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Influence of feeding different vegetables on plasma levels of carotenoids,
folate and vitamin C. Effect of disruption of the vegetable matrix
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Carotenoids, folate and vitamin C may contribute to the observed beneficial effects of increased
vegetable intake. Currently, knowledge on the bioavailability of these compounds from
vegetables is limited. We compared the efficacy of different vegetables, at the same level of
intake (i.e. 300g/d), in increasing plasma levels of carotenoids, folate and vitamin C and we
investigated if disruption of the vegetable matrix would enhance the bioavailability of these
micronutrients. In an incomplete block design, sixty-nine volunteers consumed a control meal
without vegetables and three out of four vegetable meals (i.e. broccoli, green peas, whole leaf
spinach, chopped spinach; containing betweéh dnd 248 mg -carotene, B and 26 mg

lutein, 022 and @0 mg folate and 26 and 93 mg vitamin C) or a meal supplemented with
synthetic3-carotene (3@ mg). Meals were consumed for 4d and fasting blood samples were
taken at the end of each period. Consumption of the spinach-supplemented meal did not affect
plasma levels oB-carotene, although th@carotene content was 10-fold those of broccoli and
green peas, which induced significant increases in plgscerotene levels (28 (95% Cl%&

55) % and 26 (95 % CI B, 54) % respectively). ThB-carotene-supplemented meal increased
plasma concentrations @fcarotene effectively (517 (95 % CI 409, 648) %). All vegetable meals
increased the plasma concentrations of lutein and vitamin C significantly. Broccoli and green
peas were, when expressed per mg carotenoid consumed, also more effective sources of lutein
than spinach. A significant increase in plasma folate concentration was found only after
consumption of the spinach-supplemented meal, which provided the highest level of folate.
Disruption of the spinach matrix increased the plasma responses to both lutein (14 (9526 CI 3
25) %) and folate (10 (95 % CI2, 18) %), whereas it did not affect the responsg-tarotene.

We conclude that the bioavailabilities @fcarotene and lutein vary substantially among different
vegetables and that the bioavailabilities of lutein and folate from spinach can be improved by
disruption of the vegetable matrix.

Folate: Carotenoids: Bioavailability: Vegetable consumption

Many epidemiological studies have indicated that an reduce the risk of cardiovascular disease by lowering
increased intake of vegetables is associated with a decreasedlomocysteine levels in plasma (Boustetyal. 1995; Ver-
risk of certain cancers (Willett & Trichoupoulos, 1997), hoefet al. 1996).

