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for gestational age

Long-term metabolic risk among
children born premature or small

The onset of chronic noncommunicable diseases, such as
type 2 diabetes mellitus and cardiovascular disease, has
traditionally been attributed to the presence of specific
risk factors in mid-adult life. However, data derived from
developed countries and, to a lesser extent, from devel-
oping countries have provided a wealth of evidence to
suggest that, in some cases, increased risk might already
be present during fetal development, early infancy and
childhood. The initial reports were based on retrospec-
tive data from individuals aged older than 60 years for
whom birth size was not always fully described in terms
of SD and gestational age (GA)". Nevertheless, research
conducted in this area during the past 2 decades has
markedly improved our understanding of the association
between early life and long-term health.

The current working hypothesis to explain the devel-
opment of long-term risk among individuals with a low
birthweight — used as a surrogate measure for prenatal
growth restriction — was based on an adaptive response
to in utero malnutrition interacting with patterns of
growth during infancy and childhood. A decrease in
insulin sensitivity is considered the hallmark of this
‘programming’ hypothesis**. Nevertheless, fetal growth
is also modulated by changes in maternal glucose con-
centrations and blood pressure during pregnancy, which
are in part determined by the mother’s genotype. Such
maternal changes contribute to an increased risk of dis-
ease in the offspring through both genetic inheritance
and intrauterine programming®’, lending support for a
‘fetal insulin’ hypothesis. These two mechanisms might
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Abstract | Accumulating evidence suggests that both the intrauterine environment and growth
during early life can influence the development of chronic noncommunicable diseases, such as
type 2 diabetes mellitus and cardiovascular disease, in adulthood. Here, we review the available
human data supporting increased metabolic risk among children born premature or small for
gestational age; the adrenal and pubertal modifications that contribute to this risk; metabolic
changes that occur during adolescence and early adulthood; and approaches to potentially
modify or decrease risk of metabolic disease. The risks associated with delivery at term or preterm
are compared for each period of life. Knowledge of these associations is fundamental for the
paediatric community to develop preventive strategies early during postnatal life.

also explain interindividual differences in metabolic
risk owing to heterogeneity in the pathogenesis of births
characterized as small for their GA (SGA).

The placenta is the key third player known to modulate
fetal growth. This organ is critical for mediating appro-
priate developmental responses and for integration of the
environmental signals that enable healthy growth in utero.
For example, the mRNA and protein expression levels of
insulin-like growth factor 1 (IGF1) and its receptor IGF1R
are increased in the placentas of mothers who delivered
SGA offspring®’. In addition, increased activation of pla-
cental IGF1R, AKT and mTOR (key signalling molecules
downstream of the IGF1 receptor) has been reported
among preterm individuals born SGA®. These results sug-
gest that a compensatory mechanism in response to fetal
growth restriction might induce other changes to increase
the amounts of amino acids and glucose transferred from
the placenta to the fetus. Hence, both the fetus and the pla-
centa seem to respond to environmental signals favouring
fetal growth through epigenetic mechanisms (interac-
tions between genes and the environment that alter gene
expression and produce different phenotypes)*'°. Low
birthweight is associated with cardiovascular and meta-
bolic diseases in adulthood'""2. The available evidence
supporting the concept of critical developmental periods
that define risk for some noncommunicable diseases is
briefly summarized in (FIC. 1).

Here, we review the available human data supporting
increased metabolic risk among children born prema-
ture or SGA; the adrenal and pubertal modifications that
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Key points

* The intrauterine environment and growth during early life can influence the
development of chronic noncommunicable diseases, such as type 2 diabetes mellitus
and cardiovascular disease

e Children born premature or small for gestational age are at increased risk of these
metabolic diseases, especially those who gain weight rapidly during infancy

* Timing of adrenarche, frequency of clinical manifestations (axilarche/pubarche)
and onset of puberty seem to be altered, although studies have produced
conflicting results

e This cluster of adrenal-gonadal-metabolic abnormalities has not been confirmed
among boys

* Conditions affecting intrauterine growth and development predispose individuals to
early onset of hypertension, chronic kidney disease and endothelial, vascular and
metabolic abnormalities

* Preventive strategies should start early during postnatal life to avoid rapid

weight gain

contribute to this risk; metabolic changes that occur dur-
ing adolescence and early adulthood; and approaches to
potentially modify or decrease risk of metabolic disease.
The risks associated with delivery at term or preterm are
compared for each period of life.

Definitions

The parameters applied to define normal growth for
any given cohort of small infants can have considerable
consequences for the characteristics of the population
studied.

