A. Ohta er al: Fructoaligosac

316 A. Ohta er ai: Fructooligasaccharides: Absorption of Ca and Mg

Internat. J. Vit Nutr. Res. 64
(1994) 316-323
Received for publication
March 21, 1994 |

N

Calcium

Magnesium
Absorption

Cecectomy
Fructooligosaccharides

Effects of Fructooligosaccharides on the Absorption of Magnesium

and Calcium by Cecectomized Rats

Atsutane Ohta!, Masako Ohtuki’, Toshio Takizawa!, Hiromi Inaba‘, Takashi Adachi' and

Shuichi Kimura?

1 Bio Science Laboratories, Meiji Seika Kaisha, Ltd.. Sakado-shi. Saitama 350-02, Japan
2 Professor Emeritus at Tohoku University, Sendai-shi, Miyagi 981, Japan

Summary: We reported previously that feeding
of fructooligosaccharides (FO} increased the
apparent absorption of calcium (Ca}, magne-
sium (Mg) and phosphorus (P} in rats. We sug-
gested that there was an important correlation
berween this phenomenon and fermentation of
FO in the large intestine. However, the precise
mechanism remained to be characterized.
Therefore, we performed a mineral-balance
study to identify the segment of lumen in which
FO affects mineral absorption, using cececto-
mized rats. Sham-operated rats and cececto-
mized rats were fed a control diet (without FO)
or an FO-diet {containing 50 g of FO per kg of
feed) for 28 days. Feeding of the FO-diet de-

creased the luminal pH in the cecum and colon

in the sham-operated rats. In the cecectomized
rais, feeding of the FO-diet also decreased the

luminal pH in the colon. Thus, FO was ferment-

ed in the colon of the cecectomized rats. How-

ever, the acid composition of feces was altered

by cecectomy. Feeding of the FO-diet increased

the absorption of Ca and Mg in the sham-oper-

ated rats. In the cecectomized rats, the FO-diet

increased the absorption of Mg but did nor in-

crease the absorption of Ca. These results sug-

gest the mechanisms for the absorption of Ca

and Mg when rats are fed an FO are different.

Abbrevianons used: FO, fructooligosaccharides
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Introduction
P

The main site of absorption of minerals such as
calcium and magnesium in the lumen was in-
idally believed to be the small intestine [1].
However, recent reports indicate that Caand Mg
are absorbed from the large intestine, namely,
the cecumn and the colon [2, 3]. A competitive
correlation between the absorption of Caand Mg
in the small intestine has been reported {4, 5],
but independent mechanisms for the absorption
of Ca and Mg [6; 7], have also been proposed.
The absorption of both Ca and Mg can be accel-
erated by feeding rats a diet that includes poor-
ly digestible or undigestible and fermentable
carbohydrates, such as lactose {8], oligosaccha-
rides [9] or resistant starch {10]. We reported
previously that a diet that contained fructoolig-
osaccharides (FO), which stimulate the growth
of bifidobacteria, increased the absorption of Ca,
Mg and phosphorus (P} in rats [11, 12]. Undi-
gestible carbohydrates were fermented by the lu-
minal bacteria in the large intestine, namely, the
cecum and the colon. Many reports have sug-
gested an important correlation between in-
creases in absorption of minerals and fermenta-
tion of such undigestible carbohydrates in the
large intestine [13, 14, 15, 16, 17, 18]. Several
hypotheses about the mechanisms of these ef-
fects have been proposed: (i) lowering of the lu-
minal pH raises the concentration of ionized
minerals and accelerates the passive diffusion of
minerals via paracellular pathways [10]; (ii) ab-
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sorption of short chain farty acids 1s accompa-
nied by absorption of minerals [3. 16, 18]: and
(i) hypertrophy of the colen wall as result of a
supply of undigestible carbohydrazes is related
to an enhanced capacity for absorption of min-
erals. We have now investigated the role of the
large intestine in the absorption of Ca and Mg.
using cecectomized rats in a mineral-balance
study.

