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Previously, we have presented a method for quantifying 5-carotene bioavailability based on analysis
in serum, following administration of 13C-labeled -carotene. Because stool samples can be collected
noninvasively, we have now extended the method to measure the bioavailability based on
measurements in feces. An extraction method was developed to enable measurement of concentra-
tions and degree of isotopic enrichment of retinol, retinyl palmitate and carotenoids in feces. Relative
bioavailability of s-carotene from pumpkin (n = 6) was found to be 1.8 times (interval, 0.6, 5.5) greater
than that from spinach (n = 8), based on data from feces compared with 1.7 times (interval, 0.9, 3.1)
based on data from serum.
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INTRODUCTION carotenoids in plant foods is a particular problem, because plant

Vitamin A deficiency is a problem in developing countries foods are the major source of vitamin A in the diet of a large
(1—4). Supplementation with vitamin A of children under 5 Proportion of the world’s populationsj. Thus, the reduced
years of age in such countries reduces morbidity and mortality estimate of bioefficacy of provitamin A (mainlj-carotene)
by 23%, probably because of improved immunocompetetice ( from planlt sources ha.\s. greater meaning for thelr ab!llty to
Improved vitamin A status can be achieved by reducing the achieve vitamin A sufficiency. The impact of the bioefficacy
demand for vitamin A or by increasing the effective supply of ©ON Fhe effective supply of vitamin A h_a_s recelve_d I|_ttle attention
vitamin A or by combining both these approaches. Three factors until the 15_9903, mainly because sensitive quantitative techniques
determine the effective supply of vitamin A: the consumption Were lacking (6).
of foods and pharmanutrients (i.e., dietary supplements), the Isotope techniques can provide accurate and precise estimates
content of vitamin A or its precursor in food or pharmanutrients 0of bioavailability and bioefficacy. We developed a technique
consumed, and the bioefficacy of vitamin A or its precursor in to quantify the bioavailability and bioefficacy gfcarotene in
the food or pharmanutrients. Unless the bioefficacy is suf- 0il by using multiple low (100 ug) doses of3-carotene and
ficiently high, the effect of increasing the consumption of retinol, each specifically labeled with 1#C atoms. This
provitamin A-containing food and the provitamin A content of technique has been tested in studies involving Bbahd 77

food consumed will be limited. Bioefficacy of provitamin A (8) Indonesian school children. In the latter study, the relative
bioavailability and bioefficacy of3-carotene in spinach and

* To whom correspondence should be addressed. FeB1 (317) 484 pumpkin was also estimated. All results obtained from these
311'V\',::gé;ﬁgle(r?ﬂgh‘}ggify42' E-mail. Clive.West@wur.nl. studies were based on data from serum samples. Because stool
* University Medical Center. samples can be collected noninvasively, the aim of the present

sDeceased. ) study was to compare estimates/®tarotene bioavailability

' University of lllinois at Chicago. ing d f ith th b d d f f

7 Nutrition Research and Development Centre. using data from serum with those based on data from feces.
#Leiden University. For this purpose, a sub-sample of children from our second study
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Wk 0: Baseline measurements (n = 20)

4 children did not provide a stool sample during
this period, thus data available on 16 children

A 4

A
Wk 1-3: Run-in period (n = 20)

Capsules and controlled diet: 3x/d

Long yard beans (77 g) containing 0.4 mg p-carotene: 2x/d

4 children did not provide a stool sample during this
P period. Data from 1 child excluded from data
analysis, thus data available from 15 children

A 4
Wk 4-6: Treatment period (n = 12) Wk 4-6: Treatment period (n = 8)
Capsules and controlled diet: 3x/d Capsules and controlled diet: 3x/d
Spinach (82 g) containing 1.5 mg B-carotene: 2x/d Pumpkin (81 g) containing 0.7 mg B-carotene: 2x/d
A 4 \ 4
4 children did not provide a stool 2 children did not provide a stool
sample, thus data available on 8 sample, thus data available on 6
children children

Figure 1. Study design. Capsules contained 31 ug of [*3Cy)3-carotene and 21 ug of [1Cyg]retinyl palmitate. The basal diet was low in retinol and
carotenoids. At baseline and at the end of the run-in and treatment periods, blood and stools were collected. Wk = week.

(8) were asked to collect all their stools for 2 consecutive days, 3 weeks. The study was approved by the Medical Ethics Committee
three times during the study. In feces, we measured the sameof the Ministry of Health, Indonesia; the Indonesian Institute of Science;
variables as in serum, which required the development of an and the Medical Ethical Committee of the Division of Human Nutrition
extraction technique to use in conjunction with existing HPLC ©f Wageningen University, The Netherlands. _

(9) and liquid chromatography coupled with mass spectrometry ~ Study Type and Intervention. The study was a randomized
methods (1011). We also extended the mathematical model controlled dietary trial with two treatment armspinach and pumpkin

to estimate the bioavailability g§-carotene. It is not possible ~ and a paraliel desigrF{gure 1). During the study, comprising a 3-week
to quantify the bioefficacy gf-carotene based on measurements run-in period followed by a 3-week treatment period, each child received

