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Location of colonic fermentation events: Importance of
combining resistant starch with dietary fibre
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Dietary carbohydrates which escape digestion may be important in protecting against colon cancer. The two
major forms of carbohydrate to reach the colon are non-starch polysaccharide (NSP) and resistant starch (RS).
Any carbohydrate that reaches the large bowel is fermented by colonic microflora to products including gases
and short chain fatty acids (SCFA). The type of byproduct produced is largely dictated by the subsirate
undergoing fermentation. Beneficial effccts of indigestible carbohydrates include increased faecal bulk; reduced
intestinal transit time; lower luminal pH; increased SCFA production (particularly butyrate); and lower
concentrations of potentially damaging bile acids, ammonia and phenols. Butyrate appears to have anti-tumour-
(the major component of dietary fibre) have a broad range of
effects cn large bowel physiology. Experimental evidence to date suggests that wheat cereal fibre {rich in slowly
fermented, insoluble NSP) may be most protective against colon cancer. Resistant starch has emerged as another
major dietary determinant of large bowel function. Resistant starch appears to be rapidly fermented early during
transit through the colon, producing SCFA and lowering Juminal pH and concentrations of ammenia and
phenols. While RS has no great impact on faecal bulking or transit time, RS-fermentation does produce more
butyrate than the fermentation of NSP. In humans most colonic tumonrs oceur in the distal portion of the colon.
Thus it is important to consider the best combination of indigestible carbohydrate (RS and NSP} needed to
produce the most optimal fermentation-dependent parameters at this site. Protective effects may relate to the
supply of SCFA (especially butyrate), low luminal pH and dilution of toxic byproducts at the location where
neoplasm accurs: the distal colon. Resistant starch provides a rich source of highly fermentable carbohydrate
but is degraded too early in its intestinal transit. Thus slowly fermentable, insoluble NSP could act as a carrier to
propel RS into the distal colon. The combination of RS an
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colon cancer.
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d insoluble NSP may contribute to the prevention of

Introduction
In affluent Western countries such as Australia, the incidence
of colon cancer is high, while in developing Asian countries
such as India and China the incidence is low (Fig. 1).8:2
Studies on migration from Africa and Asta to Western coun-
tries have provided particularly strong evidence that colon
cancer is sensitive to environmentat influences, particularly
dietary change, with incidence rafes sometimes reaching
those of the host country within one generation.! The major
causative dietary factors are fat and meat while plant food
provides a range of protective fictors.1-¢

Plants are composed of a range of complex carbo-
hydrates, in addition to factors such as antioxidants, each of
which may have a different but protective role to play.
Indeed, carbohydrate-enriched plani foods have probably had
an important role in protecting against many of the so-cailed
diseases of affluence including cardiovascular disease, non-
insulin dependent diabetes as welt as colon cancer.” In rela-
tion to colon cancer protection, indigestible carbohydrate
fractions of plants are of particular importance.

This discussion will focus on the role of complex carbo-
hydrates (i.c. non-starch polysaccharides and starch) in pro-
moting colonic health, with emphasis on fermentative events

within the colon and their putative relationship to colon
cancer in humans.

Major classes of carbohydrate in the human diet
Much research on the protective role of dietary carbohydrates -
has concentrated on ‘dietary fibre’. Population studies on
fibre have, however, often produced resulss that are both dif-
ficult to interpret and misleading.® While some studies report
protective effects for dietary fibre, others do not.1-2 A better
approach in the future may be to use ‘markers’ of carbo-
hydeate-rich foods because when epidemiological studies are
re-evaluated using whole grains, cereals and cereal fibre
instead of ‘dietary fibre’, a more consistently protective
effect has been found.? :

Some of the confusion in this area appears to relate to the
continued difficulty in defining and measuring the different
classes of carbohydrate. Dietary carbohydrates can be
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broadly divided into digestible and . indigestible classes
(Fig. 2).% The major types of carbohydrate that are digested
and ahsorbed in the small intestine include sugars (ghucose,
fructose, sucrose and lactose) and starch.® The major types of
carbohydrate to reach the colon undigested include non-
starch polysaccharides (NSP), resistant. starch (RS) and
short-chain carbohydrates (SC).8% Short-chain carbo-
hydrates, a term proposed by Englyst and Hudson (1996),
includes naturally occurring fructans and galactans as well as
synthetically produced fructo-oligosaccharides, pyrodextrins
and Polydextrose.? For example, inulin would fit into the SC
category. In addition, some SC will originate from the partial
breakdown of RS. As can be seen from Fig. 2, the major
component of ‘dietary fibre’ as measured by the Association
of Analytical Chemists (AOAC) method, is NSP. The AOAC
method also includes in its estimation for measuring ‘dietary
fibre’ lignin as well as some Maillard reaction products and
some forms of RS (which are generated by food processing
and treatment of analytical samples).?

The measurement of total dietary fibre represents most
but not all of the carbohydrate reaching the colon. Similarly,
measurement of NSP will represent only one component of
the carbohydrate reaching the colon undigested. It is gener-
ally agreed that the amount of carbohydrate that reaches the
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Figure 1. International comparison of incidence of colon cancer.?
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Figare 2. Classification of carbohydrates into digested and undigested
categories. SC, Short-chain carbohydrates. RS, resistant starch; RS1, RS
type 1; RS2, RS type 2; (RS2), some forms of RS type 2; RS3, RS type
3; N8P, non-starch polysaccharides; AOAC, Association of Analytical
Chermnists. Adapted from Asp.®

colon undigésted is greatly underestimated because while
approximately 60-70 g of carbohydrate per day would be
necessary to sustain the colonic bacterial biomass,1911 a
typical affluent Western diet is found by present methods to
provide only approximately 15-25g undigested carbo-
hydrate per day. To date, there is no single analytical method
for predicting the quantities of carbohydrate reaching the
colon. Clearly this s an important area for future research.

