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Preface

Although the laxative effects of dietary roughage have been known for more than 2000 years,
it is only during the past 25 years that roughage — now termed ‘dietary fibre’ — has been ac-
corded the scientific importance that it deserves. We are indeed indebted to T.L. Cleave, D.P.
Burkitt, H. Trowell, A.R.P. Walker, J. and W. Kellogg, D.A.T. Southgate, M.A. Eastwood
and the many others investigators who contributed to the science and the popularisation of
dietary fibre as a vital constituent of the diet.

Tomany people, dietary fibre is considered a nutrient along with protein, fat, carbohydrate,
minerals and vitamins in the diet. The contributors to this volume, from 26 countries, have
pushed dietary fibre research forward to a new plateau, discussing: (1) the analytical method-
ology associated with the measurement of dietary fibre, including standards for the enzymes
used in the measurement of fibre and a new updated definition/description; (2) plant breed-
ing to improve the dietary fibre content of foods; (3) the various sources of dietary fibre and
the food products that lend themselves to supplementation with dietary fibre. There are also
chapters on: (4) resistant starch, which should be considered as fibre; (5) the metabolism of
dietary fibre; (6) enzymes and the processing of fibre; (7) new products which do not measure
as dietary fibre in the accepted methods, but which act as fibre physiologically; and finally (8)
the nutrition of dietary fibre and how it impacts on population in several countries.

Recently, following a year-and-a-half of deliberations with many scientific societies and
individual scientists, the Board of Directors of the American Association of Cereal Chemists
(AACC) approved a new definition/description of dietary fibre. The definition includes sev-
eral foods which do not measure as dictary fibre in the AOAC method, and also attaches
physiological effects aside from laxative properties. The AACC’s approved definition is
‘Dietary fiber is the edible parts of plants or analogous carbohydrates that are resistant to
digestion and absorption in the human small intestine with complete or partial fermentation
in the large intestine. Dietary fiber includes polysaccharides, oligosaccharides, lignin, and
associated plant substances. Dietary fibers promote beneficial physiological effects includ-
ing laxation, and/or blood cholesterol attenuation, and/or blood glucose attenuation.” This is
just one instance of the timeliness of this book. Another example is the approval of AOAC
methods for inulin and oligofructose and, polydextrose, with the AOAC currently consider-
ing methods for Fibersol-2 (a resistant maltodextrin) and galacto-oligosaccharides. These all
come under the umbrella of the newer definition of dictary fibre.

We would like to thank the supporters of the conference, who helped in many ways to
make the conference successful. A special thanks goes out to An Taoiseach (Prime Minister)
Mr Bertie Ahern, T.D., who took time from his busy schedule to welcome the delegates and
tell them of the importance of nutrition, foods and dietary fibre to the health concerns of the
community. We thank the staff of Megazyme International Ireland for their efficient running
of all aspects of the meeting ‘Dietary Fibre — 2000°. We also thank the contributors to this
conference for their excellent papers, and the other participants in the conference for their



Preface Xvii

enlightening participation in the question and answer discussions of the presentations. We
also thank the scientists from the many countries who presented their talks in poster sessions.
These posters were of the highest quality and were very well attended.

Finally, we would like particularly to thank the Official Scientific Associations that spon-
sored the conference, and the companies that financially supported the conference. These
associations and companies are listed below.

Official Sponsors of ‘Dietary Fibre — 2000’

International Association of Cereal Science and Technology
Association of Official Analytical Chemists INTERNATIONAL

Financial sponsors
Platinum

Aer Lingus

AIB Group

Bord Bia/Irish Food Board

Enterprise Ireland

Megazyme International Ireland Ltd
National Starch & Chemical Company
Opta Food Ingredients, Inc.

Gold

CFF GmbH & Co. KG

Guinness Ireland Group Sales
Herbafood Ingredients GmbH

J. Rettenmaier & Sohne GmbH & Co.
Orafti SA

Proctor & Gamble

Sensus Operations CV

Silver

Danisco Sugar/Fibrex
Federal Express
Larex, Inc.

Bronze

Convention Bureau of Ireland/Bord Failte
Marigot Limited

NABIM/Bread for Life

Weetabix Limited
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Special sponsorships

AIB-Welcome Reception and Internet Cyber Café
Bord Bia — Gala Conference Banquet

Federal Express — Golf Tournament Winners’ Trophies
Guinness Ireland Group Sales — Guinness Reception
Sensus — Delegate Luncheon on Monday, 15th May
Megazyme — Dublin Castle Dinner
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Part 1

Nutrition and Diet for a Healthy Lifestyle



1 Nutrition and Diet for Healthy Lifestyles in
Europe

Michael J. Gibney

1.1 The regulatory background in public health nutrition in the EU

The European Union is the largest trading bloc in the world, with a population of 350 mil-
lion that will shortly expand to half a billion with the accession of four new member states.
Whereas each member state is independent, each has acceded some of that independence
to the structures of the EU. These structures are regulated and governed by the Treaty of
Rome and its many revisions which have allowed the EU to evolve from an initial six-member
economic community to the present 15-member political union with its own common cur-
rency. In order to understand the issue of nutrition in the EU, it is necessary to have some
understanding of this political dimension to the EU. Thus until recently, the EU had little
interest in health issues which were regarded as an issue of ‘subsidiarity’, i.e. the business of
the member states themselves. The EU could concern themselves with issues of health only
in so far as it influenced the movement of goods or people. For example, the EU developed a
series of recommended dietary allowances (termed Population Reference Intakes) in 1994.
This was solely to establish a standard for nutrition labelling purposes. However, in 1995, the
Maastricht Treaty revised the remit of the EU and gave it considerably more power to act in
the realm of public health. Since then, there have been dramatic shifts in the agenda of public
health nutrition in the EU, and further shifts can be anticipated. The EU’s White Paper on
Food Safety envisages a comprehensive food and nutrition policy for the EU and the develop-
ment of EU dietary guidelines.

1.2 Food intake patterns in the EU

The member states of the EU differ in very many respects, by orders of magnitude more than
for example do the constituent states, territories or provinces of such countries as the USA,
Australia or Canada. They differ linguistically, culturally, socially, politically and, of course,
gastronomically. The divergent patterns of food intake in the EU means that whereas it may
be possible to derive dietary guidelines in terms of nutrients, it will be extremely difficult to
do so for food-based dietary guidelines. Table 1.1 summarises the intakes of fat (% energy),
saturated fatty acids (SFA; % energy), dietary fibre and fruit and vegetables in selected EU
member states, while Fig. 1.1 compares the mean values across the range of upper and lower
quantiles (quartiles or tertiles) for the intakes of SFA, fibre, fruit and vegetables and folic acid
against the range of recommended levels of intake (Becker 1999; De Henauw & De Backer
1999; Graga 1999; Haraldsdottir 1999; Hermann-Knuz & Thamm 1999; Koenig & Elmadfa
1999; Lowik et al. 1999a; Mischandreas & Kafatos 1999; Serra-Majem et al. 1999; Valsta
1999; Wearne & Day 1999; Gibney 2000). These data need to be cautiously interpreted, since
the methodologies used to collect them vary across all member states, and since such vari-
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boxes) for these nutrients.

ations in design can influence estimated nutrient intake. However, they can be used to il-
lustrate two key points. The first is that there is a clear North—South divide with respect to %
energy from saturates and that, by and large, nutrient intakes fall short of dietary guidelines
for optimal nutrient intake. The issue of dietary fat intake is explored further in Table 1.2,
which clearly demonstrates a North—South divide in terms of fatty acid categories expressed
as a percentage of dietary energy or a percentage of dietary fatty acids. However, this table
also shows that when upper or lower quantiles of percentage fat energy are compared, the
composition of dietary fat does not differ with each geographic unit. In effect, be it North or
South EU, shifts in total fat intake are not associated with shifts in dietary fat composition.
Both these observations of short-falls in meeting the established dietary guidelines and the



Table 1.1 Patterns of intakes of fat, saturated fatty acids (SFA), fibre and fruit and vegetables in
selected European Union (EU) member states.

% Energy from
Saturated Fruit and
Country Reference Total fat fatty acids Fibre (g/day) vegetables (g/day)
Austria a 39 17 18 257
Belgium b 42 18 29 361
Denmark c 37 16 20 395
Finland d 34 14 22 433
Germany e 41 18 22 296
Greece f 40 12 18 455
Ireland g 35 - 21 257
Netherlands h 38 14 21 250
Portugal i 29 9 26 NA
Spain j 38 13 17 480
Sweden k 37 16 17 265
UK m 38 16 22 247

NA, not applicable.

(a) Koenig & Elmadfa (1999)
(b) De Henauw & De Backer (1999)
(c) Haraldsdottir (1999)
(d) Valsta (1999)
(e) Hermann-Knuz & Thamm (1999)
(f) Mischandreas & Kafatos (1999)
(g) Gibney (2000)
(h) Lowik et al. (1999a)
(i) Graga (1999)
() L. Serra-Majem et al. (1999)
(k) Becker (1999)
(m) Wearne & Day (1999)

inability to change dietary fat composition as dietary fat levels fall, have significant policy
implications.

1.3 Nutrition policy issues in the EU
1.3.1 The structures of food policy

The recent EU White Paper on Food Safety calls for the establishment of a comprehensive
nutrition policy in the EU, and for the development of dietary guidelines for the EU. A fore-
runner to this has been a project funded by the Commission of the EU which is examining the
full breadth of the issues involved through four working parties. One examines the relation-
ship between health and nutrients, the second is examining the relationships between nutri-
ents and food, the third focuses on the food-people issue, and the fourth on people and poli-
cies. Full details are available at www.eurodiet.uoc.gr. The deliberations of this Eurodiet
project will be embraced by the French Presidency of the EU when her Minister for Health
chairs the Council of Ministers for Health of the EU for the latter part of 2000. It is antici-
pated that this will lead to an EU Council of Ministers resolution, which will empower the



Table 1.2 Dietary fat composition expressed as (a) percentage of energy or (b) as di-
etary fatty acid categories and percentage (w/w) in upper and lower quartiles/tertiles
of percentage energy from fat in typical southern and northern European Union (EU)

states.
Low-fat diets High-fat diets
SFA MUFA  PUFA SFA MUFA  PUFA
(a) Dietary fatty acids as % of energy
Southern
Spain® 11 15 4 14 19 5
Greece® 8 12 4 15 28 6
Portugal® 6 10 4 11 15 6
Northern
Finland? 11 8 4 18 14 5
Germany* 14 12 5 21 17
Netherlands’ 12 11 5 17 17 9
(b) Dietary fatty acids as a % of total dietary fat
Southern
Spain® 37 50 13 37 50 13
Greece® 34 51 15 30 50 13
Portugal® 32 48 20 35 47 18
Northern
Finland? 47 37 17 48 38 15
Germany® 45 40 15 46 39 14
Netherlands® 41 39 19 40 40 20

(a) Serra-Majem et al. (1999)

(b) Mischandreas & Kafatos (1999)
(c) Graga, (1999)

(d) Valsta, (1999)

(e) Hermann-Knuz, & Thamm (1999)
(f) Lowik ez al. (1999b)

Commission to have a much greater involvement in public health nutrition and which will
lead to a stronger remit for the forthcoming European Food Safety Agency. At that point,
public health nutrition issues in the EU will have a very strong centralised dimension.

1.3.2 General issues of EU food and nutrition policies

Food policy is a complex area. Whereas in the past it was largely producer-driven, in the
future it will be more consumer-driven. It embraces policy issues in agriculture, the environ-
ment, rural development, trade and many others, including health. The latter has three main
components: microbiology, toxicology and nutrition. Both microbiology and toxicology are
heavily represented in food law, with nutrition very poorly represented in EU legislation. It
may well be that this reflects the evolution of public health as a competency of Brussels, but it
must also reflect the difficulties that are faced in translating policy into law in a geo-political
entity that is so culturally and gastronomically variable. The basic objective of this policy is
to shift a less than desirable pattern of nutrient intake into a more desirable pattern, to reduce
chronic disease. This can be achieved in two ways: (1) change the pattern of food consumed;
or (2) change the properties of foods consumed.



1.3.3 Changing the pattern of foods consumed in the EU

The manipulation of price or of supply is one route to modifying the patterns of food con-
sumption. This route may have some role in future EU policy options, but it will be limited
since it may infringe on some of the dogmas of trade liberalisation which the World Trade
Organization are charged to defend. Most likely, efforts to change the food supply will be by
stimulating the demand for food supply, i.e. demand-driven food policy. This in turn raises
a number of questions for research by the nutrition community, namely a more detailed un-
derstanding of food consumption patterns and a more detailed understanding of consumer
attitudes and beliefs regarding healthy eating.

Toward a greater understanding of the complexities of food and nutrient
relationships

In terms of altering the population pattern of food intake, four options are available for target
foods:

(1) Alter the % of the population consuming the food.

(2) Alter the frequency of consumption among consumers.
(3) Alter the intake at eating occasions.

(4) Change to a comparable alternative.

These have been applied to the task of identifying the best dietary option for increasing fibre
intake in Irish women (Gibney 1999). The exercise is entirely illustrative. Although vegetables
and potatoes are important sources of fibre in the Irish diet, together contributing some 28% of
total intake, they are not considered in this exercise because: (1) the percentage of the popu-
lation consuming them is maximum; (2) the portion sizes cannot be increased; and (3) the
frequency of consumption will be difficult to increase. Table 1.3 illustrates the options and
outcomes. Bread fulfils some of the criteria outlined above for potatoes and vegetables, but un-
like these foods there exists the option of a comparable alternative. A 50% switch to wholemeal
bread intake would increase fibre intake by 2.5 g/day. The present level of fibre in the popula-
tion intake of breakfast cereals is low (2.25 g/100 g), and the percentage of consumers among
the target group is low. If there was a shift to selecting higher-fibre varieties of cereals and
a 50% increase in fibre intake, the overall impact would be 1.5 g/day of extra fibre. For both
pulses and for fruits, a trebling of eating frequency would increase fibre intake by 3.6 g/day
for each group. The accuracy of these calculations is not the issue here since the exercise is
entirely illustrative. The exercise serves to show that in identifying foods which could be the
focus of public health nutrition programmes, the present and past approach has not been very
scholarly, quite probably because the areas of food—food, food—nutrient and nutrient—nutrient
relationships have been poorly regarded as worthy research topics. Analysis of Dutch food
intake data shows a poor relationship between what is conventionally deemed to be the desir-
able food choice patterns and desirable patterns of nutrient intake (Lowik et al. 1999b).

The problem — in itself extremely complex — is exacerbated by the wide variety of food
choice patterns in the EU, and this will certainly tax the minds of those wishing to set EU
food-based dietary guidelines. This is illustrated in Table 1.4, which compares the intakes of
potatoes among consumers of potatoes in eight EU states where intakes are ranked according
to quantile (quantile/tertile) of dietary fibre intake. The food group ‘potatoes’ is deliberately



Table 1.3 An outline of approaches to selecting target foods for increasing fibre intake in Irish

women®.
Food Percentage of ~ Main option Degree of Change in fibre
group consumers for change change intake (g/day)
Bread 98 A switch to whole- 50% increase +2.5
meal bread
Breakfast cereals 38 (1) Switch to higher- (i) from 2.3 to +1.5
fibre varieties 10g/100g
(ii) increase % (i1) 50% increase
consumers
Pulses 77 Increase frequency From one to three  +3.6
of intake times/week
Fruit 80 Increase frequency From one to three  +3.6

of intake

times/day

(a) Gibney (1999)

chosen because it is unlikely to have a different meaning in different countries — a problem
that frequently bedevils such comparisons. Quite clearly in four countries, those with higher
fibre intakes have higher potato intakes (Belgium, Germany, Greece and the UK). This is not
so for the remaining countries in the comparison. This very simple example illustrates the
problem that is faced in the EU in trying to derive centralised food-based dietary guidelines,

Table 1.4 Mean daily intakes of potatoes among consumers only in selected European
Union (EU) member states classified according to quartiles or tertiles of dietary fibre intake.

Lower tertile/quartile Upper tertile/quartile
Reference Potato intake* (g/day) Potato intake* (g/day)
Belgium a 216 460
Germany b 113 212
Greece c 116 178
UK d 76 104
Ireland e 217 207
Netherlands f 132 157
Spain g 77 75
Sweden h 116 95

* Note that absolute values are partly determined by the duration of the surveys concerned which
range from 1 to 7 days

(a) De Henauw & De Backer (1999)
(b) Hermann-Knuz & Thamm (1999)
(c) Mischandreas & Kafatos (1999)
(d) Wearne & Day (1999)

(e) Flynn & Kearney (1999)
(f) Lowik et al. (1999)

(g) Serra-Majem et al. (1999)
(h) Becker (1999)



and it highlights the wisdom of the UN agencies who have advised that these should always
be devised using local data with the local cultural context.

Toward a greater understanding of consumer attitudes to food, nutrition and health

The Institute of European Food Studies (www.iefs.org/publications.html) has conducted sev-
eral pan-EU surveys to ascertain consumer attitudes to food, nutrition and health using face-
to-face interviews of demographically representative samples of 1000 adults in each member
state of the EU. The results show that EU consumers rank ‘Trying to eat healthy’ as a priority
in selecting foods (Sth from 15 possible factors). They are also able to define ‘Healthy eat-
ing’ correctly when asked to do so in their own words (i.e. ‘less fat’ stated by 48%, ‘more
fruit and vegetables’ by 41%, and ‘balance and variety’ by 40%). The barriers identified to
healthy eating were both internal (i.e. ‘cannot give up my favourite foods’ at23% and ‘lacking
willpower’ by 18%) and external (i.e. ‘irregular working hours’ and ‘busy lifestyle’ cited by
41%). Remarkably, some 71% either agreed or agreed strongly with the statement: ‘I do not
need to make changes to my diet as my diet is already healthy enough’. The results of such
research are essential in formulating public health nutrition programmes because in their
absence, policy-makers are often driven by perceived wisdom of consumer attitudes to food,
nutrition and health.

Of the results of the study, one that has attracted most attention has been the widely held
belief of individual consumers that they do not need to make changes to their diet as it is
already healthy enough. Given the data in Fig. 1.1, it would appear that consumers are wrong
in thinking this way, since patterns of population intakes fall quite short of established dietary
guidelines. There are, however, two caveats to this possible consumer misconception. The
first is that the guidelines established may not be readily attainable, since they are based
on epidemiological theory rather than observed acceptable food consumption patterns. The
second is that the actual nutrient intake patterns of those who believe their diet to be optimal
are not known, and may in fact be relatively good, i.e. in the overall context of food choice
patterns as opposed to a theoretically derived dietary guideline. A recently completed survey
in Ireland with 1000 adults in the Republic of Ireland and 500 adults in Northern Ireland
examined not only food intake over seven days, but also compiled many other profiles includ-
ing consumer attitudes to their diet (Gibney 2000). Table 1.5 compares dictary fat energy
by age in those agreeing or strongly agreeing and those disagreeing or strongly disagreeing

Table 1.5 Dietary fat energy (%) across age groups in subjects
strongly agreeing, tending to agree, tending to disagree and strongly
disagreeing with the statement; 'l do not need to make changes to
my diet as my diet is already healthy enough’®.

Age group (years)

18-36 37-51 52-64

% fat energy
Strongly agreeing 37.6 36.9 34.0
Tending to agree 37.5 36.6 349
Tending to disagree 383 38.5 353
Strongly disagreeing 39.1 38.5 37.6




with the statement: ‘ I do not need to make changes to my diet as my diet is already healthy
enough’. The results show an age-related decline in percentage dietary fat energy across all
attitudinal groups, and also show that for all age-groups, most notably for the 52- to 64-year-
olds, a tendency to believe their diet is healthy as it stands, is borne out by a very strong ten-
dency toward lower fat energy percentage. Future analysis of this new and very large database
will reveal much more about the relationship between attitudes and beliefs about nutrition and
actual nutrition habits, and that in turn will improve the capacity to deliver more accurately
acceptable public health nutrition messages to specific target sub-populations.

Changing the nutritional and functional properties of foods consumed

Given the findings cited in the proceeding section that: (1) EU consumers value healthy eat-
ing; (2) that they understand the principles of healthy eating; and (3) that time/lifestyle pres-
sures for choosing a healthy diet are the main obstacles encountered, it is not surprising that
the food industry are seeking to combine enhanced nutritional quality of foods with quality
and convenience. In this context, the unique situation of the EU will also pose problems and
challenges for policy-makers. An example of the problem is shown in Table 1.2, where it
is evident that patterns of fatty acid intake do not vary with actual dietary fat intake. If pat-
terns of fat intake are to change, then this is quite likely going to need some technological
intervention. The nutritional properties of foods can be altered by technological processes, by
micronutrient enrichment and by biotechnology, including genetically modified (GM) foods.
The latter are poorly regarded by EU consumers and by their political servants, and this has
led to measures ranging from a moratorium on the release of GM foods to calls for labelling.
The addition of micronutrients to foods is regulated very differently across the EU, with no
success in terms of harmonisation of national legislation. In some countries the laws are quite
liberal while in others the sale of foods enriched with micronutrients is very rigidly control-
led. At present, the EU Scientific Committee for Food is examining the concept of ‘safe upper
levels’ for micronutrient intake. The issue is not quite academic, as is illustrated in Table 1.6
using recent Irish data (Gibney 2000). In women, intakes of iron, vitamin E and vitamin C
are very heavily skewed toward higher intakes due to the use of supplements. For men, this is

Table1.6 Mean, median and percentiles (2.5th, 5.0th, 95.0th, 97.5th) for intakes of iron, zinc, vita-
min E and vitamin C in adult Irish males and females®.

Percentiles
Mean Median 2.5th 5.0th 95.0th 97.5th

Iron (mg/day)

Men 14.8 13.9 7.0 7.6 26.0 28.9

Women 13.7 10.0 5.3 59 254 45.6
Vitamin E (mg/day)

Men 11.2 6.1 2.0 2.4 18.2 27.7

Women 11.0 6.1 1.7 2.0 23.7 385
Vitamin C (mg/day)

Men 118 75 23 27 263 599

Women 111 69 21 26 292 590




true for vitamin E and C. Unregulated use of food fortification could lead to exposure to high
levels of some micronutrients, although this has not proven to create any public health issues
in the US, where both supplement use and food fortification are very widespread.

The functional nutritional properties of food can be created or enhanced giving rise to
functional foods. Examples of these from the ILSI Europe Programme on functional foods in-
clude genetic modification, extraction of nutrients from unconventional sources, fructose oli-
gosaccharides, new nutrient delivery systems, fat replacers and bio-active peptides (Diplock
et al. 1999). Many functional foods fall into the broader category of novel foods which are
regulated at EU level. However, EU legislation is very restrictive about health claims in re-
spect of foods, novel or otherwise, which is in marked contrast with the US. The inability
to make ‘health’ or ‘functional’ claims is an impediment to commercial investment in the
significant research and development spend that is required to take a concept for a novel
or functional food through to a patent and petition with all the attendant supporting data to
confirm efficacy.

1.4 Conclusions

Through the slow evolution of EU treaties, public health nutrition at EU level has slowly come
to life, but will receive a major boost with the forthcoming establishment of the EU Food
Safety Agency with a remit in nutrition. However, such is the divergence of food consump-
tion patterns in the EU the likelihood is that much of this activity will remain devolved within
member states. Even when nutrient-based guidelines are to be considered, difficulties of
centralised values will arise with some countries having, for example, saturated fatty acids
falling from high values toward the standard dietary goal (e.g. Finland) and others moving in
the opposite direction (e.g. Greece). A major shortcoming is the absence of a centralised food
consumption database and the fact that in every possible aspect of survey design, food intake
surveys differ across the Union. Finally, as nutrition comes to the forefront of public health
issues in the EU, it is regrettable that the organisation of nutritional science in the EU is so
poorly structured. Each country has its own nutrition society, some with several such socie-
ties. And while the Federation of European Nutrition Societies and the European Academy
of Nutritional Sciences attempt to garner together the various nutrition groupings in Europe,
the overall effectiveness is nowhere near the US with its monolithic American Society
for Nutritional Sciences and its proximity to the Federation of American Societies of
Experimental Biology, for which no counterpart exists in the EU.
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2 Dietary Advice in North America:
the Good, the Bad and the Unheeded

Julie Miller Jones

2.1 Introduction

Dietary advice in North America comes from many sources —some credible, some not. While
the focus of this chapter will be on advice from the government and from recognised health
promotion organisations, it must be pointed out that advice from less credible sources is often
heeded, despite frequent inaccuracies and half-truths. This chapter will cover the following:
(1) credible dietary advice from North America; (2) an assessment of how well the population
follows the advice; and (3) a brief overview of the consequences of these dietary indiscretions
and how dietary fibre fits into the whole picture.

2.2 Specifics of dietary advice in North America

There are many sources of dietary advice from the US and Canadian governments. Dietary
Reference Intakes (DRIs) from the Institute of Medicine (1997, 2000) outline what nutrients
are required, and at what levels for a specific population group. DRIs have been developed
as a joint effort of the USA and Canada, with committees of eminent scientists from both
countries evaluating latest scientific information and condensing this into a single set of rec-
ommendations. The first DRIs were issued in 1997 and replace the Recommended Dietary
Allowances (RDAs) in the USA and Recommended Nutrient Intakes for Canadians (RNIs).
Recommendations for 13 vitamins and five minerals have been completed, and more are
in process. The four key elements of the DRIs — the Recommended Dietary Allowances
(RDAs), Adequate Intakes (Al), Tolerable Upper Intake Levels (UL), and Estimated Average
Requirements (EAR) — are elaborated in Table 2.1.

While DRIs provide generous allowances for healthy people, they do not meet nutrient
needs for all conditions, and do not provide guidance in food selection. Thus, the USDA Food
Guide Pyramid (United States Department of Agriculture 1992) (Fig. 2.1) and the Canadian
Food Guide to Healthy Eating (Department of Health and Welfare Canada 1992) are designed
to translate nutrient requirements into food choices. If a variety of foods is chosen from the

Table2.1 The four components of the dietary reference intakes.

RDAs nutrient goals for individuals

Adequate intakes (AI) nutrient goals for individuals for substances with
inadequate scientific information

Tolerable upper intake levels (UL) levels which should not be exceeded

Estimated average requirements (EAR)  establishes population average requirements for
research and policy
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various rungs of the Pyramid or parts of the Food Guide, the diet will contain all the nutri-
ents. The dietary advice from these food group plans should be used in combination with the
Dietary Guidelines for Americans (USDA 1995) to aid consumers in selection of foods that
contain the right levels of fat, sugar, sodium, fibre and calories. In the Dietary Guidelines for
2000 (USDA 2000), the number of guidelines expands from seven in the 1995 version to ten
(Table 2.2). Differences from the 1995 version are as follows:

Goal number one directs the consumer to use the pyramid to direct food choice rather
than the previous wording to select a variety of foods.

The goal covering weight and physical activity was split into two goals to give importance
to each part. One goal is to aim for a healthy weight. The other goal is to be physically
active each day.

The goal referring to fat, changes from recommending a diet low in total fat to one that is
moderate in fat. Both the old and the new version recommend a diet low in both saturated
fat and in cholesterol.

The goal referring to grains, fruit and vegetables has also been divided into two goals
— one recommends choosing a variety of fruits and vegetables daily. The second recom-
mends choosing a variety of grain products on a daily basis, and advocates the selection
of whole grains.

The goal covering sugar, changed from admonition to choose a diet moderate in sugars to
one that recommends choosing beverages and foods to limit intake of sugars.

The initiative Healthy People 2010 has been published by the US Department of Health and
Human Services, Office of Disease Prevention and Health Promotion (2000). It contains
dietary strategies that are designed to reduce risk of heart disease, stroke, hypertension, obes-
ity, diabetes and cancer and are part of a recommended battery of risk reduction strategies.

Table2.2 1995 and 2000 dietary guidelines.

1995

2000

Eat a variety of foods

Balance the food you eat with
physical activity — maintain
or improve your weight
Choose a diet low in fat,
saturated fat, and cholesterol
Choose a diet with plenty of
grain products, fruits and
vegetables

Choose a diet moderate in sugars

Choose a diet moderate in salt

If you drink alcoholic beverages,
do so in moderation

Let the pyramid guide your food choices
Keep foods safe to eat
Aim for a healthy weight

Be physically active daily

Choose a diet low in saturated fat,

and cholesterol and moderate in total fat
Choose a variety of grain products daily,
especially whole grains

Choose a variety of fruits and vegetables
daily

Choose beverages and foods to limit
your intake of sugars

Choose and prepare foods with less salt
and sodium

If you drink alcoholic beverages,

do so in moderation
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(It is built on the 1979 Surgeon General’s Report, Healthy People, and Healthy People 2000:
National Health Promotion and Disease Prevention Objectives.)

Many other health-promotion groups, including the American Cancer Society, American
Heart Association, National Cancer Institute and National Cancer Institute in Canada in
coalition with others, namely 5-A-Day for Better Health, the American Institute for Cancer
Research, the National Heart and Stroke Foundation of Canada, have their own set of recom-
mendations (Tables 2.3 and 2.4). All give roughly the same advice, although the emphasis
may differ with the specific disease involved.

With all this advice and its seeming congruence, it would be logical to assume that the diets
in North America are optimal. Unfortunately, the average North American is either confused
with what he or she sees as constantly conflicting advice, or he or she chooses not to heed the
advice. The pyramid is either lop-sided (Fig. 2.2) (National Cattlemen’s Beef Association) or
anvil-shaped (Fig. 2.1) (NDP Group). Instead of the recommended ‘eat sparingly’ from the
tip of the pyramid, the average US consumer is eating 3.5 servings per day from the top rung
of the pyramid (National Cattlemen’s Beef Association 1994). These foods are high in sugar
and sweeteners, fat, and salt and often offer little, except additional calories to a diet, which
already has a caloric surfeit and an expenditure deficit.

The dietary guideline with respect to sugar are expressions of concern about the intake
of added fat and sweeteners from the top of the pyramid. Sweetener intake has increased
since 1909 from ~40 kg (86 1b.) per year per capita to ~70kg (154 1b.) per year. Fats and oils
have increased from 17 to 30 kg (38 to 66 1b.) per capita per year. According to United States
Department of Agriculture (USDA) surveys, added sweeteners provide on average 16% of
calories. For persons under 55 years of age, soft drinks comprise the number one source of
sweeteners. According to a Newsweek survey in August 1999, 23% of males said they drank
three or more cans of soda on a typical day (Cowley 1999). The mean adjusted energy intake
in a sample of over 1500 school-aged children who consumed 250 ml (9 0z.) of soda or more
per day was 300 calories more than for those who did not (Harnack ez al. 1999). Candies,
bread spreads, cookies, cakes and other sweetened bakery and cereal products, sweetened
fruit-flavoured beverages and milk products such as ice cream make up the top contributors to

Table2.3 American Cancer Society: guidelines on diet, nutrition and cancer prevention.

(1) Choose most of the foods you eat from plant sources.
Eat five or more servings of fruits and vegetables
Eat other foods from plant sources, such as breads, cereals, grain products, rice, pasta, or beans
(2) Limit your intake of high-fat foods, particularly from animal sources
(3) Be physically active: achieve and maintain a healthy weight.
(4) Limit consumption of alcoholic beverages, if you drink at all.

Table2.4 American Heart Association dietary guidelines.

Total fat intake <30% of calories.
Saturated fat <10% of calories.
Polyunsaturated 8-10% of calories.
Monounsaturated 10—15% of calories.

Cholesterol intake <300 mg/day

Sodium intake <2400 mg (2.4 g)/day
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ACTUAL CONSUMPTION PYRAMID
U.S. Total .

Source: EAT 1 {1954) {Netlonsl Live Stock & Meat Board 11-310§
Conducied by MRCA end Based on 4,700 ingividuals in 2.000 Households

Good Nutrition & Activity for Life

Fig. 2.2 Lop-sided pyramid.

sweetener intake (Anon. 1999). Interestingly, an article assessing the accuracy of food intake
date, found these items to be among those most likely to be underreported, perhaps making
some of the epidemiology data and conclusions inaccurate (Johnson 2000).

Underconsumption of recommended foods in the other rungs of the pyramid also contrib-
utes to the lop-sided pyramid. Despite active campaigns such as ‘5-A-Day for Better Health’
(National Cancer Institute 2000) and news reports extolling the importance of antioxidants
and phytochemicals from fruits and vegetables in preventing cancers, coronary disease, hy-
pertension and stroke, fruit and vegetable consumption fails miserably. On a given day,
10-25% of Americans ate no vegetable, 47% did not consume even one serving of fruit or
full-strength juice, 79% ate no vegetable or fruit high in vitamin A, 72% ate no vegetable
or fruit high in vitamin C, and only 18% consumed a cruciferous vegetable (Patterson et al.
1990).

News that approximately 28 g (1 0z.) of nuts per day reduces the risk of coronary disease
by 50% (Hu et al. 1998; Kris-Etherton ez al. 1999), and many reports about benefits of whole
grains (Slavin ef al. 1999), soy (Potter 1998; Potter et al. 1998; Moyad 1999), and legumes
(Kushi et al. 1999) have had little impact on most consumers’ choices. On a given day, 79%
of Americans do not consume one serving of legumes or nuts (Enns ez al. 1999). Both men
and women eat fewer servings of grain than recommended, and most of the grain consumed
is not whole grain (Jacobs et al. 1999).

In terms of dairy and calcium intake, US intakes fall short of the mark. This is occurring
even though recommendations abound about the importance of calcium and dairy in reduc-
ing hip fractures and preventing osteoporosis (Looker et al. 1993). However, the average
calcium intake is only 400 —600 mg/day. Put another way, 11% of women over age 11 meet
the calcium requirement (Pennington et al. 1996, 1997; Albertson et al. 1997). Excess soda
intake may again exacerbate this problem. Adolescents who consumed 26 oz. of soft drinks



18 Chapter 2

or more per day were about four times more likely to consume less than one cup (225 g) of
milk per day than teens not consuming soft drinks (Anon. 1999).

While all of the above problems are significant, the number one nutrition problem in North
America is overweight. According to a 1999 Newsweek survey (Cowley 1999), 60% of the
men and 43% of the women were classified as overweight or obese using accepted medical
standards. Interestingly, when asked to classify themselves, only 4% and 8% of men and
women classified themselves as obese compared with 21% and 18% using a medical clas-
sification. Depending on the definition of obesity, somewhere between 33% and 40% of US
adults (some 58 million people) are obese. Thus, there is higher risk for conditions associated
with obesity such as heart disease, high blood pressure, high cholesterol and diabetes.

With the increase in fatness, the incidence of non-insulin-dependent diabetes mellitus
(NIDDM) is rising dramatically, and the condition is now known to affect 10.3 million peo-
ple. As many as 80% may be overweight at the time of diagnosis. Many more are believed to
have the disorder and to be unaware of it. There is also another alarming trend, there being a
sharp rise in the incidence of NIDDM in pre-adolescent and school-age children (American
Diabetes Association 2000).

North Americans eat too many calories and expend too few. Moreover, Americans are
exercising less than they were a few years ago (Kate 1995), and the trend is toward even less
exercise. More than three-quarters of adults say they exercise, but exercisers do not sweat
often enough: 7% of adults exercise less than once a month, 13% exercise just 1-3 days a
month, and only 37% exercise frequently and strenuously enough for optimal cardiovascular
activity (Fig. 2.3; Table 2.5). Furthermore, little energy expenditure occurs in daily life as
conveniences such as television remote controls mean less movement. Walking is almost an
un-American activity.

Physical activity among youth has declined over the past several decades, with less time
being spent in all types of physical activity. Many popular activities such as watching televi-
sion and computer games, involve minimal physical exertion (Luepker 1999).

Tobacco

Poor diet/lack of exercise
Alcohol

Infectious agents
Pollutants/toxins
Firearms

Sexual behaviour

Motor vehicles

uuuuuuul

lllicit drug use

llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

|
2 4 6 8 10 12 14 16 18 20
Percentage of all deaths
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Fig. 2.3 Poor diet and exercise as causes of death in the US.
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Table2.5 Frequency of exercise.

Frequency %
Less than once a month 7
One to three days per month 13

Three or more times a week:
long enough and frequently
enough to protect the heart 37

Newsweek survey (August 1999)

Another factor that affects calories and nutrition is the demise of family meals or the ‘three
squares’ (Table 2.6). A recent survey (Gillman ef al. 2000) showed that 17% of families ate
together never or on ‘some days’. Compared with the group that ate together, those not eating
as a family ate fewer fruits and vegetables and more fried foods and sodas, and were very
unlikely to get the recommended five servings of fruit and vegetables (Table 2.7). When the
families ate together, diets contained more fibre, vitamins and minerals.

Overall, Americans are grazing (snacking more) (Baranowski ef al. 1997; Siega-Riz et al.
1998), eating fewer meals, and purchasing more vending machine and other fast food. They
are eating in locations other than at a traditional mealtime table. Astonishingly, the second
most common place to eat is the car.

Another factor is that North Americans now spend nearly half their food dollar on food
eaten away from home (National Restaurant Association 2000). In some venues, it is difficult
to get a full serving of fruit or vegetable other than fried potatoes. For some, eating out has
become an everyday occurrence, even an every meal occurrence. Still, restaurant meals are

Table2.6 The vanishing family dinner.

Time to eat together %
Never or some days 17
Every day 43
9-year-olds 50
14-year-olds 33
n=16202

Source: Gillman et al. (2000) Archives of Family
Medicine, 9, 235-240.

Table2.7 Effect of eating together versus not eating together.

Get five servings fruits and vegetables per day RR=1.45

Eat fried foods RR=0.67

Drinking any soda RR=0.73
n=16202

Source: Gillman et al. (2000) Archives of Family Medicine, 9,
235-240.
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Table2.8 Effectof eatingin arestaurant on nutrition
choices of pre-menopausal women.*

Nutrient Out Home

Calories 2057 1769

Fat (g) 79.5 60.6

Sodium (mg) 3299 2903
n=129

Source: Clemens et al. (1999) Journal of the American
Dietetic Association, 99, 442-444.

often viewed as treats and thus not needing to count nutritionally. A recent study (Clemens et
al. 1999) showed that restaurant and fast-food diners ate an average of 300 more calories and
19 g more fat than those dining at home. Despite more calories, there was no increase in some
important nutrients or fibre (Table 2.8). Another problem with restaurant eating is gargantuan
portions (McCrory et al. 2000). Some chain restaurants are super-sizing everything and of-
fering food at a relatively low price. ‘All-you-can-eat’ buffets are popular, and so the
calories eaten are often far greater than needed.

This book is focusing on one aspect of a healthy diet — fibre. While debate will occur as
to whether fibre cures a variety of problems, the fact remains that adequate intake of fibre
is associated in epidemiological studies with reduction in risk of most of the major dietary
problems in the North America — cancer (Gold & Goldin 1998; Earnest et al. 1999; Fuchs et
al. 1999; LaVecchia & Chatenoud 1999; Lupton & Turner 1999; Reddy 1999; Young & Lee
1999), coronary disease (Rimm et al. 1996; Brown et al. 1999; Ludwig et al. 1999; Wolk
et al. 1999), diabetes (Salmerdn ef al. 1997) and obesity (Miller ef al. 1994; Kimm 1995).
It remains to be determined if fibre is the reason for the positive health effects or whether
it is merely the marker of a good diet —one lower in fat and saturated fat and higher in fruits
and vegetables, whole grains, vitamins, minerals, antioxidants and other phytochemicals. As
chapters in this book delve into the many important health and nutritional issues associated
with fibre, scientists are still attempting to determine the precise role of fibre in modifying the
course of disease and maintaining health. What is crucial to keep in mind, is that people
must eat fibre-containing foods before the various health benefits can be achieved. Therefore,
we must develop foods that are likely to be selected. Secondly, we must frame clear, under-
standable, consistent nutrition messages that are meant not only to be heard, but also to be
adopted.
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3 Light Microscopic Investigations on
Dietary Fibre

Karin Autio

3.1 Introduction

Plant cell-wall material containing hemicellulose, cellulose, pectic substances and lignin are
the major components of dietary fibre, with small amounts of other components, such as
phenolic substituents and acetyl groups (Selvendran et al. 1987). The cell walls of the differ-
ent microstructural components of the seed kernel differ in terms of chemical content and
architecture. The main components of rye primary cell-walls are arabinoxylans; the B-glucan
content is much lower. In barley and rye, ferulic acid is esterified to arabinoxylans (Harris
& Hartley 1980; Ahluwalia & Fry 1986). Ferulic acid—arabinoxylan complexes are concen-
trated in the aleurone layer (Pussayanawin & Wetzel 1987; Pussayanawin et al. 1988). No
ferulic acid is associated with B-glucan. Structurally, cereal arabinoxylans form a very het-
erogeneous group, in which the ratio of arabinose to xylose, the pattern of arabinose substi-
tution, the feruloyl group content and the degree of polymerisation can vary significantly
(Izydorczyk & Biliaderis 1993). Mixed linked B-glucan is the major cell-wall component in
barley, but it is not evenly distributed in the grain. The aleurone cell walls consist of 67%
arabinoxylans and 26% mixed linked B-glucans, whereas the starchy endosperm cell walls
contain about 20% arabinoxylans and 70% mixed linked B-glucans (Bacic & Stone 1981).
Mixed linked B-glucans also form a non-homogeneous group. Variations exist in the amounts
of'adjacent 1,3- and 1,4-linkages (Fincher & Stone 1986) and in the degree of polymerisa-
tion. Primary cell walls (walls of aleurone, starchy endosperm and scutellum) consist of an
amorphous matrix in which cellulose microfibrils are embedded (Fincher & Stone 1986).
Despite the enormous amount of published data on cereal grains, we have a poor understand-
ing of the interaction of components in the matrix phase of the primary cell wall.

The structure of plants can be divided into different structural level: tissues, cells, cell
walls and polymers (Waldron et al. 1997). Every level of the structural hierarchy will influ-
ence the functionality. Cross-links, arrangements and thickness of cell walls have a great ef-
fect during processing and digestion (Waldron et al. 1997). Cells constitute the next level
of structure, differing in size, shape and content. Cells are joined to one another at the mid-
dle lamella, the extent and strength of adhesion being dependent on the degree of ripening.
Cell-wall structures in grain serve the growing plant by maintaining the tissue integrity, as a
conduit structure for the movement of water and low-molecular-weight solutes, thus help-
ing to maintain osmotic pressure and acting as a barrier against microbe and insect penetra-
tion (Autio 1996). During processing, such as malting, milling and heating, great changes in
cells and cell walls occur. In foods, the tissues, cells, cell walls and their components control
texture, water-binding and sensory properties, and are an important source of nutrients and
dietary fibre (Fincher & Stone 1986). Ferulic acid-containing cell-wall polysaccharides of
fruits and vegetables play a key role in the thermal stability of cell-cell adhesion (Waldron et
al. 1997). Cell separation is a very important factor in tissue softening.
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Microscopy techniques are effective methods in studying the structure of tissues, cells and
cell walls. Bright-field and fluorescence microscopy can reveal the distribution of different
chemical components in different parts of cereal grains, since they allow selective staining of
different chemical components. In this chapter, the microstructures of the main cereal grains
and the effect of processing will be presented, as well as staining systems for the demonstra-
tion of different cell-wall components. The chemical components in the cell walls can also
be mixed at a molecular or supra-molecular level, which does not allow visualisation of the
components in the magnitude of light microscopy. Microscopy of thin sections of cereal
grains incubated with purified enzymes can give additional information about the localisation
of specific components. Examples of this method in studying cell wall structures of barley
and rye cell walls will be shown.

3.2 Staining of the main chemical components of cereal cell walls
for light microscopy

For microstructural characterisation, the samples must be prepared either by freezing with or
without fixation or by plastic embedding, including fixation, dehydration and embedding
in plastic. The most commonly used staining systems for cereal cell walls in bright field (Flint
1988) and fluorescence microscopy (Fulcher et al. 1989), are presented in Tables 3.1 and
3.2. Table 3.1 shows the most commonly used stains in bright-field microscopy. Some com-
ponents exhibit autofluorescence. In cereal cell walls, the main sources of autofluorescence
are polyphenolic compounds, such as ferulic acid and lignin. The use of fluorescently la-
belled antibodies and lectins that bind to specific protein or carbohydrate components of cell
walls, increases the range of the specific components that can be studied (Miller ez al. 1984).
Toluidine blue is an example of a non-specific stain which is widely used for visualisation of
cell walls (Flint 1988).

Table3.1 The most commonly used stains for cell
walls in bright-field microscopy.

Component Stain Colour
Cellulose Thionin Violet
Protein Light green Green
Lignin Phloroglucinol Red
Pectin Ruthenium red Rose

Table 3.2 The most commonly used stains for cell walls in fluores-
cence microscopy.

Component Stain Colour
Mixed-linked B-glucans Calcofluor White/blue
Congo red Red
Immunostaining Green
Arabinoxylans Immunostaining Green
Proteins Acid fuchsin Red
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3.2.1 Microscopic investigations of cereal cell walls

The four morphologically different tissues common to all cereal grains are the layers of seed
coat, embryo, aleurone and starchy endosperm (Evers & Bechtel 1988). The pericarp (fruit
coat) is composed of an outer epidermis, hypodermis, remnants of thin-walled cells, inter-
mediate cells, cross and tube cells. The outer layers are mainly composed of lignin and cel-
lulose. Although the morphology of cereal grains share many similar features, differences
exist especially in the chemical composition and distribution of components. Figs 3.1-3.4
show fluorescence micrographs of barley, oat, rye and wheat. The aleurone layer of barley
(Plate 3.1) is two to three cells thick, whereas those of oat (Plate 3.2), rye (Plate 3.3), wheat
(Plate 3.4) and maize grains (Plate 3.5) are only one cell thick. The cell walls of barley, rye and
wheat (around the aleurone cells) are rich in polyphenolic compounds — mainly ferulic acid
— since only aleurone cell walls and the layers of fruit coat (mainly lignin) exhibit autofluo-
rescence (Plate 3.5). In the case of maize, rice and sorghum, the inner endosperm cell walls
are also autofluorescent, suggesting that they too contain large amounts of polyphenolic com-
pounds. The aleurone cells are cubic and their cell walls are thick. The aleurone cell walls of
barley or wheat are reported to contain about 65—-67% arabinoxylan and about 26-29% mixed
linkage (1—3),(1—4)-B-p-glucan (Fincher & Stone 1986). The cells contain large nuclei and
storage materials, including lipids, phytin, minerals, protein and phenolic compounds. The
aleurone is important both botanically and industrially. It has a significant role, both in ger-
mination and in animal nutrition. The aleurone cells are an important source of the hydrolytic
enzymes that degrade the starchy endosperm during germination. Nutritionally, the aleurone
is a rich source of dietary fibre, minerals, vitamins and other health-promoting compounds.

