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Green leafy vegetables (Spinacea oleracea, Cnidoscolus aconitifolius, and Solanum americanum)
contain a high amount of â-carotene (27-52 mg/100 g of dry sample) and lutein (140-193 mg/100
g of dry sample). The amount of â-carotene and lutein released from the food matrix by the action of
digestive enzymes ranged from 22 to 67% and from 27 to 77%, respectively. There was a significant
correlation between the enzymatic release of carotenoids (lutein + â-carotene) and the content of
Klason lignin, nonstarch polysaccharides, and resistant protein. The carotenoids released by the in
vitro colonic fermentation ranged from 2 to 11%, and part of them (0.251-4.03 mg/100 g of original
dry sample) remained intact in the fermentation media and could be potentially absorbed in the colon.
A significant part of carotenoids seems to be unavailable in the intestinal tract (16% in S. oleracea
to 58% in C. aconitifolius).
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INTRODUCTION

Current dietary guidelines to combat chronic diseases, includ-
ing cancer and coronary disease, recommend increased intake
of plant foods, including fruits and vegetables, which are rich
sources of carotenoids (1,2) and other bioactive compounds.
As antioxidants, carotenoids are protective agents that inactivate
reactive oxygen species and may therefore help to delay or
prevent oxidative damage.â-Carotene and lutein are major
carotenoids in plant foods, especially in green leafy vegetables.
Besides possessing provitamin activity,â-carotene is a potent
antioxidant, which scavenges free radicals (3) and quenches
singlet oxygen. Also, several desirable health-related properties
of lutein have been identified: for example, studies have linked
the intake of lutein and zeaxanthin to the prevention of age-
related macular degeneration (4,5).

Malnutrition, particularly vitamin A deficiency, is one of the
major public health problems in developing countries (6). Chaya
(Cnidoscolus aconitifolius) and macuy (Solanum americanum)
comprise part of the staple diet and are the main dietary source
of green leafy vegetables for the indigenous people of the
Yucatan peninsula in Mexico and the Kekchi people of Alta

Verapaz in Guatemala (7). In Central America,C. aconitifolius
andS. americanumconstitute important nutritional sources of
protein, provitamin A carotenoids, vitamins (ascorbic acid,
niacin, riboflavin, and thiamin), and minerals (calcium, iron,
and phosphorus) among populations that cannot afford expensive
foods rich in these nutrients.

However, the effectiveness of vegetables as a source of
carotenoids has been questioned because studies have shown
that the bioavailability ofâ-carotene and lutein from vegetables
is less than previously thought. The relative bioavailability of
â-carotene from vegetables as compared to purifiedâ-carotene
ranges between 3 and 6% for green leafy vegetables and between
19 and 34% for carrots (8). Broccoli and green peas induce a
strongerâ-carotene response in plasma than whole-leaf and
chopped spinach despite containing 10 times lessâ-carotene
(9). â-Carotene from fruits is reported to be 2.6-6 times as
effective in increasing plasma concentrations of retinol and
â-carotene as green leafy vegetables (10). There are also
differences between the relative bioavailability ofâ-carotene
and lutein (11,12), lutein bioavailability being higher than that
of â-carotene. However, these differences observed in in vivo
studies may not reflect the true bioavailability ofâ-carotene,
because part of the absorbedâ-carotene is cleaved and converted
to retinyl esters before entering the blood stream. Therefore,
the capacity of the digestive enzymes to release the carotenoids
from the food matrix may be the first step to determine the
bioavailability. For a better understanding, the use of in vitro
digestion and colonic fermentation methods may gain more
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insight into the availability of carotenoids from the food matrix
and the factors that determine their availability.

Only the carotenoids released from the food matrix by the
action of digestive enzymes and intestinal microflora are
available in the bowel and are potentially susceptible to
becoming bioavailable and thus absorbed through the intestinal
barrier. However, the amount of food carotenoids available in
the bowel may differ significantly from the food content as
estimated by chemical analysis. The aim of this work was to
evaluate the availability of carotenoids in both the small and
large intestines, using an in vitro digestion and colonic
fermentation model. Green leafy vegetables common in the
Guatemalan and Spanish diets were chosen. Macuy and chaya
are part of the staple diet of the Central American population,
and spinach is a significant green leafy vegetable item in the
Spanish diet.

