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ABSTRACT 

The ability of wheat bran and oat hulls to bind 

copper and zinc using a new chromatographic technique 

was investigated and compared to a centrifugation method. 

Also investigated was the bioavailability of copper which 

had been exogenously bound to wheat bran then fed to mice 

and rats. 

Wheat bran bound 6 mg Cu/g fiber when pH was raised 

to 7. Less binding occurred at lower pHs. Seven Ilg of 

zinc bound to wheat bran at pH 5 while only a trace bound 

at pH less than 2. Oat hulls bound 3 mg Cu/g fiber at 

pH 5, and less than 1 mg of zinc bound per g of oat hull at 

pH 6. Binding for both fibers depended on the level of 

mineral added to the fiber slurry during incubation. But 

only wheat bran binding capacity was influenced by pH. 

The two methods used did not compare favorably. in all 

cases, to the amount of mineral bound to fiber. 

Copper when bound to wheat bran, was utilzied in both 

species, wi th differences occurring between species was noted. 

Rats fed the copper bound diet compared favorably with 

rats fed the copper-adequate diet as determined by body 

weight, weight gain, heart weight, liver copper concen-
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ABSTRACT -- Continued xii 

tration and heart copper concentration. Mice. on the 

other hand showed similar liver and heart concentrations 

of copper for mice fed either the copper-bound diet or the 

copper-adequate diets. 

The in vitro results showed that binding of copper 

or zinc to wheat bran occurred at a pH similar to the 

intestinal pH and wheat bran binds more copper end zinc 

than oat hulls. Oat hulls may prove to be a better dietary 

fiber source for those people who need to increase their 

dietary fiber. because oat hulls do not appear to bind 

copper or zinc and would not likely impair their absorption. 

Although wheat bran had a high binding capacity for copper. 

this binding did not significantly inhibit copper absorption 

as determined in animal studies suggesting that fiber-mineral 

binding (at least for copper bound· to wheat bran) does not 

cause mineral deficiency symptoms as claimed by many 

researchers. 



CHAPTER 1 

INTRODUCTION 

Lack of fiber in the Western diet may be an etiologic 

factor in a variety of diseases, thus people are encouraged 

to include more fiber in their diets (Yu and Miller, 

1981). Dietary fiber may also have harmful affects on the 

absorption of some nutrients, notably minerals (Mod et 

a!., 1981; Turnlund et a!., 1984). 

Copper and zinc, two essential trace minerals, may 

not be consumed in adequate amounts in the general population 

and marginal deficiencies are thought to exist (Engels, 

Hamer and Tongeren, 1984). Consuming adequate amounts of 

these mineral~ is not the only factor involved in meeting 

the dietary requirement; the availability of the mineral 

for absorption is also a factor. The chemical form of the 

mineral determines availability as well as certain components 

in the diet e.g. dietary fiber which can also alter absorption 

and utilization of minerals. Several human and animal studies 

(McHale, Kies and Fox, 1979; Ellis and Morris, 1981) have 

suggested that dietary fiber influences mineral balances 

by increasing fecal excretion of the mineral. And many in 

vitro studies have shown components in dietary fiber are 

capable of binding certain minerals (Camire and Clydesdale, 

1981; Rendleman, 1982). 
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Claims that mineral-fiber binding prohibits absorption 

of the mineral are not yet conclusive. The binding occurring 

in vitro may not be strong enough to affect significantly 

mineral balance once in an animal system, so the relevancy 

of these studies to physiological situations is not known. 

Future studies need to determine what criteria influence 

mineral binding, such as the level of fiber, the source of 

fiber and the conditions necessary for fiber to interact 

with a mineral. 

Therefore, the purpose of these studies was to 

quantify the binding capacity of wheat bran and oat hulls 

with copper and zinc using a new chromatographic technique 

and a centrifugation aethod commonly used for binding 

studies. Mineral levels and pH conditions were varied to 

study possible changes in binding capacity. Furthermore, 

the availability of copper bound exogenously to wheat bran 

was investigated in mice and rats. 

The first objective was to develop a chromatographic 

technique to study the mineral-binding capacity of the 

fiber sources under conditions similar to the human gastro

intestinal tract. This new technique, a modification of 

Thompson and Weber (1982), would ideally provide accurate 

information concerning the binding and releasing of mineral 

to fiber. Results from this technique would be compared 
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to results obtained by the centrifugation method to see if 

differences existed. 

The availability of copper bound to wheat bran was 

determined by assessing the copper status of the animals 

fed this diet as compared with animals fed either a copper

adequate diet or a copper-deficient diet. Parameters 

used to identify copper status were animal growth. tissue 

weights and tissue levels of copper. The null hypothesis 

states that animals comsuming the copper-bound diet would 

have the same copper-status as animals fed a copper-adequate 

diet. In other words. binding copper to wheat bran will 

not affect the absorption or utilization of copper. 

3 



CHAPTER 2 

LITERATURE REVIEW 

Historical Perspective 

Plant food, particularly cereals, have been known 

to have definite e,ffects on bowel fUnction (Spiller and 

Aman. 1978a) since the Middle Ages. As early as the 

nineteenth century, attempts were made to study foods to 

determine what components were responsible for the observed 

effect on bowel function. Initial work was done by animal 

scientists who. for economical and nutritional reasons. 

were interested in finding the nutritive value of animal 

feeds. The nutritive value of feed could be predicted by 

first estimating the indigestible component (Spiller and 

Aman, 1978a). From this type of work. the term "fiber" or 

"crude fiber" was originated to describe the constituents 

in plant food that were indigestible. 

Fiber was extensively researched before the 1930's. 

but then neglected until the 1960' s (Asp et al .• 1979) 

because at that time the new areas of essential amino 

acids. fatty acids. vitamins and trace elements were more 

popular (Eastwood. 1984). Also. research on fiber appeared 

irrelevant to nutritionists who were accustomed to studying 

digestion. absorption and metabolism of nutrients and 
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ignoring those dietary components not digested and absorbed 

(1FT, 1979). Fiber was considered an inert and insignificant 

part of man's diet, mainly because it was believed to 

contribute little nutritionally (Huang, Gopalakrishna and 

Nicholes, 1978). 

Interest in fiber was revived by the hypothesis 

that consuming fiber protected people against various 

diseases afflicting western societies. This hypothesis 

was based on the reports by D. P. Burkitt, a British 

medical researcher and surgeon. He observed that rural 

Africans had a lower incidence of appendicitis, hemorrhoids, 

diverticu·lar disease, cardiovascular disease, and cancer 

of the colon than people from more developed countries. 

Burkitt contributed this immunity to western diseases to 

the African diet which was high in fiber (Asp et al., 

1979; Eastwood, 1984). In a series of articles, Painter 

and Burkitt attempted to correlate the occurance of these 

health disorders to the lack of fiber in the diet (Kelsay, 

1978) . Burkitt considered that one component of food 

(fiber) would not likely distinguish communities with high 

and low prevalences of western diseases because diets low 

in fiber are typically low in starch and high in fat and 

sugar which may also playa significant role in health. 

He pointed out, however. that these other dietary components 

(starch. fat, and sugar) were not specifically linked to 
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the number of diseases associated with fiber and was further 

convinced of the benefits of high fiber diets (Burkitt. 1983). 

The hypothesis linking fiber to diseases originated 

from epidemiological evidence gathered, by many investigators 

as well as Burkitt (Eastwood. 1984). The reliability of 

epidemiological studies.however. are suspect since they 

only provide evidence of association but do not directly 

test a hypothesis (Southgate and Penson. 1983). Therefore. 

these epidemiological findings have yet to be universally 

accepted. This hypothesis nonetheless. has attracted much 

interest in fiber research; as a consequence. our understanding 

of intestinal absorption and metabolism of nutrients as 

well as fiber interactions within the gastrointestinal 

tract has greatly increased (Eastwood. 1984). 

Epidemoligical investigations. clinical studies. 

and in vitro experiments have been undertaken to establish 

the validity of the dietary fiber hypothesis. But many 

problems still exist. For example. the dietary fiber 

content in food is often unknown. methodologies are in

consistant. and there is no universally accepted definition 

of dietary fiber. These factors have contributed to the 

confusion that exists regarding dietary fiber and continue 

to cause difficulty in interpreting data from fiber research 

(Englyst. 1982). 
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Defining Dietary Fiber 

A definition of dietary fiber has thus far been 

avoided. The original hypothesis clearly regarded dietary 

fiber as equivalent to indigestible components of the 

plant cell wall (Southgate and Penson, 1983). Despite 

considerable progress in identifying and characterizing 

the components of various sources of dietary fiber, a 

generally accepted scientific definition of dietary fiber 

has not been achieved (Talbot, 1980). 

Trowell, a major contributor to fiber research, 

defined dietary fiber as those components of dietary plant 

material which resist digestion by secretions of the human 

digestive tract (Selvendran, 1984). Because this definition 

did not include polysaccharides present in some food 

additives (such as plant gums, algal polysaccharides, 

pectins, modified celluloses, and modified starches), 

Trowell (1976) later extended the definition to include 

all polysaccharides and lignin not digested by endogenous 

secretions of the human digestive tract. Therefore, the 

term dietary fiber usually refers to nonstarchy polysaccharides 

and lignin in the diet (Selvendran, 1984; Theander and 

Amam, 1984). 
.. 

The term "dietary fiber" is not· synony~ous with 

"crude fiber". The latter is defined as the residue of a 

foodstuff or a feeding material after treatment with 

boiling sulfuric acid, sodium hydroxide, water. alcohol. 



and ether (Huang, Gopalakrishna and Nicholes, 1978). The 

crude fiber residue is composed mainly of cellulose and 

lignin because the other components originally present 

(water and alkali-soluble) are extracted and not measured. 

Thus, the crude fiber method tends to underestimate the 

total amount of fiber in food (Huang, Gopalakrishna and 

Nicholes, 1978; 1FT, 1979). The use of "crude fiber" in 

dietary descriptions is of limited value since it represents 

only part of the dietary fiber present in food (1FT, 1979). 

Dietary fiber consists of a complex group of 

sUbstances that differ in chemical and morphological 

structure. These substances are cellulose, hemicelluloses, 

pectic substances, gums, mucilages, other carbohydrates, 

compound (Eastwood and and 

Kay, 

lignin, a polyphenylpropane 

1979; Asp et al., 1979; 1FT, 1979) . Their quantity, 

arrangement and characteristics are dependent on the age, 

species, and anatomical source of the plant material 

(Eastwood and Kay, 1979). The diverse nature of fiber can 

be appreciated more thoroughly by realizing the changes 

that occur chemically and structurally in the growing 

plant cell. 

Development of the Cell Wall 

The first constituent to develop in the cell 

cytoplasJll is the "middle lamella", a polysaccharide matrix 

rich in pectins and intercellular cementing materials. A 

primary cell wall forms containing cellulose, microfibrils, 
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protein. hemicelluloses. pectins and water (Cummings. 

1976). The secondary cell wall forms after the cell has 

reached maturity. The composition of the cell wall changes 

substantially at this stage. There is an increase of 

cellulose. little pectin is present. and a wide variety of 

hemicelluloses exist. Important at this stage of development 

is the process of lignification. Lignin encrusts the cell 

wall matrix, lending strength and rigidity to the whole 

structure (Selvendran, 1984a). Hemicellulose. cellulose, 

and lignin are the predominant compounds. and these change 

in proportion and character as the plant grows and matures. 

The stage of maturity, environmental conditions of temperature 

and light together determine the chemical and physical 

structure of the plant cell wall and, therefore, the "fiber" 

content (Cummings, 1976), Thus, the plant cell wall is 

the complex matrix of substances whose proportions of 

the substances change with the age of the plant as well as 

with the species. The relation of the plant cell wall to 

dietary fiber has been reviewed by Selvendran, (1984). 

The conformation of the matrix polysaccharides determines 

the physical properties of a fiber; this relationship then 

determines the physiological effects observed in the human 

gut. 

The classification of pectins, hemicelluloses, 

lingins and celluloses is based on the method used to 

extract them, and not necessarily on the molecular structure 
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of these substances (Monte. 1981). These compounds will 

be discussed as well as the analytical methods most commonly 

used to extract them from plant materials because of their 

importance in defining "dietary fiber". 

Components of Dietary Fiber 

Cellulose. 13.1-4 linked glucose, is the most 

abundant molecule in nature (Kay. 1982). It is impervious 

to mammalian digestive enzymes and is degraded only by 

certain species of bacteria and fungi. Intra- and inter

molecular hydrogen bonds readily form between adjacent 

sugar residues to illlpart a crystalline microfibril structure. 

This lends strength and shape to the plant and. depending 

on the ratio of crystalline to amorphous regions, determines 

the physical and chemical properties of a given cellulose. 

As crystallinity increases. so does chemical inertness. 

Because the molecules in the crystalline regions are more 

tightly held together. penetration by chemical reagents is 

more difficult (Selvendran. 1983). Heating cellulose with 

acid causes some hydrolysis to occur which increases the 

allorphous regions making the cellulose Rlore easily available 

for enzymatic or chemical attack (Selvendran. 1983). The 

alpha-cellulose fraction is extracted sequentially with 

depectinizing agents. sodium chlorite/acetic acid (to 

remove lignin) and alkali (to remove hemicelluloses) 

(Selvendran. 1983). The harsh conditions of hydrolysis 

and oxidation needed to free cellulose provides an isolated 
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product that differs physically and chemically from the 

native for•. Testing the chemical behavior of this isolated 

product complicates the role between structure and chemistry 

of this compound with the nutritional and physiological 

functions of cellulose because the physical and biological 

properties of cellulose isolates have little similarity to 

the native cellulose. 

The group of polysaccharides called hemicelluloses 

contain several hundered different compounds of branched 

and unbranched hexose and pentose sugars. They are a 

mixture of linear and highly branched polysaccharides 

containing such sugars as galactose, fucose, xylose, 

arabinose, glucose, •annose, and so•e uronic acid (Eastwood, 

1973; Theander and A•an, 1979). Hemicelluloses are a 

difficult group to classify because of their varied chemical 

behavior. They are typically recognized as those poly

saccharides that are soluble in aqueous alkali after 

removing water-soluble and pectic polysaccharides (Theander 

and Aman, 1979; Kay, 1982). 

He•icelluloses have backbones of B-1,4-linked 

pyranoside sugars, with a variety of branched sugars. 

Hem i c e 11 u 1 o s e s are c 1 as s i f i e d on the b a s i s of the i r pre do a in ant 

monoaeric sugar residue, i.e. glucuronoxylans, galactogluco

llannans, etc. (Theander and Aman, 1979). Subclasses of 

hemicellulose are hemicellulose-A, those polysaccharides 

precipitated by dilute acids, and hemicellulose-B. those 
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polysaccharides precipitated by dilute acid followed by 

alcohol (see Figure 1). Hemicellulose-A fractions typically 

have long xylan chains with small amounts of arabinose and 

uronic acids. Hemicellulose-B, on the other hand, consists 

of lower molecular weight xylans with branches of galactose, 

glucose and rhamnose (Southgate, 1976a). 

Hemicelluloses are covalently bonded with lignin 

and pectin to form a matrix material in which cellulose is 

also embedded (Eastwood, 1973). The amorphous regions and 

abundance of hydrophilic groups in these molecules increase 

their water solubility and susceptibility to chemical and 

enzymatic attack. The hemicelluloses are known to undergo 

microbial digestion by ruminant anaerobes and may be 

partially digested in monogastrics (Theander and Aman, 

1979). In addition to being available for microbial 

attack, hemicellulose polysaccharides have other character-

istics of nutritional importance. For e x amp 1 e, the y c· a n 

absorb water, bind it in amorphous regions and increase 

the bulking effect in vivo. Hemicelluloses can also 

absorb lipids and minerals in vitro. The uronic acids 

present in the polysaccharide surfaces are likely responsible 

for the binding capacity (Theander and Aman, 1979; Kay, 1982). 

Other components of dietary fiber are pectic 

substances. This complex group of carbohydrate polymers 

are composed chiefly of unbranched B,1-4-D-galacturonic 
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Figure 1. Fiber fractionation flow diagram (Monte and 
Maga. 1980) 



acid (McCready, 1965) which are universally found in the 

primary cell walls of plants and act as intercellular 

cementing substances (Theander and Aman, 1979). Chains of 

D-galactose and L-arabinose units are found together with 

L-rhamnose and traces of other neutral sugars like xylose, 

galactose and fucose (Theander and Aman, 1979; Kay, 1982). 

Pectic substances designate the colloidal carbohydrates in 

which D-galacturonic acid is the principal component. 

Pectins are further classified into three groups 1) pectins 

which are readily soluble in water and have a high degree 

of methylation on the carboxylic acid group, 2) pectinic 

acids which have only a portion of the acidic groupings 

methylated, and 3) pectic acids which are devoid of methyl 

groups (Southgate, 1976a). These substances are either 

extracted with hot water or with an aqueous chelating 

agent i.e. ethylenedini tri lotetraacetic acid (EDTA) (Southgate, 

1976a). Once extracted with boiling water, pectic substances 

form a gel upon cooling -- a property used widely in 

making jams. Pectins often bind to calcium or other 

divalent cations in the cell wall; this binding renders 

the pectins water-insoluble. Hence, 

or aamoniua oxalate binds the metal 

extracting with EDTA 

ions and releases the 

pectic substances into solution (Southgate, 1976a). 

Even though mammalian systems lack enzymes that 

cleave pectins, 90% of pectin is absorbed in the colon and 

influences cholesterol in plasma (Theander and Aman, 
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1979). The digestion of pectin is attributed to the 

microflora in the large intestine. The hypocholesterolemic 

properties of pectin in man are reported by Huang, Gopala

krishna and Nicholes, {1978) who conclude that pectin 

lowers plasma cholesterol by binding bile acids in the 

intestine. 

Lignins, the noncarbohydrate fraction of dietary 

fiber, are a group of complex poly•ers consisting of 

substituted phenylpropane units of various alcohols (Huang, 

Gopalakrishna and Nicholes, 1978; Selvendran, 1984) They 

are laid down with cellulose and heaicelluloses producing 

an essentially inert, 3-diaensional structure which acts 

as a cementing and anchoring agent (Eastwood, 1973; Paden 

et al., 1983). The lignin in the exterior of the plant 

cell wall infiltrates into the interior of the cell wall 

as the plant matures. This imparts hydrophobicity and 

rigidity and reduces the digestibility by bacterial enzymes 

( Kay , 1 9 8 2 ; S e 1 vend r an , 1 9 8 3 ) . T h i s a r om a t i c p o 1 y 1ft e r i s li k e 1 y 

the only substance that passes through the digestive 

system of animals and all anerobic digestive systeas coapletely 

unaffected (Monte and Vaughan, 1982). 

Lignin is possibly the most resistant substance 

found in nature. It can be isolated in a crude form (with 

contaainants) by reaovin~ cellulose from the residue of an 

acid detergent fiber process (to be discussed later) using 

72% sulfuric acid (Monte and Vaughan, 1982). The vigorous 
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chemical procedures required to free the lignin frow 

polysaccharides are unlikely to be useful in elucidating 

the role of lignin in dietary fiber because the isolates 

obtained a~e either chemically or structurally different 

from the native state (Panden et al., 1983). 

