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We previously developed an in vitro model to estimate the relative bioavailability of carotenoids from a meal
prepared using commercial baby foods. The general applicability of this model was tested using a stir-fried meal
consisting of fresh spinach, fresh carrots, tomato paste, and vegetable oil. After in vitro digestion of the cooked
meal, the aqueous fraction was separated from residual oil droplet and solids by centrifugation to quantify
micellarized carotenoids. The percentages of lutein, lycoperaarotene, and-carotene transferred from the

meal to the micellar fraction were 296 0.6, 3.2* 0.1, 14.7+ 0.3, and 16.0+ 0.4, respectively. Carotenoid
transfer from the meal to the aqueous fraction was inhibited when bile extract was omitted from the intestinal
phase of digestion. The bioavailability of the micellarized carotenoids was validated using differentiated cultures
of Caco-2 human intestinal cells. All four carotenoids were accumulated in a linear manner throughout a 6-hr
incubation period. Metabolic integrity was not compromised by exposure of cultures to the diluted aqueous
fraction from the digested meal. The addition of 5000l/L a-tocopherol to test medium significantly improved

the stability of the micellar carotenoids within the tissue culture environment. These results support the utility of
the in vitro digestion procedure for estimating the bioavailability of carotenoids from foods and medlsNutr.
Biochem. 11:574-580, 200@® Elsevier Science Inc. 2000. All rights reserved.
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Introduction of individuals after consuming carotenoid-rich meals suggest

Carotenoids are a group of hydrophobic pigments synthe-that the absorption of these plant pigments is affected by

sized by plants, photosynthetic algae, and bacteria thatger_]r?g:' plgﬁ'orfgt'ﬁil’ ?r?g Ig];tgtzonl:-_():i(;ai‘:f;ﬁl (synthetic vs
appear to confer protection against the development of some P ' Y :

forms of cancer and cardiovascular diseb$&arotenoid naturally occ_urripg in foods), the manner .OT preparation of
bioavailability from foods or supplements is usually as- the carotenoid-rich food, and the composition of the caro-

sessed by monitoring increases in carotenoid content of;ebr;lci)t'd}:gr?] gig?‘f&;ﬁ;";’){gé" Igﬁegs??;gog?eggarﬁt
plasma or the triacylglycerol-rich fraction of plasié. y ' Pe, p

However, the wide variations in plasma carotenoid respons:eleveIS ofB-garotene (BC) and retinol !ncreased In-women
fed synthetic BC in a wafer, but not in women fed green

leafy vegetables containing an equivalent amount of°BC.
Moreover, the bioavailability of specific carotenoids from
the same food source, for example, BC and lutein (LUT)
_ ~ from spinach'® or similar carotenoids from different matri-
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tion and Food Management, Ohio State University, 325 Campbell Hall, . . 2 .
1787 Neil Avenue, Columbus, OH 43210-1295 USA. the diversity of carotenoids in foods and the many potential
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challenge for predicting carotenoid bioavailability at this
time.

meal were transferred to three amber glass bottles. The bottles

were capped after blanketing the digesta with argon, and samples

We prev|ous|y developed an In Vltro method to estlmate were incubated in the Shaklng water bath at 37°C for 2 hr.

the relative bioavailability of carotenoids from various
foods2 Commercial baby foods consisting of processed
vegetables and meat were used to prepare a test meal th

The impact of the digestion procedure itself on the recovery of
carotenoids from the starting meal was examined in pilot studies.
ooked meals were homogenized in 150 mmol/L saline containing
50 pmol/L BHT (final volume of 46 mL). Aliquots of the

was subjected to in vitro digestion. The quantities of pomogenized meal were extracted and the concentrations of
carotenoids transferred from the food matrix to the aqueous carotenoids determined (see below) for comparison with those

