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Preface to “Nutrition in Pregnancy” 
Maternal nutrition during pregnancy, and how this impacts placental and 

fetal growth and metabolism, is of considerable interest to women, their partners 
and their health care professionals. In developing countries, maternal 
undernutrition is a major factor contributing to adverse pregnancy outcomes and 
an increased adverse metabolic health risk in postnatal life. Conversely, with the 
increased prevalence of high calorie diets and resulting overweight and obesity 
issues in developed countries, the impact of overnutrition on pregnancy outcome 
is highlighted as a contributing factor for adverse metabolic outcomes in offspring 
later in life. Both epidemiological and animal studies now highlight that 
undernutrition, overnutrition, and diet composition negatively impact 
fetoplacental growth and metabolic patterns, having adverse later-life metabolic 
effects for the offspring. This Special Issue Book aims to highlight new research in 
a number of these abovementioned areas across the early life course. 

A great deal of data now highlights the periconceptional period as a critical 
period upon which insults may generate later-life physiological and metabolic 
changes in the resulting offspring. In the review submitted by Padhee and 
colleagues, the procedures of ARTs are examined, specifically in terms of how 
common procedures associated with the handling and preparation of gametes and 
embryos may impact later-life metabolism, particularly impacting offspring 
cardiometabolic health. These later-life poor metabolic outcomes are also 
understood to be established during pregnancy. In surveying preconceptional 
women, pregnant and lactating women and women of reproductive age, Cuervo 
et al. report that these groups are not consuming appropriate foods for their 
physiological status, based upon the Spanish dietary guidelines and highlight a 
real need for improved education and community outreach programs to these 
groups of women to ensure adequate maternal and thus fetal nutrition. 

Poor maternal nutritional intake after the periconceptional period during 
pregnancy can also negatively impact fetal growth trajectory and can result in 
fetal growth restriction. Vonnahme et al., describe the effects of maternal 
undernutrition on vascularity of nutrient transferring tissue during different 
stages of pregnancy. In addition to maternal nutrient supply, the effectiveness of 
the placenta in transporting nutrients and oxygen to the fetus is important in 
determining fetal growth. A range of adaptations to placental development occur 
when the fetus is growth-restricted and these are described by Zhang et al. 
Regardless of the cause of low birth weight, Zheng et al. show a relationship 
between the placental microbiome and fetal growth. Zohdi et al. describe the 
effects of maternal protein restriction during pregnancy on fetal development that 
increase the risk of cardiovascular disease later in life. Davis et al. illustrate the 
importance of the adrenal gland in the fetal adaptation to placental insufficiency, 
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highlighting the important role of norepinephrine in regulating fetal growth but 
not pancreatic mass in the growth-restricted fetus. Wood-Bradley and team 
provide a review of the literature surrounding the potential mechanisms by which 
maternal nutrition (focusing on malnutrition due to protein restriction, 
micronutrient restriction and excessive fat intake) influences offspring kidney 
development and thereby function in later life. In the same light, Blumfield et al. 
detail evidence that a maternal diet during pregnancy that is low in protein is 
related to higher systolic blood pressure in childhood. Furthermore, Colon-Ramos 
and colleagues investigated the potential association between maternal dietary 
patterns during pregnancy and birth outcomes in a diverse population with a 
historically high burden of low birth weight and other adverse birth outcomes. 

Experiences in the perinatal period also play a key role in defining how 
offspring respond to stress(es) in postnatal life. On this point, Tsuduki and 
colleagues report upon the impact of a high fat diet during mouse lactation, where 
it appears to increase the susceptibility of later-life obesity induced through 
postnatal social stress. This paper highlights the importance of understanding 
how an early life environment predisposes offspring to potential detrimental 
responses to postnatal adverse situations. In a review by Dunlop et al., the impact 
of fetal growth restriction on postnatal metabolism in skeletal muscle, but also the 
effect of a “second hit”, such as a Western diet in postnatal life, is presented. 

While meeting dietary guidelines is important, overall maternal health status 
also plays a pivotal role in determining fetal nutrient supply. In situations of 
maternal disease, such as infection with human immunodeficiency virus (HIV), 
the ability of the mother to consume sufficient substrates to maintain herself and 
meet fetal demands is often compromised. Also in situations of HIV, resting 
energy expenditure is increased and the disease may limit dietary intake and 
reduce nutrient absorption, in addition to influencing the progression of HIV 
disease as reported by Ramlal and colleagues. Their study described typical diets 
of HIV-infected, pregnant Malawian women and highlighted that poor quality 
maternal diets should be enhanced to meet demands of this particular group of 
pregnant women, vulnerable to both HIV and malnutrition. 

While deficiencies in nutrition during pregnancy can result in adverse 
offspring outcomes, once pregnant, maternal weight gain during and after 
pregnancy are critical issues both for maternal and fetal health. In the pilot RCT 
report led by Martin et al., a cohort of women were recruited with the aim of 
reducing postpartum weight retention and improving breastfeeding outcomes. 
The findings indicate that the approach reported is feasible and acceptable to 
pregnant women and that the methodology, including the collection of blood for 
biomarker assessment, could be adapted based on qualitative feedback to a larger, 
adequately powered RCT. Assessing maternal body composition, as part of 
monitoring maternal well-being, prior to and during pregnancy is critical to 
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estimate the requirements for dietary energy during gestation and when 
investigating relationships between maternal nutritional status and offspring 
development. Forsum and co-workers investigate the possibility of estimating 
body density and the use of a two-component model (2CM) to calculate total body 
fat, concluding it may present a new clinically appropriate methodology. 

Many nutritional studies in pregnancy have focused on the impact of changes 
in total or macronutrient intake. This current issue features several studies that 
expand our knowledge regarding nutrient uptake during pregnancy, but have 
focused on changes in micronutrients during pregnancy. Grieger and Clifton, 
provide updated evidence from epidemiological and RCTs on the impact of 
dietary and supplemental intakes of omega-3 long-chain polyunsaturated fatty 
acids, zinc, folate, iron, calcium, and vitamin D, as well as dietary patterns, on 
infant birth weight. Additionally, in studying maternal intakes of polyunsaturated 
fatty acids (PUFAs), Bascuñán et al. report a Chilean study that highlights the 
need for new strategies to improve n-3 PUFA intake throughout pregnancy and 
breastfeeding periods and the need to develop dietary interventions to improve 
the quality of consumed foods with particular emphasis on n-3 PUFA for 
adequate fetal development. Fish intake during pregnancy is recognized as an 
important source of PUFAs. Starling and co-workers present a systematic review 
of fish intake during pregnancy and fetal neurodevelopment. The review covers 
approximately a 14 year period of publications between January 2000 and  
March 2014 involving over 270 papers, of which only eight were selected for a 
qualitative comparison of study findings. 

Deficiencies in a range of micronutrients in low vs. middle income countries 
that may act through epigenetic mechanisms to influence fetal development and 
risk of chronic disease in adult life are identified by Darnton-Hill et al. They also 
discuss supplementation programs. One particular micronutrient that is important 
for sulphonation of steroids and hormones is sulphate. Dawson et al. describe the 
requirements for sulphate during pregnancy, the consequences of reduced 
sulphonation capacity and the use of animal models to adequately understand the 
role of sulphate in human pregnancy. Folic acid and Vitamin B12, are crucial 
factors for metabolic pathways, and have been extensively studied and 
demonstrated to play important roles in preventing the development of neural 
tube defects (NTDs). Wang et al. present data that in a local Chinese population 
consumption of non-staple foods such as milk, fresh fruits, and nuts were 
associated with decreasing NTDs risk in offspring. Further independent roles for 
folate and Vitamin B12 deficiency amongst pregnant women are presented in this 
Issue. The relationship between maternal Vitamin B12 and neonatal HDL is 
presented by Adaikalakotwewari et al. Further, folate deficiency resulting in birth 
defects is highlighted by Li et al., who present a mouse model to provide evidence 
that folate deficiency can impair decidual angiogenesis. 



 
 

XVIII 

 

The importance of adequate Vitamin D in women of reproductive age and its role 
in fetal development is of great interest and importance. A review of calcitrol 
biosynthesis during pregnancy, particularly in the placenta is presented by 
Olmos-Ortiz et al. Additionally, Choi et al. describe the high prevalence of 
Vitamin D deficiency in Korean women during pregnancy, particularly in the 
winter, while Yu et al. report the cord blood Vitamin D in babies born in Shanghai. 
Finally regarding Vitamin D, the impact of sun exposure and Vitamin D 
supplementation on achieving appropriate Vitamin D status in women whom are 
breastfeeding is explored by Dawodu and colleagues. 

In this Special Issue Book, several new studies highlighted the importance of 
diet intake and composition upon maternal and fetal well-being parameters in 
human population and animal studies. Many of these studies show that 
deficiencies in consumption/delivery of components (e.g., protein, vitamins, 
PUFAs) of a diet can lead to adverse fetal/offspring development and detail how 
consumption of certain foods may have beneficial effects on fetal/offspring growth 
and development. We hope that the articles contained within this Special Issue 
Book, and the material they reference and describe, are of interest to women, their 
partners and their health care professionals in promoting continual and informed 
dialogue about nutrition in pregnancy. 

Janna L. Morrison and Timothy R.H. Regnault 
Guest Editors 
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A Review of the Impact of Dietary Intakes in
Human Pregnancy on Infant Birthweight
Jessica A. Grieger and Vicki L. Clifton

Abstract: Studies assessing maternal dietary intakes and the relationship with
birthweight are inconsistent, thus attempting to draw inferences on the role of
maternal nutrition in determining the fetal growth trajectory is difficult. The aim of
this review is to provide updated evidence from epidemiological and randomized
controlled trials on the impact of dietary and supplemental intakes of omega-3
long-chain polyunsaturated fatty acids, zinc, folate, iron, calcium, and vitamin D,
as well as dietary patterns, on infant birthweight. A comprehensive review of the
literature was undertaken via the electronic databases Pubmed, Cochrane Library,
and Medline. Included articles were those published in English, in scholarly journals,
and which provided information about diet and nutrition during pregnancy and
infant birthweight. There is insufficient evidence for omega-3 fatty acid supplements’
ability to reduce risk of low birthweight (LBW), and more robust evidence from
studies supplementing with zinc, calcium, and/or vitamin D needs to be established.
Iron supplementation appears to increase birthweight, particularly when there are
increases in maternal hemoglobin concentrations in the third trimester. There is
limited evidence supporting the use of folic acid supplements to reduce the risk for
LBW; however, supplementation may increase birthweight by ~130 g. Consumption
of whole foods such as fruit, vegetables, low-fat dairy, and lean meats throughout
pregnancy appears beneficial for appropriate birthweight. Intervention studies with
an understanding of optimal dietary patterns may provide promising results for both
maternal and perinatal health. Outcomes from these studies will help determine
what sort of dietary advice could be promoted to women during pregnancy in order
to promote the best health for themselves and their baby.

Reprinted from Nutrients. Cite as: Grieger, J.A.; Clifton, V.L. A Review of the Impact
of Dietary Intakes in Human Pregnancy on Infant Birthweight. Nutrients 2015, 7,
153–178.

1. Introduction

Optimal nutrition supply to the developing fetus is paramount in achieving
appropriate fetal growth and development. During pregnancy, dietary energy
and nutrient requirements are generally increased to support increased maternal
metabolism, blood volume and red cell mass expansion, and the delivery of nutrients
to the fetus [1,2]. In a recent systematic review and meta-analysis of 90 dietary studies
among pregnant women in developed countries (n = 126,242), compared to dietary
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recommendations in the specific countries, energy and fiber intakes were generally
lower, total fat and saturated fat intakes were higher, and carbohydrate intake was
borderline or lower than recommendations [3]. Key nutrients including folate, iron,
zinc, calcium, vitamin D, and essential fatty acids function to promote red blood cell
production, enzyme activity, bone development, and brain development. Current
evidence indicates, however, that micronutrient intake during pregnancy is less than
optimal [4]. This is of concern given the current consensus that maternal nutrition is
relevant to both the short- and long-term health of the infant.

Human studies assessing maternal dietary intakes on birth outcomes date
back to the early 1940s, when the appropriate energy and protein intakes to
achieve a full-term infant (≥2500 g) were uncertain [5–8]. However, the available
evidence at the time suggested that mothers with insufficient weight gain during
pregnancy had higher rates of premature birth than mothers with appropriate
pregnancy weight gain [9,10]. Undernutrition, then, was seen to markedly affect
pregnancy outcome, potentially through inadequate energy availability to the
developing fetus. Comparatively, the recent surge in the prevalence of overweight
and obesity worldwide has been identified as another significant complication of
pregnancy [11–13], potentially via fetal exposure to excess energy availability. The
long-term detrimental influence of maternal obesity and excess maternal nutrition
on the risk of disease in childhood and beyond has been described [14–16].

Unfortunately, there has been no single comprehensive review examining infant
birthweight related to important maternal nutrients that may play a role in fetal birthweight.
Therefore, this review will provide updated information from epidemiological studies
and the latest evidence from systematic reviews/meta-analyses on the impact of
long chain omega 3 polyunsaturated fatty acids (LC n3 PUFA), zinc, iron, folate,
calcium, and vitamin D on fetal birthweight. These nutrients were chosen due to
their nutritional importance in pregnancy and the potential mechanisms relevant to
birthweight. A distinction will be made between studies conducted in developed
and developing countries due to differences in dietary intakes and prevalence of
infants with low birthweight (LBW). Maternal nutrient deficiencies can occur in
women who are of normal weight, obese, or underweight, and thus the impact of
nutrient deficiencies will be discussed in the context of pregnancy undernutrition
and overnutrition. The impact of whole dietary patterns on birthweight will
also be discussed in order to highlight diet quality as a global holistic marker of
nutritional intake.

2. Methods

A comprehensive review of the literature was undertaken via the electronic
databases PubMed, Cochrane Library, and Medline. The most recent systematic
reviews and meta-analyses were used to capture information from epidemiological
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and RCTs, with any subsequent studies published after the systematic reviews also
included. Reviews were initially searched for using the search keywords “omega
3 fatty acids birthweight small for gestational age pregnancy”; “zinc birthweight
small for gestational age pregnancy”; “iron birthweight small for gestational age
pregnancy”; “folate birthweight small for gestational age pregnancy”; “calcium
birthweight small for gestational age pregnancy”; “vitamin D birthweight small
for gestational age pregnancy”; and “diet birthweight small for gestational age
pregnancy”. Articles were limited to human studies published in English, and
articles were included where they provided information about diet and nutrition
during pregnancy and the birthweight outcomes of the fetus. Outcomes focussed on
low birth weight (LBW: <2500 g) and small for gestational age (SGA: <10th percentile
for gestational age), but also included intrauterine growth restriction (IUGR: <3rd
percentile for gestational age) and large for gestational age (LGA: >90th percentile for
gestational age); and macrosomia (>4000 g at birth). Key mechanistic studies were
included to highlight the importance of different nutrients during pregnancy and
transfer through the placenta. Supporting animal studies were included where there
was a lack of human studies on the effects of maternal under- and overnutrition.

3. Review

3.1. Undernutrition and Fetal Growth

The major determinant of intrauterine fetal growth is the placental supply
of nutrients to the fetus, which is dependent upon placental size, morphology,
and blood supply [17]. Several animal studies have shown direct relationships
between placental size and birthweight [18,19]. Experimental restriction of placental
growth [20–22], food restriction [23], and isocaloric low protein diets [24,25] resulted
in reduced placental weight and altered placental efficiency, leading to reduced
birthweight and IUGR. The timing of delivery of nutrients through the placenta is also
important [26]. In pregnant sheep, severe undernutrition during the peri-conceptual
period led to preterm delivery [17]; global undernutrition in early pregnancy reduced
the placental:fetal weight ratio [27]; global undernutrition in early to mid-gestation
increased placental size [28,29]; and global undernutrition in late gestation reduced
fetal growth [30]. In rats, a low protein diet in early pregnancy increased placental
growth [31], whereas in late pregnancy there was reduced fetal weight [32].
A recent review has neatly summarized the animal models, demonstrating how
dietary manipulation impacts perinatal programming [33]. It can be summarized
that following maternal reduced nutrition (i.e., a low protein isocaloric diet, or
global food restriction at 20%–70% calorie intake), offspring exhibited structural
disorganization and impaired programming of the appetite-regulating system located
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in the hypothalamus. Due to changes in orexigenic pathways and increased white
adipose tissue, the potential increased risk of obesity later in life is inevitable.

Maternal undernutrition during critical periods in humans may also influence
fetal adipocyte metabolism and fat mass, leading to obesity in later life [34].
Thus, alterations in fetal nutritional supply can drive developmental adaptations
influencing growth and metabolism. These alterations affect not only postnatal
outcomes but also contribute to increased susceptibility to disease in later life.

In a systematic review and meta-analysis of 78 studies (n = 1,025,794 women),
risk of preterm birth was increased in the cohort studies of underweight women by
29%, and a 64% increased risk for LBW [35]. Low birthweight is a proxy for maternal
undernutrition [36]. It is associated with reduced fat mass and lean mass [37,38],
poor cognition in childhood [39], and increased risk for type 2 diabetes [40] and high
blood pressure [41,42] in adulthood. These studies support a link between maternal
nutrition, infant birthweight, and the short- and long-term consequences. However,
there are limited epidemiological studies suggesting the optimal maternal dietary
intakes for optimal infant birthweight.

3.2. Epidemiological Studies and Randomized Controlled Trials Assessing Birthweight

3.2.1. Long chain omega-3 Polyunsaturated Fatty Acids

Fatty acids are among the essential nutrients for intrauterine growth [43].
Among the long chain omega-3 polyunsaturated fatty acids (LC n3 PUFA),
docosahexanoic acid (DHA) plays a critical role in fetal growth and central nervous
system development. It has been estimated that the average complete DHA accretion
rate in utero is 43 mg/kg/day [44]. As the fetus does not accumulate appreciable
amounts of fat until the last trimester of gestation, if adequate DHA is not available
during this critical window of development, the deleterious effect on the brain
dopaminergic and serotonergic systems is irreversible [45]. There has been much
recent investigation into the importance of LC n3 PUFA in pregnancy [46–48] and
associations between LC n3 PUFA intakes and birth outcomes is emerging.

The most recent review that included 14 epidemiological studies assessing
fish/seafood intake on birth outcomes revealed a positive association in 6 of the
studies; 4 studies showed an inverse association, and the remaining studies revealed
no association [49]. Overall in these studies, daily intake of fish ranged from 3.4 g to
47 g, or 8–12 fish meals per month. It is noted that 11 of the studies collected dietary
data during pregnancy, while 3 studies collected dietary information following
delivery [49].

There is emerging research, particularly in developed countries on n3 fatty
acid supplementation and birthweight. The most recent meta-analysis of 15 RCTs
reported that birthweight was slightly higher among infants born to women in the
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LC n-3 PUFA supplemented group compared to placebo (RR 42.2; 95% CI: 14.8,
69.7); however, risk of LBW was not significantly different (RR 0.92; 95% CI: 0.83,
1.02) [49] (Table 1). In a further phase 3 double blind RCT with smaller sample size
(n = 303), supplementation with 600 mg/day DHA from <20 week gestation to birth
led to a 172 g greater birthweight [50]. Interestingly, it was reported that only 78%
of the capsules were consumed, thus mean daily intakes of DHA was lower than
anticipated (469 mg/day). The conflicting evidence of an increase in birthweight
with LC n3 PUFA supplementation and the lack of studies in developing countries
suggest the need for further, high-quality studies to be replicated and confirmed.
Moreover, the clinical significance of an increase in birthweight of 42 g and 172 g,
identified by Imhoff-Kunsch et al. [49] and Carlson et al. [50], is unclear, particularly
as supplementation only marginally affected LBW.

3.2.2. Zinc

Zinc is essential for normal fetal growth and development [51]. In the USA,
dietary zinc intake is recommended to increase from 8 mg/day in non-pregnant
women to 11 mg/day during gestation [52]. Most of the zinc gained is deposited
in the fetus and in the uterine muscle. Several studies have identified that maternal
zinc absorption is not significantly different throughout gestation or compared to the
non-pregnant state [51,53,54], but does appear to increase during lactation [51,55].
Potential mechanisms for adjustment of zinc metabolism may include reduced
endogenous gastrointestinal zinc excretion [51,56] or the release of maternal tissue
zinc [57].

Zinc deficiency is thought to influence embryonic and fetal development
through reduced cell proliferation, reduced protein synthesis, or reductions in rates
of tubulin polymerization, rather than increased rates of cellular oxidative damage,
increased rates of apoptosis, or reduced binding of hormones and transcription
factors dependent on zinc-finger regions [58,59]. Studies in animals have identified
that zinc deficiency is teratogenic, such that it can interfere with normal embryonic
development. For instance, offspring of mother hens with zinc deficiency were
born with several skeletal defects and abnormalities of the brain, with many deaths
occurring within 4 days [60], and when rats were fed a zinc-deficient diet during
pregnancy, fewer offspring were born and many were growth-retarded, with multiple
anomalies [61]. The consideration that zinc deficiency is a teratogenic risk in humans
may be supported by the correlation of low plasma zinc concentrations in the first and
third trimesters of pregnancy with respective increases in risk for malformations [62]
and LBW [63]. Other adverse consequences of maternal zinc deficiency include
increased maternal mortality, prolonged labor, prematurity [64], and adverse fetal
development [65].
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In a review of 46 studies conducted in developed and developing countries,
23 studies reported a positive relationship between maternal zinc concentrations
and birthweight [64]. Since publication of that review, 3 studies have reported on
zinc and birthweight, all in developing countries: 2 studies reported no relationship
between low maternal zinc status and LBW infants [66,67], whereas among pregnant
women from Tanzania, increased odds of LBW were observed with low maternal
zinc concentrations [68]. Only a few studies assessing maternal dietary intakes of
zinc were found, of which a study among women from New Jersey (n = 818) reported
those with intakes of ≤6 mg/day had a two-fold increased risk of LBW compared to
intakes >6.1 mg/day [69]; however, dietary intakes of zinc between 8 and 11 mg/day
were not associated with LBW [70,71]. Currently there is insufficient evidence to
presume that maternal zinc deficiency is teratogenic or that maternal zinc deficiency
is related to neonatal birthweight. Further studies are required assessing mechanistic
pathways between maternal zinc status and infant birthweight.

In the most recent Cochrane review of 20 RCTs, compared to placebo (or other
micronutrient supplementation combinations), zinc supplementation (5–44 mg/day)
had no effect on reducing risk for LBW or SGA [72] (Table 1). Similarly, in a systematic
review and meta-analysis of 20 trials that was published in the same year, maternal
zinc supplementation (between 5 and 50 mg/day) had no effect on LBW or SGA [73]
(Table 1). In that review, however, only 6 trials were deemed to be of high quality, and
the overall quality of evidence for LBW or SGA was very low. More robust evidence
from supplementation studies needs to be established, and appropriate biomarkers
to assess zinc status may need to be developed to support increasing dietary zinc
intakes during pregnancy for infant birthweight.

3.2.3. Iron

Dietary iron requirements during pregnancy increase due to the expansion
of red cell mass to accommodate fetal and placental growth, and to allow for the
blood loss that occurs at delivery. Increased dietary iron requirements are difficult
to achieve through diet alone, and beginning pregnancy with already low intakes
increases the likelihood of outcomes such as preterm birth and LBW [74,75]. Thus,
the prevalence of iron deficiency (with and without anemia) is reported to increase
during each trimester [76,77].

Only 1 study was located assessing dietary iron intakes on fetal body weight.
In this study among 1274 pregnant women aged 18–45 years from the UK, it was
found that for every 10 mg increase in dietary iron intake, fetal birthweight was
predicted to increase by 70 g (95% CI: 10, 130; p = 0.02); however, when adjusting
for maternal age, cotinine levels, alcohol intake, maternal weight, height, parity,
ethnicity, gestational age, and fetal sex, the change of 34 g was not significant [78].
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There is considerably more information on maternal iron status and birthweight.
A recent review of 25 observational studies revealed anemia (defined as Hb < 110 g/L)
during pregnancy increased the risk for LBW (OR 1.25; 95% CI: 1.08, 1.25) compared
to non-anemic women (Hb ≥ 110 g/L); however, when including only the nine
studies with adjusted estimates, this was no longer significant (aOR 1.13; 95% CI:
0.94, 1.35) [79]. Interestingly, there was a 30% increased risk for LBW when anemia
occurred during the first two trimesters of pregnancy compared to the final trimester.
Maternal anemia was not associated with birthweight or SGA, and there was no
significant difference in birthweight between high- and low-income countries [79].

Some studies have also assessed ferritin concentration, which is an indicator
of iron stores. Both low ferritin (<12 g/L, indicating depleted iron stores) and
high ferritin (≥60 g/L) levels were significantly associated with lower birthweight
(106 g and 123 g, respectively) compared with women with intermediate ferritin
concentrations [74]. In a sample of 580 black women from Alabama, USA, plasma
ferritin levels in the highest quartile at 19 weeks (95.8 µg/L), 26 weeks (55.4 µg/L),
and 36 weeks (41.4 µg/L) were associated with a lower mean birthweight than those
in the lower three quartiles, by 142–226 g [80], whereas infants of mothers with
depleted iron stores (n = 51, serum ferritin <10.0 µg/L) had a lower birth weight
by ~336 g compared to infants of mothers with adequate serum ferritin >20.0 µg/L
(n = 20) [81]. A final study reported serum ferritin <12 µg/L was associated with
192 g lower birthweight [82].

In the same review described above [79], a meta-analysis on 16 RCTs was
carried out that assessed iron supplementation compared to control supplementation
on birthweight (Table 1). Iron-only supplementation led to a mean difference in
birthweight of 40.8 g (0.97 to 80.6) and reduced LBW (RR 0.81; 95% CI: 0.71, 0.91),
but not SGA. Although duration of iron supplementation was not associated with
birthweight, it was found that for every 10 mg increase in daily iron intake, birth
weight increased by 15.1 (6.0 to 24.2) g, and for every 10 g/L increase in mean Hb
concentration in the third trimester or at delivery, birthweight increased by 143 (95%
CI: 68, 218) g [79].
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Mechanisms linking iron status to birthweight are not established. An early
study identified an inverse relationship between hemoglobin levels and placenta
weight [86], in which further possible roles of the placenta in the regulation of iron
transfer and the transport proteins involved have been implicated [87–89]. Additional
mechanistic studies are needed to better understand the link between iron status and
birthweight, as multiple studies have reported positive effects.

3.2.4. Folate

Folate requirements are increased during pregnancy due to the demand of
fetal growth [90]. It has long been established that folic acid at or around the time
of conception reduces the risk for neural tube defects [91–93], and it is currently
recommended that a 400 µg/day folic acid supplementation is taken three months
before and early on in pregnancy [52,94,95]. However, the effect of routine folic acid
supplementation on birth outcomes is not currently known.

Maternal folate status is largely determined by folate supplement use and
though a number of other factors such as dietary folate intake and genetic variations
in genes [90]. Red blood cell folate (RBC) is a biomarker of long-term folate
status reflecting the previous 2–4 months, while serum and plasma folate represent
short-term folate status and are therefore commonly used to reflect current folate
supplement use [96].

No systematic reviews were located that reported on folate status and birth
outcomes. However, in the most recent review of the literature assessing folate status
and birth outcomes [97], maternal RBC folate status appeared to be associated with
birthweight (n = 5 studies), and there was an increased risk for SGA with low or
decreasing RBC folate (125–300 nmol/L) in two of four studies. However the majority
of these studies were of poor quality, folate status was collected at different time
points during gestation, and some of the studies were underpowered and thus were
unable to identify a meaningful outcome. Comparatively, a number of high-quality
studies were identified that assessed serum or plasma folate on birth outcomes.
Only 2 of 15 studies reported significant associations between high or increasing
serum or plasma folate during pregnancy and increased birthweight, while 1 study
showed a significantly decreased risk of LBW with increasing folate levels in the
second trimester. Folic acid supplement use was identified in 18 studies, of which
5 reported positive outcomes with supplement use in the second and third trimesters;
and there was mixed evidence reporting folic acid supplement use and LBW or SGA.
Although the majority of these studies were of high quality, some studies reported
pre-conception folate intake and some RCTs were also summarized in the results.
Thus, the ability to draw appropriate conclusions about the effect of dietary folate
intake and folate status on birth outcomes is difficult. No further studies have been
carried out since that review, further limiting the ability to understand the impact of
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maternal folate intake on birth outcomes, and at what time point during gestation
folate should be measured.

In a Cochrane review assessing folic acid alone or with other micronutrients
versus no folic acid (Table 1), the mean difference in birthweight was significantly
greater in the folic acid supplement groups compared to no folic acid supplement
(mean difference 135.75 g; 95% CI: 47.85, 223.68), but not LBW (RR 0.83; 95% CI:
0.66, 1.04; 4 studies, n = 3113 participants) [83]. In that review, it was revealed that
supplementation typically took place from the 8th week of pregnancy until three days
postpartum. The indication that most studies were also conducted 30–45 years ago
suggests the need for current, well-designed clinical trials to assess the effectiveness
of folic acid supplement use on birthweight parameters, given that current folic
supplement use is recommended to assist other neonatal outcomes, namely neural
tube defects.

3.2.5. Calcium

Calcium absorption and urinary calcium excretion are approximately two-fold
higher during pregnancy compared to pre-conception or after delivery [98–100].
These changes are evidenced at the end of the first trimester and available for the
peak fetal demands in the third trimester. Calcium is transported across the placenta
by an active transport process, being important in many developmental functions
and critical for skeletal development [101]. There does not appear to be an additional
need for calcium in pregnancy [102].

Few studies have reported on associations between calcium intake and
birthweight. Studies in developing countries have reported higher calcium intakes
(≥1200 mg/day vs. <800 mg/day) were associated with higher birthweight
(~3400 g vs. 3000 g) [71], particularly when calcium intakes reached dietary
recommendations [103,104]. It is to be noted, however, that birthweight of 3000 g with
lower daily calcium intake of 800 mg is not considered an inappropriate birthweight.

In a recent Cochrane review of 21 trials, no effect of calcium supplementation
was found for LBW or IUGR, despite all 5 trials providing high dose supplementation
(≥1000 mg/day) [84] (Table 1). Comparatively, higher birthweights were apparent
following calcium supplementation compared to placebo (mean difference 64.66 g;
95% CI: 15.75, 113.58) in 19 trials with 8287 women [84]; however, the clinical
importance of an increase of 64 g is unknown.

3.2.6. Vitamin D

The major circulating form of vitamin D is 25-hydroxyvitamin D (25(OH)D)
and the most biological potent form is calcitriol (1,25-dihydroxyvitamin D3)
(1,25(OH)2D3)). 25(OH)D readily crosses experimentally perfused placentas in
humans [105,106] and rodents [107], such that cord blood 25(OH)D levels at
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term are typically three-quarters that of maternal values [108]. In comparison,
1,25(OH)2D3 does not appear to cross the placenta, with lower levels detected in cord
blood [109]. Although there is no recommended increase in vitamin D intake during
pregnancy [95,110], it is apparent that neonates born to vitamin D-deficient mothers
will also be deficient [111,112]. There is mixed evidence regarding the effect of
maternal 25(OH)D on bone health at birth; however, studies assessing skeletal health
in childhood suggest 25(OH)D levels during pregnancy may have more impact at
this later stage [113].

Currently, the estimated average requirement for calcium and vitamin D
during pregnancy according to the Institute of Medicine (IOM) is 800 mg/day
and 400 IU/day (10 µg/day), respectively [110]. The recommendation for calcium
is similar to that reported by the National Health and Medical Research Council
(NHMRC) in Australia (840 mg/day); however, the requirement for vitamin D is half
(5 µg/day, 200 IU/day) [95].

The most recent meta-analysis revealed that 25(OH)D insufficiency (<37.5 nmol/L)
during pregnancy was associated with increased risk for small SGA (OR 1.85; 95%
CI 1.52, 2.26, 6 studies) compared to higher 25(OH)D levels [114]. Importantly,
even adjusting for confounders such as 25(OH)D concentration cut-offs (<37.5 and
<80 nmol/L), gestational age (<16 and >16 weeks), and study design (case-control
and other), the association remained significant. In the same review that included
4 studies on LBW, mothers with 25(OH)D concentrations <37.5 nmol/L during
pregnancy had infants with lower birth weight (random weighted mean difference
−130.92; 95% CI 186.69, 75.14 g) compared to infants of mothers with levels greater
than this [114].

A Cochrane review of 3 RCTs identified vitamin D treatment alone as
borderline significant in reducing risk for SGA compared to no supplements/placebo
(Table 1) [85]. Currently, there is insufficient evidence to promote the use of a
vitamin D supplement (with or without calcium) during pregnancy to reduce the
risk of LBW babies. The NHMRC in Australia recommends consuming 5 µg/day
vitamin D [95] whereas the IOM advocates 10 µg/day for those in the USA or
Canada [110]. In Australia, it has also been suggested that pregnant women who
receive regular exposure to sunlight do not require supplementation; however, for
those who have little access to sunlight, a vitamin D supplement of 10 µg/day would
not be excessive [95]. Although various vitamin D supplements are currently on
the market in doses ranging from 5 to10 µg, further studies are required to assess
whether supplemental vitamin D can improve infant health outcomes.
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3.3. Dietary Pattern Studies

Assessment of single nutrients on various study outcomes such as birthweight
presents several caveats as a result of the highly interrelated nature of dietary
exposures. Thus it is difficult to separate out the specific effects of nutrients or
foods in relation to infant birthweight, disease risk, or other health outcomes.
Studies assessing whole foods rather than specific nutrients may provide valuable
information on optimal nutrition during pregnancy, and therefore dietary pattern
analysis aims to overcome some of the difficulties that are often lost in nutrient-based
analyses. Higher consumption of food groups within each identified dietary pattern
indicates higher scores/adherence to this type of pattern.

Among women participating in the Auckland Birthweight Collaborative study
(n = 1714), higher scores on the traditional food pattern (characterized by fruit,
vegetables, yogurt, and lean meat) in early pregnancy was associated with reduced
odds for SGA (OR 0.86; 95% CI: 0.75, 0.99) [115]. Similarly, compared to the Western
dietary pattern (n = 7619) characterized by a high intake of high-fat dairy, refined
grains, processed meat, beer, and sweets, 26%–32% reduced odds for SGA were found
for both the health conscious dietary pattern (n = 7479), characterized by a higher intake
of fruits, vegetables, poultry, and breakfast cereals, and for the intermediate dietary
pattern (n = 29,514), characterized by low fat dairy and fruit but also including
some red meat, dairy, and vegetables [116]. Among women from Spain, higher
scores on the Alternate-Healthy Eating Index in the first trimester were associated
with reduced risk of fetal growth restriction compared to women with the lowest
score [117]. Among women participating in the Osaka Maternal and Child Health
Study in Japan, those in the wheat products pattern (bread, confectionery, and soft
drinks, n = 303) had infants with lower birthweight, and compared with women in
the rice, fish, and vegetables pattern, women in the wheat products pattern had higher
odds of an infant being born SGA (OR 5.2; 95% CI: 1.1, 24.4) [118].

In pregnant women from the Generation R study in the Netherlands, both low
and medium adherence to the Mediterranean diet in the first trimester was associated
with lower birthweight [119]. In two population-based cohort studies from Spain,
higher intakes of fish, legumes, and dairy products were associated with higher
infant birthweight and reduced risk for IUGR, while intake of cereal, fruits, and nuts
had no relationship with birthweight [120]. Similarly, in women from the Danish
National Birth Cohort (n = 35,530), higher intake of Mediterranean foods reduced
the odds for preterm birth [121].

The first dietary pattern analysis to assess pre-conception diet on perinatal
outcomes was carried out in a sample of 309 pregnant women from an area of
low socioeconomic status in Australia [122]. The study revealed no association
between any of the dietary patterns identified with LBW or SGA; however, there was
an approximate 50% reduced risk for preterm delivery following the high protein
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and fruit pattern, and there was a 50% increased risk for preterm delivery following
a high fat, sugar, and takeaway pattern [122].

There is emerging data on dietary pattern assessment and fetal growth.
Generally, these studies were reported in large prospective cohorts, thus capturing
a large sample size, which improves the generalizability to other populations. The
single study that assessed pre-conception diet and perinatal outcomes warrants
further investigation, as improving diet pre-conception presents an ideal opportunity
to modify dietary intake prior to pregnancy in order to optimize birth outcomes.
Nevertheless, these studies suggest that consumption of whole foods such as fruit,
vegetables, low-fat dairy, and lean meats throughout pregnancy appears beneficial
in reducing risk for LBW babies, but it is unclear if healthier food choices in a
certain trimester are optimal. Assessing quantities of the different foods relevant
to national food consumption guidelines would also be a valuable component to
dietary pattern analyses.

3.4. Summary

According to the reviewed epidemiological studies, there does not appear to be
any consistent or conclusive evidence regarding the optimal intake for maternal
dietary LCPUFA, zinc, calcium, or vitamin D for optimal birthweight. Larger
studies are needed that assess LCPUFA intakes and blood concentrations over
the course of pregnancy, and to determine at what time point and at what level
is most important in determining optimal birth outcomes. There is insufficient
evidence to presume that maternal zinc deficiency is teratogenic or that maternal
zinc deficiency is related to neonatal birthweight; therefore, further studies are
required assessing mechanistic pathways between maternal zinc status and infant
birthweight. Iron supplementation increases infant birthweight and the magnitude
that was identified with higher Hb concentrations (i.e., for each 10 g/L increase in
mean Hb concentration in late pregnancy or at delivery, birthweight increased by
143 g), could be critical for the survival of neonates born with lower birthweight.
There is limited evidence supporting the use of folic acid supplements to reduce
the risk for LBW; however, supplementation may increase birthweight by ~130 g.
Further trials assessing calcium supplementation need to be undertaken, particularly
among women with low baseline calcium intakes, to support the few epidemiology
studies identifying higher calcium intakes with higher birthweight. Serum 25(OH)D
levels of at least 37.5 nmol/L appear optimal in reducing the risk for SGA and
increasing birthweight; however, clarification as to what defines a normal 25(OH)D
level is required, in addition to high-quality study designs. Currently there is
not enough evidence to support the use of fish oil supplements to reduce the
risk of LBW in low-risk or high-risk pregnancies, and more robust evidence from
studies supplementing with zinc, calcium, and/or vitamin D needs to be established.
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Attempting to draw inferences on the role of maternal nutrition in determining
the fetal growth trajectory is difficult. Dietary pattern studies appear to show
positive associations between healthier dietary patterns and infant birthweight.
In particular, foods such as lean meat, vegetables, fruit, whole grains, and low-fat
dairy all contain beneficial nutrients such as protein, fiber, iron, zinc, calcium, and
folate. Intervention studies assessing whole foods rather than specific nutrients
may provide valuable information on optimal nutrition during pregnancy, and how
certain dietary patterns improve maternal and perinatal outcomes. Outcomes from
these studies will help determine what sort of dietary advice could be promoted to
women during pregnancy in order to promote the best health for themselves and
their babies.

3.5. Overnutrition and Fetal Growth

The global increase in overweight and obesity [11–13] indicates that more
women entering pregnancy are overweight/obese [11,123]. Maternal BMI is a proxy
measure of nutritional status [12,124–129]. Epidemiological studies have reported
that maternal overweight (i.e., BMI ≥ 25 kg/m2) increases the risk for LGA and
fetal macrosomia (Table 2). In a sample of women from Canada, class 3 obesity
(BMI ≥ 40 kg/m2, n = 249) was protective against LBW (aOR 0.07; 95% CI: 0.01,
0.36), but not SGA, compared to women with normal BMI (18.5–24.9 kg/m2, n = 446);
but class 3 obesity was also associated with LGA (aOR 4.29; 95% CI: 2.67, 6.89);
birthweight > 4000 g (aOR 3.70; 95% CI: 2.22, 6.16) and birthweight > 4500 g (aOR
5.78; 95% CI: 2.11, 15.86) [124]. In contrast, recent data from a retrospective 12-year
cohort study of 75,432 women in Australia identified obesity as an independent
risk factor for SGA compared to normal weight (adjusted OR 1.22; 95% CI: 1.14,
1.31) [130], similar to the 24% increased risk for SGA with maternal obesity in a
multi-ethnic New Zealand population (adjusted OR 1.24; CI: 1.11, 1.39) [131].
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Several obesogenic models in animals have identified short-term consequences
of maternal high fat feeding. In rats, exposure to maternal overnutrition or
obesity during pregnancy was associated with obese offspring [134–138], with
additive effects occurring when pups consumed a high fat diet post-weaning [139].
Overfeeding sheep from conception to mid-gestation to induce overweight and
obesity also led to fetal overgrowth [140]. Other animal studies have investigated the
long-term effects of excess maternal nutrition. One of the earliest was in the baboon,
where overfeeding in the pre-weaning period permanently increased adiposity
through larger fat cells; this was particularly evident in females [141]. Rats who were
overfed to become obese prior to conception, were fed normally during pregnancy,
and whose offspring were fed a normal diet, were more frequently obese as adults
compared to controls [138]. Longer term high-fat feeding in rats also has been
associated with insufficient placental function, reduced pup survival, and fetal
death [142], suggesting that uterine stress as a result of maternal obesity alters proper
development of the placental vasculature, leading to poor fetal development.

Obesity and pregnancy also individually contribute to a state of chronic
inflammation. Maternal high fat consumption programs the appetite-regulating
system of offspring towards orexigenic pathways, leptin resistance, and adiposity [33].
Mechanisms underpinning the relationship between maternal obesity and adverse
perinatal outcomes have been reported; however, a biologic pathway has not been
established. Pro-inflammatory cytokines are elevated in obese compared to normal
pregnancies [143], which can ultimately impact the maternal–fetal interface, leading
to a higher risk of fetal infection and fetal complications [144]. Maternal obesity
also can result in placental oxidative stress [145]. The increase in oxidative stress
may impair placentation and establishment of sufficient blood supply, potentially
impacting fetal metabolism [146]. The placenta is involved with the delivery of
nutrients, oxygen, and hormones to the fetus, thus is ultimately responsible for the
growth trajectory of the fetus [147].

Increasing pre-pregnancy BMI has been associated with increased placental
weight and placental size, which were associated with adverse perinatal outcomes [148];
and maternal obesity was also associated with placenta insufficiency and
increased placental lesions [149]. Moreover, IUGR is associated with placental
insufficiency [150]. As maternal obesity can also be associated with undernutrition
in the mother as well as the fetus (reviewed in [151]), neonatal consequences include
IUGR but also altered epigenetic programming, which has been linked to later life
disease in the offspring (reviewed in [152]). It is difficult to identify whether fetal
programming with maternal overweight/obesity shares the same mechanisms of
maternal undernutrition; the mechanisms underlying the way in which fetal systems
cope with excess fuels during intrauterine development remain relatively unexplored.
These findings provide evidence that excess BMI plays a significant role in altered
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in utero environment, which can have significant adverse effects on the fetus both in
the short and longer term.

Gestational Weight Gain

The effects of maternal obesity on maternal and infant outcomes are further
confounded by pre-pregnancy BMI [153,154] as well as excess gestational weight
gain [155–158]. In two recent systematic reviews and meta-analyses, high gestational
weight gain was associated with lower risk of LBW (RR 0.64; 95% CI: 0.53,
0.78) [159], whereas low total gestational weight gain (<12.5 kg to <7 kg depending
on pre-pregnancy BMI category) was associated with increased risk of LBW (RR
1.85; 95% CI: 1.72, 2.00) [160]. However, in a population-based cohort study of
3536 women with class 3 obesity, those who lost weight during pregnancy had
increased risk for SGA babies (aOR 2.34; 95% CI: 1.15, 4.76) [161]. Subsequent
meta-analysis on interventions aimed at reducing gestational weight gain revealed
there were no significant differences in birthweight between the dietary/physical
activity intervention and control groups [162,163]. The IOM has recently revised
gestational weight gain recommendations according to different BMI categories
which attempt to improve the short- and long-term health of the mother and the
child [164].

3.6. Summary

The effects of maternal BMI on infant birthweight are important given the
increasing prevalence of overweight and obesity in women of childbearing age.
The strong evidence of association between childhood obesity and other metabolic
abnormalities such as hypertension, diabetes, and cardiovascular disease signifies the
importance of modifying body weight to an appropriate level prior to conception, to
improve infant and adult outcomes. Although this is ideal, it is far from practical and
is unlikely in a real-world situation. Dietary modification should be at the forefront
of efforts to improve maternal health, regardless of BMI, in an effort to positively
impact perinatal health. Further larger and more robust studies are required to
identify the importance of limiting weight gain during pregnancy, and to follow up
on longer term health outcomes in the mother, infant, and child.

4. Conclusions

This review summarizes comprehensive data from epidemiological studies and
the latest evidence from RCTs on maternal dietary intakes and infant birthweight.
Research to date has not identified an effective supplementation strategy to combat
the adverse perinatal effects associated with suboptimal maternal diet; indeed,
supplementation strategies may only be beneficial when a deficiency is observed.
Thus, a complete understanding of the underlying dietary profile is warranted to
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avoid needless supplementation where no deficiency exists. In many cases, the mean
birthweight of the study population was >3000 g, suggesting that any increases
in birthweight that were identified may not be of clinical benefit. Suboptimal
dietary intakes (intakes below recommended levels) occur not only in developing
countries, but also in developed countries, irrespective of BMI. The global obesity
epidemic brings new challenges in understanding, managing, and treating obesity in
pregnancy, to improve both short- and long-term child health outcomes. Successful
weight gain modifications show promise in reducing the risk of LGA babies but
do not appear to modify rates of SGA. To date, the most promising results come
from dietary pattern analyses, in which consumption of whole foods including fruit,
vegetables, whole grains, low-fat dairy, and lean meats might be beneficial toward
producing an infant of appropriate birthweight.

This review has highlighted the inconsistencies between studies and the limited
success of dietary interventions studies to improve infant outcomes. We have
identified the need for further RCTs that are carefully implemented and targeted to
women with clear dietary deficiencies, as well as the need to reduce the increasing
prevalence of women entering pregnancy with an overweight BMI through dietary
interventions. Understanding pre-conception diet also deserves attention as dietary
intakes appear to change minimally prior to and during pregnancy [165,166]. Up to
50% of pregnancies are unplanned [167]; therefore, informing women prior to
pregnancy on the importance of healthy eating should be encouraged so as to
maintain a healthy diet during pregnancy.
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Polyunsaturated Fatty Acid Composition of
Maternal Diet and Erythrocyte Phospholipid
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Karla A. Bascuñán, Rodrigo Valenzuela, Rodrigo Chamorro, Alejandra Valencia,
Cynthia Barrera, Claudia Puigrredon, Jorge Sandoval and Alfonso Valenzuela

Abstract: Chilean diets are characterized by a low supply of n-3 polyunsaturated
fatty acids (n-3 PUFA), which are critical nutrients during pregnancy and lactation,
because of their role in brain and visual development. DHA is the most relevant
n-3 PUFA in this period. We evaluated the dietary n-3 PUFA intake and erythrocyte
phospholipids n-3 PUFA in Chilean pregnant women. Eighty healthy pregnant
women (20–36 years old) in the 3rd–6th month of pregnancy were included in
the study. Dietary assessment was done applying a food frequency questionnaire,
and data were analyzed through the Food Processor SQL® software. Fatty acids
of erythrocyte phospholipids were assessed by gas-liquid chromatography. Diet
composition was high in saturated fat, low in mono- and PUFA, high in n-6 PUFA
(linoleic acid) and low in n-3 PUFA (alpha-linolenic acid and DHA), with imbalance in
the n-6/n-3 PUFA ratio. Similar results were observed for fatty acids from erythrocyte
phospholipids. The sample of Chilean pregnant women showed high consumption
of saturated fat and low consumption of n-3 PUFA, which is reflected in the low
DHA content of erythrocyte phospholipids. Imbalance between n-6/n-3 PUFA could
negatively affect fetal development. New strategies are necessary to improve n-3
PUFA intake throughout pregnancy and breast feeding periods. Furthermore, it is
necessary to develop dietary interventions to improve the quality of consumed foods
with particular emphasis on n-3 PUFA.

Reprinted from Nutrients. Cite as: Bascuñán, K.A.; Valenzuela, R.; Chamorro, R.;
Valencia, A.; Barrera, C.; Puigrredon, C.; Sandoval, J.; Valenzuela, A. Polyunsaturated
Fatty Acid Composition of Maternal Diet and Erythrocyte Phospholipid Status in
Chilean Pregnant Women. Nutrients 2014, 6, 4918–4934.

1. Introduction

During the last few decades, considerable scientific interest has been aroused
about the beneficial effects of the adequate dietary intake of essential fatty acids. The
early life period, i.e., during pregnancy and early postpartum (perinatal period), has
been one of the main research foci given that in this period, the composition of dietary
fatty acids determines important effects on growth and development [1,2]. n-6 and
n-3 polyunsaturated fatty acids (PUFA) are considered essential dietary nutrients,
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because mammals do not have the enzymatic capacity to insert a double-bond at the
n-6 and n-3 position of saturated and/or n-9 precursors to form linoleic acid (LA,
18:2n-6) and alpha-linolenic acid (ALA, 18:3n-3), respectively [3,4].

LA and ALA are, in turn, the precursors of a family of fatty acids having
a 20- or 22-carbon chain, such as arachidonic acid (AA, 20:4n-6) formed from
LA and eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3) formed from ALA. AA and DHA are considered the most important
metabolic products of LA and ALA, respectively [5,6]. AA and DHA are vital
structural components of membrane phospholipids [7]. AA is widely distributed
in all cell membrane phospholipids, while DHA is almost exclusively present in a
high concentration in membrane phospholipids of cells from the central nervous
system (neurons and glial cells) [8]. In humans, the higher rate of AA and DHA
accretion occurs during the third trimester of pregnancy and the first two years after
delivery [8–10]. In this context, both LA and ALA, as precursors of AA and DHA,
are essential fatty acids and should be obligatory incorporated throughout the diet.
LA is highly available in the Chilean diet, which is characterized as a Western diet.
However, ALA is very restrictive, and preformed DHA is only scarcely consumed by
our population, because of the low consumption of sea foods, which are the main
primary source of this fatty acid [11].

Several studies have shown that pregnancy is a critical period for n-3 PUFA
intake [12]. Maternal DHA supplementation during pregnancy results in higher
scores on visual and neurocognitive tests in children at 12 months of age [13] and
improves the early development of visual acuity and other neurodevelopmental
indices [14]. Fetal metabolic demand of DHA increases during growth [15] in the last
trimester of pregnancy, being the period where DHA accretion to the fetal brain and
nervous system reaches its maximum speed [16]. Fetal supply of DHA is provided
from maternal circulation at a rate, on average, of 67 mg of n-3 PUFA (primarily as
DHA) per day [17]. On the other hand, maternal DHA requirements are increased in
response to the expansion of red cell mass and placenta and for the accomplishment
of the DHA needs of pregnant women [18].

The increased metabolic need of DHA during pregnancy can be compensated
for by: (1) dietary intake; (2) increasing the capacity to metabolize ALA to DHA [19];
(3) preferential use of DHA reserves mobilized from adipose tissue [20]; and
(4) saving DHA, because of amenorrhea during pregnancy [18,21]. Regarding diet,
sources of n-3 PUFA are limited, and estimated intakes of EPA and DHA in various
populations are below the recommended levels [22]; it is also known that DHA intake
of women from industrialized countries is usually low. The average intake of DHA
in Western countries is 70 to 200 mg/day [23–26], but in some cases, the intake is
even lower (30–50 mg/day), resulting in women having less than the estimated daily
accretion of DHA to the fetus in the third trimester [16]. These observations suggest
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a potential insufficient dietary intake of DHA for both mother and infant [27]. The
assessment of the nutritional status of essential fatty acids during pregnancy is highly
relevant, considering its effects on the offspring, infant development and the health
of the mother [27].

The objective of this study was to evaluate the dietary supply of n-6 and n-3 PUFA
and the nutritional PUFA status, through erythrocyte membrane phospholipid fatty
acid measurement, in a group of healthy pregnant Chilean women. Furthermore, the
nutrient intake of women was compared with the specific nutrient recommendations
during pregnancy.

2. Material and Methods

2.1. Subjects

All women recruited to participate in the study were patients of the Obstetrics
and Gynecology Department of the Clinical Hospital, University of Chile. Women
(n = 80), between 20 and 35 years, being in the 3rd–6th month of pregnancy,
with a history of previous successful breastfeeding (defined as having a previous
child with breastfeeding up to six months) and an absence of any current
pathology (hypertension, gestational diabetes, etc.) during pregnancy or congenital
fetal malformation, were selected. Socioeconomic status was evaluated by the
criteria proposed by the European Society for Opinion and Marketing Research
(ESOMAR) [28], which includes the assessment of the educational level and current
work activity of the individual with the highest income in the household. The
study protocol was reviewed and approved by the Institutional Review Board of
the Faculty of Medicine, University of Chile (Protocol 073-2011) and by the Ethic
Committee of the Clinical Hospital, University of Chile (Protocol 507/11). All
information regarding the study was given to each participant who voluntarily
agreed to participate and signed the informed consent.

2.2. Food Analysis

Dietary evaluation was conducted by trained dietitians of the research group
by the application of a food frequency questionnaire. To estimate nutritional
composition (energy, macro- and micro-nutrients intake) of the habitual diet (between
3 and 6 months of gestation), mothers were extensively interviewed and asked
for all groups of foods consumed during the previous month. In addition to the
food frequency questionnaire, dietitians used a photographic “Atlas of Commonly
Consumed Foods in Chile” [29], a validated graphic instrument that help to estimate
the amount of each food consumed.

Dietary composition data from the food-frequency questionnaire was grouped
into 9 food groups (cereals, fruits and vegetables, dairy, meats and eggs, legumes, fish
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and shellfish, high-lipid foods, oils and fats, sugars and processed foods). Cereals
included all cereals and potatoes; fruits and vegetables included all kind of fruits,
natural fruits juice and vegetables; dairy products included milk, cheese, fresh
cheese and yogurts; meats and eggs included beef, chicken, pork and turkey meat
and all their derived products, as well as eggs; fish and shellfish included hake,
mackerel, tuna, salmon and shellfish (fresh and frozen); legumes included beans,
chickpeas and lentils; high-lipid foods included olives, almonds, peanuts, walnuts,
avocado, pistachios and hazelnuts; oils and fat included vegetable oils (mainly
sunflower, soybean, canola, grape seed and olive oil) and fats (lard, butter, margarine,
mayonnaise and cream); sugars and processed foods included sugar, honey, jam,
delicacies, soft drinks, artificial juices, chocolates, cookies and sweet and savory
snacks. Fatty acid intake from each food group was calculated as g per 100 g of
consumed food, and then the average fatty acid intake was obtained.

