
No influence of supplemental dietary calcium intake on the bioavailability
of spinach carotenoids in humans

Joana Corte-Real1,2,3, Cédric Guignard2, Manon Gantenbein1, Bernard Weber4, Kim Burgard4,
Lucien Hoffmann2, Elke Richling3 and Torsten Bohn1*
1Population Health Department, Luxembourg Institute of Health, 1A-B, rue Thomas Edison, L-1445 Strassen, Luxembourg
2Environmental Research and Innovation Department, Luxembourg Institute of Science and Technology, 41, rue du Brill,
L-4422 Belvaux, Luxembourg
3Food Chemistry and Toxicology, Department of Chemistry, University of Kaiserslautern, Erwin-Schroedinger-Strasse 52,
D-67663 Kaiserslautern, Germany
4Laboratoires Réunis Luxembourg S.A., 38, rue Hiehl, L-6131 Junglinster, Luxembourg

(Submitted 17 February 2017 – Final revision received 24 May 2017 – Accepted 25 May 2017 – First published online 27 June 2017)

Abstract
Dietary carotenoid intake, especially from fruits and vegetables, has been associated with a reduced incidence of several chronic
diseases. However, its bioavailability can vary, depending on the food matrix and host factors. Recently, it has been suggested that divalent
minerals negatively impinge on carotenoid bioavailability by reducing bile-salt and non-esterified fatty-acid levels in the gut, which normally
aid in emulsifying carotenoids. The aim of the present study was to investigate whether supplemental Ca would negatively influence
carotenoid absorption in humans. A total of twenty-five healthy, non-obese men (age: 20–46 years, BMI< 30 kg/m2) were recruited for this
postprandial, randomised, crossover, double-blinded trial. Following a randomised block design, each participant received (after 2-week
washout periods), on three occasions separated by 1 week, 270 g of spinach-based meals (8·61 (SD 1·08)mg carotenoids/100 g fresh weight),
supplemented with 0, 500 or 1000mg of Ca (as calcium carbonate), with each participant acting as his or her own control. Blood samples were
collected at regular postprandial intervals for up to 10 h following test meal intake, and standardised lunches were served. TAG-rich
lipoprotein fractions were separated and carotenoid concentrations determined. AUC for meals without supplemented Ca were 22·72
(SEM 2·78) nmol× h/l (lutein), 0·19 (SEM 3·90) nmol×h/l (β-carotene) and 2·80 (SEM 1·75) nmol× h/l (β-cryptoxanthin). No significant influence
of supplementation with either 500 or 1000mg of supplemental Ca was found. In conclusion, Ca – the most abundant divalent mineral in the
diet – given at high but physiological concentrations, does not appear to have repercussions on the bioavailability of carotenoids from a
spinach-based meal.
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Carotenoids are natural pigments that can be produced by
plants, bacteria and certain fungi, but not by humans. Their
dietary intake, especially in the form of fruits and vegetables,
as well as circulating tissue levels have been associated in
epidemiological studies with not only the reduced incidence of
several chronic diseases including cardiometabolic complica-
tions(1,2) and some types of cancer(3,4), but also with all-cause
mortality(5), though their contribution to vitamin A intake,
especially in developing countries and for vegetarians, is also
important(6,7). Furthermore, low carotenoid intake has been
associated with age-related macular degeneration(8,9), the major
cause of blindness in the elderly.
The exact mechanism by which carotenoids act on the

host is unknown, though direct antioxidant properties(10) and

anti-inflammatory as well as antiapoptotic effects produced by
acting on gene transcription(11) may play a role. However, the
bioavailability of carotenoids is extremely variable, depending
on carotenoid type, dietary (i.e. matrix-related) factors(12,13) and
host factors(14,15). For instance, a diet rich in lipids and low in
dietary fibre has been proposed to increase the bioavailability of
carotenoids(16,17), mainly by improving bioaccessibility – that is,
the fraction of carotenoids that are available for cellular uptake
in the small intestine(18) – as both conditions increase the
fraction of emulsifiable carotenoids, a prerequisite for their
absorption.

Recently, it has been suggested that dietary divalent minerals
may negatively impinge on carotenoid bioavailability, as
they could bind to bile salts and NEFA in the gut, resulting in
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their precipitation and unavailability for emulsification. This
emulsification is crucial in order to allow for mixed-micelle
formation and assure solubilisation of the lipophilic caro-
tenoids. However, so far, this negative effect has only been
demonstrated in vitro, following simulated gastrointestinal
digestion(19), and also following carotenoid cellular uptake into
Caco-2 cells, a frequently employed model of the small intest-
inal lining(20). In addition, concentrations required to reduce
carotenoid bioaccessibility and cellular uptake have been
shown to be quite high, possibly not reachable by trace ele-
ments, not even in supplement form. However, a high but
physiological intake of Ca and Mg, such as those obtained via
supplements, at concentrations reflecting approximately 33 and
100% of the RDA (1000mg for Ca and 400mg for Mg for adult
males), respectively(21), have been shown to reduce micellar-
isation and cellular uptake by over 60%(20). The observed
reductions in carotenoid bioaccessibility were further well
associated with increased surface tension and reduced viscosity
in vitro, also suggesting precipitation of emulsifying com-
pounds as the likely mechanism(19). However, as the in vitro
methods that have been employed thus far represent rather
static models – that is, not accounting for potential dynamic
adaptations of the human body with respect to enzyme and
bile-salt secretions – such findings are rather suggestive and do
not constitute definite proof.
In the present human study, we aimed to prove or disprove