MATERIALS AND METHODS

Sample Preparation.Chaya (Cnidoscolus aconitifolius) and macuy
(Solanum americanum) are native mesoamerican leaves that were
purchased from a local supplier in Guatemala, Central America. Leaves
were cooked at atmospheric pressure in boiling water for 15 min.
Cooking water was discarded, and leaves were freeze-dried, homog-
enized in an electric grinder, and stored at-18 °C. Spinach (Spinacea
oleracea) was purchased from a local supplier in Madrid, Spain. Raw
spinach leaves were freeze-dried, homogenized in an electric grinder,
and stored at-18 °C. Only the leaves of the three species were used
as sample.

Indigestible Fraction Methodology. The procedure to determine
the indigestible fraction was described by Saura-Calixto et al. (13).
Samples were successively incubated with digestive enzymes to
simulate digestion in the small intestine. Briefly, 300 mg of sample
was incubated with pepsin (0.2 mL of a 300 mg/mL solution in 0.2 M
HCl-KCl buffer, pH 1.5, 40°C, 1 h, Merck 7190), pancreatin (1 mL
of a 5 mg/mL solution in 0,1 M phosphate buffer, pH 7.5, 37°C, 6 h,
Sigma P-1750), lipase (2 mL of a 7 mg/mL solution in 0.1 M phosphate
buffer, pH 7.5, 37°C, 6 h, Sigma L-3126), porcine bile extract (2 mL
of a 17.5 mg/mL solution in 0.1 M phosphate buffer, pH 7.5, 37°C, 6
h, Sigma B-8631), andR-amylase (1 mL of a 120 mg/mL solution in
0.1 M Tris-maleate buffer, pH 6.9, 37°C, 16 h, Sigma A-3176) in
subsequent steps. Then samples were centrifuged (15 min, 3000g) and
supernatants removed. Residues were washed twice with 5 mL of
distilled water and all supernatants combined. Some residues were dried
overnight at 105°C and quantified gravimetrically as the insoluble
indigestible fraction; other residues were freeze-dried and stored at-18
°C for carotenoids analysis. Each supernatant was incubated with 100
µL of amyloglucosidase (Roche, 102 857) for 45 min at 60°C.
Supernatants were transferred into dialysis tubes (12000-14000
MWCO; Dialysis Tubing Visking, Medicell International Ltd., London,
U.K.), and dialyzed against water for 48 h at 25°C (water flow) 7
L/h). The soluble indigestible fraction was measured in the dialysis
retentate as nonstarch polysaccharides by dinitrosalicylic method (14),
and some dialyzed supernatants were evaporated to dryness with
nitrogen flush at 35°C in an R-114 Büchy vacuum rotatory evaporator
and then stored at-18°C for carotenoids analysis. The total indigestible
fraction is the sum of soluble and insoluble indigestible fractions.

In Vitro Colonic Fermentation. The in vitro fermentation method
was described by Goñi and Martı́n-Carro´n (15). Male Wistar rats were
supplied by the breeding center at the Faculty of Pharmacy (University
Complutense Madrid, Spain). Fresh rat cecal contents were used as
inoculum. Ceca were removed through abdominal midline incisions
and diluted (100 g/L) with anaerobic medium. The inoculum was mixed
(10 min) in a Stomacher 80 Lab Blender (Seward Medical, London,
U.K.) and filtered (1 mm mesh) before use. Residues from enzymatic
treatments were hydrated with fermentation medium (8 mL, 4°C, 16
h). Two milliliters of inoculum was added and the headspace rinsed
with carbon dioxide (1 min). Tubes were placed in a shaking water
bath (37°C, 24 h). Lactulose (Sigma L-7877) was included in the

experiment as 100% fermentable substrate. Blanks (cecal content) of
fermentation were also included. After incubation time, the pH was
measured, and 1 M NaOH was used to stop the fermentation process.
Samples were centrifuged (2500g, 10 min), and the supernatants and
residue were collected and stored at-18 °C for carotenoids analysis.

