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ABSTRACT: This article reviews the role of protein intake on metabolic programming early in life. The observations that breastfeeding in infancy reduces

the risk of being overweight and obese later in life and the differences in the protein content between formula milk and human milk have generated the

carly protein hypothesis. The present review focuses on a mechanistic approach to programmed adiposity and the growth and development of other organs

by protein intake in infancy, which may be mediated by branched-chain amino acids, insulin, and insulin-like growth factor 1 via the mammalian target

of rapamycin. Observational studies and clinical trials have shown that lowering the protein content in infant and follow-on formulas may reduce the risk

of becoming obese later in life. The recent body of evidence is currently being translated into new policies. Therefore, the evolution of European regulatory

laws and recommendations by expert panels on the protein content of infant and follow-on formulas are also reviewed. Research gaps, such as the critical

window for programming adiposity by protein intake, testing formulas with modified amino acids, and the long-term consequences of differences in protein

intake on organ functionality among well-nourished infants, have been identified.
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Introduction
The increased prevalence rates of noncommunicable diseases,
such as obesity, have been a matter of public health and of eco-
nomic burden in developed countries in the recent decades.?
The difficulty and cost associated with treating obesity and
related disorders have increased the interest in early prevention.
In this context, the study of early metabolic programming has
gained importance. The concept of early metabolic program-
ming, ie, a “nutritional stimulus or insult during critical peri-
ods of development may affect health later in life,”® has been
widely demonstrated in animal models and human studies.

Rapid Early Growth Is Associated With Later
Obesity Risk

One of the most important factors that predict being over-
weight in childhood and adulthood is early growth. A
systematic review and meta-analyses published in 2013
by Weng et al concluded that early rapid weight gain is an
early identifiable risk factor that increases the likelihood of
being overweight and obese in childhood.* The UK Millen-
nium Cohort Study found that rapid weight gain during the
first year of life resulted in a fourfold increased risk of being

overweight or obese at three years (defined as weight for age
z-score >0.67 standard deviations [SD]).> Furthermore, a
meta-analysis conducted on 10 cohort studies in 2012° con-
cluded that each weight gain z-score from birth to one year
increased the risk of being overweight or obese in adulthood.
In other words, modulating weight gain during the first year of
life may be a tool to prevent obesity.

Basis for the Metabolic Programming of Adiposity
by Protein Intake in Infancy
In the 1900s, King stated that nothing is comparable to breast
milk, the birthright of the newborn.” However, in the 1930s,
breast milk was considered to be simply food and started to be
frequently replaced by infant formula.® Since then, pediatri-
cians have required eight decades to realize that milk and
infant formula cannot be handled as simply food; rather, they
are a mammalian programming system of great importance
for long-term human health. Currently, breastfeeding is
known as a lactation genome-controlled physiological method
of infant feeding of mammals.>!

Based on systematic reviews and meta-analyses, breast-
feeding is well known to reduce obesity risk. A meta-analyses
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performed by Arenz et al'? showed that breastfeeding resulted
in a 22% reduction in childhood obesity. More recently, in
2012, a meta-analysis published by Weng et al* showed that
having been breast-fed (independent of duration) resulted in a
mean reduction in the obesity risk of 15% compared with never
having been breast-fed. In 1999, an observational study had
already shown a dose-dependent association between breast-
teeding and the prevention of being overweight and obesity;
children who had been breast-fed for <2 months had an odds
ratio (OR) of being overweight at the school age of 0.85 com-
pared with children who had never been breast-fed, whereas
infants breast-fed for >12 months had an OR of <0.5.13
Several factors may influence the protective effect of
breastfeeding, such as the presence of hormones and adi-
pokines in human milk, which may contribute to the self-
regulation of an infant’s appetite,' the parental pressure to
feed the infant with formula, and the lower protein supply in
human milk compared with formula milk.!> Protein intake
has been associated with increase in the body mass index
(BMI) in children based on observational studies conducted
in different countries and at different ages. The DONALD
study found that children who had a high-protein intake at
18-24 months had an increased risk of being overweight

and overfat at the age of seven years.!® Similarly, Scaglioni

et alt’

reported a significant association between protein
intake at one year of age and the risk of being overweight at
five years. Among others, these observations have led to the

development of the so-called early protein hypothesis.

