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Objectives: Pediatric overweight and obesity are growing problems worldwide, with increasing prevalence among
even infants and young children. The refractory nature of early overweight necessitates identifying the factors contrib-
uting to early excess weight gain for successful intervention. Early feeding practices may be particularly important in
shaping long-term vulnerability to obesity. How and what infants are fed can influence weight gain, adiposity, and
energy metabolism during infancy and across the life course through a number of interacting physiological and behav-
ioral pathways. This article argues that these biological mechanisms interact with the social and behavioral context of
infant feeding to create differential vulnerability to later obesity.
Methods: This article reviews recent research on the potential mechanisms linking infant feeding and risk of later

obesity, focusing on the emerging role of microflora colonization.
Results: The nutritive and non-nutritive components of breastmilk, formula and solid foods and the practices sur-

rounding feeding shape the infant metabolome, programming growth rates and body composition, altering metabolism
and physiology, promoting differential microfloral colonization, and shaping behavioral responses to foods and eating.
Conclusion: The occurrence of chronic disease precursors at increasingly younger ages and the tendency of over-

weight young children to become overweight adolescents and adults underscore the importance of understanding this
complex early exposure and intervening early to prevent the development of obesity in increasingly weight-promoting
environments. Am. J. Hum. Biol. 24:350–360, 2012. ' 2012 Wiley Periodicals, Inc.

INTRODUCTION

Childhood obesity has become a major concern in both
the developing and developed world. In the United States,
the prevalence of obesity among children and adolescents
has been doubled over the past 20 years, and recent data
indicate that more than one-third of children aged 2–19
are overweight (body mass index (BMI) > 85th percentile)
and over 10% are obese (BMI > 95th percentile; Ogden
et al., 2006). Along with these alarming increases in rates
of pediatric overweight, the age at which children are
becoming overweight appears to be declining as well.
According to the most recently released figures from the
Pediatric Nutrition Surveillance Study, a study of low-
income US infants and children (Polhamus et al., 2009),
the prevalence of obesity among children aged 2–5 years
increased from 12.2% in 1998 to 14.9% in 2007, while
11.3% of children under 1 year and 17.1% of children aged
12–23 months had weight-for-length z-scores (WLZ) above
the 95th percentile. What makes these figures so alarming
is that childhood obesity has the potential to become a life-
long health problem; over 50% of obese children and 70–
80% of obese adolescents will become obese adults with
increased risk of developing cardiovascular and metabolic
disorders (Dietz, 1998). The occurrence of obesity-related
health problems at increasingly younger ages (Daniels,
2006) and the seemingly refractory nature of childhood
obesity (Dietz, 1998) highlight the need to identify factors
contributing to early excess weight gain.
While the proximate causes of pediatric obesity, like

adult obesity, can typically be attributed to an imbalance
in energy intake and expenditure, obesity is also clearly a
multifactorial condition with a number of underlying bio-
logical, social, genetic, and environmental determinants.

Recent calls have been made to increase attention to how
these factors interact to contribute to the variation in indi-
vidual risk of obesity seen even within highly obesogenic
environments (Cole, 2007; Dietz and Robinson, 2008) and
to the developmental processes shaping this variability
(Gluckman and Hanson, 2008). The importance of early
life exposures in shaping long-term risk of obesity and the
development of concomitant cardiometabolic disease is
widely recognized within human biology and public health
(Benyshek, 2007; Kuzawa and Quinn, 2009). A vast
amount of epidemiological and experimental literature
has documented that factors operating pre- and perina-
tally can alter the occurrence of chronic disease through-
out the life course (Barker, 2004; Gillman, 2005). Several
recent systematic reviews also underscore the importance
of postnatal growth (Baird et al., 2005; Parsons et al.,
1999). Infants at the highest end of the distribution for
weight or BMI and those gaining weight most rapidly
have an increased risk of obesity in childhood and adoles-
cence (Baird et al., 2005), higher abdominal and whole
body fat mass in adolescence (Ekelund et al., 2007) and
adulthood (Demerath et al., 2009), and elevated levels of
metabolic risk factors, including blood pressure, insulin,
cholesterol, and triglycerides, even when controlling for
current adiposity, birthweight, childhood growth patterns,
and maternal characteristics (Ekelund et al., 2007).
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Since nutrition is a key factor in infant growth, the
early feeding environment has also received increasing
attention as an important exposure shaping later vulner-
ability to obesity (Anzman et al., 2010). Animal models,
beginning with those of McCance in the 1960s, show that
overfeeding in the post-natal period is associated with
larger adult body size with pronounced effects in animals
subsequently introduced to a ‘‘cafeteria’’ or ‘‘junk food’’
diet after weaning (McCance, 1962; Ozanne and Hales,
2004). More recently, epigenetic processes continuing af-
ter birth in response to feeding transitions have been
identified (Waterland et al., 2006). In humans, numerous
studies indicate that breastfeeding protects against the
development of later obesity (Dewey, 2003; Dietz, 2001;
Gillman et al., 2001; Owen et al., 2005). Although the
magnitude of this protective effect differs by age of follow-
up, study size, and study location, the consensus from
reviews and meta-analyses is that breastfeeding provides
a weak to moderate protection against later overweight,
with an overall reduction in odds between 20 and 30%
(Arenz et al., 2004; Harder et al., 2005; Owen et al., 2005).
Longer durations and exclusivity of breastfeeding
enhance this effect in a dose–response manner (Harder
et al., 2005) with the lowest risk seen among those
breastfed longest without formula supplementation
(Arenz et al., 2004). Although the timing of solid food
introduction has a less consistent relationship with over-
weight in infancy or childhood (Moorcroft et al., 2011),
supplementation before 4 months has been associated

