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Maternal iron status influences iron transfer to the fetus during the
third trimester of pregnancy1–3

Kimberly O O’Brien, Nelly Zavaleta, Steven A Abrams, and Laura E Caulfield

ABSTRACT
Background: The effect of maternal iron status on fetal iron dep-
osition is uncertain.
Objective: We used a unique stable-isotope technique to assess
iron transfer to the fetus in relation to maternal iron status.
Design: The study group comprised 41 Peruvian women. Of these
women, 26 received daily prenatal supplements containing iron
and folate (n = 11; Fe group) or iron, folate, and zinc (n = 15;
Fe+Zn group) from week 10–24 of pregnancy to 1 mo postpar-
tum. The remaining 15 women (control group) received iron sup-
plementation only during the final month of pregnancy. During
the third trimester of pregnancy (x– ± SD: 32.9 ± 1.4 wk gestation)
oral 57Fe (10 mg) and intravenous 58Fe (0.6 mg) stable iron iso-
topes were administered to the women, and isotope enrichment
and iron-status indicators were measured in cord blood at delivery.
Results: The net amount of 57Fe in the neonates’ circulation
(from maternal oral dosing) was significantly related to mater-
nal iron absorption (P < 0.005) and inversely related to mater-
nal iron status during the third trimester of pregnancy: serum
ferritin (P < 0.0001), serum folate (P < 0.005), and serum trans-
ferrin receptors (P < 0.02). Significantly more 57Fe was transferred
to the neonates in non-iron-supplemented women: 0.112 ± 0.031
compared with 0.078 ± 0.042 mg in the control group (n = 15)
and the Fe and Fe+Zn groups (n = 24), respectively (P < 0.01). In
contrast, 58Fe tracer in the neonates’ circulation was not signifi-
cantly related to maternal iron status.
Conclusion: The transfer of dietary iron to the fetus is regulated
in response to maternal iron status at the level of the gut. Am
J Clin Nutr 2003;77:924–30.
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INTRODUCTION

Iron deficiency anemia is the most common nutritional defi-
ciency in the world; estimates suggest that 2 billion persons
worldwide are iron deficient (1). Because of the increased iron
requirements of pregnancy and growth, pregnant women and
infants are recognized as the groups most vulnerable to iron defi-
ciency anemia.

Symptomatic iron deficiency during pregnancy has deleterious
effects on maternal and perinatal health (2). Iron deficiency ane-
mia during pregnancy is associated with higher rates of premature
birth and low birth weight (3, 4). Severe maternal anemia
increases the risk of reproduction-related mortality at delivery and
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during the perinatal period (5). Iron deficiency in infants may also
adversely influence cognitive development (6, 7) and may have
long-term consequences. Severe iron deficiency anemia in infants
has been associated with impaired psychomotor development and
developmental delays > 10 y after the treatment of iron deficiency
during infancy (8).

The total iron requirements over pregnancy in a 55-kg woman
are �1040 mg (9). Most of this iron is required during the third
trimester, at which time daily iron needs increase from prepreg-
nancy requirements of �1–1.5 mg/d to ≤ 6 mg/d (5, 9). The mag-
nitude of this demand is difficult to meet from dietary sources
alone, especially in developing countries where the diets are often
limited in iron content and bioavailability is generally low or mod-
erate as the result of high intakes of dietary fiber and phytates.

In Peru, mineral deficiencies are significant public health con-
cerns as documented by biochemical, clinical, and nutritional sur-
veys in this country (10, 11). Dietary studies in pregnant Peruvian
women from our study population have reported a prevalence of
dietary iron inadequacy in this population of 93% (12). Studies
have shown that these low iron intakes are associated with reduced
iron status in pregnant women from this community (13).

Many studies have found that the fetus can accumulate suffi-
cient iron even in the face of mild or moderate maternal iron defi-
ciency (14–16). By contrast, other findings indicate that maternal
iron deficiency anemia during pregnancy compromises fetal iron
reserves (17–20). To pursue maternal-fetal iron transfer, recent
studies have focused on characterizing the physiologic adaptations
that occur at the level of the placenta to support fetal iron demands
in both iron-replete women and in women with dietary intakes or
medical situations that increase the risk of iron deficiency (21–23).
At this time, many questions still exist concerning the mechanisms
by which iron is transferred to the fetus, and the predictors of this
process have been difficult to determine in vivo with the use of
standard approaches.
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The purpose of our study was to characterize the transfer of iron
to the fetus during the third trimester of pregnancy in relation to
maternal iron status. To accomplish this aim, we carried out dual
stable-isotope studies of iron absorption in pregnant Peruvian
women during the third trimester of pregnancy and followed the
transfer of this iron to the fetus by measuring the net transfer of
stable iron isotopes in cord blood and in samples of neonatal blood
obtained at delivery.