In rye and wheat, the thickness of cell walls in different parts of the grain shows little vari-
ation between different varieties, whereas in the case of barley and oat, great differences exist
between varieties. In barley, the thickness of cell walls is strongly related to malting quality.
Plate 3.6 shows different barley varieties: Chariot Hja is an easily, and Minerva a poorly,
modified variety. Easily modified barley samples usually have thin cell walls. Waxy barley
(Prohashonupana), which has a -glucan content of about 15%, has been developed. The
endosperm cell walls of this sample have clearly thicker cell walls than barleys usually have
(Andersson et al. 1999). According to Fulcher and Miller (1993), the distribution of B-glucan
in oat kernel varies in low- and high-f3-glucan varieties. The clear trend of their study was that
B-glucan was evenly distributed in high-B-glucan varieties, whereas it was concentrated in the
subaleurone layer in the low-3-glucan varieties. The distribution of B-glucan is of great practi-
cal importance in oat bran manufacture. In rye grains with a high falling number, the thickness
of'the cell walls is usually uniform in the different parts of the grain (Autio & Salmenkallio, in
press). Pre-harvest sprouting may cause degradation of cell walls (Fabritius ez al. 1997), and
generally, cell walls in the subaleurone layer, and especially those of the ventral endosperm,
are not stainable by Calcofluor. In wheat grain, the cell walls in the subaleurone layer are very
thin, whereas the inner endosperm cell walls are thicker (see Plate 3.4).

3.3 The effect of purified cell wall degrading enzymes on cell walls

Microscopy of thin sections of cereal grains, incubated with purified enzymes, can be used
as a means to localise specific components. In mature barley grains, three morphologically
different cell types are apparent in the starchy endosperm: (1) cells of the dorsal endosperm,
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which are elongated; (2) cells of the ventral endosperm, which are rounder; and (3) the small
subaleurone cells. The major changes due to endo-B-glucanase treatment occurred in the
cell walls of the outer starchy endosperm (Autio ef al. 1996a). The inner starchy endosperm
cell walls seem to be much more resistant to hydrolysis. The peripheral areas in the barley
kernel have been shown to have a lower concentration of B-glucan than the central endosperm
(Miller & Fulcher 1994). The consecutive incubation of thin sections of barley with puri-
fied Trichoderma reesei endo-xylanase and endo-f-glucanase (EG IT) significantly weakens
the aleurone cell walls (Autio ef al. 1996a). This is consistent with the conclusion that the
aleurone cell walls of barley have an outer coating of arabinoxylan, the removal of which
by endo-xylanase allows access to a B-glucan layer, which can be subsequently degraded by
endo-glucanase.

Incubation of rye kernel sections with purified 7richoderma reesei endo-xylanase and
Aspergillus niger (Megazyme, Ireland) showed that only the cell walls of the very outer lay-
ers of the endosperm were degraded by xylanase, whereas both xylanase and arabinosidase
were needed to hydrolyse all endosperm cell walls (Autio et al. 1997a).

3.4 The effect of processing on the microstructure of cell walls

Malting and baking have a great influence on the microstructure of cell walls. The malting of
barley is one of the most studied plant processes and, in particular, the structure and physiol-
ogy of the germinating grain has been well characterised (Palmer 1989). The structure of cell
walls, their thickness and cell size have a significant effect on the malting performance of
barley. Water uptake during steeping and diffusion of enzymes during germination determine
the rate of modification. Thin cell walls, large cells and a loosely structured endosperm im-
prove the water uptake during steeping and the diffusion of growth regulators and enzymes
during germination.

Most of the cell walls present in wheat and rye dough are insoluble. In wheat dough and
bread, the cell walls exist as cell wall fragments (Autio ez al. 1997b; Laurikainen ef al. 1998).
The addition of cell wall-hydrolysing enzymes caused the area of insoluble cell walls to de-
crease (Laurikainen et al. 1998). In fibre-enriched baking, the added enzymes mainly affected
wheat endosperm cell walls, but had very minor effects on aleurone layers, which are very
stable during processing. Dough and bread from wholemeal rye contain seed coat, embryo,
aleurone and starchy endosperm, with particles varying in size from under 10 um up to 1 mm
(Parkkonen et al. 1994, 1997; Autio et al. 1996b; Fabritius et al. 1997). The area of blue fluo-
rescence due to intact cell walls is much higher inrye than in wheat bread. The addition of cell
wall-hydrolysing enzymes, endo-xylanase or B-glucanase into the dough, caused fragmenta-
tion and fading of endosperm cell walls. The cell walls of the aluerone cells did not change
to any degree.
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4 Assembly and Rheology of Non-starch
Polysaccharides

Edwin R. Morris

4.1 Introduction

In addition to their role as constituents of dietary fibre, polysaccharides are also used widely,
after extraction and purification, as thickeners and structuring agents for manufactured foods
and related products. In the context of these industrial applications, the relationships between
their structure, rheology and functional interactions have been studied extensively. Although
there are, of course, substantial differences between extracted polysaccharides and intact
plant tissue, the general principles that have emerged from such research provide a useful
starting point for rationalising the physiological effects of dietary fibre.

4.2 Composition and shape of polysaccharide chains

The physical properties of polysaccharides are dominated by the shape (conformation) of the
individual chains, and the way in which they interact with one another (Rees ef al. 1982).
Each polysaccharide molecule typically contains several thousand monomer (monosaccha-
ride) units. These are often arranged in a linear sequence, like a (very long) string of beads,
although more complex branched arrangements also occur. In contrast to globular proteins,
polysaccharides normally have structures based on regular repeating sequences. The sim-
plest arrangement is where all the monosaccharides are the same, and are linked together
in the same way along the chain. Disaccharide repeating sequences (-A-B-A-B-) are also
common, and larger repeating units (up to octasaccharide) can occur, particularly in polysac-
charides produced by bacteria.

The constituent monosaccharides have a ring structure, which can be either five-mem-
bered or six-membered, and are linked together by ‘glycosidic bonds’ with a shared oxygen
atom between adjacent sugars. The polysaccharides of greatest practical importance, both
as commercial ‘hydrocolloids’ and as constituents of dietary fibre, are built up from six-
membered (pyranose) rings consisting of one oxygen atom and five carbon atoms, which are
numbered sequentially from the ring oxygen as C-1 to C-5, and with a sixth carbon atom,
numbered as C-6, lying outside the ring. As a consequence of the tetrahedral bonding arrange-
ment of carbon, and the requirement to avoid steric clashes between adjacent groups, the
pyranose ring is locked in a fixed, chair-like geometry (Stoddart 1971), and the overall shape
ofthe polysaccharide molecule is dictated by the torsional angles (Fig. 4.1) characterising the
relative orientation of neighbouring sugars. These angles may be either fixed at the same val-
ues for equivalent linkages along the polymer chain, giving regular, ordered chain geometry,
or constantly fluctuating, to give the disordered ‘random coil’ geometry typical of polysac-
charide solutions.
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Fig.4.1 Conformational variables in carbohydrate chains (illustrated for cellulose).

The nature of the ordered structures adopted by different polysaccharides depends strong-
ly on the way in which the individual sugars are linked together. In the chair conformation
shown in Fig. 4.1, the hydroxyl groups attached to C-2, C-3 and C-4 may be present either
in equatorial locations around the periphery of the sugar ring, or in axial positions vertically
above or below the plane ofthe ring. In glucose —the constituent monosaccharide of cellulose
and starch — all three hydroxyl groups (i.e. on C-2, C-3 and C-4) are equatorial. Other sugars
have one or more of these hydroxyl groups in axial positions. The group at C-6 is always po-
sitioned equatorially. In simple sugars (glucose, galactose and mannose), the C-6 substituent
is a hydroxymethyl (-CH,OH) group; in 6-deoxy sugars (such as rhamnose) this is replaced
by a methyl (-CH,) group, and in uronic acids (such as the galacturonic acid monomers of
pectin) it is replaced by a carboxyl (-COOH) group, which at neutral pH exists in the charged
carboxylate form (-COO7). Each sugar can be synthesised in two different mirror-image
forms, identified as D or L, although (with the notable exception of D and L galactose) only
one of these normally occurs in nature.

Formation of glycosidic bonds can be regarded as a condensation reaction between OH
groups on adjacent sugars, with formal elimination of water. Linkage invariably occurs be-
tween the OH group at C-1 of one of the participating monosaccharides and any of the other
OH groups on the next sugar residue (including the hydroxyl group lying outside the ring on
C-6). The OH at C-1 is chemically different from the other hydroxyls, since it forms part of a
hemiacetal group which also includes the ring oxygen, and which converts to an acetal group
on formation of the glycosidic bond. Like the other oxygens attached to the carbon atoms
of'the sugar ring, O-1 can be positioned either axially or equatorially; sugars in which O-1 is
axial are termed o and those in which O-1 is equatorial are known as 3. The position of linkage
between adjacent sugars, and the axial or equatorial orientation of the bonds to the glycosidic
oxygen, can have a profound effect on overall chain geometry, both in the disordered coil
form and in the ordered structures found in the solid state (Rees ef al. 1982).

Three patterns of linkage geometry (Fig. 4.2) are particularly relevant to dietary fibre. The
first occurs in cellulose, which is a (1—4)-linked linear polymer of B-p-glucose. The bonds
to and from each residue in the cellulose chain are diagonally opposite one another across the
sugar ring and both are equatorial [since O-1 is equatorial in all B-linked sugars, and O-4 is
equatorial in glucose]. Thus, as indicated in Fig. 4.2a, they are parallel, and only slightly offset
from each other. As a direct consequence of this linkage arrangement, the individual chains in
cellulose microfibrils exist as flat, extended ribbons, which pack together like planks of wood.
The same (1—4)-diequatorial linkage pattern occurs in the mannan (i.e. poly-3-p-mannose)
backbone of plant galactomannans such as guar gum and locust bean gum, and these materi-
als also pack together as extended ribbons in the solid state.

The second characteristic arrangement (Fig. 4.2b) occurs in the (negatively-charged)
poly-o-p-galacturonate sequences of pectin. Linkage is again at carbons 1 and 4, but through
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Fig.4.2 Relationship between the relative orientation of bonds to and from component residues of
polysaccharide chains and the nature of the ordered structures adopted in the solid-state: (a) extended
ribbons; (b) buckled ribbons; (c) hollow helices.

axial bonds at each position. The bonds to and from each residue are again parallel, but are
now offset from each other by the full width of the sugar ring, giving buckled, zig-zag chain
geometry with large cavities which can accommodate metal cations (typically Ca?"). These
cations allow compact, ordered assemblies to form, by balancing the charge of the carboxy-
late groups on the galacturonate residues and thus suppressing electrostatic repulsion be-
tween the constituent polysaccharide chains. A similar arrangement of buckled polysac-
charide chains with long arrays of site-bound cations sandwiched between them (known
as an ‘egg-box’ structure) is adopted by the (1—4)-diaxially-linked poly-a-L-guluronate
sequences of alginate, an algal (seaweed) polysaccharide which is used widely in the food
industry as a gelling agent.

In the third class of linkage arrangement (Fig. 4.2c), the bonds to and from each residue
are no longer parallel to one another. This introduces a systematic twist in the direction of the
chain, and the resulting ordered structures are hollow helices which stabilise one another by
packing together coaxially. Non-parallel bonding can occur in two ways. The first is when
the sugars are again linked through carbons 1 and 4, as in the extended and buckled ribbon
structures shown in Fig. 4.2a and b, but with one bond axial and the other equatorial. This ar-
rangement occurs in the (1—4)-linked poly-o-p-glucose sequences of amylose and amylo-
pectin — the constituent polysaccharides of starch — and leads to formation of coaxial double
helices. Helical structures can also arise from linkage through carbons 1 and 3, with the bonds
to and from each residue no longer directly opposite one another across the sugar ring. For
example, the bacterial polysaccharide curdlan, which is used as food ingredient in Japan, is a
(1—3)-linked linear polymer of B-p-glucose, and forms coaxial triple helices (i.e. with three
chains wound together). In polysaccharides with more complex repeating sequences, where
some of the linkages are of the parallel type (Fig. 4.2a and b) and others are non-parallel
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(Fig. 4.2¢), the twist introduced by the non-parallel linkages again promotes overall helical
chain geometry. Examples of this include the coaxial double helices formed by algal polysac-
charides in the carrageenan and agar families, and by gellan, a new bacterial polysaccharide
recently approved for food use.

Linkage through carbons 1 and 2 is rare, although it does occur in ‘rhamnogalacturonosyl’
regions of the pectin backbone (which have an alternating sequence of galacturonate and
rhamnose residues, linked at positions 4 and 2, respectively). When attachment is at O-6, the
linkage includes an extra bond, between C-5 and C-6, and is therefore more flexible, and less
amenable to ordered packing, than the normal glycoside linkage shown in Fig. 4.1.

4.3 Solids, solutions and hydrated networks

The physical state of polysaccharides may have profound effects on their physiological role
as constituents of digest. At one extreme, the chains may adopt regular, ordered conforma-
tions of the types shown in Fig. 4.2, and pack together into insoluble ‘crystalline’ assemblies.
Ordered packing confers resistance to enzymatic attack, and thus structures such as cellulose
microfibrils may undergo only limited degradation during colonic fermentation, even when
appropriate enzymes are secreted. Similarly, the effectiveness of human digestive enzymes
in breaking down starch is critically dependent on chain conformation and packing. Starch
granules contain densely packed assemblies of ordered (double helical) amylopectin, to-
gether with disordered amylose. On heating in water, the amylopectin helices melt, and the
granules swell (gelatinise), with release of disordered amylose. In this freshly cooked, disor-
dered form, starch is highly susceptible to enzymatic hydrolysis. On cooling and storage,
however, ‘retrogradation’ occurs: the amylose component forms large bundles of aggregated
double helices, and at longer times the amylopectin may also revert to the ordered form.
These products of retrogradation, together with raw starch (e.g. from bananas), because of
their packed, ordered structure, are far less susceptible to enzymatic attack, and are known as
‘resistant’ starch.

At the opposite extreme, polysaccharide chains may exist in solution as disordered coils
and generate viscosity by restricting the flow of the solvent. Between these two extremes
of packed, ordered assemblies and hydrated, disordered coils lie hydrated networks, such
as food gels and the soft tissue of plants. Formation of a cohesive network requires enough
ordered association (as in the solid state) to hold the network together, but there must also be
sufficient residual disorder (as in solution) to maintain hydration and prevent the network
collapsing to a close-packed solid.

The balance between association and hydration depends on a number of factors, the most
important of which is charge. Neutral polysaccharides (such as cellulose or starch) have a
strong tendency to self-association; charge promotes solubility by introducing electrostatic
repulsion between the chains. Negatively charged polysaccharides may, however, associate
in the presence of appropriate metal ions that can bind to the chains and balance their charge.
One way in which this can occur is by formation of an ‘egg-box’ structure of the type shown
schematically in Fig. 4.2c. Other types of ordered structure —and in particular coaxial helices
involving negatively charged polysaccharides — however, can also form aggregated assem-
blies incorporating metal cations to balance the charge on the polymer chains.

Ordered packing can also be inhibited by structural irregularities or branching. The indi-
vidual polysaccharide chains within ordered assemblies are held together by non-covalent
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bonds. These are individually weak, and can promote stable association only when a suf-
ficiently large number of them act together in a concerted array. Ordered junctions therefore
have a minimum critical length below which they become unstable. The minimum length
can vary substantially from one polysaccharide to another, but is typically in the range 8
to 20 residues. Thus any structural irregularities (i.e. deviations from the regular repeating
sequence) that occur at a separation less than this critical length will terminate ordered as-
sociation. Similarly, irregularly spaced side chains, or branch points separated by less than
the minimum critical sequence length for stable association, can inhibit ordered packing and
promote solubility. For example, guar gum is solubilised by sugar side chains attached ir-
regularly to a backbone similar to cellulose.

Another important determinant of the stability of ordered structures is, of course, tempera-
ture. As in any chemical process, conversion between ordered and disordered conformational
states will occur only if the accompanying change in free energy (AG) is negative (i.e. if there
isan overall reduction in the free energy of the system). Melting of ordered junctions requires
heat to break the non-covalent bonds between the chains, and thus the change in enthalpy
(AH) is positive. Offset against this, however, the associated change in entropy (AS) is also
positive, because of the increase in conformational freedom on conversion to the disordered
coil form. The balance between the enthalpic drive to ordered association and the entropic
drive to disorder and conformational mobility is related to absolute temperature (T) by the
Second Law of Thermodynamics (AG = AH — T AS). Thus entropy, favouring the disordered
solution state, becomes progressively more important as the temperature is raised. This is
why many gel networks melt, often quite sharply, on heating, and why most polysaccharides
dissolve more readily in hot water than in cold water.

However, although the balance between entropy and enthalpy determines which state will
be adopted at thermodynamic equilibrium, the kinetics of interconversion between ordered
and disordered states may be very slow. Thus if soluble polysaccharides are consumed as
part of a dry, or low-moisture, food product, their effect on digesta viscosity will be limited
by their rate of dissolution and release, which in turn will depend on the overall structure of
the food, and its susceptibility to mechanical and enzymatic degradation.

4.4 Rheological measurements

As a starting point for discussing the physical properties of complex systems such as digesta,
it is useful first to consider two idealised extremes: perfect (Hookean) solids and perfect
(Newtonian) liquids, which are approximated reasonably closely by, respectively, cross-
linked rubber and sugar syrups. If a rubber band is stretched, the increase in length (at least
initially) is directly proportional to the force applied: pull twice as hard and it stretches twice
as much. The force required to stretch the band by a fixed amount will obviously depend on
its thickness and on its initial length, as well as on the strength of the rubber. To eliminate
these effects of size, the extension can be expressed as strain, defined as the increase in length
divided by the initial length, and the resistance to deformation can be expressed as stress,
which is given by the force divided by the cross-sectional area of the sample. The strength
of the material can then be characterised by the ratio of stress/strain, which is known as the
modulus.

When dealing with liquids or soft solids, there are obvious practical difficulties in making
extensional measurements. Instead, the sample is normally subjected to a shear deformation.
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If we imagine a block of material glued to a table, the sample can be sheared by applying a
force to the upper surface, in a direction parallel to the surface of the table. The strain is then
defined as the distance moved divided by the height of the sample, and the stress is again
defined as the force per unit area. In practice, measurements under shear are normally made
by sandwiching the sample between two circular plates (or in the gap between two cylinders),
one of which rotates while the other remains stationary.

For Newtonian liquids, the resistance to rotation (i.e. the shear stress) is directly propor-
tional to the rate of rotation (or, more strictly, to the shear rate, which is defined as the amount
of strain applied per second). The ratio of shear stress/shear rate gives the viscosity of the
liquid. Since stress is defined as force per unit area, it has units of pressure (i.e. Pa), and
because strain is a dimensionless ratio, shear rate has units of reciprocal time (i.e. s™'); viscos-
ity (stress/shear rate) is therefore measured in units of Pas. As a useful point of reference, the
viscosity of water at 20°C is 1 mPas, which in older units is also known as 1 cP (centipoise).

Most materials of relevance in discussing dietary fibre (polysaccharide solutions, hy-
drated networks, and slurries of dispersed particles) have a combination of liquid-like and
solid-like properties. One way in which these can be resolved and quantified is by subjecting
the sample to an oscillatory deformation. The principle of this approach, which is known as
mechanical spectroscopy, is fairly simple. For perfect solids, the resistance to deformation
(i.e. stress) is directly proportional to the extent of deformation (i.e. strain) and is therefore
greatest at the extremes of the oscillation and drops to zero in the middle of the oscillatory
cycle. For perfect liquids, the resistance is independent of the extent of deformation, but
directly proportional to the rate of deformation, which is greatest in the centre of the oscilla-
tion and drops to zero at the extremes (at the point where the moving element switches from
rotating in one direction to rotating back in the opposite direction, and is therefore stationary).
Thus stress and strain are exactly in phase for a perfect solid and exactly out of phase for a
perfect liquid.

For materials with intermediate rheological properties, the overall resistance to deforma-
tion (stress) can be resolved into an in-phase component and an out-of-phase component,
both of which can be expressed as a modulus by dividing by the applied strain. Since the en-
ergy used in deforming a solid is stored, and released again when the deformation is removed
(e.g. when a stretched rubber band springs back to its original length), the ratio of in-phase
stress/applied strain is known as the storage modulus (G'). The energy used in deforming a
liquid, by contrast, is lost (e.g. when a beaker of syrup is stirred with a spoon, the spoon does
not spring back to its original position when the force applied to the handle is removed); the
ratio of out-of-phase stress/applied strain, characterising the degree of liquid-like response,
is therefore known as the loss modulus (G"). Since strain is a dimensionless ratio, both moduli
have the same units as stress (Pa). The overall, unresolved stress divided by the applied strain
gives the complex modulus (G*), which isrelated to G'and G" by: G* =(G"+ G"?)”. Dividing
the complex modulus by the frequency of oscillation (®), expressed in units of radians per
second (rad s™), gives the dynamic viscosity (N* = G*/® = (G"?+G"?)"*/® ), which can be
regarded as the oscillatory analogue of conventional (steady-shear) viscosity (1) from rota-
tional measurements.

4.5 Rheology of polysaccharide solutions, gels and dispersions

The mechanical properties of cross-linked, hydrated networks are predominantly solid-like.
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Figure 4.3a shows the mechanical spectrum (frequency-dependence of G', G" and n*) for a
typical polysaccharide gel. Solid-like resistance (characterised by G') exceeds solution-like
response (G") by more than an order of magnitude, and the individual moduli show little
variation with frequency. This insensitivity to frequency (i.e. rate of deformation) is again
analogous to the behaviour of arubber band, where the resistance to deformation is independ-
ent of the rate at which the stretching force is applied. As outlined above, n* is given by the
root-mean-square value of G' and G", divided by frequency (®), and since G' and G" are
virtually constant, n* is almost inversely proportional to ®; thus the slope of log n* versus
log ® in Fig. 4.3a is close to —1.

Although the nature of the intermolecular junctions (Fig. 4.2) depends critically on pri-
mary structure, the variation of rigidity (G') with polymer concentration (c) follows a com-
mon pattern for most gelling polysaccharides. Plots of log G' versus log ¢ have a slope of
2 (i.e. ¢* dependence of gel strength) at high concentrations, with a progressive increase in
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Fig. 4.3 Typical mechanical spectra for (a) a polysaccharide gel; (b) an entangled network; (c) a dilute
solution of disordered coils free to move independently.
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slope as the concentration is decreased towards the minimum critical gelling concentration
(c,), below which formation of a continuous network is no longer possible.

The rheology of solutions of disordered polysaccharide coils is also strongly dependent
on concentration. In dilute solutions, the individual coils are free to move independently, and
generate viscosity by tumbling around and interfering with the flow of the solvent. Dilute
polysaccharide solutions are essentially Newtonian (i.e. the resistance to flow is almost di-
rectly proportional to the shear rate, so that the viscosity remains virtually constant). When
subjected to oscillatory shear, the predominant response at low frequencies of oscillation
is viscous flow, by movement of the polymer chains through the solvent. As the frequency
is raised, it becomes progressively more difficult for the large polymer molecules to move
backwards and forwards at the rate of the imposed deformation, and an increasing proportion
of the energy is stored elastically, by contortion of individual chains. These effects can be
seen in the mechanical spectrum shown in Fig. 4.3¢ for a typical dilute solution of disordered
polysaccharide coils. As would be expected for a solution that is almost Newtonian, n* is
virtually independent of frequency (i.e. rate of deformation); viscous response (characterised
by G") predominates at low frequency, but at higher frequencies G' rises towards G".

As the polymer concentration is raised, a point is reached at which the individual coils
begin to touch, and at higher concentrations they are forced to overlap and interpenetrate one
another. The transition from a solution of individual coils to an entangled network of overlap-
ping chains is accompanied by a sharp increase in the concentration-dependence of viscosity,
and by the onset of non-Newtonian behaviour. At low rates of deformation (i.e. low shear
rates), where there is sufficient time for entanglements pulled apart by the imposed stress
to be replaced by new entanglements with different chains, there is no change in the overall
degree of overlap, and the viscosity remains constant at the maximum (Newtonian) value,
n,- However, at higher shear rates, where there is less time for new entanglements to form,
the extent of coil overlap is decreased and the viscosity falls. This phenomenon is known as
‘shear thinning’, and at high concentrations of polymer it can reduce the viscosity by two or
three orders of magnitude from the maximum ‘zero shear’ value (1))

The mechanical spectrum of a typical solution of entangled polysaccharide coils is shown
in Fig. 4.4b. At low frequencies, where there is sufficient time for the entangled network to
rearrange within the period of oscillation, the spectrum is similar in form to those observed
for dilute solutions, where the chains are free to move independently (Fig. 4.3c). At higher
frequencies, however, where the rate of deformation becomes much faster than the rate at
which the chains can disentangle, the entanglements behave almost as permanent junctions,
and the response becomes similar to that observed for cross-linked gel networks (Fig. 4.3a),
with G' > G" and little frequency-dependence of either modulus. The shear thinning behav-
iour observed in rotational measurements (reduction in viscosity, 1, with increasing shear
rate, ) is also evident in the frequency-dependence of n*. Indeed, the variation of logn’* with
log o is virtually identical to the dependence of log 1 on log 7, both for entangled networks
and for dilute solutions. This generality is known as the ‘Cox—Merz rule’.

Susceptibility to shear thinning can be characterised (Morris 1990) by the shear rate
needed to reduce viscosity to some fixed fraction of 1 (e.g. 7,,, the shear rate at which n
=n,/2). Plots of log 1 versus log 7 for solutions of different polysaccharides, or different
concentrations of the same polysaccharide, differ in maximum viscosity (n,) and in the shear
rate at which the reduction in viscosity begins (i.e. different values of y,), but are identical in
shape. Thus the shear-thinning behaviour ofall entangled solutions of all disordered polysac-
charides can be reduced to a single ‘master curve’ (Fig. 4.4) by expressing measured viscosi-
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Fig. 4.4 'Master curve’ for shear thinning of entangled polysaccharide coils. Adapted from Morris et al.
(1981), with permission.

tiesasa fraction of 1 and similarly scaling applied shearrates toy, (i.e. by plottinglog {n/n,}
versus log {y/V,}).

The concentration-dependence of 1, for most disordered polysaccharides (Morris et al.
1981) can similarly be reduced to a single master plot (Fig. 4.5). To remove the direct contri-
bution of solvent viscosity (1 ) to the overall viscosity of very dilute solutions, the values of
M, are expressed as specific viscosity m,,), which is defined as (n —m )/n_(i.e. the fractional
increase in viscosity due to the polymer). At higher concentrations, the correction becomes
negligible, and specific viscosity (which is a dimensionless ratio) has virtually the same
numerical values as absolute viscosity (1) expressed in mPas (water having a viscosity of
1 mPas).

Measurements of the specific viscosity of very dilute solutions of disordered polysac-
charides (within the range 0.2 < n,, < 1.0) can also be used to characterise the extent of coil
overlap in more concentrated solutions. To a first approximation, the fractional increase in
viscosity per unit concentration of polymer (i.e. n_/c) is directly proportional to the volume
occupied by the individual polymer coils. To eliminate the effect of interactions between dif-
ferent chains, however, the experimental values must be extrapolated to zero concentration.
The resulting parameter is known as the intrinsic viscosity, [1], and provides a direct index of
coil volume. Since 1 is dimensionless, intrinsic viscosity has units of reciprocal concentra-
tion (i.e. dl g! if concentration is expressed as % w/v). Thus the product of intrinsic viscos-
ity (proportional to the volume occupied by each of the polymer coils) and concentration
(proportional to the number of coils present) is dimensionless, and characterises total degree
of space-occupancy by the polymer. The abrupt change in slope in Fig. 4.5 corresponds to the
transition from a dilute solution to an entangled network, and occurs at ¢[n] = 4 and n,,= 10.

Plots of log n,, versus log ¢ for individual polysaccharide samples are identical in form to
the ‘master curve’in Fig. 4.5, but are displaced from one another along the concentration axis,
with the onset of coil overlap and entanglement occurring at progressively lower concentra-
tions as the size of the individual polymer coils (characterised by [n]) increases. Intrinsic
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Fig.4.5 Variation of maximum ‘zero shear’ viscosity with degree of space-occupancy for various disordered
polysaccharides (shown by different symbols). From Morris et al. (1981), with permission.

viscosity is related to molecular weight (M) by the Mark—Houwink equation: [n]=kM®. For
most polysaccharides, ctis close to 1, so [1] is roughly proportional to molecular weight. The
scaling factor, k, depends on the geometry of the polysaccharide chain. Bonding arrange-
ments that give ribbon-like ordered structures (Fig. 4.2a and b) also give extended coil dimen-
sions in solution (i.e. high values of k). The systematic twist in chain direction that promotes
formation of ordered helices (Fig. 4.3¢) also promotes compact coil dimensions in the disor-
dered form (i.e. low values of k).

In the dilute solution regime, where the chains are free to move independently through
the solvent, log n,, versus log ¢ has a slope of ~1.4, so that doubling concentration increases
viscosity by a factor of about 2.5. After the onset of coil overlap, where individual coils can
move only by the much more difficult process of ‘wriggling’ (reptating) through the entan-
gled network of neighbouring chains, the slope increases to ~3.3, which means that doubling
concentration now increases viscosity by about a factor of 10. The maximum viscosity prior
to entanglement is about 10 mPas. To place this value in context, it would be hard to distin-
guish such solutions from water by pouring or stirring them. Thus virtually all disordered



40 Chapter 4

polysaccharide solutions of practical significance involve entangled coils, and are therefore
extremely sensitive to small changes in concentration.

The viscosity generated by dispersions of solid particles is largely independent of their
size, but is directly related to their phase volume, ¢ (i.e. the volume occupied by the particles,
expressed as a fraction of the total volume). For dilute dispersions, viscosity is related to
phase volume by: n, = k ¢ (Everett 1988). Since the density of food materials is usually
close to that of water (1 gml™), ¢ is approximately equal to ¢ /100, where c is the concentra-
tion of dispersed particles expressed as % w/v. Thus [n] =n_/c =k /100 . The constant of
proportionality, k, has a value of 2.5 for spherical particles, and increases to ~4 for extended
rods. Dispersed particles therefore have intrinsic viscosities in the approximate range 0.025
t00.04 dl g'. By comparison, the intrinsic viscosities of polysaccharides normally fall within
therange 5-15dl g"!, and in some cases can be as high as 70-80 dl ¢! (Morris & Ross-Murphy
1981). It is evident, therefore, that in fluid digesta with any significant content of dissolved
polysaccharides, these will dominate the overall viscosity.

The same is not, however, true at higher solids content (as in facces). With decreasing
water content, and thus increasing phase volume of particulate material, the viscosity gener-
ated by the particles increases very steeply as they approach close-packing. This is analogous
to the sharp increase in the concentration-dependence of viscosity for disordered polysac-
charides when the individual coils are forced into contact with each other (Fig. 4.5), but
the rheological changes are much greater since, unlike polymer coils, solid particles cannot
interpenetrate one another. At phase volumes near the close-packing limit, a small (1-2%)
increase in the concentration of dispersed particles can lead to a massive change in mechani-
cal spectra (D’Haene & Mewis 1995) from a form similar to that observed for entangled
polysaccharide coils (Fig. 4.3b) to the predominantly solid-like response observed for cross-
linked gels (Fig. 4.3a).

The behaviour of swollen, hydrated particles is broadly similar, but with the important
distinction that they can go above the close-packing limit, by reduction in the size of the
individual particles. There is again a massive increase in modulus (G') as the particles come
into contact with one another (Evans & Lips 1990), but this is then followed by a more gradual
increase at higher concentrations, as the particles are compressed to progressively smaller
volume.

The general trend to be expected from the extreme sensitivity of entangled networks and
particulate dispersions to comparatively small changes in concentration is a progressive in-
crease in the viscosity and, ultimately, solid-like character of digesta as they pass along the
gastrointestinal tract, due to absorption of water from the lumen. However, studies using a
pig model (Roberts et al. 1990; Ellis et al. 1996) have shown a substantial increase in the
total volume of digesta passing through the small intestine with increasing concentration
and molecular weight of soluble polysaccharide in the test meals. The mechanism of this
‘feedback’ process is not yet fully understood, but it is clearly an important consideration in
rationalizing the rheology and physiological effects of dietary fibre in the gut.

4.6 Overview
The dominant role of dietary fibre in the stomach and small intestine is to limit the rate of

release of nutrients. One way in which this may occur is by physical trapping of sugars, lipids
and proteins within solid particles or hydrated networks. Another mechanism is by dissolved
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polysaccharides increasing the viscosity of the digesta and hence reducing the rate of trans-
port to the epithelium. Both mechanisms centre on the physical properties of the fibre, rather
than on its chemical composition.

As outlined in Section 4.2, association of polysaccharides into solid particles or the junc-
tion zones of hydrated networks depends on the way in which the constituent sugars are linked
together, rather than on the types of sugar present. Different sugars linked in the same way
can give materials with similar physical properties (e.g. pectin and alginate); conversely, the
same sugar linked in different ways can give polysaccharides with entirely different proper-
ties (e.g. cellulose, curdlan, amylose and amylopectin, all of which are polymers of glucose).
Similarly, the rheology of polysaccharide solutions and dispersions (Section 4.5) is critically
dependent on the extent of space-occupancy (which is determined by the volume occupied
by the individual coils or particles and their concentration), but has no direct relationship to
chemical composition.

Susceptibility to fermentation in the colon is, of course, dependent on chemical structure,
but even here the physical state of the fibre is an important consideration, since ordered pack-
ing can inhibit or abolish enzymatic degradation.
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5 The Structures and Architectures of Plant
Cell Walls Define Dietary Fibre Composition
and the Textures of Foods

Maria Jesus Pefia, Claudia E. Vergara and
Nicholas C. Carpita

5.1 Introduction

As research advances in nutrition and health sciences, we become ever more aware of the
unique role of plant cell walls as dietary fibres. Most of our dietary fibre comes from the cell
walls of fruits, vegetables, cereal products and seeds. Food scientists today find new ways to
improve the nutritional benefits without compromising the enjoyment factors that reside in
the variety of tastes, flavours, aromas and textures of fruits and vegetables. The diverse cell
walls of these plants are the main contributors to texture.

The primary cell wall is a complex network of cellulose and cross-linking glycans embed-
ded in a matrix of pectic substances and reinforced with structural proteins and aromatic
substances (McCann & Roberts 1991; Carpita & Gibeaut 1993). Almost all of the different
plant cell types can be identified by unique chemical and structural features of their cell walls.
On the other hand, the walls of many fruits and vegetables have similar polymer composi-
tions, but the polymers are assembled into such different architectures that they result in
completely different textures.

For many years, traditional methods of chemical analysis of cell walls have provided
information on bulk cell wall composition and architecture. Unfortunately, such methods
do not yield information on individual cells of plant tissues that may impact the properties
of dietary fibres (McCann et al. 1995). Such complexity of polysaccharide structure can
be resolved using highly specific probes. This has been achieved using the natural specifi-
city of enzymes for their polymeric substrates or antibodies against particular carbohydrate
epitopes. The advent of microspectroscopies, in which a microscope with modified optics is
attached to a spectrometer, has made chemical imaging possible. Hence, the distribution of
functional groups of molecules can be mapped at the single-cell level (McCann ef al. 1997).
This chapter addresses the diversity in structural and chemical composition of the plant cell
wall, and how these different architectures might influence the taste and texture of dietary
fibres. In this era of genetically modified crops we have the capacity to identify the genes
responsible for cell wall diversity and to use these genes as targets for genetic manipulations
resulting in future ‘designer dietary fibres’.

5.2 Cell-wall carbohydrates
Cellulose is the most abundant plant polysaccharide on earth, accounting for 15-30% of

the dry mass of all primary cell walls. In secondary walls, cellulose may even account for
over one-half of the mass (McNeil ef al. 1984). Cellulose is a linear polymer composed of
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(1—4)B-p-glucan (for carbohydrate nomenclature, see Appendix). About three dozen linear
chains associate via hydrogen bond or steric interactions to form para-crystalline microfibrils
(Fig.5.1). The B-glucan chains are arranged parallel to one another. Although each chain may
be only several thousand units long, they begin and end at different places so that microfibrils
are very long and able to spool around each cell (Delmer 1999).

As seen in the micrograph of an onion wall, fine thread-like glycans tether the cellulose
microfibrils into a very strong network (McCann et al. 1990). These threads are fucogalac-
to-xyloglucans (XyGs), which, like cellulose, have linear backbones of (1—4)-B-linked
D-glucose. Numerous xylosyl units are attached along these backbones at regular sites (Fig.
5.2a). Using sequence-dependent hydrolases it is possible to obtain diagnostic oligosaccha-
rides from the XyGs, which can be fully characterised and whose structures may vary among
species. In most plants the fundamental structure of XyG is composed of a heptasaccharide
repeating unit, a cellotetraose with three subtending xylose residues, which may bear ad-
ditional galactosyl and fucosyl units on some of the xyloses. Many galactoses on the side
chains, and even some of the glucosyl units on the backbone, are acetylated (York et al.
1988).

A few plants, instead of fucogalacto-XyGs have arabino-XyGs, with o-L-arabinosyl units
attached to the xylose residues (Fig. 5.2b). Only two of every four glucosyl units contain a
xylose residue, and an acetyl group replaces the third xylose (Sims ez al. 1996). Cell walls
from some cereal species have a small amount of galacto-XyG, with two xyloses for every
four glucosyl units and a few galactosyl units attached to xylose residues (Bacic et al. 1988).
In several species, the cotyledon and endosperm cell walls have galacto-XyGs with more
side-chain substitutions (Gidley ef al. 1991).

Only one surface of the XyG backbone is able to bind to a microfibril. One hypothesis
postulates that the trisaccharide side chain attached to alternate heptasaccharide units in the
XyG isnecessary for the binding to cellulose. Alternating side chains straighten the backbone
(Levy etal. 1991), and this conformation may facilitate the close packing of XyGto cellulose.
In some cases, a-L-arabinose is attached at a position that interferes with cellulose binding
(Levy et al. 1997; Bacic et al. 1988). Therefore, XyGs occur in at least two domains in the
wall. In one, they align with and bind tightly to cellulose microfibrils, and in the other, they
span the distance between the microfibrils to tether microfibril neighbours (Fig. 5.1). There is
evidence developing that the fine structure of XyGs in these domains is quite different (Pauly
etal. 1999).

Glucuronoarabinoxylans (GAXs) are linear chains of (1—4)-B-p-xylan with single
units of a-L-arabinose attached along the xylose backbone and, less frequently, single glu-
curonic acid residues (Fig. 5.3a, b). The amount of arabinose and glucuronic acid substitu-
tions varies markedly, ranging from GAXs with substitutions at almost all xyloses to GAXs
with only 10% or less of the xyloses bearing side groups (Carpita & Gibeaut 1993).

Other non-cellulosic polysaccharides, such as mannans (Fig. 5.4a), gluco- and galac-
toglucomannans (Fig. 5.4b), and galactomannans (Fig. 5.4c), also interlock the microfi-
brils in cell walls, but are found in much lower amounts (Bacic et al. 1988). However, cell
walls of seeds are specially enriched in these polysaccharides. Mannans have a backbone
composed of linear (1—4)-B-p-mannose chains. Glucomannans are also linear polymers of
both (1—4)-B-p-glucose and (1—4)-B-p-mannose runs with a ratio that varies somewhat
between species. Acetyl esters are usually present on both the glucose and mannose residues
(Meier & Reid 1982). In some species single galactosyl units are present as side chains of the
mannosyl units, and they are called galactoglucomannans. Galactomannans have the same
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Fig.5.1 Afast-freeze, deep-etch, rotary-shadowed replica technique is used to image cell-wall architecture
as close as possible to that expected in vivo. Pectins have been extracted from this onion parenchyma cell wall
to expose the cellulose-XyG network. An individual cellulose microfibril is a para-crystalline array of several
dozen (1—4)B-p-glucan chains that are tightly associated to each other, both side-to-side and top-to-bottom.
The arrangement of the glucan chains in a cross-section of a single microfibril, and the arrangement of atoms
in the unit structure of the microfibril core, are shown. The glucan chains in the core of the microfibril have
a precise spacing, as determined by X-ray diffraction. From studies involving solid-state NMR spectroscopy,
glucan chains at the surface of the microfibril are thought to adopt a slightly different alignment from 180°
to accommodate binding to the XyGs. (Micrograph courtesy of M. McCann, John Innes Centre; diagram of
microfibril cross-sectional structure courtesy of M. Jarvis; diagram of X-ray crystal structure from R. J. Preston
(1974) Physical Biology of the Plant Cell Wall, Chapman & Hall, London.)
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Fig. 5.2 (a) Fucogalacto-xyloglucans. In most XyGs, the a-p-xylosyl units are added to three contiguous
glucosyl units of the backbone to produce a heptasaccharide unit structure (for a review of nomenclature,
see Appendix). On about one-half of these unit structures, an o-L-fucosyl-(1—2)B-p-galactose- is added to
the O-2 of the xylosyl side group nearest to the reducing end, forming a nonasaccharide unit. Attachment
of an a-L-arabinosyl unit to the O-2 of backbone glucose units bearing the trisaccharide side groups blocks
hydrogen bonding of the XyG to cellulose at these regions. The arrowheads denote the only linkages able to
be cleaved by the Trichoderma endo-B-p-glucanase to yield the diagnostic oligomers. A single letter designa-
tor convention has been adopted, which is based on the last sugar in the side-group (Fry etal. 1993). G=a
glucose remaining unbranched in the backbone, L = galactose, F = fucose, A = arabinose. The two oligom-
ers depicted here are XXXG and XXFG, where F implies that the entire side chain is o-L-fucosyl-(1—2)B-o-
galactosyl-(1—2)a-p-xylosyl-(1—6). (b) Arabino-xyloglucans. In the Solanales and Lamiales, the major repeat-
ing unit is a hexamer, rather than a heptamer, with one or two o-L-arabinosyl units added directly to the
0-2 position of the xylose residues. The Solanaceae XyG units are separated by two unbranched glucosyl
units rather than one, and the penultimate glucose contains an acetyl group at the O-6 position. The ar-
rowheads denote the linkages able to be cleaved by the Trichoderma endo-B-p-glucanase. Using the single
letter designator convention, these two oligomers are AAG(G) or XAG(G), if the arabinosyl units are attached,
or both XXG(G) if they are not attached.
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Commelinoid Glucuronoarabinoxylans

Feruloyl-
&

u-D-GIcA-? o-L-Ara- =

)

g
—

-4)B-D-Xyl-(1-4 )B-D-)?;I-(l —4)B-D-Xyl-(1-4 )ﬁ-D-;;ll-U —4)B-D-Xyl-(1-4)B-D-Xyl-(1-4)B-D-Xyl-(1-4 )B-D-Xyl-(1-4)-D-Xyl-(1—
B B 3 3

?
(a) a-L-Ara- :I{ orL-Ara- = o-L-Ara- £ o-L-Ara- é

3

Dicot Glucuronoarabinoxylans

a—D-G|cA-’f o-L-Ara- ’f

S S

~4)B-D-Xyl-(1-4 )[&»mz;l-u -4)-D-Xyl-(1-4 )n-u-;yx-u —4)-D-Xyl-(1-54 )B-D-Xyl-(1-54)B-D-Xyl-(1-4 )B-D-Xyl-(1-4 )B-D-Xyl-(1-
o o
(b) o-L-Ara- g, a-L-Ara- £

Fig. 5.3 (a) Commelinoid glucuronoarabinoxylan (GAX). In GAXs from the walls of the commelinoid line of
monocots, which includes the cereals, the a-t-arabinosyl units are added strictly to the O-3 position of
the xylosyl units of the backbone polymer. Feruloyl groups and other hydroxycinnamic acids are esterified
to the O-5 position of the a-L-arabinose units and are spaced about 50 xylose residues apart in the back-
bone. The a-p-glucuronic acids are added to the O-2 position of the xylosyl units. (b) Non-commelinoid
Glucuronoarabinoxylans. Non-commelinoid monocots and all dicots also contain GAX in addition to the more
abundant XyG. However, the a-L-arabinosyl units of these GAXs are attached primarily to the O-2 position of
the xylose residues, although they may be attached to some of the O-3 positions as well. Like the commelinoid
GAX, the a-p-glucuronic acid units are attached only at the O-2 position.

linear mannose backbone with galactose side chains in different amounts. The variable de-
gree of substitution of these mannan backbones gives a family of polymers with different
solution properties (Dea ef al. 1986; Reid & Edwards 1995).

Callose is a polymer of (1—3)-B-p-glucan, which is found at specific stages of wall de-
velopment, such as growing pollen tubes and in cell plates formed during cytokinesis. Callose
may also accumulate in response to wounding or pathogen attack.

Mixed-linkage (1—3),(1—4)-B-glucans are present only in the grass species and cereals
(Fig. 5.5). The mixed linkage glucan is an unbranched polymer containing predominantly
(1—4)-B-p-glucosyl linkages, and these cellodextrins are connected by single (1—3)-B-b-
glucosyl linkages, which introduce ‘kinks’ in the unbranched polymer (Wood ef al. 1994).
In the sequence structure from oat or barley endosperm, over 90% of the polysaccharide is
composed of cellotriosyl and cellotetraosyl residues in a 2-3 : 1 ratio. The distribution of
these residues in the molecule is not known. There are also longer blocks of up to 10 contigu-
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Fig. 5.4 (a) Unbranched mannans are able to hydrogen bond into para-crystalline arrays similar in struc-
ture to cellulose. (b) Gluco- and (galacto)glucomannans are roughly 1:1 mixtures of (1—4)B-o-mannosyl and
(1—4)B-p-glucosyl units, with small amounts of terminal o-p-galactosyl units added to the O-6 position of
the mannose residues. (c) Galactomannans have backbones composed exclusively of (1—4)B-p-mannan, and
generally contain substantially more a-p-galactosyl units subtending the O-6 positions.

ous (1—4)-B-linkages in a small proportion distributed throughout the length of the polymer
(Staudte et al. 1983).

