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Abstract Iron is an essential micronutrient and is important not only in carrying oxygen but also to
the catalytic activity of a variety of enzymes. In the fetus, it is vital to the synthesis of
hemoglobin and in brain development. Iron deficiency (ID) anemia in pregnancy is a
common problem, even in high-income country settings. Around 50% of pregnant
women worldwide are anemic, with at least half of this burden due to ID. Iron
supplements are widely recommended and used during pregnancy globally. However,
the evidence on the extent of benefit they contribute to the offspring’s health is not well
established, and their routine use has its side effects and drawbacks. Dietary iron intake
is difficult to assess accurately and it is unlikely to be sufficient to meet the demands of
pregnancy if women start with inadequate body iron stores at conception. Evidence
from experimental animal models suggests that maternal ID during pregnancy is
associated with fetal growth restriction, as well as offspring obesity and high blood
pressure later in life. The possible biological mechanisms for this observed association
may be due to ID-induced changes in placental structure and function, enzyme
expression, nutrient absorption, and fetal organ development. However, such evidence
is limited in human studies. Prenatal ID in experimental animal models also adversely
affected the developing brain structures, neurotransmitter systems, and myelination
resulting in acute brain dysfunction during the period of deficiency and persistence of
various postnatal neurobehavioral abnormalities as well as persistent dysregulation of
some genes into adult life after iron repletion pointing to the possibility of gene
expression changes. The evidence from human population studies is limited and
heterogeneous and more research is needed in the future, investigating the effects
of ID in pregnancy on future offspring health outcomes.
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the function of body enzymes necessary for electron transfer and
oxidation-reduction reactions.? Its deficiency limits oxygen
delivery to cells. In the fetus, iron is used to synthesize Hb,3

Introduction

Why Is Iron Important?

The human body requires iron for essential physiological func-
tions including oxygen transport, hemoglobin (Hb) and myoglo-
bin synthesis, and cell growth and differentiation. It is vital for
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and is essential in brain development.* The size of iron stores
required at each stage of pregnancy to ensure an optimal
outcome for the mother and the child is still not exactly known.
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Iron balance in the body is determined by several
elements: iron intake and absorption, iron loss, and body
iron stores. Inadequate iron intake leads to enhancing
dietary iron absorption, mobilizing body iron stores, reduc-
ing iron transport to the bone marrow, and eventually
lowering Hb levels leading finally to anemia.’ Genetics
also influence body iron. Women who carry a C282Y
mutation in the hemochromatosis (HFE) gene are more
likely, in the homozygous state, to suffer from hemochro-
matosis, a condition which is characterized by iron over-
load in the liver, through increased intestinal absorption of
iron. About 12 to 20% of northern Europeans are hetero-
zygotes for this mutation.® These HFE gene mutation car-
riers are usually asymptomatic. However, they tend to have
higher total body iron stores.”-8

During pregnancy, all the iron delivered to the fetus comes
from maternal stores, absorption of dietary iron, or turnover
of maternal erythrocytes.® As there is an increased demand
for iron during this period to cover the mother and the baby’s
needs, this is likely to affect iron balance in the body leading to
maternal iron deficiency, particularly if the pregnancy starts
with inadequate iron stores.

Stages of Iron Deficiency
Iron deficiency refers to a spectrum ranging from iron
depletion to iron deficiency anemia (IDA). Women can
experience one or more of these stages at different time
points prior to conception, during pregnancy, and postpar-
tum. The first stage is iron depletion when the amount of
stored iron, which is measured by serum ferritin (sF)
concentrations, is reduced; however, the amount of trans-
port and functional iron may not be affected. Those with
iron depletion do not have iron stores to mobilize if the
body requires additional iron, as in the case of pregnancy.'®
The cutoff level for iron depletion according to World
Health Organization guidelines is sF less than 15 pg/L."!
This is the most common clinical test used to diagnose iron
depletion in pregnancy. This leads to the second stage,
which is iron-deficient erythropoiesis (IDE). In this stage,
stored iron is depleted and transport iron, measured by
transferrin saturation (TS), is reduced further. The amount
of iron absorbed is not sufficient to replace the amount lost
or to provide the amount needed for growth and function.
The shortage of iron limits red blood cell production and
results in increased erythrocyte protoporphyrin concen-
tration and increased serum transferrin receptor (sTfR)
levels.?'% This in turn leads to the development of IDA.
Anemia accounts for 9% of the total disability from all
conditions in 2010, with children younger than 5 years and
women having the highest burden.'® IDA is the most common
etiology of anemia. It is defined as anemia accompanied by
depleted iron stores and signs of a compromised iron supply
to the tissues. It is the most severe form of ID. Shortage of iron
stores, transport, and functional iron result in reduced Hb
production leading to a fall in its blood levels, in addition to
low sF, low TS, increased sTfR, and erythrocyte protoporphy-
rin concentrations.'”
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Iron Requirements during Pregnancy
During pregnancy, extra iron is required to cover the increas-
ing red cell mass, plasma volume, and the growth of the
fetoplacental unit. The body’s capacity to increase absorption
during pregnancy starts with around 8% of ingested iron in
the first trimester and progressively increases to 37% by 36
weeks' gestation.'? One study, when all women had sF >12
ug/L at recruitment in the first trimester, found the propor-
tion of ferrous iron absorbed to be 7, 36, and 66% in gesta-
tional weeks 12, 24, and 36, respectively, compared with
around 11% in nonpregnant women."? It appears that the
increased absorption of iron during pregnancy is elicited by
depleted iron stores. This is demonstrated an inverse rela-
tionship between sF and iron absorption during
pregnancy.'3~1°

