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Chronic non-communicable diseases are the leading cause of morbidity and mortality worldwide. Developing and implementing
effective preventive strategies is the best way to ensure the overall metabolic health status of the population and to counter the
global burden of non-communicable diseases. Predisposition to obesity and other non-communicable diseases is due to a
combination of genetic and environmental factors throughout life, but the early environment, particularly the environment during
the fetal period and the early years of life, is crucial in determining metabolic health, hence the concept of ‘fetal programming'’. The
origins of this causal link between environmental factors and disease lie in epigenetic mechanisms. Among the environmental
factors, diet plays a crucial role in this process. Substantial evidence documented the key role of macronutrients in the
programming of metabolic diseases early in life. Recently, the effect of maternal micronutrient intake on offspring metabolic health
in later life emerged. The purpose of this narrative review is to bring to light available evidence in the literature on the effect of
maternal micronutrient status on offspring metabolic health and underlying epigenetic mechanisms that drive this link to highlight

its potential role in the prevention of non-communicable diseases.
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INTRODUCTION

Obesity is the most common nutritional disease of children and
adolescents and a major health concern increasing worldwide [1].
Obesity onset in childhood has a high risk of persisting into
adulthood and leading to cardiometabolic diseases and complica-
tions, such as type 2 diabetes (T2D), metabolic syndrome, and
cardiovascular disease [1]. Insulin resistance, hypertension, dysli-
pidaemia, and central distribution of body adiposity associated to
hepatic steatosis are detrimental risk factors for the development
of cardiometabolic disease. Among these, insulin resistance, which
consists of a reduced target tissues response to the action of
insulin causing impaired glucose disposal and compensatory
hyperinsulinemia, plays a key role in the development and
progression of cardiometabolic risk factors and diseases, particu-
larly dyslipidaemia and T2D [2].

Chronic non-communicable diseases (NCDs) are the leading
cause of morbidity and mortality worldwide and cardiometabolic
diseases and diabetes account for ~20 million deaths annually [3].
Developing and implementing effective preventive strategies
since early life is the best way to ensure the overall metabolic
health status of the population and to counter the global burden
of NCDs [4].

The fetal programming hypothesis suggests that unfavourable
environmental factors during the early stages of life (periconcep-
tional, intrauterine, and postnatal) lead to a high incidence of
chronic NCDs [5]. This would represent an attempt by the foetus

to adapt to adverse conditions experienced in utero, resulting in
adaptations that will be harmful when such conditions do not
prevail later in life [6]. This concept has gradually evolved into the
Developmental Origins of Health and Disease hypothesis, and the
mechanisms underlying this theory, that link environmental
factors to diseases, are explained by epigenetics [5-7].

Epigenetics refers to the changes in gene expression without
the modification of the nucleotide sequence [8]. The main
contributors so far known to epigenetic modifications of gene
expression are DNA methylation, histone post-translational
modifications and non-coding RNAs regulation, represented in
Fig. 1. While microRNAs regulate the expression of genes at the
post-transcriptional level, DNA methylation and histone modifica-
tions modify gene expression before transcription initiation,
inducing a remodelling of the chromatin structure or modifying
the genes accessibility to transcription factors, through the action
of epigenetic enzymes, such as methyltransferases, methyl-
binding proteins, acetyltransferases, and deacetylases [9].
Together, these modifications constitute the epigenome, which
continues to change in dynamic and reversible remodelling
during developmental, physiological, and pathogenic processes
throughout life [7]. There is increasing evidence supporting that
epigenetic modifications can be stable and inherited, making
them potentially important pathogenic and hereditary mechan-
isms in complex metabolic diseases, such as T2D and cardiovas-
cular disease [9].
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family of enzymes.

Maternal macronutrient deprivation and excess during early life
have been demonstrated to play a crucial role in programming
metabolic diseases in later-life [10]. Historical experiments
following significant periods of famine have demonstrated that
offspring born from women who experienced energy and protein
deprivation in specific periods of pregnancy have an increased risk
of developing obesity, T2D and coronary heart diseases [11, 12].