cardiovascular disease (Ness & Powles, 1997) and age- There are indications that the bioavailability of caroten-
related eye diseases (Jacques & Chylack, 1991; Hankinsorpids and folate from vegetables is limited compared with
et al 1992; Seddomt al. 1994). This has raised interest in supplements (Micozzet al. 1992; De Peeet al. 1995;
determining the nature and bioavailability of active com- Gregory, 1995). It is plausible that the vegetable matrix
pounds present in vegetables. Antioxidants, such as carotenplays a major role in determining the bioavailability of these
oids and vitamin C, may contribute to the beneficial effects micronutrients. For instance, disruption of the vegetable
of vegetable consumption (Seddenal. 1994; Gey, 1995; matrix enhanced the bioavailability g8-carotene from
Van Poppel & Goldbohm, 1995; Webet al. 1996). In carrots and lycopene from tomatoes (Van Zeben & Hen-
addition, vegetables are a major dietary source of folate driks, 1948; Ganer et al. 1997). It is of interest to
(De Bree et al 1997). High intake of folate may be investigate whether disruption of the matrix also affects
associated with a reduced risk of cancer (Glynn & Albanes, the bioavailability of3-carotene from green leafy veget-
1994) and there is increasing evidence that folate may ables, which was found to be low (De Petal 1995).
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In addition, there are indications that there may be signifi- which they would consume the control meal. The protocol
cant differences between different vegetables as towas approved by the Medical-Ethical Committee of
the bioavailability of carotenoids and folate (Tamura & Unilever Nederland BV.
Stokstad, 1973; Babu & Srikantia, 1976; Micozzi al.
1992). The present study was set up to compare three types
of vegetables, i.e. broccoli, green peas and spinach, at the
same level of intake (300g/d), in their effectiveness to The control meal consisted of pasta with ham and a
increase plasma levels of carotenoids, folate and vitamin white sauce, and custard for dessert. The vegetables and
C. These vegetables are similar in colour, but clearly distinct 3-carotene were added to this basic meal. Energy level, fibre
with respect to the part of the plant they represent (i.e. content and macronutrient composition were the same for
flowers, seeds and leaves). In addition, we investigated all test meals and similar to those of an average Dutch main
whether mechanical homogenization of whole leaf spinach meal (Voorlichtingsbureau voor de Voeding, 1993). Differ-
would enhance the bioavailability of carotenoids, folate and ences in fibre content were corrected for by addition of beet
vitamin C. fibre (Fibrex; Tefco Food Ingredients BV, Bodegraven, The
Netherlands) to the sauce. Synthefiecarotene (300g/!
) microcrystalline suspension in oil, 30% fluid suspension
Subjects and methods (E160a), Hoffman-La Roche, Basel, Switzerland) was
Volunteers added to the sauce. The vegetables (300 g/meal: broccaoli,
L Iglo/Mora, Utrecht, The Netherlands; garden peas, Birds
Seventy-two volunteers were selected for participation in the Eye Wall's, Walton-on-Thames, Surrey, UK; whole leaf
study. They were recruited from inhabitants .of Vlaardingen spinach, Sagit, Rome, Italy) were served simultaneously
and its surroundings and employees of Unilever Researchyyiih the basic meal. Broccoli and green peas were cooked
Laboratorium in Vlaardingen, The Netherlands, and gave conventionally in boiling water for 6min and 3—4min
their written informed_cpnsgnt before participation. respectively.  Whole leaf spinach was microwaved
Volunteers were eligible if they had a BMI between 19 (3500 w) for 16 min with a stir after 8 min. For preparation
and 30kg/m and if they were apparently healthy, as ¢ chopped spinach, whole leaf spinach was minced after
assessed by questionnaire (i.e. they regarded themselveg min in the microwave (3200 W) and subsequently micro-
as being healthy, they did not receive medical treatment or \yaved for another 8 min.
use medicines and they reported no chronic gastrointestinal The hot meals were served at lunch-time and volunteers
problems). They had not used dietary supplements (€.9.ere instructed not to consume any vegetables or vegetable-
vitamins, minerals, carotenoids) in the month preceding the containing products, fruits, fruit juices or red sauces (e.g.
study and they were not on a slimming diet, did not use {ymato ketchup) during the rest of the days of the experi-

excessive amounts of alcohol (less than 21 units/week for menta| periods. During the wash-out periods the volunteers
females or 28 units/week for males) and smoked a max- returned to their habitual diet.

imum of 15 cigarettes/d. Volunteers who adhered to a
vegetarian, macrobiotic or other alternative diet were N
excluded from participation. Pregnant or lactating women Composition of test meals (Table 1)

were also excluded. Duplicate portions rf 5) of the complete test meals (as
consumed by the volunteers) were analysed and found to
provide on average 261§ 1(3) g fat, 80 ¢D 47) g carbo-
hydrates, 32 o 18)g protein and 16sp 18)g fibre.
The study had an incomplete block design with four Carotenoid, folate and vitamin C concentrations were
experimental periods and with individuals as blocks. All determined in duplicate portiona ¢—8) of the vegetables
volunteers consumed a control meal during one of the or sauces (as consumed by the volunteers). After extensive
experimental periods and they consumed meals supplemenextraction of the vegetables or sauces witheptane—ether
ted with vegetables or synthettecarotene during the other  (1:1, v/v), ethyl-carotenoate was added as internal standard.
three periods. The vegetable meals contained 300 g of one of(« + §)-Carotene, lutein and lycopene were separated by
the following vegetables: broccoli, green peas, whole leaf straight-phase HPLC using a nucleosil 5CN column (Mach-
spinach or chopped spinach. The control andBHrarotene- ery & Nagel, Duren, Germany) andheptane—isopropanol
supplemented meals contained no vegetables. The test meal§L000 : 25, v/v) as mobile phase at a flow rate @ rhl/min
were consumed for four consecutive days, followed by 10d and a column temperature of 20 he eluent was monitored