SUBJECTS AND METHODS

Subjects

Pregnant women aged 18–35 y were recruited from a maternity
hospital (Cesar Lopez Silva Hospital) in Villa El Salvador, a peri-
urban, low-income community in Lima, Peru. To avoid the poten-
tial influence of high altitude on iron dynamics, all women
recruited had resided in Lima (a sea-level community) for ≥ 1 y
before their inclusion in this study. Subjects recruited into the
study were in good health, had a parity between 0 and 3, and had
experienced no medical complications during pregnancy. Three
groups of women were recruited when they were between 30 and
36 wk of gestation. Two of these groups were recruited from an
ongoing study of prenatal supplementation involving �1300
women from this community (24). These women consumed daily
prenatal supplements containing 60 mg Fe (as ferrous sulfate) and
250 �g folate (Fe group) with or without the addition of 15 mg Zn
(as zinc sulfate; Fe+Zn group). Women received prenatal supple-
ments starting at 10–24 wk of gestation and continued supple-
mentation to 1 mo postpartum.

Women in the unsupplemented control group were recruited
from the same study community but did not receive prenatal sup-
plements because they did not enter prenatal care until late in the
third trimester. Women in the control group were provided with
daily iron supplements (60 mg Fe and 250 �g folate) after the
iron-absorption trial was completed (2 wk after they were
recruited into the study). These women therefore received iron
supplementation for �4 wk before the delivery of their infants.

The study was approved by the Committee for Human Research
at the Johns Hopkins School of Hygiene and Public Health and by
the Ethical Committee at the Instituto de Investigación Nutri-
cional, Lima, Peru. Written informed consent was obtained from
each woman before the start of the study. Data on maternal iron
and zinc absorption in these women during the third trimester of
pregnancy were previously reported (25, 26).

Isotope preparation

Iron isotopes of Russian origin were purchased as the metal
(57Fe at 94.67% enrichment and 58Fe at 93.13% enrichment). The
oral 57Fe tracer was converted into ferrous sulfate according to the
procedure of Kastenmayer et al (27), except that no ascorbic acid
was added during tracer preparation to avoid the influence of this
vitamin on iron absorption. The intravenous 58Fe isotope was con-
verted from the metal into a sterile and pyrogen-free solution of
ferrous citrate by Merck Frosst Canada Inc (Quebec). The isotopic
composition of the final tracer solutions was validated by using
magnetic sector thermal ionization mass spectrometry (MAT 261;
Finnigan, Bremen, Germany).

Study design and isotope dosing

On the day the isotopes were administered, fasted (for ≥ 1.5 h)
pregnant women came to the Cesar Lopez Silva hospital, a

baseline venous blood sample (10 mL) was taken, and an intra-
venous 58Fe tracer (0.6 mg as ferrous citrate) was infused over a
10-min interval. On this day each woman also consumed 10 mg
57Fe (as ferrous sulfate) in 60–90 mL of a non–ascorbic
acid–containing flavored drink. Women in the Fe and Fe+Zn
groups also consumed their regular prenatal supplement at this
time. The prenatal supplement ingested on this day was identical
to the supplement normally consumed except that the total iron
content was reduced by 10 mg to keep the total dose of supple-
ment and tracer constant at 60 mg Fe. Women remained fasting
for 1.5 h after dosing. Two weeks after dosing, a 5-mL blood sam-
ple was obtained for analyses of iron isotopes and determination
of maternal iron absorption and red blood cell iron incorporation.
Details of this study were previously reported (25).

When the women went into labor, a fieldworker accompanied
them to the hospital. At delivery, samples of venous cord blood (5
mL, reflecting the isotopic enrichment of the baby and placental
unit) were obtained and heel stick samples of blood (�200 �L)
were collected from each neonate. Although the expected enrich-
ment of oral and intravenous iron tracer should be identical
between the cord and heel stick samples, data from both were col-
lected to confirm this relation and to provide us with sufficient
sample volume to analyze all iron-status indicators in the neonates.

Isolation of iron from samples

Whole blood from neonatal cord (1 mL) and heel stick (200 �L)
blood samples was digested with 15 mL nitric acid in a 25-mL
Erlenmeyer flask by heating overnight on a hot plate. After each
digest was clear, it was transferred to a beaker and evaporated to
dryness. The digested residue was reconstituted in 2–4 mL of 6 N
hydrochloric acid and was covered and heated slightly until the
residue went into solution. Samples were cooled before the chro-
matography process.

Iron was extracted from the digested whole blood by using an
anion exchange chromatography method and was reconstituted in
10–30 �L of 3% nitric acid (28). All acids used were ultrapure
(Ultrex; JT Baker, Phillipsburg, NJ)

Mass spectrometry

Extracted blood samples (10 �L) were processed as previously
reported (29), and isotope ratios were measured by using magnetic
sector thermal ionization mass spectrometry (Finnigan). Typical
relative SDs and precision with the use of this technique are 0.5%
or better. Maternal iron absorption was measured by measuring
the fraction of the oral 57Fe dose incorporated into red blood cells
after adjustment for the fraction of intravenous 58Fe incorporated
into red blood cells over the same interval. In brief, the amount of
57Fe that was absorbed from the oral dose was determined as

Iron absorption = (percentage of oral 57Fe incorporated into
RBCs)/(percentage of intravenous 58Fe
incorporated into RBCs) � 100 (1)

where RBCs is red blood cells.
Detailed calculations for determination of iron absorption and

red blood cell iron incorporation in these women were reported
previously (25).

