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Abstract

Carotenoids are responsible for a large proportion of the red, orange and yellow pigments found in
nature. Their value in natural systems extends beyond that of colour, as they are precursors to
vitamin A, antioxidants and important in eye health. The aim of the studies presented here was to

identify useful sources of carotenoids in staple foods and their interactions with other nutrients.

The potential for improving carotenoid nutrition in wheat is the initial focus of the presented work.
Colorimetry using the CIE L* a* b* method was identified as a useful tool for fast identification of
lutein concentration in durum wheat and both lutein and provitamin A concentration in bread wheat.
A further study on the effect of storage conditions on colour and carotenoid concentration showed
that in wheat stored as grain an increase in temperature from 5 °C to 35 °C resulted in a large
decrease in b* value, lutein and $-carotene concentration. However, in wheat stored as flour, a
greater decrease in b* value and carotenoid concentration was caused by storage for 6 months,

regardless of temperature.

In addition to grains, fruit and vegetables are important in diets of developed populations.
Commonly consumed fruit and vegetables were analysed to identify useful sources of lutein and
zeaxanthin, involved in the prevention of age related degeneration of sight. The leafy green
vegetables parsley, kale and spinach were the best source of lutein isomers, with total lutein
concentrations of 110, 95 and 90 mg/kg respectively. The greatest concentration of zeaxanthin
isomers was found in spinach and parsley with total zeaxanthin concentrations of 3.9 mg/kg and 3.7
mg/kg respectively. Zeaxanthin concentration was not related to food type nor was the zeaxanthin

to lutein isomer ratio.

In the final study the effect of lutein on iron uptake and metabolism in chickens was investigated.
Four treatment diets were compared for the response in haemoglobin concentration including high
concentrations of supplemental B-carotene and lutein and low concentrations of lutein from a
supplement and wheat. Birds on the high supplemental lutein diet had haemoglobin concentrations
equal to those on the P-carotene diet, and above that of birds on the other diets. Hepatic iron stores
were not significantly different between birds on the different diets indicating that remobilization of
hepatic stores was not the cause of the increase in haemoglobin concentrations. The increase in
haemoglobin concentration resulting from an interaction between dietary iron and lutein determined

here, has the potential to decrease the incidence of iron deficiency anaemia world-wide. Further

viii



studies are necessary however to endorse the results of this preliminary study, determine the optimal

time period and the dose response effect, and to confirm that the interaction is present in humans.

This thesis represents a valuable contribution to the understanding of the relationships between
colour and carotenoid concentration in wheat. Furthermore, this study has investigated for the first
time the interaction between lutein and iron bioavailability in an animal model. Iron deficiency
affect.s populations world wide and an increase in the bioavailability of this essential nutrient due to
an interaction with one of the most abundant carotenoids has the potential to dramatically reduce

this insidious problem.
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Literature Review

CHAPTER 1

Literature Review

1.1 Introduction

Carotenoids are responsible for a large proportion of the red, orange and yellow
pigments found in nature. They are present in all photosynthetic and some non-
photosynthetic organisms and their functions include absorption of light and the
quenching of singlet oxygen radicals. The main group of carotenoids can be split in
two: carotenes which are hydrocarbons and have provitamin A activity, and
xanthophylls which are the oxygenated derivatives of carotenes and are considered to

have no vitamin A activity.

Humans are not able to synthesise carotenoids, or produce vitamin A (retinol) without
the necessary precursors and so must obtain these by ingestion of plant material
containing carotenoids, or by consumption of animal products containing pre-formed
retinol. Due to the variation in type and level of carotenoids in plants, a wide range of
fruit and vegetables must be consumed to obtain the recommended daily allowance
(RDA) for retinol. The RDA ranges from 350 to 1000 pg of retinol activity equivalents
(RAE) /day depending on age and gender (Olson, 1987; FAO/WHO, 1988; NRC, 1989).

Carotenoids are important as antioxidants in the prevention of atherosclerosis (Block,
1994 Iribarren, 1997; Panasenko, 1997; Dugas, 1998) and diseases related to oxidative
damage of cellular DNA/RNA (Jacques, 1991; Palozza, 1992; Stahl, 1998). Provitamin
A carotenoids as precursors to vitamin A are essential for sight in the absence of
preformed retinol, the first physical sign of deficiency manifesting itself as night
blindness. The xanthophylls are also important in human health and have been linked to

maintenance of healthy sight and cancer prevention and treatment.

Vitamin A and iron are two of the most common deficient nutrients in the world
(FAO/WHO, 1991; WHO, 1992), and an interaction seems inevitable given that these
deficiencies occur almost without exception in the same populations. Several studies
have shown positive interactions between vitamin A and iron resulting in improved

concentrations of both these nutrients (Mejia, 1985; Bloem, 1995) an interaction
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between iron and B-carotene has also been reported (Garcia-Casal et al, 1998). A
positive interaction between xanthophylls and iron may also be present depending on the

nature of as yet undetermined mechanisms involved in this synergy.

At present global nutrition policies rely on supplementation and fortification programs
which in turn rely heavily on governmental support for continued operation. The
development of more nutritious foods that can be grown by the people who would
consume them will reduce reliance on the extremely expensive and often unevenly
distributed food aid (Welch et al., 1997). This could be achieved by breeding crops that
have higher micronutrient content and reducing the losses of nutrients that occur with
the current harvesting and food production methods. Additionally, increasing the
diversity of food crops, and changing the mix of foods eaten during meals to promote
better absorption of nutrients by the body can help improve nutrient uptake from foods

(Welch et al., 1997) and thus decrease the need for supplementation programs.

This review covers the history and basic chemistry of carotenoids and their role in
natural systems including human health and nutrition.  Additionally, analytical
techniques for the extraction, identification and quantification of carotenoids from
various biological materials are covered. A review of suitable animal models for the
final study presented is also given, as are reasons for the selection of the particular

model. Finally the aims of the studies undertaken in this thesis are outlined.

1.2 History

Carotenoids first attracted scientists to their bright colours early in the 19" century and
this was followed by investigation into the presence of these compounds in various
biological substances by Branconnot (1817) and Aschoff (1818) (in Isler, 1971).
Carotene was first isolated by Wackenroder (1831) (in Isler, 1971), and this was
followed by the naming of the yellow colour in autumn leaves as xanthophyll by
Berzelius (1837) (in Isler, 1971). Early in the 20" century Tswett and Willstatter (in
Isler, 1971) identified methods for separation and identification of several carotenoids,
followed by development of column chromatography specifically for carotenoid and
chlorophyll separation. Considerable advances were made in the following years, in the
identification of the carotenoid chemical structures leading to the recognition that

vitamin A was closely related to half a molecule of B-carotene by Karrer (1931); and in
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the same year McCollum and Davis (1931) (in Isler, 1971) discovered "fat soluble A".
In 1957 the ultimate pro.of that carotene was indeed a precursor to vitamin A was
demonstrated by Moore (1957) (in Isler, 1971) in rats. Thus the importance of

carotenoids beyond their colours was established.

1.3 Characteristics

1.3.1 Structure

The 600 plus carotenoids identified in nature are grouped by their common eight
isoprenoid units, joined so that the arrangement of the units is reversed at the centre of
the structure (Figure 1.1). Identifying features of this group include a long chain of
conjugated double bonds in the centre of the molecule and near symmetry around the
central double bond (Britton, 1995). This long chain of double bonds, while giving the
carotenoids their characteristic colours with spectral absorbance between 400-500 nm
(Armstrong and Hearst, 1996), renders the molecules extremely susceptible to oxidative
degradation (Britton, 1991). Carotenoids also differ in polarity, which determines their
solubility, with the (non-polar) carotenes being more soluble in non-polar solvents, and
(polar) xanthophylls, with their hydroxyl groups more soluble in polar solvents. This
difference in polarity determines their interaction with the stationary phase of packed

chromatographic columns, the basis of their separation by elution.

Only 38 of the 600 carotenoids identified are precursors to vitamin A, and of these few
have sufficient vitamin A activity to be of importance as a source of vitamin A (Britton,
1983). Beta-carotene is the most abundant of the provitamin A carotenoids and also has
the highest provitamin A activity (Scita, 1992). The provitamin A activity of a
compound is defined as its ability to act as a precursor of vitamin A and is determined in
part by the number of P rings present. Beta-carotene has two B-rings, and all other
provitmain A carotenoids including a-carotene have one B-ring, whereas totally inactive

compounds such as lycopene have none, as shown in Figure 1.1.

Free radical and singlet oxygen quenching is a feature of carotenoids with more than
seven conjugated double bonds (Di Mascio et al., 1989), and is independent of the
provitamin A activity of the compound (Di Mascio et al., 1989). Carotenoids are

hydrophobic, and are therefore found in the hydrophobic areas of the cell (e.g.
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membranes such as the plasmalemma, tonoplast, chloroplast-amyloplast; fat droplets;
aleurone layer of cereeﬂs; cuticles and cuticular layers (O' Brien, 1979). Carotenoids in
plants are located in plastids called chromoplasts, and are found in fruit and petals
(Bramley, 1997). Organic solvents are required for extraction of carotenoids from
biological materials due to their hydrophobicity; this also affects the method of analysis

used.

VA CH,0H

o-carotene

Lycopene

Figure 1.1 Structures of retinol, - and P-carotene showing changes in B-ring
bulk and rotational symmetry of the units at the centre of the structure (Britton,

1995).

1.3.2 Nomenclature

More than 40 C-H groups are found in the backbone of the carotenoid structure and the

complete structural formulae (Figure 1.2 a) are infrequently given in full. The skeletal
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formula normally used is also shown for B-carotene in Figure 1.2 b. The numbering of
the position of the carbons is also shown in Figure 1.2 b. Usually only the relevant

numbers are shown for the identification of isomers.

The replacement of trans and cis with E and Z respectively has been used throughout in
accordance with international convention on the nomenclature of chemical isomers and

are shown in Figure 1.2c.

| S /C\CH
By 7% g T°m B H H OH i H«!:
) He Py C/CQ\ C’CQ“C Cx C’C\ C\ C\C/C{\C/C%C/C‘s‘?c/ H
a H li H H H I H I H /N
IH CH,3 CH; H,C CHy

H R, H H
N / N /
cC=2¢C C=2~¢C
©) J/ N s N
R, H R, R,
Trans (E) Cis(7)

Figure 1.2 Complete structural formula (a), skeletal formula and numbering of
the position of carbon atoms (b) for PB-carotene, and (c) cis/trans or E/Z

alternatives. (Weedon and Moss, 1995)

Structurally different spatial configurations are indicated by a numerical prefix to the
absolute carotenoid structure indicating the site of transformation. For example, 9Z-

lutein indicates a Z transformation at the 9™ carbon of the polyene chain of lutein.
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The prefix “all” indicates that all of the double bonds in the specific carotenoid structure
are in either th’e.El or Z formation depending on the proceeding letter. For example, all
E-lutein refers to the whole of the lutein chemical structure in the E configuration.
Carotenoids are generally found in the all-E state, and unless otherwise stated this is the

assumed configuration. Therefore, as a result, only all-Z-carotenoids will be specified.

3

The used of the prefix “epi” refers to a type of isomerisation whereby the isomeric
compounds contain several asymmetric centres but differs in the configuration of only
one of these centres (Weedon and Moss, 1995). In the context of Chapter 3 3'-epi-
lutein refers to a difference in the configuration (ie. E) at the 3’carbon, which is

otherwise in the Z configuration.

1.3.3 Biosynthetic Pathway

The key features of the primary biosynthetic pathway of carotenoid formation is shown
in Figure 1.3. The initial step in carotenoid biosynthesis is the condensation of three
acetyl Co-A molecules to produce 3-hydroxy-3, methylglutaryl Co-A (HMG Co-A).
Acetyl Co-A is formed from either pyruvate dehydrogenation via pyruvate

dehydrogenase in glycolysis or f$-oxidation of fatty acids (Goodwin, 1965).

HMG Co-A is converted to mevalonic acid (MVA), which undergoes phosphorylation
and decarboxylation to produce isopentenyl pyrophosphate (IPP), undergoing
isomerisation to form dimethylallyl pyrophosphate (DMAPP). DMAPP acts as a starter
for chain elongation for the C40 carotenoids and, combined with another IPP molecule
via prenyl transferase, gives geranyl pyrophosphate. A further IPP molecule gives
farnesyl pyrophosphate (FPP, C15) and addition of yet another IPP molecule results in
geranyl geranyl pyrophosphate (GGPP). GGPP is the C20 precursor of phytoene
(Goodwin, 1980).

Two GGPP molecules condense via a prephytoene pyrophosphate intermediate to form
phytoene the first of the C40 terpenoids (Goodwin, 1980). The removal of two
hydrogens at a time from alternate sides of the molecule gives phytofluene, &-carotene,
neurosporene and lycopene. Lycopene or neurosporene undergo cyclization to produce
the bicyclic a-carotene and B-carotene via the monocyclic 0-zeacarotene, B-zeacarotene,

8-zeacarotene and y-zeacarotene (Britton, 1991). Cyclization reduces the length of the



Literature Review

molecule and increases the bulk of the end groups. Other carotenoids, there being over

600 in nature, are mostly derived from lycopene.

Acetyl Co-A
+ 3 hydroxy 3, methyl glutaryl CoA
_ (HMG CoA)
Mevalonic
Acid
v Phosphorylation & decarboxylation
Isonentenvl
Pyrophosphate
(IPP) Dimethylallyl pyrophosphate
4 (DMAPP) +2 IPP
Geranylgeranyl
Pyrophosphate
GGPP
+ Prephytoene pyrophosphate
[ Phytoene
C * Desaturation
A
I(; Lycopene
T
E
i
‘I’ o - carotene B -carotene  CAROTENES
D
s l l
Lutein Zeaxanthin XANTHPOPHYLLS

Figure 1.3 Major steps in the biosynthetic pathway of carotenoids.(Goodwin,
1993)
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1.3.4 Stability

Carotenes form epoxides when in contact with oxygen, and B-carotene which has the
highest provitamin A activity, is easily degraded in the presence of light and oxygen
(Goodwin, 1980). Xanthophylls are also susceptible to oxidative degradation so that
oxygen-free, decreased light and minimum temperature conditions are required for

efficient extraction of carotenoids from biological samples.

Several studies have debated the degrading role of light, temperature and oxygen on
various carotenoids (Peiser and Yang, 1979; Belitz and Grosch, 1987; Scita, 1992): and
the general consensus is that minimisation of exposure to these conditions is necessary
to achieve minimal degradation of carotenoids. Therefore, to ensure degradation is kept
to a minimum, extractions in this project will follow a program of exclusion of all white
light from the samples via the use of yellow lighting and storage under nitrogen at -

20°C.

It is concluded from the literature that the addition of antioxidants during extraction, e.g.
butylated hydroxytoluene (BHT) is also recommended to reduce degradation (Craft,
1992). However, complete prevention of degradation is impossible for compounds as
subject to degradation as these, especially as extraction procedures require numerous

steps.

1.4 Role in Nature

Carotenoids impart the red, orange and yellow colours associated with many plants and
animals, and have an essential role in photoprotection (Palozza and Krinsky, 1992), and
as attractants for pollinators. In all photosynthetic plants, carotenoids are associated
with the grana of chloroplasts in the form of chromoproteins. They provide photo-
oxidative protection against the effects of singlet oxygen and radicals, generated in the
presence of light during photosynthesis, protecting photosystem II (Griffiths ef al., 1955;
Goodwin, 1980; Armstrong and Hearst, 1996; Miller et al., 1996). The carotenoids
transfer absorbed radiant energy to chlorophyll molecules, dissipate excess energy and
quench excited-state chlorophylls (Thommen, 1979; Palozza and Krinsky, 1992;
Armstrong and Hearst, 1996). The most important carotenoids in this system are

astaxanthin, canthaxanthin, lutein and zeaxanthin (Thiele and Krause, 1994).
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Carotenoids are also useful in dissipating the excessive heat produced by photosynthesis
in water-stressed plants(Smirnoff, 1993). The increase in heat produced when water
stress is experienced is due to the limitation of CO, fixation, and results in exposure of
chloroplasts to excessive energy (Smirnoff, 1993). The benefits of carotenoid
antioxidant effects have also been observed in animals with astaxanthin, a xanthophyll,

having the greatest effect (Zamora et al., 1983; Miki, 1991).

1.4.1 Carotenoids in Plant Development

The levels of carotenoids in plant species vary considerably depending on the species
and stage of development. An increase in the carotenoid content of tomatoes during
ripening is due to an accumulation of lycopene within the plastids and loss of
chlorophyll as the chloroplasts changed to chromoplasts (Fraser et al., 1994).
Accumulation of lycopene as the major carotenoid indicates that only a proportion of the
C40 chains found are cyclised into B-carotene, resulting in accumulation of lycopene

precursors in the pericarp of the ripening fruit (Laval-Martin et al., 1975).

Curiously, accumulation of carotenes in ripening fruit is accompanied by or immediately
preceded by a decrease in carotenogenic enzyme activity (Fraser et al., 1995). This may
be due to a decrease in the need for photoprotectants as the plant ripens, with a lower
rate of carotenoid turnover reducing the need for enzymes (Fraser et al., 1995). Fraser et
al., (1995) also found that concentrations of B-carotene and neaxanthin increased

throughout maturation of the leaf.

Lacroix and Lier (1975) investigated changes in grain pigment concentration in durum
wheats spectrophotometrically. They found that carotenoids increased in the first 10
days after anthesis, followed by a slow decrease until grain maturity. Using open
column chromatography, Lacroix and Lier (1975) identified total carotenes as well as
lutein, but did not separate individual carotenes; therefore the provitamin A activity
cannot be calculated from their results. Additionally, this mode of chromatography
exposes the carotenes to conditions likely to promote oxidation, therefore decreasing the
accuracy of carotene estimation. Rosser (1997) identified and quantified carotenoids in
bread wheat during grain development using high performance liquid chromatography
(HPLC). A peak in carotenoid accumulation in the grain was observed 12 days after

anthesis, followed by a decrease to maturity. Carotene concentrations also followed this
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pattern of accumulation and degradation. This pattern of carotenoid accumulation has

been confirmed in durum wheat (D. Mares pers. comm., 1999).

A study of soybean varieties by Monma et al., (1994) also found that B-carotene
decreased as the seed matured. It may be that the decrease in carotenoids as grain

matures is common to many field crops.

1.4.2 Carotenoids in Wheat

In the quest for whiter bread, the yellow pigmentation in flour has been selected against
by plant breeders. The opposite is true for durum wheat cultivars where yellow colour is

favoured in pasta production.

In mature wheat grains, a greater concentration of the carotenes are found in the embryo
(0.72 mg/kg), than in the starchy endosperm (0.09 mg/kg) (Kruger and Reed, 1988).
This was confirmed by Rosser (1997) by analysis of flour fractions obtained from a
commercial wheat quality mill. However, the lower concentration in the starchy
endosperm is negated to some extent by the greater proportion of this fraction
consumed. The concentration of provitamin A carotenoids in wheat is therefore
potentially of use in increasing the vitamin A nutrition of populations. Durum wheat
cultivars, with their distinct yellow flour, have also been analysed for carotenoid content

(Lacroix and Lier, 1975), and lutein was determined to be the major carotenoid present.

Many of the published studies into the carotenoid content of wheat were performed prior
to the routine use of high performance liquid chromatography (HPLC), and therefore do
not have the desired separation and quantification of carotenes needed to enable accurate
determination of provitamin A activity. However, several bread wheat varieties have
been evaluated for their provitamin A activity using HPLC techniques (Rosser, 1997).
Carotenes, appear to make up a small proportion of the whole carotenoid profile of

wheat, with lutein the dominant carotenoid.

Colour measurement in wheat

Scoring methods for flour colour of bread wheat have been extensively reported in
literature (Lepage and Sims, 1968; Sims and Lepage, 1968; Bhatt and Mc Master, 1976;
Shuey, 1976; Shuey et al., 1977; Watson and Shuey, 1977; Miskelly, 1984; Robinson et
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al., 1984). However these studies relied on extraction of the carotenoids from the flour,
and colour determination by various chromatographic procedures that are inaccurate

(Robinson, 1984). .

When comparing flour colour, the inaccuracies associated with visual observations can
be avoided by the use of an arbitrary colour measure such as the Minolta chroma-meter,
which gives a detailed colour analysis (in the form of L*, a* and b* values) that is

independent of the operator.

Wheat lines can be analysed for colour using a Minolta Chroma Meter (model C-100)
that incorporates a handheld device linked to a processing unit with an in-built printer.
The Minolta Chroma Meter, using the L*, a*, b* system, which is most suitable for
yellow colour measurements, allocates each sample a colour reference on a theoretical
colour wheel. L* representing the brightness of the colour on a 0-100 unit scale, a*
ranging from -60 (pure green) to +60 (pure red) and b* ranging from -60 (pure blue) to
+60 (pure yellow) (Figure 1.4).

11
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Figure 1.4 Visual representation of Minolta Colour Meter values b* and a*
(McGuire, 1992).
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1.5 Human Health

In humans, carotenoids exhibit a range of biological activities. They act as vitamin A
precursors, and as antioxidants (Burton, 1989) that modulate cell growth, gene
expression (King et al., 1997) and immune response (Krishnan et al., 1974) and are
essential for sight (Rock, 1997). The xanthophylls, lutein and zeaxanthin are also
invol_ved in the maintenance of visual acuity (Seddon ef al., 1994). Additionally, the
antioxidant ability of carotenoids has been investigated in cancer prevention and
treatment (van Poppel, 1993). The amount of a nutrient present in a diet does not
necessarily indicate the amount available for physiological functions. An understanding
of the factors involved in the bioconversion and bioavailability of carotenoids is

essential to determine the value of foods containing high carotenoid concentrations.

1.5.1 Metabolism of Carotenoids
Absorption

Carotenoids are absorbed by humans in a non-specific way that allows both carotenes
and xanthophylls to be absorbed, leading to a complex mixture of carotenoids in human
plasma (Parker, 1989). Carotenoids are absorbed from the intestine with the aid of
dietary fat, and carotenes are cleaved to retinaldehyde and further reduced to form
retinal. Retinol from this source and preformed vitamin A are incorporated into
chylomicrons (triglyceride-rich absorptive lipoproteins) for transport in the serum
(Erdman et al., 1993). Distribution of the various carotenoids in organs and tissues is
related to their structure, as well as their biological activity, provitamin A activity and in

vivo conversion to vitamin A (Parker, 1989).

Transport

In plasma, carotenoids along with o- tocopherol (vitamin E), are bound to lipoproteins
while retinol itself is specifically bound to retinol-binding protein (Ringer et al., 1991).
Carotenoids are transported in human plasma exclusively by lipoproteins. Seventy five
percent of hydrocarbon carotenoids (those that have only hydrogen and carbon atoms)
including B-carotene, o-carotene and lycopene, are associated with the low-density
lipoproteins (LDL) and the remaining 25% with the high-density lipopoteins (HDL).

Lutein, a non-hydrocarbon carotenoid, and vitamin E are equally distributed between the

13
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LDL and the HDL fraction (Parker, 1989). Beta-carotene is carried in the blood by low-
density lipoproteins ‘(LDL), very-low-density lipoproteins (VLDL) and high density
lipoproteins (HDL) (Krinski et al., 1958; Marenah et al., 1983).

Large amounts of carotenoids that are more polar than lutein have not been found in
human plasma, even though they are common in fruit and vegetables (Parker, 1989).
While this could be due to poor absorption or inefficient metabolism, it is probably due
to dégradation in the acids of the stomach, which is known to be the case with
xanthophylls such as violaxanthin. Some of the carotenoids found in blood and tissues
may actually be stable degradation products of those carotenoids affected by stomach
acid. For example Jensen et al., (1986) reported no increase in blood 9-Z-B-carotene
concentration following supplementation, which suggests that it might be converted to

the all-frans isomer in the gastrointestinal tract.

Storage

Provitamin A carotenoids are generally cleaved into retinaldehyde in the intestinal
mucosa. However, in the human system some of the carotenoids pass through the
mucosal cells uncleaved. These are incorporated into the chylomicra and stored in the
tissues of the body, predominantly the adipose tissues. Small amounts of carotenoids
are taken up by the liver (Olson, 1984), while 90% of vitamin A is stored in the liver.
Due to their hydrophobic character carotenoids are associated with the lipid portions of
human tissues including lipid rich aggregates and membranes, as well as proteins and
enzymes (Parker, 1989). Adrenal tissues which have a high rate of LDL uptake contain
the highest concentration of carotenoids (Racia et al., 1972; Spady et al., 1985).
Additionally, Ringer et al. (1991), found a positive correlation between B-carotene
concentration and body mass index and a similar tendency with percent body fat that

may indicate a deposition of B-carotene in the adipose tissue.

Excretion

Of the ingested vitamin A, 20% is not absorbed but is excreted via faeces. Of the
remaining 80%, 20-50% is conjugated or oxidised to products that are excreted within
one week via urine or faeces and the remaining 30-60% is stored. Therefore 1/3-2/3 of

vitamin A is excreted within one week and the remainder is stored (Olson, 1984).
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1.5.2 Antioxidants / Free Radical scavengers / Singlet Oxygen Quenchers

A free radical is an atom or molecule that has one or more unpaired electrons. It is
therefore highly energized, and damages what it strikes. Such damage to DNA may lead
to new cells that can become benign tumours or malignancies (Olson, 1984). The
formation of free radicals is part of normal cellular processes (eg. reduction of molecular
oxygen to water) and to counteract this there are substances that deactivate the free
radicals (Niki et al., 1991). These are called antioxidants or free radical scavengers

(Olson, 1984).

Compounds such as vitamins E and C, lycopene and other carotenoids couple with or
donate an electron to the free radical to deactivate it. The reactivity of the molecule is
passed from one to another until it is nullified or passed from the body as a water-
soluble compound (Olson, 1984). For example, when vitamin E scavenges a free
radical it becomes a free radical itself; carotenoids deactivate this radical becoming a
free radical compound. Then vitamin C donates an electron, but this molecule can be

flushed from the body as it is a water-soluble compound (Olson, 1996).

