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General Introduction

Micronutrients

Nutrients that are generally present at relatively low concentrations in living
tissues and which are needed for optimum performance of a particular function in the
living system are designated as ‘ Micronutrients'. They include vitamins and minerals.
Micronutrients, although do not provide energy themselves unlike macronutrients
(carbohydrate, fat and protein), help in the liberation and utilization of energy from
the macronutrients. In addition, they have other specific vital functions in the body.
Vitamins are essential for the utilization of the macronutrients and aso in the
regulation of the body processes — metabolism and circulation, digestion and
absorption of nutrients and reproduction. Macrominerals such as calcium and
phosphorous are structural components of bones and skeleton; sodium and potassium
are elements present in cellular fluids; magnesium is an active constituent of many
enzyme systems. Among the microminerals, iron is an essential component of red
blood cells; zinc, molybdenum, copper and manganese activate a number of enzyme
systems essential for diverse body functions; iodine is a part of the hormone
thyroxine. Other trace elements either essential or beneficial to mammalian and avian
species include: arsenic, boron, chromium, cobalt, fluorine, nickel, selenium, silicon
and vanadium (Berdaneir, 1997)

Trace elements exist in two forms- as charged ions or bound to proteins (e.g.,
Metalloenzymes). Each trace mineral has a different chemical property and hence
each element is required for a particular function in the living system (Anderson,
2000). Among the micro minerals, iron has drawn the attention of many researchersin
view of the widespread deficiency of this mineral among the population of the world.
Zinc is gaining increased attention in recent years, because the deficiency of this
element is believed to be equally widespread, with consequences as severe as those of

iron deficiency.
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Iron
Distribution of iron in the body:

Iron in human body is present as two major pools- functional and storage iron.
Functional iron - in hemoglobin (60%), myoglobin (5%) and in various heme
(cytochromes and catalase) and non-heme (NADH hydrogenase, succinic
dehydrogenase, aconitase) enzymes (5 %); Storage iron - in ferritin (20%),

hemosiderin (10%) and transferrin (0.1%), the major iron transport protein in blood.

The total iron content of an adult man is about 3.6 g, while that of awoman is
24 g (Table-1). Women have lesser stores of iron than do men. Iron is highly
conserved in the body, 90% of it being recovered and reused every day, while only
10% of it is excreted, mainly in bile (Anderson, 2000).

Absorption:

The body has a unique mechanism for maintaining iron balance that prevents
iron deficiency and overload. The mechanism involves three steps namely, storage,
reutilization and regulation of iron absorption. Dietary iron is present in two forms -
as heme iron in animal foods and non-heme iron in plant foods and as non-heme

enzymes and ferritin (in some animal foods).

Non-heme iron from food is absorbed mainly in the duodenum by an active
process that transports iron from the gut lumen into the mucosal cell (Fig.1). When
the body requires iron, it passes directly through the mucosal cell into the blood
stream, where it is transported by transferrin, together with the iron released from old
blood cells. If iron is not required by the body for metabolic processes, the absorbed
iron is stored in the mucosal cell as ferritin and is excreted in feces when the mucosal
cell is exfoliated. Excess absorbed iron is also stored as ferritin or hemosiderin in
liver, spleen or bone marrow. The absorption of non-heme iron is strongly influenced
by dietary components which bind iron in the intestinal lumen rendering it unavailable
for absorption if the complex is insoluble; alternatively, facilitating iron absorption if

the complex is soluble.
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Men Women

mg % mg %
Functional
Hemoglobin 2300 64 1700 73
Myoglobin 320 9 180 8
Heme enzymes 80 2 60 3
Non-heme 100 3 80 3
enzymes
Storage
Ferritin 540 15 250 9
Hemosiderin 230 6 100 4
Transferrin 5 <1 4 <1
Total 2375 2314

Source: Anderson, 2000
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Heme iron is absorbed by a different mechanism. The heme iron is absorbed
intact into the mucosal cell as iron-porphyrin complex, where the enzyme heme
oxygenase releases iron from this complex (Fig.1). Its absorption is little influenced
by dietary components, whereas the iron status of the individual has a bigger
influence on the same (Hallberg, 1981). The absorption of heme iron into the
mucosal cells is independent of non-heme iron. Non-heme iron and heme iron then
seem to have a common pathway out of the mucosal cells into the plasma. This
difference in the absorption mechanism of the two kinds of iron may be the probable
reason why heme iron is much less influenced by the iron status of the subject
(Hallberg, 1981).

Although heme iron represents only 10-15% of the dietary iron in populations
with a high meat intake, it could contribute as much as 40% of the iron absorbed,
since its absorption is almost complete. The absorption of non-heme iron, on the other
hand, is only about 1 to 20%, depending on the relative proportion of inhibitors and
enhancers of iron absorption in the diet, thus necessitating a higher consumption of
iron by populations dependent on plant foods. Factors influencing the absorption of

heme and non-heme iron are summarized in Table-2.

Functions of iron:

Iron is required for a broad spectrum of metabolic functions. As a part of
hemoglobin, iron is required as transporter of oxygen for respiration and as a part of
myoglobin it is needed for oxygen storage in muscle. This element is required in red
blood cell function, myoglobin activity, and is a part of many heme and non-heme

enzymes.

Oxidative production of ATP within the mitochondria involves many iron-
containing enzymes. The cytochromes present in cell function in the respiratory chain,
participating in the transfer of electrons and storage of energy through alternate
oxidation and reduction (Anderson, 2000).

++ +++
Fe <——> Fe
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Blood

Brush border Basolateral
membrane(microvilli) membrane
or or
mucosal surface serosal surface

Fig. 1 Absorption of heme and non-heme iron by the intestinal mucosal cell.

Source: Anderson, 2000
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Table-2 Factorsinfluencing iron absorption

I ncreased absor ption Decr eased absor ption

(aHeme

Physiological factors

Low iron status High iron status

Degree of gastric secretions Increased intestinal
motility

Dietary factors

Low hemeiron intake High heme iron intake

Meat Calcium

(b) Non- hemeiron

Physiological factors

Depleted iron status Repleted iron states
Pregnancy Achlorohydria
Growth

Depleted iron stores
Disease states such as
Anemias

Dietary factors

Ascorbic acid Phytate
Animal foods Tannins
Organic acids Cacium
Lacto ferritin

Lactalbumin

Ferrous form of salts
(supplements)
Particle size of iron

Tannin

Source; Strain and Cashman, 2003
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Iron is used by the brain cells for normal functions (Beard et al, 1993). It is
involved in cognitive performance; several studies have reported poor scholastic
performance, sensory-motor competence, attention, learning and memory of anemic
children (Scrimshaw, 1994). Iron is involved in the function and synthesis of
neurotransmitters and also myelin. Two iron binding proteins, transferrin and
lactoferrin  protect against infection by making the element unavailable for
microorganisms. Iron is aso involved in immune function and reproductive

performance.

Dietary sources.

Beef, poultry, clams, oysters, fish, lamb, liver, and pork are good dietary
sources of heme iron. The dietary sources of non-heme iron include eggs, dried
legumes, green leafy vegetables and cereals. The RDA for iron as suggested by the
ICMR varies between 12-30 mg/day for different age groups, except in pregnancy
when it is 38 mg/day.

Deficiency:

Iron deficiency results in a host of abnormalities, the most severe condition
being iron-deficiency anaemia. Iron- deficiency anaemia is a mgor public hedlth
problem and is prevalent globally. It is estimated that nearly 66-80% of the world's
population is iron deficient, of which around 30% is anaemic (WHO, 2002). In South
East Asia the number affected by iron deficiency is highest, which includes 24.8
million pregnant women and 111.4 million children under the age of 5 years.

While mild to moderate deficiency of iron causes non-specific symptoms such
as fatigue, pallor, headache, dyspnea and palpitations, iron- deficiency anaemiaresults
in serious consequences such as subdued immuno - competence, reduced cognitive
performance, poor reproductive performance and lowered work capacity (Anderson,
2000).

Iron deficiency results from either low intake of dietary iron or due to its poor
absorbability from plant foods. Intestina parasites like hookworm, whipworm and

roundworm aso cause anaemia. Schistoma infection, malaria, thalassemia and
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chronic infections like tuberculosis and AIDS are some of the other causes of anemia
(Florentino, 2003).

Iron toxicity:

Overload of body tissues with iron is usually rare because of the very effective
regulation of iron absorption. However, overuse of iron supplements could pose a
possible risk of iron toxicity. The symptoms of such a situation include intestinal
damage with haemorrhagic episodes in the gastrointestinal tract, vomiting and some
times hepatic insufficiency. If the iron levels exceed 200-250 mg/kg body weight, it is
fatal. Abnormal accumulation of iron in hair and liver, excessive tissue ferritin levels,
oxidation of low-density lipoprotein cholesterol and cardiovascular complications are
some of the clinicd manifestations of iron overload. A condition called
hemosiderosis develops when ingestion of iron is excessive and abnormally
accumulated or from a genetic disorder, hemochromatosis. Frequent blood
transfusions may also lead to overload of iron (Berdaneir, 1997). In addition to these,
excess iron may result in generation of free radicals and thus increase the

carcinogenic molecules in the cells (Anderson, 2000).

Zinc

Zinc is one of the most important trace elements in the body. It isfound in all
body tissues and fluids in relatively high concentrations, with 85% of the whole body
zinc in muscle and bone, 11% in the skin and liver and the remaining in the other
tissues. The average amount of zinc in the adult body isabout 1.4 - 2.3 g (Calesnick &
Dinan, 1988). This minera is indispensable for the growth and development of not
only animals, but also microorganisms and plants. In multicellular organisms, zinc is
entirely intracellular, 40% being located in the nucleus, 50% in the cytoplasm,
organelles and specialized vesicles and the remaining in the cell membrane (Tapiero
& Tew, 2003).

Absorption:

The mechanism of zinc absorption is still unclear. In vitro studies have shown
that the ileum has the greatest capacity to absorb zinc (Emes & Arthur, 1975), while
in vivo studies with isolated intestinal loops have shown duodenum to be the preferred

site for zinc absorption. The absorption of zinc is thought to be facilitated by a low
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molecular weight zinc-binding ligand. (Evans et al, 1975). Zinc can be absorbed
against a concentration gradient. As shown in Fig.2, there is a flux of zinc from
mucosa at al times (Cousins, 1979). Cousins has suggested that thionein, a sulfur-rich
metal-binding protein plays a role in the regulation of the entry of dietary zinc from
the mucosal cell into the body. Zinc that is neither incorporated into the cell functions
nor trapped as metallothionein can be transferred to the serosal border and picked up
by the porta blood stream. Albumin is thought to be the normal carrier protein for
zinc in the portal stream (Smith & Cousins, 1980).

Zinc is absorbed more efficiently than iron. Unlike iron, the body excretes
substantial amounts of zinc via intestinal secretions as a part of its homeostatic
regulatory mechanism (Matseshe et al, 1980). The efficiency of zinc absorption is
greater during deficiency and lower under conditions of excess zinc (Fairweather-
Tait, 1988).

Functions:

Zinc is required for structural and functional integrity of more than 2000
transcription factors (Coleman, 1992) and 300 enzymes (Valee & Falchuk, 1993),
therefore, amost al signaling and metabolic pathways are in someway dependant on
at least one of the several zinc- requiring proteins. The functions of zinc can broadly
be grouped as shown in Fig. 3. Most biochemical roles of zinc reflect its involvement
in a large number of enzymes or as a stabilizer of the molecular structure of sub
cellular constituents and membranes. Zinc participates in the synthesis and
degradation of carbohydrates, lipids, proteins and nucleic acids. It has recently been
shown to play an essential role in the processes of genetic stability and gene
expression in many ways including the structure of chromatin, the replication of DNA
and transcription of RNA through the activity of transcription factors and RNA and
DNA polymerases, as well as playing a role in DNA repair and programmed cell
death (Falchuk, 1998; King & Keen, 1999; Berg & Shi, 1996). Its involvement in
such fundamental activities probably accounts for the essentiality of zinc in all forms
of life. Another important function of zinc is its participation in the antioxidant

defense system, being a cofactor of superoxide dismutase.

10



- Chapter]l

Intestinal Plasma
Albumin Zn

Zn

) =

Carrier-
mediated
ATP-
driven

1000C0000¢

Fig2 A mode for zinc absorption showing the relationship between
metallothionein and cysteinerich intestinal protein.

Source: Cousins, 1979
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Metabolic
Processes

Skin & Bone
M etabolism

Fig. 3 Multiple Functions of Zinc
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The requirement of zinc for growth and cell division is well established and
several studies have suggested that DNA synthesis and cell division are more
susceptible to deficiency of zinc than is protein synthesis (Chesters, 1989).

Zinc deficiency:

It is estimated that zinc deficiency affects one-third of the world’s population
and is the major factor contributing to 1.4 % of all the deaths worldwide (Table-3)
(WHO, 2002). Although acute deficiency in developed countries is rare, margina
deficiency is thought to be relatively common (Hambidge, 2000), especidly at early
stages of the life cycle (infancy and childhood) when zinc requirements are relatively
high. Marginal zinc deficiency and suboptimal zinc status have been recognized in
many population groups in both less developed & industrialized countries. Although
the assessment of zinc status is a complicated task, supplementation or fortification
with zinc has been associated with increased linear growth, reduction in diarrhoeal
disease, enhanced immune function and improved pregnancy outcome. Although the
cause of suboptimal zinc status in some cases may be inadequate dietary intake of

zinc, inhibitors of zinc absorption are likely the most common causative factors.

The essentiality of zinc was first documented in 1930s for growth and survival
of animals (Todd et al, 1934). In 1960s it was understood that deficiency of zinc
would lead to growth retardation, male hypogonadism, skin changes, and
susceptibility to infectious diseases in humans (Prasad et al, 1961). It was believed
that this nutrient deficiency was relatively rare and not until the 1990's was it
recognized that marginal zinc deficiency is common and most likely a major
nutritional problem worldwide. (WHO, 1996; Brown et al, 2002).  Low zinc status
has been correlated with a plethora of diseases (Table-4). Maor impacts of zinc
deficiency include reduced growth and suppression of immune function (Hambidge,
2000). Zinc deficiency during pregnancy affects the outcome of pregnancy. A high
prevalence of zinc deficiency (55.5 %) has been reported among pregnant women.
Severe zinc deficiency in animals has been associated with structural malformations
of the brain such as anencephaly, microcephaly and hydrocephaly, with reduced
activity, deficit in short term memory and spatial learning. In humans severe zinc
deficiency causes abnormal cerebral function and impairs behavioral and emotional
responses (Prasad, 1981). In children neuropsychological functioning activity or
motor development isimpaired (Black, 1998).

13
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Table-3 Global Prevalence of “estimated” Zinc deficiency

Eur | Am | Eur | Pac | Am Asia | Africa | Africa | Asia World

Zn
mg/d 32 |29 |21 |20 |15 |15 1.1 |10 1.0 08 |15

%SEI 80 |09 | 128|186 |458|21.4 |712 |680 |735 |954 |489
I

Source: WHO, (2002a)

14



Table-4 Manifestationsof zinc deficiency

Growth retardation

Delayed wound healing
Hypogonadism

Intercurrent infections

Altered immune response
Increased abortion risk
Complications during delivery
Neura tube defects of foetus
Impotence, infertility

Taste abnormalities
Emotional disorders

Amenorrhea

Mal absorption syndromes
Impaired glucose tolerance
Reduced appetite

Delayed sexua maturation

Abnormal dark adaptation
Weight loss
Oligospermia
Anorexia
Diarrohea
Alopecia
Mental lethargy
Skin changes
Hypogeusia
Hyposmia
Hyperammonaemia
Growth retardation
Inflammatory bowel disease
Rheumatoid arthritis
Night blindness
Dandruff

Virtually all-dermatological disorders

Connective tissue disease

Frequent and/or severe infections

Sleep and behaviora disturbance

Source: Salgueriaet al, 2000
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Dietary sources.

Organs and flesh of mammals, fowl, fish, and crustaceans are the richest
sources of zinc and provide a larger portion of absorbable zinc in the absence of any
phytate. Eggs and dairy products are the next better sources of zinc. Most cereals and
legumes have moderate levels of zinc, but their high phytate content reduces the
amount of zinc available for absorption. When these staples are fermented (as in
leavened breads and porridges prepared from fermented cereas). The fermenting
organisms produce phytase that breakdown phytates, thus increasing the amount of
absorbable zinc. Rice and starchy roots and tubers have lower zinc contents than
legumes and cereadls other than rice. For the most part, fruits and vegetables are not
rich sources of zinc, athough some green leafy vegetables have a fairly high zinc
density. The zinc content (mg/kg) of various foods is: red meat and cheese (30-50)
pulses/legumes (25-35) and whole grains (30-50) (Brown et al, 2001).

Recommended Dietary Allowance:

The WHO committee estimated the physiological zinc requirements of adults
as the sum of the amounts needed for tissue growth, maintenance, metabolism, and
replacement of endogenous losses (WHO, 1996). Estimates of the physiological
requirement for zinc are complicated by severa factors including the absence of
adequate epidemiological evidence on which to base an estimate and the difficulty in
establishing estimates using a factoria technique. This latter problem arises because
of the profound ability of humans to reduce their endogenous zinc losses and to
enhance absorptive capacity as the dietary zinc intake becomes limiting. Added to this
is the complication that the bioavailability of zinc from different diets ranges from
around 15 to 55% (WHO, 1996). Nevertheless, a series of requirement estimates for
zinc for adults have been set by WHO (WHO, 1996) which range from 5.6 to 18.7 mg
per day depending on the bioavailability of zinc in the diet. The Indian Council of
Medical Research has proposed estimated daily requirements of 5 mg for infants, 10

mg for children and 15 mg for adolescents and adults.
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Bioavailability of iron and zinc from foods:

Bioavailability is the portion of a nutrient in food, which is absorbed and
utilized. Utilization is the process of transport, cellular assimilation and conversion to
a biologically active form(s) (O’'Dell, 1984). ‘Bioavailability’ has been defined
differently as follows:

- Mineral bioavailability is the measure of the proportion of the total minera in a
food or diet that is digested, absorbed and metabolized by normal pathways.
(Fairweather- Tait, 1987).

- The efficiency with which consumed nutrients are absorbed from the aimentary
tract and are thus available for storage or use (Forbes & Erdman, 1983; Bender,
1989).

- The ‘degree to which an ingested nutrient in a particular source is absorbed in a
form that can be utilized in metabolism by the animal' (Ammerman et al, 1995)

- Bioavailahility refers to that proportion of the total amount of a mineral element
present in a nutrient medium that is potentially absorbable in a metabolically
active form. The term “potentially absorbable' is used because the actual amount
absorbed may be affected by numerous factors (Welch & House, 1984).

- Bioavailability represents the response of the test subject (human, animal, cellsin
culture, etc.) to the diet or food (Fairweather-Tait, 1987; Southgate, 1989).

- Recently, bioavailability has been redefined as meaning the fraction of an ingested
nutrient available for utilization in norma physiological functions and storage
(West & Eilander, 2001).

It is generally accepted that only soluble minerals can be absorbed. The
fraction of the total minera in the food or diet that is available for uptake by the
intestinal brush border cell membranes is known as bioaccessibility, and is the first
step in the absorption process (Salovaara et a, 2002), and therefore for the
bioavailability that includes also absorption, metabolization and utilization for normal
functions (Fairweather-Tait, 1992).

Quantitation of bioavailability:
Bioavailability of nutrients can be studied directly by employing humans or

animals (in vivo methods) or by simulating the in-vivo situations (in vitro methods).
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I'n vivo methods:
Metabolic balance technique:

In this approach, the amount of iron / zinc in the stools is subtracted from the
iron / zinc in the diet consumed over a fixed period of time and the apparent
absorption is calculated. The first attempts to measure the bioavailability of iron in
the whole diet were made with chemical balance method (Moore & Dubach, 1951),
but it has many drawbacks:

1. Thismethod is tedious, time consuming and expensive.

2. 1t does not consider the immediate origin of the nutrient in the feces, but gives
auseful overview of the nutrient balance.

3. It does not make correction for endogenous loss by way of the intestines. The
biliary, pancreatic and intestinal secretions to the fecal output cannot be
distinguished from that originating in the diet. With reference to Zinc, the
normal contribution of endogenous zinc to the fecal pool is large and variable
that true absorption of dietary zinc is difficult to determine (Solomons, 1982).

4. 1t can be used to study only whole meals but not individual meals or foods.

5. Small errorsin estimating intake or excretion that are not well absorbed lead to
large errors in calculating the balance figures.

6. Sufficient time should be alowed for the body to adapt to the new diet.

Rate of repletion:

This is another method to estimate bioavailability of nutrients. In this method,
the rate at which a depleted organism gets repleted by different sources of the element
under study is measured. The test materials are usually compared with a well-
absorbed reference salt and the results are expressed as the ratio between the two.
This method is useful to investigate the efficacy of different sources of an element in
treating trace element deficiency.

Iron bioavailability can be studied by a standardized hemoglobin repletion
method proposed by Fritz et al (1975). This method involves rendering the
experimental animals anemic by feeding them a diet deficient in iron, followed by
feeding the test foods containing iron. Haemoglobin concentration is measured during
the repletion period. The results obtained by this method are relative rather than
absolute, but, the draw back of this method is that it is impracticable in human
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subjects (Solomons, 1982), nor can the results obtained by the animal study be
extrapolated to the human situation.

Plasma Appearance/ Circulating zinc response:

In this method, the appearance of an element in plasma after its oral ingestion
is measured. The source should be highly concentrated and must be sufficient enough
to create an observable plasma tolerance curve, i.e. plasma appearance must exceed
disappearance over the period of absorption from the gut. The disadvantage of this

method is that it is not applicable to most food sources of trace elements.

Measurement of growth rate:
This can be employed when growing animals are used and the element under

study is the only limiting factor.

| sotope Techniques:
The metabolic fate of minerals in a specific days diet, a specific meal or a
food can be distinguished from the same minerals from other sources by using

isotopic tracers, either radio or stable isotopes. The isotopes of zinc are of atomic
mass 64, 65, 66, 67, 68, 69,70 and 71. Zinc™ is a radio isotope with a half life of 244

days, which can be used for experiments but it exposes the subject to long durations
of radiation.

Radio isotope techniques:

Radioactive isotopes have been used widely to study absorption and
metabolism of trace elements in man and animals. Radio labeling is done by two
ways- intrinsic and extrinsic labeling. Intrinsic labeling involves addition of labeled
isotopes in the media where the plants are grown or in the feed in case of animals. The
labeled foods are then fed to the subjects and the bioavailability is studied by
monitoring the isotope (Swanson et al, 1983). Extrinsic labeling involves spiking a
meal with tracer quantity of labeled salt in a solution and feeding the meal to the
volunteers on an empty stomach, after an overnight fast, followed by whole body
counting immediately after the meal, as well as 12-14 days later. The body retention
of iron / zinc can aso be estimated by measuring the circulating blood (Cook et al,
1972).
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Over the decades, reliable data has been generated and studies in India by Rao
et al (1983) compared chemica balance method with extrinsic tag method and found
that the chemical balance method gave three times higher values for iron absorption
than those obtained by extrinsic tagging technique. Radioisotopes can be used for
balance technique; the absorption of an isotope can be measured by deducting fecal
and urinary excretion from the administered dose over the appropriate time period.
Measures of retention can be equated with absorption when there is negligible
excretion of absorbed isotope over the experimental period. This is true only in case
of iron but in the case of zinc, measures of retention always underestimate absorption
especially when the subjects are consuming a high zinc diet and excreting large

guantities of endogenous zinc in the feces (King & Turnland,1989).

