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Background & objectives: Iron deficiency (ID) affects a large number of women in India. An inverse 
relationship exists between iron (Fe) status and Fe absorption. Dietary inhibitory and enhancing factors 
exert a profound influence on bioavailability of Fe. Although the current recommended dietary allowance 
(RDA) for Fe is based on 8 per cent bioavailability, it is not clear if this holds good for the usual highly 
inhibitory Indian diet matrix. This study was aimed to determine Fe absorption from several habitually 
consumed south Indian food and to evaluate the interaction of Fe status with absorption.
Methods: Four Fe absorption studies were performed on 60 apparently healthy young women, aged 18-
35 years. Based on blood biochemistry, 45 of them were ID and 15 were iron replete (IR). The habitual 
meals assessed were rice, millet and wheat based meals in the ID subjects and rice based meal alone in 
the IR subjects. Each subject received the test meal labelled with 3 mg of 57Fe and Fe absorption was 
measured based on erythrocyte incorporation of isotope label 14 days following administration.
Results: Mean fractional Fe absorption from the rice, wheat and millet based meals in the ID subjects 
were 8.3, 11.2 and 4.6 per cent, respectively. Fe absorption from the rice-based meals was 2.5 per cent in 
IR subjects.
Interpretation & conclusions: Fe absorption is dictated by Fe status from low bioavailability meals. Millet 
based meals have the lowest bioavailability, while the rice and wheat based meals had moderate to good 
bioavailability. In millet based meals, it is prudent to consider ways to improve Fe absorption.
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 Nutritional iron (Fe) deficiency and consequent 
anaemia arises when physiological requirements 
cannot be met by Fe absorption from diet. Data from 
India indicate that about 40-60 per cent of women of 
childbearing age may suffer from anaemia1, mostly due 
to iron deficiency (ID). Women of childbearing age are 
at risk for a negative Fe balance due to their increased 

Fe loss through menstruation, gastrointestinal blood loss 
due to intestinal parasitic infections, and high parity2,3. 
Vegetarian diets in these women add to the problem3.

 Dietary Fe bioavailability is low in populations 
consuming predominantly plant-based diets with little 
meat4. In meat, 30-70 per cent of Fe is heme Fe, of 
which 15-35 per cent is absorbed. However, in plant-
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based diets in developing countries, dietary Fe is 
non-heme, and its absorption is often less than 10 per 
cent5. Studies of dietary Fe intake in Indian low socio-
economic populations have revealed that the intake 
was lower than the requirement6, as the diets were 
predominantly plant based (rice, pulses and vegetables) 
with high phytic acid levels7. The absorption of Fe from 
these diets is likely to be poor. 

 The human body tightly regulates the absorption of 
Fe, such that there is an inverse relationship between 
Fe status and absorption9. Our previous study, using 
stable isotopes of Fe in a neutral meal matrix showed 
mean fractional Fe absorption from a neutral rice meal 
to be 17.5% in Fe deficient subjects and 7.0 per cent 
in controls10. This has relevance to the setting of the 
recommended dietary allowance (RDA) for the daily 
intake of Fe, which is critically based on the expected 
bioavailability of Fe from the diet.

 At present, the bioavailability of Fe from plant based 
diets is assumed to be 8 per cent in calculating the RDA 
for Indians11; this means that the RDA for Fe, which 
is the daily physiological Fe requirement adjusted for 
bioavailability, is 21 mg/day. Since the key assumption 
in this recommendation is the Fe bioavailability, and 
considering lack of human data on the bioavailability 
of Fe from typical Indian diet in normal or anaemic 
states, the present study was aimed to measure and 
compare Fe absorption in both iron deficiency and iron 
replete (ID and IR) states, using a stable isotopic tracer 
technique, in a variety of common south Indian meals.

Material & Methods

 The study was conducted in the Division of 
Nutrition, St. John’s Research Institute, Bangalore. 