the hypothesis that dietary divalent minerals, and specifically
Ca, are able to hamper the emulsification and thus the bio-
availability of carotenoids from a vegetable matrix. For this
purpose, Ca was given in the form of supplements together with
a spinach meal, and the TAG-rich lipoprotein (TRL) fraction,
representing newly absorbed carotenoids, was measured post-
prandially over time.

Methods

Chemicals

Unless otherwise stated, all chemicals used were of analytical
or superior quality and were procured from Sigma-Aldrich.
Carotenoid standards were from Sigma-Aldrich (β-carotene,
lycopene, internal standard trans-β-apo-8'-carotenal) and
Carotenature (lutein, β-cryptoxanthin, violaxanthin, neoxanthin,
phytofluene). Only 18MΩ (Millipore) water was used.
Ca capsules and the placebo were produced by a private

company, Econophar SPRL and contained either 250mg of
elemental Ca (as carbonate) or 560mg of mannitol, respec-
tively. Formulation of Ca capsules followed that of a commer-
cially available Ca supplement, Steocar 250mg gelatine
capsules from Nycomed.

Participants

A total of twenty-five male participants were recruited for
this study. For this purpose, flyers were distributed at various
places in Luxembourg and an advertisement was also issued
via email and word-of-mouth. Inclusion criteria were: being
male, being between 18 and 50 years of age, living indepen-
dently in Luxembourg, being healthy and not being obese
(BMI< 30 kg/m2). Exclusion criteria were having any chronic
diseases, use of antibiotics during the past 6 months, regularly
taking supplements, being vegetarian/vegan, being obese
(BMI> 30 kg/m2), consuming more than 2 units of alcohol/d
regularly, engaging in regular physical exercise for >150min/d,
having a haematocrit value <35% or a Hb level <12 g/100ml,
having fasting blood glucose concentrations >120mg/dl, being
hyperlipidaemic (having both total cholesterol and TAG con-
centrations >200mg/dl), having any food allergies, being a
current smoker or having a recent smoking history (past 2
years) or typically consuming >five portions of fruits/vegetables
per day. Subjects with any history of malabsorption or surgery
in the digestive tract were also excluded. The study was
approved by the National Research Ethics Committee (CNER,
www.cner.lu) of Luxembourg (Protocol 201305/05), and was
conducted according to the Declaration of Helsinki. The study
was carried out at the Clinical Investigation and Epidemiological
Center (CIEC) of the Luxembourg Institute of Health.

Study design

For recruitment, all subjects were informed in detail
about the study design as well as its risks and benefits,
and those willing to participate signed a written informed
consent form. At a first eligibility screening (Fig. 1), subjects
were asked to fill out a ‘Health and Lifestyle’ questionnaire,
and their height, weight, body fat (percentage by impe-
dance method, Touch II balance; Ozeri) and waist and hip
circumferences were measured. Subjects were considered
eligible if they did not meet any of the exclusion criteria,
and were scheduled for a second screening. A fasting blood
sample was collected for haematology and lipid-profile analysis
(TAG, total cholesterol, LDL-cholesterol and HDL-cholesterol).
Subjects also donated a urine spot-sample to screen for
any physiological abnormalities and to assure eligibility to
participate in the trial. For this purpose, GAK Combi Screen
Plus 9 strips were obtained from Analytikon, allowing for
testing of glucose, ketones, ascorbic acid, pH, leucocytes,
nitrite, proteins, blood and bilirubin in a urine spot-sample.
Subjects considered eligible at this stage were enrolled for
the trial phase, and will be referred to as participants
henceforth.

Recruitment Trial phase

Information
session

Screening
visit

Baseline
(day 0)

1st
Clinical visit

(day 14)

2nd
Clinical visit

(day 21)

3rd
Clinical visit

(day 28)

1st Week
washout
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washout
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washout

