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Maize has been targeted for biofortification with provitamin A carotenoids through traditional breeding.
Two studies were conducted in gerbils to evaluate factors that may affect provitamin A activity. Maize
diets had equal theoretical concentrations of vitamin A (VA) assuming 100% bioefficacy. Study 1 (n
) 57) varied the ratio of �-cryptoxanthin and �-carotene but maintained the same theoretical VA.
Study 2 (n ) 67) varied lutein and zeaxanthin. Other treatments were oil, VA, or �-carotene doses.
Serum and livers were analyzed for VA and carotenoids. In study 1, total liver VA did not differ among
the maize groups. In study 2, total liver VA of the VA and maize groups were higher than controls (P
< 0.05). Conversion factors were 2.1-3.3 µg �-carotene equivalents to 1 µg retinol. Twice the molar
amount of �-cryptoxanthin was as efficacious as �-carotene and the proportion of �-cryptoxanthin or
xanthophylls did not appreciably change the VA value of biofortified maize.
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INTRODUCTION

Vitamin A (VA) deficiency is a major health concern
worldwide, and is especially prevalent in impoverished regions
of Africa and South-East Asia. Vitamin A is required for the
proper functioning of the visual and immune systems, as well
as cellular differentiation. Ideally there would be sufficient VA
from the diet to maintain adequate VA status. However, in
regions most susceptible to deficiency, supplementation pro-
grams have been implemented (1) because sources of VA are
scarce or unaffordable for those with the greatest need.
Additionally, staple foods (e.g., rice, wheat, and maize) generally
lack provitamin A carotenoids. In order to find a more
sustainable and cost-effective solution to this problem, efforts
to biofortify staple foods with provitamin A carotenoids have
increased (2).

The primary carotenoids found in maize are lutein, zeaxan-
thin, �-carotene, R-carotene, and �-cryptoxanthin (3, 4). The
xanthophylls lutein and zeaxanthin are naturally abundant in
maize, but these cannot be converted to VA. Provitamin A
carotenoids in most typical yellow maize are low and range

from 0.07 to 1.46, from 0 to 0.70, and from 0.07 to 1.05 µg
�-carotene, R-carotene, and �-cryptoxanthin/g, respectively (4).
Maize biofortification efforts have surveyed diverse germplasm
sources, performed selections, created new hybrids, and en-
hanced the provitamin A carotenoid concentrations to 15 µg/g
(2). For comparison, typical orange carrots have ∼130 µg/g fresh
weight (5). This level of maize biofortification may be adequate
to maintain or increase liver VA reserves in humans when maize
is consumed as a staple food (6, 7).

�-Cryptoxanthin is a xanthophyll that has provitamin A
activity and contributes to the VA value of biofortified
maize (6, 8). �-Cryptoxanthin supplements were more effective
than �-carotene at improving total liver VA in Mongolian gerbils
when provided on an equivalent theoretical VA basis and
conversion rates based on mass were similar, i.e., 2.74 µg
�-cryptoxanthin and 2.52 µg �-carotene were equivalent to 1
µg retinol (8). In order to effectively guide maize biofortification
efforts, it is necessary to determine the relative contribution of
�-cryptoxanthin to the VA value of maize and determine the
interaction with other carotenoids.

Although lutein and zeaxanthin do not provide VA, they may
be involved in maintaining human health. They are preferentially
transported into the eye and accumulate in the macula, retina,
and the iris, where they are thought to protect against oxidative
damage from short wavelength blue light (9). The protection
from free radicals may reduce the risk for age-related macular
degeneration (10, 11); however, the impact of dietary intakes
remains inconclusive (12). Carotenoid interactions during
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absorption, particularly between xanthophylls and carotenes,
may alter bioavailability (13–15). The primary goal of biofor-
tifying maize with carotenoids is to increase the VA value. It
is therefore important to determine how xanthophylls, which
also could change during biofortification, affect the VA value
of maize.

Mongolian gerbils are an appropriate model for studying
�-carotene (16, 17), R-carotene (18), and �-cryptoxanthin (8).
Two studies were conducted to evaluate factors that may affect
the bioefficacy of the provitamin A carotenoids in biofortified
maize using a gerbil model. In study 1, the objective was to
assess the relative contribution of �-cryptoxanthin to VA
reserves by feeding gerbils maize diets with theoretically equal
VA (assuming 100% bioefficacy), but varying the ratio of
�-cryptoxanthin to �-carotene. In study 2, the impact of lutein
and zeaxanthin on the VA value of maize was determined by
varying their concentrations.