Pectic polymers are major components of most higher plant cell walls. The major con-
stituents of pectins are homogalacturonan (HGA) and rhamnogalacturonan I (RGI). The
HGAs are helical homopolymers of (1—4)-o-p-galacturonic acid (Fig. 5.6a). The carboxylic
acid group may be methyl esterified, and the degree of esterification is an important architec-
tural factor. Xylogalacturonan and rhamnogalacturonan II (RG II) are two other pectin
polymers with HGA-like backbones. The xylogalacturonan has xylosyl units attached to
about one-half of the backbone residues (Fig. 5.6b). This polymer is enriched in floral and
reproductive tissues, particularly fruits (Schols et al. 1995). The RG Il molecules have back-
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(1—-3),(1—4)-p-D-glucan

—4)B-D-Glo-(1->4)p-D-Glo
T
&£
$-D-Glo- ( 14 )B-D-Gle-(1->4)B-D-Gl
1
&£
B-D-Glc- ( 1-»4 )B-D-Glc-(1->4 )B-D-Gle-(1-54 )p-D

-Glo
1
w

B-D-Glc- (14 )B-D-Gle-(1—

Fig. 5.5 The mixed-linkage (1—3),(1—4)B-p-glucan unique to the Poales. The long arrows along the poly-
mer indicate cleavage sites by the Bacillus subtilis endoglucanase. This enzyme has the unique property to
cleave a (1—-4)B-p-glucosy! linkage, but only if it is preceded by a (1—3)B-b-glucose residue (Wood et al.
1994). Like the Trichoderma endoglucanase-released XyG oligomers, these cellodextrin-(1—3)B-p-glucose
oligomers of B-glucan are diagnostic of the polymer and used for absolute quantitation. The linear cellodextrin
oligomers are connected by single (1—3)B-linkages that introduce bends in the chain, and iteration of this
pattern produces a corkscrew-shaped polymer.

bones with extremely complex side chains, not only in sugar content but in linkage structure
(Fig. 5.6¢). This complex structure is highly conserved among flowering plants. Most of the
element boron — an essential nutrient in plants — is tied up in di-diester linkages between api-
osyl units in the complex side chains to form dimers of RG II (Fig. 5.6d) (Ishii & Matsunaga
1996; O’Neill et al. 1996).

Homogalacturonan (HGA)

)
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Fig. 5.6 The pectic polysaccharides of plants. (a) Highly methyl esterified chains of (1—4)o-p-galacturonic
acid (HGA) are secreted by the plant cell and are de-esterified to varying degrees in certain wall domains by
pectin methyl esterases. The methyl groups are denoted by filled circles, whereas the free acids are encircled
negative charges. (b) Xylogalacturonans are a separate class of substituted HGAs, with appendant o.-p-xylosyl
units at the O-3 position of about one-half of the galacturonic acid units. (c) Rhamnogalacturonan (RG) Il
contains an HGA backbone with four distinct side groups containing several different kinds of sugars and
sugar linkages found only in this polymer. They include apiose, aceric acid (3-C’-carboxy-5-deoxy-L-xylose),
2-0O-methyl fucose, 2-O-methyl xylose, Kdo (3-deoxy-p-manno-2-octulosonic acid), and Dha (3-deoxy-p-lyxo-
2-heptulosaric acid). (d) RG Il monomers of about 4200 Da can dimerise as boron di-diesters of the apiose
residues. The central boron residue is shown circled. Filled circles are methyl groups and the filled squares
denote acetyl groups. (Continued.)
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Fig. 5.6 (Continued.)

RG1is a contorted rod-like heteropolymer of repeating (1—2)-o-L-rhamnosyl-(1—4)-o.-
D-galacturonic acid disaccharides (Lau ef al. 1985). About one-half of the rhamnose residues
are substituted with side groups. These substitutions comprise arabinans, galactans and
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highly branched type I arabinogalactans (AGs) (Fig. 5.7). The arabinose residues can at-
tach to one another in several ways to form a diverse group of branched polymers. Type I
AGs are composed of (1—4)-f-p-galactan chains with mostly arabinose residues, and are
found only associated to pectins. RG I is a block polymer composed of smooth regions, with
few side-group substitutions, and Zairy regions, with substantial substitutions (Mutter ef al.
1998). The length of RG I is unknown because it can be associated with HGA at the ends
(Jarvis 1984).

5.3 Structural proteins

Cell walls are mainly composed of carbohydrates, but some structural proteins are present.
They may form a scaffold around the carbohydrate matrix and contribute to the variety of
textures. There are four major classes of structural proteins, with three of them named for their
uniquely enriched amino acids: the hydroxyproline-rich proteins (HRGPs), the proline-
rich proteins (PRPs), the glycine-rich proteins (GRPs), and the fourth class, a proteogly-
can, arabinogalactan-proteins (AGPs).

Rhamnogalacturonan | (RG 1)

Fig. 5.7 Contorted, rod-like RG | is composed of a repeating —2)a-p-rhamnosyl-(1—4)o-p-galacturonic
acid-(1— disaccharide. About one-third of the galacturonic acid units are acetylated at secondary alcohol
groups (denoted by filled squares). Rhamnose is a deoxysugar, with the methyl group at the O-6 position
denoted by afilled circle. Three types of side groups attach to about one-half of the rhamnose units of RG I: the
(1-5)a-L-arabinans, the unbranched (1—4)B-p-galactans, and the type | arabinogalactans, which contain
o-L-arabinosyl units at the O-3 position along the 4-linked galactan backbone.
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The genes encoding these proteins are tightly regulated, and their expression patterns
show cell-type specificity and developmental regulation (Cassab 1998). Extensin is one of
the best-studied HRGPs of plants. It is a rod-shaped protein consisting of repeating hydroxy-
lated amino acid sequences to which arabinosides, each one to four sugars long, are added
(Kieliszewski & Lamport 1994). The structure of PRPs is unknown, but their similarity to
extensin suggests they are also rod-shaped. GRPs, some of which contain more than 70%
glycine, are predicted to be B-pleated sheets rather than rod-shaped molecules. The cell-wall
face ofthe pleated sheet contains a linear arrangement of aromatic amino acids that may func-
tion in cross-linking this protein into the wall.

The AGPs are more aptly named proteoglycans because they can consist of more than 95%
carbohydrate. The carbohydrate portion, called type II arabinogalactans, constitute a group
of short (1—-3)- and (1—6)-B-p-galactan chains connected to each other by (1—3,1—6)
branch-point residues, with arabinose added to most of the remaining available O-3 and O-6
positions of the galactans (Schultz ez al. 1998). AGPs constitute a broad class of molecules
that are concentrated in the pectic fraction of the cell wall. Some of these proteoglycans may
have architectural roles, e.g. for wall assembly, or by directly binding polymers together, or
more subtle biological roles as signalling molecules (Schultz ef al. 1998).

5.4 Aromatic and other substances

Lignins, present in some secondary cell walls, are complex networks of aromatic com-
pounds. They are composed mainly of the monolignols, p-coumaryl, coniferyl and sinapyl
alcohols, and linked together by ester, ether or carbon-carbon bonds. The diversity of mono-
lignols and their possible inter-molecular linkages give a remarkably complex structure. The
aromatic network also tightly associates with cellulose and other polysaccharides in the cell
wall (Campbell & Sederoff 1996).

In some unlignified cell walls, other aromatic compounds may be present, such as ferulic
and p-coumaric acid. They are attached via ester linkages to the arabinose or galactose resi-
dues of some wall polysaccharides. Ferulic acids may form several kinds of dimers, which
could form cross-links between polysaccharides within the wall and between cells (Ralph et
al. 1994).

Suberin is a material found in specific tissues and cell types, like the cork cells of the cork-
oak. The core of suberin is lignin-like, with ester-linked fatty acids attached to it (Bernards
et al. 1995). Cutin is the main substance present in the cuticle, which is a layer that consists
of cutin embedded in wax. It is localised to the outside surface of the epidermis in some spe-
cies. Cutin is a complex mixture of fatty acids and fatty esters. The fatty acids are mostly
hydroxylated C,, and C , straight-chain saturated molecules, and they are often extensively
esterified to each other to form a cross-linked network (Kolattakudy et al. 1981).

Silica is particularly abundant in grass species, mostly in inclusion bodies in epidermal
and other specialised cells (Carpita 1996). Other species form calcium oxalate crystals
(Webb et al. 1995).

5.5 Dynamics in cell-wall architecture

Elongation and differentiation of individual plant cells is achieved by alteration of the struc-
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ture of the wall. These alterations are a direct response to developmental cues within each cell.
Hence, cell-wall architecture has to be considered as distinct for dividing cells, for elongat-
ing cells, and for differentiating cells. A view of the major cell-wall polysaccharides found
in higher plants reveals at least two distinct types of walls. Within each type there may be
subclasses unique to a particular order (Fig. 5.8).

The type I cell wall, which typifies most flowering plants, is a network of cellulose micro-
fibrils interlocked with fucogalacto-XyGs (Plate 5.1). This strong framework is embedded in
a dense matrix of pectic polysaccharides and reinforced by a separate network of structural
proteins. The cellulose/XyG framework accounts for about 50% of the wall mass. With the
development of new techniques used for electron microscopy, it is now possible to make in-
situ observations of this cellulose/XyG network (see Fig. 5.1).

The cellulose/XyG network is embedded in a pectin matrix, which comprises some of the
most complex polymers known in plants. The pectin network participates in cell-cell adhe-
sion in the middle lamella. It determines wall porosity and provides charged surfaces that
modulate wall pH and ion balance (Jarvis 1984). The helical chains of HGAs can condense by
cross-linking with Ca?* to form ‘junction zones,’ linking two anti-parallel chains. Maximally
strong junctions occur between two chains of at least seven unesterified galacturonic acid
units each. The methyl group eliminates the negative charge associated with the galacturonic
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Fig. 5.8 Orders of the flowering plants with symbolic descriptions of the major cross-linking glycans and
major distinctions illustrated between grasses, commelinoid and non-commelinoid monocots, and between
Solanales and Lamiales and the other dicot orders. fgXyG = fucogalacto-xyloglucan and AXyG = arabino-
xyloglucan (see Fig. 5.2a,b), GAX = glucuronoarabinoxylan (see Fig. 5.3a), and B-glucan = (1-3),(1—4)B-o-
glucan (see Fig. 5.5). In addition, the fgXyG- and AXyG- containing walls are enriched in pectic substances,
whereas the GAX-containing walls are not. Cell-wall structure in the vast majority of angiosperm species has
never been determined. [The relationship of the orders is adapted from G. Dahlgren (1989) Botanical Journal
of the Linnaen Society, 100:197.]
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acid, and thus prevents Ca?* bridging (Jarvis 1984). Provided that sufficient Ca*" is present,
some methyl esters can be tolerated in the junction, and the HGAs can bind in both parallel
and anti-parallel orientations (Selvendran 1984). The spacing of the junctions is postulated
to create a cell-specific pore-size. The rhamnosyl units of RG I and their side chains interrupt
the Ca*" junctions and contribute to the pore definition. Another contributing determinant of
wall porosity is the extent of boron cross-linking of RG Il monomers (Fleischer ef al. 1998).

HGAs are thought to be secreted to the primary cell wall as highly esterified polymers. The
deposition of highly esterified HGA into the wall is followed by a de-esterification to remove
methyl groups and initiate the binding with Ca*". The cell walls of meristematic and elonga-
tion zones are characteristically low in Ca?*, and Ca?*-HGA junction zones are observed more
frequently after cell elongation has stopped. The middle lamella is formed by unesterified
pectins with Ca*" junction zones associated with the cell-cell adhesion. Some HGA and RG
I are cross-linked by ester linkages to pectin or other polymers held more tightly in the wall
matrix (McCann et al. 1994). Some type I walls contain large amounts of proteins, which
may bind to one another by intermolecular bridges and form a network, with or without as-
sociation with other networks in the wall.

The cell-wall architecture changes markedly during cell expansion. Two integrated proc-
esses are needed: cell-wall loosening to permit microfibril separation, and insertion of
new material to maintain constant wall thickness. Two kinds of activities are being evalu-
ated as possible wall-loosening enzymes, and both affect the cellulose/XyG network. One
is xyloglucan endotransglycosylase (XET) (Nishitani 1997), and the other is expansin
(Cosgrove 1997). The latter protein probably catalyses breakage of hydrogen bonds between
cellulose and XyGs. XETs and expansins may not be the only wall-loosening agents, and
work continues to determine the roles played by additional hydrolases. While plant biologists
are concerned about the role of these proteins in growth physiology, as will be discussed later,
these proteins are also investigated heavily for their involvement in fruit ripening.

The type II cell wall of grasses and cereals provide a different kind of dietary fibre. The
chemical structure of these walls differs from those of all other flowering plants, and are
found exclusively in the commelinoid line of monocotyledonous plants (Fig. 5.8). The type
IT cell wall is composed of cellulose microfibrils cross-linked by glucuronoarabinoxylans
(GAXs) instead of fucogalacto-xyloglucans (XyGs) (Plate 5.2). The degree of branching
with arabinose residues is the major determinant of the ability of GAXs to bind to one another
or to cellulose.

Because the arabinosyl units increase xylan’s solubility in water and interfere with hy-
drogen bonding, the GAXs, like XyG, may form two distinct domains within the wall. One
domainis the HS-GAX (highly substituted-GA X)-rich domain that is structurally continuous
with the pectic matrix, and the other is the domain formed by relatively unbranched GAXs
that bind tightly to cellulose (Carpita 1984). In dividing and elongating cells, HS-GAXs are
abundant, but after elongation and differentiation, more unbranched GAX accumulates. The
HS-GAX, with six of seven xylosyl units bearing appendant groups, is most likely the form
that is synthesised and secreted by the cells. Type II walls contain small amounts of XyG
bound to cellulose (Sims et al. 2000), but the unit structure of this polymer is different from
that in type I walls. The pectin content in these type of walls is low. Chemically, the pectins
ofthe type 11 walls are composed of HGA and RG, but HS-GAX is also associated with these
pectins (Carpita 1989).

The GAXs are cross-linked by aromatic substances, such as esterified and etherified hy-
droxycinnamate residues attached to the GAX units, and form an extended polyphenolic
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network at maturity (Scalbert ef al. 1985). The accumulation of phenolic esters and ethers is
important for locking the cells into their final shape and in providing strength. These aromatic
compounds give the commelinoids a property that sets them apart from the other plants. They
fluoresce in UV light because of the accumulation of ferulic acid and p-coumaric acid.

Another remarkable characteristic of the type II cell wall of Poales is that it changes its
constituents during cell expansion. Some arabinans found during cell division are no longer
found during cell growth (Carpita 1984). B-Glucans that contribute to interlocking of the cel-
lulose microfibrils are synthesised along with the GAXs. The B-glucan is also enriched in the
walls of grain endosperm. Its abundance is correlated with growth, as it accumulates during
cell elongation, and disappears when growth is completed (Carpita 1996).

The B-glucan is substrate for two glucanohydrolases located in the expanding wall. In
addition to XETs and expansins, other enzymes implicated in wall extension and growth are
those involved in pectin assembly, turnover of AGPs, assembly of GAX, and the breaking of
hydrogen bonds between cross-linking glycans (Carpita 1996).

5.6 Texture of fruits and vegetables

There is no better everyday illustration for how cell-wall polymer structure and dynamic
architecture define the character of dietary fibre than that observed in the ripening textures of
fruits and vegetables. Most fruits that soften during ripening develop swollen primary walls
that are greatly enriched in pectic substances. There are fruit-specific choices for arabinan,
galactan, arabinogalactan side chains of the RG I polymers (Redgwell et al. 1997a).

The texture of the ripe fruit pulp is governed by the extent of wall degradation and the
loss of cell—cell adhesion. For example, the walls of the apple cortex undergo little change
in rigidity, and exhibit little separation, whereas the walls of the peach and tomato soften
considerably through wall swelling and loss of cell adhesion. Wall softening is correlated
with wall swelling. Redgwell et al. (1997b) showed that certain fruit walls swell in vivo and in
vitro 3- to 10-fold greater than do walls from unripe fruit. This enormous volume change oc-
curs without significant pectin depolymerisation and without correlation with the galactose
or arabinose loss that occurs during the ripening. Swelling of cell walls may be associated
with covalent bonds, because only when these linkages are broken does the swelling increase,
and this has been observed in in-vitro experiments (Redgwell et al. 1997b).

During cooking, canning and other food processing treatments, fruits and vegetables sof-
ten markedly. This is due in part to the degradation of pectic polysaccharides involved in cell
adhesion. Excessive cell separation results in over-softening in cooked vegetables (Waldron
etal. 1997a). Inappropriate fruit storage can lead to development of mealiness, extensive loss
of cell—cell adhesion, and over-softening.

The softening process in tomato is associated with the enzymatic loss of methyl esters of
HGA. The de-esterified HGA backbone is then susceptible to the activity of pectin-degrading
enzymes. However, despite extensive de-esterification and depolymerisation of the pectin
polymers during ripening, fruit softening does not appear to result directly from these modi-
fications to the pectic network. Transgenic tomatoes engineered to eliminate pectic depolym-
erisation exhibited no reduction in softening (Smith ez a/l. 1988). In addition to glycan hydro-
lases, attention has been directed to the role that expansins and XETs play in maturation
and ripening. Rose et al. (1997) discovered members of the expansin family of genes whose
expression is restricted to maturation stages, when cell expansion occurs, and others whose
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expression is restricted to ripening stages, when the walls begin to swell and soften. However,
apectate lyase is implicated in the softening of bananas (Dominguez-Puigjaner ef al. 1997),
and expression of a cellulase in tomatoes is correlated with softening (Gonzalez-Bosch et al.
1996).

Softening of the pericarp tissue may occur in a cell- and wall-domain-specific manner.
Recently Steele et al. (1997) found that de-esterification occurs in distinct block-like domains
that are spatially restricted. Of course, the impact of all of these developmental and structural
modifications on the beneficial properties of pectins as dietary fibres has not been investi-
gated systematically.

The special properties of dietary fibres not only reside in the polymer structure but in
the way they are cross-linked into a special architecture. For example, Chinese water chest-
nuts (Eleocharis dulcis, Cyperaceae) and the mature storage organs from sugarbeet (Beta
vulgaris, Chenopodiaceae) remain crisp after cooking. The water chestnut is a commelinoid
with type II cell walls (Parr et al. 1996), whereas sugarbeet is a dicot with a type I wall
(Waldron et al. 1997b). Despite their varied constituents, cross-linking of polysaccharides by
phenolic dimers, such as diferulic acid, are thought to be responsible for the thermal stability
of their texture (Waldron et al. 1997a, b). This is a good example of how the interactions be-
tween polymers represent yet another level of complexity affecting the properties of dictary
fibres.

5.7 The special secondary walls of seeds

Another site of diversity among plant species is in the special storage secondary walls of the
cotyledon and endosperm of developing seeds. These walls contain little or no cellulose,
but rather consist of a single non-cellulosic polysaccharide typically found in the primary
wall. These secondary walls serve two functions. First, they provide a thick wall to protect
the embryo or to impose mechanical dormancy. Second, they contain specialised storage
carbohydrates that are digested during germination and converted to sucrose for transport to
the growing seedling.

The cotyledon walls of Tumarindus and similar legumes, as well as families that include
primrose, flax and buttercup, are rich in galacto-XyGs, whereas glucomannans predominate
in the cotyledon walls of some lilies and irises. Dates, coconuts and other palm seeds, coffee
beans, ivory nuts and seeds of some Umbellifereae, all contain thick walls of almost pure
mannan. The crystalline nature of mannans makes the seeds extremely hard. The endosperm
wall of lettuce seeds, which constitutes the mechanical determinant of dormancy, is over 70%
mannan. All endospermic legumes store galactomannans, but the mannose:galactose ratio
can vary markedly, yielding a variety of polymers with quite different physical properties.
For example, the galactomannans of fenugreek are almost fully branched, whereas those of
guar, carob and honey locust (Gleditsia triacanthos) are much less branched (Meier & Reid
1982; McCleary et al. 1985). The degrees of substitution of the mannans greatly influence
their viscosity and other solution properties. Seeds of yet other species accumulate neutral
polysaccharides typically associated with pectins. For example, lupins contain large amounts
of galactans and some arabinans. All of the grasses accumulate 3-glucans in the walls of the
endosperm and maternal tissues surrounding them. Oat and barley brans are notably enriched
in B-glucans, comprising up to 70% of the aleurone layer cell walls at maturity (Fincher &
Stone 1986).
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Many of these seed polysaccharides are used in the food industry, and some — like
B-glucans — are recognised for their special roles as dietary fibres. Surprisingly, the vast ma-
jority of plant seeds have never been examined as potential sources of unique dietary fibres
(see Fig. 5.8).

5.8 The biotechnology of dietary fibres

These are truly challenging and exciting times for the study of plants and their cell walls. We
are finally bridging the gap between our understanding of the structural elements of the cell
wall and the genes that encode the machinery for cell-wall biogenesis.

The structural differences between the type I and the type I walls give rise to different end
products, which have a direct impact on the taste and texture of dietary fibres. We are begin-
ning to identify unique genes responsible for the structural differences. These genes are the
ultimate targets for genetic manipulation to improve fibre content and textural properties.

One route to gene discovery is the identification of mutations where a constituent is absent
or the structure of a polymer is altered because of the lack of a particular sugar. In the model
organism Arabidopsis, such mutants have already been recognised by deficiencies in certain
cell-wall sugars, such as fucose, arabinose and rhamnose (Reiter ef al. 1997).

A major breakthrough in the area of polysaccharide synthesis was the identification of a
gene that encodes the catalytic subunit of cellulose synthase (CesA) (Pear et al. 1996). This
discovery was instrumental in the identification of many other related genes that are involved
in the synthesis of cellulose as well as many other non-cellulosic polysaccharides (Delmer
1999). An Arabidopsis mutant, called rswi, a temperature-sensitive root tip cell-swelling
mutant that is defective in cellulose synthesis, provided the first genetic evidence for func-
tion of CesA. The root-swelling phenotype was traced to a defective CesA gene, and when a
healthy CesA gene was introduced, normal cellulose synthesis resumed (Arioli ef al. 1998).
Thus, this gene complementation provided the genetic proof that CesA indeed encodes a cel-
lulose synthase.

Identification of mutants affecting enzymes and proteins that function in wall rearrange-
ment during growth, such as XET and expansins, will not only aid in our understanding of
the wall assembly mechanisms, but also in understanding the function of wall dynamics dur-
ing fruit maturation and ripening. Defects at this ‘disassembly’ stage will probably result in
the reduction of sugars in the wall, which will directly affect the fibre content of fruits and
vegetables.

Given the impact of the special cell wall of grasses and cereals in dietary fibre production,
considerable efforts are aimed towards research in this field. The alteration of the structure
and biogenesis of the cell wall of grasses will enhance the nutritional value of cereals as the
content and composition of important wall constituents like B-glucans can be modulated.

The cell walls of fruits and vegetables are also of central importance in human nutrition,
and investigations on these will yield knowledge that will impact on features such as taste
and texture. Undoubtedly there is a need to substantially augment the mutant collections in
order to be able systematically to study cell-wall biogenesis and modification. Even then, the
challenge will be to characterise these mutants in order to understand the role that these genes
play in the developmental and functional scenario of cell-wall biogenesis — a critical process
in plant growth and development.
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Appendix: sugar nomenclature

The conformational models of the monosaccharides are illustrated to distinguish between
the relative axial and equatorial positions of the hydroxyl groups around their ring structures
(Fig. 5.A1). Pyranose sugars, such as the pentose, xylose, and the hexoses, mannose, galac-
tose and glucose, are six-membered rings that adopt a ‘chair-form’, whereas furanoses, such
as arabinose, are five-membered rings with a slightly ‘puckered’ conformation. The o or 3
designations denote the position of the hydroxyl on the anomeric carbon, which forms the
glycosidic linkage, relative to the lastasymmetric carbon [C-5 for hexoses, C-4 for pentoses].
o-D-Glucose is the most stable of the hexoses because every hydroxyl group of the ring and
the C-6 primary alcohol group are in the equatorial position, which is energetically more
favourable. In mannose, the hydroxyl group at the O-2 position is in the axial position instead
of'the equatorial position, and in galactose it is the O-4 hydroxyl that is axial. Hence, iterative
linkage at these different positions results in different polysaccharide shapes. A glycosidic
linkage between two sugars is always through the anomeric carbon of one sugar [C-1 in all
aldoses] to the hydroxyl position of the next sugar. The reducing end of a mono- or polysac-
charide, a classical term reserved for the ability of the free aldehyde to reduce copper, refers
to the single, unbound anomeric carbon. Because the linkage of all sugars always involves
the anomeric carbon, there is always only one reducing end regardless of polymer size.

The linkage designation for cellobiose, B-p-glucose-(1—4)-p-glucose, describes the link-
age in the B configuration of one glucose via its anomeric carbon to the O-4 position of the
next sugar, which in this instance is a reducing sugar. Because the p- or L- designation deter-

a-D-glucose )
(o-D-glucopyranose) tx-L-a_rabmose
(o~-L-arabinofuranose)

Fig. 5.A1 o-p-glucose and a-L-arabinose models.
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mines whether the o or B configurations of hydroxyl groups of the anomeric carbon are axial
or equatorial, both elements are requirements of this nomenclature. For example, note that
the equatorial position is B for p-glucose but o for L-arabinose. The hydroxyl group of the
anomeric carbon of the reducing sugar is able to mutarotate between the o and B configura-
tions, no designation is assigned. The (1—4)B-p-glucosyl, mannosyl, and xylosyl linkages
share the feature that each sugar is inverted almost 180° with respect to each neighbour to
produce a nearly linear polymer. When unbranched, all of them will share the propensity
to hydrogen bond tightly to each other to form para-crystalline arrays. Iterative linkage to
any position other than (1—4)B- for these sugars creates helical polymers of widely vary-
ing periodicities (Rees 1977). The (1—4)B-p-galactosyl linkages are not linear because the
change in angle by conversion of the O-4 hydroxyl group from the equatorial to axial position
results in polymer orientation.
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6 What is Dietary Fibre?
A New Look at the Definition

Leon Prosky

6.1 Introduction

The generally accepted definition of dietary fibre is that of Trowell ez al. (1976), that dietary
fibre consists of the remnants of edible plant cell polysaccharides, lignin, and associated
substances resistant to (hydrolysis) digestion by the alimentary enzymes of humans. In Japan,
the food tables list the dietary fibre content of animal as well as plant tissues. According to the
Food and Agricultural Organisation (FAO) of the United Nation World Health Organization
(WHO), dietary fibres are constituents of substances of both animal and plant origins that are
resistant to hydrolysis by human alimentary enzymes. Animal, as well as plant dietary fibres
do assay in the Association of Official Analytical Chemist International (AOAC) method
for dietary fibre. While many countries accept saccharides of degree of polmerisation (DP)
<10 as dietary fibre (inulin, oligofructose, Fibersol-2, polydextrose, fructo-oligosaccharides,
galacto-oligosaccharides, etc.), these shorter-chain oligosaccharides do not precipitate as
dietary fibre in the standard AOAC method, which is accepted by the US Food & Drug
Administration (FDA), the US Department of Agriculture (USDA) and the FAO of the WHO
for nutrition labelling purposes. In the United Kingdom, the term dietary fibre has been
replaced in nutrition labelling by non-starch polysaccharides. The Executive Board of the
American Association of Cereal Chemists (AACC) convened an ad hoc committee of scien-
tists to evaluate continuing validity of the currently used definition, and if appropriate, to
modify and update that definition. Obtaining scientific input from the community of analysts,
health professionals and dietary fibre researchers was considered a high priority. To this end,
three meetings were held during a one-year period to ensure input from all persons cognisant
with the field, and the committee’s response is expected during 2000.

6.2 What is dietary fibre? A new look at the definition

A great deal of debate has existed over the definition of dietary fibre, as well as methods for
measuring the amount of dietary fibre. This results principally because some people want to
describe dietary fibre by its physiological attributes, and some by its chemical composition.
Dietary fibre was first defined by Hipsley (1953) to includes lignin, cellulose and hemicel-
lulose, and broadened to include soluble substances (non-cell-wall derived materials) such
as pectins, gums and mucilages (Trowell et al. 1976). This broad definition acknowledges the
significance of fibre as a chemical and physiological component of the diet as compared with
the static definition of crude fibre — ‘the residue of plant food left after extraction with solvent,
dilute acid, and dilute alkali’ (Browne 1940). After the acceptance of the crude fibre method
came the AOAC acceptance of the acid detergent fibre method (ADF), which measured cel-
lulose and lignin (Van Soest 1963), and the AACC acceptance of the neutral detergent fibre
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method (NDF) which gave higher values for the fibre because of the improved recoveries
of cellulose, hemicellulose and lignins (Van Soest & Wine 1967). Complete removal of the
starch by conventional means was difficult for some food samples, so the method was modi-
fied to include an a-amylase digestion treatment to remove residual starch (Schaller 1976;
AACC Method 32-20 1978).

Since neither the ADF nor the NDF comprise all the components that have been encom-
passed by the term dietary fibre, Prosky and Harland (1979), announced their intention of
seeking a definition and method for the determination of total dietary fibre (TDF) which could
then be subjected to a collaborative study under the auspices of the AOAC.

Following the survey, an AOAC Spring Workshop was held in Ottawa where Asp,
Southgate, Baker, Van Soest and Heckman presented their fibre methodology research
(Prosky 1981). The scientists present at the workshop concluded that two methods for the de-
termination of TDF in foods should be developed: (1) arapid, enzymatic—gravimetric method
based on the procedure developed by Asp et al. (1983), Furda et al. (1979) and Schweizer and
Waursch (1979); and (2) amore comprehensive method, such as a modification of the methods
of Southgate (1969) or Theander and Aman (1982) to determine the individual dietary fibre
components. In the rapid enzymatic—gravimetric method, the sum of soluble and insoluble
polysaccharides and lignin would be defined and measured as a unit; in the second method,
each of the specific components of TDF would be identified and measured separately (Prosky
& Harland 1981). Even at this time there was recognition that the needs of cereal scientists,
who were mainly interested in the fibre content, were different from those of physiologists,
who were primarily interested in identifying the fibre fractions that most consistently elicited
physiological responses. Little thought was given to the dietician and the consumer — who
were to be the ultimate users of the information.

At the time, the results of the survey showed that the preferred methods for determining
dietary fibre were modifications of Southgate’s procedures (Southgate 1969). Because of
complexities and time involved with this procedure (acknowledging that the method gave the
most complete results), an intermediate method was desired. Such a method would include
the determination of the soluble and insoluble fractions, and yet would be much simpler than
the Southgate procedure, so that it could be carried out in most general chemical laborato-
ries.

The basic definition of dietary fibre accepted by scientists throughout the world was pro-
posed by Trowell ef al. (1976). It stated that dictary fibre is composed of the remnants of
plant cells resistant to hydrolysis by human alimentary enzymes, and that it included all indi-
gestible polysaccharides (celluloses, hemicelluloses, oligosaccharides, pectins, gums) plus
waxes and lignin. We endeavoured to turn this definition into a method which could pass a
collaborative study and be certified by the AOAC International. This definition and method
served the scientific community well until the early 1990s, when it became clear that there
were several classes of compounds which did not precipitate in the 78% ethanol (the classi-
cal AOAC method precipitates dietary fibre from a 78% ethanol solution), and which pos-
sessed many of the characteristics commonly associated with dietary fibre, e.g. effects on
serum cholesterol, blood glucose and laxation, distribution of fatty acids produced in the large
intestine, absorption of minerals, promotion of favourable intestinal bacteria, etc. and yet
were resistant to hydrolysis by the enzymes in the small intestine of humans. At that time, a
Committee of scientists, appointed by the Executive Committee of the AACC were holding
meetings, and with invitations extended to the scientific community at large to participate in
this effort, set out to determine if the definition of dietary fibre should remain as originally
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proposed or — due to the accumulation of scientific data — be changed or altered in any way to
accommodate these new compounds. There was also discussion as to whether or not animal-
origin polysaccharides (e.g. chitin) fit into the definition of dietary fibre. The Committee set
up to define dietary fibre took on this very challenging task in its attempt to redefine a very
diverse group of food components in the diet, for an equally diverse group of users, includ-
ing consumers, educators, research scientists, nutritionists, medical doctors, food processors,
government regulators and others. This was a difficult but essential task, more difficult than
could be envisioned by the Committee. The nutritionist thinks of dietary fibre as a new dietary
component, especially when it is compared to lipids, carbohydrates, proteins and vitamins.
From the consumers’ point of view, there is a desire by some to seek out foods that are believed
to promote health and/or prevent diseases. Dietary fibre, as components of fruits, vegetables
and whole cereals grains, has gained such identification. From the analytical chemists’ point
of view, there will never be a universal method for determining dietary fibre because of the
diverse components that comprise dietary fibre, the matrices that contain dietary fibre, and
the complexity of the mixture of substances. The marketing strategy of food processors is to
promote foods through the use of health claims. Regulatory agencies, which monitor the ac-
curacy of health claims, play an important role in this area, deciding on a case-by-case basis
the validity of the dietary fibre claims. The clinicians will continuously question the role and
mechanism of action of dietary fibre in maintaining heath and preventing disease. Much more
research will have to be done to satisfy their needs. The educators need a simple and practi-
cal definition that they can pass on to their students and the lay public. We can see from the
foregoing discussion that the definition will have to encompass some physiological effects
of dietary fibre to be meaningful to a majority of the people concerned.

Dietary fibre is described as a class of compounds, mainly polysaccharide in nature (but
also including lignin) which, when ingested in the form of plant material, escapes hydrolysis,
digestion and absorption in the small intestine of the human. This definition — which is basi-
cally physiological in nature — has been accepted by the majority of scientists working in the
field, and has formed the basis for much of the scientific research on dietary fibre and data
assemblage that has taken place during the past 25 years (Lee & Prosky 1995). From time to
time, questions have arisen concerning compounds which may be dietary fibre but which do
not precipitate in 78% ethanol as dietary fibre — as called for in the AOAC method for dietary
fibre analysis.

6.3 The available methods

Many analytical methods have been developed during the past 25 years, including those of
Williams and Olmstead (1935), Hellendorn et al. (1975), Asp and Johannson (1981,1984),
Asp et al. (1983), Schweizer and Wursch (1979), Theander and Aman (1978, 1979, 1982),
Southgate (1969, 1982), Englyst et al. (1983), Englyst and Cummings (1984, 1988), Englyst
and Hudson (1987), Furda (1981), Furda et al. (1979), Baker (1981); Baker et al. (1979), Van
Soest (1978), Van Soest and McQueen (1973) and Heckman and Lane (1981). The main aim
ofthese methods was to remove the digestible portion ofthe food using enzymes and leave the
indigestible portion, i.e. mimicking the dietary fibre digestive process in the small intestine.
Enzymatic methods were first employed by Williams and Olmstead (1935). Pancreatin was
used to remove starch and protein, followed by acid hydrolysis and subsequent identification
and measurement of the sugar fractions. Helledoorn ez al. (1975) used pepsin for the hydroly-
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sis of protein and pancreatin for subsequent starch hydrolysis. Furda (1977) examined exist-
ing analytical methods and suggested new methodology that would be based on the use of
appropriate enzymes and inclusion of the soluble dictary fibre fraction. Asp et al. (1977,
1983) evaluated some ofthe more widely used methods for determination of dietary fibre, and
proposed enzymatic modifications using pepsin, pancreatin and Termamyl — a heat-stable
a-amylase. Theander and Aman (1979) introduced the use of the Termamyl enzyme for com-
bined gelatinisation and starch removal.

Subsequently, Heckman and Lane (1981) analysed several foods by various dietary fibre
methods (Southgate,1969; Goering & Van Soest 1970; Hellendoorn ef al. 1975; Schaller
1976; Robertson & Van Soest 1977; Furda et al. 1979). The results showed that the enzyme-
modified NDF was lower than the non-enzyme-modified NDF, and depended principally
on the starch content of the food examined. Starch removal from the food became an impor-
tant determinant of the success of the measurement of dietary fibre. The success of this ap-
proach was limited by the availability of pure-enough enzymes that were not contaminated
by dietary fibre digesting enzymes (glucanase, cellulase, hemicellulase, pectinase, etc.) and
capable of the removal of starch.

The methodological approach used by Asp, Furda, Schweizer and their co-workers was
deemed the best, and with the combined effort of Prosky, DeVries and Harland, a single
method suitable for a collaborative study was developed. The collaborative study conducted
by 43 laboratories in 29 countries was limited by the amount of sample available. An initial
disappointment (Prosky et al. 1984) with the enzymatic—gravimetric method was corrected
by making minor modifications to the method which resulted in a successful collaborative
study (Prosky et al. 1985). The method was adopted by the Official Method of Analysis
(AOAC Official Method 985.29, 1995). The method was also adopted as AACC Approved
Method 32—05 (AACC Approved Method 1995).

6.3.1 The enzymatic-gravimetric method

The key to success with the enzymatic—gravimetric method were the specifications on en-
zyme purity, particularly with regard to avoiding contaminating enzymes which digest the
dietary fibre, and precise handling of the digestion steps.

The method became routine world-wide, being used for analytical as well as nutrition
research purposes and always emphasising the positive effects of ingesting dietary fibre.
Because its measurement met the goals of the Ottawa workshop, and because of its world-
wide acceptance, the analytical method for dietary fibre became the de facto operating defini-
tion of dietary fibre. The AOAC method was adopted as the official method of analysis for
dietary fibre for nutrition labelling of foods by the US Food and Drug Administration (US
Food and Drug Administration 1993) and US Department of Agriculture (US Department
of Agriculture 1993), and was accepted as official by the Codex Committee of WHO/FAO
(18th Session of Codex Committee on Method of Analysis and Sampling 1992). Further,
as important distinctions between the physiological consequences of ingesting soluble and
insoluble dietary fibre became apparent, methods were developed to determine these two
components. Method 985.29 was modified to allow quantitation of soluble and insoluble
dietary fibre (Prosky et al. 1992, 1994). The distinction between soluble and insoluble dietary
fibre is somewhat arbitrary, and is based on the solubility of the dietary fibre in a pH controlled
system.
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The de facto method

In the de facto method, the total dietary fibre is precipitated in a mixture of 1 volume of aque-
ous enzyme solution with 4 volumes of 95% ethanol — a system long used by chemists to
separate complex from simple carbohydrates. While this may be the case, the dietary fibre
definition does not imply insolubility in aqueous ethanol as a requirement for calling the
substance dietary fibre. Further, it was thought that this method of precipitation precipitated
oligosaccharides/polysaccharides of DP >10. It has been demonstrated recently that with
some materials (e.g. starch dextrins), none of DP 10 and only some of DP 11 and 12 are pre-
cipitated in the alcohol step (Ohkuma ef al. 2000). Lee and Prosky (1994) had recommended
that a new dietary fibre definition include resistant oligosaccharides of DP 3 and higher. The
modified methodology for soluble and insoluble dietary fibre was adopted as AOAC Official
Method 991.42, 1995 and AOAC Official Method 993.19, 1995) following successful col-
laborative studies.

With a ‘gold standard’ method in place, nutritional research and analytical chemists began
to add improvements or alternative approaches, but all having the same objective and results.
Lee et al. (1992), Mongeau and Brassard (1993), Li and Cardozo (1994) and Theander et
al. (1994) all developed, validated and carried out successful collaborative studies which
were adopted as official by the AOAC. Noteworthy is the method of Lee et al. (1992), who
substituted MES-TRIS buffer for the phosphate buffer in the original AOAC dietary fibre
determination. The results showed that using different methods and alternative approaches to
determining dietary fibre led to the same result. In an article which appeared in Cereal Foods
World, Lee and Prosky (1992) explained why the method for nutrition labelling of dietary
fibre was chosen, and what the future considerations for labelling should be.

The situation in the United Kingdom

The story is different in the United Kingdom, where the Ministry of Agriculture, Fisheries
and Food (MAFF) adopted the Englyst and Cummings (1988), non-starch polysaccharide
(NSP) procedure as official designation for food labelling purposes for ‘dietary fibre’(MAFF
validated methods of analysis of foodstuffs 1995). In fact, The British Nutrition Foundation
recommended that the term ‘dietary fibre’ should become obsolete in the scientific literature
(The British Nutrition Foundation 1990), and instead the term NSP should be used. It was
suggested that the consumer did not understand the term dietary fibre, and was quite confused
as to the advantages and disadvantages of ingesting it in the diet. This type of reasoning was
not borne out in our surveys, which showed the public to understand what dietary fibre was;
moreover, the large amount of data already collected on the dietary fibre composition of
food was certainly too valuable to relinquish. Leeds (1993) stated in an editorial comparing
the use of term dietary fibre versus NSP, ‘A number of readers, particularly in the United
Kingdom and other European countries will take issue with our discontinuing the use of the
term “dietary fibre”. There are two reason for this: First, the term “dietary fibre” is now rea-
sonably well understood world-wide, whereas “non-starch polysaccharide” is not. Secondly,
“non-starch polysaccharide” is not a term which easily trips off the tongue, nor is it easily
incorporated into other than a rather clumsy book or newsletter title.’
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The situation in the European Union

The European Union is still working on a suitable definition and method for dietary fibre
labelling of foods. To this end, a Scientific Committee on Foods (SCF) and a Management
Committee of the European Concerted Action for Co-operation on Science and Technology
(COST 92) ‘Metabolic and Physiological Aspects of Dietary Fibre in Foods (CMC)’ were
established. James (1993) prepared the recommendation of the SCF, which stated that dietary
fibre be re-defined as ‘plant cell wall non-starch polysaccharides’, and that the method of
Englyst was to be used for the determination of dietary fibre for food labelling purposes.
However, when this proposal was presented to the CMC, representatives of 12 of the 13
countries voted to adopt a definition of dietary fibre based on physiological properties, includ-
ing edibility, resistance to digestibility in the small intestine, and faecal bulking that influ-
ences bowel habits. Only the United Kingdom voted for the NSP definition and method for
dietary fibre (Cummings 1994). The CMC was of the opinion that the definition should not be
limited to carbohydrates, but that lignin, polyphenolic compounds, inositol phosphates, etc.
should be included in the definition. It was also suggested that digestion-resistant oligosac-
charides should also be included in the dietary fibre complex. The CMC pointed out that
most European countries were using AOAC Official Method to quantitate the dietary fibre
according to the definition. In Copenhagen, Denmark (October 1994), at a follow-up COST
92 Workshop on methods of dietary fibre analysis, participants of the workshop affirmed the
recommendation of the CMC (European Scientific Workshop 1994).

Finally, the MAFF Joint Food Safety and Standard Group (JFFSG) released a proposal
(August 9, 1999) which states, ‘This letter issues new proposals: again these are intended
to ensure consistent labelling of dietary fibre, which will allow consumers to make meaning-
ful comparisons of the fibre contents of different products. JEFSSG now proposes adopting
AOAC International methodology as the UK’s preferred method for analysis for fibre for
nutrition labelling purposes. This move would facilitate harmonisation of fibre declarations
across the EU and more widely and improve the usefulness of information available to con-
sumers. Revised claims criteria have also been developed to reflect the increased values pro-
duced by this method of analysis’ (Hignett 1999).

6.4 Dietary fibre: the definition

Now that food labelling for dietary fibre is uniform around the world, we still have to arrive at
a definition which will include those plant oligo- and polysaccharides which do not precipi-
tate in 78% ethanol, and which are not hydrolysed by the enzymes of the small intestine. The
AOAC, in the person of the General Referee for Dietary Fibre and Complex Carbohydrates,
has taken the approach that a specific method could be developed for measurement of specific
food saccharides and that value could be added to the dietary fibre value obtained by using
the standard AOAC method for dietary fibre, to give the TDF value for the food product
(Prosky 1999; Prosky & Hoebregs 1999). The first food saccharides (that did not precipitate
in 78% ethanol) which passed an AOAC collaborative study were inulin and oligofructose.
The method for inulin and oligofructose was approved by the AOAC after a successful study
in 1997 (Hoebregs 1997). A second, simpler, method for carrying out the determination
of oligofructose and fructose polysaccharides, was developed by Megazyme International
Ireland, Ltd. This method utilises an enzymatic/spectrophotometric approach, and has also
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received AOAC approval (McCleary et al. 2000). The method is described in detail in a paper
published in Cereal Foods World (McCleary & Blakeney 1999). Methods for the measure-
ment of three other saccharide materials which are not quantitatively measured by the AOAC
TDF method, are in various stages of the approval process. The first of these is for the product
Fibersol-2%, an indigestible dextrin product which is made from corn starch. A collaborative
study has been completed, and is in the possession of the evaluating committee of the AOAC,
the Official Methods Board (OMB). A preliminary report was given at the AOAC annual
meeting (Ohkuma & Gordon 1999). The Fibersol® material is ‘generally recognised as safe’
(GRAS) and is not hydrolysed in the small intestine; in addition, it has many of the physi-
ological properties that we have come to expect from a dietary fibre. Another two compounds
currently under review are polydextrose — for which the collaborative study has been com-
pleted —and galacto-oligosaccharides, for which a collaborative study is now underway. The
US Food and Drug Administration does not have a definition of dietary fibre at the present
time. It currently accepts the AOAC method as the determinant for what is dietary fibre, but
this could change if the scientific community arrives at a modified definition of dietary fibre,
which may include the lower DP oligosaccharides.

After much discussion and input from industry, academia, and government personnel
from United States and abroad and a committee of the AACC, the definition arrived at for
dietary fibre was:

‘Dietary fibre is the remnants of the edible part of the plant and analogous carbohydrate
that are resistant to digestion and absorption in the human small intestine with com-
plete or partial fermentation in the human large intestine. It includes polysaccharides,
oligosaccharides, lignin and associated plant substances. Dietary fibre exhibits one
or more of either laxation (faecal bulking and softening; increased frequency; and/or
regularity), blood cholesterol attenuation, and/or blood glucose attenuation.’