Carotenoids Extraction. Carotenoids were extracted following the
procedure described by Quackenbush (16) with some modification
introduced in our laboratory. Briefly, freeze-dried samples (30 mg) with
10% w/w sodium sulfate, sodium carbonate, and 2,6-di-tert-butylhy-
droxytoluene (BHT) (Panreac Quı́mica S.A., Barcelona, Spain) were
incubated (30 min at 50°C) with dimethyl sulfoxide (2.5 mL, O2 free).
After incubation, methanol (5 mL, O2 free) was added, and the mixture
was vortexed vigorously for 30 s and centrifuged (4200g, 3 min);
supernatants were collected. Methanol washes were employed until
methanol was colorless (absorbancee 0.001); all supernatants were
combined. The carotenoids extract was saponified following the method
described by Granado et al. (17) with some modifications introduced
in our laboratory. Briefly, a mixture containing carotenoids methanolic
extract (2 mL), diethyl ether stabilized with 6 mg/L of BHT (4 mL)
(Panreac Quı́mica), and 0.5 mL of saturated KOH in water was slightly
shaken and allowed to saponify for 30 min in the dark. After
saponification, 5 mL of distilled water was added, and the mixture was
vortexed for 15 s and centrifuged (4200g, 3 min). The ether layer was
collected, and several washes with ether were employed until ether
was colorless (absorbancee 0.001).

HPLC â-Carotene and Lutein Determination.The HPLC system
was a Hewlett-Packard System Series model 1100 with a photodiode
array detector. The column was a 4.6 mm× 250 mm C-18 5µm
Nucleosil 100 (Teknokroma, Barcelona, Spain). A guard column (4
mm × 23 mm) containing the same packing material was installed
ahead of the carotenoid column. The solvents were HPLC grade
methanol (Panreac, Barcelona, Spain) and ethyl acetate (Panreac). A
gradient system was used involving two mobile phases. Mobile phase
A was methanol/water (75:25 v/v), and mobile phase B was ethyl
acetate. The initial values were 100% of A and 0% of B, to 50% A
and 50% B in 10 min, followed by 100% B within 15 min. The flow
rate was 1.0 mL/min during the entire run, and the column was kept at
room temperature. A 50µL aliquot was used for injection, and detection
was done at 445 and 455 nm. Standard curves of lutein (95%,
Extrasynthese, 0306 S, Genay-France) andâ-carotene (g95%, Sigma
C-4582) were constructed by plotting HPLC peak absorbance area
versus concentration of the carotenoid in the injected sample (18).

Klason Lignin and Insoluble Nonstarch Polysaccharides (INSP).
The insoluble indigestible fraction was treated with sulfuric acid (12
M H2SO4, 20 °C, 3 h; dilution to 1 M H2SO4 and refluxing for 2 h),
and Klason lignin was determined gravimetrically. For INSP analysis,
aliquots were taken from the hydrolysate from Klason lignin analysis,
and sugars and uronic acids were determined spectrophotometrically
with dinitrosalicylic acid (14), which corresponds to the total INSP.

Protein. Protein was determined in triplicate in the original material
(total protein) and in the indigestible fraction (indigestible protein),
using an automated nitrogen analyzer (FP-2000 Dumas, Leco Corp.,
St. Joseph, MI). Samples were weighed into large ceramic boats and
loaded into the furnace, where they were combusted in a pure oxygen
environment. After passing through a thermoelectric cooler to condense
water, combustion gases were collected in a volume blast, and a 10
mL aliquot was taken. The gases were scrubbed, and protein was
reduced to nitrogen and detected by a thermal conductivity cell. An
air blank was carried out and the instrument calibrated with EDTA.
Protein was calculated as N× 6.25.

Short-Chain Fatty Acids (SCFAs). The method of Spiller et al.
(19), slightly modified, was followed. Supernatant (400µL), internal
standard (4-methylvaleric acid, 2 mM) (500µL), and 50µL of 12%
formic acid were made up to 1 mL with Milli-Q water and centrifuged
(4 °C, 7300g, 15 min). One microliter of supernatant was injected into
a 5890 Hewlett-Packard gas chromatograph equipped with a flame
ionization detector and a fused silica column (Carbowax 20 M, 10 m
× 0.53 mm i.d.). Nitrogen was the carrier gas at a pressure of 17 kPa.
Injector and detector temperatures were 200°C, and the column
temperature was 120°C (isothermal). SCFAs were identified and
quantified by comparison with fatty acids standards.
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Statistical Analysis of Data. All data were reported as mean(
standard deviation for at least four replicates in each treatment. Simple
regression analysis was performed by the computer program Statgraph-
ics Plus, version 2.1 (Statistical Graphics Corp., Inc., Rockville, MD).

