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ABSTRACT
Vitamin A deficiency is a public health problem among children aged 6-36
months old in Zimbabwe. The children are vitamin A deficient partly because the
complementary diets are starchy white gruels, devoid of vitamin A or provitamin A
carotenoids. Green leafy vegetables of Brassica oleracea family such as kale are rich in
provitamin A carotenoids. Despite the widespread consumption of kale, it is not a
common complementary food. A kale complementary food cooked with peanut butter is
not only nutrient and energy dense, but may also increase the bioavailability of βcarotene. Kale is consumed as relish to staple maize porridge. Therefore, it is important
to also optimize the vitamin A value of maize based complementary foods. Our previous
studies show that α-tocopherol, an antioxidant found abundantly in maize promotes the
exclusive central cleavage of β-carotene by the BCMO1 enzyme to vitamin A. However,
the genetic variation of vitamin E and antioxidants in biofortified yellow maize and their
effects on BCMO1 enzyme is unknown. Currently, there is also a lack of information on
the genetic characterization of carotenoids in Brassica oleracea green vegetables
consumed in Zimbabwe, and human studies showing their vitamin A value. The primary
objective of this thesis was to demonstrate that kale and biofortified maize can improve
the vitamin A value of complementary foods in Zimbabwe. The following studies were
pursued to address the primary objective.
The first study determined the genetic variation of carotenoids, vitamin E and
phenolic compounds in biofortified maize. HPLC analysis of 20 genotypes of biofortified
maize showed β-cryptoxanthin and β-carotene as the main provitamin A carotenoids.
Biofortified maize was also high in vitamin E, γ-oryzanol, ferulic acid and p-coumaric
acid. Our study showed that genotype was a significant determinant of provitamin A
carotenoids and vitamin E variation in maize (p<0.01). The second study characterized
carotenoid profiles of brassica oleracea var. acephala vegetables varieties commonly
consumed in Zimbabwe. HPLC analysis showed significant differences in the lutein and
β-carotene contents among the six brassica oleracea vegetables varieties (p<0.05). Our
study showed that the Zimbabwean brassica oleracea var. acephala vegetables are a very
good source of provitamin A carotenoids. Our third study determined the effect of
antioxidants on the enzymatic cleavage of β-carotene in vitro. Extracts of kale and
biofortified maize were incubated with rat intestinal mucosal homogenate for an hour at
37°C. This study showed that vitamin E and γ-oryzanol promote central cleavage of βcarotene to form vitamin A. The fourth study determined the effect of peanut butter on
the bioconversion of deuterium labeled kale [2H9] β-carotene to vitamin A. Preschool
children were randomly assigned to ingest 1 mg [13C10] retinyl acetate reference dose and
50 g cooked kale (1.5 mg β-carotene) with either 33 g peanut butter (PBG) or 16 g lard
(LG) on d1. Serum samples were analyzed by NCI-GC/MS for the enrichments of labeled
[2H] retinol from kale [2H9] β-carotene and [13C10] retinol from reference dose. The area
under the curve (AUCs) of molar retinol enrichments at days 1, 2, 3, 6, 15, and 21 after
the labeled doses showed the calculated conversion factors of kale β-carotene to vitamin
A to be 13.4 ± 3.1 and 11.0 ± 3.9 to 1 by weight for LG and PBG respectively. This
showed that kale is a good source of vitamin A. In summary, our research studies showed
that kale and biofortified maize can improve the vitamin A value of complementary diets
of children aged 6-59 months who are vulnerable to vitamin A deficiency.
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CHAPTER 1
INTRODUCTION

1

BACKGROUND

Introduction of solid foods is associated with stunting and vitamin A deficiency

Children aged 6-36 months are at higher risk of vitamin A deficiency (VAD)
because of cessation of exclusive breast-feeding, introduction of solid foods and rapid
growth induced increased vitamin A requirements [1, 2]. Even though breastfeeding is
nearly universal in Zimbabwe, exclusive breastfeeding rates are relatively low [3].
Complementary feeding which should be started at age of 6 months is introduced very
early, with 63% of children aged 4 -5 months, 41% aged 2 - 3 months and 12% aged 0 - 1
month introduced to solids in 2009 [4]. The World Health Organization (WHO)
recommends that children begin complementary feeding, in addition to breast milk,
between four and six months of age, in order to ensure adequate growth and nourishment
[5]. In Zimbabwe, traditional complementary foods are gruels that are based on starchy
staple cereals such as maize, millet and sorghum [6]. Since young children have small
gastric capacities, they are unable to meet their energy requirements and consequently
may become malnourished because of the low energy and nutrient densities of these
complementary foods [7]. Children consuming these foods grow poorly and have higher
mortality rates [8]. Early introduction of solid foods exposes children to gastrointestinal
diseases resulting in micronutrient deficiencies such as VAD and growth retardation
(stunting). This consequence is clearly shown by data from Zimbabwe where 35%
percent of the children aged 6-71 months were stunted [3], and also 35% of children aged
6-71 months had VAD indicated by serum retinol levels below 20 µg/dL [9]. It is obvious
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that lack vitamin A in the complementary diets of children will lead to VAD and stunting
as it is essential for growth, development and immune function. Increasing the nutrient
density of complementary foods is a strategy commonly recommended for improving
child growth and survival.

Food based strategies are the most appropriate VAD strategy in poor countries

Poor people in developing countries depend on plant food carotenoids as their
main source of vitamin A because animal products such as dairy, poultry, red meats and
fish that are rich in preformed vitamin A are very expensive [10]. Therefore, the
Government of Zimbabwe (GOZ) and international organizations embarked on vitamin A
supplementation (VAS) programs for all children under 5 years old with vitamin A
capsules as a strategy to control VAD. However, while VAS is effective, the coverage of
children under 5 years old ranges between 20 and 80% in Zimbabwe [3, 4]. As a result, a
majority of vulnerable children in hard to reach remote rural areas are usually left
uncovered by VAS. International organizations and private companies also coordinate
vitamin A fortification of foods like maize meal, cooking oil and sugar. Fortification of
staple foods like maize flour and sugar has the potential of reaching many people.
Fortification has been very successful where it was supported by government legislation,
for example the universal salt iodation in Zimbabwe [11]. Unfortunately there is no
mandatory vitamin A fortification of food in Zimbabwe. Therefore, the effectiveness,
coverage and impact of vitamin A fortification of edible oils, breads and dairy products
by private companies cannot be adequately assessed. Also in a poor country like
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Zimbabwe, where more than 90% of the population lives on less than US$2.00 per day,
the consumption of vitamin A fortified commercial foods by the vulnerable groups in
rural areas is limited by high costs and access to markets [12]. Therefore, a majority of
infants and toddlers in Zimbabwe are fed maize based starchy complementary foods that
have little or no vitamin A.
VAS and vitamin A fortification require donor funding and huge capital
investments. It is therefore important to address VAD sustainably by empowering rural
communities in Zimbabwe with knowledge of local plant foods available to them. As a
typical developing country, agriculture is the main economic activity in Zimbabwe and
plant foods dominate the diet. Plant foods provide between 70 to 90% of total vitamin A
intake in developing countries [10, 13]. Food based dietary approaches such as homegardens, community gardens and biofortification are increasingly being emphasized
because they are effective, sustainable sources of vitamin A, provide other nutrients and
are capable of reaching undernourished populations in relatively remote rural areas [14,
15].
Food based vitamin A dietary interventions should focus on staple food crops
such as green vegetables and maize. Currently, food based strategies are not aggressively
pursued by developmental organizations in Zimbabwe and around the world, partly
because they are considered long-term intervention strategies whose impact takes time to
show, compared to VAS and fortification. One additional setback for food-based
strategies in Zimbabwe is the dearth of nutrition research that limits the availability and
access to information on the nutritional value of local plants foods to promote their
consumption by the vulnerable groups. Therefore, the success of food-based strategies to
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address VAD among children depends on increasing the knowledge about the nutritional
value of local foods through research and nutrition education.

Enhancing the vitamin A value biofortified yellow maize as a complementary food

Studies in Zimbabwe show that the type of complementary foods is mainly
dependent on household supplies, as infant and family meals are prepared together [16].
Maize is used as the main complementary food because, as a staple crop, it is grown
widely and therefore easily accessed by the poor [16-19]. Regular white maize is mainly
starch and devoid of other important nutrients. However, maize can be nutritionally
enhanced by biofortification to provide essential micronutrients such as vitamin A.
Biofortified yellow maize is rich in provitamin A carotenoids such as β-carotene that can
be converted to vitamin A by the body. Bioefficacy studies showed that biofortified
yellow maize is an effective source of vitamin A in humans [20, 21]. Biofortified yellow
maize complementary foods would be effective in countries like Zimbabwe because more
than 80% of households consume maize porridge at least once a day, and about 56%
consume maize with green vegetables at least once a day, making green vegetables such
as kale and maize the most frequently consumed food crops [22, 23]. Biofortified yellow
maize can then substitute white maize to prepare the maize based complementary foods
for children. White maize is nutritionally inferior to yellow maize and biofortified yellow
maize, because the latter contains provitamin A carotenoids, vitamin E and oils. Studies
in east and southern Africa showed that biofortified yellow maize acceptance is not a big
issue among the poor who are vulnerable to VAD [23-26]. Yellow maize porridge can be
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cooked with peanut butter to enhance the palatability and nutrient density. However, the
acceptability by toddlers of peanut butter cooked yellow maize porridge in Zimbabwe
needs to be established, to ensure the success of biofortified yellow maize as a
sustainable source of vitamin A.
Despite the scientific evidence that show that biofortified yellow maize is a very
good source of vitamin A, the bioconversion of provitamin A carotenoids to vitamin A is
very variable [27, 28]. Therefore, it is imperative to find ways to enhance the vitamin A
value of biofortified yellow maize, especially if it will be used as a complementary food
for children under different conditions. The vitamin A value of biofortified yellow maize
can be enhanced by the presence of antioxidants. Antioxidants such as α-tocopherol have
been shown to promote the exclusive central cleavage of β-carotene to vitamin A but in
their absence, β-carotene was excentrically cleaved to produce apo-carotenoids [29]
(Figure 1). Therefore, the presence of antioxidants influences the activity of the enzyme
β-carotene 15, 15′-monoxygenase (BCMO1). This enzyme cleaves β-carotene by central
cleavage, which involves the metabolism of one β-carotene at the central double bond to
produce two retinals. The random cleavage or excentric cleavage of one β-carotene
produces retinal and several products such as β-apo-carotenoids. Some studies reported
that the presence of lipoxygenase inhibitors and antioxidants such as α-tocopherol
prevent random cleavage of β-carotene [30]. This is important because the vitamin A
activity of β-carotene, even when measured under controlled conditions, is highly
variable and sometimes low [27, 28].
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Figure 1: Possible mechanisms of β-carotene cleavage in a purified post-mitochondrial
fraction with and without vitamin E [29].

Currently, there are no studies showing the effect of other vitamin E forms (γtocopherol, α-tocotrienol and γ-tocotrienol) on the bioconversion of β-carotene to vitamin
A. Biofortified yellow maize in addition to provitamin A carotenoids also contains
antioxidants such as vitamin E (α-tocopherol, γ-tocopherol, α-tocotrienol and γtocotrienol) and γ-oryzanol that may enhance the bioconversion of β-carotene to vitamin
A. Regular yellow maize vitamin E forms contents range from 67-230 mg α-tocopherol,
5.8-10.4 mg γ-tocopherol, 4.6-8.9 mg α-tocotrienol and 9.9-23.0 mg γ-tocotrienol per 100
g of dry weight maize [31, 32]. Tocotrienols are considered to be more potent
antioxidants than tocopherols [33]. The levels of tocopherols and tocotrienols can be
manipulated through biofortification [32]. Regular yellow maize is also rich in
antioxidant γ-oryzanol. It will be interesting to determine whether γ-oryzanol can have a
similar effect on BCMO1 as α-tocopherol. In order to increase the nutrition knowledge of
local foods in Zimbabwe, this study determined the sources of variation and genetic
7

variation of carotenoids, α-tocotrienol, γ-tocopherol, α-tocotrienol, γ-tocotrienol and γoryzanol and antioxidant activity in kale and several varieties of biofortified yellow
maize targeted for production in Zimbabwe.
Rat intestinal mucosa homogenate contains the BCMO1 enzyme and has been
used to study the activity of the BCMO1 enzyme [29, 34]. The amino acid comparison of
human BCMO1 and the homologous enzyme in mice and rats was shown to be around
85% [35], thus giving us the ability to study the enzyme activity as it may perform in
humans. In this study the effects of different vitamin E forms (α-tocotrienol, γtocopherol, α-tocotrienol and γ-tocotrienol), γ-oryzanol and antioxidants from kale and
biofortified yellow maize extracts were incubated with rat intestinal BCMO1 in vitro.
Results from this study showed how these antioxidant promoted increased enzymatic
vitamin A production from kale and biofortified yellow maize β-carotene. This
information can therefore lead to incorporation of biofortified yellow maize as the
complementary feeding options is important towards increasing vitamin A intakes by
children 6-36 months in Zimbabwe.

Kale as a complementary food for infant children in Zimbabwe

Factors such as nutrient profile, availability, accessibility, and filling effect
determine a mother’s choice of types of complementary foods [19]. This can explain in
part why complementary diets in Zimbabwe are mainly maize based and contain little to
no fruit and vegetables despite their widespread availability [19]. Fruits and vegetables
are rich in provitamin A carotenoids which are converted to vitamin A by the body.
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Incorporating provitamin A carotenoid rich fruits and vegetables in the complementary
diets of infants in Zimbabwe may lead to improvements in the vitamin A status of
children.
Green leafy vegetables such as kale are a common sight in Zimbabwe. Nearly
every household in Zimbabwe has a vegetable garden in which at least one of the
following brassica oleracia var. acephala, brassica juncea, brassica carinata, brassica
nepus, tronchuda Portuguesa var., and brassica var. capitata are grown [36-38]. Kale
(brassica acephala) is locally known in Zimbabwe as rugare, covo, viscose and Chou
Moellier are the most widely grown and consumed perennial green vegetables [38]. Kale
is consumed sautéed as a side dish to the thick porridge (sadza). It is also a traditional
practice in Zimbabwe to add peanut butter to food while cooking, especially green
vegetables and maize porridge to increase palatability, filling effect and nutrient density.
Despite the nutrient superiority, neither sautéed nor peanut butter cooked kale is used as a
complementary food in Zimbabwe. This can be a result of cultural beliefs or ignorance of
the mothers and care givers on the nutritional importance of kale. The provitamin A
carotenoid contents of Brassica oleracea green vegetables grown and consumed in
Zimbabwe is currently unknown. In the US, Brassica oleracea var acephala (kale) was
shown to be rich in provitamin A carotenoid β-carotene [39-41]. The β-carotene content
of kale is one of the highest in plant foods, ranging from 3-15 mg/100g fresh weight [42].
Kale β-carotene was shown to be very bioavailable in humans, and the kale β-carotene
was shown to be effectively converted to vitamin A [41]. However, what is yet to be
determined is the amount of retinol (vitamin A) that can be form from kale β-carotene,
especially in children.
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The vitamin A value of green vegetables

The bioavailability of green leafy vegetable β-carotene and bioconversion to
vitamin A varies widely [43-46]. Studies comparing the bioavailability of β-carotene
from green leafy vegetables to purified β-carotene found that it ranges between 3 and 6%
for green leafy vegetables, 19 and 34% for carrots and 22 and 24% for broccoli [47-50].
In some cases, β-carotene from fruits was found to be 2.6-6 times as effective in
increasing plasma concentrations of retinol and β-carotene as green leafy vegetables [47].
These differences may result from differences in intracellular location of carotenoids. It is
also possible that other factors such as the fat content of the meal, food matrix, food
processing and amount and type of fiber in the food sample played a role [51]. Most βcarotene bioavailability studies have focused mainly on carrot, spinach, broccoli, peas,
sweet potato, and tomato because these foods are important in the western diet [27, 5152]. Very little is known about the bioavailability of β-carotene from Brassica oleracea
vegetables that are important in diets of poor people in east and southern Africa.
However, one study in US adults showed the bioavailability of [13C] labeled kale βcarotene after consuming 400 g of cooked kale (20 mg β-carotene) with 30 g of peanut oil
[41]. Labeled [13C] β-carotene (Figure 2) from the kale was detectable in the subject's
plasma for the full 46-day sampling period [41]. Labeled retinol [13C] retinol detected
throughout the entire 46-day sampling period was derived from [13C] β-carotene in the
kale dose, since β-carotene was the only provitamin A carotenoid present in the
kale. Interestingly in this study the kale was consumed with 30 g of peanut oil that is rich
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in vitamin E. Maybe the peanut oil vi
vitamin
tamin E resulted in the observed β-carotene
bioavailability and retinol formation. Peanut butter is rich in oils, vitamin E and protein,
and these factors have been known to affect bioavailability of β-carotene
carotene from plant
foods [27, 53-54].
54]. Therefore, one of the aims of this study was to determine the effect of
vitamin E rich peanut butter cooked kale on the bioavailability of kale β--carotene and it’s
bioconversion to vitamin A in Zimbabwean toddlers aged 12
12-36 months.

Figure 2: Plasma lutein, ββ-carotene and
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C-retinol
retinol after consumption of a 400 g-cooked

kale [49].

