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there is some doubt as to whether fi-
bres per se have an influence on Ca ab-
sorption.

Aim of the study: Therefore, the
purpose of this study was to investi-
gate the effect on Ca absorption of
two cereal-based fibre extracts
(wheat bran and barley hull). In addi-
tion, in order to distinguish between
the effect of the fibre components per
se and the associated phytate content
in these fibre extracts, we investi-
gated the effect of dephytinised
wheat and barley fibre extracts and
the effect of phytate, as sodium phy-
tate at levels present in the fibre ex-
tracts, on Ca absorption. Ca absorp-
tion was assessed in Caco–2 cells, as
a model for studying Ca absorption
in humans.

Methods: The effect of wheat and
barley fibre extracts, dephytinised
wheat and barley fibre extracts, cellu-
lose, and of sodium phytate on
transepithelial 45Ca transport and
45Ca uptake was studied in differenti-
ated Caco–2 cells grown on perme-
able filter supports. Wheat and barley
fibre extracts were dephytinised with
wheat phytase.

Results:Wheat fibre extract had a
3.2-fold higher phytate content (48.0
mmol/kg) than barley fibre extract
(15.1 mmol/kg). Enzymatic dephy-
tinisation of both fibre extracts re-
duced the phytate content to unde-
tectable levels. The rate of
transepithelial 45Ca transport across
Caco–2 cell monolayers and the up-

take of 45Ca into Caco–2 cells were
unaffected by cellulose or barley fi-
bre extract. On the other hand, inclu-
sion of wheat fibre extract in the Ca
transport buffer (50 g fibre/l) signifi-
cantly reduced the rate of 45Ca trans-
port (by 17 and 19% respectively)
and the uptake of 45Ca (by 24 and
25% respectively) relative to a fibre-
free buffer and a control fibre (cellu-
lose) transport buffer. Increasing the
phytate concentration of the transport
buffer from 0 to 2 mM (a level close
to that in the wheat fibre containing
buffer) significantly reduced the rate
of 45Ca transport (by 16%) and 45Ca
uptake (by 26%). Dephytinisation of
the wheat fibre extract removed its
inhibitory effects on 45Ca transport
and e.g. 45Ca uptake.

Conclusion: The results from the
present study in Caco–2 cells suggest
that it is the phytate in wheat fibre
extract which is the major inhibitory
factor of Ca absorption and that
wheat fibre per se has little if any in-
hibitory effect on Ca absorption. In
addition, the results of this study sup-
port the usefulness of Caco–2 cells
for investigating the effects of dietary
factors on the cellular uptake and
transepithelial intestinal transport of
Ca.
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Summary Background: In spite of
the strong evidence for the beneficial
heath effects of dietary fibres, one of
the potential nutritional disadvantages
of high fibre diets is the adverse effect
on the bioavailability of micronutri-
ents, especially minerals and trace el-
ements. With regard to Ca, there is
considerable evidence that phytate,
which is associated with fibre in many
foods, such as cereals and soya prod-
ucts, inhibits Ca absorption. However,
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Introduction

The daily consumption of dietary fibre in Europe is ap-
proximately 12–25 g [1], and strong and continued recom-
mendations have been made to double or even triple the
current intake among most populations. The increased
awareness of the potential health benefits of dietary fibre
among consumers has encouraged food manufacturers to
develop fibre-enriched food products which contain plant
fibre extracts as ingredients.

However, in spite of the strong evidence for the benefi-
cial effects of dietary fibres, one of the potential nutritional
disadvantages of high fibre diets is the adverse effect on the
bioavailability of micronutrients, especially minerals and
trace elements. With regard to Ca, there is considerable ev-
idence that phytate, which is associated with fibre in many
foods, such as cereals and soya products, inhibits Ca ab-
sorption in humans [2–4] and rats [5–7]. However, there is
some doubt as to whether fibres per se have an influence on
Ca absorption. For example, while some studies show a
negative effect of fibre (predominantly cereal fibres) on Ca
absorption [8,9,10,11,12], other studies have reported no
effect [13,14,15,16]. It is apparent that the question of
whether fibre adversely affects Ca absorption is far from
clear and more research is warranted.

Therefore, the purpose of this study was to investigate
the effect on Ca absorption of two cereal-based fibre ex-
tracts (wheat bran and barley hull). In addition, in order to
distinguish between the effect of the fibre components per
se and the associated phytate content in these fibre extracts,
we investigated the effect of dephytinised wheat and bar-
ley fibre extracts and the effect of phytate, as sodium phy-
tate at levels present in the fibre extracts, on Ca absorption.