This definition was sent to the Executive Board of Directors of the AACC (for possible for-
warding to the FDA) but came back for further rewording. The definition was reworded and
submitted as:

‘Dietary fibre is the edible parts of plants or analogous carbohydrates that are resistant
to digestion and absorption in the human small intestine with complete or partial fer-
mentation in the large intestine. Dietary fibre includes polysaccharides, oligosaccha-
rides, lignin and associated plant substances. Dietary fibre promotes beneficial physi-
ological effects, such as, laxation, and/or blood cholesterol attenuation, and/or blood
glucose attenuation.’

‘Analogous carbohydrates’ is defined as those carbohydrates-based food ingredients that are
non-digestible and non-absorbable, and which are similar to plant dietary fibre for which
most of the dietary fibre research has encompassed. Associated substances include the wax
compounds, suberin and cutin. The definition of dietary fibre has also included some of the
health benefits that we have ascertained are the benefits of ingesting dietary fibre. It is realised
that the definition will be further modified and revised as new data become available.
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6.5 The benefits of increased dietary fibre intake

The beneficial effects of increasing dietary fibre intake by the use of four dietary fibre prod-
ucts are outlined below.

6.5.1 Partially hydrolysed quar gum

The first example product is partially hydrolysed guar gum (PHGG). Guar gum is of particu-
lar interest to the food industry because of its viscogenic properties. The PHGG is consider-
ably less viscous than guar gum, and therefore provides several technical effects such as ex-
tension of bowel life for ready-to-eat cereals, emulsification and foam stabilisation, moisture
retention and texture improvement. The product, called Sunfiber® in Japan (Taiyo Kagaku
Co. Ltd) and Benefiber® (Novartis Nutrition) in the USA, has the following functional food
properties:

(1) It reduces postprandial blood glucose and insulin, especially in diabetics (Golay ef al.
1995).

(2) Itprevents ileum shrinkage due to low-residue diet (Takahashi ez al. 1995).

(3) It has a modest effect on stool weight and increased frequency, and also softens stools
(Takahashi et al. 1994a).

(4) TItincreases the bioavailability of calcium and magnesium and dietary iron in deficiency
(Hara et al. 1996; Takahashi et al. 1994b).

(5) Itincreases Bifidobacterium (Okubo et al. 1994).

(6) Itlowers serum levels of cholesterol and triglycerides (Takahashi ef al. 1993).

(7) TItis metabolised to short-chain fatty acids in the large intestine.

6.5.2 Fibersol®

The second example product is an indigestible dextrin made from corn starch and called
Fibersol-2® (Matsutani Chemical Industry Ltd, Japan). It has the following physiological
properties:

(1) Tt reduces the postprandial rise in blood glucose levels (Wakabayashi 1992;
Wakabayashi ef al. 1993, 1995).

(2) It increases faecal frequency and volume (Satouchi et al. 1993; Flickenger et al.
1998).

(3) It prevents intestinal mucosal atrophy due to long-term administration of enteral nutri-
tion (Satouchi et al. 1993; Wakabayashi 1998).

(4) Ttincreases Bifidobacterium (Ohkuma et al. 1990; Wakabayashi 1998).

(5) It lowers serum levels of cholesterol and triglyceride, but does not reduce HDL-
cholesterol levels (Matsuoka et al. 1992; Nomura ef al. 1992; Fujiwara & Matsuoka
1993; Wakabayashi 1998; Tokunaga & Matsuoka 1999).

(6) It prevents fat accumulation in internal organs (Watanabe et al. 1993; Wakabayashi et
al. 1995).

(7) TItis metabolised to short-chain fatty acids in the large intestine (Kishimoto ez al. 1995;
Flickenger ef al. 1998; Wakabayashi 1998).
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6.5.3 /nulin and oligofructose

The third example products are inulin and oligofructose (Orafti Active Food Ingredients,
Belgium). These products have the following metabolic properties (Nutritional and Health
Benefits of Inulin and Oligofructose 1999):

(1) They cause no increase in serum glucose, no stimulation of insulin secretion, and have
no influence on glucagon secretion.

(2) They cause increased stool frequency and stool weight.

(3) They decrease serum levels of triglycerides and cholesterol in hypercholesterolaemic
patients.

(4) They stimulate Bifidobacterium.

(5) They suppress pathogenic bacteria (e.g. E. coli and Clostridium spp.).

(6) They improve calcium absorption.

(7) They may play a role in the prevention and inhibition of colon and breast cancer.

(8) They provides immune stimulation properties.

6.5.4 Galacto-oligosaccharide

The fourth example product is a transgalactosylated oligosaccharide (galacto-oligosaccha-
ride) (Friesland Coberco Dairy Products, The Netherlands) with the following physiological
properties:

(1) Non-cariogenic.

(2) Associated with protection against development of colon cancer (Rowland & Tanaka
1993; Wijnands et al. 1999).

(3) Enhancement ofthe absorption of minerals at the end of the ileum (Chonan & Watanuki
1994, 1996; Chonan et al. 1995).

(4) Stimulation of Bifidobacterium (Tanaka et al. 1983; Ito et al. 1990, 1993a, b; Bouhnik
etal 1997).

(5) Increased stool frequency and stool weight and ease of defecation (Deguchi et al. 1997;
Teuri & Korpela 1998).

(6) Improved calcium absorption (Chonan et al. 1995).

6.6 Restrictions on beneficial claims for dietary fibre

The first product discussed above — Sunfiber (Benefiber®) — is the only one that is currently
recognised as dietary fibre by the US Food and Drug Administration and US Department
of Agriculture. However, the AACC committee, which is working on a definition of dietary
fibre, has added to the definition a number of physiological consequences of ingesting dietary
fibre, which may permit the inclusion of the other products, including Fibersol-2%, inulin and
oligofructose and galacto-oligosaccharides.

There are restrictions on dietary fibre claims because the data for the presumed effects are
not conclusive! Are the effects due to high dietary fibre, low fat or a combination of the two
dietary levels? Or is it the kind of dietary fibre (soluble or insoluble), or kind of soluble or
insoluble dietary fibre, or fat component (cholesterol, saturated fat etc.) that has the specific
effect. The allowed claims are:
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(1) A grain product, fruit, or vegetable that contains dietary fibre; low fat and good source
of dietary fibre (without fortification) may be beneficial in preventing some types of
cancer.

(2) A fruit, vegetable, or grain product that contains dietary fibre: low saturated fat, low
cholesterol, and low fat, particularly soluble fibre (0.6 g per Reference Amount [RA]
without fortification), may reduce the risk of coronary heart disease.

(3) A fruitor vegetable, low in fat with good source of vitamin A, vitamin C or dietary fibre
(without fortification) may reduce the risks of some types of cancer. Soluble fibre must
be labelled.

(4) Soluble fibre from: (1) B-glucan soluble fibre from oat bran, rolled oats (oatmeal) and
whole oat flour; and (2) psyllium husks may reduce the risk of heart disease if they are
low in fat, saturated fat, cholesterol and include 0.75 g of whole oat soluble fibre or 1.7 g
of psyllium husk soluble fibre per RA. Soluble fibre must be labelled.

(5) Diets rich in whole grain foods and other plant foods and low in total fat, saturated fat,
and cholesterol may reduce the risk of heart disease and some cancers. The food must
contain 51% or more whole grain ingredients by weight per serving, and a dietary fibre
content of atleast 3.0 per RA of 55 g,2.8 gperRA 0of 50 g,2.5 gperRA of45 g, 1.7 g per
RA of 35 g, and be low in fat.

We can see that the attributes of the food are not necessarily due only to the ingestion of dietary
fibre, but are due to a variety of factors in the diet— namely low fat, low saturated fat and low
cholesterol. It is likely that, in the not-too-distant future, we will be able to better pinpoint the
causes of the various diseases and their relationship to dietary fibre intake.
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7 Development of Dietary Fibre Methodology

Nils-Georg Asp

7.1 Introduction

When considering developments in dietary fibre methodology, two basic points are evident:
(1) that the progress in understanding of dietary fibre physiology has been parallel with and
dependent upon progress in analytical methodology; and (2) that dietary fibre is a fraction of
total food carbohydrates — which means that any method or definition of dietary fibre should
consider and be consistent with the corresponding methods and definitions of the other car-
bohydrates.

7.2 Early developments

The proximate analysis system for feed was developed in the nineteenth century. In the ab-
sence of specific analytical techniques, it was possible and reasonable to measure water, ni-
trogen (converted to protein by a standard factor), lipids extractable in an organic solvent and
mineral matter (i.e. ash), and to consider the remaining material as carbohydrate (Henneberg
& Stohmann, 1860). When the proximate analysis system was applied in studies of ruminant
physiology, especially at the Weende Experimental Station in Germany, it became apparent
that the feed value of carbohydrates measured by difference was not constant, an insoluble
fibrous fraction being identified that was not digested. This led to the development of the
crude fibre method using successive acid and alkaline digestion to isolate this undigestible
fraction (AOAC 1980). The detergent methods introduced by Van Soest (1963a, b) and Van
Soest and Wine (1967) meant considerably improved prediction of the feed value, compared
with the crude fibre method.

The crude fibre method was brought into human nutrition at the turn of the century, when
especially Atwater (1900) studied in detail the caloric value of different foods and diets. These
studies suggested that crude fibre did not contribute to the metabolisable energy.

The differentiation made between ‘available’ and ‘unavailable’ carbohydrates by
McCance and Lawrence (1929) may be regarded as a milestone in our understanding of the
nutritional importance of different food carbohydrates. The main objective was to differenti-
ate those carbohydrates that affected the blood glucose levels, i.e. those ‘available’ for diges-
tion and absorption in the small intestine, in order to improve nutritional counselling to dia-
betic patients. In line with this differentiation, the recent FAO/WHO report ‘Carbohydrates
in human nutrition’ (Anon. 1998) recommended the adoption of the concept of ‘glycaemic
carbohydrate’, meaning ‘providing carbohydrate for metabolism’.

In 1935, Widdowson and McCance developed methods for analysing reducing sugars,
sucrose and starch in foods as a measure of the available carbohydrates. Unavailable carbo-
hydrates were determined as the insoluble residue, corrected for protein and ash. Such car-
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bohydrate figures were introduced into British food tables in 1940, which should be borne
in mind considering the fact that most food tables still today rely upon carbohydrate-by-
difference data.

The more recent development of dietary fibre methodology has occurred along two routes:
(1) enzymatic gravimetric methods; and (2) enzymatic, chemical methods. The origin of en-
zymatic gravimetric methods can be traced to the work of Stutzer and Isbert (1888) and Remy
(1931) in Germany. At the same time, Williams and Olmstedt (1935) in the USA sought
a more physiological way to estimate undigestible material than the crude fibre method.
They developed a method that simulated digestion by incubating the food sample with en-
zymes. Their work was the basis for an enzymatic gravimetric method developed later by
Hellendoorn et al. (1975) in The Netherlands, using pepsin and pancreatin to isolate an ‘in-
digestible residue’. In Berlin, Thomas (1972) and his group also used enzymatic methods to
isolate what they called ‘Ballaststoffe’ in cereal flours and bran.

7.3 Definitions of dietary fibre

The definition and analysis of dietary fibre are intimately related. Analysis methods have to be
developed in accordance with the conceptual definitions, but in practice compromises must
be accepted due to constraints of costs and time. All types of dietary carbohydrates can be
separated at different levels of complexity and determined separately for research purposes,
though short-hand methods are needed for labelling and control purposes.

The term “dietary fibre’ was first used by Hipsley (1953) to describe plant cell walls in the
diet that he thought were protective against toxaemia of pregnancy. Trowell (1972a, 1974)
revived the term and defined it originally as ‘the skeletal remains of plant cells that were
indigestible’ or ‘that portion of food which is derived from cellular walls of plants which is
digested very poorly by human beings’ (Trowell 1972b). In 1976, dietary fibre was re-defined
by a group of scientists to include polysaccharides and lignin that are not digested in the small
intestine (Trowell ef al. 1976). A main reason for this re-definition was that isolated polysac-
charides had become increasingly used in animal and human studies, and found to have ef-
fects on carbohydrate and lipid metabolism.

Thus, undigestibility in the small intestine is a core property of dietary fibre in all defini-
tions, whereas plant cell-wall origin is emphasised in some — but not all — definitions. One
main argument for restricting dietary fibre to plant cell-wall components, or plant cell-wall
polysaccharides (Englyst & Cummings 1990) has been the early studies of Heaton’s group
(e.g. Haber et al. 1977) showing that both disruption and depletion of dietary fibre in foods
such as fruits and nuts had effects on glycaemic response and nutrient absorption, which
could be regarded as unfavourable in relation to ‘Western’ diseases. Recent research, how-
ever, has identified a number of food-related factors affecting the glycaemic response, and
none of the current methods of analysis is specific for plant cell-wall material, the isolation
of plant cell-walls being a very complex procedure (if possible at all) in processed foods.
Therefore, a definition of dietary fibre including all polysaccharides that are not digested and
absorbed in the small intestine is to be preferred, both physiologically and analytically (Asp
1995, 1996)
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7.4 Classification of food carbohydrates

Being a fraction of the total food carbohydrates, dictary fibre has to be considered in the
context of food carbohydrates. These are usually classified according to their degree of po-
lymerisation, initially into three main classes: sugars; oligosaccharides; and polysaccha-
rides (Anon. 1998). Sugars can be further subdivided into monosaccharides, disaccharides
and polyols, oligosaccharides into malto-oligosaccharides and other oligosaccharides, and
polysaccharides into starch and non-starch polysaccharides (NSP) (Table 7.1). Figure 7.1
illustrates which fractions are included in various definitions and methods of dietary fibre
analysis.

By convention, polysaccharides are defined as having 10 or more monomeric residues.
In a nutritional context, the term ‘sugars’ is often used to mean mono- and disaccharides.
Glucose and fructose, and the disaccharides sucrose and lactose are the quantitatively most
important ‘sugars’ in most diets. The main forms of oligosaccharides are the raffinose series
of a-galactosides, and inulin and lower fructo-oligosaccharides. Malto-oligosaccharides are
derived mainly from starch hydrolysates.

The polysaccharides are usually divided into starches, which are linear (amylose) or
branched (amylopectin) homopolymers of glucose with o-glucosidic linkages (c-glucans)

Table7.1 Classification of main food carbohydrates. (Adapted from Anon. 1998; Asp 1996.)

Class (DP) Subgroup Components Typical monomers  Digestibility*
Sugars (1-2) Mono- Glucose +
saccharides Galactose +
Fructose +
Disaccharides Sucrose Glu, Fru +
Lactose Glu, Gal +(-)
Trehalose Glu +
Oligosaccharides Malto-oligo- Maltodextrins Glu +
saccharides
Other oligo- o-Galactosides Gal, Glu -
saccharides Fructo-oligo-saccharides ~ Fru, Glu -
Polysaccharides Starch Amylose Glu Glu +(-)
Amylopectin Glu +(=)
Modified starch Glu +—
Non-starch Cellulose Glu -
polysaccharides Hemicelluloses Variable -
Pectins Uronic acids -
Hydrocolloids Variable -
‘New’ carbohydrate ~ Polydextrose Glucose -
food ingredients Pyrodextrins Glucose -

DP, degree of polymerisation.
*Digestion/absorption in the small intestine.
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Fig. 7.1 Food carbohydrate fractions and their inclusion in various definitions. (Reprinted from Food
Chemistry, 57, Asp N.-G., Dietary Carbohydrates: classification by chamistry and physiology, pp. 9-14, copy-
right (1996), with permission from Elsevier Science.)

and NSP. Cellulose, which is alinear -glucan, and hemicelluloses, pectins and hydrocolloids
include a range of hetero-polysaccharides with variable degree of polymerisation, branch-
ing and monomeric composition. These main monomeric residues are another basis for clas-
sification of NSP, for example, arabinoxylan, galactan, galactomannan and arabinan.

7.5 Enzymatic-gravimetric methods

The main steps in the current gravimetric dietary fibre methods include enzymatic treatments
for starch and protein removal, precipitation of soluble dietary fibre components by aqueous
ethanol, isolation and weighing of the dietary fibre residue, and correction for protein and ash
intheresidue. A number of reviews on dietary fibre analysis, comparing different approaches,
have been published (e.g. Asp & Johansson 1984; Asp et al. 1992; Cho et al. 1997).

7.5.1 Modified detergent methods

The neutral detergent fibre (NDF) method of Van Soest and Wine (1967) showed limitations
when applied to starchy foods or ingredients in that starch was incompletely solubilised.
Amylase treatment to solve this problem was introduced by Schaller (1977) and developed to
amethod approved by the American Association of Cereal Chemists (AACC Method 32-20
for insoluble dietary fibre).

Mongeau and Brassard (1986, 1990) added determination of a soluble fibre fraction to a
modified NDF procedure. This rather rapid gravimetric method has shown excellent preci-
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sion, but has limitations in incomplete removal of starch and/or protein in some kinds of sam-
ples and the risk of losses of some dietary fibre components that are soluble in the detergent
system, but not under the conditions used to recover the soluble fraction (Asp et al. 1992; Cho
etal. 1997, p. 54) (Table 7.2).

7.5.2 Enzymatic methods using both amylases and proteases

The first gravimetric procedures accounting for both insoluble and soluble parts of dictary
fibre were developed at about the same time and independently by Furda (1977, 1981),
Schweizer and Wiirsch (1979, 1981) and Asp and Johansson (1981); the procedure was finally
published by Asp et al. (1983). As aresult of a session at the annual AOAC meeting in Ottawa
1981, DeVries (and later also Prosky and Harland) joined these authors and designed the
first version of the enzymatic gravimetric AOAC method. This was adopted for final action
regarding total dietary fibre in 1986 (Prosky et al. 1984, 1985a, b), and later also for insoluble
and soluble fibre. Lee ef al. (1992) developed a further simplified method using MES-TRIS

Table7.2 Main steps and comparison of enzymatic-gravimetric methods. (From Asp et al. 1992).

Asp et al. 1983

AOAC 1988
Prosky et al.
Schweizer et al. 1988

AOAC Modified
Leeetal 1992

Sample

Buffer

Enzyme step 1

pH adjustment
Enzyme step 2

pH adjustment
Enzyme step 3

pH adjustment
Alcohol precipitation
with 4 vol. 95% ethanol}
Volume required
Filtering aid

Protein correction
Ash correction

lg
Na-phosphate pH 6
Termamylf 100°C,

15 min

TopH 1.5
Pepsin 40°C, 60 min

TopH 6.8

Pancreatin 40°C, 60 min

TopH4.5

400ml
Celite 545

Nx6.25 (optional)
Incineration 525°C

1g*

Na-phosphate pH 6

Termamyl 100°C,
15-30 min

TopH?7.5
Protease 60°C, 30 min

To pH 4.0-4.6

Amyloglucosidase 60°C,
30min

280ml
Celite 545

Nx6.25
Incineration 525°C

1g*

MES/TRIS pH 8.2
Termamyl 95-100°C,
35 min

Protease 60°C, 30 min
TopH4.1-4.7

Amyloglucosidase 60°C,
30 min

225ml
Celite

Nx6.25
Incineration 525°C

* Smaller samples can be analysed if samples are difficult to filter.

+ Termamyl is thermostable oi-amylase from Novo Nordisk, Denmark.
I The enzyme digest can be filtered before the alcohol precipitation to recover insoluble fibre separately. The
soluble fibre is then precipitated from the filtrate and recovered in a separate fraction. Alternatively, the soluble
fibre can be obtained as the difference between total and insoluble fibre as approved by the AOAC.
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buffer that was approved by the AOAC in 1994. For details regarding AOAC approved meth-
ods, see Table 7.4 and Cho ef al. 1997).

7.5.3 Enzymatic chemical methods

The enzymatic removal of starch is an essential first step also in the enzymatic chemical
methods. Extraction or precipitation with 80% (v/v) ethanol is used to separate the soluble
dietary fibre polysaccharides from low-molecular weight sugars and starch hydrolysis prod-
ucts.

The Southgate method

As described by Southgate (1992), the development of an enzymatic chemical method for
measuring unavailable carbohydrates directly was driven by problems in calculating the en-
ergy values of food supplies after World War II. Carbohydrate by difference was used in the
USA, and available carbohydrate in the UK, which resulted in the projected energy values
of cereal supplies changing as they crossed the Atlantic! The Southgate procedure was devel-
oped (Southgate 1969a, b, 1981) following the principles of McCance and Widdowson, so
that a complete carbohydrate analysis of sugars, starches, non-cellulosic polysaccharides,
cellulose and lignin could be carried out sequentially on the same sample.

The carbohydrate analyses in the Southgate method were carried out by semi-specific
colorimetric reactions for hexoses, pentoses and uronic acids. As in all other methods, an ef-
ficient starch digestion is essential to remove digestible starch (or all starch if resistant starch
is not to be included). One reason for problems occurring with the Southgate method in this
respect was probably the change from takadiastase, which contained some proteolytic activ-
ity, to more purified amylase preparations (Southgate 1981).

7.5.4 Methods using gas-liquid chromatography (GLC)

A meeting in 1977 organised by the EEC and the International Agency for Research on
Cancer in Lyons was a starting point for efforts to introduce more modern and informative
methods for dietary fibre analysis (Theander & James 1979). Schweizer and Wiirsch (1979)
published a GLC method for characterisation of gravimetrically determined soluble and in-
soluble dietary fibre residues, which combined the advantages of the methods of Hellendoorn
et al. (1975) and Southgate (1969b). In the same year, Theander and Aman (1979) published
the first version of the Uppsala methodology using GLC for determination and characterisa-
tion of soluble and insoluble fractions of dietary fibre. A Klason lignin determination was
included.

The Englyst methods

The methods of Englyst (Southgate et al. 1978; Englyst 1981; Englyst & Cummings 1984)
was originally based on that of Southgate (1969b), with GLC replacing the colorimetric de-
termination of neutral sugar components. The method has undergone a number of develop-
ments, not least regarding the choice of enzymes and conditions for removal of starch. The
decision to exclude resistant starch from dietary fibre, i.e. to determine NSP only, led to
the introduction of dimethyl sulphoxide to disperse the starch before amylolysis (Englyst
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et al. 1982). A colorimetric variant was published in 1987 (Englyst & Hudson 1987). More
recently, alternative procedures for measuring both neutral sugars and uronic acids by high-
performance liquid chromatography (HPLC) have been developed (Quigley & Englyst 1992
1994).

The Uppsala methods

The initial method of Theander and Aman (1979) was modified to a more rapid analysis
of total dietary fibre (Theander et al. 1990). After starch gelatinisation and hydrolysis by
incubation with Temamyl (thermostable oi-amylase; Novo Nordisk, Denmark) in a boiling
water bath, soluble fibre polysaccharides are precipitated in 80% ethanol and the dietary fibre
residue containing soluble (as well as insoluble fibre) is obtained by centrifugation. The con-
tent of neutral monomeric residues of dietary fibre polysaccharides is determined by GLC,
afteracid hydrolysis and preparation of alditol acetates. Colorimetric determination of uronic
acids was introduced as a simpler alternative to the originally used decarboxylation method.

7.6 Collaborative studies

Methods for dietary fibre and NSP analysis have been subject to numerous collaborative trials
during the 1980s and early 1990s (for a review, see Asp et al. 1992; European Commission
1995). The performance of both gravimetric and component analysis methods has improved
gradually. In gravimetric methods, the coefficient of variation tends to become high at low
dietary fibre content, because the corrections for protein and ash become proportionately
larger, whereas component analysis methods have a comparable coefficient of variation over
the range of fibre contents normally found in foods. On the other hand, the confidence interval
is acceptable for practical purposes, e.g. labelling, over the range of fibre contents found in
foods and raw materials (Asp et al. 1992). The AOAC International has approved several ver-
sions of the enzymatic gravimetric methods of Prosky et al. and Lee et al., as well as the en-
zymatic chemical method of Theander ef al. and the modified detergent method of Mongeau
and Brassard, as shown in Tables 7.3 and 7.4. The Englyst methods has been approved mainly
in the UK, subject to a corresponding number of collaborative studies conducted.

Few studies, however, have directly compared the different approaches in a conclusive
way. Therefore, the collaborative studies supported by the EC Burecau of Community
References (BCR) are particularly useful. After the first study, three reference materials could
be certified regarding dictary fibre content measured with the enzymatic gravimetric AOAC
Method 985.29, whereas results obtained with the Englyst method were still not regarded as
reliable enough for certification.

A more extensive study of five different materials was then started. The most recent ver-
sions of the Englyst methods, the enzymatic gravimetric AOAC methods 985.29 and 991.43,
and the enzymatic chemical method of Theander et al. (AOAC 994.13, the Uppsala method)
underwent a detailed comparison. The gravimetric methods and the Uppsala method showed
very similar mean values for the different test materials. The lower values obtained with
the Englyst methods could be explained by the fact that resistant starch and lignin are not
included in these methods (Pendlington & Brookes 1995).
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Table7.3 Main steps in the Uppsala method and the Englyst methods have approached each other, as
shown forthe 1990 versions of the two methods (Theander ezal. 1990; Englyst & Cummings 1990). Only a few
minor modifications have been made in the later versions. The main persisting differences are the dimethyl
sulphoxide (DMSO) solubilisation of starch in the Englyst method, and the Klason lignin determination in the
Uppsala method. (Adapted from Asp et al. 1992.)

Analysis of uronic acids

Analysis of neutral sugars

Amyloglucosidase (16 h, 96°C)

12M H,SO, (1h, 30°C)

Addition of internal standard myo-inositol
0.4MH,S0,(1h, 125°C)

Alditol acetate preparation

Individual correction factors

regularly determined for each sugar

Stoichiometric decarboxylation or
colorimetry with 3,5-dimethylphenol
(Scott 1979)

Calibration with galacturonic acid

Procedure Uppsala method Englyst method
Sample size (dry) 250-500 mg 50-300mg
Starch removal Termamyl (0.5 h, 96°C) DMSO (0.5 h, boiling water bath)

Termamy! (10 min, boiling water bath)
Pancreatin and pullulanase
(0.5h, and 50°C + 10 min boiling)

12M H,SO, (1h,35°C)
2MH,SO,(1h, 100°C)

Addition of internal standard (allose)
Alditol acetate preparation
Individual standard correction factors
for hydrolysis losses (0.89-0.96,
0.52 for rhamnose)

Scott procedure with
3,5-dimethylphenol

Calibration with glucuronic acid

Lignin Gravimetrically as Klason Not determined
(sulphuric acid) lignin
Table7.4 AOAC INTERNATIONAL approved dietary fibre methods.
Total fibre (T) Action
Soluble (S) Year
AOAC No. Type of method Insoluble (I) First/Final Authors
Dietary fibre
985.29 Enzymatic gravimetric T 1986 Final Prosky et al.
991.42 Enzymatic gravimetric 1 1994 Final Prosky et al
993.19 Enzymatic gravimetric S 1995 Final Prosky et al
991.43 Enzymatic gravimetric T,S, 1 1994 Final Leeetal.
992.16 Enzymatic gravimetric, T 1992 First Mongeau, Brassard
using neutral detergent
993.21 Non-enzymatic gravimetric T 1993 First Lee, Cardozo
<2% starch, >10% fibre
994.13 Enzymatic chemical T 1994 First Theander et al.
B-p-Glucan
992.28 Enzymatic 1992 First Zygmunt, Praisley
995.16 Enzymatic 1995 First McCleary, Codd
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7.7 Delimitation problems

Regardless of the exact definition of dietary fibre, a number of delimitation problems have to
be considered in the analysis. These include the starch/NSP cut-off, as well as the separation
of sugars from polysaccharides by alcohol precipitation.

7.7.1 Starch

The removal of starch is dependent upon the solubilisation and enzyme systems used, any
remaining starch appearing as dietary fibre glucans. With the discovery of physiologically
resistant starch, i.e. starch that is not digested or absorbed in the small intestine of humans
with physiological effects regarded as typical of dietary fibre, there is much in favour of
including such starch in the dietary fibre. However, this has been vigorously opposed by
Englyst et al. (1982, 1990). The AOAC methods include in-vitro-resistant starch after rather
vigorous amylase treatment at high temperature. This starch represents mainly retrograded
amylase (RS,) and is lower than the in-vivo-resistant starch (Asp et al. 1996; Champ, Chapter
9, this volume).

7.7.2 Low-molecular weight carbohydrates

Precipitation in 78—-80% ethanol, which is employed in all the current dietary fibre and NSP
methods, is not an exact delimitation of polysaccharides [degree of polymerisation (DP) 10
or more]. For instance, arabinans in sugarbeet fibre were soluble in spite of a considerably
higher DP, and thus were lost in enzymatic gravimetric dietary fibre determination. The fact
that a higher recovery of these components was obtained with the Englyst method indicates
that fibre components were solubilised by the proteolytic treatments included in the gravi-
metric assay (Asp et al. 1990).

Non-digestible oligosaccharides (NDO) are soluble in 80% ethanol, and are therefore not
included in dietary fibre or NSP estimates with any of the current methods. The present inter-
est in the physiological effects of NDO has stimulated the development of methods for their
determination (e.g. Quigley & Englyst 1992), and authorities in an increasing number of
countries accept the inclusion of NDO as dietary fibre for labelling purposes.

7.8 Future perspectives

There is an increasing consensus that carbohydrate measurement and classification should
be based on specific determination of the different chemical classes of carbohydrates,
i.e. mono-, di-, oligo- and polysaccharides, the latter being divided into starch and NSP
(Koivistoinen et al. 1996; Anon. 1998). It is also evident, however, that such a chemical clas-
sification is not always helpful for the understanding of the physiological and nutritional role
of various carbohydrates.

Nutritional groupings such as dietary fibre can then be made on the basis of physiological
properties. The term dietary fibre should always be qualified by a statement itemising those
carbohydrates that are intended for inclusion (Anon. 1998). As small-intestinal digestibility
is a key feature differentiating carbohydrates that provide carbohydrate substrate for body
cells from those used as fermentation substrates by intestinal bacteria, a first classification
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Table7.5 Suggested physiological classification of food carbohydrates.

Primary classification Secondary characteristics Fermentation properties
Glycaemic carbohydrates - Rate of digestion/absorption

(digested and absorbed (glycaemic index)

in the small intestine) - Proportions of absorbed

monomers (fructose/glucose)

Dietary fibre - Viscosity
(not digested/absorbed - Binding of water - Rate and site of fermentation
in the small intestine) - Binding of ions, organic - Fermentation products
molecules, microorganisms
- Fermentation

should be glycaemic carbohydrates, and dietary fibre defined as including all undigestible
carbohydrates. Methods are at hand for the determination of NDO, whereas methods of re-
sistant starch determination require further fine-tuning. Needless to say, glycaemic carbohy-
drates and dietary fibre should have the same cut-off in order to avoid any starch fraction to
be accounted for twice, or not at all.

As recommended in the recent FAO/WHO report (Anon. 1998) the terms extrinsic and
intrinsic sugars, complex carbohydrates, and available and unavailable carbohydrates should
be discontinued. Furthermore, this report recommended that the use of soluble and insoluble
dietary fibre be gradually phased out since this division was not considered useful either
analytically or physiologically.

The present emphasis on food carbohydrates from the nutrition point of view calls for nu-
tritional grouping to describe carbohydrates for the purpose of epidemiological and clinical
studies, as well as for more differentiated recommendations regarding carbohydrate intake.
Such a classification, based upon the nutritional properties that appear most important for the
time being, is shown in Table 7.5.
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8 Measurement of Dietary Fibre Components:
the Importance of Enzyme Purity, Activity
and Specificity

Barry V. McCleary

8.1 Total dietary fibre: introduction

Interest in dietary fibre is undergoing a dramatic revival, thanks in part to the introduction of
new carbohydrates as dietary fibre components. Much emphasis is being placed on determin-
ing how much fibre is present in a food. Linking a particular amount of fibre to a specific
health benefit is now an important area of research.

The term ‘dietary fibre’ first appeared in 1953, and referred to hemicelluloses, celluloses
and lignin (Theander ez al. 1995). Trowell (1974) recommended this term as areplacement for
the no longer acceptable term ‘crude fibre’. Burkitt (1995) has likened the interest in dietary
fibre to the growth of a river from its first trickle to a mighty torrent. He observes that dictary
fibre ‘was first viewed as merely the less digestible constituent of food which exerts a laxative
action by irritating the gut’, thus acquiring the designation ‘roughage’—a term later replaced
by ‘crude fibre’ and ultimately by ‘dietary fibre’. Various definitions of dietary fibre have ap-
peared over the years, partly due to the various concepts used in deriving the term (i.e. origin
of' material, resistance to digestion, fermentation in the colon, etc.), and partly to the difficul-
ties associated with its measurement and labelling (Mongeau e al. 1999). The principal com-
ponents of dietary fibre, as traditionally understood, are non-starch polysaccharides (which in
plant fibre are principally hemicelluloses and celluloses), and the non-carbohydrate phenolic
components, cutin, suberin and waxes, with which they are associated in nature. In 1976,
the definition of dietary fibre was modified to include gums and some pectic substances,
based on the resistance to digestion of these components in the upper intestinal tract. For the
purposes of labelling, Englyst et al. (1987) proposed that dictary fibre be defined as ‘non-
starch polysaccharides (NSP) in the diet that are not digested by the endogenous secretions
of'the human digestive tract’. Methods were concurrently developed to specifically measure
NSP (Englyst et al. 1994).

8.1.1 Measurement of NSP

In the Englyst procedure (Englyst ef al. 1994; Quigley and Englyst 1994) for the measure-
ment of NSP, the sample is first defatted (if necessary) and then starch is completely removed.
Starch removal is achieved by cooking the sample in dimethyl sulphoxide (which completely
solubilises the starch), treatment with bacterial o-amylase and pullulanase, and finally pre-
cipitation of the dissolved fibre components with acidic alcohol. The starch fragments remain
in solution and are removed. Pancreatin is added with the pullulanase to effect protein deg-
radation. The precipitated material is recovered by centrifugation, washed with ethanol and
acetone, and dried. This residue is acid hydrolysed and the sugar and uronic acid components
are quantified by GLC, HPLC or by a colorimetric procedure. This procedure is used in the
United Kingdom, but in other countries the AOAC dietary fibre procedures are the methods of
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choice. The Englyst procedure has not received widespread adoption because, from a physi-
ological point of view, NSP is less relevant than total dietary fibre. It isnow generally accepted
that resistant starch should be considered as part of dietary fibre.

8.1.2 Measurement of total, soluble and insoluble dietary fibre

An alternative — and now generally accepted — method for the measurement of dietary fibre
is AOAC Method 985.29 (Prosky 1985), which has been modified to allow measurement
of soluble and insoluble components (Prosky ef al. 1988), and to allow the use of alterna-
tive buffers (AOAC method 991.43) (Lee et al. 1992). In principle, samples are treated with
petroleum ether (if necessary) to remove fat, and then with enzymes to depolymerise starch
and protein, which are subsequently removed in an ethanol precipitation step. The residue is
dried and weighed and samples are taken for protein and ash determination. An extension of
this method involves acid hydrolysis of the residue and analysis for sugars and uronic acids
(the Uppsala method; AACC Method 32-25) (AACC 1997).

These methods are the culmination of the work of several research groups over many
years. A major difference between these methods and the NSP procedure is that values ob-
tained using the AOAC procedures include resistant starch and lignin. Resistant starch should
be included under the ‘umbrella’ of dietary fibre, because it behaves in a manner similar to
other dietary fibre components, in that it resists digestion in the small intestine and it is largely
fermented in the colon, producing short-chain fatty acids (Champ et al. 1999).

8.1.3 Enzyme activity

Measurement of total dietary fibre (TDF), soluble dietary fibre (SDF) and insoluble dietary
fibre (IDF) by AOAC methods (985.29, 991.42, 993.19) requires the use of three enzymes,
thermostable o-amylase (Bacillus licheniformis), amyloglucosidase (4spergillus niger) and
protease (Bacillus licheniformis). The effectiveness and purity of these enzymes for dietary
fibre analyses is usually determined by analysing specific control samples and monitoring
recovery, e.g. starch, casein, B-glucan, pectin and larch galactan. With the first two samples,
the recovery should be close to zero, whereas with the latter three, the recovery should be
approximately 100%. The actual activity of the individual enzymes and of contaminants of
importance is usually not provided or measured, and this is due (in part) to the absence of
generally accepted assay methods. To fill this need, traditional methods for the measurement
of each of these activities were evaluated, and new rapid and quantitative methods for the
measurement of the major activities and important contaminants were developed (McCleary
1999).

Two methods were evaluated for the measurement of oi-amylase in the commercially
available thermostable o-amylase preparations used for dietary fibre analyses (McCleary
1999). One of these methods was based on the Nelson/Somogyi reducing sugar procedure
(Somogyi 1952) with soluble starch as substrate, and the second used a defined p-nitrophe-
nyl-maltosaccharide as substrate, in the presence of a thermostable o-glucosidase (Ceralpha
method using Amylase HR reagent) (McCleary & Sheehan 1987) (Fig. 8.1). It was found that
the activity of i-amylase preparations currently available from major suppliers is similar, i.e.
~10000 U/ml (soluble starch) or ~3000 U/ml (Ceralpha method). However, the activity of
preparations of this enzyme supplied for use in AOAC dietary fibre procedures over the past
five years have ranged from 2000 to 10 000 U/ml (activity on soluble starch). From the results
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Fig. 8.1 Schematic representation of the measurement of a-amylase with Ceralpha reagent.

showninTable 8.1, itis evident that the level of activity of this enzyme significantly affects the
measured dietary fibre levels of certain samples, particularly resistant starch. Consequently, it
is essential that the level of activity of this preparation be more clearly defined than has previ-
ously been the case. Since the preparations that are currently available commercially have
an activity of approximately 10000+ 1000 U/ml on soluble starch (or 3000 + 300 Ceralpha
Units/ml), it would seem wise to set the required activity at this value.

Standardisation of the concentration of this enzyme is necessary to reduce the interlabora-
tory variations in reported values for resistant starch samples. From Table 8.1, it can be seen
that for four commercial resistant starch materials (resistant starch A, B and C, and high-
amylose maize starch), the level of a-amylase used in the assay has a very significant effect
on the measured dietary fibre level. In AOAC Method 985.29, the recommended addition of
o-amylase is 50 ul of preparations which are ~3000 Ceralpha Units/ml (i.e. 150 U/assay). Itis
evident, that higher or lower levels of enzyme will alter the determined dietary fibre levels for
resistant starch samples. These variations have in the past caused conflict between analyti-
cal laboratories, but hopefully can now be avoided by using properly standardised enzyme
preparations. Both described assays for the measurement of o-amylase give reliable and
consistent results in the hands of a competent biochemist, but the Ceralpha method has the
advantage of being extremely easy to use, even by analysts less experienced in biochemical
assays.

Two methods have been compared for the assay of amyloglucosidase (McCleary 1999).
One of these methods is more conventional; it employs soluble starch as substrate and the
release of glucose is measured using glucose oxidase/peroxidase reagent. A second method
employs p-nitrophenyl B-maltoside (PNPBM) as substrate in the presence of saturating levels
of B-glucosidase (McCleary et al. 1991). In this method, as amyloglucosidase hydrolyses
the terminal o-linked D-glucosyl residue, the excess levels of B-glucosidase give immediate
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Table8.1 Effect of the concentration of thermostable a-amylase and amyloglucosidase on determined
dietary fibre contents of starch and resistant starch samples.

Polysaccharide Enzyme preparation Quantity Total dietary

(U/assay) fibre (%)
High-amylose* Thermostable a-amylase} 600U 15.2
maize starch 300U 23.4

150U 29.3

75U 342

38U 34.6

19U 383
Resistant starch A* Thermostable a-amylase 600U 29.5

300U 32.6

150U 34.8

75U 35.5

38U 35.8

19U 38.7
Resistant starch B* Thermostable a-amylase 150U 53.8

75U 55.5

38U 59.5

19U 61.0
Resistant starch C* Thermostable o-amylase 600U 28.1

300U 38.4

150U 433
Regular maize starcht Amyloglucosidase§ 40U 0.08+0.07

Amyloglucosidase 20U 1.3+0.07

High-amylose Amyloglucosidase 120U 28.8
maize starch* Amyloglucosidase 40U 29.3
Caseint Standard enzymes 1.38+0.04
Pectin (ex. Sigma)T Standard enzymes 89.0£0.9
Pectin (ex. Megazyme)T Standard enzymes 86.5+1.0

* These samples were analysed once.

T Duplicate analyses were performed on these enzymes.

I o-Amylase activity is expressed as Ceralpha units. For all samples, an aliquot (50 ul) of enzyme is used, and
the activities of the preparations are 380 to 12 000 U/ml. In the standard AOAC procedure, the concentration of
the a-amylase is 3000 U/ml (or 150 U/assay).

§ Amyloglucosidase activity is expressed as PNP-Units bases on the assay using p-NP-f-maltoside.

hydrolysis of the B-linked D-glucosyl residue, releasing free p-nitrophenol that is detected by
adding an alkaline solution. Both methods give quantitative measurement of amyloglucosi-
dase. The level of activity of the amyloglucosidase preparation supplied by Megazyme is
200 U/ml on p-nitrophenyl B-maltoside (or 3300 U/ml on soluble starch), and 0.2 ml is used
in the procedure (i.e. 40 U/test sample). Amyloglucosidase preparations supplied for use in
TDF assay procedures have traditionally had an activity of about 130 U/ml on PNPBM (or
~2000 U/ml on soluble starch), and 0.3 ml of enzyme was used in standard AOAC methods
(i.e.40 U/test sample). This level of activity is adequate to ensure that all a-limit dextrins that
are released on hydrolysis of starch by ci-amylase, are hydrolysed to glucose in the standard
assay format. The effect of using lower or higher levels of amyloglucosidase on the measured
dietary fibre levels of regular maize starch and high amylose maize starch is shown in Table
8.1. With half of the recommended level of amyloglucosidase, the total dictary fibre values
for regular maize starch increases only marginally (from <0.1% to 1.3%). Increasing the



Measurement of Dietary Fibre Components 93

level of amyloglucosidase to three times the recommended level has an insignificant effect
on measured total dietary fibre in resistant starch samples, i.e. values for high-amylose maize
starch decreased by less than 1%.

There are no reported problems associated with variations in the concentration of the pro-
tease used in dietary fibre determinations. This is most likely due to the fact that the level of
enzyme used is more than adequate to give hydrolysis of all susceptible bonds in proteins in
the samples being analysed. Also, any protein that is resistant to hydrolysis by the protease,
and thus remains in the recovered fibre sample, is chemically measured and then subtracted
in the calculations. However, since accurate and reliable assay procedures for standardising
protease activity are desirable, two assay formats were evaluated (McCleary 1999). One
method is a modification of traditional methods employing casein with TCA precipitation.
This method was easy to use and give a linear standard curve over one absorbance unit. The
second method employed Azo-Casein and a TCA precipitation step (Megazyme 1999). This
assay has the advantage that it is more sensitive, the reaction products absorb in the visible
range (440 nm) and the assay is specific for endo-protease. A standard curve for Subtilisin A
on Azo-Casein is shown in Fig. 8.2. Activity Units for both assays were expressed as micro-
moles of tyrosine equivalents per min (Tyrosine Units). In evaluating enzyme preparations
currently used in dietary fibre analyses (Subtilisin A), an activity of 68 tyrosine units/mg
was obtained. In the standard AOAC dietary fibre methods, a protease concentration of
50 mg/ml is recommended (i.e. ~300—400 tyrosine Units/ml). Consequently, a concentra-
tion of 350+50 U/ml was recommended for general use in dietary fibre determinations. A
stabilised solution of this enzyme (350 U/ml) is commercially available (Megazyme cat. no.
E-BSPRT).

8.1.4 Enzyme purity

Of the three enzymes used in dietary fibre determinations, only one — namely amyloglu-
cosidase — was significantly contaminated with interfering activities. The thermostable

mU/ml =129 x Abs + 3.5
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Fig. 8.2 Standard curve relating the activity of Subtilisin A on casein to action on Azo-casein (Megazyme
Lot. 81001).
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o-amylase and protease enzymes that are commercially available for use in dietary fibre
measurement are generally free of interfering enzymes. Low levels of B-glucanase (endo-
1,3:1,4-B-D glucanase; lichenase) have been detected in protease preparations, but these
were well below the level which would interfere with the dietary fibre assay (i.e. that would
result in a loss of B-glucan). The major contaminant in amyloglucosidase preparations (ex.
Aspergillus niger) was shown to be endo-cellulase, and this resulted in endo-depolymerisa-
tion of mixed-linkage 3-glucan from barley and oat, with a resultant underestimation of this
component. The effect of cellulase contamination in amyloglucosidase preparations on the
viscosity of barley B-glucan solutions is shown in Fig. 8.3, and the effect on analysed dietary
fibre levels of pure barley -glucan is shown in Table 8.2. It is evident that cellulase concen-
trations greater than 1.0 U/ml in the amyloglucosidase preparations (i.e. 0.2 U/assay) result
in significant depolymerisation of barley B-glucan (Fig. 8.3) and loss of this component in
dietary fibre analyses. Levels of cellulase equivalent to or higher than this concentration have
been measured in some preparations of amyloglucosidase offered commercially for use in
dietary fibre analyses. This contaminant can be readily detected and quantified using an assay
procedure based on a substrate containing dyed, cross-linked B-glucan (Beta-Glucazyme
tablets) (McCleary 1999). This simple test can assure that the enzyme is of adequate purity
to ensure quantitative recovery of B-glucan, a major cereal based soluble dietary fibre com-
ponent.

Another enzyme activity, which could cause significant underestimation of dietary fibre,
particularly dietary fibre of fruit origin, is polygalacturonanase. This enzyme is most read-
ily assayed using a viscometric method employing high-viscosity citrus pectin as substrate.
It has been shown that the level of this enzyme in amyloglucosidase preparations used in

20
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Fig. 8.3 Effect of Aspergillus niger cellulase on the viscosity of solutions of barley B-glucan. Assays were
performed exactly as described in the text. To highly purified A. niger amyloglucosidase (lot 40801) cellulase
was added at a concentration of 0.1, 0.2, 0.4 and 0.8 Units per 0.2 ml of amyloglucosidase, and 0.2 ml of
these amyloglucosidase preparations were added to 10 ml of B-glucan solution (10 mg/ml, pH 4.5) in the
viscometer.
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Table8.2 Effect of the concentration of cellulase contamination in amyloglucosi-
dase on determined dietary fibre contents of pure barley B-glucan.

