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Abstract

It is an orthodox idea that teff has highest content of iron among the majority of cereal-based
diet, which provides almost the entire staple food consumed in Ethiopia. However, now a day it
is proven that it is due to soil contamination. Thus, these leads to two distinctive ideas on the
contaminant iron bioavailability. The current study was, then, initiated with the objective of
evaluating effect of different soil contamination on rat of hemoglobin regeneration efficiency.
The invivo iron bioavailability of the uncontaminated teff, vertisol contaminated teff, and
cambisol contaminated teff were analyzed and compared against the standard ferrous sulfate
group. There was no significant deference in total food and iron intake, weight gain, feed
efficiency ratio, initial and final hemoglobin, hemoglobin gain, hemoglobin regeneration
efficiency between and among treatment and control groups (P<0.05). However, there was a
significant difference in final hemoglobin, hemoglobin gain, and hemoglobin regeneration
efficiency between teff and control group. The hemoglobin regeneration efficiency of control
group was about 12% higher than teff group. The relative biological value of teff, vertisol and
cambisol groups were 79.47%, 86.91% and 86.24% (P<0.05) respectively. The 6.77% and 7.44%
of relative biological value and 3.97% and 4.31% of hemoglobin regeneration efficiency
enhancements were observed due to 35mg/kg of extrinsic iron for vertisol and cambisol groups
respectively. In summary, the current study demonstrates that intrinsic iron originated from teff
has a good relative biological value, contamination of teff with both varieties of soil considerably
improves the iron bioavailability; thus, contaminant iron has a good nutritional interest, and soil

(vertisol and cambisol) contamination do not interfere with the intrinsic iron bioavailability.

Key words Bioavailability Cambisol, Hemoglobin Regeneration Efficiency, Invivo, Relative

Biological Value, Vertisol
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Chapter One

Introduction



1. Introduction

1.1 Background

The high prevalence of iron deficiencies which accounts more than two billion people
worldwide has several adverse effects on the population especially in developing
countries, particularly on women and children (Gibson, 2006; Zimmermann and Hurrell,
2007). As a result, anemia leads to impaired psychomotor development in infants,
impaired educational performance of schoolchildren, reduced working capacity in adults,
and increased prenatal morbidity in pregnancy (Etadl., 2000). Iron deficiency anemia

yet remains one of the largest public health problems in both developing and developed
countries (Ramakrishnaet al., 2002; WHO, 2007). Iron deficiencies are common in
populations whose diet is mostly composed of plant-based foods which is attributed to
the low mineral content of plant-based foods, lower bioavailability of non-haem iron
sources, and as well as to their high chelating agent contents (Lonnerdal, 2000; Hurrell
and Egli, 2010) while in Ethiopia research indicates that all the six principal staple foods
(Teff, wheat, sorghum, maize, barely and enset) which supplying more than 70 % of

calories are plant source foods (Birh@hal., 2011).

Earlier study suggested that anemia was rare in Ethiopia and ascribed this with
prevalence of teff consumption (Gebremedbinal., 1976). However, recent studies
revealed that iron deficiency anemia is a mild to moderate public health problem and
become a concern (Haidar and Pobocik, 2009; Haidar 2010; létra#ta2008). Though

a research by Bayet al., (2012) in northern Ethiopia suggested that children’s iron

intake was more than sufficient, the prevalence of anemia among under five children was

14



44% (EDHS, 2011). This may suggest the poorest bioavailability of iron intake from the

food source.

Teff is an ancient tropical cereal that has its center of origin and diversity in Northern

Ethiopian highlands from where it is believed to have been domesticated (Demissie 2001,
Ketema, 1997). Teff is underutilized cereal crop worldwide, whereas in Ethiopia, it is a

major food grain mainly used to makgera a traditional fermented Ethiopian pancake.

In other countries like Australia, South Africa and United States, it is principally used as

a forage crop for animal feed. In many regions of Ethiopia, teff is consumed by people in
many traditional forms. Teff-based foods are commonly consumed by infants and adults
and significantly contribute to the nutrient supply of the diet of millions of people. Teff

represents 22.6% of the cereals grown in Ethiopia (CSAE, 2012).

According to Saturnét al, (2010) and Umetet al., (2005) teff which is one of the major
staple food crop of Ethiopia, is believed to be an excellent source of iron for most of the
population. However, in controversy of the above authors some authors argue that teff's
highest content of iron is due to soil contamination as a result of threshing the crop on the
ground (Abebest al., 2007; Ambaw , 2013; Bokhaat al., 2012; Harvet al., 2000). A
significant proportion of the iron in the teff diets of Ethiopia is extrinsic to food, usually

referred to as contaminant iron ( Baye et 2013; Umeta et a) 2005).
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1.2 Statement of the problem

Compared to more common cereals like wheat, rice and maize, little is known about the
nutritional composition and potential health benefits of teff. This, along with
technological limitation in processing teff, has for long restricted its more wide spread
consumption from its center of origin, Ethiopia. Thus, this limited the information on the
nutritional benefit of teff available for the general public and lacks the global interest in
teff. In turn the lack of the global interest in teff made prolonged thinking by Ethiopians

that their grain is of interior nutritional quality (IFPRI, 2016).

Many research findings have been repeatedly reported that the Ethiopian traditional
threshing of teff using cattle hooves on the ground contaminates teff with soil iron
(Abebe et al, 2007; Ambaw , 2013; Bayt al., 2013; Bokhari et al 2012; Harvet al.,

2000; Umetaet al., 2005). Nevertheless, the impact of this contaminant iron is left
controversial yet and needs to be clarified with more evidential investigations. Otherwise
the existing divisive ideas may lead to two extinct conclusions in turn which leads to
harmful outcomes: for instance if it is concluded that contaminant iron is not bioavailable
while it is, the supplement of iron will be suggested. Thus, this may lead to limited
growth of children, exposure to infection, and oxidative stress due to excessive iron
intake (lannottiet al., 2006; Majudaret al., 2003; Sazawadt al., 2006), and if it is
concluded that contaminant iron is bioavailable while it is not, this may lead to
overestimation of the satisfaction of iron requirement while iron deficiencies remain the
problem. Therefore, it is imperative to consider more tangible investigation to clear up

the dilemma.
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Beside the limited researches that are conducted on the bioavailability of contaminant
iron in the diet of Ethiopians, thavitro methods were used for analysis which might be
less appropriate to analyze bioavailability of contaminant iron in the diet @aje

2013). Therefore, this research activity was designed to study bioavailability of
contaminant iron by employing the golden standard metimvolo/rat hemoglobin

repletion efficiency test method.

1.3 Significance of the study

It is an orthodox idea that teff has highest content of iron among the majority of diet
consumed in Ethiopia, since other cereal based foods in Ethiopia which provides almost
the entire staple food in the country blamed to have lower iron content. This research
activity was one which aims to study bioavailability of iron by employimgvo/rat
hemoglobin repletion efficiency test method. The research output will contribute much

through the following points:

. help to promote teff utilization and marketing including export for its nutritional
merits, since teff has been reported for its health claims one of which is its iron content,
however, its iron utilizeability has not been confirmed and this research will answer this
guestion;

. helps local consumers to attain dietary recommendations for iron and at the same
time can reduce the risk of side effect and toxicity associated with taking high dose of

iron supplements as iron utilizeability from teff and soil contamination will be known;
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. since the government taking an effort to fortify iron to different flours as an
approach for a strategy to control micronutrient deficiency (hidden hunger), this research
will provide data on how much percent is needed to be fortified or even not;

. provide much needed information on teff and contaminant iron bioavailability to
the academic and research world, thereby helps policy makers nationally and even
internationally;

. provide information which helps to modify the agricultural practices if it is
needed: i.e.- if the soil contamination interfere with the intrinsic iron absorption, then the
traditional threshing process should be modified to which that minimizes the

contamination

1.4 Objective

1.4.1 General objective

To evaluate the efficiency of rat hemoglobin regeneration of anemic rat fed with teff

contaminated with vertisol and cambisol soil varieties.

1.4.2 Specific objectives

v To estimate the bioavailability of iron from cambisol and vertisol soil types,
v To predict the hemoglobin regeneration efficiency of teff’s intrinsic iron,

v To interrelate bioavailability of contaminant iron to vertisol and cambisol soil
types, and

v To evaluate whether soil contamination block absorption of intrinsic iron
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2. Literature review

2.1 Iron

Iron is a metal in the first transition series. It is by mass the most common element on
earth, forming much of earth's outer and inner core. It is the fourth most common element
in the earth's crust and the second most abundant metal on earth. Its abundance in rocky
planets like earth is due to its abundant production by fusion in high-mass stars, where
the production of nickel-56 (which decays to the most common isotope of iron) is the last

nuclear fusion reaction that is exothermic.
2.1.1 History

In early 18" century, the relationship between dietary iron and blood disorder were
recognized and history revealed that iff' t&ntury iron was used to treat a disease called
green disease or chlorosis (historical name of hypochromic anemia which is often caused
by iron deficiency) (Guggenheim, 1995). During laté" t8ntury Zinoffsky found that

horse hemoglobin contains 0.335% iron which contributes to recognize the iron’s
physiological basis to blood (Suttle, 2010). Thought it was a debated work, in 1893 a
study conducted by Stockman on anemic women showed that ferrous salts rapidly
increase hemoglobin concentrati@runer, 1996). Finally, in Tcentury studies which

had supported with a strong evidences have been shown that inorganic iron could

function for blood hemoglobin synthesis (Suttle, 2010).
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2.1.2 Function

Iron is an essential bioelement for most forms of life, from bacteria to mammals. Its
importance lies in its ability to mediate electron transfer. In the ferrous stafy (e

acts as an electron donor, while in the ferric stat&"(fteacts as an acceptor. Thus, iron
plays a vital role in the catalysis of enzymatic reactions that involve electron transfer
(reduction and oxidation, redox) (Hentzse al., 2010; Muckenthalert al., 2008;

Wessling-Resnick, 2014).

Proteins can contain iron as part of different cofactors, such as iron-sulfur clusters (Fe-S)
and heme groups, both of which are assembled in mitochondria. Human cells require iron
in order to obtain energy as ATP from a multi-step process known as cellular respiration,
more specifically from oxidative phosphorylation at the mitochondrial cristae. Iron is

present in the iron-sulfur clusters and heme groups of the electron transport chain
proteins that generate a proton gradient that allows ATP synthase to synthesize ATP

(chemiosmosis).

