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Physiological effects of dietary carbohydrates in the large
bowel: Is there a need to recognize dietary fibre

equivalents?

David L. Topping BSc, PhD

CSIRO Human Nutrition, Adelaide, South Australia, Australia

Diietary carbohydrates entering the large bowel can affect its physiology either through their physical presence
or by fermentation by the microfjora. Majer fermentative end-products include short chain fatty acids (SCFA).
In adults the principal acids are acetate, propionate and butyrate which act to promote normat colonic function
and may mediate many effects ascribed formerly to dietary fibre. Butyrate is thought to be especially important

for the maintenance of a normal colonocyte populatio

1. Short chain fatty acid levels appear to be high in the

human proximal colon and fall towards the distal region through their uptake on passage of the faecal stream.
This distribution is important as most large bowel pathology occurs in the distal colon. While non-starch
polysaccharides (NSP), major ‘components of dietary fibre, are important fermentative subsirates, resistant
starch (RS) may be yore significant guantitatively. Thus, large bowel SCFA are raised by the consumption of
fibre but the magnitude of the change is variable. Ceriain processed foods appear to contain substantial amounts
of RS which can produce major elevations in SCFA. However, the changes in total and individual SCEA are not
aniform between foods so that an RS source which can be nsed as a manufacturing ingredient has considerable
potential benefit. High amylose starches are one sich option and consumption of foods containing them
increases faceal SCPA and butyrate. Acylated starches represent a further improvement on such starches as they
should survive processing conditions of high temperature and moisture which would gelatinize high amylose
starches. Acylated starches have been shown to raise large bowel SCFA in rats and are being examined for their
potential to defiver specific acids. These starches and other novel prodocts which can improve large bowel
health are not assayed in current fibre apalyses. It may be time to think in terms of ‘fibre equivalents’ so as to
include carbohydrates which are not from iraditional fibre sources but have physiological actions similar o

fibre.
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Introduction
Consumption of carbohydrate-rich foods is believed to con-
fer-a number of benefits in terms of the lessened risk of non-
infectious degenerative diseases. In the case of the large
bowel, this translates to an expectation of protection against
conditions such as constipation, diverticular disease and
colorectal cancer, For dietary carbohydrates to influence the
large bowel directly they must bypass digestion in the small
intestine. This is known to be the case for a wide range of nat-
urally occurring plant non-starch polysaccharides (NSP)
which are major components of dietary fibre and for which
the human small intestine lacks the intrinsic hydrolases.!
Other natural or synthetic carbohydrates such as tfructo-
and galacto-oligosaccharides, laciose, sorbitol and lactulose
also may escape digestion either through a similar enzyme
deficit or absorption through the lack of a suitable transport
mechanism. Additionally, a significant fraction of ingested
starch (resistant starch (RS)) escapes small intestinal amylo-
lysis for a number of reasons. These include physical in-
accessibility, granular structure or lack of gelatinization
and/or retrogradation and chemical modification (Table 1).2
In the caccum and colon these carbohydrates can affect
large bowel function in two ways. Firstly, they can increase
digesta mass and, hence, faecal bulk. This has been shown
for wheat bran which raises stool mass in a dose-dependent

marnmner? through passage of undigested fibre (mainly as NSFP
with a small amount of lignin).* Wheat bran and similar food
products are effective in the rapid promotion of laxation® and

in reducing the risk of diverticular discase in the long term.®

While some fibre-rich foods affect the large bowel through
their physical presence, it appears that the actions of many
are mediated through short chain fatty acids (SCFA} pro-
duced by the fermentation of dietary carbohydrates by the
resident microflora. This appears to be the case for RS, which
may be a very important fuel for the colonic bacteria.