Analyses of Dietary Fiber 

Various procedures are used to measure the "diete~y 

fiber" in food systems. The advantages and disadvantages 

of these methods will be discussed, but there is no preferred 

method. The original aim of these methods was to approximate 

the indigestible cell wall material in plants for anima: 

feeds and not for human nutrition (Southgate, 1976). The 

methods commonly used to determine dietary fiber do not 

necessarily measure the plant -polysaccharides and lignin 

resistant to hydrolysis by human digestive enzymes (Schweizer 

and Wursch, 1979). According to the concept and definition 

of dietary fiber, analysis of fiber should be based on the 

use of alimentary digestive enzymes. 

modified methods will aJso be reviewed. 

Some of the new 

':'he original crude fiber method is a high~y empirical, 

chemical procedure involving extraction with dilu~e acic 

and a1ka1i (Southgate, 1976b; Theande~ and Aman, 1979; 

Monte and Vaughan, 1982) and is outlined in Figure 2. 

This method results in large losses of cellulose during 

both boiling treatments, hemicellulose during the aci~ 

d i g e s t inn an d 1 i ~ n i n d u r i n g t h e a 1 k a 1 i t r e a t m en t ( A s p e t 
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I 
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I 
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I" 
Boiling 0.255 N H2S04 (30 min) 

I 
Boiling 0.344 N NaOH (30 min) 

I 
dry 

I 
Crude Fiber and Ash 

Figure 2. Crude fiber method (Monte and Vaughn. 1982) 



a!., 1979; Monte and Vaughan, 1982). The losses vary 

considerably between different foods. Because this procedure 

gives lower fiber values than other more modern methods, 

it obviously should not be used in human nutrition studies. 

The only conceivable reasons to use this method (for human 

studies) would be beca'use it is an easy method to perform 

and the procedure is well-known. 

A more satisfactory alternate method was developed 

by van Soest in which detergents were used to remove 

proteins and tannins (Theander and Aman, 1979; Southgate, 

1976a). Detergents hold great potential in fiber analysis 

because theycan, under relativelYllildconditions, solubilize 

fats, nitrogenous co_pounds, si_ple sugars and sOlie starches 

(Monte and Vaughan, 1982)~ The neutral-detergent fiber 

(NDF) lIethod (Figure 3) was intended to isolate a residue 

that contained the indigestible components of herbivore 

diets. The method depends on the extraction of the food 

with a hot neutral solution of the detergent sodiull lauryl 

sulfate (Southgate, 1976a). The difficulty with this 

procedure is in the' filtration step, which beco_es al_ost 

iapossi,ble to do with food products high in starch and 

protein (Monte and Vaughan, 1982); hence, foods need 

to have fat and starch removed prior to boiling with 

detergent. The NDF method is a suitable, rapid procedure 

for measuring total, water-insoluble dietary fiber in 

18 
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I 
Grinding 

I 
Boiling Neutral Detergent (60 min) 

I 
Dry 

I 
Neutral-Detergent Fiber and Ash 

Figure 3. Neutral-detergent fiber method (Monte and Vaughn, 
1982) 
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human foods when modified by lipid-extraction and removal 

of starch by enzymatic hydrolysis (Theander and Aman. 1979). 

The acid-detergent fiber (ADF) method is used. but 

frequently with modifications. The sample is added to 

sulfuric acid with the detergent cetyltrimethylammonium 

bromide (CTAB). then heated. filtered. and washed (Figure 

4). The residue is composed mainly of cellulose and 

lignin with some silica. A problem with this method is 

some of the pectic substances and hemicelluloses are lost 

(Baker. Norris and Li. 1979). Updated procedures however. 

preextract with NDF to avoid the loss of hemicellulose or 

modify the ADF by using hydrochloric acid-potassium chloride 

buffer of pH 1.5-2.0 instead of IN sulfuric acid. This 

later modification causes loss of cellulose but not necessarily 

hellicellulose. Therefore. both procedures (NDF and ADF) 

are often used to fully account for these substances. A 

further modification of overnight treatment with alpha-amylase 

at the end of the procedure to remove residual starch has 

been adopted by the American Association of Cereal Chemists 

a san 0 f f i cia 1 met hod (B a k ere tal -. -. 1 97 9 ). Man y mod i f i cat ion s 

for ADF and NDF are being used to remove starch and proteins 

by enzymatic hydrolisis before the gravimetric determination 

of the fiber residue. Removing proteins and starch makes 

both techniques more attractive -- theoretically (Theander 

and Aman. 1979). In practice. however. the amylolytic 
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Sample 

Boil under reflux in 1 N H2S04' containing 

20 g CTAB/liter (1 g/100 ml acid) (60 min) 

Filter. wash w/ hot water and acetone 

Dry and weigh 

ACid-Detergent Fiber 

Figure 4. Acid-detergent fiber method (Southgate. 1976b) 
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enzymes appear to also reduce hemicellulose (Monte and 

Vaughan, 1982). 

Other methods involve fractionation and analysis 

of the fractions. These methods are more tedious to 

perform but more informative than the gravimetric methods 

(Figure 1) (Theander and Aman, 1979; Nyman et a., 1984). 

With these procedures, the fiber residue is sequentially 

hydrolyzed and extracted resulting in the determination of 

water-soluble and water-insoluble polysaccharides. The 

hexoses, pentoses and uronic acid components of these 

fractions are typically analyzed by gas-liquid or liquid 

chromatography (Kay, 1982). 

The physiological effects of a given fiber are 

dependent on its particular chemical composition; therefore, 

rigorous qualitative and quantitative methods are necessary 

to define the chemical characteristics of specific fibers. 

Data derived from these techniques will increase the 

understanding of the physiochemical properties of fiber 

and the relationship these properties have to human nutrition. 

Physical Properties of Fiber 

Dietary fiber has a variety of effects on gastro

intestinal function, stool weight, fecal constituents, 

nutrient absorption, enterohepatic circulation and bile 

acids (Eastwood, 1983). The mechanisms by which fiber 

acts on these functions is not clear. The chemical properties 

plus the physical properties of fiber determine how fiber 
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influences nutrients in the gastrointestinal tract. The 

physical properties that are of interest to human and 

animal nutrition are the following: 1) waterholding capacity 

or gel-formation, 2) organic absorpt~on, and 3) cation

exchange. Each of these properties will be discussed 

briefly before considering the physiological/nutritional 

applications. 

Waterholding Capacity 

Waterholding capacity is the extent to which a 

fibrous material holds water within its interstices in the 

presence of excess water. Water outside this Jlatrix is 

called free water (Eastwood and Mitchell, 1976). Waterholding 

capacity is determined in fiber research by the amount of 

water taken up by a dry fiber to a point where there is 

not free water. The chemical composition of fiber influences 

its waterholding capacity. Sugar residues with free polar 

groups confer significant hydrophilic capacity to poly

saccharides, while intermolecular bonding as ether cross

linkages between chains of cellulose molecules decreases 

this capacity (Kay, 1982). Particle size /lay also influence 

the waterholding capacity of fiber (Kay, 1982). Certain 

polysaccharides, like pectin and helilicellulose, swell in 

water to form a gel with high water content. Celluloses 

are less soluble than hemicelluloses whereas lignins are 
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relatively insoluble in water. The physiological affects 

of the hydration properties of fiber will be discussed later. 

Organic Adsorption 

A number of organic materials such as bile acids. 

yitamin steroids. toxic substances. mutagens and bacteria 

bind to fiber (Kay. 1982; Kohn. 1982; Omaye. Chow and 

'Betschart. 1982; Moorman. Moon and Worthington. 1983). 

Best documented among these materials are bile acids. 

Their ability to absorb to fiber is dependent upon the 

composition of the fiber. chemistry of the sterol. pH. and 

osmolality of the environment. Lignin for example. is one 

of the stro~gest binding components of fiber (Kay et al .• 

1979). Adsorption of bile acids to lignin appears to be 

aaxiaal with low pH. less polar unconjugated dihydroxy 

bile acids. and increased methylation of lignins (Kay. 

1982). Hydrophobic bonding is the suggested mechanism for 

adsorption since the low pH suppresses the ionization of 

carboxyl groups on phenylpropane units (Kay. 1982). 

Pectins (Pfeffer et al .• 1981) and alginates and unidentified 

hot water-soluable components also adaorb bile acids 

(Story. White and ·West. 1984). Adsorption to this latter 

grou~ is most likely due to polyuronic acids and free 

carboxyl groups which are known to form coordination 

complexes with di- and trivalent metal cations (Kay. 

1982)., Even though the acidic polysaccharides (i.e. pectin) 

are degraded in the large intestine. the cationic bridges 
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that form could provide an absorptive site for the bile 

and fatty acids in the small intestine (Furda, 1979; Kay, 

1982). 

Cation-exchange 

Polysaccharides with uronic acid moieties are 

k now n for the i rca t ion - ex c han g e cap a c' i t y . Again, the 

binding is related to the number of free carboxyl groups 

in pectin an,d hemicelluloses (Eastwood, 1973) as well as 

the hydroxyl groups (Charley and Saltman, 1963). The fact 

that certain components in fiber bind to essential minerals 

has initiated much research both in vitro and in vivo 

(Berner and Hood, 1983; Jacobsen and Slotfeldt-Ellingson, 

1983). This topic will be discussed in more detail later. 

Physiological Effects of Fiber 

The metabolic effects of fiber in the gastrointestinal 

tract are related to the physiochemical properties already 

described. The effects vary depending on source of fiber, 

its degradation by enzymes, and location in gut. It is 

the quantity and, more importantly, the quality of fiber 

that is responsible for the specific physiological effects 

(Schweizer and Wursch, 1984). The physiological claims 

for fiber fall into three categories. The first is that 

certain types of fiber are known to relieve constipation 

problems as well as decrease transit time. Second. fiber 

has probable value in treating or preventing diverticulosis. 
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Third, fiber has a possible link in reducing serull cholesterol, 

preventing colon cancer. reducing toxic effects, and 

treating diabetes (1FT, 1979). These claims may be related 

to the behavior of fiber in the gut. For example, fiber 

behaves like a sponge as it passes through the gut -- it 

adsorbs water, organic materials and cations. In the 

foregut it can delay gastric emptying and decrease adsorption 

of nutrients (Eastwood, 1984). 

The ability of certain components in fiber to 

adsorb water while in the gut relates to the production of 

bulky, soft, well-formed stools (1FT, 1979). The effect 

of fiber on stool bulk is not only due to the waterholding 

capacity of fiber, but also to inducing bacterial growth 

since bacterial cells are about 80% water and are a large 

percent of the stool weight. The influence is also partially 

dependent on the particle size of the fiber since this 

apparently effects the waterholding capacity (Kay 1982; 

Eastwood, 1984). However, Monte (1981) and Kelsay (1978) 

report the bulking effects of bran are independent of 

particle size but adversely affected by cooking. Hemicellulose 

appears to be more effective than either pectin, lignin or 

c ell u los e i n 1 ncr e a sin g s t 0' 0'1 wei g h t; w her e as, tho s e 

cOllponents that are degraded e.g. pectins have the least 

effect (Huang, Gopalakrishna and Nicholes. 1978). 
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The controlled evacuation of a formed stool. 

continence, is regulated by the left side (distal descending) 

of the large colon (Eastwood and Kay. 1979). The tension 

in the musculature is decreased by increasing bulk volume 

which relieves the pressure (decreased intraluminal pressure) 

and discomfort associated with constipation and diverticulosis 

(FASEB, 1980; Ali, et aI., 1981, Eastwood, 1984). The 

mechanism by which fiber affects stool weight is not 

known, but apparently the development of the stool depends 

on an ordered matrix structure of fiber and water, along 

with the fat and bile acids that are associated with the 

fibrous matrix (Eastwood and Kay, 1979). 

Fiber is only one variable implicated in the 

etiology of colon cancer. Fiber may protect against 

cancer by decreasing transit time. thus reducing the time 

for formation and action of carcinogens. Also, by increasing 

stool bulk, fiber may dilute the carcinogens and reduce 

their contact with the gut wall (Kay, 1982). The water. 

bile acids, bile salts and fat act as solvents to remove (or 

dilute) a wide variety of possible carcinogenic compounds 

(IFT, 1979). Fiber may influence the intestinal flora 

(e.g. bacteroides) resulting in decreased bacterial 

degradation of bile acids and steroids which are likely 

converted into carcinogens (Huang. Gopalakrishna and 

Nicholes, 1978). 
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The hypothesis linking dietary fiber with reduced 

incidence of colon cancer was based on epidemiological 

data; however, definitive proof of a causal relationship 

is still lacking. Available data fail. to account for such 

variables as genetics, physiology, lifestyle, stress, 

marginal nutrition, environmental factors, parasitosis, 

and dietary factors such as high fat, meat, or salt intakes, 

as well as total calories (FASEB, 1980; Kay, 1982). 

Bile Acids 

The stated physiological property of fiber to bind 

bile acids has led scientists to investigate the ability 

of fiber to reduce serull cholesterol via increased bile 

acid excretion. Elevated levels of total bloo~ cholesterol 

is considered a risk factor for coronary heart disease, 

and consumption of certain fiber sources have been reported 

to affect blood cholesterol. Behall, Lee and Moser (1984) 

have shown that gel-forming fibers have a significant 

effect on lowering serum cholesterol (Sosulski and Cadden, 

1982), whereas insoluble fiber has only partial influence. 

Behall and workers (1984) found that the reduction of 

cholesterol was primarily froll the low density lipoprotein 

(LDL) fraction rather than the very low density lipoprotein 

(VLDL) or high density lipoprotein (HDL) fraction. Kay 

(1982) also indicated that the cholesterol in the LDL 

fraction was lowered by fiber. 
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Many investigators think the effect of dietary 

fiber on lowering plasma cholesterol is mediated by increasing 

fecal excretion of bile acids. Two hypotheses have been 

proposed to explain the lowering of plasma cholesterol: first, 

the synthesis of bile acids from cholesterol may increase 

due to an increase in the enzyme 7d-hydroxylase (StorY,White 

and West, 1984); second, the fiber bound to specific lipid 

fractions (bile acids) may interfere with micelle formation 

and reduce absorption of cholesterol and other lipids 

(Behall, Lee and Moser, 1984). However, not all increases 

in fecal bile are accompanied by a reduction in plasma 

cholestera,l (Kay. 1982). suggesting that additionalmechanislls 

may be operative. Some reserachers suggest that dietary fiber 

alters the site of absorption in the intestine by altering 

the chylo.icrons. perhaps. by coating the mucosa and 

interfering with the absorption of lipids (Kay. 1980; 

Madar. 1983; Behall. Lee and Moser. 1984). Rotstein and 

coworkers (1981) found 'that lignin-supplemented diets 

increased bile acid excretion with a reduction in bilary 

cholesterol saturation. However. the serum cholesterol 

concentration was not affected; but, by lowering the 

cholesterol saturation of the bile acid, Rotstein and his 

coworkers (1981) suggest that cholesterol gallstones Bay 

be dissolved. 
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Glucose 

Many types of dietary fiber modulate glucose 

absorption resulting in reduction of plasma glucose and 

insulin (Reiser. 1979; Kay. 1982). Presumably this modulation 

occurs by decreasing the rate of glucose absorption or the 

rate of diffusion of available carbohydrate to the absorptive 

mucosal surface. The ability of equal amounts of dietary 

fiber (guar gum. pectin. gum tragacanth. methylcellulose. 

wheat bran or cholestrymine) to lower blood glucose is 

significantly correlated with the viscosity of the fiber 

(Reiser. 1979). 

The viscosity of the fiber due to random swelling 

is dependent on the crosslinkages and the amount and 

physical form of fiber present in the gut. The water-soluble 

components of fiber empty at different rates than the 

water-insoluble fractions. The water-soluble materials 

( e . g. g I u cos e) may bed i 1 ute din the w ate r h e 1 din t, h e 

interstices of the gelatinous fiber or held by chemical 

and physical mechanisms within the gel structure (Eastwood. 

1984). Therefore. the fiber alters the rate of diffusion 

toward the absorptive mucosal surface and decreases the 

rate of glucose absorption. 

The decreased absorption of carbohydrate prevents 

the steep rise in insulin. Not only does fiber have a 

direct effect on blood insulin via blood glucose. but 

stUdies with African children show that their fasting 
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glucose levels are generally lower than children in more 

developed nations (Reiser, 1979). Although indirect, this 

work suggests that humans adapted to high fiber diets have 

improved glucose tolerance (Reiser, 1979). Madar (1983) 

studied the effects of soybean and rice fiber on lowering 

the glucose tolerance curve in diabetic rats. He found 

that soybean fiber elicited a lower glucose response 

than rice fiber. His results suggest that the effect of 

soybean fiber on the reduction of glucose absorption is 

likely due to reduced gastric emptying and limiting the 

rate of intraluminal diffusion of glucose to the absorptive 

surface (Madar, 1983). Again, the high viscosity charact

erisitic of soybean fiber (pectins, galactomannans and 

arabinogalactans) provides an explanation for the postprandial 

hypoglycemic effect. Improvements in diabetic control 

have been reported for both mild and moderate diabetics on 

high fiber diets (Kay, 1982). Thus, the clinical implications 

of dietary fiber in treating diabetes is great and warrants 

further research. 

Mineral Binding 

The functional capacity of certain dietary fibers 

to behave as cation exchangers has been established (Kay, 

1982) . The affinity of acidic polysaccharides, present in 

fiber, for mono- and divalent cations is reflected by an 

increase in the fecal excretions of various cations under 

controlled dietary conditions (McHale, Kies and Fox. 

31 



1979) . Not all human and animal studies have been able 

to show that minerals are affected by high fiber diets 

when compared to low fiber diets. Data from human studies 

are often confusing because detailed information is not 

given concerning the amounts and type of fiber used. 

Results from these studies are often used to compare with 

other human dietary fiber work when, in fact, the design 

or fiber source of the studies was completely different. 

In vitro studies are being done to determine which components 

of fiber are involved with the binding of minerals and the 

conditions necessary for these interactions. Results from 

these studies may offer suggestions of the design of 

future huma~ works. 

Interaction of fiber with essential minerals could 

have potential harmful effects in people, particularly 

those who consume marginal quantities of these minerals 

(Reilly, 1979). Deficiencies from certain trace minerals 

(e.g. copper and zinc) could result from increasing dietary 

fiber. A greater concentration of research is now focused 

on the interactions between fiber and trace minerals, 

especially in view of the increasing medical and commercial 

encouragement for higher use of bran in the diet. 

Reinhold was one of the initial workers to suggest 

an association between diet and mineral bioavailability by 

his observation that hypogonadal dwarfism occurred in Iran 

and appeared to be related to iron and zinc deficiencies 
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even though the national diet was adequate in these minerals 

(Reinhol et. a!., 1976). He concluded initially that the 

high phytate content in the unleavened bread attributed to 

the decreased absorption of zinc and iron. Reinhold, 

Ismail-Beigi and Fardji (1975) later found that dephytinized 

whole meal bread and bran showed an increased ability to 

bind minerals. He then concluded that fiber, not phytate, 

was the major contributor to binding. Other researchers 

suggest that phytic acid is the major binding component in 

dietary fiber, but as yet, there is no conclusive agreement 

as to what viewpoint is correct (Ellis and Morris, 1981; 

Rendleman, 1982). 