Heme groups are part of hemoglobin, a protein found in red blood cells that serves to
transport oxygen from the lungs to the tissuesaxygen is transported from the lungs to

the rest of the body bound to the heme group of hemoglobin in erythrocytes. Heme
groups are also present in myoglobin to store and diffuse oxygen in muscle cefls i.e.
muscles cells, iron binds myoglobin, which regulates oxygen release (Abbas@buyr

2014; Arosio and Levi, 2002; Finney and O'Halloran , 2003; Ganz, 2005).

In response to a systemic bacterial infection, the immune system initiates a process

known as iron withholding. If bacteria are to survive, then they must obtain iron from
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their environment. Disease causing bacteria do this in many ways, including releasing
iron-binding molecules called siderophores and then reabsorbing them to recover iron, or
scavenging iron from hemoglobin and transferrin. The harder they have to work to get
iron, the greater a metabolic price they must pay. That means that iron-deprived bacteria
reproduce more slowly. So our control of iron levels appears to be an important defense
against most bacterial infections; there are some exceptions however. TB causing
bacterium can reside within macrophages which are an iron rich environment and
Borrelia burgdorferi utilizes manganese in place of iron. People with increased amounts
of iron, like people with hemochromatosis, are more susceptible to some bacterial
infection (Ganz, 2005). Although this mechanism is an elegant response to short-term
bacterial infection, it can cause problems when inflammation goes on for longer. Since
the liver produces hepcidin in response to inflammatory cytokines, hepcidin levels can
increase as the result of non-bacterial sources of inflammation, like viral infection,
cancer, auto-immune diseases or other chronic diseases. When this occurs, the
sequestration of iron appears to be the major cause of the syndrome of anemia of chronic
disease, in which not enough iron is available to produce enough hemoglobin-containing

red blood cellgAndrews, 1999).

Iron is also known to be very essential for improved cognitive development as it is
essential for all tissues that are found in brain from very early life it functions in the
neural myclination processes. Therefore, during pregnancy its adequacy is associated
with improved outcomes for the infant as well as the mother (Abbasp@lr, 2014;

Lannotti et al, 2006; Rouault and Cooperman , 2006).
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2.1.3 Human iron requirement

The human iron requirement varies according to age, sex, and body weight (Table 2.1).
The newborn term infant has an iron content of about 250-300 mg (75 mg/kg body
weight). During the first 2 months of life, hemoglobin concentration falls because of the
improved oxygen situation in the newborn infant compared with the intrauterine foetus.
This leads to a considerable redistribution of iron from catabolised erythrocytes to iron
stores. This iron will cover the needs of the term infant during the first 4-6 months of life
and is why iron requirements during this period can be provided by human milk, which
contains very little iron. Because of the marked supply of iron to the foetus during the last
trimester of pregnancy, the iron situation is much less favourable in the premature and
low-birth-weight infant than in the term infant. An extra supply of iron is therefore
needed in these infants even during the first 6 months of life (FAO/WHO 1988;

FAO/WHO 2004; Zimmermann and Hurrell, 2007)

In the full-term infant, iron requirements will rise markedly after age 4-6 months and
amount to about 0.7-0.9 mg/day during the remaining part of the first year. These
requirements are therefore very high, especially in relation to body size and energy intake

(European Communities, 1993).

In the first year of life, the full-term infant almost doubles its total iron stores and triple

its body weight. The change in body iron during this period occurs mainly during the first
6-12 months of life. Between 1 and 6 years of age, the body iron content is again
doubled. The requirements for absorbed iron in infants and children are very high in

relation to their energy requirements. For example, in infants 6-12 months of age, about
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1.5 mg of iron need to be absorbed per 4.184 MJ and about half of this amount is required
up to age 4 years (Abbaspostral., 2014; FAO/WHO 1988; FAO/WHO 2004; FAO,

2006).

In the weaning period, the iron requirements in relation to energy intake are the highest of
the lifespan except for the last trimester of pregnancy, when iron requirements to a large
extent have to be covered from the iron stores of the mother. The rapidly growing
weaning infant has no iron stores and has to rely on dietary iron. It is possible to meet
these high requirements if the diet has a consistently high content of meat and foods rich
in ascorbic acid. In most developed countries today, infant cereal products are the staple
foods for that period of life. Commercial products are regularly fortified with iron and
ascorbic acid, and they are usually given together with fruit juices and solid foods
containing meat, fish, and vegetables. The fortification of cereal products with iron and
ascorbic acid is important in meeting the high dietary needs, especially considering the
importance of an optimal iron nutrition during this phase of brain development (Dallman

and Siimes, 1979; Mascotti et.all 995).

Iron requirements are also very high in adolescents, particularly during the period of
rapid growth (Rossander-Hulthén and Hallberg, 199®kre is a marked individual
variation in growth rate and the requirements may be considerably higher than the
calculated mean values given in table 2.1. Girls usually have their growth spurt before
menarche, but growth is not finished at that time. Their total iron requirements are
therefore considerable. In boys during puberty there is a marked increase in haemoglobin

mass and concentration, further increasing iron requirements to a level above the average
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iron requirements in menstruating women (Hallberg and Rossander-Hulthénm, 1991;

Hallberg et al, 1997; FAO/WHQ 1988, FAO, 2006; Mascotti et.al1995).

Table 2.1. Iron intakes required for growth under the age of 18 years, median basal iron losses,
menstrual losses in women, and total absolute iron requirements (FAO, 2006)

Group Age Body | Required| Basal Menstrual loss Total requirement
(Years)| weight | iron iron loss| (mg/day) (mg/day) t
(Kg) intake (mg/day)
Mean | for Median | Median| 98 Median | 95
growth percentile percentile
(mg/day)
Children 0.5-1 9 0.55 0.17 0.72 0.93
1-3 13.3 0.27 0.19 0.46 0.58
4-6 19.2 0.23 0.27 0.5 0.63
7-10 28.1 0.32 0.39 0.71 0.89
Males 11-14 45 0.55 0.62 1.17 1.46
15-17 64.4 0.6 0.9 1.5 1.88
18+ 75 1.05 1.05 1.37
Females |11-14 |46.1 0.55 0.65 1.2 1.4
11-14 | 46.1 0.55 0.65 048 | 1.9 1.68 3.2
15-17 | 56.4 | 0.35 0.79 048 | 1.9 1.62 3.1
18+ 62 0.87 048 |19 1.46 2.94
Post- 62 0.87 0.87 1.13
menopausal
Lactating 62 1.15 1.15 1.5

T Total Absolute Requirements = Requirement for growth + basal losses + menstrual losses (females only). b
Non-menstruating. ¢ Effect of the normal variation in haemoglobin concentration not included in this figure.
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2.1.4 Toxicity

Large amounts of ingested iron can cause excessive levels of iron in the blood. High
blood levels of free ferrous iron react with peroxides to produce free radicals (its ability
to donate and accept electrons means that if iron is free within the cell, it can catalyze the
conversion of hydrogen peroxide into free radicals), which are highly reactive and can
damage DNA, proteins, lipids, and other cellular components. Thus, iron toxicity occurs
when there is free iron in the cell, which generally occurs when iron levels exceed the
capacity of transferrin to bind the iron. Damage to the cells of the gastrointestinal tract
can also prevent them from regulating iron absorption leading to further increases in
blood levels. Iron typically damages cells in the heart, liver and elsewhere, which can
cause significant adverse effects, including coma, metabolic acidosis, shock, liver failure,
coagulopathy, adult respiratory distress syndrome, long-term organ damage, and even

death (Chenewt al., 1995).

To prevent that kind of damage, all life forms that use iron bind the iron atoms to
proteins. This binding allows cells to benefit from iron while also limiting its ability to do
harm (Andrews, 1999; Conrad and Umbreit, 2000). Humans experience iron toxicity
above 20 milligrams of iron for every kilogram of mass, and 60 milligrams per kilogram
is considered a lethal dose. The Dietary Reference Intake (DRI) lists the Tolerable Upper
Intake Level (UL) for adults as 45 mg/day. For children under fourteen years old the UL

is 40 mg/day (Conrad and Umbreit, 2000; Tenenbein , 1996).
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2.1.5 Bioavailability and human iron regulation

Human iron homeostasis is regulated at two different levels. Systemic iron levels are
balanced by the controlled absorption of dietary iron by enterocytes, the cells that line the
interior of the intestines, and the uncontrolled loss of iron from epithelial sloughing,
sweat, injuries and blood loss. In addition, systemic iron is continuously recycled.
Cellular iron levels are controlled differently by different cell types due to the expression

of particular iron regulatory and transport proteins.

2.1.5.1 Systemic iron regulation - Dietary iron uptake

Iron uptake is tightly regulated by the human body, which has no regulated physiological
means of excreting iron. The absorption of dietary iron is a variable and dynamic process.
The amount of iron absorbed compared to the amount ingested is typically low, but may

range from 5% to as much as 35% depending on circumstances and type of iron.

The efficiency with which iron is absorbed varies depending on the source. Generally the
best-absorbed forms of iron come from animal products. Absorption of dietary iron in
iron salt form (as in most supplements) varies somewhat according to the body’s need for
iron, and is usually between 10% and 20% of iron intake. Absorption of iron from animal
products, and some plant products, is in the form of heme iron, and is more efficient,
allowing absorption of from 15% to 35% of intake. Heme iron in animals is from blood
and heme-containing proteins in meat and mitochondria, whereas in plants, heme iron is
present in mitochondria in all cells that use oxygen for respiration. Non-heme iron from
plant based food have poor absorption ranging from 2 to 20% which is strongly
influenced by other food components ingested at the same time (increased by meat and
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ascorbic acid and inhibited by phytates, polyphenols and calcium) (Abbastpaluy

2014; Geoffrey, 2010; Hurrell and Egli, 2010; Nanami et 2005 ).

Like most mineral nutrients, the majority of the iron absorbed from digested food or
supplements is absorbed in the duodenum by enterocytes of the duodenal lining. These
cells have special molecules that allow them to move iron into the body. To be absorbed,
dietary iron can be absorbed as part of a protein such as heme protein or iron must be in
its ferrous F& form. A ferric reductase enzyme on the enterocytes’ brush border,
duodenal cytochrome B (Dcytb), reduces ferri¢'Re F&€* (McKie et al., 2001). A

protein called divalent metal transporter 1 (DMT1), which can transport several divalent
metals across the plasma membrane, then transports iron across the enterocyte’s cell
membrane into the cell. These intestinal lining cells can then either store the iron as
ferritin, which is accomplished by Eebinding to apoferritin (in which case the iron will

leave the body when the cell dies and is sloughed off into feces), or the cell can release it
into the body via the only known iron exporter in mammals, ferroportin. Hephaestin, a
ferroxidase that can oxidize £do F€* and is found mainly in the small intestine, helps

ferroportin transfer iron across the basolateral end of the intestine cells.