Micronutrients are classified into minerals, trace elements, and
vitamins, which play an important role in biochemical reactions
and functions, and although they are needed in small amounts,
they are essential to ensure the body's homeostasis [13].
Micronutrient deficiency usually leads to health problems during
pregnancy and throughout life and constitutes a threatening
problem worldwide, especially in low- and middle-income
countries [14]. Levels of many essential minerals decrease during
pregnancy if they are not supplemented, including Ca, Fe, Mg, Se,
Zn, and possibly chromium and iodine [13]. Iron deficiency results
in microcytic anaemia, fatigue, and impaired immune and
endocrine function; iodine deficiency causes goiter, mental
retardation, or impaired cognitive function; zinc deficiency can
alter immune function and increase the risk of acute respiratory
infections; folic acid supplementation in pregnancy can prevent
neural tube defects and is also essential for DNA synthesis and
repair, methyl group synthesis by one carbon cycle and its
deficiency causes macrocytic anaemia [13].

Furthermore, micronutrient deficiencies have an emerging role
in pregnancy, not only for the health of pregnant women but for
the programming of the metabolic health of their children.
Indeed, new evidence supports the role of micronutrient
deficiencies on perinatal health and child growth and in
conditioning the risk of metabolic disorders later in life [14, 15].

In 2004 Venu et al. carried out one of the first studies on the
effects of maternal micronutrient inadequate intake on insulin
resistance in rat offspring and found that maternal multimineral
(Fe, Zn, Mg and Ca) or multivitamin restriction led to early growth
retardation, altered body composition and insulin resistance in the
offspring [16].

Afterwards, numerous animal and clinical studies have been
conducted on the effects of individual micronutrients, including
minerals (Zn, Cr, Ca, Fe, Mg, Se, Zn) and vitamins (vitamins A, D,
B12, and folic acid), on the metabolic status of the offspring.
Among the plausible mechanisms behind this phenomenon are

SPRINGER NATURE

epigenetic ones and, to date, the most studied is DNA methylation
[17]. In 2007, Sinclair et al. conducted a study in a sheep model, in
which restriction of dietary methyl donor (i.e., methionine and
vitamin B12) until day 6 after insemination altered DNA
methylation and led to hypertensive and insulin-resistant off-
spring [17]. In 2020, the first results of the EMPHASIS study
reported that, in response to micronutrient supplementation
provided to pregnant Gambian women, their children at the age
of 7-9 years showed a series of DNA methylation alterations at
multiple loci [18].

This narrative review collects and summarizes studies linking
maternal micronutrient malnutrition and its negative impact on
the future metabolic health of the offspring and the plausible
mechanisms involved in this process, with the aim of highlighting
the available evidence supporting the role of proper intake of
micronutrients in pregnancy for NCDs prevention.

METHODS

A search for relevant literature published in English was under-
taken in October 2022 using the PUBMED, Web of Science and
Scopus scientific databases. An update of the literature search was
performed in June 2023. The following search including MeSH
terms were used: (Micronutrients OR Dietary supplements OR
Minerals OR Vitamins) AND (Early life OR Pregnancy) AND (fetal
programming OR Epigenetics) AND (Noncommunicable disease
OR Diabetes OR Metabolic health).

This narrative review includes observational studies, clinical
trials, reviews, and guidelines written in English about the effect of
micronutrient deprivation or excess in early life to highlight
potential targets for preventing non-communicable diseases.