The average total amount of iron which a women needs to
mobilize during her pregnancy is 1,200 mg.'® The fetus takes
up approximately 400 mg over full gestation, with up to
175 mg accumulating in the placenta. Pregnant women
require an extra 1 mg/day in the first trimester, 4 to 5 mg/
day in the second trimester, and a minimum of an extra 6 mg/
day in the third trimester if they were to meet their pregnan-
cy iron demands.'> However, it is still unlikely that iron
requirements during late pregnancy can be met through
diet alone, even with optimal absorption, if the pregnancy
starts with inadequate iron stores.!”” Therefore, a woman
must enter pregnancy with iron stores of >300 mg if she is
to meet her requirements fully.'® In fact, in a study that
assessed iron status in early pregnancy, women with initial
iron depletion (sF < 12 ng/L) were more likely to have iron
depletion and ID (sF < 12 pg/L and TS <16%) throughout
pregnancy compared with women who start their pregnancy
noniron depleted (sF > 12 ng/L), despite the iron-depleted
women receiving iron supplements.19

Epidemiology of Iron Deficiency in
Pregnancy

ID remains the leading single nutrient deficiency in the
world.?? It is estimated to affect 1 to 2 billion people, with
women of childbearing age, infants, and young children
particularly at risk. Around 50% of pregnant women world-
wide are anemic, with at least half of this burden due to
ID.2%2" The prevalence of IDA varies from 31% of pregnant
women in South America to 64% in South Asia, with approxi-
mately 88% in India alone.? Up to 40% of women worldwide
have very low iron stores.?2 ID during pregnancy is not just a
problem in low- and middle-income countries. It is also
common in high-income countries.>~2> About 25 to 40% of
pregnant women in Western societies are estimated to have
ID.?® with this problem being more pronounced in lower
socioeconomic groups.27 In Denmark, for example, 42% of
women of childbearing age were found to have small iron
reserves.?*

In the next two sections, this review presents the evi-
dence for the association of maternal iron status in preg-
nancy with cardiovascular disease (CVD) risk in the
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offspring and the long-term neurobehavioral consequences
of fetal/neonatal ID.

Maternal Iron Status in Pregnancy and
Cardiovascular Disease Risk in the Offspring

Fetal life is a period of rapid development. Inadequate or
imbalanced maternal nutrition during this period can alter
physiological structures and/or functions leading to an in-
creased risk of chronic disease in later life.?® Fetal growth and
development is likely to be most sensitive to maternal dietary
deficiencies during early pregnancy.’ Birth weight has been
strongly linked to CVD morbidity and mortality. The initial
finding of Barker and colleagues 25 years ago of an association
between weight at birth and mortality from ischemic heart
disease has resulted in extensive research into the develop-
mental origins of health and disease.?*3°

Maternal ID during pregnancy in animal models results in
the development of offspring obesity, hypertension, and
other adverse cardiovascular outcomes in the long
term.>' 73 This effect is observed even when the pups main-
tain normal iron levels throughout postnatal life.3'~34

Pups of rat models fed an iron-deficient diet prior to and
throughout pregnancy have higher mortality rate, are born
smaller, and have larger hearts and smaller kidneys and
spleens. Raised blood pressure in males born to mothers in
the intervention group was observed despite the offspring
having a normal iron status.>> In another study, systolic blood
pressure was raised in both males and female offspring of
iron-restricted dams at 3 months of age.37 The postnatal rise
in systolic blood pressure associated with maternal anemia
during pregnancy was not related to the greater placental to
birth weight ratio.>! Iron supplementation during early, but
not late, pregnancy reverses the effect of ID on birth size and
the expression of iron metabolism genes.>®

Postulated Biological Mechanisms for the Association
between Maternal ID and CVD Risk in the Offspring
Evidence from animal studies shows that birth weight is partly
dependent on the mother’s iron status and not that of the
neonate.>® Thus, maternal ID may affect fetal development by
indirect mechanisms. ID-induced changes in maternal metabo-
lism may have downstream effects on placental structure and
function, enzyme expression, nutrient interactions, and fetal
organ development.**? These potential biological pathways are
reviewed later and illustrated in =Fig. 1.