Early Protein Hypothesis

The early protein hypothesis suggests that the protective
effect of breastfeeding might be due (at least in part) to the
lower protein content in human milk compared with cow’s
milk-based formulas. A high-protein intake in early child-
hood may increase the levels of insulin-releasing amino acids
(branched-chain amino acids), which may in turn stimulate
insulin and insulin-like growth factor 1 (IGF-1) secretion,
which are all upstream of the mammalian target of rapamy-
cin (mTOR) growth signaling network. Then, these factors
may stimulate growth and adipogenic activity (Fig. 1).!8 The
rationale to link increased early protein intake with not only
higher weight gain but also obesity risk later in life relies
on the fact that faster weight gain in infancy is associated
with increased adipogenesis and later obesity risk (as men-
tioned in the Rapid Early Growth Is Associated With Later
Obesity Risk section). Therefore, the stimulation of weight
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Figure 1. The early protein hypothesis (adapted from Koletzko et al).'® High-protein intake in early childhood may increase the levels of insulin-releasing

amino acids, which may consequently stimulate insulin and IGF-1 secretion
obesity and associated disorders.

and stimulate growth and adipogenic activity to increase the long-term risk of
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gain by protein intake early in life would translate into an
increased later obesity risk.

The EU Childhood Obesity Project (EU CHOP) is a
randomized clinical trial designed to demonstrate the early
protein hypothesis. Between 2002 and 2004, >1670 infants
were recruited in five European countries (Germany, Belgium,
Italy, Poland, and Spain) during the first two months of life.
Formula-fed infants were randomized to be fed either a lower
(1.77 g and 2.2 g protein/100 kcal) or a higher (2.9 gand 4.4 ¢
protein/100 kcal, respectively) protein infant and follow-on
formula, respectively (the lowest and highest ranges of the
recommendations at the time of the study)!’ during the first
year of life.2° Breastfed infants served as a gold standard refer-
ence of growth and development. At two years, infants fed the
lower protein content formula had a significantly lower BMI
and weight per length, whereas the body length did not differ
from that of infants fed the higher protein content formula.?

These results were partially supported by a shorter, recently
published clinical trial, in which feeding infants formula with a
reduced protein content starting at three months of age decel-
erated weight gain from 4 to 12 months compared with feeding
those with a formula containing higher levels of protein.?!

In addition, the EU CHOP was able to demonstrate the
different steps of the mechanism proposed by the early protein
hypothesis. Infants fed the higher protein formula exhibited
increased blood levels of branched-chain amino acids, IGF-1,
and faster weight gain at six months of life, and weight gain
was associated with increased fat mass but not increased lean
mass at six months.?? Children from the EU CHOP were fol-
lowed up until the age of six years, when BMI and obesity risk
were reduced among children who had been fed the lower pro-
tein content formula compared with the higher protein group
(5% vs. 10%, respectively, obesity prevalence rate).?
Imbalanced mTORCI1 Signaling Due to High-protein
Formula Feeding
The target of rapamycin (TOR) is a highly conserved protein
kinase?* that was first found to confer resistance to the growth
inhibitory properties of rapamycin in the yeast Saccharomyces
cerevisiae.”® This inhibition was later confirmed in all eukary-
ote organisms, including mammals.?® The mTOR is the central
coordinator (checkpoint) of two signaling complexes, m”TORC1
and mTORC2.?” Upstream and downstream mTORC1 signal-
ing inputs determine the mass (size) of the cells and respond
to nutrients, such as essential branched-chain amino acids
(predominantly leucine, valine, and isoleucine), glutamine, and
growth factors, such as insulin and IGF-1. mMTORC?2 determines
the shape of the cell? and is also activated by insulin and IGF-1,
but not by amino acids.?” mTOR has been shown to regulate cell
growth and proliferation in different tissues, such as the hypo-
thalamus, liver, pancreas, muscle, and adipose tissue.?”?8