MATERIALS AND METHODS

Maize and Diets. Eight different genetic stocks of maize were used
to prepare the powdered maize diets for two studies. Upon receipt, the
maize kernels were stored at -20 °C (white maize) or -80 °C (all
other maize varieties). Prior to feed preparation, maize kernels were
ground to pass a 1-mm screen (particles <0.7 mm) using a C&N
hammer mill no. 8 (Christy-Norris, LTD, Ipswich, U.K.). For studies
1 and 2, the gerbils were fed diets consisting of 45 or 50% maize,
respectively. The remainder was purified VA-free basal diet mix (Table
1; Harlan Teklad, Madison, WI), designed to provide a balanced diet
using maize as the primary carbohydrate source. White maize diets
were used during depletion, as well as for control groups. No
carotenoids were detected in the white maize diets (6). Treatment diets
in study 1 were mixed to contain either low, medium, or high relative
concentrations of �-cryptoxanthin, but equal concentrations of total VA
assuming 100% bioefficacy of the provitamin A carotenoids. This was
achieved by changing the ratio of �-cryptoxanthin to �-carotene
assuming that �-cryptoxanthin supplies 1 molecule of retinol and
�-carotene provides 2 molecules. The diets for study 2 were also
equalized for theoretical VA, but contained low, medium, or high
relative concentrations of xanthophylls (combined lutein and zeaxan-
thin). Feeds were reanalyzed midway through the treatment periods to
reevaluate the VA-value because of potential degradation of the
provitamin A carotenoids.

Carotenoid Composition of Maize and Feeds. The carotenoid
composition of the maize and diets were determined using a published

saponification method followed by HPLC analysis (4). The HPLC
solvent gradient was slightly modified. Solvent A was methanol: water
(92:8, v/v) with 10 mmol/L ammonium acetate and Solvent B was 100%
methyl-tertiary-butyl ether. Samples were analyzed at 1 mL/min starting
with 70% Solvent A and transitioning to 40% within 30 min. The
column was equilibrated with 70% Solvent A for 10 min prior to the
next injection. R-Carotene, �-carotene, �-cryptoxanthin, lutein, and
zeaxanthin were identified using HPLC-purified standards. R-Carotene
was isolated from high-carotenoid carrots and purified as previously
published (18). �-Carotene (GNC Inc., Pittsburgh, PA), �-cryptoxanthin
(CaroteNature, GmbH Lupsingen, Switzerland), lutein (Kemin Indus-
tries, Des Moines, IA), and zeaxanthin (GNC Inc., Pittsburgh, PA) were
purchased and purified on a Waters Resolve 5-µm C18 (3). Concentra-
tions were determined spectrophotometrically using their respective
E1%

1cm [i.e., 2800 for R-carotene, 2592 for �-carotene, 2386 for
�-cryptoxanthin, 2550 for lutein, and 2348 for zeaxanthin (19)].
Chromatograms were generated at 450 nm.

Animals. Male 40-day-old Mongolian gerbils (n ) 124) from
Charles River Laboratories (Kingston, NY) were used. Gerbils were
individually housed in plastic cages under controlled temperature,
humidity, and 12 h light cycle. Food and water were given ad libitum.
The gerbils were weighed daily to monitor health for the first 2 weeks
and then three times/week until the study ended. Gerbils were
acclimated to oral dosing by administering 40 µL cottonseed oil every
2 d, using a 100 µL Gilson positive displacement pipet (Rainin
Instruments, Woburn, MA). In study 2, two gerbils died; one did not
adapt to the feed initially and the other during the treatment period.
Gerbils were killed by exsanguination under isoflurane anesthesia.
Livers and blood were collected to analyze carotenoids and VA. Blood
samples were centrifuged (2200 × g) at 4 °C for 15 min in BD
Vacutainer Gel and Clot Activator tubes (Becton Dickinson, Franklin
Lakes, NJ) for serum isolation. Serum and livers were stored at -70
°C until analysis. All animal handling procedures were approved by
University of WisconsinsMadison’s Research Animal Resource
Center.

Experimental Design. Gerbils were fed a 45% (study 1) or 50%
(study 2) VA-free white maize diet during the 4-week depletion phases.
After the depletion phase of study 1, seven gerbils were killed for
baseline measurements and the remaining gerbils were divided into
weight-matched groups. Three groups (n ) 10/group) received 45%
maize diet with low, medium, or high �-cryptoxanthin levels (Table
2), and twice daily doses of cottonseed oil. The remaining two groups
(n ) 10/group) were fed 45% white maize diets, and received doses
of cottonseed oil (negative control) or VA in cottonseed oil. Gerbils
received the treatment diets for 4 weeks.

After the depletion phase of study 2, six gerbils were killed for
baseline measurements. The remaining gerbils were divided into weight-
matched groups. Three groups (n ) 10/group) received 50% low,
medium, or high xanthophyll maize diets (Table 2) and cottonseed oil
doses twice daily. The remaining three groups (n ) 10/group) were
fed 50% white maize diets with oil doses of retinyl acetate (VA group),
�-carotene, or cottonseed oil (negative control) for 4 weeks.