with sixfold higher risk of obesity at age 3 (Huh et al.,
2011) and significantly higher BMI z-scores at age 7
(Wilson et al., 1998) among formula-fed, but not breast-fed
infants.
These differential effects of solid feeding in breast and

formula fed infants highlight the limitations inherent in
isolating the impact of any one component of the early
feeding environment on later obesity risk. Like obesity,
infant feeding is a complex, multifactorial behavior influ-
enced by biological, environmental, and social context. A
wide range of research demonstrates that both what and
how infants are fed affects short-term growth and long-
term risk for overweight (Bartok and Ventura, 2009). The
early feeding environment, therefore, can influence later
vulnerability to obesity through a number of interacting
physiological and behavioral pathways. As shown in
Figure 1 and discussed in the following sections, the nutri-
tive and non-nutritive components of breastmilk, formula
and solid foods and the practices surrounding feeding
can program growth rates and body composition, alter
metabolism and physiology, promote differential microflo-
ral colonization, and shape behavioral responses to foods
and eating. This article reviews recent research on
the potential mechanisms linking infant feeding and
risk of later obesity, focusing on the emerging role of
microflora colonization, and argues that these biological
mechanisms interact with the social and behavioral
context of infant feeding to create differential vulnerabil-
ity to later obesity.

Fig. 1. Physiological and behavioral pathways linking infant feeding, growth, and the development of pediatric obesity.
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Growth differences in breast and formula fed infants

An important proximate mechanism linking early feed-
ing to later obesity risk is feeding-related differences in
growth rate and body composition. In industrialized
countries, where infection and poor nutrition have less
influence on infant growth, breast-fed infants gain
weight more slowly than formula-fed infants (Dewey,
2001), and this slower pattern of growth may contribute
to the protective effect of breastfeeding against subse-
quent overweight (Singhal and Lanigan, 2007). The mag-
nitude and duration of growth differences between
breast-fed and formula-fed infants differ considerably
between studies due to different definitions of breastfeed-
ing, timing of follow-up, and ability to control for con-
founding factors; nonetheless, nearly all studies have
documented weight differences based on feeding type
(Dewey, 2009). Formula-fed infants weigh more within
the first weeks of life, gaining weight as breast-fed
infants typically lose weight (Dewey, 1998; Dewey, 2001).
Weight-for-age z-scores (WAZ) in breast-fed infants follow
a downward trajectory beginning around 2–3 months in
comparison to the CDC/NCHS growth reference of
mainly formula-fed infants (Kramer et al., 2004), indicat-
ing a relative deceleration in weight velocity. By the end
of the first year, formula-fed infants in affluent countries
are 400 g heavier than infants breast-fed for 9 months
and 600–650 g heavier than infants breast-fed for 12
months (Dewey, 2001).
Along with these divergent weight gain trajectories,

the type of tissue being deposited, lean or fat mass, with
weight gain differs by feeding type as well. Though study
results vary by method and ages of follow-up, breast-fed
infants tend to be leaner with lower WLZ and adiposity,
particularly during the second half of infancy when
weight gains are lower (Dewey, 2001). Exclusively,
breast-fed infants participating in the third National
Health and Nutrition Examination Study (NHANES III),
for example, had lower WLZ and mid-upper arm circum-
ference from 8 to 11 months when compared with CDC/
NCHS reference infants (Hediger et al., 2000). Con-
versely, formula-fed infants in the Davis Area Research
on Lactation in Infant Nutrition and Growth (DARLING)
Study, had greater subcutaneous skinfold thickness from
9 months through the second year of life (Dewey et al.,
1993).
Few studies have directly measured body composition,

however, so the nature of early weight gain and its long-
term effects on obesity risk remain controversial. It has
been proposed that rapid weight gain among Western
infants is more likely represent fat mass gain (Wells et al.,
2007) and, consequently, be a risk factor for the develop-
ment of later obesity (Karaolis-Danckert et al., 2006). Yet,
the question of how feeding differences shape differing
growth rates and body compositions remains unanswered.
Recent studies show that breastfeeding mediates the
effect of weight gain on overweight (van Rossem et al.,
2011) and fat mass (Karaolis-Danckert et al., 2007) in
childhood, suggesting that the impact of early feeding be
subtler than just differences in absolute size. The remain-
ing sections explore potential mechanisms linking infant
feeding to metabolic and physiological differences that
may operate independently of or in conjunction with
infant growth to contribute to differential vulnerability to
later obesity.

Feeding, macronutrients, and obesity

Substrate differences between human milk and infant
formula likely underlie some of the observed growth
differences between breast- and formula-fed infants.
Breastmilk is lower in energy and protein and higher in
fat than commercial formulas (Table 1; Worthington-Rob-
erts, 1993). Further, unlike formula, breastmilk composi-
tion varies between mothers, over the course of lactation,
and during feeds (Dettwyler, 1992), providing a mecha-
nism through which infant energetic needs and feeding
behaviors, such as frequency and duration of feeds, can
directly influence weight gain during on-demand breast-
feeding.