of wash-out. The duration of the wash-out period was by u.v.-visible detection at 450nm forx @ 8)-carotene
chosen as approximately the half-life of plaspiaarotene and lutein, and at 470nm for lycopene. In this system,
in vivo (Rock et al. 1992). Fasting blood samples were «-carotene coelutes witB-carotene. As the vegetables and
taken at the end of each 4d experimental period to assess-carotene supplement contained virtually aecarotene
plasma levels of folate (only after control and vegetable- (i.e. <004 mg/serving, Mangelst al. 1993), the response
supplemented meals), carotenoids and vitamin C. To deter-of (« +8)-carotene is considered &scarotene. The vege-
mine the effect of the experimental regimen without any tables and control sauce were extracted witf ndol/l
vegetables and fruits, a sub-group of twenty-six randomly phosphate buffer (pH [, with sodium ascorbate, 2 g/l)
chosen volunteers supplied an additional fasting blood and the filtrate was used for analysis of the folate con-
sample before the start of the experimental period in centration by microbiological assay withactobacillus

Test meals and background diet

Study design
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Table 1. Carotenoid, folate and vitamin C contents (mg/serving*) of the control sauce, vegetables and synthetic 3-carotene-supplemented sauce
used in the present studyt

(Mean values and standard deviations)

Synthetic
Test meal... Control Broccoli Green peas Whole leaf spinach  Chopped spinach B-carotene
Variable Mean Sb Mean Sb Mean SD Mean SD Mean SD Mean Sb
Total folate ND 0@35 0029 022 0015 0mB0 0049 0B9 0030 -
Monoglutamyl folate - - - oaz 0015 oas 0 -
B-Carotene ND 2143 o2 172 07 246 18 2318 24 333 12
Lutein ND 38 04 422 oz 250 20 2600 28 ND
Vitamin C ND 8416 1409 2501 21 916 1038 926 o ND

ND, not detectable (< 0003 mg/serving for folate; < 0[3@ mg/serving for carotenoids; <5 mg/serving for vitamin C); —, not determined.

*Based on analysis of duplicate portions of the prepared vegetables or sauces, as consumed by the volunteers; n 4 for folate and vitamin C analysis, n 8 for carotenoid
analysis.

1 The level of lycopene was below detection (< 0[3 mg/serving) in all the meals.

rhamnosugNCIB 10473), using a commercially obtained
assay medium (Merck Folic Acid Medium; Difco Labora-
tories, Detroit, MI, USA). For total folate content, a portion Fasting blood samples were taken by venepuncture. Plasma
of the extract was incubated (3 h, piB437) with human samples were stored at(° for analysis of carotenoids and
plasma deconjugase (Sigma Chem Co., St Louis, MO, USA) TCA-treated plasma was stored af(® for analysis of
(Finglaset al. 1993). This step was omitted for analysis of vitamin C. For the other analyses, plasma and serum
free folate. After precipitation of the proteins and stabiliza- samples were stored a20°. All analyses were executed
tion with metaphosphoric acid (50 ml/l), the vitamin C within 6 months after the study. Plasma concentrations of
content of the vegetables or sauces was determined fluor3-carotene, lutein and lycopene were determined by
imetrically as ascorbic acid plus dehydroascorbic acid, as straight-phase HPLC as described previously (Weststrate
described by Vuilleumier & Keck (1989). & van het Hof, 1995).3-Carotene and lycopene were

Plasma and serum analyses

n 72 volunteers selected for participation

n 3 volunteers dropped out from study

n 69 volunteers included in statistical evaluation

n 65: all four experimental periods,
including control meal

n 2: three experimental periods,
including control meal

n 1: three experimental periods,
excluding control meal

n 1: two experimental periods,
excluding control meal

ad 4d 4d 4d

Supplemented Supplemented Supplemented
10d 10d
meal meal meal

Control meal 10d

Four experimental periods, 10 d wash-out between periods

Fig. 1. Experimental design of the study. The control meal contained no vegetables or carotenoids whereas the other test meals were
supplemented with broccoli, green peas, whole leaf spinach, chopped spinach or synthetic §-carotene. Volunteers received three of these
supplemented meals. The combination of supplemented meals and the order of the test meals were varied among the participants.
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Table 2. Plasma levels of carotenoids, folate and vitamin C and serum lipid levels in healthy volunteers before and after 4 d consumption of a control meal and after 4d consumption of a

vegetable- or synthetic 3-carotene-supplemented mealt
(Values are least square means with their standard errors; for carotenoids the standard error is expressed as a percentage of the geometric mean)

Green peas Whole leaf spinach Chopped spinach B-Carotene

Broccoli

Control

Test meal...