Added cellulase Total dietary
Polysaccharide (Units/assay i.e./0.2 ml AMG) fibre (%)
Barley B-glucan (100 mg)* 0.0 99.9

0.05 99.2

0.10 99.1

0.20 98.4

0.40 90.0

0.80 69.2

*All values are based on single determinations.

dietary fibre determinations were extremely low (McCleary 1999). On incubation of 0.2 ml
of amyloglucosidase preparation (as used in dietary fibre analyses) with a solution of citrus
pectin (10 ml, 10 mg/ml), there was only minor viscosity reduction over an incubation period
of 20 min. This viscosity reduction was equivalent to a polygalacturonanase concentration of
less than 0.01 U/assay (i.e. per 0.2 ml of amyloglucosidase), which is below the level which
would result in pectin loss in AOAC dietary fibre assays (about 0.20 U/test). However, other
enzyme preparations, that may be incorporated into AOAC total dietary fibre procedures,
may contain this contaminating activity (e.g. Fructozyme® which is used to remove fructans)
(Quemener ef al. 1993, 1997).

The TDF values obtained for casein and pectin (ex. Megazyme TDF Controls Kit) and
pectin from Sigma Chemical Co. (dietary fibre control) are also shown in Table 8.1.

The dietary fibre value obtained for casein was as expected, but the value for the control
pectin samples was much lower than expected. This was not due to a pectinase contamina-
tion in the amyloglucosidase, as the level of this activity in the enzyme used (amyloglucosi-
dase, E-AMGDF, Megazyme International) was negligible (less than 0.01 U per 0.2 ml of
amyloglucosidase) and the levels in protease and thermostable ci-amylase preparations were
undetectable. The low recovery must be due to incomplete precipitation of the pectin in
78% ethanol. The reason for this is not apparent, as both pectins used were quite pure, high-
molecular weight materials.

8.2 Specific dietary fibre components
8.2.1 1,3:1,4 B-o-Glucan (mixed-linkage B-glucan)

Plant-derived dietary fibre is generally considered to include all plant components except pro-
tein, non-resistant starch, lipids and low-molecular weight materials not precipitated by 80%
ethanol. The first of this mixture of components to attract individual attention was mixed-
linkage B-glucan (B-glucan) from cereal grain sources, particularly barley and oats. The inter-
est in this polysaccharide was catalysed by the numerous health claims concerning the use
in human nutrition of oat fibre products rich in B-glucan (Anderson and Bridges 1993). The
Food and Drug Administration (USA) has allowed the claim that the inclusion of oat products
in the diet may reduce the risk of heart disease.

A specific procedure for the measurement of B-glucan was developed in 1985 (McCleary
& Glennie-Holmes) (Fig. 8.4), and then further simplified (McCleary & Codd 1991). In prin-
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Fig. 8.4 Schematic representation of the measurement of B-glucan with lichenase and B-glucosidase
(AOAC Method 995.16).

ciple, B-glucan in the sample is hydrated by cooking a slurry of the flour, followed by de-
polymerisation with a specific 1,3:1,4 B-glucanase (lichenase) enzyme. This enzyme cleaves
the (1—4)-glycosidic linkage of a 3-linked D-glucosyl residue within the B-glucan chain
and thus has no action on (1—4) B-linked D-glucans (cellulose). The oligosaccharide reac-
tion products released on hydrolysis of B-glucan by lichenase are then hydrolysed to glucose
with a highly purified B-glucosidase, and the glucose is measured enzymatically with glucose
oxidase/peroxidase reagent. Since the procedure is used to measure trace levels of B-glucan in
cereal and food products, which also contain high levels of starch and other glucose contain-
ing oligosaccharides, such as malto-oligosaccharides and sucrose, the enzymes must be very
pure. Invertase contamination of B-glucosidase will give glucose release from sucrose, and
contamination by a-glucosidase or amyloglucosidase will result in release of glucose from
malto-oligosaccharides. In both cases, an inflated estimate of B-glucan content will result.
The purity of B-glucosidase can be tested by incubating a range of concentrations of the
enzyme with aliquots of lichenase treated barley flour slurry (as per the standard B-glucan
assay format). If the enzyme is devoid of interfering activities, the same glucose absorbance
value should be obtained. The results of such an experiment are shown in Fig. 8.5. Normally,
0.2U of B-glucosidase is used per assay, but it is evident that even with a 75-fold excess
(15 U/assay) of this enzyme, the determined B-glucan content is only very slightly (~3%)
overestimated.

B-Glucosidase from 4. niger is very effective in catalysing complete hydrolysis, to glu-
cose, of the mixed-linkage B-gluco-oligosaccharides released on hydrolysis of barley or
oat B-glucan by lichenase. However, this is not the case for the B-glucosidase from almond
emulsin (Fig. 8.5). The almond enzyme, even at very high levels of activity, does not com-
pletely hydrolyse these oligosaccharides, leading to an underestimation of the B-glucan con-
tent of the sample.

Following extensive international interlaboratory evaluations, this assay procedure has
become the International standard method for the measurement of mixed-linkage B-glucan
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Fig. 8.5 Hydrolysis of B-gluco-oligosaccharides (from lichenase treatment of mixed-linkage B-glucan) by
highly purified A. niger and almond-seed B-glucosidases.

(AOAC 995.16; AACC Method 32-23; ICC Standard No. 166; EBC Methods 3.11.1,4.16.1
and 8.11.1). The method has been adapted for the analysis of mixed-linkage B-glucan in
cereal and food products and in liquid materials such as wort and beer.

8.2.2 Resistant starch

Until recently, it was generally thought that starch was completely digested in the small intes-
tine. However, it is now recognised that there is a portion (resistant starch, RS) which resists
digestion, passes into the large intestine and is fermented there. Three types of RS have been
identified: (1) physically trapped starch; (2) resistant starch granules; and (3) retrograded
starch (Muir ef al. 1993; Englyst et al. 1994). Physically trapped starch granules are locked
within the food matrix, such that digestive enzymes are prevented or delayed from having
access to them. Resistant starch granules, as are present in raw potatoes and green bananas,
resist attack by o-amylase, which is probably due to the crystalline nature of the starch. From
anindustrial and food technology perspective, the most interesting resistant starches are those
which are produced through retrogradation of gelatinised starches. Retrogradation is gener-
ally attributed to the amylose portion of the starch, so starches high in amylose are particularly
amenable to the production of resistant starch.

Since resistant starch is defined as ‘the sum of starch and products of starch degradation
not absorbed in the small intestine of healthy individuals’ (Asp 1992; Muir ef al. 1993), any
analytical method for RS should take into account all the starch and o-dextrins covered in
this physiological definition. Furthermore, the method should be validated using in-vivo data
from healthy human subjects. The various procedures for the measurement of resistant starch
have been summarised and discussed by Champ ef al. (1999). The methods can be broadly
grouped into two approaches. In one approach (Englyst et al. 1992; Muir et al. 1993), samples
are analysed for total starch and for soluble starch, and the latter is subtracted from the former
to give resistant starch. The major inherent problem with this approach, analytically, is that
the content of resistant starch is generally a small proportion of total starch. Thus, the resist-
ant starch value is obtained by subtracting one large analytical value (for non-resistant starch)
from another similar large value (for total starch), meaning that analytical precision is greatly
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reduced. In the second approach (Champ 1992; McCleary et al. 1997), the sample is treated
with starch-degrading enzymes to remove the non-resistant starch, which is washed away
from the residue. The residue is then analysed. By definition, this approach must be analyti-
cally more precise. The procedure should be used in conjunction with AOAC Method 985.29
to determine total dietary fibre in the sample.

In most TDF procedures, the hydrolytic conditions are quite severe, resulting in underes-
timation of resistant starch. If the final total dietary fibre value is to be the sum of TDF deter-
mined by AOAC Method 985.29 plus resistant starch determined by a method such as that of
Champ (Champ 1992; Champ ef al. 1999), then the amount of resistant starch measured in
AOAC Method 985.29, must be allowed for or removed (otherwise it will be counted twice).
A possible way to handle this is to pre-treat samples with hot dimethyl sulphoxide (DMSO)
or sodium hydroxide prior to TDF analysis by AOAC Method 985.29. The DMSO treatment
should dissolve all of the starch, allowing complete hydrolysis by o.-amylase and amyloglu-
cosidase, and subsequent removal in the alcohol treatment step. Of course, such a treatment
will alter the ratio of soluble to insoluble fibre as determined by AOAC Method 991.43. A
DMSO treatment step is used in AOAC Method 996.11 for the measurement of total starch
(McCleary ef al. 1997) and in the Englyst et al. (1994) NDF procedure.

8.2.3 Oligofructan and inulin

Fructans are widely distributed in the plant kingdom. They are defined as any compound in
which one or more fructosyl—fructose linkages constitute a majority of the linkages. They
are generally classified as inulin, levan or graminan types, based on linkage types. In nature,
inulin occurs as a series of oligosaccharides with degrees of polymerisation from 2 to 60
(Pontis 1990; Lewis 1993). It consists principally of linear chains of fructosyl units linked
0-(2-1), ending with a glucosyl unit. Inulin and oligofructose resist hydrolysis by human
digestive enzymes, but are fermented in the large intestine. They thus have the same physi-
ological action as dietary fibre.

In recent years, interest in the measurement of fructans such as inulin and oligofructose
has been stimulated by applications made to regulatory authorities for acceptance of fructans
as dietary fibre components for food labelling purposes (Coussement 1999).

Since fructans are largely soluble in 80% ethanol, they are not significantly measured in
currently used dietary fibre methods. Several methods have now been developed for the spe-
cific measurement of fructans, and these rely on the complete hydrolysis of the oligofructose
and inulin to fructose and glucose, which are measured either instrumentally (Quemener
et al. 1993; Hoebregs 1997) or chemically (McCleary & Blakeney 1999; McCleary et al.
2000). In some procedures, the separate quantities of fructan, sucrose, glucose and starch are
determined by hydrolysis with specific enzymes, followed by chromatographic procedures
(AOAC Method 997.08) (Hoebregs 1997). In a procedure developed in the author’s labo-
ratory (McCleary & Blakeney 1999), fructan is measured chemically, after removal of su-
crose and starch through enzymatic hydrolysis, followed by borohydride reduction (Fig. 8.6).
Sucrose is completely hydrolysed to glucose and fructose with a specific sucrose-degrading
enzyme (sucrase; o-glucosidase) with no detectable hydrolysis of fructo-oligosaccharides,
not even kestose (Fig. 8.7). The relative rates of hydrolysis of sucrose and kestose (under
optimal assay conditions (i.e. pH 6.5 and 40°C, and at a substrate concentration of 10 mg/ml)
was 3800 : 1. Since starch and maltosaccharides are unstable in the highly alkaline conditions
used in the PAHBAH reducing sugar method, it is essential to remove these from the sample
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FRUCTAN MEASUREMENT

FRUCTAN + SUCROSE + STARCH

‘Sucrase + B-Amylase + Pullulanase + Maltase
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* Sodium borohydride/acetic acid.
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Fig.8.6 Schematic representation of an enzymic procedure for the measurement of fructan (inulin) (AOAC
Method 999.03).

1.0 /',-/ = Sucrose

410 nm

Absorbance,
o
o
M~

0.2
J JA Inulin
0.0 ——— P—F———8 <= Kesto 5
0 5 10 15 20 25 30 Kesto 4
Kestose

Incubation time

Fig. 8.7 Hydrolysis of sucrose and fructans by sucrase (a-glucosidase). Sugar compound (0.2 ml, 50 ug)
was incubated with sucrase (1 unit) in sodium maleate buffer (100 mM, pH 6.5) at 40°C. The reaction was
terminated at various time intervals with PAHBAH working reagent, and the colour developed.

extract. This is achieved by hydrolysis to glucose by the combined action of pullulanase,
B-amylase and maltase, followed by borohydride reduction. The level of each enzyme used
was 10 times that required for complete hydrolysis. This combination of enzymes was chosen
to allow starch hydrolysis to be performed concurrently with hydrolysis of sucrose by sucrase
(i.e. at pH 6.5 and 40°C).
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In the development of the current procedure for the assay of inulin and fructo-oligosaccha-
rides, two inulin-degrading enzymes were purified, exo-inulinase and endo-inulinase. Thin-
layer chromatographic patterns of the products released on hydrolysis of onion, wheat and
high degree of polymerisation (DP) chicory fructans by exo-inulinase showed that the only
reaction products are fructose and glucose (McCleary 1999). Wheat and chicory fructan are
hydrolysed less rapidly than onion fructan. The slower rate of hydrolysis of the wheat fructan
is probably due to the highly branched nature of this mixture of oligosaccharides. The Bio-
Gel P-2 chromatographic patterns of onion fructo-oligosaccharide mixture, before and after
incubation with exo-inulinase (Fig. 8.8) demonstrate that with the level of enzyme used,
hydrolysis to fructose and glucose is complete. Incubation of chicory fructan with endo-
inulinase produces an accumulation of oligosaccharides of DP 4, 5 and 6.

In the final assay format, the inulin and oligofructose are hydrolysed to fructose and
glucose using a highly purified exo-inulinase enzyme (to which a small amount of endo-
inulinase has been added). The released sugars are measured with a reducing-sugar method.
In initial work, it was considered that rapid hydrolysis of high-molecular weight inulin by
exo-inulinase may require the presence of endo-inulinase. However, as shown in Table 8.3,
addition of endo-inulinase (at 10% the level of exo-inulinase) has an insignificant effect on
the level of measured inulin, when more than 18 U of exo-inulinase is used per assay. A major
problem with the addition of endo-inulinase is the fact that in the purification of this enzyme
it is difficult to completely remove B-glucosidase and cellulase. After extensive purifica-
tion, contamination of endo-inulinase with B-glucosidase is about 1%, and with cellulase is
0.001%. When this is mixed with exo-inulinase at a ratio of 1: 10, the final contamination
with B-glucosidase is thus just 0.1%. However, this level of contamination is sufficient to give
an overestimation of the fructan content of cereal flours (up to 20%) through hydrolysis of
B-glucan and release of glucose. For this reason, the level of endo-inulinase in the fructanase
mixture used in the standard fructan assay procedure has been reduced to just 1% of the exo-
inulinase. Under these conditions, the level of contaminating B-glucosidase has an insignifi-
cant effect.
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Fig. 8.8 Bio-Gel P-2 chromatography of the sugars produced on hydrolysis of onion fructan by exo-inuli-

nase. Column eluates were analysed by the phenol-sulphuric acid procedure. Incubated for 0 min (e) and
60 min (0).
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Table8.3 Effect of concentration of exo-inulinase and presence or absence of endo-
inulinase on the determined fructan content of selected samples.

Determined fructan content, % w/w (db)

Sample and amount (U/assay)
of exo-inulinase* exo-inulinase exo- plus endo-inulinase
Dehydrated onion
36 58.8 61.1
18 58.6 58.9

9 57.8 58.0

4.5 57.2 55.6
Wheat stalks
36 5.3 5.3
18 5.1 5.1

9 4.7 4.6
4.5 4.2 4.2
Chicory
36 98.7 98.9
18 93.4 97.8

9 90.0 93.4
4.5 81.8 83.5

* The level of endo-inulinase in each incubation was 10% of the level of exo-inulinase.

exo-Inulinase acts on galactosyl-sucrose oligosaccharides (e.g. raffinose and sucrose)
to produce a series of galactosyl-glucose oligosaccharides (e.g. melibiose from raffinose).
Thus, the presence of these oligosaccharides in the samples that are being analysed will result
in an overestimation ofthe fructan content. This may be of significance in the analysis of food
materials that contain legume seed material as well as fructo-oligosaccharides. With such
samples, if an accurate measurement of fructo-oligosaccharides is required, then extracts
of the samples being analysed should be pre-treated with o-galactosidase (plus sucrase) to
catalyse complete hydrolysis of galactosyl-sucrose oligosaccharides to galactose, glucose
and fructose. This is best performed in the pre-incubation step in which sucrose and starch
are hydrolysed and removed (by borohydride reduction).

The specific advantages of this assay procedure for inulin and fructo-oligosaccharides
are that highly purified enzymes are used and the assay can be performed with basic labo-
ratory equipment. The method has been evaluated on a range of fructan-containing materi-
als, including both natural and compounded food products, and has been subjected to an
extensive international interlaboratory evaluation under the auspices of AOAC International
(McCleary et al. 2000). This study involved 15 laboratories and 18 samples (nine blind du-
plicates). Samples included a range of native materials as well as a range of commercial
food products such as milk powder, chocolate and low-fat spreads (to which inulin had been
added). Repeatability relative standard deviations (RSDy) ranged from 2.3 to 7.3% and re-
producibility relative standard deviations (RSDR) ranged from 5.6 to 11.5%. The mean value
obtained for ‘pure’ fructan was 95.8% (on an as-is basis. On the basis of these results, the
method has been recommended by AOAC International for First Action Approval (Method
999.03; McCleary et al. 2000).

Fructans comprise a series of oligosaccharides, some of which are precipitated with alco-
hol in the total dietary fibre assay procedure, but others — the lower DP oligomers — remain
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soluble at this concentration of alcohol. This introduces a complication into dietary fibre
analyses. A proposed solution to this problem (Quemener et al. 1993, 1997) isto treat samples
for dietary fibre analysis with a fructanase mixture to catalyse completely depolymerisation
of the fructan (and thus complete solubilisation in 80% alcohol). This step ensures that none
ofthe fructan is measured in AOAC total dietary fibre procedure. The fructan is then measured
separately and added to the dietary fibre value. For this modification to give reliable results,
the fructanase mixture used to hydrolyse the fructan must be devoid of enzymes active on
other dietary fibre components. Quemener et al. (1997) recommended the use of heat-treat-
ed Fructozyme®. Heat treatment was shown to effectively inactivate most of the pectin de-
grading activities in the preparation, and resulted in quantitative pectin measurement in the
AOAC total dietary fibre method 985.29. However, Fructozyme® also contains high levels of
o-galactosidase and B-glucanase (cellulase) (Table 8.4). The B-glucanase is not inactivated
by the heat treatment step recommended by Quemener et al. (1993) (60°C, 2 h) and gives a
rapid depolymerisation of B-glucan, resulting in a significant underestimation of this compo-
nent in AOAC method 985.29 (McCleary 1999). This B-glucanase contamination can, how-
ever, be removed chromatographically (Megazyme Data Sheet; E-FRMXLQ) (Table 8.5) al-
lowing the use of the enzyme as proposed by Quemener et al. (1997).

8.2.4 Polydextrose

Polydextrose is prepared by vacuum thermal polymerisation of glucose, using sorbitol as
plasticiser and citric acid as catalyst (Craig et al. 1999). This random polymerisation and
branching yields various types of glucosidic bonds in the structure with a-1,6 bonds pre-
dominating. The compound includes covalent linkages to sorbitol and citric acid, and has an
average degree of polymerisation of 12. Polydextrose is an approved food additive in over 40
countries. It is not hydrolysed by normal human digestive enzymes, but it is fermented in the
colon like many other fibres.

Polydextrose is not quantitatively measured with AOAC Method 985.29 because, as is
the case with other resistant oligosaccharides (RO), it is not completely precipitated with
80% ethanol. Because of the complex chemical nature of the compound, measurement can-
not be achieved through specific enzymatic hydrolysis. Consequently, analytical procedures

Table8.4 Levels of inulinases, cellulase, polygalacturonanase (pectinase) and a-galactosidase in
Fructozyme®, heat-treated Fructozyme® and a purified fructanase mixture (ex. Megazyme).

Enzyme activity (Units/ml)"
Fructozyme HT Fructozymet Pure Fructanase Mixture]
exo-Inulinase 2000* 1200 2000
endo-Inulinase 200 200 200
Pectinase 40 4.1 0.4
Cellulase 4.0 4.0 0.1
a-Galactosidase 284 10.2 0.05

* One Unit of activity is the amount of enzyme required to release 1 umol product/min under standard
assay conditions (40°C, pH 4.5).

T The Fructozyme was pre-heated (HT Fructozyme) at 60°C for 120 min.

1 This preparation is available from Megazyme (cat. no. E-FRMXLQ).
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Table8.5 Effect of addition of crude and purified fructanases on the recovery of inulin
and B-glucan in the AOAC International total dietary fibre assay procedure.

Recovery (%)
Enzyme preparation Quantity Inulin (Fructan) B-Glucan
Heat-treated Fructozyme* 0.2ml 02+0.2 11.4+04
0.1ml 0.2+0.2 52.0+2.0
0.05ml 7.2£0.3 80.0+£1.2
Pure Fructanase mixture 0.2ml 0.2£0.2 99.0+1.3
0.1ml 0.2+0.2 100.8+0.8
0.05ml 3.5£0.2 98.5+1.8

* All samples were analysed in duplicate.
The levels of enzyme activities in heat-treated Fructozyme and the pure fructanase mixture
are as shown in Table 8.4. The amount of B-glucan used in assays was 100 mg.

depend on aqueous extraction of the sample being analysed, followed by enzymatic hydroly-
sis of other oligosaccharide and polysaccharide materials that are likely to interfere in sub-
sequent chromatographic quantitation. Highly purified enzymes active on starch, cellulose,
pectins and gums (e.g. galactomannans), have been employed (Craig ef al. 1999).

8.2.5 Galacto-oligosaccharides

Galacto-oligosaccharides [o-D-Glep(1-1)-B-p-Galp-containing oligosaccharides) have been
shown to be beneficial to human health through promotion of the growth of bifidobacteria in
the large intestine (Fransen ef al. 1998). The oligogalactosylated glucoses are prepared from
lactose through the transgalactosylating activity of -galactosidase. Various parameters, such
as the source of the enzyme, substrate concentration, pH and temperature influence the trans-
galactosylation and thus, the final yields of the different products. Typically, the reaction
products are composed of about 60% transgalacto-oligosaccharides (mainly tri-, tetra- and
pentasaccharides) and about 40% of a mixture of lactose, glucose and galactose.

Alternative galacto-oligosaccharides are the galactosyl-sucrose oligosaccharides of plant
origin, namely raffinose, stachyose and verbascose (Dey 1978). These oligosaccharides con-
sist of sucrose, to which an -extended chain of 1,6 a-linked galactosyl residues is attached
to C-6 of the glucosyl residue. Raffinose is a major by-product of sugar crystallisation from
sugarbeet extracts, and it has been shown to promote the proliferation of bifidobacteria in the
human intestinal microflora.

Acceptance of galacto-oligosaccharides as soluble dietary fibre components requires the
development of analytical procedures that will specifically measure these components in
food mixtures. The lactose-derived B-galacto-oligosaccharides are effectively hydrolysed
with 4. niger B-galactosidase, while the galactosyl-sucrose oligosaccharides are rapidly and
quantitatively hydrolysed by A. niger o-galactosidase. The released sugars can be measured,
either chromatographically, or using various colorimetric procedures. In both cases, the spe-
cificity of the procedure depends on the purity of the enzyme used. A procedure for the meas-
urement of transgalacto-oligosaccharides is the subject of an upcoming AOAC International,
interlaboratory study. A major consideration is the measurement of the transgalacto-oli-
gosaccharides independently of lactose present in the sample.
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8.3 Conclusions

In conclusion, success in the introduction of ‘new’ dietary fibre components will be depend-
entonidentifying a specific health benefit of the component, as well as providing an analytical
procedure that will allow accurate measurement of this component in complex food mix-
tures. Development of such procedures will require the use of highly purified enzymes of
known activity and specificity to either hydrolyse the fibre component to components that
can be analysed, or alternatively, to remove other fibre components which will interfere in the
assay.
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9 In-vivo and In-vitro Methods for Resistant
Starch Measurement

Martine Champ, Francoise Kozlowski and
Gérard Lecannu

9.1 Introduction

Resistant starch (RS) is present in a number of foods, and constitutes up to 15% of the dry
matter of the product. Several studies indicate that its presence in foods might be beneficial
for health (Asp et al. 1996). RS is, by definition, not absorbed in the small intestine (Asp
1992), and thus it does not contribute to postprandial hyperglycaemia (Ranganathan et al.
1994). Its effect on lipid metabolism has recently been investigated. RS, ifadded to the meals,
might be beneficial for patients with subnormal or abnormal level of lipaemia (Faisant et
al. 1995b). Moreover, some animal studies indicate a serum cholesterol-lowering effect, but
no evidence of similar effect on humans has been demonstrated (Heijnen ef al. 1996). RS is
largely fermented, producing short-chain-fatty acids and bacterial cells. It may be important
indetermining colonic epithelial cell health through effects on bile acids, butyrate production
and moderation of nitrogen metabolism (Cummings ez al. 1995; Hylla et al. 1998). A number
of studies of the effect of RS on bowel habit have been reported, but findings are somewhat
inconsistent (Cummings et al. 1995).

The interest in RS has led to the need for a valid analytical method for its quantification
in foods. RS has been defined as ‘the sum of starch and products of starch degradation not
absorbed in the small intestine of healthy individuals’ (Asp 1992). An analytical method of
RS should then take into account all the starch and a-dextrins covering this physiological
definition. Furthermore, it should be validated using in-vivo data from healthy subjects.

A physiological definition is probably the most intellectually satisfying, but it is particu-
larly difficult in this case. Indeed, there are no analytical differences between digestible
starches (DS) and resistant starches (RS). The differences between DS and RS are linked to
the structural organisation of the starch and/or to its environment, which affect enzyme ac-
cessibility to its substrate. Moreover, starch digestion is dependent on the efficiency of chew-
ing, transit time (in the stomach and small intestine) and enzyme secretion —all factors which
may vary from one subject to the next.

Therefore, an in-vitro method has to provide a result that should be similar to the aver-
age response of the healthy population. It should then be validated with a large range of RS
sources on a large number of subjects.

The second difficulty is the choice of the method used to obtain the in-vivo RS values,
which are necessary for the validation. Two methods are available: (1) the intubation of
healthy subjects to collect the residual starch at the end of the ileum; and (2) the involvement
of ileostomates. Both techniques are opened to criticism, and the advantages and disadvan-
tages of each will be discussed later in the chapter.
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9.2 C(Classification of resistant starches

The increasing knowledge of starch digestion in humans has allowed a new classification of
RS that is commonly approved (Englyst ez al. 1992, 1996). Three classes of RS are usually
identified:

(1) Physically inaccessible starch (RS,). This is found in partly milled grains and seeds.
Legumes such as beans or lentils are known to be one of the main sources of RS. The
preparation and cooking process is of great importance in the RS content of the food.

(2) Resistant starch granules (RS,). B-type starches when uncooked are known to be very
resistant to enzymatic hydrolysis. B-type refers to the X-ray diffraction pattern of the
starch. Raw starches are classified in three main types: A (e.g. most cereal starches, cas-
sava starch); B (e.g. potato and banana starches) (Englyst & Cummings 1986; Faisant
et al. 1995a); and C (most legume starches). Banana is the main source of RS, in the
human diet. Starch is converted into simple sugars and sucrose during ripening of the
fruit, so only non-ripe banana still has a significant amount of starch. Most of the cook-
ing procedures are able to gelatinise raw starches, allowing the disappearance of RS, in
the food.

(3) Retrograded starch (RS,). This is present in most starchy foods which have been
cooked and then cooled and stored from several hours to several months. The retrogra-
dation is a recrystallisation of starch granules that occurs after the gelatinisation, and
which implies that mainly the linear fraction of the starch — the amylose — is involved.
Amylopectin can also retrograde, though this occurs over a much longer period than
that required for amylose. Potatoes that are cooked and then cooled have been shown to
contain RS, (Englyst & Cummings 1987). Re-heating of starch reduces the RS, content
of'the potato, showing that the retrogradation is partly reversible. Several cycles of heat-
ing then cooling allow an increase in the RS, levels.

RS ,RS, and/or RS, can coexistin a same food. Indeed, for example, a meal of beans contains
both RS, and RS, (Noah et al. 1998) whereas RS, and RS are present in bananas (Faisant et
al. 1995a).

A fourth type of RS (RS,) has recently been described; this includes the fraction of the
chemically modified starches (starch ethers and esters as well as cross-bonded starches)
which is resistant to small intestine digestion (Baghurst ef al. 1996; Brown ef al. 1998).

9.3 In-vivo methods

We can consider that three methods are available to obtain in-vivo values on the resistant
starch content of foods. One of these methods is indirect, but it has been used to estimate RS.
The three methods are presented in Table 9.1, together with their advantages and failures.
These methods have been described in more detail earlier (Champ et al. 1999b). Some of the
results obtained with these methods are described in Table 9.2.

9.3.1 Hydrogen breath test

Hydrogen is one of the end products of carbohydrate fermentation, and is formed exclusively
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Table9.1 Advantages and shortcomings of the studies performed with humans.

H, breath test
Determination of the increase in hydrogen in the breath after the consumption of malabsorbed carbohydrates

Advantages Shortcomings
e Simple and non-invasive e Semi-quantitative
e Healthy subjects e Strict standardisation necessary

o Large intra- and inter-individual variation in H, excretion

Ileostomy model
Patients who have had a colectomy for ulcerative colitis and Crohn’s disease
Advantages Shortcomings
e Direct collection of the ileal Cannot be considered as healthy
effluent = > quantitative e Physiological adaptation
e Easy to perform e Water and electrolytes absorption
°
°

Bacterial overgrowth
Transit time (# from normal)

Intubation of healthy subjects
Collection of the ileal content in healthy subjects after intubation using a constant perfusion technique of
solution containing an unabsorbable marker

Advantages Shortcomings
e Healthy subjects e Disturbance of the normal physiology by the long triple
e Direct collection of the ileal effluent lumen tube

e Quantification of the flow rate using a liquid phase marker
e Risk of selectivity of the tube in case of heterogeneous
food

e Expensive and time-consuming

Source: adapted from Bach-Knudsen (1991)

in the colon as a result of bacterial fermentation. The hydrogen gas is partly absorbed and
cleared in a single passage of the lungs, and then excreted from the lungs in the expired air.
The results of gas perfusion techniques have suggested that a rather constant fraction of the
total H, production is excreted by the lungs, and that rates of breath H, and H, production cor-
relate well (Levitt 1969). Flourié ef al. (1988) used a non-absorbable but rapidly fermented
oligosaccharide (lactulose) to ‘calibrate’ the subject. This was considered to be a good control
to allow quantification of malabsorbed carbohydrates. The calculation is usually performed
by calculating a ratio between the areas under the curves after the test meal, and again after the
lactulose. Knowing the amount of lactulose fermented, then the amount of carbohydrate from
the experimental meal — which has in theory been fermented — can be calculated. Although
the principle appears quite simple, there are several theories on the best way to perform this
quantification (Rumessen 1992).

Although this procedure is quantitative for oligosaccharides, it is only qualitative for in-
soluble or slowly fermented substrates. Thus the method is not appropriate for the quantifica-
tion of RS.

9.3.2 /leostomy model

The ileostomy model offers a method for direct and quantitative determination of small-
bowel excretion, provided that the bacteriological degradation of the effluent can be mini-
mised. The subjects who take part in these studies have had a conventional ileostomy after



Table9.2 Malabsorption of starch estimated on humans by different techniques.

Methods for Resistant Starch Measurement

Source of starch Starch ingested (g) Malabsorption (%) Reference
H, breath test

HACS, raw 30 9.2 (a)
HACS, complexed 30 9.5 (a)
HACS, retrograded 30 5.5 (a)
Cooked potatoes 60 6.7 (b)
Cooked and cooled 60 22.8 (b)
potatoes

Cooked, cooled and 60 5.0 (b)
warmed-up potatoes

White bread 120 10.7 (c)
Wholemeal bread 120 8.3 (c)
Wheat flour 50 2.8 (e)
Wholemeal 50 13.6 (e)
Oat flakes (raw) 35 7.8 (e)
Oat flakes (cooked) 35 5.8 (e)
Lentils 120 17.6 (c)
Beans 100 38.0 (d)
Green banana 100 38.6 ®
Banana +rice NM 0.0 (g)
1leostomy model

Rice + bread 98-127 0.5 (h)
Bread 107 0.8 (i)
White bread 100 13 (c)
White bread 61.9 2.5 G)
Wholemeal bread 100 11 (c)
Oat flakes 57.8 2.2 [6))
Corn flakes 74.2 5.0 G)
Cooked potatoes 45.4 33 ()
Cooked and cooled 47.2 11.9 ()
potatoes

Cooked, cooled and 47.6 7.7 ()
warmed-up potatoes

Banana (ripe) 3.0 55.7 (k)
Banana (unripe) 13.9 84.0 (k)
Lentils 100 21 (c)
Intubation of healthy subjects

HACS, complexed 32.5 21.1 1)
HACS, retrograded 32.5 50.9 1)
Banana (unripe) 23.1 83.7 (m)
Banana +rice 20 10.2 (2)
Banana + rice + potatoes + beans 61 8.0 (2)
Bread + pasta + potatoes 100 52 (n)
Bread + pasta + potatoes 300 4.1 (n)
Beans 68.5 16.5 (0)

HACS, high-amylose corn starch; NM, not measured.

(a) Bornet et al. (unpublished data); (b) Scheppach ef al. 1991; (c) Wolever et al. 1986; (d) Levitt et al.
1987; (e) Lund & Johnson 1991; (f) Christl e al. 1992; (g) Stephen et al. 1983; (h) Sandberg et al. 1981;
(i) Sandberg et al. 1986; (j) Englyst & Cummings 1985; (k) Englyst & Cummings 1986; (1) Champ et al.

1998; (m) Faisant e al. 1995a; (n) Flourié ef al. 1988; (0) Noah ef al. 1998.
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proctocolectomy for ulcerative colitis. This surgery is performed by eversion of the distal
5-10 cm of the small bowel, which is pulled onto the abdominal wall as a fistula (Andersson
1992). These people can easily collect their effluent in a bag, which is usually changed every
2 h during the daytime. The ileostomy bags are immediately deep-frozen (on dry-ice when
possible). After the experimental meal, the subjects usually fast for 4 h, after which they are
given several snacks (plant polysaccharide-free) (Langkilde & Andersson 1995).

9.3.3 Intubation technique

Healthy volunteers are intubated with a triple-lumen polyvinyl tube, the transit time of which
down the gut is aided by a terminal inflatable bag containing mercury. When the bag reaches
the caecum, as confirmed fluoroscopically, it is deflated and the subjects have to remain in a
semi-recumbent position. One lumen is used to sample ileal content 5 cm above the ileocecal
junction, and the other lumen (25 cm proximal to the aspiration port) is used for perfusion.
The perfusate contains NaCl and polyethylene glycol 4000 as a recovery marker to estimate
water flow through the distal ileum (Flourié ef al. 1988). The solution is maintained at 37°C
and stirred until the end of perfusion. The day after the intubation, the subjects are given the
experimental meal as a breakfast. The intestinal contents are aspirated for 14 h, during which
time subjects do not eat or drink. Intestinal contents are collected continuously on ice by
manual aspiration, the aim being to aspirate as much fluid as possible. Samples are divided
into 30-min aliquots that are frozen in liquid nitrogen and then freeze-dried. Maintenance of
tube position is confirmed fluoroscopically at the end of all experiments.

9.3.4 Comparison of ileostomy model and intubation technique

It is difficult to compare data obtained within different studies with different types of meals
and different starch intakes. However, one comparison can be made between two studies
performed with the ileostomy model (Langkilde ef al. 1995) and the ileal intubation in healthy
subjects (Faisant ef al. 1995a) with the same meal containing 30 g of starch from green ba-
nana. The ileal excretions of starch (= RS) were respectively 15.8+0.7 and 19.3 +£0.7 g/day
for the ileostomates and the healthy subjects.

Such a difference can be explained by an underestimation of RS in ileostomates and/or by
an overestimation of RS when intubation techniques are used. Indeed, on one hand, there is
evidence of a bacterial overgrowth in the distal ileum of the ileostomates as well as in the col-
lection bags. On the other hand, the intubation is thought to be the cause of a decrease of the
oro-ileal transit time as a result of the tube perhaps decreasing the efficiency of the intestinal
digestion.

9.4 In-vitro methods

During the past ten years, much effort has been expended in the evaluation — and then in
the improvement — of the existing methods for the measurement of RS. A review presenting
most of these methods has been published recently (Champ ef al. 1999a). Several analyti-
cal methods are now proposed in the literature, some of these were developed during the
European Research Program EURESTA (Champ 1992; Englyst et al. 1992). When compari-
sons have been made, the different methods seemed to provide very similar data for most
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starch samples, although most of them probably underestimate RS, as defined above. Indeed,
RS collected in vivo in humans (ileostomates or healthy subjects using the intubation tech-
nique) is composed of oligosaccharides (including glucose), c-glucans of high molecular
weight (mainly starch granules) and a crystalline fraction, the size of which depends on
the origin and the treatment of the starch. None of the analytical methods for RS takes into
account the potentially digestible starch (oligosaccharides and part of the high-molecular
weight fraction) (Faisant ef al. 1993a, b).

9.4.1 General principle

In order to quantify RS, the main step is to remove the digestible starch from the sample. This
is performed using a pancreatic o-amylase. In some of the methods, an amyloglucosidase is
added in order to avoid a possible inhibition of the a-amylase by the products of the digestion
(mainly maltose and maltotriose). However, this enzyme — which is of fungal origin — seems
to be very active on some specific crystalline structures. The question is raised of a possible
‘overdigestion’ of some RS structures by the cocktail ‘a-amylase-amyloglucosidase’.

The amylolysis is also sometimes preceded by a proteolysis (often, pepsin hydrolysis)
which is supposed to reflect the action of the pepsin inside the stomach and of the trypsin
which is secreted in the pancreatic juice together with the a-amylase.

After hydrolysis of the digestible starch, RS is quantified directly in the residue (usually
isolated by 80% ethanolic precipitation) (Champ 1992; Faisant et al. 1995¢; Champ et al.
1999a) or by difference between total starch and digestible starch which are quantified sepa-
rately (Englyst et al. 1992).

9.4.2 Main analytical methods

The main methods proposed in the literature will not be described in detail, but the most recent
are summarised in Table 9.3.

Method of Bjérck et al. (1986)

Principle: This method quantifies part of the starch present in the dietary fibre residue ob-
tained after enzymatic solubilisaion according to Asp ef al. (1983), then final digestion of
protein and starch (using Termamyl), then pancreatin. The soluble dietary fibre components
are precipitated with 95% ethanol and the total dietary fibre components are then recovered
by filtration. Resistant starch is calculated as total starch remaining in the fibre residue after
solubilisation in KOH minus the value obtained without prior KOH treatment.

Advantage and drawbacks:
e can be performed together with total dietary fibre analysis

e the main component measured is retrograded starch
e has been validated with a rat model (antibiotic-treated rat) (Bjorck and Asp 1991).

Method of Englyst et al. (1992) (Table 9.3)

Principle: The various types of starch are determined by controlled enzymatic hydrolysis
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with measurement of the released glucose using glucose oxidase. Resistant starch is defined
as the starch which is not hydrolysed after incubation with pancreatin (Pancrex V, Paines and
Byrne, Greenford, UK) and amyloglucosidase (Novo Nordisk, Bioindustries, Copenhagen,
Denmark), after 120-min at 37°C. Due to a contamination of amyloglucosidase with an in-
vertase activity, invertase is also added; sucrose has thus to be determined separately. RS
is calculated by deducting the Rapidly Digestible Starch (RDS) plus the Slowly Digestible
Starch (SDS) contents (i.e. after 20 and 120 min incubation, respectively) of the sample hy-
drolysed, from Total Starch content.

Advantages, drawbacks and characteristics:

the conditions of hydrolysis have been optimised

has been adapted to a large variety of substrates

a laborious method giving poor reproducibility without extensive training

need for very specific equipment (mincer, shaking water-baths)

enzymes seem to be no more available from Novo Nordisk Bioindustries, but must be

purchased from Englyst Carbohydrate Services Ltd.

e RS is not measured directly, but calculated by difference between total starch and RDS
+SDS

e 1o pepsin step in this version of the method.

Method of Muir and O’Dea (1992, 1993) (Table 9.3)

Principle: The chewed food sample is incubated with pepsin and then hydrolysed by
o-amylase (Speedase PNA-8, Halcyon Chemicals, Sandrigam, Australia) and amyloglucosi-
dase (Sigma, St Louis, MO, USA). The insoluble residue, collected by centrifugation, con-
tains RS.

Advantages, drawbacks and characteristics:

e This method has been validated with in-vivo studies on ileostomates (Muir and O’Dea
1993; Muir et al. 1995). From the seven comparisons available, it seems satisfactory.
However, no comparisons with other in-vitro methods have been published. Until now,
it has been used mainly by the authors; thus difficulties and reproducibility cannot be
evaluated.

e No alcoholic precipitation to isolate RS after o-amylase digestion.

Method of Gorii et al. (1996) (Table 9.3)

Principle: The food sample is milled (dry samples) or homogenised (wet samples), defatted
when fat content is >5%, incubated with pepsin, then hydrolysed by pancreatic oi-amylase.
The insoluble residue, collected by centrifugation, contains RS.

Advantages, drawbacks and characteristics:
e This method has not been validated on human subjects.

e No use of amyloglucosidase
e No alcoholic precipitation to isolate RS after o-amylase digestion.
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Method of Akerberg et al. (1998) (Table 9.3)

Principle: The analytical procedure was chosen to mimic physiological conditions, and in-
cluded chewing as a pre-step before incubation with pepsin, pancreatin (Sigma)and amy-
loglucosidase (Boehringer, Mannheim, Germany). The non-digestible polysaccharide, in-
cluding RS, is recovered by ethanol precipitation and subsequent filtration. RS is analysed as
total starch in the filter residue.

Advantages, drawbacks and characteristics.

e RS values obtained from in-vivo and/or in-vitro analyses have been compared for identi-
cal products. The pooled standard deviation for the method is 2.9%. The correlation ob-
tained with in-vivo values from the literature (19 foods) was: r=0.97; y =0.77x+0.45).
According to the authors, the method allows parallel determination of the potentially
available starch fraction and dietary fibre.

Method of Champ et al. (1999a)

The method is derived from the one published in 1992 within the EURESTA project
[Champ 1992 (Method A)].

Principle: In vitro, RS was defined as the starch not hydrolysed by incubation with
a-amylase and amyloglucosidase. Amyloglucosidase (Novo Nordisk Bioindustries) isadded
to the pancreatic o-amylase (Sigma) to avoid inhibition of the amylase by the products of
the digestion. Hydrolysis products are extracted with 80% ethanol and discarded. RS is then
solubilised with 2 N KOH and hydrolysed with amyloglucosidase.

Advantages, drawbacks and characteristics:

e simple and relatively rapid. Ten samples can easily be analysed (in duplicate) in a normal
day of work. No particular training is needed.

e the procedure has been validated in collaboration with Dr Langkilde and Prof. H.
Andersson using in-vivo values obtained from ileostomates and with intubation studies
(Faisant et al. 1995a; Champ et al. 1998; Noah ef al. 1998). However, more comparisons
should be performed between in-vitro and in-vivo values to check the validity of the
method on a large range of starches and foods.

e amyloglucosidase is no longer available from Novo Nordisk Bioindustries

e no proteolysis.

9.4.3 Comparison of the main in-vitro methods

Few comparisons have been performed using exactly the same samples. However, one such
study has been published by Champ (1992) and Englyst et al. (1992), within the EURESTA
program (Table 9.4).

Asexpected, the method of Bjorck et al. (1986) gave the lowest values. However, the sig-
nificant underestimation was observed only for native and treated pure starches. The Englyst
et al. (1992) and Champ (1992) methods gave very similar values. The method modified by
Faisant et al. (1995c¢) give a significantly higher value of RS for the raw potato starch. This
value is closer to the in-vivo value obtained with ileostomates. This result was later confirmed
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Table9.4 Analysis of resistant starch (RS; g/100 g dry matter) in different sources of starch with different in-
vitro methods.

Bjorck Englyst Champ (1992) Faisant Champ
Source of starch etal. (1986)  etal (1992) (method A) etal.(1995)  etal (1999a)
Potato starch, raw 0.2 64.9 66.2 85.3
HACS, raw 68.8 67.3
HACS, retrograded 30.0 353
HACS, pre-gelatinised 9.6 16.3 15.7
Bean flakes 4.3 5.0 5.0 4.5
Corn flakes 2.3 2.4 2.8 2.8
Beans (fresh) 7.3 73

HACS, high-amylose corn starch.

by the data published by Langkilde and Andersson (1995). The new method from our group
(Champ et al. 1999a) has been compared with the method of Englyst on samples of fresh and
mashed beans. Both methods provided exactly the same results: 7.3 g RS/100 g dry matter.

9.4.4 Comparison between in-vitro and in-vivo measurements

Some of the in-vitro methods have been validated using in-vivo data that were, in most cases,
obtained with ileostomates. However, Bjorck and collaborators compared their in-vitro val-
ues to data obtained in rats (nebacitin-treated rats). The same group recently validated their
latest method (Akerberg et al. 1998) on the basis of in-vivo results published in the literature
and obtained on ileostomates.

In-vitro and in-vivo data from Englyst et al. (1992) (Table 9.5)

This comparison appears to be relatively satisfactory. The RS in potato biscuit is probably,
as expected, underestimated (see earlier comments). However, it is unexpected that the same
discrepancy is not seen with banana biscuits, if these are made from green banana as the main
ingredient.

Table 9.5 In-vivorecovery of resistant starch (RS; g/100 g dry matter) from differ-
ent sources of RS in ileostomates.

Resistant starch
Source of starch Fed () Recovered (g) Mean recovery (%)
Wheat biscuit 0 0.3 -
Wheat RS biscuit 8.5 9.0 106
Maize RS biscuit 8.5 8.6 101
Potato biscuit 11.7 13.7 117
Banana biscuit 15 13.7 91

“Determined according to the in-vitro method described by Englyst ez al. (1992).
Source: data from Englyst ez al. 1992.
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In-vitro and in-vivo data from Muir and O’Dea (1993) and Muir et al. (1995)
(Table 9.6)

The predicting power of the in-vitro method is satisfactory. However, a slight discrepancy
appears with some of the samples, ¢.g. baked beans, low- and high-RS meals.

