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Abstract

The reciprocal relationship between genes and nutrients, known as nutrigenetics and nu-
trigenomics, has been established in many studies. However, current investigations of
maternal and neonatal nutrition using a precision nutrition approach focused on genomics
are limited, especially in the Middle East and North Africa (MENA) region. This review
aims to summarize the impacts of the dietary micronutrients, folic acid, thiamine, and
cobalamin on optimal health outcomes during pregnancy, fetal development, lactation, and
infant growth. In this review, the roles of folic acid, thiamine, and cobalamin are discussed
in the context of various aspects of pregnancy, such as preconception, fetal development,
and lactation, highlighting how genetic events occurring during developmental periods can
have consequential impacts on health outcomes later in life. Deficiency rates and related
health consequences as well as the prevalence of genetic mutations related to these nutrients
of interest in the MENA region are also elaborated on. How to advance knowledge and
applications of precision nutrition, how genes interact with the neurochemical changes
during pregnancy, and how this interaction impacts maternal eating behaviors, and con-
sequently fetal development and infant and child growth and health, should be further
explored in future studies. This includes taking advantage of cutting-edge technologies
and the role of artificial intelligence in this endeavor.
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folic acid, thiamine, and cobalamin [4,5]. Poor development caused by poor nutritional
health during these periods can lead to predisposition to diseases and an increased risk of
negative health outcomes, some of which cannot be reversed [6].

Previous studies have demonstrated the importance of a multifaceted approach to
nutrition in pregnant and lactating women, highlighting that nutritional assessments should
be accompanied by evaluations of personal and maternal characteristics [7], genetics [8],
and microbiota [9,10], given the varying degrees of risk and potential treatment efficacy

associated with these factors, as illustrated in Figure 1.
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Figure 1. Examples of modifiable and non-modifiable precision nutrition factors that can impact
the health risk of mothers and their offspring. The height of each bar reflects the relative impact
on health risk. Modifiable factors such as dietary habits and physical activity are shown to have a
greater influence on health outcomes compared to non-modifiable factors like genomics or sex [11].
This representation illustrates which factors precision nutrition can most effectively target health
improvement while recognizing that non-modifiable factors, particularly genomics, provide critical
context for tailoring and optimizing these modifiable interventions.

However, current standard nutritional care often follows a one-size-fits-all approach,
typically providing generalized recommendations without accounting for individual dif-
ferences. This approach may not adequately address variations in genetic predispositions,
metabolic responses, lifestyle factors, or other personal characteristics that can influence
maternal and fetal health outcomes, potentially limiting the effectiveness of interventions
and the ability to optimize nutrition for everyone.

Precision nutrition (PN), also sometimes referred to as personalized nutrition, is
an evolving area of study in the field of lifestyle medicine. A component of lifestyle
medicine, PN focuses on the various genetic and non-genetic factors among individuals
that contribute to the risks and diagnosis of diseases [6,12]. As seen in Figure 1, factors
impacting nutritional health are either modifiable or non-modifiable [13]. Regardless of
whether these can be changed or not, understanding and considering these factors when
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trying to understand a patient’s health risk is important for creating a PN plan based
on the non-controllable and controllable factors and their interactions with each other.
Together, these factors can create a holistic profile of a patient and their personal health risk.
Although modifiable factors such as diet and physical activity may exert a greater overall
influence on health outcomes, non-modifiable factors, including genetics, are essential for
explaining interindividual variability in response to these interventions. Accordingly, this
review focuses on nutrigenetics and nutrigenomics as the mechanistic foundation that
enables more precise and effective modification of nutritional strategies.

The third level of PN, genotype-directed nutrition aims to steer nutrition care to focus
on nutrigenetics and nutrigenomics and away from the first two levels of PN, which are
conventional nutrition and individualized nutrition [12,14]. Nutrigenetics examines how
the genetic variation between individuals causes responses to the same dietary compo-
nents [15]. On the other hand, nutrigenomics examines the molecular mechanisms behind
these different responses, including how food affects gene expression and how genes influ-
ence nutrient processing [16]. The main differences are that nutrigenetics emphasizes the
role of genetic diversity in determining individual dietary responses, while nutrigenomics
explores the underlying molecular processes that govern these gene—diet interactions.

Therefore, PN can complement the health care provided during pregnancy to promote
desirable outcomes. Assessing genetic predispositions and the intrauterine environment
can create optimal health outcomes before, during, and after pregnancy for both the mother
and offspring [17]. As such, a PN approach for pregnant patients can decrease the incidence
of negative health outcomes through an array of assessments, including dietary, genetic,
and anthropometric measures. Precision nutrition also offers many exciting advantages,
including potentially reducing health-care costs, boosting patients” and clients” motivation
and compliance, extending the health and lifespan of individuals, and the ability to adapt
to a patient’s needs as their health and personal circumstances change throughout their
lifetime [14,18]. This allows for implementation of preventative measures and treatments
that can be adapted as needed [18]. In addition, PN can cater to the specific interests of
individuals that are not medically necessary, such as increased fertility, fitness goals, and
increased cognitive performance [18].

Another area of exploration is the use of nutrigenetics in the formulation and use of
nutraceuticals and functional foods, in which genetic profiles can be used to determine how
different metabolisms respond to these supplemental foods [15,19]. This has created a new
dimension of personalized medicine that can support the development of nutraceutical
products using a genetic approach that considers variability between ethnic groups and
individuals [15]. Meral et al. (2024) found that supplements are metabolized differently
between individuals based on their genetic profiles and that an understanding of the
responses by different genetic variants to supplementation can be useful to mitigate side
effects that may occur from their usage [19].

Despite having areas of ambiguity and limited research, scientifically PN holds great
future potential that should continue to be explored, particularly in maternal health applica-
tion. This review aims to explore the role of precision nutrition, specifically in the context of
nutrigenetics and nutrigenomics and how they improve maternal and fetal health outcomes
in the MENA region. The review is structured to first examine key vitamins, followed by
genetic influences and then other factors, reflecting a progression from modifiable nutrient
intake to underlying biological and personalized determinants of maternal and fetal health.
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2. Methodology
Search Strategy

A comprehensive literature search was conducted across multiple databases to ensure
thorough coverage of relevant research in precision nutrition and maternal-neonatal health.
The primary databases utilized included Web of Science for multidisciplinary scientific
literature, PubMed for biomedical and life sciences research, and Medline for clinical and
health sciences publications. Google Scholar was incorporated during later phases of the
project to supplement the search, particularly for identifying regional literature from the
MENA region that may not be fully indexed in traditional databases.

The search strategy was implemented in two distinct phases, reflecting the evolving
scope of the review. During the initial phase, the search focused on precision nutrition
in maternal and neonatal health contexts using several keyword combinations. Broad
precision nutrition terms included combinations such as “precision AND nutrition AND
maternal AND nutrition AND health,” “personal* AND nutrition AND maternal AND
neonatal,” and “perinatal AND nutrition* AND personal* AND nutrition AND precision
AND nutrition.” To capture literature on nutrient deficiencies and neurocognitive outcomes,
searches incorporated terms such as “nutri* AND deficie* AND mother AND newborn
AND infant* AND neurocognitive” and “nutr* AND defici* AND newborn AND neuro*.”
Additionally, specific micronutrient searches were conducted using terms including “Vi-
tamin B1 OR Thiamine,” “Vitamin B12 OR Cobalamin,” “Vitamin B9 OR Folic acid,” and
“Neural tube defects OR NTDs.”