Mammalian milk has been shown to be a species-specific
endocrine signaling system that promotes growth upstream of
the mT'ORC1 signaling system.!>% The essential amino acids

present in mammalian milk exert an insulinotropic effect,
stimulating insulin synthesis and secretion.3°

Insulin synthesis and secretion have been shown to be
stimulated in infants fed formula containing high levels of
protein, as indicated by increased urinary C-peptide levels
compared with infants fed a low-protein formula3!3? and with
breastfed infants.?! Furthermore, in infants fed formula con-
taining higher levels of protein, the IGF-1 axis has been shown
to be stimulated by higher serum concentrations of total and
free IGF-1 and IGF-1-binding protein 3 as well as lower levels
of IGF-1-binding protein 2, which were again compared with
infants fed low-protein formula and with breastfed infants.31:33
These findings were independent of genetic variants.>* Amino
acids, insulin, and IGF-1 converge at the same pathway to
activate mI’'ORC1, which promotes adipogenesis in adipose
tissue by activating PPAR-v.%8

In 2012, Melnik presented a missing mechanistic link
between the early protein hypothesis and mT'ORC1-mediated
early childhood obesity. In this review, the author proposed
that leucine in cow’s milk protein plays a key role in inducing
early childhood obesity. Leucine is a precursor of fatty acid
and cholesterol synthesis® and is the main amino acid that
activates mMT'ORC1.3¢ In addition, Melnik reported the results
that linked dietary leucine intake and serum levels to different
mammalian milks. Thus, the leucine contents in an infant’s diet
and an infant’s leucine serum levels are lower when they are fed
human milk and higher when fed cow protein-based formulas
and cow’s milk, and these changes are proportional to the total
protein content. Accordingly, in the CHOP study, infants who
were breast-fed had significantly lower blood levels of leucine
and other branched-chain amino acids than infants who were
fed with the lower and higher cow’s protein formulas.®! In this
scenario, Melnik proposed that adipogenesis due to mTTORC1
signaling was excessive in infants fed leucine-rich formula
milk compared with those fed human milk (Fig. 2).

In summary, cow’s milk-based high-protein formula
may stimulate adipogenesis in newborns via the joint action
of insulin and IGF-1 (as growth factors), leucine (as essential
substrate similar to building blocks), and energy, and these
effects are all orchestrated by mTOR.

In parallel to the peripheral mechanism linking mTORC1
signaling in adipose tissue and obesity, hypothalamic mT'OR has
been associated with the regulation of food intake and energy
balance. mMT'ORC1 has been proposed to play an important role
in the regulation of food intake in the hypothalamus by reducing
the expression of orexigenic peptides (NPY and AgRP),?® and
mT'ORC?2 signaling may be associated with the regulation of
energy balance.’” Thus, obesity may be driven by the stimulation
of mMT'ORC, both peripherally and in the central nervous system.

Critical Periods for Programming Adiposity

by Protein Intakes

Prepregnancy, gestation, and early infancy have been defined as
critical windows of programming,* but evidence indicating how
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Figure 2. Metabolic mechanism of human milk-mediated mTORC1 signaling and increased adipogenic activity by feeding leucine-rich infant formula

(Adapted from Melnik).4?

long an infant can be programmed is lacking. Because the growth
and development of tissues is fastest during gestation and the
first year of life, this period may be the critical window for
programming. Alternatively, protein intake during the second
year of life may impact the development of obesity later in life.

The EU CHOP is the only published clinical trial to
demonstrate the early protein hypothesis, and it only covered
the first year of life. However, other observational studies have
shown similar associations between protein intake and obesity
risk in older children. In 2000, an abovementioned work pub-
lished by Scaglioni et al suggested that the risk of being over-
weight at age five was increased by higher protein intake at age
two.” One of the other longitudinal observational studies that
had reported an association between protein intake and later
obesity risk was the DONALD study. Interestingly, this study
reported that infants who had higher protein intake at 18 and
24 months (but not earlier) were at a greater risk of being over-
weight (OR = 2.4) and overfatness (OR = 2.3) at age seven.?’