Plasma appearance of an isotope from a labeled food can be used to indicate
trace element bioavailability. The rate of absorption or retention can aso be studied,
which is applicable only to iron as about 80 % of absorbed iron is utilized. The
enrichment of RBC with radio-iron can be used to assess dietary iron bioavailability
(Fairweather-Tait, 1992; Bothwell et al, 1979).

Radio labeling gives a reliable estimate of true absorption. By using isotopic
tracers, the metabolic fate of minerals from the food, diet or a specific mea can be
distinguished from other sources. The difference between heme iron and non-heme
iron bioavailability was established using radioisotope tracers. But it is expensive,
time consuming and requires sophisticated equipment. It has the disadvantage of

having a radioactive half-life apart from being biohazardous.

Stable isotopic techniques:

Stable isotopes are naturally occurring nuclides of element with same atomic
number but differing numbers of neutrons. They have similar chemica properties but
differ in mass and, unlike radioisotopes, pose no known hazards to experimenta
subjects. Stable isotopes were first used as a tracer of mineral in 1963 to measure
plasma clearance of iron by using Fe®, (a stable isotope of iron) (Lawman & Krivit,
1963). Instrumentation facilities such as Inductively Coupled Plasma Emission-Mass
Spectrometry (ICP —EMYS), Fast-atom-bombardment mass spectrometry (FAB / MS),
and Thermal ionization mass spectrometry have made studies with stable isotopes

possible. Like radioisotopes, stable isotopes are added to foods or diets of interest and
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determined by fecal monitoring. Multiple isotopes of the same element, as well as
multiple elements can be used simultaneously (Turnland, 1991). Many studies are
being carried out using stable isotopes to study bioavailability of minerals from foods
and also to identify the various factors that influence their absorption.

In vitro Techniques.

In order to estimate mineral bioavailability, several in vitro methods have been
proposed as an aternative to in vivo methods. Most of these in vitro methods consist
of asimulation of gastrointestinal digestion followed by a determination of how much
of the element is soluble, or by dialysis through a membrane of a certain pore size. In
fact, at this levd, it is the bioaccessibility that is measured, and the values obtained
can be used to establish trends in bioavailability, or relative bioavailability (Wienk et
al, 1999).

The earlier in vitro techniques involved measurement of soluble or ionizable
fraction of the mineral after simulated gastrointestinal digestion (Rao & Prabhavathi,
1978). An improvement of these methods involves measurement of the ionizable
fraction of the mineral by equilibrium dialysis (Miller et al, 1981). The mineral
fraction that dialyzes across a semi permeable membrane of a certain pore size during
simulated gastrointestinal digestion is considered as the fraction that is available for
absorption (bioaccessible fraction). This diayzability method was further validated by
Luten et al (1996), by carrying out inter |aboratory trials.

Absorption studies using cell lines:

A new in vitro Caco-2 cell system has been developed for predicting iron
bioavailability from food (Garcia et al, 1996) and meal digests (Glahn et al. 1996). It
combines the simulation of gastrointestinal digestion as in the method of Miller et al,
with nutrient uptake by Caco-2 cells, a human intestinal epithelial cell line. This
method involves subjecting food samples labeled with “Fe to smulated

gastrointestinal digestion provided for equilibrium dialysis to obtain the dialyzable
fraction of the mineral. In the next step, the dialyzable fraction is incubated with
Caco-2 cell monolayers. The absorbed mineral fraction is quantitated by measuring
the radio activity present in the surface of the monolayer, after a specific timeinterval.

Thus, this in vitro model measures iron absorbability from foods by quantitating
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Caco-2 cdl ferritin formed after iron uptake. This method can aso be employed
without the use of radio labeled iron. This method provides for assessment of the
bicavailable fraction of the mineral, which is of more practica value than the
bioaccessible fraction.

In vitro methods offer a more practical aternative to in vivo studies involving
human and animal models. These methods measure the amount of mineral available
in the gastrointestinal tract for absorption (bioaccessibility) (Salovaara et al, 2002).
These methods are widely used because of their satisfactory correlation with in vivo
studies (Roig et al, 1999; Wienk et al,1999). Bioaccessibility values must be taken as
relative indices of bioavailability, which means that the method used provides a good
basis for establishing tendencies, comparisons and the determination of effects caused
by different factors (Azenha & Vascondecelos, 2000). In vitro models alow us the
possibility to control the conditions of the assay optimally, which may lead to a high
precision, with lower variability, than that of the in vivo methods. Other advantages
are the low cost and shorter time needed to obtain results than with in vivo methods. It
is, however, important to stress that the results from in vitro methods are relative
compared to absolute estimates of mineral bioaccessibility or bioavailability, because
they do not take into account the physiological factors that can affect bioavailability.
They are however useful for comparing and / or classifying foods according to the

bioaccessibility of acertain mineral.

Factorsinfluencing iron and zinc absor ption:
Trace element absorption is influenced by a number of dietary factors, which

include both inhibitors and enhancers of absorption (Table-5).

I nfluencers of iron absorption:

Bioavailability of heme and non-heme iron differ, due to differences in the
mechanism of their absorption. In humans, the efficiency of absorption of non-heme
iron is lower than that of heme iron (Bothwell et al., 1979). The bioavailability of
non-heme iron in iron-repl ete people ranges from 2% to 20%, while that of hemeiron
ranges from 15% to 35% (Carpenter & Mahoney, 1992). The absorption of nhon-heme
iron isinfluenced significantly by dietary composition and iron status (physiological
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Table-5 Influencersof the absorption of trace elements

1. Diet composition

= Protein quality (protein source - animal / plant, amino acid balance)
= Protein quantity

= Trace element concentration

= Physiochemical form of trace element

= Nutrient interactions (el ement-element; element-organic compounds)
= Promoters (meat, ascorbate, citrate, vitamin D, some amino acids, some sugars)

= Inhibitors (phytate, oxalate, polyphenols, fiber)

2. Food processing

=  Cooking

* Fermentation
=  Milling

= Malting

= Germination
= Soaking

3. Host-related factors

= Age

= Sex

= Physiological status (pregnancy, lactation, physical activity

= Nutritional status (moderate or frank deficiency, lean body mass)

= Disease (including parasitism)

Source : Housg, 1999
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iron stores) (Carpenter & Mahoney, 1992), while it was found that iron status does
not have a marked effect on the absorption of heme iron (Fairweather-Tait, 1992). In
contrast, Hallberg et al. (1997) reported that absorption of both heme and non-heme
iron were influenced by iron status, this effect being more pronounced in the case of

non-hemeiron.

Bioavailability of iron from food systems is an outcome/resultant of the
interaction of its components. Studies have shown that the absorption of iron from
typical Indian meals varies from about 2-10% (Rao, et al. 1983)

Heme iron associated with meat, poultry or fish was found to be highly
bicavailable and the only dietary constituent known to influence its absorption
appears to be meat. An enhancing effect of meat and fish on heme iron absorption was
first reported by Layrisse et al (1968), and subsequently confirmed by many other
researchers (Cook & Monsen, 1976; Morris & Ellis, 1983; Hallberg et al, 1978;
Layrisse & Torres, 1972). Beef and ascorbic acid enhanced iron uptake by Caco-2
cells; it has been suggested that dialyzable factor(s) < 14,000 Daltons released during
beef digestion, were responsible for the iron absorption-enhancing properties of beef
(Gangloff et al, 1996).

The absorption of non-heme iron is influenced by several dietary constituents
such as phytic acid, polyphenols, organic acids, dietary fiber etc. Phytic acid
(Myoinositol hexaphosphate) is the main storage form of phosphorus in cereas and
legumes. In seeds it islocated in the endosperm. The Phytic acid content of these food
grains varies between 0.5 and 6%, and accounts for 60-90% of the total phosphorous
content of the grain (Fox & Tao, 1989). The phytic acid molecule can be
dephosphorylated by means of enzymes or as result of high temperature processing to
yield myoinositol bi-, tri-, tetra- and pentaphosphates (Fox & Tao,1989; Lonnerdal et
al, 1989). Phytic acid retains minerals in the intestinal lumen by forming insoluble
complexes. The metal complexes of phytic acid and lower inositol phosphates are
poorly soluble at the pH of gastrointestinal tract and may reduce the bioavailability of
minerals such as iron zinc, calcium and copper (Torre et al, 1991). The affinity of
inositol tri- and tetraphosphates for mineral elements is lower than that of inositol

hexaphosphate, and the solubility of metal complexes formed with the former two
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phosphates is higher than with the hexaphosphate (Persson et al, 1998). The
decreasing order of metal complexation with phytic acid has been reported to be Cu?*

> Zn**> Co** > Mn*" > Fe** > Ca* at pH 7.4.

In vitro studies have indicated that both chemical forms of iron present in
foods, namely, Fe™" and Fe™" strongly interact with phytate at any pH, thus being
rendered unavailable for absorption (Nolan et al, 1987). Ferrous and Ferric iron aso
showed strong interaction with protein-phytate complex, which negatively influenced
iron availability (Champagne et al, 1985). But the study by Reddy et al (1996) has
shown that effect of phytate on Fe absorption does not depend on the protein

composition of the test meals.

In vivo studies carried out in human beings indicate that inhibition of iron
absorption is strongly related to the amount of phytic acid present in the diet (Brune et
al, 1984, Halberg et al, 1989). However, other studies have shown that dietary
phytate had little effect on the bioavailability of Fe in either rats (Akhtar et al, 1987)
or humans (Beard et al, 1988), and monoferric phytate from wheat bran was highly
available to rats (Morris & Ellis, 1976) and to humans (Hallberg et al, 1987). Sodium
phytate decreases iron absorption in man (Hallberg & Solvell, 1967). The poorer
absorption of iron from brown bread compared with white bread has been attributed
to the high content of phytate in brown bread (Moore, 1968).

The influence of dietary fibre on the absorption of iron is unclear. Fibre from
different plant sources has been shown to have different chemical structures and thus,
different binding capacities (Van Soest & Jones, 1988). In vivo studies indicated that
both ferrous and ferric iron is retained by fibre in the intestinal lumen due to the
formation of poorly soluble fibre - mineral polymers. In vitro studies have indicated
that neutral detergent fibre and the acid detergent fibre affected the absorption of iron
(Platt & Clydesdale 1987). Both in vivo and in vitro studies have shown that among
the various components of dietary fibre, cellulose poorly binds iron, whereas
hemicellulose, lignin and pectin strongly bind iron rendering it unavailable for
absorption (Rossander, 1987; Platt & Clydesdale, 1987). Sugar beet fiber fed to rats
enhanced iron absorption (Fairweather-Tait & Wright, 1990), and pectin with a high
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degree of esterification and low molecular weight improved iron absorption in rats
(Kim & Atallah, 1993; Kim et al, 1996). The effects of dietary fibre on the
bicavailability of trace elements appear to be confounded by the simultaneous
presence of phytate (Brune et al, 1992; Gibson, 1994).

Polyphenols present in tea are reported to markedly reduce the absorption of
iron from foods. The absorption from bread was reduced to one third and from a
vegetable soup to one fourth when served with tea (Didler et al, 1975). In a study on
the effect of various drinks on the absorption of non-heme iron from a hamburger
meal, tea and coffee (sources of tannin) reduced the absorption by 61 and 33%,
respectively, this effect being ascribed to the formation of insoluble iron - tannin
complexes in the intestinal tract (Conrad & Crosby, 1962). Tannins might be partly
responsible for the low bioavailability of iron in many vegetable foods (Didler et al,
1975). Additionally, tannins may aso indirectly influence iron absorption by
interfering with protein digestion and absorption; as a result, undigested proteins and
peptides in the intestinal lumen may in turn bind iron irreversibly, rendering it
unabsorbable (Deshpande et al, 1984; Shahkalili et al, 1990).

Ascorbic acid has been found to influence iron absorption, especially non-
heme iron. In one of the early studies orange juice with a high content of ascorbic acid
markedly increased non-heme iron absorption in a dose dependent manner, while
there was no effect on the absorption of heme iron (Cook et al, 1972; Sayers et al,
1973; Hallberg & Solvell, 1967). The addition of cauliflower, which contains about
70 mg of ascorbic acid to a vegetarian meal, increased the absorption of non-heme
iron three times. Ascorbic acid, either in the crystalline form or inherent in food, has
the same promoting effect on non-heme iron absorption (Hallberg, 1981; Heinrich,
1987). The effect ascorbic acid seems to be independent of the effect of other
promoters of iron absorption, such as meat. In the presence of an inhibitor of non-
heme iron absorption such as tea, the relative enhancing effect of ascorbic acid on
iron absorption seems to be the same. The absolute increase in amount of iron
absorbed, however, is less because of the lower original absorption (Didler et al, 1975;
Rossander et al, 1979). The enhancing effect of ascorbic acid on food iron absorption
is attributed to its reducing ferric to ferrous iron, which is more soluble at the pH of

the upper regions of the intestinal tract (Carpenter & Mahoney, 1992). In addition, in
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the highly acidic conditions in the stomach, ascorbate may form a chelate with ferric
iron, which remains stable at the more akaline pH in the intestine (Bothwell et al,
1989).

The other dietary organic acids, including citric, malic, tartaric and lactic acid,
enhance iron absorption (Bothwell et al, 1989). The enhancing effects of ascorbic acid
and citric acid on iron absorption appear to be additive, which may account for the
relatively high bioavailability of dietary iron when it is consumed along with citrus
fruits and juices (Ballot et al, 1987). An in vitro study suggested that citric acid rather
than ascorbic acid may be the major enhancer of iron availability from many fruits
and vegetables (Hazell & Johnson, 1987).

In infancy, lactoferrin, an iron-binding protein in human milk, promotes the
absorption of iron through lactoferrin receptors on the surface of the intestina
mucosa of infants. This may explain why the small amount of iron that is present in
milk iswell absorbed by breast fed infants (Berdnaier, 1998).

Vitamin A, a fat-soluble vitamin also has an influence on the absorption of
iron. In earlier studies with rats, vitamin A affected the distribution of iron in the body
but did not affect iron absorption (Mgjiaet al, 1979). Studies with mice indicated that
vitamin A may increase alimentary absorption of iron and promote the mobilization of
iron from storage sites (Hong et al, 1994). Recent studies indicated that supplemental
vitamin A overcomes the depressing effect of phytate and polyphenols on iron
absorption, apparently, by binding iron during the digestive process and thereby
keeping it in a soluble form as a vitamin A-iron complex (Layrisse et al, 1997).
Supplemental vitamin A reversed the anemia that developed in Vitamin A deficient
individuals (Megjia& Chew, 1988).

The absorption of iron, both heme as well as non-heme, is affected by other
factors such as the physiological status of the animal or person that consumes it. Low
iron status, anemia, pregnancy and growth phase increase the iron absorption from
food. Certain conditions like achlorohydria and increased motility decreases the iron
absorption (Zhang et al, 1991).
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Influencers of zinc absorption:

Early observations in rats and chicks suggested that zinc from foods of animal
origin were more bioavailable than zinc from plant origin (O’'Dell & Savage, 1972;
Scott & Ziegler, 1963). Further research on zinc bioavailability indicated that plant
foods have certain inhibiting factors like phytic acid, calcium, iron, dietary fiber etc.

which affect the bioavailability of zinc.

Forbes and Y ohe (1960) suggested that phytic acid inhibits zinc absorption. It
was speculated that the dietary basis for the zinc deficiency in the Middle East was
the high phytate content of the diet (Prasad et al, 1963). ‘Tanok’, a rural diet that is
made from whole wheat, reduced zinc absorption (Reinhold et al, 1976). However the
relative and absol ute impact of phytic acid on zinc absorption is still not clear.

Severa studies on the influence of phytic acid on zinc absorption revealed that
it reduced zinc absorption (Reinhold et al, 1973; Obizoba, 1981). Reduction in the
availability of zinc in Textured Vegetable Protein was attributed to its phytic acid
content (Davies & Olpin, 1979). However, Ellis et al (1981) found no difference in
zinc absorption in adult men who consumed varying concentrations of phytic acid.
Phytate from an alternative dietary supplement had no effect on the zinc status of
undernourished rats. Siqueira et al (2001) concluded that in mature peas phytic acid
was not solely responsible for the decrease in availability of zinc to rats. Treatment
with phytase and leavening of bread increased zinc availability in vitro due to
degradation of phytate (Reinhold et al, 1974; Davies & Nightingale, 1975). A recent
study by James et al (2005) suggests that addition of phytase, a phytate degrading
enzyme, to foods improves zinc status, with consequent increases in body weight, and

stronger bones, thus qualifying for food supplementation.

Studies have indicated that varying zinc / phytic acid ratios atered zinc
availability. (Oberleas & Prasad, 1975; Davies & Olpin, 1979; Lo et al, 1981). Ratios
equal to or greater than 12.5:1 reduced the availability of zinc. However, studies
carried out by Morris and Ellis (1980) suggested that this ratio is not a determinant of
zinc availability. The WHO included the phytate : zinc ratio of the food as criteria for
categorizing diets according to the potentia availability of their zinc content

(WHO,1996). Diets have thus been categorized as low, moderate, or high with respect

28



Chapter |

to zinc bioavailability. Diets with low availability of zinc may contain high phytate,

soybean-protein products or have a phytate: zinc molar ratio >15.

The influence of dietary fiber on zinc avallability is as uncertain as its
influence on iron bicavailability. An animal study on zinc absorption and balance
found that zinc absorption was not affected by cereals (rich in dietary fibre) and
Neutral Detergent Fibre. Addition of various types of bran to the diet did not affect
zinc balance (Guthrie & Robinson, 1978; Sandstead et al, 1978; Greger et al, 1978).
Components of dietary fiber like cellulose and hemicellulose had a negative influence
on the bioavailability of zinc (Reinhold et al, 1976; Drews et al, 1979); but the studies
of Behall et al (1987) indicate that cellulose and carboxymethyl cellulose addition did

not significantly affect zinc balance.

In a high protein diet, 45% lactalbumin significantly increased the absorption
of zinc and its deposition in bone as compared to 15% lactalbumin (O’ Dell, 1984). A
negative zinc balance was observed with 14 mg soy protein diet, while 12 mg of
protein from animal source resulted in a positive balance (Cossack & Prasad, 1983).
Supplemental sulfur-containing amino acids increased zinc bioavailability in rats fed
either soy protein (Greger & Mulvaney, 1985; House et al, 1997) or lactalbumin
(Snedeker & Greger, 1983). The bioavailability of Zn has been associated positively
with dietary methionine (Hunt et al, 1987).

Calcium is another factor found to influence the availability of zinc. The
detrimental effect of high calcium is dependant upon the presence of phytate in the
diet (O'Ddll, 1979). Calcium, when given in diets with soy proteins lowered zinc
biocavailability by 50 % while it had little or no effect when egg white supplied the
protein. This is because soy proteins are rich in phytates. The detrimental effect of
phytate is accentuated by high levels of dietary calcium. It has been suggested that
any possible negative effect of calcium on zinc bioavailability in meals rich in phytic
acid is overcome by concomitant increase in animal protein, if the calcium is supplied
by milk (Forbes et al, 1983; Davies & Olpin, 1979; Morris & Ellis, 1980; Navert &
Sandstrom, 1985).
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Phytate X calcium / zinc ratio may be a useful index of the bioavailability of
dietary zinc, in view of the synergetic influence of calcium on the inhibitory role of
phytate in zinc absorption (Oberleas & Harland, 1981; Forbes et al, 1983). In vivo
zinc availability is a dynamic property that depends on both the amount of zinc and its
source in the meal, as well as on the interactions of zinc with other components within
the meal.

Zinc absorption seems to be influenced not only by phytic acid - calcium
complex aone, but also in association with dietary fibre. Combination of high levels
of dietary fibre, calcium and phytic acid together with low intakes of available zinc
accounted for high incidence of low serum zinc levels. Approximately 75% of the
phytic acid is associated with the soluble fiber fraction. Studies reported on the effect
of cereal fibers on zinc bioavailability in humans found that zinc absorption is
inversely related to the phytic acid content of the meal (Frolich & Asp, 1980, Frolich
& Nyman, 1988; Sandstrom et al, 1987; Farah et al, 1984). Reinhold et al (1976)
opined that in cereal-based foods rich in both phytic acid and fiber, fiber could be a

major factor affecting zinc bioavailability.

Feeding chitosan, alginic acid or raw potato starch, as dietary fiber
polysaccharides lowered the inhibitory effect of phytic acid on zinc bioavailability
(Yonekar & Suzuki, 2003). Thus it can be concluded that phytate and dietary fiber
occur together in plant foods, and that both contribute to the reduction of zinc

bioavailability in synergy.

The effect of oxalic acid on zinc bioavailability is unclear, as there are
contradictory results. In one study zinc availability was unaffected by oxaate (Welch
et al, 1977), while in another foods rich in both oxalic acid and fiber reduced zinc
balance (Kelsay, 1983). Folic acid was found to be associated with decreased
availability of zinc in some studies (Ghishan et al, 1986), but not in others (Keating et
al, 1987).

Effect of food processing on bioavailability of iron and zinc:
Most foods are consumed after they are subjected to processing. Simple

household processing methods like cooking, soaking, fermenting, germination and
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baking help in the digestion of food and facilitate availability of nutrients apart from
improving palatability. The anti-nutritional factors are also reduced thus enhancing
the availability of nutrients. Food processing aids in the bioavailability of trace metals
in foods by reducing the amount of dietary phytate (Sandstrom, 1989; Le et al, 1993;
Svanberg et al, 1993; Schilemmer et al, 1995; Larsson et al, 1996; Harland & Morris,
1995).

Heat processing:

Heat processing involves subjecting the food to heat treatment like boiling
pressure-cooking, microwave cooking etc. Boiling of rice and pulse and frying whole
wheat on the girdle did not affect solubility of iron. Parboiling of rice lowered the
availability of iron (Prabhavathi & Rao, 1979). Mild heat treatment increased the
digestibility of most foods and appeared to reduce the phytic acid contents of tubers,
but not of cereals and legumes (Marfo et al, 1990). Cooking methods improved the
HCl-extractability of zinc by pressure-cooking and ordinary cooking of soaked
dehulled pigeon pea seeds as well as rice beans (Duhan et al, 2004).

Soaking:

Soaking is a pretreatment in the process of fermentation and germination of
food grains, which might reduce phytic acid content. Studies have shown that soaking
leads to a reduction in phytate content, thus enhancing mineral HCl-extractability, or
in other words, mineral bioavailability (Duhan et al, 2002; Sandberg & Svanberg,
1991). Soaking of grains did not increase the solubility of iron (Prabhavathi & Rao,
1979).