Placental Structure and Function

The placenta is the principal organ that delivers nutrients to
the developing fetus. Therefore, any stress that interferes with
placental development or function is likely to have adverse
consequences for the developing fetus. The placental struc-
ture is altered in maternal anemia. Changes due to maternal
IDA include reduced capillary length and surface area and
increased placental vascularization at term with reduced
maternal sF and Hb levels.3?3” The surface area of capillaries
involved in gas exchange is strongly and inversely related to
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Fetal programming

Fig. 1 Potential biological pathways for the observed effect of
maternal iron deficiency on offspring cardiovascular disease risk.
Reversal window of adverse offspring outcomes if iron is administered
by 12.5 days of rat gestation.*? ID, iron deficiency; FGR, fetal growth
restriction.

maternal sF concentrations.*! Maternal anemia has also been
shown to be associated with increased placental weight and
reduced ratio of fetal weight to placental weight.?”:*? The
relationship between maternal ID with placental size and
birth weight exists across the normal range for these meas-
ures and is not just restricted to severely anemic mothers.
This increase in placental weight has been interpreted as
compensatory placental hypertrophy.

In terms of placental function, increased proinflammatory
cytokine, leptin, and tumor necrosis factor levels in the
placenta have been associated with ID. Maternal ID has also
been shown to cause fetal plasma amino acid and cholesterol
and triacylglycerol levels to be decreased, suggesting de-
creased placental transport of amino acid and nonesterified
fatty acids to the fetus.3” The exact mechanisms for these
changes are yet unclear.

Enzyme Expression

ID in the mother may reduce the activity of the enzymes that
use iron as a cofactor, for example, DNA polymerases as well
as enzymes involved in neurotransmitter synthesis and neu-
ronal energy.>® There is some evidence proposing that ID
leads to failure in correct protein folding and transport
through enzymatic and protein synthesis dysfunction, which
in turns leads to cellular dysfunction and apoptosis.*> There is
also evidence that maternal ID leads to a reduction in gamma-
aminobutyric acid metabolism that is not reversible by
postnatal iron supplementation.** In addition, areas of the
brain that are involved in higher cognitive functions have
lower cytochrome c oxidase activity in neonatal rats born to
ID mothers.? This will be discussed further in this review
under the effects of ID and offspring neurodevelopment.

Nutrient Interactions

The effect of altered iron status on the metabolism of other
metals, such as copper, and mediators of cell function during
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pregnancy has been observed. Generally, ID results in in-
creased copper levels in the liver and rise in serum cerulo-
plasmin concentrations.3® In pregnancy, maternal ID has a
differential effect on copper metabolism in the mother and
fetus.3* In the maternal liver, copper levels are inversely
correlated with those of iron, while in the fetus both iron
and copper levels are reduced. Animal studies have shown
that neonatal copper deficiency is associated with develop-
mental abnormalities and altered thyroid and immune
function.>®

A similar differential effect between mother and fetus is
also seen in vitamin A metabolism. Maternal liver retinol levels
are reduced in maternal ID, while in the fetus the opposite
is seen. As the level of maternal iron decreases, the level of
retinol in the fetal liver increases.*® This restriction in nutrient
supply may have an impact on fetal development. There is
evidence from animal and human studies of teratogenicity of
natural and synthetic retinoids through affecting the develop-
ment of cephalic neural-crest cells and their derivatives and
perhaps interfering with the closure of the neural tube.*®

Fetal Organ Development

ID may also interfere with normal fetal kidney development
by reducing nephron number.>® This may result in the
observed association between maternal ID and high blood
pressure in the offspring as kidney nephron number is an
important determinant of blood pressure. Nephron number is
established during kidney development, beyond which point
the number cannot be increased.*’ Low nephron number
reduces the surface area available for filtration, and therefore
limits the ability of the kidney to excrete sodium and main-
tain normal extracellular fluid volume and blood pres-
sure. 4849 Expanding on their earlier work with the Wistar
ID model, Lisle et al>® have investigated the effect of maternal
ID on the renal morphology of the adult offspring in rats. Their
results show a reduction in the number of glomeruli in the
kidney of offspring born to ID mothers. Offspring from both
control and ID mothers also show an inverse relationship
between glomerular number and blood pressure.

Epidemiological Studies

There is some indirect epidemiological evidence supporting
the associations observed in animal studies described earlier.
Godfrey et al?’ found that maternal ID during pregnancy in
humans is associated with a high ratio of placental weight to
birth weight, which is considered a predictor of adult hyper-
tension. The relationship between maternal iron status in
pregnancy and children’s blood pressure has been directly
investigated in few studies (~Table 1). All of them have used
maternal Hb as a proxy for maternal iron status in pregnancy,
with three of them including iron intake from diet and
supplements as an additional marker for maternal iron
status.”%>! ~Table 1 summarizes the characteristics of stud-
ies that have investigated the associations of indicators of
maternal iron status in pregnancy with long-term health
outcomes in the offspring.
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Brion et al®' analyzed data from the Avon Longitudinal

Study for Parents and Children cohort with a sample size of
1,255 women in Bristol, United Kingdom, with Hb informa-
tion. In this study, there was an association between maternal
anemia and lower offspring systolic blood pressure at 7 years
only in women who did not take iron supplements during
pregnancy.’’ This is a direction of association opposite to
what is expected from animal study findings. A more recent
analysis of the Avon Longitudinal Study for Parents and
Children data examining the links between early pregnancy
maternal Hb and offspring blood pressure, arterial stiffness,
and endothelial function at age 12 years found no evidence of
association.”? In this study, there was evidence of a modest
association between taking iron supplements in pregnancy
and lower offspring systolic blood pressure. In another study
with a sample size of 1,167 pregnant American women, there
was no association between first and second trimester ma-
ternal Hb and anemia with offspring blood pressure at 3 years.
However, offspring blood pressure was positively associated
with first trimester iron intake, again in contrast to animal
studies findings.”®

