3 reproductive
@ medicine

Review

Human Milk and Brain Development in Infants

Martina Chiurazzi !, Mauro Cozzolino 2-34(, Tilman Reinelt >, Thi Dao Nguyen °, Stefanie Elke Chie >,

Giancarlo Natalucci 5t and Maria Consolata Miletta 5-*

check for

updates
Citation: Chiurazzi, M.; Cozzolino,
M.; Reinelt, T.; Nguyen, T.D.; Elke
Chie, S.; Natalucci, G.; Miletta, M.C.
Human Milk and Brain Development
in Infants. Reprod. Med. 2021, 2,
107-117. https://doi.org/10.3390/
reprodmed2020011

Academic Editor: Arturo Bevilacqua

Received: 30 March 2021
Accepted: 25 May 2021
Published: 2 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

t

Department of Clinical Medicine and Surgery, University of Naples “Federico II”, 80131 Naples, Italy;
martina.chiurazzi88@gmail.com

Department of Obstetrics, Gynecology and Reproductive Sciences, Yale School of Medicine,

New Haven, CT 06510, USA; mauro.cozzolino@yale.edu

Rey Juan Carlos University, Calle Tulipan, 28933 Mostoles, Spain

4 IVIRMA, IVI Foundation, Avenida Fernando Abril Martorell, 106, 46026 Valencia, Spain
Larsson-Rosenquist Centre for Neurodevelopment, Growth and Nutrition of the Newborn, Department of
Neonatology, University Hospital Zurich and University of Zurich, 8006 Zurich, Switzerland;
tilman.reinelt@usz.ch (T.R.); thidao.nguyen@usz.ch (T.D.N.); stefanieelke.chie@uzh.ch (S.E.C.);
giancarlo.natalucci@usz.ch (G.N.)

*  Correspondence: maria.miletta@usz.ch

1t These authors contributed equally.

Abstract: Human milk is considered the most advantageous source of nourishment for infants.
Even though there is no ideal composition of human milk, it still contains a unique combination
of components that contribute to brain development. The aim of this review is to provide an
overview on the possible correlation of human milk with the neurodevelopment of infants, with a
special emphasis on myelination and epigenetic modifications. Research in human milk is a rapidly
expanding field and cutting-edge technologies might contribute to identify specific mechanisms
underlying the beneficial effects on human milk on neurodevelopment.
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1. Introduction

Breastfeeding and human milk (HM) are the regulatory standards for newborn feed-
ing. The American Academy of Pediatrics recommends exclusive breastfeeding for the
first 6 months, followed by another year or longer of breastfeeding in combination with
the introduction of complementary foods [1]. Previous research has shown that human
milk, as well as the act of breastfeeding, induce both short-term benefits such as optimal
colonization of the intestinal microbiome, protection against infectious diseases, decreased
infant mortality from all causes, and long-term benefits such as the reduced risk of obesity
and type 2 diabetes, and improved cognitive performance [2—4]. HM contains a unique
combination of components. In addition to classes of macro- and micronutrients such as
carbohydrates, proteins, lipids, and vitamins, minerals, respectively, HM contains a large
range of bioactive components such as growth factors, hormones, antimicrobial compo-
nents, digestive enzymes, transporters, and maternal cells (e.g., stem cells, leucocytes). HM,
therefore, is dynamic in that its composition is continuously changing throughout lactation
to meet the infant’s needs during growth and development. In addition, the composition
of milk differs between mothers who gave birth at term and those who delivered prema-
turely. Moreover, many studies have shown that HM helps the neurodevelopment of both
term and preterm babies and these benefits may stem from the different composition of
HM compared to artificial infant formula [5,6]. However, most of the studies in this field
are association studies, and hence the possible beneficial underlying mechanisms have
to be identified. The aim of this review is to summarize the current knowledge on the
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composition of human milk and its changes in the stages of breastfeeding, describing the
differences in the composition of HM for full-term and pre-term infants. In addition, based
on current knowledge, we have provided an overview of the possible correlation of HM
components with the neurodevelopment of the infants, describing all HM components that
might be involved in this process. Moreover, further studies are needed to identify specific
mechanisms of action of components of human milk involved in the neurodevelopment of
the infants.