Following the decision to incorporate a MENA regional perspective into the review,
the search strategy was expanded mid-project to include geographic and region-specific
terms. These additional searches employed keywords such as “MENA,” “Middle East,”
“Gulf countries,” and “Gulf Cooperation Council” in combination with the initial phase 1
keywords. Genetic and metabolic markers relevant to the region, including “Hcy gene,”
were also incorporated into the search terms. Throughout both phases, Boolean operators
(AND, OR) and truncation symbols (*) were employed to combine search terms and capture
word variations, ensuring comprehensive retrieval of relevant literature. Search terms were
refined iteratively based on initial results to optimize identification of pertinent studies.

3. Vitamins with a Maternal and Neonatal Focus

Although several micronutrients, including vitamin D, iron, choline, and iodine, are
equally important for maternal and neonatal health and are commonly deficient in the
MENA region [20], this review focuses specifically on thiamine (vitamin B1), cobalamin
(vitamin B12), and folic acid (vitamin B9). These B vitamins were selected due to their
interconnected roles in one-carbon metabolism, energy metabolism, and neurodevelopment,
as well as their direct involvement in genetic and epigenetic regulatory pathways during
early life. Concentrating on this group allows for a more focused examination of shared
biological mechanisms within a precision nutrition framework. The following sections
describe each vitamin individually, outlining their dietary sources, recommended intake,
populations at risk of deficiency, and relevance to maternal and neonatal outcomes.

3.1. Folic Acid (Vitamin B9)

Vitamin B9 is a water-soluble vitamin that exists in two main forms: folate and
folic acid. Folate is the naturally occurring form found in foods, while folic acid is the
synthetic form used in supplements and fortified foods. The recommended folic acid
intake for women of childbearing age is 400 mcg per day, which can be obtained through
consumption of dietary sources such as green and leafy vegetables, beans, liver, fortified
food products, and supplements. The recommended intake is 600 mcg and 500 mcg per day,
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respectively, for pregnant and breastfeeding women [21]. Groups at risk of folate deficiency
include women of childbearing age and pregnant women [22].

However, some evidence suggests that higher folic acid intake or elevated folate status
may be associated with adverse outcomes in specific settings, including less favorable
reproductive outcomes and an increased risk of gestational diabetes mellitus, particularly
with sustained high supplementation or elevated circulating folate levels [23]. In addition,
high-dose folic acid intake has been noted to mask the hematological signs of vitamin B12
deficiency, potentially delaying diagnosis in susceptible individuals [24]. These findings
underscore the importance of balancing adequacy with avoidance of excessive intake,
especially during pregnancy.

3.2. Thiamine (Vitamin B1)

Thiamin(e) is another water-soluble vitamin. Its recommended intake for pregnant and
lactating women is 1.4 mg per day [25]. Thiamine naturally occurs in foods such as beans,
lentils, and pork. Some food products, such as wheat flour products or breakfast cereals, can
be fortified with thiamine to help individuals meet their thiamine intake requirements [26].
Groups at risk of thiamine deficiency include pregnant women with chronic alcoholism,
diabetes, human immunodeficiency virus (HIV), acquired immunodeficiency syndrome
(AIDS), or who have undergone bariatric surgery [27,28].

3.3. Cobalamin (Vitamin B12)

Vitamin B12, or cobalamin, is a water-soluble vitamin that is found in meats, pulses,
and eggs. Other forms of vitamin B12 intake include oral supplementation, intramuscular
injections, and fortified foods [29]. The recommended intake for pregnant and lactating
women is 2.6 mcg and 2.8 mcg, respectively [30]. In pregnant and breastfeeding women,
vitamin B12 deficiency may cause neural tube defects (NTDs), developmental delays,
failure to thrive, and anemia in offspring. Vitamin B12 is particularly important in pregnant
women and women of childbearing age who follow vegans or vegetarian diets and those
with diseases or impairments in bodily processes that impact vitamin B12 absorption and
levels in the body [31].

4. Genetics

PN lies on the foundation of both nutrigenetics and nutrigenomics. This field connects
genetics with their interactions with environmental factors, such as lifestyle and diet.
This allows for a valuable understanding of how these factors impact the expressions of
different gene variants [12]. As per the systematic review by Robinson et al. (2021), genetic
assessments as part of the PN approach could increase motivation to improve health in
individuals who discover that they have a higher genetic risk of disease [32]. This can be
valuable for reducing the rate of disease for at-risk groups; however, additional research is
needed to determine if, and how, PN could create and sustain behavior change [32].

Diet and nutrition create impactful changes in the body at a genetic and cellular
level that affects the body’s homeostasis [14,33]. For example, dietary habits can alter and
produce subsequent changes in deoxyribonucleic acid (DNA)-related processes such as the
methylation of DNA and histone-modifying proteins, with the most commonly researched
processes being those that are related to folate one-carbon metabolism (FOCM) [14,33]. As
nutrients act as dietary signals that can enhance or alter genetic activity, thus affecting
the body’s homeostasis, there is a need for a strong understanding of nutrigenetic and
nutrigenomics during phases of rapid genetic changes such as fetal development [14].

Additionally, food preferences and nutrient requirements may be influenced by ge-
netic makeup, which can somewhat explain a person’s eating habits and natural inclination
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toward certain foods [33-35]. Examples of genetic polymorphisms influencing the dietary
preferences of an individual are variations of glucose transporter 2 (GLUT?2) for sugar prefer-
ences and cytochrome P450 1A2 (CYP1A2), which impacts one’s sensitivity to caffeine [33].
As such, having a genetic predisposition for genes that influence food preferences can
increase the risk of disease, especially when there are environmental exposures involved
that can create a gene—environment relationship [36]. For instance, if one has an affected
gene for GLUT2, which influences a strong preference for sugar, and resides in a society
with easy access to high-sugar foods, the gene-environment interaction can increase the
risk of obesity.

While nutrigenetics and nutrigenomics are opposites of each other, when considered
together they provide useful context through their complementation [33]. Specifically,
nutrigenetics focuses on how genetic composition affects the way that genes in the body will
respond to nutrients and diets, whereas in contrast, nutrigenomics is the impact of nutrients
on genetic expression [37]. Figure 2 shows an example of nutrigenomics through the
relationship between low vitamin B12 intake from the maternal diet and gene methylation
activity, a process that is important for fetal growth and development. In contrast, an
example of nutrigenetics is how mutations of the amnion-associated transmembrane protein
(AMN) gene and cubilin (CUBN) gene, known as the genetic disorder Imerslund-Grésbeck
syndrome (IGS), can cause malabsorption of vitamin B12 in the body [38]. Nutrigenomics
aims to determine which genetic mutations are heterogeneous, which leads to the same
expressed phenotype or disease in various individuals. Then, these mutations and their
expressed phenotypes can be categorized appropriately and recorded in studies such as
genome-wide association studies (GWASs) [37,39].

Genetics

Diet

Vital stage for DNA activity that is dependent Genetic testing
on nutrients including folic acid, thiamine, and for mutations that lead to
vitamin B12. deficiency. For
example, SLC19A2 for
In presence of nutritional thiamine deficiency
deficiencies, fetus may and mutations in TCN2 gene
undergo genetic adaptations. for vitamin B12 deficiency.

Nutritional status

of mother will impact Nutrient input from diet impacts the placenta | Opportunity for assessment of

oocytes and gamete function and metabolism of nutrients by fetus. nunfltlon.al de.ﬁmgnmes in
; folic acid, thiamine, and
production. . . A : S
Rapid fetal growth taking place requires vital vitamin B12.
nutrients, such as folic acid, thiamine, and
vitamin B12, to support healthy development. Nutritional composition of
Intake of these nutrients is highly dependent on breast milk impacts the
maternal diet. intakes of nutrients received
by infant.

