
I I 

Dietary fiber 

Ruth McPherson Kay 
Department of Surgery, Toronto Western Hospital, University of Toronto, Toronto, Canada M5T 2S8 

Abstract Dietary fiber is plant-derived material that is resis- 
tant to digestion by human alimentary enzymes. Fiber may be 
divided into two broad chemical classes: 7) non-a-glucan poly- 
saccharides (cellulose, hemicelluloses, and pectins) and 2) lig- 
nins. Dietary fiber behaves within the gastrointestinal tract as 
a polymer matrix with variable physicochemical properties in- 
cluding susceptibility to bacterial fermentation, water-holding 
capacity, cation-exchange, and adsorptive functions. These 
properties determine physiological actions of fiber and are de- 
pendent on the physical and chemical composition of the fiber. 
Fiber undergoes compositional changes as a consequence of 
bacterial enzymatic action in the colon. Dietary fiber is of clin- 
ical significance in certain disorders of colonic function and in 
glucose and lipid metabolism. Dietary fiber increases stool bulk 
by acting as a vehicle for fecal water and by increasing fecal 
bacterial volume. Use of fiber in the treatment of constipation 
and uncomplicated diverticular disease is well established. By 
increasing stool bulk, fiber also reduces the fecal concentration 
of bile acids and other substances. Certain types of fiber decrease 
the rate of glucose absorption and attenuate postprandial rises 
in blood glucose and insulin. Plasma cholesterol levels are re- 
duced by mucilaginous forms of fiber. This effect appears to 
be mediated in part by an increase in fecal acidic sterol excre- 
tion.-Kay, R. M. Dietary fiber. 1. Lipid Res. 1982. 2 3  221- 
242. 
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INTRODUCTION 

Dietary fiber is a ubiquitous component of plant foods 
and includes materials of diverse chemical and morpho- 
logical structure, resistant to the action of human ali- 
mentary enzymes. Within the gastrointestinal tracts, fi- 
ber forms a matrix with both fibrous and amorphous 
characteristics. The physicochemical properties of this 
matrix determine the homeostatic and therapeutic func- 
tions of dietary fiber in human nutrition. 

Fiber swells within the aqueous medium of the intes- 
tinal lumen taking up water and small molecules (1). 
The swelling pressure determines the diffusion rate as 
well as intestinal smooth muscle responses with ultimate 
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effects on bulk flow. Multiple linkages form between 
fiber and surrounding molecules. These interactions in- 
clude ionic bonds, hydrogen bonds, and weaker hydro- 

Abbreviations: SCFA, short chain fatty acids; NCP, noncellulosic 
polysaccharides. 
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phobic and dispersion forces ( 2 ) ,  and may affect both 
mineral and steroid absorption. There is also continuous 
alteration in matrix structure and function contingent 
on changes in the surrounding p H  and osmolality and 
in the fiber matrix itself as it is selectively degraded by 
colonic bacterial enzymes. Thus, the effects of fiber in 
the upper and lower intestine may differ considerably. 

In the following pages, the botanical origin and chem- 
ical structure of dietary fiber are outlined. Analytical 
methods for fiber quantification are reviewed briefly. 
Based on a general overview of the physicochemical prop- 
erties of fiber, the various actions of dietary fiber along 
the gastrointestinal tract are discussed with particular 
reference to the role of fiber in human disease. 

BOTANICAL FUNCTION OF FIBER 

The major components of dietary fiber are cellulose, 
noncellulosic polysaccharides such as hemicelluloses and 
pectic substances, and a non-carbohydrate component, 
lignin. These are mainly structural components of the 
plant cell wall ( 3 ) .  Most of the detailed studies on the 
morphological development and ultrastructure of plant 
cell walls have been made on woody cells rather than 
on food plant cells and information on the bonding and 
distribution of polymers throughout the cell wall is still 
incomplete. Development of the cell wall begins with the 
appearance of the middle lamella which is derived from 
a dense plate between divided nuclei; this layer is rich 
in pectic substances. The primary wall is formed on the 
inner surface of the middle lamella and contains cellulose 
fibrils embedded in a ground substance of pectic sub- 
stances and hemicellulose and is formed by layering on 
the interior of the middle lamella. The secondary cell 
wall forms later and consists of several layers containing 
little pectin but rich in cellulose fibrils; these are arranged 
in parallel fashion in a matrix of hemicellulose (3-5). 
In the later stages of maturation, lignin infiltration pro- 
ceeds from the exterior to the interior of the cell wall 
imparting hydrophobicity and extra rigidity to the plant 
structure (6-8). Lignification reduces the digestibility by 
bacterial enzymes of other types of dietary fiber in the 
cell wall. 

Maturation of the plant cell is thus associated with 
a gradual shift in fiber composition in favor of increasing 
proportions of cellulose and lignin. 

Some types of plant fiber are not cell wall components 
but are formed in specialized secretory plant cells (8). 
Included are plant gums and mucilages. The former are 
sticky exudations formed in response to trauma (i.e., gum 
arabic). Mucilages are secreted into the endosperm of 
plant seeds where they act to prevent excessive dehydra- 

tion and include materials with widespread industrial 
applications such as guar gum. 

OVERVIEW OF FIBER CHEMISTRY 

Clearly the composition of fiber in the diet will depend 
on the age, species, and anatomical source of the plant 
material. 

Polysaccharides 
The two major classes of dietary fiber are polysac- 

charides and lignin. These include cellulose and a diffuse 
group of substances collectively termed noncellulosic 
polysaccharides (NCP). 

Cellulose, the most abundant molecule in nature, is 
the beta isomer of starch; it is a long (up to 10,000 sugar 
residues) linear polymer of 1,4&linked glucose units. 
Hydrogen bonding between sugar residues in adjacent 
chains imparts a crystalline microfibril structure. Cel- 
lulose is insoluble in strong alkali (9). 

Noncellulosic polysaccharides include a large number 
of heteroglycans which contain a mixture of pentoses, 
hexoses, and uronic acids (Table 1). Among the more 
important NCPs are hemicellulose and pectic sub- 
stances (1 0). 

Hemicelluloses are those cell wall polysaccharides sol- 
ubilized by aqueous alkali after removal of water soluble 
and pectic polysaccharides. They contain backbones of 
p- 1,4-1inked pyranoside sugars, but differ from cellulose 
in that they are smaller in size (often less than 200 sugar 
residues), contain a variety of sugars, and are usually 
branched (Table 1). The hemicelluloses are subclassified 
on the basis of the principal monomeric sugar residue. 
Acidic or neutral forms differ in the content of glucuronic 
and galacturonic acids (11). Uronic acid formation in- 
volves the oxidation of the terminal -CH20H to 
-COOH and is of biological importance since the sugar 
residues become available for methylation, amidation, 
and the formation of cation complexes (12). Hemicel- 
luloses, especially the hexose and uronic acid compo- 
nents, are somewhat more accessible to bacterial enzymes 
than is cellulose (13). 

Pectic substances are a complex group of polysaccha- 
rides in which D-galacturonic acid is a principal consti- 
tuent. They are structural components of plant cell walls 
and also act as intercellular cementing substances. In- 
cluded are a water-insoluble parent compound, proto- 
pectin, as well as pectinic acids, pectic acids, and pectin. 
The backbone structure of pectin is an unbranched chain 
of axial-axiala-( 1+4)-linked D-galacturonic acid units. 
Long chains of galacturonan are interrupted by blocks 
of L-rhamnose-rich units that result in bends in the 
molecule. Many pectins have neutral sugars covalently 
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TABLE 1. Chemical classification of dietary fiber 
~~ ~ ~~ 

Chemical Components 

Fiber Main Chain Side Chain Description 

Polysaccharides 
Cellulose 

Noncellulose 
Hemicellulose 

Pectic substances 

Mucilages 

Gums 

Algal polysaccharides 

Lignin 

Glucose 

Xylose 
Mannose 
Galactose 
Glucose 

Galacturonic acid 

Galactose-mannose 
Glucose-mannose 
Arabinose-xylose 
Galacturonic acid rhamnose 

Galactose 
Glucuronic acid-mannose 
Galacturonic acid-rhamnose 

Mannose 
Xylose 
Guluronic acid 
Glucose 

Sinapyl alcohol 
Coniferyl alcohol 
p-Coumaryl alcohol 

None 

Arabinose 
Galactose 
Glucuronic acid 

Rhamnose 
Arabinose 
Xylose 
Fucose 

Galactose 

Xylose 
Fucose 
Galactose 

Galactose 

3-dimensional 
structure 

Main structural component of plant cell wall. 
Insoluble in concentrated alkali; soluble in 
concentrated acid. 

Cell wall polysaccharides which contain 
backbone of 1-4 linked pyranoside sugars. 
Vary in degree of branching and uronic acid 
content. Soluble in dilute alkali. 

Components of primary cell wall and middle 
lamella vary in methyl ester content. 
Generally water soluble and gel-forming. 

Synthesized by plant secretory cells; prevent 
desiccation of seed endosperm. Food 
industry use, hydrophilic, stabilizer, e.g., 
guar. 

Secreted at site of plant injury by specialized 
secretory cells. Food and pharmaceutical 
use, e.g., Karaya gum. 

Derived from algae and seaweed. Vary in 
uronic acid content and presence of sulfate 
groups. Food and pharmaceutical use, e.g., 
carrageenan, agar. 

Non-carbohydrate cell wall component. 
Complex cross-linked phenyl propane 
polymer. Insoluble in 72% H2S0,. Resists 
bacterial degradation. 

linked to them as side chains, mainly arabinose and ga- 
lactose, and to a lesser extent, xylose, rhamnose, and 
glucose. It has also been shown that small quantities of 
glucuronic acid may be linked to pectin in a side chain 
(14-16). The carboxyl groups of the galacturonic acids 
are partially methylated and the secondary hydroxyls 
may be acetylated. Pectin is highly water-soluble and is 
almost completely metabolized by colonic bacteria (17). 
Other NCPs including gums, mucilages, and algal poly- 
saccharides (1 8, 19) are described in Table 1. The  major 
chemical features of the polysaccharide fibers are illus- 
trated in Fig. 1. 

Lignin 
Lignin is not a polysaccharide but a complex random 

polymer containing about 40 oxygenated phenylpropane 
units including coniferyl, sinapyl, and p-coumaryl al- 
cohols that have undergone a complex dehydrogenative 
polymerization process (6, 7, 11). Lignins vary in mo- 
lecular weight and methoxyl content. The structure of 
an aspen wood lignin which has been shown to bind bile 
acids in vitro and in vivo is illustrated in Fig. 2. Due to 
strong intramolecular bonding which includes carbon to 
carbon linkages, lignin is very inert. Chemically, it is 

usually measured as Klason lignin, the cell wall residue 
insoluble in 72% sulfuric acid (10). Lignin demonstrates 
greater resistance to digestion than any other naturally 
occurring polymer. 

Fiber-related materials 
The human diet contains, in addition to polysaccha- 

rides and lignin, a number of plant-derived materials 
that are similar to fiber in that they resist digestion in 
the upper intestine. Included are cutin and suberin, poly- 
meric esters of fatty acids. The former is a water-im- 
permeable substance secreted onto the plant surface, 
whereas suberin is deposited in the later stages of cell 
wall development. These are enzyme- and acid-resistant 
materials recoverable in the lignin fraction (10). Other 
dietary components which associate with the lignin res- 
idue are the products of the Maillard reaction. These 
result from the formation of enzyme-resistant linkages 
between the amino groups of proteins and the carbonyl 
groups of reducing sugars during heat treatment (10). 

Certain fiber-rich foodstuffs contain significant amount 
of plant sterols. Also in close physical and chemical as- 
sociation with fiber in the plant cell wall are proteins, 
inositol hexaphosphate, silica, saponins and other gly- 
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CELLULOSE 
CH,OH CH,OH ChOH 

H OH OH 

PECTIN 

-0 

COOH H OH COOH 

HEMICELLULOSE (major component sugars) 
a) Backbone Chain 

H CH,OH CHzOH 

b H  
D-Xylose D-Mannose D-Galactose 

b) Side Chains 
H CO,H COtH 

H OH 
L-Arabinose 4~-Methyl-DGlucuron1c Acid D-Galactose 

Fig. 1. Major polysaccharide components of dietary fiber. Cellulose 
is a linear chain of from one to four linked glucose units. Pectic sub- 
stances contain D-galacturonic acid as the major component; the extent 
of methylation of carboxyl groups is variable. Hemicelluloses are a 
heterogeneous group of polysaccharides which are usually branched. 
The major component sugars of the backbone and sidechains are il- 
lustrated. 

cosides, and polyhydroxyphenolic materials such as tan- 
nins. It is often difficult to dissociate the physiological 
effects of these materials from those of true dietary fiber 
components (10). 

DETERMINATION OF FIBER IN FOODS 

Reliable analytical data on the fiber composition of 
common foodstuffs has only recently become available 
(20). There is still not complete consensus regarding spe- 
cific analytical procedures (21). Although rapid quan- 
titative methodologies are acceptable for routine use such 
as industry quality control, the more rigorous qualitative 
methods are essential in defining the chemical charac- 
teristics of specified fibers with known physiological ef- 
fects (22). 

Until recently, many nutritionists have relied on 
"crude fiber" figures as an index of true dietary fiber. 
The "crude fiber" analysis is a highly empirical chemical 
procedure that defines fiber as the residue remaining 
after extraction with dilute acid and alkali (10). Crude 
fiber bears no consistent or quantitative relationship to 
dietary fiber. 

Other methods differ in the amount of qualitative in- 
formation given and applicability to different classes of 
fiber. A neutral detergent extraction procedure developed 
by Van Soest and McQueen is acceptable for routine 
determination of insoluble fiber (23). In foods containing 
starch, it must be preceded by hydrolysis of the amylose 
fraction. If this method is used, water-soluble fiber com- 
ponents (pectin, gums, mucilages) must be determined 
in a separate procedure. Dialysis or organic solvent pre- 
cipitation methods are acceptable. Methods involving 
enzymatic removal of starch and protein are gradually 
assuming greater importance in fiber analysis (24-26). 

It is becoming increasingly clear that the physiological 
effects of a given fiber are dependent on its particular 
chemical composition. Hence there is a growing require- 
ment for the detailed analytical information such as that 
provided by the Southgate analysis. By this procedure, 
the fiber residue is subjected to a series of hydrolysis and 
extraction steps resulting in the determination of water- 
soluble and water-insoluble polysaccharides as their com- 
ponent hexoses, pentoses, and uronic acids by gas-liquid 
or liquid chromatography (27). 

FIBER CONTENT OF HUMAN DIETS 

The hypothesis that dietary fiber may be a protective 
factor in human disease was proposed on the basis of 
very approximate data on the distribution of fiber con- 
sumption in different populations. There is still a paucity 
of reliable information and available figures will likely 
be modified as methods for the determination of food 
intake and fiber composition of food evolve. 

Recent data are available on average fiber intake in 
Western countries. In a survey of 200 Canadian males, 
Kay, Sabry, and Csima (28) reported mean dietary fiber 
consumption was 19 g/d, about half of which was cereal- 
derived fiber. In separate studies in England, Bingham, 
Cummings, and McNeil (29) and Southgate, Bingham, 
and Robertson (30) also determined average dietary fiber 
consumption to be in the order of 20 g/d for both men 
and women. American figures based on foods available 
for consumption gave similar results and indicated a gen- 
eral decline in available dietary fiber, especially cereal- 
derived fiber (3 1). Among British vegetarians, dietary 
fiber intake was increased twofold in comparison to per- 
sons eating a mixed diet (32). 

