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Abstract: Background: Maternal—child health suggests the critical impact of maternal nutrition during
the pre-conception and gestational periods, with some genetic variants also playing a significant role.
Our systematic review provides an overview of epidemiological studies exploring the interactions
between genetic variants, maternal dietary habits, and neonatal and /or maternal pregnancy outcomes.
Methods: From its inception until June 2023, we conducted a comprehensive literature search
on PubMed, Embase, and Web of Science databases. Results: On a total of 29 epidemiological
studies, 11 studies were conducted to explore the interplay between genetic variants and dietary
factors, focusing on the risks associated with gestational diabetes mellitus, hypertensive disorders
of pregnancy, recurrent spontaneous abortion, recurrent pregnancy loss, iron deficiency anemia,
and gestational weight gain. Concerning neonatal outcomes, six studies investigated the interplay
between genetic variants, dietary factors, and anthropometric measures, while eight studies delved
into abnormal embryonic development, two studies focused on preterm birth, and two studies
explored other neonatal outcomes. Conclusions: Deeply understanding gene—diet interactions could
be useful in developing highly personalized approaches to maternal and child nutrition, as well as
in exploring the potential implications in disease prevention and the promotion of the long-term
well-being of both mothers and their offspring.
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1. Introduction

Maternal—child health is a significant focus in the worldwide realm of public health,
with maternal-child health holding paramount importance. The impact of the health of
both mothers and infants during the pre-conceptional and gestational periods is profound,
exerting enduring effects on the health of future generations. Maternal nutrition emerges as
one of the most critical factors during these periods, influencing the well-being of women
and playing a pivotal role in the proper development and growth of newborns [1,2].

Certainly, there is evidence suggesting that the dietary habits of expectant mothers
might impact the probability of encountering adverse pregnancy outcomes, including
gestational diabetes mellitus (GDM), pre-eclampsia, intrauterine growth restriction, low
birth weight (LBW), and being born small for gestational age (SGA) [3-5]. Other factors can
play a role in promoting a healthy pregnancy, such as achieving appropriate weight gain,
engaging in physical activity, and incorporating mineral and vitamin supplements [6,7].
In general, ensuring a sufficient intake of specific nutrients (such as folate and vitamin D)
before conception and throughout pregnancy is essential for the correct development of
both the placenta and the fetus, contributing to a sustained path of long-term health [8-12].

Pregnancy involves an intricate interplay that originates from the interaction of mater-
nal diet and genetics, coupled with fetal genetic information and the availability of nutrients
in utero [13-16]. The significance of genetic susceptibility is widely acknowledged, encom-
passing recently identified genetic variants in both the fetus and the mother. These variants,
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in consequence, influence the intrauterine environment, the duration of pregnancy, and
fetal growth. For example, a multitude of studies have presented evidence highlighting
the noteworthy associations between genetic variations in key enzyme genes related to
the folate metabolic pathway (e.g., methylenetetrahydrofolate reductase, MTHFR) and an
elevated risk of adverse outcomes [17].

Other studies have suggested a possible association between vitamin D receptor (VDR)
polymorphisms and the likelihood of experiencing adverse pregnancy outcomes, including
preterm birth (PTB), LBW, and SGA births [18-20]. For these reasons, maternal genetic
diversity can exert profound effects on an individual’s response to dietary factors, altering
the metabolism of nutrients, modulating susceptibility to specific health conditions, and
ultimately influencing neonatal outcomes. Hence, exploring the complexities inherent in
the interplay between genetics and diet holds the potential to revolutionize our approach
to maternal—child health. This endeavor facilitates the design of precise, individualized
strategies for maternal and child nutrition. While the intricate connection among genetics,
diet, and maternal—child health forms a multifaceted tapestry deserving exploration, only a
restricted number of studies have delved into the repercussions of the interactions between
folate-related genes and nutrients on fetal growth outcomes. This limited research has
produced results that, at times, diverge and generate controversy [21-23].

Within this framework, the present systematic review of epidemiological studies aims
to delve into the intricate interplay among maternal nutrition, genetic variations, and
outcomes pertaining to both mothers and neonates. By examining a wide spectrum of
epidemiological evidence, the review aspires to comprehensively understand how these
factors dynamically interact and influence the overall health trajectories during and after
pregnancy.

2. Materials and Methods
2.1. Literature Search

From its inception until June 2023, we conducted a comprehensive literature search
across the PubMed, Embase, and Web of Science databases. The primary focus of this search
was to identify epidemiological studies that explored the interactions between genetic
variants, maternal dietary habits, and neonatal and/or maternal pregnancy outcomes.

Two authors (G.F and A.M) independently carried out the literature search using the
following terms: (Diet* OR Food* OR Nutrient* OR Vitamin* OR Mineral* OR Macronu-
trient* OR Micronutrient*) AND (Mutation* OR Polymorphism* OR SNP OR SNPs OR
“Genetic variation” OR “Gene variant*”) AND (Gravidity OR Pregnan* OR Neonat* OR
Infant* OR Mother* OR Maternal) AND (Interact* OR Modif*). The methodology of the
current systematic review followed the guidelines outlined in the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) statement, as well as the recom-
mendations provided in the Cochrane Handbook [24]. The PRISMA checklist is reported
as a Supplementary Materials.

2.2. Selection Criteria

The authors independently chose the studies they retrieved based on the following
selection criteria: (i) articles published in the English language, describing (ii) observational
epidemiological studies, (iii) conducted on pregnant women and/or their offspring, (iv) that
assessed maternal and/or neonatal genetic variations, (v) and examined their interaction
with maternal dietary habits and/or nutrient intake (vi) in relation to maternal and/or
neonatal outcomes.

Conversely, the following types of documents were excluded: (i) abstracts lacking
full-text content and articles not in English; (ii) case reports or case series; (iii) comments,
letters, editorials, and reviews; (iv) unpublished studies; (v) studies involving pediatric
patients or non-pregnant women; (vi) studies conducted using in vitro or animal research
models; (vii) and those not investigating the interplay between genetic variations, maternal
exposures, and pregnancy outcomes.
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2.3. Data Extraction

From each eligible study, the authors independently extracted the following informa-
tion using a structured format: first author’s last name, year of publication, study design,
country, study population, dietary factors, genetic variants, molecular approach used, bio-
logical sample, and outcome considered. With respect to maternal pregnancy outcomes, we
considered GDM, hypertensive disorders of pregnancy (HDP), recurrent spontaneous abor-
tion (RSA), recurrent pregnancy loss (RPL), iron deficiency anemia (IDA), and gestational
weight gain (GWG). Neonatal outcomes included anthropometric measures, preterm birth,
and abnormal embryonic development. During the study selection and data extraction
phases, any inconsistencies between G.F and A.M were resolved through discussion with a
third author (A.A).

3. Results
3.1. Study Selection

Figure 1 illustrates the study selection process using the PRISMA flow diagram. After
removing duplicate articles, a total of 542 unique articles were identified from the databases.
Of these, 492 were excluded after screening their titles and/or abstracts. Following full-text
screening, 21 studies were further excluded based on our selection criteria. These exclusions
encompassed two studies that did not evaluate pregnancy outcomes, six studies that did
not evaluate dietary factors, nine that did not consider a study population in line with our
objectives, and four studies that did not evaluate the interplay between maternal dietary
habits, genetic variants, and adverse pregnancy outcomes. Thus, a total of 29 articles are
included in the present systematic review. Table 1 provides an overview of these studies,
including details about their design, study population, the genetic variants explored, and
their key findings.

Identification of studies via databases and registers

Records identified from literature
search: 2401

Identification

I
S
Records screened after duplicate Records excluded after
removal | ftitle/abstract screening
(n=542) (n =492)

Reports excluded:
No matemal or neonatal
A outcome (n = 2)
ﬁfz.gés) assessed for eligibility — Studies on non-pregnant
women (n =9)
No gene-diet interaction (n =
4)
No dietary factors (n = 6)

Screening

“ S
g Studies included in review
2 (n=29)

—

Figure 1. PRISMA flow diagram of study selection process.



Nutrients 2024, 16, 994

4 0of 22
Table 1. Characteristics of studies included in the current systematic review.
First Study Population . . . . Total Molecular Analysis
Author Year Design Ethnicity Population Dietary Factor Genetic Variant SNPs for SNP Genotyping Sample Outcome
SNPs in MTNR1B
(rs10830963 and
rs1387153), GCK
(rs1799884), KCNJ11
Popova Case— 278 women with Dietary information (rs5219), IGF2BP2 FlexiGene DNA Kit
[12)5] 2017 control European GDM and using ad hoc (rs4402960), TCF7L2 10 (Qiagen, Hilden, Blood GDM
179 controls questionnaires (rs7903146 and Germany)
rs12255372), CDKAL1
(rs7754840), IRS1
(rs1801278) and FTO
(rs9939609)
243 GDM women Serum levels of Mumina Infinigm®
Wang [26] 2022 cgﬁif(;l Asian and their pregnant  L-carnitine, choline, SNP (rs7747752) 1 C/ilobal Slflreer}mg Blood GDM
women control and betaine rray (Illumina,
London, UK)
Sweets consumption Sequenom’s
Case- . 562 GDM cases . GCK (rs4607517) MassARRAY platform
Ao [27] 2020 control Asian and 453 controls using ad hpc polymorphism 1 (Agena, San Diego, S GDM
questionnaires
CA, USA)
Randomized Adherence to 7500 Fast Real-Time
Barabash . 874 pregnant Mediterranean diet TCF7L2 (rs7903146) PCR System (Applied
[28] 2020 Coﬁzﬁg{led Mixed womgen (MedDiet) using an polymorphism 1 Biosystems, Foster Blood GDM
ad hoc questionnaire City, CA, USA)
Vitamin-D-related SNPs
(CYP24A1: rs2209314,
CYP3A4: rs2242480, GC:
rs1155563, rs16846876,
rs17467825, rs2282679,
rs2298849, rs2298850, M SX%{III{?\(()I% LEX
. Plasma 25(OH)D2 13755967, rs4588, rs7041, ass 1
Mo[29] 2021 Prosl‘}’ledtlve Asian 2156 pregnant and 25(OH)D3 LRP2: rs10210408 and 19 Gold platform Blood GDM
cohor concentrations VDR: rs10783219); (Sequenom, San
GDM-related SNPs Diego, CA, USA)

(CDKALL: rs7754840,
rs7754840 IGF2BP2:
rs1470579; MTNR1B:
rs10830962; PRKCE:
rs11682804)
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First Study Population . . . . Total Molecular Analysis
Author Year Design Ethnicity Population Dietary Factor Genetic Variant SNPs for SNP Genotyping Sample Outcome
SNPs (rs1544410 and
rs731236) in the VDR;
rs2282679 and rs7041 in
the vitamin-D-binding
654 pregnant protein (DBP), rs3829251
women (274 GDM in 7-dehydrocholesterol Improved multiple
Zhu[30] 2019 Case- Asian cases and Serum 25(0H)D Level ~ eductase (DHCR?); 7 Higase detection Blood GDM
control 380 age-matched rs6013897 in the gase de
controls were Cytochrome P450 famﬂy reaction (iMLDR)
included) 24 subfamily A member 1
(CYP24A1); rs6599638 in
chromosome 10 open
reading frame 88
(C100rf88)
Erythropoiesis-
related diets [dietary
intake (e.g., iron, Hp phenotyping was
vitamin A, and conducted using
Hu [31] 2023 Survey Asian 1438vgf§§rrllant vitamin C) and Hp SNPs 3 native Blood IDA
prenatal polyacrylamide gel
supplements] and electrophoresis
serum ferritin
concentrations
SNPs of obesity-risk
; : : ; : 443; rs9939609;
Prospective African 85 pregnant Dietary information ~ 8°T€S (1s5 £ & . .
Meng [32] 2018 cohort American women using 24 h recall rs17782313; rs11084753; 7 Not available Saliva GWG

1s7498665; 152568958;
rs10938397)
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Table 1. Cont.

