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Abstract
Ascorbic acid, and more recently, the carotenoids lutein and zeaxanthin have been shown to enhance Fe absorption. However, it is not
clear whether Fe status improves when foods high in ascorbic acid and carotenoids are consumed with Fe-fortified meals. The present
study aimed to investigate whether consuming high v. low ascorbic acid-, lutein- and zeaxanthin-rich fruit (gold kiwifruit v. banana)
with Fe-fortified breakfast cereal and milk improved Fe status in women with low Fe stores. Healthy women aged 18– 44 years (n 89)
with low Fe stores (serum ferritin # 25 mg/l and Hb $ 115 g/l) were randomly stratified to receive Fe-fortified breakfast cereal (16 mg
Fe as ferrous sulfate), milk and either two gold kiwifruit or one banana (164 mg v. not detectable ascorbic acid; 526 v. 22·90 mg lutein
and zeaxanthin, respectively) at breakfast every day for 16 weeks. Biomarkers of Fe status and dietary intake were assessed at baseline
and end in the final sample (n 69). Median serum ferritin increased significantly in the kiwifruit group (n 33) compared with the
banana group (n 36), with 10·0 (25th, 75th percentiles 3·0, 17·5) v. 1·0 (25th, 75th percentiles 2 2·8, 6·5) mg/l (P, 0·001). Median soluble
transferrin receptor concentrations decreased significantly in the kiwifruit group compared with the banana group, with 2 0·5 (25th, 75th
percentiles 2 0·7, 20·1) v. 0·0 (25th, 75th percentiles 2 0·3, 0·4) mg/l (P¼ 0·001). Consumption of an Fe-fortified breakfast cereal with
kiwifruit compared with banana improved Fe status. Addition of an ascorbic acid-, lutein- and zeaxanthin-rich fruit to a breakfast
cereal fortified with ferrous sulfate is a feasible approach to improve Fe status in women with low Fe stores.
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Fe deficiency is the most common nutritional deficiency
worldwide and premenopausal women are at particular
risk(1). Despite the ease of diagnosis and availability
of supplements in countries such as New Zealand, Fe
deficiency remains prevalent(2).
Mild Fe deficiency can be treated effectively through
dietary intervention(3), including the use of Fe-fortified
foods(4) or improving the bioavailability of Fe within
meals(5). It is well known that both synthetic and dietary
ascorbic acid enhance Fe absorption when added to
meals(6,7). The effect of carotenoids and vitamin A on Fe
absorption is controversial. Carotenoids such as lutein
and zeaxanthin (which lack provitamin A activity) have
been shown to enhance Fe absorption when added to a
wheat-based breakfast(8), whereas the addition of vitamin
A to maize bread did not improve Fe absorption(9). It is
unclear whether enhanced absorption of Fe by ascorbic
acid or carotenoids observed in single-meal studies
leads to an improved Fe status over time. Previous studies

