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Prebiotics and human health:

The state-of-the-art and future perspectives
By Patricia L. Conway

ABSTRACT

Prebiotics stimulate growth and/or activity of some presumably beneficial colonic bacteria and
thereby have the potential to improve health, possibly through the actions of fermentation end
products including butyrate. Some ingested oligosaccharides and resistant starches elevate levels
of bifidobacteria and lactobacilli, and decrease bacteroides, enterobacteria and clostridia. Rodent
studies have shown that prebiotic consumption can protect against pathogens, reduce the risk of
colon cancer, enhance mineral absorption and influence lipogenesis. However confirmation of
effects in humans is needed in clinical studies.

With this wide range of potential applications, prebiotics need to be broadly classified based
on microbiological and physiological function. Studies investigating mechanisms of action and
the combined cffects of prebiotics and probiotics are sparse. Resistant starch also functions as a
culture protagonist because it provides enhanced bacterial survival when combined with
probiotics. With the availability of a variety of prebiotics and probiotics, the potential exists for
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providing combinations targeted for specific health related benefits.
Keywords: Beneficial microbes, health benefits, oligosaccharides, prebiotics, resistant starch

Introduction

The term prebiotics refers to the modification of the intestinal
microbes and their metabolism for the benefit of the host using
food ingredients. While the concept of nurturing intestinal
lactobacilli by dietary means dates back to Metchnikoff (1), the
term was coined more recently. In 1995 Gibson and Roberfroid
(2) defined a prebiotic as a “non-digestible food ingredient that
beneficially affects the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria in
the colon that have the potential to improve health”. The
combination of prebiotics with probiotics is referred to as
synbiotics. The term prebiotic evolved from the observation that
non-digestible carbohydrates selectively promoted levels of
bifidobacterium and short chain fatty acids in the large bowel and
from the fact that these bacteria are recognised as having the
potential to exert health benefits.

Enhancement of bifidobacterium has previously been noted in
breast fed babies and is referred to as a bifidogenic effect (3).
Consequently, it is reasonable to envisage the term prebiotic
encompasses (a) the positive effects on potentially beneficial
microbes, including the bifidogenic effect and increases in other
beneficial microbes such as lactobacilli, (b) reducing the effects
on the less desirable microbes as well as (c) the indirect effects
on improving host health and physiology, i.e. a result of the
activity of the microbes. As mechanisms of function are under-
stood, these categories can be further expanded and refined.

It is also relevant to question how one interprets the definition
of a prebiotic. It refers to effects on “growth and/or activity” of
the microbes which would require an increase in beneficial
microbes and/or the effects induced by metabolic products
obtained from the colonic microbes which would mediate
beneficial effects on the health of the host. The published
literature at times assumes that the prebiotic effect is the
elevation of bifidobacteria and that other effects are outside the
definition of a prebiotic (4). With the definition “growth and/or
activity”, one can expect there could be compounds that have a
beneficial effect on health parameters linked to the intestinal
microbes, e.g. cancer risk, but that may not induce a detectable
elevation of beneficial microbes. To exclude these compounds
from being called prebiotics may be limiting to the concept since
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there could be microbes other than bifidobacteria and lactobacilli
which exert a beneficial effect within the colonic ecosystem,
either directly or indirectly through the action of their
metabolites and end products. As with the bifidobacteria and
lactobacilli, it may not be the microbe itself that is beneficial, but
rather the results of microbial metabolism and the activity that
develops that are more important.

The large bowel microbes require an appropriate nutrient
supply. The food components that escape digestion in the small
intestine can function as colonic food and be utilised by the large
bowel microbes. Prebiotics are not degraded by host enzymes in
the small intestine and reach the large bowel where they are
selectively utilised by the beneficial bacteria such as lactobacilli
and/or bifidobacteria. These microbes have been shown to induce
a number of potential health benefits when orally administered
(5,6). Bifidobacteria and lactobacilli are considered beneficial,
but questions are raised as to the validity of such statements (7).

A recent review (8) noted that oral dosage with some ,but not
all, Lactobacillus and Bifidobacterium showed positive effects.

Dietary inulin and oligosaccharides such as fructo-oligo-
saccharide and galacto-oligosaccharide have been shown to
elevate levels of bifidobacteria in faecal samples (2,9) and so do
resistant starches (10-12). Since many oligosaccharides are not
selectively utilised by the bifidobacteia, one can question the
specificity. Commercial oligosaccharides contain a family of
fructan compounds with different degrees of polymerisation. If
there is no specificity for the differing degrees of molecular size
then one would envisage that all components in an oligo-
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saccharide preparation are fermented simultaneously and there-
fore rapidly. While there are extensive clinical trials confirming
the elevation of bifidobacteria by oral administration of oligo-
saccharides (9), the health benefits of prebiotics and synbiotics
need to be demonstrated. At present the impact on human health
benefits is largely inferred from rodent studies.

Bowel health and the intestinal microbiota

The digestive tract of humans is sterile at birth and within the first
few days of life it becomes colonised by microbes, which in
breastfed infants are predominantly bifidobacteria (3). With the
introduction of other foods, a diverse microbial population
develops in the gastrointestinal tract. While the upper regions of
the tract are sparsely populated with microbes, a large microbial
community resides in the large bowel (13). While there are over
50 genera and 400 species, the population is predominantly strict
anaerobic bacteria such as Bacteroides, Fusobacterium, Bifido-
bacterium, Lactobacillus and Eubacterium with lower levels of
coliforms. These microbes produce essential vitamins and
nutrients required by the colonocytes, assist with degradation of
complex nutrients, protect the host from invasion by pathogens
and stimulate the immune system (13). In addition, it has been
proposed that the microbes in the bowel contribute to mineral
absorption and lipid metabolism because of the lowered pH as a
result of the short chain fatty acids produced by the microbes.
These short chain fatty acids play an important role in
maintaining normal bowel function (14).

