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Abstract

Purpose of Review The development of allergic disease is shaped by genetics and the environment, including diet. Many studies
suggest a role for maternal diet during pregnancy. In this article, we discuss potential mechanisms by which specific nutrients,
particular foods, and dietary patterns may influence allergic disease development and review studies examining the relationship
between prenatal diet and the risk of childhood allergy.

Recent Findings The combination of in utero exposures and genetic predisposition may contribute to the development of allergic
disease by altering immune and organ development. Inflammation predominates in the first and third trimesters whereas the
second trimester is characterized by anti-inflammatory and Th2 immune responses. Maternal dietary exposures during pregnancy
may interact with inherited genetic risk factors influence immune system development.

Summary There are varied results regarding the impact of maternal prenatal diet on the development of childhood allergies. Well-

designed randomized controlled studies are needed to clarify this area.

Keywords Maternal diet - Prenatal - Childhood allergy - Atopic disease - Vitamins - Nutrients

Abbreviations

CRP  C-reactive protein

DC Dendritic cells

FFQ  Food frequency questionnaire
IgE Immunoglobulin E

IL Interleukin

U International units

MHC Major histocompatibility complex
OVA  Ovalbumin

RCT Randomized controlled trial
SPT  Skin prick test

Thl T helper 1

Th2 T helper2

Treg T regulatory
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Introduction

The prevalence of allergic diseases worldwide has risen over
the past few decades [1-3]. In the USA, skin and food aller-
gies increased from 7.4 and 3.4% in 1997 to 12.5 and 5.1% in
2011, respectively [3]. Changes in environment and lifestyle
such as diet, antibiotic use, and hygiene may have influenced
this rise, and such exposures may exert effects as early as the
in utero period [4°].

The prenatal period is a critical period for immune system
development. Maternal diet during pregnancy has been pro-
posed as a risk factor for childhood allergic disease such as
asthma, food allergy, eczema, and allergic rhinitis. Because
the aggregate of current available evidence is inconsistent
and inconclusive, current guidelines do not recommend ma-
ternal allergen avoidance or supplementation of nutrients dur-
ing pregnancy for the primary prevention of allergic disease in
children [5].

In this article, we first discuss the rationale for considering
maternal diet during pregnancy as a risk factor for childhood
allergic diseases. From the perspective that diet can be consid-
ered as specific nutrients, particular foods, as well as dietary
patterns [6], we then review studies that have been conducted
to investigate the effects of prenatal diet on childhood allergic
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diseases. We close by offering our perspectives on research
needed to advance this intriguing area of inquiry.

Rationale for Considering Prenatal Diet
as a Risk Factor for Childhood Allergic
Diseases

Pregnancy encompasses different immunological stages with
mechanisms specific to each trimester. Inflammation at the
implantation site aids with adhesion and development in the
first trimester whereas the second trimester is characterized by
anti-inflammatory and Th2 type immune responses [7¢]. In the
third trimester, conditions switch back to an inflammatory and
Thl type immune state necessary for labor and delivery [7¢].
The phenotypes and functions of innate and adaptive immune
cells in pregnancy are determined by signals from the placen-
ta, and this in utero environment may be influenced by exter-
nal factors in the maternal circulation [7¢, 8]. Environmental
exposures such as diet and toxin exposures can alter the epi-
genome and interact with inherited genetic risk to influence
organ development and immune programming [8, 9].

Maternal nutrients and microbiota can influence the expan-
sion of innate immune cells, development of intestinal epithe-
lial cells, and formation of lymphoid organs [10-12]. For ex-
ample, murine studies have shown that nutrients such as
retinoic acid in utero are associated with fetal innate lymphoid
cell maturation [10]. In addition, maternal levels of dietary
retinoids can influence the size of secondary lymphoid organs
and immune system responses in adult offspring [10].
Because the developing fetus relies on the mother to provide
nutrients necessary for immune system and overall develop-
ment, maternal diet is important. Malnutrition directly affects
placental function and fetal immune development and has
been associated with increased risk of obstructive airway dis-
ease [8]. Maternal intake of specific nutrients, particular foods,
and dietary patterns has been studied as a risk factor for the
development of atopic disease with many proposed mecha-
nisms for its effects (Fig. 1 and Table 1).