The importance of B-carotene as a precursor to vitamin A has resulted in extensive
investigation into its properties. Some of the more researched functions are shown in
Figure 1.5. Beta-carotene can be grouped with the antioxidant vitamins C and E (Byers
and Peery, 1992; Olson and Krinsky, 1995) as it functions as a singlet oxygen quencher,
and as an antioxidant preventing free radical damage to cellular components (Peto et al.,
1981). Photosensitivity diseases such as the genetic disease of porphyrin metabolism,
erythropoietic protoporphyria (EPP) have also been treated successfully for many years
with B-carotene (Laval-Martin et al., 1975; Mathews-Roth, 1991; Olson and Krinsky,
1995).
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Figure 1.5 Biological functions of B-carotene (modified from (Krinsky, 1991).

Terao et al. (1990) reported that astaxanthin and canthaxanthin showed more efficient
scavenging of free radicals than B-carotene and zeaxanthin. This led to the hypothesis
that carotenoids possessing oxygen side-groups were more efficient scavengers than
those without the oxygen side-groups. This was reinforced by Di Mascio et al. (1991)
who suggested that the quenching properties of carotenoids were related not only to the
triplet energy state (ie. length of the conjugated double bond system) but also to the

functional groups.

Lycopene is the most active biological free radical fighter and efficient oxygen quencher
in vivo, being twice as effective as B-carotene (Di Mascio et al., 1991; Mackerras,
1995). However, lycopene, lutein and zeaxanthin were all reported to react rapidly with

oxidising agents in a study by Woodall et al. (1997a).

Thiele and Krause (1994) determined that only carotenes were directly involved in
singlet oxygen quenching while xanthophylls acted more as quenching amplifiers, which
are not directly involved in the quenching process. Vitamin A itself has been
determined to be a poor antioxidant compared with B-carotene, lacking the ability to

quench singlet oxygen (Passwater, 1993).
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1.5.3 Heart disease and cancer

A wide range of carotenoids both alone and in combination have been found to have a
protective effect against stroke and coronary heart disease (Morris and Kritchevesky,

1994; Mosca et al., 1997, Clinton, 1998).

The chemopreventive effect of carotenoids was originally related to vitamin A activity
(Malone, 1991). However, it is now known that the cancer protection provided by
carotenoids has no relationship to their ability to form vitamin A (Ziegler, 1991), but the
protection is related to its properties as a singlet oxygen scavenger and antioxidant.
Epidemiological evidence indicates that diets rich in total carotenoids (not just
carotenes) are protective against cancer (Murakoshi et al., 1989). There have been
extensive studies conducted on the association between increased cancer risk and
carotene status (Colditz et al., 1985; Pagnini-Hill et al., 1987, Connett et al., 1989;
Stihelin et al., 1991; Ziegler, 1991) all concluding that there is a definite inverse

relationship.

Many carotenoids have been investigated in relation to the treatment and reduction of
cancer and related tumours, including skin, oral, gastrointestinal, prostate, breast and
cervical cancers. An extensive review of the literature on carotenoids and cancer
presented by van Poppel (1993), concluding that there is a strong relationship between a
high intake of carotenoid-rich fruit and vegetables and a decreased incidence of cancer.
However, further studies are necessary to identify specific carotenoids effectiveness on

individual cancers and the focus until now has been on B-carotene.

1.5.4 Maintenance of sight

Retinal is crucial in sight, and a source such as B-carotene or vitamin A, (all-frans-
retinol) which can be converted into all-trans-retinal by NAD" oxidation and cleavage,
followed by isomerisation to 11-cis-retinal, is essential (Mathews and van-Holde, 1990).
Lutein and zeaxanthin are essential carotenoids that function critically as visual and
accessory photopigments to protect the eye from free radical damage, and thus are found
in high concentrations in the retina. These xanthophylls protect the synapses that

support the neurons and photoreceptors from oxidative destruction (Mathews and van-
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Holde, 1990). Additionally, lutein and zeaxanthin are important in the maintenance of

visual acuity.

At the centre of the retina directly behind the lens is the macular region which receives
the greatest concentration of light of all areas of the eye. Zeaxanthin is concentrated in
this region, whilé lutein is dispersed throughout the whole retina. An increase in the
consumption of leafy green vegetables leading to a high serum level of carotenoids is
thought to reduce the incidence of a degenerative disease of this region, termed age
related macular degeneration (AMD) (Brown et al., 1998; Hammond et al., 1997a). The
protective effect is attributed to lutein and zeaxanthin filtering out the blue-light that

makes the retina and lens vulnerable to degeneration (Bruno and Medeiros, 2000).

An inverse relationship between plasma B-carotene and the incidence of cataract has
been identified (Jacques and Chylack, 1991). Additionally, since B-carotene can trap
radicals and is able to function at low partial pressures of oxygen (Burton, 1989; Burton

and Ingold, 1984), it is critical in the lens (Kwan et al., 1972; Varma, 1991).

1.5.2 Precursors to vitamin A

The role of vitamin A in health and nutrition is discussed here as the provitamin A
carotenoids have a major role in reducing the diseases associated with deficiency of
vitamin A. Vitamin A is required for the maintenance of healthy epithelial tissues,
mucous membrane production and adequate immune response as well as for sight (Mc

Laren, 1986).

Carotenoid Conversion to Vitamin A

Provitamin A carotenoids cannot be utilised as vitamin A precursors by humans without
conversion to retinaldehyde (Figure 1.6). This conversion involves cleavage of the
central double bond (central cleavage) by an enzyme carotenoid-15,15" dioxygenase,
which is found in the cytoplasm of liver cells and the intestine, to give retinal (one
molecule from o-carotene, two from P-carotene). Carotenoid -15,15° dioxygenase
requires oxygen as a direct reactant which adds to the -15,15" double bond of the
carotenoid, which is then cleaved into retinaldehyde (one from o-carotene, two from B-
carotene). The carotenoid-15,15" dioxygenase cleavage of B-and o-carotene, and many

apocarotenals is central to synthesis of retinaldehyde (Mathews and van-Holde, 1990).
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Figure 1.6 Synthesis of vitamin A from $-carotene.
(Mathews and van-Holde, 1990)

Early reports (Grangaud et al., 1962, In Matsuno, 1991) that animals from the lower
orders such as fish and crustacea had the ability to reduce xanthophylls to retinol were
not confirmed until a study by Gross and Budowski (1966) identified that astaxanthin,
canthaxanthin and isozeaxanthin (B,B-carotene-4,4’-diol) were converted into vitamin A
in fish. It was also confirmed that zeaxanthin was converted to vitamin A as it crossed
the intestinal wall in goldfish (Austern and Gawienowski, 1969). A more recent study
determined that the reduction of hydroxy-carotenoids to retinol and 3-dehydroretinol
was also present in a mammal (rat) (Matsuno, 1991). The mechanism is reported to be
reliant on negative feed-back with vitamin A replete individuals not expressing this
mechanism (Scheidt et al., 1985). To my knowledge this mechanism has not been
investigated in birds, however, this mechanism may be contributing to the apparent

effect of lutein on iron absorption observed in Chapter 4.

Bioavailability and Bioconversion

Bioavailability is defined as the fraction of an ingested nutrient available for utilisation

in normal physiological functions and for storage (West and Eilander, 2001), or more
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briefly, the proportion of a nutrient ingested that can be used (Castenmiller and West,
1997). Bioconversion is defined as the fraction of a bioavailable nutrient (in this case an
absorbed provitamin A carotenoid) converted to the active form of the nutrient (retinol)
(West and Eilander, 2001). Combined, bioavailability and bioconversion are termed
bioefficacy, the efficiency that an ingested nutrient is absorbed and converted to the

active form of the nutrient (West and Eilander, 2001).

In Iight of a study on pregnant women in Indonesia (de Pee et al., 1995), the conversion
estimate of 6 ng of PB-carotene to produce 1 pg of retinol (FAO/WHO, 1967) has
recently been reviewed (US Institute of Medicine, 2000). Signs of vitamin A deficiency
were observed despite adequate intake of vitamin A precursors from fruit and leafy-
green vegetables. 12 pg of B-carotene is now regarded as 1 pg retinol activity
equivalent (RAE), replacing the FAO/WHO principle of 6 g B-carotene regarded as 1
g retinol equivalent (RE). Beta-carotene has the highest RAE of all the carotenes,
double that of o-carotene, and oxygenated carotenoids such as lutein are generally
though to have no provitamin A activity. However, xanthophylls such as canthaxanthin,

zeaxanthin and tunaxanthin have been found to be precursors to retinoids in both fish

and rats (Schiedt et al., 1985; Goodwin, 1986; Matsuno, 1991).

Retinol Activity Equivalents (RAE) can be calculated by the following internationally

accepted formula:

1 pg RAE = (ug B-carotene / 6) + (ug O-carotene + jig cryptoxanthin) / 12)

2
(US Institute of Medicine, 2000)

This is a general formula for the determination of the retinol value of a food. However,
to obtain a more accurate idea of the retinol value of a whole diet, separate equations
need to be used for each type of food. For example, van Lieshout et al. (2001),
determined that the bioefficacy of B-carotene from pumpkin was 2.1 times that of this
carotenoid in spinach. Other investigations into the bioefficacy of carotenoids from
different food sources include studies of dark green leafy vegetables and yellow/orange

fruit (de Pee et al., 1998; Khan et al., 1998; Tang et al., 1999; van het Hof et al., 1999;
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van het Hof et al., 2000). From the limited data available, it seems that the xanthophylls
may be absorbed more efficienﬂy than the carotenes in humans (Furr and Clark, 1997).
From these reports it is clear that the bioavailability of carotenoids from foods must be
taken into account when rccomrﬁending foods to combat carotenoid deficiencies. It is
also apparent that single integer can be used to determine bioavailability as this varies
between and also within foods. Therefore total dietary intake of carotenoids is
dependent on both the concentration present in the food, the amount of the food

consumed and the bioavailability of the carotenoid.

Vitamin A deficiency

Vitamin A deficiency usually manifests itself in the form of night blindness followed by
permanent blindness if not treated (Solon, 1986). Worldwide over 500,000 new cases of
xerophthalmia (nutritional blindness) occur every year with a disproportionate number
in developing countries. This is directly related to a deficiency of vitamin A precursors

(carotenes) in the diet. (Solon, 1986).

Diets deficient in vitamin A account for 1-2 million deaths each year in children aged 1
to 4 years (UNICEF, 2000). Additionally, deficiency results in more than 250 million
children annually being unable to maintain their immune systems or the lining of their
respiratory tracts thereby reducing resistance to disease and infection (Bloch, 1928;
Boynton and Bradford, 1931; Beisel, 1982). Every year 250,000 children go blind and
another 250 000 have their sight impaired. Of these, at least 100, 000 die within a few

weeks, directly as a result of vitamin A deficiency (Grant, 1991).

Fortification Programs

Vitamin A deficiency is such an enormous problem that the World Health Organisation
has urged all member states to give high priority to the prevention and control of
vitamin A deficiency and xerophthalmia. Fortification programs have been carried out
in many areas and are generally quite successful (Emodi and Scialpi, 1980).
Unfortunately the products fortified are inaccessible to people most in need and the

programs are costly to implement and require continued governmental funding.

An increase in the content of vitamin A precursors in staple foods, such as wheat flour,

could help alleviate this problem, but little information has been published on
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carotenoid content of grain using the modern analytical capabilities now available.
Unfortunately, many foods higfi in starch are low in carotene content (Mc Laren, 1986).
Such foods include the staples rice, wheat and white maize, leading to deficiencies in
populations that can least affdrd to combat the problem. However yellow maize,
sorghum and sweet potato have high concentrations of carotenes (Duffus and Slaughter,
1980; Ali et al., 1994; Mwanri et al., 2000) so these staple are therefore valuable in the

prevention of vitamin A deficiency.

1.6 Vitamin and Mineral interactions

1.6.1 Vitamin A and Zinc

The interaction between vitamin A (retinol) and zinc is synergistic and has been well
documented (Smith, 1980). Zinc is involved in the synthesis of retinol binding protein
(RBP) which in turn releases retinol from the liver, while retinol enhances absorption
and transport of zinc by promoting the synthesis of a related protein (Bliss, 1951; Vallee
and Hoch, 1957). Udomkesmalee et al. (1992) demonstrated the strong synergistic
effects of supplementing with these nutrients together leading to a rapid reduction in
child deficiencies of these nutrients. Smith (1980), Solomons and Russell (1980) and
Christian and West (1998) have presented detailed reviews on the interaction between

zinc and vitamin A.

1.6.2 Vitamin A and lron

The interaction between retinol and iron was initially determined by Hodges et al.
(1978) in a study that showed that anaemia responded to retinol but not iron
supplementation in retinol deficient individuals. This has been reaffirmed by further
studies in animals (Roodenburg et al., 1994), and humans in various populations (Mejia
and Arroyave, 1982; Muhilal et al., 1998). Garcia-Casal et al. (1998) found an
improvement in nonheme iron absorption with supplementation of vitamin A or B-
carotene added to diets of wheat, rice or corn. In addition, vitamin A deficiency has
been associated with poor iron status (Mejia and Arroyave, 1982; Bloem et al., 1989;
Suharno et al., 1993) and several studies have shown that vitamin A supplementation
increases blood haemoglobin levels (Mejia and Chew, 1988; Suharno et al., 1993;

Mubhilal et al., 1998).
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The mechanism behind the increased absorption of iron with supplemental B-carotene
has been attributed to the ébility of chemical compounds containing double bonds to
react with iron (Garcia-Casal et al., 1998; Elschenbroch and Salzer, 1992). Iron that is
liberated during digestion forms a complex with B-carotene, and by acting as a chelating
agent prevents complexes forming with phytates and polyphenols. Based on this
mechanism the xanthophylls also have the potential to increase iron absorption as they

too have numerous conjugated double bonds.

The potential for xanthophylls to interact with iron and enhance absorption is the basis
for Chapter 4. In order to determine if this interaction existed and to relate results to
human nutrition it was essential to identify an animal model that closely resembled the
absorption and metabolism of both iron and xanthophylls in humans. The following
section presents a comparison of animal models used previously in iron and carotenoid

studies, identifying the model that will be used in Chapter 4.

1.7 Animal Models

1.7.1 Carotenoid Research

Progress in research into the bioavailability and metabolism of carotenoids has been
restricted due to the lack of an animal model that reliably replicates human carotenoid
metabolism (Furr and Clark, 1997; Lee et al., 1999). Many animal models have been
proposed and used in"various areas of carotenoid research; however the model needs to
be selected specifically for the research purpose to ensure suitability, and no single
model is suitable for all carotenoid research (Lee et al., 1999). Animals used for
carotenoid research include: the Mongolian gerbil (Meriones unguicullatus) (Lee et al.,
1998), domestic ferrets (Boileau et al., 1999), pre-ruminant calves (Bierer et al., 1995),
rats and mice (Sato ef al., 1997), non-human primates (Slifka et al., 1999), pigs (Chew
et al., 1991), hamsters (Schwartz and Shklar, 1987; Erdman et al., 1986), dogs (Chew et
al., 1998), rabbits (Yap et al., 1997; Dorey et al., 1998), frogs (Khachik et al., 1999d)
and chickens (Ganguly et al., 1959; Dua et al., 1967; Erdman et al., 1986; Tyczkowski
and Hamilton, 1986). The diversity of this list is an indication of the restrictions
pertaining to, and the specificity of each model, making selection difficult for more than

a limited range of analyses from one experimental model. Availability of the animal
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selected for this study also had to be considered, ruling out what is considered one of the

most useful models, the Mongolian gerbil, due to quarantine restrictions in Australia.

There are differing opinions on the usefulness of one of the most readily available
animal models, the rat. Clark et al. (1998) showed the rat to be a suitable model for
studying xanthophylls. However, a review of animal models, (Lee et al., 1999) stated
that the rat absorbed carotenoids differently to humans and therefore extrapolation of
data to humans must be treated with care. Increasing evidence has shown that the rat is
not suitable to extrapolate to humans for carotenoid uptake and metabolism (G. Britton
pers.com., 2000). However, they are a suitable model for studying the effects of vitamin
A deficiency (Lee et al., 1999), and the effects of carotenoids on cancer development

(Moon, 1989).

Chickens have been evaluated as a bioavailability model and have been used for
numerous absorption studies involving carotenoids. Erdman et al. (1986) used chickens
to study fibre and B-carotene utilisation determining that dietary fibre decreased [-
carotene untilisation. Dua et al. (1967) looked at the utilisation of xanthophylls from
natural sources by the chicken and found that there was a linear relationship between
increased dietary xanthophylls and skin and plasma xanthophylls. Tyczkowski and
Hamilton (1986) investigated differential absorption of zeacarotene, cryptoxanthin and
lutein in poultry and found differences in sites of absorption for these carotenoids in the
intestine. Rats and chickens have been compared for their sites of absorption of
carotenoids, vitamin A and cholesterol, (Ganguly et al., 1959) and it was found that
while both the rat and chicken convert B-carotene into vitamin A in the intestine, the rat
does not absorb any xanthophylls while the chicken does. The differential absorption of
xanthophylls between the rat and chicken has considerable relevance in selecting an
animal model for the proposed study (Chapter 4) which aims to determine the effect of

a xanthophyll on haemoglobin concentration.

1.7.2 Iron Research

The importance of iron in human nutrition has led to extensive studies in both animal
and human systems. Several studies on the utilisation and metabolism of iron in
chickens have been conducted (Davis et al., 1968; Cao et al., 1996), and Pla and Fritz

(1971) compared the rat and chicken as models of iron bioavailability in humans
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determining both animals to be equally suitable. An additional study (Pla et al., 1973)
showed that the chicken utilised large particles of iron more efficiently than the rat and
human due to the action of the crop on the large particles. Particle size was not an issue
in the proposed study as the particle size was the same as that used in the AOAC rat
haemoglobin repletion test. Chicks have also been found to resemble humans more
closely in the effects of iron salts (sodium iron pyrophosphate and ferric
orthophosphate) (Pennell et al., 1976). Chickens were selected for iron studies based on
the ease of achieving anaemia and the absence of coprophagy (consumption of faeces)
which can be a confounding factor in rat studies, depending on the iron source (Ranger
and Neale, 1984; Zhang et al., 1992). A close correlation between dietary iron and
hepatic and renal iron concentrations has been determined (Cao et al., 1996), though this

was determined under supplementation in otherwise replete individuals.

Rats are favoured as the model for iron repletion studies although several differences
between humans and rats have been noticed. Rats absorb ferrous and ferric iron while
humans preferentially absorb the ferrous form, and the bioavailability of haem and non-
haem iron to rats is similar while humans preferentially absorb haem iron. Additionally
rats are able to synthesise ascorbic acid and possess intestinal phytase activity while

humans do not (Reddy and Cook, 1991).

Of all the animal models available, the chicken most closely resembles the human for
absorption of the xanthophyll, lutein. The most commonly used animal model for iron
analysis, the rat, is unsuitable here as it does not absorb xanthophylls. Therefore the

chicken was selected as the best model.

1.8 Analytical Techniques

Chromatographic Methods

Separation of carotenoids initially involved a two-step chromatographic method
involving open-column and thin-layer chromatography (TL.C). These two methods have
been combined in high performance liquid chromatography (HPLC), which is now the
preferred method for carotenoid analysis. HPLC is preferred due to fast elution times
and decreased exposure to agents that can degrade carotenes, leading to inaccurate

estimates of provitamin A activity (Hsieh and Karel, 1983). The non-destructive nature
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of HPLC allows for collection of separated compounds for further analysis (Taylor and

Little, 1983).

Gas chromatography is not suitable for thermally labile substances such as carotenoids
(Raymundo et al., 1967; Davies, 1976). While spectrometric methods analyse overall
carotenoid content (Simpson et al., 1979; Broich et al, 1983) without quantifying

specific isomers.

Extracts from complex biological samples can contain compounds that block the
column and other parts of the system leading to an increase in back pressure. To avoid
damaging the HPLC column, a guard column, which is made of similar material to that
of the HPLC column, is used to collect these compounds and is replaced periodically

(Chen and Bailey, 1987).

The temperature of the HPLC column is controlled to ensure fluctuations are not large
enough to cause differences in elution times, as the identification of peaks depends on
the comparison of elution times of the unknown sample and the standards. Any factor
that changes the elution times prevents strict comparisons, and therefore, identification

of peaks.

High Performance Liquid Chromatography (HPLC)
Normal and Reverse Phase Liquid Chromatography

Both normal phase and reverse phase HPLC can be used for carotenoid separation
(Craft, 1992). Normal phase columns have polar bonded phases such as alkylamine,
alkylnitrile and alkylglyco, and a non-polar mobile phase. The least polar carotenoids
(hydrocarbons such as carotenes) elute first and the oxygenated compounds such as the
xanthophylls elute later (Craft, 1992). Normal phase HPLC is used here for separation

of lutein and zeaxanthin as shown in Figure 1.7.

Reverse phase HPLC (RP-HPLC) incorporates a non-polar bonded phase (e.g. octyl C8,
octydecyl Cg residues bonded onto silica gel) and a polar mobile phase (Taylor and
Little, 1983; Craft, 1992). Elution is opposite to that of normal phase (Figure 1.8) with
the xanthophylls partitioning into the mobile phase and eluting first. The carotenes

separate into the stationary phase and elute later (Craft, 1992). Reverse phase is
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preferable to normal phase due to the long retention time and lack of separation of o-
and B-carotene in normal phase systems (Broich et al., 1983). The packing used for
reverse phase does not promote the degradation of the sample and is unaffected by the

presence of water or changes in the mobile phase (Zakaria and Simpson, 1979).
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Figure 1.7 Normal phase HPLC chromatogram of carotenoids showing separation of lutein and zeaxanthin isomers using
isocratic elution.
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Figure 1.8 Reverse phase HPLC chromatogram of carotenoids showing separation of all carotenoids with the exception of lutein and

zeaxanthin isomers using gradient elution. Absorbance at 446nm (o-cryptoxanthin, B-cryptoxanthin, neurosporene, y-carotene, O-

carotene, B-carotene, 13 Z-B-carotene), 400nm ({-carotene), 350nm (phytofluene) and 290 nm (c-tocopherol, Y-tocopherol, phytoene).
Different lines indicate different wavelength absorbance.
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Isocratic and Gradient Elution

Reverse phase liquid chromatography can be used with either an isocratic (constant
solvent) or a gradient (changing solvent composition) elution system (Craft, 1992).
Gradient elution has improved sensitivity and selectivity over isocratic elution for
complex extracts that contain many carotenoids (Britton, 1991). Gradient elution elutes
the strongly retained compounds at the end of the gradient, (Craft et al., 1989) and will
be used in combination with RP-HPLC here. The mobile phase of carotenoid reverse
phase HPLC is usually a weak organic solvent with low viscosity that has adequate
carotenoid solubility and low back-pressure (Craft, 1992). Solvents that fall into this
category include acetonitrile, dichloromethane (methylene chloride), hexane and
methanol, which have low viscosity and separate xanthophylls well when combined

with C;g column (Khachik et al., 1992a).

Disadvantages of gradient elution include the requirement for the column to be returned
to the original solvent between samples and to have good solvent miscibility to prevent
base line disturbance. Another problem outlined by Craft (1992) is the appearance of
unwanted peaks due to contaminants detectable in the ultra violet region in weaker
solvents. However, this is not a problem with carotenoids as they are detected within

visible wavelengths.

Isocratic elution offers some adVantages in that analysis can be achieved using single
high-pressure pumps and premixed solvents resulting in stable base lines and
reproducible retention times. However, mixing must be accurate and consistent, and the
solvents cannot be volatile as this would result in changes in concentrations, due to
evaporation over time (Craft, 1992). To combat the volatility of the solvents and the
associated change in solvent concentrations used in HPLC of carotenoids, solvents

solutions were mixed daily and contained in lidded bottles

In order to be able to identify and quantify carotenoids precisely enough to determine
the provitamin A activity of a sample, the HPLC equipment must have certain minimum
requirements. These requirements include a high-pressure pump capable of achieving
4000 psi, gradient elution capacity and a detector sensitive in the visible range. The

availability of a photodiode array detector allows simultaneous detection and monitoring
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at any chosen wavelength and continuous determination of absorption spectra during
chroinatography -(Britton et al., 1975; De Leenheer and Neils, 1992). This enables
positive identification of carotenoids without the need for mass spectrometry. These

options are available to this project.

Identification of Carotenoid Peaks

The identification of carotenoids from HPLC peaks mainly depends on the elution time,
which is compared with standards (Nam et al., 1988). An increase in the solvent flow
rate will lead to poorly separated peaks while a decrease in the flow rate will lead to
greater peak separation (Sander and Craft, 1990; Sander and Wise, 1989). Such
variation leads to incorrect identification of peaks, and incorrect calculation of the

provitamin A content of the samples.

Standards are not always available for all of the possible peaks for carotenoids in
biological samples. Moreover, unequivocal identification can only be achieved by
collection and analysis of the eluted fraction. Poor resolution and incomplete separation

of peaks reduces the reliability of the method (De Leenheer and Neils, 1992).

The presence of a photodiode array detector (DAD) allows the recording of the complete
absorption spectrum of a peak in less than one second. The distinctive shape associated
with ca_rotenoids'allows immediate identification as a carotenoid (Figure 1.8). The
absénce of a DAD may lead to thé dismissal of peaks thought not to be carotenoids, and
the quantification of peaks that are not carotenoids (De Leenheer and Neils, 1992).
Photodiode array detectors also ensure that co-eluting compounds are detected (De
Leenhéer and Neils, 1992). Comparison of the maximum wavelength at the highest
point of the absorption spectrum, with known absorption spectra for that carotenoid

allows absolute confirmation of the carotenoid.
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1.9 Hypotheses

The hypotheses proposed were:

1) that the CIE L*a*b* colorimetry method would be a fast and accurate method to
determine carotenoid concentrations in wheat

Despite the importance of colour in wheat quality a correlation between colour and
carotenoids in wheat has not been established previously. Several early studies
attempted to quantify colour by the extraction of carotenoids from wheat flour and
comparison with reference standards. This study analyses numerous wheat varieties for
colour using near-infrared-reflectometry, and carotenoids by HPLC, and attempts to
correlate these two parameters.

2) that the CIE L*a*b* colorimetry method would remain a useful method for
determining carotenoid concentrations in wheat under different storage
conditions

Follows on from the previous study.