> Pre-pregnancy > Pregnancy and fetal stage > Infant >

Life stage >

Figure 2. Bidirectional interactions between genes and nutrients across life stages. Maternal nutri-
tional status before and during pregnancy influences oocyte quality, placental function, and fetal
nutrient metabolism, while fetal genetic adaptations affect nutrient requirements. Using vitamin B12
as an example, this figure illustrates how gene—nutrient interactions shape development and impact
infant nutrient intake.

A nutrigenetic and nutrigenomic focus on maternal nutrition for optimal maternal
and fetal health outcomes can provide a genotype-specific nutrition intervention plan. For
example, Fabozzi et al. (2022) provides an example of a nutrition intervention for infertile
women with impacted folate metabolism based on their genotype [40]. It was suggested
that women should take 200 pg, 400 ug, and 800 pg per day of active 5-MTHF for the
wild-type, intermediate, and at-risk genotype for the single-nucleotide polymorphisms
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(SNPs) rs1801131 and rs1801133 of the methylenetetrahydrofolate reductase (MTHFR) gene,
in addition to a balanced diet that includes food sources of vitamin Bs.

While this study is used in various applications of medicine, GWASs can help identify
genetic associations for nutrition-related diseases and those who may be at a greater risk of
these diseases [6,39]. These data can then be applied to better understand others who have
the same variant. However, it is important to keep in mind that there are other variables
that can impact genetic expression, including non-genetic factors such as age, sex, physical
activity levels, gut microbiota, and current health conditions [12].

4.1. Genetic Processes
4.1.1. Folic Acid

Folic acid has active roles in DNA replication, DNA methylation, and DNA-repair
mechanisms [41]. These processes are important for preventing genetic mutations from
arising and to ensure healthy fetus development. FOCM uses folic acid to methylate
DNA [42]. In instances of low folic acid intake, little DNA methylation will happen,
which is a phenomenon called hypomethylation [43]. When the homeostasis of FOCM is
disturbed, it can lead to oxidative stress in the fetus, which results in damage and mutation
to DNA [42]. During folic acid deficiency, there is decreased production of thymine, which
is compensated for by substituting thymine with uracil instead [44]. However, this change
can cause replication errors that increase the risks of diseases occurring [44].

Other genetic processes that folic acid is important for are neurogenesis, synaptogene-
sis, neuronal proliferation, and synthesis of neurotransmitters [41,45]. Neurodevelopmental
issues arise when these processes do not occur correctly [41]. As a result, outcomes such as
autism, NTDs, and other neurodevelopmental issues can arise when there is low folic acid
intake received by the fetus [42].

4.1.2. Thiamine

Biochemically, thiamine acts as a cofactor for enzymes in the glucose metabolism path-
way [26]. These enzymes partake in processes such as energy production, cell replication,
and neural activity. Inadequate thiamine status impairs the body’s ability to carry out these
processes properly and can lead to oxidative damage that may lead to cell death.

4.1.3. Vitamin B12

Vitamin B12 aids in biochemical reactions that support the functioning of the nervous
system and cognitive functioning, including a role in the methylation of genes [46]. Signs
and symptoms of deficiency include muscle weakness, negative impacts on psychological
well-being, numbness, eye problems, and brain atrophy, and infants may experience an
aversion to food [47].

4.2. Mutations in Genes
4.2.1. Folic Acid

A popular focus in genetic research is on the MTHFR gene. Mutations of this gene
affect how folate is utilized in the body, thereby impacting an individual’s folic acid re-
quirements [48]. Micronutrient deficiencies and inadequacies constitute a global health
issue, particularly among countries in the Middle East, with folate deficiency representing
a critical concern across the region. Based on recent comprehensive reviews focusing on
countries in advanced nutrition transition and early nutrition transition, prominent deficits
in folate, iron, and vitamin D are noted among children/adolescents, women of child-
bearing age, pregnant women, and the elderly [20]. Certain mutations are more common
among some ethnic groups [49]. Through a stronger understanding of mutations that affect
genotypes of the MTHFR gene, personal folic acid requirements can be determined.
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For example, polymorphisms of C677T and A1298C of the MTHER gene are often seen
concurrently with NTDs [50]. C677T is associated with low plasma folate levels and DNA
methylation activity.

The C677T polymorphism in the MTHER gene reduces the level and availability of
the substrate 5-MTHF by impairing the body’s ability to convert folate into 5-MTHF [50].
5-MTHEF is an important substrate that takes part in the one-carbon cycle and for methy-
lation activity to occur. Decreased activity of the one-carbon cycle will lead to elevated
homocysteine (Hcy) levels, which may increase the risk of NTDs and autism [51]. However,
meeting adequate folic acid requirements for those with homozygosity for C677T can
decrease total plasma Hcy levels, with potentially negative implications [52]. This could
be demonstrating a possible link between genetic mutations, biomarkers for folic acid
deficiency, and consequential negative health outcomes such as NTDs.

Recent studies on MTHFR gene variations have revealed differences across Middle
Eastern populations, highlighting the need for tailored screening programs based on local
genetics. A study by Al Khatib surveyed 470 women between ages 15 and 45 at govern-
ment health centers in Lebanon, finding that one in four women had low folate levels
(below 6.6 ng/mL) [20]. Across the Middle East, neural tube defects occur in 1 to 3.3 out
of every 1000 births, which is concerning given that many countries in the region have
folic acid fortification programs already in place. Saudi Arabia shows particularly trou-
bling patterns, with observational studies documenting neural tube defect rates between
1.05 and 1.90 per 1000 births. These findings suggest that uniform fortification may not
adequately meet the needs of individuals with genetic variants such as the MTHFR C677T
polymorphism, which can impair folate metabolism and reduce responsiveness to standard
folic acid intake. A precision nutrition approach incorporating genetic screening could help
identify individuals at higher risk of folate insufficiency and enable targeted interventions,
such as adjusted folate dosing or alternative folate forms, thereby addressing gaps left by
population-level fortification programs.

A systematic review and meta-analysis by Alfaleh et al. (2023) noted that there
was an association between recurrent pregnancy loss and carriers of mutations for the
MTHER C677T gene in Arab mothers [53]. Determining if these mutations and folate
status are causing pregnancy loss to occur can provide a valuable opportunity for nutrition
intervention. However, the authors advise that further research is needed on a greater
population of Arab mothers that are carriers for the C677T mutation and the role of paternal
genetic contribution in recurrent pregnancy loss.

In the Khan et al. (2024) study of 45 healthy females living in the United Arab
Emirates (UAE), no women were found to be homozygous T for the MTHFR C677T
polymorphism [54]. However, given the small sample, these findings cannot be generalized
to draw broad conclusions about the genetic risk of MTHFR C677T polymorphism in the
broader UAE female population. Larger population-based studies would be needed to
accurately characterize the prevalence and genetic risk associated with this polymorphism
in UAE women.