Subjects: Iron deficient (ID) and replete (IR) women 
were chosen for the study. They were recruited from 
a garment factory in Bangalore during October-
December 2008.The women, who came from a low 
socio-economic stratum of society, were aged 18-35 
yr, were non-pregnant and non-lactating, and were 
in apparently good health. The ID women were also 
anaemic, and the criteria for their selection were 
haemoglobin (Hb) <12.0 g/dl, serum ferritin (SF) 
<15 μg/l and zinc protoporphysin (ZnPP) >40 μM/
mol heme or soluble transferrin receptor (sTfR) >8.5 
mg/l. Women with an elevated serum C-reactive 
protein (CRP >10 mg/l) were excluded. Since it was 
planned to study different meals in the ID group, and 
a single meal matrix in the IR group for comparison, 

45 ID and 15 IR subjects were finally selected for the 
study. The sample size was based on previous data on 
erythrocyte incorporation of Fe stable isotopes10. It 
was estimated that 10 subjects would be sufficient to 
detect a nutritionally significant (50%) difference in 
absorption (α=0.05 and power 80%). Fifteen women 
were recruited to allow for any dropout. All 60 subjects 
out of 334 completed the Fe absorption study. Written 
informed consent was obtained from all women and 
the experimental protocol was approved by the ethics 
committee of St. John’s Medical College, Bangalore, 
India.

Test meal preparation: Three traditionally consumed 
south Indian test meals based on millet, rice or wheat 
were chosen from a dietary survey that was carried out 
in the local population (Table I). Test meal 1 consisted 
of millets with lentils and green leafy vegetables [millet 
(ragi) mudda with lentil curry]; Test meal 2 consisted 
of rice with lentils and vegetables (rice and sambhar) 
and Test meal 3 consisted of wheat with tomato 
chutney (chapathi and tomato gojju). All test meals 
contained approximately 2-3 mg of native non-heme 
Fe. The meals were cooked with aluminium or plastic 
cooking utensils, which were washed with filtered 
water and dried before use. All the raw foods (in flour 
form, except for the rice) were procured from the local 
market and were washed with filtered water. The meals 
were cooked in bulk, weighed into individual portions 
in labelled polythene containers, sealed, and frozen at 
-20oC until use.

Study design: The study was a non-randomized 
controlled trial. The subjects were divided into groups 
of 15 each, in which groups A, B, C were ID women 
and group D consisted of IR women. Subjects reported 
to the laboratory after overnight fast, in the morning on 
the study days. On day 1, body weight to the nearest 
0.1 kg (Soehnle, Germany) and height to the nearest 
cm using a stadiometer was measured. The frozen test 
meal was heated in a microwave oven before serving. 
Following this, the isotopic labels were loaded on to 
the test meals just prior to administration. One gram 
of the solution of isotope label containing 3 mg of 57Fe 
was dispensed onto the surface of the test meal prior 
to administration. Groups A, B, C consumed test meal 
1, 2, 3 respectively while group D consumed test meal 
2. The test meal containers were washed with 10 ml 
of nano pure water (Millipore, France) three times 
to ensure complete consumption of the meal and the 
isotope label. No food or fluids were allowed until 3 
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hours post test meal administration. A venous blood 
sample was drawn on day 15 to study Fe absorption. 
Later the Fe absorption rates were compared among 
the groups (3ID +1IR).

Measurements of haemoglobin and Fe status: Hb levels 
in whole blood were determined by a haematology 
analyzer (ABX Pentra 60 c+, Montpellier, France) with 
3 level quality controls (Liquichek, Bio-Rad, USA). 
Plasma serum ferritin (SF) was measured by an electro-
chemiluminescence immunoassay (Roche, Mannheim, 
Germany), and plasma sTfR was determined by ELISA 
(Roche, Mannheim, Germany). ZnPP was measured 
after the cells were washed with normal saline, with 
a haematofluorometer (Aviv Biomedical, New Jersey, 
USA) and 3-level control material provided by the 
manufacturer.

Stable isotopic label preparation for Fe absorption 
studies: The preparation of the isotopic labels was 
similar to that described earlier12, which followed the 
measurement of isotopic composition of the dose using 

negative thermal ionization mass spectrometry (TIMS, 
Triton, Thermo, Bremen, Germany). The dose was 
calculated based on the estimated amount of circulating 
Fe in the subjects, the expected range of fractional Fe 
absorption and the attainable precision of the isotopic 
analysis.

Isotopic analysis of the blood samples: Whole blood 
samples were ashed and then subjected to acid 
digestion using a HNO3/H2O2/HCl mixture, followed 
by separation of the Fe from the sample matrix by 
anion exchange chromatography (200-400 mesh 
Ag 1-X8, Biorad, California, USA) and a solvent/
solvent extraction step into diethyl ether. Isotopic 
analysis was carried out by thermal ionization mass 
spectrometry (TIMS) with a multicollector system 
for simultaneous ion beam detection12. The precision 
of the system for isotopic ratios was 0.01 per cent 
(57/56 Fe ratios). The amount of circulating label was 
calculated as the product of the shift in the Fe isotopic 
ratio and the amount of circulating Fe in the blood12. 
Circulating Fe was calculated from blood volume 