In a follow-up of a calcium supplementation trial in
pregnancy in Argentina, Bergel et al>> found a positive
association between maternal Hb during pregnancy and
offspring systolic blood pressure at 5 to 9 years. In contrast,
Law et al found an association between maternal anemia in
pregnancy (<10 g/dL) and higher offspring systolic blood
pressure at 4 years of 405 British children.>* Godfrey et al°°
also found a negative association between systolic blood
pressure of 77 Jamaican children with an average age of
11 years and lowest maternal Hb during pregnancy.”> Whin-
cup et al*® found no evidence of association between lowest
maternal Hb and change in mean corpuscular volume during
pregnancy with blood pressure at 9 to 11 years of 662
children. In an instrumental variable analysis, using maternal
C282Y mutation on the HFE gene as an instrument for
mother’s iron status, there was no evidence of association
between maternal iron status and adult offspring’s blood
pressure and adiposity.>’

To summarize, the direction of association between ma-
ternal Hb and offspring blood pressure during childhood in
two of these studies was against that expected from the
results of animal studies.>>> Two studies supported the
direction of association observed in animal studies, that is,
maternal anemia associated with higher offspring blood
pressure,>*>> while the remaining three found no associa-
tion.”%->2:56:57 However, it is important to note that all of these
studies did not use a direct biomarker of iron status such as sF,
and only three of them assessed maternal iron intake as an
exposure,’0-52:57

Although epidemiological studies support a strong associ-
ation with immediate offspring birth outcomes, such as size at
birth, such an association seems to attenuate the older
offspring. Therefore, the effect of ID could be real but poten-
tially modifiable by later diet and environment exposures
throughout childhood and adolescence. This is hard to exam-
ine with the available data. A long-term follow-up of a birth
cohort with detailed dietary and biomarker assessment of
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iron status during and, preferably, before pregnancy and
measurement of a combination of offspring cardiovascular
markers from birth to later in life could potentially answer
this question. A long-term follow-up of a randomized con-
trolled trial of iron supplements during pregnancy might also
shed light on these relationships.

Another explanation for the inconclusive findings of epi-
demiological studies compared with animal studies is that
the range of variation in iron status/intake is too narrow in
humans to show an association. Extreme ID in animals cannot
be replicated in observational studies in high-income coun-
tries where most participants are nutrient-replete. This can
only be explored further in low-income countries where
pregnant populations have more severe ID, spanning a long
period of time before conception, or in natural human experi-
ments such as the Dutch hunger winter® and the siege of
Leningrad.>

The offspring adverse changes observed in animal studies
could be due to severe ID in the mother rather than moderate
or mild. Therefore, generalizability of study results should be
carefully considered when considering evidence from differ-
ent parts of the world, particularly concerning the effect of
iron supplements. Most supplement trials are conducted in
low- or middle-income countries, while most observational
studies that assess dietary intake in detail are conducted in
high-income countries.

The findings can also be potentially masked by measure-
ment bias in population studies. Animal studies usually
involve accurate exposure assessment, as they are usually
controlled intervention studies. This compares to the big
potential measurement bias involved in observational popu-
lation studies, particularly when it comes to dietary assess-
ment methods from which iron intake is derived.
Measurement error is profoundly associated with all of the
commonly used dietary assessment methods in population
health research such as food frequency questionnaires, food
diaries, and interviewer-administered dietary recalls.

Fetal Iron Deficiency and Neurodevelopment

Significant brain growth occurs from 34 weeks postconcep-
tion until 2 years of age with peak synapse development.
During late fetal and early neonatal life periods, regions such
as the hippocampus, the visual and auditory cortices, and the
striatum undergo rapid development characterized by the
morphogenesis and synaptogenesis that make them func-
tional.®° During these periods, environmental influences may
modify gene expression through epigenetic mechanisms,
whereby gene function is altered through the processes of
DNA methylation, histone modification, and the modulating
effect of noncoding RNAs, without the alteration of the gene
sequence per se. It has been shown in animal and in human
studies that nutrition is one of the most salient environmen-
tal factors, and that nutrition can have a direct effect on gene
expression. Evidence suggests that the timing of nutritional
deficiencies can significantly affect both the morphological
and the neurochemistry and neurophysiology brain
development.®’
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It is well established that there is a correlation between
IDA early in life and poor neurodevelopmental outcome.®? A
large number of studies in humans and in animal models with
reviews by Lozoff et al,3%4 Georgieff,®> and Beard®®®” dem-
onstrated that early ID has a negative effect on the brain
processes with concurrent neurobehavioral abnormalities. In
rodent models, the effects of gestation ID were most promi-
nent on dendritic structure, monoamine transmitter metab-
olism, and myelirlation,63'64 as well as in altering gene
expression®® with a region-specific impact on neuronal
development.®°

Iron Deficiency and Human
Neurodevelopment

Late gestational and neonatal ID could be related to maternal
conditions during pregnancy, including severe IDA, placental
vascular insufficiency, diabetes mellitus, and cigarette smok-
ing.”% It has also been shown that infants exposed to alcohol
prenatally are at an increased risk of IDA.”" Maternal anemia
also increases the risk of low birth weight, either due to
premature birth or fetal growth restriction, which is associ-
ated with IDA as well as with delayed neurocognitive devel-
opment. Unfortunately, the neurocognitive complications of
iron deficiency during the critical prenatal period of brain
development may be difficult to correct, persisting into
adulthood.”?