The effects of soaking whole cereals (maize, finger millet, rice and sorghum),
and legume seeds (mung bean, cowpea, soybean) on iron, zinc and phytate contents
indicated that soaking whole seeds for 24h led to the leaching of iron and, to alesser
extent, of zinc ions into the soaking medium. Soaking also resulted in a significant
reduction in the phytate content of finger millet, maize, rice and soybean, but did not
improve the phytate / iron molar ratio, while decreasing the phytate / zinc molar ratio
only dlightly. Soaking on its own was not found to be a good method for improving
mineral biocavailability but the results showed that, in combination with other

treatments, or with optimized soaking conditions, it could neverthel ess prove useful. It
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was found that no phytate remained in the soaking medium, so, in order to limit
minera loss, the water used for soaking can also be used for cooking food grains
which absorb a considerable amount of cooking water and, in this way, the leached
minerals may be to a certain extent recovered (Lestienne et al, 2005).

Germination:

Germination involves soaking the grain and allowing it to sprout in the
absence of water. It is aso a part of the malting process. Apart from other nutritional
changes during germination, de novo synthesis and activation of endogenous phytases
occurs in cereals and legumes (Cosgrove, 1980). Degradation of phytate, an inhibitor
of mineral absorption, by phytase may result in increased bioavailability of
micronutrients. It is found that metal binding capacity of degraded phytate (lower
inositol phosphate) is much less (Agte et al, 1998). Increased zinc availability as a
result of sprouting in whole rice bean, and increased iron solubility after germination
of green gram and wheat (24h) and chickpea (48 h), have been evidenced (Kaur &
Kawatra, 1999).

Malting:

Malting involves germination of the grain followed by drying by roasting
immediately after sprouting. Malting and soaking in the processing of oats resulted in
an improvement in zinc and iron absorption from the resultant products (Larsson et al,
1996).

Fermentation:

Fermentation by microorganisms is encountered in the preparation of certain
food products. Fermentation improves the digestibility of foods, and availability of
nutrients. Various studies on zinc and iron bioavailability from bread, a fermented
product, have shown that there is an increase in their availability. The ionizable iron
content of bread was higher than that of ‘phulka’ (unleavened bread),indicating that
the process of leavening (fermentation) reduced the phytic acid content of the dough
(Reinhold et al, 1974; Davies & Nightingale, 1975; Lopez et al, 2003; Navert &
Sandstrom,1985). Iron solubility was not improved as a result of fermentation in other
productslike ‘idli’ (Prabhavathi & Rao, 1979).
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| nter actions of trace elements:

Biologically important interactions between chemically similar meta ions
were predicted in 1970. They often exhibit a biological competition, at the level of
the intestinal mucosa when co-ingested (Hill & Matrone, 1970).

Fe-Zn interaction:

Both iron and zinc are transition elements having identical outer electron shell
configurations. In 1971, the question of the dietary interaction of iron and zinc was
first addressed in metabolic studies of nine young women. When the diet provided Fe
/ Zn ratio = 2, no competitive interaction was demonstrable between the two elements
(White & Gynne, 1971). Studies carried out subsequently inferred that zinc absorption
reduced with increasing concentrations of inorganic iron (Inglet, 1983).

Iron / zinc ratios ranging from 0:1 to 3:1 in solutions containing 25 mg of zinc
and corresponding iron as ferrous sulphate produced a decrease in plasma zinc level
(Johnson et al,1981), while heme iron at 3:1 ratio did not affect zinc uptake,
indicating that the form of iron is an important determinant of the interaction (Payton
et al,1982). Iron in the ferrous oxidation state is the more potent competing species
for the uptake pathway of zinc (Solomons et al, 1983). These authors suggested that
25 mg of total ions (zinc and iron) administered as a single oral dose is the point of

saturation where thereis no interference in the adult intestinal tract.

It is increasingly recognized that iron and zinc deficiencies occurred together
in various populations and may have to be addressed together. Combined treatment
with iron and zinc has been proposed as one possible solution. However metabolic
studies and supplementation trials suggest antagonistic relationship between zinc and
iron, in which zinc reduces the positive effect of iron supplementation and vice versa.
For example, when given to adults as solutions in ratios > 2:1 inorganic iron was
found to compete for absorption with zinc (Solomons, 1986). Zinc absorption in
fasting pregnant Peruvian women administered iron or iron + zinc was significantly
reduced compared with non-supplemented women (O’Brien et al, 2000). In women

administered only iron, plasma zinc concentrations were also lower, compared with
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controls. Conversely, there were smaller improvements in hemoglobin and serum
ferritin concentrations in Indonesian children administered both iron and zinc than in
children given iron aone (Schultink et al, 1997; Lind et al, 2003). Further evidence
shows that excessive intake of iron as supplements or in formulated foods can impair
zinc dtatus in infants and in al age groups (Prasad et al, 1978; Walravens &
Hambidge, 1976; Craig et al.1984, Hambidge et al, 1983, Campbell et al, 1985,
Breskin et al, 1983).

But prenatal iron supplementation, which is commonly practiced with 60 mg
per day in countries such as Nepa with high prevalence of iron deficiency anemia,
did not appear to ater zinc status in the presence or absence of daily supplementation
with 25 mg zinc. Among severely anemic women, there is some cause for concern
regarding supplementation with zinc, as this may reduce the hematologic impact of
treatment with iron. However, this needs to be confirmed in studies that include larger

numbers of severely anemic women (Parul, 2001).

Although the results are conflicting, the negative effect of iron on zinc
reported in some of the studies has stimulated concern over the possible adverse
effects of fortifying foods with iron, as well as the practice of taking iron
supplements, on zinc nutrition. One of the main problems with research on zinc

metabolism is the lack of suitable and sensitive indices of body zinc levels.

Fe- Cainteraction:

The influence of calcium on iron is unclear. Heme and non-heme iron
absorption was found to be inhibited by calcium by interfering with the transport of
iron through the mucosal cell in humans (Olivares et al, 1997; Hallberg et al, 1993).
Supplemental calcium as inorganic salts or as dairy products impaired the absorption
of hemeiron by humans (Hallberg et al, 1993); Doses below 40 mg of calcium had no
effect; maximal inhibition of 50% to 60% occurred with up to 300 mg of calcium,
with no further inhibition at higher amounts, suggesting an incomplete block of iron
absorption, thus indicating that (1) calcium has a direct rather than an indirect effect
on heme-iron absorption and counteracts the enhancing effect of meat on heme-iron

absorption and (2) calcium appears to interfere with mucosal intracellular transport of
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iron along a part of the pathway that is common for heme-iron and non-heme-iron

transport but not luminal as was thought earlier.

The effect of CaCO3; supplementation (400 mg of calcium per meal) on the
absorption of iron consumed concurrently was examined in healthy volunteers using
stable iron isotopically labeled and fecal monitoring. CaCO3 supplementation was
shown to significantly reduce non-heme iron absorption. Iron nutrition may be
improved by reducing the intake of dairy products with meals that provide most of the
dietary iron and by redistributing the daily calcium intake to meals with minor iron
content. It was also suggested that consuming dietary calcium at least 2 h before a
meal did not affect the absorption of iron from an iron-containing meal (Hallberg et
al, 1992; Gleerup et al, 1995).

A study conducted on women and girls in 6 European countries indicated that
dietary calcium intake is weakly and inversely associated with the iron status of blood
in girls and young women, irrespective of whether calcium was ingested

simultaneously with iron (Van de Vijver et al, 1999).

A recent study (Reddy & Cook, 1997) indicated that dietary calcium did not
significantly affect non-heme iron absorption from a varied diet. Another study
carried out to study the influence of calcium on iron availability from infant foods
with high calcium found that calcium did not influence iron absorption in infant

piglets (Ineet al, 1999).

I nteractions with other minerals:

Limited studies have been carried out to see the effect of other minerals on
iron and Zinc absorption. Magnesium did not affect zinc absorption tested at 0:1 and
3:1 Mg/Zn levels (Geders et.al, 1981). Phosphorus has been shown in animal studies
to reduce iron absorption; however, studies in man indicated that a reduction is only
observed when both calcium and phosphate are added (Monsen & Cook, 1976).
Excess copper decreased zinc absorption from rat intestinal segments maintained in
situ (Vancampen, 1970) and Cadmium, Lead, and Tin interacted with zinc (O’ Déell,
1984).
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Scope of the present investigation

Cereals and legumes are staple foods in the diet of many populations,
especialy in developing countries, where they are the main source of energy and
protein. These are aso the main sources of minerals such as iron and zinc. Even
though these food grains can substantially contribute to an adequate mineral intake,
the minera availability, especialy as far asiron is concerned is generally poor, since
it is affected mainly by phytic acid, tannin and dietary fibre components inherent in
them. While the effects of these constituents on iron absorption have been the subject
for numerous studies, little is known about the influence of the same on zinc
availability. Even if net zinc intake from these staples appears adequate, compromised
zinc status in populations dependent on these grains is common. It is therefore
important to identify and evaluate dietary factors that interfere with zinc absorption.
With such knowledge, strategies of avoiding or limiting components with inhibitory
effects on zinc absorption and of choosing food or dietary components that enhance
the same may be adopted. As such, a number of staple cereals and pulses commonly
consumed in India have been examined in this investigation for zinc bioaccessibility
value. These staple grains are generally consumed in the cooked form, and such a
treatment may have a marked effect on the matrix and composition of food and
therefore on iron and zinc availability. Hence, the bioaccessibility values of these two
minerals have also been examined in heat- processed food grains.

Iron deficiency is often accompanied by other nutrient deficiencies such as
zinc and copper deficiencies, especially when iron deficiency is caused by insufficient
dietary intakes of micronutrients, as is often the case in developing countries. As a
result, supplements containing iron and multiple trace elements and minerals are used
by millions of people world-wide. It is important to provide detailed information
regarding safe upper intake limits for supplements to minimize adverse effects on
mineral absorption caused by mineral - mineral interactions. Iron supplements have
been reported to decrease zinc absorption in pregnant women and lower serum zinc
concentrations. Furthermore, a negative effect of iron provision through food
fortification on zinc absorption could further exacerbate the zinc deficiency status
commonly prevaent in populations dependent on plant foods. It is therefore important
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to practically evaluate any possible interactions between iron & zinc. Calcium has
been shown to interfere with the absorption of non-heme and heme iron in a dose-
dependent manner. The addition of milk or milk products to common meals brings the
absorption of iron by as much as 50 - 60%. Effect of calcium on zinc availability at
nutritional concentrations is reported to be less pronounced in human studies.
However, a negative interaction of calcium with zinc absorption is possible when the
former is consumed at supplementary levels. In this context the influence, if any, of
exogenous iron and calcium on zinc bioaccessibility from selected food grains has
also been assessed.

Domestic food processing such as germination and fermentation is known to
affect the bioavailability of iron and zinc, probably by modulating the factors that act
as promoters or inhibitors of mineral absorption. In this context, the much- practiced
germination and fermentation of grains as encountered in Indian dietary have been

examined for their influence on zinc and iron bioaccessibility.

Various organic acids that are present in foods, such as ascorbic, citric, malic
& lactic acid have been shown to facilitate the absorption of iron. Use of food
acidulants such as amchur, lime, tamarind and kokum is common in Indian dietary.
The presence of organic acids supplied by these food acidulants may have an
influence on zinc bioaccessibility from the food grains. Thus, the influence of these
acidulants on zinc bioaccessibility from representative food grains has also been
assessed in this investigation.

An in vitro procedure involving equilibrium diaysis during simulated
gastrointestinal digestion was adopted throughout this investigation in al the above
zinc and iron bioavailability determination studies. This method essentially measures
the fraction of the total mineral in the food or diet that is available for uptake by the
intestinal brush border cell membranes, in other words, the ‘bioaccessibility’ of the
minera. In view of the recent redefining of the terms related to bioavailability, we
prefer to use the term *bioaccessibility’ when referring to the results obtained with
thisin vitro procedure.
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Thus, the present investigation addressed the following objectives:

. Determination of bioaccessibility of zinc and iron from staple cereals and
pulses commonly consumed in India; inference of a possible correlation
between mineral bioaccessibility and the inherent contents of phytate, calcium,
tannin and dietary fibre; validation of the influence of phytate on zinc

bioaccessibility by modulation of the phytate content of the grain.

. Study of the influence of domestic cooking on zinc and iron bioaccessibility

from these food grains.

. Studies on the possible interaction of exogenous iron and calcium with zinc in

relation to the bioaccessibility of the latter.

. Evaluation of the influence of germination and fermentation of food grains on

zinc and iron bioaccessibility.

. Determination of the effect of food acidulants on zinc and iron bioaccessibility
from food grains; zinc and iron bioaccessibility from cereal- based whole meals

consumed in India.
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Bioaccessibility of Zinc and Iron from Cereals and Pulses
Consumed in India

INTRODUCTION

Zinc is the fourth important micronutrient after vitamin A, iron and iodine,
which is now receiving increasing globa attention. Deficiency of this element,
although not completely assessed, is believed to be as widespread as that of iron and
is a cause for concern especialy in the developing countries (Prasad, 2003). Although
the cause of suboptimal zinc status in some cases may be inadequate dietary intake of
zinc, inhibitors of zinc absorption are likely the most common causative factors.
Although animal foods are rich sources of zinc in our diet, this micronutrient has to be
derived mainly through food grains by a majority of the population in developing
countries. Staple foods in developing countries include cereals and legumes which
are the main sources of zinc for a majority of the population, but even if net zinc
intake appears adequate, compromised zinc status is common (Gibson et al, 1998). In
genera, the average zinc intakes of vegetarians tend to be lower than those of their

omnivorous counterparts (Gibson 1994).

Iron is an essential trace element whose biological importance arises from its
involvement in vital metabolic functions by being an intrinsic component of
hemoglobin, myoglobin and cytochromes.  Despite large scale intervention
programmes, iron-deficiency anaemia remains the most widely prevaent nutritional
problem in the world. Although many factors are responsible for the onset of iron
deficiency, the most likely cause of this nutritional problem in developing countriesis

the poor bioavailability of dietary iron.

Bioavailability of micronutrients, particularly zinc and iron is low from plant
foods (Gibson, 1994; Sandberg, 2002). Bioavailability of iron is known to be
influenced by various dietary components, which include both inhibitors and
enhancers of absorption. Among inhibitors, phytic acid, tannins, dietary fibre and

cacium are the most potent, while organic acids are known to promote iron
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absorption (Gibson, 1994; Sandberg, 2002). Although not exhaustively evidenced, it
is possible that the bioavailability of zinc from food grains is similarly influenced by
such diverse factors coexistent in them. Cereals and pulses are known to contain high
concentrations of one or more of the above inhibitors of iron absorption.

Food processing by heat generally alters the bioavailability of nutrients - both
macro and micro. The digestibility and hence absorption of micronutrients such as
iron is believed to be improved upon heat processing; with the resultant softening of
the food matrix, protein-bound iron is released, thus facilitating its absorption
(Lombardi-Boccia et al, 1995). In addition, heat-processing of food is aso likely to
ater the inherent factors that inhibit mineral absorption, such as phytate and dietary
fibre, especially the insoluble fraction.

Information on the bioavailability of zinc from the food grains commonly
consumed in Indiais limited. Such information would be useful for computing the
Recommended Dietary Allowances (RDA), as well as for evolving a dietary strategy
to improve micronutrient intake. In this investigation, several food grains commonly
consumed in India were screened for their zinc content and its bioaccessibility.
Incidentally, the iron content and its bioaccessibility from these food grains were also
determined in order to make a comparison. Various factors inherent in these grains,
which may have an influence on the bioaccessibility values of zinc and iron, namely,
phytic acid, tannin, and calcium and dietary fibre were also quantitated. The
bioaccessibility values of zinc and iron of the food grains studied have been correlated
with concentrations of the above inherent factors.

In the absence of any information on the influence of heat processing of food
grains on zinc bioavailability, it would be relevant to examine the same. The
influence of domestic heat processing on the bioaccessibility of these minerals from
the food grains has aso been studied.

Supplementary studies were also conducted on selected grains, wherein the
effect of removal of inherent phytate from the grains (rich in it), and addition of
exogenous phytate to the grains (deficient in it), on zinc and iron bioaccessibility were

examined.
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MATERIALSAND METHODS

Materials:

Ceredls - rice (Oryza sativa), finger millet (Eleusine coracana), sorghum
(Sorghum vulgare), wheat (Triticum aestivum) and maize (Zea mays), and pulses -
chickpea (Cicer arietinum) - whole and decorticated, green gram (Phaseolus aureus)
— whole and decorticated, decorticated black gram (Phaseolus mungo), decorticated
red gram (Cajanus cajan), cowpea (Vigna catjang), and French bean (dry; Phaseolus
vulgaris) were procured localy, cleaned and used here. Pepsin, pancreatin and bile
extract, al of porcine origin, phytase (from Aspergillus ficuum), and phytic acid
(sodium salt) were from Sigma Chemical Co., USA. All other chemicals used here
were of analytical grade. Triple distilled water was employed during the entire study.
Acid-washed glassware was used throughout the study.

Total zinc, iron and calcium:

Grain samples were ground finely and ashed in a muffle furnace (Sardar
Furnace) at 550°C for 10 h and the ash was dissolved in conc. HCl. Zinc and iron
content were determined by atomic absorption spectrometry (Shimadzu AAF-6701).
In the case of calcium, lanthanum chloride was added to the mineral solution to avoid
interference from phosphate.  Calibration of measurements was performed using
commercial standards. All measurements were carried out with standard flame
operating conditions as recommended by the manufacturer. The reproducibility

values were within 2.0% for both zinc and iron.

Bioaccessibility of zinc and iron:

Bioaccessibility of zinc and iron from various food grain samples was
determined by an in vitro method described by Luten et al (1996), involving
simulated gastrointestinal digestion with suitable modifications. All food grain
samples were finely ground in a stainless steel blender. The ground samples were
subjected to simulated gastric digestion by incubation with pepsin (pH 2.0) at 37°C
for 2 h. Titratable acidity was measured in an aiquot of the gastric digest, by
adjusting the pH to 7.5 with 0.2 M sodium hydroxide in the presence of pancreatin-

bile extract mixture (1 L 0.1M sodium bicarbonate containing 4 g pancreatin + 25 g
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bile extract). The titratable acidity was defined as the amount of 0.2M sodium
hydroxide required to attain apH of 7.5.

To simulate intestina digestion, segments of dialysis tubing (Molecular mass
cut off: 10 kDa) containing 25 ml sodium bicarbonate solution, being equivalent in
moles to the sodium hydroxide needed to neutralize the gastric digest (titratable
acidity) determined as above were placed in Erlenmeyer flasks containing the gastric
digest and incubated at 37°C with shaking for 30 min or longer until the pH of the
digest reached 5.0. Five ml of the pancreatin-bile extract mixture was then added and
incubation was continued for 2 h or longer until the pH of the digest reached 7.0. At
the end of simulated gastro-intestinal digestion, zinc and iron present in the dialyzate
were analyzed by atomic absorption spectrometry. The dialyzable portion of the total
mineral present in the sample (expressed as percent) represented the bioaccessible

minerd.

Bioaccessibility (%) was calculated as follows: bioaccessibility (%) = 100 x
Y/Z, where, Y is the element content of the bioaccessible fraction (mg minerd

element /100 g grain), and Z is the total zinc or iron content (mg mineral element /100

ggran).

Phytate, tannin and dietary fibre:

Phytate in food grains was determined as phytin-phosphorus by the method of
Thompson and Erdman (1982). Phytic acid values were computed by multiplying
phytin phosphorus value by 3.55. Dietary fibre (soluble and insoluble) was estimated
by enzymatic - gravimetric method as described by Asp et al (1983). Tannin was
estimated by the modified vanillin assay of Price et al. (1978), using catechin as the
standard.

Heat processing of food grains:

To examine the influence of heat processing on zinc and iron bioaccessibility
from the food grains, two methods of heat processing - pressure cooking and
microwave cooking were employed. Ten grams of the food grains were pressure-

cooked in 30 ml of triple distilled water for 10 min (15 psi). In the case of French
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bean and chickpea whole the grains were soaked in triple distilled water overnight and
then pressure cooked as above. For microwave cooking, 10 g of the food grains were
cooked in 150 ml of triple distilled water at 360 Watts for 30 min in the case of whole
grains (pre-soaked overnight) and 20 min for cereals and decorticated pulses (pre-
soaked for 4 h). The cooked samples were homogenized in a stainless steel Omni-
mixer (Sorvall) and used for the determination of mineral bioaccessibility as
described above.

Statistical analysis:

All determinations were made in five replicates and the average values are
reported. Statistical analysis of analytical data was done according to Snedecor and
Cochran (1977). The datawere also anayzed statistically by multiple regression tests,
to infer the extent of modulation of zinc and iron bioaccessibility by inherent phytic
acid, tannin, calcium and dietary fibre, and by Pearson moment correlation to infer the
relationship between molar ratios of particular factors using the statistical software -
SPSS programme.

Bioaccessibility of zinc and iron from selected food grains after partial removal of
phytate:

Ground samples of decorticated green gram and black gram were pre-treated
with commercial phytase to bring about hydrolysis of inherent phytate. The enzyme
was added at alevel of 2.2 U/ g sample suspended in 2M glycine-HCI buffer, pH 2.5,
and incubated for 60 min at 37°C. At the end of phytase reaction, phytate content and
bioaccessibility of zinc and iron from the above samples were determined as
described above.

Influence of exogenous phytate on the bioaccessibility of zinc and iron from
selected food grains:

The food grains studied for this purpose were rice, decorticated chickpea,
French beans and cowpea. The exogenous phytic acid was added to the ground grains
(10 g) at four different levels — equa to, two, three, and four times the inherent
phytate content of the grains. Bioaccessibility of zinc and iron from these samples was
determined as described above.
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RESULTSAND DISCUSSION

The bioavailability of an inorganic nutrient is the portion of the total present in
the food, meal or diet that is consumed. The physico-chemical form of metal ions has
an important influence on their absorption from the intestines. Foods contain a large
number of ligands for metal ions, such as proteins, peptides, amino acids,
carbohydrates, lipids and inorganic ions (Watzke, 1998). These components in the
diet form soluble and insoluble complexes with minerals and trace elements under

gastro-intestinal conditions affecting their bioavailability.

Zinc and iron content in cereals and pulses.