Energy. Differences in the volume consumed and the
slightly higher energy density of formula contribute to a
15–23% higher total energy intake in formula-fed infants
from 3 to 18 months (Heinig et al., 1993). Along with these
differences in absolute intake, patterns of intake differ as
well. Six-week-old formula-fed infants consume 20–30%
higher volumes per feed and, by 4 months, eat fewer,
larger meals and feed less frequently through the night
(Sievers et al., 2002). Differences in intake persist after
complementary foods are added to the diet (Dewey, 2009),
suggesting that breast-fed infants better match intake to
energy needs. Heinig et al. (1993) found that breastmilk
intake declined when solid foods were added to the diet of
breast-fed infants, so that energy intake did not differ
between supplemented and exclusively breast-fed groups.
A similar effect was not seen in the formula-fed infants
resulting in higher overall energy intakes with supple-
mentation. In our Infant Care and Risk of Obesity Study,
a prospective cohort study of the development of obesity
among low-income, African-American infants from central
North Carolina, supplementation of formula-fed infants
with solids and juices contributed 200 kcal above esti-
mated needs to daily energy intakes beginning as early as
3 months of age (Wasser et al., 2011), indicating that
infants were not compensating for supplementation with
lower formula intake.
The long-term impact of such seemingly small differen-

ces in energy intake may be obesogenic. Each additional
100 kcal/day consumed at 4 months was associated with
46% higher odds of overweight at 3 years and 25% higher
odds at 5 years among children in UK (Ong et al., 2006).
Animal models suggest that early energy intakes in excess
of requirements for growth and maintenance, such as
those seen with formula feeding and early supplementa-
tion in human infants, increase adipocyte number and fat
content, with lasting effects on body composition (Harvey
et al., 2007).

TABLE 1. Infant feeding and macronutrient intakes

Feeding type
Energya

(kcal/day)
Proteina

(g/day)
Fatb

(g/day)

Breastfeeding
3 months 535 6.8 37
6 months (with solids) 612 8.1
12 months (with solids) 825 22.5

Formula feeding
3 months 614 11.3 31
6 months (with solids) 755 14.1
12 months (with solids) 970 24.6

aHeinig et al. (1993).
bMeasured at 4 months of age with no solids; Noble and Emmett (2006).
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Protein. The higher protein content of formula – as much
as 50–80% higher than in breastmilk – is hypothesized to
drive many of the growth differences between breast- and
formula-fed infants (Koletzko et al., 2009a). According
this ‘‘early protein hypothesis,’’ higher protein intakes
during formula and complementary feeding, when intake
is two to four times higher than requirements, program
more rapid growth and later obesity by enhancing insulin
and insulin-like growth factor I (IGF-1) secretion. These
higher levels would, in turn, enhance growth (Hoppe
et al., 2004) by up-regulating adipogenesis and adipocyte
differentiation (Hauner et al., 1989).

Limited epidemiological evidence supports these
growth-enhancing effects of higher protein intakes. A
recent multicenter European randomized control trial,
however, found higher weight, weight-for-length, and
BMI in infants receiving formula with 3 g protein/100 kcal
when compared with those receiving formula with lower
protein content (1.8 g protein/100 kcal) or breastmilk,
holding the volume-consumed constant. The impact of
these different protein levels, which were within the
range of commercially available formulas, were seen
within the first 6 months and persisted to 24 months
(Koletzko et al., 2009b). Other longitudinal studies
suggest that the protein levels encountered during compli-
mentary feeding rather than during early milk feeding,
may be the more important for programming body compo-
sition and hormonal response (Gunther et al., 2010).
Protein intake at 12 months, but not at 6 months, was
associated with higher child BMI and %body fat at age 7
in a longitudinal study of German infants and children
(Gunther et al., 2010). Interestingly, the type of protein
consumed was also important and higher dairy protein
was independently associated with a higher %body fat at
age 7 (Gunther et al., 2007). Cows’ milk formula and cows’
milk were similarly associated with higher weight, length,
and weight-for-length beginning in the third month of life
in the PROBIT study from Belarus (Kramer et al., 2004).
These studies, along with research in older children link-
ing milk intake to adolescent height (Wiley, 2005), suggest
that higher dairy protein intakes may stimulate linear
growth and adiposity.

Fat. Unlike the lower energy and protein levels seen in
human milk, fat content is higher in human milk than in
commercially available formulas and contains a different
concentration of long-chain polyunsaturated fatty acids
(LCPUFAs; Shahkhalili et al., 2011). The proportion of
energy received from fat also changes dramatically during
complementary feeding. Intakes decline from around 50%
of total energy in breastmilk to 30–35% of total energy
because of the partial replacement of higher fat breast-
milk and formula with more carbohydrate-rich weaning
foods, such as fruits, vegetables, and cereals (Capdevila
et al., 1998). To date, epidemiological studies have not
found a significant association between fat intake in
infancy and early childhood and weight gain or BMI
(Agostoni et al., 2008); however, experimental studies
document a plausible mechanistic link between fat intake
and body composition. Weaning diets with a low ratio of
fat to carbohydrates led to greater adult fat mass in rats,
particularly when weaned animals were transitioned to a
high-fat adult diet (Shahkhalili et al., 2011). Other
research suggests that the omega 6/omega 3 ratio of infant

formula stimulates adipocyte growth and differentiation
(Ailhaud et al., 2006). In humans, higher levels of breast-
milk LCPUFAs are associated with lower glucose levels in
the skeletal muscle of breast-fed infants and reduced
plasma levels of pro-inflammatory cytokines (Das, 2002).
This link between fatty acid profile and inflammation may
be particularly important given the well-established links
between systemic inflammation and the development of
obesity and cardiometabolic disease (Dandona et al., 2004;
Yudkin, 2007).