Less reliable figures are available from other countries, 
although intakes ranging from 38 to 150 g/d have been 
reported from parts of Africa and the Indian subconti- 
nent. An excellent review has been prepared by Bingham 
and Cummings (33). 
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Fig. 2. Chemical structure of a purified lignin from P. tremuloides (61). 

FUNCTIONAL CAPABILITIES OF PLANT 

INTESTINAL TRACT 
FIBER WITHIN T H E  GASTRO- 

The physiological consequences of fiber ingestion are 
in part predictable on the basis of certain physicochem- 
ical properties (1). Of particular interest are its suscep- 
tibility to fermentation by colonic bacterial enzymes, the 
ability to retain water, and adsorptive and ion exchange 
capacities. 

Susceptibility to bacterial enzyme degradation 
Although resistant to the action of human upper in- 

testinal enzymes, passage through the ileocecal valve ex- 
poses fiber to bacterial enzymes that selectively degrade 
many of its components (Fig. 3). Colonic fermentation 
is significant in that it eliminates certain actions of fiber 
observed in vitro or in the upper intestine. In addition, 
products of fermentation may themselves exert a phys- 
iologic effect or alter the chemical environment of the 
cecum so as to affect bacterial growth or metabolic ac- 
tivity. The extent of fiber degradation in the colon is 
dependent on the nature of the colonic bacterial flora, 

the transit time through the colon, and the physical and 
chemical composition of the fiber (34). 

Major difficulties are present in the study of colonic 
bacterial flora. Over 100 species (96-99% anerobes) have 
been identified and Stephen and Cummings (35) have 
reported that bacteria may account for 41-57% of the 
dry weight of feces. The flora are largely saccharolytic 
and the bacteria that ferment cellulose and hemicellulose 
display a general specificity. This infers that the micro- 
bial spectrum of the lower intestine might be influenced 
by the fiber composition of the diet (36). Although diet- 
related population differences in stool flora have been 
reported (37)) efforts to alter this variable by addition 
of fiber to the diet have not generally been successful 
(38-40). It must be emphasized that all attempts to relate 
the intestinal flora to diet have studied the fecal flora. 
Despite the convenience of this approach, the organisms 
important in fiber degradation are present in the as- 
cending colon and the cecum and considerable bacterial 
alteration occurs during passage through the distal por- 
tions of the colon (41). 

Irrespective of the spectrum of bacterial species pres- 
ent, it is possible that fiber fermentation, through alter- 
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a -Glucan Polysaccharides 
Raffinose, Stachyose, Verbascose - 

Cell Wall Polysaccharides - 
Lignin ~ 

Diet Lactu lose 

Upper Intestine 

Cecum 

~ Portal 
Absorption 

Pulmonary Excretion 
Absorption and 
Further Metabolism 

Colonic Excretion 

Fig. 3. Fate of dietary fiber within the gastrointestinal tract. Available polysaccharides (a-glucans) are digested 
and absorbed in the upper intestine. Non-a-glucan polysaccharides and lignin pass to the cecum. Lignin is 
excreted unaltered in the stool. Cell wall polysaccharides and other sugars are fermented by colonic bacterial 
enzymes with production of gases and short chain fatty acids (SCFA). These may be absorbed from the cecum 
to a variable extent. 

ation in colonic pH or redox conditions, may affect bac- 
terial enzymatic activity so as to alter the colonic 
metabolism of steroids and other substances. Ingestion 
of a fiber-rich diet by normal subjects was associated 
with a decrease in secondary bile acids in the stool (42). 
This may have been due in part to accelerated intestinal 
transit. Furthermore, it has recently been demonstrated 
that the efficiency of bacterial polysaccharide metabolism 
in the colon is itself pH-dependent (43). Thus fiber fer- 
mentation may be a self-limiting process as production 
of acidic metabolites alters the cecal H+ environment. 
The effect of fiber on colonic transit time will also have 
a modulating effect on fermentation by determining the 
duration of contact with microbial enzymes. 

The susceptibility of a given fiber to bacterial digestion 
is dependent on physical and chemical structure. Diges- 
tion of polysaccharides varies between 30 to over 90%. 
Pectin and hemicellulose are almost completely lost dur- 
ing passage through the stool; cellulose is somewhat less 
well digested (44-46). Lignin, by virtue of its polymeric 
cross-linked structure, is resistant to bacterial degrada- 
tion and is almost completely recovered in the stool (13). 
The physical structure of plant fiber also determines 
access to bacterial enzymes. Polysaccharides from older, 
highly lignified plant tissues are less well digested since 
physical encrustation and chemical bonding to lignin 
occur. In general, the fiber constituents of fruit and veg- 
etables are much more fermentable than are cereal brans 
since the latter display thicker cell walls (lower surface 
to volume ratio) and a high degree of lignification. Bac- 

terial degradation of dietary fiber in the colon occurs in 
two stages. Extracellular hydrolysis of polysaccharides 
into component mono- and disaccharides is followed by 
intracellular anerobic glycolysis (47). The products of 
fermentation of dietary fiber include the short chain fatty 
acids, acetate, proprionate, and butyrate. Other products 
are lactic and formic acids, ethanol, and C02.  Excess H+ 
released in the regeneration of NAD is partially disposed 
of by the formation of H2 (48). Methane production from 
H2 by colonic organisms has also been documented (43) 
but is less common (49). 

The partially degraded metabolites of anerobic gly- 
colysis must be disposed of. Most of the hydrogen and 
methane are absorbed into the circulation and excreted 
via the pulmonary route (50). Clinical studies have in- 
dicated that addition of fiber or lactulose to the diet may 
initially cause severe flatulence but the symptoms subside 
within a few weeks of treatment. It is possible that or- 
ganisms yielding gases as the main products of fermen- 
tation (i.e., coliforms) are replaced during continued 
therapy by those producing little gas (i.e., lactobacilli and 
streptococci) (48). In addition, creation of an acidic en- 
vironment specifically inhibits H2 production (43). 

The short chain fatty acids (SCFA) produced during 
fiber fermentation have pKs of less than 5 and at colonic 
p H  are almost completely ionized. It has been suggested 
that high concentrations of SCFA may elicit an osmotic 
catharsis (51). However, the absorption of SCFA from 
the colon has been documented in animals (52) and, in- 
directly, in man (53). It is possible therefore that fer- 
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mentation products of dietary fiber may make a minor 
contribution to the energy value of the diet. 

Water-holding capacity of dietary fiber 
The water-holding capacity of dietary fiber has im- 

portant physiological effects in both the upper and lower 
intestine. Hydration of fiber occurs by adsorption to the 
surface of the macromolecules and by entrapment within 
the interstices of the fibrous or gel matrix. The fiber 
saturation capacity or upper limit of water held is de- 
termined by the chemistry and morphology of the mac- 
romolecules and by the pH and electrolyte concentration 
of the surrounding medium. 

The initial event upon exposure of fiber to an aqueous 
medium is surface adsorption of water molecules. The 
presence of sugar residues with free polar groups confers 
a significant hydrophilic capacity to polysaccharides 
whereas intermolecular bonding, such as the ether cross- 
linkages between chains of cellulose molecules, has the 
opposite effect (3). Aqueous swelling of cellulose fibers 
does not alter the x-ray diffraction pattern, suggesting 
that water adsorption is limited to monocrystalline re- 
gions occupied by other sugars or uronic acids (10). Lig- 
nin is relatively apolar and much less hygroscopic than 
are other fiber components. 

Particle size may also influence the water-holding ca- 
pacity of fiber, since it determines the volume of the 
interstitial space within the fiber matrix available for 
water entrapment (54-56). Robertson and Eastwood 
(56) have demonstrated that the method of fiber prep- 
aration alters water-holding capacity profoundly al- 
though the chemical composition is unchanged. This sug- 
gests that the physical structure of fiber is the most 
important determinant of hydratability. 

Water-holding capacity has been assessed by using 
centrifugation to separate free or unadsorbed water from 
bound and interstitial water. Dependent on the fiber 
source, variable degrees of fibrous matrix collapse may 
occur (2). A second method involves equilibration of a 
fiber suspension with a solution of a “probe” substance 
such as dextran blue. This method assumes that the con- 
centration in the interstitial volume is identical to the 
external solution, hence adsorption of the probe to fiber 
could yield erroneous results (2). A reliable method is 
not yet available for the separate determination of bound 
and interstitial water (56). In the upper intestine, the 
water-holding capacity of fiber may affect the pattern 
of nutrient absorption, postprandial satiety, and intes- 
tinal motility. Viscous fibers such as guar and pectin 
reduce the rate of glucose absorption (57) presumably 
due to partitioning of water-soluble nutrients into the 
gel structure, thus reducing their rate of diffusion to- 
wards the absorptive mucosal surface. In vitro studies 
are, however, of limited usefulness in predicting the effect 

of fiber on stool bulk and water content, since fermen- 
tation by colonic bacteria profoundly alters the capacity 
of the fiber for water adsorption (58). 

Adsorption of organic materials 
A number of organic materials such as bile acids, other 

steroids, various toxic compounds, and bacteria may be 
reversibly bound to fiber as it passes along the gastroin- 
testinal tract. 

In vitro studies. Adsorption of bile acids has been best 
documented and is dependent on the composition of the 
fiber, the chemistry of the sterol, and the p H  and os- 
molality of the surrounding medium (59, 60). Lignin is 
the most potent bile acid adsorbent and binding is ap- 
parently influenced by molecular weight, pH,  and the 
presence of methoxyl and @-carbonyl groups on the lignin 
molecule (61). Kay et al. (61) reported that autohydro- 
lyzed lignin bound bile acids half as effectively as DEAE- 
Sephadex. Adsorption was maximum for the less polar, 
unconjugated dihydroxy bile acids and reduction of en- 
vironmental p H  enhanced binding especially of trihy- 
droxy bile acids. Eastwood and Hamilton (62) demon- 
strated that methylation of lignin increased bile acid 
adsorption. These authors also reported that adsorption 
was greatest at low pH. Both conditions would block or 
suppress ionization of carboxyl groups and hydroxyl 
groups on lignin’s phenyl propane units suggesting a 
hydrophobic bonding mechanism. These studies predict 
that interaction with lignin is likely to be greatest for 
bacterially modified bile acids formed in the colon. Sa- 
ponins also bind bile acids in vitro (63) and in vivo (64) 
and it has been suggested that they may be responsible 
for sterol adsorption associated with fiber. However, bran 
and alfalfa showed no diminution of adsorptive capacity 
following removal of associated saponins (65). 

Other mechanisms may be responsible for organic an- 
ion binding to acidic polysaccharides such as alginates 
and pectins. These are the gel-forming fibers with no- 
table hypocholesterolemic effects. Polyuronic acids with 
free carboxyl groups are known to form coordination 
complexes with di- and trivalent metal anions. Nagyvary 
and Bradbury (66) proposed that since for steric reasons 
the positive charge of trivalent cations such as A13+ is not 
fully neutralized by the carboxyl anion, free valences 
would be available to bind external anions, particularly 
large structures such as bile acid micelles. In support of 
this hypothesis, dietary aluminum was found to enhance 
the hypocholesterolemic effect of alginates and pectin 
(66). Furda (67) tested this proposal in vitro by preparing 
cationic forms of pectin with H+, Ca2+, Fe2+, Fe3+, and 
A13+. These were stirred into an oleic acid emulsion. The 
Fe3+ form of pectin resulted in complete phase separation 
of the emulsion; A13+, partial separation; and the other 
cationic forms were without effect. Acidic polysaccha- 
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rides tend to be degraded by colonic bacteria but for- 
mation of cationic bridges could provide a mechanism 
for bile acid and fatty acid adsorption in the upper in- 
testine. Micelle adsorption to pectin has been observed 
in vitro (68). These and other (69-74) in vitro stud- 
ies on steroid adsorption to fiber are summarized in 
Table 2. 

Effects of dietary fiber on fecal bile acid and lipid ex- 
cretion. As indicated by the in vitro studies, the chemical 
form of bile acid and the fiber type are both important 
determinants of the site of interaction (upper or lower 
intestine) and binding mechanism. 

Lignin and various particulate fibers which do not 
form gels or cationic complexes probably act via hydro- 
phobic and other weak bonding mechanisms in the colon. 
Consistent with in vitro adsorption studies, Rotstein et 
al. (75, 76) reported that autohydrolyzed lignin signifi- 
cantly enhanced fecal bile acid excretion in hamsters. 
Cellulose has been reported to increase acid sterol output 
when included in the diet in large amounts (77, 78). In 
a long-term study in man, legumes enhanced fecal bile 
acid output (79) in agreement with bile acid adsorption 
observed in vitro (69). Various other sources of food- 
derived fiber also increased bile acid loss (80, 81). Ve- 
getarians, on the other hand, were reported to have re- 
duced rates of bile acid turnover (82) but vegetarian diets 
also differ in lipid and sterol content. 

Although wheat bran demonstrated moderate bile acid 
affinity in vitro, few human studies have indicated an 
increase in fecal bile acid excretion (83-87). Tarpila, 
Miettinen, and Metasaranta (88) actually observed a 
decrease in acid sterol output during bran feeding in 
subjects with diverticular disease. There was a commen- 
surate decrease in cholesterol synthesis. Oat bran, 
however, did significantly increase fecal bile acid loss 
(80, 89). 

Oat bran differs from wheat bran in being more mu- 
cilaginous in nature due to a high content of 8-glucans. 
Other mucilaginous fibers such as pectin, guar, and psyl- 
lium seed colloid have consistently been shown to increase 
bile acid excretion in man by 33 to 300% (77, 90-93). 
Unlike lignin and various particulate fibers, the gel- 
forming fibers probably act in the upper intestine either 
by direct sequestration or by impeding micelle transport 
through the unstirred water layer. These fibers do not 
survive passage through the colon and no selectivity with 
regard to bile acid chemistry has been demonstrated. The 
effect of dietary fiber on fecal bile acid excretion in man 
(79-95) is summarized in Fig. 3. Methodology used for 
bile acid measurement has also been indicated since ti- 
tration methods are highly inaccurate and enzymatic 
methods do not detect 38- or 3-keto isomers of fecal bile 
acids. Hence small changes in bile acid output may not 
be detected. 

TABLE 2. Adsorption of bile acids to fiber: in vitro studies 

Fiber Effects 

A. Bile acid solutions 
Corn-barley (62) 

Vegetable fibers (69) 

Isolates and native fibers 
(59) 

Vegetable fibers (70) 

Alfalfa, bran (65) 

Oats, wood shavings (71) 

Lignin (61) 

B. Micellar suspensions 
Mixed fibers (72) 

Corn-barley (60) 

Bran, alfalfa (73) 

C. Ileal transport 
Pectin (74) 

Adsorption directly related to bile acid polarity and enhanced by methylation suggesting hydrophobic 

Preferential adsorption of unconjugated dihydroxy bile acids, string beans, celery, corn, lettuce, and potato 

Lignin 36%, alfalfa 20%, bran 1170, and cellulose 2% as effective as cholestyramine. 

interaction. 

20-60% as effective as cholestyramine. 

Bile acid affinity varied with fiber source: carrot > pea > celery > bran. 

Deoxycholate adsorption increased after removal of saponins and decreased 70% after removal of lignins. 

Adsorption greater for oats; bile acid adsorption to wood shavings increased with decreasing particle size. 