Some undesirable effects such as flatulence, diarrhoea, consti-
pation, liver damage, irritable bowel syndrome, inflammatory
bowel disease and bowel cancer have been linked to the microbes
(14-15). Such unfavourable situations can occur if there is a shift
in either the composition or metabolism of the indigenous
microbes of the healthy individual. While particular microbes
are implicated in some conditions, e.g. Clostridium difficile
induced diarrhoea as a result of antibiotic administration, it is
largely presumptive evidence of the role of these microbes in
other conditions. For example, protein and amino acid degrada-
tion by the microbes can yield nitrogenous compounds such as
ammonia, amines, phenols and indoles that are considered puta-
tive risk factors for neoplastic transformations of the colon (15).
Bacterial enzymes such as azoreductase, nitroreductase and
beta-glucuronidase that are produced in the large bowel by a
number of bacterial species, have the capacity of converting co-
carcinogens to carcinogens in the bowel (15,16). There is evi-
dence that orally dosed antibiotics can alleviate the symptoms of
intestinal disorders linked to gut motility e.g. constipation and
irritable bowel syndrome (17), thus implicating the indigenous
intestinal microbes in such conditions. While the microbes have
been directly linked to inflammatory bowel disease (18), others
postulate thatitis aresult of disordered cytokine production (19).
There is accumulating evidence that lactobacilli can trigger
cytokine production (20). Itis therefore plausible that inflamma-
tory bowel disease can be addressed by controlling the intestinal
microbes such that those that trigger a desirable cytokine re-
sponse are promoted.

The microbial community of the bowel is a part of a complex
ecosystem which is regulated by the diet of the host, microbial
interactions and host factors such as gut motility and intestinal
secretions (13). External factors such as stress, dietary changes
and medications can affect the microbial community in the
bowel and induce an alteration in the diversity or in the meta-
bolism of the microbes. This can be detrimental to the host,
however, it can also be utilised for the benefit of the host. One can
maintain a healthy microbial population by dietary means and
with orally administered beneficial microbes such as the
Lactobacillus and Bifidobacterium in sufficient numbers.
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Non-digestible food ingredients

The digestive enzymes of the host that are responsible for
metabolism of ingested nutrients are released in the small bowel
where absorption occurs and the indigenous microbial
populations are limited. The term “non-digestible food ingre-
dients” refers to those components of the diet which are not
degraded and utilised in the small bowel and hence reach the
large bowel where they can be fermented by the indigenous
microbes. The diversity of the dense population of colonic
microbes contributes to the large range of substrates which can
be degraded because there are both proteolytic and saccharolytic
populations, with the latter being more dominant. Proteins and
carbohydrates reach the colon where they are fermented by the
microbes. It is estimated that while carbohydrates are pre-
dominant (20-76 g/day), approximately 3-9 g/day of proteins
enter the large bowel. Endogenous secretions and sloughed cells
(6-9 g/day) may also serve as fermentable substrate for the
colonic microbes (11).

Carbohydrates which reach the large bowel include the non-
starch polysaccharides (NSPs) such as the soluble and insoluble
dietary fibres (8-18 g/day), resistant starch (RS; 8-40 g/day) and
non-digestible oligosaccharides (NDOs; 2-8 g/day). In addition,
some sugars (2-10 g/day) such as lactose, fructose and sorbitol
which are not completely absorbed in the small bowel may also
enter the colon (14,21).

The physiological effects of carbohydrates entering the colon
have been extensively investigated, especially in terms of the
effects on laxation. While wheat bran has been shown to increase
faecal bulk by a factor of 5 when expressed as the stool weight
increment per gram of carbohydrate consumed, NSPs such as
pectin and guar gums increase stool weight by a factor of 1-2 ,
resistant starches by 1.5-2.2 (22) and non-digestible oligo-
saccharides by 1.5-2.0 (23). The incompletely fermented NSPs
have a physical effect on faecal bulking and induce a variable
change in bacterial biomass. In contrast, the effect of the NDOs
and RSs on laxation is most probably linked mainly to the
increase in bacterial mass in the faeces and the increase in short
chain fatty acids generated through fermentation of these
carbohydrates by the indigenous microbes (11-12).

Itis possible that all these carbohydrates can be utilised by the
colonic microbes as a nutrient source and therefore function as
a prebiotic if preferentially utilised by beneficial microbes such
that numbers or activities are influenced.

Non-digestible oligosaccharides

Oligosaccharides are low molecular weight carbohydrates with
degree of polymerisation (DP) values of between 2 and 9. They
are found in chicory, asparagus, artichoke, onions, garlic, leeks
and soya beans as well as in human breast milk and cow’s milk.
The glycosidic bonds are resistant to hydrolysis by intestinal
digestive enzymes and hence are poorly degraded in the upper
regions of the gastrointestinal tract, thus reaching the colon
intact. The colonic microbes ferment the non-digestible oligo-
saccharides to produce short chain fatty acids and gases such as
carbon dioxide, methane and hydrogen. Depending on the non-
digestible oligosaccharides (NDOs), this microbial fermentation
can occur immediately upon entering the caecum, leading to
rapid release of gases.

