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}\ B S T I> 1\ C T 

Determination of Iron-, Zlnc-, Copper-. Calcium··. 

and ~agne8ium - Binding by Procyanidins from Bird­

Resistant and Non-Bird-Resistant Sorghum Grain. 

BY 

Tarnmene Lemu 

R~Baarch Advisors: Dr. D.S. Chardrnvanshi and 

Dr. J.D. Re8c1.. 

Divalent -Fe, -Zn, -Cu, -Ca, and -Mg binding by 

Sorghum procyanidins'(soluble and insoluble) has been 

investigated. Both the soluble and insoluble fractions 

of procyanidins bound Fe. Zn, and Cu, D~t not Ca and 

Mg. Binding of the cations by the insoluble procyani­

dins has been estimated as the difference in binding 

between the Bird-Resistant (BR) and Non-Bird-Resistant 

(NBR) NDP. Binding of Fe, Zn, and CU by procyanidins 

was found to depend on pH, cation concentration, amount 

of fiber, fiber particle size, and presence of compet­

ing cations. The Binding of NDF from twenty one lines 

of sorghum (16 BR and 5 NBR) was determined under 

optimal conditions. 

n new procedure was proposed to study mineral 

binding by soluble sorghum procyanidins based on 

dialysis. Cation binding by the soluble procyanidins 

was determined based on tho difference in cation 

concentration of the control and the cation solution 

enuilibrated with the procyanidin solutio~ (after 

dialysis). The trac" element cations were bound by 

soluble procyanidins according to the order· 

Fe > Zn , Cu. 
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A chelatc structure consisting of two five­

membered rings has heen proposed for the cation 

(Fe, Zn, eu) - procyanidin complexes. 

) 



1. INTPODUCTION 

Sorghum is a cereal crop that grows in the tropics 

and Bubtropics in a znne of 400 on either side of the 

eauator (1), and on altitude between sea level and 

2700 m (2). It is a food as well as a feed crop that 

ranks fourth in acreage and production among the 

world's cereals including wheat, rice and maize. 

According to the 1979 FAO Plant Production and Pro­

tection Paper (3), world acreage and production are: 

Develope~economies - 7 511 000, 24 292, Developing 

economies - 34 788 000, 2~ 484; Centrally planned 

Economies - 167. 000, 165 in hectars and metric tons 

respectively. In Ethiopia, it was arown on 1 250 000 

hectars and the production was 1 100 metric tons in 

that year. In the developing countries, the largest 

proportion of the production goes for human consump­

tion and a verv small fraction is used in animal 

feeds, whereas in the developed countries, it is 

mostly used for animal feed. 

1. 1. Origin of Sorghum 

A west African origin for sorghum has been sugge­

sted. However current evidence is in favor of the view 

that cultivated sorghum was developed in Abyssinia. 

Doggett states that •.•. It seems likely that the Agau 

people who were the Cushites occupying the Northern 

and Central part of the Ethiopian plateau played a 

major role in the development of the African crop 

plants including sorghum" (2) . 

1. 2. Classification of Sorghum Crop 

Sorghum belongs to the tribe "Andropogonea", 

and is one of the genera under the subtribe "Sorqha­

stae l'
• "Sorgh~~~lgar'.::.1! has been used as n specific 

name for sorghum, but because this includes some of 

I 

I 

I 

I 

I 

I 

I 

I 
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the wild sorghums such as the Sudangrass, the name 

suggested by Clayton "Sorghum bicolor (Linn.) 

Moench!' haD been regarded as the correct specific 

name for culti'"ated Sorghum (1,2). 

There are about 17 oon distinct and maintained 

cultivars in the world collection of sorghum(2). 

Herban and Dewitt (4) identified ~ive basic and 

hybrid races among these. 

1. 3. Sorghum Grai':, 

Sorghum usually matures in 100 - 140 days (3) 

after planting and the time taken by the grain to 

mature is in the range 25-55 days (2). from blooming. 

The anatomical parts of the mature sorghum grain is 

shown in Fig. 1. 
~-----~ 

,I . 
l f ' 

!! \ 
Testa 

\ \ \ i 
\ ' I 

P · \ ' \ I er1carp-"'l~--\ \. \ ; 

\"~~:;~~" ,J):", ," 'j.f 
"~"" ~ 

~:::: 

.. " .---.-... Endosperm 

Fig. 1. Structure of the ,S)rghum ~ain 

c;ryopsis (5) 

Grain color varies from white transluscent to 

a deep reddish brown with gradations of pink, red, 

yellow, brown, and intermediates (3). Grain color 

is determined by pigmentation in the pericarp~ testa 
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and endosperm. There are snecific genes for color 

of each of these parts (3,5). 

1.4. Chemical Composition of Sorghum Grain 

The chemical ccmpo~ition of tho grain is affected 

by several factors such as age, genetic variability, 

and the soil and climatic conditions under which it 

was grown. The endosperm is rich in starch which 

accounts for Dver 70% of the total chemical content 

of the grain (2,6). The protein content is about 

10%, and the seed coat contains cellulose, hemicellu­

lose and lignin as its major const~uents. Sorghum 

varieties with brown seeds are found to contain signi­

ficant amounts of polyphenols in their pari carps or 

tests, though color classification is not a good cri­

terion for polyphenolic content (6). The polyphencals 

in mature sorghum Grains are predominantly condensed 

tannins (or procyanidins) (7). 

1.5. The Aim and Scope of the Present Investigation 

The procyanidins (or tannins) in the grain of 

the brown-seeded varieties of sorghum are important 

in their agronomy and nutritive value. They render 

the grain resistance to predatory birds and insects 

(8-10). They are also associated with resistance to 

moldinG (11) and preharvest Germination (12). Tannins 

also prevent bloat in ruminants (13). However, these 

beneficial aspects come at the expense of some nutri­

tional disadvantages. The presence of hioh levels 

of procyanidins in the grain lowers nutritive value, 

by precipitating dietary proteins (14-16) and in­

hibiting digestive enzymes (17-19)·sorghum varieties 

With the above mentioned charcterstics are termed 
, 

Bird-Resistant (BR), whereas those which lack these 

properties are termed Non-Bird-Resistant (NBR). 
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Tannins react with divalent cations and render 

them unavailable for absorption (20). However, 0 

systematic study of procyanidins on the bioavailability 

of mineral nutrients has not been reported. Therefore, 

the purpose of this project is to study the inter­

actions (binding) of sorghum procyanidins with the 

mineral nutrients. ~ron, zinc, copper, calcium, and 

~agnesium. The results of the investigation will be 

used to evaluate the nutritional quality of snme 

varieties of sorghum grown in the various regions of 

Ethiopio with respect to mineral availability. The 

dat. will also be used tn test the volidity of the 

recently postulated "polyphenol hypothesis· for the 

pH dependance of mineral binding hy dietary fiber(21) 
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2. THEORETICAL BACKGROUND 

2.1. Sorghum PoltP~~~s,and their proJLerties 

2.1.1. ClaSBificationof So!ghum Polyphenols 

Plant polyphenols are structurally diverse and 

widely distributed in the plant kingdom (21). In some 

plants, they are found in Burprisingly high concentra­

tions (e.g. toa leaf, up to 40%) (22). 

Tannins are " group of polyphenols found in the 

vegetative tissues ana seeds of many plants. It is 

difficult to give a concise definition for the word 

"tannin". Hist~~ically, .the name is associated with 

tho process of leather making (tanning) from animal 

skins and hid,,/!. (23). This ied White (24) to suggest 

that any definition of tRnnins must include the fact 

that they convert animal skins to leRther. Based on 

this suggestion, Bate-Smith and Swaine (25) defined 

'0getable tannins as "water-r.oluble phenolJ.c compounds 

having molecular weights between 500 and 3000: and in 

addition to the usual phenolic reactions, they have 

special properties such as the ability to precipitate 

alkaloids; gelatin Dnd other proteins 

most widely accepted definition. 

This is t.he 

Tannins complex with di~tary proteins and render 

them unavailable for digestion, which decreases the 

nutritive value of the grains (14-16), Hydrogen bond­

ing, covalent bonding, and hydrophobiC interaction 

are involved in the formation of these complexes(26) 

The process may be reversible or irreversible depend­

ing on the type of force(s} involved, If the predominant 

forces ara H-t~nding and/or hydrophobiC, the process 

will be ~eversible, whereas covalent forces lead to 

irreversible processes (27). 
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Whan tannins interact with salivary proteins, 

they give rise to a characters tic astringent taste 

(25). l'stringency is a property ,·,hich renders the 

plant tissue unpalatable by precipitation of salivary 

proteins. Many workers tried to explain bird resistance 

of "high tannin" sorghUM varieties in terms of these 

properties. 

Freudenberg (28) classified tannins into two 

gr6ups based on structural types. These are the hydro­

lyzable and the non-hydrolyzable or condensed tannins. 

The hydrolyzable tannins split into sugar and phenolic 

carboxylic acids by simple treatment with acids or 

alkalis and in S0me cases by hydrolytic enzymes such 

as tannaSE) (29). condens(\a tannins do not readily 

break down in this way, nor do sugars contribute to 

their structure. However, condensed tannins covalently 

bonded to polysaccharides have recently been reported 

(29). Condensed tannins contain the three ring CI 5 

flavanoid nucleus as the basic unit (Fig. 2) (30). 

3' 

Fig. ~. The basic unit of flavanoids. 

Condensed tannins form red pigments called antho­

cyanidins when heated in strong acid solutions. They 

are also named Proanthocyanidins, based on the type 

of anthocyanidin produced in the reaction. There are 

two major classes of proanthocyanidins: procyanidins 

and prodelphinidins (31). Procyanidins are cyanidin­

producing condensed tannins, whereas Prodelpbinidins 
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are delphinidin-producinq condensed tannins. Pro­

cyanidins arc the most widely distributed in the 

plant kingdom (21). usually, proanthocyanidins occur 

with one or both of the flavon .. 3 - cls ,(.:.)- Catechin 

and (-) - epicatechin (Ftg. 3). 

(a) (b) 

Fig. 3. The Structure of (a) (+) - catechin 
(b) (-) - cpicatcchin, 

The low molecular weight procysnidins (upto 3000) 

i:lre soluble in water, \'lhercas higher t"""J procyan'iciins 

are difficult to extract in water and these may repre­

sent the major fraction in plant tissues. 

Procyanidins underqo ncid cotRlyzed fission to 

form flnvan-3-o1s and a carbocation as exemplified 

(Procyanidin B-4) 

Fig. 4. Acid c~talyzed 
dimer B-4. 

~~
OH 

/, ' ~/'OH 
HO/"V?)" 
I~.) J"" 'OIl l'lavan-4-ylium 
. ¢{ +f 'd' flssl0n 0 a procyan1 In 
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The Carbonation is n reactive intermediate, and 

unless trapped by a nucleonhile, ht decays by loss 

of a proton and a hydride ion to form the cyanidin 

pigment (Fig. 5). 

(Cyanidin) 

Fig. 5. Formation of the cyanidin pigment. 

If trapped by a nuclcophl1e such as toluene 
~- thiel, the carbocation ferms a thioether (Fig.G) 

This reaction may be used to determine tho structure 

of polyme~ic procyanidins (section 2.1.3.). 

