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Effect of consumption of uncooked (RS2)

and retrograded (RS3) resistant starch

on apparent absorption of magnesium,

calcium, and phosphorus in pigs

Einfluß von ungekochter (RS2)
und retrogradieter (RS3)
resistenter Stärke auf das
Ausmaß und den Ort der
scheinbaren Absorption von
Magnesium, Calcium und
Phosphor bei Schweinen

Summary The aim of this
investigation was to study the
effect of uncooked (RS2) and
retrograded (RS3) resistant starch

on the size and site of the apparent
absorption of magnesium, calcium,
and phosphorus in swine. In an
experiment with a parallel design,
three groups of six piglets each
consumed for two weeks a diet
containing either glucose, RS2 or
RS3. The piglets were cannulated
at the end of the ileum which
allowed estimation of the ileal and
colonic mineral absorption. Urine,
feces, and ileal digesta were
collected for measurement of
magnesium, calcium, and
phosphorus. Dietary RS2, but not
RS3, versus glucose reduced
(p < 0.05) the total absorption of
magnesium and calcium and the
ileal absorption of phosphorus in
the pig. Differences between
species or in RS and/or mineral
intake may explain why RS2
reduced the apparent absorption of
magnesium and calcium in pigs in
this study and raised it in rats in
earlier studies.

Zusammenfassung Das Ziel der
Arbeit war es, den Einfluß von un-
gekochter „resistenter Stärke“ (Re-
sistant Starch type 2: RS2) und
von retrogradierter resistenter Stär-
ke (Resistant Starch type 3: RS3)
auf das Ausmaß und den Ort der
scheinbaren Absorption von Magne-
sium, Calcium und Phosphor bei
jungen Schweinen zu untersuchen.
In einem Versuch mit parallelem
Aufbau erhielten drei Gruppen von

sechs Schweinen entweder Glu-
kose, RS2 oder RS3 für zwei Wo-
chen. Die Schweine waren am
Ende des Ileums mit einer T-Kanü-
le ausgerüstet, um die Mineralab-
sorption im Ileum und Dickdarm
messen zu können. Harn, Stuhl
und der Inhalt des Ileums wurden
3 Tage lang gesammelt und auf
den Gehalt von Magnesium, Calci-
um und Phosphor bestimmt. RS2,
nicht aber RS3, reduzierte die Ge-
samt-Absorption von Magnesium
und Calcium, und die Absorption
von Phosphor im Ileum der Schwei-
ne im Vergleich zum Glukose.
Speziesunterschiede hinsichtlich der
Qualität der resistenten Stärke, viel-
leicht auch die Mineralstoffaufnah-
me, dürften verantwortlich dafür
sein, warum, im Gegensatz zu
Angaben bei Ratte, RS2 die schein-
bare Absorption von Magnesium
und Calcium in den Schweinen in
dieser Studie verringerte.
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Introduction

In rats, uncooked resistant starch (RS2) compared with
digestible starch raised apparent magnesium und calcium
absorption (2, 23, 27, 31, 32). Uncooked (RS2) versus
retrograded resistant starch (RS3) also raised apparent
magnesium and calcium absorption in rats (14, 27). It has
been proposed that RS2, compared with either digestible
starch or RS3, raised apparent magnesium and calcium
absorption by increasing ileal solubility of magnesium
and calcium due to a reduction in pH (10, 12, 27, 32).
In contrast to digestible starch, RS is not absorbed in the
small intestine but may be fermented by the bacterial
flora in the gut and some studies indicate that RS2 is
more fermentable than RS3 (6, 22, 27). However, since
RS2 compared with RS3 increased only apparent but not
true magnesium absorption by decreasing endogenous
magnesium loss with feces, the proposed mechanism
seems to be incorrect (14).

Magnesium (11) and calcium (1, 4, 21, 28) may not
only be absorbed from the small but also from the large
intestine, especially from the cecum in the rat (10). Distal
magnesium and calcium absorption may be stimulated by
fermentable RS2 by increasing the soluble pool of the
mineral (27, 31, 32) through acidification of the cecal
contents (2, 7, 27, 31, 32) and/or by hypertrophy of the
cecal wall, for example, by increasing the surface area
for absorption (7, 18, 31, 32). Scharrer and Lutz (25, 26)
have proposed that the short-chain fatty acids (SCFA)
produced during carbohydrate fermentation in the gut
may enhance magnesium absorption by a Mg2+/H+ ex-
changer located in the apical membrane of the epithelium
in the distal colon. SCFA may also stimulate colonic cell
proliferation (20) which could increase the mineral ab-
sorption capacity.

To study the contribution of the small and the large
intestine to the absorption of magnesium, calcium, and
phosphorus, we fed piglets that were cannulated at the
end of the ileum glucose, RS2, and RS3. Even though the
pig is essentially a colon fermenter like man (9), fermen-
tation also takes place in the distal third of the ileum of
pigs (5). The latter may stimulate mineral absorption in
the ileum. We hypothesized that, compared with glucose,
RS2 but not RS3 would raise apparent magnesium and
calcium absorption.

