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Abstract

Background—~Folic acid supplements can protect against neural tube defects (NTDs). Low
folate and low vitamin B, status may be maternal risk factors for having an NTD affected
pregnancy. However, not all NTDs are preventable by having an adequate folate/ B, status and
other potentially modifiable factors may be involved. Folate and vitamin By, status have important
links to iron metabolism. Animal studies support an association between poor iron status and
NTDs but human data are scarce. We examined the relevance of low iron status in a nested NTD
case-control study of women within a pregnant population-based cohort.

Methods—Pregnant women were recruited between 1986 and 1990, when vitamin or iron
supplementation in early pregnancy was rare. Blood samples, taken at an average of 14 weeks
gestation, were used to measure ferritin and hemoglobin in 64 women during an NTD affected
pregnancy and 207 women with unaffected pregnancies.

Results—No significant differences in maternal ferritin or hemoglobin concentrations were
observed between NTD affected and non-affected pregnancies (case median ferritin 16.8ug/L and
hemoglobin 12.4g/dL versus 15.4ug/L and 12.3g/dL in controls). As reported previously, red cell
folate and vitamin B15 concentrations were significantly lower in cases. Furthermore, there was no
significant association of iron status with type of NTD lesion (anencephaly or spina bifida)

Conclusions—We conclude that low maternal iron status during early pregnancy is not an
independent risk factor for NTDs. Adding iron to folic acid for periconceptional use may improve
iron status but is not likely to prevent NTDs.
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INTRODUCTION

Iron deficiency is the most common nutrient deficiency in pregnancy and the most common
cause of anemia (Haider and others, 2013; lannotti and others, 2005; Pathak and others,
2007). Fetal iron requirements place heavy demands on maternal stores (King, 2003) and
numerous studies have linked low maternal iron status to low birth-weight and pre-term
birth (Haider and others, 2013). In the fetal compartment, iron has extensive involvement in
growth and development as a cofactor in hemoproteins and iron cluster enzymes involved in
fetal energy metabolism, cell proliferation and organogenesis (Fretham and others, 2013;
Zohn and Sarkar, 2010). Iron is required by the growing embryo from the earliest stages in
pregnancy, as demonstrated by the existence of specific receptor complexes for transfer of
iron across the visceral yolk sac prior to the development of the fetal blood system
(Donovan and others, 2005; Young and others, 1997; Zohn and Sarkar, 2010).

Neural tube defects (NTDs) are the most common anomalies of the central nervous system
with over 250,000 affected pregnancies each year and a birth prevalence from approximately
6 to 60 cases per 10,000 births world-wide (Botto and others, 2006; Dolk and others, 2010;
Heseker and others, 2009; Moore and others, 1997; Rosenthal and others, 2013). The
etiology of NTDs is complex, with both genetic and environmental factors implicated
(Molloy and others, 2009a) and the cause of many NTDs remains to be determined.
Providing folic acid to women in the periconceptional period has resulted in a large decrease
in NTD rates; however, between 30% of 50% NTDs cannot be prevented by folic acid
(Botto and others, 1999; De Wals and others, 2007; Heseker and others, 2009; MRC, 1991;
Williams and others, 2005). Thus there is a need to continue research to identify additional
risk factors and alternative interventions for preventing NTDs. It is possible that a number of
other nutritional factors may contribute to NTD etiology (Mills and Carter, 2009; Mosley
and others, 2009). For example, there is now reasonably strong evidence that low vitamin
B, status is involved, and in particular, may exacerbate risk in conjunction with low folate
status (Molloy and others, 2009b; Ray and others, 2007; Zhang and others, 2009). Other
micronutrients that have been implicated include zinc, vitamin C and choline but the
evidence for an association is conflicting and weak (Carmichael and others, 2010; Cengiz
and others, 2004; Hinks and others, 1989; Schorah and others, 1983; Shaw and others, 2004;
Shaw and others, 2009)

Studies using genetically mutated animal models confirm that iron status is important in
embryonic development (Donovan and others, 2005; Hoyle and others, 1996) and especially
in the development of the neural tube (Mao and others, 2010). Several case controls studies
have proposed that low iron status may contribute to risk of having an NTD affected
pregnancy (Felkner and others, 2005; Groenen and others, 2004) although other studies have
not found an association (Weekes and others, 1992). Therefore the aim of this case-control
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study was to investigate the relationship between iron status and NTDs during early
pregnancy in women carrying an NTD affected fetus and in non-affected pregnant controls.