Dietary data was analyzed using the software, Food Processor SQL® (ESHA
Research, Salem, OR, USA), to calculate energy and nutrient intake. Diet composition
was obtained using a database from the USDA National Nutrient Database for
Standard Reference, which also contained information from locally-generated
nutrient composition data.

2.3. Assessment of Nutritional Status

Participants were subjected to a clinical evaluation when incorporated into the
study. A physician and a nurse assessed each participant regarding habitual health
control under the standard clinical approach for pregnant women. Anthropometric
data of weight (kg) and height (m) were assessed to determine body-mass index
(BMI, kg/m2). BMI was then used to establish maternal nutritional status according
to gestational week following the national reference [30]. Energy and nutrient
requirements were established according to WHO criteria [31] and recommended
dietary intakes according to the American Institute of Medicine, 2001 [32].

2.4. Blood Samples

Blood was obtained at the first clinical evaluation at the beginning of the
study (between 3 and 6 months of pregnancy) and stored in the presence of
butylhydroxytoluene (BHT) as the antioxidant. Erythrocytes were then separated by
centrifugation (3000 g × for 10 min at 20 ◦C) and frozen at −80 ◦C for further analyses.

2.5. Fatty Acid Analysis

2.5.1. Lipid Extraction from Erythrocyte Membranes

Quantitative extraction of total lipids from erythrocyte samples was carried
out according to Bligh and Dyer [33], in the presence of BHT. Erythrocytes were
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homogenized in ice-cold chloroform/methanol (2:1 v/v) (containing magnesium
chloride 0.5N and 0.01% (w/v) BHT) in an Ultraturrax homogenizer (Janke & Kunkel,
Stufen, Germany). Lipids extracted from erythrocyte samples were separated by
TLC (aluminum sheets 20 × 20 cm, silica gel 60 F-254, Merck, Santiago, Chile),
using the solvent system, hexane/diethyl ether/acetic acid (80:20:1 v/v). After
the development of plates and solvent evaporation, lipid spots were visualized by
exposing the plates to a Camag UV (250 nm) lamp (Camag, Muttenz, Switzerland))
designed for TLC. The solvent system allows the separation of phospholipids,
cholesterol, triacylglycerols and cholesterol esters according to their relative mobility.
Spots of individual lipids were scraped from TLC plates and eluted with either
diethyl ether or chloroform/methanol (2:1 v/v) [34].

2.5.2. Fatty Acid Methyl Ester (FAME) Synthesis

For fatty acid methyl ester (FAME) formation, phospholipids previously
extracted from the silica gel spots with 15 mL of chloroform/methanol/water (10:10:1
v/v) and evaporated under nitrogen stream, were treated with methanolic boron
trifluoride (12% methanolic solution) [35] and sodium hydroxide (0.5 N methanolic
solution). FAME samples were cooled and extracted with 0.5 mL of hexane.

2.5.3. Gas Chromatography Analysis of FAME

FAME were separated and quantified by gas-liquid chromatography in
Hewlett-Packard equipment (model 7890A, CA, USA) using a capillary column
(Agilent HP-88, 100 m × 0.250 mm; I.D. 0.25 µm) and a flame ionization detector
(FID). The injector temperature was set at 250 ◦C and the FID temperature at 300 ◦C.
The oven temperature at injection was initially set at 120 ◦C and was programmed to
increase until 220 ◦C at a rate of 5 ◦C per min. Hydrogen was utilized as the carrier
gas at a flow rate of 35 cm per second in the column, and the inlet split ratio was set
at 20:1. The identification and quantification of FAME were achieved by comparing
the retention times and the peak area values (%) of the unknown samples to those
of a commercial lipid standard (Nu-Chek Prep Inc., Elysian, MN, USA). C23:0 was
used as the internal standard (Nu-Chek Prep Inc., Elysian, MN, USA.) using the
Hewlett-Packard Chemstation (Palo Alto, CA, USA) data system.

2.6. Statistical Analyses

Dietary data were checked by contrasting the energy/nutrient intake data
composition with dietary questionnaires, identifying potential outliers. In that case,
a careful review of each food frequency questionnaire was done. A descriptive
analysis was conducted, and the analysis of the variable’s distribution was done
using a Shapiro–Wilk test. Results are expressed as the mean ± SD (SE in Figure 1)
or the median (interquartile range). To compare dietary nutrient intake with nutrient
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recommendations, a paired sample t-test was used. For all comparisons, statistical
significance was set at α level ≤0.05. The statistical software used was SPSS v.15.0
(Chicago, IL, USA) and GraphPad Prism v.5.0 (GraphPad Software, San Diego, CA,
USA) for figure processing.

3. Results

Table 1 shows the background and anthropometric data of the studied women.
The sample was composed of young women (29.3 ± 5.9 years), mainly of medium
socioeconomic status (70.9%). The gestational average was 22.6 ± 8.4 weeks. The
distribution of nutritional status was 2.6% of women underweight, 51.2% normal
weight, 29.5% overweight and 16.7% obese, indicating that over 50% of the sample
presented a normal nutritional status.

Table 1. Background characteristics.

Variable (n = 80) Mean ± SD

Age (Years) 29.3 ± 5.9
SES

High (%) 13.9
Medium (%) 70.9

Low (%) 15.2
Preconception Weight (kg) 65.2 ± 10.9

Preconception BMI (kg/m2) 25.1 ± 3.6
Weight (kg) a 70.07 ± 10.7
Height (m) a 1.60 ± 0.04

BMI (kg/m2) a 26.9 ± 3.4
Gestational Age (Weeks) 22.6 ± 8.4

Nutritional Status
Underweight (%) 2.6

Normal Weight (%) 51.2
Overweight (%) 29.5

Obese (%) 16.7
Data are expressed as the mean ± SD or as a percentage (%); SES, socioeconomic status; BMI,
body mass index = kg/m2; a Anthropometric measures were taken at study enrollment.

3.1. Dietary Intake

The intake of women was analyzed according to energy intake and macro-
and micro-nutrient dietary consumption. Daily nutrient dietary intake is shown in
Table 2. Average energy was 2482 ± 670.5 kcal with 15.1%, 52.7% and 32.2% of energy
coming from protein, lipids and carbohydrates, respectively. When intake data
were compared with nutritional requirements, it was observed that the nutritional
adequacy ((intake/requirement) × 100) of energy and macronutrients (carbohydrates,
lipids and proteins) was all above the requirements. However, vitamins (folic, choline,
thiamine, niacin and E) and minerals (iron, iodine, potassium, magnesium, zinc and
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copper) were under the recommended level. The intake of vitamins A, riboflavin,
vitamins C and vitamins B12 and minerals (calcium, phosphorus and sodium) were
above the recommended level (Table 2).

Table 2. Daily energy and nutrient dietary intake.

Energy/Nutrients Intake Requirement/RDA a Adequacy (%) b p-Value

Energy (kcal) 2482.0 ± 670.5 1835.8 ± 79.3 135 0.01
Protein (g) 94.0 ± 29.2 59.4 ± 3.4 158 0.001

Carbohydrate (g) 326.9 ± 106.4 238.3 ± 53.1 137 0.001
Fat (g) 88.8 ± 31.9 61.2 ± 2.6 145 0.001

Fiber (g) 30.5 ± 12.1 28 108 0.07
Cholesterol (mg) c 266.5 ± 104.4 - - -

Trans Fatty Acid (g) c 1.3 ± 1.5 - - -
Iron (mg) 14.4 ± 6.1 27 53 0.01

Folic Acid (µg) d 408.7 ± 261.9 600 68 0.01
Choline (mg) 217.2 ± 98.5 450 48 0.01
Iodine (µg) e 74.8 ± 67.2 220 33 0.01
Calcium (mg) 1111.9 ± 511.3 1000 119 0.05

Vitamin A (RAE) f 905 ± 513.5 770 117 0.02
Thiamin (mg) 1.2 ± 0.7 1.4 85 0.01

Riboflavin (mg) 1.5 ± 0.7 1.4 107 0.19
Niacin (mg) 11.6 ± 6.0 18 64 0.01

Vitamin C (mg) 196.0 ± 106.7 85 230 0.01
Vitamin E (α-tocopherol, mg) 5.8 ± 3.5 15 38 0.01

Vitamin B12 (µg) 4.3 ± 2.6 2.6 165 0.01
Phosphorus (mg) 985.1 ± 421.8 700 140 0.01

Sodium (g) 2.76 ± 1.9 1.5 164 0.01
Potassium (g) 2.9 ± 1.1 4.7 61 0.01

Magnesium (mg) 214.8 ± 101.8 350 61 0.01
Zinc (mg) 8.4 ± 4.63 11 76 0.01

Copper (µg) 914.4 ± 462.8 1000 91 0.10

Data are expressed as the mean ± SD; a RDA: Recommended Dietary Allowance,
according to the Institute of Medicine, National Academies, USA [32]; b adequacy:
(nutrient intake/nutrient daily recommendation) × 100; c for this nutrient, the proposed
recommendation is “as low as possible while consuming a nutritionally adequate diet”;
d folic acid intake does not include intake from fortified products (wheat flour); e iodine
intake does not include intake from fortified products (salt); f RAE, retinol activity
equivalent; 1 RAE = 1 mg retinol.

Daily fat and relevant n-6 and n-3 fatty acid intake are shown in Table 3.
Total fat intake was over the recommendations. When saturated and unsaturated
fat intakes were compared, it was observed that saturated fat was above the
recommendations and total unsaturated fat (mono- and polyunsaturated) was under
the recommendations. It is remarkable that the insufficient intake of ALA, EPA and
DHA generated a high imbalance of the n-6/n-3 ratio (Table 3).

Fatty acid intake according to dietary food group is shown in Table 4. Fatty
acid intake was analyzed and separated into nine dietary groups. Regarding total
fat intake, higher fat consumption was obtained from oils and fats, followed by
meats and eggs, cereals, high-lipid foods and dairy. Saturated fatty acid (SAFA)
consumption was supplied by dairy, followed by meats and eggs and oils and fats.
Monounsaturated fatty acids (MUFA) came from high-lipid foods, followed by oils
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and fats, meats and eggs, dairy and cereals. Regarding total PUFA intake, the higher
supply came from oils and fats, followed by high-lipid foods, cereals, meats and eggs
and dairy. The contribution of the different food groups to the dietary intake of n-6
and n-3 PUFA is shown in Figure 1A (LA and ALA) and Figure 1B (AA, EPA and
DHA). It can be observed that the supply of LA was from high-lipid foods, followed
by oils and fats and meats. ALA was notably less consumed than LA (Figure 1A). AA
was provided mainly by meats, and EPA and DHA came almost exclusively from fish.

Table 3. Daily fat and relevant n-6 and n-3 fatty acid dietary intake.

Nutrients Intake RDA a Adequacy (%) b p-Value c

Total Fat (g) 88.8 ± 31.9 61.2 ± 2.6 145 0.001
Saturated Fat (g) 26.7 ± 11.7 15.6 ± 1.6 171 0.001

Monounsaturated Fat (g) 23.3 ± 10.5 29.0 ± 1.1 80 0.001
Polyunsaturated Fat (g) 16.3 ± 9.1 22.3 ± 0.8 73 0.001

LA (g) * 4.4 (2.8–6.7) c 13.0 45 0.001
ALA (g) * 0.6 (0.4–1.0) c 1.4 67 0.001

ARA (mg) * 60.0 (40–90) c 800 7.5 0.001
EPA (mg) * 10.0 (0–50) c 100 31 0.001
DHA (mg) * 40.0 (10–100) c 200 33 0.001

n-6/n-3 Ratio ** 8.1 ± 6.1 - - -

Data are expressed as the mean ± SD, unless otherwise specified; a RDA: Recommended
Dietary Allowance (RDA) according to the Institute of Medicine, National Academies,
USA [32]; b adequacy: ((nutrient intake/nutrient daily recommendation) × 100); c for
a comparison between mean intake and RDA proposed values; * Data expressed as the
median (interquartile range); ** There is no RDA for this ratio; - no adequacy is shown;
LA, linoleic acid; ALA, alpha-linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid.

Table 4. Fatty acid intake according to food groups.

Food Groups Total Fat (g) Total SAFA (g) Total MUFA (g) Total PUFA (g)

Cereals 9.7 (7.0–12.7) 1.7 (1.3–2.4) 1.0 (1.5–2.2) 1.2 (0.7–1.8)
Fruits and Vegetables 1.2 (0.7–1.6) 0.1 (0.07–0.17) 0.05 (0.02–0.07) 0.2 (0.1–0.3)

Dairy 8.4 (4.4–18.0) 4.9 (2.8–10.8) 1.9 (0.9–4.3) 0.2 (0.1–0.6)
Meats and Eggs 12.5 (8.3–20.4) 4.4 (2.8–6.7) 2.8 (1.8–5.7) 0.9 (0.5–1.2)

Fish and Seafood 0.7 (0.2–1.6) 0.17 (0.008–0.064) 0.2 (0.01–0.4) 0.1 (0.01–0.2)
Legumes 0.18 (0.4–0.39) 0.01 (0.006–0.04) 0.02 (0.007–0.06) 0.1 (0.02–0.2)

High-Lipid Foods 9.9 (3.7–14.4) 1.2 (0.5–1.8) 5.0 (2.5–7.6) 1.6 (0.6–3.7)
Oils and Fats 25 (4.9–36.2) 4.2 (2.2–6.4) 4.7 (3.2–9.1) 9.6 (3.9–15.0)

Sugar, Alcohol and Processed Foods 3.4 (0.84–8.1) 0.9 (0.2–3.0) 0.01 (0–0.02) 0.004 (0–0.09)

Data are expressed as the median (interquartile range); SAFA, saturated fatty acids;
MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; Cereals, all
cereals and potatoes; fruits and vegetables, fruits, natural fruits juice and vegetables; dairy
products, milk, cheese, fresh cheese and yogurts; meats and eggs, beef, chicken, pork
and turkey meat and all of their derived products, as well as eggs; fish and shellfish,
hake, mackerel, tuna, salmon and shellfish (fresh and frozen);legumes, beans, chickpeas
and lentils; high-lipid foods, olives, almonds, peanuts, walnuts, avocado, pistachios and
hazelnuts; oils and fats, vegetable oils (mainly sunflower, soybean, canola, grape seed and
olive oil) and fats (lard, butter, margarine, mayonnaise and creams); sugars and processed
foods, sugar, honey, jam, delicacies, soft drinks, artificial juices, chocolates, cookies and
sweet and savory snacks.
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Figure 1. Data are expressed as the mean ± SE and represent the content of each
fatty acid (g)/100g of food. Cereals, all cereals and potatoes; dairy products,
milk, cheese, fresh cheese and yogurts; meats and eggs, beef, chicken, pork and
turkey meat and all their derived products, as well as eggs; fish and shellfish,
hake, mackerel, tuna, salmon and shellfish (fresh and frozen); high-lipid foods,
olives, almonds, peanuts, walnuts, avocado, pistachios and hazelnuts; oils and fats,
vegetable oils (mainly sunflower, soybean, canola, grape seed and olive oil) and
fats (lard, butter, margarine, mayonnaise and creams).
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3.2. Fatty Acid Composition of Erythrocyte Phospholipids

The fatty acid composition of phospholipids extracted from erythrocyte
membranes is shown in Table 5. Total SAFA was the predominant fatty acid, followed
by total PUFA and total MUFA. n-6 PUFA was almost four times the n-3 PUFA, LA
and AA being the predominant fatty acids. DHA is the predominant n-3 PUFA,
the values for ALA and EPA being closely similar. Table 5 also includes the results
from the literature obtained for pregnant women of three different countries and
continents (China, Belgium and the United States of America (USA)). The analysis of
this information compared with our results is found in the Discussion section.

Table 5. Fatty acid composition of maternal erythrocyte membrane phospholipids

Fatty Acids a Chilean
Women b

Chinese
Women c

Belgium
Women d USA Women e

Total SAFA 52.2 ± 2.8 46.4 (44.7–47.2) 46.0 ± 3.3 *
Total MUFA 13.3 ± 1.5 14.5 ± 3.5 12.7 ± 1.3 *
Total PUFA 35.4 ± 3.3 36.6 (34.1–38.7) 38.2 ± 3.5 *

Total n-6 PUFA 28.6 ± 3.6 26.5 (24.6–28.3) * 27.91 ± 5.39
Total n-3 PUFA 6.8 ± 1.0 9.8 (8.6–11.8) * 6.96 ± 2.27
18:2, n-6 (LA) 14.6 ± 3.4 15.0 ± 4.6 19.1 ± 3.2 9.0 ± 1.49

18:3, n-3 (ALA) 1.2 ± 0.4 * 0.22 ± 0.14 0.13 ± 0.06
20:4, n-6 (AA) 13.2 ± 1.8 7.3 (5.7–8.5) 8.4 ± 1.8 13.09 ± 3.3
20:5, n-3 (EPA) 1.6 ± 0.5 1.9 (1.7–2.2) 0.50 ± 0.31 0.30 ± 0.17
22:6, n-3 (DHA) 3.6 ± 0.6 5.6 (4.1–8.1) 4.8 ± 1.3 4.74 ± 1.68

n-6/n-3 PUFA Ratio 4.3 ± 1.0 2.6 (2.1–3.2) * 4.71 ± 2.8
a Fatty acids are expressed as g per 100 g fatty acid methyl ester (FAME); b Data are
expressed as the mean ± SD; SAFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; LA, linolenic acid; ALA, alpha-linolenic acid;
AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; SAFA
includes: 6:0, 8:0, 10:0, 12:0, 14:0, 16:0, 18:0, 20:0, 22:0 and 24:0; MUFA includes 14:1 n-5,
16:1 n-7 and 18:1 n-9; PUFA includes 18:2 n-6, 18:3 n-3, 20:4 n-6, 20:5 n-3, 22:5 n-3 and 22:6
n-3; n-6/n-3 PUFA ratio: 20:4 n-6/(20:5 n-3 + 22:5 n-3 + 22:6 n-3); c Data from [22]; d Data
from [36]; e Data from [37]; *: no data was available in this study.

4. Discussion

This study evaluated the dietary composition consumed by a sample of Chilean
pregnant women with emphasis on their fatty acid intake and its association with the
fatty acid profile of erythrocyte membrane phospholipids. Energy and macronutrient
(carbohydrate, protein and fat) intake exceeded daily recommendations, but several
vitamins and minerals were considerably under the recommended daily intake.
The overconsumption of total fat and, especially, saturated fat in conjunction
with an excessive intake of total n-6 PUFA (mainly LA) versus a lower intake of
n-3 PUFA, particularly ALA, EPA and DHA, was observed. Considering these
results, it is interesting to observe that LA (precursor of AA) intake is under the
recommendation; however, this is not reflected in the AA content of erythrocyte
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membrane phospholipids (Table 5). ALA is also under the recommendation, and
as a precursor of EPA and DHA, these n-3 PUFA show values far lower than the
minimal recommendation. This suggest that the nutritional imbalance observed in
the sample is due to either an efficient conversion of LA to AA (in spite of the low
LA consumption), a very low conversion of ALA to DHA or to both effects [38].
This dietary imbalance is also observed in the fatty acid composition of erythrocyte
phospholipids, which is considered the better marker for the nutritional fatty acid
status [39].

The imbalance found between n-6 and n-3 PUFA (n-6/n-3 ratio) in the diet and
in membrane phospholipids in pregnant women prompts a warning considering
the effects of this imbalance in the human gestational period. During pregnancy,
the rate of growth and development of the central nervous system is higher in
the final stage (third trimester) and in the early postnatal period [17]. There is
evidence demonstrating that the accumulation of DHA in the membrane of neuronal
cells during pregnancy and early infancy reaches 50 mg/kg/month, whereas AA
accumulates at a rate of 400 mg/kg/month, approximately [40–42]. Dietary intake of
n-3 PUFA is associated with the enrichment of n-3 PUFA into the nervous system
in pregnancy and the first month of extra-uterine life, strongly impacting infant
neurodevelopment [43–46]. The low intake of DHA and the diminished status of this
fatty acid in membrane phospholipids of maternal erythrocytes could determine a
lower supply of the fatty acid to fetal tissues and, in turn, the depletion of maternal
stores, as has been suggested [47]. Furthermore, the low intake of n-3 PUFA and the
poor n-3 PUFA maternal status, particularly of DHA, could eventually determine
lower neurocognitive development in infants [48].

The characterization of dietary fat intake of pregnant women based on the
classification according to food groups (Tables 2 and 4) allowed us to determine the
food source of total fat and the principal fatty acids in the diet. In relation to PUFA,
the major food groups contributing to LA intake were the high-lipid foods, oils and
fats and meats and eggs, whereas for ALA, these were high-lipids foods, oils and
fats and dairy products. As expected, the highest proportion of EPA and DHA came
from the group of fish and seafood, followed by the minimal contribution of meats
and dairy products, only in the case of DHA. Regarding AA, the largest proportion
came from meats, eggs and their derivatives, with a low contribution of other groups,
such as dairy and seafood (Figure 1).

The high proportion of LA in the diet may be related to the high intake of
vegetable oils, such as sunflower and soybean oils, and of fat from butter, margarine,
meats and its derived products, all foods that are preferably consumed in the Chilean
and occidental diet [49]. The low ALA intake came primarily from some oily seeds
(walnuts, almonds) and vegetable oils (soybean and canola), with a lower proportion
from dairy products. The low EPA and DHA intake observed in these pregnant
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women is a consequence of the low consumption of fish and shellfish, because this
food group is the main and largest contributor to both fatty acids. The average daily
intake of DHA was far below the recommended level, approximately allowing only
30% of the recommendation [50,51]. Results from other countries, included in Table 5,
are very interesting. Regarding the comparison of fatty acid profile in membrane
phospholipids with the other populations, the characteristics of our sample are
similar to those reported in Belgium and USA pregnant women [37], pointing to a
low n-3 PUFA and high n-6 PUFA content and, consequently, a higher n-6/n-3 ratio
(compared only to USA women), contrary to what was reported in Chinese pregnant
women [22]. Although these results are not strictly comparable, it is possible to
establish that pregnant Chilean women have the lowest DHA concentration in the
phospholipids of erythrocyte membranes.

The low intake of n-3 PUFA and the excessive intake of LA indicate that the
average diet of Chilean pregnant woman has an imbalance towards the family of
n-6 PUFA. Because of this reason, a complementary feeding program was available
from 2009 in the country, consisting of a dry powdered milk product, which provides
90 mg of DHA per 200 mL [52], which is cost-free supplied to pregnant and lactating
woman through the Chilean Primary Care Service system. The acceptability of the
product was evaluated in pregnant women establishing that some modification of the
milk product must be introduced [53]. It is also necessary to rethink the nutritional
strategies to reduce saturated fat consumption, aiming to prevent chronically
non-transmissible diseases [54] and to increase the n-3 PUFA consumption in this
group and in the general population. The dietary imbalance observed in the intake
of other important micronutrients during pregnancy, such as choline, iron, zinc and
others vitamins or minerals, could negatively affect optimal infant development and
maternal nutritional status [55,56], indicating that urgent dietary strategies in this
group are needed.

Regarding fatty acids, although obviously the recommendation is to increase
the consumption of seafood, the availability of these products is low, of high cost and
concerns have arisen regarding contaminants [57]. The development of new food
alternatives is essential to meet the daily recommendation of n-3 PUFA, specifically
DHA, particularly in pregnant and lactating women. The traditional strategy to
supplement DHA, such as fish oil capsules or emulsions, microalgae oil, etc., has
proven to be beneficial, particularly in improving neurological development [39].
The promotion of the consumption of vegetable oils with a high content of ALA
(such as canola, chia, Camelina, flaxseed oil) [58,59] could be a new and interesting
strategy to provide n-3 PUFA during this important physiological period [60]. It was
demonstrated that consumption of canola oil (10% ALA) by Chilean women during
pregnancy reduced the risk of premature delivery and improved the birth weight of
infants [61].
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5. Conclusions

The sample of Chilean pregnant women showed a high consumption of
saturated fat and low consumption of n-3 PUFA (ALA, EPA and DHA), which
is reflected in the low DHA content of phospholipids from erythrocyte membranes,
which are considered a good marker of the nutritional status of this fatty acid. The
imbalance of n-6/n-3 PUFA and the low content of erythrocyte DHA, which results
in a restrictive fetal supply of the fatty acid, could negatively affect fetal development
with future possible effects on cognitive performance, such as the learning and
memory skills of children. It is critical to evaluate new strategies aiming to improve
the intake of n-3 PUFA throughout pregnancy and the breast feeding periods. It
is necessary to develop dietary interventions aimed at improving the quality of
consumed foods, with particular emphasis on specific fatty acids, such as n-3 PUFA.
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Fish Intake during Pregnancy and Foetal
Neurodevelopment—A Systematic Review
of the Evidence
Phoebe Starling, Karen Charlton, Anne T. McMahon and Catherine Lucas

Abstract: Fish is a source of several nutrients that are important for healthy foetal
development. Guidelines from Australia, Europe and the USA encourage fish
consumption during pregnancy. The potential for contamination by heavy metals,
as well as risk of listeriosis requires careful consideration of the shaping of dietary
messages related to fish intake during pregnancy. This review critically evaluates
literature on fish intake in pregnant women, with a focus on the association between
neurodevelopmental outcomes in the offspring and maternal fish intake during
pregnancy. Peer-reviewed journal articles published between January 2000 and
March 2014 were included. Eligible studies included those of healthy pregnant
women who had experienced full term births and those that had measured fish or
seafood intake and assessed neurodevelopmental outcomes in offspring. Medline,
Scopus, Web of Science, ScienceDirect and the Cochrane Library were searched
using the search terms: pregnant, neurodevelopment, cognition, fish and seafood.
Of 279 papers sourced, eight were included in the final review. Due to heterogeneity
in methodology and measured outcomes, a qualitative comparison of study findings
was conducted. This review indicates that the benefits of diets providing moderate
amounts of fish during pregnancy outweigh potential detrimental effects in regards
to offspring neurodevelopment. It is important that the type of fish consumed is low
in mercury.

Reprinted from Nutrients. Cite as: Starling, P.; Charlton, K.; McMahon, A.T.; Lucas, C.
Fish Intake during Pregnancy and Foetal Neurodevelopment—A Systematic Review
of the Evidence. Nutrients 2015, 7, 2001–2014.

1. Introduction

Fish is a source of several nutrients that are important during pregnancy for
healthy foetal development including iodine, long chain omega-3 polyunsaturated
fatty acids (LCn-3PUFAs), and vitamins A, D and B12 [1]. Guidelines from
Australia [2], Europe [3] and the USA [4] encourage the consumption of fish during
pregnancy. Recent studies indicate that pregnant women lack sufficient knowledge
regarding the importance of iodine and LCn-3 PUFAs [5,6], nutrients that are present
in fish and seafood. In addition, it appears Australian women are falling short of
LCn-3PUFA intake recommendations during pregnancy [6,7]. On average, Australian
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women are consuming 33 g of fish per day and pregnant women an average of 28 g of
fish per day, below Food Standards Australia New Zealand (FSANZ) recommended
intakes [8]. As well as being a source of essential nutrients, fish are also a potential
source of contaminants including mercury, polychlorinated biphenyls and dioxins [9].
Guidelines emphasising the health risks of methyl-mercury, with little mention of
important nutrients found in fish, may be contributing to women consuming less than
the recommended fish servings during pregnancy [10]. Thus the risks and benefits
resulting from fish consumption need to be considered and scientific evidence should
direct advice given to pregnant women to help them make the safest choice.

There are many documented health benefits from fish consumption with
regard to foetal health, including improved neurodevelopment, increased birth
weight and a reduced risk of spontaneous abortion [11,12]. This review focuses on
neurodevelopmental outcomes for the foetus as much of the published research into
fish consumption during pregnancy has focused on methyl-mercury, LCn-3PUFAs
and iodine, all known to impact foetal neurodevelopment [13,14]. The aim of this
review was to critically appraise literature investigating fish intake in pregnant
women to assess the hypothesis that fish consumption during pregnancy positively
influences foetal neurodevelopment. This review concludes with a discussion
highlighting some of the methodological issues in researching associations between
diet and infant neurodevelopment.

2. Experimental Section

2.1. Eligibility Criteria

Articles published in peer-reviewed journals between January 2000 and March
2014 were included in this review. Eligible studies were those with healthy pregnant
women, full term births and offspring with no anomalies or diseases. Articles
that investigated the relationship between the maternal consumption of fish or
seafood and neurodevelopmental outcomes in offspring were included. Animal
studies, studies not reported in English, and studies of populations exposed to
contaminants were excluded. Articles directed at identifying suitable models
to explain the relationship between components in fish or developing tools to
analyse the risk-benefit of fish consumption without measuring neurodevelopmental
outcomes were not deemed eligible for this review.

2.2. Search Strategy

Medline, Scopus, Web of Science, ScienceDirect and the Cochrane Library were
searched using terms outlined in Table 1.

The Dietitians Association of Australia Process Manual for review of the
Australian Dietary Guidelines [15] was the basis for reviewing the articles and
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guided the concluding evidence statement. The quality rating of the studies eligible
for review was assessed based on the NHMRC guidelines for review of scientific
literature [16].

Table 1. Database search strategy.

Search terms Keywords searched BOOLEAN operator

Term 1 Pregnant or pregnancy Pregnan* AND

Term 2 Fish or seafood Fish
seafood

OR
AND

Term 3
Neurodevelopment or

neurodevelopmental or
cognition or cognitive

Neurodevelopment*
cogniti* OR

3. Results

The initial search identified 279 articles after duplicates were removed, eight of
which were suitable for inclusion. The PRISMA statement process was followed [17]
as shown in Figure 1.
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The search strategy did not yield any randomised controlled trials of fish intake
in pregnant women and associated foetal neurodevelopmental outcomes. All eight
studies included in the final review were observational in design. A summary of
these articles and their quality rating is presented in Table 2.

Studies were heterogeneous in methodology in regard to the covariates,
neurological assessment tools, length of follow up statistical analyses. In addition,
the type and amounts of fish consumed differed across study locations. Due to
this heterogeneity a qualitative rather than quantitative approach was deemed
appropriate for comparison and presentation of findings.

A study by Oken et al. tested children at six months of age using Visual
Recognition Memory (VRM) paradigm and found a significant improvement of
2.8 points for each additional serving of fish (85–140 g) consumed by the mother
during pregnancy [19]. Mendez et al. found that the length of breastfeeding
influenced whether a significant difference was found in offspring neurodevelopment
when comparing high and low fish intakes during pregnancy [24]. Authors reported
that fish consumption two to three times per week during pregnancy was beneficial
for children who were breastfed for less than six months. However, no statistical
improvement was indicated for those children who were breastfed for longer
than six months [24]. Gale et al. demonstrated no adverse effects on offspring
neurodevelopment with maternal fish consumption during pregnancy equal to or
greater than once per week. This study reported an improved verbal Intelligence
Quotient (IQ) in offspring aged nine years in children born to mothers who consumed
up to two servings of fish per week compared with children born to mothers
who had not consumed any fish during late pregnancy (32 weeks gestation). This
association was not significant for fish consumption in early pregnancy (15 weeks
gestation) suggesting that fish consumption may be of more benefit during the third
trimester [21].

A report from the Avon Longitudinal Study of Parents and Children (ALSPAC)
found that fish consumption during pregnancy of one to three servings per week was
shown to provide a modest but significant improvement in developmental scores
of the offspring for language and social activity at fifteen to eighteen months of
age [18]. A longer follow up of the ALSPAC cohort demonstrated a reduction in the
percentage of children with suboptimal IQ at eight years of age amongst mothers
with a high seafood intake (greater than 340 g) during pregnancy [20].
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A smaller (n = 498) Japanese study did not demonstrate a positive or negative
association between maternal fish intake during pregnancy and neurodevelopment
as measured by the Neonatal Behavioural Assessment tool in infants at three days of
age [25]. Conversely, results from a US cohort study demonstrated a significant
improvement in IQ with consumption of more than two maternal servings of
fish intake per week as assessed via ‘milestone’ achievement in children aged
six months and eighteen months [23]. Results from a large Danish national birth
cohort (n = 25,446) indicated a significant improvement in motor, cognitive and total
developmental scores for eighteen month old children who were born to women
within the highest three quintiles of fish intake during pregnancy. At six months, this
improvement was only significant for children of women in the highest quintile of
fish consumption, suggesting that age of testing may be relevant [22].

The overall quality rating score for the reviewed studies are presented in
Table 2. The eight eligible studies were graded as negative, neutral or positive
overall based on NHMRC guidelines for scientific literature reviews [16]. All studies
were found to be either positive or neutral in regards to quality rating. Seven of the
eight reviewed articles showed a beneficial impact on certain measures of offspring
neurodevelopment with fish intake ranging from less than one to three or more
servings of fish per week. Thus, the evidence in these cohort studies supports the
current recommendations for fish consumption during pregnancy [2–4]. The level
of this evidence is Grade C as per the ratings outlined in Table 3, adapted from
Williams et al. [15] indicating that the body of evidence is supportive of fish intake
during pregnancy.

Table 3. Evidence Rating Table [13].

Component Rating Comments

Evidence Base Satisfactory NHMRC Level III (cohort studies) with moderate
risk of bias [20].

Consistency Good
Seven out of eight studies demonstrated a positive
association between fish intake and foetal
neurodevelopment.

Clinical impact Satisfactory Trend towards improved neurodevelopment with
significant results in several domains.

Generalisability Good All studies in pregnant women.

Applicability Poor
A variety of populations studied from different
countries where type of fish and the level of
contaminants would likely vary.
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4. Discussion

This systematic review of observational cohort studies demonstrates an
association between consumption of one or more servings of fish per week during
pregnancy and better offspring neurodevelopment outcomes. Suzuki et al. [21] was
the only study to report a neutral effect of seafood intake on all neurodevelopmental
outcomes. However, in that study neurodevelopment was assessed when the infant
was only three days old. The seven studies, which demonstrated a benefit in
neurodevelopment, had a follow up time ranging from six months to nine years.
Thus it is possible that longer follow up may be needed to determine significant
associations. This concept is supported by Oken et al. which found an improvement
in neurodevelopmental scores at six months in only the highest quintile of fish
intake while this improvement was evident in the highest three quintiles at eighteen
months [22].

Mendez et al. [24] found that seafood consumption that excluded fish intake had
a detrimental effect on neurodevelopment, while fish intake alone led to improved
outcomes. Thus it is possible that the study of Suzuki et al. [25] may have detected
a benefit had fish been considered separately from total seafood. Gale et al. [21]
reported differences in outcomes associated with oily fish intake and total fish intake
in early compared to late pregnancy. This suggests that the type of fish and timing
of consumption during pregnancy may impact on neurodevelopmental outcomes
of offspring. However, this information is limited to a single study, which was
conducted in a relatively small sample (n = 217). More research in this area is
required to draw sound conclusions.

It is important to note the number methodological limitations in research on
diet and infant neurodevelopment that are present in these studies. This prevents the
conclusion of a definitive relationship without further research, preferably clinical
randomised controlled trials, and a proper meta-analysis.

Measuring dietary intake in cohort studies is problematic due to the difficulty
in obtaining detailed information without causing significant subject burden. All
identified observational cohort studies in the current review used food frequency
questionnaires (FFQs) to assess fish intake. No studies reported adjusting results
from the FFQ for energy intake, a recommendation made by Freedman et al. 2011 [26]
to prevent attenuation. Three studies [19,21,24] reported on the frequency of
consumption without specifying the weight of fish servings while the remaining
studies made assumptions based on standard serving sizes, as to the quantity of fish
consumed at each occasion. This limits the accuracy of a quantifiable conclusion as
due to individual variability in the perception of a ‘serving size’.

Assessing cognitive development differences in infancy and childhood is fraught
with difficulties due to the nature of childhood development and the accurate
measurement of such. Firstly, children develop in ‘spurts’ rather than in a continuous
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fashion, which means they may slip in and out of the ‘normal’ reference ranges,
particularly in the earlier years [27,28]. To combat this, it has been suggested that
testing occurs at more than one time point [27] and that testing should extend beyond
the first two years, preferable to school aged children in order to detect more subtle
differences [28]. Only 4 studies tested at multiple time points [18,21,22,24], four
beyond two years [20,21,23,24], and only two looked at children of school age [20,21].

Secondly, there are multiple interrelated factors which impact on neurodevelopment,
and not all confounders were accounted for in all analyses. Maternal intelligence,
alcohol consumption, smoking and breastfeeding practices were included as
covariates in all studies. However, factors including ethnicity, paternal intelligence,
the home environment, drug use, dietary patterns, supplement use and maternal
responsiveness were not always measured. The ALSPAC study reports by
Daniels et al. [18] and Hibbeln et al. [20] included the home environment as a
confounder, but not paternal IQ. Conversely, the two studies by Oken et al. adjusted
for paternal IQ but not the home environment [22,23]. The remaining four studies
did not correct for either paternal IQ or home environment. No studies adjusted
for maternal responsiveness which has been shown to be related to developmental
outcomes independent of sociodemographic factors [28]. An intake of fish may reflect
a health conscious diet and thus the positive effects may not be directly attributed
to the fish but rather to the diet as a whole. Oken et al. considered maternal diet
by classifying women as following a “prudent” or “western” dietary pattern [23].
Hibbeln et al. [20] also adjusted for maternal diet, while Mendez et al. [24] adjusted
for both maternal and child diets. Other studies did not effectively account for
dietary intake and are thus at risk of bias. Oken et al. [22], Mendez et al. [24] and
Hibbeln et al. [20] measured supplement usage during pregnancy. Hibbeln et al. [20]
reported that only 1.7% of women consumed fish oil supplements not affecting
outcomes, however, this study did not consider supplements other than fish oil. Only
Mendez et al. [24] included supplement usage as a confounder.

There is no universal standard for which neurodevelopmental tests are most
appropriate for use in children of varying ages and at what age meaningful
differences in neurocognitive development can be detected [29]. Performance in
assessments can be significantly altered if the participant is hungry, tired or fearful
of being in a strange place or being tested [27]. The accuracy of the tests for the
population depends on when the test was standardised and within what population.
In particular the Denver test, utilised in the ALSPAC study [18] has been criticised for
its low specificity and potentially outdated ‘norm’ as it was standardised in 1980 [30].
Research on the reliability of parental reports on child development is conflicting [31],
Daniels et al. [18], Hibbeln et al. [20] and Oken et al. [22] used developmental testing
carried out by the mother and thus results may not be as reliable as those reported
by other studies, which used trained professionals.
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Due to the risks associated with consuming fish and seafood during pregnancy
related to food safety and heavy metal contamination, pregnant women may question
the necessity of including these foods in their diets, when nutrition supplements
are readily accessible in Western countries [32]. A systematic review of randomised
control trials examining LCn-3PUFA supplementation during pregnancy found
no clear association between supplement use and infant cognitive outcomes [33].
This may be attributable to the synergistic effects of food [34] and associated with
fish being a source of other nutrients which are important for infant development
such as iodine and vitamin D. Presently, there have been no randomised control trials
examining neurocognitive outcomes associated with prenatal multivitamin use and
infant neurodevelopment, and these are unlikely to occur given ethical implications
of such [35]. Recent research has suggested that effects of methyl-mercury on
infant brain development may be mediated by LCn-3PUFA [36]. Because it is
possible to consume fish and seafood safely during pregnancy, through following
recommendations to limit high mercury species, it is prudent to recommend that
pregnant women consume these foods, rather than rely on supplementation, in order
to maximise infant neurodevelopment outcomes.

5. Conclusions

This review assessed the hypothesis that fish intake during pregnancy improves
offspring neurodevelopmental outcomes. A review of the available evidence
indicates that intake of fish during pregnancy is associated with positive foetal
neurodevelopmental outcomes, as supported by seven of eight articles reviewed,
which showed a beneficial impact on foetal neurodevelopment with one or more
servings of fish per week compared with no fish intake. Based on the results from
these observational studies the current recommendation of two to three servings per
week appears appropriate. Randomised clinical trials have been conducted using
fish oil supplementation in pregnancy, but not with fish considered as a whole food.
Existing evidence is currently insufficient to inform advice regarding fish intake
during pregnancy. Further well designed studies are required to strengthen the
evidence base regarding the type and quantity of maternal fish consumption during
pregnancy and associated neurodevelopmental outcomes in the offspring, while
considering the contribution of mercury from fish-containing diets.
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Micronutrients in Pregnancy in Low- and
Middle-Income Countries
Ian Darnton-Hill and Uzonna C. Mkparu

Abstract: Pregnancy is one of the more important periods in life when increased
micronutrients, and macronutrients are most needed by the body; both for the health
and well-being of the mother and for the growing foetus and newborn child. This
brief review aims to identify the micronutrients (vitamins and minerals) likely to
be deficient in women of reproductive age in Low- and Middle-Income Countries
(LMIC), especially during pregnancy, and the impact of such deficiencies. A global
prevalence of some two billion people at risk of micronutrient deficiencies, and
multiple micronutrient deficiencies of many pregnant women in LMIC underline
the urgency to establishing the optimal recommendations, including for delivery.
It has long been recognized that adequate iron is important for best reproductive
outcomes, including gestational cognitive development. Similarly, iodine and
calcium have been recognized for their roles in development of the foetus/neonate.
Less clear effects of deficiencies of zinc, copper, magnesium and selenium have
been reported. Folate sufficiency periconceptionally is recognized both by the
practice of providing folic acid in antenatal iron/folic acid supplementation and by
increasing numbers of countries fortifying flours with folic acid. Other vitamins
likely to be important include vitamins B12, D and A with the water-soluble
vitamins generally less likely to be a problem. Epigenetic influences and the likely
influence of micronutrient deficiencies on foetal origins of adult chronic diseases are
currently being clarified. Micronutrients may have other more subtle, unrecognized
effects. The necessity for improved diets and health and sanitation are consistently
recommended, although these are not always available to many of the world’s
pregnant women. Consequently, supplementation programmes, fortification of
staples and condiments, and nutrition and health support need to be scaled-up,
supported by social and cultural measures. Because of the life-long influences on
reproductive outcomes, including inter-generational ones, both clinical and public
health measures need to ensure adequate micronutrient intakes during pregnancy,
but also during adolescence, the first few years of life, and during lactation. Many
antenatal programmes are not currently achieving this. We aim to address the need
for micronutrients during pregnancy, the importance of micronutrient deficiencies
during gestation and before, and propose the scaling-up of clinical and public health
approaches that achieve healthier pregnancies and improved pregnancy outcomes.

Reprinted from Nutrients. Cite as: Darnton-Hill, I.; Mkparu, U.C. Micronutrients in
Pregnancy in Low- and Middle-Income Countries. Nutrients 2015, 7, 1744–1768.
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1. Introduction

Optimal outcomes of pregnancy and their importance to the mother, the future
child, families and societies, is contingent on appropriate care, adequate antenatal
preparation and sufficient nutrition. The consequences of antenatal nutritional
deficiencies can be devastating to the mother, child and effect future generations.
As such, it is critical that expectant mothers enter pregnancy with the best possible
macronutrient and micronutrient status and then receive adequate antenatal nutrition
for their health, and for the well-being of their offspring. This short review examines
micronutrient deficiencies in women in Low and Middle Income Countries, and
programmatic responses.

Maternal nutrition has profound effects on foetal growth, development, and
subsequent infant birthweight, and the health and well-being of the woman
herself [1]. Maternal undernutrition, maternal mortality rates, infant mortality and
morbidity rates have declined since the 1990s as a result of increasing attention
to improving the quality of the antenatal period and improving obstetric care and
social change. However, there is still a great need for further improvements. The
nutritional status and size of the pregnant woman is the result of past health and
nutrition, including her own birth size and subsequent health and societal influences.

Poor dietary patterns, and options, in the periconceptional period are known
to lead to pre-term delivery, shorter birth-length and earlier gestation [1] and poor
potential neurodevelopmental outcomes for the foetus [2]. Given the impact of poor
maternal diet, both public health and clinical measures need to be in place, especially
in low socio-economic environments. These need to address all stages of the women’s
life-cycle, and especially during the pregnancy. There is increased risk if that
pregnancy occurs during adolescence, is spaced too closely to a preceding pregnancy,
or is one of multiple pregnancies. Nutritional, dietary and health interventions
need to be complemented by improved obstetric care and support, and exposure
to “nutrition-sensitive” interventions such as access to education, improvement in
women’s status and improved agricultural and environmental determinants [3].

While the global burden of diseases caused by deficiencies of micronutrients
during pregnancy is relatively modest globally, the cumulative individual impact can
be considerable. This is especially so for adolescent pregnancies and women of lower
economic or minority status in low and middle-income economic settings [4]. The
aim of this short review is to describe micronutrient deficiencies and programmes in
LMIC where the vast majority of micronutrient deficiencies occur, and appropriate
public health and maternal antenatal care in such settings to address such deficiencies.
Where relevant, research literature from more affluent countries is also used.
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2. Micronutrient Deficiencies in Women of Reproductive Age

Globally, approximately two billion people, the majority women and young
children, are affected, by micronutrient deficiencies, with even higher rates during
pregnancy [5]. Concurrent deficiencies of more than one or two micronutrients are
well documented among young pregnant women, (and young children), especially in
LMIC [6–9]. Deficiencies in maternal micronutrient status are a result of: poor quality
diets; high fertility rates; repeated pregnancies; short inter-pregnancy intervals; and,
increased physiological needs. These factors are aggravated by often inadequate
health systems with poor capacity, by poverty and inequities, and by socio-cultural
factors such as early marriage and adolescent pregnancies, and some traditional
dietary practices [3,4,10–12]. A systematic review identifying all studies that had been
published between 1988 and 2008 reporting on micronutrient intakes in women living
in such environments, showed that for women, the reported mean/median intakes
in over 50% of the studies were below the Estimated Average Requirements (EAR)
for micronutrient intakes, except for vitamin A, vitamin C, and niacin, where the
reported intakes were around a third of the EAR, 29%, 34% and 34% respectively [11].

Pregnancy during adolescence is a relatively common event in much of the
world [13] and the young women are usually incomplete in their own growth
and often deficient in micronutrients [14,15]. Pregnancies at this time will make
reproductive outcomes more likely to be negative as well as impacting on the
health, nutrition and well-being of the adolescent. Studies of micronutrient status in
adolescents, including when pregnant, have found poor micronutrient intakes and
status [14], including in the UK [16], and increased risk of small-for-gestational-age
(SGA) and low birthweight [LBW] infants at birth [10]. Adolescent pregnancy, besides
negatively affecting the young mother’s own growth and nutritional status [17], is
associated with a 50% increased risk of stillbirths and neonatal deaths, and increased
risk of preterm birth, low birthweight, and asphyxia [18]. A review assessing the
association between inter-pregnancy intervals with maternal, newborn, and child
health outcomes found that short inter-pregnancy intervals (<6 months) were also
associated with a higher probability of maternal anaemia (32%) and stillbirths (40%)
whereas longer intervals (>60 months) were associated with an increased risk of
pre-eclampsia [19].

3. Micronutrients during Pregnancy

Information concerning vitamin and mineral metabolism and requirements
during pregnancy are surprisingly imprecise, largely because of the complexity
of maternal metabolism during pregnancy [4,20] and interactions between
micronutrients. Overall nutrient requirements are increased during pregnancy due to
the greater needs of the mother’s own increase in body tissue reserves and metabolic
demands, and the development of placenta and the foetus [21,22]. Requirements for
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many, but not all, micronutrients also increase during pregnancy [21]. However
the increased requirements will depend on existing nutritional status, rate of
weight gain and availability of adequate nutrition and co-existing disease. For
micronutrients especially, adequacy can be difficult to assess due to plasma volume
increases and often-poor biomarkers [23,24]. Nutrient-binding proteins that transport
micronutrients also demonstrate decreased concentrations [21].

Iron and iron deficiency anaemia: iron deficiency anaemia (IDA) leading to a
decrease in oxygen carrying capacity is one of the most common pregnancy-related
complications [23,25]. The majority of the 1.62 billion people currently affected
by anaemia are women or young children [25]. The global prevalence in pregnant
women has fallen only slightly since 1995 from 43% to 38% [25]. The global prevalence
of severe anaemia on the other hand, which poses the greatest risk for maternal
mortality, has shown a greater relative reduction but still only from 2.0% to 0.9%,
and overall the risk is far higher in women of LMIC [25]. About half of all anaemia
is estimated to be attributable to iron deficiency, depending on the geographic and
disease environment. Much of the other (approximately) half is caused by diseases
such as malaria, HIV and parasites, and by deficiencies of other micronutrients such
as vitamin A, folate and zinc [22], again according to the local environments.

The apparent increased risk of anaemia during pregnancy is confounded by
the plasma volume expansion at about six weeks into pregnancy [23], although red
blood cell mass does not increase proportionately to the expanding plasma volume.
Plasma volume increases by about 48% while red cell mass only increases by about
18% [23]. Iron deficiency itself, even before manifest as anaemia, affects both mother
and child [23] and in the mother includes cognitive impairment, decreased physical
activity and reduced immunity, and possibly more subtle impairments. Where there
is real iron deficiency, this decreases the mother’s ability to synthesize hemoglobin
and transport oxygen [26]. The foetus developing in-utero has no direct contact with
the atmosphere and depends on the mother for oxygen, although foetal hemoglobin
does also have a higher affinity for oxygen which helps to ensure that the developing
foetus’ oxygen requirements can be met [27].

Young children who are the offspring of anaemic mothers, or are anaemic
themselves, usually have poor development. A recent overview reported on a
relatively recent meta-analysis that established the strong causal link between
maternal iron deficiency and adverse outcomes [28]. Amongst other things, iron
deficiency is thought to affect the optimal development of the foetal brain [20] and
in mice at least, gestational iron deficiency of the mother differentially alters the
structure and function of white and grey matter brain regions of the offspring [29].
A recent study found that psychosocial stimulation benefitted development in
non-anaemic children but not in anaemic, iron-deficient children [30]. This would
suggest in addition to iron treatment, children with IDA may require more intense
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or longer interventions than for young children neither anaemic nor iron deficient.
There have been studies now with many years of follow-up that have demonstrated
direct positive association between maternal Hb levels during pregnancy and
educational achievements of off-spring later in life. One, from Finland, has
demonstrated improvements 31 years later [31]. The study authors suggest that
that iron prophylaxis even at fairly late stages of pregnancy may be beneficial for
the offspring [31]. However, while iron deficiency is to be avoided in pregnancy,
iron supplements and increased iron stores in the third trimester have been linked to
maternal complications such as gestational diabetes and increased oxidative stress
and risk of preeclampsia [32]. The author notes that anaemia and iron deficiency
anaemia are not synonymous, including among low income and minority women in
their reproductive years [32].

Iodine: Unlike most essential dietary nutrients, iodine status is not linked
so much to socio-economic development but more to geography [33]. Its critical
significance during pregnancy is, rather than on maternal health directly, due to the
devastating impact on the foetus of deficiency, including cretinism and impaired
growth. Nevertheless, reproductive outcomes are affected with increased risk of
stillbirths, abortions, and congenital abnormalities. Maternal urinary iodine has
also been positively associated with birth weight, length and head circumference
in male offspring in a recent study of a Bangladeshi population of pregnant
women [2], as well as the well-recognized impact on offspring cognitive impairment
as described below.

Calcium: Calcium supplementation is associated with a reduction in pre-eclampsia
as well as LBW and pre-term birth [18]. Gestational hypertensive disorders are the
second main causes of maternal morbidity and mortality, as well as being associated
with an increased risk of pre-term birth and foetal growth restriction [34]. As calcium
supplementation during pregnancy reduces the incidence of gestational hypertension
by 35%, pre-eclampsia by 52%–55% and pre-term births by 24% [35], the World Health
Organization (WHO) now recommends 1.5 g to 2.0 g of elemental calcium per day
for pregnant women with low dietary calcium intakes.

Other minerals: Other trace element deficiencies that have been described as possibly
associated with complications in pregnancy, childbirth or foetal development include
copper, magnesium, selenium and zinc [22]. While a Cochrane review found that zinc
supplementation in pregnancy may result in a 14% reduction in preterm birth [36],
this decrease was not accompanied by a similar reduction in stillbirths, neonatal
death, SGA, or low birthweight. The Lancet Series on Maternal and Young Child
Undernutrition concluded there is insufficient evidence at this point for policy to be
made on zinc supplementation during pregnancy [18].

Folate: folate deficiency leading to megaloblastic anemia is the second most
common cause of anaemia during pregnancy [23]. Folate, a B-vitamin, has an
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important role in the synthesis and maintenance of DNA and therefore has an
increased requirement throughout pregnancy supporting optimal growth and
development of the foetus, as well as due to blood volume expansion and tissue
growth of the mother [37]. Folate deficiency during pregnancy, especially around the
time of conception, is strongly correlated with increased risk of neural tube defects
such as spina bifida [38]. A recent study showed significant reductions in rates of
both pre-eclampsia in mothers and SGA (small for gestational age) newborns with
maternal folic acid supplementation (but no other associations between pregnancy
and birth outcomes) [39].

Vitamin D: Vitamin D deficiency is estimated to affect one billion people globally
and is increasingly recognized as being common amongst pregnant women [20].
Despite its important role in bone homeostasis, brain development and modulation of
the immune system, the impact of antenatal vitamin D is still poorly understood [40],
not least because of uncertainties with appropriate biomarkers and cut-off points.
A systematic review suggested that women with circulating 25-hydroxyvitamin
D (25(OH)D) concentrations <50 nmol/L in pregnancy have an increased risk of
preeclampsia, gestational diabetes mellitus, preterm birth and SGA newborns [41].
A Cochrane review found a significant relationship between an increase in serum
vitamin D concentrations at term and borderline reduction in low birthweight [42]
but there is yet not enough evidence for policy as the number of high-quality trials is
thought to be currently too small to draw conclusions on its usefulness and safety [18].

