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Abstract

Prebiotic agents

food ingredients that are potentially beneficial to the health of conprebiotic agents consist of oligosaccharides and dietary fibres (mainly
inulin). They are essentially obtained by one of three processes: 1 ) the direct extraction of natural
polysaccharides from plants; 2) the controlled hydrolysis of such natural polysaccharides; 3) enzymatic synthesis, using hydrolases and/or glycosyl transferases. Both of these enzyme types catalyse transglycosylation reactions, allowing synthesis of small molecular weight synthetic oligosaccharides from mono- and disaccharides. Presently, in Europe, inulin-type fructans, characterised by
the presence of fructosyl units bound to the 0
-2,1 position of sucrose, are considered as one of the carbohydrate prebiotic references. Prebiotics escape enzymatic digestion in the upper gastrointestinal tract
and enter the caecum without change to their structure. None are excreted in the stools, indicating that
they are fermented by colonic flora so as to give a mixture of short-chain fatty acids (acetate, propionate and butyrate), L-lactate, carbon dioxide and hydrogen. By stimulating bifidobacteria, they
may have the following implications for health: 1) potential protective effects against colorectal
cancer and infectious bowel diseases by inhibiting putrefactive bacteria (Clostridium perfringens ) and
pathogen bacteria (Escherichia coli, Salmonella, Listeria and Shigella ), respectively; 2) improvement
of glucid and lipid metabolisms; 3) fibre-like properties by decreasing the renal nitrogen excretion;
4) improvement in the bioavailability of essential minerals; and 5) low cariogenic factor. These
potential beneficial effects have been largely studied in animals but have not really been proven in
humans. The development of a second generation of oligosaccharides and the putative implication of
a complex bacterial trophic chain in the intestinal prebiotic fermentation process are also discussed.
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Résumé &horbar; Oligosaccharides non digestibles utilisés comme agents prébiotiques : mode de production et effets bénéfiques sur la santé humaine et animale. Les principaux agents prébiotiques
sont des oligosaccharides ou des fibres alimentaires (essentiellement l’inuline) actuellement utilisés
comme ingrédients alimentaires. Ces molécules sont principalement obtenues selon trois procédés :

1 ) extraction directe de polysaccharides naturels à partir des végétaux ; 2) hydrolyse contrôlée de ces
polysaccharides naturels ; 3) synthèse enzymatique d’oligosaccharides de faible masse moléculaire,
obtenus par l’action d’une enzyme de transfert sur un mono- ou disaccharide. Actuellement, en
Europe, les agents prébiotiques de référence sont des mélanges de fructanes de type inuline caractérisés
par la présence de liaisons p-2,1 entre leurs unités fructosyles. Les agents prébiotiques ne sont pas digérés dans les parties hautes du tractus digestif et arrivent intacts dans le côlon où ils sont fermentés par
la flore bactérienne endogène. La spécificité de ces composés pour les bifidobactéries coliques
seraient responsables de leurs effets bénéfiques sur la santé de l’hôte. Ces implications favorables
seraient principalement liées à : 1 ) une protection accrue contre les cancers et les pathologies infectieuses du côlon ; 2) une amélioration des profils lipidique et glucidique ; 3) une diminution de
l’excrétion azotée rénale ; 4) une augmentation de la biodisponibilité des minéraux essentiels ; 5) une
faible cariogénicité. À l’heure actuelle, la plupart de ces effets ont été prouvés chez le rat, mais ils ne
sont pas démontrés chez l’homme. Le développement possible d’une nouvelle génération d’oligosaccharides et l’implication éventuelle d’une chaîne trophique bactérienne complexe dans la fermentation intestinale des prébiotiques sont également discutés. &copy; Inra/Elsevier, Paris
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1. INTRODUCTION
It has been demonstrated that more than
400 bacteria species are present in the
human colon flora (with 40 species present
in large quantities) and that any disturbance
in the ecological balance, related, for example, to a change in diet or an antibiotic treatment can allow gastro-intestinal disorders
from intestinal discomfort to severe symptoms such as diarrhoea and colitis [113,
170]. Changes in the colon flora have also
been implicated in the development of colon
cancers

[170].

The colonic microflora is of crucial

importance to any consideration of the role
of food ingredients in health and disease
since many physiological effects of such
compounds are influenced by the activities
of the colonic bacteria. Identification of the
main organisms responsible for breakdown
of food ingredients is not easy. The complexities of the colonic environment due to
ecological relevance of non-culturable gut
bacterial diversity which may markedly

influence food ingredient fermentation are
very difficult to take into account [148].
Moreover, degradation of food ingredients
may require two or more bacteria acting in
’consortium’.

Manipulating the colon flora by stimulating the growth of potentially beneficial
commensal bacteria such as bifidobacteria or
lactobacilli can thus have positive effects
on human health. This can be obtained by
either prebiotic or probiotic oral consumption. Prebiotics have been defined by Gibson
and Roberfroid [57] as &dquo;non-digested food
ingredients that beneficially affect the host
by stimulating the growth and activity of
one or a limited number of bacterial species
already residing in the colon&dquo;. Probiotics
are defined by Fuller [48] as &dquo;live microbial feed supplements which beneficially
affect the host animal by improving its
intestinal microbial balance&dquo;. A combination of both probiotics and prebiotics forms

synbiotics [57].

Undigestible carbohydrate (certain food
oligosaccharides and polysaccharides) are

This paper focuses on
their structures as well as their speculative
positive health benefits on nitrogen, carbohydrate and lipid metabolisms. Other benefits such as the increase in absorption of various ions such as calcium, magnesium and
iron are also reviewed. The actual stage of
research, from in vitro to animal or human in
vivo experiments, is defined for each positive effect.

possible prebiotics.

biotic extraction [145]. The two species currently used by the food industry to produce
inulin belong to the Compositae: Jerusalem
artichoke (Helianthus tuberosus) and chicory (Cichorium intybus) [33]. The average
inulin content in chicory root is about
15-20 % fresh weight. In chicory inulin,
both
G!yF! (a-D-glucopyranosyl-[(3-D-fruc- D- fructofuranoside) and
n-I
tofuranosyl]

F F! (P-D-fructopyranosyl-[(x-D-fructofu-

r:!osy I ]n-I- 0- fructofuranoside) compounds
2. THE MAIN OLIGOSACCHARIDES
POTENTIALLY USEFUL
AS PREBIOTIC AGENTS

are considered to be included under the same
nomenclature [145]. The various fructose
monomers in the
forms of inulin are
all present in the
form. Only in the
forms is the reducing fructose in the
pyranose form [34]. Native chicory inulin
has an average DP of 10-20, whereas for
native Jerusalem artichokes, the average DP
is 6 [35]. Native inulin is used by the food
industry to produce: 1) short-chain fructans,