4th Week
washout

Fig. 1. Design of the clinical trial.
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The trial phase had a total duration of 4 weeks, which
included an initial 2 weeks of washout (i.e. participants were
asked to restrict themselves from consuming carotenoid-
containing foods as much as possible) and three clinical visits
that were 1 week apart, during which participants were asked
to continue the washout diet. A randomised block design with
all six possible combinations of Ca intake sequences was
employed (high, medium–low v. medium–high–low, etc., with
four participants per block). Randomisation was achieved by
lots, carried out by the statistical group of the Department. Both
participants and all personnel included in carrying out the trial
were blinded. The study, from recruitment to finalisation, was
carried out between July 2012 and July 2015.
At the start of the trial phase, participants visited the CIEC

premises to give a 12 h fasting blood sample for assessment of
glucose, blood lipids, Ca and plasma carotenoid levels at the
beginning of the washout phase. During the following 2 weeks,
participants were asked to follow a diet low in carotenoids. For
this purpose, participants received a list with foods to avoid and
a list with foods allowed. This included not only frequently
consumed food items rich in carotenoids, such as green leafy
vegetables, bell peppers, tropical fruits and some local fruits
such as plums and apricots as well as tomato and tomato pro-
ducts but also certain animal products such as egg yolk and
salmon. The list of allowed foods was to ensure suggesting
alternatives, including onions, apples, pears and other food
items typically low in carotenoids (<approximately 0·5mg/
100 g). In addition, participants received a booklet and were
asked to enter major meals on a daily basis. Following the
washout phase, participants arrived for their first clinical visit.
After an overnight fast (12 h), participants reported to the
general clinical research facility between 06.30 and 07.00 hours.
Upon arrival, the participant’s weight and body fat (%) were
measured and a catheter was placed into the arm of the parti-
cipant by a trained nurse. A first blood sample (20ml) was
obtained and investigated for plasma carotenoids, TRL caro-
tenoids, blood lipids, blood glucose and Ca. For this purpose,
separate Vacuette® (Greiner Bio-One GmbH) type tubes were
employed. For carotenoid analyses, 10ml Vacuette K-EDTA
tubes were used.
Participants were then given the test meal, which had to be

consumed within 30min. Following this, successive blood
samples (20ml) were collected postprandially at 2, 3, 4, 5, 6, 8
and 10 h. At noon, a standardised lunch was served. Following
the 10 h clinical stay, a complimentary snack was offered –

that is, the participants were free to choose from various
sandwiches. During the entire clinical visit, no own foods
or beverages were allowed. Participants stayed under
medical supervision on the premises of the CIEC postprandially,
for 10 h.
Following this clinical visit, each participant maintained an

additional washout time of 1 week, before visiting the CIEC
premises for the second full clinical day, and a similar proce-
dure was followed for a third visit. In total, each participant had
three full stays at the CIEC premises, receiving either the meal
with 500 or 1000mg of elemental Ca, or the Ca-free placebo.
Thus, the intervention differed only in the amount of Ca sup-
plemented. Doses were chosen so as to reflect approximately

the half and full recommended dietary allowance (RDA) of Ca,
being 500 and 1000mg (for healthy males/females aged 19–50
years), respectively. All other meals and beverages served
during the clinical days were identical.

Test meals

Each participant received for breakfast one glass of water
(300ml) low in minerals (total mineral content <40·0mg/l, with
a Ca content of 1·0 (SD 0·3)mg/l), 270 g of microwave-heated
spinach to which 18ml of rapeseed oil was added in order to
foster carotenoid bioavailability, and 40 g toasted (white wheat)
bread served with 20 g cream cheese (17·5% fat). Spinach was
chosen despite its content of dietary fibre and oxalic acid, as it is
a frequently consumed vegetable rich in carotenoids(22), and as
it was the focus of several earlier in vitro trials(20,23,24) with
which we wished to compare our results. Nutrient composition
was estimated from information given on the labels, and, if not
available, by employing a local database as well(22). Each test
meal contained approximately 1255 kJ (300 kcal) energy, 18 g
fat, 21 g carbohydrates, 13 g proteins, 8 g dietary fibre and
390mg Ca. Together with the meal, four capsules containing the
placebo, 500 or 1000mg of elemental Ca were given, which
were swallowed with the water, after the spinach portion had
been consumed. Thus, the three test meals differed only in their
total Ca content, which was approximately 390mg for the pla-
cebo meal, 890mg for the 500mg Ca dose and 1390mg for the
1000mg Ca dose. Ca was given in the form of carbonate, which
is among the most used Ca supplements. The total carotenoid
content in the morning test meal was approximately 23mg
(Table 1). Considering the content of provitamin A carotenoids,
it can be estimated that this portion delivered approximately
10% of the daily vitamin A requirements (RDA)(25).

For lunch, each participant received 300ml of water with low
mineral content, one banana, one toasted sandwich (white
wheat bread, approximately 60 g) with approximately 60 g
turkey and butter (10 g) and one portion of Greek yogurt (2·5%
fat level, 140 g), containing a total of 2188 kJ (523 kcal) energy,
22 g protein, 24 g fat, 52 g carbohydrates and 4 g of fibre. The Ca
content was approximately 207mg. Water with low mineral
content (Ca content approximately 1mg/l) was allowed
between meals upon request.

Food items were purchased at local supermarkets (CORA SA
or CACTUS SA). Spinach was purchased in frozen form from the
same batch and stored in the freezer at − 20°C until the day
before serving. Aliquots of spinach were kept for later analysis
of carotenoid content.