Minerals

Calcium (Ca). Altered Ca homeostasis was correlated with
abnormalities in glucose metabolism. A maternal Ca deficiency
increased insulin resistance and altered glucocorticoid metabolism
in adult rat offspring, especially in males, due to a possible
alteration of the expression of hepatic hydroxysteroid 11-beta
dehydrogenase 1 and osteocalcin, genes that could act directly on
B-cells, modulating insulin secretion [19]. Other animal studies
sustain that dietary calcium status during pregnancy and lactation
affects lipid metabolism in mouse offspring. Ping Li et al. found
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that maternal insufficient or excessive calcium status (diet calcium
concentration of 0.25% and 1.2%, respectively) programmed an
abnormal expression of several genes implicated in lipid
metabolism in liver or adipose tissue (i.e., PPAR-y, C/EBP-a, FABP4,
Fasn, UCP2, PPAR-a, HMG-Red1, Accl, and SREBP-1c¢) in the
offspring leading to increased body weight, dyslipidaemia and
accumulation of hepatic triglycerides and total cholesterol later in
life [20]. This finding was confirmed in the cohort of about
300 subjects from the Tasmanian Infant Health Study in which
children of Ca-supplemented mothers had lower values of
triglycerides, total cholesterol and LDL-cholesterol and this
positive effect persists also in children with higher body mass
index [21]. Unfortunately, there was no consistent information
available on the dosage and period of supplement intake. A recent
meta-analysis supported that high-dose calcium supplementation
during pregnancy, consisting in most studies of dosages up to
2000 mg/day starting at 21 weeks of gestation at the latest and
stopped at delivery, was associated with a decreased risk of
offspring high systolic blood pressure at 5-7 years of age (risk
ratio =0.59; 95% confidence interval: 0.39-0.90), despite the
results for other metabolic outcomes analysed remain unknown
because of conflicting or insufficient data [22].

Magnesium (Mg). Magnesium deficiency in pregnancy is still
frequent in both developed and developing countries and also Mg
was associated with metabolic health and the risk of T2D in
offspring [23]. Magnesium serves as a critical cofactor for many
enzymes. Venu et al. reported that rat pups exposed to Mg
restriction in pregnancy (165 mg Mg/kg diet) have an altered body
composition with increased fat and plasma triglycerides in the
short-medium-term [24] and increased body adiposity and
decreased insulin secretion in long-term [25]. Several underlying
putative molecular mechanisms have been proposed regarding
insulin secretion and signalling and fatty acids metabolism. Low
Mg levels result in defective tyrosine kinase activity, post-receptor
impairment in insulin action, altered cellular glucose transport,
and decreased cellular glucose utilization, which promotes
peripheral insulin resistance and T2D [26]. In addition, an increase
in the expression of fatty acids synthase (FAS) and fatty acyl
transport protein-1 (FATPT) in liver and adipose tissue was
reported, inducing increased fatty acid synthesis and transport
that contribute to the increase in central adiposity and body fat
content [25].

Many epidemiological studies have associated being born small
for gestational age (SGA) with an increased risk of insulin
resistance later in life [27]. Intracellular Mg of cord blood platelets
was found to be lower in SGA than in appropriate gestational
weight subjects, suggesting Mg deficiency could be a potential
contributor to the high risk of diabetes and metabolic complica-
tions that characterize low-birth-weight children later in life [28].
In addition, lower serum Mg concentrations were found to be
associated with insulin resistance and other cardiometabolic risk
factors both in children and adults [29, 30] and a recent systematic
review sustain that Mg supplementation has beneficial effects on
serum glucose, lipids, and blood pressure controls, especially in
subjects with hypomagnesemia, supporting the role of adequate
dietary magnesium intake in promoting cardiometabolic health
throughout the lifespan [31].