Table I. Composition of the test meals (entire meal consumed by each subject)

Meal Energy
(kcal)

Protein
(g)

Fat
(g)

CHO
(g)

Fe
(mg)

Test meal 1
Millet (ragi) mudda with lentil curry

488.1 13.2 6.3 94.5 2.7

Test meal 2
Rice with lentil and vegetable curry 

355.8 9.7 4.2 68.0 2.5

Test meal 3
Chapathi with tomato chutney

289.1 8.3 8.1 45.7 3.4

Millet & lentil and green leafy vegetable curry 
Pearl millet (ragi) flour (100 g), green chillies (1 g), spinach (25 g), amaranth leaves (25 g), green gram (19 g), onion (12.5 g), tomato 
(12.5 g), cumin seeds (0.5 g), garlic (2 g), groundnut oil (5 g). 
Ragi flour was added to boiling water and made into a fine paste, stirred thoroughly and cooked over a low flame. The cooked paste 
was rolled into individual serve ragi balls weighing 270 g each. For the lentil curry, green gram, amaranth, spinach, green chilies and 
tomato were cooked in water. Cumin seeds, curry leaves, garlic, red chili and chopped onions were sautéed in oil and added to the 
cooked ingredients along with salt to taste, and packed in individual portions weighing 232 g each. The ragi balls and curry were frozen 
at -20oC until use.
Rice with lentil and vegetable curry (sambhar) 
Rice (62.5 g), green gram (18.8 g), tamarind (2 g), curry powder (2 g), red chilli powder (1 g), asafoetida (0.1 g), peanut oil (4 g), onion 
(12.5 g), tomato (12.5 g), beans (12.5 g), carrot (12.5 g), potato (6.3 g), mustard seeds (0.3 g), turmeric powder (0.3 g). 
Rice was cooked, weighed and packed individually for each subject in portions of 240 g each. For the lentil and vegetable sambhar, 
green gram and vegetables, along with salt and turmeric were cooked in water. Mustard seeds, cumin seeds, curry leaves, asafoetida 
and chopped onions were sautéed in oil, added to the cooked ingredients along with red chili powder, curry powder, tamarind paste and 
coriander. The sambhar was weighed in portions of 200 g each and frozen along with rice at -20oC until use. 
Chapathi with tomato chutney (gojju) 
Wheat flour (58.5 g), tomato (40 g), onion (14 g), garlic (4 g), red chilli powder (2 g), peanut oil (6 g), mustard seeds (0.5 g). 
Wheat flour was mixed with water and kneaded into dough, rolled into thin flat chapathis and cooked on a griddle. For the tomato 
chutney, mustard seeds, curry leaves and chopped garlic were sautéed in oil along with chopped onions, tomatoes, turmeric and chilly 
powder, and the mixture cooked to a thick paste. The cooked chapathis and chutney were individually weighed into portions of 88 g 
and 78 g each, respectively, and stored at -20oC until use.
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and haemoglobin(Hb) concentration13. Blood volume 
calculations were made from height and weight based 
prediction equations14. For calculations of fractional 
Fe absorption, it was assumed that there was an 80% 
incorporation of absorbed Fe into red cells.

Statistical analysis: Statistical analyses were performed 
using SPSS version 18 (SPSS Inc, Chicago, IL). Serum 
ferritin and Fe absorption were not normally distributed 
and were log transformed. Independent t test was used 
to compare the Fe absorption in rice based meals in 
ID and IR groups. One way ANOVA was performed 
to compare the four (3 ID & 1 IR) groups and post- 
hoc analysis with Bonferroni test was performed to 
test the significance between the groups. Analysis of 
covariance was done to compare the Fe absorption 
among all the four groups controlling for weight and 
BMI status of the subjects. Probability value less than 
5% was considered as statistically significant.

Results

 The mean age of the subjects was 24.4 ± 4.2 yr. All 
anthropometric measures were comparable between 
the groups (Table II).  The mean weight, BMI and 
Fe status were significantly different between the ID 
group (3 groups clubbed together) with the IR group 
(P<0.001).