/;'r"'j1,'OH (It . ((-)'tH 

I () fJl~, . '"'- ,l..'--/ yOH 

HO .~~~/~/~/ H/-::~~ ~IQj<_~,(r~I"'.·· . ',./ i ( ; I .. _ . + ~i,-)l _________ ~ ,,-l.~, '~ 
,:-_. /",.,. ,. H /' ' '" ___ ' OH 

"""-./ ...... :,,-. 
00 @ 00 S 

Fig. 6. 

(toluene"~ -thinol)~HJ' (thioether) 

,~ 
Rea~tion of the flavanylium ion 

with toluene o( - thiol. 

2.1. 2. Isolation of Sor0hum Procyanidins 

The chemical nature of procyanidins make them 

difficult to isolate and purify (32). Several solvents 

and solvent-mixtures were tried, including methanol, 

ethanol, and acetone (24-28). I\cidified methanol is 

a stronger solvent for some procyanidins than pure 

methanol (33). Aqueous aCICtonc (70% V/V) is superior 

mainly because of its ability to break procyanidin -

protein complexes (34), 
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Thompson (21) "t: "l,-uBeel successive .extraction 

of the gronnel gtai~ with methenol, light petroleum 

(bp 60 -- 800 ), water, and ethyl acct",te followed by 

chromatography on polyanide-woelm column and finnlly 

pbrifying on sephadex LH-20 and eluting with ethanol 

to isolate polymeric procyanidins. Gupta and Haslam 

(7) used a modification of this procedure. They 

extracted the finely ground grain successively with 

methanol, light petroleum, triturate with ethanol, 

and applying the resulting suspension onto sephadex 

LH-2o column with double elution with ethanol and 

methanol. Using this procedure, they obtained the 

brown granular powder of polymeric procyanidins with 

0.75'!; Y i e ld . 

The procyanidins obtained by any of the conven­

tional methods ccntain considerable amount of protein. 

Reduction of the protein content has boen made possible 

by preliminary extraction with ethanol (35). 

Hagerman ~nd Bulter (36) developed a method which 

is currently receiving a wide range application. 

nithough the method is lengthy. it gives purified 

tannins (or procyanidins) that can be used as stand­

ards in cpoctrnphotometric determinations involving 

tannins. 

separation by column chromatography is of limited 

help for sorghum procyanidins mainly because of their 

interaction with chromatographic supports 

consequently loss of much of the applied material, 

When polyamide or polyvinyl pyrolidone is used there 

is a loss of more than 70% of the applied material 

(38). Using, HPLC on sepharol - GB with H--bond break­

ing solvents such as DMF led to a decreased loss. 

However this enabled the separation of the low mole­

cular weight procyanidins (upto trimers). Silica qel 

with anhydrous organic solvents alga enabled the sepa-

I 

I 

I 

I 

I 

I 

I 

I 
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ration of )"lrocynnidins upta trim8rs (39). The Isola­

tion of a pentameric pro cyanidin has been reported 

very recent.ly (40). 

2.1. 3. Structure and Biosynthesis of Polymeric 

Procyanidins of Sorghum Grain 

DeterminatIon of the chemical structure of pro­

cyanidins awaited the development cf spect.roscopic 

techniquas. Usin~ the two fundamental raactions of 

procyanidins (Figs. 4 and 6) and IH.n.m.r. spectro­

scopy, Gupta and Haslam (7) were able to establish 

the s~ructure of polymeric procyanidins as a polyt.e­

trahydroxy flavan -3-01. They trented the polymer 

with an acid in the presence of excess tolune «- thiel. 

The sed.e products of the react.ion were: (+) - catechin 

nnd the thio ether (Fig.7). The rat!." of the two 

products was 1:5-6, giving an average chain lofiqth of 

6-7 flavan ~3-01 units in the polymer. 
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Fig.7. Acid catalyzed degradation and nucleophilic 

reaction of the sorghum procyanidin polymer. 

A linear structure, with a central core composed 

of rinns A aRd B of the flavan repeating unit, and ring 

C projectinq helicall.y from the cGntral core, has 

been SU'3gestcr! for this procyanidin (22). However, 

evidence is being accumulated to disfavor the linear 

structure (41-43). The opposin'1 vie.ws mainly emainate 

from the presence of heterogenous interflavannid bonds 

which will lear! to a less regular structure. 

Based on the evidence frnm isotopic tracer studios. 

and enzymic work in tissue cultures, it has been found 

that sorghum procyanidin biosynthesis follows the general 

flavanoid biD-synthesis pathway, in whtch ring A of 

the flavanoid carbon skeleton is derived from acetates 

(or malonates) and ring C and the three carbon atoms 

of the h~terocyclic ring originate from cinnamatos 

(21,7). The synthesis is initiated in thE' seed-coat 

as soon as chlorophyll is formed. At the early stages 

of seed development. only (+) - catechin and the dimer 

I 

I 

I 

I 

I 

I 
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(B.·l (+) - catechin bonded to (-) - epicatechin throUgh 

C-4 to c-8 J were detected. Nhen the seed ripens to a 

red pink appearanCe, the level of the mono-and di-merie 

flavan-) - ols decline reoidly leaving the polymeric 

procyanidin, the principal and in many cases the sole, 

procyanidin of the Geed coat. 

2.1.4. Quantitative Determination of Sor3hum 

procyani~Hn.E. 

The widely used vanillin/HCI (44) method for 

determinatiom of polyphenols is not convenient for 

shorghum procyanidins since it does not discirminate 

between procyanidins, dihydrochalcones, and other 

flavanoids (115). The prussian blue method ({h) is 

also not suitable because of its lack of specificity 

(47). The n-butanol/Hel (48"'9), which is based on 

the measurement of the absorbance of the cyanidin 

pigment produced by the ncid catalyzed fission of the 

interfle.vi!n brnd >l ('" 
~ " p!e~8red because of its simplicity 

and relatively higher npecificity. This method qivBs 

the relative procyanidin content without the need to 

use a standard for the calibration curVB, and it is 

this method which has been usod in the present investiga­

tions. 

The n-hutanol/HCl solution may be directly assayed 

on the neutral detergent fiber (NDF) to give the am0unt 

Of the insoluble o{· fiber bound procyanidin (49). 

If assayed on the extract in sclutl.on, it gives the 

amount of soluble procyanidin. The majer disadvantage 

of the n-butanol/HCI method lies in the fact that 

during ~cid catalyzed fission, the intermediate 

species 0f the reaction, the carbocation (Flq. 4), 

may interact with the neu~ral poJ.ymer tc ~ive 
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a precipitate of highly polymerized pr~duct8 with 
indefinite composition (phlobnphenes) (23). How­

ever, the extent nf phlobaphene forrnatj.on can be 

minimized by carrying out the reaction under reduced 

pressure and in the absence of oxygen (50). Shorten­

ing the reaction time will also decrease philobaphene 

formation. 

2 • 2 • Mineral Nutrients 

Twenty six elements of the periodic table have 

been found to be essential for animal life(51). 

These are divided into two groups: major elements 

including C, H, 0, N, S, Cn, P, K, Mn, Cl and Mg 

and minnr clements includinq Pe, Zns Cu, Ni, Co, Mo, 

Se, Cr, I, F, Sn, V and As. Several criteria were 

set to classify an element as essential or non-essen­

tial. l'Iccordinq:oCotzias (51), an· clement will be 

considered essential if it is present in all living 

tissue And its concentration Roes not vary from one 

ilnimal to the other (snme species). In Mert •. • s (51) 

classification, an element will be essential if its 

difficiency or consistency results i~ impairement of 

a biological function from optimal to suboptimal, In 

this context, elements such as AIr Sb, Cd, Ge r etc~ 

occur in animal tissues, though found in finite amounts, 

were regarded as enviormental contaminants because they 

could not fulfil nne or more of the criteria. 

The action of the trace mineral nutrients is 

primarily as catalysts in enzyme systems in the 

cell. Their role ranges from we~k ionic effects to 

highly specific associations known as metallo -

enzymes. The tissue levels of many metalloenzymes 

have now been related to the manifestation "f 

defficiency or toxicity state in the animal. How-
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ever, many physi.oloqical disorders ns a result of 

their eXcesses cannot yet be explained in bie-chemical 

or enzymic t.erms (51). 

Dot.h t.he minimu~-requircment.s for normal bodily 

function and t.he t.oxicity levels are related t.o the 

age, health, sex, etc·of the animal. The total amount 

of minerals ingest.ed in the diet. as det.ermined by the 

analyt.ical methods cannot. be equa~ed t.o availability 

sincG t.he l.i tt.er is influenced by such factors as 

the chemical form by which it is .ingested, the level 

of other mineral nutrients, etc. 

Components such as phytntes, cellulose, uranic 

acios etc. have been reported to reduce the avail­

ability of many mineral nutrients, whereas some others 

such as ascoibates, amino ncids citrates, ete f were 

found to enhance mineral availability. 

2.2.1. The Role of Iron in Nutrition 

The total iron contett of the animal body varies 

with age, sex, nutrition, state of health, and species 

(55). The normal adultmbll is estimated to contain 4-5g 

of Fe nr 6o-7n ppm of the total body weight of a 70kg 

individual. Body organs such as liver and spleen usua­

lly carry the highest concentrations of Fe, followed 

bykto·idney, skeletal muscles and brain (51). 

In mOnogastric species Fe absorption takes place 

mainly in the duodenum ano in the ferrous state (53) 

Inorganic forms of Fe and Fe-protein complexes need 

to be reduced to the ferrous state and released from 

conjugation for effective absorption, whereas the 

Fo in the heme compounds is absbrved as the heme 

complex into the mucosal cells of the intestine. 

The re~uction and release from conjugation Rre acco­

mpanied by tho gUstric juice and other digestivesocre­

tions. Inorganic Fe is able to form complex es wi th 

nc'rmal GUS tric juices at low pH which remains soluble 
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even when the pH is raised to neutrality Bnd enable 

the Fe to be available in a 511itnbJ_c state for abAorp­

tion. Among the food components studied for their 

effects on Fe absorption the fol1owin~ Are worth­

noting: 

1. Promoters 

al Carboxylic acids: ascorbic, citric, 

pyruvic, succinic acids 

bl Amino acids: histidine, 1ysin,cystein; 

cl Carbohydrates according to the ordor, 
Glucose : .. sucrose) lactose. 

2. Inhibitors 

a) limine: c1esferroxaminej 

b) Inorgenic Compound: phosphAtes or phytates 

(except mono-ferrIc phytAtes); 

c) Inorganic cat bns ,. high concBntrations 

of Co, ~n, Cd~ Cu, MIl. 

Generally, Fe is absorbed better from foods of 

animal origin than foods of plant origin (57). 

Unabsorbed Fo is usually excreted through the 

feces. Otller ways af Fe excretion include urinary, 

sweat, and menstrual flow (in females). 

Food samples vary in their iron content ctepending 

on the soil and climatic conditions under which the 

food material was grol1n and depending on varietal 

differences (21. Usually the richest snurces of total 

Fe aro: organ meats (liver & kidney), egg yolk, 

dried legumes, cacao, cane molasses and pursley; 
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poor sources: "mf.lk & til ilk procl,ucts, whi tf; sU0ars, 

white flour Rnd bread, poliBhe~ rice, says, potatoes, 

and most fresh fruits, intorJnedj,ate sources: mURclc 

ments, fish, poultry, nuts, green vegetables, and 

whole meal bread. The Ethiopian teff is also reported 

to contain very high concentration of total iron (Sl). 