A method for determining fructan has been approved by the
AOAC. Many countries have either accepted fructans as a
component or a type of dietary fibre or are now considering
acceptance of the method. The term oligosaccharide becomes
subjective when discussing prebiotic activities. A number of
saccharides have been explored for their prebiotic potential, the
most frequently studied ones being presented in Table 1. These
include disaccharides such as lactulose and lacitol, a number of
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Prebiotics and human health

Table 1. Source and composition of the non-digestible di-saccharides, oligosaccharides and inulin which have been evaluated most extensively as prebiotics

(Rowland, personal communciation).

Oligosaccharide Source Composition Degree of
polymerisation
Lactulose Synthetic disaccharide galactopyranosyl-D-fructofuranose
Lacitol Synthetic disaccharide galactopyranosyl-D-glucitol
Fructo-oligosaccharide a. Sucrose fermentation by Aspergilus niger glu-(fru)n 3-5
b. Transfructosylase + sucrose glu-(fru)n 3-5
Oligofructose Hydrolysis of chicory inulin (fru)n+glu-(fru)n 2-8
Galacto-oligosaccharide a. Human and cow milk; glu-(gal)n 3-6 -
b. Lactose fermentation by Aspergillus oryzae glu-(gal)n
c. Galactosidase + lactose
Soybean- oligosaccharide Extracts of soybean whey Mix of fru-gal-glu and fru-gal-gal-glu 3-5
Inulin* Extracted from chicory root, Jerusalem artichoke glu-(fru)n; (fruyn 360

* Heterogenous fructan containing polysaccharides as well as oligosaccharides

oligosaccharides in the true sense of the term as well as inulin
which is available commercially as a mixture of various
oligosaccharides and longer chain fructans (DP<60; 24). For the
purpose of simplicity, they are often all referred to as
oligosaccharides when discussed as prebiotics, however one can
not ignore that the different DP values may have different
physiological eftects. It is reported that the DP value of the
saccharide correlated wtih the rate of disappearance as a result of
bacterial fermentation with the smaller DP values being more
readily fermented.

Oligosaccharides as prebiotics

(a) Effects on the microbes

Some of the studies investigating the bifidogenic effects of
human consumption of the more common oligosaccharides are
summarised in Table 2. It is obvious from this table that the body
of published literature available to us deals with the chicory
fructans i.e. inulin and its enzymatic hydrolysate, oligofructose
and fructo-oligosaccharide. Most studies report an increase in
the faecal numbers of bifidobacteria. Similarly, the disaccharide
lactulose, soybean oligosaccharide, and galacto-oligosaccharide

induce an increase of bifidobacteria. The detected increase is
often relatively smali but significant in the majority of cases.
Even though it is over a decade since the first reports of elevated
bifidobacteria in faeces after consumption of oligosaccharides,
no large scale studies were found in the literature. This is not
surprising in view of the amount of work and hence costs
involved in studying the individual faecal microbial profiles of
subjects. Unfortunately, with small scale studies there can be a
bias in the selection of the subjects which may influence the
results. For example, it is often laboratory colleagues or students
who participate in such studies and that, in itself implies a bias
in selection of the subjects. Because of the diversity of intestinal
microbes from subject to subject, one would anticipate a large
variation in parameters which are influenced by the composition
of the individual microbes and hence large scale studies are
required. Mostreports use about 10 subjects (25) butfail toreport
on the dietary habits of these subjects.

Other variables in these studies include the concentration of
oligosaccharide consumed and the time span of the study.
Because consumption of high levels of oligosaccharides i.e.
>10 g per day, can lead to intestinal discomfort and flatulence,

Table 2. Elevation of faecal Bifidobacterium levels as a result of oral administration of saccharides to human volunteers.

Saccharide? Dose Duration Subjects Initial Count Final Count Ref
(g/d) (days) per group LogCFU/g Log CFU/g
Lactulose 3 14 8 9.7 10.4° 58
Lactulose 20 28 12 8.5 11.5° 52
SoybeanOS 10 21 6 9.5 10.0° 59
GOS 10 7 12 9.8 10.1° 57
GOS 15 7,14,21 8 8.6° 9.7°,9.7°,9.5b 54
GOS 7.5 21 13 9.8 9.7 46
GOS 15 21 13 9.8 9.7 46
FOS 12.5 12 10 7.9 9.1b 55
FOS 4 14 10 8.8 9.6 53
FOS 10 8 8 8.0 9.5b 92
OF 15 15 8 8.8 9.5" 42
Inulin 15 15 8 9.2 10.1° 42
Inulin  209; 20 to 40°; 40f 74; 3¢, 7F 10 7.9 9.2b 56
Inulin 34 64 8 9.8 1L.0b 51
Tnulin 8 14 +21 8 8.6 9.6°,9.4P 121

4 oligosaccharide (OS), galacto-oligosaccharide (GOS), fructo-oligosaccharide (FOS), oligofructose (OF)
® Significantly different from initial value (P<0.05); ¢ value at day 1; ¢ ¢f different doses for different duration (days)
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Table 3. Prebiotic effects of oligosaccharides as seen from rodent (R), pig
(P) and human (H) studies.

Effects on the microbes

¢ Bifidobacterium counts increase (H)

o Lactobacillius counts sometimes increase (H)

o Clostridia and enterobacteria sometimes decrease (H)
* Reduced shedding of S. typhimurium (P)

Effects on host health and physiology

* Reduction in blood lipids
(R positive; H no clear indication)

¢ Increased mineral absorption (R, calcium and magnesium; H,
positive for calcium)

¢ Reduced risk of cancer development (R)

there is considerable interest in identifying minimum levels
required for obtaining elevated levels of bifidobacteria. Rao (26)
reviewed the dose in relation to the extent of the elevation of the
bifidobacteria. It was noted that even though the dose of
saccharide ranged from 8 to 40 g per day, there was no correlation
with the resultant elevation of bifidobacteria. Furthermore,
consumption of 80 g per day of oligofructose in one study gave
only 4 of 12 test subjects diarrhoea (27).