General dietary guidelines recommend consuming foods
that meet nutritional needs without exceeding limits of con-
stituents such as sugars, saturated fats, and total calories.
Nutritional needs should be met primarily from foods that
are nutrient-dense with high levels of essential vitamins, min-
erals, and fiber [37]. Components of a diet are also commonly
broken down into food groups such as vegetables, fruits,
grains, dairy, protein foods, and oils [37]. Eating an appropri-
ate mixture of particular foods from food groups and sub-
groups is important since each of these groups provide key
nutrients to the diet. For instance, vegetables are an important
source of vitamin A, vitamin C, vitamin E, iron, and folate
[37]. Another common way to think about diet is through
dietary patterns which describe a customary mode of eating
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from which an individual obtains his or her nutrients and
calories [37]. Well-known dietary patterns include the
Mediterranean diet, a “healthy” diet, and the Western diet.
Many of the studies reviewed in this article focus on specific
nutrients, though some target particular foods. Evaluating spe-
cific nutrients provides nutrient-specific information with rel-
evance to biologic mechanisms, but the effects and logistics of
implementing nutrient-specific interventions is difficult to dis-
cern since multiple nutrients contribute to and interact in an
individual’s diet. Focusing on specific nutrients, though, sim-
plifies the question at hand and specific supplementation can
be considered. Studies of particular foods offer the advantage
that food composition data are not needed and results can
easily translate into dietary advice, but analysis at this level
also does not account for nutrient synergy between foods.
Studies on dietary patterns reflect a more encompassing ap-
proach that may be more applicable to real-life intake prac-
tices [6].

Intake of Specific Nutrients During Pregnancy
and Childhood Allergic Disease

Vitamin D

Several studies support that vitamin D modulates immune
system development (Table 1). Vitamin D supplementation
is associated with decreased T cell proliferative responses
and major histocompatibility complex class 11 expression on
dendritic cells (DCs) as well as increased Treg cell prolifera-
tion and interleukin (IL)-10, IL-4, and interferon-gamma pro-
duction [13ee, 14+, 15-17]. Deficiency, thus, may lead to in-
creased risk for sensitization, compromise immune tolerance,
and contribute to food allergy development. Additionally, vi-
tamin D deficiency has been associated with abnormal micro-
bial flora, abnormal epithelial barrier, and impaired repair that
may cause increased exposure to excess luminal antigens and
microbial products [11, 13¢e, 14°].

Epidemiological studies have reported that high maternal
dietary vitamin D intake during pregnancy is associated with
reduced risk of asthma and recurrent wheeze in children
[38, 39]. Protective effects have also been reported for upper
airway allergy. In a US study of 1248 mother-child pairs un-
selected for any disease, each 100 IU/day increment of prena-
tal food-based vitamin D intake during the first and second
trimesters of pregnancy was associated with 21 and 20% re-
duced odds of allergic rhinitis at school age (OR 0.79, 95% CI
0.67-0.92, and OR 0.80, 95% CI 0.68-0.93, respectively)
[40]. Prenatal vitamin D intake has also been implicated in
childhood food allergy risk. Within the Finnish Type 1
Diabetes Prediction and Prevention study, maternal vitamin
D supplementation during the eighth month of pregnancy
and third month of lactation in 4921 mothers were evaluated
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Fig. 1 Dietary exposures during
pregnancy encompass specific
nutrients, particular foods, and
dietary patterns.

Created using Servier Medical Art
according to a Creative Commons
Attribution 3.0 Unported License
guidelines (https://creativecommons.
org/licenses/by/3.0/)

Vitamin D

Other vitamins:
Vitamin A, E, C

Folate

as risk factors for cows’ milk allergy in children at age 3 years
[22]. Vitamin D intake from foods during pregnancy was as-
sociated with decreased risk of cow’s milk allergy (adjusted
OR 0.86, 95% CI 0.74-1.01), while vitamin D intake via
supplementation was associated with increased risk of cow’s
milk allergy (adjusted OR 1.37, 95% CI 1.034-1.81) [22].
However, the findings from this Finnish study were not sta-
tistically significant after controlling for the false discovery
rate.

Randomized controlled trials (RCTs) have also examined
the effect of prenatal vitamin D on childhood allergic disease
(Table 2). Many did not find significant differences for
wheeze/asthma or eczema in children whose mothers had
been supplemented with vitamin D, although in a few studies
there were notable trends toward reduction in pulmonary
symptoms [41, 42¢e, 43¢ 44ee]. A meta-analysis of two

Food Allergens
(i.e. peanut, egqg)

Omega-3 Mediterranean Diet

interventional trials—the US-based Vitamin D Antenatal
Asthma Reduction Trial (VDAART) and the Copenhagen
Prospective Studies on Asthma in Childhood (COPSAC) tri-
als—where pregnant women were randomized to daily high-
dose vitamin D3 (4000 [U/day and 2400 IU/day, respectively)
or placebo, showed a significant combined effect [64++]. High-
dose vitamin D during pregnancy was associated with a 25%
reduced risk of asthma or recurrent wheeze in children at age
0-3 years (OR 0.75, 95% CI 0.57-0.96) [64°¢].

