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The colonization of the human microbiota in early life has long-lasting health implications. The status of
the initial intestinal microbiota determines human growth and development from infancy to adulthood,
and thus represents a crucial window in our long-term development. This review aims to summarize the
latest findings on the symbiotic gut microbiota early in life and its vital role in metabolic-, allergic-, and
auto-immune-disorder-related diseases, including obesity, diabetes, allergy, autism, inflammatory bowel
disease, and stunting. It discusses the development process and various factors shaping the gut micro-
biota, as well as the crosstalk between the gut microbiota and the host’s physiological systems (especially
intestinal immune development and homeostasis, and the central nervous system in the course of neu-
rodevelopment), during the early life establishment of the gut microbiota, in order to decipher the mech-
anisms of diseases associated with the intestinal microbiome of early life. In addition, it examines
microbiota-targeted therapeutic methods that show promising effects in treating these diseases. The true
process of gut microbiome maturation, which depends on genetics, nutrition, and environmental factors,
must be scrutinized in order to monitor healthy gut microbiome development and potentially correct
unwanted courses by means of intervention via methods such as novel probiotics or fecal microbiota
transplantation.

� 2021 The AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The prevalence and incidence of healthcare concerns in children
have continued to increase in recent decades, including metabolic-,
allergic-, and auto-immune-disorder-related diseases [1–5]. How-
ever, efficient treatments for these diseases remain scarce. Mean-
while, modern medical techniques such as antibiotics are a
‘‘double-edged sword,” in that they are of great help in enhancing
the survival rate and decreasing the incidence of pediatric diseases,
but can destroy the normal microbial ecology inside a child’s gut.
The occurrence of pediatric diseases is multi-factorial, including
genetics [6,7], infection [8–10], and immunity [11–14]. With
research progress, an increasing amount of evidence points to the
gut microbiota of early life as one of the risk factors contributing to
these diseases, which are dependent on genetics, nutrition, and
other environmental factors [15–17].
It is widely accepted that the human microbiota plays an
important role in health and diseases [18]. Modern lifestyle factors,
such as maternal diet, gestational age at birth, mode of delivery,
feeding mode, and antibiotic exposure, can disturb the normal col-
onization and maturation of the human gut microbiota during
early life [19,20]. It is notable that microbial interventions of
microbiota, including the use of probiotics and prebiotics, have
been shown to be potentially effective management tools that
can optimize the microbiota of infants and children [21–24].
Although the safety of probiotics in infants and children requires
further clarification [25,26], the role of the early life microbiota
in human growth and development is becoming a hot topic [27],
while remaining unclear.

Human early life microbiota is a key ‘‘window” period for man-
ual intervention to establish a healthy microbiota, since the gut
microbiota of infants changes rapidly and will reach a relatively
stable state within the first three years of life [28,29]. The gastroin-
testinal (GI) tract contains the largest and most diverse bacterial
communities in the human body (typically 1011–1012

microbes�mL�1 of intestine) [29]. It can promote the maturation
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of physiological development (e.g., the synthesis of vitamin K) and
functions for immunity and pathogen resistance throughout an
individual’s life [17]. Microbial dysbiosis has been shown to cause
metabolic abnormalities and immune disorders, especially in
infants and young children. It leads to metabolic-, allergic-, and
auto-immune-disorder-related diseases, such as obesity [30], type
1 diabetes (T1D) [31], allergies [32], autism [33], inflammatory
bowel disease (IBD) [34], and stunting [19].

In addition to its physiological functions, the microbiota’s
involvement in the healthy development of a child’s immune sys-
tem and the central nervous system (CNS) during neurodevelop-
ment is attracting scholarly attention. First, the crosstalk in the
gut, where the greatest number and most diverse immune cells
meet trillions of microbes [35], is crucial to host immune home-
ostasis. The gut contains multiple immune cell subsets, and the
innate immunity of the host is well orchestrated in the gut. Second,
the contribution of the gut microbiota to the CNS of children
through the microbiota–gut–brain axis is extremely important
[36].

Studies have demonstrated that neurodevelopment in infancy is
susceptible to internal and external microbial factors [37–39]. For
example, exposure to pathogens (e.g., Campylobacter jejuni or
Escherichia coli) can lead to abnormal behaviors, including
anxiety-like behaviors and memory disorders, in young mice
[37,38]. In addition, microbial metabolites—that is, short-chain
fatty acids (SCFAs)—can promote the maturation of the microglia
and help the microglia maintain their normal functions [40]. More-
over, nutritional components, probiotics, prebiotic oligosaccha-
rides, and certain amino acids have a neuroprotective effect on
white-matter damage of the brain by regulating inflammation
and infection, which may follow preterm birth [41].

2. Features of the gut microbiota from infancy to childhood

A normal gut microbiota plays an important role in human
health, including nutrient acquisition, immune regulation, neu-
rodevelopment, and behavior [18,27,42]. Infancy and childhood
are the most important periods for the shaping and maturation
of the intestinal microbiota [43]. The predominant microbiota of
infants and children change rapidly during the first three years
after birth. For example, microbiota colonize the intestine of
infants immediately after birth, and the trajectory of the gut micro-
biota shows multiple resemblances across all infants [43–45]. The
gut microbiota of infants will reach an adult-like composition at
one year of age, and it may take about 2.5–3 years for infants to
establish a stable adult-like intestinal microbiota community
[28,46]. Before a stable microbiota is constructed in children, there
are three distinct stages: the development stage (3–14 months),
transition stage (15–30 months), and stability stage
(�31 months) [47]. Bifidobacterium is the predominant bacterium
during the developmental stage [47,48]; two phyla of the Pro-
teobacteria and Bacteroidetes change significantly in the transi-
tional stage [46–48]; and Firmicutes is dominant in the stable
stage [46,47,49]. Furthermore, healthy children are rich in Bifi-
dobacterium, Faecalibacterium, and Lachnospiraceae, while adults
have abundant Bacteroides [27].

From a functional perspective, there is a major change in genes
related to synthetic nutrients, amino acid degradation, oxidative
phosphorylation, and mucosal inflammation between non-adults
and adults [27]. The intestinal microbiota of children is more likely
to support functions related to ongoing development and anti-
inflammatory properties, including vitamin B12 synthesis and
folate metabolism [48,50]. The intestinal microbiota of adults is
enriched with the genes of oxidative phosphorylation, lipopolysac-
charide (LPS) biosynthesis, flagella assembly, and steroid hormone
biosynthesis [27,51,52]. These features of an adult microbiota have
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been suspected to be the reason for the increased incidence of obe-
sity and metabolic disorders [48,52].
3. Factors shaping the gut microbiota from infancy to childhood

Different microbiota colonization patterns of infants and chil-
dren affect the subsequent regulation of immune responses and
potential disease incidence in their lifetime [53–55]. A growing
body of evidence has shown that, during the establishment stage
(2.5–3 years) of a child, certain factors can shape the structure
and composition of the gut microbiota, including maternal prena-
tal condition, delivery mode, breast or bottle feeding, early diet,
and postnatal medical interventions [19,56].

3.1. Delivery mode

Delivery mode is the most important determining factor for the
establishment of a healthy microbiome in early life. Newborns
delivered by Cesarean section are first colonized with skin
microbes from their mothers, and the microbes in all parts of these
newborns are similar to the skin communities of their mothers
[57]. Similarly, the bacterial communities in each part of vaginally
delivered infants resemble the vaginal communities of the mothers
[57]. Interestingly, although infants delivered by Cesarean section
and those from vaginal delivery present a similar level of micro-
biota maturity in the first six months of life, the maturation of
the microbiota in Cesarean-section born infants stagnated in the
next six months, compared with vaginally born infants [58]. In
the subsequent year, the diversity of microbiota in Cesarean-
section born infants gradually matured and resembled with those
of vaginally born infants [58]. However, significant differences
are observed in the predominant microbiota of infants with differ-
ent delivery modes. For example, in the first three months of life,
infants delivered by Cesarean section had a lower level of Acti-
nobacteria and Bacteroidetes and a higher level of Firmicutes when
compared with vaginally delivered infants, which were predomi-
nantly colonized by Bifidobacterium, Bacteroides, Clostridium, and
Lactobacillus [55]. Research has shown that infants born by Cesar-
ean section have a higher incidence of T1D [59], obesity [60],
asthma [61], celiac disease [59], and childhood death [61] in com-
parison with vaginally delivered infants. Thus, delivery modes
impact the gut microbiota in the first year after birth.