Between March 1986 and March 1990, blood samples were collected from 56 049 women
attending their first antenatal clinic in the 3 major Dublin maternity hospitals. This
corresponds to approximately 70% of births in these hospitals during the study period.
Blood was collected into Ko EDTA, plasma was separated and samples were stored below
—20°C. Mothers who delivered an NTD affected infant within this period were identified
and the bio-bank was searched for plasma samples collected during the affected pregnancy.
A total of 81 samples with sufficient plasma for analysis were retrieved. Using a nested
case-control design, 247 plasma samples were retrieved relating to women who delivered
infants without major malformations. Details on maternal pregnancy history, including
maternal age, weight, gestation at first antenatal clinic, gestation at delivery, supplement use,
hemoglobin at first antenatal clinic, previous pregnancy outcomes and delivery details of the
study pregnancy were obtained from hospital records. Ethical approval was obtained for the
study and participants consented to giving a research blood sample. Human subject approval
was also obtained from the office of the US National Institutes of Health. These study
participants have been the subject of several studies since the collection was completed,
diminishing the available plasma (Daly and others, 1995; Kirke and others, 1993; Mills and
others, 1995; Molloy and others, 2009b). For the current study, plasma from 64 case
mothers and 207 control mothers was available for ferritin assay.

Ferritin levels in the samples were measured using a Microparticle Enzyme Immunoassay
(MEIA) (Abbott AXSYM Plus platform). The samples were analysed as four batches in a
continuous run of assays. Cases and controls were randomly distributed across assay batches
and the individuals performing the assay were blinded as to the status (case or control) of the
samples. Six ferritin controls were included in each run. Folate and vitamin B12 were
measured by microbiological assays, using a chloramphenicol resistant strain of
Lactobacillus Casei for folate and a colistin resistant strain of Lactobacillus Leichmannii for
vitamin B12 as described previously for this nested case-control cohort (Kirke and others,
1993; Molloy and others, 2009b). Homocysteine was measured by HPLC linked to
fluorescence detection as described in a previous publication on these samples (Mills and
others, 1995).

methods

The statistical analysis was performed using the SAS (Version 9.3) and any P values <0.05
were considered significant. Data were not normally distributed and are presented as
medians and interquartile (25th and 75th) ranges. Case control comparisons were carried out
on log transformed data. Associations between variables were assessed on log transformed
data using a Pearson correlation coefficient. Differences in proportions were assessed using
a Fisher’s Exact test. Ferritin concentrations less than 12 ug/L were considered to indicate
iron deficiency (Felkner and others, 2005; Shields and others, 2011). Logistic regression
analysis was carried out to assess significant predictors of NTDs.
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RESULTS

Among the NTD cases, 25 (39%) had anencephaly, 34 (53%) had spina bifida and 5 (8%)
had other NTD defects (encephalocele, iniencephaly or combined anomalies). Demographic
details of cases and controls are shown on Table 1. There were no folic acid supplement
users but 7.8% of cases and 6.3% controls (5 cases and 13 controls) had reported some iron
use prior to the first antenatal clinic and blood sample, with no significant difference
between the proportion of users within cases and controls (p=0.87). Details of blood ferritin,
hemoglobin and B vitamin status are given in Table 2. There was a weak positive correlation
between ferritin and hemoglobin among all 271 subjects (r=0.22; p=<0.001) and between
vitamin B12 and both iron status markers (r=0.15; p=0.015 for ferritin and r=0.23; p<0.001
for hemoglobin). This remained significant in controls when the data were sub-divided by
case-control status but not in cases. There were no associations of iron status markers with
serum or red cell folate.