Short chain fatty acid production and actions of dietary
carbohydrates in the large bowel

Short chain fatty acids are produced through the anaerobic
fermentation of carbohydrates by a complex colonic bacter-
ial ecosystem.! In essence, the reactions are carried out by the
bacterda in order to provide metabolizable energy for their
growth and cellular maintenance. These organisms derive
nitrogen either from protein or as NH, from urea via the
urease reaction. Acetate, propionate and butyrate are the
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Table 1. Nutritional classification of resistant starches

Types of resistant starch Examples of occurrence

RS1 — Physicaily inaccessible Partly milled grains and seeds

RS2 — Resistant granules Raw potato, green banana, pulses,
high amylose starches

Cooked and cooled potato, bread,
cornflakes

Etherised, esterified, cross-bonded
starches (used in processed foods)

RS3 - Retrograded

RS4 — Chemically modified

major SCFA produced by this fermentation in normal adult
humans and generally they are present in faecal samples in
the following order: acetate > propionate = butyrate. Lesser
arnounts of other acids, inchsding lactate, succinate and for-
mate, can occur and branched chain acids may be produced
through the degradation of amino acids. In addition to SCFA,
other end-products of fermentation include heat, water and
gases: CO,, CH, and H,.

While this paper is directed towards a review of large
bowel metabolism in humans consuming adult foods, it
should be noted that the fermentative products in milk-fed
infants are rather different. In faecal samples from these chil-
dren, acetate is a major acid (as in adults) but the contribution
of butyrate seems to be very low.? Studies with faecal inoc-
ula suggest that substantial quantities of other metabolites,
including formate and ethanol, may be formed in infants.?
The significance of this particular product profile to the
colonic physiology of infants needs to be established.

Short chain fatty acids are the major anions in the large
bowel of humans and other omnivores such as the dog and
pig.? These acids exert a number of actions on large bowel
metabolism which appear to be critical to the maintenance of
normat colonic function (for detailed reviews of SCFA

_ action, see Cummings er al.).!? One effect which appears to

be common (at least for the major acids) is a lowering of
luminal pH. This is thought to be of benefit as a more acid
colenic environment leads to inhibition of the growth of pH-
sensttive pathogenic organisms. Moreover, under acid condi-
tions basic compounds with toxic or carcinogenic potential
become ionized and so are not absorbed by the mucosa, while
acidic potential carcinogens such as secondary bile acids or
free fatty acids may become insoluble through loss of
ionization.

All of the major SCFA appear to stimulate colonic blood
flow and muscular activity and they also appear to promote
the absorption of cations, especialty Na*, K+ and Ca2*. There
is also some evidence that SCFA (or at least fermentation)
slows upper intestinal transit through activation of the ileo-
colonic brake.!! In the large bowel, acetate, propionate and
butyrate seem to promote colonocyte proliferation but
butyrate alone seems to have specific benefits. In addition to
repairing diversion and ulcerative colitis, butyrate appears to
be a major metabolic fuel for normal colonocytes. As is dis-
cussed elsewhere in this symposium, abundant in vitro data
show that this acid acts to promote a normal phenotype in
colonocytes and to oppose the growth of malignant cells,
although confirmation of this effect in vive remains to be
obtained.

The distribiition of colonic short chain fatty acids in
humans: Implications for large bowel health
Consideration of the anatomy of the human large bowel sug-
gests that fermentation should be localized in the caecum and
proximal colon as these are the regions closest to the small
intestine. Consequently, they are the first to encounter the
digesta stream after it has passed though the ileocaecal valve
and are the regions of the large bowel where the concentra-
tion of potential fermentative substrates should be highest. It
follows that fermentation should be most rapid in the proxi-
mal hind gut and that SCFA levels should also be highest in
that area, reflecting their greater production. Additionally, it
would be expected that SCFA availability should fall towards
the distal colon through their absorption and metabolism
coupled with diminished formation through substrate deple-
tion. Early comparative studies in animals suggested that this
was the case with high concentrations of SCFA solutions in
the proximal bind gut, declining towards the distal colon.!2
This profile has been confirmed in subsequent studies in
pigs fed diets containing various sources of fibre.!3-15 Com-
parable studies in humans are difficult for a number of obvi-
ous ethical and logistic reasons, although Cummings er al.
have made determinations of SCFA in trauma victims.!6
Manifestly, this approach is a very limited one from the
standpoint of systemaiic experimentation, as are studies in
which the colon is intubated. One means of accessing digesta
contents directly in humans is to examine SCFA in the stomal
effluent from surgical patients. Such an investigation has
been done in individuals with ileostomy and transverse or
sigmoid colostomy when it was reported that SCFA levels
were very low in ileal effluent, high in collections from the
transverse colon and low in those from the sigmoid colon.17
This profile is very similar to that recorded in pigs and
accords with the concept that human SCEA production pre-
dominates in the proximal colon and that the availability of
these acids may be limited in the distal colon. This is an
important consideration as the risk of important colonic
pathologies such as colorectal cancer is much greater in the
distal colon.!® If, as appears likely, the limited availability of
SCFA (especially butyrate) in the distal colon is a factor in
such discase states, then means of delivering them to that
region may be of great benefit in improving disease risk.