Calculation of tracer enrichment in the fetus

The degree to which the iron isotope ratios in cord or heel
stick blood were increased over the natural abundance ratios at
baseline was determined as
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TABLE 1
Characteristics of the maternal study population during the third trimester of pregnancy1

Fe group (n = 15) Fe+Zn group (n = 11) Control group (n = 15)

Age (y) 22.7 ± 4.3 (18–30) 23.6 ± 4.1 (18–30) 23.1 ± 4.2 (18–30)
Weight (kg) 62.2 ± 7.8 (49.8–74.7) 62.3 ± 7.7 (49.3–71.2) 61.2 ± 4.2 (52.8–67.2)
Height (cm) 154.0 ± 4.3 (146.0–162.0) 153.9 ± 4.9 (143.5–160.4) 153.0 ± 4.8 (144.7–162.8)
BMI (kg/m2) 26.4 ± 3.4 (21.7–31.4) 26.2 ± 2.5 (22.8–30.5) 26.2 ± 2.0 (23.4 – 30.6)
Gestation (wk) 33.1 ± 1.7 (30–36 ) 33.4 ± 1.4 (32–36) 32.3 ± 0.7 (32–34)
Iron absorption (%)2 11.5 ± 8.33 (1.0–32.7) 12.2 ± 5.9 (1.2–19.1) 12.2 ± 4.6 (5.1–23.8)

1 x– ± SD; range in parentheses. There were no significant differences between the groups for the variables presented.
2 Measured during the third trimester of pregnancy with the use of oral (57Fe) and intravenous (58Fe) stable iron isotopes.
3 n = 14.

Change in percent excess 57/56Fe = (57/56 Fe observed � 57/56Fe
baseline)/(57/56Fe baseline) � 100 (2)

The same equation was used for the 58/56Fe change in percent
excess, substituting the 58/56Fe baseline and observed ratios into the
equation. The natural abundance ratios of the 57/56Fe and 58/56Fe
tracers used were 0.02326 and 0.00311, respectively.

Calculation of iron transfer to the fetus

The total circulating iron pool in the neonates was determined by
assuming a neonatal blood volume of 80 mL/kg (30, 31) and the iron
content of hemoglobin (3.47 g/mL) with the following equation (28, 32):

Circulating Fe pool (mg) = 80 mL/kg � cord hemoglobin 
(g/mL) � 3.47 (3)

The total amount of naturally occurring 58Fe and 57Fe in the
neonates’ blood was determined by multiplying the total circulat-
ing iron pool by the natural abundance level for each of the 57Fe
and 58Fe tracers administered (0.0214 and 0.00287, respectively).
The total milligram quantities of oral iron tracer transferred to the
neonates’ circulation were calculated as

57Fe tracer transferred to neonatal circulation (mg) = 
(change in percent excess 57Fe/100) �
(quantity of naturally occurring 57Fe in 
neonatal circulation) (4)

The same equation was used to estimate the total quantity of
the intravenously administered maternal 58Fe transferred to the
neonatal circulation by substituting the change in percent excess
of 58Fe and the estimated naturally occurring 58Fe in the neonate.

The net daily transfer of isotope to the fetus was determined by
dividing the total quantity of tracer transferred (mg) to the fetus by
the number of days that had elapsed between maternal dosing and
parturition. The percentage of iron transferred to the fetus in rela-
tion to the net amount of iron tracer absorbed by the mother was
then calculated as

Amount of 57Fe tracer in the neonate (mg)/{(percentage of 
Fe absorption in mother/100) � [57Fe dose/
(percentage RBC incorporation/100)]} � 100 (5)

Iron-status indicators in cord blood

Total iron was measured in cord blood samples by using a col-
orimetric procedure. Hemoglobin was analyzed by using the
cyanomethemoglobin method, and packed cell volume was ana-
lyzed by using the microhematocrit method. Serum ferritin was
measured by enzyme-linked immunosorbent assay with human
antiferritin and antiferritin peroxidase antibodies purchased
from DAKO (Santa Barbara, CA). Serum transferrin receptors

were measured with a commercially available enzyme-linked
immunosorbent assay (Quantikine R&D Systems, Minneapo-
lis). Serum folate and vitamin B-12 were measured in the same
sample by radioimmunoassay (Diagnostic Products Corpora-
tion, Los Angeles).

Statistical analyses

Analysis of variance was used to detect significant differences
in measured variables among supplementation groups. Scheffe’s
test was used for post hoc comparisons. All data are expressed as
means ± SDs. Linear regression analysis was used to examine the
relations between iron-status indicators and enrichment of the
tracers in cord blood. For statistical purposes, ferritin values were
transformed by using a natural logarithm. Data are presented as
the nontransformed values for interpretation purposes. Stepwise
regression was used to examine the relations between maternal
and neonatal iron-status variables and enrichment of oral and
intravenous tracer in the neonates at birth. Statistical analyses
were completed by using the STATVIEW 5.0.1 software program
(SAS Institute Inc, Cary, NC). All differences were considered
significant at P < 0.05.

