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ABSTRACT: The amount of Zn absorbed from Zn-biofortified wheat material has been determined using an in vivo model of
Zn absorption. The erythrocyte linoleic:dihomo -γ-linolenic acid (LA:DGLA) ratio was used as a biomarker of Zn status. Two
groups of chickens (n = 15) were fed different diets: a high-Zn (46.5 μg Zn g−1) and a low-Zn wheat-based diet (32.8 μg Zn g−1).
Dietary Zn intakes, body weight, serum Zn, and the erythrocyte fatty acid profile were measured, and tissues were taken for gene
expression analysis. Serum Zn concentrations were greater in the high Zn group (p < 0.05). Duodenal mRNA expression of
various Zn transporters demonstrated expression upregulation in the birds fed a low Zn diet (n = 15, p < 0.05). The LA:DGLA
ratio was higher in the birds fed the low Zn diet (p < 0.05). The higher amount of Zn in the biofortified wheat resulted in a
greater Zn uptake.
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■ INTRODUCTION

Zinc (Zn) deficiency is a worldwide health problem that is
projected to affect 17% of the total world’s population.1 Zn
inadequacy has been related to poor growth, reduced immune
function, increased susceptibility to and severity of infection,
neurobehavioral abnormalities, and adverse outcomes of
pregnancy.2−5 Zn deficiency is a major cause of early childhood
morbidity and mortality.6 In many developing countries, Zn
deficiency is attributable to the low consumption of animal
products, and an increased intake of cereals that contain
substantial amounts of phytate, which is a compound known to
inhibit Zn absorption.7 Wheat is one of those cereals with a
high phytate content, yet it is a major food staple for almost a
half of the worlds’ population.8 In many developing countries
(i.e., North Africa and the eastern Mediterranean), nearly 50%
of the daily food energy originate from wheat.2 However, after
significant extraction, the remaining white flour of modern
wheat cultivars is inherently poor in Zn.9

The wide-ranging occurrence of Zn deficiency in developing
countries and a large number of people dependent on wheat as
a major food source, encouraged the development of
biofortified wheat varieties with enhanced Zn concentration.
Biofortification, the delivery of Zn via staple food crops, has
been proposed to facilitate current efforts for the alleviation of
Zn deficiency.10 The trait for high Zn concentration in grain
can be backcrossed into local varieties that are suited to
particular regional conditions.11−13

While these conventional plant breeding initiatives are
particularly beneficial to poor rural populations that are affected
by dietary Zn deficiency,11,13,14 quantitative data on efficacy of
the biofortified product is still limited. Welch et al.13 and
Rosado et al.14 provided limited evidence that newly developed
Zn-biofortified varieties of wheat may be useful in improving

the Zn status of consumers. Nevertheless, we still require a
more precise measurement of Zn bioavailability.
Additionally, is the extra Zn in biofortified wheat seed at least

similarly absorbable as Zn in seed that has not been biofortified,
and can the Zn-enriched wheat varieties be used to successfully
improve the Zn status of Zn deficient people in developing
countries? In recent years, the chicken (Gallus gallus) model
has been used for assessing the efficacy of biofortified food
crops.15−17 Recently, a strong correlation between the results
obtained via this animal model and through human efficacy
trials was confirmed, additionally proving the suitability of the
model in examining mineral bioavailability.16 The Gallus gallus
model has also been shown to be highly sensitive for Zn related
studies.18−20 The cost effectiveness, faster output and the ability
to assess a wide range of physiological and molecular
parameters in great detail are characteristics that make the
use of the model appealing for testing dietary Zn bioavailability
of wheat crops. The LA:DGLA ratio, a potentially new
biomarker of Zn status, has been previously tested, demonstrat-
ing the efficacy of the biomarker in predicting Zn status in both
animals and humans, as the LA:DGLA ratio responded to the
changes in supplemental Zn intake within Gallus gallus15 and
closely tracked dietary Zn intakes within humans.21 The major
aim of this study was to determine the amount of Zn absorbed
from Zn-biofortified wheat material using an in vivo (Gallus
gallus) model of Zn absorption. In addition, this study assesses
the usefulness of the LA:DGLA ratio to predict the Zn status of
Zn deficient subjects consuming wheat based diets.
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■ MATERIALS AND METHODS
Development of Zn-Biofortified Wheat. The commercial wheat

variety, Correll (Triticum aestivum) was grown by Jordan Farms at
Murtoa in the West Wimmera Shire of Victoria, Australia. Seeds were
sown in the last week of May 2015 and harvested late November to
early December.
The high Zn grain was obtained by a foliar application of 1.5 L ha−1