Studying bowel short chain fatty acids: The need for
animal models

An understanding of the factors which influence human
colenic SCFA is critical in designing strategies to effect their
delivery to the organ as a whole as well as to the sites of max-
imum need. Surgical patients are one means of achieving this
goal and a limited study in eight individuals with transverse
colostomy has shown that it is possible to modify large bowel
SCFA.9 This was achieved by feeding either a wheat bran or
an oat plus barley breakfast cereal. Butyrate excretion was
unchanged over the 5 days of the experimental trial in the
former group but declined on day 5 when the subjects con-
stumed the oat plus barley product.

While these data are generally similar to those obtained
from animals, they show the limitations of studies in surgical
patients. It proved difficult to recruit individuals with stoma
in the proximal colon and the time for which they were avail-
able to participate in the study was short. There are also two
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intrinsic problems, that is, that such patients have had a seri-
ous organic disease and that they have undergone surgery for
this problem; both are Tactors which could compromise the
data. Clearly, the limited avenues for human experimentation
necessitate the use of suitable animal models. While the rat is
used widely, it has a number of deficiencies including the fact
that it is a caecal fermenter and has a complex musculature
which retains fermentable material in the caecum.? Conse-
quently, the distribution of SCFA in the large bowel? is quite
dissimilar to that in humans. Further, rats practice faccal
refection, the abolition of which has effects on large bowel
SCFA which are dependent on the type of dietary fibre which
is fed.?) Finally, rats do not possess a gallbladder which
means that they are recycling bile acids semicontinuously.
This is an important difference between this species and
humans and may influence SCFA as animal studies show that
greater bile acid excretion lowers large bowel butyrate
levels.??

Of the animal species which are available, the pig appears
to be the most suitable as it has a gastrointestinal system
close to humans with a gallbladder and a comparable caecum
and colon. However, the porcine large bowel is rather large
in comparison to humans, which necessitates the feeding of
large quantities of fibre.2* Pigs eat a very wide range of com-
mon human foods in quantities reasonably similar fo those
eaten by people. When they consume diets enriched in NSP
by the addition of fibre concentrates such as rice bran'4 or
wheat bran, !5 total large bowel digesta mass and SCFA pools
are elevated, consistent with human faecal data.

Foods and large bowel short chain fatty acids: Analytical
versus physiological resistant starch

Although the data from pigs show that increased NSP con-
sumption raises large bowel SCFA pools and digesta masses,
they show also that these variables are disproportionately
higher when certain foods are fed at levels of NSP equivalent
to fibre concentrates. For example, when brown rice or
canned navy (baked} beans are fed, both SCFA and digesta
are higher by 150% or more in comparison with rice or wheat
bran, respectively.)®15 The difference has been ascribed to
starch which has escaped small intestinal digestion even
though the RS content of the former foods is quite low when
measured by standard techniques. The latter measure of RS
has been termed ‘analytical RS’ while that determined in vivo
as increases in SCFA or digesta has been described as “phys-
iological RS’ .24 Physiological RS can add considerably to the
effective fibre content of a food in its influence on large
howel fermentation and this can have a greater impact on
bowel health and disease risk greater than might be suggested
by the analytical data.

Studies with pigs offer further insights into the relation-
ships between diet and the distribution of SCFA in the large
bowel. From studies in vitro with human faecal inocula® it
has been assumed that RS fermentation favoured butyrate
production; an effect which could belp to account for the
relationship between greater starch consumption and dimin-
ished risk of colorectal cancer obtained from a meta-analysis
of human population studies.2¢ However, the animal data
show that not all sources of RS are equivalent in their effects
on SCFA. The fermentation of baked beans appeared (o
favour propionate production while that of brown rice

enhanced butyrate. One reason for this difference lies in ndi-
vidual variation in the large bowel bacteria. This may occur
in people as the faecal flora in some individuals appears to be
unable to ferment some forms of RS.27 These differences
need not be an effect of starch alone given the su ggestion in
a recent report that in rats, the type of dietary protein may
influence large bowel RS fermentation both in terms of rate
and the SCFA which are formed.?®