The average concentration of iron in the brain is far higher
than that of all other metals, except zinc. Iron is required by
enzymes involved in specific brain functions, including mye-
lination and synthesis of the neurotransmitters serotonin and
dopamine, a precursor to epinephrine and norepinephrine.
Unless maternal ID is severe, term infants are generally
considered to be protected from IDA through the first few
months of life.”3

At birth, the iron status can be roughly assessed by
determining the umbilical cord sF levels. Ferritin concentra-
tions were lower for the preterm infants compared with term
infants, although both groups had similar 5th centile values:
<40 pg/L in term infants and <35 pg/L in preterm infants.
Infants with sF in the lower quartile may benefit from close
monitoring of their iron status.”# Maternal and neonatal iron
status are related only if maternal iron status is
compromised.”

An association between relatively low umbilical cord sF
levels and lower scores on certain mental and psychomotor
tests at 5 years of age has been reported, where a poor
intrauterine iron status (low ferritin) was associated with
less favorable mental and psychomotor development. Com-
pared with children with cord ferritin in the 2 median
quartiles, those in the lowest quartile scored lower on every
test and had significantly worse language ability, fine-motor
skills, and tractability. They were also 4.8-fold more likely to
score poorly in fine-motor skills and 2.7-fold more likely to
have poor tractability than children in the median quartiles.”®

Infants who experience ID during the first 6 to 12 months
of life are likely to experience persistent effects of the
deficiency that alter functioning in adulthood. Depending
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on the stage of development at the time of ID, there may be an
opportunity to reverse adverse effects, but the success of
repletion efforts appear to be time dependent.®’

A systematic review of trials on non-ID subjects that
addressed the effects of iron supplementation during early
life on the psychomotor and mental development of children
concluded that iron supplementation of infants may posi-
tively affect the psychomotor development of children but
may not influence their mental development and behavior.””

Epidemiologic Studies on Perinatal ID and
Neurodevelopment in Humans

ID during pregnancy showed a relation to the neonate’s
general autonomous response, motor performance, and
self-regulation capabilities as demonstrated in a study in
Spain among 216 healthy and well-nourished pregnant
women and their term, normal weight newborns. The neo-
natal behavior was assessed by the Neonatal Behavior Assess-
ment Scale (NBAS). ID during pregnancy was related to some
aspects of neonatal behavior and the associations are differ-
ent depending on the time of gestation. During the initial
stages of pregnancy, ID is related to the general autonomous
response of the neonate, whereas during the later stages of
pregnancy, ID is also related to neonatal motor maturity and
self-regulation.”®

IDA adversely affects the allocation of neurophysiologic
resources to attention and recognition memory during the
processing of information about familiar and unfamiliar
stimuli. This delay in cognitive development may reflect
alterations in efficiency of central nervous system functions
that seem related to early ID. Several important developing
central nervous system processes, such as myelination, den-
dritogenesis, synaptogenesis, and neurotransmission, are
highly dependent on iron-containing enzymes and hemopro-
teins, especially in the striatum and the hippocampus.’® In
humans, the hippocampus undergoes a period of rapid
growth early in development from late gestation through
the first year of life, coincident with the emergence of
hippocampal-dependent recognition memory.%°

Infant motor development in a cohort of 418 pregnant
women in Ha Nam province in Vietnam was assessed by the
Bayley of Infant and Toddler Development Motor Scales
(BSID-M) at the age of 6 months. There were direct adverse
effects on infant BSID-M scores at 6 months of age due to
antenatal anemia in late pregnancy.®’

In a sample of 148 low-income Peruvian women and their
newborn infants, results indicated that lower levels of neo-
natal Hb and serum iron were related to higher levels of
negative emotionality and to lower levels of alertness and
soothability. For the most part, relations between neonatal
iron measures and neonatal temperament were linear, oper-
ating across the full range of iron values.?

Data indicated that low iron status, both measured by
anemia and ferritin levels, is related to poorer neurobeha-
vioral status in premature infants who showed increased
reflex scores, reflecting a greater percentage of abnormal
reflexes.®3

In utero latent ID as measured by cord ferritin levels was
associated with abnormal auditory neural myelination in
preterm infants.®* Iron-deficient infants of diabetic mothers
(IDM) with low neonatal ferritin concentrations (<35 ug/L)
have impaired auditory recognition memory processing at
birth compared with iron-sufficient IDM (ferritin >35 pg/L)°
Also, infants with cord sF concentrations <35 pg/L had
electrophysiologic evidence of abnormal auditory recogni-
tion memory, where they did not discriminate a familiar
stimulus (e.g., maternal voice) from a novel stimulus (e.g.,
stranger’s voice) with the same robustness as iron-sufficient
infants.3>86

Diabetic pregnancies are characterized by chronic meta-
bolic insults, including ID, that place the developing brain at
risk for memory impairment later in life. Electrophysiological
results in 3.5-year-old children suggested that both encoding
and retrieval processes were compromised. These findings
support the hypothesis that prenatal iron deficiency leads to
alterations in neural development that have a lasting impact
on memory ability.?”