2. Human Milk Composition

HM is characterized by its optimal adaption in composition to infant needs providing
nutritional and bioactive factors [7]. The variations in the HM composition are depen-
dent on lactation stage, gestation, maternal diseases, and diet [8-10]. HM is made up of
87% water and the rest consists mainly of macronutrients such as carbohydrates, proteins
and lipids [5,11].

2.1. Bioactive Components in Human Milk

In addition to the nutritional components, there are many bioactive components in
HM such as antimicrobial factors, cytokines and anti-inflammatory substances, hormones,
growth modulators and digestive enzymes, which influence biological processes or sub-
strates, playing an important role in the health of the infants. Due to the immaturity of
the digestive and immune system, these components have an important role, especially
in neonatal life [12,13]. Among the bioactive components, breast milk is rich in miRNAs,
small non-coding RNA that within membranous vesicles, such as exosomes, are present in
body fluids and can mediate intracellular communication. Many studies have revealed that
breast milk miRNAs, through the infant’s systemic circulation, can perform tissue-specific
immunoprotective and developmental functions in a newborn. However, it is not yet clear
how these miRNAs are metabolized and especially how they act in the gene regulation of
the infant [14,15].

2.2. Variation in Human Milk Composition According to the Lactation Stage

HM is a dynamic and bioactive fluid that varies between mothers. Furthermore, its
composition varies according to the lactation stage and between preterm and term breast
milk [16,17]. The first form of milk produced in the early days after birth is colostrum. It is
rich in secretory IgA, lactoferrin, lysozyme and leukocytes, growth factors, vitamins and
minerals, indicating that its primary functions are immunological and trophic [16,18,19].
Consequently, with the production of transition milk, the lactose concentration increases.
The activation time of milk secretion is different among women, but generally occurs in the
first three days after childbirth. A delayed onset can occur in the event of preterm birth or
caesarean section. Transitional milk has some characteristics of colostrum, but can support
the nutritional and developmental needs of the rapidly growing baby. After five days to
two weeks after giving birth, the milk will be considered largely mature. After the first
month of life, HM will not undergo significant changes in its composition.

3. Macronutrients in Human Milk Involved in Neurodevelopment

HM contains macro- and micronutrients that are essential during the neonatal pe-
riod [20].

Lactose, a disaccharide and an excellent source of slow-release energy is the main
carbohydrate in HM and seems to exert modeling effects on the intestinal microbiota and
promote brain development [21].

Proteins act as nutritional support and as carriers of other nutrients. The most abun-
dant proteins are casein, o-lactalbumin, lactoferrin, secretory immunoglobin A (IgA),
lysozyme and serum albumin. Non-protein compounds of HM such as urea, uric acid,
creatinine, amino acids and nucleotides comprise about 25% of nitrogen.
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The main energy source in HM is lipids, providing polyunsaturated fatty acids
(PUFA), fat-soluble vitamins, complex lipids and bioactive compounds. The composition
of HM fatty acids, especially long-chain polyunsaturated fatty acid (LCPUFA), is widely
influenced by the maternal diet. The omega-6 fatty acid (linoleic acid) and the omega-3
fatty acid (x-linolenic acid) are dietary precursors of LCPUFA and most abundant HM
fat. LCPUFAs include docosahexaenoic acid and arachidonic acid, which are involved in
important physiological processes such as growth and immune response and are critical for
brain development [22-25]. The nutritional quality of HM is highly preserved; however, the
maternal diet and body deposits can modify many micronutrients in HM. An inadequate
supply of some micronutrients appears to have a negative impact on brain structure or
function [26].