Rendleman (1982) and Rendleman and Grobe (1982) 

studied binding of calcium and zinc (respectively) to 

wheat bran, components of bran and constituents of gastro-

intestinal 

components 

fluids. In both 

were responsible 

studies, the water-soluble 

for more than half of the 

binding ability of bran; and the principal soluble chelating 

agent was phytate. These results agree with the in vitro 

work done by Schweizer et al. (1984), who, by modifying 

gravimetric methods typically used to assay dietary fiber, 

found considerable amounts of minerals in the water-soluble 

fraction. Phytate, also associated with the fraction, may 

have bound the minerals therefore explaining their presence 

in the water-soluble fraction. However, polysaccharides. 

as well as the modification of the gravimetric method used 
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by Schweizer et a!. (1984), may be partly responsible for 

the minerals in the soluble fiber fractions rather than 

phytate (Schweizer et a!., 1984). As shown by Rendleman 

(1982), cellulose, starch, hemicellulose and pectin had 

little affinity for calcium at neutral pH. Similarly, 

protein (glutenin and albumin) had a low affinity for 

calcium at neutral pH but did bind zinc, with albumin 

exhibiting the higher affinity (Rendleman and Grobe, 

1982). Ismail-Beigi, Faraji and Reinhold (1977) studied 

the in vitro binding of zinc to wheat bread, dephytinized 

Tanak (unleavened wheat bread), and cellulose in the same 

pH ranges as Rendleman. In contrast results from Ismail-Beigi 

and coworkers (1977) showed removal of phtate from Tanak 

did not reduce the binding capacity of zinc and that both 

lignin and hemicellulose fractions of wheat bran had high 

binding capaGities for zinc. Binding of zinc to various 

celluloses and dextrans was also demonstrated. 

Clydesdale and Camire (1983) investigated binding 

of iron, calcium, magnesium and zinc to soy flour and 

phytic acid under different pH conditions and found soy 

flour bound aore iron, calcium, and magnesium, but less 

zinc at pH 6.8 than at pH 5.0. The degree of binding for 

these minerals did not correlate with the phytic acid 

content in their studies (Clydesdale and Camire, 1983). 

Cereals with different phytate-zinc molar ratios 

were incorporated into rat diets to test the bioavailability 
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of zinc (Morris and Ellis, 1981). The phytate-zinc molar 

ratios in the cereals ranged from 2.0 to 42.9, and were 

the only source of zinc. Growth and bone zinc levels were 

used to test the bioavailability of the zinc. Growth was 

not depressed when cereals with phytate-zinc molar ratios 

of 15 or lower were used as the only source of zinc, but 

was significantly depressed when cereals with ratios of 

24 or greater were used as the zinc source. No correlation 

between fiber and bioavailability of zinc was shown in 

their study; but, Morris and Ellis (1981) concluded that 

the phytate-zinc molar ratio may have played a significant 

role in the bioavailability of zinc. 

An important factor in mineral binding studies is 

the pH of the medium. Thompson and Weber (1979) determined 

in vitro that the association of endogenous bound minerals 

(copper, zinc, and iron) to various fiber sources was 

dependent on the pH. At low pH, corresponding to the pH 

of the stomach. little endogenous mineral remained bound 

to the fiber. However. when the pH of the surrounding 

medium was increased to 6.8 via a phosphate buffer (approx

imating the small intestine's pH). most of the minerals 

remained bound to the fiber residue (Thompson and Weber. 

1979). Camire and Clydesdale (1981) concluded from their 

work that pH. as well as fiber type and treatment. determined 

the ability of minerals to complex with fiber. And. they 

also found lignin bound zinc. magnesium. calcium and iron 
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whereas cellulose bound only a small percent of the minerals 

(Camire and Clydesdale. 1981). Berner and Hood (1983) 

determined pH to have the greatest effect on the binding 

of iron to alginate (polysaccharide gum). Interestingly. 

the binding increased as the pH decreased; and. in the 

presence of calcium. iron binding to alginate decreased. 

Berner and Hood (1983) concluded that the specific pH 

changes that occur during digestion would effectively 

disrupt any alginate-iron complexes. 

Whether fiber really affects mineral balances is 
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controversial. Results in human studies are difficult to' 

compare because of the variation of fiber type and amount 

level of mineral intake. length of study. and presence of 

other dietary components capable of binding minerals. 

Kelsay et al. (1981) studied the effects of increasing 

fiber on mineral balance in human subjects. The increase 

of dietary fiber (NDF values of 4 diets were 1.9. 10 .. 1. 

19.4. and 25.6 g/day) did not significantly affect balances 

of calcium. mangneium or copper. Zinc balance decreased 

as fiber increased. but subjects maintained a positive 

balance. These -results indicated that the large amounts 

of fruits and vegetables (the source of fiber used) did 

not cause adverse affects on mineral balance (Kelsay. et 

al .. 1981). However. the diets were not analyzed for 

phytic acid. or oxalic acid. both organic chelators. Kelsey 

and Prather (1983) then investigated the separate and 



combined effects of fiber and oxalic acid on calcium, 

magnesium. zinc and copper balance. In this study. aineral 

balances were significantiy lower when the subjects consumed 

a high fiber diet containing spinach (high in 'oxalic 

acid), and the level of fiber intake alone did not appear 

to affect mineral balances (Kelsay and Prather, 1983). 

The relationship between mineral binding and fiber 

(and its components) is complex. Many in vitro and in 

vivo experiments have been performed, yet there are still 

many questions unanswered. More studies are needed to 

investigate the effects of variQus dietary fiber sources 

on trace mineral binding under conditions that most likely 

mimic the 'human gastrointestinal track. The mineral 

concentration should be kept constant within similar 

studies and the amount and type of fiber should be well-defined 

and consistent. The question of dietary fiber influencing 

mineral bioavailability must be methodically tested by 

using one type of fiber with one mineral. Trace minerals 

that have yet to be studied i.e copper, chromium, and 

selenium should be studied because their intake may be 

marginally deficient in most diets. and knowledge of any 

consequences of decreased absorption of these minerals 

would be of great interest. The statement that "high 

fiber diets" affect mineral-binding needs to be clarified. 

as to what the source of fiber was i.e. high fiber from 

vegetables or high fiber from cereals. Each of these can 
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be further defined because the chemical composition varies 

with each source (wheat bran vs. oat bran vs. rice vs. corn, 

etc.) which undoubtedly varies the physical effects of 

mineral binding. 

Mineral Absorption 

Much of the literature concerning fiber and minerals 

focuses on the potential harmful effects of mineral-fiber 

associations. However, data from earlier investigations 

concerning mineral-sugar complexes, suggest that this 

binding may actually enhance absorption of the involved 

mineral by preventing its precipitation at alkaline pH's. 

Polyhydroxy compounds, particularly reducing 

sugars, fora stable, soluble complexes of low moelcular 

weight with metal ions at alkaline pH (Charley et al .. 

1963). Sugar chelates are effective in facilitating the 

diffusion of iron across the membrane of the intestinal 

mucosal wall (Charley et al .. 1963). However, this facil-

itation of .etal-ion transport also depends on the net 

charge and molecular size as demonstrated by an iron-ETDA 

complex. This complex has great solubility and stability 

characteristics but is still poorly absorbed in rats 

because it has a net negative charge at the pH in the gut 

which inhibits it penetration through the mucosal wall 

(Charley et al .. 1963). Therefore. the soluble and stable 

complexes that form with minerals and polyhydroxy compounds 
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may not inhance absorption if the complex is negatively 

charged or if the molecular weight is too large. 

Recent work by Lyon (1984) supports the postulate 

that organic ligands are a major controlling factor determining 

the bioavailability of essential trace minerals. This 

study examined the re I ea s e of endogenous ca 1 c i um, magnes i um, 

copper and zinc present in cereals in both acid and alkaline 

conditions. Addition of organic ligands i.e. citric acid, 

lactose, histidine, bicarbonate and EDTA had a significant 

solubilizing effect (release of minerals). Thus, Lyon 

(1984) concludes that in physiological solution. some 

divalent cations do not" exist as aqueous ions but are 

complexed with ligands either liberated from digested 

foodstuffs or present in intestinal secretions. By maintaining 

the mineral's solubility, the organic I igands determine 

the rate of absorption in the intestinal mucosa. 

Absorption of minerals depends on the chemical 

state of the mineral. Minerals leave the stomach as free 

ions due to the acid environment. In the small intestine, 

a small portion of the metal is directly bound and transported 

by sites on or in the mucosal membrane. However, as the 

pH increases, a major fraction precipitates as an insoluble 

salt, i.e. carbonate. Charley et a!. (1963) proposed 

that sugars promote the absorption of calcium by forming a 

soluble complex which would be readily available for 

transport. T~p. ability of various sugars to prevent or 
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delay precipitation of calcium was then investigated. By 

using turbidimetric methods and electrophoresis, Charley 

et al. (1963) demonstrated that calcium formed a soluble, 

uncharged complex with lactose. In order of effectiveness. 

for sugars to delay precepitation of calcium, they found 

lactose> ribose> fructose = mannose> glucose> sorbitol = 

mannitol: sucrose. The interaction of minerals with 

sugars provides a chemical explanation for what may occur 

in the digestive tract. The different rates of intestinal 

transport for each sugar would affect the degree of mineral 

absorption. 

Fiber is a complex mixture of polyols and non

carbohydrate moieties; the rate of its digestion and 

release of sugars could affect the binding and absorption 

of the minerals. If minerals bind to an undigestible 

component of' fiber, which most likely occurs, then the 

bound mineral would be excreted as part of an insoluble 

complex. Thus, certain fiber sources could increase 

excretion of minerals as shown by animal and human studies 

(Kelsay, 1978; Drews, Kies and Fox, 1979; Ellis and Morris, 

1981). Maintenance of mineral balance when consuming 

high-fiber diets may also depend on the adaptive capacity 

of the colon to absorb minerals that may be liberated 

through colonic microbial digestion (James, Branch and 

Southgate, 1978). 
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The absorption of iron and calcium are particularly 

affected when consumed with plant material. but it is not 

clear whether the fiber itself or the phytic acid causes 

this decreased absorption. James Branch and Southgate(1978) 

investigated the binding propertie~ of dietary fiber 

obtained from plants known to be low in phytate and found 

the binding of calcium to be proportional to the uronic 

acid content of the fiber. Calcium binding was determined 

by incubating the material in a buffered electrolyte solution 

labeled with calcium-45 and then counting the residual 

activity in the supernatent after centrifuging the slurry 

at the end of incubation. The binding was strongly pH

dependent (increasing pH lead to increased binding) which 

was consistent with the ionic binding of the charged 

carboxylic acid groups in uronic acid (COOH ~ COO-). James. 

Branch and Southgate (1978) estimate that a typical western 

diet consisting of 17.2 g dietary fiber per day (containing 

12.3 mmoles uronic acid) would bind 152 mg of calcium. 

Since 80% of the uronic acids are fermented in the gut. 

the bound calcium would be released. The free calcium 

would then be available for absorption in the colon according 

to James. Branch and Southgate (1978). 

Bioavailability of Minerals 

The bioavailability of a mineral is most commonly 

expressed as the percent absorption from a food item or 

diet. when the tested level does not exceed the physiological 
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requirement of the. animal (Sandstrom et al., 1980). Meals 

with the same mineral content should be compared because the 

percentage of absorbed mineral should decrease when the 

total mineral content increases. More definitive information 

on mineral availability can be obtained by measuring those 

tissues which are responsive to dietary levels of the 

mineral in question. Human studies often encounter problems 

because only biological parameters such as blood, urine, 

feces, and hair can typically be taken for analysis, and 

these parameters do not necessarily reflect the availability 

of the mineral being tested. For example, concentrations 

of zinc and copper in biological samples such as plasma, 

whole blood. urine and hair. have been shown to be inadequate 

for diagnostic purposes except in cases where there is 

gross deficiency (Bunker et al., 1984) 

Most reported work in the literature regarding 

bioavailability of trace ele.ents has been concerned with 

zinc; specifically to what extent changes in serua zinc 

correspond to actual absorption of zinc is not known in 

humans even though the zinc content in serUB or plasma is 

often used in cli.nical studies to evaluate zinc status 

(Baer and King, 1984). Sandstrom et a!. (1980) determined 

the absorption of radio-labeled zinc in man fed composite 

meals based on bread where the absorption of zinc was 

deter.ined by using a whole-body counter. Changes in 

serum zinc levels after a meal were correlated with the 
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degree of zinc absorption from the meal. Contrary to what 

was expected, an increased absorption of zinc resulted in 

a decreased serum zinc level. These results indicate that 

serum zinc was not related to zinc absorption (Sandstrom 

et al., 1980). A post-prandial decrease in zinc serum has 

generally been thought to be related to the size of the 

meal. In Sandstrom's work, however, the meals had the 

same energy content and same volume; he suggested that the 

decrease in serum zinc was attributed to the protein 

content of the lIeals (Sandstrom et al. 1980). Increased 

protein levels lead to increased zinc absorption (determined 

by whole body counts) but not increased serull zinc. 

Similar observations of protein increasing mineral absorption 

was also found in animal studies (Harland, Fox and Fry, 

1974). Therefore, bioavailability of zinc cannot be 

determined by serum analysis since there does not appear 

to be a correlation between the absorption of this mineral 

and its presence in serum. However, not all minerals 

respond this way to increased absorption. 

Individual tissues in animals and man differ 

greatly in their susceptibility to variations in dietary 

copper intakes (Underwood, 1977), but unlike zinc, plaslla 

copper levels do not decrease with increased absorption. 

The liver, blood, kidney, spleen, lungs, brain and bones 

are particularly responsive to diet, while the endocrine 

glands, muscle and heart are much less so. Subnormal 
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levels of dietary copper are often reflected in subnormal 

concentration of blood copper as well as liver copper, and 

both provide useful aids in the diagnosis of copper defic-

iency. Additionally, in copper-deficient rats, cardiac 

hypertrophy and enlargement of the spleen have been observed 

(Underwood, 1977; Hassel, Marchello and Lei, 1983). 

The rate at which an animal will show classical 

symptoms of copper deficiency depend on several factors, 

such as initial body stores of copper and the level of 

copper in the diet. The copper status of an animal depends 

largely on intrauterine copper storage and its maintenance 

during the suckling period (Alfaro and Heaton, 1973; 

Underwood, 1977). 

Analyzing fluids and tissue levels of copper as 

well as weighing certain tissues are parameters often used 

to determine the copper status of an animal. Recently, 

Fischer, Giroux and L'Abbe (1984) studied the effects of 

zinc on copper status in man and found super oxide dismutase 

activity to be a more sensitive indicator of copper status 

than static indicators such as plasma or tissue levels. 

SOllie animals respond to copper inadequate diets by decreasing 

their food intake and therefore reduce their body weight 

and weight gain. Hence, food consuMption, body weight and 

weight gain are also recorded as possible evidence for 

deficiency symptoms. 
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CHAPTER 3 

MINERAL-FIBER BINDING STUDIES 

Introduction 

Results from the mineral-binding properties of 

dietary fiber suggest that this binding depends on the 

mineral. the type of fiber. the experimental conditions. 

and. perhaps. the method used to determine binding. 

Although results of studies conflict. apparently certain 

fiber-rich foods reduce the absorption of minerals in both 

man and animals. In vitro methods may not reflect processes 

occurring in the gut; however. the data from such studies 

can elucidate possible chemical interactions between 

minerals and fiber. Understanding the complexities of the 

interactions of fiber and minerals. from in vitro studies 

could provide a basis for designing further in vivo studies. 

Various methods exist to determine binding of 

minerals; the most commonly used is incubation of mineral 

and fiber. centrifugation. and analysis of the supernatant 

for the mineral (Clydesdale and Camire. 1983; Omaye. Chow 

and Betschart. 1982). The mineral concentration in the 

supernatant represents "unbound" mineral. Use of buffers 

varies in these binding studies. depending on the researcher. 

There is possible buffer interaction because the buffers 
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themselves can complex with polyvalent cations (Rendleman 

and Grobe. 1982). Another method is dialysis which uses a 

low molecular weight cut-off dialysis membrane (3500 pm) 

to retain the mineral-fiber component. Again use of 

buffers varies. Often the mineral and fiber sources are 

~ncubated then aliquots are dialyzed. 

indirect in measuring "bound" mineral. 

Both methods are 

Little information 

concerning the equilibrium dynamics and processes involved 

between metal ion and carbohydrate interactions are known 

(Angyal. 1981). because the interactions are often weak. 

resulting in highly labile complexes with short reaction 

times (Beattie and Kelso. 1981). 

The purpose of this study was to develop a chromat

ographic technique to measure the binding of minerals to 

cereal brans directly. This proposed method could provide 

more detailed· information concerning mineral-fiber inter-

actions. The method most commonly used of incubation. 

centrifugation and determination of unbound mineral is 

quick but indirect and possibly overestimates the binding 

capacity of the fiber. The development of a more direct 

method would add to the existing knowledge of mineral-fiber 

interactions. 

Copper and zinc were the selected trace minerals 

chosen to evaluate fiber-binding because both minerals are 

suspected of being marginally deficient in the population 

and little conclusive evidence exists on the interaction 
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of these ainerals with fiber. Wheat bran (hard red spring) 

was chosen as one of the cereal brans investigated for 

mineral-binding because it is widely consumed by the world 

population and supplies more than half of the cereal fiber 

in most countries (Bright-See and McKeown-Eyssen, 1984). 

More data is available on wheat bran than other cereal 

brans allowing comparison of this study with others. As 

data accumulates on the chemical and physical properties 

of wheat bran, this fiber source will. ideally, become a 

standard from which comparisons can be made. Oat hulls 

were chosen because little data is available for this 

fiber source despite its increasing popularity as a food 

ingredient. 

Materials and Methods 

Fiber Source 

Hard, red spring wheat bran (obtained from the 

American Association of C~real Chemists) and oat hulls 

(obtained from Quaker Oats Company) were ground with a 

Willy Mill through a 60 mesh screen or ground first with a 

Hammer Mill (screen #040) if the particle size of the 

fiber source was too large. All fiber was defatted overnight 

using a mixture of chloroform/methanol (2:1) in a Soxhlet 

Extractor. After air-drying under the hood, the fiber 

sources were shaken through a series of screens (U. S. Standard 

Screens). Samples were placed on a 60 mesh screen followed 
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by (order of decreasing particle size) a lOa, 150, 200 

screen. The fiber retained on each screen was saved and 

analyzed to determine which particle size to use for 

chromatography. All fractions were microscopically examined 

for homogeneity and spherical particles (desired for 

smooth, even flow rate and exchange capacity in column 

chromatography) and were analyzed for nitrogen (micro

kjeldahl-- using the conversion factor of 6.25 to determine 

protein) (AOAC, 1970), to check for preferential fractionation 

of nitrogenous compounds occurring during the screening 

process. Each fraction of fiber was hydrated with distilled

deionized (D.D.) water; analyzed for pH and poured into a 

glass column (0.7 cm I.D. x 15 cm; Econo-column from Bio Rad 

Labs) to which 15 ml of D.D. water had been added. The 

column was connected to a peristaltic pump via a 3-way 

stopcock using 1.52 mm manifold tubing (Gilson Medical 

Electronics, Inc.). The pump was set at a constant flow 

rate of 1 ml per min. Each fraction size was assessed for 

uniform packing without plugging the sintered glass bottom 

and consistant flow rate. 