Methods

Diets

Three feeds were prepared containing glucose, RS2 or
RS3. The exact composition of the feeds has been detailed
elsewhere (13). The following RS preparations were used:
uncooked high-amylose maize starch (Hylon  VII; Cere-

star, Vilvoorde, Belgium), containing 61.4 % RS2 by wt.
as measuredin vitro according to the procudure of
Englyst et al. (8); and retrograded high-amylose maize
starch (extruded and retrograded Hylon VII; Cerestar,
Vilvoorde, Belgium), containing 27.4 % RS3 by wt. as
measured in vitro according to the procedure of Englyst
et al. (8). The feeds only differed in the type of carbo-
hydrate used. The amount of glucose equivalents was
equal for the three feeds. Corrections were made for the
different water contents of the carbohydrate preparations
and for the water excluded during formation of glycosidic
bonds. We did not try to equal the energy content of the
feeds because there is no accurate estimate of the amount
of energy that RS supplies.

Design

The experimental procedure has been detailed elsewhere
(13). The experimental protocol was approved by an
Animal Ethical Committee. Crossbred castrates
(FL*NL)*GY aged 10 weeks and with an average body
weight of 16 kg were used. At the age of 6 weeks they
had been fitted with a post-valve T-cecum cannula
(PVTC) allowing quantitative collection of the ileal di-
gesta, as described by van Leeuwen et al. (30). No dif-
ferences in growth performance, organ weights, nitrogen
balance, mineral balances, and several blood variables
were found between PVTC-pigs and intact pigs (15, 16).
The piglets were housed individually in stainless-steel
metabolic crates.

In an experiment with a parallel design, three groups
of six animals each consumed either the glucose, RS2 or
RS3 diet for 2 weeks. It was considered important to
standardize the intake of glucose equivalents and the
nutritional status of the animals because ileal digesta
were to be collected. Therefore, the piglets were fed on
a restricted basis, i.e., an amount of feed that was equiva-
lent to 2.6 times the maintenance requirement. Mainten-
ance level was assumed to be 420 kJ per kg metabolic
body weight. The feed was provided to the piglets in two
meals of identical size, at 0800 and 2000 h. The piglets
received tap water at a water:feed ratio of 2.35:1 (w/w).
Food intake and initial and final body weights of the
piglets did not differ significantly between the three diet
groups. The piglets fed RS2 or RS3 consumed 114 g RS/d
(13).

On days 9–11 feces was collected quantitatively from
each animal and frozen at -20°C until analysis. On days
12–14 ileal digesta were collected quantitatively for  12
h periods, starting 15 min before the morning meal and
ending 15 min before the evening meal. Digesta flowed
through the cannula into a small plastic bag attached to
the cannula with a self-tightening nylon strap. Every hour
the bags  were replaced, weighed and  frozen at  -20°C.
Feces and ileal digesta were pooled per animal per three
days.
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Measurements and calculations

In diet, feces, digesta and urine samples magnesium and
calcium were analyzed by atomic absorption spectro-
photometry and phosphorus was measured colorimetri-
cally. Apparent total absorption of minerals was calcu-
lated as mineral intake minus fecal excretion and ex-
pressed as percentage of intake. Apparent ileal absorption
was calculated as mineral intake minus ileal excretion
and apparent colonic absorption was calculated  as total
absorption minus ileal absorption. Mineral intakes with
tap water were less than 1 % of the intakes with the diet
and were ignored when calculating mineral absorptions.

Statistical analysis

Differences between group means for each variable were
evaluated by analysis of variance with the GLM (General
Linear Model) procedure of SAS (release 6.09; Statistical
Analysis Systems Institute Inc., Cary, NC, USA). The
model contained ‘feed’ as a fixed factor. When the analy-
sis of variance indicated a significant effect of ‘feed’
(p < 0.05), Tukey’s Studentized Range test was used for
pair-wise comparison of the group  means. This  method
encompasses a downward adjustment of the significance
limit for multiple testing.

Results

Magnesium

Total apparent magnesium absorption was approximately
62 % of intake (Table 1). Total magnesium absorption
was lower (p < 0.05) in the RS2 than in the glucose group
(Table 1). Relatively less magnesium seemed to  be ab-
sorbed from the colon  and more from the ileum in the
RS2 and RS3 groups compared with the glucose group.

Calcium

Calcium intake differed slightly between the three dietary
groups (Table 1) due to small differences in calcium
content measured in the diets. Total apparent calcium
absorption was approximately 73 % of intake (Table 1).
Total absorption of calcium was lower (p < 0.05) in the
RS2 than in the glucose group (Table 1). No significant
differences were found in ileal and colonic calcium ab-
sorption.