micellar fraction were determined as an estimate of the present in digestate after completion of the digestion procedure.
relative bioavailability of LUT, lycopene (LY C)-carotene The levels of LUT, LYC, AC, and BC were similaP(> 0.01) in
(AC), and BC. The bioavailability of these carotenoids in the homogenized and the digested meals, indicating that these
the aqueous fraction was validated by monitoring their carotenoids were not destroyed during the digestion procedure.
apical uptake by differentiated cultures of the Caco-2
human intestinal epithelial cell line. The experiments re- |solation of the micellar fraction
ported below represent a parallel study in which the test Th . . . )
meal was prepared from stir-fried fresh vegetables instead,, - 2du€ous fraction was isolated from the digesta according to
as prep . 9 Hernell et al** Polyallomer ultracentrifuge tubes were filled with
of the highly processed baby foods in order to evaluate the g 5 | of the digesta and centrifuged in a 50.3 Ti rotor at
bro.ade( appllcaplllty Qf th_(’{ In vitro dlgest_lon procedure for 167,000x g at 4°C for 95 min (Beckman Model L7-65 Ultracen-
estimating the bioavailability of carotenoids from meals.  trifuge; Beckman Instruments, Palo Alto, CA USA). The aqueous
fraction was collected from the centrifuge tubes with an 18-gauge
needle attached to a 10-mL plastic syringe. The solution was
filtered (cellulose acetate, 0.22m pore size; Gelman Sciences,
Unless stated otherwise, all reagents and materials were purchase@‘nn Arbo_r, MI USA,) to remove mlcrocwstalllne_nonmlcellarlzed
from Sigma Chemical Co. (St. Louis, MO USA) and Fisher carotenoids that were not pelleted during centrifugatfott
Scientific Co. (Norcross, GA USA).

Materials and methods

Uptake of micellar carotenoids by intestinal cells

Stock cultures of Caco-2 cells (HTB-37, American Type Culture

All manipulations with foods were performed under subdued Collection, Rockville, MD USA) were maintained in high-glucose
lighting to minimize the destruction of carotenoids. A carotenoid- Dulbecco’s modified Eagle’s medium (DMEM) supplemented
rich meal was prepared from 100 g fresh Spinachl 50 g fresh with 10% heat-inactivated fetal bovine serum, nonessential amino
carrots, and 50 g tomato paste to provide primary sources of LUT, acids (10 mL/L), L-glutamine (2 mmol/L), amphotericin B (0.5
AC and BC, and LYC, respectively. The spinach and carrots were Mmg/mL), gentamicin (50 mg/L), sodium bicarbonate (44 mmol/L),
chopped finely. Seven milliliters of vegetable oil (primarily —and HEPES (15 mmol/L) in a humidified atmosphere of 95%
soybean oil, Hunt-Wesson, Inc., Fullerton, CA USA) were added air/5% CQ, (v/v) at 37°C with medium changed every other déy.

to a temperature-regulated electric skillet that was preheated toCultures of Caco-2 at passages 23-36 were grown in 12-well
177°C. The vegetables were added to the skillet and fried for 4 min dishes (Beckton Dickinson Labware, Franklin Lakes, NJ USA)
with constant stirring. The cooked meal was mixed with 70 mL of and used for experiments between 11 and 14 days after reaching
saline containing 15Qumol/L butylated hydroxytoluene (BHT) confluency. The differentiation of Caco-2 cells maintained in this
and homogenized to a pureed consistency with a kitchen blendermanner is maximal at this tim.

(Osterizer Pulse Matic) set on “chop” for 2 min, followed by Monolayers were washed two times with 1 mL Hank’s bal-
setting of “blend” for an additional 2 min to simulate mastication. anced salts solution (HBSS) before adding 1 mL of test medium
Samples (2 g) of the meal were transferred to amber bottles andcontaining 0.75 mL DMEM and either 0.25 mL aqueous fraction
diluted with 34 mL of saline (150 mmol/L) containing 15@nol/L or 0.25 mL saline (control) to triplicate wells for each test.
BHT before homogenizing (Tekmar Tissumizer, Cincinnati, OH Cultures were incubated at 37°C for either 2, 4, or 6 hr. At
USA) for 30 sec at a setting of 50. The starting quantity of the indicated times, medium was removed and monolayers were
homogenized meal subjected to the digestion procedure waswashed two times with HBSS containing 5 mmol/L sodium
increasedd 6 g toprovide higher concentrations of micellarized taurocholate at 22°C. Presumably, the wash with bile salt removes

carotenoids for the investigation of carotenoid uptake by Caco-2 carotenoids adhering to cell surfacés:®Cells were scraped into
cells (see below). 1 mL of ice-cold phosphate buffered saline containing 10% (v/v)

ethanol and 45umol/L BHT. Samples were overlaid with argon
and stored at-20°C for a maximum of 2 days.