Stock Solution 

All glassware and utensils used were acid-washed 

overnight in 6 N HN03' Stock solutions of zinc and copper 

were made by diluting 1000 ppm Fisher Certified Atomic 

AbsoTption Reference Solutions to 100 ppm working stock 

solutions. Further dilutions were made daily for the 
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atomic absorption standards. Copper standa~ds ranged from 

0.1 ppm to 1.0 ppm; zinc standards ranged from 0.05 to 1.0 

ppm. Only distilled deionized water was used throughout 

the study. 

Adjustment of pH 

Various buffers with pKa's around 6.8 were tested 

for their solubility in mineral solutions and for their 

ability to complex with copper or zinc. (See Appendix A). 

However, no buffers were employed in these binding studies 

because of solubility problems or the buffer's ability to 

complex with bivalent metal cations. Adjustment of pH was 

accomplished by adding KOH or HCl (Rendleman, 1982) to 

mineral-fiber slurry. 

Apparatus 

Flame atomic absorption spectroscopy (Hitachi 

Polarized Zeeman Atomic Absorption Spectrophotometer 

model 180-70) was used to measure copper and zinc at 324.8 

nm and 213.9 nm respectively. The conditions used for 

copper analysis were as follows: lamp current was 7.5 mA, 

slit width was 1. 3 nm, burner height was 7. 5, oxidant 

(compressed air) was 1.60 kg/cm2, and fuel (acetylene) was 

0.30 kg/cm2. The conditions used for zinc were: lamp 

current was 10.0 mA, slit width was 1.3 nm, burner height 

was 7.5, oxidant (compressed air)· was 1.60 kg/cm2, and 

fuel (acetylene) was 0.20 kg/cm2. An average of triplicate 
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absorbance readings, corrected by a reagent blank, was 

calculated for concentration '(ppm) by using linear regression 

from standards prepared daily. Precision was determined 

by measuring the daily percent variation of absorbance 

(within runs) and was consistently below 5% and between runs 

less than 10%. Detection limits calculated as 3X the 

background) were 0.05 absorption units for copper and 0.02 

absorption units for zinc. 

Determining Endogenous Minerals 

Dry Ashing. Dry ashing was performed initially to 

determine mineral content in the fiber sources (AOAC, 

1970). One-g samples were placed in acid-washed enamel 

crucibles. These were placed in a muffle oven and heated 

overnight at 450°C. Five-ml of concentrated nitric acid 

was added to the cooled crucibles and evaporated to dryness. 

The samples were again ashed overnight at 450°C. The white 

ash obtained was then dissolved in 1% HCI and quantitatively 

transferred to a 10-ml, acid-washed, volumetric flask. 

The mineral content was determined using flame atomic 

absorption spectrophotometry. 

Acid Washing. The acid and water washes were all 

analyzed for copper and zinc using flame atomic absorption 

spectrophotometry. This method of determining endogenous 

minerals was compared to the dry ashing procedure. 

50 



Fiber Treatment 

Acid and water washing. Treatment of fiber for 

preliminary column chromatography was acid-washed or 

water-washed or combinations of both. Both treatments 

remove soluble components which may be involved with 

mineral binding. The procedure for the treatments was: one 

g of fiber was stirred with 25 ml 1% Hel (or D.D. water 

for the water-washes) for about two hours. The slurry was 

centrifuged for one-half hour at 5000 rpm's and supernatant 

collected. Another 25 ml of acid was added to the residue 

and the procedure repeated. This entire process was 

repeated for a total of three to four times. All supernatants 

were analyzed for minerals. After the acid treatment, 

D. D. water was used to wash off the acid in the residue 

(as described) and to raise the pH up to or near its 

original pH. Water washings were repeated at least four 

times. Untreated fiber was used in many of the analyses 

(to avoid loss of the soluble components) so that comparisons 

could be made as to treatment effects on fiber-binding 

capacity. 

EDTA Washing. One-g bran was stirred 45 min. with 

0.01 M EDTA then centrifuged at 4000 rpm for 15 min. 

The supernatant was collected and repeat process 2 times. 

Residue was washed with water 2 times. 
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Column Procedure Used for Mineral Binding 

Binding of copper and zinc was determined by 

modifying the method described by Thompson and Weber 

(1982) . One-half to one g sample of fiber was incubated 

with 5 ml of 1000 ppm copper (or zinc) in an acid-washed 

centrifuge tube. The slurry was gently stirred by magnetic 

stirrer as the pH was determined. If pH was adjusted, either 

0.1 M KOH or 0.1 N HCI (Rendleman, 1982) was added drop-wise 

until the desired pH was obtained. The slurry stirred 

overnight, and pH determined again the next morning before 

pouring the column. The slurry was centrifuged, and 

supernatant pipetted into graduated acid-washed test 

tube. The volume was recorded so mg of mineral present 

could be calculated after atomic absorption spectrometry. 

The stirrer bar was removed, a small portion of D.O. water 

was added to ·the residue for pouring into the acid-washed 

glass column (2.5 mm 1.0. x 20 cm; Bio-Rad Econo Column). 

While pouring slurry, the container was rinsed with D.O. water 

to assure that all particles were transferred to the 

column. Distilled deionized water was run through the 

column to wash off any unbound mineral and was continued 

until no minerals were evident in the effluent (as determined 

by atomic absorption spectrometry). Ten-ml fractions were 

collected in acid-washed, graduated plastic test tubes 

using a fraction collector/pump assembly with a flow rate 

set at one ml per minute. After washing with water, 0.1 N 
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hydrochloric acid was then passed through the column to 

elute the bound mineral. Again, ten-ml fractions were 

collected; acid-elution was continued until there was no 

detectable amount of mineral in the effluent. The volume 

of each fraction was recorded; then aliquots were analyzed 

using an atomic absorption spectrometer for each mineral. 

Recoveries were calculated by adding the mineral content 

from all fractions, dividing by the original amount of 

mineral added to the slurry (mg), then multiplying by 100. 

The percent recovered mineral was between 95-105% in 

duplicate or triplicate samples. If recoveries were less 

than 90%, then data were rejected and the procedure repeated. 

"Bound mineral" was defined as that mineral which was 

eluted from the column with acid. 

Centrifuge Method Used for Mineral Binding 

The centrifuge method used in these studies was: 

one-half to one-g sample of fiber source was weighed 

into screw-cap graduated centrifuge tubes (acid-washed); 

five-ml (volumetric pipette, Type A) of copper or zinc 

stock solution (1000 ppm) was added. Water was added to 

increase volume in tube to allow for pH determination; 

while stirring, pH was adjusted using HCl or KOH. This 

slurry stirred for at least three hours. Following incubation, 

samples were centrifuged at 5,000 rpm for 10-15 minutes 

and the supernatant transferred to graduated 15-ml test 

tubes. The residue was resuspended in about 10-ml water 
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and centrifuged and supernatant collected. The water 

washings were repeated 3 or 4 times. All supernatants were 

analyzed for minerals as described. "Bound mineral" was 

defined as the difference between total mineral added and 

mineral recovered in supernatant (.unbound). 

Statistical Analysis 

All data were tested by a one-way analysis of 

variance. and significance between means was determined by 

least significant differences using a computer program 

written by Dr. Bobby Reid (University of Arizona). 

Results and Discussion 

Microscopic Analysis 

All fractions were relatively heterogeneous and 

non-spherical by microscopic analysis. and the nitrogen 

content in each fraction did not differ noticeably. The 

best flow characteristics for wheat bran were obtained 

when 150 mesh size was used as packing material. Oat 

hulls had better flow characteristics when 100 mesh size 

particles were used to pack the column. 

Endogenous Mineral Levels 

The mineral content of wheat bran and oat hulls 

determined by two methods is shown in Table 1. Differences 

in the mineral concentrations were not consistent by method. 

The copper level in wheat bran determined by acid-washing 
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Table 1. Protein and Mineral Levels in Wheat Bran and Oat Hulls 

Fiber Protein Mineral Content (ppm) pH of Hydrated 
Source % Acid-washing Dr~ Ashing Fiber 

Cu Zn Cu Zn 

Wheat 16.0 10.4 95.8 14.6 64.3 6.9 
Bran 

Oat 5.2 16.1 19.7 2.6 8.5 7.0 
Hulls 

OJ 
OJ 



was slightly lower than the value obtained by dry ashing. 

The opposite was shown for zinc. For oat hulls, both 

copper and zinc concentrations were higher when determined 

by the acid-washing method. The levels determined by this 

latter method represents the quantity of metals removed by 

an aqueous acid solution. Reilly (1979) extracted zinc, cop

per and iron from bread and wheat bran at different pH 

values and found high solubility of these minerals at 

acidic pH with low solubility at a physiological pH. His 

results were similar to this study; levels of 9.5 ppm cop

per and 86.0 ppm zinc were extracted with acidic solution 

in wheat bran. Thompson and Weber (1979) also found that 

endogenous minerals were not bound to wheat bran and oat 

hulls in an acid environment. 

Copper Binding to Wheat Bran 

The effect of treatment and pH for copper binding 

is shown in Table 2. Copper binding to treated wheat bran 

was compared to this binding of untreated wheat bran. The 

acid-washed fiber and EOTA-washed fiber stripped the fiber 

of endogenous minerals, but the EOTA did not lower the pH 

as did the acid washing. This effect on pH caused a sub

st~ntial difference in binding of copper. The acid-washed 

fiber had a low pH (4.0) and bound less than 2 mg of cop

per per g bran compared to the EDTA-washed fiber (pH 7) 

which bound approximately 6 mg copper per g. When the 

acid washings followed D.O. water-washing, and copper 
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Table 2. C o p p u r R i n d i n f.~ h y V a r i n u ~ T r e u t men t s o f W h e a t H r· a n 0 N i n g co l n m n 
Chromatography 

1'reot•ent 
or fiber 

Acld-wa5hedb 

t:n1'A-wo~hed•: 

W;tter-wnAhed, 
Ar. J d-waslu~d 

Watcr-woahed 

Untreated 

A•uunt of 
copper added 
to slurry 

(ag)_ 

6.l 

8.3 

25.0 

10.0 

25.0 

10.0 

a •ean ~S.D. uvaJ1Jable 

pH 

<4.0 

7.0 

<4.0 

fj. u 

ti. 0 

5.6 

RP.c ovc! r y 
~ 

108 

104 

06 
104 

OU· 

lOY 

uo 

bcu1 n d 
..: u It au! r ( •t! 
lH! r ~~ bra n ) a 

\ . ttfi "!_0. 11 

fL10"!_0.22 

I. Ut 

"-"~ 
6.00 

6.08!_1. 10 

1:t.aa 

5. U4 !_0. 74 

h n.1 N nc;J tltlrrc!cl with br••n O.!l hr: r.HntrlfUt!C!d at 2UtHt rp• t!l •In; t:nlluctr.d 
:; IIIH! rna l an t : r e ,, e a t. c d J X : w us he d w 1l h d I • l l 1 1 c d de l u n t z c d w 11 t c •· · K 0 H ( 1• H 7 ) 4 X ; 
odclcnl •I nera J: c:hc!ck pll 

•: o.ot M EDTA etlrrr.d with brHn -15 •In: CHntrtfug~d ot 4000 rp• 15 •In: collected 
sut•crnatant; 2X; water washed; added •ineraJ; udjusl ~H (1M KUH) 
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content of slurry was increasedJ no changes in binding 

occurred when compared to the acid-washed bran. However, 

when repeatedJ increased binding occurred (Table 2). This 

large variability of binding cannot be explained. Perhaps 

the pH of the slurries varied enough to cause this dis-

crepancy. This experiment repeated at a higher pH (6.0) 

with less copper added to the slurry resulted in 6 mg of 

copper being bound. These results agreed with those from 

the EDTA-washed fiber showing that more copper bound as pH 

was increased. Water-washed bran at pH 6.0 (with 25 mg 

copper in slurry) had the highest binding capacity observed 

(Table 2). Apparantly high copper content in slurry with 

high pH (6.0) enhanced the binding capacity of wheat 

bran. At the higher pHJ more binding sites would be 

available (Coo-) for copper. This process was evident 

with untreated bran (Table 2) at pH 5.6. The bran was 

hydrated with 10 mg of copper. Under these conditions,one-g 

of bran bound 6 mg of copper which compared favorably 

to the other treatments at this pH. These results suggested 

that wheat bran incubated with 6-10 mg of copper at a pH 

around 6, (regardless of prior treatment to the bran) 

would bind 5-7 mg of copper. 

Increasing pH caused increased binding as shown in 

Table 3. Columns of untreated wheat bran were run at 

three different pH values. The results showed significantly 

reduced binding at a lower pH (4.0) and a significantly 
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Table 3. Determining Copper Binding Wheat Bran (Unwashed) by Two Methods and 
Changes in pH 

Method 

Centri
fugation l 

column 2 
Chroma-
tography 

a mean + S.D. 

1 LSD (0.~5) 

2 Lin (0.05) 

Amount of 
copper 
added to 
slurry 
.(mg) .. 

<1 

10 

pH 

5.6 

6.6 

4.0 

5.6 

6.6 

.141 (not significant) 

2.42 (significant) 

Recovery 
% 

108 

100 

89 

Bound 
% 

67 

70 

60 

61 

bound 
copper (mg 
per g bran)a 

2.68-f0.()7 C1 

2.80+0.05 a 

1.90+0.06 b 

5.95+0.78 CJ 

6.05-11.06" 

CJI 
CD 



increased binding at higher pH (5.6-6.6). The amount of 

bound copper at pH 5.6-6.6 was not similar to column 

chromatography when determined by the centrifuge method 

(Table 3). However. the centrifugation method also differed 

in the copper content (4 mg verses 10 mg) so the differences 

observed cannot be attributed to the method itself. A 

similar percent of copper bound to wheat bran (60-70%) 

in both methods suggesting that the amount of bound copper 

may be higher for the centrifuge method if the copper 

content was higher during incubation (from 4 mg to 10 mg). 

One-way analysis of variance shows that at pH 5.6 

and 6.6 no difference in binding occurred for each of the 

rr.ethods (both methods were analyzed separately because 

copper content was not similar). Decreased pH reduced 

binding significantly to column of bran even though the 

copper concentration was high. Copper binding increased 

with pH as shown by Thompson and Weber (1979) for endogenous 

levels of copper in untreated wheat bran and was also 

shown to occur in copper binding to treated wheat bran 

(NDF- and EIR-treated) (Thompson and Weber. 1982). Thompson 

and Weber (1982) tested the copper-binding ability in 

harshly treated wheat bran buffered at pH 6.8 with sodium 

bicarbonate and found that the NDF-treated bran bound 5.7 

mg/g and the EIR-treated bran bound 5.5 mg/g. These 

results for the treated bran were similar to those shown here. 
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To understand better the strength of binding 

between copper and wheat bran, the elution profile for 

each column was graphed to examine the release of copper 

from the column. Shown in Figure 5 is a typical example 

of wheat-bran-copper interactions (pH 5.6). The first 40 

fractions contained copper that was washed from the column 

with D.O. water. This copper was not bound to the column 

material, but may be copper that was trapped in the fiber 

and/or excess copper. When water-washings had removed all 

unbound copper. 0.1 N Hel was run through the column 

(starting at fraction 41). Approximately 140 ml of eluent 

was needed to elute the copper. Most of the copper eluted 

in the first 50 mI. The slower eluting copper may be more 

strongly bound since it took longer to come off the column. 

Therefore, there may be different binding strengths within 

the same fiber for elctrostatic forces as well as possible 

chelation bonds. 

A gradient elution using different concentrations 

of hydrochloric acid was run through a column containing 

wheat bran bound with copper to see what strength of acid 

was needed to elute the copper. For classical ion exchange 

columns using AG1-X8 cation exchange resin. 2.5 M Hel is 

reco •• ended to elute elctrostatically bound copper (BioRad. 

1982). As shown in Table 4. 0.001 N Hel did not effectively 

displace the copper as indicated by the small portion of 

copper that eluted in 160 ml of eluent. This fraction of 
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r'able 4. Gradient Elution of Copperl 

Fiber Source 

Whea,t Bran 

1 Total Bound 
% Recovery 

Amount of 
copper added 
to slurry 

(mg) 

10 

5.84 mg Cu/g 
113 

HCl 
Eluent 
( N ) 

0.001 

0.01 

0. 10 

Copper 
Effluent 
( mt~) 

1. 19 

4.60 

0.07 

Effluent. 
Volume 
( m 1 ) 

160 

.170 

60 
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eluted copper may be the weakest bound copper since it was 

displaced by the least concentrated acid. The 0.01 N HCl 

was strong enough to elute most of the remaining copper (4.6 

m gin 1 70 m 1 ), but O. 1 N H C 1 was use d toe 1 ute co p'p e r i n 

all column work, since it gave good recoveries and was 

shown, via the acid gradient, to elute the more strongly 

bound copper. Because 0.1 N Hel was much weaker than 

a c ids use d t y pic ally (2. 5 M H C 1 1 tor e m ov eel e c t. r a s t a ti cally 

bound copper, the bran-copper complex may be strictly 

electrostatic in nature possibly at the weakest end of the 

range (electrostatic forces = 1-5, Kcal/mole). 

Wheat Bran and Zinc-Binding 

The relationship between added zinc concentration 

and binding of zinc to wheat bran via the centrifuge 

method at pH 4.8 is shown in Figure 6. Increasing the 

zinc content from 3 to 5 mg while maintaining bran concen-

tration and pH, Zn-binding increased from 2.6 to 4.9 mg 

the slurry, 89% of Zn/g. When 3 mg of zinc was added to 

it bound to bran; when increased to 4 mg of zinc, 96% of 

it bound; at 5.0 mg, 98% of the zinc bound to the fiber 

source. Although the optimal zinc concentration needed to 

give maximal binding was not det.ermined, the levels used 

(3-5 mg of zinc) were similar to physiological doses and 

would More likely approximate the binding characteristics 

of zinc entering the small intestine. 
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Rendleman and Grobe (1982) found that the maxirr.a: 

binding of zinc by wheat bran occurred at an initial z:~c 

level of 130 mg (2 mM) and 196 mg (3 reM) at a pH of 6.2. 

Because zinc levels greater than 5 mg (40 times less than 

Rendleman and Grobe) or a pH of 6.2 was not used in this 

study, it was difficult to compare results. Rendleman 

and Grobe contend that their work is applicalbe to systems 

containing less zinc (i.e. biological) although the zinc 

concentrations used were 15-20 times greater than the 

concentration of post-prandial zinc in the stomach of an 

adu 1 t human. However, working at a lower concentration 

range, one that more closely approximates human conditions, 

gives more physiologically pertinent information on fiber-zinc 

binding. To avoid zinc precipitation known to occur at 

pH's grea-rer than 6. 8 (Rendleman and Grobe, 1982), pP. was 

maintained at less than 5. The solubility of a 500 ppm 

zinc solution was determined at pH's 4,5,6 and 7 and fou~c 

~hat 99% of zinc was soluble at pH 4 with a slight decrease 

in solubility (96%) at the higher pH's (Appendix C). 