Together these differences in energy, protein and fat
content of breastmilk, and formula and differences in
feeding patterns could program later vulnerability to obe-
sity by promoting higher energy and protein intakes and
altering energy balance among formula-fed infants.
Higher basal insulin levels and prolonged insulin
response accompany formula-feeding as early as the first
week of life (Lucas et al., 1981), and the presence of simi-
lar patterns in 4-month-old formula-fed infants suggest
that formula feeding is associated with some degree of in-
sulin resistance (Lonnerdal and Havel, 2000). The higher
energy and protein intakes associated with formula-feed-
ing, therefore, may promote hyperinsulinemia and more
rapid growth characterized by increased fat tissue relative
to lean body mass. The long-term effects of this differen-
tial growth would be obesogenic as insulin-mediated
glucose utilization shifts from skeletal muscle to adipose
tissue (Manco et al., 2011). Conversely, lower fat intake
during complementary feeding may predispose infants to
increased vulnerability to high fat diets later in life
through possible effects on inflammation (Das, 2002;
Shahkhalili et al., 2011). While many of these effects may
be subtle in infancy, their long-term impact, particularly
for children exposed to obesogenic environments, could be
considerable in environments with abundant energy-
dense foods (Symonds, 2007).

Feeding, hormones, and obesity

Unlike infant formula, breastmilk also contains hun-
dreds of non-nutritive, bioactive components, many of
which can influence short and long-term patterns of
growth through their regulation of nutrient use and me-
tabolism (Hamosh, 2001). The recent identification of adi-
pokines and hormones in breastmilk, including leptin,
ghrelin, and adiponectin, has led some researchers to pro-
pose that these hormones are involved in both the short-
term regulation of infant weight gain and the long-term
programming of the neuroendocrine pathways involved in
appetite regulation with downstream effects on later obe-
sity risk (Table 2; Agostini, 2005; Savino et al., 2009b).
Research to date has predominantly focused on confirming
the presence of these growth-regulating factors in breast-
milk, comparing serum-levels in formula- and breast-fed
infants and relating serum levels to infant growth (Bartok
and Ventura, 2009); consequently, less is known about
how these hormones may regulate infant growth or the
long-term impacts of these differences for later obesity
risk. Theoretically, these breastmilk-derived hormones
could influence weight gain and program appetite by pro-
viding hunger and satiety cues to infants along with con-
sumed milk.
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Leptin. Leptin, a hormone produced by fat tissue that
acts as a satiety factor, is negatively associated with
weight gain across infancy and early childhood (Dundar
et al., 2005). Breastmilk-derived leptin may promote
slower weight gain during breastfeeding by providing
infants with a satiety signal. Leptin receptors have been
found in the gastrointestinal epithelium and experimental
models document that physiological levels of leptin can be
absorbed through the stomach, down-regulating endoge-
nous leptin production and reducing food intake in neona-
tal rats (Sanchez et al., 2005). Whether human milk-
derived leptin can similarly avoid digestion and influence
infant bioactivity is the source of considerable debate
(Gillman and Mantzoros, 2007; Savino et al., 2009a); how-
ever, breastmilk levels are positively associated with cir-
culating maternal levels and infant plasma levels (Savino
et al., 2009b), leading to higher infant serum levels in
some (Savino et al., 2009b), but not all (Lonnerdal and
Havel, 2000), studies. Leptin concentrations also vary
with milk composition, and levels are higher in whole
than skimmed human milk (Wagner et al., 2008). This
association of leptin with milk fat may couple the energy-
density of breastmilk to fullness cues, since infants would
receive the signal most strongly when emptying the breast
and consuming the high-fat hindmilk (Daly et al., 1993).
While caution is needed in interpreting these findings,
since milk fat artificially elevates radioimmunoassay lep-
tin levels and levels in skimmed samples may be too low
to be physiologically active (Lonnerdal and Havel, 2000),
this coupling of satiety signal and energy density could
provide a mechanism linking on-demand breastfeeding to
the neural programming of appetite with consequences
for later energy regulation.

Ghrelin. Less is known about the physiological function
of ghrelin, a hormone produced by the stomach that func-
tions as a hunger signal, in programming obesity risk.
Ghrelin may influence acute and chronic energy balance
by stimulating food intake and growth hormone secretion,
thereby increasing body weight and promoting adipogene-
sis (Castaneda et al., 2010). Ghrelin concentrations in the
breast increase during lactation and breastmilk levels are
significantly associated with infant serum levels (Agos-
tini, 2005). Ghrelin is upregulated during periods of rapid
growth and is positively associated with weight and
length gain in the first months of life (James et al., 2004).
This upregulation may promote increased appetite and
greater energy intake facilitating adipose tissue deposi-
tion during early infancy. Ghrelin levels are also higher in

formula-fed infants and a positive association between cir-
culating ghrelin and between-meal fasting times develops
within the first 6 months of life (Savino et al., 2009b),
potentially linking patterns of formula feeding to
increased appetite.