Phosphorus

Phosphorus intake differed slightly between the three
dietary groups (Table 1) due to small differences in phos-
phorus content measured in the diets. Total apparent
phosphorus absorption was approximately 73 % of intake

(Table 1). Total absorption of phosphorus was similar
during glucose, RS2 and RS3 consumption (Table 1).
Phosphorus was absorbed mainly from the ileum. Ileal
absorption was lower (p < 0.05) in the RS2 than in the
glucose group (Table 1). No differences were found in
colonic phosphorus absorption. Relatively more phos-
phorus seemed to be absorbed from the colon and less
from the ileum in the RS2 and RS3 groups compared with
the glucose group.

Discussion

In the present study, dietary RS2, but not RS3, versus
glucose reduced the apparent total absorption of magne-
sium and calcium and the apparent ileal absorption of
phosphorus in the pig.

In contrast to the present findings in piglets, RS2

enhanced the apparent absorption of magnesium and cal-
cium in rats (2, 14, 23, 27, 31, 32). This discrepancy may
be due to species differences in, e.g., hormonal control;
bacterial flora, anatomy or physiology of the digestive
tract; or in eating pattern over the day. Moreover, the
piglets had a much higher intake of RS and minerals per
MJ of energy intake than the rats. The values for total,
colonic and ileal absorption of magnesium, calcium, and
phosphorus are similar to those found by van der Heijden
et al. (29) but higher than those in the study of Larsen
and Sandström (17). However, in the latter study the pigs
were older and the magnesium and phosphorus intakes
were higher than in our study.

Magnesium absorption tended to be shifted from colon
to ileum to some extent in the piglets fed RS2 and RS3
when compared with those fed glucose. This may be
connected with the findings that RS seems to be fer-
mented already in the ileum, RS2 to a greater extent than
RS3 (13). Fermentation in the ileum of the pig is possible
as especially the distal third of the ileum contains a
significant amount of bacteria (3, 5, 19), even though the
pig is essentially a colon fermenter, like man (9). The
bacteria found in the ileum are part of the normal ileal
flora, and are not airborne microorganisms that came into
the gut when the piglet was operated (5). In the study
from van der Heijden et al. (29) magnesium was absorbed
mainly from the colon, in contrast to our findings. Both
in our study and that from van der Heijden et al. (29)
calcium and phosphorus were absorbed mainly from the
ileum. Larsen and Sandström (17) found that minerals
were absorbed  from the small  intestine and excreted  in
the large intestine.

Because in the pig RS is fermented both in the ileum
and the colon and in man probably almost exclusively in
the colon, and mineral absorption may be affected by
fermentation in the gut, the pig does  not seem to  be a
good model for man to estimate the contribution of the
various parts of the digestive tract to mineral absorption.
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Furthermore, the ileal starch digestibility  in  piglets  and
man may be different (24). Therefore, the amount of
starch that was truly resistant in the piglets was most
probably not the intended amount fed since the latter is
based on in vitro RS analysis that is validated in
ileostomy patients (8).

In conclusion, RS2, but not RS3, versus glucose re-
duced the total apparent absorption of magnesium and
calcium in pigs in the present study, in contrast to the
increase found in rats in earlier studies. This discrepancy

may be explained by differences between species and/or
by differences in RS and/or mineral intake.
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Table 1 Apparent absorption of magnesium, calcium, and phosphorus in cannulated piglets fed diets with glucose, uncooked resistant
starch (RS2), or retrograded resistant starch (RS3)1

Mineral Diet

Glucose RS2 RS3

Magnesium
Intake (mmol/d) 30 ± 0.5 30 ± 0.7 30 ± 0.5
Ileal absorption (% of intake) 33 ± 6.0 33 ± 5.2 37 ± 2.8
Colonic absorption (% of intake) 34 ± 3.9 21 ± 3.8 26 ± 4.2
Total absorption (% of intake) 67 ± 3.7b 54 ± 3.6a 63 ± 3.3a,b

Calcium
Intake (mmol/d) 151 ± 2b 140 ± 3a 147 ± 2a,b

Ileal absorption (% of intake) 58 ± 1.9 51 ± 3.7 55 ± 1.9
Colonic absorption (% of intake) 21± 1.2 16 ± 2.7 20 ± 2.9
Total absorption (% of intake) 78± 2.5b 67 ± 2.5a 75 ± 2.2a,b

Phosphorus
Intake (mmol/d) 107 ± 2b 100 ± 2a 101 ± 2a,b

Ileal absorption (% of intake) 69 ± 2.0b 56 ± 3.8a 63 ± 1.5a,b

Colonic absorption (% of intake) 7 ± 5.3 13 ± 2.6 12 ± 2.1
Total absorption (% of intake) 75 ± 6.8 69 ± 2.4 75 ± 2.3

1Values are means± SEM for 6 piglets per dietary group. Values in the same row with different superscripts are significantly different.
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