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Abstract

The effects on calcium absorption of several fibre extracts (which differed greatly in their chemical compositions, phytate con-
centrations, and proportions of soluble and insoluble fibre) and of phytate, as sodium phytate, were investigated in rats. Samples of
fibre from apple, orange, pea, sugarbeet, barley and wheat were obtained from Sofalia (France). Calcium absorption (using a 4’Ca
tracer method) in 9-week-old rats from a purified diet, containing fibre at a level of 50 g/kg, was reduced by wheat and wheat-TDF
fibre preparations and was unaffected by apple, orange, pea, sugarbeet, barley, pectin and guar gum, compared to the cellulose-
containing diet. Calcium absorption was also reduced by increasing phytate concentration in the range 0 to 30 mmol/kg diet.
Overall, the results suggest that calcium absorption is not affected by fibre components per se, (i.e. indigestible polysaccharides) and
that the reduction in calcium absorption observed with wheat and wheat-TDF fibres is due to their phytate contents. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The daily consumption of dietary fibre in Europe is
approximately 12-25 g (Cummings, 1993), and strong
and continued recommendations 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-enri-
ched food products which contain plant fibre extracts as
ingredients.

However, in spite of the strong evidence for the ben-
eficial 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 evidence that phytate, which is
associated with fibre in many foods, such as cereals
and soya products, inhibits Ca absorption in humans
(Heaney, Weaver & Fitzsimmons 1991; McCance &
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Widdowson, 1942a; Morris & Ellis, 1985b) and rats
(Kunz & Lonnerdal, 1990; Lonnerdal, Sandberg, Sand-
strom & Kunz, 1989; Taylor & Coleman, 1979). How-
ever, 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 (pre-
dominantly cereal fibres) on Ca absorption (Behall,
Scholfield, Lee, Powell & Moser, 1987; Knox et al.,
1991; Reinhold, Faradji, Abadi & Ismail-Beigi, 1976;
Turnlund, 1987; Weaver, Heaney, Martin & Fitzsim-
mons, 1991; Weaver, Heaney, Teegarden & Hinders,
1996), other studies have reported no effect (Andersson,
Naévert, Bingham, Englyst & Cummings, 1983; O’Brien
et al., 1993; Sandberg, Hasselblad, Hasselblad & Hul-
tén, 1982; Van Dokkum, Wesstra & Schippers, 1982).
Recently, attention has focused on fibre preparations
that are soluble or partly soluble. For example, Hara,
Nagata, Ohta and Kasai (1996) reported that ingestion
of guar gum hydrolysate, a soluble, highly fermentable
dietary fibre, increased apparent Ca absorption in rats.
Inulin, a fructo-oligosaccharide, is another soluble fibre
which has been shown to enhance Ca absorption in rats
(Delzenne, Aertssens, Verplaetse, Roccaro & Rober-
froid, 1995; Ohta, Ohtsuki, Baba, Adachi, Sakata &

0308-8146/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0308-8146(00)00296-X



264 M_.E. Harrington et al. | Food Chemistry 73 (2001) 263-269

Sakaguchi, 1995; Levrat, Rémésy & Demigné, 1991)
and humans (Coudray, Bellanger, Castiglia-Delavaud,
Rémésy, Vermorel & Rayssignuier, 1997). It is appar-
ent 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 several fibre extracts
which differed greatly in their chemical composition,
phytate concentration, and ratio of soluble to insoluble
fibre. In addition, we investigated the effect of phytate,
as sodium phytate, on Ca absorption. The rat was used
in the present study because the absorption mechanisms
for Ca are similar in rats and in humans (Bronner, 1987,
Norman, 1990) and a number of dietary and physi-
ological factors affect Ca absorption similarly in the two
species (e.g. age, pregnancy, lactation, 1, 25-dihydrox-
ycholecalciferol, oxalic acid, phytate; Brommage &
Binacua, 1991; Cashman & Flynn, 1996; Mahoney &
Hendricks, 1985), although some exceptions to this have
also been reported (e.g. lactose, phosphate; Hegsted,
Schuette, Zemel & Linkswiler, 1981; Mahoney & Hen-
dricks, 1978; Miller, 1989; Tremaine, Newcomer, Riggs
& McGill, 1986).