3.2. Feeding practice

Feeding practice is another determining factor for the composi-
tion of the gut microbiome in early life. It is well known that breast
feeding is beneficial to shape the intestinal microbiota in infants.
Breast feeding can directly provide the infant with probiotics from
the mother while indirectly promoting the growth of beneficial
Bifidobacterium in the gut by giving the infant human milk
oligosaccharides as prebiotics [62–66]. The microbial composition
of infants who are breastfed is different from that of infants who
are formula fed [64,67]. In their first three months of life, the matu-
rity of their microbiota, phylogenetic diversity, and growth rate of
bacterial richness in formula-fed infants are significantly reduced
when compared with those of breastfed infants. During this period,
Lactobacillus, Staphylococcus, Megasphaera, and Actinobacteria are
more abundant in breastfed infants, whereas the genera of
Clostridiales and Proteobacteria are more abundant in formula-
fed infants [58]. It has been found that the abundance of beneficial
Bifidobacterium, Lactobacillus, and Clostridium is positively corre-
lated with breast feeding and negatively correlated with formula
feeding, and the abundance of functional Lachnospiraceae was
found to be decreased in breastfed infants [68,69]. In addition,
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the intestinal microbiome of most breastfed infants showed an
increased ability to synthesize methionine, branched-chain amino
acids, cysteine/serine, threonine, and arginine [69]. Studies have
shown that the intestinal microbiota of infants that were exclu-
sively breastfed (EBF) before the introduction of solid foods was
quite different from that of non-EBF infants, which was character-
ized by higher abundance of Bifidobacterium and lower abundance
of Bacteroidetes and Clostridiales [70]. Besides breast feeding, the
intake of solid food led to dramatic changes in microbial composi-
tion, not only in terms of a transition to relatively stable communi-
ties, but also in an increase in SCFA production, vitamin
biosynthesis, and carbohydrate synthesis [28]. Interestingly, the
patterns of supplementary food intake also affect the intestinal
microbiota. The bacterial a-diversity and Roseburia abundance of
infants were lower in a 12-month-old baby-led introduction to
solids group (i.e., an improved version of baby-led weaning, in
which solid foods are introduced at six months of age and then
self-feed the family food) than those in a traditional intake style
group (i.e., parents used a spoon to feed mushy food) [71].
3.3. Environmental factors

Environmental factors, especially early-life antibiotic use, can
delay the maturation of the intestinal microbiota. For example,
children exposed to antibiotics showed a slower maturity than
those that were not exposed, which was most obvious between
the 6th and 12th months and was mainly due to the lack of Lach-
nospiraceae and Erysipelotrichaceae [58]. Furthermore, early
pulsed antibiotic treatment (PAT) with a b-lactam or macrolide
could impact the metabolism of the host intestinal microbiota;
the effects included reducing the glycolysis and gluconeogenesis
pathways and increasing the citric acid cycle, nucleoside synthesis,
and amino acid synthesis [72]. In addition, in PAT with low-dose
penicillin-treated mice, the abundance of Lactobacillus, Candidatus
Arthromitus, and Allobaculum decreased, and immune-related gene
expression was altered, including decreasing differentiation, acti-
vation, adhesion, recruitment, and quantity of immune cells; these
effects were found to lead to obesity and to continue to affect the
Fig. 1. The role of the intestinal microbiota in immunity development and homeostasis m
the adaptive immune system and helps the host to achieve a balance between resistance
filamentous bacteria; GPR: G-protein-coupled receptor; TGF-b: transforming growth fac
ROS: reactive oxygen species; HDAC: histone deacetylase; IL: interleukin; Treg: regulato
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host throughout its life [73]. Furthermore, the alterations induced
by early antibiotic exposure predisposed the host to diseases, such
as obesity [74,75], T1D [76], and asthma [77].
4. Effects of the intestinal microbiota on intestinal homeostasis
and neurodevelopment

4.1. The mechanism of the microbiota and its metabolites on intestinal
development and homeostasis

The intestinal microbiota is a crucial factor for human health
and well-beings. First, gut microbiota promote intestinal matura-
tion [78]. The structure and function of the GI tract in newborns
are immature [79]. Gut microbiota play a vital role in the develop-
ment of the immune system—especially in intestinal homeostasis—
by modulating the nutrient metabolism, epithelial barrier integ-
rity, and immunity [79–81]. A variety of intestinal bacteria and
gut-derived metabolites participate in maintaining intestinal
homeostasis, including resistance to foreign pathogen invasion
and anti-inflammatory homeostasis (Fig. 1). Among the numerous
commensal microbiota, segmented filamentous bacteria (SFB) are a
particularly important intestinal microbe in regulating the intesti-
nal homeostatic immune response [82,83]. T and B cells are the
major cellular components of the adaptive immune response. SFB
attaches to the epithelial cells of the digestive tract tightly, initiates
the activation of T and B cells, which contributes to the homeo-
static immune response [82,84,85].

T helper (Th) cells are a type of effector T cell that are tightly
regulated by the gut. Early colonization of intestinal microbiota
leads to the differentiation and responses of immune Th cell sub-
sets, such as Th1, Th17, and regulatory T (Treg) cells [80,84], which
are critical in maintaining intestinal immune homeostasis. For
example, SFB colonization facilitates the induction of Th17 cells
by inducing serum amyloid A (SAA; an acute-phase plasma protein,
which is synthesized in the liver) [86] and reactive oxygen species
(ROS; short-lived electrophilic chemicals produced by superoxide
and incomplete reduction) [87] from intestinal epithelial cells
[88]. Matured Th17 cells protect the host from bacterial infection
aintenance. The intestinal microbiota promotes the development and maturation of
to foreign pathogen invasion and anti-inflammatory homeostasis. SFB: segmented

tor-b; MMP: matrix metalloproteinase; DC: dendritic cells; SAA: serum amyloid A;
ry T; Foxp3+: forkhead box protein 3; Th: T helper; IgA: immunoglobulin A.
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by secreting interleukin (IL)-17, IL-17F, and IL-22, especially in the
lamina propria of the small intestine [85]. Besides SFB, the devel-
opment of forkhead box protein 3 (Foxp3+) Treg cells can be
induced by Clostridium [89]. The Clostridium species activates the
production of matrix metalloproteinases (MMPs), which generate
biologically active transforming growth factor-b (TGF-b), leading
to the development and maintenance of Foxp3+ Treg cells [90].
Foxp3+ Treg cells can secrete IL-10 after being activated [91]. IL-
10 inhibits the differentiation of Th1 and Th17 by restraining IL-
12 and IL-23, and then drives macrophages to exert immune toler-
ance in order to maintain immune homeostasis [91].

The germinal center in Peyer’s patches of the small intestine can
be activated by the attachment of SFB to promote B cell activation
[92]. Activated B cells (i.e., plasma cells) can migrate back to the
intestinal mucosa through the hemolymphatic cycle; the circulat-
ing plasma cells then secrete immunoglobulin A (IgA, the main
antibody isotope produced on the mucosal surface, which assists
in the development and maintenance of the intestinal microbiota)
[93]. Moreover, IgA secretion can prevent the adhesion of SFB to
epithelial cells, thereby inhibiting immune activation [82].

In addition to directly interacting with the host, symbiotic
microbiota can regulate the immune system through intestinal-
derived metabolites, such as SCFAs, including butyrate, acetate,
and propionate [94,95]. SCFAs promote the development of intesti-
nal immunity through G-protein-coupled receptors (GPRs)
[80,90,96,97]. For example, the development of Th1 and Th17 cells
is triggered by acetate via inhibiting histone deacetylase (HDAC)
activity [98]. Acetate can maintain the integrity of the intestinal
epithelial barrier by inhibiting the transport of Escherichia coli
O157:H7 Shiga toxin, inducing ROS production, and promoting
the development of Th17 cells to protect the host from fatal infec-
tions [99]. Moreover, Foxp3+ Treg cell differentiation can be pro-
moted by butyrate via stimulating GPR109A signal transduction.
The accumulation of Foxp3+ Treg cells and their suppressive activ-
ity can be motivated by butyrate and propionate by inhibiting
HDAC activity through GPR43 [89,90]. Thus, the intestinal micro-
biota promotes the development and maturation of the adaptive
immune system and helps the host achieve a balance between
resistance to foreign pathogenic invasion and anti-inflammatory
homeostasis.

Gut-derived LPSs are another important factor in the develop-
ment of the innate immune system. LPSs are considered to be
one of the most effective stimulators of the host’s innate immune
system [100]. For example, researchers have demonstrated that
LPSs may affect the maturation of Treg cells in gut-associated lym-
phoid tissue [101–103]. In addition, LPSs can be transported to the
subepithelial dome by the microfold cells on the luminal surface of
Payer’s patches, where they are sampled by dendritic cells and pre-
sented to lymphocytes, which can lead to the maturation of IgA-
producing B cells [104,105]. Furthermore, a predominance of
low-endotoxin LPSs may induce and change the activation of the
innate immune system, induce Treg cells, or prevent the Th1/
Th17 response, all of which are essential for regulating the balance
of intestinal immunity [101]. Thus, LPSs are crucial for intestinal
immune cells.