RESULTS AND DISCUSSION

There are two main steps in the methodology proposed to
estimate the intestinal carotenoid availability in the gut: (a)
isolation of the indigestible fraction and (b) colonic fermentation
of the indigestible fraction. The indigestible fraction was
previously defined as the part of vegetables that is not digested
or absorbed in the small intestine and reaches the colon, where
it serves as a substrate for fermentative microflora (13). This is
a physiological alternative to the common dietary fiber concept
(20), consisting of dietary fiber and other compounds of proven
resistance to the actions of enzymes such as indigestible protein,
resistant starch, and other associated bioactive compounds.
Analytical conditions for indigestible fraction determination
were close to physiological conditions (pH, temperature, incuba-
tion times). By analyzing the carotenoid content in the residues
and supernatants obtained with this methodology, it was possible
to estimate the availability of carotenoids in the small and large
intestines.

â-Carotene and lutein represent the two main structural
carotenoid groups: carotenes and xanthophylls. In addition,
â-carotene and lutein account for>75% of total carotenoid
content in green leafy vegetables (21).

Small Intestine Availability. The three green leafy vegetables
analyzed had a total indigestible fraction (soluble+ insoluble)
ranging from 51% inS. oleraceato 71% in C. aconitifolius.
The contents of the indigestible fraction of the sample and its
major constituents are shown inTable 1. The insoluble fraction
accounted for>90% of the total indigestible fraction of the
samples. The insoluble indigestible fraction contained nonstarch
polysaccharides, Klason lignin, resistant protein, and minerals
(13), whereas the soluble indigestible fraction was formed
principally by nonstarch polysaccharides. Nonstarch polysac-
charides and Klason lignin represent dietary fiber (21).

The authors previously reported the presence of polyphenolic
compounds associated with dietary fiber or the indigestible
fraction, which significantly affects their bioavailability (23).
Remarkably, there were significant amounts of carotenoids
associated with both the soluble and insoluble indigestible
fractions of the samples (Table 1). A major part was associated
with the insoluble indigestible fraction. These carotenoids
remained in the food matrix after the enzymatic treatment.
Therefore, they were not available in the small intestine and
were not susceptible to absorption.

The â-carotene and lutein contents in the original samples
and their corresponding indigestible fractions are shown in
Table 2; lutein was the major carotenoid in the three samples.
The native Central American samples contained more lutein and
â-carotene thanS. oleracea.

The amount ofâ-carotene available in the small intestine
ranged from 23% of totalC. aconitifoliuscontent to 72% inS.
oleracea. Percentages of the same order were observed for
lutein. These data suggest that the chemically analyzed caro-
tenoid content may considerably exceed the amount available
in the small intestine.

The carotenoids available in the small intestine are potentially
susceptible to becoming available and thus absorbed through
the intestinal barrier. Nevertheless, the incorporation of caro-
tenoids into the micelle and uptake of the latter may also affect
real carotenoid absorption by the enterocyte, where the interac-
tion with bile acids and dietary fat plays a major role in
carotenoid bioavailability. Moreover, the soluble indigestible
fraction may interfere with bile salt micelle formation, thus
reducing the absorption of carotenoids released from the food
matrix (24).

The relative bioavailability of purified lutein reported in the
literature is much higher than that ofâ-carotene (11). The same
was found by Castenmiller et al. (12) for the relative bioavail-
ability of lutein andâ-carotene from spinach (45 and 5.1%
respectively), probably because lutein is less lipophilic than
â-carotene. However, these differences may not reflect the true
bioavailability, because part of the absorbedâ-carotene is
cleaved and converted to retinyl esters before entering the
bloodstream.