Preparation of Vitamin A and �-Carotene Supplements. Vitamin
A and �-carotene doses were prepared as previously described (6, 15, 18).
The oil delivered 0.463 nmol VA/µL in study 1 and 0.735 nmol VA
or 0.353 nmol �-carotene/µL oil in study 2. Oil supplements for both
studies were divided in half and administered 5-7 h apart to expand
the absorption period. The quantity of VA and �-carotene administered
was determined by averaging the food intake of a subset of gerbils
daily, and calculating the theoretical VA intake from the maize assuming
100% bioefficacy of the provitamin A carotenoids, i.e., 1 mol �-carotene
equivalents provides 2 mol VA.

Analysis of Serum and Liver. Serum and livers were analyzed as
previously described (6, 15). Chromatograms were generated at 325
nm for retinol and retinyl esters and 450 nm for carotenoids. Retinyl
butyrate was used as an internal standard to determine extraction
efficiency and also as an external standard for quantification of retinol
and retinyl esters. Liver retinol, expressed as both a concentration (µmol/
g) and total liver content (µmol/liver), was the sum of retinol and all
identifiable retinyl esters. HPLC purified �-carotene was used for

Table 1. Composition of Experimental Dietsa Fed to Mongolian Gerbils
Differing by Percent Maize

g/kg feed

45% maize 50% maize

maize 450 500
vitamin-free casein 160 155
L-cystine 3 3
sucrose 110 110
maltodextrin 117 78
cottonseed oil 50 49
cellulose 65 60
mineral mixb 35 35
CaCO3 2 2
MgO 0.8 0.7
vitamin mixc 5 5
vitamin D 0.0044 0.0044
vitamin E 0.2 0.2
choline bitartrate 2.5 2.5

a Provided by Harlan Teklad, Madison, WI. b Mineral mix (AIN-93M-MX). c Vitamin
mix provided the following (mg/kg feed): biotin, 0.4; calcium panthothenate, 66.1;
folic acid, 2; inositol, 110.1; menadione, 49.6; niacin, 99.1; p-aminobenzoic acid,
110.1; pyridoxine-HCl, 22; riboflavin, 22; thiamin-HCl, 22; vitamin B-12 (0.1% in
mannitol), 29.7; ascorbic acid (97.5%), 1016.6.
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quantification of liver �-carotene concentrations. �-Carotene values were
also expressed in terms of concentration (nmol/g) and total liver content
(nmol/liver).

Statistical Analysis and Calculations. Values are means ( SD.
Data were analyzed using Statistical Analysis System software (SAS
Institute Inc., version 9.1, Cary, NC; 2003). Outcomes of interest (i.e.,
gerbil weights, liver weights, serum retinol concentration, and liver
retinol reserves) among groups were analyzed by using one-way
ANOVA at R < 0.05. Differences between treatment groups were
determined using least significant differences at R < 0.05. Dixon’s
outlier criterion was applied where appropriate. Conversion factors for
�-carotene and the provitamin A carotenoids in the biofortified maize
were calculated by comparing total liver retinol of the VA group with
the �-carotene supplement and maize groups after subtracting the mean
total liver retinol of the control group from each treatment group.
Because maize contains �-cryptoxanthin, �-carotene, and R-carotene,
conversion factors were expressed as �-carotene equivalents and account
for the fact that only half of each �-cryptoxanthin and R-carotene
molecule supply VA.

RESULTS

Carotenoid Concentration of Feed. Feeds used in study 1
theoretically contained ∼6 nmol VA/g diet assuming 100%
bioefficacy of the provitamin A carotenoids, and 0.30, 1.05, or
2.13 nmol �-cryptoxanthin/g diet. Maize diets used for study 2
contained ∼9.2 nmol VA/g diet and 3.76, 12.9, or 21.7 nmol
lutein and zeaxanthin (Table 2).

Gerbil Weights. The baseline groups from both studies had
significantly lower mean body weights than the other groups
(P < 0.05). The final gerbil weights (75.2 ( 6.7 g) did not
differ among the treatment groups.

Serum and Liver Retinol and Carotenoid Concentrations.
Serum retinol concentrations varied among the groups in study
1 (P ) 0.025). The medium �-cryptoxanthin and baseline groups
had higher serum retinol concentrations than the high �-cryp-
toxanthin and negative control groups (Figure 1A, P < 0.05).
In study 2, serum retinol concentrations did not differ between
groups (Figure 2A, P ) 0.61). Carotenoids were not detected
in the serum.