RESULTS

The physical characteristics of the study population are pre-
sented in Table 1. No significant differences were observed in
maternal anthropometric measures between the 3 study groups.
Mothers in the Fe and Fe+Zn groups entered the supplementation
study at similar stages of gestation (15.7 ± 4.9 and 15.0 ± 4.6 wk
of gestation, respectively). Compliance (determined from twice-
weekly pill counts) did not significantly differ between the Fe and
Fe+Zn groups (140 ± 43 and 166 ± 34 tablets, respectively).

As previously reported, iron status was significantly improved in
women consuming prenatal supplements during pregnancy compared
with that in the unsupplemented group (25). Despite differences in
iron status, however, maternal absorption of nonheme iron during the
third trimester of pregnancy did not significantly differ between the
3 study groups and averaged 11.5 ± 8.3% in the Fe group, 12.2 ±
5.9% in the Fe+Zn group, and 12.2 ± 4.6% in the control group.

All neonates had birth weights > 2500 g and no significant dif-
ferences were present in neonatal birth weight or length between
groups. Neonatal anthropometric and hematologic data are pre-
sented in Table 2. Hematocrit was significantly higher and total-
iron-binding capacity was significantly lower in cord blood from
the control group than in cord blood from the Fe or Fe+Zn group.

The mean change in percent excess of 57Fe and 58Fe in neona-
tal cord or heel stick blood samples obtained at birth and the net
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TABLE 2
Birth weight and hematologic status in the neonates1

Variable Fe group (n = 7 M, 8 F) Fe+Zn group (n = 5 M, 6 F) Control group (n = 8 M, 7 F)

Birth weight (g) 3156 ± 418 [15] 3087 ± 282 [11] 3109 ± 504 [15)
Cord hemoglobin (g/L) 155.0 ± 15.0 [13] 163.2 ± 14.0 [11] 150.4 ± 16.0 [15]
Cord hematocrit (%) 37.5 ± 4.7a [13] 37.1 ± 3.6a [11] 43.7 ± 8.8b [15]
Cord ferritin (�g/L) 201.5 ± 107.6 [6] 187.5 ± 66.9 [4] 170.1 ± 70.7 [15]
Cord TIBC (�g/dL) 610.5 ± 97.1a [13] 615.6 ± 134.3a [9] 465.4 ± 99.8b [15]
Cord sTFR (nmol/L) 23.0 ± 7.6 [11] 27.5 ± 7.0 [10] 25.6 ± 6.3 [14]
Cord serum iron (�g/dL) 158.4 ± 40.0 [14] 138.0 ± 37.4 [10] 143.1 ± 48.0 [15]
Cord folate (ng/mL) 10.1 ± 3.1 [8] 10.6 ± 3.4 [10] 11.8 ± 5.4 [5]
Cord vitamin B-12 (pg/mL) 152.6 ± 52.2 [8] 284.9 ± 180.1 [10] 240.5 ± 106.6 [6]

1 x– ± SD; n in brackets. TIBC, total-iron-binding capacity; sTFR, serum transferrin receptor. Means with different superscript letters are significantly dif-
ferent, P < 0.05 (Scheffe’s correction for multiple comparisons).

TABLE 3
Change in percentage excess of orally (57Fe) and intravenously (58Fe) administered stable iron isotopes and net transfer of oral isotope to the fetus1

Variable and sample analyzed Fe group Fe+Zn group Control group

Excess of 57Fe (%)
Cord blood 2.72 ± 1.42a [14] 2.36 ± 1.42a [11] 4.08 ± 0.96b [15]
Heel stick blood 2.54 ± 1.15a [13] 3.07 ± 1.25a [9] 4.64 ± 1.49b [11]

Excess of 58Fe (%)
Cord blood 11.64 ± 4.27 [14] 12.58 ± 3.70 [11] 12.82 ± 2.43 [14]
Heel stick blood 12.27 ± 3.31 [11] 11.78 ± 1.42 [9] 13.43 ± 2.86 [9]

Net 57Fe transferred to fetus (mg)2

Cord blood 0.085 ± 0.045 [13] 0.070 ± 0.039 [11] 0.112 ± 0.031 [15]
Net 58Fe transferred to fetus (mg)

Cord blood 0.049 ± 0.021 [13] 0.050 ± 0.015 [11] 0.048 ± 0.012 [14]
57Fe absorbed by mother and transferred to fetus (%)

Cord blood 7.02 ± 3.6 [13] 6.40 ± 6.9 [11] 8.62 ± 4.5 [15]
1 x– ± SD; n in brackets. Means in the same row with different superscript letters are significantly different, P < 0.01 (Scheffe’s correction for multiple

comparisons).
2 Mean for the control group significantly different from the combined mean of the iron-supplemented groups (Fe and Fe+Zn groups), P < 0.01 (Scheffe’s

correction for multiple comparisons).