Chromium (Cr). Chromium plays an important role in the
regulation of glucose metabolism. It enhances the glucose/insulin
system in subjects with hyperglycaemia, diabetes, and hyperlipe-
mia by improving insulin binding, internalization, and beta-cell
sensitivity, with an overall increase in insulin sensitivity [32].
Chromium deficiency could contribute to dyslipidaemia and
atherosclerosis [33]. Zhang et al. found that maternal low Cr
irreversibly increased mice offspring body weight, adiposity,
serum triglyceride and TNF-a and these changes may be
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attributable to expression changes of genes of the PPAR signalling
pathway in adipose tissues [12] and long-term programming on
various specific miRNA and MAPK signalling pathway [34]. PPAR
and MAPK signalling pathways have a crucial role in adipocyte
differentiation through the activation of PPARy an adipogenic
transcription factor which can induce the expression of other
lipogenic transcription factors, activate lipoprotein lipase and fatty
acid synthase leading to adipocyte differentiation, intracellular
triglycerides hydrolysis and fatty acid release from adipocytes
[12, 34]. Zhang et al. also sustain modifications of gene expression
in the insulin signalling pathway accounting for late onset
hyperglycaemia, hyperinsulinemia, and insulin resistance in mice
offspring [35]. A meta-analysis of 22 randomized controlled trials
confirmed that Cr supplementation improved glycemic control,
reduced triglycerides, and increased HDL-C (high density lipopro-
tein-cholesterol), especially if administrating Cr picolinate at the
dosage over 200 ug/day, in subjects with diabetes [36].

Zinc (Zn). Zing, like Cr, is an important regulatory element for
glucose metabolism. It acts as an insulin-mimetic through its
direct effect on the insulin signalling pathway, as it stimulates
lipogenesis and glucose uptake in isolated adipocytes [37]. Zinc
also acts on the regulation of inflammation through the reduction
of inflammatory cytokines, oxidative stress status by participating
in the synthesis of antioxidant enzymes, and as a catalyser of
enzymes, taking part in lipid, carbohydrate, and protein metabo-
lism [38]. Chronic low zinc intake is associated with an increased
risk of T2D; however, the effectiveness of zinc supplementation for
the improvement/treatment of obesity and diabetes status has
not been demonstrated in large-scale studies, especially in adults
[371.

Inadequate Zn intake is quite common at the population level,
especially among socio-economically disadvantaged groups,
vegetarians, the elderly and pregnant and lactating women,
reflecting a general state of poor nutrition [15]. Low serum Zn
levels in pregnant women are related to several pregnancy
complications such as preeclampsia [39], while a meta-analysis
debunked that zinc supplementation in pregnancy has a concrete
effect on perinatal outcomes such as perinatal death or low birth
weight [40]. Instead, as regards long term outcomes, several
animal studies demonstrated a link between low Zn maternal
intake and insulin resistance/diabetes in offspring. A selective
maternal restriction of Zn (10 mg/kg diet) increased the percen-
tage of body fat and decreased fat-free mass and fasting plasma
insulin levels in both male and female rat offspring at 6 months of
age [41]. Other animal studies confirmed these findings, although
highlighting sex differences: Zn restriction during prenatal and
postnatal life induced an increase in systolic blood pressure,
hyperglycaemia, hypertriglyceridemia, and insulin resistance
indexes in male rats, showing females less sensitive to Zn early
restrictions [42].

As regards human studies, in Nepal, maternal Zn supplementa-
tion (30mg Zn sulfate) compared with supplementation of
combinations of other minerals and vitamins during pregnancy
resulted in a slight increase in stature and a reduction in adiposity
at 6-8 years of age [43]. In parallel, a double-blind randomized
controlled trial conducted in Peru confirmed an increase in lean
mass indices at 1 year of age among infants whose mothers had
received daily Zn supplementation (i.e., 15 mg Zn sulfate) during
pregnancy [44].