Iron defficiency manifests itself in children 

and adults in different ways. In children Fe defficiency 

is mainly manifested by anorexia, depressed grnw1:h Rnd 

decreased resistance to infection. In adults it is 

manifested by listlessness an~ fatigue, palpitation 

on exertion, sore tcungue, angular stomatotis, dis­

phagia, and koilonchia. Hoalth abnormalities as a 

re~ult of Fe deffieicncy has become so large. For 

example, iron-deffiCiency anemia of the hypochromic 

microcylic type brings about the following health 

disorders. reduced hem0s~iderin, ferritin and trans­

ferrin in the blood accompanied by decreased lipid 

metabolism, red cell survival, ])rotein metabolism, 

muscle myoglobin levels, activity of the heme enzym~s 

etc. Fe defficiency is probably the most prevalent 

dafficiency state affectinq the human population. It 

is much Nore common in women than in men because of 

the additional losses in women through menstrual 

flow, lactation and pregnancy (51). 

2 . 2 .2 • The Role of Zinc in Nutrition 

Zinc in the body of an adult man is estimated 

to be 1.1 - 2.3 g. It is distributed in the skin, 

blood, eye, glands, bones. liver, pancrease, kidney, 

etc. In the blood In is found in plasma. erythrorytes 

& pIa tlets. In plasma In is bound to IX - macro<}lobul.ins 

and albumins. Almost all the Zn in erythrocytes 

occurs as carbonic analydrase, together with a small 

fraction association with other ~inc enzymes(S~. 

I 

I 

I 

I 

I 

I 
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Zinc is probob1y the 2nd most impcrtnnt minerol 

nutrient next to irDn nmong th~ heavy metels (exclud­

ing Nn+, Ca++, Mg++). In the post 15-20 years, more 

than 25 Zn - containing proteins hove been identified, 

most of them enzymes (52). 

The Zn 2 + enzymes play siqnificnnt roles in car­

bohydrate, lipid "nd protein metabolism in virtually 

all organi.s (57). 

The obsorpt;on ~f Zn may take place from the 

duodenum, illiul!! and jejunum, stomach or colon, the 

small intest.ine depending on the species of the 

animal. The ext.ent of Zn - absorption varies wit.h 

the level of Zn in the boely, and the ran'le of ot.her 

dietary compon~nts. Inhibitors of In absorpt.ion 

includes inorganic phosnhates, high intakes of eu 

all.dCa, cellulose. The ma:lor organ involved in Zn -

metabolism ia the liver. The Zn absorbed is taken 

te, t.he liver by the plasma transferrin. The liver 

cytosal cont.ains bindincf components of different HW 

anel lahi1ity, the amounts and proport.ions of which 

vary on the Zn status of the. animal. In case of 

neeel this Zn 1s transporteD to various tissues(54). 

Zn is mainly exeretcel frnID the body through 

fee C'S. F eoal Zn con tai ns rna! nly u nabsoibed Zi nc wi th 

a small amount of end0ege,nous origin secreted J.n the 

small. intestJ nE. Very small amounts of Zn leaVE t.he 

body through uri ne. In can trust to iron, menstrual 

loss of Zn is very small. 

1'l large numher of diseases were report.ed to 

arl.se from Zn difficiency. 1\croelermatitis entropetlca, 

a hereditary <iisease appearing in eorly infancy is 

characterized by postular anel aczEIDatoid skin leiss­

ion, nllopE'-ciardiarrhea ar£: dU2 to aberrant Zn meta­

bolism. ~lithout treatment,a relentless progression 

I 

I 

I 

I 

I 

I 
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of severe mulnutt:ition, poor "t:owth aw1 (1eve1opment, 

intercurrent infection, Clnd dea!:h in 3 days is usual. 

SpermntogenesiR nnd secondfly.y sex organs in the male 

and all phases of reproduction in the female fr0m 

estrus to partiriti0n and lactati0n, can be adversely 

affect.ed by Zn deffielency. Zn is required in I,ound 

heali ng therapy mypoqonadism wi th suppr ession of the 

secondary SP..J{ charactcrstics i1rf~ ccnSpiC0tlS features 

ef Zn d effiei eney. Zn l.s i nvnlved in nuel eic acid 

synthesis and hence cell rcnlicfl.tion. The earliest ;-. 

known metabolic defect ref 7,n-defficieney is " decreased 

activity of thymidine kinasE', the. enzyme leading to 

thymidine triphc·sphate formilt.i.0n .,hich is a prerequi­

site for DNA synthes-is and thereby replieatien. Zn 

defficiency decreases t,he activities of othf~r Zn 

0nzymes and Zn-dependent enzyme" (51,54,55). 

The fol1owi nq ore cnmmcn f(.H1(1. sources of Zn. 

Rir.J::\es t sources: 0 y's ters and f)ther sea foods f 

muscle meats .Clnd nuts; pC.'crest sources: ~hi te sugar, 

porne and citrus fruits, n0n-loe,vy vegetables and 

tubers; intermediate: cereal IJrains. 

2. 2.3. The Rol8 of Copper in Nutrition 

The healthy adultman contains about 80 mg of 

t0tal copper, with higher concentrfl tions in new horn 

babies than in adults. ell is distributed in tho 

liver, blood, glands, ovary, testies, pancreas, 

skin, mnscles, heart., hnir, etc. Exceptionally 

high concentrations of CU occur in the pigmented 

par ts of the eye. Me'S t of t.he Cll in bloDd is 

bou nn to albumi n. The 1.a ttcr f(,rm of ell is ina 

rapi~. equilibrium with ell in t.he tissues and is 

consider8o tc be the transp0r~: form of eu in 

the blood {51l. 

I 

I 

I 

I 

I 

I 
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A number of Cu- protein com'01exes have been 

isolDt.ed from plant and 8.nlm?l tissues, severnl 

of "hich are enzymes ,d th oxidat.l'1c functions. 

TryrDsi naS8, locan.se, uricase~ cytochrome o·xidase,o 

ascorbic acid cxidnsc nnd oth8l':S arc believed to 

be Cu-compounos. eu assQcintes with Fe in t.he forma­

tion of hemo(Jlobin. It has been sbo"n that although 

the body could "imilate Fe v,ithout Cu, it would not 

utilize Fe and regenerate hen\0g1obin unless Cu is 

present (52). 

Cu is absorbed from th e G tomac h and all por tio ns 

of the intestine, part.icularly t.he upper small intest.ine. 

The extent of absorption is influencec. by t.he amounts 

and chemical forms ()f t.he Cu inges ted, by the di otary 

level. of sever~l ether D10D:~ls and orqanic substances} 

and by the ag e of th e anima 1. r..i t. t.1 e evid enc e is avail­

able t.hat an absorpt.ion from the intestine is regulated 

in accordance with bodily needs (54). 

Copper may be tra naper ted throug h tb e in testinal 

mucosal both as ionic and in t.h l! form of campI E'X es. 

The affinity of Cu ions for inorganiC and orryanic 

ligands can r£>.duce the ratE' of abs,'rptlon dE;)endinq 

on the size and st"bJ.lity of the complexes. For 

exampl e, phyta tes form vay stable compi ex es wi th 

Cu i1nd reduc e its abscrp tin P. High levels of a scorbi c 

Dcid D1so significantly depress Cu absorption. 

IUneral nutrients such a$ Cd, Zn, Fe, S, etc. also 

reduce cu absorption. The mechnism of CU absorn-

tion is r.ot clearly und£rstood~ ho«ever, thE' 

involvement of metal bincUng components has been 

sU'il'Jested. Cu entering the blood plasma becomes 

laos ely bou nd to s crum albumin and ami no acids, in 

which form it is widely distributed to the tissues 

"nd can pass reDdily to the erythrocytes (54). 
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Similar to re Dnd Zn, a high proportion of Cu is 

'excreted in feces, with small amounts in urine 

s'.eat, menstruation and lactation (53). 

Cu defficiency manifests itself depending on 

age and species of the animal nnd with severity and 

duration of the ctifficiency (51). AneI!lia Is a comI!lon 

expression of Cu defficiencp in all species where 

the defficicDcy is severe or prolonqad. The following 

diseases arisa from copper defficiency: bone dis­

orners in rabbits, chicks, pigs, dogs, and miC0j 

hervcus disorders in lambs and qoats~ ncromotrichia 

in rats, rabbits, quine3 ni~s, cats, GOqs, cottle, 

sheAp; impaired keratinization in rats and rabits, 

kinky hair in human children: infertility in female, 

rats[' quinca pigs, hens and cattle, cardiovasculal 

disorders Dnd diarrhea in c~ttle: decreased fatty 

acid matebolism in rots. 

Conper occurs in many foods; crustaceans Rna 

~hellfish, organ meats (Lomb & beef liver). nuts, 

dried legumes, dried vine, C0CA0 (richest sources), 

,,,hite sugar (poorest) r non leavy veaetnhles, fruits I 

ce.reals (good sources). 

2.2.4. The Rolo of Ca and "0 in Nutrition (55-57) 

These alkaline enrth eloments are not as impor­

tant as the trace elements in the sanse that they 

are not involved in as many functions as the trace 

eloments. However, it should be born in mine thAt 

tho task of these elements cannot be covered by 

those highly important trace elements. 

Calci"m occurs in the boev in the greatest 

amounts of all metals, whereas Mg is about nne-

fifth as abund0nt as Ca. Almost all of Ca ano 



about 50% of Mr are f0un~ in tlln bone. other organs 

c0nt~ininq en & M0 are the muscle, liver, and spleen. 

Both CR & Mg are found in blood serum. In blnod 

serum Cn is found in t~o forms: the ioni~ed (or 

diffusnble) and the non-ionized protein complex (or 

non-cHffusable). 1'-bout 35% of Rerum 11<1 is bound to 

proteins. 

Calcium is essential for clottinq reactions, 

being required for the conversion of protothrombin 

to thrombin, i'l process ,.hieh must be prO,:,edee by 

reduction of plaama ea levnl. CQ .is also invclved 

in protection against other ions especially Na & 

K and cell permeability. Mq is invol.ved in many 

enzyme activities includinr· phosnhatases, rcdox 

enzymes, synthesizino enzymes, nhosohorylRtinn 

enzymes, etc. 

Both Cn & ~g Dre found in large qunntities in 

both olant and animal tissues. The absorption of 

these elcrrents is inhibited by severed. foed com!)o­

nents incl\J<~ing !/hytates ana cell \'rnl1 material s. 

Deffioiencies of Ca leae to, reduced muscle 

contraction including heart, kidney disease, infantile­

ti~ny, etc. whereas decreased Sarum Mo is renortcd 

to causa chronic nenhititis, acute oancreotitis and 

alcoholic cirrhoBi~. Elevated Mg level is also 

defective hecause it anuses renal insufficency, 

hypertension ana diabats. 

In contrast to the trace ele~ents, the highest 

proportions of Cn & ~g are excreted through urine. 