investigating the effect of consuming synthetic or dietary
ascorbic acid with meals over a period of several weeks
have shown little or no effect on Fe stores due to various
reasons. Ascorbic acid enhances Fe absorption from a
single meal containing Fe, but it appears to be less effective
on Fe absorption from complete diets(10). Dietary enhancers or inhibitors have less pronounced effects when Fe
absorption is measured over several meals or days of
intake, compared with measurement in single meals controlled by researchers(11).
Furthermore, studies investigating the effects of ascorbic
acid on Fe status had major limitations, including
small subject numbers(12 – 15), short duration of intervention(13 – 15), subjects not clinically Fe deficient(12,15) and
lack of suitable control groups(12). A well-designed study
by Garcia et al.(16) found that the addition of 25 mg
ascorbic acid as lime juice to two meals per d for 8
months did not improve Fe status in eighteen Fe-deficient
Mexican women compared with a control group
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consuming a lime-flavoured beverage with no ascorbic
acid(16). This was despite the lime juice having previously
been shown by the same research group to increase Fe
absorption when added to meals(6). In addition, it seems
likely that when subjects began the studies with low
Hb levels, absorbed Fe was preferentially used for Hb
synthesis before Fe stores (as indicated by serum ferritin
levels) are increased and many of the studies were not
continued long enough for this to be observed(13 – 15).
Few of these studies have reported on the Fe content of
the meals to which ascorbic acid was added(12) or have
only reported total daily Fe intake(13,14,16). In one study
that did report the Fe content of meals, only 2·24 mg dietary Fe was consumed at each meal(15). Ascorbic acid may
be more likely to improve Fe status if consumed with
meals containing substantial amounts of fortificant Fe(16),
especially as ferrous sulfate(17).
It is hypothesised that Fe absorption from a breakfast
cereal fortified with a substantial amount of Fe as ferrous
sulfate will be enhanced if consumed with kiwifruit – a
rich source of ascorbic acid, lutein and zeaxanthin – and
may consequently improve Fe status. The present study
aimed to investigate whether women’s Fe status could be
improved by consuming an Fe-fortified breakfast cereal
and milk with gold kiwifruit compared with consuming
the same breakfast with banana (low in ascorbic acid,
lutein and zeaxanthin), each day for 16 weeks.
Experimental methods
The study protocol is described in detail in a publication
by Beck et al.(18). The present study was conducted
according to the guidelines laid down in the Declaration
of Helsinki and all procedures involving human subjects
were approved by the Massey University Human Ethics
Committee: (Southern A), reference no. 08/20. Written
informed consent was obtained from all subjects. The trial
was registered with the Australian New Zealand Clinical
Trials Registry (no. ACTRN12608000360314).
Subjects and location
The research was conducted in Auckland, New Zealand.
The sample size (forty-two subjects per group) was calculated with the assumption of a possible clinically important
difference in serum ferritin of 2·5 mg/l at 80 % power and
5 % significance (two-sided test). Power calculations were
based on a standard deviation for serum ferritin calculated
from a group of Fe-deficient women measured in our
laboratory (K Beck and J Coad, unpublished results).
A total of 623 women were screened using a range of
recruitment methods. Of these, eighty-nine non-anaemic
women aged 18– 44 years with low Fe stores (defined as
a serum ferritin # 25 mg/l and Hb $ 115 g/l) and complying with the exclusion criteria were invited to take part.
The cut-off value for serum ferritin (# 25 mg/l) is based