Table 1. Average content of the individual carotenoids in the spinach
meal
(Mean values and standard deviations; n 23)

Content per 100 g (mg/100 g)

Carotenoids Mean SD Content in test meal (mg)

Lutein 5·59 0·69 15·10
β-Carotene 0·38 0·34 1·02
Neoxanthin 0·72 0·11 1·94
Violaxanthin 1·87 0·40 5·05
Sum 8·61 1·08 23·25
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Sample processing

Samples were collected according to the study design
(see above), and were either processed in-house (carotenoids)
or by an external commercial laboratory (accredited according
to ISO 15189) for glucose, Ca, lipids and haematology (Labor-
atoires Réunis). This external laboratory was accredited in 2006
and undergoes periodic surveillance by an accreditation com-
mittee from Luxembourg. Different kinds of Vacuette® tubes
were employed depending on the type of analysis to be per-
formed: Vacuette K-EDTA tubes were used for carotenoid and
haematology analysis; Vacuette Na-Fluoride tubes were used
for glucose analysis; and Vacuette Serum Gel tubes were used
for the analysis of lipids. The latter were centrifuged on site,
according to laboratory guidelines. In short, the tubes were left
standing (upright position) for 30min to allow clotting. The
tubes were then centrifuged for 10min at 1670 g, at 20°C, and
maintained at room temperature until pickup. Quantitative
determination of TAG was carried out using the Roche/Hitachi
Cobas C analyser following the manufacturer’s instructions
(Roche Diagnostics).
All blood samples collected for later carotenoid determination

were left standing for 5min and spun down for 6min at 20°C
in a Sigma 2-16KC centrifuge (©Thermo Fisher Scientific Inc.) at
2060 g. Following separation of the blood plasma, the TRL
fraction rich in chylomicrons was separated similarly as
described earlier(26,27). In short, 2·9ml of plasma was
overlayered with 1·4ml of a 1·006 g/l NaCl solution in a 4ml
propylene conical™ Quick-Seal® (Beckman Coulter) tube, and
TRL fractions were separated at 170 000 g for 1 h at 4°C in a
Beckman Optima™ C-90U Ultracentrifuge (Beckman Coulter)
with a SW 40-Ti titanium swinging-bucket rotor. The lower
plasma phase was removed by puncturing the vials, and the
upper TRL fraction (0·5ml) was separated and brought up to
1·5ml using 0·9% NaCl, frozen in N2 and stored at −80°C.
Likewise, plasma samples were stored at −80°C for carotenoid
analyses.

Extraction of carotenoids

Carotenoids were extracted from spinach samples as described
earlier(24). Blood plasma and plasma TRL fraction extraction
protocols were adapted from Unlu et al.(27). In short, after the
addition of 3·25ml ethanol containing 0·1% butylated hydro-
xytoluene (BHT) to approximately 1·5ml of TRL fraction or to
1·0ml of plasma, fractions were left to stand on ice for 5min
and were spun down at 4°C for 2min, at 600 g. The supernatant
was collected into a new tube and the precipitates were
re-extracted with 3ml of diethyl ether–hexane (1:2, v/v)
containing 0·02% BHT. Samples were centrifuged at 1250 g
for 2min at 4°C. Supernatants were combined, to which 2ml
of saturated NaCl was added. Samples were extracted once
with 4ml of hexane +BHT (0·02%), and a second time with
3ml diethyl ether–hexane (1:2, v/v). Extracts were spun down
for 1min at 1250 g to remove any water remnants, transferred
into new tubes and evaporated to dryness under a stream of
N in a TurboVap LV (Biotage) apparatus. Tubes were then
flushed with Ar, and samples were stored at −80°C until
analysis.

Carotenoid analysis

Before measurements, samples were reconstituted with
methanol–methyl-tert-butyl-ether (7:3) in volumes of 600 µl
(plasma samples), 100 µl (TRL fraction) or 6ml (spinach
extracts). During this procedure, an aliquot of internal standard
(trans-β-apo-8'-carotenal) was also added, to obtain a final
concentration of 1 µg/ml (spinach and plasma extracts) or
0·1 µg/ml (TRL extracts).

Carotenoid analyses were carried out using liquid chroma-
tography as reported previously(24). In brief, separation was
achieved using an Agilent 1260 Infinity U-HPLC instrument, in
combination with gradient elution. Eluents were: (A) water–
MeOH (60:40) containing 30mM of ammonium acetate, and
(B) acetonitrile–dichloromethane (85:15). Elution gradient was
as follows: 0min, 48% B; 4min, 48% B; 5min, 52% B; 11min,
52% B; 13min, 75% B; 18min, 90% B; 35min, 90% B; 36min,
42% B. An Accucore C30 column (2·6µm particle size, 2·1mm i.D.
100mm length; Thermo Fisher Scientific Inc.) at 28 °C was used
for separation of carotenoids. The injection volume was 10 µl.
Carotenoids were detected using a coupled UV/vis photodiode
array detector and identified according to their retention times
and spectral data, based on comparison with the corresponding
individual standard. All peaks were integrated manually at
350 nm (phytofluene), 440 nm (neoxanthin and violaxanthin),
450 nm (lutein and α-carotene), 455 nm (β-carotene, β-cryp-
toxanthin and internal standard) and at 470 nm (lycopene),
according to each carotenoid’s absorption maxima. Quantifica-
tion was achieved using the internal standard method, with trans-
β-apo-8'-carotenal used as the internal standard.