A further point which emerges from studies in pigs is that
not only does diet affect the molar ratios of the SCFA which
are formed, but also it influences their distribution along the
colon. Thus, with baked beans, total SCFA fevels were rela-
tively high in the proximal colon compared with brown rice
where the acids were disproportionately higher in the distal -
colon. These data are of some relevance to the risk of human
targe howel disease which is greatest in the region where
other risk factors may be high and SCFA are lowest.??
Equally importantly, it appears that SCFA levels in the distal
colon cannot be predicted from those in the proximal region.
The most likely explanation for this variation between foods |
is the rate of fermentation in relation to their carriage along :
the colon in the digesta stream. This would account for the -
lack of change in faecal SCFA following consumption of
some forms of RS despite evidence of significant colonic fer-
mentation as evidenced by increased breath H, evolution 3

These animal data have revealed an additional, poten-
tially important, factor which is not always addressed in
human feeding trials, that is, adaptive changes in the
microflora in response to dietary change. That this could be
an influence has been shown in a further comparative study
in which pigs were fed brown rice or white rice plus rice bran |
(controls) for 3 weeks.3! Faecal samples taken at weekly -
intervais showed that starch excretion was higher in the :
brown rice group during week 1 but declined to the levels :
found in animals fed rice bran in week 2. Excretion of SCFA
(including butyrate) showed a similar pattern although values
remained significantly higher than in controls at week 2. One
explanation for this profile is the time taken for the colonic
microflora to adapt to new foods. If this is the case, thep stud- 2
jes on RS and SCFA production should be designed to ensure
that any acute adaptive effects are maintained in the longer -
term.

R
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High amylose and chemically modified starches as a

means of increasing the resistant starch content of foods
The sum of the animal and (relatively limited) human data
indicate that increased bioavailability of SCFA, especially -
butyrate, in the distal colon is important for the promotion of .
large bowel health and reducing the risk of serious illnesses
including cancer. It appears that some starchy processed
foods are particularly effective in achieving this aim through -
their intrinsic RS content. However, the consumplion of
starches in Australia is relatively low by international stan-
dards so that efforts to increase the consumption of such"?fé

R G

foods could well require substantial promotional and educa-
tional efforts.?® An alternative is to raise the RS content of &
other processed foods by fortification, that is, through the o
addition of particular types of RS. This has been achieved %
through the use of high amylose starches which are mor¢ %

.

resistant to gelatinization and retrograde more rapidly on
cooling than do starches high in amylopectin.? Studies by van
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Munster ¢f al. in human volunteers showed that a consump-
tion of high amylose starch promoted SCFA excretion and
changed the profile of other faecal variables (such as pH and
secondary bile acids) to favour large bowel health.32 In
Australia a high amylose starch has been incorporated into a
range of food products including bread and breakfast cereals
and consumption of such products has been shown to
enhance SCFA and butyrate excretion.3 Clearly, if these data
translate to the general population who consume such
products, they promise to improve large bowel health con-
siderably. '

While high amylose starches can raise the RS content of
certain foods, their application is inherently limited as they
may become gelatinized (and hence susceptible to small
intestinal amylolysis) under the conditions of heat and mois-
ture used in food processing. There is also the limitation that
the products of RS fermentation depend on the mix of bacte-
rial species in an individual’s colon. There appears to be
scope for a cheap and effective means of delivering specific
SCFA to the distal large bowel which is less susceptible to
these influences. This may be achieved by using carbo-
hydrates, specifically starches, acylated with the desired
SCFA. Such starches are resistant to small intestinal amylo-
lysis and so pass into the large bowel. This ateribute has been
explored recently in a study where it was shown that starches
modified through either acetylation or attachment of B-
cyclodextrin gave lower glycaemic indices than did unmodi-
fied starches.