Carbohydrates which reach the colon undigested have the
potential to affect the process of carcinogenesis in the colon.
It is the metabolism of this indigestible carbohydrate by
endogenous colonic bacteria which generates a luminal
milieu that can inflnence the development of a wide range of
bowel diseases including cancer.

Fermentation of undigested carbohydrate reaching the
colon

Carbohyrate which escapes digestion is a potential substrate
for colonic fermentation. The products of fermentation
include gases (CO,, CH,, H,), short chain fatty acids (SCFA)
(acetate, propionate and butyrate), lactate and branched chain
fatty acids (isobutyrate, isovalerate)'L.12 The type and
amount of by-product is dictated by the substrate undergoing
fermentation. Short chain fatty acids are the principal end-
products of colonic fermentation and are produced in the
approximate molar ratio of 60:25:15 (acetate, propionate and
butyrate, respectively).!l-:2 The major types of carbohydrate
to reach the colon are NSP and RS and the products of starch
degradation.

Fermentation of non-starch polysaccharides (dietary
fibre)
It is now well established that NSP, the main component of
dietary fibre, has a broad range of effects on large bowel
physiology. The major classes of NSP are the following: (1)
soluble/rapidly fermented NSP; and (ii) insoluble/slowly
fermented NSP. Cereal fibres are rich sources of insoluble
NSP {(e.g. wheat bran), while vegetables and fruit are rich
sources of soluble NSF (e.g. pectin). The amount of NSP in
the human colon is largely governed by dietary consump-
tion.3 The most recent Australian National Nutrition Survey,
conducted in 1995, indicates that Australian men consume
approximately 26 g of dietary fibre per day while women
consume 20 g per day.!* The CSIRO National Dietary Sur-
veys collected in 1993 determined that Australians consumed
21 g of NSP per day, 9 g from soluble NSP and 12 ¢ from
insoluble NSP.I5 Experimental evidence involving humans
strongly suggests that wheat cereal fibre (rich in slowly
fermented NSP) may be the most protective against colon
cancer.16

Many of the beneficial effects of NSP are linked to the
process of colonic fermentation. The products of NSP
fermentation include gases (CO,, CH,, H,), SCFA (acetate,
propionate and butyrate) and lactate.12 Short chain fatty
acids, the major by-products, have several actions that appear
relevant to maintaining the health of the large bowel. They
are rapidly absorbed by the colonic mucosa, promoting water
and sodium absorption, and thereby preventing osmotic
diarrhoea.'” Also, together with lactate, they help to acidify
the colonic lumen.!!12 A low pH reduces the bacterial con-
version of primary bile acids into secondary bile acids.18 In
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addition, a low pH can affect other processes including the
iomization of SCFA; epithelial proliferation; the balance of
bacterial species; bacterial metabolism of ingested carcino-
gens; bacterial activation of oxygen free radicals; the activity
of bacterial enzymes (e.g. B-glucosidase, B-glucuronidase):
and faecal water cytotoxicity.'8-20 Some of these actions may
provide a degree of protection against bowel cancer.

There is strong evidence that the SCFA butyrate is impor-
tant for the metabolic welfare of the epithelium of the large
bowel. Butyrate is utilized as an important energy source by
the colonocyte, the main cell type in the colon.?! Butyrate
also has a range of effects particularly relevant to bowel
cancer. It ‘stabilizes’ DNA by inhibiting histone deacetyl-
ase2? and increasing methylation of DNA;? it induces differ-
entiation; and it reduces the growth rate in a range of
mammalian cells, including colorectal cancer cell lines.?4
Recent interest has also focused on the effects of butyrate on
induction of apoptosis (i.e. programmed cell death) of
colonic epithelial cells? (see Graeme Young ef al )26

The capacity of rich sources of insoluble/slowly fer-
mented NSP, such as wheat bran, to increase faecal bulk and
reduce transit time are well established.®!! The increase in
faecal mass is due to an increase in both bacteria and water
content. Some water may also be retained within the structure
of remaining non-degraded fibre (e.g. lignin in bran).!! An
increase in stool mass is important in relief of constipation
and in the prevention of diverticulosis and anorectal disor-
ders such as haemorrhoids. Bulkier stools may also enable a
dilution of potential toxic compounds, with important impli-
cations for reducing the risk of bowel cancer.® The ability of
cereal fibre to increase stool bulk and to dilute potential car-
cinogens and tumour promoters is one of the most thoroughly
tested and well established mechanisms of fibre action.*?

Strong evidence for the importance of wheat cereal NSP
in the diet for protection against carcinogenesis can be gained
from the recently completed Australian Polyp Prevention
Project. This randomized conrolled trial in volunteers with
previous adenoma established that low fat diets with high
fibre intake {from wheat bran) reduced the appearance of
large adenoma at 2 and 4 years. !0

Resistant starch: Another carbohydrate substrate for
colonic fermentation

Resistant starch is emerging as another major dietary deter-
minant of large bowel function in humans. For example, RS,
iike NSP, acts as a substrate for fermentation.?8-* This area
has attracted great research interest because it appears that
the fermentation of starch produces significantly more
butyrate than the fermentation of NSP.36

Three main types of RS occur naturally in the human diet:
RSS, physically inaccessible starch (e.g. coarsely ground
grains and cereals); RS2, ungelatinized starch granules (e.g.
green banana, high amylose starch, raw potato); and RS3, re-
crystallized or retrograded polymers (amylose and amylo-
pectin) (e.g. gelatinized and cooled high amylose maize
starch).37 A fourth type of RS, R84, does not occur naturally
and represents chemically modified starches.¥’

As seen in Fig. 2, the AOAC method for measuring
dietary fibre includes some forms of RS in its estimation,
mainly RS3 and some forms of RS?2. The recovered forms of
RS2 are starch granules requiring super atmospheric femper-

atutes to become fully disrupted (e.g. the starch granules
found in high amylose maize). As some of the major types of
RS found in the diet are RS} and RS2 (see Figs 3 and 4),
most RS will not be measured by the AOAC method. RS1 is
destroyed by grinding while RS2 becomes gelatinized when
boiled in the presence of excess water and both grinding and
hoiling are early steps in the AOAC method. Clearly a sepa-
rate test was needed for the determination of RS. While a
number of methods have now been developed, the most
appropriate methods are those that inciude all forms of RS
and that have been validated in an appropriate human model
(e.g. human ileotomy or intubation method). ¥4 It is becom-
ing increasingly apparent that is important to identify the
various types of RS present in food as recent evidence sug-
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gests that, like NSP, different types of RS may have different
physiclogical effects.