Vitamins A, E, and C
Prenatal exposure to vitamin A and its metabolites has also
been implicated in immune system development relevant to

allergy. Murine studies have demonstrated effects on both
lymphoid and myeloid cell development. Retinoic acid
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Table 1

Proposed mechanisms for the immunological effects of dietary exposures on allergy outcomes

Dietary exposure

Proposed mechanism

Vitamin D

Vitamin A

Vitamin E

Vitamin C
Folate

Fish oil

Particular foods

Mediterranean diet
High-sugar diet

* Promotes innate and adaptive antimicrobial response [13ee, 14¢]

* Decreases T cell proliferation responses, MHCII expression on DCs, and levels of IL4 and IFN-gamma [14-, 15, 16]
* Increases tolerogenic DCs, Treg cell proliferation, and IL10 [11, 17]

* Deficiency decreases tolerance possibly leading to food allergy [13ee, 14+, 15]

* Important for growth, homeostasis, and development, especially for T and B lymphocytes [18]
* Required for thymic development, myeloid cell differentiation, and size of secondary lymphoid organs [8, 10]
* Increases type 1 immune responses [18]

* Antioxidant effects [19]
* Lower proliferative responses of mononuclear cells to antigen stimulation [19]
* Suppresses 1L4 gene expression [20]

* Antioxidant effects [19]

* Essential for cell division and nucleic acid synthesis [21¢]
* Functions as a dietary methyl donor, altering gene expression through DNA methylation to induce asthma and immune effects
on the offspring [22, 23se, 24]

* Decrease Th2 cell responses and increase Thl cell and Treg cell responses [25].

* Anti-inflammatory—Ieads to production of less potent inflammatory eicosanoid metabolites [26]
* Reduces neutrophil production of LTB4 and IL13 [27]

» Epigenetically modifies histone acetylation, associated with protective effects for allergy [9]

* Sources of specialized lipid mediators that reduce airway inflammation in mouse models [28]

* Nutrients and proteins from the maternal diet pass through the placenta [29+¢]

* The fetus is able to produce total and specific IgE to food antigen exposure [29e¢]

* Possibility of fetal sensitization to food allergens through in ufero exposure [29+¢]

* Multiple factors including increased intake of antioxidants and beneficial fats as well as decreased intake of sugars [30-32]

* Increases intestinal formation and absorption of advanced glycation end-products which may affect lung development [12]

* High fetal exposure to fructose may cause persistence of Th2 immune responses postnatally and allergic inflammation in the

developing lung [33¢]
* Conditions the gut microbiome [11]

* Increases CRP and uric acid level which amplifies Th2 immunity and allergic inflammation [34, 35]

Other diets Healthy diet—high in fruits and vegetables
* Increased antioxidants

Western diet

* Linked to obesity, which reduces Bacteroidetes that have been documented to promote Treg responses [11]
* Increases inflammatory lipid mediators based on increased ratio of omega-6 to omega-3 fatty acids [36]

signaling in utero has been shown to influence mouse fetal
innate lymphoid cell differentiation [10]. Retinoic acid is also
required for myeloid cell differentiation and thymic and sec-
ondary lymphoid tissue development [10].

Several human cohort and prospective studies examining
maternal intake of vitamin A and atopic outcomes have
yielded diverse results [18, 19, 65—67]. Two studies found
no significant association between maternal vitamin A intake
during pregnancy and childhood asthma [18, 66]. Studies
evaluating pro-vitamin A carotenoids showed that alpha-
carotene consumption was not associated with wheezing
[19] or eczema [66], and beta-carotene was not associated
with wheezing [19, 65, 67], eczema [66, 67], rhinitis [66], or
food allergy [67]. One survey-based study of 763 Japanese
mother-child pairs found that higher maternal intake of beta-
carotene during pregnancy was significantly associated with
reduced risk of eczema but not wheeze. For eczema, the ad-
justed OR for the fourth vs first quartiles of beta-carotene
exposure was 0.52 (95% CI 0.30-0.89) [68].

@ Springer

Two major randomized controlled trials have examined
maternal intake of vitamin A and the development of child-
hood atopic disease (Table 2). A study of 1371 children of
women in a vitamin A-deficient population in rural Nepal
found that maternal supplementation of vitamin A (compared
to beta-carotene or placebo) was associated with improved
lung function in offspring at age 9-13 years [45]. A trial in
229 pregnant Indonesian women who were randomized to
take 4.5 mg daily of beta-carotene, 30 mg daily of zinc, or
beta-carotene plus zinc found that children of mothers who
supplemented with beta-carotene had lower levels of
interferon-gamma in the supernatant of lipopolysaccharide-
stimulated blood [46].