Determining the vitamin A value of kale in children

Other techniques have been employed to assess the bioavailability of β-carotene
from plant foods suchh as postprandial chylomicron, and separation triacylglycerol-rich
triacylglycerol
lipoproteins (TRL) [55-57].
57]. These procedures have several pitfalls for obtaining accurate
data due to variability in the recovery of TRL. Stable isotope labeling has been used
safely in humans
ans to assess nutritional status. Vegetables grown hydroponically in 15-30%
15
11

atom-% D2O have been developed for nutritional studies in humans. Kale has been
successfully labeled with deuterium to assess the vitamin K bioavailability in humans
[58]. Kale labeled with [13C] β-carotene was used to evaluate the bioavailability of βcarotene in humans [41]. In order to determine the bioconversion of kale β-carotene to
vitamin A and quantitate the vitamin A value, kale plant material in which the
carotenoids have been endogenously or intrinsically labeled with a low abundance
deuterium stable isotope were used in this study. The deuterium isotopic tag allows the
separate identification of serum carotenoids from labeled kale and from other dietary
sources. The deuterium labeled kale β-carotene that is derived from the labeled kale can
be traced after being eaten by a human subject. In this way it was possible to determine
absorption of β-carotene from the food matrices and the subsequent conversion of the βcarotene to vitamin A [59]. A reference dose of a known amount of [13C10] retinyl acetate
was ingested by subject, which allowed the amount of labeled retinol from the kale to be
calculated. The vitamin A value of kale was quantitatively determined by comparing the
areas under the curve (AUC) of a 1 mg quantity of [13 C10] retinyl actate reference dose in
serum to that of deuterium labeled retinol from labeled kale β-carotene .
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SIGNIFICANCE

Poor people in developing countries eat diets composed mainly of plant foods
which are their staple foods. Adding variety to their diets through the promotion of
household production and consumption of diverse locally available foods rich in
provitamin A carotenoids will significantly contribute to controlling and eliminating
VAD. This thesis addressed the most important food crops in the diets of vitamin A
deficient populations in east and southern Africa. Improving the vitamin A value of staple
foods ensures that people are getting a daily dose of vitamin A from their diets. Maize
and kale are consumed daily by millions of people in east and southern Africa. Results
from this study increase the knowledge and access to provitamin A rich foods such as
Brassica oleracea vegetables, which in turn may result in improved vitamin A intake by
children. Other programs such as vitamin A supplementation and food fortification while
effective and cost effective, are not sustainable in many resource poor Africa countries
where the majority of vitamin A deficient populations live in remote rural areas. Food
based strategies such as home gardens, dietary diversification and biofortification which
are just as effective as VAS and fortification, are sustainable and can research everyone
in the community are currently being promoted for controlling VAD. This study utilized
kale a Brassica oleracea vegetable that is already consumed in Zimbabwe to determine
its vitamin A value and potential use as vitamin A rich complementary food. Kale is
grown widely in home-gardens in both rural and urban areas. It grows rapidly and grows
for many seasons, allowing families to have constant daily supply of vitamin A. Maize
porridges that are the main complementary food for children aged 6-36 months can also
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be optimized to provide vitamin A through biofortification. This study showed that
biofortified yellow maize rich in provitamin A carotenoids can provide vitamin A to
children if used as complementary food. Genetic characterization of different biofortified
yellow maize hybrids for carotenoids, vitamin E and phenolic compounds and antioxidant
activity showed that biofortified yellow maize rich in provitamin A carotenoids can be
grown in different regions of the world with very little change in the provitamin A
carotenoid contents. This study demonstrated that antioxidants present in kale and
biofortified yellow maize such as vitamin E when consumed with β-carotene resulted in
increased vitamin A production by the BCMO1 enzyme through inhibition of the
excentric cleavage pathway.
The availability of information on the vitamin A value of kale and provitamin A
carotenoids enriched biofortified yellow maize allows nutritionists working in Zimbabwe
to develop nutrition education tools to encourage mothers to feed their children these
vitamin A rich foods. This empowers rural communities to address VAD sustainably and
effectively. It is envisioned that results from this study will influence the development of
effective and sustainable dietary guidelines for infant and young children nutrition in
Zimbabwe and neighboring countries in east and southern Africa.
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HYPOTHESIS

The main objective of this study was to determine the role of antioxidants in
enhancing kale and biofortified yellow maize as rich sources of vitamin A in the
complementary diets of children aged 6-36 months in Zimbabwe. We hypothesized that
provitamin A rich kale and provitamin A enriched yellow maize will improve the vitamin
A value of complementary foods in Zimbabwe. The following specific aims were pursued
to address our main objective:

SPECIFIC AIMS

Specific aim 1(a): Determine the carotenoid, vitamin E, γ-oryzanol contents and
antioxidant capacity of biofortified yellow maize varieties for Zimbabwe.

The hypothesis tested was that there are associations between carotenoids,
vitamin E and γ-oryzanol in biofortified yellow maize with their antioxidant capacity. To
test this hypothesis 30 provitamin A enriched yellow maize hybrids varieties developed
by the International Maize and Wheat Improvement Center (CIMMYT) in Mexico were
analyzed by HPLC for carotenoids, vitamin E, γ-oryzanol, ferulic acid and p-coumaric
acid. The antioxidant activity was determined using the Total Antioxidant Performance
(TAP) assay.
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Specific aim 1(b): Determine the effect of vitamin E and γ-oryzanol in kale and
biofortified yellow maize on the cleavage of their β-carotene to vitamin A in vitro.

We tested the hypothesis that antioxidants in biofortified yellow maize and kale
(vitamin E and γ-oryzanol) will promote the central cleavage of β-carotene to vitamin A.
To test this hypothesis, extracts of biofortified yellow maize and kale were incubated
with rat intestinal mucosal homogenate at 37°C for an hour. Pure standards of β-carotene
were also incubated with rat intestinal homogenate in the presence of either α-tocopherol,
γ-tocopherol, α-tocotrineol, γ-tocotrienol and γ-oryzanol. The β-carotene cleavage
products were extracted and analyzed and identified by HPLC.

Specific aim 2: To genetically profile the provitamin A carotenoids in brassica oleracea
green vegetables commonly consumed in Zimbabwe.

The hypothesis tested was that there were no differences in the carotenoid
contents of different Brassica oleracea vegetables commonly grown and consumed in
Zimbabwe. To test this hypothesis, Brassica oleracea vegetables commonly grown and
consumed in Zimbabwe were identified, samples and analyzed for carotenoid contents by
HPLC.

Specific aim 3: Determine the effect of vitamin E rich peanut butter on the
bioconversion of kale β-carotene to vitamin A in humans.
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The hypothesis tested was that peanut butter cooked kale β-carotene will be better
absorbed and easily converted to vitamin A compared to the lard (animal fat) cooked kale
β-carotene in preschool children aged 12-36 month. Intrinsically labeled kale was grown
in Houston, Texas. Forty children were recruited and on day 1 of the study and were
randomly assigned to either 50 g cooked kale (1.5 mg β-carotene content) with 33 g of
peanut butter or with 16 g of lard. All subject ingested a capsule with 1mg [13C10] retinyl
acetate reference dose. Baseline blood draw was collected before ingestion of the labeled
doses, and blood was collected on day 1, 2, 3, 6, 15 and 21 after ingestion of the labeled
doses from 5 children per time-point per group. Serum was them processed and analyzed
by HPLC for carotenoids, retinol and tocopherols. GC/MS was used to analyze the serum
enrichment of [2H] retinol from [2H9] β-carotene from kale and [13C10] retinol from 1 mg
reference dose. Molar enrichments of [2H] retinol from kale [2H9] β-carotene and [13C10]
retinol were used to compute AUCs. The AUCs for [13C10] retinol and [2H] retinol were
used to calculate the vitamin A equivalence and the conversion factors of kale [2H9] βcarotene from the peanut butter group and the lard group.
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What is vitamin A and where is it found?
Vitamin A is an essential nutrient required by the human body for normal growth
and development. The term vitamin A refers to all compounds that qualitatively exhibit
the biological activity of retinol [1]. In almost all tissues the active form of vitamin A
responsible for metabolic functions is retinoic acid [2]. The retinoic acid nuclear
receptors (RAR and RXR) have greater affinity specifically for all-trans-retinoic acid
form, but recently other functional retinoic acids such as 9 cis retinoic acid have emerged
[3]. The most effective dietary sources of vitamin A are foods of animal origin such as
dairy products, poultry, fish and meat. These foods contain preformed vitamin A in the
form of retinol, which is very bioavailable. Plant foods such as fruits, green leafy
vegetables, tubers and flowers contain precursors of vitamin A called carotenoids [4].
There are more than 600 carotenoids in nature and of these only 50 have provitamin A
carotenoid activity [5]. Of all the provitamin A carotenoids, all-trans β-carotene is the
largest contributor to vitamin A activity. Other provitamin A carotenoids such as 9 cis-βcarotene, 13 cis-β-carotene, α-carotene, β-cryptoxanthin and γ-carotene have half the
vitamin A activity of all trans β-carotene [6]. Provitamin A carotenoids when consumed
by humans can be converted to vitamin A by enzymes such as the β-carotene
monoxygenase cleavage enzyme (BCMO1) [7]. Vitamin A has been added to a wide
variety of foods in order to improve their nutritional value through large scale
fortification of commonly consumed foods such as milk in the (US), cooking oil
(Bangladesh), sugar (Guatemala), rice (India) and maize flours (South Africa) [8]. In
nature provitamin A carotenoids provide all the vitamin A in the food chain, animals
convert them to retinol esters which are then consumed by humans in animal products.
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Vitamin A functions important to child development and survival
Vitamin A and vision
Vitamin A deficiency (VAD) is the leading cause of preventable blindness in
children and pregnant women in developing countries [9]. Untreated VAD leads to night
blindness and eventual blindness because vitamin A is required for vision. In the retina of
the eye, trans-retinol released from retinyl esters is enzymatically isomerized to 11-cisretinol, which can be oxidized to form 11-cis-retinal. The 11 cis-retinal interacts with a
protein called opsin to form rhodopsin a visual pigment which upon absorption of a
photon of light catalyzes the isomerization of 11-cis-retinal to all-trans-retinal [11]. This
conformational change results in the generation of an electrical signal to the optic nerve,
which is transmitted to the brain and interpreted as vision [11]. In marginal VAD (serum
retinol levels of 0.35 to 0.70 µmol/L), night blindness is caused by the rod cells of the
retina that become very sensitive to VAD [12]. Structural damage of the rod cells called
xerophthalmic fundus as of result of VAD have been reported [13]. The highest
proportion of preschool-age children affected by night blindness resides in Africa with
2.55 million affected, representing almost half of the children affected globally [14, 15].
The highest proportion of pregnant women affected by night blindness is also in Africa
with 9.8% of the global prevalence rate [14]. VAD women in turn give birth to children
at risk of developing VAD [15]. Blindness caused by VAD is unacceptable because VAD
can be prevented and treated cost effectively through a variety of intervention strategies.
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Vitamin A and immune function
Vitamin A plays an important role in the regulation of immune function. It is
known that vitamin A metabolites such as all-trans retinoic acid and 9-cis retinoic acid
act through RAR and RXR to regulate gene transcription [16]. Vitamin A influences
many aspects of immunity through regulation of gene function and gene expression of
immune cells such as neutrophils, natural killer cells, macrophages, T and B
lymphocytes, immunoglobulin production, and expression of cytokines and adhesion
molecules such as ICAM-1 [17]. VAD compromises immunity, resulting in major
morbidity and mortality. VAD compromises mucosal immunity by altering the
integrity of mucosal epithelia in the eye, respiratory, gastrointestinal, and
genitourinary tracts [18]. It has been shown that VAD causes pathologic alterations in
the gastrointestinal tract that may contribute to increased severity of diarrheal disease
in VAD children [19]. Studies show that VAD affects the genitourinary tract by the
replacement of normal transitional epithelium with stratified squamous epithelium
thus increasing the risk of VAD children to increased urinary tract infections [20].
VAD also affects the gastrointestinal mucin, a first line of defense for cells lining the
gut by impairment of the production and secretion of IgA in responses to various
pathogens [21, 22]. Loss of microvilli, goblet cells, and mucin in the small intestine
were also observed in VAD cases [23] VAD impairs the expression and functions of
lactoferrin an iron-binding glycoprotein involved in immunity to bacteria, viruses, and
fungi found in mucosal secretions [21]. It is therefore important to supply adequate
vitamin A to all children at risk of VAD for their survival and also to improve their

29

access to adequate health care to treat repeated infections that cause and exacerbate
the consequences of VAD.

Children require adequate vitamin A for growth and development
Retinoic acid an active form of vitamin A is known to have hormone like
functions in controlling growth and development of tissues in the musculo-skeletal
system [24]. Retinoic acid is an enhancer of skeletal myogenesis in stem cells, regulating
muscle growth and development by interacting with Wnt and BMP4 signaling pathways
during cell differentiation [25]. Retinoic acid activates RARs bound directly to mesoderm
and skeletal muscle progenitor genes enhancing skeletal myogenesis [25]. Retinoic acid
regulates expression of the genes responsible for growth hormones. Research shows that
both retinol and retinoic acid produce rapid release of cyclic AMP and human growth
hormone secretion influencing growth and development [26]. Retinol and retinoic acid
are essential for embryonic development, particularly during fetal development of limb,
heart, eyes, and ears [27]. VAD is closely associated with growth retardation and stunting
in children. Observational studies have shown strong associations between VAD and the
risk of being stunted [28-29]. One study showed that children with mild xerophthalmia
were more likely to be stunted that those without [30]. Animal studies with vitamin A as
the only growth stimulating factor manipulated showed growth stopped when liver stores
were exhausted and growth resumed when vitamin A was re-established [31-34].
Evidence from clinical trials shows vitamin A supplementation on children with mild to
severe VAD in South East Asia, South Asia and Africa resulted in increased linear
growth [35-36]. Children under the age of 5 years have rapid growth and increased
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vitamin A requirements. It is therefore important to ensure adequate supply of vitamin A
to vulnerable children in a manner that is sustainable, effective and cost effective so they
can reach their full growth potential.

Strategies for controlling VAD among children

VAD is defined by the World Health Organization (WHO) as severe public health
problem when more than 20% of children under the age of 5 year have serum retinol
levels less than 20 µg/dL (0.70 µmol) [37]. The control of VAD is important to child
survival in many poor countries. The immediate causes of VAD are inadequate intake of
preformed retinol from foods of animal origin. In many poor countries, access to animal
source foods rich in bioavailable preformed vitamin A is limited because these foods are
very expensive. If children do not consume these vitamin A rich foods, their liver vitamin
A stores will be depleted which eventually leads to VAD. Diseases and infections also
cause VAD by increasing utilization, requirements, and excretion of vitamin A. VAD
increases the risk and severity of infections and diseases [38, 39]. Several strategies have
been pursued in different countries to control VAD and its effects on the health of
children and long-term impacts on economic development. The three most common
intervention strategies for controlling VAD are vitamin A supplementation (VAS), food
fortification with vitamin A, and food-based approaches that aim to increase access to
and intake of vitamin A-rich foods.
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Vitamin A supplementation (VAS)
One of the Millennium Development Goals (MDGs) is to reduce by two thirds
the mortality rate among children under five years old by 2015 [40]. VAS is an
important component of the strategies required to reach this goal. In countries where
VAD is a public health problem, it is recommended to implement VAS for infants and
children 6-59 months of age to reduce child morbidity and mortality. This involves the
administration of vitamin A capsules or supplements (100000-200000 IUs dose) every
four to six months. VAS is an inexpensive, quick, and effective way to improve
vitamin A status and reduce child morbidity and mortality in the long term [41]. The
mega doses of vitamin A are meant to boost liver vitamin A stores every 4-6 months.
In many countries, combining the vitamin A supplementation with immunizations
enhances the delivery and effectiveness of VAS programs [41]. According to the
World Bank, the VAS coverage rates in Africa ranged from 51-82% from 2001-2013
[42]. The VAS coverage rates vary greatly by country and by regions within each
country. Unfortunately, VAS is not ideal in poor countries Africa countries where
road and healthcare infrastructure are very poor. Therefore, a lot of children in remote
hard to reach areas will not be covered by VAS programs. Many poor countries in
Africa cannot afford to implement VAS on their own resources, hence VAS programs
are often implemented by United Nations agencies such UNICEF and WHO with
donor funding from developed countries [43]. Donor funded VAS is vulnerable to
fluctuations in the funding received making it an unsustainable option. In order to
completely eliminate VAD, local sustainable and effective strategies should be
pursued.
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Food fortification
Food fortification with vitamin A is one strategy that has proven to be an effective
and cost effective way to increase the vitamin A supply, reducing the consequences of
VAD in developed countries. Food fortification was successful in the US and other
western countries because they had well educated consumers and advanced
manufacturing and distribution networks that facilitated monitoring and enforcement
[44]. These condition are absent in many developing countries, making food fortification
a challenge. The advantage of food fortification is that it requires minimal changes in
food habits, it usually costs less than 2% of the cost of the unfortified food and its
delivery system is already in place [45]. In the Philippines margarine was successfully
fortified with vitamin A and pilot studies showed that vitamin A fortified margarine (25
mg/kg) was able to decrease the prevalence of low serum retinol (<0.70 µmol/L) in
preschool-aged children from 25.7 to 10.1 % after 6 months of consumption [46].
Venezuela used vitamin A maize flour fortification (2.7 mg/kg) aimed at providing about
30% of the vitamin A RDA based on the national consumption per capita of maize [47].
In Africa, with the exception of successful iodine salt fortification, many countries do not
have mandatory food fortification with vitamin A. In West Africa, international
organizations such as the Helen Keller International are advocating fortification of
cooking oil with vitamin A through the Tache D’Huile, a partnership between public and
private party stakeholders in eight francophone countries [48]. Also pursued are homefood fortification initiatives also called point of use fortification where a fortificant
premix in a sachet is added to food during or after processing. While food fortification is
effective at reducing VAD, large-scale food fortification with vitamin A requires
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government legislation, advanced food manufacturing and distribution and adequate
quality control. The use of in-house fortification is also effective but it is not sustainable
because it requires households to purchase the fortificants or at least receive them for
free from a donor funded program.

Food based vitamin A intervention strategies
Food based VAD intervention strategies are aimed at increasing the production,
accesses and availability of vitamin A rich foods through promotion of home production,
increasing the intake of provitamin A rich plant foods through nutrition education,
increasing the bioavailability of provitamin A carotenoids and increasing the vitamin A
content of foods through plant breeding strategies [49]. Food based strategies have been
described as sustainable because they focus on individual households or communities by
empowering them through nutrition education to take responsibility over their vitamin A
status by growing and consuming provitamin A rich foods. Food-based approaches have
the potential to be effective and sustainable in addressing VAD, but many questions
remain on their effectiveness, reviving the need for more well-designed studies on
efficacy, effectiveness, cost effectiveness, and sustainability.

Several studies show the efficacy and effectiveness of plant based foods as
sources of vitamin A in humans. Some controlled feeding trials showed improvements in
vitamin A status after three weeks to four months of feeding β-carotene-rich plant foods
[50-54]. In some of these trials the β-carotene-rich plant foods was consumed together
with fat to enhance the bioavailability, and in some studies subjects were administered
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deworming tablets to ensure the efficient uptake of the provitamin A carotenoids. These
controlled feeding trials were essential in establishing the bioefficacy of β-carotene-rich
plant foods as good source of vitamin A. The major limitations of well controlled feeding
bioefficacy studies are that their results cannot be generalized to the entire populations,
because people live freely and consume their food under different conditions. Therefore,
effectiveness studies of β-carotene-rich plant foods provide more useful information for
designing intervention programs towards alleviation of VAD in poor countries. However,
these effectiveness studies or community trials are challenging to design, hence only a
few well-designed studies have been reported [55]. One study in Bangladesh showed that
vitamin A intake was derived almost entirely from the consumption of fruits and
vegetables obtained from home gardens, indicating that traditional production of
provitamin A-rich fruits and vegetables in the homesteads may provide a valuable
contribution to vitamin A intake in communities where alternative dietary sources of
vitamin A are scarce [56]. In South Africa, frequent consumption of yellow and dark
green leafy vegetables resulted in significantly higher serum retinol concentrations in
intervention children compared to children in control villages [57]. This again showed
that home-gardening programs focused on the production of yellow and dark-green leafy
vegetables can significantly improve the vitamin A status of children aged 2-5 years.
Orange-flesh sweet potato effectiveness studies with children under 5 years old in
Mozambique, South Africa and Uganda showed that children’s vitamin A intakes were
much higher in intervention children than those of control children [58-60]. Also, vitamin
A intakes from orange flesh sweet potato were also positively associated with vitamin A
status. Therefore, bioefficacy and effectiveness studies showed that plant foods are good
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source of vitamin A, more specifically that homestead food production can contribute to
combating VAD directly, by increasing intake of vitamin A-rich foods.

Can plant foods provide enough vitamin A in humans?