In-vitro data (Champ et al. 1999a) and in-vivo data (Langkilde and Andersson 1995)

When compared to in-vivo data obtained on ileostomates with the same starchy foods (Table
9.7), the method appears to be satisfactory. However, when compared to data obtained from
healthy subjects by the intubation technique, it underestimates the RS values, except in the
case of canned beans. Indeed, the intubation technique always provides higher RS values than
the ileostomy model; the exception in the case of canned beans is probably due to a partial

Table9.6 In-vivo recovery of resistant starch (RS; g/100 g dry matter) from different
sources of RS in ileostomates.

Starch (g) %RS
Source of starch Ingested”  Recovered Invivo In vitro
High-RS meal 52.7 19.9 37.8 35.1
Baked beans 22.7 1.3 5.7 6.9
Pearl barley 41.0 2.3 5.5 5.5
Low-RS meal 51.8 2.4 4.6 3.1
Corn flakes 44.1 1.4 3.1 2.9
Whole rice 48.9 1.5 3.1 2.7
Ground rice 46.1 0.3 0.7 0.8

“Determined according to the in-vitro method described by Muir & O’Dea (1993).
Source: data from Muir & O’Dea 1993; Muir et al. 1995.

Table9.7 Comparison of resistant starch (RS; % total starch) data determined in vivo and in vitro.

In-vitro RS

Englyst et al. Faisant et al. Champ et al.
Source of starch (1986, 1992) (1995) (1999a) In-vivo RS
Potato starch, raw 66.5 83.0 77.7 78.8"
HACS, raw 71.4 72.2 52.8 50.3
HACS, retrograded 30.5 36.4 29.6 30.1°
Bean flakes 10.6 12.4 11.2 9-10.9*
Corn flakes 3.9 49 43 3.1-5.0¢
Beans 17.1% - 17.1 16.5%

HACS, high-amylose corn starch.

lleostomy model: "Langkilde et al.( pers. commun.); *Schweizer et al. (1990); ‘Muir & O’Dea (1992); Englyst
etal.(1992).

Intubation technique: "Noah et al. (1998).
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collection of the bean residues in the ileum, and the presence of large particles of beans (Noah
etal. 1998).

9.5 Conclusions

Two main methods are available to evaluate RS in vivo in humans — the intubation and ileos-
tomate methods. The intubation technique is the only direct technique available for use in
healthy volunteers, but it has a major drawback in that the tube, when present in the small
intestine, may influence food transit. Thus, the intubation method may slightly overestimate
the RS content of foods. In the ileostomate method, RS is quantified directly by collecting
ileal samples. The determination of small bowel excretion is quantitative, provided that the
bacterial degradation of the effluent can be minimised; however, this technique probably
slightly underestimates RS content of the foods. The hydrogen breath test is also used to
quantify malabsorption of starch; the method is rapid and simple, though indirect and conse-
quently semi-quantitative. However, the use of an appropriate standard for ‘calibration’ of
the subject might improve the method’s quality.

In conclusion, the two direct methods performed on humans undoubtedly are the best
means of quantifying RS as it has been defined in 1992 as ‘the sum of starch and products of
starch degradation not absorbed in the small intestine of healthy individuals’ (Asp 1992).

Resistant starch, as identified in this physiological definition, is composed not only of
strictly resistant starch but also of potentially digestible fractions. None of the RS methods
presently available has been shown to analyse all RS as defined. Several methods have been
proposed for the measurement of RS, and some of these have been validated on a quantita-
tive basis with in-vivo data obtained from healthy subjects (using the intubation technique)
or ileostomates.

The main methods that have been validated with digestibility values obtained from human
volunteers (mainly with ileostomates) have provided acceptable values, but none of these
methods is exempt from criticism.

The method proposed by Englyst et al. (1992) has been optimised to be applicable to most
foods, although it is laborious to perform and offers poor reproducibility unless technicians
undergo specific training.

Muir and O’Dea (1993) developed a new method based on the method of Englyst.
Unfortunately, no comparison with other methods is yet available and it has apparently not
been used outside Australia. The number of comparisons with in-vivo data is still too limited
to make conclusions on its validity.

Our own method (Champ et al. 1999a) provides similar values to those obtained with
the method of Englyst, but is much simpler and easy to use by laboratory technicians. Some
comparisons have been performed with in-vivo values obtained in ileostomates and in healthy
subjects, but more comparisons are necessary.
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10 Analytical Issues Regarding the Regulatory
Aspects of Dietary Fibre Nutrition Labelling

Jonathan W. DeVries

10.1 Introduction

The objective of ethical nutrition research is to understand nutrition factors that result in
increased life span and optimised quality of life through improved health and body func-
tion. To realise maximum benefit, the results of significant and reproducible research must
be translated into information for general public use. This often requires public policies that
also minimise the opportunity for abuse in using the information. Nutrition labelling on the
package of the product and truthful advertising in the various media are two ways of achiev-
ing this.

Decisions that are made regarding the regulation of food labelling is a societal function
per se. Once regulations are established, the impact is widespread upon consumers, food
companies, regulatory enforcement personnel, analytical laboratories, ingredient companies
and the legal community. The impact becomes particularly intense when health improvement
claims and nutrition labelling claims are involved.

Dietary fibre labelling requires a clear concise definition of the relevant food component(s).
For a multi-component, non species-specific nutrient, enforcement of the regulations must
necessarily depend upon proximate assays, i.e. systems where the quantity of the analyte is
defined, in part, by the assay. Such a proximate assay must accurately reflect the quantity of
the food component meeting the physiological definition.

Dietary supplements require additional considerations. In a world where miracles have
been accomplished by drugs delivered in pill and powder forms, supplements are often per-
ceived as having enhanced value over traditional food sources for the same nutrient. This can
lead to exaggerated claims, excess consumption, unbalanced nutrition in the diet, and safety
risks.

10.2 Why regulate?
10.2.1 Nutrition research and discoveries

Whether due to instinct, or due to thoughtful observation, humans (and other animals) learn
atavery early stage in life what foods are available to them and, of the foods available, which
are best for their health. For centuries, mothers and fathers have watched their children grow
and have appreciated the correlation between a good diet and healthy, normal children. As
individuals advance in years, they recognise and appreciate certain factors in their diet, or
in others’ diets that appear to result in better states of health than do other alternative fac-
tors. Scientists take these observation powers to a higher level, recording and correlating
their observations and setting up controlled experimentation to induce measurable changes
in subjects with corresponding changes in diet. The objective of ethical nutrition research
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is to understand those nutrition factors that can be changed to give a result of increased life
span. Further, the quality of life associated with that increased life span should be improved
due to better health and better body function(s). In the case of dietary fibre, the original ob-
servational research indicated that diets high in fibre provide improved body function and
reduced occurrence of certain diseases. Trowell et al. defined dietary fibre as ‘Dietary fibre
consists of the remnants of edible plant cells, polysaccharrides, lignin and associated sub-
stances resistant to (hydrolysis) digestion by the alimentary enzymes of humans’ (Burkitt et
al. 1972; Trowell 1972a, b, 1974; Painter 1975; Trowell et al. 1976; DeVries et al. 1999).
These researchers hypothesised that increasing the intake of this component of the diet to
an adequate level would reduce the risks of constipation, diverticular disease, hiatus hernia,
appendicitis, varicose veins, piles (haemorrhoids), diabetes, obesity, coronary heart disease,
large-bowel cancer and gallstones (Burkitt 1983a). There was also an association implicated
for duodenal ulcers, breast cancer and blood clotting (Burkitt 1983b). Subsequent research
has borne out the validity of many — but not all — of these hypotheses with regard to the
reduction in disease or disease risk. In 1985, the Canadian Expert Advisory Committee on
Dietary Fiber listed laxation, blood cholesterol-lowering, or blood glucose attenuation as
necessary attributes that novel fibre sources (sources beyond that intrinsic to foods) must
exhibit (Canadian Food Inspection Agency 2000). The positive nutritional effects of dietary
fibre were reaffirmed by the American Association of Cereal Chemists’ (AACC) Expert
Committee on the Definition of Dietary Fiber in 1999 (AACC 1999; DeVries and Faubion
1999). The expert committee determined that ‘Dietary fiber is the remnants of the edible part
of plants and analogous carbohydrates that are resistant to digestion and absorption in the
human small intestine with complete or partial fermentation in the human large intestine. It
includes polysaccharides, oligosaccharides, lignin and associated plant substances. Dietary
fiber exhibits one or more of either laxation (fecal bulking and softening; increased frequencys;
and/or regularity), blood cholesterol attenuation, and/or blood glucose attenuation.” This
definition was submitted to the AACC Board of Directors for endorsement in November,
1999. After a brief review, the AACC Board of Directors expressed concern with the
particular wording of the definition, while agreeing it was scientifically correct. The expert
definition committee revised the verbiage, but not the intent of the definition. The rewritten
definition submitted to the AACC Board of Directors and currently up for consideration is
‘Dietary fiber is the edible parts of plants or analogous carbohydrates that are resistant to
digestion and absorption in the human small intestine with complete or partial fermentation
in the large intestine. Dietary fiber includes polysaccharides, oligosaccharides, lignin, and
associated plant substances. Dietary fiber promote beneficial physiological effects including
laxation, and/or blood cholesterol attenuation, and/or blood glucose attenuation’.

10.2.2 Utilizing the benefits of nutrition research

To realise maximum benefit, the results of significant and reproducible research must be
translated into information for the general public’s use. Generally speaking, simply recom-
mending that consumers eat a good diet, or select proper foods for their diet, is insufficient
in cultures where processed and prepared foods abound. To consumers, the recommended
selection and their subsequent purchase and consumption of some foods, i.e. whole grains,
fruits and vegetables is obvious. Nutrition research certainly aids in defining the nutrition
characteristics of whole grains, fruits and vegetables, but once established, these nutrition
parameters vary little and consumers recognise the food for the purposes of diet selection.
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However, when foods are processed into alternative forms that differ significantly from their
original source, the consumer can no longer select diet items based on their appearance, and
nutrition labelling becomes necessary. This often requires public policies to educate the con-
sumer and minimise the opportunity for abuse in using the information. Regulations regard-
ing accurate nutrition labelling on the package of the product and truthful media advertising
are a means of achieving this.

10.3 Labelling of dietary fibre on food products

Establishment of regulations designed to inform consumers is a societal decision per se.
Sound public policy needs to be based on relevant scientific input, consumer need, and must
weigh the cost versus the potential benefits. It is generally insufficient to recommend that
consumers eat good foods as part of a good diet. Standardised procedures and policies are
necessary to differentiate the various qualities of foods. Even when the positive health effects
of a particular food have been established, standards are necessary.

Oat bran provides an excellent example. Upon establishment of the positive physiological
effects of oat bran consumption, consumer use of oat bran and oat bran-containing products
increased dramatically. However, the characteristics of the oat bran available for consump-
tion was highly variable, dependent upon production procedures. Responding to the need
for a standard definition for oat bran, the American Association of Cereal Chemists, utilising
a committee of expert scientists, established a definition for oat bran (AACC 1989). This
definition formed the essence of the oat bran definition applicable to the health claim relating
the consumption of oat products to reduced risk of heart disease (Anon. 1999a). Standard
characteristics that can be quantitated analytically are necessary to assure that consumers
have adequate and accurate information. Therefore it is apparent that regulations are neces-
sary to:

(1) Optimise the value of nutrition research.

(2) Assure the public of the value and nutrition of the products they are consuming.
(3) Minimise abuse of nutrition information through misleading labels.

(4) Provide an equal basis for producers of products to compete.

Once regulations are established, the impact is generally widespread, and affects consum-
ers, food companies, regulatory enforcement personnel, analytical laboratories, ingredient
companies and the legal community. Consumers are provided with information to aid them in
food selection directly applicable to improving their diet. Food companies incur the respon-
sibility of generating the nutrition data on their products and ensuring that it is accurately
reflected on the label. Regulatory enforcement personnel need to increase their analytical
capabilities and be willing to enforce the regulations for the programme to be fully effective.
Ingredient companies can introduce new, or modify current ingredients to effect improve-
ments in the nutrition profile of the ingredient. Finally, the legal community will become
involved in ensuring that regulations are fairly enforced and that competition is held on a level
playing field. Activity within all these segments of society becomes particularly intense when
health and nutrition labelling claims are involved, especially when the quantity of sales of a
particular food item or items depends upon the claims made on the label and in the advertising
of'a product.
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10.3.1 Labelling regulations, policies and/or practices

Throughout the world, numerous countries have adopted the AOAC International Official
Methods of Analysis as the basis for dietary fibre labelling regulations, utilise them for en-
forcement of labelling policy, or have them as suggested practices for dietary fibre labelling.
Examples are listed below.

Australia

Australian regulations stipulate the labelling of Total Dietary Fibre (TDF) and stipulate the
use of AOAC 985.29 for determination of the quantity of TDF on the label (Mugford 2000).
Currently there is a proposal to allow the use of AOAC 991.43 for the analysis, provided it
is used for TDF and not for Insoluble and Soluble Dietary Fibre. As with the United States,
Australia is currently giving consideration to the question of including inulin in the dietary
fibre quantity.

Canada

Canadian dietary fibre labelling is based on the definition of Trowell ef al., and reads specifi-
cally: Dietary fibre is defined as the endogenous components of plant material in the diet
which are resistant to digestion by the enzymes produced by humans. They are predominantly
non-starch polysaccharides and lignin. The composition varies with the origin of the fibre
and includes soluble and insoluble substances Quantity of dietary fibre in food products to be
determined using AOAC 985.29, 992.16, or 994.13. Food ingredients that have been manu-
factured to be sources of dietary fibre are defined as ‘novel fibres’. Foods or ingredients
that are identified as novel fibre must be demonstrated to be as efficacious as fibre by
clinical studies that show they have a positive effect on one of three well-established
and measurable functions of dietary fibre: laxation, blood cholesterol-lowering and blood
glucose attenuation. (Canadian Food Inspection Agency 2000).

European Union

Within the European Union, the methodology outlined in AOAC International Official
Method of Analysis 985.29 determines the quantity of dietary fibre on the food labels. An ex-
ception has been the United Kingdom which is now, however proposing to utilise the AOAC
methodology as well (Hignett 1999b). The countries of Denmark, Finland, Italy and Sweden
specifically reference AOAC 985.29, while the Netherlands reference the enzymatic-gravi-
metric methods of Asp (Asp et al. 1983; Asp and Johansson 1984), one of the forerunners to
AOAC Internationals Official Method of Analysis 985.29. The remaining countries have not
specified policies (Craig 2000).

Japan

Dietary fibre is defined as the component of food which is determined by the Prosky
method(s), i.e. AOAC International Official Method of Analysis 985.29 for total dietary
fibre combined with AOAC International Official Method of Analysis 991.42 if soluble and
insoluble fibre are to be determined. In addition, for low-molecular weight dietary fibre that
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resists enzymatic digestion, but does not precipitate in the 78% alcohol solution of the Official
Method, an HPLC method can be used for quantitation. This quantity is added to the quantity
determined by the Official Method. The energy value for dietary fibre is counted as 0 kcal/g
(Sato 2000a). In addition to the dietary fibre labelling regulations, a regulatory programme
(FOSHU-Foods for Specific Health Use) is in place for products with scientific evidence
of effectiveness for a specific purpose. Scientific evidence is established on the effective
ingredient and on the product containing the ingredient. As of December, 1999, dietary fi-
bres approved as effective ingredients in the FOSHU programme are an indigestible dextrin
(Fibersol-2®), hydrolysed guar gum, Polydextrose, psyllium, wheat bran, chitosan and de-
polymerised sodium alginate.

Korea

Dietary fibre is defined as the (food) component which is hardly digested by human digestive
enzymes, or high-molecular weight indigestible components derived from living organisms
(Sato 2000b). Analysis is by AOAC International Official Method of Analysis 991.42 and
985.29. In addition, for low-molecular weight dietary fibre that resists enzymatic digestion,
but does not precipitate in the 78% alcohol solution of the Official Method, an HPLC method
can be used for quantitation. This quantity is added to the quantity determined by the Official
Method. The energy value for dietary fibre is counted as 0 kcal/g.

Mexico

Nutrition labelling is optional, and dietary fibre labelling is optional when other nutrients are
labelled (USDA, FAS 1999). Method of analysis is not specified, use of AOAC 985.29 is
accepted.

United Kingdom

The current policy of the United Kingdom is to measure and label non-starch polysaccharides
rather than dietary fibre on food products. Action is currently underway to adopt a proposal to
change labelling requirement to dietary fibre by AOAC Official Methods of Analysis 991.43
and 997.08 (Hignett 1999a). Under the proposal, food labels will reflect the dietary fibre
content as defined by Trowell ef al. (1976). Inulin and oligofructans will be included as part
of the dietary fibre content.

United States

Prior to 1987, US food labelling regulations only allowed for an adjustment to calories for a
serving of food on the basis of the crude fibre content of the food. Fibre was rarely declared as
part ofthe nutrition label, nor was it emphasised on product labels. An exception was products
containing high levels of crude fibre that were intended for improvement of laxation. In 1987,
the United States Federal Code of Regulations was modified to allow the inclusion of the TDF
content of a product as part of its nutrition label. The code change further allowed an adjust-
ment in the calculated calories of a serving of the product by subtracting the total dietary fibre
content of the food from the total carbohydrates present before multiplying the carbohydrate
content by the 4 kcal/g energy conversion factor (Anon. 1987). The Code specified the use of
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the then recently adopted AOAC Official Method of Analysis 985.29, Total Dietary Fiber
in Foods, Enzymatic-Gravimetric Method (AOAC 1985). This method is based on the defi-
nition delineated by Trowell et al. (1976). Use of the method served the purpose of indicat-
ing the dietary fibre content on the label and making the appropriate adjustment for non-
digestible food portion to the calories listing on the label.

In 1993, the US adopted regulations to enforce the Nutrition Labeling and Education Act
of 1990 (USDA 1993; USFDA 1993). Under these regulations, TDF content labelling is
required on all food products, but Soluble and Insoluble Dietary Fibre content labelling is
optional. Total, Soluble and Insoluble Dietary Fibre are to be determined by the applicable
AOAC International Official Methods of Analysis. The applicable AOAC Official Methods
and some of their key characteristics are listed in Table 10.1. The labelling of the caloric
content of the food product is adjusted based upon the insoluble dietary fibre content of the
food, not the total dietary fibre content. The energy values attributed to dictary fibre are 0 cal/g
for insoluble dietary fibre, and 4 cal/g for soluble dietary fibre. The rationale for this is based
on the fact that a large percentage of the soluble dietary fibre consumed is fermented in the
large intestine, and the calories thus released are captured by the body in the form of short-
chain fatty acids, i.e. acetic, propionic and butyric acids. Proposals have been made to the US
Food and Drug Administration to have inulin specifically included in quantity of dietary fibre
listed on the label of foods containing the polyfructan. While the regulations do not specifi-
cally exclude inulin from being included in the dietary fibre content, traditional reliance on
AOAC 985.29 and 991.43 (methods which do not isolate and quantitate the inulin as part of
the total dietary fibre quantity) has resulted in a reluctance to include inulin. From a scientific
point of view, the functionality of inulin has been shown to be characteristic of dietary fibre,
and it should be included in the label quantity, otherwise the consumers are not aware of the
actual amount of dietary fibre that they are consuming.

Codex Alimentarius

The Codex Committee on Methods of Analysis and Sampling has endorsed the use of AOAC
International Official Method of Analysis 985.29 for defining dietary fibre (ALINORM
1993). The Codex Alimentarius Committee on Nutrition and Foods for Special Dietary Uses
through its Consultation of an Informal Working Group on Dietary Fibre is currently delib-
erating on the definition of dietary fibre and the appropriate criteria for ‘source’ and ‘high’
dietary fibre contents of foods (Hignett 1999b). There is general agreement that dietary fibre
reduces constipation, prevents bowel cancer, increases stool bulking, reduces stool transit
time, and provides bifidogenic effects as a result of its ability to act as a substrate for fermen-
tation in the large intestine. The Informal working group recommended that fibre content
claims be developed based on role dietary fibre plays in the above. The working group mem-
bers further concluded that sufficient evidence exists that cellulose, hemicellulose and pectin
play arole in these effects.

A brief summary of labelling regulations, policies and/or practices is listed in Table 10.2.
It should be noted that the regulations and policies in some constituencies allow for special
health claims with a component of dictary fibre being the analyte of concern for assuring
claim compliance. Such is the case for the oat health label claim in the United States where
[-glucan soluble fibre is measured in the oats or oat bran and a level of oat flour or oat bran
containing greater than a minimum level of B-glucans must be used in the product to justify
the claim. Some constituencies also allow the polyfructan fibres (inulin and/or oligofructans)
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Table 10.1  AOAC International official methods of analysis for dietary fibre.

Sugar Residues, Uronic

Acid Residues, and Klason
Lignin) Gas Chromatographic-
Colorimeteric-Gravimetric
Method.

determination of total
dietary fibre quantity after
enzymatic digestion
simulating human digestion.

AOAC
Official
Method  Title Principle Comments
985.29  Total Dietary Fibre in Foods,  Gravimetric determination of Designed for food labelling pur-
Enzymatic-Gravimetric dietary fibre quantity after poses. Uses an inorganic phos-
Method enzymatic digestion phate buffer system. Practical
simulating human digestion for all foods. Does not quantitate
inulin or other fibres soluble in
78% ethanol in food samples.
991.42  Insoluble Dietary Fibre in Gravimetric determination of Designed for food labelling
Foods and Food Products, insoluble dietary fibre quantity ~ purposes. Uses an inorganic
Enzymatic-Gravimetric after enzymatic digestion phosphate buffer system. Can be
Method, Phosphate Buffer simulating human digestion combined with AOAC 985.29 to
determine soluble dietary fibre.
Practical for all foods
993.19 Soluble Dietary Fibre in Gravimetric determination of Designed for food labelling
Foods and Food Products, soluble dietary fibre quantity purposes. Uses an inorganic
Enzymatic-Gravimetric after enzymatic digestion phosphate buffer system.
Method, Phosphate Buffer simulating human digestion Practical for all foods
991.43  Total, Soluble, and Insoluble ~ Gravimetric determination of Designed for food labelling
Dietary Fibre in Foods, Total, Insoluble, and Soluble purposes. Uses an organic buffer
Enzymatic-Gravimetric dietary fibre quantity after system (reduces analytical time).
Method, MES-Tris Buffer enzymatic digestion Practical for all foods. Does not
simulating human digestion. quantitate inulin or other fibres
Meets same enzyme soluble in 78% ethanol in food
requirements of 985.29 samples.
992.16  Total Dietary Fibre, Gravimetric determination of Sum of soluble fibre release by
Enzymatic-Gravimetric total dietary fibre quantity autoclave plus insoluble fibre
Method after enzymatic digestion determined by neutral detergent
simulating human digestion. fibre (quantity may be affected
Meets same enzyme by residue overlap).
requirements of 985.29
99321  Total Dietary Fibre in Gravimetric determination of Applicable to samples with
Foods and Food Products Total dietary fibre quantity <2% starch. High protein
with <2% Starch, after precipitation of fibre from  samples may be an issue.
Non-enzymatic-Gravimetric  aqueous suspension/solution
Method. using 4 parts alcohol. No
enzymatic treatments
are involved.
994.13  Total Dietary Fibre Gas chromatographic, Provides data on saccharide
(Determined as Neutral colorimetric, gravimetric composition of fibre and limited

data on uronic acid and lignin
content.
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to be included in the total dietary fibre declared as the fibre quantity on the label. AOAC
International has adopted and published as of the latest edition, two Official Methods of
Analysis for B-glucans [AOAC Official Methods of Analysis 992.28 (1—3)(1—4)-B-b-
glucans in Oat and Barley Fractions and Ready-To-Eat Cereals; 995.16, B-p-Glucans in
Barley and Oats-Streamlined Enzymatic Method.] and two Official Methods of Analysis for
polyfructans [AOAC Official Method of Analysis 997.08, Fructans in Food Products-lon
Exchange Chromatographic Method and 999.03, Measurement of Total Fructan in Foods].
Additional methods are in the process, or have been adopted as Official Methods of Analysis
for Fibersol-2® (a hydrothermally modified indigestible starch), and Polydextrose (a syn-
thetic glucose polymer of random linkages plasticised with sorbitol). These techniques, when
and if adopted as official methods, will appear in future editions of the Official Methods of
Analysis.

10.3.2 Enforcement of labelling requlations

Once a societal decision has been made to disseminate nutrition information to consumers via
the nutrition label of the food product, adequate analytical methodologies must be in place,
or be put in place. This allows food producers to label their products correctly, and enforce-
ment personnel adequately to enforce labelling regulations. Obviously, the ideal methodol-
ogy will be very simple, inexpensive and rugged so that it can be carried out in all competent
laboratories, it will be inherently accurate, and it will have a sufficiently high precision so that
minimal or no replicates need to be carried out on any given sample. For the majority of food
assays, this ideal has not been achieved, and dietary fibre is no exception.

Grouping of food components into a nutrient category (such as dietary fibre) means that
the category must be defined, and the methodology then put in place must meet that definition
as closely as possible. Having said that, the methodology used will influence the final quantity
obtained; therefore, the method will be ‘proximate’ in that it will now define the analyte.
In an ideal situation, the simplest enforcement scenario would have all regulatory bodies,
research scientists, and those regulated accept a single concise definition and a single proxi-
mate method best suited to fit that definition. Then, by virtue of this acceptance, there would
be universal agreement on enforcement of labelling regulations and the results obtained using
the accepted method. However, the nutrition and analytical sciences are a continually evolv-
ing field, and nutrition and analytical scientists continue to discover new aspects regarding
dietary fibre. Because of this, they differ in their scientific opinions on the optimum approach
to quantitation, so a number of methods evolve, with a variety of virtues, such as increased
speed, more detailed data, applicability to specific matrices, etc. AOAC International, in its
role of validating Official Methods of Analysis serves the scientific and enforcement com-
munity by assuring that methods adopted as Official Methods of Analysis give equivalent
results for dietary fibre, in accordance with the applicable definition. Should the accepted
definition for dietary fibre change, then AOAC International has the framework in place to
ensure that the methods are updated and/or modified to assure alignment and compliance with
the updated definition.
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10.4 Analytical aspects of regulatory enforcement
10.4.1 Accuracy

The key to accuracy in determining the dietary fibre content of a food lies in how well the
method quantitates the portion of food meeting the dietary fibre definition. Because dictary
fibre does not consist of a single, concise chemical entity, any method devised to measure it
will be a proximate method. A proximate method, by definition, defines the analyte. Careful
consideration is necessary to assure that the method includes all of the dietary fibre, while
excluding any extraneous, non-dietary fibre components. Further, it behoves standardisation
and methods validation organisations to adopt only those methods that meet the dietary fibre
definition. Careful scrutiny and scientific peer review by those knowledgeable and skilled in
the dietary fibre arena is necessary to assure methods that are accurate. If the proximate entity
being quantitated is quite diverse, a combination of methods may be necessary for accurate
quantitation.

A very important aspect of the accuracy of a dietary fibre method is to assure the method
actually measures what is intended by the dietary fibre definition. In the case of methodology
to meet the Trowell ef al. definition, this means that the sample must be digested in a manner
that simulates (as closely as possible) the human digestive system while still being practical
for in-vitro testing at the laboratory bench. The enzymes used for digestion as part of the
AOAC International Official Methods are set up to meet a strict set of enzymatic digestion
requirements to assure proper performance. The requirements are listed in Table 10.3.

An analytical method that is set up in alignment of the dietary fibre definition, must treat
the sample in a way that will result in a dietary fibre quantity most closely approximating the
amount of indigestible food component the consumer will eat. The method must also allow
for consistent regulatory compliance. Therefore, the AOAC International Official Methods
incorporate a high-temperature starch gelatinisation step to assure that the fibre level of a
particular product will not be overestimated. This is particularly important with respect to
resistant starch (RS) which, by definition, resists digestion in the small intestine and ferments
in the large intestine in the same manner that dietary fibre does. However, all types of RS
do not behave similarly with regard to analysis or digestion. For example, starch that is not
gelatinised is typically resistant to digestion. Potato starch that is gelatinised and then cooled
will retrograde to become digestively resistant to some extent. The starch in green bananas
has a higher percentage of starch that resists digestion than does the starch in ripe bananas.
Finally, there is some starch that is transformed during food processing that becomes diges-
tion resistant due to structural modification. RS has been divided (on perhaps a somewhat

Table10.3 Enzyme performance characteristics in AOAC international dietary fibre methods to assure
simulation of human digestion (see AOAC 985.29).

Enzyme activity found in Test substrate for AOAC Recovery required of

Enzyme activity human small intestine Official methods enzyme per method (%)
Pectinase No Citrus pectin 95-100

Hemicellulase No Stractan (larch gum) 95-100

B-Glucanase No Barley gum 95-100

o-Amylase Yes Wheat starch 0-1

o-Amylase Yes Corn starch 0-2

Protease Yes Casein 0-2
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arbitrary basis) into categories based on their source and chemical make-up, as opposed to
their digestive behaviours. From a food labelling perspective, much of this RS becomes ir-
relevant. The producer and merchandiser cannot control the ripeness of the banana at the
time the consumer eats it; nor can they control whether a product is eaten raw (starch un-
gelatinised) or cooked (starch gelatinised), nor the extent to which potatoes are allowed to
cool before eating (starch partially retrograded). However, the manufacturer can control the
modifications to starch that occur in processing. It is well known that not only RS but also ad-
ditional portions of the starch in food manage to escape hydrolysis and absorption in the small
intestine. These starch portions then pass into the large intestine where they are fermented,
providing energy for bacterial growth and transferring energy back to the body when the
fermented material forms short-chain fatty acids that are absorbed through the colon wall
(Hill 2000). However, the actual proportion of starch reaching the large intestine is highly
variable, depending among other things on the make-up of the meal with which it is eaten.
For food labelling purposes, producers and regulators need methodology that will indicate
that portion of the RS which is certain to be digestively resistant. Therefore, the enforce-
ment personnel and producers need a method that gelatinises the starch before the sample is
quantitated with regard to dietary fibre, so that digestible starch is not inadvertently included
in the dietary fibre quantity. The type of starch that resists digestion, no matter the form of
the food it is in, or the treatments given the food by the consumer, is the structurally modi-
fied starch produced by processing. The AOAC International Official Methods of Analysis
include this starch in the dietary fibre quantity.

The current AOAC International Official Methods of Analysis for dietary fibre, based on
simulation of physiological digestion of the food sample, are simple, inexpensive, reasonably
rugged, and can be carried out in competent laboratories world-wide. Because the methods
are based on simulating human physiological digestion, they are proximate methods (i.e. the
method defines the result) and therefore are accurate by definition. Future Official Methods
Technical committees will need to assure alignment of methods and definition as additional
methods are given consideration for adoption as Official Methods.

Because the methods of analysis for dietary fibre are proximate methods, it is incumbent
upon the laboratories performing the methods to perform them exactly as they were de-
veloped, tested, validated and adopted. Often, minor deviations in performing a proximate
method can result in shifts in the results achieved, resulting in a loss of accuracy. Laboratories
must be sure they are performing the analysis correctly. One of the means to assure correct
performance is through the use of reference materials (samples prepared using representative
matrices at defined dietary fibre levels, characterised in a variety of ways, typically by multi-
laboratory assay). Reference materials for dietary fibre and related analyses are available
from the American Association of Cereal Chemists (dietary fibre and B-glucans in oat bran),
the National Institute of Standards and Technology (dietary fibre in composite baby food),
and the Bureau of Community Reference (dietary fibre in haricot beans, rye flour and wheat
flour). Laboratories attempting to upgrade methodologies by investigating new technologies,
for example, can utilise the reference materials to assure the upgrades being investigated
indeed provide an accurate result.

10.4.2 Precision

While the AOAC International Official Methods of Analysis for dietary fibre are simple,
inexpensive and relatively rugged, the methods entail enzymatic digestions and numerous
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manual manipulations of the sample. Because of this they have a typical within-laboratory
precision of approximately + 0.4% of the sample expressed as the within-laboratory standard
deviation. For high-fibre samples, this presents relatively little problem, i.e. a standard devia-
tion of +£0.4% for a fibre content of 50% gives a relative standard deviation of +0.8% of the
actual fibre content. However, when the fibre content of the sample is 1%, a standard devia-
tion of+0.4% gives arelative standard deviation = 40%. Therefore, numerous replicates need
to be run on samples with low dietary fibre levels to assure that an accurate mean dietary fibre
level determination has been achieved. Recent recommendations (Anon. 1999b) regarding
dietary fibre intake are in the range of 20—40 g of fibre per day. Therefore, a 100 g portion of
a food with 1% dietary fibre will provide 2.5-5% of the recommended daily consumption
quantity. Thus, it is important that analysis of samples containing as little as 1% total dietary
fibre be adequately performed.

Compensation for much ofthe inherent natural variability in dietary fibre content of foods
(and to some extent the variability in analysis) is handled by regulatory agencies by the use of
rounding of results applied to the food label. This provides a convenient means of assuring the
accuracy of the label, but in the long term may be a poor reflection of the actual fibre provided
by the food, ifthe true fibre content is at either end of the rounding range. For example, assume
the recommended daily dietary fibre intake is 25 g, and that the labelling rule requires round-
ing to the nearest gram. Then, a food containing 1.51 g of dietary fibre and a food containing
2.49 g of dietary fibre per serving will both be labelled as containing 2 g. The food containing
1.51 g of dietary fibre per serving will provide 6% of the recommended daily intake, while
the sample containing 2.49 g will provide 10% of the recommended daily intake. Both will
be labelled as having 8% of the recommended daily intake. It might be advantageous in the
case of dietary fibre labelling to have results rounded to the nearest 0.1 g per serving, with
the labelled quantity being determined on the basis of the average dietary fibre content as
measured using a statistically significant sampling plan. Taking such an approach, would
however, require that policies emphasising that dietary fibre content exceed a defined rela-
tive minimum to be considered acceptably labelled, be replaced by policies that emphasise
accuracy of the mean analytical result to be acceptably labelled. The public health impact of
such a policy change would have to be evaluated.

The analytical precision of the method(s) used for dietary fibre labelling and enforcement
has a significant effect on the amount of effort necessary to produce an accurate nutrition
label. For example, assume a product truly contains 3.0 g of dietary fibre per 100 g serving of
product. Assume that the rounding rules require rounding to the nearest 1 g increment of
fibre — in this case to 3 g as opposed to 2 g. How many replicate assays of the dietary fibre in
the product need to be run to be 95% confident that the correct label value is 3 g rather than
2 g? For this example, a within-laboratory standard deviation typical of that for the AOAC
International method 985.29 will be used, in this case a standard deviation of =0.4% for the
fibre analysis.

As can be seen in Table 10.4, only duplicate assays are required to establish that the label
value should be 3 g rather than 2 g or 4 g with 95% confidence. On the other hand, if a product
truly contains 2.8 g of fibre, five replicate assays will be required for 95% confidence in a
3 g declaration. Finally, as the true value of the fibre approaches the rounding point of 2.5 g
of fibre, i.e. say 2.6 g of fibre are actually present, it takes 40 replicate analyses to be 95%
confident of rounding to 3 g versus 2 g.

In contrast, if a laboratory is confident that it has reduced the variability of the assay by
half, i.e. to a within-laboratory standard deviation of + 0.2%, the impact on replicate assays is
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Table10.4 Statistical 95% confidence limits of analysis (standard
deviation of assay = + 0.4 g).

Number of

Replicates 3.0g 2.8¢g 2.6¢g
1 2.34-3.66 2.14-3.46 1.94-3.26
2 2.53-3.47 2.33-3.27 2.13-3.07
3 2.62-3.38 2.42-3.18 2.22-2.98
4 2.67-3.33 2.47-3.13 2.27-2.93
5 2.71-3.29 2.51-3.09 2.31-2.89
6 2.73-3.27 2.53-3.07 2.33-2.87
7 2.75-3.25 2.55-3.05 2.35-2.85
8 2.77-3.23 2.57-3.03 2.37-2.83
9 2.78-3.22 2.58-3.02 2.38-2.82

10 2.79-3.21 2.59-3.01 2.39-2.81

40 2.90-3.10 2.70-2.90 2.50-2.70

tremendous. Table 10.5 illustrates the effect of this improved precision. In this case, a single
assay is sufficient for the product containing 3 g of dietary fibre, only duplicates are required
for a product containing 2.8 g, and 10 replicates are necessary for a product containing 2.6 g
of dietary fibre. Obviously, it behoves laboratory personnel to improve the precision of their
assays to every extent possible to reduce the replication workload.

All these determinations of required replicates are based strictly on a statistical point of
view. Perhaps the analyst or the product formulator has additional information on the product
to make a reliable determination without running all of the 40 replicates in the first case, or
the ten replicates in the second case.

Current US regulations allow for consideration of analytical variability in the enforcement
of labelling regulations. Although at first blush, this might appear to offer an advantage to
those preparing the nutrition label, in fact it does not. The analyst needs always to be cognisant
of the fact that analytical variability is indeed that, variability. For example, consider a food
with a dietary fibre content near the division line for rounding. From a strictly statistical point
of view, there is equal probability that the regulatory laboratory will determine a quantity of

Table10.5 Statistical 95% confidence limits of analysis (standard
deviation of assay =+ 0.2 g).

Number of

Replicates 30g 2.8¢g 2.6¢g
1 2.67-3.33 2.47-3.13 2.27-2.93
2 2.77-3.23 2.57-3.03 2.37-2.83
3 2.81-3.19 2.61-2.99 2.41-2.79
4 2.84-3.16 2.64-2.96 2.44-2.76
5 2.85-3.15 2.65-2.95 2.45-2.75
6 2.87-3.13 2.67-2.93 2.47-2.73
7 2.88-3.12 2.68-2.92 2.48-2.72
8 2.88-3.12 2.68-2.92 2.48-2.72
9 2.89-3.11 2.69-2.91 2.49-2.71

10 2.90-3.10 2.70-2.90 2.50-2.70

40 2.95-3.05 2.75-2.85 2.55-2.65
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dietary fibre in the sample that is lower than the quantity the labelling laboratory found as that
they will determine a higher quantity — an additional reason for the labelling laboratory to be
utilizing the methodology specified in the regulations, and to be certain that the laboratory is
performing the method accurately.
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11 Regulatory Issues Relating to Dietary Fibre
in the European Context

Paul Coussement

Abstract

Nutrition labelling in Europe is regulated by the Nutrition Labelling Directive. While this di-
rective does mention dietary fibre, it does not provide a definition for fibre, and consequently
Member States can use their own definitions. In many countries, there is no official definition
of fibre, but in others there are guidelines or even legal definitions or accepted methods. The
United Kingdom, with its preference for the Englyst methods (Englyst ez al. 1994) has always
taken a position that was different from the other countries.

In 1994, the European Scientific Committee for Foods attempted to create a new definition
for dietary fibre, but no conclusion could be reached. Consequently, the Standing Committee
on Foods has released a statement according to which several methods of analysis should be
allowed, and differences should not lead to barriers to free trade.

Currently, the last differences between Member States are disappearing — a situation that
may finally lead to a harmonised approach to dietary fibre in Europe.

11.1  The EU nutrition labelling directive

Directive 90/496/EEC sets out standardised rules on nutrition labelling, and these exclude
any other form of such labelling. Food producers are bound by these rules if they decide to
include a nutrition claim on their labels. Foodstuffs that do not bear any nutrition claim may
circulate freely. The regulated items contain energy values, amounts of proteins, carbohy-
drate, sugars, fat, saturates, fibre and sodium.

‘Fibre’ falls into ‘Group 2’ labelling, which is required where a nutrition claim is made for
sugars, saturates, fibre or sodium. In this group, although it is required to label the energy
value and the amounts of protein, carbohydrate, sugars, fat, saturates, fibre and sodium, no
definition for dietary fibre was provided. Article 1 in Directive 90/496/EEC refers to:

‘“fibre” means the material to be defined in accordance with the procedure laid down
in Article 10 and measured by the method of analysis to be determined in accordance
with that procedure.’

However, no definition for “fibre’ — and no method for fibre analysis — has ever been agreed
upon at a European level.

It is remarkable to see that the word ‘fibre’ was chosen, rather than ‘dietary fibre’.
Moreover, no provisions are made for the use of either ‘soluble’ or ‘insoluble’ fibre.
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11.2 National variations

As with all directives, the nutrition labelling directive was transposed into national law by all
the European Member states. In some cases, this transposal was made almost literally, and
no changes were made to the status or definition of dietary fibre. In some other cases — as
in Belgium and Italy — the national law or regulation has added a definition of dietary fibre.
In these countries, the legislator decided that a labelling law without clear definitions could
not be used to control food labelling efficiently. In Belgium, the official definition is, ‘The
components of the foods that are normally not broken down by the body’s own enzymes of
humans’(Anon. 1992a), while in Italy, the definition is, ‘Edible substance of vegetable origin
which normally is not hydrolysed by the enzymes secreted by the human digestive system’.
(Anon. 1993a).

In countries such as the United Kingdom and Germany, the inspection authorities will
refer to dietary fibre (DF) definitions that have been put forward by official or semi-official
bodies. In the UK, the reference definition has long been the COMA (Committee on Medical
Aspects of Food Policy) definition of ‘non-starch polysaccharides’, measured using the
Englyst method (Englyst et al. 1994), though MAFF (Ministry of Agriculture, Fisheries
and Food) has always confirmed that these definitions were not ‘legal’ definitions. Recently,
MAFF has modified its position, by also accepting the AOAC methods for the determination
of the amount of fibre in food (Anon. 1999a).

In Germany, reference is often made to the GDCh (German Society of Chemists), which
(when translated) has defined ‘Ballaststoffe” as ‘Substances of plant origin, that cannot be
broken down to resorbable components by the body’s own enzymes in the small intestine.
Included are essentially soluble and insoluble non-starch polysaccharides (cellulose, hemi-
cellulose, pectin, hydrocolloids) and lignin and resistant starch. Substances like some sugar
substitutes, organic acids, chitin and so on, which either are not or are incompletely absorbed
in the small intestine, are not included’. (Anon. 1989).

11.3 Carbohydrates, polyols and dietary fibre

There are only two possibilities for the classification of carbohydrates in the European
Nutrition Labelling directive. The classes ‘polyols’, ‘protein’, ‘fat’, ‘alcohol’, ‘organic acid’,
‘sodium’, ... are excluded for obvious reasons, and only the classes of ‘carbohydrate’ and
“fibre” are appropriate at first sight.

The definition of ‘carbohydrate’ is: ‘any carbohydrate which is metabolised in man, and
includes polyols’. Chemically speaking, ‘carbohydrate’ includes most dietary fibres, e.g. cel-
lulose, hemicellulose, inulin and oligosaccharides (but does not include lignin); thus it is the
section of text relating to ‘metabolised in man’ that makes the difference in this definition.

‘Metabolisable by man’ is not clearly defined, and may be interpreted in two ways:

(1) “...used in the metabolism of man, not including the fermentation by the microflora in
the colon’: meaning that the carbohydrate should be hydrolysable in the small intestine
(or absorbable in the case of monosaccharides). Carbohydrates that are not hydrolysed
in the small intestine but fermented in the colon are in this context not metabolised by
man, but by the microflora present in the colon.
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(2) ‘... used in the metabolism of man, including the fermentation by the microflora in the
colon’: meaning that carbohydrates which are not hydrolysed in the small intestine but
fermented in the colon would also be ‘metabolised by man’.

Dietary fibre is, by definition, not hydrolysed in the small intestine. In fact, most fibres are
fermented to a large extent in the colon (e.g. cellulose 7-40%, non-starch polysaccharides
85-99%, pectin 99%). Therefore, interpretation (2) cannot be maintained, because in this
situation a large part of most dietary fibres would be classified as ‘metabolisable carbohy-
drate’. Moreover, there would be a significant overlap between ‘carbohydrate’ and “fibre’. As
all this would conflict strongly with the available scientific evidence, only interpretation (1)
can be valid.

11.4 The 1994 attempt to come to a definition

In 1993 and 1994, the European Scientific Committee for Foods (SCF) attempted to derive
a new definition of dietary fibre. A draft document was prepared which basically proposed
the use of the term ‘Non-Starch Polysaccharides of plant cell walls’ as a definition and —
obviously — the Englyst method (Englyst et al. 1994) for analysis. This proposal was totally
rejected by the SCF, and they proposed no alternative definition. Consequently, the European
Standing Committee on Foodstuffs released the following important statement:

‘Dietary fibre.

‘The Committee is aware that the subject of the definition of dietary fibre for the pur-
pose of nutrition labelling is a controversial one. It recognised that apart from non-
starch polysaccharides of plant cell wall, the traditionally accepted as fibre material,
other substances were considered as fibre, in many Member States, like resistant starch,
lignin, inulin, polydextrose.

‘Different methods were also used for measuring the material declared as fibre on
the label. The AOAC method is widely accepted and used while the Englyst method
can also be used in some Member States. Discrepancies in the results given by the two
methods are not significant for the vast majority of the products. Some of the substances
(e.g. inulin, polydextrose) cannot be measured by either of the above methods and need
to be measured with specific methods which have been developed. It is noted that the
use of these substances in the manufacture of foodstuffs is rather limited.

‘The Standing Committee is convinced that the differences which would arise from
the use of the different methods for the determination of the material to be labelled as
fibre would not be significant and therefore not detrimental to consumer information.
Therefore they should not be evoked for impeding the free movement of goods within
the European Union.

‘The Standing Committee also notes that the Scientific Committee for Food will
look again into the question of the definition of dietary fibre in the future.” (Anon.
1994).

This text now has become the reference for labelling, and serves as guideline for any evalu-
ation and development of dietary fibre definition in the European Union. Despite the last
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sentence, the subject of Dietary Fibre has not been approached since this last treatment by the
SCF.

11.5 Caloric value

The European Nutrition Labelling Directive does not specify a calorie factor to be used for
dietary fibre; consequently, the caloric value of dietary fibre can be considered to be zero. This
was confirmed in letters from the European Commission which ‘... confirm your interpreta-
tion of the current Community rules on nutrition labelling on this point, namely that energy
value of dietary fibre should be considered as O kcal’. (Anon. 1992b).

The main driver behind this position is that nutrition labelling should be simple, easily
understood, and comparable. Counting dietary fibre at 0, 1 or 2 kcal/g would make practically
no difference on most food labels. However, in practical cases where high amounts of dietary
fibre are used, most companies do not use a caloric value of zero, but have chosen values
between 1 and 2 kcal/g, depending on the compounds.