4.2. The intestinal microbiota and the CNS during neurodevelopment

The ability of gut microbes to influence neurodevelopment
causes them to have another major effect on human development.
Such findings have been demonstrated by the behavior of and cog-
nitive assessments in young germ-free (GF) animals [106]. It is
known that the hippocampus, striatum, and amygdala regions of
the brain are related to learning, memory, exercise, and emotion
(Fig. 2). The hippocampus is mainly responsible for memory and
spatial navigation. It was found that fructooligosaccharide (FOS)
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activity, 5-hydroxytryptamine receptor 1A (5-HT1A) levels, and
the expression of brain-derived neurotrophic factor (BDNF) were
reduced in the hippocampus of GF mice, resulting in the impair-
ment of their working memory [107,108]. The striatum integrates
the motor and emotional responses and is closely related to the
motor-related basal ganglia and limbic systems [109]. Increased
dopamine, serotonin neurotransmitters, and synaptic vesicle pro-
teins (an indirect marker of synaptic genesis) in the striatum of
GF mice result in anxiety-like behavior [110]. Moreover, decreased
levels of N-methyl-D-aspartic receptor (NMDAR), 5-
hydroxytryptamine receptor 1 (5-HT1), and BDNF in the amygdala,
part of the ‘‘emotional brain” limbic system, together with alter-
ations of striatum in GF mice, lead to an increase in risk-taking
behavior [107,111].

The exact mechanisms of the microbiota–gut–brain axis—by
which the brain and gut perform bidirectional communication—
are not fully understood, although it is known that they involve
neural, hormonal, and immunological signaling [112]. Two main
types of nerve cells participate in the crosstalk between the gut
microbiota and the CNS [113,114]. One of these nerve cell types
is the microglia, which are the most abundant innate immune cells
in the CNS, accounting for 10%–15% of the glial cells in the brain
[36]. The microglia are involved in the development of the CNS
in early life and participate in antigen presentation, phagocytosis,
and inflammation regulation throughout a human’s life
[115,116]. Microbial metabolites, including SCFAs, histamine, and
tryptophan metabolites, are essential messengers in the axis
[97,117–119]. SCFAs play an important role in promoting matura-
tion and maintaining the normal physiological functions of the
microglia [40]. Histamine is another important developmental sig-
nal for the microglia, as it has been reported to regulate host
behavior and cognition [120,121]. Aside from food-derived [122],
histamine-secreting bacteria from the gut also include Escherichia
coli, Lactobacillus vaginalis, and Morganella morganii [123].
Microbial-derived histamine impacts the activation of the micro-
glia and the secretion of pro-inflammatory factors from the micro-
glia, which contribute to immune homeostasis during
neurodevelopment [124].

Astrocytes, a group of glial cells with diverse functions, are
another important immune cell type in the CNS. In addition to
playing a prominent role in neuroinflammation, astrocytes are
involved in ion homeostasis, neurotransmitter clearance, glycogen
storage, maintenance of the blood–brain barrier, and nerve signal
transduction [125]. Most undigested dietary tryptophan in the
gut lumen is converted to indole, which can then be metabolized
or modified further by microbial and hepatic enzymes, producing
indole derivatives of varying affinities for aryl hydrocarbon recep-
tors (AhRs) [36]. Microbial metabolites from dietary tryptophan
can activate AhRs to attenuate inflammation in astrocytes. More-
over, 5-hydroxytryptamine (5-HT), which is derived from trypto-
phan via the formation of 5-hydroxytryptopha, is known to act
as the key neurotransmitter in regulating neuronal differentiation
and migration, as well as axonal growth, myelination, and synapse
formation during CNS development [126,127]. It has also been
shown that intestinal microbiota clostridial species play an impor-
tant role in regulating the 5-HT level derived from enterochro-
maffin [118]. Recently, alteration of intestinal microbiota in the
autism spectrum disorder (ASD) mouse model was found to corre-
late with impaired production of intestinal 5-HT [128]. Interest-
ingly, mice fed a nutrient-rich diet had significantly improved
microbial diversity compared with mice fed a normal diet; accom-
panied by the apparent alteration of the gut microbiome, the
nutrient-rich diet-fed mice exhibited improved memory, learning,
and anxiety behavior [129]. This evidence indicates that diet-
induced transient changes in the microbiome can affect behavior,
which is an attractive issue that requires further investigation.
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5. Clinical implications and the gut microbiota from infancy to
childhood

An understanding of the characteristics of a healthy intestinal
microbiota from infancy to childhood could provide novel thera-
peutic targets and permit the early detection of infants susceptible
to disease. It could also contribute new strategies to prevent and
treat these diseases, including intervention in the microbiota ‘‘win-
dow” of early life [130]. Numerous studies have shown that certain
microbial signatures are associated with an increased risk of pedi-
atric diseases and even adult diseases.

5.1. Obesity

In the last decades, the prevalence of overweight and obese
children continues to rise in most countries and is considered to
be a major global health challenge [131]. Recent reports estimate
that 40 million children under the age of five and over 330 million
children and adolescents aged 5–19 were obese in 2016 [132].
Obesity, which usually begins in childhood or adolescence, is one
of the greatest risk factors for many major chronic diseases, such
as type 2 diabetes and coronary heart diseases [133]. Interestingly,
repeated exposure to antibiotics in early childhood is related to a
higher average body mass index (BMI) and a propensity toward
obesity [75]. Along with the genetic components of the human
genome, the human microbiome plays an important role in the
development of obesity [6]. A recent finding showed that the
meconium microbiome of three-year-old overweight children dif-
fered from that of normal-weight children, in that it had a higher
proportion of Bacteroidetes [134]. The same study presented an
association between the intestinal microbiota and infants being
overweight during pregnancy and birth (the first-pass meconium).
A study on Belgian children showed that obese children had a
higher proportion of Firmicutes/Bacteroidetes, as well as higher
levels of Lactobacillus, and that the proportion of Staphylococcus
aureus was positively correlated with inflammatory markers and
energy intake, respectively [135]. Moreover, in the first few
months of life, colonization of Streptococci and Bifidobacterium
can predict changes in BMI, and the effects on BMI depend on
future antibiotic use [136]. Notably, Stanislawski et al. [137] con-
Fig. 2. Neuroimmune crosstalk between the intestinal microbiota and the CNS
hydroxytryptamine receptor 1A; 5-HT1: 5-hydroxytryptamine receptor 1; BDNF: brain-d
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firmed that the intestinal microbiome classification and alpha
diversity measurement of two-year-old infants had the strong
association with BMI in later life, which could be an indicator for
the identification of high-risk children. More recently, depletion
of Blautia species (especially Blautia luti and Blautia wexlerae) was
found in obese children, and could result in metabolic inflamma-
tion and insulin resistance [138].

Altered intestinal microbiota may contribute to the develop-
ment of obesity through metabolites such as SCFAs. SCFAs are
ligands that can bind to GPR41 and GPR43 in the enteroendocrine
L cells of the ileum and colon as well as in adipocytes and immune
cells [139,140]. The role of SCFAs in the development of obesity is
controversial. Studies have shown that a diet rich in fiber is associ-
ated with a lower incidence rate of obesity and metabolic syn-
drome [141]. This may be due to the fact that SCFAs, which are
converted from fermentable dietary fiber, can prevent obesity by
activating free fatty acid receptors (FFARs), promoting the release
of peptide YY (PYY) and glucagon-like peptide-1 (GLP-1), which
have anorexigenic effects and can respectively increase satiety
and prevent obesity [140]. In direct contrast, however, other stud-
ies have indicated that diets rich in fiber may actually promote the
development of obesity rather than preventing it. For example,
obese children have a high abundance of Firmicutes/Bacteroidetes,
which promote the binding of SCFAs and GPR41/GPR43 [142]; the
activation of GPRs in adipocytes then triggers the secretion of PYY
in intestinal endocrine cells [143]. In turn, PYY can slow down the
intestinal transit time, increase the energy extraction efficiency,
and lead to obesity [144]. Other findings have also shown that an
excess of SCFAs can disturb the balance of energy regulation, and
can simultaneously interact with FFAR and participate in pancre-
atic b-cell glucose-stimulated insulin secretion and the release of
appetite-controlling peptide hormones [145]. The role of SCFAs in
obesity and related diseases thus remains an important issue.

LPSs produced by Gram-negative bacteria are another impor-
tant factor in obesity [146]. In lipogenesis, LPSs are involved in
the immune response; they mediate the inflammation and infiltra-
tion of immune cells, thereby disturbing the intestinal barrier and
the subsequent translocation of bacteria or bacterial products
[142]. In addition, alteration of the intestinal microbiome can lead
to changes in bile acid pools in the liver, heart, and kidney, which
during neurodevelopment. NMDAR: N-methyl-D-aspartic receptor; 5-HT1A: 5-
erived neurotrophic factor; FOS: fructooligosaccharide.
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then affect farnesoid X receptor nuclear antagonists, leading to
obesity and insulin resistance [147].

5.2. Type 1 diabetes

T1D is an autoimmune disease that targets the pancreatic islet b
cells [148]. Over time, it has become a major public health concern
around the world [15]. According to the International Diabetes
Federation, 1 110 100 children and adolescents under the age of
20 have T1D, and the global overall annual increase in T1D is
around 3% [149]. It has been shown that T1D is associated with
autoantibodies, which can be found starting from the first year
after birth, and that those with T1D at a young age have a more
serious condition [150]. Since the incidence of individuals carrying
T1D-associated human leukocyte antigen risk alleles is only 50%,
non-genetic factors are important in the development of T1D [7].

