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Introduction
Recognized as one of the most serious global health
issues in our society, the prevalence of overweight
and obesity in preschool children has increased
over the last two decades to 6.7% in 2010 [1].
Obese children are more likely to be obese in adulthood and are at greater risk of adverse health outcomes in adult life and premature mortality [2].
The etiology of obesity is complex and involves
lifestyle factors that are challenging to modify.
Attention has therefore turned to preventative strategies and the identification of modifiable prenatal
and early-life exposures associated with overweight risk in childhood.
Over the last decade, novel evidence from animal and human studies has identified associations
between our intestinal bacteria (collectively known
as our gut microbiota) and host metabolism and
obesity [3–5]. Infancy is a critical period in the
development of the commensal gut bacteria, with a
gradual increase in colonization with the
Bacteroidetes phylum from the time of birth. Initial
colonization, especially with members of this phylum, is influenced by a number of early-life exposures including birth mode, infant nutrition, and
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antibiotic use [6, 7]. The introduction and wider
use of next-generation sequencing techniques and
metabolomic technologies have increased our ability to study gut microbiota, their metabolic functions, and associations with overweight.
This chapter summarizes current evidence on
the link between infant gut microbiota and weight
in children and discusses early-life interventions
that impact its composition and may reduce
future adiposity.

 ink Between Gut Dysbiosis
L
and Overweight
Obesity has been associated with alterations in the
composition of intestinal bacteria, commonly
known as gut dysbiosis. However, discrepancies
exist in the nature and directionality of these shifts,
some of which can be attributed to study design
and microbial profiling methods. While experimental rodent models have provided important
evidence regarding the link between gut microbiota and obesity, differences exist between animal
model and human study design in microbiome
research. These are comprehensively reviewed by
Nguyen and colleagues [8] and only highlighted
here. To start, there are dissimilarities in morphology between the human and murine gastrointestinal tracts. Unlike humans, in whom microbial
fermentation of nondigestible dietary fiber takes
place primarily in the proximal large colon, rodents
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have a well-developed cecum where fermentation
occurs [8]. Lactobacilli comprise up to 25% of the
murine gut microbiota, whereas in the human gut,
they are mainly allochthonous (transient) members
obtained from our diet [9]. In both humans and
mice, the Firmicutes and Bacteroidetes dominate
the intestine [10]. Yet, 85% of the bacterial taxa in
cecal microbiota of mice represent genera that
have not been detected in humans.
With major technological advancements in
genomic sequencing over the last decade, our
understanding of the human gut microbiome is
rapidly and constantly expanding. Targeted qPCR
(quantitative polymerase chain reaction) and culture methods, and even older molecular profiling
methods (e.g., FISH cytometry), are being replaced
with high-throughput genomic sequencing of
whole microbial communities. This transition
poses challenges for comparative evaluation across
studies and synthesis of findings into theories of
understanding. For example, targeted microbe
studies make it difficult to assess if certain species
are key obesogenic microbes or simply indicators
of other aberrations in microbial taxa that have a
greater influence on weight gain. On the other
hand, genomic sequencing rarely is able to identify microbes at the species level. The reader is
encouraged to peruse a user-friendly overview of
current profiling methods in microbiome research
by Tyler and colleagues [11].

Bacteroidetes and Firmicutes
The first evidence for an obesogenic gut microbiota profile implicated the phyla Bacteroidetes and
Firmicutes. Ley and colleagues reported that obese,
leptin-deficient ob/ob mice possessed reduced
abundance of Bacteroidetes in their fecal samples
and higher proportions of Firmicutes relative to
their lean counterparts [10]. This higher ratio of
Firmicutes to Bacteroidetes was later confirmed by
Turnbaugh and coworkers in a study in a high-fatdiet-induced obese model [4, 12]. The high-fat diet
intervention was associated with a bloom in a single clade of the Firmicutes phylum, Mollicutes
[12], later reclassified as Erysipelotrichaceae [13].
In humanized gnotobiotic mice fed a high-fat diet
to induce obesity, higher proportions of Firmicutes
and Erysipelotrichi and a lower abundance of
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Bacteroidetes were found in stool samples [14].
Consistent with animal models, initial small-scale
sequencing or qPCR studies in humans reported
fewer microbiota in the Bacteroidetes phylum and
a predominance of Firmicutes in the gut of obese
versus normal-weight adults. In the study by Ley
and coworkers, the abundance of Bacteroidetes
increased with weight loss on a fat- or carbohydrate-restricted low-calorie diet [15].
The results of subsequent clinical investigations have been variably consistent with this paradigm. A systematic review and meta-analysis
by Angelakis and coworkers [16] reported both
lower and higher abundance of Bacteroidetes
and a predominance of the Firmicutes phylum in
the gut microbiota of obese/overweight adults.
Likewise, Zhang and colleagues demonstrated
that Firmicutes were dominant in obese adults
compared to those who had undergone gastric
bypass surgery; however, the Prevotellaceae,
a family belonging to Bacteroidetes, were significantly enriched in obese subjects [17].
Conversely, Schwiertz and colleagues showed a
reversal of the Firmicutes to Bacteroidetes ratios
in obese individuals compared to lean controls;
levels of the genus Bacteroides were higher,
whereas numbers of clostridial clusters IV and
XIVa, belonging to Firmicutes, were reduced
in overweight or obesity [18]. Still others have
not detected differences in genus Bacteroides
between obese and lean subjects at baseline
or after 8 weeks of a carbohydrate-restricted
diet [19]. In this trial, statistical reduction was
attained in the proportion of Roseburia and
Eubacterium, members of the Firmicutes phylum, present in stool with successive decreases
in total carbohydrate, starch, and non-starch
polysaccharide intake.
The composition of gut bacterial species varies greatly between individuals [20], but microbial
profiles are more similar among family members.
Hence, monozygotic or dizygotic twins discordant for obesity provide an attractive model for
studying associations between gut microbiota
and obesity [21]. Using the twin design,
Turnbaugh and colleagues observed low abundance of Bacteroidetes and Actinobacteria in
obese individuals compared to their lean twins,
but no significant differences in proportions of
Firmicutes [5].
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Lactobacillus and Bifidobacteria
The Waldram group found that genus
Bifidobacterium was significantly less abundant
in obese Zucker fa/fa rats compared to nonobese
rats, in conjunction with significantly higher levels of the Clostridium cluster XIVa and
Lactobacillus group [22]. Cani and colleagues
also observed a reduction in Bifidobacterium
and Bacteroides levels in mice fed a high-fat diet
but less Clostridium cluster XIVa [23]. In the
systematic review by Angelakis and coworkers
[16], human 16S rRNA gene sequencing studies
also reported lower concentrations of bifidobacteria but higher levels of lactobacilli in the gut
microbiota of obese and overweight adults compared to lean individuals. Later studies by
Million and colleagues found that some species
of Lactobacillus (L. reuteri) were associated
with obesity, while certain Bifidobacterium species were negatively correlated with body mass
index (BMI) [24]. As further summarized by
Koleva and colleagues [25], some Lactobacillus
species promote weight gain to varying degrees
(L. ingluviei > L. fermentum > L. acidophilus),
while other species or strains cause weight loss
(L. plantarum, L. gasseri) and are being tested
for their effectiveness in overweight reduction.