ZnSO4 during the mid-vegetative growth stage (mid-August), followed
by 2 L ha−1 ZnSO4 two weeks after flowering (mid-October). The
lower Zn grain was grown in the same paddock and was treated with
one foliar application of ZnSO4 at the rate of 2 L ha−1 one week after
flowering, and this was a common practice in the region to mitigate
any effects of Zn deficiency in the soil. Wheat samples were prepared
under trace element-free conditions to eliminate contaminant sources
of Zn. The samples were dried at 80 °C in a conventional oven, and
subsequently, they were milled using a trace-element-free mill. The
wheat flour was transported to Cornell University, Ithaca, New York in
sealed containers for testing in the Gallus gallus model. Zn, Fe, phytate,
calcium, fatty acid, and protein concentrations were measured in the
original grain and in experimental wheat-based diets (Table 1).

Assessment of Micronutrient and Protein Content of Wheat
Flour. Micronutrient content was measured by inductively coupled-
mass spectrometry (ICPMS 7500cx, Agilent Technologies, U.S.A.)
following closed-tube digestion of 0.2 g of flour with nitric acid and
hydrogen peroxide.
Digest solutions were further diluted 10 times with the addition of a

mixture of internal standards. The Agilent 7500cx is equipped with a
CETAC ASX560 autosampler and the ASXpress Plus Rapid Sample
Introduction System, a Glass Expansion OpalMist nebulizer (0.4 mL/
min) and nickel cones. It was run in the helium (He) collision mode
using two He tune methods to allow full analysis of all elements. NIST
reference material was analyzed concurrently for quality control.
Nitrogen analysis was done using a Vario EL Cube (Elementar,

Germany) using a modified Dumas combustion as outlined in Muñoz-
Huerta et al.22 and Watson and Galliher.23 Sample (19 ± 2 mg) was
weighed into a 4 × 4 × 11 mm tin boat and sealed tightly. Samples
were analyzed using the default settings of the instrumentation, the
method used for analysis had a 120 s oxygen dose. Sulfanilamide
(Elementar, 15.00-0062) was used to adjust the calibration and a NIST
reference material (Durum Wheat, 8436) was run at the start of each
batch.
Phytate Content of Wheat Flour. Phytate content, in the form of

myo-inositol hexaphosphate (IP-6) was measured by Dionex liquid

chromatography (Dionex Corporation, Sunnyvale, CA, U.S.A.) using a
method developed by Dionex24 and Lehrfeld.25,26 Please refer to
Supporting Information for more details.

Briefly, 250 mg of dry, lyophilized diet sample was diluted in 10 mL
of a 1.25% H2SO4 solution in order to extract phytate. The extraction
process was carried out for 2 h and samples were centrifuged at 3660g
for 10 min. Subsamples were then diluted with deionized water (1:10),
and 10 μL was inserted and analyzed (n = 3).

Animals, Diets, and Study Design. Thirty Cornish cross fertile
broiler eggs were taken from a commercial hatchery (Moyer’s chicks,
Quakertown, PA, U.S.A.). The eggs were incubated in optimal
conditions at the Cornell University Animal Science poultry farm
incubator. The procedure was described in detail elsewhere.15−17

Upon hatching (hatchability rate was 94%), chicks were assigned to
two treatment groups based on gender and body weight to make an
equal dissemination between groups (n = 15): 1. “High Zn”: 75% Zn
wheat diet (46.5 μg Zn g−1); 2. “Low Zn” = 75% wheat diet (32.8 μg
Zn g−1).

The NRC recommendations and requirements for poultry27 were
consulted to formulate wheat based diets that meet the nutrient
supplies for the broiler, excluding Zn (Table 2). For further details,
please see Supporting Information.

