] was
tomatoes can result in enhanced lycopene bioavailability in purchased from Indofine Chen_ncal (_30. (Somervnlg, NJ). All chemicals
humans (35). Although previous research has shown that Vere of analytical grade quality. Dimethyl sulfoxide (DMSO), tetra-

. ’ L . . hydrofuran (THF), methanol (MeOH), and mettért-butyl ether
processing of carotenoid-rich fruits and vegetables can increas

2 L - . e(MtBE) were purchased from Fisher Scientific (Pittsburgh, PA).
carotenoid bioavailability, few reported studies have examined \yjijiams' Medium E (WME), Dulbecco’s Modified Eagle Medium

the effects of processing on carotenoid bioavailability from (pmEM), and fetal bovine serum (FBS) were purchased from Gibco
whole grains or have fully characterized grain carotenoid Life Technologies (Grand Island, NY).

profiles. It is urgent and worthy to establish a database of Cell Culture. The Caco-2 human colon cancer cells were obtained
carotenoid bioavailability from whole grains because staple from the American Type Culture Collection (ATCC, Rockville, MD),
foods such as wheat and corn can provide provitamin A to and stock cultures were maintained in DMEM supplemented with 5%
developing countries where vitamin A deficiency is a serious FBS, 10 mM HEPES, 50 units/mL penicillin, 3@/mL streptomycin,
problem. A model that can provide rapid results and multiple and 100ug/mL gentamicin. In this study, we performed two different

assessments would be quite useful and economical for thiSCaco-Z cell cuItu_re models: culture 1, with cells cultured for 2 days;
purpose and culture 2, with cells cultured for 2 weeks (14 days).

. Culture 1 (2-Day Cells)Cells were seeded in six-well flat-bottom
Many Caco-2 cell culture models utilize cells plated 2 weeks pates at a density of & 10° cells per well. The cells were used at 48
postconfluency31, 33, 36) because it has been considered that h after plating, and the quantity of cellular protein and cell numbers

maximum cellular differentiation was exhibited after this time per well were determined.

Harvest cells/HPLC Analysis
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Culture 2 (2-Week CellsLells were seeded in six-well flat-bottom  rate of 1.5 mL/min. The gradient procedure was as follows: (1) initial
plates at a density of & 1P cells per well. The cells were used at 14  conditions of 75% solvent A and 25% solvent B, (2) increasing solvent
days after plating, and the quantity of cellular protein and cell numbers B to 30% between 11 and 13 min, (3) maintaining 70% solvent A and
per well were determined. 30% solvent B for 9 min between 13 and 22 min, (4) decreasing solvent

Sample Preparation. All procedures with carrots and corn were B from 30 to 25% between 22 and 23 min, (5) maintaining 75% solvent
performed under subdued lighting to minimize the destruction of A and 25% solvent B for at least 5 min before the next injection would
carotenoids. Carrots, purchased from a local supermarket, were cleaneccur. Lutein, zeaxanthifs-cryptoxanthin-carotene, and-carotene
with distilled water, wiped dry, and finely chopped. The diced carrots concentrations in the carrot sample, corn sample, and cellular extracts
were mixed with an equal weight of saline (140 mM NaCl and 5 mM were extrapolated from the pure carotenoid standard curves. Carotenoid
KCI) including 150u4M BHT and homogenized cold—-5 °C) to a recoveries from the incubation were 345.5% for lutein, 100t 5.0%
pureed consistency with a blender forx33 min. The homogenized for zeaxanthin, 96+ 2.5% for -cryptoxanthin, 96+ 7.5% for
sample was transferred to a 50 mL screw-capped tube wrapped withf-carotene, and 96 7.5% for a-carotene.

aluminum foil and stored at 70 °C until use for further experiments. Cytotoxicity. The methylene blue assay was used to assess the
The thawed carrot slurry that was subjected to a cooking procedure potential toxicity of diluted sample digests toward Caco-2 cells,
was mixed with saline in a 1:1 w/w ratio before cooking in a 20 following the procedure of Oliver et al. (40).