3.1. Human Milk Oligosaccharides

Among the components of HM, oligosaccharides (HMOs) are the third most abundant
components after lipids and lactose, and differ significantly between HM and infant
formula in concentration [27]. These simple sugar polymers that are mainly digested by
the colon flora, play important functions, in particular, the modulation of the intestinal
microbiota composition, influencing a large number of physiological processes of the
infants [16,28-30]. Furthermore, it is interesting to note that HMOs can supply fucose
(Fuc) and sialic acid (SA), which seem to play an important role in brain development [31].
Glucose, galactose, N-ethylglucosamine, Fuc, and SA are the five basic monosaccharides
that make up HMOs. SA-rich HMOs have been hypothesized to be involved in learning
and memory [32]. Most HMOs can be synthesized de novo by the mother and transferred
to the fetus through the umbilical cord or later via breast milk. The HMO concentration is
mainly influenced by the maternal genetic background and diet [33]. Austin et al. recently
showed that at equivalent lactation stage and post-menstrual age the composition of the
preterm and the term breast milk differs in HMO concentration. Preterm milk showed
a reduced concentration of HMOs containing «-1,2-linked Fuc during the first month
after birth and a higher concentration of 3'-sialyllactose [6,7]. Since HMOs are absent
in infant formula, causing newborns not to receive the same health benefits as breastfed
infants, a mixture of galactooligosaccharides (GOS) and fructoligosaccharides (FOS), also
called inulin, has been developed and is added to certain products. Inulin is known to be
bifidogenic, which imitates breast milk prebiotics. GOS and FOS can help modulate the
immune system, reducing the incidence of infections, but further studies are needed to
clarify the specific effects of GOS and FOS [33].

3.2. Sialic Acid Is Involved in Brain Development

The SA content in breast milk is 0.3-1.5 mg/mL. SA can be obtained from the diet or
produced de novo. Further, it can be found in different sialoglycoconjugate compounds
such as oligosaccharides, glycolipids and glycoproteins. Only a very small amount of SA is
in free form. Among the oligosaccharides containing SA molecules, the most abundant
is sialyllactose (SL). SL is composed of a SA molecule bound to lactose and can exist
in two isoforms, 3/-SL and 6’-SL, depending on the position of the linkage between SA
and lactose. In the human body, the highest SA concentration is found in the brain as
N-Acetylneuraminic acid, where it is an integral part. In the last year, some studies have
found that SL can influence the brain development of the newborn, while SA conjugated
with glycolipids and glycoproteins plays an important role in synapse formation and neural
transmission [34,35]. Conjugant sialic oligosaccharide concentration in human colostrum
undergoes marked changes in the first 3 days of lactation, following the physiological needs
of newborns [36], demonstrating the importance of dynamic changes in the composition of
maternal milk for brain development. Neurological development by magnetic resonance
imaging was analyzed in pig models and Mudd et al. showed that the development of the
corpus callosum, prefrontal cortex, and hippocampus seems to be influenced by dietary
supplementation of SA in the form of SL [34]. The different SL isomers are involved in
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the brain and microbiome development of neonatal piglet models. SL introduced with the
diet could play a dual role in supporting the optimal growth and brain development of the
newborn [37]. The SA level expressed in HM is influenced by a variety of factors such as
genetics, geographic regions and maternal diet and is higher compared to infant formula
based on bovine milk [38]. Wang et al. compared the SA concentration in the frontal cortex
of 25 infants who died of sudden infant death syndrome by using high performance liquid
chromatography. Their data showed a higher SA concentration in HM-fed infants as op-
posed to infants fed with formula, suggesting an increase in synaptogenesis and differences
in neurodevelopment [39]. Obelitz-Ryom et al. studied the effects of SL supplementation
in milk on neurological development in preterm pigs. Dietary supplementation with SL
induces positive functional brain effects and increases the expression of genes related to
SA metabolism, myelination and ganglioside biosynthesis in the hippocampus at 3 weeks
of age, suggesting that SL may represent an important supplement for infant formula to
promote the development of the preterm neonatal brain [40]. Further studies are needed to
confirm the involvement of SA in the neurodevelopment of newborns and the mechanisms
involved in the process of brain development. Identifying the specific “effects” of HM
components on infant brain development is currently a complex research field. Several
confounding variables may limit the research in this field. Most of this research relies,
indeed, on correlational studies (since breastfeeding cannot be randomly assigned in a true
experimental /randomized trial) or on animal studies, which have limited translational
potential to humans.