Fir Population . . . . Total lecular Analysi
Aut}if)r Year ]getelslfg);l é)tll’:liactit(;’ Population Dietary Factor Genetic Variant Slgltfa’s fl(\)/[rosﬁg éenotz;l 1}3,15nsg Sample Outcome
SNPs in the VitD
metabolic pathway
(CYP27B1: rs10877012,
CYP3A4: rs2242480,
rs4646437, LRP2:
rs4667591, rs10210408,
rs2228171, rs7600336,
152544381, rs2544390,
rs2389557, GC: Sequenom
Prospective 3699 t Plasma 25(OH)D A0S, meB TP MassARRAY PLEX
Si [33] 2022 P Asian pregnan asma 25(0H) 1517467825, 152070741, 34 Gold platform Blood HDP
cohort women levels 152282679, 153755967, (Sequenom, San
rs2298850, rs4588, rs7041, Di q CA iJS A
1s222020, rs1155563, iego, CA, USA)
rs2298849, VDR:
1s2228570, rs7975232,
rs11568820, rs2238136,
rs2853559, rs4334089,
rs10783219, CYP24A1:
rs6013897, rs2762934,
rs2209314, rs6127118,
rs2248137)
Polymerase chain
reaction and reverse
Retrospective 25 (OH) vitamin D hybridization using
Cross- African 837 women with the MTHFR 677CT
Ota [34] 2020 sectional American RPL ar}w;d total plqsma MTHER SNP (C677T) 1 RealFastTM Assay Blood RPL
study omocysteine (ViennaLab
Diagnostics GmbH,
Vienna, Austria)
SNPs of CD28 (rs3116496;
1s3769684; rs3181098;
rs3181100; rs4673259;
rs10932017), B7-2
. . . (rs1129055
Wang [35] 2017 Retr‘;s%edlve Asian 1320 pregnant Diet with rs17281995; rs1915087; 13 PCR-RFLP Blood RSA
study women questionnaires 159282641) and B7-1
(rs6804441;

rs41271391; rs16829984)
involved in immune
system
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Table 1. Cont.
First Study Population . . . . Total Molecular Analysis
Author Year Design Ethnicity Population Dietary Factor Genetic Variant SNPs for SNP Genotyping Sample Outcome
Plasma 25(OH)D Hieh-resoluti
Cross- 217 mother— concentration was VDR SNP (rs2228570) m eli;gn r(el_sl?{ﬁ;zlll d Anthropometric
Lee [36] 2022 sectional Asian neonate dvads measured in maternal and GC SNPs (rs4588 and tri ;5 ¢ t Blood measures at
study y and umbilical cord 157041) restriction fragmen birth
blood length polymorphism
356 pregnant 25(0H)D levels in OF SINFs (sl 2512631, ABI PRISM SNaPShot
Chun [37] 2016 Prospective Asian women and their maternal and 152298850, rs7041. 6 multiplex kit (ABL, Blood Birth weight
infants umbilical cord blood 511555 63) ’ Foster City, CA, USA)
. DHCR?7 (rs12785878),
Prosective 183 pregnant D(OFD fevelsin. - cypoR] (rs12794714), GC Competitive Anthropometric
Aji [38] 2022 1;1 ¢ Asian women and their dietarv information (rs2282679), CYP24A1 6 allele-specific Blood measures at
cohor newborns u}s’i ng FFQ (rs6013897) and VDR PCR—KAEP assay birth
g (rs2228570 and rs7975232)
Pregnancy
Srl;(r)fcr}?z-z 2014 Prospective Hispanic 231 pregnant Dietary information MTHER SNPs (C677T 5 PCR-RFLP Blood ou?clgﬁrersu:ilnd
[39] cohort P women using FFQ and A1298C) anthropomet-
g ric measures at
birth
) Pregnancy
s ST s
Aji[40] 2020  Prospective o gan 183 pregnant o5 OH)D serum level  (rs2282679), CYP24A1 6 performed at LGC g,y outcomes and
cohort women (rs6013897), and VDR Genomics, London, anthropomet-
(rs2228570 and rs7975232) ric measures at
birth
MTHER 677 (rs1801133),
MTHER 1298 (rs1801131), ol
i : MTHEFD1 1958 Multiplex genotyping
Blflzlffh 2020 Pros%ecttlve European ZOO‘Z/V}S;(igrrllant Fﬁesstlil(s)ir‘fsi;}; (rs2236225), MTR 2756 6 using the Sequenom Blood SGA
cohor 1 (rs1805087), MTRR 66 Mass Array System
(rs1801394), TCN2 776

(rs1801198)
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Table 1. Cont.
First Study Population . . . . Total Molecular Analysis
Author Year Design Ethnicity Population Dietary Factor Genetic Variant SNPs for SNP Genotyping Sample Outcome
GC (rs16846876,
rs17467825, rs2282679,
rs3755967, rs2298850, Sequenom
. rs4588, rs7041, rs1155563, MassARRAY 1PLEX PTB and
Wang [41] 2021 Prospective Asian 3465 pregnant 25(CH)D rs2298849), CYP24A1 16 Gold platform Blood gestational
cohort women concentration (rs2209314, rs6127118, (Sequenom, San K
rs2248137), CYP27B1 Di d CA USA wee
(rs10877012), LRP2 iego, CA, USA).
(rs10210408, rs2228171),
and VDR (rs10783219)
Nested 528p Ti%?ant Maternal serum SOD2 (rs2758352), SOD3
Hao [42] 2020 case—control Asian WomfegPB f;\ses concentration of (rs699473), CAT 3 Not available Blood SPB
study 3%1 contigls) manganese level (rs769214)
. Child
Gatica- . . Maternal plasma
; Prospective . . 181 mother—child o neuropsycho-
DOIF;;]gueZ 2020 cohort Hispanic dyads folate and vitamin MTHER SNP (C677T) 1 PCR Blood logical
development
Not
Case— . . Maternal TGF(3 neonatal SNPs . .
Guo [44] 2010 control Asian Not available multivitamin use (C641A and G15572) 2 Not available aaxgallel- CL/P
464 mothers with . M7, 1234780,
Li [45] 2020 Cgﬁifgl Asian CH%&%‘&?O?M Mate?“flfletary 152851391, rs2298759, 9 Not available Blood CHD
others ntake 15234785, rs234713,
rs234714 and rs1051319)
169 CHD patients
and 213 child
van controls, and Plasma
Beynum 2011 Case- European 159 mothers with methylmalonic acid MTRR SNP (MTRR 1 Not available Blood CHD
control a CHD-affected : 66A > G)
[46] child and concentrations
245 female
controls
Maternal
214 liveborn case : ;
. : : periconceptional use
Shaw [47] 1998 c(ojﬁirec:l Mixed mfagit;g;g;};iipma of supplements Infant(l&/[;};%)l{ SNP 1 PCR l\ll)alegi)lziorn Spina bifida

503 control infants

containing folic acid
with questionnaire
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Table 1. Cont.
First Study Population . . . . Total Molecular Analysis
Author Year Design Ethnicity Population Dietary Factor Genetic Variant SNPs for SNP Genotyping Sample Outcome
SNPs in
474 mothers of NADSYN1/DHCR?7
type 1 diabetic S 25(OH)D (rs4945008), VDR TagMan
Miettinen Case- children and erum 208D (15154410, 54516035, ed B - -
[48] 2017 control European 348 mothers of concen;éaﬁggcdurlng 1510783219), GC 7 (AppI}uﬂtd1 Blo%}%stems, Saliva  Type 1 diabetes
non-diabetic pregnancy (rs12512631, rs4588), and aisley, UK)
children CYP27A1 (rs17470271)
genes
360 mothers of MTHFD1 SNPs MassARRAY s
. . . ystem
Song [49] 2022 Case- Asian VSD cases and Dietary information (rs1950902, rs2236225, 3 (Agena iPLEX assay, Blood VSD
control 504 mothers of using questionnaire an San Di CA USA
healthy infants 1s2236222) an L1ego, LA, )-
426 mothers of
: : BHMT SNPs (rs3733890, MassARRAY system
Luo[50] 2022 Lase” Asian  VSDchildrenand - Maternal dietary 136753, 1567754, and 4 (Agena iPLEX assay, ~ Blood VSD
abits using FFQ rs1915706) San Diego, CA, USA
mothers
Plie—pregtn?ncy d GoldenGate Assay
563 affected supﬁssge;aigfrg? n 693 SNPs in with the Illumina
Mazul [51] 2016 cgiif(:l American  children antd their dietary int_ake of 38 fo;g?éﬁ%ﬁi and 958 BgaecrllSQiaiiCtlzrr\lgg,OSCi;X Saliva  Neuroblastoma
parents folate, choline and 19 choline-related genes System (Illumina,
folic acid with London, UK)
questionnaires ’ )
. . . CD14 (rs2569190), TLR4 Infant
Hong [52] 2017 Pros};ledt”e Asian 550 infants at Prer‘atj‘\}igﬁgal diet  1$1927911), and GSDMB 3 TaqMan method cord RTI
cohor ages (rs4794820) blood
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3.2. Characteristics of Studies Investigating Maternal Outcomes

Eleven studies focused on investigating the interaction between genetic variations,
maternal dietary factors, and pregnancy outcomes. These studies were all published
between 2017 and 2023, with the majority conducted in China (n = 7). Additionally, four
studies were conducted in various regions, including Russia, United States (USA), and
Spain. Among these studies, six adopted a retrospective study design, while three were
prospective. The remaining articles included one survey and one randomized controlled
trial. All included studies were conducted on pregnant women and/or their infants, for
whom SNP analysis was performed. In the following sections, we present the findings of
these studies, organized according to the specific pregnancy outcome they investigated.

3.2.1. Gestational Diabetes Mellitus

Women with GDM are exposed to higher risk of experiencing adverse perinatal
and neonatal consequences, including gestational hypertension [53], PTB [54], and the
development of cardiovascular diseases [55]. While some risk factors for GDM have been
identified, the complete understanding of its etiology remains incomplete [56,57]. For these
reasons, unveiling interactions between genetic, metabolic factors, as well as maternal
exposures involved in the development of GDM is still challenging. Our review includes
six studies exploring the interaction between genetic variants and dietary factors on the
risk of GDM. Overall, these studies considered 49 SNPs.

Mo and colleagues explored the potential interaction between genetic variants in
genes associated with vitamin D and glucose metabolism pathways, examining how these
variants may interact with plasma 25(OH)D concentrations and influence the development
of GDM. The authors found associations between 25(OH)D levels in the initial trimester
of pregnancy and the CT genotype in CYP3A4, as well as the TT genotype in LRP2—both
enzymes implicated in the regulation of vitamin D metabolism. These genetic variants
were associated with an increased susceptibility to GDM [29]. Zhu and colleagues faced
a comparable challenge. Their objective was to investigate the links between vitamin D
concentrations in early pregnancy, genetic variations in vitamin D metabolic genes, and their
impact on the susceptibility to GDM. While the authors identified a noteworthy association
between two VDR gene variants, namely rs1544410 and rs731236, and susceptibility to
GDM, they did not observe any interactions between genetic variants and vitamin D
concentrations in relation to GDM risk [30].