11.6 Official methods

In many (but not all) European countries, the authorities have advised the use of specific
methods for dietary fibre analysis. With the exception of the UK, all these methods are gravi-
metric methods, and are mostly based on the AOAC methodologies (Prosky ef al. 1988).

11.7 Nutrient content claims on fibre

There are no harmonised European definitions for nutrient content claims, nor for fibre-
related claims. In 1992, a proposal was made for a EU Directive (on Claims) which was later
abandoned (Anon. 1993Db). In this proposal, the following definitions were used:

e Richin fibres: >6g/100 g.
e Increased in fibres : >3 g/100 g and at least 25% more.
e Contains x% more fibre: contains at least 2 g/100 g more, and at least 15% more.

As faras we have been able to determine, there are no specific rules in Belgium, Luxembourg,
Italy or Spain. In some countries there are guidelines of various origin, some of which are
detailed below.

11.7.1 United Kingdom

The Food Advisory Committee issued in June 1999 a sensibly simplified version of their pre-
vious guidelines, called the ‘Nutrition Claims in Food Labelling and Advertising’ guidelines.
The following claims are defined (Anon. 1999b).
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e Source of fibre: either 3 g per 100 g or 100 ml or at least 3 g in the reasonable expected
daily intake of the food. In the case of a food naturally high in fibre, the claim must take
the form of ‘a high-fibre food’.

e Increased in fibre: at least 25% more than a similar food for which no claim is made, and
atleast 3 g in either the reasonable daily intake of a food for which this is lower than 100 g
or 100 ml orin 100 g or 100 ml.

e High in fibre: either at least 6 g per 100 g or 100 ml or at least 6 g of the reasonably ex-
pected daily intake of the foods.

Recently, MAFF (Anon. 1999a) has modified this system by proposing:

e For ‘source of fibre’: either at least 4 g per 100 g or 100 ml or at least 4 g in the reasonable
expected daily intake of the food.

e For ‘increased in fibre’: at least 25% more than a similar food for which no claim is made
and meets the criterion for source of fibre.

e For ‘high in fibre’: either at least 8 g per 100 g or 100 ml, or at least 8 g in the reasonable
expected daily intake of the food.

11.7.2 The Netherlands

The ‘Warenwetbesluit Voedingswaarde-informatie levensmiddelen’ (Anon. 1993c) de-
scribes:

e ‘Highinfibre’: ifthe product, calculated on the dry matter, contains at least 10% of dietary
fibre, to such extent that if the product is a soup, drink or liquid milk product, this content
is to be calculated on the final product.

e ‘Increased in fibre’: if the product contains at least 33% more dietary fibre than the usual
content in such products.

11.7.3 France

In France, there are no specific regulations regarding minimum doses for specific claims.

Foods which are destined for diets with specific fibre content are considered to be dietetic
foods (‘Aliments a teneur particuliére en son de blé’ and ‘Aliments a teneur particuliere en
fibres alimentaires diverses’). Such foods are authorised only upon approval of a file to be
submitted, which substantiates the claims which are made. For wheat bran (son de bl¢), there
are specific rules with regard to the claims that can be made for these types of food. A list of
acceptable and non-acceptable claims exists.

Recently, the CEDAP (Commission d’étude des produits destinés a une alimentation par-
ticuliere) (Anon. 1998) has proposed that:

e ‘source’requires at least 3 g/100 g or 1.5 g/100 kcal;

e ‘rich’requires at least the double of the previous values; and

e ‘more’ (‘teneur accrue en...’) requires at least 25% difference in weight, one should ob-
tain at least 5%/100 kcal.
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11.7.4 Germany

In Germany, there are no specific regulations regarding minimum doses for specific claims.
There is an opinion document by the GDCh (Gesellschaft der Deutsche Chemiker), which
is considered as a reference for legal evaluations in this field. This document, among others,
specifies:

e tomakeany claim on dietary fibre presence, a minimum of 3 g should be present in a daily
portion;

e tomakea ‘high’, ‘rich’ or ‘increased’ fibre claim, a minimum of 6 g should be present in
a daily portion, with some exceptions (Anon. 1989).

11.8 The future

The update of the Nutrition Labelling Directive has for a long time been on the ‘to do’ list of
the European Commission. However, developments on this are very slow, and expert observ-
ers do not expect a significant change or progress in the coming years.

‘Dietary fibre’ is still a controversial subject, and will remain so for quite some time. It is
becoming clear to all experts involved that it is practically impossible to arrive at one perfect
definition for dietary fibre, as it is simply not possible to have general agreement on one single
definition that takes everything into consideration. So, pushing this line will not quickly lead
to success.

However, who needs a definition? The Nutrition Labelling Directive has been working
for many years without one, and ‘novel’ dietary fibres such as inulin and oligofructose have
now been independently accepted for dietary fibre labelling by all European countries. The
process for obtaining such National authorisations is long and inefficient, but not impossible.
We have followed this procedure to obtain acceptance for inulin and oligofructose for ‘dietary
fibre’ labelling in each and every European member state separately. In almost every case, we
have submitted a file with all relevant nutritional data, and today — after more than eight years
of work —all countries are in agreement. This was most probably successful because we had
a very good case — including the scientific data, the analytical methodology and the support
of leading scientists.

What is required first is not so much a definition of dietary fibre, but an outline of the
‘dietary fibre concept’ in nutritional terms, i.e. what should all substances that are classified
as ‘dietary fibre” bring to the consumer ? Based on this concept, new substances can be evalu-
ated in the same way as ‘health claims’ or ‘structure—function claims’ are. This means that
the producers should be able to present a good scientific case, based on which a decision can
be made as to whether or not the substance should be included in the ‘dietary fibre’ group.
Based on the same concept, recommended daily intakes and dietary guidelines can also be
established. Thus, it seems that a good definition of the ‘dietary fibre concept’ is the first step
required.
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Part 5

Health Benefits of Dietary Fibre



12 Dietary Fibre in Health and Disease

David Kritchevsky

12.1 Introduction

The material that we identify as dietary fibre has for centuries been recognised as having
health benefits. Burkitt (1986) traced the history of fibre from Hippocrates to Galen, to
Atkinson, Lane and McCarrison in England, and to Graham and the brothers Kellogg in the
United States. Early work on fibre concentrated, generally, on its laxative properties. Several
centuries ago, Elyot (1541) pointed out that increasing the intake of fibre led to improved
bowel habits and increased faecal bulk. Burkitt (1983) reminds us that Hippocrates com-
mented on the laxative effects of coarse flour, as did the Persian physician Hakim in the ninth
century, who observed that chuppatis made from wheat flour containing little bran take a long
time to be excreted. Probably the earliest dietary fibre trial is reported in the Book of Daniel
(1:8-16); this describes how Daniel and his men who eschew a rich meal for a diet of pulses
appear healthier than a group of Belshazzar’s men who subsist on the richer diet. The term
‘dietary fibre’ was coined by Hipsley (1953).

The modern fibre era dates to an article by Surgeon Captain T.L. Cleave (1956), who sug-
gested that the major ailments of modern man could be due to his use of refined sugar and
refined flour. Cleave later summarised his views in books relating to, what he referred to as,
‘The Saccharine Disease’ (Cleave & Campbell 1966; Cleave 1974).

In the modern era, much of the data relating to fibre and health was generated in Africa by
Burkitt, Trowell and Walker, all of whom were physicians at various African venues and all of
whom had keen intelligence coupled with great powers of observation. Their studies initially
centred on differences in stool weight between Africans and Caucasians, and they were able
to reinforce their observations and hypotheses by citing published studies relating to different
types of fibre and laxation (Cowgill & Anderson 1932; Williams & Olmstead 1936; Dimock
1937). Walker (1997) summarised a half-century of his research and observations relating to
comparisons of diet and lifestyle in Africans and Europeans and how these account, in part,
for differences in disease states in these populations.

Following Cleave’s lead, the investigations led to studies of the effects of refined carbohy-
drate foods. The investigators soon recognised the fact that the foods under discussion were
those containing carbohydrate which was unavailable to the host. Trowell (1976) eventu-
ally offered a definition of dietary fibre which we still use as a reference point. Trowell sug-
gested that dietary fibre was the sum of lignin and polysaccharides that are not digested by
the endogenous secretions of the human digestive tract. This definition permits the inclusion,
under the inclusive term ‘dietary fibre,” of other indigestible polysaccharides that may occur
in the diet, namely, pectin, gums, mucilages, algal polysaccharides and modified celluloses.

The substances which we describe as dietary fibre differ in chemical and physical proper-
ties and exert a variety of effects; chemical, physical and metabolic. It is not logical to believe
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that all the substances we designate as fibre can affect all areas of nutrition and physiology.
Water binding and gelling are physical manifestations of fibre action and influence gastric
emptying, faccal flow and absorption of nutrients. Structural features of dietary fibre may
influence binding of bile acids and inorganic ions. Bulking in the large intestine may increase
excretion of those substances trapped within the faecal mass. The fibres themselves, while
not subject to digestion in the mammalian digestive tract, serve as substrates for the intestinal
microflora with subsequent production of energy and short-chain fatty acids (SCFA), par-
ticularly acetate, propionate and butyrate, all of which can influence the metabolism of the
host. Hellendoorn (1978) predicted that much of what we describe as fibre action is due to
the actions of the SCFA. Focusing of professional and public interest on dietary fibre may be
attributed to Burkitt’s (1971) argument linking fibre intake with susceptibility to cancer of
the colon and rectum, and to a paper by Burkitt ez al. (1974), which compared eight disease
conditions prevalent in the United States and virtually non-existent in African black people,
and suggested that those differences were due to the fibre content of their respective diets.

Eventually, we came back to discussing influences of dietary fibre on ‘Western’ diseases.
A compilation of Western diseases has been presented by Trowell (1979), and represents the
contributions of a number of authors including Donnison (1937), Trowell (1960), Burkitt
(1973), Walker (1974), Cleave (1974), and Gelfand (1975). The list is presented in Table 12.1.
It appears that any disease state that is prevalent in developed societies and missing in Africa
could be attributed to the lack of dietary fibre.

A report covering medical aspects of dietary fibre, and the areas where fibre might play a
role, was written by The Royal College of Physicians (1980), and 20 years later remains one
of the most useful books in the field. The report discussed the actions of dietary fibre along
the intestinal tract, these having been summarised by Heaton (1983) (Table 12.2). The effects
of fibre in the hind gut (faccal weight, transit time and composition) were among the factors
which brought effects of dietary fibre to the attention of the early investigators.

Table12.1 'Western’ diseases.

Colonic and abdominal diseases

Appendicitis; cancer of the large bowel; constipation; Crohn’s disease;
diverticular disease; haemorrhoids; hiatal hernia; irritable bowel
syndrome; ulcerative colitis

Metabolic diseases

Angina; cerebrovascular disease; cholesterol gallstones; deep-vein
thrombosis; diabetes mellitus; essential hypertension; ischaemic heart
disease; osteoporosis; Paget’s disease; phlebitis; pulmonary embolism;
renal calculi; toxaemia of pregnancy; varicose veins

Endocrine diseases
Addison’s disease; Hashimoto’s thyroiditis; myxoedema; thyrotoxicosis

Autoimmune diseases
Multiple sclerosis; pernicious anaemia; theumatoid arthritis

Source: Trowell (1979)
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Table12.2 Actions of dietary fibre.

Site Actions

Food Solidifier, hardener, water trapper

Mouth Saliva stimulant, cleaner, work demander

Stomach Diluter, distender, storage-prolonger

Small intestine Diluter, distender, absorption-delayer

Large intestine Diluter, distender, ion-binder, bacterial substrate/inhibitor, water trapper
Stool Softener, enlarger, trauma/strain preventer

Source: Heaton (1983)

12.2 Fibre and the gastrointestinal tract

Fibre appears to exert the greatest influence on faecal output (Williams & Olmstead 1936;
Cummings et al 1979). Stool weight is a function of the amount of fibre in the diet. When
Dutch students were fed a diet rich in fruit, vegetables and wholemeal bread, their average
stool weight increased by 167% over output on a diet containing no fibre-rich foods (Stasse-
Wolthuis et al. 1979). Different types of fibre have different effects; thus, Cummings et al.
(1978) found that faccal weight rose by 127% in young men fed 20 g/day of bran fibre, but
increases on 20 g/day of cabbage, carrot or apple fibre or guar gum were 69%, 59%, 40% and
20%, respectively. Increasing levels of dietary fibre may relieve constipation, but effects on
irritable bowel syndrome are inconclusive (Soltoft et al. 1976; Manning et al. 1977).

Prevalence of diverticular disease of the colon is related to ageing and it has been attributed
to a low-residue diet (Painter & Burkitt 1971, 1975). This condition had actually been treated
with a low-residue diet until Painter ef al. (1972) showed that a high-fibre diet relieved most
of the symptoms in a group of 62 patients. Their finding have been confirmed in other trials
(Plumley & Francis 1973; Brodribb 1977).

The foregoing have been conditions which can be relieved by the mechanical action
of dietary fibre. Effects of fibre on other conditions such as obesity, gallstones, diabetes,
coronary disease and colon cancer involve effects of fibre on metabolic functions.

12.3 Obesity

There is little evidence that an increase in dietary fibre can, in itself, affect obesity. Bonfield
(1995) has recently reviewed effects of dietary fibre on weight management. Some 50 stud-
ies have been published relating to the effects of fibre on weight loss. In 17 studies of soluble
fibre effects, 11 (65%) reported appreciable weight loss, while six did not. In addition, when
insoluble fibre was fed (10 studies), 60% of studies reported no appreciable weight loss, but
in 78% of studies (18/23) in which mixed fibres were fed, the subjects showed appreciable
weight loss. Most of the effective studies used barley, and several possible mechanisms
of fibre action have been proposed, including longer time spent chewing, stomach disten-
sion, delayed stomach emptying, reduced nutrient absorption, effects on gastrointestinal hor-
mones (such as cholecystokinin, gastrin or glucagon), the ileal ‘brake’ (slowing of transit
time), and increased caloric excretion. The effect of fibre may be more useful in weight
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maintenance than in weight loss, although long-term effects are yet to be determined. Weight
control is still largely a matter of caloric book-keeping.

12.4 Gallbladder disease

Most gallstones are composed primarily of cholesterol. In the bile, cholesterol is solubilised
in micelles, which also contain bile acids and phospholipids. The optimal concentrations of
these three components lie within a narrow range such that, when the range is exceeded the
bile becomes saturated with cholesterol, which may precipitate in the form of gallstones.
The addition of large quantities of wheat bran to the diet will reduce cholesterol saturation
significantly (Pomare et al. 1976; McDougall et al. 1978). The mechanism of action of bran
may also involve effects on the bile acid pool. Interest in dietary treatment of gallstones has
waned with the development of effective drugs and less complicated surgery.

12.5 Diabetes

The ameliorating influence of dietary fibre on plasma glucose and insulin levels in diabetics
hasbeen demonstrated through the work of Jenkins and Anderson (Anderson 1981; Anderson
et al. 1990; Jenkins et al. 1995). There is little evidence that diabetes occurs as a result of a
low-fibre diet, however. This suggests that fibre affects the symptomatic evidence of diabetes
rather than the source. The diabetic patient is grateful for the relief of symptoms and is willing
to let the academic world worry about mechanisms and actiology.

Jenkins and his colleagues demonstrated that diets rich in complex carbohydrates or spe-
cific soluble fibres such as guar or pectin, normalised glucose tolerance and plasma insulin
levels. Anderson’s group pioneered the use of high-carbohydrate, high-fibre diets in reduc-
ing glycaemia and insulinaemia in diabetic patients. Jenkins has suggested that gelling fibres
such as guar or pectin form a matrix in which glucose and other dietary components are
rendered unabsorbable. There is little evidence that diets low in dietary fibre play a role in the
development of non-insulin-dependent diabetes mellitus.

12.6 Lifestyle diseases

The major causes of deaths in the developed world are heart disease and cancer. These are
often referred to as ‘lifestyle’ diseases, suggesting that diet is only a part of the disease com-
plex. There being no simple test for either disease, we depend instead on identification of
metabolic behavioural aberrations as portents of eventual illness — these are called ‘risk fac-
tors’. Insofar as heart disease is concerned, some of the major risk factors are high blood
cholesterol levels, cigarette smoking, high blood pressure and male gender. Hopkins and
Williams (1981) have identified over 200 risk factors (both positive and negative) for the de-
velopment of heart disease and, while most of them are minor, each represents a possible clue.
New risk factors such as lipoprotein(a) (Rhoades et al. 1986), homocysteinaemia (Ueland
et al. 1992) and Chlamydia infection (Grayston 1999) continue to arise. We look to diet for
clues to the aetiology of both diseases.
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12.6.1 Heart disease

Insofar as atherosclerosis is concerned, one universal measurement serves as a diagnostic
indicator, and that is serum or plasma total cholesterol. One can also measure lipoprotein
levels, low-density lipoprotein (LDL) and high-density lipoprotein (HDL). There are data at-
tributing predictive powers to total cholesterol, as well as to either major lipoprotein fraction.
The earliest interest in dietary fibre centred on wheat bran, but it has no effects on cholesterol
levels (Eastwood 1969). It is now established that, whereas insoluble fibres (wheat bran,
cellulose) do not influence serum lipids, soluble fibres (guar, pectin, psyllium) exert a hypo-
cholesterolaemic effect (Schneeman & Lefevre 1986; Anderson (1995) (Table 12.3). The
mechanism(s) by which soluble fibre exerts its hypolipidaemic effect involve increased vis-
cosity of contents of the stomach and small intestine, and they may also influence bile acid
metabolism (Lairon 1997).

A study of dietary fibre and serum lipid levels in Seventh Day Adventists showed
that only the true vegans had significantly lower serum cholesterol levels (149 +8 mg/dl;
3.854+0.21 mmol/l), when compared with lacto-ovo vegetarians (serum cholesterol
192 +£7mg/dl;4.97 +0.18 mmol/l), non-vegetarian Seventh Day Adventists (serum cholester-
01207 +7mg/dl; 5.35+0.18 mmol/l), or the general public (serum cholesterol 214 +7 mg/dl;
5.53+0.19 mmol/l). The only difference in fibre intake among the four groups was a higher
intake of pectin (7.5 g/kcal/day versus 4.0—-4.5 g/kcal/day) (Kritchevsky ef al. 1984).

There is developing epidemiological evidence, however, that a high-fibre diet may lower
heart disease-related mortality. Humble (1997) summarised the available data from several
prospective studies (Table 12.4). Morris et al. (1979) reviewed their study involving 337
healthy middle-aged men and found an inverse correlation between cases of coronary heart
disease and fibre intake, the best correlation being with cereal fibre. Kromhout et al. (1982)
and Fehily et al. (1993) found a significant protective effect of fibre which disappeared upon
adjustment. Khaw and Barrett-Connor (1987) found fibre intake to be protective in both men
and women. Humble et al. (1993) studied a cohort of 1801 men aged 4559 years for nine
years, and found fibre intake to be protective. Rimm et al. (1996) studied 43 757 men for
six years and reported that dietary fibre intake was significantly protective against coronary
events (Table 12.5). Table 12.6 summarises other differences between health professionals

Table12.3 Influence of dietary fibres on human serum total and low-
density lipoprotein (LDL)-cholesterol (% of control).

Fibre Total cholesterol LDL-cholesterol
Wheat bran 102 97

Corn bran 97 98

Cellulose 104 108*

Soy hulls 107 104

Oat bran 87* 86*

Guar gum 87* 84*

Locust bean gum 86* 86*

Gum karaya 90* 90*

Legumes 87%* 95

Source: Schneeman and Lefevre (1986).
* Significant effect.
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Table12.4 Fibre effects in coronary heart disease.

Findings

No.
Study of patients/sex ~ Age (years) Years Unadjusted Adjusted
Morris et al. (1977) 337/M 30-67 10-20 <0.05 <0.05
Kromhout ez al. (1982) 871/M 40-59 10 <0.05 -
Kushi et al. (1985) 1001/M 30-69 19 <0.05 -
Khaw & Barrett-Connor 356/M 50-79 12 <0.05 <0.05
(1987) 503/F - <0.05
Burr et al. (1989) 1879/M 56.6 2 - *
Fehily et al. (1993) 2423/M 45-59 5 <0.05 -
Humble et al. (1993) 1801/M 45-59 9 <0.05 -
Rimm et al. (1996) 43757/M 40-75 6 <0.05 <0.05

Source: Humble (1997).
*Deleterious effect.

Table 12.5 Relative risk of myocardial infarction across quintiles of food
sources of fibre in 43757 US male health professionals.

Fibre

P-value for trend (RR)

Fruit

Cereal

Fruit plus vegetable and cereal fibre
Vegetable
Vegetable plus fruit and cereal fibre

Cereal plus vegetable and fruit fibre

0.11
0.10
0.06
0.05
0.02
0.007

Source: Rimm et al. (1996).

Table 12.6 Baseline characteristics across quintiles of dietary fibre intake

among 43757 US male health professionals aged 40-75 years.

% Difference

Characteristic

Fibre (g/day)

User of vitamin E (%)
Smokers (%)
Physical activity
Total fat (g/day)
Saturated fat (g/day)
Dietary cholesterol (g/day)

Quintile 1 versus Quintile 5

+133
+92
-239
+42
21
=31
-26

Source: Rimm et al. (1996).
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in the first and fifth quintiles of fibre intake. It is evident that increased fibre intake is but one
aspect of total lifestyle changes. A 15-year study of 75521 nurses suggests that increased
intake of whole grains may protect against coronary heart disease (Liu ef al. 1999). Another
recent study (Ludwig ef al. 1999) reports on data from a 10-year study of 3609 probands.
Fibre consumption predicted insulin levels, weight gain and other risk factors (blood pres-
sure, lipids, lipoproteins) more strongly than did total or saturated fat consumption. The in-
vestigators concluded that high-fibre diets may protect against obesity and cardiovascular
disease by lowering insulin levels.

The data offer suggestions that soluble fibre lowers serum lipid levels, but a high-fibre diet
may actually afford protection against cardiovascular heart disease.

12.6.2 Cancer

Research on the relationship of fibre to risk of cancer has been focused primarily on large
bowel diseases, since that is the immediate site of fibre action. Higginson and Oettle (1960),
when surveying cancer incidence in South Africa, suggested that increased dietary bulk
might play a protective role. Burkitt (1971 1980) suggested that variations in dietary fibre
could explain international differences in incidence of colon cancer. Other reviews of the
literature (summarised by Kritchevsky 1995) have not echoed Burkitt’s certainty. Ecological
studies suggest a more protective effect than do case-control studies. A relatively recent re-
view (Byers 1995) found that fruit and vegetable fibre were more protective than cereal grain,
aview which is disputed by Hill (1997), Slavin et al. (1997) and Jacobs et al. (1998). A meta-
analysis of 13 studies involving 5225 cases and 10 349 controls showed a highly significant
protective effect for dietary fibre (Howe et al. 1992). Thun et al. (1992) also adduced a protec-
tive effect of dietary fibre in both men and women. Jacobs ef al. (1998) reviewed 40 case-
control studies of 20 cancers and colon polyps. High whole grain intake was protective.
There are several ways by which fibre might affect colon cancer (Table 12.7). Cummings
etal. (1992) have shown a significant relationship between low stool output, low fibre intake,
and increased risk. Dietary fibres bind the bile acids and bile salts which may promote car-
cinogenesis (Story & Kritchevsky 1976). The concentration of bile acids in faeces is much
higher in colon cancer-prone populations, suggesting that there has been a lower fibre intake
and less dilution of colonic contents. It may be noted parenthetically that, while the binding
ofbile acids and bile salts by fibre has been a focus of studies relating to colon cancer, there is
recent evidence that binding of oestrogen by fibre may affect the course of breast cancer (Rose
etal 1991; Rose 1996). Fibre may increase faecal energy loss (Southgate & Durnin 1970),
and caloric intake has been suggested to be an important variable vis-a-vis colon cancer risk

Table 12.7 Effects of dietary fibre in the human colon.

Increases faecal weight

Increases frequency of defaecation

Decreases transit time

Dilutes colonic contents

Increases microbial growth

Alters energy metabolism

Adsorbs organic and inorganic substances
Decreases bile acid hydroxylation

Produces H,, CH,, CO, and short-chain fatty acids
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(Kritchevsky 1999a). Lower caloric intake is associated with reduced risk of colon cancer
(Jain et al. 1980; Lyon et al. 1987).

Fermentation of fibre by the anaerobic microflora of the gut produces short-chain fatty
acids, principally acetic, propionic and butyric. Butyrate slows growth of human colorectal
cell lines in vitro (Kim et al. 1980), and induces differentiation (Augeron & Laboisse 1984)
and apoptosis (Hague et al. 1993). Faecal butyrate concentration is correlated negatively with
tumour mass. In rats, wheat bran provides the most favourable ratio of butyrate to propionate
and acetate (McIntyre ef al. 1993). Walker et al. (1986) found that the risk of colon cancer for
ethnic populations in South Africa was correlated with faccal pH, but not with fibre intake.

Most of the data relating fibre intake to colon cancer risk suggest that whole grains or
wheat bran may be the most protective fibre sources. Several large clinical trials of effects of
wheat bran on colon cancer are under way in the United States, but no data are available at
the time of this writing. In rats given chemical carcinogens, wheat bran is almost uniformly
protective (Kritchevsky 1999b).

Southgate and Penson (1983) presented the following statements regarding the Dietary
Fibre Hypothesis:

(1) Adietrichinfoods containing plant cell walls (dietary fibre) is protective against arange
of diseases prevalent in Western communities (coronary heart disease, diabetes, stroke,
large bowel cancer, etc.).

(2) Insome instances, a diet that is poor in foods containing plant cell walls is a causative
factor in the development of the disease (e.g. diverticular disease), while in others it
provides the conditions where other aetiological factors are active.

A reason for the dichotomies between population and case-control studies may be that the
epidemiologists are studying a diet rich in plant foods, while others (in the reductionist mode)
try to extract one item from that diet (such as fibre) on which to base their hypotheses, analyses
or treatments.

A dietrichin plant foods contains a plethora of possibly anti-carcinogenic phytochemicals
which may augment fibre action, exert a specific action of their own, or even antagonise the
action of other food components. These have been discussed by Potter and Steinmetz (1995),
and theirmetabolic actions have been discussed and well referenced. A formidable list of anti-
carcinogenic phytochemicals is shown in Table 12.8, but interactions among these substances
remain to be elucidated.

The interaction of nutrients is a subject that is rarely broached in discussions of diet and
disease, but eventually it must be addressed. As Byers (1995) has pointed out, fibre co-varies

Table12.8 Anti-carcinogenic phytochemicals.

Allium compounds Inositol hexaphosphate
Carotenoids Isoflavones
Coumarins Isothiocyanates
Dithiolthiones Saponins

Ellagic acid Selenium

Flavonoids Sterols

Folic acid Thiocyanates
Glucosinolates Vitamin C

Indoles Vitamin E
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with both micro- and macronutrients. Observational epidemiology is limited by the multiple
co-linearity between nutrients (Smith et al. 1991), but the problem must be addressed. For
example, in a study of diet and colon cancer (Slattery et al. 1988), it was found that the third
quartile of vegetable and grain intake was more protective than the fourth quartile. However,
in the case of fruit, the third quartile of intake was less protective than the second quartile
(Table 12.9). A simplistic way to look at these findings is to say that in going from the third
quartile to the fourth quartile of vegetable intake, the increase in vegetables reflected a reduc-
tion of intake of some other protective nutrient. [dentification of what change in intake led to
the observed effects might teach us much about devising effective diets.

12.7 Summary

In summary, the general observation that an increase in dietary fibre may help in the preven-
tion of prevalent Western diseases has been a boon to public health. The investigators who
pioneered these views — Cleave, Burkitt, Trowell and Walker — deserve our gratitude, as their
observations and hypotheses set the stage for current advice. We now need to study the influ-
ences of individual phytochemicals and their interactions with the remainder of the dietary
components. With regard to individual dietary behaviour and/or advice, there is no need for
dietary extremism. A balanced diet taken in moderation is sufficient. Much dietary advice
can be summarised as variety, balance and moderation. Or, put another way, moderation —not
martyrdom.

Table 12.9 Colon cancer risk and dietary factors.

Quartile (OR)

Lowest 2 3 4
Starch
Male 1.0 1.5 0.9 1.7
Female 1.0 0.4 0.7 1.2
Vegetables
Male 1.0 0.4 0.6 0.4
Female 1.0 1.0 0.8 0.3
Fruit
Male 1.0 0.4 0.5 0.3
Female 1.0 0.8 1.6 0.6
Grains
Male 1.0 1.1 1.6 1.0
Female 1.0 0.7 0.6 1.1

Source: Slattery ez al. (1988).
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13.1 Introduction

Historically, although this field owes much to Surgeon Captain Cleave and others before him,
it was Denis Burkitt and Hugh Trowell who brought the idea of fibre and health together and
into the public eye. Burkitt’s main interest was in the connection between fibre and colonic
disease (Burkitt & Spiller 1993), while Trowell (1993) carried the torch for the metabolic
effects of fibre on carbohydrate and lipid metabolism and their related disorders. Many of
the concepts they proposed found support in the work of Walker in South Africa, on whose
findings they drew extensively.

As the debate progressed in the 1970s, many of the health benefits originally observed
for a high vegetable fibre diet in Uganda became transferred to wheat bran for the Western
world, possibly because of the visible immediacy of the colonic effect. Over the subsequent
years, interest has shifted to viscous fibres, resistant starch and fructo-oligosaccharides —all
of which fulfil the definition of fibre, as carbohydrates which enter the colon, but which have
been excluded from the definition of fibre by those who consider that only cell-wall materials
can be classed as dietary fibre. Nevertheless, they share many of the attributes of cell-wall
polysaccharides, both in the small intestine and in the colon.

13.2 Effect of viscous and non-viscous fibre on glucose, insulin and
gut hormones

Early on, it was shown that insoluble fibre sources such as wheat bran had little effect on
glucose tolerance and the postprandial insulin response. However, the effects of viscous fi-
bres on glucose tolerance and insulin responses was marked, and dependent on their viscos-
ity (Jenkins et al. 1978). Studies using xylose excretion as a marker of the rate of absorp-
tion confirmed the slower rate of absorption with the more viscous fibres. These studies have
been confirmed with other fibre sources, notably oat B-glucan (Metz ef al. 1994). The mecha-
nism appears to relate to impedance of solute movement through the unstirred water layer
(Blackburn et al. 1984) and impedance to bulk phase diffusion of the products of digestion
from lumen to the enterocyte (Flourie et al. 1984). Studies have also shown that the benefits
of slowing the rate of absorption can be mimicked by sipping glucose over 3 hours rather than
taking it in a bolus in 5 minutes (Jenkins et al. 1990). The concept of the advantage of spread-
ing the nutrient load over time (e.g. nibbling versus gorging) has been shown to be of benefit
in diabetes. Diabetics provided with small, frequent meals showed lower mean glucose and
insulin levels over the day, than when the same amount of food was taken in larger discrete
meals (Jenkins ef al. 1992; Bertelsen et al. 1993).
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Studies after gastric surgery have suggested that the so-called ‘dumping syndrome’ can be
improved metabolically by viscous fibres which blunt not only the glucose rise but also the
endocrine response, including insulin and the incretin or insulinotrophic gut hormone, gastric
inhibitory polypeptide (GIP) (Jenkins et al. 1980; Leeds ef al. 1981).

13.2.1 Effect of other fibre-like carbohydrates

True chemically resistant starches, RS, and RS, have no effect on the glycaemic response
of the available starch (Jenkins et al. 1982a) when the resistant starch is accounted for by
subtraction from the total starch in determining the test dose, i.e. the remaining starch gives
a predictable high blood glucose rise. These starches are chemically resistant in that they
require solubilisation with sodium hydroxide, etc. prior to analysis, and owe their resistance
to hydrogen bonding. Entrapped starch (RS, ), which may be trapped by fibre reacts as slow-
release carbohydrate (see below). This starch simply requires to be freed from its retaining
physical matrix to be made ‘available’, e.g. by fine grinding.

Fructo-oligosaccharides have no major effects on the glycaemic response of accompany-
ing carbohydrate, and have no glycaemic effect per se.

13.3 Fibre in whole food: food form and glycaemic index

Fibre may be one of the factors reducing the availability, or limiting enzymatic access to
the starch. A portion of the starch may be digested so slowly that some enters the colon and
is called resistant starch. It is not truly resistant starch, but is slowly absorbed, and thus un-
like chemically resistant starches (RS, and RS)) it results in a flattened blood glucose profile.
Foods containing these fibre and starch matrixes are low glycaemic index foods and are more
slowly digested in vitro (Jenkins et al. 1982a; Englyst et al. 1999). They have also been
described as Slowly Available Glucose (SAG) sources (Englyst ef al. 1999). Associated with
prolonged free fatty acids (FFA) suppression, these foods also appear to improve the second
meal glucose tolerance (Axelsen 1999; Jenkins et al. 1982b; Wolever et al. 1988). Examples
of'these foods are dried legumes, peas, beans and lentils, pumpernickel rye bread and bulgur
or cracked wheat. In these cases fibre and food form may reduce the rate at which these foods
are digested.

13.3.1 Fibre and glycaemic index: diabetes, cardiovascular disease
and cancer

Fibre and its influence on glycaemic index, as a determinant of food form, may influence
a number of chronic diseases. Viscous fibres may reduce serum lipid levels, secondary to
inducing increased bile acid loss (Anderson ef al. 1984; Lia et al. 1995; Jenkins et al. 1997).
They also blunt the glucose and insulin responses. There are further means by which low-
glycaemic index and viscous fibre-rich foods may confer benefit. Postprandially, they may re-
duce the level of oxidative stress and the production of free radicals generated after consum-
ing refined carbohydrate meals (Geriello ef al.. 1998). Low serum cholesterol, postprandial
glucose, insulin, insulin-like growth factors and reactive oxygen species may all therefore
influence the risk for cardiovascular disease, diabetes and cancer.
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Diabetes

Ironically, it is the insoluble cereal fibre which appears to offer protection from diabetes in
the Nurses Health Study, the Health Professionals Study and the lowa Women’s Health Study
(Salmeron et al. 1997a, b; Jacobs et al. 1998). In addition, low-glycaemic index diets or
diets with a low glycaemic load (dietary glycaemic index x dietary carbohydrate) were also
negatively related to the development of Type 2 diabetes over a six-year period (Salmeron et
al. 1997a,b). The glycaemic effect is understandable, but it is not as easy to see why the cereal
fibre has an effect in reducing the incidence of Type 2 diabetes, unless it acts through associ-
ated nutrients such as magnesium or antioxidants. The effects of wheat bran on glycaemia
are not marked. It is however possible that bran phenolics may be useful antioxidants of
importance in diabetes prevention, or that other systems related to diabetes are favourably
improved by cereal fibre.

In terms of disease treatment, low-glycaemic index diets have been shown to reduce gly-
cated proteins in the majority of Type 1 or 2 diabetic subjects studied in over 13 trials of
low-glycaemic index foods. One of the most recent studies also demonstrated a reduction in
plasminogen activator inhibitor (PAIL; Jarvi et al. 1999). This reduction of a haemostatic risk
factor associated with thrombosis may have a definite advantage in reducing some of the risks
of the complications of diabetes.

The effect of viscous fibres showed early promise in the treatment of diabetes; however,
the lack of readily available palatable formulations has made further work in this area dif-
ficult. In addition, although some early insoluble fibre studies looked hopeful in terms of Type
2 diabetes treatment (Bosello ef al. 1980), there have been no recent reports on the successful
use of wheat bran in diabetes. There is also the question of whether fibre has a role in weight
loss. In this area, recent data in obese boys indicate that favourable metabolic change and
increased satiety accompany meals of reduced glycaemic load (Ludwig ef al. 1999a, b).

Cardiovascular disease

Epidemiologically, wheat bran in a wide range of studies appears to be protective against the
development of cardiovascular disease (Jacobs et al. 1998; Lui ef al. 1999). The reasons for
this are not apparent, since cereal fibre is relatively lipid neutral. Alternative explanations
presented to explain diabetes protection may apply here also. Unfortunately, viscous soluble
fibres are not eaten in sufficient quantities to allow an assessment of these types of fibre to be
made in Western population studies.

Low-glycaemic index diets have also been implicated in reducing the risk of cardiovas-
cular disease. Both the Nurses Health and the Health Professionals studies showed a reduc-
tion in the risk of cardiovascular risk when low-glycaemic index diets or low-glycaemic load
diets were consumed (Lui ef al. 1998). These benefits are therefore in addition and prob-
ably even stronger than the effects seen with low-glycaemic index diets in reducing diabetes
incidence.

Clinically, viscous rather than insoluble fibres have long been known to reduce serum
lipids in both normal and hyperlipidaemic subjects (Jenkins ez al. 1975; Braaten e al. 1994).
Viscous fibres may therefore play a key role in dietary cholesterol reduction and be part of
the dietary portfolio of food and lifestyle factors, which if additive could reduce serum lipids
to the same extent as currently used drug therapies (Table 13.1) (Jenkins and Kendall 1999).
Diets containing low-glycaemic index foods have also been associated with reduced lipids in
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Table 13.1 A portfolio of dietary factors for cholesterol reduction.

Dietary component Dietary changes Approximate LDL reduction (%)
Saturated fat* <7% of calories 10
Dietary cholesterol <200mg/day 5
Body weight Lose 5kg (101b.) 5
Viscous fibre 5-10g/day 5
Soy protein 25 g/day 5
Plant sterolst 1-3 g/day 5
Total Full portfoliof 35

* Reduce frans fatty acid as close to zero as possible.
T Depending on the sterol or stanol.

I Assuming that the effects are additive.

LDL, low-density lipoprotein.

hyperlipidaemic subjects. Reductions occurred especially in serum triglycerides, and there
was either no change, or a tendency to higher HDL cholesterol levels (Jenkins et al. 1987). It
is therefore relevant that assessment of British adults and the NHANES III data have shown
that the lower the diet glycaemic index, the higher the HDL cholesterol (Ford and Liu 1999;
Frostetal. 1999), suggesting a further reason for coronary heart disease (CHD) risk reduction
on a low-glycaemic index diet. It may be that the strongest case for fibre in CHD reduction
lies in the ability of fibre to reduce the glycaemic index of foods.

Cancer

It is has been suggested that insulin and insulin-like growth factors may be important in the
promotion of cancers (McKeown-Eyssen 1994; Giovannucci 1995).

In this respect, it is worth noting that in a large Italian case-control study, glycaemic index
was negatively related to colon cancer (Augustin ef al. 2000). This opens the door to assess-
ment of the possible role of glycaemic index in other malignancies. Again, the association of
higher fibre with low glycaemic index may be the reason for the fibre effect. It may also be
failure to assess this association which has led to negative findings in the past, and the lack
of glycaemic effect may be the reason for the poor showing of wheat bran in recent trials in
relation to polyp recurrence prevention (Alberts ef al. 2000; Schatzkin et al. 2000).

13.4 Conclusion

An important feature by which fibre may act is by reducing the rate of absorption. One ef-
fect which fibre and fibre-like substances may have on the diet is to convert the carbohydrate
component of foods into a slow release form that requires less insulin for tissue uptake, and
also increasing the elimination of bile acids in the faeces. These factors, in addition to altered
colonic short-chain fatty acid profiles, may be key to the benefits of high-fibre diets on car-
bohydrate metabolism, with potential benefits in diabetes, cardiovascular disease and cancer
reduction.
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14 Dietary Fibre and Gastrointestinal Function

Barbara O. Schneeman

14.1 Introduction

Dietary fibre is a macronutrient whose target of action, as a nutrient, is the gastrointestinal
tract. One of its primary roles is to serve as a substrate for the microflora normally present
in the large bowel, but it also functions to regulate the rate of nutrient digestion and absorp-
tion, as well as to promote normal laxation. Fibre has these effects in the gut because, unlike
other dietary components, it is not broken down or digested in the mammalian small intes-
tine. Research over the past 25 years has revealed that the effects of fibre on gastrointestinal
function have important metabolic consequences that can result in reduction of risk for non-
communicable diseases, such as cardiovascular disease, certain types of cancer and Type 2
diabetes mellitus. The interest in dietary fibre as a food component that can alter disease risk
grew from the association of diets high in fruits, vegetables, legumes and whole grains with
lower incidence of non-communicable disease. Although dietary fibre may not be the only
component of these foods that reduces the risk of non-communicable disease, the clinical
and experimental data accumulated in the past 25 years clearly indicate a unique and distinct
role for fibre in the modification of disease risk. This chapter will review the characteristics
of dietary fibre that affect gastrointestinal function, and how the gastrointestinal response
to dietary fibre is related to modification of disease risk. While modification of risk for non-
communicable disease attracts considerable attention for evaluation of the benefits of a diet
high in fibre, it is equally important to keep in mind the unique function of fibre in maintain-
ing normal gastrointestinal function and health. Such an understanding allows definition of
essential functions and requirements for fibre in the diets of normal, healthy individuals, not
just as an adjunct to modifying risk factors for chronic disease (Cummings & Englyst 1995;
Schneeman & Li 1997).

The characteristics of fibre that affect gastrointestinal function include viscosity, water-
holding capacity (or dispersibility in water), bulk, binding of bile acids, and fermentability.
These characteristics vary, based on the chemistry of the polysaccharides. In most cases,
an understanding of these physical characteristics is useful in predicting the physiological
response to new sources of dietary fibre (Gallaher & Schneeman 1996; Schneeman 1999a).
Perhaps the greatest limitation in using these characteristics is that standardised in-vitro
methods, which correlate with in-vivo parameters, have not been developed and tested ad-
equately. Several laboratories have relied upon measures of soluble and insoluble fibre; how-
ever, this approach has not been useful in understanding the relationship between gastrointes-
tinal effects of fibre and metabolic consequences (Food and Agricultural Organisation 1998;
Schneeman 1999b).
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14.2 Characteristics of fibre that affect gastrointestinal function
14.2.1 Viscosity

Viscosity refers to the ability of certain polysaccharides to thicken when mixed with liquid.
Gums, pectins and B-glucans can form viscous solutions; however, the degree of thicken-
ing will depend on the chemical composition of the polysaccharide (Gallaher & Schneeman
1996). Hydrolysing these polysaccharides is known to reduce their viscosity (Tietyen ef al.
1995). Within the gut, the shear rate and fluid added from gastrointestinal secretions will af-
fect the actual viscosity within the gut contents. Marciani ef al. (2000) demonstrated that
viscosity of a locust bean gum solution declines immediately after swallowing due to mixing
with saliva and gastric secretions. However, the in-vivo measurement of viscosity by echo-
planar magnetic resonance imaging was well correlated with the in-vitro measurement of
viscosity.

A theoretical concept referred to as the unstirred layer has been used to understand the rate
of water-soluble nutrient absorption from the small intestine. Water-soluble nutrients must
penetrate this unstirred layer at the cell surface to reach the transport mechanisms on the brush
border of enterocytes. Thickening the unstirred layer presents a greater barrier to absorption.
In in-vitro systems, the thickness of the unstirred layer can be altered by stirring; a more
rapid rate decreases the barrier, while a slower rate increases the barrier. Viscous polysaccha-
rides reduce mixing and cause an apparent thickening of the unstirred layer within the small
intestine (Johnson & Gee 1981). This change in the physical characteristics of the intestinal
contents slows the rate of absorption from the small intestine. However, the small intestine
has excess capacity for absorption, so slowing the rate of absorption involves more distal
areas of the intestine in the absorptive process. Histological studies on long-term feeding
of fibre suggest more nutrient exposure in the distal small intestine (Schneeman & Richter
1993). Likewise, adding a viscous polysaccharide to an enteral infusion increases the feed-
back from the distal gut due to nutrient exposure and slows intestinal transit (Lin ef al.
1997).

Viscosity is associated with prolonged gastric emptying and slower transit through the
small intestine (Schwartz et al. 1982; Lin et al. 1992, 1997; Marciani et al. 2000). The slower
gastric emptying is likely due to several factors, such as the dilution of viscous polysac-
charides in the stomach which expands the volume to be emptied, feedback from more dis-
tal areas of the small intestine which slows intestinal transit, and enhanced cholecystokinin
(CCK) release which slows gastric emptying. The enhanced CCK release may be related to
slower fat digestion and absorption when viscous polysaccharides are consumed (Burton-
Freeman & Schneeman 1996; Bourdon et al. 1999; Burton-Freeman 2000).

14.2.2 Water-holding capacity (WHC)

WHC refers to the ability of a fibre source to swell when mixed with water and to hold water
within its matrix. Viscous polysaccharides typically will have a high WHC. The value of
WHC can be estimated in vitro (Robertson & Eastwood 1981). Within the small intestine,
polysaccharides with high WHC can be shown to increase the total volume of the intestinal
contents, and specifically the volume of the aqueous phase of intestinal contents (Schneeman
1999a). Nutrients are absorbed from the aqueous phase, and expanding this volume will
dilute the concentration of nutrients; such dilution will then slow absorption. Expansion of
the aqueous phase in the small intestine may also have implications for the absorption of
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lipids. Lipids are not soluble in the aqueous phase, but the formation of micelles allows their
transport through this phase to the cell surface. Expansion of this phase can contribute to
slowing the rate of lipid absorption (Gallaher & Schneeman 1986; Lairon 1996).

A high WHC allows penetration of water-soluble or hydrophilic substances into the fibre
matrix, and reduces their diffusion to the cell surface. In some cases this may partition nutri-
ents into the fibre matrix, which will contribute to reduced availability for absorption. In the
large bowel, it allows microorganisms to penetrate the fibre matrix and provides greater ac-
cess for digestion of the polysaccharides by microbes. Polysaccharides with very low WHC,
such as certain forms of cellulose, are not very susceptible to microbial degradation.

14.2.3 Bulk

Bulk refers to the non-digestible nature of dietary fibre. Because fibre is not degraded in
the small intestine, it increases the dry weight of the contents (Schneeman 1982). The small
intestine moves contents by peristaltic muscle contractions. Very little research has been
conducted on the relationship between greater bulk of intestinal contents from fibre and
the efficiency of peristalsis for mixing contents and moving them along the small intestine.
However, it is likely that the greater bulk associated with fibre is likely to slow this process to
allow for sufficient mixing of the material with digestive secretions.