The pre-treatment levels of bifidobacteria could play a role in
the extent of elevation of bifidobacterium. It is probable that if
there already are high levels of bifidobacteria, it would be more
difficult to show elevations. The baseline level of bifido-
bacterium may be as important a parameter as the magnitude of
the increase and the method used for enumeration of the
bifidobacterium. When reviewing the effects of oligosacchari-
des, Roberfroid (28) noted that the lower the initial bifido-
bacteium levels, the greater the increase noted with oligo-
saccharide consumption. The studies presented in Table 2 use
selective media for enumeration of the viable colony forming
units. The accuracy of this methodology is limited by the
selectivity of the medium used. It is recognised that there are
limitations with the various media used because the more
selective the media, the more risk that it will exclude cultivation
of some of the more sensitive species while the use of the less
selective media runs the risk of including non-bifidobacteria in
the count of bifidobacteria (29). Studies are in progress to use
molecular approaches to study effects of prebiotics and pro-
biotics on the intestinal microbial populations (30). The
ribosomal RNA (rRNA), in particular the 16S rRNA, is used
extensively for classification and detection and there is now an
extensive database of 16S sequences. Using rRNA targeted
oligonucleotide probes end-labelled with fluorescent dyes, in
situ hydridisation can be used to quantify specific genera in
faecal samples. This methodology has been used to effectively
quantify bifidobacteria in humans consuming a prebiotic (31).

While most studies focus on the bifidobacteria (Table 2) (32-
36), some studies also report increased levels of lactobacilli. For
example, Ito et al. (37) showed a dose related significant
(P<0.001) increase in faecal lactobacilli in 12 subjects con-
suming galacto-oligosaccharide for 7 days. In addition to ele-
vated levels of beneficial microbes, decreases in less desirable
microbes had been noted in some studies. A decrease in faecal
clostridia and bacteroides was reported in 8 subjects consuming
3 g per day lactulose (38) and other workers (39) report a decrease
in Clostridium perfringens with consumption of 10 g per day of
soybean oligosaccharide in 6 subjects. Benno et al. (40) show a
decrease in clostridia and bacteroides with consumption of 15 g
per day but not with 3-5 g per day of raffinose. A reduction in the
shedding of Salmonella typhimurium in pigs was observed with
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consumption of fructo-oligosaccharide without any detectable
effects on other microbial groups investigated (41). Further
proof of the possibility of reducing the less desirable microbes
could be obtained by conducting pathogen challenge studies in
animal models.

(b) Effects on host health and physiology

Itis well known that breast fed babies have high faecal levels of
bifidobacteria while in formula fed babies there are high levels
of anaerobic bacteria as well (reviewed by 3). Itis presumed that
oligosaccharide components naturally occurring in breast milk
induce this effect since breast fed babies are more resistant to
infection. There is accumulating evidence that consumption of
oligosaccharides can result in health benefits (Table 3).

A number of studies have addressed the effects of oligo-
saccharides on serum lipids. It is proposed that short chain fatty
acids (SCFA) from microbial fermentation in the intestine are
absorbed and modulate hepatic lipogenesis. In addition to this
regulation of hepatic synthesis of triglycerides and cholesterol,
it is proposed that serum cholesterol may be reduced because of
precipitation and excretion of bile acids from the intestine which
then requires the liver to utilise cholesterol for further bile acid
synthesis (42). Bile acids are precipitated as a result of bacterial
deconjugation and acidification by the SCFA. Rodent studies
have demonstrated a conclusive reduction in serum lipids,
however, there has been no clear indication from human studies
that this is the case (reviewed by 24). Fructo-oligosaccharide
(43) consumption has lead to a lowered concentration of
triglycerides and cholesterol in rats. Others workers (44,45)
report alowering of serum cholesterol in rats given either fructo-
oligosaccharide or galacto-oligosaccharide. In rodent studies the
oligosaccharides were included at a level of 10-20% of the diet
which was given to the animals for 4-5 weeks. In human studies
the amount given generally ranges from 8 to 14 g per day over a
3-4 week period. One can question whether a longer term study
or a higher dose would provide more conclusive data in humans.
In one study (46) 10 g per day of inulin was given for 8 weeks and
resulted in a decrease of triglycerides but no change in
cholesterol. Inulin given at alevel of 14 g per day for 4 weeks failed
to alter triglycerides and cholesterol levels (42). Other workers
administered 34 g per day for 64 dys and failed to show any
effects on blood lipids (31). A decrease in cholesterol but not in
triglycerides was noted after consumption of inulin at a level of
18g per day for 3 weeks by hyperlipidemic human subjects (42).
Decreased basal hepatic glucose production and unchanged in
insulin stimulated glucose metabolism was noted in human
subjects given 20g/d of fructo-oligosaccharides for 4 weeks (48).