2 .3. !Hneral Bindin" by Food CO"!E.onents 

In the Dreceeding discussions it hns boen noted 

that tho availability of minerals fcr absorption is 

affected bv the chemi<;al form in 'Jhich the mineral 
- j 

is inqested. Severnl £Qod components such as ~mino 
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acics, s:l.mple suqnrs a.nv l"..scorbic acid were found 

to enhance mineral ahsorption in most cases, by 

forming readily absorbable sol.uble ccmplexes cr 

chelates. In contrast, other food components such 

as pbytates, cellulcs" "nc other cell wall constitu­

ents ~educe mineral bio"vailapility. !1el.nhold et 

al. (60).-from their studies on wheat/came up with the 

concl.usian that amcn0 the food components, starch, 

protein, and fiber had sinnificant bindin0 cap­

abilities for minerals anc can interfere with 

mineral bioavailability. Thcy further noted that 

die tar y fiber can interfere mrre than the 0 th8r 

whoa.t. solids bec[1use it remains undi00sted in the 

small intes tine. Thereafter, scientis ts pC01eo the ir 

attentions around aietaJ:'Y fiDer, and firally, its 

inhibi toJ'y effect becnme a univer sally acc (Opted tru th 

thv.n reir>q a 8im!,le chemicnl prelJOPleron. Several 

workers went eVQP deeper tc fir(~ if there is (\ parti­

cular c0mponent i r tb" fib"r to play t.he role. 

Therefore, l.t becomes an object Of the followinq two 

sec tions to reveal Rome of t_he :lrnpor tant \V'ork sir 

this re0ard. 

2.3.1. Classification 0f Food COl'lpone nts and the 

Deter0ent Sys_!:~m of Fractionation. 

Plant materials are divided into three major 

classes (58), 

(1) total availability ,(2) incomplete aVnilability .. , 
nnd (3) total unavailability. Compounds constitutinq 

the total availability class include s01uble carbo­

hydrates, starch, ornanic acids, proteins an(l pectins. 

For this class of substances, actual extent of 

digestion is determined by tbe comnetition between 

rates of digestion and pass(')0C throuqh the f}sstro­

intcstin~l tract. COPlpounus of the total unavail­

ability class are liqnin, cutin, silica, tannins, 
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CRscntjal oils and other polynheno].s. These cnrnQounds 

are resistftnt to t.p,e action of enzymes Dnd a.re removed 

unutilized through the fecEs. Compcunds with incomplete 

availD.hili 1y are the strucur"l carbohydrates, cellulose 

and hemicellulose. The avai~abi1ity of these comoounds 

varies \'1iclf'ly (lmonn plant saure es and arc made un­

nvailable by the prese nc E of i) refractc-ry entity c;ue 

to enzymatically unhydro1yzuble bonds "ith the "vail­

arle portions. COffiDounds of this class remained to 

be prorlEmatic in that they cannot 10<0 rE'sorted into 

diqestibHity classes baSEd on chemical analytical 

proc cdures. However 1 Van Socst (58)" ano his co­

workers at Cornell University brouaht the nroblem 

t.o an end by i ntroduci nC' the deter,,8 rt system of 

analysis. In this procedure Dretein, the principal 

problem cuasiTYJ substar.ce in contaminatinq the cell 

wall mat erial s 1. s removed by de tern,ent solutions. 

The c.eteroent system of analysis l/7ns develoDed 

to fracti0nate food of DIu,nt orif]in in a manner CCD-

sistert with the nutritive aVClilability of fU"er. It 

is based on the fRct that deterqents form stronq pro­

tein complexes which are soluble undey l)rOper condi­

tions. It involves extraction of the plant material 

£'i ther ",ith a neutral solutio r of sodium12uryl sulfate 

or wi th an acidic solutio n of cetyl trime thyli'l'lmonium 

If the extrncticn is 

und E'r neu tral C0. ndi tio ns f the recoverable components 

ar c the rna jor c ell wall ccnsti tue nts li0ni n , cellu­

lose and hemicellulose. The residue also contains 

minor cell wall c0mronents including pectJ.n, some 

proteiI1s and bound tannins. Common contaminants are 

st.Rrch and mineral elEments. St.arch is rrnove<'l by 

addin0 tt'-nmylase and m:i.r..eral eleJllents a.re rBtTIOVeC 

by EDTA. The fiber nrepared accord inn to this pro­

cedur8 is termed neutrnl deteraent fiber (NDF). 



2.3.2. Mineral Bindinr. by Dietary Fiber and its 

Components 

Studies on the bindinq of cations by fiber "as 

Initiated by t'cConnocll et. al. (59) in ScotlancJ. 

McConnell and co-workers studied the cation exchanne 

behavior of fibers from veqctable sources. They 

observed the facts that different fibers sho" differ-

ent. fUllctionalities for cations. HC)\>1ever they didn ' t 

try to correlnte these catiop exchange behavior of 

fibers to mi~eral availability. Therefore a systematic 

gtudy of minernl binC'.i J'(j by (1ietnry fiber a"nited t.he 

discnvery by the ~roun of scientj.sts in Iran (P0inh01d 

and his collabera tors) (60) 

From the studies in SOMe villaQDs of the Middle 

Erlst it has beE:!! revealed t.hct despit0 the fact that 

the villagers cnt hreads ana dj,ets hi~h in Fe & Zn, 

they were foune. \-Ii th 7.n- & F'e- c1efflciency cl:i-seases 

such as hypogonadi'll dwarfism (77). Several workers 

attributed this discrepancy to high phytate contents, 

~I/hich form cOffi-rlexes that are 105s ava~la:rle for nrGorp­

tion. HNlever f"ods "ith low phytate content were 

found I<ith similar effect (59,60). This fact "hen 

added to the experimental obse~vations of James & 

Branch (61) destroyed the phytate hypothesis. 

The failure of the phytate hypothesis led 

Reinhold ot al. (fiO) to examine other consti tuents 

of wheat as possible metal binding aqents. They 

f0und that wheat starch, protein and fiber bound 

minerals, with fiber heing the most important. 

LattDr work by the same group on dietary fiber 

(NDF & 7\DF) from wh"ot: and mai"e has shovln that 

Fe(tI) "as firmly bcund by MDF by ft~ amount that 

accounts for almost all of the iron bindinq cap-
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ability of the' c er ~il1s «(3). Fractionation of thE 

fiher Int.o it.R components has shown cE'llulose to 

be t.hE:' ~rinci0~1 binder. Din(1inq by cellulose 'i'n~s 

more' pronc,unced by heat treatment (65). 

The fact thilt lhemicellulos<' is a hinder 0f 

Ii1t l"crnlfl was demon'S tre ted using alkali - an(1 wa ter­

soluble fractions of ric e hemi-c el1ulos e ana minerals 

such .:os eu, Fe, and I:n (62). Subsequent studios have 

shown that al'linates (66), and Dectin (78) also bind 

minerals. 

/o'inernl binc1inq hy die tary fiber is effected loy 

the pD of the media (20,63,66) the ccncentration of 

the minerals in equilbruim ",ith the fiber (20), the 

fiber concentration and fiber varticile size (20), 

~rescnce of campetin0 cations (~8) nnd temnerature 

(65). BJ.ndin'l caDacities of fibers increase until the 

saturation noint is reached. But, increasing either 

the fiber concentration or fiber particle size decrease 

the min e""l 1'1 ndi nr< cilT)ilci ty of the fi ber. Though 

the eff0cts cc'u1r: not be s"tisfactorily explain8'l, 

i.t has been sucrqestec1 to be ei the.r physic0cherrIj.cal 

or com n esiticna1 (20). In many cases the nreAencc of 

one or more competinq cations in the -equilicratln0 

mtneral·-~-EJber system decY.'Gases the binoinq cilpncity 

of the fiber fer tt>e par ticular meta.1. This .,as 

attributed to the comv£tition bet",een the vB.rious 

miner"l cations for t.he active sites of the fiber. 

Mineral binding by dietary fiber is stronoly 

affE'cte.d hypH within a certain pH recyion (usually 

4.5 - 7.0). At low pH the bindin~ is ~lso low. As 

the pH increase from around 4 there is a arndual 

increase in binding. As t,he pH is raisod fur,ther 

to ar0uncl. neutrality, there is "dranfltic, rise 

in bindinfi. This experimental nhenomenon could not 

yet hE satisfactorily exnlainec1 And remain Ed to DE'­

th E' poi nt of departure amonrr th" scientis ts. 



26 

3 • EXPERHAENTI"L 

3 .1. Materi~ls and Methods 

3.1.1. Equipment 
--~-

NDF was prepared by the method of Gaerinq and 

Van Soost (73). UV-Visible absorbance was measured 

usinq the Pyo Unicarn Sf' 6-550 \lV/Vis spectrophotometer. 

(.:rn.-in samples wer (' ground tC' nass a 1- rom scr <?-E'n in 

a Gross Beat Grinder. Grain mineral contont measure-

emt and binding capaci ty stuci 68 '.rler r: (1enc usin0 

tho Perkin BrImer Model 2380 J\tomic Ahs0rption Spectro-' 

photometer with air/ncetylene flame. GraiT' samnle 

digestiGn "as done Hsin" the ~'echnicnn RD-40 heatinq 

unit. PU 9010 Diqital pH Meter "as used for pH moa-

surements. Dinlysis w~s done tlsing the spectra Per 

Dialysis Membrane (Specta!por 7, HNCO lOOO). 

3.1.2. ~laterials 

Glassware was washed with hot 50% (v/v) solution 

of concentrated hydrochloric acid. Glass distilled and 

double deionized water (rld(w) was used except in NDF 

prer.aration, where simple gl<'\ss di stillec1 ",a ter was 

usen. 

N.i;jutral Detergent solution (NDS) 

of NDS t-ra s: 

Tho compo si tion 

a. Distl.lled "" ter 

b. So<'.ium 4mryl sulfate (NF/FCC, Fisher) 

c. EDTA - acid (Cert. A.C.B., Fisher) 

d. Soc1iUlll hydroxide{Baker, Ann!. Rea,}. ,Baker) 

e. focium berate d<x:a!-,ydratdGPR,BDH) 

20 1 

600 'T 

330 'T 

90.20 q 

136.20 <1 

f. Disad1um hydr.o~enpros};'mtE{Crr.t.A.C. S. !Fisher) 91.20 lJ 

c:. 2-Ethoxy ethanol (,..,urifi dl, Fisher) 200 ml 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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The solu tio r; was nr E'PC'.r ro r.y dissolvi nq th E 

wcightd quanti tiE's of EDTA, sodium hydroxide' apc' 

hor2X and t.he ;:.hcspl-·otc in sen<1ra t.o reaJrE":t's contc"lin-

ing about 400 ml of distill ed water over heaL Sodium 

luaryl sulfate and e thoxy ethnnol wer E dissolved 

scnarat~·y in 400 ml of distilled water and the solu­

tion" wex: e mixed \'lith the r (maining volume of (118-

stilled water and kept over night before use. 

Solution: The solution was (lrepared Saturated Amylnse 

by dissolving 2.5 rr 
phosphate buffer of 

01. -amylase 

pH 7.0 

Dared hy mixing 60.8 ml of 

(Siama) in 100 ml of 

Pi sher) 

Fis hGrJ] 

39.2 ml of 0.3 

(Phosnhate buffer was pra-

0.1 ~ NB2HP04 (cert. ~.CS, 

~ ¥H 2P0
4 

(cert. A.C.S., 

a.nd filterting throuah a whatman No. 

ashless p~per after 20 min dissolution time· 

HCl/n-Butanol, (9t vjvL: The solution was nrepared hy 

mixing 5 ml of concentrated hydrochloric acid (Reag. 

b.C. S., Fisher) and 9:; l'll cf n-but.anol (AR. BDH). 

lItamic Absarp tian ~epectr0nhDt"me wr St an da'rd's : ThrAe 

stand2re soluti(~ns were pre~'Hlred for each cation by 

diluting the resl'ectivB 117>.[; stock solutIons (sD8ctro­

sol, BDH) containinfj Fe (III), Zn (II), Cu III), CallI), 

and Mfj (II) in the form of ni trE' tcs. The cone entra tions 

of the standard solutions are given ir Table.l 

Table 1. 