. . . . - capsules (3/d for 7d/wk) containing 34 of [12,13,14,15,20,12',13',
in feces because the bioconversiorBefarotene is a metabolic 14,15,20-13C,q]f-carotene (analyzed value) and 28 of [8,9,10,

process that occurs in the body. 11,12,13,14,15,19,28C,gJretinyl paimitate (calculated based on analy-
sis, equivalent to 12 of retinol). Each capsule also contained 0.35
MATERIALS AND METHODS g of highly unsaturated sunflower oil and 0.12 mg of vitamin E as an

Definitions. In this paper, a number of terms are used that need to antioxidant for thg oil. Preparation of_ the labeled materia) @nd
be defined. Bioavailability is defined as the fraction of an ingested c@Psules is described elsewhesy. Children consumed the capsules
nutrient that is available for utilization in normal physiologic functions With @ low-retinol, low-carotenoid meal, 3 times/d. During the run-in
and for storagel?) (i.e., the amount absorbed). Bioconversion is the period; the lunch and afternoon meals were supplerr_]e_nted with a portion
fraction of a bioavailable nutrient (here, absorbed provitamin A ©Of 77 g of yard-long beans/igna unguiculaty containing 0.4 mg of
carotenoids) that is converted to the active form of a nutrient (retinol). /-carotene/portion (analyzed value). During the treatment period,
Bioefficacy is the fraction of an ingested nutrient (here, dietary Cchildren received daily either two portions of 82 g of spinagk=(12;

provitamin A carotenoids) that is absorbed and converted to the active AMaranthus tricolor) or 81 g of pumpkim(= 8, Cucurbita moschata),
form of the nutrient (retinol) (7). containing 1.5 mg and 0.7 mg g¢f-carotene/portion, respectively

Subjects. The study was conducted from March to May 1999 in a (anglyzed values). Preparation of the meals is describ(_ad elsevere (
rural village in Bogor District, West Java. Screening procedures and Durmg_ the study, membe_rs of the research team supervised a_lnd recorded
selection criteria of the study have been reported in detail elsewhere COMPpliance of consumption of the capsules and meals. Main outcome
(8). There were no additional eligibility criteria for inclusion in the ~Measures of the study were the dilution of the degree of isotopic
sub-sample of children being asked to collect their stools during the €nrichment of retinol ang-carotene in serum and in feces during the
study. During the baseline measurements, 20 of the 80 apparentlytréatment period (compared with the run-in period). By use of either
healthy school children (9 boys and 11 girls), aged.Z y, participating fjata from serum or from feces, the_ relative bioavailabilitpafarotene
in the study were randomly selected to collect their stools during the in SPinach and pumpkin was estimated. Samples of serum and feces
study (Figure 1). The parents or guardians of these children were collected at the end of the run-in period were used for measurement of
informed about the purpose and procedures of the stools collection andthe bioavailability ofs-carotene in oil.
gave their written informed consent. At the end of the run-in period of Measurements.During baseline measurements (week 0) and at the
3 weeks, children were randomly allocated to receive either spimach ( end of the run-in period (week 3) and treatment period (week 6), a
= 12) or pumpkin (@ = 8) during the subsequent treatment period of physician examined the children, and each child’s weight, height, mid-
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upper-arm-circumference (MUAC) were measured. During the one- 010, Thermo Separation Products, San Jose, CA) closed with a
week baseline measurements, children were asked to collect their stoolsscrewcap. At the end of each day of sample preparation, the 1.5-mL
over a 48 h-period (noon Day 2 until noon day 4). In the morning of vials without screwcaps were placed into the tray (protected from light,
day 4 of the baseline period, blood samples were drawn. Three dayskept at 4°C) of the HPLC system for duplicate injections of 2b.
before the end of the run-in and of the treatment periods, children were The 1.8-mL vials were stored in containers-&80 °C for <2 weeks
asked to collect all their stools for 48 h (noon day 19 until noon day before being packed on dry ice and transferred to the Department of
21 and noon day 40 until noon day 42). At the end of each period, on Medicinal Chemistry and Pharmacognosy in Chicago. There, the
Days 21 and 42, blood samples were drawn from the children (one extracts were stored at80 °C for <2 weeks before measurement of
sample/child/period). None of the children showed signs of infection, the degree of isotopic enrichment/@tarotene11) and retinol {0;11).
as judged by a physician, on days of blood collection. Thus, all blood  Storage of Feces ExtractsThe effect of storage of fecal extracts
samples could be collected on the days as intended. on the concentrations g8-carotene and lutein (the most prevalent
Blood samples were used to obtain data as described previouslycarotenoids found in feces in this study) was assessed. For this purpose,