Blood Collection and Serum, Nail, and Feather Zn and Fe
Content Measurements. On a weekly basis, approximately 100 μL
of blood was collected from the wing vein (n = 15) using a
microhematocrit heparinized capillary tubes (Fisher Scientific,
Pittsburgh, PA, U.S.A.). Samples were taken in the morning after an
8 h overnight fast. Nail and feather samples (1−2 g) were gathered on
the last day of the experiment. Serum, nail, and feather Zn and Fe
concentrations were measured by an inductively coupled argon-
plasma/atomic emission spectrophotometer (ICAP 61E Thermal
Jarrell Ash Trace Analyzer, Jarrell Ash Co., Franklin, MA, U.S.A.)
following wet ashing.

Fatty Acids Analysis of Erythrocytes and Experimental
Wheat-Based Diets. The method for fatty acid analysis was
previously described in detail by Reed et al.15

Fatty acid levels were expressed as weight % of total FA (% w/w).
Fatty acid analysis of the wheat based diets was performed at the Waite
Lipid Analysis Services according to their standard fatty acid analysis
protocol.

Isolation of Total RNA. Total RNA was extracted as previously
described by Tako et al.16,28

Table 1. Zn, Fe, Phytate, Ca Content, and Fatty Acid
Concentration of Wheat Flours

components high Zn flour low Zn flour

Zn concentrationa (μg/g) 47.2 33.6
Fe concentration (μg/g) 58 53
phytateb (mg/g) 11.1 9.9
calcium (mg/kg) 340 330

fatty acids
total saturated 338.8 330.3
total transaturated 0.4 0.3
total monounsaturated 286.1 274.4
total omega 3 55.2 55.8
total omega 7 19.0 19.1
total omega 9 265.8 254.1
total omega 6 975.8 981.0
LA (18:2n-6) 973.1 978.4
DGLA (20:3n-6) 0.6 0.5

a,bThe methods employed for mineral and phytate analyses and
determination of fatty acids are described in the Materials and
Methods section. LA: linoleic acid; DGLA: dihomo-γ-linolenic acid.
Fatty acids mg/100g.

Table 2. Composition of the Experimental Diets

ingredient

high-Zn low-Zn

(biofortified) (standard)

g/kg (by formulation)

high-Zn wheat 750 −
low-Zn wheat − 750
skim milk, dry 100 100
DL-methionine 2.5 2.5
corn starch 46.75 46.75
corn oil 30 30
choline chloride 0.75 0.75
vitamin/mineral premixa (no Zn) 70 70
total (g) 1000 1000

selected components mean ± SEM, n = 5 (by analysis)

dietary Zn concentrationb (μg/g) 46.5 ± 0.99c 32.8 ± 0.17d

aVitamin and mineral premix provided/kg diet (330002 Chick vitamin
mixture; 235001 Salt mix for chick diet; Dyets Inc. Bethlehem, PA).
bZn concentrations in the diets were determined by an inductively
coupled argon-plasma/atomic emission spectrophotometer (ICAP
61E Thermal Jarrell Ash Trace Analyzer, Jarrell Ash Co. Franklin, MA)
following wet ashing. c,dWithin a row, means without a common letter
are significantly different (P < 0.05).
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Gene Expression Analysis, Primer Design, and Real-Time
qPCR Design. These procedures were carried out as described
previously.29,30 For further details please refer to Supporting
Information.
Real-time RT-PCR efficiency (E) values for the genes were as

follows: NK-kB, 1.33; SGLT-1, 1.32; LepR, 1.205; ActinB, 1.09; DMT-
1, 1.11; Ferroportin, 1.27; ZnT5, 1.43; Na+K+/ATPase, 1.33; ZnT7,
1.39; 18s rRNA, 1.28; Zip4, 1.11; Δ6-desaturase, 1.34; Zip9, 1.37;
DcytB, 1.36; ZnT1, 1.31; Zip6, 1.33; SI, 1.43 (see Table 3).
Liver Fe and Ferritin Analysis. Liver samples were treated as

described by Mete et al.31 and Passaniti and Roth32 with some
modifications as in Tako et al.17,28

Statistical Analysis. Results were analyzed by ANOVA using SAS
software (SAS Institute Inc. Cary, NC). Dissimilarities among

treatments were computed by Tukey’s test. p < 0.05 was considered
statistically significant. Data are presented as means ± SEM.