The bulk associated with dietary fibre is primarily polysaccharides. These polysaccha-
rides are the primary energy substrate for the microflora in the large intestine. The degree to
which the microflora are able to gainaccess and degrade the polysaccharide structure depends
on the WHC of'the fibre matrix. Undegraded polysaccharides remain as bulk from fibre in the
stool.

14.2.4 Binding bile acids

The earliest work on dietary fibre demonstrated the ability of certain fibres to bind bile acids
in vitro (Vahouny ef al. 1980; Story & Kritchevsky 1982). In human and animal studies, an
increase in bile acid excretion in the stool is evidence that bile acid binding also occurs in
vivo (Story & Furumoto 1990). Likewise, in-vivo data that certain fibres increase activity of
the enzymes involved with the conversion of cholesterol to bile acids, demonstrate that these
fibres increase the turnover of bile acids and thus of cholesterol, as has been shown for psyl-
lium, pectin and sugarbeet fibre (Nishina ef al. 1991; Buhman et al. 1998; Hara et al. 1999).
Originally investigators hypothesised that the nature of the interaction between fibre and bile
acids was hydrophobic, especially for those fibre sources high in lignin. However, evidence
also exists for a hydrophilic interaction (Selvendran et al. 1987). A hydrophilic interaction
may be more consistent with the fact that fibre sources with a high WHC are more likely to
enhance bile acid excretion (Story & Furumoto 1990; Lairon 1996).

14.2.5 Fermentation

The polysaccharides in dietary fibre, as well as undigested starch are the primary substrates
for the microflora in the large gut. Digestion of this substrate leads directly to an increase
in microbial mass, which is a significant proportion of the stool. The exact contribution of
microbial mass depends on the relative fermentability of the polysaccharides (Stephen &
Cummings 1979; Chen et al. 1998). Chen et al. (1998) demonstrated that either wheat bran or
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oat bran fed to young male subjects would increase stool weight. For wheat bran, most of the
increase in weight was from fibre residue, while for oat bran most of the increase was in mi-
crobial mass. The metabolism of polysaccharides in the large bowel has many consequences
other than simply growth of the microflora. Because of the complex nature of the microflora
in the large intestine we do not fully understand all of the metabolic implications of their
growth and metabolism. Of particular interest in recent years has been the production of
short-chain fatty acids (SCFA), including acetate, propionate and butyrate. The colonocytes
utilise all of the butyrate produced, and also some of the propionate and acetate. Only acetate
appears in the peripheral blood, as the liver clears any propionate that appears in the portal
system. Based on the amount of SCFA produced, fibre sources contribute up to 2.5 kcal/g to
the diet (Livesey et al. 1995). The SCFA may be essential for maintaining the health of the
gastrointestinal mucosa (Velazquez et al. 1997).

14.3 Relationship between gastrointestinal function and
physiological response

Examining three physiological responses to fibre sources illustrates how the characteristics
of fibre that affect gastrointestinal function are important forunderstanding the effects of fibre
on metabolism and reducing risk factors for non-communicable disease.

14.3.1 Cholesterol lowering

The ability of certain fibres to lower plasma and low-density lipoprotein (LDL)-cholesterol
is well documented, and several meta-analyses have been published (Brown ef al. 1999;
Anderson ef al. 2000) to this effect. These data are consistent with epidemiological associa-
tions between diets high in fruits, vegetable, legumes and whole grains and reduced risk of
cardiovascular disease (Rimm ef al. 1996; Stamler et al. 1997; Harsha et al. 1999; Jacobs et
al. 1999; Ludwig et al. 1999). Many of these reports suggest that so-called soluble fibre is the
active component that lowers cholesterol; however, not all soluble fibres will lower plasma
cholesterol. For example, inulin and oligofructose — which are both classified as soluble
fibre —do not lower plasma cholesterol concentration, probably because of their non-viscous
properties (Schneeman 1999a). When hydrolysed, viscous polysaccharides such as 3-glucan
are still detectable as soluble fibre, but no longer have as significant a cholesterol-lowering
effect (Tietyen et al. 1995).

Viscosity is a primary characteristic of fibres that lower plasma and LDL-cholesterol.
Because of their effect on small intestinal absorption, viscous polysaccharides can affect lipid
metabolism through several routes, including enhanced bile acid excretion and slower lipid
absorption. Enhanced bile acid excretion will increase the conversion of cholesterol to bile
acids and enhance cholesterol excretion from the body via bile acids, as demonstrated by
increased activity of enzymes at the rate-limiting steps for this conversion (Nishina et al.
1991; Buhman et al. 1998). Slower lipid absorption may be important in enhancing reverse
cholesterol transport (Bourdon ef al. 1999). An increase in reverse cholesterol transport is
consistent with the observation that most viscous fibres decrease LDL-cholesterol levels,
while maintaining high-density lipoprotein (HDL)-cholesterol concentration.

The bulk and WHC associated with certain viscous polysaccharides undoubtedly contrib-
ute to their cholesterol-lowering ability. This is due in part to the fact that these two parameters
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contribute to the ability of viscous polysaccharides to increase bile acid excretion and modify
lipid absorption (Lairon 1996). However, either property by itself does not result in lowering
plasma cholesterol levels. Likewise, fermentability of polysaccharides is not sufficient by
itself to lower cholesterol levels (Gallaher & Hassel 1995; Gallaher & Schneeman 1996).
Carretal.(1996) demonstrated in hamsters that viscous polysaccharides, but not fermentable
polysaccharides, lower cholesterol levels. In rats, viscous hydrocolloids reduce cholesterol
levels by inhibiting cholesterol absorption (Levrat-Verny et al. 2000).

14.3.2 Glycaemic and insulinaemic response

In Type 2 diabetics, an important route to blunt glucose and insulin response is to slow gastric
emptying, a response that is associated with viscosity (Johnson & Gee 1981; Schwartz et al.
1982). Non-insulin-dependent diabetes mellitus (NIDDM) subjects have been reported to
have a more rapid gastric emptying of meals, and this effect was associated with lower CCK
levels (Rushakoff et al. 1993; Schwartz et al. 1995, 1996). Viscosity is important in the small
intestine as well as the stomach, since increasing the apparent thickness of the unstirred layer
will slow glucose absorption (Johnson & Gee 1981; Leclére et al. 1994). By slowing fat
absorption, certain sources of viscous polysaccharides appear to prolong or enhance the CCK
response to ameal (I. Bourdon et al., unpublished results; Burton-Freeman 2000). Enhancing
CCK response has been associated with improved glycaemic control in NIDDM patients
(Rushakoff ez al. 1993).

As with the cholesterol-lowering effects of fibre, both WHC and bulk contribute to the
effect of viscous polysaccharides on glycaemic control, but are probably not sufficient in
themselves to modify glycaemic response.

14.3.3 Improving large bowel function

Fibre improves large bowel function by reducing transit time, increasing stool weight and
frequency, diluting large intestinal contents, and providing fermentable substrate for the mi-
croflora normally present in the large intestine. Consequently, the characteristics fermenta-
bility, bulk and WHC all contribute to the ability of fibre to improve large bowel function.
Cummings et al. (1992) reported that stool weight is correlated with non-starch polysac-
charide intake. From population data we know that low fibre intakes are generally associated
with delayed transit times (Spiller 1986). The bulk provided, either from fibre or increased
microbial mass, is needed to provide normal laxation (Nyman et al. 1986; Chen et al. 1998).
Dietary fibre is the primary dietary component that can increase stool weight in healthy indi-
viduals. Stool weights less than 100 g/day have been associated with constipation, and a stool
weight of <150 g/day has been associated with increased risk of large bowel cancer, diver-
ticulitis, and high deoxycholate concentrations in bile (Sonnenberg & Koch 1989; Cummings
& Englyst 1995).

Our understanding of the relationship between stool weight and fibre intake provides a
good understanding of how the various characteristics of fibre can promote normal function.
We are still developing our understanding of the role that SCFA production plays in the health
of the large intestine. Production of SCFA is determined by the fermentability of the fibre,
which in turn, is influenced by the WHC of the fibre source. Early research demonstrated that
highly fermentable fibres promote growth of the large intestinal mucosa (Jacobs & Lupton
1984; Sakata 1987). The hypertrophy of the large intestine mucosa is associated with the abil-
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ity of colonocytes to use SCFAs for energy. More recent research has focused on the ability of
butyrate to protect against the development of colon cancer by inhibiting cancer cell growth
(Archer et al. 1998; Emenaker & Basson 1998; Wang & Friedman 1998).

14.4 Conclusion and summary

The ability of certain sources of fibre to lower plasma and LDL-cholesterol or to blunt gly-
caemic response to a meal is mostly dependent on their altering the characteristics of the
stomach and small intestinal contents. As summarised in Table 14.1, viscosity is a key factor
inunderstanding these responses, and WHC and bulk of non-digestible material contribute to
the response. The ability to bind bile acids is primarily of importance for lowering cholesterol
levels.

The ability of dietary fibre to maintain large bowel function are summarised in Table 14.2.
The most important characteristic of fibre is probably provision of polysaccharides that can
contribute to stool bulk directly, or act as a substrate for the microflora.

The characteristics of fibre sources, such as viscosity, water-holding capacity, bulk, bile
acid binding and fermentability are important for gastrointestinal functions. These physical—
chemical properties regulate the rate and site of digestion and absorption, which is important
for understanding the role of dietary fibre in disease prevention and health promotion. More
effort is needed to standardise the measurement of these properties and their ability to predict
physiological and metabolic response to consumption of fibre.

Table 14.1 The characteristics of fibre that contribute to lowering plasma and LDL-cholesterol
and blunting glycaemic response.

Viscosity e Slows digestion and absorption of lipid and carbohydrate
Delays gastric emptying
e Enhances release of cholecystokinin

WHC e Expands the aqueous phase of the small intestinal contents
Bulk e Expands bulk phase of intestinal contents
Bind bile acids e Increases bile acid excretion — primarily important for cholesterol response

Table14.2 Characteristics of fibre that contribute to improved large bowel function.

WHC e Creates an aqueous phase in the fibre matrix for penetration of microorganisms to
break down the polysaccharide structure

Bulk e Provides more material entering the large intestine which serves as substrate for
microflora or undigested residue for stool

Fermentability e Provides polysaccharides that can be used by the large intestine microflora and results
in increased microbial mass and production of CO,, H,, CH, and short-chain fatty
acids
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15 Dietary Fibres and Dietary Lipids

Denis Lairon

15.1 Introduction

A series of epidemiological studies has stressed that a high dietary fibre intake is associated
with a lower incidence of coronary heart disease (Kromhout ef al. 1982; Rimm et al. 1996;
Ludwig et al. 1999; Wolk et al. 1999). This is the case in men as well as in women, and cereal
fibres seem to play a particularly important role in risk-lowering in the cohorts studied in
North America.

Among the acknowledged risk factors for cardiovascular diseases, several parameters in-
cluding plasma and low-density lipoprotein (LDL) cholesterol (Andersson & Tietyen-Clark
1986; Ripsin et al. 1992; Glore et al. 1994; Mekki et al. 1997; Brown et al. 1999; Andersson
et al. 2000), plasma triglycerides, insulin status and thrombotic status, have all been shown
to be improved by the intake of dietary fibres.

Dietary fibres — and especially soluble fibres — can alter several physiological and meta-
bolic processes involving dietary lipids. These include energy and nutrient intake, stomach
emptying, carbohydrate and fat digestion and absorption, ileal/faecal excretion, postprandial
metabolic response, peripheral tissues sensitivity, fermentation in the colon and liver me-
tabolism (Schneeman 1990; Jenkins et al. 1993; Lairon 1996, 1997).

These different aspects will be briefly presented and discussed.

15.2 Fibres can reduce dietary lipid intake

Intake of fibre-rich food items can reduce, to some extent, the energy density of the diet, and
thus the energy intake (by about 100-200 kcal/day). More specifically, the amount of ingested
saturated fat and cholesterol can be reduced, thanks to the predominance of vegetable food-
stuffs. It is noteworthy that both an increased satiety and a reduced food intake have been
reported, following a fibre-rich meal (Burley & Blundell 1995).

For these reasons, improvement in body weight losses, or control, have been reported
when subjects rely on a high-fibre diet (Ludwig ef al. 1999).

15.3 Fibres alter fat digestion

Reducing the rate of gastric emptying, and thus the subsequent postprandial rise in blood
glucose, is an acknowledged mechanism of action of viscous fibres. Nevertheless, this effect
remains to be fully documented in the case of dietary lipids (Lairon 1997).

Digestion of dietary fat begins within the stomach, where dietary fat is coarsely emulsi-
fied and hydrolysed (up to about 10-15%; Armand et al. 1996). In the duodenum, no marked
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further emulsification occurs, but colipase-pancreatic lipase hydrolyses triglycerides very
efficiently (Armand et al. 1996). Subsequently, phospholipids and cholesterol esters are en-
zymatically cleaved.

15.3.1 Effect of fibres on pancreatic lipase activity

Limited data are available regarding the in-vivo inhibitory effects in humans. In healthy sub-
jects, adding 5—15 g of pectin to a meal has been reported to lower pancreatic lipase output
by 49% (Sommer & Kasper 1980). However, in other studies, this lowering effect was not
observed (Flourié€ et al. 1985). In pancreatectomised patients receiving enzyme supplement
therapy, 5 g of pectin reduced the lipase activity by 63% (Isaksson et al. 1984). Conversely,
several sources of soluble dietary fibres such as pectins, oat bran, psyllium and sugarbeet fibre
can reduce the hydrolytic activity of pancreatic lipase in vitro (Schneeman 1978; Isaksson et
al. 1982; Lairon et al. 1985; Hendrick ef al. 1992). Part of this loss in enzyme activity could
result from some binding of the enzyme to fibres (Schneeman 1978; Isaksson ef al. 1982;
Lairon et al. 1985). The implication of inhibitory proteins in lipase inhibition by wheat bran
and wheat germ has also been reported (Lairon ef al. 1985; Borel et al. 1989a).

15.3.2 Effects of fibres on lipid emulsification and lipolysis

Because the mechanisms whereby soluble fibres might alter the lipolysis process were only
poorly understood, we decided to investigate some of the physicochemical aspects involved.
It is well known that emulsification is a key step in fat digestion, because gastric and pancre-
atic lipases act at the fat globule—water interface, and that the size of the fat globule per se
is a parameter governing the activity of gastric and pancreatic lipases both in vitro and in
vivo (Armand et al. 1999). We tested the hypothesis that dietary fibre could interfere with the
normal process of dietary fat emulsification (Pasquier ez al. 1996a, b). In-vitro experimental
conditions were used to mimic closely the physiological conditions.

The two key physicochemical parameters tested were viscosity and electric charge. Thus,
five sources of dietary fibres with different properties were used, namely gum arabic (not
viscous), two differently charged pectins (low viscosity), and three uncharged guar gums
(low, medium and high viscosity). In the gastric conditions (pH 5.4), the amount of emulsi-
fied lipid was not affected by any of the fibres, but viscous fibres did increase the size of
the emulsified droplets, and the effect was more pronounced as the concentration of these
fibres increased. Only viscous fibres significantly increased droplet size and reduced droplet
surface area. Overall, the droplet size was positively correlated, and the droplet surface area
was negatively correlated with the concentration of the medium viscosity guar gum in the
range 0 to 20 mPa.s. The high-viscosity guar gum significantly reduced (by 32%) the extent
of triglyceride lipolysis of such emulsions by human gastric lipase, as compared with control
and low- or medium viscosity fibres (Pasquier ef al. 1996a).

In the duodenal conditions (pH 7.5 and addition of bile), the amount of emulsified lipids
was reduced and the size of emulsified droplets was increased only by raising the concentra-
tion of viscous fibres. The extent of emulsification (r =-0.79), the droplet size (= 0.88) and
consequently, the droplet surface area (r =—0.59) were strongly correlated to the concentra-
tion of the medium viscosity guar gum in the range 0 to 4 mPa.s (and also 0 to 20 mPa.s). The
high- and medium-viscosity guar gums and one type of pectin significantly reduced the extent
of triglyceride lipolysis catalysed by colipase-pancreatic lipase only. Overall, the extent of
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triglyceride lipolysis was negatively correlated (»=—0.97) to the viscosity of the reconstituted
duodenal medium (Pasquier ef al. 1996b).

These new findings thus indicate that a mechanism by which soluble, highly viscous fibres
can alter lipid assimilation is by a lowering of the emulsification of dietary lipids, and subse-
quently of lipolysis, in both the stomach and the duodenum.

In order to evaluate the existence of such a mechanism in vivo, we subsequently per-
formed an experiment in rats. A coarsely emulsified lipid mixture with or without 0.3% high-
viscosity guar gum was intragastrically intubated (Lairon 1997). After 30 min of digestion in
the stomach, the median droplet diameter of the emulsion in the presence of guar gum was
about two-fold larger. Consequently, the specific surface area displayed by the emulsion in
the gastric content, was about halfthat of the control. At the same time, in the presence of guar
gum, the extent of triglyceride lipolysis was about three-fold lower in the stomach content
and about two-fold lower in the duodenum content. Thus, those dietary fibres that noticeably
raise the median viscosity in the stomach or the duodenum content, reduce the extent of fat
emulsification and subsequent triglyceride lipolysis. A proposed model which summarises
the observed effects of fibres in the upper digestive tract is shown in Fig. 15.1.

15.3.3 Dietary fibres and lipid absorption

The lipolytic products of the digestion process (i.e. mainly monoglycerides, free fatty acids,
lysophospholipids and free cholesterol) are absorbed by the small intestinal mucosa, where
they are quickly used as substrates for de novo triglyceride, phospholipid and cholesterol
ester synthesis. After the intracellular packaging of lipid moieties and apoproteins, they are

Effect Process affected

* Reduced fat digestion « lipid emulsification (-)

* gastric lipase-lipolysis (-)
* gastric emptying (?)

Stomach

* Reduced fat digestion

\}
* pancreatic lipase output (-/?)

Duodenum
jejunum

* lipid emulsification (-)

* pancreatic lipase-lipolysis (-)
* micelle building (-)

* cholesterol binding (+)

* bile acid binding (+)

* Reduced absorption of fatty
acids and cholesterol

» Reduced chylomicron secretion

. . Mleum
* Reduced bile acid re-absorption

Fig. 15.1 Sites of action of dietary fibres on lipid digestion and assimilation in the upper digestive tract.
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secreted in the form of chylomicrons into the lymph and subsequently into blood circula-
tion.

In addition to the effects reported above, other mechanisms can contribute to alterations in
lipid absorption. The partial binding or entrapment of lipolytic products as well as bile salts
in the presence of viscous fibres such as oat bran, guar gum and pectins (but not wheat bran
or cellulose) can counteract the building of vesicles and mixed micelles in the aqueous phase
of the small intestine content (Vahouny et al. 1981; Lairon et al. 1985; Ebihara & Schneeman
1989; Lia et al. 1997). Finally, the limiting step in the process of lipid absorption per se is
the transport across the unstirred water layer associated with the enterocyte brush-border
membrane. Increasing the thickness of the unstirred water-layer (Flourié ef al. 1984), and
reducing the rates of diffusion and absorption of cholesterol and free fatty acids, have been
observed during acute experiments in the presence of highly viscous fibres (Gee et al. 1983).
These effects have not been observed in the presence of slightly viscous soluble fibres (hy-
drolysed guar gum or chitosan) or insoluble fibres such as cellulose or some hemicelluloses
(Borel et al. 1989b). Alterations induced by viscous soluble fibres in the intestinal lumen
(Gallaher et al. 1993) have been shown to reduce significantly the recovery of dietary fatty
acids and cholesterol in the lymph, after infusion of a test meal in the rat (Vahouny ez al. 1988;
Ikeda et al. 1990).

Some alterations of the mucosal morphology have also been reported after chronic fibre
feeding.

15.4 Lipid and sterol ileal excretion

Asaresult of the processes described above, an increased excretion of lipid moieties from the
small intestine should be observed. Indeed, augmented ileal excretions of lipids have been
repeatedly shown in ileostomised human subjects after addition to diets and test meals of
either citrus pectin, alginate, oat bran or B-glucans and barley fibre (Sandberg ef al. 1983;
Bosacus et al. 1986; Zhang et al. 1992; Lia et al. 1995, 1997). Some studies also reported
increased faecal or ileal lipid excretions after enrichment of the diet with wheat bran or wheat
germ (Borel ef al. 1989b).

Cholesterol present in the small intestine, essentially in the form of free cholesterol, is
derived either from bile secretion (1-2 g/day) or the diet (0—1 g/day). Early studies in this
area have shown that different kinds of dietary fibres can bind cholesterol moieties in vitro
as well as their bile acid derivatives (Vahouny et al. 1981; Lairon et al. 1985). The existence
of such a mechanism in vivo has been fully demonstrated in animal experiments (Ebihara
& Schneeman 1989) and in numerous human studies (Sandberg ef al. 1983; Bosaeus et al.
1986; Zhang et al. 1992; Lia et al. 1995, 1997). The ileal (or faccal) excretion of cholesterol
(or neutral sterols) and/or bile acids is markedly increased after addition of various kinds
of dietary fibres to diets or test meals. Soluble and viscous fibres such as B-glucans, pectins
or psyllium are particularly efficient in increasing cholesterol excretion. Nevertheless, some
sources of wheat fibres can also increase excretion of cholesterol from the small intestine.

The interaction between dietary lipids and fibres has been studied in detail in short-term
experiments in which diets with reduced fat content were employed to which mixed fibres
from cereals, fruits and vegetables were employed (Ellegard & Bosacus 1991). The data
obtained showed that reducing fat alone was not enough to change cholesterol excretion;
however, adding mixed fibres resulted in a higher excretion of both fat (+50%) and choles-
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terol (+56%). Phytosterols present in some fibre-rich foods may have an additional effect in
preventing cholesterol absorption.

15.5 Postprandial lipid metabolism and dietary fibres

The postprandial state is the first metabolic response to the process of digestion-assimilation
of lipid nutrients. Given the usual dietary pattern found in Western countries (three to six
intakes each day) and the duration of this phenomenon after regular meals, i.e. about 5-6 h,
subjects are in a postprandial state for most of the day-time. The principal feature of the
postprandial state is an increase in glycaemia and insulinaemia, and a marked increase in
triglyceridaemia due to secretion of chylomicrons (that transport absorbed dietary lipids and
cholesterol) by the small intestine into the circulation. A series of studies with test meals,
either supplemented or not supplemented, has shown that different kinds of dietary fibres
(wheat fibres, legume fibres, guar gums, pectins, oat bran, B-glucans, psyllium and mixed
fibres), and especially those rich in soluble fibres, can reduce the postprandial rise in insuli-
naemia and triglyceridaemia (Lairon et al. 1996). In some studies, some fibre sources were
shown to reduce the rise in chylomicron triglycerides or cholesterol induced by oat bran or
guar gum (Caraet al. 1992; Morgan et al. 1993; Lia et al. 1997). Other studies, where soluble
fibres have been incorporated in foodstuffs such pasta, have provided overall comparable
data (Gatti et al. 1984; Bourdon et al. 1999).

In our studies, the aim was to evaluate directly the expected relationship between absorp-
tion of dietary lipids from the small intestine and the postprandial response. This was studied
in ileostomised human subjects who ingested, on separate days, test meals providing fat and
cholesterol, together with either wheat bran fibre (3 g) or oat bran fibre (12 g) (Lia et al.
1997). After the oat bran meal, the ileal excretion of triglycerides and diglycerides increased
markedly (+610%), as also did the levels of monoglycerides and free fatty acids (+400%),
as compared with results obtained with the low-fibre wheat meal. At the same time, the 7-h
postprandial rise in chylomicron lipid moieties, i.e. triglycerides, phospholipids and choles-
terol, was lowered by about 40% after the oat bran meal. As previously shown, blunting the
postprandial chylomicron rise alters the postprandial variation in LDL and HDL lipid com-
position (Dubois et al. 1993). Chronic intake of oat bran might induce even more complex
metabolic changes (Dubois ef al. 1995).

15.6 A comprehensive view of the effects and mode of action of
dietary fibres

Epidemiological data have established an association between a high intake of dietary fibres
and a reduced risk for coronary heart disease. This relationship can be understood as a com-
bination of several complementary mechanisms, as illustrated in Fig. 15.2.

Replacement of foods which are rich in saturated fat, by low-fat, fibre-rich foods, leads to
maximum cholesterol-lowering effects, due to the combined beneficial influence of the two
measures in various dietary contexts. In addition, these fibre- and carbohydrate-rich diets do
not lead to an elevation of fasting triglyceridaemia — an independent risk factor for coronary
heart disease — as generally observed when shifting to diets rich in refined carbohydrates.
These two beneficial effects are obtained through various complementary effects of dietary
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Blood

Postprandial lipemia (-)
Postprandial insulinemia (-)
Postprandial lipoproteins (+)
Fasting cholesterol (-)
Fasting LDL cholesterol (-)

<— Diet : energy density (-)
lipid intake (-)

Upper digestive tract :
Digestion and absorption of lipids
and sterols (-)

Large intestine :
Production of short chain
fatty acids (+)

Liver and bile
Cholesterol/lipoprotein uptake (+)
Cholesterol/bile acid synthesis (+)
Lipogenesis (-)

Biliary lipid secretion (+)

Fecal excretion :
Fat, cholesterol (+)
Bile acids (+)

Peripheral tissues
Insulin sensitivity (+)

Fig. 15.2 Documented effects of dietary fibres on lipid assimilation and overall matabolism in humans.

fibres. A high-fibre diet reduces fat and energy intake and increases satiety. Subsequently,
emulsification and enzymatic digestion of fat is impaired and/or delayed in the stomach and
the small intestine, resulting in somewhat increased losses of fat and cholesterol. Overall, the
energy input into the body is lowered, thus helping the maintenance of desirable body weight.
Conditions of overweight and obesity are other acknowledged risks factors for cardiovascu-
lar disease due to resulting metabolic disorders such as hyperinsulinaemia and hyperlipidae-
mia.

Increased ileal loss of cholesterol and/or bile salts (produced in the liver from cholesterol
moieties) is a key mechanism leading to increased cholesterol demand by the liver. This
results in slightly increased neosynthesis of cholesterol by the liver, and over-expression
of lipoprotein hepatic receptors. HDL uptake is expected to be stimulated as well as LDL,
generating the cholesterol and LDL cholesterol-lowering effect observed in plasma under
chronic feeding.

The reduced bioavailability of fatty acids and cholesterol induced by fibres (especially
viscous fibres) makes the small intestine mucosa less efficient in lipid synthesis and assem-
bly and thus, in secreting chylomicrons into the lymph and then to circulation, as observed
postprandially. In turn, the rate of clearance of triglyceride-rich lipoproteins from the plasma
could be stimulated. This leads to a lowered atherogenic profile of postprandial lipoproteins.
The lowered insulin response elicited postprandially by the presence of viscous soluble fibres
in the small intestine content generates less stimulation of the various biochemical processes
activated by insulin (such as lipogenesis, cholesterol synthesis, etc.) and thus improves pe-
ripheral insulin sensitivity.

The hypothesis that some end-products of fermentation of fibres in the colon (e.g. propion-
ate) could play a noticeable role in the cholesterol-lowering effect of dietary fibre, has not
received firm support from results of in-vivo studies. The importance of this effect has es-
sentially been ruled out by the key observation that oat bran has a comparable cholesterol-
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lowering effect in ileostomised subjects as it does in healthy subjects with an intact colon
(Zhang et al. 1992).

Finally, some factors that are implicated in the thrombotic process (such as factor VII)
and which could play a role in the reduced risk for coronary heart disease, are decreased
after chronic intake of fibre-rich diets (Marckmann et al. 1994). Because most of the effects
reported are directly linked to the physicochemical properties exhibited by dietary fibres in
the digestive tract, the most effective fibres seem to be those that are soluble and viscous.

Although there have been impressive advances in our scientific knowledge of the effect of
dietary fibre on lipid metabolism during the past two decades, several aspects still need fur-
ther investigation. This is particularly true for our understanding of the relationships between
the acute effects elicited by dietary fibres in the digestive tract and the various metabolic
changes related to health and diseases, as observed after chronic intake.
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16 Food Polysaccharides, Glucose Absorption
and Insulin Sensitivity

John C. Mathers and Mark E. Daly

16.1 Syndrome X: central role of insulin resistance and
hyperinsulinaemia

Reaven (1988) designated as Syndrome X, a constellation of cardiovascular disease (CVD)
risk markers consisting of abdominal obesity, hypertension, raised fasting concentration of
very low-density lipoprotein (VLDL) triglycerides, reduced concentration of high-density
lipoprotein (HDL) cholesterol, hyperinsulinaemia, glucose intolerance and non-insulin-de-
pendent diabetes mellitus (NIDDM). This increased CVD risk may be compounded by in-
creased circulating concentrations of plasminogen activator inhibitor type 1 (PAI-1) (a potent
inhibitor of fibrinolysis), which is also strongly associated with peripheral insulin resistance
(Potter van Loon et al. 1993). The aetiology of the syndrome remains uncertain, not least
because of the difficulties inherent in disentangling cause and effect when several potential
aetiological determinants coexist in the same individual. Recent attempts using factor analy-
sis in several cohort studies with a range of racial mixes, subject ages and pathology (Meigs
et al. 1997; Edwards et al. 1998; Gray et al. 1998; Chen et al. 1999; Snehaltha ef al. 2000)
have produced slightly different clustering of the key components. However, insulin resist-
ance leading to increased pancreatic secretion of insulin and hyperinsulinaemia may be an
underlying cause in most, if not all (Meigs et al. 1997), cases (Reaven 1993).

While genetic inheritance contributes to the degree of susceptibility to Syndrome X
(Beatty et al. 1993), it seems probable that most cases are due to a “double hit’ of environmen-
tal insults imposed on susceptibility genes. Martyn et al. (1998) reported that plasma insulin
concentrations in adults (men and women, mean age 52 years) were negatively correlated
with abdominal circumference at birth. Given that the latter is an indicator of growth of the
liver during foetal life (Campbell & Thoms 1977), factors which affect liver development
adversely may contribute to reduced hepatic insulin sensitivity in adulthood (Martyn et al.
1998). However, adult lifestyle factors appear to be at least as important. Low habitual energy
expenditure was strongly associated with the metabolic cardiovascular syndrome in a cross-
sectional study of young (30- to 40-year-old) adults (Wareham ef al. 1998). The secular rise
in incidence of obesity (a feature of the metabolic syndrome) in the UK is coincident with
areduction in physical activity (Prentice & Jebb 1995), which suggests a possible target for
intervention studies. Food choice may also contribute to the risk of Syndrome X. In the San
Luis Valley Diabetes Study, fasting insulin concentrations in persons with normal glucose
tolerance were positively associated with total saturated fat intake and inversely associated
with dietary fibre and starch intake (Marshall ef al. 1997). Alteration in habitual macronutri-
ent consumption is an attractive strategy for primary prevention of hyperinsulinaemia and its
adverse consequences.

This review focuses on the effects of food polysaccharides on the kinetics of carbohydrate
digestion and absorption and on the subsequent endocrine responses.
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16.2 Food polysaccharides and glucose absorption rates

It is well established that many factors other than amount of ¢-linked glucose polymer in
foods determine the rate of glucose delivery by the gut to the portal vein, and hence to periph-
eral tissues. Most of the supporting data are derived from studies of the glycaemic (and in-
sulinaemic) response to test meals. Pioneering studies by Crapo and colleagues demonstrated
that the botanical source of starchy foods strongly influenced postprandial glycaemia (Crapo
etal. 1976,1977,1981). In part, such effects could be explained by the amylose:amylopectin
ratio in the starches (Behall ef al. 1988, 1989; Behall & Howe 1995), since amylopectin has a
much faster rate of hydrolysis by pancreatic a-amylase (Kabir ez al. 1998). Unchewed foods
result in much flatter glycaemic responses than do the same foods chewed well before swal-
lowing (Read ef al. 1986). Analogous responses can be produced through alteration in the
milling of cereals (Heaton ez al. 1988; Holt & Brand Miller 1994), demonstrating the impor-
tance of food structure and particle size which probably exert their influence via modula-
tion of oi-amylase access to the starch substrate and via surface area effects. Other food con-
stituents, most notably non-starch polysaccharides (NSP) which form viscous solutions, may
slow the rate of starch digestion and glucose absorption (Jenkins ef al. 1978; Wood et al.
1994). The effects of viscous NSP may arise through:

e delayed gastric emptying (Rainbird & Low 1986; Cherbut 1995);

e reduced activity of hydrolytic enzymes (Dunaif & Schneeman 1981);

e poorer mixing of intestinal contents with digestive secretions (FAO/WHO Expert
Consultation (1998); and/or

e increases in the thickness of the unstirred water layer, slowing diffusion of glucose to
transporters on the apical membrane of enterocytes (Johnson & Gee 1981).

Jenkins et al. (1981) introduced the concept of glycaemic index (GI) as ameans of comparing
the physiological effects (at least in terms of postprandial glycaemia) of food carbohydrates.
Low-GI foods are slowly, or incompletely, digested in the small bowel, or contain fructose
which is only partially converted to glucose (Mayes 1993). On this basis, foods such as un-
ripe banana [rich in amylase-resistant starch (RS)] and over-ripe banana (rich in fructose)
have a lower GI than fresh white bread (Hermansen et al. 1992), the standard against which
glycaemic responses of other foods are measured.

The starch in freshly cooked potatoes is readily hydrolysed by a-amylase (Englyst &
Cummings 1987), and consumption results in very high glycaemic and insulinaemic respons-
es (Jenkins et al. 1984). Allowing cooked potatoes to cool (Mathers & Dawson 1991), or
subjecting them to repeated cycles of cooking and cooling increases the proportion of starch
resistant to oi-amylase (RS), so that a greater proportion of the starch flows from the ileum into
the large bowel (Englyst & Cummings 1987). To investigate the effects of simple process-
ing of potatoes on rate of glucose uptake from the gut and disposal by oxidation, potatoes
were labelled with *C by growing in an environment enriched with *CO,. Eight (one female)
healthy volunteers consumed the potatoes in test meals according to a randomised cross-
over design (Daly ef al. 1998a). On one occasion, the volunteers consumed freshly boiled
and mashed potatoes, while on the other occasion the potatoes had been cooked and chilled
overnight before serving. For both plasma glucose and serum insulin, peak postprandial con-
centrations and areas under the concentration—time curve (AUC) were higher with the freshly
cooked potatoes (Figs. 16.1 and 16.2). The rate of exogenous glucose oxidation rose more
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Fig. 16.1 Postprandial changes in blood glucose concentration following test meals containing freshly
cooked (solid squares) or cooked and cooled (open squares) potato.
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Fig. 16.2 Postprandial changes in serum insulin concentration following test meals containing freshly
cooked (solid squares) or cooked and cooled (open squares) potato.
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slowly and peaked later with the cooked, chilled potatoes (Fig. 16.3). These data suggest that
simple changes to the method of preparation of potatoes (and, by analogy, of other starchy
foods) may have profound effects on the rate of intestinal hydrolysis of starch and on the rate
of delivery of glucose for tissue oxidation, which could be exploited to the benefit of insulin-
resistant patients.

16.2.1 fuel selection following high-carbohydrate meals

Most of the characteristic metabolic effects of high sucrose intakes, i.e. those not shared by
high starch intakes, are thought to be due to the fructose component of sucrose (Hollenbeck
1993; Frayn & Kingman 1995; Abraha et al. 1998). Despite this, there has been a paucity
of experimental work focused on tissue fuel selection and, specifically, on the relative rates
of oxidation of the two constituent monomers, glucose and fructose. To address this question
we fed high-carbohydrate test meals to seven healthy men in a randomised cross-over design
(Daly et al. 1997a). Two of the meals were high-sucrose (one supplemented with 200 mg uni-
formly labelled *C-fructose, one with 200 mg labelled '*C-glucose) and the other high-starch
(supplemented with 200 mg labelled '*C-glucose). The high-sucrose test meal provided 50%
of energy as sucrose and the high-starch meal, 50% as starch.

From concurrent measurements of whole body O, and CO, production and of breath *CO,
enrichment, it was apparent that exogenous carbohydrate oxidation rate was greater for the
high-sucrose test meal (Fig. 16.4), and that the patterns of oxidation of the constituent mono-
mers were quite different. When glucose and fructose were both available to the tissues (fol-
lowing the high-sucrose meal), there was preferential oxidation of the fructose, and glucose
oxidation rate was considerably suppressed relative to that with the high-starch meal. Peak
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Fig. 16.3 Postprandial changes in rate of exogenous glucose oxidation following test meals containing
freshly cooked (solid diamonds) or cooked and cooled (open diamonds) *C-labelled potato.
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Fig. 16.4 Oxidation of glucose and fructose following test meals containing starch or sucrose labelled with
13C-glucose (starch meal) and both "*C-glucose and '*C-fructose (sucrose; two separate test meals).

blood glucose concentration was slightly, but not significantly (P=0.18) higher with the high-
sucrose test meal. However, from 75 min after consumption of the test meals, blood glucose
concentrations were consistently higher with the high-starch meal. Both test meals provoked
a similar rapid suppression of plasma non-esterified fatty acids (NEFA) concentrations (Fig.
16.5). Whereas these returned to fasting levels by 6 h after the test meal with the high-sucrose
challenge, plasma NEFA remained below 50% of fasting concentrations with the high-starch
meal throughout the period of observation. To our knowledge, this is the first in-vivo study
in humans demonstrating the preferential oxidation of fructose, which would be expected on
the basis of knowledge of this sugar’s metabolism (Mayes 1993).

16.2.2 Glucose-sparing and insulin resistance

This glucose-sparing effect of fructose consumption raises some interesting questions about
its evolutionary significance. Some clues may come from the ‘carnivore connection’ hypoth-
esis for the aetiology of insulin resistance and hyperinsulinaemia. According to this hypoth-
esis, the selective force for insulin resistance was the high-meat, low-carbohydrate diet that
was common across much of the World throughout the latter 2 million years of human evolu-
tion during the Ice Ages (Brand-Miller & Colagiuri 1999). During earlier primate evolution,
dietary carbohydrate intake was plentiful and glucose became the chief metabolic fuel of the
brain, foetus and mammary gland (Frienkel 1980). This specific demand for glucose could
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Fig. 16.5 Postprandial changes in plasma non-esterified fatty acids (NEFA) concentration following high-
starch (solid squares) or high-sucrose (open squares) test meals.

be met, at least in part, by hepatic gluconeogenesis from amino acids, but this route is limited
(DeFronzo 1988). Fruits would have provided fructose — a source of carbohydrate readily
oxidisable by muscle and other tissues — and thus allowed available glucose to be used for
those tissues having an obligate requirement.

16.3 Experimental studies of effects of food carbohydrates on
insulin sensitivity in humans

The balance of evidence from experimental studies in animals indicates that very high intakes
of sucrose or fructose have detrimental effects on whole body insulin sensitivity, particularly
in association with induction of hypertriglyceridaemia (reviewed by Daly et al. 1997b). It
is more difficult to draw a convincing conclusion from the more limited studies in human
subjects, not least because of the heterogeneity of study designs and the greater difficulty
with control of potential confounders (Daly et al. 1997b). Ina study in patients with advanced
CVD, those randomised to a low-GI diet for 4 weeks showed improved whole body glucose
tolerance and greater insulin sensitivity in adipocytes from a presternal fat biopsy. No such
improvements were detected in those patients randomised to a high-Gl diet (Frost ez al. 1996).
A low-GI diet also improved peripheral insulin sensitivity, and normalised PAI-1 in Type
2 diabetics (Jarvi ef al. 1999). In contrast, 4 weeks of exposure to a low-GI diet in fit young
men decreased insulin sensitivity at high plasma insulin concentrations (euglycaemic clamp
assay), but not at low insulin concentrations (Kiens & Richter 1996).
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Short-chain fructo-oligosaccharides (FOS) are not hydrolysed by human pancreatic or
enterocytic enzymes, and pass to the large bowel where they are fermented to short-chain
fatty acids (SCFA) and gases (Luo ef al. 1996). Dietary supplementation of healthy volun-
teers with 20 g FOS/day for 4 weeks had no significant effect on whole body insulin sensitiv-
ity when compared with a similar dose of sucrose (Luo ef al. 1996). The colon is a major
source of circulating glucagon-like peptide 1 (GLP-1) (Robertson ef al. 1999), which is the
most potent insulinotrophic hormone known (Holst ez a/. 1987). Stimulation of colonic fer-
mentation is associated with a prolonged GLP-1 response (Qualmann ef al. 1995), but it
remains to be determined whether SCFA are the luminal-derived signals for GLP-1 release.

UK national policy to reduce the burden from CVD includes efforts to reduce energy
intake from total fat and from saturated fatty acids (Department of Health 1994), with this
energy being replaced by greater intakes of starchy foods. However, there is considerable
evidence that those who choose a lower fat intake often have a higher sugar (sucrose) intake
(the so-called sugar—fat seesaw) (Macdiarmid ef al. 1998). Consequently, it is of interest to
know whether, in the context of lower fat intakes (35% of dietary energy from fat), there is a
difference in insulin sensitivity when volunteers consume diets rich in sucrose versus those
rich in starch. In each of the studies described below, the whole diet was provided for the
volunteers to minimise confounding and to maximise compliance.

16.3.1 Acute feeding study

After 24 h, during which 50% of the dietary energy was provided by sucrose or starch, there
was no difference in whole body insulin sensitivity, as assessed by the short insulin tolerance
test (ITT). There were, however, changes in metabolic profiles throughout the experimental
day, with higher peaks but lower troughs in blood glucose and insulin concentrations with the
high-sucrose diet (Daly ef al. 1998¢).

16.3.2 Short-term study 1: dose-response effects in younger adults

Four diets, three lower fat (35% of energy) with sucrose contents ranging from 4.4% t0 22.8%
of dietary energy, and one higher fat diet (similar to the current UK diet) were administered
to 16 healthy younger adults according to a randomised partial cross-over design, such that
each volunteer consumed two of the four experimental diets, each for 7 days. None of the
treatments altered whole body insulin sensitivity for glucose disposal as assessed by ITT (M.
Daly, C. Vale, A. Littlefield, M. Walker, K. Alberti & J. Mathers, unpublished results).

16.3.3 Short-term study 2: older, sedentary adults

Older, fatter and more sedentary adults are more likely to have reduced insulin sensitivity and
therefore might show greater responses to dietary modifications than younger, fitter adults.
In a further study, eight overweight volunteers (aged 45—65 years) consumed each of three
experimental diets for 7 days in a cross-over design. No differences in insulin sensitivity
between the treatments which were: (1) average UK diet; (2) lower fat, high sucrose; and (3)
lower fat, high starch, were detected (M. Daly, C. Vale, A. Littlefield, M. Walker, K. Alberti
& J. Mathers, unpublished results).
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16.3.4 Month-long feeding study

In the final study, a high starch (38% of dietary energy) and a high sucrose diet (33% of
dietary energy) were each consumed by seven healthy volunteers for 4 weeks, according to a
cross-over design, with whole body insulin sensitivity assessed by the euglycaemic clamp at
baseline and at the end of each experimental period. There was no difference between treat-
ments in whole body insulin sensitivity at either baseline or after 4 weeks of dietary interven-
tion, but insulin sensitivity was improved by a mean of 18% with both treatments (Daly et al.
1998b). Part of this improvement may have resulted from the modest reduction in body mass
(1.1 kg/4 weeks) observed with both treatments, but some may have been a consequence of
altered pattern of food intake.

16.4 Clinical implications

In theory, regimes for matching glucose uptake from the gut with the availability of insulin
from residual pancreatic activity plus exogenous supply, which are simple to use, would be of
considerable benefit in the management of diabetics. Despite being heavily promoted inter-
nationally for two decades, the approach based on GI has not been adopted widely in the UK.
One disadvantage of the GI approach is that it considers the postprandial period as a whole,
and is unable to address the pattern of glucose uptake (and, therefore, insulin need) over time.
In the short term, consumption of more slowly digested starches with flatter (and perhaps
more prolonged) postprandial glycaemia would better parallel current insulin dosing meth-
ods. Future strategies for exogenous insulin supply which had the flexibility to match rate of
release to the circulation to rate of appearance of glucose in the posthepatic circulation, would
allow diabetics greater freedom in food choice without the penalties associated with hyper-
or hypoglycaemia.

16.5 Role of food polysaccharides in healthy eating advice for the
public

By comparison with that for fats, the evidence base for recommendations on optimal ranges
for food polysaccharides to maximise health benefits is poor. It is probable that diets rich in
starches are to be preferred over those rich in sucrose because of reduced risk of dental caries
and obesity and because they are associated with higher intakes of a range of micronutrients
(Cummings & Englyst 1992). Those containing more slowly digested (lower GI) starches,
which exert a smaller demand on the pancreatic B-cell, may be preferable for long-term main-
tenance of health (FAO/WHO Expert Consultation 1998). Such diets are likely to be richer
in NSP, which may have protective effects against colorectal cancer (Department of Health
1998), although recent epidemiological evidence provides no support for this hypothesis
(Fuchs et al. 1999).

16.6 Conclusions

Our recent studies with healthy volunteers aged 20-60 years [body mass index (BMI)
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20-30 kg/m?] have found little evidence that varying the proportions of starch and sucrose
over the ranges likely to be consumed in normal UK diets had a marked effect on whole body
insulin sensitivity. However, it should be noted that these test diets were reduced fat (35% of
food energy), and it is not known whether alterations in the source of carbohydrate would
have greater effects with higher fat diets. Secondly, in design of the test diets, commonly
eaten starchy foods, without regard to the rate or extent of digestion of the starch fraction,
were used. It remains to be established whether substitution of slowly digested starches (with
lower GI) in such lower fat diets would improve insulin sensitivity in healthy subjects, but
the available evidence is encouraging (Frost ef al. 1998). Individuals with raised blood trig-
lyceride concentrations (perhaps because of their genetic inheritance) may be more sensitive
to high intakes of sucrose (and fructose) (reviewed by Daly ef al. 1997b), and future studies
should focus on this aspect of diet—gene interactions. In our longest term study (4 weeks per
treatment), there was strong evidence that imposition of a regular eating pattern consisting
of either a high-starch or a high-sucrose diet, in combination with lower fat improved insulin
sensitivity. This area of eating pattern and health risk is likely to repay investment in further
research.
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