transfer of these tracers to the fetus are presented in Table 3. Sta-
ble-isotope measures in neonatal cord and heel stick blood samples
were significantly positively correlated for both 57Fe (R = 0.807,
P < 0.0001; n = 32) and 58Fe (R = 0.440, P < 0.02; n = 27).
Despite no significant differences in the percentage of iron
absorption in the mothers, the net transfer of the oral nonheme
iron tracer (57Fe) to the neonates was significantly greater in
neonates born to women in the control group than in those born
to women in the Fe or Fe+Zn group (Table 3). A significant pos-
itive relation was seen between the percentage of iron absorption
in the mother and the net transfer of the oral 57Fe tracer to the
fetus (R = 0.476, y = 0.54 + 0.003x, P < 0.005; n = 39).

After the data from all study groups were pooled, a significant
linear relation was observed between maternal serum transferrin
receptor concentration and the transfer of the oral iron tracer (57Fe)
to the fetus (R = 0.379, y = 0.059 + 0.002x, P < 0.02; n = 38). A
highly significant inverse relation was also observed between the
natural log of maternal serum ferritin concentrations and the trans-
fer of the oral iron tracer to the fetus (R = 0.578, y = 0.189 �
0.037x, P < 0.0001; n = 48; Figure 1). The amount of the 57Fe
tracer in the fetus was also inversely related to maternal folate
concentrations during the third trimester of pregnancy (R = 0.359,
y = 0.14 – 0.009x, P = 0.005; n = 32).

Relations between hematologic measures in cord blood (includ-
ing serum transferrin receptors, ferritin, vitamin B-12, folate,

hemoglobin, hematocrit, and total-iron-binding capacity) and the
net transfer of 57Fe to the neonate were examined. Ferritin con-
centrations in cord blood were significantly inversely related
(P = 0.04, R = �0.432; n = 24) and cord hematocrit values were
significantly linearly related (P = 0.02, R = 0.367; n = 38) to the
amount of 57Fe transferred to the fetus. Higher cord serum trans-
ferrin receptor concentrations were associated with a higher trans-
fer of 57Fe to the fetus, although this relation was not significant
(P = 0.07, R = 0.311; n = 35). The amount of the intravenous iron
tracer (58Fe) in the neonate at birth was not significantly related to
maternal serum ferritin, maternal iron absorption, or maternal red
blood cell iron incorporation or cord blood iron-status indicators.

DISCUSSION

It is unknown whether the amount of iron transferred to the
fetus is proportional to the amount of iron available in the mother
or whether the fetus preferentially receives iron from maternal
reserves in response to maternal iron status or fetal requirements.
Our data suggest that the transfer of dietary iron to the fetus is
significantly related to maternal and neonatal iron status. Transfer
of intravenously administered iron to the fetus was not regulated
in response to maternal or fetal iron status.

Maternal iron stores, as determined by serum ferritin concen-
trations, were the strongest predictor of the degree of enrichment
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FIGURE 1. Transfer of nonheme dietary iron to the fetus was measured in 41 Peruvian women who received 10 mg 57Fe orally during the third
trimester of pregnancy (x– ± SD: 33 ± 1 wk gestation). The amount of the stable isotope in the neonatal circulation was measured in cord blood samples
obtained at delivery. Women in the intervention groups had received prenatal supplements containing 60 mg Fe and 250 �g folate with (Fe+Zn group)
or without (Fe group) 15 mg Zn from week 10–24 of pregnancy to 1 mo postpartum. Women in the control group received iron supplementation only
(60 mg Fe and 250 �g folate) over the final 32 ± 15 d of their pregnancy. The net amount of the stable iron isotope transferred to the fetus was inversely
related to maternal ferritin concentrations during the third trimester of pregnancy. A significantly greater net amount of 57Fe was transferred to the fetus
in women with depleted ferritin stores (y = 0.123 � 0.002x, R = 0.544, P < 0.001; n = 38).

of the oral iron tracer in the neonates at birth. A significantly
higher amount of the oral tracer was present in neonates born to
mothers with depleted iron reserves. Serum transferrin receptors
are also an indicator of tissue iron sufficiency. This receptor, found
on the cell membrane, mediates cellular iron uptake. A fraction of
this receptor is released into the circulation such that elevations
in serum transferrin receptor are indicative of tissue iron deple-
tion (33). In our study, serum transferrin receptor was also linearly
related to the net transfer of the oral tracer to the neonate. Iron sta-
tus in the neonate as determined by cord ferritin and hematocrit
values was also significantly related to the net amount of 57Fe
present in the neonate at delivery.