Oscillospira and Akkermansia
Based on 16S rRNA gene surveys of the human
microbiome, Konikoff and Gophna noted the
association of an unculturable bacterium called
Oscillospira with leanness or lower BMI in
both infants and adults [26]. This association
was supported by an elegant animal study comparing the microbiota response to fasting
across five different vertebrate hosts, in which
the abundance of Oscillospira increased after
prolonged fasting in most animals [27].
Recently, Davis and colleagues reported an
increase to the relative abundance of
Oscillospira during weaning, especially after
transition from breast milk to cow’s milk [28].
It is unclear if the increase in Oscillospora is a
consequence or a mediator of weight loss during caloric restriction. Another microbial species that inversely correlates with body weight
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in pregnant women and children is Akkermansia
muciniphila; it is a well-known mucin-degrading bacterium that resides in the mucous layer
of the gastrointestinal tract [29, 30].

 echanisms in Microbially Induced
M
Obesity
We are beginning to appreciate that human gut
microbiota can contribute to obesity development in several ways. The majority of microbiota
reside in the large intestine, where they produce
short-chain fatty acids (SCFAs) from undigested
carbohydrates, namely, dietary fiber and resistant starch, and to a limited extent from proteins. Elevated SCFA levels have been found in
the colon of overweight adults and the serum of
obese children [31, 32]. Total SCFAs are higher
when Firmicutes microbes are prominent in adult
stool and in children, especially for acetate, when
the Firmicutes to Bacteroidetes abundance ratio
is higher. The elevation of SCFAs is thought
to result from excess production since SCFA
absorption is not reduced in overweight versus
lean individuals [32]. Once absorbed, SCFAs are
used as energy for colonocytes or transported
to various tissues such as the liver, where they
are utilized in lipogenesis or gluconeogenesis.
Excess fecal SCFA production by Firmicutes
species in lean individuals has been equated with
increased energy harvest and reduction in nutrient absorption. This caloric loss in stool is not
evident in obese adult individuals, indicating
enhanced energy extraction by gut microbiota in
the overweight state [33].
Excess SCFA concentrations can stimulate
colonic release of anorectic hormones, such as
peptide tyrosine-tyrosine (PYY) and glucagon-
like peptide (GLP)-1 [34]. These hormones also
reduce colonic motility, which may enhance
nutrient absorption and counter appetite suppression effects. As summarized in Table 4.1, other
proposed mechanisms for gut microbiota involve
intestinal permeability, systemic inflammation,
and promotion of vagally mediated insulin and
ghrelin secretion. No singular mechanism has
been adequately studied in human adults or children, and many questions remain, most notably
whether differences in gut microbiota and SCFA
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Table 4.1 Mechanisms in microbially induced obesity
Research evidence
Study design/model
Biological pathway: gut microbiota influence energy harvest/storage via pathways which break down dietary fiber
into SCFA
Germ-free mice;
*Germ-free mice have less total body fat than conventionally raised mice [3]
*Conventionalization of germ-free mice leads to (a) 60% increase in total body fat conventionalized (microbiota
introduced through intestinal
and lower insulin sensitivity [3, 35], (b) increased ability of the host to extract
contents) germ-free mice; fecal
energy from indigestible complex plant polysaccharides in the diet [3], and (c)
transplantation in twin mice
higher ability of the host to regulate energy storage as triglycerides [35]
*Transplanting microbiota from an obese twin to the nonobese twin mouse causes discordant for obesity
gains in total body and fat mass; obesity-associated metabolic phenotypes are also
transmitted [36]
Leptin-deficient obesity in mice
*In the leptin-deficient obesity model, bomb calorimetry shows that obese mice
have less energy in their cecum than lean mice. The cecal contents of obese mice
have a higher Firmicutes to Bacteroidetes ratio, are enriched with genes for
enzymes that utilize nondigestible dietary carbohydrates to produce short-chain
fatty acids (SCFAs), and have elevated concentrations of the SCFAs, butyrate and
acetate [4]
Diet intervention in obese and
*When lean adults are fed a high calorie diet, a greater percent of ingested
calories is found in their stool and thus not absorbed. The caloric content of stool lean adults
is negatively correlated with a higher abundance of Firmicutes microbiota and a
reduction in the Bacteroidetes [33]. Caloric loss is not evident in obese adults
with comparable gut transit times to lean adults, suggesting that energy extraction
by gut microbiota might be enhanced in overweight versus normal-weight
individuals
SCFA levels in obese and
*Overweight children have much lower fecal concentrations of intermediate
normal-weight children
metabolites such as lactate yet higher levels of butyrate, a by-product of
lactate-utilizing microbiota [37]. Their metabolite profile suggests exhaustive
substrate utilization by obese gut microbiota. Rate of carbohydrate fermentation
by gut microbiota has been found to be higher in obese vs. lean children and
adolescents [31]
Biological pathway: gut microbial SCFA metabolites influence nutrient intake, absorption, and utilization via
appetite hormones and colonic motility
*High-fat feeding alters the microbiome of rats, increasing the ratio of Firmicutes Microbial acetate promotes
to Bacteroidetes. Changes in the microbiome lead to increases in production and weight gain in high-fat-fed rats
SCFA or dietary intervention in
turnover of acetate, which acts centrally to promote vagal activity, glucosehumans and animal models
stimulated insulin secretion, hyperghrelinemia, and weight gain [38]
*In both rodents and humans, direct colonic administration of the SCFA acetate
increases blood levels of two gut hormones, glucagon-like peptide 1 (GLP-1) and
peptide YY (PYY) [34, 39, 40]. Primarily produced by enteroendocrine cells in
the large intestine, these satiety (or anorectic) hormones diminish appetite [41];
lower PYY levels have been observed in overweight versus normal weight
*Ileal/colonic infusions of acetate or a SCFA mixture into pigs/rats have also
reduced gastric/colonic motility [39, 42]; the former has been attributed to
concurrent PYY release
*SCFA dose and site of action may be important. In van der Beek et al.’s study,
distal colonic acetate infusions of adults, but not proximal colonic infusions,
increased plasma PYY and fat oxidation [40]. In their human supplementation
trial, Rahat-Rozenbloom et al. observed raised serum SCFA but not GLP-1 or
PYY concentrations after a standard lunch and prior ingestion of dietary fiber [43]
Biological pathway: gut microbiota influence intestinal permeability and systemic inflammation
*Feeding mice a high-fat diet, Cani and coworkers observed elevated plasma LPS Diet-induced obesity in mice
(lipopolysaccharide component of the cell wall of Gram-negative bacteria),
weight gain, and insulin resistance [23]. The proportion of an LPS-containing
microbiota also increased in the gut
*This hypothesis is centered on the translocation of bacterial lipopolysaccharides
(i.e., LPS) from the intestinal lumen to the circulation, which initiates systemic
inflammation via activation of Toll-like receptors on macrophages [23, 44]
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in obese versus lean individuals are a cause or
consequence of the obese state and if mechanistic
insights from animal models can be extrapolated
to humans. Finally, individual SCFAs may differ
in their obesogenic potential or pathway.
Comprehensive reviews of potential pathways
for overweight that involve microbial metabolites
can be found in review papers by Philip Gerard
[44], Kumari and Kozyrskyj [45], and Rosenbaum
and colleagues [46].

 rigins of Gut Dysbiosis
O
in the Development of Child
Overweight
Gut microbial compositional differences with
overweight are already evident in childhood. In
Karlsson’s case-control study of 4–5-year-old
children, members of the Enterobacteriaceae
family were overrepresented in fecal samples of
overweight versus normal-weight children [29].
Cross-sectional studies by Bervoets and colleagues and Xu and colleagues have found
higher Firmicutes to Bacteroidetes ratios in
overweight versus normal-weight children [47,
48]. Bervoets and colleagues also reported
Bacteroides fragilis to be more prevalent in gut
microbiota of children with a higher BMI; however, other Bacteroides species such as B. vulgatus were less abundant, and lactobacilli were
more prevalent in overweight children. In the
Bervoets study, fecal concentrations of lactobacilli in children correlated with a serum marker
of inflammation (C-reactive protein).