Fe absorption from test meals: Mean fractional Fe 
absorption was different in all the groups (3ID+1IR). 
Within the ID group the Fe absorption in the wheat 
group [11.2 (9.7; 12.8) %] and the rice group [8.3 
(6.2; 10.5) %] was significantly higher than in the 
millet group [4.6 (2.5; 6.6) %] (P<0.05). However, 
Fe absorption in rice based and wheat based meal 
groups was not significantly different from each other. 
Between the groups, Fe absorption from rice based 
meal in ID group was significantly upregulated and 
on an average 3 times higher when compared to IR 
group [2.7 (1.1;4.4)%] (P<0.05). While comparing all 
the four groups using ANCOVA, Fe absorption was 
significantly higher in the wheat based and rice based 
ID groups even after controlling for weight and BMI 
status of the study subjects (P<0.05).

Discussion

 The data from this stable isotope based human 
study showed that average Fe absorption from three 
habitually consumed meals varied between 3 to 11 per 
cent in women with ID anaemia, depending on the type 
of meal consumed. Millet-based meals had the lowest 
Fe absorption, followed by rice-based meals while 

wheat-based meals had the highest Fe absorption. The 
Fe absorption in IR group women who consumed rice 
based meal was 2.7 per cent, which was consistent 
with earlier rice-based studies done in IR adult men 
and women from other countries and reported a range 
of Fe absorption values from 0.4 to 9.1 per cent8,15-

19. However, the fractional Fe absorption in the IR 
women in the present study was lower in comparison 
to an earlier study on habitually consumed Indian diets 
in IR men, which showed Fe absorption from millet, 
rice and wheat based diets to be about 1, 5 and 2 per 
cent, respectively8. This difference may be attributable 
to differences in methodology and to the precise state 
of Fe homeostasis between the present and earlier 
study subjects, but was not unreasonably different. 
In an earlier neutral (low in Fe absorption inhibitors 
and enhancers) rice based study using similar stable 
isotopic methods, Fe absorption was 5.4 per cent in IR 
subjects and higher (20%) in ID subjects10. In our study 
subjects there was a significant difference in weight 
and BMI of the two groups (ID & IR) who consumed 
rice based meals. This, however, did not affect the 
differences in Fe absorption between the two groups 
significantly. Previously it has been demonstrated that 
greater adiposity is associated with lower fractional 
iron absorption in humans independent of iron status20. 
However, as our study subjects were all in a normal 
BMI range, where this effect is not expected to be very 
strong, the differences in BMI do not seem to have 
affected our results.

 Although whole wheat flour has abundant phytic 
acid21, it was surprising to see a high Fe absorption 
from whole wheat flour based meals in the present 
study. It is possible that the tomato preparation that was 
given along with the wheat based test meal may have 
enhanced Fe absorption. Cooked tomatoes are a rich 
source of vitamin C22 and several studies have shown 
vitamin C to enhance Fe absorption10,23-25. For example, 
Fe absorption was 11 per cent from wheat flour based 
meals given with vitamin C containing lemonade to ID 
women, and identical to the Fe absorption in the present 
study26. As a vegetable, tomato forms a vital component 
of Indian cooking and is traditionally consumed as 
chutney, or as a vegetable along with chapathi or 
rice, and it might be that the habitual consumption of 
tomatoes has a beneficial effect on Fe absorption from 
Indian diets.

 Millet based diets are predominantly consumed as 
a staple in the two southern States of India (Karnataka 
and Andhra Pradesh). Although millet is dense with 
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micronutrients such as Fe, calcium and zinc, these 
are less bioaccessible due to high levels of tannins 
and phytate27. Millet-based meals with green leafy 
vegetable curry, showed the lowest Fe absorption in 
our study. The addition of the green leafy vegetables to 
the millet based meal probably made it more inhibitory, 
and populations that habitually consume such high 
phytate containing diets may not meet their daily Fe 
requirements and eventually may lead to a state of 
ID28. Equally the addition of carrot or amaranth has 
been shown through the increased ß carotene content 
to enhance bioaccessibility of Fe from food grains, and 
the addition of vegetables may counteract the effect of 
potent inhibitors like phytates on the Fe absorption29.

 Several studies have shown that more Fe is 
absorbed in an ID state than in an IR state9,10. Our 
earlier stable isotope based studies had shown mean 
fractional Fe absorption from a neutral rice meal to 
be upregulated by about 2.5-fold in IDA women10. 
Similarly, Fe absorption in the present study was 
3-fold higher in the iron deficient anemia (IDA) group 
despite the non-neutral nature of the test meals, which 
had higher levels of spices and phytic acid. Therefore, 
the differences in Fe absorption between the ID and 

IR groups appeared independent of the meal and were 
most probably dictated by Fe status, even though Fe 
absorption from different meals can vary markedly and 
is known to be modulated by enhancers and inhibitors 
in the meal.