Preparation of meal from fresh vegetables

In vitro digestion

The in vitro Qigest_io_n procedur_e de_scribed by Miller et%ivas Sample extraction and analysis
conducted with minimum modifications as reported elsewhére.

Briefly, the homogenized meal was acidified (pH 2) before Frozen samples of digesta, aqueous fraction, and cells were thawed
addition of porcine pepsin to a final concentration of 1.8 mg/mL and sonicated briefly. Aliquots (500L) were mixed with 50Q.L

and incubated at 37°C in a shaking water bath (Precision Scientific of ethanol containing 0.;umol/L echinenone before extracting
Instruments, Model Shal. Form, Chicago, IL USA) at 95 rpm for with 1 mL acetone three times. Acetone extracts were pooled and
1 hr. The pH of the gastric digestate was then increased to 5.3 with 1 mL of distilled water was added before re-extraction with 2 mL
sodium bicarbonate, and porcine bile extract and pancreatin wereof hexane three times. Pooled hexane extracts were evaporated
added to provide final quantities (concentrations) of 2.4 and 0.4 under nitrogen and reconstituted in 5QQ of mobile phase (see

mg of bile extract and pancreatin per mL digestate, respectively, in below). Aliquots (35pL) were analyzed by reverse-phase high

a final reaction volume of 46 mL. The pH was elevated to 7.5 with performance liquid chromatography (Hewlett-Packard, Model HP-

1 N sodium hydroxide and 10 mL aliquots of the partially digested 1090, Avondale, PA USA) and carotenoids were detected at 450
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nm2® Carotenoids were separated using a BF-C18/C4 analytical 40
column (25 cmXx 0.46 cm diameter; ES Industries, West Berlin,
NJ USA) containing 5um particles protected by a C-18 Adsor-
bosphere guard column (em particle size, 0.75< 0.46 cm,
Alltech, Deerfield, IL USA). Isocratic analyses were performed at
a flow rate of 1.5 mL/min with a mobile phase of 65% (v/v)

A. Complete Digestion B. Intestinal phase of
digestion only

w
o

ds in aqueous fraction

acetonitrile containing 13 mmol/L triethylamine, 15% (v/v) meth- *
ylene chloride, and 20% (v/v) methanol containing 1.3 mmol/L 201
ammonium acetat®’ Results were calculated from a multilevel
calibration table based on a series of external standards. Extraction's
efficiency generally exceeded 90% as determined by the recovery § 10
of echinenone that was added to each sample. g
Cellular integrity 0
LUT LYC AC BC LUT LYC AC BC

The potential toxicity of the diluted aqueous fraction from the
digested meal on the viability and metabolic integrity of differen-  gigyre 1  Relative contribution of gastric plus intestinal phase (com-
tiated cultures of Caco-2 cells was assessed. Standard markergiete digestion process) versus only the intestinal phase of the in vitro
monitored included the morphological appearance of the mono- digestion process on the transfer of carotenoids from test meal to the
layer, cell viability as assessed by trypan blue exclusion, protein aqueous fraction. Digestion of the homogenized meal was initiated at
content per well, the mean number of domes per 10 microscopic either the gastr!c (A) or mtestlna! B) plhase.l The proce(_jure forl the
fields/well, and mitochondrial activity. Domes represent an indi- complete digestion process (gastric and intestinal phases) is described

ST in the Materials and methods section. When digestion was limited to the
cator of Na, K-ATPase activity in the basolateral membréne. intestinal phase, the sample was acidified and pepsin added, but the