Autohydrolyzed lignin of small molecular weight with intact carbonyl groups bound bile acids 50% as 
effectively as DEAE Sephadex. Binding maximal for more polar bile acids. Relative affinity for 
trihydroxy bile acids increased with reduction in pH. 

Taurocholate adsorption: lignin, 22%, alfalfa, lo%, wheat, 1070, oats, 7%, cellulose, 0. Cholesterol 
adsorption: lignin, 28’70, alfalfa, 23%, wheat, 23%, oats, 21%, cellulose, 0. 

unsaturated short chain fatty acids. 

38% of micellar cholesterol. 

Incorporation of bile acid into mixed micelle reduced adsorption to fiber especially in the presence of 

Alfalfa adsorbed 10% of micellar cholesterol and small amounts of unconjugated bile acids. Bran adsorbed 

Addition of pectin to perfusate reduced in vitro rat ileal transport of bile acids by 50%. 
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Through alteration in sterol concentration, bacterial The effect of fiber on stool bulk is likely to be related 
flora, or cecal pH, fiber may also influence the bacterial 
modification of bile acids. Wheat bran reduced the de- 
oxycholate fraction of gallbladder bile suggesting reduced 
formation or absorption of secondary bile acids in the 
colon (96). 

Dietary fiber has, in general, less effect on neutral 
steroid excretion. Lymphatic cholesterol absorption was 
reduced in rats fed pectin, cellulose, or alfalfa. Bran was 
without effect (97, 98). Balmer and Zilversmit (72) re- 
ported decreased absorption of cholesterol in animals in 
response to a mixture of fibers. There are varying reports 
on the effect of pectin on neutral steroid excretion in man 
(90, 91). Mucilaginous fibers tend to increase fecal fat 
excretion but the effect is not quantitatively significant 
(2-4 g/d) (91, 92). Other fibers that enhanced bile acid 
output, i.e., psyllium (77), lignin (75), and oat bran (89), 
had no effect on neutral steroid excretion. 

Adsorption of other organic substances by fiber. Less 
information is available on the adsorption of the other 
materials by fiber. Rubio et al. (99) demonstrated in vitro 
that the thermodynamic activity, and hence the bioavail- 
ability, of N-nitrosodiethylamine was lowered in the 
presence of lignin. Rotstein et al. (76) reported that lignin 
increased the fecal excretion of estrogen in animals given 
intraperitoneal injections of ethinyl estradiol. Fiber may 
interact with a number of organic substances within the 
enterohepatic circulation but there is not yet complete 
information on the physiological significance of such pro- 
cesses. 

Cation exchange properties 

The functional capacity of dietary fiber for cation ex- 
change is well established. The effect is related to the 
number of free carboxyl groups on the sugar residues 
(100, 101). Calcium binding can be predicted on the 
basis of uronic acid content of fiber residues (102). For- 
mation of cation complexes with acidic polysaccharides 
is reflected in their effects on mineral balance, electrolyte 
absorption, and heavy metal toxicity. 

DIETARY FIBER IN T H E  ETIOLOGY AND 
TREATMENT OF HUMAN DISEASE 

Colon and rectum 

Constipation. Dietary fiber has established effects on 
stool bulk and consistency, and lower intestinal motility. 
Average stool weights in Western countries are in the 
order of 100 g/d in comparison to over 300 g/d in pop- 
ulations ingesting high carbohydrate, high fiber diets 
(103). For relief of constipation, a suggested therapeutic 
goal is 150 g/d (104). 

not only to the hydration capacity of the surviving residue 
and production of osmotically active metabolites but also 
to induction of bacterial growth, since bacterial cells are 
normally 80% water and represent an important fraction 
of total stool volume (35). Thus the mechanism by which 
stool bulk and laxation is promoted will vary for dif- 
ferent fibers. Stephen and Cummings (35) demonstrated 
that 48% of the increase in stool bulk and water content 
in subjects fed wheat fiber could be accounted for by the 
water-holding capacity of the hydrated fiber. Only 36% 
of the wheat fiber fed was bacterially degraded. By con- 
trast, when an almost completely digestible (92%) fiber 
(cabbage) was fed, stool bulk and water content also 
increased but much of this increase (35%) was due to 
enhanced bacterial output. Similarly the reported rela- 
tionship of fecal weight to intake of pentose-containing 
polysaccharides may be mediated by their tendency to 
increase bacterial growth and output (105). 

Although large amounts of fermentable fibers enhance 
fecal bulk and water content, they are somewhat less 
effective than less fermentable types. Stasse-Wolthuis 
and colleagues (106) demonstrated in a carefully con- 
trolled study that the mean increase in stool weight was 
4.1 g/g of added fiber for coarse wheat bran (fermen- 
tation resistant) as compared to 1.9 g/g of added fiber 
when fruit and vegetables (highly fermentable) were used 
as a fiber source. The influence of various unprocessed 
wheat brans on fecal weight is partially dependent on 
particle size (107) which affects the water-holding ca- 
pacity of the fiber matrix. Cooked wheat bran has a 
reduced stool-bulking capacity probably due to structural 
alterations leading to greater bacterial degradation (108). 

Addition of fiber to the diet also increases the fre- 
quency and urgency of defecation (109, 110). Whole gut 
transit times tend to decrease especially when transit is 
initially prolonged (111-116). There is a negative and 
exponential relationship between transit time and stool 
weight. However, studies on the effect of dietary fiber 
on transit time are complicated by large intra-individual 
variation, the effect of other endogenous and environ- 
mental variables, and by, methodological difficulties in 
measurement (1 16-1 18). Use of a continuous marker 
technique that permits calculation of a 5-day moving 
average of transit time is recommended (116). 

Diverticular disease. Diverticular disease of the sig- 
moid colon is characterized by thickening of the circular 
muscle and contraction of the teniae coli, resulting in the 
formation of redundant folds of mucosal membrane 
which may partially obstruct the lumen. The diverticula 
are acquired mucosal hernias, usually formed where the 
bowel wall is weakened by penetrating vasculature 
(117, 119). 

Painter and Burkitt (1 20) proposed that a diet which 
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provides little colonic residue results in a small hard stool 
that requires vigorous segmentation for propulsion along 
the colon, eventually culminating in circular muscle hy- 
pertrophy, high colonic pressures, and production of div- 
erticula. In contrast, populations ingesting much fiber 
have bulky stools and low colonic pressure and the disease 
incidence is low. 

Clinical studies have demonstrated that abnormally 
high intraluminal pressures occur within the sigmoid 
colon in diverticular disease particularly in response to 
cholinergic stimuli (121, 122). Cine-radiographic tech- 
niques showed that this was due to segmental occlusion 
of the bowel as the circular muscle contracted (123). 
However, circular, muscle hypertrophy is not a consistent 
accompaniment of diverticular disease and many asymp- 
tomatic patients do not have abnormally increased in- 
traluminal pressures, suggesting that the pathogenesis 
of the disease may be more complex (124, 125). 

Available information does indicate that the incidence 
of diverticular disease is low in populations ingesting 
much fiber (126) and emergence of the disease has been 
attributed to the acquisition of a Western lifestyle (1 27). 
In a recent study, the presence of symptomless diverti- 
cular disease was related to the consumption of dietary 
fiber in vegetarians and non-vegetarians (32). 

Despite incomplete information on the etiology of the 
disease, the work of many investigators has resulted in 
a dramatic revision in the medical treatment of diverti- 
cular disease in the last decade. There is now general 
clinical consensus that a high fiber diet is the treatment 
of choice in simple uncomplicated diverticular disease. 
Although large amounts of fruit and vegetables may elicit 
an undesirable increase in gas production, coarse wheat 
bran usually results in a gradual amelioration of disease 
symptoms (128-133). 

Findlay and colleagues (134) have shown that patients 
with diverticular disease have an aberration in fecal flow 
with streaming of solid and liquid phases such that the 
solid fraction is expelled more rapidly. Ritchie, Truelove, 
and Ardran (135) suggested that this might be due to 
retropulsion of the liquid phase of the colonic contents 
in the presence of high disvl intraluminal pressure. 
Coarse bran, by acting as a vehicle for interstitial water, 
eliminating streaming; at the same time it increased the 
rate of transit and stool bulk (135). Pressure changes in 
the colon, as measured by motility indices, decreased sig- 
nificantly (134). These observations are consistent with 
Painter and Burkitt’s (1 20) hypothesis that colonic filling 
reduces intraluminal pressure. More recently however, 
Smith (1 36) has reported that other agents such as finely 
ground wheat bran or isphagula which also increase stool 
bulk and might therefore be expected to decrease intra- 
colonic pressure, in fact failed to do so or actually in- 
creased it. Moreover, in this study of patients with div- 

erticular disease, there was no consistent relationship 
between symptoms and pressure (136). Since a reduction 
in intraluminal pressure is likely to be fundamental to 
successful long term treatment, it is suggested that coarse 
wheat bran may be the therapy of choice in uncompli- 
cated diverticular disease. 

Bran has also been used in the therapy of the irritable 
bowel syndrome. Although Manning et al. (137) re- 
ported a subjective improvement and a reduction in co- 
lonic motor activity in subjects treated with fiber, other 
studies failed to document an ameliorative effect 
( 1 3 8- 1 40). 

Colonic cancer. Fiber consumption is only one of sev- 
eral dietary variables tentatively implicated in the etiol- 
ogy of large bowel cancer (141). Certain epidemiological 
and clinical studies are suggestive of a protective effect 
but other data are complex and contradictory. It has been 
postulated that fiber may act as a protective factor in 
cancer of the large bowel by shortening transit time, thus 
reducing the time for formation and action of carcino- 
gens. In addition, through its stool-bulking effect, fiber 
may lower the concentration of fecal carcinogens thereby 
reducing the amount of carcinogen that comes in contact 
with the gut wall (142, 143). Other changes may occur 
in the physical and chemical environment of the colon, 
the bacterial flora, or in the interaction between bacteria 
and potential carcinogens. Most types of fiber do increase 
stool bulk and dilute the concentration of specific sub- 
stances in the colon, and the concentration of bacterially 
modified bile acids in the colon has been implicated in 
tumor formation. Bile acids act as promoters of colon 
cancer, in mutagenesis assay systems (144) as well as in 
conventional and germ-free rats (145, 146) when given 
orally or intra-rectally (145, 147). However, the appli- 
cability of animal models of chemically induced carci- 
nogenesis to human cancer is unclear (148). 

In addition, the extent to which a specific fiber reduces 
fecal bile acid concentration will be modified by its con- 
comitant effect on total sterol excretion. Whereas wheat 
bran decreased the concentration of bile acids in the stool 
(80), pectin did not (91). It is conceivable that ferment- 
able fiber may alter the production of secondary sterols 
through its effects on colonic pH,  since most bacterial 
enzymes acting on acidic and neutral steroids have pH 
optima of 6.5 or greater (149). Bacterial modification of 
fecal steroids is apparently reduced in individuals con- 
suming high fiber diets (150, 151) or a fiber analogue, 
lactulose (1 52). 

Ammonia has also been linked to colonic tumor for- 
mation (153). Cummings et al. (105) reported a decrease 
in fecal dialysate ammonia in association with a decrease 
in transit time in subjects given fiber supplements. 

Epidemiological studies have attempted to relate colon 
cancer to nutritional variables. Consumption of dietary 
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fiber was found to differ in two communities in Denmark 
and Finland with a fourfold variation in colon cancer; 
however, the diets also differed in other respects (1 54). 
Reddy et al. (155) has compared dietary intakes in a 
low-prevalence rural community in Finland with a high 
risk New York population. Fat intakes were similar in 
the two groups but fiber intake was far greater in the 
Finnish population resulting in a threefold increase in 
stool bulk and a proportionate decrease in fecal bile acid 
concentration. In a study by Modan and colleagues (1 56), 
increased fiber intake was associated with a reduced in- 
cidence of cancer of the colon. Graham et al. (157) re- 
ported that the ingestion of certain fiber-rich vegetables 
was inversely related to the frequency of large bowel 
cancer. However, many of the vegetables implicated 
(Brassica family) contain indole compounds which them- 
selves directly influence the activity of carcinogen-me- 
tabolizing enzymes (1 58). More recently, Bingham et al. 
(1 59) reported a significant negative correlation between 
intake of pentose-containing dietary fiber and colon can- 
cer mortality in England. 

There is some evidence that fiber may influence chem- 
ically-induced carcinogenesis in animals. Bran has been 
reported to reduce the incidence of tumors in dimethyl- 
hydrazine-treated rats (1 60, 161). Other studies have 
failed to confirm a protective effect of bran (162). In- 
consistent results may have been due to differences in 
level and route of administration of the chemical carcin- 
ogen. Similarly, pectin has been reported to increase 
(1 63) or decrease (1 64) tumor formation under varying 
conditions. 

In summary, there is preliminary evidence that stool 
bulk-promoting fibers may modify the action of colonic 
carcinogens or promotors. Other environmental and ge- 
netic factors are undoubtedly operative and the signifi- 
cance of altered fiber intake in tumorigenesis is not yet 
established. 

Glucose absorption and metabolism 

Under certain conditions, dietary fiber has a modu- 
lating effect on the glucose absorption rate and attendant 
hormonal responses. 

Jenkins and coworkers (57, 165) have suggested that 
mucilaginous fibers such as guar have the most potent 
effects on glucose metabolism. In their studies, these fi- 
bers reduced the rate of glucose absorption and slowed 
the upper intestinal transit rate. Frank malabsorption 
did not occur in these acute studies but animal experi- 
ments have indicated that chronic pectin or cellulose feed- 
ing impairs jejunal glucose absorption (1 66). Tasman- 
Jones, Jones, and Owen (167) have demonstrated a re- 
duction in the number of intestinal villi in animals fed 
pectin. Other reports indicated that guar delayed gastric 
emptying (168) and lessened the release of gastric in- 

hibitory polypeptide (169). The latter effect may be sec- 
ondary to alteration in the site of glucose absorption. A 
number of reports indicated that incorporation of guar 
or pectin into a test meal resulted in a flattening of the 
postprandial blood glucose and insulin curves (1 65,170). 
Guar was not effective, however, unless intimately mixed 
with the carbohydrate vehicle (171). When used in the 
dietary treatment of diabetes, guar has been reported to 
reduce insulin requirement and urinary glucose excre- 
tion (172). 

Mucilaginous polysaccharides, although effective 
modulators of glucose absorption, are of limited palat- 
ability. Hence, efforts have been made to treat diabetics 
with diets containing a predominance of fiber-rich foods. 
Improvements in diabetic control and reduction in insulin 
and sulfonylurea requirements have been reported in 
both mild (173, 174) and moderate (175-181) diabetics 
on high-fiber diets containing a normal (176, 180, 182) 
or high (173, 177, 178, 180) proportionof carbohydrate. 
In certain studies, reversal of lipid abnormalities also 
occurred (173, 175, 181). Further controlled trials are 
required but dietary fiber may be a useful adjunct in 
diabetic therapy. 

Atherosclerosis 

The low age-specific incidence of atherosclerotic heart 
disease (AHD) in central Africa and parts of the Indian 
subcontinent has been attributed in part to a diet char- 
acterized by a high intake of complex carbohydrates and 
dietary fiber (182-1 84). Plasma cholesterol levels are low 
in these populations but other dietary and environmental 
differences are present. 

