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Cereal products provide 50 % of iron and 30% of zinc in the UK diet. However, despite hav-
ing high content, the bioavailability of minerals from cereals is low. This review discusses
strategies to increase mineral bioavailability from cereal-based foods. Iron and zinc are loca-
lised to specific tissue structures within cereals; however, the cell walls of these structures are
resistant to digestion in the human gastrointestinal tract and therefore the bioaccessibility of
these essential minerals from foods for absorption in the intestine is limited. In addition,
minerals are stored in cereals bound to phytate, which is the main dietary inhibitor of min-
eral absorption. Recent research has focused on ways to enhance mineral bioavailability
from cereals. Current strategies include disruption of plant cell walls to increase mineral
release (bioaccessibility) during digestion; increasing the mineral:phytate ratio either by
increasing the mineral content through conventional breeding and/or agronomic biofortifi-
cation, or by reducing phytate levels; and genetic biofortification to increase the mineral con-
tent in the starchy endosperm, which is used to produce white wheat flour. While much of
this work is at an early stage, there is potential for these strategies to lead to the development
of cereal-based foods with enhanced nutritional qualities that could address the low mineral
status in the UK and globally.

Iron: Zinc: Bioavailability: Bioaccessibility: Cereals

Mineral nutrition

Mineral malnutrition is a global health concern and
deficiencies in iron and zinc are particularly prevalent.
Iron deficiency is present in one-third of the world’s
population(1) and accounts for approximately 50 % of

global cases of anaemia(2). The global incidence of zinc
deficiency is estimated to be 15–20 %(3) and is associated
with several disorders including poor immune function
and growth. Stunting associated with zinc deficiency
affects more than 150 million children under age 5(4).
Both iron and zinc are therefore regarded as nutrients
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of concern by The World Health Organisation(2,4). While
iron and zinc deficiencies are more prevalent in low- and
middle-income countries, the rates of deficiency are also
high in the UK. Iron deficiency (serum ferritin levels
below 15 μg/l) affects up to 25% of adolescent and pre-
menopausal adult females(5), while up to 20 % of females
in the UK may have mild-to-moderate zinc deficiency
based on the International Zinc Nutrition Consultative
Group thresholds for plasma zinc(6,7).

According to the National Diet and Nutrition
Survey(5), cereal products are major contributors to min-
eral intake in the UK. For example, in the diet of UK
adolescent population groups, cereal products provide
over 50 % of iron and more than 30% of zinc(5). This
includes the endogenous minerals present in foods and
those added through fortification (e.g. of white starch
and breakfast cereals). However, while cereal products
may contribute significantly to dietary intake, the miner-
als contained in cereal products are poorly absorbed.

Mineral bioaccessibility

In this review, we have defined bioaccessibility and the
amount of a nutrient released from food during diges-
tion. Bioavailability (discussed later) is the amount of
the released nutrient absorbed in the intestine and either
stored within the body or utilised for metabolic purposes.

Mineral bioaccessibility from cereals is influenced by
several factors including the localisation in plant tissues,
the speciation (e.g. the chemical forms in which the min-
eral is stored), the composition of the plant cell walls and
the type and degree of processing during the production
of cereal products. Wheat is the major cereal grown and
consumed in the UK. The structure of the wheat grain
(or caryopsis) is highly specialised and the minerals in
wheat are stored in specific tissues of the caryopsis.
Iron is largely found in the aleurone cell layer, which is
located between the endosperm and the outer bran
layers, and in the scutellum(8–12). Up to 90 % of the
iron in wheat is found in these regions. Zinc is more
widely distributed in the plant and is found in scutellar
epithelium, endosperm transfer cells and the embryonic
axis(9–12). In contrast, the starchy endosperm is low in
minerals. Therefore, when wheat is milled to produce
white starch most of the mineral and vitamin content of
the wheat grain is removed. The Bread and Flour
Regulations (1998)(13) require some key minerals (iron
and calcium) and B-vitamins (niacin, thiamine and more
recently folic acid) to be added back into white wheat
starch to compensate for the losses during processing.