In contrast, Popova and colleagues unearthed an interactive effect between maternal
sausage consumption and the presence of risk alleles in two specific SNPs—rs10830963 in
MTNR1B and rs1799884 in glucokinase gene (GCK)—pertaining to GDM risk. Intriguingly,
the risk of GDM exhibited an upward trend with an increasing number of risk alleles,
particularly among women with low to moderate sausage consumption [25]. Ao and
colleagues highlighted a gene—diet interplay through a case—control study investigating
the GCK association between the diet and pre-pregnancy sweets consumption in relation
to GDM. The study revealed an interaction between the rs4607517 A allele of GCK and
sweets consumption concerning GDM. Specifically, the presence of the GCK rs4607517 A
allele increased the risk of GDM among women who regularly consumed sweets more than
once a week [27]. In a different case—control investigation, Wang and colleagues sought to
determine whether genetic variations in the CDKAL1 (cyclin-dependent kinase 5 regulatory
subunit-associated proteinl-like 1) gene, linked to proinsulin conversion and insulin resis-
tance, in conjunction with low maternal serum levels of critical metabolic and nutritional
factors (specifically, L-carnitine, choline, and betaine), could function as predictive markers
for GDM [58]. The authors observed a noteworthy interaction associated with the risk of
GDM between the CC and CG genotypes of the rs7747752 polymorphism and low serum
levels of L-carnitine and /or choline [26].

Finally, Barabash and colleagues uncovered an interaction between the TCF7L2 gene
polymorphism, responsible for regulating glucose homeostasis, and maternal adherence
to a Mediterranean diet in relation to the risk of developing GDM. Women carrying the
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rs7903146 T-allele, who followed a Mediterranean diet in the early stages of pregnancy,
demonstrated a reduced risk of GDM compared to those with the CC variant [28].

3.2.2. Other Maternal Outcomes

Five studies explored possible interactions between maternal nutritional factors and
SNPs in genes linked to metabolic pathways, investigating their association with HDP,
RSA, RPL, IDA, and GWG. A total of 58 SNPs were considered across these studies.

The increasing prevalence of HDP is a significant factor contributing to almost 20%
of worldwide maternal mortality, elevating the associated risks for maternal, child, and
long-term cardiovascular health [59-61]. The existing research has predominantly focused
on exploring the relationship between vitamin D status, gene variations in the vitamin
D metabolic pathway, and HDP, frequently neglecting possible interactions among these
factors [62,63]. For instance, Si and colleagues investigated the interplay between maternal
SNPs in genes related to the vitamin D metabolic pathway (GC, CYP24A1, CYP3A4,
CYP27B1, LRP2, and VDR) and vitamin D levels during pregnancy, examining their impact
on gestational blood pressure and HDP development. Specifically, the study revealed
that vitamin D exhibited interactions with polymorphisms in the CYP24A1, GC, and VDR
genes, influencing blood pressure outcomes. Moreover, individuals with polymorphisms
in CYP24A1 (rs2248137) and LRP2 (rs2389557 and rs4667591), coupled with vitamin D
deficiency in the second trimester, demonstrated an elevated risk of developing HDP [33].

The occurrence of a minimum of two terminated pregnancies before the 28th week of
gestation, defined as RSA, represents another form of adverse pregnancy outcome. The
exploration of immune system function abnormalities has been proposed as a potential
avenue for understanding cases of unexplained infertility associated with RSA [64]. In this
context, Wang and colleagues investigated the interplay between environmental factors
and the CD28/B7 pathway in RSA. The study revealed that individuals with the rs1915087
TT, rs6804441 GG, or rs41271391 TT genotypes, in combination with vitamin supplements,
experienced a significantly reduced risk of RSA. Furthermore, women who regularly
consumed fresh vegetables and fruits, especially those with the rs3116496 TT genotype,
were less likely to develop RSA compared to those who had limited intake of fresh foods.
Conversely, the rs3181098 AA and rs3181100 CC genotypes were strongly associated with
an increased prevalence of RSA, particularly among individuals with low vegetable and
fruit consumption [35].

Elevated homocysteine levels, often associated with the MTHFR C677T polymorphism,
serve as a catalyst for vascular inflammation, prompting the formation of consequential
microemboli at the maternal-fetal interface. Simultaneously, women with MTHFR 677TT
also have diminished levels of vitamin D that contribute to heightened natural killer
(NK) cell cytotoxicity, intensifying inflammatory immune responses at the maternal—fetal
interface and thereby causing RPL. In a parallel investigative effort, Ota and collaborators
delved into the intricate interplay between 25(OH) vitamin D, homocysteine levels, and
the MTHFR C677T polymorphism in women experiencing RPL. The authors aimed to
assess the impact of the MTHFR C677T polymorphism on homocysteine and vitamin D
levels, along with immune parameters (i.e., NK cell cytotoxicity). Notably, their findings
shed light on the nuanced relationship between nutritional factors and immune responses
in the context of RPL, unveiling an inverse correlation between vitamin D levels and
homocysteine, particularly among individuals carrying the TT genotype. Furthermore,
the research showed the independent effect of vitamin D deficiency, suggesting its role in
heightening susceptibility to hyperhomocysteinemia [34].

Iron deficiency during pregnancy, encompassing both gestational iron deficiency and
IDA, represents a widespread nutritional challenge globally [65]. From a genetic point of
view, some studies have indicated that the polymorphism of the haptoglobin (Hp) gene
could potentially influence the interplay among dietary factors, nutrient metabolism, and
the susceptibility to nutritional disorders [65,66]. With this purpose, Hu and collaborators
sought to investigate whether SNPs of Hp—a scavenger of free hemoglobin (Hb) that im-
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pacts blood iron levels—could potentially alter the relationship between dietary iron intake
and the risk of gestational IDA [31,67]. The research uncovered a significant interaction
between genetic factors and dietary influences on serum ferritin levels among carriers of
the Hp 1 and Hp 2 alleles. Pregnant women with the Hp 1-1 genotype who fell short of the
recommended dietary allowance of iron or lacked a normal blood iron status, as well as
those who did not utilize erythropoiesis-related total prenatal supplements, exhibited an
elevated risk of developing gestational IDA [31].

Multiple studies have hinted at the potential influence of particular genes linked to
obesity risk (i.e., FTO, MC4R, and TMEM18) on GWG, emphasizing the necessity for in-
depth investigations into their roles [32,68]. Given this perspective, Meng and collaborators
demonstrated how gene—diet interactions impact GWG. They emphasized that the influence
of the KCTD15 gene on GWG could be modified by dietary fat intake. The authors identified
a noteworthy interaction involving the rs11084753 polymorphism near the KCTD15 gene,
dietary fat consumption, and GWG in individuals with the AG genotype. Women with this
genotype experienced increased weight gain during pregnancy when they had a higher fat
consumption [32].

3.3. Characteristics of Studies Investigating Neonatal Outcomes

In the period from 1998 to 2022, 18 studies investigated the relationships among
SNPs, maternal dietary intake, and outcomes in neonates. Most of them were conducted
in China (n = 6), followed by the USA (n = 2), South Korea (n = 2), Mexico (n = 2) and
Indonesia (1 = 2). Four studies were conducted in the Netherlands, Malaysia, New Zealand,
and Sweden, respectively. Nine studies employed a retrospective study design, eight
employed a prospective approach, and one followed a cross-sectional methodology. All
included studies were conducted on pregnant women and/or their infants, for whom SNP
analysis was performed. In the following sections, we present the findings of these studies,
organized according to the specific neonatal outcome they investigated.

3.3.1. Anthropometric Measures

Six studies explored the influence of maternal diet and genetic variations on di-
verse anthropometric measurements at birth. Notably, a substantial emphasis was placed
on infants categorized as SGA, influenced by a combination of factors, including ma-
ternal socio-demographic characteristics, nutritional intake and status, and genetic fac-
tors [14,21,69,70]. Bulloch and colleagues explored the interplay between maternal one-
carbon SNPs (MTHEFR 677 (rs1801133), MTHFR 1298 (rs1801131), MTHFD1 1958 (rs2236225),
MTR 2756 (rs1805087), MTRR 66 (rs1801394), and TCN2 776 (rs1801198)) and the use of
folic acid supplements (FASs) in relation to the risk of SGA births. Their findings revealed
a significant interaction between specific SNPs (MTHEFR 1298, MTHEFR 677, and TCN2
776) and FASs when it comes to SGA. Notably, women who did not use FASs and carried
variant alleles of MTHEFR 1298, MTHEFR 677, or TCN2 776 had a higher likelihood of SGA.
No significant interactions were observed for MTHFD1 1958, MTR 2756, or MTRR 66 [21].

Chun and colleagues demonstrated an interaction between maternal genetic variations
in the GC gene, responsible for encoding the vitamin-D-binding protein, 25(OH)D concen-
trations in maternal and umbilical cord blood, and infant birth weight. They found that low
25(OH)D levels in both maternal and cord blood were significantly linked to reduced birth
weight in infants born to mothers carrying the rs12512631 SNP. In addition, low 25(OH)D
levels in cord blood were notably associated with decreased birth weight only in infants
born to mothers carrying the rs7041 allele [37].

In a similar vein, Lee and colleagues investigated the impact of maternal and neonatal
plasma 25(OH)D concentrations and the VDR (i.e., 1s2228570) and GC SNPs (i.e., rs4588 and
rs7041) on neonatal birth measurements. The authors found that neonates born to mothers
with the VDR rs2228570 GG genotype and with vitamin D deficiency had significantly
larger head circumferences [36].
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The research led by Aji and collaborators delved into the interaction involving a genetic
risk score (GRS) derived from six SNPs within VDR genes, maternal 25(OH)D levels, and
neonatal anthropometric measures. They identified an interaction between the GRS and
25(0OH)D levels, particularly in relation to head circumference. The findings showed that
mothers of infants with head circumferences less than 35 cm exhibited significantly lower
25(0OH)D levels if they carried four or more risk alleles, as opposed to those with three or
fewer risk alleles [40].

Interestingly, within the same cohort of mothers and children, the authors discovered
a noteworthy interaction. This interaction pertained to a two-SNP GRS, specifically involv-
ing rs2228570 and rs7975232, derived from SNPs within VDR genes (VDR-GRS), and its
interplay with maternal carbohydrate intake. Notably, this interaction was shown to have
a discernible impact on outcomes related to birth length. In fact, pregnant women with
elevated carbohydrate intake and two or more risk alleles of VDR-GRS had newborns with
considerably shorter birth lengths in comparison to infants born to mothers with fewer
than two risk alleles [38].

Torres-Sanchez and colleagues noted that insufficient maternal dietary vitamin B12
intake was significantly associated with decreased infant length and length for age at birth,
particularly in infants born to mothers with the MTHFR C677T SNP. However, no associa-
tion was observed between maternal dietary intake of folate and neonatal anthropometric
measures [39].

3.3.2. Preterm Birth

Two studies investigated the relationship between maternal levels of vitamins and/or
minerals during pregnancy and the risk of PTB. Additionally, they examined whether a
total of 19 maternal SNPs could influence this association.