The possible relationship of fiber intake to C H D  in- 
cidence has also been investigated in occidental popu- 
lations. In an international survey of nutrient intake and 
serum lipids in 1955, Keys, Fidanza, and Keys (185) 
noted that mean plasma cholesterol for men in Naples 
was much lower than that for an age-matched group in 
Minnesota. Part of the difference (ca. 20 mg/dl) was left 
unaccounted for by a prediction equation based on intake 
of fatty acids and cholesterol (186). It was suggested that 
the large amount of fiber from fruit, vegetable, and le- 
gumes in Mediterranean-type diets might be partly re- 
sponsible for the low levels of plasma cholesterol observed 
(1 87). Low concentrations of serum lipids and delayed 
onset of C H D  have also been reported for various ve- 
getarian groups including Seventh Day Adventists (188), 
Trappist monks (1 89), strict vegetarians, lacto-ovo ve- 
getarians (190), and persons following a Zen macrobiotic 
diet (191). An inverse relationship between cereal fiber 
intake and death from coronary disease was reported in 
a retrospective study by Morris, Marr, and Clayton 
(192). This apparent relationship could not be explained 
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by differences in known risk factors such as serum cho- 
lesterol. 

In a study of 200 healthy men, Kay et al. (28) reported 
that men in the lower tertile of the plasma cholesterol 
and triglyceride distributions were consuming signifi- 
cantly more dietary fiber and significantly fewer calories 
as fat. However, there were also negative relationships 
between fiber intake and each of fat intake and adiposity. 
Multivariate analysis indicated that, whereas the percent 
of calories consumed as fat was independently, positively 
related to serum cholesterol and triglyceride levels, the 
relationship of dietary fiber intake to serum lipids was 
largely mediated by co-existing differences in other en- 
vironmental variables. This suggests that, in a free-living 
Western population, dietary fiber may exert an indirect 
effect on plasma lipids via displacement of more lipid- 
active nutrients. 

A series of animal experiments lends support to the 
hypothesis that a large amount of fiber may have a pro- 
tective effect. A variety of fiber-rich foods such as wheat 
straw (193), chow (194, 71), oats (195), soy bran (71), 
rice bran (196), fruit and vegetables (197), apples (198), 
alfalfa (199, 200), legumes (201-206), mucilaginous fi- 
ber (207-210) were shown to reduce the atherogenicity 
of semisynthetic diets with or without added fat and 
sterol. However, other fiber sources such as wheat bran 
(211, 212) were without effect on atherosclerosis risk 
factors. 

Purified preparations of dietary fiber including cel- 
lulose, hemicellulose, lignin, and pectin have been tested 
in man. None of these represent a single homogeneous 
entity and results of experiments have varied depending 
on the physical and chemical characteristics of the fiber 
isolate used. 

Guar, a galactomannan from the legume, Cyanopsis 
tetragonolaba is hypocholesterolemic in normal man and 
has been used clinically to reduce plasma cholesterol in 
patients with Type I1 hyperlipidemia (213, 214). Psyl- 
lium seed colloid (based on arabinose and galacturonic 
acid) is a component of the stool-bulking agent, Meta- 
mucil. Moderate doses (ca. 24 g/d) have been reported 
to reduce plasma cholesterol by 16% (77, 93, 215). Nu- 
merous investigations have reported that pectin lowers 
plasma cholesterol in man under a variety of conditions 
(90-92,216). Cellulose, on the other hand, was not found 
to have significant hypocholesterolemic activity unless fed 
in large doses (77, 83, 217) and human studies on the 
effect of lignin on plasma lipids have given both positive 
(218) and negative results (219). 

Cereal brans are a common fiber-rich food and their 
effects on plasma total cholesterol have been recorded in 
over 23 separate reports summarized elsewhere (220, 
221). Several of these were carried out under conditions 
of rigorous dietary control. The majority of these studies 

have been negative. Information on the effects of wheat 
bran on HDL-cholesterol is limited and variable (222- 
224). In only two of the above studies has bran been 
reported to reduce plasma triglycerides (223, 225). 

In contrast to the generally negative effect of wheat 
bran, oat bran does appear to have significant hypocho- 
lesterolemic properties (80, 89, 226). Other fiber con- 
centrates, mainly particulate in nature, have also been 
tested. Bagasse (sugar beet residue) is apparently without 
hypocholesterolemic effect in man (81). Corn bran did 
not alter plasma lipids but soybean hulls reduced plasma 
cholesterol by 14% in normal males (227). Raymond et 
al. (94) added 60 g of mixed dietary fiber including wheat 
bran, soybean hulls, corn hulls, and cellulose to a liquid 
formula diet and found no change in plasma cholesterol 
level. Palumbo, Briones, and Nelson (228) reported that 
a cellulose-soyhull fiber mixture elicited a 5% decrease 
in serum cholesterol in 14 Type I1 hyperlipidemic sub- 
jects. In general, particulate fibers such as wheat bran 
are ineffective hypocholesterolemic agents compared with 
mucilaginous or partly mucilaginous fibers such as guar 
and oat bran. 

Certain fiber-rich foodstuffs have been reported to 
significantly lower plasma total cholesterol concentration. 
In controlled experiments by Keys, Anderson, and 
Grande (229), plasma cholesterol levels were reduced 
when 17% of calories as sucrose, lactose, and milk protein 
were replaced by sugars, starch, protein, and 45 g of 
dietary fiber in the form of fresh fruits, vegetables, and 
legumes. In a later experiment by the same investigators, 
the isonutrient substitution of either bread or sucrose by 
a mixture of vegetables containing 40 g of dietary fiber 
reduced plasma cholesterol levels by 20 mg/dl (230). 
Other reports have indicated that apples (231), carrots 
(232, 233), and other fruit and vegetables (234) have a 
hypocholesterolemic effect. Fiber-rich legumes including 
peas, beans, and chickpeas lowered plasma cholesterol 
in man (235, 236). A number of studies have indicated 
that the reduction in serum total cholesterol due to certain 
types of fiber is limited to the low density lipoprotein 
(LDL) fraction. H D L  cholesterol may be increased 
slightly (234) or unchanged (226). 

A decrease in circulating cholesterol during increased 
fiber consumption may be due to a number of interacting 
events resulting in increased fecal steroid excretion not 
fully compensated for by de novo cholesterol synthesis. 

There is a widespread conviction that the effect of 
dietary fiber on plasma cholesterol concentration may be 
largely mediated by enhanced fecal excretion of bile acids. 
Virtually all types of dietary fiber shown to be hypo- 
cholesterolemic in man also increase fecal bile acid output 
(Table 3). Miettinen and Tarpila (90) reported at least 
partial compensation for enhanced sterol loss in subjects 
fed pectin, since cholesterol synthesis as assessed by 
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TABLE 3. Effect of dietary fiber on fecal steroid excretion and plasma cholesterol in man 

Fecal Fecal 
Amount of Plasma Bile Neutral 

Fiber Supplement Duration Subjects Cholesterol Acids Steroids Reference 

g/d days 

Pectin 45 14 9 N + 1 H L D  -13% +75%' 0 (90) 
15 21 9 N  -13% +33% +17% (91) 
36 14 7 N  -15% +34%d (92) 

Guar 36 14 7 N  -16% +84%d (92) 

Psyllium 15 16 22 N +70W (77) 
10 42 2 N  - 10% +302%/ 0 (93) 

Cellulose 15 16 22 N +25%' (77) 
100 10 10 N -25% +45% (78) 

Bagasse 1 1  84 9 N  0 +50%d 0 (81) 

Legumes 385 10 N -22% + 5 5 v  0 (79) 

Oat bran 40 15 6 N  0 +111% (80) 
100 10 8 H L D  -13% + 5 1 %  0 (89) 

Wheat bran" 16 21 8 N  0 0' (83) 
39 21 8 N  0 od 0 (81) 
64 21 6 N  +90"Od (W 
36 21 6 N  0 Od +40% (85) 
54 21 6 N  0 w 0 (86) 
70 365 22 D D  0 -49%' 0 (88) 
35 28-56 7 N  w 0 (87) 

Mixed 60 28 8 N + 1 H L D  0 w 0 (94) 
93b 15 6 N  0 +111%' (80) 
33b 21 46 N -7% 0' +40% (95) 

a Given as wheat bran or derived from whole wheat foods. 
b g/d of dietary fiber in mixed food sources. 
Methods of total fecal bile acid determination: ', gas-liquid chromatography; ', enzymatic; I ,  turnover of radiolabeled bile acids; ', fluorimetry; 

N, normal; HLD,  hyperlipidemic; DD,  diverticular disease. 
g, titration with alkali. 

serum concentrations of methyl sterols increases. It is of 
interest that increased fecal bile acid output due to fiber 
was not always accompanied by a reduction in plasma 
cholesterol (39, 81). Similarly, simulation of fiber-in- 
ducible increases in fecal bile acid excretion achieved by 
administration of low doses of cholestyramine failed to 
alter blood lipids in normolipidemic volunteers (237). 
This suggests that additional mechanisms may be op- 
erative. 

Experiments demonstrating that the hypocholestero- 
lemic effect of pectin is greatest when the diet contains 
cholesterol (238) suggested that reduced absorption may 
be a factor in the cholesterol-lowering response. Fecal 
neutral steroid excretion in man was variably increased 
by pectin (9 l), however other hypocholesterolemic fibers 
did not appear to alter fecal output of cholesterol and 
its degradation products (77, 89, 93). Many types of 
dietary fiber modulate glucose absorption resulting in a 
reduction in postprandial levels of glucose and insulin. 
Albrink, Newman, and Davidson (175) demonstrated 
that a reduction in plasma triglycerides and cholesterol 
in subjects ingesting high-fiber diets was associated with 

a markedly lower insulin response to a representative 
high-fiber meal than to a low-fiber meal. 

Insulin has been reported to increase cholesterol syn- 
thesis (239) and hepatic synthesis and secretion of very 
low density lipoprotein (240). Inclusion of dietary fiber 
in a high carbohydrate diet markedly reduces carbohy- 
drate-associated lipemia (175, 241). Mucilaginous fibers 
appear to have the greatest effect on plasma total cho- 
lesterol concentrations and are of similar importance in 
their effects on glucose metabolism (241,242), suggesting 
that fiber-induced changes in the ambient insulin con- 
centration may influence lipid metabolism. 

Cholelithiasis 
A series of reports have recently become available on 

the effects of dietary fiber on gallbladder bile composition 
(Table 4). Most studies have used wheat bran. The ten- 
dency of biliary cholesterol to precipitate and form gall- 
stones is dependent on the lithogenic index which is based 
on the molar ratios of cholesterol, bile acid, and phos- 
pholipid. In general, when the bile was initially litho- 
genic, improvement followed; but in patients with normal 
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TABLE 4. Effect of wheat bran on gallbladder bile" composition 

Lithogenic Bile Acid 
Reference Subjects Index Composition 

Pomare et al. (243) 

Wicks et al. (96) 

Watts et al. (244) 

6 Cholelithiasis 

12 Normal 

5 Supersaturated 
6 Normal 

8 Cholelithiasis 
9 Normal 

McDougall et al. (224) 

Tarpila et al. (88) 

Meyer et al. (245) 

Van Berge Henegouwen et al. (223) 

Hui.jbregts et al. (246) 

22 Diverticular disease 

4 Obese 

7 Normal 

7 Normal 

1 

0 

1 
0 

1 
0 

0 

0 

0 

0 

1 DC T CDC 

1 DC T CDC 

1 DCb 
0 

1 DC 
0 

1 DC T CA 

0 

0 

' Obtained by duodenal aspiration. 

DC, deoxycholic acid; CDC, chenodeoxycholic acid; CA, cholic acid. 
If initially elevated. 

bile composition, bran did not further reduce the litho- 
genic index (96, 223, 224, 243-246). Pomare and co- 
workers (243) reported that a dose of 30 g/day signifi- 
cantly improved bile composition in patients with 
cholesterol gallstones and Watts, Jablonski, and Toouli 
(244) noted improvement in bile composition in all five 
patients whose lithogenic index was initially greater than 
unity. A somewhat larger daily amount of bran (50 g) 
reduced the lithogenic index from 1.35 to 0.71 in patients 
with stones, but did not affect a control population (224). 
A mixture of dietary fibers did not improve bile com- 
position in four morbidly obese subjects; however this 
group does not respond well to other forms of therapy 
such as chenodeoxycholic acid (245). 

Less information is available on the effect of other 
fibers on bile composition. Miettinen and Tarpila (90) 
reported that bile composition was not affected in nor- 
mals receiving citrus pectin, but one individual who ini- 
tially had supersaturated bile developed normal com- 
position on therapy. Rotstein and coworkers (75, 76) 
demonstrated that lignin significantly reduced biliary 
lithogenicity and cholesterol gallstone formation in ham- 
sters. This effect was augmented by inclusion of a syn- 
thetic fermentable fiber analogue, lactulose, in the diet. 
Protection against cholesterol gallstones has been de- 
monstrated in squirrel monkeys fed a diet rich in 
fiber (247). 

The mechanism by which certain fibers improve bile 
composition is not firmly established. Strasberg, Pe- 
trunka, and Ilson (248) demonstrated that controlled 
stimulation of bile acid synthesis reduced the biliary cho- 
lesterol secretion in rhesus monkeys. In accord with this 
observation, low doses of a bile acid-binding resin im- 
proved bile composition in subjects with cholelithiasis 
(237, 249). Pectin and lignin increase fecal bile acid ex- 

cretion and may act in a similar manner. Wheat bran 
apparently causes other changes in colonic bile acid me- 
tabolism as indicated by a reduction in the deoxycholic 
acid fraction of bile (243). 

A reduction in pool size is another abnormality re- 
ported in subjects with cholesterol gallstones (250). Since 
the bile acid pool size is inversely related to the enter- 
ohepatic cycling frequency, fibers such as bran, which 
decrease upper intestinal transit (1 66, 251) time, might 
actually decrease pool size. More information is required 
on the effects and mechanism of action of various fibers 
on bile composition and bile acid pool size in subjects 
with cholelithiasis. 

Mineral deficiencies 
The affinity of acidic polysaccharides for mono- and 

divalent cations is reflected under certain dietary con- 
ditions by an increase in the fecal excretion of various 
minerals and electrolytes. Wheat fiber lowered blood lev- 
els of calcium and iron in subjects on a Western diet 
(252, 253). These findings were supported by Reinhold 
and colleagues (254,255) who also demonstrated reduced 
bioavailability of zinc and magnesium in volunteers con- 
suming a high fiber Iranian bread. This effect could be 
only partially ascribed to the associated phytate content 
(256, 257). Purified fibers such as cellulose lowered cal- 
cium and zinc absorption (258, 259). In other recent 
reports, cellulose, hemicellulose (260), and a diet rich in 
fruit and vegetables (261, 262) increased calcium, mag- 
nesium, zinc, and copper excretion in the stool. However, 
not in all studies has a detrimental effect of fiber on 
mineral balance been confirmed. Guthrie and Robinson 
(263) demonstrated that 150 g per day of wheat bran did 
not alter zinc, copper, or manganese balance in young 
women. These balance studies were performed after 21 
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days of bran consumption in contrast to those carried out 
immediately after initiation of a high fiber regimen and 
may indicate adaptive changes to lower concentrations 
of micronutrients. In careful metabolic studies, Sandstead 
et al. (264) demonstrated that adult males ingesting a 
normal Western diet could sustain zinc, copper, and iron 
balance when 2 6 g  of wheat bran or other fiber was 
added to their diet; calcium requirements increased 
slightly. T h e  highly fermentable fiber, pectin, did not 
affect calcium balance probably because fiber degrada- 
tion can lead to release and absorption of bound minerals 
in the colon (265). 