(8): leukocytes counts, hemoglobin concentration, hematocrit values, two samples were extracted in duplicate following the above protocol.
concentration of retinol and various carotenoids, and degree of isotopic The extract was portioned (& ca. 4 mL) over tubes (8-mL heavy
enrichment of retinol and-carotene. Stool samples were used to obtain duty centrifuge tubes with screw cap, Kimble Glass Inc, Vineland, NJ),
data on the following: prevalence and intensity of parasitic infestation and stored under nitrogen &80 °C for periods up to 5 weeks. On the
(as described iB); concentration of retinol, retinyl esters, and various day of extraction and once per week during the next 5 weeks, one tube
carotenoids; and degree of isotopic enrichment of retino|&oarotene. from each sample was opened and 1.5 mL was transferred to a crimpcap
Estimates of the energy and nutrient intakes were based on aVvial closed with a crimpcap, from which 28 was injected in duplicate
combination of sources: diaries in which children daily recorded, both into the HPLC system.
qualitatively and quantitatively, consumption of foods and drinks not The average coefficient of variation (CV) over the 5-week period
provided by us; records of attendance and of consumption of the meals;for each sample was 5% (range;@%) for 5-carotene and 5% (range,
and a computer program suite (KOMEET, version 2.0c, and VBS-edit, 2—8%) for lutein. For each sample, Spearman correlation coefficients
version 1.0; B-ware Nutrition Software, Wageningen, Netherlands), with were calculated between “week” anf-tarotene or lutein” concentra-
a nutrient database (bg95k99t; based on that developed by de Pee tion to assess whether there was any change in concentration. Only for
and colleaguesld) to which the energy and nutrient contents of the one sample was the correlation betwegrcarotene and weeks
foods provided (on the basis of duplicate analyses of meals and significant. Because the mean CV wad5% and because there was
supplements) were added. Collection of the duplicate samples andno drift with time in concentration, we concluded that extraction of
analysis of the energy and nutrient intakes in these samples has beeifieces in Wageningen and shipment of the extracts to Chicago within 2
described elsewhere (8). In this paper, we will only report retinol and weeks, where they would be injected in the LC-MS system within 2
carotenoid intakes from food provided. weeks, would not cause significant losses of carotenoids. In fact, small
Collection of Feces Samplesor collecting stool samples, each  losses would not be a problem, because measurement is based on the
period, children received a plastic bucket and 10 plastic bags labeledratio of labeled to unlabeled compounds, provided that such losses affect
with their ID number. They received instructions for the collection, labeled and unlabeled compounds to a similar extent.
storage (i.e., at a cool place in the dark) and transport of their stools.  Quality Control. Samples from each child were analyzed within
Children transported the samples to school in black plastic bags on theone run to minimize analytical variation. In each run, a control sample
day of collection or the next morning. At school, the samples were was extracted in duplicate and injected into the HPLC system for
stored in a cool box with chilling elements. Daily, this box was monitoring the stability of the analytical procedure over time. The
transported from school to the laboratory where the samples were storedcontrol sample for the HPLC analysis was homogenized baby food
at 4°C. At the end of each 48-h period, samples from each child were from one lot obtained from Nutricia BV (Zoetermeer, The Netherlands)
pooled and homogenized. The weight of each pooled and homogenizedcomprising 42% carrots (Daucus carota), 30% peRism sativum),
sample was recorded. If necessary (for sample handling), a known 21% low fat milk, and 1% parsleyPetroselinum crispum) as described
amount of water was added to the samples before homogenization. Eaclearlier (9). For each sample run, a new jar of baby food was opened.
homogenized sample was portioned oveB plastic boxes, each The average carotenoid concentrations of duplicate control samples were
containing up to 150 g of feces. All boxes were stored-20 °C for required to be within 2 SD of the mean concentrations measured when
~2 mo. These procedures were done at the Nutrition Research andextracted and analyzed by HPLC, as described by Hulshof and
Development Centre in Bogor before the samples were packed on drycolleagues (8 over the past 5 y. If the values obtained were not within
ice and transferred to Wageningen. There, the samples were stored fo2 SD of the mean, the sample run was repeated. With each sample
~10 mo at—20 °C until thawed, pooled, homogenized and portioned run, two blank samples were included. No retinol and carotenoids were
over three plastic tubes containing up to 20 g. All tubes were stored at detected in these blank samples.