Sta ndard Fe 

Sl 5 

8 2 15 

S3 3a 

l'tomic l'.rsorp ticn ftandard 

Solutions, Concentration (PP~ 

Zn Cu Ca Hfj 

1 1 5 'i 

3 3 15 15 

(; 6 3() 30 

I 

I 

~ 
I 
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Test Cations stock Solutions: nIL salts WGre of ana-
lytical Reagent (BDH) Rnd HC1 Was of Reaqent A.C.S. 

(Fisher) grades. 

R. Fe(lI), 62S )"Dffi: 2.1403 q 

(NH
4

) 2 Fe (8° 4 ) 2 6H?() in 500 ml of ddcho, contninincr 

10 m1 of concentrated HCl. 

b. Zn(II) , 625 ppm: 2.7-192 q?on S0-1.7B2o in 11 
addw eontaininr 10 ml of concentrated HCI. 

c. Cu(II). 2500 "pm: 2.4575 q CUS0 4 .5"20 in 

250 m1 of dddw containino 10 ml of concen­

. tra ted HCl. 

c. Ca(lI) , lOOn porn' 0.9186 " CaC1
2 

• 2B 2 0 ~n 

25n ml of ddaw water. 
<'> • 

e. Mg(II), loon npm', 2.5f,74 q H<]SO,J' 7H 2 ' ~n 
250 ml of dddw water. 

Glucose Saline Solution (nss): The solution was com­

pose~ of the following substance in 2 l~ddw: 

a. 
h. 

leCl (r,p, BOH) 

NaCl (M1, BOH) 

0.6 q 

IS.a q 

c. 01qlucose mODphydrate 

(Monk's Lab. Chern .• Monk) 10.0 q 

Buffer Solutions: 

a. H P 7 standard: prepared by dissolving the 

oiven quantity of pH 7 scatch~tg (GPF, BDB) in 200 

rol distilled water. 

h. pH 4 standard: prepared 

given quantity of pH4 scatchets 

ml distilled water. 

by dissolvina the 

(GPP, BDH) is lO() 

I 
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c. ~'ri", thanol ami nc (TEll) /HCl buffers: 

, B 
a serios of buffer solutions of P 2.5, 3. (" , 3 • 5 , 

4.0, t,.5" 5.5, 6.0, and f. ~ ,H'rc prepnrec1 by mixing 

equal volumes of 0.1 M TEA (IIR, BDH) ano BCl 

(Reng. A.C.S., Fj,sher) and making to~hc required 

value using the pH meter and 0.01 M TEll or HCl. 

Working Cation Solutions (i): required concentrations 

and volumes of solutions were prepared from the test 

cation st0ck solutions in OS S. In the Cnse of iron, 

2 rol per litre of l~ (w/v) ascorbic acid (cert. 'fl. 

C. S'} fisher) ''''s added to keep iron in the ferrous 

s ta t e. 

Workin<1 Catton Solut,ions (iil , required concnetra-

tions Bllrl volumes of solutions were prepared from the 

test cation Bolutions in TEA/BCl buffer of pH 6.5. 

Gr~in"'yamples=., The Hamples "ere prepored by grin<!ling 

the grain to pa,ss a l-mm sieve. 

NDF.: NDF samples were pret?arcd accordinq to the Amylase 

proc eoure of Rober tsen ano Van Soes t (74). Grou net sample 

(1 a) was refluxed in a 600 rn1 beaker wl.th 100 ml of 

NDS for 40 min, 2 ml of the amylC!se soluticD .... 'as added 

and refluxing was con tinned for anothe.r 20 minuteR. 

1\dd1 tional 2 ml of the amylase solution "as added and 

the solution "as f iltE're a through a Gooch cruicible. 

The residue was wash,,<' twice "ith hot c1i5tilled water 

and twice "i th acetone. ThE, washed fiber sample "as 

dried overnight at roor!) temperature. 

3.2. Analytical Pr~~d~_ 

3.2.1. Determination of Relative Procyanidin 

Can t,e n t, 

."1 though the e]e termlna tien of procyanidins 1'y 

the modified n,-butanol/HCl methoci. (49) does not aive 

qunnti t.at.ive r.esults (confer section 2.1 Q ,~), me can 

aet sufficient infcrmation about the relative pro-
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cyanidin content in sOlCghurl "rain ~I[1F. The Drocei'ure 

used in nur experiment- is flS f0110ws~ about 10 mq 

NDF samples \'18rp. \'1E:10hed into e 20 rnl test-tube and 

tr"ated with 10 m1 of the 5% J/Gl/n - hutanol reiloent 

at 9Soc for 1 hr, with Rtirrin~ at 5 min intervals 

on "- "vin mix. Testtubos "er" covoreo >lith glass 

l't?ads to avoid a-tr.osoheric oxyqen, anq loss due to 

evaporation. Thef'or the mix was removed, air ceoled, 

nnd aDsar.bnnce \'~as meo.surc.d llt 550 flm at ter is minu tes 

agilinst. a reagent. bla.nk. Lnp-lyses were done In dupli­

co. te and results are expressed in A550/g NDF (Table 2) 

3 . 2. ?. Det.erminaticn of Endogenous LEVel.s of 

!:lin'era1~.:',~n,Cu.Ca, and I'g). 

Niner"l can tent. of both the whole "rain and NDF 

,"ere de terminec1 by the procedur" cf AOAC (75) wit.h 

minor modifications. ~bout. 50c rng of t.he sample was 

weiaher] into 75 ml c.1iaesticn tuhes and t.reatcc. ~Tith 
.' I -' 

<1 rnl H2S0t) and 2 ml B 202 ane' digested at. 270°c f()r 

30 mi n , followc". by crrp,.i so addi.tion of 1'2°2' The 

nc1dition of H2 0 2 W'lS contlnuec'! a t intervals until 

complete oxidation of the orgenic rna tter was indicated 

by disa)')p e",rnnc e of the c1arl< color of the solution. 

The tube \-1as then removed, coole(1 t.O room temperature 

and made to volume with distil.led and double deionized 

water. The tube w~s ra.pped "lith parafilm and was 

kep t. over night. Fe. zn, B.nd Cu content of the solu­

ti.o n "er e dir ectly de term! ned by liAS .while Ca, and 

Mg "ere cletermined after diluting the solution (1:20) 

with 1. LaC1 3 solution. Results are expressed in mg 

element./g grain or NDF (Tables 3 & 4) . 



3.2.3. De toxmi na tio_,,-o!,-!,r.illyticoLJ:~.an<]~~_9.f 

Concentrstions 

The rilnge of conee ntri'ltions wJ. t.hin .. hieh Beer­

Lambert law was obeyed ware assessed in the given 

solve nt ann buffE'.r :3Ys terns. r." series of solutions 

ware prepared by dilutinn s.itable aliauots (2-15 ml) 

of the sti".nd"yd ""lutions ccnt.aining 12.5 ppm 1'e(11) , 

1i.25 ppm Z ,,(XI), and 25 )'pm Cu(II), respectively, 

,<1 t.h TEA/HCl (pH 6. 5) in 25 1'11 volume teic flas ks. The 

solutions were al1o,\llu1 to stand fcr 2 hours una the 

concentrations 'f"oJE-re measured at the respective wave-

lengths using AAS. Results are ~iven in Pi<].8. 

3.2.4. M~~<:.~ind~_!,c; by Insoluble l'rocyani(li_~ 

(NDF) . 

Mineral bound by NDF were measured as described 

by Lee Rnd Garcia-Lop-Z(21) with slight modifications. 

Th" NDP samples were "eighed into 50 ml centrifuc<e 

tubes and washed twIce ,dt.h 10 rol GSS for 20 min. 

After washintj, t.p.e samples '~ler8 centrifuaed at 3000 

rpm for 10 min and the supernatant discar.ed. Aliquots 

(10 roll of the Cil tion solution (1) were addeo t.o the 

fIber resioues. The mixtures "ere aqitate(l fer 20 min 

using B spin mix, then the pH ""'5 adjusteel using TEl'./ 

Hel huffer. Mixi n'1 was continued for 40 roi n and the 

t.ubes were centrifugerJ 110,,1n for 10 m! n. Aliquo ts of 

the supernantant wexc pla.ced in 20 ml dilnt10n tubes 

fr:-·r det.E.'rmination of Iainernl concentrations P7 AAS. 

In tho case of Ca & Mg, the supernntnnt wns diluted 

(1: 20) with 1% La.C13 soJ.ution. Differences in mineral 

cor:centration hC'tweED the un0.xposec1 control and that 

expose" to fiber (corrected fer diluticn for ~a & Mo) 

equaled mineral boune by the fiber. 
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ThE' ,effec t:: ,:)f: pH, cation concentra.tiC'n, amount 

of fiber, fiber particlE: size, <:nc1 competing mi·nerals 

were studied by varyinq the experimental parameters, 

pH _ 2.5 to 6.5, cation concentration - 0.50 to 30.00 

ppm, amount of fiber - 1,.5 to 100,0 mo, fiber particle 

size - 150 to 1000 ~m. During the study of the effect 

of one parameter, all other parameters were kept con-

s tn nt. 

The effects of phytates was also studied by t.reat­

i ng th e sample wi th 1.1'1; lICl for 5 hours and compar ing 

the mineral bindinq after removing phytates to that of 

the con trol. Th e co ntrol contai ned t.he same fi b er 

material except that itwas not exposed to the HCl 

solution. It was washed for the same length of time 

wi th distilled & deionized water. Binding by the grain 

NDF was measured o.f ter det.ermining oj) timal experi-· 

mental conditions. 

1.2.5. !:!,!;.neral Binding by Soluble Prc>cvanidins 

3.2.5.1. Extr~ction and Recovery of Soluble 

procyanidins. 

Isolation of procyanidins was done as described 

by Reed et al (76).300.0 mg of NDF was extracted with 

70'1; aqueous acetone (v/v) (5 X,3 ml), filtered through 

a Gooch cruicible into a 50 ml centrifuge tube. 2.0 

ml of 0.1 M Yb (C,H302)3" 411 20 (a } an" 15 ml of q 
0.1 M TE1\ in 70'1; ace",toro were added to the filterate 

and keptin cold room maintained at 4 0 over night .• 

The Yb-phenolate precipitate was separated after 

centirifugi*g at 3000 rpm for 10 min and washEd 

twice with aqueous acetone and twice with d".dw. 

The supernatant solutions after centrifugi no at. 

each stage were discarded. 
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The washeel residue ,;a9 tr eettec'. with 2.0 m1 of 

0.15 I·' C2 0 2 H2 .2H 20 (et'1) and 2.0 ml huffer (pH 6.50) 

The "9henolic (procy"nidin) solution ,las filtered into 

et 5 ml volumetr.ic flask tbrouqh a Gooch crucible and 

made to volume ,;ith "dditional bufrer. 