 ormal Transitions in Gut Microbiota
N
Development
It is likely that obesity-related changes in gut
microbiota in children have their origins in
infancy, at a time when the gut microbiome is
established. Seeding of our gut microbiota begins
at birth, and in some infants, it occurs in utero
[49]. First colonizers, facultative anaerobes, lay
the foundation for subsequent colonization by
anaerobes of the Actinobacteria and Bacteroidetes
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phyla. New evidence from the GUSTO cohort
shows that the higher initial presence of
Enterobacteriaceae soon after birth predicts
higher abundance of bifidobacteria in later
infancy [50]. Throughout the first year of life,
microbial diversity increases, converging toward
the microbiota of the adult. Mode of delivery,
infant diet, and maternal or infant antibiotic treatment are the main determinants of microbial
colonization and development in infancy [6, 7].
The development of the gut microbiome during
infancy plays a crucial role in the maturation of
immunologic and metabolic pathways [51].

 bnormal Transitions that Precede
A
Overweight
Indeed, compelling evidence supports the concept that shifts in the complex microbial system
that occur early in life confer an increased risk
for developing obesity. Indirect evidence for this
thesis originates from studies of antibiotic use
in infancy. Data from two large birth cohorts in
Denmark and the UK found modest increases
in risk for overweight at age 7 years and
38 months, respectively, with antibiotic treatment
before 6 months of life [52, 53]. In a prescription
database-
linkage study, Azad and coworkers
reported significantly greater odds of child overweight at age 9–12 years with exposure to antibiotics by age 1 but in male children only [54].
Their study also found an association between
infant antibiotic treatment and central adiposity
(measured by waist circumference), thought to be
a better predictor of cardiovascular outcomes
than BMI-based measures. A similar sex-specific
effect of infant antibiotic treatment and BMI was
reported from the International Study of Asthma
and Allergies in Childhood [55].
To date, six epidemiological studies have published evidence on associations between infant
gut microbiota and infant weight gain or later
child overweight (Table 4.2). Two are nested
case-control studies of children, matched according to birth mode, gestational age, birth weight,
probiotic intervention group, breastfeeding duration, antibiotic use, and atopic disease status and

Scheepers
et al. 2015
[56]

Dogra et al.
2015 [50]

Authors and
year of
publication
Goffredo et al.
2016 [31]

Participants (exclusion
criteria)
84 children and adolescents
(use of medication known
to affect liver function or
alter glucose, lipid
metabolism)

Microbiota profiling time point
and method
16S rRNA sequencing and
qPCR

Overweight
assessment
Body fat (total,
visceral, sub
cutaneous,
hepatic) by fast
magnetic
resonance
imaging, BMI

Main significant findings
associated with overweight
↑ Firmicutes-to-Bacteroidetes
ratio
↑ Relative abundance of
Actinobacteria and ↓
Bacteroidetes
↑ Actinomyces,
Bifidobacterium, Streptococcus,
Blautia
↓ Odoribacter, Oscillospira,
Bacteroides,
Faecalibacterium
↑ Streptococcus abundances at
Subscapular
Day 3, week 3, 3 months, and
Prospective general 75 infants
month 6
6 months 16S rRNA sequencing skinfold
cohort (Singapore
thickness (mm) Reaching more “mature”
GUSTO cohort)
microbiota profile (high in
at 18 months
Bifidobacterium and Collinsella
and low in Enterobacteriaceae)
later associated with ↓ skinfold
thickness at 18 months
Positive B. fragilis colonization
Age- and
1 month
Prospective general 909 infants (preterm birth
(only in children with low-fiber
gender-
and anthroposophic before 37 weeks’ gestation, qPCR: bifidobacteria,
intake at age 4 years in
standardized
Bacteroides fragilis,
twins, the presence of
cohort (Dutch
conventional subcohort)
BMI z-scores
Clostridium difficile,
congenital abnormalities
KOALA cohort)
↑ B. fragilis counts in
from parent’s
Escherichia coli, lactobacilli,
relating to growth, use of
reported weight conventional high-fiber diet
and total bacterial counts
antibiotics before fecal
and height at 7 subcohort
collection)
↓ B. fragilis counts in low-fiber
time points
between ages 1 subcohort and alternative
subcohort
and 10 years

Study design
(location)
Prospective
cross-sectional
study (US)

Table 4.2 Associations between gut microbial community and child overweight status

Analysis controlled for
gender, place and mode
of delivery, birth
weight, age at collection
of fecal sample,
maternal smoking
during pregnancy, type
of infant feeding in the
first month, duration of
breastfeeding, maternal
education, and total
bacterial counts

Analysis adjusted for
gestational age and
delivery mode

Confounding variables
considered in design/
analysis
Analysis adjusted for
age, ethnicity, and
gender
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Xu et al. 2012 Case-control
[48]
(China)

85 overweight/obese and 91 7–13 years
qPCR: Bacteroidetes,
normal weight (antibiotic
Firmicutes
administration within
2 weeks of fecal sample,
stress, gastrointestinal
disorder, polio vaccination
within 1 month)

26 overweight or obese and 6–16 years
27 normal-weight children qPCR: bacterial species
belonging to the genera
Bacteroides, Bifidobacterium,
Clostridium, Staphylococcus,
and Lactobacillus
4, 10, 30, 120 days
White et al.
Prospective general 218 infants (preterm
BLAST: Enterococcus spp.,
(GA < 253 days), term
2013 [57]
cohort
Lactobacillus spp.,
infants born via cesarean
(Norwegian
Lactobacillus paracasei/casei,
section, and term infants
NOMIC cohort)
born vaginally but exposed Staphylococcus spp.,
to antibiotics before day 4 Streptococcus spp., Clostridium
spp., Lachnospiraceae spp.,
were excluded from the
Veillonella spp., Pseudomonas
analysis)
spp., Escherichia coli,
Enterobacteriaceae other than
E.coli, Gammaproteobacteria,
Varibaculum spp.,
Bifidobacterium longum,
Bifidobacterium bifidum,
Bifidobacterium breve,
Bifidobacterium spp.,
Bacteroides fragilis,
Bacteroides spp.
Karlsson et al. Nested case-control 20 overweight or obese and 4–5 years
2012 [29]
(Sweden)
20 normal-weight children qPCR: Lactobacillus,
Bifidobacterium,
Enterobacteriaceae,
Akkermansia muciniphila-like
bacteria, Desulfovibrio, and
Bacteroides fragilis

Bervoets et al. Prospective
2013 [47]
cross-sectional
(Belgium)

↑ Firmicutes-to-Bacteroidetes
ratio
↓ B. vulgatus
↑ Lactobacillus spp.