One gerbil had hepatomegaly and was removed from the
analysis using Dixon’s outlier criterion. The main treatment
effects for liver VA values were significant in both studies (P
< 0.0001). In study 1, liver VA concentrations and total liver
VA of the VA supplement group were significantly higher than
all other groups (Figure 1, P < 0.05). The high �-cryptoxanthin
group had significantly higher liver VA concentrations than the
control group (Figure 1B, P ) 0.01). Concentrations of VA
did not differ among any other groups. However, total liver VA
in the baseline, low �-cryptoxanthin diet, and high �-cryptox-

anthin diet groups were higher than the control (Figure 1C, P
< 0.05). The medium �-cryptoxanthin diet did not differ from
any group except the VA group. No carotenoids were detected
in the livers from study 1.

The VA supplement group in study 2 had higher VA
concentrations and total liver VA than any other group (Figure
2, P < 0.05). Hepatic VA concentrations only differed between
the low xanthophyll diet and the control groups (Figure 2B, P
) 0.03). However, all three xanthophyll groups had more total
liver VA than the control group (Figure 2C, P < 0.05), and
the high xanthophyll group had greater total hepatic VA than
the baseline group (P ) 0.05). �-Carotene was the only major
dietary carotenoid that was quantifiable in the liver (3.5 ( 1.7
nmol/liver), and it did not differ between groups that consumed
carotenoids (P > 0.05).

Conversion Factors. The conversion factors in study 1 were
2.5, 3.3, and 2.1 µg �-carotene equivalents to 1 µg retinol (1.3,
1.8, 1.1 mol �-carotene equivalents to 1 mol retinol) for the
low, medium, and high �-cryptoxanthin groups, respectively.
In study 2, after mitigating two high outliers from the control
group, the conversion factors were 2.6, 3.2, and 2.4 µg
�-carotene equivalents to 1 µg retinol (1.4, 1.7, 1.3 mol
�-carotene equivalents to 1 mol retinol) for the low, medium,
and high xanthophyll groups, respectively. The conversion factor
was 4.6 µg �-carotene to 1 µg retinol (2.4 mol �-carotene to 1
mol retinol) for the �-carotene oil-based supplement.

DISCUSSION

Two studies were conducted to investigate factors that may
affect the VA value of carotenoid biofortified maize. In study
1, Mongolian gerbils were fed diets containing theoretically
equal concentrations of VA but different proportions of �-cryp-
toxanthin to �-carotene. The results indicate that �-cryptoxanthin
is bioavailable from maize and contributes to liver VA reserves
of VA-depleted Mongolian gerbils. In study 2, the large variation
in xanthophyll concentrations in maize diet had negligible effect
on the bioefficacy of the provitamin A carotenoids.

These results are important for maize breeders and geneticists
who are developing allele specific molecular marker selection
methods to breed for levels of specific carotenoids. These recent
advances enhance the ability to select more specifically for
increased levels of �-carotene and �-cryptoxanthin, as well as
to select for higher total carotenoids (20–22). Both studies in
this report support previous findings (6, 8) for the potential of
carotenoid biofortified maize to decrease the prevalence of VA
deficiency in countries where maize is eaten as a staple food
(7). At this stage of biofortification efforts, maize breeders

Table 2. Concentrations of Carotenoids and Theoretical Vitamin A in the Maize Treatment Dietsa

nmol/g feed

diet xanthophylls �-cryptoxanthin R-carotene �-carotene theoretical vitamin Ab

study 1
low �CXc 6.67 ( 0.69 0.33 ( 0.06 0.19 ( 0.01 2.75 ( 0.28 6.02 ( 0.55
medium �CX 6.94 ( 0.84 1.07 ( 0.08 0.17 ( 0.01 2.35 ( 0.49 5.98 ( 1.10
high �CX 8.12 ( 1.01 2.14 ( 0.12 0.16 ( 0.016 1.84 ( 0.18 6.06 ( 0.48

study 2
low Xan 3.97 ( 0.43 ND 0.45 ( 0.02 4.38 ( 0.22 9.20 ( 0.46
medium Xan 12.9 ( 1.24 1.26 ( 0.12 0.33 ( 0.03 3.89 ( 0.29 9.36 ( 0.70
high Xan 21.7 ( 2.38 2.27 ( 0.11 0.10 ( 0.08 3.42 ( 0.13 9.21 ( 0.36