Much of the iron and zinc in wheat co-localises with
phosphorus, present as phytic acid (IP6; inositol hexaki-
sphosphate; phytate) and this leads to the formation of
mineral–phytate complexes(8,10,12). In aleurone cells,
iron and phytate are incorporated into phytin globoids
inside the protein storage vacuoles, which potentially
limits bioaccessibility during digestion(8). Furthermore,
the low solubility of mineral–phytate complexes may
also reduce mineral bioavailability from cereal-based
foods. In addition to phytate, zinc, particularly in the

embryonic axis, may be associated with the thiol groups
in proteins(14). The difference in the localisation and spe-
ciation of iron and zinc in cereals may explain the higher
bioavailability of zinc (estimated to be 25%) compared
with iron (approximately 10 %) from wheat(15).

A further limiting factor to mineral bioaccessibility
from cereals is the presence of the plant cell walls,
which are resistant to digestion in the human gastrointes-
tinal tract. For example, aleurone cell walls are formed
mainly of water-insoluble fibres including arabinoxylans
and cellulose and remain largely intact during milling
and food processing(16,17). Several studies have shown
that wheat cell walls are resistant to digestion in the
small intestine and the nutrients encapsulated within
intact wheat cells have low bioaccessibility(17–19). Our
own work has shown that iron-rich aleurone cells transit
undigested through the mouse gut and emerge intact in
faeces(19).

Mineral bioavailability

In order to be absorbed, minerals need to be liberated
from food during digestion and presented in a water-
soluble form that can be transported by proteins resident
on the apical membrane of enterocytes, namely
DMT1 (divalent metal transporter), for iron(20,21)

and ZIP4 (zinc import protein), for zinc(22,23). Mineral
bioaccessibility from foods ultimately determines mineral
bioavailability. In the case of cereals, the high phytic acid
content, physical encapsulation by plant cell walls and
the removal of mineral-rich structures during food pro-
cessing (e.g. milling to produce white starch) all affect
bioavailability.

Effects of phytic acid

The bioavailability of iron is governed by several dietary
factors (reviewed in(24)), but the principal regulators of
absorption are ascorbic acid, which acts as a reducing
agent to maintain iron in its absorbable ferrous (Fe2+)
form and stimulates absorption, and phytic acid which
forms insoluble complexes with iron (and zinc) at intes-
tinal pH and thereby inhibits absorption. Thus, the
high phytate content in cereals decreases the bioavailabil-
ity of iron and zinc. However, when consumed as part of
a meal, foods containing elevated levels of ascorbic acid
can, to some extent, counteract the inhibitory effects of
phytic acid on iron absorption(25).

Several food preparation strategies are known to be
effective in reducing phytic acid levels in cereal foods.
Wheat itself contains phytase enzyme activity which
allows the liberation of phosphorus stored in phytic
acid(26). Grain particle size, fermentation time and
hydrothermal processing have all been shown to influ-
ence phytate levels(27). Furthermore, the addition of
yeast, which is common in bread-making, introduces
additional phytase enzyme activity and reduces levels
of phytic acid in the final product(28). Sourdough fermen-
tation reduces the pH of wheat doughs and activates
endogenous wheat phytase activity reducing the phytate
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content of bread(29). Studies comparing bread-making
processes (sourdough v. conventional bread making v.
Chorleywood bread process) have observed differential
effects on phytic acid levels(30). While levels of IP6 in
the conventional and Chorleywood breads were more
than 50 % below that seen in the wholewheat starch,
levels of IP6 in the sourdough bread were below the
levels of detection(30). In this study(30) and others where
phytic acid levels in bread have been reduced by fermen-
tation(31–33) there was an associated increase in iron
bioaccessibility and bioavailability.