on the inverse relationship between serum ferritin and
Fe absorption(19). When serum ferritin concentrations are
greater than 25 mg/l there are only small differences in
Fe absorption from foods of varying Fe bioavailability(20).
Exclusion criteria included pregnancy, breast-feeding or
any known health problems likely to influence Fe status
including inflammatory bowel disease, coeliac disease,
history of gastric ulcers, erythrocyte disorders, menorrhagia, haemorrhoids, haematuria or malaria. Women who
reported any allergies or intolerances to any components
of the breakfast meal were excluded. Subjects had to be
prepared not to donate blood or consume Fe, vitamin C
or Ca supplements (or supplements containing these nutrients) for the duration of the study. Women who regularly
consumed Fe supplements within the 3-month period
before commencement of the study were also excluded.
Study design and procedures
The study was a 16-week, randomised controlled intervention trial. At baseline, subjects were randomised to either
the kiwifruit group (n 44) or the banana group (n 45) using
stratified randomisation based on serum ferritin concentration and age. Subjects visited the human nutrition research
unit at Massey University (Auckland, New Zealand) at
baseline and after the 16-week intervention trial for blood
samples, anthropometric measurements, questionnaires
(demographic, health, blood loss), and dietary assessment.
A fasted venepuncture blood sample was taken for
determination of Hb, serum ferritin, soluble transferrin
receptor, C-reactive protein, carotenoids and plasma
ascorbic acid. Details of blood sample collection and processing procedures and analytical methods are described
in Beck et al.(18). Samples collected at baseline and end
of the study for each subject were analysed in the same
assay run to eliminate inter-assay variability.
Height and weight were measured in duplicate at baseline
and end by a trained researcher using the International Society
for the Advancement of Kinanthropometry protocols(21).
Quetelet’s BMI was calculated from height and weight.
Subjects completed a face-to-face interview with a
researcher at baseline including demographic questions
(for example, age, number of children), lifestyle questions
(for example, smoking) and a medical history (for example,
illness, medication, and supplement use in the past year).
Blood loss is known to affect Fe status(2). Subjects completed a previously validated blood loss questionnaire(22)
at baseline and end regarding menstruation, blood
donation and nose bleeds. The questionnaire was updated
to include details on sanitary items (brand and absorbency)
and was completed online.
Dietary intervention and adherence
Both groups consumed standard portions of an Fe-fortified
breakfast cereal and milk every day as breakfast for
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16 weeks. The kiwifruit and banana groups, respectively,
consumed two ZESPRIw GOLD (Actinidia chinensis var
Hort16A) kiwifruit or one banana with their breakfasts.
Subjects were asked to maintain their normal daily routine,
including eating patterns (apart from the breakfast),
physical activity, alcohol consumption and smoking
habits, for the duration of the study.
Each breakfast consisted of pre-packaged individual
portions of 64·4 g breakfast cereal, 150 ml milk (Pamsw
Long Life Slim low-fat 0·1 % ultra heat treated milk; Pams,
Auckland, New Zealand) and either two ZESPRIw GOLD
kiwifruit (171 g; ZESPRIw International Ltd, Mount Maunganui, New Zealand) or a banana (104 g; MG Marketing,
Auckland, New Zealand). The wheat flake cereal with
dried apricot pieces was developed by food technologists
at Hubbard Foods Ltd (Mangere, Auckland, New Zealand).
Ferrous sulfate AASw (Zenica BioPlus Pty Ltd, Melbourne,
Vic, Australia) was added to provide 16 mg Fe (1·92 mg
natural Fe, 14·1 mg ferrous sulfate) per serve. Fruit of a
consistent size was delivered to subjects each week for
the bananas (in various stages of ripeness) and every
fortnight for the kiwifruit (stored at 18C until delivery).
Details of sampling and analytical methods for the breakfast meals are described in Beck et al.(18). The breakfast
meals and intervention food items were analysed and
their nutritional composition is reported in Table 1. The
ascorbic acid content of the two gold kiwifruit decreased
from 182 mg (first 6 weeks of the study) to 144 mg (final
6 weeks) during storage of the fruit.
Subjects were asked to eat the fruit with, immediately
before or immediately after consuming the breakfast
cereal and not to consume any other food or fluids
(apart from plain tap water) with the breakfast meal or
1 h before or after consuming the breakfast meal.
All subjects completed a daily compliance diary, including whether they ate breakfast, the time of consumption,
any food not consumed, or any other food eaten with or
consumed within 1 h either side of the breakfast. As part
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of this diary, subjects reported in a weekly section on
illnesses, medication use, symptoms experienced from
the intervention, changes to their normal daily routine,
supplement use, and any practical problems with eating
the breakfast. Subjects were emailed twice and telephoned
at weeks 2, 4, 8 and 12 of the study to provide support,
maintain subject motivation, and answer any questions
regarding the intervention.
Dietary assessment
A 144-item FFQ was developed for the present study,
grouping foods known to affect Fe absorption according
to their similarities, frequency of consumption and nutrient
content, based on average portion sizes. Subjects
completed the FFQ at baseline and end. The FFQ was
used to assess their food intake over the past month and
to assess any changes in intake within and between
groups over the course of the study. Responses were
converted into serving sizes per week for each subject
and then combined into the following food groupings:
gold kiwifruit; bananas; breakfast cereal; fruit (medium
and high ascorbic acid content); all other fruit; vegetables
(medium and high ascorbic acid content); all other
vegetables; grains, breads, cakes and biscuits; red meat
and offal; white meat; fish and seafood; eggs; nuts and
seeds; tofu and soya products; legumes; dairy products;
coffee, black and herbal teas; fruit juice and alcohol.
Statistical analysis
Statistical analysis was performed using SPSS for Windows
version 16 (SPSS Inc., Chicago, IL, USA). Subjects with a
C-reactive protein concentration greater than 10 mg/l at
either baseline or end were excluded from the analysis,
as a high C-reactive protein is associated with infection
and elevated serum ferritin concentrations which can
lead to overestimation of body Fe stores(23). Descriptive

Table 1. Analysis of nutrient content of the intervention meals and fruit

Gross energy (kJ)
Protein (g)
Total fat (g)
Total carbohydrate (g)
Ascorbic acid (mg)
Fe (mg)
Dietary fibre (g)
Ca (mg)
P (mg)
Vitamin A (as retinol) (mg)
Lutein and zeaxanthin (mg)
Citric acid (mg)
Polyphenols (mg)
Phytic acid (mg)

Fe-fortified cereal
(64·4 g) þ milk
(150 ml)