2. Materials and methods
2.1. Dietary fibres

Dietary fibre preparations produced from apple,
orange, pea, sugarbeet, barley and wheat were obtained
from Sofalia, Paris, France. The types and selected fibre
components of the fibre preparations is shown in
Table 1. Pectin (from citrus fruits, Catalogue no. P-
9135), guar gum (Catalogue no. G-4129) and sodium
phytate were obtained from Sigma Chemical Co Ltd.,
Poole, Dorset, UK. Cellulose, in the form of Avicel
microcrystalline cellulose, was obtained from FMC
International, Food and Pharmaceutical Products Divi-
sion, Little Island, Co. Cork, Ireland.

Table 1

2.2. Preparation of rat diets

A modified AIN-76 purified diet (American Institute
of Nutrition, 1977) was used in the present study. The
mineral mix was modified by replacing CaHPO, with
CaCO; as the sole source of Ca and by including
KH,PO4 and K,HPO,4 to supply the P requirement
(Table 1). CaCOj5; was used in the diets, as the Ca source
included in the test meals was CaCOj3 uniformly labelled
with 47Ca (see later). The Ca content of the fibre pre-
parations was taken into account in formulating the
diets to achieve a final Ca concentration of 50 g/kg diet.
Cellulose (control) or dietary fibre preparations were
included in the diet at a concentration of 50 g/kg. Phy-
tate, as sodium phytate was included with cellulose (50
g/kg diet) in three of the diets at levels of 7.5, 15.0 and
30.0 mmol/kg diet in replacement for sucrose (Table 2).
2.3. Preparation of ¥ calcium-labelled meals

Labelled CaCO; was prepared by mixing 4’Ca [as
47CaCl, in NaCl (9 g/l), specific activity 7.9 GBq/g;
Forskningscenter Riso, 4000 Roskilde, Denmark] with 2
M-CaCl, addition of a slight molar excess of Na,CO; to
precipitate CaCO;, and washing the precipitate on a fil-
ter, followed by drying at 100°C. #’Ca-labelled meals,
containing 5 g Ca/kg, were prepared by substituting
4TCa-labelled CaCOj; for CaCOsand adding 0.1 g Sc/kg
as ScCl;(Aldrich Chemical Co., Milwaukee, WI, USA;
as a carrier for *’Sc) in the AIN-76 diet outlined in
Table 2.

2.4. ¥Calcium absorption study

One hundred and four male rats, 7-weeks-old, Wistar
strain (average weight 209 g), were obtained from the
Biological Services Unit, University College, Cork, Ire-
land. Rats were randomized by weight into 13 groups of
eight rats each. Rats were housed individually in cages
with a grid-floor and a facility for separate collections of
faeces and urine. Animals were fed ad libitum on a

Fibre types and selected fibre components of the dietary fibre preparations (% of total dietary fibre)*

Fibre preparation (g/kg) Fibre type Fibre component
Insouble (%) Soluble (%) Cellulose (%) Lignin (%) Hemicellulose + Pectin (%)

Apple 65 84.6 15.4 37.0 17.0 46.0
Orange 60 58.3 41.7 46.0 4.0 50.0
Pea 85 90.6 9.4 68.0 7.0 25.0
Sugarbeet 75 66.7 333 35.0 5.0 60.0
Wheat 55 85.5 14.5 33.0 5.0 62.0
Wheat-TDF® 60 NA NA NA NA NA
Barley 70 88.6 11.4 31.0 5.0 64.0