Ideally, this research would be in the form of human
studies. However, these studies are difficult, expensive, and
provide limited data with each experiment [17]. While ex-
perimental animal studies are less expensive, they are
somewhat limited by uncertainties with regard to differ-
ences in metabolism between animals and humans. In par-
ticular, the choice of the rat as a model may be questioned
given the evidence for a much higher phytase activity
(about 30-fold) in the rat small intestine compared to hu-
man [18].

The potential for using the human colon carcinoma cell
line, Caco–2, as a model for studying Ca absorption in hu-
mans has been highlighted in several recent reports
[19–21]. Guilliano and Wood used Caco–2 cells grown on
permeable filter supports to study the mechanism of
transepithelial intestinal Ca transport [19]. Their kinetic
analyses support the existence, as shown for Ca transport
in the intestine, of two transport processes: one which is
saturable and transcellular, presumably carrier mediated
and regulated by vitamin D, while the other is a non-sat-
urable process which may reflect a diffusional or paracel-
lular pathway [19]. Blias et al. simultaneously evaluated
the contribution of these two processes to the total transep-

ithelial transport of Ca across a Caco–2 cell monolayer and
found that Ca predominantly uses the paracellular pathway
[21]. This is similar to that observed in vivo where para-
cellular transport is considered to be the dominant route of
Ca absorption under conditions of moderate to high Ca in-
takes [22]. Therefore, this relatively simple in vitro method
appears to be a good model for predicting Ca bioavailabil-
ity in humans.

Materials and Methods

Materials

Dietary fibre preparations produced from barley and wheat
were obtained from Sofalia, Paris, France. Cellulose, in the
form of Avicel microcrystalline cellulose, was obtained
from FMC International Food and Pharmaceutical Prod-
ucts Division, Little Island, Cork, Ireland. Tissue culture
materials, including Dulbecco’s Modified Eagle’s Medium
(DMEM) (with L-glutamine and sodium bicarbonate), fe-
tal bovine serum (FBS) and MEM non-essential amino
acids were purchased from Gibco BRL Life Technologies,
Paisley, Strathclyde, UK. Sodium phytate and phytase iso-
lated from wheat (0.04 units/mg solid) were obtained from
Sigma Chemical Co Ltd., Poole, Dorset, UK. 45Ca (as 45Ca
in an aqueous solution of CaCl2, specific activity 1.85
GBq/mg Ca) was purchased from Amersham International
plc., Amersham, Bucks., UK.

Dephytinisation of fibres

Wheat and barley fibre slurries (5 g fibre extract/100 ml
distilled water) were prepared and after pH adjustment to
5.1 (pH optimum of wheat phytase) with HCl, wheat phy-
tase was added at a level of 250 mg (10 units)/100 ml slurry
and the samples were incubated for 22 h at 55°C in a shak-
ing water bath. A control cellulose slurry was also prepared
in the same manner. Samples were then freeze dried and the
phytate and Ca contents determined.

Conditions of cell culture

The human colon adenocarcinoma, Caco–2, cell line was
purchased from the European Collection of Animal Cell
Cultures (Salisbury, Wilts., UK) and studied between the
25th and 50th passages. Cells were routinely grown in
75 cm2 plastic flasks (Corning Glassworks, Corning, N. Y.,
USA) in DMEM supplemented with 1% (v/v) non-essen-
tial amino acids and 10% (v/v) FBS. Caco–2 cells were
maintained at 37 °C in a 5% CO2–95% air atmosphere.
Cells were seeded at a density of 27 x 105/cm2 and were
routinely passaged at a ratio of 1:3 when confluence was
reached. Cells used in transepithelial Ca transport experi-
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ments were seeded at a density of 2.5 x 105/cm2 onto per-
meable Transwell filter inserts (24 mm in diameter, 3.0 µm
pore size, Costar, Cambridge, Mass., USA). Cell culture
media was changed on alternate days between 3 – 11 days
and daily thereafter.

Confirmation of monolayer integrity

An epithelial volt-ohm meter with dual electrodes (World
Precision Instruments, New Haven, Conn., USA) was used
to measure transepithelial electrical resistance (TEER) of
monolayers grown on membrane filters as described previ-
ously [23]. Filters were only used if the TEER of the mono-
layer exceeded 200 Ω/cm2.