Other vitamins: Deficiencies of yet other vitamins such as vitamin B12 and perhaps
vitamin A may be important but evidence is sparse or conflicting [22,43]. There was
an earlier recommendation by the FAO (Food and Agricultural Organization)/WHO
of a 40% increase in the vitamin B-12 dietary allowance to meet foetal demands and
increased metabolic needs [21]. As pregnancy does not require additional vitamin E
and it is common in most diets, additional vitamin E is unlikely to be required [21].
Observational or experimental data linking water-soluble vitamins to any risk of
maternal mortality are apparently unavailable [21]; these vitamins, such as vitamin C,
thiamin, niacin and riboflavin and others, do however appear to decline in serum or
plasma levels, likely due to extra uptake by the foetus or haemodilution, or in the
case of niacin also increased urinary excretion [21]. Most return to normal within a
week of delivery [21]. Possible side-effects of overdosage of vitamin E and vitamin C
in pregnancy are discussed below (Section 7.2).

4. Interactions among Micronutrients

Interactions between micronutrient-dependent physiological and biological
actions can be both positive, e.g., zinc and vitamin A, and negative, as e.g., with
zinc or copper and iron [43]. Addition of zinc to iron and folic acid supplements
have been shown to attenuate or even negate the positive association with outcomes
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due to iron, probably related to the inhibitory role of zinc in iron absorption [44].
Maintaining a balance between antioxidants such as selenium, and pro-oxidants
(such as iron can be) has also been described as desirable, beyond the need to meet
recommended intakes [20].

Because pregnant women in resource-poor areas are at risk of multiple
micronutrient deficiencies [43], both the effects of single micronutrient deficiencies,
and multiple ones, as well as interactions among them, all need to be considered.
As described above, micronutrient deficiencies during pregnancy are associated
with adverse pregnancy outcomes, especially in women of lower socioeconomic
status who tend to have more than one deficiency, and those of young age who
are at risk of being undernourished and underweight [11,18]. When important
clinically, such micronutrient/micronutrient interactions complicate public health
recommendations and interventions, as some will be synergistic and some will be
antagonistic [20,22]. Framing specific recommendations can be further complicated
by human variability in uptake and utilization of micronutrients, and genomics
and epigenetic changes due to early deficiencies during gestation. One recent
meta-analysis e.g., strongly suggested the MTHFD1 G1958A polymorphism appears
to be associated with increased maternal risk for NTDs (neural tube defects) in
Caucasian populations [45]. Neural tube defects present as a wide range of
phenotypes and the aetiology is multifactorial “with a large number of unclear
genetic components, environmental conditions, and their interactions playing critical
roles” [45]. This seems likely possible also for other micronutrients important in
pregnancy outcomes. Multi-micronutrient supplementation is discussed below.

5. Offspring of Micronutrient-Deficient Mothers

Although pregnancy is the focus of this review, the effects of micronutrient
deficiencies on their offspring also need to be addressed as part of the mother-child
dyad. Perhaps the most noteworthy natural experiment demonstrating this necessity
came about as a result of the Dutch famine of 1944 which provided a unique
opportunity to study the long term consequences of maternal nutritional status
and health outcomes in offspring [46,47]. Before the famine ended in 1945, rations
were as low as 500 Kcal per person [47]. Expectant mothers who were subjected to
the famine became severely macro- and micronutrient deficient. The famine was
directly observed to affect fertility, infant birth weight, maternal weight gain, and the
development of the neonate’s central nervous system [47].

Assessing the impact of antenatal micronutrient status of pregnant women
(especially when improved by supplementation) on the outcomes for their offspring
is a challenge due to the need to follow the women through pregnancy and then
the offspring, often in less than ideal settings for such research. In an important
study from Nepal, intellectual functioning, including working memory, inhibitory
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control, and fine motor functioning among offspring at 7 to 9 years of age were
positively associated with prenatal iron/folic acid supplementation in an area of high
iron deficiency [8]. Related and similar findings of positive impact on the child of
maternal antenatal supplementation have been found in Bangladesh [48], China [49]
and in HIV-infected mothers in Tanzania [50]. A study from rural Viet Nam found
that low maternal 25-hydroxyvitamin D levels in late pregnancy were associated
with reduced language developmental outcomes at six months of age [40]. Maternal
antenatal zinc supplementation may have beneficial long-term consequences for
neural development associated with autonomic regulation of cardiovascular function
in children at 54 months whose zinc-deficient pregnant mothers had received
supplementation [51]. Even in areas of mild-to-moderate iodine deficiency, subtle
reductions in the intelligent quotient of children in those areas may be reduced on
average by 8–13.5 IQ points but can be corrected in populations by salt iodization [33].
On the other hand, there is increasing evidence of a positive impact of multiple
micronutrient supplementation to deficient mothers on the growth and development
of their offspring, although mechanisms are still unclear and findings inconsistent.
This is probably because of different formulations and dosages of the supplements,
rather than lack of effect.

6. Gestational Micronutrient Deficiencies and Later Risk of Chronic Disease

It has been noted that whereas micronutrient deficiencies are known to be
associated with various shorter-term adverse outcomes of pregnancy, their effects on
long-term health and later chronic disease of the children of such pregnancies are
largely unknown. It is now generally accepted that early life nutritional exposures,
combined with changes in lifestyle in adult life, can result in an increased risk of
chronic diseases [52,53]. The excellent review by Christian and Stewart [52] that
considered various strands of evidence, including animal studies, concludes that
there are also strong suggestive links between intrauterine micronutrient status and
the potential risk of chronic diseases but the underlying mechanisms are largely
unclear. However, it is known that micronutrient status in foetal and early life can
alter metabolism, vasculature, and organ growth and function, and so is likely to
have consequences for increased risk of cardiometabolic disorders, adiposity, altered
kidney function, and ultimately type 2 diabetes and cardiovascular diseases [52].
Epigenetic influences, as mentioned previously, heritable long-term changes in gene
expression which are not caused by changes in gene sequence [54], may also play
a significant role in long-term pregnancy outcomes. Christian and Stewart [52]
have suggested a conceptual framework for how maternal diet and micronutrient
status may effect the development of chronic disease; the most likely, given present
knowledge, seem to be vitamin A, folate, iron and zinc and perhaps calcium and
magnesium as shown in their conceptual framework (Figure 1).
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Figure 1. Conceptual framework by Christian and Stewart [52] for how maternal
diet and micronutrient status may affect the development of chronic disease in the
offspring. Gray boxes represent hypothesized pathways through which various
micronutrient deficiencies may influence the growth, development, or function of
the indicated systems.

Numerous studies have found significantly higher morbidity and mortality
rates amongst individuals who were exposed to the nutritional shortages during
gestational developmental periods, compared to unexposed individuals as e.g., in
the above-mentioned Dutch famine [46,55,56]. Exposure during early gestation was
associated with increased glucose intolerance, increased prevalence of coronary heart
disease, elevated atherogenic lipid profile, increased risk of obesity, increased risk
of schizophrenia, and disturbances in blood coagulation [47,55,56]. Some of these
morbidities were found to transcend generations, with higher rates of obesity and
associated co-morbidities observed in second-generation offspring of males who were
exposed to the famine prenatally [57,58]. It is known that nutritional deficiencies
during pregnancy may result in epigenetic modifications to the human genome,
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resulting in changes to gene expression, without alterations to gene sequence. In the
review by Christian and Stewart [52], of how deficient maternal micronutrient status
might influence the development of chronic disease in the children, they suggest
that micronutrient status might influence regulatory pathways, such as hormonal
adaptations and epigenetic gene regulation that can influence restricted growth and
development in the developing foetus (Figure 1). In population-based prospective
cohort studies, maternal hyper-homocysteinaemia (a biomarker of folate deficiency)
was, for example, also linked to a higher risk of adiposity and type 2 diabetes in
mothers and their offspring, both of which have future negative outcomes, and in
the shorter term, lead to negative birth outcomes [39].

An emerging trend, in terms of noncommunicable diseases, is that of increasing
numbers of overweight and obese mothers such as is now happening in LMIC, often
at the same time, as their underweight children—the so-called “double burden of
malnutrition”. This is important because of increasing evidence e.g., from the Danish
National Birth Cohort studies, that obese women have a higher risk of micronutrient
deficiencies [59], and so micronutrient deficiencies associated with pregnancy in
overweight/obese women are becoming increasingly an issue in both affluent and
lower- and middle-income countries. High-dose supplementation with vitamin C
and vitamin E has been found to not prevent preeclampsia but to increase the rate
of babies born with low birthweight [59]. A later systematic review confirmed
the lack of effect on preeclampsia and also found an increased risk of developing
gestational hypertension and premature rupture of membranes, with a decreased
risk of abruptio placentae [60,61]. There does not appear to be evidence to recommend
supplementation with vitamins C and E.

7. Addressing the Problem

Short-term clinical interventions for micronutrient deficiencies may be critical
for the immediate pregnancy and should obviously be addressed on presentation.
Particularly in countries with under-resourced Health Systems, concurrent antenatal
preventive measures also need to be in place and must be strengthened and scaled-up
for optimizing maternal, neonatal and young child outcomes. The extended roles of
other opportunities throughout the life course such as the adolescent young woman [28]
are being increasingly recognized as further opportunities. The distinction will be
made here between clinical interventions, those occurring during the pregnancy
and delivery such as antenatal supplementation e.g., with iron and folic acid and
obstetric care, and those occurring before the pregnancy and periconceptionally, such
as preventive weekly iron and folic acid supplementation [62] which are seen as
more public health and nutrition interventions.
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7.1. Clinical

There have been significant strides in addressing perinatal nutritional issues,
especially at the public health level. Consequently, the risk of nutritional insufficiency
in pregnant women in most middle and high-income populations has been drastically
reduced but remains a real risk in many LMIC women. Clinical care is used here in the
sense of care before pregnancy, during the actual pregnancy, and during delivery and
the neonatal phase. For convenience, “antenatal” refers to the pregnant women’s care,
whereas “perinatal” is larger including the periconceptional time and even before, as
well as including immediately after birth. In terms of micronutrients, these clinical
interventions include oral tablet supplementation, improved diets and nutrition
education, food supplementation, monitoring of anaemia levels where facilities
permit, management of weight gain, and encouragement to plan for breastfeeding,
and related activities such as delayed cord clamping to improve neonatal iron stores.

7.1.1. Supplementation with Micronutrient Tablets

The Recommended Dietary Allowance RDA of iron increases by about 50%
during pregnancy (from 18 mg to 27 mg). Due to the fact that the median dietary
intake of iron in pregnant women is considerably lower than the Estimated Dietary
Requirement (EAR) for iron, even in an affluent country like the USA, and often lower
still in LMIC, it is recommended that pregnant women take iron supplements [63,64].
Antenatal iron and folic acid supplementation is a well-established intervention but
the coverage and impact has been poor despite clear WHO recommendations for both
anaemic and non-anaemic pregnant women and by national bodies [63–65]. Some
other countries, especially more affluent ones, often have their own policies [64,65]
including not recommending iron and folic acid at all in non-anaemic pregnant
women. However, many women in such countries are anyway receiving a multiple
micronutrient supplement [65], and there is a good body of research suggesting
this should be recommended for pregnant women in LMICs [10,18,66] and there
is growing support for the potential replacement of iron-folic acid supplements in
pregnancy with multiple micronutrient supplements in populations at risk [18]. All
bodies, multilateral or national, recommend supplementation to be complemented
by healthy antenatal diets.

The reasons for the generally poor coverage of the existing recommended
iron/folic acid tablets have been extensively reviewed [3]. They include: poor
antenatal attendance especially in the first two trimesters; the effects of lower status of
women; the taste and side effects of iron-containing tablets (especially lower quality
ones); logistical issues; lack of conviction of positive impact by health workers; fear
of larger babies where there is inadequate obstetric care; and so on [3]. Nevertheless,
where coverage is good, the results are impressive and can be expected to have an
impact on the mother’s health, reducing anaemia and improving birth outcomes,
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and a likely impact on infant and young child outcomes, as noted above. A study
in rural western China found that antenatal supplementation with iron-folic acid
was associated with longer gestation and a reduction in early neonatal mortality
compared with only folic acid, whereas multiple micronutrient supplements were
associated with a modest increased birth weight compared with folic acid [67].
Despite the weight gain, there was no significant reduction in early neonatal
mortality [67]. In 2012, the World Health Assembly endorsed nutrition targets
for 2025 that included a 50% reduction in the number of women of reproductive age
affected by anaemia compared with 2011 [25].

There is accumulating evidence that folic acid by supplementation has an
additional protective effect against adverse pregnancy outcomes, as well as the now
well-established reduction in neural tube defects (NTD) [18]. Studies have suggested
improved neurodevelopmental outcomes in children of mothers with higher blood
folate concentrations or mothers receiving antenatal folic acid supplements [37]. The
RDA increases by 50% during pregnancy, from 400 µg/day to 600 µg/day [20]. This
is hard to accomplish without consumption of folic acid-fortified foods or folic acid
supplements. For this reason, periconceptional supplementation of 400 µg/day of
folic acid is recommended internationally for women of childbearing age in order to
minimize neural tube defects [20]. Except in some settings, coverage has not usually
been impressive, especially to those of poor socio-economic status and adolescents
who are amongst those most at risk of unplanned pregnancies. For example, the
CDC reports that about 50% of U.S. pregnancies are unintended and most women are
not aware that they are pregnant until they are about two months into the pregnancy.
However, the neural tube closes between 23–27 days after conception [20], and so
this is already too late. An alternative approach that has been considered is to
recommend folic acid supplements for all women who are of child-bearing age.
However, long term folic acid supplementation on the off chance that an unplanned
conception occurs has significant implementation and cost implications. Where
pregnancies are generally carefully planned, as was the case in one experience in
China, folic acid supplementation has been successful. However, the public health
food-based population approach of fortification is now the accepted intervention
in most countries, and where instituted, has shown a dramatic reduction in the
incidence of NTDs [38].

There are also several other clinical considerations to be made when
supplementing with folic acid. For example, folate may mask symptoms of
megaloblastic anemia, which could be an indicator of vitamin B-12 deficiency [68].
Indicators of low vitamin B-12 are associated with adverse pregnancy outcomes,
anaemia, low birthweight, and intrauterine retardation [9]. By the possible masking
of vitamin B-12 deficiency, folic acid could make it difficult to detect and remedy B-12
deficiency, but the evidence for this happening with fortification of cereal staples is
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mixed. Oral supplementation of urban Indian women with vitamin B-12 throughout
pregnancy and early lactation significantly increased vitamin B-12 status of both
mothers and infants [9] and so worth considering where vitamin B12 intakes are
marginal. There are also concerns from observational data of possible increases in
rates of some cancers with higher levels of folic acid in the diet due to the relatively
high levels used in fortification [20].

As noted, WHO now recommends calcium supplementation to reduce the risk
of hypertensive diseases in pregnancy. However calcium requires large and frequent
tablets, as well as the 60 mg of iron and 400 µg of folic acid and where the iron and
calcium may negatively react intra-intestinally [34]. Recently a novel micronutrient
powder containing micro-encapsulated pH-sensitive calcium in addition to iron
and folic acid has been designed to facilitate early intestinal release of the iron and
delayed calcium release [34].

In affluent countries, where supplementation with antenatal multimicronutrient
supplements is relatively common and often recommended [65], use of targeted
antenatal micronutrients probably has the potential to decrease infant morbidity and
mortality in anaemic and deficient women, especially low-income urban women [69].
In a Canadian study, self-reported vitamin supplementation was associated with
decreased odds of miscarriage although other associated positive health-related
behaviours also likely contributed [70]. On the other hand, an earlier systematic
review found that taking vitamin supplements prior to pregnancy or in early
pregnancy, did not prevent miscarriage or stillbirth but the mothers appeared to
be less likely to develop pre-eclampsia (but were more likely to have a multiple
pregnancy) [71]. The evidence is not yet entirely clear, as iron and folic acid
supplements in Indonesian women significantly reduced the risk of early neonatal
death [72]. Similarly a double-blind cluster-randomized trial, also in Indonesia,
found that maternal multiple micronutrient supplementation, as compared with
iron/folic acid, reduced early infant mortality, especially in undernourished and
anaemic women [73]. The size of the pregnant women appears to modify the effect
and well-nourished women may be less appropriate for supplementation where
there is inadequate clinical support.

Supplementation with multiple micronutrient formulations has a certain logic
to it given the multiple micronutrient deficiencies that frequently occur together
and the interactions between micronutrient-dependent physiological and biological
actions [43]. Current evidence has been described as suggesting that vitamins
and minerals have added bio-functionality which may be particularly important
in pregnancy with synergisms e.g., between folic acid and vitamin B12, possibly
enhancing their biological potential—in this case to further reduce the occurrence
of NTDs [20].
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An independent systematic review and meta-analysis of 12 randomized,
controlled trials comparing multiple micronutrient supplementation with iron-folic
acid supplementation found that both supplements were equally effective in reducing
anaemia (even though iron content was often lower in the multimicronutrient
supplement) and resulted in a small, significant increase in mean birthweight;
larger micronutrient doses appeared to have a greater impact [10]. The findings of
other intervention trials, especially effectiveness trials, have been variable, although
efficacy is largely accepted. Many factors affect the impact, such as baseline iron
and/or anaemia levels, diet, the disease environment and importantly it seems
the size of the pregnant woman. A recent study in Chinese women e.g., showed
that compared with controls taking folic acid, prenatal iron/folic acid or multiple
micronutrient supplements improved iron status later in pregnancy but did not affect
perinatal anaemia in women with no or mild anaemia [74].

Nevertheless, “despite encouraging high compliance to community-based
supplementation, a proportion of mothers remain anaemic, suggesting a need
to also address parasitic and other infections and malaria” [10,13]. It is also
worth noting that meaningful improvements with antenatal multiple micronutrients
in height and cognitive development in children by two years of age have
been observed, although these findings have been less consistent. Nevertheless,
following these findings, it was concluded that replacing iron-folic acid supplements
with multiple micronutrients in the package of health care, including improved
obstetric care of health and nutrition interventions, would improve the impact of
supplementation on birthweight, small-for-gestational age neonates, and perhaps
child growth and development [10]. Despite some initial concern in some settings of
(non-significant) risk of increased neonatal mortality [75] (not found in other reviews
e.g., Haider et al. [66]), the conclusion immediately above was later endorsed by
the Lancet Series (2013) following further evidence supporting the approach [18].
Trials are underway in a number of countries at present. Supplementation with
multivitamins (vitamin B complex, vitamin C and vitamin E) also significantly
decreases the risk of adverse pregnancy outcomes among HIV-infected women [76].

A consensus appears to be emerging on the usefulness of antenatal
supplementation with multimicronutrients, especially for improvements in
birthweights [10,18], at least in LMIC. Replacement of iron-folic acid with multiple
micronutrient supplements in pregnancy, as a public health recommendation in
at-risk populations, seems warranted, although further evidence from effectiveness
assessments might be needed to guide a universal policy change [18]. However,
delivery platforms for micronutrient antenatal care are a constraint in many settings
e.g., a recent study in PNG showed how socio-cultural, health care staff attitudes
and economic factors all affect antenatal care attendance and that only a third of
women receive any antenatal care during pregnancy [77]. Clearly, however effective
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micronutrient interventions are for pregnant women, other factors, including logistics
need to be addressed in many settings.

7.1.2. Food Supplementation

Food supplementation, especially in emergency and resource-poor settings is
increasingly evidence-based. Emergency rations and supplies in particular have
invested considerable resources in ensuring that the micronutrient content of such
supplements are adequate while recognizing that in undernourished pregnant
mothers it is the low energy (caloric) content of the available diets that is the
main risk. The MINIMat randomized trial in Bangladesh tested the hypothesis
that antenatal multiple micronutrient supplementation and an early invitation
to food supplementation would improve birth outcomes [78]. They found that
among these pregnant women from poor communities, supplementation with
multiple micronutrients, as well as just iron and folic acid, combined with food
supplementation, resulted in decreased childhood mortality. A recent review
concluded that a dietary pattern containing several protein-rich food sources, fruit,
and some whole grains is associated with a reduced risk of preterm delivery [1].
A platform used with limited experience (in pregnant women) has been the use
of multimicronutrient powders (added to food) during the antenatal period, or
more recently lipid-based supplements that supply both dietary energy, protein and
micronutrients [79]. Studies show that use of micronutrient fortified supplementary
foods, especially those containing milk and/or essential fatty acids during pregnancy,
increase mean birthweight by around 60–73 g [80]. Fortified food supplements
containing milk and essential fatty acids, along with micronutrients, offer benefits
for improving maternal status and pregnancy outcome [80]. Fortified beverages
containing only multiple micronutrients have been shown to reduce micronutrient
deficiencies such as anaemia and iron deficiency. Food supplementation, while
clearly effective in undernourished mothers will not be discussed further here, as it
is mainly an intervention to increase dietary energy and the micronutrients needed
to accompany it are largely known. Other antenatal clinical advice and monitoring,
while clearly essential to the mother’s health and reproductive outcomes, are also
not discussed here but recognized as part of the larger care of the mother, of which
adequate micronutrient status is but one part.

7.2. Public Health Measures

Public health and nutrition measures aim to improve pregnancy outcomes in
general, especially for those women with limited access to good antenatal clinical care,
and to reduce the risk of periconceptional micronutrient deficiencies, among other
ancillary benefits. The most commonly used approaches, in terms of micronutrients
includes: blanket supplementation, and sometimes targeted supplementation,
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policies and programmes; fortification; and, general measures to improve diets
and micronutrient intakes and general health.

7.2.1. Supplementation

Public health supplementation includes blanket approaches e.g., all women
of reproductive age, especially adolescents, receiving weekly iron and folic acid
supplements [62]. The use of weekly iron and folic acid supplements through
schools or factories has proven efficacy and is recommended by the WHO [62]. As a
preventive measure it has not been taken up by governments and requires more
implementation experience in national programmes, despite already promising
experiences in some countries such as the Philippines and Vietnam. Targeted,
preconceptional supplementation such as folic acid supplements for young women
intending to get pregnant has had limited use and success, not least because the
majority of pregnancies are not planned, as discussed above. Targeted iron/folic
acid supplementation to pregnant women has a long history and continues to be
recommended nationally and by the WHO but has been relatively unsuccessful due
to poor covergae, especially in LMIC, as also discussed above.

Oral iodized oil has also been used for this purpose but as a public health
measure has been supplanted by iodized salt programmes. Where coverage by
iodized salt is sub-optimal, WHO recommends that pregnant (and lactating) women
should be given an oral supplement of iodized oil [81]. Although 38 million newborns
are born iodine-deficient in LMIC, affluent countries are also increasingly at risk
unless supplementary measures e.g., iodine fortification of bread or supplementation
of pregnant women are undertaken. Even in affluent countries such as the UK and
Australia, poor iodine intake in pregnancy predicts lower child IQ [82] and in a small
recent study in South Eastern Australia, less than half (46%) of pregnant women
were following national recommendations and only 18.5% believed they needed
a supplement and only a third (34.5%) had been given adequate advice by their
medical practitioner [83]. In the USA, iodine supplements are used by only 22% of
pregnant women [82]. Such findings explain the continued global emphasis on salt
fortification with iodine [84], despite the challenges of other recommendations for
populations to reduce their salt intake to reduce the prevalence of hypertension.

7.2.2. Nutrition Education, Dietary Improvement and Improved Public
Health Measures

Other interventions that impact on the micronutrient status during pregnancy
include dietary measures and other public health and social interventions such as
deworming, education and horticultural activities. While the risk of being born
low birthweight is significantly greater with moderate preconception anaemia [85],
it has also been noted that in many unsafe settings, mothers purposefully “eat-down”
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aiming to have a smaller neonate. A failure of nutrition education has also been
implicated in poor diets as well as some dietary taboos [21] and soil-transmitted
helminthes [86]. Nevertheless, where access and availability to foods is possible,
improving diets by including such items as eggs and animal-source foods are likely
to provide protein, energy and micronutrients. However, such foods are not often
available to the very poor, or there are cultural constraints, which is why food
supplements to such pregnant women is now a recommendation [3,18].

International guidelines recommend routine safe and protective prevention and
treatments, during pregnancy, to reduce hookworm, malaria and other infections
such as schistosomiasis [87]. Despite the effectiveness of such programmes, and
because women with high levels of hookworm or malaria infections are at high
risk of anaemia [86], there continues to be a need for more general scaling-up of
coverage in affected populations. A recent randomized trial (that included pregnant
women with anaemia and iron deficiency at baseline) in a malaria endemic area
found major gains in birthweight, without apparent effect on Plasmodium infection
and urged that universal coverage of iron supplementation (60 mg per day) should
be scaled-up, preferably with cover by IPT (intermittent preventive treatment of
malaria) [88]. A systematic review and meta-analysis recently concluded that more
evidence is needed to the long-standing, and often contentious, role of giving iron
in malaria-endemic populations and so concluded that currently it is prudent to
provide iron in combination with malaria prevention during pregnancy [89]. There
is increasing consensus in this view, along with the need for concomitant improved
obstetric care and diet.

Attention to adolescent girls as an important preventive strategy is increasingly
recognized, despite some strong cultural and social constraints. It has been
observed that, even in affluent settings, adolescents are more likely than adults
to consume energy-dense, micronutrient-poor diets and to have adverse pregnancy
outcome such as increased risk of SGA [16]. The risk is likely to be even greater
in food-insecure populations such as in Central Africa [90]. Other non-direct
micronutrient interventions that could be expected to have a positive impact on
nutrition and health of pregnant women (at least where most births are within
a marital relationship), include interventions to increase the age at marriage and
first pregnancy are important, and can reduce repeat adolescent pregnancies by
37% [18]. The African Union has recently launched a new campaign to end child
marriage in Africa [91] which, if successful would be expected to have positive
reproductive outcomes.

Table 1, derived from Bhutta et al. [18], shows micronutrient interventions that
have an adequate evidence base to be recommended for women of reproductive age
and during pregnancy (as well as maternal supplementation with balanced energy
and protein including through supplementation).
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7.2.3. Fortification

Fortification can be considered a dietary intervention and one that has recently
been recommended by the Lancet Maternal and Young Child Undernutrition series
and has been in practice for over sixty years in many affluent countries [18].
Bhutta et al. [18] concluded that “fortification has the greatest potential to improve
the nutritional status of a population when implemented within a comprehensive
nutrition strategy, including for pregnant women and has the advantage of reaching
women before pregnancy”. Iodized salt programs are now implemented in many
countries worldwide, and the past two decades have shown considerable progress,
so that globally, 76% of households are now adequately consuming iodized salt.
On the other hand, nearly 30% of school-aged children are estimated to have
insufficient iodine intakes and global progress appears to be slowing [84]. The
need for continual global scaling-up and consolidation of existing programmes
has already been commented upon. There have also been efficacy, and limited
effectiveness studies of doubly fortified salt with iodine and encapsulated iron.

The provision of balanced energy protein supplementary foods to underweight
pregnant women was also considered to have enough evidence of reduction in SGA
and stillbirths and improved birthweights for widespread implementation, whereas
maternal vitamin D and zinc supplementation, while promising, were considered to
have insufficient evidence [18].

Fortification of cereal flours with iron and often other micronutrients such as
some B group vitamins, and more recently zinc and even selenium, has been in
existence e.g., in the USA, for over 60 years, and now 80 countries globally have
legislation to mandate fortification of at least one industrially milled cereal grain
(79 countries have legislation to fortify wheat flour; 12 countries to fortify maize
products; and five countries to fortify rice) [38]. Costa Rica is the only country
that mandates fortification of all three grains, and Papua New Guinea is the only
country that requires only rice fortification. Currently the 79 countries that mandate
required fortification of wheat flour produced in industrial mills require at least
iron and folic acid, except Australia, which does not include iron, and Congo, the
Philippines, Venezuela, and the United Kingdom, which do not include folic acid.
Additionally, seven countries fortify at least half their industrially milled wheat flour
through voluntary efforts and it has been estimated that about a third (31%) of the
world’s industrially milled wheat flour is now fortified with at least iron or folic acid
through these mandatory and voluntary efforts [38]. Other success stories include
the fortification of sugar with vitamin A in Central America. A continuing challenge
is that populations most at risk of deficiency either cannot afford fortified foods or,
especially in lower-income countries, they are not available to them. Nevertheless,
fortification is likely to be an increasingly major part of the reduction of micronutrient
deficiencies, including during pregnancy.
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Table 1. Nutrition/micronutrient interventions for women of reproductive age
and during pregnancy (based on Bhutta et al. in the Lancet series of 2013 which
has estimates of size of the significant effects and the evidence from which they
come [18]).

Intervention Setting
Comments (Only Significant

Findings and Original Systematic
Review References)

Folic acid supplementation

WRA * LMIC ** and affluent countries [92]

Pregnant women Mostly more developled countries [93]

Iron and iron-folic acid supplementation

WRA

Both LMIC and affluent countries.
Interventions mainly given in
school settings to adolescents and
evidence mostly from
effectiveness studies

Intermittent iron supplementation
(once or twice a week)—reduces
anaemia rates [94]

Pregnant women Both LMIC and affluent
countries. Intervention

Reduction in LBW ***, reduction in
anaemia rates at term and
improved Hb [95]

Multiple micronutrients (MMN) supplementation

Pregnant women
LMIC and affluent countries.
Studies compared MMN with two
or fewer micronutrients

Reduction in LBW and currently
insignificant data for
neurodevelopmental outcomes in
offspring [96]

Calcium supplementation

Pregnant women LMIC and affluent countries.
Mostly effectiveness trials

Reduction in pre-eclampsia as well as
LBW and pre-term birth [97]

Iodine through salt iodization programmes

Pregnant women Mostly LMIC. Mostly
effectiveness trials.

Cretinism at 4y reduced, improved
birthweight, developmental scores
higher in young children [98]

* WRA = women of reproductive age; ** LMIC = Low- and Middle-Income Countries; ***
LBW = Low birth weight.

8. Conclusions

The deficiencies in micronutrients that affect many women of reproductive age
are now known to be associated with adverse maternal and perinatal outcomes.
These adverse outcomes can have longer-term impacts into adulthood [18,99,100].
Personal, social and economic costs are high [3]. Maternal undernutrition has
been described as one of the most neglected aspects of nutrition in public health
globally [99,100]. Consequently, low-cost public health interventions that might help
to ameliorate the impact of poor nutrition and diets, high disease burdens and the
socio-cultural factors contributing to the high levels of these micronutrient deficiency

81



problems during pregnancy, and before, continue to need scaling-up in scope and
coverage [101].

Important factors besides inadequate diet and diseases that are indirectly
related to maternal, foetal, and neonatal nutritional status and pregnancy outcomes
include young age at first pregnancy and repeated pregnancies. Young girls who
are not physically mature enter pregnancy with depleted nutrition reserves and
often anaemia [102] and other micronutrient deficiencies [3,43]. While micronutrient
deficiencies can undoubtedly have profound influences on the health of the mother
and her child, there remain considerable areas of uncertainty and controversy that
has made the development of robust public health recommendations a challenge [20].
Along with the noted challenges to get compliance, especially periconceptionally
and in settings with limited health care capacity, and questions of how optimal
micronutrient formulations and dosages are established, Berti et al. [20] have
called for “adequately powered, randomized controlled trials with long periods of
follow-up” to “establish causality and the best formulation, dose, duration and period
of supplementation during pregnancy”. However, the methodological issues in doing
this would be considerable, especially in establishing causality. Consequently, factors
that are known to be important, such as entering a pregnancy adequately nourished,
being aged beyond adolescence, and good health and obstetric care, and nutrition
education and support, should be scaled-up actively in the meantime.

If proven to be effective and safe in national health care systems, supplementation
with multimicronutrients, at least in pregnancy, could complement preventive
supplementation with weekly iron and folic acid in vulnerable populations. This
could help break the intergenerational reality of low birthweight infants growing
up disadvantaged and stunted and so at high-risk of repeating the same cycle.
Whereas there has been a lot, if insufficient, attention paid to iron deficiency
anaemia in pregnant women, most of the other involved micronutrients, are less
well characterized [20,43]. Micronutrients likely to be important for maternal,
infant and child outcomes include iron, iodine, folate, vitamin B12, vitamin D,
calcium, and selenium, probably zinc and maybe others, along with appropriate
dietary energy intakes. In addition to programmes to reduce micronutrient
deficiencies such as micronutrient supplementation and food fortification, needed
complementary interventions should optimally improve overall maternal nutrition,
address household food insecurity, reduce the burden of maternal infections
such as HIV and malaria, improve sanitation, and actively address gender and
social disadvantage.
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Dietary and Health Profiles of Spanish
Women in Preconception, Pregnancy
and Lactation
Marta Cuervo, Carmen Sayon-Orea, Susana Santiago and Jose Alfredo Martínez

Abstract: The nutritional status and lifestyle of women in preconception, pregnancy
and lactation determine maternal, fetal and child health. The aim of this cross-sectional
study was to evaluate dietary patterns and lifestyles according the perinatal
physiological status in a large sample of Spanish women. Community pharmacists
that were previously trained to collect the data recruited 13,845 women. General
information, anthropometric measurements, physical activity, unhealthy habits and
dietary data were assessed using a validated questionnaire. Mean values and
percentages were used as descriptive statistics. The t-test, ANOVA or chi-squared
test were used to compare groups. A score that included dietary and behavioral
characteristics was generated to compare lifestyles in the three physiological
situations. The analysis revealed that diet quality should be improved in the
three stages, but in a different manner. While women seeking a pregnancy only
met dairy recommendations, those who were pregnant only fulfilled fresh fruits
servings and lactating women only covered protein group requirements. In all
cases, the consumption allowances of sausages, buns and pastries were exceeded.
Food patterns and unhealthy behaviors of Spanish women in preconception,
pregnancy and lactation should be improved, particularly in preconception. This
information might be useful in order to implement educational programs for each
population group.

Reprinted from Nutrients. Cite as: Cuervo, M.; Sayon-Orea, C.; Santiago, S.;
Martínez, J.A. Dietary and Health Profiles of Spanish Women in Preconception,
Pregnancy and Lactation. Nutrients 2014, 6, 4434–4451.

1. Introduction

Nutrition in the periconceptional period, pregnancy and lactation is very
important for the mother and child health status [1], and there is consistent evidence
about the association between nutrition and lifestyles during pregnancy and health
outcomes [2].

In preconception nutrition care, besides folic acid supplementation [3], it is
important to have an adequate intake of iron, iodine, calcium, vitamins A and D,
essential fatty-acids and dietary supplements, when necessary [4,5]. Besides, a greater
adherence to the Mediterranean-type dietary pattern may enhance fertility [6]. On
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the other hand, high consumption of caffeine and alcohol, smoking, use of illegal
drugs and mothers being overweight or underweight have been associated with
higher difficulty conceiving [7,8].

Early nutrition factors might be involved in the long-term development of
obesity [9], cardiovascular disease, diabetes and other non-communicable diseases [10],
according to the developmental origin of health and disease (DoHad) theory [11].
Besides, maternal weight status during pregnancy has been linked to adverse birth
outcomes, such as fetal growth, birth defects or preterm delivery [12,13]. Traditionally,
nutritional epidemiology in pregnancy has centered on food consumption
patterns [14–17] and specific macronutrients [18] or micronutrients inadequacy [19].
In general, pregnant women in developed countries are at risk of suboptimal intakes
of folate, iron and vitamin D [20].

The diet quality and lifestyles of lactating mothers have an important role,
not only in recovering nutritional status after pregnancy [21], but also in other
health outcomes for mother and child [22]. A healthy and varied diet during
lactation ensures a balanced maternal nutrition and the optimal concentration of
some nutrients of human milk [23]. Specifically, concentrations of many vitamins,
iodine and fatty acids [24] in human milk depend on or are influenced by maternal
diet [23].

In Spain, a previous longitudinal study conducted in 80 women who were
planning immediate pregnancy in preconception, were pregnant or were at six
months postpartum concluded that dietary patterns did not change significantly
from preconception to postpartum [25]. However, nutritional epidemiology studies
in Spanish women at these physiological situations are scarce [7,26–29] and mostly
are centered in iron [30] and iodine intake [31]. Besides, other studies have reported
smoking habits [32–34], socioeconomic factors or self-care [27,35–37], mainly in
Spanish pregnant women.

The period before, during and after pregnancy provides a great opportunity to
assess nutritional status and to offer women practical advice to improve diet quality,
become more physically active and to help them manage body weight effectively [38].
All women should be offered support to breastfeed their babies to increase the
duration and exclusivity of breastfeeding [39]. In this context, it is necessary to assess
nutritional status in order to provide an adequate dietary advice in preconception,
pregnancy and lactation. To our knowledge, there are no previous studies that have
examined at the same time these periods in Spain. Therefore, the two aims of the
present work were to assess dietary patterns and unhealthy behaviors in a large
sample of Spanish women in preconception, pregnancy and lactation and to propose
a short healthy lifestyle score for these three life periods.
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2. Experimental Section

2.1. Subject Recruitment

This cross-sectional, population-based study included 13,845 Spanish women in
preconceptional pregnancy or lactation periods, who participated in a national plan
of nutritional education, between November 2009 and March 2010. This program
was conducted in order to provide information to these population groups about
the importance of how women’s health behaviors could influence the development
and health of their offspring. The study took place in 2794 pharmacies all over
Spain, from both urban and rural areas. The information was collected through
a validated questionnaire for this population [28]. Volunteers were recruited by
community pharmacists (one pharmacist per pharmacy) and had a face-to-face
interview with them. Subsequently, each potential volunteer was specifically asked
if she would be willing to take part anonymously in the study. After ensuring that
participants understood the information, only those who voluntarily accepted were
enrolled. Voluntary completion of the questionnaire was considered to imply verbal
informed consent. This study was conducted with the approval of the Spanish
Council of Pharmacist (ref 14100127) on 29 June 2009, and the Board of the Institute
of Food Sciences and Nutrition of the University of Navarra (ref 90), according to
the guidelines laid down in the Declaration of Helsinki for anonymous surveys [40].
Additionally, this nutritional program has the recognition of Health Interest Activity
by the Spanish Ministry of Health and Social Policy [41].

Prior to data collection, community pharmacists were recruited through the
Spanish Pharmacists Council. To assure harmonization among interviewers, all of
them received a training session by videoconference and an extensive document with
explanations and a decision tree to interpret each question and other information
needed about the survey [42]. This information was also available for all pharmacists
involved in the study on a website [41]. Furthermore, this approach has been
successfully applied in a previous study concerning an elderly population [43,44].

2.2. The Survey

The first question of the survey was the self-reported physiological status of
woman: preconception, pregnancy or lactation. Pregnancy intention was assessed by
response to the following question: “Time looking for pregnancy: less than 6 months,
between 6 and 11 months or more or equal to 12 months”. Pregnant woman were
asked if pregnancy status was medically confirmed. Type of pregnancy (unique,
twins, triplets or more) and week of gestation were also recorded. We considered the
lactation period as 6 months postpartum, and women were asked about the type of
feeding in that period: breastfeeding, formula feeding or mixed.
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To assess the nutritional status and food habits of women, information about
anthropometric measurements, self-perception of nutrition and health educational
level, physical activity, unhealthy lifestyle habits and diet data were inquired. The
anthropometric measurements were taken by community pharmacists at pharmacies
(actual weight and height). Body mass index (BMI) was calculated by dividing weight
in kilograms by the square of height in meters. Self-reported pre-gestational weight
was also registered in pregnant and lactating women. Anthropometric and physical
activity data collection has been validated [28]. Anthropometric measurements
validation was assessed by testing the accuracy of measurements collected by
community pharmacists and comparing them to measurements collected by trained
research staff. Physical activity information included the number of hours spent
in lying, sitting and moving activities, paying special attention so that the sum of
the hours of a day were 24 in total. We validated this physical activity information
using as another gold standard physical activity questionnaire, previously validated
for Spanish adults [28]. Subsequently, the individual activity factor was calculated
for each subject applying activity factors set by the Food Agriculture Organization,
World Health Organization [45].

Information about age, physical activity, educational level (no studies, primary,
high school, university graduate), self-perception of health (very good, good, regular,
bad, very bad, I do not know), self-perception of actual nutrition (very balanced,
balanced, medium balanced, non-balanced, I do not know) and unhealthy lifestyles
was obtained from self-reported information. Unhealthy lifestyle comprised smoking
status (never, former/passive, actual), alcohol consumption (yes, no) and use of
illicit drugs (never, former, actual). Participants were also asked if they followed a
special diet (low calorie, low fat, low carbohydrates, low sodium diets or any type of
vegetarian diets). Qualitative information on self-reported nutrient supplementation
was also assessed with the baseline questionnaire, specifically: enriched milk in
calcium or vitamins, folic acid/vitamin B12 supplements or enriched foods, iodine
supplements/iodine salt, iron supplements or enriched foods, multivitamins and
others (supplements or foods enriched in fiber, prebiotics or probiotics).

Concerning the diet, semi-quantitative information was assessed by a validated
food frequency questionnaire (FFQ) in which basic foods were classified into twelve
food groups, where 4 responses were possible: daily, weekly, monthly or never.
After that, the daily frequency of food consumption was calculated. To assess the
validity of food patterns information, we used as gold standard, the FFQ of the SUN
project (Seguimiento Universidad de Navarra project), which has been validated for
Spanish adult population [28]. The correlation coefficients obtained ranged between
r = 0.4 and r = 0.6. The “questionnaire application guide” included information on
the typical serving size for each basic food [44]. In order to estimate if the three
groups fulfilled the dietary recommendations for Spanish women [46], nuts, legumes,
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fish, eggs and meat were grouped as protein group, and bread and rice, pasta and
potatoes were grouped as the cereal group.

2.3. Data Collection

Community pharmacists, previously trained, collected the information by
a face-to-face interview with the volunteers and introduced the answers in a specific
platform located on the website created for this study (under a password). Data
were refined, processed and analyzed in an anonymous and confidential way. From
14,972 participants that were initially included in the study, 1127 were excluded
because of implausible or missing values on important variables. Therefore, the final
sample for the analyses was 13,845.

2.4. Statistical Analyses and Additional Calculations

Mean values and standard deviations (SD) for continuous variables and
percentages for categorical variables were used as descriptive statistics. Analysis
of variance (ANOVA) or the chi-squared test (χ2 tests) were used to compare the
baseline characteristics of the participants according to the physiological status.

Mean and SD were calculated for each food group in the three categories of
physiological status. ANOVA tests were used to compare the means of consumption
in the three categories, while t-tests were conducted to compare the mean of
consumption of every food group with the dietary guidelines of the Spanish Society
of Community Nutrition (Sociedad Española de Nutricion Comunitaria (SENC)) in
each of the three periods [46].

We also generated a healthy lifestyle score to obtain an estimation of selected
healthy behavior characteristics [47,48], based on the recommendations proposed by
the SENC (Spanish Society of Community Nutrition) [46] and Mediterranean diet
adherence [49]. The Mediterranean diet is a plant-based dietary pattern, where each
food group is eaten in moderation, and the cultural lifestyle that accompanies this
food pattern embodies a sense of community, physical activity and adequate rest.
This diet includes vegetables, fruits, olive oil, legumes and nuts, in abundance; intake
of fish, dairy products and wine with moderation; and small portions of meat and
poultry and sweets [50]. Points were allocated as follows: participants earn a point if
(1) olive oil was used as the principal fat; (2) the protein group was consumed ≥1/day;
(3) cereals were consumed 3–6/day; (4) salads and vegetables were consumed at
least 2 servings/day; (5) fresh fruits were consumed ≥2 servings/day; (6) sausages
were consumed <1/day; (7) buns and pastries were consumed <2/week; (8) they
were never smokers (actual smokers deduct one point); (9) they were never drug
users (actual drug users deduct one point); (10) activity factor above the median;
and (11) they were normal weight (BMI between 18.5 and 24.9 kg/m2) (weight was
based on pre-pregnancy data). Therefore, the range of the scores that could be earned
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was from −2 to 11 points. ANOVA was used to compare the means of the healthy
lifestyle score in the three categories.

Simple linear regression and then stepwise multiple linear regression analysis
were used to evaluate the predictive strength of the lifestyle variables, using as
the dependent variable the total healthy lifestyle score. All p-values presented are
two-tailed; p < 0.05 was considered statistically significant. Analyses were performed
using STATA/SE version 12.0 (StataCorp, College Station, TX, USA).

3. Results

The main characteristics of participants according to their physiological status
are presented in Table 1. The mean age of the women included in the study was 31.8
(SD: 4.7) years. Women in the lactation period reported a higher activity factor, and a
higher percentage of this group of women perceived their health status as very good.
Furthermore, a higher percentage of this group were never smokers and never drug
users. Only 48.9% of childbearing women were consuming folic acid (supplements
or enriched food) and 14.1% multivitamins. As expected, women with the status of
pregnancy consumed more supplements, such as iodine, folic acid and vitamin B12,
iron, multivitamins and minerals or others.

Table 2 shows the means of the consumption of every food group, and we
compared these means between the three periods and found differences between
them almost in all of the food groups (p < 0.05), except in eggs, cereal group, bread
and salad and vegetables Additionally, we compared the means of consumption
of each of the groups with the recommendations from the SENC for each specific
physiological status.

Women in a preconceptional status did not reach the recommendation for
consumption in the following food groups: proteins, cereals, salad vegetables and
fresh fruits. On the other hand, women who were pregnant did not reach the
recommendation for proteins, cereals, dairy and salad and vegetables. Finally,
lactating women did not reach the recommendation for cereal, dairy, salad vegetables
and fresh fruits. All of the women exceeded the recommendation for sausage and
bun and pastry consumption.

The definition of the healthy lifestyle score is presented in Table 3. The mean
healthy lifestyle score was 7.29 (SD: 1.65) points. When we compared the mean of
the score in each group of women, we observed a statistically significant difference
between groups, finding a higher score in those women who were in the lactation
period 7.51 (95% CI: 7.47–7.56). In Figure 1, the means and the 95% CI of the healthy
lifestyle score in each group of women are shown.
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Table 1. Baseline characteristics according to physiological status (n = 13,845).

Characteristics All Pre-ConceptionPregnancy Lactation p a

N 13,845 4471 5087 4287

Age (years) 31.8 (4.7) 31.4 (4.8) 31.9 (4.6) 32.2 (4.6) <0.001

Height (cm) 164.0 (6.1) 164.0 (6.1) 164.1 (6.2) 164.1 (6.1) 0.621

Weight (kg) 61.3 (8.9) 61.4 (9.6) 61.2 (8.4) 61.3 (8.6) 0.432

BMI (kg/m2) 22.8 (3.3) 22.9 (3.9) 22.7 (3.0) 22.8 (3.0) 0.926

Activity factor 1.43 (0.05) 1.43 (0.05) 1.41 (0.05) 1.45 (0.06) <0.001

Education level (%)

No studies 1.8 1.7 2.10 1.6

<0.001
Primary 16.0 13.2 16.8 18.1

High school 35.1 34.1 34.9 36.4
University graduate 47.1 51.1 46.2 43.9

Self-perception of health (%)

Very good 21.4 19.4 22.3 22.4

<0.001

Good 65.5 66.3 63.7 66.7
Regular 11.3 12.1 12.1 9.6

Bad 0.8 0.7 1.0 0.7
Very bad 0.3 0.3 0.3 0.2

Don’t know 0.7 1.1 0.7 0.7

Self-perception of actual
nutrition * (%)

Very Balanced 45.9 44.8 47.3 45.5

<0.001
Balanced 38.7 36.6 39.6 39.7

Medium balanced 13.0 15.9 11.0 12.4
Non balanced 0.6 0.7 0.4 0.9
Don’t know 1.8 2.1 1.7 1.5

Tobacco

Never 63.7 56.3 67.1 67.4
<0.001Former/passive 22.9 23.2 23.9 21.3

Actual 13.4 20.4 9.0 11.4

Alcohol

No 67.3 51.0 75.4 74.6
<0.001Yes 32.7 49 24.6 25.4

Illicit Drugs

Never 97.8 96.9 98.2 98.4
<0.001Former 1.3 1.6 1.3 1.1

Actual 0.9 1.5 0.5 0.5

Special Diets **

No 85.0 83.8 85.7 85.4
0.021Yes 15.0 16.2 14.3 14.6
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Table 1. Cont.

Characteristics All Pre-ConceptionPregnancy Lactation p a

Diet supplementation
(yes %)

Enriched milk with
calcium/vitamins 24.1 21.1 24.9 26.2

<0.001

Folic acid/vitamin B12 49.5 48.9 74.7 20.4
Iodine/Iodine salt 30.5 26.1 41.3 22.3

Iron 32.5 16.0 46.1 33.7
Multivitamin and minerals 21.3 14.1 26.7 22.4

Other supplements 39.7 35.9 48.9 32.7
No supplementation 18.3 26.1 5.8 25.2

Main fat consumed

Olive oil 92.2 91.2 92.9 92.4
0.008Others 7.8 8.8 7.1 7.6

* Women were asked how they considered their actual nutrition in comparison with other
women in their same physiological status. ** Including low-calorie, low-sugar, low-fat,
low-salt, vegan, lacto-ovo vegetarian and others. Values are expressed as the mean
(SD), unless otherwise stated. a Continuous variables were compared using analyses of
variance. Categorical variables were compared using the chi-squared test.

Table 2. Mean (SD) of daily serving consumption in women according to
physiological status.

Servings/Day
Physiological Status

p
Preconception Pregnancy Lactation

Mean (SD) SENC † Mean (SD) SENC † Mean (SD) SENC †

N 4471 5087 2 4287 2
Protein group 1.96 ‡ (1.64) 2 1.96 ‡ (1.18) 1.98 (1.13) <0.001

Meat 0.58 (0.58) 0.59 (0.51) 0.61 (0.50) <0.001
Fish 0.42 (0.50) 0.44 (0.47) 0.43 (0.40) <0.001
Eggs 0.36 (0.31) 0.34 (0.23) 0.35 (0.27) 0.10

Legumes 0.32 (0.50) 0.33 (0.39) 0.32 (0.39) 0.001
Nuts 0.27 (0.56) 0.27 (0.48) 0.26 (0.52) 0.04

Cereal group 2.39 ‡ (1.56) 3 2.38 ‡ (1.51) 4 2.42 ‡ (1.53) 4 0.34
Bread 1.72 (1.23) 1.71 (1.23) 1.73 (1.22) 0.78

Rice, pasta and
potatoes 0.66 (0.71) 0.67 (0.68) 0.70 (0.73) 0.01

Dairy 2.00 (1.19) 2 2.26 ‡ (1.26) 3 2.30 ‡ (1.33) 4 <0.001
Salad and vegetables 1.22 ‡ (1.00) 2 1.26 ‡ (1.01) 2 1.24 ‡ (0.98) 2 0.10

Fresh fruits 1.82 ‡ (1.33) 2 2.06 (1.36) 2 1.93 ‡ (1.34) 2 <0.001
Sausages 0.46 * (0.58) Occasionally 0.36 * (0.50) Occasionally 0.43 * (0.54) Occasionally <0.001

Buns and pastries 0.43 * (0.88) Occasionally 0.35 * (0.59) Occasionally 0.40 * (0.67) Occasionally <0.001
† Recommendations from the SENC (Sociedad Española de Nutricion Comunitaria
(Spanish Society of Community Nutrition)), using as a reference the minimum serving of
recommended range for each group. * Exceeded the recommendation from SENC. ‡ Did
not reach the recommendation from SENC.

In the stepwise multiple linear regression analysis, the factors that were more
associated with the healthy lifestyle score were tobacco, fresh fruits, salad and
vegetables, buns and pastries and activity factor. The coefficient of determination of
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these variables in the simple regression model was R2 = 0.299 (tobacco), R2 = 0.267
(fresh fruits), R2 = 0.209 (salad and vegetables), R2 = 0.156 (buns and pastries) and
R2 = 0.112 (activity factor) (Table 4).

Table 3. Definition of the healthy lifestyle score.

Characteristics Condition to Score Points

Olive oil as principal fat Yes 1
Protein group 1,4 ≥1 serving/day 1
Cereal group 2,5 3–6 servings/day 1

Salad and vegetables 6 ≥2 servings/day 1
Fresh fruits 7 ≥2 servings/day 1

Sausages 8 ≤1 serving/day 1
Buns and pastries 3,9 <2 servings/week 1

Tobacco
Never 1

Former 0
Actual −1

Illicit drugs
Never 1

Former 0
Actual −1

Activity factor Above the median 1
Pre-gestational BMI 18.5–24.9 kg/m2 1

Total −2 to 11
1 The protein group included: meat, eggs, fish, legumes and nuts. 2 The cereal group
included: bread, rice, pasta and potatoes. 3 The buns and pastries group included all
commercial pastries, sweets, doughnuts, etc. 4 A serving size for the protein group was
defined as: one egg, 100–125 g of meat, 125–150 g of fish, 30 g of nuts, 60–80 g of legumes.
5 A serving size for the cereal group was defined as: 40–60 g of bread, 60–80 g of rice or
pasta and 150–200 g of potatoes. 6 A serving size of salad or vegetables was defined as:
150–200 g of salad or 200 g of cooked vegetables. 7 A serving size of fruit was defined as:
120–200 g of fruit or 200 mL of natural juice. 8 A serving size of sausages was defined as
50 g. 9 A serving size of buns and pastries was defined as 50 g.
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Preconception Pregnancy Lactation Total 
N 4471 5087 4287 13,845 

Healthy Score R2 R2 R2 R2 
Tobacco 0.340 0.254 0.268 0.299 

Fresh fruits 0.256 0.274 0.265 0.512 
Salads and vegetables 0.175 0.238 0.226 0.614 

Buns and pastries 0.157 0.167 0.148 0.694 
Activity factor 0.125 0.121 0.098 0.793 

Pre-gestational BMI 0.102 0.060 0.076 0.855 
Olive oil 0.077 0.071 0.070 0.879 

Cereal group 0.054 0.076 0.076 0.947 
Illicit drugs 0.068 0.054 0.044 0.964 
Sausages 0.036 0.024 0.021 0.977 

Protein group 0.026 0.026 0.022 1.00 
* All of the predictors of the model were statistical significant in the stepwise regression. 

4. Discussion 

This cross-sectional study examined the healthy behaviors and dietary patterns of 13,845 Spanish 
women in preconception, pregnancy or lactation situations. Results revealed that a high proportion of 
women in these periods had a very good or good self-perception of their health and diet, but their dietary 
patterns and health behaviors are not optimal. 

Figure 1. Mean and 95% confidence interval of healthy lifestyle score in each
physiological status.
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Table 4. Proportion of total variability in the healthy lifestyle score (R2) explained
by individual items.