In Wilcken et al. (2003), a pattern of greater prevalence of homozygosity for the C677T
(TT) was observed in certain regions and ethnic groups [52]. While comprehensive data for
Middle Eastern populations remain limited, comparative analysis with populations sharing
similar genetic backgrounds becomes particularly relevant for understanding potential
MENA patterns. Samples of newborn specimens from Mexico, the region of Campania in
Italy, the Han ethnic group in northern China, and Hispanics in Atlanta, US, had genotype
frequencies of 32.2%, 26.4%, 19.8%, and 17.7%, respectively. These elevated frequencies in
Mediterranean and other populations suggest that similar patterns may exist in Middle

https://doi.org/10.3390/ dietetics5020019


https://doi.org/10.3390/dietetics5020019

Dietetics 2026, 5, 19

9 of 25

Eastern countries, particularly given shared ancestral backgrounds between Italian and
some Arab populations.

These high genotype frequency rates for TT genotype of the C677T could explain other
existing research findings of Mexico and northern China regarding their high incidence
of NTDs [52]. Additionally, comparison of samples of newborn specimens from the same
geographic region of Atlanta showed a 17.7% prevalence of homozygosity for C677T in
babies of Hispanic background, whereas in Blacks there was only a 2.7% genotype frequency.
Once again, these rates comparably coincide with the rates of NTDs in these groups within
the United States of America and interestingly may suggest the large role of ethnicity in
the genotypic frequency of C677T, even in those living in different geographic locations,
such as Hispanics in the United States of America compared to those in Mexico. As noted
by Wilcken et al. (2003) [52], the variation in genotype frequencies of C677T among ethnic
groups can be valuable for public health policymakers in developing initiatives such as
fortification programs for folic acid and daily folic acid requirements specific to geographic
area and ethnic populations.

In addition to ethnicity, geographic location and direction in reference to other areas
have highlighted trends in the distribution of the C677T genotype, such as the increase in
homozygosity from Northern Europe to Southern Europe and from Alberta, Canada to
Atlanta [52].

It is common for there to be mating between different ethnic groups in Arabian
societies, which may make it difficult to conduct studies that focus on the genetic variability
that exists within specific Arab ethnic groups [55].

4.2.2. Thiamine

Thiamine is an important micronutrient for energy metabolism, and as such, metabolic
activities such as illness, stage of pregnancy, lactation, and physical activity levels influence
its requirement [26]. Thiamine deficiency causes include excessive alcohol intake, refeeding
syndrome, and surgical operations [56]. Lower absorption or higher excretion rates can
also be caused by medical conditions like alcohol dependence, HIV, or AIDS.

Thiamine beriberi deficiency categories include wet, dry, or infantile beriberi. Dry
beriberi causes damage to the nerves in the nervous system, especially in the extremities of
the body, whereas wet beriberi affects cardiovascular function in the body [56]. Infantile
beriberi is caused by low thiamine content in maternal breast milk, which can be due to
the mother’s low thiamine intake or status [26]. Another thiamine deficiency category is
Wernicke-Korsakoff syndrome, which is often accompanied by excessive alcohol use.

The genomic domain of PN can be analyzed to explore the hereditary causes of
thiamine deficiency. Mutants for SLC19A2 and SLC19A3 thiamine transporter genes have
lower thiamine absorption activity [57]. This can interrupt normal and critical functioning
in the body, particularly those functions that have neurological impacts and can cause
neurodevelopmental problems. Including genetic testing when assessing for diseases can
provide an appropriate diagnosis and treatment plan earlier to prevent further disease
progression. In our literature search, we were unable to find information on these mutations
in Middle Eastern populations, highlighting a regional data gap. Similarly, information
on AMN, CUBN, GIF, and TCN2 genes related to vitamin B12 in this region could not be
found, underscoring the need for region-specific research to strengthen the applicability of
precision nutrition strategies for these vitamins.

4.2.3. Vitamin B12

There are cases where vitamin B12 deficiency is not caused by low intake, but instead
by genetic factors. Usually, these genetic mutations are caused by autosomal recessive
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genes [47]. Dysfunction of proteins and receptors related to vitamin B12 absorption can
impact vitamin B12 status. Impairment in the functioning of these genes affects the enzymes,
proteins, and receptors that have a role in methylation, leading to various cellular issues,
and high Hcy and methylmalonic acid (MMA) levels. In most cases where deficiency is
caused by genetic factors, lifelong treatment will be needed.

A few examples of genes that can impact vitamin B12 status include the AMN gene,
CUBN gene, gastric intrinsic factor (GIF) gene, and transcobalamin II (TCN2) gene [38].
Again, here we were could not find information relevant to these genes for any Middle
Eastern population. Additionally, individuals with the condition pernicious anemia are
not able to absorb food-bound or free vitamin B12. Intrinsic factors are required to absorb
vitamin B12, and when there is a low presence of or absence of intrinsic factors, pernicious
anemia may arise. The inability to produce intrinsic factors can be caused by surgeries
impacting the stomach, autoimmune conditions, and gastritis. A genetic screening test can
determine if there are genetic factors impacting vitamin B12 status if supplementation is
not bringing vitamin B12 status to the appropriate level.

The AMN and CUBN genes code for the proteins amnionless and cubilin, respec-
tively [58]. These proteins form a complex that acts as a receptor for intrinsic factor-vitamin
B12 for uptake of vitamin B12 [59]. Mutations in the AMN and CUBN genes can cause the
genetic disorder IGS [38]. As mentioned in Figure 2, mutations of the AMN and CUBN
genes result in the malabsorption of vitamin B12 in the body [58].

The TCN2 gene produces transcobalamin, and when mutated, it can cause a transcobal-
amin deficiency [38]. Transcobalamin transports vitamin B12 in the blood, and if deficient,
vitamin B12 will not be delivered throughout the body [47]. Most vitamin B12 is bound
to haptocorrin (HC), but unlike transcobalamin, it cannot enter cells [47]. Symptoms of
transcobalamin deficiency include macrocytic anemia, hypotonia, and other neurological
impacts [47].

4.3. Epigenetics

Epigenome-wide association studies (EWASs) are a collection of findings related to
epigenetics and its activities in DNA methylation, non-coding ribonucleic acid (RNA),
histone protein modifications, and chromatin remodeling [50,60]. These studies focus on
the environmental factors that change how a gene expresses itself and its phenotype without
changing the genetic code [50]. Factors such as physical activity, stress levels and sleep
duration and quality can be interrelated with one another, thus creating an indirect impact
on DNA expression [50,61]. For example, fetal DNA methylation is impacted by maternal
profiles that include obesity, smoking, and poor diet and lifestyle habits [60]. Exposure to
these environmental factors can affect genetic expressions as early as preconception [50].
Impactful periods of early life include fertilization of oocytes, pregnancy, infancy, and
others that are important for the healthy development and growth of body tissues [14,17].

Fetal development is a time in which the synthesis of DNA is a major event required
for healthy development and is dependent on folic acid intake and its by-products, such
as purine rings, to do so [50]. MTHEFR is an important enzyme that catalyzes folic acid
and allows folic acid to participate in the one-carbon cycle. This important relationship
allows neural tube closing and DNA methylation to occur. While adequate folic acid
status is important for fetal development, high intake of folic acid has been associated
with incidence of food allergies, asthma, and hepatotoxic affects. Weight gain in children
whose mothers engaged in a maternal diet low in carbohydrate intake can be explained
as an epigenetic phenomenon [62]. As per the predictive adaptive response (PAR) theory,
the fetus will adapt to its intrauterine environment and the nutrition available in the
womb [17]. Therefore, fetal development will occur based on the presumption that the
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nutrition available in the postnatal environment will be similar to the prenatal environment.
The more significant the difference between the prenatal and postnatal nutrition intake is,
the greater the risk of disease.