4 Manufacturer’s data (determined using the AOAC method).
® Wheat-TDF, wheat-total dietary fibre; NA, data not available.
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purified diet (AIN-76) containing (g/kg): Ca as CaCO;
5.0, P 4.0, dietary fibres or cellulose (control) 50.0, or
cellulose (50.0) plus phytate 13.3, 26.5 or 53.0 (repre-
senting 7.5, 15.0 or 30.0 mmol phytate/kg diet) and
given distilled water ad libitum for 14 days. Feed was
provided at 1700 h each day. On the fifteenth day, after
fasting for 10 h (09.00-19.00 h), animals were given
overnight (19.00-09.00 h) a radiolabelled meal (10 g
AIN-76 diet), containing (per kg) 50 g of the dietary
fibres or 13.3, 26.5 or 53.0 phytate, 5.0 g Ca as 4’Ca-
labelled CaCO5(0.037 MBq “’Ca/10 g meal) and 0.2 g of
the food dye Fast Green FCF (Sigma Chemical Co.
Ltd). The dye permitted easy identification of the
radioactive faeces. On the following morning the radi-
olabelled meal was removed and any remaining feed
was weighed, and after 4 h, the rats were replaced on the
AIN-76 diet to which they had been adapted.

Table 2
Composition of the modified AIN-76 diet (American Institute of
Nutrition, 1977)*

Ingredient® Content (g/kg)

Casein 200.0

DL-Methionine 3.0

Maize starch 150.0

Sucrose 487.5, (474.2), (461.0), (434.5)°
Fibre© 50.0

Maize oil 50.0

AIN mineral mix4 35.0

AIN vitamin mix® 10.0

Sodium phytate 0.0, (13.3) (26.5), (53.0)°
Calcium carbonate 12.5

Choline bitartrate 2.0

2 Sources of ingredients: casein (sodium caseinate), Kerrymore
Milk Products Ltd., Listowel, Co. Kerry, Ireland; pL-methionine,
Rhone Poulenc, Animal Nutrition, Commentry, France; maize starch,
Cagill Bergen op Zoom, the Netherlands; sucrose, Irish Sugar plc,
Sugar Division, Athy Road, Carlow, Ireland; dietary fibres (see later);
maize oil, St. Bernard’s brand, Dunnes Stores Ltd., 67 Stephen’s
Green, Upper Dublin 8, Ireland; choline bitatrate, Brown and Gil-
more, Carrigaline East, Co. Cork, Ireland; sodium phytate, Sigma
Chemical Co Ltd., Poole, Dorset, UK.

® Representing diets containing (per kg) 0, 7.5, 15.0 or 30.0 mmol
phytate in replacement for sucrose.

¢ Representing diets containing 50 g/kg of cellulose (Avicel micro-
crystalline cellulose, N. F., FMC International, Food and Pharma-
ceutical Products Division, Little Island, Co. Cork, Ireland), or apple,
orange, pea, sugarbeet, barley, wheat, wheat-TDF (Sofalia, Paris,
France), pectin or guar gum (Sigma Chemical Co Ltd., Poole, Dorset,
UK).

4 Contained (g/kg): potassium dihydrogen phosphate 376, dipo-
tassium hydrogen phosphate 160, sodium chloride 74, magnesium
oxide 24, manganous carbonate 3.5, ferric citrate 6, zinc carbonate 1.6,
cupric carbonate 0.3, potassium iodate 0.01, sodium selenite 0.01,
chromium potassium sulphate 0.55, sucrose 354.

¢ Contained (per kg): nicotinic acid 3 g, calcium pantothenate 1.6 g,
riboflavin 600 mg, thiamin-HCI 600 mg, pyridoxine-HCI 700 mg, folic
acid 200 pg, biotin 20 pg, cyanocobalamin 1 mg, cholecalciferol 2.5
mg, menaquinone 5.0 mg, retinyl palmitate 120 mg, pL-o tocopheryl
acetate 5000 mg.