Predictors * Simple Linear Regression Stepwise Regression
(Cumulative R2)

Preconception Pregnancy Lactation Total
N 4471 5087 4287 13,845

Healthy Score R2 R2 R2 R2

Tobacco 0.340 0.254 0.268 0.299
Fresh fruits 0.256 0.274 0.265 0.512
Salads and
vegetables 0.175 0.238 0.226 0.614

Buns and pastries 0.157 0.167 0.148 0.694
Activity factor 0.125 0.121 0.098 0.793
Pre-gestational

BMI 0.102 0.060 0.076 0.855

Olive oil 0.077 0.071 0.070 0.879
Cereal group 0.054 0.076 0.076 0.947
Illicit drugs 0.068 0.054 0.044 0.964

Sausages 0.036 0.024 0.021 0.977
Protein group 0.026 0.026 0.022 1.00

* All of the predictors of the model were statistical significant in the stepwise regression.

4. Discussion

This cross-sectional study examined the healthy behaviors and dietary patterns
of 13,845 Spanish women in preconception, pregnancy or lactation situations. Results
revealed that a high proportion of women in these periods had a very good or
good self-perception of their health and diet, but their dietary patterns and health
behaviors are not optimal.

The recommendation of folic acid supplementation was not completely fulfilled
in preconception: only 48.9% and 14.1% of childbearing women declared that they
were consuming folic acid supplements and multivitamins, respectively. Previous
investigation on the Infancia y Medio Ambiente (INMA) cohort showed that
women initiate folic acid supplementation after the recommended period [51].
In Spain, according to a study published in 2007 by the Spanish Collaborative
Study of Congenital Malformations [52], trends in folic acid supplementation before
pregnancy have increased form from 9% to 17.4%, and the results of the Spanish
Autonomic Regions were quite similar. Furthermore, the last national survey of
the dietary intake of Spain ENIDE, 2010–2011 [53], reported that folic acid intake
in women from 18–25 years was 234.2 µg/day and from 25–44 years was 265.04 µg
and concluded that these results seem to be of concern, especially in women of
childbearing age, due to the risk of neural tube defects. The preconceptional use
of folate supplements varies with education and awareness of the importance of
folic acid intake among women of reproductive age, the healthcare system, access
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to and/or distribution of pre-pregnancy folic acid supplements and/or fortification
of staple foods with folic acid [54]. In 2004, a review found evidence for suboptimal
use of periconceptional folic acid supplements globally [55]. Comparing to other
European countries, recent studies reported different rates in France, where only
14.8% women had started folic supplementation before conception [56], 8%–25% in
Poland [57] and 64% in Ireland [58]. In our sample, preconceptional women did not
reach the recommended consumption of cereals, fruits and vegetables. Consumption
of protein group was also slightly lower than dietary guidelines. Recent results of
the Australian Longitudinal Study on Women’s Health [17] found no evidence that
women trying to conceive consume greater intakes of nutrient-rich foods prior to
conception, and those who met key nutrient recommendations generally consume
more fruit and dairy. Thus, these authors suggest that dietary guidelines should be
revised for reproductive-aged women. In Spain, nutritional epidemiology on dietary
patterns in childbearing women is scarce, but Cuco et al. (2006) [25] observed that
diet in preconception does not vary significantly in pregnancy and postpartum.

Therefore, food intake information should be recorded in women who are
planning a pregnancy in order to give early and effective nutritional education
for a healthy pregnancy. Furthermore, previous investigations concluded that a
healthy diet (such us the Mediterranean-type diet) seems to be an efficient alternative
means of enhancing fertility [7] and may protect against being overweight and
obesity during pregnancy [59]. Besides, it has been reported that women with a high
adherence to a Mediterranean diet in early pregnancy had a significantly lower risk
of delivering a fetal growth-restricted infant with respect to weight [29].

Concerning lifestyles, a higher percentage of women in preconception declared
unhealthy habits, such as smoking and consumption of alcohol and illicit drugs (even
occasionally), compared to pregnancy and lactation. Although the smoking rate has
decreased in relation to previous studies in Spain [7,32,34], it is still high, even when
pregnancy is confirmed [27,32,33,60]. Smoking women are more likely to be infertile
and have an increased risk of miscarriage [8]. Notwithstanding this evidence and
the global recommendation of folic acid supplementation in preconception, as well
as the well-known negative influence of smoking, excess weight and other health
risk behaviors on fertility and birth outcomes, there is necessarily more individual
education and intervention in preconception care [2,4,61], especially among women
with lower education level [62].

Previous investigations in Spain revealed that pregnant women have evidenced
inadequate consumption of cereals and vegetables [27,35,60], which coincides with
our results. Nevertheless, when comparing birth cohort studies in all of Europe,
pregnant women in Spain consumed more vegetables, fruits and seafood [16].
Besides, the essential nutrient content of fruit, vegetables and grains (whole grains)
increases fiber intake, which may help to alleviate constipation, a common complaint
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during pregnancy [2]. Furthermore, in our sample, the consumption of foods of
the protein group and dairy were lower than Spanish dietary guidelines [46]. On
the other hand, the percentage of pregnant women consuming iodine supplements
was lower than previously reported [27]. Routine supplementation of iodine during
pregnancy is widely recommended [63]. Studies conducted in Spain confirm that
most women are iodine deficient during pregnancy and lactation and recommend
iodine supplements in these stages, even also in preconception [64].

In our sample, lactating women did not meet the recommendations of cereals,
vegetables, fruits and dairy. To our knowledge, there are no available specific studies
on food patterns in lactating women in Spain, although Sanchez et al. [65] found that
only 36% of lactating women meet energy, calcium and vitamin D recommendations.
In this sense, it has been reported that energy intake increased immediately after
birth, but six months after delivery, energy and nutritional intake decrease compared
to preconception [66]. Thus, postpartum women should be advised to replenish
nutritional stores, return to a healthy weight and prevent problems in subsequent
pregnancies, as well as be encouraged to increase the consumption of whole grains,
fruits and vegetables [2].

Additionally, in all cases, the recommended servings for sausages, buns and
pastries were exceeded. These foods are usually high in saturated fatty acids or
sugars, which should be limited in the diet, even more in pregnancy and lactating
women, according to Spanish dietary guidelines [46].

Moreover, we devised an 11-item score to summarize several factors that are
well known to be associated with healthier lifestyles, following the Mediterranean
diet model [49]. Our results showed that women with the status of lactation and
pregnancy had healthier lifestyles than women in with status of preconception. This
outcome could be explained, because pregnancy is a period when the majority of
women are in close contact with physicians, and they are more receptive to health
messages [67]. However, we considered that better health advice should be given to
all women in order to improve their dietary habits and lifestyles. Furthermore, it has
been found that early antenatal health promotion workshops on lifestyle behaviors
had a great impact on maternal and infant health outcomes [47]. We have to take into
consideration that women with the status of preconception that were included in
our study were all seeking to become pregnant. Recently, a new evidence-informed
framework for maternal and new-born care [68] has been proposed, which highlights
the components of a health system needed by childbearing women, including
information, education and health promotion, for example on maternal nutrition,
family planning and breastfeeding promotion.

In this context, a recent review by Anderson et al. [6] concluded that time to
pregnancy might be impacted by factors that are modifiable, some of which have an
effect that is conclusive on reproductive health, such as body weight, intake of folate
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and smoking. With regard to other factors, such as alcohol and caffeine, the literature
is inconsistent. Therefore, health advice should be given to this population focusing
on those modifiable factors.

Our study has certain limitations. Firstly, the cross-sectional design of our study
did not allow us to measure behavior changes in participants over time. Besides, the
origin of the recruitment (pharmacies) and the voluntary participation of the women
may have resulted in selection bias, the sample not being totally representative, as
women using pharmacies are expected to be aware of the importance of self-care
and may have a higher education level and economic status. In Spain, all population
groups have access to the national health system and to free (partial or total) drugs
issued in the pharmacy. In particular, some prenatal supplements are partially
financed, but multivitamins are not. Thus, although the results are not totally
generalizable, they give valuable information about food patterns and lifestyles
in a large sample of Spanish women (n = 13,845).

Another potential limitation is that the large number of examiners might cause
an inter-observer variation; however, an effort was made to minimize this. Thus, all
of the pharmacists were trained on the protocol interview, including an application
guide to the questionnaire with detailed information about each item and a decision
tree to interpret answers in each case [42]. Furthermore, a joint videoconference
explaining the study was simultaneously broadcast to every provincial pharmacy
college, and a website [41] was available for all pharmacists involved in the study
to support consistency among interviewers. This kind of training session for health
professionals usually has a positive impact on reflecting nutritional issues [69,70].

In addition, we were not able to present macronutrient and micronutrient
intakes, because the FFQ includes only 12 items, so we assessed major food and
supplementation habits in women, but not nutrient intake adequacy. Despite these
limitations, this study adds interesting information about anthropometric measures,
food patterns, physical activity (using a validated questionnaire) [28], as well as
health behaviors in a large sample of Spanish women.

5. Conclusions

The present study suggests that food patterns and unhealthy behaviors in
Spanish women in preconception, pregnancy and lactation should be improved,
particularly in preconception.

Regarding dietary habits in the three subgroups, most of the food groups
analyzed were not consumed within the recommendations of the Spanish dietary
guidelines. On the other hand, women seeking pregnancy had, in general, worse
health related habits. This information might be useful in order to implement
educational programs for each population group. However, specific studies on
micronutrient intake are needed to complement these data.
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Sulphate in Pregnancy
Paul A. Dawson, Aoife Elliott and Francis G. Bowling

Abstract: Sulphate is an obligate nutrient for healthy growth and development.
Sulphate conjugation (sulphonation) of proteoglycans maintains the structure and
function of tissues. Sulphonation also regulates the bioactivity of steroids, thyroid
hormone, bile acids, catecholamines and cholecystokinin, and detoxifies certain
xenobiotics and pharmacological drugs. In adults and children, sulphate is obtained
from the diet and from the intracellular metabolism of sulphur-containing amino
acids. Dietary sulphate intake can vary greatly and is dependent on the type of
food consumed and source of drinking water. Once ingested, sulphate is absorbed
into circulation where its level is maintained at approximately 300 µmol/L, making
sulphate the fourth most abundant anion in plasma. In pregnant women, circulating
sulphate concentrations increase by twofold with levels peaking in late gestation.
This increased sulphataemia, which is mediated by up-regulation of sulphate
reabsorption in the maternal kidneys, provides a reservoir of sulphate to meet the
gestational needs of the developing foetus. The foetus has negligible capacity to
generate sulphate and thereby, is completely reliant on sulphate supply from the
maternal circulation. Maternal hyposulphataemia leads to foetal sulphate deficiency
and late gestational foetal death in mice. In humans, reduced sulphonation capacity
has been linked to skeletal dysplasias, ranging from the mildest form, multiple
epiphyseal dysplasia, to achondrogenesis Type IB, which results in severe skeletal
underdevelopment and death in utero or shortly after birth. Despite being essential
for numerous cellular and metabolic functions, the nutrient sulphate is largely
unappreciated in clinical settings. This article will review the physiological roles and
regulation of sulphate during pregnancy, with a particular focus on animal models
of disturbed sulphate homeostasis and links to human pathophysiology.

Reprinted from Nutrients. Cite as: Dawson, P.A.; Elliott, A.; Bowling, F.G. Sulphate
in Pregnancy. Nutrients 2015, 7, 1594–1606.

1. Introduction

Sulphate is an obligate nutrient for numerous metabolic and cellular processes,
particularly in foetal growth and development [1]. The conjugation of sulphate
(sulphonation) to certain endogenous molecules, including steroids (e.g., oestrogens)
and thyroid hormone leads to their inactivation [2–4]. Importantly, the ratio
of sulphonated (inactive) to unconjugated (active) hormones plays a role in
modulating endocrine function, and therefore foetal and maternal physiology
during pregnancy [3]. Additionally, sulphonation of structural components such as
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chondroitin sulphate, heparan sulphate and cerebroside sulphate is essential for the
development and maintenance of tissue structure and function [5,6]. Furthermore,
the foetal liver expresses abundant levels of sulphotransferases that mediate the
sulphonation and clearance of xenobiotics and certain pharmacological drugs that
are potentially detrimental to foetal development [7,8]. This latter role for sulphate is
particularly important in human and animal gestation, as the developing foetus has
negligible capacity to detoxify xenobiotics via the glucuronidation pathway that is
largely inactive in the prenatal period [9,10]. Over the past few decades, numerous
roles for sulphate have been described in human physiology (Figure 1A) [11].
However, despite these important physiological roles, sulphate is not routinely
measured in clinical settings. Accordingly, this review highlights our current
knowledge on sulphate nutrition with a particular focus on the roles and regulation
of sulphate in human and animal gestation.

2. Sulphate is Obtained from the Diet

Sulphonation relies on a sufficient supply of sulphate, which is obtained
from the diet as free inorganic sulphate (SO4

2−) or generated from sulphonated
compounds and the sulphur-containing amino acids, methionine and cysteine [5,12].
A well-balanced diet contributes approximately one third of estimated average body
sulphate requirements (0.2–1.5 g SO4

2−/day) [13–16]. Certain foods, including
brassica vegetables and commercial breads contain a high sulphate content
(>0.9 mg/g), whereas low sulphate levels (<0.1 mg/g) are found in some foods such
as fresh apples and oranges [15]. In addition, the sulphate content of drinking water
can vary greatly, from negligible levels in demineralised bottle water to >500 mg/L in
water from spring-fed wells and dams [13–15]. Sulphate levels exceeding 500 mg/L
of drinking water can result in an unpleasant taste, although some individuals are
more sensitive to lower concentrations [16]. Inhalation of sulphate in air is estimated
to contribute trace amounts (0.01–0.04 mg SO4

2−/day) for adults [17]. In addition,
certain prenatal multivitamin-multimineral supplements contain sulphate, primarily
in the form of cupric sulphate anhydrous, zinc sulphate and manganese sulphate,
with approximately 25–40 mg SO4

2−/tablet.
Sulphate is one of the least toxic anions, with reported lethal doses being 45 g

potassium sulphate or zinc sulphate for humans, and a minimal lethal dose of
200 mg/kg magnesium sulphate in mammals [18]. Osmotic diarrhoea has been reported
in healthy adult males when they consumed 8 g of sodium sulphate (6.7 g sulphate) as a
single dose, and in infants consuming sulphate concentrations >600 mg/L of water with
an estimated sulphate intake of ≈66 mg/kg/day [19,20]. In addition, a self-reported
laxative effect was reported in most adults consuming water with levels of sulphate
1000 to 2000 mg/L (approximately 14 to 29 mg/kg body weight) [16]. Similar findings
of sulphate-induced osmotic diarrhoea have been reported in animal studies [21].
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High concentrations of ingested magnesium sulphate have also been linked to
osmotic diarrhoea but this is most likely due to the poor absorption of magnesium,
as sulphate absorption is much higher [22,23]. Magnesium sulphate is also used
for seizure prevention in preeclampsia or eclampsia, as well as a tocolytic agent,
being administered i.v. to women shortly before preterm birth [24]. However, this
treatment is rather unpleasant for some women with approximately 8% of women
requiring cessation of treatment due to intolerable side-effects, including nausea,
vomiting, flushing sweating and palpitations [24]. Oral supplements of ferrous
sulphate (100 mg FeSO4 per capsule per day, ≈63 mg sulphate per capsule) are
prescribed to treat iron deficiency anaemia in pregnancy. However, ferrous sulphate
can be irritating to the gastrointestinal tract [25], which is largely attributed to the
ferrous ions [26]. Comparative data on the effects of different iron preparations
have shown that ferrous sulphate may elicit stronger inflammatory processes in the
pregnant rat and foetus, when compared to ferrous fumarate [27]. These findings
warrant further investigations of ferrous sulphate and other iron preparations in
human pregnancy. Whilst the above findings suggest that caution may be warranted
in consuming sulphate levels significantly above that found in most foods, there are
currently insufficient data to identify an upper intake level to cause adverse effects
to human health. Nonetheless, both food (≈0.85 g SO4

2−/day) and drinking water
(≈0.78 g SO4

2−/day) provide an important source of sulphate [16], particularly in
late gestation when foetal sulphate demands are increasing.

The nutritional value of sulphate in bolstering the growth of laboratory rodents
was first reported almost a century ago [28]. More recent animal studies have shown
that restricting sulphate in both food and water can lead to sulphate deficiency
and reduced growth, which can be reversed by sulphate supplementation [29–32].
In addition, high dietary sulphate intake and administration of sulphate salts (MgSO4,
Na2SO4 and ZnSO4) can lead to increased circulating sulphataemia and enhanced
sulphonation capacity [33–39]. However, there is currently no recommended dietary
intake for inorganic sulphate in humans, mainly because sulphate can be generated
from the sulphur-containing amino acids.

3. Generation of Sulphate from Intracellular Metabolism

Protein is comprised of approximately 4% of the sulphur-containing amino
acids methionine and cysteine [40]. Considering that the recommended daily intake
of protein for 19–50 year olds in pregnancy is 0.8–1.0 g/kg [41], then the estimated
amount of sulphate generated from protein is approximately 1.7 g/day. Both adults
and children have the capacity to metabolise methionine and cysteine to sulphate [1].
Methionine is converted to cysteine via the transsulphuration pathway, and cysteine
is further oxidised to sulphate via 2 pathways: A minor pathway of sulphate
generation via cystathionine γ-lyase (CTH) and cystathionine β-synthase (CBS);
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and a major pathway via cysteine dioxygenase (CDO) (Figure 1B) [42]. Earlier
studies reported the absence of CTH and CDO in human and rodent foetal liver,
indicating that the developing foetus has a limited capacity to generate sulphate
from the sulphur-containing amino acids [43,44]. This raises the question of which
sources supply the high foetal demands for sulphate during pregnancy?Nutrients 2015, 7 1597 
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Figure 1. Biological roles of sulphate and pathways of sulphate homeostasis.
(A) Sulphonation contributes to numerous cellular and metabolic functions
in human physiology; (B) Pathways of intracellular sulphate generation and
sulphonation. Methionine is converted to cysteine via the transsulphuration
pathway involving cystathionine β-synthase (CBS) and cystathionine γ-lyase
(CTH). Cysteine is converted to sulphate via two pathways: A minor pathway
involving CBS, CTH, sulphide quinone reductase-like (SQRDL), thiosulphate
sulphurtransferase (TST) and sulphite oxidase (SUOX); and a major pathway
involving cysteine dioxygenase (CDO), glutamic-oxaloacetic transaminase 1
(GOT1) and SUOX. ST, Sulphate transporters; PAPSS2, PAPS synthetase; SULT,
sulphotransferases; R represents those substrates shown in (A); (C) Flux of
intracellular sulphate and sulphonated molecules. In adults and children, sulphate
is obtained from: (i) extracellular sources via sulphate transporters; (ii) catabolism
of methionine and cysteine; (iii) hydrolysis of proteoglycans in the lysosome; and
(iv) sulphatase-mediated removal of sulphate from substrates in the cytosol.
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In adults and children, circulating sulphate levels are influenced by absorption
in the small intestine, reabsorption in the kidneys, and uptake into cells throughout
the body (Figure 2A) [1]. Circulating sulphate is a major source of sulphate for
supplying the intracellular sulphonation of substrates in the cytoplasm (steroids,
hormones, xenobiotics and proteins) or golgi apparatus (proteoglycans) [45,46].
However, the overall flux of intracellular sulphate is maintained by four pathways
(Figure 1C): (i) Extracellular sulphate from circulation is transported through the
plasma membrane of cells via sulphate transporters; (ii) Methionine and cysteine
are catabolised to sulphate; (iii) Sulphate is removed from proteoglycans via
sulphatase enzymes in the lysosome and then transported into the cytoplasm;
and (iv) Cytosolic sulphatases remove sulphate from sulphonated molecules. The
latter three sources have negligible or low contributions to the foetal intracellular
sulphate pool, which is therefore reliant on extracellular sources sulphate [1]. In
addition, the developing foetus has immature renal reabsorption and intestinal
absorption capacities, highlighting the obligate requirements for supplying sulphate
from mother to foetus via the placenta throughout gestation.
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Figure 2. Fluxes of sulphate between tissues. (A) Contribution of the small
intestine, kidneys and cells to sulphate homeostasis (B) Maternal, foetal and
postnatal contributions to chondroitin sulphation. Disruption of pathways that
maintain a sufficient supply of sulphate for chondrocytes (steps 1–3) or intracellular
sulphonation of chondroitin (steps 4–5) lead to chondrodysplasias.
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4. Sulphate Is Supplied from Mother to Foetus

During human and rodent pregnancy, maternal circulating sulphate levels
increase by more than twofold to meet the gestational needs of the growing
foetus [47,48], and this is remarkable because most plasma ion concentrations usually
decrease slightly in pregnancy due to haemodilution [49] and speaks to its crucial
role in foetal development. The increased maternal blood sulphate levels arise from
increased sulphate reabsorption in the mother’s kidneys (Figure 2B) [47,48], which
is mediated by increased renal expression of the SLC13A1 gene (aka NaS1, sodium
sulphate transporter 1) [50]. Disruption of SLC13A1 in humans and mice causes
sulphate wasting into the urine [51,52], and this greatly reduces blood sulphate levels
(hyposulphataemia). In mice, loss of the Slc13a1 gene leads to behavioural abnormalities
(reduced memory and olfactory function, and increased anxiety), reduced brain
serotonin levels, growth retardation, impaired gastrointestinal mucin sulphonation
and enhanced acetaminophen-induced liver toxicity [33,51–58]. In addition, pregnant
female Slc13a1 null mice exhibit hyposulphataemia throughout gestation, which
leads to foetal sulphate deficiency and mid-gestational miscarriage [48].

A related gene SLC13A4 (aka NaS2, sodium sulphate transporter 2) was recently
found to be the most abundant sulphate transporter in the human and mouse
placenta [50,59]. SLC13A4 is localised to the syncytiotrophoblast layer of the placenta,
the site of maternal-foetal nutrient exchange, where it is proposed to be supplying
sulphate from mother to foetus [59]. Loss of placental SLC13A4 in mice leads
to severe foetal developmental abnormalities and late gestational foetal death,
highlighting the obligate requirement of sulphate for healthy foetal growth and
development [60].

Over the past decade, interest in the roles and regulation of sulphate during
pregnancy has expanded following the characterisation of growth restriction and
foetal demise in animal models of reduced sulphonation capacity [11]. For example,
mice lacking the Sult1e1 oestrogen sulphotransferase exhibit mid-gestational foetal
loss [61]. Sult1e1 is expressed in the placenta where it is essential for generating
the sulphonated forms of estrone sulphate, estradiol-3-sulphate and estriol sulphate.
Foetal loss and impaired foetal growth have also been linked to several other
sulphotransferases and sulphatases that maintain the required biological ratio of
sulphonated to unconjugated proteins and proteoglycans [11]. Despite the evidence
from animal studies that show the physiological importance for sulphate during
pregnancy, there are no routine measurements of sulphate in clinical settings.

In humans, free inorganic sulphate (SO4
2−) is the fourth most abundant anion

in circulation (approximately 300 µmol/L) [62]. Early studies reported a twofold
increase in plasma sulphate levels in pregnant women [35,63–65]. More recent
studies used a validated ion chromatography method to establish reference ranges
for maternal plasma sulphate levels in early (10–20 weeks) and late (30–37 weeks)
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gestation, as well as cord plasma sulphate levels from healthy term pregnancies [47].
These data will now enable clinical investigations into the outcomes of low plasma
sulphate levels in mother and child, and will most likely expand our current
knowledge into the consequences of sulphate deficiency, particularly skeletal
development, which is sensitive to sulphate deficiency.

5. Reduced Sulphonation Capacity Perturbs Skeletal Growth and Development

In mammals, sulphonated proteoglycans are an essential component of extracellular
matrices throughout the body, particularly in connective tissues [66,67]. The sulphate
content of proteoglycans influences cell signalling function and the structural
integrity of tissues [5]. Highly sulphonated glycoproteins, including chondroitin
proteoglycan (CSPG), play important roles in the developing skeleton, with links
to modulation of the Indian Hedgehog signalling pathway [68]. Importantly,
sulphonation of CSPGs in chondrocytes is essential for normal skeletal growth and
development, and several skeletal disorders have been attributed to genetic defects
that lead to decreased sulphonation capacity [11].

Chondrocytes rely on an abundant supply of extracellular sulphate, to
meet the intracellular demands for CSPG sulphonation (Figure 2B). Sulphate is
transported into chondrocytes via the SLC26A2 sulphate transporter (step 3 of
Figure 2B) [69]. More than 30 mutations in the human SLC26A2 gene have been
linked to chondrodysplasias [70], with the underlying metabolic defect being reduced
sulphonation of chondroitin in chondrocytes [71]. Mutant Slc26a2 mice also exhibit
chondrodysplasias which mimics the biochemical and morphological phenotypes
found in humans [71–73]. Treatment of the mutant Slc26a2 mice with dietary
N-acetyl cysteine, showed increased proteoglycan sulphonation and improved
skeletal phenotypes [31], suggesting that thiol-containing compounds can bolster the
intracellular sulphate levels needed for sulphonation of CSPGs.

Loss of PAPS (3′-phosphoadenosine 5′-phosphosulphate) synthetase has also
been linked to impaired CSPG sulphonation and skeletal dysplasias [74]. PAPS is the
universal sulphonate donor for all sulphonation reactions and its formation relies on
a sufficient intracellular supply of sulphate (step 4 in Figure 2B) [75]. Mammalian
genomes contain two PAPS synthetase genes, PAPSS1 and PAPSS2 [76–78]. PAPSS2
has been linked to human pathophysiology, with similar skeletal phenotypes found in
Papss2 mutant mice [76,78]. In addition, disruption of the zebrafish PAPS transporter
gene (PAPST1, aka pinscher) leads to cartilage defects [79]. Skeletal phenotypes are
also found in patients with mutations in the chondroitin 6-O-sulphotransferase gene
(step 5 in Figure 2B) [80], showing that chondroitin sulphonation is important for
maintaining healthy skeletal development. These findings highlight the importance
of pathways that lead to chondroitin sulphation for healthy development, growth
and maintenance of the skeleton.
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Currently, there is no cure for the most severe skeletal dysplasia forms,
atelosteogenesis Type II and achondrogenesis Type IB, which result in skeletal
underdevelopment and death in utero or in the neonatal period [70]. The mild
(multiple epiphyseal) and moderate (diastrophic dysplasia) forms of the disease are
treated with orthopaedic and pain management but these patients face a lifetime of
disability. Other genes including PAPSS2 have involvement with abnormal skeletal
growth and development in humans [76], and the clinical spectrum associated with
PAPSS2 and SLC26A2 has further expanded to include knee osteoarthritis [81],
suggesting that sulphation disorders are likely to be more prevalent than the
estimated 2% of all skeletal dysplasias which is based on live births [82]. This is
also relevant to recent studies that have linked the renal Slc13a1 sulphate transporter
gene, which is important for maintaining circulating sulphate levels, to skeletal
dysplasias in animals [83,84]. These findings are likely to be relevant for human
skeletal growth and development. Collectively, the lack of curative treatments
for the skeletal sulphonation disorders leads to significant burden on families and
community [85].

The biochemical basis of under-sulphation in the skeletal sulphation disorders is
well established [69,70,86] and warrants approaches to the development of therapies
for increasing sulphation capacity. Prenatal diagnosis of babies with nonlethal
sulphation disorders is helpful for clinical geneticists, neonatologists, obstetricians
and anaesthesiologists to plan delivery and improve postnatal outcomes. However,
many of these surviving babies face life-long physical impairments, placing a huge
burden on affected families [85]. Currently, there is no cure for individuals with
skeletal sulphonation disorders. Conventional treatments, including orthopaedic
intervention and pain management for the non-lethal forms are inadequate and
warrant develop of new therapeutic approaches. In humans, there is a dosage effect
of sulphonation capacity on clinical outcomes, with negligible/low sulphonation
leading to the lethal and severe skeletal dysplasias, whereas moderate reductions
in sulphation give rise to milder clinical outcomes [70]. The dosage effect suggests
that strategies which can increase sulphonation capacity in the skeleton should
ameliorate the clinical presentations. This is relevant to the high foetal demands
for sulphate in mid- to late-gestation [1], which provides a window in gestation
when sulphate supplementation therapies may potentially provide the most benefit
for foetuses affected by a skeletal sulphation disorder. If simple low cost maternal
dietary interventions, using sulphonated compounds, could increase sulphonation
capacity in the developing foetal skeleton, then this could potentially have enormous
benefits for ameliorating the skeletal phenotypes in affected individuals.
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6. Conclusion

Sulphate is an obligate nutrient for healthy growth and development. Despite
being essential for numerous cellular and metabolic processes in foetal development,
its importance is largely underappreciated in clinical settings. Animal models have
shown the devastating physiological outcomes of reduced sulphonation capacity
on foetal growth and development, which is relevant to the established link with
human chondrodysplasias. A sufficient supply of sulphate, either from the diet
or from the sulphur-containing amino acids, needs to be supplied from mother to
foetus, particularly in late gestation when foetal demands for sulphate are high.
The development of a validated method for sulphate quantitation, together with
recent data for maternal plasma sulphate reference ranges, now warrants further
investigations into the consequences of nutrient sulphate deficiency in mother
and child.
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Maternal Consumption of Non-Staple Food
in the First Trimester and Risk of Neural
Tube Defects in Offspring
Meng Wang, Zhi-Ping Wang, Li-Jie Gao, Hui Yang and Zhong-Tang Zhao

Abstract: To study the associations between maternal consumption of non-staple
food in the first trimester and risk of neural tube defects (NTDs) in offspring. Data
collected from a hospital-based case-control study conducted between 2006 and 2008
in Shandong/Shanxi provinces including 459 mothers with NTDs-affected births and
459 mothers without NTDs-affected births. Logistic regression models were used
to examine the associations between maternal consumption of non-staple food in
the first trimester and risk of NTDs in offspring. The effects were evaluated by odds
ratio (OR) and 95% confidence intervals (95% CIs) with SAS9.1.3.software. Maternal
consumption of milk, fresh fruits and nuts in the first trimester were protective
factors for total NTDs. Compared with consumption frequency of <1 meal/week,
the ORs for milk consumption frequency of 1–2, 3–6, ≥7 meals/week were 0.50
(95% CI: 0.28–0.88), 0.56 (0.32–0.99), and 0.59 (0.38–0.90), respectively; the ORs for
fresh fruits consumption frequency of 1–2, 3–6, ≥7 meals/week were 0.29 (95%
CI: 0.12–0.72), 0.22 (0.09–0.53), and 0.32 (0.14–0.71), respectively; the ORs for nuts
consumption frequency of 1–2, 3–6, ≥7 meals/week were 0.60 (95% CI: 0.38–0.94),
0.49 (0.31–0.79), and 0.63 (0.36–1.08), respectively. Different effects of above factors on
NTDs were found for subtypes of anencephaly and spina bifida. Maternal non-staple
food consumption of milk, fresh fruits and nuts in the first trimester was associated
with reducing NTDs risk in offspring.

Reprinted from Nutrients. Cite as: Wang, M.; Wang, Z.-P.; Gao, L.-J.; Yang, H.;
Zhao, Z.-T. Maternal Consumption of Non-Staple Food in the First Trimester and
Risk of Neural Tube Defects in Offspring. Nutrients 2015, 7, 3067–3077.

1. Introduction

Neural tube defects (NTDs) are a group of severe human congenital
malformations caused by the incomplete closure of neural tube within about 28 days
following conception [1]. NTDs are complex disorders and appear to be affected by
multiple factors, with both genetic and environmental contributions. Folic acid and
vitamin B12, as crucial factors for metabolic pathways, have been extensively studied
and demonstrated the important roles in development of NTDs [2,3]. Since the
introduction of folic acid fortification in staple food, many countries have reported
declines in NTDs incidence overall [4–9]. However, a large number of NTDs cases
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still occur and the cause remains unclear. Thus, there is a need to research additional
dietary factors, such as maternal non-staple food consumption in first trimester.
In recent decades, studies have reported that intake of fresh fruits or vegetables,
unpasteurized milk, pickled vegetables and caffeine during pregnancy may be
associated with NTDs risk in offspring [10–13]. However, due to the different
populations and food intake frequency in each study, the findings are not completely
consistent without providing a clear conclusion. A previous study conducted by
Piirainen et al. indicates that women may be more open to dietary change during
pregnancy than at other times [14]. Considering the first trimester includes the critical
window of neural tube closure, evaluating the effects of non-staple food consumption
and proposing beneficial adjustment in maternal diets in the first trimester may have
great public health implications.

Beginning in 2008, we performed a hospital-based case-control study in Shanxi
and Shandong provinces to explore the risk factors of NTDs. In this study, we
solicited the maternal non-staple food consumption information in the first trimester
to investigate the potential associations with NTDs in offspring.

2. Methods

2.1. Participants

A hospital-based case-control study was conducted in Shandong and Shanxi
provinces in China. According to differences of NTDs incidence, 18 counties in
Shandong Province and 6 counties in Shanxi Province were randomly selected to
serve as research sites. As eligible cases, we selected 459 mothers who gave birth to
NTDs infants or whose NTDs-affected pregnancies were terminated based on the
ultrasonic diagnosis within two years from January 2006 to December 2007. Then,
from March to December 2008, we interviewed the participants to collect the relevant
information face-to-face with the structured questionnaire. Based on ICD-10, in this
study, NTDs included anencephaly (Q00.0), spina bifida (Q05) and encephalocele
(Q01) complying with related defining features and diagnostic criteria specified in
“Birth Defects Monitoring Manual of China”. The diagnosis was confirmed and the
case was classified by full-time doctors. A total of 459 control mothers who gave
birth to healthy infants in the same area, same hospital and within a week in the same
year were enrolled. In particular, our study abided by the “Declaration of Helsinki”
and the informed consents were obtained from the case and control mothers. This
study was reviewed by research institutional review board of Shandong University
and approved by the ethics committee (2006BA105A01).
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2.2. Questionnaire

With the designed questionnaire, the interviewer solicited all the relevant
information during the six months before until 3 months after conception of the
participants face-to-face. The questionnaire design went through literature review,
panel discussion, check and approval by experts, and revisions after pilot study.
The same structured questionnaire was administered to each pair of mothers by the
same one trained interviewer. Questionnaires were used to collect the information
about mothers’ demographic characteristics, reproductive history and illness history,
lifestyle behaviors, environmental hazardous substances exposure, nutritional status,
diet adjustment, specific food consumption and the consumption frequency in the
first trimester, use of folic acid from six months before until 3 months after conception.
The contents of questionnaire have been described fully elsewhere [10]. Notably,
the food frequency questionnaire has been tested and proved to be validated and
tailored for a Chinese diet in the pilot study.

2.3. The Definition of Study Variables

During the interview, mothers were asked to report what they ate in the first
trimester. In order to standardize the answers, the mothers were asked to read an
enclosed list of food as a memory aid before replying. In this study, the non-staple
food included meat, animal giblets, eggs, milk, legume, fresh vegetables, fresh fruits,
nuts, pickled vegetable, alcohol and coffee. To access the above food consumption
frequency in the first trimester, women were asked to estimate the food consumption
frequency (≤1 meal per month, 2–3 meals per month, 1–2 meals per week, 3–6 meals
per week, ≥7 meals per week).

In order to adjust the potential confounding factors, the following covariates
were taken into consideration: maternal periconceptional occupation (farmer,
factory worker, and business/officer/solider/technologist), annual per capita income
(≤3600 ¥, 3600–7200 ¥, >7200 ¥), maternal education level (<middle school graduate,
middle school graduate, >middle school graduate), maternal prepregnancy BMI
(underweight, normal weight, overweight, and obesity), history of abortion or
induced labor (yes, no), history of chronic disease before conception (yes, no), family
history of birth defects (yes, no), maternal diet adjustment (yes, no), folic acid intake
(never intake, periconceptional intake, within three months before conception intake,
and within three months after conception intake.)

2.4. Statistical Analysis

Descriptive statistics were used to describe the demographic characteristics of
subjects with frequency and proportion. Univariate conditional logistic regression
analyses were carried out to evaluate effects of the covariates on the NTDs risk.
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Univariate conditional logistic regression analyses were carried out to
preliminarily determine which of the non-staple food consumption were associated
with the risk of NTDs. In this part, the food consumption frequency was divided
into two grades: <1 meal per week and ≥1 meal per week.

A multivariate conditional logistic regression model was constructed by adding
all the significant factors from the univariate conditional logistic regression analyses
and finally determined the food significantly associated with the risk of NTDs.

In order to further analyze each grade effect of the food on NTDs risk, a
multivariate conditional logistic regression model was conducted. In this part, the
food consumption frequency was divided into four grades: <1 meal per week,
1–2 meals per week, 3–6 meals per week and ≥7 meals per week. In addition,
we constructed another three multivariate conditional logistic regression analyses
to determine whether there were differences in the three major NTDs subtypes
(anencephaly, spina bifida and encephalocele).

The effect values were reported by odds ratio (OR), with their 95% confidence
intervals (95% CIs). The database was set up through EpiData3.1 and the data went
through statistical process adopting analysis software SAS9.1.3.

3. Results

3.1. Social-Economic Characteristics of the Participants

A total of 459 pairs of participants were identified in the study. Among
them, 259 pairs were from Shandong Province and 200 pairs were from Shanxi
Province. Among total NTDs cases, there were 194 anencephaly cases (42.3%),
200 spina bifida cases (43.6%) and 65 encephalocele cases (14.1%), and there were no
difference in NTDs types between the two provinces. Frequencies and proportions
of social-economic characteristics among case and control mothers were shown in
Table 1. Compared to control mothers, case mothers were more likely to be farmers,
more likely to have lower annual per capita, education level, obese and more likely
to have an abortion or induced labor, family history of birth defects, chronic disease
before conception, not more likely to adjust diet in the first trimester and take folic
acid supplementation periconceptionally.

Table 2 showed univariate analysis of the associations between weekly food
consumption and NTDs risk. Compared to food consumption frequency <1 meal,
the significant factors were meat consumption ≥1 meal, animal giblets consumption
≥1 meal, eggs consumption ≥1 meal, legume consumption ≥1 meal, milk consumption
≥1 meal, fresh vegetables consumption ≥1 meal, fresh fruits consumption ≥1 meal,
nuts consumption ≥1 meal, picked vegetables consumption ≥1 meal.

Table 3 showed multivariate analysis of the associations between weekly food
consumption and NTDs risk. Finally, food consumption of milk, fresh fruits and
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nuts entered the model. Compared to the food consumption frequency <1 meal
per weekly, ORs for mothers who consumed milk, fresh fruits and nuts with the
frequency ≥1 meal were 0.62 (95% CI = 0.42–0.93), 0.31 (95% CI = 0.14–0.70), and 0.62
(95% CI = 0.43–0.89).

Table 1. Demographic and obstetric characteristics of subjects and their relationship
with neural tube defects (NTDs).

Factors Cases (N = 459; %) Controls (N = 459; %) OR 95% CI

Maternal periconceptional occupation
Farmer 349 (76.0) 329 (71.7) Ref.
Factory worker 57 (12.4) 35 (7.6) 1.46 0.91–2.33
Business/officer/soldier/technologist 53 (11.5) 95 (20.7) 0.46 0.30–0.70
Annual per capita income (¥)
≤3600 232 (50.5) 175 (38.1) Ref.
3600–7200 159 (34.6) 164 (35.7) 0.64 0.46–0.89
>7200 68 (14.8) 120 (26.1) 0.35 0.24–0.53
Maternal education level
<Middle school graduate 119 (25.9) 46 (10.0) Ref.
Middle school graduate 298 (64.9) 312 (68.0) 0.33 0.22–0.51
>Middle school graduate 42 (9.2) 101 (22.0) 0.14 0.08–0.24
Body mass index(BMI of mother)
Normal 20 (4.4) 34 (7.4) Ref.
Underweight 313 (68.2) 334 (72.8) 1.64 0.92–2.95
Overweight 94 (20.5) 81 (17.6) 2.03 1.06–3.88
Obese 25 (5.4) 8 (1.7) 5.11 1.93–13.49
Family history of birth defects
No 432 (94.1) 449 (98.0) Ref.
Yes 27 (5.9) 9 (2.0) 2.89 1.35–6.17
Abortion or induced labor
No 244 (53.2) 280 (61.0) Ref.
Yes 215 (46.8) 179 (39.0) 1.38 1.06–1.80
Chronic disease before conception
No 429 (93.5) 445 (96.9) Ref.
Yes 30 (6.5) 14 (3.1) 2.33 1.19–4.59
Diet adjustment in the first trimester
No 251 (54.7) 131 (28.5) Ref.
Yes 208 (45.3) 328 (71.5) 0.27 0.20–0.38
Folic acid intake
Never 326 (71.0) 243 (52.9) Ref.
Periconceptional folic acid intake a 22 (4.8) 77 (16.8) 0.22 0.22–0.36
Within three months before conception
folic acid intake b 17 (3.7) 28 (6.1) 0.48 0.25–0.90

Within three months after conception
folic acid intake c 94 (20.5) 111 (24.2) 0.61 0.44–0.87

OR odds ratio, CI confidence interval, Ref reference; Percentages of each variable may not
equal 100 because of missing data or rounding; a: Take 0.4 mg of folic acid tablet daily
and used across the time of 3 months before and 3 months after conception and continued
for at least 1 month; b: Take 0.4 mg of folic acid tablet daily and used 3 months before
conception and continued for at least 1 month; c: Take 0.4 mg of folic acid tablet daily and
used 3 months after conception and continued for at least 1 month.
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Table 2. Univariate analysis of the association between weekly food consumption
and NTDs risk.

Weekly Food Consumption Cases N Controls N OR 95% CI

Meat consumption
<1 meal 201 (43.8) 131 (28.5) Ref.
≥1 meal 257 (56.0) 328 (71.5) 0.43 0.31–0.60

Animal giblets consumption
<1 meal 378 (82.4) 321 (69.9) Ref.
≥1 meal 81 (17.6) 137 (29.8) 0.50 0.36–0.69

Eggs consumption
<1 meal 68 (14.8) 49 (10.7) Ref.
≥1 meal 391 (85.2) 410 (89.3) 0.65 0.42–0.99

Legume consumption
<1 meal 142 (30.9) 110 (24.0) Ref.
≥1 meal 115 (25.1) 92 (20.0) 0.70 0.52–0.94

Milk consumption
<1 meal 234 (51.0) 151 (32.9) Ref.
≥1 meal 224 (48.8) 308 (67.1) 0.41 0.30–0.55

Fresh vegetables consumption
<1 meal 15 (3.3) 2(0.4) Ref.
≥1 meal 444 (96.7) 457 (99.6) 0.13 0.03–0.58

Fresh fruits consumption
<1 meal 58 (12.6) 12 (2.6) Ref.
≥1 meal 401 (87.4) 446 (97.2) 0.16 0.08–0.33

Nuts consumption
<1 meal 266 (58.0) 184 (40.1) Ref.
≥1 meal 193 (43.0) 274 (59.7) 0.46 0.35–0.62

Picked vegetables
consumption

<1 meal 267 (58.2) 323 (70.4) Ref.
≥1 meal 192 (41.8) 136 (29.6) 1.76 1.32–2.34

OR odds ratio; CI confidence interval; Ref. reference group.

Table 4 further showed the specific effects of different food consumption
frequency on the risk of NTDs, anencephaly and spina bifida respectively. For
total NTDs, a 41%–50% reduction in risk of NTDs was observed at all levels of milk
consumption (ORs ranged from 0.50 to 0.59 and the 95% CIs did not include the
null). A 68%–78% reduction in risk of NTDs was observed at all levels of fresh fruits
consumption (ORs ranged from 0.22 to 0.32 and the 95% CIs did not include the
null). For anencephaly, a 94%–95% reduction in risk of NTDs was observed at all
levels of fresh fruits consumption (ORs ranged from 0.05 to 0.06 and the 95% CIs did
not include the null). For spina bifida, a 57%–83% reduction in risk of NTDs was
observed at all levels of fresh fruits consumption (ORs ranged from 0.17 to 0.43 and
the 95% CIs did not include the null).
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Table 3. Multivariate analysis of association between weekly food consumption
and NTDs risk.

Weekly Food Consumption Case N Control N OR * 95% CI

Milk consumption
<1 meal 234 (51.0) 151 (32.9) Ref.
≥1 meal 224 (48.8) 308 (67.1) 0.62 0.42–0.93

Fresh fruits consumption
<1 meal 58 (12.6) 12 (2.6) Ref.
≥1 meal 401 (87.4) 446 (97.2) 0.31 0.14–0.70

Nuts consumption
<1 meal 266 (58.0) 184 (40.1) Ref.
≥1 meal 193 (42.0) 274 (59.7) 0.62 0.43–0.89

OR odds ratio; CI confidence interval; Ref. reference group; * ORs were adjusted for all
variables listed in Tables 2 and 2.

Table 4. Effects of food consumption frequency on all NTDs, anencephaly, spina
bifida and encephalocele.

Food Consumption
Frequency Case N Control N

NTDs Anencephaly Spina Bifida

OR * 95% CI OR * 95% CI OR * 95% CI

Milk consumption
<1 meal per week 234 (51.0) 151 (32.9) Ref. Ref. Ref.
1–2 meals per week 48 (10.5) 57 (12.4) 0.50 0.28–0.88 1.64 0.63–4.26 0.17 0.07–0.43
3–6 meals per week 53 (11.5) 60 (13.1) 0.56 0.32–0.99 1.54 0.62–3.86 0.26 0.11–0.63
≥7 meals per week 123 (26.8) 191 (41.6) 0.59 0.38–0.90 1.20 0.58–2.48 0.43 0.21–0.88

Fresh fruits consumption
<1 meal per week 58 (12.6) 12 (2.6) Ref. Ref. Ref.
1–2 meals per week 54 (11.8) 44 (9.6) 0.29 0.12–0.72 0.06 0.01–0.49 0.46 0.11–1.86
3–6 meals per week 56 (12.2) 75 (16.4) 0.22 0.09–0.53 0.05 0.01–0.34 0.32 0.09–1.14
≥7 meals per week 291(63.4) 327 (71.2) 0.32 0.14–0.71 0.06 0.01–0.37 0.57 0.17–1.95

Nuts consumption
<1 meal per week 266 (58.0) 184 (40.1) Ref. Ref. Ref.
1–2 meals per week 73 (15.9) 95 (20.7) 0.60 0.38–0.94 0.94 0.44–2.00 0.31 0.14–0.69
3–6 meals per week 63 (13.7) 99 (21.6) 0.49 0.31–0.79 0.50 0.22–1.12 0.58 0.28–1.19
≥7 meals per week 57 (12.4) 80 (17.4) 0.63 0.36–1.08 0.29 0.11–0.81 0.94 0.42–2.10

OR odds ratio; CI confidence interval; Ref. reference group; * ORs were adjusted for
all variables listed in Table 2 and consumption of milk, fresh fruits and nuts (≥1 meal
and <1 meal).

4. Discussion

In this study, we found that maternal non-staple food consumption of milk,
fresh fruits and nuts in the first trimester were associated with NTDs risk in offspring.
Among them, maternal consumption of milk in the first trimester was associated
with reducing the risk for total NTDs and spina bifida, but not for anencephaly. Fresh
fruits consumption in the first trimester was associated with decreasing the risk for
total NTDs and anencephaly, but not for spina bifida. With specific consumption
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frequency, nuts were associated with reducing risk of total NTDs (1–6 meals per
week), subtypes of anencephaly (≥7 meals per week) and spina bifida (1–2 meals
per week). In addition, our study also indicated that the preventive effect of milk
weakened with the increased consumption frequency, both on total NTDs and spina
bifida; moderate amount of fresh fruits consumption with frequency of 3–6 meals
per week showed the strongest effects on total NTDs and anencephaly.

Milk contained many potentially NTDs-related nutrients, and vitamin B12 was
one of them. Recently, studies have showed that low maternal vitamin B12 was a
risk factor for NTDs [3,15,16]. Tucker et al. [17] first observed the vitamin B12 from
milk was better absorbed than from meat. Naik et al. [18] further demonstrated
that regular intake of milk could improve the vitamin B12 status among vegetarians
with vitamin B12 deficient. In addition, studies suggested that dietary choline and
betaine might help to prevent NTDs [19,20], and milk was one of the major food
contributors [20,21]. However, due to the production methods, modern cow milk
might have a high content of estrogen [22], which was reported associated with
reducing serum folate availability [23]. In our study, the negative effects might partly
explain why the preventive effect of milk on NTDs weakened with the increased
consumption frequency in our study.

Preventive effects of fresh fruits for NTDs have been identified in many
studies [24,25]. Consistent with previous studies, our results showed that fresh
fruits consumption in the first trimester was associated with reducing risk of total
NTDs and anencephaly. Regarding the effect of fresh fruits on spina bifida, our
results indicated that fresh fruits were not associated with the risk of spina bifida.
A previous study conducted by Yin et al. [26] confirmed our findings and reported
no association between fresh fruits and spina bifida, although the population and
consumption frequency were varied. However, a case-control study in Italy found
that occasional consumption (less than 3 times a week) of fruits and vegetables was
a risk factor for spina bifida [27]. In addition, our study presented that too much
amount of fresh fruits consumption (≥7 meals per week) would weaken the NTDs
preventive effect, which was never mentioned in other studies. An assumption we
proposed was that too much fruits consumption might reduce other food intakes,
such as meat, eggs or milk, by which affected the maternal diet quality during
pregnancy eventually.

There were few studies on the association between nuts consumption in the
first trimester and NTDs risk in offspring. In this study, we found that mothers
consuming nuts with specific weekly frequency had a lower risk for total NTDs,
subtypes of anencephaly and spina bifida. Although the biological mechanisms
underlying the NTDs preventive effects of nuts were complicated and still remained
unclear, our findings might be partly explained by the components of nuts. First,
folate, a most important vitamin in preventing NTDs, was found to be abundant in
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nuts [28]. Second, nuts were good source of dietary myo-inositol, which had been
observed associated with NTDs risk in offspring [29,30]. A study even proposed that
myo-inositol soft gelatin capsules should be considered for the preventive treatment
of NTDs in folate-resistant subjects [31].

Our study had several strengths. Good validity of cases classified by
full time doctors with specified diagnostic criteria was helpful to minimize the
misclassification of the participants. Besides, we evaluated the related factors for the
three major NTDs subtypes, which would not obscure the potential associations that
may be interfered by etiological heterogeneity.

Our study also had some limits. Firstly, with a retrospective design, our collected
information from mothers up to 2 years after pregnancy, and recall bias could be a
concern in our study. Secondly, in our study, the relatively small sample sizes limited
our ability to study the association between non-staple food consumption in the first
trimester and risk of the NTDs subtype of encephalocele. Thirdly, we did not collect
the further information of non-staple food in study, such as milk type (unpasteurized
milk or packet milk), the specific kind of fruits et al, which may affect the final results
more or less. Fourthly, the short period of neural tube closure and diet adjustment
after a mother realized she was pregnant might lead to exposure misclassification in
our study. Finally, as there was bias resulted from some non-response mothers, the
representative of the controls also could be a concern in this study.

In conclusion, the findings of the present study demonstrated that non-staple
food of milk, fresh fruits, and nuts were associated with decreasing NTDs risk in
offspring. Although the associations needed to be confirmed by further studies, we
suggested that adequate intake of milk, fresh fruits and nuts were necessary for
pregnant women in the first trimester.
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Low Maternal Vitamin B12 Status Is
Associated with Lower Cord Blood HDL
Cholesterol in White Caucasians Living in
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Ponnusamy Saravanan

Abstract: Background and Aims: Studies in South Asian population show that low
maternal vitamin B12 associates with insulin resistance and small for gestational
age in the offspring. Low vitamin B12 status is attributed to vegetarianism in
these populations. It is not known whether low B12 status is associated with
metabolic risk of the offspring in whites, where the childhood metabolic disorders
are increasing rapidly. Here, we studied whether maternal B12 levels associate
with metabolic risk of the offspring at birth. Methods: This is a cross-sectional
study of 91 mother-infant pairs (n = 182), of white Caucasian origin living in the
UK. Blood samples were collected from white pregnant women at delivery and
their newborns (cord blood). Serum vitamin B12, folate, homocysteine as well
as the relevant metabolic risk factors were measured. Results: The prevalence of
low serum vitamin B12 (<191 ng/L) and folate (<4.6 µg/L) were 40% and 11%,
respectively. Maternal B12 was inversely associated with offspring’s Homeostasis
Model Assessment 2-Insulin Resistance (HOMA-IR), triglycerides, homocysteine
and positively with HDL-cholesterol after adjusting for age and BMI. In regression
analysis, after adjusting for likely confounders, maternal B12 is independently
associated with neonatal HDL-cholesterol and homocysteine but not triglycerides or
HOMA-IR. Conclusions: Our study shows that low B12 status is common in white
women and is independently associated with adverse cord blood cholesterol.

Reprinted from Nutrients. Cite as: Adaikalakoteswari, A.; Vatish, M.; Lawson, A.;
Wood, C.; Sivakumar, K.; McTernan, P.G.; Webster, C.; Anderson, N.; Yajnik, C.S.;
Tripathi, G.; Saravanan, P. Low Maternal Vitamin B12 Status Is Associated with
Lower Cord Blood HDL Cholesterol in White Caucasians Living in the UK. Nutrients
2015, 7, 2401–2414.

1. Introduction

The prevalence of childhood obesity is increasing rapidly [1,2]. Recently, the
Early Childhood Longitudinal Study demonstrated that 27.3% of children were either
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overweight or obese by the time they enter kindergarten in the United States [1].
Higher rate of childhood obesity is a likely contributor for the increasing incidence
of type 2 diabetes (T2D) earlier in life as well as pre-gestational and gestational
diabetes (GDM) in women [3]. It is known that childhood obesity independently
predicts obesity and metabolic disorders in the adulthood [4]. Children born with
lower HDL and higher triglyceride levels were small for gestational age (SGA) and
had higher abdominal circumference [5]. It is known that both higher abdominal
circumference and SGA are associated with future development of T2D and GDM [6,7]
in many populations.