a Values are means ( SD, n ) 8 analyses. Reported concentrations of �-carotene are for the combined all-trans, 9-cis, and 13-cis isomers For the �CX diets,
all-trans-�-carotene was 66%, 13-cis was 19%, and 9-cis was 15%. The xanthophyll diets consisted of 78% all-trans-�-carotene, 10% 13-cis, and 12% 9-cis. White maize
control diets did not contain detectable concentrations of carotenoids. b Theoretical vitamin A was determined assuming 100% bioefficacy of the provitamin A carotenoids,
i.e., 1 mol �-carotene provides 2 mol retinol and 1 mol �-cryptoxanthin and R-carotene provide 1 mol retinol. c �CX, �-cryptoxanthin; ND, not detected; Xan, Xanthophyll.
Xanthophylls indicate combined concentrations of lutein and zeaxanthin. Low, medium, and high are the relative concentrations of the carotenoids in the maize.
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should be encouraged to breed for higher carotenoids in general
and not be overly concerned about the ratio of xanthophylls to
carotenes. This is fortuitous as inexpensive visual selection for
total carotenoids, deeper yellow and orange color intensities,
can be performed alone or in conjunction with molecular
marker-based selection.

Many factors affect the bioefficacy of provitamin A caro-
tenoids (23). Interactions between carotenoids may occur at
several points during the processing of provitamin A carotenoids
and their conversion to VA. Study 1 was designed to focus on
the implications of the species of provitamin A carotenoid in
the maize. No differences were observed between the liver VA
reserves of gerbils fed diets with varying proportions of VA
from �-cryptoxanthin and �-carotene. This shows that twice the
molar amount of �-cryptoxanthin is as efficacious as �-carotene
from maize, because the proportions of �-carotene and �-cryp-

toxanthin were the only changes in the VA component of the
maize diets. Furthermore, the high �-cryptoxanthin group was
the only treatment group to have both significantly higher liver
VA concentrations and total liver VA than the control group.
This would indicate that �-cryptoxanthin may be more effica-
cious than �-carotene, which is supported by a supplement study
(8). Compared with neutral hydrocarbon carotenoids, polar
carotenoids may be more easily incorporated into micelles
allowing more efficient transfer into enterocytes from the lumen,
leading to increased bioavailability (24). The xanthophylls and
carotenes compete for incorporation into micelles in the small

Figure 1. Study 1: Serum retinol concentrations (µmol/L) (A), liver vitamin
A concentrations (µmol/g) in retinol (B), and total liver retinol reserves
(µmol/liver) (C) in Mongolian gerbils. Measurements were taken at baseline
(Base), or after 4-week treatment in which the gerbils were fed 45% low,
medium (Med), or high �-cryptoxanthin (�CX) maize diets and dosed
with cottonseed oil, or fed 45% carotenoid-free maize diets with oil doses
of vitamin A (VA) or cottonseed oil (Control). VA in oil was equalized to
the maize treatment diets based on intake of provitamin A carotenoids
on the prior day assuming 100% bioefficacy. Treatment effects were
observed for serum retinol (P ) 0.025), liver VA concentrations (P <
0.0001), and total liver VA (P < 0.0001). Values are means ( SD; n )
10/group except for baseline (n ) 7). Means with different letters are
statistically different, P < 0.05.

Figure 2. Study 2: Serum retinol concentrations (µmol/L) (A), liver vitamin
A concentrations (µmol retinol/g) (B), and total liver retinol reserves (µmol/
liver) (C) in Mongolian gerbils. Measurements were taken at baseline
(Base) or after 4-week treatment in which the gerbils were fed 50% low,
medium (Med), or high xanthophyll (Xan) maize diets and dosed with
cottonseed oil, or fed 50% carotenoid-free maize diets with oil doses of
�-carotene (�C), vitamin A (VA), or cottonseed oil (Control). �-Carotene
and VA in oil were equalized to the treatment maize diets based on intake
of provitamin A carotenoids on the prior day assuming 100% bioefficacy.
Values are means ( SD; n ) 10/group except for the low xanthophylls
(n ) 8), control (n ) 8), and baseline (n ) 6) groups. Treatment effects
were observed for liver VA concentrations (P < 0.0001) and total liver VA
(P < 0.0001), but not for serum (P ) 0.61). Means with different letters
are statistically different, P < 0.05.
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intestine (25). The gerbil is an appropriate model for this point
of interaction between different species of carotenoids.

Another point of interaction is the enzymatic central cleavage
by �-carotene 15,15′-oxygenase of provitamin A carotenoids
to retinol, which occurs largely in the intestine through a
monooxygenase mechanism (26). In humans, bioefficacy of
�-carotene to retinol is dependent on dose size (23, 25) and
vitamin A status (7). Therefore, �-carotene 15,15′-oxygenase
activity may be more efficient for diets with lower concentrations
of provitamin A carotenoids, as would be the case for the low
�-cryptoxanthin group. Because this group had the lowest
number of provitamin A molecules, the �-carotene that moved
into the enterocytes was mostly converted to VA. This is
supported by lack of quantifiable �-carotene in the gerbil livers
from study 1. Incorporation of retinyl esters and provitamin A
carotenoids into chylomicra (27) are potential sites of interaction
as well. The gerbil has proven to be a good model for
investigating the interaction and bioefficacy of the provitamin
A carotenoids.