■ RESULTS

Composition of the Wheat-Based Diets. Composition
of the wheat based diets is presented in Table 2. High and low
Zn wheat made 75% of the total diet. The concentrations of Zn
in the high and the low Zn based diets were 46.5 ± 0.99 and
32.8 ± 0.17 mg kg−1, respectively.
Except for the variation in Zn concentration there were no

statistically significant variances in the fatty acid content or Fe
concentrations between the low and high Zn diets (Table 1).

Table 3. DNA Sequences of the Primers Used in This Study

analyte organ forward primer (5′−3′) (nucleotide position) reverse primer (5′−3′) base pairs length GI identifier

ZnT1 int GGTAACAGAGCTGCCTTAACT GGTAACAGAGCTGCCTTAACT 105 54109718
ZnT5 int TGGTTGGTATCTGTGCCTTTAG GGCTGTGTCCATGGTAAGATT 99 56555150
ZnT7 int GGAAGATGTCAGGATGGTTCA CGAAGGACAAATTGAGGCAAAG 87 56555152
ZIP6 int GCTACTGGGTAATGGTGAAGAA GCTGTGCCAGAACTGTAGAA 99 66735072
ZIP9 int CTAAGCAAGAGCAGCAAAGAAG CATGAACTGTGGCAACGTAAAG 100 237874618
Zip4 int TCTCCTTAGCAGACAATTGAG GTGACAAACAAGTAGGCGAAAC 95 107050877
NF-κB liv CACAGCTGGAGGGAAGTAAAT TTGAGTAAGGAAGTGAGGTTGAG 100 2130627
SI int CCAGCAATGCCAGCATATTG CGGTTTCTCCTTACCACTTCTT 95 2246388
Na+ K+ ATPase int CCTTGGAGGTTTCTTCACCTATT GGTCATCCCACTGAAGTCTAATC 92 14330321
SGLT-1 int GCATCCTTACTCTGTGGTACTG TATCCGCACATCACACATCC 106 8346783
Δ6 desaturase liv GGCGAAAGTCAGCCTATTGA AGGTGGGAAGATGAGGAAGA 93 261865208
DMT-1 int TTGATTCAGAGCCTCCCATTAG GCGAGGAGTAGGCTTGTATTT 101 206597489
ferroportin int CTCAGCAATCACTGGCATCA ACTGGGCAACTCCAGAAATAAG 98 61098365
DcytB int CATGTGCATTCTCTTCCAAAGTC CTCCTTGGTGACCGCATTAT 103 20380692
18S rRNA liv, int GCAAGACGAACTAAAGCGAAAG TCGGAACTACGACGGTATCT 100 7262899
actinB liv, int CCAAAGCCAACAGAGAGAAGA ATCACCAGAGTCCATCACAATAC 137 NM 205518

Table 4. Body Weight, Feed Consumption, and Zn Intake of Chickens Fed a Low and a High Zn Diet from Day 0 to Day 42§

day 0 day 14 day 28 day 42

body weight (g)
low Zn group 41.1 ± 0.7a 125.4 ± 4.8a 301.5 ± 11.4a 598.6 ± 22.8a

high Zn group 41.4 ± 0.8a 122.5 ± 3.9a 298.7 ± 12.8a 585.8 ± 29.7a

feed consumption (kg/d)
low Zn group 0.41 ± 0.2a 1.13 ± 0.5a 2.12 ± 0.8a

high Zn group 0.40 ± 0.3a 1.12 ± 0.6a 2.11 ± 0.7a

zinc intake (g)
low Zn group 13.15 ± 0.6b 36.21 ± 4.8b 69.18 ± 7.5b

high Zn group 19.58 ± 0.8a 49.85 ± 5.1a 100.14 ± 9.8a

§Values are mean daily feed intakes for the 14 days preceding the day designated in the column heading. Values are cumulative weekly from day 0.
a,bWithin a column and for each parameter, means without a common letter are significantly different (n = 15, p < 0.05). Values are means ± SEM.