Although current adverse lifestyle (nutrition and physical inactivity) contributes
to obesity, a growing body of evidence links nutrient imbalance in early life to the
development of metabolic disorders in childhood and in adults [8]. Many studies
support this link including the Dutch-famine study. Individuals exposed to nutritional
imbalance during pregnancy are likely to be obese, have early onset of coronary artery
disease, T2D and worse cognitive performances as adults [9]. Emerging evidence from
clinical studies show that key maternal micronutrients involved in the one-carbon
metabolism (1-C) can cause adverse metabolic programming. Independent studies
from South Asia have demonstrated that children born to mothers with low vitamin
B12 [10,11] and higher folate [12] have greater insulin resistance. In addition, low
maternal B12 levels independently contributed to the risk of small for gestational
age (SGA), which has been shown to increase the metabolic risk of the offspring [13].
Vegetarianism is the likely cause of high prevalence of low B12 levels in these
population [14]. In a Brazilian pregnancy cohort, low maternal B12 was associated
with lower levels of the methyl donor (S-adenosyl methionine—SAM) in the cord
blood [15]. A study in a Chinese population demonstrated that low maternal B12 is
common during pregnancy and is associated with an altered methylation pattern of
the insulin growth factor 2 (IGF2) promoter region in the cord blood [16], highlighting
a potential role of B12 on fetal growth. Further, animal studies showed that
maternal vitamin B12 deficiency resulted in higher adiposity, insulin resistance, blood
pressure [17] and adverse lipid profile in the offspring [18,19]. These investigations
provide evidence that low maternal B12 could be an independent determinant of
adverse metabolic phenotypes in the offspring.

Recently, we demonstrated in Europeans and Indians with T2D that vitamin B12
deficiency is associated with adverse lipid profile [20]. Re-analysis of the UK National
Diet and Nutrition Survey data showed that low vitamin B12 levels (<191 ng/L) is
common in the adult population (10%) and in women of reproductive age (14%) [21].
Our preliminary study of white pregnant women showed that the rate of low B12
status was as high as 20% at 16–18 weeks of gestation [22].

Despite the evidence that vitamin B12 deficiency is a potential contributor for
adverse offspring metabolic phenotypes and the prevalence of low B12 status is
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increasing in White Caucasian population, the link between maternal B12 status and
metabolic risk at birth is unexplored in the White Caucasian population. Therefore,
the objective of our study was to investigate whether maternal B12 levels in white
women independently associate with the metabolic risk at birth.

2. Methods

2.1. Study Population

The study was conducted in University Hospital Coventry Warwickshire
(UHCW), Coventry, UK. All study participants were pregnant women delivering at
39–40 weeks of gestation. The Coventry local research ethics committee approved the
study, and all patients gave written informed consent (Research Ethics Committees
07/H1210/141). Women with known chronic diseases were excluded. Maternal data
including parity, smoking, BMI and birth weight were collected from pregnancy
records. Folic acid supplement use collected but detailed dietary history was not
recorded. Maternal BMI measured routinely at the first pregnancy visit (before
10 weeks of gestation). We collected 182 maternal venous and cord blood samples
(91 mother-newborn pairs) at the time of delivery. Extrapolating from our preliminary
studies [21,22], we anticipated around 20%–25% of the mothers to have low levels of
vitamin B12 (<191 ng/L). To detect a similar proportion of low B12 status a sample
size of 100–120 was required. The samples were collected in the fasting state, in tubes
without anticoagulant and centrifuged at 2000 rpm/10 min. Serum was separated,
aliquoted and stored at −80 ◦C until analysis.

2.2. Analytical Determinations

Serum glucose, cholesterol, triglycerides, HDL cholesterol were determined
using an auto analyser Synchron CX7 (Beckman Coulter, Fullerton, CA, USA) based
on enzymatic colorimetric assays. Insulin was measured using Invitrogen ELISA
kit (Camarillo, CA, USA) according to manufacturer’s instructions. LDL cholesterol
was calculated using Friedewald formula. Insulin resistance (HOMA-IR) was
calculated by the Homeostasis Model Assessment 2 computer model (HOMA2) using
fasting insulin and glucose levels [10]. Serum B12 and folate were determined by
electrochemiluminescent immunoassay using a Roche Cobas immunoassay analyzer
(Roche Diagnostics UK, Burgess Hill, UK). Similar to other studies [20,23,24], we
have used 191–663 ng/L for serum Vitamin B12 and 4.6–18.7 µg/L for serum folate
as normal range, respectively. The inter-assay coefficient of variations for B12 and
folate were 3.9% and 3.7%, respectively. To avoid potential bias, all the biochemical
analyses were conducted in a single batch to minimise assay variation. All the
laboratory personnel were blinded and did not have any access to the clinical data.
Serum homocysteine was determined by stable isotopic dilution analysis liquid
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chromatography (LC-MS/MS) [25] using a Waters Equity UPLC system (Waters,
Milford, CT, USA) coupled to an API 4000 tandem mass spectrometer (Applied
Biosystems, Warrington, UK). Due to the uncertainty of defining deficiencies of
serum vitamin B12 and folate levels during pregnancy and cord blood, the terms
“low B12 status” and “low folate status” were used throughout the manuscript if the
levels were below 191 ng/L and 4.6 µg/L, respectively.

2.3. Statistical Analysis

Continuous data are reported either as mean ± standard deviation (SD)
or geometric mean with 95% confidence intervals (CI). Categorical data are
reported in numbers (percentages). The distributions of the maternal and neonatal
parameters such as vitamin B12, folate, cholesterol, triglycerides, HDL, LDL, glucose,
insulin, HOMA-IR and homocysteine concentrations were skewed; these data were
log-transformed before analyses. Student’s t-test was used for comparison of
groups. Bivariate correlations were done using Pearson test. Variables that showed
significant associations with dependent variable (neonatal metabolic risk factors)
were included as independent variables in the multiple linear regression analyses.
To facilitate comparison, dependent and independent variables were converted
into standard deviation scores (SDS). The data are presented as SD change in
offspring outcome per SD change in maternal vitamin B12, folate and homocysteine.
Associations between maternal vitamin B12, folate and homocysteine concentrations
and offspring outcomes were examined in multivariate linear regression using
3 models. Model 1: unadjusted; Model 2: adjusted for maternal age, BMI,
glucose, insulin, parity, folic acid supplement use, smoking, vitamin B12, folate
and homocysteine; Model 3: Model 2 + respective maternal variable. All tests
were two-sided, and p values of <0.05 were considered to be statistically significant.
All analyses were performed using SPSS Statistics version 21 (IBM Corp, Armonk,
NY, USA).

3. Results

3.1. B12, Folate and Homocysteine Status

The clinical characteristics of mothers and neonates are shown in Table 1.
The prevalence of serum low vitamin B12 and folate status in women during
pregnancy were 40% and 11% in mothers and 29% and 0% in neonates, respectively
(Table 1). In cord blood, all the biochemical parameters were significantly lower than
in maternal serum, except for the B12 and folate levels (Table 1). Children born to
mothers with low B12 status had significantly lower B12 levels compared to those
born to mothers with normal levels (Table 2). Mothers with higher parity and smoking
had lower B12 levels. Those with self-reported folic acid supplement use had higher
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B12 and lower homocysteine levels (Table 3). Maternal B12, folate and homocysteine
showed strong positive correlation with the respective offspring indices (B12: r = 0.648,
folate: r = 0.706, homocysteine: r = 0.756, all p < 0.0001) (Supplementary Figure S1a–c).
Neonatal homocysteine showed negative correlation with maternal B12 and folate
(B12: r = −0.409, p < 0.0001; folate: r = −0.346, p < 0.001; Supplementary Figure S2a,b).

Table 1. Clinical characteristics of mothers and neonate.

Mother Neonate

n = 91 n = 91

Age (years) 32.7 ± 5.9 a -
Weight (Kg) 77.7 ± 18.1 3.57 ± 0.26
Height (m) 1.62 ± 0.09 -

BMI (early pregnancy) (kg/m2) 29.4 ± 6.2 -
Glucose (mmol/L) 4.37 ± 0.42 3.88 ± 0.52

Insulin (mIU/L) 11.6 (12.9, 17.4) b 8.01 (8.62, 11.9)
Triglycerides (mmol/L) 2.69 (2.62, 3.06) 0.23 (0.22, 0.26)
Cholesterol (mmol/L) 6.48 (6.31, 6.89) 1.68 (1.63, 1.84)

LDL cholesterol (mmol/L) 3.53 (3.46, 3.95) 0.82 (0.79, 0.95)
HDL cholesterol (mmol/L) 1.56 (1.53, 1.72) 0.74 (0.72, 0.83)

HOMA-IR 1.37 (1.55, 2.09) 0.99 (1.04, 1.41)
Vitamin B12 (ng/L) 218 (213, 289) 290 (292, 418)
Low B12 status (%) 36 (40) c 26 (29)

Folate (µg/L) 10.5 (10.9, 13.2) 16.8 (16.4, 17.7)
Low folate status (%) 10 (11) 0

Homocysteine (µmol/L) 6.23 (6.02, 7.54) 5.76 (5.64, 6.85)
a Mean ± SD (all such values); b Geometric mean (95% CI) (all such values); c Numbers
(percentages) (all such values).

Table 2. Clinical characteristics of mothers and neonate according to maternal B12 levels.

Mothers Neonate

Maternal B12
≥191 (ng/L)

Maternal B12
<191 (ng/L)

Maternal B12
≥191 (ng/L)

Maternal B12
<191 (ng/L)

n = 55 n = 36 n = 55 n = 36

Age (years) 33.0 ± 6.2 a 32.3 ± 5.6 - -
Weight (Kg) 74.3 ± 15.8 82.9 ± 20.8 * 3.58 ± 0.31 3.57 ± 0.18
Height (m) 1.62 ± 0.07 1.61 ± 0.11 - -

BMI (early pregnancy) (kg/m2) 28.4 ± 6.1 30.8 ± 6.4 * - -
Glucose (mmol/L) 4.40 ± 0.46 4.36 ± 0.34 3.85 ± 0.52 3.94 ± 0.52

Insulin (mIU/L) 10.4 (11.7, 18.0) b 13.7 (12.7, 18.6) 8.27 (8.33, 12.75) 7.64 (7.30, 12.40)
Triglycerides (mmol/L) 2.49 (2.37, 2.93) 3.04 (2.82, 3.48) * 0.21 (0.20, 0.24) 0.26 (0.23, 0.32) **
Cholesterol (mmol/L) 6.23 (5.99, 6.72) 6.86 (6.51, 7.43) * 1.72 (1.64, 1.92) 1.62 (1.51, 1.83)

LDL cholesterol (mmol/L) 3.29 (3.16, 3.82) 3.91 (3.67, 4.38) * 0.79 (0.76, 0.90) 0.87 (0.77, 1.09)
HDL cholesterol (mmol/L) 1.61 (1.54, 1.80) 1.49 (1.42, 1.70) 0.79 (0.76, 0.91) 0.67 (0.62, 0.77) *

HOMA-IR 1.18 (1.37, 2.14) 1.68 (1.57, 2.27) 0.94 (0.95, 1.41) 1.08 (0.98, 1.63)
Vitamin B12 (ng/L) 288 (265, 378) 146 (139, 155) *** 367 (354, 544) 202 (187, 234) ***
Low B12 status (%) 0 36 (40) c 8 (14.5) 18 (50)

Folate (µg/L) 11.7 (11.5, 14.6) 9.0 (8.5, 12.4) * 17.6 (17.0, 18.5) 15.7 (14.9, 17.2) **
Low folate status (%) 3 (5.5) 7 (19.4) 0 0

Homocysteine (µmol/L) 5.50 (5.26, 6.18) 7.53 (6.69, 10.1) *** 4.97 (4.74, 5.59) 7.09 (6.58, 8.96) ***
a Mean ± SD (all such values); b Geometric mean (95% CI) (all such values); c Numbers
(percentages) (all such values); * p-value compared to maternal B12 (≥191 ng/L) group;
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 3. Vitamin B12, folate and homocysteine in mothers and neonate according
to maternal smoking status, parity and folate supplement use.

Smoking n = 91 Vitamin B12
(ng/L)

Folate
(µg/L)

Homocysteine
(µmol/L)

Maternal
No (%) 55 245 (227, 357) 10.7 (10.6, 13.9) 6.15 (5.61, 8.08)
Yes (%) 45 189 (176, 224) ** 10.1 (9.7, 13.3) 6.33 (5.90, 7.45)

Neonate
No (%) 55 327 (305, 502) 16.9 (16.4, 18.2) 5.42 (5.06, 6.58)
Yes (%) 45 252 (232, 364) * 16.5 (15.8, 17.7) 6.21 (5.80, 7.68)
Parity

Maternal
Para 0 (%) 18 248 (203, 332) 13.7 (11.8, 17.9) 6.25 (5.21, 8.03)
Para 1 (%) 48 224 (201, 347) 11.1 (10.8, 14.1) 6.12 (5.73, 7.43)

Para ≥2 (%) 34 195 (179, 239) * 8.2 (7.6, 11.6) ** 6.4 (5.31, 8.97)

Neonate
Para 0 (%) 18 327 (264, 479) 17.9 (16.6, 19.6) 5.61 (4.50, 7.59)
Para 1 (%) 48 284 (258, 487) 16.9 (16.3, 18.1) 5.91 (5.53, 7.30)

Para ≥2 (%) 34 283 (250, 396) 16.0 (15.2, 17.4) * 5.67 (5.08, 7.15)
Folate supplement users

Maternal
Yes (%) 85 224 (216, 305) 11.1 (11.3, 14.0) 6.06 (5.77, 7.44)
No (%) 15 187 (154, 245) 6.8 (5.5, 9.3) *** 7.42 (6.02, 9.61) *

Neonate
Yes (%) 85 311 (306, 445) 17.4 (17.0, 18.2) 5.57 (5.40, 6.53)
No (%) 15 213 (134, 391) 13.5 (12.0, 15.6) *** 7.01 (5.34, 10.33) *

Data are geometric mean (95% CI); * p-value compared to geometric mean in the respective
group(s); * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Maternal B12 and Metabolic Risk of Offspring

Maternal B12 adjusted for age and BMI was inversely associated with metabolic
risk factors such as triglycerides (r = −0.219; p = 0.047), HOMA-IR (r = −0.232;
p = 0.041), homocysteine (r = −0.423; p = 0.0001) and positively with HDL-cholesterol
(r = 0.315; p = 0.004) (Figure 1a–d) in the offspring. Despite similar birth weight,
offspring of low B12 mothers had significantly lower HDL-cholesterol, higher
triglycerides and homocysteine than those of normal B12 mothers (Table 2). Multiple
regression analysis was carried out to assess whether maternal B12 independently
associated with these metabolic risk factors in the offspring by adjusting for
likely confounders. The model included maternal age, parity, smoking, folic acid
supplement use, BMI, glucose, insulin, folate and homocysteine as independent
variables. In addition, for offspring’s lipid parameters, respective maternal variable
was also included in the model (maternal triglycerides for offspring’s triglycerides,
etc.). After all these adjustments, maternal B12 was independently associated with
the offspring’s HDL and homocysteine. Though similar trends were seen for the
triglycerides and HOMA-IR, these were not statistically significant. No sex-specific
changes were seen in any of these analyses (data not shown). Maternal B12 explained
5.1% of the variation in offspring’s HDL and 10.6% in homocysteine (Table 4).
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Figure 1. Correlation between maternal B12 (adjusted for age and BMI) and metabolic risk 
factors of neonates. (a) Maternal B12 and neonatal triglycerides, (b) Maternal B12 and 
neonatal Homeostasis Model Assessment 2-Insulin Resistance (HOMA-IR), (c) Maternal 
B12 and neonatal homocysteine, (d) Maternal B12 and neonatal HDL. * Log-transformed 
for statistical comparisons.  

3.3. Maternal Folate and Homocysteine and Metabolic Risk of Offspring 

Maternal folate negatively associated with offspring’s cholesterol (r = −0.214; p = 0.045), LDL  
(r = −0.233; p = 0.030) and homocysteine (r = −0.346; p = 0.001). Maternal homocysteine positively 
associated with offspring’s triglycerides (r = 0.239; p = 0.030), cholesterol (r = 0.247; p = 0.022) and 
LDL (r = 0.244; p = 0.026), however, these associations diminished after adjusting for all likely 
confounders (Table 4). 

4. Discussion 

Our study is the first to show that maternal vitamin B12 levels adversely associated with markers of 
metabolic risk at birth, in particular lipid profiles. Our observed rates of low B12 status in mothers (40%) 

Figure 1. Correlation between maternal B12 (adjusted for age and BMI) and
metabolic risk factors of neonates. (a) Maternal B12 and neonatal triglycerides,
(b) Maternal B12 and neonatal Homeostasis Model Assessment 2-Insulin Resistance
(HOMA-IR), (c) Maternal B12 and neonatal homocysteine, (d) Maternal B12 and
neonatal HDL. * Log-transformed for statistical comparisons.

3.3. Maternal Folate and Homocysteine and Metabolic Risk of Offspring

Maternal folate negatively associated with offspring’s cholesterol (r = −0.214;
p = 0.045), LDL (r = −0.233; p = 0.030) and homocysteine (r = −0.346; p = 0.001).
Maternal homocysteine positively associated with offspring’s triglycerides (r = 0.239;
p = 0.030), cholesterol (r = 0.247; p = 0.022) and LDL (r = 0.244; p = 0.026), however,
these associations diminished after adjusting for all likely confounders (Table 4).
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4. Discussion

Our study is the first to show that maternal vitamin B12 levels adversely
associated with markers of metabolic risk at birth, in particular lipid profiles.
Our observed rates of low B12 status in mothers (40%) is common at the time
of delivery though it is not as high as in the South Asian population [10,11,26].
Haemodilution and increased nutrient demand by the growing fetus [27] are known
contributors to low B12 levels during pregnancy. In addition, consumption of
processed foods, improving hygiene and reheating of cooked food, all known to
reduce the bioavailable B12 in food products, could have contributed to lower B12
levels in this population [20,28]. The presence of higher homocysteine in the low
B12 group suggest that these low levels are clinically significant and represent true
insufficiency at the tissue level.

Our findings show that low maternal B12 status was associated with offspring’s
insulin resistance, lower HDL and higher triglycerides (Figure 1a,b,d). However,
when multivariate analysis was used to assess the effect of B12 across the spectrum,
only HDL was statistically significant after adjusting for the possible confounders
(Table 4). In support of this, adverse lipid profile (higher total cholesterol and
triglycerides) was noticed in rats born to vitamin B12 restricted dams [18,19]. In
addition, we have recently demonstrated that adipocytes cultured in low B12
condition showed increased cholesterol levels and was due to hypomethylation
of cholesterol transcription factor (SREBF1 and LDLR) [29]. The clinical findings
observed in this study thus add evidence that low maternal B12 status adversely
affects lipid profile in the offspring. We did not see any significant association
between maternal and neonatal lipids (data not shown). While this was surprising, it
was similar to other observations, where only lipids from GDM mothers associated
with foetal lipids and not from non-GDM mothers [30,31].

Our study also showed that maternal B12 showed a stronger inverse association
with neonatal homocysteine than folate (Supplementary Figure S2a,b). In multiple
regression analysis, after adjusting for the possible confounders, only maternal
B12 and not folate, was independently associated with neonatal homocysteine
(Table 4). The association between maternal folate and neonatal homocysteine became
insignificant, when maternal homocysteine was added in the stepwise regression
model (Table 4). This suggests that the effect of folate on neonatal homocysteine
is likely to be mediated through maternal homocysteine while the effect of B12
could be partly independent of maternal homocysteine. Similar to our findings,
Molloy et al. showed in an Irish population that low maternal B12 levels predicted
hyperhomocysteinemia in both the newborns and the mothers [32]. Thus, our
findings confirm that in folate replete populations, B12 is the strongest driver of
homocysteine [10], an established metabolic risk factor [33]. Our study also showed
that the BMI was higher in the low B12 group (Table 2). Similar observations were
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seen other studies [29–31]. The cause and effect of this relationship is not known.
Theoretically this could have contributed to higher maternal lipids and in turn higher
lipids in cord blood. However, we did not see any correlation between maternal and
cord lipids and our regression analysis adjusted for maternal lipids (Table 4).

The plausible biochemical reasons that low maternal B12 status increase the
metabolic risk in the offspring might be, firstly, in the cytoplasm, vitamin B12 acts
as a cofactor for conversion of homocysteine to methionine, the direct precursor of
S-adenosylmethionine (SAM) which is the common donor required for methylation
of DNA, protein and lipids [10,26,34]. Secondly, in mitochondria, vitamin B12 also
acts a cofactor for the conversion of methylmalonyl Co-A (MM-CoA) to succinyl
Co-A. Thus, low vitamin B12 causes higher MM-CoA levels. This in turn can inhibit
carnitine palmitoyl transferase-1 (CPT-1), the rate-limiting enzyme for fatty acid
β-oxidation, thereby increasing lipogenesis [10,35]. As these mechanisms involve
methylation of DNA, this might lead to higher metabolic risk in the offspring by
adverse epigenetic programming in addition to directly affecting β-oxidation of fatty
acids. In vivo and interventional studies are required to identify the exact mechanisms
and prove the causality.

Similar to B12, low maternal folate levels also showed adverse correlations with
the metabolic risk markers of the offspring but these differences disappeared in
regression models. Women with highest B12 and folate levels gave birth to children
with lowest homocysteine levels compared to those with lowest B12 and folate levels
(7.80 vs. 4.85 µmol/L, p < 0.001; Supplementary Table S1). Taken together, these
findings suggest that optimising the circulating levels of these two B vitamins during
pregnancy, is likely to be beneficial to the offspring.

Strengths and limitations: Our study is cross sectional and from a single-centre.
However, this is the first study to report the associations between maternal B12
and lipid profiles in the offspring. A prospective cohort of women from before
or early pregnancy would have been a better model. As the pathophysiological
link, if any, between maternal nutrient status and offspring metabolic risk seem to
happen earlier in pregnancy, such longitudinal study would have strengthened our
findings [9,10]. Our findings call for such studies to be conducted urgently. Studies
have reported that B12 levels progressively decline during pregnancy [36]. Therefore,
the effect size we observed during late pregnancy might have been an overestimate
if early pregnancy samples were tested. We did not use the microbiological assay
for B12 measurements, which is known to be more sensitive at the lower levels of
B12. This may have underestimated the rate of low B12 status [37] and in turn, the
association with the metabolic risk factors in the offspring. We did not have a detailed
socioeconomic status of the participants. It is known that lower socioeconomic status
is an important confounder of adverse lipid profiles and BMI but the link between
socioeconomic status and B12 is not known. Therefore, this is also a limitation of our
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observation and future studies should collect detailed socioeconomic status. Finally,
although our sample size was adequate to demonstrate the low B12 status, it was
probably too small to demonstrate the independent associations between maternal
folate and homocysteine status and cord blood lipids.

In summary, our study shows that maternal vitamin B12 plays an important role
in lipid metabolism in the offspring and that their restriction in utero may predispose
them to the increased metabolic risk. However, these findings need to be replicated,
ideally in a larger cohort of pregnant women from early pregnancy. In addition,
in vivo and interventional studies are required to prove the exact mechanisms and
the potential causal link. If proven, optimizing B12 levels of young women around
the peri-conceptional period, could offer novel opportunities to reduce the burden of
obesity and related metabolic disorders of the next generation.
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Folate Deficiency Could Restrain Decidual
Angiogenesis in Pregnant Mice
Yanli Li, Rufei Gao, Xueqing Liu, Xuemei Chen, Xinggui Liao, Yanqing Geng,
Yubin Ding, Yingxiong Wang and Junlin He

Abstract: The mechanism of birth defects induced by folate deficiency was focused
on mainly in fetal development. Little is known about the effect of folate deficiency
on the maternal uterus, especially on decidual angiogenesis after implantation which
establishes vessel networks to support embryo development. The aim of this study
was to investigate the effects of folate deficiency on decidual angiogenesis. Serum
folate levels were measured by electrochemiluminescence. The status of decidual
angiogenesis was examined by cluster designation 34 (CD34) immunohistochemistry
and the expression of angiogenic factors, including vascular endothelial growth
factor A (VEGFA), placental growth factor (PLGF), and VEGF receptor 2 (VEGFR2)
were also tested. Serum levels of homocysteine (Hcy), follicle stimulating hormone
(FSH), luteinizing hormone (LH), prolactin (PRL), progesterone (P4), and estradiol
(E2) were detected by Enzyme-linked immunosorbent assay. The folate-deficient
mice had a lower folate level and a higher Hcy level. Folate deficiency restrained
decidual angiogenesis with significant abnormalities in vascular density and the
enlargement and elongation of the vascular sinus. It also showed a reduction in
the expressions of VEGFA, VEGFR2, and PLGF. In addition, the serum levels of
P4, E2, LH, and PRL were reduced in folate-deficient mice, and the expression of
progesterone receptor (PR) and estrogen receptor α (ERα) were abnormal. These
results indicated that folate deficiency could impaire decidual angiogenesis and
it may be related to the vasculotoxic properties of Hcy and the imbalance of the
reproductive hormone.

Reprinted from Nutrients. Cite as: Li, Y.; Gao, R.; Liu, X.; Chen, X.; Liao, X.; Geng, Y.;
Ding, Y.; Wang, Y.; He, J. Folate Deficiency Could Restrain Decidual Angiogenesis in
Pregnant Mice. Nutrients 2015, 7, 6425–6445.

1. Introduction

Birth defects or congenital anomalies are one of the major causes of disability
in developed and developing countries [1]. The March of Dimes estimated that
7.4 million infants are born each year with a serious birth defect. Of these births,
94% occur in middle- and low-income countries [2]. Birth defects are also a
population health problem affecting the quality of the birth population in China.
In high-prevalence areas of China, the prevalence of birth defects was 537.2 per
10,000 births and the first five main birth defects were anencephaly, congenital heart
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diseases, spina bifida, hydrocephaly, and encephalocele [3]. The causes of birth
defects can be grouped into three main categories: (1) genetic, (2) environmental,
and (3) complex genetic and unknown. Environmental causes are estimated to
be responsible for approximately 5%–10% of the total amount of birth defects.
Environmental causes include nutritional deficiencies, maternal illnesses, infectious
agents, and teratogenic drugs [2].

Folate is one of the B vitamins and it plays a crucial role in one-carbon
metabolism for physiological DNA synthesis and cell division, as well as in the
conversion of homocysteine (Hcy) to methionine and so on. The influence of
folate nutritional status on pregnancy outcomes has long been recognized [4].
Folate supplementation has been shown to reduce the occurrence of neural tube
defects [5]. A preventive effect of folate on heart defects in newborns has also been
proposed [6]. Folate deficiency or attendant elevated levels of homocysteine have
been associated with orofacial clefts [7], down syndrome [8], placental abruptions [9],
pre-eclampsia [10], spontaneous abortion [11], intrauterine growth retardation,
and pre-term birth [12]. However, less is known about the mechanism of how
folate deficiency induces birth defects. Our previous study showed that folate
deficiency did not influence embryo implantation in mice [13]. It suggested that the
pregnancy abnormalities, including lower female fertility, lower embryo number,
and lower fetal viability, caused by folate deficiency may occur mainly after embryo
implantation. Endometrial decidualization, placentation, and the development of
the embryo itself are all important for normal pregnancy outcomes after embryo
implantation. There have been many studies focused on the effect of folate deficiency
on placentation and the development of the embryo itself, whereas little is known
about the role of folate deficiency on maternal decidualization [7–12]. Angiogenesis,
which establishes a network of vessels and sinusoids to support embryo development,
is essential for endometrial decidualization [14]. Decidual angiogenesis forms a new
vascular network that serves as the first exchange apparatus between the maternal
circulation and the developing embryo and thus is a crucial and fundamental
process for embryonic survival and a successful pregnancy [15]. Vascular endothelial
growth factor A (VEGFA), placental growth factor (PLGF), and vascular endothelial
growth factor (VEGF) receptor 2 (VEGFR2) are key molecules regulating decidual
angiogenesis and maternal spiral artery remodeling. They are expressed in the
endometrium, decidua, and placenta and play an important role in ensuring a
successful pregnancy [16,17]. However, it is not known whether the establishment of
the decidual vascular network is influenced by folate deficiency.

Here, we investigated the effect of folate deficiency on decidual angiogenesis
after implantation with a folate-deficient pregnant mouse model. This study will help
to elucidate the mechanisms of pregnancy abnormalities induced by folate deficiency.
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2. Experimental Section

2.1. Animals

A folate-deficient pregnant mouse model was established as described by
Gao et al. [13]. Six-to-eight-week-old National Institutes of Health female mice
(mean ˘ standard error of the mean (SEM): 22 ˘ 1.8 g) were purchased from the
Animal Facility of Chongqing Medical University, China (Certificate No.: SCXK (YU)
20070001) and caged in a specific pathogen-free animal room under a controlled
environment (12 h light/12 h darkness). Mice in the folate-deficient group were fed
a diet containing no folate (Research Diets, New Brunswick, USA) for five weeks
before mating, and mice in the normal group were fed a normal diet. The estrus mice
were mated with fertile males of the same strain (E1 = the day a vaginal plug was
found). All animal procedures were approved by the Ethics Committee of Chongqing
Medical University (NO. 20110016). Pregnant dams were sacrificed on Embryonic
day 6 (E6) , Embryonic day 7 (E7), and Embryonic day 8 (E8) at 9–10 a.m and decidual
tissue was collected for the subsequent experiments. There were at least 15 mice
sacrificed every day in every group.

2.2. Detection of Serum Folate, Hcy, P4, E2, FSH, LH, and PRL

Blood samples were collected from the eye socket and placed at room
temperature for 3 h to obtain the serum. To verify the utility of the mouse model,
serum folate levels of mice were measured using an electrochemiluminescence
before mating [18]. The serum levels of Hcy, progesterone (P4), estradiol (E2),
follicle stimulating hormone (FSH), luteinizing hormone (LH), and prolactin
(PRL) were detected using an enzyme-linked immunosorbent assay (ELISA) (Yan
Hui Biological Technology, Shanghai, China) according to the manufacturer’s
recommended instructions.

2.3. Hematoxylin-Eosin (H&E) Staining

The uterus was extracted and fixed in 4% paraformaldehyde (PFA) solution
overnight at 4 ˝C and then embedded in paraffin. Tissue sections (4 µm) were
mounted on glass slides. H&E staining was performed using standard protocols
on the paraffin sections. The sections were mounted and stained with hematoxylin-
eosin. A minimum of 10 histological sections from the uteri were assessed
using 10ˆ or 40ˆ magnification and photographed using an Olympus B ˆ 50
(Olympus) photomicroscope.
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2.4. Immunohistochemistry

The uterus was extracted and fixed in 4% PFA solution overnight at 4 ˝C
and then embedded in paraffin. Tissue sections were deparaffinized in xylene
and rehydrated in descending concentrations of ethanol, followed by antigen
retrieval in an Ethylene Diamine Tetraacetic Acid Antigen Retrieval Solution
(pH 8.0, Beyotim, Shanghai, China) for 20 min in a microwave oven at 95 ˝C.
Endogenous peroxidase was inhibited by incubation with 3% H2O2 for 10 min
at room temperature. The tissue sections were blocked in 10% normal goat serum
for 30 min. The sections were incubated with a rabbit monoclonal anti-cluster
designation 34 (CD34) (ab81289, Abcam, Shanghai, China) antibody at a 1:100
dilution, a rabbit monoclonal anti-VEGFA (ab52917, Shanghai, China) antibody
at a 1:50 dilution, a rabbit polyclonal anti-VEGFR2 (07-158, Millipore, Billerica, USA)
antibody at a 1:100 dilution, and a goat polyclonal anti-PLGF (sc-1882, Santa Cruz,
California, USA) antibody at a 1:30 dilution at 4 ˝C overnight. After incubation
with the primary antibody, the tissue sections were incubated with corresponding
biotinylated secondary antibodies. The chromogenic reaction was conducted with
diaminobenzidine (Zhongshan Biosciences, Beijing, China) for 3 to 5 min and
terminated by rinsing with water. The sections were subsequently stained with
hematoxylin. Immunohistochemistry was performed on four-to-five pregnant mice
from each group and each sample was assayed three times. The VEGFA, VEGFR2,
and PLGF protein localization was analyzed and quantified using Medical Image
Analysis Software (Beihang University, Beijing, China) and a yellowish-brown stain
was determined as positive.

2.5. Western Blotting

Proteins were extracted from 40 mg decidual tissue collected at various time
points during the post-implantation period from the two groups using a cell
lysis buffer for western blotting and immunoprecipitation (Beyotim, Shanghai,
China). Protein concentration was determined using the bicinchoninic acid Protein
Assay kit (Beyotim, Shanghai, China). Samples were boiled in 5ˆ sodium
dodecylsulfate (SDS) sample loading buffer for 10 min and then loaded onto a 10%
SDS-polyacrylamide gel (Beyotim, Shanghai, China). Following electrophoresis,
proteins were transferred onto polyvinylidene difluoride membranes (Bio-Rad,
California, USA). The membranes were blocked for 80 min at room temperature
in a Tris Buffered Saline with Tween (TBST) buffer (20 mM Tris (pH 7.6), 137 mM
NaCl, and 0.05% (w/v) Tween 20) containing 5% non-fat milk. Immunoblotting was
performed by incubating the membranes in 5% milk-TBST overnight at 4 ˝C with
a rabbit monoclonal anti-VEGFA (ab52917, Abcam, Shanghai, China) antibody at a
1:500 dilution, a rabbit polyclonal anti-VEGFR2 (07-158, Abcam, Millipore, Billerica,
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USA) antibody at a 1:500 dilution, a rat monoclonal anti-PLGF (ab51654, Abcam,
Shanghai, China) antibody at a 1:500 dilution, a mouse monoclonal anti-β-actin
(ab8226, Abcam, Shanghai, China) antibody at a 1:1000 dilution, a rabbit monoclonal
anti-estrogen receptor α (ERα) (04-227, Millipore, Billerica, USA) antibody at a 1:500
dilution, and a mouse monoclonal anti-progesterone receptor (PR) (ab2765, Abcam,
Shanghai, China) antibody at a 1:500 dilution. Membranes were washed three times
with TBST followed by incubation with the corresponding secondary antibody at
room temperature for 80 min. After washing three times with TBST, positive bands
were detected by enhanced chemiluminescence reagents (Beyotim, Shanghai, China)
and quantified by densitometry using Quantity One version 4.4.0 software. Western
blotting was performed on four-to-five pregnant mice from each group, and each
sample was assayed three times.

2.6. Real-Time polymerase chain reaction (RT-PCR)

Total RNA was extracted from 30 mg decidual tissue using Trizol reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. cDNA
synthesis was performed with 1 µg total RNA treated with DNase I in a 20 mL
reaction system using the First Strand synthesis for RT-PCR kit (Takara, Dalian,
China). cDNA was stored at ´20 ˝C until real-time RT-PCR analysis. Specific
primers for VEGFA, VEGFR2, PLGF, and β-actin were designed and produced by
Sangon Biotech (Shanghai, China). The sequences of the primers used are shown in
Table 1. To compare transcript levels of VEGFA, VEGFR2, and PLGF between the
normal group and the folate-deficient group, real-time RT-PCR was carried out using
SYBR Premix Ex Taq kits (Takara, Dalian, China) and a Bio-Rad CFX96 Real-Time
System (Bio-Rad, California, USA). The real time RT-PCR master mixture (15 uL)
consisted of 7.5 µL of 2ˆ SYBR Premix Ex Taq, 0.6 µL of 10 pmol/mL primers,
1.2 µL of cDNA, and 5.1 µL of double-distilled H2O according to the manufacturer’s
recommendations. The PCR conditions were as follows: initial denaturation at 94 ˝C
for 30 s; 40 cycles of 10 s at 94 ˝C (denaturation), and 30 s at corresponding primer
melting temperature (Tm). Relative gene expression levels were calculated with the
2´∆∆Ct method [19]. Real time RT-PCR was performed on six pregnant mice from
each group and each sample was assayed three times.

2.7. Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences (SPSS)
statistical software (version 16.0, SPSS, Chicago, USA). Values are given as the
mean ˘ SEM. The differences between groups in serum levels of folate, Hcy, P4,
and E2 and the expression of VEGFA, VEGFR2, PLGF, and PR were analyzed with
Student’s t-test. Bonferroni correction was used for multiple testing, while the
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differences between groups in serum levels of FSH, LH, and PRL were analyzed with
two-way analysis of variance. A p < 0.05 was considered statistically significant.

Table 1. Sequences of forward and reverse primers used in real-time RT-PCR (51Ñ31).

Gene Forward Reverse

VEGFA GTCCAACTTCTGGGCTCTTCT CCCTCTCCTCTTCCTTCTCTTC
VEGFR2 TGGCAAATACAACCCTTCAGAT GTCACCAATACCCTTTCCTCAG
PLGF GCCGATAAAGACAGCCAACA CATTCACAGAGCACATCCTGA
β-actin CCTGAGGCTCTTTTCCAGCC TAGAGGTCTTTACGGATGTCAACGT

VEGFA, vascular endothelial growth factor A; VEGFR2, vascular endothelial growth
factor receptor 2; PLGF, placental growth factor.

3. Results

3.1. Validation of the Folate-Deficient Pregnant Mouse Model

The electro-chemiluminescence immunoassay was used to measure the serum
folate levels to verify the validity of the pregnant mouse model. As shown in
Table 2, serum folate levels were significantly decreased in the folate-deficient group
(p < 0.01), which was consistent with our previous study [20]. In addition, Hcy, the
intermediate product in folate metabolism and one of the factors influencing the
biological functions of the vascular endothelium, serum levels were also determined
with ELISA. As shown in Table 3, serum Hcy levels were significantly increased in
the folate-deficient group (p < 0.01).

Table 2. Serum folate levels (ng/mL) in the pregnant mice (mean ˘ standard error
of the mean (SEM)).

Normal (n) Folate-deficient (n) p

Serum folate >20 (10) 4.83 ˘ 0.48 (19) <0.01

Table 3. Serum Hcy levels (µmol/L) in the pregnant mice (mean ˘ standard error
of the mean (SEM)).

Normal (n) Folate-deficient (n) p

E6 7.50 ˘ 0.24 (5) 11.06 ˘ 0.40 (5) <0.01
E7 6.75 ˘ 0.41 (5) 12.05 ˘ 0.57 (5) <0.01
E8 8.26 ˘ 0.32 (5) 12.46 ˘ 0.61 (5) <0.01

E6, Embryonic day 6; E7, Embryonic day 7; E8, Embryonic day 8.
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3.2. Decidual Angiogenesis Was Restrained in Folate-Deficient Pregnant Mice

To determine whether there was any abnormal angiogenesis in the
folate-deficient group, the structural changes in blood vessels, the molecular
regulation of angiogenesis, and the vascular remodeling in the uterus were analyzed
from E6 to E8, which was after implantation (E4–5) but prior to initial placenta
establishment (E9–10). As illustrated in the H&E staining, no obvious abnormalities
could be seen in the folate-deficient group (Figure 1). With the development of
the process of pregnancy, there was no significant difference in morphology and
structure in the two groups. In the folate-deficient mice, the blastocyst could
implant in the mesangial contralateral visibly. Stroma cell decidulization occurred
around the blastocyst continuously and formed the primary decidual zone and
secondary decidual zone gradually. The development of the blastocyst was normal
as well. However, the significant abnormalities were observed in the vascular density
and the enlargement and elongation of vascular sinus folding in folate-deficient
pregnant mice, as evidenced with CD34 staining from E6 to E8 (Figure 2). Normally,
variable-sized vascular sinus foldings [21] are distributed symmetrically in the
central region of the uterus and are enlarged and elongated over time, whereas
fine mesh-like blood vessels are arrayed in the anti-mesometrial region, which was
similar to our findings (Figure 2). Closer observation of the central region revealed
that the sprouting process was most active at E6 (Figure 2A), whereas enlargement
and elongation of vascular sinus folding and intussusception of blood vessels [22]
were dominant from E7 to E8. Time-series analyses indicated that, compared with
E6, the number of large-sized vascular sinus foldings in the central region as well as
blood vessel densities in the anti-mesometrial region were markedly increased at E7
and E8 (Figure 2B,C). A significant decrease in vascular density was observed in the
folate-deficient group from E6 to E8 as compared with the normal group (Figure 2).
The vascular sinus foldings, which predominantly extend into the intermediate zone
from the mesometrial to the anti-mesometrial region of the decidua, appeared to
be diminished in the folate-deficient group as compared with the normal group,
especially at E7 and E8 (Figure 2B,C).
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Figure 1. Uterine section’s hematoxylin-eosin staining from E6 to E8. No significant 
abnormal decidualization or embryonic development occurred in the folate-deficient group. 
N: normal group; FD: folate-deficient group; E: embryo; L: luminal epithelium; G: glandular 
epithelium; PDZ: primary decidual zone; SDZ: secondary decidual zone; M: mesometrial; 
AM: anti-mesometrial; VSF: vascular sinus folding; Scale bar: 500 μm; E6, Embryonic day 
6; E7, Embryonic day 7; E8, Embryonic day 8. 
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Figure 1. Uterine section’s hematoxylin-eosin staining from E6 to E8. No
significant abnormal decidualization or embryonic development occurred in the
folate-deficient group. N: normal group; FD: folate-deficient group; E: embryo; L:
luminal epithelium; G: glandular epithelium; PDZ: primary decidual zone; SDZ:
secondary decidual zone; M: mesometrial; AM: anti-mesometrial; VSF: vascular
sinus folding; Scale bar: 500 µm; E6, Embryonic day 6; E7, Embryonic day 7; E8,
Embryonic day 8.
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Figure 2. Immunohistochemistry staining with cluster designation 34 (CD34) from Embryonic 
day 6 (E6) to Embryonic day 8 (E8). Impaired formation of decidual angiogenesis was 
detected in the folate-deficient group. The pictures in the right column are the higher 
magnification images of the black boxes in the left column. (A) The magnified area was the 
central region around the embryo in uterus at E6. (B, C) The magnified area was one side of 
VSF at E7 and E8. Arrow indicates the variable-sized blood vessels. N: normal group; FD: 
folate-deficient group; E: embryo; L: luminal epithelium; G: glandular epithelium;  
M: mesometrial; AM: anti-mesometrial; VSF: vascular sinus folding. Scale bar: 500 μm 
(left), 100 μm (right).  

  

 

Figure 2. Immunohistochemistry staining with cluster designation 34 (CD34)
from Embryonic day 6 (E6) to Embryonic day 8 (E8). Impaired formation of
decidual angiogenesis was detected in the folate-deficient group. The pictures
in the right column are the higher magnification images of the black boxes in the
left column. (A) The magnified area was the central region around the embryo in
uterus at E6. (B, C) The magnified area was one side of VSF at E7 and E8. Arrow
indicates the variable-sized blood vessels. N: normal group; FD: folate-deficient
group; E: embryo; L: luminal epithelium; G: glandular epithelium; M: mesometrial;
AM: anti-mesometrial; VSF: vascular sinus folding. Scale bar: 500 µm (left),
100 µm (right).
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3.3. The Expression of VEGFA, VEGFR2, and PLGF Was Reduced in Folate-Deficient
Decidual Tissue

Immunohistochemical staining for VEGFA, PLGF, and VEGFR2 in the decidual
tissue on E8 is shown in Figure 3. VEGFA was distributed mainly in a wide
area of the secondary decidual zone (PDZ) and embryo in both normal and
folate-deficient mice, but the expression of VEGFA in folate-deficient mice was
depressed (Figure 3A). VEGFR2 was localized mainly in the vascular sinus folding
close to the anti-mesometrial region in normal mice, whereas VEGFR2 surrounded
the embryo mainly in folate-deficient mice (Figure 3B). The localization of PLGF
was similar to VEGFA in normal mice, but it did not distribute in the embryo.
However, PLGF was mainly located in the central region of the uterus instead of
the PDZ in folate-deficient mice (Figure 3C). The relative amounts of VEGFA, PLGF,
and VEGFR2 mRNAs detected by real-time RT-PCR are shown in Figure 4A. The
relative fold change of VEGFA, PLGF, and VEGFR2 mRNA in the folate-deficient
mice was decreased compared with the levels in normal mice from E6 to E8 (p < 0.01).
The protein expression levels of VEGFA, PLGF, and VEGFR2 analyzed by Western
blotting were correlated with the level of mRNAs (Figure 4B).

3.4. Folate-Deficient Mice Showed Disordered Reproductive Hormone Levels

Correct steroid hormone levels characterize a successful pregnancy, including
decidualization, angiogenesis, and placentation. Angiogenesis could be impaired
by abnormal steroid hormone levels [23]. To further assess the effect of folate
deficiency on steroid hormone levels, we measured the serum levels of P4 and
E2 from E6 to E8 by ELISA. As shown in Table 4, folate-deficient mice presented a
decreasing trend in serum levels of P4 and E2 compared with normal mice. Western
blotting demonstrated that the protein expression of PR in decidual tissue was
decreased from E6 to E8, whereas the protein expression of ERα was increased in
the folate-deficient group compared with the normal group (Figure 5). Because the
secretion of P4 and E2 is regulated by gonadotropins, including FSH, LH and PRL,
we also detected these three gonadotropins at the same time. The results showed that
folate-deficient mice had aberrant gonadotropin levels (Table 5, Figure 6). Although
there was no significant difference in the serum FSH levels between the two groups
(F = 0.791, p = 0.384), the folate-deficient mice had a relatively lower serum level of
LH (F = 22.905, p < 0.001) and PRL (F = 17.465, p < 0.001) compared with the normal
mice (Figure 6).
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Figure 3. Immunohistochemistry staining with vascular endothelial growth factor A 
(VEGFA), vascular endothelial growth factor receptor 2 (VEGFR2), and placental growth 
factor (PLGF). Decreased expression of VEGFA, VEGFR2, and PLGF was detected in the 
folate-deficient group. The pictures in the right column are the higher magnification images 
of the black boxes in the left column. Additionally, the black boxes were the uterus’s central 
region around the embryo. Arrow indicates each factor’s different expression and 
distribution between two groups. (A) VEGFA was localized to a wide area of the secondary 
decidual zone (PDZ) and the embryo in both normal and folate-deficient mice, but there was 
decreased expression in the folate-deficient group. (B) VEGFR2 was localized mainly to the 
VSF close to the AM region in normal mice, whereas VEGFR2 was localized mainly to part 
of the PDZ in folate-deficient mice. (C) PLGF had a similar localization pattern as VEGFA 
in normal mice but was not expressed in the embryo. However, PLGF was expressed mainly 
in the central region of the uterus instead of in the PDZ in folate-deficient mice. N: normal 
group; FD: folate-deficient group; E: embryo; L: luminal epithelium; SDZ: secondary 
decidual zone; M: mesometrial; AM: anti-mesometrial; VSF: vascular sinus folding. Scale 
bar: 500 μm (left), 200 μm (right). 
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Figure 3. Immunohistochemistry staining with vascular endothelial growth factor
A (VEGFA), vascular endothelial growth factor receptor 2 (VEGFR2), and placental
growth factor (PLGF). Decreased expression of VEGFA, VEGFR2, and PLGF was
detected in the folate-deficient group. The pictures in the right column are the
higher magnification images of the black boxes in the left column. Additionally, the
black boxes were the uterus’s central region around the embryo. Arrow indicates
each factor’s different expression and distribution between two groups. (A) VEGFA
was localized to a wide area of the secondary decidual zone (PDZ) and the embryo
in both normal and folate-deficient mice, but there was decreased expression in the
folate-deficient group. (B) VEGFR2 was localized mainly to the VSF close to the AM
region in normal mice, whereas VEGFR2 was localized mainly to part of the PDZ
in folate-deficient mice. (C) PLGF had a similar localization pattern as VEGFA in
normal mice but was not expressed in the embryo. However, PLGF was expressed
mainly in the central region of the uterus instead of in the PDZ in folate-deficient
mice. N: normal group; FD: folate-deficient group; E: embryo; L: luminal epithelium;
SDZ: secondary decidual zone; M: mesometrial; AM: anti-mesometrial; VSF:
vascular sinus folding. Scale bar: 500 µm (left), 200 µm (right).
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Figure 4. Real-time polymerase chain reaction (RT-PCR) and western blot analysis of the 
expression of vascular endothelial growth factor A (VEGFA), vascular endothelial growth 
factor receptor 2 (VEGFR2), and placental growth factor (PLGF) from Embryonic day 6 (E6) 
to Embryonic day 8 (E8). (A) The mRNA levels of VEGFA, VEGFR2, and PLGF in  
folate-deficient mice were significantly decreased compared with normal mice from E6 to 
E8 (** p < 0.01). Data are presented as the mean ± standard error of the mean (SEM). (B) 
Protein levels in folate-deficient mice were compared with normal mice. Statistical analysis 
of protein expression was from three independent experiments (* p < 0.05). Data are 
presented as the mean ± SEM. (C) Western blot analysis of three angiogenic growth factors. 
β-actin was used as a loading control. The protein levels of VEGFA, VEGFR2, and PLGF 
showed similar trends to the mRNAs levels. N: normal group, FD: folate-deficient group. 

3.4. Folate-Deficient Mice Showed Disordered Reproductive Hormone Levels  

Correct steroid hormone levels characterize a successful pregnancy, including decidualization, 
angiogenesis, and placentation. Angiogenesis could be impaired by abnormal steroid hormone  
levels [23]. To further assess the effect of folate deficiency on steroid hormone levels, we measured the 
serum levels of P4 and E2 from E6 to E8 by ELISA. As shown in Table 4, folate-deficient mice presented 
a decreasing trend in serum levels of P4 and E2 compared with normal mice. Western blotting 
demonstrated that the protein expression of PR in decidual tissue was decreased from E6 to E8, whereas 
the protein expression of ERα was increased in the folate-deficient group compared with the normal 
group (Figure 5). Because the secretion of P4 and E2 is regulated by gonadotropins, including FSH, LH 
and PRL, we also detected these three gonadotropins at the same time. The results showed that  
folate-deficient mice had aberrant gonadotropin levels (Table 5, Figure 6). Although there was no 
significant difference in the serum FSH levels between the two groups (F = 0.791, p = 0.384), the  
folate-deficient mice had a relatively lower serum level of LH (F = 22.905, p < 0.001) and PRL  
(F = 17.465, p < 0.001) compared with the normal mice (Figure 6).  
  

 

Figure 4. Real-time polymerase chain reaction (RT-PCR) and western blot analysis
of the expression of vascular endothelial growth factor A (VEGFA), vascular
endothelial growth factor receptor 2 (VEGFR2), and placental growth factor (PLGF)
from Embryonic day 6 (E6) to Embryonic day 8 (E8). (A) The mRNA levels of
VEGFA, VEGFR2, and PLGF in folate-deficient mice were significantly decreased
compared with normal mice from E6 to E8 (** p < 0.01). Data are presented as the
mean ˘ standard error of the mean (SEM). (B) Protein levels in folate-deficient
mice were compared with normal mice. Statistical analysis of protein expression
was from three independent experiments (* p < 0.05). Data are presented as
the mean ˘ SEM. (C) Western blot analysis of three angiogenic growth factors.
β-actin was used as a loading control. The protein levels of VEGFA, VEGFR2,
and PLGF showed similar trends to the mRNAs levels. N: normal group, FD:
folate-deficient group.
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Table 4. Serum P4 and E2 levels in the pregnant mice (mean ˘ standard error of
the mean (SEM)).

P4 (ng/mL) E2 (pmol/L)

Normal (n) Folate-deficient (n) p Normal (n) Folate-deficient (n) p

E6 11.02 ˘ 0.44 (4) 8.79 ˘ 0.17 (4) 0.009 42.39 ˘ 0.82 (3) 29.97 ˘ 0.60 (4) <0.001
E7 10.02 ˘ 0.21 (4) 7.56 ˘ 0.18 (4) <0.001 38.01 ˘ 0.77 (3) 26.50 ˘ 0.65 (4) <0.001
E8 10.24 ˘ 0.16 (4) 6.20 ˘ 0.26 (4) <0.001 38.76 ˘ 0.71 (3) 23.26 ˘ 0.71 (4) <0.001

P4, progesterone; E2, estradiol.
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Figure 5. Western blot analysis of the expression of progesterone receptor (PR) and estrogen 
receptor α (ERα) from Embryonic day 6 (E6) to Embryonic day 8 (E8). (A) Protein levels 
are expressed relative to the normal group and β-actin was used as a loading control. (B) 
Statistical analysis of protein expression from three independent experiments. (* p < 0.05). 
PR was significantly decreased in the folate-deficient group compared with the normal 
group, whereas ERα was elevated significantly in folate-deficient mice. β-actin was used as 
a loading control. N: normal group; FD: folate-deficient group. 

Table 5. Serum FSH, LH, and PRL levels in the pregnant mice (mean ± standard error of 
the mean (SEM)). 

 FSH (mIU/mL) LH (mIU/mL) PRL (ng/mL) 

Normal (n) 
Folate-deficient 

(n) 
Normal (n) 

Folate-deficient 
(n) 

Normal (n) 
Folate-deficient 

(n) 
E6 47.38 ± 4.02 (3) 45.50 ± 2.23 (5) 3.72 ± 0.51 (3) 2.66 ± 0.15 (5) 31.74 ± 3.23 (3) 24.21 ± 1.76 (5) 

E7 53.49 ± 4.43 (3) 51.07 ± 2.46 (5) 4.52 ± 0.60 (3) 3.28 ± 0.20 (5) 32.94 ± 3.53 (3) 25.21 ± 1.42 (5) 

E8 48.36 ± 3.62 (3) 46.45 ± 2.19 (5) 3.88 ± 0.45 (3) 2.95 ± 0.21 (5) 31.46 ± 1.70 (3) 24.78 ± 1.55 (5) 

FSH, follicle stimulating hormone; LH, luteinizing hormone; PRL, prolactin. 

 

Figure 5. Western blot analysis of the expression of progesterone receptor (PR)
and estrogen receptor α (ERα) from Embryonic day 6 (E6) to Embryonic day 8
(E8). (A) Protein levels are expressed relative to the normal group and β-actin
was used as a loading control. (B) Statistical analysis of protein expression from
three independent experiments. (* p < 0.05). PR was significantly decreased in
the folate-deficient group compared with the normal group, whereas ERα was
elevated significantly in folate-deficient mice. β-actin was used as a loading control.
N: normal group; FD: folate-deficient group.
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Table 5. Serum FSH, LH, and PRL levels in the pregnant mice (mean ˘ standard
error of the mean (SEM)).