Age- and gender-
standardized BMI

↑ Firmicutes-to-Bacteroidetes
ratio
↓ Bacteroidetes
Age- and
gender-
standardized
BMI

The Gut Microbiome and Control of Weight Gain
(continued)

Age- and gender-
standardized BMI

↑ Enterobacteriaceae
↓ Desulfovibrio
↓ Akkermansia muciniphila-
like bacteria

Analysis controlled for
antibiotic use after day
4, sex, use of milk
substitutes, maternal
smoking, and parity

Age- and gender-
standardized BMI

Age- and
gender-
standardized
BMI at age
4–5 years

Negative Bacteroides spp.
Difference in
weight-for-age colonization at day 30 (males
only)
z-score from
birth to
6 months from
parent’s
reported weight

Age- and
gender-
standardized
BMI at age
6–16 years
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Participants (exclusion
criteria)
15 overweight or obese and
15 normal-weight children
with family history of
atopic disease

Microbiota profiling time point
and method
3 months
FISH: Bacteroides-Prevotella
group, Bifidobacterium genus,
Clostridium histolyticum group,
Lactobacillus-Lactococcus-
Enterococcus group, and total
counts
3, 26, and 52 weeks
Prospective general 138 infants
cohort (Belgium)
(preterm birth, delivery by Cultures: Bacteroides fragilis,
Bifidobacterium, Lactobacillus,
cesarean section)
Enterococci,
Enterobacteriaceae,
Clostridium, Staphylococcus
25 overweight or obese and 6 and 12 months
Nested matched
24 normal-weight children FISH/FISH-FCM: Bacteroides-
case- control
Prevotella group,
with family history of
(Finland)
Bifidobacterium genus,
atopic disease
Clostridium histolyticum group,
Lactobacillus-Lactococcus-
Enterococcus group, and total
counts
qPCR: Bifidobacterium genus,
Bifidobacterium adolescentis,
Bifidobacterium bifidum,
Bifidobacterium breve,
Bifidobacterium longum,
Bacteroides fragilis,
Staphylococcus aureas

Study design
(location)
Nested matched
case- control
(Finland)

BMI at 12, 18,
24, 30, and
36 months from
parent’s
reported weight
and height
BMI at 7 years
from parent’s
reported weight
and height

↑ B. fragilis concentration at 3
and 26 weeks
↓ Staphylococcus concentration
at 3 and 52 weeks
↓ Staphylococcus/B. fragilis
ratio at 3 weeks
↓ Bifidobacterial numbers
↑ S. aureus numbers

Overweight
Main significant findings
assessment
associated with overweight
BMI at 10 years ↓ Bifidobacteria numbers (NS)
from parent’s
reported weight
and height

Analysis controlled for
maternal BMI, formula
or breastfeeding,
antibiotic use in infancy,
SES, maternal smoking
status, birth weight
Infants matched for
gestational age, BMI at
birth, mode of delivery,
probiotic intervention,
duration of
breastfeeding,
antibiotics in infancy,
and frequency of atopic
diseases and
sensitization at 7 years
of age

Confounding variables
considered in design/
analysis
Matched for sex,
gestational age, BMI at
birth, mode of delivery,
probiotic intervention,
and duration of
breastfeeding

BLAST basic local alignment search tool, BMI body mass index, FISH-FCM fluorescent in situ hybridization coupled with flow cytometry, qPCR quantitative polymerase chain
reaction, NS nonsignificant, SES socioeconomic status

Kalliomaki
et al. 2008
[60]

Vael et al.
2011 [59]

Authors and
year of
publication
Luoto et al.
2011 [58]

Table 4.2 (continued)
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selected from a prospective follow-up of high-
risk (for allergy) infants [58, 60] randomized to
pre- and postnatal probiotic supplementation
[61]. Using FISH flow cytometry and qPCR
methods, Kalliomaki and coworkers reported
lower bifidobacterial numbers and higher counts
of Staphylococcus aureus in fecal samples
obtained at 6–12 months after birth in 7-year-old
children classified as overweight versus normal
weight [60]. At 6 months of age, there was a
trend for lower counts of lactobacilli but higher
counts of B. fragilis in the children who became
overweight. In a follow-up study at age 10, Luoto
and coworkers found that fecal bifidobacteria
also tended to be lower in number in 3-month-old
infants who developed overweight compared to
those who did not [58].
In a general population cohort of vaginally
delivered full-term infants, higher B. fragilis in
gut microbiota at age 3–26 weeks and lower
staphylococcal concentrations (as measured by
culture) were correlated with a higher BMI
z-score in preschool children between 1 and
3 years of age [59]. Analyses were adjusted for
known risk factors of childhood overweight,
including maternal BMI and smoking status,
birth weight, breastfeeding status, and infant use
of antibiotics. On the other hand, a prospective
follow-up of full-term infants, delivered vaginally and not exposed to antibiotics, found early
detection of Bacteroides species (as per DNA
cloning methods) in fecal samples at 1 month of
age to be associated with a reduced growth trajectory over the first 6 months of life [57]. This
was observed in male infants only; the presence
of Staphylococcus species at day 4 was associated with expected growth in both males and
females. Findings were independent of maternal
BMI and other pregnancy complications, fetal
growth, birth weight, and breastfeeding status.
Additional evidence for a relationship between
gut microbial composition and infant weight
gain comes from the large prospective KOALA
Dutch birth cohort study [56] of offspring from
women following a conventional or anthroposophic (alternative) lifestyle (based on dietary
habits, child-rearing practices, vaccination
schemes, and/or use of antibiotics). All results
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were adjusted for several confounding factors,
including prepregnancy overweight, birth mode,
breastfeeding duration, and caloric intake at age
4. In the conventional cohort, newborn fecal
colonization with B. fragilis at 1 month postpartum was associated with a higher BMI z-score
until age 10 but only among children with a lowfiber intake at age 4. Among newborns who were
colonized with this microbe, B. fragilis counts
were positively correlated with BMI z-score in
children eating a high-fiber diet in the conventional cohort and were negatively correlated with
future BMI in the low-fiber and anthroposophic
cohorts. Newborn colonization with C. difficile at
1 month in the conventional cohort was associated with lower BMI z-score at 8 ½ years of age.
The C. difficile finding will be discussed further
in the context of breastfeeding and weaning in
the next section.
Another recent prospective cohort study from
Singapore (GUSTO) reported on microbiota
acquisition from birth to 6 months of age in relation to delivery mode and gestational age, as well
as associations with later adiposity [50]. This
study found that infants who acquired a profile
high in Bifidobacterium and Collinsella (of the
Actinobacteria) and low in Enterobacteriaceae at
6 months versus earlier (from 3 days to 3 months
after birth) had lower adiposity, as measured by
subscapular skinfold thickness, at 18 months of
age. A linear association between Streptococcus
abundance at month 6 and changes in subscapular skinfold thickness from birth to 18 months
was also observed. Both findings were independent of gestational age and delivery mode.
In sum, there is a relative dearth of prospective
studies testing the association between gut microbiota in infancy or childhood and subsequent
overweight. Studies by Vael and coworkers,
Bervoets and coworkers, and Scheepers and
coworkers, as well as other human adult investigations, point to a role for Bacteroides spp. in
weight control in early life [15, 47, 56, 59, 62].
Gut lactobacilli, bifidobacteria, staphylococci,
streptococci, and enterobacteria may also be
important for regulating growth in infants and
young children. It is also likely that growth is
sensitive to perturbations in diet or other environ-
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mental factors during critical windows of microbiota development. For example, Vael and
coworkers and White and coworkers reported
stronger correlations between infant growth and
B. fragilis counts at <26 weeks but not later during infancy [57, 59].

 reast Milk Intervention to Alter
B
Gut Microbiota and Prevent Obesity
Since the gut microbial community is strongly
implicated in weight control, manipulating this
“organ system” has the potential to prevent or treat
obesity. Intervening during infancy offers new
therapeutic possibilities. As exciting as this intervention appears, fecal transplantation has been primarily tested in animal models and in humans,
only in adults with C. difficile diarrhea [63].
Hence, we have focused our discussion on the
manipulation of gut microbiota by human milk, a
natural modifier of gut microbial composition. For
a full review on the effectiveness of probiotics and
prebiotics in reducing excessive weight gain in
children, see Koleva and coworkers [25].