water bath for 15 min. After the sample had cooled to room temperature,  Statistical Analysis of Data. All data were reported as meah

the in vitro digestion procedure was performed as described below. standard deviation (SD) for three replicates of each treatment. All
The corn samples were milled in a grinder to a fine powder (60 analyses of data were performed using the SAS software program (SAS

mesh), mixed thoroughly, and stored-&t0 °C for further experiments. Institute, Cary, NC). Means were considered to be significantly different

In this study, we assessed the carotenoid bioavailability of raw/digested if p values were<0.05.

corn as well as that of cooked/digested corn. For raw/digested corn,

the in vitro digestion was directly performed as described below. For ResyLTS

cooked/digested corn, the sample was mixed with saline (1:4 w/w ratio

corn/saline) before cooking in a 10€ water bath for 15 min. Pure Carotenoid Compound Uptake by Caco-2 Cells.
In Vitro Digestion. The in vitro digestion method used was a Time Kinetics of carotenoid uptake by Caco-2 monolayers after
modification of that previously described by Miller et 88). Briefly, different incubation time periods are shownhkigure 2. For

the sample was mixed with saline (140 mM NaCl, 5 mM KCI, and the 2-day cell model treated with:M lutein, zeaxanthin, and

150 4M BHT) to create a final volume of 18 mL and acidified to pH [-carotene (Figure 2a), lutein, zeaxanthin, apdcarotene

2 with 0.1 M/1 M HCI. Then the sample was mixed with 0.5 mL of uptake could be detected after 1 h and reached a stable level
pepsin solution (0.2 g of pepsin in 5 mL of 0.1 M HCI) and incubated ;g0 4 1y \when the concentrations of lutein, zeaxanthin and
in a shaking water bath at 3T for 1 h. After gastric digestion, the ﬂ-caroten’e were 272 90. 1009+ 316. and 109'& 120 pmol

pH of the digestate was increased to 6.9 with 0.1 M/1 M NakHCO - - .
Further intestinal digestion was performed with the addition of 2.5 mL respectively. The amounts of lutein, zeaxanthin, grzarotene

of pancreatin—bile solution (0.45 g of bile extract and 0.075 g of Uptake did not show a significant change< 0.05) after 4 h
pancreatin in 37.5 mL of 0.1 M NaHG{and incubated in a shaking  Of incubation. Within a 12 h period, uptake of zeaxanthin and
water bath at 37C for 2 h. The total digestate weight was adjusted to 3-carotene by 2-day cells was higher than that of lutein. For
28 g with saline. The digest was stored a70 °C for further the 2-week cell model treated with /M lutein, zeaxanthin,
experiments. andf-carotene (Figure 2b), carotenoids reached a stable level
Uptake of Carotenoids by Caco-2 Cells.In this study, we in the Caco-2 cells after 3 h, when the concentrations of lutein,
developed two model designs (designs 1 and 2) to assess the uptake 0feaxanthin, ang-carotene were 1253 50, 586+ 198, and
c?rotenoids by boéh culture 1§nd culture 2. Desigrljl targeted tre?tmhenlts616i 112 pmol, respectively. The amounts of zeaxanthin and
of pure carotenoid compounds. Design 2 targeted treatments of whole Do . S
foods. The two model designs are described below. p-carotene L.jptake QId not show a Slgnlflcant. chamge 0.05)
after 3 h ofincubation. Uptake of zeaxanthin apdcarotene

Design 1 (Pure Compoundslutein, zeaxanthin, an@-carotene . . o .
were used as pure compounds for cell treatments. Carotenoids wereV@S also higher than that of lutein within a 12 h period. In

dissolved in DMSO and diluted to an average concentration-§ 1 general, the time kinetics of carotenoid uptake by 2-day cells
uM (final concentration of DMSO was 2%) in WME medium. All stock ~and 2-week cells were quite similar.