Table 5. Differences in Zn Status among the Groups as Assessed by Various Zn Biomarkers Serum, Nail, and Feather Zn
Concentration)

day 0 day 14 day 28 day 42

serum Zn (μg/g)
low Zn group 1.07 ± 0.15a 0.48 ± 0.05a 0.35 ± 0.03a 0.43 ± 0.04a

high Zn group 1.07 ± 0.15a 0.66 ± 0.08b 0.69 ± 0.07b 0.55 ± 0.04b

feather Zn (μg/g)
low Zn group 89.6 ± 7.7a

high Zn group 117.9 ± 10.2b

nail Zn (μg/g)
low Zn group 67.9 ± 3.9a

high Zn group 85.8 ± 3.9b

a,bWithin a column and for each parameter, means without a common letter are significantly different (n = 15, p < 0.05). Day 0−day 42. Values are
means ± SEM.
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The phytate concentration of the high Zn flour was higher; 11.1
compared to 9.9 mg g−1 in the low Zn wheat.
General Information (Body Weight, Feed Consump-

tion, and Dietary Zn Intake). There were no statistically
significant differences in feed consumption and body weights
between groups of birds fed different diets. However, Zn
intakes were consistently lower in the low Zn group versus high
Zn group (p < 0.05, Table 4).
Differences in Zn Status among the Groups (Various

Biomarkers). Serum Zn concentrations were lower in the low
Zn group with statistically significant differences between the
groups noted at each time point (p < 0.05). Similarly, the
concentration of Zn in both tissues (feather and nail) was lower
in the low Zn group of birds versus the birds fed high Zn diet
(day 42, n = 15, p < 0.05, Table 5).
There were statistically significant differences in the

LA:DGLA ratio among the groups, with the higher ratio
measured in the group of birds fed the low Zn diet.
The LA:DGLA ratio was increasing as the study progressed

from day 0 to day 42 and was dissimilar among the treatment
groups at each time point (p < 0.05, Figure 1).

Changes in the Expression of Zn and Fe Transporters
among the Groups. Duodenal mRNA expression of
numerous Zn transporters (Figure 2) confirmed a higher
mean arbitrary unit (AU) value in the tissues taken from the
birds fed the low Zn diet (n = 15, p < 0.05). Similarly, the
expression of iron (Fe) related transporters (DMT1, FPN1,
and DcytB) was statistically different among the groups with
the higher expression measured in the low Zn group (n = 15, p
< 0.05).
Further, higher expression of functional genes (SGLT-1, SI

and ATPase) was measured in the birds fed with the low Zn
wheat based diet. Finally, the measurements of hepatic Δ6
desaturase revealed significant variations among the groups,
with a lower mean value for birds in the low Zn group (Figure
2).
Liver Zn, Fe, and Ferritin Concentrations. No significant

dissimilarities in the liver Zn, Fe and ferritin concentrations
were noticed between the treatment groups (Table 6).

■ DISCUSSION
Nutritional deficiency of Zn in humans is prevalent throughout
the world, particularly in areas where cereal grains are the
primary staple in local diets.6,33 Zinc-biofortified crops are a
means of addressing nutritional deficiencies and knowledge of
their efficacy in improving Zn status of subjects needs to be
demonstrated. This study shows that the additional Zn present
in the biofortified wheat is readily available for absorption; the
higher amount of Zn in biofortified wheat contributed to a
larger uptake of Zn by the intestinal enterocytes.

Figure 1. Changes in the LA:DGLA ratio among the groups from day
0 to day 42. AU − arbitrary units.

Figure 2. Gene expression of Zn and Fe transporters in duodenum
and liver. Chicken mRNA expression of hepatic Δ6 desaturase and
NF-κB1 and duodenal transporters: Cytochrome b (DcytB),
ferroportin, divalent metal transporter 1 (DMT1), solute carrier
family 39 member 4 (Zip4), solute carrier family 39 member 6 (Zip6),
solute carrier family 39 member 9 (Zip9), Zn transporter 1 (ZnT1),
Zn transporter 5 (ZnT5) and Zn transporter 7 (ZnT7), sucrose-
isomaltase (SI), sodium/glucose cotransporter (SGLT1), ATPase Na
+/K+ transporter (NaKATPase), nuclear factor kappa B subunit 1
(NF-kB) in birds given “high Zn wheat” diet and “low Zn wheat”.
Changes in mRNA expression are shown relative to expression to 18s
rRNA in arbitrary units (AU). Values are means ± SEM n = 15, p <
0.05.