In contrast, ferroportin is post-translationally repressed by hepcidin, a 25-amino acid
peptide hormone. The body regulates iron levels by regulating each of these steps. For
instance, enterocytes synthesize more Dcytb, DMT1 and ferroportin in response to iron
deficiency anemia (Fleming and Bacon, 2005). The human body’'s rate of iron
absorption appears to respond to a variety of interdependent factors, including total iron

stores, the extent to which the bone marrow is producing new red blood cells, the
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concentration of hemoglobin in the blood, and the oxygen content of the blood. The body

also absorbs less iron during times of inflammation (Ganz, 2005).

2.1.5.2 Storage

Most well-nourished people have 4 to 5 grams of iron in their bodies. Of this, about 2.5 g
is contained in the hemoglobin needed to carry oxygen through the blood, and most of the
rest (approximately 2 grams in adult men, and somewhat less in women of childbearing
age) is contained in ferritin complexes that are present in all cells, but most common in
bone marrow, liver, and spleen. The liver's stores of ferritin are the primary physiologic
source of reserve iron in the body. The reserves of iron in industrialized countries tend to
be lower in children and women of child-bearing age than in men and in the elderly.
Women who must use their stores to compensate for iron lost through menstruation,
pregnancy or lactation have lower non-hemoglobin body stores, which may consist of
500 mg, or even less. Of the body's total iron content, about 400 mg is devoted to cellular
proteins that use iron for important cellular processes like storing oxygen (myoglobin) or
performing energy-producing redox reactions (cytochromes). A relatively small amount
(3—4 mg) circulates through the plasma, bound to transferring (Camaschella and Schrier ,

2011).

2.1.5.3 Recycling and loss

Most of the iron in the body is hoarded and recycled by the reticuloendothelial system,

which breaks down aged red blood cells. In contrast to iron uptake and recycling, there is
no physiologic regulatory mechanism for excreting iron. People lose a small but steady
amount by gastrointestinal blood loss, sweating and by shedding cells of the skin and the
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mucosal lining of the gastrointestinal tract. The total amount of loss for healthy people
amounts to an estimated average of 1 mg a day for men, and 1.5-2 mg a day for women
with regular menstrual periods. People with gastrointestinal parasitic infections, more
commonly found in developing countries, often lose more (Conrad and Umbreit, 2000).
Those who can’t regulate absorption well enough get disorders of iron overload. In these
diseases, the toxicity of iron starts overwhelming the body's ability to bind and store it

(Schrier and Bacon, 2011).

Macrophages of the reticuloendothelial system store iron as part of the process of
breaking down and processing hemoglobin from engulfed red blood cells. Iron is also
stored as a pigment called hemosiderin which is an ill defined deposit of protein and iron,
created by macrophages where excess iron is present, either locally or systemically for
example among people with iron overload due to frequent blood cell destruction and
transfusions. If the systemic iron overload is corrected, over time the hemosiderin is

slowly reasorbed by macrophages (Schrier and Bacon, 2011).

2.1.6 Iron deficiency

Iron deficiency first affects the storage iron in the body, and depletion of these stores is
thought to be relatively non-symptomatic, although some vague and non-specific
symptoms have been associated with it. Since iron is primarily required for hemoglobin,
iron deficiency anemia is the primary clinical manifestation of iron deficiency. Iron-
deficient people will suffer or die from organ damage well before cells run out of the iron

needed for intracellular processes like electron transport (FAO, 2006). Functional or
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actual iron deficiency can result from a variety of causes. These causes can be grouped

into several categories:

2.1.9.3Nutritional deficiency

This can result due to a lack of dietary iron (consumption low bioavailable iron) or
consumption of foods that inhibit iron absorption, including calcium, phytates and
tannins. It can also resulted from other nutrients deficiency like vitamin A and B12,
riboflavin, folic acid. This cause is believed to be a primary cause and responsible for
more than 50 to 60% of anemia (Allen et,&006; Ganz, 2003).

2.1.9.4Increased demand

An increased demand for iron , which the diet can’t accommodate, due to some natural
circumstances like pregnancy, rapid growth, menstruation are also an important cause for
iron deficiency (Abbaspouet al., 2014; Schrier and Bacon, 2011; Zimmermann and

Hurrell, 2007).

2.1.9.5Increased loss

An increased loss of iron usually through blood loss leads to iron deficiency as it
depletes the iron store (0.5 mg iron loss for every 1ml of blood loss) (Zimmermann and

Hurrell, 2007).

2.1.9.6lmpaired absorption

Inability to absorb iron: This could be arising from use of acid reducing medications, the
strongest are the proton pump inhibitors (PPIs) such as omeprazole. The use of this class

of medication is causing an increase in iron deficiency and is almost an epidemic
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(Camaschella, 2005). Damage to the intestinal lining: Examples of causes of this kind of
damage include surgery involving the duodenum, or diseases like Crohn's or celiac sprue
which severely reduce the surface area available for absorption, and Inflammation:
leading to hepcidin-inducedestriction on iron release from enterocytes are #e

common causes to impair the absorption (Frazer and Anderson , 2005).

2.1.10 Groups at risk of iron deficiency

Worldwide, the highest prevalence of iron deficiency is found in infants, children,
adolescents, and women of childbearing age, especially pregnant women. The weaning
period in infants is especially critical because of the very high iron requirements in
relation to energy requirements. The highest probability of suffering iron deficiency is
found in those parts of a population that have inadequate access to foods rich in
absorbable iron during stages of high iron demand. These groups correspond to children,

adolescents, and women of reproductive age, in particular during pregnancy.

In the case of infants and adolescents, the increased iron demand is the result of rapid
growth. For women of reproductive age the principle reason is the excessive blood loss
during menstruation. During pregnancy, there is a significant increase in iron requirement
due to the rapid growth of the placenta and the fetus and the expansion of the globular
mass. In contrast, adult men and postmenopausal women are at low risk of iron
deficiency and the amount of iron in a normal diet is usually sufficient to cover their
physiological requirementd)allman, 1990; Bjérn-Rasmussen and Hallberg, 1979; FAO,

2006; Taylor, 1995).
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2.1.11 Methods of measuring human iron status

Scholl (2011) defines iron deficiency by three stages of increasing severity: depletion of
iron store (stage I) which can be diagnosed by showing that there is no stainable iron in
the reticuloendothelial cells in bone marrow smears or more easily by a low
concentration of ferritin in serum (£1%/1), iron deficiency without anemia (stage 2) and
iron deficiency anemia (stage 3). Iron deficiency and eventually anemia develop in stages

and can be assessed by measuring various biochemical indices.

Although some iron enzymes are sensitive to iron deficiency, their activity has not been
used as a successful routine measure of iron status (Dallman, 1990;ei\bo@005).
Therefore, laboratory measurements are essential for a proper diagnosis of iron
deficiency. The plasma or serum pool of iron is the fraction of all iron in the body that
circulates bound primarily to transferrin. Three ways of estimating the level of iron in the
plasma or serum include: measuring the total iron content per unit volupgydb;
measuring the total number of binding sites for iron atoms on transferrin, known as total
iron-binding capacity ing/dL; and estimating the percentage of the two ibgslsites

on all transferrin molecules that are occupied called the percentage transferrin saturation
However, marked biologic variation can occur in these values as a result of diurnal
variation, the presence of infection or inflammatory conditions and recent dietary iron

intake(WHO, 2004).

Serum ferritin is a good indicator of body iron stores under most circumstances. When
the concentration of serum ferritin 815 pg/L iron stores are present; higher

concentrations reflect the size of the iron store; when the concentration is loywg&12
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for <5 years of age and <1&/L for >5 years of age) iron stores are depletemvéver,

ferritin is an acute phase reactant protein and its serum concentrations can be elevated,
irrespective of a change in iron stores, by infection or inflammation. This means that it
might be difficult to interpret the concentration of ferritin where infectious diseases are

common(WHO, 2004; Wood et al 2005).

Zinc protoporphyrin reflects the shortage of iron supply in the last stages of hemoglobin
synthesis so that zinc is inserted into the protoporphyrin molecule in the place of iron.
Zinc protoporphyrin can be detected in RBCs by fluorimetry and is a measure of the

severity of iron deficiency (WHO, 2004).

Another indicator of iron status is the concentration of serum transferring receptor (TfR)
in serum. Since TfR is mostly derived from developing RBCs, it reflects the intensity of
erythropoiesis and the demand for iron. As iron stores are exhausted, the concentration
rises in iron deficiency anemia indicating severe iron insufficiency. This is provided that
there are no other causes of abnormal erythropoiesis (WHO, 2004). Clinical studies
indicate that the serum TfR is less affected by inflammation than serum f@agnin,

2003). The major advantage of TfR as an indicator is the possibility of estimating the
magnitude of the functional iron deficit once iron stores are depleted (Baynes, 1991).
However, the high cost and the lack of standardization of the TfR assay so far have

limited the applicability of the method (Yampal., 2008).
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2.1.12 Bioaccessibility and bioavailability assessment of iron

Bioaccessibility of iron cans defined as the proportion of iron released from food matrix
into the lumen of gastrointestinal tract and the fraction of iron potentially available for
absorption mostly relies on food consumption. Bioaccessibility can be measurethusing
vitro methods. Bioavailability of iron can be defined as the portion of ingested iron that
can be used for normal body function and it can be measured insungp methods

(Fairweather-Tait et a] 1995; Bokhari et al 2012).

21.12.1 In vitro iron bioaccessibility assessment methods

Thein vitro iron bioaccessiblity methods are the dominant method in iron bioavailability
test since it is relatively simple, rapid and cost effective. It has been used to analyze the
minerals including iron for more than half a century (Ismail, 1999). These methods are,
generally, advantageousiii vivo bioavailability test could be based on preliminary

vitro screening methods for efficient identification of the promising food substances of

interest (Beiseigel et al 2007).

V. Dialysis or solubility technique - This is a two step digestion at simulated
physiological conditions: gastric phase having pepsin and hydrochloric acid at pH 2 and
intestinal phase having pancreatic enzymes, bile acids and Na&t@B 7 measure the
soluble or dialysable minerals (Frontela et al., 2011; Luten et al., 1996). This technique
can be useful to identify enhancers , inhibitors, (phytate and degradation products,
polyphenols, ascorbic acid) but does not predict same magnitude of response as in
humans; since A) small polyphenolic compounds and organic acid complexes is
dialysable but not bioavailable, B) large molecules like ferritin can be absorbed but is not

35



dialyzable.compounds and organic acid complexes is dialysable but not bioavailable, B)
large molecules like ferritin can be absorbed but is not dialyzable.