In addition to the relations found between maternal and neona-
tal iron-status indicators and transfer of the oral iron tracer to the
fetus, a significant correlation was evident between maternal
folate concentrations and the amount of oral iron tracer in the
neonate. This finding may in part be due to the presence of folate
in the iron supplements, because there was a strong correlation
between maternal folate status and serum ferritin concentrations.
This finding may also be related to relations between maternal
folate status and placental integrity, because folate deficiency
increases apoptosis of human placental trophoblastic cells (34)
and has been related to increased risk of low birth weight and fetal
growth retardation (35, 36).

Increased transfer of dietary iron to the fetus might be related
to changes in the expression of placental iron transport proteins,
but these were not measured in our study. It has been shown that
increased fetal iron demand or maternal iron insufficiency is
related to both an increase in the expression of placental transfer-
rin receptor on the syncytiotrophoblast (37) and an increase in the
expression of the ferritin receptor in the placental microvilli
membrane (38). Expression of the endosomal membrane iron
transporter, divalent metal ion transporter (DMT-1), has also been

shown to be involved in the transfer of iron from the syncytiotro-
phoblastic endosome into the cytoplasm (22). Moreover, placen-
tal iron regulatory protein 1 activity has been directly related to
transferrin receptor messenger RNA concentrations in human pla-
centa, and expression of this protein has been found to be related
to the iron content of the placenta (23).

No significant relation was evident between the number of days
between maternal isotope dosing and parturition and the amount
of tracer present in the neonate’s circulation across the range of
time elapsed between maternal dosing and delivery (7–69 d). This
indicates that most of the dietary iron was transferred to the fetus
relatively rapidly and that little iron tracer in the maternal circu-
lation was remobilized and transferred to the fetus over the sub-
sequent course of gestation. This finding is consistent with early
radiotracer data showing the transfer of an oral 59Fe radiotracer to
fetal circulation within 40 min of administration in a pregnant
woman in active labor (39). Another early 59Fe radiotracer study
found that 59Fe was measurable in the fetal circulation when
administered orally to pregnant women 1.5–21 d before parturi-
tion (40). Transfer of intravenous 59Fe radiotracer to the fetus also
appears to be very rapid; early studies detected radiolabeled iron
in the fetus within 12 min of introducing the 59Fe into the mother’s
blood (41).

Rapid transfer of the oral iron tracer to the fetus suggests that
the tracer was transferred before incorporation in maternal hemo-
globin. A limitation with stable-isotope studies is that the mass of
iron administered can be large in relation to the size of the misci-
ble iron pool. The amount of oral iron tracer absorbed by both
groups was �1 mg. Additional iron absorbed from the dietary sup-
plements would contribute �6 mg Fe in the iron-supplemented
groups. Although these amounts of absorbed iron are consistent
with requirements for absorbed iron during the third trimester of
pregnancy (3.54–8.8 mg/d) (5), it is not known whether these
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differences in the total mass of iron absorbed would have affected
the placental handling of iron between these groups.

The relatively rapid transfer of dietary iron to the fetus indi-
cates that the isotope method used to measure iron absorption
during pregnancy underestimates true maternal iron absorption,
because this technique assumes all absorbed iron is incorporated
into the maternal red blood cell. Our data show that there is a
transfer of dietary iron to the fetus and that the degree of this
transfer is not reflected by differences in the incorporation of
dietary iron into the maternal red blood cell. The average amount
of 57Fe tracer found in the neonate’s circulation at birth was
0.09 mg, which corresponds to an average of 7.5% of the
absorbed maternal oral dose. Although this amount is relatively
small, it would underestimate true maternal iron absorption on
average by 5%. The degree of transfer of dietary iron to the fetus
that we observed in our study is consistent with early radiotracer
studies undertaken by Hahn et al (42) in 68 pregnant women. In
that study, neonatal blood at delivery contained an amount of
radioactivity that was comparable to 7–10% of the amount of
radioactive iron that the mother absorbed and incorporated into
her red blood cells irrespective of the time of gestation or the dose
of iron administered (42). Iron isotope methods used in iron
absorption studies during pregnancy therefore measure maternal
iron utilization but underestimate true iron absorption. Our data
indicate that the degree of this underestimation would be larger
in women with depleted iron reserves.

Maternal iron status influenced the stable iron isotope enrich-
ments in the neonates’ circulation, but we were unable to address
the partitioning of isotopic tracer into fetal iron reserves or the
fraction of isotope that might have been retained in the placenta.
Moreover, it is unknown whether the degree of increase in trans-
fer of dietary iron to the fetus would lead to an increase in fetal
iron stores or whether this allowed the fetus to acquire iron stores
similar to those accumulated by iron-replete groups. Studies by
Georgieff et al (23) determined that up-regulation of the placen-
tal transferrin receptor does not result in an increase in iron trans-
fer to the fetus sufficient to restore iron pools to normative levels,
and studies in diabetic women found that up-regulated placental
iron uptake mechanisms do not prevent tissue iron deficits in
infants born to diabetic women (43). Despite the magnitude of the
difference in iron transfer found in our study, only subtle differ-
ences in iron status were evident in the neonates, and cord
hemoglobin differences between the unsupplemented and iron-
supplemented groups were not significant.