(n 28)

(n 26)

(n 26)

(n31)

4d

(n31)

(n67)

4d 4d

4d

4d 4d

Baselinet

Mean SE P8

P§
00001

034

SE
oz
6
306
1B

Mean

P§
0048
016

Mean SE Mean SE P8 Mean SE P8 Mean SE
(o] 0B oz3 0B 0087 0B

SE

Mean

Variable

231 234 25[7** -

214 228

12

2009

Folic acid (nmol/l)

00001
070
100
10

340 50

0B3

0017 0B2 60

0B9 63

00019
00001

01 50

0B85 40

0Z0 009
08 002

6702

B-Carotene (wmol/)ll
Lutein (nmol/l)

oa2 34

00001

037**
664

00001
00001

028 32 028 33 00001 0@B3 33
636

oa2 20
496

14
522 0062

00001 4909
0064 10

523
098

14
517 0064 009
090 0036 10

00018 663

13
521 0[058 10
0B9 0033 00

00001 553

13
523 0058 100
096 0033 10

082
523 0037
0@3 0021

138
014

5@
11

Vitamin C (wmol/l)
Total cholesterol (mmol/l)
Triacylglycerol (mmol/l)

0@7 035 00

0036 0B

0084

—, Not determined.

=0M1.

Mean values were significantly different from those for whole leaf spinach: **P

T For details of diets and procedures, see Table 1 and pp. 204—206.

fBaseline values are means with their standard errors for twenty-six subjects (n 17 for §-carotene).

§ P values are based on ANOVA and Dunnett’s test for the comparison of the plasma level following consumption of the vegetable- or 3-carotene-supplemented meal with that after the control meal.

K. H. van het Hokt al.

I Due to a carry-over effect in plasma concentrations of -carotene, some of the results had to be excluded from the statistical evaluation. Control, n 43; broccoli, n 23; green peas, n 19; whole leaf spinach, n 20; chopped

spinach, n 18; g-carotene, n 24.

separated on a Nucleosil 5-N (GH column withn-heptane

as mobile phase at a flow rate of 1 ml/min and etBhdpo
8'-carotenoate as internal standard. Lutein was separated on
a Nucleosil 5CN column with-heptane—dichloromethane—
isopropanol (of 2-propanol) (900: 100: 5, by vol.) as mobile
phase at a flow rate of 1 ml/min andapo-8-carotenol as
internal standard (intra-assay variation5{ %, as deter-
mined in control plasma samples with the following average
carotenoid concentrationg:carotene @ wmol/l; lycopene

04 pwmol/l; lutein 0A5pmol/l). Plasma folate concentration
was assessed by using a chemiluminescence competitive
protein-binding test (Magic Lite; Ciba Corning Diagnostics
GmbH, Fernwald, Germany) (intra-assay variatiofy, %,

as determined in plasma samples varying in folate concen-
tration between 10 and 48 nmol/l). Vitamin C was analysed
fluorimetrically in TCA-treated plasma as the concentration
of ascorbic acid plus dehydroascorbic acid (intra-assay
variation: 19 %, as determined in control plasma samples
with 58 and 283wmol/l vitamin C) (Vuilleumier & Keck,
1989). Total cholesterol and triacylglycerol concentrations
in serum were assessed by using commercially available
colorimetric test kits (respectively CHOD-PAP, Boehringer,
Mannheim, Germany and GPO-PAP (Roche)/GPO-Trinder
(Sigma, St Louis, MO, USA)).

Statistical evaluation

The significance of the changes in plasma carotenoid, folate
and vitamin C concentrations during the experimental
period in which volunteers consumed the control meal
was determined by Student's test for paired data.
ANOVA with persons as blocks and sex, smoking habits,
period, treatment, treatmertsex and treatmemnt smoking

as factors, was used to compare the plasma and serum
values found after consumption of the supplemented
meals with those found after consumption of the control
meal. Significance of the differences was assessed by
Dunnett's test. As sex and smoking had no significant
effect, these variables were excluded from the ANOVA
model. Differences between the two types of spinach were
assessed by orthogonal contrasts.

Plasma carotenoid concentrations were log-transformed
to minimize correlation between mean values and standard
errors. For these variables, geometric means are presented
with the standard error as percentage of the geometric mean.
Other variables are shown as least square means with
their standard errors. Plasma concentrations of carotenoids,
normalized for serum cholesterol and triacylglycerol levels,
were also analysed for differences between the treatments
(carotenoid concentration/(cholesteral triacylglycerol
concentration)).