Recent studies have emphasized the role of the intestinal micro-
biota in T1D. Leiva-Gea et al. [151] found that the intestinal micro-
biota, including Bacteroides, Ruminococcus, Veillonella, Blautia, and
Streptococcus genera, were enriched in T1D patients, and the
expression of metabolic genes related to lipid and amino acid
metabolism, ATP-binding cassette transport, LPS biosynthesis,
arachidonic acid metabolism, antigen processing and presentation,
and chemokine signaling pathways was enhanced. Moreover,
Vatanen et al. [148] found lower levels of genes involved in bacte-
rial fermentation and SCFAs biosynthesis in T1D patients. They also
found that healthy children may have a large amount of probiotic
bacteria, such as Lactobacillus, whereas the microbiota of children
with T1Dmay be dominated by Bacteroides [148]. Notably, a reduc-
tion in intestinal microbial metabolite SCFAs is strongly associated
with susceptibility to diabetes [152,153]. Due to the influence of
diet, infection, medications, and other factors, a decrease in fecal
SCFAs, especially acetate and butyrate, leads to a decrease of Treg
cells in the islets and an increase of autoimmune T cells, and finally
induces the occurrence of T1D [154,155]. To be more specific, a
lack of butyrate reduces the attachment of intestinal epithelial
cells, increases intestinal permeability, and increases bacterial
antigen exposure, which induces an immune response that leads
to autoimmunity in T1D [156]. Aside from SCFAs, a microbiota that
leaves the host prone to T1D was demonstrated in early PAT-
treated mice, characterized by decreased Bacteroidetes and Acti-
nobacteria and increased Proteobacteria and Akkermansia mucini-
phila [76].

5.3. Allergic diseases: Asthma and food allergies

Asthma is a chronic inflammatory disease that affects more
than 300 million people worldwide [157]. Food allergies are com-
mon in infants and young children [158], with an overall preva-
lence among children of 12% [130]. The microbiota hypothesis
suggests that the intestinal microbiota links environmental
changes with the immune system [159] in immune diseases such
as allergies and asthma [32].

A variety of studies have examined the relationship between
the intestinal microbiota and allergic diseases in children.
Zimmermann et al. [160] used a meta-analysis to determine that
the incidence of allergies and asthma in children was closely
related to the enrichment of Bacteroidaceae, Clostridiaceae, and
Enterobacteriaceae, and the depletion of Bifidobacteriaceae and
Lactobacillaceae. Another study of Canadian infants found that a
low abundance of Faecalibacterium, Lachnospira, Veillonella, and
Rothia was associated with a high risk of allergy and asthma in
three-month-old infants [157]. Similarly, a longitudinal study
monitoring infants 1–11 months old in the United States showed
that one-month-old infants who had a lower abundance of Bifi-
dobacterium, Lactobacillus, Akkermansia, and Faecalibacterium genus
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would have a higher incidence of asthma at four years of age [161].
Furthermore, a long-lasting alteration in the microbiota was found
in infants with macrolide use, which was associated with an
increased risk of asthma and a predisposition to antibiotic-
associated weight gain. This finding highlights the contribution
of the early-life intestinal microbiome to health [77]. In addition,
microbial metabolites, such as a high concentration of 12,13-
diHOME, can impact the incidence of allergies [162].

Cow’s milk allergy (CMA) is one of the most common food aller-
gies in infancy, affecting 2%–3% of infants worldwide [163]. Studies
have showed a close relationship between CMA and the intestinal
microbiota. For example, Berni Canani et al. [164] found that
infants with CMA had a diversified intestinal microbiota, which
was mainly characterized by the enrichment of Lachnospiraceae
and Ruminococcaceae and the reduction of Bifidobacterium and
Escherichia. Bunyavanich et al. [165] also conducted a longitudinal
study on infants with milk allergies in which they analyzed stool
samples from infants 3–16 months old, and then performed clini-
cal evaluations, milk-specific IgE levels, and milk skin prick tests
at several timepoints (at enrollment, 6 months, 12 months, and
then once a year until the age of eight). Interestingly, the infants
enriched with Clostridium and Firmicutes were associated with
milk allergy symptoms that subsided by the time they reached
eight years of age. Notably, it was found that while most early
childhood food allergies will self-heal in later childhood, a sensitiv-
ity to certain allergens (e.g., peanuts or nuts) may persist into
adulthood [130].

Based on the different underlying pathophysiologies, adverse
food reactions can be divided into food intolerance (non-
immune-mediated) and food sensitivity (immunization-
mediated) [166]. Aside from the immune mechanism, existing
research has linked food allergies to various microbial signals that
may be caused by intestinal infections or by changes in the com-
mensal gut microbiota [167,168]. For example, Bifidobacterium
promotes intestinal epithelial integrity and prevents lethal infec-
tion by producing acetate, and then alleviates food allergies by
inducing mast cell apoptosis [99]. Also, SCFAs or tryptophan-
derived metabolites can directly regulate the mucosal immune
function and intestinal barrier integrity, thereby affecting the
body’s susceptibility to food sensitivity [169,170]. Furthermore,
butyrate regulates the host’s tolerance to food antigens or allergens
by adjusting the ratio and function of transcription factor Foxp3+

Treg cells [171,172]. Interestingly, the presence of butyrate can
lead to food allergies, while the absence of bacterial metabolites
may impair intestinal homeostasis, and then leads hosts to be sus-
ceptible to food allergies [173].

5.4. Stunting

Stunting is a severe growth-impairment disease that affects 155
million children under the age of five around the world [174].
Stunting is associated with repeated diarrheal infections, poor san-
itation, and nutritional deficiencies, and the latter are related to an
altered intestinal microbiota [175]. Importantly, stunted children
exhibit a great relative abundance of Escherichia coli/Shigella sp.,
Campylobacter sp., and Proteobacteria, but a reduction in Clostridia
[45,176]. In another study on south India children, stunted children
were found to have a rich abundance of Bacteroidetes phylum,
Campylobacterales order, and Desulfovibrio genus [177].

The cause of stunting is probably environmental enteric dys-
function (EED) [178,179]. It is also hypothesized that small intesti-
nal bacterial overgrowth characterized by oropharyngeal species
contributes to EED, as such overgrowth can cause local inflamma-
tion that results in impaired absorptive and digestive functions of
the gut [177]. Disorders of the intestinal microbiota in stunting
have been linked with changes in immune responses [180,181]
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and intestinal permeability [180,182,183]. Microbial products with
a specific biology and function may affect the sensitivity of chil-
dren to EED. For example, Citrobacter rodentium was found to
reduce both signs of EED in Zambian children—namely, intestinal
villus height and increased intestinal permeability [184]. The
microbiota in stunted children can reduce some metabolic path-
ways such as those for amino acids, carbohydrate utilization, and
B-vitamin metabolism, which then leads to EED [185].

5.5. Autism spectrum disorder

ASD is a neurodevelopmental disorder that occurs in the first
three years after birth and is characterized by social communica-
tion disorders, limited and narrow interest, and repetitive behavior
[186]. ASD affects 2.24% of children in the United States [187], and
the prevalence of ASD is 11.8 per 10 000 children in China [188]. In
addition to cognitive aspects, GI disorder is a common non-
neurological symptom in children with ASD [189].

In a report on Chinese children with ASD, an enriched propor-
tion of phylum Bacteroidetes/Firmicutes, a relative abundance of
genus Sutterella, Odoribacter, and Butyricimonas, and reduced Veil-
lonella and Streptococcus were found [190]. Furthermore, certain
intestinal microbiota may be involved in the pathogenesis of
ASD. For example, a higher prevalence of Sutterella species were
found in biopsies of the GI tract of ASD children with GI distur-
bances, compared with healthy controls [191]. In addition, Sandler
et al. [192] found that treating ASD children with six weeks of the
oral antibiotic vancomycin, an antibiotic against Clostridia, signifi-
cantly improved both neurobehavioral symptoms and GI symp-
toms in eight out of ten children. These studies strongly suggest
that bacteria such as Sutterella and Clostridia play a role in the
pathogenesis of autism.

The microbiota might also be involved in the immune and
inflammation responses of ASD. For example, microglia dysregula-
tion has been reported in ASD [193], whose homeostasis, matura-
tion, and function are affected by intestinal microbiota such as
Bacteroides distasonis, Lactobacillus salivarius, and Clostridium clus-
ter XIV [40]. In addition, microbial metabolite SCFAs can inhibit
the maturation of monocytes, macrophages, and dendritic cells
by inhibiting HDAC, and then alter their ability to capture antigens
and reduce the production of pro-inflammatory cytokines [194].
SCFAs can also regulate the secretion of hormones in the gut,
including PYY, GLP-1, insulin, ghrelin, and leptin, all of which have
been demonstrated to be involved in ASD [195].

Changes in aromatics, glutamate metabolism, and bile acid
metabolism in the intestinal microenvironment of children with
ASD are also extremely important. For example, in an ASD mouse
model, the reduction of intestinal Bifidobacterium and Blautia was
associated with a lack of bile acid and tryptophan metabolism as
well as impaired social interactions [128]. In addition, Wang
et al. [187] found that changes in the glutamate metabolism of
ASD patients were related to a low level of Bacteroides vulgatus
and a high level of harmful Eggerthella lenta and Clostridium botuli-
num. The scholars also identified reduced intestinal 2-keto-
glutamate as a potential biomarker of ASD; it is directly related
to gut hormone 11-deoxy human prostaglandin F (PGF2) and
affects the neurotransmitter glutamate inhibition/excitatory
imbalances [187].