FSH (mIU/mL) LH (mIU/mL) PRL (ng/mL)

Normal (n) Folate-deficient (n) Normal (n) Folate-deficient (n) Normal (n) Folate-deficient (n)

E6 47.38˘ 4.02 (3) 45.50˘ 2.23 (5) 3.72˘ 0.51 (3) 2.66˘ 0.15 (5) 31.74˘ 3.23 (3) 24.21˘ 1.76 (5)
E7 53.49˘ 4.43 (3) 51.07˘ 2.46 (5) 4.52˘ 0.60 (3) 3.28˘ 0.20 (5) 32.94˘ 3.53 (3) 25.21˘ 1.42 (5)
E8 48.36˘ 3.62 (3) 46.45˘ 2.19 (5) 3.88˘ 0.45 (3) 2.95˘ 0.21 (5) 31.46˘ 1.70 (3) 24.78˘ 1.55 (5)

FSH, follicle stimulating hormone; LH, luteinizing hormone; PRL, prolactin.Nutrients 2015, 7 13 
 

 

Figure 6. Serum follicle stimulating hormone (FSH), luteinizing hormone (LH) and 
prolactin (PRL) levels in the pregnant mice. Serum LH (F = 22.905, p < 0.001) and PRL  
(F = 17.465, p < 0.001) levels were decreased in the folate-deficient group significantly, but 
the level of FSH (F = 0.791, p = 0.384) was not significantly different between the two 
groups. Data are presented as the mean ± standard error of the mean (SEM). N: normal 
group; FD: folate-deficient group. 

4. Discussion  

In humans, the influence of folate nutritional status on various outcomes of a pregnancy has long been 
recognized. Although fetuses are known to concentrate folate from the maternal circulation to fulfill 
their nutrient requirements, it has been demonstrated in several animal models, including rat [24], 
monkey [25], golden hamster [26], and mouse [27], that severe maternal folate deficiency in the 
preconception and gestational periods may hamper female fertility and embryo and fetal viability. These 
animal findings emphasize that folate is indispensable during mammalian folliculogenesis and fetal 
development. However, much less is known about the mechanism of the folate deficiency on 
reproduction. Our previous study showed that a five-week folate deficiency status did not influence 
embryo implantation, and the methylation and expression of two molecules (cadherin 1 and progesterone 
receptor) essential for uterine receptivity were not altered either [13]. However, the outcome of the 
folate-deficient pregnant mice was not favorable (supplementary information). It is well known that 
successful implantation does not necessarily mean a successful pregnancy. After implantation, the 
normal uterine decidualization, placentation, and a healthy embryo are all crucial for pregnancy. 
Decidual angiogenesis forms a new vascular network that serves as the first exchange apparatus between 
the maternal circulation and the embryo that is necessary for embryonic survival and a successful 
pregnancy. Therefore, in this study, we focused on decidual angiogenesis, which occurs shortly after  
interstitial implantation.  

In rodents and humans, the implanting conceptus stimulates decidualization in a specific  
spatial-temporal pattern [28]. The decidual reaction occurs during early pregnancy when the fibroblast-like 
endometrial stromal cells transiently proliferate and then differentiate into large, polyploid decidual 
cells. However, no significant abnormalities could be seen in the folate-deficient group as evidenced by 
the hematoxylin-eosin staining in our study. In response to the implanting blastocyst, neoangiogenesis 
establishes a network of vessels and sinusoids within the compact decidual tissue to serve as the first 

 

Figure 6. Serum follicle stimulating hormone (FSH), luteinizing hormone (LH)
and prolactin (PRL) levels in the pregnant mice. Serum LH (F = 22.905, p < 0.001)
and PRL (F = 17.465, p < 0.001) levels were decreased in the folate-deficient group
significantly, but the level of FSH (F = 0.791, p = 0.384) was not significantly different
between the two groups. Data are presented as the mean ˘ standard error of the
mean (SEM). N: normal group; FD: folate-deficient group.

4. Discussion

In humans, the influence of folate nutritional status on various outcomes of a
pregnancy has long been recognized. Although fetuses are known to concentrate
folate from the maternal circulation to fulfill their nutrient requirements, it has
been demonstrated in several animal models, including rat [24], monkey [25],
golden hamster [26], and mouse [27], that severe maternal folate deficiency in the
preconception and gestational periods may hamper female fertility and embryo
and fetal viability. These animal findings emphasize that folate is indispensable
during mammalian folliculogenesis and fetal development. However, much less is
known about the mechanism of the folate deficiency on reproduction. Our previous
study showed that a five-week folate deficiency status did not influence embryo
implantation, and the methylation and expression of two molecules (cadherin 1 and
progesterone receptor) essential for uterine receptivity were not altered either [13].
However, the outcome of the folate-deficient pregnant mice was not favorable
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(supplementary information). It is well known that successful implantation does
not necessarily mean a successful pregnancy. After implantation, the normal uterine
decidualization, placentation, and a healthy embryo are all crucial for pregnancy.
Decidual angiogenesis forms a new vascular network that serves as the first exchange
apparatus between the maternal circulation and the embryo that is necessary for
embryonic survival and a successful pregnancy. Therefore, in this study, we focused
on decidual angiogenesis, which occurs shortly after interstitial implantation.

In rodents and humans, the implanting conceptus stimulates decidualization
in a specific spatial-temporal pattern [28]. The decidual reaction occurs during
early pregnancy when the fibroblast-like endometrial stromal cells transiently
proliferate and then differentiate into large, polyploid decidual cells. However,
no significant abnormalities could be seen in the folate-deficient group as evidenced
by the hematoxylin-eosin staining in our study. In response to the implanting
blastocyst, neoangiogenesis establishes a network of vessels and sinusoids within
the compact decidual tissue to serve as the first exchange apparatus between the
maternal circulation and the developing embryo [29]. In the normal group, closer
observations of the central region revealed that the sprouting process was most active
at E6, and enlargement and elongation of vascular sinus folding and intussusception
of blood vessels were dominant from E7 to E8. However, compared with the normal
group, a significant decrease in vascular density was observed in the folate-deficient
group from E6 to E8. The vascular sinus foldings, which predominantly extend into
the intermediate zone from the mesometrial to the anti-mesometrial region of the
decidua, also appeared to be diminished at E7 and E8 in the folate-deficient group.
Taken together, these results indicate that folate deficiency could restrain decidual
angiogenesis in pregnant mice.

The VEGF family is important in regulating decidual angiogenesis and maternal
spiral artery remodeling [29]. The endometrium, decidua, and placenta are rich
sources of angiogenic growth factors [30]. Several studies have reported the
expression of VEGFA and its receptors in first-trimester human decidua, including in
endothelial cells, epithelial cells, macrophages, and trophoblasts [31,32]. Therefore,
VEGFA seems to play an active role in trophoblast invasion and angiogenesis
during implantation. Though VEGFA can play several roles with different receptors,
some researchers [15,33] demonstrated that mouse decidual angiogenesis could be
blocked by interference with the vascular endothelial growth factor VEGFA/VEGFR2
pathway, the main player in initiating sprouting angiogenesis. PLGF is abundantly
expressed in the human placenta, with expression increasing from the first trimester
to the late second trimester and subsequently declining until delivery [34]. It is
expressed in villous and extravillous trophoblast cells, vascular endothelium, and
decidual stromal cells, and may act as a mediator of trophoblast function and
angiogenesis during early pregnancy [35]. PLGF is known to mediate the formation
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of a mature and stable vessel network, which is an important feature in facilitating
and resisting the dramatic increase in blood supply at the implantation site to serve
the growing demands of the fetus [36]. PLGF and VEGFA have synergistic effects
in the induction of angiogenesis, but PLGF-induced vessels are more mature and
stable than VEGF-induced vessels [37,38]. In our study, a reduction of these three
factors (VEGFA, VEGFR2, and PLGF) was accompanied by the damage of decidual
angiogenesis in pregnant mice during the post-implantation period. It revealed that
the abnormal expression and distribution of VEGFA, VEGFR2, and PLGF resulted in
abnormal decidual angiogenesis in folate-deficient pregnant mice.

Previous studies have found that Hcy has vasculotoxic properties, causing
endothelial cell damage and dysfunction [39,40]. Hcy is also known to induce
oxidative stress responses [39] and to decrease the cellular antioxidant potential [40],
which can damage all components of the endothelial cell. To explore why the
decidual angiogenesis was impaired in folate-deficient mice, we tested the serum
Hcy levels during the post-implantation period. It is known that dietary or genetically
determined folate deficiency leads to Hcy accumulation [41] because both the
remethylation and transsulfuration [42] pathways are inhibited in folate deficiency.
We found a significant increase in the serum Hcy levels in the folate-deficient group
compared with the normal group. When endothelial cells are exposed to Hcy in vitro,
protein misfolding may be induced in the endoplasmic reticulum by altering local
redox potential and interfering with disulfide bond formation [43]. Accumulation
of misfolded proteins in the endoplasmic reticulum can trigger an unfolded protein
response [44], which may cause cellular growth arrest [40] and apoptosis [45] if
the endoplasmic reticulum stress is prolonged. In addition, Hcy exposure causes
impaired early extra-embryonic vascular development, as evidenced by the altered
composition of the vascular beds as well as the reduced expression of VEGFA and
VEGFR2 [46] and even reduced the expression of VEGFA in a dose-dependent
manner in vitro [47]. These findings were in accordance with our results, which
showed that the reduced expression of VEGFA, VEGFR2, and PLGF in folate-deficient
pregnant mice impacts decidual angiogenesis and may be associated with the
increased serum Hcy levels.

Ovarian steroid hormones play a pivotal role in directing early uterine
events during pregnancy, including make the uterus competent to attach to the
blastocyst and initiate the process of implantation [48,49]. Subsequently, ovarian
steroid hormones regulate a series of complex interactions at the interface between
the developing embryo and the cells in the stromal compartment, leading to
the formation of decidua, which supports embryo growth and maintains early
pregnancy [50]. The cellular actions of these hormones are mediated through
intracellular estrogen receptor and progesterone receptor proteins, which are
hormone-inducible transcription factors [51]. The receptors were known to bind
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their respective hormone, to bind to DNA, and to regulate specific gene transcription.
These genomic actions trigger the expression of specific gene networks in different
cell types within the uterus, and the products of these genes in turn mediate the
pregnancy. Angiogenesis also could be impaired by abnormal ovarian steroid
hormone levels. Two decades ago, Keshet et al. first suggested that high
VEGFA expression in decidual stromal cells could be regulated by ovarian steroid
hormones [52]. Since then, the roles of P4, E2, and their receptors in decidual
angiogenesis have been studied. Both P4 and E2 have been shown to induce VEGF
expression in human uterine stromal cells [53,54]. In this study, the folate-deficient
mice presented disordered ovarian steroid hormone levels and their receptors’
expression was also abnormal compared with normal mice. Western blotting showed
significant down-regulation of PR and up-regulation of ERα in folate-deficient
groups, respectively. We detected a low level of E2 in folate deficiency in pregnant
mice during E6 to E8, but there was a significant increase in ERα expression compared
with the control group. The inconsistency between levels of this hormone and its
receptor has been noted in several in vivo studies involving drug treatments or
others [55]. The strength of the effect of hormones is related to the number of the
hormone-receptor complex, so keeping the appropriate number of this complex is
necessary to maintain the organism’s normal functions. Either serum hormone level
or the hormone receptor has a quantitative/qualitative change that could result in
endometrial lesions. Hormone-activated receptors exert a feedback regulatory effect
on the transcription of their own parent genes. Thus, the decreased downstream
products may be responsible for the increased expression of ERα. Certainly we need
to research it further to verify this hypothesis. In addition, Gao’s research showed
that the ERα promoter was significantly less methylated in the folate-deficient tissues
compared with the normal ones [13]. The increased expression of ERα in decidual
tissue may be due to the low level of methylation of ERα. However, no matter which
reason led to increased expression of ERα, the E2-activated ERα complex was reduced
authentically in folate-deficient pregnant mice and the complex’s function was getting
weak. Therefore, we speculated that folate deficiency may disturb the balance
between P4 and E2, as well as their respective receptors. Additionally, the reduction
of VEGFA, VEGFR2, and PLGF may be connected with this disordered balance.

In addition, it is known that reproductive fecundity depends on the coordinated
functions of organs and glands along the hypothalamic-pituitary-gonadal axis.
Gonadoptropin are synthesized in the pituitary gland and induce the ovaries to
produce P4 and E2. The main function of FSH is to stimulate ovarian growth and
promote follicular development [56]. LH participates in ovarian regulation, plays a
critical role in follicular maturation, ovulation, and corpus luteum development, and
intervenes in the synthesis of steroid hormones [57]. PRL secretion induced by mating
leads to increased endothelial cell proliferation in the corpus luteum of pregnant
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rodents and plays a critical role in corpus luteum maintenance, which promotes
progesterone production and the maintenance of gestation [58]. To investigate
whether disruption of the pituitary regulation of the ovary might be responsible for
the reduction in steroid hormone levels, we also measured serum gonadotropins,
including FSH, LH, and PRL. There was no significant difference in serum FSH levels
between the two groups; however, folate-deficient mice had lower serum levels of LH
and PRL compared with normal mice in our study, indicating that the effect of folate
deficiency on hypothalamic-pituitary-gonadal axis function was likely to be causal in
the disordered steroid hormone levels. Moreover, P4 and E2 are cholesterol-derived,
phylogenetically old steroid hormones [59]. They are synthesized during steroid
hormone metabolization within several cell types such as the corpus luteum and
placenta [60]. In a recent review [61], a novel insight into the interactions between
folate and the lipid metabolism was put forward. The folate-deficient diet led to
steatosis by altering the balance of phospholipids, including phosphatidylcholine,
phosphatidylethanolamine, sphingomyelin, and components of very low-density
lipoprotein (VLDL) that transport lipids from the liver. In addition, Hcy and the lipid
metabolism are interrelated, at least partly, via methyl group metabolism [62]. It was
found that lipid metabolism-related genes and associated metabolic pathways were
regulated extensively by folate deficiency. These findings may explain our results of
disordered steroid hormone levels in folate-deficient mice but still leave much to be
explored in future efforts.

In conclusion, folate deficiency could impair decidual angiogenesis via the
down-regulation of pro-angiogenic factors including VEGFA, VEGFR2, and PLGF,
which results in a poor vascular network. In addition, the vasculotoxic properties
of Hcy and abnormal reproductive hormone levels may contribute to the impaired
decidual angiogenesis. Our previous published study had enriched the awareness
that folate deficiency disrupts the proliferation-apoptosis balance and that the
mitochondrial apoptosis pathway of endometrial decidual cells was inhibited in
folate-deficient pregnant mice. Additionally, the marker genes’ expression of
endometrium decidualization in mice, including bone morphogenetic protein 2
(BMP2), homeobox A 10 (Hoxa10), matrix metalloproteinase 2 (MMP2), and matrix
metalloproteinase 9 (MMP9) proteins was markedly reduced in folate-deficient mice.
Combining all the evidence, we reach the final conclusion that folate deficiency could
effect the uterine decidualization and decidual angiogenesis of pregnant mice. This
research may provide some theories and evidence for investigating the mechanism
underlying poor reproduction in females that have poor folate intake and absorption.

5. Conclusions

Folate deficiency could impair decidual angiogenesis via the down-regulation
of pro-angiogenic factors including VEGFA, VEGFR2, and PLGF, which results in a
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poor vascular network. In addition, the vasculotoxic properties of Hcy and abnormal
reproductive hormone levels may contribute to the impaired decidual angiogenesis.

Acknowledgments: This study was supported by grants from the National Nature Science
Foundation of China (No.31271246).

Author Contributions: Junlin He and Rufei Gao designed the study; Yanli Li carried out
the laboratory experiments, prepared figures, and wrote the manuscript; Rufei Gao revised
the manuscript; Xinggui Liao helped to collect the tissue; Yanqing Geng helped to carry out
the laboratory experiments; Xueqing Liu, Xuemei Chen, Yubin Ding, and Yingxiong Wang
assisted to analyze the data and interpret the results.

Conflicts of Interest: The authors declare that there are no conflicts of interest that could be
perceived as prejudicing the impartiality of the research reported.

References

1. Mathers, C.D.; Loncar, D. Projections of global mortality and burden of disease from 2002
to 2030. PLoS Med. 2006, 3, e442.

2. Castillo, T.S. Services for the care and prevention of birth defects. Reduced report of a
World Health Organization and March of Dimes Foundation meeting. Rev. Med. Chile
2007, 135, 806–813.

3. Zheng, X.Y.; Song, X.M.; Chen, G.; Chen, J.P.; Ji, Y.; Wu, J.L.; Liu, J.F.; Zhang, L.; Fan, X.H.
Epidemiology of birth defects in high-prevalence areas of China. Zhonghua Liu Xing Bing
Xue Za Zhi 2007, 28, 5–9.

4. Wills, L. Treatment of “pernicious anaemia of pregnancy” and “tropical anaemia” with
special reference to yeast extract as a curative agent. 1931. Natl. Med. J. India 2013, 26,
117–122.

5. Czeizel, A.E.; Dudas, I. Prevention of the first occurrence of neural-tube defects by
periconceptional vitamin supplementation. N. Engl. J. Med. 1992, 327, 1832–1835.

6. Ionescu-Ittu, R.; Marelli, A.J.; Mackie, A.S.; Pilote, L. Prevalence of severe congenital heart
disease after folic acid fortification of grain products: Time trend analysis in Quebec,
Canada. BMJ 2009, 338.

7. Tolarova, M.; Harris, J. Reduced recurrence of orofacial clefts after periconceptional
supplementation with high-dose folic acid and multivitamins. Teratology 1995, 51, 71–78.

8. Martinez-Frias, M.L.; Perez, B.; Desviat, L.R.; Castro, M.; Leal, F.; Rodriguez, L.;
Mansilla, E.; Martinez-Fernandez, M.L.; Bermejo, E.; Rodriguez-Pinilla, E.; et al. Maternal
polymorphisms 677C-T and 1298A-C of MTHFR, and 66A-G MTRR genes: Is there any
relationship between polymorphisms of the folate pathway, maternal homocysteine
levels, and the risk for having a child with Down syndrome? Am. J. Med. Genet. A 2006,
140, 987–997.

9. Hibbard, B.M.; Hibbard, E.D.; Hwa, T.S.; Tan, P. Abruptio placentae and defective folate
metabolism in Singapore women. Int. J. Obstet. Gynaecol. Br. Commonw. 1969, 76,
1003–1007.

10. Mignini, L.E.; Latthe, P.M.; Villar, J.; Kilby, M.D.; Carroli, G.; Khan, K.S. Mapping the
theories of preeclampsia: The role of homocysteine. Obstet. Gynecol. 2005, 105, 411–425.

169



11. George, L.; Mills, J.L.; Johansson, A.L.; Nordmark, A.; Olander, B.; Granath, F.;
Cnattingius, S. Plasma folate levels and risk of spontaneous abortion. JAMA 2002, 288,
1867–1873.

12. Lindblad, B.; Zaman, S.; Malik, A.; Martin, H.; Ekstrom, A.M.; Amu, S.; Holmgren, A.;
Norman, M. Folate, vitamin B12, and homocysteine levels in South Asian women with
growth-retarded fetuses. Acta Obstet. Gynecol. Scand. 2005, 84, 1055–1061.

13. Gao, R.; Ding, Y.; Liu, X.; Chen, X.; Wang, Y.; Long, C.; Li, S.; Guo, L.; He, J. Effect of folate
deficiency on promoter methylation and gene expression of Esr1, Cdh1 and Pgr, and its
influence on endometrial receptivity and embryo implantation. Hum. Reprod. 2012, 27,
2756–2765.

14. Winterhager, E.; Gellhaus, A.; Blois, S.M.; Hill, L.A.; Barr, K.J.; Kidder, G.M. Decidual
angiogenesis and placental orientation are altered in mice heterozygous for a dominant
loss-of-function Gja1 (connexin43) mutation. Biol. Reprod. 2013, 89, 111.

15. Kim, M.; Park, H.J.; Seol, J.W.; Jang, J.Y.; Cho, Y.S.; Kim, K.R.; Choi, Y.; Lydon, J.P.;
Demayo, F.J.; Shibuya, M.; et al. VEGF-A regulated by progesterone governs uterine
angiogenesis and vascular remodelling during pregnancy. EMBO Mol. Med. 2013, 5,
1415–1430.

16. Charnock-Jones, D.S.; Kaufmann, P.; Mayhew, T.M. Aspects of human fetoplacental
vasculogenesis and angiogenesis. I. Molecular regulation. Placenta 2004, 25, 103–113.

17. Senger, D.R.; Ledbetter, S.R.; Claffey, K.P.; Papadopoulos-Sergiou, A.; Peruzzi, C.A.;
Detmar, M. Stimulation of endothelial cell migration by vascular permeability
factor/vascular endothelial growth factor through cooperative mechanisms involving
the alphavbeta3 integrin, osteopontin, and thrombin. Am. J. Pathol. 1996, 149, 293–305.

18. Zhao, S.; Yuan, H.; Xie, C.; Xiao, D. Determination of folic acid by capillary electrophoresis
with chemiluminescence detection. J. Chromatogr. A. 2006, 1107, 290–293.

19. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time
quantitative PCR and the 2´∆∆C

T Method. Methods 2001, 25, 402–408.
20. Liao, X.G.; Li, Y.L.; Gao, R.F.; Geng, Y.Q.; Chen, X.M.; Liu, X.Q.; Ding, Y.B.; Mu, X.Y.;

Wang, Y.X.; He, J.L. Folate deficiency decreases apoptosis of endometrium decidual cells
in pregnant mice via the mitochondrial pathway. Nutrients 2015, 7, 1916–1932.

21. Chandana, E.P.; Maeda, Y.; Ueda, A.; Kiyonari, H.; Oshima, N.; Yamamoto, M.; Kondo, S.;
Oh, J.; Takahashi, R.; Yoshida, Y.; et al. Involvement of the Reck tumor suppressor protein
in maternal and embryonic vascular remodeling in mice. BMC Dev. Biol. 2010, 10, 84.

22. Burri, P.H.; Hlushchuk, R.; Djonov, V. Intussusceptive angiogenesis, its emergence, its
characteristics, and its significance. Dev. Dyn. 2004, 231, 474–488.

23. Hyder, S.M.; Stancel, G.M. Regulation of angiogenic growth factors in the female
reproductive tract by estrogens and progestins. Mol. Endocrinol. 1999, 13, 806–811.

24. Willmott, M.; Bartosik, D.B.; Romanoff, E.B. The effect of folic acid on superovulation in
the immature rat. J. Endocrinol. 1968, 41, 439–445.

25. Mohanty, D.; Das, K.C. Effect of folate deficiency on the reproductive organs of female
rhesus monkeys: A cytomorphological and cytokinetic study. J. Nutr. 1982, 112,
1565–1576.

170



26. Mooij, P.N.; Wouters, M.G.; Thomas, C.M.; Doesburg, W.H.; Eskes, T.K. Disturbed
reproductive performance in extreme folic acid deficient golden hamsters. Eur. J.
Obstet. Gynecol. Reprod. Biol. 1992, 43, 71–75.

27. Xiao, S.; Hansen, D.K.; Horsley, E.T.; Tang, Y.S.; Khan, R.A.; Stabler, S.P.; Jayaram, H.N.;
Antony, A.C. Maternal folate deficiency results in selective upregulation of folate
receptors and heterogeneous nuclear ribonucleoprotein-E1 associated with multiple
subtle aberrations in fetal tissues. Birth Defects Res. A Clin. Mol. Teratol. 2005, 73, 6–28.

28. Abrahamsohn, P.A.; Zorn, T.M. Implantation and decidualization in rodents. J. Exp. Zool.
1993, 266, 603–628.

29. Folkman, J.; Klagsbrun, M. Angiogenic factors. Science 1987, 235, 442–447.
30. Reynolds, L.P.; Killilea, S.D.; Redmer, D.A. Angiogenesis in the female reproductive

system. FASEB J. 1992, 6, 886–892.
31. Plaisier, M.; Rodrigues, S.; Willems, F.; Koolwijk, P.; van Hinsbergh, V.W.;

Helmerhorst, F.M. Different degrees of vascularization and their relationship to the
expression of vascular endothelial growth factor, placental growth factor, angiopoietins,
and their receptors in first-trimester decidual tissues. Fertil. Steril. 2007, 88, 176–187.

32. Cooper, J.C.; Sharkey, A.M.; McLaren, J.; Charnock-Jones, D.S.; Smith, S.K. Localization
of vascular endothelial growth factor and its receptor, flt, in human placenta and decidua
by immunohistochemistry. J. Reprod. Fertil. 1995, 105, 205–213.

33. Douglas, N.C.; Tang, H.; Gomez, R.; Pytowski, B.; Hicklin, D.J.; Sauer, C.M.; Kitajewski, J.;
Sauer, M.V.; Zimmermann, R.C. Vascular endothelial growth factor receptor 2 (VEGFR-2)
functions to promote uterine decidual angiogenesis during early pregnancy in the mouse.
Endocrinology 2009, 150, 3845–3854.

34. Torry, D.S.; Wang, H.S.; Wang, T.H.; Caudle, M.R.; Torry, R.J. Preeclampsia is associated
with reduced serum levels of placenta growth factor. Am. J. Obstet. Gyneco.l 1998, 179,
1539–1544.

35. Khaliq, A.; Li, X.F.; Shams, M.; Sisi, P.; Acevedo, C.A.; Whittle, M.J.; Weich, H.; Ahmed, A.
Localisation of placenta growth factor (PIGF) in human term placenta. Growth Factors
1996, 13, 243–250.

36. Torry, D.S.; Ahn, H.; Barnes, E.L.; Torry, R.J. Placenta growth factor: Potential role in
pregnancy. Am. J. Reprod. Immunol. 1999, 41, 79–85.

37. Carmeliet, P.; Moons, L.; Luttun, A.; Vincenti, V.; Compernolle, V.; De Mol, M.; Wu, Y.;
Bono, F.; Devy, L.; Beck, H.; et al. Synergism between vascular endothelial growth factor
and placental growth factor contributes to angiogenesis and plasma extravasation in
pathological conditions. Nat. Med. 2001, 7, 575–583.

38. Luttun, A.; Tjwa, M.; Moons, L.; Wu, Y.; Angelillo-Scherrer, A.; Liao, F.; Nagy, J.A.;
Hooper, A.; Priller, J.; De Klerck, B.; et al. Revascularization of ischemic tissues by PlGF
treatment, and inhibition of tumor angiogenesis, arthritis and atherosclerosis by anti-Flt1.
Nat. Med. 2002, 8, 831–840.

39. Edirimanne, V.E.; Woo, C.W.; Siow, Y.L.; Pierce, G.N.; Xie, J.Y.; O, K. Homocysteine
stimulates NADPH oxidase-mediated superoxide production leading to endothelial
dysfunction in rats. Can. J. Physiol. Pharmacol. 2007, 85, 1236–1247.

171



40. Outinen, P.A.; Sood, S.K.; Pfeifer, S.I.; Pamidi, S.; Podor, T.J.; Li, J.; Weitz, J.I.; Austin, R.C.
Homocysteine-induced endoplasmic reticulum stress and growth arrest leads to specific
changes in gene expression in human vascular endothelial cells. Blood 1999, 94, 959–967.

41. Jacques, P.F.; Bostom, A.G.; Wilson, P.W.; Rich, S.; Rosenberg, I.H.; Selhub, J. Determinants
of plasma total homocysteine concentration in the Framingham Offspring cohort. Am. J.
Clin. Nutr. 2001, 73, 613–621.

42. Miller, J.W.; Nadeau, M.R.; Smith, J.; Smith, D.; Selhub, J. Folate-deficiency-induced
homocysteinaemia in rats: Disruption of S-adenosylmethionine’s co-ordinate regulation
of homocysteine metabolism. Biochem. J. 1994, 298, 415–419.

43. Lentz, S.R.; Sadler, J.E. Inhibition of thrombomodulin surface expression and protein C
activation by the thrombogenic agent homocysteine. J. Clin. Invest. 1991, 88, 1906–1914.

44. Malhotra, J.D.; Kaufman, R.J. The endoplasmic reticulum and the unfolded protein
response. Semin. Cell Dev. Biol. 2007, 18, 716–731.

45. Zhang, C.; Cai, Y.; Adachi, M.T.; Oshiro, S.; Aso, T.; Kaufman, R.J.; Kitajima, S.
Homocysteine induces programmed cell death in human vascular endothelial cells
through activation of the unfolded protein response. J. Biol. Chem. 2001, 276,
35867–35874.

46. Oosterbaan, A.M.; Steegers, E.A.; Ursem, N.T. The effects of homocysteine and folic
acid on angiogenesis and VEGF expression during chicken vascular development.
Microvasc. Res. 2012, 83, 98–104.

47. Yan, T.T.; Li, Q.; Zhang, X.H.; Wu, W.K.; Sun, J.; Li, L.; Zhang, Q.; Tan, H.M. Homocysteine
impaired endothelial function through compromised vascular endothelial growth
factor/Akt/endothelial nitric oxide synthase signalling. Clin. Exp. Pharmacol. Physiol.
2010, 37, 1071–1077.

48. Wang, H.; Dey, S.K. Roadmap to embryo implantation: Clues from mouse models.
Nat. Rev. Genet. 2006, 7, 185–199.

49. Bagchi, I.C.; Li, Q.; Cheon, Y.P. Role of steroid hormone-regulated genes in implantation.
Ann. N. Y. Acad. Sci. 2001, 943, 68–76.

50. Ramathal, C.Y.; Bagchi, I.C.; Taylor, R.N.; Bagchi, M.K. Endometrial decidualization of
mice and men. Semin. Reprod. Med. 2010, 28, 17–26.

51. Critchley, H.O.; Saunders, P.T. Hormone receptor dynamics in a receptive human
endometrium. Reprod. Sci. 2009, 16, 191–199.

52. Shweiki, D.; Itin, A.; Neufeld, G.; Gitay-Goren, H.; Keshet, E. Patterns of expression of
vascular endothelial growth factor (VEGF) and VEGF receptors in mice suggest a role in
hormonally regulated angiogenesis. J. Clin. Invest. 1993, 91, 2235–2243.

53. Wetendorf, M.; DeMayo, F.J. The progesterone receptor regulates implantation,
decidualization, and glandular development via a complex paracrine signaling network.
Mol. Cell. Endocrinol. 2012, 357, 108–118.

54. Zhao, Y.; Park, S.; Bagchi, M.K.; Taylor, R.N.; Katzenellenbogen, B.S. The coregulator,
repressor of estrogen receptor activity (REA), is a crucial regulator of the timing and
magnitude of uterine decidualization. Endocrinology 2013, 154, 1349–1360.

172



55. Zhao, Y.; Chen, X.; Liu, X.; Ding, Y.; Gao, R.; Qiu, Y.; Wang, Y.; He, J. Exposure of mice to
benzo(a)pyrene impairs endometrial receptivity and reduces the number of implantation
sites during early pregnancy. Food Chem. Toxicol. 2014, 69, 244–251.

56. Kumar, T.R.; Wang, Y.; Lu, N.; Matzuk, M.M. Follicle stimulating hormone is required for
ovarian follicle maturation but not male fertility. Nat. Genet. 1997, 15, 201–204.

57. Niswender, G.D.; Juengel, J.L.; Silva, P.J.; Rollyson, M.K.; McIntush, E.W. Mechanisms
controlling the function and life span of the corpus luteum. Physiol. Rev. 2000, 80, 1–29.

58. Petroff, M.G.; Petroff, B.K.; Pate, J.L. Mechanisms of cytokine-induced death of cultured
bovine luteal cells. Reproduction 2001, 121, 753–760.

59. Mahesh, V.B.; Brann, D.W.; Hendry, L.B. Diverse modes of action of progesterone and its
metabolites. J. Steroid Biochem. Mol. Biol. 1996, 56, 209–219.

60. Golub, M.S.; Kaufman, F.L.; Campbell, M.A.; Li, L.H.; Donald, J.M. “Natural”
progesterone: Information on fetal effects. Birth Defects Res. B Dev. Reprod. Toxicol.
2006, 77, 455–470.

61. Da Silva, R.P.; Kelly, K.B.; Al Rajabi, A.; Jacobs, R.L. Novel insights on interactions
between folate and lipid metabolism. Biofactors 2014, 40, 277–283.

62. Obeid, R.; Herrmann, W. Homocysteine and lipids: S-adenosyl methionine as a key
intermediate. FEBS Lett. 2009, 583, 1215–1225.

173



 

  



 
 

 
Section 2: 

New Studies of Vitamin D and 
Its Role in Fetal Development 
 
 
 
 
 
 
 
 
 



 

 



Regulation of Calcitriol Biosynthesis and
Activity: Focus on Gestational Vitamin D
Deficiency and Adverse
Pregnancy Outcomes
Andrea Olmos-Ortiz, Euclides Avila, Marta Durand-Carbajal and Lorenza Díaz

Abstract: Vitamin D has garnered a great deal of attention in recent years due to
a global prevalence of vitamin D deficiency associated with an increased risk of a
variety of human diseases. Specifically, hypovitaminosis D in pregnant women
is highly common and has important implications for the mother and lifelong
health of the child, since it has been linked to maternal and child infections,
small-for-gestational age, preterm delivery, preeclampsia, gestational diabetes, as
well as imprinting on the infant for life chronic diseases. Therefore, factors that
regulate vitamin D metabolism are of main importance, especially during pregnancy.
The hormonal form and most active metabolite of vitamin D is calcitriol. This
hormone mediates its biological effects through a specific nuclear receptor, which is
found in many tissues including the placenta. Calcitriol synthesis and degradation
depend on the expression and activity of CYP27B1 and CYP24A1 cytochromes,
respectively, for which regulation is tissue specific. Among the factors that modify
these cytochromes expression and/or activity are calcitriol itself, parathyroid
hormone, fibroblast growth factor 23, cytokines, calcium and phosphate. This review
provides a current overview on the regulation of vitamin D metabolism, focusing on
vitamin D deficiency during gestation and its impact on pregnancy outcomes.

Reprinted from Nutrients. Cite as: Olmos-Ortiz, A.; Avila, E.; Durand-Carbajal, M.;
Díaz, L. Regulation of Calcitriol Biosynthesis and Activity: Focus on Gestational
Vitamin D Deficiency and Adverse Pregnancy Outcomes. Nutrients 2015, 7, 443–480.

1. Vitamin D Synthesis and Metabolism

UVB radiation from sunlight initiates vitamin D (VD) biosynthesis in the
skin by bioconverting 7-dehydrocholesterol to previtamin D3, which is thermally
isomerized to VD3. VD may also be obtained from the diet to a lesser extent. The
nutritional forms of VD include both VD3 (cholecalciferol) from animal origin and
VD2 (ergocalciferol) from fungi and plant origin. Once formed in the skin or absorbed
in the intestine, VD is released into the circulation and transported by the VD-binding
protein (DBP) to the liver, where it is converted by the VD-25-hydroxylase (CYP2R1)
into 25-hydroxyvitamin D (calcidiol, 25OHD). Calcidiol is the major vitamin D
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metabolite present in the circulation and the best indicator of VD nutritional
status. Nevertheless, this metabolite is not the active form of VD, and therefore
needs further activation by a second hydroxylation step catalyzed by the enzyme
25OHD-1-α-hydroxylase (CYP27B1) in order to generate 1,25-(OH)2D3 (calcitriol),
which is the hormonal form and most active VD metabolite. CYP27B1 is primarily
expressed in the kidney but also may be found in different tissues including the
placenta. The bioavailability of calcitriol is tightly regulated to restrict the biological
actions of this hormone in target cells while maintaining calcium and phosphate
homeostasis, and the enzyme in charge of degrading calcitriol to water-soluble and
less active metabolites is the 1,25-(OH)2D3-24-hydroxylase (CYP24A1), which in turn
is highly upregulated by calcitriol itself, as a negative feedback mechanism [1,2].

Importantly, in order for CYP27B1 to fulfill its duty of producing calcitriol, there
must be enough substrate available. This requirement is readily accomplished by
the endocytic receptors megalin/cubilin and the adaptor protein disabled-2 (Dab2)
present in the kidney, where 25OHD in complex with DBP is filtered through the
glomerulus and reabsorbed in the proximal tubules by the cooperative action of
these proteins [3–5]. Inside the cell, DBP is degraded and 25OHD is released and
hydroxylated by CYP27B1. This specialized mechanism allowing renal uptake and
activation of 25OHD is paramount for calcitriol production, as demonstrated by
Nykjaer A. et al. [3] in rats infused with 3H-25OHD/DBP and where megalin activity
was blocked. In these animals, no conversion products (i.e., 3H-calcitriol) were
recovered from serum samples. In contrast, in animals with intact and active megalin
that were also infused, 3H-calcitriol was readily detected in their plasma samples.
Similarly, the importance of cubilin in the 25OHD reabsorption process is evident in
human patients carrying inactivating mutations in cubilin gene (Imerslund–Gräsbeck
disease), which exhibit abnormal urinary excretion of 25OHD and DBP [4].

2. Calcitriol Biological Effects

Calcitriol actions are mediated through the vitamin D receptor (VDR), a
high-affinity ligand-activated transcription factor. Once bound to its ligand, the
VDR heterodimerizes with the retinoid X receptor (RXR). This complex recognizes
vitamin D response elements (VDRE) in the promoter regions of VD target
genes and recruits co-activators or co-repressors in order to induce or repress
gene transcription [6]. In addition, non-genomic calcitriol-dependent biological
effects can also take place in cells, involving second messengers generated by
membrane-initiated signaling pathways [7,8]. Indeed, the classic VDR and the
membrane-associated rapid response steroid-binding protein (MARRS) found in the
cell membrane may bind calcitriol and initiate the activation of numerous pathways
involving protein kinase C (PKC) [9], mitogen-activated protein kinase (MAPK) [10],
protein kinase A (PKA) [11,12], phosphatidyl inositol phosphate [13] and Ca2+ and
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chloride channels [8,14]. Very important processes are mediated through these
rapid signaling cascades, such as insulin secretion and transcaltachia [15–17]. In
general, the known VDRE-containing genes can be grouped in very diverse biological
networks including bone and mineral metabolism (i.e., osteopontin [18]); cell life
and death (comprising proliferation, differentiation, migration and apoptosis, i.e.,
p21 [19]), metabolism and cardiovascular health (i.e., cystathionine β-synthase [20],
renin [21] and VEGF [22]), immune function (i.e., cathelicidin hCTD, LL-37 [23,24])
and detoxification (i.e., CYP3A4, CYP24A1 [25]).

3. Regulation of the VD-Metabolizing Enzymes

Renal CYP27B1, which is responsible for the most part of circulating calcitriol,
is mainly regulated by parathyroid hormone (PTH) -as a signal of calcium status-,
fibroblast growth factor 23 (FGF23) -as a signal of serum phosphate levels- and
calcitriol itself -as a negative feedback regulatory loop- [26]. When serum calcium
levels are low, PTH is secreted by the parathyroid gland in order to stimulate renal
CYP27B1 by a cyclic AMP (cAMP)-dependent mechanism [27]. PTH also causes
CYP24A1 mRNA degradation in the kidney [28]. Calcitriol production is then
boosted, thereby increasing blood calcium levels by promoting absorption of dietary
calcium from the gastrointestinal tract, increasing renal tubular calcium reabsorption
and stimulating the release of calcium from bone. As feedback effects, the synthesis
and secretion of PTH are then inhibited by calcitriol and FGF23, the latter being
produced in the bone [29]. FGF23 also potently inhibits CYP27B1 in response to
elevated phosphate levels [30]. Finally, calcitriol inhibits its own production by
different mechanisms comprising PTH inhibition, direct transcriptional repression
of the CYP27B1 gene, and FGF23 and CYP24A1 induction [31]. Other factors that
stimulate renal CYP27B1 activity and/or expression are insulin-like growth factor
type I (IGF-I) and calcitonin [32–34].

4. Extra-Renal Regulation of Vitamin D-Hydroxylases

Extra-renal CYP27B1 is regulated in different ways than those observed in the
kidney, in a tissue-specific manner. For instance, macrophage and monocyte CYP27B1
is not stimulated by PTH but rather by cytokines such as interferon-γ (INF-γ) and
tumor necrosis factor-α (TNF-α) [35–38]. In addition, CYPB7B1 in immune cells is
not readily negatively regulated by calcitriol. Likewise, the negative regulatory loop
exerted by CYP24A1 is not very effective; therefore, 25OHD availability is the limiting
factor for calcitriol synthesis in these cells [38]. In a similar manner as in immune cells,
in keratinocytes, TNF-α and INF-γ potently induce CYP27B1 whereas calcitriol does
not directly inhibit this gene [39–41]. Nevertheless, CYP24A1 is induced by calcitriol
and efficiently degrades bioactive calcitriol, thus regulating calcitriol availability
in the epidermis [39]. The transcriptional induction of CYP24A1 by calcitriol is
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feasible considering the existence of multiple VDREs within its promoter. However,
other regulatory mechanisms can also play a role in CYP24A1 regulation, such as
alternative splicing, epigenetic gene silencing and metabolism of its mRNA [42–45].

In a comparable fashion as immune cells and keratinocytes, proinflammatory
cytokines induce CYP27B1 gene expression in the human placenta [46]. Interestingly,
in this tissue, CYP24A1 expression is also stimulated by these factors, suggesting
that both synthesis and catabolism of placental calcitriol are locally affected by
inflammatory cytokines [46]. Nevertheless, we have shown that TNF-α increased
significantly the expression of CYP24A1 over CYP27B1, whereas IFN-γ preferentially
stimulated CYP27B1. These observations, together with those showing that cultured
trophoblasts secrete significantly more TNF-α than INF-γ, suggest that in the
placenta, increased TNF-α secretion may limit calcitriol bioavailability [46]. The latter
agrees with in vivo evidence showing low serum calcitriol and low placental CYP27B1
expression and calcitriol production in preeclampsia (PE), a pregnancy-associated
condition characterized by an exacerbated pro-inflammatory profile.

In contrast to immune and epidermal cells, calcitriol in the placenta is able to
transcriptionally inhibit CYP27B1 expression, which is mediated by both the VDR
and a cAMP-dependent mechanism [12]. In this tissue, CYP24A1 gene expression
is also potently induced by calcitriol [12]. However, it is also recognized that the
CYP24A1 gene is methylated in the human placenta, suggesting that epigenetic
decoupling of VD feedback catabolism may play an important role in maximizing
calcitriol bioavailability at the feto-maternal interface [43]. Nevertheless, as discussed
previously by Rosen et al. [47], this assumption is not supported by functional
studies, since there is unequivocal evidence for human placental synthesis of
24,25-dihydroxyvitamin D3, the main metabolic product of CYP24A1 [48]. Moreover,
in this seminal article by Rubin and colleagues, under physiologic concentrations of
25OHD, placental trophoblasts preferentially synthesize 24,25-dihydroxyvitamin D3

over calcitriol [48], which may explain why fetal levels of 24-hydroxylated VD
metabolites are 40-fold higher than calcitriol [47,49,50]. These studies strongly
suggested that placental CYP24A1 expression and activity, together with substrate
availability are important limiting factors for calcitriol synthesis in the feto-maternal
interface. Other hormonal factors affecting placental VD-metabolism are IGF-I
and the natural occurring calciotropic hormones calcitonin and PTH [12,51]. IGF-I
stimulates biotransformation of 25OHD into calcitriol [51], while both calcitonin
and PTH regulate the placental VD-hydroxylases in the same manner as calcitriol
and cAMP, inducing CYP24A1 while repressing CYP27B1 gene expression, thereby
favoring VD catabolism [12].
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5. Physiological Changes of 25OHD, Calcitriol, DBP and VDR
during Pregnancy

During pregnancy, significant changes in maternal serum calcitriol, DBP and
placental VDR take place and interact to acquire extra calcium for adequate fetal
bone mineralization (for a recent review see Brannon PM and Picciano MF [52]).
Indeed, the fetus may accumulate up to 30 g of calcium at term, and to satisfy
this demand, VD metabolism is boosted in order to increase calcium intestinal
absorption [53]. Collectively, these changes include increased maternal serum
calcitriol, DBP, placental VDR and renal and placental CYP27B1 activity, without
changes in serum 25OHD or calcium levels. In fact, maternal ionized calcium does
not increase despite higher circulating calcitriol [54–57]; instead, serum calcium
remains normal as calcium is transferred to the fetus. This equilibrium could be
attributed to the concomitant normal rise in calciuria [55–59], precluding the risk
of hypercalcemia. Fetal serum calcium levels are higher than those observed in
the mother, a situation that requires specific mechanisms for calcium transport
against a concentration gradient. In this regard, the active transplacental passage of
calcium to the fetus is mediated by placental expression of calcium binding proteins
such as calbindin-D9k and 28k [60–62]. Interestingly, placental VDR has shown
to be a positive predictor of fetal femur length and is positively correlated with
maternal-to-fetal transfer of calcium [63], suggesting that fetal skeletal growth could
be affected by VDR-dependent mechanisms; and therefore, the relative VDR placental
abundance would be a preponderant feature for fetal bone health.

Maternal 25OHD serum levels remain constant across pregnancy [56,57,59,64],
suggesting that the increment observed in serum calcitriol levels is independent of
changes in its precursor synthesis. Maternal 25OHD crosses the placental barrier and
represents the main pool of VD in the fetus. In fact, serum fetal (cord blood) 25OHD
levels are on average 25% reduced compared to maternal serum and correlate well
with mother 25OHD levels [65,66]; therefore, VD deficiency in the mother could be
vertically transmitted to the fetus.

During pregnancy, serum calcitriol rises from the first trimester, doubling its
concentration compared to non-gravid women by the end of the third trimester
and returning to normal values after delivery [54,56,58,59,64,67]. This physiological
rise in calcitriol levels observed during pregnancy could be related to increased
synthesis rather than decreased clearance [68]. Increased synthesis of calcitriol is
linked to higher CYP27B1 activity in maternal kidney, placental trophoblasts and
decidua [69–71].

The mechanisms underlying improved CYP27B1 activity during pregnancy
remain elusive, partly because its known regulatory factors stay unchanged during
this period, such as PTH [54–56,59], which may be even lower with respect to
non-gravid women [58,64]. Also, a murine PTH null model supports that PTH
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does not contribute to increased calcitriol levels during pregnancy [72]. It has been
hypothesized [64,73] that a potential regulatory factor for CYP27B1 could be the PTH
analog PTH-related peptide (PTH-rP), which is synthesized by fetal parathyroids
and placenta [74] and increases throughout pregnancy. PTH-rP could reach the
maternal circulation and, after binding to PTH type 1 receptor (PTHR1), it may
induce gene expression of CYP27B1 in the kidney and catalyze calcitriol synthesis
for endocrine actions. However, this mechanism could not completely explain the
higher activity of CYP27B1 in placenta because, as previously described, this tissue
has its own mechanisms governing VD metabolism. In fact, PTH downregulates
placental CYP27B1 gene expression [12].

The placental contribution to maternal calcitriol levels was demonstrated
in 1978 by Weisman and colleagues in a nephrectomized pregnant rat model.
In that study, the authors showed that anephric rats can synthesize calcitriol
and 24,25-dihydroxyvitamin D3 from 25OHD and that the fetoplacental unit is
the most likely site of production of such metabolites [75]. Later, the in vitro
synthesis of 24,25-dihydroxyvitamin D3 and calcitriol by the human placenta was
demonstrated [69]. Interestingly, in a model of chronic renal failure by Blum and
colleagues [76], nephrectomized rats had lower calcitriol levels in comparison with
normal rats, but during pregnancy the nephrectomized group reached similar levels
to those observed in pregnant controls, despite kidney absence, which emphasized
the important contribution of the placenta [76]. In 2000, studies in cultured human
placental syncytiotrophoblasts showed that the synthesis of calcitriol from its
endogenous precursor was driven by an enzymatic 1α-hydroxylation mechanism,
since these cells expressed a CYP27B1 gene transcription product with a nucleotide
sequence identical to that of transcripts previously characterized in the human
kidney [70]. Later, the CYP27B1 protein localization was demonstrated in human
placental decidual and trophoblastic cells [77].

In relation to VDR, it has been shown that its gene and protein expression
is higher in placental and decidual tissue during the first and second trimesters
in comparison with term placentas [78,79], in a similar manner as CYP27B1, with
highest levels of expression occurring in first trimester decidua [78], thus suggesting
a more preponderant role for calcitriol during the first part of pregnancy. It is likely
that this is related to the importance of maintaining an anti-inflammatory setting for
the acceptance of the fetal allograft. This is discussed further in Section 6.

Regarding DBP, two longitudinal studies indicate that this protein increases 25%
to 56% during pregnancy [59,67], but the mechanisms leading to this increment are
still unknown. It has been hypothesized that the DBP rise may be due to increased
calcitriol concentration in gestation. In support of this assumption, serum DBP levels
in pregnant women correlated with serum calcitriol levels [80].
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The rise in DBP during pregnancy is intriguing and should be taken into
consideration for the analysis of VD homeodynamics and physiological impact
during this period. Actually, a great debate has been taking place regarding which
form of 25OHD is the more suitable for activation, the “free” or the DBP-bound
form. In this regard, the “free hormone” hypothesis sustains that the free steroid,
by diffusing freely through the cell membrane, is the one available for activation
and thereafter capable of performing biological effects, while the hormone bound
to its carrier protein is considered to be sequestered and therefore, not bioavailable.
However, this hypothesis has been confronted in the last years, given the important
transporting and interacting mechanisms existing between the megalin/cubilin
complex and DBP/25OHD, together with the observed disparity between the
expected amounts of free hormone available for passive diffusion and the levels
required to efficiently occupy intracellular target receptors. For an excellent
review see: Chun et al. [81]. Interestingly, Chun and colleagues have recently
proposed a viable hypothesis considering a role for DBP in tissue discrimination of
25OHD2 and 25OHD3. Given that 25OHD2 binds to DBP with lower affinity than
25OHD3, the kidney would preferentially use the latter metabolite, while cells in the
immune system might profit of a greater pool of 25OHD2 for antimicrobial peptide
induction [81].

It is noteworthy mentioning that megalin/cubilin-mediated 25OHD/DBP
endocytosis may also take place in the placenta, since these receptors are expressed
in this tissue [82–84] and placental calcitriol production has been proved [69,75],
suggesting that circulating 25OHD is accessible to placental CYP27B1 by active
transport. However, trophoblastic production of calcitriol may also be explained
by the steroid freely diffusing through the cell membrane, and consequently
both free and bound-25OHD might represent a bioavailable material for placental
CYP27B1. Therefore, even if the uptake of 25OHD by proximal tubule cells
evidently depends on the internalization of DBP, the functional significance of the
placental megalin/cubilin endocitic complex expression and functionality remains
far from clear.

Interestingly, mice with genetic ablation of the DBP gene only presented classic
VD-associated problems when maintained under a low VD diet, supporting a role
for DBP in maintaining stable serum stores of VD metabolites while modulating the
rates of its bioavailability, activation, and end-organ responsiveness [85].

6. Calcitriol Effects during Pregnancy

One of the main activities attributed to calcitriol during pregnancy is to increase
calcium absorption and to upregulate placental calcium transport. However, since
VDR and CYP27B1 are also expressed in reproductive feminine tissues like the uterus,
ovary, endometrium, fallopian epithelial cells and placenta [86–88], other potential
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paracrine and autocrine actions of calcitriol cannot be discarded. In this regard,
during gestation, VD-dependent regulation of the immune function is paramount,
since an adequate balance of the cytokine profile is necessary for pregnancy success.
Specifically, calcitriol plays a dual role aimed at improving the innate immune
response while restraining exacerbated inflammation. Calcitriol achieves this by
inhibiting pro-inflammatory cytokines such as TNF-α, IFN-γ and interleukin-6
(IL-6), while at the same time induces the potent antimicrobial peptide hCTD in the
fetoplacental unit [89–92]. In this tissue, calcitriol also stimulates other antimicrobial
peptides known as β-defensins (HBDs), in particular HBD2 and HBD3 [93].

Calcitriol biological effects in the placenta are also related to hormonogenesis
and overall placental physiology. In particular, calcitriol induces endometrial
decidualization and estradiol and progesterone synthesis, but also regulates the
expression of human chorionic gonadotropin and placental lactogen expression [94–97].
Table 1 lists currently known targets regulated by calcitriol in human placenta.

Considering these important effects of calcitriol on human pregnancy, it is
not surprising that VD inadequacy may contribute to many gestation-associated
disorders. Herein, we revise some common adverse pregnancy outcomes associated
with maternal VD deficiency.

7. Vitamin D Deficiency and Adverse Pregnancy Outcomes

As previously mentioned, circulating 25OHD represents the best indicator of VD
status. This metabolite was eligible instead of calcitriol for two principal reasons [98]:
(1) 25OHD is present in a higher concentration than calcitriol (ng/mL vs. pg/mL);
and (2) in a deficient 25OHD scenario, PTH is stimulated and consequently induces
renal CYP27B1 expression and, therefore, calcitriol synthesis. Consequently, this
could derivate in a relative and transient “normality” in calcitriol levels, given its
short half-life (few hours for calcitriol instead of 2–3 weeks for 25OHD [99,100]).

The spectrum of VD status has been established considering the known risk
for adverse consequences [101]. 25OHD values lesser than 25 nmol/L are related to
rickets and osteomalacia and therefore are labeled as “severe deficiency”. 25OHD
values lesser than 50 nmol/L may sustain long-term adverse health consequences and
are classified as “deficiency.” The 75 nmol/L cut-off is the point above which there
is no upper stimulation of PTH [102] and was thereafter designated as “sufficient.”
However, Heaney pointed out that 25OHD concentrations < 80 nmol/L are associated
with reduced calcium absorption and osteoporosis risk [103]; therefore, values lesser
than 75 nmol/L are considered as “insufficient.” The conversion factor between
25OHD nmol/L and ng/mL is 2.5 (Table 2).
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Table 2. Cut-offs in vitamin D status according to the Endocrine Society [110].

Vitamin D Status 25OHD (nmol/L) 25OHD (ng/mL)

Severe deficiency <25 <10
Deficiency <50 <20

Insufficiency <75 <30
Sufficiency 75–110 30–44

Toxicity >250 >100

Table 2 shows the criteria for VD status as proposed by the Endocrine Society.
We believe this criteria is more applicable to this review since it provides guidance for
clinicians caring for patients, as compared to the reference proposed by the Institute
of Medicine, more likely intended for normal healthy populations only to ensure
skeletal health [111].