Disruption of plant cell walls

Changes to food structure following thermal and mech-
anical processing can greatly influence nutrient bioacces-
sibility(17,18,34). For example, in wheat, hydrothermal
treatment causes swelling and gelatinisation of starch,
which changes food structure and influences food diges-
tion and nutrient absorption(35). Furthermore, addition
of yeast during bread-making not only reduces phytic
acid, but also results in changes to loaf volume and tex-
ture(36). Leavening agents increase rates of digestion of
starches(37), while natural fermentation (e.g. sourdough)
of cereals can modify cellular structure through the
extraction of phenolic compounds from cell walls(38).
We have investigated whether changes to the cellular
structure of wheat might also influence mineral bioavail-
ability. Enhanced mechanical disruption during milling
to micronised starch particle size increases the bioaccessi-
bility of iron, increases its solubility and enhances iron
absorption in vitro(19). The present paper measures iron
and zinc bioavailability from breads made using the
standard and micronised starch. Interestingly, enzymatic
disruption of plant cell walls also increases iron bioacces-
sibility from wheat starch(19). Thus, the use of food-grade
enzymes during bread-making, for example, using xyla-
nases to target the arabinoxylan-rich aleurone cell walls
to increase iron release from its major storage site in cer-
eals, might improve iron bioavailability. A similar
approach has been shown to increase iron bioaccessibility
from injera starch (a mix of teff, wheat and sorghum)(39).

Biofortification

Recognising the pressures on global food systems to pro-
duce sufficient nutrient-dense foods to feed the expanding
global population, novel strategies have been introduced
to increase nutrient content in staple foods. To date, this
biofortification approach has focused on increasing iron,
zinc and vitamin A content of foods commonly con-
sumed in low- and middle-income countries (reviewed
in(40)). This can be achieved through either agronomic
practices, for example, the application of micronutrient
rich fertilisers or sprays to increase nutrient content of
the crops; conventional breeding to select for crops
with higher levels of the nutrients of interest; or genetic
methods to introduce or increase the expression of
specific genetic traits that lead to enhanced accumulation
of particular nutrients. The background to the develop-
ment of biofortification as a strategy and its global

reach in terms of populations consuming biofortified
crops has been reviewed elsewhere(40).

Agronomic biofortification, where minerals are either
applied to the soil in fertiliser or applied directly to the
plant through foliar sprays, has proved effective in
increasing the content of some minerals and trace ele-
ments. For example, the zinc content of rice(41),
maize(42) and wheat(43) can be increased by agronomic
biofortification. In preliminary work using an in vitro
digestion model, we have shown that increased zinc con-
tent in agronomically biofortified maize starch is bio-
available(44). Furthermore, Signorell et al.(43) in a
human dietary intervention study, demonstrated the bio-
availability of zinc from foods produced from agronomi-
cally biofortified wheat.

Conventional breeding has also been used successfully
to develop iron and zinc biofortified staple crops. For
example, iron-biofortified beans have increased iron
bioavailability(45). Subsequent studies have shown that
consumption of biofortified beans improves iron
status(46) and is associated with improved cognitive
performance(47) and physical work efficiency(48). Zincol-
2016, a variety of zinc biofortified wheat has been devel-
oped and grown in Pakistan. In a short-term randomised
controlled trial, consumption of foods incorporating
Zincol-2016 starch was associated with increased zinc
intake and elevated plasma zinc levels(49). Current work
is evaluating zinc absorption from breads made in
Pakistan from biofortified and control wheat in both ran-
domised controlled trials and in vitro digestion studies(50).

Developing iron-biofortified cereals has proved to be
more challenging due to the lack of variation in genetic
traits associated with iron accumulation. Iron-
biofortified pearl millet has been successfully intro-
duced(51), but so far, the development of iron-biofortified
wheat remains elusive. Strategies to overcome this prob-
lem include a genetic biofortification approach in which
a wheat vacuolar iron transporter (TaVIT2), which per-
mits iron accumulation in aleurone cells, has been over-
expressed in wheat under the control of an endosperm-
specific promoter. This strategy has proved successful
in targeting TaVIT2 to the endosperm and mobilising
iron from the aleurone into the endosperm(52). Notably,
the level of iron present in endosperm of the biofortified
wheat is greater than that required through mandatory
fortification of white starch suggesting potential nutri-
tional benefits. An alternative approach has been to over-
express the rice nicotianamine synthase gene (OsNAS2)
in wheat(53). This enzyme increases the production of
nicotianamine (NA), which is subsequently metabolised
to deoxymugineic acid (DMA). Both NA and DMA
are endogenous chelators of iron and zinc in cereals(54).
This genetic strategy increases iron and zinc content in
the grain of transfected wheat(53). More recently these
two genetic strategies have been combined to produce a
double-transfected wheat line (VIT2-NAS), which is
high-yielding and contains elevated iron levels in endo-
sperm and shows high iron bioaccessibility in in vitro
digestion assays(55). Interestingly, these mineral–NA
and –DMA chelates are thought to be bioavailable and
recently a specific intestinal iron–NA transport pathway
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has been identified, which utilises the amino acid trans-
porter PAT1(56). It is hoped that the iron bioavailability
from breads made from this new VIT2-NAS wheat line
will be tested soon in human dietary interventions.