solutions in WME contained 4M BHT. Upon treatment initiation, Dose responses of carotenoid uptake by Caco-2 monolayers
the medium was removed, and the cells were washed three times withafter different treatment doses are showrfigure 3. Lutein,

PBS. The cells were treated with 1 mL of prepared carotenoid solution zeaxanthin, ang-carotene uptake by the 2-day cell model after
and incubated at 37C. Carotenoid uptake was terminated atindicated g h of incubation (Figure 3a) increased with increasing

times by removing the treatment medium and washing the cells threecarotenoid concentrations and reached a stable level when
times with washing solution (1:2:3, v/v/\_/, ether/_MeOH/PBS). Washed carotenoid concentrations were: the amounts of Iutein,
cells were collected/harvested three times with 1 mL of cold PBS .

zeaxanthin, an@-carotene uptake by the 2-day cells were 397

containing 10% (v/v) methanol. Samples were stored4 °C under .
a blanket of nitrogen until analysis. + 108, 1483+ 413, and 134G 162 pmol, respectively. The

Design 2 (Whole Foods)For the whole foods, cooked/digested ~@mounts of lutein, zeaxanthin, ajidcarotene uptake did not
carrots and corn were used as whole food treatments. Digestion solutionsshow a significant change (5= 0.05) between carotenoid
were centrifuged at 120@Cfor 5 min. The collected supernatant was ~concentrations of 4 and 8M. In the 8 uM treatment range,
diluted 1:4 v/v with WME and added to the Caco-2 cell culture. Cells uptake of zeaxanthin antcarotene by 2-day cells was higher
were treated as in design 1 described above. than that of lutein. For the 2-week cell model treated@dn of

HPLC Analysis of Carotenoids. The carotenoid content of samples  incubation (Figure 3b), the amounts of lutein apecarotene
was determined using HPLC according to a modified method previously yptake were directly related to the dose of carotenoids added
described (39). Frozen samples were thawed, and the cell homogenateg, e medjum and reached a stable level when carotenoid
were sonicated for 2 min on ice. Aliquots were extracted three times concentrations were 4M, when the concentrations of lutein

with 1 mL of hexane, dried under a stream of nitrogen, and redissolved .
in 0.4 mL of MeOH/THF (1:1, v/v). The carotenoid content of each andf-carotene were 16% 12 and 303t 51 pmol, respectively.

sample was quantified using an RP-HPLC procedure employing a 250 1 N€ @mounts of lutein anf-carotene taken up did not show a
x 4.6 mm YMC Gy column, particle size= 3 um (Waters Inc., significant changeg( < 0.05) between carotenoid concentrations
Wilmington, NC). The mobile phase of MeOH/water (95:5, viv) Of 4 and 8uM. The uptake of zeaxanthin arfiicarotene by
(solvent A) and methylert-butyl ether (solvent B) was used at a flow  2-day cells was also higher than that of lutein in the:\d
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Figure 3. Dose response of pure carotenoid compound uptake by Caco-2
cells, (a) 2 and (b) 14 days after plating. Indicated amounts of lutein,
zeaxanthin, and S-carotene in 1 mL of WME including 2% DMSO were
applied to Caco-2 cell monolayers and incubated for 6 h. Each point
represents the mean + SD of triplicate observations.

Figure 2. Time kinetics of pure carotenoid compound uptake by Caco-2
cells, (a) 2 and (b) 14 days after plating. Caco-2 cells were incubated
with 1 mL of 4 uM lutein, zeaxanthin, and 3-carotene in WME including
2% DMSO for indicated times. Each point represents the mean + SD of
triplicate observations.