Early Iron Supplementation

There is a dearth of epidemiological evidence from well-
designed intervention trials demonstrating the impact of
maternal iron supplementation on the cognitive develop-
ment of healthy children. Available studies have shown
variable effects on offspring cognition in different
populations.

In a randomized placebo-controlled iron supplementation
trial among 430 Australian pregnant women, the authors
reported that they could not find any difference between an
iron supplemented versus placebo group in the IQ of children
4 years of age on the Stanford-Binet Intelligence Scale, despite
maternal iron status having improved by supplementation,
suggesting that supplementing pregnant women who are
generally well nourished with iron may not confer any
additional health benefits.

In a small sample size of mothers from a higher socioeco-
nomic background and with better feeding practice, a study in
Canada found no evidence that better maternal iron status
enhanced cognitive development in 6-month-old infants,
measured on the Brunet-Lezine Scale of Psychomotor Devel-
opment of Early Childhood and the Bayley Scales of Infant
Development.?°

On the other hand, a cohort follow-up of 676 children
aged 7 to 9 years found evidence that maternal prenatal
supplementation with iron and folic acid was positively
associated with general intellectual ability, some aspects of
executive function, and motor function, including fine
motor control, in offspring at 7 to 9 years of age in a rural
area of Nepal, where ID is highly prevalent.’ The study,
however, does not clarify the effects of iron and folic acid
separately.

A study that included 2-year follow-up of 850 children
born to women who participated in a double-blind cluster
randomized controlled trial of prenatal micronutrient sup-
plementation in western rural China showed that the
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prenatal IDA group showed a significantly lower mental
development index at 12, 18, and 24 months of age. Prenatal
supplementation with sufficient iron protects child develop-
ment even when the woman'’s IDA was not properly corrected
in pregnancy.’!

Animal Models of Prenatal Iron Deficiency

The neurobehavioral aspects of early ID have been explored
in several animal models including mice, rats, and nonhuman
primates. The structures of the brain can become abnormal
because of ID either in utero or in early postnatal life because
iron is essential for proper neurogenesis and differentiation
of certain brain cells and brain regions. Oligodendrocytes,
which are responsible for making myelin, are particularly
sensitive to iron deprivation, which results in altered com-
position and amount of myelin in white matter.®® The brain is
not metabolically homogenous with certain areas demon-
strating greater iron-dependent metabolic activity early in
life than other areas. Studies in rodents clearly identify the
hippocampus and striatum among the main areas in which
morphology is altered.®” Most studies focused on the major
domains of the effects of early life ID on the brain, which
included abnormalities in myelination, monoaminergic and
glutamatergic neurotransmission, hippocampal morphology
and metabolism, and gene expression.®3-6>9293 Other stud-
ies explored the effect of iron interventions, which may
reverse the abnormalities in the affected brain regions
depending on when in development the iron repletion
occurs. Knock out mice models were developed to elucidate
the specific role of iron in the development of particular
brain cell types independent of the neuropathological pro-
cesses such as anemia, tissue hypoxia, and stress resulting
from total body ID.5%-80-94

The effect of dietary iron on fetal growth in pregnant mice
was evident when pregnant mice fed an iron-deficient diet
had fewer viable pups, and had pups with shorter crown-
rump length, decreased body weight, and decreased brain
iron.>

Rodent studies showed that the effects of ID during
gestation and lactation could persist into adulthood despite
restoration of iron status at weaning.®’ Long-term effects of
prenatal ID on the brain may be due to altered regulation of
genes caused by epigenetic phenomena altering chromatin
structure and gene expression early in life.%®

Nonhuman primate models, where more human-like be-
haviors can be assessed, show that prenatal IDA leads to more
impulsive behavior, while postnatal IDA results in more
passive, withdrawn behavior that is reminiscent of the find-
ings in humans.®’ A study in rhesus monkey explored the
association of monoamine oxidase A (MAOA) gene polymor-
phisms and gestational ID on cognitive tasks in the offspring.
ID combined with low-MAOA genotype showed distinctive
effects on reward preference and problem solving, while ID in
hi-MAOA juveniles modified response inhibition. Given the
incidence of ID and MAOA polymorphisms in humans, this
interaction could be a significant determinant of cognitive
performance.98

Journal of Pediatric Genetics Vol. 4 No. 2/2015

Alwan, Hamamy

Studies on Iron Deficiency and the
Hippocampus

Animal studies showed structural impairments of the hippo-
campus in prenatal ID and altered composition and amount of
myelin in white matter.’® ID affected neurogenesis and
neurochemistry during brain development and altered the
dendritic structure in the hippocampus.100 The hippocampus
also exhibited altered neurometabolism and gene expression,
decreased energy availability and growth factor expression,
abnormal dendritogenesis, decreased long-term potentia-
tion, and abnormal hippocampus-based learning and
memory.®