Zinc and iron contents of the food grains studied are presented in Tables-1 and
2. The total zinc content of cereals ranged from 1.08 mg / 100 g in rice to 2.24 mg/
100 g in sorghum, while that of pulses was between 2.03 mg/ 100 g (whole chickpea)
and 2.68 mg / 100 g (decorticated chickpea). Thus, the inherent zinc concentration in
cereals was lower, nearly half of that in pulses except in the case of sorghum, whose
zinc concentration was comparable to that of pulses. Thus, al the pulses examined
here, with a uniformly higher amount of zinc compared to cereals are a better source
of this micronutrient. The iron content of cereals ranged from 1.32 mg% in rice to
6.51 mg% in sorghum, while that of pulses ranged from 3.85 mg% in decorticated
green gram to 6.46 mg% in black gram. The iron concentration of rice and wheat was
about 30% higher than that of zinc, while in finger millet and maize it was double and
amost 3-times the zinc content in sorghum. In all the pulses examined, iron
concentration was higher than the zinc concentration. Whole chickpea, red gram,
black gram, and French bean had an iron content that was more than 2-times the zinc

concentration.
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Zinc
Food gran  Content

Iron

Content

Zn/ Fe
Molar

Zinc

Iron

Bioaccessibility Bioaccessibility

(mg/100g) (mg/100g) Ratio (%) (%)
Rice 1.08 132 0.70 214 8.05
Wheat 1.62 3.89 0.36 8.93 5.06
Finger millet 1.73 213 0.70 8.31 6.61
Sorghum 2.24 6.51 0.29 5.51 4.13
Maize 1.48 3.21 0.39 7.82 7.83

Values are average of 5 replicates; the individua deviations from the mean value were

|ess than 10%.
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Zinc Iron Zn/ Fe Zinc Iron
Food grain Content Content Molar  Bioaccessibility Bioaccessibility
(mg/100g) (mg/100g) Ratio (%) (%)
Chickpea
Whole 2.03 4.95 0.35 44.9 6.89
Decorticated 2.68 5.05 0.46 56.5 4.82
Green gram
Whole 2.40 4.55 0.46 27.0 2.25
Decorticated 2.19 3.85 0.49 40.8 7.49
Red gram 2.35 4.93 0.42 45.7 3.06
Black gram 2.30 6.46 0.31 33.4 2.76
Cow pea 2.57 4.79 0.45 53.0 177
French bean 2.18 5.94 0.32 52.5 10.2

Values are average of 5 replicates; the individual deviations from the mean value were

|ess than 10%.
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Bioaccessibility of zinc and iron from raw cereals and pulses:

The bioaccessibility values of zinc present in various cereals and pulses as
determined by the in vitro digestibility procedure are also presented in Tables-1 and 2.
Pulses in general had higher amounts of bioaccessible zinc, which ranged from 27 to
56.5% of the element present, compared to cereals. Bioaccessibility of zinc from
cereals ranged from 5.5 to 21.4% of the element present in them. Among the cereals,
bioaccessibility of zinc was highest in rice (21.4%) and least in sorghum (5.51 %),
while among pulses the highest was seen in decorticated chickpea (56.5%) and least
in decorticated green gram (27.0%). Thus, bioaccessibility of zinc from pulses was
several-fold higher than that from cereals. Among the cereals, the lowest availability
of zinc from sorghum although it had the highest concentration of this element (2.24
mg%) and the highest availability of this mineral in the case of rice with the lowest
concentration of zinc (1.08 mg%) indicated that zinc bioaccessibility is not
necessarily dependent on its concentration in the food grain. Bioaccessibility of iron
was almost similar from the five cereals examined and ranged from 4.13% in sorghum
to 8.05% in rice. Bioaccessibility of iron from the examined pulses ranged from
1.77% in cowpea to 10.2 in French bean. Unlike that of zinc bioaccessibility, there
was no striking difference between cereals and pulses with regard to iron
bioaccessibility. Our bioaccessible iron percentages in whole and decorticated
chickpea (6.89, and 4.82, respectively) was less than that reported by Chitra et al
(1997) (25%), who measured only soluble ionic iron rather than total soluble iron.
The bioaccessibilities of zinc from chickpea obtained in this study (44.9 and 56.5%
for whole and decorticated forms, respectively) are comparable to the 54.7% obtained
by Jood and Kapoor (1997).

Among pulses, whole grains of chickpea and green gram had lower
availability of zinc compared to their decorticated counterparts, indicating that the
seed coat might consist of components that inhibit the bioavailability of minerals.In
general, the bioaccessibility of zinc from all the food grains studied was higher than
that of iron. This difference was more prominent in the case of pulses. Zn: Fe molar
ratio in cereals ranged from 0.29 to 0.7 and from 0.32 to 0.49 in pulses (Tables-1 and
2). Zn: Fe molar ratio was < 1 in al the food grains examined. Thus, despite the
lower molar concentrations of zinc relative to that of iron, zinc bioaccessibility was

always higher than that of iron, in al the food grains examined.
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In the case of iron, which is present in both divalent and trivalent forms, the
former is known to be readily absorbed. The higher bioaccessibility of zinc from food
grains relative to iron could probably be due to the existence of zinc only in one
valent state, namely the divalent form. The exceptionally higher bioaccessibility of
zinc from rice could be attributed to the low levels of inhibitors of its absorption
through interference with solubilization of the minerals, such as phytic acid, calcium,
tannin and dietary fiber present in this grain. The amount and / or quality of protein
may influence trace element bioaccessibility (O'Dell, 1984). High protein diets,
especialy those based on animal protein, are reported to enhance the bioavailability
of trace minerals, probably by formation of soluble amino acid complexes, which
facilitate absorption of the former (Snedeker & Greger, 1983). This may probably
explain the higher bioaccessibility of zinc from pulses than from cereals, the former

being richer sources of proteins.

Minerals that are similar in chemical configuration are likely to compete with
each other at the site of absorption, thus coming in the way of their bioavailability
(Gibson, 1994). It is not known if such factors would similarly influence zinc
bioavailability from these food grains.  When the zinc bioaccessibility from cerealsin
this study was viewed in relation to the inherent Zn: Fe molar ratio, although there
was a slight trend towards increased in vitro availability of zinc with increased Zn: Fe
molar ratio of the grains (Fig.1), such atrend was however not discernible in the case
of pulses (Fig.2). This could be due to the presence of other dominating factors such
as phytate, which overshadow the effect of Zn: Fe molar ratio alone in pulses. It
should be inferred that iron probably does not affect zinc absorption at the molar
ratios inherent in the food grains. Iron in pharmacological supplements however, has
been reported to decrease zinc absorption in humans, especially when given in awater
solution rather than with the diet (Troost et al, 2003). When iron bioaccessibility from
food grains was viewed in relation to the inherent Zn: Fe molar ratio (Figs.3 and 4), it
was found that iron dialysability was independent of zinc concentration. Thus, the
Zn: Fe molar ratio is probably not a major determinant of the in vitro availability of

these minerals at the concentrations they are normally present in the food grains.
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Concentrations of phytic acid, calcium, tannin and dietary fibrein food grains:

Thus, we observed that bioaccessibility of zinc from pulses (27- 56%) is
generaly higher than that from cereals (5.5 — 21.4%), despite similar amounts of zinc
present in both pulses and cereals. On the other hand, bioaccessibility of iron was
amost similar from these cereals and pulses, in spite of differences in ther iron
content. Such a difference in the mineral bioaccessibility values could probably be
attributed to various inherent factors associated with the grains. In this context, the
concentrations of various factors such as phytic acid, tannin, calcium and dietary fibre
inherent in these grains, which are likely to influence the bioaccessibility values of
zinc and iron, were determined. The bioaccessibility values of zinc and iron of the
food grains studied have been correlated with concentrations of the above inherent
factors.

Concentrations of phytic acid, tannin and calcium in various food grains
examined for zinc bioaccessibility are presented in Tables-3 and 4. It was observed
that phytic acid content of the cereals examined ranged from 160 mg% in rice to 612
mg% in wheat, while that in pulses was from 263 mg% in whole chickpea to 630
mg% in decorticated green gram. Apart from decorticated green gram, whole green
gram (553 mg%) and decorticated black gram (539 mg%) had relatively higher
amounts of phytic acid, among pulses. In the case of chickpea and green gram, the
decorticated grains had a higher phytic acid concentration than their whole grain
counterparts. This is because phytic acid is mainly located in the cotyledon, with the
hull containing less than 0.1% of the seed phytate (Carnovale et al, 1988).

The calcium content of the food grains tested ranged from 7.2 mg % in maize,
to 325 mg% in finger millet. In general, calcium content of cereals was lower than
that of pulses, except in finger millet. Among pulses, French beans and whole
chickpea had especially high amounts of calcium (158 and 141 mg%, respectively).

Among the food grains tested, finger millet had the highest amount of tannin
(2.12 g%) and similar high amounts were present in French beans (3.08 g%) and
cowpea (2.21 g%). Rice had the least amount of tannin (5 mg%), followed by maize
(19 mg%).
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Table-3 Phytic acid , calcium and tannin contents of cereals
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(Phytate) X

Food grain Phytic acid Calcium (Calqum) / Tannin
(Zinc)
Molar ratio
Rice 159.80 7.26 14.66 5.00
Wheat 612.40 36.90 37.46 211.70
Finger millet 417.10 325.00 23.90 2116.70
Sorghum 294.70 14.30 13.04 68.30
Maize 414.30 7.19 27.74 19.20

Values (mg/100 g) are average of 5 independent determinations
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Table-4 Phytic acid , calcium and tannin contents of pulses

(Phytate) X

Food Grain Phytic Acid Calcium (Calcium)/ Tannin
(Zinc)

Molar ratio
Chickpea
Whole 263.4 1411 12.86 146.7
Decorticated 324.1 54.1 11.98 58.3
Green gram
Whole 553.1 90.3 22.84 575.0
Decorticated 630.1 49.2 28.50 43.30
Red gram 387.7 48.0 16.35 65.00
Black gram 538.5 67.9 23.20 55.80
Cowpea 378.8 87.9 14.61 2208.3
French beans 369.9 158.2 16.81 3075.0

Vaues (mg/100 g) are average of 5 independent determinations
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Dietary fibre content of various cereals and pulses examined is given in
Tables-5 and 6. Total dietary fibre content was lowest in the case of rice, viz., 3.65%.
Whole grains had higher dietary fibre than their respective decorticated forms in the
case of chickpea (27.3 vs. 8.76%) and green gram (22.3 vs. 8.37%).The amounts of
fibre in these whole legumes were similar to those of other whole legumes - French
bean and cowpea (25.8 and 22.5%, respectively), studied here. This higher fibrein the
whole legumes is contributed essentially by the insoluble fraction present in the husk
portion. The insoluble fibre content of decorticated pulses and of cereals except rice
was similar. The soluble dietary fibre fraction was especially higher in the case of
French beans (4.55%).

Correlation between bioaccessibility of zinc and iron and variousinherent factors:
I nfluence of phytic acid:

When zinc bioaccessibility values of the food grains tested were viewed with
respect to the phytate content of the grain (Figs.5 and 6), a negative correlation
between dialysability of zinc and phytate content was generally evident in both
cereals and pulses. This negative correlation observed in the scatter diagram was
corroborated by multiple regression analysis. The multiple regression analysis carried
out to explain the influence of phytic acid on zinc bioaccessibility (Table-7) indicated
that this negative effect of phytic acid was highly significant (1%) in the case of
pulses, whilein cereals, the same was not statistically significant.

However, when the negative influence of phytic acid on zinc bioaccessibility
was viewed in terms of phytate: zinc molar ratio present in the grain (Figs. 5 and 6)
rather than the absolute amounts of phytate independent of zinc concentration, the
following inference can be drawn: In the case of cereds, increase in the molar ratio of
phytate: zinc from 14.7 in rice to 23.9 in finger millet was correlated with a drastic
decrease in zinc bioaccessibility, while further increase in thisratio even up to 37.5 in
wheat had no corresponding negative effect. Although sorghum had a phytate: zinc
molar ratio of 13, it displayed a much lower zinc bioaccessibility than that of rice with
a phytate: zinc molar ratio of 14.7, and was comparable to the other tested cereals
with higher phytate: zinc molar ratios. This could be attributable to the presence of
factors other than phytic acid such as tannin acting in synergy. A similar trend was
observed in pulses up to a phytate: zinc molar ratio of 22.8 (in whole green gram),
beyond which the negative trend was not seen. However, statistical anaysis of this
data revealed that this negative correlation of phytate: zinc molar ratio with zinc
bioacessibility was not significant.
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Table-5 Dietary fibre content of cereals
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Food grain Total Insoluble Soluble
Rice 3.65 2.80 0.85
Wheat 10.9 8.30 2.60
Finger millet 131 12.0 1.10
Sorghum 10.2 9.40 0.80
Maize 115 8.83 2.70

Vaues are expressed as g / 100g and are average of five independent determinations; the

individual deviations from the mean value were less than 10%.
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Table- 6 Dietary fibre content of pulses

Chapter |1

Food grain Total Insoluble Soluble
Chickpea Whole 27.3 24.4 2.97
Decorticated 8.76 7.90 0.86
Green gram Whole 22.3 21.0 1.38
Decorticated 8.37 6.90 1.47
Red gram 12.6 10.2 250
Black gram 16.5 15.2 1.30
Cowpea 225 20.7 175
French bean 258 21.3 4.55

Values are expressed as g / 100g and are average of five independent determinations; the

individual deviations from the mean value were |less than 10%.
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Table- 7 Estimated regression function depicting the influence of various
inherent factorsin relation to zinc bioaccessibility
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Inherent factors Regression Co-efficient
Cereals Pulses
Constant 27.949 78.29
(1.473) (16.46)
Zinc -1.631" -0.766
(0.532) (2.468)
Cacium -0.040 0.083
(0.035) (0.117)
Phytic acid -0.005 -0.047™
(0.005) (0.017)
Soluble dietary fibre -2.326" 0.455
(0.885) (3.068)
Insoluble dietary fibre -0.878 -1.249"
(0.494) (0.569)
Tannin 0.007 0.006
(0.005) (0.003)
R?=0.955" 0.466*

The Vauesin the parenthesis indicate standard error of the co-efficient

* |ndicates significance at 5% level
+x [ndicate significance at 1% level
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In the case of iron, phytic acid content of the cereal grains produced a
proportionate negative influence on its bioaccessibility (Figs.7 and 8), with the
exception of sorghum. This negative effect of inherent phytate on iron bioaccessibility
from cereals was statistically significant (5%), as revealed by the multiple regression
anaysis. However, a similar negative influence of phytate on iron bioaccessibility
from pulses was not evident (Table 8). When the influence of phytate on iron
bioaccessibility was viewed in terms of phytate: iron molar ratio inherent in the grain,
such a negative influence was not discernible. In the case of pulsesin our study, the
inverse relationship of iron dialysability with phytate concentration was generally
evident, the exception being in the case of French bean and decorticated green gram
(Fig.8). Decorticated green gram had a higher iron bioaccessibility despite higher
phytate content compared with its whole counterpart.

Phytic acid (myoinositol hexaphosphate) is the principal storage form of
phosphorous in cereals, legumes and oil seeds. It is the most potent inhibitor of zinc
absorption, but also has a negative impact on non-heme iron absorption especially in
foods of plant origin (Davies et al, 1977; Sandberg & Svanberg, 1991), forming
insoluble chelates with iron and zinc in the intestine, that are unavailable for
absorption (Wise, 1983; Sandstrom, 1989). The inhibitory effect of phytate on the
absorption of zinc and to a lesser extent for non-heme iron has been reported to be
dose-dependent (Hallberg et al, 1989). Severa investigators have tested the phytate to
zinc molar ratio to predict the bioavailability of zinc in phytate-containing diets using
animal models. Such experiments showed that phytate: zinc molar ratios < 12 had
little effect on the bioavailability of zinc in rats. The inhibitory effect of phytate
content of foods on zinc bioavailability has been reported by Oberleas and Harland
(1981), and Turnland et al (1984), and molar ratios of phytate to zinc of more than 12
have been implicated in the interference with zinc bioavailability in humans to
compromise with zinc bioavailability in humans. Higher values such as 15 (Sandberg
et al, 1986) and even 20 (Ferguson et al, 1989) of this critical ratio have been
associated with clinical zinc deficiency in humans. In our study, athough zinc
bioavailability value of the food grain did not have a correlation when viewed in
relation to the phytate: zinc molar ratios, nevertheless, a significant negative
correlation were inferred when viewed in terms of absolute concentration of the

inherent phytate, especially in pulses.
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Table- 8 Estimated Regression function depicting the influence of various
inherent factorson to iron bioaccessibility

Inherent factors

Regression Co-efficient

Cereals Pulses
Constant 8.287 -0.095
(1.015) (5.869)
Zinc -0.776 0.651
(0.858) (1.861)

Calcium 0.009 0.0918"
(0.017) (0.022)

Phytic acid -0.006" 0.0037
(0.002) (0.003)
Soluble dietary fibre 1.43" 0.470
(0.481) (0.618)

Insoluble dietary fibre -0.104 -0.427"
(0.175) (0.104)

Tannin -0.0004 -0.0006
(0.003) (0.001)

R*=0.792" 0.000™

The Vauesin the parenthesis indicate standard error of the co-efficient

* |ndicates significance at 5% level
++ [ndicate significance at 1% level
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Only the hexa- and penta- phosphate esters of inositol appear to significantly
inhibit the bioavailability of iron and zinc (Brune et al, 1992; Lonnerdal et al, 1989).
Inositol esters with fewer phosphate groups probably have a limited negative effect,
or even have a positive effect. It becomes evident, therefore, that ‘total phytate’ of a
meal or a diet is a crude measure when evaluating zinc bioavailability; methods that
specifically quantify the various forms of inositol phosphates are needed when
assessing the effect of phytate on zinc absorption. Using an in vitro Caco-2 cell
model, Glahn et al (2002) did not detect a significant relationship between phytate as
measured by inositol penta and hexa phosphates and iron bioavailability from rice. In
an earlier study however, Glahn et al (2002a) showed that an iron — phytic acid molar
ratio of 1:10 maximally inhibited iron bioavailability in Caco-2 cells, & that further
increases in phytate produced no additional inhibition. The method employed in our
study did not differentiate the various phosphates of inositol.

I nfluence of calcium:

The negative impact of calcium content in food on the availability of iron is
well recognized, and this may probably also be true of zinc bioaccessibility (Davies et
al, 1985). When zinc bioaccessibility of the grains examined here was viewed in
relation to calcium concentration (Figs. 9 and 10), a decreasing trend was evident in
cereals with increase in calcium concentration, which was however not statistically
significant, as indicated by the multiple regression analysis. It appears unlikely that
the Calevels commonly found in mixed human diets will promote a phytate-induced
decrease in Zn availability (Forbes et al, 1984). Some |lacto-ovo vegetarians, however,
who consume diets, which are relatively high in both phytate & calcium, but low in
zinc, may be at arisk for suboptimal zinc nutriture. Under such conditions, [phytate] x
[calcium]/ [zinc] molar ratio may provide a more useful assessment of zinc
bioavailability than phytate: zinc molar ratio alone (Davies et al, 1984). In view of the
potentiation of the inhibitory effect of phytate by calcium, other authors also have
advocated the need for viewing the effect of calcium in terms of the [phytate] X
[calcium] / [zinc] molar ratio (Ferguson et al, 1989; Bindraet al, 1986).

Figs.9 and 10 also depicts zinc bioaccessibility of various food grains viewed
in relation to calcium concentration in terms of molar ratio: [phytate] x [calcium] /
[zinc]. Generally in both cereals (Fig.9) and pulses (Fig.10), as this ratio increased,
there was a decrease in zinc bioaccessibility from the food grain.
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However, this negative correlation was not statistically significant. Very
limited data exist on the critical [phytate] x [calcium] / [zinc] molar ratio inhibiting
the bioavailability of zinc in human diets; although, a ratio between 150 and 200 has
been suggested from a retrospective calculation of the data from Cossack and Prasad
(1983). None of the food grains studied by us had [phytate] x [calcium] / [zinc] molar
ratios exceeding this critical value. In fact, this ratio in all the grains studied here was
less than 65, except finger millet (190).

Such an inverse relationship of calcium was however not evident on iron
bioaccessibility values when the same were viewed in relation to calcium inherent in
the grain, as well as [phytate] x [calcium] / [iron] molar ratio (Figs.11 and 12). On the
other hand, calcium seems to have a significant positive influence on iron
bioaccessibility in the case of pulses. The positive influence of calcium on iron
bioaccessibility could be due to its forming a ligand with phytate, thus sparing iron
and alowing its free accessibility (Anderson, 2000). The effect of dietary phytate on
the bioavailability of zinc depends on the amounts of calcium in the diet relative to
phytate. Maximum precipitation of phytate and therefore maximum chelation of zinc
in solution occurs at Ca: phytate ratios > 6: 1, the percentage chelated decreasing with
decreasing molar ratios (Wise, 1983). The critica Ca Phytate molar ratio for
maximum dietary zinc precipitation for humans is unknown although it has been
suggested that zinc absorption is improved at a Ca: phytate molar ratio of 4.7
compared with aratio of 8.0 when phytate: Zn molar ratios were > 20 (Navert et al,
1985)

I nfluence of tannin:

When the zinc and iron bioaccessibility values from various food grains were
viewed in relation to their tannin content, it appeared that tannin did not have any
significant influence on zinc and iron bioaccessibility from cereals and pulses (Figs.13
and 14; Tables-7 and 8). Among the various inherent factors examined, tannin
accounted for only 0.7 and 0.6% of influence in cereals and pulses, respectively
(Table-7). Similarly for iron, tannin accounted for 0.04 and 0.06% of influence in
cereals and pul ses, respectively (Table-8).
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The negative role of tannin on iron absorbability from grains is equivocal.
Tannin is reported to be a potent inhibitor of iron absorption (Hamdaoui et al, 1995).
Several studies suggested that tannins exert a marked inhibitory effect on Fe
absorption (Gillooly et al, 1983; Brune et al, 1989) and further this effect has been
observed to be dose related (Siegenberg et al, 1991; Tutanwiroon et al, 1991). On the
other hand, Lombardi-Boccia et al (1995) did not find any improvement in iron
dialysability from Phaseolus vulgaris beans after removal of the hulls, which contain
most of the seed tannin. So also in our study, tannin at the levels present in the grains
did not exert any statistically significant negative effect on the bioaccessibility of

ether of the minerals.

Influence of dietary fibre:

When the bioaccessibility of zinc from various cereals and pulses was viewed
in relation to the dietary fibre content- total, insoluble and soluble (Figs.15 and 16), it
was evident that in general, there was a negative influence of total dietary fibre on the
zinc bioaccessibility in the case of cereals (Fig.15). Although this trend was not
consistent in the case of pulses, mgjority of the grains conformed to it (Fig.16). When
the individual dietary fibre fractions of the food grains were related to zinc
bioaccessibility value from cereads (Fig.15), both soluble and insoluble fractions
negatively influenced zinc bioaccessibility, the effect being statistically significant
(5% level) only for the soluble fibre fraction (Table-7). In the case of pulses, the
insoluble fraction had a significant (5% level) negative influence on zinc
bioaccessibility (Table-7).

Similar to the effect on zinc bioaccessibility, insoluble dietary fibre negatively
influenced iron bioaccessibility from cereals and pulses (Figs.17 and 18), the effect
being statistically significant (5% level) in the latter (Table-8). On the other hand,
soluble dietary fibre fraction had a positive influence on iron accessibility from
cereals and pulses, as indicated by the multiple regression analysis (Table-8), the
effect being significant (5% level) in the case of cereals (although the scatter diagram
indicated to the contrary).