Fe-fortified cereal,
milk þ kiwifruit
(171 g)

Fe-fortified cereal,
milk þ banana
(104 g)

Kiwifruit
(171 g)

Banana
(104 g)

1598·0
16·2
2·2
60·8
1·4
16·2
4·3
391·0
437·0
ND
ND
279·0
44·6
238·0

2068·0
17·7
2·7
79·1
164·0
16·6
6·5
426·0
488·0
ND
194·9
2328·0
79·6
272·0

2004·0
17·3
2·3
80·1
1·4
16·4
5·8
392·0
462·0
ND
22·9
591·0
55·6
238·0

470·0
1·5
0·5
18·3
163·0
0·4
2·1
35·0
51·0
ND
194·9
2049·0
35·0
34·0

406·0
1·1
0·1
19·3
ND
0·2
1·5
1·0
25·0
ND
22·9
312·0
11·0
ND

ND, not detectable.
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statistics were used to describe the study population
using mean values and standard deviations, median
values with 25th and 75th percentiles, or frequency
summary statistics. Normality of distribution was evaluated using the Kolmogorov –Smirnov test. Non-normally
distributed variables were transformed into approximately
normal distributions by logarithmic transformations and
again tested for normality.
Comparisons between groups at baseline were made
using the independent t test for parametric data, the
Mann–Whitney test for non-parametric data, and the x2
test for frequencies. Subjects who did not complete the
study or who were excluded from the analysis were
compared with subjects who completed the study using
these same statistical tests. The main analysis was the
comparison of the change in serum ferritin from baseline
to 16 weeks between the kiwifruit and the banana
groups. Changes in Hb, serum soluble transferrin receptor,
serum soluble transferrin receptor:serum ferritin ratio,
plasma ascorbic acid, serum lutein and zeaxanthin, and
dietary intake between groups were also investigated.
Independent t tests were used for parametric data and
the Mann–Whitney test for non-parametric data. Comparisons were made within the kiwifruit and banana groups
between baseline and endpoint measures using the dependent t test for parametric data and the Wilcoxon signedrank test for non-parametric data. Serum ferritin, soluble
transferrin receptor, soluble transferrin receptor:serum ferritin ratio and ascorbic acid were tested using one-sided
tests. Two-sided tests were used for all other variables.
Since BMI levels differed between the two groups at
baseline, a two-way ANOVA was used to test for interaction
or main effects between BMI and the intervention and its
impact on change in serum ferritin. Significance was set
at P, 0·05. The percentage of days that each subject consumed the study breakfast meal was calculated from compliance diaries (number of days the study breakfast was
consumed/112 (total number of days on the study) £ 100).

Results
Subjects
Of the eighty-nine women with low Fe stores enrolled in
the study, sixty-nine (thirty-three women in the kiwifruit
group and thirty-six women in the banana group)
were included in the final analysis. Of the original participants, eleven withdrew from the study (five from the
kiwifruit group and six from the banana group), and a
further nine were excluded from the final analysis due
to non-compliance, use of supplements, medical conditions or elevated C-reactive protein concentrations.
Baseline serum ferritin concentrations were significantly
higher (P¼0·02) in women who withdrew or were
excluded from the final analysis (median 21·0 (25th, 75th
percentiles 16·3, 31·8) mg/l) compared with women who
completed the study (median 17·0 (25th, 75th percentiles
10·0, 21·0) mg/l). Women who did not complete the
study or who were excluded from the final analysis did
not differ with regard to other baseline characteristics.
Adherence
Subjects completed 112 d on the study. Compliance diaries
were available for all women (100 %) in the kiwifruit group
(n 33) and for thirty-four women (94·4 %) in the banana
group. The mean compliance rate in the kiwifruit group
was 97 (SD 5·12) % compared with 98 (SD 3·68) % in the
banana group. Of the women, 91 % of women in the
kiwifruit group and 97 % of women in the banana group
reported a compliance rate of greater than 90 %.
Baseline characteristics
The baseline characteristics of the women are shown
in Tables 2 and 3. At baseline there were no significant
differences between the groups for any of the variables
or factors affecting Fe status such as having children, menstrual blood loss or blood donation. BMI was significantly

Table 2. Baseline characteristics of study subjects
(Medians and 25th and 75th percentiles, mean values and standard deviations or frequency)
Kiwifruit group (n 33)
Median
Age (years)
Weight (kg)
Mean