Several studies have investigated the effects of oligosaccha-
ride consumption on mineral absorption. Rats fed lactulose (49),
fructo-oligosaccharide (50) or inulin (51) absorbed more cal-
cium and magnesium than control animals. Furthermore, it was
shown that parameters resulting from increased mineral absorp-
tion were also improved. Oligofructose increased bone mineral
content in rats (52) and chronic ingestion of inulin or fructo-
oligosaccharide decreased the loss of bone mass, calcium and
phosphorus from the bones of rats (53). Although there are some
conflicting reports, positive effects on absorption of calcium in
humans have been reported. Coudray et al. (54) showed an
increase from 21% to 34% of calcium absorption when mea-
suring the mineral balance in urine and faecal samples from
males ingesting 40 g per day of inulin for 28 days in a study using
9 healthy subjects. These workers showed no effects on
magnesium, iron or zinc absorption. Consumption of oligo-
fructose, galacto-oligosaccharide or inulin (15g per day) for 3
weeks did not induce an increase in calcium or iron absorption in
males aged 20-26 years old (12 subjects) (55), whereas the same
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group could demonstrate an increase in calcium absorption when
the method had been modified to measure the absorption over 36
hours and used in younger subjects (14-16 years old) (56).

A number of possible explanations for the increased mineral
absorption have been proposed. It is proven that oligosaccharide
ingestion can raise the colonic levels of short chain fatty acids
which will reduce pH, thus raising the concentration of calcium
and magnesium ions which can passively diffuse. Itis also likely
that the oligosaccharides will increase water content and thus
increase the solubility of some minerals. It is also proposed that
there could be increased permeability of intracellular junctions.
While further studies are required to confirm the mechanisms
involved, it is apparent that calcium absorption in humans can be
influenced by oligosaccharide consumption.

The effects of oligosaccharide ingestion on irritable bowel
syndrome (IBS) and on Type 2 diabetes has been examined in
separate studies but no positive effects were observed. The
diabetes subjects consumed 20 g per day of fructooligosaccha-
ride for 4 weeks (57). Inadouble blind, placebo controlled cross-
over study of 21 subjects with IBS, 6 g per day of oligofructose
for 4 weeks did not alter the faecal weight or pH, transit time or
breath hydrogen compared to that observed during the control
period using sucrose (58). An accelerated recovery of the
intestinal microbes was noted in pigs after an acute secretory
diarrhoea using fructo-oligosaccharide supplementation (59).

Effects of oligosaccharides on the risks of colon cancer have
been investigated by measuring bacterial metabolites associated
with carcinogenesis e.g. enzymes and ammonia, as well as the
extent of DNA damage in vivo as measured using the Comet
assay, the suppression of pre-neoplastic changes in the colon
measured as aberrant crypt foci (ACF) and the suppression of
tumours when animals are exposed to a carcinogen. The enzymes
B-glucuronidase and nitroreductase decreased in rats fed
galacto-oligosaccharides, however B-glucosidase increased in
these animals (60). A diet containing 3% lactulose induced less
cellular DNA damage detected using the Comet assay when rats
were exposed to a carcinogen (61). In two independent studies
(62.63), a suppression of ACF formation was noted in rats fed
inulin for 12 weeks after induction using azoxymethane. Reddy
and co-workers also showed similar effects with 10%
fructooligosaccharide, however the effect was not as great as
observed for inulin. This is probably attributable to the fact that
since the inulin is more slowly degraded, it will pass further
along the colon before being completely degraded and hence
induce effects in the more distal regions of the colon. It is
recognised that cancer development is greatest in the distal
colon. Inclusion of 15% oligosaccharide or inulin in the diet of
mice implanted with tumour cells showed a significant reduction
in the growth of the tumour (64). Similarly it has been shown that
inclusion of 5.8 % oligofructose in the diet resulted in a reduction
in small intestinal and colonic tumours in mice (65). Oligo-
fructose (5%) or inulin (5%) consumption for 3 weeks had no
significant effect on bacterial enzymes or ammonia levels,
however, the oligofructose or inulin diet induced a significantly
higher apoptosis index in rats (66). Other workers (67) reported
that inulin consumption stimulated the production of sulpho-
mucin and a reduction in sialomucin, two effects that are
associated with a reduced risk of colon cancer (68). No epide-
miological studies were found which correlated the occurrence
of cancers in populations consuming high or low levels of dietary
oligosaccharides and fructans.

The bacterial fermentation of oligosaccharides in the colon
leads to the production of acids and gas. While this can lead to
beneficial effects on the host, it can also cause intestinal
discomfort, pain, diarrhoea and flatulence. The effects are more
pronounced with the short chain oligosaccharides such as the
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Table 4. Classification of resistant starches (74).

Group Basis of resistance Source

RS, Physically inaccessible  Seeds, whole grains and
partly milled grains

RS, Granular Green bananas, raw potato,
some legumes and high
amylose starches (>80%)

RS, Retrograded Cooked and cooled potato,
bread and cornflakes

RS, Chemically modified Cross-bonded, etherised or

esterified starch

oligofructose compared to the long chains. Ithas been shown that
the inulin is more slowly fermented than the short chain fructo-
oligosaccharides (69). Bouhnik et al. (70) noted that 10 g per day
for 8 days gave flatulence, however if the level was maintained
below 10 g per day, no discomfort was noted. It can therefore be
envisaged that in the future, oligosaccharides that are more
uniformly fermented through the colon will be sought to ensure
a beneficial effect throughout the length of the colon and to
reduce the adverse effects of the rapid fermentation in the
proximal regions.