Wang and colleagues explored the link between vitamin D levels during pregnancy,
SNPs related to the synthesis and metabolism of vitamin D, and their association with
gestational weeks and the risk of PTB. Notably, women harboring SNPs of the GC gene
(rs16846876 and rs7041) and encountering vitamin D deficiency (VDD) in the second
trimester witnessed a reduction in gestational weeks. Furthermore, those carrying the
SNP of the VDR gene (rs4334089) and experiencing VDD in the third trimester had shorter
gestational periods. A similar pattern was observed when examining interactions between
GC (rs7041) and vitamin D regarding the risk of spontaneous preterm birth (SPB) [41].

Hao and colleagues investigated the relationship between maternal Mn levels, the
risk of PTB in early pregnancy, and SNPs in the genes encoding superoxide dismutase
(SOD) and catalase (CAT). Their study revealed that women exposed to high Mn levels and
possessing the AA and AG variants of 152758352, the CC variant of rs699473, and the GG
variant of rs769214 were more likely to experience a PTB [42].

3.3.3. Abnormal Embryonic Development

Eight studies explored the impact of maternal SNPs on the relationship between
maternal diet and conditions associated with abnormal embryonic development. Con-
genital heart disease (CHD), one of the most prevalent birth defects, involves structural
or functional abnormalities resulting from the underdevelopment of the heart and major
blood vessels during early embryonic development. These conditions are influenced by
intricate interactions between genetic variations and environmental factors [71,72]. Hence,
Li and collaborators postulated putative interactions between maternal dietary factors
and genetic variants of cystathionine beta synthase (CBS)—a pivotal enzyme gene in the
folate metabolic pathway. These interactions were thought to collectively contribute to the
development of CHDs in offspring. In essence, if mothers possessed a risk genotype at
rs2851391 or rs234714, then the probability of their offspring developing CHD significantly
rose when exposed to a diet rich in unhealthy foods [45]. As accumulating evidence sug-
gests that periconceptional folic acid supplementation could be preventive against CHD,
Van Beynum and co-authors demonstrated that maternal SNPs in methionine synthase
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reductase (MTRR), coupled with elevated plasma methylmalonic acid concentrations—an
indicator of vitamin B12 deficiency—may be indicative of an elevated risk of CHD in
offspring [46].

Gatica-Dominguez explored the intricate interplay between maternal nutritional fac-
tors, genetic variations, and their impact on the cognitive development of offspring. To do
that, the authors conducted an exploration into the potential association between maternal
levels of folate and vitamin B12 during pregnancy and the neuropsychological development
of children, also considering the potential role of the maternal MTHFR C677T genotype
in influencing this relationship. The findings revealed a significant interaction between
maternal plasma folate and MTHFR C677T genotypes. Indeed, Mental Development Index
(MDI) was inversely associated with maternal plasma folate in offspring born to women
with the MTHER 677CC genotype. No significant interactions were found between MDI,
maternal vitamin B12, and MTHEFR C677T genotypes [43].

In this context, the maternal periconceptional use of vitamin supplements containing
folic acid has been shown to significantly diminish the risk of neural tube defects (NTDs) in
offspring. Recent studies have further indicated an association between the C677T genotype
of the MTHER gene and the risk of NTDs. To explore potential interactions influencing the
risk of spina bifida, Shaw and collaborators conducted a study investigating the interplay
between the infant’s MTHFR C677T genotype and maternal usage of folic acid supplements.
Among infants whose mothers did not use supplements containing folic acid during the
periconceptional period, the risk of spina bifida was notably higher for those with the TT
genotype compared to infants with the CC genotype [47].

Moreover, it has been shown that maternal genetic factors in the metabolic pathway
of vitamin D are associated with type 1 diabetes in the child. Miettinen and colleagues
analyzed the genetic determinants of 25(OH)D concentration during pregnancy in mothers
whose children later developed type 1 diabetes. The connections between serum 25(OH)D
concentration and SNPs in the VDR (rs4516035) and GC (rs12512631) genes were more
pronounced in mothers whose children developed type 1 diabetes [48]. Song and colleagues
aimed at assessing the association between maternal methylenetetrahydrofolate dehydro-
genase 1 (MTHFD1) gene polymorphisms, maternal dietary habits in early pregnancy,
and their interactions with the risk of ventricular septal defects (VSD) in offspring. By
comparing mothers of VSD cases and mothers of healthy infants, they observed signifi-
cant interaction effects between maternal dietary habits and genetic SNPs of the maternal
MTHEFD1 gene at rs1950902, rs2236225, and rs2236225 on the risk of VSD [49].

In a similar vein, Luo and colleagues investigated the relationship between genetic
variations in the maternal betaine-homocysteine methyltransferase (BHMT) gene, maternal
dietary patterns, and how they interacted to influence the risk of VSD in the offspring. Their
findings indicated that mothers with variant genotypes who also reported regular or low
consumption of beans during pregnancy were at a notably elevated risk of having offspring
with VSD when compared to those with the wild genotype (TT) who also reported regular
bean intake [50].

Finally, Guo and collaborators investigated the interplay between two genetic vari-
ations (i.e., C641A and G15572) within transforming growth factor beta 3 (TGFb3) and
maternal exposures during pregnancy in relation to the occurrence of cleft lip with/without
cleft palate (CL/P). Interestingly, although they evaluated different models, which also in-
cluded maternal multivitamin supplements, the model including maternal passive smoking
and TGFb3 C641A showed the best ability to predict the risk of CL/P. These findings sug-
gested a synergistic effect of TGFb3 C641A and maternal passive smoking, also providing
potential strategy for identifying sub-groups of individuals at higher risk of CL/P [44].

3.3.4. Other Neonatal Outcomes

Two studies explored the influence of prenatal maternal diet on offspring disease sus-
ceptibility, considering a total of 958 maternal and/or neonatal SNPs. Mazul and colleagues
proposed that SNPs in genes related to folate and choline in both offspring and mothers
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might be associated with neuroblastoma. They also suggested that these genetic factors
could potentially interact with the maternal intake of folate, choline, and folic acid to influ-
ence the risk of neuroblastoma. Of particular interest, they observed interactions between
maternal choline dietary intake and specific SNPs, including MTHFD1L (rs10489810) and
TYMS (rs9966612) in the offspring. When maternal choline consumption was below the
25th percentile, offspring carrying the G allele of rs1738575 (MTHFD1L) had an increased
risk of neuroblastoma, whereas those with the A allele in SNP rs9966612 (TYMS) had a
lower risk of developing neuroblastoma [51].

Moreover, Hong and colleagues genotyped neonatal cord blood for SNPs of genes
involved in the development of respiratory tract infection (RTI). Interestingly, the authors
noted interaction effects between CD14, TLR4, and GSDMB SNPs and prenatal antioxidant
intake on RTTI risk in infants at 12 months of age [52]. Indeed, a higher prenatal maternal
intake of vitamins A and C, folate, fruits, and total fruits and vegetables reduced the risk
of RTI in infants with the TT genotype of CD14. Moreover, a significant interaction of the
TLR4 genotype was only found with vitamin C. In terms of GSDMB rs4794820, the risk of
RTI was reduced by a higher prenatal intake of fruits and vegetables in infants with the
GA + AA genotypes in GSDMB [52].

4. Discussion

Our systematic review summarizes the current evidence describing how maternal
genetic variants and diet converge to influence maternal—child pregnancy outcomes. By
synthesizing information from 29 studies, our objective was to provide a comprehensive
understanding of the intricate interactions between genetic variations and diet in the
context of maternal and neonatal outcomes. The studies incorporated were published
between 1998 and 2023, and their results reflect the dynamic and ongoing development
within this area of study.

Research into gene-environment interactions can be instrumental in identifying par-
ticular subgroups of women and children who face an elevated risk of adverse health
outcomes at birth [13]. Studying the interaction between genetic variants and maternal diet
during the periconceptional period is of paramount importance both for maternal health
and fetal development. This period is critical as it coincides with the early development of
the fetus and plays a pivotal role in its future health trajectory. Maternal diet plays a key
role in providing the necessary nutrients for fetal development, but individual genetics
influence how the body processes and utilizes these nutrients. In this context, genetic
variation is another crucial aspect. Each individual has genetic differences that affect their
ability to absorb, metabolize, and use nutrients. Thus, understanding how genetic variants
can influence women’s response to diet is essential to ensuring a healthy pregnancy and
offspring well-being, as well as to identifying personalized dietary recommendations.

With respect to maternal outcomes, we noted that the majority of the studies explored
whether maternal genetic variants may modulate the risk of GDM [29], one of the most
common metabolic disorders during pregnancy. It is caused by the interaction between
genetic predisposition and metabolic factors and is linked to unfavorable perinatal and
neonatal consequences [73].

Recent research offers evidence that maternal VDR gene polymorphisms likely play
a pivotal role by influencing the biological activity of vitamin D in certain unfavorable
pregnancy outcomes [62,63]. The VDR gene encodes the vitamin D3 receptor, which belongs
to the nuclear hormone receptor superfamily and plays a pivotal role in mediating the
biological effects of vitamin D [74]. Notably, SNPs within this gene have been extensively
studied and are frequently associated with various metabolic characteristics, suggesting
that an examination of the genetic background could yield new insights into the role of the
vitamin D metabolic pathway in the development of GDM [75].

Certain studies have also identified a significant interplay between SNPs within
other genes associated with vitamin D metabolism, 25(OH)D levels, and the risk of
GDM [29,30]. Additional research delved into maternal SNPs within genes involved in glu-
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cose metabolism, maternal dietary choices, and their connection to GDM risk [25-27,58]. It
is important to highlight that, among these studies, only the one conducted by Barabash and
colleagues considered maternal dietary habits, specifically the adherence to the Mediter-
ranean diet, underscoring the necessity for further investigations to comprehensively
explore the impact of maternal dietary patterns on adverse pregnancy outcomes [28]. In
addition, we noted that the diverse maternal genotypes respond to environmental factors
during pregnancy, shaping the overall impact on the risk of other maternal pregnancy
outcomes [31-35,68].

With respect to neonatal outcomes, the areas investigated by studies included in our
systematic review were the following: anthropometric measures, preterm birth, abnormal
embryonic development, and other neonatal outcomes. On the contrary, few studies have
explored the impact of interactions between folate genes and nutrients on SGA risk. Inter-
estingly, the study of Bulloch and colleagues noted a significant gene-nutrient interaction
in relation to SGA between maternal one-carbon metabolism gene polymorphisms (i.e.,
MTHEFR 677, MTHEFR 1298, and TCN2 776) and maternal folic acid supplement (FAS)
use [21]. Throughout pregnancy, folate plays a pivotal role in fetal growth and develop-
ment, underscoring the importance of maintaining optimal maternal folate status and
homocysteine levels, with some biological mechanisms that may clarify these findings [76].
Both folate intake and polymorphisms in the folate-mediated homocysteine metabolic path-
way influence maternal plasma folate and homocysteine levels [77]. These polymorphisms
have the potential to disrupt folate metabolism, one-carbon metabolism, DNA synthesis,
and methylation [78-80], posing a risk to fetal growth and development. The presence
of these polymorphisms may necessitate an increased supply of folic acid for one-carbon
metabolism [76]. Indeed, folic acid supplementation is likely to alleviate the impact of
these SNPs on pregnancy outcomes. By providing additional folic acid, supplementation
enhances the availability of one-carbon groups for the conversion of homocysteine to
methionine, contributing to the maintenance of normal homocysteine levels [81-83].