Unlike NSP, RS levels in foods can he easily manipulated
through choice of plant variety (e.g. high or low amylose
maize starch) or food processing technique (e.g. grinding/
milling or cycles of cooking and cooling). It is this aspect of
RS which had made it difficult to develop an analytical test
with which to reliably measure levels in foods. The major
types of RS present in unprocessed grains and cereals (ie.
whole grains) are RS1 and RS2 (Fig. 3), while in breads and
cereals typical of a westernized diet RS2 and RS3 are the
major contributors (Fig. 4).42

The total amount of RS reaching the human colon is
influenced greatly by total starch consumption.2* Around
4-5% of total starch intake will reach the colon undi-
gested.4 From studies where a typical Australian diet was
fed to individuals with an ileostomy,* we can predict that
Australian men consume approximately 6 g RS/day while
Australian women consume approximately 4 g/day.#4

The effects of RS on human health are currently being
elucidated; however, it appears that most of the effects of RS
come from localized effects in the large bowel. A number of
reports, including our own work, now describe the physio-
logical effects of RS on the large bowel of humans, 2835
Resistant starch raised faecal SCFA (including buty-
rate},28:30.3134 Jowered faecal pH,3! reduced colonic cell pro-
liferation,3® and lowered secondary bile acid concentration in
human faecal water.3033 Our group has also observed  clear
relationship (»=0.84, P <0.01) between starch content in
the faeces and faecal butyrate excretion. This is consistent
with previous in vitro evidence that starch is a good substrate
for the production of butyrate.3!

Although findings are inconsistent, some reports have
indicated that RS has beneficial effects on faecal bulking and
gut transit time.?%31-3 The response may depend on both the
quantity and type of RS consumed. Cummings er al. recently
reported that effects on bulking were greater with RS3 (from
retrograded maize and wheat) than with RS? (potato and
green banana).’?2 They also found that RS2 (from green
banana) defayed whole gut transit, while the bran NSP group
increased it.32 To date, effects of all forms of RS on bulking
and transit are considerably Jess than bran NSP32 The most
tikely explanation for this difference relates to the extent to
which RS and bran NSP are fermented: approximately
80-90% of RS but only 40% of bran NSP entering the colon
are fermented (i.e. not recovered in faeces).31-33

Interactions between undigested carbohydrate and
protein in the colon
Protein is also an tmportant, but much Jess studied, dietary
component that may escape digestion.”! As much as 12 gof
undigested protein may enter the colon per day.!'':45 This may
derive both from endogenous sources (i.e. enzymes, mucin,
shed epithelial cells) and also from the diet.!! Diet-derived
protein reaching the colon generally exceeds that from
endogenous sources.*s To date, lite is known of factors
affecting protein digestibility in the small intestine of
humans, although there is evidence that the physical form
(e.g. whole vs pureed legumes) can be important.#5

As with undigested carbohydrate, protein which reaches
the colon undigested is metabolized by the colonic

e

microflora to end-products which include iso-derivatives of
SCFA (isobutyric and isovaleric acids), phenol, cresol,
indoles, amines, ammonia and phenylated SCFA, many of
which have adverse effects.!! Ammonia may promote
tumourigenesis by stimulating cell proliferation!t46 and
favouring growth of malignant cells in preference to normal
cells.*® Volatile phenols (p-cresol and phenol), produced
from the bacferial metabolism of aromatic amino acids,
phenylalanine and tyrosine, are promoters of skin cancer and
have been implicated in development of both bladder and
bowel cancer.!!

Fermentable carbohydrates may protect against the build-
up of the undesirable by-products of undigested protein
metabolism. 114748 A pumber of studies have shown that fer-
mentable NSP can lower levels of faecal ammonia, 14749 A
high fibre diet may also lower levels of urinary phenol,
cresol!! and N-nitroso compounds.3® The mechanism for this
action may be through the preferred use of carbohydrate as
an energy substrate by rapidly replicating colonic bacteria.!!
Proliferating bacteria use undigested protein for their nitro-
gen requirements and thus act as ‘nitrogen sinks’,

We have found evidence for these effects in a study on RS
and bowel function.3 In addition to a reduction in levels of
ammonia we also found a decrease of faccal phenols (i.e.
phenol and p-cresol).3S Another study has confirmed our
observation that high RS diets may be useful in reducing the
concentration of faecal ammonia in humans, showing, in
addition, that the effect was specific for RS3 (retrograded
high amylose maize starch) and was not associated with RS2
(uncooked high amylose starch).5!

A summary and comparison of the physiological effects
of RS and soluble and insoluble NSP is given in Tabie 1. In
general, RS is an indigestible carbohydrate with marked
effects on fermentation-dependent parameters i the lumen
(particularly increases in the SCFA butyrate). This contrasts
with rich sources of insoluble NSP (from wheat) which have
most effects on faecal bulking and hastenin g intestinal transit
(Table 1).