G F!
furanose

F p
l

The main commercial food oligosaccharides (DP, 2-10), used as prebiotic agents,
are essentially obtained by enzymatic tech-

nology, mainly enzymic synthesis using
hydrolases and glycosyl transferases or partial enzymatic hydrolysis of natural longchain carbohydrate polymers. However,
some direct plant-extracted polysaccharides
(mainly inulin) have also been commercialised. The principal structures of oligosaccharides potentially useful as prebiotic
agents

are

listed in table I.

namely oligofructose (DP, 2-10; average
as a result of partial enzymic hydrolysis (endoinulinase EC 3.2.1.7); and
2) long-chain fructans by applying physical separation technique [35]. Inulin is
mostly marketed by Orafti (Tienen, Belgium) and Cosucra (Momalle, Belgium)
DP, 5),

Fructan (inulin- and levan-types) is a
general name used for any carbohydrate in
which one or more fructosyl-fructose link
constitutes the majority of osidic bonds.
Among fructans, only inulin-type fructans
are used as prebiotic properties [147]. Inulin is a linear fructan consisting of two to

under the trade names ’Raftiline’ and ’Fibruline’, respectively [30]. The partial enzymatic hydro-lysate of inuline is marketed
by Orafti as ’Raftilose’ in a variety of purities, either as a powder or in syrup form.
The chicory inulin and its hydrolysate are:
1) classified as natural food ingredients
[178]; 2) officially recognised as food ingredients in most European countries; 3) have
a self-affirmed GRAS (generally regarded as
safe) status in USA [144].

than 70 2,1-linked !3-D-fructofuranoside units. Because such polymers are synthesised from sucrose, by repeated fructosyl
transfer from a fructosyl donor, inulin
(usually, but not always), exhibits a terminal
glucose unit [145]. It is an abundant energy
storage carbohydrate present in many plants
(Liliaceae, Amaryllidaceae and Compositae). Only a limited number of plant species are, however, suitable for industrial pre-

In addition to chicory inulin and its
hydrolysate, the commercially prebiotic
inulin-type fructans are a mixture of synthetic GPyF! oligomers (average DP, 3.6).
For instance, synthetic inulin-type fructans
commercialised by Beghin-Meiji Industries
(Actilight) are mixtures of oligosaccharides
including 1-kestose (DP 3), 1-nystose (DP 4)
and I-fructofuranosyl-nystose (DP 5) with
unreacted sucrose, glucose and fructose con-

2.1.

more

Inulin-type fructans

taining between 55 and 95 % oligofuctans.
They result from transfructosylation of
sucrose with a fungal fructosyl transferase
from Aureobasidiurrc pullulans [80, 199] or
Aspergillus niger [68]. The main drawback
of this mode of preparation is the low conversion yield (55-60 %) related to the liberation of glucose that acts as a competitive
inhibitor. To improve the conversion yield,
numerous solutions have been investigated
such as the use of a mixed system of glucose oxidase and fructosyltransferase [ 198].

2.5.

Xylo oligosaccharides

Xylo oligosaccharides are produced from
the polysaccharide xylan which is extracted
from corncobs by endo-I ,4-!-xylanase
hydrolysis [30].
2.6. Lactulose

Lactulose

(4-0-P-D-galactopyranosyl-

D-fructo-furanose) is a keto analogue of lactose. In contrast to other prebiotic compounds, lactulose is not obtained by an

2.2. Galacto oligosaccharides (GOS)

GOS are mainly produced commercially
from lactose by transgalactosylation of
(3-D-galactosidases (lactase) derived from
Bacillus circulans [10, 11, 30, 116, 188].
The main products are the trisaccharide,
Galp(I-4)Galp(I-4)Glc and the tetrasac-

charide,

Galp(I-4)Galp(I-4)Galp(I-4)Glc.

Monosaccharides formed as by-products as
well as unreacted lactose are removed from
the GOS mixture by a cation-exchange resin.
2.3. Isomalto oligosaccharides

enzymatic process but by alkali isomerisation of lactose which converts the glucose
moeity to a fructose residue.
Lactulose is used as a prebiotic food
ingredient [153] but due to its low sweetness it does not have many food applications. Lactulose, however, has a number of
applications in pharmaceutical preparations
for treatment of constipation and hepatic

encephalopathy [13, 135].
3. SELECTIVE FERMENTATION
IN THE GASTRO-INTESTINAL
TRACT

(IMO)

Commercially available IMO are a mixof a(1->6) link glucosides such as iso-

3.1. Generalised scheme

ture

maltose

(DP 2), isomaltotriose (DP 3),
(DP
3), isomaltotetraose (DP 4), isopanose
maltopentaose (DP 5) and isomaltohexaose
(DP 6).
IMO are enzymatically manufactured
from starch using a two-step reaction:
1 ) conversion of starch to maltose by a mixture of a and /3 amylase; and 2) the trans-

glucosidase activity of a-glucosidase [30].
2.4.

Soybean oligosaccharides

Preparation of soybean oligosaccharides
does not require an enzymatic manufacturing process. They are directly extracted from

soybean whey [30].

Non-digestible carbohydrates reach the
large intestine where they are used by the
resident saccharolytic microflora, so as to
give bacterial biomass and various intermediate and end products including gases
(hydrogen, carbon dioxide and methane),
short-chain fatty acids (SCFA: mainly
acetate, propionate and butyrate), organic
acids (lactate, succinate and pyruvate) and
ethanol [32, 136].
After absorption, SCFA are metabolised
various tissues: butyrate by the colonic
epithelium; propionate, L-lactate and acetate
(partly) by the liver; and acetate (partly) by
muscle (partly) [40, 140, 158]. It has been
shown that a portion of H!is excreted in the
breath [I].

by

3.2.

Inulin-type fructans

Inulin-type fructans escape from enzymatic digestion in the upper part of the digestive tract and enters the caecum without any
significant change in structure because the
P-2,1 osidic bond cannot be hydrolysed by
mammalian digestive enzymes [150, 166].
In addition, Oku et al. [129] demonstrated
that the P-2,1 linkage is not hydrolysed by rat
pancreatic homogenates and small intestinal mucosa homogenates. These results have
also been confirmed in humans by Bach
Knudsen and Hessov [6] and Ellegdrd et al.
[44], using the ileostomy model which has
often been used to quantify the small-intestinal excretion of carbohydrates [31]. As a
result, the major part of ingested inulin-type
fructans (in healthy humans, a mean of
89 %) is delivered to the colon in an unhydrolysed form [112].