Although the majority of studies reported conflicting results [37,84-86], we observed
some associations between maternal vitamin D deficiency and larger head circumference
and decreased birth weight. Any controversies in these associations may be attributed
to methodological differences, encompassing the timing of maternal blood sampling, the
defined cut-off values for vitamin D deficiency, and the analytical methods employed for
25(OH)D assessment. In this context, the interactive effect of maternal vitamin D deficiency
with additional factors—such as pre-pregnancy BMI, infant sex, and GDM—need to be
better understood [36,37].

Several studies have also explored the association between maternal levels of vitamins
and/or minerals during pregnancy and the risk of PTB [41,42]. For instance, SNPs present
in genes encoding antioxidant enzymes altered the association between maternal Mn levels
and SPB. Pregnant women with specific SNPs in SOD and CAT were notably susceptible to
the negative consequences of elevated maternal Mn levels. Excessive Mn has the potential
to trigger oxidative stress and mitochondrial dysfunction by increasing mitochondrial
reactive oxygen species (ROS), diminishing enzyme activity, and depleting the cellular
defense mechanisms against antioxidants [87-89]. This dysfunction in mitochondria, in
turn, amplifies the generation and accumulation of ROS, influencing the activity of SOD2
and escalating oxidative stress [88]. Moreover, the existing research indicates a connection
between oxidative stress and a disrupted antioxidant system with the occurrence of SPB [90].
The increased production of ROS and diminished levels of enzyme activity and antioxidants
have been identified in preterm placentas [90] and infants [91]. Consequently, an excess of
Mn during pregnancy might contribute to SPB by instigating oxidative stress. To the best of
our knowledge, this study is the most comprehensive systematic review investigating the
impact of gene—diet interactions on maternal and neonatal outcomes. Our findings suggest
that the increased maternal intake of essential vitamins and minerals, including folate and
vitamins A, C, and D, may reduce the risk of adverse pregnancy outcomes such as preterm
birth and respiratory tract infections.
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Despite the growing interest in studying gene-diet interactions during the periconcep-
tional period, it is noteworthy that many of the excluded studies in our analysis considered
the three components separately, without examining their interaction [92]. One of the
strengths of our study was its inclusion of a significant number of epidemiological studies
employing an observational prospective study design.

However, it is important to take into account some limitations when interpreting the
studies included in our systematic review. In fact, comparison between studies should be
interpreted with caution due to the high heterogeneity that may account for discrepancies
in the obtained results.

Firstly, a considerable number of studies utilized varied methodologies to evaluate
maternal dietary patterns and nutritional aspects, which may have compromised the preci-
sion of dietary intake assessment and the applicability of the findings. Furthermore, our
study did not investigate how adherence to alternative restrictive diets (such as vegan,
raw vegan, gluten-free, ketogenic) and genetic polymorphisms might impact pregnancy
outcomes. Hence, further research could enhance the comprehension of underlying mecha-
nisms, consequently facilitating the formulation of more efficient strategies for managing
pregnancy in women adhering to restrictive dietary patterns.

Second, the heterogeneity of data reported in the included studies hindered the
possibility of synthesizing the results through a meta-analytical approach. In fact, the
variety of molecular methods used in the primary studies for genotyping, along with
differences in study populations, definitions of exposure and outcomes, and differences
in the study designs, have made it challenging to pool the data to conduct a quantitative
synthesis of the results. Additionally, the scarcity of available data on certain specific
genes or dietary patterns in relation to mother—child health may have further contributed
to limiting the possibility of conducting a meta-analysis. Third, most of the studies had
limited small sample sizes, encompassing both pregnant women and infants, raising
the need for future analyses. Moreover, it is noteworthy that a significant number of
the studies included in the analysis encompassed diverse study populations concerning
ethnicity. This etherogeneity poses a challenge to exploring whether interactions between
genotype and diet could be influenced by specific racial or ethnic demographics. The fourth
limitation pertains to the health outcomes explored in our work. Notably, for maternal
health outcomes, the most extensively investigated outcome was GDM, underscoring
the necessity for further research to explore the role of gene-diet interactions in both
physiological and pathological health conditions during pregnancy. Lastly, the observed
interactions could be influenced by additional maternal lifestyles and exposures, which
were not considered in these studies.

5. Conclusions

Despite the growing interest in studying gene—diet interactions during the pericon-
ceptional period, the existing evidence of their implications in reducing the risk of future
diseases in children is still weak. Research on gene-diet interactions provides the opportu-
nity to tailor dietary recommendations based on the genetic profile of pregnant women,
optimizing maternal—child health and ensuring they receive the nutrient intake they need
based on their genetic profile. Thus, deeply understanding this interaction could be useful
in developing highly personalized approaches to maternal and child nutrition, as well
as in exploring the potential implications in disease prevention and the promotion of the
long-term well-being of both mothers and their offspring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16070994 /51, Table S1: PRISMA checklist.

Author Contributions: Conceptualization, G.F. and A.A_; formal analysis, G.F,, RM.S.L. and A.M.;
data curation, G.F, RM.S.L.,, AM. and M.B.; writing—original draft preparation, G.F. and A.M,;
writing—review and editing, G.F,, AM., RM.S.L.,, M.B. and A.A.; supervision, A.A. All authors have
read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/nu16070994/s1
https://www.mdpi.com/article/10.3390/nu16070994/s1

Nutrients 2024, 16, 994 18 of 22

Funding: This research was partially funded by European Union (NextGeneration EU), through the
MUR-PNRR project HEAL ITALIA (MUR code: PE_00000019).

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The research leading to these results has received funding from the Euro-
pean Union - NextGenerationEU through the Italian Ministry of University and Research un-
der PNRR-M4C2-I1.3 Project PE_00000019 “HEAL ITALIA” to Professor Antonella Agodi, CUP
E63C22002080006, University of Catania. The views and opinions expressed are those of the authors
only and do not necessarily reflect those of the European Union or the European Commission. Neither
the European Union nor the European Commission can be held responsible for them.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Barchitta, M.; Magnano San Lio, R.; La Rosa, M.C.; La Mastra, C.; Favara, G.; Ferrante, G.; Galvani, F; Pappalardo, E.; Ettore, C.;
Ettore, G.; et al. The Effect of Maternal Dietary Patterns on Birth Weight for Gestational Age: Findings from the MAMI-MED
Cohort. Nutrients 2023, 15, 1922. [CrossRef] [PubMed]

Montagnoli, C.; Santoro, C.B.; Buzzi, T.; Bortolus, R. Maternal periconceptional nutrition matters. A scoping review of the current
literature. J. Matern. Fetal Neonatal Med. 2022, 35, 8123-8140. [CrossRef] [PubMed]

Paknahad, Z.; Fallah, A.; Moravejolahkami, A.R. Maternal Dietary Patterns and Their Association with Pregnancy Outcomes.
Clin. Nutr. Res. 2019, 8, 64-73. [CrossRef] [PubMed]

Ramakrishnan, U.; Grant, F.; Goldenberg, T.; Zongrone, A.; Martorell, R. Effect of women’s nutrition before and during early
pregnancy on maternal and infant outcomes: A systematic review. Paediatr. Perinat. Epidemiol. 2012, 26 (Suppl. S1), 285-301.
[CrossRef] [PubMed]

Marshall, N.E.; Abrams, B.; Barbour, L.A.; Catalano, P.; Christian, P.; Friedman, J.E.; Hay, WW.; Hernandez, T.L.; Krebs, N.F;
Oken, E.; et al. The importance of nutrition in pregnancy and lactation: Lifelong consequences. Am. |. Obstet. Gynecol. 2022, 226,
607-632. [CrossRef] [PubMed]

Mizuno, S.; Nagaie, S.; Tamiya, G.; Kuriyama, S.; Obara, T.; Ishikuro, M.; Tanaka, H.; Kinoshita, K.; Sugawara, J.; Yamamoto, M.;
et al. Establishment of the early prediction models of low-birth-weight reveals influential genetic and environmental factors: A
prospective cohort study. BMC Pregnancy Childbirth 2023, 23, 628. [CrossRef] [PubMed]

Grieger, ].A.; Grzeskowiak, L.E.; Clifton, V.L. Preconception dietary patterns in human pregnancies are associated with preterm
delivery. J. Nutr. 2014, 144, 1075-1080. [CrossRef] [PubMed]

Lowensohn, R.I; Stadler, D.D.; Naze, C. Current Concepts of Maternal Nutrition. Obstet. Gynecol. Surv. 2016, 71, 413-426.
[CrossRef]

Ji, ].L.; Muyayalo, K.P; Zhang, Y.H.; Hu, X.H.; Liao, A.H. Immunological function of vitamin D during human pregnancy. Am. J.
Reprod. Immunol. 2017, 78, €12716. [CrossRef]

Kiely, M.; Hemmingway, A.; O’Callaghan, K.M. Vitamin D in pregnancy: Current perspectives and future directions. Ther. Adv.
Musculoskelet. Dis. 2017, 9, 145-154. [CrossRef]

Talaulikar, V.S.; Arulkumaran, S. Folic acid in obstetric practice: A review. Obstet. Gynecol. Surv. 2011, 66, 240-247. [CrossRef]
[PubMed]

Lassi, Z.S.; Salam, R.A.; Haider, B.A.; Bhutta, Z.A. Folic acid supplementation during pregnancy for maternal health and
pregnancy outcomes. Cochrane Database Syst. Rev. 2013, 2013, CD006896. [CrossRef]

Kobayashi, S.; Sata, F,; Kishi, R. Gene-environment interactions related to maternal exposure to environmental and lifestyle-related
chemicals during pregnancy and the resulting adverse fetal growth: A review. Environ. Health Prev. Med. 2022, 27, 24. [CrossRef]
[PubMed]

Englund—@gge, L.; Brantseeter, A.L.; Juodakis, J.; Haugen, M.; Meltzer, H.M.; Jacobsson, B.; Sengpiel, V. Associations between
maternal dietary patterns and infant birth weight, small and large for gestational age in the Norwegian Mother and Child Cohort
Study. Eur. J. Clin. Nutr. 2019, 73, 1270-1282. [CrossRef] [PubMed]

Zinck, J.W.; de Groh, M.; MacFarlane, A.]. Genetic modifiers of folate, vitamin B-12, and homocysteine status in a cross-sectional
study of the Canadian population. Am. J. Clin. Nutr. 2015, 101, 1295-1304. [CrossRef]

Hobbs, C.A,; Cleves, M.A.; Karim, M.A.; Zhao, W.; MacLeod, S.L. Maternal folate-related gene environment interactions and
congenital heart defects. Obstet. Gynecol. 2010, 116, 316-322. [CrossRef] [PubMed]

Panigrahi, D.D.; Patel, S.; Rajbhar, S.; Padhi, P.; Shah, S.; Nanda, R.; Mohapatra, E. Association of Methylenetetrahydrofolate
Reductase Gene Polymorphism in Mothers With Adverse Clinical Outcomes in Neonates. Cureus 2023, 15, €38001. [CrossRef]
[PubMed]

Javorski, N.; Lima, C.A.D; Silva, L.V.C,; Crovella, S.; de Azévedo Silva, J. Vitamin D receptor (VDR) polymorphisms are associated
to spontaneous preterm birth and maternal aspects. Gene 2018, 642, 58-63. [CrossRef]