V1. Caco 2 cell model This method involve two-stepvitro digestion simulating
gastric phase, intestinal phase, uptake/absorption measured as ferritin formation in Caco-
2 cells after 22 hours and partial transport into circulation (Beiadb, 2002; Yunet al.,

2004). The model is quit better as compared to the dialysis/solubility technique but not
far enough compatible with the magnitude of response in humatie anodel assume
ferritin formation proportional to iron uptake and does not include hepcidin controlled
transport, uptake is only considered for cell but not blood. Dwezet.,(1997) also
indicate that caco-2 cells are colon cells — transport rates of hydrophilic compounds
paracellular lower, less leaky, less discrimination on the basis of molecular size of
compounds transported parallellary compared to duodenum cells. Therefore, the model
can be an excellent predictor of direction of response but not magnitude of response in
human.

VII.  Absorption prediction algorithm — which involves the prediction of iron
bioavailability in the meal based on the calculation of heme and non-heme iron
composition and their bioavailability, balanced factors that enhance or inhibit the iron
absorption. According to Reddy, (2005) the model is inaccurate for quantitative
measurement since all factors effect are assumed to be independent and additive rather
than interactive. Knowledge about the exact amount of contaminant iron and its
bioavailability in soil contaminated foods may be a prerequisite for proper interpretation
of algorithm to predict absorption unless the prediction only apply to intrinsic iron (Baye

etal., 2013).
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VIIl.  Phytic acid/Mineral molar ratio — which involve the calculation of molar ratio

of phytic acid to iron. The model is not the sufficient indicator of iron bioavailability
since it only based on the inhibition effect of phytic acid while there are other factors like
tannin, calcium, fiber etc which can possibly inhibit iron absorption. According to Baye
et al., (2013) knowing the exact amount of contaminant iron and its bioavailability in soil
contaminated cereal foods may be a prerequisite for use of phytic acid/iron molar ratio to
correctly predict bioavailability in food containing contaminant iron.

2.1.12.2 In vivo iron bioavailability assessment methods

Human and animal trial are used to evaluate the iron bioavailability and considered as a
golden standards. Determining the iron bioavailability in human is complicated by the
fact that once a food is consumed, it mixes with in the gastrointestinal tract with the other
foods that are consumed at about the same time or may be because the iron is present in a
mixture of sources available in the diet. Moreover, human iron bioavailability study is
cumbersome, complicated, costly and time consuming to perform (Aeigbn 2012,

Ismail, 1999). Despite human trial, animal hemoglobin repletion bioassay is good for
efficacy study because their environment condition can be controlled properly and the
most common method in use (Weietkal., 1999). However, animal bioavailability study
have limitations because of different iron requirements, metabolism, digestive capacity,
sensitivity to iron absorption inhibitors and promoters as compared to human (Atagon
al., 2012). Despite this fact rat hemoglobin repletion efficiency has been used for
determining the relative biological values of iron by numerous scholars for the last three
decades (Aragoet al., 2012; Habtamu, 2015; Luci al., 2013; Rohneet al., 2007;

Swainet al., 2003; Urgaet al., 1999; Webekgt al., 2004). Moreover, the study which
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comparednvirto, animal and clinical determination of iron bioavailability suggest that
rat hemoglobin depletion-repletion model serves as the most reliable predictor of iron

bioavailability in human (Forbes et al., 1989).

2.2 Sail

Soil is a natural body composed of solids such as minerals and organic matter, liquid and
gases that occurs on the land surface, occupies space and is characterized by one or both
of the following horizon, or layers , that are identified from the initial material as a result
of additions, losses, transfer and transformation of energy and matter or the ability to
support rooted plants in natural environment (Soil Survey Staff, 2010). The mineral
matter is the result of weathered rock and consisits of particles of different size, ranging
from clay(the smallest) to silt, sand, gravel and stons (White, 2006). Soil water contains
dissolved organic and inorganic solutes and called the soil solution (Frank and Tolgyessy,
1993). The soil air consists primarily of nitrogen and oxygen; it usually containing higher
concentration of carbon dioxide and traces of other gases that are byproduct of microbial
metabolism (White, 2006).

Soil contains some amounts of minerals. Iron in soil is weathered from minerals exists as
a divalent cations in solution form and can be available for plants. Acidic soil have
sufficient iron in solution to meet plants needs. In some very acidic soils, iron in a lesser
extent is found to be toxic because of the high amount in solution but in alkaline soils
iron is deficient where oxidized forms of iron exists as insoluble oxides and hydroxides
(Forth, 1990).

The high potential cereal crop zone of Ethiopia is covered predominantly by vertisol

which accounts 20% of its area, followed by nitisol and cambisol soils (FAO, 1986). In
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recent study the concentrations of iron available in soil in flat plain areas of Abaya
Chamo Lake Basine was found ranged from 6.14 to 40.25ppm (Atyale 2014). The
available iron in the soil was also negatively correlated with soil pH and clay content and
positively correlated with silt and sand content of the soil. Another study also reported
that the available iron content of soil sample collected from Northern Tigray was found
42.93ppm (Abayu, 2012).

2.3 Teff (Eragrostisis tef(Zucc) Trotter

Teff which belongs to the familgoaceae is one of the major and indigenous cereal crop

in Ethiopia, where it is believed to have originated. The name ‘teff’ is derived from
Amharic word ‘tef’, which means lost which refers to the grain’s small size (Saturni

al., 2010; Temesgen, 2013; Vinning and McMahon, 2006). History states that Ethiopia
was the only country in the world that uses teff as a cereal crop (Vavilov, 1957).
However, now a days there are many countries(USA, Australia, Sweden...) that uses teff
for different products like juice, chocolate etc and there is a growing interest in teff
utilization due to its nutritional importance as it is a gluten free grain (Bioia 2013).

Teff is self pollinated, warm season grass and its production occurs in a wide range of
environments, from drought-stressed to water-logged land. It prefers altitudes between
1700 and 2200m and relatively dry condition 450 to 550 millimeter per year and its
preferred temperature is 10 to°Z7with 12 hours of sunlight (Vinning and McMahon,

2006).

Even though there are few different varieties of teff that vary in color from light to dark,
there is no significant difference in their calories, protein, carbohydrate, moisture content

of their product called injera (EHNRI, 1997). However, due to its darker color, red
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variety of teff contains higher level of pigmented material such as tannins and
polyphenols which in turn contains higher level of iron (Alauntye, 2013; Umeta and

Parker, 1996; Vinning and McMahon, 2006).

Enjera is a thin fermented Ethiopian traditional bread made from teff flour, water and
starter (ersho), which is a fluid saved from previously fermented dough. Thought there
are other grains to make enjera like sorghum, maize, barley, and wheat, teff is the most
popular grain for making enjera. The process of enjera making involves a series of steps
like grounding teff into the flour, mixing it with water and starter, fermentation, cooking

a part of dough and cooling and then mixing with the rest of dough, finally baking to get
fermented, sour dough type flat bread (Ashgrie and Abate 2012; &o#la, 2013;

Temesgen, 2013).

Since early 1960 different scholars suggests that the higher iron content of teff is due to
the soil contamination as a result of uncontrolled traditional threshing (Almgard , 1963;
ENS, 1959). Thought these works had not been confidential as some scholars blame that
there was no control/reference, they were giving an important insight to the area for many
scholars. According to Saturdi al, (2010) and Umetat al., (2005) teff is an excellent
source of iron for most of the population. However, some authors argue that teff's highest
content of iron is due to soil contamination as a result of threshing the crop on the ground
(Abebe et al., 2007; Ambaw , 2013; Bokhast al., 2012; Harveyet al., 2000). A
significant proportion of the iron in the teff diets of Ethiopia is extrinsic to food, usually
referred to as contaminant iron and the complete removal of extrinsic iron from teff is not

possible (Bayeet al., 2013; Umetaet al., 2005). No matter the iron source whether
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extrinsic or not, the question is on the impact of this iron on iron status of an individual

which is left controversial yet.

A study conducted in Benin published in 2010 assesses the impact of different processing
method and contaminant iron boiaccessibility on different maize based meal. Evaluation
of iron bioaccessibility was performed bwyvitro enzymatic digestion followed by
dialysis. Finally the researchers conclude that iron bioaccessibility in mawe and owo
products showed that only a small part of the contaminant iron originating from the mill
was available for absorption. However it appears that fermentation can greatly increase
the amount of bioaccessible iron. Thus, combined effect of contamination and
fermentation resulted in enhanced levels of iron potentially accessible for absorption and
further invivo study were suggested by the authors (Greffeallal., 2010). However,
another study which follows the same iron bioaccessibilty test from Burkina Faso
published in 2013 disagrees with the previous authors. The researcher’s intention was to
measure iron contamination levels in millet and sorghum after decortications and milling
and to assess the bioaccessibility of contaminant iron. The bioaccessibility of
contaminant iron was measured usimgitro digestion followed by measurement of
dialyzable, soluble and insoluble iron. At the end of the research phytate/iron molar ratios
were lower in iron contaminated flours, suggesting an improvement in iron
bioavailability. However, measurement of bioaccessibility in iron contaminated to
(traditional food) showed that contaminant iron was mainly insoluble and thus not

available for absorption and has poor nutritional interest (Icard-Vertiale 2013).
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In vitro digestion/Caco-2 cell model in which ferritin formation was used as an index of
iron bioavailability were used in a study conducted in Zanzibar, Tanzania, and Uganda
and published in 2013. The researcher aimed at assessimyith@iron bioavailability

and the capacity of geophagic earths and clay minerals to inhibit dietary iron absorption
using methods that better approximate human physiology. Authors, then, concluded that
although geophagic earths have high iron concentrations compared to iron-rich foods, this
iron is not bioavailable, and that some geophagic earths inhibit dietary iron absorption
(Seimet al., 2013). However, some authors, in contrast to the above authors, suggests
that the fraction of a iron mineral that is soluble in the gastrointestinal environment and
available for absorption, after conducting more sophisticated studies of the iron content
of geophagic earth using timvitro methods (Hoodat al., 2004; Kikouamaet al., 2009;

Smith et al, 2000 ).

Hallberg and Bjrn-Rasmussen (1981) also found that amount of iron absorbed increased
from 0.14 to 0.18 mg or about 30% due to the contamination as it is calculated from the
iron exchangeability of contaminated food. The results show that contamination iron can

be a good dietary source of iron.

Invivo studies which have used human as a study subjects have investigated the effect of
geophagy on iron absorption using Turkish, Texan, and South African geophagic earth .
Minnich et al., (1968) were studied the effect of geophagy on iron absorption on 31
healthy and iron deficient human subjects. Even thought the researchers investigated that
Turkish geophagic earth effectively blocks iron absorption, they suggest that the effect of
clay and soil on iron absorption may not be the sole factor in time production of anemia.