Carotenoid transporters on the apical surface of enterocytes
(28) compete for carotenoids and therefore carotenoid species
would interact at this point. We hypothesize that the gerbil does
not have a transporter for the dihydroxycarotenoids, lutein and
zeaxanthin. This is supported by two studies which found that
lutein is not appreciably stored in Mongolian gerbils (14, 29),
and is a recognized limitation of study 2. The provitamin A
carotenoids are most likely facilitated by a different transporter
than the dihydroxycarotenoids (28). We have proposed that
presence of quantifiable �-carotene in the liver is a marker of
adequate VA status (6). �-Cryptoxanthin was not quantifiable
in the gerbil livers in these studies. Therefore, this would limit
the applicability of this hypothesis to the carotenes. Most likely,
gerbils have a binding protein in the liver (30) that allows uptake
and storage of R- and �-carotene similar to that found in the
ferret (31), but more specific to the hydrocarbon carotenoids.
A study feeding VA-adequate gerbils higher doses of �-cryp-
toxanthin could confirm or refute this observation.

Conversion factors ranged from 2.1 to 3.3 µg and 2.4 to 3.2
µg �-carotene equivalents to 1 µg retinol in the maize treatment
groups in studies 1 and 2, respectively. These conversion factors
are similar to other published data in VA-depleted gerbils, i.e.,
2.3-3.5 µg �-carotene to 1 µg retinol from supplements and
food (6, 15). The �-carotene group had a similar but slightly
higher conversion factor than the treatment diets; therefore, the
maize matrix did not reduce the bioavailability of the provitamin
A carotenoids. Additionally, large oil doses of �-carotene
quickly transit through the intestine of gerbils with 45 ( 19%
of the recovered dose reaching the cecum at 3 h escaping
absorption (14). Carotenoids consumed in the maize may have
been more efficacious because they were consumed throughout
the day, in contrast to the large doses of �-carotene administered.

Serum retinol concentrations in healthy animals and humans
are under homeostatic control until liver reserves fall below 0.07
µmol/g liver. Some differences in serum retinol concentrations
were observed between groups in study 1, but all values were
in the normal range, i.e., >0.7 µmol/L. The medium �-cryp-
toxanthin and the baseline groups were significantly higher than
the high �-cryptoxanthin group. The medium �-cryptoxanthin
group was also higher than the control. None of these treatment
groups had liver VA near the deficiency cutoff, and their
statistical relationships do not reflect the relative intakes of each
group. While extremely low liver reserves will cause a decrease
in serum retinol, factors that affect subtle changes or differences
in serum retinol concentration during normal status are largely

unknown. Serum retinol concentrations in study 2 were not
different between any of the groups.

Both of these studies provide additional evidence that maize
biofortified with provitamin A carotenoids maintains VA status
in depleted Mongolian gerbils (6, 8). The factors evaluated are
important for maize biofortification efforts. Study 1 demon-
strated that maize with differing proportions of VA from
�-cryptoxanthin and �-carotene contributes equally to liver VA
stores of depleted gerbils, which would suggest that �-cryp-
toxanthin is as efficacious as �-carotene at providing VA on a
theoretical basis. Additionally, there was some evidence that
maize with high proportions of theoretical VA from �-cryp-
toxanthin could potentially increase VA stores more effectively.
In study 2, it was found that varying concentrations of
xanthophylls in maize diets did not reduce the bioefficacy of
the provitamin A carotenoids over a 4-week treatment period.
Maize breeders are encouraged to develop varieties and hybrids
of maize containing substantial quantities of �-cryptoxanthin.
Although dihydroxycarotenoids, particularly lutein, may alter
the bioavailability of �-carotene (13), varying concentrations
of lutein and zeaxanthin in the maize diets did not have a
significant effect on the bioefficacy of the provitamin A
carotenoids when consumed as a staple food by gerbils.
Additional studies should investigate the relationship between
xanthophylls and the bioefficacy of provitamin A carotenoids
in humans, and the bioaccessibility of �-cryptoxanthin from
additional food matrices.

SAFETY

Use of a fume hood for volatile organic solvents is
recommended.

ABBREVIATIONS USED

�C, �-carotene; �CX, �-cryptoxanthin; Med, medium; VA,
vitamin A; Xan, xanthophylls.

ACKNOWLEDGMENT

We thank Amy Petersen and Emily Nuss for assistance with
gerbil care and Peter Crump, Senior Information Processing
Consultant of the University of WisconsinsMadison College
of Agriculture and Life Sciences Statistical Consulting Service,
for providing statistical assistance.