Ca transport studies

The technique for determining Ca transport in the present
study is a modification of that of Fleet & Wood [24].
Transepithelial transport of Ca was studied with Caco–2
cells grown on permeable filter supports for 18 d by which
time the cells had fully differentiated. On the day of an ex-
periment, cell monolayers were rinsed three times with
wash buffer (containing in mmol; 140 NaCl, 5 KCl, 0.5
MgSO4, 0.5 CaCl2, 4 glutamine, 25 glucose, and 20
HEPES, pH 7.4) at 37 °C and then the permeable filter in-
serts were transferred to fresh 6-well plates containing 2.5
ml serosal buffer (containing in mmol; 140 NaCl, 5.8 KCl,
0.8 MgSO4, 0.44 KH2PO4, 0.34 Na2HPO4, 4 glutamine, 25
glucose, and 20 HEPES, pH 7.4). At time zero, 1.5 ml
transport (Tx) buffer (wash buffer containing 1 µCi e.g.
45Ca/ml and 500 µmol Ca/l as CaCl2 with or without the test
compound) were added to the upper wells. Following the
addition of Tx buffers to the filters, the 6-well plates were
covered and incubated at 37 °C in a shaking water bath for
60 min. At 30 and 60 min after addition of 45Ca-labelled Tx
buffers, duplicate aliquots were taken from the lower well.
An equal volume of fresh buffer was returned to the lower
well following the 30-min sampling. The 45Ca content of
fresh Tx buffers and of 30- and 60-min serosal buffer sam-
ples was determined by liquid scintillation counting using
a Beckman LS 6500 multipurpose liquid scintillation
counter (Beckman Instruments Inc., Fullerton, CA, USA).
The rate of 45Ca transport (representing the rate of total
transepithelial Ca transport) was expressed as nmol Ca
transported to serosal buffer per minute per well
(nmol/min/well) during the 30- to 60-min time point. To
evaluate uptake of 45Ca by the Caco–2 cell monolayers at
the end of an experiment, filters were rinsed three times
with ice-cold Tx buffer, solubilised with 1.0 N NaOH and
processed for scintillation counting. Uptake of Ca by cell
monolayers was expressed as nmoles per well. In all stud-
ies, at least three wells were examined per treatment. Ex-
periments were repeated three times.

Effect of dietary fibres, dephytinised fibres and sodium
phytate on Ca transport

The effect of wheat and barley fibre extracts, dephytinised
wheat and barley fibre extracts, and of sodium phytate on
Ca transport was examined by adding these substances to
the Ca Tx buffer and performing the transport studies as de-
tailed above. Fibre extracts, dephytinised fibre extracts,
cellulose and dephytinised cellulose were added to Ca Tx
buffer at a level of 50 g/l. Tx buffer with no added fibre was
used as a fibre-free control buffer. Sodium phytate was
added at a concentration of 1 and 2 mmol per litre of cel-
lulose-containing Tx buffer. The Ca content of the fibre
preparations was taken into account in achieving a final Ca
concentration of 500 µmol Ca/l of Tx buffer.

Experimental techniques

Ca content of fibre preparations Calcium in dietary fibre
preparations was analysed in triplicate by atomic absorp-
tion spectrophotometry (Pye-Unicam Atomic Absorption
Spectrophotometer, Model SP9, Cambridge, Cambs., UK)
after dry ashing by the method of the Association of Offi-
cial Analytical Chemists (AOAC) [25] and appropriate di-
lution with LaCl3 (BDH Ltd., Poole, Dorset, UK). A range
of Ca standards was used to obtain Ca calibration curves.

Phytate content of fibre preparations The phytate content
of the fibre preparations was determined using the extrac-
tion and anion-exchange procedure previously described
[26], followed by digestion and P determination by the
method of the AOAC [25].

Statistical methods

45Ca transport, 45Ca uptake and TEER data were subjected
to one-way ANOVA [27]. To follow-up the ANOVA, all
pairs of means were compared by the method of least sig-
nificant difference [27].

Results

Wheat fibre extract had a 3.2-fold higher phytate content
(31.7 mg/g dry weight) than barley fibre extract (10.7 mg/g
dry weight). Enzymatic dephytinisation of both fibre ex-
tracts reduced the phytate content to undetectable levels.
The Ca content of the wheat and barley fibre extracts was
890 and 733 mg Ca/kg extract, respectively.

The effect of cereal fibre extracts, dephytinised cereal fi-
bre extracts and phytate on transepithelial Ca transport
across the Caco–2 monolayer and on Ca uptake into
Caco–2 cells is shown in Table 1. The rate of transepithe-
lial 45Ca transport and the uptake of 45Ca by Caco–2 cells
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was unaffected by the inclusion of cellulose in the Ca trans-
port (Tx) buffer, at a level of 50 g cellulose/l. Similarly, in-
clusion of barley fibre extract (50 g/l) had no effect on the
rate of transepithelial 45Ca transport or 45Ca uptake relative
to either the fibre-free Tx buffer or the cellulose containing
(control fibre) Tx buffer.