There was significant correlation between small intestine
availability of carotenoids (lutein+ â-carotene) and content of
Klason lignin, nonstarch polysaccharides, and resistant protein
(Figure 1). Klason lignin, nonstarch polysaccharides, and
resistant protein contents may directly affect the intestinal
availability of carotenoids, because they can act as a barrier to
the action of digestive enzymes and to the release of carotenoids
from the food matrix. Moreover, the intactness of the cellular
matrix has been reported to be a determiner of carotenoid
bioavailability from green leafy vegetables, because carotenoids
present in chloroplasts are non-covalently bound to protein and
fiber in the thylakoid membrane (25).

Large Intestine Availability. Nondigestible compounds
(indigestible fraction: e.g., nonstarch polysaccharides, resistant
protein, and indigestible carotenoids) in green leafy vegetables

Table 1. Indigestible Fraction Characterization of Green Leafy
Vegetablesa

g/kg of dry original sample

S. oleracea C. aconitifolius S. americanum

insoluble indigestible fraction 474.4 ± 29.1 656.0 ± 21.3 569.9 ± 9.0
Klason lignin 204.9 ± 29.5 415.9 ± 19.4 308.1 ± 42.5
nonstarch polysaccharides 175.3 ± 13.7 90.8 ± 6.7 113.6 ± 4.2
resistant protein 54.4 ± 2.6 103.9 ± 4.3 83.6 ± 1.5
ash 57.0 ± 1.6 51.4 ± 3.1 43.1 ± 0.2
associated carotenoids 0.342 ± 0.045 1.768 ± 0.075 1.107 ± 0.032

soluble indigestible fraction
nonstarch polysaccharides 34.7 ± 2.0 39.1 ± 4.3 39.0 ± 1.8
associated carotenoids 0.044 ± 0.001 0.028 ± 0.001 0.012 ± 0.001

a Mean ± SEM, n > 4.

Table 2. Content and in Vitro Small Intestine Availability of â-Carotene
and Lutein in Green Leafy Vegetablesa

mg/100 g of dry original sample

S. oleracea C. aconitifolius S. americanum

original sample
â-carotene 26.7 ± 2.4 51.5 ± 1.1 52.1 ± 3.6
lutein 139.7 ± 14.4 192.2 ± 37.1 183.8 ± 25.2

insoluble indigestible fraction
â-carotene 7.6 ± 1.9 39.8 ± 1.2 34.7 ± 1.2
lutein 31.0 ± 4.1 139.9 ± 7.5 77.2 ± 3.0

soluble indigestible fraction
â-carotene 0.50 ± 0.01 0.30 ± 0.01 0.30 ± 0.01
lutein 1.4 ± 0.1 0.9 ± 0.1 nd

small intestine availabilityb

â-carotene 67 22 33
lutein 77 27 58

a Mean ± SEM, n > 4. b [Concentration of carotenoid in original sample −
concentration of carotenoid in indigestible fraction]/[concentration of carotenoid in
original sample] × 100.
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provide a substrate for the large bowel microflora. They undergo
some fermentation, thus producing short-chain fatty acids. The
three samples analyzed presented similar levels of fermentability
and SCFA production (Table 3). The major SCFAs was acetate,
followed by propionic acid and butyric acid. Fermentation of
green leafy vegetables presented relatively high proportions of
propionic acid as compared to other fermentable compounds
such as pectin (molar proportion 70:10:20) (26). This is
interesting in that propionic acid is associated with hypocho-
lesterolemic effects (27).

The nonfermented residue obtained after fermentation con-
tains compounds of proven resistance to enzymatic and colonic
bacterial degradation, which are probably excreted in the feces;
these comprise the unavailable compounds. The amount of
unavailable carotenoids associated with nonfermented residue
is shown inTable 3. Figure 2 summarizes the percentages of
â-carotene and lutein that are not available in the gastrointestinal
tract, along with the percentage of small intestine and colon
availability.S. oleraceahad the lowest nonavailable carotenoid
content (16%) and is therefore probably a major carotenoid
source for the host. The amount of lutein andâ-carotene released
from the food matrix by the colonic microflora enzymes (colon
availability) was low for all samples.