Quantitating the β-carotene to vitamin A conversion factors for green vegetables
The zeal for promoting plant foods and nutrition gardens as effective strategies for
controlling VAD in poor countries faced significant challenges over the past decades. In
the late 1990s, conversion factors for estimating vitamin A obtained from plant foods
were revised from 6 to 1 to 12 to 1 (µg β-carotene: retinol activity equivalent) by the U.S.
Institute of Medicine [61]. West and Casternmiller found β-carotene to vitamin A
conversion factors of 21:1 for a mixed diet (12:1 for fruits and 26:1 for vegetables) [62].
One study in Indonesia investigating, the effect of an additional daily portion of darkgreen leafy vegetables consumption every day for 12 weeks showed very little to no
effect on the serum retinol levels [63]. These studies highlighted the role that food matrix
plays in determining the bioavailability and bioconversion of plant food β-carotene to
vitamin A. It is now known that factors that influence the bioavailability of carotenoids
and their bioconversion to retinol include species of carotenoids, molecular linkages,
amount of carotenoids consumed in a meal, matrix in which the carotenoid is
incorporated, effectors of absorption and bioconversion, nutrient status of the host,
genetic factors, host-related factors, method of food preparation, and the fat content of a
meal [64, 65]. However, it is a challenge to study the conversion of β-carotene to vitamin
A at physiologic doses and even more of a challenge to study this conversion at dietary
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intake amounts because of the inability to distinguish newly formed retinol from body
reserves [66]. Therefore, some investigators question the poor conversion factors of dark
green vegetable β-carotene to retinol as low as 26 to 1 [53]. Instead they decry the use of
inferior analytical techniques employed in those studies [67]. One study using stable
isotope dilution techniques to evaluate whether plant carotenoids can sustain or improve
vitamin A nutrition during the fall season in kindergarten children in the Shandong
province of China, estimated a conversion factor of 27 to 1 of β-carotene to vitamin A.
However, this study did not use intrinsically labeled plant food β-carotene to calculate the
conversion factors but rather estimated liver stores [53].
Studies using intrinsically labeled β-carotene from plant foods, the isotopic tag
enable the identification of serum carotenoids and derived retinol which comes from the
specific food being tested [67]. Recently, several studies using intrinsically labeled βcarotene in rice and biofortified yellow maize had β-carotene to retinol conversion factors
of 3.8 to 1 and 3.2 to 1 by weight [68, 69]. One US study using intrinsically labeled kale
showed that [13C] labeled kale β-carotene was very bioavailable in humans, and also the
[13C] labeled kale β-carotene was converted to vitamin A as shown by the plasma
appearance of [13C] labeled retinol [70, 71]. This is important because kale is one of the
highest sources of β-carotene among green vegetables with contents ranging from 2-15
mg/100g of fresh weight [72, 73]. It is therefore important to evaluate the vitamin A
value of kale in children who are vulnerable to VAD in Zimbabwe using intrinsically
labeled kale.
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Dark green vegetables as vitamin A rich complementary foods in Africa
Dark green leafy vegetables such as kale are staple foods in parts of VAD ravaged
Sub Saharan Africa [74]. The brassica oleracea vegetables are consumed daily by the
poor in Africa because they are easy to grow, are perennial and they grow very fast
unlike the traditional, seasonal, indigenous vegetables [75]. A conservative estimation for
the area planted with brassica oleracea vegetables in Zimbabwe is 2500 ha for
commercial crops and 2500 ha for subsistence crops, as most rural household grow leaf
cabbage for family use [74]. In Zimbabwe the most important brassica oleracea types are
called ‘rugare’, ‘viscose’, covo, and ‘Chou Moellier’ [74]. However, there is a dearth of
information on the provitamin A contents of kale (brassica oleracea) varieties grown and
consumed in Zimbabwe. While research shows that kale is very rich in provitamin A
carotenoids, there are no studies showing the vitamin A value of kale in humans.
Provitamin A carotenoid rich kale can be used as a complementary food in Africa
providing pre-school children daily doses of vitamin A required for their growth and
development. Given the severity of consequences and high prevalence rates of VAD in
Sub Saharan Africa, it is important to promote the use of kale as a complementary food
for children aged 6-36 months in order to reduce the risk of VAD. Nutrition education
can help mothers appreciate the nutritional importance of kale to their children, and
various kale processing methods such as pureeing that makes it easy for children to eat
kale easily. In Zimbabwe, the major complementary foods given to children aged 6-59
months are starchy foods which often lack essential nutrients like vitamin A [76]. Studies
in rural districts of Zimbabwe showed that the diet of infants lacked fruits and vegetables
high in provitamin A carotenoids [77, 78]. Kale is widely consumed in Zimbabwe by
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adults. However, it is not used in infant feeding as complementary food, probably
because of cultural and safety concerns. Currently, it is difficult to promote kale as a
complementary food in Zimbabwe because there are few reports showing the provitamin
A contents of brassica oleracea varieties currently grown and consumed in Zimbabwe.
Also, very little is known about the bioavailability of kale provitamin A carotenoids and
their conversion to vitamin A in children. Given the importance of kale in the
Zimbabwean diet, demonstrating the superiority of kale as a better source of vitamin A
will strengthen existing efforts to reduce infant and child morbidity and mortality due to
VAD. To maximize the impact of kale as a complementary food, kale can be cooked with
peanut butter to increase its energy and nutrient density. Groundnuts which are used to
make peanut butter are grown by rural farmers in most parts of Zimbabwe. The
combination of a kale cooked in peanut butter sauce will increase the absorption and
bioavailability of kale β-carotene because of the proteins, oils and vitamin E [65].
Determining the vitamin A value of kale will motivate mothers to maintain and improve
their vegetable gardens. The increased intake of brassica oleracea vegetables rich in βcarotene will result in improved vitamin A intake by pre-school children. Home grown
kale can become an important part of the complementary feeding strategy for infants and
toddlers in Zimbabwe.
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Biofortified maize and kale as vitamin A rich complementary foods for children in Africa
One study in Zimbabwe showed that the first food given to infants aged 3 months
and above was a gruel or porridge most commonly made from maize flour [79]. Maize is
the staple food crop for many countries in east and southern Africa and is consumed as a
flour used to make porridge for breakfast and a thicker porridge for lunch and dinner. The
thick porridge also known as ugali, sadza, isitshwala, nsima, nshima, polenta and pap in
east and southern Africa is served almost always with a kale or related green vegetables.
In Zimbabwe it was found that people consumed maize and green vegetables together in
a meal at least twice a day [80]. Therefore, it makes sense to promote the consumption of
provitamin A rich kale and maize especially in the preparation of complementary foods.
However, the preferred choice of maize in Africa is white which is devoid of provitamin
A carotenoids. Currently efforts to increase the provitamin A content of maize through
conventional plant breeding techniques called biofortification are at advanced stages.
Human and animal bioefficacy studies showed that biofortified yellow maize is a very
good source of vitamin A [68, 81 and 82]. However, effectiveness studies in Zambia with
biofortified yellow maize are showing no effect [unpublished data]; therefore more
research is required to optimize the vitamin A supply to children who have greater needs
for vitamin A using biofortified yellow maize. In order to design good effectiveness
studies for biofortified yellow maize, it is important to look at other dietary factors that
can optimize the bioconversion of plant food β-carotene to vitamin A
Increasing the provitamin A contents of yellow maize is one way to optimize the
vitamin A intake among children in maize based poor countries where VAD is a public
health problem. While it is established that in the bioconversion of dietary β-carotene to
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vitamin A is affected by the major factors such as food matrix, food processing, and fat
in the diet. Other factors not considered important yet are dietary factors that affect the
activity of the key enzyme responsible for β-carotene conversion into vitamin A, the βcarotene 15, 15′-monoxygenase (BCMO1). In the intestinal cells, the enzyme determines
whether provitamin A carotenoids are converted to vitamin A, apo-carotenoids or
delivered through lymph to tissues as intact carotenoids [83]. The central cleavage
pathway involves the metabolism of one β-carotene at the central double bond to produce
two retinals by β-carotene 15, 15-monoxygenase (BCMO1) [84]. The random cleavage
or excentric cleavage of one β-carotene produces retinal and several products such as βapo-carotenoids [85]. The cleavage of β-carotene by the BCMO1 enzyme has been
extensively studied in vitro using intestinal homogenates from different animal models
[86-90]. The existence of excentric cleavage pathway was initially confirmed with the
formation of β-apo-13-carotene and β-apo-14-carotenal after the incubation of β-carotene
with rat intestinal mucosal homogenate [91]. Prior, it was previously shown that βcarotene cleavage takes place via both central and excentric cleavage producing retinal,
retinoic acid and apo-carotenoids [88]. We showed that the presence of antioxidants such
as α-tocopherol promotes the central cleavage of β-carotene to produce retinal
exclusively, but in the absence of antioxidants excentric cleavage products were forms
[92]. These findings are significant because yellow maize is naturally rich in αtocopherol, other forms of vitamin E and γ-oryzanol [93]. Studies show wide variation of
vitamin E contents of yellow maize [94]. However, the genetic variation of all forms of
vitamin E, γ-oryzanol and carotenoids have not yet been fully identified in biofortified
yellow maize hybrids. There are no studies to date that report effect of plant food extracts
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rich in antioxidants and β-carotene on BCMO1 activity to producing vitamin A.
Therefore, it is important to investigate the effects of vitamin E compounds and
antioxidants found in biofortified yellow maize and kale on the cleavage of the βcarotene. If these antioxidants promote central cleavage of β-carotene to produce vitamin
A, recommendations can then be suggested to biofortify crops with antioxidants or
promote consumption of provitamin A rich plant food together with antioxidant rich food
for optimal bioconversion of plant food β-carotene to vitamin A.
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Abstract
Background. Biofortified maize can be a vehicle for delivering micronutrients such as
carotenoids, vitamin E and phenolic compounds in provitamin A carotenoids enriched
maize for prevention of micronutrient deficiencies and maintenance of optimal health.
Results. The ranges of major carotenoids in provitamin A carotenoids enriched maize
were zeaxanthin (1.2-13.2 µ/g), β-cryptoxanthin (1.3-8.8 µg/g) and β-carotene (1.3-8.0
µg/g dry weight). The ranges of vitamin E compounds identified in provitamin A
carotenoids enriched maize were α-tocopherol (3.4-34.3 µg/g), γ-tocopherol (5.9-54.4
µg/g), α-tocotrienol (2.6-19.5 µg/g), and γ-tocotrienol (45.4 µg/g dry weight). The ranges
of phenolic compounds were γ-oryzanol (0.0-0.83 mg/g), ferulic acid (0.4-3.6 mg/g) and
p-coumaric acid (0.1-0.45 mg/g dry weight). There was significant correlation between αtocopherol and cis isomers of β-carotene (p<0.01). Tocotrienols were correlated with αtocopherol and γ-oryzanol (p<0.01). Genotype was significant in determining the
variation in β-cryptoxanthin, β-carotene contents, α-tocopherol and γ-tocopherol contents
(p<0.01). Genotype by Environment (G x E) interaction was observed in γ-tocopherol
contents (p<0.01).
Conclusion. Provitamin A carotenoids enriched maize is a good source of provitamin A
carotenoids that can increase vitamin A intake in developing countries, while its
antioxidants can contribute to the maintenance of optimal health.

Keywords: biofortification, maize, carotenoids, tocopherols, tocotrienols, phenolics,
antioxidants, vitamin A
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Introduction
Maize in Europe, North America and some parts of South America and Asia, is a
cash crop grown for animal feed, industrial purposes (source of sugar, oil, starch and
ethanol) and to a lesser extend use for human nutrition. In Africa, Central America and
some parts of Asia, maize is a staple food of hundreds of millions of people 1.
The diversity of maize has been the base for the breeding programs that have
generated much of the higher-yielding maize used worldwide 2. Historically, this effort
has primarily focused on increasing stability and grain yield potential under abiotic and
biotic stresses 3. In the last decade many efforts have been placed in evaluating and using
the diversity of maize for animal feed and human nutrition 4-6. Biofortification is focused
on increasing the micronutrient content of staple crops 7. Development of provitamin A
enriched maize is a strategy to alleviate vitamin A deficiency (VAD), because such maize
contains higher quantities of β-carotene, α-carotene and β-cryptoxanthin carotenoids.
There is already provitamin A carotenoids enriched germplasm available, developed by
conventional breeding

8-9

. Bioefficacy studies in animal and human models have shown

that such biofortified maize is a good source of vitamin A

8, 10-11

. Successful biofortified

varieties offer improved yield stability and potential in addition to nutritional quality,
thereby enhancing household income, food security, and overall livelihoods. The higher
micronutrient content of biofortified crops needs to be retained after storage and
processing the food

12

. Carotenoid losses occur during storage and food processing and

the mechanisms of catabolism and/or degradation of these compounds is not well
understood. Antioxidant environment in the maize kernels contributes to the stability of
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polyunsaturated fatty acids

13

and such scenarios may also contribute to the retention of

carotenoids 14.
Maize kernels have a large diversity of antioxidant compounds found in different
grain parts and cell compartments

15

. Such compounds play an important role in the

metabolism of the grains as well as give to the grain many health benefits. In addition to
the provitamin A carotenoids biofortified yellow maize also contains lutein and
zeaxanthin both of which serve as antioxidants in the grain endosperm

16

. Colored and

white maize also contains tocopherols and tocotrienols which are also antioxidants.
Vitamin E is the common name that describes eight naturally occurring compounds
possessing α-tocopherol activity. The eight compounds are lipid-soluble antioxidants
with two distinct groups, tocopherols and tocotrienols

17

. They can contribute to the

protection of other compounds within the grain or to their bioavailability in the human
body. Research shows that vitamin E promotes the centric cleavage of β-carotene to
vitamin A by the β-carotene cleavage monooxygenase 1 (BCMO1) enzyme 18.
Other antioxidants found in whole maize kernels are the phenolic acids, which are
present as soluble free and conjugated or insoluble bound forms 19. The bound forms are
the major phenolic acid forms in maize kernels, up to 91% of the total ferulic and pcoumaric acid is in the bound form. Both ferulic and p-coumaric acid can act as
antioxidants directly scavenging reactive oxygen species (ROS). One study showed that
p-coumaric minimizes the oxidation of low-density lipoprotein (LDL) 20. Ferulic acid was
shown to improve cardiovascular and kidney functions through endothelium-dependent
relaxation in isolated thoracic aortic rings and antioxidant status by increasing superoxide
dismutase (SOD) and catalase (CAT) in the heart and kidneys
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21

. Total γ-oryzanol, a

mixture of ferulic acid esters with phytosterols possesses a variety of biologic properties
such as cholesterol lowering, anti-inflammatory, anticancer, anti-diabetic, and antioxidant
activities

22-25

. Most literature on γ-oryzanol is on rice, wheat and barley, with very little

on maize. Given the body of evidence on the importance of γ-oryzanol, ferulic acid and
p-coumaric acid on human health, it is important to determine their variation in
provitamin A carotenoids enriched maize and compare values with reported data on
regular maize. The objectives of this study were: 1) to assess the diversity of carotenoids,
vitamin E, γ-oryzanol and phenolic compounds (ferulic acid and p-coumaric acid) as well
as the antioxidant activity in provitamin A carotenoids enriched maize; 2) to investigate
any association among the antioxidants evaluated in the maize kernels.

Materials and Methods

Plant materials
Thirty-seven provitamin A carotenoids enriched experimental maize hybrids from
the International Center for maize and wheat improvement (CIMMYT) were grown at
two locations in Mexico during the mean season in 2011 in an alpha-lattice design with
two replications. One location at Tlaltizapan, Morelos (18°41´ N, 99°07´ W; 945 m
above the sea level; average annual temperature 23.5°C; average annual precipitation 840
mm) and the other one at Agua Fria, Puebla (AF) (20°32´N, 97°28´ W; 110 m above sea
level (masl); average annual temperature 22°C; average annual precipitation 1200 mm).
F1 ears from self-pollinated plants were harvested, dried and grain was stored at -20 ºC
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before using for laboratory analysis. Hybrids were selected based on the carotenoid
content and profile.

Reagents and chemicals
All reagents and chemical used were of HPLC and analytical grade. All trans-βcarotene, 9 cis-β-carotene, 13 cis-β-carotene, β-cryptoxanthin, lutein, zeaxanthin were
purchased from CaroteneNature (Lusingen, Switzerland). Internal standard of β-apo-8’carotenal was purchased from Fluka (Sigma-Aldrich, St Louis, MO). Standards of αtocopherol, γ-tocopherol, p-coumaric acid acid, trans ferulic acid, and gallic acid were
obtained from Merck. Methyl-tert-butyl ether (MTBE), tetrahydrofuran (THF), methanol,
acetonitrile, ethy alcohol, sodium hydroxide, was also obtained from Merk KGaH
(Darmstadt, Germany). Sodium chloride, sodium phosphate mono-basic, sodium
phosphate dibasic, sodium carbonate, Folin-Ciocalteu phenol reagent, potassium
phosphate dibasic, Trolox, hydrocholiric acid, and sodium salt fluorescein were obtained
from Sigma Co. (St Louis, MO, USA). Azo-compounds 2, 2′-azobis (2-amidinopropane)
dihydrochloride (AAPH), 2, 2′-azobis (4-methoxy-2, 4-dimethyl-valeronitrile) (MeOAMVN) and γ-oryzanol standards were purchased from Wako (Richmond, VA, USA). 4,
4-Difluoro-5-(4-phenyl-1, 3-butadienyl)-4-bora-3a, 4a- diaza-s-indacene-3-undecanoic
acid (BODIPY 581/ 591) was obtained from Molecular Probes (Eugene, OR, USA). Αtocotrienol and γ-tocotrienol standards were purchased from Cayman Chemical Company
(Ann Arbor, Michigan, USA).
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Determination of carotenoids and vitamin E by UPLC
Carotenoid and vitamin E extraction was done as previously described 26. Briefly,
provitamin A carotenoids enriched maize kernel were ground into a fine powder, and
samples of 600 mg underwent a 5 min 6 mL ethanol (with 0.1% butylated
hydroxytoluene) precipitation in an 85°C water bath before being subjected to a 10 min
saponification with 120 µL of 80 % w/v KOH in water. After saponification, samples
were immediately placed in ice, and 3 mL cold deionized water was added. Two hundred
micro-liters of the internal standard (β-apo-8’-carotenal) were added and vortexed.
Carotenoids were extracted 3 times with 3 mL of hexanes by centrifugation at 800 x g
and the hexane fraction was extracted. The combined extracted hexane layers were dried
under nitrogen and reconstituted in 500 µL 50:50 (v: v) methanol: dichloroethane. All
carotenoid extraction procedures and analysis was conducted under yellow light. Two
microliter of the sample was injected in to the Acquity UPLC Water equipment.
Separation was performed using an Acquity UPLC BEH C8, 1.7 µm 2.1 x 100 mm
column and an Acquity col. in-line filter. For better peak resolution of vitamin E, samples
were separated using an Acquity UPLC BEH C18, 1.7 µm 2.1 x 100 mm and the same
inline filter.

Determination of bound ferulic and p-coumaric acid
The determination of ferulic acid and p-coumaric acid was done as previously
described with minor modifications 27. Briefly, extraction of bound phenolics was started
by adding 10 mL of 2 M sodium hydroxide to 0.1 mg of the pellet previously extracted
with 80 % ethanol and mixing thoroughly. The sample was incubated in a shaking water
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bath at 50˚C for 45 min. After hydrolysis the contents were left to equilibrate to room
temperature. The hydrolyzed phase was transferred to a 50 mL conical flask. Then 10 ml
of 2 M HCL solution was then added to adjust pH of 2.0 ± 0.5. A 6 mL hexane extraction
was conducted by centrifugation at 800 x g, and the hexane fraction was discarded. This
was followed by further three 3 mL more extraction of the residue with ethyl acetate (1:1)
by vortexing and centrifuging at 800 x g. The supernatants were collected and dried under
nitrogen and re-constituted with 5 mL of 50% methanol. A standard of gallic acid was
used as an internal standard. A ten microliter volume was injected into an HPLC system
with a Zorbax SB-Aq column (4.6 x 150mm 3.5µ) using gradient elution profile as
previously published 27. The HPLC consisted of a Waters 2695 pump, Waters 2996 Photo
Diode Array (PDA) detector and Water Empower-Pro software. The UV-Vis detector
was set at 280 nm wavelength. The detection limit for both ferulic acid and p-coumaric
acid was 0.01 µg/mL.