All comparisons were at the two-sided8 significance
level, except for the difference between chopped and whole
leaf spinach which was tested one-sided, based on the
hypothesis that disruption of the spinach matrix would
enhance the bioavailability of carotenoids, folate and
vitamin C.

Results

Three volunteers dropped out of the study before the end of
the first experimental period because of lack of time to
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Fig. 2. Increases in 3-carotene levels in the plasma of healthy volunteers after 4d
of supplementation with vegetables or 3-carotene compared with consumption of
a low-carotenoid control meal, expressed as increase per mg ($-carotene intake
from the vegetable or §-carotene supplemented meal. Values are means for
eighteen to twenty-four subjects, with 95% CI represented by vertical bars. The
amounts of B-carotene provided per serving were (mg): broccoli 2[43, green peas
172, whole leaf spinach 24, chopped spinach 23[8, synthetic all-trans -
carotene 33[3. For details of procedures, see pp. 204—206.

participate in the trial and four volunteers were not able to theg-carotene-supplemented meal (5-fold increase; 95 % Cl
participate in all four experimental periods for various 409, 648 %) as well as after the broccoli- and green peas-
reasons (e.g. illness, business trip) (see Fig. 1). Data forsupplemented meals (28 (95 % GB655) % and 26 (95 %
thirty-one males and thirty-eight females were included in Cl 28, 54) % respectively), whereas consumption of the
the statistical analyses. Sixty-five of these volunteers parti- spinach-supplemented meals had no significant effect com-
cipated in all four experimental periods whereas three pared with consumption of the control meal (Table 2). As
volunteers participated in three experimental periods andthe intake of3-carotene was different in each of the test
one volunteer in only two periods. Two volunteers did not meals, we calculated the plasma response per mg dietary
receive the control meal. The average age of the participantsg-carotene supplied per serving. Fig. 2 shows the efficacy
was 42 gD 13) years and their mean BMI was B4(sD of each supplemented meal to raise the plasma level of
2[3) kg/m’. Ten of the sixty-nine volunteers were smokers (-carotene compared with consumption of the control meal.
(five females and five males, maximum 15 cigarettes/d).  Per mggB-carotene, broccoli and green peas induced similar
Table 2 shows the least square means of the plasmaresponses in plasma concentration @§-carotene
concentrations of carotenoids, folate and vitamin C and as consumption of the meal supplemented with synthetic
serum concentrations of total cholesterol and triacylglycerol 3-carotene.
before and after 4d of consumption of the control meal Consumption of any of the vegetable-supplemented
without vegetables (low in carotenoids, folate and vitamin meals resulted in a significantly increased plasma level of
C) and after 4d of the same meal supplemented with lutein compared with consumption of the control meaB{1
vegetables op-carotene. As no vegetables and fruits were fold (95% CI 104, 150 %) for broccoli,3-fold (95% CI
allowed to be consumed during the experimental periods, 108, 155 %) for green peas(itfold (95 % CI 139, 197 %)
consumption of the control mean without any vegetables for whole leaf spinach, B-fold (95 % CI 173, 239 %) for
significantly reduced plasma carotenoid and vitamin C chopped spinach) (Table 2). Chopping of spinach enhanced
levels (3-carotene 69 GE 0018)wmol/l; lutein 0038 this effect and plasma lutein levels after consumption of

(s 0MO034)umol/l; vitamin C 14 6 1B)umol/l, P< chopped spinach were significantly higher than those after
0[005), whereas plasma folate concentrations were notwhole leaf spinach (difference: 14 (95% CII3 25) %).
significantly affected. Fig. 3 shows for each vegetable type the plasma lutein