While it is currently not possible to chemically synthe-
sise NA due to its rare azetidine ring, some work is cur-
rently developing synthetic DMA derivatives for
potential use in fertilisers(57). If DMA from fertiliser is
taken up by wheat and incorporated into the endosperm
this has the potential to both increase the iron and zinc
content of wheat and to hold these minerals in bioavail-
able forms in white wheat starch.

Fortification

The mineral content of wheat varieties used for bread-
making varies greatly depending on the growth site,
year of harvest, soil conditions, etc. Estimated whole-
grain wheat iron levels are between 25 and 40 mg/kg
dry weight and zinc levels between 15 and 35 mg/kg
dry weight(12,19,55,58). However, as most of the iron and
zinc in wheat resides in the aleurone and embryo, respect-
ively, and these structures are removed during milling
to produce white starch, the final mineral content of
white wheat starch is substantially reduced compared to
the wholegrain starch (as low as 6–10mg of iron and
zinc/kg starch(58)). The Bread & Flour Regulations
(1998)(13) were introduced to compensate for nutrient
losses resulting from production of white starch and
require all white and brown wheat starch produced in
the UK to be fortified with iron to a level that would
be seen in wholemeal starch. This mandatory minimum
level is set at 16⋅5mg iron/kg starch. While the UK legis-
lation allows for several forms of iron to be used to
restore white starch levels, the most commonly used
form is reduced elemental iron powder. This has the
advantage of being inert so it does not affect the quality
and shelf-life of bread and has no discernible adverse sen-
sory properties (e.g. changes in colour, smell or taste).
However, elemental iron is not soluble in water or dilute
acid and therefore has low bioavailability compared with
other iron compounds(59).

Several randomised controlled trials have investigated
the efficacy of foods fortified with elemental iron on iron
status. These trials have produced inconsistent results
with several showing no benefit on Hb or serum ferritin
levels (reviewed in(60)). Countrywide fortification pro-
grammes have also produced mixed results. For example,
in Denmark, where fortification with carbonyl iron was
discontinued in 1987, follow-up studies have found no
increase in the prevalence or iron deficiency or iron defic-
iency anaemia in adult males or females(61,62). In Sweden,
where fortification was in place until 1994, discontinu-
ation of white wheat starch fortification with iron has
led to a 39% decrease in dietary iron intake and an
increase in the incidence of iron deficiency in adolescent
girls, but not in adolescent boys(63). The Scientific
Advisory Committee on Nutrition in the UK has
reviewed the Bread & Flour Regulations and the evi-
dence for mandatory fortification of starch in the
UK(64). Scientific Advisory Committee on Nutrition

concluded that there was still a public health benefit to
mandatory fortification with iron. If this process was dis-
continued it would increase the proportion of the popu-
lation with low-dietary iron intakes, and this would
disproportionally affect lower socio-economic groups.

While the data presented earlier relates to elemental
iron, there is evidence that fortification with other
forms of iron may be more efficacious. For example, a
recent Cochrane Database systematic review and
meta-analysis of trials with iron-fortified wheat starch
(not restricted to elemental iron) found that there may
be some benefit of fortification on the incidence of
anaemia(65). This raises the possibility that other novel
fortification strategies could be considered.