AUC and Cmax

The postprandial AUC of time v. concentration of the respective
carotenoids extracted from TRL fractions was determined on
the basis of seven postprandial time points plus the baseline
(fasting state, before test meal intake). Concentrations of
carotenoids were determined using the internal standard
method. The AUC was then determined from baseline-corrected
(each concentration was subtracted from its baseline value)
values using the trapezoidal method. Individual Cmax values
reflect the highest carotenoid concentrations measured in
the TRL fraction of one participant on one clinical day,
irrespective of the time point, and these were used to calculate
the average Cmax.

Statistical analyses

Unless otherwise stated, all data are reported as means and
standard deviations. Normality and equality of variance of AUC
data reflecting bioavailability were tested using normality plots
and box plots, respectively.

For the sample size, it was estimated that, even following
several drop-outs, twelve to fifteen participants would provide
sufficient statistical strength to observe a difference in caro-
tenoid absorption. For example, a difference in carotenoid
absorption of approximately 5% (e.g. 10 v. 15%) could be
resolved in a pairwise design with a relative standard variation
of fractional (%) absorption of approximately 50% for an α of
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0·05 and a power of 80% (http://www.quantitativeskills.com/
sisa/calculations/samsize.htm). With twenty-three participants,
an absorption of 3·5% (11 v. 14·5%) could be detected with
an α of 0·05 and a power of 80%. For comparing the effect of Ca
dosing, a generalised linear univariate model was employed
for each carotenoid and TG, with baseline-corrected AUC as
the observed dependent variable, and carotenoid (lutein,
β-carotene, β-cryptoxanthin), participant, sequence of inter-
vention (visits 1, 2 or 3) and supplemental-Ca dose (0, 500
1000mg) as the independent, fixed factors. TRL baseline con-
centration (time 0 h on each test day, i.e. before test meal intake)
of each respective carotenoid was also included as a covariate.
Following significant Fisher’s F tests, all pairwise comparisons
were carried out using Fisher’s protected LSD (least significance
difference) test. Values with P< 0·05 (two-sided) were regarded
as statistically significant.

Results

Drop-out rate and arbitrary effects, description of
participants

A total of twenty-five healthy and free-living male participants,
between 20 and 46 years of age, were enrolled in the study. The
BMI of the participants ranged from 16·9 to 29·5 (average 24·8
(SD 2·8) kg/m2), and the measured body fat (%) was between 2·0
and 22·1 (average 13·3 (SD 4·9)%). Total cholesterol and TAG
concentrations ranged from 118 to 305 (average 179·7
(SD 44·8)mg/dl) and from 36 to 207 (average 81·0 (SD 41·4)mg/dl),
respectively (Table 2). Despite some elevated cholesterol (n 6)
and TAG values (n 1) observed, the participants were still
admitted into the study under the advice of a medical doctor.
No participant had both TAG and total cholesterol concentra-
tions >200mg/dl.
Serum carotenoid profile and concentrations were also inves-

tigated. The following carotenoids were identified in the fasting
plasma samples of the participants: β-carotene (0·45 (SD 0·37)µm);

lutein (0·13 (SD 0·08) µm) α-carotene together with 9-cis-β-carotene
(0·07 (SD 0·07)µm); β-cryptoxanthin (0·10 (SD 0·08) µm); lycopene
(0·51 (SD 0·36)µm); and phytofluene (0·18 (SD 0·13)µm) (Table 3).
Ca levels in plasma at the time of the first screening were 2·35
(SD 0·10)mmol/l (i.e. 94·2 (SD 4·0)mg/l), and within the reference
levels provided, and thus did not vary widely.

Among the enrolled participants, one dropped out for perso-
nal reasons, after the first clinical visit. For one other participant,
the number of pills packed during production were two instead
of four, meaning that the participant was given a placebo dose
once and a 500mg dose of Ca supplement twice. Finally, the
results from the first participant enrolled in the study were
excluded from further plasma TRL analysis, as samples from this
participant were used for method-optimisation purposes. In
summary, twenty-four participants completed the trial, and data
were analysed for twenty-three of the twenty-five participants.

All participants consumed the totality of the three test meals
that were given, plus the supplement pills, without any
observed adverse effect. Nevertheless, some participants had
more difficulty than others in finishing their spinach dose,
requiring up to approximately 20min, which introduced some
variability in the time-span of the test meal intake.