Due to the deposition of minerals in the plant cell 
wall, high fiber diets are often enriched in various min- 
erals including iron, magnesium, chromium, potassium, 
and calcium. T h e  nutritional significance of fiber-in- 
duced changes in mineral balance must be considered in 
the context of overall dietary adequacy and individual 
ability to adapt to a reduction in micronutrient avail- 
ability (265). A low intake of iron, zinc, and calcium has 
been documented in certain population subgroups; ad- 
equate supplementation of these minerals may be indi- 
cated if fiber intake is increased. 

CONCLUSIONS 

Dietary fiber has certain established homeostatic and 
therapeutic functions in human nutrition. However, des- 
pite the enormous surge of interest in this field, the rel- 
ative etiological importance of fiber in many Western 
diseases remains unclear. Progress is impeded by the 
nature of the material under study. Plant fiber consists 
of a diverse group of substances of chemical and mor- 
phological complexity. In both in vitro and in vivo studies 
of purified fibers, careful characterization of the fiber 
used is necessary, since the age and species of the plant 
source and the extraction method all influence the nature 
of the derived material. T h e  isolation and study of in- 
dividual fibers represents the most systematic approach 
to defining the effects of different chemical types of fiber. 
However, chemical extraction from the plant cell wall 
undoubtably alters both physical and chemical properties 
of the native fiber. Although it may appear more phys- 
iological to study the effects in man of consuming intact 
fiber-rich foods, concomitant alterations in the intake of 
other dietary components is often inevitable. 

These problems will continue to evade simple solu- 
tions. W e  have developed the concept that dietary fiber 
is a polymer matrix with definable physicochemical 
properties (1). Determination of the physical and chem- 
ical characteristics of fiber and the evolution of these 
properties during passage along the gastrointestinal tract 

is likely to be fundamental to the prediction of the role 
of various types of dietary fiber in human physio1ogy.l 
Manuscript received 14 July 1980, in revisedfonn 24 June 1981, and 
in re-revised form 2 7 September 198 I .  

REFERENCES 

1. Eastwood, M. A,, and R. M. Kay. 1979. An hypothesis 
for the action of dietary fiber along the gastrointestinal 
tract. Am. J. Clin. Nutr. 32: 364-367. 

2. Brown, W. 1979. Interactions of small molecules with 
hydrated polymer networks. In Dietary Fibers: Chemistry 
and Nutrition. G. Inglett and I. Falkehag, editors. Aca- 
demic Press, New York. 1-14. 

3. Aspinall, G. 0. 1973. Carbohydrate polymers of plant 
cell walls. In Biogenesis of Plant Cell Wall Polysaccha- 
rides. F. Loewas, editor. Academic Press, New York. 95- 
115. 

4. Yost, H. T. 1972. Cellular Physiology. Prentice Hall, 
New Jersey. 5-12. 

5. Preston, R. D. 1974. Plant cell walls. In Dynamic Aspects 
of Plant Ultrastructure. A. W. Robards, editor. McGraw- 
Hill, Maidenhead, U.K. 256. 

6. Braums, F. E. 1952. The Chemistry of Lignin. Academic 
Press, New York. 14-21. 

7. Schubert, W. J. 1965. Lignin Biochemistry. Academic 
Press, New York. 2-6. 

8. Van Denffer, D., W. Schumacher, K. Magdefrau, and 
F. Ehrendorfer. 1976. Excretory and secretory tissues. In 
Strasburger’s Textbook of Botany. Longman, New York. 

9. Aspinall, G. 0. 1970. Polysaccharides. Pergamon Press, 
Oxford, U.K. 130-144. 

10. Southgate, D. A. T. 1976. The chemistry of dietary fiber. 
In Fiber in Human Nutrition. G. A. Spiller and R. J. 
Amen, editors. Plenum Press, New York. 31-72. 

11 .  Theander, O., and P. Aman. 1979. The chemistry, mor- 
phology and analysis of dietary fiber components. In Di- 
etary Fibers: Chemistry and Nutrition. G. Inglett and I. 
Falkehag, editors. Academic Press, New York. 214-244. 

12. Kertesz, 2. I. 1963. Polyuronides. In Comprehensive 
Biochemistry. M. Florkin and E. H. Stotz, editors. El- 
sevier, New York. 5: 233. 

13. Southgate, D. A. T., W. J. Branch, M. J. Hill, B. S. 
Draser, P. S. Davies, and I. McLean-Baird. 1976. Met- 
abolic responses to dietary supplements of bran. Metab- 
olism. 25: 1129-1 135. 

14. Pilnik, W., and A. G. J. Voragen. 1973. Pectic substances 
and other uronides. In the Biochemistry of Fruits and 
Their Products. A. C. Hulme, editor. Academic Press, 
London. 53-87. 

15.  Worth, H. G. 1967. The chemistry and biochemistry of 
pectic substances. Chem. Rev. 67: 465-473. 

16. Knuss, H. 1974. Biosynthesis of pectin and hemicellulose. 
In Plant Carbohydrate Chemistry. J. B. Pridham, editor. 
Academic Press, New York. 191-205. 

17. Werch, S. C., and A. C. Ivy. 1941. A study of the me- 
tabolism of ingested pectin. Am. J .  Dis. Child. 6 2  499- 
511 .  

18. Aspinall, G. 0. 1970. Pectins, plant gums and other plant 
polysaccharides. In Carbohydrates. W. Pigman and D. 
Horton, editors. Academic Press, New York. llb: 515. 

19. McNeely, W. H., and P. Kovacs. 1976. The physiological 

1 1  8-1 21. 

Kay Dietary fiber 235 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


effects of alginates and xanthan gum. In Physiological 
Effects of Food Carbohydrates. A. Jeanes and I. Hodge, 
editors. American Chemical Society, Washington. 269- 
281. 

20. Paul, A. A,, and D. A. T. Southgate. 1978. McCance and 
Widdowson's. The Composition of Foods. Elsevier-North 
Holland, New York. 162-237. 

21. Food and Agriculture Organization of the United Nations. 
1980. Carbohydrates in Human Nutrition. Food and 
Nutrition Paper 15. FAO/WHO. Rome. 

22. Spiller, G. A., and R. M. Kay. 1979. Recommendations 
and conclusions of the dietary fiber workshop of the XI  
International Congress of Nutrition, Rio de Janeiro, 1978. 
Am. J. Clin. Nutr. 32 2102-2103. 

23. Van Soest, P. J., and R. W. McQueen. 1973. The chem- 
istry and estimation of fiber. Proc. Nutr. SOC. 32: 123- 
130. 

24. Asp, N. G. 1978. Critical evaluation of some suggested 
methods for assay of dietary fiber. In Dietary Fiber: Cur- 
rent Developments of Importance to Health. K. W. Hea- 
ton, editor. John Libbey, London. 21-26. 

25. Hellendoorn, E. W., M. G. Noordhoff, and J. Slagman. 
1975. Enzymatic determination of indigestible residue 
content of human food. J.  Sci. Food Agric. 26: 1461-1468. 

26. Southgate, D. A. T. 1976. The analysis of dietary fiber. 
In Fiber in Human Nutrition. G. A. Spiller and R. J. 
Amen, editors. New York, Plenum Press. 73-107. 

27. Southgate, D. A. T. 1969. Determination of carbohydrates 
in foods. 11. Unavailable carbohydrates. J. Sci. Food Agric. 
20 331-336. 

28. Kay, R. M., Z. I. Sabry, and A. Csima. 1980. Multi- 
variate analysis of diet and serum lipids. Am. J. Clin. 
Nutr. 33: 2566-2572. 

29. Bingham, S., J. H. Cummings, and N. J. McNeil. 1979. 
Intakes and sources of dietary fiber in the British popu- 
lation. Am. J. Clin. Nutr. 32 1313-1316. 

30. Southgate, D. A. T., S. Bingham, and J. Robertson. 1978. 
Dietary fibre in the British diet. Nature 274 51-52. 

31. Heller, S. N., and L. R. Hackler. 1978. Changes in the 
crude fiber content of the American diet. Am. J. Clin. 
Nutr. 31: 1510-1513. 

32. Gear, J. S. S., A. Ware, P. Fursdon, J. I. Mann, D. J. 
Nolan, A. J. M. Brodribb, and M. P. Vessey. 1979. Symp- 
tomless diverticular disease and intake of dietary fibre. 
Lancet. 1: 511-513. 

33. Bingham, S., and J. H.  Cummings. 1980. Sources and 
intakes of dietary fiber in man. In Medical Aspects of 
Dietary Fiber. G. A. Spiller and R. M. Kay, editors. 
Plenum Press, New York. 261-284. 

34. Mertens, D. R. 1977. Dietary fiber components: rela- 
tionship to the rate and extent of ruminal digestion. Fed- 
eration Proc. 36: 187-192. 

35. Stephen, A. M., and J. H.  Cummings. 1980. Mechanism 
of action of dietary fiber in the human colon. Nature. 284 
283-284. 

36. Bryant, M. P. 1974. Nutritional features and ecology of 
predominant anaerobic bacteria of the intestinal tract. Am. 
J. Clin. Nutr. 27: 1313-1320. 

37. Borriello, P., B. Drasar, and A. Tompkins. 1978. Diet 
and fecal flora. A comparison of northern Nigeria and 
London. Proc. Nutr. SOC. 37: 40A. 

38. Draser, B. S., D. J. A. Jenkins, and J. H.  Cummings. 
1976. The influence of a diet rich in wheat fiber on the 
human faecal flora. J. Med. Microbiol. 9 423-431. 

39. McLean-Baird, R. L., R. L. Walters, P. S. Davies, 
M. J. Hill, B. S. Draser, and D. A. T. Southgate. 1977. 
The effects of two dietary fiber supplements on gastroin- 
testinal transit, stool weight and frequency, and bacterial 
flora and fecal bile acids in normal subjects. Metabolism 
26 117-127. 

40. Fuchs, H. M., S. Dorfman, and M. H. Floch. 1976. The 
effect of dietary supplementation in man. 11. Alteration 
in fecal physiology and bacterial flora. Am. 3. Clin. Nutr. 
29: 1443-1447. 

41. Finegold, S. M., and V. L. Sutter. 1978. Fecal flora in 
different populations with special reference to diet. Am. 
J. Clin. Nutr. 31: 3116. 

42. Ullrich, I. H., H. L. Lai, L. Vona, R. L. Riea, and 
M. J. Albrink. 1980. Dietary fiber alters fecal steroid 
composition. Am. J.  Clin. Nutr. 33 261. 

43. Perman, J. A., S. Modler, and A. C. Olson. 1980. Role 
of pH in production of hydrogen from carbohydrates by 
colonic bacterial flora. J. Clin. Invest. 67: 643-650. 

44. Holloway, W. D., C. Tasman-Jones, and S. P. Lee. 1978. 
Digestion of certain fractions of dietary fiber in humans. 
Am. J. Clin. Nutr. 31: 927-930. 

45. Southgate, D. A. T., and J. V. G. A. Durnin. 1970. Cal- 
orie conversion factors. An experimental reassessment of 
the factors used in the calculation of energy value of hu- 
man diets. Br. J.  Nutr. 24 517-535. 

46. Cummings, J. H., D. A. T. Southgate, W. J. Branch, 
and H. S. Wiggins. 1979. The digestion of pectin in the 
human gut and its effect on calcium absorption and large 
bowel function. Br. J. Nutr. 41: 477-485. 

47. Prins, R. A. 1977. Biochemical activities of gut micro- 
organisms. In Microbiology of the Gut. R. T. Clarke and 
T. Bauchop, editors. Academic Press, New York. 3. 

48. Gray, T., and H. Gest. 1965. Biological formation of 
molecular hydrogen. Science. 14 186-187. 

49. Nottingham, P. M., and R. E. Hungate. 1968. Isolation 
of methanogenic bacteria from feces of man. J.  Bacteriol. 
92: 2178-2181. 

50. Tadesse, K., and M.  A. Eastwood. 1978. Metabolism of 
dietary fiber components in man by breath hydrogen and 
methane. Br. J. Nutr. 40 393-396. 

51. Williams, R. D., and W. H. Olmstedt. 1936. The effect 
of cellulose, hemicellulose and lignin on the weight of the 
stool: a contribution to the study of laxation in man. J. 
Nutr. 11: 433-449. 

52. Bauchop, T., and R. W. Martucci. 1968. Ruminant-like 
digestion of the Langur monkey. Science. 161: 698-699. 

53. McNeil, N. I., H. J. Cummings, and W. P. I. James. 
1977. Short chain fatty acid absorption by the human 
large bowel. Gut. 18: A425. 

54. Kirwan, W. O., A. N. Smith, A. A. Mc Connell, W. D. 
Mitchell, and M. A. Eastwood. 1974. Action of different 
bran preparations on colonic function. Br. Med. J. 4 187- 
189. 

55. Brodribb, A. J. M., and C. Groves. 1978. Effect of bran 
particle size on stool weight. Gut. 19: 60-63. 

56. Robertson, J. A., and M. A. Eastwood. 1981. An ex- 
amination of factors which may affect the water-holding 
capacity of dietary fibre. Br. J. Nutr. 45 83-88. 

57. Jenkins, D. J. A., T. M.  S. Wolever, A. R. Leeds, 
M. A. Gassull, P. Haisman, J. Dilawari, D. V. Goff, G. 
L. Metz, and K. G. Alberti. 1978. Dietary fibres, fibre 
analogues and glucose tolerance: importance of viscosity. 
Br. Med. J. 1: 1392-1394. 

236 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


58. Stephen, A. M., and J. H. Cummings. 1979. Water hold- 
ing by dietary fiber in vitro and its relationship to fecal 
output in man. Gut. 20 722-729. 

59. Story, J. A., and D. Kritchevsky. 1976. Comparison of 
the binding of various bile acids and bile salts in vitro by 
several types of fiber. 3. Nutr. 106: 1292-1294. 

60. Eastwood, M. A., and L. Mowbray. 1976. The binding 
of the components of mixed micelle to dietary fiber. Am. 
3. Clin. Nutr. 29: 1461-1467. 

61. Kay, R. M., S. M. Strasberg, C. N. Petrunka, and M. 
Wayman. 1979. Differential adsorption of bile acids by 
lignins. In Dietary Fibers: Chemistry and Nutrition. G 
Inglett and I. Falkehag, editors. Academic Press, New 
York. 57-66. 

62. Eastwood, M. A., and D. Hamilton. 1968. Studies on the 
adsorption of bile salts to non-adsorbed components of 
diet. Biochim. Biophys. Acta. 162 165-173. 

63. Oakenfell, D. G., and D. E. Fenwick. 1978. Adsorption 
of bile salts from aqueous solution by plant fibre and 
cholestyramine. Br. J. Nutr. 40 299-309. 

64. Malinow, M. R., W. E. Connor, P. McLaughlin, C. 
Stafford, D. S. Lin, A. L. Livingston, G. 0. Kohler, and 
W. P. McNulty. 1981. Cholesterol and bile acid balance 
in Macaca fascicularis. Effect of alfalfa saponins. J. Clin. 
Invest. 67: 156-162. 

65. Story, J. A. 1980. Dietary fiber and lipid metabolism. In 
Medical Aspects of Dietary Fiber. G. Spiller and R. M. 
Kay, editors, Plenum Press, New York. 137-152. 

66. Nagyvary, J., and E. L. Bradbury. 1977. Hypocholes- 
terolemic effect of A13+ complexes. Biochem. Biophys. Res. 
Commun. 77: 592-598. 