Determination of total gamma-oryzanol
Extraction of total γ-oryzanol was conducted using a previously described method
28

. Briefly, 600 mg of the maize powder were weighed into 50 mL glass test-tubes. Ten

mL of methanol was added and the contents were homogenized for 30s using a Polytron
1600E homogenizer. The test-tubes were incubated in a water-bath at 70˚C for 2 hours.
After incubation, the flask was vortexed and centrifuged at 800 x g for 10 min. The
methanol layer was extracted into a 50 mL volumetric flask. Ten mL of THF were added
to the maize residue and vortexed for 1 min. The flasks were centrifuged again at 800 x g
for 10 min. After that the THF layer was extracted and combined with the first methanol
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extract. The THF extraction was repeated 3 more times. The volume in the volumetric
flask was topped to the 50 mL mark with THF. The contents of the 50 mL volumetric
flask were shaken and 1 mL was extracted into a 3 mL test tube, and dried under a gentle
stream of nitrogen. The dried residue was reconstituted in 1 mL of ethanol, vortexed and
sonicated for 30s. Twenty microliters were injected into the HPLC system. The HPLC
system consisted of a C30 carotenoid column (3mm, 150mm x 3.0 µm, YMC,
Wilmington, NC), Waters 2695 LC pump and autosampler (Milford, MA), Waters 2996
programmable Photodiode Array Detector (PDA), and Empower2 Pro software. The
HPLC gradient elution profile was previously published 29. The PDA detector was set at
325 nm wavelength for γ-oryzanol.

Determination of total antioxidant performance (TAP)
A wide range of methods has been described in the literature for assessing the
antioxidant activity of fruits and vegetables and most of these methods focus on
determining only the hydrophilic antioxidant components such as phenols and vitamin C
30-32

. Oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant power

(FRAP) and Trolox equivalent antioxidant capacity (TEAC) are the most popular assay
for determining the antioxidant capacity of fruits and vegetables. These assays are limited
because they rely on the hydrophilic antioxidants, while the contributions of lipophilic
components such as carotenoids and tocopherols, which are important plant antioxidants,
are not assayed. Yellow maize is rich not only in water-soluble but also fat-soluble
antioxidants including tocopherols and carotenoids. This study was focused on
determining the antioxidant activity of the lipophilic and hydrophilic components in the
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provitamin A carotenoids enriched maize, therefore we used the Total Antioxidant
Performance (TAP) assay. The determination of TAP was conducted using previously
published methods with minor modifications 33, 34. The methanol-THF extracts used for γoryzanol HPLC analysis were also used for the total antioxidant performance (TAP)
assay. Sample (2 mL) was dried under a gentle nitrogen stream, rolling the vial to deposit
a thin film on the walls. After drying, 2 mL of Tween 40/4.5% acetone was added to the
sample vials and dried again to complete dryness under a gentle stream of nitrogen gas.
Control vials only contained 2 mL of Tween 40/4.5% acetone. The vials were then
maintained under a nitrogen stream for the dried tubes and vortexed and dried again
under a gentle nitrogen stream. The resulting film was then rehydrated with 1 mL
phosphate-buffered saline (PBS) buffer (40 mmol L−1, pH 7.4) and sonicated in a
water/ice-bath sonicator. Aliquots of 300 µL PBS and 100 µL BODIPY solution were
then added to 100 µL Tween 40/extract suspensions, vortexed for 20s at low speed and
then incubated under aerobic conditions for 10 min at 37 °C. Then 485 µL of PBS was
added to the test-tubes to adjust the final volume to 1mL. MeO-AMVN was added to the
sample at a final concentration of 2 mmol L. Aliquots of 200 µL were transferred to a 96microwell plate, and the lipid oxidation kinetics was monitored by measuring the green
fluorescence (λex = 500, λem = 520 nm) of the oxidation product of BODIPY. The results
were expressed as percent (%) TAP values, representing the percentage of inhibition of
BODIPY oxidation in food samples with respect to that occurring in a control sample
(Tween 40/4.5% acetone).

Equation 1:
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TAP= [{Area Under the Curve (AUC) control-AUCsample}/AUCcontrol] ×100,
Where AUCcontrol and AUCsample represented the AUC of BODIPY oxidation kinetics in
the control and food samples, respectively.

Statistical Analysis
All data were analyzed using SAS Inc. (Cary, NC). Analysis of Variance
(ANOVA) was performed using General Liner Model procedure with genotypes
(hybrids) as fixed factors. Pearson phenotypic correlation was calculated among all
compounds using measured compound contents. Of the thirty-seven provitamin A
carotenoids enriched experimental maize hybrids from CIMMYT, only 20 hybrids were
had complete data analyzed for individual carotenoids, vitamin E compounds, phenolic
compounds and TAP values and were used for statistical analysis.

Results and Discussion

Maize carotenoids
The major carotenoids found in all provitamin A carotenoid enriched maize
analyzed were lutein, zeaxanthin, β-cryptoxanthin, and β-carotene (Figure 1). There was
a positive correlation between β-cryptoxanthin and cis isomers of-β-carotene (p<0.001)
(Table 1). As expected there was a significant positive correlation between trans βcarotene and its cis isomers (p<0.001). The importance of correlation between
carotenoids in maize is due to their common biosynthetic pathways, with some
compounds being precursors to other compounds
67

35

. The carotenoids, vitamin E and γ-

oryzanol profile of provitamin A enriched yellow was similar to that of normal yellow
maize (represented by the letter U) (Figure 1). However, provitamin A enriched yellow
maize was previously shown to be superior to regular yellow maize in terms of its
vitamin A value 26, 28, 36. Genotype effects were significant in determining the variation in
cis β-carotene isomers, trans β-carotene and β-cryptoxanthin contents (p<0.001) (Table
2a). Genotype played a major role in the variation in the contents of these carotenoids in
maize. This is important from a plant breeding perspective because such diversity can be
exploited to breed for provitamin A enriched maize

16

. Provitamin A concentration is

controlled primarily by additive gene action and there is usually significant environment
effect 37.

Maize vitamin E, phenolics and antioxidant activity
The major forms of vitamin E in the provitamin A carotenoids enriched maize
hybrids analyzed were α-tocopherol, γ-tocopherol, α-tocotrienol and γ-tocotrienol
(Figure 2). All provitamin A carotenoids enriched maize samples contained γ-tocopherol
and α-tocopherol. The most predominant and ubiquitous vitamin E form in the
provitamin A carotenoids enriched maize was γ-tocopherol with a range of 5.9 to 54.4
µg/g dry weight. The α-tocopherol contents ranged from 3.4 to 34.3 µg/g dry weight.
These values are consistent with other studies on maize vitamin E analysis

13, 38-40

. It is

generally accepted that α-tocopherol has more antioxidant activity than γ-tocopherol

41

.

Recent studies show that γ-tocopherol may be important to human health and that it
possesses unique features such as the ability to be a more effective trap for lipophilic
electrophiles than α -tocopherol

41

.

In our study we detected α-tocotrienol and γ-
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tocotrienols in maize, with γ-tocotrienol as the second dominant vitamin E compound
with a range of 36 µg/g dry weight. Tocotrienols are important to human health because
they have been shown to lower the risk of lipid related LDL cholesterol associated with
cardiovascular disease

43

. The significant correlation between α-tocopherol with α-

tocotrienol (0.60) (p<0.0001) and γ tocotrienol (0.27) and (p<0.05) (Table 1) was also
observed in two separate studies in maize and rice

13, 44

. There was an interesting

significant positive correlation between α-tocopherol and cis isomers of β-carotene
(p<0.001) (Table 1). This correlation was also reported in carrots 45. The association of αtocopherol with other fat soluble nutrients such as fatty acids was also observed in maize
13

, it was suggested that α-tocopherol protects fatty acids from peroxidation. We can also

speculate that α-tocopherol may protect carotenoids from oxidation, hence enhancing
their storage stability. There were significant differences in the α-tocopherol and γtocopherol content among the maize hybrids (Table 2b), showing the role of genotype in
the tocopherol contents. This was consistent with findings from other studies using
genome wide association (GWAS) analysis in maize 46, 47. In our study G x E interaction
was significant in the γ-tocopherol contents, showing the significant roles that genes and
the environment of the variation. Our study also found significant positive correlations
between α-tocopherol, α-tocotrienol and γ-tocotrienol with total γ-oryzanol (Table 1).
These correlations were also observed in rice

44

. This is the first study to report a very

strong association of γ-oryzanol with α-tocotrienol (0.48) and γ-tocotrienol (0.33)
p<0.001 (Table 1). Provitamin A enriched maize has similar levels of γ-oryzanol, ferulic
acid and p-coumaric acid as compared to regular yellow maize represented by letter U
(Figure 3). Environmental and genetic (G x E) effects were not significant for the
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phenolic contents. This may suggest a homeostatic control of these nutrients by the
plants. Ferulic acid, γ-oryzanol and p-coumaric acid are antioxidants that may play a role
in defending the human body against oxidative stress associated free radicals 48.
The antioxidant activity of plant foods has been traditionally determined mainly
using the hydrophilic based assays such as TEAC, FRAP and ORAC which are mainly
influenced by water soluble antioxidants 49. The TAP assay has the ability to measure the
antioxidant activity of plant food extracts which contains both the lipophilic and water
soluble antioxidants

50

. The TAP assay used in this study showed wide variation in the

antioxidant activity of various maize hybrids (Figure 4). There were no significant
correlations observed between TAP values and other antioxidants in maize analyzed.
There was a trend observed showing that hybrids with high vitamin E contents and γoryzanol tended to have higher TAP values, thus demonstrating the great antioxidant
power of vitamin E. This is not surprising because the TAP value represents the
antioxidant activity of both the lipophilic and water soluble antioxidants.

Conclusion

Provitamin A carotenoids enriched maize is a good source of antioxidants such as
carotenoids, vitamin E and phenolic compounds as compared to regular maize.
Provitamin A enriched yellow maize contains higher contents of provitamin A
carotenoids compared to regular yellow maize. Associations between carotenoids and
vitamin E may be utilized in plant breeding to develop nutritious maize that can adapt to
different agronomic environments. The combined concentration of carotenoids, vitamin E
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and phenolic compounds in maize makes it an important source of antioxidants and
vitamin A.
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Table 1: Correlations between carotenoids, vitamin E and phenolic compounds in provitamin A carotenoids enriched maize

Phytonutrient
Lutein
Zeaxanthin
βCryptoxanthin
13-cis-βcarotene
trans βcarotene
9-cis- βcarotene

Lute
in
Zeax β-Cry
0.97 0.52**
1.00 ***
*
0.56**
1.00 *
1.00

13cisβC

trans
βC

9-cisβC

0.01

-0.01

0.04

0.06
0.26*
*

0.05

0.07

0.20
0.97**
*

0.24**
0.89**
*
0.83**
*

1.00

1.00

1.00

αTT
0.17
0.21
0.20

γ-tocotrienol
γ-tocopherol
α-tocopherol
p-coumaric
Acid
Ferulic Acid
γ-oryzanol

γFerulic oryzan
Acid
ol

0.34**
0.29**
*

0.25

0.22

0.19

0.24

-0.09

γTP
0.01

-0.12

0.06

-0.21

-0.19

0.01
0.37**
*

0.01

0.05

0.16

-0.05

0.09

0.08

0.33
0.46**
*
0.60**
*

-0.09

0.06

0.13

0.03

0.09

0.15

-0.07

0.27**
0.08
1.00

0.02
0.05
-0.02

0.00
-0.02
-0.18
0.67**
*
1.00

0.15
0.48**
*
0.33**
*
-0.03
0.27**

γ-TT

0.17

0.04

0.14

0.03

0.10
0.12
0.19

0.17

0.12
0.37**
*

0.07
0.02

1.00

0.12
1.00

1.00

α-tocotrienol

pcoum
aric
Acid

α-TP
-0.22

1.00
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0.30**
0.05
1.00

*** Statistical significance at p <0.001,
**Statistical significance at p<0.05,
Abbreviations: βC = β-carotene, TT = tocotrienol, TP = tocopherol, β-Cry = β-Cryptoxanthin, zeax =zeaxanthin
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Table 2a: Type III Sum Squares for the Analysis of Variance for Carotenoids in provitamin A carotenoids enriched maize hybrids

Source

df

Lutein Zeaxanthin β-Crypt 13 cis β-Carotene trans β-Carotene 9 cis β-Carotene Provitamin A

Environment (E) 1

0.02

0.67

14.08**

0.10

2.39

0.23**

0.27

Genotype (G)

20

10.61

225.42

73.10**

3.89***

83.72***

2.62***

208.11***

GxE

17

4.86

119.65

22.48

0.35

6.29

0.50

21.64

Error

30

7.45

198.27

49.36

0.80

17.92

0.53

48.31

*** Statistical significance at p <0.001
**Statistical significance at p<0.05
β-Crypt = β-Cryptoxanthin
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Table 2b: Type III Sum of Squares for Analysis of Variance for vitamin E and phenolics in provitamin A carotenoids enriched maize

α-

α-

γ-

γ-

γ-

Ferulic

p-coumaric

df

Tocopherol

Tocotrienol

Tocopherol

Tocotrienol

Oryzanol

acid

acid

(E)

1

29.39

1.74

170.21

262.98

0.01

0.25

0.00

Genotype (G)

20

1006.71

176.35

93.40***

756.49

0.34

6.19**

0.09

GxE

17

307.80

142.69

263.62**

594.81

0.31

1.24

0.04

Error

30

441.15

175.95

1119.96

2496.95

0.58

4.56

0.01

Source
Environment

*** Statistical significance at p <0.001
**Statistical significance at p<0.05
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Figure 1: Carotenoid distribution in provitamin A carotenoids enriched maize by genotype
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Figure 2: Distribution of vitamin E in provitamin A carotenoids enriched maize by genotype
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Figure 3: Distribution of phenolic compounds analyzed in provitamin A carotenoids enriched maize by genotype
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Figure 4: Percent Total Antioxidant Performance (TAP) distribution in provitamin A arotenoids enriched maize by genotype
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Table 3: Codes for provitamin A carotenoids enriched maize hybrids

Pedigree (Genotype)
Code
(([CML197/N3//CML206]-X-32-1-4-B*5/[BETASYN]BC1-4-4-4-1-B-B-B-B-B//MAS[206/312]-23-2-1-1-B-BA

B/[BETASYN]BC1-4-1-1-1-B-B-B-B-B-B))/(CML297)-B
((CML488/[BETASYN]BC1-15-5-B-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-3-#-B-B-B-B))/(CML297)-

B

B
((CML488/[BETASYN]BC1-15-5-B-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-3-#-B-B-B-B))/(CML304)-

C

B
((CML488/[BETASYN]BC1-15-5-B-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-6-1-1-1-B-B-B-B-

D

B))/(CML297)-B
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//CML489/[BETASYN]BC1-2-#-B-B-B-B))/([SAM4/BETASYN]BC2FS1-1-

E

1-1-B-B-B-B-B-B-B-B)-B
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//CML489/[BETASYN]BC1-2-#-B-B-B-B))/(CML300)-B
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//CML489/[BETASYN]BC1-2-#-B-B-B-B))/(CML496)-B
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F
G

((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//CML489/[BETASYN]BC1-2-#-B-B-B-B))/(MAS[206/312]-23-2-1-1-B-BB/[BETASYN]BC1-10-2-1-#-B-B-B-B-B-B-B)-B
H
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//CML489/[BETASYN]BC1-2-#-B-B-B-B))/(MAS[206/312]-23-2-1-1-B-BB/[BETASYN]BC1-11-3-1-#-B-B-B-B-B-B-B)-B
I
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1-#-B-B-BJ

B))/(CML300)-B
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1-#-B-B-BB))/(CML304)-B

K
((CML488/[BETASYN]BC1-15-7-1-1-1-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1-#-B-B-B-B))/(KUI
L

carotenoid syn-FS17-3-2-B-B-B-B-B-B-B-B)-B
((CML489/[BETASYN]BC1-2-#-B-B-B-B//Ac8730SR-##-124-1-5-B-1-#/[BETASYN]BC1-5-#-B-B-B-

M

B))/([SAM4/BETASYN]BC2FS1-1-1-1-B-B-B-B-B-B-B-B)-B
((CML489/[BETASYN]BC1-2-#-B-B-B-B//Ac8730SR-##-124-1-5-B-1-#/[BETASYN]BC1-5-#-B-B-B-B))/(CML297)-B

N

((CML489/[BETASYN]BC1-2-#-B-B-B-B//Ac8730SR-##-124-1-5-B-1-#/[BETASYN]BC1-5-#-B-B-BB))/(MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1-#-B-B-B-B-B-B-B)-B
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O

((MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-2-1-#-B-B-B-B-B//MAS[206/312]-23-2-1-1-B-BP

B/[BETASYN]BC1-6-1-1-1-B-B-B-B-B))/(CML297)-B
((MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-3-#-B-B-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-

Q

11-3-1-#-B-B-B-B))/(CML297)-B
((CML489/[BETASYN]BC1-2-#-B-B-B-B//Ac8730SR-##-124-1-5-B-1-#/[BETASYN]BC1-5-#-B-B-BB))/(MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1-#-B-B-B-B-B-B-B)-B

R
((MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-3-#-B-B-B-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC111-3-1-#-B-B-B-B))/(KUI carotenoid syn-FS17-3-2-B-B-B-B-B-B-B-B)-B

S

(MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-10-2-1-#-B//MAS[206/312]-23-2-1-1-B-B-B/[BETASYN]BC1-11-3-1T