Inulin-type fructans are fermented by
colonic bacteria [14] according to the following stoichiometry [146]:

zÛ6
H
6
lC
, >_ 1.5 CH
COOH
3
+ 0.33 Z
C
3
CH
C
OOH
H
+ 0.15 2
(OOH
3
CH
C
)
CH
+

CH!CHOHCOOH

0.33
0.33

+

0
2
CO!+ 0.33 H

In terms of carbon atoms, the reaction
yields 40 % SCFA, 15 % L-lactate, 5 % car-

bon dioxide and 40 % bacterial biomass.
Finally, inulin-type fructans are not excreted
in stool or urine samples [1, 112].
In

vitro, in

rats

as

well

as

in humans,

inulin-type fructans were reported to promote the growth of some species of the
indigenous microflora, especially bifidobacteria, one of the potential health-promoting populations in the colonic microbiota

the (3-fructosidase production by bifidobacteria as demonstrated by Wang [182] with
pure culture or Bouhnik et al. [ 15] in humans.
Inulin and oligofructose are nondigestible carbohydrate food ingredients that
meet all the criteria that are needed to be

recognised as prebiotics [57, 59], i.e. inulintype fructans may have beneficial implications for health by selectively stimulating
the growth of colonic bifidobacteria.
3.3. IMO
The ability of IMO to be fermented in
the colon has been assessed from the amount
of H
2 in the breath since this gas cannot be
produced by human cells. Its appearance in
breath is related to colonic fermentation.
For example, breath H
2 increases after ingestion of non-absorbable maltitol, lactulose
or GOS carbohydrates [169]. In contrast,
H!in breath disappears within 2 h of glucose or maltose ingestion. Normal resting
healthy volunteers excreted a total 52 ±
6.5 mL H
2 over a 6-h period after maltitol
intake. This excretion was only 13.0 ±
0.8 mL with IMO, suggesting that IMO fermentation was only 25 % of that for maltitol [92].

Enrichment in breath of I3
z after re
CO
labelled carbohydrate intake also provides an
index of carbohydrate metabolism. Control
maltose yielded 34.5 and 88.4 % !13 C recoveries in healthy volunteers in resting and
exercise conditions, respectively. The corresponding values with IMO were only 28.7
and 60.9 %, indicating that IMO are metabolised at a lower rate than maltose [92].
This is consistent with colonic fermentation
of IMO.
can be resolved on high perforliquid chromatography (HPLC) into

IMO

[51, 68, 142, 143, 145, 147]. Such a modi-

mance

fication has clearly been demonstrated in
humans by Gibson et al. [58] who reported
that, after ingesting oligofructose and inulin
(15 g-d) for 2 weeks, bifidobacteria
1
become the predominant genus in faeces.
This stimulating effect is no doubt related to

a

number of fractions, e.g. small molecular

weight compounds (mainly disaccharides,
IM2), high molecular weight compounds
(mainly tri- and tetrasaccharides, IM3).
IMO, 1M2, 1M3 and an hydrogenated derivate
of IMO (IMH) have been characterised

using their luminal clearance from rat
jejunum loops as an indication of their
digestibility [83]. The jejunum was chosen
because it exhibits the highest digestive
enzyme activities. The clearance rate of IMO
is intermediate between typical control
digestible and non-digestible carbohydrate.
The clearance of IM2 is close to the clearance of digestible carbohydrate, whereas
that of IM3 tends to have the same
behaviour as indigestible carbohydrate. It
may be inferred that highly polymerised
IMO have to be sequentially degraded
before being absorbed and therefore have
lower digestibility. Hydrogenation of IMO
leads to a typical non-digestible carbohydrate behaviour.
IMO were studied for their potency to
stimulate the growth of bifidobacteria in the
faeces of healthy humans. The minimum
intake of IMO needed to induce a significant and selective effect was around 9 g-dI
for a 14-d period [91]. This was achieved
I
by 10 g-dI for a 12-d period and 5 g-dalso for a 12-d period with IM2 and IM3,
respectively [81]. The differences between
IM2 and IM3 in their ability to stimulate
bifidobacteria in vivo are only related to
their digestibility because they have the
same potency in vitro [81].
In contrast to oligofructose, IMO cannot
be considered as a pure prebiotic agent
because they are partly digested by isomaltase in the jejunum and only the remainder
stimulates bifidobacteria in the large intestine. Consequently, the minimum dosage of
IMO for increasing intestinal bifidobacteria in humans is higher than that needed
for oligofructose to obtain such an effect
(1-2 g.d!l for 10 d) [91]. IMO is therefore
only a colonic food ingredient.

3.4. GOS, soybean oligosaccharides,
xylo oligosaccharides and lactulose
As for inulin-type fructans, the GOS, soybean oligosaccharides, xylo oligosaccharides and lactulose also increase bifidobac-

teria. It has been established that a prolonged
administration of GOS at a dose which does
not induce digestive symptoms (10 g.dI for
21 d), increases the number of bifidobacteria and changes the fermentative activity of
colonic flora in humans by increasing acetate
proportion and lactate formation [16].
Kikuchihayakawa et al. [85] demonstrated
that the time period of GOS feeding, in the
rat, influenced the production rate of lactic
acid, acetic acid, propionic acid and butyric
acid. Lactulose is also well known for its
significant promoting effect on lactic acid
bacteria (Lactobacillus acidophilus) and
bifidobacteria in humans [153, 172]. Regarding dietary xylo oligosaccharides, a stimulated effect on the growth of bifidobacteria
in rats, accompanied by a modest enhancement of faecal epithelial cell proliferation
has been observed [71].Experimental results
tend to indicate that GOS, soybean oligosaccharides and lactulose may be considered
as pure prebiotic agents [75, 77, 151, 169].

4. HUMAN AND ANIMAL
HEALTH BENEFITS

Physiological properties, health benefits,
stage of experimentation and potential applications of inulin-type fructans, IMO and
GOS in risk reduction of diseases
in table II.

4.1. Effect on intestinal

are

listed

pathologies

Changes in the composition of human
diets can alter the balance of colonic bacteria in a favourable manner [15, 27, 165,
190]. Interestingly, one of the main potential
benefits of increasing human faecal bifidobacteria is that bifidobacteria could maintain potential pathogenic bacteria such as
Escherichia coli and clostridia at low levels
[183, 186]. Such results are, however,
restrictive because they were observed in
batch culture experiments with human faeces as the source of inoculum [55]. The lim-

itations

are caused by the fact that the multiple stage continuous culture system as
described by Macfarlane et al. [105] often
used, cannot reproduce the precise complexity of the proximal and distal colons.