3.2.5.~._Dia1~ and Binding Stuilies 

1\ 10 cm segment of the dialysis tuhe was cr..refu-

11y cut with stainless steel scissors ann washed with 

300 ml ddd" 5 times. The bottom of the? tube was closed 

with ahout 1. cm ovorhanaing ane'. th e procyanidin solu­

tion (5 ml) ,;as transferred to the tubes. The tOn of 

t.he tube was also closed and soaked with about 300 ml 

ddd'.'.' for 1 hr. Soal~in0 was repeate(l tW0 more times 

with dddw and two times "ith the snme volume of 

buffc,,' (pH 6.50). 'floe tube wit.h Its CCI'tents was 

placed in 300 ml of 5.0 rpm Fe(II) solutinn prepared 

in buffer nf pH 6.50, for 2~ hrs. Bindin~ capacity 

was calculated frOID the Cifference between the con-

cent.ration of the hlank and that: of t.he SUD<'rnatant 

as determined usinq nAS. The same prccedure was rc­

~eated for the other elements us inn the same volumes 

of solutions and the following concentrAtions: Zn-

3.o~ Cu-17.5~ Cn-lno.n~ and Mq-loo.o npm. 

3.2.5.3. Solubility Behavior of the Fe(II) - Pro­

cyanidin Complex 

The Fe(II) - proeyani~in complex which adhered 

to the wall ef the dinlysis tube was examinee' f0r its 

solubi1i ty in the follo,dnn solvents: wa ter, di 1. 

HCl (0.1 M), "/0% aqueeus acetone, pure acetone, 

and carbon te trachloride. I n each case 10 ml of 

1;'\e solvent ''las used. 
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4. RES(nTS AND DISCUSSIONS 

4.1. Rela_tive proc~.:'lnidin Content and Classification 

in to Bird--Resis tanto and Nen-Bird l1esistant 

ClaRses 

'l'he results of the n-but.,nol/HCl me thad enabled 

classification of the 21 lines of sorcrhum used in the 

presen t investigation int0 Birc1--Resistance and Non-Bird 

-Resistance classes. 

Absorbance (1\550) ran qed fr0m 2 to 43~ per 0 NDF. 

Table .2ghnwa two distinct classes: one with low AS50 

values (Sample Ne, 1-5) and another with higher values 

(sample No. 6-21). From Beer-Lambert law, it is known 

t_hat absorbance is dire.ctly proportional to concentra-­

tion. Thus, it can be concluded that thoBe lines of 

sorghum which <Jove rise to low 1\550 values are also 

low in procyanidin content, nnd the vice-versa. High 

procyanidin (t.-,nnin) conUont is ass()ciat.e.d with hird 

resistance (8-12). Ther.",fore, samples No. 1-:. with 

ASSO values betwQG~ 2 a,nd 9/? NnF are j.denti.fied as 

Non-Bird-Resistant va.riottes ant' t.he rest (No. 6-21) 

with A550 between 177 and 43,1/" NDF are .ic1entifieo 

as Bird-Resistant varieties. 

4.2. yndogenous Leve 1. s of Fe, Zn, Cll, Ca_ and Mg. 

The two classes of sorghum grain have very 

similar mineral compositions, based on their res­

pective mean valulls. However, species differences 

are large as indicated by the large value of the 

standnrd ~iatlon (Table Y). 
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Tnb1e ~. Relative ~rocyanidin Content (expressed 

in A550/~ NDF) as Measured in 'orghum 

Grain NOFs. I 

NO. Identlfication 

1 Gamhe11a 

2 Tegemeo 

3 Melkamasha 79 

Ij Euraihi 

5 N-13 

6 EM 10 

7 8VR B 

8 Susa 

9 EM 27 

10 3K X 72/1 

11 8VR 157 

12 E-1291 

13 r.kinyaruka 

14 5 DX-160 

IS Serena 

16 5 DX 135/13/1/3/1 

17 Dobbs 

18 Is 8686 

19 E 525HT 

20 s'eredo 

21 MW 5020 

Mean, NER 

Mean, DR 

'~--'---"~--.----'------, ---_. 

2+1 

2+1 

5+0 

6+1 

9+1 

117+10 

187+14 

198+12 

203+2 

217+4 

223+12 

225+(' 

228+3 

236+6 

26;+20 

295+4 

304+1 

314+18 

352+10 

425+18 

434+16 

5+3 

267+78 

---
I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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Table S. Endogenous Le~s of Minerals in Whole~~~~ ____ _ 

No. 

1 

2 

Identification 

I Gambel.l.a 

I 
Tegenec 

3 Mclkaomasha 79 

(Ifg mineralig grain) 

Fe Zn 

t;7 .lH.5 13.7+0.1 

37.0+3.1 19.0+0.9 

43,5+2.5 1.5.9+0:.3 

19.4+.0.1 1 I Baraihi I 36.8:!:,0.6 

__ ~ __ ~ _~= :: ___________ ---i -_:2_._2~: ~l __ ~_:_,.:=~:._2 __ _ 
6 I 3M 10 I .H.9:!:,1.2 I, 15.5+".8 

7 I S'JR 8 19.8+3.0 19.1~.§ 

8 

9 

1.0 

11 

12 

13 

1< 

15 

$usC!. 

D~ 27 

3K X 72/1 

e VB 157 

E-1291 

Ikin.yoruka 

5 DX-160 

Serena 

37.6+2.5 

47.5+2.5 

36.1+2.2 

56~3+2 w,1 

t12 .C~+O. 6 

1<".7+0.8 

J5.S+o.7 

12.'1+( .. 5 

22.7+r:-.7 

13.3+0.2 

26.7+0.2 I 13.2+0.6 

59.2+1.8 i 19.1+().3 

37.0+2.1 I 1J .6+0.7 

Cu 

3.2+0.1 

10.0+0.2 

Ca 

11099. 2:::.s0' " 
1710.1+44.4 

3.1+0.5 I 47£02+1.4 

Mg 

762.8+7.'1 

755.4+9.3 

795 .. 9+1 .. 1 

760.2+6.1 10.0:!:,0.2 11c66.2:!:,3.4 

3.Hill.7 ,1332.3+17.3 I 854.7+1.1 

-----~---r-----~------------~-------
10.1+0.2 I 1332.1+39.9 I 871. 5+11.1 - I -
10.9+1.0 ! 1832.3:!:,4.9 
1 ~ .. I 

O. ,+0.-1 1359.1+6.4 

10.1+0.1 11588.3+40.1 

8.6+0.2 1574.2+24.6 
11.5+0.2 

1982.1+39.9 
10.0+0.2 

1506.3+60.1 
10.1+0.4 

1471.1+76.2 
9.6+0.4 

2lSM. 3+16.7 
8.8+0.2 

1596.2+1. 9 

873.2+13.6 

845.8+11.0 

817.6+9.5 

789~8+[.? 

923.1+8.7 

760.7+8.9 

799.3+4.5 

849.6+9.3 

708.3+4.2 
16 SDX1.34/13/1/3/1 15.6+2,8 I 8.0::::,.0 9.1:::'0.311180.0+63.5 5'2 - , 

_ _ <..I: .:'+O .. li 

17 ,DObbS 55.2+2.6 I :;'.,..6+0.7 9.8+0.9 I 1970.0:!:,25.3 729.6:-2.0 

18 Is 8686 31.2+1.6 16.2+0.2 9.8+0.6 121\6.1+15.8 720.8+5.1 

19 E525 HT 50.9+3.0 i 18.7+0.1 10.3:-0.1 1644.4+50.1 853.7+0.1 
. - i -I 20 Seredo . 43.22:0. 2 I ) ".4:!:,0.9 ~0.5:!:,0.6 lEo' .2~_5.0 803.0:;-.0 

, _~~ __ ' __ t::~_~'? ~~ ___________ L_~3..·]-~:?:'_..l __ l:=.:~:2 :.3 ______ ~;. ~O.:~Jl:.l~~;. 2+5.?.: Z ___ __ ~55.: ~~:..o ____ -" 
: : 

t 
BR, Mean 40.2+10.9 15.6+3 A 905+1. 8 1565.2+28.6 779.8 ... 91. 5 , 

NBR, Mean 40.5~9.8 1€.3+2.o 5.5+3.2 1137.2+4C'.2 769.8~3'L6 \ ., ,, __ . __ .J 
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1 

2 

Tabl~ 4. Endo~enous Levels of Minerals in NDF of Sorghum Grain 

(~ q rnineral/q NDF) 

--- • 
Ide ,ntification Fe Zn Cu Ca !'g 

Ga-1be 22.0+0.8 0.00 0.00 0.21 0.08 

Helkarr ta 79 24.0+1.2 0.10 0.00 0.06 0.05 

N-1J 16.5+1.6 0.00 0.00 o~oo 0.06 --------- ----------- ---------- ----------- ------------ ----------------r-:-
5 

26.5+1.3 0 0 00 0.02 0.02 0.10 

38.5+1.0 0.06 0.05 0.10 

I I SUSil 

,,'\iPJ ".7 

6 

7 

r.~ean 

• 

Ikinyaruk 

ES2SHT 

BR 

NB~ 

c 34.5+1-1 

24.0+0.5 

30.9+5.9 

20.8+3.2 

0 .. 00 

0.10 

ooc2 

0.03+0.04 

e.03+0.04 

0.00 

0.00 

I 

0.0'2+0.02 

0.00+0.00 

0.07 

0_07 

- . 

o .. c4+o.o1 
o .. o2+c~o2 

0.07 

0 .. 05 

0.08+0.20 

0.06+0.00 

, 

I 

i 
I 



The order of abundance is Ca> I~q::S Fe>:c r,>Cu. 

Comparison of. th(~ mineral cnntents to the recommended 

daily ~llowances shows that eatin'1 about half a kilo­

'Tram of sorqhuID -based diet will satisfy the needs 

for all t.he minernl except for Zn in which case about 

Bno 9 groin is needed (Table 5) by an averaae man. 

Table ,5. Daily Pieatry ~llowancos for Minerals 

for .n Averaqe Man (70 kq Body Weiqht) 

as Compared to Their r,vailability in 

Sorghum Grain. 

---------

Doily Mineral content 'lrain sorqhum 
Element allowance of sor'lhtllll qrain tu be eaten/di\y 

(mg) (mq/c;) ('1) 

Fe 13" 0.0~O 325 

Zn 130 0.c15 812 

Cu tla 0.010 400 

I'g 30010 n,780 385 

Ca 800
c 1.563 513 

. 61.' Ref. 51 b. Ref.~; c. Ref. 56. 

Both DR and NDR grains retained part of their 

Fe after treating with NDS. Larger amount of Fe was 

retained by the NDF from BR compared to the NDF 

from NDR, sugqestinq the possible association of 

Fe with sorghum groin procyanidins. 
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".3. 

The ra nge of concentrations wi t.hi n whIch the 

Beer--I.amhelCt law is oheye.d deoe ncs, among several 

factors, en the compost tIon of the solvent. I n this 

investigation, GSS was used as the solvent system 

with TEA/HCI as the buffer. Though both solutions 

'-Iere prepared in '-later, the nresence of other com-­

ponent.s such as TEA and glucose may interfere with 

the absorbance of the cations to be dE'termined. At 

higher concentrations the cations form insoluble 

hydroxides leading to deviation from the Beers law. 

These problems necessitated determination of the 

analytical ran,!e of concentrations to be used. 

Fifjure 8 shows the plot of concentratIons 

(ahnorhance) as read on the AAS versus the volumes 

of the catien stock solutions. Based on the linear 

range of thocurves, the maximum concentraticns for 

tbe cations were found to be Fe, 1?5 ppm; Zn, 4 

pnm; and Cu~ 15 ppm (after correcting for the fac~or 

of dilutic n with the buffer s'oluti.cn). 

4.4. lHneral Bindi nfj by Sorfjhum ('rain NDF. 