Vitamin E exerts antioxidant effects, suppresses IL-4 gene
expression, lowers proliferative responses to mononuclear
cells to antigen stimulation, and plays a role in airway devel-
opment [18-20]. Observational studies of maternal vitamin E
intake during pregnancy have demonstrated protective effects
against childhood wheeze and asthma and no association with
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eczema [19, 65, 66, 68]. Similarly, a meta-analysis showed
that higher maternal vitamin E intake was associated with
reduced childhood wheeze (OR 0.60, 95% CI 0.46-0.78),
but there was no association between maternal vitamin E in-
take and asthma, eczema, allergic rhinoconjunctivitis, or aller-
gic sensitization [4]. Results from a RCT where mothers in the
UK received daily high dose vitamins E (400 IU RRR alpha-
tocopherol) and C (1000 mg vitamin C) versus placebo were
less convincing, finding no difference in rates of asthma diag-
nosis by age 2 years among the children [47].

The antioxidant properties of vitamin C are thought to un-
derline its main effects. An Australian cohort study found that
higher maternal vitamin C intake was associated with reduced
risk of infant wheeze (adjusted OR for the fourth quartile vs
first quartile 0.40, 95% C1 0.16-0.98) [67]. These findings are
consistent with a more recent RCT study of 179 pregnant US
women reporting improved neonatal pulmonary function and
decreased wheezing through age 1 year in children of women
who were randomized to receive vitamin C compared to corn-
starch placebo (21 vs 40%; RR 0.56, 95% C1 0.33-0.95) [48].

Folate (Vitamin B9)

Because supplemental folic acid during pregnancy reduces the
risk of fetal neural tube defects, the US Department of Health
recommends that pregnant women consume 400 pg of folic
acid daily [21]. Folate is essential for cell division and nucleic
acid synthesis (Table 1). Animal models of folate as a dietary
methyl donor show that this function may induce experimen-
tal asthma [22, 23e¢]. Rich natural dietary sources of folate
include liver and green leafy vegetables, and certain foods like
cereals that are fortified with folic acid.

Several case-control and cohort studies have examined ma-
ternal intake of folic acid during pregnancy and atopic out-
comes [19, 22, 23, 24, 66, 69-71, 72¢]. Many found no
significant association between maternal intake of folic acid
and childhood wheeze [19, 69, 70], allergic rhinitis [66], and
eczema [24, 66, 69]. In one prospective study of 2640 preg-
nant mothers, maternal folic acid supplementation was not
associated with increased risk of wheeze, lung function, asth-
ma, or related atopic outcomes in children, but there was a
dose-dependent trend toward decreased asthma risk at age 6 to
7 years with higher intracellular folic acid levels in pregnancy
(P for trend = 0.05) [70].

More recent studies suggest that increased prenatal intake
of folic acid is associated with increased risk of wheezing or
asthma in childhood [23¢e, 24, 71, 72¢] and food allergy [22],
but the timing of supplementation initiation in these studies
has been varied. A study evaluating the association between
maternal folic acid supplementation intake via third trimester
food frequency questionnaire (FFQ) and infant outcomes at
age 1 year showed that infants exposed to > 500 pg/day folate
supplementation were more likely to develop eczema than

@ Springer

those taking <2000 pg/day (OR 1.85, 95% CI 1.14-3.02)
[24]. An observational case-control Norwegian study reported
that maternal intake of folic acid during the first trimester was
associated with increased risk of wheezing in children age 6 to
18 months [71]. More recently, the effect of maternal folic acid
supplementation on childhood lung function was reported to
be dependent on MTHFR-C677T carrier status [23<¢]. These
findings highlight that the etiology of atopic disease is com-
plex and multifactorial.

There have been no blinded, placebo-controlled trials eval-
uating folic acid supplementation and the development of
atopic disease in childhood, likely due to the proven positive
effects of prenatal folic acid supplementation in the prevention
of fetal neural tube defects. Further studies, though, are need-
ed to determine the impact of dosage and timing of initiation
of folate supplementation on childhood allergic disease.