#-B)/(CML489/[BETASYN]BC1-2-#-B-B-B-B-B-B-B)-B
Check1: CML451/CML486-B

U
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CHAPTER 4

Enzymatic conversion of β-carotene from biofortified yellow maize and kale into
retinoids and apocarotenoids
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Abstract
Provitamin A carotenoids in plant foods provide more than 80% of vitamin A
intake for people in developing countries. As such, the conversion efficiency of βcarotene to vitamin A is important in determining the effectiveness of plant foods as
sources of vitamin A in humans. This study examined the role that α-tocopherol, γtocopherol, α-tocotrienol, γ-tocotrienol and total γ-oryzanol antioxidants found in plant
foods play on the cleavage of β-carotene. Rat intestinal mucosa homogenate (post
mitochondrial fraction) was incubated with β-carotene-rich extracts of kale and
biofortified yellow maize for an hour at 37°C. Rat intestinal mucosa homogenate was
also incubated with β-carotene in presence or absence of either α-tocopherol, γtocopherol, α-tocotrienol, γ-tocotrienol or γ-oryzanol for 60 min at 37°C. The β-carotene
cleavage products were extracted and analyzed by an HPLC equipped with a C18
column. No β-carotene cleavage products were detected in control incubations done
without intestinal mucosa homogenate or β-carotene. In the absence of antioxidants, βcarotene cleavage produced mainly excentric cleavage products, β-apo-13-carotenone
and β-apo-14-carotenal, in addition to retinal, retinol and retinoic acid. In the presence of
either α-tocopherol, γ-tocopherol or α-tocotrienol the formation of excentric cleavage
products β-apo-14-carotenal and β-apo-13-carotenone was inhibited by more than 10
fold. Βeta-carotene-rich extracts of kale incubated with rat intestinal mucosa homogenate
produced twice as much β-apo-13-carotenone compared to biofortified maize extracts.
These results suggest that antioxidants inhibit excentric cleavage of β-carotene and the
formation of additional excentric cleavage products.
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Introduction
Currently it is estimated that close to 190 million pre-school children mostly in
south Asia and sub Saharan Africa are affected by vitamin A deficiency (VAD) [1].
Vitamin A is an essential nutrient required by the body for cell differentiation, embryonic
development, immune function, growth and vision [2]. VAD is characterized by
increased risk of blindness, morbidity and mortality [3]. VAD is caused mainly by
inadequate dietary intake of foods of animal origin (rich in preformed vitamin A) because
they are expensive [4]. As a result, poor people in developing countries obtain more than
80 % of their vitamin A intake from plant based foods (provitamin A carotenoids) which
are easy to grow and are readily available. However, this plant food vitamin A intake is
not enough to meet their Recommended Daily Allowance (RDA) [5, 6]. It is therefore
important to understand factors that can increase the effectiveness of plant food
provitamin A carotenoids as sources of vitamin A in humans.
It is known that the bioconversion of β-carotene (in oil) to vitamin A varies from
2 to 1 to 16 to 1 by weight in humans [7]. Human studies have also shown wide
variations in the bioconversion of vegetable and fruit β-carotene to vitamin A. The
conversion factors observed for fruits were 12 to 1 and 26 to 1 by weight in green
vegetables [8, 9]. In grains, the bioconversion factors of β-carotene to vitamin A were
much better than in fruits and vegetables ranging from 3.2 to 1 by weight in biofortified
maize and 3.8 to 1 by weight in golden rice [10, 11]. While it is established that
bioavailability of plant food provitamin A carotenoids and their bioconversion to vitamin
A in humans is affected by factors such as food matrices, food preparation, and the fat
content of a meal [12], the effect of other dietary factors present in the diet such as
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antioxidants on the extent of the conversion of β-carotene into vitamin A is still unclear
and needs to be determined in order to improve the effectiveness of plant foods as
vitamin A sources.
The mechanisms of provitamin A carotenoids conversion into vitamin A is of
prime importance in public health. It is known that in humans the bioconversion of βcarotene into vitamin A takes place mainly in the intestine [13]. The central cleavage
pathway involves the metabolism of β-carotene at the central double bond (15, 15′) by βcarotene 15, 15′-dioxygenase (BCMO1) to produce retinal [14]. Several studies have
reported exclusive central cleavage of β-carotene to produce retinal, which can be
converted to retinol and retinoic acid respectively [15-18]. There are conflicting reports
on origins and fate of retinal in central cleavage of β-carotene with some studies reporting
that it is converted to retinoic acid, thereby acting as an intermediate β-carotene cleavage
product [19, 20]. The excentric cleavage of β-carotene is known to produces mostly βapo-carotenoids which may be converted to retinoic acid but mostly are devoid of
vitamin A activity [21, 22]. The formation of excentric cleavage products such as β-apo13-carotenone and β-apo-14-caronal from β-carotene incubation with intestinal mucosa
homogenates from human, monkey, ferret and rat was established [23, 24]. It was
previously thought that apocarotenoids were formed exclusively in vitro from β-carotene
auto-oxidation [25]. However, these β-carotene excentric cleavage products have been
detected in humans [26]. The conclusive evidence for excentric cleavage pathway was
provided by the discovery of an enzyme that cleaved β-carotene at 9, 10 double bonds to
produce β-apo-10-carotenal and β-ionone [27]. Observations from in vitro studies suggest
that excentric cleavage occurs mostly under oxidative conditions especially when
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antioxidants are limiting as in smoking and oxidative stress conditions [28]. Other in vitro
studies showed that radicals from lipoxygenase enzymes attack β-carotene excentrically
forming excentric cleavage products [9, 29 and 30]. Our previous study demonstrated that
β-carotene cleavage pathway depended on the presence of an antioxidant, such that in the
presence of α-tocopherol, β-carotene was converted exclusively to retinal by the 15, 15dioxygenase enzyme and in the absence of α-tocopherol, β-apocarotenoids were formed
[14]. This is significant because plant food β-carotene is often consumed with several
dietary antioxidants such as tocopherols, tocotrienols and γ-oryzanol in a meal. Staple
foods such as yellow maize, rice and green vegetables that are rich in β-carotene are also
rich in vitamin E, and γ-oryzanol [30-33]. Some green vegetables such as kale, collard
greens and cabbage consumed with maize in sub Saharan African dishes are rich in
provitamin A carotenoids and antioxidants [34]. Currently, there is a dearth of
information on the effect of these antioxidants on the cleavage of their β-carotene to
vitamin A. It was worth determining how these antioxidants inherent in biofortified
yellow maize and kale affect the cleavage of their β-carotene to vitamin A. These foods
can be targeted for interventions because they are staple foods in sub-Saharan Africa
consumed daily by millions of people at risk of VAD. This study tested the hypothesis
that γ-tocopherol, α-tocotrienol, γ-tocotrienol and γ-oryzanol could enhance the central
cleavage of β-carotene to vitamin A in vitro using rat intestinal mucosa homogenate.
Understanding factors that affect the efficiency of bioconversion of provitamin A
carotenoids into vitamin A is important for improving the effectiveness of plant food
based VAD intervention strategies in poor countries where people depend on them for
their vitamin A intake.
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Materials and Methods

Chemicals
All HPLC solvents were HPLC grade and were obtained from Sigma Aldrich (St.
Louis, MO, USA). All-trans- β-carotene (≥ 97% purity), all-trans-retinoic acid, all-transretinal, dithiothreitol (DTT), Hepes, Tricine, EDTA (ethylenediamine-tetraacetic acid),
Tris buffer, sodium taurocholate, α-tocopherol and γ-tocopherol were purchased from
Sigma Aldrich (St. Louis, MO, USA). Αlpha-tocotrienol and γ-tocotrienol standards were
purchased from Cayman Chemicals (Ann Arbor, Michigan). Gamma-oryzanol standards
were purchased from Wako Chemicals (Richmond, VA, USA). The standards of β-apo13-carotenone, β-apo-12-carotenal and β-apo-14’-carotenal were gifts from Hoffman-La
Roche Inc. (Basel, Switzerland).

Tissue preparation
The use of rat models in this study protocol was approved by the Animal Care and
Use Committee at Tufts University. The preparation of intestinal mucosa homogenate
and incubation with β-carotene were described previously [14, 17]. Briefly, the upper half
of the intestine was washed with ice-cold isotonic saline (0.85% NaCl), and the intestinal
mucosa was then gently scraped off with a glass cover and homogenized on ice in a testtube with a Brinkmann Polytron homogenizer (Westbury, NY, USA) with 50 mM
HEPES buffer (weight: volume 5 1:4), pH 7.4, containing 1.15% KCl, 1 mM EDTA, and
0.1 mM DTT. A post nuclear fraction was prepared by centrifuging the intestinal
homogenate at 800 x g for 30 min. The post nuclear fraction was centrifuged further at
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10,000 x g for 1 h at 4°C to remove particulate matter and some organelles to obtain the
post-mitochondrial fractions which were used in the experiments. The resulting
supernatant solution’s protein concentrations of the protein fractions were determined
using the BCA (bicinchoninic acid) Protein Assay (Pierce Co.; Rockford, IL, USA).

Βeta-carotene incubation with post-mitochondrial fractions of rat intestinal mucosa
homogenate
The β-carotene standard was purified by eluting it in an open column with
aluminum oxide with hexane as previously published [35], the peak purity was confirmed
by HPLC and it was used for the incubations immediately. The β-carotene incubation
with intestinal homogenate procedure was as previously described [14]. Briefly, the
standard incubation mixture contained 1 mg protein, 15 µM of β-carotene, 0.1 M Tricine
buffer, pH 8.0, 6 mM sodium taurocholate, and 0.5 mM DTT in a total volume of 400
µL. The protein fraction was pre-incubated with cofactors at 37°C in a shaking water bath
for 5 min. After the pre-incubation, the enzyme reaction was started by adding 80 µL of
β-carotene solubilized in aqueous Tween 40 to 320 µL of the incubation mixture
containing 0.1 mM of either α-tocopherol, γ-tocopherol, α-tocotrienol, γ-tocotrienol and
γ-oryzanol standards. Fresh kale and biofortified yellow maize samples were extracted
for carotenoids and other fat soluble components such as vitamin E and γ-oryzanol using
methanol and Tetrahydrofuran (THF) as previously described [25-26]. The biofortified
yellow maize extract contained 100 µg of β-carotene, 60 µg α-tocopherol and 130 µg γtocopherol and 3 mg total γ-oryzanol content. The kale extract contained 100 µg of βcarotene and no detectable vitamin E and γ-oryzanol compounds. The β-carotene-rich
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extracts of kale and biofortified yellow maize was dried under a gentle stream of nitrogen
and was reconstituted in Tween 40. After the pre-incubation, the enzyme reaction was
started by adding 80 µL extracts of kale β-carotene and biofortified β-carotene. Control
vials were run lacking either β-carotene or the protein fraction. Incubations of β-carotene
with the rat intestinal mucosa homogenate homogenates were conducted in triplicates. All
experimental procedures were carried out under red light.

HPLC Analysis
The HPLC analysis, mobile phase and gradient elution program were as
previously published [14]. Retinyl acetate was added as internal standard and the
incubation mixture was extracted with 3 mL of chloroform: methanol (2:1, v/v), followed
by 3 mL of hexane. The mixture was centrifuged for 10 min at 800 x g at 4°C. The
chloroform and hexane layers were evaporated to dryness under a gentle stream of
nitrogen, and the residue was reconstituted by addition of 100 µL of ethanol which was
then transferred to an HPLC vial. A 70 µL volume of the reconstituted sample was
injected into the HPLC system. The HPLC system consisted of a Waters Corporation
(Milford, MA, USA) 2596 pump, Waters 2996 Photodiode Array Detector (PDA),
Waters Empower2 data acquisition and analysis software. The HPLC system was
equipped with a Pecosphere-3 C18 4.6mm x 83 mm cartridge column (Perkin-Elmer,
Inc.). Carotenoids, retinoids, vitamin E and γ-oryzanol were detected at 450, 340, 292
and 325 nm wavelengths respectively. The standards of β-apo-14-carotenal, β-apo-12carotenal, β-apo-13-carotenone, retinol, retinoic acid, and retinal, retinyl acetate were
adequately separated using this method. Βeta-carotene, β-apo-carotenal, β-apo-13-
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carotenone, retinol, retinoic acid and retinal were quantified by determining peak areas in
the

HPLC

chromatograms

calibrated

against

known

amounts

of

standards.

Concentrations were corrected for extraction and handling losses by monitoring the
recovery of the internal standards.

Statistical Analysis
All statistical analysis was conducted using Statistical Analysis Software (SAS)
Inc. (North Carolina) version 9.3. Descriptive statistics were conducted and difference
between treatments means were analyzed by ANOVA with the level of significance set at
0.05.

Results

Cleavage products of kale and biofortified yellow extracts
Biofortified yellow maize extract (containing 100 µg of β-carotene, 60 µg αtocopherol and 130 µg γ-tocopherol equivalence) were incubated with rat intestinal
mucosa homogenate the cleavage products formed were retinoic acid, β-apo-13carotenone, retinal and β-apo-12-carotenal (Figure 1). Extracts of kale containing 100 µg
β-carotene equivalence were also incubated with rat intestinal mucosa homogenate and
the β-carotene cleavage products were found to be retinoic acid and β-apo-13-carotenone
(Figure 1). There was no significant difference in the amount of retinoic acid formed
from kale and biofortified yellow maize. However, there was more β-apo-13-carotenone
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produced in the kale incubation mixture as compared to the biofortified yellow maize
mixture.

Characteristics of the β-carotene cleavage products in the absence of antioxidants
In this study 15 µM β-carotene was incubated with post mitochondrial fraction of
rat intestinal mucosa homogenate in the absence of antioxidants. The incubation of rat
intestinal mucosa homogenate without β-carotene did not produce any detectable retinoid
peaks, and β-carotene incubated without rat intestinal mucosa homogenate did not
produce any detectable retinoid peaks. In both controls no β-carotene cleavage products
were detected (Figure 2). Rat intestinal mucosa homogenate incubated with β-carotene in
the absence of antioxidants produced several peaks that were identified as β-apo-13caroteneone, β-apo-14-carotenal, retinal, retinol, and retinoic acid according to the
retention times and spectra of pure standards (Table 1). This shows that in the absence of
antioxidants, the major β-carotene cleavage product formed were excentric cleavage
products β-apo-13-carotenone and β-apo-14-carotenal (Figure 2) (Table 1).

Effect of antioxidants on β-carotene cleavage by rat intestinal mucosa homogenate
The effect of antioxidants on β-carotene cleavage was investigated using rat
intestinal mucosa homogenate post mitochondrial fraction incubated with 15 µM βcarotene in the presence of either (0.1 mM) α-tocopherol, γ-tocopherol, α-tocotrienol, γtocotrienol or total γ-oryzanol. When β-carotene was incubated with rat intestinal mucosa
homogenate in the presence of 0.1 mM total γ-oryzanol, the pattern of β-carotene
cleavage products detected were similar to that of β-carotene incubation without
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antioxidants (Table 1). The major cleavage products of β-carotene incubation with rat
intestinal homogenate in the presence of γ-oryzanol were excentric cleavage products βapo-13-carotenone and β-apo-14-carotenal. Also detected were other cleavage products
retinol, retinal and retinoic acid formed (Table 1).
The incubation of β-carotene with rat intestinal mucosa homogenate in the
presence of α-tocopherol, γ-tocopherol or α-tocotrienol produced mainly retinoic acid, βapo-13-carotenone and retinol (Table 1). The amounts of β-apo-13-carotenone formed in
the presence of α-tocopherol, γ-tocopherol or α-tocotrienol was at almost 10 fold lower
than that of incubation of β-carotene without antioxidant (Table 1). In the absence of
antioxidants 30.7 ng of β-apo-13-carotenone was formed as compared to 2.1 ng in the
presence of α-tocopherol, 3.1 ng in the presence of γ-tocopherol and 3.9 ng in the
presence of α-tocotrienol, showing significant inhibition of β-apo-13-carotenone
formation (p<0.05) (Table 1). Retinal was only detected in β-carotene incubation in the
presence of total γ-oryzanol, γ-tocotrienol antioxidants and when no antioxidants were
present (Table 1). There was no significant difference in the amount of retinol formed
between all the groups (Table 1).

Discussion

Incubation of plant food lipid soluble extracts with rat intestinal mucosa homogenate
A review of published literature shows that this is the first study in which extracts
of plant foods have been incubated with intestinal homogenate to study β-carotene
cleavage products. Methanol and THF solvent system was used to extract both
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amphiphilic and lipophilic antioxidants from the kale and biofortified yellow maize.
When kale extracts were incubated with rat intestinal mucosa homogenate the β-carotene
cleavage products detected were retinoic acid and β-apo-13-carotenone (Figure 1). The
kale extracts did not contain any detectable levels of vitamin E and γ-oryzanol. This may
explain why more excentric cleavage product β-apo-13-carotenone was the major product
formed. When biofortified yellow maize extracts which contained significant contents of
α-tocopherol, γ-tocopherol and γ-oryzanol were incubated with rat intestinal mucosal
homogenate the β-carotene cleavage products detected were retinol, retinoic acid, retinal
and β-apo-13-carotenone and β-apo-12-carotenal (Table 1). The excentric cleavage
product β-apo-13-carotenone formed from maize extracts was less than that from kale
(Figure 1). This may suggest that antioxidants in maize extract were able to inhibit
excentric cleavage of β-carotene. This study finding suggests that antioxidants rich foods
when consumed with β-carotene may be enough to prevent the excessive formation of
excentric cleavage products. However, efforts such as biofortification may be required to
boost the antioxidants in provitamin A carotenoid rich plant foods.

The β-carotene cleavage products by rat intestinal mucosa homogenate
When β-carotene standard was incubated with rat intestinal homogenate without
any antioxidant, the major cleavage products were from excentric cleavage pathway
(Table 1 and Figure 2). These products were β-apo-13-carotenone and β-apo-14-carotenal
as observed in other studies [14, 23-18]. These excentric cleavage products were
confirmed in vitro from β-carotene incubation with intestinal mucosa homogenates from
rat, ferret, monkey and humans [23]. Our previous studies show that in the absence of
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antioxidants, β-carotene is attacked randomly by free radicals formed by lipoxygenase
enzymes to form β-apo-carotenoids [14, 29-30]. Studies that used pure BCMO1 enzyme
or purified post-mitochondrial fractions of intestinal homogenate for β-carotene
incubation reported retinal as the only β-carotene cleavage product [15-18]. When crude
intestinal homogenates were used as in this study, retinal, retinol and retinoic acids were
detected (Table 1) [20, 22-23]. This is not surprising because crude intestinal homogenate
still contained enzymes such as aldehyde dehydrogenases, NAD+ and alcohol
dehydrogenases that convert the retinal to retinol and retinoic acid [15-17]. Our study
using crude rat intestinal mucosa homogenate is important because it may closely
resemble the intestinal cell cytosolic conditions where β-carotene cleavage take place in
the presence of these redox compounds. We can therefore imply that under cytosolic
conditions the cleavage of β-carotene produces a variety of products which may include
retinol, retinal, retinoic acid, and apocarotenoids. Increasing the physiological
concentration of antioxidants such as α-tocopherol may lead to more central cleavage
products of β-carotene.

Effect of antioxidants on β-carotene cleavage
When β-carotene was incubated with rat intestinal mucosa homogenate without
antioxidants, more cleavage products were formed and in higher quantities (Table 1)
(Figure 2). When β-carotene was incubated with rat intestinal mucosa homogenate in the
presence of antioxidants such as α-tocopherol, γ-tocopherol, α-tocotrienol, γ-tocotrienol
and γ-oryzanol standards, the amounts of excentric cleavage products (β-apo-13carotenone and β-apo-14-carotenal) formed was significantly reduced compared to the β-
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carotene incubation without antioxidants. This result confirms what we previously
reported that the efficiency of the conversion of β-carotene to retinal was reduced 10 fold
by omitting α-tocopherol in the β-carotene incubation mixture [14]. We also observed
that the amounts and variety of β-carotene cleavage product was dependent on the type of
antioxidant (Table 1). This suggests that the inhibition of β-carotene cleavage was by
antioxidant protection from free radical attack. Alpha-tocopherol followed by γtocopherol and α-tocotrienol offered the greatest β-carotene from excentric cleavage.
These observations maybe significant for human health, because in vitro incubations of
β-carotene with post-nuclear fractions of lung tissue from cigarette smoke exposed-ferret
led to more excentric cleavage of β-carotene forming an abundance of β-apo-carotenals,
as a result of the free radical rich atmosphere in the lungs [36]. A diet rich in antioxidants
typical of high fruit and vegetable intake may reduce β-carotene cleavage and β-apocarotenoids formation among smokers [37-38]. Recent research suggests that β-apocarotenoids may exert powerful biological effects on mammalian cells by a possible
disruption of normal signaling through multiple ligand-activated nuclear receptors [39,
40]. Some research suggests that β-apo-carotenoids maybe involved in the development
of lung cancer [38]. However, more research is required because the biological and
metabolic implications of these signaling disruptions are not yet clear.
There was no significant difference in the amount of retinol formed between
different β-carotene incubations with or without antioxidants (p<0.05) (Table 1). This
showed that the amount of retinol formed was homeostatically controlled. This may also
suggest that the amount of substrate (β-carotene) was not a limiting factor during the
enzymatic cleavage of β-carotene and that the BCMO1 enyzme has a higher affinity for
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retinol formation. Also retinal was not detected in β-carotene incubation with rat
intestinal mucosa homogenate in the presence of α-tocopherol, γ-tocopherol and αtocotrienol. This suggests that retinal an intermediate product of β-carotene cleavage was
converted to retinoic acid faster in the presence of α-tocopherol, γ-tocopherol and αtocotrienol. Also we observed that in the absence of α-tocopherol, γ-tocopherol and αtocotrienol, β-apo-14-carotenal was detected. This may suggest that β-apo-14-carotenal is
an intermediate product of excentric β-carotene cleavage. In the presence of α-tocopherol,
γ-tocopherol and α-tocotrienol, the amount of β-apo-13-carotenone was significantly
lowered, while the amounts of retinol was not affected (Table 1). This shows that these
antioxidants promote central cleavage of β-carotene, and they protect β-carotene from
oxidative cleavage. These findings are in agreement with our previous study which
showed that in the presence of α-tocopherol β-carotene was exclusively cleaved to
retinal; while in the absence β-apo-carotenoids were formed [14].