3) that commonly consumed foods have varying concentrations of lutein and
zeaxanthin isomers

The carotenoid profiles of commonly consumed fruit and vegetables are determined
with a focus on lutein and zeaxanthin and their geometrical isomers. These carotenoids
are important in the maintenance of the macula region of the eye. The ratio of these
carotenoids in the macular region are not reflected in food or blood, and preferential
uptake has been proposed as the mechanism behind this disparity, making food sources
important.

4) that lutein can increase haemoglobin concentrations, as has been found for [-
carotens and vitamin A, in chickens,

The final aim of this study is to investigate the effect of lutein on haemoglobin levels in

chickens. A diet and time period for achieving depletion is established, followed by a

comparison of the response in haemoglobin concentrations to 5 diets: 1) a commercial

diet replete in all nutrients, 2) a diet high in supplemental lutein, 3) a diet based on

wheat with a high concentration of lutein, 4) a diet with supplemental lutein at a

concentration equal to that found in the high lutein wheat diet, and 5) a diet with B-

carotene as the only source of vitamin A.
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CHAPTER 2

General Introduction to Carotenoids in Wheat

Wheat (Triticum sp:) is a staple food for billions of people worldwide, however it is a
relatively poor source of some essential nutrients. In some countries, a lack of dietary
diversity has meant that wheat is relied upon to supply the bulk of a population’s energy
and nutritional needs. This has resulted in an increase in the number of people suffering
from nutrient deficiencies, including those of iron, zinc and provitamin A. Currently,
nutritional deficiencies are addressed by supplementation programs, which rely heavily
on continued intervention, and are limited in the number of people they can help by the
need for direct contact (Gibson, 1994). This reliance on external assistance can be
reduced significantly by the introduction of foods with enhanced levels of nutrients. As
wheat is a staple food for so many people, nutritionally enhanced varieties would have

the potential to substantially reduce deficiencies and associated illnesses.

Nutritionally enhanced wheat varieties can be developed in breeding programs by
crossing locally adapted cultivars with genotypes that have high concentrations of the
desired nutrients. Development of breeding programs in the country where the food
will be consumed can vastly improve the adoption and availability of these foods by
allowing. local input into the programs. This will ensure that the varieties produced
meet the agronomic requirements of the area where they will be grown, which is

essential if the food is to be abundant and available to all of the population.

Most breeding programs are based on the identification and selection of high nutrient
traits from the na_tufal variation available, and the introduction of these traits into
existing cultivars. The variation for the accumulation of carotenoids has not been
comprehensively explored and so extensive analysis of available germplasm is required.
As large numbers of varieties need to be analysed, fast and cost efficient methods are
essential. Identification of such methods will allow countries with few resources to

develop breeding programs that address their specific nutritional requirements.

One such specific nutritional requirement is for increased carotenoid content. Increased
levels of provitamin A carotenoids such as - and B-carotene are important as these

carotenoids are precursors to vitamin A. Vitamin A is essential in eye function and
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health, and sources of these precursors are especially important in populations where
animal products which are excellent sources of preformed vitamin A are not readily
available (McLaren, 2001). Non-provitamin A carotenoids, such as lutein and
zeaxanthin are also valuable for human health, as they are antioxidants and also
important for sight. A relationship between decreased serum concentrations of lutein
and zeaxanthin and an increased incidence of degeneration of the macula region of the
eye has been reported (Snodderly, 1995). However, carotenoids cannot be synthesised

by animals, and consumption of foods rich in these compounds is therefore essential.

Although most wheat cultivars are not particularly rich in carotenoids, this grain does
contain both provitamin A and other carotenoids, and as wheat forms the basis of diets
around the world, this staple food is a potential vehicle for delivery of increased levels
of specific carotenoids. The selection for and against colour in wheat, and the strong
association between carotenoid content and colour that can be attributed to the chemical
structure of carotenoids, is likely to have influenced carotenoid levels. The association
between carotenoids and colour has led to considerable investigation into the major
carotenoids in wheat. Lutein has been identified as the major carotenoid (Lepage and
Sims, 1968), with B-carotene also detected at low levels (Wildfeuer and Acker, 1968;
Heinonen et al., 1989). The differing requirements for colour in wheat has led to
divergent selection for wheat flour colour between bread wheat (Triticum aestivum)
where little pigmentation is desired, and pasta wheat (Triticum turgidum), where strong

pigmentation is an important‘ quality parameter.

Early studies that attempted to correlate provitamin A carotenoids and colour in wheat
were inaccurate as the misclassification of non-provitamin A carotenoids resulted in an
over estimation of the provitamin A content (Pomeranz, 1960). Further investigations
into colour and carotenoid relationships were conducted following the separation of the
carotenes and xanthophylls and are discussed in a review by Fortmann and Joiner
(1988). Many of the methods used to measure colour rely on time-consuming
extraction of carotenoid pigments from flour, and subsequent spectrophotometric
comparison with standard reference colours. Even though fast and reliable methods
have been used to evaluate ,flour colour (for example the Agtron and Gardner

instruments) these have only been related to total carotenoids (Skarsaune and Shuey,
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1975), and in" order to establish a useful relationship between colour and specific

carotenoids it is necessary to revisit this area of research.

The importance of colour in wheat quality has resulted in the development of fast and
reliable methods for colour evaluation. The Minolta Chroma Meter is one instrument
currently used for colour evaluation of wheat (and other foods). This instrument is fast,
requiring only grinding of the wheat grain before analysis, and accurate. Additionally,
this- instrument measures colour within an internationally recognised 3-dimensional
space using CIE (Commission Internationale de 1' Eclaisage) co-ordinates (L*, a*, b*)
which increases the usefulness of the measurements as they can be compared with other
readings internationally using the same system. This feature is especially important
when analysing the large number of samples required as a base for the breeding
programs mentioned previously. For these reasons the Minolta Chroma Meter was
chosen as the most suitable instrument for colour determination in the following two

studies into the relationship between colour and carotenoids in wheat.
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CHAPTER 2.1

Correlation of Carotenoids, a- and p-carotene and Lutein, with
Colour in Wheat

Aim
To determine the relationship between flour colour and specific carotenoid levels in

wheat with a view to the identification of a fast and accurate method for selecting

varieties high in specific carotenoids.

2.1.1 Introduction

The extraction of wheat xanthophylls has been carried out for many years, and involves
water saturated butanol extraction and measurement on a spectrophotometer.
Additionally, the reflectance of flour samples has been used for many years for
determining colour, and a relationship between b* and extractable yellow pigments is
widely accepted. However, current methods for the identification of wheat genotypes
high in specific carotenoids involve high performance liquid chromatography and are
slow, costly and highly labour intensive. This method is a major barrier to the extensive
germplasm screening that is required for the identification of high carotenoid wheat
varieties. The chemical structure of carotenoids indicates that a correlation with colour
is likely and it is therefore possibie that divergent selection for colour in bread and pasta
wheat has influenced the carotenoid content of these species. Determination of a
correlation between a fast and accurate colour measurement such as that obtained from
the Minolta Chroma Meter, and carotenoid concentration determined by HPLC, would
vastly increase the number of samples that can be screened in a given time period. The
work reported in this chapter investigates this correlation by the comparison of over
1000 wheat accessions from eight wheat groups, from an international wheat collection
(CIMMYT) for flour colour, with the carotenoid concentration of 15 samples from each

of the eight wheat groups, selection was based on Chroma Meter readings.
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2.1.2 Materials and Methods
2.1.2 a Wheat

Source

Bread and durum wheat varieties grown under irrigation from the 1995-1996 harvest
were obtained from the International Maize and Wheat Improvement Centre
(CIMMYT) collection and held in quarantine facilities at the Waite Agricultural
Reséarch Institute. The average moisture content was ~11%. The bread wheat

(Triticum aestivum) groups were:
CBMEI1SY: 154 varieties

J731A: 144 semi-dwarf varieties, with exception of two old tall varieties, containing 27

of the main varieties released by CIMMYT since 1950.

J731BI: 182 varieties

J731BII: 182 varieties

Lukas: 296 varieties

ISO-Seri: 279 varieties

ISO-Heat: 72 varieties

The durum wheat (Triticum turgidum) group was:

29" IDSN: durum wheat (Triticum turgidum) 230 varieties

Milling

10 g of each wheat sample were milled on a Quadrumat Junior Mill (Brabender,
Germany) located in the SARDI wheat quality laboratory, University of Adelaide,
Waite Campus. This mill allows separate collection of the flour, which is mainly

endosperm, and the bran that combines the bran, seed coat, aleurone, some flour and

germ. When combined these fractions are referred to as "whole-meal”.
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2.1.2 b Colour Analysis

L* a*, b* |

Colour of flour, bran and whole-meal was analysed using a Minolta Chroma Meter C-
100 (Minolta Camera Co. Ltd., Osaka, Japan) incorporating a handheld device linked to
a processing unit within an in-built printer. The Minolta Chroma Meter, using the L*,
a*, b* system, allocates each sample a colour reference with the CIE-Lab 3-dimensional
colour space. L* values represent brightness on a 0 (pure black) -100 (pure white) unit
scale, a* values range from -60 (pure green) to +60 (pure red), and b* values range from
-60 (pure blue) to +60 (pure yellow). Each L*, a*, b* value printed is averaged from
three readings. The Chroma Meter was calibrated with a white tile and black card
initially and periodically throughout analysis, though no recalibration was necessary.
Further details and a diagrammatical explanation of the classification of colour by this
method can be found in Chapter 1. The target b* value in Australian bread wheat flour
is 9-11, while >11 is unacceptable due to the strong yellow colouration that is
undesirable in many bread wheat end products and gives a visible yellow tinge to the

flour.

2.1.2 ¢ Carotenoid Extraction and Analysis

Analysis of the individual wheat fractions was not possible due to the limited amount of
wheat available. The whole-meal fraction only was analysed for the carotenoid profile.
Random replicates were included to identify experimental error. Ethyl-B-apo-8’-
carotenoate waé used as an internal standard. The extraction and high performance

liquid chromatographic (HPLC) methods are as reported in Khachik ez al., (1991b).

Extraction

Five grams of each wheat sample were ground in an IKA analytical mill for 60 seconds,
weighed and extracted for 1 hour in 20 ml tetrahydrofuran (THF) and 10% of the
sample weight sodium carbonate (Na;COs). The extractant was partitioned with CH,
Cl, and water to remove water-soluble compounds, and dried under a stream of high-
purity nitrogen. The sample was stored in darkened glass vials at —20 °C until required
for high performance liquid chromatography (HPLC) analysis. Further details are given
in Appendix Al.1.
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Analysis

Extracted samples‘ were removed from -20° C and allowed to come to room temperature
before analysis by HPLC. Carotenoids were identified based on elution times in
comparison with standard reference samples of authentic all-E-lutein, all-E-o0-carotene,
all-E-B-carotene (SIGMA), and concurrence with wavelength for standard compounds

(see literature review).

Column

Analysis was conducted on a Hewlett-Packard 1090 Series II liquid chromatograph with
rapid screening UV/VIS and photodiode array detector. Using a Waters Spherisorb
(250mm length X 4.6mm i.d.) ODS-2 (5um spherical particles) reverse phase column
(Alltech Associates (Aust.) Pty. Ltd.), protected by a Spherisorb guard cartridge (20mm
length X 4.6 mm i.d.) packed with ODS-2 (Spum patticle size). »

Solvents and Method
Solvent A: 90% acetonitrile and 10% methanol. Solvent B: 45% dichloromethane, 45%

hexane, 10% methanol and 0.1% DIPEA.

Method: at time O minutes, 100% Solvent A (0% Solvent B), followed by a linear
gradient beginning at 10 minutes and completed at 40 minutes resulting in 45% Solvent

A (55% Solvent B).

Injection solvent: 40% acetonitrile, 20% methanol, 20% dichloromethane, 20% hexane,

0.1% DIPEA.
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2.1.2 d Calculation of Retinol Activity Equivalents (RAE)

Retinol activity éqﬁivalent's (RAE), defined as half the number of Retinol Equivalents
(RE), were calculated using the following internationally accepted formulae (US
Institute of Medicine, 2000). The terms retinol equivalents and retinol activity

equivalents are explained in the literature review.

- Equation 2.1.1 Calculation of Retinol Activity Equivalents (RAE)
1 Re;inol Equivalent = (ug B-carotene / 6) + (g other provitamin A carotenoids / 12)
and 1 Retinol Activity Equivalent = Retinol Equivalent / 2

therefore 1 Retinol Activity Equivalent =

(ug B-carotene / 6) + (1ig other provitamin A carotenoids / 12)

2

One Retinol Activity Equivalent is therefore equivalent to 1 pg retinol, 12 pg B-

carotene or 24 pig of other provitamin A carotenoids.

2.1.3 Results
2.1.3 a Colour

Overall, the L* value varied the least between wheat groups and fractions, while the b*
value varied the most both between wheat groups and between fractions. Variation

within and between wheat groups is shown in Table 2.1.1.
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Table 2.1.1 Range of colour values obtained from the bran, flour and whole-meal

fractions for each wheat group. Means are shown in parentheses. Whole-meal results

only are available for ISO-Seri.

Bran L* a* b*
29"IDSN | 60.64 - 87.68 (74.79) | 0.16—5.69 (2.6) 17.48 — 31.56 (21.6)
CBMEI1SY 52.1_8 - 80.05 (63.94) 2.28 -6.27 (5.05) 10.94 —23.57 (15.77)
ISO-Heat 67.64 -77.73 (75.13) 2.53-3.81(3.07) 16.563 —20.44 (17.74)
J731A 55.09 - 70.98 (64.33) 2.93 - 6.8 (4.93) 11.2-21.26 (16.38)
JI3IBI | 55.42-82.01 (71.85) | 1.44—8.67 (4.4) 10.46—28.22 (17.5)
J731BIL 55.35-78.61 (70.84) 2.27-17.31(3.84) 11.65-26.44 (17.5)
Lukas 65.5-176.75 (72.28) 2.3-422(3.18) 10.69 —21.59 (12.59)
Flour L* a* b*
20"TDSN | 65.67 —90.04 (77.55) | -148-3.07(1.92) | 14.76 —24.15 (19.6)
CBMEISY | 73.02-—86.49 (80.52) 0.66 —3.46 (1.9) 824 -19.41(13.24)
ISO-Heat 75.37 - 79.63 (77.62) 1.34 -3.21 (2.66) 14.09 — 17.86 (16.62)
J731A 73.66 — 83.1 (78.18) 1.18 -3.16 (2.36) 10.35 - 18.25 (14.42)
J731BI 638.9 - 88.17 (77.04) 0.96 —5.37 (2.7) 9.77 -25.58 (17.15)
J731BI1 60.24 — 84.31 (75.35) 0.37 —5.55(2.83) 11.16 —22.01 (16.7)
Lukas 74.15 — 82.94 (78.33) 1.31-296(2.2) 9.6 -18.9 (11.77)
Whole-meal | L* a* b*
29" IDSN 72.42 — 87.23 (718.21) -1.44 - 437 (2.1) 16.04 —23.48 (19.1)
CBMEI1SY | 72.4 —85.46 (80.32) 0.89-34(1.9 8.77-19.91 (12.81)
ISO-Heat 74.4 - 79.53 (77.44) 1-3.412.7) 13.94 — 18.01 (16.56)
J731A 72.46 — 83.66 (78.12) 1.13-3.74 (24) 9.44 -17.57 (14)
J731BI 68.97 — 86.7 (77.84) 1.09-5.37 (3) 9.94 - 25.27 (17.16)
J731BII 69.06 — 84.75 (76.38) 1.02 —4.55 (2.9) 10.16—21.92 (15.9)
Lukas 71.09 — 81.17 (77.49) 1.56 —2.98 (2.3) 9.6 -18.46 (11.54)
ISO-Seri 72.7 - 87.4 (79.23) 1.23 -3.07 (2.09) 7.3 —24.06 (17.06)
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L* values

Bran, flour and whole-meal fractions for each cultivar in each wheat group were
analysed for L*, a* and b*. In all wheat groups the L* values of the bran fraction was
lower (p < 0.001) than the flour and whole-meal fraction L* values. The flour and
whole-meal fractions were not different (Figure 2.1.1). There was variation (p < 0.001)
between wheat g'roups for L* value in each wheat fraction, however there was no
difference in the values for wheat fractions within each wheat group. Bran L* values in
wheat groups CBME1SY and J731A were lower (p < 0.001) than in other wheat groups.
Wheat group CBME1SY had higher (p < 0.001) flour and whole-meal L* values than
the other wheat groups, and the range of values obtained for L* are shown in Table

2.1.1 under the appropriate wheat group.

85
HBran Whole-meal OFlour
80 -
75 -
L* 70
65 v
60
55 ——

20th IDSN CBME1SY 1SO-Heat [SO-Seri J731A J731B1  J731B 1l Lukas
' Wheat group

Figure 2.1.1 L* values for flour, bran and whole-meal fraction. Values shown
are the mean of each group, + standard error. Results were available for the
whole-meal fraction only of ISO-Seri. J731BI, n=182; J731BH, n=182;
CBMEI1SY, n=154; 29™ IDSN, n=184; 1731A, n=65; ISO-Heat, n=72; ISO-Seri,
n=82; Lukas, n=60.
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a*values

The mean a* value for the bran fraction was higher (p < 0.001) than the mean of the
flour and whole-meal fractions. Additionally, the mean a* value of the flour and whole-
meal fractions were not different (Figure 2.1.2). There were differences (p < 0.001)
between wheat groups for a* values, and wheat groups CBME1SY and J731A had
higher (p < 0.00.1) a* values than other wheat groups, while 29" IDSN had the lowest

mean a* value.

Wheat groups J731BI and J731BII had higher (p < 0.001) whole-meal a* values than
the other wheat groups. ISO-Heat, J731A, J731BI and J731BII had higher (p < 0.001)
flour a* values than other wheat groups, and the range of values obtained for a* are

shown in Table 2.1.1.
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Figure 2.1.2 a* values for flour, bran and whole-meal fraction. Values shown
are the mean of each group =+ standard error. Results were available for the
whole-meal fraction only of ISO-Seri. J731BI n=182, J731BI n=182,
CBMEI1SY n=154, 29" IDSN n=184, J731A n=65, ISO-Heat n=72, Lukas
n=60.



b* values

Wheat groupé varied widely for bran b* values. However, most wheat groups had a
higher (p < 0.001) mean bran b* value than flour and whole-meal b* value. Exceptions
were the wheat group Lukas, which showed no difference in b* value between the
fractions (Figlire 2.1.3), and the wheat group J731BII, where the flour b* values and
bran b* values were not different. There was no significant difference between the
whole-meal and bran fraction b* values in any of the wheat groups. Wheat group Lukas
had a lower (p < 0.001) mean b* value than all other wheat groups for all fractions.
Wheat group 29™ IDSN had a higher (p < 0.001) b* value for all fractions than the other

wheat groups.

Although the flour b* value was higher than in the other fractions in all wheat groups,
other than J731BI, this was not significant. In the whole-meal fraction ISO-Heat,
J731BI, J731BII had higher (p < 0.001) b* values than wheat groups J731A and
CBMEI1SY.

22 4
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29th IDSN CBME1SY ISO-Heat 1S0-Seri  J731A J731B1  J731B1I Lukas
Wheat group

Figure 2.1.3. b* colourimetry values for flour, bran and whole-meal fraction. Values
shown are the average of each group + standard error. Results were available for the
whole-meal fraction only of ISO-Seri. J731BIn=182, J731BII n=182, CBME1SY
n=154, 29" IDSN n=184, J731A n=65, ISO-Heat n=72, Lukas n=60.
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2.1.3 b Carotenoids

Varieties within each wheat group were classified based on their b* value as either high,
low or mid range specific to that wheat group. Varieties within each range were then
selected from each wheat group' and analysed for specific carotenoids (Figure 2.1.4,
2.1.5, 2.1.6). There were differences (p < 0.001) between the concentrations of lutein,
o- and B-carotene for each of the three b* value ranges in all wheat groups except
Lukas. Although lutein, and o- and B-carotene were detected in most samples, lutein _
was .most abundant, with some concentrations up to ten times that of B-carotene. Alpha-
carotene was detected at lower concentrations than the other carotenoids, and was

undetectable in some samples.

The concentration of lutein in the high b* range varieties was higher (p < 0.001) that in
the low b* range varieties, but not significantly different between the high and mid b*
range varieties. An exception was in wheat group ISO-Seri where there were significant

differences between high and mid b*, and low b* values for lutein concentration.
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Figure 2.1.4 Lutein concentration (mg/kg) for high, mid and low range b* values of the

whole-meal fraction of individual wheat groups. Error bars were removed for clarity

and were within 5% of the mean. For each point n=3.
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Figure 2.1.5 Beta-carotene concentration (mg/kg) for high, mid and low range b*
values of the whole-meal fraction of individual wheat groups. Error bars were removed

for clarity and were within 5% of the mean. For each point n=3.

Alpha-carotene concentrations were not significantly different between b* value ranges,
with the exception of wheat groups J731BI and J731BIL. In these wheat groups there
was a difference betwelen high and low b* value range (p < 0.003), also between high
and mid b* value range (p < 0.008) for o-carotene concentration. The same two wheat
groups were the only ones to have different (p < 0.001) B-carotene concentrations

between the b* value ranges.

The bread wheat groups J731A, J731BI, J731BII, ISO-Seri and the durum wheat group
29" JDSN had similar maximal concentrations of B-carotene despite their high b*

values differing.

The b* groupings (high, mid, low) identify lines differing in carotenoids whereas a* and
L* do not. Therefore the correlation between b* and carotenoids is probably a

meaningful relationship and not just due to chance.
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Figure 2.1.6 Alpha-carotene concentration (mg/kg) for high, mid and low range
b* values of the whole-meal fraction of individual wheat groups. Error bars

were removed for clarity and were within 5% of the mean. For each point n=3.

2.1.3 ¢ Correlation between Colour and Carotenoids

CIE L*a*b* colour values were correlated with carotenoid concentration, and all
colour-carotenoid relationships are shown in Appendix B (Tables B1, B2 & B3). For
the maximal model of separate regressions, the residual vs fitted plot of lutein vs b*
showed that the variance changes as the two variables increased. Therefore, variance
was normalised by a square root transformation (sqrt) Appendix B (TablegB4). As the
wheat group 29»‘" IDSN was a different wheat species (Triticum turgidum) that is bred
for high pigmentation, it was not expected to comply to the same relationship with the
variable as the remaining varieties. The analysis of sqrt (lutein) vs b* disregarding 20"
IDSN suggested that at the 5% level there was no significant difference (p value = 0.19)
between a distinct regression model with different slope and different intercept
parameters and a sub-model with the same intercept and different slope parameters.
There was very strong evidence (p = 0) that a common regression line for all varieties

is not required and therefore the common intercept/different slope model was retained.

The analysis of sqrt (lutein) vs b* including 29'" IDSN showed that at the 5% level there

was very strong evidence (p value = O) that different varieties required different
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regressions, even after lutein had been transformed using its square root. Regression
equations are shown in Table 2.1.2. Analysis of sqrt (B-carotene) vs b* showed that at
the 10% level there was some evidence (p value = 0.055) that each regression described
a different relationship bg.tweeri variables. At the 5% level this could be deemed as not
strong enough and the model can be reduced to a model with the same intercept for each
regression line but different slopes. Analysis of sqrt (o-carotene) vs b* suggested that
at tl_le 5% level there was no significant difference (p value = 0.074) between the slopes
of the regressions. This suggests that the slopes of each regression are parallel and that
each of the intercepts are different. There was significant evidence (p value = 0.018)

that the intercepts are different and therefore the model may not be reduced further.

Table 2.1.2 Regression equations between b* and lutein, a-carotene and B-carotene for

all wheat groups for square root transformed data.

Wheat Group b* Lutein b* a-carotene b* B-carotene
29" IDSN -1.42 + 0.13 b* -0.12 + 0.005 b* .-0.04 + 0.015 b*
CBMEI1SY -0.15+0.035b* -0.12-0.001 b* -0.04 + 0.013 b*
ISO-Heat -0.15+0.038 b*  -0.12-0.013b* -0.04 + 0.015 b*
ISO-Seri -0.15+0.056 b*  -0.12+0.019b* -0.04 +0.015 b*
J731A | -0.15 + 0.04 b* -0.12-0.002b* -0.04 +0.19b*

J731BI -0.15 + 0.05 b* -0.12-0.004 b* -0.04 + 0.015 b*
J731BI1 -0.15 + 0.03 b* -0.12 + 0.009 b* -0.04 + 0.015 b*
Lukas -0.15 + 0.04 b* -0.12+ 0.016 b* -0.04 + 0.018 b*

Of all the correlations between the colour values, L*, a* and b*, and carotenoid
concentration, by far the strongest was that between the b* value and lutein
concentration (strong correlation indicated by r > 0.7, p<0.001) Appendix B, (Tables
B1, B2, B3) & Figure 2.1.4. The correlation between lutein concentration and b* value

was less strong when all wheat groups were combined (r = 0.62), indicating that
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individual regression equations miost accurately explain the correlations. Correlations
between L* value and lutein concentration, and a* value and lutein concentration were
only strong in wheat group Lukas. In this wheat group lutein concentration was

positively correlated with a* value and negatively correlated with L* value.

The b* value was also strongly correlated with B-carotene concentration in most wheat
groups; wheat groups Lukas and 29" IDSN (durum) did not have this strong correlation
(Figl‘ire 2.1.5). In several of the wheat groups there was a strong correlation between -
carotene concentration and a* value (CBMEI1SY, J731A, ISO-Seri, J731BI); and -
carotene concentration with L* value (CBMEI1SY, ISO-Seri). When the durum wheat
group (29" IDSN) was removed from the data set there was a strong correlation

between B-carotene and b*.

There were only two wheat groups, ISO-Seri and CBMEISY, that had a strong
correlation between all three colour values, L*, a* and b*, and o-carotene concentration
(Figure 2.1.6). When all wheat groups were combined there was not a strong

correlation between b* value and o-carotene concentration.
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2.1.3 d Retinol Activity Equivalent (RAE)

There was no sigriificant difference between wheat groups for RAE at each b* range
(Table 2.1.3). However, the low, mid and high b* range wheat varieties in each wheat
group were different (p < 0.001) for RAE levels. There was no consistent correlation

between RAE and any of the colour measures.