Moreover, both continuous and semi-continuous systems use freshly collected human
faeces from a single donor as the source of
inoculum and do not take into account variations within a wider population. The selective fermentation of oligofructose by bifidobacteria along with the decrease in
potential pathogenic bacteria has also been
recorded in humans. For example, a daily
intake of 15 g oligofructose during a 2-week
feeding period results in an increase in the
percentage of bifidobacteria in faeces from 6
to 22, whereas the percentage of global bacteroides, clostridia and fusobacteria decreases
(25-4; 1-0.2 and 4-0.4, respectively) [58]. In
a similar fashion, a 15 g-dI dietary supplement of inulin in humans, leads to bifidobacteria becoming the predominant genus
in faeces (9.2-10.1 LogIO-stool) and this
1
phenomenon is associated with a decrease in
gram-positive cocci.
The potential indirect protective effect
of inulin-type fructans via bifidobacteria,
related to their inhibitory effect on bacteria
which are potentially implicated in bowel
diseases, could be explained by the decrease
in pH [54, 183]. Acidification of colonic
contents are probably caused by the appearance of acetate and lactate [183]. Alternatively, using coculture experiments, it has
been reported that bifidobacteria may secrete
a bacteriocin-type substance against
Escherichia coli, salmonella, listeria, camylobacter and shigella as well as Vibrio
cholerae [56, 57]. Also, Oyarzabal and Conner [130] have demonstrated by an in vitro
study that inulin-type fructans are able to
inhibit salmonella, which are often implicated in infectious bowel diseases, by two
distinct mechanisms. 1 ) In media including
only oligofructose as the carbohydrate
source, none of the following salmonella
serotypes S. california, S. enteridis, S. heidelberg, S. mission, S. senftenberg and

S. typhimurium grow. This suggests that
salmonella are not able to use inulin-type
fructans as growth substrates. 2) Oligofructose stimulates the development of Enterococcus faecium, Lactococcus lactis and
Pediococcus sp., which are known to inhibit
the previously mentioned salmonella
serotypes. These results are in accordance
with the fact that inulin-type fructans reduce
susceptibility to salmonella colonisation in
chickens. Feeding chickens with a 0.7 %
oligofructose leads to a four-fold reduction
in the level of Salmonella in the caecum [8].
Interestingly, a diet supplemented with
oligofructose in broilers has no detrimental
incidence on live performance and carcass
characteristics [181]. Other mechanisms,
such as competition for substrates and
mucosal attachment sites and the stimulation of the enteric immune system [177,
187] could explain this inhibitory effect on
potentially harmful microflora.
Putrefactive bacteria may be involved in
the development of colorectal cancer
through the appearance of toxins and carcinogens from endogenous and exogenous
substrates [21]. For instance, Clostridium
perfringens, through the action of the
7a-dehy-droxylase, is responsible for the
conversion of primary to secondary bile
acids in the colon. Based on the structural
similarity of certain secondary bile acid
derivatives to polycyclic aromatic hydrocarbon carcinogens, secondary bile acids
are considered as possible tumour promoters [69]. Because (3-glucuronidase and
nitroreductase can release aglycones from
glycosides, producing reactive nitroso and
N-hydroxy compounds, respectively, within
the colon, they are also potential procar-

cinogenic

enzyme

producers [63, 161].

(3-Glucuronidase and nitroreductase are normally produced by anaerobic bacteria such
as bacteroides and Clostridium, and facultative anaerobes such as coliforms [62].
Other reductive enzymes such as urease, by
converting urea into ammonia, are possible
aetiological factors in colorectal carcinoma
[ 161]. One of the main potential benefits of

increasing colonic levels of bifidobacteria
by chronic inulin-type fructan ingestion
could be the reduction in risk of colon can[111]. Decreased pH may inhibit the
growth of putrefactive bacteria and the conversion of primary to secondary bile acids
[164]. Lower pH may also stimulate the production of a protective agent, e.g. mucus
[19]. Finally, the protective effect of bifidobacteria is expressed through their
potency at decreasing some reductive
enzyme activities. Accordingly, Buddington et al. [18] indicated that consumption
of oligofructose (4 g!d-1) in human subjects
induces an increase in bifidobacteria along
with a decrease in p-glucuronidase and glycocholic acid hydroxylase activities by 75
and 90 %, respectively. Both reductive activities increase after interruption of oligofructose supplementation. Kulkarni et al. [95]
showed that increasing the proportion of
bifidobacteria is related to lower activities of
reductive enzymes. These results must, however, be considered with caution since Bouhnik et al. [ 15] demonstrated that there is no
change in reductive activities (e.g. nitroreductase, azoreductase and (3-glucuronidase),
in the concentrations of bile acids and neutral sterols after a 12-day oligofructoseinduced bifidobacteria growth period in
humans. The origin of the discrepancy
between the above studies is not known.
Bouhnik et al. [15] suspect that the possibility of subsequent changes in the parameters studied could start after the increase in
faecal Bifidobacterium levels and could
appear after 12 days. The protective effect of
bifidobacteria against colorectal cancer has
also been demonstrated in studies in rats,
where inulin-type fructan ingestion results in
a state of resistance to the effect of the
exogenous carcinogenic agent, 1,2 dimethylhydrazine (DMH) [50] and 2-aminocer

3-methylimidazol (4,5-F) quinoline [138].
Inulin-type fructans are also able to inhibit
azoxymethane (AOM)-induced preneoplastic lesion formation such as aberrant
crypt foci (ACF), an early preneoplastic
marker of malignant potential in the pro-

cess

of colon

carcinogenesis in rats [133,

137, 139, 149].
Other undigestible oligosaccharides are
equally known to have beneficial effects on
various factors potentially involved in the
pathogenesis of colon cancer. Challa et al.
[22] demonstrated that Bifidobacterium in
association with lactulose suppresses
azoxymethane-induced colonic aberrant
crypt foci in rats. Moreover, dietary supplementation of humans with lactulose leads
to an increase in the number of bifidobacteria, whereas the numbers of Clostridium
perfringens and Bacteroidaceae decrease.
These variations in colonic flora have the
following consequences: 1) a reduced activity of faecal pro-carcinogenic enzymes (e.g.