Nutritional and parasitic factors are usually involved as well. Another study from the
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same country conducted an investigation on 12 patients between 8 and 21 years of age,
with iron deficiency anemia and geophagia. Then, decreased iron absorption was detected
respectively in patients against the elevated absorption curves in control subjects
(Arcasoyet al., 1978). However, a study from USA, Texas conducted on 27 healthy
subjects and 5 patients deficient in iron concludes that pica does not impair iron
absorption (Talkingtomet al., 1970). Although these studies have a number of limitations,
including outdated methods, very small sample sizes, unblocked confounding factors, and
inadequate statistical analyses, these studies represent the only avauadledata
(Seimet al., 2013; Young, 2010). Their findings suggest that geophagy does not enhance
iron status and may even lower it, but the mechanisms and degree to which geophagic
substances adsorb or inhibit iron absorption remain unclear and with these circumstances

it would be difficult to conclude that geophagy interferes with iron absorption.
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Chapter Three

Materials and Methods



3. Materials and Methods

3.1 Study area, sample collection and preparation

Teff sample was collected from a farmers land Debre Birhan wereda, North Shewa zone,
Amhara region, which is 130 km far from the capital city Addis Ababa in North East at
9° 42’ and & 45’ latitude North and 3935’ and 3§ 39’ longitude East with the altitude
ranging from 2840 to 2943m above the sea level and has an average annual rainfall of
966mm (Molla, 2013). The teff sample were placed in polyethylene bag immediately
after harvest to avoid any contact with the soil to prevent soil contamination and
transported to Addis Ababa University food science and nutrition laboratory. After arrival
the teff sample were threshed, sifted, ground using stainless steel laboratory miller (FW
100, Ohaus, Bejing, China) and sieved using 0.42mm mesh size sieve and finally the
flour was packed in air tight dry polyethylene plastic bag until analysis.

Vertisol soil sample was collected from Ginchi Agricultural Research Sub-center and
cambisol soil sample was collected from Debre Birhan Mush district. Ginchi Agricultural
Research Sub-center is located at 75km from Addis Ababa on the way to Anfb@2at 9
North latitude and 3012’ East longitude with an altitude of 2200m above sea level and
having an average annual rainfall of 1095mm, average relative humidity of 58.2%,
average maximum and minimum air temperatures of °24.6nd 8.2C respectively
(Kebedeet al., 2013).The samples were packed in polyethylene bag and transported to
Addis Ababa University Food Science and Nutrition Laboratory. After arrival the soil
sample were finely crushed using mortar and pestle until the sample passes through

0.42mm mesh size sieve.
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3.2 Moisture content analysis

Moisture content of teff sample was analyzed according to AOAC (2000) using official
method 925.09. Moisture crucibles were cleaned, dried in an oven % 0 then

taken out of the oven and left in the desiccator to cool. Weight of crucible were measured
and recordedW;,) in a data collection form. Approximately 5gm of samples were
measured in each dry crucibM/{) and placed in an oven to dry at 195 for 3 hours.

The crucibles were taken out of the oven after 3 hrs and cooled in a desiccators for 30
minutes. The weight of the crucibles and the samples were measured after cooling and
then crucibles containing the sample were returned again in to the dry oven to dry and
their weight were measured until it became constant. Finally, the last constant
measuremeni/;) were taken and the moisture content of the samples were determined

using the following formula

% Moisture = (;_— ) X 100 Eq. 1

3.3 Proximate composition analysis
3.3.1 Crude protein analysis
Protein content of teff sample were analyzed according to AOAC, (2000) using official

method 979.09.

Digestion - Approximately 0.5gm of teff flour were measured in three tecator tubes and
placed in the tecator rack\). A blank were used in order to avoid overestimation of the
results due to nitrogen from reagents. Six ml of concentrated sulfuric acid were added in

to tubes containing the sample using a pipette and then 3.5ml of hydrogen peroxide were
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added step by step in to each sample tube after careful mixing. The tubes will shake a few
times after violent reaction has cease and put back in to the rack. Then 3gm of copper
sulfate and potassium sulfate catalytic mixture were added in to the sample tubes and the
tubes were let to stand for 15 minutes before digestion. The sample tubes were placed in
a digester and let the working temperature reach®@78nd the digestion process was
continue until clear solution were observed. Finally, the sample tubes were taken out,
placed in the rack and allowed to cool in fume hood and 50ml of distilled water were

added into sample tubes in order to avoid precipitation of sulfate

Sulfuric acid

Protein (sample) | > B0,

Heat, catalyst

Distillation — After digestion 25ml of 35% sodium hydroxide solution were added in to

the digested and diluted solution and 250 ml conical flask containing 25ml of 2% of boric
acid, 25 ml of distilled water and an indicator solution under the condenser of the distiller
with its tip immersed in to the solution and let distillation process continue until a total
volume become between 200 ml and 250 ml. The tips were rinsed with few ml of water

before the receiver was remove.

(NH4)2804 +2NaOH ————» 2NH NaSO, + 2H,0

NHsz + H3BO3 » N+ H.BO3s Borate ion
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Titration - The solution containingan indicator, ammonium ion and borate ion were

titrated using 0.1N HCI till the color of the solution changes to reddish and the total
volume of the HCI required to reach the end point of the titration were recorded. The
volume of the HCI consumed during titration were adjusted by subtracting the average
volume of HCI consumed by the blank from HCI consumed by each sample. In addition,
the weight of the sample were adjusted by subtracting the moisture content from initial

weight of the samples

HBOs +H" ——» EBO3

. Protein in the sample were calculated:

VxNx14x 100
1000x Wo

% Nitrogen =

% Protein = 6.25 x % Nitrogen Eq. 3

Where; V- Volume of HCI consumed to the end point of titration,

N- The normality of the HCI used,

Wo- Sample weight on dry matter basis,

14- The molecular weight of the atomic nitrogen

48



3.3.2 Crude fat analysis

Fat content of teff sample were analyzed according to AOAC, (2000) using official
method 4.5.01. Extraction cylinders were cleaned and dried in oven af& 1851 hr

and then cooled in a desiccators. The weight of the cylinders were measured and recorded
(Wy). The bottom of the extraction thimbles were covered with a layer of fat free cotton
and approximately 2gm of teff flour were measured in thimbles and covered with cotton
layer W). The thimbles were put in the extraction chamber. Extraction cylinders were
taken out of the desiccator and put on the bracket and 50ml of ether were added into the
extraction cylinders and moved into the heating plank. The extraction was run for about
4 hours and then the extraction cylinders were disconnected and put in a drying oven at
70 c for about 30 min. The cylinders were taken out of the oven and cooled in a
desiccator for 30 minutes and the weight of cylinders were measured immediately after
they taken out of desiccatof@/2) and the fat content of the samples were determined

using the following formula

w2-wi1i

%Fat = e

X 100 Eq. 4

Where, W1 = weight of the extraction cylinder,

W2 = weight of the extraction cylinder plus dried crude fat and

W= weight of sample.
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3.3.3 Crude fiber analysis

Fiber content of teff sample were analyzed according to AOAC, (2000) using official
method 962.09. Two crucible were cleaned and dried with 1gm celite in an overr@at 105

for 1hr and about 1gm of teff flour samples were weighted in to pre-dried cr(dih)e

The crucibles were inserted to holder then to the digester and 1.25@ s$blution were

added in to each column by pressing the button for R1. The time was set for 37 minutes
and the temperature weretween 6 and 8. The acid were drained by using a vacuum pump
after 37 minutes and the samples were cooled for 5 minutes, washed with distilled water
and 1.25% NaOH solution were added into each column by pressing the button R2. The
time and temperature was as previously settled, the base were drained by using a vacuum
pump after the set time. Crucibles containing residue were dried 8€1f80 2 hrs after
washed again and cooled in a desiccator and weig&ill (The residues were ashed in

a muffle furnace at 556C for 3 hours and let to cool down to below 2%¥D before
removing from the furnace. The crucibles were cooled in a desiccator to room
temperature and their weight were measured using analytical bal@83eHRinally, the

ash content in the samples were calculated using the following formula

% Crude fiber =w x100 Eq.5

Where:
W1= sample weight,
W2= crucible weight after drying,

W3 = crucible weight after ashing.
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3.3.4 Crude ash analysis

Ash content of teff sample were analyzed according to AOAC, (2000) using official
method 923.03. Four crucibles were cleaned, dried in muffle furnace 8C566 30
minutes and their weight were measured and recoideyl gfter cooled in a desiccator

for 30 min. Approximately 2.5 gm of teff flour sample were measured in each crucible
(M>) and charred on a hot plate under a fume hood until the smoke ceased down. Then
the samples were ashed in muffle furnace at ‘65@r five hours and crucibles were
cooled in a desiccators. Finally, their weight were recorlfefl &nd the ash content were

determined by using the following formula

% Ash=-"—"-X100  Eq.6

3.4 Iron content analysis

Iron content was determined by atomic absorption spectrophotometer (AAS) using
AOAC, (2000) official method 985.35. The ash which was obtained from dry ashing of
teff flour was completely wetted with 5ml of 6N , HCI and dried on low temperature hot
plate. About 7ml of 3N HCI were added to the dried ash and heated of the hot plate until
the solution were boiled. The ash solution were cooled to room temperature in a hood and
filtered in to a 50ml graduated flask using 125mm filter paper. Then, about 5ml of 3N
HCI were added to each crucibles dishes, heated until the solution boiled, cooled and
filtered in to the flask. The crucible dishes were washed three times with deionized water
and the washing were filtered in to a flask. Then, the solution were cooled and diluted to
50ml volumetric flask and were prepared for flame atomic absorption spectrometry

(FAAS) reading.
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A standard solution were prepared as follows: Four series of working standard metal
solutions (0.5, 1, 3, 4) were prepared by appropriate dilution of metal stock solution
(nitrate of the metal) with deionized water containing 2.4ml 3N HCI in 10 ml volumetric
flask. Then, calibration curve were constructed after the standard solution absorbance

analyzed by FAAS.