There did not appear to be much zinc binding t.o 

wheat bran when the pH of the slurry was 2 (Table 5). A 

significant increase in zinc binding was shown when the pH 

was raised to 4.8 (coluw.n). This may be due to two things: 

one, the higher pH increased the ionized carboxylic acid 

groups (COO-) for electrostatic bonding; and two, more 
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Table 5. I. inc Ii in din g l () W lit! it l Bra 11 

Method Amuunt uf pH Rt~covery Bound Buund 
zinc uf ( %) (% ) zinc 
added to slurry (mr./g)C:J 
slurry 

(mg) 

Column 4.7 2.0 100 t.1' O.Ol+0.(JO 

Column 10.0 ".8 too 76 7.30:.0.26 

Column 10.0 6.0 103 1(1. () 3 

Centrifuge 4.0 4.8 96 3.75+0.]5 

a Mean + - S.D. (when available) 

(j) 
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zinc was added to the slurry which increased the number of 

zinc ions capable of binding to available sites. When 4 

ll'g of zinc was incubated with bran and pH maintained at 

4.8 and binding determined by the centrifuge method. a 50% 

decrease in binding occurred. This difference in binding 

may be due to the method involved (centrifuge vs. column). 

but more likely the centrifuge method would overestimate 

binding (due to precipitation and entrapment of zinc). but 

these results showed that the centrifuge method resulted 

in a lower value. The pH was increased to 6.0. and 26% 

more zinc bound (via column chromatography) compared to 

that at pH 4.8 when the initial zinc content was 10 mg. 

These results indicated that increasing added zinc levels 

and increasing pH increased zinc binding to wheat bran. 

The upper limit of zinc binding was not determined 

in this study. However, Rendleman and Grobe (1982) using 

added zinc levels of approximately 100-200 mg. found 

maximum zinc binding (17.7 mg Zn/g bran) occurring at pH 

values above 6.5. Zinc binding was reported to be constant 

between the pH range of 4.4 to 6.5 (11 mg Zn/g) with a 

rapid increase occurring at higher pH values. The binding 

increase at pH values above 6.5 could not be explained by 

the binding characteristics of phytate of various poly

saccharides present in the bran (or the formation of 

Zn(OH)2 a precipitate difficult to avoid at pH values 

greater than 6.5). Rendleman and Grobe (1982) suggested 
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that the increased binding was due to soluble proteins 

that were present in wheat bran. 

Additionally, Ismail-BeigL Faraji and Reinhold, 

(1977) reported zinc binding to be distinctly pH dependent 

in wheat bread with a maximum binding occurring at pH 6.5 

to 7.5. They found that 83% of zinc (1.43 pg/ml solution) 

bound to the washed bran. This is equivalent to 118 \lg 

Zn/g which is much less than the values reported by Rendleman 

and Grobe (1982) and these studies. Furthermore, Thompson 

and Weber reported that 4.19 and 3.66 mg zinc bound per g 

treated wheat bran that had been treated with neutral 

detergent (NDF) and pepsin-pancreatin enzymes (EIR), 

respectively, at a pH of 6.8. Their work shows that prior 

treatment of bran affects its ability to. bind cations. 

A typical elution profile for zinc binding to 

wheat bran is shown in Figure 7. The water washings 

removed the unbound zinc from the column. Acid was added 

to the column to elute zinc which was collected in the 

first few fractions. The bound zinc was quickly eluted 

and suggests that zinc was weakly bound (weak electrostatic). 

This was unlike the copper-wheat bran interactions which 

appeared to bind at different strengths -- one weak and 

the other slightly stronger -- as indicated by the gradual 

elution of copper. 
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Figure 7. Elution profile of zinc bound to wheat bran 
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Oat Hulls and Copper-Binding 

Oat hulls, similarly to wheat bran, bound both 

copper and zinc, but differed in the quantity bound. The 

amount of copper that bound to oat hulls by varying pH; 

copper levels, and fiber sample size is shown in Table 6. 

The least amount of copper bound when the fiber to mineral 

ratio (1 g to 3 mg) was incubated at a pH of 3.4. Increasing 

pH to 4.4, mineral to 3 mg, and decreasing fiber to 0.5 g 

(fiber to mineral ratio of 1:6) caused the highest binding 

of copper to oat hulls to occur (2.9 mg/g). When the pH 

was increased slightly (4.9), and the fiber to mineral 

ratio reduced from 1: 6 to 1: 5, only a modest decrease in 

binding resulted (2.8 mg/g). Keeping the pH at 5 and 

lowering the mineral level to 2 mg (1: 4 ratio) copper 

binding was reduced from 2.8 to 1.9 mg/g. As the pH 

increased to 6.0, and the fiber to mineral ratio left 

untouched (1:4), no apparant difference in binding was 

seen (1.9 mg/g to 2.1 mg/g). 

These results suggest that the amount of copper 

added initially played a major role in the amount of 

binding that occurred, similarly to wheat bran. Increasing 

the pH also appeared to enhance binding but not to the 

extent it did in wheat bran. This preliminary work indicated 

that binding capacity of at least 3 mg Cu/g existed for 

oat hulls; however, more work at higher pHs (6-7) would 

show the effect pH has on the binding capabilities of oat 
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· Table 6. Copper Dinding To Oat Hulls 

Method Fiber Amonnt 
size of copper 
(g) added to Recovery Bound Bound Copper1 

slurrv pH (% ) (% ) (mg/g) 
(mg) 

Column 
1.0 3.0 :L 1\ 93 37 1.10 
0.5 3.0 4.4 95 50 2.U5 + 0.01 
1 .0 4.0 4.7 96 47 1.90 
1 .0 5.0 4.9 96 58 2.80 
0.5 2.0 5.0 93 95 1. 91 
1 .0 4.0 5.9 95 52 2.10 

Centriful!e* 

1 .0 5.0 3.4 59 2.35 + 0.11 d -
0.08 b 1 .0 5.0 4.5 60 3.()2 + -

1.0 5.0 5.0 (; 6 2.62 of O.07 C -
1 .0 5.U (j.U U9 3.56 + O.U5 a 

-

1 mean of S.D. (when available) 

* LSD (0.05) 0.134; Ullll way IInulysis of variancf! (for C I! n t r i f u g e d 
only); unlike letters indicate significant dIfferences. 

samplf!s 

-J 
N 



hulls. If pH is not a major contributor to the binding of 

copper in oat hulls, then perhaps electrostatic binding 

with car-boxylic groups is not the major force involved 

since the carboxylic acids would ionize as pH increased. 

The elution profile for copper-oat-hulls binding (Figure 

8) may indicate two strengths of binding. The tailing off 

of copper from fraction 35 to 60 may suggest a stronger 

bond for this fraction of copper. At start of acid elution, 

a peak of copper was apparent from fraction 28 to 31. A 

second type of binding was evident from copper eluted 

in fractions 31 to 39 -- suggesting a more tightly bound 

copper. ,_ After this point, the eluting of bound-copper 

began to tail off gradually. 

When copper was bound to oat hulls using the 

centrifuge method (Table 6) at various pH's and same 

copper concentration, a significant difference of binding 

resulted at all pH's. However, the significant decrease 

in binding from pH 4.5 to 5. a cannot be explained by pH 

effects on carboxylic acids or other ionized groups. 

One might speculate that no real difference in binding was 

evident in the pH range of 3.4 to 5.0 where a mean binding 

of 2.7 mg Cu/g oat hulls occurred. When the centrifuge 

method (pH 5 with 1:5 ratio) was compared to the column 

method under the same conditions, the amount of copper 

bound compared favorably -- 2.6 for the centrifuge method 

verses 2.8 for the column method. The present mineral 
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Figure 8. Elution profile of copper bound to oat hulls 
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recovered was determined initially but not repeated for 

each sample (Appendix B). 

Since the amount of mineral added initially to the 

slurry appeared to affect binding, compar.isons between fiber 

sources cannot be made when the added mineral levels were 

not the same. Therefore, oat hulls binding to copper cannot 

copclusively be stated to have a lower binding capacity 

than wheat bran. The maximum binding of copper to oat 

hUlls was 3 mg Cu/g at pH's up to 5.0 with a slight binding 

increase (3.6 mg/g) occurring at pH 6.0 when determined by 

the centrifuge method. 

Oat Hulls and Zinc-Binding 

Only a small portion of zinc bound to oat hulls at 

pH 4, 5 and 6 (Table 7). There was a significant decrease 

in zinc binding at pH 5 compared to the binding at pH 4 

and 6. This decrease in binding cannot be explained by pH 

effects. No difference in the zinc-binding occurred 'at 

either pH 4 or 6. The percentage of zinc that bound at 

both these pH's was also the same. Apparently oat hulls 

do not bind zinc to any measurable extent as does wheat 

bran. At the same pH and zinc level, oat hulls bound 0.57 

mg Zn/g -- whereas wheat bran bound 3.8 mg Zn/g -- almost 

a 7-fold difference. 

Because of the low binding of zinc and perhaps 

coppe~ to oat hulls, this fiber source would not likely 

present a mineral-balance problem in humans. Oat hulls 
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Table 7. Zinc Binding to Oat Hulls 

Method Fiber Amount of Hound 
Size zinc added pH Hound Zinc 
( g) to s l·u r ry (% ) (m~/g) 

(tng) 

Centri-
fugation 

1 .0 1.0 1.0 24 0.96 + O. lob -

1.0 4.0 5.0 14 0.57 + 0.12c 

1 .0 4.0 6.0 22 0.89 .. O.U7 b 
-

LSD (0.05) = 0.193; one way analysis of variance; same letters indicate no significant 
differences. 

-l 
OJ 



have barely been studied and little is known about their 

physical and chemical properties. An animal feeding study 

using various levels of oat hulls as a fiber source to 

investigate mineral balance effects would be the next 

logical research step after more in iitro work was done at 

.higher (physiological) pH's. Oat hulls may indeed prove 

to be a better fiber source (when used in bread and other 

food products) than wheat bran since it has such a low 

zinc binding affinity. 

Conclusions 

Wheat bran and oat hulls were analyzed for their 

ability to bind copper and zinc using an ion exchange 

chromatography method and a centrifugation method. Both 

fiber sources bound copper; however, wheat bran appeared 

to bind almost twice as much as oat hulls. In addition. 

copper binding to wheat bran was shown to be more affected 

by pH. Oat hulls had a low affinity for zinc. whereas 

wheat bran exhibited a high affinity. 

Copper binding to wheat bran was enhanced as pH 

was raised from 4.0 (1.90 mg copper bound per gram wheat 

bran) 

This 

to 5.6 (6.00 mg copper bound per gram whea t bran). 

significant increase in binding resulted from pH 

alone and suggests binding by electrostatic forces. The 

elution of bound copper by acid (displacing Cu++ by H+) 

further implied that electrostatic forces were involved. 
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In addition, the arrangement of the hydroxyl groups of the 

sugar moieties contained in fiber constituents were capable 

of associating through chelation with minerals as well as 

with salt bonds from negative charged groups and could explain 

the different binding strengths that seem to exist. 

Oat hulls did not appear to bind much copper; and 

what did bind did not appear to be as strongly bound as 

the copper was in wheat bran. The highest binding for oat 

hulls occurred at pH 6.0 (3.56 mg copper per gram oat hull) 

which was not substantially higher than the binding that 

occurred at pH 3.4 (2.35 mg copper per gram oat hull); 

however, analysis of variance indicated that pH differences 

were significant for binding at all pH values. The amount 

of copper that bound to both fiber sources was dependent 

upon the concentration of copper added to the slurry. The 

upper limits of binding were not identified in these 

studies. Copper concentrations greater than 25 mg would 

have to be analyzed at various pH values to see how much 

more binding could possibly occur. The range of copper 

concentrations used in these studies (3 mg to 25 mg) are 

higher than amounts actually existing in the human stomach 

at any one time. The RDA for copper is 2 mg. and only 

small increments are consumed at any particular time. 

Therefore, studies using excessive amounts of copper 

provide chemical evidence of saturation in binding. but 

are not relative to the human gastrointestinal system. 
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If high ratios of mineral to bran are needed for binding 

(and eventual elimination through the feces) then the data 

from these studies suggest that the associations between 

copper and fiber may not be as detrimental as once believed. 

Zinc binding to wheat bran ranged from 0 to 10 mg 

per gram bran, depending on the pH of the slurry during 

incubation and on the amount of zinc added to the fiber 

during incubation. At the same pH (4.8), increased binding 

(almost two times) was evident by increasing zinc concentration 

from 4 to 10 mg. When the concentration of zinc was held 

constant and the pH was raised from 4.8 to 6.0, almost 3 

mg more zinc bound. Although the maximal zinc-binding 

capability of wheat bran was not identified, the results 

strongly suggest that more zinc will bind at higher pH 

values and that increasing zinc concentration will also 

affect the bLnding. Unlike wheat bran, oat hulls did not 

have mucp affinity for zinc. Raising the pH from 4 to 6 

did not increase the binding. The effect of varying the 

level of zinc concentration was not studied, but it would 

be suspected that this would influence binding to at least 

some degree. Since the binding was relatively low and 

weakly bound, it would appear that oat hulls would not 

cause significant zinc imbalances in humans and animal systems. 

These results provide further evidence that fiber-

mineral associations exist. The pH of the system is very 

important for binding to occur, and the amount of mineral 

79 



in the system has a considerable influence on the binding 

potential of the fiber. Further in vitro work is necessary 

to answer questions pertaining to the maximum binding 

capacities of. these fiber sources, as well as other fiber 

sources not yet studied, for example soy and corn bran. 

Moreover, animal work is necessary to test the availability 

of these minerals once bound to the fiber in the gastro

intestinal tract. The next section was designed to address 

the question of whether or not the minerai bound exogenously 

to bran was available for absorption in animals. 
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CHAPTER 4 

AVAILABILITY OF EXOGENOUSLY BOUND COPPER IN MICE AND RATS 

Introduction 

Copper is an essential trace element in humans and 

animals required for optimal function of the central 

nervous system (Prohaska and Cox, 1983), iron absorption 

and mobilization and formation of cross-links in collagen 

and elastin (Underwood, 1977; O'Dell, 1984). Although the 

recommended dietary allowance in humans is only 2-3 mg/day, 
,-

one study demonstrated good health in older subjects when 

their intakes were well below this recommendation. Other 

researchers suggest that the intake of this metal in the 

general population may be inadequate, and marginal deficiencies 

may exist (Festa et al., 1985). Tom e e t the die t, a r y 

copper requirement depends not only on the quantity of 

copper in the diet but also on the availability of copper 

for absorption. A number of substances (such as other 

minerals) in the, food system can alter the absorption and 

therefore the availability and utilization of copper 

(Festa et al., 1985). Fiber is frequently singled out as 

a component of the diet which can inhibit the absorption 

of certain trace minerals by binding to the mineral. 
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The metal-binding properties of various fiber 

sources consumed by the population need to be investigated 

because the chemical structures and properties of each 

type of fiber differ immensely. Therefore, different 

fiber sources may cause mineral imbalances in humans by 

directly binding tu the mineral or precipitating the 

mineral in the gut thereby impairing mineral absorption. 

As reported by Lei and coworkers (1980) pectin (a water-soluble 

fiber) did not impair zinc, copper and iron balances in 

humans. Pectin has little affect on stool weight but can 

drastically reduce serua cholesterol. Wheat bran on the 

other hand, increases 

serum cholesterol. In 

stool weight but does not 

brief, different fibers 

reduce 

behave 

differently as they pass through the intestines with 

various metabolic consequences (Eastwood, 1984). The 

effect certain dietary fibers have on copper absorption is 

not known because only one or two fiber types have been 

studied. 

Binding copper to fiber may be detrimental in the 

human population because copper intake tends to be marginal, 

increased fiber intake is encouraged, and the combination 

may render copper unavailable. Hence, studying copper-fiber 

interactions in animals may show if copper absorption and 

utilization is affected by fiber and perhaps warrent 

further research in humans. Mice and rats were available 

82 



and used as models to test the availability of copper 

exogenously bound to wheat bran. 

Copper occurs in foods in many chemical forms and 

combinations which affect its availability. 

interaction may decrease the absorption 

A copper-fiber 

of copper by 

forming an insoluble, undigestible complex. The availability 

of copper was studied in two animal models (mice and 

rats), when the copper source was exogenously bound to 

wheat bran and incorporated into their diets. The availability 

of copper from the fiber-bound copper diet was determined 

by comparing copper status of animals fed this diet to the 

copper status of animals fed either a copper-adequate diet 

or copper-deficient diet. The copper status was determined 

by weight gain, organ growth and tissue levels of copper. 

The null hypothesis stated that no differences in copper 

status will occur between animals fed a copper-adequate 

diet and animals fed a copper-bound-to-fiber diet. 

Materials and Methods 

In these two experiments, mice or rats were fed 

semipurified diets varying only in the fiber source and 

presence of copper. The diets in Experiment 1, fed to 

mice, consisted of cellulose with and without copper, raw 

wheat bran with copper, acid-washed wheat bran with or 

without copper, and copper-bound wheat bran (acid-washed) 

which provided 2 ppa copper. In Experiment 2 rats were 

used instead of mice. The rats were fed cellulose with or 

83 



84 

without copper, acid-washed wheat bran with or without 

copper and acid-washed wheat bran with bound copper which 

provided a dietary level of 8 ppm copper. The parameters 

measured were heart and liver levels of copper and zinc, 

weight gain, body weight and feed consumption. Also, rat 

plasma copper and hematocrit levels were analyzed; murine 

plasma copper and hematocrit were not measured due to 

limited blood volume. 

Experiment 1 

The composition of the mouse diets is shown in Table 

8. Copper sulfate was -added to three of the basal diets 

--
to provide a dietary level of 2 ppm copper, an amount 

shown to provide adequate tissue levels of copper (Rockway 

et aI., 1985). All diets were analyzed for copper and 

zinc by dry ashing and wet ashing 1-g samples and then using 

flame atomic absorption spectrophotometry (Hitachi 180-70). 

Fiber Source and Treatment. Cellulose (3%) is 

typically used in mouse diets and was therefore used as 

one of the fiber sources in one set of diets. Red Spring 

Wheat Bran was used as the other fiber source. The bran 

was defatted in a soxhlet apparatus overnight using chloroform-

methanol (2:1). The bran was air-dried then ground using 

a hammer mill (screen mesh size number 040). The ground 

bran was passed through U.S. Standard screens number 20 

and number 100. The bran retained on number 100 screen 



Table 8. 1 Composition of Mouse Diets 

Ingredients2 
Ce 11- Cell-
ulose ulose 
+ copper - copper 

Skill Milk 40. 14 
(34.9~ protein) 
Cere lose 48.37 
BHT tr 
Corn Oil 3.00 
AIN Vita•in Mix 1.00 
Mineral Mtx3 4.00 
cr 2 o3 0.20 
Choline Chloride 0.20 
Cellulose 3.00 3.00 
Wheat Bran 0 0 
(Untreated) 
Wheat Bran 0 0 
(Acid-washed) 
Copper-Bound 0 0 
Wheat Bran 
(provides 2 pp•) 
Copper Sulfate 0.0008 0 
(provides 2 PPII) 

Kcal/g 3.82 

Per~ent of Diet 
Raw Acid-
Wheat Washed 
Bran Wheat 
+ copper Bran 

+copper 

0 0 
3.00 0 

0 3.00 

0 0 

0.0008 0. 0008· 

l&llOO g) 
Acid-
Washed 
Wheat 
Bran 
-copper 

0 
0 

3.00 

0 

0 

Copper 
Bound to 
Acid-washed 
Wheat bran 

.. 