Resistant starch

For many years, it was assumed that non-starch polysaccharides
(NSP) were the principal substrates for fermentation in the large
bowel because little starch appeared in the faeces (71), [t became
apparent that NSP could not supply the entire substrate require-
ments for the microbes and then resistant starch (RS) became a
potential candidate substrate (72). RS is defined as “the sum of
the starch and products of starch degradation not absorbed in the
small intestine of healthy individuals” (73,74) and it was shown
that a substantial quantity of dietary starch enters the large bowel
where is is fermented (74,75). The digestibility of starch in the
ileum can be affected by a number of factors including the
physical inaccessibility of the starch (RS;) e.g. in coarsely
ground cereal grains. In addition, the granular structure or
conformation of the starch (RS,) and/or the degree of retro-
gradation of the starch after cooking (RS;) can limit the diges-
tibility of the starch and influence the amount of starch reaching
the colon and which is therefore available as fermentable
substrate. Chemical modifications of starches can also increase
the resistance of the starch to digestion. Accordingly, resistant
starches are grouped into four general categories, namely RS,
RS,,RS;and RS, as detailed in Table 4 (74). Starch contains two
main components, amylose and amylopectin. Most starches
contain mainly amylopectin (often 70-80%) which is an
extremely large glucose polymer (10,000-100,000 monomers
units) containing ¢-(1-6) branch points. Starch granules that
contain a high proportion of amylopectin generally have a lower
gelatinisation temperature and are normally readily digestible.
The amylose found in starches is essentially a linear polymer
(100-10,000 monomer units) of ¢ (1-4) linkages and is mainly
found in the amorphous regions of starch granules. Some
specific maize cultivars have starch granules that can contain
more than 80% amylose and that are resistant to gelatinisation
under normal cooking conditions (12). In maize, the resistance of
the granule to digestion increases with increasing amounts of
amylose (76). After gelatinisation, the high amylose content
leads to a rapid retrogradation of the starch on cooling. This
process yields insoluble crystallites which resist enzymatic
hydrolysis (77,78).
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Table 5. The prebiotic properties of resistant starches generated from
rodent (R), porcine (P) and human (H) studies (Modified from 12).

Effects on microbes

o Selectively utilized by bifidobacteria cultures in vitro (H)
Promotes growth of lactobacilli and bifidobactera (R, P):
Reduce intestinal pathogen levels (R)

Synbiotic promotion of beneficial indigenous effects (R)
Synergy with oligosaccharides (R, P)

— elevation of indigenous bifidobacteria

¢ Modified amylomaize regulates bacterial growth in vivo (R)
* Enhanced survival of probiotic cultures (Culture Protagonist)

Effects on host health and physiology

¢ Reduce symptoms of diarrhoea (duration and fluid loss) (H)
¢+ Elevate colonic butyrate levels (H)

* Increased Ca and Mg absorption (R)

s Reduced risk of colon cancer (R)

The extent of degradation of starch in the small intestine and
hence the amount of resistant starch i.e. the amount entering the
large bowel, is also influenced by host factors since the extent the
starch is chewed and the time taken to pass through the small
intestine will affect the amount of hydrolysis that occurs. It is
therefore difficult to accurately specify amounts of dietary
resistant starch and in fact, Annison and Topping (75) described
RS in terms of “physiological” and “chemical” resistant starch.
The latter RS refers to that quantified by chemical analysis using
in vitro incubations with amylase and amyloglucosidase (79).

Resistant starch as a prebiotic
(a) Effects on the microbes
A high amylose maize (amylomaize) starch obtained by con-
ventional plant breeding to contain greater than 80% amylose,
was shown to improve the faecal short chain fatty acid profiles
in humans as well as functioning as a dietary fibre with laxation
properties (10,80,81). This triggered interest in the bacterial
fermentation of amylomaize starch. Over 40 colonic microbes
typically found in the human colon were screened for their
capacity to utilise the amylomaize starch granules. It was shown
that it was almost exclusively the Bifidobacterium spp which
could utilise the starch granules as the sole carbon source and that
in fact the bifidobacteria grew in starch as well as they grew in
the control glucose medium (82). In this study, it was also noted
that Clostridium butyricum could also utlise the starch. Although
many of the clostridia are known pathogens, Clostridium
butyricum is used as a probiotic since oral administration has
been shown to lead to a reduction in Clostridium difficile during
antimicrobial therapy (83) and in colitis in an animal model (84).
In addition, it was shown that faecal butyrate levels were
elevated in mice and pigs consuming a synthetic diet based on the
amylomaize starch granules (10,81,85). The mice had
undetectable levels of bifidobacterium at the commencement of
the study (<log 2 cfu per gram) and after 4 weeks on the
amylomaize diet, log 8.3 cfu per g faeces were noted (85). The
amylomaize diet also lead to an elevation of lactobacilli that
would not have been anticipated since no lactobacilli could
utilise the amylomaize starch in vitro. One can postulate that the
amylomaize granules are initially partially degraded by the
bifidobacteria which have a cell wall bound amylase (82), thus
releasing sugars which are utilised by the lactobacilli.
Consumption of a retrograded starch, Crystalean, increased
both bifidobacteria and lactobacilli in human microflora
associated rats (86). Similarly, Kleesen et al. (87) showed an
increase in faecal levels of bifiodbacteria in rats fed a raw potato
starch of the RS, type.
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The inclusion of the amylomaize starch in the diet also
decreased less desirable microbes such as coliforms as shown by
Bird et al. (79) in pigs and Wang and co-workers in mice
(Manuscript). The rats fed the retrograded starch, Crystalean,
also had lowered levels of enterobacteria and staphlococci (86).

Chemically modified amylomaize starch has also been stu-
died. Some modifications favour the proliferation of lactobacilli
both in vitro and in vivo and the various modifications can be
used to specifically select for desired populations in situ (85).