Zinc appears to play an important role in the functioning of
epigenetic enzymes such as methyltransferases, methyl-binding
proteins, acetyltransferases, and deacetylases. Zinc deficiency
would directly affect the biological activity of zinc-dependent
epigenetic enzymes and zinc finger proteins, which are essential
for DNA methylation and histone modification, resulting in a
reduction of DNA  methyltransferases  (DNMTs)  and
S-adenosylmethionine in offspring [45].
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£ Selenium (Se). Selenium is a trace element with important
S physiological activity; it binds to proteins to create Se-
B = 5 5 5 dependent glutathione peroxidases and other seleno-protein
2 E = ® 5 complexes to defend against oxidative stress [46]. Thanks to its
g - £ g g modulation activity against reactive oxygen species (ROS), Se
E = g £ = influences glucose metabolism and its deficiency has been
§ = 2 g g associated with the progression of T2D and its complications
': £ 5 o Re) o [47]. Nevertheless, also excessively high Se concentrations in non-
2 < o & ® & endemically deficient populations have been associated V\{ith
2f E 9 % g % diabetes, leading to the exclusion of routine Se supplementation
§% © © Tl S & % in countries with a diversified and balanced diet and adequate
E 5 S’ ‘E\ gf’ 3, o ‘5 S selenium intake [48]. Animal studies also reach the same
s :',’ ‘J: < S | £9 < Si £ ‘g‘ % conclusion about the ‘dual effect of Se on glucose mgtabolism.
¢ aa-z2z23z2zz2822¢% .8 g Melo et al. found that in rz?\ts materqal S.e supplenjentgtlon, at Fhe
el 5 dosage of 1 mg/kg of sodium selenite, increases insulin secretion
é s and glucose tolerance at 80 days of age in the offspring and
g = =3 reduces triglycerides in the liver and in white adipose tissqe [4.9].
K 5 Maternal Se supplementation upregulates the antioxidative
g o © 2 capacity of the thymus and spleen and suppresses the activation
2 g I S of the MAPK/NF-kB and NF-kB and ERK/Beclin-1 pathways,
? = E & endoplasmic reticulum stress and autophagy induced by the
g 8 g 2 lipopolysaccharide (LPS) challenge in weaning piglets [50]. In
g S a S contrast, Zeng et al. found that an excess of Se (3 mg/kg) in the
e ﬁi._. c B g mother's diet leads to insulin resistance in the offspring_ by
e 28 S 5 3 increasing Gpx1 mRNA or glutathione peroxidase-1 (GPX1) activity
2 gg w = g 5 2 in the pancreas, liver, and erythrocytes of dams. [51]. The
i gﬂ ) € g g qg; overproduction of GPX1 activity, which decreases |ntra_cellular
S $£ o o = = o 9 o gg E 2 ROS, alters the oxidoreductive balance.and resglts in .the
£ :% § g gegeg g E g S < 3 % dysregulation of proteins important for insulin synthesis, secretion,
';f 8 £ @ w o ﬁ S § w @ § E ke and signalling [52].
c o =
g g % B Iron. 1Iron is one of the most prescri!oed supplements during
5 3 5 ¥ pregnancy to prevent pregnancy anaemia and fetal consequences
5 > e 2 % like intrauterine growth retardation and prematurity [48]. Iron
%’_ "Q_‘ "2 ?% needs in pregnancy increase but this does not make indiscrimi-
g = > § < nate supplementation necessary for all pregnant women. In fact,
2 8 “ §%3 excessive concentrations of iron could induce oxidative stress and
= § £ -Do & the formation of ROS favouring cardiovascular risk, pregnancy
5 < o ‘_c",r_:ﬁ diabetes, and fetal complications [53]. Thus, high iron intake
,—c: Ei < ;% £ increases the risk of glucose metabolism disorder through
g 5 2x8% E interaction at multiple levels with adipocyte differentiation, lipid
¢ 5 g EE i g2 metabolism, and insulin secretion [54]. In particular, excess iron,
K EQ w w g% § g w once stored in the liver, interferes with glugose’metaboI@m,
s 5 ‘-'; a € 2E% §Q causing hyperinsulinemia via both decreased insulin extraction
S 87 2 o5 o9, 999 JcE E 28 £ and impaired insulin signalling [55]. However, a recent systematic
% <% S £ ?E E £ £ § € § gg 0;5 g review struggled to demonstrate consistent results of iron
E EEEEEE EENEE E —2>5%§ overload in pregnancy on children’s later outcomes, concluding
> RE5GE that more research on long-term effects is needed [53]. The
8 g é g5 g recommended dietary allowance (RDA) and supplementation for
E g o ; - iron during pregnancy are reported in Table 1.
© E ) é 5 < E
= (=) —% o c = . o
S F TOCapo Vitamins
T 8 Ss_°aF Vitamin B12 and folate. Group B Vitamins are extremely
'_% e £ E “3 S E» important for epigenetic regulation, as they are involved in the
G ,“g; e 5; i one-carbon metabolism cycle. This suggests that akrjnatlernalf?iet
£ 3 Syrmm that is unbalanced in terms of B vitamins could also affect
g E* w :§ % ?% i% offspring DNA methylati.on patterns and rfesult in altered
< ES = w Z2% E 5= metabolic fetal programming [5§]. Se\{eral studies derr)onst.rated
& § 2 o oo @ 2282 that maternal vitamin B12 deficiency is related to a high risk of
E (55 g oo g g g9 S5 L3 *E obesity, insulin resistance and T2D in offspring [57]. Low matern_al
c g R E E b f, E < 8 § 8 g8 %i a vitamin B12 concentrations predicted higher insulin resistance in
A U R <53 children estimated by Homeostatic model assessment (HOMA)-IR
% 5 ,‘j e 2% which is a gross index of insulin resistance based on fasting
3 S = R EEoE glucose and fasting insulin, widely used in population studies
< k] c g 2 E ‘2 % i 23 gé E [58, 59]. In an Indian recent systematic review, low maternal
2 'g 2 g c qéw % v ESEEZ % % g& vitamin B12 status was associated with adverse maternal and child
2 2 5§58 2ws £ 0 &£ EST ¢ 3 health outcomes (i.e., high adiposity, insulin resistance, and low
= R EE offspring B12 levels) [60].
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Folic acid and folate are forms of B9 vitamin. Diet fortification
with folic acid is widely used in several countries given the
association with reduced incidence of neural tube defects [61].
The RDA for folate is listed as micrograms (mcg) of dietary folate
equivalents (DFE) and reported in Table 1.