There are no data available in the literature about carotenoid
colonic fermentation. Previous studies conducted at our labora-
tory with carotenoid standards showed high fermentability for
â-carotene and zeaxanthin (unpublished observations). Because
carotenoid standards were the only substrate for the colonic
bacteria,>98% of each standard was degraded to fermentation
end-products. Similar results were observed in green leafy
vegetables, where a significant part of the carotenoids released
from the indigestible fraction inS. oleraceaandS. americanum
was used as substrate by the colonic microflora (92 and 96%,

Figure 1. Correlation between carotenoids small intestine availability and
protein digestibility, nonstarch polysaccharides (NSP) content, and Klason
lignin content. Correlation coefficients (r 2): 0.9805, 0.9994, and 0.9146
for resistant protein, Klason lignin, and NSP, respectively.

Table 3. In Vitro Colonic Fermentation of Nondigestible Compounds of
Green Leafy Vegetablesa

S. oleracea C. aconitifolius S. americanum

SCFAb production
(mmol/g of
indigestible fraction)

3.5 ± 0.2 4.0 ± 0.1 4.4 ± 0.5

fermentabilityc 25 28 31
molar proportionsd

acetate 52.9 ± 3.9 52.0 ± 3.5 52.3 ± 3.5
propionate 42.9 ± 1.4 38.2 ± 4.2 40.4 ± 1.6
butyrate 4.2 ± 0.5 9.8 ± 0.8 7.3 ± 1.1

nonfermented residue
(g/100 g of dry
original sample)

34.4 ± 3.7 46.8 ± 2.0 40.8 ± 0.6

â-carotene
(mg/100 g of dry
original sample)

6.0 ± 0.4 39.1 ± 3.8 33.2 ± 2.4

lutein
(mg/100 g of dry
original sample)

29.5 ± 1.3 124.3 ± 5.8 57.9 ± 2.2

a Mean ± SEM, n > 4. b Short-chain fatty acids. c Percentage of fermentability
with respect to lactulose ) [SCFAgreen leafy vegetables]/[SCFAlactulose] × 100. d [Production
of acetate, propionate, or butyrate]/[total SCFA] × 100.

Figure 2. Lutein and â-carotene intestinal availability (mg/100 mg of
carotenoids in original sample).

Table 4. Carotenoids Released from the Indigestible Fraction during in
Vitro Colonic Fermentation and Not Metabolized by the Colonic
Microfloraa

mg/100 g of dry original sample

S. oleracea C. aconitifolius S. americanum

carotenoid content in the indigestible fractionb

â-carotene 8.1 40.1 35.0
lutein 32.4 140.8 77.2

carotenoids not released by the microflora enzymes (nonfermented residue)
â-carotene 6.0 ± 0.4 39.1 ± 3.8 33.2 ± 2.4
lutein 29.5 ± 1.3 124.3 ± 5.8 57.9 ± 2.2

carotenoids released by the microflora enzymesc

â-carotene 2.1 1.0 1.8
lutein 2.9 16.5 19.3

carotenoids released by the microflora enzymes but not metabolized by colonic
microflora (potentially available for absorption in the colon)

â-carotene 0.031 ± 0.001 0.23 ± 0.01 0.056 ± 0.003
lutein 0.220 ± 0.017 3.8 ± 0.2 0.87 ± 0.03

a Mean ± SEM, n > 4. b [Carotenoids in soluble indigestible fraction + carotenoids
in insoluble indigestible fraction]. c [Carotenoids in indigestible fraction − carotenoids
in nonfermented residue].
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respectively) (Table 4). Interestingly, 23% of the carotenoids
released from the food matrix by the colonic microflora enzymes
in C. aconitifoliuswere not used as a fermentation substrate.
Although there is no accurate information or method to evaluate
absorption of carotenoids in the colon, some nutrients are
available for absorption in the colon. It is probable that part of
this 23% of carotenoids in the fermentation media ofC.
aconitifolius is available for absorption in the colon.

In summary, the carotenoid release from the food matrix is
a key step in the bioavailability of carotenoids. The content of
indigestible fraction, dietary fiber, Klason lignin, and resistant
protein in green leafy vegetables affects the enzymatic release
of â-carotene and lutein during enzymatic digestion and colonic
fermentation. Our results suggest that some carotenoids are
available in the small intestine and colon, whereas an appreciable
amount is unavailable in the gastrointestinal tract.
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