Comparing the effects on offspring when pregnant rats
were fed a diet that either contained iron or deficient in iron
showed that there was less myelination of subcortical
white matter and the fimbria of the hippocampus in the
pups of iron-deficient mothers leading to altered behavior-
al outcomes such as novel object recognition task.'®! Ges-
tational ID effects on the hippocampus functions can
persist to adulthood as seen in the study where formerly
ID rats exhibited delayed acquisition of the hippocampus-
dependent task with no differences from controls on the
striatum- and amygdala-dependent tasks. These findings
likely reflect long-term reduction in hippocampus-depen-
dent learning and preserved function in other brain struc-
tures.'?? Fetal/neonatal IDA altered dendrite branching and
spine morphology in rat hippocampus area cornu ammonis
1 (CA1) during its period of rapid apical dendrite growth
between P15 and P30.'%3 A heart rate trace fear condition-
ing procedure in rats showed that perinatal nutritional ID
impaired hippocampus-dependent learning. The ID pups
were impaired in trace fear conditioning which persisted to
adulthood.%

Transgenic mice models that express tetracycline trans-
activator regulated, dominant negative transferrin receptor
(DNTfR1) in hippocampal neurons, disrupting TfR1-mediated
iron uptake specifically in CA1 pyramidal neurons, were
developed to examine long-term effects of early ID on these
neurons independent of total body ID. Findings demonstrated
a critical requirement for iron during the period of rapid
hippocampal structural and functional development where
ID in CA1 neurons resulted in reduced brain-derived neuro-
trophic factor (BDNF) expression and appearance of critical
period markers that likely contribute to deficits in spatial
memory and apical dendrite structure. Early, but not late, iron
repletion restored spatial memory, dendrite structure, and
critical period markers in adult mice.®°

Similarly, in the solute carrier family 11, member 2
(Slc11a2) knockout mouse model where the effect of ID
without anemia can be explored in hippocampal neurons
in vivo, there was lower hippocampal iron content; altered
developmental expression of genes involved in iron homeo-
stasis, energy metabolism, and dendrite morphogenesis;
reductions in markers for energy metabolism and glutama-
tergic neurotransmission on magnetic resonance spectrosco-
py; and altered pyramidal neuron dendrite morphology in
area 1 of Ammon horn in the hippocampus.**
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A study on rat hippocampus prenatally showed that
phosphocreatine, glutamate, N-acetylaspartate, aspartate,
gamma-aminobutyric acid, phosphorylethanolamine and
taurine concentrations, and the phosphocreatine/creatine
ratio were elevated in the iron-deficient group of rats. These
neurochemical alterations suggest persistent changes in rest-
ing energy status, neurotransmission, and myelination in
perinatal ID.'%> The iron supplementation dose for perinatal
ID in rats differentially altered the neurochemical profile of
the prefrontal cortex and hippocampus in adults. The neuro-
chemical changes suggest altered glutamatergic neurotrans-
mission, hypomyelination, and abnormal phospholipid
metabolism in the formerly iron-deficient (FID)
hippocampus.106

The study by Clardy et al*? reported 334 significantly
changed genes in the 21-day-old rats that were born by ID
dams. Several significant gene clusters were identified from
the 334 significantly changed genes, including myelin-relat-
ed, signal transduction; channel pore class transporter and o-
type channel activity; ion channel activity; DNA binding;
transitional metal binding; and solute carrier family mem-
bers representing.®? After postnatal day 20, all animals were
fed iron-sufficient diet and in the 6-month-old animals, five
significant downregulated genes were identified. The low-
level relevant proteins in the cytoplasm and nucleus led to
decreased cytoskeletal stability, decreased nucleic acid trans-
lation, and decreased responsiveness to oxidative stress. The
gene changes at this later time indicate that iron repletion
was not capable of overcoming all the development
perturbations.®?

Hippocampal BDNF regulates multiple aspects of hippo-
campal development and function. BDNF was assessed in
adult rats that had been iron deficient during the fetal and
neonatal periods. Fetal-neonatal iron deficiency lowered
BDNF function beyond the period of iron deficiency in the
hippocampus. The lower adult hippocampal BDNF activity
may underlie the persistence of learning deficits seen after
early-life iron deficiency.”® BDNF is a nerve growth factor that
affects neuronal maturation, synaptic plasticity, and process-
es important for hippocampal-dependent learning and mem-
ory. Reduced BDNF signaling seen in the FID adult rat could
underlie the persistent cognitive impairments. The mecha-
nisms underlying the downregulation of BDNF remain un-
clear, but one possibility of long-term dysregulation is that of
stable epigenetic modifications. However, this dysregulation
was not associated with epigenetic modifications across
multiple generations because the adverse effects of early ID
on hippocampal gene expression observed in the F1 genera-
tion were not present in the F2 generation.107 A recent study
indicated that epigenetic modifications could be the potential
mechanism to explain the long-term repression of Bdnf
following fetal and early postnatal iron deficiency.%®