Materials and Methods

Diet and animais: Five-week-old male Sprague-Dawley rats
{Clea Jupan. Tokyo) were housed in individual stainless-steel
metabolic cages in a temperature- and humidity-conrolled
room (23°C and 53% retative humidity). Seven rats were used
in each experimental subgroup. The composiuon of sach dier
is shown in Table . The calculated concentrations ef Ca and
Mg added agreed well with analyzed vaiues {Tab. I). Half of
the sham-operated and cecectomized rats received a diet that
contained sucrose ar 100 w/kg of diet. The other rats received
a diet thar contained sucrose at 30 g/ky and fructootigosaccha-
tides (FO) at 50 e/kg of diet. All rats were fed these experi-
mental diets for 28 days. On the final day of the axperiment.
the rats were anesthetized with diethyl ether. Blood was drawn
by abdominal aortic puncrure.

Surgical procedure for cecectomy: Rats were deprived of diet
for 24 h before surgery. although they had access to water. They
were anesthetized by intraperitoneal injection of Nembutal ¢ so-
dium pentobarbital, 35 mg/xg body wt Abbot Laboratonies.
North Chicago. [L). The cecum was surgically removed by the
method of Lambert (19). Sham surgeries were performed on
the rats of N and NFO groups. The abdominal cavity was ex-
posed for about 20 min, the same length of time a3 required
for the cecectomy procedure. After surgery, ras were cared for
as described by Nishimura er al [207. Raws were not allowsd
any diet for the first 24 h after surgery.

Minerai-bulance studies: Four. 10. 17 and 24 days after the
start of the experiment. ruts were subjected to a mineral-bal-
ance study for 3 days. All feces and uring were collected for
3-day perieds in each ¢ase. The apparent absorption of miner-
als and the retention of minerals were caleuiated from the fol-
“awing formulue: Apparent ubsorpion = fintake-fecal excre-

S/ (intake) x 1001% 1 Retention = (intake-fecal excretion-
crinary excration) / {intake) x 100 (%}

Oueneitation of Ca. Mg wmd P The amounts of Ca.Mgand P
in diets. feces and urine were determined with a seguential
plusma spectrometer ( [CPS-3000: Shimazu. Tukvo). Diet and
feces wers first dried aad then micropulverized after weizht
mewsurement. Micropulverized samples (100 myg) were re-
dived to ash at 600°C for 24 h in the presence of I ml of ni-
cid. The ush samples. dissolved in 4 mi ot 2 N HCL were

! appropeiately with distilled water for atomiLution.

Tuble I: Composition of expenimental diet (g/kg; and desi-
anations of the four group of rats

~ NFOT o OFC™
Casein 230 130 230 230
Corm starch 493 =93 <95 493
Comn oil 60 Al 60 60
Vitamin mix. " 10 10 10 n
Sait mix." 33 35 33 33
Cellulpse 3 ) 30 30
Sucrose 100 i 130 30
Frucutcoligo™ —_ 3 —_ 30

1) Prepared according 1o AIN-T6é zreseription
(Ca. 5.2 Mg, 032 P 2.0gfkg diety

b} Meioligo-P®
¢ The concentration of oligosaccharides was ubove 93%,
wiw)

=| Rats with sham operation

*2 Razs with sham operation fed ihe FO diet -

*3 Raw with cecatomy

#4 Rats with cecectomy fed the FO diet

Urine was diluted appropriately with .1 N HCland subjected
directly 1o atomizaiion.

Quantitation of lactare and shor: chain furry acids in e
feces: Fecal short chain farty acids were quantitated by gas-
liquid chromatography (series 1[-3890: Hewleu-Packard)
after extraction of feces with dietay ather. Fecal lactaie was
guantitated by the method of Noli {21].

Chemicals: Fructooligosacchandes (FO) are a mixure of
oligosaccharides consisting of aporoximatety 42% l-ketose.
46% nystose and 9% | "-B-fructofuranosyl nystose. FO was
manutactured trom sucrosa by fructosyltransterase [22). FO
are not hydrolyzed in the rat by digsstive enzymes. such as di-
saccharidase of intestinal mucosa 2nd c-amylase of pancreat-
ic homogenates [23]. FO wers obtained from Meiji Seika
Kaisha. Lid. (Tokvo). Other dietary components were pur-
chased from Oriental Yzast Co. {Tokyo). All other reagents
were of anaivtical grade and wers turchased from Wako Pure
Chem. Ind.. Ltd. (Osaka.