Breast Milk Feeding
Uniquely adapted to infants to provide complete nutrition during the first 6 months of life,
human milk has been associated with a number of health benefits, including reduced risk
of later overweight [64]. Human milk contains
a large proportion of bioactive compounds
important in the stimulation of the immune system and intestinal microbiota [65, 66]. Human
milk oligosaccharides (HMO) represent the
third largest component of human milk [67].
They are complex sugars that resist digestion
by the stomach and reach the small intestine
and colon intact where they are metabolized
by selective intestinal microbiota, increasing
their numbers and function within the gut [68].
HMO metabolism leads to the production of
short-chain fatty acids (SCFAs), which reduce
the pH of the intestinal lumen, alter microbial
composition, and inhibit pathogen growth [69].
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As discussed in Table 4.1, SCFA may contribute to dietary energy harvest, modulate host
adiposity, and alter gene expression of host
satiety hormones.
In addition to providing substrates for microbial metabolism, there is evidence from several
studies demonstrating the presence of live bacteria in human milk [70]. Summarized by McGuire
and McGuire, the large diversity and richness of
the human milk microbiome include, but is not
limited to, Bifidobacterium, Lactobacillus,
Staphylococcus, and Streptococcus [70]. The
presence of bacteria in human milk was thought
to be a result of contamination from maternal
skin. However, this has been disputed by studies
which show that orally administered probiotics
given to lactating women can be detected in
human milk [71, 72] and knowledge that certain
milk genera, such as bifidobacteria, are strict
anaerobes.
Accordingly, differences in early gut microbiota between breastfed and formula-fed infants
have been observed in several studies. Using
targeted qPCR techniques, Penders and colleagues found exclusively formula-fed infants
at 1 month of age to be colonized with E. coli,
C. difficile, Bacteroides, and lactobacilli to a
greater extent than breastfed infants [7]. With
16S rRNA gene sequencing and targeted qPCR,
Azad and colleagues characterized the gut microbiota of non-breastfed infants as having higher
species richness at 3 months, with overrepresentation of genus Akkermansia and C. difficile
[6]. Of note, 20–60% of breastfed infants were
colonized with C. difficile. In a large sample
from the same Canadian cohort, breastfeeding exclusively at 3 months was inversely associated with Bacteroidetes and Clostridiales,
including Veillonellaceae, Lachnospiraceae,
and Ruminococcaceae [73]. Breastfeeding also
increases levels of fecal immunoglobulin A (IgA)
in infants at 3 months of age in a dose-dependent
manner [74].
Weaning off breast milk has been reported
to have a greater impact on infant gut microbial
composition than other early-life exposures [75].
In the systematic review by Vail and colleagues,
ten observational studies found an inverse associ-
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ation between age at weaning and infant growth,
but reverse causation was a likely explanation in
four studies [76]. The introduction of cow’s milk,
even in small quantities while breastfeeding [28],
has been associated with dramatic increases
in the abundance of genera Bacteroides and
Oscillospira and the disappearance of C. difficile
colonization [28].

 reastfeeding and Maternal
B
Prepregnancy Overweight,
Pregnancy Weight Gain, Birth Mode,
and Probiotic Use
Human milk is not uniform and can differ significantly between mothers [77], including the presence of specific microbial taxa [70]. While some
of this variation may be a function of methodological issues, recent studies have shown that
certain maternal factors, including weight status,
birth mode, and probiotic use, can influence the
composition of human milk and infant gut microbiota. Herein, we address a number of commonly
asked questions about the relationships among
breastfeeding, the microbiome, and childhood
weight gain.

I s Overweight in a Breastfeeding
Mother Associated with Changes
in Infant Gut Microbiota?
Strong evidence exists that maternal pregnancy
overweight is a risk factor for overweight in
offspring [78] and that breastfeeding can lower
this risk [64]. Pregnancy overweight has also
been associated with changes in both breast
milk and infant gut microbiota. Characterizing
breast milk microbiota [79], Cabrera-Rubio
and colleagues observed higher quantities of
genus Staphylococcus and less Bifidobacterium
in human milk of obese compared to normalweight Finnish mothers over the first 6 months
of breastfeeding. Lactobacillus was dominant in the colostrum (first breast milk) and
in mature breast milk at 6 months. Excessive
pregnancy weight gain was associated with
similar compositional patterns of breast milk.
However, the gut microbiota of their infants
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was more likely to be colonized with C. difficile at 6 months of age and to have lower total
bifidobacterial counts. In a larger sample of
infants from the same cohort (n = 42), who were
exclusively breastfed for 3–4 months on average [80], prepregnancy overweight was associated with lower counts of genus Bacteroides in
the infant gut at 1 month, but not at 6 months
of age. Instead, at this later age, prepregnancy
overweight was associated with a greater likelihood of gut colonization with C. difficile and
Akkermansia muciniphila and higher counts
of staphylococci, but lower concentrations of
bifidobacteria.
As shown in the Santacruz and colleagues’
study of Spanish women, maternal microbial
influences on offspring weight are already evident at birth [30]. High birth weight following
prepregnancy overweight or excessive weight
gain during pregnancy was associated with a
maternal fecal microbiota enriched with E. coli
and depleted in lactobacilli. In a Finnish cohort,
Cabrera-Rubio and colleagues detected fewer
bifidobacteria in third-trimester fecal microbiota
of women with prepregnancy overweight [79].
Maternal pregnancy weight influences may be
reinforced by the microbial composition of breast
milk soon after birth, which becomes enriched
with staphylococci when levels of bifidobacteria
are low, independent of gestational age and delivery mode [81].
Alongside modifications to milk microbiota in
overweight women seen for the first 6 months of
breastfeeding, dysbiosis of the gut microbiome
is observed in their infants. Gut dysbiosis soon
after birth is likely the product of cesarean delivery, common with overweight mothers. Early C.
difficile colonization of the infant gut following
pregnancy overweight could simply be an indicator that the infant is being breastfed since C. difficile levels drop abruptly after weaning to cow’s
milk [28]. Gut microbial changes which emerge
later in infancy, such as reductions in the counts
of bifidobacteria or staphylococci, may indeed,
be promoted by breast milk composition in overweight mothers. There is also the possibility that
these changes to gut microbiota predate the initiation of breastfeeding.
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 ill Breastfeeding After Cesarean
W
Section Delivery Reverse Infant Gut
Dysbiosis and Reduce Risk
for Overweight?
Cesarean section is associated with changes in
gut microbiota beginning soon after birth, as
indicated by dramatic reductions in abundance
of Bacteroidetes at 3 months [73]. The literature is divided, however, on whether child overweight development can be attributed to this
surgical intervention [78]. At issue is that both
types of cesarean deliveries, elective and emergency, are often combined in published analyses.
Interestingly, exclusive breastfeeding 3 months
after birth does not contemporaneously alter
cesarean-induced microbial changes in the gut
but is associated with future resolution of dysbiosis at 1 year of age [73]. This phenomenon is
seen primarily in infants delivered by emergency
cesarean. On the other hand, mothers giving birth
by elective cesarean section possess breast milk
microbial profiles which are distinct in composition from those found after emergency cesarean
or vaginal birth [79].
Limited evidence suggests that breastfeeding
can reverse cesarean-induced changes in the
infant gut microbiome, but it is up for debate
whether this effect alters risk for overweight.
 o Maternal Probiotics Taken While
D
Breastfeeding Reduce Risk
for Overweight?
Depending on the strain and species,
Lactobacillus has weight-promoting activities; yet this genus has been shown to reduce
excessive weight gain in infants when administered to the mother prenatally [24]. Inconsistent
weight gain and loss effects have been reported
for Lactobacillus reuteri across studies [82]. In
the randomized controlled trial by Abrahamsson
and colleagues [83], unexpected variations in
gut microbial composition of breastfed infants
were found following maternal treatment with
the probiotic, L. reuteri. Viewed as evidence for
the transmission of the probiotic to breast milk,
L. reuteri was detected in maternal colostrum;
other species of Lactobacillus were also elevated

in colostrum. Yet, the prevalence of L. reuteri
declined in breast milk and newborn gut microbiota after the first week of continuous supplementation. Moreover, despite being detected
in breast milk, L. reuteri levels were lower in
the gut microbiota of infants breastfed than
those formula-fed. This reduction of L. reuteri
was interpreted as the outcome of competition
from other microbiota and/or immune recognition of L. reuteri by immunoglobulin A found in
mother’s milk.
To conclude, the effectiveness of probiotic
treatment in weight control is specific at the species and strain level; maternal probiotic intake
while breastfeeding is found to have unpredictable effects on infant gut microbiota.