0 
0 

0 

3.00 

0 

2 Source of Supplies: United States Bioche•ical Co., P.O. Box 22400, Cleveland, 

3 

Ohio 44122. 

Mineral Mix (components as per cent of the •Jx): CaHP0 4 ~ 2H 2o, 70.8S: NaCl, 
9,53; K2C03, 12.37; MgS04-7H20, 4.11: FeS04-H 20, 0.64; MnS04-H20,0.31; ZnS04-7H20, 
0.13; CoCl2-6H 20, 0.10; NaF, 0.02; Kl, 0.03; Na204Se, 0.0008; CrCl3, 0.038; 
Cerelose (as filler), 1.92. 

c;t) 
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was used in the animal diets. Wheat bran was acid-washed 

as follows: approximately 300 g of bran was put into an 

acid-washed plastic bottle; 2000 g hyd~ochloric acid (1%) 

(by weight) was added; the slurry was shaken over night 

then poured into an acid-washed porcelain filter funnel 

using a nylon filter cloth (40 pm--Industrial Fabrics): 

after washing with acid 3 times (41), D.O. water was used 

to rinse the acid out of the bran which was considered to 

be adequately rinsed when the pH of the filtrate was 4.5; 

the wet bran was laid out as evenly as possible and air-dried: 

once dried, the bran was reground to alleviate clumping 

that occurred. 

The amount of copper required to bind to the wheat 

bran for the experimental treatment was calculated as 

follows: The diet (2500 g) had to provide a copper concen

tration of at least 2 llg/g diet; therefore, 5000 llg of 

copper had to bind to the fiber. To allow for losses from 

the washing procedure, 130 g of bran (vs. 100) was stirred 

with 7,000 pg copper (to assure maximum binding). Seven-

ml of Fischer copper standard was pipetted volumetrically 

(Type A) into an acid-washed plastic bottle along with the 

bran and stirred overnight using a temperature controlled 

shakerbath. The slurry was filtered as previously described 

and washed repeatedly with D.O. water. The bran was air-dried 

overnight. Samples of the bran were wet-a shed (as described 

in Sample Collection of Chapter 4) to determine its copper 
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concentration, and a sample was also analyzed via column 

chromatography (as described in the column binding study-

Chapter 3). In the latter method, water was run through 

the column to wash off unbound copper before eluting with 

acid. The average amount of copper bound to the wheat 

bran determined by both methods was 52.5 pg copper/g; 

therefore, 100 g of the wheat bran was added to the basal 

diet to provide 2.1 pg Cu/g diet. The mixing of the diets 

was done using an electric stainless-steel food mixer. 

Animal Care. Ten male Charles River CD-1 weanling 

mice from the University of Arizona Stock were used in 

each treatment. Mice were housed singularly in suspended 

stainless-steel cages and maintained at 22°C with 12 hours 

each of light and dark. Feed was weighed twice a week 

for four weeks, and the mice were weighed weekly for five 

weeks. Food and distilled-deionized water were administered 

ad libitum. 

Sample Collection. At the end of five weeks, mice 

were killed in the morning by decapitation. Hearts, 

opened, blotted dry and livers were excised at time of 

death, weighed, oven dried, then weighed again. Tissues 

were wet-ashed by adding 3 ml concentrated nitric acid to 

10-ml volumetric acid-washed test tubes which contained the 

heart or half of a liver. Samples were placed in an 

ir.e-bath over night. Samples were heated at gOoe using a 
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test-tube temperature block until the fumes were clear. 

One or two ml of perchloric acid (HCl04) was added to the 

cooled samples then heated again for about 2 hours. Upon 

cooling, samples were brought up to the 10 ml mark with 

distilled-deionized water and allowed to cool. Distilled-

deionized water was then added drop-wise to attain the 

final volume and each sample was analyzed for copper and 

zinc using the flame atomic absorption spectrophotometer 

(Hitachi 180-70). Standard mineral solutions were made 

daily. Standard curves were determined after every ten 

samples and had correlation coefficients of r = 0.99995. 

Sample concentration was determined from the linear regression 

line of y on x. For all tissues, blanks were run to 

determine possible contamination. Statistical analysis 

using One-Way Analysis of Multiple Means and Least Significant 

Difference (LSD) was performed using the Statistical 

Package for the Social Sciences for Analysis of Varience 

(Nie et al., 1975). 

Experiment 2 

The composition of the rat diets is shown in Table 

9. Copper sulfate was added to two of the basal diets to 

provide 6 ppm copper. The experimental diet (copper bound 

to wheat bran) provided 8 ppm copper. All diets were 

analyzed for their mineral content by wet and dry ashing 

using the flame atomic absorption spectrophotometer (Hitachi 

180-70). The preparation of the wheat bran (acid-washing 
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Table 9. 1 Composition of Rats· Diets 

Ingredients2 Percent of Diet (2/100 R) 

Skill Milk 
(34.9~ 

protein) 
Corn Oil 
BHT 
AIN Vita111in 
Mix 

Mineral Mix3 
Cr203 
Choline 
Chloirde 

Cellulose 
+ copper 

34.42 

3.00 
0.06 
1.00 

4.00 
0.20 
0.20 

Cerelose 54.12 
Cellulose 3.00 
Wheat Bran 0 
(Acid-washed) 

Copper-bound 
Wheat Bran 
(provides 8 
Copper 

0 

pplll) 
0.0018 

Sulfate 
(provides 6 pp111) 

Kcal/g "' 3.82 

Cellulose 
- copper 

3.00 
0 

0 

0 

Acid-washed Acid-washed 
Wheat Bran 
+ copper 

0 
3.00 

0 

0.0018 

Wheat Bran 
- copper 

0 
3.00 

0 

0 

Copper Bound 
to Acid-Washed 
Wheat Bran 

0 
0 

3.00 

0 

I 
2 Source of indgredlents: United States Bioche•ical Co., P.O. Box 22400; Cleveland 

Oh 1 o, 4 4 12 2 . 
3 MinerAl Mtx (components as percent of the 111tx): CaHP04-2H20, 70.85: NaCl. 

9.53; K2C03, 12.37; MgS04-1H20, 4.11: FeS04-H20, 0.64; MnSO-t-H20, 0.31; ZnS04-7H20. 
0.13; CoCl2-6H20. 0.10; NaP, 0.02; KI, 0.03; NR204Se, 0.0006; CrCl3, 0.038; 
Cerelose, 1.92. 

co 
CD 



and binding of copper) is described in the Experiment 1 

section; however, in this case the preparation was done on 

a larger scale. The wheat bran bound 258.98 llg copper, 

and 180 g of the bran (3%. of the di et) was added to the 

basal diet providing 7.7 llg Cu/g diet. 

Animal Care. Twelve male weanling rats per diet 

(obtained from the University's stock of Hilltop Sprague

Dawleys) were fed rat chow for one week. At the end of the 

first week, rats were weighed and the two extremes were 

eliminated from the experiment. Ten rats were used in 

each treatment and were housed singularly in suspended 

stainless-steel cages and maintained at 22°C with 12 hours 

of light and darkness. Feed was weighed twice a week for 

three weeks, and the rats were weighed once a week for 

four weeks. Food and distilled-deionized water were 

administered ad libitum. 

Sample Collection. After four weeks of treatment 

rats were fasted for 5 hours, and in the afternoon. anes

thetized with ether and killed after blood was extracted by 

cardiac puncture. Blood was collected in acid-washed 

syringes (22 gauge needles) that had been rinsed with a 

heparin solution (0.7 mg/ml heparin and 0.9% NaCl). 

Immediately after drawing blood. aliquots were taken with 

heparinized capillary tubes and plugged with hematoseal. 

The capillary tubes were then centrifuged using a table-top 
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cent~ifuge designed for hematoc~its. The spun capillary 

tubes were placed on a hematoc~it board to determine the 

pe~ cent packed ~ed blood cell (% PCV). The whole blood 

that was collected via syringe (5-8 mI) was transfe~red to 

acid-washed heparinized centrifuge tubes and centrifuged 

for half an hour (Inte~national Centrifuge, approximately 

5000 rpm1s). One-ml of the plasma (supernatant) was 

diluted with 1 ml distilled-deionized water and analyzed 

fo~ copper using flame atomic absorption spectrophotometry 

(Hitachi 180-70). Hearts and livers were excised at time 

of death, weighed, freeze-dried, then weighed again. 

Tissues were wet-ashed according to the procedure described 

in Experiment 1. Dried livers were broken up into small 

peices and I-g portions were used for the wet-ashing. 

Copper and zinc were measured by flame atomic absorption 

spectrophotometry as described previously. Statistical 

analysis using One-Way Analysis of Multiple Means and LSD 

was performed using a statistical package p~ogram written 

by D~. Bobby Reid (1984). 

Results and Discussion 

The two experiments described in this paper were 

designed to investigate the bioavailability of copper in 

mice and ~ats when the copper was exogenously bound to 

wheat bran. Bioavailability was determined by comparing 

tissue concentrations of copper from animals fed the bound 

copper diet with those animals consuming a copper-adequate 
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and copper-deficient diet. Other parameters such as 

weight gain, feed consumption, tissue weights and hematocrit 

were also measured to identify any effects due to dietary 

copper. 

Body weights and weight gain of mice at five weeks 

were not affected by feeding a copper-deficient diet 

(Table 10) This agrees with previous work (Rockway et 

a1., 1985) in which mice were fed dietary copper levels 

ranging from less than one ppm to ten ppm with no apparent 

effect on weight gain or feed intake. Kincaid and Carlton 

(1982) found feeding mice a copper-deficient diet for at 

least 5 weeks was required to affect growth and probably 

represented the time required to deplete body reserves of 

copper. Doong and co-workers (1983) also reported that 

copper-deficient diets fed to kittens for ten weeks had no 

effect on the kittens weight gain. However, mice fed the 

copper-adequate diet with raw wheat bran showed a significant 

decrease in body weigh~ and weight 

result of a significant decrease 

gain, apparently the 

in feed consumption 

(Table 10). Unwashed wheat bran therefore, had a negative 

effect on these parameters even though the dietary copper 

level was adequate. 

Rats, on the other hand, showed a significant 

decrease in body weight when fed copper-deficient acid-washed 

wheat bran, as shown in Table 11. These results agree 

with those obtained by Lei (1977); Allen. Hassel and Lei 
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Table 10. Body Weight, Weight Gain and F~ed Consumption in Mice Fed Copper
Adequate and Deficient Dietsl, 

Diet Body Weight Total Weight Peed Consu•ption 
5th Week Gain (g/day) 

(g) (g) 

Cellulose 

+ copper 31.1 !:. 2.7b 22.1 "!:. 2.4b 4.2 "!:. 0.3b 

- copper 31.9 !:. 2.5b 22.8 "!:. 2.8b 4.3 "!:. 0.3b 

Raw Wheat Bran 

+ copper 26.6 !:. 31.1a 17.4 "!:. 3. 1a 3.5 "!:. 0.4a 

Acid-washed 
Wheat Rran 

+-copper 31.9 !:. t. sb 23. 0 !:. 1. 3b 4.5 !:. 0.2c 

- copper 31.6 !:. 3.ob 22.4 "!:. 2.8b 4.2 "!:. 0.3b 

Bound Copper3 31.0 !:. 2.6b 21.9!:. 2.7b 4.3 !:. 0.2bc 

Values expressed as mean !:. S.D. 

2 Unlike letter within column are significantly different (p<0.05) 

3 Copper bounrl to actd-washerl wheat bran provided 2 ppm copper 

CD 
w 



Table 11. Bodv Weight., Wei1~ht: Gain and FeP.d Consumption in Hats Fed Copper-Adequate 
and Deficient Diets 1,2 

Diet Body Weight Total Weight Feed Consumption 
4th Week Gain {g/day) 

( g ) (g) 

Cellulose 

+ copper 192.6 + 11.2bc 118.5 + 9.4b 12.2 + 0.3b - -
- copper 188.6 + 13.7C 122.3 + 14.1b 13.0 + 0.9a - - -

Acid-Washed 
Wheat Bran 

+ copper 203.5 + 16.5ab 138.7 + 14.8a 12.8 + 0.6ab - - -

- copper 186.0 + 14.7C 126.5 + 13.4b 12.9 + 1.5ab - - -
Copper bound 210.0 + 12.6 8 139.6 + 12.7a 13.5 + 0.8a - - -

1 Values expressed as mean t S.D: 

2 Unlike letter within column are significantly different (p<0.05) 

3 Copper bound to acid-washed wheat bran provided 8 ppm copper 
<:0 
.;:,. 



(1982) and Hassel, Marcello and Lei (1983). Fields et 

al. (1983) however, did not show any difference in body 

weights with rats fed sucrose and starch diets with and 

without copper. The total weight gain for rats fed the 

bound copper was the same as the rats consuming the cop-

per-adequate wheat bran diet. Both treatm~nts caused 

significantly higher weight gains when compared to rats 

consuming the copper-deficient diet. The food consumption 

for the rats fed the wheat bran diets were not significantly 

different. The rats consuming copper-adequate and deficient 

diets with cellulose (Table 11) did not show a significant 

difference in their fourth week body weight or weight 

gain, yet the rats fed the copper-deficient cellulose diet 

consumed significantly more food. 

not apparent. 

The reason for this is 

Liver weights were significantly different in the 

mice consuming the cellulose diet (Table 12). Mice fed the 

copper-deficient diet had consistantly lower liver weights 

when compared to their copper-adequate controls on a wet 

and dry weight basis and also when calculated as a 

liver-to-body weight ratio (Table 13) This did not, 

however, appear to be the case for mice consuming the 

wheat bran diets. On a wet-weight basis (Table 12), there 

were no changes in liver weights for the mice fed raw 

wheat bran plus copper or treated wheat bran plus or minus 

copper. The mice fed copper exogenously bound to wheat 
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Table 12. Liver Weights of Mice Fed Copper-Adequate Or' 

Deficient Diets 1 ,2 

Diet Wet wt. ( g ) Dry wt. ( g ) 

Cellulose 

. copper 1.56 + 0.26 b 0.52 + 0.09 b - -
- copper 1 .27 + 0.16 a 0.38 + 0.05 a 

Raw Wheat Bran 

+ copper 1.54 + 0.34 b 0.53 + 0.11 b - -
Acid-washed 
Wheat Bran 

+ copper 1.S0 + 0.32 b 0.55 + 0.04b - -
- copper 1.59 + 0.21 b 0.54 + O.Ogb -

Bound copper 3 1.84 + 0.18 c 0.56 + O.OSb - -

1 Values expressed as means + S.D. -
2 Unlike letters within column are significantly different 

(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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Table 13. Liver Weights as Percent of Body Weight in 
Mice Fed Copper-Adequate or Deficient Diets 1 ,2 

Diet 

Cellulose 

.,. copper 

- copper 

Raw Wheat Bran 

• copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 

Wet wt. (%) 

4.99 ... 0.45 b 

3.98 + 0.37 a 

5.76 + 1.06 c 

5.02 + 0.99 b 

5.50 + 0.76 b 

5.96 + 0.38 c 

Values expressed as means ~ S.D. 

Dry wt. (%) 

1.65 + 0.16 b 

1.18 + 0.10a 

1.98 + 0.38 d 

1.72 + 0.10 bc 

1.69 + 0.16 bc 

1.82 + 0.12 bcd 

2 Unlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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bran did show a significant increase in liver weight~ both 

as wet weights (Table 12) and as a percentage of body 

weight (Table 13); but no difference were seen when calculated 

on a dry weight basis. Previous work with mice fed copper-

deficient and adequate diets (Rockway et al., 1985) in

dicated that liver weights were not responsive to dietary 

changes in copper, and this data tends to support that 

finding. 

Rats, on the other hand, showed a significant 

reduction in liver size when fed a wheat bran, copper-deficient 

diet (Table 14) on a wet weight basis. The rats fed the 

c~pper-bound-to-wheat-bran diet had the same liver weights 

(wet and dry weight basis) as did the rats on the 

copper-adequate, wheat bran diet, which were significantly 

higher than livers from rats fed the copper-deficient wheat 

bran diet. There did not appear to be any differences on 

a liver-to-body weight ratio. Apparently, the bound 

cop p e l' was a b s 0 r bed and u. til i zed top r 0 v ide nor mal 1 i v e r 

growth in the rats. The rats consuming copper-adqeuate or 

deficient diets with cellulose had the opposite response 

than mice on the same type diet. Rats showed no significant 

difference in liver weights (wet and dry basis) whereas 

the mice showed a reduction in liver weights (Table 13) 

when fed 8 copper-deficient diet. The liver weights in 

rats, when calculated as a percentage of body weight 

(Table 14). were not different except in the rats consuming 
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Table 14. Liver Weights of Rats Fed Copper-Adequate or 
Deficient Diets 1 ,2 

Diet 

Cellulose 

-:- copper 

- copper 

Acid-washed 
Wheat Bran 

... copper 

- copper 

bound copper 3 

Liver 
Wet Weight 

( g) 

7.17+0.49 b 

7.87:.1.24 ab 

8.48-,:.0.92 a 

7.43-,:.0.56 b 

8.16::.0.57 a 

Liver/Body 
Wt. (wet) 

( % ) 

3.7::'0.2 C 

tl.2+0.5a 

4.2+0.2a 

4.0+0.2 ab 

3.9+0.1 bc 

Values expressed as mean:. S.D. 

Liver 
Dry Weight 

(g) 

2.16+0.17C 

2.33+0.38 bc 

2.56+0.29 a 

2.30-,:.0.18 bc 

2.51+0.171:1b 

2 ~nlike letters within column are significantly different 
(p< 0.05) 

3 Copper bound to a~id-washed bran provided 8 ppm copper 
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the cellulose diets. An increased liver-to-body ratio has 

been reported in rats consuming copper-deficient diets 

(Lei. 1977; Allen. Hassel and Lei. 1982; Hassel. Marcello 

and Lei, 1983). This increased ratio has been shown to 

occur when no differences in liver weights (wet) were 

obtained and also when a decrease in the liver weights 

were obtained in copper-defic~ent rats. Overall, results 

from other studies show that copper-deficient rats tend to 

have smaller livers on a wet weight basis but greater 

liver-to-body ratios. The results from this study showed 

smaller livers for rats consuming a wheat bran. 

copper-deficient diet but not an increased liver-to-body 

ratio. perhaps because this study was only four weeks long 

(while others were seven to nine weeks). Stores of copper 

may not have been depleted and no secondary signs of 

copper deficiency seen. 