Relative eifects on faecal markers relevant to colon
cancer risk between a high-starch Chinese and low-
starch Australian diet

Most dietary studies into the effect of RS on bowet have been
conducted using large quantities of relatively pure sources of
RS {i.e. high amylose maize starches). Our group decided to

Table 1. Summary of the physiological effects of resistant
starch (RS) and soluble and insoluble non-soluble polysac-
charides (NSP) on large bowel function

RS Soluble Insoluble
NSP NSP (e.g.
(e.g. pectin) wheat bran)

Faegal bulking —/+ ~/+ +++
Reduced intestinal transit time — —/+ +H+
Increased SCTA conc. +++ ++ +
increased butyrate conc. +++ — +
Lowered faecal pH ++ + —
Lowered faecal ammonia conc, ++ ++ +
Lowered faecal phenols conc. ++ 7 +

SCFA, short chain fatty acids; cone., concentration: +, positive effect; —,
negative effect; ?, unknown.
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examine the effects of a diet that is naturally high in starch
and RS from a country with a low incidence of colon cancer
(i.e. China) with one naturally low in starch and RS and from
a country with a high incidence of colon cancer (i.e. Aus-
tralia) on faecal markers relevant to colon cancer risk.” The
Australian diet, however, is also high in meat protein and
fat,52 while the diet in China is low in both fat and animal
protein (Table 2).53 Both diets include similar intake of total
dietary fibre — around 3 g dietary fibre per MJ per day.

We hypothesized that the mix of undigested food reach-
ing the colon from a typical Australian diet would create a
milien detrimental to the maintenance of a healthy epithelium
and would generate unfavourable changes in faecal markers
(i.e. faecal output, faecal pH and faecal concentrations of
SCFA, ammonia and phenols). In contrast, a Jow-income
Chinese diet, high in starch, low in meat protein and fat
would be expected to produce a more favourable luminal
environment. The tesults of this study have recently been
published.®*

Twao diets, each based on a 7-day menu, were constructed.
The simulated Australia diet was based on the results of the
1990 survey of 3000 individuals conducted in Victoria, using
the most commonly consumed foods and the mean macro-
nutrient profile reported.5 The low-income Chinese diet was
based on the 1989 China Health and Nutrition Survey involv-
ing 16 000 individuals.>? The composition of the two diets is
shown in Table 2. Starch intake was considerably higher on
the Chinese diet (370 g/day) than on the Australian diet (103
g/day). Twelve human volunteers followed each diet for 3
weeks in a random cross-over design study for which all
meals were provided. Markers were ingested in week 3 for
estimation of transit time. Total faecal output for 5 days was
collected onto dry ice during week 3. Faeces were pooled and
stored at — 70°C before analysis.

Compliance to the low fat, high starch Chinese diet was
evidenced by the significantly lower level of serum total

Table 2. Macronutrient intake during the simulated average
Australian and the low-income Chinese diets (mean = SEM,
n=12)

Australian Chinese
Energy {Ml/day) 9.0+0.6 3.0+0.6
Total protein (g/day) 80.1+5.6 63940
Animal protein 56.0x3.5 10,6 £33
Vegetable protein 331+2.1 52633
Total fat(g/day) 81.9+35.1 383+24
P:M:S .0.41:0.78:1 0.99:0.82:1
Total carbohydrate (g/day)* 260 + 16 392 £25
Total starch** 108 £ 6.7 31820
Resistant starch** 7805 176+1.1
Total sugars™®* 15205 73.8 = 4.6%%%
Total NSP#* 242+135 137x09
Insoiuble NSP*# 12308 8705
Soluble NSP** 11907 5003

Data represents the average of 7 days. P:M:8, ratio of polyunsaturated to
menounsaturated to saturated faty acids. All values were derived from the
food composition tables except starch, sugars and non-starch
polysaccharides (NSP}, which were measured by laboratory analysis of
pooled sample diets. *Total carbolzydrate = total starch + total sugars;
**megsured by laboratory analysis of pooled sample diets; **¥the high
sugar fraction of the Chinese diet was due to a high proportion of maltose
(60 g/day), a product of starch breakdown. Data adapted from refereace 54.

cholekteral after this diet than after the Australian diet (mean
+ SEM: 4.17 £ 0.3 vs 5.04 = 0.28 mmol/L, respectively; P <
0.03). As shown in Table 3, with the exception of faecal pH,
the simulated Australian diet produced more favourable
changes to faccal markers believed to be relevant to colon
cancer risk than the simulated Chinese diet, that is, faster
transit through the gut, increased faecal bulk and higher con-
centration of SCFA (including butyrate). Moreover, the con-
centrations of the potentially damaging ammonia, phenols3*
and secondary bile acids were lower during the simulated
Australian diet (Table 3) (M Govers, unpubl. data, 1997).
This was confirmed by a lower faecal water toxicity level
(M Govers, unpubl. data, 1997).

These differences in effects on risk markers between the
two diets could largely be explained in terms of differences
in inscluble NSP. Both intake and faecal excretion of in-
soluble NSP was greater during the Australian diet (Table 3}.
Greater levels of insoluble NSP resulted in greater faecal
bulking and hence dilution of potentially damaging toxic

products (ammonia, phepols) in the luminal environment '

(Table 3).
Our results did not explain the low occurrence of colo-

rectal cancer in China and tend to provide support for those
studies suggesting starch as a causative agent in colon

cancer.? It is interesting, however, to note conments made by

Hill.3 In a recent review, he suggested that the strongest :
evidence for dietary protection against colon cancer comes
from diets enriched with high-fibre cereals (e.g. wheat and :
wheat products) and not from diets enriched with low-fibre "
cereals (i.e. rice and rice products}.’ Moreover, protection by :
‘cereals’ may be Jess evident in the absence of clear dietary
risk (e.g. high animal fat). It is also interesting to note that a
study comparing colon cancer risk between the Chinese
living in China and the Chinese living in the USA found that :

high saturated fat and lack of exercise were the major deter-
minants of colon cancer risk.®