Workalemahu, T.; Badon, S.E.; Dishi-Galitzky, M.; Qiu, C.; Williams, M.A.; Sorensen, T.; Enquobahrie, D.A. Placental genetic
variations in vitamin D metabolism and birthweight. Placenta 2017, 50, 78-83. [CrossRef]


https://doi.org/10.3390/nu15081922
https://www.ncbi.nlm.nih.gov/pubmed/37111140
https://doi.org/10.1080/14767058.2021.1962843
https://www.ncbi.nlm.nih.gov/pubmed/34392783
https://doi.org/10.7762/cnr.2019.8.1.64
https://www.ncbi.nlm.nih.gov/pubmed/30746349
https://doi.org/10.1111/j.1365-3016.2012.01281.x
https://www.ncbi.nlm.nih.gov/pubmed/22742616
https://doi.org/10.1016/j.ajog.2021.12.035
https://www.ncbi.nlm.nih.gov/pubmed/34968458
https://doi.org/10.1186/s12884-023-05919-5
https://www.ncbi.nlm.nih.gov/pubmed/37653383
https://doi.org/10.3945/jn.114.190686
https://www.ncbi.nlm.nih.gov/pubmed/24790026
https://doi.org/10.1097/OGX.0000000000000329
https://doi.org/10.1111/aji.12716
https://doi.org/10.1177/1759720X17706453
https://doi.org/10.1097/OGX.0b013e318223614c
https://www.ncbi.nlm.nih.gov/pubmed/21756406
https://doi.org/10.1002/14651858.CD006896.pub2
https://doi.org/10.1265/ehpm.21-00033
https://www.ncbi.nlm.nih.gov/pubmed/35675978
https://doi.org/10.1038/s41430-018-0356-y
https://www.ncbi.nlm.nih.gov/pubmed/30459338
https://doi.org/10.3945/ajcn.115.107219
https://doi.org/10.1097/AOG.0b013e3181e80979
https://www.ncbi.nlm.nih.gov/pubmed/20664391
https://doi.org/10.7759/cureus.38001
https://www.ncbi.nlm.nih.gov/pubmed/37223177
https://doi.org/10.1016/j.gene.2017.10.087
https://doi.org/10.1016/j.placenta.2016.12.028

Nutrients 2024, 16, 994 19 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Arshad, R.; Sameen, A.; Murtaza, M. A ; Sharif, H.R.; Iahtisham-Ul-Haq; Dawood, S.; Ahmed, Z.; Nemat, A.; Manzoor, M.E.
Impact of vitamin D on maternal and fetal health: A review. Food Sci. Nutr. 2022, 10, 3230-3240. [CrossRef]

Bulloch, R.E.; Wall, C.R.; McCowan, L.M.E; Taylor, R.S.; Roberts, C.T.; Thompson, ]. M.D. The Effect of Interactions between
Folic Acid Supplementation and One Carbon Metabolism Gene Variants on Small-for-Gestational-Age Births in the Screening for
Pregnancy Endpoints (SCOPE) Cohort Study. Nutrients 2020, 12, 1677. [CrossRef] [PubMed]

Engel, S.M.; Olshan, A F; Siega-Riz, A.M.; Savitz, D.A.; Chanock, S.J. Polymorphisms in folate metabolizing genes and risk for
spontaneous preterm and small-for-gestational age birth. Am. |. Obstet. Gynecol. 2006, 195, 1231.e1-1231.e11. [CrossRef] [PubMed]
Wang, S.; Duan, Y;; Jiang, S.; Bi, Y.; Pang, X,; Liu, C.; Yang, Z.; Lai, ]. Relationships between Maternal Gene Polymorphisms in One
Carbon Metabolism and Adverse Pregnancy Outcomes: A Prospective Mother and Child Cohort Study in China. Nutrients 2022,
14, 2108. [CrossRef] [PubMed]

Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; Group, P.-P. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 2015, 4, 1. [CrossRef]
[PubMed]

Popova, P.V,; Klyushina, A.A.; Vasilyeva, L.B.; Tkachuk, A.S.; Bolotko, Y.A.; Gerasimov, A.S.; Pustozerov, E.A.; Kravchuk,
E.N.; Predeus, A.; Kostareva, A.A.; et al. Effect of gene-lifestyle interaction on gestational diabetes risk. Oncotarget 2017, §,
112024-112035. [CrossRef] [PubMed]

Wang, H,; Li, J.; Liu, J.; Leng, J.; Li, W,; Yu, Z,; Tam, C.H.T.; Hu, G.; Ma, RC.W.; Fang, Z,; et al. Interactions of CDKALI1 rs7747752
polymorphism and serum levels of L-carnitine and choline are related to increased risk of gestational diabetes mellitus. Genes
Nutr. 2022, 17, 14. [CrossRef] [PubMed]

Ao, D.; Zhao, Q.; Song, ].Y.; Liu, Z.; Wang, Y.; Wang, H.].; Yang, H.X. The association of the glucokinase rs4607517 polymorphism
with gestational diabetes mellitus and its interaction with sweets consumption in Chinese women. Public Health Nutr. 2021, 24,
2563-2569. [CrossRef] [PubMed]

Barabash, A.; Valerio, J.D.; Garcia de la Torre, N.; Jimenez, I.; Del Valle, L.; Melero, V.; Assaf-Balut, C.; Fuentes, M.; Bordiu, E.;
Duran, A.; et al. TCF7L2 rs7903146 polymorphism modulates the association between adherence to a Mediterranean diet and the
risk of gestational diabetes mellitus. Metab. Open 2020, 8, 100069. [CrossRef] [PubMed]

Mo, M.; Shao, B.; Xin, X.; Luo, W,; 5i, S,; Jiang, W.; Wang, S.; Shen, Y.; Wu, J.; Yu, Y. The Association of Gene Variants in the
Vitamin D Metabolic Pathway and Its Interaction with Vitamin D on Gestational Diabetes Mellitus: A Prospective Cohort Study.
Nutrients 2021, 13, 4220. [CrossRef]

Zhu, B.; Huang, K; Yan, S.; Hao, J.; Zhu, P.; Chen, Y.; Ye, A.; Tao, F. VDR Variants rather than Early Pregnancy Vitamin D
Concentrations Are Associated with the Risk of Gestational Diabetes: The Ma’anshan Birth Cohort (MABC) Study. . Diabetes Res.
2019, 2019, 8313901. [CrossRef]

Hu, TY,; Mayasari, N.R.; Cheng, TM.; Bai, C.H.; Chao, J.C.; Huang, Y.L.; Wang, EF.; Skalny, A.V.; Tinkov, A.A.; Chang, J.S.
Polymorphisms of haptoglobin modify the relationship between dietary iron and the risk of gestational iron-deficiency anemia.
Eur. J. Nutr. 2023, 62, 299-309. [CrossRef] [PubMed]

Meng, Y.; Groth, S.W.; Li, D. The Association between Obesity-Risk Genes and Gestational Weight Gain Is Modified by Dietary
Intake in African American Women. J. Nutr. Metab. 2018, 2018, 5080492. [CrossRef]

Si, S.; Mo, M,; Cheng, H.; Peng, Z.; Alifu, X.; Zhou, H.; Chi, P.; Zhuang, Y.; Yu, Y. The Association of Vitamin D and Its Pathway
Genes’ Polymorphisms with Hypertensive Disorders of Pregnancy: A Prospective Cohort Study. Nutrients 2022, 14, 2355.
[CrossRef]

Ota, K.; Takahashi, T.; Han, A.; Damvaeba, S.; Mizunuma, H.; Kwak-Kim, J. Effects of MTHFR C677T polymorphism on vitamin
D, homocysteine and natural killer cell cytotoxicity in women with recurrent pregnancy losses. Hum. Reprod. 2020, 35, 1276-1287.
[CrossRef] [PubMed]

Wang, G.; Sun, J. Interactive Effects of Snps Located within CD28/B7Pathway and Environment on Susceptibility to Recurrent
Spontaneous Abortion. Cell. Physiol. Biochem. 2017, 43, 2185-2199. [CrossRef]

Lee, S.S.; Ling, K.H.; Tusimin, M.; Subramaniam, R.; Rahim, K.E; Loh, S.P. Interplay between Maternal and Neonatal Vitamin D
Deficiency and Vitamin-D-Related Gene Polymorphism with Neonatal Birth Anthropometry. Nutrients 2022, 14, 564. [CrossRef]
Chun, S.K;; Shin, S.; Kim, M.Y,; Joung, H.; Chung, ]. Effects of maternal genetic polymorphisms in vitamin D-binding protein and
serum 25-hydroxyvitamin D concentration on infant birth weight. Nutrition 2017, 35, 36—42. [CrossRef]

Aji, A.S.; Lipoeto, N.L; Yusrawati, Y.; Malik, S.G.; Kusmayanti, N.A.; Susanto, I.; Nurunniyah, S.; Alfiana, R.D.; Wahyuningsih, W.;
Majidah, N.M.; et al. Impact of maternal dietary carbohydrate intake and vitamin D-related genetic risk score on birth length:
The Vitamin D Pregnant Mother (VDPM) cohort study. BMC Pregnancy Childbirth 2022, 22, 690. [CrossRef] [PubMed]
Torres-Sanchez, L.; Lopez-Carrillo, L.; Blanco-Mufioz, J.; Chen, J. Maternal dietary intake of folate, vitamin B12 and MTHFR
677C>T genotype: Their impact on newborn’s anthropometric parameters. Genes Nutr. 2014, 9, 429. [CrossRef]

Aji, AS.; Erwinda, E.; Rasyid, R.; Yusrawati, Y.; Malik, S.G.; Alathari, B.; Lovegrove, ].A.; Lipoeto, N.I.; Vimaleswaran, K.S. A
genetic approach to study the relationship between maternal Vitamin D status and newborn anthropometry measurements: The
Vitamin D pregnant mother (VDPM) cohort study. J. Diabetes Metab. Disord. 2020, 19, 91-103. [CrossRef]

Wang, S.; Xin, X.; Luo, W.; Mo, M.; Si, S.; Shao, B.; Shen, Y.; Cheng, H.; Yu, Y. Association of vitamin D and gene variants in the
vitamin D metabolic pathway with preterm birth. Nutrition 2021, 89, 111349. [CrossRef] [PubMed]


https://doi.org/10.1002/fsn3.2948
https://doi.org/10.3390/nu12061677
https://www.ncbi.nlm.nih.gov/pubmed/32512764
https://doi.org/10.1016/j.ajog.2006.07.024
https://www.ncbi.nlm.nih.gov/pubmed/17074544
https://doi.org/10.3390/nu14102108
https://www.ncbi.nlm.nih.gov/pubmed/35631247
https://doi.org/10.1186/2046-4053-4-1
https://www.ncbi.nlm.nih.gov/pubmed/25554246
https://doi.org/10.18632/oncotarget.22999
https://www.ncbi.nlm.nih.gov/pubmed/29340108
https://doi.org/10.1186/s12263-022-00716-9
https://www.ncbi.nlm.nih.gov/pubmed/36183068
https://doi.org/10.1017/S1368980020000609
https://www.ncbi.nlm.nih.gov/pubmed/32482198
https://doi.org/10.1016/j.metop.2020.100069
https://www.ncbi.nlm.nih.gov/pubmed/33305252
https://doi.org/10.3390/nu13124220
https://doi.org/10.1155/2019/8313901
https://doi.org/10.1007/s00394-022-02987-9
https://www.ncbi.nlm.nih.gov/pubmed/35974112
https://doi.org/10.1155/2018/5080492
https://doi.org/10.3390/nu14112355
https://doi.org/10.1093/humrep/deaa095
https://www.ncbi.nlm.nih.gov/pubmed/32478379
https://doi.org/10.1159/000484297
https://doi.org/10.3390/nu14030564
https://doi.org/10.1016/j.nut.2016.10.006
https://doi.org/10.1186/s12884-022-05020-3
https://www.ncbi.nlm.nih.gov/pubmed/36071390
https://doi.org/10.1007/s12263-014-0429-z
https://doi.org/10.1007/s40200-019-00480-5
https://doi.org/10.1016/j.nut.2021.111349
https://www.ncbi.nlm.nih.gov/pubmed/34217944