Table 2.1.3 Mean retinol activity equivalents per gram of wheat for high, mid

and low b* range in all wheat groups, calculated using Formula 2.1.1.

Low Mid High Low Mid High

29" IDSN 0.006 0.007 0.008 | ISO-Seri 0.001 0.006 0.011
CBME1ISY 0.001 0.002 0.005 | ISO-Heat 0.002 0.005 0.007
Lukas 0.003 0.005 0.005 | J731A 0.002 0.003 0.009

J731BI1 0.001 0.007 0.011 | J731BII 0.002 0.006 0.0t

2.1.4 Discussion

In order to determine the relationship between flour colour and specific carotenoids,
both of these variables were measured in an arbitrary manner. The flour colour
quantified by the L*, a* and b* values obtained from the Minolta Chroma Meter was
correlated to concentrations of specific carotenoids measured by HPLC. Determination
of a relationship between these variables will allow the use of a colour value to identify

high carotenoid wheat varieties.

Colour relationship between wheat fractions

In all wheat groups the flour colour values (L*, a*, b*) (Table 2.1.1) were well defined
by those of the whole-meal fraction (Figures 2.1.1, 2.1.2, &2.1.3), and this was
attributed to the predominance of the flour fraction in the wheat grain. It is therefore
possible to extrapolate colour values from the easily accessible, whole-meal samples, to

those of the flour fraction, which is the main proportion consumed.
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Correlation between colour and carotenoids

There was a étfong posifive correlation (r > 0.75) between b* values and lutein
concentration in all wheat groups, with the strongest correlation seen in the wheat group
with the highes.t b* values, 29" IDSN, the durum (Appendix B, Table B1). Despite
this, the correlation Was less strong when all wheat groups were combined (r = 0.62),
which was attributed to the contribution of coloured constituents other than carotenoids
to the b* value. The other colour parameters, L* and a*, showed little correlation with
lutein (Appendix B, Table B1). Therefore the concentration of lutein in wheat flour
(Figure 2.1.4) can be best estimated from the b* value, and wheat varieties can be

ranked for lutein concentration through a comparison of this colour value.

Generally, b* values were strongly correlated to both - and B-carotene concentration
(Appendix B, Tables B2 & B3), indicating that b* values are useful for identifying
high concentrations of these provitamin A carotenoids as well as lutein. The wheat
groups without strong correlations between the b* value and B-carotene were those with
the lowest b* values (Lukas) and the highest b* values (29th IDSN). Interestingly, the
wheat group 29" IDSN, which had the highest b* value and lutein concentration, had a
relatively low B-carotene concentration (Figure 2.1.5), and additionally was one of the
wheat groups not to show a strong correlation between b* and B-carotene. It may well
be that the accumulation of lutein and the relatively low levels of B-carotene indicate the
dominance of the lutein side chain of the carotenoid biosynthetic pathway in durum
wheat (see literature review for biosynthetic pathway). The dominance of the lutein
pathway over the B-carotene pathway could possibly be due to the selection for colour
contributed by lutein in durum wheat. Lutein absorbs at 446 nm (yellow) while B-
carotene absorbs at 452 nm (orange), which results in different colour measures.
Alternatively, the accumulation of lutein at the expense of B-carotene might be due to an
interspecies differentiation between the durum (Triticum turgidum) and bread wheat
(Triticum aestivum) for the enzymes regulating the biosynthetic pathway to B-carotene.
Manipulation of these regulatory enzymes may be a possible approach for increasing or

decreasing the concentration of certain carotenoids.

The strong correlation between o- and B-carotene and the b* value determined here
does not agree with the findings of Takahata et al. (1993), who found that the a* value

best correlated with P-carotene concentration in sweet-potato. Ramakrishnan and
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Francis (1973) also found a strong relationship between a* and total carotenoid
concentration in paprika, and it is possible that since the analyses which relate a* and
carotenoid content were conducted on foods other than wheat, there is an effect of the
plant species on the presence of a relationship. In addition, the low level of
pigmentation in Wheat in comparison with that of the other foods analysed may have an

effect on the relationship between colour values and carotenoid concentrations.

The-Retinol Activity Equivalents (RAE) (Table 2.1.3) were strongly correlated with b*
in most wheat groups, ideﬂtifying the b* value as a useful colour parameter for
determining the RAE of wheat. This strong correlation was expected in wheat groups
that had strong correlations with B-carotene, as this was the dominant carotene, and has
a greater RAE value than o-carotene. The absence of a strong correlation in the durum
wheat group (20" IDSN) could again be attributed to the dominance of lutein in this
species over B-carotene. The determined correlation between the b* value and RAE is
useful for the selection of wheat varieties high in provitamin A carotenoids, which can
form the base of breeding programs to increase the nutritional value of this staple food.
However, it is important to remember that the RAE does not take into account the
complex interaction between carotenoids and the food matrix in which they are found or
the nutritional status of the individual consumer, both of which affect the bioavailability
and bioconversion of carotenoids. Therefore, the RAE does not accurately indicate the
amount of vitamin A an individual will obtain from a food, but is at present the best

measure of the po_tentiai of a food to provide vitamin A precursors.

The wheat samples analysed here for carotenoids were whole-meal, encompassing all
parts of the wheat grain, while flour, which is principally comprised of endosperm is
most commonly consumed, and it is acknowledged that there will be a difference in
carotenoid concentrations between the flour and whole-meal. However, although the
embryo (in the bran fraction here) is the most concentrated source of carotenoids,
containing 14% of the total carotenoids in the grain, this only makes up ~10% of the
whole-meal, while the endosperm with a lower concentration of carotenoids (6% of the
total carotenoids) represents ~80% of the grain (Mac Masters et al., 1971; Chen and
Geddes, 1945 in Kruger and Reed, 1988; Orth and Shelienberger, 1988). Consequently
endosperm carotenoid concentration has the greater influence on the total carotenoid

concentration of wheat, and the carotenoid concentration determined here will not differ
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vastly from that of flour. Hand-milling that replaces industrial milling in many villages
leads to the inclusior of parts of the embryo in the consumed flour, and will increase the
concentration of carotenoids that are obtained from wheat. However, retention of this

oil containing plant-part reduces the storage of the flour due to rancidity.

In conclusion, the hypothesis that the CIE L*a*b* colorimetry method would be a
useful tool for fast screening of both bread and durum wheat varieties for lutein content
was supported, with a strong positive correlation shown between lutein and b*. The b*
value was also indicative of the provitamin A carotenoid content in most bread wheat
groups, though not in the durum wheat group (29th IDSN). Therefore, this method can
be recommended for screening bread wheat varieties with higher concentrations of

lutein and carotenes, and durum wheat varieties with higher concentrations of lutein.
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Carotenoids, colour and storage

CHAPTER 2.2

The Effect of Storage as Grain or Flour on Stability of Colour
and Carotenoid Content in Wheat

Aim
To determine the’ dependence of colour / carotenoid content in wheat on time of storage

has been stored as grain or flour at two temperatures.

2.2.1 Introduction

The year round demand by consumers for bakery products, and therefore all year
demand for wheat by millers and bakers, necessitates storage of the majority of the
annual harvest. The maximum time for which wheat can be stored is determined by a
change in quality parameters specific to the end product, and such parameters include
contamination and loss of baking quality. Wheat can be stored either as grain or as
milled flour. Storage for the period between harvests as grain is common, and it is
claimed that there is little decrease in quality with storage in this form (Zeleny, 1954).
Wheat can also be stored as flour, and a minimum storage period of three weeks in this
form is necessary to achieve quality parameters such as gluten stability for biscuits and
cakes, while storageyfor up to eight weeks is necessary for continental breads. However,
wheat is not stored as flour for periods longer than this in Australia due to
contamination and degradation in other quality parameters (Lauke Mills, pers. comm.,

2001).

Numerous components make up flour quality, including protein concentration, which
determines end use, mineral content and moisture content (Mailhot, 1988). Flour colour
is another aspect of wheat quality to receive attention, and it can be either desirable or
detrimental to quality again depending on the end product. Depending on end use,
wheat quality can be either adversely or favourably affected by storage, and extensive
studies have been conducted to elucidate many of the components that influence quality

(Cuendet et al., 1954; Bell et al., 1979).

Of the reported studies into the level of colouration in various wheat varieties (Patton

and Dishaw, 1968; Skarsaune and Shuey, 1975; Watson and Shuey, 1977) only one
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Carotenoids, colour and storage

measured colour deterioration during storage (Watson and Shuey, 1977). This study of
wheat stored as flour for 2-3 months at room temperature failed to detect any colour
change. However, this study used the Agtron method of colour evaluation, which uses a
green scale and does not consider the role of carotenoid pigments (Patton and Dishaw,
1968). For this reason the Agtron method was not deemed suitable for the experiment

undertaken here.

A study that investigated change in the concentration of lutein in wheat flour during
storage (Farrington et al., 1981) found that lutein exhibited a linear decline during the
storage period, though changes in colour were not reported. Other studies that have
reported changes in the carotenoid composition of wheat grain under various storage
conditions found that total lutein was not reduced during storage as grain (Kaneko et al.,
1995; Pinzino, 1999). However, the focus of these studies was on tﬁe changes in lutein

ester proportions, and did not relate free-lutein concentration to colour.

The following study investigates the correlation between colour measured using the
CIE-Lab method, and carotenoids measured using HPLC, during storage as both grain
and flour at 5 °C and 35 °C.

2.2.2 Material and Methods

2.2.2 a Grain and Flour Source

Two kilograms of grain from each of the 4 wheat varieties; Spear, Worrakatta,
Krichauff and Tamaroi (a durum) were obtained from the 1999 harvest at Roseworthy
Agricultural College, South Australia. For each variety there were 5 treatments: 1)
unstored, 2) stored as grain at 5 °C for 6 months, 3) stored as grain at 35 °C for 6
months, 4) stored as flour at 5 °C for 6 months, 5) stored as flour at 35 °C for 6 months.
Samples were stored in paper bags. The moisture content of the grain was
approximately 11% before and after storage. Each treatment was replicated 4 times and

each replicate involved 100 g of wheat.

Flour was obtained by milling the wheat on a Quadrumat Junior Mill (Brabender,
Germany) located at the South Australian Research and Development Institute Wheat
Quality Laboratory, at the Waite Campus of the University of Adelaide, Australia. This

56



Carotenoids, colour and storage

process resembles the commercial milling process, albeit in a simplified form, and
removes the outer layérs of the grain leaving flour that is primarily composed of

endosperm.

Krichauff is exceptional in that it has a b* value above the Australian standard
acceptable range of 9-11 (Krichauff b* ~13), while the other bread wheats used in this

study had b* values in the acceptable range.

2.2.2 b Storage Conditions

Grain and flour samples were stored in brown paper bags at constant temperatures of

5°C or 35 °C in the dark, at a relative humidity of ~5%.

2.2.2 ¢ Colour Analysis

Regardless of whether the wheat was stored as grain or flour, colour analysis was

performed on flour. Colour analysis was performed as detailed in Chapter 2.1.

2.2.2d Carotenoid Analysis

Carotenoids were extracted from all samples using the method detailed in Chapter 2.1;
further details are given in Appendix A1.1. HPLC analysis of the carotenoid profile

was conducted as detailed in Chapter 2.1.

2.2.3 Results
2.2.3 a Colour

The greatest decrease in b* value for wheat stored as grain was brought about by an
increase in storage temperature from 5 °C to 35 °C (Figure 2.2.1). The wheat variety
Krichauff was an exception, with similar decreases in b* under all storage conditions.
In wheat stored as flour the greatest decrease in b* value was as a result of storage for 6

months (Figare 2.2.2).

Despite the decreases in b* in both grain and flour, only Spear and Worrakatta, stored
for 6 months at 35 °C, had a b* value acceptable to the Australian Wheat Board for
bread wheat (b*< 11). The durum wheat variety Tamaroi recorded the highest b*

values in both the grain and flour forms under all storage conditions.
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In wheat stored as flour the overall decrease in b* values was not significantly different
between varieties. Thérefore, as there was a significant difference between varieties for
initial b* values there was no relationship between the initial b* value and the overall
decrease in b*'value. The wheat varieties with the lowest and highest b* values, Spear
and Tamaroi respectively, had equal decreases in overall b*. While the wheat varieties
with mid b* values, Worrakatta and Krichauff, had comparatively less decrease in

colour.

2.2.3 b Lutein

In all varieties, wheat stored both as grain and flour recorded a significant drop in lutein
concentration when stored for 6 months as compared to samples that were analysed at
the beginning of the study (Figure 2.2.1, Figure 2.2.2). A significant decrease in lutein
concentration was also seen as storage temperature increased from 5 °C to 35 °C, again

in both flour and grain forms and in all varieties ().

In the majority of varieties the greatest decrease in lutein concentration was due to an
increase in storage time from 0 to 6 months with little further degradation attributable to
an increase in temperature from 5 °C to 35 °C. The bread wheat variety Spear was the
exception, and had a similar decrease in lutein concentration in both grain and flour

forms despite a greater decrease in b* value when stored as flour.

In wheat stored as grain there were similar overall lutein concentrations in all varieties,
with the exception of Spear, the variety with the absolute lowest initial concentration.
The greatest decrease in lutein concentration in wheat stored as grain was due to an
increase in temperature, and was similar in all wheat varieties except Spear, where the

decrease was less.

In all varieties the overall decrease in lutein concentration was doubled by storage as
flour rather than grain, with the exception of the durum. When stored as flour, the
durum (Tamaroi) recorded a decrease in lutein concentration four times that when

stored as grain.
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Figure 2.2.1 Lutein concentration (mg/kg) and b* values for wheat stored as

grain under all conditions for all wheat varieties. Spear - (); Worrakatta - O;

Krichauff - A; Tamaroi - O. Filled icon indicates unstored wheat, grey shaded
icon indicates wheat stored at 5 °C for 6 months, and unfilled icon indicates
wheat stored at 35 °C for 6 months. Values are the mean of 4 measurements,
error bars were omitted for clarity but standard errors were within 5 % of the
mean.
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Figure 2.2.2 Lutein concentration (mg/kg) and b* values for wheat stored as
flour under all conditions for all wheat varieties. Explanation of symbols is
given above. Values are the mean of 4 measurements, error bars were omitted
for clarity but standard errors were within 5 % of the mean.
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In wheat stored as flour the greatest overall decrease in lutein concentration was seen in
the variety Witﬁ the highest initial lutein concentration, which was the durum variety
Tamaroi.he least decrease was seen in the variety with the lowest lutein concentration
initially, Spear. The greatest decrease in lutein concentration in wheat stored as flour

was seen between wheat that was unstored and stored at 5 °C.

In wheat stored as grain, the varieties with the least and greatest b* values showed
proportional decreases in b* value and lutein concentration, while in Krichauff and
Worrakatta the decrease in b* value was greater than the decrease in the lutein

concentration (Table 2.2.1).

Table 2.2.1 Summary of mean overall percent decrease in b* value and lutein
concentration for all wheat varieties stored as grain. Reading both down
columns and across lines different superscripts indicate significant difference.

Standard errors were within 5 % of the mean, n=4.

GRAIN b* Lutein Overall

Spear 22%* 28%" b*=lutein
Worrakatta 16%° 35%° b*<lutein
Krichauff 7% 29%°  b* <lutein

Tamaroi 11% " 11%%  b*=lutein

In wheat stored as flour the overall decrease in b* value was less than the overall
decrease in lutein concentration in all wheat varieties (Table 2.2.2). There was a similar
decrease in b* value, but the more pigmented varieties ie Krichauff and Tamaroi had

less proportional decrease in lutein concentration than the other varieties.
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Table 2.2.2 Summary of mean overall percent decrease in b* value and lutein
concentration for all wheat varieties stored as flour. Different superscrips
indicate significant difference. Standard errors were within 5 % of the mean,

n=4.

FLOUR b* Lutein Overall

Spear 18%* 76%°  b*<lutein
Worrakatta  18%® 77%°  b* <lutein
Krichauff 15%?® 50%° b* <lutein

Tamaroi 14%* 40%° b* <lutein

2.2.3 ¢ Carotenes

Alpha-carotene was undetectable in all samples stored as grain and flour, while low
concentrations of B-carotene were detected in all varieties under all storage conditions.
Krichauff had the highest concentration of B-carotene under all storage conditions.
There was little decrease in B-carotene concentration with increased storage time and
temperature in the grain form (Figure 2.2.3). In wheat stored as flour the greatest
decrease in B-carotene concentration was brought about by increased storage time, most
notable in Worrakatta (Figure 2.2.4), regardless of temperature. Krichauff showed
similar decreases in -carotene concentration in both the grain and flour forms while all

other varieties had greater decreases in the flour form.
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Figure 2.2.3 Beta-carotene concentration (mg/kg) and b* values of wheat stored

as grain under all conditions for al wheat varieties. Spear - <>; Worrakatta - [71;

Krichauff - A; Tamaroi - O. Filled icon indicates unstored wheat, grey shaded
icon indicates wheat stored at 5 °C for 6 months, and unfilled icon indicates
wheat stored at 35° C for 6 months. Values are the mean of 4 measurements,
error bars were omitted for clarity but errors were within 5 % of the mean.
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Figure 2.2.4 Beta-carotene concentration and b* values for flour stored under
all conditions for all wheat varieties. Explanation of symbols is given above.
Values are the mean of 4 measurements, error bars were omitted for clarity but
errors were within 5 % of the mean.
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2.2.3 d Correlations

CIE L*a*b* colour values were correlated with carotenoid concentrations, and all
colour-carotenoid relationships are shown in Appendix B (Tables B5, B6, B7 & BS).
In wheat stored as both grain and flour there were strong correlations between b* value
and lutein concentration. There were strong correlations also between b* value and B-

carotene concentration in all wheat groups (Appendix B Table B6 & BS).

2.2.4 Discussion

The aim of this work was to determine if there was a strong relationship between colour
measured by b* and specific carotenoids following periods of storage under different
conditions. Determination of such a correlation would allow fast prediction of the
carotenoid value of wheat following storage in either the grain or flour form. A change
in grain/flour colour may represent an increase or decrease in quality depending on the
end use of the flour. As flour colour is of such great importance in wheat quality, the
pigments responsible for colour have been extensively investigated. Consistent with
previous findings, the study presented here found that lutein was the major carotenoid
present (Figures 2.2.1, 2.2.2) (Lepage and Sims, 1968), and that lutein concentration
decreased in wheat during storage as flour (Farrington et al., 1981), with less decrease
seen in wheat stored as grain (Kaneko et al., 1995). Unfortunately, neither of the
previous studies into the effects of storage on carotenoids in wheat recorded colour
changes, therefore direct comparisons with the colour to carotenoid correlation in

current study are not possible.

Decreases in b* value were accompanied by a decline in lutein concentration (Figure
2.2.1, 2.2.2). However, the decrease in b* value was generally less than the decrease in
lutein concentration (Tables 2.2.1, 2.2.2), indicating that not only all-trans-lutein
concentration is responsible for the b* value. The greater proportional decrease in
lutein concentration than b* value noted here, may be due to the production of lutein
esters during storage (not quantified here) (Kaneko et al., 1995). These compounds
absorb at the same wavelength as all-trans-lutein (446 nm) and therefore contribute
equally to the b* value. The difference between the varieties stored as grain for

proportional decreases in b* value and lutein concentration may have been due to
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varietal differences in the rate of esterification (Kaneko and Oyanagi, 1995). That the
same varieties cannot be groupéd together for their proportional differences in lutein
concentration in wheat stored as flour as when stored as grain can be attributed to a

combination of lutein esterification and oxidative degradation in this form.

In addition to lutein, B-carotene was also detected at very low concentrations in all
samples analysed (Figures 2.2.3, 2.2.4), including those stored as flour at 35 °C where
the greatest decrease in carotenoids was observed. The presence of lutein and -
carotene indicate that both side chains in the carotenoid biosynthetic pathway are
present, while the absence of o-carotene may be attributed to hydroxylation of this

hydrocarbon resulting in lutein.

The recently released high yielding bread wheat variety, Krichauff, is popular with
farmers, but has been downgraded by the Australian Wheat Board because of its strong
pigmentation (b* > 11). The effect of storage on the colour and carotenoid content of
this variety is therefore of particular interest to growers and millers alike. Of all the
wheat varieties analysed here Krichauff showed the least decrease in b* value with
storage as grain (Table 2.2.1), indicating that the yellow colour of this highly pigmented
bread wheat cannot be reduced significantly by storage in this form. However, in
Krichauff stored as flour the overall decrease in lutein and [-carotene concentration was

the least seen in all varieties (Table 2.2.2).

In contrast, when stored as flour Krichauff showed the least overall decrease in b* value
associated with the least overall decrease in lutein and B-carotene concentration of the
bread wheat varieties (Table 2.2.2). However, the overall decrease in b* value in
Krichauff was sufficient to reach an acceptable b* valve for millers (b* = 11).
Krichauff can therefore attain an acceptable colour level while still retaining a
proportionally higher concentration of lutein than the other bread wheat varieties even
when stored as flour at 35 °C for 6 months. This may indicate that this variety has a
reduced rate of esterification.  Additionally, this wheat variety had a higher

concentration of B-carotene than the other wheat varieties analysed here.

Generally, the greatest decrease in total lutein and B-carotene concentration was
associated with storage for 6 months as flour. Little further decrease in the

concentration of these carotenoids was found when storage temperature was increased

64



Carotenoids, colour and storage

from 5 °C to 35 °C for the 6 month period. As the samples were stored in paper bags
which allowed free flow of air ﬁuring the storage period the majority of the decrease in

carotenoids was attributed to oxidative degradation.

The presence of a relatively high concentration of lutein and associated high b* value of
the durum, Tamaroi, can be attributed to the importance of yellow colour in pasta
production based on durum wheat, and selection for this trait in breeding programs.
Addiiionally, the durum showed little decrease in b* value in grain stored at 5 °C, with
the majority of decrease occurring at 35 °C. Importantly for the pasta industry, storage
of grain at 5 °C for up to 6 months will result in only a small loss of the desired yellow
colour. It is proposed that the greater concentration of lutein proportional to f-carotene
in the durum wheat resulted in a greater effect on b* value by this carotenoid than in the
bread wheat varieties, resulting in the poor correlation between b* value and B-carotene

concentration.

In conclusion, this study supported the hypothesis that that the CIE L*a*b* colorimetry
method is a useful method for determining carotenoid concentrations in wheat under
different storage conditions. Results indicate that in wheat stored as grain, an increase
in temperature from 5 °C to 35 °C results in a considerable decrease in b* value, lutein
and B-carotene concentration, which was minimal when stored at 5 °C. However, in
wheat stored as flour, a large decrease in b* value and carotenoid concentration is
caused by storage for 6 months, regardless of temperature, and this is attributed to
oxidative degradation. There was a strong correlation in all wheat varieties between b*

value and lutein concentration and b* value and B-carotene concentration.
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CHAPTER 3

- Distribution of 'Lutein, Zeaxanthin and Related Geometrical
Isomers in Fruit, Vegetables, Wheat and Pasta Products

The work in this chapter was conducted at the University of Maryland (USA), in the
~ Department of Chemistry and Biochemistry, under the supervision of Dr. F. Khachik.

Aim
To determine the concentration of lutein, zeaxanthin and their isomers in fruit,

vegetables, wheat and pasta products commonly consumed in the USA.

3.1 Introduction

There have been numerous reports on the qualitative and quantitative distribution of
carotenoids in fruit and vegetables (Khachik et al., 1992a; Khachik et al., 1999c).
However, quantitative analysis of dietary lutein, zeaxanthin and their (E/Z)-
geometrical isomers are scarce, and generally only the combined concentrations of
these two carotenoids and their isomers are reported. Epidemiological and
observational studies have shown that lutein and zeaxanthin accumulate in the human
macula and may -have ‘implications in the prevention of age-related macula
degeneration .(AMD) (Bone et al., 1993). Additionally, the consumption of dietary
- lutein and zeaxanthin has been shown to increase the carotenoid pigments found in the

human macula.

The amount of lutein present in human blood is much greater than zeaxanthin and is a
reflection of the proportions in food, however this is not reflected in the human
macula where the ratio is 1:1. Additionally, the 1:1 ratio of E:Z isomers of lutein and
zeaxanthin in food is again reflected in blood and tissue samples, though this is not
found in the human eye, where the Z isomers are dominant. These ratios have
important implications in the prevention of AMD, as sufferers have been found to
have a reduced concentration of lutein and zeaxanthin Z isomers. In order to
determine the dietary source of macular pigments, an accurate measure of the

concentration of these carotenoid isomers in food is essential.
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3.2 Materials and Methods |
3.2.1 Source of Fruit ‘a'nd Vegetables

Fruit and vegetables ah_aly‘sed- were obtained from a local supermarket (Maryland,
USA) and included kale (Brassica oleracea), collard (. oleracea), broccoli (B.
oleracea), spinach (Spinacia oleracea), green beans (Phaseolus vulgaris), fresh
parsley (Petroselinum crispum), butternut pumpkin (Cucurbita moschata), orange
(Citrus sinensis), papaya'(Carica papaya), mango (Mangifera indica), nectarine
(Prunus persica) and lettuce (Lactuca sativa). Canned sweet corn (Zea mays), peas
(Pisum sativum) and Lima beans (Phaseolus lunatus L. (syn. P. limensis)) were
analysed as the most commonly consumed form of these vegetables. Lasagne and egg
noodles were purchased in a dehydrated form, and wheat was from the 1998 harvest
in Maryland, USA. Freekeh (a green-harvested wheat) was imported from Australia

as a commercial product.
Classification

The type of fruit or vegetable and the plant part consumed was used to classify the
samples into the following groups: leafy green vegetables, non-leafy green vegetables,

yellow/orange fruit and vegetables, and wheat and pasta products.

3.2.2 Explanafion of terms used in text

The terms E and Z teplace trans and cis respectively, in accordance with international
convention on the nomenclature of chemical isomers, and a further explanation of

these can be found in Chapter 1.

Total lutein is the combination of all E-lutein, 3’epilutein, and total Z-lutein

concentration.