Neither the maternal ferritin nor maternal hemoglobin concentrations were significantly
different by case/control groups (Table 2). As previously reported, vitamin B12, plasma
folate and red cell folate concentrations were lower in case mothers compared with controls
(Kirke and others, 1993; Molloy and others, 2009b). Plasma homocysteine was marginally
higher in cases. Reanalysis after removal of iron supplement users had no effect on the data.
We carried out a logistic regression analysis to determine the effect of ferritin and other
vitamins on risk of being a case mother (Table 3). There was no effect of ferritin or
hemoglobin, whereas red cell folate and vitamin B12 remained significant factors in this
reduced sample size analysis. Ninety eight women in total (36%) had ferritin concentrations
less than 12 pg/L, which is a recognized cut-off for deficiency. Using a dichotomous logistic
model and taking ferritin levels less than 12 pg/L as an indication of iron deficiency, there
was also no significant effect of iron deficient status on risk of having an NTD affected
pregnancy (Table 3). Finally, we looked at the relationship between ferritin status and NTDs
in those with low and high folate status separately by sub-dividing the cohort into two
groups, based on those with red cell folate above or below the median concentration found
in controls (734 nmol/L). As expected, there were more NTD case mothers in the lower
status (N=44) versus higher status group (N=20), but we found no significant case effects
for ferritin in the lower (p=0.15) or higher (p=0.62) folate status groups.

DISCUSSION

We found no association between ferritin or hemoglobin concentrations measured during
pregnancy and NTD risk. In fact ferritin showed a non-significant direct correlation with
NTD risk (Table 3), making a protective effect unlikely. Although we cannot rule out an
effect of low iron stores on development of defects during neural tube closure, the relevance
of this to prevalence of NTDs is likely to be much lower than that for low folate or vitamin
B12 status, which remain significant factors in this truncated data set from our previous
studies (Kirke and others, 1993; Molloy and others, 2009b).

Iron is an important nutrient in pregnancy, and pregnant women are vulnerable to
insufficient iron status. Serum ferritin determination is thought to be the most sensitive
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indicator of iron deficiency with concentrations lower than 12 ug/L indicating depletion of
body stores (Felkner and others, 2005). In a recent survey of iron status during healthy
pregnancies, ferritin levels below 12 pg/L were found in 30% of pregnant women (Shields
and others, 2011). It is unsurprising therefore that 36% of all women in this study fell below
the threshold for depletion and 47% were lower than 15 ug/L, which is the World Health
Organization cut-off for diagnosis of deficiency in adults (Pasricha and others, 2013).

Inconsistent findings in the literature make it uncertain whether low iron status is a risk
factor for NTDs. Much of the experimental evidence supporting a role of iron in the
prevention of NTDs is derived from studies of mice with hypomorphic mutations in the gene
encoding the iron transporter ferroportin gene. These animals present with NTD-like
congenital defects (Mao and others, 2010). Additional animal studies have shown that
having a set of intact iron transport proteins is essential for early developmental processes
(De Domenico and others, 2008; Donovan and others, 2005; Fraenkel and others, 2005;
Zohn and others, 2007; Zohn and Sarkar, 2010). It is therefore clear that iron plays an
important role in development of the fetus (King, 2003). However, this study failed to find a
clear association between ferritin levels, an indicator of iron status, and human NTDs.

There are very few human studies that examined NTDs in relation to iron status. Felkner et
al (Felkner and others, 2005) conducted an extensive study, drawing blood five to six weeks
post-partum and collecting food frequency questionnaire data on cases and controls. They
found a non-significant increase in risk associated with low iron intake and odds ratios of
1.8 for both low ferritin (<12 pg/L) and medium ferritin (12—-29 pg/L) concentration
compared with high ferritin concentration (=30 ug/L). The odds ratio for medium, but not
low, concentration was statistically significant. They noted that they could not “definitively
demonstrate a causal effect for low serum ferritin”. Carmichael and co-workers (Carmichael
and others, 2010) reported an increased risk for NTDs when pregnant women consumed a
lower quality diet, i.e. lower iron, vitamin B6, calcium, vitamin A and folate. It is not clear,
however, whether inadequate iron rather than inadequate folate was the critical factor.
Chandler et al (Chandler and others, 2012) conducted an extensive analysis of dietary
factors as risks for NTDs. They found that lower iron intake as reported by interview was
associated with a significantly increased risk for anencephaly but not spina bifida in women
who took folic acid supplements. They found no significant effect in non-users, or when the
data were stratified by racial/ethnic groups or body mass index groups. The authors note that
816 comparisons were made, thus raising the possibility that the positive findings might
have occurred by chance, particularly given the inconsistent pattern. In a Netherlands study,
case mothers reported significantly lower intakes than control mothers of iron and five other
nutrients on food frequency questionnaires (Groenen and others, 2004). Limitations of this
study include an interval of several years between the event and completion of the
questionnaire and uncertainty regarding which of the six nutrients might have caused the
increased risk for NTDs.