Epigenetic regulation, involving DNA methylation, could be the
mechanism behind nutritional programming mediated by B
vitamins. Maternal B12 restriction alters DNA methylation of
genes involved in important metabolic processes, in particular,
fatty acid metabolism (e.g., hydroxyacyl coenzyme A dehydro-
genase, medium-chain specific acylCoA dehydrogenase, 3 keto-
acyl-CoA thiolase) and mitochondrial transport/metabolism [62].

As regards folate and folic acid deficiency, the evidence about
metabolic outcomes in offspring is rather conflicting. Sinclair et al.
found an association between maternal dietary folate reduction
and alterations in DNA methylation and increased insulin
resistance in sheep offspring [17]. Clinical studies sustained these
findings and the Pune Maternal Nutrition Study reported that
higher maternal erythrocyte folate concentrations at 28 weeks
predicted higher offspring adiposity and higher HOMA-IR at 6
years of age [58]. Ghattu et al. confirmed that higher maternal
folate concentrations at 30 gestational weeks were associated
with insulin resistance in children at 9.5 and 13.5 years in a cohort
of about 650 Indian children [63]. Yajnik et al. showed that
children of mothers with a combination of high folate and low
vitamin B12 concentrations were the most insulin resistant and
sustained that low maternal vitamin B12 and high folate may
contribute to the epidemic of adiposity and T2D in India [58].

While diet fortification/supplementation with folic acid is widely
used in pregnancy in several countries given the association with
reduced incidence of neural tube defects [61], inadequate
attention is paid to vitamin B12 deficiency, which is widespread,
especially in low-income countries and associated to the increase
of vegetarianism and dairy-free diets worldwide. All these factors,
in addition to the medical practice of prescribing routinely high
doses of folic acid in early pregnancy, could contribute to creating
an imbalance in these two related vitamins [63].

Vitamin D. Vitamin D deficiency during pregnancy can impair the
foetus bone metabolism and immune function but it is also critical
for fetal programming, which may influence susceptibility to NCDs
soon after birth and later in life [64]. A recent metanalysis showed
that vitamin D supplementation during pregnancy improves
maternal and infant 25(0OH)D concentrations that correlated
inversely with maternal insulin resistance and fetal growth [65].
Moreover, maternal vitamin D deficiency has been linked with
increased insulin resistance and body composition in offspring
[66].

