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Abstract: Micronutrient malnutrition, or “hidden hunger,” afflicts a large part of the world’s population,
with vitamin A deficiency among the most prevalent public health problems. Provitamin A carotenoids
in plant foods are a source of vitamin A for humans; however, several factors, including species of caro-
tenoids, host status, and effectors of absorption can negatively, positively, or in yet undetermined ways
affect the bioavailability of these compounds. Staple foods biofortified with provitamin A carotenoids
have shown more efficient bioconversion to retinol than generally observed for vegetables (e.g., 3—6
versus 10—80 pg B-carotene to 1 pg retinol). Staple foods such as maize, rice, and cassava, are generally
more accessible than meat or vegetable sources of retinol or provitamin A carotenoids to poor consu-
mers, who are most likely to suffer micronutrient malnutrition. Interdisciplinary teamwork, including
plant breeders, nutritionists, government and local agencies, seed companies, and communities, is
needed to avail biofortified crops to needy populations. Key steps include developing, validating the
nutritional effects of, providing nutrition education concerning, and promoting the use of biofortified
crops. Provitamin A carotenoid biofortification of sweet potato, maize, cassava, and rice are at different
stages along this continuum. Close linkages between agriculture, nutrition, and health, are essential in

the quest to eradicate hunger among the poor.
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Introduction

Carotenoids are a group of more than 700 phytochemi-
cals with a broad range of structures and polarities.
About 50 carotenoids can be cleaved to vitamin A, but
only three represent major sources in the human diet;
i.e. B-carotene, a-carotene, and B-cryptoxanthin (Fig-
ure 1). Even though sources of provitamin A carot-
enoids are plentiful in the world, vitamin A deficiency
(VAD) affects over 250 million people globally and
is one of the most prevalent nutritional deficiencies
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in developing countries, resulting in growth, vision,
reproduction, and immunity impairments [1]. Provita-
min A bioavailability is an issue in meeting vitamin A
needs in populations that rely heavily on plant-based
diets. Bioavailability of pre-formed retinol is not lim-
ited and most dietary retinol is absorbed and utilized,
distributed to essential organs, or stored in the liver
[2]. The liver has a large capacity to store vitamin A
as retinyl ester for either later use or as a long-term
depot to mitigate toxic effects that would occur when
dietary intake is high [3]. Animal-based foods that are
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high in pre-formed vitamin A; e.g., liver, eggs, and
fortified milk, are often not available or are expensive
to consumers among the poor and food-insecure [4].

Carotenoid bioavailability continues to be an active
research interest, especially considering the agricul-
tural push to biofortify staple crops with provitamin
A carotenoids [5, 6]. In 1996, several factors were
proposed that may affect carotenoid bioavailability
and the term SLAMENGHI [7] was formulated as a
mnemonic: Species of carotenoid, molecular Linkage,
Amount of carotenoids in a meal, Matrix in which the
carotenoid is incorporated, Effectors of absorption
and bioconversion, Nutrient status of the host, Ge-
netic factors, Host-related factors, and mathematical
Interactions. These factors were further reviewed by
Castenmiller and West in 1998 [8]. Much research
has been performed revolving around many of these
factors in the past decade in regard to provitamin A
carotenoids, but questions still remain with regard to
specific foods, nutrient interactions, and the amounts
needed to improve vitamin A status. Recently, a series
of studies with plant foods used sensitive stable iso-
tope methodology to measure changes in liver vitamin
A reserves in response to intervention [5, 9]. These
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Figure I1: The different forms of vitamin A found in supple-
ments, fortified foods, and plant foods. The pre-formed
vitamin A as acetate and palmitate esters can be found in
oil-based or water-miscible forms. The water-miscible forms
tend to be more toxic. The provitamin A carotenoids are
found in fruits and vegetables, e.g., a-carotene in carrots,
B-carotene in spinach, and B-cryptoxanthin in citrus fruits
and maize.

studies followed a study in Indonesian women, which
found alack of improvement in vitamin A status using
less sensitive methodologies [10].

The basic understanding of the digestion and me-
tabolism of carotenoids [11] is needed to interpret
new research on host and effector influences on ca-
rotenoid bioavailability. In review, the process of
mastication and exposure to stomach enzymes and
acid, dissolves the carotenoids into lipid droplets. In
the small intestine, carotenoids are incorporated into
mixed micelles, which demonstrate a finite capacity for
carotenoid incorporation [12]. This phenomenon may
explain poor uptake when carotenoid concentrations
are high. Carotenoids move from the duodenum into
the mucosal cells of the intestine by passive diffusion.
The provitamin A carotenoids can be cleaved to reti-
nal and reduced to retinol (Figure 2) or incorporated
directly into chylomicra with the non-provitamin A
carotenoids for circulation through the lymphatic sys-
tem into the bloodstream.