3.2.3 Extraction of Carotenoids

Carotenoids were extracted from samples using the method of (Khachik et al., 1992a),

with details in Appendix A1.2.
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3.2.4 HPLC Analysis of carotenoids
The HPLC method was that of Kahcihck (pers comm., 1999). Extracted samples were

removed from —20° C and allowed to reach room temperature before analysis by

HPLC.

Apparatus

;Beckm_%m Model 114M ternary solvent delivery system equipped with a Beckman
Model 421 controller was interfaced into a Hewlett-Packard 1040A HPLC with a
rapid scanning UV/visible photodiode array detector. The data were stored and
processed by a Hewlett-Packard 85-B computing system that was operated with a
Hewlett-Packard Model 9121 disk drive and 7470A plotter. The absorption spectra of
‘the carotenoids were recorded between 200 and 600nm at the rate of 12
spectra/minute The HP-85B computer with a built in integration program was used to
evaluate the peak area and peak height. Absorption spectra of isolated components in

various solvents were recorded on a Beckman DU-7 UV/visible spectrophotometer.
3.2.4 a Reverse Phase Separations

Column
- .Separations were performed on a stainless steel (25 cm x 4.6 mm i.d.) Microsorb Cig
(5 um spherical particles) column-(Rainin instrument Co.), which was protected with
a Brownlee guard cartridge (3 cm length x 4.6 mm i.d.) packed with spheri-5-Ci3 (5
ltm particle size).

Solvents and Method

Solvent A: acetonitrile (90%), methanol (10%)
Solvent B: 45% dichloromethane, 45% hexane, 10% methanol and 0.1% DIPEA

Method: At time O minutes, 95% solvent A, (5% solvent B); gradient resulting in
45%A at time 40 minutes; from time 45 minutes to 50 minutes gradient resulting in

95% A. The flow rate was a constant 0.7 ml/min

Injection solvent: 40% acetonitrile, 20% methanol, 20% dichloromethane, 20%

hexane, 0.1% DIPEA.
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3.2.4 b Nitrile bonded column separations for lutein and zeaxanthin

isomer quantification

Column

Separations were performed on a Phenosphere (25 cm length x 4.6 mmi.d.) CN (5 pm
particle size) column (Phenomenex, NZ, protected by a Phenosphere guard cartridge

(3 cm length x 4.6 mm i.d.) packed with CN (5 pm particle size).

Solvents and Method

Solvent: 75% hexane, 25% dichloromethane, 0.25% methanol, 0.1% DIPEA.
Method: isocratic for 40 minutes, with a constant flow rate of 0.7 ml/min

Injection solvent: 75% hexane, 25% dichloromethane, 0.25% methanol and 0.1%
DIPEA.

NB The amount of methanol is critical to this separation and extreme care should be

taken to ensure that there is no contamination from outside the system.
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3.3 Results

3.3.1 Lutein and Lutein Isomers
3.3.1 a Green Vegetables

Figureé 3.1 & 3.2 show the most prolific of the lutein isomers in green vegetables to be
ali—bi'—lutein, éreater even than tﬁe combination of all-Z-lutein, 9Z-lutein and 13Z-lutein,
(shown as Total Z-lutein in Figures 3.1 & 3.2). Consequently, the green vegetables that
had the. highest concentration of this isomer also had the highest total lutein
 concentration. In leafy greeh vegetables (Figure 3.2) the concentration of total Z-lutein
was proportional to the concentration of total lutein, whereas in non-leafy green
vegetables (Figure 3.1) the total Z-lutein concentration was not related to the total lutein

concentration.

Parsley (0.25 mg/kg) and peas (0.13 mg/kg) were the only green vegetables that had
measurable concentrations of 3'epilutein. The presence of this lutein isomer was not
associated with a particular concentration of total lutein and was detected both in green

vegetables with the highest and lowest total lutein concentrations.
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Non-leafy Green Vegetables

Lutein isomer concentration
(mg/kg fresh weight)

Broccoli Peas Greenbean
Vegetable

Figure 3.1 Concentration of: all E-lutein (M8 ), 3'epilutein (N ) total Z-lutein
(comprising all Z-lutein, 9Z-lutein and 13Z-lutein) (1), and total lutein (M) in

non-leafy green vegetables, in order of descending total lutein concentration.

120

Leafy Green Vegetables
100 1 ¢

Q,
o

Lutein isomer concentration
(mg/kg fresh weight)
[@)]
o

Parsley Kale Spinach Collard Lettuce

Vegetable

Figure 3.2 Concentration of: all E-lutein (M ), 3'epilutein (N ), total Z-lutein
(comprising all Z-lutein, 9Z-lutein and 13Z-lutein) (C1), and total lutein (M) in

leafy-green vegetables, in order of descending total Jutein concentration.
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3.3.1 b Yellow/Orange Fruit and Vegetables

The highest concentration of all E-lutein, total Z-lutein, and total lutein in the
yellow/orange fruit and vegetables was detected in butternut pumpkin. As in the green
vegetables, all E-lutein represented the major component of total lutein and the
concentrations of lutein and lutein isomers are shown in Figure 3.3. Sweet corn, Lima
bean (0.099 mg/kg) and nectarine were the only yellow/orange fruit and vegetables to
have a measurable concentration of 3'epilutein. Sweet corn had the highest

concentration of 3’epilutein of all the samples analysed.
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Figure 3.3 Concentration of: all E-lutein (M), 3'epilutein (M) total Z-lutein
(comprising all Z-lutein, 9Z-lutein, 9'Z-lutein and 13Z-lutein), (CJ1) and total
lutein (M) in yellow/orange fruit and vegetables, in order of descending total
lutein content. For butternut pumpkin: all E-lutein: 18mg/kg, total Z-lutein: 6
mg/kg, total lutein: 24 mg/kg.

None of the Z-lutein isomers were detected in the yellow/orange fruit papaya and
mango. Additionally, mango had the lowest detectable concentration of all E-lutein of
all the samples analysed. The 9Z-lutein isomer was undetectable in some of the

yellow/orange fruit and vegetables (sweet corn, papaya and mango); the absence of this
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isomer was restricted to the yellow/orange fruit and vegetables group, yet the
concentration of this isomer in this group spanned the range obtained for all food
analysed. All of the yellow/orange fruit and vegetables had undetectable concentrations
of at least one of the lutein isomers. However, total lutein in the yellow/orange fruit and

vegetables ranged from 24 mg/kg in butternut pumpkin to 3.45 x 102 mg/kg in mango.

3.3..1 ¢ Wheat and Pasta Products

In wheat and pasta products (Figure 3.4) all E-lutein was the dominant isomer, and all
of the samples contained both all E-lutein and at least one Z-lutein isomer. Egg noodles
had the highest concentration of all E-lutein (1.1 mg/kg) and total Z-lutein (0.29 mg/kg),
leading to the highest total lutein concentration (1.39 mg/kg). Although Freekeh had a
similar concentration of total Z-lutein (0.23 mg/kg) to egg noodles it had a concentration
of all E-lutein (0.58 mg/kg) equal to only half that of egg noodles. Catoctin a North
American bread wheat, and lasagne had similar concentrations of total lutein (0.32
mg/kg & 0.29 mg/kg respectively), higher than that of Pioneer (0.22 mg/kg), another
North American bread wheat. However, Catoctin and lasagne had different
concentrations of all E-lutein (0.29, 0.23 mg/kg respectively) and total Z-lutein (0.036,
0.056 mg/kg respectively). 3’epilutein was undetectable in all samples in the wheat and

pasta group.
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Figure 3.4 Concentration of: all E-lutein (B8 ), total Z-lutein (1) (comprising
all Z-lutein, 9Z-lutein, 9'Z-lutein and 13Z-lutein) and total lutein (M) in egg
noodles and lasagne, two US wheat varieties, (Pioneer and Catoctin) and a

green wheat product Freekeh, in order of descending total lutein content.

3.3.1d Overall Comparison of Lutein Concentration

The green vegetables generally had the higher concentrations of total lutein. All E-
lutein was the dominant isomer in all foods analysed and therefore is a good indicator of
the total lutein concentration. Few of the samples analysed had detectable
concentrations of 3'epilutein. These included parsley (0.25 mg/kg), peas (0.13 mg/kg),
Lima beans (0.099 mg/kg), sweet com (0.67 mg/kg) and nectarine (0.093 mg/kg).
Several of the lutein isomers were undetectable in the yellow/orange fruit and
vegetables, while 3'epilutein was the only isomer undetectable in the green vegetables

and the wheat and pasta products.
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3.3.2 Ratio of E:Z lutein

As noted in the int‘roductidn the consistent and natural ratio of 1:1 for the E:Z isomers
of lutein is not reflected in the macular region of the eye where the Z isomers are
dominant. People with a-degeherative disease of the eye have been found to have
reduced levels of the Z lutein isomers and so dietary sources with low E:Z ratios may be

important in the prevention of this disease.

3.3:2 a Green Vegetables

Lima beans had the lowest ratio of all the green vegetables (Figure 3.5), though this
was due to low levels of both the E and Z isomers. Kale had one of the lower ratios of
the green vegetables combined with a high concentration of Z isomers. Parsley and peas
had the same ratios but very different concentrations of the two isomers. Peas had less
than 1/15 the concentration of all-E-lutein (6.6 mg/kg) of parsley (99 mg/kg), and total
Z-lutein.
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Figure 3.5 Concentrations of all-E-lutein (W), total Z-lutein (8) and E:Z ratio

(A) in green vegetables, in order of descending ratio.
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3.3.2 b Yellow / Orange Fruit and Vegetables

Of the yellow/orange fruit. and vegetables (Figure 3.6) butternut pumpkin, nectarine and
mandarine had low ratios of 3, 2 & 2 respectively. Additionally the comparatively high
concentration of the Z isbmérs in butternut pumpkin makes this a valuable dietary
source of these isome_rs. Sweet corn had the highest ratio (163) of the yellow/orange
fruit and vegetables. Due to the absence of Z-lutein jsomers a ratio could not be

recorded for papaya and mango.
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Figure 3.6 Concentrations of all-E-lutein (M ), total Z-lutein (8 ) and E:Z ratio
(&) in yellow/orange fruit and vegetables, in order of descending ratio. Numbers

above bars indicate concentration of carotenoid. A with number indicates ratio.
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3.3.2 ¢ Wheat and Pasta Products

Of the wheat and past.a products (Figure 3.7) the processed and unprocessed samples
had similar ratios of E to Z lutein. The green harvested wheat, Freekeh, had the lowest
ratio, and Catoctin had .the highest ratio. There was a significant difference between the
two wheat varieties for the ratio. Interestingly the green harvested wheat, Freekeh, had

a similar concentration of the Z isomers as egg noodles.
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Figure 3.7 Concentration of all-E-lutein (W), total Z-lutein (B )and E:Z ratio

(A) in wheat and pasta products, in order of descending ratio.

3.3.2d Overall Comparison of E-:Z-Lutein Ratio

Generally the yellow/orange fruit and vegetables had the lowest ratios. The overall
Jowest ratio was found in Lima beans and nectarine though these had low levels of both
isomers. Butternut pumpkin had a relatively low E:Z ratio combined with a relatively
high concentration of the Z isomers. Sweet corn had by far the highest ratio of E-:Z-
lutein although the Z-lutein isomer concentration in this vegetable was extremely low

compared with other fruit and vegetables, contributing to the high ratio.
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3.3.3 Zeaxanthin and Zeaxanthin Isomers
3.3.3a Green Vegetables

Of the green vegetables (Figure 3.8) spinach and parsley had the highest concentration
of 9Z-zeaxanthin (3.9 rhg/kg and 3.7 mg/kg respectively), and equal amounts of all Z-
zeaxanthin (1.3, mg/kg).' Kale and collard had approximately half the amount of 9Z-
zeaxanthin (1.71 mg/kg, 1.25 mg/kg) of spinach and parsley. However, these two
vegetables were not similar in their concentration of all Z-zeaxanthin. Kale had the
low'ést concentration of all green vegetables, less than 0.5% of the highest (spinach &
parsley), while collard had 9% of the highest concentration. None of the green

vegetables had detectable concentration of 13Z-zeaxanthin.

M 9Z zeaxanthin
Oall Z-zeaxanthin

4 . E Total Zeaxanthin

Zeaxanthin isomer (mg/kg fresh weight)
w

Vegetable

Figure 3.8 Concentration of 9Z-zeaxanthin (M), all Z-zeaxanthin (1) and total
zeaxanthin (@) in green vegetables, in order of descending total zeaxanthin

content.

Peas were the only green vegetable to have a higher concentration of all Z-zeaxanthin
(0.4 mg/kg) than 9Z-zeaxanthin (0.14 mg/kg). However, this did not contribute greatly
to the total zeaxanthin concentration which was almost 1/10 that of spinach (0.54
mg/kg). Lima beans were the only vegetable to have an undetectable concentration of

9Z-zeaxanthin. As this isomer generally represented the majority of the total zeaxanthin
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concentration, with the exception of peas, Lima beans had the lowest total zeaxanthin

concentration of the green vegetables.

333b Yellqw / Orange Fruit and Vegetables

Of the yellow/orange fruit and vegetables shown in Figure 3.9, sweet corn and butternut
pumpkin had the highest two total zeaxanthin concentrations (3.3 mg/kg & 2.8 mg/kg),
howéver the concentration of the individual isomers was quite different. All Z-
zeaxanthin represented 90% of the total zeaxanthin concentration in sweet corn, while
9Z zeaxanthin was a minor component. This was also the case for mandarine. In
contrast to corn, butternut pumpkin had an undetectable concentration of all Z-

zeaxanthin, thus 9Z zeaxanthin represented 100% of the total lutein concentration.
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Figure 3.9 Concentration of 9Z-zeaxanthin (M), all Z-zeaxanthin @) and total
zeaxanthin (B in yellow/orange fruit and vegetables, in order of descending total

zeaxanthin content.

Butternut pumpkin was the only sample analysed that had an undetectable concentration

of all Z-zeaxanthin. Papaya, nectarine and orange followed the same trend in
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zeaxanthin isomer concentrations as butternut pumpkin with 9Z-zeaxanthin the major

contributer to total zeaxanthin

Mango, although brightly coloured, had an undetectable concentration of 9Z-zeaxanthin
and a very low-cbnccntration of all Z-zeaxanthin (3.8x10'2 mg/kg), resulting in the
lowest total zeaxanthin concentration of the yellow/orange fruit and vegetables. None
of the yellow/orange fruit and vegetables had detectable concentration of 13Z

zeaxanthin.

3.3.3 ¢ Wheat and Pasta Products

Not all samples in the wheat and pasta products group had a detectable concentration of
13Z-zeaxanthin, however, this was the only group where this isomer was detected. The
13Z-zeaxanthin isomer was detected in egg noodles, Freekeh and lasagne (shown in
Figure 3.10); however the rest of the isomer profile of these three samples varied
considerably. The 13Z-zeaxanthin isomer made up the greatest proportion of the total
zeaxanthin concentration in egg noodles, and the least proportion in Freekeh. All Z-
zeaxanthin made up the greatest proportion in Freekeh and 9Z-zeaxanthin and the least

proportion in egg noodles.

Lasagne had a very low concentration of all three isomers, however the relative
proportions of the isomers were similar to that of Freekeh. The North American bread
wheat varieties, Catoctin and Pioneer were also very low in all zeaxanthin isomer
concentrations with proportions of all-Z-zeaxanthin to 9Z-zeaxanthin similar to that of

Freekeh.
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Wheat or pasta product

Figure 3.10 Concentration of 9Z-zeaxanthin (M), 13Z-zeaxanthin (M), all Z-
zeaxanthin (O) and total zeaxanthin (8 ) in egg noodles, lasagne; two US bread
wheat varieties, Catoctin and Pioneer; and Freekeh, in order of descending total

zeaxanthin content.

3.3.3d Overall Comparison of Zeaxanthin

The highest over_alI concentration of zeaxanthin was detected in spinach and parsley
closely followed by corn and butternut pumpkin. Wheat and pasta products had the

lowest overall zeaxanthin concentration with the exception of egg noodles.

81



Fruit and Vegetables

3.3.4 Lutein: Zeaxanthin Ratio

The ratio of | lutein to zeaxanthin represents the relative amounts of lutein when
compared to zeaxanthin. The ratio of lutein to zeaxanthin in the macular region of the
eye is 1:1. This' ratio is important when trying to identify dietary sources that may

contribute to achieve the ratio required to maintain an healthy eye.

3.3.4 a Green Vegetables

Of all the green vegetables parsley and spinach had the lowest ratios despite their higher
concentration of lutein owing to a high concentration of zeaxanthin (Figure 3.11). Kale
had the highest lutein to zeaxanthin ratio, attributable to a combination of a high

concentration of lutein (96 mg/kg) and a low concentration (1.7 mg/kg) of zeaxanthin.
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Figure 3.11 Concentration of lutein @ ), zeaxanthin (@ )and ratio of lutein to

zeaxanthin (A) in green vegetables, in order of descending ratio.
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3.3.4 b Yellow/Orange Fruit and Vegetables

Mandarine, mango and sweet corn had ratios of lutein to zeaxanthin closest to that
found in the human eye. Although butternut pumpkin had the highest zeaxanthin
concentration, with the exception of sweet corn, the lutein to zeaxanthin ratio was much
higher than 1:1 igdiéating the larger concentration of lutein that zeaxanthin. Ratios in
the yellow/orange fruit and vegetables were lower than in the green vegetables (Figure
3.12).
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Figure 3.12 Concentiation of lutein (M), zeaxanthin (& )and ratio of lutein to
zeaxanthin (A) in yellow/orange fruit and vegetables in order of descending

ratio.

3.3.4 ¢ Wheat and Pasta Products

Ratios of lutein to zeaxanthin in wheat and pasta products were higher than for the
yellow/orange fruit and vegetables due to the low lutein concentration of the latter
(Figure 3.13). Zeaxanthin concentrations were lower than in the yellow/orange fruit
and vegetables even in egg noodles which would have obtained this carotenoid from gg
yolk. Only egg noodles and Freekeh had a lutein to zeaxanthin ratio similar to that

found in the peripheral region of the macular region of the eye.
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Figure 3.13 Concentration of lutein (M ), zeaxanthin (M )and ratio of lutein to

zeaxanthin (A) in wheat and pasta products in order of descending ratio.

3.3.4d Overall Comparison of Lutein to Zeaxanthin Ratio
Generally the green vegetablés ‘had higher lutein to zeaxanthin ratios than the wheat and

pasta products and the yellow/orange fruit and vegetables.

3.3.5 Other Carotenoids

3.3.5 a Green Vegetables

Lutein, zeaxanthin and their isomers were not the only carotenoids detected in green
vegetables. As shown in Figure 3.14, o, B- and ‘y-carotene, nenrosporene and o- and
B-cryptoxanthin were detected in all of the green vegetables analysed, with the
exception of lettuce that had no detectable concentration of neurosporene. However,

Jactucaxanthin was detected in lettuce. With the exception of lettuce, the leafy green

vegetables had the highest concentration of - and y-carotene. The concentration of B-
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carotene (62.8 - 75.5 mg/kg) were over eight times that of the highest non-leafy green
vegetable broccoli (8.8 mg/kg), while the concentration of y-carotene (2.7 - 3.8 mg/kg)
were nearly seven times that of the highest non-leafy green vegetable, again broccoli
(0.4 mg/kg). However, concentration of o-carotene did not follow the same trend, and
green beans had the highest concentration (0.4 mg/kg) followed by the leafy green
vegetables and Lima beans, at half the concentration of green beans (0.2 mg/kg). The
leafy. green vegetables had the highest concentration of o-cryptoxanthin with

concentration at least 1 1/2 times that of the non-leafy green vegetables.
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Figure 3.14 Carotenoids in green vegetables excluding lutein and zeaxanthin,
showing P-carotene (on second y-axis), O-carotene, y-carotene, neurosporene, O

cryptoxanthin, B-cryptoxanthin and lactucaxanthin.

3.3.5 b Yellow/Orange Fruit and Vegetables

Of the yellow/orange fruit and vegetables (Figure 3.15) butternut pumpkin had the
highest concentration of o-carotene (18.5 mg/kg), y-carotene (3.6 mg/kg) and O-
cryptoxanthin (1.8 mg/kg), considerably higher than found in mandarine as

yellow/orange vegetable with the second highest concentration of the carotenoids.
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Butternut pumpkin also had the highest concentration of -carotene (7.2 mg/kg),
neurosporene (1.4 mg/kg) and B-carotene (52.1 mg/kg) again at a considerably greater
concentration than that of papaya, that had the second highest concentrations of these
carotenoids. Mandarine contained the greatest concentration of B-cryptoxanthin (20.2
mg/kg), nearly three times the concentration of that of the papaya. Papaya had the
highest concentration of phytoene (6.8 mg/kg ) and phytofluene (4.4 mg/kg).
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Figure 3.15 Concentration of o-carotene, P-carotene, y-carotene, {-carotene,
neurosporene, O-cryptoxanthin, B-cryptoxanthin, phytofluene and phytoene in
yellow/orange fruit and vegetables. In order of descending B-carotene

concentration. Numbers above bars indicate concentration of carotenoid in

mg/kg.

Overall carotenoid concentration was highest in the leafy green vegetables and butternut

pumpkin (Figure 3.16). Wheat and pasta products had the lowest overall carotenoid

concentration.
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Figure 3.16 Total carotenoid concentration in fruit and vegetables in order of

descending carotenoid content.

There was little difference between the total carotenoid content of butternut pumpkin
and the non-leafy green vegetables, and this was attributed to the ability of some plants
to retain chlorpphSlll' via' a defect in the chlorophyll degradation pathway as well as
synthesise carotenoids as they mature (Homero-Mendez and Minguez-Mosquera, 2000).
As the retention of chlorophyll does not interfere with carotenoid biosynthesis, green
and yellow/orange fruit and vegetables can therefore have similar concentrations of

carotenoids.

87



Fruit and vVegetables

3.4 Discussion

The association between the type of fruit or vegetable, ie leafy or non-leafy, green or
_yellow/orange; and the c(;nce_n'tration of a wide range of carotenoids has been previously
reported (Khéchik' et al., 1986), though the individual lutein and zeaxanthin components
were not separated. Due to the small proportion of zeaxanthin in relation to lutein in
most plants (Khacbik et al., 1986) the current study in which lutein and zeaxanthin are

sepaiatély quantified was not expected to change the reported relationships.

The abundance of lutein over zeaxanthin in nature is due to the dominant role of lutein
in photosynthesis (Mathis and Schenck, 1982), and the observed greater concentration
of lutein over zeaxanthin in green vegetables, butternut pumpkin and wheat and pasta
products (Figures 3.11, 3.12, 3.13) was therefore expected. The abundance of lutein in
fruit and vegetables commonly consumed is reflected in blood and tissue levels of these
caroteno_ids_ (Khachik et al, 1991b; Khachik et al, 1992a; Khachik et al, 1997b).
However, in the macular region of the eye the ratio of lutein to zeaxanthin does not
consistently reflect that seen in food and other body tissues; the concentration of lutein
is greater than zeaxanthin in the peripheral region of the macula, while zeaxanthin is
more abundant in the central region (Bone et al., 1988; Bone and Landrum, 1992;

Sommerburg et al., 2000).

In contrast to th(_;, green vegetables, all of the yellow/orange fruit and vegetables
ana]ysed here, with the .exc_eption' of butternut pumpkin, had a zeaxanthin concentration
greatef than or-equal to the lutein concentration (Figure 3.12). The abundance of
zeaxanthin over lutein against the trend in nature might be attributed to a propensity of
these fbods to accumulate B-carotene and therefore more of the oxidation product

zeaxanthin. However, the concentration of B-carotene did not account for the difference

(Figure 3.15).

The abundance of zeaxanthin is significant with regard to the concentration of this
carotenoid in the central region of the macula, and it is feasible that increased
consumption of the yellow/orange fruit and vegetables can reduce the incidence of
AMD associated with decreased serum concentrations of lutein and zeaxanthin (The

Eye Disease Case Control Study Group, 1992 & 1993).
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The leafy green vegetables had a higher concentration of lutein than the non-leafy green
vegetables (Figui'es 3.1, 3.2) and other samples analysed (Figures 3.3, 3.4), and this
difference may be attributed to the plaﬁt part consumed (and analysed) and the role that
it plays in light harvesting for photosynthesis (Goodwin, 1980). The possibility of a
relationship betWeen carotenoid concentration and the photosynthetic activity of edible
portions of vegetables was briefly commented on by Khachik et al. (1986). As leaves
are the major site for photosynthesis they have a high concentration of lutein, which
along with other carotenoids is essential for the protection of plants from damage during
this light harvesting process (Mathis and Schenck, 1982; Koyama, 1991). The analysed
portions of the leafy green vegetables were consequently expected to have the higher

concentrations of the photoprotecting carotenoids, lutein and zeaxanthin.

The enclosure of the edible portion in a pod, as seen in peas and Lima beans, may
reduce the requirement for photoprotective compounds in the enclosed portion. This
was reflected in the lutein concentration of these vegetables, which was low compared

with other green vegetables.

Lettuce was an exception to the high lutein levels found in the leafy green vegetables,
with a total lutein concentration lower than all other green vegetables, sweet corn and
butternut pumpkin. The lighter green colour of lettuce, when compared to the other
leafy green vegetables analysed may indicate a lower concentration of photosynthetic
pigments (Phillip and Young, 1995), and this is likely to reduce the requirement for
radical scavenging and therefore lutein. Additionally, the reduced concentration of total
lutein in lettuce when compared to the other leafy green vegetables has been partially
attributed to the Ipresence of lactucaxanthin (dihydroxy -g,e-carotene), an isomer of
lutein (dihydroxy-B,e-carotene) and zeaxanthin (dihydroxy-B,B-carotene) (Demmig-
Adams, 1998). Lactucaxanthin is only found in a taxonomically restricted group of
plants (Siefermann-Harms et al., 1981; Phillip and Young, 1995) and can replace lutein
in the xanthophyll cycle of light harvesting complex II of the photosynthetic pathway
(Phillip and Young, 1995). However, the concentration of lactucaxanthin detected in
lettuce was not great enough to account for the difference in lutein concentration
between this vegetable and collard, the leafy green vegetable with the lowest
concentration of lutein (Figure 3.14). There has been no report on the human
nutritional value of lactucaxanthin, though it has been identified in samples of human

blood at low concentrations (Khachik pers comm, unpublished results).
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Lutein : zeaxanthin ratio

As mentioned previously the ratio of lutein to zeaxanthin decreases towards the central
region of the macula, and foods that have this lower ratio are therefore important in
maintaining eye health. The yellow/orange fruit and vegetables, with the exception of
butternut pumpkin, were the only samples analysed that had a ratio similar to that found

in the central regioﬁ of the macula by Bone et al. (1985) (Figure 3.6).