In conclusion, transfer of dietary iron to the fetus is regulated in
response to maternal iron status. Transfer of intravenously adminis-
tered iron (58Fe) from the mother to the fetus was not significantly
regulated in response to maternal iron status. This finding indicates
that most of the physiologic regulation of iron transfer to the fetus
occurs at the level of the gut and suggests that the iron needs of the
fetus take priority over maternal requirements. The signals responsi-
ble for the up-regulation of iron uptake and transfer mechanisms at
the level of the placenta have not been fully characterized. More
research is needed to characterize these mechanisms as well as to
address the effect of these differences in iron transfer on the ability of
the neonate to maintain iron status during the first 6 mo of life.

We extend our sincere appreciation to the women who volunteered to par-
ticipate in this study and acknowledge Alberto Figueroa, Juanita Callali, and
Teresa Enco (auxiliary nurse) for their medical care of these women; Dong-
Xiao Yang, Sanju Jalla, Lily Liang, and Jianping Wen for technical assistance;

and Ian Griffin for helpful discussions about these data. The participation of
the medical personnel at the Hospital Cesar Lopez Silva in Villa El Salvador
and the collaboration of the local health authorities of the Ministry of Health
from DISA II Lima Sur and SBS/Villa El Salvador were essential to the suc-
cessful completion of this project.

KOO was responsible for study design and article preparation. NZ assisted
in the design of the study and implemented the clinical studies in Peru. LEC
was responsible for the design of the larger supplementation study from which
the supplemented women were recruited and assisted in the study implemen-
tation and statistical analyses. SAA was responsible for the isotopic analyses
and assisted in the study design. No authors had conflicts of interest with any
company or organization sponsoring this research.

REFERENCES
1. WHO, Maternal Health and Safe Motherhood Division of Family

Health. The prevalence of nutritional anaemia in women. Geneva:
WHO, 1991.

2. Allen LH. Anemia and iron deficiency: effects on pregnancy outcome.
Am J Clin Nutr 2000;71(suppl):1280S–4S.

3. Scholl TO, Reilly T. Anemia, iron and pregnancy outcome. J Nutr
2000;130:443S–7S.

4. Garn SM, Ridella SA, Petzold AS, Falkner F. Maternal hematologic
levels and pregnancy outcomes. Semin Perinatol 1981;5:155–62.

5. Viteri FE. The consequences of iron deficiency and anemia in preg-
nancy. In: Allen L, King J, Lonnerdahl B, eds. Nutrient regulation
during pregnancy, lactation and growth. New York: Plenum Press,
1994.

6. Lozoff B, Wolf AW, Jimenez E. Iron-deficiency anemia and infant
development: effects of extended oral iron therapy. J Pediatr 1996;
129:382–9.

7. Walter T. Effect of iron-deficiency anaemia on cognitive skills in
infancy and childhood. Baillieres Clin Haematol 1994;7:815–27.

8. Lozoff B, Jimenez E, Hagen J, Mollen E, Wolf AW. Poorer behav-
ioral and developmental outcome more than 10 years after treatment
for iron deficiency in infancy. Pediatrics [serial online] 2000;105:E51.
Internet: http://www.pediatrics.org/cgi/content/full/105/4/e51 (accessed
14 January 2003).

9. Bothwell TH. Iron requirements in pregnancy and strategies to meet
them. Am J Clin Nutr 2000;72(suppl):257S–64S.

10. Mora JO, Mora OL. Micronutrient deficiencies in Latin America and
the Caribbean: iodine, calcium and zinc. Washington, DC: USAID/
WHO, 1998.

11. Mora JO, Mora OL. Micronutrient deficiencies in Latin America and
the Caribbean: iron deficiency anemia. Washington, DC: USAID/
WHO, 1998.

12. Sacco LM, Caulfield LE, Zavaleta N, Retamozo L. Usual mineral
intakes of Peruvian women during pregnancy. FASEB J 1999;13:
A250 (abstr).

13. Zavaleta N, Caulfield LE, Garcia T. Changes in iron status during
pregnancy in Peruvian women receiving prenatal iron and folic acid
supplements with or without zinc. Am J Clin Nutr 2000;71:956–61.

14. Harthoorn-Lasthuizen EJ, Lindemans J, Langenhuijsen MM. Does
iron-deficient erythropoiesis in pregnancy influence fetal iron sup-
ply? Acta Obstet Gynecol Scand 2001;80:392–6.

15. Wong CT, Saha N. Inter-relationships of storage iron in the mother, the
placenta and the newborn. Acta Obstet Gynecol Scand 1990;69:613–6.

16. Lao TT, Loong EP, Chin RK, Lam CW, Lam YM. Relationship
between newborn and maternal iron status and haematological
indices. Biol Neonate 1991;60:303–7.

17. Allen LH. Pregnancy and iron deficiency: unresolved issues. Nutr
Rev 1997;55:91–101.

18. Halvorsen S. Iron balance between mother and infant during preg-
nancy and breastfeeding. Acta Paediatr 2000;89:625–7.