Adiponectin. The function of breastmilk-derived adipo-
nectin in postnatal growth is unclear (Weyermann et al.,
2007). In children and adults, adiponectin is produced by
adipose tissue and is inversely associated with fat mass,
insulin sensitivity, and fatty acid metabolism leading to a
protective effect against obesity and cardiometabolic dis-
ease (Yamauchi et al., 2001). Questions remain about the
bioavailability of breastmilk-derived adiponectin (Gillman
and Mantzoros, 2007), but preliminary research reveals
its presence in breastmilk at high levels in a glycosylated
form that may avoid proteolysis in the stomach and pro-
mote biological activity in the infant (Newburg et al.,
2010). In cohort studies in the United States and Mexico
(Newburg et al., 2010; Woo et al., 2009), higher concentra-
tions of breastmilk adiponectin were associated with
lower infant WAZ and WLZ across the first 6 months.
The association was stronger during the first 3 months
leading researchers to propose that protective effects
of adiponectin depend on the current ingestion of milk
(Woo et al., 2009).

Hormonally mediated hunger and satiety cues such as
those provided by leptin, ghrelin, and adiponectin may be
critical in programming of appetite regulation in response
to infant diet and feeding patterns. Rapid infant growth
and the macronutrients that promote, or at least support,
it also appear to influence appetite regulation, since low
birth weight and/or rapid infant growth both upregulate
appetite (Cole, 2007; Drewett and Amatayakul, 1999).
Feeding differences and energy intake in particular may
entrain the hypothalamic neural circuitry regulating
appetite by inducing permanent changes in the complex
pathway linking the hypothalamus, gastrointestinal tract,
and adipose tissues (Agostini, 2005). The presence of hor-
monal differences between breast- and formula-fed
infants provides evidence that feeding type has a meta-
bolic effect in infants; however, it is still unknown
whether these differences represent a cause or an effect of
increased energy intake (Dewey, 2009). Growth differen-
ces and differential vulnerability to later obesity between
breast- and formula-fed infants, therefore, might result
from different endocrine responses to feeding or from
exposure to the bioactive substances in breastmilk that

TABLE 2. Infant feeding and hormonesa

Hormone Sources Function
Present in
breastmilk

Differences with
infant feeding

Association with
infant growth

Leptin Adipose tissue, mammary
gland, other sites

Satiety signal, reduces
food intake

Yes Higher in breastfed
infants

Inversely associated
with BMIb

Ghrelin Stomach, intestine,
other sites

Hunger signal, stimulates
GH secretion

Yes Higher in formula
fed infants

Positively associated with
weight and length gainc

Adiponectin Adipose tissue Improves insulin sensitivity,
increases fatty acid metabolism,
anti-inflammatory

Yes Higher in breast-fed
infants

Inversely associated with
WAZ and WLZd

aModified from Savino et al. (2009a,b).
bSavino et al. (2005).
cJames et al. (2004).
dNewburg et al. (2010), Woo et al. (2009).

354 A.L. THOMPSON

American Journal of Human Biology



subsequently influence energy intake and metabolism
(Agostini, 2005).

Feeding, intestinal microflora, and obesity

Along with its nutritive and hormonal content, the com-
position of the early diet also shapes differential bacterial
colonization of the intestine during development. Estab-
lished early in life and relatively stable once established,
this complex microbiome, containing 1010 to 1011 bacterial
cells of several hundreds of different species in combina-
tions that are distinct even between monozygotic twins
(Palmer et al., 2007; Turnbaugh et al., 2006), has received
extensive attention over the past decade. Emerging evi-
dence suggests that development of the intestinal micro-
biome is a critical pathway linking early environments
and diet to later obesity risk and cardiometabolic disease
(Edwards and Parrett, 2002). The gut microflora play an
important role in host energy balance through a number
of intertwined metabolic pathways (Backhed, 2010),
including the processing of indigestible polysaccharides
into simple sugars and short-chain fatty acids (Guarner
and Malagelada, 2003). Since bacteria differ in their
energy extracting capabilities (Blaut and Clavel, 2007;
Cani and Delzenne, 2007), colonization patterns can influ-
ence infant growth and also long-term energy absorption
and adipose development.

Human, and mammalian infants more generally, are
born with sterile intestines, which undergo rapid coloniza-
tion through exposure to the neonatal environment,
including type of birth (vaginal or Caesarian), hygiene
measures, and early feeding practices (Guarner and Mala-
gelada, 2003). Exposure to maternal vaginal and fecal
microbiota drives initial colonization (Edwards and Par-
rett, 2002), and changes in maternal bacteria with preg-
nancy weight gain can influence early infant colonization
(Vael and Desager, 2009). In their prospective study, Col-
lado et al. (2008) found that women who were overweight
prior to pregnancy or who gained excess weight during
pregnancy had higher levels of Bacteroides and Prevotella.
The prevalence of these bacteria types were higher in
their children at 1 and 6 months of age (Collado et al.,
2010), providing evidence for the inter-generational trans-
mission of weight-promoting bacteria with colonization
that persists at least through early infancy.