Heart weights in mice are shown in Table 15. On 

a dry weight basis. no changes in heart weights were 

observed except in mice consuming the raw. wheat bran 

diet. The heart weights of these mice were significantly 

less than the other heart weights. This group of mice had 

both decreased food intake and growth; hence. tissues of 

smaller mice would weigh less than tissues of larger 

mice. In fact. the ratio of heart-weight-to-body-weight 

(Table 15). was the same in mice consuming raw wheat bran 

plus copper and the mice consuming the adequate copper 
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Table 15. Heart Weights of Mice Fed Copper-Adequate or 
Deficient Diets 1 ,2 

Die~ 

Cc:lulose 

.,. copper 

~ copper 

Raw Wheat Bran 

... copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

bound copper3 

Heart 
Wet Weight 

( g) 

O. :'32·+-0. 017 b 

O.159.,.0.015 Cd 

0.100-0.030a 

o .144~O. 017 bc 

o .159~O. 023bcd 

O.160+0.018 cd 

1 Values expressed as mean ~ S.D. 

Wet :!ea::-tl 
Body Weight 

(%) 

o . 43:.0 .06ab 

O. 50~·0. 40 cd 

O. 45~O. 06bc 

O. 48~0. 04bcd 

Heart 
Dry Weight 

(g) 

O.037-!-O.004b 

0.041 ... 0.004 b 

O.30+0.006a 

O.039+0.003b 

O. 042~O. 006b 

O.038+0.005b 

2 Unlike letters within column are significantly different (p< 0.05) 

3 Copper bound to acid-washed bran provided 2 ~pm copper. 
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cellulose diet. Mice fed the cellulose. copper-deficient 

diet had significantly increased heart weights as shown by 

the heart-to-body weight ratio and by wet weight. Cardiac 

hypertrophy is a well-established symptom of copper deficiency 

in rats (Allen, Hassel and Lei, 1982), but is not always 

evident in mice. The enlargement of the heart seen in 

copper-deficient animals is due to an increased mitochondrial 

portion of the myocardial fibers, a change that precedes 

the development of anemia and is probably due to copper 

deficiency impairing cytochrome oxidose activity in the 

heart (Alfaro and Heaton, 1973) Mice fed the copper-

deficient. acid-washed wheat bran diet showed no significant 

difference in heart weights when compared to mice fed 

either the copper-adequate or copper-bound diet (by wet 

weights or by percent of body weight). No symptoms of 

copper deficiency were apparent in mice consuming an 

acid-washed wheat-bran. copper-deficient diet. The mice 

fed the experimental copper-bound diet had significantly 

increased heart weights compared to mice fed the copper

adequate diets (on a percentage of body weight ratio), but 

was not significant on a wet-weight basis. The heart 

weights of these mice were the same as mice fed the copper

deficient-diets. but still were not sIgnificantly different 

from the mice fed the copper-adequate. acid-washed wheat 

bran. The results in general would tend to suggest that 

the copper bound to wheat bran was not available to the 
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same extent as unbound copper. In cases where the results 

for wet and dry weights of tissues do not agree, it may be 

best to evaluate the tissue weights as a percentage of 

body weight since this type of calculation accounts for 

dilution effects caused by organ growth. 

Heart weights of rats consuming the copper-deficient 

diet with cellulose showed a significant increase of this 

organ on a wet, dry, and percentage of body weight basis 

(Table 16). These results for the heart-to-body ratio for 

both cellulose copper-adequate and deficient rats (0.33 

and 0.43) compared favorably to results obtained by Lei, 

1977 (0.33 and 0.45, respectively). The cardiac hypertrophy 

confirmed that the rats consuming the copper-deficient 

diet were copper deficient (Lei, 1983). The rats consuming 

the copper-deficient wheat bran diet showed significantly 

enlarged hearts on a body weight ratio and on a dry weight 

basis but no significant differences were obtained on a 

wet weight basis. The discrepancy for wet verses dry 

weights in tissues was not clear. Edema of the tissues 

would be suspected in the cases where the tissues had an 

increased weight on a wet weight basis but no difference 

on a 

does 

dry weight 

not apply to 

basis. Unfortunately, 

the differences noted 

However, these results did show that 

this 

in 

the 

explanation 

that study. 

rats fed the 

experimental diet (copper bound to wheat-bran) had the 

same heart-to-body ratio as all the rats consuming a 
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Table 16. Heart Weights of Rats Fed Copper-Adequate or 
Deficient Diets 1 ,2 

Diet 

Cellulose 

~ copper 

- copper 

Acid-washed 
it" :: eat 3 ran 

+ copper 

- copper 

Heart 
Wet Weight 

( g) 

0.63+0.04c 

0.79~0.07a 

0.70+0.07 b 

O.70+0.06 b 

bound copper 3 O.70:!:,0.05 b 

Wet Heart/ 
Body Weight 

(% ) 

0.33+0.03 c 

0.43+0.03 a 

O.34:!:,O.02 C 

O.38:!:,0.02 b 

O.33+0.02c 

Values expressed as mean:!:, S.D. 

Heart 
Dry Weight 

( g ) 

0.16+0.01 a 

O.15+0.02 bc 

2 Unlike letters within column are significantly different 
(p< 0.05) 

3 Copper bound to acid-washed bran provided 8 ppm copper. 



copper-adequate diet, thus the copper was available for 

metabolic use. On a dry-weight basis, it would appear 

that the copper was at least marginally available since no 

apparent hypertrophy occurred, and also since the heart 

weights .did not differ significantly from either rats 

consuming the copper-deficient diet or the copper-adequate 

diet. Comparing the experimental group to the cellulose 

control group (on a dry weight basis) indicated that the 

experimental group was copper-deficient which was opposite 

from the conclusion derived from the heart-to-body ratio 

data. Assuming that the results from the heart-to-body 

ratio more accurately indicated symptoms of copper deficiency, 

then apparently the bound copper was just as available as 

the unbound copper and did not lead to hypertrophy of the 

heart as did both copper-deficient diets. Furthermore, 

the rats were evidently able to utilize the copper bound 

to wheat bran better than the mice since these mice had 

enlarged hearts (as percent body weight). 

The copper concentration in hearts from mice is 

shown in Table 17. The heart concentration of copper in 

mice fed the cellulose, copper-deficient diet was reduced 

significantly compared to the mice given the copper-adequate 

diet. A more dramatic reduction of heart-copper levels 

was shown in mice fed the copper-deficient, acid-washed 

wheat bran where a greater than two-fold reduction in 

copper concentration occurred. All mice fed copper-adequate 
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Table 17. Copper Concentration in Hearts from Mice Fed 
Copper-Adequate or Deficient Diets 1,2 

Diet 

Cellulose 

... copper 

- copper 

Raw Wheat Bran 

... copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 

Heart 
(pg eu/g) 

20.30 + 2.0,cd 

15.22 + 4.29 b 

25.06 + 1.67 e 

21.60 + 1.74 Cd 

9.98 + 3.D6 a 

22.88 + 5.56 de 

1 Values expressed as means + S.D. 

Heart 
(pg Cu/heart) 

0.75 .,. 0.07 cd 

0.62 + 0.l5 b 

0.73 + 0.l3 bc 

0.84 + D.D9 Cd 

0.41 + 0.10a 

0.87 + 0.23 d 

2 Cnlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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diets had significantly highe~ copper-heart levels than 

did mice fed the deficient diets. The copper content in 

hearts f~om mice fed the experimental diet was the same as 

the mice fed copper-adequate diets and was also significantly 

higher than the copper content in hearts from mice fed the 

copper-deficient diet. These results confirmed that the 

concentration of coppe~ in the heart was significantly 

influenced by dietary copper. The total amount of copper 

pe~ whole heart also provided evidence that copper-deficient 

diets affected copper-heart concentration. The mice fed 

the copper bound to acid-washed wheat bran had the same 

heart-copper concentration as did the mice fed the 

copper-adequate diets (Table 17). 

Heart copper levels were determined both as 

coppe~ per g tissue and as total copper in organ because 

"measuring the total amount of copper in an organ provides 

the most convincing evidence for mobilization of the 

element from that organ, because it excludes dilution due 

to growth which can be the cause of a fall in concentration" 

(Alfaro and Heaton, 1973). Hence, the bound copper was 

available for uptake and utilization in the hearts of mice 

as indicated by total copper content. 

The copper concentration in hearts of rats is 

shown in Table 18; all copper-adequate diets and the 

copper-bound diet p~oduced the same level of coppe~ in ~at 

hearts. These levels were significantly higher than those 
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Table 18. Copper Concentration in Hearts and Livers·of 
Rats Fed Copper-Adequate or Deficient Diets 1 ,2 

Diet 

Cellulose 

+ copper 

- copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

B a u n d cop p e··r 3 

Heart 
(llg Cu/g) 

16.62 + 0.99 a 

6.05 + 0.76 b 

16.12 oJ. l.03 a 

5.51 + 0.71 b 

15.86 + 2.91 a 

1 Values expressed as means ~ S.D. 

Liver 
(llg Cu/g) 

11.01 + 1.77 a 

5.01 + 0.93 c 

11.70 + 1.26 a 

3.52 + 0.72 d 

8.88 + 1.42 b 

2 Unlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 8 ppm 
copper 
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observed in rats fed copper-deficient diets. Copper 

concentration in the hearts of both mice and rats were 

significantly reduced in those fed a copper-deficient 

diet. In addition. both were able to utilize the copper 

which was bound to acid-washed wheat bran to maintain 

normal heart-copper concentration. 

The liver concentration of copper was similarly 

affected in mice through dietary copper changes as shown 

in Table 19. The copper-deficient diets significantly 

reduced hepatic copper levels both per g liver and whole 

liver in mice with a greater reduction occuring in the 

mice fed acid-washed wheat bran. Previous work has shown 

(Rockway et al .• 1985) that hepatic copper concentration 

was a good indicator for copper deficiency in mice. 

Again. mice fed the copper-bound diet had the same hepatic 

levels of copper (pg/liver) as did the mice consuming 

copper-adequate diets demonstrating the availability of 

this complexed copper. Tissue levels of copper in mice 

hearts and 1 ivers were maintained at their normal concentration 

when fed a copper source bound to an undigestible constituent 

of the diet (wheat bran). 

On the other hand. rats fed the bound-copper diet 

had reduced hepatic copper concentration when compared to 

the rats fed copper-adequate diets (Table 18). All rats 

fed the copper-adequate diets (and the bound-copper diet) 

had hepatic copper levels that were significantly higher 
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Table 19. Copper Concentration in Livers from Mice Fed 
Copper-Adequate or Deficient Diets 1,2 

~iet 

Cellulose 

- copper 

- copper 

Raw Wheat Bran 

+ copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 

Liver 
(llg Cu/g) 

14.28 + 1.37 e 

10.87 + 2.24 b 

11.32 + 2.88 bc 

13.81 + 1 .50 de -
6.47 + 0.94a -

12.68 + 1.31 Cd 
-

Values expressed as means + S.D. 

Liver 
(pg Cu/liver) 

3.65 + 0.64 c 

2.04 ... 0.45 a 

2.88 + 0.76 b 

3.79 + 0.53 c 

1.72 ... 0.35 a 

3.54 + 0.43 c -

2 Unlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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than rats receiving the copper-deficient diets. Hepatic 

copper concentration was shown to be reduced in rats fed a 

copper-deficient diet by Fields et al. (1983) and is cited 

as evidence for establishing copper deficiency. The liver 

is a storage organ for copper through its relation wi th 

the direct-reacting fraction of copper in the serum (Alfaro 

and Heaton, 1973); copper may have been mobilized from 

this organ to maintain preferentially heart concentrations. 

A decreased heart concentration of copper would have more 

detrimental effects on the animal than reduced liver 

levels at times when copper was marginally available, and 

may therefore explain why this relationship was observed 

in the rats. 

The effects of dietary copper on zinc heart levels 

in mice is shown in Table 20. Zinc levels (pg!g heart) 

increased in the hearts of rats consuming suboptimal 

intakes of copper. These differences in zinc levels were 

significant only for total heart zinc (Table 20). All mice 

given copper-adequate diets as well as mice given the 

experimental diet had the same level of heart zinc. The 

accumulation of zinc in the hearts of mice on copper-deficient 

diets suggests that the competition between the two metals 

in the heart may be similar to that in the intestine 

(Oldell, 1984; Festa et aI., 1985). The significant 

incr~ase of heart zinc occurred in rats given the 

copper-deficient cellulose diet. but not in rats fed the 
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Table 20. Zinc Concentration in Hearts from Mice Fed 
Copper-Adequate or Deficient Diets 1,2 

Diet 

Cellulose 

+ copper 

- copper 

Raw Wheat Bran 

+ copper 

,-

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 ' 

Heart 
(Ilg Zn/g) 

88.32 + 6.55 ab 

104.48 + 20.41 bc 

73.83 + 32.61 a 

72.51 + 4.03 a 

118.00 + 25.00 ac 

81.21 + 14.93 a 

1 Values expressed as means ~ S.D. 

Heart 
(\lg Zn/heart) 

3.35 + 0.38 b 

4.29 + 0.95 a 

2.68 ... 0.90 b 

2.82 + 0.16 b 

4,99 + 1.:!.8 a 

3.10 + 0.65 b 

2 Unlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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Table 21. Zinc Concentration in Hearts and Livers from 
Rats Fed Copper-Adequate or Deficient 
Diets 1 ,2 

Diet 

Cellulose 

+ copper 

,- co ppe I' 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 

Heart 
(Ilg Zn/g dry wt) 

54.98 + 5.31 b 

67.61 + 5.91a 

53.81 + 5.79 bc 

47.06 + 10.38 Cd 

40.73 + 11.69 d 

1 Va~ucs expressed as means ~ S.D. 

Liver 
(pg Zn/g dry wt) 

74.68 + 12.77a 

74.84 + 7.99 a 

73.81 + 5.71a 

54.59 + 9.24c 

62.52 + 6.80 b 

2 Unlike letters within column are significantly different 
(p<O.05) 

3 Copper bound to acid-washed wheat bran provided 8 ppm 
copper 
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acid-washed, copper-deficient diet (Table 21). There did 

not appear to be any real differences in zinc content 

between rats given any of the acid-washed, wheat bran 

diets. The rats given the copper-deficient and copper-bound 

diets had slightly lower levels of zinc than did the rats 

consuming the copper-adequate diet. Although not shown, 

this relationship was true when calculated on a whole 

heart basis. These results were just the opposite seen 

from the mouse study. Apparently, the competition between 

zinc and copper was not as strong in rat hearts as appeared 

to be in mice. 

The hepatic levels of zinc did not appear to be 

greatly affected by dietary copper changes in either mice 

or rats. The zinc concentration in livers of mice given 

copper-adequate or deficient diets are shown in Table 22. 

The mice fed copper-adequate or deficient cellulose diets 

did not have different hepatic zinc levels except when 

calculated for the total liver. In the latter case, the 

zinc content was significantly lower in the copper-deficient 

mice. The mice fed the wheat bran diets showed no significant 

differences in their hepatic zinc levels. This same 

observation was true for the rats consuming the cellulose 

diets (Table 21). The rats fed the copper-deficient wheat 

bran diet had significantly lower hepatic zinc levels when 

compared to the rats fed the copper-adequate diet. This 

same trend also appears to be true in kittens (Doong et 
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Table 22. Zinc Concentration in Livers from Mice Fed 
Copper-Adequate or Deficient Diets 1,2 

Diet 

Cellulose 

+ copper 

- copper 

Raw Wheat Bran 

... copper 

Acid-washed 
Wheat Bran 

+ copper 

- copper 

Bound copper 3 

:'ivcr 
(l1g Zn/g) 

85.81 + 10.59 d 

82.27 + 7.42 cd 

63.41 + 14.95 a 

74.51 + 4.44 bc 

71.30 + 6.67 ab 

67.17 + 4.58 ab 

1 Values expressed as means ~ S.D. 

Liver 
(l1g Zn/liver) 

21.64 + 4.27 b 

15.38 + 2.46 a 

18.83 + 5.83 b 

19.36 +2.98 b 

18.83 + 2.30 b 

18.77 + 1.37 b 

2 Unlike letters within column are significantly different 
(p<0.05) 

3 Copper bound to acid-washed wheat bran provided 2 ppm 
copper 
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a1., 1983). Rats fed the experimental diet had significantly 

lower hepatic zinc levels than did the rats on the copper

adequate diet, but were also significantly higher than the 

zinc liver concentration in rats fed the copper-deficient 

die t. The copper from the experimental diet may have been 

only marginally available in rats to decrease hepatic zinc 

levels. This finding was the opposite observed in the 

study done by Alfaro and Heaton (1973) who found that 

zinc tended to accumulate in the liver of rats fed a 

copper-deficient diet. However, when zil1c concentration 

in their study was carefully regulated, the earlier findings 

were not confirmed. Alfaro and Heaton (1973) suggested 

that these ·inconsistancies were due to zinc having a 

greater effect on copper metabolism than copper had on 

zinc. 

Results for the plasma copper levels and hematocrit 

values for rats are shown in Table 23. The plasma con-

centration of copper was not detectable by flame absorption 

(detection limit of 0.4 pp'm) in copper-deficient, wheat 

~ran fed rats which is much lower than reported values in 

the literature for copper-deficient rats. Why this occurred 

is not known because all samples of blood were diluted and 

anlayzed the same way. Alfaro and Heaton (1973) found 

that copper concentrations in rats fed copper-deficient 

diets fell rapidly during the first 12 days to a value of 

27 ~g/100 ml then leveled to 7 pg/IOO ml after 70 days on 
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Table 23. Plasma Copper Levels and Hematocrit Values in 
Rats Fed Copper-Adequate or Deficient Diets 1,2 

Diet 

Cellulose 

- copper 

* - copper 

Acid-washed 
Wheat Bran 

* + copper 

- copper 

Bound copper 3 

Plasma Copper 
Levels (pg/100ml) 

70.2 + 7.8 b 

tr 

65.6 + 10.6 b 

Values expressed as means + S.D. 

Hematocrit 
(% PCV) 

61.2 + 7.7 ab 

67.3 + 10.3 a 

52.5 + 3.72c 

2 0nlike letters within column are significantly different 
(p<0.05) 

3 

* 

Copper bound to acid-washed wheat bran provided 8 ppm 
copper 

Samples lost 
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the diet. The control animals maintained copper plasma 

levels of around 100 pg/100 mI. Lei (1977) and Tsai and 

Lei (1979) also reported serum levels of 24 ~g/100 ml and 

18 ~g/100 ml for copper-deficient rats, respectIvely, Rats 

fed the copper-adequate diet and bound-copper diet had 

similarly high plasma copper values. These results indicated 

that rats consuming the copper-bound, wheat bran diet were 

not copper deficient. 

The hematocrit values are shown in Table 23. Rats 

fed the copper-deficient, wheat bran diet actually had the 

highest hematocrit obtained, but also the highest variation. 

The hematocrit value for rats fed the experimental diet 

was lower 1:han the rats fed either the copper-adequate 

(cellulose) or deficient wheat bran diet, but was not 

considered to be below normal rat hematocrit levels. 

Weaver, Nelson and Elliott (1984) reported hematocrit 

values ranging from 53.7 to 54.6% in iron-adequate rats. 

These results suggest that anemia was not present in any 

of the treatments. Plasma copper reduction would be 

expected to occur before hemoglobin production was affected, 

which apparently occurred in this study. Alfaro and 

Heaton (1973) reported initial lowering of copper plasma 

within 20 days, but anemia was not found in rats until they 

had been on a copper-deficient diet for 120 days. Doong 

et a1. (1983) also observed a fall in plasma copper with 

no changes In hematocrits in kittens fed a copper-deficient 
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diet, and Fields et a!. (1983) did not find a decrease in 

hemoglobin in rats fed a copper-deficient, starch diet. 