Procedures for examining the uptake and_irjcorporatior?l-bf mixture was neutralized immediately with NaHCOj followed by addition
leucine into protein and mitochondrial activity have been de- of a mixture of bile-pancreatin extract. All samples were incubated with
scribed in detail previously?2° shaking at 37°C for 2 hr for the intestinal phase before isolating the

aqueous fraction by centrifugation. The quantity of each carotenoid
present in the filtered aqueous fraction was expressed as a percentage
Stability of micellar carotenoids of the respective carotenoid in the digesta. Data are the mean = SEM
from 9 replicate meals. The presence of an asterisk (*) above the error
Diluted aliquots of the aqueous fraction isolated from the digestate bar indicates that the mean level of lutein (LUT) differed significantly (P <

were incubated in a cell-free tissue culture environment for 6 hr to 0.01) in the aqueous fraction after either intestinal or gastric plus

assess the stability of the micellar carotenoids in the aqueousintestinal digestion processes. The concentrations of lycopene (LYC)

fraction. Some samples were supplemented with indicated concen-and carotenes in the micellar fraction were similar (P > 0.01) for the two
] ' treatments. AC, a-carotene; BC, B-carotene.

trations of freshly prepared-tocopherol or ascorbate to evaluate

the ability of antioxidants to increase the stability of the micellar-

ized carotenoids.

Protein assay Table 1 Characterization of Caco-2 cultures treated with control

The quantity of cellular protein per well was determined using the (PMEM + 25% saline) and test medium (DMEM + 25% micellar fraction
- L . - from digested meal) for 6 hr*
bicinchoninic acid assay (Pierce, Rockford, IL USA).

DMEM + 256% DMEM + 25%

Statistical analysis of data Characteristic saline micellar
Data represent the mean SEM. For each parameter tested, three  protein content per well (mg) 1.97 + 0.03 1.31 + 0.02
separate meals were prepared for one experiment and eaclCell viability 95.5 + 0.9 95.1 = 1.1
experiment was repeated at least once on another day withDomes per microscopic field" 21+0.15 22 +0.14
differentiated cultures at a higher passage number to provide a°H-LEU uptake 20811 = 6212 18043 = 360°

minimum of six independent observations. For cellular studies, the SH(deETJ/'SO min/mg gr,Otei”) _ 04+ 05" 133+ 04"
diluted aqueous fraction from each digestate was added to tripli- ('% acig‘gogfg’g;‘te into protein a=0 o =0
cate v_vells contalnl_ng differentiated monolayers of _Caco-2 cells _to Mitochondrial activity* 0.20 + 0.003 0.21 + 0.004
examine carotenoid uptake. The mean carotenoid accumulation (a i I

L ) 3 (As20/30 min/well)
from the triplicate wells was used as a single observation. Data for
6_3 aqueous fLactlons thlat Wlere adﬁeld to test cullturles were pOOIedListed characteristics were assessed as described in the Materials and
to . etermine t € mean _eve of cellu a'r aC(_:urr_lu ation of carote- methods section after 6 hr of exposure of cultures to control (75%
noids from r_nlcell_ar medium at each_ time indicated. Data were DMEM + 25% saline) or test (75% DMEM + 25% aqueous fraction from
analyzed using either Studentdest Figure 1), Student’st-test digested meal) medium. The results represent the mean + SEM from
and repeated measures analySishle 1), one-way analysis of either two or three experiments using triplicate cultures for each assay.
variance Figure 2 and Table 29, and analysis of covariance  Different letters as superscript within a row indicate that there is a
(Figure 3, as appropriate. Tukey-Kramer Honestly Significant statistically significant difference (P < 0.01) between means.