 Currently, the RDA for Fe in women is calculated 
using a bioavailability of 8 per cent (in the presence 
of vitamin C at 1:2 molar ratio), such that the daily 
intake is required to be 21 mg Fe/day11. Essentially, this 
requirement can be met when the Fe density of the diet is 
about 10 mg Fe/1000 kcal, or higher. As women become 
more ID, their Fe absorption will upregulate, and due 
to this it is probable that they will be in Fe balance with 
the same level of Fe intake. For example, even if the 
physiological requirement of Fe was double due to ID, 
an upregulation of Fe absorption by 2-fold, i.e., from 8 
to 16 per cent, it would be sufficient to ensure that this 
greater than normal physiological requirement would 
be absorbed. However, these are calculations based on 
single meal absorption, and it remains to be seen if this 
holds true in the long term, and there is still a tipping 
point where greater and greater levels of ID and the 
ensuing upregulation of Fe absorption will not be able 
to balance chronic losses. In these chronic situations, 

Table II. Anthropometry and iron (Fe) status indicators of the study groups

Parameters Iron deficient (ID) Iron replete (IR)

Group A (n=15) Group B (n=15) Group C (n=15) Group D (n=15)

Test meal Millet (ragi) mudda 
with lentil curry

Rice & sambhar Chapathi & tomato 
gojju

 Rice & sambhar 

Age (yr) 24.7 ± 5.2 24.2 ± 3.4 23.0 ± 4.3 25.4 ± 3.6

Weight (kg)a 44.0 ± 6.6 43.9 ± 8.9 43.9 ± 5.0 53.5 ± 8.0

Height (m) 150.7 ± 6.3 150.7 ± 3.8 152.3 ± 4.2 154.8 ± 6.4

BMI (kg/m2)a 19.5 ± 3.3 19.3 ± 3.5 18.9 ± 2.1 22.3 ± 2.4

Blood haemoglobin (g/dl)a 9.2 ± 1.7 10.3 ±0.9 10.2 ± 1.3 12.8 ± 0.7

CRP (mg/l) 0.6 ± 0.8 0.6 ± .6 1.3 ± 1.5 1.0 ± 0.8

+Serum ferritin (µg/l)a 4.4 (6.82-2.17) 5.62 (7.13-4.12) 5.31 (8.56-2.10) 29.51 (31.21-27.81)

Serum transferrin receptor (mg/l) 17.4 ± 10.0 9.5 ± 4.6 13.4 ± 6.0 4.2 ± 1.40

Whole blood zing protoporphyrin 
(µmol/mol heme)

214.9 ± 110.4 174.5 ± 98.5 217.8 ± 97.7 47.3 ± 17.4

aSignificantly different between grouped ID, ID group B and IR subjects (P<0.001)
+Values presented as geometric mean titre
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Fe supplementation or fortification will be inevitably 
required. A priori, it would appear that a greater degree 
of caution is required with inhibitory millet based diets, 
where the Fe density of millet based flours through 
food fortification, may need consideration along with 
measures to enhance the vitamin C content of the meal 
as vitamin C in a diet matrix can increase Fe absorption 
by 3-3.5 times10. A recent study explored the suitability 
of millet flour as a vehicle for fortification of Fe along 
with EDTA and folic acid as co-fortifants and found to 
have improved the bioaccessibility of Fe30. Polyphenols 
and phytates in the diet are also important; the habit of 
ingesting tea with the meal is particularly important, 
since the former can reduce Fe absorption by 2-2.5 
times10. Therefore, dietary practices are critical to 
ensure optimal Fe absorption from the diet. Overall, 
it appears that the current bioavailability figure used 
in the RDA will hold true for a variety of diets, their 
inhibitor/enhancer contents, and Fe homeostasis 
conditions, except in the case of habitual millet based 
diets.

 One of the limitations of this study was that 
Fe absorption was measured at a single time point 
and day-to-day variations in Fe absorption were not 
considered. Further, in the IR subjects, Fe absorption 
was only measured in rice based meals; therefore, the 
interaction between meal matrix and Fe status could 
not be evaluated for the wheat and millet based meals.

 In conclusion, the bioavailability of Fe from a 
standard Indian rice based diet is low in IR women, but 
upregulated considerably in ID. It is, therefore, likely 
that the present RDA will be appropriate for normal 
or mildly anaemic women, given the upregulation in 
Fe absorption. Diet matrix can play a key role in Fe 
absorption, and special attention needs to be given to 
millet based meals.
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