Nutrients 2024, 16, 994 20 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

Hao, Y.; Yan, L.; Pang, Y,; Yan, H.; Zhang, L.; Liu, J.; Li, N.; Wang, B.; Zhang, Y.; Li, Z; et al. Maternal serum level of manganese,
single nucleotide polymorphisms, and risk of spontaneous preterm birth: A nested case-control study in China. Environ. Pollut.
2020, 262, 114187. [CrossRef]

Wu, W.C,; Lin, H.C,; Liao, W.L.; Tsai, Y.Y.; Chen, A.C.; Chen, H.C.; Lin, H.Y.; Liao, L.N.; Chao, PM. FADS Genetic Variants in
Taiwanese Modify Association of DHA Intake and Its Proportions in Human Milk. Nutrients 2020, 12, 543. [CrossRef] [PubMed]
Guo, Z.; Huang, C.; Ding, K,; Lin, J.; Gong, B. Transforming growth factor beta-3 and environmental factors and cleft lip
with/without cleft palate. DNA Cell Biol. 2010, 29, 375-380. [CrossRef] [PubMed]

Li, Y;; Diao, J.; Li, J.; Luo, L.; Zhao, L.; Zhang, S.; Wang, T.; Chen, L.; Yang, T.; Zhu, P, et al. Association of maternal dietary intakes
and CBS gene polymorphisms with congenital heart disease in offspring. Int. J. Cardiol. 2021, 322, 121-128. [CrossRef] [PubMed]
van Beynum, I.M.; Kouwenberg, M.; Kapusta, L.; den Heijer, M.; van der Linden, 1]J.; Daniels, O.; Blom, H.]. MTRR 66A>G
polymorphism in relation to congenital heart defects. Clin. Chem. Lab. Med. 2006, 44, 1317-1323. [CrossRef] [PubMed]

Shaw, G.M.; Rozen, R.; Finnell, R.H.; Wasserman, C.R.; Lammer, E.J]. Maternal vitamin use, genetic variation of infant methylenete-
trahydrofolate reductase, and risk for spina bifida. Am. J. Epidemiol. 1998, 148, 30-37. [CrossRef] [PubMed]

Miettinen, M.E.; Smart, M.C.; Kinnunen, L.; Harjutsalo, V.; Reinert-Hartwall, L.; Ylivinkka, L.; Surcel, HM.; Lamberg-Allardt, C.;
Hitman, G.A.; Tuomilehto, J. Genetic determinants of serum 25-hydroxyvitamin D concentration during pregnancy and type 1
diabetes in the child. PLoS ONE 2017, 12, e0184942. [CrossRef]

Song, X; Liu, Y.; Wang, T.; Zhang, S.; Sun, M.; Shu, J.; Wei, J.; Diao, J.; Li, J.; Li, Y.; et al. Association of Maternal Dietary Habits
and. Front. Pediatr. 2021, 9, 785440. [CrossRef]

Luo, M.; Wang, T,; Huang, P.; Zhang, S.; Song, X.; Sun, M.; Liu, Y.; Wei, J.; Shu, J.; Zhong, T.; et al. Association and Interaction
Effect of. Nutrients 2022, 14, 3094. [CrossRef]

Mazul, A.L,; Siega-Riz, A.M.; Weinberg, C.R.; Engel, S.M.; Zou, E; Carrier, K.S.; Basta, P.V.; Vaksman, Z.; Maris, ].M.; Diskin, S.J.;
et al. A family-based study of gene variants and maternal folate and choline in neuroblastoma: A report from the Children’s
Oncology Group. Cancer Causes Control 2016, 27, 1209-1218. [CrossRef] [PubMed]

Hong, S.A.; Lee, E.; Kwon, S.0.; Kim, KW.; Shin, YH.; Ahn, KM.; Kim, E.J.; Lee, ].G.; Oh, S.Y.; Hong, S.J. Effect of prenatal
antioxidant intake on infants’ respiratory infection is modified by a CD14 polymorphism. World J. Pediatr. 2017, 13, 173-182.
[CrossRef] [PubMed]

Bryson, C.L.; Ioannou, G.N.; Rulyak, S.J.; Critchlow, C. Association between gestational diabetes and pregnancy-induced
hypertension. Am. |. Epidemiol. 2003, 158, 1148-1153. [CrossRef] [PubMed]

Hedderson, M.M.; Ferrara, A.; Sacks, D.A. Gestational diabetes mellitus and lesser degrees of pregnancy hyperglycemia:
Association with increased risk of spontaneous preterm birth. Obstet. Gynecol. 2003, 102, 850-856. [CrossRef] [PubMed]

Yu, Y.; Arah, O.A,; Liew, Z.; Cnattingius, S.; Olsen, J.; Serensen, H.T; Qin, G.; Li, ]. Maternal diabetes during pregnancy and early
onset of cardiovascular disease in offspring: Population based cohort study with 40 years of follow-up. BM] 2019, 367, 16398.
[CrossRef] [PubMed]

Casagrande, S.S.; Linder, B.; Cowie, C.C. Prevalence of gestational diabetes and subsequent Type 2 diabetes among U.S. women.
Diabetes Res. Clin. Pract. 2018, 141, 200-208. [CrossRef] [PubMed]

Baptiste-Roberts, K.; Barone, B.B.; Gary, T.L.; Golden, S.H.; Wilson, L.M.; Bass, E.B.; Nicholson, W.K. Risk factors for type 2
diabetes among women with gestational diabetes: A systematic review. Am. |. Med. 2009, 122, 207-214.204. [CrossRef]

Guo, F; Long, W.; Zhou, W.; Zhang, B.; Liu, J.; Yu, B. FTO, GCKR, CDKAL1 and CDKN2A /B gene polymorphisms and the risk of
gestational diabetes mellitus: A meta-analysis. Arch. Gynecol. Obstet. 2018, 298, 705-715. [CrossRef]

Say, L.; Chou, D.; Gemmill, A.; Tungalp, O.; Moller, A.B.; Daniels, J.; Gilmezoglu, A.M.; Temmerman, M.; Alkema, L. Global
causes of maternal death: A WHO systematic analysis. Lancet Glob. Health 2014, 2, e323-e333. [CrossRef]

Khan, K.S.; Wojdyla, D.; Say, L.; Glilmezoglu, A.M.; Van Look, P.F. WHO analysis of causes of maternal death: A systematic
review. Lancet 2006, 367, 1066—1074. [CrossRef]

Theilen, L.H.; Meeks, H.; Fraser, A.; Esplin, M.S.; Smith, K.R.; Varner, M.W. Long-term mortality risk and life expectancy following
recurrent hypertensive disease of pregnancy. Am. J. Obstet. Gynecol. 2018, 219, 107.€101-107.€106. [CrossRef] [PubMed]

Yu, Y. Micronutrients in Maternal and Infant Health: Where We Are and Where We Should Go. Nutrients 2023, 15,2192. [CrossRef]
[PubMed]

Guo, Y; Zhang, Y.; Tang, X.; Liu, X.; Xu, H. Association between. Peer] 2023, 11, e15181. [CrossRef] [PubMed]

Shankarkumar, U.; Pradhan, V.D.; Patwardhan, M.M.; Shankarkumar, A.; Ghosh, K. Autoantibody profile and other immunologi-
cal parameters in recurrent spontaneous abortion patients. Niger. Med. J. 2011, 52, 163-166. [CrossRef] [PubMed]

Teichman, J.; Nisenbaum, R.; Lausman, A.; Sholzberg, M. Suboptimal iron deficiency screening in pregnancy and the impact of
socioeconomic status in a high-resource setting. Blood Adv. 2021, 5, 4666-4673. [CrossRef] [PubMed]

Tang, K.Y,; Huang, S.Y.; Cheng, T.M.; Bai, C.H.; Chang, J.S. Haptoglobin phenotype influences the effectiveness of diet-induced
weight loss in middle-age abdominally obese women with metabolic abnormalities. Clin. Nutr. 2020, 39, 225-233. [CrossRef]
[PubMed]

Andersen, C.B.F; Stedkilde, K.; Seederup, K.L.; Kuhlee, A.; Raunser, S.; Graversen, ].H.; Moestrup, S.K. Haptoglobin. Antioxid.
Redox Signal 2017, 26, 814-831. [CrossRef] [PubMed]


https://doi.org/10.1016/j.envpol.2020.114187
https://doi.org/10.3390/nu12020543
https://www.ncbi.nlm.nih.gov/pubmed/32093185
https://doi.org/10.1089/dna.2009.1009
https://www.ncbi.nlm.nih.gov/pubmed/20408761
https://doi.org/10.1016/j.ijcard.2020.08.018
https://www.ncbi.nlm.nih.gov/pubmed/32800907
https://doi.org/10.1515/CCLM.2006.254
https://www.ncbi.nlm.nih.gov/pubmed/17087642
https://doi.org/10.1093/oxfordjournals.aje.a009555
https://www.ncbi.nlm.nih.gov/pubmed/9663401
https://doi.org/10.1371/journal.pone.0184942
https://doi.org/10.3389/fped.2021.785440
https://doi.org/10.3390/nu14153094
https://doi.org/10.1007/s10552-016-0799-1
https://www.ncbi.nlm.nih.gov/pubmed/27541142
https://doi.org/10.1007/s12519-016-0054-6
https://www.ncbi.nlm.nih.gov/pubmed/27830580
https://doi.org/10.1093/aje/kwg273
https://www.ncbi.nlm.nih.gov/pubmed/14652299
https://doi.org/10.1097/00006250-200310000-00030
https://www.ncbi.nlm.nih.gov/pubmed/14551018
https://doi.org/10.1136/bmj.l6398
https://www.ncbi.nlm.nih.gov/pubmed/31801789
https://doi.org/10.1016/j.diabres.2018.05.010
https://www.ncbi.nlm.nih.gov/pubmed/29772286
https://doi.org/10.1016/j.amjmed.2008.09.034
https://doi.org/10.1007/s00404-018-4857-7
https://doi.org/10.1016/S2214-109X(14)70227-X
https://doi.org/10.1016/S0140-6736(06)68397-9
https://doi.org/10.1016/j.ajog.2018.04.002
https://www.ncbi.nlm.nih.gov/pubmed/29630888
https://doi.org/10.3390/nu15092192
https://www.ncbi.nlm.nih.gov/pubmed/37432328
https://doi.org/10.7717/peerj.15181
https://www.ncbi.nlm.nih.gov/pubmed/37123013
https://doi.org/10.4103/0300-1652.86126
https://www.ncbi.nlm.nih.gov/pubmed/22082909
https://doi.org/10.1182/bloodadvances.2021004352
https://www.ncbi.nlm.nih.gov/pubmed/34459878
https://doi.org/10.1016/j.clnu.2019.01.019
https://www.ncbi.nlm.nih.gov/pubmed/30737047
https://doi.org/10.1089/ars.2016.6793
https://www.ncbi.nlm.nih.gov/pubmed/27650279