 onclusions and Future
C
Perspectives
Advances in gene sequencing technologies have
yielded considerable evidence for the role of gut
microbiota in the control of weight gain. As
tempting as it is to proceed to translation into
practice, inconsistencies between animal experimentation and human observation must be reconciled. We have also alerted the reader to the
fact that gut microbial compositional and
metabolite biomarkers for obesity in adulthood
are not applicable to infancy, a period of substantial plasticity when gut microbiota are being
shaped by early-life exposures. Evidence from
studies in adults and children may, in fact,
impede understanding of the mediating role of
early-life gut microbiota in controlling weight
gain. It is imperative that hypotheses that
emerge from animal models and human adult
studies be verified in human infants. Equally,
prospective follow-up studies of birth cohorts
are needed to provide unbiased signals of
microbiome-health associations for further testing in animals.
Regarding birth cohort studies, the potential
for bias remains if analytical strategies do not
take into account important confounding factors, such as birth mode, breastfeeding status,
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and antibiotic use. Bias arising from study differences in design (prospective vs. nested case-
control), selection of subjects (general
population vs. high risk for atopy), and variable
time points for infant fecal sampling and overweight assessment can also lead to conflicting
results. Large, longitudinal cohort studies that
employ gene sequencing to profile the whole gut
microbial community in fecal samples obtained
at age-sensitive time points, and which collect
detailed information on early and also later
childhood covariates such as diet and level of
activity, are required to enhance understanding
of how perturbations in infant gut microbiota
can lead to overweight.
The effectiveness of breastfeeding, as a dietary
intervention discussed in this review, is dependent on the stage of gut microbiota development,
complementary diet, and health status of the
mother. As we pointed out, women with prepregnancy overweight have altered breast milk composition, and their infants show early, transient,
and later changes to gut microbial community
structure. Breast milk itself may interact with the
host system of the infant to modify the effectiveness of administered probiotics. Timing of the
intervention is an important consideration. With
the detection of microbes in the placenta and
amniotic fluid, and in meconium (infant’s first
stool) [49], development of gut microbiota has
been extended to the time of pregnancy and now
subject to maternal influence.
Finally, keystone microbial species or metabolites are potentially too simplistic as biomarkers for overweight and metabolic disorders and
require testing and refinement. Microbial SCFAs
have been implicated in the development of
overweight in humans as well as rodents, though
the relative production of acetate and other
SCFAs by specific microbes may vary depending on the pH of the large intestine and substrate
availability [45]. As new theories emerge on
metabolic pathways to overweight, they will
guide our search for gut microbial biomarkers.
Finally, as suggested by reports of sex differences in gut microbiota and infant risk for overweight [54], new theories may need to consider
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the influences of infant sex, ethnicity, and geographic location on breastfeeding and pre-/probiotic interventions aimed at preventing
childhood obesity.

Editor’s Questions

Is it possible that the effects of the microbiome on childhood growth, weight gain, and
metabolic function depend upon the complex and changing interactions of many (or
all) members of the “microbial community”
(including viruses and fungi) rather than
on the contributions of single classes of
microbes? If so, does this make supplementation of single class or species of microbes
less likely to exert dramatic effects on body
habitus and metabolic phenotype?
Authors’ Responses
Ecosystem interactions among all microorganisms (including viruses and fungi)
resident in and transient to the gut are likely
more complex than our current knowledge
indicates. Microbes constitute the largest
metabolic potential within this community and their SCFA metabolites have been
implicated in overweight. Many gut microbiota produce the same SCFA (i.e. acetate).
While other SCFAs are preferentially produced by specific microbes (e.g., propionate
synthesis by members of the Bacteroidetes
phylum), even these SCFAs can be produced by a lternate microbiota depending on
the pH of the large intestine and substrate
availability (sugars, lactate, proteins, fats).
In view of the above, supplementation with
a single species of microbes is unlikely to
produce anticipated effects.a
Reference for Authors’ Response Section
(a) Kumari M, Kozyrskyj AL. Gut microbial metabolism defines host metabolism: an emerging perspective in
obesity and allergic inflammation.
Obes Rev. 2017;18(1):18–31.

76

References
1. de Onis M, Blossner M, Borghi E. Global prevalence
and trends of overweight and obesity among preschool
children. Am J Clin Nutr. 2010;92(5):1257–64.
2. Biro FM, Wien M. Childhood obesity and adult morbidities. Am J Clin Nutr. 2010;91(5):1499S–505S.
3. Backhed F, Ding H, Wang T, Hooper LV, Koh GY,
Nagy A, et al. The gut microbiota as an environmental
factor that regulates fat storage. Proc Natl Acad Sci U
S A. 2004;101(44):15718–23.
4. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V,
Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature. 2006;444(7122):1027–31.
5. Turnbaugh PJ, Hamady M, Yatsunenko T,
Cantarel BL, Duncan A, Ley RE, et al. A core
gut microbiome in obese and lean twins. Nature.
2009;457(7228):480–4.
6. Azad MB, Konya T, Maughan H, Guttman DS,
Field CJ, Chari RS, et al. Gut microbiota of healthy
Canadian infants: profiles by mode of delivery and
infant diet at 4 months. CMAJ. 2013;185(5):385–94.
7. 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.
8. Nguyen TLA, Vieira-Silva S, Liston A, Raes J. How
informative is the mouse for human gut microbiota
research? Dis Model Mech. 2014;8:1–16.
9. Walter J. Ecological role of lactobacilli in the gastrointestinal tract: implications for fundamental
and biomedical research. Appl Environ Microbiol.
2008;74(16):4985–96.
10. Ley RE, Backhed F, Turnbaugh P, Lozupone
CA, Knight RD, Gordon JI. Obesity alters gut
microbial ecology. Proc Natl Acad Sci U S A.
2005;102(31):11070–5.
11. Tyler AD, Smith MI, Silverberg MS. Analyzing the
human microbiome: a “how to” guide for physicians.
Am J Gastroenterol. 2014;109(7):983–93.
12. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-
induced obesity is linked to marked but reversible
alterations in the mouse distal gut microbiome. Cell
Host Microbe. 2008;3(4):213–23.
13. Fleissner CK, Huebel N, Abd El-Bary MM, Loh G,
Klaus S, Blaut M. Absence of intestinal microbiota
does not protect mice from diet-induced obesity. Br J
Nutr. 2010;104(6):919–29.
14. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight
R, Gordon JI. The effect of diet on the human gut
microbiome: a metagenomic analysis in humanized
gnotobiotic mice. Sci Transl Med. 2009;1(6):6ra14.
15. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial
ecology: human gut microbes associated with obesity.
Nature. 2006;444(7122):1022–3.
16. Angelakis E, Armougom F, Million M, Raoult D. The
relationship between gut microbiota and weight gain
in humans. Future Microbiol. 2012;7(1):91–109.