treatment range. Generally speaking, the dose response ofind 566+ 7 pmol, respectively. The amounts afcarotene
carotenoid uptake by 2-day cells was similar to that of 2-week and -carotene taken up did not show a significant change (p
cells. < 0.05) between 2 &h8 h of incubation. Generally speaking,
Characterization of Carotenoid Uptake by Caco-2 Cells the patterns of time kinetics of carotenoid uptake from the
from Whole-Food Carrots. As can be seen ifrigure 4, the whole-food carrots by 2-day and 2-week cells were similar.
o-carotene angB-carotene from the whole-food carrots were The amounts ofi-carotene ang-carotene from the whole-
taken up in a time-dependent manner by the Caco-2 monolayersfood carrots taken up by the Caco-2 monolayers over a range
For the 2-day cell model treated Wit g ofcooked and digested  of doses can be seen Figure 5. For the 2-day cell model
carrots Figure 4a), uptake ofa-carotene angi-carotene reached  treated for a 4 h ofncubation with 1 g ofcarrots (Figure 5a),
a saturated level in the Caco-2 cells after 4 h, when the uptake ofo-carotene ang-carotene by cells was not detected.
concentrations ofi-carotene angb-carotene were 244 29 Uptake of these compounds was detected at a treatment of 2 g
and 409+ 54 pmol, respectively. The amounts @fcarotene of carrots and reached a saturated level when the treatment was
and -carotene taken up did not show a significant change (p increased d 4 g of carrots, when the concentrations of
< 0.05) after 4 h ofincubation. For the 2-week cell model a-carotene ang@-carotene in the cells were 261 37 and 397
treated with 4 g of cooked and digested carrdigyre 4b), + 55 pmol, respectively. The amounts ofcarotene and
carotenoids reached a saturated level after 2 h, when the uptakg-carotene taken up did not show a significant changes(
of concentrations oft-carotene ang-carotene were 33% 2 0.05) between 4 ah6 g of carrots. For the 2-week cell model
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Figure 4. Time kinetics of carotenoid uptake from carrots by Caco-2 cells,
(@) 2 and (b) 14 days after plating. Caco-2 cells were incubated for Carrot (g)
in_dica?ed time; with 1 mL of diluted (1:4) digestion soIL_Jtion in WME. The Figure 5. Dose response of carotenoid uptake from carrots by Caco-2
digestion solution was prepared from 4 g of carrots with cooking at 100 cells, (a) 2 and (b) 14 days after plating. Caco-2 cells were incubated for
C for 15 min and in vitro digestion. Each point represents the mean + 4 h with 1 mL of five different concentrations of diluted (1:4) digestion
SD of triplicate observations. solutions in WME. The five digestion solutions were prepared from 0, 1,
2,4, and 6 g of carrots with cooking at 100 °C for 15 min and in vitro
incubated for 4 h and treated Witl g of carrots (Figure 5b), digestion. Each point represents the mean + SD of triplicate observations.

uptake ofa-carotene ang-carotene by cells was not detected.
At a treatment b2 g of carrots, uptake of these carotenoids
was detected and further reached a saturated level in the Caco
cells at a treatmentf@} g of carrots, when the concentrations