azoreductase, 7a-dehydroxylase, (3-glucuronidase, nitroreductase and urease activ-

ity; 2) decreased faecal aromatic compound
concentrations (e.g. phenol, cresol, indole
and skatol) [9, 172]. GOS are also reported
to lower faecal nitroreductase activity and
the concentrations of indole and isovaleric
acid in humans [77]. The potential antitumour activity of certain undigestible carbohydrates (i.e. inulin-type fructans, GOS
and lactulose) seems to be related to their
prebiotic properties because it has been
demonstrated that administration of probiotic

Bifidobacterium longum significantly
inhibits azoxymethane (AOM)-induced cell
proliferation [95, 137, 162].
In conclusion, the literature shows that
the addition of prebiotic agents in the diet
could alter, both in rats and humans, the
concentrations of bifidobacteria and the
intracolonic fermentation metabolism. This
in turn, by normalising the intestinal flora,
may be associated with the reduction of various factors potentially involved in colonic
disorders. For instance, oligofructose, GOS
and lactulose supplementations significantly
depressed excretion of isobutyrate and isovalerate [2, 76]. These SCFA originate from
protein fermentation [103]. Protein fermentation produces not only SCFA but also
indoles and ammonia. These products might

have

toxic effect on mucosa [134]. Thus,
speculate that prebiotic agents are
promising as dietary food ingredients for
patients submitted to surgery related to
intestinal disturbances such as ulcerative
colitis or familial adenomatous polyposis
[2]. Adding prebiotic agents to the diet of
patients with an ileal-anal anastomosis (a
surgical alternative to permanent ileostomy
in patients with ulcerative colitis or familial
adenomatous polyposis), through their
potential protein fermentation lowering
effect, may decrease cytotoxicity of pouch
a

we

contents

[2].

4.2. Low energetic value
It is clear that colonic fermentation by
indigenous bacteria of dietary prebiotic
agents decreases their energetic value [38].
The loss of energy for the host when a sugar
is fermented is caused by: 1) the growth of
bacteria which in turn releases part of the

energy as heat dissipation; 2) the formation
of SCFA and gas [14]. The SCFA (acetate,
propionate and butyrate) are absorbed by
the large intestine and mainly used by the
liver and peripheral tissues (muscle and adipose tissue) as fuel. Based on biochemical
balance charts for carbon atoms, metabolic
pathways and energy yield to the host, the
caloric value of a fructosyl unit of inulintype fructans was found to be approximately
25-35 % that of a digested molecule of hexose [36, 146]. Thus, the energy value of
oligofructose would range between 8.4 and
9.2 kJ.gI [112]. This caloric value (8.4-9.2
) is higher than the 6.3 kJ-g1
kJ.g1 reported
by Hosaya et al. [70]. This discrepancy is
probably related to the methodology used.
Hosoya et al. [70] used a very low mean
) to
1
energy content for SCFA (10.0 kJ.gcalculate the energy value of oligofructose
compared to Molis et al. [112] (acetic
10.9-12.6, propionic 15.5-17.6 and butyric
acids 18.8-21.3 kJ.g,respectively). The
1
caloric value of oligofructose, therefore,
appears lower than that of polyols such as
sorbitol (8.4-10.9 kJ.g) or maltitol
1

(11.7-13.4 kJ.g) [14]. Contributions to
1
energy accumulation in rats tend to be different between oligofructose and GOS [ 152].
The differences in energetic contribution
between these two undigestible oligosaccharides are no doubt related to the relative
amounts of each organic acid produced in
the large intestine [152]. Consequently, the
viscous longer-chain oligosaccharide products such as inulin can be used as a fat
replacer for the emerging sector of lower
energy food products [146].
4.3. Effect on lipid
and glucose metabolisms

During the last few years, several literareviews reporting the nutritional impact
of chronic fermentable carbohydrate feeding
on lipid metabolism in animals (mostly rats,
hamsters and guinea-pigs) have been published. These studies were mainly performed
with a great variety of fibre sources (i.e.
wheat bran, cellulose, lignin, oat bran,
pectins and guar gum) [97]. These complex
carbohydrates have been found to display
a significant lowering effect on plasma
cholesterol and triglycerides [3-5, 42, 52,
74, 167, 174]. The high viscosity of these
dietary compounds could play an important
role in this lipid-depressing effect [97, 156].
ture

Other mechanisms could also be involved.
Due to their physico-chemical properties,
it is now apparent that one major mechanism responsible for the hypocholesterolemic action of fibres may be related to
their binding capacities of dietary or biliary
cholesterol in the intestinal lumen [45, 49,
97, 107, 109, 174]. The subsequent increase
in faecal output of biliary acids leads in turn
to a net stimulation of hepatic cholesterogenesis, through an increase in 3-hydroxy3-methylglutaryl CoA reductase (HMGCoA) activity (the rate-limiting enzyme of
cholesterogenesis) [109]. The cholesterollowering effect of high fibre could also stimulate in turn the liver uptake of lipoprotein
cholesterol by up-regulating low density

lipoprotein (LDL) receptor activity [176].

Regarding prebiotics, it has been
observed that rats fed a diet containing
10-15 % oligofructose show a significant
reduction in body fat deposition, triglyceridaemia (-35 %) and phospholipidaemia
(-25 %) by decreasing the number of circulating very low density lipoprotein
(VLDL) particles [36, 37, 46, 93]. Moreover, Chonan et al. [25] demonstrated that
GOS normalise the serum lipid profile of
ovariectomised rats and blunt their hypercholesterolaemia. Regarding humans, hyperglycaemia and hyperlipidaemia are often
recorded in non-insulin-dependant diabetes
mellitus patients. A daily intake of oligofructose (8.0 g-d) for 14 days significantly
1
reduces the fasting blood glucose and serum
cholesterol levels in these diabetic subjects
[185]. The levels of serum high density
lipoprotein (HDL)-cholesterol, triglycerides
or free fatty acids are not significantly
affected by oligofructose [185]. A reduction of triglyceride concentrations was, however,

observed in chronic renal-failure

patients fed oligofructose (9 g-d) for three
1
months [168].