Th'" selection of the pH lCanse for the i nvestiga­

tion was governed by (1) the stability of the 

cationa in the solvent system and (2) the relevance 

to physiological pH ranges. Salts of transition 

metal cations such as Fe, Zn, nn~ cu undergo hydro­

lysis to form sparingly soluble hydroxides under 

alkaline conditions and cause difficulties in 

spectlCophot.ometr!c determinations of the cations. 

This limitted th" upper pH range to 6.5. It has 

been noted that. most of the mineral cations are 

absorbed from the stomnch and the small intestine 

whose pH varies wit.h the species of the animB.l and 

the composition of the diet eaten. A pH of 2 in 
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the Dylor ic regio n of ·the humrln st.omach has bee n 

reported (71) and samrles aspirated from sites rano-

ing from the proximal to the distal ends of the human 

ceoC.enum have shown a pH range from 3.8 to 7.8 (72). 

Therefore, choice of B pH range from 2.5 to 6.5 will 

give meaningful results that can be correlated to 

the physiological availability of the minerals. 

The level of minerals in the digestive tract 

affects mineral availability for absorption. The 

mineral assimilated in the body organs are in dynamic 

equilibria with that in the digestive tract (54). 

Change in oithor direction is controlled by hOmestatic 

mechnisms. Dietary fiber interferes with .ineral bala­

nce by bincing the minerals which are lost i.n the 

feces (59). The amount bound by the dietary fiber 

and he nce removed t"hrouqh fe ClOS depe nds 0 n the con­

centration of the cation, the amount of fiber ingested 

and the fiber particle size (21). The influence of 

these factors depend on the composition of the dietary 

fiber (21). 

As the two types of 'rrain samples (~'DH & BE) 

are similar in their chemical composition except 

in their procyanic1in content", the NBR samples were 

used as controls in reporting cation hindina by pro­

cyanidins, i.e. the difference in hindin0 between 

the BE & NDR is arproximated to the binding by pro­

cyanidins. 

1.4.1. Effects of pH on Mineral Binding 

by Sorghum Grain NDF 

The results and Dossible 'eff,,,cts of varyin" the 

pH of the medium are summarized in Table 6. 
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Table 6 . Effect of pH on Mineral Binding by NDF 

( F i". :9 p,.l 0) . 

pH range Observation 

2.5-3." (1) No 3ignificant. 

3. 5-A .5 

~.5-6.0 

6.0-6.5 

Binding 

(2) Leaching of 

Minerals 

(1) A slight rise in 

hi nding (~xc Ept 

CU, and Zn-BR) 

(2) No aprar ent 

~ifference betrween 

BR and NOR 

(1.) A sharp rise in 

bind.inrr 

(except Cal 

(2) Large difference 

between ;~~ and NBR 

bound minerals 

Denendance on pH is 

lower for the BR 

sorghum NDF 

Conclusion 

Neither procyanidins nor 

grain NDF could interfere 

wi th mi neral absorption 

from the stomach. 

ProcYGnidins may inter­

fere 14i th mineral 

nhsorp tlon from the 

duocenum. 

Both sorrrhum grain NDP 

and procyanidins can 

interfere with mineral 

absorption from the 

small intestine. 

(1) Procyanidins are not 

the sole components 

~overning the pH 

ilependance behavior 

(2) Procyanidins ar~ 

saturated with 
cations. 

(3) Procyanidins mask 

other binding sites 

on NDP. 
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The pKa . ~ ., . t d b d 9 5 H ' of prc('.yanht~nS J.n estlmrt e to _e aroun .... ence, 

in moderately basic and net.ural media, the existence of the 

phenolate ion is GXpcctp.o. As a result., an r:mhancec1 metal ion 

binding would result. In hicrhly basic solution, the production 

of phenolate t.o the ext,ent of l()(l% might bA achieved. Hence, 

increased complex formation is expected at hi0her pH values. 

UnfortunatelY,in hicrhly basic solutions, the metal ion exists 

in the hydroxy f"rm which is unreactive and complex formation 

l1ith the procyanidins is hamnered. In neutral solutions, the 

metal ion exists in several forms of the hydroxo-aquo species. 

The presence of a hydroxic1e adj acent to a l1ater molecule an'und 

a central metal ion 110uld labil!"e the water molecule and an 

attack of the metal ion by ilie phenolate groun of procyanidin 

would be enhanced. Once the monodentate Hqilnid has been formed, 

intra or intermolecular attack 110uld follOl< resultina in the 

formation of multidentate procyanidl.n - cation complAxes. In 

acidic media, the pro cyanidin molecule exists mostly in the 

undissociated form. Though the metal ion would be hicrhly reactive 

in acidic media owing to the formation of the aquo species, 

the nhenolate anion will not be ~vailable under acidic conditions 

and complex formation is not expected. 

~.4. 2. Effects of Varying Cation Concentrations 

on Mineral Bindina by Sorghum r.rain NDF. 

The effects of varying the concentrations of the 
cations on the bindinq capacities of'!-'itl ihum qrain NDF 

samples were investigated (Fia 11 and 12). In almost all 

the cases, the cation binding capacities of NDF samnles 

from both sorqhum varities, increase ,.tth increasina cation 

concentrations until the saturation noints "ere reached. 

The limit of saturation was aDnroached sooner by the 

NBP fiber samples, which miaht be 
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explained by their lower"' ~-'indinq capacities. At lower catio n 

concentrations, binding varies with the first power 

of the concentration of the cntion. Ca-binding by 

sorghum dietary fiber appeared to be indeper.dent 

of concentration. , 

The variation of cation binding by both sorghum 

qrain NDF and procyanidins is consistent with the 

law of mass action for Fe, Zn, and Cu. 

4.4.3. Effects of Varying the A~ount and Fiber 

Particle Size on Mineral Dinding. 

The effects of amount of fiber in equilibrium 

with the cations in solution were investigated. The 

total amount of cation bound increased with increas­

ing amount of fiber" whereas the amount bound per mg 

fiber decreased (Fig. 13· aJ1Ld 14:). 10'\ 

contrast to the observations obtained in studying 

the effects of cation concentration, the difference 

in binding between the two fibers (NDF from BR and 

NBR sorqhum) remained almost constant through out 

the range of fiber amount studied. 

The effects of fiber particle sizes on cation 

binding were also studied using different fractions 

of fiber sieved through a series of screens. It 

has been observed that with increasing fiber surface 

area (decreasing fiber particle size) cation bindinq 

decreased (Fig. 151). The results oJ:jtained in this 

investigation resemble those obtained by varying 

the amount of fiber and therefore, owe the same 

explanation. 

The fact that the difference between NDF 

samples from BR and NBR sorghum ~rain remained 

almost constant mrrespective of the amount of 

fiber or particle size shows that the interaction 

between procyanidins and mineral cations involves 
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other ty!)es l.nteractions (probably complex formation 

reactions) than simple a:~orption at the surface of 

the fiber. 

4.4.4. Effect of Competihg Minerals 

Fe-bino.ing by NDF wC'.s decreased by t_he presence 

of both Zn, find Cu~ \-1 i th Cu having stronqer effect: 

(Pig. 16). The effects (·f bot.h Zn and 

Cu increase with incre1Jsin0 concentr.ations. ~lhen the 

concentration of Zn was increased from 0 to 3.3 rpm, 

Fe-binding decreased by 29% in the 8P and by 341 in 

the NBR, NDF samples, whereas, increasinq the coo­

centrntions of Cu from 0 to 6.7 ppm caused a decrease 

in Fe-binding by 49% in the DR and 48% in the NBP 

samples. Further increase in concentration of either 

Zn or Cu had little affect. Similarly, bound Fe 

decreased by 25% in the presence of 4 ppm of Zn 

and by 53% in the presence of 8 ppm of Cu. 

Zn- binding by NDF was also decreased by the 

f . th F C ( ". " ,,) rresence 0 e1 er :e or u ~lZ.~.{ 

The effect of both Cu and Fe on Zn - bindina in­

crenses 'with concentra.tions. Variation in the con-

centration of Fe from 0 to 4 ppm caused a decrease 

in Zn - binding by 63% in Bn and 70% in the NBR 

fiber samples. The same change 1n concentration 

of Cu caused 41% in hoth the BD and NBR fiber 

samples. The amount of procyanidin b~und Zn was 

also decreased by the presence of Cu and Fe urto 

2.5 rpm Fe or Cu. Thereafter, the effect of both 

the ions was n0g1igible. 
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Cu-"binding by NDF was decreased in the presence 
of Fe (Fi5. 17).The effect of varying Fe concentration 

hc.cl Cl gr2.ter effect on NDF from BR sorghum compared 

to NDF froLl HBR sorghum.· An increase in Fe concentr­

ation froru 0 to 3.5 ppm resulted in a decreased 

bindinc of 18% by BR and 9% by NBR samples and 48% by 

procYillLidins. These results indicate that Cu has a 

stronger affinity for sorghum grain fibers compared to 

Fe. However, Fe appears to be equally or more competa* 

ti ve Vii th Cu in its affinity for procyanidins., (The 

concentro.tion of Cu was twice that of iron). 

eli-binding by NDF samples from NBR sources was 

enhGncecl by the pr.esence of Zn. It increased by 8% when 

the concentration of Zn increasad from 0 to 4 ppm. 

Increc,sing the concentration of Zn from 0 to 0.4 ppm 

decreased Cu binding by NDF from BR sources by 8% and 

Cu binding by pro cyanidin by 52%. Further increase in 

Zn conccmtr.'J.tion enhanced Cu-binding. When the' 

concerctrCltion of Zn increased from 0.4 ppm to 2.0 ppm, 

eu bin<ling increased by 7% in BR and 16% in procyani,.. 

dins. 'rhis is assumed to be due to the distortion of 

the fiber structure by Zn which may expose more procy­

aniclins and. other molecules of the fiber for Cu-binding. 

'l'ho distortion may have created passages that allow very 

s11al1 n.to!')s such as Cu to interact with NDF but not 

lCU7gc .:mouGh for Fe-atoms., 

'Che relative affinities of Fe, Zn, eu, Co. and Mg 

\<ns (>.otcrnined using a solution containing all of the 

catiolOs. Tho order of binding was: Ca) Fe) Mg> eu') Zn 

in DR sJ.Ilples and Co.) Mg') Fe) I!.n> Cu in NBR samples. 

Co. cUlcl He were not bound by procyanidins and cOr.lparison 

of tho rolc.tive affinities of the trace elements for 

Fe Cu Zn. The fact that procy,::nidins follow the order 

Cu \!'lS t~·e loast-bound by NDF froD NBR sources may be 

both.The J~e to the o.ntagoni2tic effect of Co. or Mg or 
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high value for Ca and Mn binding may be due to their 

high concentrations in the solutions used. More Fe 

was bound as comr,ared to eu, despite the presence 

of Cu over 3 times in excess of Fe. This may be 

due to the interference of ea and/or Mq which out­

weighs the enhancement due to Zn. The amount of cation 

bound by the BR and NBR grain respectively are, Fe-

0.11, 0.01; Zn - 0003,0.02; eu - 0.03, 0.01; Ca -

0.38, oJ7; Mq- 0.12, 012J-1g /mg NDF. The mean deviation 

was +0.1 in all cases. 

4.4.5. Min&ral Binding by Sorghum Grain NDr under 

Optimum Experimental Conditions 

Based on the results of the studies regardina 
the effects of exnerimental narameters on mineral 

bindine;, optimum conditions found are given in TClble 7. 