Conclusion

This study found that extracts of biofortified yellow maize containing antioxidants
inhibit excentric cleavage of β-carotene. Our study also showed that antioxidants αtocopherol, γ-tocopherol and α-tocotrienol promote central cleavage of β-carotene by
inhibiting excentric cleavage of β-carotene to form β-apo-13-carotenone and β-apo-14carotenal. This finding is of significance to people in developing countries who depend
on plant food β-carotene for their vitamin A requirements. Dietary messages can be
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tailored to promote intake of antioxidant rich foods such as nuts, peanut butters together
with provitamin A carotenoid rich foods such as kale or biofortified maize.
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Figure 1: The cleavage products formed from β-carotene-rich extracts of kale and
biofortified yellow maize incubated with rat intestinal mucosa homogenate. [RA (retinoic
acid), β-apo-13-car (β-apo-13-carotenone), and β-apo-12-car (β-apo-12-carotenal)]
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Figure 2: Panel A shows control A β-carotene
carotene incubated without rat intestinal
homogenate with and Panel B control B rat intestinal homogenate without β-carotene.
Panel C shows β-carotene
carotene incubation products with rat intestinal mucosal homogenate in
the absence of an antioxidant. Insert C shows the peaks 1(retinoic acid), 2 (β-apo-13carotenone), 3 (retinol), 5 ((β-apo14-carotenal). Panel
el D shows cleavage products from βcarotene incubated with rat intestinal homogenate in the presence of an antioxidant (γ(
tocopherol). Insert D shows the peaks 1 (retinoic acid), 2 (β-apo-13-carotenone)
carotenone) and 3
(retinol).
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Table 1: Cleavage products formed from β-carotene incubated with rat intestinal mucosa homogenate with or without an antioxidant
β-carotene incubation cleavage products (ng)
Treatment/

Retinoic acid

β-apo-13-carotenone

Retinol

Retinal

β-apo-14-carotenal

β-carotene*

0.55 (0.03) B

30.7 (1.77) C

3.85 (0.17) G

7.48 (2.06) H

10.59 (2.01) J

BC + α-TP

0.43 (0.17) B

2.09 (0.10) D

3.56 (0.70) G

βC+ γ-TP

0.72 (0.32) AB

3.05 (0.52) D

4.02 (1.39) G

βC+ α-TT

0.79 (0.20) AB

3.9 (1.24) DE

3.27 (0.16) G

βC + γ-TT

1.15 (0.02) A

6.0 (0.40) E

4.59 (0.51) G

3.54 (0.72) I

βC + γ-Oryzanol

0.40 (0.16) B

16.5 (0.54) F

4.31 (0.31) G

4.55 (0.89) IH

5.28 (0.35) K

Letters in superscript show statistical differences between treatments for each cleavage product, with the same letters showing no
significant differences (p>0.05), and different letters showing significant difference (p<0.05).
β-carotene* ( no antioxidant added)
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ABSTRACT
Green vegetables of the brassica oleracea family are an important part of
Zimbabwean diet, consumed daily as casseroles together with the maize based staple
food. These green vegetables are rich in carotenoids such as lutein and β-carotene which
are important for eye health and are precursors of vitamin A. In this study five different
brassica oleracea vegetable commonly grown and consumed in Zimbabwe were
identified as Chou Moellier, covo, rugare, viscose and drum head cabbage. The green
leafy vegetables were cut into pieces and were pureed; the carotenoids were extracted
with methanol and THF. The carotenoid contents and profile were compared to kale
grown and consumed in the US. Statistical Analysis was conducted with SAS using
descriptive statistics and ANOVA. All vegetables analyzed contained lutein, trans βcarotene and 9 cis β-carotene with the contents being significantly different among the 6
varieties for lutein and trans β-carotene. Kale grown in the USA had the highest content
of lutein (12.5 ± 1.3) and β-carotene (8.5 ± 0.8) mg/100g fresh weight respectively.
Among the Zimbabwean green vegetables, covo variety had the highest contents of lutein
(10.4 ± 0.5), viscose variety had highest β-carotene 7.8 ± 0.3 mg/100g fresh weight
content, while rugare variety (5.2 ± 0.3) had the lowest trans β-carotene content among
the local varieties. Zimbabwe green vegetables had a 13 cis β-carotene isomer as opposed
to the US kale. Zimbabwe Viscose variety also had phytoene and phytofluene carotenoid
compounds. The Zimbabwean Brassica oleracia vegetables are a very good source of βcarotene and lutein. The provitamin A carotenoids content is sufficient enough to justify
the promotion of these vegetables as part of a diet to combat vitamin A deficiency which
is a public health problem in Zimbabwe.
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INTRODUCTION

Food based dietary strategies are gaining popularity as effective and sustainable
strategies to address vitamin A deficiency (VAD) in developing countries [1]. Promoting
the consumption of locally available and underutilized food crops is sustainable and ideal
because it does not require complex behavior change and affects people even in remote
areas [3]. VAD is a public health problem health problem among children under 5 years
in poor countries of east and southern Africa [4]. Green vegetables such as kale rich in
provitamin A carotenoids are widely grown and consumed by adults. The provitamin A
carotenoids (α-carotene, β-cryptoxanthin and β-carotene) are precursors of vitamin A, an
essential nutrient required for vision, gene regulation, growth, immune function and skin
health [5, 6]. Kale (Brassica oleracea var. acephala) ranks highest among all leafy
vegetables for lutein and β-carotene content [7-9]. The contents of lutein have been
shown to range from 8-39.5 mg/100 g fresh weight, and 2.8-14.5 mg/100 g fresh weight
for β-carotene [9, 10]. Epidemiological studies also show additional benefits to the
consumption of vegetables from Brassica oleracea such as reduced risk of cancer, and
protection against degenerative diseases [11, 12]. However, the consumption of green
vegetables among children under 5 years old is very low in Zimbabwe [13].

Brassica oleracea var. acephala (kale) is a cool weather vegetable that is grown
and harvested for its edible leaves [14]. Kale is genetically similar to spring greens and
collard greens, cabbage, Brussels sprouts, broccoli, cauliflower and kohlrabi [15]. Kale is
propagated vegetatively in Zimbabwe and it is popular among the poor because it grows
fast, allows repeated pickings and the plants can grow for years reaching a height of 2-3
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meters [16]. In Zimbabwe, kale varieties are classified by various local names such as
rugare, viscose, Chou Moellier and covo [16]. Viscose and Chou Moellier are varieties
developed from rugare [15]. Chou Moellier is popular for commercial productions
because of its leaves are darker green and more pronouncedly curled than rugare and
viscose [16]. Chou Moellier is propagated by seed and the plants are comparatively short
with short internodes and very thick stems, with large, dark green, somewhat curly
leaves. Covo is similar to Portuguese kale. Sukuma wiki is grown widely in Kenya is
mostly propagated by seed, sometimes vegetatively and is rarely found in Zimbabwe
[17]. In Kenya households purchased and consumed about 13 kg of kale per month [18].

Although the carotenoid contents of brassica oleracea vegetables have been
quantitated previously, the carotenoid profile and contents of brassica oleracea sub
species developed and adapted for Zimbabwe has not been reported. Because of the
reported high β-carotene contents of brassica oleracea vegetables and the additional
health benefits of vegetables consumption, the objective of this study was to characterize
the carotenoids in kale varieties commonly grown and consumed in Zimbabwe. In this
study we assayed the edible portions of five kale varieties rugare, covo, viscose, Chou
Moellier. Zimbabwean Cabbage (brassica oleracea var. capitata) green leaves were
collected for analysis because when in season cabbages are used as kale substitutes
because they become cheaper. US grown kale was also analyzed and compared to the
carotenoid profile and contents of its Zimbabwean counterparts.

METHODS AND MATERIALS
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Plant Material
Kale and cabbage varieties grown and consumed in Zimbabwe were identified by
agricultural extension officers in the Ministry of Agriculture, Government of Zimbabwe
(GOZ) and vegetables breeders at the Agricultural Research Trust (ART) in Zimbabwe.
The vegetable samples were harvested from gardens in Harare, and shipped under ice to
Tufts University in Boston, MA. Approximately equal amounts of tissue were collected
from three plants. Kale leaves and green leaves of the cabbage were collected for
analysis. Kale samples grown in the US were shipped from USDA ARS Children’s
Nutrition Research Center at Baylor College of Medicine in Houston, TX. The kale
samples were stored fresh at 4ºC on arrival in the laboratory and were analyzed within 24
hours of receipt. The vegetables samples were analyzed fresh to determine the natural
carotenoid profile without adjustments for moisture contents. To achieve this vegetables
sample were kept fresh at 4°C and were analyzed immediately without further storage.

Carotenoid Extraction and Analysis
All experimental procedures were conducted under red-yellow lights. Carotenoids
were extracted from leaves of kale and cabbages using a modified procedure published
by Riso and Porrini [19]. Briefly, leaves of vegetables were cut into small pieces and
weighed into 1 g samples of three replicated per variety. Extraction was performed by
homogenizing with a Polytron PT1600E homogenizer 1 g of green vegetable leaves cuts
in 10 mL methanol, incubating for 2 hours at room temperature and vortexing at 30 min
intervals. The mixture was centrifuged at 800 x g for 10 min at 4ºC. The methanol layer
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was transferred into a 50 mL volumetric flask and the extraction repeated four times with
10 mL of Tetrahydrofuran (THF), followed by vortexing and centrifugation. The THF
layers were combined with the methanol layer and the volume brought up to 50 mL. One
mL of the extract was taken, dried under nitrogen, and re-suspended in 1 mL of ethanol
and 20 µL were injected into an HPLC.
The HPLC gradient profile and solvent system were as described in previously
published method [20]. Briefly, the extracted sample was analyzed for carotenoids using
a reverse-phase, gradient HPLC system (14). The HPLC system consisted of a Waters
Alliance 2695 Separation Module LC pump, autosampler, Waters 2996 Photo Array
Detector (Millipore, Milford, MA), and a C30 column (3 µm, 150 x 4.6 mm, YMC,
Germany ). The chromatographic separations were performed on a Waters Alliance 2695
HPLC (Waters, Milford, MA) system using a UV detector and Waters Empower2
software. The carotenoids were separated at a flow rate of 0.4 mL/min and by a gradient
elution with two mixtures of methanol, tert-butyl methyl ether, and water [mixture A:
83/15/2 (v/v/v), mixture B: 8/90/2 (v/v/v); gradient procedures were: 0 to 1 min 100% A,
1 to 8 min linear gradient to 70% A, 8 to 13 min 70% A, 13 to 22 min linear gradient to
45% A, 22 to 24 min 45% A, 24 to 34 min linear gradient to 5% A, 34 to 38 min 5% A,
38 to 40 min linear gradient to 100% A, and 40 to 50 min 100% A]. Carotenoids were
quantified by determining the peak area at 450 nm wavelength in the HPLC
chromatogram calibrated against known amount of standards. The lower limit of detection
for this method was 0.2 pmol for carotenoids.

Statistical Analysis
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All statistical analysis was performed using Statistical Analysis Software (SAS)
Inc. NC version 9.3. Descriptive statistics were performed for each carotenoid variable,
and Proc GLM procedure was used to determine the differences in the carotenoid
contents among the six vegetables varieties. Tukey post hoc procedure was used to
perform multiple comparisons of carotenoids the different Brassica oleracea vegetables
varieties.

RESULTS

The major carotenoids found in all the Brassica oleracea vegetables were lutein,
all trans β-carotene and lutein. The lutein content was significantly different among the
six vegetable varieties analyzed (p<0.01) (Figure 1). US kale had the highest lutein
content with 12.5 ± 1.3 mg/100 g fresh weight. Rugare variety which had the lowest
lutein content of 7.3 ± 0.5 mg/100 g fresh weight was significantly different from the
Chou Moellier and US kale (p<0.01). The trans β-carotene content was higher in the US
kale. There was a significant difference in the β-carotene contents of rugare to that of US
kale and Chou Moellier (p<0.01) (Figure 2). Among the Zimbabwean brassica oleracea
vegetables the viscose variety had the highest β-carotene content of 7.6 ± 0.3 mg/100g.
All the vegetable varieties analyzed had 9 cis β-carotene and a content of 1.2 ± 0.2
mg/100g fresh weight and there were no significant difference among all the varieties
(p>0.05) (Figure 3). Only the Zimbabwean brassica vegetables had 13 cis β-carotene
isomer, with mean contents of 0.5 ± 0.1 mg/100g fresh weight, no significantly
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differences were detected among the varieties (p>0.01). Only the viscose variety had
detectable peaks of phytoene and phytofluene.

DISCUSSION

This study showed that kale is a good source of lutein as previously shown by
other investigators [21]. However, the lutein content of the Zimbabwean kale varieties
was not known. Lutein is an important nutrient for eye health. Inverse associations have
been reported between the incidence of advanced, neovascular, age-related macular
degeneration (AMD) and the combined lutein and zeaxanthin intake in the diet [22].
Recent studies also show that higher dietary intake of lutein was associated with a
significantly decreased risk of cataract formation [23]. Cataracts are major cause of
blindness in Zimbabwe [24]. Studies show that daily intake for lutein of 10 mg/day show
a health benefit [25-27]. This study shows that Zimbabwean brassica oleracea vegetables
have lutein contents of about 10 mg/100g fresh weight. This showed that Zimbabwean
kale varieties very good sources of lutein. One cup of the Brassica oleracea var.
acephala vegetable would meet this beneficial 10 mg/day which may offer protection
against cataracts among the Zimbabwean elderly population.
Kale (Brassica oleracea var. acephala) ranks highest among all leafy vegetable
crops for β-carotene content which ranges from 2.8-14.5 mg/100g fresh weight [28, 29].
Our study showed an average β-carotene content of 6.9 ± 1.4 mg/100g fresh weight. This
is important because β-carotene is a provitamin A carotenoid, a precursor of vitamin A.
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In developing countries people obtain more the 80% of the total vitamin A intake from
plant food source, but vitamin A deficiency is still a public health problem [30-32]. In
east and southern Africa Brassica oleracea var. acephala vegetables are a staple food,
consumed everyday as relish to the maize thick porridges. However, the high β-carotene
content of Zimbabwean kale makes it ideal as a complementary food for children aged 636 months who are at risk of VAD. Kale β-carotene was shown to be very bioavailable
and easily converted to vitamin A in humans [33]. However, as this study was conducted
in US male adults, it will be important to determine kale β-carotene vitamin A
equivalency in Zimbabwean preschool children. Besides the vitamin A, a diet high in
carotenoids has been associated with significant reductions in the risk of degenerative
diseases.
There were no major significant differences in the lutein and β-carotene contents of the
Zimbabwe brassica oleracea vegetable varieties and the US kale. No significant
differences were observed also between kale (Brassica oleracea var acephala) and green
leaves from cabbage (Brassica acephala var. capitata). This can be explained by the fact
that the vegetables varieties analyzed belong to the same species and sub-family. The
differences observed between the rugare, Chou Moellier and the US kale can be
explained by differences due to season and maturity. Studies have shown that the
carotenoid contents in vegetables of the same genotype will vary by season and maturity
[29, 34 and 35].
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CONCLUSION

This study showed that Brassica oleracea var. acephala vegetables grown and
consumed in Zimbabwe are a good source of lutein and provitamin A carotenoids. The
study also showed that there were no significant differences between brassica sub species
of kale and cabbage (Brassica oleracea var. capitata) green leaves in their lutein and βcarotene content. This study shows that the β-carotene contents of kale can justify the
promotion of kale as a vitamin A rich complementary food in east and southern Africa.
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Figure 1: Lutein distribution among the Zimbabwean Brassica oleracea vegetable
varieties. Different letters signify significant statistical differences (p<0.05).
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Figure 2: Distribution of trans β-carotene in the Brassica oleracea green vegetables.
Different letters signify significant statistical differences (p<0.05).
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Abstract
Brassica oleracea var. acephala (kale) is a rich source of β-carotene that can be
used to provide vitamin A to vitamin A deficient preschool children in Africa. This study
was designed to determine the effect of peanut butter on the vitamin A equivalence and
bioconversion efficiency of kale β-carotene to vitamin A in preschool children.
Deuterium labeled kale was grown in a hydroponic medium with 23 atom % 2H2O during
development. The intrinsically labeled kale β-carotene showed the highest abundance of
enrichment as [2H9] β-carotene. Preschool children (n = 37; age 12-36 mo) were
randomly assigned to consume 50 g cooked kale (1.5 mg β-carotene content) with either
33 g peanut butter (PBG) or with 16 g lard (LG). On day 1 after a baseline blood draw;
all subjects consumed the labeled kale doses and 1 mg [13C10] retinyl acetate capsule.
Blood samples were collected from five subjects per-time point per group over 21 d.
Processed serum samples were analyzed by using NCI-GC/MS for the enrichments of
labeled [2H] retinol from kale [2H9] β-carotene and [13C10] retinol from reference dose.
The area under the curve (AUCs) of molar enrichment at days 1, 2, 3, 6, 15, and 21 after
the labeled doses was 56.3 ± 10.5 and 84.8 ± 16.2 (nmole) for [2H] retinol from LG and
PBG kale [2H9] β-carotene respectively. The AUC of [13C10] retinol from reference dose
was 432.6 ± 54.9 (LG) and 560.3 ± 156.7 (nmole) (PBG) respectively. The calculated
conversion factors were 13.4 ± 3.1 and 11.0 ± 3.9 to 1 (p>0.05) by weight for LG and
PBG respectively. Peanut butter had higher retinol absorption response than the lard
group. This study showed that kale β-carotene was efficiently converted to vitamin A in
in children. Kale should therefore be promoted as a complementary food for children in
developing countries who are vulnerable to VAD and general malnutrition.