Inulin-type fructans or GOS are less visthan very high molecular weight
polysaccharides, suggesting that in contrast
to fibres, viscosity is not the most predominant factor involved in their lipid-lowering
cous

effects. Kok et al. [93] have demonstrated
that oligofructose feeding could decrease
the hepatocyte capacity for fatty acid synthesis and esterification through modulation of fatty acid synthetase (FAS) and glyc-

erol-3-phosphate acyltransferase (GPAT)
activities. Moreover, the decrease of lipogenesis in the liver could explain in part the
observed reduction in VLDL-triglyceride
secretion in FOS-fed rats [93]. To determine the precise depressing mechanism of
inulin-type fructans on the lipogenic enzyme
activity and the VLDL-triglyceride secretion capacity of liver cells, further works
should however, be performed. Insulin and
glucose have been shown to be important
effectors regulating fatty acid and triglyceride synthesis [60, 84]. FAS and GPAT

activities and transcription are primarily
activated by glucose and insulin [60, 79].
Results of studies using rat liver perfusions
or isolated hepatocytes indicate that insulin
could also stimulate VLDL secretions [12].
Therefore, several authors postulate that
oligofructose by decreasing insulinaemia
and glycaemia [93, 185] may induce a
reduction in fatty acid and triglyceride synthesis which in turn could decrease VLDL
secretions by the liver [53, 163]. Inulin-type
fructans and GOS are largely fermented in
the caeco-colon, leading to more than twofold increase in the propionate and acetate
concentrations [37]. Propionate may be one
possible mediator of hypolipidaemic effects
of prebiotics because: 1) propionate has been
reported to inhibit hepatic fatty acid synthesis [100, 118]; 2) possibly, that propionate may have hypocholesterolaemic effect
through its action on HMG-CoA reductase
activity [73, 184]. All the postulates were
made, however, based on studies using isolated hepatocytes or animals and could not
exactly reflect the human state. Discrepancy
may appear between humans and animals.
For example, a marked lowering effect of
plasma cholesterol in rats induced by fermentable polysaccharides seems to affect
all the lipoprotein fractions (LDL, HDL1
and HDL2). Such an effect could not be
directly extrapolated to humans, whose
plasma cholesterol is mainly carried by the
LDL fraction [99, 109]. More research
should be performed in these areas to elucidate the metabolic regulation involved and
to confirm these results in humans. We speculate, however, that prebiotic agents may
be of great interest from a preventive and
in a lesser part, ’therapeutic’ point of view
for pathologies related to hyperlipidemia
such as atherosclerosis.

4.4. Effect on

nitrogen metabolism

Dietary protein that escapes digestion as
well as endogenous proteins from pancreatic and intestinal secretions and sloughed

epithelial cells represents the main source
of nitrogen for bacterial growth f 106]. Blood
urea can also be used especially by highly
ureolytic bacteria in the caecum [98]. Indeed,
a concentration gradient stimulates a net
transfer of urea from the blood to the caecal
lumen. Urea is degraded into ammonia by
bacterial ureases and is then incorporated
into microbial protein. These microbial proteins are finally eliminated in the faeces
[115, 180]. More urea is used in this pathway when the colonic flora is increased by
oligofructose in the diet. Consequently, renal
nitrogen excretion is depleted. For example, the addition of oligosaccharides such
as oligofructose and xylo oligosaccharides to
the diet (7.5 g per 100 g of diet) in rats
reduces blood urea and nitrogen in urine by
20-30 % [192]. Faecal nitrogen excretion
and urinary nitrogen can be equal (approximately 50 % of total nitrogen excretion by
each route) when dietary indigestible carbohydrates such as oligofructose and soluble and insoluble fibres (insoluble oat fibres,
soy polysaccharides, gum arabic and carboxymethylcellulose) are increased within
nutrition acceptable ranges in parallel with
a decrease in dietary protein levels [193].

This decrease in renal nitrogen excretion
after feeding oligosaccharides may therefore be of interest in the nutrition of chronic
renal disorders.

4.5. Metabolic
Mg and Fe

absorption of Ca,

Dietary oligofructose (50 g!k!! diet) significantly facilitates colorectal absorption
of Ca (by 28 %) and Mg (by 41 %) in rats
[38, 122]. Results of other previous studies
have indicated that apparent absorption is
increased by 15-30 % for Ca and 20-40 %
for Mg, when oligofructoses are consumed
at the same level (5 %) [119-121]. The stimulative effects of oligofructose on the
absorption of Ca and Mg are about five
times higher than those of lactose [119] and
occur in the hindgut [121, 127].

Many investigators have suggested that
this increase in mineral absorption is related
to the colonic bacterial fermentation of these
undigestible carbohydrates [39, 157, 189].
Carbohydrates that escape digestion in the
small intestine are substrates for the formation of SCFA and lactate by microflora in
the large intestine. This fermentation process results in a lowering of the luminal pH
which in turn may increase mineral solubility [141, 157]. It is conceivable that SCFA
may directly influence Ca absorption by

modifying electrolyte exchanges (Ca-H).
Trinidad et al. [175] suggested that Ca could
pass through the cell membrane more readily in the form of a less-charged complex
(Ca acetate)
+ by a passive pathway. Lutz
and Scharrer [102] also reported a stimulatory effect of SCFA on Ca absorption in the
rat large intestine. The rat caecum has the
highest density of Ca transport sites responsive to vitamin D metabolites [117]. We
could speculate that under acidic fermentation conditions a caecal hypertrophy appears
[20] which in turn may increase the number of these distal sites and probably Ca
uptake. Changes in the concentration of calbindin-D9K in the mucosa of the small and
large intestine of rats have been reported by
Ohta et al. [126]. Sharrer and Lutz [155]
using an in situ perfusion method, also indicated that SCFA could directly stimulate
Mg absorption from the colon in rats.

Oligofructose feeding has been shown to
increase iron absorption in iron-deficient
models [ 123, 128]. Propionate, which is produced by intestinal fermentation of oligofructose, may stimulate haeme production
by promoting 6-aminolevulinate synthesis
[73]. Also, oligofructose feeding may lead
to a change in several iron-binding proteins
including iron-mucin and thereby enhance
iron absorption in the small intestine [28].
With regard to GOS, their presence in
the diet results in an improvement in Ca
absorption in rats whatever the calcium
intake [23, 24]. As a result, femur and tibia
ash weight and their calcium contents are

higher after feeding a GOS diet than a control diet in ovariectomised rats [25]. Dietary
GOS are also able to improve magnesium
absorption and to reduce calcification of
kidney and heart in the magnesium-deficient rat model [26]. To explain their potential positive effects, an important increase
in mineral concentration in the liquid phase
of caecum related to a high production of
SCFA has also been suggested.

decreases the
tal plaque.