A law lutein concentration in some fruit and vegetables has been previously attributed
to the accumulation of o-carotene resulting in a low rate of conversion to lutein
(Khachik et al., 1986). Green beans had a o-carotene concentration double that of all
other green vegetables and the above mechanism provides a possible explanation for the
low lutein concentration found in this vegetable (Figure 3.14). However, the
concentration of o-carotene detected does not account for the difference in lutein
between green beans and the other green vegetables and so other factors must also be

contributing.

E:Z isomer ratio

Carotenoids are most commonly found in nature in the E form, and as expected all-E-
lutein was the major component of the total lutein concentration in all samples analysed
here. In the presence of light the E form is isomerised to the Z form, and as the major
points for light harvesting, leaves are most likely to undergo this form of isomerisation.
In this study a high‘concentration of the Z-lutein isomers was unique to leafy green

vegetables, and was attributed to the relative exposure to light.

The natural dominance of E isomers is changed by the heat and oxygenation during
processing, resulting in an increase in the concentration of Z isomers (Khachik pers.
comm., 1999) and therefore a decrease in the E:Z ratio. The expected change in the
isomer ratio was not noted in any of the samples that had undergone processing, and the
E:Z ratio in canned sweet corn was the highest of all samples analysed with a

substantially greater concentration of E isomers than Z isomers.

Although a decrease in the E:Z ratio was not observed in the processed foods analysed
here, several Z isomers were found only in these foods. 13-Z-zeaxanthin was only
detected in lasagne, egg noodles and Freekeh which are subject to crushing / milling and
heat processing. Exposure to oxygen appears to have an important role in the presence

of this isomer as it was absent in corn and Lima beans, which were canned. The
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presence of a detectable concentration of 3'epilutein, an oxidation product of lutein, was

not related to food type or processing.

In conclusion, this study supports the hypothesis that commonly consumed fruit and
vegetables have varying concentrations of lutein and zeaxanthin isomers. This study of
carotenoids and their related geometrical isomers in commonly consumed fruit and
vegetables has important implications for the health of Western populations in addition
to the basic nutritional needs of developing countries. The significance of lutein,
zeaxanthin and their isomers is becoming increasingly evident in eye health, specifically
in relation to AMD and its possible prevention. These are the only carotenoids found in
the macular region of the eye, and though the mechanisms of uptake and metabolism in
relation to accumulation of these carotenoids in the eye are unknown, a relationship
between reduced plasma concentration of these isomers and an increase in the incidence
of AMD has been identified (The Eye-Disease Case Control Study Group, 1992; The
Eye-Disease Case Control Study Group, 1993; Seddon et al., 1994; Snodderly, 1995).
It is acknowledged that further work is necessary to determine the optimum intake of

lutein and zeaxanthin to reduce the incidence of AMD.

Leafy green vegetables were the best source of lutein, zeaxanthin and their isomers,
while sweet corn ahd butternut pumpkin were additional good sources of zeaxanthin
isomers. Zeaxanthin concentration was not related to food type, nor were the
zeaxanthin to lutein isomer ratios. A combination of carotenoid synthesis replacing
chlorophyll degradation, and parallel carotenoid synthesis and chlorophyll degradation
was thought to be responsible for the carotenoid concentration seen in the fruit and
vegetables analysed here (Figure 3.16). However, it is acknowledged that the
photosynthetic mechanism involved in the formation of xanthophylls is affected by
genetic and environmental factors such as cultivar, location and growing season
(Khachik et al., 1986). Identifying sources of these natural pigments is important as
they can form the basis for improved dietary recommendations. They may also serve

as a starting point for further research into the role of these carotenoids in eye health.
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CHAPTER 4

- Effect of Lutein on the Iron Status of Chickens

~Aim
To determine the effect of lutein, supplied both as a supplement at two concentrations

" and in a food matrix, on iron status of chickens depleted in iron and retinol.

4.1 Introduction

Previous chdpters have focused on the determination of the carotenoid profile of staples,
| especially wheat, and fruit and vegetables. The aim of these investigations was to
identify foods with tﬁe ability to improve carotenoid nutrition in human populations.
Complete nutrition however, is dependent on a complex combination of nutrients, and
interactions have an important role to play in achieving optimal health. One such
interaction that has created considerable interest is that between vitamin A and iron.
Several studies have reported a positive interaction between vitamin A and iron in both
animals (Hodges et al., 1978; Mejia et al., 1979; Mejia and Arroyave, 1982, Mejia and
Chew, 1988, Bloem et al., 1989; Roodenburg et al., 1994; Roodenberg et al., 1996) and
humans (Mohanram et al., 1977; Suhamo et al., 1993 Shatrugna et al., 1997; Muhilal et
al., 1998; Mwanri éf al., 2000). Beta-carotene supplementation has also been observed
to impréve non-haem i-roﬂ absorption from wheat, rice and corn to a greater degree than

vitamin A supplementation in a human population (Garcia-Casal et al., 1998).

The effect of vitamin A and B-carotene on iron absorption was attributed to their ability
to bind iron liberated during digestion and form a complex that acts as a chelating agent
‘preventing the inhibitory effects of other food compounds (Garcia-Casal et al., 1998).
Given the antioxidant potential of lutein, a xanthophyll, it is possible that this compound

may also enhance iron absorption.

In order to determine if there was an interaction between lutein and iron, an animal
model that closely resembled the human absorption and metabolism of both iron and
xanthophylls was required. The chicken was selected as a model in the following study
due to its ability to absorb xanthophylls intact as in humans, and its suvitability for iron

repletion tests (Lee et al., 1999) (discussed in Chapter 1). Depletion of chickens of
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vitamin A or iron as-a basis for further studies has been previously reported (Williams et
al., 1962; Davis ‘et dl., 1968; Pla and Fritz, 1970; Erdman et al., 1986; Poor et al.,
1987). However, .there are variations in the age at which dietary intervention
commenced, diet formulation, and in the time required to achieve depleted / marginal
concentrations of vitamin A and iron. Therefore, a suitable period of depletion was

determined here, prior to the commencement of the treatment diets.
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4.2 Materials and Methods
4.2.1 Animal Ethics and Care

The experimental protocol for the studies in this chapter was approved by the Animal
Ethics Committeés of The University of Adelaide and Primary Industries and Resources
of South Australia (PIRSA). Chickens were maintained at the PIRSA Pig and Poultry
Production Institute at the Roseworthy Campus of Adelaide University.

4.2.2 Experimental Method

Sixty male leghorn chickens (Gallus domesticus) were obtained from Steggles hatchery,
housed as a group and fed normal starter diet from 1 day old (arrival day) to 14 days old
(14 DO). Due to the known significant effect of sex on iron and vitamin A
concentrations and mobilisation (Mohannah and Nys, 1998), results from any female

birds were removed from the data sets.

At 14 DO, 50 chickens were weighed, identified by leg bands and fed the depletion diet
outlined in Table 4.1 for two weeks. The remaining 10 chickens were weighed,
identified by leg bands, and fed a commercial finisher diet replete in all nutrients (Table
4.1, with adequate vitamins and minerals in vitamin / mineral premix shown in
Appendix C, Table C3). These 10 birds remained on the commercial diet throughout
the study.

Blood samples were collected on day 0 (14 DO), day 7 (21 DO) and day 14 (28 DO)
from five birds on both the depletion and commercial diets and analysed for blood iron,
haemoglobin, haematocrit, carotenoids and retinol. After two weeks on the depletion
diet (28 DO), birds were determined to have achieved depleted blood and tissue

concentrations of iron, carotenoids and retinol.

At 28 DO, ten birds were allocated to each of the five treatment diets, based on
individual body weight at the end of the depletion period (14 — 28 DO). These diets
were balanced for energy and protein and all other nutrients other than vitamin A and
iron (Table 4.2). Birds were housed in treatment groups for the three week treatment
period. Blood samples were taken weekly from five birds from each treatment (F igure

4.1). Birds that remained on the depletion diet for a further week were culled at 35 DO.
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At 48 DO all birds were blood sampled and at 49 DO all birds were euthanased and

tissue samples collected for analysis.

Neo.
birds
1 Commercial diet |
100 |
y  Commercial diet i Depletion diet |
10 I ¢ I |
40 | Commercial diet | Depletion diet y Treatment diets (4) 10 birds/treatment I
I | | |
| | | | | ] | |
| | I | | I I |
Age 0 7 14 21 28 35 42 49
Days

Figure 4.1 Number of birds allocated to each treatment diet and the age of birds

during treatment periods.

4.2.3 Feed Components

The depletion diet (Table 4.1) contained all essential nutrients at adequate
concentrations with the exception of vitamin A and jron. These nutrients were not
added to the vitamin / mineral premix, though low concentrations of B-carotene (0.3

ug/T) and iron (5g/T) were identified in the wheat component of the diet.

Table 4.1 Components of the depletion diet and their proportions in g/kg.

Ingredient Quantity (g/kg) Quantity in 20kg (g)°
Wheat 800 16000
Casein 152 3040
Dicalcium phosphate 20 400
Calcium carbonate 11 220
DL-methionine 7 140
Vitamin / mineral premix ' 5 100
Sodium chloride 3 60
Choline chloride (60%) 2 40

! see Appendix C, Table C3 for individual diet vitamin /mineral premix composition.

2 20 kg amounts of feed were made up and pelletised, ensuring the ingredients were
completely mixed to avoid selective feeding by the birds.
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The treatment ‘diets were developed to investigate the influence of lutein on iron
bioavailability, and concentrations of these nutrients are shown in Table 4.2. All other
nutrients were adequate and equal, and were made up of the components in Table 4.1.
The form and formulae of the vitamins and minerals are given in Appendix C, Table

C2.

The water used was analysed for mineral content (data not shown). Iron concentrations

were negligible (<0.007 mg/l) and did not contribute substantial iron to the diet.

Table 4.2 Vitamin A, B-carotene, lutein and iron concentrations of all diets. All

nutrients per kg feed.

Diet Conditions Vitamin A B-carotene  Lutein Iron
Commercial Commercial diet 3¢g? - - 50g°
Depletion Depletion diet - 0.3pug - 5 mg
Beta-carotene  Vitamin A requirement 4 182mg® - 19mg*

present as B-carotene

High lutein High supplemental 225ug? @ 40mg°® 19mg*°
lutein
Wheat Wheat naturally high 225 ug ? 18mg 19mg*
in lutein
Equal lutein Supplemental lutein 225ug? “ 18mg® 19mg*

equal to that in wheat

treatment diet

2 vitamin A present as retinol palmitate

® B-carotene present as E-B-carotene (Sigma, Australia)

® Jutein present as Chromophyll 20 ™ (Bioquimex Reka, Australia) 82.5 % all-
E-lutein 17.5 % other non-provitamin A carotenoids

4 jron present as ferric chloride
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4.2.4 Depletion Period

After two weeks on the depletion diet, plasma concentrations of carotenoids and retinol
were significantly decreased and plasma retinol concentrations were at the lower end of
the marginal retinol range of 0.1 - 0.2 mg/L (West et al., 1992). Consequently, two
weeks were determined as a suitable period of depletion before the introduction of the

treatment diets.

4.2.5 Blood Collection and Analysis

Blood was collected from the wing vein directly into evacuated heparinised plastic tubes
and immediately placed in iced water. One millilitre of whole blood was retained for
haematocrit, haemoglobin and blood iron analysis. The remaining blood was
centrifuged at 3000 rpm for 10 minutes, plasma collected and stored at -20 °C until

required for retinol and carotenoid extraction and analysis (see 4.2.5 b below).

4.2.5 a Iron Indices
Haematocrit and Haemoglobin

Haematocrit was measured manually using micro-haematocrit tubes, filled with
heparinised blood via capillary action. Tubes were spun for 10 minutes at 3000 rpm in a
haematocrit centrifuge. Percent packed cell volume was measured using a sliding scale

haematocrit plate. Each sample was duplicated.

Haemoglobin determination Was performed manually using a total haemoglobin test kit

(SIGMA diagnostics Cat. No. 525-A).

Whole blood iron concentrations were analysed by inductively coupled plasma-atomic
emission spectra (ICP-AES) by Waite Analytical Services (Waite Campus, Adelaide
University). Details of the method are given in Appendix A3.1.

4.2.5 b Plasma Carotenoids

Plasma samples were thawed, and an equal volume of ethanol was added to the plasma
and the sample vigorously shaken. A volume of ether equal to that of the original
sample was then added and the sample again shaken vigorously. Samples were
centrifuged at 3000 rpm at 4 °C for 5 minutes and the upper ether layer collected. The

remaining sample was then re-extracted with ether. The combined fractions were
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evaporated under a stream of high purity nitrogen and stored at -20 °C until required for

HPLC analysis. Further details are presented in Appendix A1.3.

4.2.6 Tissue Collection and Analysis

Following euthanasia, whole liver, gastrointestinal tract, breast muscle, and abdominal
fat samples were collected. The upper (ileal) and duodenal (jejunal) regions of the
gastrointestinal tract were separated and washed with saline PBS pH 7.4 to remove
remaining digesta. Liver and gastrointestinal tract samples were labelled, wrapped in
aluminium foil and immediately placed in liquid nitrogen and stored at -80 °C.
Abdominal fat and breast muscle samples were identified, placed in plastic bags on ice

for storage at -20 °C.

4.2.6 a Iron Analysis

Muscle iron concentrations were analysed by ICP-AES, with method details given in

Appendix A3.2.

Hepatic non-haem iron

Non-haem iron was analysed according to the method of Whittaker and Vanderveen,
(1990). Liver samples were thawed and blotted, and 2 g was weighed into 50 ml Falcon
tubes. Samples were homogenised using an ultra torax in 5 ml Milli-Q water.
Following homogenisation the blender blades were rinsed with Milli-Q water and
samples were made. up to- 15 ml with Milli-Q water. 1.5 ml was transferred to 10 ml
Falcon tubes and 5 ml acid reagent was added. (Acid reagent was prepared by the
combination of 250 ml each of 6 M hydrochloric acid, and 1.2 M trichloroacetic acid).
Samples were vortexed and heated at 65 °C for 20 hours. Samples were removed from

the oven, cooled at room temperature and centrifuged at 1500 x G for 20 minutes.

For iron analysis, 200  of the supernatant was transferred to a disposable test tube
adding 1.8 ml of the colour reagent. Colour reagent was prepared on the day of use by
combining 1 ml bathochromic reagent, 20 ml saturated sodium acetate (4.5 M) and 20
ml Milli-Q water. Bathochromic reagent was prepared by dissolving 62.5 mg
bathophenanthroline sulphonate in 5 ml Milli-Q water and kept in the dark. An aliquot
of 0.25 ml of thioglycolic acid was added, the solution was transferred to a 25 ml

volumetric flask and made up to 25 ml with Milli-Q water.
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Absorbance was read at 535 nm on a spectrophotometer against iron standards treated in
the same manner, with a blank made up of 200 pl Milli-Q water and 1.8 ml colour

reagent.

Whole-body'haemogl'obin-iron (whole-body Hb-Fe)

In order to take into account difference in body weights coinciding with different blood
volume, whole-body haemoglobin-iron, as used by Shah and Belonje (1985) and
Gordon and Godber (1989), was calculated using the following formula (Anderson et

al., 1940):

Formula 4.1 Calculation of Whole-body Haemoglobin-iron

Whole-body Hb-Fe =

Hb (mg/1) x body wt (kg) x Fe content of Hb (%) x blood volume (% of body wt)

where chicken Hb contains 0.335% (w/w) iron, and blood volume was taken as

7.5% of body weight (Scott ez al., 1982)

Haemoglobin regeneration efficiency (HRE)

Haemoglobin regeneration efficiency (HRE) takes into account the difference in
bioavailability of iron from different diets. Even when dietary iron concentrations are
equal differences in feed consumption will result in differences in uptake. HRE makes a
correction for the different iron intakes (Mahoney et al, 1974) and is achieved by
dividing the whole-body Hb-iron gain by the amount of iron ingested according to the

following equation (Mahoney and Hendricks, 1982):
Formula 4.2 Calculation of Haemoglobin Regeneration Efficiency (HRE)

whole-body Hb-Fe gay x (ng) - whole-body Hb-Fe 44y 0 (mg)

HRE dayx =
Fe intake day 010 x (mg)
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4.2.6 b Carotenoid Analysis

Carotenoid extraction and sample thawing were performed under decreased light

conditions and exposure to oxygen was minimised.

Muscle, abdominal fat and gastrointestinal tract carotenoids

Breast muscle, abdominal fat and gastrointestinal tract sections were removed from the
freezer, allowed to come to room temperature and weighed. Approximately 2 g of
muscle, fat and gastrointestinal samples were sonicated in 200 ml tetrahydrofuran
(THF) on ice (< room temperature) for 2 hours with 10% the weight of sample of
Na,COs.

Hepatic carotenoids

Liver samples were removed from the freezer, allowed at thaw to room temperature,
blotted and weighed. Approximately 2 g of the livers were then sonicated for 30
minutes in THF with 10% weight of sample Na,CO;. The liquid was collected and the
remaining liver was ground with a mortar and pestle to aid extraction, before a further

30 minutes sonication. Grinding and sonication were repeated.

For all samples the collected liquid fractions were combined and filtered through a
Buchner filter funnel with a No.1 Whatman filter paper. The filtrate was collected and
transferred to a ball flask for evaporation. Any water in the samples was removed by
partitioning the sample with equal amounts of water and CH,Cl,. The organic phase
was collected and evaporated to dryness. Samples were transferred to a darkened glass
vial using minimal amounts of injection solvents and evaporated to complete dryness

under nitrogen for storage at -20 °C until required for HPLC analysis.
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4.3 Results

4.3.1 Haem Iron Indices

Haemoglobin

Haemoglobin concentrations (Figure 4.1) decreased significantly during the period on

the depletion diet, and approached depleted concentrations (<5 mg/dl) (Pla and Fritz,

1970) at 28 DO. The introduction of the treatment diets (B-carotene, high supplemental

lutein, wheat high in lutein, and supplemental lutein at a concentration equal to that

found in the wheat) resulted in an immediate increase in haemoglobin concentrations in

all birds. At the conclusion of the experiment (48 DO) birds on the high lutein and B-

carotene diets had significantly higher haemoglobin concentrations that birds on other

diets, including those on the commercial diet.
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Figure 4.1 Time course of haemoglobin concentrations (mg/dl) for birds on all

diets. Values are the mean for 10 birds. Error bars were omitted for clarity but

standard errors were within 5 % of the mean. Birds were on a depletion diet

from 14-28 DO except those on the commercial diet. The arrow on the x-axis

indicates the commencement of treatment diets at 28 DO. An explanation of

treatment diet conditions is given in Table 4.2. The area below the dashed line

indicates depleted concentration (<5 mg/dl) as determined by Pla and Fritz

(1970).
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Whole-body haemoglobin-iron and haemoglobin regeneration efficiency

The whole-body haem'(;globin-iron showed the same changes during the experimental
period as haemoglobin (Appendix C, Figure C3). Birds on the high lutein and B-
carotene diets had a higher (p<0.001) haemoglobin regeneration efficiency in the final

week of the experiment (42-48 DO) than birds on all other diets (Figure 4.2).
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Figure 4.2 Haemoglobin regeneration efficiency in birds on all diets, calculated using
Formula 4.2. Values are the mean for 10 birds, error bars were omitted for clarity but

standard errors were within 5 % of the mean.
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Haematocrit

Haematocrit (Figure 4.3) significantly increased after one week on the depletion diet,
and decreased again (significantly) to below that of the first sampling after a second
week on the depletion diet. Haematocrit at 28 DO (commencement of treatment diets)
was significantly lower in birds on the depletion diet than in those on the commercial

diet, and depletion concentrations (<24%) (Pla and Fritz, 1970) were approached.

At fﬁe conclusion of the experiment (48 DO) birds on the equal lutein diet had a
significantly higher haematocrit percentage that birds on all other diets. Haematocrit
percentages from birds on the wheat, high lutein and [-carotene diets were not
significantly different; however in birds on the wheat and B-carotene diets, percentages

were significantly higher than those of birds on the commercial diet.
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Figure 4.3 Time course of haematocrit percentage for birds on all diets. Values
are the mean for 10 birds, error bars were omitted for clarity but standard errors
were within 5 % of the mean. Birds were on a depletion diet from 14-28 DO
except those on the commercial diet. The arrow on the x-axis indicates
commencement of treatment diets at 28 DO. An explanation of diet conditions
is given in Table 4.2. The area below the dashed line indicates depleted
concentration (<24%) determined by Pla and Fritz (1970).
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Blood iron
Blood iron concentration measured by ICP-AES (Figure 4.4) decreased significantly

during the depletion diet period (14-28 DO). Birds that remained on the depletion diet

for a further week showed no further significant decrease in blood iron.

After one week on the treatment diets (35 DO), a significant increase in blood iron
concentration was observed in all birds, with the exception of those on the depletion
diet. ~ At 48 DO, birds on the commercial, wheat and equal lutein diets had significantly

higher blood iron concentrations than birds on the B-carotene and high lutein diets.
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Figure 4.4 Time course of blood iron (mg/dl) concentrations measured by ICP-
AES for birds on all diets. Values are the mean for 10 birds, error bars were
omitted for clarity but standard errors were within 5 % of the mean. All birds
were on a depletion diet from 14-28 DO except those on the commercial diet.
The arrow on the x-axis indicates commencement of treatment diets at 28 DO.

An explanation of treatment diet conditions is given in Table 4.2.
4.3.2 Tissue Iron

There was no significant difference between birds on the treatment diets for hepatic
non-haem iron, muscle iron and gastrointestinal iron concentrations (Appendix G,

Table C4).
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4.3.3 Plasma Retinol

There was no significant difference between birds on the treatment diets for plasma
retinol (Figure _4.5)' at the conclusion of the study, with the exception of those on the
commercial diet which were significantly higher. Birds on the treatment diets had
marginal concentrations of retinol. Plasma retinol concentrations were significantly
decreased by two weeks on the depletion diet. All birds, except those remaining on the
deplétion diet, had a sighiﬁcant increase in plasma retinol after one week on the
treatment diets (35 DO). Birds on the high-lutein diet had a higher plasma retinol
concentration (p<0.001) that all other birds at 35 and 42 DO, but not at the conclusion
of the experiment (49 DO)
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Figure 4.5 Time course of plasma retinol concentrations (ug/ml) for birds on all
diets. Values are the mean for 10 birds, error bars were omitted for clarity but
standard errors were within 5 % of the mean. All birds were on a depletion diet
from 14-28 DO except those on the commercial diet. The arrow on the x-axis
indicates commencement of treatment diets at 28 DO. Area within the dashed
lines indicates the marginal range of retinol (0.2-0.1 pg/ml plasma) in chickens
(West et al., 1992). An explanation of the treatment conditions is given in Table

4.2.
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4.3.4 Tissue retinol

Liver retinol cdncentraﬁon‘s (Table 4.3) were significantly (p < 0.002) higher in birds
on the commercial diet than in birds on the other diets. Birds on the depletion and high-
lutein diet had significantly lower hepatic retinol concentrations than birds on the other
diets. Hepatic retinol concentrations of birds on the wheat and equal-lutein diets were
not significantly different. Birds on all diets had significantly higher hepatic retinol
concentration than those birds on the depletion diet. Retinol was undetectable in the fat

and muscle samples.

Table 4.3 Retinol concentrations (11g/g) in jejunal and ileal sections of intestine,
and liver, in birds on all diets and significance of difference between treatments.

Values are means F standard error.

Jejunum Heum Liver
Commercial 0.041+0.006 ®° 0.04+0.003° 495+1°
n=8
Depletion nd nd 0.03+0.001°
n=8
B-carotene nd 0.016+0.004° 0.19+0.01°
n=9 '
High-lutein 0.005+0.006* 0.48+0.03° 0.09+0.01°
n=8
Wheat 0.02+0.006% 0.019+0.002° 0.15+0.04°
n=10
Equal-lutein 0.36+0.006°  0.34+0.005° 0.15+0.03°
n=8
Significaﬁce p<0.004 ns p<0.002

Explanation of treatment conditions given in Table 4.2.

Different superscripts indicate significant differences down columns.
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4.3.5 Plasma Lutein

Plasma lutein (Figure 4.6) was significantly reduced in birds on the depletion diet when
compared to birds on the commercial diet. After one week on the treatment diets birds
on diets containing supplemental lutein had significantly higher plasma lutein
concentrations than birds on the other diets. The following weeks resulted in a drop in
the plasma lutein concentrations in these birds. However, at the conclusion of the
experiment birds on the high- and equal-lutein diets still had significantly higher plasma
lutein than birds on the other diets. Birds on the diet containing P-carotene had

significantly lower plasma lutein concentrations than other birds.

—&— Commercial
—aA— Depletion
—R— Beta-carotene
—+— High lutein
—¥— Wheat

—>»— Equal lutein

Plasma lutein (ug/mi)
N WA OO N0 O
. , :

}H{F}—:—Lﬁ\:—h > ’:,f" .—,ﬁf

LS T

14 21 28 35 42 49
—p * Age (days)

Depletion period

Figure 4.6 Plasma lutein concentration (ug/ml plasma) for birds on all
treatments. Values are the mean for 10 birds, error bars were omitted for clarity
but standard errors were within 5 % of the mean. All birds were on a depletion
diet from 14-28 DO except those on the commercial diet. The arrow on the x-
axis indicates commencement of treatment diets at 28 DO, Lutein concentration
in birds on the high lutein treatment diet at 35 DO was 8.5 pig/ml plasma. An

explanation of treatment diet conditions is given in Table 4.2.
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4.3.6 Tissue Lutein

Birds on the high-lutein diet had significantly higher jejunal concentrations of lutein
than birds on the equal-lutein and wheat diets. All other birds had undetectable
concentrations. In all birds but those on the high-lutein diet, the jejunal region of the
gastrointestinal tract had higher concentrations of lutein than the ileal region (Table
4.4). Birds on the high-lutein diet had equal concentrations of lutein in both regions of
the gastrointestinal tract, and there was no significant difference between birds on the
different diets for ileal lutein concentration. Birds on diets containing supplemental

lutein had significantly higher hepatic lutein concentrations than birds on the other diets,

including those on the commercial diet.