The process of converting provitamin A carot-
enoids to retinol for utilization by the body is complex
[13]. Bioaccessibility is the amount of B-carotene that
is released from the food matrix and available for
absorption. Bioavailability is defined as the fraction
of carotenoid that is absorbed and available for utiliza-
tion in normal physiological functions or for storage.
Bioconversion is the proportion of absorbed provita-
min A carotenoid converted to retinol. A bioconver-
sion rate of 100 % means that all of the absorbed (-
carotene is converted to retinal and reduced to retinol.
Bioefficacy combines absorption and bioconversion
and is defined as the efficiency with which ingested
dietary provitamin A carotenoids are absorbed and
converted to active retinol [14]. A bioefficacy of 100 %
means that 1 pmol dietary B-carotene results in 2 pmol
retinol. The relationship of these terms to each other
is depicted in Figure 2.

Bioconversion factors in the literature range from
2 ug for B-carotene dissolved in oil to greater than 76 pg
provitamin A carotenoids in green leafy vegetables
equal to 1 retinol equivalent (RE =1 pg retinol) [15].
The traditional retinol conversion factors from the
National Research Council (1989) of 6 pg B-carotene
and 12 pg for other provitamin A carotenoids to 1 pg
retinol [16] were changed by the Institute of Medicine
to reflect the research findings from several human
feeding studies. They increased the retinol equiva-
lency factor to 12 pg B-carotene and 24 pg for other
provitamin A carotenoids; i.e. B-cryptoxanthin and
a-carotene, to 1 pg retinol activity equivalent (RAE)
[17]. Because of this difference among the bioconver-
sion factors and carotenoids, food composition data
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Figure 2: The various terms that relate to provitamin
A bioavailability (adapted from [13]). BCE refers to
B-carotene equivalents and is usually equal to B-carotene
plus %2 a-carotene and V2 B-cryptoxanthin.

tables should report food content in the amount of
each carotenoid whenever possible [17]. The Food and
Agricultural Organization continues to use the 6 pg
B-carotene to 1 pg retinol conversion factor [18], and
this conversion factor was recently obtained for maize
with enhanced levels of p-carotene [19]. Therefore,

reading prior and future research requires cognizance
of the carotenoid profile, bioconversion factor used,
and their bearing on conclusions drawn from the study.

The process of biofortification, intrinsically enhanc-
ing nutrients and/or nutrient bioavailability in crops
either through traditional breeding methods or trans-
genic approaches [6, 20, 21], has spurred new resources
for investigation of provitamin A bioavailability from
staple crops. Development of a biofortified variety
requires time and involves several steps, including: 1)
wide-scale screening to identify or develop lines with a
high concentration of the desired nutrient for breeding
biofortified cultivars, 2) crossing elite lines with these
sources, 3) selecting new cultivar types combining high
levels of the nutrient with excellent yield and other
agronomic traits, 4) extensive testing and validation of
performance, 5) validation of the suitability for use in
food products, and 6) registration and commercializa-
tion of the new variety.

A broad range of disciplines are needed to sup-
port biofortification from field to table (Table 1). This
agricultural-based approach to increase the nutrient
density of staple crops is a promising strategy for
improving the nutrition, health, and livelihoods of
populations, especially of the rural poor who consume
predominantly staple crops [22, 23]. This review will
discuss recent advances in provitamin A carotenoid
bioavailability and biofortification efforts.

Table I: Some of the disciplines involved in establishing a biofortified crop from seeds to bowls

Disciplines Tasks

Biology (plant biochemistry,
molecular biology)

Plant breeding and agronomy
Plant physiology

Knowledge and cutting-edge technologies for rapid breeding of biofortified varieties

Development and testing of the agricultural suitability of biofortified varieties
Knowledge of metabolic pathways to enhance efficiency of breeding and foresight of

selection effects (biofortification of seed) on plant function

Analytical chemistry

Method development to analyze nutrients in crops, screen crops for nutrient

Food product development, optional markets, retention studies
Test food products in animal and human models, nutrition education

Farmer-participatory variety evaluation, validation and demand-creation

Morbidity studies, health status of target populations
Product dissemination, nutrition education, public and private sector awareness and

concentrations
Food technology
Nutrition
Socio-economics Market, impact, acceptability
Extension
Education Behavior change
Medicine
Communication
engagement
Seed technology

commercial seed

Maintenance and production of high-quality, affordable seed parent stocks and
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Recent Advances in Provitamin A Carotenoid
Bioavailability

A three-step process for nutritional studies is recom-
mended during the advanced stages of developing
biofortified varieties: 1) tests for bioavailability using
in vitro and animal models; 2) short-term, highly con-
trolled feeding trials to test efficacy in target popula-
tions; and 3) longer-term effectiveness trials evaluating
the nutritional, health, agricultural, and environmental
impact of the novel foods on the community [21]. This
research continuum is needed to accomplish the goal of
getting provitamin A carotenoid-biofortified crops on
the table. Along this continuum, several factors affect-
ing bioavailability have been identified as important
for consideration and further research. These include:
Species of carotenoid, Host-related factors, Effectors
of absorption, Relative amounts of carotenoids, Resis-
tant starch, and Yet to be determined. Thus, a simpler
mnemonicis coined, the SHERRY factors. These fac-
tors will be defined in light of recent research to sup-
port provitamin A biofortification efforts.