4. Micronutrients in Human Milk Involved in Neurodevelopment

Iron, folate and zinc have a critical role in brain development and function. The
concentrations of these micronutrients in HM are relatively unaffected by maternal intake.
An iron deficiency can lead to hypomyelination, permanent deficiency in the number of
dopamine receptors and worsening of neurotransmission. Total HM iron concentrations
reach a maximum in colostrum and subsequently decrease during the first year of lac-
tation; after 6 months of age, iron supplementation has been recommended because the
concentrations in HM are insufficient for infant requirements [41]. The predominant form
of folate in HM is 5-methyltetrahydrofolate; its concentration is low in colostrum with
progressive increase after childbirth, reaching a peak at 2-3 months and then remaining
stable [30]. Zinc concentrations in HM decrease abruptly from colostrum to transitional
milk, followed by a gradual reduction during lactation. Zinc deficiency appears to affect
cognitive development [41,42].

Choline is an essential micronutrient for the development of the fetus and newborn. It
is the precursor of many important compounds such as phospholipid, phosphatidylcholine,
and sphingomyelin membranes, and a precursor of the acetylcholine neurotransmitter.
Choline deficiency leads to persistent cognitive and memory deficits [43]. Breast milk
choline concentrations increase between 7 and 22 days postpartum and remain stable in
mature milk [44].

Iodine is a micronutrient that plays a vital role in the production of thyroid hormone
(TH); a severe iodine deficiency is associated with mental retardation in newborns. Preg-
nant women are prone to iodine deficiency due to the double iodine requirement during
pregnancy. lodine concentrations reach a maximum in colostrum, and then decrease over
the next few weeks until they reach a plateau at 100-150 ug/L in mature milk. The use
of iodized salt during breastfeeding allows the transfer of adequate amounts of iodine to
newborns through mother’s milk, preventing iodine deficiency [45].

Calcium plays a vital role as a second messenger in signal transduction, which con-
trols the production of neurons and glial cells. Total calcium concentrations in breast
milk increase abruptly in the first 5 days of breastfeeding and then gradually decrease
throughout breastfeeding [41].

Vitamin B-6 is an essential cofactor for more than 100 enzymes involved in amino acid
metabolism, glycolysis, and gluconeogenesis. Vitamin B-6, especially in form of pyridoxal,
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increases in the first few weeks postpartum, followed by a gradual decline in late lactation;
after 6 months of age, supplementation of Vitamin B-6 is needed because the concentration
in human milk appears insufficient for infants” vitamin B-6 requirements. Deficiency of
vitamin B-6 is associated with neurological and behavior abnormalities [46].

Vitamin B-12 plays a fundamental role in the preservation of the myelin sheath around
neurons and the synthesis of neurotransmitters, and its deficiency can cause damage to the
myelin sheath leading to syndromes such as myelopathy, neuropathy, and neuropsychiatric
disorders. The total concentration of vitamin B-12 in breast milk decreases at the beginning
of lactation, then remains stable for up to 12 weeks and then slowly decreases [26,41].

Vitamin C plays an important role in developing neurons through their maturation
and differentiation, and in forming myelin. The total concentration of ascorbic acid (AA)
in breast milk is greater in colostrum and decreases during lactation depending on the
difference in maternal status and food intake [26,41].

Vitamin D plays an important role in brain development, inducing the nerve growth
factor (NGF), promoting neurite growth, and inhibiting neuronal apoptosis in the hip-
pocampus [26]. The levels of vitamin D, regardless of the maternal diet, are low, suggesting
a necessary supplementation of vitamin D to the infants [16,47].

Detailed concentrations of micronutrients in human milk are shown in Table 1.

Table 1. Micronutrient concentration in human milk.