4.4. Homocystinuria: Genetics and Vitamin B Considerations in MENA

Accumulation of Hcy in the body can be indicative of a deficiency in some B vita-
mins or a genetic condition known as homocystinuria [63]. Homocystinuria is caused by
mutations of the cystathionine beta-synthase (CBS) gene, which seems to have a greater
prevalence in certain ethnic groups and geographic locations. Failure to reduce plasma
Hcy levels can create consequences such as an increased risk of NTDs, cardiovascular
disease, and neurodegenerative diseases [64]. Qatar has been reported to have a rate of
1:1800 newborns affected by homocystinuria, a rate that is higher than many other parts
of the world. The presence of homocystinuria in Qatar is often caused by the missense
mutation p.R336C [65]. Supplementation of folic acid and vitamin B6 and a low-protein
diet are dietary interventions that can be implemented to lower Hcy levels, although the
success of such dietary intervention to address high Hcy levels varies [64].

Folic acid and vitamin B12 are cofactors that are required for regulating Hcy lev-
els [65,66]. Thus, genetic mutations that impair the body’s ability to absorb or metabolize
folic acid and vitamin B12 or regulate Hcy levels can cause negative health effects on female
fertility, gamete production, and increase the risk of NTDs [38,66,67]. The high consan-
guinity rate in Qatar can be a significant point that contributes to its high prevalence of the
genetic condition homocystinuria, as the disease is an autosomal recessive disorder [64]. In
other Middle East and North Africa (MENA) countries, such as Oman and Saudi Arabia,
the prevalence of homocystinuria is 1/128,200 births and 2/100,000 live births, respectively.
Similarly, consanguinity may increase the frequency of other B vitamin-related genetic
conditions in MENA populations, highlighting the importance of population-specific
risk assessment.

Precision nutrition can play a key role in preconception genetic screening in these
societies by identifying carriers of relevant mutations and informing tailored nutritional
and lifestyle interventions. Siblings of offspring affected by homocystinuria or those with a
family medical history of homocystinuria should consider genetic testing if they wish to
reproduce [64]. Early detection enables timely interventions, including diet optimization
and supplementation, which can reduce the risk of adverse outcomes in offspring.

5. The Application of Precision Nutrition in Various Life Stages

Poor nutrition during fetal and infant development can increase the risk of diseases
such as cardiovascular disease, obesity, chronic obstructive pulmonary disease (COPD),
and diabetes in later life [6]. As such, using PN in the early stages of development can
prevent these diseases from occurring by playing an important role in the early stages of
development and helping to prevent such diseases. PN can guide nutrition interventions
during pregnancy, the neonatal stage, and lactation to optimize health outcomes for both
infants and adults. Importantly, each life stage has unique nutritional needs, and interven-
tions should be tailored accordingly, starting from pre-pregnancy. Figure 3 illustrates the
changing roles of dietary and genetic factors from pre-pregnancy to infancy, highlighting
how these factors can interact and complement each other.
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Figure 3. Relationship between genes and nutrients using vitamin B12 as an example. Changes in
genes, such as mutations in AMN and CUBN or altered gene methylation, can affect how the body
processes nutrients. At the same time, low vitamin B12 intake or malabsorption can influence gene
activity and metabolic pathways. The arrows show the two-way interactions: nutrigenetics (how
genes affect nutrient status) and nutrigenomics (how nutrients affect gene function).

5.1. Precision Nutrition During Pregnancy
5.1.1. Thrifty Phenotype/Barker Hypothesis

The “thrifty phenotype” or “Barker hypothesis” is the idea that poor nutrition during
pregnancy and childhood can increase the risk of negative health outcomes such as type
2 diabetes [61]. This risk is thought to arise from reductions in hormone secretion and
sensitivity, including insulin and insulin-like factors, which are critical for fetal develop-
ment. These adaptations, also called fetal growth restriction, allow the fetus to prioritize
life-sustaining organs while limiting non-essential growth [6,62]. This concept illustrates
how early nutrition can shape long-term health, a foundation for the field of PN [61].

5.1.2. Overnutrition During Pregnancy

Overnutrition during pregnancy can also negatively impact fetal development by
altering placental function and nutrient metabolism [6]. Consequences may include obesity
and increased risk of eating disorders later in life [68]. Maternal overnutrition can influence
offspring neurochemistry, creating reward pathways similar to those seen in addiction,
which may affect dietary preferences and weight regulation. Additionally, maternal diet
before and during pregnancy can influence genetic and epigenetic programming of gametes,
with potential long-term effects on offspring health [6].

5.1.3. Neurochemistry and Eating Behaviors

PN should also consider the influence of genes that are involved with neurochemistry,
including the levels and functioning of neurochemicals affecting mood and behavior. It
is known that there are genes that impact eating behaviors, including binge eating dis-
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order [69]. For example, the catechol-O-methyltransferase (COMT) gene holds the SNP
rs4680 (G), which is associated with binge eating behaviors. Misfunctioning of the COMT
gene can lead to abnormal levels of neurochemicals like dopamine and noradrenaline,
which can contribute to the risk of binge eating disorders and obesity that may be accompa-
nied by mood disorders. PN could be used to determine if someone is affected by a genetic
mutation(s) for the COMT gene. Since the COMT gene is associated with binge eating
disorder, nutraceuticals with catechins could be recommended to help with managing
weight [70].

While Khoruddin et al. (2022) [69] and Gkouskou et al. (2021) [70] do not expand on
the role of the COMT gene in the eating habits of mothers during pregnancy, understanding
the neurochemical background of the reward-motivation system in relation to eating can
be beneficial to use for PN in mothers during pregnancy and lactation, as this is a time
when hormones and mood swings are common and impact the food decisions being made.
This is a topic that should be explored, as if it is better understood, healthy food choices can
be easier to make during pregnancy and lactation, which can prevent nutrient deficiencies
in both the mother and their offspring.

An emphasis on adequate macronutrient and micronutrient intake in a diet for preg-
nant women is important for positive health outcomes of mothers and their offspring [62,71].
Characteristics of these diets include limited intake of simple sugars, processed foods, fatty
red meat, and refined grains, which should be replaced with nutrient-dense foods such as
plentiful intake of fruits and vegetables, whole grains, legumes, and fish [62]. To optimize
the health outcomes of both mother and offspring, diet counseling should be included as
part of pregnancy health care [71]. Fad diets, such as the paleo and ketogenic diet, and
diets of excess saturated foods are not appropriate for pregnant women [62]. Additionally,
a healthy maternal diet should also be accompanied with physical activity counseling for
healthy weight gain during pregnancy [62].

5.2. Precision Nutrition Outcomes During Fetal Development and into Infancy

Although neonates may be growing as expected in their growth charts, other factors
may be present that can cause negative health outcomes to occur, and these factors could
be accounted for using PN during the neonatal stage [72]. Even during early life, factors
such as sex can influence the nutritional needs of neonates.

Genes that are critical during fetal growth and development include H19, mater-
nally expressed gene 3 (MEG3), sarcoglycan epsilon gene/paternally expressed gene 10
(SGCE/PEG10), and pleomorphic adenoma gene-like 1 (PLAGL1) [73]. While there is
limited evidence of vitamin B concentrations influencing H19, SGCE/PEG10, and PLAGL],
MEGS3 seems to have a link with vitamin B levels.