Hence, copper plasma was likely affected by the dietary changes 

conducted in this experiment, but hematocrit, an indicator 

of hemoglobin status, was not affected. 

Conclusions 

This study investigated the availability of copper 

in two species (mice and rats) fed copper exogenously 

bound to wheat bran. Exogenously-bound copper provided 

the dietary copper requirement necessary for each species. 

Control animals were fed acid-washed wheat bran (as one 

fiber source) with and without copper and cellulose (used 

in standard diets) with and without copper. If the bound 

copper was not absorbed and utilized, then the animals 

consuming this diet would have the same deficiency symptoms 

as animals receiving a copper-deficient diet. Body weights, 

weight-gain, food consumption, liver and heart weights, 

concentration of copper and zinc in hearts and livers were 

compared between animals fed the various diets; plasma 

copper and hematocrits were also determined as a measure 

of copper status in rats. 

Overall the results of this· study indicated that 

both mice and rats utilized copper when bound to fiber, 

although not always to the extent that copper was utilized 

when added to the diet in an unbound form. Differences in 

copper utilization occurred between species. For example, 
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no differences were observed for body weights, weight gain 

or food consumption in mice fed either copper-adequate or 

deificient diets; but, significant changes were seen in 

rats. These changes included reduced body weights and 

weight gain for rats fed copper-deficient diets. The 

effect, however, was limited to those rats consuming the 

acid-washed, copper-deficient wheat bran diet and not the 

cellulose, copper-deficient diet. Hence, differences were 

not only seen between species but also between fiber 

sources. Some differences noted to occur between fiber 

sources may be attributed to the complex chemical nature 

of wheat bran compared to cellulose. Copper deficiency was 

evident in mice fed copper-deficient cellulose diets by 

their decreased liver weights, increased heart weights 

(cardiac hypertrophy), and reduced concentrations of 

copper in hearts and livers. Although not always seen in 

copper-deficiency, the mice fed the copper-deficient 

cellulose diet had significantly higher levels of zinc in 

their hearts and significantly lower levels of hepatic 

zinc when compared to the tissue levels observed in mice 

fed the copper-adequate diet. 

Evidence of copper deficiency in rats fed the 

copper-deficient cellulose d.iet was indicated by decreased 

body weights, increased liver weights (just the opposite 

in mice), increased heart weights, and decreased copper 

concentration in hearts and livers. Similar to mice, rats 
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fed the copper-deficient cellulose diet had significantly 

higher zinc levels in their hearts yet there were no 

differences in hepatic zinc concentration compared to rats 

fed the copper-adequate cellulose diet. These data also 

showed significantly reduced plasma copper in rats fed the 

copper-deficient diet. Copper-deficiency symptoms were 

apparent in mice fed copper-deficient, acid-washed wheat 

bran by the following indicies: decreased copper concentration 

in hearts and livers as well as increased zinc concentration 

in hearts. More copper-deficient symptoms occurred in 

mice fed the cellulose, copper-deficient diet than in mice 

fed the acid-washed copper-deficient wheat bran diet. Why 

these differences occurred was not apparent because the 

copper content in both diets were equally deficient. The 

wheat bran diet would more likely be expected to cause 

greater effects in copper absorption due to interactions 

occurring between the fiber and any copper that was present. 

Comparing copper-deficient symptoms with mice fed 

the experimental diet (bound-copper) to mice fed copper

deficient diets, a similar increase in heart weights was 

shown indicating a suboptimal copper status and suggesting 

that the bound copper was not accessible to mice. Opposing 

this piece of evidence, however, was the result that 

copper concentration in both hearts and livers of mice 

fed the experimental diet was the same as that in mice fed 

the copper-adequate diet. The high concentration of 
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copper in hearts and livers were good indicators of copper 

adequacy and did not correspond to the cardiac hypertrophy. 

Results typically seen with copper-deficient induced 

cardiac hypertrophy are reduced copper concentrations in 

the heart. Using tissue concentrations of copper as the 

best indicator of copper status, these results indicated 

that the copper bound to the acid-washed wheat bran was 

absorbed and utilized in mice to the same extent as the 

unbound copper given in the copper-adequate diets. 

Rats fed the copper-deficient, acid-washed wheat 

bran diet were identified as copper-deficient by their 

significantly decreased body weights, weight gain, decreased 

liver weight (wet and dry basis only), increased heart 

weight, and by their significant reduction of heart and 

liver copper concentrations. Significant reduction of 

hepatic zinc concentration was seen in the rats fed the 

copper-deficient, acid-washed wheat bran diet, but this 

i s not a cIa s sic cop per - d e.f i c i en t s y m p tom rep 0 r ted in the 

literature. Plasma copper was significantly reduced 

compared to the plasma levels viewed in copper-adequate 

fed rats. 

These results confirmed that copper-deficiency 

occurred in rats consuming the copper-deficient diet. The 

rats fed this diet showed many of the classical symptoms 

of copper deficiency whereas the mice fed the same type of 

diet showed only a few of the symptoms. The most likely 
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explanataion was that copper deficiency was more easily 

obtained in rats who have a higher requirement for copper. 

Therefore. a greater difference of copper concentration 

occurred between the copper-deficient and copper-adequate 

rat diets. 

Comparing the deficiency symptoms of rats given 

the acid-washed wheat bran. copper-deficient diet to 

symptoms seen in rats fed the experimental diet indicated 

that the copper in the bound form was absorbed and utilized. 

although not always to the same extent as the copper from 

the copper-adequate diet. Rats fed the experimental diet 

showed significantly greater body weights and weight gain 

compared to rats on the deficient diet. They also had 

significantly lower heart weights than the copper-deficient 

rats with cardiac hypertrophy. The copper concentration 

in hearts and livers were greater in the rats given the 

copper-bound diet versus the concentration seen in .the 

copper-deficient rats. However. the hepatic copper con-

centration reported in rats fed the copper-bound diet was 

not as high as obtained in rats fed the copper-adequate 

diets. Otherwise. evidence of availability of bound 

copper was also indicated by the plasma copper levels 

which were maintained at normal levels in the rats consuming 

the experimental diet. 

Copper exogenously bound to wheat bran simulated 

the mineral-fiber interactions believed to occur in the 
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intestinal tract of animals. Many researchers suggest 

that once a mineral binds to an undigestible component of 

the diet it is unavailable for absorption. However, 

results from the mice and rat study suggests that this is 

not necessarily true. Both animal models utilized copper 

that was bound to a dietary fiber source with no apparent 

symptoms of copper deficiency. Results suggest that the 

bonding between the mineral and fiber (most likely electro

static) was not strong enough to prevent the eventual 

absorption of this mineral or that the copper was released 

from the fiber in the acidic environment of the stomach 

and not ~~bound once in the alkali environment of the 

intestines. Another possibility may be that some of the 

copper was bound to an amino acid or sugar moiety that was 

cleaved during digestion, therefore making it available 

for absorption. Bound copper was not always utilized to 

the same extent as unbound copper, suggesting that not all 

the copper was freed as it passed through the gut; but, 

enough was freed to prevent acute copper deficiencies. 

Therefore, the evidence seen in this study suggests that 

mineral-wheat bran interactions are not detrimental to the 

mineral balance of an animal as was once believed. 
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CHAPTER 5 

Summary 

One objective of this study was to investigate the 

mineral-binding capacity of wheat bran and oat hulls for 

copper and zinc using a new chromatographic method and a 

centrifugation method under various pH conditions. The 

second objective was to determine the availability of 

copper when it was exogenously bound to wheat bran and fed 

to mice and rats. 

Treating wheat bran via acid-washing, EDTA-washing 

or water-washing prior to incubating fiber with mineral 

affected the binding capacity for copper and zinc only 

when the treatment changed the pH of the fiber. Acid-washing 

lowered the pH of the fiber and also decreased the binding 

capacity when compared to fiber that had been washed with 

water. The decreased binding at low pH (1112-3) was attributed 

to unionized acidic groups (i.e. proteins or uronic acids) 

assumed to be involved with electrostatic binding with 

minerals. 

Extracting water-soluble components from the wheat 

bran was unavoidable with the washing procedures. The 

binding capacity, however, was not decreased even though 

other researchers have found these components to contribute 

to binding. 
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Significant increase of copper binding to wheat 

bran occurred when the pH of the slurry was raised from 4 

to 7 suggesting the possibility of electrostatic binding. 

The binding capacity of oat hulls, on the other hand was 

not influenced by pH. The low binding capacity of oat 

hulls may be due to the low protein content of this fiber 

source (5% vs. 16% in wheat bran). Possible binding 

constituents in oat hulls may be sugar moieties that are 

not affected by pH. Unfortunately, the individual sugar 

components of oat hulls are not known since the fractionation 

of this fiber has not been done. When little i~ known 

about the constituents that make up a fiber source, suggesting 

a possible binding site becomes impossible. 

Results from the chroJlatographic and centrifugation 

methods indicated-that the mineral level during incubation 

with fiber, and changes in pH greatly influenced the 

outcome of binding. Results quantifying mineral binding 

froll these two methods, however,' did not always compare 

favorably. For example, the maximal binding capacity of 

wheat bran with copper was 6 mg Cu/g fiber when determined 

by column chromatography and 3 mg Cu/g fiber when determined 

by the centrifugation method. The results from these two 

methods were more comparable for copper binding to oat 

hulls yet the centrifuge method indicated a slightly 

higher binding capacity. This study did not provide 

conclusive evidence that differences in binding capacities 

126 



were due to the methods involved because conditions were 

not always identical. These experiments need to be repeated 

using both procedures at identical pH conditions and 

mineral content during incubation. If both procedures 

provide the same information for binding, then the centri

fugation method would be the chosen method since it can be 

performed quickly and easily. 

The preliminary results from this study have shown 

that many variables are involved with mineral binding to 

fiber. The factors which influenced binding were: pH of 

slurry during incubation with mineral, the amount of 

mineral added to the slurry, and the fiber source used. 

Binding between mineral 

corresponding to the 

and fiber occurred at pH values 

pH of the small intestine while 

little binding occurred at the lower pH's. 

Further in vitro work is ,required before definite 

conclusions can be drawn concerning the methodologies used 

to determine binding and determining which fiber sources 

are most likely to influence mineral binding. Other 

minerals as well as other fiber sources need to be studied 

to see if high mineral-fiber binding capacities exist 

similar to wheat bran and copper at physiological pH's. 

These in vitro methods did not directly relate to in vivo 

processes that occur in the human gut, but results from 

these studies showed the complexities involved with mineral-
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fiber interactions and can be used, ideally, as an aid in 

the design of future mineral-binding studies. 

Whether the mineral-fiber binding that occurs in 

vitro is strong enough to impair mineral absorption in the 

intestine is not known. For this reason, copper was bound 

exogenously to wheat bran and fed to mice and rats to test 

the availability of this complexed copper. 

Data from this study provided evidence that bound 

copper was available for utilization in mice and rats. 

Differences in utilizing the bound copper were seen between 

species as well as differences in copper utilization due 

to the fiber source. 

Mice and rats differed in their response to dietary 

copper: mice body weights, weight gain and food consumption 

were not altered by feeding copper-adequate, deficient or 

copper-bound diets. Rats fed copper-adequate or copper-bound 

diets had increased body weights and weight gain compared 

with rats fed a copper-deficient diet. 

Another difference between species was heart 

weights. Mice responded to the bound-copper diet with 

increased heart weight (as percent body weight) the same 

as the hypertrophy in mice fed the -copper-deficient diet, 

suggesting the bound-copper was either not absorbed or 

utilized to the same extent as copper from the adequate 

diet. Rats did not have hypertrophy except when fed a 
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copper-defiCient diet. Heart weights were the same for 

rats fed copper-adequate or copper-bound diets. 

The hepatic copper levels were a-Iso affected 

differently in the two species. The hepatic concentration 

of copper was the same for mice fed either the copper-adequate 

or copper-bound diet. These levels were significantly 

higher than the levels seen in mice fed the copper-deficient 

diet. Rats fed the copper-bound diet had hepatic copper 

levels that were significantly greater than the hepatic 

copper levels seen in rats fed the deficient diet; but, 

these levels were also significantly less than the hepatic 

levels obtained from rats fed the copper-adequate diet. 

The copper frail the copper-bound diet was not utilized to 

the same extent as the unbound copper provided in the 

adequate diet. This lIay suggest that the liver, the 

storage organ for copper, maintains other tissue levels 

(i.e. the heart) by limiting its own uptake of copper. 

Maintaining the heart concentration of copper is critical 

to an animal's survival while decreased liver concentration 

does not pose an immediate threat to life. As expected, 

the heart levels of copper were maintained at nor~al 

levels in both species fed the copper-bound diet, and the 

heart levels of copper were significantly reduced in those 

animals fed the copper-deficient diets. 

These results show that, overall, the copper 

status· in mice and rats was normal when given a diet where 



the copper source was exogenously bound to wheat bran. 

Because this copper was absorbed and utilized, it must have 

become unbound somewhere in the gastrointestinal tract. 

One explanation may be that the copper-fiber complex 

dissociated in the stomach where the low pH inhibits the 

binding. Evidence for this was shown in the in vitro work 

in this study where little binding between copper and 

fiber occurred at low pH. As the unbound copper entered 

the small intestine it was absorbed or rebound to fiber or 

other constituents in the diet. If, however, copper 

rebound to an indigestible component in the small intestine 

(or was precipitated by the high pH) and was presumably 

not available for absorption, then the copper from the 

adequate diet should have responded in a similar manner 

which was not evident in this study. Perhaps enough 

copper was freed in the stomach and later absorbed to 

prevent any acute symptoms of copper deficiencies while 

the rest remained bound throughout the gut. This would 

explain why some differences exist between the copper-adequate 

diet and the copper-bound diet. 

This study did not identify the processes involved 

that enabled the animals to utilize the bound copper; it 

only established that copper was utilized. Other animal 

studies would have to be designed to specifically address 

these questions. One suggestion would be to feed rats a 

mineral bound to fiber diet but bypass the stomach (through 
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tube feeding) to avoid unbinding of the mineral. This 

would determine if the mineral-fiber complex was strong 

enough to impair mineral absorption. Using everted intestines 

would probably be easier and answer the same question. 

The final analysis, however, i ~ to find 0 u tw hat 

fiber sources bind minerals in the human gut and if mineral 

absorption is impaired. Only series of human balance 

studies using different fibers and minerals will eventually 

a~swer these questions. In the meantime, in vitro and in 

vivo studies such as these provide a basis from which 

human studies can begin. 
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pll Nn11e of 
Ruffer fluctuotlon 

Sodtu• 
Bicarbonate 
( NaHCO:I) C 

Trla-(hydroxy
•ethyl 1-
aralnollethane, 
hydrochloridt! 
(TrJzlla-HCl) 

N-2-Aceta•lde-
2-a•lno-ethane
sulfnnlc acid 
(ACES) 

Jorge 

none 

none 

N-2-Acetaraldol
•lne-dlacetic
acid, 11ono-sodlu11 
salt (ADA) 

none 

N-2-Hydroxyethyl- nnne 
plperaz lne-N' -2-
ethanesulfonlc acid 
(HEPES) 

2-(N-•orphollno) none 
ethanesulfonic acid 
(MES) 

Plperazlne-N,N'- none 
bls-(2 -ethane
sulfonic acid) 
(PIPES) 

APPENDIX A 

BUFFERS TESTED 
solubility 
in COIJPer 

pKn 8 solution log Krab 

6.8 soluble 

7.6 suluble 

6.9 soluble 4.6 

6.6. soluble 9.7 

7.6 insoluble negl. 

6.2 Insoluble neg 1. 

6.8 Insoluble neg 1. 

Cnlhlochem, Ru!'fers A guide for the preparation and use of buffers In biological 

b 

c 

syste1111, 1975, p.l6 
I o g K 111 rep r· ,. s ~~ n t s t. he I o ~ to t he base 1 0 of the copper - buffer b i n d t n g cons tit n t s 
obtained from Cel8!11chPm 

so t1 I u m b I c: a r h o n a t. e b u f f f' r w a 11 a s t• e c I n l c a s e r r " u g h t w I t h 1• r o h I •~ 111 s ( s "e n " x t p a g e I 

(..) 
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APPENDIX"A (conlt) 

The pH of a 0.025--0.20 mM sodium bicarbonate 

buffer fluctuated over time. After adjustment of the pH 

to 6.8, there was an increase of pH to 8.3 over a 30 

minute period. Utilizing a C02 trap did not help maintain 

the pH nor did flushing the system with nitrogen (N2)' 

Carbonate is a poor buffer because dissolved carbon dioxide 

has limited solubility (CalBiochem, 1975). When a 20 ppm 

copper solution was prepared in this buffer, copper appeared 

to be soluble. However, the copper solution precipitated 

when run through a fiber column. Remeasurement of the pH 

of the copper-bicarbonate solution after running through 

the column found the pH to be much greater than 6.8 (approx

imately 8.3). On the basis of this result, the other 

buffers listed in the preceding table were tested for 

their possible use in the in vitro experiments. The 

solubility of copper was determined by making a series of 

copper standards (ranging in concentrations) in the buffered 

solutions. The solutions were analyzed over time for 

their copper concentration using atomic absorption spectro

photometry and comparing to copper standards made with 

deionized water or dilute acid. All samples were visibly 

inspected for particulate matter which was apparent in 

many of the samples. 
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APPENDIX B 

COMPARING RESIDUE AND SUPERNATANT FOR COPPER 
IN CENTRIFUGE METHOD 

Ten mg of copper was stirred overnight with 1 g 

wheat bran. The slurry was centrifuged for 15 min at 1000 

rpm. The supernatant was pipetted into graduated test 

tubes. Distilled-deionized water was added to the residue, 

stirred again (approximately 15 min.), then centrifuged as 

described. This was repeated 3X. The volume for each 

supernatant was recorded and analyzed for copper using 

atomic absorption. The residue was dry-ashed in the 

muffle oven at 400 0 C overnight. The ash was dissolved in 

nitric acid and quantitatively transferred into volumetric 

flasks. The residue was then analyzed for copper using 

atomic absorption. The amount of copper bound when determined 

by analyzing the supernatant (initial copper concentration 

minus copper in supernatant equals copper in residue-bound 

copper) was 10% higher than measuring the copper in the 

residue. Because mineral loss occurred at this low ashing 

temperature, the copper content in the dry-ashed fiber was 

lower than predicted by copper content in the supernatant. 

135 



APPENDIX C 

TESTING ZINC SOLUBILITY 

Because most minerals are soluble only in acidic 

environmen~s, 500 ppm zinc solution was analyzed at various 

pH I s to see at which pH loss of zinc occurred. Stock solutions 

of zinc were prepared at the pHis listed below and the 

zinc concentration (over time) of these solutions was 

compared to a zinc solution of low pH (less than 2). 

pH 4 98.7 

pH 5 = 95.6 

pH 6 

pH 7 

96.0 

95.4 

There did not appear to be any major precipitation at 

these pH IS. however other researchers have shown zinc to 

precipitate at pHis above 6.5 (Rendleman and Grobe, 1982). 

0.1 M KOH was used (in drop-wise fashion) to raise the pH 

of the aqueous zinc solution as described by Rendleman and 

Grobe, (1982). 
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