Table 6. Concentrations of Zn, Fe and Ferritin in the Liver
of Birds on Low and High Zn Diets

Zn concentration
(μg/g)

Fe concentration
(μg/g)

liver ferritin (μg/g wet
weight)

low Zn
group

16.72 ± 0.82a 144.59 ± 10.95a 254.5 ± 12.6a

high Zn
group

16.76 ± 0.82a 145.31 ± 11.53a 272.5 ± 15.3a

aWithin a column and for each parameter, means without a common
letter are significantly different (n = 15, p < 0.05). Values are means ±
SEM.
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A 14 μg Zn g−1 differential in dietary Zn intake was sufficient
to discriminate between the Zn statuses of the birds used in the
study.
Higher serum, feather and nail Zn concentrations were

measured in the group of birds consuming a high-Zn wheat-
based diet. The absorption of Zn was greater from the Zn-
biofortified wheat dietary treatment than from the wheat with
lower Zn concentration, when the same amounts of each type
of wheat flour were consumed. Our results are consistent with
previous studies, providing evidence that valuable increases in
Zn absorption can be accomplished by a consumption of a Zn-
biofortified wheat product.13,14 Welch et al.13 were the first to
demonstrate the beneficial effect of Zn-biofortified wheat in
improving the Zn status of rats. The wheat genotypes with
enriched grain Zn concentrations had increased quantities of
bioavailable Zn, supporting the idea that breeding for Zn
enhanced wheat grain may lead to reducing the Zn deficiency
problem in target populations.13 Similar findings were provided
by Rosado et al.14 who confirmed greater net absorption of Zn
in women eating Zn-biofortified wheat.
In that study, adult women were given 300 g of the high or

low extraction flours as tortillas for two successive days using
either biofortified (41 mg Zn g−1) or control (24 mg Zn g−1)
wheat. The absorption of Zn from the Zn-biofortified wheat
was significantly higher than that from the control wheat.
In addition, it was established that the amount of Zn

absorbed from cereal products with high phytate content is
greater from those fortified with Zn than when they are not
fortified.14

Phytate is a major inhibitory compound present in plant
foods and is known to inhibit dietary Zn bioavailability and
absorption.34,35 In this study, slightly higher levels of phytate
were measured in the biofortified wheat variety (11 vs 9 mg g−1

in the low Zn wheat grain); however, this increase in phytate
did not change Zn absorption negatively as the phytate to Zn
molar ratio was not elevated.
Serum Zn responded to dietary Zn intake, as birds given the

low Zn diet had a consistently lower level of Zn in serum.
There were also significant differences in feather and nail Zn
concentrations among the groups. These results are compatible
with previous studies in humans that indicated serum, hair, and
nail Zn concentration are contemplative of dietary Zn
intake.36−38 However, over the years, it has been shown that
the sensitivity of these biomarkers is very often affected by
factors not related to Zn intake/status (i.e., infection,
inflammation, stress, sample handling).38,39 Hence, the
development of a sensitive Zn biomarker is still a high priority,
as proposed by the World Health Organization.1,40 The current
study demonstrated the effectiveness of the LA:DGLA ratio to
predict Zn status of subjects consuming a wheat based dieta
diet more representative of a diet in target Zn-deficient
populations.
The erythrocyte LA:DGLA ratio reacted to dietary Zn

manipulations rapidly (within 2 weeks). A difference of 14 μg
Zn g−1 in Zn concentration among the wheat based diets was
enough to show that the production of the DGLA was reduced
and accordingly the LA:DGLA ratio was increased in subjects
consuming wheat diets with lower Zn concentrations.
The Δ6 desaturase expression was increased in the group of

birds fed the high Zn wheat based diet. Zn is an essential and
vital cofactor for a proper activity of the Δ6 desaturase
enzyme;41,42 therefore, the higher concentrations of Zn lead to
the higher expression of this enzyme. In contrast, Zn deficiency

inhibits functioning and expression of the hepatic Δ6
desaturase.41

The LA:DGLA ratio was statistically different among the
groups of birds, with a higher LA:DGLA ratio measured in the
subjects that were fed the low Zn wheat based diet, at each time
point (weeks 2, 4, and 6).
The ratio increased in both groups as the study progressed