IDA altered expression of nine cytoplasmic and transmem-
brane proteins that are critical for dendrite growth and
regulate cytoskeletal structure in the rat hippocampus. Ex-
pression of these genes recovered with iron treatment during
development, but these genes were ultimately suppressed in
adulthood in FID animals, suggesting a programming effect

consistent with the developmental origins of adult disease
hypothesis.'9® Early-life IDA altered the expression of critical
genes for the expression of parvalbumins and perineuronal
nets involved in neuronal dendritic structural plasticity of the
hippocampus, thus contributing to delayed maturation of
electrophysiology, and learning and memory behavior in
rats.'08

Enzymes, Proteins, and Neurotransmitters

It is believed that iron is involved with different enzyme
systems in the brain, including the cytochrome c oxidase
enzyme system in energy production, tyrosine hydroxylase
for dopamine receptor synthesis, delta-9-desaturase for mye-
lination, fatty acid synthesis, and ribonucleotide reductase for
brain growth regulation.®’-19°-"1" Regionally distributed
losses of cytochrome c oxidase, a marker of neuronal energy
status, were particularly prevalent in the hippocampus and
frontal cortex.>>112

Whole brain genomic effects 6 months after early ID
anemia in the rat include reductions in myelin basic protein
expression and microtubule-associated protein-2, which co-
des for a scaffolding program important for cytoskeletal
stability.92 A major neuropathology was defined by several
investigators who noted altered fatty acid concentrations in
the iron-deficient brain and postulated that iron-containing
enzymes responsible for their synthesis into myelin were
compromised.' 3114

Perinatal ID was induced using a low-iron diet during
gestation and the first postnatal week in male rats. Hippo-
campal size and neurochemical profile, consisting of 17
metabolites indexing neuronal and glial integrity, energy
reserves, amino acids, and myelination, were quantified.
The cross-sectional area of the hippocampus was decreased
by 12% in the FID group and the hippocampal neurochemical
profile was altered (creatine, lactate, N-acetylaspartylgluta-
mate, and taurine and glutamine concentrations). The neu-
rochemical changes suggest suppressed energy metabolism,
neuronal activity, and plasticity in the FID hippocampus.''

In rats that had been on iron- deficient diets from midg-
estation onward, early iron treatment (at 4 days postpartum),
but not later iron repletion, normalized brain iron concen-
trations, monoamine concentrations, and monoamine trans-
porter and receptor densities in most brain regions. These
findings suggest the existence of a critical window of oppor-
tunity for reversing the detrimental effects of ID in utero on
brain development, at least in rats and probably also in
humans.?® Another study sought to determine whether ear-
lier iron treatment can normalize deficits of IDA in rats and
what iron dose is optimal. Iron treatment at P8 in rats did not
normalize all monoamine or behavioral measures after early
IDA. Moderate iron treatment improved adult behavior, but
higher iron treatment caused brain and behavioral patterns
similar to total ID in the short and long term."'®

Because insulin-like growth factor (IGF) modulates early
postnatal cellular growth, differentiation, and survival, a
dietary-induced rat model to assess the effects of gestational
ID on activity of the IGF system suggested that IGF
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dysfunction is in part responsible for hippocampal abnormal-
ities in untreated ID. Early postnatal iron treatment of gesta-
tional ID reactivates the IGF system and promotes
neurogenesis and differentiation in the hippocampus during
a critical developmental period.117

Combined Effects of Iron Deficiency and
Other Dysfunctions

Both ID and infection are common during pregnancy and
studies have described altered brain development in off-
spring as a result of these individual maternal exposures. A
study in a rat model paired dietary ID during pregnancy and
induced prenatal immune activation by bacterial endotoxin
liposaccharide. Findings showed that long-term effects of
maternal ID and prenatal liposaccharide were additive,
such that offspring exposed to both insults displayed more
adult behavioral abnormalities than offspring exposed to one
alone."® Another study on the association of ID with thyroid
hormone levels during brain development suggested that
some of the brain defects associated with Fe deficiency may
be mediated through altered thyroidal status and the con-
comitant alterations in TH-responsive gene transcription.'?

Conclusion

Prenatal ID adversely affects the developing brain struc-
tures, neurotransmitter systems, and myelination that
result in acute brain dysfunction during the period of
deficiency as well as persistence of neurobehavioral abnor-
malities even after complete brain iron repletion. The
persistent dysregulation of genes into adult life after iron
repletion points to possible changes in expression of these
genes. In terms of cardiovascular outcomes in the offspring,
there is substantial evidence from animal studies of a
negative effect of maternal ID in pregnancy on offspring
cardiovascular risk profile. However, evidence from human
population studies is limited and heterogeneous. More
evidence-based research in the long-term effects of ID
during pregnancy is recommended. Evidence from birth
cohorts with valid and reliable dietary and biomarker
assessment at multiple points in pregnancy, measuring
offspring cardiovascular indicators including arterial stiff-
ness and adiposity measures among other conventionally
measured birth outcomes, is urgently needed. Follow-up of
iron supplementation through randomized controlled tri-
als could shed a light on the long-term effects of increasing
iron intake during pregnancy on offspring outcomes.
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