Observational studies have described an association between insufficiency or
deficiency in 25OHD levels and adverse pregnancy and neonatal outcomes including
PE, gestational diabetes, bacterial vaginosis, recurrent abortion, premature rupture
of membranes (PROM), preterm delivery, cesarean section, intrauterine growth
restriction and also impaired fertility treatment.

The VD literature is growing rapidly and there are some recent and detailed
reviews and meta-analyses about adverse pregnancy outcomes and VD [52,112–119].
The purpose of this section is therefore to show a broad overview of VD status
and its relationship with epidemiological and observational data in adverse
pregnancy outcomes.

7.1. VD and Preeclampsia (PE)

PE is a hypertensive disease associated to gestation. It is clinically diagnosed
by new-onset hypertension (140/90 mmHg) and proteinuria (300 mg/24 h or
protein dipstick 1+ or greater) after the 20th gestational week [120,121]. The major
cause related to this disease is abnormal placentation secondary to insufficient
throphoblastic invasion that disrupts the endocrine, immunologic and angiogenic
environment, resulting in the clinical manifestation of PE [122,123]. Interestingly, a
multicenter study with 2030 pregnant women of an American cohort from 1959 to
1966 showed that higher maternal circulating 25OHD levels were associated with
a significantly lower risk of placental vascular pathology (hemorrhage, infarcts,
microinfarcts, decidual atheromas or thrombosis of cord vessels) in pregnant women
carrying male fetuses [124]. From this perspective, VD could be a protective factor
for the correct development of placental vasculature.

There is a general consensus in the literature about preeclamptic women having
lower 25OHD and calcitriol serum levels compared to normotensive normoevolutive
pregnant women [125–129]. Indeed, VD deficiency is more common among

186



preeclamptic women [130–135]. This could partially be explained by significantly
lower CYP27B1 placental expression and therefore, lower calcitriol biosynthesis in
preeclamptic versus normal placentas [136].

The relationship between VD, especially 25OHD serum levels, and the risk of
PE development has been extensively analyzed in the medical literature. Herein, we
resume the studies that positively correlate VD deficiency and PE risk (Table 3).

Table 3. Observational studies on 25OHD serum levels and the risk for
PE development.

Reference Sample Size (PE
Cases vs. Controls)

Weeks of
Gestation for

Blood Sampling
25OHD Cut off Risk for PE Development

(OR (95% CI))

[130] 100 PE and
100 controls

>24
<75 nmol/L 3.26 (1.12–9.54)

<37.5 nmol/L 4.23 (1.4–12.8)

[131] 33 PE, 79 eclamptic
and 76 control

≥ 20 weeks, prior
to magnesium
sulfate therapy

<5 nmol/L
3.9 (1.18–12.87) for PE

5.14 (1.98–13.37) for
eclampsia

[132] 32 PE and
665 controls 24–26 <50 nmol/L 3.24 (1.37–7.69)

[133] 51 severe PE and
204 controls 15–20 <50 nmol/L 3.63 (1.52–8.65)

[134] 55 PE and
219 controls 22 <37.5 nmol/L 5.0 (1.7–14.1)

PE = Preeclampsia; OR = odds ratio; CI = confidence interval.

Interestingly, Robinson and colleagues [129] found that a 10 ng/mL increase
in 25OHD levels yields a 63% decrease in the risk of severe PE, strongly suggesting
that pregnant women should have VD sufficiency in order to lower the risk for PE
development. In support of this postulation, recently, Bodnar and coworkers [137]
studied a large cohort with 717 PE women and 2,986 control women, concluding that
maternal VD deficiency is a clear risk factor for severe PE development. Specifically,
they found that maternal 25OHD levels ≥ 50 nmol/L reduce in 40% the risk of
severe PE development in comparison to women with 25OHD < 30 nmol/L. Another
study reports that both 25OHD and soluble VEGF receptor type 1/placental growth
factor (sFlt-1/PlGF) ratio at 15–20 weeks of gestation were significant predictors
of severe PE [138]. Similarly, a Norwegian study [139] revealed that increased VD
intake (15–20 µg/day) decreases about 25% the risk for PE development, and four
independent meta-analyses showed a significant association between PE and 25OHD
insufficiency or deficiency compared with control groups [112,119,140,141].

Despite all these reports, other authors inform they did not find any relation
between maternal 25OHD levels and risk of PE development [142,143].
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In summary, this data supports that maintaining VD sufficiency is a relatively
simple measure (by cholecalciferol supplementation or reasonable skin sun exposure)
for preventing one of the major causes in mother and baby morbidity-mortality,
namely, preeclampsia.

7.2. VD and Bacterial Vaginosis

Bacterial vaginosis (BV) is a common infectious disease in reproductive-aged
women. It is caused by the replacement of normal vaginal flora (especially
Lactobacillus) for mixed anaerobic bacteria [144]. Its importance during pregnancy
resides in the association of BV with adverse gynecologic and obstetric outcomes
such as PROM, which can cause spontaneous or induced preterm delivery [145].

Interestingly, the National Health and Nutrition Examination Survey (NHANES)
2001–2004 reported that black women suffer two-fold more BV cases in comparison
to white women (51.6% vs. 23.2%, respectively) [146]. This proportion could be
explained by the fact that high melanin levels in darkly pigmented skin blocks
ultraviolet radiation reducing cutaneous VD photosynthesis and consequently,
decreasing the well-known antimicrobial activity of endogenous calcitriol [147,148].
Observational studies support this hypothesis. A prospective cohort study [149]
developed at Pittsburgh University followed 469 pregnant women from <16th
gestational week to term. It was observed that mothers with 25OHD serum levels
<20 nmol/L had a 65% increased risk of developing BV compared to 25OHD
sufficient women (>80 nmol/L), and similarly, in a subsample of the Nashville
Birth Cohort [150], 25OHD serum levels were lower in women who developed BV
during pregnancy. In a secondary analysis of data from the NHANES 2001–2004,
Hensel and coworkers [151] described that VD insufficiency or deficiency had a
statistically significant association with BV only among pregnant women (adjusted
OR 2.87, 95% CI 1.13–7.28). Interestingly, a meta-analysis comprising 16 independent
studies showed that women with bacterial or viral infections presented 2.1 increased
risk (95% CI: 1.6–2.7) of PE development [152], suggesting a probable common risk
factor which could be VD deficiency.

Besides BV, calcitriol can prevent other kinds of infections during pregnancy.
In human bladder biopsies and established bladder cell lines, 25OHD treatment
induced hCTD gene expression, which diminished uropathogenic E. coli infection,
suggesting that adequate 25OHD serum levels could help prevent urinary tract
infections [153].

In addition, a case-control study [154] reports that pregnant women with 25OHD
insufficiency at 14–16 gestational week had 2.1-fold increased risk in developing
severe to moderate periodontal disease (95% CI: 0.99–4.5).

The physiological mechanisms underlying these observations are possibly
related to immune responses regulated by calcitriol. In fact, as previously
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mentioned, calcitriol can induce innate immune responses by activating hCTD in
placenta, macrophages and dendritic cells [90,155]. The antimicrobial hCTD is an
active peptide with broad spectrum antimicrobial activity (anti-Gram-positive and
Gram-negative bacteria, mycobacterias, spirochetas and yeasts). Its mechanism
of action includes bacterial membrane disruption and activation of toll-like
receptors and macrophage and neutrophil chemotaxis [156]. Recently, it was also
found that calcitriol can induce hCTD expression, multivesicular endosomes and
phagolysosome biogenesis in macrophages, leading to microbial killing through
autophagy [157–159]. Other important antimicrobial peptides induced by calcitriol
in the placenta are HBD2 and HBD3, which also play a shielding role upon infections.
Conjointly, these endogenous antibiotics provide an efficient mechanism of front-line
defense since they have the capacity to kill a wide variety of microorganisms
throughout the female reproductive tract [160]. Interestingly, it has been shown
that IL-10, a physiological suppressor of maternal active immunity, downregulates
placental antimicrobial peptides expression, which may be permissive for microbial
invasion, since the placenta represents a mechanical and immunological barrier
essential to restrict infection progress. However, calcitriol is able to antagonize
IL-10 suppressive effects upon placental innate defenses by downregulating IL-10
expression, while at the same time restraining exacerbated inflammation and
subsequently helping pregnancy to continue in quiescence [93,105]. These data
indicate that adequate VD levels are crucial to enhance immunity.

By reducing infections, calcitriol may exert protective effects upon PROM.
However, another mechanism might be involved in PROM prevention: calcitriol,
either alone or combined with lipopolysaccharide endotoxin, decreases oxitocin
and connexin 43 expression in myometrial smooth muscle cells, both proteins are
associated with uterine contractions [161]. These results suggest that calcitriol can
modulate uterine quiescence even under bacterial infection and therefore can prevent
the abnormal uterine contractions that favor PROM and preterm delivery. In this
sense, 25OHD could exert a protective role in preterm birth but this still remains
unclear, since in a multicenter American cohort with twin-gestation women [162], it
was observed that women with sufficiency in 25OHD (>75 nmol/L) had a 60% lower
risk of preterm labor in comparison to those <75 nmol/L (OR 0.4, 95% CI 0.2–0.8).
However, in a case-control study with women at high risk for prior preterm birth,
VD status at 16–22 gestational weeks was not associated with recurrent preterm
birth [163].

7.3. Vitamin D and Gestational Diabetes

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance
resulting in hyperglycemia of variable severity with new-onset or first recognition
during pregnancy [164,165]. GDM, one of the most common complications of
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pregnancy, is related to adverse outcomes that increase morbidity and mortality in
mothers and neonates, including hypertension, PE, urinary tract infection, caesarean
delivery, fetal macrosomia, neonatal hypoglycemia and high long-term risk for
metabolic syndrome or diabetes mellitus type 2 (DM2) development [165–167].

The classic risk factors known for GDM include maternal overweight status
or obesity, prior history of GDM, family history of DM2, antecedent of macrosomic
infant, and increased maternal age [165]. However, since 1980 [168], there is a
constantly growing body of evidence that supports a connection between VD and
insulin or glucose metabolism.

Some observational studies reported lower 25OHD levels in pregnant women
with GDM in comparison with normal pregnant women [169–176]. In Table 4, studies
that evaluated serum 25OHD levels and the risk for GDM are shown.

Table 4. Observational studies on 25OHD serum levels and risk for GDM development.

Reference Sample Size (GDM
Cases vs. Controls)

Weeks of Gestation for
Blood Sampling 25OHD Cut off Risk for GDM Development

(OR (95% CI))

[169] 20 GDM and
40 controls At delivery <50 nmol/L 30.78 (4.65–203.90)

[177] 68 GDM and
1,246 controls 26–28 <25 nmol/L 3.6 (1.7–7.8)

[171] 116 GDM and
219 controls 15–18 <73.5 nmol/L 2.21 (1.19–4.13)

[178] 200 GDM and
200 controls 26–28 <25 nmol/L 1.80 (1.209–2.678)

[172] 54 GDM and
111 controls

24–28
<37.5 nmol/L 2.66 (1.26–5.6)

<50 nmol/L 2.02 (0.88–4.6)

[173] 57 GDM and
114 controls 16 <50 nmol/L 3.74 (1.47–9.50)

[170] 81 GDM and
226 controls

Between 2nd and
3rd trimester <50 nmol/L 1.92 (0.89–4.17)

GDM = Gestational diabetes mellitus; OR = odds ratio; CI = confidence interval.

In a meta-analysis made by Poel and coworkers [179], the mean odds ratio
calculated for GDM from 7 independent observational studies about 25OHD
deficiency was 1.61 (95% CI 1.19–2.17). Similarly, a review on VD status and GDM
risk concluded that maternal VD deficiency and insufficiency are associated with
markers of altered glucose homeostasis [180].

Other studies correlated serum 25OHD levels with a significant inverse
association with glucose metabolic response in women with GDM: higher serum
25OHD was found to be associated with at least one of the following parameters:
lower fasting glucose, lower 2 h glucose (post oral glucose tolerance test), lower
glycosylated hemoglobin, lower serum insulin, lower insulin resistance or lower
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homeostasis model of assessment of insulin resistance HOMA-IR [170,171,174,175,
178,181–184].

In the future, the VD and lifestyle intervention (DALI) protocol could provide
interesting information about VD supplementation and GDM risk. DALI is a
multicenter European protocol in which the risk of GDM is being evaluated in
880 pregnant women divided into eight intervention groups considering physical
activity, healthy eating habits and VD3 supplementation (1600 IU/day or placebo).
Unfortunately, the results from this study are still unpublished [185]. To our
knowledge, there is only one published double-blind randomized controlled clinical
trial which supplemented VD3 on pregnant women with GDM [186]. In this study,
pregnant women received two oral doses of 50,000 IU (baseline and day 21) or placebo
capsules after 24 weeks of gestation. Women treated with VD3 had a significant
increase in 25OHD serum levels and a significant decrease in fasting glucose, insulin
serum and HOMA-IR, which supports positive glucose metabolic effects on mothers
by VD3 supplementation. Similarly, Mozzafari and coworkers [187] administered a
single intramuscular VD3 dose (300,000 IU) post-partum in 45 women with GDM.
After three months of intervention, treated women presented significantly higher
25OHD levels and lower HOMA-IR than women with GDM in the control group.

Contradictorily to this background, there are some studies which concluded
that there are no significant differences between VD status in women with GDM
or controls [182,188,189], or conclude that VD deficiency is not a risk factor for
GDM [190,191].

There is little consensus about the physiological mechanisms governing calcitriol
and glucose metabolism connections. The classic mechanism known is that
calcitriol can regulate intracellular calcium flux on β-pancreatic cells and therefore
can modulate depolarization-stimulated insulin release [17]. However, there are
recent evidences that include other VD-dependent mechanisms: (a) diminished
inflammatory state in obesity and enhanced expression of genes involved in glucose
and lipid metabolism like peroxisome proliferator-activated receptor gamma (PPARγ)
or its coactivator (PGC1α) in peripheral blood mononuclear cells [192]; (b) weight
reduction and muscle insulin receptor substrate 1 (IRS-1) upregulation [193];
(c) upregulation of adipocyte glucose transporter 4 (GLUT4) protein and its
translocation to the cell surface [194]; and d) returning to normal liver activity
of glucose metabolic enzymes hexokinase, fructose 1,6-bisphosphatase and glucose
6-phosphatase [195]. In GDM, these VD-modulated beneficial mechanisms could
be altered, at least in part, because placentas from GDM mothers have higher
CYP24A1 protein and gene expression which can derivate in lower calcitriol
bioavailability [169].
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7.4. Vitamin D and Low Birth Weight or Small for Gestational Age

Newborns small for gestational age (SGA) are defined as those with a birth
weight for gestational age below to the 10th percentile in standard growth curves
(<5th and 3rd percentiles are also used), whereas low birth weight is defined as
newborn weight lower than 2500 g independently of gestational age [196,197]. These
complications are associated with substantially higher rates of perinatal morbidity
and mortality, including cerebral palsy, neonatal polycythemia, hyperbilirubinemia,
and hypoglycemia [197].

The associations between serum maternal 25OHD levels and birth weight of
SGA newborns have not been extensively studied. Epidemiological analyses support
that black infants had lower birth weight than white infants, which suggests a
possible role of VD [198]. However, there are still controversial opinions about lower
VD levels failing to modulate fetal growth or if external parameters as maternal
obesity, lower socioeconomic status or poor nutrition contribute to lower 25OHD
levels and also to SGA and low birth weight development [199]. Herein, we present
the major findings in this area. Few studies did not find a significant relation between
birth weight for SGA proportion and 25OHD levels [190,200–202]; however, many
observational studies did. A multicenter cohort study indicated that maternal 25OHD
levels > 37.5 nmol/L are associated with higher birth weight infants in comparison to
newborns from women with lesser than 37.5 nmol/L [203]. Another study indicates
that pregnant women who delivered SGA infants had lower serum 25OHD levels at
11–13 gestational weeks [204]. Also, umbilical cord serum calcitriol concentrations
were lower in SGA than in adequate weight for gestational age infants [205]. In this
study, maternal 25OHD levels were also lower in the SGA group but did not reach
statistical significance. Similarly, in a birth cohort study, women with 25OHD levels
between 8.5 and 48 nmol/L were more likely to give birth to SGA offspring (OR 1.57,
95% CI 1.03–2.39) [206].

Dietary analysis of total VD3 intake was a significant predictor of infant birth
weight adjusted for gestation [207], whereas milk or VD intake during pregnancy
were significant independent predictors of birth weight [208]. However, it seems that
placental weight is not related to 25OHD levels [203].

In a case-control study, Bodnar and colleagues [209] also observed that pregnant
women with 25OHD deficiency (<37.5 nmol/L) had an increased significant risk
of SGA development in offspring. Interestingly, this effect was more evident in
white women (OR 7.5, 95% CI 1.8–31.9) in comparison to black women (OR 1.5, 95%
CI 0.6–3.5). Unexpectedly, the women with 25OHD insufficiency (37.5–75 nmol/L)
presented a lower risk of SGA than women with 25OHD sufficiency (>75 nmol/L) in
both black and white women. The authors discuss that the potential mechanisms
which can explain this U-shaped SGA risk remain uncertain, but the risk of other
diseases such as allergic responses or atopic disorders present a similar pattern.
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We only found one interventional study about VD and birth weight. In a
partially randomized assay on pregnant women, the intervention with one single
oral dose of 1500 µg VD3 (equal to 60,000 IU) or two doses of 3000 µg each (equal to
120,000 IU) in the 2nd and 3rd trimesters resulted in higher birth weight and length
in comparison to newborns of mothers treated with usual care [210].

Interestingly, interventional studies with calcium and VD3 performed in
pregnant adolescents showed that both nutrients positively influenced fetal bone
growth in utero, and that even if both factors were needed for fetal bone health,
one could partially compensate for the other [211]. This study suggests that special
attention should be paid to pregnant adolescents in order to fulfill adequate VD and
calcium requirements, since not only fetal but also maternal bone health may be at
risk. This is supported by other studies showing that lactating adolescents lose more
bone mineral density when suffering from VD deficiency or low calcium intake [212].

Interestingly, Morley and colleagues suggested that studies on maternal VD
status and birth weight should consider neonatal VDR polymorphism, since
differences in this feature could help explain why findings from different populations
regarding maternal VD status and neonate birth weight have been inconsistent [213].

8. Vitamin D Expenditure and Homeodynamics: Considerations for
VD Supplementation

8.1. Endogenous and Exogenous Factors Affecting the VD Status Equation

Considering the high risk of adverse events during pregnancy associated to VD
deficiency, it is also important to analyze additional factors that may significantly
modify the bioavailability of VD and its metabolites in our body. Indeed, the
VD endocrine system is not in constant equilibrium; instead, it is under dynamic
regulation and interaction with different factors. For example, the half-life of 25OHD
is strongly influenced by DBP concentration, since 25OHD binds to DBP with
high affinity [81,214]. Moreover, 25OHD is also affected by DBP genotype [214].
Indeed, the genetic variations that occur in DBP modify its binding affinity for VD
metabolites, and the lesser affinity, a shorter half-life is expected. Similarly, genetic
variations in CYP27B1, CYP24A1, CYP2R1 and the VDR differentially impact on
VD metabolism and biological effects. Single nucleotide polymorphisms have been
reported for each of these proteins and may be found as population-specific variants
that result in modification of the final VD status. For reviews on this issue please
see [215–217]. Considering this, and as previously suggested [215], it is feasible
that optimal concentrations of 25OHD required to reduce disease outcomes may
vary according to genotype. Other endogenous elements that may predict serum
25OHD half-life are factors known to affect 25OHD metabolism, such as PTH, plasma
phosphate and albumin-adjusted calcium [218].
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Besides the endogenous factors previously described, exogenous aspects
affecting 25OHD plasma concentration include dietary intake, type of clothing
and sunshine protection [219], lifestyle and geophysical conditions, this last one
interpreted as UVB exposure. In this regard, a study performed with pregnant
women in Germany showed that during the winter months, 98% of the maternal
blood samples and 94% of the cord blood samples had 25OHD levels < 50 nmol/L,
while in the summer months, only 49% of the women and 35% of the cord blood
samples were vitamin D deficient [220]. Interestingly, in the same study, the authors
found that a significant risk factor for maternal VD deficiency was physical inactivity
(adjusted OR 2.67, 95% CI 1.06–6.69, p = 0.032), which might be related to less sun
exposure. However, a sedentary lifestyle may also be associated with obesity, which
has been found to be linked to VD deficiency. Indeed, obese subjects normally
have lower basal 25OHD serum concentrations than lean individuals [221], which is
possibly explained by the fact that VD is readily stored in adipose tissue due to its
fat-soluble nature. In this manner, VD may be sequestered in the greater body pool of
fat present in obese individuals, which is supported by previous studies showing that
after equal whole-body irradiation or VD supplementation, the increase in serum
VD was more than 50% lower in obese than in non-obese subjects [221]. While this
occurs in body fat, the muscle cells protect 25OHD from degradation by binding it to
actin fibers, in a megalin-dependent process [222]. This may explain why 25OHD
concentrations are usually positively associated to muscle-related parameters such
as lean body mass and exercise [223].

Unfortunately, during pregnancy, the toll of VD deficiency in obese mothers
affects also their child’s VD status and health [224,225]. Many studies have shown
an array of adverse health outcomes in the offspring of obese women; for example,
lower maternal VD status may be linked to programmed differences in offspring fat
mass [224,226]. Among the more important adverse effects of maternal VD deficiency
upon their offspring, impaired fetal growth and bone development, altered growth
and bone mass later in childhood, neonatal hypocalcemia or tetany and respiratory
tract infections have been reported [227].

8.2. Dose Regimens and Vitamin D Supplementation in Pregnant Women

Despite the health advantages associated with a sufficient VD status during
pregnancy, as described previously, at this time general consensus supporting a
guideline for VD supplementation in pregnant population has not yet been reached.
In the literature, a broad spectrum for dosage and periodicity in cholecalciferol
supplementation schemes has been reported: 2000 IU, 4000 IU, 14,000 IU, 60,000 IU,
120,000 IU or 200,000 IU administered daily, weekly, monthly or in a single mega-dose.
Herein, we resume the more recent randomized clinical trials on VD supplementation
in pregnancy. Table 5 includes doses and frequency for supplementation together
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with the outcome as percentage of women who achieved VD sufficiency at the end
of intervention and those who developed hypercalcemia.

Based on these data, it seems that 4000 IU given daily results in the highest
proportion of pregnant women reaching VD sufficiency without developing
hypercalcemia. An exception to this observation is the study by Hossain et al. [228],
in which only 15% women reached sufficiency under this regimen. Regarding this,
we should mention that the group of Pakistani women included in the Hossain
study were severely VD deficient (<25 nmol/L) and were an ethnic group in which
particular genetic variants might be affecting VD metabolism, which remains to
be further studied. Moreover, the cases of hypercalcemia were comparable in
both control and supplemented groups, while hypercalcemia persisted despite VD
deficiency, suggesting independence of the pharmacological intervention. On the
other hand, it should be noted that in the study by Wagner et al. [229], the percentage
of women considered to attain sufficiency might be underestimated, since their
cut-off value was 25OHD serum levels > 100 nmol/L. As in the case of 4000 IU
given daily, the weekly regimen of 50,000 IU seems to be also a good therapeutic
strategy, since 100% women reached sufficiency without hypercalcemia. However,
more studies are needed to confirm these findings.

In contrast, monthly and unique dose regimens do not seem to adequately
fulfill VD sufficiency. It is noteworthy that under the single-dose regimen, some
authors included in their analyses serum levels below 75 nmol/L (identified with *
and ** in Table 5), which under the Endocrine Society parameters is still considered
deficiency. Indeed, in the study by Sahu et al. [230], which considered a cut-off of
75 nmol/L, only 34.2% of women reached sufficiency with the highest dose, which is
very low. Similarly, in the study by Yu et al. [231], the observed proportion of 93% in
the supplemented group might be misleading, since this number includes women
with serum 25OHD levels > 25 nmol/L.

The recent evidence discussed in Section 8.1 may help us to understand the
differences in VD expenditure and homeodynamics in order to reach a general
consensus on VD supplementation in a tailored manner. We believe, that at this
moment, the ideal scheme for VD supplementation will depend on particular
endogenous and exogenous factors, on the available formulations of VD (i.e., in
Mexico only tablets with 400 IU are available), and on the personal VD metabolism,
which should be monitored periodically by serum 25OHD analyses. By taking all
these considerations into account, and under medical counseling and supervision,
every woman may modulate their VD levels for acquiring sufficiency and avoiding
possible toxicity that could lead to hypercalcemia.
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9. Methods of Serum VD Measurement

Since four decades ago, numerous analytical methods have been developed for
25OHD measurement, including competitive protein binding assay, enzyme-linked
immunoassay (ELISA), radioimmunoassay (RIA), chemiluminescence assay,
gas chromatography-mass spectrometry (GC-MS), high performance liquid
chromatography (HPLC) and, more recently, liquid chromatography coupled with
mass spectrometry (LC-MS) or tandem mass spectrometry (LC-MS/MS). A good
review of accuracy, sensibility and technical description of these methods was made
by Hollis [238].

LC-MS/MS is the most promising technique for VD analysis since it is a highly
specific, reliable, reproducible and robust method and is considered the new gold
standard for 25OHD quantification [239,240]. Despite its major field of application
being research, LC-MS/MS technology is also currently being applied in clinical
laboratories [241]. In addition, LC-MS/MS offers the possibility for quantifying other
metabolites of VD in serum samples, such as 25OHD2, 25OHD3, 3-epi-25OHD2,
3-epi-25OHD3, 24R,25 dihydroxyvitamin D3 [242,243] and 25OHD3 3-sulfate [244].
Other metabolites as VD2, VD3, 1α,25(OH)2D2 and 1α,25(OH)2D3 may also be
detected and discriminated.

One limitation of this technique is the interference with 3-epi 25(OH)D3 that
can lead to 25OHD overestimation. This could be a problem especially in pediatric
samples which are known to have significant amounts of this epimer. Recently, van
den Ouweland and colleagues developed a LC-MS/MS method which eliminates
this limitation [245].

Interestingly, new technology developed to be used in our daily life will allow
us to measure 25OHD easily at home. The proposed system is a gold-nanoparticle-
immunoassay developed at Cornell University, adapted to a device that couples
to smartphones allowing them to calculate in a small drop of blood 25OHD serum
concentrations with 10 nM sensitivity [246].

In the aftermath of what is discussed in Sections 5 and 8.1, it seems that 25OHD
should not be exclusively considered for the assessment of VD, but rather, the
equation for VD status may also consider DBP levels. Powe and coworkers [247]
recently suggested that free 25OHD (25OHD minus DBP) is a better indicator for
VD status since free 25OHD offers a strong correlation with PTH than total 25OHD.
However, this article has been criticized by other authors [248]. Indeed, as previously
discussed, Weintraub [248] pointed out that the 25OHD/DBP complex is necessary
for the endocytosis by megalin/cubilin in the kidney, so 25OHD bound to DBP may
be the real substrate mediating final calcitriol biosynthesis. Nevertheless, this would
only apply to those cells expressing megalin/cubilin, and definitive further studies
are needed in order to clarify the participation of other mechanisms of 25OHD
storage and internalization into the cell.
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10. Final Considerations

Maintaining adequate VD serum concentrations within the recommended levels
is mandatory during pregnancy, since it is involved in many important biological
processes, including fetal programming and development. Indeed, the benefits of
maintaining adequate VD serum levels are not circumscribed to the mother, but
also to the offspring. It is noteworthy mentioning that epidemiological studies
have shown controversial results about the benefits of prescribing VD supplements
to prevent adverse pregnancy outcomes associated with maternal deficiency. We
believe that the controversy may be explained because the biological phenomena
can be affected not only by serum concentrations, but also by many factors, such
as racial, climatological, or genetic reasons; nutritional status; lifestyle; physical
activity; or health status during pregnancy. On the other hand, the few studies that
do not corroborate benefits lack sustained clinical evidence of real risks due to VD
supplementation. Conversely, systematic reviews and meta-analyses demonstrate
a strong association between VD adequate levels and health benefits. Regarding
this controversy, recently, two debated articles concluded that the proposed adverse
health outcomes related to VD deficiency might be, in fact, the result of reverse
causation, understanding by this that low VD levels are a consequence of ill
health rather than a cause, and that the evidence does not really support VD
supplementation for prevention of disease [249–251]. In response to these articles,
Gillie, with straightforward arguments, demonstrated that the aforementioned
articles had made a type 2 statistical error, and that VD deficiency, especially at
critical times such as pregnancy and early childhood, could derive in serious health
harm [252]. An example of the arguments exposed by Gillie is rickets, a disease
characterized by bone deformation in children caused by VD deficiency. This
illness may be corrected by adequate VD supplementation during childhood, but
the alterations in bones cannot be reversed by this intervention once adulthood
is reached. Another example discussed by Gillie is diabetes type 1, which occurs
in children and is thought to be caused by VD deficiency in the womb, causing
irreversible changes to biochemistry, immune status or organ structure.

A final consideration is the fact that VD supplementation is useful to prevent
adverse pregnancy outcomes, but it might not always be necessary, especially
when lifestyle recommendations are good enough to prevent them. In order to
take the adequate decision about VD supplementation, every clinical individual
situation must be analyzed and placed in the correct balance of risk and benefit
before prescribing VD supplementation. However, when controversies about clinical
decisions are involved, scientists must avoid creating medical barriers about the use
of preventive strategies in medicine.
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11. Conclusions

Although the importance of VD in the regulation of calcium homeostasis
in pregnant women is well established, there is now increasing evidence that
calcitriol is also important for the prevention of several adverse scenarios that
could potentially threaten pregnancy such as infection and preeclampsia. Even
though more interventional and basic studies are needed in order to understand
the role of VD in pregnancy health and disease, through the information resumed
herein it is clear that many of the beneficial effects of calcitriol during gestation
involve its immunomodulatory properties as well as its capacity to regulate
hormonogenesis. Despite the protective role of VD in pregnancy outcomes and
that several epidemiological studies have documented highly prevalent gestational
hypovitaminosis D around the world, routine VD screening is still not mandatory and
not enough interventional studies have been undertaken to achieve a consensus for
VD supplementation in pregnant women, highlighting the need for further studies
and establishment of screening guidelines during pregnancy. Given that the human
placenta expresses CYP27B1, which catalyzes the local synthesis of calcitriol, the
supplementation with VD during pregnancy might be an accessible and safe way
to reduce the incidence of some adverse events associated with mother and baby
morbidity-mortality, such as PE, GDM, PROM and infections; while, at the same
time, both the mother and the child will profit from the physiological benefits of
calcitriol. Notably, adequate sun exposure, a VD-rich diet and physical activity
should always be considered as the first recommendation, while supplementation
with cholecalciferol may be advised for persistent VD deficient women.
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High Prevalence of Vitamin D Deficiency in
Pregnant Korean Women: The First
Trimester and the Winter Season as Risk
Factors for Vitamin D Deficiency
Rihwa Choi, Seonwoo Kim, Heejin Yoo, Yoon Young Cho, Sun Wook Kim,
Jae Hoon Chung, Soo-young Oh and Soo-Youn Lee

Abstract: We investigated the vitamin D status of Korean women during pregnancy
and assessed the effects of vitamin D deficiency on two pregnancy outcomes;
preterm births and the births of small for gestational age. We measured the serum
25-hydroxyvitamin D levels in 220 pregnant Korean women who were recruited
prospectively and compared these levels with those of 500 healthy non-pregnant
women. We analyzed vitamin D status according to patient demographics, season,
and obstetrical characteristics; moreover, we also assessed pregnancy outcomes. The
overall prevalence of vitamin D deficiency(<20 ng/mL) in pregnant women and
healthy non-pregnant women was 77.3% and 79.2%; respectively; and the prevalence
of severe vitamin D deficiency (<10 ng/mL) was 28.6% and 7.2%; respectively
(p < 0.05). Vitamin D deficiency was more prevalent in the winter (100%) than
in the summer (45.5%) in pregnant Korean women. A higher risk of vitamin D
deficiency was observed in the first trimester than in the third trimester (adjusted
OR 4.3; p < 0.05). No significant association was observed between vitamin D
deficiency and any of the pregnancy outcomes examined. Further research focusing
on the long-term consequences of vitamin D deficiency during pregnancy in Korean
women is warranted.

Reprinted from Nutrients. Cite as: Choi, R.; Kim, S.; Yoo, H.; Cho, Y.Y.; Kim, S.W.;
Chung, J.H.; Oh, S.-Y.; Lee, S.-Y. High Prevalence of Vitamin D Deficiency in Pregnant
Korean Women: The First Trimester and the Winter Season as Risk Factors for Vitamin
D Deficiency. Nutrients 2015, 7, 3427–3448.

1. Introduction

Vitamin D status is a well-known determinant of skeletal health and influences
the risk of fracture, rickets, osteomalacia, and osteoporosis [1]. Humans obtain
vitamin D from exposure to sunlight and diet, which are the two main determinants
of vitamin D status in a population. Vitamin D3 is formed by exposure of the skin
to sunlight and can also be obtained from the diet via animal products, whereas
vitamin D2 is obtained from the diet via plant sources [1]. Vitamin D (hereafter
used to refer to both D2 and D3) from the skin and diet is converted into the
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circulating metabolite 25-hydroxyvitamin D—25(OH)D, including both 25(OH)D2
and 25(OH)D3—in the liver. This metabolite is often used as a biomarker to
determine a patient’s vitamin D status [2]. The 25(OH)D is metabolized in the
kidneys into its active form, 1,25-dihydroxyvitamin D—1,25(OH)2D. The active form
circulates in the blood at a significantly lower concentration (approximately 1/1000)
compared with the concentration of 25(OH)D [1]. Circulating vitamin D, 25(OH)D,
and 1,25(OH)2D are all bound to vitamin D-binding protein, a specific transporter
protein. In target tissues, 1,25(OH)2D exerts its actions by associating with the VDR
nuclear receptor (vitamin D receptor). Since the VDR is ubiquitously expressed in
most cell types, including brain, prostate, breast, placenta, and immune, vitamin D
has been hypothesized to have a number of functions outside the skeletal system [1].

Due to the importance of vitamin D, many concerns have been raised regarding
the functional impacts of maternal vitamin D deficiency on multiple adverse
health outcomes in mothers and their offspring. Moreover, low maternal levels
of 25-hydroxyvitamin D have been suggested to be associated with a number of
adverse obstetrical and neonatal outcomes [3,4]. Vitamin deficiency is a modifiable
factor; therefore, it is important to determine the optimal vitamin D status during
pregnancy. In the context of increasing clinical concern regarding the high prevalence
of vitamin D deficiency worldwide, different prevalences of vitamin D deficiency
have been reported in different geographic regions and latitudes. These prevalences
have been determined by different diagnostic methods [5,6].

Multiple studies have shown that immunoassays may be limited by the
cross-reactivity of antibodies and by non-equimolar recognition of the D2 and D3
forms of 25(OH)D, thereby overestimating the serum 25(OH)D concentration and
the influence of vitamin D binding protein, which is known to circulate at higher
concentrations in pregnant women [7,8]. Therefore, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has been used as a reference method to accurately
estimate patient vitamin D status [9,10].

However, a large population-based estimate of the vitamin D status of pregnant
Korean women has not yet been performed. Therefore, this study aimed to
investigate the vitamin D status of pregnant Korean women. This study also set out
to investigate the determinants of vitamin D status during pregnancy and to assess
the impact of vitamin D deficiency on pregnancy outcomes.

2. Methods

2.1. Ethics Statement

This study was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human subjects were approved
by the Institutional Review Board of Samsung Medical Center (2011-12 & SMC
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2011-12-041-001). All subjects provided written consent for their participation
in this study.

2.2. Study Population

The target population of this study comprised pregnant women living in
an urban area of South Korea (latitude 36◦N) in any trimester of pregnancy.
During the period of April 2012–September 2013, 282 pregnant women were
prospectively recruited and followed. Among these women, 62 were excluded
for one of the following reasons: Lack of information about basal characteristics
such as prepregnancy body mass index (BMI), smoking, alcohol consumption, and
occupation (n = 5), history of concurrent serious medical disease that could affect
pregnancy outcomes (n = 5), history of intra-abdominal surgery (n = 11), history
of surgery of the uterine cervix (n = 24) [11], and a lack of information regarding
pregnancy outcomes due to follow-up loss (n = 17). As a result, 220 women were
ultimately enrolled in the study. The vitamin D levels in these pregnant women
were compared with those from healthy nonpregnant women of childbearing age
(n = 500, 24–44 years) who visited a health-promotion center at Samsung Medical
Center during the study period.

2.3. Data Collection

Blood samples were collected from the antecubital vein from pregnant women
at the first prenatal consultation in any trimester of their pregnancy. Information
about demographic characteristics, sociodemographic characteristics, smoking status,
alcohol consumption during pregnancy and during the four weeks prior to the
last menstrual period, diseases, medications, and obstetrical and gynecological
history—i.e., parity (number of deliveries) and gravity (number of pregnancies)—was
gathered by obstetrical nurses via questionnaires at the initial prenatal consultation.
Some information was also obtained from electronic medical records. For all women
included in the study, the prepregnant BMI was obtained from the self-reported
weight and height recorded by the gynecologist during the prenatal consultation.
BMIs were classified according to published cutoffs for Asian populations [12]. If the
prepregnant body weight was not known, the first trimester BMI was used as a
proxy for prepregnancy BMI for all women in their first, second, and third trimesters.
Gestational age was determined according to the last menstrual period (LMP) and
ultrasonography results. For the approximate 12% of all ultrasound gestational age
estimates that differed by >10 days from LMP pregnancy dating, ultrasound dating
was used. Neonatal outcomes were obtained from hospital medical records.
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2.4. Definitions of Adverse Pregnancy Outcomes

A preterm birth was defined as a birth at less than 37 weeks of gestation.
Neonates with birth weights below the 10th percentile for their gestational age
as determined by birth weight percentile nomograms (National Data from Korean
Health Insurance Review & Assessment Service 2009) were considered to be small
for gestational age (SGA).

2.5. Laboratory Analyses

Approximately 500 µL serum was separated from 2 mL whole blood collected by
venipuncture in a plain tube. Serum 25(OH)D2 and 25(OH)D3 concentrations were
measured by LC-MS/MS with an Agilent 1200 LC 2D system connected to an Agilent
6460 Triple Quad MS (Agilent Technologies, Waldbronn, Germany). Vitamin D levels
were detected in positive mode using the multiple reaction monitoring technique. The
total 25(OH)D concentration was calculated as the sum of the serum 25(OH)D2 and
25(OH)D3 concentrations. The inter-assay and intra-assay coefficients of variation
for this method were 5.5% and 7.1%, respectively. Based on published definitions
of vitamin D status [1], we categorized 25(OH)D ≥30 ng/mL (≥75 nmol/L) as
sufficient and 25(OH)D 20–29.9 ng/mL(50–74.9 nmol/L) as suboptimal. Vitamin D
deficiency was defined as 25(OH)D <20 ng/mL (<50 nmol/L) [13] and severe
vitamin D deficiency was defined as 25(OH)D <10 ng/mL (<25 nmol/L) [14].
Since the optimal vitamin D concentration in pregnancy has been debated by
groups such as the Institute of Medicine (IOM) and the Endocrine Society, no gold
standard measurement method has been used to gather data regarding vitamin D
status in large samples of Korean women, and little data are available regarding
vitamin D status and adverse birth outcomes, the Endocrine Society’s criteria for
vitamin D status [1] were applied to assess the overall vitamin D status of pregnant
women. The IOM’s cutoff for vitamin D deficiency (<20 ng/mL) [13] was employed
to analyze the association of vitamin D deficiency with adverse pregnancy and
neonatal outcomes.

2.6. Statistical Analysis

Characteristics are presented as frequencies and percentages. Since age,
prepregnancy BMI, and serum 25(OH)D levels were not normally distributed,
nonparametric methods were used. The median was used as the measure of
central tendency. Differences between trimesters, seasons of blood draw and of
25(OH)D measurements, and age groups were explored using the Kruskal-Wallis
equality-of-populations rank test.

The odds of having a vitamin D deficiency (serum 25(OH)D < 20 ng/mL) versus
a nondeficient vitamin D status were estimated through multivariable-adjusted
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logistic regression models. The following variables were entered as predictors in
the model: Age, trimester, seasons of blood draw and of 25(OH)D measurements,
education level, job, type of current pregnancy, concurrent pregnancy status, gravity,
parity, previous or concurrent medical history (with the exception of intra-abdominal
surgery), and gynecological disease history (with the exception of uterine cervix
disease). The appropriateness of the sample size was validated by calculating the
width of the confidence interval (CI). At the expected vitamin D deficiency rate of
80%, the 95% CI for vitamin D levels was calculated to be ±10%. The precisions
of these two estimates were sufficient; thus, the size of this study was adequate
for statistical analysis. A p value <0.05 was considered statistically significant. All
p values were corrected by Bonferroni’s method for multiple testing.

3. Results

3.1. General Characteristics

In total, 220 pregnant women in Korea participated in this study. The median
age was 32.0 years old. Only 24 women (10.9%) had a prepregnancy BMI above 24
and no participant had a history of drinking alcohol during pregnancy. Only one
participant had a history of smoking during pregnancy. More than three-quarters of
all participants had more than 12 years of education, and over two-thirds had indoor
jobs. The basal characteristics of the study population are summarized in Table 1.

3.2. Serum 25(OH)D Levels in Pregnant Korean Women

The median serum 25(OH)D concentration of all participants (n = 220) was
12.6 ng/mL. Serum 25(OH)D concentrations during the three trimesters are shown in
Table 2 and Figure 1. According to pooled analysis, vitamin D concentrations differed
significantly only between the first and third trimesters: 11.5 ng/mL during the first
trimester versus 13.6 ng/mL during the third trimester (p < 0.05). Pooled analysis
also revealed that the median serum 25(OH)D concentrations were10.8 ng/mL in
the spring, 20.5 ng/mL in the summer, 13.9 ng/mL in the fall, and 9.4 ng/mL in the
winter. The serum 25(OH)D concentrations were significantly different between the
spring and summer, the spring and fall, the summer and winter, and the fall and
winter (p < 0.05). However, the serum 25(OH)D concentrations were not significantly
different between the winter and spring or between the summer and fall (p > 0.05).
Although no women in their third trimester of pregnancy were tested during the
winter, peaks of 25(OH)D concentration were observed in the summer for all women
who were tested in their first and third trimesters.
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Figure 1. Serum 25-hydroxyvitamin D—25(OH)D—concentration according to trimester. 
Of particular note, the 25(OH)D concentration was significantly higher in the third trimester 
compared with the first trimester (p < 0.05). 

Table 2. The 25-hydroxyvitamin D—25(OH)D—concentrations in 220 pregnant Korean 
women across three trimesters and in 500 healthy nonpregnant women. 

25(OH)D (ng/mL) 
Healthy 

Nonpregnant 
Women * (n = 500) 

All Pregnant 
Women  
(n = 220) 

First 
Trimester 
(n = 49) 

Second 
Trimester 
(n = 83) 

Third 
Trimester 
(n = 88) 

Median †,‡ 15.4 12.6 11.5 12.5 13.6 
IQR 12.7–19.7 9.7–17.3 9.1–14.0 9.5–16.0 9.9–24.7 

95% CI 14.8–15.8 11.9–13.3 10.0–13.0 11.1–13.4 12.1–16.6 
Range 5.8–40.4 4.7–46.3 4.7–24.2 5.3–46.3 5.3–41.6 

% <10 ng/mL †,§,¶,|| 7.2 28.6 32.7 28.9 26.1 
% <20 ng/mL § 79.2 77.3 91.8 80.7 65.9 
% <30 ng/mL †,§ 98.0 91.4 100.0 92.8 85.2 
IQR: Interquartile range; *: Data were obtained from healthy nonpregnant women of childbearing age  
(24–44 years old) who visited a health-promotion center at Samsung Medical Center and volunteered to give 
blood during the study period; †: The serum 25(OH)D concentration, prevalence of vitamin D deficiency, and 
prevalence of women with suboptimal 25(OH)D levels (<30 ng/mL) were all significantly different between 
healthy nonpregnant women and pregnant women (p < 0.05); ‡: The serum 25(OH)D concentration was 
significantly different between healthy nonpregnant women and pregnant women at each trimester (p < 0.05), 
except for pregnant women in their third trimester, after post-hoc analysis; §: The prevalences of severe vitamin 
D deficiency—25(OH)D <10 ng/mL, vitamin D deficiency—25(OH)D <20 ng/mL—and suboptimal 25(OH)D 
levels (<30 ng/mL) were significantly different among healthy nonpregnant women and pregnant women at 
each trimester; ¶: A higher prevalence of severe vitamin D deficiency—25(OH)D <10 ng/mL—was observed 
in pregnant women than in healthy nonpregnant women; ||: The prevalences of severe vitamin D deficiency in 
the three trimesters were not significantly different among pregnant women (p > 0.05). 

The percentage of vitamin D deficiency was higher in the first trimester (91.8%) than in the third 
trimester (65.9%) and was also higher in the winter (100.0%) than in the summer (45.5%) (p < 0.05). 
Interestingly, the prevalence of vitamin D deficiency decreased as pregnancy progressed: 91.8% during 
the first trimester, 80.7% during the second trimester, and 77.3% during the third trimester. All participants 

Figure 1. Serum 25-hydroxyvitamin D—25(OH)D—concentration according to
trimester. Of particular note, the 25(OH)D concentration was significantly higher
in the third trimester compared with the first trimester (p < 0.05).

3.3. Prevalences of Vitamin D Deficiency and Insufficiency in Pregnant Women

The percentages of vitamin D deficiency and insufficiency are shown in Table 2.
A high prevalence of vitamin D deficiency was observed in pregnant women during
all trimesters and also in healthy nonpregnant women. The overall prevalence
of vitamin D deficiency—25(OH)D <20 ng/mL—in pregnant women was 77.3%;
moreover, only 19 women (8.6%) had a serum 25(OH)D concentration >30 ng/mL,
which is considered the optimal level. The median 25(OH)D concentration was higher
in healthy nonpregnant women (15.4 ng/mL) compared with pregnant women
(12.6 ng/mL). In contrast to pregnant women, among whom the prevalence of severe
vitamin D deficiency was 28.6%, the prevalence of severe vitamin D deficiency among
healthy nonpregnant women was 7.2%.
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Table 2. The 25-hydroxyvitamin D—25(OH)D—concentrations in 220 pregnant
Korean women across three trimesters and in 500 healthy nonpregnant women.

25(OH)D (ng/mL)
Healthy

Nonpregnant
Women * (n = 500)

All Pregnant
Women (n = 220)

First Trimester
(n = 49)

Second Trimester
(n = 83)

Third Trimester
(n = 88)

Median †,‡ 15.4 12.6 11.5 12.5 13.6
IQR 12.7–19.7 9.7–17.3 9.1–14.0 9.5–16.0 9.9–24.7

95% CI 14.8–15.8 11.9–13.3 10.0–13.0 11.1–13.4 12.1–16.6
Range 5.8–40.4 4.7–46.3 4.7–24.2 5.3–46.3 5.3–41.6

% <10 ng/mL †,§,¶,|| 7.2 28.6 32.7 28.9 26.1
% <20 ng/mL § 79.2 77.3 91.8 80.7 65.9

% <30 ng/mL †,§ 98.0 91.4 100.0 92.8 85.2

IQR: Interquartile range; *: Data were obtained from healthy nonpregnant women of
childbearing age (24–44 years old) who visited a health-promotion center at Samsung
Medical Center and volunteered to give blood during the study period; †: The
serum 25(OH)D concentration, prevalence of vitamin D deficiency, and prevalence of
women with suboptimal 25(OH)D levels (<30 ng/mL) were all significantly different
between healthy nonpregnant women and pregnant women (p < 0.05); ‡: The serum
25(OH)D concentration was significantly different between healthy nonpregnant women
and pregnant women at each trimester (p < 0.05), except for pregnant women in
their third trimester, after post-hoc analysis; §: The prevalences of severe vitamin D
deficiency—25(OH)D <10 ng/mL, vitamin D deficiency—25(OH)D <20 ng/mL—and
suboptimal 25(OH)D levels (<30 ng/mL) were significantly different among healthy
nonpregnant women and pregnant women at each trimester; ¶: A higher prevalence of
severe vitamin D deficiency—25(OH)D <10 ng/mL—was observed in pregnant women
than in healthy nonpregnant women; ||: The prevalences of severe vitamin D deficiency
in the three trimesters were not significantly different among pregnant women (p > 0.05).

The percentage of vitamin D deficiency was higher in the first trimester (91.8%)
than in the third trimester (65.9%) and was also higher in the winter (100.0%) than in
the summer (45.5%) (p < 0.05). Interestingly, the prevalence of vitamin D deficiency
decreased as pregnancy progressed: 91.8% during the first trimester, 80.7% during the
second trimester, and 77.3% during the third trimester. All participants had vitamin
D insufficiency in the first trimester. Pooled analyses of all blood samples revealed
significant differences in the prevalences of vitamin D deficiency and the 25(OH)D
concentrations across seasons. The prevalences of vitamin D deficiency were 84.7%,
45.5%, 73.7%, and 100% in the spring, summer, fall, and winter, respectively, with
a significantly lower prevalence in the summer compared with the spring and fall
(p < 0.05). The difference in the prevalence of vitamin D deficiency between the
summer and the winter was not significant, probably because all women who were
tested in the winter had a vitamin D deficiency and only 13 pregnant women were
included during the winter. Thus, this statistical analysis was likely influenced by the
small sample size (Figure 2). Additional analyses for potential interactions between
season and trimester were performed for further statistical modeling. However, the
effect of the first trimester occurring during winter was not significantly different
than other season-trimester combinations (p = 0.4983). This finding could be due to
the small sample size during winter (i.e., no pregnant women in their third trimester
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were included in the winter in this study population). Thus, although an interaction
term was included in an earlier iteration of the statistical model, it was not significant
and thus, it was not included in the final model.

Nutrients 2015, 7 3435 
 
had vitamin D insufficiency in the first trimester. Pooled analyses of all blood samples revealed significant 
differences in the prevalences of vitamin D deficiency and the 25(OH)D concentrations across seasons. 
The prevalences of vitamin D deficiency were 84.7%, 45.5%, 73.7%, and 100% in the spring, summer, 
fall, and winter, respectively, with a significantly lower prevalence in the summer compared with the 
spring and fall (p < 0.05). The difference in the prevalence of vitamin D deficiency between the summer 
and the winter was not significant, probably because all women who were tested in the winter had a 
vitamin D deficiency and only 13 pregnant women were included during the winter. Thus, this statistical 
analysis was likely influenced by the small sample size (Figure 2). Additional analyses for potential 
interactions between season and trimester were performed for further statistical modeling. However, the 
effect of the first trimester occurring during winter was not significantly different than other season-trimester 
combinations (p = 0.4983). This finding could be due to the small sample size during winter (i.e., no pregnant 
women in their third trimester were included in the winter in this study population). Thus, although an 
interaction term was included in an earlier iteration of the statistical model, it was not significant and 
thus, it was not included in the final model. 

 

Figure 2. Prevalence of vitamin D deficiency (25(OH)D < 20 ng/mL) according to trimester 
and season. (a) Prevalence of vitamin D deficiency by trimester. The prevalence of vitamin 
D deficiency was significantly higher in the first trimester compared with the third trimester 
(p < 0.05); (b) Prevalence of vitamin D deficiency according to season of blood draw and 
25(OH)D measurements. The prevalence of vitamin D deficiency was lower in the summer 
than in the spring or fall (p < 0.05); *: Statistically significant differences according to 
multivariable analysis (p < 0.05). 

 

 

Figure 2. Prevalence of vitamin D deficiency (25(OH)D < 20 ng/mL) according
to trimester and season. (a) Prevalence of vitamin D deficiency by trimester. The
prevalence of vitamin D deficiency was significantly higher in the first trimester
compared with the third trimester (p < 0.05); (b) Prevalence of vitamin D deficiency
according to season of blood draw and 25(OH)D measurements. The prevalence of
vitamin D deficiency was lower in the summer than in the spring or fall (p < 0.05);
*: Statistically significant differences according to multivariable analysis (p < 0.05).
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3.4. Factors Associated with Vitamin D Deficiency during Pregnancy

Maternal characteristics, stratified by vitamin D status, are shown in Table 3.
Age, education level, occupation, type of current pregnancy, number of concurrent
pregnancies, gravity, parity, previous/concurrent medical history (with the exception
of intra-abdominal surgery), and gynecological disease history (with the exception
of uterine cervix disease) were not significantly different among the three groups of
pregnant women as stratified by vitamin D status.

Factors associated with vitamin D deficiency over the course of pregnancy are
shown in Table 4. Multiple logistic regression models for identifying independent
predictors of vitamin D deficiency revealed that the winter season and the first
trimester were independent predictors of vitamin D deficiency. The risk of vitamin D
deficiency was significantly higher in the first vs. the third trimester (adjusted
OR 4.2744; p < 0.05) and in the spring (adjusted OR 8.0258; p < 0.05). Artificial
insemination pregnancies had a lower risk of vitamin D deficiency than spontaneous
pregnancies according to univariate analysis, but this association was not seen in
multivariate analysis. No significant associations were observed between any other
factors and vitamin D deficiency.

3.5. Associations between Vitamin D Deficiency and Pregnancy Outcomes

The associations between adverse pregnancy outcomes and vitamin D deficiency
(<20 ng/mL) during pregnancy were analyzed (Table 5). Among the 220 pregnant
women, 54 (24.5%) had adverse pregnancy outcomes. Specifically, nine delivered
preterm babies (4.1%) and 24 had babies small for their gestational age (10.9%).
The prevalences of vitamin D deficiency were 77.8% (7/9) among the women who
delivered preterm babies and 62.5% (15/24) among the women who had babies small
for their gestational age.

Table 5. Associations between vitamin D deficiency, preterm babies, and SGA babies.

Outcomes
Preterm SGA

Preterm (−) Preterm (+) p SGA (−) SGA (+) p

Number of subjects 211 9 196 24
Number with VitD deficiency * 163 7 155 15

% with VitD deficiency * 77.3 77.8 79.1 62.5
Unadjusted OR (95% CI) Reference 1.030 (0.207–5.124) 0.97 Reference 0.441 (0.180–1.079) 0.07

Adjusted OR (95% CI) Reference 0.699 (0.144–3.402) 0.66 Reference 0.448 (0.149–1.351) 0.15

SGA: Small for gestational age; OR: Odds ratio; *: 25(OH)D < 20 ng/mL.