31·0

24·0, 39·5

Median
35·0

62·4
7·2

SD

Height (cm)
Mean

25th, 75th percentiles
22·5, 41·0

P*
0·41
0·16

66·1
13·8
0·10

SD

BMI (kg/m2)†
Menstrual blood loss (BLU)
Blood donor in the past year (%)
Has children (%)

25th, 75th percentiles

Banana group (n 36)

22·4
46·5

166·3
6·1
21·2, 23·7
22·8, 57·0
24·2
54·5

24·1
47·5

163·7
6·8
21·8, 26·7
28·8, 66·0
19·4
61·1

0·02
0·36
0·77
0·63

BLU, blood loss units.
* Difference between groups (independent t test, Mann– Whitney test or x2 test).
† BMI values are reported as geometric means and 95 % CI.
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Table 3. Changes from baseline to end measures of iron status, plasma ascorbic acid and serum lutein and zeaxanthin
within and between kiwifruit and banana groups
(Medians and 25th and 75th percentiles or mean values and standard deviations)
Kiwifruit (n 33)
Median
Serum ferritin†
Baseline
End
Change‡
P§
Hbk
Baseline
Mean
SD

End
Mean
SD

Change‡
Mean

British Journal of Nutrition

SD

17·0
25·0
10·0

25th, 75th percentiles
10·5, 22·0
20·0, 32·0
3·0, 17·5
,0·001

Banana (n 36)
Median
16·5
17·5
1·0

25th, 75th percentiles
10·0, 20·8
12·3, 22·8
2 2·8, 6·5
0·09

P*
0·40
, 0·001

0·78
126·0
8·8

125·0
9·0

130·0
7·6

126·0
9·0
0·14

3·8
7·2
0·005

P§
Soluble transferrin receptor{
Baseline
3·1
2·5, 3·8
End
2·7
2·1, 3·0
Change‡
2 0·5
2 0·7, 2 0·1
P§
, 0·001
Soluble transferrin receptor:serum ferritin ratio**
Baseline
188·0
116·0, 288·0
End
116·0
77·2, 150·0
Change‡
2 89·5
2 183·0, 2 38·4
P§
, 0·001
Plasma ascorbic acid††
Baseline
70·0
52·0, 79·5
End
76·0
69·0, 83·0
Change‡
7·0
2 3·5, 19·0
P§
0·002
Serum lutein and zeaxanthin
Baseline
413·0
311·0, 540·0
End
497·0
356·0, 658·0
Change‡
64·0
11·5, 132·0
P§
0·002

1·2
6·9
0·30
3·5
3·6
0·0

200·0
186·0
2 0·2

2·7, 4·0
2·6, 4·2
2 0·3, 0·4
0·32

0·13

157·0, 333·0
132·0, 346·0
2 124·0, 65·9
0·20

0·32

0·001

0·008

65·0
66·0
3·0

56·3, 72·8
56·3, 72·0
2 4·8, 10·8
0·15

0·20

378·0
438·0
12·0

269·0, 506·0
288·0, 496·0
2 59·0, 95·0
0·33

0·27

0·07

0·03

* Difference between groups (independent t test or Mann–Whitney test).
† Normal reference range for serum ferritin: 20– 160 mg/l; Diagnostic MedLab, Auckland, New Zealand.
‡ Change: end value – baseline value.
§ Difference between baseline and end (dependent t test or Wilcoxon signed-rank test).
k Normal reference range for Hb: 115– 160 g/l; Diagnostic MedLab.
{ Normal reference range for soluble transferrin receptor: 2·2– 4·5 mg/l; LabPlus, Auckland, New Zealand.
** Normal reference range for soluble transferrin receptor:serum ferritin ratio: ,100(44).
†† Normal reference range for plasma ascorbic acid: 20–80 mmol/l; LabPlus.

lower in the kiwifruit group compared with the banana
group at baseline (P¼0·02), although this difference was
very small. These differences in BMI at the beginning of
the study had no effect on the change in serum ferritin concentrations. BMI and menstrual blood loss did not change
within or between groups over the course of the study.