A.L. Kozyrskyj et al.
17. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti
M, Yu Y, et al. Human gut microbiota in obesity
and after gastric bypass. Obesity (Silver Spring).
2010;18(1):190–5.
18. Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA,
Donus C, et al. Microbiota and SCFA in lean and
overweight healthy subjects. Obesity (Silver Spring).
2010;18(1):190–5.
19. Duncan SH, Lobley GE, Holtrop G, Ince J, Johnstone
AM, Louis P, et al. Human colonic microbiota associated with diet, obesity and weight loss. Int J Obes.
2008;32(11):1720–4.
20. Guarner F, Malagelada JR. Gut flora in health and disease. Lancet. 2003;361(9356):512–9.
21. Rissanen A, Hakala P, Lissner L, Mattlar CE,
Koskenvuo M, Ronnemaa T. Acquired preference
especially for dietary fat and obesity: a study of
weight-discordant monozygotic twin pairs. Int J Obes
Relat Metab Disord. 2002;26(7):973–7.
22. Waldram A, Holmes E, Wang Y, Rantalainen M,
Wilson ID, Tuohy KM, et al. Top-down systems
biology modeling of host metabotype-microbiome
associations in obese rodents. J Proteome Res.
2009;8(5):2361–75.
23. 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.
24. Million M, Angelakis E, Maraninchi M, Henry
M, Giorgi R, Valero R, et al. Correlation between
body mass index and gut concentrations of
lactobacillus reuteri, Bifidobacterium animalis,

Methanobrevibacter smithii and Escherichia Coli. Int
J Obes. 2013;37(11):1460–6.
25. Koleva PT, Bridgman SL, Kozyrskyj AL. The infant
gut microbiome: evidence for obesity risk and dietary
intervention. Forum Nutr. 2015;7(4):2237–60.
26. Konikoff T, Gophna U. Oscillospira: a central, enigmatic component of the human gut microbiota. Trends
Microbiol. 2016;24(7):523–4.
27. Kohl KD, Amaya J, Passement CA, Dearing MD,
McCue MD. Unique and shared responses of the
gut microbiota to prolonged fasting: a comparative
study across five classes of vertebrate hosts. FEMS
Microbiol Ecol. 2014;90(3):883–94.
28. Davis MY, Zhang H, Brannan LE, Carman RJ,
Boone JH. Rapid change of fecal microbiome and
disappearance of Clostridium Difficile in a colonized
infant after transition from breast milk to cow milk.
Microbiome. 2016;4(1):53.
29. Karlsson CL, Onnerfalt J, Xu J, Molin G, Ahrne
S, Thorngren-Jerneck K. The microbiota of the
gut in preschool children with normal and excessive body weight. Obesity (Silver Spring).
2012;20(11):2257–61.
30. Santacruz A, Collado MC, Garcia-Valdes L, Segura
MT, Martin-Lagos JA, Anjos T, et al. Gut microbiota
composition is associated with body weight, weight
gain and biochemical parameters in pregnant women.
Br J Nutr. 2010;104(1):83–92.

4

The Gut Microbiome and Control of Weight Gain

31. Goffredo M, Mass K, Parks EJ, Wagner DA, McClure
EA, Graf J, et al. Role of gut microbiota and short
chain fatty acids in modulating energy harvest and
fat partitioning in youth. J Clin Endocrinol Metab.
2016;101(11):4367–76.
32. Rahat-Rozenbloom S, Fernandes J, Gloor GB,
Wolever TM. Evidence for greater production of
colonic short-chain fatty acids in overweight than lean
humans. Int J Obes. 2014;38(12):1525–31.
33. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C,
Bogardus C, Gordon JI, et al. Energy-balance studies reveal associations between gut microbes, caloric
load, and nutrient absorption in humans. Am J Clin
Nutr. 2011;94(1):58–65.
34. Freeland KR, Wolever TM. Acute effects of intravenous and rectal acetate on glucagon-like peptide-1,
peptide YY, ghrelin, adiponectin and tumour necrosis
factor-alpha. Br J Nutr. 2010;103(3):460–6.
35. Backhed F, Manchester JK, Semenkovich CF, Gordon
JI. Mechanisms underlying the resistance to diet-
induced obesity in germ-free mice. Proc Natl Acad
Sci U S A. 2007;104(3):979–84.
36. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan
AE, Kau AL, et al. Culture gut microbiota from
twins discordant for obesity modulate adiposity and metabolic phenotypes in mice. Science.
2013;341(6150):1–22.
37. Payne AN, Chassard C, Zimmermann M, Muler
P, Stinca S, Lacroix C. The metabolic activity of
gut microbiota of obese children is increased compared with normal-weight children and exhibits
more exhaustive substrate utilization. Nutr Diabetes.
2011;e12:1–8.
38. Perry RJ, Peng L, Barry NA, Cline GW, Zhang D,
Cardone RL, et al. Acetate mediates a microbiome-
brain-beta-cell axis to promote metabolic syndrome.
Nature. 2016;534(7606):213–7.
39. Cherbut C, Ferrier L, Roze C, Anini Y, Blottiere
H, Lecannu G, et al. Short-chain fatty acids modify
colonic motility through nerves and polypeptide
YY release in the rat. Am J Phys. 1998;275(6 Pt
1):G1415–22.
40. van der Beek CM, Canfora EE, Lenaerts K, Troost
FJ, Damink SW, Holst JJ, et al. Distal, not proximal,
colonic acetate infusions promote fat oxidation and
improve metabolic markers in overweight/obese men.
Clin Sci (Lond). 2016;130(22):2073–82.
41. De SA, Bloom SR. Gut hormones and appetite control: a focus on PYY and GLP-1 as therapeutic targets
in obesity. Gut Liver. 2012;6(1):10–20.
42. Cuche G, Cuber JC, Malbert CH. Ileal short-chain
fatty acids inhibit gastric motility by a humoral
pathway. Am J Physiol Gastrointest Liver Physiol.
2000;279(5):G925–30.
43. Rahat-Rozenbloom S, Fernandes J, Cheng J,
Wolever TM. Acute increases in serum colonic
short-chain fatty acids elicited by inulin do not
increase GLP-1 or PYY responses but may reduce
ghrelin in lean and overweight humans. Eur J Clin
Nutr. 2017;71(8):953–8.