We suggest that one of the most likely explanations for
our failure to observe mare apparently beneficial changes in ::
faecal markers during the simulated Chinese diet is that fer-
mentable substrates (particularly RS) may have been broken :

Table 3. Effect of simulated Australian and Chinese diets on :'

faecal measurements (mean + SEM, n = 12)5¢

Australian Chinese
Faecal ourput (wet weight g/day) 141 £ 20 86+ 11%
Transit time (h) 567 69 £ 6 **
Faecal pH 6.63 £0.05 6.51 £0.04%
Faecai excretion
Total SCFA (mmol/L) 98.0x£7.6 72.8 £7.3%
Acetate 56.1 £43 39.9 £ 4.3*
Propionate 150+13 12.8 +1.3%
Butyrate 18423 12.2+1.3%
Ammonia (mg/L) 450 = 40 540 + 50%
Phenols (mg/L) 685125 1092+13.2%
Carbohydrate excretion {g/day)
Starch 0.83+0.38 0.82 042
Total NSP 6.21 = 0.88 3.74 = 1.78*
Insoluble NSP 556 x0.72 3.07 £ 0.45%
Soluble NSP 0.65x0.32 0.67x0.13

SCFA, short chain fatty acids. *P < 0.05; **P = 0.06. Data adapted from
reference 54.
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down rapidly high up in the bowel, leaving little intact RS to
reach more distal regions. Faecal pH and concentrations of
SCFA, therefore, did not differ greatly from those found after
the simulated Awustralian diet.> Certainly, these results do not
support placing Australians on diets which are high in starch
for cancer prevention, unless optimal amounts of insoluble
NSP are also present.

L.ocation of fermentation: Relevance to colon cancer

In humans, most colonic tomours occur in the distal portion
of the colon.*® For this reason it is particularly important to
focus on fermentation-dependent events in this region.

It is known that diets differ in their degree and site of
fermentation. For example, on a typical Western diet, the
proximal colon contains the highest levels of undigested
carbohydrate and protein.!! This generates high levels of
SCFA but low levels of ammonia and phenols, and a low pH.
In contrast, by the time the undigested food reaches the distal
colon most available carbohydrate (NSP and RS) has been
fermented. Levels of SCFA are low, concentrations of ammao-
nia and phenols are elevated and the pH rises.!! For this
reason, dietary interventions which result in greater amounts
of undigested carbohydrate reaching the distal colon could be
expected to greatly affect colon cancer risk. This was largely
confirmed by our recent study comparing the Chinese and
Australian diets on faecal markers (see above).

It is also important to consider the best combination of
indigestible carbohydrate (starch and NSP) needed to pro-
duce these effects. Animal studies indicate that rich sources
of insoluble NSP (e.g. wheat bran) generally reduce distal
colonic tumorigenesis while soluble NSP (e.¢. guar and
pectin) do not.3738 This difference appears to be related to the
site of fermentation of these nutrients. For example, in the
rat, guar gum and oat bran are rapidly and completely fer-
mented in the proximal colon and so have little impact on
parameters such as pH and SCFA levels in the distal
colon.5%-38 In contrast, wheat bran is more slowly fermented
and maintains low pH and high SCFA concentrations along
the entire length of the rat large intestine.

It is possible that the protective effects of undigested
carbohydrate may relate to its ability to supply firstly, SCFA
(especially butyrate) and a low luminal pH and secondly, an
energy source for bacterial growth to divert the production of
ammonia and phenols from undigested protein. Optimally,

this should occur at the location where neoplasm occurs, that
is, the distal end of the large intestine. Resistant starch pro-
vides a rich source of highly fermentable carbohydrate but it
is degraded too early in its intestinal transit. Thus, slowly fer-
mentable insoluble NSP could act as a carrier to propel RS
into the distal colon (see Table 1 for comparison of RS and
NSP effects).

Altering the site of fermentation in the pig: Implications
for colon cancer risk in humans

We have recent evidence to support this hypothesis in the
pig.*® The pig appears to be a good model to study the effects
of dietary manipulation on luminal changes which are rele-
vaint to colon cancer risk in humans.

In this study, 24 Large White Landrace, male pigs (initial
bodyweight 60 kg + 1.9 kg) were fed for 21 days (40 MJ
gross energy (GE)/day) one of four diets, which differed only
in RS and insoluble NSP content. Macronutrient composition
including total fibre content was otherwise similar to human
diets. The Control diet contained 10 g RS and 20 g NSP/10
MJ GE. Coarsely ground (< 3 mm) Hi-maize™ (mainly RS1
and RS2}, and wheat bran (ground to <3 mm) were
employed to increase the RS and insoluble NSP content,
respectively, giving diets high in RS (30 ¢ RS/10 MJ GE),
high i insoluble NSP (35 g¢ NSP/10 MJ GE) or high in both
RS and NSP (30 g RS and 35 g NSP/10 MJ GE). CeliteI™
was added to all diets as an indigestible marker. Pigs were
commercially slaughtered on day 21 and intestinal contents
sampled. Samples were analysed for starch, NSP and total
SCFA including butyrate and ammonia.?

The results shown in Table 4 suggest that wheat bran {rich
in insoluble NSP) was effective at shifting the fermentative
process of RS to the distal colon, thereby improving the lumi-
nal conditions as indicated by higher butyrate and lower
arnmnonia levels.® As tumours are most commeon in the distal
colon, the combined intake of RS and insoluble NSP may
allow dietary modulation of colon cancer risk.

Conclusion

Our work suggests the possible importance of combining
indigestible carbohydrates such as RS and NSP (particularly
insoluble NSP) to optimize colonic health, This may be par-
ticularly important given the location of most human
tumours, that is, the distal regton of the large bowel.