Unfortunately, consumption of the meal supplemented response per mg lutein present in the vegetable per serving.
with B-carotene induced a carry-over effect in plasma Per mg of intake, lutein seems to be more bioavailable from
concentration of3-carotene. The plasma levels @fcaro- broccoli and green peas than from spinach.
tene found in the first and second test periods following As anticipated, because of the virtual absence of lyco-
consumption of the3-carotene-supplemented meal were pene in the experimental meals, none of the vegetables or
therefore excluded from the statistical evaluation (i.e. using the §-carotene-supplemented meals induced a significant
a wash-out period of 38d). A significant increase in plasma change in lycopene levels in plasma (results not shown). No
concentration of8-carotene was found after consumption of significant differences were found in serum lipid levels
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Fig. 3. Increases in lutein levels in the plasma of healthy volunteers after 4 d of
supplementation with vegetables compared with consumption of a low-carote-
noid control meal, expressed as increase per mg lutein intake from the vegetable
supplemented meal. Values are means for twenty-six to thirty-one subjects, with
95 % Cl represented by vertical bars. The amounts of lutein provided per serving
were (mg): broccoli 378, green peas 422, whole leaf spinach 25, chopped
spinach 26. For details of procedures, see pp. 204—206.

(Table 2) and normalizing plasma concentrations of caro- compared with the levels found after consumption of the
tenoids for serum lipids did not alter the results. Also, control meal (Table 2). In addition, a significant difference
treatment effects were not significantly different between (203 (95 % CI 08, 38) wmol/l) was found between chopped
males and females or between smokers and non-smokers. and whole leaf spinach, such that the folate concentration
Folate levels in plasma were significantly increased by was higher after consumption of the chopped-spinach-
respectively B (95 % CI @021, 38) wmol/l and 42 (95 % supplemented meal. None of the other vegetable-supple-
Cl 23, 62)pmol/l after 4d consumption of the meal mented meals increased folate levels in plasma significantly
supplemented with whole leaf or chopped spinach as (Table 2). However, when expressed per mg folate intake,

15

|

Broccoli Green peas Whole leaf spinach Chopped spinach

Increase of plasma folate level, per mg intake (nmol/} per mg)