Washout phase

Participants were asked to avoid, as far as possible and during
the entire trial phase, carotenoid-containing food items. After
2 weeks of initial washout, the concentration of total serum
carotenoids decreased significantly (P< 0·01), on average by
approximately 38% (Fig. 2), with an approximately 30%
decrease for both lutein and β-carotene (twenty-four partici-
pants). However, we did observe that for some participants,
there was an increase in the plasma circulation of some of the
individual carotenoids (data not shown).

Influence of calcium supplements on the AUC of serum
TAG and carotenoids in the plasma TAG-rich plasma
lipoprotein fraction

Contrary to what was expected, supplementation with either
500 or 1000mg of Ca did not significantly affect the absorption
of carotenoids from a spinach-based meal (Fig. 3). Although the
values for the AUC for test meals supplemented with 1000mg of
elemental Ca were generally inferior to those of the other two
groups, differences were not statistically different and variance

Table 2. Anthropometric characteristics and fasting blood biochemistry
from twenty-five male participants, at the time of recruitment
(Mean values and standard deviations)

Mean SD Minimum Maximum

Anthropometric measures
Age (years) 30 8 20 46
Height (cm) 176·9 5·3 167·0 185·0
Weight (kg) 77·5 10·0 52·3 97·7
BMI (kg/m2) 24·8 2·8 16·9 29·5
Body fat (%)* 13·3 4·9 2·0 22·1
Waist (cm) 85·9 8·4 66·0 102·0
Hip (cm) 98·7 5·7 82·0 108·0
Waist/hip 0·87 0·07 0·70 1·00

Blood biochemistry profile†
Glucose (mg/dl) 85·4 12·0 53·0 109·0
Cholesterol (mg/dl) 179·7 44·8 118·0 305·0
HDL-cholesterol (mg/dl) 56·5 13·0 36·0 90·0
Non-HDL-cholesterol (mg/dl) 122·0 40·3 71·0 215·0
LDL-cholesterol (mg/dl) 104·8 39·4 57·0 203·0
TAG (mg/dl) 81·0 41·4 36·0 207·0
Ca (mmol/l) 2·3 0·1 2·1 2·5

* Measured using impedance method.
† Fasting blood levels.

Table 3. Blood plasma carotenoid concentrations of the participants at
the time of recruitment (n 25)
(Mean values and standard deviations)

Mean SD Maximum Minimum

Lutein (µM) 0·13 0·08 0·34 0·03
β-Carotene (µM) 0·45 0·37 1·46 0·00
α-Carotene (µM)* 0·07 0·07 0·28 0·00
β-Cryptoxanthin (µM) 0·10 0·08 0·27 0·00
Lycopene (µM) 0·51 0·36 1·08 0·00
Phytofluene (µM) 0·18 0·13 0·39 0·00
Total carotenoids (µM)† 1·43 0·89 3·40 0·05

* α-Carotene represents concentration of both α-carotene and 9-cis-β-carotene.
† Sum of all individual carotenoids listed above.
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was high (Table 4). A statistically significant influence was found
for participant (P< 0·01) and the sequence of visit (P= 0·012).
For TAG, a biphasic curve pattern was found, with peaks at
approximately 2 and 6h postprandially (after lunch intake).

Including additional covariates such as BMI, body fat and
fasting TAG and cholesterol concentrations into the statistical
model did not change the absence of an effect of Ca on
carotenoid absorption. Likewise, no effects were found when
analysing data separately for the participants with (n 6) and
without elevated cholesterol levels (n 17).

Discussion

Previously, we investigated the effect of different doses of the
macrominerals Ca and Mg and divalent trace elements (Fe and Zn),
on the bioaccessibility of both pure carotenoid standards and
carotenoids from different food matrices, including spinach,
showing that Ca had a strong negative effect on the micellari-
sation of carotenoids(19,20,24). As carotenoids are liposoluble,
and as their intestinal uptake is ultimately related to the for-
mation of lipid–bile-salt mixed-micelles, we hypothesised that
supplemental dietary Ca would bind to fatty acids released from
the lipids present in the test meal, and to the bile salts, hindering
the formation of mixed-micelles and thus the delivery of caro-
tenoids to the enterocytes, and also occluding carotenoids
in the precipitates of fatty-acid soaps, which would eventually
be excreted.

Although this hypothesis was previously observed in vitro, it
remained to be confirmed in vivo, as it is possible that in a
dynamic and biologically complex scenario of gastrointestinal
digestion, the body might compensate for the precipitation-related
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effects of Ca seen in vitro – for example, by up-regulating
bile-salt and pancreatic enzyme secretion. By supplementing a
spinach-based test meal with different high, but still physiolo-
gically plausible, supplemental doses of Ca, we expected to
note differences in the serum concentration of TAG and of
carotenoids from the plasma TRL fraction (representing newly
absorbed carotenoids) between meals supplemented with pla-
cebo (no additional Ca) and those supplemented with either
500 or 1000mg of Ca. However, statistical analysis of the car-
otenoid and TAG AUC of different meal groups showed no
statistically significant differences between them. Interestingly,
a very recent study investigating the effect of supplemental
dietary Ca on the bioavailability of lycopene from tomato paste
has reported a decrease of 83% in lycopene bioavailability after
supplementation with 500mg of elemental Ca as carbonate(28),
based on postprandial plasma samples measured over 7 h.
Thus, despite not finding any significant effects of Ca on the
bioavailability of spinach-borne carotenoids, our original
hypothesis is not to be completely discarded.
Different factors could have played a role in the different