Ca absorption was determined by modification of the
47Sc:4’Ca ratio method of Brommage and Binacua
(1991) and McCredie, Troehler and Bonjour (1984).
This method is based on the fact that ’Ca decays to
47Sc, which is not absorbed by the adult rat intestine
and thus acts as an inert marker for estimation of the
intestinal absorption of #’Ca. In this #’Sc:*’Ca ratio
method, quantitative collections of green-coloured fae-
ces were carried out daily for 3 days immediately after
administration of the radiolabelled meals. #’Ca and 4’Sc
in the daily faecal samples and in radiolabelled meal
samples were determined in a well y-counter (Compu-
gamma, LKB Wallac, LKB Instruments Ltd, South
Croydon, Surrey, UK) using energy ranges of 144—178
and 1144-1295 keV for #’Sc and #’Ca, respectively.
Using these counting windows, neither isotope con-
tributes to the counts for the other and complete dis-
crimination between the isotopes is achieved.

Fractional absorption of 4’Ca was calculated using
the following equation:

Fractional absorption (%) =

(47SC :47 Ca)faeces_(47sc :47 Ca)mea]

(47SC 47 Ca)faeces_(47sc 47 Ca)xneal+(47sc 47 Ca)mealXE;l:O

where ¢¢ = e—(*""Se=A7Caxt [1 is the time elapsed after
initial administration of isotope (¢=0), A=1log 2/ty s, ty.5
is the radioactive half-life of the element (7o s for ’Sc
and 4’Ca are 3.43 and 4.53 days, respectively)].

Endogenous loss of 47Ca in faeces was calculated
from the slope of the plot of log #’Ca retention versus
time, from day 3 to day 7 after feeding the radiolabelled
meal, estimated from the loss of 4’Ca in quantitative
faecal collections.

2.5. Experimental techniques

2.5.1. Calcium content of fibre preparations

Portions of the dietary fibre preparations were dry
ashed according to the method of the Association of Offi-
cial Analytical Chemists (AOAC, 1984). The ashed sam-
ples were reconstituted in 1 N-HNOj3 and Ca was analysed
in triplicate by atomic absorption spectrophotometry
(Pye-Unicam Atomic Absorption Spectrophotometer,
Model SP9; Pye-Unicam, Cambridge, Cambs., UK) after
appropriate dilution with LaCl; solution (5 g/l, BDH
Ltd, Poole, Dorset, UK). A range of Ca standards was
used to obtain a Ca calibration curve. The intra- and
inter-assay CV for Ca was 2.8 and 7.8%, respectively.

2.5.2. Phytate content of fibre preparations

The phytate content of the fibre preparations was
determined using the extraction and anion-exchange
procedure of Harland and Oberleas (1986), followed by
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digestion and P determination by the method of the
AOAC (1984).

2.5.3. Statistical methods

Data are presented as means with their standard
errors. 4’Ca absorption data was subjected to one-way
analysis of variance (ANOVA) with variation attributed
to fibre preparation (Snedecor & Cochran, 1967). To
follow up the ANOVA, all pairs of means were com-
pared by the method of least significant difference (Sne-
decor & Cochran).

3. Results and disscussion

Except for cellulose, pectin and guar gum, the dietary
fibre preparations used in the present study were het-
erogeneous in composition and, in addition to fibre
(Table 1), they also contained varying amounts of pro-
tein, fat, available carbohydrate, and ash (data not
shown). The phytate content of the fibre preparations
varied over a wide range (0.8-48.0 mmol/kg fibre) and
was highest in the cereal fibres (15.0, 48.0 and 37.2
mmol phytate/kg in barley, wheat and wheat-TDF fibre
preparations, respectively) and thus, in the meals con-
taining the cereal fibres (Table 3).

In the present study, fractional absorption of Ca from
a meal in 9-week-old rats was significantly (P <0.001)
reduced by wheat and wheat-TDF fibre extracts (by 16

Table 3
Effect of dietary fibre preparations and phytate on fractional *’calcium
absorption in 9-week-old male rats* (mean values with their standard
errors)

Fibre preparation® n Phytate  4’Ca absorption (%)

(mmol/kg

meal)

Mean® S.E.