5.6. Inflammatory bowel disease

The global incidence of pediatric IBD has been rising in recent
years [196]. In the United States and Canada, the incidence is about
ten cases per 100 000 children and continues to rise [196,197].
Among pediatric IBD cases, 4% appear before the age of five, 18%
before the age of ten, and the peak in adolescence [197]. IBD,
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including Crohn’s disease (CD) and ulcerative colitis (UC), usually
begins in childhood or adolescence, and is characterized by chronic
intestinal inflammation due to complex interactions of genetic
determinants, disruption of mucosal barriers, aberrant inflamma-
tory signals, loss of tolerance, and environmental triggers
[198,199].

Among the environmental risk factors, the intestinal micro-
biota plays an important role in the pathogenesis of pediatric
IBD. The microbial diversity of children with pediatric IBD is sig-
nificantly reduced [200]. In UC, the abundance of known positive
bacteria in the intestinal tract, such as Eubacterium rectale and
Faecalibacterium prausnitzii, has been found to be significantly
reduced, whereas known pathogens such as Escherichia coli are
enriched [200]. CD is associated with reduced a-diversity; an
increased abundance of Enterobacteriaceae, Pasteurellaceae, Veil-
lonellaceae, and Fusobacteriaceae; and a decreased abundance of
Erysipelotrichales, Bacteroidales, and Clostridiales [201]. Another
study using metaproteomics reported four increased phyla in
pediatric IBD: Proteobacteria, Verrucomicrobia, Ascomycota, and
Spirochetes [202]. The genera most obviously related to pediatric
IBD were the decreased Bacteroides and the increased Faecalibac-
terium [202].

Gut-derived metabolites are also involved in the development
of pediatric IBD [200,203–206]. For example, the number of
SCFA-producing bacteria and the concentration of butyrate have
been shown to be reduced in pediatric IBD, which are related to
the significantly increased number of pro-inflammatory immune
cells in the intestinal mucosa, and are even linked with the appear-
ance and severity of IBD [203].
6. Microecological intervention: Probiotics/prebiotics and fecal
microbiota transplantation

6.1. Probiotics/prebiotics: Treatment of pediatric diseases and safety
issues

Interventions of the intestinal microbiota by providing probi-
otics or prebiotics can effectively improve the symptoms of these
metabolic-, allergic-, and auto-immune-disorder-related pediatric
diseases [206–209]. Probiotics and prebiotics are microbiota-
management tools that benefit host health. The consensus defini-
tion of probiotics is ‘‘live microorganisms, when administered in
adequate amounts, confer a health benefit on the host,” and that
of prebiotics is ‘‘a substrate that is selectively utilized by host
microorganisms, conferring a health benefit” [24,210,211].

Multiple studies have investigated the effect of prebiotics on
pediatric diseases. Nicolucci et al. [206] observed that inulin treat-
ment significantly reduced the body fat and trunk fat of obese chil-
dren, and was associated with increased Bifidobacterium and
decreased Bacteroides vulgatus. In a mice model, long-chain inulin
was shown to inhibit T1D by regulating gut-pancreatic immunity,
barrier function, and microbial homeostasis [21]. Moreover, prebi-
otic Bimuno� galactooligosaccharides were used to treat children
with autism for six weeks, and resulted in improved GI function
and antisocial behavior, a significant increase in Lachnospiraceae
family, and distinct changes in fecal and urine metabolites [207].
A recent study found that there was a prominent remission in
the severity of autism and GI symptoms in children with ASD
who were given mixed probiotics of four probiotic strains (Bifi-
dobacterium infantis Bi-26, Lactobacillus rhamnosus HN001, Bifi-
dobacterium lactis BL-04, and Lactobacillus paracasei LPC-37) with
FOS [212]. When given a probiotic supplement of Lactobacillus aci-
dophilus, stunted children in India exhibited improved weight,
height, and morbidity profile with respect to diarrhea, fever, cough,
and cold [213].
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The efficacy of probiotics for autoimmune diseases is a hot
topic, albeit a controversial one. For example, Savilahti et al.
[208] provided pregnant women (where one or both of the cou-
ple had a doctor-diagnosed allergy) with a mixed probiotic cap-
sule of Lactobacillus GG (ATCC 53103), Lactobacillus rhamnosus
LC705 (DSM 7061), Bifidobacterium breve Bb99 (DSM 13692),
and Propionibacterium freudenreichii ssp. shermanii JS (DSM
7076), from the 36th gestational week until delivery. The babies
were given the same capsule for six months, and were followed
up at the ages of 2, 3, and 15 years. However, the probiotic
treatment had no effect on the occurrence of autoimmune dis-
eases [208]. In contrast, Huang et al. [23] evaluated the effects
of Lactobacillus paracasei (LP), Lactobacillus fermentum (LF), and
combinations thereof (LP + LF) in children with asthma, and
found that probiotics intervention effectively reduced the sever-
ity of asthma and that combinations of LP plus LF seemed to be
more effective than LP or LF alone. In addition, Buffington et al.
[209] showed that probiotic Lactobacillus reuteri corrected oxy-
tocin levels and synaptic dysfunction in the ventral tegmental
area of the brain in maternal high-fat diet-induced obese mice
and selectively reversed social deficits—namely, specific behav-
ioral abnormalities associated with neurodevelopmental disor-
ders in the offspring of obese mice.

The development of sepsis is one of the risks of probiotics sup-
plementation, especially in newborns and pregnant women [214].
For example, sepsis by Lactobacillus rhamnosus GG has been
reported in infants, including one case with complicated postoper-
ative period after the repair of double-outlet right ventricular and
pulmonary artery stenosis and two cases with short bowel syn-
drome [215,216]. There have also been reports of increased allergic
reactions in infants after taking Lactobacillus [217–219]. As for
deleterious metabolic activities, an increasing trend in infection
complications was observed in children in intensive care using
probiotics [220]. Other metabolic concerns include the influence
of D-lactic acid produced by the probiotic and the deconjugation
of bile salts [221]. Although it is theoretically possible to perform
lateral gene transfer between probiotic organisms and other organ-
isms in the intestine or elsewhere, clinical evidence of antibiotic
resistance transfer has not been reported thus far [214,222]. To
improve the safety of probiotic interventions, research on the
underlying mechanisms of probiotic activity is urgently needed.
The theoretical risks of probiotics must also be evaluated according
to the characteristics of the microorganisms used. Furthermore,
organoids engineered with microbiota niches and related animal
models should be reasonably used to better explore the mecha-
nisms of probiotics.

6.2. Fecal microbiota transplantation: Treatment of pediatric diseases
and safety issues

Fecal microbiota transplantation (FMT) is a well-tolerated, sim-
ple, and promising treatment for pediatric diseases. FMT has been
performed to treat pediatric diseases such as ASD [223], IBD [224],
Clostridium difficile infection [225], and refractory diarrhea [226]. In
line with findings in adults, the symptoms of two-year-old children
with Clostridium difficile infection were relieved by FMT and
showed no recurrence within six months of follow-up [225]. Two
children with refractory diarrhea were also relieved with FMT
[226]. Interestingly, after being given an initial high dose of FMT
followed by a daily low-maintenance dose for 7–8 weeks, GI symp-
toms in children with ASD aged 7–16 years were reduced by
approximately 80%, and the improvement lasted for eight weeks
[223]. Positive effects of FMT have also been found in IBD: Two
weeks of FMT treatment in children aged 10–17 years resulted in
improved UC and CD colitis scores, while the related side effects
were self-limiting and benign [224]. In a recent study on maternal
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FMT, seven infants born by Cesarean section received FMT from
their mothers; their microbial composition gradually showed sim-
ilarities to that of infants from vaginal births [227]. This study indi-
cates that the FMT of mothers after birth can restore the microbial
community in babies born by Cesarean section, providing a new
direction for preventing pediatric diseases. More recently, 30
infants born by Cesarean section were orally seeded with maternal
vaginal bacterial samples; however, the relevant test results have
not been released [228]. Nevertheless, some studies reported
adverse effects [229]. Thus, standard protocols should be estab-
lished to maintain FMT safety.
7. Conclusions and perspectives on the gut microbiota of
infants and children

The gut microbiota is closely related to human growth and
development. The colonization and flora of the microbiota in the
first three years of human life is an extremely important ‘‘window”
stage for the establishment of the microbiota and for possible medi-
cal intervention. However, the dynamic changes of the intestinal
microbiome and its causal relationship with diseases in infants
and young children need to be clarified in order to promote highly
specialized treatment. Although the results from the existing
research are based on long-term follow-up studies with a large
sample size, the effect of these studies is limited by their single-
factor sample grouping design, as there are multiple influencing
factors in intestinal microecology. Future studies with multiple-
factor sample grouping designs are needed.