; . ... "Domes are indicative of basolateral Na, K-ATPase activity in polarized
Difference test was used as a post hoc comparison of Sta'“Stlcalcells (Hidalgo et al.?"). Cultures were examined at 100 X magnification.

significance. All analyses of data were performed using the JMP %\jitochondrial activity was monitored by the rate of reduction of Alamar
statistical software program (SAS Institute, Cary, NC USA) with Bjue dye.

the alpha level set & < 0.01 to determine significant differences. DMEM-Dulbecco’s modified Eagle’s medium. LEU-leucine.
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mg bile extract/ mL digestate

o 024 3.6 |

% Carotenoids in micelles

LUT LYC AC BC

Figure 2 Bile extract is required for the transfer of carotenoids to the
aqueous phase during in vitro digestion of the vegetable meal. The meal
was digested as described in the Materials and methods section,
except that the concentration of bile extract in the reaction mixture
during the intestinal phase was adjusted to either 0, 2.4, or 3.6 mg/mL;
the concentration of bile extract in the standard procedure was 2.4
mg/mL. The amount of carotenoids present in the filtered aqueous
fraction after centrifugation are expressed as a percentage of that
present in the digesta. Data are the mean = SEM for a total of 9
separate meals at each level of bile tested. Different letters above the
error bars denote that mean levels of the indicated carotenoid differs
significantly (P < 0.01) in response to the level of bile extract added to
the digestion mixture. LUT, lutein; LYC, lycopene; AC, a-carotene; BC,
B-carotene.

Results

Characterization of the transfer of carotenoids from

test meal to aqueous fraction

The standard meal consisted of fresh spinach, fresh carrot
and tomato paste as sources of LUT, the carotenes (AC an

Table 2 Stability of micellar carotenoids generated by in vitro diges-
tion of fresh vegetable meal in a cell-free tissue culture environment for
6 hr

% Carotenoid recovered

Vit E Vit C
Control 100 pmol/L 500 pmol/L 100 pmol/L
LUT 81 = 1.2° 90 * 0.62° 96 * 0.92 77 £ 1.5°
LYC 49 + 3.2° 52 + 0.5° 76 *= 1.32b 47 + 2.0°
AC 57 + 2.5° 56 = 0.9° 95 + 3.02 54 +1.7°
BC 52 +2.3° 61 = 0.92° 95 + 1.02 54 + 2.0°

*The aqueous fraction from the in vitro digested meal was diluted 4-fold
with basal DMEM and supplemented with either 0, 100, or 500 wmol/L
a-tocopherol (Vit E), or with 100 wmol/L ascorbic acid (Vit C). Aliquots
were added to cell-free tissue culture dishes and incubated in a humid-
ified chamber with 95% air/5% carbon dioxide at 37°C for 6 hr. The
medium was collected and extracted as described in the Materials and
methods section to quantify the amount of each carotenoid present at
0 and 6 hr. Data are the mean = SEM for aqueous fraction prepared
from 6 test meals.

®The percentage of carotenoid recovered from wells after 6-hr incuba-
tion differed significantly (P < 0.01) from Control (i.e., no vitamin E or
vitamin C supplement).

®The percentage of carotenoid recovered was significantly (P < 0.01)
lower than that added to wells at O hr.

DMEM-Dulbecco’s modified Eagle’s medium. LUT-lutein. LYC-lyco-
pene. AC—a-carotene. BC—-B-carotene.

w
o
L

—-LUT -O-LYC
.- AC -m-BC

N
o

-
o
L

Cellular carotenoids (% uptake)

o

0 2 4 6
Incubation time (h)

Figure 3 Uptake of micellar carotenoids by differentiated cultures of
Caco-2 cells. Cultures were incubated in Dulbecco’s modified Eagle’s
medium containing 25% (v:v) freshly isolated aqueous fraction from
digested meal. Cellular levels of carotenoids were determined as de-
scribed in the Materials and methods section after 2—6-hr incubation.
Data represent the mean = SEM for 9 samples. The diluted aqueous
fraction from each meal was added to triplicate wells to determine
average carotenoid uptake for each sample at timed intervals. The
percentage of medium lycopene (LYC) and carotenes accumulated by
monolayers of Caco-2 cells was greater (P < 0.01) than that of lutein
(LUT). AC, a-carotene; BC, B-carotene.