Animal models sustained the role of vitamin D deficiency during
pregnancy in influencing insulin resistance in rat offspring [67].
Vitamin D levels have been correlated with levels of several
inflammation molecules such as cytokines, and with methylation
of the hepatic Ikba gene, which plays an important role in
persistent inflammation by decreasing Ikba expression [67].
Another possible mechanism through which Vitamin D level in
pregnancy could influence the long-term metabolic health of
adult offspring is mediated by alterations of intestinal permeability
and consequent increasing inflammation and circulating levels of
LPS, indicating nutritional programming of the intestinal barrier
function [68].

Vitamin A. In addition to antioxidant and anti-inflammatory
functions, Vitamin A has a determinant role in pancreas
functionality [69]. Established evidence supports the importance
of retinoids in insulin and beta cell metabolism and vitamin
A-dependent proteins are present in pancreatic islet progenitor
cells. Moreover, the role of vitamin A in modifying the expression
of sonic hedgehog and fibroblast growth factor, which may
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influence the neogenesis and replication of a and {3 cells, has
already been demonstrated [70]. Vitamin A deficiency during
pregnancy and the postweaning period caused important
reductions in the area and number of B cells per islet and a
reduction in B-cell replication in the Sprague-Dawley rats’
offspring [71]. In a retrospective cohort study, Keller et al.
demonstrated that fetal exposure to small, extra amounts of
vitamin A from food fortification of margarin in 1962 Denmark
may reduce the long-term risk of T2D in offspring (OR 0.88; 95% Cl
0-81, 095, P=0-001) [69].

The role of diet

Micronutrient deficiencies constitute an important global health
issue especially in low and middle-income countries [14]. Many of
these deficiencies are preventable through nutrition education
and consumption of a healthy diet containing diverse foods, as
well as food fortification and supplementation, where needed [72].
The WHO 2016-2025 nutrition strategy includes iron and folic acid
supplementation, high dose vitamin A supplementation (restricted
only to areas where vitamin A deficiency is a substantial public
health problem), the promotion of breastfeeding, fortification of
foods with micronutrients, and healthy, diverse diets containing
foods naturally rich in vitamins and minerals [73]. Indeed, diet
plays a crucial role during pregnancy since it is the first source not
only of micronutrients but also of macronutrients and other
bioactive compounds that might affect the later health of
offspring [10]. An adequate and balanced Indo-Mediterranean
diet, rich in fruits, vegetables and legumes is recommended
throughout the whole course of life and in particular in pregnancy
and in early life [72]. Diets that exclude meat or other foods of
animal origin are not recommended at these key stages of life. It is
important to note that plant-based diets, such as vegetarian and
vegan diets, are linked to vitamin and mineral deficiencies. The
most critically deficient micronutrient is vitamin B12, but
deficiencies in Ca, iron, iodine, Zn, and Se, essential amino acids,
w-3 long-chain polyunsaturated fatty acids and vitamins such as
riboflavin and vitamin D, may also occur in diets free of meat, fish,
and meat products [74]. The widespread Western dietary pattern
must also warrant close attention. In addition to being character-
ized by excessive consumption of refined sugars, salt, and
saturated fats, it is rich in ultra-processed foods that, while
cheaper and quicker to prepare, have high energy density and low
nutritional value. Moreover, by inducing a high degree of satiety,
their consumption results in reduced intake of other nutrients
with higher nutritional value, such as fresh fruits and vegetables,
and meat/eggs, increasing the risk of developing not only obesity
and NCDs but also micronutrient deficiencies [75]. Nutritional
counselling and diet intervention are cornerstones of prenatal
care during pregnancy, and high food quality and diversity, which
are the basis of healthy nutrition, should be promoted [76].