Biochemical assessment
The changes in Fe status, plasma ascorbic acid and serum
lutein and zeaxanthin from baseline to end are presented
in Table 3. Serum ferritin concentrations increased
significantly in the kiwifruit group from baseline to end
(P, 0·001), but there was no effect in the banana group
(P¼0·09). The difference in the change between the

two groups was also highly significant (P, 0·001). Hb
concentrations increased significantly in the kiwifruit
group (P¼0·005), but not within the banana group
(P¼0·30), and the change between groups was not significantly different (P¼0·14). Soluble transferrin receptor
concentrations decreased significantly in the kiwifruit
group (P, 0·001), but not in the banana group (P¼0·32),
and the difference in change between the groups was
statistically significant (P¼0·001). The soluble transferrin
receptor:serum ferritin ratio decreased significantly in the
kiwifruit group (P, 0·001), with no change in the banana
group (P¼0·20). The difference in change between the
groups was statistically significant (P¼0·008).
Plasma ascorbic acid concentrations increased significantly (P¼0·002) in the kiwifruit group from baseline to
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end, but there was no change in the banana group
(P¼0·15). The difference in the changes between the two
groups was almost significant (P¼0·07). Serum lutein and
zeaxanthin increased significantly within the kiwifruit
group (P¼0·002), but not in the banana group (P¼0·33),
and the difference in the change between groups was
significant (P¼0·03).
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Dietary assessment
There were no significant differences in dietary intake
between the kiwifruit and banana groups at baseline. As
expected, subjects in the kiwifruit and banana groups significantly increased their intake of gold kiwifruit (P, 0·001)
and bananas (P¼0·02), respectively, from baseline to end.
The intake of medium to high ascorbic acid-containing
fruits decreased significantly over the course of the study
in the kiwifruit group (median 2 2·9 (25th, 75th percentiles
2 5, 0·1) servings/week) compared with the banana group
(median 2 0·8 (25th, 75th percentiles 2 2·5, 0·7) servings/
week) (P¼0·02). Red meat and offal intake decreased
significantly in both the kiwifruit (P¼0·02) and banana
(P¼0·01) groups although the decreases were small
(median 2 0·1 (25th, 75th percentiles 2 2·0, 0·2) and
median 2 0·4 (25th, 75th percentiles 2 2·1, 0·0) servings
per week, respectively). The difference in change between
groups was not significant (P¼0·63). Similarly, the intake
of grains, breads, cakes and biscuits decreased significantly
in both the kiwifruit (P, 0·001) and banana (P¼0·05)
groups, although the difference in change between
the groups was not significant (P¼0·61). In this instance,
however, the portions consumed decreased in both
groups with about four to six portions showing the
possible replacement due to the consistent daily intake of
breakfast cereal.
Side effects
The majority (n 40; 58 %) of the women who completed
the study (nineteen from the kiwifruit group and twentyone from the banana group) reported no side effects of
eating the breakfast meal. Positive effects such as regular
bowel movements, better skin, not feeling as hungry and
a feeling of more energy were reported by fifteen
(21·7 %) of the women (seven from the kiwifruit group
and eight from the banana group). In total, 26·1 % (n 18)
of the women reported a negative side effect associated
with the breakfast (seven from the kiwifruit group and
eleven from the banana group). Most of the reported
negative effects related to initial nausea, constipation or
diarrhoea which subsided during the course of the study.
Discussion
As far as we are aware, this is the first randomised
controlled intervention trial to investigate the effect of an