A sample iron concentration were analyzed from the calibration curve after the
absorbance of sample solution were analyzed using FAAS. Sample blank solution

absorbance was also run with the sample solution.

my) [(@a—b)*V]

100g) =~ 10+W Eq.7

Metal content (
Where:
W = Weight (g) of sample,
V = 50ml= Volume of extract,
a = Concentratioiug /ml) of sample solution,
b = Concentratiorfug/ml) of blank solution

3.5 Rat hemoglobin repletion method

Rat hemoglobin repletion assay AOAC, (2006) official method 973.31 were used to
analyze the relative bioavailability of iron by following two phase known as depletion

and repletion phases.
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3.5.1 Study animals collection and screening

Forty one male Wistar rat&éttus novergicus, albino variety, rodent class) of 21 to 27
days old with body weight ranging from 27 to 35 gram were obtained from biology
department, Addis Ababa University and Ethiopian public health institute Addis
Ababa/Ethiopia and acclimatized under laboratory conditions for a week by keeping them
on standard rat ration and deionized wadé@rlibitum. Animals were housed in an
individual cage at light and temperature controlled room for 12 hours light and 12 hours
darkness and 2&¥c after undertaking a test for C-reactive protein for exclusion of

infected animals from the experiment (Weber et2010).

3.5.2 Study animals handling and ethical consideration

Animals were handled as per the National Research Council of National Academies
Guide for the care and use of laboratory animals (2011). During the whole experimental
periods, all rats were receivedd libitum deionized water, standard ration and
experimental diets. All rats were handled in a way that minimizes stress during weight
measurement and blood sample collection. Blood sample were collected using tail vein.
For CRP test non-heparinized needle were used instead of centrifuging the blood sample.
Tail vein blood sample collection total avoids the stress resulted from tail incision and
convenient for frequent blood sample collection from rats. At the end of the experimental
period, all rats were sacrificed under light diethyl ether anesthesia. The experiment was

carried out after the approval/ethical clearance from the Ethical Clearance Review Board
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of the College of natural science s of Addis Ababa University on its meeting on

December 31/2015 (Reference:NGNSDO/178/08/2016).

3.5.3 Rat hemoglobin depletion- repletion method

Rat hemoglobin repletion assay according to AOAC, (1997) using official method 973.31
was used to determine the relative bioavailability of iron of the experimental diets. Rats
were acclimatized under laboratory condition for six days in order to get them
acclimatized with the new environment of individual cage and new experimental diet
(Miyadaet al., 2011). The experiment has two phases: depletion phase in which rats were
fed iron deficient AIN-93G rodent diet for approximately one month followed by
repletion phase in which rats were grouped in to four groups and fed the experimental

and control diets for fourteen days.

3.5.3.1Experimental diets preparation and composition

The experimental diets were prepared based on nutritional requirements of laboratory rats
in accordance with Reevedt al., (1993). Table 3.1 summarizes the nutritional
composition of the experimental diets. The vitamin and mineral content of all treatment
diets were adjusted equal by the addition of vitamin and mineral mix, since the vitamin
A, B2, B12, folate known to affect the hemoglobin level (Brabin et al., 2001) and vitamin

C which is known for iron absorption enhancer and some mineral elements can compete
with the iron absorption like Zinc and Calcium (Abbaspeual., 2014; Zimmermann

and Hurrell, 2007).
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The total energy of the experimental and control diets were adjusted by the addition of
approximately 9mg soya bean oil to each experimental diet to make the diet’'s energy

supply isocratic in accordance with Webetral., (2010).

Table 3.1 Nutritional composition of experimental diets (g/kg of diet)

Depletion phas¢ Repletion phase
Components AIN 93G TV+AIN93G | TC+AIN93G | T+AIN93G| FeSQ+AIN93G
Total iron (mg/kg) - 35(mg/kg) 35(mg/kQ) 35(mg/kg)| 35(mg/kg)
Total fat 70 56* 56* 56* 70
Total protein 179 143 143 143 179
Total Carbohydrate 591 641 641 641 591
Dietary fiber 48 46 46 46 48
Fe-free mineral mix 35 35 35 35 35
Vitamin mix 10 10 10 10 10
Total energy (Kcal/kg) 3800 3784 3784 3784 3800

* Addition of soybean oil. AIN 93G: American Institute of Nutrition formula for growing rats. TV: teff

mixed with vertisol soil. TC: teff mixed with cambisol soil. Kcal: kilocalories

The teff flour was then divided in to three groups for pellet formation. The first group
flour was mixed with 0.78g of vertisol soil and the second group flour was mixed with
0.55¢g of cambisol soil to come up with 35mg of extrinsic iron per kg of diet. Then after
pellets were formed through agglomerating the flour by adding 250 to 300 ml of
deionized water for 1kg of flour, and made in to paste with the right consistent manually
in stainless steel bowl. Then after the formed clumps forced to pass through a glass tube

with 5cm radius to give the pellets a uniform cylindrical shape and the extruded strip
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were then cut in to pieces having 5cm length using stainless steel knife. Finally, the strip
was placed in an oven at 4& for 24hrs. After 24 hrs drying the pellets were allowed to
cool and refrigerated until consumption after placed in zip locked polyethylene plastic

bag (Green and Turner, 1974).
3.5.3.2 Depletion phase (induction of iron deficiency-anemia)

The purpose of the depletion phase was to induce iron deficiency-anemia to the
experimental animals. Accordingly all experimental animals were fed iron deficient diet,
AIN 93G, (Dytes Inc, USA) and deionized watat libitum from three to four weeks,

until they become anemic with their hemoglobin level less than 6 g/dL which is
recommended for depletion-repletion assey implementation (Ebabs 1989; Webeket

al., 2010). Every animal’'s daily dietary intake and their weight per three days were
measured and recorded. Finally, at the end of this phase experimental animal’s blood
sample were collected in a duplicate using tail vein with a great care to avoid

hemodilution.

For blood sample collection using tail vein, rat was placed in restrainer and needle was
injected in most visible tail vein and then removed, blood was dripped on glass slide and
immediately taken up by microcuvate of HemCue (Hb 301, Lot N0:1408389, Angelholm,
Sweeden). Then hemoglobin measurement were recorded in a duplicate after placing the
wiped microcuvate containing blood sample in  HemoCue machinegSri 2001). If

there were a wide variation between two readings of duplicate blood sample, the third
measurement were carried out to avoid extreme values arising from operational errors

and hemodilution with extracellular fluids (Rohner et &007).
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Rats having the hemoglobin level less than 6g/dL were considered as depleted and kept

ready for the repletion phase of the experiment.

3.5.3.3Repletion phase

Depleted experimental rats having the hemoglobin level less than 6 g/df were randomly
assigned to four groups each with eight rats. The hemoglobin level among four groups
were kept similar (P<0.05) Group one rats were fed pellet made from teff sample
contaminated with Vertisol soil variety mixed with AIN-93G iron free rat diet and
deionized wategrd libitum. Group two rats were fed with pellet made from teff sample
contaminated with Cambisol soil variety mixed with AIN-93G iron free rat diet and
deionized watead libitum . Group three rats were fed with pellet made from teff sample
mixed with AIN-93G iron free rat diet and deionized waddribitum. Group four rats

were fed pellet made from ferrous sulfate mixed with AIN-93G iron free rat diet and
deionized waterd libitum and used as a control. All treatment groups were provided
with the experimental diets and deionized watgribitum for 14 days, since dietary
restriction in rat were shown to be associated with decreased in total leukocyte,
segmented neutrophil, lymphocyte, platelet count and serum biochemistry including

decrease in total protein and albumin (Huleed., 2000).

Each experimental rats daily consumption which was calculated by difference and their
body weight gain per every three days were measured and recorded. Finally, at the end of
this phase each experimental rat’'s blood sample were collected in a duplicate using tail
vein with a great care to avoid hemodilution and hemoglobin level were analyzed using

HemoCue machine as it was described in section 4.5.3.2 .
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3.5.3.4Measurements of iron bioavailability from rat hemoglobin repletion assay

The estimation of iron bioavailability and utilization were carried out by calculating the
percentage of iron bioavailability as hemoglobin regeneration efficiency. Hemoglobin
regeneration efficiency is a measure of dietary iron which is incorporated in to
hemoglobin (Onabanjet al., 2008). The calculation of hemoglobin iron (Hb-Fe in mg)
was based on the assumption that 6.7% of rat's body weight is composed of blood and
hemoglobin contains 3.35mg of iron per a gram of blood (Letcah., 2013; Miyadaet

al., 2011). The relative biological values was determined by dividing the individual
hemoglobin regeneration efficiency values of test iron sources by the mean hemoglobin

regeneration efficiency of ferrous sulphate control group (Urga et al., 1998).

V. Iron consumption

The calculation of iron consumption was carried out by considering the total amount of
the diet consumed and the iron content of the specific diet, which was calculated for each

experimental rats according to the following formula (Lobo et al., 2011):

Fe consumption =[Repletion phase total diet consumed(q) * Iron content in the diet(m&gd]

1000

VI. Hemoglobin iron pool

The hemoglobin iron pool (Hb-Fe pool in mg) was calculated using the result obtained
from iron consumption (Equation 8), rat body weight and initial and final hemoglobin
concentrations of each rat during repletion phase of the experiment. The hemoglobin iron

pool was calculated using the following formula (Lobo et al., 2011):
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Hb-Fe pool initial = [Initial weight(g) * Initial hemoglobin(g/dL) * 6.7 * 0.335] Eq. 9
1000

Hb-Fe pool final = [Final weight(g) * Final hemoglobin(g/dL) * 6.7 * 0.335] Eq. 10
1000

VIl.  Hemoglobin regeneration efficiency

The hemoglobin regeneration efficiency (HRE) was calculated using the result obtained
from initial and final hemoglobin iron pool (Equation 9 and 10). The hemoglobin
regeneration efficiency was calculated using the following formula (Lobo et al., 2011):

HER% =_[(Hb-Fe pool final — Hb-Fe pool initial) * 100] Eqg.11
Fe intake (mg)

VIIl. Relative biological value

The relative biological value (RBV) was determined using the mean ratio of the response
from test experiment to the standard ferrous sulfate response, since this study used a
single iron concentration among the treatment groups to measure response. The relative
biological value was calculated using the following formula:

RBV = [HER% of test group] * 100 Eg. 12
HER% of ferrous sulfate group

3.5.4 Statistical analysis

Data were analyzed using the Software Statistical Package for Social sciences (SPSS)

version 20. Descriptive statistics were used and the results were presented as mean and
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standard deviation. The three treatment groups teff mixed with cambisol and vertisol
and teff and one control group were compared for hemoglobin levels, weight, iron
consumption, hemoglobin regeneration efficiency using one way analysis of variance
(ANOVA) and the statistical differences among means were tested by Tpdsreoc

test at 5% significant level (p<0.05).
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Chapter Four

Results & Discussions



4. Results and discussions

The teff sample was milled and the flour was analyzed for moisture content, proximate
composition and total iron content. Tim@ivo bioavailability of the teff, teff and vertisol

soil mix, and teff and cambisol soil mix were analyzed using hemoglobin repletion
efficiency of anemic rats and compared them against the standard ferrous sulfate

hemoglobin repletion efficiency of anemic rats of control group.