Species of carotenoid

The species of provitamin A carotenoid, whether it is
a hydrocarbon or hydroxy-containing, affects the bio-
availability. In Mongolian gerbils, a- and p-carotene
bioefficacies were directly compared [24]. As predict-
ed due to similar polarities, twice the amount of puri-
fied a-carotene maintained vitamin A status as well as
B-carotene in gerbils on a vitamin A-depletion regi-
men. Bioconversion factors were ~5.5 ug a-carotene
and ~2.8 pg B-carotene to 1 pg retinol [24], which are
slightly higher than the Institute of Medicine’s values
of 4:1 and 2:1 for these provitamin A carotenoids in
oil, respectively [17]. On the other hand, in an identi-
cally designed study comparing p-cryptoxanthin with
B-carotene dissolved in oil, very similar bioconversion
factors, i.e., 2.74 and 2.52 pg to 1 pg retinol, respec-
tively, were obtained [25], suggesting more effective
micellerization and absorption of B-cryptoxanthin.
B-Cryptoxanthin and B-carotene are the major provi-
tamin A precursors in maize. When p-cryptoxanthin-
biofortified maize was fed to Mongolian gerbils in a
separate experiment, the bioconversion factor was
2.4 ng B-carotene equivalents to 1 pg retinol and that
of an equivalent p-carotene supplement was 4.6 pg
B-carotene to 1 pg retinol [25]. The bioconversion
factors (i.e. 2.1-3.3 pg B-carotene equivalents) ob-
tained with biofortified maize with varying ratios of
B-cryptoxanthin to B-carotene [26] were similar to that

obtained with B-carotene-biofortified maize, which
was 2.8 pg B-carotene to 1 pg retinol [27].

Efficient bioconversion factors (i.e., 6.48 + 3.51 ug
B-carotene to 1 pg retinol) were observed in well-
nourished women fed biofortified maize (526.8 ug
B-carotene equivalents) compared with a vitamin
A reference dose (285.6 pg) using a chylomicron
response test [19]. Furthermore, bioconversion was
3.0 + 1.5:1 using stable isotope methodology in healthy
Zimbabwean men fed biofortified maize [28]. These
human studies show promise for biofortified maize
impacting vitamin A status.

Typical yellow and biofortified maize contain high
levels of the dihydroxy carotenoids lutein and zeaxan-
thin. Both in vitro work [29] and studies in Mongo-
lian gerbils [26] found that the xanthophyll profile did
not influence provitamin A bioefficacy. These studies
suggest that bioefficacy of provitamin A carotenoids
may not be compromised with high levels of other
carotenoids, allowing biofortification strategies to
focus both on increasing total carotenoid as well as
provitamin A carotenoid content, specifically.

Another species effect is whether or not the cis/
trans configuration influences bioefficacy. In studies
conducted in animals with yellow biofortified cassava,
the bioconversion factor was 3.7 pg f-carotene to 1 pg
retinol, despite 48 % cis-p-carotene composition [30].
Supplement studies comparing the isomers revealed
that all-trans-p-carotene is more efficacious than ei-
ther 9-cis- or 13-cis-p-carotene [31]. When 9-cis was
compared with 13-cis, one study showed that 9-cis
was less bioefficacious [32], but another study did not
show a difference between the two cis-isomers [33].
Thus, the effect of cis/trans configuration as it relates
to provitamin A biofortification efforts has not been
completely resolved.

Host-related factors

Single nucleotide polymorphisms in the human
BCMOI gene have been discovered causing observ-
ably reduced 15, 15’-B-carotene monooxygenase 1
activity, which centrally cleaves provitamin A carot-
enoids to vitamin A [34]. Individuals with this poly-
morphism cleave provitamin A carotenoids to reti-
nol at a reduced level. Although this is an important
consideration at the individual level, the influence
on biofortification efforts at the population level is
unknown.

One of the driving forces for provitamin A bioef-
ficacy is the vitamin A status of the host [5]. By com-
bining data from multiple, similarly designed stud-
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ies testing various foods in Mongolian gerbils, it is
possible to conclude that as liver reserves decreased,
bioconversion increased (Figure 3). In Filipino school
children, bioconversion of plant provitamin A carot-
enoids to vitamin A also varied inversely with vitamin
A status [35]. Therefore, as biofortification efforts
continue, the amount of provitamin A can continue
to be increased without the concern of toxicity, as
can occur with fortification of foods with pre-formed
vitamin A [5, 36].