Other studies have not found an association between iron status and NTDs. In a medical
record investigation, Banhidy et al. found that women who had anemia, (almost all of whom
had iron deficiency), in the second and third months of pregnancy had no increased risk for
having an affected child (odds ratio 1.0; 95%CI: 0.7-1.4) (Banhidy and others, 2010). The
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authors had information on when the anemia was diagnosed, but not when it began. Thus,
they could not be certain whether women who were first evaluated later in pregnancy were
anemic during neural tube closure or not. Placental iron has also been measured in NTD
cases and controls. In a study of 80 cases and 50 normal controls, (Liu and others, 2013),
cases had a somewhat higher placental iron concentration (86 pg/g) than controls (82 ug/g).
The case placentas were, however, collected at an earlier gestational age because of
pregnancy terminations; this might have affected iron levels. Finally, Weekes and coworkers
(Weekes and others, 1992) measured iron in amniotic fluid in cases and controls; they found
no significant difference. They noted that amniotic fluid levels are approximately 10 to 30
percent the levels found in maternal serum. It is not clear how amniotic fluid levels at 14 to
22 weeks gestation would reflect the milieu in the first 28 days after conception, the critical
period for neural tube closure.

There is some evidence that iron may affect other nutrient levels. Studies have indicated a
relationship between folate and ferritin, in that ferritin can modulate folate availability via
cellular one-carbon pathways (Oppenheim and others, 2001; Suh and others, 2000). It has
been suggested, for example, that low iron status could cause altered utilization of folate,
despite adequate folate intake and extracellular folate concentrations (O’Connor, 1991).
While the results from our study failed to find a relationship between folate and ferritin,
there was, however, a positive correlation between vitamin B4, and both markers of iron
status. Whether or not ferritin and vitamin B1, have interacting roles is a question that
remains to be answered.

Our study has several strengths. Notably, it is the first to investigate maternal ferritin levels
during an NTD affected pregnancy. Moreover, as a prospective nested case-control study, it
is likely to have had less bias than a standard case-control design. While previous case-
control studies suggested lower iron status in women with a history of NTD affected
pregnancy, ferritin levels were taken from blood collected postpartum (Felkner and others,
2005). However, as pregnancy has both acute and chronic influence on iron levels, it is
impossible to definitively identify a link between low ferritin and the development of NTDs
in this way (Suarez and others, 2012). The samples in the current study were taken at an
average of 15 weeks gestation, and are thus closer the time of neural tube closure.
Furthermore, neither the study subjects nor the investigators knew which women carried an
NTD affected pregnancy at the time the sample was obtained. The study samples also have
the advantage of being taken from a population of high NTD risk, at a time when prenatal
supplementation was rare. Such samples would be difficult to obtain today and are more
likely to indicate ferritin levels at neural tube closure, because they have not been altered by
the intake of prenatal supplements.

Potential limitations to the study include the long storage period prior to analysis and the use
of plasma EDTA samples. Only human serum or plasma collected in sodium heparin has
been validated by the manufacturers for the AXSYM Ferritin assay, although it has been
reported that identical ferritin values have been obtained from serum and plasma from blood
treated with EDTA or heparin (Valberg, 1980). There is no reason to believe that the
relationship between case and control ferritin values would change if the assay was
conducted on serum samples.
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In conclusion, our study provides important new information by measuring serum ferritin
from samples collected during affected pregnancies. The data show no evidence to suggest a
role for iron in the development of NTDs. As we reported previously, low red cell folate and
vitamin B, status consistently emerged as maternal risk factors for having an NTD affected
pregnancy, and this reflects the current focus in prevention programs. However, more
research is needed to elucidate the risks and benefits of increased maternal iron status. Our
data indicate that adding iron to folic acid supplements for use by women at risk for
becoming pregnant is unlike to increase the number of NTDs being prevented.
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