DISCUSSION

Individualized nutritional intervention strategies to achieve
recommended serum micronutrients values throughout life and
particularly during vulnerable phases, such as pregnancy and early
life, are necessary for the maintenance of the overall metabolic
health status of the population and in particular, the prevention of
long-term NCDs, Fig. 2. A recent study sustained this concept
using secondary data sources from 132 low- and middle-income
countries and estimated a substantial impact on NCDs prevention
by scaling up prenatal supplementation with iron and folic acid,
multiple micronutrients, or calcium [14]. A large proportion of
micronutrients also act as antioxidants or are essential cofactors
for antioxidant enzymes, so they have a dual role in determining
the health of pregnant women and their offspring in the short and
long-term, as antioxidant deficiency in pregnancy may induce
organ damage and impair embryonic development due to
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Fig. 2 Micronutrients malnutrition in pregnancy and its effects on offspring metabolic health through epigenetic mechanisms. Both
excess and deficient of micronutrients during gestation could influence the epigenetic regulation of gene expression in the foetus leading to
perturbations in the metabolic homeostasis and endocrine function of theindividual that can result in persistent cardiometabolic risk.

increased levels of ROS [77]. Prenatal supplementation with mixed
antioxidant vitamins and minerals (Se, folic acid, vitamin C, and
vitamin E) protected rat offspring from long-term cardiovascular
damage [78]. Unfortunately, longitudinal data on humans are not
currently available to confirm these promising findings and there
is no strong evidence for recommending multivitamin supple-
mentation in pregnancy nowadays [48].

The RDA for the micronutrients discussed in this narrative
review and the recommendations for supplementation in the
antenatal period are reported in Table 1.

Maternal micronutrient malnutrition continues to be an under-
estimated and threatening problem worldwide. Although ade-
quate intakes in pregnancy of individual minerals are known,
epidemiological data on pregnancy deficiencies of these minerals
are largely unknown. In fact, the frequency and degree of mineral
restriction in pregnancy remain currently unclear and this
emphasizes how this issue is still underestimated [79]. Rarely a
single micronutrient deficiency occurs alone; often more than one
coexists [70, 80]. The long-term consequences of micronutrient
deficiencies are not only seen at the individual level throughout
the life span but also have a deleterious impact on social and
economic development at the national level. In fact, it is important
to consider the consequences of the micronutrient nutritional
deficiencies perpetuated across generations [13]. Therefore,
intervention in the first 1000 days of life is critical to breaking
the cycle of malnutrition [13, 80].

Prevention is critical and needs of coordinated and sustainable
efforts to implement nutrition intervention strategies to apply
globally through the improvement of nutrition, supplementation,
and fortification plans, diversified according to different geo-
graphic and economic areas [13, 80]. Nutritional counselling
should always be included in gynaecological/obstetrical care for
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women from the periconceptional period onwards. In cases of
increased risk of micronutrient deficiency, supplementation is
indeed an effective and cost-efficient strategy to reduce both
maternal and fetal adverse outcomes. A correct assessment of
dietary intake and nutritional status will also substantially reduce
the risk of micronutrient overload among these women, optimising
dietary advice/supplementation with a view to personalising
nutritional counselling. Although most micronutrients in pregnancy
appear to have beneficial effects, caution and prior assessment of
nutritional status are still necessary, given that adverse effects are
reported in some cases of excess supplementation.

CONCLUSION

Suboptimal mineral intake from preconception to pregnancy
increases the risk of pregnancy complications and metabolic
health problems in the offspring, likely through an epigenetic link.
Nevertheless, further investigations are needed to assess the
prevalence of micronutrient deficiencies in different populations
and to implement the assessment in pregnancy of micronutrient
intake, to provide dietary changing and eventually supplementa-
tions. These findings would have extreme public health relevance
because prevention by adequate nutritional counselling, supple-
mentation or fortification of foods would consist of a simple and
relatively inexpensive nutritional intervention that could affect the
enormous economic burden of chronic NCDs.
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