Microflora establishment is particularly responsive to
the early feeding exposures, including the type of milk
(breastmilk or formula) consumed and the introduction of
solid foods (Edwards and Parrett, 2002; Guarner and
Malagelada, 2003; Orrhage and Nord, 1999; Palmer et al.,
2007). Breast-fed infants are traditionally characterized
as having less diverse colonization and greater propor-
tions of Bifidobacteria and Lactobacillus; formula-fed
infants, on the other hand, have a more complex micro-
biota with greater proportions of Bacteroides, Clostrid-
ium, and Enterobacteria (Marques et al., 2010; Orrhage
and Nord, 1999; Vael and Desager, 2009). These differen-
ces, shown in Table 3, have been attributed to the bioac-
tive and dietary components of breastmilk, which acts as
a source of bacteria (Marques et al., 2010) and promotes
the growth of beneficial microbes (Chierici et al., 2003).
Breastmilk from healthy mothers provides a continuous
source of bacteria and contains 109 microbes/l from differ-
ent bacterial groups including Staphylococcus, Streptococ-
cus, Bifidobacteria, and lactic acid bacteria (Marques

et al., 2010). Breastmilk oligosaccharides further promote
the growth of beneficial microbiota, particularly Bifido-
bacteria. Studies since the 1980s have found fewer con-
sistent differences between breast- and formula-fed
infants in Bifidobacteria and Lactobacillus, and it is
unknown whether this is due to different analytic techni-
ques or to the recent inclusion of prebiotics in formula
that more closely mimic human milk (Marques et al.,
2010; Satokari et al., 2002). Nonetheless, Bifidobacteria –
which are positively associated with improved glucose tol-
erance and inversely associated with weight gain and
inflammation (Backhed, 2010) – are over-represented in
breast-fed infants when compared with adults (Zivkovic
et al., 2011).
Bacterial concentrations undergo additional change in

both breast- and formula-fed infants as solids foods are
introduced into the diet (Amarri et al., 2006; Nielsen
et al., 2007). During weaning, infants are first exposed to
many non-digestible plant carbohydrates, which then
enter the colon and influence microfloral colonization by
producing new substrates for the survival and dominance
of species not supported by breastmilk and/or formula
(Fallani et al., 2011; Parrett and Edwards, 1997). Mice
show a dramatic shift in microbial ecology as a high-fat
milk diet is replaced by a carbohydrate-rich weaning diet
and this shift is accompanied by an increase in the meta-
bolic capacity of the small intestine (Reinhardt et al.,
2009). Although few studies have examined the dynamics
of microflora colonization during early weaning in human
infants or among infants who are fed with both breast-
milk and formula, the establishment of a more adult-like
microflora follows the transition to solid foods. A recent
comparison of infants from five different European sites
revealed that, while infant microfloral composition
changed within 1 month of the introduction of solid foods,
pre-weaning feeding type had a persistent effect on coloni-
zation (Fallani et al., 2011), indicating that this process
may be more gradual than previously thought.
Few data exist on the association between early micro-

biome development and later risk of obesity; however, the
composition of the intestinal microbiome, in particular,
the relative proportion of Firmicutes to Bacteroides-type
bacteria, is associated with obesity in both animal models
and adult human studies. Obese mice have �50% lower
levels of Bacteroides and correspondingly higher levels of
Firmicutes than their lean counterparts (Ley et al., 2005).
Similarly, obese adults have more Firmicutes and fewer
Bacteroides than lean controls and weight-disparate twin
pairs have different phyla proportions (Turnbaugh and

TABLE 3. Major bacteria types associated with infant feeding typesa

Feeding type Predominant colonies

Breastfeeding (BF) �Bifidobacteria and Lactobacillusb

>Staphylococcus and Lactobacillus rhamnosus
Formula-feeding (FF) �Bifidobacteria and Lactobacillusc

>Clostridium, Bacteroides, Enterobacteria,
and Enterococcus

BF 1 solids 5Enterobacteria and Bifidobacteriad

>Enterococcus and Bacteroides
FF 1 solids Fewer changese

Weaned infants Adult-like > 400 species

aModified from (Orrhage and Nord, 1999).
bCompared to FF.
cCompared to BF.
dCompared to BF only.
eCompared to FF only.
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Gordon, 2009). The proportion of Bacteroides increases
with weight loss, suggesting that bacterial type may be
mechanistically related to body weight regulation. Causal-
ity between bacteria and weight changes is supported by
germ-free rodent studies. Gut microbiota transfer from
obese mice to germ-free mice resulted in higher weight
gain when compared with genetically identical mice
receiving gut microbiota from lean mice (Backhed et al.,
2007). Weight gain in these animals resulted from
increased energy extraction from plant-derived polysac-
charides and the upregulation of carbohydrate and lipid-
utilizing genes in the microbiome, providing �10% addi-
tional energy to the host (Ley, 2010).
Preliminary evidence suggests that the composition of

the microbiome may be similarly associated with weight
gain and adipose deposition in infancy. A single prospective
study of the association of infant colonization and later risk
of obesity suggests that early microfloral differences pre-
cede the development of obesity. In their study of Belgian
infants, Vael et al. (2011) found that BMI z-scores between
1 and 3 years old were positively associated with levels of
Bacteroides at 3 and 52 weeks of age and negatively with
Staphylococcus at 3 and 26 weeks of age, controlling for
infant feeding and a number of other risk factors for higher
BMI. Overweight incidence in 7-year-old children was
related to differences in microbiota at 6 and 12 months of
age in a recent study (Kalliomaki et al., 2008). The over-
weight children, however, already had greater BMI at 6
and 12 months, indicating a need for further analysis of the
temporal relationship between intestinal bacteria develop-
ment and body size in infancy. Preliminary data analysis
from our longitudinal study of infant feeding, microflora de-
velopment, and infant growth over the first 15 months of
life in mainly breast-fed, US infants (Thompson et al.,
2011) has identified phyla-level changes in bacterial coloni-
zation with feeding transitions. The proportion of Firmi-
cutes-type bacteria increased with both the cessation of
breastfeeding and the introduction of formula. Higher pro-
portions of Firmicutes were associated with subsequently
greater weight gain and higher adiposity, potentially link-
ing changes in early feeding to later obesity risk.
While still a new and rapidly emerging field, studies of