Table 4. Fermentation of resistant starch (RS) and non-starch polysaccharides (NSP) (g/day) and effects on butyrate and
ammonia concentration in the proximal and distal regions of the pig colon {1 = 6, mean = SE)

Control RS NSP RS + NSP

Caecum + proximal colon

RS fermented* (g/day) 20x2 57 £ 13%* 15x5 487

NSP fermented (g/day) 19=3 21x3 3409 41z6

Butyrate (mmol/L) 10.7 0.8 17.8 £1.8%* 13015 14.1 £ 0.9

Ammonia (nmol/L} 433 35 £ 3% 45+£2 30+4
Middle + distal colon

RS fermented (g/day) 5x2 13 3 2= 9+4 21 £ 2%%

NSP fermented (g/day) 9x2 53 4x9 56

Butyrate (mmol/L) 10.6+0.8 12912 11221 17.1 + 1, 6%

Ammonia (mmol/L.) 46z 3 40 & 2% 44 x5 34 & [ Hw=

Tabie reproduced from reference 59, *Fermentation of RS or NSP (g/day) was determined by disappearance of RS and NSP from the proximal or distal
regions of the celon; **main effect of RS or NSP from control group {one-way analysis of variance, P < (.05); ***significant positive interaction between

RS and NSP (rwo-way analysis of variance, P < 0.053),
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One method to combine RS and insoluble NSP naturally
in the diet is by including more unprocessed whole grains
and cereals. Qur recent studies indicate the efficacy of this
approach. We fed two diets to individuals with an ileostomy
for 2 days and collected ileal effluent for 24 h on day 2.4
One diet was a ‘typical’ Australian diet (low in starch, 88 £ 8
g/day) while the other was a modified Australian diet con-
taining more starch (1764 24 g/day) in the form of
unprocessed whole grains consumed both as a whole grain
bread and as a breakfast muesli (Fig. 3). The results in Fig. 5
show that by using whole grain cereals, both RS and NSP
recovered in the effluent were significantly (P <0.05)
increased.* Por comparison, the levels of RS and NSP con-
tained ip a Chinese diet is included {Fig. 5).

The major forms of RS that increased in this study were
RS1 and RS2 (Fig. 3). These types of RS probably made up
the bulk of traditional human diets, that is, those rich in
unprocessed grains and cereals. Indeed, population studies
are now showing that whole grain consumption is linked to
reduced risk of several types of cancers.%” Also, in a report
published very recently by Jacobs eral., post-menopausal
women who consumed whole grain cereals (23 serving per
week) had a 30% lower risk of ischaemic heart disease com-
pared with women consuming 1.5 servings per week %!

Thus, while the protective factor(s) in whole grains are
not known they probably include the combination of low sat-
urated fat content, and the presence of lignin, NSP, RS (par-
ticularly the trapped starches) and antioxidants (e.g. vitamin
E). The benefits derived from whole grain supplementation
of the diet emphasizes the importance of whole food con-

40

30 +

Undigested carbohydrate (RS+NSP) (g/day)

Chinese

Typical Modified
Australian diet Australian
diet dist

Figure 5. Comparison of resistant starch (RS) (E) and non-starch poly-
saccharides (NSP) (M} excreted during & ‘typical’ (ie. higher in
unprocessed grains and cereals) Australian,® Chinese® and modified
Australian diet. The levels of RS and NSP in the Chinese diet was
measured by direct laboratory analysis, 52 Excretion of RS and NSP dur-
ing ‘typical’ and ‘modified” Austrafian diets was measured iv ileostomy
efficent. The ‘modified’ Australian diet included additional starchy
foods such as coarsely ground grains and cereals. Each diet was con-
sumed by four healthy subjects with an ileostomy for 2 days, with efflu-
ent collected on the final day. Tleal starch excretion {i.e. RS} and ileal
NSP increased significantly (P < 0.05) during the ‘modified” Australian
diet. ¥

sumﬁtion rather than relying on single autrient additives. As
nutritionists, we must encourage the replacement of fat in our
diet by increasing our total starch intake through consump-
tion of whole grains and cereals (this will automatically
increase our intake of both RS and NSP) as well as other pro-
tective factors.

Acknowledgements. I wish to thank Dr Karen Walker for reading this
manuscript and also Karin Landstrém for analysis of RS fractions in
foods.

References

i. Poiter JD, Slattery ML, Bostick RM, Gapstur SM. Colon cancer: a
review of the epidemioclogy. Epidemiologic Rev 1993; 15: 499-545.

2. Cassidy A, Bingbam SA, Cummings JH. Starch intake and celorec-
1a} cancer risk: an international comparison. Br J Cancer 1994; 69:
937942,

3. Hill M1, Cereals, cereal fibre and colorectal cancer risk: a review of
the epidemiological literature. Eur T Cancer Prev 1997; 6: 219-225.

4. Willet WC, Stamper M1, Colditz GA, Rosner BA, Speizer FE. Rela-
tion of meat, fat, and fibre intake to the risk of colon cancer in a
prospective study among women. N Eng Med 1990; 323:
1664-1670.

5. Ksitchevsky D. Epidemiology of fibre, resistant starch and colorec-
tal cancer. Eur J Cancer Prev 1995; 4: 345-352.

6. Burkitt DP. Epidemiology of cancer of the colon and rectum.
Cancer [971; 28: 3-13.

7. Jenkins DIA, Jenins AL, Wolever TMS, Collier GR, Venket Rac A,
Thompson LU. Starchy foods and fiber: reduced rate of digestion
and improved carbohydrate metabolism. Scand J Gastroenterol
1987; 22 (Suppl. 129} 132-141.

8. Asp N-GL. Classification and methodology of food carbohydrates
as related to nutritional effects. Am J Clin Nutr 1995; 61 (Suppl.):
9305-9375.