67. Furda, I. 1979. Interaction of pectinaceous dietary fiber 
with some metals and lipids. In Dietary Fibers: Chemistry 
and Nutrition. G. Inglett and I. Falkehag, editors. Aca- 
demic Press, New York. 31-48. 

68. Nagyvary, J. J., J. D. Falk, and J. L. Nauss. 1980. The 
interaction of chitosan and pectin with micelles. Federa- 
tion Proc. 39 200. 

69. Birkner, H. J., and F. Kern. 1974. In vitro adsorption 
of bile salts to food residues, salicylazosulfapyridine and 
hemicellulose. Gastroenterology. 67: 237-244. 

70. Eastwood, M. A., R. Anderson, and W. D. Mitchell. 
1976. A method to measure the adsorption of bile salts 
to vegetable fiber of differing water-holding capacity. J. 
Nutr. 106 1429-1432. 

71. Burczak, J. D., and T. F. Kellogg. 1979. Binding of cho- 
late, deoxycholate and chenodeoxycholate in vitro by var- 
ious types and sizes of fibrous materials. Nutr. Rep. Znt. 

72. Balmer, J., and D. B. Zilversmit. 1974. Effects of dietary 
roughage on cholesterol absorption, cholesterol turnover 
and steroid excretion in the rat. J. Nutr. 104 1319-1328. 

73. Vahouny, G. V., T. Roy, L. Gallo, J. A. Story, D. Kritch- 
evsky, M. Cassidy, B. M. Grund, and C. R. Treadwell. 
1978. Dietary fiber and lymphatic absorption of choles- 
terol in the rat. Am. J. Clin. Nutr. 31: S2084212. 

74. Leveille, G. A., and H. E. Sauberlich. 1966. Mechanism 
of the cholesterol-depressing effect of pectin in the cho- 
lesterol-fed rat. J. Nutr. 88: 209-214. 

75 .  Rotstein, 0. D., R. M. Kay, M. Wayman, and S. M. 
Strasberg. 1981. Prevention of cholesterol gallstones by 
lignin and lactulose. Gastroenterology. 81: 1098-1 103. 

76. Rotstein, 0. D., R. M. Kay, M. Wayman and S. M. 
Strasberg. 1980. Effect of lignin and lactulose on bile com- 

19 261-264. 

position in hamsters receiving ethinyl estradiol. Gastro- 
enterology. 78: 1192. 

77. Stanley, M. M., D. Paul, D. Gacke, and J. Murphy. 
1973. Effect of cholestyramine, metamucil and cellulose 
on fecal bile acid excretion in man. Gastroenterology. 65: 
889. 

78. Shurpalekar, K. S., T. R. Doraiswany, 0. E. Sundara- 
valli, and M. N. Reo. 1971. Effect of inclusion of cellulose 
in an ‘atherogenic’ diet on the blood lipids of children. 
Nature. 232 554-555. 

79. Mathur, K. S., M. A. Khan, and R. D. Sharma. 1968. 
Hypocholesterolemic effect of bengal gram: a longterm 
study in man. Br. Med. J. 1: 30-33. 

80. Kretsch, M. J., L. K. Crawford and D. H. Calloway. 
1979. Some aspects of bile acid and urobilinogen excretion 
and fecal elimination in men given a rural Guatemalan 
diet and egg formulas with and without added oat bran. 
Am. J. Clin. Nutr. 32: 1492-1496. 

81. Walters, R. L., I. McLean-Baird, P. S. Davies, M. J. K. 
Hill, B. S. Drasar, D. A. T. Southgate, and B. Morgan. 
1975. Effects of two types of dietary fibre on faecal steroid 
and lipid excretion. Br. Med. J. 2: 536-538. 

82. Hepner, G. W. 1975. Altered bile acid metabolism in 
vegetarians. Digestive Dis. 20 935 -940. 

83. Eastwood, M. A., J. R. Kirkpatrick, W. D. Mitchell, A. 
Bone, and T. Hamilton. 1973. Effects of dietary supple- 
ments of wheat bran on faeces and bowel function. Br. 
Med. J. 4 392-394. 

84. Cummings, J. H., M. J. Hill, D. J. A. Jenkins, J. R. 
Pearson, and H. S. Wiggins. 1976. Changes in fecal com- 
position and colonic function due to cereal fibre. Am. J.  
Clin. Nutr. 29: 1468-1473. 

85. Jenkins, D. J. A., M. J. Hill, and J. H. Cummings. 1975. 
Effect of wheat fiber on blood lipids, fecal steroid excretion 
and serum iron. Am. J. Clin Nutr. 28 1408-1411. 

86. Kay, R. M., and A. S. Truswell. 1977. Effect of wheat 
fibre on gastrointestinal function, plasma lipids and ste- 
roid excretion in man. Br. J.  Nutr. 37: 227-234. 

87. Van Berge Henegouwen, G. P., A. W. Huibregts, M. 
Hectors, A. van Schaik, and S. van de Werf. 1979. Bran 
feeding and vegetarian diet do not alter biliary lipids and 
bile acid kinetics in young males. Gut. 20: A930. 

88. Tarpila, S., T. A. Miettinen, and L. Metasaranta. 1978. 
Effects of bran on serum cholesterol, faecal mass, fat, bile 
acids and neutral steroids and biliary lipids in patients 
with diverticular disease of the colon. Gut. 19: 137-145. 

89. Kirby, R. W., J. W. Anderson, B. Sieling, E. D. Rees, 
W. J. L. Chen, R. E. Miller, and R. M. Kay. 1981. Oat 
bran intake selectively lowers serum low density lipopro- 
tein concentrations: studies of hypercholesterolemic men. 
Am. J. Clin. Nutr. 34: 824-829. 

90. Miettinen, T. A., and S. Tarpila. 1977. Effects of pectin 
on serum cholesterol, fecal bile acids and biliary lipids in 
normolipidemic and hyperlipidemic individuals. Clin. 
Chim. Acta. 79 471-477. 

91. Kay, R. M., and A. S. Truswell. 1977. Effect of citrus 
pectin on blood lipids and fecal steroid excretion in man. 
Am. J. Clin. Nutr. 30: 171-175. 

92. Jenkins, D. J. A., A. R. Leeds, M. A. Gassull, H. Hous- 
ton, D. V. Goff, and M. J. Hill. 1976. The cholesterol- 
lowering properties of guar and pectin. Clin. Sci. Mol. 
Med. 51: 8. 

93. Forman, D. T., J. E. Garvin, J. E. Forestner, and C. B. 
Taylor. 1968. Increased excretion of bile acids by an oral 

Kay Dietary fiber 237 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


hydrophilic colloid. Proc. SOC. Exp.  Biol. Med. 126 1060- 
1063. 

94. Raymond, T. L., W. E. Connor, D. S. Lin, S. Warner, 
M. M.  Fry, and S. L. Connor. 1977. The interaction of 
dietary fibers and cholesterol upon the plasma lipids and 
lipoproteins, sterol balance and bowel function in human 
subjects. J .  Clin. Invest. 60 1429-1437. 

95. Stasse-Wolthuis, J. G., R. J. Hautvast, M. B. Hermus, 
J. E. Katan, J. H. Bausch, J. H. Rietberg-Brussar, 
J. P. Velema, J. H .  Zondervan, M. A. Eastwood, and 
W. G. Brydon. 1979. The effect of a natural high-fiber 
diet on serum lipids, fecal lipids and colonic function. Am. 
J .  Clin. Nutr. 32 1881-1888. 

96. Wicks, A. C. B., J. Yeates, and K. W. Heaton. 1978. 
Bran and bile: time-course of changes in normal young 
men given a standard dose. Scand. J .  Gastroenterol. 13 

97. Hyun, S. G., G. V. Vahouny, and C. R. Treadwell. 1963. 
Effect of hypocholesterolemic agents on intestinal choles- 
terol absorption. Proc. Sac. Exp.  Biol. Med. 112: 496- 
501. 

98. Vahouny, G. V., T. Roy, M.  Cassidy, L. L. Gallo, D. 
Kritchevsky, J. Story, and C. R. Treadwell. 1978. Dietary 
fibers and lymphatic absorption of cholesterol in the rat. 
Federation Proc. 37: 755-758. 

99. Rubio, M. A., S. I. Falkehag, B. A. Pethica, and P. 
Zuman. 1979. In Dietary Fibers: Chemistry and 
Nutrition. G. Inglett and I. Falkehag, editors. Academic 
Press, New York. 251-272. 

100. Grant, G. T., E. R. Morris, D. A. Rees, P. J. C. Smith, 
and D. Thom. 1973. Biological interactions between poly- 
saccharides and divalent cations: the egg-box model. 
FEBS. Lett. 32: 195-198. 

101. McConnell, A. A., M. A. Eastwood, and W. D. Mitchell. 
1974. Physical characteristics of vegetable foodstuffs that 
could influence bowel function. J .  Sci. Food Agric. 25: 
1457-1464. 

102. James, W. P. T., W. J. Branch, and D. A. T. Southgate. 
1978. Calcium binding by dietary fibre. Lancet. 1: 638- 
639. 

103. Rendtorff, R. C., and M. Kashgarian. 1967. Stool patterns 
of healthy adult males. Dis. Colon Rectum. 10 222-227. 

104. Spiller, G. A., M. C. Cernoff, E. A. Shipley, M. A. 
Bergher, and G. A. Briggs. 1977. Can fecal weight be 
used to establish a recommended intake of dietary fiber 
(plantix)? Am. J .  Clin. Nutr. 30 659. 

105. Cummings, J. H., D. A. T. Southgate, W. Branch, H. 
Houston, D. J. A. Jenkins, and W. P. T. James. 1978. 
Colonic response to dietary fibre from carrot, cabbage, 
apple, bran, and guar gum. Lancet. 1: 5-9. 

106. Stasse-Wolthuis, J. G., H. F. Albers, J. G. Van Jevesen, 
J. de Jong, M. D. Hautvast, R. J. Hermus, M. B. Katan, 
W. G. Brydon, and M. A. Eastwood. 1980. Influence of 
dietary fiber from vegetables and fruits, bran or citrus 
pecton on serum lipids, fecal lipids and colonic function. 
Am. J .  Clin. Nutr. 33 1745-1756. 

107. Heller, S. N., L. R. Hackler, J. M. Rivers, P. J. Van 
Soest, D. A. Roe, B. A. Lewis, and J. Robertson. 1980. 
Dietary fiber: the effect of particle size of wheat bran on 
colonic function in young adult men. Am.  J. Clin. Nutr. 
33: 1734-1744. 

108. Wyman, J. B., K. W. Heaton, A. P. Manning, and 
A. C. B. Wicks. 1976. The effect on transit and the feces 

289-293. 

of raw and cooked bran in different doses. Am. J .  Clin. 
Nutr. 29 1474-1479. 

109. Cowgill, G. R., and W. E. Anderson. 1932. Laxative 
effects of wheat bran and washed bran in healthy men. 
A comparative study. J .  Am. Med. Assoc. 98 1866-1875. 

110. Dimock, E. M. 1937. The prevention of constipation. Br. 
Med. J .  2: 906-909. 

111. Hoppert, C. A., and A. J. Clark. 1945. Digestibility and 
effect on laxation of crude fiber and cellulose in certain 
common foods. J .  Am. Diet. A n n .  21: 157-160. 

112. Harvey, R. F., E. W. Pomare, and K. W. Heaton. 1973. 
Effects of increased dietary fibre on intestinal transit. 
Lancet. 1: 1278-1280. 

113. Findlay, J. M., A. M. Smith, W. D. Mitchell, A. J. B. 
Anderson, and M.  A. Eastwood., 1974. Effects of unpro- 
cessed bran on colon function in normal subjects and in 
diverticular disease. Lancet. 1: 146-149. 

114. Cummings, J. H., M.  J. Hill, D. J. Jenkins, J. R. Pear- 
son, and H. s. Wiggins. 1976. Changes in fecal compo- 
sition and colonic function due to cereal fiber. Am. J .  Clin. 
Nutr. 29: 1468-1473. 

115. Paylor, D. K., E. W. Pomare, K. W. Heaton, and R. F. 
Harvey. 1975. The effect of wheat bran on intestinal 
transit. Gut. 16 209-213. 

116. Cummings, J. H. 1978. Diet and transit through the gut. 
Zn Dietary Fibre: Current Developments of Importance 
to Health. K. W. Heaton, editor. J. Libbey Co., London. 
83-96. 

117. Cummings, J. H., D. J. A. Jenkins, and H. S. Wiggins. 
1976. Measurement of the mean transit time of dietary 
residue through the human gut. Gut. 17: 210-218. 

118. Eastwood, M. A., N. Fisher, C. T .  Greenwood, and 
J. B. Hutchinson. 1974. Perspectives on the bran hy- 
pothesis. Lancet. 1: 1029-1033. 

119. Almy, T .  P., and D. A. Howell. 1980. Diverticular disease 
of the colon. N .  Engl. J.  Med. 302: 324-331. 

120. Painter, N. S., and D. P. Burkitt. 1971. Diverticular dis- 
ease of the colon: a deficiency disease of Western civili- 
zation. Br. Med. J. 2 450-454. 

121. Arfwidsson, S. 1964. Pathogenesis of multiple diverticula 
of the sigmoid colon in diverticular disease. Acta. Chir. 
Scand. Suppl. 342: 1-68. 

122. Painter, N. S., and S. C. Truelove. 1964. The intralu- 
minal pressure patterns in diverticulosis of the colon. Part 
I. Gut. 5 201-213. 

123. Painter, N. S., S. C. Truelove, G. M.  Ardran, and M. 
Tuckey. 1965. Segmentation and localization of intralu- 
minal pressures in the colon with special reference to the 
pathogenesis of colonic diverticula. Gastroenterology. 49: 
169-1 77. 

124. Weinreich, J., and D. Anderson. 1976. Intraluminal pres- 
sure in the sigmoid colon. I. Scand. J .  Gastroenterol. 11: 
577-580. 

125. Eastwood, M. A., A. N. Smith, W. G. Brydon, and J. 
Pritchard. 1978. Colonic function in patients with div- 
erticular disease. Lancet. 1: 1181-1182. 

126. Painter, N. S., and D. P. Burkitt. 1975. Diverticular dis- 
ease of the colon, a 20th century problem. Clin. Gastroen- 
terol. 4: 3-21. 

127. Segal, I., A. Solomon, and J. A. Hunt. 1977. Emergence 
of diverticular disease in the urban South African black. 
Gastroenterology. 72: 215-219. 

128. Parks, T. G. 1974. Diverticular disease. Proc. R. SOC. 
Med. 67: 29-32. 

238 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


129. Brodribb, A. J. M.  1977. Treatment of symptomatic div- 
erticular disease with a high fibre diet. Lancet. 1: 665- 
666. 

130. Painter, N. S., A. Z. Almeida, and K. W. Colebourne. 
1972. Unprocessed bran in treatment of diverticular dis- 
ease of the colon. BY. Med. J .  1: 137-140. 

131. Mitchell, W. D., and M. A. Eastwood. 1976. Dietary 
fiber and colon function. Zn Fiber in Human Nutrition. 
G. A. Spiller and R. J. Amen, editors. Plenum Press, 
New York. 185-206. 

132. Srivastava, G. S., A. N. Smith, and N. S. Painter. 1976. 
Sterculia bulk-forming agent with smooth muscle relaxant 
versus bran in diverticular disease. BY. Med. J. 1: 3 15- 
318. 