Omega-3 Polyunsaturated Fatty Acids

Omega-3 polyunsaturated fatty acids (PUFAs) are thought to
exert anti-inflammatory effects, with several studies reporting
that they decrease Th2 cell responses and increase Thl cell
and Treg cell responses [9, 25]. Fish oil has also been found to
epigenetically modify histone acetylation of key genetic pat-
terns, including protein kinase C (PKC) ¢, which plays an
important role in the development of Thl phenotypes [9]. In
mouse models, exposure to omega-3 PUFAs results in pro-
duction of less potent inflammatory eicosanoid metabolites
and yields lipoxins that reduce airway inflammation
[26, 28]. Major food sources of omega-3 fatty acids include
oily fish such as salmon, mackerel, and herring, and cod liver
oil.

Multiple interventional trials investigating the effect of
omega-3 supplementation during pregnancy on the develop-
ment of childhood allergic disease have been performed with
inconsistent results [27, 49-53, 55¢¢, 56, 57]. A majority
found no significant association between supplementation
and childhood wheezing or immunoglobulin E (IgE)-associ-
ated disease [27, 5053, 56¢¢]. More recent randomized con-
trolled trials, though, support that omega-3 supplementation
during the second and/or third trimester may decrease child
risk of atopic disease and allergic disease/respiratory symp-
toms [49, 54, 55¢¢, 57, 58¢]. In a relatively recent study in
Denmark, 736 pregnant women at 24 weeks gestation were
randomized to receive fish oil or placebo (olive oil) daily until
1 week after delivery [55¢¢]. This double-blinded study with
follow-up at age 3—5 years found that the risk of wheeze in the
treatment group was reduced by a third compared to the con-
trol group [55¢¢]. The study populations and environments of
the omega-3 trials have varied, with some studies targeting
high risk mothers [27, 50, 52, 53] and others targeting lower
risk mothers; this may account for the variability of findings.
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Intake of Particular Foods During Pregnancy
and Childhood Allergic Disease

The most common food allergens in the USA are peanut, tree
nuts, milk, egg, wheat, soy, fish/shellfish, and seeds [5]. Given
rising prevalence rates of food allergies, the consideration of
food allergen elimination from maternal diet during pregnancy
has been a topic of interest [3]. The possibility of fetal sensi-
tization to food allergens through in utero exposure remains
controversial, however [29¢¢]. Prior studies have shown that
the fetus is able to produce total and specific serum IgE, and
antigen-specific immune reactivity may start from the second
trimester [29¢°].

Specific food allergens can be detected in cord blood. A
study evaluating exposure of the fetus and infant to egg
ovalbumin through the placenta and breast milk in relation
to maternal intake of dietary egg discovered that ovalbumin
protein was also detectable in umbilical cord blood [29e¢].
Interestingly, rigorous dietary egg exclusion did not eliminate
transplacental and breast milk egg allergen passage, as egg
ovalbumin was still found in blood and breast milk in mothers
on an exclusion diet [29+¢]. These levels were of unclear sig-
nificance since they were not related to maternal dietary intake
or atopic predisposition [29+¢]. However, a later study sug-
gested that allergen-specific IgE in cord blood may reflect
maternal sIgE [73].

Although some studies have reported no association be-
tween inclusion of allergenic food in prenatal maternal diets
and the development of atopic disease [74], other studies pro-
vide contrasting results. In some studies, maternal intake of
specific foods was found to be associated with increased risk
of allergic sensitization and food allergy in children
[60, 75—77]. A birth cohort study of 4146 Dutch pregnant
women (1327 atopic and 2819 nonatopic) found that daily
consumption of nut products compared to rare consumption
was associated with increased odds of childhood wheeze and
asthma symptoms [77]. A Consortium for Food Allergy
Research study of 503 high risk infants reported that recalled
peanut intake during pregnancy was associated with a peanut
sensitization in children (OR 2.9, 95% CI 1.7-4.9) [75].
Prenatal diet was assessed based on recall after the children
were born and their atopic status was known, thus raising
recall bias as a limitation of this study.

In contrast, multiple other studies have shown that maternal
intake of specific foods is associated with decreased childhood
atopic disease. In a pre-birth cohort study of mothers and
children unselected for any disease, higher maternal intake
of peanut during the first trimester was associated with a
47% reduced odds of peanut allergy at school age [78e¢]. A
strength of this study was that dietary intake was assessed
during pregnancy, before any outcomes in the children were
known, thus mitigating recall bias. Independently, a cohort
study of 8205 children showed that the incidence of peanut

or tree nut allergy was significantly lower among children of
nut-nonallergic mothers who consumed peanuts or tree nuts
greater than five times monthly in their prenatal diet compared
with children of mothers who consumed peanuts or tree nuts
less than once monthly (>5 times vs < 1 time per month: OR
0.31 95% C1 0.13-0.75, P for trend = 0.004) [79]. Protective
effects for prenatal egg and milk exposure have been
observed.