In humans, there are few studies about
the effect of prebiotic agents on mineral
absorption. Addition of inulin was reported
to improve Ca balance, whereas Mg, Fe and
Zn balances are not significantly altered
[29]. Based on the animal study results,
however, we could speculate that prebiotic
agents may be useful for the prevention of
osteoporosis in the aged individual and post-

sumers

monopausal oestrogen-deficient women, as
well as in anaemia or Mg-deficient states.
4.6. Effect on dental caries

Indigestible sugars are not used as subby Streptococcus mutans which has
been implicated as the causative agent of
strates

dental caries in humans and animals. Consequently such sugars exhibit low cario-

genic properties.
Glucan synthesis by glucosyltransferase
of serotype a-g of Streptococcus mutans is
directly involved in plaque formation and
cellular aggregation which is connected with
dental cariogenesis. Among inulin-type fructans, nystose is a low cariogenic factor. It
is not used as a substrate for water-insoluble
glucan formation [72]. Such results have
also been demonstrated for soybean
oligosaccharides and panose, an IMO com-

ponent [90, 191].
Dental caries occur also as a result of the
decalcification of enamel and dentine of
teeth by organic acids produced by bacteria in dental plaque. Kaneko et al. [82]
demonstrated that the hydrogenated derivate
of IMO (IMH) could be considered as a low
cariogenic factor in humans since it

acidogenic

response of den-

5. CONCLUSION
AND PERSPECTIVES

regard to their possible beneficial
properties mentioned above, prebiotic agents
seem to be adapted to the nutrition of conWith

who are more and more worried
about their ’health capital’. In Japan, 35
approved foods containing oligosaccharides
as active ingredients have been listed since
1996 as &dquo;foods for specified health use&dquo;

(FOSHU) [30]. Moreover, non-digestible
oligosaccharides (mainly inulin-type fructans, IMO, palatinose, GOS, soybean
oligosaccharides and xylo oligosaccharides)
are considered by the European Commission (DGXII AIRII-CT94-1095) as functional food ingredients [179]. In general
terms, a functional food ingredient can be
defined as &dquo;a food ingredient which affects
physiological functions of the body in a targeted way so as to have positive effects
which may, in due course, justify health
claims&dquo;

[142, 143, 145].

Their potential benefits for health should
not, however, mask their putative
unfavourable effects. Fermentation of prebiotic agents by colonic flora could lead to
gaseous symptoms. Stone-Dorshow and
Levitt [166] showed that in volunteers
receiving a constant daily amount of
oligofructose (5 g three times a day with
meals), gaseous symptoms (i.e. flatulence,
bloating and abdominal discomfort) were
significantly increased compared to control

subjects ingesting sucrose. Moreover, severe
symptoms (i.e. borborygmi, abdominal
cramps and diarrhoea) could appear from
30 g-dI feeding of oligofructose [14, 17].
We could expect that tolerance to indigestible sugars depends on the degree of
adaptation of the colonic microflora to ferment these sugars. Malabsorption of osmotic
fermentable sugars could result in diarrhoea
when the capacity of the colonic flora to

.

ferment these low-molecular-weight carbohydrates is exceeded [64]. Prolonged ingestion of non-absorbable sugars such as lactulose may result in changes in metabolic
activity of the colonic flora, mainly a fall
in breath excretion of H
, which in turn
2
could increase its ability to ferment sugar
and therefore reduce its laxative effect [47].
We suppose that this adaptative response of
the colonic flora may be different according to the tested prebiotic agents. The importance of the osmotic effect of indigestible
carbohydrates possibly implicated in diarrhoea symptoms may also be determined
by the concentration of sugar leaving the
stomach. Thus, factors which are related to
the slow-down gastric emptying (i.e. energy
content of the meal, the solid content and
viscosity) must be taken into account [14].
To palliate these undesirable effects, a
second generation of oligosaccharides needs
to be developed. This could be achieved
with non-digestible carbohydrates obtained
by partial controlled enzymatic hydrolysis of
natural high MW fermentable carbohydrate
polymers such as soluble fibres (pectins or
guar gum). These hydrolyses could be performed with a pre-purified endo-hydrolase
isolated from a filamentous fungi. Another
strategy has also been promoted by Orafti
(Tienen, Belgium): native inulin is processed
to produce long-chain fructans by applying
industrial physical separation technique [35].
Such compounds are commercially available under the trade name ’Raftiline HP’.
Polysaccharides with higher MW (ranging
from 5 to 100 kDa) than those presently
available should produce less gas as they
may be less quickly fermented in the large
intestine. In contrast to high MW inulin,
selective fermentation of these putative compounds by bifidobacteria or lactobacilli
remains, however, very speculative. Indeed,
native pectins or guar gum are not selectively used by lactic-acid bacteria [154].
Thus, increasing viscosity may be of great
interest because as we have seen previously
(see section 4.3.) the lipid lowering effect
of indigestible carbohydrates seems to be

related in large part to their viscosity properties [97]. Moreover, charged carbohydrates
with a very high MW (> 100 kD), mainly
pectins, are well known for their potential
unfavourable action on mineral bioavailability [7, 86]. Decreasing their MW
enhances intestinal absorption of minerals.
For instance, the intestinal absorption of
iron is determined in part by the solubility of
iron-pectin complex which is directly connected with its MW [86]. Finally, we could
speculate that the ideal products would be
those which combine both beneficial properties of low MW prebiotic agents on mineral digestibility and marked lipid lowering
effects of dietary fibres.

Presently, a typical prebiotic effect is
considered as the result of an increase in
bifidobacteria flora. The fact that inulintype fructans increase bifidobacteria as well
as breath hydrogen in humans [1, 58], however, needs to be commented because these
bacteria do not produce gas. Moreover, in
vitro fermentations with human faecal or
rat caecal microflora indicate that inulintype fructans typically increase the production of butyrate. As bifidobacteria do not
produce butyrate, such results confirm that
populations other than the bifidobacteria are

implicated. Probably, prebiotic agents are
degraded by many gut micro-organisms and
not just by a limited number of species
which includes bifidobacteria. Maybe a
complex bacterial trophic chain is implicated in the prebiotic intestinal fermentation process. Because bifidobacteria has a
very well-adapted enzymatic equipment to
degrade prebiotic agents through its (3-fructosidase [183], we could logically suppose
that it is the first and the more easily detectable
species involved in this chain. Then, hydrolysis of prebiotic agents by bifidobacteria,
by decreasing pH of the intestinal contents,
may inhibit or stimulate the growth of other

endogenous species. Besides, inhibitory
effects on other endogenous species (i.e.
Escherichia coli and clostridia) have been
clearly demonstrated [58]. However, by
modifying intestinal bacterial balances or