These observations have not yet been tested in a well-
designed clinical trial, but they lay a foundation for the study
of preventive nutritional interventions.

Protein Sources and the Programming of Body
Composition
The effect of a protein source on the activation of the IGF-1
axis and, consequently, adiposity is another important research
question.

Studies conducted in Denmark have shown that animal
protein, but not vegetable protein, is associated with the

stimulation of the IGF-1 axis.*’ Specifically, milk protein but
not meat protein increased the concentrations of IGF-1 and
IGFBP-3 in 2.5-year-old children. They quantified that an
increase in milk intake from 200 to 600 mL/d was associ-
ated with a 30% increase in IGF-1. Similar associations were
found in eight-year-old children.* Furthermore, animal pro-
tein intake in 12-month-old children was associated with a
higher proportion of body fat later in childhood (at seven years
of age), and only dairy products (but not meat or cereals) were
associated with body fat.!® According to these data and the
rationale by Melnik,** milk and dairy products may be the pri-
mary protein sources that can stimulate IGF-1 secretion and
jointly (amino acids and IGF-1) stimulate mTORCI1 to acti-
vate adipogenesis. The level to which different milk sources
and their products (cow’s milk and goat’s milk) are able to
stimulate adipogenesis requires further study.

Can Protein Intake in Infancy Affect Other Tissues?
In critical periods of growth and development, organs are
being formed and grow rapidly. Therefore, in addition to adi-
pose tissue, other tissues and systems in the body are affected
by protein supply variations.

The critical windows during which specific tissues might
be affected depend on the target tissue or organ. For exam-
ple, in the human heart and brain, new cells are formed not
only during gestation but also postnatally.*>** However, this
process differs in the kidney. Although animal models show
that nephron endowment occurs pre- and postnatally, the
formation of new cells in humans only occurs in utero until
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the third trimester of gestation. Thus, human kidney cells can
only grow in size postnatally (hypertrophy), but not in number
(hyperplasia).®®

Brain. Studies of undernourished populations have
consistently shown that protein supplementation early in
life improves brain functioning, leading to children and
adults with better mental performance.*® Similarly, studies
of preterm infants, a population vulnerable to nutritional
adverse environments, have been conducted. A clinical
trial of 360 preterm infants demonstrated that infants who
were fed a protein- and energy-supplemented formula had
improved intelligence quotients in childhood (7.5-8 years
)47

of age)*” compared with children who had been fed a

standard formula.

The EU CHOP studied the effect of variations in pro-
tein supply within the normal ranges on the brain develop-
ment of healthy infants during the first year of life. Children
(eight years of age) were subjected to a comprehensive bat-
tery of neuropsychological tests, including several measures of
memory, attention, and executive functions,* but the results
of these tests did not differ between children fed high- and
low-protein formulas.

Renal system. Animal models have shown that protein
restriction during critical periods, such as pregnancy, pro-
duces offspring with smaller kidneys that feature fewer neph-
rons and reduced renal function later in life.*»*° In infants,
being formula fed (compared to breastfed)’! or being fed a
higher protein content formula (compared with the lower pro-
tein content formula)* resulted in larger kidneys and increases
in function markers. The reversibility of this protein-induced
kidney growth and changes in kidney function early in life is
unknown. Results from an observational study’! showed an
increase in kidney size among formula-fed infants at three
months compared with breastfed infants. At 18 months, these
differences in kidney size due to feeding early in infancy had
disappeared, suggesting that protein-induced kidney growth
is reversible. Similarly, the results from the Generation R
cohort study recently showed that protein intake early in life
is not associated with later kidney size and function at age
six.”> However, the protein intake of children was assessed at
age one, and this level does not necessarily reflect the pro-
tein intake during the first six months of life, when differ-
ences by food type (breast vs. formula milk) may be larger.
Protein intake may increase kidney size via three physiologi-
cal mechanisms: first, kidneys increase in volume to support
an increased need to excrete nitrogen metabolites. Kidney
growth due to this increased workload would be reversible.
Second, higher protein intake stimulates IGF-1 secretion,
which stimulates kidney growth and body weight gain. Third,
total body weight gain may indirectly promote the growth of
organs to support a higher metabolic work load.>* The authors
from the EU CHOP study hypothesized that the program-
ming mechanism, if any, might be mediated by IGF-1 and its
systemic effect on the entire body.**