Table 7 . Optimum Conditions for Mineral 

Binding by Sorghum Grain NDF 

Element 

Fe 

Zn 

Cu 

Ca 

The 

based on 

6.50 

6.00 

5.50 

4.50 

Cation 
concentration 

(poml ..,...,..... 

12.50 

5.00 

25.00 

20.00 

Amount of Fiber 
particle 

NDF sizG (mm) (mg) 

40 0.5 

20 1.0 

25 1.0 

25 1.0 

selectivity of the optimum conditions was 

(1) the value of the binding/ (2) the rliffer-

ence between the BR and NBB samnIes, and (3) the 

saturation point. 
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Table ·8. Cation Binding Capacity for Sm:ghum Grain NDF 

Identification Fe Zn cu Ca I 
Gambella 0.62+0.01 0.42+0.02 1.58+0.04 0.14+0.02 - - - -
Teqemeo 0.(;6+0.01 0.38+0.0~, 1. 76+0.04 0.16+0.01 - - - -

Melkamasha 79 0.53+0.03 0.36+0.02 1.(;3+0.00 0.15+0.01 - - - -
Burraihi 0.70+0.02 0.31+0.01 1.61+0.02 0.05+0.01 -- -- - -
N - 13 0.76+0.02 0.43+0.04 1. 43+0.01 0.16+0.01 - - - -
BM 10 1.05+0.07 0.66+0.03 1. 92+0.03 0.08+0.01 - _. - -
SVlI. 8 1. 06+0.03 0.62+0.02 2.04+0.o l1 0.06+0.01 I - - - -

I 
Susa 1. 03+0.01 0.65+0.02 2.36+0.08 0.12+0.01 -- - - -
BM 27 1. 22+0.02 0.61+0.03 1. 89+0.05 0.04+0.01 - - -- -
3K x 72/1 1.17+0.02 0.5~+o.02 2.82+0.0<1 0.17+0.00 - - - -
8 VP. 157 1.01+0.06 0.64+0.01 2.06+0.04. 0.13+0.01 -- - - -
E - 1291 0.98+0.07 0.63+0.05 1. 97+0.03 0.07+0.01 - - - -
Ikinyaruka 1.03+0.011 0.65+0.02 2.36+0.03 0.12+0.01 - - - -
5 Ox - 160 1.00+0.06 0.63+0.03 2.26+0.09 0.12+0.01 - - - -
Serena 1.16+0.01 0.62+0.02 2.40+0.06 0.15+0.01 - - - -
5 Dx135/13/1/3 1.Ub".02 0.62+0.02 2.83+0.08 0.20+0.01 - - -
Dobbs 1.08+0.02 0.59+0.03 2.22+0.02 0.15+0.00 - - - -
Is 8686 1.18+0.01 0.64+0.01 2.69+0.04 0.18+0.02 - _. - -
E 525E:7 1.15+0.02 0.55+0.01 2.68+0.04 0.15+0.01 - - - -
MW 5020 1.12+0.01 0.68+0.01 2.10+0.04 0.18+0.02 _. _. - -

verage BR 1.09+0.07 0.fi1+0.05 2.28+0.31 0.13+0.04 - - -- -
NBR 0.65+0.08 0.38+0.04 1.60+0.11 0.13+0.04 _. - -

t 11.53 8.89 4.60 0.00 

t 0.0005 2.86 - - • 
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Mineral hind ina hy NDF from all ~f the lines of 

sornhum werE studied under tho optimum condition 

(Table 8 ). In all cases except for ea, minEr"l bind­

ing was higher for NDF from pn sorghum compared to 

those NDF from MBR sorqhum. 

If grown under the sam0. enviornmental conditions, 

the two classes of sorahum will have similar chemical 

compositions except for their procyanidin (polyphenol) 

contcnts. Based on this, the miner~l bindin'1 by 

procyanidins may be approximated to the difference 

between that of the BR and the NER samples. The cal­

culations have shown that mineral bindin'1 by pro­

cyanidins as expressed in H 9 cation per m'1 NDF are: 

F", 0.44+0.69 

Zn: 0.23+0.049 

Cu: 0.68+0.308 

calcium was not bound by BR sorohum procyanidins. 

The relative bindinq ca~'city of procyanidins for 

Fe(II), Zn(II) and Cu(II), and the imoossibility of 

the formation of procyanidin complexes of ea(II) and 

~q(II) cations can be explained in terms of the Hard­

Soft-l\cid-Bas" (HI\88) principle (70,). 

<1. 5 • Determination of Bindina Sites of Sorghum 

From the studies concerning the effects of 

experimental parameters, it has bean concluded that 

interactions of sor'1hum '1rain NDF or procyanidins 

involve complex formation raactions. Therefore, it 

is impossible to explain cation bindina hy sorahum 

qrain NDF in terms of adsorption isotherms. 
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However, ~catchard plots were drawn to indicate 

the number of binding sites for each metal ion based 

on the data obtained from the studies of the dependance 

of cation binding on the concentration of the cation. 
/ 

NDF samples from BR sorghum grain showed three 

binding sites for Cu, two for Fe and Zn, and one 

for Ca. Whereas the NDF of NOR sorghum grain showed 

two binding sites for Cu, one for Fe, Zn and Ca. 

Each cation had one more binding site in fiR sornhum 

compared to NBR except Ca. This additional binding 

site in BR sorghum muy be due to procyani&ins. Since 

Ca did not bind to sorghum Drocyanidin, there is no 

chunne in the binding sites in both OR and NBR samples. 

4.6. Mineral Binding by Soluble Procyanidins 

Both extracts from BR and NOR grain bound siqni­

ficant amounts of Fe, Zn, Ca, and Mg but not Cu. 

(Table 9 ). Though the extraction technique was not 

specific for procyanidins (other phonolic substances 

are also extracted along with the procyanidins), the 

difference in bindinq between the extracts from SR 

(which contains soluble pro cyanidin ) and NBR grain 

might be used to approDximate cation binding by 

soluble procyanidins. Oased on the difference, the 

average values for ~rocyanidin bound cations are: 

Fe - 0.71~ 0.078, Zn -0.12+0.034, and Cu-o.02+0.ooo 

~J/mg grain extrcct. 

Relatively higher amounts of Ca and Mg were bound 

by extracts from NOR as com?ared to those from DR 

grain. This is probably due to the inhibitory effects 

of procyanidins resulting from their association with 

Ca - and Mg - binding components in the extract. 
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I ~"BR ~elkamasha 79 

l':rL3R q Heall -----

I 
; 

Table 9'. Cation Bindir.g by Soluble procyanidins* 

(~g/ma grain extract) 

Fe bounc Zr bound eu 
I .. " ';)rocvanic.i tota.l i nro<::y.unidin tot" 1 

c.89+Q.o8 0.6"+c.08 ' I c.08+0.61 0.05+0.03 0.~1+0.011 - I - -. 
1.07+c.14 0.82+0.14 0.13+0001 1 o.ll+o.cl 0.03+c.02 

- I 

i:'-Q92+o,04 0.67+0.04 0.18:0.01; 0.16+0.01 0.03+0.c2 
- I - I 

0.96+0.08 c.71+0 .. 03 o.1~~o.;c31 0.1·Ho.c3 [.0.12+0.03 
I 
I 

I 
I 

0.24+0.10 --- o.c.l~o.cc\ --- 0.02+0.01 
I 

0,26+0.02 --- G .03!..0.c 2: --- 0.02+0.02 
I 

7,25::'0.01 I --- 0.02::.0.( 1: --- 0.02+0.00 
I 

I I 
I 

c~ Mcr 
procy - ~~~~y Inrocvanidi tota.l nidin total r: • in 

0.03+0.03 3.25+0.·n - 1.66+0.10 -- -
0.01+0.02 3.92+0.08 - 1.05+0.55 '-

0.01+0.02 3.25+0.58 - 1.15+0.~0 -

p.04::.0.1 0.02+0.1 - 1. 25+0. 75 -

--- 3.67+0.17 - 1. 55+0.00 -

--- 3.67+17 - 1. 42+0 .17 --
--- 3.67-'-0.00 - 1.48+0.91 -

I 

* C::.lc"'.3:tcd frc~l the difference beii;w,eeIlJl "Ito-tal cation b:iJrnding bevacGIT JR &ll::: rmE sorghuB 

eTC'.in. 
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4.7. Solubility Behavior of the Fe(II) - Procyanidin 

A blue colored product was formed when extracts 

from BR samples ware treated with solutions contain-

inC) Fe(II) cations. The complex associated strongly , 
with the wall of the dialysis tube and made separa­

tion difficult. Several solvents includin~ dilute 

HCl, aq~eous acetone, pure acetone, and carbon 

tetrachloride were tried to get it in solution. Dilute 

Hel succee<'\~d in dissolving it with a consequent 

disappearance of the blue color. 

\ 
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5. C nNe L U S I G N 

5.1. Techniques 

The separation and purification of procyanidins 

is very difficult hecause of their chemical nature. 

Due to this, quantitative deter~ination of their pro­

perties remained to be a challenginq problem. In 

these investigations we used samples from two grain 

classes (Bil and NBR). The grain samples have similar 

chemical compositions except that procyanidins are 

absent in the NBR samb1es. Therefore, it is logical 
" to use the NBR samples as controls to study caticn 

binding by procyanidins. We. utilized this approach 

in OUr investigations. The technique is simple, and 

enabled us to draw clear conclusions from the results. 

The prohlem of separation became more serious 

when dealing with soluble procyanidins. In the Yb(III) 

precipitation methods, hesides the organic extracts, 

inorg~nic cations and anions added at the various 

stages made separation more difficult. We alleviated 

this problem by nroposing a new procedure based on 

dialysis. Dialysis using a membrane of molecular 

weight cut off (MWCn) of 1000 enabled the removal 

of contaminating in~rganic species and low MW poly­

phenols from the extratts without loss of the pro­

cyanidins. This technique is simple, renroducible 

and is very useful in binding studies, particularly 

for those involving homogenous equilibria. However, 

separation of the procyanidin - cation complexes 

for further characterization is difficult. 
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5.2. Effect of Procynnidins on Mineral Availability 

From the bindin0 studies, it can be con~lueed 

that procyanidins may interfere with mineral meta­

bolism under certain physiolo0ical conditions. The 

effects hecome si0nificant at neutrality pH, hi0her 

cation concentrations, lower fiber-to-cation ratios, 

and smaller fiber particle sizes. The presence of 

one or more competin0 cations will increase mineral 

availability. An exception to this is that Cu avail­

ability decreases in the presence of high levels of 

Zn. 

5.3. The Nature of the Procyanidin - Cation 

Complex 

The fact that the pH of the cation solution 

decreased upon treatment with the fiber samples, and 

the increase in bindin0 by procyanidin with increasing 

pH, indicates the involvement of phenolates in the 

binding. The stro~0 association of the Fe(II) 

procyanidin complex to the wall of the oialysis tube 

Shows that either free OH groups must be present to 

form H-bonds with the molecules of the wall material 

or cationic com~lexes must have been formed. However, 

the later is less probable as it leads to a coordina­

tion number of one for the transition metal cations. 

Therefore, based on these arguments it is reasonable 

to propose the structure given in Fig. '" for the 

metal-procyanidin complex. However complete ~hara­

cterization of the stuucture of the complex reouires 

further investigation. 



Fia. 9 Proposed strncture for the cation 

[Fe (II, Zn(II), eu (IIl) - procyanidin complex. 
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