BC), and LYC, respectively. These vegetables were stir-
fried using vegetable oil as the lipid source. The concentra-
tions of LUT, LYC, AC, and BC in the digesta at the
completion of the in vitro procedure were 2t40.05, 6.8+

0.2, 0.88+ 0.04, and 1.87+ 0.03 wg/mL, respectively.
Measurable quantities of all four carotenoids were present
in the filtered (0.22um pore size) aqueous fraction of the

Otiigestate. However, the efficiency of transfer of the carote-

noids from the foods to micelles differed. The results
presented irFigure 1A show that the percentage of LUT
transferred from the meal to the aqueous fraction (29.0
0.6%) exceeded that of LYC (3.2 0.1%), AC (14.7=
0.3%), and BC (16.0t 0.4%).

The quantity of LUT in the aqueous fraction of the
digestate was significantlyP( < 0.01) lower when the
digestion procedure was initiated at the intestinal phase (i.e.,
diluted homogenized meal was not exposed to 10 mM HCI
and pepsin for 1 hr at 37°@Gigure 1B than when samples
were subjected to the complete digestion proc&sgufe
1A). In contrast, the amounts of micellarized LYC and the
carotenes were similaP(> 0.01) for samples subjected to
either the standard (gastric and intestinal phases) or only the
intestinal phase of the digestion process. Carotenoids were
not detected in the filtered aqueous fraction when the
digestive factors, that is, HCI, pepsin, bicarbonate, bile
extract, and pancreatin, were omitted from the reaction
mixture (data not shown).

The obligatory requirement for bile salts in the solubili-
zation and subsequent absorption of carotenoids is well
established? As expected, negligible amounts of carote-
noids were detected in the aqueous fraction when bile
extract was omitted during the intestinal phase of digestion
(Figure 2). Addition of the standard quantity of bile extract
(2.4 mg/mL) significantly P < 0.01) increased the levels of
all four carotenoids present in the aqueous phase. Elevation
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of the level of bile extract to 3.6 mg/mL slightly, but compounds in the aqueous fraction from the meal. These
significantly (P < 0.01), increased the micellarization of possibilities were tested by the addition@tocopherol or

LUT, but not the hydrocarbon carotenoids. ascorbic acid to medium. Addition of 10@mol/L «-to-
copherol to medium significantly?(< 0.01) increased the
Cellular uptake of micellarized carotenoids recovery of LUT and BC to 9G 0.6% and 61+ 0.9% of