9. Englyst HN, Hudson GI. The classification and measurement of
dietary carbohydrates. Food Chem 1996; 57: 15-21.

10. Stephen AM, Haddad AC, Phillips S. Passage of carbohydrate into
the colon; direct measarements in humans. Gastroenterology 1983;
85: 589-595.

11. Macfarlane GT, Cummings JH. Fhe colonic flora, fermentation and
large bowel digestive function. In: Phillips SF, Pemberton JH,
Shorter RG, eds. The Farge Intestine: Physiology, Pathophysiology
and Disease. Mayo Foundation, New York: Raven Press Ltd, 1991.

12. Cummings JH. Colonic absorpiion: the importance of SCFAs in
man. Scand J Gastroenterol 1984; 93 (Suppl.): 89-99.

13. Englyst HN, Commings JH. Digestion of the polysaccharides of
some cereal foods in the human smail intesiine. Am ¥ Clin Nutr
1985; 42: 778-787.

14. Australian Bureau of Statistics. National Nutrition Survey Selected
Highlights Australia 1995. Canberra: Austratian Government Print-
ing Service, 1997.

15. Baghurst PA, Baghurst KI, Record SJ. Dietary fibre, non-starch
polysaccharides and resistant starch: A Review. Food Aust 1996;
48: §2-835.

16. MacLennan R, Macrae F, Bain C, Battistutta D, Chapuis P, Gratten
H, Lambert J, Newland RC, Ngu M, Russell A, Ward M, Wahlquist
ML. The Australian Polyp Prevestion Project, Randomised trial of
intake of fat, fiber and beta carotene to prevent colorectal adenoma.
T Natl Cancer Inst 1995: 87: 1760-1766.

17. Ruppin H, Bar-Meir S, Soergel K, Wood C, Schmitt M Jr. Absorp-
tion of short chain fatty acids by the colon. Gastroenterology 1980;
78; 1500-1507.

18. Cummings J. Fermentation in the human large intestine: evidence
and implications for bealth, Lancet 1983; 1: 1206-1209.

19. Newmark HL, Lupton JR. Determinants and consequences of
colonic luminal pH. Nutr Cancer 1990; 16: 75-77. :

20. Gustafsson BE. The physiological importance of the colonic
microflora. Scand J Gastroenterol Suppl. 1982; 77 (Suppl):
117-131. _

21. Roediger WEW, Utilization of nutrients by isolated epithelial celis .
of the rat colon. Gastroenterology 1982; 85; 1307-1312.




Location of colonic fermentation events

S21

26.

27.

30.

31.

32.

33.

34.

35.

37.

38,

39.

40.

41

42.

22. Candido EP, Reeves R, Davie JR. Sodium butyrate inhibits histone

deacetylation in cefls. Cell 1978; 14: [05-113,

- de Haan JB, Gevers W, Parker MI. Effects of sodium butyrate on the

synthesis and methylation of DNA in normai cells and their trans-
formed counterparts. Cancer Res 1986; 46: 713.

24. Whitchead RH, Young GP, Bhathal PS. Effects of SCFA on a new

human colon carcinoma cell line (LIM1213). Gut 1987; 27:
1457-1463,

25. Hague A, Manning AM, Hanlon KA, Huschtscha LL, Hart D,

Faraskeva C. Sodium butyrate induces apoptosis in human colonic
tumour cell lires in 4 p33-independent pathway — implications for
the passible role of dietary fibre in the prevention of large-bowel
cancer. Int J Cancer 1993; 55: 498-505.

Young G, Chai F, Zalewski P. Polysaccaride fermentation, butyrate
and apoptosis in the colonic epithelium. Asia Pacific J Clin Nutr
1999; 8 (Suppl.): $27-S31.

Hill MJ, Fernandez F. Bacterial metabolism fiber and colorectal
cancer. In: Kritchevsky D, Bonfield C, Anderson JW, eds. Dietary
fiber: chemistry, physiology and health effects. New York: Plenum
Press, 1990; 417-30.

. Scheppach W, Fabian C, Sachs H, Kasper H. The effect of starch

malabsarption on fecal short chain fatty acid excretion in man.
Scand J Gastroenterol 1988; 23: 755-759.

29. Scheppach W, Fabian C, Ahrens F, Spengler M, Kasper H. Effect of

starch malabsorption on colonic fusction and metabolism in
humans, Gastroenterology 1988; 95: 1549-1555.

van Munster IP, Tangerman A, Nagengast FM. Effect of resistant
starch on colonic fermentation, bile acid metabolism and mucosal
proliferation. Dig Dis Sci 1994; 39: 834842,

Phillips J, Muir JG, Birketi A, Lu ZX, Jones GP, O’'Dea K, Young
GP. Effect of resistant starch on fecal bulk and fermentation depen-
dent events in humans. Am J Ciin Nutr 1995; 62: 121-130.
Cummings JH, Beatty ER, Kingman SM, Bingham SA, Englyst
HN. Digestion and physiological properties of resistant starch in the
human large bowel. Br I Nutr 1996; 75: 733-747.

Hylla S, Gostner A, Dusel G, Anger H, Bartram H-P, Christ SU,
Kasper H, Scheppach W. Effects of resistant starch on the colon in
healthy volunteers: possible implications for cancer prevention. Am
J Clin Nutr 1998; 67: 136-142.

Noakes M, Clifton PM, Nestel PT, Le Leuz R, McIntash G. Effect of
high-amylose starch and oat bran on metabolic variables and bowel
function in subjects with hypertriglyceridemiz. Am J Clin MNutr
1996; 64: 944951,

Birketr A, Muir J, Phillips T, Jones G, O’Dea K. Resistant starch
lowers fecal concentrations of ammonia and phenols in humans.
Am I Clin Nutr 1996; 63: 766-772.

. Englyst HN, Hay §, Macfarlane GT. Polysaccharide breakdown by

mixed populations of human faecal bacteria. FEMS Micobiol Ecol
1987; 95: 163-171.