the developmental microbial ecology indicate that post-
natal conditions, and the early feeding environment in
particular, affect the dynamics of bacterial acquisition and
microbiome maturation. Diet is a key determinant of
microfloral colonization, providing nutrients for the main-
tenance and growth of commensal bacterial communities
and acting as a selective factor for differential bacterial
colonization (Blaut and Clavel, 2007). High fat or carbohy-
drate diets, for example, modulate dominant microflora
populations in the gut, with downstream effects on inflam-
mation and the development of insulin resistance and
type 2-diabetes (Cani and Delzenne, 2007). Alterations in
the gut flora associated with feeding patterns, therefore,
may influence the absorption and storage of energy, link-
ing the nutritive content and bioactive composition of
early feeding to infant weight gain and long-term vulner-
ability to obesity.

Socioenviroments, feeding behavior, and obesity

Interacting with these biological correlates of feeding
type, milk composition and delivery mode, socioenviron-
mental factors shaping feeding practices, and the behav-

iors surrounding feeding further influence long-term
vulnerability to obesity by shaping eating behaviors
and responses to satiety cues. Although presented
separately, infant feeding is inherently a biological and
behavioral practice, and a large number of confounding
factors, including maternal weight status, education,
socioeconomic status, maternal smoking, sleep duration,
physical activity and television viewing, can influence
child growth and weight status independently of or
interactively with infant feeding (Bartok and Ventura,
2009).
Disentangling the physiological effects of breast, for-

mula, or complementary feeding is difficult and requires
control of confounding variables that are not always pres-
ent or complete (Butte, 2009). Retrospective studies often
rely on maternal recall of infant feeding practices and
have limited ability to control for factors associated with
both feeding and the development of overweight (Adair,
2008). In industrialized countries, for example, mothers
who breastfeed tend to be more educated, wealthier, older,
and have more social support (Hendricks et al., 2006),
characteristics that are also associated with healthier life-
styles, higher levels of physical activity, and better diets
(Dietz, 2001). Further, these mothers may be more aware
of the risks of obesity and may try to limit the amount of
formula and types of foods given to their infants (Kramer
et al., 2002). Conversely, overweight mothers are substan-
tially more likely to have children who are overweight
(Dietz, 2001) and are also less likely to breastfed (Li et al.,
2005) partly due to physiological challenges in initiating
breastfeeding. Higher maternal pre-pregnancy BMI is
associated with delayed onset of milk production and fail-
ure to establish lactation before hospital discharge, a risk
factor for shorter breastfeeding duration (Rasmussen
et al., 2001). Such differences in maternal and environ-
mental characteristics, therefore, could mask or enhance
a biological association between feeding and the develop-
ment of obesity.
The decision to breastfeed and the continuation of

breastfeeding are inherently markers of multivalent cul-
tural, lifestyle, and environmental characteristics, all of
which can vary by location, cultural context, and individ-
ual mother–infant dyads. Yet, caregiver decisions shape
the early feeding environment beyond just the decision to
breast or formula feed. Caregivers regulate the frequency
of feeding and the types and amounts of food offered to
infants and young children (Adair, 2008; Birch and Davi-
son, 2001) and model patterns of eating (Savage et al.,
2007). Children’s preferences and dietary intake largely
reflect the foods that become familiar to them (Savage
et al., 2007). Consequently, the transition to solid feeding
represents a salient period for shaping later eating
behaviors. Breastfeeding shapes this later food accep-
tance by exposing infants to the flavors of mothers’ diets
and serving as a ‘‘flavor bridge’’ between a milk-based
diet and a more adult-like diet (Mennella and Beau-
champ, 1996; Taveras et al., 2004). Food acceptance is
higher in breast-fed infants, particularly for foods
like vegetables that are not normally accepted flavors
(Sullivan and Birch, 1994). Food neophobia, preference
for a single preparation type and food rejection are
lower among pre-school children who were exclusively
breast-fed, while earlier complimentary feeding before 6
months was associated 2.5 higher risk of neophobia
(Shim et al., 2011).
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Maternal diet quality also shapes food acceptance and
child diet patterns both positively and negatively. Fruit
and vegetable intakes are higher among infants and
young children whose mothers eat more fruits and vegeta-
bles (Hart et al., 2010) while infants whose mothers have
‘‘poor’’ diet quality (do not eat breakfast and have fewer
than one serving of fruits, vegetables, or dairy per day)
are more likely to be given solid foods early and to be fed
inappropriate quantities of foods (Lee et al., 2005). Since
the presence and accessibility of fruits and vegetables or
snack foods (Hart et al., 2010) appear to influence intake,
differences in early food environments and feeding may
both promote adiposity during infancy and also shape
long-term preferences for energy-dense foods, a risk factor
for the development of obesity in a nutrient-rich environ-
ment (Drewnowski, 2004).