outcomes of these two studies, including differences in
test meal composition (spinach v. tomato paste, with respect to
richness in insoluble fibre), the profile of the individual
carotenoids in the test meal (being more apolar for lycopene)
and the investigated target compartment (TRL v. plasma). For
example, bioavailability of carotenoids has been shown
to improve after processing of the food matrix. Plasma
concentrations of lutein and β-carotene have been reported to
be significantly higher from the intake of spinach leaves that
were liquefied/puréed, compared with minced or whole-leaf
spinach(29,30). Another study reports a higher bioavailability of

total and all-trans-lycopene from tomato paste compared with
fresh tomatoes(31). In the present study, spinach meals given to
participants were composed of whole leaves, which may have
introduced issues of low bioaccessibility in the study design. In
previous in vitro trials, where we compared bioaccessibility
from different food matrices, total carotenoids from green leafy
varieties (spinach and field salad) had markedly lower bio-
accessibilities than those from liquid matrices (carrot or tomato
juice)(25). Also, in vivo trials have shown that the bioavailability
of carotenoids from spinach is inferior to that from other dietary
sources(32,33), possibly related to their storage in pigment–
protein complexes, which renders carotenoids less accessible
than those stored in chromoplasts (as it is the case for
tomato)(34). Considering the amount of individual carotenoids
estimated to be present in the spinach test meal (Table 4), and
their low bioaccessibility, and that the percentage of caro-
tenoids effectively taken up by the intestinal lumen is lower
than its actual bioaccessibility, the resulting low bioavailability
may have impeded finding significant effects of the Ca sup-
plementation, despite the relatively large number of participants
and the crossover design. When comparing – for example, the
AUC from the present study with that of other trials with various
carotenoid-containing food sources – the observed values are
relatively low(16,26), though they are comparable with another
recent trial with spinach(35).

However, this does not explain the lack of a significant effect
of Ca supplementation on the TAG AUC. Ca ions can bind both
bile acids and NEFA to form bile salts and fatty-acid soaps of
low solubility, respectively, which tend to complex and
precipitate(36,37). Previous trials carried out in animals(36) and
humans(38) have reported an increase in faecal fat excretion

Table 4. AUC results and maximum concentrations (Cmax) for lutein, β-carotene and β-cryptoxanthin in the plasma TAG-rich lipoprotein (TRL) fractions, and
for serum TAG, following the consumption of a spinach-rich test meal with either 0, 500 or 1000mg supplemental calcium (n 23)
(Mean values with their standard errors; mean values and standard deviations)

Placebo group* 500mg Ca2+ 1000mg Ca2+

Mean SEM Mean SEM Mean SEM

AUC
Lutein (nmol × h/l) 22·72 5·44 24·29 5·31 21·38 5·41
β-Carotene (nmol × h/l) 0·19 3·90 0·80 2·77 −0·77 3·07
β-Cryptoxanthin (nmol × h/l) 2·80 1·75 3·71 1·54 1·20 1·60
Total carotenoids (nmol × h/l)† 25·71 9·58 28·81 7·72 21·81 8·40
TAG (mg×h/dl) 210·41 50·40 163·26 54·98 193·81 36·92

Baseline TRL concentration‡
Lutein (nmol × h/l) 4·09 0·53 4·20 0·44 3·68 0·29
β-Carotene (nmol × h/l) 3·78 0·56 3·55 0·54 3·76 0·56
β-Cryptoxanthin (nmol × h/l) 1·85 0·20 1·79 0·19 1·84 0·22
Total carotenoids (nmol × h/l)† 9·72 1·08 9·58 0·80 9·37 0·89
TAG (mg×h/dl) 81·47 7·64 90·22 8·24 82·48 6·23

Cmax§
Mean SD Mean SD Mean SD

Lutein (nmol/l) 9·60 4·60 10·34 6·36 9·04 4·90
β-Carotene (nmol/l) 5·70 3·57 5·20 3·05 5·79 3·46
β-Cryptoxanthin (nmol/l) 3·28 2·10 3·15 1·76 2·94 1·59
TAG (mg/dl) 131·61 40·23 133·91 46·64 133·43 40·24

* Values were compared following generalised univariate linear models for each carotenoid and TAG, with AUC as the observed dependent variable, and carotenoid (lutein,
β-carotene), participant, sequence of intervention (visits 1, 2 or 3) and Ca supplemental dose (0, 500 1000mg) as the independent, fixed factors. No significant effects were found.