LITERATURE CITED

(1) Sommer, A.; Davidson, F. R. Assessment and control of vitamin
A deficiency: the Annecy Accords. J. Nutr. 2002, 132, 2845S–
2850S.

(2) Tanumihardjo, S. A.; Bouis, H.; Hotz, C.; Meenakshi, J. V.;
McClafferty, B. Biofortification of staple crops: an emerging
strategy to combat hidden hunger. Comp. ReV. Food Sci. Food
Sat. 2008, in press.

(3) Howe, J. A.; Tanumihardjo, S. A. Evaluation of analytical methods
for carotenoid extraction from biofortified maize (Zea mays sp.).
J. Agric. Food Chem. 2006, 54, 7992–7997.

(4) Kurilich, A. C.; Juvik, J. A. Quantification of carotenoid and
tocopherol antioxidants in Zea mays. J. Agric. Food Chem. 1999,
47, 1948–1955.

(5) Surles, R. L.; Weng, N.; Simon, P. W.; Tanumihardjo, S. A.
Carotenoid profiles and consumer sensory evaluation of specialty
carrots (Daucus carota, L.) of various colors. J. Agric. Food Chem.
2004, 52, 3417–3421.

(6) Howe, J. A.; Tanumihardjo, S. A. Carotenoid-biofortified maize
maintains adequate vitamin A status in Mongolian gerbils. J. Nutr.
2006, 136, 2562–2567.

Xanthophyll Composition in Biofortified Maize J. Agric. Food Chem., Vol. 56, No. 15, 2008 6749



(7) Tanumihardjo, S. A. Food-based approaches for ensuring adequate
vitamin A nutrition. Comp. ReV. Food Sci. Food Saf. 2008, in
press.

(8) Davis, C.; Jing, H.; Howe, J. A.; Rocheford, T.; Tanumihardjo,
S. A. �-Cryptoxanthin from supplements or carotenoid enhanced
maize maintains liver vitamin A in Mongolian gerbils (Meriones
unguiculatus) better than or equal to �-carotene supplements. Br. J.
Nutr. 2008, in press.

(9) Bernstein, P. S.; Khachik, F.; Carvalho, L. S.; Muir, G. J.; Zhao,
D. Y.; Katz, N. B. Identification and quantification of carotenoids
and their metabolites in the tissues of the human eye. Exp. Eye
Res. 2001, 72, 215–223.

(10) Age-Related Eye Disease Study Research Group. The relationship
of dietary carotenoid and vitamin A, E, and C intake with age-
related macular degeneration in a case-control study. Arch.
Ophthalmol. 2007, 125, 1225-1232.

(11) Moeller, S. M.; Parekh, N.; Tinker, L.; Ritenbaugh, C.; Blodi,
B.; Wallace, R. B.; Mares, J. A. Associations between intermediate
age-related macular degeneration and lutein and zeaxanthin in the
Carotenoids in Age-Related Eye Disease Study (CAREDS). Arch.
Ophthalmol. 2006, 124, 1151–1162.

(12) Chong, E. W.; Wong, T. Y.; Kreis, A. J.; Simpson, J. A.; Guymer,
R. H. Dietary antioxidants and primary prevention of age related
macular degeneration: systematic review and meta-analysis. Br.
Med. J 2007, 335, 755. (published online Oct, 8, 2007).

(13) van den Berg, H.; van Vilet, T. Effect of simultaneous single oral
doses of �-carotene with lutein or lycopene on the �-carotene
and retinyl ester responses in the triacylglycerol-rich lipoprotein
fraction of men. Am. J. Clin. Nutr. 1998, 68, 82–89.

(14) Escaron, A. L.; Tanumihardjo, S. A. Absorption and transit of
lutein and �-carotene supplements in the Mongolian gerbil
(Meriones unguiculatus). Int. J. Vitam. Nutr. Res. 2006, 76, 315–
323.

(15) Mills, J. P.; Simon, P. W.; Tanumihardjo, S. A. �-Carotene from
red carrot maintains vitamin A status, but lycopene bioavailability
is lower relative to tomato paste in Mongolian gerbils. J. Nutr.
2007, 137, 1395–1400.

(16) Lee, C. M.; Lederman, J. D.; Hofmann, N. E.; Erdman, J. W., Jr.
The Mongolian gerbil (Meriones unguiculatus) is an appropriate
animal model for evaluation of the conversion of �-carotene to
vitamin A. J. Nutr. 1998, 128, 280–286.

(17) Dosti, M. P.; Mills, J. P.; Simon, P. W.; Tanumihardjo, S. A.
Bioavailability of �-carotene (�C) from purple carrots is the same
as typical orange carrots while high-�C carrots increase �C stores
in Mongolian gerbils (Meriones unguiculatus). Br. J. Nutr. 2006,
96, 258–267.