—20 °C for ~4 months before analysis. HPLC Analysis. The HPLC system and the source and preparation
Extraction of Human Feces.For the extraction of human feces, of internal and external standards have been described elsev@)ere (
we extended a method for measuring the concentrations of provitamin A reversed phase column was used, and the mobile phase comprised

A carotenoids in foods9). Beginning 16 h prior to analysis, samples a mixture of methanol, THF, and water containing 0.1% triethylamine,
were allowed to thaw in the dark af€. An aliquot (2 g) was extracted  which was pumped isocratically at a flow of 0.7 mL/min. For the first

in duplicate wih 4 g of NaSQs, 0.5 g of CaC@ 30 mL of 15 s, the solvent ratios were 88:2:10 (v/v/v), followed by 30 s in which
tetrahydrofuran (THF) containing 0.01% butylated hydroxytoluene the solvent concentrations changed to 92.5:7.5:0, which was maintained
(BHT), and 1 mL of an internal standard in THF/methanol (3:1 v/v) for the remainder of the 25 min runtime. There was a 5 min equilibration
containing a known amount of retinyl acetate (ca:g) in a 100-mL period between each run. Samples were injected in duplicate: all
measuring cylinder, using a rod mixer (Polytron PT 20 OD, Kriens/ samples were injected once when elution of retinol and retinyl palmitate
Luzern, Switzerland) at moderate speed (speed 4) three times for 1was monitored at 325 nm; after which, all samples were injected for a
min. The solution was allowed to stand for-8 min, after which the second time when elution of various carotenoids was monitored at 450
extract was filtered through a filter paper (Whatman paper no 54, nm. Carotenoids, retinol, and retinyl palmitate were identified by
diameter 11 cm) in a glass funnel. The residue was re-extracted twice comparing their retention times with those of standards. In 2 out of 45
with 30 mL of THF. The volume of the combined filtrates was reduced samples, there was a peak eluting with a retention time the same as
to near dryness at 3% under nitrogen in a rotary evaporator (Blichi, that of retinol. However, spectral analysis of these peaks showed that
Flawil, Switzerland). Using a glass pipet, 25 mL of THF/methanol (3:1 they had a different absorption spectrum than the retinol standards had.
v/v) containing 0.01% BHT was added to the concentrated filtrate. After Further analysis of these peaks by mass spectrometry showed conclu-
homogenizing, this sample was portioned over one crimpcap vial (1.5 sively that these peaks were not retinol. Quantification was done by
mL; 403682, Phase Separation LTD, Deeside, UK) closed with a internal standard method, and calibration was performed in bracketing
crimpcap (412115, Phase Separation) and three vials (1.8 mL; A4954 mode by a three-level calibration line. A solvent blank was included
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in each run. Detector responses were linear over the concentrationare shown separately for each treatment group. Results obtained using
range: Pearson’s correlation coefficients wei@99 for all standards. data from the run-in and treatment periods were compared between
Total cis3-carotene was quantified from the standard line for all-trans  the spinach and pumpkin groups for variables referred tBaible 1.
[-carotene, assuming the same detector response for both carotenoidsor all comparisons, Mann—Whitngy tests were used. Within each
(9). The guantitation limit was set at 10 times the minimal detectable treatment group, Wilcoxon tests were carried out to compare the
level, which in turn was defined as the amounts of luteircarotene, variables referred to imable 1 between the run-in and treatment
and g-carotene resulting in peak-heights 3 times the baseline noise. periods. All tests were two-sided, aRd/alues< 0.05 were considered
Data from duplicate samples were averaged and expressed as nmol/gignificant. The computer package SPSS (version 10.0.5; SPSS Inc,
feces. Chicago) was used for all statistical calculations.

APCI LC-MS Analysis. For the LC-MS analysis, the feces extracts
were analyzed by reversed-phase HPLC withsad@lumn interfaced RESULTS
to a mass spectrometer equipped with positive ion atmospheric pressure
chemical ionization (APCI). To assess the ratio of labeled to unlabeled ~ Baseline Characteristics and Experimental RegimerData
B-carotene, selected ion monitoring was carried out at mass-to-chargeare presented for 17 (9 boys, 8 girls) of the 20 children enrolled
ratios (m/z) of 537 and 547. These ions corresponded to endogenouhecause two girls in the pumpkin group and one in the spinach
p-carotene (thus including-carotene derived from unlabeled dietary group provided only one stool sample at baseline. Mean age of
f-carotene) and orally administerédQug] f-carotene, respectively. To  the children was 9.% 1.2 y (SD). At baseline, children weighed
assess the ratio of labeled to unlabeled retinol, selected ion monitoring 24.0+ 3.8 kg, were 1.25 0.06 m high, and had a mid-upper-
was carried out am/z269, 274, and 279. These abundant fragment . .. ference of 18.2 1.6 cm. At baseline, the mean

ions corresponded to the loss of water from the protonated molecule rum concentration of retinol was 0.280.26.zmol/L and of
of endogenous retinol (thus including retinol derived from unlabeled serum concentration of retinol was u. -<0{MmOVL and o

dietary retinol), [*CsJretinol (metabolically formed from orally admin- ~ /-carotene 0.14- 0.08umol/L. In feces, the baseline concen-

istered [3C,(]B-carotene), andfC;gJretinol (formed by hydrolysis of tration ofﬂ-carptene was 0.01k _0.010ymollg, Wh”(_':‘ no retinol _
orally administered fCygretinyl palmitate), respectively. Quality ~ was detected in feces. At baseline, the hemoglobin concentration

control measures and technical details of the LC-MS methods and was 101.6+ 7.3 g/L and the hematocrit 0.32 0.03 L/L. In

equipment did not deviate from the protocol described in the original stools of 65% of the children, intestinal parasites were prevalent

papers describing these methods (10). at baseline (no data available on one child). Anthropometric
Reagents and StandardsHPLC-grade solvents methanol and THF  data, hemoglobin concentrations, hematocrit values, and preva-

(y?hbsiéifn,tﬁtillorg?n I?dusgﬁlTPagthc:H IDU*?”“’ Irelan%)t Y"e’g"fuse‘j lence and intensity of intestinal parasites during the study are

without rurtner purification. ana trietnylamine were obtained from : :

Sigma Chemical Co. (St Louis, MO) while bBO, and CaCQ were reportr_ed elsewhere (8). In both perlods_ and in both groups, the

compliance to the capsule consumption wa82%, which

from Merck (Darmstadt, Germany). that the child foll d th . tal .
Calculation of the Bioavailability of #-Carotene.From the degree means that the chiidren followed the experimental regimen very
conscientiously.