In addition to the gut bacteria discussed herein, intestinal
viruses and fungi are important components of the human intesti-
nal community [230,231]. A report showed that the intestinal fungi
of human infants aged 1–4 months were mainly surrounded by
Saccharomycetales and Malasseziales; fungi eventually matured
within 5–11 months until the presence of Malasseziales was
reduced while Saccharomycetales was retained [161]. Recent stud-
ies have demonstrated that intestinal fungi contribute to ASD
[232], asthma [233], allergy [234], obesity [235], and T1D [236].
A few studies have provided preliminary evidence that eukaryotic
viruses have the ability to promote intestinal homeostasis and
shape mucosal immunity [237]. For example, certain enteroviruses
can infect b cells in vitro and have been detected in the islets of T1D
patients, by the mechanism of which enteroviruses are related to
T1D [238–240].

Recently, a debate has been raised about whether there is a
microbiome in the placenta and what the involvement of the pla-
cental microbiome might be in shaping the early-life microbiota
after birth. Early studies have reported that the microbiota of the
placenta during healthy term delivery is rich in Lactobacillus sp.,
Propionibacterium sp., and members of the Enterobacteriaceae fam-
ily [241]. Another study found that the placenta collected during
sterile Cesarean sections was characterized by Proteobacteria
[242]. Interestingly, oral bacteria are considered to be the main
source of placental bacteria [243], which has been demonstrated
in animal experiments [244,245]. On the other hand, recent studies
have found that there is insufficient evidence to support the pres-
ence of bacteria in placental samples. De Goffau et al. [246] found
that almost all the signals in 16S ribosomal RNA (rRNA) gene
amplicon sequencing were related to the acquisition of bacteria
during delivery or to the contamination of bacterial DNA in labora-
tory reagents, rather than having the placenta itself as their source;
the only exception was Streptococcus agalactiae (group B Strepto-
coccus). Also, about 5% of the samples collected before the onset
of labor have detected no contamination signals. Similarly, the
presence of bacteria cannot be detected from the placenta of term
deliveries or spontaneous preterm births [247]. Nevertheless, it



Fig. 3. Intestinal microbiota-based therapeutic methods to treat pediatric disease. Recent research has demonstrated that modulation of the intestinal microbiota can
improve pediatric diseases such as obesity, T1D, ASD, IBD, allergic diseases, and stunting. Intervention methods include the administration of probiotics or prebiotics,
postbiotics, phages, and FMT.
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remains unknown whether there are bacteria in the placenta, so
there is a need for follow-up observations of mothers and offspring.

Studies have shown that intervention in the gut microbiota can
improve pediatric diseases including obesity, T1D, allergic dis-
eases, ASD, and stunting. First, probiotic and prebiotic interven-
tions show promising effects against these diseases (Fig. 3).
Other microecological interventions also exist, such as postbiotics
[248], phage treatment [249], FMT [223], and nutritional interven-
tion [250]. In the development of new and effective microecologi-
cal preparations, new ideas can arise and be proposed using
mathematical modeling in order to promote the development of
effective probiotics and artificial FMT strains [251].

When developing probiotic formulations, it is necessary to pay
attention to safety and permanence issues, since controversial
results have been published in previous reports [23,208,209].
These controversies may be due to differences in the specific
microecological preparation, dose, clinical endpoint, or target pop-
ulation [24]. In addition, a systematic review of 384 randomized
controlled trials evaluating probiotics, prebiotics, or synbiotics
showed that the discussion of side effects in these reports is often
lacking or inadequate, which may lead to the wrong medications
being prescribed and subsequent adverse effects in subjects
[252]. Moreover, most single-strain probiotics cannot permanently
alter the gut community, and the effectiveness only persists with
repeated use [253]. Importantly, the theoretical risks of probiotics
include systemic infections, deleterious metabolic activities, exces-
sive immune stimulation in susceptible individuals, gene transfer,
and GI side effects, which have been exhibited in case reports, clin-
ical trial findings, and experimental investigations [214,221].
Hence, it is urgent to clarify the proper components of probiotic
formulations.

The causal relationships between the gut microbiota and dis-
eases remain to be clarified; therefore, time and effort must be
spent to elucidate these interaction mechanisms. Moreover, in
clinical applications, individual differences should be taken into
consideration in order to achieve individualized microecological
intervention treatments. With the development of next-
generation sequencing technology [254], multi-omics analysis
(i.e., genomics, meta-transcriptomics, macroproteomics, and meta-
bolomics) [255], and omics (i.e., culturomics) [256], the link
between the intestinal microbiota and disease is becoming increas-
ingly recognized. Meanwhile, new microbiome technologies have
emerged, such as the development of fabricated microbial ecosys-
tems (termed as EcoFABs), which are see-through contained mod-
els of microbial ecosystems, and the gut-on-a-chip, which is
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equipped with intestinal epithelial cells, fluid flow around the cells,
and the ability to simulate intestinal peristalsis [257]. These tech-
nologies will contribute to future research on the complex micro-
biome mechanisms. Further studies should focus on the
contribution of the early-life microbiota to complexities involving
pathophysiology, complications, and quality of life, and should aim
to improve the long-term outcomes associated with pediatric
diseases.
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[40] Erny D, Hrabě de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E,
et al. Host microbiota constantly control maturation and function of
microglia in the CNS. Nat Neurosci 2015;18(7):965–77.

[41] Keunen K, van Elburg RM, van Bel F, Benders MJ. Impact of nutrition on brain
development and its neuroprotective implications following preterm birth.
Pediatr Res 2015;77(1–2):148–55.

[42] Li M, Wang B, Zhang M, Rantalainen M, Wang S, Zhou H, et al. Symbiotic gut
microbes modulate human metabolic phenotypes. Proc Natl Acad Sci USA
2008;105(6):2117–22.

[43] Yassour M, Vatanen T, Siljander H, Hämäläinen AM, Härkönen T, Ryhänen SJ,
et al. DIABIMMUNE Study Group. Natural history of the infant gut
microbiome and impact of antibiotic treatment on bacterial strain diversity
and stability. Sci Transl Med 2016;8(343):343ra81.

[44] Kostic AD, Gevers D, Siljander H, Vatanen T, Hyötyläinen T, Hämäläinen AM,
et al. DIABIMMUNE Study Group. The dynamics of the human infant gut
microbiome in development and in progression toward type 1 diabetes. Cell
Host Microbe 2015;17(2):260–73.

[45] Subramanian S, Huq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al.
Persistent gut microbiota immaturity in malnourished Bangladeshi children.
Nature 2014;510(7505):417–21.

[46] Bergström A, Skov TH, Bahl MI, Roager HM, Christensen LB, Ejlerskov KT, et al.
Establishment of intestinal microbiota during early life: a longitudinal,
explorative study of a large cohort of Danish infants. Appl Environ Microbiol
2014;80(9):2889–900.

[47] Stewart CJ, Ajami NJ, O’Brien JL, Hutchinson DS, Smith DP, Wong MC, et al.
Temporal development of the gut microbiome in early childhood from the
TEDDY study. Nature 2018;562(7728):583–8.

[48] Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras
M, et al. Human gut microbiome viewed across age and geography. Nature
2012;486(7402):222–7.

[49] Ringel-Kulka T, Cheng J, Ringel Y, Salojärvi J, Carroll I, Palva A, et al. Intestinal
microbiota in healthy US young children and adults—a high throughput
microarray analysis. PLoS One 2013;8(5):e64315.

[50] Black MM. Effects of vitamin B12 and folate deficiency on brain development
in children. Food Nutr Bull 2008;29(2 Suppl 1):S126–31.

[51] Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. MetaHIT
Consortium. Richness of human gut microbiome correlates with metabolic
markers. Nature 2013;500(7464):541–6.

[52] Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes 2007;56
(7):1761–72.

[53] Goulet O. Potential role of the intestinal microbiota in programming health
and disease. Nutr Rev 2015;73(Suppl 1):32–40.

[54] Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, et al. Factors
influencing the composition of the intestinal microbiota in early infancy.
Pediatrics 2006;118(2):511–21.

[55] Rutayisire E, Huang K, Liu Y, Tao F. The mode of delivery affects the diversity
and colonization pattern of the gut microbiota during the first year of infants’
life: a systematic review. BMC Gastroenterol 2016;16(1):86.

[56] Vandenplas Y, Carnielli VP, Ksiazyk J, Luna MS, Migacheva N, Mosselmans JM,
et al. Factors affecting early-life intestinal microbiota development. Nutrition
2020;78:110812.

[57] Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer
N, et al. Delivery mode shapes the acquisition and structure of the initial
microbiota across multiple body habitats in newborns. Proc Natl Acad Sci USA
2010;107(26):11971–5.

[58] Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H, et al. Antibiotics,
birth mode, and diet shape microbiome maturation during early life. Sci
Transl Med 2016;8(343):343ra82.

[59] Adlercreutz EH, Wingren CJ, Vincente RP, Merlo J, Agardh D. Perinatal risk
factors increase the risk of being affected by both type 1 diabetes and coeliac
disease. Acta Paediatr 2015;104(2):178–84.