the starting concentration, respectively, but failed to signif-
icantly increaseR > 0.01) the levels of LYC and AC after
The apical uptake of carotenoids by differentiated cultures 6 hr. In contrast, there was minimal loss of carotenoids
of Caco-2 cells from test medium was monitored to validate during the 6-hr incubation when test medium was supple-
the bioavailability of carotenoids present in the agueous mented with 50Qumol/L a-tocopherol. The addition of 100
fraction of the digested stir-fried meal. Cultures were pmol/L ascorbic acid to test medium failed to improwe>%
incubated for as long as 6 hr in medium consisting of one 0.01) the recovery of the micellar carotenoids after 6 hr.
volume of the filtered aqueous fraction and three volumes of
DMEM. The starting concentrations of LUT, LYC, AC, and Discussion
BC in the diluted aqueous fraction were 0.42 0.01,
0.28 = 0.008, 0.11* 0.004, and 0.16= 0.006 pmol/L, We previously developed an in vitro method to estimate the
respectively. Cellular accumulation of all four carotenoids relative bioavailability of carotenoids from foods and
increased linearly with length of exposure and the amount meals'? The commercial baby foods used in the initial
of cellular LUT (57 = 1.2 pmol/mg protein) exceedeR & studies were prepared by cooking the pureed food at 145°C
0.01) that of LYC (48* 1.2 pmol/mg protein), AC (3G: for 35—45 min (personal communication, H.J. Heinz & Co.,
0.9 pmol/mg protein), and BC (3% 0.8 pmol/mg protein) Pittsburgh, PA USA). In those studies, the large surface area
after 6 hr. However, the percentage of medium LYC and of the cooked and pureed foods may have enhanced the
carotenes accumulated by the cells was significarRly<( extent of micellarization of the carotenoids in the nmfe#l.
0.01) greater than that of LUT after 2, 4, and 6 hr of Here, we sought to test the general applicability of the in
incubation Figure 3. The greater accumulation of LYC vitro digestion model as a rapid procedure for estimating the
and the carotenes than of LUT suggests differences inbioavailability of carotenoids by preparing a meal with
uptake, metabolism, and/or efflux of the hydrocarbon caro- minimally processed vegetables. Fresh spinach and carrots
tenoids and LUT? were combined with tomato paste and stir-fried in vegetable
Metabolic activities of Caco-2 cells were examined to oil at 177°C for 4 min.
assess possible toxicity of the aqueous fraction of the Because micellarization of hydrophobic species facili-
digesta. Data imable lindicate that exposure of monolay- tates their transfer to the brush border surface of enterocytes
ers for as long as 6 hr to the diluted aqueous fraction derivedfor uptake and subsequent absorpfidrnwe chose the
from the in vitro digestate did not alter cell viability, degree of micellarization during the digestion process as an
average number of domes per microscopic field, protein indicator of carotenoid bioavailability. The efficiency of
content per well, or mitochondrial activity, as assessed by transfer of individual carotenoids of interest from the
reduction of Alamar Blue dy& Cellular acquisition of stir-fried vegetable matrix to the aqueous or micellar frac-
3H-leucine from medium was decreased by 10%0.01), tion in response to in vitro digestion varied; that is, LUT
whereas the incorporation H into protein was slightly, was more readily micellarized than the carotenes and LYC.
but significantly < 0.01), higher in cultures exposed to This differential pattern of micellarization of the carote-
diluted aqueous fraction than in cultures incubated in noids in our in vitro studies is similar to our previous study
control medium. Together, these results suggest that metain which a baby food meal was subjected to in vitro
bolic integrity was not compromised by exposure to the digestion'? Likewise, Castenmiller et &P recently re-

generated by in vitro digestion

diluted aqueous fraction of the digestate. ported that LUT bioavailability was significantly greater
than that of the carotenes when subjects were fed a meal
Stability of micellar carotenoids in tissue consisting of either blanched, whole, or processed spinach.

Consideration of the relative hydrophobicity of the various
carotenoids, their location and chemical form in plants, and
The stability of the micellarized carotenoids generated by in their transfer between the oil droplet and micelles offer
vitro digestion of the stir-fried meal was examined in the some insights about the relative bioavailability of these
tissue culture environment. One volume of the filtered plant pigments in foods. LUT is usually located in chloro-
aqueous fraction was diluted with three volumes of DMEM, plasts, whereas the carotenes and LYC are found in chro-
aliquots were added to cell-free wells, and the dishes weremoplasts’®2” Carotenes in carrot root are associated with
incubated at 37°C in a humidified chamber with an atmo- proteins surrounded by a thick membranous sheet, and LYC
sphere of 95% air:5% COThe recovery of LUT after 6 hr  is present in the tomato as crystalloids that develop within
was 81+ 1.2% of the initial level in mediumTable 2. In or along thylakoid bodie€ Others have suggested that the
contrast, the concentrations of LYC and carotenes decreasedocation and speciation of BC and LYC in the plant matrix
approximately 50% by 6 hr. This marked decrease in the likely limits their transfer to the oil droplet that forms during
levels of the hydrocarbon carotenoids was relatively linear the gastric phase of digestiéif?

with losses of 12—-19% and 32—41% detected after 2 and 4 Micellarization of LYC from the meal containing tomato
hr, respectively. Such losses likely occurred because ofpaste in response to in vitro digestion was very low in this
spontaneous oxidation and/or the presence of pro-oxidantand our previous studiéd.Approximately 3—4% of LYC in

culture environment
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the stir-fried vegetable meal was transferred to the aqueous(Figure 3), which demonstrated the availability of the

fraction, whereas less than 1% of LYC in the baby food
meal with tomato paste was micellarized during in vitro
digestiont? Others also have reported low bioavailability of
LYC from tomato juice fed to human subjec3Calthough
processing and cooking in the presence of ¥ilenhanced
the bioavailability of the hydrocarbon carotenoid. Cooking
tomato products likely improves the bioavailability of LYC
by solubilizing a portion of the aggregated LYC crystals in
oil droplets®? Our data suggest that limited cooking and,
perhaps the use of vegetable oil instead of animal fat,
enhanced the micellarization of tomato paste LYC from the
stir-fried vegetable meal compared to brief warming of the
pureed baby food meal containing tomato paste.