Heartand blood pressure. Some evidence has suggested
that protein intake early in life may change cardiac function
and structure. For example, fetal exposure to a maternal low-
protein diet has been associated with altered left ventricular
function.”® In infancy and childhood, protein—energy mal-
nutrition has been associated with reduced left ventricular
mass and functioning.’*~® On the contrary, animal studies
have shown that overnutrition early in life is associated with
ventricular hypertrophy.”” However, data supporting that
modulating protein supply affects heart size and function in
well-nourished populations have not been published.

From a mechanistic point of view and in accordance with
the early protein hypothesis, the protein-induced growth of
the brain and heart is likely mediated by IGF-1 (as is the case
in the kidney) because IGF-1 has been shown to mediate car-
diac hypertrophy in acromegaly®® and brain growth in Laron
syndrome.®!

Furthermore, the activation of mT'ORC1 signaling has
been associated with the sympathetic nervous system and
cardiovascular function. Thus, mTORC1 signaling in the
hypothalamus due to leucine increases blood flow and arterial
pressure®? and may also drive cardiac hypertrophy.

Immune system. Notably, accelerated growth in infancy
has been linked to allergy development. The BMI in child-
hood has been associated with the development of asthma,®
but the infantile growth velocity®* and gain in BMI over
time during infancy seem to be more important predictors of
asthma than excess weight at any specific age.®

Asthma and obesity have been linked because their
development shares a common mechanism: both pathological
conditions have been associated with enhanced mTORCI sig-
naling in infancy, encompassing accelerated postnatal growth.%
Enhanced mTORC1 signaling suppresses the development
and maturation of FoxP3+ regulatory T cells in the thymus,®
which may increase the risk of allergic asthma development.

Changes in the Recommended Protein Contents

in Infant and Follow-on Formulas

Historically, formula-fed infants have received more protein
than breastfed infants.!

Given the recent body of evidence, efforts are being
made to decrease the protein content of infant and follow-
on formulas. The European Directive from 1991 established
a minimum of 1.8 g and 2.25 g protein/100 Kcal and a
maximum of 3 g and 4.5 g protein/100 kcal for infant and
follow-on formulas, respectively.!” In 2003, a report by the
Scientific Committee on Food of the European Commis-
sion on the revision of essential requirements of infant for-
mulae and follow-on formulae concluded that the minimum
protein level in cow’s milk formulas is the same for infant
and follow-on formulas (1.8 g protein/100 kcal) and that the
maximum range for follow-on formulas should be reduced
from 4.5 g to 3 g protein/100 kcal.®” The European Directive
from 2006 partially adopted the recommended decreases in
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the minimum and maximum protein content of follow-on
formulas of 1.8 g and 3.5 g/100 kcal, respectively.®® More
recently, the European Food Safety Authority (EFSA) pub-
lished a scientific opinion recommending a maximum protein
level in both cow’s milk infant and follow-on formulas of 2.5 g
protein/100 kcal.®” Recent recommendations and regulatory
laws are provided in Figure 3.

'The minimum levels of 1.8 g/100 kcal in infant formulas
and 2.2 g/100 kcal in follow-on formulas from the EU CHOP
study were shown to be safe in terms of longitudinal growth?®
and long-term neurodevelopment.*® However, considering the
protein supply in human milk, which is being reduced during
the first year of life, these minimum ranges may still exceed
nutritional needs starting at age three months.”” In a recently
published study, Ziegler et al showed that an infant formula
containing protein levels below the regulatory lower limit
(1.61 g protein/dl) and a formula with a higher protein content
provided similar longitudinal growth rates.?!