131

Background
Children under the age of 5 years in sub Saharan Africa are fed starchy
complementary foods that often lack essential nutrients such as vitamin A [1]. As a result,
these children are at risk of developing vitamin A deficiency (VAD). According to the
World Health Organization, an estimated 250 million preschool children are affected by
VAD worldwide [2]. Providing vitamin A to those children could prevent about a third of
all under-five deaths, which amounts to up to 2.7 million children that could be saved
from dying unnecessarily [3]. Night blindness, a consequence of VAD, is estimated to
affect 5.2 million preschool-age children worldwide [3]. Most of these children affected
by VAD are in sub-Saharan Africa [2]. In Zimbabwe, VAD is a public health problem
affecting more 40 % of children under the age of 5 years [4]. VAD compromises the
immune systems of approximately 40 percent of children under five in the developing
world, greatly increasing the severity of common childhood infections, often leading to
deadly outcomes [5].
Plant based foods provide more than 80 % of the total vitamin A intake in
developing countries [6]. This is because poor people in developing countries have
limited or no access to vitamin A rich animal food products such as dairy, meats and
poultry [7]. However, these people have easy access to fruits and vegetables they grow or
buy cheaply from the markets. Fruits and vegetables are rich in provitamin A carotenoids
such as β-carotene, β-cryptoxanthin and α-carotene [8-10]. Humans have the ability to
convert these provitamin A carotenoids into vitamin A [11, 12]. In east and southern
Africa, green vegetables are a staple food crop consumed daily [13, 14]. These green
vegetables are either seasonal traditional (indigenous) vegetables or perennial
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domesticated (foreign) vegetables. The most common domesticated vegetables are of the
Brassica oleracea var. acephala family such as kale, collard green, cabbage and broccoli
[15]. In east Africa kale and collard greens are known as sukumi wiki, while in southern
Africa they are known as covo, rugare, viscose, and Chou Moellier [15, 16]. These
Brassica olerecea vegetables are popular because they are easy to grow; they grow fast
and are perennial [15]. They are found in almost every household garden in Zimbabwe
and on street market stalls [13-16].
Kale has been shown to be very rich in β-carotene with contents ranging from 315 mg/100 g fresh weight [17, 18]. The β-carotene content is even higher than in some
carrot varieties and other common green vegetables such as spinach [17, 19]. In one study
to determine the bioavailability of [13C] labeled kale β-carotene in humans showed that
kale β-carotene was very bioavailable and was also efficiently converted to [13C] retinol
(vitamin A) in the body [20, 21]. However, this study was not designed to determine the
conversion factor and vitamin A equivalence of kale β-carotene to vitamin A; as a result
the amount of vitamin A formed was not quantitated. In the US, kale is used in some
baby foods [22]. In southern Africa, particularly in Zimbabwe the diet of pre-school
children is deficient in vegetables [1, 22]. Studies show that most common
complementary foods given to children in Africa are starchy gruels made from maize,
millet, sorghum or cassava whose nutrient density is very low [24, 25]. Some of these
infant feeding practices are a result of lack of nutrition education, food availability and
cultural practices [23].
Despite the ubiquitous presence of kale and daily consumption by adults in
Zimbabwe, this provitamin A carotenoid rich green vegetable is not used as a
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complementary food. There is a lack of information on the carotenoid contents of kale
varieties grown in Zimbabwe, and also there are no human studies to date that show the
vitamin A value of kale in humans especially in children. Promotion of kale as a
complementary food in Zimbabwe will increase the vitamin A intake of children leading
to a reduction of VAD. In Zimbabwe kale is prepared by boiling or sautéing. In some
cases peanut butter is added to boiled kale to increase its palatability and nutrient density
[26]. Peanut butter cooked kale can be a very nutritious complementary food, providing
children with vitamin A, vitamin E, proteins and oils. These nutrients are important to
child growth and development. The vitamin E and oil content of peanut can enhance the
bioavailability of bioconversion of kale β-carotene to vitamin A [27].
The determination of the absorption and conversion of kale β-carotene to vitamin
A is important for designing infant and young child feeding programs in many kale
consuming regions of the world, where VAD is prevalent. In order to accurately assess
the vitamin A value from a plant food source, researchers are utilizing intrinsically
labeled plant material in which the β-carotene is labeled with a low abundance stable
isotope. In this way it was possible to determine absorption of β-carotene from the food
matrices and the subsequent conversion of the β-carotene to vitamin A and allowing the
quantitative determination of the vitamin A equivalence of β-carotene as shown in
previous studies [9, 12 and 28]. In this study in order to quantitatively evaluate the
absorption and intestinal conversion of kale β-carotene, deuterium labeled kale and
[13C10] labeled retinyl acetate reference dose were used.
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Methods

Production of deuterium labeled kale and preparation of labeled kale doses
Intrinsically labeled kale was grown and harvested from a hydroponic plant
system by growing the plants with heavy water (deuterium oxide, D2O) at the USDAAgriculture Research Service Children's Nutrition Research Center in Houston, TX. The
procedures of growing the intrinsically deuterated plants are described in previous
publications [9, 29]. One batch (2.7 kg) of freshly harvested deuterium labeled kale was
shipped overnight under ice packs from the USDA/ARS Children’s Nutrition Research
Center, Houston, Texas to the Jean Mayer USDA Human Nutrition Research Center on
Aging at Tufts University in March 2012. Samples of the labeled kale were immediately
analyzed for carotenoid contents and deuterium enrichment profile by HPLC and LC/MS
(Figure 1 and 3). The rest of the labeled kale was weighed, vacuum packed and stored at
-80°C.
One week after receiving the kale from Houston Texas, the labeled kale was
cooked in the Metabolic Research Unit Kitchen (MRU) at the Jean Mayer USDA Human
Nutrition Research on Aging at Tufts University using a previously published protocol
for green vegetables [9]. Briefly, kale leaves were steamed for 10 mins. After steaming
the leaves were pureed by homogenizing using a food processor. After homogenization,
the cooked labeled kale was immediately analyzed for carotenoid contents by HPLC
(Figure 2). Fifty cooked kale doses weighing 50 g each (containing 1.52 mg of βcarotene content) were vacuum packed and stored at -80ºC for 16 months. In June of
2013, cooked labeled kale samples were analyzed for carotenoid contents before
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shipment under ice-packs for 20 hours (h) to Bulawayo, Zimbabwe. The kale doses with
ice-packs were still frozen upon arrival at the National University of Science and
Technology (NUST), Bulawayo, Zimbabwe. The labeled kale doses were then stored at 80ºC. On day one of the study, the kale doses were thawed at room temperature. After
thawing, 20 x 50 g of the cooked kale doses were each mixed 33 g of peanut butter and
was microwaved for 1 min. Another 20 x 50 g cooked kale dose were each mixed with 16
g of lard and microwaved for 1 min. The 33 g of peanut butter contained the same
amount of fat as 16 g of lard.

Human Subjects
Subjects were recruited from day care centers operated by the City of Bulawayo.
Forty children aged between 12-36 months of age were screened and enrolled in the
study. Thirty seven subjects successfully completed the study. Inclusion criteria was as
follows; children not taking vitamin A and carotenoids supplements, who are generally
healthy, with no history of liver, gastrointestinal disease, cancers and cardiovascular
diseases that would interfere with vitamin A absorption and metabolism. The following
situations excluded potential subjects from the study: severe and symptomatic cardiac
disease, a history of bleeding disorders; chronic history of gastric, intestinal, liver,
pancreatic, or renal disease; any portion of the stomach or the intestine removed; history
of intestinal obstruction or malabsorption. Parental written informed consent was obtained
from all subjects before enrolling in the study. Ethical approval for the study was
obtained from Tufts Medical Center Institutional Review Board (IRB) and the Medical
Research Council of Zimbabwe (MRCZ) in 2013 before enrollment of subjects.
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Study design and procedures
In order to compute the power and sample size we used changes in serum retinol
and standard deviations from our previous studies with dark green vegetables in children
[30]. The required sample size was 5 children per group. However, given difficulty of
drawing seven blood draws per child over a 21 d period, we designed the study using the
published “Super Child Model” such that each time-point per group will have five
randomly assigned subjects [31]. Each subject contributing a total of 3 (3-5 mL) blood
draws for the 21 day duration of the study.

Six day care centers selected to participate in the study were randomly assigned to
either Peanut Butter Group (PBG) or the Lard Group (LG). On day one of the study,
subjects were assembled at their respective centers and a baseline 3-5 mL of blood (time
= 0 h) was withdrawn into a no-additive VacutainerTM from a forearm vein by a
registered nurse from all subjects. The cooked labeled kale doses were thawed and mixed
with 33 g (one teaspoon) peanut for the PBG and 16 g lard i.e. animal fat for LG and
microwaved for 1 min. After cooling, subjects in each group consumed the labeled kale
doses under the supervision of research staff to make sure everything was consumed.
After consuming the kale doses subjects immediately ingested 1 mg [13C10] retinyl
acetate (synthesized by the Cambridge Isotope Laboratory, Andover, MA) in 0.5 g corn
oil capsule with a glass of water to wash down their mouths. The [13C10] retinyl acetate,
which converts to [13C10] retinol once in circulation, was used as a reference dose to
assess the conversion efficiency of the labeled kale β-carotene to retinol. Three to five
mL of blood were withdrawn (an intravenous line was inserted for drawing these
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samples) at 24, 48, 72 hours, days 6, 15, and 21 after the consumption of labeled kale and
labeled retinyl acetate doses from 5 subjects per time point per group. Subjects consumed
their normal diets the entire duration of the study.

Serum processing

After blood draws, blood samples were kept in a cooler box, and were then
transported by car to National University of Science and Technology (NUST),
Department of Applied Biology and Biochemistry Laboratory for processing. The blood
samples were centrifuged at 800 x g for 30 min at 4°C. The processed serum collected
into 2 mL cryogenic vials, labeled and stored at -80°C until shipment under icepacks by
air to the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts
University in Boston, MA, US. After an 18 h trip the serum vials were still frozen upon
arrival in Boston in September, 2013.

Biochemical analysis of serum samples
The extraction of serum retinol, carotenoids, and tocopherols was conducted using
a previously published method [32]. Briefly, three mL of chloroform: methanol (2:1, v/v)
extraction of 100 µL serum sample fat soluble components was then followed by a 2 mL
hexane extraction of the residue. The combined chloroform: methanol and hexane
fraction were evaporated under N2 gas on an N-EVAP (Organomation Associates Inc,
South Berlin, MA). After complete dryness the residue was dissolved in 100 µL ethanol
forming a clear solution, and 20 µL was injected into an HPLC system equipped with a
YMC Carotenoid S C30 column (3.0 x 150mm). The HPLC equipment, gradient profile
and quality assurance was as described in our previously published work [32].
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LC-APCI-MS analysis of deuterium labeled kale

In order to determine the percentage enrichment of labeled β-carotene, 1 g of kale
was weighed into a 50mL test-tube and extracted for carotenoids as described in
published methods [33]. An LC-APCI-MS analysis of labeled kale β-carotene mass-tocharge ratios (m/z) was conducted as previously described [34]. Our kale β-carotene had
the highest enrichment abundance of [2H9] β-carotene as 546 (M+ H++9) (Figure 3), and
the deuterium enrichment was randomly distributed to all possible positions of the βcarotene molecule as determined by NMR [35].
NCI-GC/MS analysis of [2H] retinol from deuterated kale and [13C10] retinyl acetate dose
In order to analyze the enrichment of labeled retinol from kale [2H9] β-carotene
and labeled retinol from [13C10] retinyl acetate reference dose, serum samples from all
subjects were extracted for retinol as described in published methods [36]. Briefly, 400
µL of the serum sample was extracted for retinol, and the reconstituted concentrated
extract (50 µL) was injected into an HPLC apparatus equipped with a C18 column
(Perkin-Elmer Inc, Norwalk, CT). Retinol fractions were collected using a Gilson
Fraction collector FC203B model. The collected retinol fractions were dried under a
gentle stream of nitrogen gas to complete dryness. To the dried residue 10 µL N,O-bis
(trimethylsilyl) trifluoroacetamide containing 10% trimethylchlorosilane (Pierce,
Rockford, IL) was added and heated for 30 minutes at 70° C to form retinyl trimethylsilyl
ether [36]. After cooling, 3 µL was injected into an Agilent 6890 GC instrument
equipped

with a GC column was a Zebron ZB-1MS capillary (Phenomenex Inc,

Torrance, CA) and 5973 Network Mass Selective Detector. The mass spectrometer was
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set at a mass to charge ratio (m/z) of 260 to 280. The linearity of the GC-MS response and
the detection limit of the gas chromatography/electron capture negative ionization-mass
spectrometry (GC–ECNCI-MS) system have been previously addressed [37].

The kale β-carotene enrichment was fifty percent (the m/z 544 -548), hence an
adjustment factor of 0.5 was used for the total enrichment of retinol formed from the
labeled maize ß-carotene (Equation 1). The cleavage of [2H9] β-carotene as 546 (M+
H++9) produced labeled Mretinol + 4 and Mretinol + 5 (2H4- and 2H5- retinol). The percentage
enrichments measured by GC-MS and the concentration of retinol in serum were used to
calculate the concentration of labeled retinol in the circulation. The mass to charge ratio
of Mretinol + 4 and Mretinol + 5 = m/z 272 and 273 could be clearly detected and integrated
to represent the formation of retinol from the labeled kale.

Equation 1:
Enrichment of labeled retinol from kale β-carotene:

= (∑ areas of m/z 272-273 / 50% / ∑ areas of m/z 268–280) [38]
In order to quantitate deuterium labeled vitamin A formed from kale [2H9] βcarotene, a reference dose differently labeled retinol was used. In this study the reference
dose was given as 1 mg of [13C10] retinyl acetate capsule that was consumed on day 1 of
the study just together with the labeled kale dose. During the NECI-GC/MS analysis the
retinol m/z values are reduced by the mass of H2O, which is removed from retinol during
ionization in the mass spectrometer [37]. Therefore, Mretinol -H2O equals m/z 268 and M
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[13C10] retinol equals m/z 268+10 = m/z 278 [28]. The total enrichment of labeled retinol
was determined by evaluating the negative ions at Mretinol [m/z 268-270 (13C0-13C2)],
Mretinol + 4 and Mretinol +5 [m/z 272-273 (2H4-2H5)] and Mretinol +10 [m/z 278-280 (13C013

C2] [28]. The percentage enrichment of labeled retinol derived from [13C10] retinyl

acetate was calculated by integrating the peak area under the reconstructed mass
chromatogram of the negative ions at m/z, 278, 279, and 280, divided by the total area
response of labeled and unlabeled retinol fragment ions as shown by,

Equation 2:
Enrichment of 13C retinol from [13C10] retinyl acetate:
= (∑ areas of m/z 278–280 / ∑ areas of m/z 268–280) (38)

Retinol equivalence calculations
The area under the curve (AUC) of the total serum [2H] retinol response from kale
[2H9] β-carotene (mmol vs time) was compared with the AUC of the vitamin A reference
dose (1mg [13C10] retinyl acetate; molecular mass = 336) were calculated using the
KaleidaGraph Software, Synergy version 4.1.0 Reading, PA) and by SAS software using
proc mixed procedure. The labeled [2H] retinol derived from kale [2H9] β-carotene and
[13C10] retinyl acetate reference dose was calculated as enrichment multiplied (x) by
retinol concentration x body weight x 0.0497, where body weight 3 0.0497 L/kg (for
children of this age group according to the Blood Transfusion guidelines) was used to
determine the total-body serum volume [39]. The retinol equivalence was calculated by
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comparing the AUC of serum [2H] retinol response from kale [2H9] β-carotene (nmole) to
the AUC of 1 mg [13C10] serum response using Equation 3:

Equation 3:
[2H] retinol from [2H] kale β-carotene (nmole):
= (AUC of [2H] retinol /AUC of [13C10] retinol) x [13C10] retinyl acetate/336* [38]
(*The molecular mass of [13C10] retinol = 336)

Conversion factor calculations

Equation 4:
The conversion factor of ß-carotene to retinol by weight [38]
=

ß-carotene dose in kale (nmole) x (536)/
[2H] retinol from ß-carotene dose (nmole) x (286)

Statistical Analysis

Statistical analyses were conducted using Statistical Analysis Software (SAS) Inc.
(Cary, NC) version 9.3. Descriptive statistics were used to describe the distribution of the
variables such as age, weight, height and BMI. Proc t-test was used to determine
differences between baseline characteristics of subjects in PBG and LG. Area under the
curve (AUC) response for [2H] retinol from labeled kale β-carotene and [13C10] retinol
from reference dose was calculated using KaleigdaGraph software (Synagey, PA). The
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Proc MIXED Procedure of SAS was used to estimate the mean AUC and its standard
error (SE) for kale [2H] retinol, and [13C10] retinol enrichments. The delta method was
used to estimate the SE of the conversion factors. A total of 37 subjects completed the
study and each time-point analyzed per group had a minimum of three subjects of the
required 5 subjects.

Results

There were no significant differences in the distribution of age, sex, weight,
height, baseline serum retinol, tocopherols and carotenoids between the PBG and LG as
shown in Table 1. The mean serum retinol levels were 44.7 ± 16.3 and 44.0 ± 19.8 µg/dL
for the PBG and LG respectively. The mean serum β-carotene was 18.2 ± 8.1 and 18.6 ±
10.4 µg/dL for the PBG and LG respectively. All subjects had detectable levels of αtocopherol and γ-tocopherol with the former being more predominant 1309 ± 640.9 and
1241 ± 731 µg/dL in the LG and PBG compared to 192.4 ± 142.1 and 218 ± 146.2 µg/dL
for γ-tocopherol. The baseline serum vitamin A for all the subjects ranged from 9.5-90.5
µg/dL, three subjects were vitamin A deficient with serum retinol less than 20 µg/dL, 32
subjects had serum retinol between 20-90 µg/dL, and 2 subjects’ serum retinol level was
above 90 µg/dL (Table 1).
The major carotenoids found in kale were lutein, trans β-carotene and 9 cis βcarotene (Figure 1). The trans-β-carotene content of kale before cooking was 4.6 ± 0.4
mg/g fresh weight, and 1.5 ± 0.1 mg/g wet weight after cooking (Figure 2). The βcarotene content in the final cooked labeled kale was 1.52 mg/50 g wet weight. APCI143

LC/MS analysis of deuterium labeled kale β-carotene showed the most abundant
enrichment peak at molecular mass+9 (Figure 3).
Enrichment peaks of retinol were detected in all blood samples after the ingestion
of the [2H9] β-carotene and labeled reference dose of [13C10] retinyl acetate on day one of
the study. Blood samples collected at 24, 48, 72 hr, days 6, 15 and 21 after ingestion of
labeled kale doses and labeled reference dose were processed into serum and analyzed by
GC/MS. The enrichment responses measured in AUCs of the labeled [2H] retinol from
labeled kale dose and for the [13C10] retinol were determined for LG and PBG as shown
by Figure 4A and B. The calculations of the retinol equivalence of peanut butter cooked
kale and lard cooked kale were performed by comparing the AUCs of labeled [2H] retinol
formed from the labeled kale β-carotene, to that of 1mg [13C10] retinol (Equation 1 and
2). The labeled β-carotene conversion factors of the LG and PBG kale β-carotene to
vitamin A were then determined (Equation 1 and 2). Our study shows that the
conversions of LG labeled kale β-carotene (1.52 mg) and PBG labeled kale β-carotene
(1.52 mg) to retinol were 13.4 ± 3.1 and 11.0 ± 3.9 to 1 by weight and were not
statisitically significant (p>0.05) (Table 2).