RCTs examining intake of particular foods during pregnan-
cy and childhood allergy dated from over 20 years ago have
also demonstrated similarly disparate effects [59, 61, 62]. In
an early prospective study, 209 Swedish mothers at high risk
of food allergy were randomized to a diet without milk and
egg versus unrestricted diet found that egg intolerance was
significantly more common at age 5 years in the children of
the mothers who had avoided egg and milk (7.1% vs 0%,
p<0.05) [60]. The results from this study would support in-
clusion of egg and milk in prenatal diets. On the other hand, an
RCT evaluating maternal avoidance of cow’s milk, egg, and
peanut during the third trimester and lactation, found that re-
duced exposure was associated with reduced food-associated
atopic dermatitis, urticarial and/or gastrointestinal disease by
12 months (5.1% vs 16.4%; p = 0.007), as well as any positive
food SPTs by 24 months (16.5% vs 29.4%; p=0.019 [61].
However, there was no difference between the two popula-
tions at age 7 years [62], and there was also no difference in
the incidences of allergic rhinitis, asthma, and inhalant SPT
positivity [61]. Another trial of 165 atopic pregnant women
reported no appreciable effects of maternal intake of milk and
egg during pregnancy [59]. No significant differences in cord
blood IgE levels or IgE/IgG antibodies to milk or egg antigens
were noted in spite of differences in maternal diet [59].

Prenatal Dietary Patterns and Childhood
Allergic Disease

Though studies focused on specific nutrients or particular
foods are valuable, typical diets contain multiple combina-
tions of food groups that may have combinatorial and
interacting effects Thus, studies evaluating dietary patterns
can better capture nutrient synergy and uncover important
information.

Healthy Diets

Multiple studies have evaluated “healthy eating patterns”™—
defined as a high intake of fruits, vegetables, and fiber, mod-
erate meat intake, and low trans-fat consumption—during
pregnancy [30, 68, 77, 80-82]. These studies reported no as-
sociations between healthy eating patterns and allergy out-
comes in childhood.

@ Springer
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High maternal intake of fruits and vegetables during preg-
nancy has been variably associated with risk of atopic disease
in children [68, 80, 83]. Intake of green and yellow vegetables
and citrus fruits during pregnancy was associated with re-
duced early childhood eczema [68], whereas green leafy veg-
etables and fruits like apples was associated with reduced risk
of early childhood wheeze and asthma [80, 83]. A Finnish
birth cohort study of 2441 children reported that high maternal
intake of fruit and berry juices were associated with increased
allergic rhinitis at age 5 years [83]. These disparate findings
are likely due to the varied antioxidant content of fruits and
vegetables as well as the broad definition of a diet high in
these items [80].

Western Diet

The Western diet, defined as a high intake of red and proc-
essed meats, sugar, butter/vegetable oil, and refined grains,
has been implicated in the rise of allergies and other health
problems in industrialized countries [80]. This may have to do
with the Western diet’s effect on the gut and the increased ratio
of omega-6 to omega-3 fatty acids, which may lead to in-
creases in inflammatory lipid mediators [11, 36].

In a survey-based study of 763 Japanese mother-child
pairs, Western diet during pregnancy was inversely associated
with the development of wheeze in infants (adjusted OR 0.59,
95% CI 0.35-0.98) [84]. Conversely, a diet high in processed
foods was shown in a longitudinal UK cohort study to be
positively associated with early wheezing, but negatively as-
sociated with atopy in childhood [30]. However, after control-
ling for confounders, these effects lost significance [30]. A
Boston prebirth cohort of 1376 mother-infant pairs similarly
reported no association between Western diet and recurrent
wheeze [81].

Mediterranean Diet

The Mediterranean diet—with high intake of plant, grains,
legumes and nuts, low to moderate amounts of dairy prod-
ucts and eggs, and limited amounts of red meat—has been
linked to many health benefits [31, 32]. The potential pos-
itive effects of this diet on prevention of atopic disease
could arise from multiple factors including increased intake
of antioxidants and beneficial fats and low sugar intake
[30-32]. Cross sectional studies in Greece and Spain have
indicated that a high level of adherence to a Mediterranean
diet during childhood may have advantageous effects on
preventing atopic disease [32, 85, 86].