Only birds with lutein in their diets had detectable concentrations of this carotenoid in
their adipose tissue (Table 4.4), which was proportional to the concentrations in the

feed. Lutein was undetectable in muscle samples.

Table 4.4 Lutein concentrations (1g/g) in fat, jejunal and ileal sections of
intestine, and liver, in birds on all treatment diets and significance of difference
between treatments. Values are means + standard error. An explanation of
treatment diet conditions is given in Table 4.2. Different superscripts indicate

significant difference down coloumns.

Fat

Jejunum lleum Liver
Commercial nd 0.079+0.006° 0.018+0.001  0.12+0.01'
BZ?oletion nd 0.01328 nd 0.001 + 0.0001"
gfarotene nd 0.016+0.002'  0.002+0.0008 0.007 + 0.003
g?gh lutein  0.009+0.004°  0.048+0.003¢ 0.043+0.001  0.189+0.02"
U\Tt?eat 0.003+0.001°  002+0001'  0007+0.001  0.042+0.01’
E:L(;I lutein  0.006+0.003®  0.036+0.004° 0.019+0.001 0.2+0.01"
g?:nificance p<0.001 p<0.008 ns p<0.03
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4.3.7 General Observations

Only sub-clinical signs of iron and vitamin A deficiency were noted in birds at the
completion of the depletion period (28 DO). After three weeks on the treatment diets
birds on the high-lutein diet showed noticeable yellowing of skin on the legs and around
the eyes, beak and feather follicles (Plate No 4.1 a & b). Yellowing of the shank was

also noted in birds on the equal lutein diet, but not in any other birds.

On dissection some birds were observed to have larger testes than other birds, however
this was not restricted to any one of the diets and included the commercial diet that was
replete in vitamin A and iron. Enlarged testes have been previously observed as a

response to vitamin A deficiency by Nockles and Kienholz (1967).

There was no significant effect of the depletion diet (14-28 DO) on actual growth rate
(weight gain / day) (Figure 4.7 A). However, birds remaining on the depletion diet
from 28-35 DO recorded a significant decrease in actual growth rate during this period.
At the conclusion of the experiment there was no significant difference in actual growth
rate between the treatment diets. There was no significant difference in feed
consumption between birds on any of the treatment diets and those on the commercial

diet (Figure 4.7 B).
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Figure 4.7 Time course of growth rate (g/bird) (Graph A) and feed intake (g/bird)
(Graph B) for birds on all diets. All birds were on the depletion diet until 28DO except
those on the commercial diet. Values are the means for 10 birds, error bars were

omitted for clarity but standard errors were within 5 % of the mean.
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Plate 4 a Pigmentation of chicken feet from birds on commercial diet (left) and

high-lutein diet (right).

Plate 4 b Pigmentation of beak, skin and feather follicles from birds on high-

lutein diet.
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4.4 Discussion

To understand the responses in iron indices to the diets, the established interaction
between vitamin A and iron and the effects of this interaction must be taken into
consideration. Therefore both iron and retinol responses will be discussed together

where appropriate.

Main Study (28-48 DO)

At the conclusion of the experiment, haemoglobin concentrations in birds on the B-
carotene and high-lutein diets were significantly higher than in birds on the commercial
and other diets (Figure 4.1). The increase in haemoglobin concentration can be
attributed to one of two mechanisms; either 1) an increase in iron bioavailability, or 2)
remobilisation of hepatic iron stores as a response to depletion. There was no
significant difference between birds on the different diets for hepatic non-haem iron
(Appendix C, Table C4), indicating that the significantly higher concentrations were
not due to remobilisation of hepatic stores as a response to iron deficiency (Mac Phail,
1998), but increased availability of dietary iron. The increase in haemoglobin
concentrations with supplemental f-carotene has been previously reported, however,
this is the first report to my knowledge of an increase in haemoglobin concentration
with supplemental lutein. Haemoglobin regeneration efficiency (Figure 4.2) was also
significantly higher in birds on the high luteirr and B-carotene diets than in birds on all
other diets at the completion of the experiment (48 DO). The significantly higher
haemoglobin concentration was not reflected in the other blood iron parameters,

haematocrit (Figure 4.3) and blood iron (Figure 4.4).

Birds on all treatment diets showed and increase in iron indices after on week on the
treatment diets. Although this might be attributed to the minimal concentration of iron
added to these diets, it could also be a homeostatic response to the previous weeks’ iron
depleted diet in the form of increased remobilisation of hepatic stores of iron as a
response. If remobilisation were responsible for the increase in these iron indices then
the increase would also be expected to appear in birds that remained on the depletion
diet for a further week. The increase in iron indices was continued in the following
week in heamatocrit and blood iron but not in haemoglobin that showed a plateau. The

increase may be attributed to an up regulation of iron absorption as a response to the
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depletion period. In the final week the haematocrit and blood iron concentration of

most birds decreased or remained constant, the reason for this is unknown.

Blood iron and haematocrit determine the overall effect of iron deficiency, and indicate
a general response to iron availability. However, haemoglobin more accurately
indicates a response to iron availability from a diet (Henry and Miller, 1995).
Haemoglobin, and in particular haemoglobin regeneration after iron depletion, has been
used as the response criterion in determining iron bioavailability (Henry and Miller,
1995). Consequently, haemoglobin repletion is the method recommended by the
AOAC for analysis of iron bioavailability (AOAC, 1995).

There was no significant difference between birds on the different diets for plasma
retinol (Figure 4.5) at the conclusion of the experiment, excluding birds on the
commercial diet. This lack of difference in plasma retinol after supplementation has
also been observed with another xanthophyll, canthaxanthin, and B-carotene (Blakely et
al. 1991) using the rat as the animal model. However, there are significant differences
between the two studies; including diets with adequate / excess retinol (120,000 RE/kg
diet) (Blakely et al. 1991) and the different animal model. Blakely et al. (1991)
observed that canthaxanthin lowered liver non-haem iron concentrations, but not
significantly when compared to B-carotene combined with an excess concentration of
retinol. The current study did not find a significant difference in hepatic non-haem iron
concentrations (Appendic C, Table C4). Other indicators of iron status were not
reported in the study by Blakely et al. (1991), leaving some doubt as to the response in

iron concentrations to canthaxanthin.

After one week on the experimental diets (35 DO) birds on the high-lutein diet had
significantly higher plasma retinol concentrations than birds on the other diets (Figure
4.5). Lutein is a non-provitamin A carotenoid and therefore the noted increase in
plasma retinol cannot be related to an increase in the dietary supply. The increase in
plasma retinol may have resulted from a remobilisation of hepatic stores as a response
to vitamin A deficiency. This is reinforced by the hepatic retinol concentrations (Table

4.3), which were significantly lower in birds on the high-lutein diets.

The potential for xanthophylls to be reduced to form precursors of retinol, as reported in

fish most recently by Schiedt et al. (1985) and rats (Matsuno, 1991), may also present a
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possible reason for the increase in plasma retinol concentrations without an apparent
dietary relationship. This mechanism has not been confirmed in birds and to determine

this was beyond the scope of this project.

Another conceivable explanation for the increase in plasma retinol concentrations is that
lutein may have a similar site of storage to retinol (Tyczkowski and Hamilton, 1986),
and the high concentration of Iutein may have in some way displaced retinol from the
liver, leading to the increased retinol concentrations in the plasma. The liver as a
storage site for lutein has been confirmed (Tyczkowski and Hamilton, 1986), and the
concentration of lutéin in the livers of birds on the high-lutein diet was significantly
higher than in birds on the commercial diet (Table 4.4); however not significantly
higher than in birds on the equal-lutein diet, further confusing the observed response in
hepatic retinol concentration. To determine if the increase in plasma retinol in birds on
the high-lutein diet was due to displacement of retinol by lutein, a similar experiment
could be conducted including weekly culls, allowing concurrent analysis of the liver and

plasma.

To determine if the increase in haemoglobin was due to an interaction between
carotenoids and iron at the site of absorption, two regions of the gastrointestinal tract
were analysed. The jejunum, as the site for the absorption of both iron and xanthophylls
(ie lutein) (Tyczkowski and Hamilton, 1986; Ganguly et al., 1959), and the ileum as the
major site for absorption of provitamin A carotenoids and retinol (Tyczkowski and
Hamilton, 1986), and a. minor site for iron absorption. However, analysis revealed that
there was no significant difference between birds on the different diets for intestinal iron

concentrations (Appendix C, Table C4). In fact intra-diet variation was high.

Chickens absorb xanthophylls intact (Lee et al., 1999; Tyczkowski and Hamilton,
1986), while carotenes are converted to retinol in the intestinal wall and transported to
the liver in this form (Ganguly et al, 1959; Tyczkowski and Hamilton, 1986).
Consequently, B-carotene was not detected in any samples of plasma or tissue, while
birds on the high-lutein diet had a marked and significant increase in plasma lutein
concentration after one week on the treatment diets (Figure 4.6). The increase in
plasma lutein was also seen in birds on the equal-lutein diet, though not to the same

extent, which can be attributed to the lower concentration of lutein in the diet. A linear
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relationship between total dietary carotenoids and serum carotenoids has been

previously reported (Dﬁa et al., 1967; Combs and Nicholson, 1963).

As the xanthophylls are absorbed preferentially in the jejunal region of the
gastrointestinal tract (Ganguly et al., 1959) the high concentration detected in this
region in birds on'the high-lutein diet (Table 4.4) was expected. Interestingly, these
birds had equal concentrations of lutein in both the jejunal and ileal region, and it is
reasonable to suggest that this is a result of the high dietary concentration of lutein,

conceivably leading to absorption in the lower region.

After two weeks on the treatment diets birds on the B-carotene diet had plasma retinol
concentrations that were marginal and significantly lower than in birds on the other diets
(Figure 4.5). Beta-carotene was the only source of vitamin A for birds on this diet, and
the concentration of B-carotene took into account the conversion factor to retinol, and
was supplied at a concentration used by others to achieve adequate vitamin A
concentrations (Poor et al., 1987; Mayne and Parker, 1986). Degradation of f3-carotene
in the diet due to oxidation was discounted by analysis that revealed no appreciable loss
of this vitamin A precursor. As B-carotene is converted to retinol in the intestinal wall
and transported as retinol in the plasma, this carotenoid cannot have been competing

with retinol for transport in the plasma.

Tt must be noted that birds on the P-carotene diet received adequate vitamin A from this
precursor source, while birds on the high-lutein diet sourced marginal vitamin A from a
different form, retinol palmitate. Additionally, the commercial diet (Appendix C,
Table C1) was very different in composition to the treatment diets, and served only as
an indicator of normal responses to an adequate concentration of nutrients and age
related changes in body weight. Therefore, the higher haemoglobin concentration
(Figure 4.1) in birds on the high lutein and B-carotene diets in comparison to birds on
the commercial diet has limited significance. However, haemoglobin concentration was
significantly higher than in birds on the other diets also, which more closely resembled

the composition of the high lutein and B-carotene diets.

Tron deficiency anaemia caused by bleeding or dietary deficiency has been reported to
lead to an increase in absorptive activity at the main sites for iron absorption, the

duodenum and jejunum (Chirasiri and Izak, 1966). In the current study the amount of
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blood removed during blood sampling was not at a volume sufficient to induce anaemia
or affect blood iron indices. However, dietary deficiency of iron during the depletion
period may have led to an increase in absorptive activity, which combined with
marginal concentrations of dietary iron possibly resunlted in the significant increase in
blood iron indices after one week on the treatment diets. The increased absorption

mechanism would be turned off when adequate iron concentrations were reached.

There was no significant difference in actual growth rate between birds on the different
treatment diets at the conclusion of the experiment (4.7A), indicating that differences in
blood and tissue nutrient concentration between birds on the different diets represent a
response to the diets, rather than an effect of decreased feed consumption (Figure 4.7B)

or a difference in body weight.

Depletion Period (14 — 28 DO)

The aimed for sub-clinical level of depletion in retinol and iron concentrations was
achieved after two weeks on the depletion diet. The degree of retinol depletion and the
age at which this was achieved has been previously reported, despite the prior depletion
period commencing at hatching (Friedman and Sklan 1989a); the initial marked
decrease in plasma retinol and the ensuing platean has also been observed (Friedman
and Sklan, 1989b). Therefore, no advantage can be gained from placing birds on the
depletion diet at hatching at which they are subject to severe non-diet related effects of

isolation (B. Hughes, pers. com., 2000).

A significant increase in haematocrit concentration was observed after one week on the
depletion diet. This was attributed to an increase in haematopoiesis (polycythaemia) as
a physiological response to iron deficiency. Another potential explanation for the initial
increase in haematocrit is haemoconcentration as a result of depressed water intake
(Sure et al., 1929; Nockles and Kienholz, 1967; Amine et al. 1970; Mahant and Eaton
1976; Mejia et al. 1979). Since water consumption was not measured in the current
study this cannot be ruled out as a cause. However, as the previously reported decrease
in water intake was a response to vitamin A and iron deficiency it would not be
expected that birds remaining on a diet deficient in these nutrients would reacquire their

thirst. Therefore, the drop in iron indices after a further week on the depletion diet in
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the current study indicates that haemoconcentration due to depressed water intake was
not the cause of the initial increase. Other known causes of haemoconcentration include
extreme physiological stress [Fazio, 2001 #1303] not experienced by these birds; as a
response to burns [Santos, 2001 #1302] which was not a factor in this study; and as a
response to extreme cold temperature [Donaldson, 2001 #1305] which also was not a

factor in this study, as the room was kept at a constant temperature of 25-27 °C.

While both the liver and bone marrow are stores for iron and red blood cells that can be
remobilised to prevent iron deficiency, hepatic stores are more easily remobilised
(Beard et al., 1993). 1t is therefore proposed that the absence of a decrease in
haemoglobin after one week on the depletion diet was due to remobilisation of hepatic
iron stores as a response to a diet deficient in iron. However, analysis of the liver
revealed erratic iron concentrz;tions, with both higher and lower concentrations than

normal (Saiz et al., 1990) detected.

An increase in hepatic iron concentration as a response to vitamin A deficiency has been
previously reported in chickens (Mejia et al., 1979; Sklan et al., 1986) and in rats
(Mejia et al., 1979; Roodenberg et al., 1996). These studies found that vitamin A
deficiency inhibited iron remobilisation from the liver resulting in high hepatic and low
circulating iron concentrations, which concurs to some extent with the results found in
birds on the depletion diet here. Further evidence for the role of vitamin A deficiency in
affecting concentrations of circulating iron is provided by an increase in plasma iron
with vitamin A.supplementation (Mohanram et al., 1977; Mejia and Arroyave, 1982;
Mejia and Chew, 1988; Bloem et al., 1989; Bloem et al., 1990). It is therefore
reasonable to suggest that both iron and vitamin A deficiency affected iron
remobilisation in the current study; vitamin A deficiency inhibiting remobilisation in

some birds, and iron deficiency enhancing remobilisation in others.

The significant decrease in iron indices after a second week on a diet deficient in retinol
and iron observed here has been previously attributed to a depletion of hepatic iron
stores (Pla and Fritz, 1970). However, the significant effect of vitamin A on iron
remobilisation needs to be taken into account and it is feasible that inhibition of

remobilisation also contributed to the decreased iron concentration in this study.
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It is suggested that after one week on the depletion diet hepatic iron was remobilised as
a response to iron deficiency, resulting in little change in the mean-cell-haemoglobin.
The decreased retinol concentrations did not inhibit iron remobilisation at this point as
they had not yet reached marginal concentrations. After a second week on the depletion
diet, marginal retinol concentrations inhibited further iron remobilisation and, combined
with remobilisation in the previous week, resulted in the erratic hepatic iron

concentrations.

Despite the absence of provitamin A carotenoids and retinol in the depletion diet
vitamin/mineral premix, birds remaining on this diet for a third week did not have
further significantly decreased plasma concentrations of these nutrients; depleted
concentrations of retinol <0.01 mg/L, (West et al., 1992) were not reached. The reason
for the disparity between the degree of depletion achieved here and previously, may be
that the study by West et al. (1992) obtained depleted concentrations in chicks that were
from depleted hens, and therefore had a marginal initial retinol concentration. In
comparison, the current study used birds fed on nutritionally adequate diets for 14 days
as a starting point, perhaps explaining the inability to achieve depleted plasma retinol
concentrations. Marginal concentrations of vitamin A precursors were confirmed to be
present in the wheat used as a base for the diet, which would have contributed to the
plasma concentration observed. The unacceptable variability in plasma retinol
concentrations found in chicks obtained from a commercial hatchery by West ef al.
(1992) was not observed in the current study, nor were the severe physical signs of

vitamin A deficiency after two weeks on the depletion diet.

Haematocrit and haemoglobin were also not significantly decreased beyond the second
week on the depletion diet. This may be due to a marginal buffered level of iron that is
difficult to further decrease. It is also probable that the low concentration of iron in the
wheat used as a base for the depletion diet contributed to the prevention of a further

drop in iron indices.

The physical signs of deterioration due to vitamin A and iron deficiency, including
decreased feed intake (Rechcigl et al., 1962; Amine et al., 1970; Davis and Sell, 1983;
West et al., 1992) and weight loss (Guilbert and Hart, 1935; Paul and Paul, 1946), were
not seen in the current study. This indicates that the decreased concentrations of

nutrients observed in the blood or plasma, depending on the parameter, were due to
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marginal concentrations of nutrients in the diet rather than decreased feed consumption.
Birds rcmainirig on the depletion diet for a third week bad a significant decrease in
actual growth rate, agreeing with the results of Amine et al. (1970) who found a
significant effect of a diet deficient in both vitamin A and iron on weight and feed

intake in the rat.

Overall, after two weeks on the depletion diet circulating concentrations of iron and
retinol were significantly decreased due to marginal concentrations of these nutrients in
the diet, and apparent exhaustion of tissue stores. Hepatic iron stores were affected by
depleted concentrations of both retinol and iron resulting in both remobilisation and
retention and hepatic retinol concentrations were significantly decreased by the

depletion diet.

In conclusion, the hypothesis that lutein could act in the same was as the established
interaction between B-carotene and iron in humans and animals deficient in iron and
vitamin A was confirmed in chickens in this study. Additionally, this study found that a
diet containing a high concentration of supplemental lutein resulted in an increase in
haemoglobin concentration, equal to that achieved with B-carotene. An increase in
haemoglobin concentrations due to an interaction between dietary iron and this
carotenoid found in-several staple foods has the potential to decrease the incidence of
iron deficiency anaemia world-wide. Further studies are necessary however to endorse
the results of this preliminary study, and to confirm that the interaction is present in

humans.
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General Discussion

Chapter 5

General Discussion

The studies presé:nted in this thesis investigated the carotenoid profile of some staple
foods ‘and the interaction of one carotenoid, lutein, with another essential nutrient,
iron. Some of the miain conclusions of these studies and their relevance to the health
of poliulations in both developed and developing countries are discussed in this

chapter.

5.1 Carotenoids in Staple Foods and their Role in Human
| Nutrition in Devéloping Countries

Staple foods such as wheat, rice and maize form the basis of diets in many
pop}ilations, and may occasionally be the sole source of nutrition for resource-poor
populations. Reliance on a single food has meant that the nutritional value of a staple
food can have a dramatic influence on the health and nutrition of a population.
Unfortunately, the prirhary staple foods consumed by impoverished people contain
inadequate concentrations of many essential micronutrients (Mason and Garcia, 1993;
McGuire, 1993). One such group of compounds is the carotenoids. As precursors to
vitamin A, carotenes _'are important in the prevention of blindness and in normal
. immune function, and deﬁc.icnc-yA of vitamin A is evidenced by the over 100 million
children affected and an equivalent number of adults affected annually (UNICEF,
2000). Xanthophylls are also important in the maintenance of visual acuity and as

antioxidants.

- Wheat is a staplé to billions of people world-wide (FAO/WHO, 1991) and an increase
in the carotenoid content of this grain therefore has the potential to improve the
carotenoid intake of these people. As carotenoids contribute many of the red, orange
and yellow colours in nature it was likely that a relationship between colour and
carotenoids would be present in wheat. The relationship between b* and total yellow
pigment (extracted by the American Association of Cereal Chemists method) has been
previously reported (Mares et al., 1997), however, the relationship between specific
carotenoids and colour measured objectively was reported here for the first time. A

strong correlation between yellow colour reported as the b* value of the CIE - L*a*b*
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measurement and lutein concentration was determined in wheat obtained from an
international wheat’b-reeding facility in Mexico (CIMMYT) (Chapter 2.1), and was
strongest in the highly pigmented durum wheat group. Other colour measures, L* and
a* had little relationship with lutein concentration, in contrast to several studies in
different foods w_hefe a* was determined to be the colour parameter most closely
correlated with total carotenoid concentration (Shewfelt et al., 1988; Ramakrishnan
and Erancis, 1973). Lutein is a non-provitamin A carotenoid and increased
consumption of foods with high concentrations of this compound may have nutritional
benefits from its role as an antioxidant, in maintenance of the macula region of the

eye, and potentially in improving iron nutrition as investigated in Chapter 4.

The identified strong correlation between lutein and b* can be used as a fast and
reliable method to select wheat varieties with higher concentrations of lutein. The
concentration of lutein may then be further increased by crossing of these varieties in
conventional breeding programs (Graham et al., 1999), although environmental
conditions are known to affect carotenoid concentration of the grain (Shuey, 1976).
Although the lutein esters were not quantified here, investigations into the role of
these commonly formed compounds in human health and their possible interaction
with other nutrients is needed to determine their efficacy when compared to free

lutein.

The overall correlation between b* value and [-carotene concentration was strong in
wheat cultivars surveyed only after the durum wheat group was removed from the
data set. This indicates that b* is a good indicator of both lutein and B-carotene
concentrations in bread wheat varieties only. The B-carotene concentrations detected
here and previously (Rosser, 1997) are not high enough to suggest that current wheat
varieties can impact on nutritional blindness (xerophthalmia) caused by vitamin A
deficiency. However, the number of wheat varieties surveyed here represents less
than 0.1% of the available gene-bank. Additionally, varieties that have not been
cultivated outside isolated geographic regions are yet to be explored for their
carotenoid concentration. Investigation into this untapped resource may reveal natural
variation for high carotenoid wheat varieties that can be introduced into breeding

programs.
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5.2 Sources of Carotenoids and their Role in Nutrition in

Developed Countries

5.2.1 Managing the paradox between health and consumer appeal in

bread wheat

The demand by millers for wheat varieties that mill to give white flour has resulted in
plant breeders selecting against strong yellow pigmentation in bread wheats.
However, an increased focus on the nutritional value of foods consumed in developed
countries may lead to a better balance between nutrition and consumer appeal. This
focus has resulted in the recent availability of nutritionally enhanced foods; for
example, eggs with enhanced levels of omega-3-fatty acids, and a margarine
containing cholesterol lowering plant sterols. These products command a premium in
the market and demand often outweighs supply, indicating the popularity of products

with perceived nutritional benefits.

The current consumer climate where health is a prominent motivation for product
selection would be excellent to release yellow bread produced from the highly
pigmented wheat, Krichauff. ' This variety has high concentrations of lutein in
comparison with more commonly consumed bread wheat varieties, and the colour and
carotenoid content can be conserved by storage at 5 °C (Chapter 2.2). The well
reported nutritional advantages of consuming a diet rich in the carotenoids that cause
this unique colour could be the focus of a marketing campaign, informing consumers

of the potential benefits of such a product.

The levels of lutein in Krichauff are an indirect result of attempts to improve
agronomic qualitics of bread wheat varieties, and so are not subject to the current
concern in relation to genetically modified foods. Additionally, because of the
popularity of this variety with farmers, the possibility of consumer demand
outweighing product supply is unlikely, ensuring a consistency in quality and supply
to millers and bakers and therefore consumers. If the consumer appeal for yellow
coloured bakery products cannot be raised, then pigmented wheat varieties will
continue to be a negative factor for the milling/baking industry. However, results
from Chapter 2.2 show that the strength of colour can be reduced to acceptable

levels.
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A significantly greater reduction in both colour and lutein was found in wheat stored
as flour rather than grain, and this can be attributed to the effects of oxidation on
carotenoids when isolated from the protein complex by milling. The reduction in
colour with storage provides a possible method for improving the usefulness of bread
wheat with high b* values at harvest (such as Krichauff), and therefore has important
implications for the Australian grain industry. Unfortunately, a reduction in
carotenoid concentration is associated with a decrease in yellow colour in wheat,

diminishing the potential health benefits of highly pigmented varieties.

5.2.2 Food sources of lutein and zeaxanthin and their role in age related

macular degeneration

The role of carotenoids in sight extends beyond that of a precursor to retinol, essential
for vision. Investigations into the role of non-provitamin A carotenoids, including
lutein and zeaxanthin, have shown these compounds to also have important
physiological functions in eye health, specifically prevention of age related macular

degeneration (AMD) (Seddon et al., 1994), which currently has no cure.

The yellow pigment in the macular region of the eye was preliminarily identified as a
xanthophyll by W-ald (1945), and subsequent studies (Bone et al., 1985; Bone et al.,
1988; Handleman et al., 1988) confirmed that the pigments were indeed lutein and
zeaxanthin. These carotenoids are involved in the protection of this region of the eye
from blue light damage. Further, the importance of these hydroxy carotenoids in
prevention of AMD was illustrated by two studies that showed that low plasma
concentrations of carotenoids indicate an increased risk of cataract (Yeum et al.,
1995) and AMD (The Eye-Diseases Case Control Study Group, 1992 & 1993; Seddon
et al., 1994; Snodderly, 1995).