First Weeks of Lactation

. . Preterm Group Term Group
Micronutrient References
33w (27-37 w) 40 w (3941 w)
(Mean + SD) (Mean + SD)
Iron [mg/L] 1.35 + 0.42 1.02 +0.37 [48-50]
Folate (Vitamin B-9) 2] + 14 304 -+ 10 51]
[ng/mL]

Zinc [mg/L] 2.25 + 0.95 26+1.1 [48,52,53]
Choline [mg/L] 158 + 10 258 £ 10 [53,54]
Iodine [mg/L] 0.092 + 0.67 0.087 + 0.41 [48]

Calcium [mg/L] 289 4+ 25 279 £+ 30 [48,55,56]
Vitamin B-6 [ng/mL] 33 £+ 0.30 53 £ 0.40 [46,51]
Vitamin B-12 0.55 4+ 0.11 0.33 £ 0.20 [46,51]
[ng/mL]
Vitamin C [mg/L] 53 +18.7 45+ 15.8 [57-59]
Vitamin D [ug/L] 1.36 £0.16 0.86 = 0.10 [60]

5. Differences in the Composition of Human Milk for Full-Term and Pre-Term Babies:
Effects on Neurodevelopment

In the first weeks following birth, preterm breast milk is richer in proteins, free amino
acids, fats and sodium than term breast milk. On the contrary, the calcium level is lower in
preterm milk and does not increase over time, while copper and zinc levels are higher at
the beginning of breastfeeding and then decrease. Levels of other minerals appear to be the
same in both preterm and term breast milk. Another difference in term milk is in the content
of oligosaccharides, which is highly variable in preterm milk; moreover, preterm milk is
richer in glycosaminoglycans than term milk. Finally, differences in bioactive molecules are
observed mainly in colostrum and subsequent milk and not in mature milk [31,61]. Many
studies have shown that preterm infants have different nutritional needs than term-born
infants. Apart from the possibility of developing NEC and sepsis or failure to grow, preterm
infants are at greater risk of poor neurodevelopment, showing alterations in the size of the
brain, its structure, connectivity and function. Factors that influence neurodevelopmental
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outcomes include gestational age, birth weight, neonatal morbidities such as brain injury
and infections, pre- and postnatal growth, and nutrition [31]. Even though breast milk
is high in proteins, bioactive molecules and various other essential molecules it alone
does not provide optimal nutrition for premature babies. The infants need an adequate
fortification of HM to satisfy the nutritional requirements for growth and development.
Despite fortified human milk providing short and long-term benefits for premature babies,
this can also have complications because the use of fortifying agents is associated with an
increase in oxidative stress markers as well as bacterial contamination infections associated
with high mortality rates [62].

6. Human Milk Components Influence Myelination

Nutrition in infants plays a fundamental role in the first period of life, which coincides
with brain growth and the development of cognitive, behavioral, and socio-emotional func-
tions [63]. During this period, the eloquent cortex network is shaped and refined through
processes including myelination, dendritic arborization, synaptogenesis and synaptic prun-
ing [64]. Myelination, the development of myelin surrounding neural axons, is essential
for optimal brain function [65]. Myelin is a lipid-rich insulating substance which ensures
the proper transmission of the nerve impulses and provides an appropriate environment
for the survival of axons [66]. In the central nervous system, oligodentrocytes produce
myelin [67]. Nutrients, such as short- and long-chain PUFAs, phospholipids, neurotrophic
factors, biofactors, hormones and micronutrients, can influence myelination by altering
the building block compositions needed for myelin membrane production [68]. There-
fore, deficiencies of these nutrients can significantly alter myelination, disrupting normal
brain function and compromising cognitive outcomes in the newborn [63]. With specific
reference to brain myelination, breast milk is an important source of long-chain PUFAs,
including docosahexaenoic and arachidonic acid (DHA and ARA), that together comprise
more than 20% of the brain’s fatty acid content [69], and phospholipids such as phos-
phatidylcholine that make up 10% of the lipid weight of myelin. Approximately 40% of
the lipid content of mature human milk is sphingomyelin [70], a sphingolipid that plays
a critical role in the development of the myelin sheath [71,72]. HM is also an important
source of cholesterol, which is essential for myelin synthesis [73]. Mothers” hormones, such
as thyroid hormone T3, acting through the nuclear receptors, control the expression of
genes involved in myelination, cell differentiation, migration, and signaling [74,75]. Brain
magnetic resonance imaging (MRI) studies have shown that infants fed with HM exhibited
greater white matter development; and a positive association between the microstruc-
ture of the white matter in many brain regions and the duration of lactation [63,76,77].
Furthermore, these infants showed an increase in verbal and non-verbal cognitive skills
as compared to partially or exclusively formula-fed infants [6,78]. The improvement of
cognitive skills might correlate to neuro-associated nutrients such as long-chain polyunsat-
urated fatty acids, phosphatidylcholine, sphingomyelin and oligosaccharides, which are
found in HM [79,80]. The importance of HM in brain development was further confirmed
through the proliferation and differentiation of oligodendrocytes and their positive effect
on myelination [80].