No significant associations were observed between vitamin D deficiency and
preterm delivery or SGA babies according to univariate or multivariate logistic
regression analyses.
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4. Discussion

The strengths of this study include its prospective study design, the fairly
ethnically homogenous sample of adult Koreans, and the use of the gold standard
LC-MS/MS method to measure 25(OH)D concentrations. Also, to the best of our
knowledge, this is the first report of vitamin D status in Korean pregnant women,
the first risk assessment for vitamin D deficiency during pregnancy, and the first
investigation of the effect of vitamin D deficiency on pregnancy outcomes.

This study showed a high prevalence (77.3%) of vitamin D deficiency during
pregnancy. Although many reports have reported high prevalences of vitamin D
deficiency among pregnant women, most of these studies have focused on white
and black pregnant women. Only a few studies have assessed vitamin D status
in pregnant women living in Asia [15–19]. Sunlight exposure at different latitudes
is likely to be an important factor that influences vitamin D status. The results of
previous studies of vitamin D status among pregnant women in Asia at variable
latitudes and in other regions near 36◦N [3,4,20–24], which is similar to the latitude
of the present study, are summarized in Table 6. The high prevalence of vitamin D
deficiency observed in the present study is comparable with the findings of previous
studies of Asian populations [15–19]. These studies tested vitamin D status at
different gestational periods and used different cutoffs to define vitamin D deficiency.
Moreover, most studies measured vitamin D levels by immunoassays rather than
LC-MS/MS, thereby hindering direct comparisons of reported values of 25(OH)D
concentrations. A recent study of 311 pregnant Chinese women in Guiyang, China
reported a slightly higher prevalence of vitamin D deficiency (83.6%) with a slightly
higher mean 25(OH)D concentration (14.69 ng/mL) [19]. This study used LC-MS/MS
for measurement and sampled during the second and third trimesters. Additional
studies using accurate measurement methods are needed to obtain more robust
estimates of vitamin D status among Asian populations. In the present study,
we found that the median 25(OH)D level among pregnant Korean women was
significantly lower in the winter (9.4 ng/mL) than in the summer (20.5 ng/mL)
or the fall (13.9 ng/mL) (p < 0.05). Consistent with this finding, the prevalence of
vitamin D deficiency was much higher in the winter (100%) than in the summer
(45.5%) (p < 0.05). Even in the summer, a vitamin D deficiency was still found
in 45.5% of all women in our cohort. These results are comparable with those of
previous studies in China, Greece, Iran, the Spanish Mediterranean seacoast, and
California (USA) [15,19,22,23]. One previous study in Japan found no significant
seasonal variation of vitamin D levels in pregnant women [16], although the highest
concentration occurred in the fall. Moreover, a high prevalence of vitamin D
deficiency was seen in all four seasons. Thus, it appears to be a general trend
that the vitamin D levels in Asian populations are higher in the summer than in
the winter.
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In the present study, analysis of vitamin D status according to trimester revealed
that being in the first trimester was a risk factor for vitamin D deficiency in pregnant
Korean women. During pregnancy, the serum levels of 1,25(OH)D increase up to
2-fold starting at 10–12 weeks of gestation and reaching a maximum in the third
trimester [25]. However, it is unclear whether 25(OH)D levels steadily increase
throughout pregnancy [20]. The lower vitamin D concentration in the first trimester
observed in the present study is comparable with previous studies in Thailand [26]
and the United States [20], but conflicts with a study in Delhi, India, which found
no significant difference among trimesters [27]. However, the latitude of Delhi is
28.6◦N, and this region enjoys abundant sunlight during most of the year, in contrast
to the region of the present study (36◦N). This study is the first to assess vitamin
D status across pregnancy trimesters in Asia at latitudes near 36◦N. Although the
National Health and Nutrition Examination Survey was conducted in the United
States at a latitude similar to this study (36◦N) [20] and reported that later trimester
was independently associated with a higher 25(OH)D level—Asian pregnant women
were only a small percentage of the participants and were categorized with other
ethnic minorities. It is of particular note that, although the latitudes of the studied
regions were similar to the latitude in this study, the vitamin D levels were higher in
Western countries (the United States and the Spanish Mediterranean seacoast) than
in Asian countries, including Korea. This difference could be due to other covariates
such as demographics, genetic backgrounds of different ethnic groups, vitamin D
supplement use, and outdoor activities [1,14]. Our results are most relevant to
vitamin D studies of Asian populations in temperate climate areas.

In the present study, we compared the prevalence of vitamin D deficiency
between pregnant women and healthy nonpregnant women. A high prevalence
was observed in both groups (79.2% in healthy nonpregnant women and 77.3%
in pregnant women). The finding that severe vitamin D deficiency was more
prevalent in pregnant women (28.6%) than in nonpregnant women (7.2%) suggests
that pregnancy itself could be a risk factor for vitamin D deficiency. This finding
could be due to physiological changes resulting from nutrient demand and loss
during pregnancy [14].

Interestingly, in addition to trimester and season as risk factors for vitamin D
deficiency, we also identified a history of gynecological disease (i.e., leiomyomas
of the uterus or benign ovarian cysts) as a risk factor for vitamin D deficiency
through multivariable logistic regression analysis (adjusted OR 3.4662; 95% CI
1.1550–10.3999; p < 0.05). Previous studies have suggested an association between
vitamin D status and uterine diseases such as uterine myoma and endometriosis in
both black and white women, although the mechanisms underlying this association
remain to be clarified [28,29]. However, the present study is the first study of an Asian
population to reveal an association between vitamin D deficiency and gynecological
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disease. Although bacterial vaginosis, which has been reported to be associated with
vitamin D deficiency among pregnant women in western populations [30], was not
evaluated in the present study, future research should investigate the relationship
between bacterial vaginosis and vitamin D deficiency in Asian populations.

The Endocrine Society recently recommended that pregnant women consume
at least 1500–2000 IU of vitamin D per day [31]. A recent randomized controlled trial
showed that vitamin D supplementation for pregnant women of 4000 IU/day was
both safe and the most effective level [32]. However, vitamin D supplementation is
not part of most routine antenatal care programs in Korea. Although obstetricians in
Korea usually recommend that pregnant women take a vitamin supplement during
pregnancy, no consensus has yet been reached among physicians regarding whether
the consumption of vitamin D-fortified food or specific vitamin D supplementation
should be recommended. This lack of consensus is due at least in part to the
lack of sufficient data on vitamin D status, vitamin D supplementation, and their
associations with pregnancy-related outcomes to establish guidelines for the Korean
population. The present study provides a foundation on which future research on
vitamin D status and its associations with pregnancy-related outcomes in Korea
can build. Vitamin D supplementation should only be recommended when many
factors are taken into consideration. First, the designs and settings of the studies
that inform these recommendations should be carefully considered. For instance,
the current study included low-risk pregnant women and only looked at a few
outcomes; moreover, the current study only enrolled participants with low vitamin D
concentrations. Vitamin D expenditure should also be considered in the context of the
plasma half-life of vitamin D. The details of supplementation regimens could also be
important factors since different doses, boluses, and forms of supplementation could
lead to varying biological effects. Moreover, geographical characteristics should
also be considered because vitamin D needs can vary significantly within a country,
particularly in countries that span large latitudes. During pregnancy, alterations
in metabolism such as changes in vitamin D and calcium equilibrium compared
with the non-pregnant state support the need for assessing vitamin D status and
supplementation in the context of pregnancy. Improved assay methodologies that
can detect vitamin D metabolites would also be useful for informing vitamin D
supplementation needs, since most studies only report a minority of vitamin D
metabolites. All these parameters should be taken into consideration in the design of
future vitamin D supplementation trials.

The potential impact of vitamin D deficiency during pregnancy on maternal
and neonatal health has attracted much interest in recent years. However, a causal
link between vitamin D deficiency during pregnancy and adverse pregnancy-related
outcomes remains to be determined using Hill’s criteria [33], which may be due
in part to our limited knowledge. Although one report supported a possible
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link between a low 25(OH)D status and poor neonatal outcomes [5], the precise
mechanisms underlying this association are yet to be determined. A recent systematic
review and meta-analysis found that spontaneous preterm birth and childbirth with
SGA were significantly associated with 25(OH)D levels <20 ng/mL [34]. In the
present study, two pregnancy outcomes (preterm delivery and childbirth with
SGA) were examined, and no significant association was found between vitamin D
deficiency and either pregnancy outcome. These results are comparable with those
of a study of pregnant Spanish women [3]. This agreement may be due to the small
numbers of adverse pregnancy outcomes in both studies and the high prevalences of
vitamin D deficiency among pregnant Korean women in the groups with and without
adverse pregnancy-related outcomes. However, this finding limits the comparisons
that can be made, thus warranting further research in this area. Another limitation of
the current study is its lack of data about UVB levels and vitamin D intake. However,
the current study is also valuable because it is the first to assess potential associations
between vitamin D deficiency, preterm delivery, and SGA in a temperate climate
region in an ethnically homogeneous Korean population.

In conclusion, our data indicate a high prevalence of vitamin D deficiency
among pregnant women in Korea. Even during the summer months, a majority of
pregnant women suffered from vitamin D deficiency. Being in the first trimester
of pregnancy and the winter season were both associated with an increased risk
of vitamin D deficiency in pregnant Korean women. Although no significant
associations between vitamin D deficiency and preterm delivery or delivery of
SGA babies were observed in the present study, this work will serve as a foundation
for future research on vitamin D status and/or supplementation associated with
pregnancy-related outcomes among pregnant Korean women.
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Vitamin D Status and Related Factors in
Newborns in Shanghai, China
Xiaodan Yu, Weiye Wang, Zhenzhen Wei, Fengxiu Ouyang, Lisu Huang,
Xia Wang, Yanjun Zhao, Huijuan Zhang and Jun Zhang

Abstract: With the increasing recognition of the importance of the non-skeletal effects
of vitamin D (VitD), more and more attention has been drawn to VitD status in early
life. However, the VitD status of newborns and factors that influence VitD levels in
Shanghai, China, remain unclear. A total of 1030 pregnant women were selected from
two hospitals in Shanghai, one of the largest cities in China located at 31 degrees north
latitude. Umbilical cord serum concentrations of 25-hydroxy vitamin D [25(OH)D]
were measured by LC-MS-MS, and questionnaires were used to collect information.
The median cord serum 25(OH)D concentration was 22.4 ng/mL; the concentration
lower than 20 ng/mL accounted for 36.3% of the participants, and the concentration
lower than 30 ng/mL for 84.1%. A multivariable logistic regression model showed
that the determinants of low 25(OH)D status were being born during autumn or
winter months and a lack of VitD-related multivitamin supplementation. The relative
risk was 1.7 for both autumn (95% CI, 1.1–2.6) and winter (95% CI, 1.1–2.5) births
(p < 0.05). VitD-related multivitamin supplementation more than once a day during
pregnancy reduced the risk of VitD deficiency [adjusted OR (aOR) = 0.6, 95% CI
(0.45–1.0) for VitD supplementation] (p < 0.05). VitD deficiency and insufficiency are
common in newborns in Shanghai, China, and are independently associated with
season and VitD supplementation. Our findings may assist future efforts to correct
low levels of 25(OH)D in Shanghai mothers and their newborn children.

Reprinted from Nutrients. Cite as: Yu, X.; Wang, W.; Wei, Z.; Ouyang, F.; Huang, L.;
Wang, X.; Zhao, Y.; Zhang, H.; Zhang, J. Vitamin D Status and Related Factors in
Newborns in Shanghai, China. Nutrients 2014, 6, 5600–5610.

1. Introduction

VitD deficiency during pregnancy and early childhood leads to a variety of
health problems for both the mother and the child [1–3]. Although VitD status during
pregnancy has important implications regarding maternal complications, including
decreased weight gain [4], gestational diabetes [5], preeclampsia [6], infections [7],
and caesarean section [8], it may actually have more important implications for
the general health of the developing fetus and newborn child. VitD deficiency in
the newborn has been linked to hypocalcaemia, low birth weight, allergies, type I
diabetes, impaired development, heart failure and rickets [9–11].
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Over the past decade, numerous studies have reported on VitD status in adults,
the elderly and, increasingly, pregnant women. However, studies regarding the
prevalence of VitD deficiency among newborns are limited. In China, although there
have been some reports of VitD status in pregnant women, there have only been two
reports of newborns’ VitD status with a small sample size: one in Beijing (40 degrees
north latitude) and one in Chengdu (30 degrees north latitude) [12,13]. Shanghai,
one of the largest cities in China with more than 20 million people, is located in East
China at 31 degrees north latitude. According to the only study on VitD levels in
pregnant women in Shanghai, over 90.5% of these women had 25(OH)D levels below
30 ng/mL [14]. VitD supplementation of 10 µg/day during pregnancy, suggested by
the Chinese Nutrition Medicine Association, was equal to the recommended amount
for the adult. In addition, it was reported, although the data is limited, that the
vast majority of Chinese women do not in reality take VitD supplementation during
pregnancy [12]. To date, the VitD status of Shanghai newborns has not been reported.

To address this gap in the literature, we measured serum levels of 25(OH)D in
the cord blood of 1030 healthy newborns in Shanghai to determine their VitD status.
Having documented a high prevalence of VitD deficiency (defined as 20 ng/mL), we
then examined factors that independently predicted VitD status at birth.

2. Experimental Methods

2.1. Study Design and Subjects

The Shanghai Allergy Cohort Study was a prospective study with a birth
cohort of 1071 infants recruited between 2012 and 2013 at Xinhua Hospital and
the International Peace Maternity and Child Hospital, two large tertiary hospitals
in Shanghai. Prior to delivery, written informed consent was obtained from the
mothers, and trained nurses conducted face-to-face interviews. At birth, study
nurses collected the newborn’s anthropometric details and umbilical cord blood,
when available. Ethics approval was obtained by the Ethics Committees of both
Xinhua Hospital affiliated to Shanghai Jiao Tong University School of Medicine and
the International Maternal and Children Care Hospital.

2.2. Umbilical Cord Blood 25(OH)D

The primary outcome measurement of the present study was the cord serum
level of 25(OH)D. Cord blood was available for 1071 of the newborn participants,
and 1030 of those newborns’ mothers completed the questionnaires. The cord
blood samples were centrifuged and transferred to −80 ◦C freezers within 2 h. We
used the sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS)
analytical method to detect serum 25(OH)D following the procedure reported by
our previous study [15]. In this assay, the level of sensitivity for LC/MS/MS assay
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was 0.05 ng/mL for 25(OH)D2, and 0.1 ng/mL for 25(OH)D3. The serum samples
(100 µL) were deproteinised and precipitated using methanol, acetonitrile, zinc
sulfate, and internal standards that included deuterated 25(OH)D2 and 25(OH)D3

(Sigma, St. Louis, MO, USA). Chromatographic separations were obtained using
an Agilent Poroshell 120 EC-C18 (50 × 2.1 mm, 2.7 µm) column with a gradient of
water (containing 0.1% formic acid) and methanol as the mobile phase at a flow rate
of 0.5 mL/min. Multiple reaction monitoring (MRM) of the analyses was performed
under electrospray ionization (ESI) in the positive mode at m/z 401.3→383.2 and
401.3→159.1 for 25(OH)D3, m/z 413.3→395.3 and 413.3→355.2 for 25(OH)D2, and
m/z 404.3→386.3 and 416.4.3→398.3 for d3-25(OH)D3 and d3-25(OH)D2, respectively.
Although there is no consensus on optimal levels of 25(OH)D as measured in serum,
Vit D deficiency has been historically defined and recently recommended by the
Institute of Medicine (IOM) as a 25(OH)D of less than 20 ng/mL [16,17]. VitD
deficiency was defined as a serum 25(OH)D concentration <20 ng/mL, and VitD
insufficiency was defined as a serum 25(OH)D concentration <30 ng/mL [18,19].

2.3. Risk Factors

The questionnaire documented socioeconomic status, maternal age, weight and
height of the mother prepregnancy, VitD and other multivitamin supplementations,
and outdoor activity during pregnancy. Gestational age, newborn sex, month of
birth, and birth weight were obtained from the participants’ medical records.

2.4. Data Analysis

Serum 25(OH)D concentrations were expressed in ng/mL. We first determined
the percentiles of 25(OH)D and the prevalence of VitD deficiency in the newborns
(Table 1). Then, we performed a univariate analysis to examine the correlations
of 25(OH)D level with different groups of related factors (Table 2) and used
multivariable analysis to estimate the independent relationship between 25(OH)D
deficiency and the analyzed related factors after adjusting for potential confounders
(Table 3). P Values of <0.05 were considered significant. All analyses were performed
using Empower(R) (www.empowerstats.com, X&Ysolutions, Inc., Boston, MA, USA)
and R (http://www.R-project.org).

3. Results

Table 1 showed the quartile values of 25(OH)D (Q1 = 18.5 ng/mL,
Q2 = 22.4 ng/mL, Q3 = 27.5 ng/mL), 25(OH)D2 (Q1 = 3.7 ng/mL, Q2 = 4.6 ng/mL,
Q3 = 5.3 ng/mL) and 25(OH)D3 (Q1 = 14.1 ng/mL, Q2 = 17.9 ng/mL,
Q3 = 23.0 ng/mL). Participants had a median cord blood 25(OH)D concentration of
22.4 ng/mL. The 25(OH)D3 (Q2 = 17.9 ng/mL) concentration was higher than the
25(OH)D2 (Q2 = 4.6 ng/mL) concentration, and the ratio of 25(OH)D3:25(OH)D2
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was 4:1. Overall, 36.3% of Shanghai newborns had serum 25(OH)D levels <20 ng/mL
and 84.1% had levels <30 ng/mL (Table 1).

Table 1. Vitamin D level and the prevalence of vitamin D deficiency in newborns
(n = 1030).

25(OH)D2 25(OH)D3 25(OH)D

Q1 3.7 14.1 18.5
Q2 4.6 17.9 22.4
Q3 5.3 23.0 27.5

Min (ng/mL) 0.1 8.3 11.5
Max (ng/mL) 11.5 45.1 51.1

Mean ± SD (ng/mL) 4.5 ± 1.2 19.0 ± 6.1 23.5 ± 6.2
The prevalence of VitD deficiency (%)

[25(OH)D < 20 ng/mL] - - 36.3

The prevalence of VitD insufficiency
(%) [25(OH)D < 30 ng/mL] - - 84.1

The unadjusted associations between the various characteristics and VitD
status were strongest for month (season) of birth and VitD related multivitamin
supplementation (all p for trend <0.001). As expected, the median serum 25(OH)D
concentrations peaked in infants born during summer months and were lower for
infants born in the autumn and winter. The unadjusted analyses also indicated that
outdoor activity on weekdays was a potential determinant of newborn vitamin D
status (p < 0.05) (Table 2).

Table 2. The correlations of various factors with cord blood 25(OH)D by univariate
analysis (n = 1030).

Variable (%) 25(OH)D (Mean ± SD)
(ng/mL) p value

Vitamin D category (ng/mL)
<20 36.3 17.5 ± 1.8 0.0000 **
≥20 63.7 26.9 ± 5.1

Maternal age (years)
<30 51.0 23.3 ± 6.2 0.2914

30–34 39.5 23.5 ± 6.2
35–39 8.5 24.4 ± 6.0
40+ 1.0 25.5 ± 6.7

Maternal prepregnancy BMI
<28 95.3 23.5 ± 6.2 0.2292
≥28 4.7 22.4 ± 5.4

Maternal education
Middle school or lower 2.8 22.7 ± 6.2 0.7719

High school 11.5 23.5 ± 7.0
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Table 2. Cont.

Variable (%) 25(OH)D (Mean ± SD)
(ng/mL) p value

College or higher 85.7 23.5 ± 6.1
Gestational age (weeks)

<37 3.5 23.7 ± 6.2 0.1122
37–39 71.7 23.5 ± 6.2
40+ 24.8 22.8 ± 6.1

Birth weight (g)
<2500 2.4 24.5 ± 6.9 0.4224
≥2500 97.1 23.5 ± 6.2
Gender

boy 50.4 23.2 ± 6.2 0.4504
girl 49.6 23.7 ± 6.3

Month of birth
Summer (Jun.–Aug.) 16.7 23.3 ± 6.1 0.0009 **
Autumn (Sep.–Nov.) 46.5 22.6 ± 6.0
Winter (Dec.–Feb.) 36.8 22.4 ± 6.3

VitD supplementation during
pregnancy

No 78.7 23.0 ± 6.1 0.0000 **
≤6 times/week 4.1 24.7 ± 6.3
≥1 time/day 17.2 25.3 ± 6.3

Calcium supplementation
during pregnancy

No 18.2 22.3 ± 5.9 0.0013 **
≤6 times/week 11.7 22.6 ± 6.0
≥1 time/day 70.1 23.9 ± 6.3

DHA supplementation
during pregnancy

No 63.1 23.0 ± 6.0 0.0024 **
≤6 times/week 6.6 24.4 ± 6.5
≥1 time/day 30.3 24.4 ± 6.4

Outdoor activity in weekdays
<0.5 h 43.6 22.9 ± 5.9 0.0267 *
≥0.5 h 56.4 23.8 ± 6.3

Outdoor activity in weekend
<0.5 h 48.6 23.1 ± 6.1 0.1328
≥0.5 h 51.4 23.7 ± 6.3

Husband smoke during
pregnancy

No 99.7 23.7 ± 6.2 0.0779
Yes 0.3 22.9 ± 6.2

* p < 0.05, ** p < 0.001.
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After adjusting for multiple newborn and maternal characteristics, season of
birth and VitD related multivitamin supplementation remained associated with
newborn VitD status. Newborns born in September through February were at a
higher risk of VitD deficiency. The relative risk was 1.7 (95% CI, 1.1–2.6) in both
autumn and winter (95% CI, 1.1–2.5) (p < 0.05). VitD or DHA supplementation more
than once a day during pregnancy reduced the risk of VitD deficiency [adjusted
OR (aOR) = 0.6, 95% CI (0.45–1.0) for VitD supplementation, and aOR= 0.7, 95% CI
(0.51–0.95) for DHA supplementation] (p < 0.05) (Table 3).

Table 3. Factors associated with cord serum 25(OH)D < 20 ng/mL by multivariable
analysis (n = 1030).

Variable Crude OR 95% CI P-value aOR 95% CI P-value

Gestational age (weeks)
<37 1.0 1.0

37–39 1.1 (0.55, 2.2) 0.778 1.0 (0.49, 2.3) 0.903
40+ 1.4 (1.1, 1.9) 0.021* 1.3 (0.96, 1.8) 0.087

Maternal age (years)
<30 1.0 1.0

30–34 0.99 (0.75, 1.3) 0.917 0.98 (0.74, 1.3) 0.916
35–39 0.6 (0.36, 1.0) 0.052 0.61 (0.36, 1.1) 0.078
40+ 0.42 (0.088, 2.0) 0.276 0.22 (0.026, 1.8) 0.156

Maternal prepregnancy BMI
<28 1.0 1.0
≥28 0.77 (0.43, 1.4) 0.395 0.75 (0.4, 1.4) 0.370

Maternal education
Middle school or lower 1.0 1.0

High school 0.64 (0.28, 1.4) 0.280 0.8 (0.32, 2.0) 0.615
College or higher 0.59 (0.28, 1.2) 0.161 0.73 (0.32, 1.7) 0.458
Birth weight (Kg) 1.0 (1.0, 1.0) 0.551 1.0 (0.98, 1.0) 0.738

Month of birth
Summer (Jun.–Aug.) 1.0 1.0
Autumn (Sep.–Nov.) 1.6 (1.1, 2.3) 0.017 * 1.7 (1.1, 2.6) 0.015*

Winter(Dec.–Feb.) 1.7 (1.2, 1.4) 0.015 * 1.7 (1.1, 2.5) 0.014*
VitD supplementation during pregnancy

No 1.0 1.0
≤6 times/week 0.57 (0.28, 1.1) 0.115 0.78 (0.35, 1.7) 0.552

≥1 time/day 0.52 (0.35, 0.75) <0.001
** 0.6 (0.45, 1.0) 0.045

Calcium supplementation during pregnancy
No 1.0 1.0

≤6 times/week 0.86 (0.54, 1.4) 0.531 1.1 (0.63, 1.8) 0.817
≥1 time/day 0.72 (0.52, 1.0) 0.050 * 0.8 (0.56, 1.2) 0.243

DHA supplementation during pregnancy
No 1.0 1.0

≤6 times/week 0.61 (0.35, 1.1) 0.080 0.66 (0.36, 1.2) 0.197
≥1 time/day 0.67 (0.5, 0.9) 0.007 * 0.7 (0.51, 0.95) 0.022

Outdoor activity in weekdays
<0.5 h 1.0 1.0
≥0.5 h 0.93 (0.72, 1.2) 0.558 0.84 (0.58, 1.2) 0.371

Outdoor activity in weekend
<0.5 h 1.0 1.0
≥0.5 h 1.0 (0.81, 1.4) 0.720 1.3 (0.92, 1.9) 0.128

Husband smoke during pregnancy
No 1.0 1.0
Yes 1.2 (0.94, 1.6) 0.139 1.2 (0.9, 1.7) 0.184

# All parameter estimates were adjusted for other covariates. * P < 0.05.
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4. Discussion

We found that 25(OH)D levels in cord blood from 1030 healthy Shanghai infants
were quite low overall—almost 1/3 of the children had less than 20 ng/mL 25(OH)D
in early life. Cord blood 25(OH)D level was positively correlated with summer birth
and multivitamin supplementation containing VitD, two strong predictors of high
VitD status.

A high prevalence of VitD insufficiency in newborns confirms that VitD
insufficiency or deficiency is a major health problem in Shanghai. Our data, which
showed that the median 25(OH)D level was 22.4 ng/mL with 36.3% of newborn
participants having VitD deficiency and 84.1% having VitD insufficiency, was similar
to that of Tao et al. [14] in a study of pregnant women in Shanghai (mean: 17.57 g/mL,
deficiency: 69%, insufficiency: 91%). However, the prevalence of VitD insufficiency
was much higher than that reported by a study of small sample size newborns in
Beijing (insufficiency: 100%, n = 58) [12].

Serum 25(OH)D is the best indicator of VitD status [20]. Although a number
of assays are now available for measuring 25(OH)D in the serum or plasma,
recently liquid chromatography tandem mass spectrometry (LC–MS/MS) systems
have been used for more rapid, specific and sensitive assessment [21] and are
gaining wide-spread acceptance [22–24]. LC–MS/MS can accurately measure the
different forms of VitD, including VitD2 and VitD3. In this study, the ratio of
25(OH)D3:25(OH)D2 was 4:1, which is similar to that reported by Karras et al.
(3:1) [25]. In humans, VitD3 is produced from its precursor, 7-dehydrocholesterol,
during exposure to ultraviolet rays contained in sunlight, or it can be consumed
in the diet. The human body does not make VitD2, and the typically low level of
VitD2 that is observed in humans is from dietary intake. Given that VitD2 is the
only high-dose preparation of VitD available in many countries, potential differences
in the ability of assays to accurately detect 25(OH)D2 and 25(OH)D3 are of clinical
importance in cases where supplementation is suggested [25].

The seasonality of serum 25(OH)D levels in older children and adults has been
well documented [26–28]. In contrast, few studies have examined this issue in
newborns. Our study demonstrates seasonal variation in neonatal 25(OH)D levels.
We found neonatal 25(OH)D levels were highest for newborns born from June to
August and then decreased during the autumn and winter, from September through
February. Our data are in accordance with two previous studies in New Zealand and
Norway [29,30], but showed a relative weak seasonal variation. The lack of strong
seasonal correlation could be due to the fact that Shanghai is an urban city with
limited opportunities for exposure to the sun, and the Chinese women have the habit
of avoiding exposure (umbrellas, hats, and sunscreen). Pregnant women also tend to
stop working and stay indoors. VitD supplementation is also uncommon in China.
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In our study, only 21.3% of pregnant women took the VitD supplementation during
their pregnancy, and they took a low dose at 200–400 IU/day.

Our study also showed that VitD related multivitamin supplementation during
pregnancy was positively correlated with neonatal 25(OH)D levels. VitD fortified
food is rare in China. Thus, VitD supplementation is the main source of VitD
for pregnant women. DHA supplementation can also improve 25(OH)D level,
possibly because VitD co-exists in DHA preparations. The Chinese Association of
Obstetrics & Gynecology has not suggested any guideline for VitD supplementation
for pregnant women. Accordingly, Chinese obstetricians do not pay any attention to
the VitD status of pregnant women and few hospitals perform vitamin D detection.
Thus, further research into VitD status and related health outcomes in China is
urgently needed.

In addition, we did not find an association between VitD status and gestational
age, especially in newborns born preterm. We speculate that this is because the
prevalence of preterm deliveries was low (3.5%). This was a relative large cohort
study of neonatal VitD levels. However, the present study has some limitations.
We did not collect blood samples from the mothers. Thus, we could not measure
maternal 25(OH)D levels, even though a strong positive association between maternal
25(OH)D and neonatal 25(OH)D has been well proven [31–33]. Notably, we are
performing a follow-up study of the outcomes of the children in this study, including
allergies and asthma.

5. Conclusions

In summary, VitD deficiency and insufficiency are common in newborns in
Shanghai, China. At present, maternal VitD status is not a major concern in China.
Our findings may help increase awareness of this problem and promote VitD
supplementation during pregnancy to improve VitD status both in mothers and
their newborn children.
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Sun Exposure and Vitamin D
Supplementation in Relation to Vitamin D
Status of Breastfeeding Mothers and Infants in
the Global Exploration of Human Milk Study
Adekunle Dawodu, Barbara Davidson, Jessica G. Woo, Yong-Mei Peng,
Guillermo M. Ruiz-Palacios, Maria de Lourdes Guerrero and Ardythe L. Morrow

Abstract: Although vitamin D (vD) deficiency is common in breastfed infants and
their mothers during pregnancy and lactation, a standardized global comparison
is lacking. We studied the prevalence and risk factors for vD deficiency using a
standardized protocol in a cohort of breastfeeding mother-infant pairs, enrolled in
the Global Exploration of Human Milk Study, designed to examine longitudinally
the effect of environment, diet and culture. Mothers planned to provide breast
milk for at least three months post-partum and were enrolled at four weeks
postpartum in Shanghai, China (n = 112), Cincinnati, Ohio (n = 119), and Mexico City,
Mexico (n = 113). Maternal serum 25(OH)D was measured by radioimmunoassay
(<50 nmol/L was categorized as deficient). Serum 25(OH)D was measured in a
subset of infants (35 Shanghai, 47 Cincinnati and 45 Mexico City) seen at 26 weeks
of age during fall and winter seasons. Data collected prospectively included
vD supplementation, season and sun index (sun exposure × body surface area
exposed while outdoors). Differences and factors associated with vD deficiency were
evaluated using appropriate statistical analysis. vD deficiency in order of magnitude
was identified in 62%, 52% and 17% of Mexican, Shanghai and Cincinnati mothers,
respectively (p < 0.001). In regression analysis, vD supplementation (p < 0.01),
obesity (p = 0.03), season (p = 0.001) and sites (p < 0.001) predicted maternal vD
status. vD deficiency in order of magnitude was found in 62%, 28%, and 6% of
Mexican, Cincinnati and Shanghai infants, respectively (p < 0.001). Season (p = 0.022),
adding formula feeding (p < 0.001) and a higher sun index (p = 0.085) predicted
higher infant vD status. vD deficiency appears to be a global problem in mothers
and infants, though the prevalence in diverse populations may depend upon sun
exposure behaviors and vD supplementation. Greater attention to maternal and
infant vD status starting during pregnancy is warranted worldwide.

Reprinted from Nutrients. Cite as: Dawodu, A.; Davidson, B.; Woo, J.G.; Peng, Y.-M.;
Ruiz-Palacios, G.M.; de Lourdes Guerrero, M.; Morrow, A.L. Sun Exposure and
Vitamin D Supplementation in Relation to Vitamin D Status of Breastfeeding Mothers
and Infants in the Global Exploration of Human Milk Study. Nutrients 2015, 7,
1081–1093.
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1. Introduction

Vitamin D (vD) is a prohormone that is synthesized in humans following skin
exposure to ultraviolet B radiation in the range of 280–320 nm. In comparison
to sunlight, diet provides less than 10% of the body’s vD requirement in
unsupplemented individuals [1,2]. Vitamin D is necessary to maintain calcium
homeostasis and bone health, and there are increasing reports of its role in innate
and autoimmune functions [3]. Vitamin D deficiency is detrimental to the health of
mothers and children because of increased risk of osteomalacia in adults and rickets
and delayed growth in infants and children [4–6]. In addition, vD deficiency or low
vD intake has been associated with increased risk of autoimmune diseases in adults
and children [7,8] and lower respiratory tract infection in children [9–12].

Recently, vD deficiency has been reported to be a public health problem
worldwide despite abundant sunshine in many countries and the demonstration
of the efficacy of vD supplements to prevent vD deficiency [7]. A review of recent
studies suggests that vD deficiency is a global problem during pregnancy [13]. The
prevalence of serum 25(OH)D levels <50 nmol/L, considered vD deficiency [14],
ranges between 33% in the USA [15] and 42% in Canada [16] to 75%–77% in the
UK [17] and Finland [18] and from 74% to 98% in India [19], New Zealand [20] and
the United Arab Emirates [21]. The high prevalence of vD deficiency in pregnancy
raises concern about increased risk of low vD status in mothers and infants after birth
and especially the segments that breastfeed, because of the low vD content of breast
milk. Furthermore, in view of the drive to increase the prevalence and duration of
exclusive breastfeeding and the reported increased risk of rickets in breastfeeding
infants [5], the vD status of lactating women and their infants should be of global
health concern. The reported few studies appear to indicate that vitamin D deficiency
is common in breastfeeding infants, and rickets may represent the tip of the iceberg.
Some authors have suggested that vD deficiency may be an under-diagnosed public
health problem in breastfeeding mothers and their infants in many countries [5,9], but
standardized comparisons of global prevalence are lacking. For example, the cutoff
values for vD deficiency, age of study, season of study and methods of assessment of
risk factors varied among the studies [9]. The objectives of this study were to compare
the prevalence and risk factors for vD deficiency in a cohort of breastfeeding mothers
and infants in Shanghai, China, Cincinnati, Ohio, and Mexico City, Mexico, using the
same study design and serum vD level measurement in a single center. The mothers
and infant dyads were enrolled in the longitudinal Global Exploration of Human
Milk study, which was designed to explore the effects of different environments and
diets on human milk composition, infant nutrition and health.
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2. Methods

2.1. Subjects

One hundred and twenty mother-infant pairs were enrolled at 4 weeks
postpartum in Shanghai and Cincinnati and 125 in Mexico City. The protocol of the
parent study was approved by the Review Boards of Fudan Children’s Hospital of
Fudan University in Shanghai, China, Cincinnati Children’s Hospital Medical Center
in Cincinnati, Ohio, and the National Institute of Medical Sciences and Nutrition in
Mexico City, Mexico. The parent study was a longitudinal international cohort study
of breastfeeding mother-infant pairs designed to assess the relationship between
bioactive factors in human milk and infant growth and health status over the first
year of life. All of the mothers delivered singleton infants at term (≥37 weeks)
and planned to provide breast milk for at least 3 months postpartum. Mothers with
health problems that could interfere with breastfeeding or who delivered prematurely
(<37 weeks) were excluded from the study. Healthy mothers were recruited from
those who delivered at International Peace Maternity and Child Health Hospital
in Shanghai, China, The Christ Hospital in Cincinnati, Ohio, and Gea Gonzalez
Hospital in Mexico City, Mexico, between March, 2007, and September, 2008.

The primary outcome of this study is the prevalence and risk factors for vD
deficiency (measured by serum 25(OH)D concentration) in mothers at 4 weeks
postpartum in Mexico City, latitude 19◦ N, (n = 113), Shanghai, latitude 31◦ N,
(n = 112), and Cincinnati, latitude 39◦ N, (n = 119) by season. We also studied a subset
of 35 Shanghai, 47 Cincinnati and 45 Mexican infants who were assessed during fall
and winter seasons at 26 weeks of life at the 3 sites, because they had serum available
for 25(OH)D measurement. Cincinnati infants were multi-racial (white (80%), black
(10%) and other racial groups (10%)).

2.2. Design

A registered nurse visited family homes at 2 weeks postpartum to enroll
the mothers after consent had been obtained. For the parent study, postpartum
visits took place at 4 weeks, 13 weeks, 26 weeks, 52 weeks and 108 weeks to
complete demographic data and follow-up questionnaires. The data collected
prospectively for the purpose of this study included socio-demographics, maternal
vD supplementation intake reported during the interview and sunlight exposure
behaviors in mothers and infants. Maternal report of vD supplementation
to the infant was incomplete in all 3 sites, and therefore, comparisons of vD
supplementation of infants at the 3 sites was not available. Infant milk source during
the follow-up was documented using standardized questionnaires during weekly
phone follow-up interviews. It was, therefore, possible to determine the prevalence
of formula usage, which could impact infant’s vD intake and, thus, vD status.
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Sun exposure behavior was assessed by recording the duration of direct sun
exposure (h/week) in the week prior to the interview. Body surface area (BSA)
exposure while outdoors was based on a modified questionnaire [22] for assessing
sun exposure to sunlight in adults and infants using a mode of outdoor clothing. For
example, exposure of head and neck is assigned an area of 5% for the mother and
14% for the infant. The total percentage of BSA exposed to sunlight was calculated
as the sum of the percentage BSA exposed while outdoors associated with all of
the subject’s responses. A sun exposure index was calculated by multiplying the
percentage of BSA exposed by the hours of exposure to sunlight per week. This index
has been shown to correlate with vD status in adults and children [23–25].

Blood samples were drawn by venipuncture from the mothers and the infants,
and the date of blood collection was recorded. The serum samples were frozen
at −80 ◦C and shipped to the Cincinnati vD research lab from Shanghai and Mexico
City sites for evaluation of vD status of mothers and infants. Serum concentrations
of 25(OH)D were measured by radioimmunoassay (DiaSorin, Stillwater, MN, USA)
in nmol/L, as previously described [22]. The intra- and inter-assay coefficients of
variation for 25(OH)D concentration measurement were 4% and 11%, respectively.
Serum 25(OH)D concentration <50 nmol/L was defined as deficient [14]; values of
30 to <50 nmol/L were categorized as moderate deficiency, and values <30 nmol/L,
consistent with increased risk of rickets or osteomalacia, were categorized as severe
deficiency [26,27]. Blood samples were available to measure serum intact parathyroid
hormone (PTH) using the immunoradiometric assay (DiaSorin) method in Shanghai
and Cincinnati mothers. The normal adult range in the laboratory using this assay is
13–54 pg/mL.

2.3. Statistical Analysis

The primary variables for this study were maternal serum 25(OH)D
concentrations at 4 weeks postpartum at the 3 sites and the infant serum 25(OH)D
concentrations at 26 weeks postpartum. Analysis of variance was used to compare
mothers by site and within each season for serum 25(OH)D concentrations and sun
exposure index. Infant serum 25(OH)D concentrations during fall and winter seasons
at 26 weeks of age by site was compared using ANOVA.

We also compared selected maternal socio-demographic factors, prevalence
of vD supplementation and sun exposure behaviors by sites using nonparametric
statistical tests. Multivariate multiple regression models with the vD status of the
mothers at 4 weeks postpartum and the infants at 26 weeks of age during the
fall/winter season as the outcome variable were constructed to control for other
potential confounding variables.
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3. Results

3.1. Maternal Results

Table 1 shows the comparison of the maternal baseline characteristics by
site. Cincinnati mothers were older (p < 0.001), included mothers with higher
prevalence of obesity (p = 0.0001), four-year college education (p = 0.0001) and
vD supplementation rate (p = 0.0001). The mean sun index was negligible in
Shanghai (10.0) and Mexican mothers (0.87) compared with Cincinnati mothers
(239.0), p < 0.001.

At four weeks postpartum, maternal mean serum 25(OH)D concentrations
differed (p < 0.001) by site (Figure 1). The mean values of 48.6 nmol/L in Shanghai and
48.2 nmol/L in Mexico City were lower than the value of 70.2 nmol/L in Cincinnati.
Vitamin D deficiency (serum 25(OH)D <50 nmol/L) in order of magnitude was found
in 62%, 52% and 17% of Mexican, Shanghai and Cincinnati mothers, respectively
(p < 0.001).

Table 1. Maternal demography, vitamin D (vD) supplementation and sun
index by city.

Shanghai
Latitude 31◦ N

Cincinnati
Latitude 39◦ N

Mexico City
Latitude 19◦ N p-Value

Age (mean (SD)) 29.3 (3.7) 31.5 (5.2) 24.4 (5.6) 0.001
Obese (BMI >30) (n (%)) 1 (0.8) 33 (28.0) 5 (4.5) 0.0001

Education (n (%)),
completed 4-y college 69 (57.5) 82 (68.3) 5 (4.2) 0.0001

vD supplementation (n (%)) 22 (18.3) 94 (87.0) 44 (35.2) 0.0001
Sun index (mean (SD)) 10 (24) 239 (301) 0.87 (1.1) 0.001

p-values by Fisher’s or the Kruskal–Wallis test.

Figure 2 displays the maternal serum 25(OH)D concentrations and sun indices
by sites and season. The sun index varies by season among Cincinnati mothers, but
there was lack of seasonal variation among Shanghai and Mexican mothers. Maternal
vD status as measured by serum 25(OH)D concentrations showed seasonal variation,
with the highest values among Cincinnati mothers within each season.
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Figure 2. Maternal vD status and sun index by season and site, p < 0.001 by
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exposure index.

3.2. Infant Results

Comparing infants seen during the fall/winter seasons at 26 weeks of age
at the three sites, the mean serum 25(OH)D concentrations were lower in Mexico
City (44.0 nmol/L) and Cincinnati (68.3 nmol/L) than Shanghai (95.3 nmol/L),
p < 0.001 (Figure 3). Vitamin D deficiency in order of magnitude was found in 62%,
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28% and 6% of Mexican, Cincinnati and Shanghai infants, respectively (p < 0.001).
Sunlight exposures during the fall/winter seasons were different by sites and were
higher in Shanghai infants at 26 weeks than in Cincinnati and Mexican infants.
The duration of sun exposure in hours per week (median, IQR) were 3.0 (1.1, 4.4)
vs. 2.0 (0.5, 5.3) vs. 1.0 (0.3, 1.7) in Shanghai, Cincinnati and Mexican infants,
respectively. The median (IQR) percent of BSAs exposed were 26 (14, 26) vs. 14 (7, 26)
vs. 19 (14, 24) in Shanghai, Cincinnati and Mexican infants, respectively. Median (IQR)
sun index (BSA × duration of sun exposure) values were 55 (22,104) vs. 27 (3.8, 65)
vs. 21 (7.1, 29.1) in Shanghai, Cincinnati and Mexican infants, respectively. In
spring/summer seasons, the infant sun index was higher in the Cincinnati cohort
followed by Shanghai and lowest in the Mexico City cohort, but we did not have
enough blood for infant serum 25(OH)D measurement in the Shanghai and Mexico
City cohorts. Serum 25(OH)D in infants are associated with their sun index, including
all infants measured in the fall/winter season (r = 0.39, p < 0.001) across the three
sites. This is also true for infants in the Cincinnati site in the fall/winter season
(r = 0.37, p = 0.01), but not for the other two sites independently.
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Figure 3. Infant serum 25(OH)D concentrations in fall/winter seasons at 26 weeks
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3.3. Categories of vD Deficiency in Mothers and Infants

The different categories of low vD status, moderate (serum 25(OH)D 30 to
<50 nmol/L) and severe (serum 25(OH)D <30 nmol/L) deficiency, in mothers and
infants differed by site and are shown in Table 2. Overall, less than 4% of the mothers
were severely deficient, and the percent of mothers with severe deficiency was
over two-fold higher in Mexican mothers than Shanghai and Cincinnati mothers.
About half of the Shanghai and Mexican mothers had moderate deficiency compared
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with 14% of Cincinnati mothers. Overall, 12.5% of the infants evaluated during the
fall/winter season at 26 weeks of age were severely deficient. In contrast to maternal
findings, the percent of infants with severe and moderate deficiencies were lower in
Shanghai compared with Cincinnati and Mexico City cohorts.

Table 2. Categories of vitamin D status in mothers and infants.

All Shanghai Cincinnati Mexico City

Categories
Mothers * at 4 weeks postpartum 344 112 119 113

n (%) <30 nmol/L 13 (3.8) 3 (2.7) 3 (2.5) 7 (6.2)
n (%) 30 to <50 nmol/L 135 (39.2) 55 (49.1) 17 (14.3) 63 (55.8)

n (%) ≥50 nmol/L 196 (57.0) 54 (48.2) 99 (83.2) 43 (38.0)

Infants * at 26 weeks of age 128 36 47 45
n (%) <30 nmol/L 16 (12.5) 0 (0) 6 (12.8) 10 (22.2)

n (%) 30 to <50 nmol/L 27 (21.0) 2 (5.6) 7 (14.9) 18 (40.0)
n (%) ≥50 nmol/L 85 (66.4) 34 (94.4) 34 (72.3) 17 (37.8)

* p ≤ 0.001 by Fisher’s exact test comparing categories of vD status by site.

3.4. Factors Independently Associated with vD Status in Mothers and Infants in
Regression Analysis

In the mothers, regression analysis with serum 25(OH)D concentration as the
primary outcome showed that vD supplement intake (β ± SE, 5.5 ± 2.2, p = 0.01)
and summer/fall season (β ± SE, 7.3 ± 1.8, p < 0.001) were associated with
higher maternal serum 25(OH)D concentrations, while obesity (β ± SE, −6.7 ± 3.1,
p = 0.03) and sites (Shanghai (β ± SE, −19.9 ± 2.8, p < 0.001) and Mexico City
(β ± SE, −20.8 ± 6, p < 0.001)) were associated with low maternal serum 25(OH)D
concentrations. Factors evaluated in the model were obesity or prepregnancy, BMI,
age, education, season, vD supplementation, sun index and sites. In the Cincinnati
cohort only was there a higher sun index, a significant predictor of maternal vD
status. In regression analysis, formula feeding (p = 0.001), season (p = 0.022), sun
index (p = 0.085) and sites (p ≤ 0.001) were independent predictors of higher serum
25(OH)D concentration status in the infants at 26 weeks of age. Factors evaluated in
the model were sun index log, percent formula fed, mother’s serum 25(OH)D level,
maternal vitamin D deficiency and sites.

3.5. Maternal Serum 25(OH)D Concentrations and PTH Relationship in Cincinnati
and Shanghai

There was a negative correlation between serum 25(OD) concentrations and PTH
concentrations (r = −0.2, p = 0.002) (Figure 4) in mothers at four weeks postpartum
based on the data from Shanghai and Cincinnati. Blood samples were insufficient to
measure PTH concentrations in mothers from Mexico City.
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(nmol/L) levels at four weeks post-partum in Shanghai and Cincinnati mothers.
Analyzed together, serum 25(OH)D and PTH were negatively correlated.

4. Discussion

In this prospective study of urban population in North America, Latin America
and China using the same study design, we found vD deficiency to be common in
breastfeeding mothers from Shanghai and Mexico City and less common in mothers
in Cincinnati. The mean serum 25(OH)D concentration in lactating mothers in
Mexico City (48.2 nmol/L) and in Shanghai (48.6 nmol/L) was lower than the
recommended target value of >50 nmol/L [27]. At four weeks postpartum, over 60%
of the mothers in Mexico City and half of the mothers in Shanghai were vD deficient
()serum 25(OH)D concentration <50 nmol/L) compared with 17% of mothers in
Cincinnati. Most of the vD deficient mothers had moderate vD deficiency (serum
25(OH)D levels of 30 to <50 nmol/L) while 2% of the mothers in Shanghai and
Cincinnati and 6.2% of Mexican mothers had severe deficiency (serum 25(OH)D
levels <30 nmol/L), which is associated with increased risk of osteomalacia. As
expected, there was an inverse relationship between 25(OH)D levels and serum PTH
levels, indicating an inadequate vD status in the mothers, which is associated with
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elevated levels of serum PTH. The degree of severe vD deficiency is significantly
lower than previously reported from other countries. Based on previous studies,
61% of breastfeeding mothers from the United Arab Emirates [28], 48% of mothers in
India [29] and 46% of breastfeeding mothers from Turkey [30] had severe deficiency
(serum 25(OH)D concentration <25 nmol/L), which is associated with increased
risk of osteomalacia [27]. Such a low vD status would also predispose breastfeeding
infants without vD supplementation to vD deficiency. It thus appears that moderate
to severe vD deficiency in early postpartum in breastfeeding mothers is a common
problem in many countries and may be under recognized.

In this study, the higher vD status in mothers from Cincinnati was associated
with higher sun index and vD supplementation intake compared with mothers in
Shanghai and Mexico City. It is of note that the restricted exposure to sunlight
during postpartum among Shanghai and Mexican mothers is related to cultural
practices in which mothers are restricted from outdoor activities and are cared for
by family members. This practice of restricting mothers from outdoor exposure in
the immediate postpartum convalescent period (known as “doing the month”) in
China has been associated with increased risk of low vD status and rickets in some
rural Chinese communities [31]. Recognition of the possible impact of these cultural
practices on vD nutrition in postpartum mothers should heighten attention to the
need for vD supplementation in such settings. In all of the cohorts from the three sites,
vD intake, obesity and season were independent predictors of maternal vD status in
multivariate regression analysis. In individual site analysis, high maternal sun index
(>500) was associated with high maternal vD status only in the Cincinnati cohort,
which attained such a high index. Therefore, differences in the prevalence of these
potential risk factors among populations will impact maternal global prevalence,
as well as the degree of maternal vD deficiency. For example, in the study from
the United Arab Emirates, where severe vD deficiency is more common than in
this study, it was found that mothers were more severely sunshine deprived during
lactation and had a lower rate of vD supplement intake [28,32].

The vitamin D status of breastfeeding infants who were seen at 26 weeks of
age during the fall and winter seasons were lower in the Mexican infants (mean
serum 25(OH)D 44 nmol/L) and Cincinnati infants (68.3 nmol/L) than in Shanghai
infants (95.3 nmol/L). Vitamin D deficiency, defined as serum 25(OH)D <50 nmol/L,
was ten-fold higher in Mexican infants and almost five-fold higher in Cincinnati
infants than in Shanghai (62% vs. 28% vs. 6%, respectively). In addition, severe
deficiency (serum 25(OH)D <30 nmol/L) was over two-fold higher in Mexican than in
Shanghai and Cincinnati infants. This degree of severe deficiency could theoretically
predispose Mexican infants to increased risk of rickets [26,27].

Other recent studies indicate that the prevalence of serum 25(OH)D <30 nmol/L
is high and variable worldwide in breastfeeding infants, and lack of sun exposure and
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vD supplementation have been suggested as contributing factors [9]. Twenty-seven
percent of breastfeeding infants in Ioannina in Greece [33], 43%–48% of breastfed
infants from New Delhi, India [29,34], and 82% of exclusively breastfed infants in Al
Ain, the United Arab Emirates [28], had serum 25(OH)D <25 nmol/L at 3–6 months
of age. It therefore appears that moderate to severe vD deficiency is common in
sunshine-deprived and unsupplemented breastfed infants, and reports of clinical
rickets may not represent the true picture of low vitamin D status in breastfed infants.

Although the mothers and infants in Shanghai were sunshine deprived in the
immediate postpartum period, it is of interest that the infants had a higher sun
index than the Cincinnati and Mexican infants during the fall/winter season at
26 weeks of age. Clinical experience also suggested that most (80%) of breastfeeding
infants in Shanghai would be on vD supplements, because it is encouraged by care
providers [35]. Higher sun index, intake from formula feeding and possible high vD
supplementation probably contributed to the higher vD status in Shanghai infants.
Using available data from the cohorts from the three sites in the regression analysis,
a higher sun index and formula feeding, which increased infant vD intake, were
predictors of higher infant vD status at 26 weeks of age. In a previous report, which
focused on the Cincinnati site, a shorter duration of exclusive breastfeeding was also
predictive of vD sufficiency [22].

The strength of the study is that we had data to examine the effect of sun
exposure and vD supplement intake on maternal vD status at three international
sites using the measurement of 25(OH)D levels in a single center. Our study also
had a number of limitations. The measurement of 25(OH)D was at only one time
point, and we did not have data to compare mother-infant pairs over time. There
was lack of information on the vD status of the infants between birth and 26 weeks of
age, which could have provided better longitudinal data on the relationship between
feeding pattern and serum 25(OH)D concentration in the infant. We did not have
blood samples in the infants for comparison of 25(OH)D concentrations during all
four seasons across the three sites. We did not evaluate the role of skin pigmentation,
which could contribute to vitamin synthesis and serum 25(OH)D levels, especially in
Cincinnati cohorts. Additionally, an important limitation was lack of data on the rate
of vD supplement intake in the infants at two of the three sites.

The reported vD supplementation rate in infants in the Cincinnati cohort was
only 19%. Other studies from the U.S. have also reported a low vD supplementation
rate of 5%–19% in breastfeeding infants [36,37], while two recent studies from
Canada found high vD supplementation rates of 80%–98% [38] and 88%–98% in
breastfed infants [39]. Advice on vD supplement use from healthcare providers was a
positive predictor of supplementation in the Canadian [38,39] and one U.S. [37] study.
In general, breastfed infants rely on transplacental transfer of vD, skin synthesis of
vD or vD supplementation. However, due to concern about skin cancer, professional
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organizations recommend that infants avoid sun exposure [40]. Therefore, if breast
milk is a major source of feeding in a setting of low maternal vD status and
limited sun exposure, awareness among healthcare providers and caregivers of
the need for vD supplement intake should be heightened to prevent vD deficiency in
breastfeeding infants.

5. Conclusions

Vitamin D deficiency is detrimental to the health of mother and infant. From this
comparative study using the same study design, it is possible that vD deficiency may
be a global health problem in the breastfeeding mother-infant dyad and is related
to sun exposure behaviors and vD supplement use between populations. Greater
attention to maternal and infant vD status, preferably starting during pregnancy,
is warranted worldwide.
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