Fe-fortified breakfast cereal plus an ascorbic acid-, luteinand zeaxanthin-rich kiwifruit compared with banana (low
ascorbic acid, lutein and zeaxanthin) on Fe status in
healthy women with low Fe stores. The results showed
an improvement in Fe status (increased serum ferritin;
decreased serum soluble transferrin receptor and soluble
transferrin receptor:ferritin ratio) following the 16-week
intervention.
Ascorbic acid is the most widely used enhancer of
fortified Fe(17) and increases Fe absorption in a dosedependent manner(7). Ascorbic acid enhances Fe absorption by reducing ferric Fe to ferrous Fe, for transport by
divalent metal transport protein 1 into the intestinal mucosal cell. Ascorbic acid also forms a soluble chelate with Fe,
preventing it being precipitated as insoluble compounds,
such as ferric hydroxide or ferric phosphate, or binding
to inhibitory ligands such as phytate(24). An ascorbic
acid:Fe molar ratio of 4:1 is needed to increase Fe absorption from fortified foods high in phytic acid(17). The
ascorbic acid:Fe molar ratio of the kiwifruit breakfast
meal provided in the present study was 3·7:1. Ascorbic
acid may be unstable during food processing, storage
and cooking, therefore consuming natural sources of
ascorbic acid such as fruits and vegetables with Fe-fortified
foods is recommended(25). Hallberg et al.(26) suggested
that 50 mg ascorbic acid is needed to enhance Fe absorption in a meal, although this is likely to depend on the
components of the meal and other studies have shown
smaller amounts of ascorbic acid to be successful in
enhancing Fe absorption(6). The kiwifruit supplied in the
present study provided 163 mg ascorbic acid.
Although it is well established that ascorbic acid
increases Fe absorption, previous studies have not shown
an improvement in Fe status over time with the consumption of ascorbic acid. These studies had several limitations
(sample size, short duration, Fe-replete subjects, no control
groups, ascorbic acid not specifically used with absorbable
Fe)(12 – 15). These limitations were all addressed within
the present study as follows: a sufficient sample size to
detect the expected small changes in biomarkers of Fe
status; a 16-week intervention allowing sufficient time
for erythrocyte turnover and improvement of Fe stores; a
control group was used; only subjects with low Fe stores
were included; the ascorbic acid-rich fruit was added to a
meal containing a significant amount of Fe (16 mg Fe as
ferrous sulfate).
Serum ferritin is routinely used and is a wellstandardised and sensitive measure of Fe stores(27). Soluble
transferrin receptor is a stable and highly sensitive indicator
of functional or tissue Fe, not subject to biological variation
or affected by inflammation(27,28). Serum ferritin is reduced
during the depletion of Fe stores, while soluble transferrin
receptor is not affected. During functional Fe deficiency,
however, soluble transferrin receptor increases, while
serum ferritin remains unchanged. Therefore, the decrease
in the ratio of soluble transferrin saturation and serum
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ferritin is a more specific and sensitive indicator of
improved Fe status than either measure alone(29). This
ratio decreased significantly in the kiwifruit group compared with the banana group. The women who consumed
kiwifruit had improved functional Fe and stored Fe at
the end of the study, whereas women who consumed
bananas, despite receiving an equivalent amount of Fe,
did not improve their Fe status.
The plasma ascorbic acid status of the women in the
kiwifruit group showed a significant increase, from 70 to
76 mmol/l, over the course of the intervention compared
with no change in the banana group. Plasma ascorbic
acid concentrations have been shown to increase linearly
with dietary intake (up to 60–70 mg/d), but only up to a
plateau of 75 mmol/l(28). Therefore, further increases in
plasma ascorbic acid were not expected to be seen
with the large quantities of ascorbic acid provided by the
kiwifruit. Although the intake of fruits with medium and
high vitamin C content decreased in the kiwifruit group
compared with the banana group, the Fe status in the
kiwifruit group still improved, probably indicating that it
is more important to consider whether ascorbic acid is
added to a meal containing Fe than to focus on the total
daily intake of ascorbic acid.
Lutein and zeaxanthin have been shown to improve Fe
absorption in human subjects(8); however, no studies
have investigated their effects on Fe status when consumed
with meals for an extended period of time. Serum lutein
and zeaxanthin concentrations increased significantly in
the kiwifruit group compared with the banana group.
The improvement seen in Fe status in the kiwifruit group
could have been due to the ascorbic acid, carotenoids or
a combination of nutritional factors in kiwifruit. The kiwifruit contained over 2000 mg citric acid (more than six
times the citric acid content of the banana) which may
also have contributed to the increased Fe status seen in
the kiwifruit group. The effect of citric acid has been
shown to be additive to the effect of ascorbic acid on
Fe absorption(30).
The level of Fe fortification within the present study
was set at 16 mg per serve, providing more than 80 % of
the current recommended daily intake (18 mg) for Fe(31).