Low maternal levels of vitamin B6 and vitamin B12 can impact genes involved in
DNA methylation and regulation that are involved in fetal growth and development, an
example being MEG3. Dysregulation of MEG3 is associated with chromosomal disorders
that could be caused by a uniparental disomy, creating lifelong impacts on the offspring [73].
The low rate of methylation of this gene can be associated with reduced activity of the
one-carbon pathway due to low levels of maternal vitamin B6 and vitamin B12, which
can lead to the dysregulation and functioning of MEG3. Further investigation should be
conducted to determine the significance of the link between the status of vitamin B6 and
vitamin B12 levels, and MEG3, which could be valuable for promoting positive pregnancy
outcomes. Wang et al. (2021) noted that MEG3 gene’s role regarding the regulation of
trophoblasts is related to the prevention of preeclampsia [74]. This could possibly be helpful
to understand the association between vitamin B6 and vitamin B12 and preeclampsia risk
with a greater focus on genetic detail. In particular, the active form of vitamin B6, pyridoxal
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phosphate, is associated with higher methylation of the MEG3 differentially methylated
region (DMR) [73].

5.3. Precision Nutrition During Lactation

The breast milk of a mother is a form of personalized nutrition for their infant [75].
Breastfeeding is associated with numerous health benefits, including protection against
obesity and higher protein content than formula milk, and it may prevent type 2 diabetes
and other health conditions in later stages of life [6]. As maternal diet impacts the nutritional
composition of breast milk, an adequate and balanced maternal diet is important for
producing optimal health outcomes in the newborn [76]. In addition to maternal diet,
maternal adipose nutrient stores, infant age, breasts, time of the day, and population group
are all factors that contribute to maternal milk composition, including changes in its nutrient
composition over time [62]. As maternal diet makes up the breast milk composition, it
can also influence the flavor of their breast milk, which may cause taste preferences in
their infant.

While breastfeeding benefits have been extensively researched, additional research
should be conducted on mothers who have had bariatric surgery to determine what the
optimal milk source may be for their infants, as the surgery can impact the nutritional
content of breast milk, particularly its vitamin B12 and milk fat content [77]. PN strategies
may help guide supplementation or dietary modifications to ensure optimal nutrition for
these infants.

6. Risk Factors and Health Outcomes of Deficiency
6.1. Folic Acid

During pregnancy, the folic acid requirement is 600 mcg, which is an increase of five- to
tenfold [21,78]. For breastfeeding women, the folic acid requirement is 500 mcg per day [21].
Folic acid requirements increase during fetal development because of its important roles for
fetal genetic processes to ensure accurate nucleic acid synthesis for fetal development [41].
Low intake of folate, or folic acid, before and during pregnancy can increase incidence
of NTDs and autism spectrum disorder (ASD) [42]. As such, there have been mandatory
fortification programs enforced in countries such as Canada, the United States, Chile, and
Saudi Arabia [79,80]. For example, Saudi Arabia’s mandatory flour fortification program
with the Grain Silos & Flour Mills Organization in 2000 included the nutrients iron, folic
acid, niacin, riboflavin, and thiamine [80,81].

The implementation of this program, which was enforced by the Ministry of Health,
saw a decrease in the rate of NTDs from 1.9/1000 live births during 1997-2000 as reported
by Safdar et al. (2007) [82] to 0.44/1000 live births from 2001 to 2010 as reported by Hakami
and Majeed-Saidan (2011) [83]. It was later reported by Al Rakaf et al. (2015) that the rate
increased to 0.90/1000 live births from 2010 to 2013 [81].

Unfortunately, there are varying conclusions from studies regarding the success of
the folic acid fortification program in Saudi Arabia and the current rate of NTDs, which
makes it difficult to determine what the true prevalence of NTDs is in Saudi Arabia [81].
There is a serious risk of fetal congenital defects in the offspring of pregnant mothers who
are deficient in folic acid [84]. During pregnancy, folic acid aids in many vital processes
supporting fetal development and placental functions such as maintaining blood flow in
blood vessels to and from the placenta. Also, paternal folic acid status could impact the
health outcomes of offspring [42]. Folic acid supplementation can prevent complications
such as preeclampsia and improve overall pregnancy outcomes [84]. Genetic outcomes
of low maternal folic acid status include oral clefts, risk of cardiovascular disease defects,
NTDs, autism, and congenital heart disease [42]. However, it is important to keep in mind
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that low folate status can be due to factors other than inadequate intake [85]. Some of these
factors are malabsorption of folic acid by the body, drug interactions with medications, and
mutations in the enzymes that work with folate [85]. Also, a family medical history of NTDs
and ASD should be considered as another possible contributor to similar health outcomes.

Regarding ASD, folic acid supplementation should ideally begin at a minimum of
2 months before pregnancy and should be continued into the first few months of pregnancy
in order to prevent ASD [43]. One meta-analysis showed that there was a 58% reduced risk
of ASD in the children of mothers who had prenatal folic acid supplementation, which is
evidence of the association between ASD and maternal folic acid intake [45]. Like ASD,
poor folic acid intake during fetal development can also cause NTDs [86]. NTDs occur when
the neural tube fails to close correctly during early stages of development as a fetus [42].
This phenomenon, called spina bifida, causes weakness and paralysis in the lower limbs,
abnormalities such as hip dislocation and scoliosis, and other neurological and growth
defects [85]. Other types of NTDs are anencephaly and encephalocele. While folic acid has
a major role in preventing NTDs, neural tube formation is an integrative mechanism that
has many other factors that are dependent on beyond folic acid status [42]. Integrating
these variable factors to foster optimal health outcomes during fetal development could be
achieved through PN.

Beginning folic acid supplementation as early as the preconception period in women
who are of childbearing age can be beneficial in terms of preventing NTDs in offspring [85].
As of 2006, the World Health Organization (WHO) recommended that to reduce the risk of
NTDs during fetal development, women who are of reproductive age should have a daily
folic acid intake of 400 pg and a folate concentration in red blood cells of 906 nmol/L in the
first trimester [42].

6.2. Thiamine

Pregnant and breastfeeding women can meet their daily thiamine requirement of
1.4 mg by consuming fortified food products. Some food products, such as wheat flour
products or breakfast cereals, can be fortified with thiamine to help individuals meet their
thiamine intake requirements [26]. The need for thiamine is dependent on various factors
specific to an individual. These factors include age, present health conditions, life stage, and
physical activity level. As thiamine is important for energy metabolism, its requirements
are affected by any metabolic activity, such as illness, stage of pregnancy, lactation, and
physical activity levels. Other factors include excessive alcohol intake, refeeding syndrome,
and surgical operations [56]. These events have an impact on energy metabolism and
utilization [26]. These variable factors mean that thiamine requirements can vary among
individuals, and consideration of these factors is needed to determine what the best intake
of thiamine is for an individual. Additionally, it is important to recognize that there
are other factors that can impact the absorption and utilization of thiamine other than
inadequate intake, and that those instances would require different treatments [87].

Furthermore, thiamine has limited body stores, which requires it to be excreted of-
ten [26]. However, the body also has a high utilization rate of thiamine, which creates
the need for frequent thiamine consumption in the diet. Currently, there is no established
upper limit for thiamine.

The effects of infantile beriberi can have consequences that inhibit healthy neurodevel-
opment in infants, leading to poor long-term health outcomes [26]. Symptoms of thiamine
deficiency in infants include a soundless cry, muscle weakness in the eyes, convulsions, irri-
tability, vomiting, and little interest in breast milk [26,87]. Neurodevelopmental outcomes
of thiamine deficiency are gross and fine motor impairments, poor language development,
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and cognitive deficits [26]. These are caused by disrupted glucose metabolism, which in
turn impacts the brain development and function.