Type of test meal

Fig. 4. Increases in folate levels in the plasma of healthy volunteers after 4d of
supplementation with vegetables compared with consumption of a low-carote-
noid control meal, expressed as increase per mg folate intake from the vegetable
supplemented meal. Values are means for twenty-six to thirty-one subjects, with
95 % Cl represented by vertical bars. The amounts of folate provided per serving
were (mg): broccoli 0135, green peas 022, whole leaf spinach 060, chopped
spinach 089. For details of procedures, see pp. 204—206.
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the plasma response to folate following green peas con-lated the plasma response per garotene intake as a
sumption was larger than that following consumption of measure of the efficacy (Fig. 1), assuming a linear dose-
broccoli or whole leaf spinach (Fig. 4). response relationship at the dosages provided. When
Compared with 4d of consumption of the control meal, expressed as a percentage of the response induced by
all of the vegetable-supplemented meals increased thel mg synthetig3-carotene, the plasma responseg-caro-
plasma concentration of vitamin C significantly, while the tene after consumption of broccoli or green peas were, per
synthetic §-carotene-supplemented meal had no effect mg 3-carotene supplied, 74% and 96 % of the response
(Table 2). following supplementation witlg-carotene. Micozzet al.
(1992) found that broccoli was 22-24% as effective in
increasing plasma levels gf-carotene compared with
encapsulated3-carotene. In their study, the changes in
The present study investigated the effect of 4 d consumption plasma 3-carotene levels were compared after 6 weeks
of different vegetables on the plasma status of carotenoids,intervention. As indicated earlier, the absolute percentages
folate and vitamin C. The 300 g vegetables/d was chosen asfound after short-term supplementation may deviate
a relatively high, but acceptable amount with a reasonable from those found in steady-state plasma concentration.
chance of significant effects. In addition, the changes Both values are, however, higher than the percentage
induced by the vegetable-supplemented meals were com-that we found in the present study for spinach, which was
pared with those following consumption of a vegetable-free only 3—4% as effective compared with thgzcarotene-
diet. Indeed, the results show that 300 g/d was sufficient to supplemented meal. De Petal. (1995) also showed that
increase plasma levels of lutein and vitamin C for all the relative bioavailability of3-carotene from green leafy
vegetables in such a short time, whereas plasma levels ofvegetables is low. The present findings indicate that this
B-carotene were increased following consumption of broc- observation is specific for green leafy vegetables and should
coli or green peas but not spinach. The plasma concentratiomnot be extrapolated to all green vegetables.
of folate was increased after consumption of spinach, which There may be several explanations for the observed
provided the largest amount of folate in the present study. It differences in bioavailability of-carotene from vegetables.
should be taken into account that the changes induced byThe vegetables contained different amountg3afarotene
vegetable consumption are the sum of the decrease due t@and the efficiency of3-carotene absorption or conversion
exclusion of all vegetables and fruits from the diet and the into retinol may decrease with increasing intake. The first
increase due to consumption of 300 g vegetables/d. Furtherphenomenon would imply a relatively lower plasma
more, although the changes in plasma levels are used as aesponse following spinach consumption as this vegetable
measure of relative bioavailability, it is not possible to contained more3-carotene than broccoli and green peas.
extrapolate these changes into estimates of actuallyHowever, the increase induced by broccoli or green peas
absorbed carotenoids, folate or vitamin C as the underlying consumption exceded that of spinach, also without correc-
kinetics of plasma and tissue distribution have not been tion for the difference ir8-carotene intake (Table 2). A less
assessed. efficient conversion to vitamin A cannot explain our find-
It is unlikely that 4d is sufficient to reach new steady- ings either, as a largeB-carotene response would be
state plasma concentrations for the investigated micronu-expected from a reduced conversiorBetarotene absorbed
trients and antioxidants as previous studies have indicatedfrom spinach.
that this would take approximately 2—6 weeks (Micozzi  We used different cooking methods and times and heat
et al 1992; Levineet al. 1996; Truswell & Kounnavong, treatment is suggested to enhance the bioavailability of
1997). However, previous studies have shown that differ- carotenoids by loosening their binding to proteins
ences in plasma levels of carotenoids (Micozizal. 1992) (Erdman et al. 1988). However, spinach was heated
and folate (IA Brouwer, personal communication) after longer than broccoli and green peas and this difference
short-term supplementation are related to the differencesdoes therefore not explain the relatively lower availability
found after reaching a new steady state, although the of g-carotene from spinach. Another explanation might be
absolute differences may deviate. Such a short-term proto-the interaction of3-carotene with other carotenoids. It has
col is advantageous compared with a long-term protocol been suggested that the presence of lutein may decrease the
because it is less labour-intensive and compliance with bioavailability of 3-carotene (Kostiet al. 1995; van den
instructions is easier during a short period. Furthermore, Berget al. 1998). However, the ratig-carotene : lutein was
in contrast to a single-dose protocaol, it is possible to conduct higher, and thus more favourable, for spinach than for
a study in more realistic circumstances and investigate thebroccoli and green peas. Other absorption modifiers, such
effect of the test meals as part of a normal diet. as fibre (Rock & Swendseid, 1992) may explain the differ-
ences. Although the meals were designed to provide the
same amount of fibre, the type of fibre may have varied as
the ratios hemicellulose: cellulose :lignin are different
among broccoli, green peas and spinach (Spiller, 1992).
We found a substantial difference between the various Another factor is probably the intracellular location of
vegetables in their efficacy to increase plasma levels of carotenoids in vegetables. In plant leaves, carotenoids are
B-carotene. Despite the 10-fold highgcarotene content of ~ present in chloroplasts and have a function in the process of
spinach, the total increase in plasma levels induced by photosynthesis by photoprotection and light collection
broccoli or green peas exceded that of spinach. We calcu-(Cogdell & Gardiner, 1993). Little is known about the