The prebiotic potential of resistant starch is summarised in
Table 5. There is a sparcity of human clinical trials. Attention has
initially focused on the effects of the resistant starch on the
microbes and studies are now in place to address the health
promoting benefits. Comparisons of the prebiotic effects of
resistant starch and oligosaccharides are also lacking. Pigs orally
dosed with a Bifidobacterium longum and fed an amylomaize
starch diet had higher levels of faecal bifidobacterium than pigs
fed a fructooligosaccharide based diet. Interestingly the com-
bination of amylomaize starch and the fructooligosaccharide
yielded higher levels of faecal bifidobacteria (81).

(b) Effects on host health and physiology

The effects of consumption of resistant starches on health and
host physiology are summarised in Table 5. As can be anticipated
from the fact that consumption of starch led to an elevation of
bifidobacteria and lactobacilli in starch fed mice, health para-
meters which have been linked to the indigenous microbes of the
intestine can be influenced by ingestion of the resistant starch,
suggestive of an alteration in the activity of the intestinal
microbes for the benefit of the host.

The administration of an oral rehydration therapy supple-
mented with amylomaize starch granules reduced both the dura-
tion and severity of diarrhoea in adult cholera sufferers (88). The
duration of the diarrhoea was shortened by 50% in those subjects
receiving the resistant starch, and there was also a reduction in
the faecal fluid loss over 48 hours when starch was included in
the therapy. These findings are consistent with our own studies
in rodents challenged with Salmonella typhimurium. The short
chain fatty acid butyrate, which is used as the metabolic fuel for
the colonocytes, and which has been linked to a reduced risk of
colon cancer, was selectively increased in animals fed an
amylomaize based diet (85). Elevated levels of butyrate have
also been shown in human subjects consuming a diet rich in the
amylomaize starch granules (80). High levels of butyrate could
be anticipated to lead to a reduced risk of colon cancer since the
butyrate has been shown to reduce the incidence of damage to the
DNA as occurs in cancer cells. Consistent with these findings,
Rowland and co-workers (86) have used the Comet Assay to
show a significant reduction (P<0.05) in the DMH-induced
damage in colonic epithelium of rats fed a retrograded starch,
Crystalean. The resistant starch fed mice were significantly
different to the sucrose fed controls.

In another study (89), rats fed a retrograded high amylose
starch had higher levels of glutathione S-transferase (GST), an
enzyme associated with a decreased burden of exposure to
reactive carcinogens. One human study involving 12 healthy
volunteers (90) showed that consumption of an amylomaize
starch diet (55 g RS/d) for 4 weeks resulted in a 26% decrease
(P<0.05) in bacterial beta-glucosidase, as well as a 30% decrease
(P<0.05) in total and secondary bile acids. No effect on primary
bile acids compared to a low resistant starch diet (7.7g RS/d) was
noted. Other workers showed no significant difference in SCFA
levels, bile acid concentrations or cytotoxicity of faecal waters
with the inclusion of amylomaize starch or retrograded
amylomaize starch at the level of 32g RS/d for one week (91).

While it is difficult to show that ingestion of resistant starch
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can reduce the risks associated with colon cancer, a recent study
contains some interesting findings which support the hypothesis
that risks of colon cancer can be reduced. It is recognised that
black South Africans have a low intake of non-starch poly-
saccharide dietary fibre compared to their white counterparts
who have a 30 fold higher incidence of colon cancer (92). It is
reported that the black population regularly consumes a porridge
which is served cold and hence contains high levels of
retrograded resistant starch. This work is in accordance with the
report of Cassidy (93) showing a correlation between resistant
starch consumption and the incidence of colon cancer.

The potential for resistant starch to improve mineral absorp-
tion has been evaluated in one rodent study in which rats were fed
either an RS, or an RS, type resistant starch. Rats fed the RS,
starch showed increased calcium and magnesium absorption
while RS, had no effect (94). This work holds promise and needs
to be expanded in human trials.

Potential prebiotics

It is feasible that may compounds have the potential to function
as prebiotics and it is anticipated that there will be other classes
of compounds being explored for prebiotic potential in the
future. While this could include proteins, it is most likely that the
saccharides will obtain most attention. In fact some of the non-
starch polysaccharides have already been considered. Michel et
al. (95) has studied the prebiotic potential of acacia gums and
showed that two different gums increase bifidobacteria while
one type also elevated lactobacillus numbers. Both of the tested
acacia gums decreased numbers of Clostridium and both induced
an increase in short chain fatty acids. In another study, con-
sumption of Spirulina platensis resulted in an increase in lacto-
bacillus numbers (96). Alginate that is used widely in the food
industry has also been shown to promote beneficial faecal
microbes when orally administered to humans (97). Another
potential prebiotic is B-glucan. Lactobacilli and bifidobacteria
were enhanced in the presence of 1% B-glucans of yeast origin
in faecal batch cultures. It was also shown that consumption of
a diet rich in B-glucans increased numbers of faccal lactobacilli
and bifidobacteria in mice and provided protection against an
oral challenge of Salmonella typhimurium or Clostridium difficile
(98). This study with mice also showed that <20% of the glucan
was degraded in the small intestine while >80% was degraded by
the time it had passed the large intestine of the mice. This work
supports further investigations into the prebiotic properties of 3-
glucan.

Synbiotic activity

A synbiotic is described as the combination of a prebiotic and a
probiotic (2). The term implies synergy between the two, and one
could envisage that by specifically selecting probiotic strains
that have the capacity to utilise the prebiotic, enhanced benefits
would be detectable. Unfortunately the combination of pre-
biotics and probiotics has been studied to a limited extent and
further work is needed to validate the concept. Interestingly, the
combination of resistant starch with probiotic cultures has led to
enhanced survival of the probiotic (99).