Nutrients often work together in the body and one
may be necessary for the other’s absorption, metabo-
lism, or transport. Thus, food-based approaches and
biofortification of staple crops are attractive strate-
gies to improve nutrition by simultaneously providing
more than one nutrient. The link between vitamin A
status and iron deficiency anemia continues to be stud-
ied and improvement in iron status is repeatedly seen
when vitamin A and iron are given together [37-40].
Vitamin A is involved in the formation of red blood
cells, modulation of the anemia of infection, iron mo-
bilization and transport, and modulation of immunity
through lymphocyte production and adhesion [41].

Furthermore, zinc (Zn) and vitamin A (Figure 4) are
required together in the body; therefore, poor Zn status
will negatively impact vitamin A status. Zn is a prob-
able co-factor for the action of the 15, 15’-pB-carotene
monooxygenase [42] and Zn deficiency depresses the
hepatic synthesis of the carrier protein of vitamin A
resulting in lower plasma retinol concentrations [43].
Zn is also required in the action of retinol dehydro-
genase to oxidize retinol to retinal, the essential pig-
ment for vision [43, 44]. If a staple crop, such as maize,

dehydrogenase
retinol ———————— retinal

@ Vision
Zn

monooxygenase
B-carotene —————— 2 retinal
Zn

Digestion

Protein synthesis

1Zn lretinol binding protein l retinol: RBP in blood

(RBP)

Figure 4: Biological functions where vitamin A (retinol)
and zinc (Zn) work together in the human body. Zn is an
important co-factor in enzymes and protein synthesis.

was biofortified with both provitamin A carotenoids
and Zn, the improvement in Zn status would further
enhance vitamin A metabolism and perhaps function.
A similar situation would be expected if provitamin
A-biofortified maize is part of a Zn-adequate diet.

Effectors of absorption

Fatis known to be essential for the absorption of carot-
enoids. However, the amount of fat needed is minimal.
In schoolchildren fed 4.2 mg provitamin A carotenoids
for 9 weeks as carrots, bok choy, squash, and kangkong,
with2.4,5, or 10 g fat/meal, the amount of
fat did not influence the amount of vita-
min A produced [45]. In the same study,
the prevalence of low retinol reserves in
the liver (i.e., < 0.07 umol retinol/g liver),
determined by isotope dilution after the
intervention, decreased from 35 % to 7 %.
In Mongolian gerbils, bioconversion of
provitamin A carotenoids from sweet
potato was improved as the amount of
fat in the diet increased from 3 to 12 %
[46]. Emerging data from in vitro models
suggest that dietary fats with an increased
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Figure 3: The relationship of the bioconversion factor for -carotene equiva-
lents (BC) to vitamin A (VA) as it relates to total liver reserves in Mongolian
gerbils fed multiple fruits and vegetables. Provitamin A carotenoid from
banana is a notable outlier. (Adapted from [5] by Arscott SA).

1 ratio of unsaturated to saturated fatty ac-
2 ids enhance the absorption of carotenoids
by increasing both the efficiency of micel-
larization and lipoprotein secretion [47].
Application of these data to animal and
human studies should follow in relation-
ship to biofortified crops.
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Relative amounts of carotenoids

Bioconversion is affected by the amount of provita-
min A carotenoid fed, although thresholds have not
been defined. After high-carotene biofortified carrots
were fed to gerbils, liver vitamin A concentrations
increased by 10 % over purple and typical orange car-
rots, while B-carotene concentration was doubled in
the high-carotene group [48]. Varying the amounts
of two varieties of biofortified cassava in the diet of
gerbils resulted in a muted vitamin A response but
a tripling of the B-carotene liver concentration [30].
Liver retinol reserves of gerbils increased with increas-
ing B-carotene amounts from maize, and this is likely
explained by low liver reserves favoring bioconversion
toretinol [27]. The B-carotene liver concentration was
doubled with maize feeding versus B-carotene supple-
mentation and likely reflects the day-long exposure to
B-carotene through ad libitum access to maize. After
these favorable studies in gerbils and data available
from human studies, the impact of biofortified maize
on liver reserves of vitamin A was modeled [5]. Model-
ing reflected the influence of vitamin A status, provita-
min A concentration, and bioconversion regulation on
the impact that biofortified maize can have on retinol
liver reserves in comparison to supplementation and
fortification. In addition to a low vitamin A status
favoring bioconversion, the amount of carotenoid fed
will influence whether the provitamin A carotenoid is
cleaved to retinol or absorbed, circulated intact, and
stored in body tissues.

Resistant starch

Staple crops that are targeted for provitamin A ca-
rotenoid biofortification have different carbohydrate
and fiber compositions (Table 2) [49]. We hypothesize
that resistant starch, which is starch that can escape
digestion and act as a dietary fiber in humans, may be

negatively impacting provitamin A carotenoid bioac-
cessibility and needs to be carefully evaluated. Unfor-
tunately, resistant starch is not routinely measured in
foods and changes during processing and cooking.