7. Epigenetic Modifications and Human Milk: The Role of MicroRNAs in
Brain Development

MicroRNAs (miRNAs) are small RNA molecules, ~20-24 nucleotides long, that can
negatively control their target gene expression post-transcriptionally. There are currently
more than 460 human miRNAs known, and the total number is predicted to be much larger.
miRNAs play pivotal roles in regulating diverse developmental processes by targeting
mRNA for translational repression, cleavage, or destabilization. Several studies have
demonstrated that miRNA is present in whole HM, including within milk fat globules [81].
HM seems to have an important role in the modulation of gene expression and therefore
in the health of the newborn [82]. Recent studies show that HM plays a transmitter role
between the lactation mother genome and the epigenetic regulation of newborn genes [81].
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References

Epigenetic studies showed possible effects of nutrients on gene expression and therefore
epigenetic processes are associated with the beneficial effects of breast milk on health. The
epigenome can be easily shaped by environmental factors during the perinatal period. In
particular, after fertilization most of the genome can undergo active and passive demethy-
lation followed by de novo methylation, influencing the epigenetic landscape [83]. Many
studies have shown the impact of feeding on newborns, influencing the expression of genes
with short- and long-term effects on the organism. DNA methylation, histone modification,
chromatin remodeling and miRNAs are among the main epigenetic processes [82-84]. The
miRNAs in HM play a key role in the upregulation of genes involved in development
such as FTO, INS and IGF1, providing adequate epigenetic programming of the infant,
compared to the infant formula which, on the contrary, has a low level of miRNA. The
miRNAs are secreted as extracellular vesicles derived from the epithelial cells of the mam-
mary gland and transported in exosomes (nanoparticles of 30-100 nm) surrounded by a
rigid double-layer lipid membrane that protects against the harsh conditions present in the
gastrointestinal tract and guarantees the transfer of miRNA to the systemic circulation of
the newborn. miRNA-148a-3p appears to be the most abundant miRNA detected in breast
milk. It targets DNA methyltransferase 3b (DNMT3B) and during the development of the
infant, it suppresses the expression of DNMT3B, inhibiting de novo-DNA methylation,
influencing the development in the infant [14,81]. Numerous studies have shown that miR-
NAs are long-range gene regulators and can promote brain development and its functions,
suggesting a role in neurodevelopment [85-87]. Moncini et al. have shown that miR-103
and miR-107 (detected in HM) are able to regulate the cyclin-dependent kinase 5 (CDKS5)
regulatory subunit 1, which codes for p35, the main activating subunit of CDK5 involved in
brain development and function [88]. Munch et al. hypothesized that miR-118.2 in breast
milk targets a family of proteins (odd Oz/ten-m homolog 2) widely present in the central
nervous system, in particular on the brain axons, and seems to be involved in cell—cell
communication, suggesting a miR-118.2 action in nervous system pathways and brain
development [89]. However, further studies identifying breast milk miRNAs involved in
infant neurodevelopment and their mechanisms of action are necessary.

8. Conclusions

Human milk is the extraordinary product of 200 million years of symbiotic coevolution
between a mammalian and its infant [90]. In the last 15 years, research in the field has
dramatically grown and it is fast evolving. The first discovery on the stem cells in HM
was in 2007 [91], 261 proteins never before identified were identified in the proteome of
HM in 2009 [92], while 300 new microRNA molecules were characterized in 2015 [14].
Furthermore, it was found that the milk microbiome, until recently considered without
physiological relevance, is characterized by a microbial community which interacts with
the intestinal microbiome [93-95]. These stunning discoveries strengthen the critical role of
HM in early life nutrition and broaden its transgenerational impact on infant health.
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