_éncubation Figure 6a), uptake of carotenoids by cells from
cooked corn was higher than that from raw corn. Uptake of
of a-carotene ang-carotene were 39Z 33 and 595+ 7 pmol, lutein and zeaxanthin from cooked/digested corn by cells was
respectively. The amounts afcarotene ang-carotene taken ~ 0-9- and 1.2-fold, respectively, significantly higher than that
up did not show a significant change ¢ 0.05) between 4 and ~ from raw/digested cormp(< 0.05). In addition, for the 2-week
6 g of carrots. Obviously, the dose response patterns of Cell model treated wit 2 g ofcorn far a 4 hincubation Figure
carotenoid uptake by 2-day and 2-week cells from the whole- 6b), similar results were obtained: cooking enhanced the amount
food carrots were similar. of carotenoids taken up by cells. Uptake of zeaxanthin from
Bioavailability of Carotenoids from Corn. Figure 6 shows cooked corn by cells was 1.1-fold, significantly higher than that
the uptake of lutein, zeaxanthin, afietryptoxanthin by Caco-2 ~ from raw corn p < 0.05). The uptake of carotenoids from
cell monolayers from raw/digested and cooked/digested corn.whole-food corn by 2-day and 2-week cells was similar in
For the 2-day cell model treated wi2 g of corn for a 4 h performance, as illustrated Figure 5.
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250 - compounds; however, the results of absorption performance
a from these studies do not match our observations in this study.
Lo Scita et al. (43) treated rat small intestinal cells (hBRIE 380)
E commmin with B-carotene solubilized in THF/DMSO and showed that
[retypRmaRin l B-carotene cellular accumulation was linear up to a concentration
of 25 uM. Garrett and his colleagues (31) used a composite
solution of carotenoids, 2-monoacylglycerol, oleic acid, and
phosphatidylcholine to measure the uptake of pure carotenoid
compounds by Caco-2 cells. This study showed that the
maximum accumulation gf-carotene in Caco-2 cells occurred
when the carotenoid concentration was @48. Additionally,
T cells accumulateg@-carotene linearly from the medium during
20 h of incubation. During et al3@) conducted an emulsifica-
tion cell model with the addition of Tween, oleate, and
taurocholate to assess cellular uptake and secretion of pure
carotenoid compounds into chylomicrons. Using this model, it
was found that intracellulg@-carotene had not reached saturated
— Coolkad cam levels even after 16 h of incubation. Previous researchers have
successfully used DMSO to process transepithelial transport of
} ~ lipophilic drugs in Caco-2 cell cultured4, 45). In the present
L utein b study, we used 2% DMSO as a carrier of pure carotenoid
[ Zeaxanthin compounds and showed that after treatment, accumulation of
200 { | EEEE B-cryptoxanthin l intracellular carotenoids was curvilinear, reaching maximum
' accumulation at a carotenoid concentration afM. We also
found that uptake of pure carotenoids by 2-day and 2-week cells
150 reached a stable maximum/saturated level aftedd G of
incubation. Our different observations of the performance of
carotenoid uptake could have been due to the use of different
cell types and delivery vehicles. Previous literature and our study
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10 support this opinion (2331).
Previous work has suggested that the transfer of lutein, a polar
a5 carotenoid, from the lumen across the brush border was more
— efficient than that of-carotene 46). However, our results
indicated that in 2-day and 2-week cells intracellular lutein
concentrations were lower than that of intracellfecarotene.
0- Garrett and his colleague47) reported similar results. In both
Raw corn Cooked com studies, the emulsified forms of carotenoids were used to deliver
Figure 6. Uptake of carotenoid by Caco-2 cells from corn 2 (a) and 14 carotenoids to Caco-2 cells. Borel et @8] suggested that the
days after plating (b). Caco-2 cells were incubated for 4 h with 1 mL of emulsified form ofg-carotene was more efficient than that of
diluted (1:4) digestion solutions in WME. The digestion solutions were lutein, a more polar carotenoid, due to the stability of the
prepared from 2 g of raw or cooked corn at 100 °C for 15 min with in emulsified compound. This proposal directly supports the results
vitro digestion. Each point represents the mean + SD of triplicate from our present study. Interactions between carotenoids may
observations. also explain the differences in absorption performance between
p-carotene and lutein. Kostic et al2§) examined serum
DISCUSSION responses after single dosegietarotene and lutein, both alone