The potential of acylated starches to deliver SCFA to the
large bowel appears to be largely unexplored. We have exam-
ined this possibility in rats fed either a control starch or a
starch acylated to a level of 5% with either acetate, propi-
onate or butyrate.3> Short chain fatty acid concentrations and
pools were low in the caecum and colon of rats fed the
unmodified (control) starch. In animals fed the acylated
starches fotal SCFA were raised in all regions of the large
bowel although digesta mass was raised only in the caecum.
These higher SCFA values presumably reflect the fermenta-
tion of the RS present in those diets. However, the greatest
increase in each case was in the particular SCFA acylated to
the starch. Thus, the highest levels of butyrate were found in
rats fed the butyrylated starch. These data are consistent with
the passage of RS4 into the caecum followed by release of
the acyl units (due to bacterial lipase and/or esterase activity),
and hydrolysis of the residual starch with fermentation of the
relecased glucose. Acylated starches have the advantage that,
as RS54, they are free of some of the problems associated with
other types of RS, especially in food processing. Thus, acy-
lated starches should be able to survive the conditions of heat
and moisture which lead to gelatinization of other starches.
Products containing these starches are currently under devel-
opment.

Expanding the definition of dietary fibre to include new
carbohydrates: The concept of ‘fibre equivalents’

When Burkitt, Trowell and coworkers carried out the pio-
reering work which led to what has become known as the
‘fibre hypothesis’, they were comparing disease risks in a
population of native Africans consuming an unrefined diet
with Europeans eating highly processed foods.36 Only subse-
quently did attention shift from the diet as a whole to the fibre

component. iarge]y because of the importance of fibre in the
nutrition of ruminant farm animals (for which plant cell wall
polysaccharides are very important as substrates for the
rumen microflora), the analytical technology was relatively
restricted in the range of carbohydrates which were mea-
sured. Effectively, adequate analysis was limited to foods
{such as wheat bran) which were high in what has become
known as ‘insoluble fibre’ or ‘roughage’. Only latterly has
the methodology become available to measure the full range
of carbohydrates which meet the definition of dietary fibre as
the structural and exudative polysaccharides of plants (plus
lignin) which are not digested in the human small intestine
but pass into the large bowel. However, this definition stiil
hinges on the indigestibility of structural and exudative poly-
saccharides and overlooks storage and other carbohydrates
which escape small intestinal digestion. In essence, it is a
coupling of origin with chemical composition and analysis.

This approach tends to minimize the potential for foods
containing dietary .fibre to improve health, which would
seem to be the reason for interest in them in the first place.
Thus, wheat bran might be high in inscluble NSP (which
would be reflected in analytical values for fibre) but one
could argue that its capacity to promote laxation was much
more pertinent to health scientists and consumers. Such an
argumnent would accord with the recent granting of a health
claim by the United States Food and Drug Administration for
oat bran to be recognized as a dietary aid for the lowering of
plasma cholesterol.37 The balance of the evidence favours the
soluble fibre component of such foods as the active agent.
Should that be the case, other compounds could be regarded
as equivalent to fibre in this regard and hydroxypropyl
methylcellulose (HPMC) is a ready example. Based on ani-
mal studies, this synthetic polysaccharide, not degraded by
human small intestinal enzymes, appears to be a very effec-
tive cholesterol lowering agent.3® Further, the lowering of
plasma cholesterol by HPMC appears to be through either
greater faecal steroid excretion or diminished small intestinal
steroid absorption, both of which are candidate mechanisms
for the hypocholesterolaemic action of ‘natural’ NSP such as
B-glucan from oats.

It is to be expected that other instances of the fibre-like
actions of novel foods and food ingredients which are not
recognized as fibre currently will emerge. Thus, it may be
appropriate to consider such carbohydrates and other food
components which have those actions as ‘fibre equiva-
lents® 3¢ This concept of equivalence is established for vita-
min A and, more recently, has been proposed for folate.3?
Fibre equivalents could be defined as carbohydrates from any
source having actions similar to those described for fibre; for
example, faecal bulking, cholesterol reduction, laxation, fer-
mentation (with SCFA production) and modification of the
large bowel flora. This list is not exhaustive and recognizes
major effects only. Nevertheless, it does open up the possi-
bility of measuring fibre in physiological terms although
analyses are required in order to meet the needs of nutrient
labelling and consumer education. Such a change would
enable all non-digested carbohydrates (and other food com-
ponents) to be ranked in terms of their effectiveness in par-
ticular areas of fibre action.
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