Starisrics: Tukey's test was used 10 COMpire group means. 3ig-
nificance was recognized at p < Q.05

Results

Body weight and food iniake (Tub. II): Inital
body weight and final body weight were simi-
tar for all the groups. Tewl food intake was
also similar in ali groups.

Foud and FO inteke for ecch period and fecal
drv weight ( Tub. 11D: Food intake was similar
for ail the groups in sach 2xperimental period.
intakes of FO by rats ted the FO-containing diet




318 A. Chta e7 al: Fructooligosaccharides: Absorption of Ca and Mg

A.Ohweral: Fr

Table I1: Body weight and food intake of the rats fed experi-
mental diets for 28 days

Group™ Initial weight Final weight Food intake
Tt 12 (3]

N 122 +3 ns 356 =14ns 572x32ns

NFO 1215 37416 596 =31

o 121 =5 35513 372 %30

QFO 12t =3 35719 596 =33

Mean = S.D. (n=T7). ns=No significant difference berween

any values.

* See legend to Table [

(NFO and OFQ) was also similar in each peri-
od. However, feces dry weight of rats in OFO
group were about 30% heavier than those of rats
in other groups in each period.

Luminal pH (Tab. IV): The pH of ileal contents
did not differ significantly among the various
groups. The pH of cecal contents was lower in
the NFO group than in the N group. The pH of
colon contents in the NFO and OFO groups was
lower than in the N and O groups.

Fecal levels of lactare and short chain farry
acids (Tab. V); FO significantly increased the
fecal concentration of acetate in both the sham-
operated and cecectomized rats. Concentrations
of L-lactate and butyrate were higherin the OFO
rats than in the other rats.

Table 11I: Food intake, FO intake and fecal weight

Mg balance (Tab. VI): FO significantly de-
creased the fecal excretion of Mg in both the
sham-operated and cecectomized rats in each
period. Moreover, FO significantly increased
the apparent Mg absorption ratio in both the
sham-operated and the cecectomized ratsineach
period. Cecectomy reduced the apparent Mg ab-
sorption ratio in both the FO-fed and the FO-
free rats.

Ca balance (Table VII): The fecal excretion of
Ca by NFO rats was lower than by rats fed
other diets. Moreover FO significantly in-
creased the apparent Ca absorption ratio in the
sham-operated rats during all but the final 5-day,
but not in the cecectomized rats.

Discussion
e

The cecum of the rat is the main site of fermen-
tation of undigestive carbohydrates. In the ce-
cectomized rats, the FO diet lowered the lumi-
nal pH in the colon (Tab. II). Thus, FO was fer-
mented in the colon of the cecectomized rats. In
the sham-operated rats, fecal dry weights were
not increased by the FO diet. However, in the
cecectomized rats, fecal dry weights were in-
creased by the FO diet. The increase was equal

Days Group™ Food intake FO intake Fecal dry weight
(g/day} (g/dav) (g/day)

4-8 days N 19.1 = 15ns 1.26 = 0.052b
NFC 186 = 1.6 093 = 0.08 1.17 =+ 0.12a2
Q 194 =+ 1.0 1.34 = 0.12b
OFO 200 = 09 1060 = 04 200 = 0.12¢c¢

10-14 days N A 208 = l4ns 145 = 0.10a
NFO 212 = 14 106 = Q.07 151 = O0.l15a
O 202 = 1.1 1.53 = 0.10a
OFO 21,7 = 14 109 = 007 206 = 0.18b

17=21 days N 21,1 = 22ns 150 = 0Qlla
NFO 231 = 1.2 .13 = 0.06 1.66 = 0.14a
Q 2153 = 20 1.63 = 0.13a
OFQ 219 = 1.2 109 = 006 2,17 = 022b

24-28 days N 213 = 1.7ms 145 = 0.10a
NFO 25 = 1.1 .12 = 005 1.51 = {Q.16a
o} 219 = 21 1.53 + 0.10a
QFO 228 = 1.8 .14 = 0.09 205 = 0.18b

Mean = 5.D. (n=7). ns = No significan: difference between any values.
Values with different superseripts are significantiy different {p <0.05).
* See legend 1o Table |

Table IV: Lumin
tal diets

3

Group™*

N 6.99
NFQ  6.67
0 6.97
OFQ 647
Mean £5.D. (n:
Values with diffc
{(p<0.03).