The localization of the carotenoid within the oil droplet

micellarized carotenoids from the digestate. These results
are similar to our previous observations with Caco-2 cells
exposed to micelles prepared in vitro in the presence of
crystalline BC and LU and the aqueous fraction gener-
ated from in vitro digestion of commercial baby food carrots
and spinach? Studies are now needed to examine the
transfer of intracellular carotenoids into chylomicra for
transport across the basolateral membrane.

Deleterious effects of the diluted aqueous fraction from
the digestate on the morphological or biochemical integrity
of the Caco-2 cell were not observetlaple 1. However,
the hydrocarbon carotenoids in micelles generated from in
vitro digestion of the cooked fresh vegetables were less
stable in the tissue culture environmeritabple 2 than

formed within the gastrointestinal tract is another factor that previously observed with the aqueous fraction from the
may influence its transfer to the micelle. Hydrocarbon baby food meat? Wei et al®*’ also reported that BC
carotenoids are buried within the core of the oil droplet, solubilized in tetrahydrofuran is unstable in tissue culture
whereas the polar xanthophylls such as LUT are located medium. Because tissue culture media such as DMEM are
near the surfac& Zeaxanthin in phospholipid-triglyceride  devoid of antioxidant8® we assumed that such losses
emulsions was found to readily move to the aqueous phaseoccurred by spontaneous oxidation or the presence of
whereas such transfer of the hydrocarbon carotenoid BCpro-oxidants from foods in the aqueous fraction. The
from the emulsion to the aqueous fraction required lipase addition of 500umol/L a-tocopherol, but not ascorbate, to
activity 2 Thus, the location of LUT at the surface of the oil medium significantly improved the stability of all four
droplet likely facilitated its greater micellarization com- carotenoids. It is possible that LYC itself may have pro-
pared to the carotenes and LYC during digestion. tected the other carotenoids against oxidative modification

We evaluated the impact of gastric digestion on the because it demonstrates the highest antioxidant activity of
micellarization of carotenoids from the stir-fried vegetable all carotenoids in organic solvent®.
meal. A greater percentage of LUT was transferred to the  The results from this study further support the usefulness
aqueous fraction when digestion was initiated at the gastric of the in vitro digestion procedure as a simple model for
phase than when digestion was limited to the intestinal screening the relative bioavailability of the numerous caro-
phase Figure 1). In contrast, the gastric process did not tenoids in various plant foods. The in vitro digestion system
contribute to the amount of LYC, AC, or BC present in may be particularly useful for providing insights about
micelles at the completion of the intestinal phase of diges- appropriate traditional foods for improving the vitamin A
tion for either the stir-fried meal or the baby food mé&al.  status in populations that rely on fruits and vegetables as
This observation is in line with reports that the levels of their primary source of this vitamin. Similarly, judicious use
plasma retinol and hepatic carotenes were not altered byof the in vitro digestion model and the Caco-2 cell line
omeprazole-mediated inhibition of gastric secretion in rats should provide new insights about the uptake and transfer of
fed carrot extract* We homogenized the cooked meal to a dietary carotenoids and their metabolites across the intesti-
puree prior to initiating in vitro digestion to ensure repre- nal epithelium.
sentative sampling for analyses. Particle size of foods has
been shown to affect carotenoid bioavailability in humahs.

The dimensions of particles of ingested fresh vegetables in Acknowledgments

the stomach are likely to be larger than those in our in vitro
study. Thus, gastric digestion in vivo is expected to con-
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into oil droplets. In turn, pancreatic lipases hydrolyze ester
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cells to mature enterocytes has resulted in the widespread 2
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