Nutrients 2024, 16, 994 21 of 22

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Martins, M.C,; Trujillo, J.; Farias, D.R.; Struchiner, C.J.; Kac, G. Association of the FTO (rs9939609) and MC4R (rs17782313) gene
polymorphisms with maternal body weight during pregnancy. Nutrition 2016, 32, 1223-1230. [CrossRef] [PubMed]

Finken, M.].].; van der Steen, M.; Smeets, C.C.J.; Walenkamp, M.].E.; de Bruin, C.; Hokken-Koelega, A.C.S.; Wit, ].M. Children
Born Small for Gestational Age: Differential Diagnosis, Molecular Genetic Evaluation, and Implications. Endocr. Rev. 2018, 39,
851-894. [CrossRef]

McCowan, L.M.; Thompson, J.M.; Taylor, R.S.; Baker, PN.; North, R.A.; Poston, L.; Roberts, C.T.; Simpson, N.A.; Walker, J.].;
Myers, J.; et al. Prediction of Small for Gestational Age Infants in Healthy Nulliparous Women Using Clinical and Ultrasound
Risk Factors Combined with Early Pregnancy Biomarkers. PLoS ONE 2017, 12, e0169311. [CrossRef]

Lage, K.; Greenway, S.C.; Rosenfeld, J.A.; Wakimoto, H.; Gorham, ].M.; Segre, A.V.; Roberts, A.E.; Smoot, L.B.; Pu, W.T.; Pereira,
A.C; et al. Genetic and environmental risk factors in congenital heart disease functionally converge in protein networks driving
heart development. Proc. Natl. Acad. Sci. USA 2012, 109, 14035-14040. [CrossRef] [PubMed]

Kalisch-Smith, J.I.; Ved, N.; Sparrow, D.B. Environmental Risk Factors for Congenital Heart Disease. Cold Spring Harb. Perspect.
Biol. 2020, 12, a037234. [CrossRef] [PubMed]

Wang, H.; Li, N.; Chivese, T.; Werfalli, M.; Sun, H.; Yuen, L.; Hoegfeldt, C.A ; Elise Powe, C.; Immanuel, J.; Karuranga, S.; et al. IDF
Diabetes Atlas: Estimation of Global and Regional Gestational Diabetes Mellitus Prevalence for 2021 by International Association
of Diabetes in Pregnancy Study Group’s Criteria. Diabetes Res. Clin. Pract. 2022, 183, 109050. [CrossRef] [PubMed]

Wang, Y.; Zhu, J.; DeLuca, H.E. Where is the vitamin D receptor? Arch. Biochem. Biophys. 2012, 523, 123-133. [CrossRef] [PubMed]
Voltan, G.; Cannito, M.; Ferrarese, M.; Ceccato, F.; Camozzi, V. Vitamin D: An Overview of Gene Regulation, Ranging from
Metabolism to Genomic Effects. Genes 2023, 14, 1691. [CrossRef] [PubMed]

Finnell, R.H.; Shaw, G.M.; Lammer, E.J.; Rosenquist, T.H. Gene-nutrient interactions: Importance of folic acid and vitamin B12
during early embryogenesis. Food Nutr. Bull. 2008, 29, S86-598; discussion S99-5100. [CrossRef] [PubMed]

Hiraoka, M.; Kagawa, Y. Genetic polymorphisms and folate status. Congenit. Anom. 2017, 57, 142-149. [CrossRef] [PubMed]
Amigou, A.; Rudant, J.; Orsi, L.; Goujon-Bellec, S.; Leverger, G.; Baruchel, A.; Bertrand, Y.; Nelken, B.; Plat, G.; Michel, G.; et al.
Folic acid supplementation, MTHFR and MTRR polymorphisms, and the risk of childhood leukemia: The ESCALE study (SFCE).
Cancer Causes Control 2012, 23, 1265-1277. [CrossRef] [PubMed]

Barbosa, P.R.; Stabler, S.P.; Machado, A.L.; Braga, R.C.; Hirata, R.D.; Hirata, M.H.; Sampaio-Neto, L.F.; Allen, R.H.; Guerra-
Shinohara, E.M. Association between decreased vitamin levels and MTHFR, MTR and MTRR gene polymorphisms as determi-
nants for elevated total homocysteine concentrations in pregnant women. Eur. J. Clin. Nutr. 2008, 62, 1010-1021. [CrossRef]
Nazki, FH.; Sameer, A.S.; Ganaie, B.A. Folate: Metabolism, genes, polymorphisms and the associated diseases. Gene 2014, 533,
11-20. [CrossRef]

Hodgetts, V.A.; Morris, R.K,; Francis, A.; Gardosi, J.; Ismail, K.M. Effectiveness of folic acid supplementation in pregnancy on
reducing the risk of small-for-gestational age neonates: A population study, systematic review and meta-analysis. Int. ]. Obstet.
Gynaecol. 2015, 122, 478-490. [CrossRef] [PubMed]

Klai, S.; Fekih-Mrissa, N.; El Housaini, S.; Kaabechi, N.; Nsiri, B.; Rachdi, R.; Gritli, N. Association of MTHFR A1298C
polymorphism (but not of MTHFR C677T) with elevated homocysteine levels and placental vasculopathies. Blood Coagul.
Fibrinolysis 2011, 22, 374-378. [CrossRef]

Hogeveen, M.; Blom, H.J.; den Heijer, M. Maternal homocysteine and small-for-gestational-age offspring: Systematic review and
meta-analysis. Am. J. Clin. Nutr. 2012, 95, 130-136. [CrossRef]

Nobles, C.J.; Markenson, G.; Chasan-Taber, L. Early pregnancy vitamin D status and risk for adverse maternal and infant outcomes
in a bi-ethnic cohort: The Behaviors Affecting Baby and You (B.A.B.Y.) Study. Br. J. Nutr. 2015, 114, 2116-2128. [CrossRef]
[PubMed]

Leffelaar, E.R.; Vrijkotte, T.G.; van Eijsden, M. Maternal early pregnancy vitamin D status in relation to fetal and neonatal growth:
Results of the multi-ethnic Amsterdam Born Children and their Development cohort. Br. ]. Nutr. 2010, 104, 108-117. [CrossRef]
[PubMed]

Chen, Y.H.; Fu, L.; Hao, ].H.; Yu, Z.; Zhu, P,; Wang, H.; Xu, Y.Y.; Zhang, C.; Tao, F.B.; Xu, D.X. Maternal vitamin D deficiency
during pregnancy elevates the risks of small for gestational age and low birth weight infants in Chinese population. J. Clin.
Endocrinol. Metab. 2015, 100, 1912-1919. [CrossRef] [PubMed]

Malecki, E.A. Manganese toxicity is associated with mitochondrial dysfunction and DNA fragmentation in rat primary striatal
neurons. Brain Res. Bull. 2001, 55, 225-228. [CrossRef] [PubMed]

Li, L.; Yang, X. The Essential Element Manganese, Oxidative Stress, and Metabolic Diseases: Links and Interactions. Oxidative
Med. Cell Longev. 2018, 2018, 7580707. [CrossRef]

Martinez-Finley, E.J.; Gavin, C.E.; Aschner, M.; Gunter, T.E. Manganese neurotoxicity and the role of reactive oxygen species. Free
Radic. Biol. Med. 2013, 62, 65-75. [CrossRef]

Zadrozna, M.; Gawlik, M.; Nowak, B.; Marcinek, A.; Mrowiec, H.; Walas, S.; Wietecha-Postuszny, R.; Zagrodzki, P. Antioxidants
activities and concentration of selenium, zinc and copper in preterm and IUGR human placentas. J. Trace Elem. Med. Biol. 2009, 23,
144-148. [CrossRef]


https://doi.org/10.1016/j.nut.2016.04.009
https://www.ncbi.nlm.nih.gov/pubmed/27377581
https://doi.org/10.1210/er.2018-00083
https://doi.org/10.1371/journal.pone.0169311
https://doi.org/10.1073/pnas.1210730109
https://www.ncbi.nlm.nih.gov/pubmed/22904188
https://doi.org/10.1101/cshperspect.a037234
https://www.ncbi.nlm.nih.gov/pubmed/31548181
https://doi.org/10.1016/j.diabres.2021.109050
https://www.ncbi.nlm.nih.gov/pubmed/34883186
https://doi.org/10.1016/j.abb.2012.04.001
https://www.ncbi.nlm.nih.gov/pubmed/22503810
https://doi.org/10.3390/genes14091691
https://www.ncbi.nlm.nih.gov/pubmed/37761831
https://doi.org/10.1177/15648265080292S112
https://www.ncbi.nlm.nih.gov/pubmed/18709884
https://doi.org/10.1111/cga.12232
https://www.ncbi.nlm.nih.gov/pubmed/28598562
https://doi.org/10.1007/s10552-012-0004-0
https://www.ncbi.nlm.nih.gov/pubmed/22706675
https://doi.org/10.1038/sj.ejcn.1602810
https://doi.org/10.1016/j.gene.2013.09.063
https://doi.org/10.1111/1471-0528.13202
https://www.ncbi.nlm.nih.gov/pubmed/25424556
https://doi.org/10.1097/MBC.0b013e328344f80f
https://doi.org/10.3945/ajcn.111.016212
https://doi.org/10.1017/S0007114515003980
https://www.ncbi.nlm.nih.gov/pubmed/26507186
https://doi.org/10.1017/S000711451000022X
https://www.ncbi.nlm.nih.gov/pubmed/20193097
https://doi.org/10.1210/jc.2014-4407
https://www.ncbi.nlm.nih.gov/pubmed/25774884
https://doi.org/10.1016/S0361-9230(01)00456-7
https://www.ncbi.nlm.nih.gov/pubmed/11470319
https://doi.org/10.1155/2018/7580707
https://doi.org/10.1016/j.freeradbiomed.2013.01.032
https://doi.org/10.1016/j.jtemb.2009.02.005

Nutrients 2024, 16, 994 22 of 22

91. Davis, ].M.; Auten, R.L. Maturation of the antioxidant system and the effects on preterm birth. Semin. Fetal Neonatal Med. 2010, 15,
191-195. [CrossRef] [PubMed]

92. Dong, J.; Zhou, Q.; Wang, J.; Lu, Y.; Li, ].; Wang, L.; Meng, P.; Li, F; Zhou, H.; Liu, C.; et al. Association between variants in
vitamin D-binding protein gene and vitamin D deficiency among pregnant women in china. J. Clin. Lab. Anal. 2020, 34, e23376.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.siny.2010.04.001
https://www.ncbi.nlm.nih.gov/pubmed/20452845
https://doi.org/10.1002/jcla.23376
https://www.ncbi.nlm.nih.gov/pubmed/32537819

	Introduction 
	Materials and Methods 
	Literature Search 
	Selection Criteria 
	Data Extraction 

	Results 
	Study Selection 
	Characteristics of Studies Investigating Maternal Outcomes 
	Gestational Diabetes Mellitus 
	Other Maternal Outcomes 

	Characteristics of Studies Investigating Neonatal Outcomes 
	Anthropometric Measures 
	Preterm Birth 
	Abnormal Embryonic Development 
	Other Neonatal Outcomes 


	Discussion 
	Conclusions 
	References