A few studies have examined maternal prenatal adherence
to a Mediterranean diet and child development of atopic dis-
ease. In a prospective Spanish study of 460 children, FFQs
were administered to mothers and children. A high
Mediterranean diet score during pregnancy was associated
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with reduced persistent wheeze (adjusted OR 0.22, 95% CI
0.08-0.58), atopic wheeze (adjusted OR 0.30, 95% CI 0.10—
0.90), and atopy (adjusted OR 0.55, 95% CI10.31-0.97) at age
6.5 years [32]. A later meta-analysis by that same group,
however, showed that a Mediterranean diet had no effect
on risk [86]. Similarly, other studies found no association
between maternal Mediterranean diet in pregnancy and
wheeze [81, 87—89], rhinitis [87, 89], and dermatitis [87].
There has been one randomized controlled study evaluat-
ing adherence to a Mediterranean diet during pregnancy in 30
high-risk mothers [63] (Table 2). This study was small, how-
ever, and its report focused more on feasibility of study im-
plementation than on development of atopic disease [63].

High-Sugar Diet

Fructose consumption, in the form of high fructose corn syr-
up, has increased from near 0% to almost 30% of refined
sugars consumption per capita in the USA between 1970
and 2000 [33e¢]. This consumption has led to increased obe-
sity and many other complications [33e¢].

Studies have demonstrated a link between obesity and asth-
ma, but independent of high body mass index, increased in-
take of sugar is associated with higher asthma rates in children
[12, 90+]. Sugars are hypothesized to increase intestinal for-
mation and absorption of advanced glycation end-products
that can affect lung development [12]. Additionally, high fetal
exposure to fructose is associated with persistence of Th2
immune responses postnatally and allergic inflammation in
the developing lung [33+]. Fructose may also influence atopic
immune responses by conditioning the gut microbiome [11].
RCTs in adults have shown that dietary sugar, particularly
fructose, is associated with c-reactive protein (CRP) levels
and uric acid that can amplify Th2 immunity and allergic
inflammation [34, 35].

RCT studies on the relationship between total maternal
consumption of sugar during pregnancy and respiratory and
atopic outcomes in children are lacking. In observational
studies, a maternal diet high in sugar has demonstrated in-
consistent associations with atopy and asthma in children
[33¢, 90°, 91]. In a study of more than 60,000 Danish
mothers and infants, maternal sugar-sweetened beverage
ingestion was not associated with childhood asthma at age
7 years [91]. Two other studies reported an increased asso-
ciation between maternal prenatal sugar intake and child-
hood atopy [33¢, 90°]. One study examined current doctor-
diagnosed asthma, wheezing, hay fever, eczema, atopy, se-
rum total IgE, and lung function in 8956 children aged 7—
9 years [33¢]. In this longitudinal birth cohort study, mater-
nal intake of free sugar was positively associated with atopy
(OR for highest vs lowest quintile of sugar intake 1.38, 95%
CI 1.06-1.78) and atopic asthma (OR 2.01, 95% CI 1.23—
3.29) [33¢]. Another recent prospective pre-birth cohort
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study found that higher sugar-sweetened beverage and fruc-
tose intake during the first- and second- trimesters were
associated with childhood asthma development (OR 1.70,
95% CI11.08-2.67 and OR 1.58,95% CI1 0.98-2.53, respec-
tively) [90-].

Other Diets

Several studies have also examined other common diets. No
associations with childhood allergies were observed for a ma-
ternal Japanese diet (high intake of rice, miso soup, and sea-
food) [69], prudent diet (high intake of vegetables, fruit, le-
gumes, fish, poultry, eggs, and whole grains) [81], traditional
British diet (vegetables, red meat, and poultry) [30], vegetar-
ian diet [30], or confectionary-based diet [30].

Emerging Research and Future Directions

Characterizing the effects of prenatal diet on childhood
atopic disease is a challenging endeavor given the myriad
of dietary and other variables that interact with genetic
predisposition in the development of allergic diseases over
time. Pinpointing the individual effects of a specific nutri-
ent or particular food is challenging since most human
diets are varied and encompass numerous nutrients and
foods. Nutrients, foods, and dietary patterns also overlap
(e.g., a Mediterranean diet is enriched in produce, fish,
omega-3, and antioxidants). Thus, it is difficult to quantify
diet as an exposure in and of itself.

One of the main limitations to the available data on prenatal
diet and the development of allergic disease lies in the design
of studies that have been conducted. Much of the data avail-
able is observational, with a limited number of RCTs conduct-
ed to date. This is understandable given the challenges of
conducting interventional trials in pregnant women as well
as the duration of follow-up needed to detect meaningful
and robust allergic outcomes in children. Many of the obser-
vational studies to date have relied on subject report of diet
and/or outcomes, including diet based on distant recall, which
introduces recall bias. In addition to prospectively obtained
dietary assessments, the incorporation of nutrition-related bio-
markers could help improve the accuracy of dietary exposure
assessments [80]. Additionally, the duration of follow-up for
studies in this area is a key consideration given the varying
natural histories of individual allergic diseases. Although chal-
lenging to conduct, well-designed randomized controlled tri-
als with rigorously defined dietary exposures and outcomes
and appropriate periods of follow-up should be pursued to
generate robust evidence in this area.