Elevation of bifidobacteria

Bouhnik et al. (35) fed bifidobacteium to subjects with and
without inulin dosage (18 g/d). No added benefit of the inulin
were noted, however, the bifidobacteria increased from log 7.7
to log 9 in the absence of inulin and they proposed that perhaps
higher levels of bifidobacteria can not be achieved in those
subjects. Should that be the case, no synbiotic effect could be
demonstrated. Others (100) fed lactobacillus milk with oligo-
fructose for 7 weeks and reported an increase in bifidobacteria,
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a decrease in lactobacilli, an increase in total anaerobes, and no
change in the coliforms, but no synbiotic effect was noted.

Promotion of faecal bifidobacterium has been shown in pigs
orally dosed with Bifidobacterium longum and fed a resistant
starch based diet alone or together with fructo-oligosaccharides
(81). These workers showed that the fructo-oligosaccharide and
starch fed pigs had significantly higher levels of bifidobacteria
than were detected in the controls fed only the bifidobacteria,
namely log 11 and log 11.74 respectively. In addition, the
combination of the oligosaccharide with the starch showed a
synergistic effect with log 12.02 detectable faecal bifidobacteria
(significantly greater; P<0.01). Perhaps the term synbiotic needs
to be further defined to refer to combinations of prebiotics and
probiotics and/or combinations of prebiotics which stimulate the
beneficial colonic bacteria and/or which improve health of the
host by either reducing undesirable bacteria or by improving the
host physiology. The combination of different prebiotics may
yield a combination that enhances fermentation throughout the
entire length of the large intestine, since some oligosaccharides
will be rapidly utilised and the resistant starches may be more
slowly degraded. One study investigated the combination of
wheat bran with resistant starch in the diet of pigs. The wheat
bran shifted fermentation of the resistant starch further distally
and resulted in significantly higher concentrations of butyrate
and lower ammonia in the distal colonic regions (101).

The usc of synbiotics for reducing the risk of colon cancer has
also been investigated to a limited extent. Reddy et al. (102)
showed a suppression in the development of abberant crypt foci
(ACF) when inulin or oligofructose (10% of the diet) was
ingested together with a Bifidobacterium longum. Similarly,
Rowland et al. (63) observed a significant reduction in preneo-
plastic lesions when B. longum was given orally together with
inulin. The suppression was noted during the promotional phase
of development of the lesions and shown to be more efficient
than either the B. longum or the inulin alone. A reduction was
observed in the total number of ACF, the number of foci with one
to three aberrant crypts per foci and the number of large foci (four
or more aberrant crypts per foci).

Improved robustness of probiotics

Bifidobacteria adhere to the amylomaize starch granules and are
more resistant to undesirable conditions when associated with
the granules. It is shown that the amylomaize starch can protect
the probiotic bacteria from low pH and bile acids and hence
ensure more viable probiotic cells in the gastrointestinal tract
(99). In this study, survival of Bifidobacterium cells at low pH
and in the presence of bile acids was investigated in the absence
and presence of amylomaize starch granules. The presence of
amylomaize starch granules resulted in enhanced survival with
1000 times more viable cells exposed to low pH and 100 times
more cells in the presence of bile acids. A 10-fold increase in
recovery rates of an orally administered Bifidobacterium strain
was obtained in vivo when the amylomaize starch granules were
included with the Bifidobacterium cells prior to oral admini-
stration. Furthermore, the addition of the amylomaize starch to
low pH foods such as yoghurt, can improve the survival of
probiotic bacteria in the yoghurt. Probiotic preparations will be
more efficacious if the viability can be maintained both in the
food and in the digestive tract. The culture protagonist activity of
oligosaccharides has not yet been explored, however, it has been
reported that fructo-oligosaccharide improves the resistance of a
Bifidobacterium animalis strain to bile acids when compared to
glucose and fructose (103). This effect was not demonstrable
when these authors used a strain of Bifidobacterium breve and a
Bifidobacterium longum. This capacity to improved robustness
of probiotic cultures is not covered by the prebiotic definition
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and therefore needs to be defined separately. The term Culture
Protagonistis proposed to refer to acomponent that promotes the
survival of probiotics during production and storage, in the food
and within the digestive tract.

Conclusions and future perspectives

It is well established that ingestion of prebiotics can elevate
indigenous bifidobacterium and lactobacillus levels in the colon.
While there is a body of evidence that oligosaccharides elevate
desirable bacteria, resistant starch prebiotic work is in its
infancy. Further clinical trials are needed to demonstrate the
positive effects on health of prebiotics and synbiotics. These
studies would be strengthened by understanding mechanisms of
function, and by the application of molecular tools for charac-
terising alterations in the microbial profiles of the colonic micro-
bes. The function of resistant starch granules, and possibly other
structural elements such as plant cell-wall fragments, as culture
protagonists, needs further evaluation. The ideal prebiotic could
be developed for specific applications by using a check list which
identifies the following parameters:

(a) how rapidly the prebiotic will be utilised, () where in the
tract it will be utilised, (¢) to what extent it will be fermented, (d)
which particular indigenous microbes will be enhanced and
which will be suppressed (e) identification of the fermentation
products.

The development of novel prebiotics that are target and site
specific will allow added heath benefits to be achieved. It is
envisaged that poor health conditions that are linked to the
indigenous microbes can be influenced by the application of
prebiotics and synbiotics.
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