Cellulose (control) 8 0.00 54.5e 1.9
Guar gum 8 0.00 54.6e 2.3
Pectin 8 0.00 52.7e 2.9
Apple 8 0.11 48.4¢ 1.6
Orange 8 0.05 49.2¢ 1.1
Pea 8 0.08 52.9¢ 3.6
Sugarbeet 8 0.04 48.1e 33
Barley 8 0.75 53.1e 2.7
Wheat 8 240 45.3F 2.4
Wheat-TDF4 8 1.86 45.6f 2.6
Cellulose + phytate 8 7.50 45.9f 2.1
Cellulose + phytate 8 15.00 43.6f 1.7
Cellulose + phytate 8 30.00 40.8f 1.3
ANOVA (one-way), P value <0.001

2 For details of diets and procedures, see Table 1 and pp. 5-9.

® Fibre preparation included in the meal at a concentration of 50 g /
kg meal.

¢ Mean values within the column with different letters are sig-
nificantly different, P<0.05 (ANOVA followed by least significant
difference test).

4 Wheat-TDF, Wheat-total dietary fibre.

and 17%, respectively), but was unaffected by the other
fibre extracts, compared to the cellulose control (Table 3).
These findings are similar to those obtained in a study
by Behall et al. (1987) on the effects on Ca balance of
wheat bran compared to purified dietary fibres in
human subjects. They found that, while apparent Ca
absorption 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, carbox-
ymethylcellulose, locust bean gum or Karay gum. The
authors suggested that a possible explanation for this
was the high phytate content of the wheat bran com-
pared to that of the purified fibres. Recently, Kennefick
and Cashman (2000), using Caco-2 cell monolayers as a
model for studying Ca absorption in humans, reported
that the rate of transepithelial “°Ca transport was
unaffected by cellulose or barley fibre extract, whereas
inclusion of wheat fibre extract (extracts which were
identical to those used in the present study) in the Ca
transport buffer (50 g fibre/l) significantly reduced the
rate of ¥*Ca transport (by 19%) relative to a control
fibre (cellulose) transport buffer.

There is considerable 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 containing bread
made from white flour (69% extraction rate, and thus
containing less fibre than the brown bread; McCance &
Widdowson, 1942a). 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 50% of calories
from whole meal bread (Reinhold et al., 1976) or a daily
supplement of 31 g wheat fibre (Cummings, Hill, Jivraj,
Houston, Branch & Jenkins, 1979). Weaver et al. (1991)
found that wheat bran (which is high in phytate), but
not other wheat flour products, interferes with the
absorption of co-ingested Ca in humans. Bagheri and
Guéguen (1981) reported that diets containing wheat
bran at levels of 50, 100 and 150 g wheat bran per kg
diet reduced Ca balance in weanling rats, while Donan-
gelo and Eggum (1986) reported that inclusion of 80 g
wheat fibre/kg diet significantly reduced Ca absorption
in 5-week-old rats.

The component(s) of wheat fibre responsible for the
impairment of Ca absorption has not been identified
with certainty, but fibre and/or phytate are most likely
to be the major inhibitory factors. However, it has been
suggested that it is difficult to separate clearly the effects
of the two factors because their concentrations in cereal
products are correlated (Miller, 1989). Recently, Ken-
nefick and Cashman (2000) reported that dephytiniza-
tion of a wheat fibre extract negated its inhibitory effects
on the rate of transepithelial Ca transport and Ca
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uptake by Caco-2 cells, which led the authors to con-
clude that their findings were strongly suggestive of the
fact that phytate and not the fibre components per se
was responsible for the impaired Ca bioavailability. In
addition, McCance and Widdowson (1942b) found that
reduction of the phytate content of brown bread resulted
in increased apparent Ca absorption in human subjects.
Morris and Ellis (1985a) found that apparent Ca
absorption in human volunteers was significantly greater
from dephytinized bran muffins than from whole-wheat
bran muffins. There is also evidence from animal stu-
dies, which agrees with the findings in humans. Larsen
(1991) reported that phytate reduction of a high phytate
diet by phytase, resulted in a significant increase in Ca
balance in weaned rats.