Englyst HN, Kingman SM, Cummings JH. Classification and mea-
surement of nutritionally important starch fractions. Bur I Clin Nutr
1992; 46 (Suppi. 2): $33-850.

Berry CS. Resistant starch; formation and measurement of starch
that survives exhaustive digestion with amylolytic enzymes during
the determination of dietary fibre. J Cereal Sci 1986; 4: 301-314.
Johansson C-G, Shjerstrohm M, Asp N-G. Dietary fibre in bread
and corresponding flours — formation of resistant starch dering
baking. Z Lebensm Unters Forsch 1984: 179: 2428,

Muir JG, ’Dea K. Measurement of resistant starch: factors affect-
ing the amount of starch escaping digestion in vitro. Am J Clin Nutr
1992; 56: 123-127.

- Muir JG, (¢ Dea K. Validation of an in vitro assay for predicting the

amount of starch that escapes digestion in the small intestine of
humans. Am I Clin Nutr 1993: 57: 540-546.

Landstrém K. Measurement of resistant starch fractions (RSi, RS2,
RS3) in food using a modified version of an in vitro resistant starch
assay. MSc thesis, Fund Institute of Technology, Sweden, 1993,

43

44,

45.

46.

47,

48.

49.

50.

51

32,

53.

54.

55,

56.

57.

58.

39

60.

61.

. Eurepena’FIair—cbncened action on resistant starch (EURESTA).
Summing up meeting, Lalonde-Les Maures, France, 1994,

Birkett AM, Mathers IC, Jones GP, Walker KZ, Mnuir JG. Modest
increases in dietary resistant starch favourably alter the in vitre
fermentation of undigested carbohydrate and protein in human ileal
effluent, Proc Nutr Soc Aust 1967 21; 141.

Chacko A, Cummings JH. Nitrogen losses from the human small
bowel: obligatory losses and the effect of physical form of food. Gt
1688; 29: 809-815.

Visek WI. Diet and cell growth moduiation by anunenia. Am J Clin
Nutr 1978; 31: §216-8220.

Lupton JR, Marchant L]. Tndependent effects of fibre and protein on
colonic luminal ammenia concentrations. J Nutr 1989; 119:
235-241.

Vince Al, McNeil NI, Wager JD, Wrong OM. The effect of lactu-
lose, pectin, arabinogalactan and cellulose on the production of
organic acids and metabolism of ammonia by intestinal bacteria in
a faecal incubation system. Br J Nutr 1990; 63: 17-26.

Mortensen PB. The effect of aral administered lactulose on colonic
mitrogen metabolisn and excretion. Hepatology 1992; 16:
1350-1356.

Bingham SA, Pignatelli B, Pollock JRA, Ellul A, Malaveille C,
Gross G, Runswick S, Cummings JH, O'Neill IK. Does increased
endogenous formation of N-nitroso compounds in the human colon
explain the association between red meat and colon cancer?
Carcinogenesis 1996; 17; 515-523.

Heijnen MA, Deurenberg P, van Amelsvoort JMM, Beynen AC.
Retrograded (RS3) but not uncooked (RS2) resistant starch lowers
fecal ammonia concentrations in healthy men (Letter). Am J Clin
Nuotr 1997, 65: 167-168.

Baghurst K, Record S, Powis G, Stafford H, eds. What are Aus-
tralians eating? — Results from the 1985 and 1990 Victorian Nutri-
tion Surveys. CSIRO Division of Human Nutrition and the Food
and Nutrition Program. Adelaide; CSIRO Division of Human Nutri-
tion, 1993,

Popkin BM, Keyou G, Fengying Z, Guo X, Haijiang M, Zohoori N.
The nutrition transition in China: a cross-sectional analysis. Eur J
Clin Nutr 1993; 47: 333-346,

Muir JG, Walker KZ, Kaimakamis MA, Cameron MA., Govers
MIAP, Lu ZX, Young GP, O’'Dea K. Modulation of fecal markers
relevant to colon cancer risk: a high-starch Chinese diet did not gen-
erate expected beneficial changes relative to a Western-type diet.
Am I Clin Nutr 1998; 68: 372-379.

Whittemore AS, Wu-Williams AH, Lee M, Sha Z, Gallagher RP,
Deng-ao I, Lun Z, Xianghui W, Kun C, Jung D, Teh C-Z, Chengde
L, Yao X1, Paffenbarger RS, Henderson BE. Diet, physical activity
and colorectal cancer among Chinese in North America and China.
¥ Natl Cancer Inst $990; 82: 915-926.

Eastwood MA. Dietary fibre and risk of cancer. Nutr Rev 1987; 45:
193-198.

Meclntyre A, Young GP, Taranto T, Gibson PR, Ward P. Different
fibers have different regional effects on luminal contents of rat
colon. Gastroenterology 1991; 101 1274-1281.

McIntyre A, Gibson PR, Young GP. Fermentation products of
dietary fibre and protection against large bowel cancer in a rat
model. Gut 1993; 34: 386-391.

Govers MJAP, Gannon NI, Dunshea FR, Fielding M, Kilias D,
Gibson PR, Muir JG. Altering the site of fermentation in the pig:
Implications for colon cancer risk in humans. In; Cranwell PD (ed.)
Manipulating Pig Production VI, Australasian Pig Science Associa-
tion. Melbourne: SR Frankland Pty Ltd, 1997: 181.

Jacobs DR, Slavin I, Marquart M. Whole grain intake and cancer: a
review of the literature. Nut Cancer 1995; 24: 221-220

Jacobs DR, Mever KA, Kushi LH, Folsom AR. Whole-grain intake
may reduce the risk of ischemic heart disease death in post-
menopausal women: the lowa Women’s Health Smdy. Am T Clin
Nutr 1998; 68: 248-257.