133. Eastwood, M.  A., A. N. Smith, W. G. Brydon, and J. 
Pritchard. 1978. Comparison of bran, ispaghula, and lac- 
tulose on colon function in diverticular disease. Gut. 19: 

134. Findlay, J. M., W. D. Mitcell, M. A. Eastwood, 
A. J. B. Anderson, and A. N. Smith. 1974. Intestinal 
streaming patterns in cholerrhoeic enteropathy and div- 
erticular disease. Cut. 15: 207-212. 

135. Ritchie, J. A., S. C. Truelove, and G. M. Ardran. 1968. 
Propulsion and retropulsion in the human colon demon- 
strated by time lapse cinefluorography. Gut. 9: 735-736. 

136. Smith, A. N. 1978. Effect of bulk additives on constipation 
and in diverticular disease. In Dietary Fibre: Current 
Developments of Importance to Health. K. W. Heaton, 
editor. J. Libbey Co., London. 97-104. 

137. Manning, A. P., K. W. Heaton, R. F. Harvey, and P. 
Uglow. 1977. Wheat fibre and the irritable bowel syn- 
drome. Lancet. 2 417-418. 

138. Soltoft, J. E., E. Gudmand-Hoyer, B. Krag, E. Kristen- 
sen, and H .  R. Wulff. 1976. A double blind trial of the 
effect of wheat bran on symptoms of irritable bowel syn- 
drome. Lancet. 1: 270-272. 

139. Lyford, C., J. Fischer, B. Buess, R. Rhodes, and J. B. 
Rhodes. 1975. Controlled clinical trial of bran in irritable 
bowel syndrome. Clin. Res. 234 263A. 

140. Piepmeyer, J. K. 1974. Use of unprocessed bran in treat- 
ment of irritable bowel syndrome. Am. /. Clin. Nutr. 27: 

141. Armstrong, B., and R. Doll. 1975. Environmental factors 
and cancer incidence and mortality in different countries. 
Znt. J. Cancer. 15 617-631. 

142. Hill, M. J. 1974. Colon cancer: disease of fiber depletion 
or dietary excess. Digestion. 11: 289-306. 

143. Burkitt, D. P. 1975. Large-bowel cancer: an epidemio- 
logical jigsaw puzzle. J. Natl. Cancer Znst. 54: 3-6. 

144. Silverman, S. J., and A. W. Andrews. 1977. Bile acids: 
co-mutagenic activity in the Salmonella-mammalian-mi- 
crosome mutagenicity test. J. Natl. Cancer Znst. 59: 1557- 
1559. 

145. Narisawa, T., N. E. Magadia, J. H. Weisburger and 
E. L. Wynder. 1974. Promoting effect of bile acids on 
colon carcinogenesis after intrarectal instillation of N- 
methyl-N’-nitro-N-nitrosoguanidine in rats. J. Natl. Can- 
cer Znst. 53: 1093-1097. 

146. Reddy, B. S., T .  Narisawa, J. H. Weisburger, and E. L. 
Wynder. 1976. Promoting effect of sodium deoxycholate 
on colonic adenocarcinomas in germ-free rats. J. Natl. 
Cancer Znst. 5 6  441-442. 

147. Reddy, B. S., K. Watanabe, J. H. Weisburger, and 
E. L. Wynder. 1977. Promoting effect of bile acids in 

1144-1147. 

106-1 1 1. 

colon carcinogenesis in germfree and conventional F344 
rats. Cancer Res. 47: 3238-3242. 

148. LaMont, J. T., and T .  A. O’Gorman. 1978. Experimental 
colon cancer. Gastroenterology. 7 5  1157-1 169. 

149. Macdonald, I. A., G. Singh, D. E. Mahony, and C. E. 
Meier. 1978. Effect of p H  on bile salt degradation by 
mixed fecal cultures. Steroids. 32: 221-230. 

150. Avgerinos, G. C., H. M. Fuchs, and M.  H. Floch. 1977. 
Increased cholesterol and bile acid excretion during a high 
fiber diet. Gastroenterology. 72 1026. 

151. Hill, M. J., and V. C. Aries. 1971. Faecal steroid com- 
position and its relationship to cancer of the large bowel. 
J.  Pathol. 104 129-139. 

152. Hill, M. J. 1977. The role of unsaturated bile acids in 
the etiology of large bowel cancer. Zn Origins of Human 
Cancer. H. Hiatt, J. Watson, and J. Winston, editors. 
Cold Spring Harbour Lab., NY. 1627-1640. 

153. Topping, D. C., and W. J. Visek. 1976. Nitrogen intake 
and tumorigenesis in rats injected with 1,2-dimethylhy- 
drazine. J. Nutr. 106: 1583-1590. 

154. I.A.R.C. Intestinal microecology group. 1977. Dietary 
fibre, transit time, faecal bacteria, steroids and colon can- 
cer in two Scandinavian populations. Lancet. 2: 207-21 1. 

155. Reddy, B. S., A. R. Hedges, K. Laakso, and E. L. Wyn- 
der. 1978. Metabolic epidemiology of large bowel cancer. 
Cancer. 42: 2832-2838. 

156. Modan, B., V. Barrel, F. Lubin, M. Modan, R. Green- 
berg, and s. Graham. 1976. Low fiber intake as an eti- 
ologic factor in cancer of the colon. J. Natl. Cancer Znst. 
55: 15-20. 

157. Graham, S., H. Dayal, M. Swanson, A. Mittleman, and 
G. Wilkinson. 1978. Diet in the epidemiology of cancer 
of the colon and rectum. J. Natl. Cancer Znst. 61: 709- 
714. 

158. Wattenberg, L. W., W. D. Loub, L. K. Lam, and J. L. 
Speier. 1976. Dietary constituents altering the responses 
to chemical carcinogens. Federation Proc. 35: 1327-1 33 1. 

159. Bingham, S., D. R. R. Williams, T .  J. Cole, and 
W. P. T .  James. 1979. Dietary fibre and regional large 
bowel cancer mortality in Britain. Br. J. Cancer. 4 0  456- 
463. 

160. Wilson, R. B., D. R. Hutcheson, and L. Wideman. 1977. 
Dimethylhydrazine-induced colon tumors in rats fed diets 
containing beef fat or corn oil with and without wheat 
bran. Am. J. Clin. Nutr. 30: 176-181. 

161. Fleiszer, P., D. Murray, J. MacFarlane, and R. Brown. 
1978. Protective effect of dietary fibre against chemically 
induced bowel tumors in rats. Lancet. 2: 552-553. 

162. Cruse, P., M. Lewin, and C. G. Clark. 1978. Failure of 
bran to protect against experimental colon cancer in rats. 
Lancet. 2: 1278-1280. 

163. Bauer, H. G., N. G. Asp, R. Oste, A. Dahlquist, and P. 
Fredlung. 1979. Effect of dietary fiber on the induction 
of colorectal tumors and fecal &glucuronidase in the rat. 
Cancer Res. 39: 3752-3756. 

164. Watanabe, K., B. S. Reddy, H. J. Weisburger, and 
D. K. Kritchevsky. 1979. Effect of dietary alfalfa, pectin 
and wheat bran on azoxymethane or methylnitrosourea- 
induced colon carcinogenesis in F344 rats. J. Natl. Cancer 
Res. 63 141-145. 

165. Jenkins, D. J. A,, A. R. Leeds, and M. A. Gassull. 1976. 
Unabsorbable carbohydrates and diabetes: decreased post- 
prandial hyperglycemia. Lancet. 2: 172-1 74. 

Kay Dietary fiber 239 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


166. Schwartz, S. E., and G. D. Levine. 1980. Effects of dietary 
fiber on intestinal glucose absorption and glucose tolerance 
in rats. Gastroenterology. 79 833-836. 

167. Tasman-Jones, C. A., A. L. Jones, and R. L. Owen. 1978. 
Jejunal morphological consequences of dietary fiber in 
rats. Gastroenterology. 74: 1102-1 106. 

168. Holt, S., R. C. Heading, D. C. Carter, L. F. Prescott, 
and P. Tothill. 1979. Effect of gel fiber on gastric emp- 
tying and absorption of glucose and paracetamal. Lancet. 
1: 636. 

169. Goulder, T. J., L. M. Morgan, V. Marks, T. Smythe, 
and L. Hinks. 1978. Effects of guar on metabolic and 
hormonal responses to meals in normal and diabetic sub- 
jects. Diebetalogia. 14 235-237. 

170. Jenkins, D. J. A., A. R. Leeds, M. A. Gassull, B. Cochet, 
and K. G. Alberti. 1977. Decrease in postprandial insulin 
and glucose concentrations by guar and pectin. Ann. Zn- 
tern. Med. 86: 20-23. 

171. Williams, D. R. R., W. P. T. James, and I. E. Evans. 
1980. Dietary fiber supplementation of “normal” break- 
fast administered to diabetics. Diabetalogia. 18 379-383. 

172. Jenkins, D. J. A., T. M. Wolever, R. Nineham, R. Tay- 
lor, G. L. Metz, S. Bacon, and T. D. Hockaday. 1978. 
Guar crispbread in the diabetic diet. Br. Med. J.  2 1744- 
1746. 

173. Kiehm. T. G., J. W. Anderson, and K. Ward. 1976. 
Beneficial effects of a high-carbohydrate, high-fiber diet 
on hyperglycemic diabetic men. Am. J. Clin. Nutr. 29: 

174. Kay, R. M., W. Grobin, and N. S. Track. 1981. Diets 
rich in natural fibre improve carbohydrate tolerance in 
maturity-onset, non-insulin dependent diabetics. Diabe- 
talogia. 20 18-21. 

175. Albrink, M. J., T. Newman, and P. C. Davidson. 1979. 
Effect of high and low fiber diets on plasma lipids and 
insulin. Am. J.  Clin. Nutr. 32 1486-1496. 

176. Miranda, P. L., and D. L. Horwitz. 1978. High-fiber 
diets in the treatment of diabetes mellitus. Ann. Intern. 
Med. 88 482-486. 

177. Simpson, R. W., J. J. Mann, J. Eaton, R. D. Carter, and 
T .  D. R. Hockaday. 1979. High-carbohydrate diets and 
insulin-dependent diabetes. Br. Med. J. 2 523-525. 

178. Anderson, J. W., and K. Ward. 1979. High-carbohydrate, 
high-fiber diets for insulin-treated men with diabetes 
mellitus. Am. J. Clin. Nutr. 32 2312-2321. 

179. Monnier, L. H., M. J. Blotman, C. Colette, M. P. Mon- 
nier, and J. Mirouze. 1981. Effects of dietary fibre sup- 
plementation in stable and labile insulin-dependent dia- 
betics. Diabetalogia. 20 12-17. 

180. Simpson, H. C. R., R. W. Simpson, S. Lousley, R. D. 
Carter, M. Geekie, T. D. R. Hockaday, and J. I. Mann. 
1981. A high carbohydrate leguminous fibre diet improves 
all aspects of diabetic control. Lancet. 1: 1-5. 

181. Rivellese, A., G. Riccardi, A. Giacco, D. Pacioni, S. Gen- 
ovese, P. L. Mattioli, and M.  Mancini. 1980. Effect of 
dietary fibre on glucose control and serum lipoproteins 
in diabetic patients. Lnncet. 2: 447-449. 

182. Walker, A. R. P. 1975. The epidemiological emergency 
of ischemic arterial diseases. Am. Heart J.  89 133-136. 

183. Rowell, H., and D. R. Burkitt. 1977. Dietary fibre and 
cardiovascular disease. Artery. 3 107-1 19. 

184. Malhotra, S. L. 1967. Serum lipids, dietary factors and 
ischemic heart disease. Am. J. Clin. Nutr. 20 462-474. 

895-899. 

185. Keys, A. F., F. Fidanza, and M. Keys. 1955. Further 
studies on serum cholesterol of clinically healthy men in 
Italy. Voeding. 16 492. 

186. Keys, A., J. Anderson, and F. Grande. 1965. Serum cho- 
lesterol response to changes in the diet. IV. Particular 
saturated fatty acids in the diet. Metabolism. 14: 776-787. 

187. Anderson, J. F., Grande, and A. Keys. 1973. Cholesterol- 
lowering diets. Experimental trials and literature reviews. 
J. Am. Diet. Assoc. 62: 133-142. 

188. Phillips, R. L., F. R. Leman, W. L. Beeson, and J. W. 
Kuzman. 1978. Coronary heart disease mortality among 
Seventh-Day Adventists with differing dietary habits: a 
preliminary report. Am. J.  Clin. Nutr. 31: S191-S198. 

189. Barrow, J. G., C. B. Quinlain, R. E. Edmando, and 
P. T .  Radiolosso. 1961. Prevalence of atherosclerotic com- 
plications in Trappist and Benedictine monks. Circula- 
tion. 24 881-882. 

190. Hardinge, M. G., A. C. Chambers, H. Crooks, and 
F. J. Stare. 1958. Nutritional studies of vegetarians. 111: 
Dietary levels of fibre. Am. J. Clin. Nutr. 6: 523-525. 

191. Sacks, F. M., W. P. Castelli, A. Donner, and E. H.  Kass. 
1978. Plasma lipids and lipoproteins in vegetarians and 
controls. N .  Engl. J. Med. 292: 1148-1 151. 

192. Morris, J. N., J. W. Marr, and D. G. Clayton. 1977. 
Diet and heart: a post-script. Br. Med. J. 2: 1307-1314. 

193. Moore, J. H. 1967. Effect of type of roughage in the diet 
on plasma cholesterol levels and aortic atherosis in rabbits. 
Br. J.  Nutr. 21: 207-215. 

194. Kritchevsky, D., and S. A. Tepper. 1968. Experimental 
atherosclerosis in rabbits fed cholesterol-free diets: influ- 
ence of chow components. J. Atheroscler. Res. 8: 357-369. 

195. DeGroot, A. P., R. Luyken, and N. A. Pikaar. 1963. The 
influence of oats and other grain products on the serum 
cholesterol levels of animals and man. Lancet. 2 303-304. 

196. Vijayagopalan, P., and P. A. Kurup. 1972. Hypolipi- 
daemic activity of whole paddy in rats fed a high-fat- 
high-cholesterol diet. Atherosclerosis. 15: 21 5-222. 

197. Kritchevsky, D., L. M.  Davidson, J. L. Shapiro, H. J. 
Kim, M. Kitagawa, S. Malhotra, P. P. Nair, T. B. Clark- 
son, J. Bersohn, and P. A. D. Winter. 1974. Lipid me- 
tabolism and experimental atherosclerosis in baboons: in- 
fluence of cholesterol-free, semisynthetic diets. Am. J. 
Clin. Nutr. 27: 29-41. 

198. Sable-Amplis, R., R. Sicart, and D. Abadie. 1979. Met- 
abolic changes associated with adding apples to the diet 
in golden hamsters. Nutr. Rep. Znt. 19 723-732. 

199. Cheeke, P. R. 1973. Alfalfa, a natural hypocholestero- 
lemic agent. Am. J. Clin. Nutr. 26 133. 

200. Malinow, M. R., P. McLaughlin, H. J. Naito, L. A. 
Lewis, and W. P. McNulty. 1978. Effect of alfalfa meal 
on shrinkage (regression) of atherosclerotic plaques dur- 
ing cholesterol feeding in monkeys. Atherosclerosis. 30 

201. Devi, K. S., and P. A. Kurup. 1972. Hypolipidaemic ac- 
tivity of Phaseolus mungo (black gram) in rats fed a high 
fat, high cholesterol diet. Atherosclerosis. 15: 223-230. 