[60] Kuhle S, Tong OS, Woolcott CG. Association between caesarean section and
childhood obesity: a systematic review and meta-analysis. Obes Rev 2015;16
(4):295–303.

http://refhub.elsevier.com/S2095-8099(21)00042-4/h0025
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0025
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0030
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0030
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0030
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0035
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0035
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0040
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0040
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0040
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0045
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0045
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0045
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0045
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0050
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0050
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0055
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0055
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0055
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0060
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0060
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0060
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0065
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0065
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0065
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0070
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0070
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0075
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0075
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0080
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0080
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0080
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0085
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0085
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0090
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0090
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0095
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0095
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0095
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0095
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0100
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0100
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0100
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0110
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0110
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0110
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0110
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0115
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0115
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0115
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0120
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0120
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0120
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0125
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0125
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0125
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0130
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0130
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0130
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0130
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0135
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0135
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0135
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0140
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0140
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0140
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0145
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0145
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0150
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0150
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0150
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0150
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0155
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0155
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0160
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0160
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0160
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0165
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0165
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0165
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0170
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0170
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0170
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0180
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0180
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0180
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0185
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0185
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0185
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0190
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0190
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0190
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0190
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0195
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0195
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0195
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0200
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0200
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0200
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0205
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0205
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0205
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0210
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0210
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0210
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0215
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0215
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0215
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0220
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0220
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0220
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0220
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0225
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0225
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0225
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0225
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0230
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0230
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0230
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0235
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0235
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0235
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0235
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0240
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0240
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0240
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0245
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0245
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0245
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0250
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0250
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0250
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0255
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0255
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0260
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0260
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0260
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0265
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0265
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0265
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0270
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0270
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0275
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0275
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0275
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0280
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0280
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0280
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0285
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0285
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0285
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0290
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0290
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0290
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0290
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0295
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0295
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0295
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0300
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0300
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0300
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0305
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0305
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0305


H. Lv, L. Zhang, Y. Han et al. Engineering 12 (2022) 101–114
[61] Black M, Bhattacharya S, Philip S, Norman JE, McLernon DJ. Planned cesarean
delivery at term and adverse outcomes in childhood health. JAMA 2015;314
(21):2271–9.

[62] Bäckhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al.
Dynamics and stabilization of the human gut microbiome during the first
year of life. Cell Host Microbe 2015;17(5):690–703.

[63] Planer JD, Peng Y, Kau AL, Blanton LV, Ndao IM, Tarr PI, et al. Development of
the gut microbiota and mucosal IgA responses in twins and gnotobiotic mice.
Nature 2016;534(7606):263–6.

[64] Schwarzenberg SJ, Georgieff MK; Committee on Nutrition. Advocacy for
improving nutrition in the first 1000 days to support childhood development
and adult health. Pediatrics 2018;141(2):e20173716.

[65] Bode L. Human milk oligosaccharides: prebiotics and beyond. Nutr Rev
2009;67(Suppl 2):S183–91.

[66] Chouraqui JP. Does the contribution of human milk oligosaccharides to the
beneficial effects of breast milk allow us to hope for an improvement in infant
formulas? Crit Rev Food Sci Nutr. Epub 2020 May 12.

[67] Diaz HR. Fetal, neonatal, and infant microbiome: perturbations and
subsequent effects on brain development and behavior. Semin Fetal
Neonatal Med 2016;21(6):410–7.

[68] Savage JH, Lee-Sarwar KA, Sordillo JE, Lange NE, Zhou Y, O’Connor GT, et al.
Diet during pregnancy and infancy and the infant intestinal microbiome. J
Pediatr 2018;203:47–54.

[69] Baumann-Dudenhoeffer AM, D’Souza AW, Tarr PI, Warner BB, Dantas G.
Infant diet and maternal gestational weight gain predict early metabolic
maturation of gut microbiomes. Nat Med 2018;24(12):1822–9.

[70] Thompson AL, Monteagudo-Mera A, Cadenas MB, Lampl ML, Azcarate-Peril
MA. Milk- and solid-feeding practices and daycare attendance are associated
with differences in bacterial diversity, predominant communities, and
metabolic and immune function of the infant gut microbiome. Front Cell
Infect Microbiol 2015;5:3.

[71] Leong C, Haszard JJ, Lawley B, Otal A, Taylor RW, Szymlek-Gay EA, et al.
Mediation analysis as a means of identifying dietary components that
differentially affect the fecal microbiota of infants weaned by modified baby-
led and traditional approaches. Appl Environ Microbiol 2018;84(18):1–14.

[72] Nobel YR, Cox LM, Kirigin FF, Bokulich NA, Yamanishi S, Teitler I, et al.
Metabolic and metagenomic outcomes from early-life pulsed antibiotic
treatment. Nat Commun 2015;6(1):7486.

[73] Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM, Cho I, et al. Altering
the intestinal microbiota during a critical developmental window has lasting
metabolic consequences. Cell 2014;158(4):705–21.

[74] Kaliannan K, Wang B, Li XY, Bhan AK, Kang JX. Omega-3 fatty acids prevent
early-life antibiotic exposure-induced gut microbiota dysbiosis and later-life
obesity. Int J Obes 2016;40(6):1039–42.

[75] Chelimo C, Camargo Jr CA, Morton SMB, Grant CC. Association of repeated
antibiotic exposure up to age 4 years with body mass at age 4.5 years. JAMA
Netw Open 2020;3(1):e1917577.

[76] Livanos AE, Greiner TU, Vangay P, Pathmasiri W, Stewart D, McRitchie S, et al.
Antibiotic-mediated gut microbiome perturbation accelerates development
of type 1 diabetes in mice. Nat Microbiol 2016;1(11):16140.

[77] Korpela K, Salonen A, Virta LJ, Kekkonen RA, Forslund K, Bork P, et al.
Intestinal microbiome is related to lifetime antibiotic use in Finnish pre-
school children. Nat Commun 2016;7(1):10410.

[78] Jacobi SK, Odle J. Nutritional factors influencing intestinal health of the
neonate. Adv Nutr 2012;3(5):687–96.

[79] Wagner CL, Taylor SN, Johnson D. Host factors in amniotic fluid and breast
milk that contribute to gut maturation. Clin Rev Allergy Immunol 2008;34
(2):191–204.

[80] Kayama H, Takeda K. Functions of innate immune cells and commensal
bacteria in gut homeostasis. J Biochem 2016;159(2):141–9.

[81] Hooper LV. Bacterial contributions to mammalian gut development. Trends
Microbiol 2004;12(3):129–34.

[82] Schnupf P, Gaboriau-Routhiau V, Cerf-Bensussan N. Host interactions with
segmented filamentous bacteria: an unusual trade-off that drives the post-
natal maturation of the gut immune system. Semin Immunol 2013;25
(5):342–51.

[83] Schnupf P, Gaboriau-Routhiau V, Gros M, Friedman R, Moya-Nilges M, Nigro
G, et al. Growth and host interaction of mouse segmented filamentous
bacteria in vitro. Nature 2015;520(7545):99–103.

[84] Gaboriau-Routhiau V, Rakotobe S, Lécuyer E, Mulder I, Lan A, Bridonneau C,
et al. The key role of segmented filamentous bacteria in the coordinated
maturation of gut helper T cell responses. Immunity 2009;31(4):677–89.

[85] Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of
intestinal Th17 cells by segmented filamentous bacteria. Cell 2009;139
(3):485–98.

[86] Eklund KK, Niemi K, Kovanen PT. Immune functions of serum amyloid A. Crit
Rev Immunol 2012;32(4):335–48.

[87] Zhang H, Wang L, Chu Y. Reactive oxygen species: the signal regulator of B
cell. Free Radic Biol Med 2019;142:16–22.

[88] Atarashi K, Tanoue T, Ando M, Kamada N, Nagano Y, Narushima S, et al. Th17
Cell induction by adhesion of microbes to intestinal epithelial cells. Cell
2015;163(2):367–80.

[89] Furusawa Y, Obata Y, Hase K. Commensal microbiota regulates T cell fate
decision in the gut. Semin Immunopathol 2015;37(1):17–25.

[90] Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, et al. Activation of
GPR109A, receptor for niacin and the commensal metabolite butyrate,
111
suppresses colonic inflammation and carcinogenesis. Immunity 2014;40
(1):128–39.

[91] Zhou L, Sonnenberg GF. Essential immunologic orchestrators of intestinal
homeostasis. Sci Immunol 2018;3(20):eaao1605.

[92] Talham GL, Jiang HQ, Bos NA, Cebra JJ. Segmented filamentous bacteria are
potent stimuli of a physiologically normal state of the murine gut mucosal
immune system. Infect Immun 1999;67(4):1992–2000.

[93] Nagashima K, Sawa S, Nitta T, Tsutsumi M, Okamura T, Penninger JM, et al.
Identification of subepithelial mesenchymal cells that induce IgA and
diversify gut microbiota. Nat Immunol 2017;18(6):675–82.

[94] Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition,
the gut microbiome and the immune system. Nature 2011;474
(7351):327–36.