Thus, while both insoluble and soluble fractions of the dietary fibre in the food
grains generally interfered with zinc bioaccessibility, the insoluble fraction alone had

this effect on iron bioaccessibility. Soluble fraction, on the other hand, had, in fact,
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the opposite effect on iron bioaccessibility, more so in the case of cereals. It is
speculated that the amount and type of dietary fibre mattersin their influence on trace
element bioavailability (Gibson, 1994). In general, the soluble fibre pectin, found
predominantly in fruits, does not affect the absorption of zinc. By contrast, insoluble
cereal and vegetable fibre (cellulose, hemicelluloses, and lignin) are said to inhibit the
biocavailability of zinc (Schwartz et al, 1986). The effects of dietary fibre on the
bioavailability of trace elements are speculated to be confounded by the presence of
other minerals and proteinsin the food, as well as by the presence of phytate or oxalic
acid (Kelsay et al, 1988). Oxalic acid forms fiber-zinc-oxalate complexes that are
less readily degraded in the digestive tract than are the corresponding mineral-fibre
complexes aone. The effect exerted on iron availability by the components of fibre
fractions has not yet been clearly ascertained, while some fibre components have been
proven to bind iron in vitro, many studies indicate that they have little effect on iron
absorption (Torre et al, 1991; Rossander et al, 1992). Dietary fibre also has the
potential to bind zinc and hence decrease the amount available for intestina
absorption (James, 1980). However, the negative influence of dietary fibre on zinc
absorption / bioavailability needs to be substantiated.

Relative effects of all inherent factors on zinc and iron bioaccessibility:

In the case of zinc bioaccessibility from cereals, the multiple regression
analysis fitted to explain the collective influence of various inherent factors listed in
Table-7 indicated that the inherent factors explained a 95.5% (RZ) variation in the
accessibility of zinc due to variation in the included factors, which is highly
significant (1%). The regression model fitted here is satisfactory in explaining the
variation in zinc bioaccessibility. In the case of pulses, the factors included explained
46.6% variation, which was found to be significant at 5% level (Table-7).

Thus, the lower collective negative influence of the various inherent factors on
zinc bioaccessibility from pulses is consistent with the higher zinc bioaccessibility

value of these grains, relative to cereals.

In the case of iron bioaccessibility from cereals, the collective influence of the

inherent factors examined was to an extent of 79.2% (RZ), which was significant at
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5% level (Table-8). The extent of collective influence of the various inherent factors
on iron bioaccessibility from pulses was essentialy similar (R2 = 75.3%), which is
statistically highly significant at 1% level (Table-8). This explains the previously

observed similar iron bioaccessibility valuesin both cereals and pul ses.

Influence of reduction of phytate by treatment with phytase on mineral
bioaccessibility:

Among the various factors, phytate seems to have the maximum negative
influence on the bioaccessibility of zinc, especidly from pulses. This led us to
examine whether removal of phytate from pulses would beneficially influence their
zinc bioaccessibility. Decorticated green gram and black gram, which had relatively
higher phytate content, were pre-treated with fungal phytase (Sigma Chemica Co,
USA), which resulted in a 36 and 24% reduction in phytate in green gram and black
gram, respectively. Fig.19 presents the zinc and iron bioaccessibility values from
phytase-treated legumes. Reduction in phytate brought about a marginal increase
(16%) in the bioaccessibility of zinc from black gram, while it did not seem to have
any influence on the same from green gram. On the other hand, iron bioacessibility
improved significantly as aresult of reduction in phytate content, the increase being to
an extent of 221% for black gram, and 74.5% for green gram. Thus, partial removal of
phytate from the food grains enhanced the bioaccessibility of mineras, especially of
iron, supporting our inference of a negative correlation of inherent phytic acid with

zinc and iron bioaccessibility.

Thus, removal of phytate from food grains will prove advantageous in terms
of increase in the bioaccessibility of iron and zinc. There are several methods
available to reduce the phytate content of various foods: leavening of bread (Navert et
al, 1985), fermentation (Gibson et al, 1998), germination & milling (Gibson et al,
1998; Svanberg & Sandberg, 1988), treatment of foods with food grade phytase or the
addition of phytase to the diet (Sandberg et al, 1996; Turk & Sandberg, 1992).
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I nfluence of addition of exogenous phytate on mineral bioaccessibility:

In a separate experiment, the effect of addition of exogenous phytic acid on
the bioaccessibility of zinc and iron from food grains that were low in endogenous
phytate was also examined. The food grains studied here were rice, decorticated
chickpea, French bean and cowpea. The exogenous phytic acid was added at levels -
equal to, twice, thrice and four times the endogenous level. Fig.20 presents the
influence of exogenous phytate on zinc bioaccessibility from the four food grains
examined.

Exogenous phytic acid showed only a marginal decreasing effect on zinc
bioaccessibility from the food grains studied, the effect being significant only in afew
instances.This effect, however, was not proportionate to the level added. The
influence of exogenous phytic acid on iron bioaccessibility is presented in Fig.21.
Since inherent phytic acid had a negative correlation with zinc or iron
bioaccessibility, presence of additional amounts of phytic acid is expected to further
decrease the mineral bioaccessibility values. However, contrary to this expectation, it
was found that iron bioaccessibility values were profoundly enhanced from all the
food grains tested. The extent of increase of iron bioaccessibility was as high as 2.8-
fold in the case of rice, 3.8-fold in the case of French bean and 6.6-fold in the case of
cowpes, at the highest level of addition of exogenous phytic acid. Theincreasein iron

bioaccessibility was also almost proportional to the added phytic acid in these grains.

This unexpected trend in the influence of phytic acid exogenously added
cannot be explained within the limitations of the experiment performed. It is
suggested that while inositol hexa- and penta- phosphates are negative influencers of
mineral bioaccessibility, inositol tetra- and tri- phosphates have been reported to
enhance iron biocavailability (Sandberg et al, 1999). The latter two are the
intermediates during phytic acid hydrolysis either by heat or enzymatic treatment. The
observed promotive effect of exogenous phytic acid on iron bioaccessibility from the
test food grains in the current study is probably attributable to the possible presence of
tetra- and tri- inositol phosphates in the sample used for exogenous phytic acid
addition, which needsto be verified.
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Effect of heat processing on zinc and iron bioaccessibility:

All the food grains (both cereals and legumes) studied in this investigation are
consumed in the cooked form, while a few of the legumes are also consumed in raw
form after soaking and germination (as salads). Considering the bioaccessibility of
zinc and iron from the cooked form of these grains, would therefore be more
meaningful. Influence of heat processing on the zinc bioaccessibility from various
cereals and pulsesis presented in Figs.22 and 23. Heat treatment of the food grains by
pressure-cooking generally decreased the bioaccessibility of zinc, especially in pulses.
Among the cereals examined (Fig.22), pressure-cooking decreased the
bioaccessibility of zinc by an extent of 63 and 57% in the case of finger millet and

rice, respectively.

On the other hand, there was a significant increase (72%) in the
bioaccessibility of zinc from sorghum as a result of pressure-cooking. Microwave
cooking also brought about similar decrease in zinc bioaccessibility in the case of rice
(39%) and maize (19%).The bioaccessibility of zinc from finger millet, on the other
hand, increased by an extent of 23% upon microwave cooking. In the case of wheat,
neither of the heat treatment procedures affected the bioaccessibility of zinc to any
significant extent. Thus, all the pressure- cooked cereals had similar percent zinc
bioaccessibility values, with the exception of finger millet, which had a much lower
percent zinc bioaccessibility. There was generally a significant decrease in the
bioaccessibility of zinc from al the pulses studied, as a result of heat treatment by
pressure-cooking or microwave cooking (Fig.23). This decrease ranged from 11.4%
in microwave-cooked chickpea (whole), to 63% in microwave cooked cowpea.
Decrease in zinc bioaccessibility was 48% in pressure-cooked whole chickpea, 45 and
55% in heat processed whole green gram, 32 and 22% in heat processed decorticated
green gram, 45% in microwave-cooked black gram. As in the case of raw grains, the
cooked decorticated pulses had higher concentrations of bioaccessible zinc than their
whole counterparts. In general, microwave cooking did not seem to have any
advantage over pressure-cooking with respect to bioaccessibility of zinc.
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Fig.22 Influenceof heat processing on zinc bioaccessibility from cereals

Vaues are mean = SEM of 5 replicates.
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Kaur and Kawatra (2002) have reported a higher retention of zinc in rats fed
diets based on dehusked, soaked and pressure-cooked rice bean. Soaking and
dehusking of rice bean followed by pressure-cooking resulted in a greater percentage
of soluble zinc. The same was observed in rice bean that was sprouted and pressure-
cooked. This higher solubility was attributed to a decrease in antinutritional factors
inherently present in this legume, as a result of soaking / sprouting. In the present
study, consistently lower concentrations of bioaccessible zinc were observed in the
heat-treated food grains. This trend was evident even in un-dehusked legumes, and
those soaked overnight prior to heat treatment.Contrary to its effect on the
bioaccessibility of zinc, heat treatment, either pressure-cooking or microwave
cooking, generally increased the bioaccessibility of iron from all the food grains
studied (Figs.24 and 25). The bioaccessibility of iron from pressure-cooked cereals
was uniform and ranged from 7 to 9.5%, except in the case of rice (12%). Further
increase in the percent bioaccessible iron was evident when the food grains were
microwave- cooked; the percent increase in bioaccessibility being as high as 69% in
cowpea. Microwave cooking decreased iron bioaccessibility in sorghum, maize,
whole chickpea and French bean by 44, 12, 23 and 60% respectively. Incidentaly,
the percent bioaccessibility of both zinc and iron from pressure-cooked cereals was

similar.

Between these two heat-processing methods employed here, pressure-cooking
is the commonly adopted practice in Indian households. As evident from Table-9, the
actual bioaccessible zinc content (mg/100g) of pressure-cooked cereals ranged from
0.05 (finger millet) to 0.21 (sorghum), while that of iron ranged from 0.16 (rice and
finger millet) to 0.47 (sorghum). Although the percent bioaccessibility of iron from
pressure-cooked rice is the highest, it still cannot be considered as the best provider of
this mineral among cereals, because of the low inherent iron content. Sorghum, which
is the staple of a mgjority of the rural population, appears to be the best provider of
both zinc and iron (Table 2). The bioaccessible zinc content (mg/100g) from pressure-
cooked pulses as enumerated in Table 2 ranged from 0.36 in whole green gram to
1.18 in decorticated chickpea, whereas bioaccessible iron from these pressure-cooked
pulses ranged from 0.11 (whole green gram) to 0.70 (French beans). Thus, each one
of these pulses seems to be better providers of zinc than of iron, despite consistently

higher inherent iron content.
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Table9: Zinc and iron bioaccessibility from pressure- cooked food grains

Food grain Bioaccessiblezinc  Bioaccessibleiron
Cereals

Rice 0.10 0.16
Wheat 0.14 0.27
Finger millet 0.05 0.16
Sorghum 0.21 0.47
Maize 0.13 0.37
Pulses

Chickpea (whole) 0.48 0.40
Chickpea (decorticated) 1.18 0.19
Green gram (whole) 0.36 0.11
Green gram (decorticated) 0.61 0.33
Red gram decorticated 0.87 0.22
Black gram (decorticated) 0.60 0.15
Cowpea 1.07 0.19
French bean 0.95 0.70

Values expressed as mg/100g, are average of five independent determinations
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Among the pulses examined, decorticated chickpea, cowpea, French bean and
red gram are among the best sources of bioaccessible zinc. French bean stands out
among pulses as far as iron bioaccessibility is concerned, whereas the rest of the
pulses have bioaccessible iron content to cereals. It is generally believed that heat
processing improves the digestibility and bioavailability of both macro- and
micronutrients. However, this trend was not evident in the case of zinc
bioaccessibility from a majority of food grains in the present study. The differences
between zinc and iron dialyzabilities from food grains can be attributed to the
different chemical forms of these metals (valence states), different physicochemical
environment, and their possible different localizations in the grains. These minerals
are linked or complexed to other different constituents. The types of linkages and

associated constituents could be different for zinc and iron.

The decrease in zinc bioaccessibility on heat treatment of the tested food
grains in the present study could be attributed to interactions of zinc with proteins,
and / or other food components thereby hindering its absorption. Although the zinc
bioavailability from raw pulses was higher relative to ceredls, the negative effect of
cooking was also higher in the case of pulses. Whether this observation that the
decrease in zinc bioaccessibility was more prominent in the case of pulses upon heat
possessing, is attributable to the higher amounts of protein present in them, remains to
be evidenced. Cooking of food grains, which generally improves protein
digestibility, has not resulted in improved absorbability of zinc, unlike that of iron.
Carbonaro et al (1995) have reported that iron bioavailability was compromised as a
result of impaired protein digestibility, while that of zinc did not seem to be affected.
There was no difference in zinc dialysability from two globulins with different
digestibility extracted from white beans. The authors inferred that the main
determinant of zinc dialysability was probably amino acid composition of the protein,
rather than its digestibility. This suggested that interaction of zinc with protein was
more specific compared to that of iron. Differences, if any, in the nature of interaction
of the two metals with food proteins upon heat processing, remain to be understood.

Cooking presumably modifies the seed composition, in turn influencing the
zinc and iron dialysability. Cooking has been reported to result in phytate reduction in
food grains. The changesin Zn and Fe diaysability caused by cooking as evidenced
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here cannot be fully explained by the changes occurring in any single constituent.
Interactions with the protein matrix may play an important role as far as the potential
mineral availability is concerned. Further studies are necessary to better understand
the changes in food matrix induced by cooking which mostly influence zinc and iron
availability. The differences in in vitro availability that exist between zinc and iron
present in food grains could be due to their different chemical forms, differencesin
their association with other grain constituents, and differences in their localizations
within the grain.

The in vitro method employed here for the estimation of mineral (Zn and Fe)
availability is based on simulation of gastro-intestinal digestion and estimation of the
proportion of the nutrient convertible to an absorbable form in the digestive tract, by
measuring the fraction that dialyses through a membrane. The dialysability of a
minera gives afair estimate of its availability for absorption in vivo. Such in vitro
methods are rapid, ssimple and inexpensive. However, it should be remembered that
the results from in vitro methods are relative rather than absolute estimates of mineral
absorbability, since they are not subjected to the physiological factors that can affect
bicavailability (Sebastia et al, 2001). Such relative estimates of the mineral
availability in terms of in vitro zinc and iron diaysability obtained in the present
investigation on the comparative zinc bioavailability values for different food grains,
and the influence of cooking on the same are still valid and suffice to form a strategy

to derive maximum mineral availability.

SUMMARY

Several food grains commonly consumed in India were screened for zinc
content and its bioaccessibility from the same was determined by equilibrium dialysis
employing an in vitro simulated digestion procedure. The food grains examined
included the cereals - rice (Oryza sativa), finger millet (Eleusine coracana), wheat
(Triticum aestivum), maize (Zea mays), sorghum (Sorghum vulgare), and the pulses -
chickpea (Cicer arietinum), green gram (Phaseolus aureus), red gram (Cajanus
cajan), black gram (Phaseolus mungo), cowpea (Vigna catjang), and French bean
(Phaseolus vulgaris). Thetotal zinc content of cereals ranged from 1.08 mg/ 100 gin

riceto 2.24 mg/ 100 g in sorghum. The zinc content of pulses was between 2.03 mg/
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100 g (whole chickpea) and 2.68 mg/ 100 g (decorticated chickpea). The
bioaccessibility of zinc from pulses (27 - 56%) was generally higher than that from
cereals (5.5 - 21.4%). The iron content of cereals ranged from 1.32 mg% in rice to
6.51 mg% in sorghum, while that of pulses ranged from 3.85 mg% in decorticated
green gram to 6.46 mg% in black gram. Bioaccessibility of iron was amost similar
from both cereals and pulses examined and ranged from 4.13 to 8.05% in cereals and
from 1.77 to 10.2 % in pul ses.

The bioaccessibility values of zinc and iron were viewed in relation to the
inherent concentrations of phytic acid, calcium, tannin and fibre. Phytic acid content
of these food grains ranged from 160 to 630 mg %. A significant negative correlation
between inherent phytate and zinc bioaccessibility value was inferred in the case of
pulses. However, the same was not evident when the bioaccessibility value was
viewed in relation to phytate: zinc molar ratios. In the case of iron, phytic acid content
of the cerea grains produced a proportionate and statisticaly significant negative
influence on its bioaccessibility. The calcium content of the food grains tested ranged
from 7.2 mg % in maize, to 325 mg % in finger millet. This inherent calcium had a
negative influence on zinc bioaccessibility in cereals. Zinc bioaccessibility from the
food grains was aso negatively influenced by [phytate] x [calcium] / [zinc] molar
ratio, which however was not statistically significant. Such an inverse relationship of
calcium or of [phytate] x [calcium] / [iron] molar ratio was not evident on iron

bioaccessibility.

Among the food grains tested, finger millet had the highest amount of tannin
(2.12 g %) and similar high amounts were present in French beans (3.08 g %) and
cowpea (2.21 g %). Tannin did not have any significant influence on zinc and iron
bioaccessibility from cereals and pulses. Among the test grains, legumes (especialy
whole) had higher dietary fibre content. While both insoluble and soluble fractions of
the dietary fibre in the food grains generally interfered with zinc bioaccessibility, the
insoluble fraction aone had this effect on iron bioaccessibility. Soluble fraction, on
the other hand, had the opposite effect on iron bioaccessibility, more so in the case of

cereals.
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The lower collective negative influence of the various inherent factors on zinc
bioaccessibility from pulses is consistent with the higher values of the same in these
grains, relative to cereas. The extent of collective influence of the various inherent

factors on iron bioaccessibility from cereals and pulses was essentially similar.

The negative correlation of inherent phytic acid with zinc and iron
bioaccessibility was supported by enhanced bioaccessibility of these minerals
observed upon partial remova of phytate from the food grains by treatment with
fungal phytase. Exogenous phytic acid showed a marginal decreasing effect on zinc
bioaccessibility from the food grains studied, which was however not proportionate to
the level added. Iron bioaccessibility values, however, were profoundly enhanced
from al the food grains tested.

Influence of heat processing on the in vitro availability of zinc from these
cereals and pulses was also examined. In general, zinc bioaccessibility from these
food grains was considerably reduced upon domestic cooking (pressure-cooking or
microwave heating). Zinc bioaccessibility was reduced to nearly half in rice, wheat,
chickpea and green gram. Iron bioaccessibility on the other hand, was significantly
enhanced generaly from al the food grains studied upon heat treatment. Thus, heat
treatment of grains produced contrasting effect on zinc and iron bioaccessibility.
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I nfluence of Exogenous |ron, Calcium, Protein and Common
Salt on the Bioaccessibility of Zinc from Food Grains

INTRODUCTION

Zinc and iron bioaccessibility values in cereds and pulses commonly
consumed in India determined by us are reported in chapter Il. Considerable
differences in the extent of bioaccessibility of these two minerals from cereals and
pulses were evidenced. Apart from inherent modulators of mineral absorption such as
phytate, tannin and insoluble dietary fibre, mineras that are similar in chemical
configuration are likely to compete with each other at the site of absorption, thus
coming in the way of their bioavailability (Gibson, 1994)). When we viewed the zinc
bioaccessibility from cereals in relation to zinc: iron molar ratio, there was a slight
trend towards increased bioaccessibility with increased zinc: iron molar ratio
(Chapter I1).

Although it isinferred that iron probably does not affect zinc absorption at the
molar ratios inherent in the food grains, pharmacologica supplements of the same
may have a bearing on the bioavailability of zinc. Supplements containing iron and
multiple trace elements and minerals are used by millions of people world-wide. It is
also a common practice to take iron supplements during pregnancy in the developing
countries. It is important to provide detailed information regarding safe upper intake
limits for supplements to minimize adverse effects on mineral absorption caused by
mineral — minera interactions. It has long been recognized that iron metabolism
interacts with the metabolism of several other micronutrients such as zinc and copper.
Iron was shown to decrease zinc absorption in humans in a dose dependent way when
given in a water solution but not when given with the meal (Vaberg et al, 1985;
Sandstrom et al, 1985). Iron supplements have been reported to decrease zinc
absorption in pregnant women (Simmer & Thompson, 1985), and lower serum zinc
concentrations were observed in teenage pregnant women taking daily multi-vitamin
supplements containing 18 mg iron than in those taking multivitamin supplements

without any iron (Dawson et al, 1989).
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Inherent calcium had a negative influence on zinc bioaccessibility in cereals
(Chapter 11).  While calcium has made a difference in zinc accessibility at the levels
normally inherent in the grain especially in cereals, higher doses of the same as
encountered in therapeutic supplementation of calcium, is expected to further
modulate zinc bioaccessibility from food grains. In this context, the influence of
exogenously added iron and calcium at a level up to four times the inherent

concentration on the bioaccessibility of zinc from selected food grains was examined.

Our previous observation that: (1) per cent zinc bioaccessibility was higher in
pulses than in cereals in spite of generally higher presence of factors such as phytate,
tannin, calcium and insoluble dietary fibre; and (2) the overall effect of such inherent
factors on zinc bioaccessibility from the grain was more prominent in the case of
cereals than in pulses, suggests that inherent factors other than the above such as
protein of which pulses are a richer source, may have a modulatory role on zinc
bioaccessibility. In addition, heat— treatment of grains produced contrasting effects
on zinc and iron bioaccessibility, namely, iron bioaccessibility was enhanced upon
cooking, while that of zinc was generally reduced in both cereals and pul ses (Chapter
I1). Such a contrasting effect of heat-treatment on zinc and iron bioaccessibility could
probably be attributed to differences in their association with the protein constituent
of the grain. In this context, the influence, if any, of exogenous protein, on zinc and
iron bioaccessibility from representative cereals was also examined. Common salt,
which is aregular ingredient of our cookery, can alter the solubility characteristics of
food proteins. Hence, influence of common salt along with exogenous protein on the
bioaccessibility of zinc and iron from food grains has also been specifically examined.

MATERIALSAND METHODS

Materials:

Cereals - rice (Oryza sativa), sorghum (Sorghum vulgare), and wheat
(Triticum aestivum, and pulses - chickpea (Cicer arietinum) - whole and decorticated
and green gram (Phaseolus aureus) — decorticated were procured locally, cleaned and
used for the studies. Pepsin, pancreatin (porcine) and bile extract (porcine) were
obtained from Sigma Chemical Co., USA.  All chemicals used here were of
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anaytical grade. Triple distilled water was employed during the entire study. Acid-
washed glassware was used throughout the study.

Zinc, iron and calcium:

Grain samples were ground finely and ashed in a muffle furnace at 550°C for 5
h and the ash was dissolved in conc. HCI. Zinc, iron and calcium content were
determined by atomic absorption spectrometry (Shimadzu AAF-6701). Calibration of
measurements was performed using commercial standards. All measurements were
carried out with standard flame operating conditions as recommended by the
manufacturer. The reproducibility values were within 2.0% for both zinc and iron. In
the case of calcium, lanthanum chloride was added to the mineral solution, to avoid
interference from phosphate.

Bioaccessibility of zinc and iron:
Bioaccessibility of zinc and iron in the samples was determined by the in vitro
method of Luten et al (1996) involving ssimulated gastrointestinal digestion with
suitable modifications, as described in Chapter 11.

Preparation of soy protein isolate:

Defatted soya flour (obtained by cold organic solvent extraction) was used for
the preparation of soya protein isolate as described by Waggle et al (1989). The
defatted flour was treated with sodium hydroxide to raise the pH to 8.5, and stirred for
2h on amagnetic stirrer; centrifuged and the pH of the supernatant was adjusted to 4.5
with HCI and allowed to stand for 1h. The protein precipitate separated by
centrifugation was repeatedly washed with water to remove the acid, dissolved in
water and the pH adjusted to 7.5 with NaOH. The solution was lyophilized. The
resultant protein isolate contained 78% protein as determined by Kjeldahl method.