*] Seelegendt
*2 5cm proxim
*3 lcmdistal &
*4 Scmdistal u«
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Group®
N
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0
OFO

=
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Values with diff
* Sce legend to
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Q de- ,‘i:b.'_e IV: Luminal pH on the final day of rats fed expenimen- most no absorption of Ca via the cecum in the
' the a2l diets rats fed FO-free diet that did not contain other
s in each e tlean - T o fermentable carbohivdrates (3.0%: the differ-
increased ::‘IFO g::g z 8:3? ns. g:é z g:i; 2:33 z g:i?; ence in apparent Ca absorption between the rats
both the o} 697 = 0.55 6.36 = 0.342 of N group and the rats of O group, Fig. 2). The
asineach OF0 647 = 0.6+ 543 =022b  ratio of apparent Ca absorption that was dug to
nt Mg ab- Meun =S.D. (n=7) ‘ o - EO in the sham operated rats (NF: 11.4%%: the
1 the FO- (\-"ui:u(:}::h;';m different superscripts are signiricanty different difference in apparent Ca absorplion between
P See lesend to Table 1 the rats of N group and the rats of NFO group.
2 5¢m proximat to the cecum Fig. 2) to apparent Ca absorption that was due
cretion of *3 Lem distal to the ileal-cecal juncrion to FO in the cecectomized rats (OF: 0.8%: the
. %4 3 cm distal to the ileal-cecal junction o . R
¢ rats fed difference in apparant Ca absorption between
:antly in- the rats of O group and the rats of OFO group.
wiointhe | o about half the weight of FO ingested (Tab.  Fig. 2) was about 7%. Therefore, we concluded
nal 5-day. ? [1D). Thus, ic appears that some of the ingested  thatthe stimulatory effect of FO on the absorp-
' FO was fermented in the cecscromized rats fed  tion of Ca occurred mainly in the cecum.
| an FO diet. There have been studies on the effects of lac-
: Ca and Mg are absorbed from both the small  tose on mineral absorption [24, 23,26, 271 It
| intestine and the large intestine, which includes has been reported that feeding of lactose in-
. the cecum. Using the average of all data of ap- ~ creases absorption of Ca and Mg [8]. However.
»f fermen- l, parent absorption ratios for the four periods (see  the mechanism of this effect of lactose has not
Inthe ce- | Tab. VIand VII), we attempted to charactenze been clarified. Rémécy er al reported that inulin
the lumi- ¢  the absorption of Mg (Fig. 1) and Ca (Fig. 2). {9].lactulose andpectin [14] all increase the flux
D was fer- | According to our results, large amounts of Mg ofCatromthececum. These carbohydrateshave
edgots. In ;. were absorbed via the cecum in the rats fed an similar characteristics, being poorly digestibie
. ere | FO-free diet (10.9%: the difference in apparent  OT undigestible and are ferrmentable by luminal
90 the | Mg absorption between the rats of N groupand  bacteria.
. were in- the rats of O groups. Fig. 1). The ratio of appar- There are several hypotheses abour the mech-
was equal ent Mg absorption that was dueto FOinthesham anism of the stimulatory effect of these carbo-
operated rats (NF: 23.9%: the difference in  hydrates on the absorption of minerals. It has
apparent Mg absorption perween the rats of N been proposed that a decrease in luminal pH in-
group and the rats of NFO group, Fig. 1) toap-  creases absorption of minerals. Several reports
parent Mg absorption that was due to EO in the  indicate that Ca inhibits the absorption of Mg
et cecectomized rats (OF: 17.6%; the difference in [28. 29]. Brink er al investigated whether de-
0.05 ab apparent Mg absorption between the rats of O creases in absorpticn of Mg were caused by pro-
0.12a group and the rats of OFO group, Fig. 1) was  ductionof Ca-Mg-P complexes in the lumen {3].
8:}%: about 70%. Therefore, we concluded that. in the Passive transport via the paracellular pathway
3104 case of absorpiton C_’f M_g_, the stimulatory effect Qf Ca_and Mg bas b_een dlscusged [;, 7]. Feed-
0.16 2 of FO occurred mainly in the colon or the coion g of poorly digestible or undigestible and fer-
g. 102 compensated for the cecum. And there was al-  mentable carbohydrates has been reported to in-
180
8iii Tuble V- The pH and concentrations of various acids in feces
0132 Avids voneznerzion emil
022b Group® P Acstate Propionutc Bunir2te D-Lactate L-Lactate
0.10a N 71 =02a 174 = 784 51 = 3703 05 =07a {10 = +8ns 92 = 259u
0.16 2 NFO 63 £ 036 333 = 113D 70 = 36 12z il §2 = 35 77 = 271
0.10 2 o] 76 =032 93 = 99%ab 39 =32 13 = llzp 38 = 93 35 = 50a
RS QFO 60 = 05c 43721170 29 =39 43 =220 4.3 = 101 56.6 = 3260
Meun = S.D. (n= 7). ns = Ng significant Jdifference petween any values.
Values with ditferent superscripes are significantty different (p <(0.05).
" See legend to Table !
s SR peas S i
SLaC 2 ke S
n.‘.; e S 2 SRy awn{s;?
Ee e ST el
T s g -..'M-““;?’ A 5 5 2 ‘d‘& ?.); 4:‘ % 3 ﬁyﬁw
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[{ OF I NF) x100=736(%}]