The risk of thiamine deficiency varies between demographics such as race and
weight [60]. Groups at risk of deficiency include obese people, bariatric surgery recipients,
certain races, pregnant women, and people in low- and middle-income countries [88,89].

Thiamine deficiency prevalence can be anywhere between 15% to 29% in obese people
before bariatric surgery, and this value increases for those tested after bariatric surgery,
accompanied with the added increased risk of Wernicke’s encephalopathy [88]. It has been
observed that there is a comparable prevalence of thiamine deficiency between races among
patients before bariatric surgery, suggesting that race may have a role [57]. For example,
a prevalence of 47% and 31% of thiamine deficiency pre-bariatric surgery was found in
Hispanics and African Americans, respectively, whereas only 6.8% of white people were
deficient [90].

There is concern about whether prenatal vitamins are meeting the daily requirements
of various micronutrients, among which are thiamine, vitamin B6, and vitamin B12 [88].
Pregnant women who are taking prenatal supplementation may still not be receiving ade-
quate thiamine intake, which could be 27-38% of pregnant women. Low-income countries
in Southeast Asia such as Cambodia, Laos, and Thailand have a marked thiamine deficiency
trend in infants, children, and women of reproductive age [89]. For example, estimated
ranges of thiamine insufficiency in Cambodia are 27-100% in women of reproductive
age and 70-100% in infants. Even into childhood, it is estimated that 15-58% of children
6-59 months old have thiamine deficiency.

6.3. Vitamin B12

Vitamin B12 is one of the micronutrients needed for methylation of DNA and RNA,
which impacts the rate of myelination [46]. Intake of 2.6 mcg and 2.8 mcg daily for pregnant
and breastfeeding women, respectively, is recommended [30]. A low rate of myelination
will reduce the speed of transmission of neural impulses, thus affecting learning, memory,
and other cognitive functions [46]. Neurocognitive deficits that are associated with vitamin
B12 deficiency include irritability, failure to thrive, and developmental regression [46].

During pregnancy, vitamin B12 is important for developing visual and auditory senses
in the fetus [91]. As expected, low maternal intake and status of vitamin B12 will affect
the fetus’s status during fetal development and during the lactation stage. Furthermore,
vitamin B12 deficiency during pregnancy can increase the risks of hyperglycemia and
obesity in pregnant patients, which can affect their and their fetus’s health. It is not
currently clear which trimester low vitamin B12 status has the greatest negative impacts.

Breastfeeding and formula feeding are linked to the levels of vitamin B12 in children.
There were higher levels of vitamin B12 in children who were both breastfed and formula-
fed in a study by Y. Chen et al. (2024) [92]. Additionally, children who started eating solid
foods after 4-6 months of age had higher vitamin B12 levels than children who began eating
solid foods after 6 months of age. The findings of this study should be investigated further
to determine the value of milk choices and solid food introduction for optimal vitamin B12
levels in children. These findings could help understand how the dietary choices made in
early life can complement the dietary domain of PN.

Most of the vitamin B12 content of breast milk is bound to HC, which may help infants
absorb vitamin B12, although it not known for sure [93]. In cow milk formula, vitamin
B12 content is bound to transcobalamin II instead of HC. In infant formula, vitamin B12 is
not bound to a protein and is free B12. In one study, it was found that transcobalamin II
levels from cow milk may decrease during infant formula processing, which could impact
the availability of vitamin B12 for the body to absorb. Variations of formula milks are cow
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milk-based formula, soy-based formula, and specialized formula [94]. Cow milk requires
modifications to mimic breast milk composition, such as diluting and skimming it due to
its higher content of fat, minerals, and protein, which is harmful to infants.

As mentioned earlier in Section 4.3, breast milk composition is dependent on the time
of day and infant age, among other factors, including lactation duration, and time since
last feeding [62,95]. As such, analyzing the composition of breast milk can be difficult due
to continuous changes [95].

7. Public Health Initiatives
7.1. Folic Acid

The “eight stages and five dimensions” model of PN shows how additional measures
can be used to provide nutrition counseling that is specific to a patient’s characteristics [96].
This model considers components such as genomic profiles and mutations and metabolomic
interactions between nutrients, genes, and body organs. These measurements are used
together with technology such as artificial intelligence (Al) algorithms, and big data to best
understand each patient’s case.

7.1.1. Folic Acid Fortification in Flour

Folic acid fortification programs are enforced in many countries around the world,
including Canada, the United States of America, and Chile [79]. In the MENA region,
currently 11 out of 22 Middle Eastern countries have mandatory wheat flour fortification,
primarily with iron and folic acid, while others have voluntary initiatives [97]. Flour is
often the choice of food for fortifying folic acid because it is commonly consumed and
changes in dietary habits are not needed. This gives women who are of childbearing age
daily folic acid intake even during the preconception phase.

After the implementation of fortified flour products in Canada, there was a drop in the
rates of NTDs from 1.58 per 1000 births to 0.86 per 1000 births [78]. This suggests that there
is an association between folic acid supplementation and NTD rates and that fortification
programs, such as Canada’s, are successful in preventing NTDs.

When comparing the economic costs of NTDs, folic acid fortification in flour is cheaper
for society and health-care systems [79]. This economic advantage is particularly relevant
for MENA countries, where some, such as Turkey and Syria, have strong and healthy
agricultural sectors, while others rely heavily on imported food [98], making cost-effective
interventions essential. A factor that affects the cost-benefit ratio of fortified flour is the
dose of folic acid in it. The cost-benefit ratio is higher for fortified flour where the folic acid
dose is above 300 pg/100 g than below it. Regardless, all these doses are still cost-effective
in comparison to the economic and health costs of folic acid deficiencies on health-care
systems. In addition, flour fortification is cost-effective for those who have limited or no
health-care coverage, which is particularly important given the significant variation in food
patterns and economic conditions across the Middle Eastern region.

7.1.2. Intended and Unintended Effects of Folic Acid Fortification

These programs can also increase folic acid intake in other groups such as males,
children, and seniors [86]. However, future research is needed to understand if and what
health concerns there are with over-supplementation and what groups are at greater
risk. Currently, it is understood that high intake of folic acid does not improve brain
development and could cause negative effects [41]. The possible negative outcomes of
over-supplementation are immune diseases and ASD [42]. Perhaps using PN could help
find the optimal folic acid intake for an individual. Additional concerns regarding folic
acid fortification programs are the circulation of unmetabolized folic acid in the body and
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missed opportunities for diagnoses of vitamin B12 deficiency that is being masked by
increased folic acid intake [86].

7.2. Thiamine

There are public health initiatives in regions where thiamine deficiencies are a con-
cern [87]. Often, the diets in these regions lack food diversity, and the main sole source of
nutrition comes from one common food source found in the area. An example of this is
in Cambodia and in the Kurian people, where rice is a common staple of their diet, and
can contribute to the prevalence of thiamine deficiency there [10,87]. Fortifying rice with
thiamine in these settings offers the economic advantage that less thiamine will need to be
added to the rice during processing, since rice is frequently consumed [10].

Changes in cooking and food preparation practices could address inadequate intake
of thiamine. For example, instead of washing rice, which removes nutrients such as
thiamine, rice could be parboiled [87]. However, inadequate intake is not always the cause
of low thiamine status, as there could be poor absorption, transport, and bioavailability of
thiamine in the body, so dietary interventions that aim to increase intake may not always
be effective [26].