[95] Burrin DG, Stoll B. Key nutrients and growth factors for the neonatal
gastrointestinal tract. Clin Perinatol 2002;29(1):65–96.

[96] Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK, et al.
Effects of the gut microbiota on host adiposity are modulated by the short-
chain fatty-acid binding G protein-coupled receptor, GPR41. Proc Natl Acad
Sci USA 2008;105(43):16767–72.

[97] Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of
inflammatory responses by gut microbiota and chemoattractant receptor
GPR43. Nature 2009;461(7268):1282–6.

[98] Park J, Kim M, Kang SG, Jannasch AH, Cooper B, Patterson J, et al. Short-chain
fatty acids induce both effector and regulatory T cells by suppression of
histone deacetylases and regulation of the mTOR-S6K pathway. Mucosal
Immunol 2015;8(1):80–93.

[99] Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, et al.
Bifidobacteria can protect from enteropathogenic infection through
production of acetate. Nature 2011;469(7331):543–7.

[100] Steimle A, Autenrieth IB, Frick JS. Structure and function: lipid A
modifications in commensals and pathogens. Int J Med Microbiol 2016;306
(5):290–301.

[101] Gronbach K, Flade I, Holst O, Lindner B, Ruscheweyh HJ, Wittmann A, et al.
Endotoxicity of lipopolysaccharide as a determinant of T-cell-mediated
colitis induction in mice. Gastroenterology 2014;146(3):765–75.

[102] Bainbridge BW, Coats SR, Pham TT, Reife RA, Darveau RP. Expression of a
Porphyromonas gingivalis lipid A palmitylacyltransferase in Escherichia coli
yields a chimeric lipid A with altered ability to stimulate interleukin-8
secretion. Cell Microbiol 2006;8(1):120–9.

[103] Hrncir T, Stepankova R, Kozakova H, Hudcovic T, Tlaskalova-Hogenova H.
Gut microbiota and lipopolysaccharide content of the diet influence
development of regulatory T cells: studies in germ-free mice. BMC
Immunol 2008;9(1):65.

[104] Mason KL, Huffnagle GB, Noverr MC, Kao JY. Overview of gut immunology.
Adv Exp Med Biol 2008;635:1–14.

[105] Magalhaes JG, Tattoli I, Girardin SE. The intestinal epithelial barrier: how to
distinguish between the microbial flora and pathogens. Semin Immunol
2007;19(2):106–15.

[106] Crawley JN. Behavioral phenotyping strategies for mutant mice. Neuron
2008;57(6):809–18.

[107] Gareau MG, Wine E, Rodrigues DM, Cho JH, Whary MT, Philpott DJ, et al.
Bacterial infection causes stress-induced memory dysfunction in mice. Gut
2011;60(3):307–17.

[108] Neufeld KM, Kang N, Bienenstock J, Foster JA. Reduced anxiety-like behavior
and central neurochemical change in germ-free mice. Neurogastroenterol
Motil 2011;23:255–64.

[109] Shohamy D. Learning and motivation in the human striatum. Curr Opin
Neurobiol 2011;21(3):408–14.

[110] Diaz Heijtz R, Wang S, Anuar F, Qian Y, Björkholm B, Samuelsson A, et al.
Normal gut microbiota modulates brain development and behavior. Proc Natl
Acad Sci USA 2011;108(7):3047–52.

[111] Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu XN, et al. Postnatal microbial
colonization programs the hypothalamic–pituitary–adrenal system for stress
response in mice. J Physiol 2004;558(Pt 1):263–75.

[112] Mayer EA. Gut feelings: the emerging biology of gut–brain communication.
Nat Rev Neurosci 2011;12(8):453–66.

[113] Gasperotti M, Passamonti S, Tramer F, Masuero D, Guella G, Mattivi F, et al.
Fate of microbial metabolites of dietary polyphenols in rats: is the brain their
target destination? ACS Chem Neurosci 2015;6(8):1341–52.

[114] Ridaura V, Belkaid Y. Gut microbiota: the link to your second brain. Cell
2015;161(2):193–4.

[115] Nayak D, Roth TL, McGavern DB. Microglia development and function. Annu
Rev Immunol 2014;32(1):367–402.

[116] Nayak D, Zinselmeyer BH, Corps KN, McGavern DB. In vivo dynamics of innate
immune sentinels in the CNS. Intravital 2012;1(2):95–106.

[117] Haghikia A, Jörg S, Duscha A, Berg J, Manzel A, Waschbisch A, et al. Dietary
fatty acids directly impact central nervous system autoimmunity via the
small intestine. Immunity 2015;43(4):817–29.

[118] Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous
bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell
2015;161(2):264–76.

[119] Ridlon JM, Kang DJ, Hylemon PB. Bile salt biotransformations by human
intestinal bacteria. J Lipid Res 2006;47(2):241–59.

[120] Benarroch EE. Histamine in the CNS: multiple functions and potential
neurologic implications. Neurology 2010;75(16):1472–9.

http://refhub.elsevier.com/S2095-8099(21)00042-4/h0310
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0310
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0310
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0315
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0315
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0315
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0320
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0320
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0320
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0325
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0325
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0325
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0330
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0330
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0340
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0340
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0340
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0345
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0345
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0345
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0350
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0350
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0350
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0355
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0355
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0355
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0355
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0355
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0360
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0360
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0360
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0360
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0365
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0365
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0365
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0370
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0370
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0370
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0375
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0375
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0375
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0380
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0380
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0380
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0385
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0385
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0385
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0390
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0390
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0390
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0395
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0395
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0400
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0400
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0400
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0405
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0405
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0410
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0410
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0415
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0415
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0415
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0415
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0420
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0420
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0420
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0425
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0425
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0425
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0430
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0430
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0430
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0435
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0435
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0440
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0440
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0445
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0445
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0445
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0450
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0450
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0455
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0455
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0455
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0455
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0460
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0460
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0465
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0465
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0465
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0470
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0470
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0470
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0475
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0475
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0475
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0480
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0480
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0485
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0485
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0485
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0485
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0490
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0490
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0490
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0495
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0495
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0495
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0495
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0500
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0500
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0500
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0505
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0505
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0505
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0510
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0510
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0510
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0515
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0515
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0515
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0515
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0520
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0520
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0520
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0520
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0525
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0525
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0530
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0530
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0530
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0535
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0535
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0540
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0540
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0540
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0545
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0545
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0545
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0550
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0550
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0555
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0555
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0555
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0560
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0560
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0560
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0565
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0565
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0570
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0570
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0570
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0575
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0575
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0580
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0580
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0585
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0585
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0590
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0590
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0590
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0600
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0600
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0600
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0605
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0605
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0610
http://refhub.elsevier.com/S2095-8099(21)00042-4/h0610


H. Lv, L. Zhang, Y. Han et al. Engineering 12 (2022) 101–114
[121] Vanhala A, Yamatodani A, Panula P. Distribution of histamine-, 5-
hydroxytryptamine-, and tyrosine hydroxylase-immunoreactive neurons
and nerve fibers in developing rat brain. J Comp Neurol 1994;347(1):101–14.

[122] Barcik W, Wawrzyniak M, Akdis CA, O’Mahony L. Immune regulation by
histamine and histamine-secreting bacteria. Curr Opin Immunol
2017;48:108–13.

[123] Barcik W, Pugin B, Westermann P, Perez NR, Ferstl R, Wawrzyniak M, et al.
Histamine-secreting microbes are increased in the gut of adult asthma
patients. J Allergy Clin Immunol 2016;138(5):1491–4.

[124] Zhu J, Qu C, Lu X, Zhang S. Activation of microglia by histamine and substance
P. Cell Physiol Biochem 2014;34(3):768–80.

[125] Khakh BS, Sofroniew MV. Diversity of astrocyte functions and phenotypes in
neural circuits. Nat Neurosci 2015;18(7):942–52.

[126] Homberg JR, Kolk SM, Schubert D. Editorial perspective of the research topic
‘‘Deciphering serotonin’s role in neurodevelopment”. Front Cell Neurosci
2013;7:212.

[127] Gaspar P, Cases O, Maroteaux L. The developmental role of serotonin: news
from mouse molecular genetics. Nat Rev Neurosci 2003;4(12):1002–12.

[128] Golubeva AV, Joyce SA, Moloney G, Burokas A, Sherwin E, Arboleya S, et al.
Microbiota-related changes in bile acid and tryptophan metabolism are
associated with gastrointestinal dysfunction in a mouse model of autism.
EBioMedicine 2017;24:166–78.

[129] Li W, Dowd SE, Scurlock B, Acosta-Martinez V, Lyte M. Memory and learning
behavior in mice is temporally associated with diet-induced alterations in
gut bacteria. Physiol Behav 2009;96(4–5):557–67.

[130] Burks AW, Tang M, Sicherer S, Muraro A, Eigenmann PA, Ebisawa M, et al.
ICON: food allergy. J Allergy Clin Immunol 2012;129(4):906–20.

[131] Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global,
regional, and national prevalence of overweight and obesity in children and
adults during 1980–2013: a systematic analysis for the Global Burden of
Disease Study 2013. Lancet 2014;384(9945):766–81.
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