(from day 0 to day 42), which is due to the fact that both
groups of birds were getting progressively more Zn deficient.
It is important to note that with only 14 μg Zn g−1

distinction in dietary Zn concentration, the LA:DGLA ratio
still distinguished clearly between the groups, which demon-
strates the sensitivity of the biomarker to change according to
the dietary Zn intake. Besides, variations in the LA:DGLA ratio
were evident within 7 days, indicating that this biomarker can
display changes in the dietary Zn status reasonably quickly and
it may be able to identify early stages of Zn deficiency that
usually, due to the lack of obvious signs and symptoms, pass
unrecognized. The results are in agreement with our former
studies,15,21 demonstrating that LA:DGLA is able to distinct Zn
status between Zn adequate and Zn deficient subjects. When
birds were fed either Zn adequate control diet (42.3 μg Zn g−1)
or a Zn deficient diet (2.5 μg Zn g−1), the hepatic Δ6
desaturase expression was considerably higher in the control
group.15 Consequently, the LA:DGLA ratio was markedly
reduced in the group of birds fed a high Zn diet.
The dietary Zn intake and plasma Zn status were similarly

compared to the content of plasma phospholipid LA, DGLA,
and variations in the LA:DGLA ratio in healthy human
subjects.21

It was demonstrated that while the plasma Zn concentrations
of participants stayed unchanged (presumably due to the good
homeostatic regulation), there was a statistically significant
discrepancy in DGLA production and the LA:DGLA ratio
between the study participants.
The concentration of DGLA declined and the LA:DGLA

ratio increased in people with lower dietary Zn intakes. The
LA:DGLA biomarker needs additional testing in order to
determine its full potential, but a number of studies up to date
confirm that the LA:DGLA ratio may be a valuable additional
indicator for assessing Zn status more precisely.15,21

In this study, the expression of various Zn transporters were
also responsive to dietary Zn manipulations, with higher
expression of all investigated transporters found in birds fed the
lower Zn diet.
Comparable findings have been observed by others; a rapid

upregulation of Zip4 expression in the small intestine was seen
during Zn deficient conditions.43−45 Zip4 is the most important
import protein, so rapid Zip4 accumulation demonstrates the
molecular basis of systemic Zn homeostatic regulation.44,46

Similarly, the expression of other Zn import proteins, Zip6 and
Zip9, was also significantly greater in subjects on lower Zn
diets. The increased expression of the major Zn export protein,
ZnT1, has been previously noted during Zn deficiency.47,48 As
was previously suggested, this initial increase in the expression
most likely occurred in order to improve the transfer of Zn into
systemic circulation in order to minimize the difference
between the Zn demand and supply and to alleviate the
undesirable consequences of extended Zn depletion.47,49 The
same applies for Fe uptake, which explains the increased activity
of the ferroportin in the group of birds fed lower Zn diets. In
addition, increased ferroportin expression may be explained by
the point that Zn has a protecting role against Fe induced
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oxidative damage, so reduced amounts of Zn in the cells signify
that the level of Fe in the cells should also be reduced.49

ZnT5 and ZnT7 are transporters ubiquitously expressed in
the small intestine and are believed to perform partly
overlapping functions in intestinal Zn homeostasis.20 The
expression patterns of ZnT5 and ZnT7 suggests a role in
dietary Zn absorption, and in this study increased expression
was measured in birds fed the low Zn diet. Both increased and
reduced expression of ZnT5 and ZnT7 have been found in
response to Zn.45,50

Expression of DcytB reductase and ferroportin transporter
was different among the groups, which confirms that cellular
concentrations of Zn may also affect the process of Fe
absorption by modulating the activities of transporters
responsible for the uptake of Fe into the cells. This proposition
has already been confirmed by a number of studies.47,49,51,52

In conclusion, this study demonstrated that the increased
amount of Zn in the biofortified wheat produced a higher
dietary bioavailability of Zn and therefore enhanced uptake of
Zn by the intestinal enterocytes.
This shows the potential of Zn-biofortified wheat varieties in

improving the Zn status of consumers. The LA:DGLA ratio
responded to dietary Zn manipulations and the consumption of
the Zn-biofortified wheat lowered the LA:DGLA ratio. Hence,
these observations suggest that the LA:DGLA ratio can be
utilized as an additional physiological indicator of Zn status.
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