Conversely, commercially available formulas for young
children aged one to three (also called toddler or growing-up
formula milk) are not regulated. The EFSA recently reported
that these formulas cannot be considered as necessity to satisfy
the nutritional requirements of infants.® However, these for-
mulas might be useful for reducing protein intake from dairy
products in young children, and this reduction may reduce
later obesity risk. To our knowledge, well-designed clinical
trials have not yet demonstrated an effect of protein intake at
this age on later obesity risk. Only one report from an expert

Protein content in Infant and Follow-on formulas
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Figure 3. European directives and recommendations on the cow’s milk
protein content of infant and follow-on formulas. Dir 2007 Commission
Directive 91/321/EEC of May 14, 1991, on infant and follow-on formulae;
SC 2003: Report of the Scientific Committee on Food on the revision of
essential requirements of infant formulae and follow-on formulae (SCF/
CS/NUT/IF/65 Final); Dir 2006 Commission Directive 2006/141/EC of
December 22, 2006, on infant formulae and follow-on formulae and
amending Directive 1999/21/EC; EFSA 2014 Scientific Opinion on the
essential composition of infant and follow-on formulae.

panel providing recommendations for these toddler formulas
proposed a range from 2.5 g to 3.75 g/100 kcal for the second
year of life.” However, consuming this level of milk protein in

conjunction with family food may result in caloric excess,’>"3

by providing more protein than breast milk at one year.!®

In parallel to a reduction in the protein content of for-
mula milk, the addition of bioactive protein compounds pres-
ent in human milk should be tested and considered. Human
milk contains many of these bioactive compounds, including
o-lactalbumin, lactoferrin, osteopontin, and exosomes, and
these compounds may benefit immune function, allergy pre-

vention, and micronutrient absorption.”*=7¢

Summary and Conclusions

Differential protein intake early in life has been shown to
affect the growth and functioning of different tissues in the
human body. The effects of protein intake might be driven
by high leucine levels and mediated by the IGF-1 axis, which
stimulates the mTOR signaling pathway.

Lowering the protein supply during the first year of life
has been demonstrated to decelerate weight gain and reduce
obesity risk later in childhood. This finding is remarkably
important because children who are overweight or obese are
likely to be overweight or obese adults.””

In parallel, differences in the protein intake during the
first year of life may modulate the growth and functioning of
different organs and tissues, such as brain, kidney, and possibly
heart. These effects have been clearly demonstrated in vulner-
able populations (such as undernourished children or preterm
infants), but the permanence of these effects is not known.

Notably, recent advances in understanding the function-
ing of mT'OR suggest that uncontrolled high-protein formula
milk may increase the risk of obesity, allergy, and hyperten-
sion and these conditions are noncommunicable epidemic dis-
eases that currently affect Western civilization.

Given these data, this review attempts to recommend
and propose future scientific aims.

First, the protein content in infant formulas should be
reduced; regulations guiding the industry to develop more
healthy manufactured products may play a key role on obesity
prevention.

On the other hand, pediatricians’ understanding that
human milk is able to prevent programming of noncommuni-
cable diseases for future generations may be crucial.

At present, formula milk that can mimic all the aspects
of breast milk is not available. Therefore, policies for obesity
prevention should promote and support human milk feeding.

Conversely, parents culturally provide as much protein as
possible, especially after the complementary feeding introduc-
tion, and children usually prefer to eat milk-based desserts.
These practices should also be addressed from an educational
policy perspective. To this end, professionals should be trained
to recommend specific protein and milk product portions by
age to avoid overfeeding with cow’s milk.
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In addition, research should focus on different open
fields, testing amino acid-modified formulas (ie, reducing the
leucine and branched-chain amino acid supply) and deter-
mining the critical time window of programming, because
some evidence suggests that metabolic programming occurs
not only during the first year of life but also during the sec-
ond year. However, the long-term effects of protein-induced
growth acceleration in early life on noncommunicable diseases
in adulthood should also be investigated.

Moreover, the exploration of new treatment options has
recently become possible due to a better understanding of
the role of the mTOR pathway in programming. Therefore,
understanding programming may provide a basis not only for
prevention but also for treatment.
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