Zimmermann et al.(32) found that adding 12 mg Fe per d
as snack foods increased Fe status in women with low Fe
stores(32). Despite this, the banana group did not show
an improvement in Fe status. Fe fortification at 16 mg
Fe as ferrous sulfate per serve alone may not have been
adequate to overcome the inhibitory effects on Fe absorption of the Ca or phytic acid contained in the breakfast
meals(33,34). While Ca inhibits Fe absorption(34), supplemental Ca consumed with meals(35) or Ca supplementation as high has 1200 mg/d did not appear to affect Fe
status in Fe-replete women over time(36). However, further
research is needed to see whether the Fe stores of
Fe-depleted women (such as those in the present study)
are affected by high Ca intakes(36). Phytic acid has
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a strong inhibitory effect on Fe absorption(37). Sodium
phytate decreased Fe absorption in a dose-dependent
manner when added to a wheat roll, while the addition
of 50 and 100 mg ascorbic acid significantly counteracted
the effect of sodium phytate(37). Hurrell et al.(38) suggested
that decreasing the phytic acid content of a meal from
220 to 110 mg would have little effect on improving Fe
absorption, but by decreasing the phytic acid content
to , 10 mg/meal, Fe absorption would increase substantially. The phytic acid content of the banana meal was
238 mg and could have therefore had a negative effect on
Fe absorption if not counteracted by ascorbic acid. Very
few studies have investigated the long-term effect of
phytic acid on Fe status. Kristensen et al.(39) found that
serum ferritin concentrations decreased significantly in
Fe-replete women given fibre-rich bread containing
phytate over a 4-month period. In another study, soya protein containing native phytate significantly reduced serum
ferritin levels in subjects after 6 weeks(40). It is likely that
the phytic acid contained in the breakfast cereal may
have inhibited Fe absorption, which the kiwifruit but not
the banana was able to overcome. It is unlikely that
the banana itself inhibited Fe absorption. The banana
contained similar or lower levels of dietary fibre, Ca,
polyphenols and phytic acid (substances all known to inhibit Fe absorption) than the kiwifruit. Thus, adding 16 mg
Fe as ferrous sulfate to a breakfast cereal eaten with
milk was ineffective at improving Fe status unless eaten
with an ascorbic acid-, lutein- and zeaxanthin-rich fruit.
Breakfast cereal was chosen as a suitable vehicle to
fortify with Fe(41), and as a food item that is acceptable
to consume with fruit. A food-based approach represents
a desirable and potentially sustainable method of addressing the issue of Fe deficiency(42), which may also confer
other nutritional benefits compared with simple nutrient
supplementation. Self-reported compliance to the breakfast
protocol was high, probably because the breakfast was
feasible for women to incorporate into their daily lives
and due to the high levels of support received from the
researchers over the study. They simply replaced one
breakfast item for another, which meant little interference
with the rest of the family. Few women reported any
side effects due to the breakfast meal. Negative side effects
included initial nausea which could be related to the size of
the breakfast being consumed, constipation or diarrhoea
possibly due to the fortificant which subsided during the
course of the study as tolerance increased. Several positive
effects were also noted including regular bowel movements due to the cereal and fruit combination, healthier
skin, reduced hunger and higher energy levels which
may be related to healthier eating habits. An alternative
to dietary intervention is Fe supplementation, but this
may not be feasible due to poor compliance, often attributed to the side effects experienced(43). Increasing the intake
of meat, fish and poultry is often recommended to improve
Fe status. However, a study in New Zealand found that
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women were only able to increase their intake of flesh
food by 31 g/d (equivalent to one-third of a meat serving
per d), despite receiving intensive dietary counselling
to improve the Fe bioavailability in their diet. However,
these women increased their intake of ascorbic acid by
136 mg/d(3). Therefore, the inclusion of a combination of
fruit high in ascorbic acid, lutein and zeaxanthin and an
Fe-fortified breakfast cereal may be far more achievable
for these women to improve their Fe status compared
with other approaches. The optimal level of Fe fortification
in various foods, and the impact of other fruit or foods
high in ascorbic acid, lutein and zeaxanthin consumed
with Fe-fortified foods on Fe status should be investigated,
also taking into account consumer acceptability and
accessibility.
In conclusion, the consumption of an ascorbic acid-,
lutein- and zeaxanthin-rich fruit (kiwifruit) compared
with a banana (low ascorbic acid, lutein and zeaxanthin)
with an Fe-fortified breakfast cereal meal improved Fe
status in women with low Fe stores. The addition of an
ascorbic acid-, lutein- and zeaxanthin-rich fruit to a breakfast cereal fortified with ferrous sulfate may be a more
feasible approach of addressing Fe deficiency in young
women compared with other approaches.
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