77
44. Gerard P. Gut microbiota and obesity. Cell Mol Life
Sci. 2016;73(1):147–62.
45. Kumari M, Kozyrskyj AL. Gut microbial metabolism defines host metabolism: an emerging perspective in obesity and allergic inflammation. Obes Rev.
2017;18(1):18–31.
46. Rosenbaum M, Knight R, Leibel RL. The gut microbiota in human energy homeostasis and obesity.
Trends Endocrinol Metab. 2015;26(9):493–501.
47. Bervoets L, Van HK, Kortleven I, Van NC, Hens N,
Vael C, et al. Differences in gut microbiota composition between obese and lean children: a cross-
sectional study. Gut Pathog. 2013;5(1):10.
48. Xu P, Li M, Zhang J, Zhang T. Correlation of intestinal microbiota with overweight and obesity in Kazakh
school children. BMC Microbiol. 2012;12:283.
49. Koleva PT, Kim JS, Scott JA, Kozyrskyj
AL. Microbial programming of health and disease
starts during fetal life. Birth Defects Res C Embryo
Today. 2015;105(4):265–77.
50. Dogra S, Sakwinska O, Soh SE, Ngom-Bru C, Bruck
WM, Berger B, et al. Dynamics of infant gut microbiota are influenced by delivery mode and gestational
duration and are associated with subsequent adiposity.
MBio. 2015;6(1):e02419–4.
51. Torrazza MR, Neu J. The developing intestinal microbiome and its relationship to health and disease in the
neonate. J Perinatol. 2011;31(Suppl 1):S29–34.
52. Ajslev TA, Andersen CS, Gamborg M, Sorensen TI,
Jess T. Childhood overweight after establishment of
the gut microbiota: the role of delivery mode, pre-
pregnancy weight and early administration of antibiotics. Int J Obes. 2011;35(4):522–9.
53. Trasande L, Blustein J, Liu M, Corwin E, Cox LM,
Blaser MJ. Infant antibiotic exposures and early-life
body mass. Int J Obes. 2013;37(1):16–23.
54. Azad MB, Bridgman SL, Becker AB, Kozyrskyj
AL. Infant antibiotic exposure and the development
of childhood overweight and central adiposity. Int J
Obes. 2014;38(10):1290–8.
55. Murphy R, Stewart AW, Braithwaite I, Beasley R,
Hancox RJ, Mitchell EA. Antibiotic treatment during infancy and increased body mass index in boys:
an international cross-sectional study. Int J Obes.
2014;38(8):1115–9.
56. Scheepers LE, Penders J, Mbakwa CA, Thijs C,
Mommers M, Arts IC. The intestinal microbiota
composition and weight development in children: the KOALA birth cohort study. Int J Obes.
2015;39(1):16–25.
57. White RA, Bjornholt JV, Baird DD, Midtvedt T,
Harris JR, Pagano M, et al. Novel developmental
analyses identify longitudinal patterns of early gut
microbiota that affect infant growth. PLoS Comput
Biol. 2013;9(5):e1003042.
58. Luoto R, Kalliomaki M, Laitinen K, Delzenne NM,
Cani PD, Salminen S, et al. Initial dietary and microbiological environments deviate in normal-weight
compared to overweight children at 10 years of age.
J Pediatr Gastroenterol Nutr. 2011;52(1):90–5.

A.L. Kozyrskyj et al.

78
59. Vael C, Verhulst SL, Nelen V, Goossens H, Desager
KN. Intestinal microflora and body mass index during
the first three years of life: an observational study. Gut
Pathog. 2011;3(1):8.
60. Kalliomaki M, Collado MC, Salminen S, Isolauri
E. Early differences in fecal microbiota composition
in children may predict overweight. Am J Clin Nutr.
2008;87(3):534–8.
61. Kalliomaki M, Salminen S, Arvilommi H, Kero P,
Koskinen P, Isolauri E. Probiotics in primary prevention of atopic disease: a randomised placebo-
controlled trial. Lancet. 2001;357(9262):1076–9.
62. Armougom F, Henry M, Vialettes B, Raccah D,
Raoult D. Monitoring bacterial Community of Human
gut Microbiota Reveals an increase in lactobacillus in
obese patients and methanogens in anorexic patients.
PLoS One. 2009;4(9):1–8.
63. Gupta S, Allen-Vercoe E, Petrof EO. Fecal microbiota transplantation: in perspective. Therap Adv
Gastroenterol. 2016;9(2):229–39.
64. Horta BL, Bahl R, Martinés JC, Victoria CG. Evidence
on the long-term effects of breastfeeding: systematic
review and meta-analyses. Geneva: World Health
Organization; 2007. p. 1–57.
65. Field CJ. The immunological components of human
milk and their effect on immune development in
infants. J Nutr. 2005;135(1):1–4.
66. Jeurink PV, van BJ, Jimenez E, Knippels LM, Fernandez
L, Garssen J, et al. Human milk: a source of more life
than we imagine. Benef Microbes. 2013;4(1):17–30.
67. Coppa GV, Gabrielli O, Pierani P, Catassi C, Carlucci
A, Giorgi PL. Changes in carbohydrate composition
in human milk over 4 months of lactation. Pediatrics.
1993;91(3):637–41.
68. Bode L. Human milk oligosaccharides: every baby needs
a sugar mama. Glycobiology. 2012;22(9):1147–62.
69. den Besten G, van Eunen K, Groen AK, Venema K,
Reijngoud DJ, Bakker BM. The role of short-chain
fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J Lipid Res.
2013;54(9):2325–40.
70. McGuire MK, McGuire MA. Human milk: mother
Nature's prototypical probiotic food? Adv Nutr.
2015;6(1):112–23.
71. Arroyo R, Martin V, Maldonado A, Jimenez E,
Fernandez L, Rodriguez JM. Treatment of infectious mastitis during lactation: antibiotics versus oral
administration of lactobacilli isolated from breast
milk. Clin Infect Dis. 2010;50(12):1551–8.
72. Jimenez E, Fernandez L, Maldonado A, Martin
R, Olivares M, Xaus J, et al. Oral administration

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

of Lactobacillus strains isolated from breast milk
as an alternative for the treatment of infectious
mastitis during lactation. Appl Environ Microbiol.

2008;74(15):4650–5.
Azad MB, Konya T, Persaud RR, Guttman DS, Chari
RS, Field CJ, et al. Impact of maternal intrapartum
antibiotics, method of birth and breastfeeding on gut
microbiota during the first year of life: a prospective
cohort study. BJOG. 2016;123(6):983–93.
Bridgman SL, Konya T, Azad MB, Sears MR, Becker
AB, Turvey SE, et al. Infant gut immunity: a preliminary study of IgA associations with breastfeeding.
J Dev Orig Health Dis. 2016;7(1):68–72.
Backhed 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.
Vail B, Prentice P, Dunger DB, Hughes IA, Acerini
CL, Ong KK. Age at weaning and infant growth:
primary analysis and systematic review. J Pediatr.
2015;167(2):317–24.
Ballard O, Morrow AL. Human milk composition:
nutrients and bioactive factors. Pediatr Clin N Am.
2013;60(1):49–74.
Woo Baidal JA, Locks LM, Cheng ER, Blake-Lamb
TL, Perkins ME, Taveras EM. Risk factors for childhood obesity in the first 1,000 days: a systematic
review. Am J Prev Med. 2016;50(6):761–79.
Cabrera-Rubio R, Collado MC, Laitinen K, Salminen
S, Isolauri E, Mira A. The human milk microbiome changes over lactation and is shaped by maternal weight and mode of delivery. Am J Clin Nutr.
2012;96:544–51.
Collado MC, Isolauri E, Laitinen K, Salminen S. Effect
of mother's weight on infant's microbiota acquisition,
composition, and activity during early infancy: a prospective follow-up study initiated in early pregnancy.
Am J Clin Nutr. 2010;92(5):1023–30.
Cabrera-Rubio R, Mira-Pascual L, Mira A, Collado
MC. Impact of mode of delivery on the milk microbiota composition of healthy women. J Dev Orig Health
Dis. 2016;7(1):54–60.
Million M, Angelakis E, Paul M, Armougom F,
Leibovici L, et al. Comparative meta-analysis of the
effect of Lactobacillus species on weight gain in humans
and animals. Microb Pathog. 2012;53(2):100–8.
Abrahamsson TR, Sinkiewicz G, Jakobsson T,
Fredrikson M, Bjorksten B. Probiotic lactobacilli in
breast milk and infant stool in relation to oral intake
during the first year of life. J Pediatr Gastroenterol
Nutr. 2009;49(3):349–54.