4.1 Proximate composition and total iron content of laboratory threshed teff flour

The result of proximate composition and total iron content of laboratory threshed teff
flour were presented in Table 4.1. The current results indicate higher dry matter, protein,
ash, fiber and carbohydrate contents than reported by Habtamu (2015) on laboratory
threshed red teff flour. This could be due to the variety difference between our samples
(red and white teff) though the data from Ethiopian food composition table shows no

significant difference in proximate composition between teff varieties (ENHRI, 1997).

The current finding of ash and carbohydrate content is in line with Ethiopian food
composition table. However, the protein, fat and fiber contents are a bit higher than that
of white teff flour in Ethiopian food composition table (ENHRI, 1997). The dry matter,
protein and ash content of current result agree with the finding of Meseret (2015) on non-

contaminated white teff flour.

The total iron content of laboratory threshed teff flour in the current study was four times
lower than that of the report from Ethiopian food composition table (ENHRI, 1997) and

twenty five times lower than the result reported by Abetbadt., (2007). This difference
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could be attributed to the contamination of teff with soil during harvest since both the
Ethiopian Nutrition Survey and Abelst al., (2007)analyzed teff seeds collected from
ordinary market places; Hence, there is a good possibility that their seeds were
contaminated with soil. The traditional teff trashing process in Ethiopia using cattle
hooves contaminates teff with soil iron in high range (Betyal.,2013). However, the
current result of total iron content was in line with the result of cleaned white teff iron
content (5.9 mg/100g) reported by Almgard (1963), laboratory threshed red teff flour
(6.489/100g) and white teff flour (6.529/100g) reported by Meseret (2015) and laboratory

threshed red teff flour (6.65g9/100g) reported by Habtamu (2015).

The difference in iron content between laboratory threshed/washed teff flour and field
threshed teff flour is the result of soil contamination. This soil is usually surface soil with

exchangeable cations and potentially bioavailable (Atengo, 2005).

Table 4.1 Proximate composition and total iron content of laboratory threshed teff flour

on dry basis
Parameters analyzed (/1009) Teff flour
Dry matter (g) 89.02
Crude Protein (g) 13.2
Crude fat (g) 3.53
Crude fiber (g) 5.01
Crude ash (g) 2.26
Total carbohydrate (g) by difference 76.01
Iron (mQ) 6
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4.2 Physicochemical property and iron content of vertisol and cambisol soil

The physicochemical property and iron content of vertisol and cambisol soil were
presented in Table 4.2. There was a statistical significant difference in percent of sand,
clay, silt and organic carbon(OC), cation exchange capacity(CEC) between the two soil
varieties. However, there was no statistical significant difference in pH between the two
soil types and this agrees with the previous study result reported by Yatr@n2013).

The distribution (%) of sand, clay, silt of vertisol in the current study agrees with the
report from Kebede and Bekele, (2008). The cation exchange capacity of vertisol was
significantly higher than cambisol, but both are categorized as a soil having high cation
exchange capacity (Hazelton and Murphy, 2007). The highest cation exchange capacity
of vertisol was also reported by previous study ranging from 20 to 45 meq/100g (Kebede
and Yomoah, 2009). There was a statistical significant difference in the total iron content

of vertisol and cambisol soil types.

Table 4.2 Physicochemical property and iron content of vertisol and cambisol soll
(Meseret, 2015)

Soil type Vertisol Cambisol

Sand (%) 13 19°

Clay (%) 69 43

Silt (%) 18 38

Dry matter (g/100g) 89.33 +0.21° 93.46 +0.15°
pH(H,0) 6.17 +0.06° 6.5 +0.26°
OC(%) 1.2 +0.04° 1.32 +0.02°
CEC(meq/100g) 55.41 +0.11° 34.65 +0.15
Total iron content(mg/100g of DM)| 4483.452.93 | 6390.49 +47.84"

Values are mean standard deviation and different superscript within a row represents
statistically significant difference (P<0.05)
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4.3 Baseline characteristics of experimental rats

The baseline characteristics of experimental rats before the realization of the
experiment/repletion phase were given in Table 4.3. After the end of the depletion phase
the rats with hemoglobin level less than 6 g/dL were randomly assigned to three
experimental (n=8 each) and one control group (n=8) for the repletion phase. There was
no statistical significant difference (P<0.05) between groups in the measurements of
initial age, body weight, and hemoglobin among experimental and control groups.
Therefore, it is possible to conclude that the randomization process among groups was
efficient enough. Rat hemoglobin measurement was adjusted by deducting 1.1 g/dL from

each rat measurement for Addis Ababa altitude (2,300 m above sea level) (WHO, 2011).

Table 4.3 Baseline rats profile at the end of depletion phase

Groups

Indices Teff + Vertisol | Teff + Cambisol | Teff Ferrous sulfate

Initial Hemoglobin(g/dL)| 4.563 ©.794 | 4.85 +0.823 4.863 +0.776" | 4.813 +0.554°

Age in days 48.5 43.024° 49.1 8.5229° 50.1 #41.458° | 48.9 2.3566
Initial weight 84.7 13.04 81.7 8.42° 86.1 +4.35° 83.8 83.17°
CRP Negative Negative Negative Negative

Values are mean standard deviation and different superscript within a row represents statistically significant
difference (P<0.05)

4.4 Food and iron intake, body weight gain and feed efficiency ratio during repletion

phase

The total food and iron intake, body weight gain and feed efficiency ratio of rats during

repletion phase were given in Table 4.4. There were no statistical significant deference in
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total food intake, total iron intake, body weight gain and feed efficiency ratio between
and among treatment and control groups. These possibly could be due to the similarity in
initial age, body weight, CRP status and hemoglobin measurement between groups, since
total food intake strongly correlated to the rat’'s age, weight and health status (infection
occurrence) (Kim and Atallah, 1993; Shigaal.,1987; Weberet al., 2010). Hence,
weight gain and iron intake are directly related to the total food intake. It could also be

due to the isocaloric formulation of the experimental rat diet.

Table 4.4 Food and iron intake, body weight gain and feed efficiency ratio during repletion phase

Groups

Indices Teff + Vertisol | Teff + Cambisol | Teff Ferrous sulfate

Total food intake (g)| 148.8:237 152.940.707 153.346.808" | 152.248.9011°

Iron intake (MQ) 5.2093.291° 5.352€.375 5.3669.238" | 5.3279€.312°

Weight gain (g) 31.6967° |33.382.03F |32531.538 | 31.7%1.835

Feed efficiency ratiq 0.218+012° 0.2129€.012° 0.2140.009° | 0.209€.019°

Values are mean standard deviation and different superscript accros a row represents statistically
significant difference (P<0.05)

The total food intake, total iron intake and body weight gain of rats in the present study is
lower than similar experiment conducted on rats as reported by Habtamu (2015). These
could be due to the difference in the experimental rats initial age in days which ranged
from 5143.2 to 52.58.96, weight in gram ranges from 146.514.2 to 160.25%5.39

and hemoglobin measurement in g/dL ranged fromG&tto 5.7340.17 since the older

rats consume more than younger and higher hemoglobin associated with an improved

appetite (Kim and Atallah, 1993; Khaat al., 2014). The rats feed efficiency ratio of
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current experiment revealed similarity with other similar researches that are reported by

Habtamu (2015) and Urga et.a(1998) on teff.

4.5 Hemoglobin regeneration efficiency and relative biological value

The final hemoglobin, hemoglobin gain and hemoglobin regeneration efficiency ratio of
the rats fed with teff, teff mixed with cambisol, vertisol, and AIN-93G mixed with
ferrous sulfate are summarized under Table 4.5. There was no statistically significant
difference in final hemoglobin measurement and final hemoglobin-iron among treatment
groups (P<0.05). However, there was a significant difference in final hemoglobin
measurement and final hemoglobin iron between teff and ferrous sulfate group. There
was also no statistical significant difference in hemoglobin gain among treatment groups
(P<0.05); however, there was a significant difference in hemoglobin gain between teff
and ferrous sulfate group. There was no statistical significant difference in an initial
hemoglobin measurement and initial hemoglobin iron between and among treatment and
control groups (P<0.05). With regard to hemoglobin regeneration efficiency there was no
statistical significant difference among treatment groups (P<0.05); however, there was a
significant difference in hemoglobin regeneration efficiency between the teff and the
ferrous sulfate group. The hemoglobin regeneration efficiency of ferrous sulfate group

was about 12% higher than the teff group.

The final hemoglobin concentration of laboratory threshed teff flour in the current study
was similar to the result from teff injera (10.45063) reported by Urget al., (1998)
and result from laboratory threshed red teff flour (10.16.8) reported by Habtamu

(2015). The final hemoglobin concentration of ferrous sulfate in the current study was
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similar to the result reported by Habtamu (2015) which was _13.28-and by Dostadt

al., (2012) which was 14 6.21. The 58% of the iron in the control group diet which was
composed of ferrous sulfate was converted to hemoglobin which shows higher
conversion rate than the previous results 4846 reported by Webest al., (2010) and

44,96 +5.01 reported by Habtamu (2015).

Table 4.5 The final hemoglobin, hemoglobin gain and hemoglobin regeneration efficiency of rats

Groups
Indices Teff + Vertisol | Teff + Cambisol | Teff Ferrous sulfate
Final Hb (g/dL) 13.65%.135" | 14.034.505" 12.841.154 | 15.514.70F
Hb gain (g/dL) 8.7758.87 0.1754.868" | 7.938€.798 | 10.7+.594

Initial Hb iron (mg) | 19.016.681° 18.344€.768 19.774€.975° | 18.826.712°

Final Hb iron (mg) | 26.12%091* | 25.83#.07* 27.070.76° | 25.93€.859°

Hb regeneration 50.66#4.602*" | 51.0648.297* 46.694.263 | 58.759.134°

efficiency (HRE)

Values are mean -standard deviation and different superscript across a row represents statistically
significant difference (P<0.05)

The relatve biological value (RBV) for the three treatment groups of teff, teff mixed with
cambisol and vertisol were ilustrated in Figure 4.1. The RBV of teff flour, teff flour
mixed with vertisol and cambisol were 79.47%, 86.91% and 86.24%
respectively(P<0.05). The RBYV of this study for all treatment groups were lower than the
result reported by Urga et al., (1998) for fermented teff injera. This might be due to two
possible reasons: the first reason is that the combined effect of contamination and

processing specialy fermentation since such combined effects were already reported to
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increase iron bioavailability (Greffeuillet al., 2010); and the second reason is that there
could be extra additional contaminant iron from the processing equipment @dish

1999). However, the RBV of teff flour mixed with vertisol and cambisol were in line
with the result of field threshed red teff flour (88.4 %) reported by Habtamu (2015)

which suggest significant portion of contamiant iron was bioavailable.