† Sum of lutein, β-carotene and β-cryptoxanthin.
‡ Baseline (fasting) subtracted values – that is, concentration at time zero before test meal intake was subtracted from all following concentrations.
§ Reflecting highest concentrations measured, irrespective of the time point.
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when meals were supplemented with Ca. Furthermore, in a
recent meta-analysis of randomised controlled trials testing the
effects of dairy products and dietary supplements on faecal fat
excretion, results indicated that increasing the intake of dietary
Ca to 1241mg/d impaired the absorption of dietary fat and
increased faecal fat excretion(39). In fact, according to the EFSA
(European Food Safety Authority) Scientific Opinion on dietary
reference values for Ca, dairy products remain the main dietary
sources of Ca in Europe, and the average intake in adults (>18
years) is between 690 and 1122mg/d(40).
In the present study, calcium carbonate supplements were

provided in the form of gelatine capsules, and participants were
asked to take them at the end of the meal with 300ml of water. By
comparison, in the study by Borel et al.(28), calcium carbonate
supplementation was provided in the form of effervescent pills
dissolved in water, and taken together with the meal. Thus, the
different form of the Ca supplement and the test meals (liquid v.
solid and fibre rich) could have resulted in different mixing pat-
terns during digestion. Also, pectins in the tomato paste could
have formed a gel with the added Ca(41). In addition, spinach
contains oxalic acid (0·97g/100 g)(42), which may have chelated
Ca to some degree, though surely not entirely (molar ratio of Ca:
oxalic acid approximately 1·6 for the meal highest in Ca). Finally, it
cannot be completely excluded that the different type of partici-
pants included in the present study, compared with those in the
study by Borel et al., contributed to the different observations as
follows: elderly participants included in the present study may
tend to have lower plasma carotenoid levels; likewise, their BMI
was somewhat higher; and participants had, in part, either ele-
vated cholesterol or TAG; and these factors are known con-
tributors to interindividual plasma carotenoid variability(43).
Finally, other aspects to consider are the physiological and

genetic variability between participants. Although individual dif-
ferences in enzymatic activity and concentration of bile acids
during gastrointestinal digestion(44) could influence the degree of
bioaccessibility of carotenoids from one participant to the other,
genetic variability could predispose participants to a higher or
lower uptake efficiency of carotenoids in the enterocyte and
downstream transport into the bloodstream via the chylomi-
crons(15,43). On the other hand, as the intraindividual variability has
been estimated to be approximately half of the interindividual
variability, week-to-week variations within one participant could
be substantial(43). Analysis of the serum and plasma samples for
fasting levels of TAG and carotenoids, respectively, on each clin-
ical visit day, showed that values varied from week to week,
without any specific trend and for inexplicable reasons, especially
for the circulating carotenoids. Although participants were asked
to avoid foods containing carotenoids before the first clinical visit,
in order to lower the plasma carotenoid concentration, it should
be noted that 2 weeks may not be sufficient to completely clear
circulating carotenoids in blood plasma fractions, as the body
stores dietary carotenoids in different organs and tissues: for
example, the liver and adipose tissues(43). However, at the time of
the first clinical visit, the concentration of total circulating plasma
carotenoids had dropped on average by 38%, and longer washout
periods would have been ethically questionable because of the
difficulty in excluding coloured fruits and vegetables from the
daily diet for a prolonged period of time.

Although this study had its strengths, including a double-
blinded, randomised, placebo-controlled trial design in which
each participant was his or her own control, a high protocol
adherence by the participants and a randomised block design
where all six possible combinations of Ca intake were realised
(high, medium–low v. medium–high–low, etc.), it also had its
limitations. Only the effect of high doses (i.e. 50 or 100% of RDA)
of Ca was tested for short-term treatments, and only spinach was
chosen as a representative carotenoid leafy vegetable. Also, the
intake of dietary Ca was not assessed, which may have potentially
enhanced the variance of responses, as it was suggested that
low-Ca consumers tend to utilise more transcellular absorption
pathways, as opposed to participants with a higher intake, in
whom paracellular pathways possibly play a role, and thus
kinetics of Ca disappearance from the gut could differ(45), which
may have influenced carotenoid interactions. Faecal TAG excre-
tion was not considered in the experimental design to reduce the
burden on the participant.

In conclusion, despite the negative effects of divalent minerals
on the in vitro bioaccessibility of carotenoids reported earlier, we
did not find a statistically significant effect of Ca supplementation
on the bioavailability of individual carotenoids from a spinach-
based meal. Nevertheless, a recent human trial with another
carotenoid source indicated that, under certain conditions, divalent
minerals may in fact negatively affect carotenoid uptake. It can be
speculated from these human trials that the effect of mineral
supplements on the bioavailability of carotenoids, and potentially
other liposoluble nutrients, may depend on the interaction of the
supplement form with the type of carotenoid and the food matrix.
Further investigations are necessary to fully understand the
complex interactions taking place during gastrointestinal digestion
between divalent minerals and carotenoids.
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