of isotopic enrichment g8—carotene with {3C,¢)3-carotene ancetinol X ) ) . .
with [3Cg]retinol and [*CygJretinol in serum and feces gilateau During the baseline and run-in periods, the average weight
isotopic enrichment during the run-in period, the bioavailability of —0f feces samples collected over the 48-h per period wast168
p-carotene in oil was calculated using tBarRet PIE mathematical 94 and 130+ 62, respectively. During the treatment period,
model as described earlief)(and inTable 1, respectively. The plateau  the average weight of feces samples collected over the 48-h for
can be reached during prolonged consumption of multiple doses of the spinach and pumpkin groups was ¥ #1 and 122+ 60,
[**Cudretinol and [*Cyg]3-carotene. Note that the formula for determin-  regpectively. Although children were instructed to provide all
ing the bioavailability ofs-carotene in oil using data from feces is their stools over a 48-h period, some children did not provide
based on an oral—fecal balance. . . ’ .

a single stool sample in some, one, or all periods. In retrospect,

During the run-in period, the intake of retinol afiecarotene from . - . .
sources other than the capsules was kept constant and low. During the:ChIldren mentioned that their feces collection had often been

treatment period, the intake of retinol afitarotene from the capsules ~Ncomplete. However, we were unable to estimate the proportion
was similar to the intake during the run-in period. The intake of retinol Of feces collected.
from other food sources was similar to the intake during the run-in ~ During both periods of the study, children obtaine@0%
period. The only difference between the two periods was the treatment of their daily energy intake from the food provided. Therefore,
(i.e., spinach or pumpkin, rich if-carotene). It is assumed that and because food intake from the foods provided can be
f-carotene and retinol released from the food matrix and available for estimated more accurately and precisdy, (ve will only use
absorption mixes completely with labelgétcarotene and retinol.  gata on nutrient intakes from food (menus, supplements, and
Changes in the degree of 'Sokt]Op'C enrichment Oflre“”ﬁ'm“.dmte.?e i, Capsules) provided to describe the nutrient intakes during this
'(;%ig%;?ifienczzig:gﬁuasnt d %Lﬁ';lzr?emd) reflect the bioavailability study. Daily retinol and provitamin A intakes are shown in

' Table 1. Because during the treatment peried82% of

Despite the consumption of large amountgeafarotene in spinach . . intak f he bi i
and pumpkin in the treatment period, the degree of isotopic enrichment Provitamin A intakes wag-carotene, we refer to the bioavail-

of retinol in serum did not change dramatically during the treatment @bility as the bioavailability of3-carotene. During the run-in
period. Although, in the spinach group, there was a statistically Period, intake of lutein was approximately 706/d and intake
significant change in the isotopic enrichment of retinol witfCj]- of zeaxanthin and lycopene was’5 ug/d. During the run-in
retinol, the mathematical model could not be used to obtain absolute period, retinol angB-carotene intake from capsules was statisti-
data on the bioavailability and bioefficacy gfcarotene in spinach cally significantly higher in the pumpkin than in the spinach
and pumpkin. However, the relative bioavailability was estimated as group, but we expect this difference to be of little biological
described elsewhere (8), and for clarity, are repeatethirie 1. We relevance. During the treatment period, daily intakeg-ofr-
extended the CarRet PIE mathematical model to estimate the relativeotene (5.55 vs 2.76mol/d) and3—cryptoxanthin (0.07 vs 0.02
bioavailability of 3-carotene in spinach and pumpkin using data from ) L . . . ’ o
umol/d) was significantly higher in the spinach than in the

feces (Table 1). ’ S
Statistical Evaluation. Because the sample size was relatively small pumpkin group, while intake ai—carotene (0.25 vs 1.1émol/

(<20), normality of data was not tested, and data are expressed asd) Was lower. In both groups, intake of provitamin A carotenoids
medians and 25th to 75th percentiles, except for baseline characteristics(Calculated as the sum of the intakefbfcarotene and half the
which are expressed as meanSD. As the run-in period serves as a  intake of other provitamin A carotenoids) differed significantly
control for the treatment period, data collected during the run-in period between the two periods, because different recipes were used



Table 1. Description of the f—Carotene and Retinol at Plateau Isotopic Enrichment (CarRet PIE) Mathematical Model (7) Using Data from Serum and Feces