A number of additional limitations constrain the interpreta-
tion of studies on this topic toward coherent and generalizable
conclusions. Many studies in this field are heterogeneously

designed with different time points and periods of intervention
and observation. Dietary exposures and clinical outcomes have
also been differentially defined. Additionally, the populations
studied have varied widely in background and size. Whereas
some studies have been of unselected populations, many have
been of targeted samples selected for high risk of allergic dis-
ease. Also, the aggregate literature in this area now spans de-
cades when the underlying prevalence of allergy and manage-
ment practices have changed. This all leads to difficulty in
synthesis of findings and potential translation to clinical
applicability.

Clinical Implications

Given the heterogeneous results from studies of prenatal diet
and childhood allergic disease thus far, current guidelines and
practice parameters do not advise avoidance diets or the addi-
tional supplementation of specific nutrients during the prena-
tal period for the prevention of atopic disease [5]. This is due
to the lack of conclusive and consistent evidence on whether
such interventions are effective. Thus, an important role of
clinical allergists is to help expectant parents be informed
about the available evidence and their limitations.

It is essential for the clinician to discuss the available
data and the potential risks and benefits of prenatal dietary
changes with parents. In general, women who are eating
unrestricted diets before pregnancy need not to change
their diets during pregnancy for the sole purpose of
preventing allergic disease in their children. For women
with a restricted diet due to food allergy or personal pref-
erences, a dietary evaluation is recommended to determine
the nutritional adequacy of their diets. A balanced and
healthy diet should be the main emphasis in dietary recom-
mendations for all expectant mothers.

Common nutrient supplementation widely practiced and
recommended during the prenatal period, such as folic acid
for the prevention of neural tube defects, should still be im-
plemented. Though not routinely recommended for
preventing allergic disease in children, the initiation of other
nutrient supplementation during pregnancy may have other
benefits, such as vitamin D for maintaining bone health
[44+]. The cardiovascular and other benefits of specific die-
tary patterns such as the Mediterranean diet and sugar-
restricted diets has made these dietary patterns generally wel-
comed as healthy interventions to be considered by all popu-
lations [37]. The ultimate decision to initiate nutrient supple-
mentation and/or dietary changes falls on the patient, though,
and the main role of the allergist is to provide the patient with a
robust repertoire of knowledge for them to make an individu-
alized, informed decision.

Recommendations for maternal dietary changes during
pregnancy should be personalized and made by the patient
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after weighing any possible risks and benefits. Certain diets,
like an elimination diet, may have potential emotional and
nutritional risks that should be considered. Changes to the
maternal diet may cause harm if such changes limit diet to a
point where fetal development is compromised, or if supple-
mentation levels are too high and potentially toxic for the
mother and/or fetus.

Many studies and clinical experience show that regardless
of adherence to specific dietary interventions during pregnan-
cy, mothers may still have children with atopic disease. This
highlights that prenatal dietary influences on the development
of these diseases are multifactorial and complex, and it is
important to reassure parents to not feel guilty about their past
dietary decisions. Counseling should stress that in mothers at
risk for having atopic children, a healthy balanced diet and
good early childhood care are most important [5].

Conclusions

The role of maternal diet during pregnancy and the develop-
ment of childhood allergy is a complicated topic due to many
interacting variables spanning genetics, environment, and life-
style. Studies thus far have been performed in varied popula-
tions with disparate exposures and outcomes measured.
Varying evidence has been provided for the possible roles of
specific nutrients, particular foods, and dietary patterns in the
development of childhood atopic disease. Rigorous, well-
powered, randomized placebo-controlled trials have the ca-
pacity to provide robust evidence for this topic of ongoing
interest, but are admittedly challenging to perform well.

The allergist plays an integral role in educating and
informing patients about the available data in this area. The
lack of consistent results and conclusive guidelines on prenatal
diet for the prevention of atopic disease makes this counseling
to expectant parents challenging. Before recommending a spe-
cific diet and supplementation to a pregnant woman, the clini-
cian should recognize the potential lack of effect and even
harmful effects for the mother if specific nutrients, particular
foods, or dietary patterns are restricted or added in excess.
Thus, until more robust and consistent evidence becomes avail-
able, a varied, balanced diet during pregnancy encompassing a
range of healthy nutrients is most beneficial to recommend.
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