Discussion

VAD is a public health problem in Zimbabwe, where more than 40% of the
children under 6-59 months had serum retinol levels <20 µg/dL [4]. In this study only 2
subjects representing 7.4% had VAD. This is not surprising because the subjects were
recruited from day care centers in the city of Bulawayo. Children who attend day care
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come from working families who can afford to buy vitamin A rich foods as compared to
children who do not attend day care. In Zimbabwe, children in city day care centers are
also fed nutritious foods compared to those at home. Also children in urban centers are
exposed to a variety of foods purchased from a variety of sources as opposed to children
in rural areas. The baseline serum carotenoids in the subjects are similar to those in
western subjects [32]. Serum carotenoids are used as a biomarker of fruit and vegetable
intake [40]. Higher serum carotenoids reflect intakes of fruits and vegetables. The
subjects also had higher serum levels of α-tocopherol, γ-tocopherols similar to those
observed in US subjects, which reflects diets that are rich in vegetables, cereals and nuts
[40]. This confirms the fact that these urban children are exposed to a varieity of foods
because of their high income families they come from.
Some studies have used intrinsically labeled plant foods to accurately assess
carotenoid absorption and conversion to vitamin A, thus determining the vitamin A value
of a food source [9, 12, 28 and 38]. Plant carotenoids are intrinsically labeled with the
addition of a hydrogen-stable isotope presented to the roots in the form of heavy
water, [2H2O] via hydroponic growth on a nutrient solution composed of a fixed 2H2O
percentage [35]. The isotopic label enables identification and separation of test food
carotenoids and their metabolites in serum carotenoids from other serum carotenoids and
retinoids. The kale used in this study had [2H9] β-carotene as the most abundant
isotopomer (Figure 3), and this level of enrichment was found to be adequate to detect the
labeled retinol metabolites formed from enzymatic cleavage of β-carotene in the body
[28].
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Previous studies in the US with adults using [13C] labeled kale showed that kale
β-carotene was bioavailable and was converted to vitamin A [21]. This study was aimed
only at determining the bioavailability of kale carotenoids. Our study was designed to
determine the vitamin A value of provitamin A rich kale, and to determine whether
cooking it with peanut butter or lard (animal fat) had an effect on the absorption and
bioconversion of the β-carotene to vitamin A in children. This study showed that peanut
butter increased the absorption of kale vitamin A [2H] retinol and [13C10] retinol
compared to the lard (Table 2). In Zimbabwe, for adults, kale is cooked by sautéing or
boiling with peanut butter. Unfortunately traditional child feeding practices do not
promote the consumption of green vegetables by children aged 6-36 months. This group
is particularly vulnerable to VAD. Our study showed that the kale β-carotene conversion
factor to vitamin A was 13.4 ± 3.1 and 11.0 ± 3.9 to 1 by weight for lard and peanut
butter cooked kale respectively. There was no significant difference between the total
[2H] retinol enrichment (nmole) of the LG and PBG and the conversion factors (p>0.05).
The lack of significant differences in the conversion factors between the lard and peanut
butter groups observed maybe was because the fat or oil content was matched between
the groups 33 g (16 g fat) in peanut butter and 16 g in lard. Other explanation could be
the smaller sample size of the study, high variability between subject retinol response
kinetics and the better vitamin A status of the subjects. This study shows that the type of
fat does not affect the vitamin A equivalency of a plant food. However, as mentioned
earlier, it is interesting to note that the PBG had higher response for both [2H] retinol and
[13C10] retinol as compared to the LG (Table 3) though there was no statistical
significance. This showed that peanut butter components increased the bioavailability of
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vitamin A compared to lard which is mostly saturated fat. Maybe the type of fat
(unsaturated fats in peanut butter) affects the bioavailability of vitamin A. More research
is required in this area to fully understand the mechanisms. The β-carotene conversion
factors of 13.4 ± 3.1 and 11.0 ± 3.9 to 1 by weight in kale are better than what has been
observed in other studies. One study with Chinese pre-school children fed 275 mg βcarotene from green-yellow vegetables showed that 27 µg β-carotene from vegetables
was equivalent to 1 µg retinol [30]. This conversion factor is similar to that reported in
another study in Vietnam where subject ingested 5.6 mg β-carotene/d from green leafy
vegetables, in this study 1 µg retinol was found to equivalent to 28 µg β-carotene [41].
Other studies also showed the conversion factors of 26 to 1, and 28: 1 in green vegetables
[8]. Our study shows better conversion factors because we used advanced techniques of
stable isotope labeled kale which are accurate in determining sources of vitamin A in
serum and was conducted in children who have been shown to convert β-carotene to
vitamin A better than adults. It is known that the food matrix play an important role in the
bioavailability and bioconversion of β-carotene to vitamin A in humans [27]. The green
leafy vegetables have thus been shown to have a food matrix that hinders the efficiently
utilization of β-carotene to vitamin A [8-10]. Another important factor to consider is the
vitamin A status of the subjects; subjects with adequate vitamin A status showing low
conversion of β-carotene to vitamin A [42]. In our study 86% of the subject had marginal
VAD, which might have contributed to the moderate β-carotene to vitamin A conversion
factors of 13.4 ± 3.1 and 11.0 ± 3.9 to 1 by weight. Kale β-carotene to vitamin A
conversion factors observed in this study are important for the development of
complementary feeding guidelines in east and southern Africa where kale is a staple food.
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This study showed that cooked pureed kale is a good source of vitamin A in children.
When kale is cooked with peanut butter, it will not only provide vitamin A, but lutein,
protein, vitamin E and fatty acids that are required by growing children.
The main limitation of this study is that we used super-child model approach. This
approach has been used in other studies successfully [31, 39]. This study design was
necessitated by an inability to collect multiple blood samples from an individual child for
ethical reasons. Therefore, we constructed one AUC for each grouping, with SDs around
the various points on the curve. These single group curves provide estimations for
conversion efficiency for a group as a whole, but individually they are not suitable for the
statistical analysis of differences in conversion efficiencies between the groups.

Conclusion

This the first study to show the conversion of kale β-carotene to vitamin A in
children. We showed that kale β-carotene is a good source of vitamin A in pre-school
children when consumed with peanut butter and lard. The conversion factors of 13.4 ±
3.1 and 11.0 ± 3.9 to 1 by weight show that kale can be promoted as complementary food
for infant and toddlers who are often vulnerable to VAD. However, kale β-carotene
cannot be depended on as the sole source of vitamin A, but can be used as part of a
dietary diversification strategy to complement vitamin A intake from other source.
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Table 1: Baseline characteristics of the subjects

Lard

Peanut Butter

p-value (0.05)

N

20

17

NS

Girls

12

9

NS

Age (months)

29.7 (6.5)

32 (5.7)

NS

Weight (kg)

11.9 (1.8)

12.1 (2.0)

NS

Height (cm)

79.4 (11.0)

82.1 (11.7)

NS

cis Lutein

5.5 (2.4)

5.9(3.5)

NS

Lutein

35.3

36.7 (24.8)

NS

Zeaxanthin

6.5(2.9)

6.6 (4.8)

NS

Cryptoxanthin

17.3 (18.0)

14.9 (16.1)

NS

α-carotene

4.5 (2.9)

4.1 (1.7)

NS

Trans β-carotene

18.2 (8.1)

18.6 (10.4)

NS

Lycopene

31.0 (20.2)

38.1 (32.3)

NS

Vitamin A (Retinol)

44.7 (16.3)

44.0 (19.8)

NS

γ-Tocopherol

192.4 (142.1)

218.2 (146.3)

NS

α-Tocopherol

1309.6 (640.9)

1241.3 (731.9)

NS

Concentrations of serum carotenoids, vitamin A and vitamin E in mcg/dL
In parenthesis are standard deviations
NS presents p>0.05
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Figure 1: Carotenoid profile of Brassica oleracea var acephala (kale) using C30 HPLC
column at 450nm wavelength. The first arrow to the left is pointing at lutein, the second
and third arrow to the right are pointing at all
all-trans β-carotene
carotene and 9 cis β-carotene.
β
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8.0
7.0

conc mg/g wet

6.0
5.0
Raw labeled kale

4.0
3.0
2.0
1.0
0.0
Lutein

trans β-carotene

9 cis β-carotene

Figure 2: The carotenoid contents of raw labeled kale before cooking (raw) in black and
cooked labeled kale in gray color. Values are means of three independent analysis and
concentration are mg/g of fresh weight for raw kale and mg/g wet weight for cooked kale.
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Figure 3: Deuterium enrichment profil
profiles
es of kale by liquid chromatography–atmospheric
chromatography
pressure chemical ionization
ionization–mass
mass spectrometry (positive ion mode). The most abundant
isotopomer of labeled β--carotene
carotene with 9 deuterium atoms is represented by a mass-tomass
charge ratio (m/z) of 546 (M+H++2H9). The first arrow on each profile points to the 537
peak, showing that the molecular mass of unlabeled β-carotene
carotene is 537 (M+H+). The
second arrow on each profile points to peak 546 (M+H++2H9), showing the highest
abundance of enrichment.
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Figure 4a: Calculated labeled retinol in the circulation of pooled serum time-points after
consumption of kale [2H9] β-carotene with 16g lard (animal fat) and a reference dose of
[13C10] retinyl acetate on day 1. The continuous line and solid-circle data points show the
serum [2H] retinol response after consumption of kale [2H9] β-carotene and the dashed
line data points show serum [13C10] retinol after consumption of a labeled reference dose
of [13C10] retinyl acetate on day 1of the study. The retinol in circulation measured in
nanomoles is shown on the y axis, and time in days is shown on the x axis.
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Figure 4b: Calculated labeled retinol in the circulation of pooled serum time-points after
consumption of kale [2H9] β-carotene with 33g peanut butter and a reference dose of
[13C10] retinyl acetate on day 1. The continuous line and solid-circle data points show the
serum [2H] retinol response after consumption of kale [2H9] β-carotene and the dashed
line data points show serum [13C10] retinol after consumption of a labeled reference dose
of [13C10] retinyl acetate on day 1of the study. The retinol in circulation measured in
nanomoles is shown on the y axis, and time in days is shown on the x axis.
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Table 2: The calculated AUC for kale [2H] retinol, [13C10] retinol for LG and PBG and β-carotene to vitamin A conversion factors by
weight

AUC [2H] retinol Standard error AUC [13C10 ] retinol Standard error Conversion factors by weight Standard errors
Lard

56.19

10.53

432.63

54.88

13.4

3.06

Peanut butter 84.83

16.18

560.26

156.73

11.0

3.90

P-value

>0.05

>0.05

>0.05
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CHAPTER 7

SUMMARY
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Discussion
The main aim of this thesis was to determine the role that antioxidants play in the
vitamin A value of plant foods in child nutrition. We pursued three specific aims to
address our general aim. The first aim was aimed at determining the carotenoid, vitamin
E and γ-oryzanol contents of provitamin A enriched yellow maize and determining the
antioxidant activity. The hypothesis was that provitamin A enriched yellow maize was a
good source of carotenoids and antioxidants. The rationale was that children in east and
southern Africa are fed starchy maize based complementary foods, the maize they
consume is mainly white maize lacking provitamin A carotenoids. Therefore, the
promotion of provitamin A rich biofortified yellow maize as a complementary food will
increase the vitamin A intake, which may improve their vitamin A status. Determining
the contents of antioxidants such as vitamin E and γ-oryzanol in biofortified yellow
maize may improve the production of vitamin A from the enzymatic cleavage of βcarotene in the body as some research suggests. Our study found that provitamin A
enriched yellow maize is very rich in provitamin A carotenoids, β-carotene and βcryptoxanthin together with vitamin E, ferulic acid and γ-oryzanol. Analysis of variance
and genetic by environment (G x E) tests showed that genotype was more important in
determining the variation of provitamin A carotenoids. This is important because it shows
that biofortified yellow maize hybrids developed at CIMMYT in Mexico can be planted
in other environments and still maintains their provitamin A carotenoid contents.
Therefore, when provitamin A enriched yellow maize is planted in different parts of
Africa, the carotenoid content will not vary so much. This study was the first to
genetically characterize γ-oryzanol, and tocotrienols in provitamin A enriched yellow
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maize. These are important antioxidants in human health that may protect the body
against free radical attack during disease or inflammatory states.
The second specific aim determined the genetic characterization of carotenoids in
Brassica oleracea green vegetables grown and consumed in Zimbabwe. The hypothesis
was that there were no significant differences in the provitamin A carotenoids of kale
varieties grown in Zimbabwe and also those grown in the US. Kale grown in the US was
found to be very high in provitamin A carotenoid β-carotene and lutein. Kale is a staple
vegetable in Zimbabwe, but the vitamin A potential of kale is not being tapped in child
nutrition. This may be due to lack of knowledge about the vitamin A value of kale by
nutrition educators and mothers. This study showed that kale varieties grown and
consumed in Zimbabwe such as rugare, viscose, Chou Moellier and covo are just as high
in β-carotene contents just like the US grown kale. Therefore, the Zimbabwean kale
should be promoted for consumption by children as a source of vitamin A in their
complementary diets. However, it was important to prove that kale β-carotene was
converted to vitamin A efficiently in Zimbabwean children.
The third was aimed at addressing the effects of antioxidants on the cleavage of βcarotene to vitamin A by the β-carotene monoxygenase enzyme (BCMO1). Since we
want to promote provitamin A carotenoid rich kale as complementary food for children in
Zimbabwe, it was important to show that kale β-carotene was converted to vitamin A and
not other metabolites without vitamin A value. Since white maize is the currently the
preferred complementary food for children, it was important to show that antioxidants in
provitamin A enriched maize can promote the central cleavage of β-carotene to form
exclusively vitamin A. By incubating kale and biofortified yellow maize extracts with rat
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intestinal mucosal homogenates we showed that antioxidants such as vitamin E and γoryzanol inhibit the excentric cleavage of β-carotene, thus promoting the formation of
vitamin A.
The fourth and final aim was to determine the effect of peanut butter on the
conversion of kale β-carotene to vitamin A in children aged 12-36 months. The
hypothesis tested was the kale cooked in peanut butter was effectively absorbed and
converted to vitamin A. Intrinsically labeled kale grown hydroponically with heavy water
produced deuterium labeled [2H9] β-carotene. Subjects consumed the deuterium labeled
kale 50 g (1.5 mg β-carotene equivalency) with either 33 g of peanut butter or 16 g of
lard and 1mg of [13C10] retinyl acetate reference dose. Area under the curve calculations
of molar enrichments of serum retinol [2H] from label kale β-carotene and [13C10] retinol
from both the peanut butter and lard group showed that the conversion factors of kale
[2H9] β-carotene was 13.4 ± 3.2 and 11.0 ± 3.9 to 1 by weight respectively. Our study was
the first one to show the conversion factors of kale β-carotene to vitamin A in children.
This study showed that kale β-carotene is effectively converted to vitamin A in the
presence of 16 g of fat. However, using peanut butter as a source of fat can be used as
complementary food because peanut butter increases the energy and nutrient density of
the food.
In conclusion, kale and maize are staple foods in east and southern Africa.
Provitamin A enriched maize should be promoted for complementary foods for children
aged 6-36 months to provide vitamin A in their diets in the mornings. Feeding the
children kale cooked with peanut butter for lunch or dinner will complement the vitamin
A from other sources. These foods because they are widely available and consumed daily
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will lead to improvements in the vitamin A intake by these vulnerable children. This in
turn can lead to reduction in the prevalence of VAD and its devastating consequences on
child health and development.

Strengths

1. Our study determining the genetic variation of carotenoids, vitamin E and
phenolic compounds in provitamin A rich maize is the first to document the
genetic variation of γ-oryzanol in biofortified yellow maize. A lot of research on
γ-oryzanol has been conducted in rice and wheat bran but very little to no focus
on maize as a source of γ-oryzanol. In rice bran the γ-oryzanol ranges from 2.5 6.7 mg/g dry weight while in biofortified yellow maize grains we found a range of
0.1 to 1 mg/g. This study also generated new data on the genetic variation of
tocotrienols in biofortified yellow maize. Like γ-oryzanol, most research on cereal
tocotrienols has been focused on rice and wheat germs, but very little research
efforts on maize.
2. This study used HPLC to characterize for the first time the carotenoid profiles of
kale grown and consumed in Zimbabwe. The carotenoid contents values of kale
grown in Zimbabwe published in literature showed crude analysis which reported
total carotenoids instead of individual carotenoid contents. This is because most
research centers in Zimbabwe lack advanced chromatography equipment to
individually analyze carotenoids in foods. Results from this thesis will increase
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people’s nutrition knowledge on the potential vitamin A value and lutein contents
of Zimbabwean kale.
3. Our study was the first to use extracts of plant foods in incubations with rat
intestinal mucosal homogenate to study the mechanism of β-carotene cleavage by
the BCMO1 enzyme. Traditionally people have used purified standards of βcarotene. Our study is also the first the report the effects of γ-tocopherol, αtocotrienol, γ-tocotrienol and γ-oryzanol on the cleavage of β-carotene. Our
previous study showed the effects of α-tocopherol and this study went a step
further.
4. There is one study published showing the bioavailability of intrinsically labeled
kale β-carotene and its bioconversion to vitamin A in humans. This study was
conducted with 8 US adults and it did not show the vitamin A equivalency of kale
β-carotene. Our study is the first to show the bioconversion efficiency of kale βcarotene conversion to vitamin A in children. Our study is novel in that we tested
a nutrient (β-carotene) and its meal components (peanut butter) to determine the
vitamin A equivalency. This important because nutrients in the diet are consumed
and absorbed together with other dietary components that may or may not affect
their metabolism.

Limitations

1. We conducted in vitro studies with kale and biofortified maize with rat intestinal
homogenate to study the effects of antioxidants on the β-carotene by the BCMO1
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enzyme. In vitro studies are limited by their nature of being conducted in a testtube and environment in the test tube is not similar to that in the body. It was
going to be more appropriate to conduct an animal model using a Mongolian
gerbil model which unlike rats and mice absorbs and cleaves β-carotene like
humans. A study design like this would have been implemented. Mongolian
gerbils will be fed a powdered diet containing adequate vitamin A for 1 week.
After a week adaptation, six randomly selected gerbils will be sacrificed and the
remainder fed the diet without vitamin A for 6 weeks to produce marginal vitamin
A status. After this depletion period, six randomly selected gerbils will be
sacrificed, and the remaining gerbils will be randomly divided into six groups of
12 gerbils each and fed two genotypes of biofortified yellow maize as the only
source of vitamin A: 1) Biofortified yellow maize genotype 1 alone, 2) Biofortified
yellow maize genotype 1 plus additional α-tocopherol and γ-tocopherol, 3)
Biofortified yellow maize genotype 1 plus additional α-tocotrienol and γtocotrienol, 4) Biofortified yellow maize genotype 2 alone, 5) Biofortified yellow
maize genotype 2 plus additional α-tocopherol and γ-tocopherol, 6) Biofortified
yellow maize genotype 2 plus additional α-tocotrienol and γ-tocotrienol. Six
gerbils from each of the groups will be sacrificed after 3 week of consuming these
diets, and the other six after 6 weeks.
2. The second limitation of the study was super child model we used to determine
the bioconversion of kale β-carotene to vitamin A. This was done because it is
hard to collect multiple blood draws from a child required to plot the individual
person β-carotene absorption and conversion kinetics. In the end average molar
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enrichment of retinol at each time-point was used to estimate the vitamin A
conversion factors. This data is useful at population level application but can be
used on an individual basis.

Future Research Directions

1. It is important to conduct effectiveness studies of biofortified yellow maize
porridge as vitamin A rich source complementary food in children. Effectiveness
studies are conducted under real life settings unlike bioefficacy studies that are
well controlled. The changes in vitamin A status in effectiveness studies will be
evaluated by utilizing stable isotope dilution techniques to accurately estimate
changes in body liver stores due to the intervention.
2. Effectiveness studies are also required to prove that high β-carotene kale is a good
vitamin A complementary food for children. Changes in liver stores can be
accurately be determined by use of stable isotope dilution techniques.
Effectiveness studies allow program managers of nutrition interventions to
develop targeted and appropriate messages to teach mothers and caregiver about
kale vitamin A nutrition.
3. The key enzyme responsible for β-carotene conversion into retinal is β-carotene
15, 15′-monoxygenase (BCMO1). Some studies in western countries show that
there is genetic variability in β-carotene metabolism. It is now known that the
conversion of β-carotene into vitamin A is highly variable in up to 45% of healthy
individuals, studies that show that genetic polymorphisms in the BCMO1 gene
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could contribute to the occurrence of the poor converter phenotype are required. It
is important to characterize the genetic profiles of Zimbabwean subjects or
African subject to determine the prevalence of no responders. This will help
nutrition program manager to target plant food based vitamin A interventions to
appropriate population where it will have an impact.
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THE END
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