In collaboration with partners at Bühler Industries we
have investigated iron bioaccessibility and bioavailability
of purified aleurone starch. The iron content of the aleur-
one starch is approximately four times higher than
wholegrain starch (120–140 mg/kg dry weight) and in
vitro assays suggest that the iron from aleurone starch
is both bioaccessible and bioavailable(19). We have
hypothesised that addition of aleurone starch to white
starch, at levels that would meet the mandatory fortifica-
tion target in the UK, would provide a bioavailable
source of iron for white bread.

Future challenges

In this review, we have highlighted several strategies that
could increase mineral bioavailability from cereal pro-
ducts. Much of the work on mineral bioavailability has
focused on white wheat starch products, particularly
bread. UK Flour Millers estimate that bread is pur-
chased by more than 90 % of households. However, des-
pite many marketing campaigns highlighting the benefits
of wholegrain foods, up to 70% of all bread sold is white
bread and only 10 % would be classed as wholegrain.

Biofortified crops, including cereals, offer great poten-
tial to increase mineral intakes globally. However, as yet
they have not been tested for growth, yield and nutrient
content in the UK. If adopted, they have the potential to
improve mineral nutrition, but there would be challenges
for the food industry and retailers to ensure that these
foods made from these nutrient-dense crops are available
at a price that is affordable to the lower socio-economic
groups who would benefit most from their introduction.
Genetic biofortification could hasten progress in the
development of new cereal crops with enhanced nutri-
tional properties, for example, the study by Harrington
et al.(55) has the potential to increase iron levels in
white wheat starch. However, the use of these technolo-
gies to develop crops for human consumption is subject
to legislation relating to GM organisms, and there
remains opposition from some lobby groups and sections
of the population to the production of GM foods.

To increase the nutritional properties of white starch
with respect to minerals, we have proposed the use of
aleurone as a potential food fortificant for use in white
starch wheat products(66). Our preliminary work indi-
cates that iron from aleurone is bioavailable(19); however,
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the use of aleurone for widespread fortification would
require changes to milling strategies and food production
lines, which would have cost implications for industry
and consumers. Interestingly, a similar approach has
been proposed in which fava bean starch is incorporated
into white bread(67). Current white bread production in
the UK incorporates imported soya starch as a bread
improver and the proposal is to replace soya with
UK-grown fava bean starch. Importantly, fava beans
also have high levels of iron and the incorporation of
fava bean starch into white bread could increase the
iron content of the standard loaf(67).

The use of alternative bread-making technologies has
potential benefits for mineral nutrition. For example,
sourdough processing reduces phytic acid levels and
increases iron bioavailability(30). The use of food-grade
enzymes such as xylanases and phytases has the potential
to increase both mineral bioaccessibility by disrupting
plant cell walls and mineral bioavailability by decreasing
phytate, but the use of these enzymatic approaches is still
not widespread in industrial bread-making.

Cereal products remain the single biggest contributor
to mineral intakes in the UK diet. They are particularly
important in the diets of the adolescent population who
are at risk of multiple micronutrient deficiencies. This
review has shown that there are several viable strategies
to increase mineral content and bioavailability from cer-
eal products. To achieve substantial changes in mineral
nutrition will require a food systems approach involving
close collaboration with agronomists, farmers, food
industry, retailers and consumers. However, there is a
realistic prospect that at least one of the strategies dis-
cussed here could be developed in the coming years to
improve the nutritional quality of cereal-based foods.

Conclusions

Globally, a high proportion of dietary iron and zinc is
provided by cereal-based foods. However, the bioaccessi-
bility and bioavailability of these minerals from cereals is
limited by their localisation in the cereal plant tissue and
the presence of high levels of phytic acid, the main diet-
ary inhibitor of mineral absorption. Agricultural, food
processing and culinary methods can potentially increase
mineral bioavailability from cereal products. These
methods include biofortification or conventional fortifi-
cation to increase iron and zinc levels in cereals and
foods; the disruption of plant cell walls to increase the
liberation of nutrients from foods during digestion; and
reduction of phytic acid levels during food preparation
and cooking. Together these strategies could improve
the nutritional quality of cereal-based foods and provide
a solution to the low bioavailability of minerals in the
diets of vulnerable populations.
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