7.3. Vitamin B12

Additionally, there is interest in fortifying yeast with vitamin B12 to reach vegan and
vegetarian populations, as these diets impose the risk of vitamin B12 deficiency due to
the lack of meat, eggs, and dairy product consumption [99]. A literature review found a
17-39% presence of vitamin B12 deficiency in pregnant vegetarian women, using vitamin
B12 serum concentrations as a biomarker [100].

Another literature review assessed the rate of vitamin B12 deficiency in various popu-
lations, including pregnant women [101]. This review found that 62% of pregnant women
have vitamin B12 deficiency based on the lab values of MMA or holotranscobalamin II
alone, or in some studies, both values were assessed together. When diagnosing vitamin
B12 deficiency in pregnant women, there needs to be consideration of the fact that preg-
nancy increases vitamin B12 needs during fetal development and that dietary changes need
to be made to reflect increased demands [102].

7.4. The Gulf Cooperation Council

The Gulf Cooperation Council (GCC) includes the countries Bahrain, Kuwait, Oman,
Qatar, Saudi Arabia, and the UAE. Currently, there are limited existing nutrigenetic and
nutrigenomic studies in these populations in relation to maternal and fetal nutrition. There
may be a valuable opportunity for nutrigenetic and nutrigenomic science to prevent non-
communicable diseases (NCDs). In Qatar, for example, it is predicted that 69% of deaths in
the future may be related to NCDs that are caused by poor nutrition [103]. Functional foods
consumption has been a recommended diet approach to maintaining a healthy lifestyle
and reducing NCDs risk [104].

A limitation that may make it difficult to conduct strong population genetic studies in
GCC countries could be the inter-mating between different populations and ethnic groups
and mating between blood relatives, as the consanguinity rate is very high in the GCC,
which could affect the gene pool and rate of NCDs [55,103]. As such, there may be a need to
understand how consanguineous marriages and marriages between the people ethnic to the
GCC with people that are not ethnic to GCC affect fetal development and the nutrigenetic
and nutrigenomic interactions that may be affected as a result.
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7.4.1. Folic Acid

Data from an online survey in a cross-sectional study by Al Arifi et al. (2022) aimed
to determine the level of awareness of folic acid intake, its role during pregnancy, and
the optimal period in relation to pregnancy that it should be taken in [105]. Participants
were women of reproductive age. While 80% of participants were aware of what folic
acid was and its correlation with NTDs, the same was not the case for their knowledge of
when it should be taken. Only 25.3% of women believed that folic acid intake needed to
be taken before pregnancy to prevent NTDs, whereas 37% and 23.2% believed it should
be taken during the first trimester of pregnancy or throughout pregnancy, respectively, to
prevent NTDs. Another study by Al-Mohaithef et al. (2021) found similar results among
female university students in Jeddah and concluded that further education of folic acid
and its association with NTDs is needed [80]. These results reveal a need for education in
timely folic acid administration in women of reproductive age in reference to preventing
NTDs [105]. To prevent NTDs in offspring, pregnant women should be taking 400 ug of
folic acid per day prior to pregnancy, as NTDs take place during 22-28 days of fetal growth.

7.4.2. Vitamin B12

While a cross-sectional observational study in women aged 19 to 30 years in Saudi
Arabia by Al-Musharaf et al. (2020) found that only 0.6% to 6% of women had vitamin
B12 insufficiency based on various cut-off ranges used in the study [106]. Nutritional
education programs can still be of value for regions where almost half of the pregnancies
are unplanned.

In another cross-sectional study in Saudi Arabia, questionnaires were used to assess
common public knowledge of vitamin B12 in the general public, including women [106]. It
was found that among all demographics, there was generally a high awareness of vitamin
B12 deficiency. Perhaps it would be valuable for further research to explore why this
country has a low incidence of vitamin B12 deficiency and what leads to a high degree of
awareness of this nutrient so that a similar approach can be applied to other parts of the
world where there is not.

PN can be difficult to explore, as it requires designs that have strong controls to
understand different characteristic groups. For example, in a study on vitamin B12 levels
in children, race and maternal plasma levels were associated with influencing vitamin
B12 and Hcy levels [92]. Since PN covers many domains, there is a need for many controls
to be put in place for the results to be relevant and applicable in practice whilst considering
the costs associated with these studies.

7.5. Using Technology for Public Health Care

Mobile health applications can address health inequities experienced by pregnant
low-income women and allow health-care professionals to monitor the patient’s condition
remotely [107]. This can address inequalities related to transportation to and from appoint-
ments and for women living in settings where access to health care is limited. Additionally,
these tools can ease the workload and burden of health-care workers who are dealing with
a large demand for health care, as seen during the COVID-19 pandemic.

8. Opportunities for Technology in Precision Nutrition

Emerging technologies offer opportunities to support future applications of precision
nutrition, particularly by improving the assessment of biological responses to nutritional
interventions. One such tool is magnetic resonance imaging (MRI), which may help advance
research in this area.
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Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is being explored within precision nutrition
research to examine the effects of nutritional interventions on early-life neurodevelop-
ment [108]. Due to the high cost and limited accessibility of MRI technology, its use is
currently more feasible in research settings, where findings can later be translated into
clinical practice. By linking nutritional exposure with neurodevelopmental outcomes,
MRI-based studies may contribute to a more nuanced understanding of individualized
nutrition strategies.

Overall, the use of advanced research tools such as MRI reflects a gradual shift toward
more personalized approaches to nutrition. However, broader implementation will require
careful consideration of data privacy, methodological transparency, and validation across
diverse populations.

9. Conclusions

New studies should be conducted that have specific eligibility requirements or controls
for participants, which will allow for valuable comparisons to be made among variables
such as genetics, microbiota, and personal characteristics [6]. This can help move from
general population studies in nutrition to explore PN in specific participant groups. As
folic acid, thiamine, and vitamin B12 all have differing genetic roles, risk factors, health
outcomes, biomarkers, and treatments, future studies on PN of these nutrients should
consider these differences when trying to understand nutrition-related diseases.

The use of advanced technology is an emerging area of interest in PN that offers a new
dimension and direction in this field (Figure 4). While there is a fair amount of literature on
the other domains, there is not as much literature about the role of technology, such as Al,
as an addition to using multiomics in PN. Thus, further exploration should be carried out
to understand its possibilities and application in health care.

. ‘Advances
Genetics

in
. technology
Microbiota

.Lifestyle
habits

.Dietary
factors

Figure 4. Emerging areas of interest in precision nutrition.

Since needs for folic acid, thiamine, and vitamin B12 change over one’s lifetime, PN
can be a useful tool to determine individual requirements and physiological responses dur-
ing stages such as fetal development, pregnancy, lactation, childhood, and adulthood. Our
review highlights that pregnancy reflects a complex interplay among maternal nutrition,
maternal and fetal genetic variation, and nutrient availability in the intrauterine envi-
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ronment. Variations in folate-related pathways (e.g., MTHFR) may influence one-carbon
metabolism and neurochemical processes linked to appetite regulation, while vitamin B12-
dependent methylation pathways may affect hypothalamic signaling and energy balance.
These findings point to meaningful links between gene—nutrient interactions and maternal
dietary behaviors during pregnancy [109].

Given that requirements for these vitamins are not static and are influenced by genetics,
epigenetics, and other omics, future PN research in maternal, fetal, and child health
should focus on well-defined populations and critical life stages, investigate population-
specific genetic variants, and clarify mechanisms connecting nutrient—-gene interactions to
health outcomes. Such efforts will strengthen PN models and enhance their relevance for
improving maternal and child health [109].
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