Efficient bioconversion factors have been measured
in human studies with maize [19, 28], cassava [50],
and Golden Rice [51, 52]. Human studies with sweet
potato, however, have shown higher bioconversion
factors; e.g., 13.4 pug B-carotene to 1 pg retinol, mea-
sured using stable isotope methodology, when sweet
potato and pre-formed vitamin A were fed to differ-
ent groups of Bangladeshi men [53]. In South African
schoolchildren, liver vitamin A reserves improved
after 5 months of feeding a single serving of orange-
fleshed sweet potato in the morning before lunch [54].
A modeling study predicted that an infant eating 100 g
sweet potato/day would have gradual improvement in
liver reserves [5]. Increasing the percentage of sweet
potato through addition of 3 and 9 % white-fleshed
sweet potato powder to a 3 % orange-fleshed sweet
potato powder diet (i.e. 3, 6, and 12 % total sweet
potato powder), did not influence the bioconversion
factor in gerbils [46], which is important from a breed-
ing standpoint because many consumers prefer sweet
potatoes with high dry matter content.

An effectiveness study promoted orange-fleshed
sweet potato in Mozambique using a two-year integrat-
ed agricultural and nutrition intervention covering two
agricultural cycles [55]. Ninety percent of the interven-
tion households produced orange-fleshed sweet potato
and the intervention children ate orange-fleshed sweet
potato more often than control children. Serum retinol
concentrations were higher in the intervention than
the control children, demonstrating efficacy [55]. The
intervention included taste evaluations and marketing
of sweet potato flour. The addition of sweet potato flour
to wheat flour was used by local bread makers, in part
to reduce costs, and the product called “Golden Bread”
[56]. The success of sweet potato in Africa required
coordination among many disciplines, local organiza-

Table 2: The carbohydrate and fiber composition of selected staple crops obtained from reference [49]. Resistant starch,
which is starch that may act like fiber in the body, is not routinely measured due in part to changes during processing and

cooking.

Food (100 g) Carbohydrate ~ Fiber =~ Water % Carbohydrate of dry matter' % Fiber of dry matter’
Rice, dry 80.0 1.3 11.6 90.5 1.47

Corn meal, dry 76.9 7.3 10.3 85.7 8.14

Sweet potato, raw 20.1 3.0 77.3 88.5 13.2

Banana, raw 22.8 2.6 74.9 90.8 10.4

'Combined values > 100% based on dry matter likely reflect differences between studies used by the USDA to compile

the database [49].
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tions, stakeholders, and government ministries. Release
of orange sweet potato varieties that were agronomi-
cally equal to white was crucial. Farmers participated
in varietal selection, seed systems were developed, and
the product successfully marketed. Promoting the nu-
tritional and economic values was synchronized with
the release of adapted varieties to farmers.

Progress with dissemination of Golden Rice has
been slower than sweetpotato and biofortified maize.
The highest carotenoid concentration recorded to date
for Golden Rice is 37 pug/g dry weight [57], and rice
with values of 5 and 20 pg/g have been fed to humans
[51]. In 5 healthy adults, the conversion factor for
Golden Rice B-carotene to retinol was 3.8 + 1.7 pg
to 1 pg with a range of 1.9-6.4 to 1 [51]. When fed to
Chinese children (n = 24), pure B-carotene, Golden
Rice B-carotene, and spinach B-carotene to retinol
bioconversion factors were 2.0,2.1,and 7.3 pgto 1 pg,
respectively [52]. These efficient bioconversion fac-
tors likely reflect the low level of B-carotene in the
rice as well as good bioaccessibility from the highly
digestible starch matrix [51]. Therefore, a significant
impact on vitamin A status could be achieved if it
was adopted by the groups that need it. Currently,
high B-carotene rice varieties adapted to the United
States growing environment are being back-crossed
into popular high-yielding varieties which grow well in
Asia and will soon be field-tested at the International
Rice Research Institute in the Philippines.

Preliminary research with carotenoid-containing
bananas on vitamin A status compared with other
fruits was assessed in gerbils [58]. The bioconversion
factor obtained from banana was not as favorable as
for the other fruits (Figure 3) and may be related to
their provitamin A profiles. Banana varieties contain
varying levels of carotenoids and the identification
of carotenoid-rich cultivars, targeting those areas of
the world where bananas are a major staple food, is
ongoing [59]. Further studies with banana are under-
way in animal models and preliminary results have
also revealed poor bioavailability [60]. Matrix effects
from banana and other staple crops should include
evaluation of resistant starch and fiber type to further
define their impact on bioavailability [46].