The interaction between physiological and behavioral
characteristics of the early feeding environment can be
seen in the development of self-regulation and responsiv-
ity to satiety cues. Both breast- and formula-fed infants
appear to be able to alter their daily intake in response to
fat content and energy density of milk (Dewey, 2009); how-
ever, parental feeding practices can override these inter-
nal cues. Formula-fed infants, for example, consume more
in response to bottle size and mothers’ bottle-feeding
behaviors. The use of larger bottles at 3 months has been
associated with greater infant energy intake and higher
weight gain from 3 to 5 months of age, and the practice of
emptying the bottle has been associated with larger sub-
cutaneous skinfolds at 5 months of age (Dewey, 2009).
Controlling feeding styles, such as pressuring infants to
finish a bottle or restricting children’s access to preferred
foods, promote over-eating and poor self-regulation
(Fisher and Birch, 1999). Maternal control of feeding at 6
months influenced rates of weight gain between 6 and 12
months in British infants (Farrow and Blissett, 2006)
while parental encouragement to eat was associated with
higher WAZ in 12–30 month old children (Klesges et al.,
1983).

Breastfeeding promotes a more responsive maternal
feeding style and allows infants more control over feeding
volume and cessation (Fisher et al., 2000). Exclusive
breastfeeding for 6 months is associated with lower levels
of restriction in later infancy (Taveras et al., 2004) and
breastfeeding for 12 months with lower levels of control at
18 months (Fisher et al., 2000). Lower levels of maternal
control allow infants to self-regulate their intake in
response to hunger and satiety. Birch and Fisher (1998)
found that children who were breast-fed as infants were
better able to adjust their intake at meals in response to a
high-calorie preload, suggesting that breast-fed infants
were better able to judge satiety signals. This learned self-
regulation – along with exposure to energy-regulating
hormones within breastmilk and the establishment of a
healthy gut microbiome – might have long-term effects on
eating behavior, linking breastfeeding to reduced rates of
obesity in childhood and later adolescence (Agras et al.,
1990; Fisher et al., 2000).

CONCLUSION AND FUTURE DIRECTIONS

As summarized in Figure 1, the early feeding environ-
ment may influence the long-term development of obesity
and cardiometabolic disease through a number of inter-
related pathways. The epidemiological and experimental

research outlined above suggests that differences in food
composition and feeding behavior interact with physiolog-
ical, neurohormonal, and microbiological factors to shape
infant growth, body composition, appetite, and energy me-
tabolism (Haemer et al., 2009). The lower levels of energy
and protein and higher levels of fat in human milk may
directly influence obesity risk by slowing weight gain and
reducing adiposity. Conversely, the higher energy and pro-
tein intakes of formula- and complementary-fed infants
may drive more rapid weight gain, greater fat deposition,
and reduced insulin sensitivity through the upregulation
of insulin and IGF-1 (Koletzko et al., 2009a). Hormonal
mediators, provided by breastmilk or endogenously pro-
duced in response to the differing energy, protein and fat
intakes of breastmilk, formula, and complementary foods,
may shape long-term obesity risk by entraining the infant
metabolome, linking food intake, adipose tissue deposi-
tion, and the developing hypothalamus to program appe-
tite and energy utilization (Agostini, 2005). The intestinal
microbiome established in response to early feeding may
alter energy metabolism and body composition by deter-
mining the amount of energy that can be extracted from
the diet. Formula and early complementary feeding may
influence the development of obesity by promoting the
establishment of microflora better able to extract more
utilizable energy from carbohydrate- and fat-rich diets.
These nutritive and non-nutritive components of early
diets further interact with the socioenvironmental
conditions influencing infant feeding decisions and the
attitudes and practices surrounding feeding. The foods
available in the early feeding environment may shape
long-term eating patterns while parental feeding styles
may enhance or suppress infants’ ability to self-regulate
intake in response to energetic needs for growth and activ-
ity. Together these nutritive, hormonal, microbiological,
social, and behavioral exposures interact to shape long-
term vulnerability to obesity through their overt effects on
infant growth rates and their more subtle, and potentially
more long-lasting, impacts on appetite, energy utilization,
and eating behaviors.
Given this complexity, it is not surprising that studies

examining one aspect of feeding, such as breastfeeding du-
ration, have not found strong associations with later obe-
sity risk. Nonetheless, substantial evidence points to the
importance of the early feeding environment in shaping
the physiological, metabolic, and behavioral pathways
leading to the development of child and adolescent obesity.
Developmental cues received through even subtle behav-
ioral and physiological feeding experiences may create
sensitivity to later conditions, influencing appetite, food
intake, and metabolic partitioning (Gluckman and Han-
son, 2008) and creating vulnerability to obesity as chil-
dren grow up in increasingly weight-promoting environ-
ments (Adair, 2008). Further research is needed to more
fully understand the maternal-infant, household, and
community factors shaping the development of an obesity-
vulnerable physiology. In particular, greater attention has
to be paid to the impacts of mixed feeding and early com-
plementary feeding, two common and understudied feed-
ing practices, on infant macronutrient intakes and hormo-
nal development. Longitudinal examination of early feed-
ing behaviors and their physiological sequelae will permit
researchers to better assess the causal relationship
between feeding and obesity, controlling for the bi-direc-
tionality inherent in maternal-infant feeding practices
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and the important mediating effects of sociocultural
and behavioral factors. This clearer understanding of
the impact of early feeding on the physiological and
behavioral regulation of eating behaviors and energy
metabolism is critical for intervening early to prevent the
development of obesity and concomitant cardiometabolic
disease.
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