Heat processing of food grains:

Ten grams of the food grains were pressure-cooked in 30 ml of triple distilled
water for 10 min (15 psi). The cooked samples were homogenized and used for the
determination of mineral bioaccessibility as described above.
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Studies with exogenous iron and calcium:

Rice and decorticated green gram were examined for the effect of exogenous
iron, while rice and wheat were employed for the study on the influence of exogenous
calcium. Exogenous iron (as ferrous sulphate) and calcium (as calcium carbonate)
were added to the ground grains (10 g) at levels equal to, twice, thrice and four times
the amount of these minerals present inherently. Bioaccessibility of zinc and iron

from these samples was determined as described above.

Studies on influence of exogenous protein:

The food grains examined in this context were rice, and sorghum with a
protein content of 6.8 and 10.4%, respectively. Soy protein isolate prepared as
described above was added to the powdered grain samples in such quantities to result
in a protein content of 20 g%. The samples were also subjected to pressure cooking,
and zinc and iron bioaccessibility from both raw and cooked samples were determined
as described above. In a paralldl set of samples, sodium chloride was added at 5%
level in addition to the protein isolate, and the mineral bioaccessibility was

determined in both raw and cooked forms.

I nfluence of exogenous sodium chloride:

Whole and decorticated chickpea, rice and sorghum were employed for the
studies on the effect of exogenous sodium chloride on bioaccessibility of zinc and
iron. Sodium chloride was added to the ground samples at 5% level. The above
samples were also subjected to pressure-cooking as described above. Zinc and iron
bioaccessibility were determined in both raw and cooked samples.

Determination of zinc and iron bioavailability in these variations of food

samples, aswell as all other chemical analyses was carried out in five replicates.

Statistical analysis:
Statistical analysis of analytical data was done according to Snedecor and
Cochran (1977).
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RESULTSAND DISCUSSION

I nfluence of exogenousiron on mineral bioaccessibility:

Fig.1 presents the zinc bioaccessibility from green gram and rice as influenced
by exogenously added iron. Exogenous iron had a negative influence on zinc
bioaccessibility from green gram only when present at levels four and five times the
normal content of the grain. The zinc: iron molar ratio varied from 0.484 to 0.097 in
the green gram samples examined for zinc bioaccessibility. Thus, the effect of
exogenous iron on zinc bioaccessibility from green gram was visible only when the
zinc. iron molar ratio was 0.12 or lower. Effect of exogenous iron on zinc
bioaccessibility was not seen in the case of rice because even at the highest
concentration (five times the inherent content) of iron examined, the zinc: iron molar
ratio was 0.14. The zinc: iron molar ratio varied from 0.697 to 0.14 in the rice
samples examined for zinc bioaccessibility. The critical zinc: iron molar ratio is
probably around 0.13 to exert an inhibitory influence on zinc bioaccessibility, which
needs to be further substantiated.

Although we did not encounter severe limitations in zinc bioaccessibility from
food grains tested in presence of exogenous iron, there is an indication that when the
concentration of iron reaches a threshold level such that zinc: iron molar ratio is 1:8,
zinc bioaccessibility will be compromised. Supplementa levels of iron are certainly
likely to negatively influence zinc absorption. The interaction between iron and zinc
absorption may be explained by competitive binding to the transporter protein (DMT-
1), which is located at the apical membrane in the small intestine or by an iron
induced decrease in the expression of DMT-1. Although the exact mechanism of iron
absorption is still under investigation, it is clear that DM T-1 — mediated iron transfer
accounts for most of the iron absorption from the intestine (Gunshin et al, 1997;
Andrews, 1999). Antagonistic interactions between iron and zinc are most likely
when high doses of supplemental zinc and iron are given in the absence of food, in the
presence of low dietary intakes of these minerals, and when consumed between meals
rather than with meals. Intakes of these mineras from dietary sources aone are
unlikely to be high enough to compromise iron or zinc status (Prasad et al, 1978;
Solomons, 1986; Rossander—Fulten et al, 1991; Valberg et al, 1985).
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Contrary to these reports, Davidsson et al (1995) demonstrated that iron
fortification of foods is unlikely to affect zinc absorption by examining the effect of
Iron fortification of bread (65 mg/kg), weaning cereal (500 mg/kg) and infant formula
(12 mg/L) in human adults with the use of stable isotopes. No significant negative
effect on zinc absorption was found. Similar results were obtained by Fairweather—
Tait et al (1995), who studied the efironct of iron fortification of a weaning food on

zinc absorption in infants with the use of stable isotopes.

Bioaccessibility of iron from the same samples of green gram and rice
increased with increasing exogenous iron concentration up to four times the inherent
iron content. Further increase in exogenous iron did not result any additional increase
in iron bioaccessibility (Fig.2). Apparently, the inherent inhibitory factors of iron
bioaccessibility present in the food grains tested did not have an impact on the
bioaccessibility of the added iron. This could be attributed to the fact that exogenous
iron was in the ferrous state, whose bioaccessibility is not usualy influenced by
dietary factors.

I nfluence of exogenous calcium on mineral bioaccessibility:

Zinc bioaccessibility values for rice and wheat in presence of exogenously
added calcium are given in Fig.3. Exogenous calcium apparently did not negatively
influence zinc bioaccessibility from rice when the calcium content was raised from
7.26 mg% to five times that, and from wheat when raised from 37 mg% to 185 mg%.
Fig.4 presents the influence of exogenous calcium on the bioaccessibility of iron from
the same samples of rice and wheat. As in the case of zinc bioaccessibility,
exogenous calcium did not negatively influence iron bioaccessibility from the two
food grains at the added levels. On the other hand, there was a slight increase in iron
bioaccessibility with increasing calcium concentration from both the food grains. The
absence of any negative influence of exogenous calcium on mineral bioaccessibility
in the present experimental set-up (where there was no additional phytic acid) could
be attributable to the fact that calcium brings about its negative effect only in
association with phytate, while calcium per se does not have this effect (Spencer et al,
1984; Dawson-Hughes et al, 1986).
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I nfluence of exogenous soy protein isolate on mineral bioaccessibility:

In order to study the influence of exogenous protein on zinc and iron
bioaccessibility, two representative cereals, namely rice and sorghum were selected
and soy protein was added to bring the protein concentration of these two cereals (6.8
and 10.4%, respectively) to the levels normally encountered in pulses (around 20%).
Figure 5 presents the influence of exogenous soy protein on zinc bioaccessibility from
rice and sorghum. While soy protein did not have a positive influence on zinc
bioaccessibility from rice either raw or cooked, the same had a significant positive
influence on zinc bioaccessibility from both raw and cooked forms of sorghum (an
increase of 49 and 91%, respectively). Sodium chloride which is normally present in
our dietary, is likely to influence the solubility of food protein, and hence was
examined in aparaléel set of samples by inclusion at 5% level. Asevident from Fig.5,
Sodium chloride potentiated the positive effects of exogenous soy protein on zinc
bioaccessibility from sorghum. It al'so had an enhancing effect on zinc bioaccessibility
from raw and cooked rice, the effect being particularly significant in the case of the
cooked grain.

Contrary to its effect on zinc bioaccessibility, exogenously added soy protein
significantly decreased the bioaccessible iron value from rice and sorghum in both
raw and cooked forms (Fig.6). The decrease in iron bioaccessibility brought about by
soy protein was as high as 63 and 73% in the case of raw and cooked rice
respectively, while a decrease of 30 and 16%respectively was seen in the case of raw
and cooked sorghum. In presence of sodium chloride, however, the negative
influence of exogenous soy protein was partially countered in the case of rice,

whereas in the case of sorghum the same was completely checked (Fig.6).

The caculation of bioaccessibility values in this study has taken into
consideration the amounts of respective minerals (zinc and iron) contributed by the
exogenously added soy protein isolate. We have earlier documented 27 to 56%
bioaccessibility of zinc from pulses relative to 5.5 to 21.4% from cereals despite the
generaly higher presence of factors such as phytate, tannin, calcium and insoluble
dietary fibre (Chapter 11). This suggests that inherent factors other than the above
such as protein, of which pulses are a richer source, may have a modulatory role

on zinc bioaccessibility. Inthe present study, raisingthelevel of protein from the
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representative cereals (rice and sorghum) to 20 g% (as in pulses) by the addition of
exogenous soy protein did bring about an improvement in zinc bioaccessibility from
sorghum, although this increased bioaccessibility value was still not comparable to
that of pulses. On the other hand, exogenous soy protein had a negative influence on
iron bioaccessibility from both the cereals tested. Thus the influence of exogenous
soy protein on the bioaccessibility of zinc and iron from cereals appears to be
contrasting. The negative influence of soy protein on iron bioaccessibility is probably
attributable to rich amounts of phytic acid associated with it. We did evidence phytic
acid concentration of 1.3 g% associated with the soy protein isolate used in this study.
As reported in chapter 11, the negative influence of phytic acid on iron bioaccessibility
was more significant than on zinc bioaccessibility, especially from cereals. Whether
proteins isolated from other legumes have effects similar to that of soy protein
observed in this study with regard to influence on zinc and iron bioaccessibility needs
to be examined. Several studies have already underlined the importance of the protein
source for iron availability. Anima protein has been shown to counteract the
inhibitory effect of phytate on zinc absorption (Sandstrom & Cederblad, 1980),
attributable to amino acid release from the protein that keeps zinc in solution. Casein
in milk has been shown to have a negative effect on zinc absorption (Sandstrom et al,
1983).

The amount of protein in a food is positively correlated to zinc absorption
(Sandstrom et al, 1980). Fractiona zinc absorption proportionately increased with
protein content in humans provided with various protein sources and amounts
(Sandstrom, 1992). Since protein is a mgor source of dietary zinc, increased dietary
protein would lead to increased zinc intake and a higher bioavailability of the zinc
provided.

Nelson and Potter (1980) found a relationship between protein digestibility
and the release of protein bound iron. Keane and Miller (1984) suggested that the
properties of undigested or partialy digested protein influence iron availability.
Hurrell et al (1989) reported that iron dialyzability increased according to the extent
of milk protein hydrolysis. In a previous study (Lombardi-Boccia et al, 1994) we
have pointed out that the degree of protein digestion and peptide composition might

likely concur to modify iron availability from legumes. In our study, the inclusion of
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sodium chloride, which islikely to alter the solubility of food proteins, potentiated the
positive influence of soy protein on zinc bioaccessibility and countered the negative
effect of the same on iron bioaccessibility, which isin agreement with the reports that
the digestibility of protein influences mineral bioavailability.

Studies on the effect of various protein sources are often confounded by the
fact that the proteins often contain other constituents that may affect zinc absorption.
Soy protein isolates, for example, normally contain considerable amounts of phytate.

I nfluence of exogenous sodium chloride on mineral bioaccessibility:

The influence of sodium chloride aone on zinc and iron bioaccessibility from
two representative cereals and pulses was examined in a separate experiment.
Influence of exogenous sodium chloride on zinc bioaccessibility from rice, sorghum,
chickpea - whole and chickpea - decorticated is presented in Fig.7. Sodium chloride
did not seem to positively influence the bioaccessibility of zinc from the food grains
examined, except for rice and whole chickpea, both in their cooked forms. The extent

of increase in rice was 25%, while that in chickpea was 93%.

Exogenously added sodium chloride significantly enhanced the
bioaccessibility of iron from the majority of the food grains tested (Fig.8). The extent
of increase was as high as 142% in the case of cooked rice, while it was 26% in its
raw counterpart. The percent increase in iron bioaccessibility from raw and cooked
sorghum was 27 and 34% respectively, while that in raw and cooked whole chickpea
was 40 and 28%, respectively. Sodium chloride had no effect on the iron

bioaccessibility values of both raw and cooked decorticated chickpea.

Thus, exogenously added sodium chloride brought about similar effects on
zinc and iron bioavailability, the effect being limited to cooked rice and cooked whole

chickpeain the case of zinc bioaccessibility.

114



Chapter 111

70 1

60 1

J

wh
=
I

.
o
I

20 A

Per cent zine bioaccessibility

Ny
B e e ey

10
0 T 1
Rice Sorghum Chickpea(W) ChickpeaD)
Food grains
&3 Raw Grain Raw Grain+NaCl & Cooked Grain A Cooked Grain+NaCl

Fig.7 Zinc bioaccessibility from rice,sorghum and chickpea in the presence of
exogenous common salt

115



Fig.8

Chapter 111

35 4

Per centiron bioaccessibility

ERaw Grain

]

R
AR RRARIRERRARIARN

Rice

Sorghum Chickpea (W)
Food grains
B Raw Grain+NaCl & Cooked Grain

Chickpea (D)

& Cooked Grain+NaCl

I ron bioaccessibility from rice, sorghum and chickpea in the presence of
exogenous common salt

116



Chapter I11

SUMMARY

The influence of exogenously added iron and calcium at a level up to four
times the inherent concentration on the bioaccessibility of zinc from selected food
grains was examined. Presence of exogenous iron at levels tested here (up to five
times the intrinsic level) did not severely inhibit zinc bioaccessibility from rice and
decorticated green gram. The results also suggested that the negative effect of
exogenous iron is probably discernible only when zinc: iron molar ratio exceeds 1.8,
as encountered during supplemental iron regimen. Exogenously added calcium did
not influence the bioaccessibility of either zinc or iron from rice and wheat, even
when added at levels five times those present inherently. This can be attributed to the
fact that calcium per se, in the absence of additional phytate, may not have a negative
effect on mineral availability. The influence of exogenous soy protein, on zinc and
iron bioaccessibility from representative cereals- rice and sorghum was also
examined. Influence of common salt aong with exogenous protein on the
bioaccessibility of zinc and iron from these food grains has also been specifically
examined. Exogenous protein (soy protein isolate) produced contrasting effects on
zinc and iron bioaccessibility from the food grains studied here. While soy protein had
a negative effect on iron bioaccessibility from these food grains, the same produced
an enhancing effect on zinc bioaccessibility. Exogenously added sodium chloride
potentiated the positive effect of soy protein on zinc bioaccessibility, and effectively

countered its negative effect on iron bioaccessibility.
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CHAPTER - IV

| nfluence of germination and fer mentation on
bioaccessibility of zinc and iron from food grains

118



Chapter IV

I nfluence of Germination and Fer mentation on

Bioaccessibility of Zinc and Iron from Food Grains

INTRODUCTION

Zinc and iron bioaccessibility values in cereals and pulses commonly
consumed in Indiain both the raw and cooked form determined by us are reported in
chapter 11. Bioavailability of trace minerals is known to be influenced by various
dietary components that include both inhibitors and enhancers of their absorption, as
well as by various food processing methods (Gibson, 1994; Sandberg, 2002). Food
processing by heat generaly alters the bioavailability of nutrients - both macro and
micro. The digestibility and hence absorption of micronutrients such as iron is
improved upon heat processing, which results in softening of the food matrix, and
release of protein-bound iron, thus facilitating its absorption (Lombardi-Boccia et d,
1995). While we observed an increase in iron bioaccessibility in genera from al the
food grains tested here upon heat processing, the same was not true for zinc
bioaccessibility (Chapter I1). Bioaccessibility of zinc from food grains was observed
to be lower upon heat processing, in the majority of the grains tested. Thus, heat
processing of cereals and pulses produced contrasting effects on zinc and iron

bioaccessibility.

Other domestic food processing methods such as germination and
fermentation are known to improve mineral bioavailability by reducing the inhibitors
of their absorption, such as phytic acid present in the grains (Kaur & Kawatra, 2002;
Gibson & Hotz, 2001; Duhan et al, 2004). Besides reducing such factors, fermentation
could aso improve mineral bioavailability by virtue of the formation of organic acids,
which form soluble ligands with the minerals, thereby preventing the formation of
insoluble complexes with phytate. Germination and fermentation are common
domestic processing methods widely used in Indian culinary. Information on the
influence of germination and fermentation of cereds and legumes on the
bioavailability of zinc is limiting. Combinations of cereals and pulses are fermented
and made into products such as ‘idli’, ‘dosa’, ‘dhokla’, etc., which are the primary

breakfast items (Fig.1). In this investigation, we examined the influence of
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fermentation of combinations of rice, black gram, chickpea and green gram as in the
preparation of the above fermented products, on zinc and iron bioaccessibility.
L egumes such as chickpea and green gram are germinated and consumed either in the
cooked or raw form as saads Fig.2). Germinated finger millet is often used in the
preparation of weaning and geriatric foods. The influence of germination of the
relevant grains, as commonly encountered in Indian culinary, on the bioaccessibility

of zinc and iron was also examined.

MATERIALSAND METHODS

Materials:

Ceredls - rice (Oryza sativa) and finger millet (Eleusine coracana), and pulses
- chickpea (Cicer arietinum) — whole and decorticated, green gram (Phaseolus
aureus) — whole and decorticated, and decorticated black gram (Phaseolus mungo),
were procured locally, cleaned and used for germination and fermentation studies.
Porcine pancreatin, pepsin and bile extract were from M/s Sigma Chemicals, USA.
All other chemicals used here were of analytical grade. Triple distilled water was
employed during the entire study. Acid-washed glassware was used throughout the
study.

Total zincand iron:

Finely ground grain samples were ashed in a muffle furnace at 550°C for 5 h
and dissolved in conc. HCI. Zinc and iron content were determined by atomic
absorption spectrometry (Shimadzu AAF-6701). Calibration of measurements was
performed using commercia standards. All measurements were carried out with
standard flame operating conditions as recommended by the manufacturer. The

reproducibility values were within 2.0% for both zinc and iron.

Bioaccessibility of zinc and iron:

Bioaccessihility of zinc and iron in various food grain samples was determined
by an in vitro method described by Luten et al. (1996) involving simulated
gastrointestinal digestion with suitable modifications, as described in Chapter I1.
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Fig.1 Photograph of fermented breakfast dishes - ‘Idli’, ‘Dosa’ and
‘Dhokla’
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Fig.2 Photograph of germinated food grains — finger millet, green

gram and chickpea
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Estimation of phytate and tannin content:

Phytate in food grains was determined as phytin-phosphorous by the method
of Thompson and Erdman (1982). Phytate values were computed by multiplying
phytin phosphorous value by 3.55. Tannin was estimated by the modified vanillin
assay of Priceet al. (1978), using catechin as the standard.

Germination of selected grains:

Finger millet, chickpea and green gram were soaked for 16 h in triple distilled
water (1. 2.5 w/v) and the soaked grains were drained of water and alowed to
germinate in a BOD incubator at 25°C for 24 and 48 h.

Fermentation of cereals and legumes:

Different combinations of cereals and pulses, viz., rice + black gram (2:1) as
in the preparation of ‘“idli’, rice + black gram (3:1) as in the preparation of ‘dosa’ and
chickpea + green gram (decorticated) + black gram (decorticated) + rice (2:2:1:1) as
in the preparation of ‘dhokla’ were soaked in triple distilled water [grain : water =
1:2.5 w/v] for 10 h. The soaked grains were ground with the entire water to a fine
batter. The batter was allowed to ferment for 14 h at laboratory temperature without
addition of any exogenous starter culture. A portion of the batter was steam cooked
for 10 min in the case of ‘idli’ and “‘dhokla’, while a portion of the batter for ‘dosa’
was pan-fried (in anon-stick pan without oil).

Determination of zinc and iron biocavailability in these variations of food

samples, aswell as al other chemical analyses were carried out in five replicates.

Statistical analysis:
Statistical analysis of data was done employing Student’s t-test according to
Snedecor and Cochran (1977).
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RESULTSAND DISCUSSION

Many food items are subjected to simple household processing before they are
consumed. It is possible that some of these processes may influence the availability
of zinc and iron. However, no systematic study on the effect of such processes on the
availability of zinc / iron in foods appears to have been carried out. This chapter
reports results of a study of the effect of soaking, germination and fermentation on
zinc and iron availability from selected cereals and legumes consumed in India.
Among the various legumes consumed in India, green gram and chickpea are most
commonly germinated prior to use in the preparation of specific traditional dishes,
especialy in Southern India. Germinated and malted finger millet is employed in the
preparation of weaning / geriatric foods and a beverage. Hence these grains were
screened in this study for evaluation of the possible influence of germination on
bioaccessibility of zinc and iron. ‘Idli’, ‘dosa’ and ‘dhokla’ are the common cereal
and legume based fermented foods consumed in India. Food grains used in the
preparation of these breakfast items are rice + black gram (‘idli’ and ‘dosa’) and rice
+ black gram + chickpea + green gram (‘dhokla’) in varying proportions. These
cereal-legume combinations were therefore studied here for the possible effect of

fermentation on the bioaccessibility of zinc and iron.

Effect of germination:

Influence of germination of various food grains on the bioaccessibility of zinc
and iron is presented in Table-1. While zinc bioaccessibility was not affected by
germination of chickpea for 24 and 48 h, the same was significantly decreased in the
case of finger millet (30 and 38% respectively) and green gram (38 and 44%,
respectively). On the other hand, germination of these grains for 24 and 48 h
significantly increased the bioaccessibility of iron by 38 and 62% (green gram), and
37 and 39% (chickpea) respectively. A 20% increase in iron bioaccessibility from
finger millet was seen at the end of 48 h germination. Thus, germination of food

grains had contrasting effects on the bioaccessibility of zinc and iron.
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Typica food processing methods such as germination and malting have been
found to enhance iron absorption due to elevated vitamin C content or reduced tannin
or phytic acid content, or both (Tontisirin et al, 2002). These processes are known to
activate phytases, which in turn hydrolyze phytate, rendering iron and zinc more
available. During germination, endogenous phytase activity in cereals and legumes
increases as a result of de novo synthesis and/or activation resulting in reductions in
inositol penta- and hexa- phosphates, depending on the species and variety (Lorenz,
1980; Bartnik & Szafranska, 1987; Reddy et al, 1989; Chavan & Kadam, 1989). In
addition, germination also reduces the content of polyphenols & tannins in some
legumes (e.g. Vicia faba) (Camacho et al, 1992). Reddy et al. (1989) have reported
reductions in phytate ranging from 36% for sprouted soya beans to 53% for
germinated lentils.

Studies in vitro on iron bioavailability have shown a two-fold increase on
germination and five to ten-fold increase on malting of minor millets (De Maeyer et
al, 1989). Germination of pigeon pea had beneficial effect on the extractability of
zinc and copper as reported by Duhan et al. (2004). Zinc and copper are generally
present in association with phytic acid in plant foods, which may be responsible for
their poor extractability. Decrease in the concentration of phytic acid by food
processing such as soaking and germination, may possibly release these metallic ions
in free form. Germination significantly improved zinc absorption from cooked beans
(Kannan et al, 2001).

Chopra and Sankhala (2004) have recently examined the influence of soaking
and sprouting of horse gram (Dolichos biflorus) and moth bean (Phaseolus
aconitifolius), which are rich in phytate and tannin, on in vitro iron availability.
Soaking these legumes for 8 and 16 h reduced the levels of tannins and phytates.
Degradation of phytates and tannins was more pronounced after 24 h of germination.
In vitro iron availability significantly increased after soaking as well as after
germination of these legumes (Chopra & Sankhala, 2004).