202. Devi, K. A., and P. A. Kurup. 1970. Effects of certain 
Indian pulses on the serum, liver and aortic lipid levels 
in rats fed a hypocholesterolaemic diet. Atherosclerosis. 

203. Mathus, K. S., S. A. Singhal, and R. D. Shorman. 1964. 
Effect of Bengal gram on experimentally induced high 
levels of serum cholesterol in tissues and serum in albino 
rats. J. Nutr. 84 201-204. 

27-43. 

11: 479-483. 

240 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


204. Pant, M. C., I. Uddin, U. R. Bhardwaj, and R. D. Te- 
wari. 1968. Blood sugar and total cholesterol-lowering 
effect of Glycine soja, Mucuna pruriens and Dolichos bi- 
JIorus seed diets in normal fasting albino rats. Indian J. 
Med. Res. 5 6  1808-1812. 

205. Jaya, T. V., L. V. Venkataraman, and T. S. Krishna- 
murthy. 1979. Influence of germinated legumes on the 
levels of tissue cholesterol and liver enzymes of hyper- 
cholesterolemic rats. Nutr. Rep. Int. 20: 371-381. 

206. Jayakumari, N., and P. A. Kurup. 1979. Dietary fiber 
and cholesterol metabolism in rats fed a high cholesterol 
diet. Atherosclerosis. 3 3  41-47. 

207. Fahrenbach, M. T., B. A. Riccardi, and W. C. Grant. 
1966. Hypocholesterolemic activity of mucilaginous poly- 
saccharides in white Leghorn cockerels. Proc. SOC. Exp. 
Biol. Med. 123 321-326. 

208. Mathe, D., C. Lutton, J. Rautureau, T. Coste, E. Gouf- 
fier, J. C. Sulpice, and F. Chevalier. 1977. Effects of 
dietary fiber and salt mixtures on the cholesterol metab- 
olism of rats. J. Nutr. 107: 466-477. 

209. O’Brien, B. C., and R. Reiser. 1979. Comparative effects 
of purified and human-type diets on cholesterol metabo- 
lism in the rat. J. Nutr. 109 98-104. 

210. Kelley, J. J., and A. C. Tsai. 1978. Effect of pectin, gum 
arabic and agar on cholesterol absorption, synthesis and 
turnover in rats. J. Nutr. 108 630-639. 

211. van Beresteyn, E. C. H., M. N. van Schaik, and 
M. F. K. Mogot. 1979. Effect of bran and cellulose on 
lipid metabolism in obese female Zucker rats. J.  Nutr. 

212. Arvanitakis, C., C. L. Stammes, J. Folscroft, and P. Be- 
yer. 1977. Failure of bran to alter diet-induced hyperlip- 
idemia in the rat. Proc. SOC. Exp. Biol. Med. 154 550- 
552. 

213. Jenkins, D. J. A., A. R. Leeds, B. Slavin, J. Mann, and 
E. M. Jepson. 1979. Dietary fibre in blood lipids: re- 
duction of serum cholesterol in Type I1 hyperlipidemia 
by guar gum. Am. J. Clin. Nutr. 32: 16-18. 

214. Jenkins, D. J. A., D. Reynolds, B. Slavin, A. R. Leeds, 
A. L. Jenkins, and E. M. Jepson. 1980. Dietary fiber and 
blood lipids: treatment of hypercholesterolemia with guar 
crispbread. Am. J. Clin. Nutr. 3 3  575-581. 

215. Kies, C., and H. M. Fox. 1977. Dietary hemicellulose 
interactions influencing serum lipid patterns and protein 
nutritional status of adult men. J. Food Sci. 4 2  440-443. 

216. Kay, R. M., P. A. Judd and A. S. Truswell. 1978. The 
effect of pectin on serum cholesterol. Am. J. Clin. Nutr. 

217. Prather, E. S. 1964. Effect of cellulose on serum lipids 
in young women. J. Am. Diet. Assoc. 45: 230. 

218. Thiffault, C., M. Bilander, and M. Pouliot. 1970. Traite- 
ment de l’hyperlipoproteinemie essentielle de type I1 par 
un nouvel agent thirapeutique, la celluline. Can. Med. 

219. Lindner, P., and B. Moller. 1973. Lignin: a cholesterol- 
lowering agent? Lancet 2: 1259-1260. 

220. Truswell, A. S., and R. M. Kay. 1976. Bran and blood 
lipids. Lancet. 1: 367. 

221. Kay, R. M., and A. S. Truswell. 1980. Dietary fiber: 
effects on plasma and biliary lipids in man. In Medical 
Aspects of Dietary Fiber. G. A. Spiller and R. M. Kay, 
editors. Plenum Press, New York. 153-174. 

222. Dixon, M. 1978. Bran and HDL cholesterol. Lancet. 1: 
578. 

109 2085-2097. 

31: 562-563. 

ASSOC. J .  103: 165-166. 

223. Van Berge Henegouwen, G. P., A. W. Huybregts, S. van 
de Werf, P. Demacker, and R. E. W. Schade. 1979. Effect 
of a standardized wheat bran preparation on serum lipids 
in young healthy males. Am. J. Clin. Nutr. 3 2  794-799. 

224. McDougall, R. M., L. Yakymyshyn, K. Walker, and 
0. G. Thurston. 1978. Effect of wheat bran on serum 
lipoproteins and biliary lipids. Can. J. Surg. 21: 433-435. 

225. Heaton, K. W., and E. W. Pomare. 1974. Effect of bran 
on blood lipids and calcium. Lancet. 1: 49-50. 

226. Anderson, J. W., R. W. Kirby, and E. D. Rees. 1980. 
Oat-bran selectively lowers serum low-density lipoprotein 
cholesterol concentrations in men. Am. J. Clin. Nutr. 3 3  
914. 

227. Munoz, J. M., H. H. Sandstead, R. A. Jacob, G. M. 
Logan, S. J. Reck, L. M. Klevay, F. R. Dintzis, G. F. 
Inglett, and W. C. Shuey. 1979. Effects of some cereal 
brans and textured vegetable protein on plasma lipids. 
Am. J. Clin. Nutr. 3 2  580-592. 

228. Palumbo, P. J., E. R. Briones, and R. A. Nelson. 1978. 
High fiber diet in hyperlipemia. J. Am. Med. Assoc. 240: 
223-227. 

229. Keys, A., J. T. Anderson, and F. Grande. 1960. Diet- 
type (fats constant) and blood lipids in man. J. Nutr. 7 0  

230. Grande, F., J. T. Anderson, and A. Keys. 1974. Sucrose 
and various carbohydrate-containing foods and serum lip- 
ids in man. Am. J. Clin. Nutr. 27: 1043-1051. 

231. Canella, C., G. Golinelli, and A. Melli. 1962. Influenza 
sui valori colesterolemici dell apolpa di mela aggiunta alla 
normale alimentazione. Arcisp. S. Anna di Ferraru. 1 5  
803. 

232. Robertson, J., W. G. Brydon, K. Tadasse, P. Wenham, 
A. Walls, and M. A. Eastwood. 1979. The effect of raw 
carrot on serum lipids and colon function. Am. J. Clin. 
Nutr. 32: 1889-1892. 

233. Jenkins, D. J. A., D. Reynolds, A. R. Leeds, A. L. Waller, 
and J. H. Cummings. 1979. Hypocholesterolemic action 
of dietary fiber unrelated to fecal bulking effect. Am. J.  
Clin. Nutr. 32: 2430-2435. 

234. Miettinen, T. A. 1980. Effects of dietary fiber on serum 
lipids and cholesterol metabolism in man. In Atheroscle- 
rosis. V. A. M. Gotto, L. C. Smith, and B. Allen, editors. 
Springer-Verlag, New York. 31 1-31 5. 

235. Luyken, R., N. A. Pikaar, H. Palman, and H. Schippers. 
1962. The influence of legumes on the serum cholesterol 
level. Voeding. 2 3  447-453. 

236. Grande, F., J. T. Anderson, and A. Keys. 1965. Effect 
of carbohydrates of leguminous seeds, wheat and potatoes 
on serum cholesterol concentrations in man. J. Nutr. 86: 

237. Kay, R. M., 0. D. Rotstein, K. P. Vassal, and S. M. 
Strasberg. 1980. Induction of threefold increase in fecal 
bile acid output improves bile composition but does not 
alter plasma cholesterol concentration in man. Gustro- 
enterology. 7 8  1247. 

238. Fisher, H., P. Griminger, E. R. Sostman, and M. K. 
Brush. 1965. Dietary pectin and blood cholesterol. J. 
Nutr. 8 6  113. 

239. Bhathena, S. J., J. Avigan, and M. E. Schreiner. 1974. 
Effect of insulin on sterol and fatty acid synthesis and 
hydroxymethylglutaryl CoA reductase activity in mam- 
malian cells grown in culture. Proc. Natl. Acad. Sci. USA. 

240. Reaven, G. M., and R. M. Bernstein. 1978. Effect of 

257-266. 

313-317. 

71: 2174-2178. 

Kay Dietaryfiber 241 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


obesity on the relationship between very low density li- 
poprotein production rate and plasma triglyceride con- 
centration in normal and hypertriglyceridemic subjects. 
Metabolism. 27: 1047-1 054. 

241. Anderson, J. W., and W. J. Lin Chen. 1979. Plant fiber: 
carbohydrate and lipid -,etabolism. Am. J. Clin. Nutr. 

242. Anderson, J. W., W. J. L. Chen, and B. Sieling. 1980. 
Hypolipidemic effects of high-carbohydrate, high-fiber 
diets. Metabolism. 29 551-558. 

243. Pomare, E. W., K. W. Heaton, T .  S. Low-Beer, and 
H. J. Espiner. 1976. The effect of wheat bran upon bile 
salt metabolism and upon the lipid composition of bile in 
gallstone patients. Am. J. Dig. Dis. 21: 521-526. 

244. Watts, J. M., P. Jablonski, and J. Toouli. 1978. The 
effect of added bran to the diet on the saturation of bile 
in people without gallstones. Am. J. Surg. 135: 321-324. 

245. Meyer, P. D., L. DenBesten, and E. E. Mason. 1979. 
The effects of a high fiber diet on bile acid pool size, bile 
acid kinetics and biliary lipid secretion rates in the mor- 
bidly obese. Surgery. 85: 311-316. 

246. Huijbregts, A. W. M., G. P. Van Berge Henegouwen, 
M. P. C. Hectors, A. van Schaik, and S. D. J. van de 
Werf. 1980. Effects of a standardized wheat bran prep- 
aration on biliary lipid composition and bile acid metab- 
olism in young heathy males. Eur. J. Clin. Invest. 10: 
451-458. 

247. Osuga, T., 0. W. Portman, N. Tanaka, M. Alexander, 
and A. J. Ochsner. 1976. The effect of diet on hepatic 
bile acid metabolism in squirrel monkeys with and with- 
out cholesterol gallstones. J. Lab. Clin. Med. 88: 649-661. 

248. Strasberg, S. M., C. N. Petrunka, and R. G. Ikon. 1976. 
Effect of bile acid synthesis on cholesterol secretion rate 
in the steady state. Gastroenterology. 71: 1067-1070. 

249. Redinger, R. N., and P. K. Kutty. 1979. The effect of 
cholestyramine on biliary lipid metabolism in man. Gas- 
troenterology. 77: 208. (Abstract) 

250. Vlahcevic, Z. R., C. C. Bell, I. Buhac, J. T. Farrar, and 
L. Swell. 1970. Diminished bile acid pool size in patients 
with gallstones. Gastroenterology. 59: 165-173. 

251. Hardison, W. G. M., N. Tomaszewski, and S. M. 
Grundy. 1979. Effect of acute alteration in small bowel 
transit time upon the biliary excretion rate of bile acids. 
Gastroenterology. 76 568-574. 

252. Heaton, K. W., and E. W. Pomare. 1974. Effect of bran 
on blood lipids and calcium. Lancet. 1: 49-50. 

253. Widdowson, E. M., and R. A. McCance. 1942. Iron ex- 
changes of adults on white and brown bread. Lancet. 1: 
588-591. 

254. Reinhold, J. G., B. Faraji, P. Abadi, and F. Ismail-Beigi. 
1976. Decreased absorption of calcium, magnesium, zinc 

32 346-363. 

and phosphorous by humans due to increased fiber and 
phosphorous consumption as wheat bread. J. Nutr. 106: 
493-503. 

255. Reinhold, J. G., A. Parsa, N. Karimian, J. W. Hammide, 
and F. Ismail-Beigi. 1974. Availability of zinc in leavened 
and unleavened wholemeal wheat breads as compared to 
solubility and uptake by rat intestine in vivo. J. Nutr. 104 
976-982. 

256. Reinhold, J. G., K. Nasr, A. Lahimgarzadeh, and H. 
Hedayati. 1973. Effects of purified phytate and phytate- 
rich bread upon metabolism of zinc, calcium, phosphorous 
and nitrogen in man. Lancet. 1: 283-288. 

257. BjBrn-Rasmussen, E. 1974. Iron absorption from wheat 
bread. Influence of various amounts of bran. Nutr. Metab. 
16 101-110. 

258. Ismail-Beigi, F., J. G. Reinhold, B. Faraji, and P. Abadi. 
1977. Effects of cellulose added to diets of low and high 
fiber content upon the metabolism of calcium, magnesium, 
zinc and phosphorous by man. J. Nutr. 107: 510-518. 

259. Pak, C. Y., C. S. Delea, and F. C. Bartter. 1974. Suc- 
cessful treatment of recurrent nephrolithiasis with cellu- 
lose phosphate. N .  Engl. J. Med. 290: 175-180. 

260. Drews, L. M., C. Kies, and H. M. Fox. 1979. Effect of 
dietary fiber on copper, zinc and magnesium utilization 
by adolescent boys. Am. J. Clin. Nutr. 32: 1893-1897. 

261. Kelsay, J. L., K. M. Behall, and E. S. Prather. 1979. 
Effect of fiber from fruits and vegetables on metabolic 
responses of human subjects. 11. Calcium, magnesium, 
iron and silicon balances. Am. J.  Clin. Nutr. 32: 1876- 
1879. 

262. Kelsay, J. L., R. A. Jacob, and E. S. Prather. 1979. Effect 
of fiber from fruits and vegetables on metabolic responses 
of human subjects. 111. Zinc, copper and phosphorous 
balance. Am. J. Clin. Nutr. 32: 2307-2311. 

263. Guthrie, B. E., and M.  F. Robinson. 1978. Zinc balance 
studies during wheat bran supplementation. Federation 
Proc. 37: 254. 

264. Sandstead, H. H., L. M. Klevay, R. A. Jacob, J. M. 
Munoz, G. M.  Logan, S. Reck, F. R. Dintzis, G. E. 
Inglett, and W. C. Shuey. 1979. Effects of dietary fiber 
and protein level on mineral element metabolism. In Di- 
etary Fibers: Chemistry and Nutrition. G. E. Inglett and 
S. I. Falkehag, editors. Academic Press, New York. 147- 
156. 

265. Cummings, J. H., D. A. T. Southgate, W. J. Branch, 
and H. S. Wiggins. 1979. The digestion of pectin in the 
human gut and its effect on calcium absorption and large 
bowel function. Br. J. Nutr. 41: 477-485. 

266. Malm, 0. J. 1958. Calcium requirement and adaptation 
in adult men. Scand. J. Clin. Lab. Invest. 10 (suppl. 36): 
1-290. 

242 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