through the production of fermentation byproducts, bifidobacteria are possibly able to
selectively promote other endogenous bacteria species. The principal nitrogen source
for colonic bacteria proliferation is protein
not digested in the small intestine, including
that of endogenous origin such as digestive
enzymes or sloughed mucosal cells [104]. If
the demands of fermentation are too great, as
we could suspect with prebiotic agents,
nitrogen deficiency could appear [173].
Some species of bifidobacteria, mainly
B. bifidum, B. thermophilum, B. adolescentis, B. dentum, B. animalis and B. infantis
when they grow without organic nitrogen
sources, can excrete considerable amounts of
various amino acids (alanine, valine, threonine and aspartic acid) into the medium
[108]. Thus, one possibility is that an imbalance occurs in the ratio of carbohydrate/
organic nitrogen source [114], which in turn
could adjust the metabolism pathway of bifidobacteria to the use of mineral nitrogen
source (ammonium salts) and consequently
to the liberation of amino acids. The decrease
in renal nitrogen excretion after feeding
oligosaccharides [192] may be in agreement
with such a hypothesis. Because certain bacteria (i.e. bacteroides, fusobacteria and
anaerobic cocci) can synthesise polyamines
by decarboxylation of the amino acids,
amino acids may be selectively used for bacterial proliferation of other intestinal species.
To evaluate the consistence of such a
hypothesis, the effects of prebiotics on other
possible bacterial by-product pools such as
intestinal spermidine, putrescine and cadaverine should be investigated. Also, it is possible that a part of the SCFA pool served as
fuel for other bacterial developments. This
hypothesis has not yet been investigated for
practical reasons which reside in the difficulty to clearly identify various species and
genera of faecal bacteria. In the coming
years, it is probable that reproducible markers such as RNA probes should be developed to assess the accurate intestinal
microflora composition after a prebiotic

feeding period.

potential health benefits caused by
consumption of prebiotic agents must be
The

discussed (table II). Which of the referred
health attributes are feasible/usable? The
most well-known effect of prebiotic agents
is the stimulation of the growth of bifidobacteria. This fact has been clearly
demonstrated in rats as well as in humans
[18, 57, 77, 179]. Moreover, associated
decrease in potential harmful and putrefactive bacteria has also been demonstrated in
humans [58, 172, 179]. The protective effect
against colorectal cancers through the simultaneous increase in the growth of bifidobacteria and the decrease in the number of
putrefactive bacteria has, however, not yet
been established in humans. For instance,
a correlation between oligofructose-induced
bifidobacteria growth with a decrease in
some reductive enzymes has not yet been
presently established. Buddington et al. [18]
indicated that oligofructose supplementation leads to a decrease in both (3-glucuronidase and glycocholic acid hydroxylase activities, whereas Bouhnik et al. [15]
demonstrated no change in reductive activities. Moreover, the relation between a
decrease in some reductive enzymes and the
prevention of colorectal cancers has not been
proven. Presently, beneficial action of inulintype fructans through its intestinal fermentation potency has been reported in humans
during intestinal pathology state where
microbial variables such as potential harmful bacteria are exacerbated. For instance,
excision of the colon followed by ileal
pouch-anal anastomosis has become a frequently used surgical alternative to permanent ileostomy in patients with ulcerative
colitis or familial adenomatous polyposis.
Alles et al. [2] demonstrated that inulin-type
fructans can act positively in these pouchitis patients by decreasing cytotoxicity of
pouch contents (reduction of amino acidderived isobutyrate by 94 % and isovalerate
by 77 %). Today, there is only evidence
from animal studies that lipid metabolism
is affected by inulin-type fructans. Moreover, there is no indication of an hypolipi-

daemic effect in human subjects for other
type of non-digestible oligosaccharides
[179]. Also, beneficial effects of prebiotics
on lipid metabolism in human subjects are
often observed in pathology states such as
diabetes mellitus where a hyperlipidaemia
occurs [185]. In healthy humans, changes
in lipidaemia after feeding inulin-type fructans have not yet been reported. These
human studies were conducted with inulin,
20 g-dI [101] and 14 g-dI [132] for a period
of 4 weeks. This result suggests that if lipidlowering effects of inulin are to be observed
in humans, larger doses or longer periods
of feeding may be required [171]. Moreover, because hepatic de novo lipogenesis is
likely to be the target of the hypotriglyceridaemic effect of inulin-type fructans in the
rat, the apparent lack of effect observed in
healthy humans, who eat much fewer carbohydrates but more lipids than rodents,
does not demonstrate the absence of an
effect [144]. In conclusion, the animal studies are only the basis for further ongoing
studies investigating other aspects of lipid
metabolism. For instance, glucagon-like
peptide-1 and glucose-dependent insulinotropic polypeptide have direct anabolic
insulin-like action on lipid metabolism [89].
Further research revealed that this hypolipidaemic effect of inulin-type fructans might
be induced (partly) by hormonal changes in
rats [93]. The precise contribution of these
hormones in the antilipogenic effect of prebiotic agents remains, however, to be elucidated. Inulin-type fructans have been
reported to decrease postprandial insulinaemia in rats [94]. Interestingly, this hormone plays a major role in the regulation
of muscle protein synthesis and degradation [88], suggesting a possible involvement
of non-digestible oligosaccharides in such a
metabolism. By depressing cholesterolaemia, Non-digestible oligosaccharides may
act on regulation of glucocorticoids, another
hormone type involved in protein metabolism [110]. Such a hypothesis, to our knowledge, has never been investigated. Moreover, gene expression of lipogenic enzymes

such

fatty acid synthase in liver remains
clarified [179]. Regarding the action on
mineral bioavailability, few studies have
been performed in humans. Only in the rat,
the stimulation of Ca, Mg and Fe absorption by inulin-type fructans or GOS has been
repeatedly confirmed [179]. Differences
between the rat and human mechanisms
involved in digestibility of minerals are,
however, very important. For instance,
coprophagy in many rodent species [61, 78]
can alter the fermentation of undigestible
carbohydrates in the hindgut and therefore
may affect the absorption of minerals [43,
67, 124]. Thus, we could not directly extrapolate results obtained from animal models to
humans. In the present time, there is only
promising evidence that consumption of
inulin-type fructans results in increased Ca
absorption in human subjects [179].
as

to be

In the future, physiological effects of
oligosaccharide consumption will certainly

continue to be elucidated, functional properties will be more widely understood and it
is expected that the number and diversity
of applications of oligosaccharides in foods
(individually) in combination with probiotics (synbiotics) [179] will increase.
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