Phytate content was not affected by germination of the test grains in our study,
while tannin was reduced significantly, both at 24 and 48 h (Table-2). The reduction

was 43 and 74% in the case of green gram, 44 and 50% in the case of finger millet
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and 47 and 52% in the case of chickpea, respectively after 24 and 48 h germination.
Phytate and tannin are reported to be potent inhibitors of iron bioavailability
(Sandberg & Svanberg, 1991; Hamdaoui et al, 1995). In the absence of any decrease
in phytate content of the grains, reduction in tannin content during germination of the
test grains in our study could be a factor that contributed to the increase in the
bioaccessibility of iron. In addition, it is also possible that the vitamin C content of
these grains increased during germination, and higher vitamin C contents could be an
additional factor contributing to the improvement in iron bioaccessibility. Unlike
iron, a relationship between tannin content of foods and zinc bioaccessibility has not
been established so far. The inhibitory effect of phytate on zinc bioavailability in
foods has been reported by Oberleas and Harland (1981), and Turnland et al (1984).
The absence of any increase in zinc bioaccessibility upon germination of the tested
food grains in our study is consistent with a lack of significant reduction of phytate

content of these grains.

A two-fold increase in in vitro iron absorption has been observed in legumes
and cereals germinated for different periods (Prabhavathi & Rao, 1979). Increases in
iron ionizability could be observed during germination of green gram or wheat as
early as 24 h, whereas such effect was seen only after extended periods (48 and 72 h)
in the case of chickpea. In the case of legumes, increase was observed only with the
whole grain, whereas no such changes were observed with decorticated legumes
(Prabhavathi & Rao, 1979). In our study, improved iron bioacessibility was observed
in chickpea germinated even for 24 h.

Thus, our observations on the improved bioaccessibility of iron upon
germination of grains are in concurrence with several such observations reported in
literature. The information on improved bioaccessibility of iron from finger millet
upon germination reported in this study is novel. While several studies have been
reported on the influence of germination of food grains on iron bioacessibility, oursis

the first to report the same on zinc bioaccessibility.

Effect of soaking:
Soaking of grainsisthe first step in the process of germination. It is possible
that soaking brings about aterations in the factors that influence mineral availability.
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Soaking is claimed to reduce the phytic acid of most legumes because their phytic
acid is stored in a relatively water-soluble form such as sodium or potassium phytate
(Chang et al, 1977). Soaking may aso remove polyphenols from certain beans (Ene-
Obong & Obizoba, 1996). Soaking maize flour or pounded maize is reported to have
resulted in 57 and 51% loss of phytate. The same authors have envisaged a reduction
in phytate content and phytate: zinc molar ratio during fermentation of maize flour
batter (Hotz & Gibson, 2001).

In our study, soaking of the legumes - green gram and chickpea for 16 h
generally did not seem to have a beneficia influence on either zinc or iron
bioaccessibility. In the case of green gram, zinc bioaccessibility was even reduced by
37% (Table-3). Our observation of reduced zinc bioaccessibility from germinated
green gram (Table-1) could probably be attributed mainly to the effect of soaking
itself (which is the first step in germination process) rather than that of germination.
Neither soaking nor germination had any beneficial influence on the bioaccessibility
of zinc from chickpea. While germination brought about a significant increase in
bioaccessible iron from green gram and chickpea, the same was not observed at the
stage of soaking. Hence the observed effect on iron bioaccessiblity could be
attributed to changes occurring during germination. The absence of an increasein zinc
and iron bioaccessibility as a result of soaking of food grains as observed by us could
probably be because there was no significant reduction in phytate content of the
grains as a result of 16h soaking (although phytate was not determined in soaked
grains as such, germination, of which soaking is the preliminary step, did not result in
any significant decrease in phytate). Soaking of grains for 16h here, did not result in
the leaching of either zinc or iron. On the other hand, Lestienne et al (2005) found
that soaking whole cereals and legumes (maize, finger millet, rice, sorghum, mung
bean, cowpea and soybean) for 24h resulted in the leaching of iron, and to a lesser
extent, of zinc into the soaking medium. These authors also observed significant
removal of phytate as aresult of soaking, and suggest that the water used for soaking,
which is devoid of phytic acid, but contains leached minerals, could be used for

cooking the grains, so as to conserve the leached minerals.
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Table-3 Zinc and iron bioaccessibility from soaked legumes.

Food grain Bioaccessible zinc (%) Bioaccessibleiron (%)

Un-processed Soaked for 16 h Un-processed Soaked for 16 h

Green gram 13.06 +3.21 8.19+ 0.43** 6.12+1.71 6.48 £ 0.30

Chickpea 2142+1.69 17.63+224 4.08 + 0.61 3.57 £ 0.46

Values are mean = SEM of 5 replicates

** Significant decrease
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Effect of fermentation:

Table-4 presents the influence of fermentation on bioaccessibility of zinc and
iron from combinations of cereals and legumes. The fermented batter of rice + black
gram - 2:1 (*idli’) and 3:1 (*dosa’) showed significantly higher bioaccessibility values
for zinc. Theincreasesin zinc bioaccessibility value were as high as 71% in “idli’ and
50% in ‘dosa’, respectively. Such an increased bioaccessibility of zinc however, was
not evident in the case of fermented ‘dhokla’ batter; instead there was a dlight
decrease (10%). Since these fermented batters are heat-processed in the preparation
of respective dishes, bioaccessibility of these minerals was also determined in the
final products. In the case of ‘idli’, the zinc bioaccessibility value, although higher
(27%) than that of unprocessed grains, was lower (26%) than that of the uncooked
fermented batter. In the case of ‘dosa’, the zinc bioaccessibility value similarly
decreased upon heat processing of the fermented batter (46% lower), and this value
was 18% lower than that of the unprocessed grains. In the case of ‘dhokla’, the zinc
bioaccessibility value decreased by 23% upon heat processing of the fermented
batter, this fina value being 31% lower than the unprocessed grain-combination.

Fermentation of the combination of rice and black gram at both the
proportions examined enormously improved the bioaccessibility of iron.
Bioaccessible iron in the fermented *idli’ batter was 276% higher and that in the dosa
batter was 127% higher compared to the untreated grains used here. Heat treatment of
the batter further increased the bioaccessibility of iron by 92% in the case of ‘dosa’,
while that in the *idli’ batter did not change. Thus, fermentation and heat processing
as in the preparation of ‘dosa’ resulted in a net increase of 335% in the
bioaccessibility of iron from rice-black gram combination. Fermentation of a
combination of chickpea, green gram, black gram and rice as in the preparation of
‘dhokla’, however did not improve the bioaccessible iron content of the native grains.
Heat processing of the fermented batter of ‘dhokla’ also did not ater the
bioaccessible iron content; thus, the bioaccessible iron value of ‘dhokla’ remained the

same as that of the native grain combination used.

Microbial fermentation can enhance iron and zinc bioavailability via
hydrolysis of phytate by microbia phytase derived from naturally occurring
microflora on the surface of the cereal grains (Sandberg, 1991). The beneficia effect
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of fermentation on mineral bioavailability could also be attributed to the formation of
organic acids during this process, which form soluble ligands with iron and zinc
(Tontisirin et al, 2002). In fact, we did evidence a reduction in the pH by 1.5 units as
aresult of fermentation of the batter of ‘idli’, ‘dosa’ and ‘dhokla’ in our study. This
reduction in pH is certainly due to the synthesis of organic acids during fermentation.
In Latin American countries, household food processing methods such as
fermentation and germination are used in formulating infant foods (Devadas, 1998).
In vitro measurements of soluble iron have been reported in cereal porridges prepared
with soaking and fermenting flour slurries (Svanberg et al, 1993). Greater femoral
zinc in rats fed with diets containing fermented soybean meal as compared to regular
soybean meal has been reported, which is probably resulting from increased zinc
solubility in the small intestine (Hirabayashi et al, 1998).

Besides improving organol eptic properties, soaking and fermentation of cereal
flours activate phytases, which in turn hydrolyze phytate, improving iron and zinc
biocavailability (Svanberg et al, 1993).

Reductions in phytate content have been reported during lactic fermentation in
the case of maize flour (Amoa & Muller, 1976) and leavening of wheat flour dough
(Tangkongchitr et al, 1982). An increase in in vitro iron bioavailability from iron
fortified dairy products (acidified milk and yoghurt) has been evidenced following
milk fermentation or acidification. Lactic acidification & fermentation also increased
zinc availability in vitro (Drago & Vaencia, 2002). In our investigation, natura
fermentation of cereal-legume combinations significantly reduced both phytate and
tannin (Table-5) from the test grains. Phytate was completely removed during
fermentation of the ‘idli’ batter, while the reduction was 50 and 28% during
fermentation of ‘dosa’ and ‘dhokla’ batter, respectively. Only traces of tannin were
detectable in the fermented batters of ‘idli’, ‘dosa’ and ‘dhokla’. Absence of any
positive influence of fermentation on mineral bioaccessibility in the case of ‘dhokla’
batter could be attributed to the continued presence of significant amounts of phytate.
The additional legumes - chickpea and green gram present in ‘dhokla’ apart from rice
and black gram (constituent grains for ‘idli’ and ‘dosa’) have contributed to this

significant phytate content.
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In one of the earliest studies on the influence of food processing on in vitro
iron availability, Prabhavati and Rao (1979) have reported that fermentation of rice
and black gram mixture and subsequent cooking (as in the preparation of ‘idli’) did
not result in any change in the ionizable iron content. Our present observation on the
fermented food grains differs from this report. Most of these earlier studies reported
on the influence of fermentation on mineral bioavailability involved the use of
externally added starter cultures for fermentation, while our study reports the
influence of fermentation by cultures of lactic acid bacteria naturally associated with
the grain. While several studies have been reported on the influence of lactic
fermentation (using starter cultures) of grains flours on minera bioacessibility,
information on influence of natural fermentation, as encountered at the household
level on zinc bioaccessibility islimited.

Thus, Soaking, germination and fermentation of cereals & legumes (in which
phytate is in the cotyledons) offers a practical household method to reduce inhibitors
of mineral absorption especialy phytic acid and tannin, thereby contributing to
enhanced zinc and iron absorption. In fact, such processing of cereals and legumes as

part of the daily culinary are in wide practice across the Indian subcontinent.

SUMMARY

The present study has revealed that while germination of green gram, chickpea
and finger millet for 24 and 48 h significantly enhanced the bioaccessibility of iron,
bioaccessibility of zinc was not beneficialy affected. In the absence of any decrease
in phytate content of the grains, reduction in tannin content during germination of the
test grains could have contributed to the increase in the bioaccessibility of iron.
Fermentation of the batter of cereal-pulse combination as in the preparation of ‘idli’
and ‘dosa’ significantly enhanced the bioaccessibility of both zinc and iron, the extent
of increase in the case of iron being still better. However, such beneficial influence of
fermentation on zinc and iron bioaccessibility was not observed in the case of the
cereal-pulse combination used for the preparation of ‘dhokla’. Significant reduction
of both phytate and tannin during fermentation of cereal-legume combinations of the
‘idli” and ‘dosa’ batter must have contributed to the observed increase in mineral
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bioaccessibility. Absence of any positive influence of fermentation on mineral
bioaccessibility in the case of ‘dhokla’ batter could be attributed to the continued
presence of significant amounts of phytate or any other protein that binds these
micronutrients contributed by additional legumes - chickpea and green gram present
in ‘dhokla’. Thus, Soaking, germination and fermentation of cereals & legumes (in
which phytate is in the cotyledons) offers a practical household method to reduce
inhibitors of minera absorption especialy phytic acid and tannin, thereby
contributing to enhanced zinc and iron absorption. In fact, such processing of cereas
and legumes as part of the daily culinary is in wide practice across the Indian

subcontinent.
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Table-1 Influence of ger mination on bioaccessibility of zinc and iron from finger millet, green gram and chickpea.

Food grain Bioaccessible zinc (%)

Bioaccessibleiron (%)

Native Germinated —24 h  Germinated —48 h

Native Germinated —24 h  Germinated —48 h

Finger millet 3.94 +0.27 2.77 £ 0.43** 2.44 +0.13**
Green gram 37.47+£4.78 23.24 + 2.48** 21.01 + 1.60**
Chickpea 45.09 + 1.76 40.47 +£2.89 40.13+1.58

24.55 +0.38 26.29 £ 0.70 29.54 + 0.28*
5.05+£0.10 6.95 + 0.50* 8.18 £ 0.09*
6.39 £ 0.31 8.78 £ 0.40* 8.87 £ 0.26*

Values are mean + SEM of 5 replicates

*Significant increase; **Significant decrease



Table-2 Tannin and phytate content of germinated finger millet, green gram and chickpea.

Food grain Tannin Phytate

Native Germinated —24 h  Germinated — 48 h Native  Germinated —24 h Germinated — 48 h

Finger millet 973.9+10.3  547.2+6.43** 482.6 £ 2.16**  215.4+5.62 203.9+4.78 204.6 + 3.28
Green gram 450.0 +4.78  258.7 £ 3.66™* 117.4 £1.80**  219.0 £ 6.00 208.9 £ 3.52 189.5 £ 8.30
Chickpea 215.2+2.76  115.0 £ 2.29** 104.3 £1.42** 180.8+2.81 170.0 £ 2.45 164.2 £5.22

Values expressed as mg per 100 g are mean + SEM of 5 replicates

**Significant decrease compared to unprocessed sample



Table-4 Influence of fermentation on bioaccessibility of zinc and iron from selected combinations of cereals and pulses

Food grain Bioaccessible zinc (%) Bioaccessibleiron (%)

Raw grains Fermented Fermented batter Raw grains Fermented Fermented batter

Batter - Raw - Cooked Batter - Raw - Cooked

Idli:
Rice : Black gram (D) (2:1) 31.73+1.42  54.29+5.92* 40.29 + 2.50* 6.50 + 0.63 2450+ 0.31*  23.05+ 1.59*
Dosa:
Rice : Black gram (D) (3:1) 29.66+1.90 4459 +3.66* 24.29+1.36 6.90 + 0.67 15.68 +1.88*  30.06 + 3.10*
Dhokla:

Chickpea: Greengram (D) : 53.99+291 4834+339 37.10+6.13**  11.96+0.57 13.37+ 055 13.34+1.04
Black gram (D) : Rice (2:2:1:1)

Values are mean + SEM of 5 replicates
D: Decorticated
*Significant increase compared to raw sample; **Significant decrease compared to raw sample



Table-5 Tannin and phytate content of fermented cer eal-pulse combinations

Food grain Tannin Phytate

Raw grains Fermented Raw grains Fermented

Batter - Raw Batter - Raw

Idli:
Rice : Black gram (D) (2:1) 13.04 £ 0.64 Traces** 85.9+2.15 Traces**
Dosa:
Rice : Black gram (D) (3:1) 9.50+0.35 Traces** 65.4 +1.80 32.7 £ 2.55**
Dhokla:
Chickpea : Green gram (D): 182.6 +2.41 Traces** 193.3+3.16 139.1 + 4.50**

Black gram (D) : Rice (2:2:1:1)

Values are mean + SEM of 5 replicates

D: Decorticated

**Significant decrease compared to raw sample
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CHAPTER -V

Influence of food acidulants on bioaccessibility of zinc
and iron from selected food grains
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Chapter V

| nfluence of Food Acidulants on Bioaccessibility of Zinc and
Iron from Selected Food Grains

INTRODUCTION

Bioavailability of micronutrients, particularly zinc and iron is low from plant
foods (Gibson, 1994; Sandberg, 2002). Bioavailability of trace minerals such as iron
is known to be influenced by various dietary components, which include both
inhibitors and enhancers of absorption. Although not exhaustively evidenced, it is
possible that the bioavailability of zinc from food grains is similarly influenced by
such diverse factors coexistent in them. Organic acids are known to promote the
absorption of iron from plant foods (Gillooly et al, 1983). Acidulants such as lime,
tamarind, kokum and amchur are commonly used in Indian culinary to impart a
desirable sour taste to certain food preparations. In the absence of any information on
the influence of food acidulants on the bioaccessability of zinc from food grains, it
would be relevant to examine the same. The present investigation was undertaken to
study the influence of common food acidulants namely citric acid (acid constituent of
lime), tamarind (Tamarindus indica), amchur (Mangifera indica) and kokum
(Garcinia indica) on the bioaccessibility of zinc from selected food grains, both in the
raw and cooked forms. The comparative influence of the same acidulants on iron

bioaccessibility from these food grains was evaluated.

The earlier chapters have dealt with zinc and iron bioaccessibility values from
individual food grains (one at atime) - both raw and heat- processed, from particular
germinated grains, from fermented combinations of cereal and pulse of a specific
proportion. The presence of exogenous common salt (Chapter-111) and of a particular
acidulant (the present chapter) have aso been examined for their influence on zinc
and iron bioaccessibility from selected food grains. A study of the bioaccessibility of
minerals from whole meals, the actual form in which staple cereas and pulses are
consumed, would be the most practical assessment of zinc and iron bioaccessibility
from the food grains from which they are derived. Therefore, we have also examined
zinc and iron bioaccessibility from representative heat- processed whole meals which

consist of a staple cerea and pulses, with a variety of other ingredients such as

138



Chapter V

common salt, acidulants, vegetables, fat, and spices. For this purpose, four meas
based on rice, finger millet, wheat and sorghum, the staple cereals commonly
consumed by populations across India were specifically examined for zinc and iron

bioaccessibility.

MATERIALSAND METHODS

Materials:

The cerea rice (Oryza sativa) and legumes Chickpea (Cicer arietinum) —
whole and decorticated, green gram (Phaseolus aureus) — decorticated, and red gram
(Cganus cajan), decorticated, were procured localy, cleaned and used for
bioaccessibility studies. Food acidulants, which were examined in this study, namely,
tamarind (Tamarindus indica) powder, amchur (dried raw mango - Mangifera indica)
and kokum (Garcinia indica) were also procured locally. The citric acid used was of
analytical grade.

For the studies with whole meals, staple cereals- rice, wheat, finger millet and
sorghum and pulses- red gram, green gram (d) and French bean, fresh vegetables, dry
tamarind powder, sun flower oil, spice mix (sambar powder) and other spices were
procured locally.

Pepsin (from porcine pancreas), bile extract (porcine) and pancreatin (porcine)
were procured from Sigma Chemical Company, USA. All other chemicals used were
of analytical grade. Triple distilled water was employed throughout the study. Acid—
washed glassware was used during the entire study.

Total zincand iron:

Food samples were ground finely and ashed in a muffle furnace at 550°C for 5
h and the ash was dissolved in conc. HCI. Zinc and iron content were determined by
atomic absorption spectrometry (Shimadzu AAF-6701). Calibration of measurements
was performed using commercia standards. All measurements were carried out with
standard flame operating conditions as recommended by the manufacturer. The

reproducibility values were within 2.0% for both zinc and iron.
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Photographs of food acidulants examined in this study
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Effect of acidulants on bioaccessibility of zinc and iron:

Bioaccessibility of zinc and iron was determined in selected food grains (rice,
chickpea, red gram and green gram) in the absence and presence of individual
acidulants as listed. The acidulants were included at levels that produced a decrease in
pH by 1 unit.

1. Food grain (10 g) + No acidulant
Food grain (10 g) + Citric acid (0.05 Q)
Food grain (10 g) + Tamarind powder (0.75 g)
Food grain (10 g) + Amchur powder (0.75 Q)

o M W DN

Food grain (10 g) + Kokum powder (0.75 Q)

Two paralel sets of above samples were examined for mineral bioaccessibility
in raw and cooked forms. Determination of zinc and iron bioavailability in these
variations of food samples, as well as all other chemical analyses were carried out in

fivereplicates.

Bioaccessihility of zinc and iron in various food grain samples was determined
by an in vitro method described by Luten et al. (1996) involving simulated
gastrointestinal digestion with suitable modifications, as described in chapter 11.

Heat processing of food grains:

To examine the influence of acidulants on zinc and iron bioaccessibility from
heat — processed food grains, the selected food grains (10 g) were pressure-cooked in
30 ml of triple distilled water for 10 min (15 psi), in the presence of the acidulants.
The cooked samples were homogenized and used for the determination of mineral

bioaccessibility as above.

Estimation of tannin:
Tannin was estimated by the modified vanillin assay of Price et al. (1978),

using catechin as the standard.
Preparation of representative meals:
The four representative meals, whose composition is given in Tables 1-4, were

prepared as commonly practiced in Indian households. Theindividual items of these
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Table-1 Composition of rice-based meal

Meal Item Ingredients Amount (g)
Rice Milled polished rice 75
Sambar Onion 25
Potato 25
Tomato 25
Sambar powder 10
Salt 5
Oil 2
Tamarind powder 2
Turmeric 1
Mustard 1
Curry Amaranth leaves 25
Qil 5
Salt 25
Chilli (Dry) 25
Mustard 1
Curds Curds 50 (ml)
Table-2 Composition of wheat-based meal
Meal Item Ingredients Amount (Q)
Chapathi Wheat flour 75
Oil 20 (ml)
Salt 2.5
Curry French bean 10
Potato 75
Fenugreek leaves 25
Qil 10
Salt 5
Chilli (dry) 2.5
Curds Curds 50

Chapter V
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Table-3 Composition of finger millet-based meal

Meal Item Ingredients Amount (g)
Ragi ball Ragi flour 75
Sambar Red gram dhal 10
Fenugreek |eaves 25
Sambar powder 10
Salt 5
Qil 2.5
Tamarind 2.0
Mustard 1
Sdad Carrot 25
Cucumber 25
Tomato 25
Curds Curds 50 (ml)
Table-4 Composition of sorghum- based meal
Meal Item Ingredients Amount (g)
Roti Sorghum flour 75
Salt 2.5
Oil 20
Dhal Green gram (decorticated) 10
Onion 35
Tomato 40
Amaranth leaves 25
Salt 5
Oil 10
Chilli 2
Curds 50(ml)

Chapter V

143



Chapter V

four meals were cooked separately and each meal was homogenized in a stainless
steel blender before analysis. Zinc and iron bioaccessibility from these meas was
determined as described in Chapter - 11.

Statistical analysis:
Statistical analysis of analytical data was done employing Student’s t-test
according to Snedecor and Cochran (1977).

RESULTSAND DISCUSSION

Organic acids such as citric, malic, tartaric, and ascorbic acid are well
documented to have a significant enhancing influence on iron bioavailability (Gillooly
et al, 1983). Information on such possible influence of organic acids on the
bicavailability of zinc is, however, lacking. Severa acidulants are commonly
employed in Indian dietary, which, being a source of one or the other of organic acids,
could possibly alter the bioavailability of the trace mineral zinc from food sources.
The present study, which has examined the bioaccessibility values of zinc and iron
from selected food grains both in presence and absence of individual acidulants, has
evidenced differences, which provide an insight into the contribution of the acidul ant

component to the availability of trace minerals.