Inclusion of wheat fibre extract in the transport buffer,
at a level of 50 g/l, significantly (P < 0.05) reduced the rate
of transepithelial 45Ca transport by 17 and 19% relative to
the protein-free Tx buffer and the control fibre Tx buffer,
respectively. Similarly, inclusion of wheat fibre extract sig-
nificantly (P <0.05) reduced the uptake of 45Ca by Caco–2
cells by 24 and 25% relative to the fibre-free Tx buffer and
the control fibre Tx buffer, respectively (Table 1).

The rate of transepithelial 45Ca transport and the uptake
of 45Ca by Caco–2 cells were unaffected by the inclusion
of dephytinised wheat or barley fibre extracts in the Ca Tx
buffer, at a level of 50 g/l (Table 1).

Increasing the phytate concentration of the control fibre
Tx buffer from 0 to 1 mM significantly (P <0.05) reduced
the rate of transepithelial 45Ca transport (by 10%) and 45Ca
uptake by Caco–2 cells (by 23%). However, when the phy-
tate concentration was increased from 1 to 2 mM, no fur-
ther decrease in 45Ca transport or 45Ca uptake was observed
(Table 1).

Transepithelial electrical resistance (TEER) (an index
of monolayer integrity) of Caco–2 cell monolayers was un-
affected by the addition of cereal fibre extracts, dephy-
tinised cereal fibre extracts, cellulose or phytate to the Tx
buffer (Table 1).

Discussion

In the present study, the rate of transepithelial Ca transport
across Caco–2 cell monolayers and the uptake of Ca into
these Caco–2 cells was unaffected by cellulose or barley fi-
bre extract. On the other hand, addition of wheat fibre ex-
tract to the Ca transport (Tx) buffer significantly reduced
the rate of transepithelial Ca transport across Caco–2 cell
monolayers (by 17 and 19% respectively) and the uptake
of Ca by Caco–2 cells (by 24 and 25% respectively) rela-
tive to the fibre-free control and control fibre Tx buffers.
This is the first report, to our knowledge, of the effect of di-
etary fibres on Ca absorption as determined in the human
colon carcinoma cell line, Caco–2, model system.

The results of the present study are similar to those ob-
tained in a study by Behall et al. on the effects on Ca bal-
ance of wheat bran compared to purified dietary fibres in
human subjects [9]. They found that while apparent Ca ab-
sorption was reduced by a daily supplement of 30 g of
wheat bran, it was unaffected by a daily supplement of 
24 g of purified fibres, such as cellulose or carboxymethyl-
cellulose. The authors suggested that a possible explana-
tion for this was the high phytate content of the wheat bran
compared to that of the purified fibres. There is consider-
able evidence that wheat bran is inhibitory to Ca absorption
in humans and rats. As long ago as 1942, McCance and
Widdowson reported that apparent Ca absorption in human
subjects was lower from diets containing bread made from
brown flour (92% extraction rate) than from diets contain-
ing bread made from white flour (69% extraction rate, and
thus containing less fibre than the brown bread) [2]. These
findings are supported by a number of other more recent
studies. For example, human subjects have been reported
to go into negative Ca balance when fed diets containing

Table 1 Effect of fibres, dephytinised fibres, and phytate on transepithelial 45Ca transport rates, 45Ca uptake and
transepithelial electrical resistance (TEER) in Caco–2 cells*. (Mean values and standard errors)

Ca transport rate+ Ca uptake** TEER**
Transport Buffer Phytate (nmol/well/min) (nmol/well) (Ω/cm2 ) 

mmol/l n Mean SEM Mean SEM Mean SEM

Control (Fibre-free) 0 36 0.66a 0.06 3.3a 0.6 205a 13
Cellulose (Control fibre) 0 24 0.68a 0.07 3.5a 0.5 205a 13
Barley 0.75 12 0.62a 0.07 3.8a 0.8 198a 14
Wheat 2.40 12 0.55b 0.03 2.5b 0.5 201a 13
Dephytinised Cellulose ND 12 0.65a 0.05 3.4a 0.7 218a 14
Dephytinised Barley ND 12 0.65a 0.07 3.3a 0.6 220a 15
Dephytinised Wheat ND 12 0.67a 0.04 3.5a 0.6 207a 10
Cellulose + phytate 1.0 12 0.61b 0.05 2.7b 0.5 213a 12
Cellulose + phytate 2.0 12 0.57b 0.07 2.6b 0.4 213a 12