Discussion
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location of carotenoids in other parts of plants. De Eea. response per mg folate intake than broccoli or whole leaf
(1998) recently found thad-carotene from fruits was more  spinach (Fig. 4). The major part of folate in vegetables is
effective in increasing plasma levels gfcarotene and  present as polyglutamyl folate, which has to be converted
retinol than that from green leafy vegetables. If, as in enzymically into monoglutamyl folate before absorption.
fruits, carotenoids are present in chromoplasts of broccoli This conversion is suggested to be one of the limiting steps
(the flower) or green peas (the seeds), this may explain theduring the uptake of folate from natural dietary folate
higher 3-carotene response compared with spinach. sources (Bailey, 1988). Mier (1993) found that 32 % of
For lutein, the difference between spinach and the two the total folate content was present as monoglutamyl folate
other vegetables was less pronounced, although for thisin green peas. The proportion of monoglutamyl folate in the
carotenoid also, broccoli and green peas were, per mgspinach used in the present study was about 30 % (Table 1).
provided, more effective sources than spinach (Fig. 3). This suggests that other characteristics may account for
Again, one explanation may be a difference in location the possible differences in folate bioavailability among the
of the carotenoids in the plant cells. In addition, the higher vegetables investigated. Possibly the differences in amount
B-carotene : lutein ratio in spinach compared with broccoli of folate supplied by the different vegetables interfered with
and green peas may have reduced lutein absorption (Kostictheir effectiveness to increase plasma folate levels (Truswell
et al. 1995). The efficiency of lutein absorption from & Kounnavong, 1997).
spinach may also have been reduced due to the larger Disruption of the whole leaf matrix of spinach enhanced
amount of lutein present in the test meal. the bioavailability of folate. However, the finding that
Vegetable processing may improve the bioavailability chopped spinach induced a larger plasma folate response
of carotenoids, as has been indicated f®rcarotene than whole leaf spinach cannot be attributed to a difference
from carrots (Van Zeben & Hendriks, 1948; Hussein & in the mono-: polyglutamyl folate ratio (Table 1). Our
El-Tohamy, 1990; Todnenet al. 1996) and lycopene from  present study shows that disruption of the matrix makes
tomatoes (Stahl & Sies, 1992; @haer et al. 1997; Porrini folate more accessible for absorption. Apparently, the dis-
et al. 1998). Mechanical homogenization of the spinach ruption of the whole leaf spinach matrix in the gastrointest-
before consumption resulted in a significantly higher plasma inal tract is not complete and limits the bioavailability of
response to lutein. It did not, however, affect the plasma folate.
response tg3-carotene. Lutein is more hydrophilic than
(-carotene and this may have enhanced the release of luteirEffect of vegetable consumption on plasma vitamin C level

from the chloroplasts in the cytosol during disruption of the Plasma vitamin C levels were increased after consumption
cell structure. The effect was moderate and the release of p

lutein was still lower than that from broccoli or green peas of each of the vegetables and the differences in increases

(Fig. 3). This suggests that a difference in characteristics of b_etwe;en the vegetables were relat_ed to differences in their
the vegetables may be the major determinant vitamin C content. Due to saturation of plasma levels at

The differences in relative carotenoid bioavailability about er?o]tll, thecrr];\aljlor factor p:edlctlr;gt.the plasmat
between different vegetables are important for the inter- response ot vitamin % foflowing supplémentation appears to

pretation of health benefits of carotenoid consumption. Most be the previous vitamin C status of the volunteers (Levine

epidemiological studies do not take into account the appar- e:eilé r}tgsgt?])d Tmﬁigﬁ rr‘ﬁgntgit'?;}n\’\t'ﬁz Qgéea_cggvgg slg e?flgct
ently substantial variation in carotenoid bioavailability from P Y, y exp P

different foods. Giovannucat al. (1995) showed that the of vitamin C we found. Previous studies have shown that the

o : - ., bioavailability of vitamin C from vegetables is similar to
association between intake of lycopene-rich foods and risk .
of prostate cancer varied among different foods. Differences _that from a supplement (Mangessal 1993). Therefore, it

in lycopene bioavailability may have been responsible for 'S NOtsurprising that chopping of whole leaf spinach did not
this observation (Qaner et al. 1997). The present study improve the bioavailability of vitamin C. Release of vitamin

shows that forg-carotene and lutein not only should the dCu:{r?mitghgb?(grd tirggtrlx is apparently not a limiting step
extent of vegetable processing be taken into account, but 9 sorption. : :
also the type of vegetable ingested. This may be an impor-_, N conclusion, the present study shows that the bioavail-
tant reason for the rather low correlation coefficients (about gﬁ]igtr'gﬁtof B 'ggrgtfecg ae',:gblllétgn,v\(;rﬁlo(sjgbg;antr'gggszmongf
0(50) between carotenoid intake and plasma levels found in yp 9 : P 9

cross-sectional studies (Campbetl al. 1994; Scottet al. vegetables, such as mechanical homogenization, can
1996 Drewnowsket al. 1997). improve the bioavailability of lutein and of folate. This

variation in nutrient bioavailability should be considered
when the impact of vegetable consumption on health is
Effect of vegetable consumption on plasma folate level assessed.

A significant increase in plasma concentration of folate was
found after 4 d consumption of spinach, which contained the
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mg folate intake the investigated vegetables also differed in Ariette Trom-van den Beukel for analysis of the meals and
their folate bioavailability as green peas induced a larger blood samples, and Tom Wiersma for statistical evaluation
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