The Caco-2 human intestinal cell line is a potentially useful &nd as an equimolar mixture. They found that when combined,
model for studying the transport and metabolism of dietary p-carotene significantly reduced the serum responses for lutein
phytochemicals such as carotenoi@8)( This cell line has been ~ ©© 53—61% of control values. O'Neill and Thurnham (49)
used to assess the performance of intestinal absorption ofSimilarly found that the absorption gtcarotene and lycopene
lipophilic compounds such as vitamin E and retinél (42). was significantly lower than that of lutein. A similar effect was
We conducted a series of studies to characterize the intestina@!SC reported by Paetau et &0 in their study of canthaxanthin.
uptake of pure carotenoid compounds and dietary carotenoidsVVe further propose that the difference in metabolism, retention,
from whole-food matrices using monolayers of the differentiated @nd oxidation of individual carotenoids must be considered.
Caco-2 human intestinal cell line. The model we built in this Some carotenoids may be transferred to retinol in cells, whereas
study showed a consistent characterization of absorption of pureCther carotenoids may be metabolically processed or oxidized.
carotenoid compounds and dietary carotenoids from whole-food Garrett et al. (47) has suggested the80% of lutein may be
carrots and corn by Caco-2 human intestinal cells. In our study, Metabolized or spontaneously oxidized by cells. To date, the
dietary carotenoids from whole foods were absorbed by Caco-2 research to fully describe the cellular metabolism and secretion
cells in a manner similar to that exhibited by the pure of individual carotenoids is not complete, and further extensive
compounds. These data support the feasibility of using a Caco-2Study is necessary.
cell culture model coupled with an in vitro digestion procedure  Garrett et al. 82, 47) used the Caco-2 cell model to study
to assess carotenoid bioavailability of whole foods. carotenoid bioavailability from foods. Vegetable oil and animal

Several studies3(, 33, 43) have also reported cell culture fat were added to baby food and stir-fried vegetables and further
models to assess carotenoid bioavailability from pure carotenoidused in the model as a food matrix. To prepare non-cytotoxic
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carotenoid treatment/medium for Caco-2 cells, ultracentrifuga- tenoid content, depending on the different carotenoid compounds
tion (167000gfor 95 min) and filtration (0.22¢m) were used and foods due to differences and complexities in carotenoid
to separate the aqueous and digestate/micellar fractions. It wasinding formation. Some common household cooking methods,
reported 47) that this two-step separation methodology resulted such as microwave cooking, steaming, or boiling in a small
in the significant loss of carotenoids such as lycopgme<( amount of water, do not drastically change the carotenoid
0.01) due to micellar instability. We suggest that this micellar content of fruits and vegetables. Mild heat treatment of yellow-
model, although useful, does not adequately represent the fullorange vegetables, such as carrots, sweet potato, and pumpkin,
scope of human physiological digestion and absorption. Most has been shown to result in a loss of on—10% of the
commonly, when humans eat carotenoid-rich fresh fruits and o-carotene ang-carotene %2). In our study, we showed that
vegetables, additional oils, fat, or emulsifiers may be not the cooking process increased the bioavailability of carotenoids
consumed at the same time. Taking this dietary pattern into from corn. Several researchers support our findings with similar
consideration, to more realistically mimic the absorption study results. Rock et al. (34) showed that the consumption of
behavior of human intestinal cells, we used cooked and in vitro heat-processed carrots and spinach significantly enhanced
digested carrot dilution treatments to directly treat Caco-2 cells S-carotene concentration in human plasma, whereas others have
without the addition of extra oils or emulsifiers. shown that heat treatment of tomato enhanced lycopene bio-
Furr and Clark §1) reported that in the human digestive availability in humans (3553, 54). These findings do not
system, lipid soluble compounds such as carotenoids might beSUPPOrt the concept that heat-processed foods have lower
emulsified with bile salts from the gall bladder to produce a nutritional values than fresh products, but suggest that processing
micellar suspension, which is absorbed across the epithelial cellM&Y actually be nutritionally beneficial in some products. Thus,
membrane. We found in our model that the performance of such _res:_earch_ can significantly af_fect consumer food ch0|c§-s,
carotenoid uptake by 2-day and 2-week Caco-2 cells can reach@sulting in an increased consumption of certain processed fruits,
a saturated level after a2 h treatment. To date, few reports ~Vegetables, and whole grains.
have indicated actual time periods required for carotenoids to
cross human enterocyte membranes. On the basis of ourACKNOWLEDGMENT
findings, we suggest that following the consumption of a
carotenoid-rich meal, only-24 h may be required for caro-
tenoids to enter intestinal cells from the digested system. As is
typical of the daily humar_l diet, fc_>od is ingested on average | TERATURE CITED
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