n is the total number of wells examined per treatment.
* For details of transport buffers and procedures, see Materials and methods section.
+ Transport rates were evaluated using the 30- to 60 min time points.
** Ca uptake and TEER were evaluated after 60 min.
a,b, Significant differences between groups are indicated by different superscripts within a column (P<0.05).
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50% of calories from whole meal bread [8] or a daily sup-
plement of 31 g wheat fibre [28]. Weaver et al. found that
wheat bran (which is high in phytate), but not other wheat
flour products, interferes with the absorption of co-in-
gested Ca in humans [11]. There is also evidence from an-
imal studies, which agrees with the findings in humans. For
example, Bagheri and Guéguen found that diets containing
wheat bran at levels of 50, 100 and 150 g wheat bran per
kg diet reduced Ca balance in weanling rats [29], while
Donangelo and Eggum reported that inclusion of 80 g
wheat fibre/kg diet significantly reduced Ca absorption in
5-week old rats [30].

The component(s) of wheat fibre responsible for the im-
pairment of Ca absorption has not been identified with cer-
tainty, but fibre and/or phytate are most likely to be the ma-
jor inhibitory factors. It has been suggested that it is
difficult to clearly separate the effects of the two factors be-
cause their concentration in cereal products are correlated
[31]. However, in the present study, where wheat and bar-
ley fibre extracts were dephytinised with wheat phytase,
the phytate content of the fibre extracts was reduced to un-
detectable levels, and thus allowed for investigation of the
effect on Ca absorption of the fibre components alone. Our
results show that dephytinisation of the wheat fibre extract
negated its inhibitory effects on the rate of transepithelial
Ca transport and Ca uptake by Caco–2 cells, strongly sug-
gestive of the fact that phytate and not the fibre components
per se was responsible for the impaired Ca bioavailability.
There is some evidence in the literature to support this hy-
pothesis. McCance and Widdowson, for example, found
that reduction of the phytate content of brown bread re-
sulted in increased apparent Ca absorption in human sub-
jects [32]. Morris and Ellis found that apparent Ca absorp-
tion in human volunteers was significantly greater from
dephytinized bran muffins than from whole-wheat bran
muffins [33].

Further support for the contention that phytate, rather
than the fibre components per se, is the principal inhibitory
component of cereal fibres is provided by our findings
which showed that transepithelial Ca transport and Ca up-

take by the Caco–2 cells was significantly reduced by phy-
tate, as sodium phytate, when added at levels present in the
two cereal fibre extracts. Increasing the phytate concentra-
tion of the cellulose transport buffer from 0 to 2 mmol/l (a
level of phytate close to that in the wheat fibre containing
buffer) reduced the rate of transepithelial Ca transport and
Ca uptake by 16 and 26%, respectively.

These findings in vitro agree with those from human
studies that demonstrated an inhibition of Ca absorption by
phytate. For example, McCance and Widdowson found
that addition of sodium phytate to white bread had a
marked inhibitory effect on Ca balance in human volun-
teers to the extent that faecal excretion of Ca was higher
than Ca intake for many of the human subjects [2]. Morris
and Ellis reported a dose dependent reduction of Ca bal-
ance by phytate in human subjects [3]. Addition of 0.5, 1.7
or 2.9 g of phytate to whole wheat muffins resulted in re-
duced Ca balances of 153, 94 or 23 mg/day, respectively.
Heaney et al. compared the absorption of 45Ca from soy-
beans with low (108 mg phytate/serving) and high (352 mg
phytate/serving) phytate contents on Ca absorption from
milk in women [4]. Fractional Ca absorption was 31%
from the high-phytate soybeans, 41% from the low-phytate
soybeans and 38% from the milk.

The mechanism by which phytate reduces Ca absorp-
tion is believed to be through the formation of unab-
sorbable phytate-Ca complexes in the small intestine,
which is the principle site of Ca absorption [34,35]. Lön-
nerdal et al. showed that the inhibitory effect of the inosi-
tol phosphates on Ca absorption in suckling rats was con-
fined to the penta- and hexaphosphates (phytate) and that
the tri- and tetra phosphates have no effect [6].

In conclusion, the results from the present study suggest
that it is the phytate in wheat fibre which is the major in-
hibitory factor of Ca absorption and that wheat fibre per se
has little if any inhibitory effect on Ca absorption. In addi-
tion, the results of this study support the usefulness of
Caco–2 cells for investigating the effects of dietary factors
on the cellular uptake and transepithelial transport of Ca in
the intestine.
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