Yet to be determined

Whole-food approaches for nutrition are not new con-
cepts, but are often overlooked and perceived as being
expensive and not effective for specific nutrients such
as vitamin A due to issues associated with provitamin
A bioavailability. The whole-food matrix is important,

however, because it interacts with the human body
in beneficial ways that single nutrient approaches,
such as supplementation, cannot duplicate. Although
original work suggested that green vegetables are not
a promising source of vitamin A in humans [10], more
recent work in animals has shown efficient provitamin
A bioefficacy from spinach, kale, broccoli, and African
indigenous green leaves [58, 61]. Green vegetables can
make a difference in vitamin A status, and horticultural
development could help ensure their availability and
consumption in appropriate amounts to make a differ-
ence in vitamin A status [62]. The vitamin A pool size
of Chinese school-aged children was measured before
and after a food-based intervention using either green
and yellow vegetables or light-colored vegetables [63].
Total body vitamin A pools decreased in those children
who were fed light-colored vegetables but remained
constant in children who were fed green and yellow
vegetables. The calculated equivalence was 26.7 pg
B-carotene:1 pg retinol (range 19:1 to 48:1). Although
this conversion factor is high, nutrition education to
promote consumption of more vegetables should still
be a major public health message for vitamin A intake
and optimal nutrition.

Although high-dose vitamin A capsules given every
six months to preschool children boost liver stores, the
day-to-day intake of a biofortified food or a diet high in
provitamin A-rich fruits and vegetables would not only
meet daily vitamin A needs, but also provide other
nutrients and phytochemicals leading to improved
intestinal health. The gut is a major immune organ
and the gut-associated lymphoid tissue (GALT) is
maintained through interaction with the environment
[64], which includes a healthy diet. This whole-food
with gut interaction should be further explored with
provitamin A biofortified crops in comparison with
vitamin A supplements.

For many years, vitamin A supplementation with
pre-formed retinyl esters (Figure 1) has continued in
developing countries while food-based approaches
have been downplayed [65]. The benefits of vitamin A
supplementation are clearly described in the literature
[66]; however, supplementation programs are rela-
tively expensive and have recurring costs, especially
considering the human resources to distribute the
supplements [67]. Whole-food sources of provitamin
A carotenoids have benefits in addition to improving
vitamin A status; for example, when carrots were fed to
animals, tissue antioxidant concentrations improved,
compared with administering vitamin A supplements
[68]. Studies with provitamin A carotenoid-biofortified
crops should be done to define optimal health effects
in addition to measuring vitamin A status.
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Bioavailability: What really matters?

Healthy diets that include plant-based sources of pro-
vitamin A carotenoids; e. g., red palm oil, green vegeta-
bles, or biofortified staple crops, are the desirable ap-
proach to meet nutritional needs. While many things in
life need to be taken in moderation, vegetables need to
be taken in large quantities for optimal health. Current
MyPyramid guidelines ( 3.5-4.5 cups vegetables and
fruits as part of a healthy 1600—-2000 kcal diet) [69]
may induce weight loss or maintain weight in obese
individuals if followed consistently [70]. Nutrition edu-
cation messages to consumers encourage behavior
change to improve diets, teach safe food storage tech-
niques, and demonstrate preparation skills. Intense
education efforts are essential to ensure a broad and
lasting impact of nutrition and health interventions.
Messages, while remaining holistic, need to explain
and support biofortification and other complementary
interventions aimed at improving and maintaining op-
timal health, especially for populations with chronic,
limited access to well-balanced diets.

Recent Advances in Provitamin A Carotenoid
Biofortification Efforts

Biofortification of staple crops is being adopted by the
agricultural community with growing support by the
nutrition and health communities [22,23, 71]. Solving
complex problems, such as poverty, food insecurity,
and hunger, requires comprehensive approaches [4]
and unique partnerships spanning from natural to so-
cial sciences, from researchers to politicians, and from
developed to developing communities. Plant breed-
ing and nutrition are just two of the critical fields for
success of a biofortified crop approach to alleviate
malnutrition. Other notable examples include social
science to study consumer preferences, food technol-
ogy to evaluate uses of the biofortified grain, agricul-
tural extension to survey farmers and familiarize them
with new varieties, marketing to develop effective
strategies to promote the product, and more (Table 1).
Sharing each other’s fields by visiting and participating
in even a small part of the work can improve under-
standing of the partnerships.

Benefits of an agriculturally-based approach to improve
nutrition

Biofortification supports the first Millennium Devel-
opment Goal (MDG) set forth by the United Nations

Millennium Declaration in 2000 (Table 3), which is
to “Eradicate extreme poverty and hunger”, and an
initial target is to reduce the proportion of people who
suffer from hunger by 50 % [72]. Although several
regions of the world have made progress, the recent
global food and financial crises have created shortfalls
in the required progress towards universally reaching
this first goal [73]. Although foods consumed often
meet caloric needs, “hidden hunger” can occur when
nutritional requirements are not met and individuals
suffer from subclinical nutrient deficiencies (e. g.,iron,
folic acid, and vitamin A), often without overt clinical
signs of undernutrition [4].