run-in period treatment period
spinach group pumpkin group spinach group pumpkin group
symbol description derivation n=9 (n=26) (n=29) (n=26)
a retinol intake from diet («mol/d)2 0 0 0 0
b retinol intake from capsules (xmol/d) 0.122 0.126 0.122 0.124
(0.120,0.124)° z (0.124,0.126) z,y (0.105, 0.124) (0.118,0.124) y
d p—carotene intake from diet («mol/d)2 1.52 1.69 5.71 3.36
(1.42,1.65)y (1.50,1.81)y (4.86,5.81) z,y (3.23,3.39) z,y
e p—carotene intake from capsules («mol/d) 0.168 0.173 0.168 0.170
(0.165, 0.170) z (0.172,0.175) z, y (0.144, 0.170) (0.162,0.175) y
Csr total retinol concentration in serum (xmol/l)® 0.67 0.64 0.72 0.80
(0.56, 1.03) (0.52,0.78) y (0.69, 1.09) (0.72,0.85) y
Eiosr enrichment of retinol in serum with [*3cyo]retinol Mazesr d 0.0462 0.0697 0.0520 0.0617
(Mg sr + My + Myzg g) (0.0319, 0.0589) z, y (0.0541, 0.0826)z (0.0184, 0.0658) y (0.0529, 0.0702)
Essr enrichment of retinol in serum with [*3cs]retinol Mozssr 0.0475 0.0634 0.0519 0.0571
(Mg s + My + Myzg p) (0.0296, 0.0663) (0.0432, 0.0839) (0.0142, 0.0759) (0.0420, 0.0715)
Csc total 5—carotene concentration in serum («mol/l)® 0.16 0.13 0.31 0.51
(0.12,0.22)y (0.11,0.20) y (0.22,0.37) z,y (0.43,058) z,y
Cic total 5—carotene concentration in feces (nmol/g)© 4 5 21 10
2 12)y (1,12)y (1, 34)y (2,24)y
E1o0sc enrichment of A—carotene in serum with [*3c;0]—carotene Msa7.5c 0.1425 0.1643 0.0869 0.0486
(Ms37 ¢ + Msg760) (0.0940, 0.2343) y (0.1129, 0.2280) y (0.0612, 0.01354) z, y (0.0228, 0.0744) z, y
Eofc enrichment of S—carotene in feces with [**cy0]3—carotene Msy71c 0.0691 0.0639 0.0118 0.0361
(Ms37.1c + Msgzc) (0.0495,0.1668) y (0.0535, 0.0941) (0.0071, 0.0268) z, y (0.0265, 0.0675) z
BVico bioavailability (%) of 5—carotene in oil®
using data from serumf [(Eisct X Cocn) + (SIC X Eg gy X Copy)] X by x 100 114 (67, 136) 75 (52, 85)
(Eqprr * Copr) X €
using data from fecesd [(2 x &) = (Ejpjc1 X Cicy X Wyl < 100
BVicsp relative bioavailability of 5—carotene in spinach and pumpkin (2xe)

using data from serum

{ [(Eqgsc2 X Coca) + (SIC X Eg gy X Cipy)] % dz}
eZ sp

{ [(Eq.sc2 X Coca) + (SIC X Eg gy X Cogo)] * dz}
€; pu

1.7(0.9, 3.0)"

rleq 9994 Buisn ausiored—g Jo Aljigejreaeolg

1215 €002 ‘LT ON ‘TG [OA “WayD poo4 "auby ‘¢
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Table 1. (Continued)

treatment period

run-in period

pumpkin group spinach group pumpkin group

spinach group

6)

derivation
z)] [(
)

description

symbol

1.8(0.6,5.5)"

2)]
sp

Eqofco X d
€

€,

(Eqopco @ d

2 Intake of nutrient is intake from food provided. Retinol in food provided was below the limit of detection (thus, < 3 ng/d). -Carotene intake is the sum of the intake of -carotene and half the intake of other provitamin A carotenoids

using data from feces'

from food provided. During the run-in period in both groups, o-carotene intake was approximately 0.17 umol/d and /3-cryptoxanthin intake was negligible (<0.01 x«mol/d). During the treatment period, a-carotene was higher (1.2 umol/d) in
the pumpkin than in the spinach (0.25 «mol/d) group, while in both groups, 3-cryptoxanthin intake was negligible (<0.07 umol/d). ® Median with 25th and 75th percentiles. Mann—-Whitney U tests were carried out to compare values between

groups within each period. Wilcoxon tests were carried out to compare values within each group between the run-in and treatment periods. ¢ In feces collected over 48 h, concentrations of retinol were below the limit of detection (thus,

excretion of retinol was < 2 ng/d). ¢ Where Ma7er is the signal measured by liquid chromatography-mass spectrometry at m/z 279. Values at baseline were subtracted from values during the run-in and treatment periods. If baseline samples

were absent, the mean enrichment at baseline was subtracted from the values during the run-in and treatment periods. © Bioavailability is the fraction of an ingested nutrient that is available for utilization in normal physiologic functions and

for storage (12). fFigures 1 and 2 in the subscripts refer to the period from which data were used (1 = run-in and 2 = treatment period). StC refers to the stoichiometry of the cleavage of 3-carotene to retinol in the body. We assume the

most efficient stoichiometry (i.e., 1 «mol S—carotene yields 2 umol retinol), thus obtaining minimum estimates for the bioavailability. With this stoichiometry, StC = 0.5. 9 Where W} is the weight of feces collected. Because complete collection
of feces is a prerequisite for adequate use of this formula and feces collection was incomplete, bioavailability of S—carotene in oil was not calculated using data from feces. " Ratio calculated using median values of the numerator and

denominator. Interval of spread of ratio calculated using the 25™ and 75" percentiles of the median values of the numerator and denominator (16). A ratio >1 indicates that the bioavailability of -carotene in spinach is less than that of
[-carotene in pumpkin. ' In these formulas, the absorption of retinol is not taken into account as is done in the formulas for serum. This cannot be done, because no retinol was detected in feces. Z Values within one row within one period

differ significantly (P < 0.05). ¥ Values within one row within one group differ significantly (P < 0.05).

van Lieshout

for the different vegetable supplements (total daily intake of
provitamin A carotenoids shown ihable 1).

Concentrations and Degree of Isotopic Enrichment of
Retinol and Carotenoids in Serum and FecesConcentrations
of retinol in serum and feces are showrable 1. Using HPLC
and LC-MS, with limits of detection of 3.5 ng/kg feces aad
1pmol injected on-column, respectively, no retinol was detected
in feces samples collected during this study, possibly because
intake of retinol from food provided was negligible. Concentra-
tions of total retinol in serum did not differ between the spinach
and pumpkin groups in each period, nor between both periods
within the spinach group. In the pumpkin group, serum retinol
concentrations were significantly higher during the treatment
period than during the run-in period.