Influence of citric acid on zinc and iron dialyzability:

Influence of citric acid on bioaccessibility of zinc from rice, chickpea, green
gram and red gram is shown in Fig.1. Presence of citric acid considerably increased
the bioaccessibility of zinc from rice and chickpea, to an extent of 44 and 40% from
raw and cooked rice, and to an extent of 29 and 31 % from raw and cooked chickpea,
respectively. The zinc bioaccessibility from cooked red gram was enhanced by an
extent of 11%. While citric acid did not have a similar positive influence on zinc
bioaccessibility from the other food grains examined, it negatively influenced the

same from raw decorticated chickpea (23 % decrease).
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Fig.1 Effect of citric acid on zinc bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations
* Significant increase; ** Significant decrease
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Influence of citric acid on bioaccessibility of iron from food grains is
presented in Fig. 2. Citric acid generally enhanced iron bioaccessibility from the
tested food grains. The increase in bioaccessibility was 30 and 62 % from raw and
cooked rice; around 62 % from both raw and cooked decorticated chickpea; 22 and 31
% from raw and cooked decorticated green gram. The increase in iron bioaccessibility
in presence of citric acid was 86 and 55 % from cooked decorticated red gram and
whole chickpea, respectively, while this acidulant had no effect on iron
bioaccessibility from the two raw grains. Thus, the beneficial influence of citric acid
on iron bioaccessibility was relatively more when the grains were cooked along with
the acidulant. This trend, however, was not evident in the case of znc
bioaccessibility. Citric acid, the acidic constituent of lime, has been employed in this
study to represent the parent acidulant, for the sake of convenience.

I nfluence of amchur on zinc and iron dialyzability:

Bioaccessibility of zinc from rice, chickpea, green gram and red gram in
presence of the acidulant - amchur is shown in Fig. 3. Amchur enhanced the
bioaccessibility of zinc from all the food grains examined. The increase in zinc
bioaccessibility from rice was more than 100 % from raw and cooked grain. Zinc
bioacessibility from chickpea (whole grain) was increased by 27 (raw grain) and 22 %
(cooked grain), while zinc bioaccessibility from decorticated chickpea was increased
by 23 and 11 % in the raw and cooked grains, respectively. An increase in zinc
bioaccessibility of 59 % was observed from raw decorticated green gram. No
influence of amchur on zinc bioaccessibility was evident in red gram, either raw or
cooked, and in cooked green gram.

Fig. 4 presents the iron bioaccessibility from food grains as influenced by the
acidulant amchur. Amchur had an enhancing influence on iron bioaccessibility
generaly from the raw food grains. It increased the bioaccessibility value by 11, 37,
and 350% in rice, decorticated green gram and decorticated red gram, respectively.
On the other hand, iron bioaccessibility from raw chickpea was decreased by 41%.
Amchur significantly enhanced the bioaccessibility from cooked chickpea (as much as
114%), while it generally had a negative influence on iron bioaccessibility from the

other cooked grains.
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Fig.2 Effect of citric acid on iron bioaccessibility from food grains.

Vaues represent mean + SEM of 5 independent determinations
* Significant increase; ** Significant decrease

147



Chapter V
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Fig.3 Effect of amchur on zinc bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations

* Significant increase; ** Sign

ificant decrease
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Per cent iron bioaccessibility
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Fig.4 Effect of amchur on iron bioaccessibility from food grains.

Vaues represent mean + SEM of 5 independent determinations
* Significant increase; ** Significant decrease
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Influence of tamarind on zinc and iron dialyzability:

The effect of tamarind on the bioaccessibility of zinc from food grains is
shown in Fig. 5. Inclusion of tamarind produced an increase of 18% in the
bioaccessible zinc concentration of raw chickpea. In all other cases, tamarind did not
have any effect, or even produced a negative effect (a decrease by 10 to 57%).
Whereas the negative influence of tamarind was seen in cooked rice (57% decrease)
with no effect in the raw grain, the opposite trend was observed in the case of
decorticated chickpea, where a decrease by 32% was observed in the raw grain.

Fig. 6 presents the influence of tamarind on the bioaccessibility of iron from
food grains. Tamarind similarly showed a negative influence on iron bioaccessibility
from all the food grains examined, and this ranged from a decrease by 28% in raw
chickpea to 58% in cooked decorticated chickpea. The only exception to this was in
the case of cooked whole chickpea, where tamarind enhanced the iron bioaccessibility
(by 22%).

I nfluence of kokum on the dialyzability of zinc and iron:

The effect of kokum on the bioaccessibility of zinc from food grains is shown
in Fig. 7. Kokum generally had a decreasing influence on the bioaccessibility of zinc
from the food grains studied, except in the case of whole chickpea, where it produced
an increase by 18% in the cooked grain. The decrease in bioaccessibility value
produced by kokum ranged from 10% in raw decorticated chickpeato 39% in cooked
rice. Influence of kokum on the bioaccessibility of iron from food grains is presented
in Fig. 8. Kokum had a negative influence on the bioaccessibility of iron from all the
food grains tested, this effect being as high as 88% in cooked decorticated green
gram. As in the case of tamarind, the only exception was cooked whole chickpea,
where an increase in iron bioaccessibility (by 60%) was observed. Thus, among the
four common food acidulants examined, amchur and citric acid exerted a positive
influence on mineral bioaccessibility in more number of samples. The observation
that citric acid and amchur had the similar effect of enhancing the bioaccessibility of
zinc could be due to the fact that citric acid is the main acidulant in amchur too, with
minor amounts of malic acid. Even though the other two acidulants — tamarind and
kokum have been included in amounts that produce the same level of acidity as
amchur and citric acid, they did not exhibit a similar positive effect on mineral

availability.
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Fig.5 Effect of tamarind on zinc bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations
* Significant increase; ** Significant decrease
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Fig.6 Effect of tamarind on iron bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations
* Significant increase; ** Significant decrease
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Per cent zinc bioaccessibility
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Fig.7 Effect of kokum on zinc bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations
* Significant increase; ** Significant decrease

153



Chapter V

Per cent iron bioaccessibility
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Fig.8 Effect of kokum on iron bioaccessibility from food grains.

Vaues represent mean = SEM of 5 independent determinations
* Significant increase; ** Significant decrease
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Tamarind has tartaric acid as the main acid, while kokum has hydroxycitric
acid and minor quantities of tartaric acid. Thus, among various organic acids, citric
acid has the maximum beneficial effect with regard to enhancing the minerd
bioaccessibility. This absence of a comparable positive influence of the other two
acidulants — tamarind and kokum may also be attributable to the high concentrations
of tannin present in them (Fig.9). These two acidulants have contributed significant
amounts to the total tannin content of the food samples examined. Tannin is known to
strongly inhibit mineral absorption (O’ Dell, 1984).  Although there are reports that
organic acids (citric, malic, ascorbic and tartaric) enhance the absorption of iron from
foods, the commonly used food acidulants have not been examined in this context.
The present study is the first report on the influence of amchur, tamarind and kokum

(as sources of organic acids) on mineral bioaccessibility.

The beneficia influence of citric acid on zinc bioaccessibility observed here
roughly correlated with the concentration of phytic acid inherent in the food grain
(Chapter 11). Thus, pronounced enhancement in the zinc bioaccessibility value was
evident in rice and chickpea, which had lower concentrations of phytic acid (150 and
263 mg/100g, respectively) compared to the other grains studied (324 mg/100g in
decorticated chickpea to 630 mg/100g in decorticated green gram). Phytate is known
to be a potent inhibitor of trace element absorption (Lonnerdal, 2002). Citric acid was
thus unable to counter the inhibitory effect of phytate on zinc bioacessibility, where
the concentrations of the latter in the grains were higher. However, amchur
significantly enhanced zinc dialyzability even from those food grains that had higher
concentration of phytate. Such an inverse relationship between the beneficia
influence of acidulant and inherent phytate concentration was not evident in the case
iron bioaccessibility. Citric acid enhanced the bioaccessibility of iron from all the
grains tested, irrespective of their phytate concentration. We have earlier documented
that iron bioaccessibility from food grains, especialy pulses, was not negatively
influenced by the inherent phytate (Chapter - I1). Citric acid (of lime) and amchur
have been evidenced here to significantly enhance the dialyzability of both zinc and
iron from rice. The usage of lime and raw mango in combination with rice in
preparations such as “lemon rice” and “mango rice” is actually in vogue in Southern

India. Such a practice could thus prove advantageous in terms of zinc absorption.
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Among the food grains examined, whole chickpea seems to have derived the
maximum beneficial effect from all the four food acidulants, especially when cooked,
with reference to bioaccessibility of these two trace minerals. The particularly higher
magnitude of positive influence of most of the acidulants on mineral bioaccessibility
from rice observed in this study relative to other food grains could be attributed to the
low titres of inherent factors such as phytate, tannin and calcium interfering with

mineral absorption.

Zinc and iron bioaccessibility from whole meals:

Although zinc is mainly derived from staple cereals and pulsesin a vegetarian
diet, factors other than those inherently present in these grains may have an influence
on the bioaccessibility of this mineral, since the grains are consumed as part of a
complex meal, which consists of ingredients such as common sat, acidulants,
vegetables, fat, and spices, in addition to these grains. As such, representative meals
based on four different staple cereals as recommended by the Indian Council of
Medical Research, India, (NIN, 1998) were examined for zinc bioaccessibility. Zinc
and iron bioaccessibility values from these representative meals are presented in
Table-5. The four meals had similar zinc concentrations, which ranged from 2.03
mg% in rice- based meal to 2.35 mg% in wheat- based meal. The iron content of the
four meals ranged from 5.79 mg% in rice- based mea to 8.60 mg% in sorghum-
based meal. Among the four meals examined, the rice- based meal had the highest
bioaccessible zinc value, namely, 8.49%, while it was least in the sorghum- based
meal (0.31%). In spite of similar zinc concentrations in the four meals, there was a
wide variation in the bioaccessibility of zinc, which is a net result of the influence of
multiple food ingredients associated with these meals. Thus, the rice- based meal had
per cent bioaccessible zinc similar to that of the main ingredient cereal, rice [pressure
cooked] (9.3%; Chapter 11). However in the case of finger millet, the meal based on
this cereal provided a higher percentage of bioaccessible zinc compared to pressure-
cooked finger millet alone ( 3.1%; Chapter 11), while wheat- and sorghum- based
meals had much lower per cent bioaccessible zinc values than expected of the

respective pressure- cooked cereals aone ( 8.5 and 9.5%, respectively; Chapter 11).
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Table-5 Zinc and iron bioaccessibility from representative meals

Chapter V

Total zinc Per cent zinc Total iron Per cent iron
Meal content of the bioaccessibility content of the bioaccessibility
meal (mg/100g) meal (mg/100g)

Rice-based 2.03 8.49 + 0.62 5.79 248+ 0.21
Finger millet- 2.10 5.77+0.29 8.00 1.50+ 0.05
based

Wheat-based 2.35 1.57+0.22 6.54 4.70+0.32
Sorghum-based 2.21 0.31 +0.04 8.60 351+0.17

Vdues are mean £ SEM of 5 replicates determined from freeze-dried meals
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Iron bioaccessibility values from these meals ranged from 1.50% in finger
millet- based meal to 4.70% in wheat- based meal. Similar to individual staple cereals
(Chapter 11), zinc bioaccessibility from the whole meals based on them was higher
than that of iron, in the case of rice- and finger millet- based meals.

These results suggest that population whose staple cereal is either rice or
finger millet probably derives more zinc from the daily diet than their counterparts
who are dependent on either sorghum or whesat as the staple cereal, while the reverse
trend is seen in the case of iron bioaccessibility, with wheat- or sorghum- based meals
providing more than twice the bioaccessible iron contributed by either rice- or finger
millet- based meals.

SUMMARY

Four common acidulants in Indian dietary, namely, citric acid, tamarind
(Tamarindus indica), amchur (dry mango powder, Mangifera indica), and kokum
(Garcinia indica) were examined for a possible influence on the bioaccessibility of
zinc from selected food grains. Among the four acidulants examined, amchur and
citric acid generally enhanced the bioaccessibility of zinc and iron from all the food
grains studied. The increase in zinc bioaccessibility produced by citric acid was
around 40% in rice and chickpea, while amchur produced around 60% increase in the
same from decorticated green gram. This positive influence of acidulants on zinc
bioaccessibility from food grains was seen both in the raw and cooked form. Among
the food grains examined, whole chickpea seems to have derived the maximum
beneficial effect from all the four food acidulants, especially when cooked, with
reference to bioaccessibility of these two trace minerals. Tamarind and kokum, the
other two acidulants tested, generally did not have a favourable influence on zinc and
iron bioaccessibility. This lack of positive influence of these two acidulants on
mineral availability could be attributable to the presence of significant amounts of

tannin in them.

Zinc concentrations in the four whole meals tested ranged from 2.03 mg% in
rice- based meal to 2.35 mg% in wheat- based meal. The iron content of the four
meals ranged from 5.79 mg% in rice- based mea to 8.60 mg% in sorghum- based
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meal. Among the four meas examined, the rice- based meal had the highest
bioaccessible zinc value, while it was least in the sorghum- based meal. In spite of
similar zinc concentrations in the four whole meals, there was a wide variation in the
bioaccessibility of zinc, which is a net result of the influence of multiple food
ingredients associated with these meals. The wheat- based meal had the highest per
cent bioaccessible iron content, while the finger millet- based meal had the least

percentage of bioaccessibleiron.
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General Summary

Cereals and legumes are staple foods in the diet of populations in the
developing countries. These are also the main sources of minerals such as iron and
zinc. However, minera availability from these food grains is generally poor, due to
the presence of phytic acid, tannin and dietary fibre components. While the effects of
these constituents on iron absorption are well documented, their effects on zinc
bioavailability are less known. In this context, a number of staple cereals and pulses
commonly consumed in India were examined for zinc bioaccessibility. The
bioaccessibility values of zinc and iron have also been examined in heat- processed
food grains. In view of a possible interaction among minerals influencing their
absorbability, the effect of presence of exogenous iron and calcium on zinc
bioaccessibility from selected food grains has also been examined.

The much- practiced germination and fermentation of grains as encountered in
Indian dietary have been examined for a possible beneficia influence on zinc and iron
bioaccessibility. The influence of food acidulants on zinc bioaccessibility by virtue of

their organic acid content has also been assessed in this investigation.

The highlights of the results of thisinvestigation are listed below:

1. Severa food grains commonly consumed in India were screened for zinc content
and its bioaccessibility from the same was determined by equilibrium dialysis
employing an in vitro simulated digestion procedure. The food grains examined
included the ceredls - rice (Oryza sativa), finger millet (Eleusine coracana), wheat
(Triticum aestivum), maize (Zea mays), sorghum (Sorghum vulgare), and the
pulses - chickpea (Cicer arietinum), green gram (Phaseolus aureus), red gram
(Cajanus cajan), black gram (Phaseolus mungo), cowpea (Vigna catjang), and

French bean (Phaseolus vulgaris).

2. Thetota zinc content of cereals ranged from 1.08 mg/ 100 g in rice to 2.24 mg/
100 g in sorghum. The zinc content of pulses was between 2.03 mg/ 100 g (whole
chickpea) and 2.68 mg/ 100 g (decorticated chickpea). The bioaccessibility of
zinc from pulses (27 - 56%) was generaly higher than that from cereals (5.5 -
21.4%).
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. The iron content of cereas ranged from 1.32 mg% in rice to 6.51 mg% in
sorghum, while that of pulses ranged from 3.85 mg% in decorticated green gram
to 6.46 mg% in black gram. Bioaccessibility of iron was ailmost similar from both
cereals and pulses examined and ranged from 4.13 to 8.05% in cereas and from
1.77 t0 10.2 % in pulses.

Phytic acid content of these food grains ranged from 160 to 630 mg %. A
significant negative correlation between inherent phytate and zinc bioaccessibility
value was inferred in the case of pulses. However, the same was not evident when

the bioaccessibility value was viewed in relation to phytate: zinc molar ratios.

In the case of iron, phytic acid content of the cereal grains produced a
proportionate and statistically significant negative influence on its

bioaccessibility.

The calcium content of the food grains tested ranged from 7.2 mg % in maize, to
325 mg % in finger millet. This inherent calcium had a negative influence on zinc
bioaccessibility in cereals. Zinc bioaccessibility from the food grains was also
negatively influenced by [phytate] x [calcium] / [zinc] molar ratio, which however
was not statistically significant. Such an inverse relationship of calcium or of

[phytate] x [calcium] / [iron] molar ratio was not evident on iron bioaccessibility.

. Among the food grains tested, finger millet had the highest amount of tannin (2.12
g %) and similar high amounts were present in French beans (3.08 g %) and
cowpea (2.21 g %). Tannin did not have any significant influence on zinc and iron

bioaccessibility from cereals and pul ses.

Legumes (especially whole) had higher dietary fibre content. While both
insoluble and soluble fractions of the dietary fibre in the food grains generaly
interfered with zinc bioaccessibility, the insoluble fraction alone had this effect on
iron bioaccessibility. Soluble fraction, on the other hand, had the opposite effect
on iron bioaccessibility, more so in the case of ceredls.
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9. The lower collective negative influence of the various inherent factors on zinc
bioaccessibility from pulses is consistent with the higher values of the same in
these grains, relative to cereals. The extent of collective influence of the various
inherent factors on iron bioaccessibility from cereals and pulses was essentially

similar.

10. The negative correlation of inherent phytic acid with zinc and iron bioaccessibility
was supported by enhanced bioaccessibility of these minerals observed upon

partial removal of phytate from the food grains by treatment with fungal phytase.

11. Exogenous phytic acid showed a marginal decreasing effect on zinc
bioaccessibility from the food grains studied, which was however not
proportionate to the level added. Iron bioaccessibility values, however, were

profoundly enhanced from all the food grains tested.

12. Influence of heat processing on the in vitro availability of zinc from these cereals
and pulses was aso examined. In general, zinc bioaccessibility from these food
grains was considerably reduced upon domestic cooking (pressure-cooking or
microwave heating). Zinc bioaccessibility was reduced to nearly half in rice,

wheat, chickpea and green gram.

13. Iron bioaccessibility on the other hand, was significantly enhanced generally from
al the food grains studied upon heat treatment. Thus, heat treatment of grains
produced contrasting effect on zinc and iron bioaccessibility.

14. The influence of exogenously added iron and calcium at a level up to four times
the inherent concentration on the bioaccessibility of zinc from selected food grains
was examined. Presence of exogenous iron at levels tested here (up to five times
the intrinsic level) did not severely inhibit zinc bioaccessibility from rice and
decorticated green gram. The results also suggested that the negative effect of
exogenous iron is probably discernible only when zinc: iron molar ratio exceeds
1:8, as encountered during supplemental iron regimen.
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General Summary

Exogenously added calcium did not influence the bioaccessibility of either zinc or
iron from rice and wheat, even when added at levels five times those present
inherently. This can be attributed to the fact that calcium per se, in the absence of
additiona phytate, may not have a negative effect on mineral availability.

The influence of exogenous soy protein, on zinc and iron bioaccessibility from
representative cereals- rice and sorghum was aso examined. Influence of common
salt along with exogenous protein on the bioaccessibility of zinc and iron from
these food grains has also been specifically examined. Exogenous protein (soy
protein isolate) produced contrasting effects on zinc and iron bioaccessibility from
the food grains studied here. While soy protein had a negative effect on iron
bioaccessibility from these food grains, the same produced an enhancing effect on

zinc bioaccessibility.

Exogenously added sodium chloride potentiated the positive effect of soy protein
on zinc bioaccessibility, and effectively countered its negative effect on iron

bioaccessibility.

Germination of green gram, chickpea and finger millet for 24 and 48 h
significantly enhanced the bioaccessibility of iron; bioaccessibility of zinc was not
beneficially affected. In the absence of any decrease in phytate content of the
grains, reduction in tannin content during germination of the test grains could

have contributed to the increase in the bioaccessibility of iron.

Fermentation of the batter of cereal-pulse combination as in the preparation of
‘idli” and ‘dosa’ significantly enhanced the bioaccessibility of both zinc and iron,
the extent of increase in the case of iron being still better. However, such
beneficial influence of fermentation on zinc and iron bioaccessibility was not
observed in the case of the cereal-pulse combination used for the preparation of
‘dhokla’.

Significant reduction of both phytate and tannin during fermentation of cereal-
legume combinations of the ‘idli’ and ‘dosa’ batter must have contributed to the

observed increase in mineral bioaccessibility.
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21. Absence of any positive influence of fermentation on mineral bioaccessibility in
the case of ‘dhokla’ batter could be attributed to the continued presence of
significant amounts of phytate or any other protein that binds these micronutrients
contributed by additional legumes - chickpea and green gram present in ‘dhokla’.

22. Soaking, germination and fermentation of cereals and legumes (in which phytate
is in the cotyledons) offers a practical household method to reduce inhibitors of
mineral absorption especially phytic acid and tannin, thereby contributing to
enhanced zinc and iron absorption. In fact, such processing of cereals and legumes

as part of the daily culinary are in wide practice across the Indian subcontinent.

23. Four common acidulants in Indian dietary, namely, citric acid, tamarind
(Tamarindus indica), amchur (dry mango powder, Mangifera indica), and kokum
(Garcinia indica) were examined for a possible influence on the bioaccessibility
of zinc from selected food grains. Amchur and citric acid generally enhanced the
bioaccessibility of zinc and iron from all the food grains studied. The increase in
zinc bioaccessibility produced by citric acid was around 40% in rice and chickpea,
while amchur produced around 60% increase in the same from decorticated green
gram. This positive influence of acidulants on zinc bioaccessibility from food
grains was seen both in the raw and cooked form.

24. Among the food grains examined, whole chickpea seems to have derived the
maximum beneficial effect from al the four food acidulants, especially when
cooked, with reference to bioaccessibility of these two trace minerals.

25. Tamarind and kokum, the other two acidulants tested, generally did not have a
favourable influence on zinc and iron bioaccessibility. This lack of positive
influence of these two acidulants on mineral availability could be attributable to

the presence of significant amounts of tannin in them.
26. Zinc concentrations in the four whole meals tested ranged from 2.03 mg% in rice-

based meal to 2.35 mg% in wheat- based meal. The iron content of the four meals
ranged from 5.79 mg% in rice- based meal to 8.60 mg% in sorghum- based meal.

166



General Summary

27. Among the four meals examined, the rice- based mea had the highest
bioaccessible zinc value, while it was least in the sorghum- based meal. In spite of
similar zinc concentrations in the four whole meals, there was a wide variation in
the bioaccessibility of zinc, which is a net result of the influence of multiple food

ingredients associated with these meals.

28. The wheat- based meal had the highest per cent bioaccessible iron content, while
the finger millet- based meal had the least percentage of bioaccessible iron.

Thus,
% Pulses are better providers of bioaccessible zinc compared to cereals

+ Bioaccessibility of zinc from cereals and pulses commonly consumed in

Indiais higher than that of iron

+«+ Domestic cooking which involved pressure cooking or microwave cooking
generadly improved the bioaccessibility of iron, while that of zinc was
significantly compromised; nevertheless, zinc bioaccessibility values from

pressure- cooked pulses are superior to that of iron

s Germination of grains as commonly practiced in Indian households

improves iron bioaccessibility

s Fermented food products — ‘idli’ and ‘dosa’ are good sources of

bioaccessible zinc and iron

¢ Food acidulants — lime and amchur generally enhance both zinc and iron

bioaccessibility
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