Carotenoids cannot be synthesised in vivo and so these essential pigments must be
obtained from the diet. Supplementation with lutein and zeaxanthin has been shown
to increase the macular concentrations of these carotenoids (Hammond et al., 1997b),
as has consumption of a diet rich in fruit and vegetables containing high
concentrations of lutein and zeaxanthin (Seddon et al., 1994). However, the study by
Seddon et al. (1994) did not differentiate between the types of fruit and vegetables

consumed and the value of individual foods was not reported.
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Several previous studies have identified the concentrations of carotenoids in fruit and
vegetables without separately quantifying the levels of lutein and zeaxanthin. This
has resulted from their structural similarities making separation for quantification
difficult; this is to my knowledge the first study to report separately the levels of these
xanthophylls and their isomers in several fruit and vegetables. Lutein is more
abundant than zeax'anthin in food and this is reflected in the blood, though not in the
macula region of the eye where there is an equal concentration of both lutein and
zeaxanthin. Degeneration of this region of the eye has been related to low plasma
concentrations of lutein and zeaxanthin. Spinach, parsley, corn and butternut
pumpkin were all identified as having relatively high concentrations of zeaxanthin
(Chapter 3). The yellow/orange fruit and vegetables had lutein to zeaxanthin ratios
closest to that found in the macula. The wheat and pasta products contained low
concentrations of lutein and zeaxanthin when compared to the fruit and vegetables.
However, the role of wheat in improving carotenoid intake in populations where this

grain represents a large proportion of the daily food intake is still important.

5.3 The Role of Carotenoids in Reducing Iron Deficiency

Anaemia

The established interaction between vitamin A and iron (Mejia and Chew, 1988;
Roodenburg et al., 2000) and subsequently B-carotene and iron (Garcia-Casal et al.,
1998) in both animal and human populations was the base for the study into the role
of lutein on iron indices (Chapter 4). That both retinol and B-carotene have similar
effects on iron uptake indicates that the chemical form does not restrict this

mechanism. However, the conversion of B-carotene to retinol would inevitably occur.

Supplementary lutein fed for three weeks was found to increase haemoglobin
concentration in chickens, equivalent to that achieved with B-carotene as a source of
retinol. However, quantitative studies are essential to determine the effect in human
systems. The form and concentration of lutein used to achieve the response in
haemoglobin here would not be readily available from an average diet in either
developing or developed countries, however it is possible that a lower concentration
could also induce this effect over a longer period of time. The minimal concentration

and the time required to achieve such a response needs to be further refined.
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Lutein in a food complex, as the form most readily available to populations, was
represented by wheat in this study, and resulted in no enhancement of haemoglobin
concentration. It is possible that the food complex reduces the availability of lutein
and therefore the ability to enhance iron levels, perhaps by reducing the direct contact
between these nutrients. The concentration of lutein in the wheat was substantially
lower than in the supplemental lutein diet that produced the increase in haemoglobin

concéntration.

It is therefore most likely that the effect of lutein on iron is concentration dependent.
The diet containing supplemental lutein at concentrations equal to that found in wheat
still failed to achieve an increase in haemoglobin concentration. The differences
haemoglobin concentrations in response to lutein may also be related to the period of
supplementation; the lower concentrations of lutein may require a longer feeding
period to achieve the increase in haemoglobin. If verified, the lutein-iron interaction
will be important in reducing the incidence of iron deficiency anaemia and associated

illnesses in over 3 billion people worldwide.
5.4 Considerations of Nutritionally Enhanced Staple Foods

The development of nutritionally enhanced staple foods can help to reduce reliance on
supplementation programs as a solution to nutritional deficiencies (Combs et al.,
1996; Graham, 1984; Graham and Welch, 1996; Welch and Graham, 1999). These
programs are restricted in their ability to reach remote populations and by their
reliance on funding to continue the intervention, resulting in inconsistent
supplementation (WHO, 1992). Another restriction of supplementation programs is
that they generally address deficiencies of single nutrients only, while nutritionally
enhanced staple foods have the capacity to deliver several nutrients as well as caloric

requirements (FAO/WHO, 1991).

The use of enhanced staple foods to prevent nutritional deficiencies must take into
account agronomic and social factors that affect food acceptance and therefore
consumption. These factors are important in maximising the adoption of high nutrient
staples and are best addressed in the country where the crop will be produced and
consumed. The established relationship between colour and carotenoids (Chapter 2)

can contribute significantly to the identification of varieties with high concentrations
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of carotenoids. This can be used in self-help breeding programs in areas where wheat
represents a major proportion of daily caloric intake. However, education is essential
to remove the association between strong pigmentation and poor quality, and to
encourage populations to improve their nutrition using food based solutions. By
encouraging the combination of food diversity with nutritionally enhanced staple
foods the reliance on supplementation programs can be reduced leading to a

sustainable improvement in health.

Fruit and vegetables are the base for many diets worldwide. The possible role of
lutein and zeaxanthin in the prevention of AMD highlights the importance of
determining the concentration of these carotenoids in commonly consumed foods
(Chapter 3). Since lutein is prolific in green plants due to its association with
photoprotection, foods high in this carotenoid should be readily available to people in
both developing and developed countries. However, in developing countries the
majority of green plant material available is present as grass and inedible leaves.
Further studies are necessary to identify sources of lutein in arid areas where fruit and
vegetables are unavailable. In developing countries fruit and vegetables with high
concentrations of lutein and zeaxanthin are generally abundant though AMD
continues to be reported. This may be attributed to a combination of low consumption
of the fruit and vegetables related to poverty and poor education, and an increase in

average age of the worlds population.

Enhanced concentrations of nutrients in staple foods are of no value to nutritionally
deficient populations unless they are available for absorption and metabolism. Plant
based nutrients are subject to endogenous and exogenous interactions that can
increase or decrease their bioavailability. For example, carotenoids are fat-soluble
compounds and it is therefore essential that some form of fat is present in the diet to
enable absorption, either from the same food or from another source. Therefore,
increasing the carotenoid content of any staple food without addressing the need for
fat in the diet will result in little benefit from the enhanced concentrations. The
majority of fat in grains is located in the embryo, which is removed during milling.
Education of people about the nutritional benefits of whole-grains could result in
increased consumption of essential fats, at the same time an increasing the intake of

other nutrients removed during milling such as zinc and iron. The lack of fat to
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facilitate the absorption- of fat-soluble vitamins is not generally a problem in
developed countries where over consumption of fat is more common. However, the
assumption that all fat is detrimental to health is common, and weight reduction diets
n_eed'to ensure a proportion of fat is consumed in order to ensure uptake of these

essential nutrients.

Plant compbunds such as phytates and polyphenols negatively interact with nutrients
such as zinc and iron inhibiting their uptake from staple foods (Brune et al., 1989); .
Grains are particularly high in phytates, however, the aleurone contains the majority
of this nutrient with little present in the endosperm which remains after milling
(ODell et al., 1972). Vitamin A and B-carotene (Layrisse et al., 1997; Layrisse et al.,
1998) have been shown to ameliorate to some extent the effect of both phytates and
polyphenols, further indicating the important role that these plant compounds have in

human nutrition in increasing the availability of not only iron but other nutrients also.

Although the Retinol Activity Equivalent is a measure of the provitamin A value of a
food, 100 % conversion of precursors to the active vitamin A precursors does not
occur. Additionally, the bioavailability of precursors from the food matrix has
important implications in the amount actually available to the consumer. Numerous
studies have been undertaken to identify the bioavailability of provitamin A
carotenoids from foods (de Pee et al., 1998; Khan et al., 1998; Tang et al., 1999; van
Liéshout etal., 2Q01;,van het Hof et al., 1999;van het Hof et al., 2000). These studies
" have shown that the bioavailability varies considerably between foods, depending on

numerous factors.

As noted previously, exogenous interactions are also important in the bioavailability
of nutrients, and the capacity of a food, including nutritionally enhanced staples, to
deliver nutrients can be further enhanced by the consumption of foods that have
synergistic effects on nutrient availability. Education as to food combinations that can
increase the availability of nutrients is essential. However, the local and seasonal
availability of foods need to be taken into account when making such

recommendations.

Although nutritionally enhanced staple foods have the potential to replace the need for

supplementation they can never replace a balanced diet with wide food variety, as the
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unidentified nutritional -benefit of food compounds may have essential roles to play in
optimum health and nutrition. Hox;vever, improved staple foods can be used to help
combat the debilitating effects of nutritional deficiencies in populations where a wide
range of food types are not readily available, and to reduce the reliance on

supplementation programs.
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5.5 Future Directions

The Minolta Chroma Meter value b* was identified as a useful tool for selecting
high carotenoid wheat varieties and this can be used fast screening of germplasms.
Selected varieties can then be used in breeding programs to increase the

concentration of carotenoids in this staple food.

It would be interesting to compare the carotenoid concentration of the individual
fruit and vegetables throughout the maturation process to determine if the
carotenoid concentration at maturity was related in any way to the concentration
throughout development. Colour could also be related to carotenoid concentration
and compared with the observations of Hornero-Mendez and Minguez-Mosquera
(2000) and Rosser (1997). Rosser (1997) compared wheat varieties for carotenoid
concentration throughout grain development, determining that there were two

peaks in carotenoid accumulation prior to maturity.

The identified interaction between lutein and iron needs further qualification to
determine the importance in human nutrition. The role of the time period required
to record an effect of lutein on iron concentrations and the interaction with the
concentration effect of this carotenoid need to be determined, and may reveal that
current concentrations in some stziple foods are adequate to initiate this
mechanism. The possible reduction of lutein to B-carotene as noted in rats by
(Matsuno, 1991) may have an important effect on the interaction between lutein
and iron. Further studies into the interaction between iron, carotenoids, zinc and

inulin, a non-digestible polysaccharide, are proposed.
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APPENDIX A: Methods

A1 Extraction of Carotenoids from Biological Samples

Biological samples were extracted in the following manner (Kahchik pers. comm, 1999)

with amendments included in the relevant chapters.

A1.1 Grain

Five grams of each wheat sample was ground in an IKA analytical mill for 60 seconds,
weighed and eéxtracted for 1 hour in 20 ml tetrahydrofuran (THF) and 10% of the
sample weight sodium carbonate (Na,COs). Samples were partitioned into equal parts
of water and CH,Cl, ~ 20 ml of each, to remove any water. Approximately 5 ml of an
aqueous solution of 10% sodium chloride (NaCl ,q) was added to prevent the formation
of an emulsion. Any remaining water in the collected lower organic phase was removed
by the addition of ~ 2 g Na;SO4 (anhydrous) followed by vacuum filtration through a
No.1 Whatman filter paper. The filtrate was evaporated in vacuo and the residue was
transferred to a darkened glass vial through a 0.45 pm solvent resistant filter. This
involved the use of enough injection solvent (CH;0N 40%: MeOH 20%: CH,Cl, 20%:
Hexane 20% + 0.1% amine (DIPEA)(N,N-Diisopropylethylamine ([(CH3),CH];NC;Hs)
to ensure all of the sample was transferred. The sample was evaporated to dryness
under a stream of high purity nitrogen, and stored at -20°C until required for HPLC

analysis.

A1.2 Fruit and Vegetables

Fruit and vegetables were diced, weighed and homogenised for 1 hour (Omni Mixer
Homogeniser, Omni International) with 5% Na,COj3 and 20% celite to aid filtration and
enough tetrahydrofuran (THF) to cover the sample by at least Icm. Pasta products and
wheat samples were ground to a fine powder and homogenised as for the fruit and

vegetables.

The homogenate was filtered under vacuum via a Buchner filter funnel with a Whatman
15cm filter paper (Number 1), taking care that none of the sample remained on the
homogeniser blades or in the homogeniser jar. The homogenised sample was washed
with THF to ensure all of the carotenoids were removed from the remaining celite and

fruit complexes, and vacuum filtration was allowed to continue until no further filtrate
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could be extracted. The filtrate was then transferred to a ball flask with minimal THF
and evaporated to dryness on a rotary evaporator. The evaporated filtrate was
transferred from the ball flask to a partitioning flask with dichloromethane (CHxCly) +
amine (N,N-Diisopropylethylamine ([(CH3);CH];NC;Hs)) and minimal THF where
necessary. Any water-soluble substances were transferred from the ball flask to the

partitioning flask with minimal H,O.

The partitioning flask contained 5% NaCl solution (300ml H20 + 15g NaCl) and
~200ml CH,Cl, + amine (N,N-Diisopropylethylamine ([(CH3):CH],NC;Hs)). NaCl was
used to break the emulsion and enable 2 clear layers to form (water-soluble layer and
organic solvent soluble layer) so that the carotenoid-containing layer (organic solvent

soluble) could be collected.

The partitioning flask was stoppered and removed from the holder, inverted and gas
build up released immediately. The flask was then shaken gently and gas released, the
shaking was increased in vigor with gas releases between until no further gas was
detected. The flask was then returned to the holder and the stopper immediately
removed and washed with CH,Cl,. If two layers did not form then more NaCl

(aqueous) was added and a little alcohol if necessary.

While waiting for partitioning to complete a beaker was prepared with ~65g Na,SO4
(anhydrous) mashing any lumps to maximise surface area for absorption of water in the

collected organic soluble layer.

Following collection of the organic layer, H,O equal to the amount of organic solvent
remaining and minimal CH,Cl, were added and the flask was gently swirled, not
inverted, being careful not to disturb the lower layers too much. More of the
carotenoids partitioned into this layer and were drained off into the beaker containing
the previous partitioned layer. The remaining filtrate in the partitioning flask, which

was colourless and contained water-soluble plant extracts, was discarded.

The partitioned fraction was stirred vigorously with a spatula to ensure maximal Na;SO,
(anhydrous) contact with water. H,O will remain on the surface of the solution and
therefore will not come in contact with the Na,SQ, if not stirred. If more water is
present than the Na,SO, is able to absorb, the sample may be filtered, re-separated and

Na,SO, (anhydrous) again added. To minimise time taken for this process, delay
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addition of Na,SOy (anhydrous) until the whole of the organic layer has been collected

when the decision can be made as to re-separation.

The solution was then filtered through a Buchner enamel filter funnel, through a filter
paper, using CH,Cl, to wash the beaker. The funnel was removed from the vacuum
when no further filtrate was flowing through, and transferred to a 500ml ball flask with
CH,C], for rotary evaporation. On completion of rotary evaporation the sample was
transferred to a darkened glass vial using minimal CH,Cl; dried under a stream of high

purity nitrogen, and stored at -20°C until required for HPLC analysis.

A1.3 Blood and Tissue Samples
(a) Blood

Blood was collected into 5 ml heparinised vacu-tubes, inverted to ensure complete
mixing of the heparin with the blood sample and stored on ice in the dark. The
production of oxides by heparin/EDTA does not affect carotenoids. Samples were
centrifuged at 3000 rpm for 10 minutes at 0 °C. The upper pale yellow plasma fraction
was pippetted into labeled 2 ml tubes and placed on ice for transportation, while the

lower red layer containing the RBC was discarded.

Plasma volume was measured and an equal amount of ethanol was added. An amount
of ether equal to the amount of plasma was added and the mixture shaken vigorously.
The sample was centrifuged at 3000 rpm for 5 minutes and the supernatant pippetted
into a darkened glass vial. The protein pellet that formed at the bottom of the centrifuge
tube was extracted twice more with ether, centrifuged and the supernatant collected. At
each extraction the pellet was broken up to ensure complete extraction of the
carotenoids. Re-extraction of the pellet with ethanol is not recommended as the pellet
will become hard making further extraction of the carotenoids difficult. THF and
hexane are not recommended as an alternative to ether as they crystalise some
carotenoids. The supernatant was dried under a stream of high purity nitrogen and the

samples stored at -20 °C until required for HPLC analysis.
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(b) Tissue Samples

Tissues were placed in either liquid nitrogen or on ice immediately following collection
and stored at -20 °C. For extraction of carotenoids the samples were brought to room

temperature. Tissue samples were sonicated with THF.

A2 Analysis of Carotenoids in Biological Samples
A2.1 High Performance Liquid Chromatography (HPLC)

Extracted samples were removed from -20 °C and allowed to come to room temperature
before injection onto the HPLC. A 10ml leuger lock syringe was prepared by attaching
a 25mm 0.45 um GHD Acrodisc filter and adding 2-3ml of HPLC injection solvent.
The sample was transferred to the syringe using a Pasteur pippette with 200 pl injection
solvent, and the sample filtered. An aliquot of this solution was transferred with a
Pasteur pipette to an HPLC auto sampler injection vial and capped. The sample was

then analysed by reverse phase HPLC.

A3 Elemental Analysis
A3.1 Blood

Blood volume collected was measured and recorded. Four millilitres of nitric acid was
added and the sample left overnight. The following day the samples were heated for 25
minutes at 80 °C, 30 minutes at 100 °C, 90 minutes at 120 °C, 60 minutes at 125 °C, 60
minutes at 135 °C and at 141 °C until 0.5 ml of the sample remained. Samples were
cooled and diluted to 25 ml with 1% nitric acid. Analysis of iron, zinc, calcium,
magnesium, sodium, potassium and phosphorus, was by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES) (ARL 3580 B) with plasma in radial mode

using liquid nebulisation.

A3.2 Liver and Muscle

Liver and muscle samples were weighed and recorded. 6 ml of nitric acid was added
and the sample left overnight. Th samples were then heated at 80 °C for 25 minutes,
100 °C for 20 minutes, 125 °C for 90 minutes and then at 140 °C until 1ml of the
samples remained. The remaining solution was further digested in 10 ml of nitric acid

and 1 ml of perchloric acid at 80 °C for 20 minutes, 100 °C for 20 minutes, 120 °C for
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20 minutes, 130 °C for 60 minutes, 140 °C for 30 minutes, 150 °C for 50 minutes, 170

°C for 40 minutes, 180 °C for 15 minutes and 225 °C for 7 minutes.

Samples were cooled and diluted to 25 ml with 1% nitric acid. Analysis of iron, zinc,
calcium, magnesium, sodium, potassium and phosphorus, was by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES) (ARL 3580 B) with plasma in radial

mode using liquid nebulisation.
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APPENDIX B: Carotenoid Colour Correlations

Table BI Summary of the Linear Regression and Pearson Correlations between lutein and L*, a*, b*, for the whole-wheat

fraction comparing samples selected for HPLC analysis.

Parameter

29" IDSN | CBME1SY | ISO-Heat | ISO-Seri | Lukas | J731BI | J731BII | J731A Overall
L*
Linear Regression 0.36 0.35 0.25 0.41 0.78 0.32 0.007 0.07 0.008
Correlation Coefficient -0.59 -0.59 0.5 -0.64| -0.88 -0.56 0.08 -0.27 0.09
a¥
Linear Regression 0.35 0.28 0.008 0.29 0.75 0.56 0.5 0.24 0.002
Correlation Coefficient 0.59 0.53 0.09 0.54 0.87 0.75 0.7 0.5 0.04
b*
Linear Regression 0.89 0.81 0.62 0.59 0.7 0.89 0.75 0.74 0.39
Correlation Coefficient 0.95 0.89 0.79 0.77 0.84 0.94 0.87 0.86 0.62




Table B2 Summary of the Linear Regression and Pearson Correlations between ti-carotene and L*, a*, b*, for the whole-wheat

fraction comparing samples selected for HPLC analysis.

Parameter 20" IDSN | CBME1SY | ISO-Heat | ISO-Seri | Lukas | J731BI | J731BII | J731A | Overall
L*
Linear Regression 0.07 0.82 0.12 0.83 0.05 0.25 0.009 0.05 0.22
Correlation 0.26 0.91 0.35 0.83| 022 0.5 0.03| 022 0.47
Coefficient
a*
Linear Regression 0.01 0.79 0.5 0.75 0.05 043 0.54 0.26 0.29
Correlation 0.1 0.89 0.7 0.87 0.22 0.65 0.74 0.5 0.53
Coefficient
b*
Linear Regression 0.17 0.58 0.45 0.66 0.1 0.67 0.64 0.47 0.002
Correlation 0.14 0.76 0.67 0.81 0.31 0.82 0.8 0.69 0.046

Coefficient




Table B3 Summary of the Linear Regression and Pearson Correlations B-carotene and L*, a*, b*, for the whole-wheat fraction

comparing samples selected for HPLC analysis.

Parameter 29" IDSN | CBMEI1SY | ISO-Heat | ISO-Seri | Lukas | J731BI | J731BII | J731A | Overall
L*
Linear Regression 0.04 0.91 0.08 0.81 0.03 0.06 0.31 0.27 0.22
Correlation 0.2 0.95 0.28 0.9 0.17 0.24 0.56 0.51 0.47
Coefficient
a*
Linear Regression 0.03 0.88 0.009 0.77 0.06 0.41 0.75 0.49 0.29
Correlation 0.17 0.94 0.09 0.88 0.25 0.64 0.87 0.7 0.54
Coefficient
b*
Linear Regression 0.14 0.52 0.66 0.9 0.28 0.86 0.9 0.84 0.002
Correlation 0.37 0.72 0.8 0.95 0.53 0.93 0.95 0.92 0.045

Coefficient




Table B4 Regression equations between b* and lutein, alpha-carotene and beta-carotene for all wheat groups.

Equation Equation Equation
Wheat Group

Sqrt (Lutein) Sqrt (alpha-carotene) | Sqrt (beta-carotene)
29" IDSN -1.42 + 0.13 b* -0.12 + 0.005 b* -0.04 + 0.015 b*
CBME1SY -0.15 + 0.035 b* -0.12 - 0.001 b* -0.04 + 0.013 b*
ISO-Heat -0.15 + 0.038 b* -0.12-0.013 b* -0.04 + 0.015 b*
ISO-Seri -0.15 + 0.056 b* -0.12 + 0.019 b* -0.04 + 0.015 b*
J731A -0.15 + 0.04 b* -0.12 - 0.002 b* -0.04 + 0.19 b*
J731B1 -0.15 + 0.05 b* -0.12 - 0.004 b* -0.04 + 0.015 b*
J731BII -0.15 + 0.03 b* -0.12 + 0.009 b* -0.04 + 0.015 b*
Lukas -0.15 + 0.04 b* -0.12 + 0.016 b* -0.04 + 0.018 b*




Table B5 Correlations between b* and lutein in all wheat varieties for grain stored at 0 °C, 5 °C and 35 °C, for 0 or 6 months.

Variety Linerar regression Correlation coefficient
Spear 0.9869 0.993
Worrakatta 0.983 0.992
Krichauff 0.812 0.901
Tamaroi 0.999 0.999

Table B6 Correlation between b* and B-carotene in all wheat varieties for grain stored at 0 °C, 5 °C and 35 °C, for 0 or 6 months.

Variety Linerar regression Correlation coefficient
Spear 0.971 0.986
Worrakatta 0.645 0.803
Krichauff 0.953 0.976
Tamaroi 0.785 0.886

Table B7 Correlations between b* and lutein in all wheat varieties for flour stored at 0 °C, 5 °C and 35 °C, for 0 or 6 months.

Variety Linerar regression Correlation coefficient
Spear 0.951 0.975
Worrakatta 0.974 0.987
Krichauff 0.999 0.999
Tamaroi 0.759 0.871




Table B8 Correlation between b* and B-carotene in all wheat varieties for flour stored at 0 °C, 5 °C and 35 °C, for 0 or 6 months.

Variety Linerar regression Correlation coefficient
Spear 0.908 0.953
Worrakatta 0.988 0.994
Krichauff 0.947 0.973
Tamaroi 0.789 0.888




Appendix C

APPENDIX C: Animal Study

C1 Commercial Diet |

Table C1 Vitamin and mineral levels per tonne of feed in commercial diet.

Vitamin Concentration Mineral  Concentration
A 7 ioMIu*? Mn 80¢g
Ds 2MIU® Zn 60 g
E 20 g Fe 50g
K 2 Cu 6g
B, 1g 1 0.5g
B, o 4¢ Se 01g
Bs 2g Mo 025g
B2 10 mg Ca 10g
Pantothenate
Niacin 30g
Biotin 100 mg
Folic Acid 05g

- * 1 MIU = 0.3 g retinol. MIU indicates Million International Units
P iMu=0025¢.
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C2 Form and formulae of vitamins and minerals

Table C2 Form and formulae of vitamins used in depletion diet vitamin /

mineral premix.

Vitamin Form Formula
E Alpha-tocopherol acetate C31H520;
B, Thiamine hydrochloride Cy,H7CIN,4Os + HC1
B, Riboflavin C17H0N406
Bs- ' Pyridoxine hydrochloride CsH;;NOs + HCI
B2 cyanocobalamin
Niacin p-pantothenic acid (p[+]-N-[2,4-dihydroxy-  Hemicalcium salt

3,3-dimethylbutytyl]-p-alanine) CoH;6NOs + 1/2 Ca

Biotin d-biotin (vitamin H) CioHisN203S
Folic acid Pteroylglutamic acid C19H16N7O0s

Table C3 Form and formulae of minerals used in depletion diet vitamin /

mineral premix.

Mineral Form Formula
Copper Copper sulphate CuSOq4
Todine Potassium 1odate K103
Manganese Manganese sulphate Mn,SO4
Molybdenum Ammonium molybdate ~ MoO;
Selenium Sodium selenate Na,SeSO4
Zinc Zinc sulphate ZnSO4
Iron Ferric chloride Fe206Cl6
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C3 Whole-body Hb-Fe
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Figure C1 Whole-body Hb-Fe of birds on all diets. Values are the means for

10 birds, standard error bars were omitted for clarity but errors were within 5 %

of the mean.
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C4 Tissue Iron
Table C4 Iron concentrations (mg/kg) detected in liver, (haem and non-haem),
muscle, and jejunal and ileal gastrointestinal tract sections. Values are means +

standard error.

Hepatic Hepatic  Hepatic Haem  Muscle Gl Gl
Total Iron nor_n-haem iron Iron Jejunum lleaum
iron
Commercial 113+22 8449 29+ 18 48+088  13%2 20+ 4
Depletion 110+ 32 98 + 27 12+15 5.8+ 0.58 10+3 1513
B-carotene 143+ 24 100+ 23 43+13 5+0.87 16+ 15 30+ 15
High lutein 13624  82+25 54+8 5+0.83 19+1 1811
Wheat 171154 112153 59+ 14 491 15+10 28+ 10
Equal lutein 122+ 12 84+ 20 389 5.2+ 0.65 1415 20+5
Significance NS NS NS NS NS NS
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