19. Georgieff MK, Mills MM, Gordon K, Wobken JD. Reduced neonatal
liver iron concentrations after uteroplacental insufficiency. J Pediatr
1995;127:308–11.



930 O’BRIEN ET AL

20. Choi JW, Kim CS, Pai SH. Erythropoietic activity and soluble trans-
ferrin receptor level in neonates and maternal blood. Acta Paediatr
2000;89:675–9.

21. Harris ED. New insights into placental iron transport. Nutr Rev 1992;
50:329–31.

22. Georgieff MK, Wobken JK, Welle J, Burdo JR, Connor JR. Identifi-
cation and localization of divalent metal transporter-1 (DMT-1) in
term human placenta. Placenta 2000;21:799–804.

23. Georgieff MK, Berry SA, Wobken JD, Leibold EA. Increased pla-
cental iron regulatory protein-1 expression in diabetic pregnancies
complicated by fetal iron deficiency. Placenta 1999;20:87–93.

24. Caulfield LE, Zavaleta N, Figueroa A, Leon Z. Adding zinc to pre-
natal iron and folate supplements does not affect duration of preg-
nancy or size at birth in Peru. J Nutr 1999;129:1563–8.

25. O’Brien KO, Zavaleta N, Caulfield LE, Yang DX, Abrams SA. Influ-
ence of prenatal iron and zinc supplements on supplemental iron
absorption, red blood cell iron incorporation, and iron status in preg-
nant Peruvian women. Am J Clin Nutr 1999;69:509–15.

26. O’Brien KO, Zavaleta N, Caulfield LE, Wen J, Abrams SA. Prenatal
iron supplements impair zinc absorption in pregnant Peruvian
women. J Nutr 2000;130:2251–5.

27. Kastenmayer P, Davidsson L, Galan P, Cherouvrier F, Hercberg S,
Hurrell RF. A double stable isotope technique for measuring iron
absorption in infants. Br J Nutr 1994;71:411–24.

28. Abrams SA, Wen J, O’Brien KO, Stuff JE, Liang LK. Application of
magnetic sector thermal ionization mass spectrometry to studies of
erythrocyte iron incorporation in small children. Biol Mass Spectrom
1994;23:771–5.

29. Abrams SA, O’Brien KO, Wen J, Liang LK, Stuff JE. Absorption by
1-year-old children of an iron supplement given with cow’s milk or
juice. Pediatr Res 1996;39:171–5.

30. Mollison PL, Veal N, Cutbush M. Red cell and plasma volume in
newborn infants. Arch Dis Child 1950;25:242–53.

31. Jegier W, MacLaurin J, Blankenship W, Lind J. Comparative study of
blood volume estimation in the newborn infant using I131 labeled

human serum albumen (IHSA) and T-1824. Scand J Clin Lab Invest
1964;16:125–32.

32. Fomon SJ, Serfass RE, Nelson SE, Rogers RR, Frantz JA. Time
course of and effect of dietary iron level on iron incorporation into
erythrocytes by infants. J Nutr 2000;130:541–5.

33. Ponka P, Lok CN. The transferrin receptor: role in health and disease.
Int J Biochem Cell Biol 1999;31:1111–37.

34. Steegers-Theunissen RP, Smith SC, Steegers EA, Guilbert LJ, Baker
PN. Folate affects apoptosis in human trophoblastic cells. BJOG
2000;107:1513–5.

35. Scholl TO, Johnson WG. Folic acid: influence on the outcome of
pregnancy. Am J Clin Nutr 2000;71(suppl):1295S–303S.

36. Rondo PH, Tomkins AM. Folate and intrauterine growth retardation.
Ann Trop Paediatr 2000;20:253–8.

37. Petry CD, Wobken JD, McKay H, et al. Placental transferrin recep-
tor in diabetic pregnancies with increased fetal iron demand. Am J
Physiol 1994;267:E507–14.

38. Liao QK, Kong PA, Gao J, Li FY, Qian ZM. Expression of ferritin
receptor in placental microvilli membrane in pregnant women with
different iron status at mid-term gestation. Eur J Clin Nutr 2001;
55:651–6.

39. Pommerenke WT, Hahn PF, Bale WF, Balfour WM. Transmission
of radio-active iron to the human fetus. Am J Physiol 1942;137:
164–70.

40. Naeslund J. Studies on placental permeability with radioactive iso-
topes of phosphorus and iron. Acta Obset Gynecol Scand 1951;30:
231–46.

41. Fletcher J, Suter PE. The transport of iron by the human placenta.
Clin Sci 1969;36:209–20.

42. Hahn PF, Carothers EL, Darby WJ, et al. Iron metabolism in human
pregnancy as studied with the radioactive isotope Fe59. Am J
Obstet Gynecol 1951;61:477–83.

43. Petry CD, Eaton MA, Wobken JD, Mills MM, Johnson DE, Georgieff MK.
Iron deficiency of liver, heart, and brain in newborn infants of dia-
betic mothers. J Pediatr 1992;121:109–14.