(18) Tanumihardjo, S. A.; Howe, J. A. Twice the amount of R-carotene
isolated from carrots is as effective as �-carotene in maintaining
the vitamin A status of Mongolian gerbils. J. Nutr. 2005, 135,
2622–2626.

(19) DeRitter, E.; Purcell, A. E. Carotenoid analytical methods. In
Carotenoids as Colorants and Vitamin A Precursors; Bauerfeind,
J. C., Ed.; Academic Press: Orlando, FL, 1984; pp 815-923.

(20) Harjes, C. E.; Rocheford, T. R.; Bai, L.; Brutnell, T. P.; Kandianis,
C. B.; Sowinski, S. G.; Stapleton, A. E.; Vallabhaneni, R.;
Williams, M.; Wurtzel, E. T.; Yan, J.; Buckler, E. S. Natural
genetic variation in lycopene epsilon cyclase tapped for maize
biofortification. Science 2008, 319, 330–333.

(21) Chander, S.; Guo, Y. Q.; Yang, X. H.; Zhang, J.; Lu, X. Q.; Yan,
J. B.; Song, T. M.; Rocheford, T. R.; Li, J. S. Using molecular
markers to identify two major loci controlling carotenoid contents
in maize grain. Theor. Appl. Genet. 2008, 116, 223–233.

(22) Wong, J. C.; Lambert, R. J.; Wurtzel, E. T.; Rocheford, T. R.
QTL and candidate genes phytoene synthase and �-carotene
desaturase associated with the accumulation of carotenoids in
maize. Theor. Appl. Genet. 2004, 108, 349–359.

(23) Tanumihardjo, S. A. Factors influencing the conversion of
carotenoids to retinol: bioavailability to bioconversion to bioef-
ficacy. Int. J. Vitam. Nutr. Res. 2002, 72, 40–45.

(24) van het Hof, K. H.; Brouwer, I. A.; West, C. E.; Haddeman, E.;
Steegers-Theunissen, R. P.; van Dusseldorp, M.; Weststrate, J. A.;
Eskes, T. K. A. B.; Hautvast, J. G. A. J. Bioavailability of lutein
from vegetables is 5 times higher than that of �-carotene. Am. J.
Clin. Nutr. 1999, 70, 261–268.

(25) O’Neil, M. E.; Thurnham, D. I. Intestinal absorption of �-carotene,
lycopene, and lutein in men and women following a standard meal:
response curves in the triacylglycerol-rich lipoprotein fraction.
Br. J. Nutr. 1998, 79, 149–159.

(26) Leuenberger, M. G.; Engeloch-Jarret, C.; Woggon, W.-D. The
reaction mechanism of the enzyme-catalyzed central cleavage of
�-carotene to retinal. Angew. Chem. Int. Ed. 2001, 40, 2613–2617.

(27) Tyssandier, V.; Cardinault, N.; Caris-Veyrat, C.; Amiot, M.-J.;
Grolier, P.; Bouteloup, C.; Azais-Braesco, V.; Borel, P. Vegetable-
borne lutein, lycopene, and �-carotene compete for incorporation
into chylomicrons, with no adverse effect on the medium-term
(3-wk) plasma status of carotenoids in humans. Am. J. Clin. Nutr.
2002, 75, 526–534.

(28) During, A.; Dawson, H. D.; Harrison, E. H. Carotenoid transport
is decreased and expression of the lipid transporters SR-BI,
NPC1L1, and ABCA1 is downregulated in Caco-2 cells treated
with ezetimibe. J. Nutr. 2005, 135, 2305–2312.

(29) Molldrem, K. L.; Tanumihardjo, S. A. Lutein supplements are
not bioavailable in the Mongolian gerbil while consuming a diet
with or without cranberries. Int. J. Vitam. Nutr. Res. 2004, 74,
153–160.

(30) Bhosale, P.; Bernstein, P. S. Vertebrate and invertebrate caro-
tenoid-binding proteins. Arch. Biochem. Biophys. 2007, 458, 121–
127.

(31) Rao, M. N.; Ghosh, P.; Lakshman, M. R. Purification and partial
characterization of a cellular carotenoid-binding protein from ferret
liver. J. Biol. Chem. 1997, 272, 14455–14460.

Received for review March 14, 2008. Revised manuscript received May
12, 2008. Accepted May 29, 2008. Supported by Hatch Wisconsin
Agricultural Experiment Station WIS04975 and HarvestPlus Contract
2005X059.UWM.

JF800816Q

6750 J. Agric. Food Chem., Vol. 56, No. 15, 2008 Davis et al.