Concentrations of carotenoids in serum and in feces did not
differ between groups during the run-in periothble 1, data
for carotenoids other thafi-carotene not shown). During the
treatment period, concentrations/$tarotene, luteing—caro-
tene, and zeaxanthin in serum were higher in the pumpkin than
in the spinach group, while concentrations of lycopene in feces
were higher in the spinach than in the pumpkin group. Except
for zeaxanthin, these differences reflect differences in intake
of carotenoids from food provided (see previous section). In
the spinach group, concentrationstarotene and lutein in
feces and in serum differed significantly between the run-in and
treatment periods. In the pumpkin group, concentrations of
[-carotene, luteinp.—carotene, and zeaxanthin in serum and
those of -carotene, lycopene, and lutein in feces differed
significantly between the run-in and treatment periods.

During the run-in period, the degree of isotopic enrichment
of retinol in serum with Cygretinol differed significantly
between the spinach and pumpkin groupsiile 1). In the
spinach group, the degree of isotopic enrichment of retinol in
serum with [3CygJretinol increased significantly over the course
of the treatment period, while in the same group, the isotopic
enrichment ofs-carotene in feces decreased significantly over
the course of the treatment period. In both groups, the degree
of isotopic enrichment ofg-carotene in serum decreased
significantly over the course of the treatment period. During
the treatment period, the degree of isotopic enrichment of
p-carotene in serum and feces differed significantly between
the spinach and pumpkin groups. The degree of isotopic
enrichment ofg-carotene in serum was lower in the pumpkin
than in the spinach group, while in feces, the enrichment was
higher in the pumpkin than in the spinach group.

Comparison of Bioavailability of #-Carotene Using Data
from Feces with Data from Serum. The bioavailability of
p-carotene in oil compared with that of retinol in oil obtained
using data from serum was 82% (25tF5th percentile, 62, 125)
(not different between group$able 1). These calculations were
based on data from 15 children instead of 16, because data from
one of the children who participated in this feces collection
procedure was omittedl§) from calculations of the bioavail-
ability of -carotene in oil if calculations were based on the
total study population (r= 77; 8). Data on the bioavailability
of f-carotene in oil obtained using data from feces could not
be calculated, because the calculations reflected a balance study,
for which it is important that feces collection is complete and
losses have not occurred during handling and storage of the
feces.

Using data from serum, the bioavailability Gfcarotene in
pumpkin was 1.7 (interval, 0.9, 3.1) times that/tarotene
from spinach. The ratio was calculated using median values of
the numerator and denominator. Interval of spread of the ratio
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was calculated using the 25th and 75th percentiles of the median For the study described in this paper, we adapted an HPLC
values of the numerator and denominat8)( Using data from method, based on a validated method, to liberate retinol, retinyl
feces, the bioavailability of;-carotene in pumpkin was 1.8 esters, and carotenoids from human feces to assess the concen-
(interval, 0.6, 5.5) times that ¢i-carotene in spinach. A ratio  tration of S-carotene and other carotenoids. The feces extracts
of >1 indicates that the bioavailability gfcarotene in pumpkin can be stored at80 °C without considerable loss of carotenoids
is more than that of-carotene in spinach. No statistical tests for at least 5 weeks. Therefore, for assessing the concentration
were performed to compare these ratios, because of the lowof retinol and carotenoids in feces using HPLC and the degree
guantitative precision of such ratios. of isotopic enrichment of retinol ang-carotene in feces using
LC-MS, sample preparation has to be performed only once. This
DISCUSSION . . . . o
is not only less labor intensive, it also decreases the variation

In this Study in 20 Indonesian school Children, b|0aVa||ab|||ty between data from the two measurements. The extraction
of g-carotene from pumpkin was 1.8 or 1.7 times greater than procedure for feces described in this paper does not require
that from spinach, using data from feces and serum, respectively freeze-drying of the samples or saponification, as in methods
Thus, results from serum and feces are comparable. Human fecegjescribed by other authord& 19). With saponification, all
samples could be extracted using the above protocol to liberateyetiny| esters are hydrolyzed to retinol. Thus, in studies in which

retinol, retinyl esters, and carotenoids from feces prior to the retinyl ester content of the diet is high, this structural
injection into the HPLC or LC-MS systems. information will be lost.

From the interval of spread around the estimates based on
feces (0.6, 5.5) and serum (0.9, 3.1), it can be seen that the,
precision of data from feces is probably lower. Although fecal
mass is not a variable in the calculations of the bioavailability,
we expect incomplete feces collection might have made feces
samples less representative, and therefore we speculate that th
lower precision of the estimates may be caused by incomplete
collection of feces. The bioavailability gfcarotene in oil could
not be estimated using data from feces, because collection of
feces was incomplete. In future studies, especially when studying

children of this age group, the proportion of feces collected could than are the endogenous compounds. Moreover, an ideal
be assessed by feeding radio-opaque markers prior to and durin% . : . i '