crease levels of ionized Ca and Mgin the lumen
{10]. In our present study, feeding an FO diet
lowered the luminal pH in both the sham-oper-
ated and the cecectomized rats.

A second hypothesis is that short chain fatty
acids, produced by fermentation of carbohy-
drates, accelerate the absorption of Ca and Mg
fromm both the cecum and the colon directly. Lutz
et al reported that short chain fatty acids accel-
erated the absorption of Mg from both the ce-
cum and the colon and that acetate and butyrate
accelerated absorption of Ca from the distal co-
lon [3, 17]. Wasserman er al described produc-
tion of a highly absorbable Ca-lactate complex
125, 27]. Ca-acetate complexes pass more read-
ily across cell membranes than ionized Ca [18].
We found that the acid composition of feces was

altered and that the fecal concentration of L-lac-

[(OFINF} x100 = T02({%)]

Figure I: Characterization of the

apparent absorption of Mg.

Values are the average of ali datas

of apparent absorption ratio for

the four periods.

§ names of experimental subgroup,
see Table I

3 | NF: increace was due to FO in

_ the sham operated Rats.

¥2 OF: Increace was due FO in

the Cecectomized Rats.

1 Not Absorbed

k3

Figure II: Characterization of the
apparent absorption of Ca.

Values are the average of all datas
of apparent absorption ratio for

the four periods.
§ names of experimental subgroup,

see Table L.
3 | NF: increace was due to FO in
_ the sham operated Rats.
372 OF: Increace was due FOIn
the Cecectomized Rats.

tate was raised by cecectomy. The change inac-
id composition may be related to why feeding
an FO diet did not increase the absorption of Ca
in the cecectomized rats.

The third hypothesis is that hypertophy of the
colon wall is related to an enhanced capacity for
absorption of minerals. The colon wall of rats
fed an FO-containing diet exhibited hypertro-
phy. However, we obtained no information rel-
evant to this hypothesis in the present study. |

Karbach suggested that there were different :
mechanisms for absorption of Ca and Mg in the
colon [2]. Our results support such a possibility :
and, clearly, the effects of FO on the absorption

of Ca and Mg in the large intestine were differ- |

ent.
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