In the present study, wheat and wheat-TDF fibres con-
tained much higher levels of phytate (2.40 and 1.86 mmol/
kg diet, respectively) than the other fibre preparations
(0.05-0.75 mmol/kg diet), and thus might explain the
differential effects of these different dietary fibre extracts
on Ca absorption. In addition, the findings of the pre-
sent study showed that fractional absorption of meal Ca
was significantly reduced by phytate, as sodium phytate,
at levels present in some human foods. Increasing the
phytate concentration of the diet from 0 to 7.5 mmol/kg
reduced the fractional absorption of Ca by 16%. How-
ever, increasing the phytate content further had no fur-
ther significant effect. This apparent plateau in the effect
of phytate on calcium absorption has been noted in
some studies (Cashman & Flynn, 1993; Kennefick &
Cashman 2000) but not in others (McCance & Wid-
dowson, 1942a; Morris & Ellis, 1985a,b), and thus war-
rants further investigation. Overall, the findings of the
present study in rats agree with those from human stu-
dies that demonstrated an inhibition of Ca absorption by
phytate (Heaney et al., 1991; McCance & Widdowson,
1942a; Morris & Ellis, 1985b). Furthermore, Kennefick
and Cashman (2000) showed that transepithelial Ca
transport and Ca uptake by Caco-2 cells was sig-
nificantly reduced by phytate, as sodium phytate, when
added at levels present in wheat fibre extract (the same
fibre preparation that was used in the present study).

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 (Erdman,
1979; Forbes, Weingartner, Parker, Bell & Erdman,
1979). Lonnerdal et al. (1989) showed that the inhibi-
tory effect of the inositol phosphates on Ca absorption
in suckling rats was confined to the penta- and hex-
aphosphates (phytate) and that the tri- and tetra-phos-
phates have no effect.

The observation in the present study in 9-week-old
rats that dietary fibres other than those from wheat, i.e.
those with a low content of phytate associated with them,
have little or no effect on Ca absorption is supported by

evidence from other studies. For example, pectin does
not appear to affect Ca absorption in humans (Behall et
al., 1987; Cummings et al., 1979) or rats (Bagheri &
Guéguen, 1981). Cummings et al. (1979) observed that
increasing pectin intake to 36 g/day had no overall effect
on Ca balance in male subjects. Guar gum has been
reported to have no effect on Ca absorption in humans
(Behall et al) or rats (Tulung, Rémésy & Demigné, 1987).

The fibre extracts used in the present study had vari-
able ratios of soluble to insoluble fibre content (Table 1).
This could, to various degrees, increase the viscosity and
reduce the rate of migration of minerals, which in addi-
tion to reduced transit time could result in changes in
the bioavailability of Ca (Fr@lich, 1995). For example,
Coudray et al. (1997) found that addition of inulin (40/
day), a highly soluble fibre, to a control diet (containing
18 g dietary fibres/day) for 28 days significantly
increased apparent absorption of Ca in young adult
men compared to the control diet, whereas addition of
sugarbeet fibre (40 g/day), a partly soluble fibre, had no
effect on Ca absorption. However, in the present study,
Ca absorption in young adult rats was unaffected by the
addition of soluble (guar gum, pectin), partly soluble
(orange, sugarbeet) or relatively insoluble fibres (apple,
pea, wheat, barley) to the diets for 2 weeks.

In conclusion, the results from the present study sug-
gest that wheat fibre extracts significantly reduced Ca
absorption. This may have been due to the phytate in
the wheat fibre extract rather than the fibre components
per se. Other cereal- and fruit and vegetable-based fibre
extracts, which had relatively lower phytate contents,
and were heterogeneous in fibre composition (i.e.% cel-
lulose, lignan, hemicellulose and pectin) and in the ratio
of soluble to insoluble fibre, had no effect on Ca absorp-
tion. Therefore, our findings suggest that only fibre
extracts with a high phytate content adversely affect Ca
bioavailability. Dephytinization of such high-phytate
fibre extracts, before adding them to products, could
negate this nutritional disadvantage of the otherwise
beneficial food ingredients.
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