Biofortification of staple crops with provitamin A
carotenoids is a promising approach to end the hidden
hunger of vitamin A in children and women at risk of
deficiency. Undernutrition due to lack of food or poor
food quality is widely recognized as a major contribu-
tor to childhood morbidity and mortality, highlighting
the need for an expanded view of food security that
includes nutrition, health, and quality of life. Children
in rural areas are approximately twice as likely to be
underweight than those in urban areas, particularly
among the poor [73]. By improving important agro-
nomic and nutritional traits of crops, rural populations
are empowered to support themselves and improve
the health of their children. Productive, biofortified
crops offer a sustainable approach to improve nutri-
tion in rural areas where infrastructure or resources
to deliver supplements or fortified processed foods
are lacking.

Agricultural development is intricately linked to
poverty reduction [74] because increased agricultural
productivity leads to income-generating opportunities
through freeing time for greater participation in the
labor market or marketing of crops [75] (Figure 5).
Reduced poverty translates to enhanced food security,
nutrition, and health, which is an underlying goal and
essential input for many of the MDGs [4]. Agricul-
tural development through nutritional enhancement
(Table 3), which includes biofortification efforts, is an
essential component of strategies to sustainably solve
hidden hunger [76]. Successful biofortified crops will
increase or maintain yields without increasing risk of
crop (e.g., pest or disease attack) or income failure
(e.g., market preferences).

Recent progress with provitamin A-biofortified maize
along the research continuum

Maize varieties that combine high grain yield, good
agronomic performance, and increased levels of
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Table 3: Millennium Development Goals set forth by the United Nations Millennium Declaration in 2000 and their
relationship to nutritional and agricultural interventions.

Goal Description

Nutritional intervention

Agricultural input and/or outcome

Reduce undernutrition

Improve cognitive development

Improve health status

Reduce discrimination among
family members during meals
Nutrition education- behavior

Eradicate undernutrition in low
income populations

Target interventions to improve
micronutrient status

Improve nutrition to prevent

More effective use of available

Improve food availability
Sustain the natural resource base

Use of household income from
crop production for food and
health services

Enhance micronutrients

Less demand for children to parti-
cipate in crop production

Fewer school absences

Empower women farmers

Reduce health risks related to
agricultural tasks

Improve food systems to reach
undernourished populations

Better performance in the field

Healthier families to improve
agricultural outputs

1 Eradicate extreme poverty and hunger
2 Achieve universal primary education
3 Promote gender equality and

empower women

change

4 Reduce child mortality
5 Improve maternal health
6 Combat HIV/AIDS, malaria and

other diseases mortality
7 Ensure environmental sustainability

food

8 Develop a global partnership for
development

Improve cropping systems for
sustainability

Address hunger and malnutrition Address food availability and im-
in multidisciplinary teams

proved crops in multidisciplinary

provitamin A carotenoids could enhance produc-
tion while improving nutrition, health, and quality
of life [23, 76]. Maize is the most important staple
cereal crop in Sub-Saharan Africa, where consump-
tion levels are high in some countries [77]. Maize is
mainly a source of energy, providing over 20 % of
total calories in human diets in more than 30 coun-
tries. As with most staple crops, over-dependence
on maize results in poor health, stunted growth, re-
duced capacity for physical activity, and micronutri-
ent deficiency.

Realizing the potential benefits of biofortified
maize requires excellent science, multi-stakeholder
action, and depends on demand from maize growers
and consumers. Developing a global biofortification
agenda requires ongoing discussion between plant
scientists and nutritionists to understand the overlaps
between these complex sciences. Crucial issues for
plant breeding, such as limits to genetic variation and
physiological function of nutrients in plants, are gener-
ally not known by nutritionists, while those related to
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Figure 5: The interrelationship of agriculture and nutrition.
One improvement will lead to and support the other in the
quest to eradicate poverty and hunger. Improved agriculture
includes biofortification of staple crops with micronutrients.
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nutrition, such as nutrient bioavailability and reten-
tion, are unfamiliar to plant scientists. Nutritionists
decided the target level of provitamin A carotenoids
needed to show improvement in vitamin A status of
biofortified maize consumers, which is currently set
at 15 pg B-carotene equivalents/g dry weight [78], and
breeders determined the feasibility and methods for
achieving them. Setting and achieving coordinated
short- and medium-term agendas among the disci-
plines is essential for the long-term goal to develop
provitamin A-biofortified maize that can make a nu-
tritional impact.