: : - : ommercially available internal carotenoid standard has not yet
feces collection and by assessing their recovery in feces by X-raybeen encou);]teredzo). In further studies, completeness 03;

examination. There are a number of limitations on basing results - . .
gxtractlon could be assessed by varying the sample amount while

on analyses in feces. First, because bioconversion is a proces ther extraction conditions. excent the amount Id
that occurs within the body, bioefficacy cannot be quantified other extraction conditions, except the amou Oj. 3@, wou X
be kept constant9j. Recovery of the added internal retinol

directly using data from feces. Second, the amount of feces

i 0 . e
required for analysis is greater than that for serum samples, thustsr:a?(:ﬁrd (retllntyl allcetatke)hwasgg/o ’ Wh"ah Tillnly |nd|ctatles N
increasing the cost of sample storage and analysis. In addition, at the analytical work has been conducted accurately. No

sample preparation of feces is much more labor-intensive andretlnol and retinyl esters were detected in feces samples collected

more manual steps are involved in it than for sample prepara'[iondurlng .th's study. Thls.mlght be due-to degradgtlon during
of serum. extraction and processing. However, in our opinion, a more

Nevertheless, results from this study show that this stable pla_usible explanation might pe that the int_al_<e of retinol and
isotope technique can be used for the quantification of the retinyl esters from food provided was negligible. At the start

relative bioavailability of-carotene in food using data from S study, we assumed carotenoids to be more sensitive for
feces. In addition, in conjunction with the use of stable light than for heat, as long as temperatures were belo?G40

isotopically labeled compounds, feces can be collected to study | "erefore, we only instructed children to store the samples ata
the fate of carotenoids in the gastro-intestinal tract. This is a 00! place in the dark. However, in further studies, collection

rather unexplored area of research, because the degree off data on the stability of retinoids and carotenoids in feces

carotenoid degradation in the gastric environment or by bacteriaduring all stages of the sample collection, storage, and prepara-
(17) and the extent of endogenous secretion of carotenoids ardion would be very useful. From data from this subsample, the
largely unknown. Such data are necessary to interpret data on™ain study 8), and our previous study, there does not seem
the bioavailability of carotenoids obtained using oral fecal (© be an effect of sex on the bioefficacy and/or bioavailability
balance techniques. In fact, this study shows once more how©f /-carotene. However, because none of these studies were
much caution should be taken when interpreting data from SPecifically designed for that purpose, the stable isotope
nonisotopic techniques. The intake of dietgiyarotene was  t€chnique described in this and other papérsg) should now

1.7 times higher in the spinach than in the pumpkin group. The b_e use_d fo_r_studylng the e_ffect of sex on the bioefficacy and/or
concentration of carotene in feces in the spinach group (21 nmol/Pioavailability of carotenoids.

g) was 2.1 times higher than that in the pumpkin group (10  For the study described in this paper, we also extended the
nmol/g). This would lead to the conclusion tifatarotene from CarRet PIE mathematical model to estimate the relative bio-
both vegetables is bioavailable to a similar extent. The higher availability of g-carotene in spinach and pumpkin. In an
serump-carotene and retinol concentrations in the pumpkin than intervention study in 188 school children in Indonesia by de
in the spinach group indicate that-carotene from both Pee and colleagueg)( there were 4 dietary groups: low-retinol,
vegetables is bioavailable to a biologically relevant yet different low-carotenoid (negative control); dark-green leafy vegetables
extent. A conclusion that is in accordance with the results and carrots; yellow and orange fruits; and a retinol-containing
obtained using isotopic enrichment data from serum showing diet (positive control). The ratio of the bioavailability of
that -carotene in pumpkin was 1.7 times more bioavailable S-carotene in orange fruits to that gfcarotene in dark green
than-carotene in spinach. leafy vegetables was 5.9 (interval: 4.0, 7.9). This was calculated

In this study, only an internal retinol standard has been used.
In our opinion, a standard added at the beginning of the analysis
should only be used to appraise losses of compounds of interest
(retinoids and carotenoids) during the entire workup procedures
and should not be used to appraise losses during extraction.
Given the differences in stability of the compounds of interest
and the standards, it is questionable whether recovery percent-
ages of the standards do indicate true losses of the compounds
of interest. In addition, because the standards are not intimately
linked with the feces matrix, they might be extracted more easily
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from the changes in serufficarotene concentrations (corrected
for intake of3-carotene from food). In our study, the bioavail-
ability of g-carotene in pumpkin (an orange fruit) was also
higher (1.71.8) than that offi-carotene in spinach (a dark green

leafy vegetable). This ratio is smaller than when based on data

from changes in serum concentrationgeatarotene. The stable

isotope technique provides more accurate estimates of the

relative bioavailability off-carotene in food both when using
data from serum and when using data from feces than techniques (8) van Lieshout, M.; West, C. E.; Wang, Y.; van Breemen, R. B.;
which are based on changes in seytHrarotene concentrations.

This can be explained by the latter techniques failing to take

into account the bioconversion @kcarotene to retinol. The

mathematical model using data from feces data provides data
on absorption independent of the rate of bioconversion. As

described earlier (8), the design of studies using this isotope

technique should be altered by providing moderate amounts of

retinol in food thus enabling quantification of the absolute
bioavailability and bioefficacy ofg-carotene in fruit and

vegetables. Data from such studies will enable proper evaluation

of the effective supply of vitamin A of various approaches to
eliminating vitamin A deficiency.
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