There was no statstical significant difference in the total intrisic iron intake of rats among
treatment groups (P<0.05). However, teff mixed with vertisol and cambisol groups were
given extra 35mg/kg of diet extrinsic iron. Thus, this additional extrinsic iron from mixed
soil supply 6.77% and 7.44% enhancements of RBV and 3.97% and 4.31% enhancements

of HRE for vertisol and cambisol groups, respectively.

The present studies confirm that some portion of extrinsic iron originating from
contaminant cambisol and vertisol is bioavailable as suggested by the few piavious
vitro studies. Greffeuilleet al., (2010) in theiin vitro iron bioaccessibilty test reported
that a small portion (4%) of the contaminant iron was available for absorption in mawe
and owo products; Abraharssal., (2006) suggested that geophagical soils consumed by
ethnic Bengali communities were found to be a significant source of bioaccessible iron.
Kikouamaet al., (2009) and Smitlet al., (2000) also suggested that the fraction of iron
that is soluble in the gastrointestinal environment and available for absorption, after
conducting in vitrestudies on geophagic earth. Another study on the fractionation of iron
of laboratory and field threshed teff suggested that the exchangeable fraction and acid
soluble fraction were significantly higher in the field threshed teff flour than the
laboratory threshed teff flour, thus, indicating that contaminant iron could be

bioavailabile (Ambaw, 2013).
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Incontrast, Icard-Verniereet al., (2013) conducted arnin vitro study on the
bioaccessibility of contaminant iron in iron contaminated to (traditional food) showed
that contaminant iron was mainly insoluble and thus not available for absorption and has
poor nutritional interest . Similarliy, the mitro digestion/Caco-2 cell model in which
ferritin formation was used as an index of iron bioavailability was suggested that
although geophagic earths have high iron concentrations compared to iron-rich foods, this
iron was not bioavailable, and that some geophagic earths inhibit dietary iron absorption

(Seim et al, 2013).

Hoodaet al., (2002) also reported that despite being rich in minerals, geophagic soils can
potentially reduce the absorption of micronutrients such as iron and zinc, which may
exacerbate their deficiency in geophagic individuals regardless of their dietary iron and
zinc intake. However, the mechanisms and degree to which geophagic substances adsorb
or inhibit iron absorption remain unclear. Thus, with these circumstances it would be
difficult to conclude that geophagy interferes with iron absorption (Demeke, 2016) and
also the studies did not consider the interaction effect since the study was conducted on
isolated effect of soil, since soil after ingestion may bound be to mucosal layer in the
intestine for longer period (Gonzaleizal., 2004). Another methodological limitation of
those studies were that the model assumes ferritin formation proportional to iron uptake
and does not include hepcidin controlled transport, uptake was only considered for cell

but not for blood (Beiseiget al., 2007).

Duizeret al., (1997) also indicate that Caco-2 cells are colon cells — transport rates of
hydrophilic compounds paracellular lower, less leaky, less discrimination on the basis of

molecular size of compounds transported parallellary compared to duodenum cells.
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Therefore, the model can be an excellent predictor of direction of response but not the

exact magnitude of response in human.

A previousin vitro study caried out on the bioaccessibility of iron originated from
different soil types suggested that from 0.1 to 2.9% of the total iron was potentially
bioavailable (Smithet al., 2000). More recenin vitro study conducted on different soill

type to determine iron bioaccessibility using iron fractionation suggested that only
cambisol and vertisol soil types had a relatively small portion (0.001% and 0.004% of the
total iron) of potentially bioaccessible iron. Contamination of vertisol to white teff flour
enhances the exchangeable fraction from10.6% to 11.7% and contamination of cambisol
to white teff flour enhances the exchangeable fraction from10.6% to 12.6% (Meseret,
2015). Even though vertisol had the highest potential of bioavailable iron in the previous
invitro study, the current finding reveals that there was no statstically significant

difference in the relative biological values of the two soil varieties.

Every results fromn vitro studieson contaminant iron must always be confirmedrby

vivo studies since it depends on multiple effects that could not be entirely addressed
under any of then vitro iron bioavailability/bioaccessibility tests (Demeke, 2016).
Minnich et al., (1968) have studied the effect of geophagy on iron absorption on human
subjects and concluded that geophagic earth effectively blocks iron absorption. They also
suggest that the effect of clay and soil on iron absorption may not be the sole factor in the
development of anemia (nutritional and parasitic factors are usually involved as well).
Another study on geophagia of human subjects shows decreased iron absorption from
intrinsic sources than control subjects (Arcasbgl., 1978). However, am vivo study

in the human trial in USA, concluded that pica does not impair iron absorption
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(Talkington et al., 1970). In contrast to Hooda’s claim that extrinsic iron negatively
affects the absorption of intrinsic iron, we have seen no such negative effect in this study.
Indeed soil contaminated treatments had more bioavailable iron. Althoughinkiese

studies have a number of limitations, including outdated methods, very small sample
sizes, unblocked confounding factors, and inadequate statistical analyses, they represent

the only available in vivalata (Seim et al 2013; Young, 2010).

It is vital to consider multiple parameters in filmevivo iron bioavailability test before
drawing any conclusion. Thus, it was suggested that particle size of soil and their element
have a considerable impact on the bioavailability of elements (Abradaahs 2006).
Arredondet al.,(2006) found an increment of relative iron bioavailability from 31.1% to
68.2% in fortified bread by reducing the particle size of hydrogen-reduced iron from 45
to 8 micro meters. Therefore, it is imperative to further investigate the relationship

between soil particle size and iron

The current finding agrees with more recentvivo study conducted on the rat
hemoglobin regeneration efficiency of anemic rat fed with laboratory and field threshed
red teff flour. An increment of 9.33% HRE and 20.76% RBV was observed in field
threshed teff flour with 29mg of extrinsic iron (Habtamu, 2015). However, the result was
slightly higher than the current findings which were 6-8% RBV and 4-4.5% HRE
enhancements in teff contaminated with vertisol and cambisol. These might be due to
multiple reasons: the differences in the total food intake, total iron intake and body
weight gain of rats between studies may have resulted in the difference in HRE and RBV,
The more the iron intake the more the HRE and RBV. A difference in soil types may lead

to different results since in previous study the soil variety was not specified.
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Figure 4.1. The relative biological value of treatment groups.

* Contribution of contaminant iron.

4.6 Bioavailability of teff’s intrinsic iron

Since the Ethiopian government is making an effort to control micronutrient deficiency
(hidden hunger), iron fortification of staple food flours was considered as a strategy to
control iron deficiency. Iron fortification is considered as a cost effective to combat iron

deficiency anemia worldwide (Alleet al., 2006; Hurrell, 2002).

The RBV of laboratory threshed teff flour of the current study was compared to the
previous results obtained from different iron sources that were fortified in Table 4.6. The
current result revealed that laboratory threshed teff flour containing 35mg/kg iron level
shows that higher RBV than the previous result obtained from 12mg/kg of Electrolytic

Iron Powder (EPI) fortification and 20mg/kg of iron phosphate fortification.
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Table 4.6 Comparison of relative biological value of current study with other studies

Iron source Iron content | RBV | References Statistical
methods used
Electrolytic Iron Powder (EPI)| 12(mg/kg) 64.6 Swain €f(@2013) Slope ratio
Electrolytic Iron Powder (EPI)| 12(mg/kg) 66 Forletsl., (1989) Slope ratio
Electrolytic Iron Powder (EPI)| 20(mg/kg) 78 Forletsl., (1989) Mean ratio
NaFeEDTA 20(mg/kg) 86 Lysionekt al., (2001)| Mean ratio
FePQ 20(mg/kg) 61 Forbeat al., (1989) Slope ratio
Teff flour (lab. threshed) 35(mg/kg) 67.6 Habtamu, (2015) Mean ratio
Teff flour (field threshed) 35(mg/kg) | 88.4 | Habtamu, (2015) Mean ratio
Teff flour (lab. threshed) 35(mg/kg) 79.6 Present result Mean ratio
Teff flour + vertisol soil 35(mg/kQ) 86.2 | Present result Mean ratio
Teff flour + cambisol soil 35(mg/kd) | 86.9 | Present result Mean ratio

"Contains extra 29mg/kg of extrinsic iron originated from unspecified soil type contaminatiénceamains
extra 35mg/kg of extrinsic iron originated from vertisol and cambisol soil contamination

However, similarities in RBV had been shown between laboratory threshed teff flour and

20mg/kg of Electrolytic Iron Powder (EPI) fortification, and between teff flour mixed

with vertisol and cambisol soils and 20mg/kg sodium iron EDTA fortification.
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Conclusion & Recommendation



5. Conclusions and Recommendations

In summary, the current study demonstrates that intrinsic iron originated from teff has a
good relative biological value, even better as compared to certain iron fortified foods,
which could be potentially bioavailable. Even though, there was no statistical significant
differences in the hemoglobin regeneration efficiency of anemic rat between iron
originated from cambisol and vertisol, from this paper it is possible to conclude that
contamination of teff with both varieties of soil considerably improves the iron

bioavailability. Thus, contaminant iron has a good nutritional interest. Unlike, the

previous studies, it also demonstrated that soil contamination do not interfere with the

intrinsic iron bioavailability in the case of vertisol and cambisol.

Promoting the production, acceptability and consumption of teff could contribute to
efforts undertaken to control iron deficiency anemia, since high iron biological value was

observed in the current study that cannot be achieved from other cereals.

Further research covering more varieties of soil, larger sample size, assessing the
potential hazard from heavy metals and others due to soil contamination, iron desorption
potentials of varies soil types, human trail to test teff iron bioavailability/utilizability, and
effect of mixed soil on iron bioavailability are strongly suggested. It is also recommended
that the reconsideration of iron fortification program to different cereal flours which takes

the contaminant iron bioavailability in to account.
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ANNEXS

Annex |: Sample collection site, teff type and growing condition

Sample collection siteDebre Birhan, Asagret Kebele, Amhara region

Teff sample type:White teff

Water source: Rain water

Type and amount of fertilizer used:DAP 80kg and UREA 40kg used for 1 Hectar land

Condition of crop prior to harvest: very good

Harvest method: traditional with great care to avoid soil contamination and no contact

with ground surface

Soil type Vertisol (according to Debre Birhan agricultural research center, there is no

scientific proof exists)
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Annex Il: Ethical clearance letter from the Ethical Clearance Review Board of the

College of natural sciences of Addis Ababa University
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