Studies have been completed with in vitro methods
to determine bioaccessibility [79, 80] and animal mod-
els to demonstrate bioefficacy of provitamin A from
biofortified maize varieties [25-27]. After investigat-
ing retention in a typical African recipe [81], human
studies were performed to verify the animal-predicted
bioconversion factors of provitamin A carotenoid to
retinol [19, 28]. Recently, the field component of a
large efficacy trial that required coordination among
plant breeders, nutritionists, seed companies, local
and national health agencies and ministries, bio-
chemists, and entire communities was completed in
Zambia. Maize that was grown in Zambia was fed
to children for 70 days; however, while the children
quickly adapted to the orange maize [82] and serum
retinol concentrations were maintained, liver reserves
did not differ from children who ate white maize. The
concentration of provitamin A carotenoids was about
6 ng/g. Therefore, efforts to achieve the preliminary
target level of 15 pg/g should continue, which would
provide the estimated average requirement of vitamin
A to children who consume 200 g dry maize/day [78].

Scaling up nutrition through biofortification requires
scaling up agriculture

The World Bank has estimated that US$ 11.8 billion
is needed per year to scale up proven nutrition in-
terventions [83]. Three broad nutrition interventions
have been discussed including: 1) behavior change, 2)
micronutrient and deworming interventions, and 3)
complementary and therapeutic feeding [83]. While
certainly each of these interventions is important in
the maintenance of child health among the under-
nourished, they all rely on outside and continuous
resources. Surprisingly, none of the proposed inter-
ventions include enhanced agriculture through bio-
fortification, which is a sustainable and potentially
effective component of a nutrition and health im-
provement strategy.

Good health through nutrition and productive agri-
culture are essential in the fight against poverty. Agri-
culture affects nutrition and health, and health affects
agricultural productivity (Table 3). Health problems
cut productivity and income, leading to persistent pov-
erty, reduced food security, and stalled economic de-
velopment [84] (Figure 5). Agricultural development
requires front-loaded and long-term investments, but
usually has low recurrent costs [6]. Improving agri-
culture to provide more nutritious foods through a
sustainable intervention is key to improving the health
of malnourished populations and should be part of
scaling up nutrition strategies [22]. Biofortification of
staple crops with provitamin A is just one example of
what needs to be accomplished.

Impacting food insecurity and hunger

Solving hidden hunger through biofortification may re-
quire two generations to see outcomes, especially with
provitamin A carotenoids, due to bioavailability issues
and whole body regulation. For example, a woman
who starts eating a biofortified food during pregnancy
may not transfer much of the vitamin A to the fetus
if she herself is vitamin A-depleted. During the lacta-
tion period, continued consumption of the biofortified
food will certainly enhance liver reserves of vitamin
A in the newborn, but it may not be enough to bring
the child into an adequate status if the infant under-
goes repeated infections. However, if these children
continue to consume the biofortified food throughout
childhood, into adolescence, and into the reproduc-
tive years, the next generation will start with a better
overall status, which will translate to better stores in
the fetus and newborn [85]. Anecdotal evidence in a
recent study with Zambian children revealed that the
lactating women who were “watching” the trial and
partaking of the leftover food after the children ate,
realized that their nursing infants were also benefiting
from the intervention. Nutrition and health education
are keys to moving forward the complex agenda of
solving hidden hunger. Integrated approaches, which
may include supplementation, fortification, and bio-
fortification, need to be considered in the short- and
medium-term, with the ultimate goal of improved,
nutritionally balanced diets in the long-term.

Biofortification: What really matters?

Committed team approaches which include multiple
disciplines are needed to support scaled-up nutrition
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and agriculture to make lasting impacts on hunger
and micronutrient deficiencies through crop enhance-
ment. The resultant high-yielding biofortified staple
crops can contribute to improved nutritional status,
improved health status, increased work capacity,
and enhanced income. The enhanced provitamin A
carotenoids in staple crops are bioavailable and an
impact on vitamin A status is on the horizon in those
populations that consume provitamin A-biofortified
staple foods.

Conclusions

In the interim, integrated approaches which support
the nutritional needs of target populations are needed.
Vitamin A supplementation causes recurring fluctua-
tions in liver vitamin A reserves, and rarely causes
chronic toxicity [5, 86]. Fortification of commonly
consumed foods with pre-formed vitamin A, on the
other hand, does have this toxicity potential [5, 36].
This difference is due in part to the chemical forms in
which vitamin A is found in supplements, which are
oil-based, and fortificants, which are usually water-
miscible; in a meta-analysis, water-miscible forms of
pre-formed vitamin A were linked to increased tox-
icity [87]. Food-based approaches with provitamin
A sources, such as biofortified staple crops, which
typically constitute a disproportionately large portion
of resource-poor household diets, have the potential
to improve vitamin A status without fluctuating liver
reserves or risk of toxicity [5, 86]. Promoting provi-
tamin A sources alongside of supplementation and
fortification efforts is safe and desirable to achieve
the goal of eradicating hidden hunger among those
at risk for vitamin A deficiency.
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