SGA

The WHO definition of SGA is a birthweight below
the 10th percentile of the recommended sex-specific
birthweight for the referenced GA'. In cases where GA
is not available, a birthweight of <2,500 g can be used to
represent prematurity, SGA, or both. In addition, very
low birthweight (<1,500 g) and extremely low birth-
weight (<1,000 g) are used to classify severe cases'*'.
These latter two options are widely used in obstetric
and neonatal guidelines because affected individuals
exhibit the highest rates of neonatal morbidity and
mortality’®.

In 2007, a consensus statement by the International
Societies of Pediatric Endocrinology and the Growth
Hormone Research Society defined SGA as a birth
weight and/or birth length at least two SDs below the
mean for GA". The use of the third percentile instead
of the 10th percentile increases specificity but decreases
sensitivity. Of note, the societies recommended that
SGA should not be used as a synonym for intrauterine
growth restriction (IUGR).

IUGR

The term TUGR’ refers to insufficient growth of the
fetus and should only be used if at least two assessments
of intrauterine growth are available, and the fetus is
not growing appropriately'®. The choice of threshold
affects both sensitivity (proportion of SGA neonates
among those with ITUGR) and specificity (proportion
of appropriate for GA (AGA) neonates among those
without IUGR).
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Preterm birth

Preterm birth occurs before 37 weeks of gestation and
is defined by the estimated GA as a proxy of maturity.
Three subgroups are distinguished by the WHO: pre-
term (<37 weeks), very preterm or very low birthweight
(<32 weeks) and extremely preterm (<28 weeks)'. These
definitions are very important when interpreting data
from populations classified as preterm, low birthweight
or SGA.

Growth charts

Ideally, up-to-date neonatal charts are required to assess
growth within the target population for which the chart
is built and to which it will apply. Two types of growth
charts are currently available.

Standard growth chart A standard growth chart repre-
sents ideal healthy intrauterine growth for the selected
population and offers higher sensitivity than a refer-
ential growth chart for risk of morbidity and mor-
tality'®-2°. However, the growth norm for a severely
preterm neonate might be difficult to draw if this type
of chart is used, making its clinical utility questionable.
IUGR is more frequent among preterm infants than
term infants®'; consequently, this condition correlates
with premature birth and so affected individuals are
expected to be classified as SGA on the basis of such
standards.

Referential growth chart A referential chart describes
a population with no reference to the health status of
the individuals included®. However, such charts poten-
tially exhibit low sensitivity for detecting a neonate with
growth anomalies. A set of exclusion criteria can be
defined to avoid the methodological weaknesses associ-
ated with clinical use of a reference chart. Nevertheless,
no agreement exists as to which diseases should be
taken into consideration, especially given that some dis-
eases, such as internal malformations and some genetic
syndromes, might go unnoticed at birth. From a practi-
cal standpoint, use of a reference can be safely adopted
in clinical practice when the chart is based on a popu-
lation with a low prevalence of risk factors (such as the
populations of developed countries)®. In addition, con-
ditional and customized references are available in some
countries; these references are used primarily by obste-
tricians who wish to make adjustments for variables
such as ethnicity, fetal sex and maternal anthropome-
try'. A systematic review of the evidence suggested that
customized charts might help to improve the detection
of IUGR, especially among less affluent countries or
ethnic groups characterized by short stature.

Metabolic risk and SGA

Metabolic features in early life

Compared with their AGA counterparts, SGA neonates
display increased insulin sensitivity, which is associ-
ated with elevated levels of IGFBP1, free fatty acids and
B-hydroxybutyrate®. This state gradually shifts to insu-
lin resistance over the first 3 years of life, a change that
is related to the rate of weight gain occurring during
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Figure 1| The fetal insulin hypothesis and risk of metabolic disease. The fetal insulin hypothesis could explain the
long-term risk of metabolic disease observed among individuals with a low birthweight through both genetic mechanisms
and intrauterine programming. The placenta is critical for integration of environmental signals, thereby enabling healthy
fetal growth and development. This process is mediated in part by increased expression of insulin-like growth factor 1
(IGF1) and its receptor (IGF1R), suggesting a compensatory mechanism in response to fetal growth restriction that could
induce other changes to promote influx of amino acids and glucose from the maternal blood supply via the placenta to the
fetus. After birth, a period of increased insulin sensitivity occurs, which gradually decreases relative to postnatal weight
gain (catch-up growth). These changes could, in turn, be associated with adverse body composition and increased
cardiovascular risk. FGF19, fibroblast growth factor 19; FGF21, fibroblast growth factor 21; IGFBP1, IGF binding protein 1;

IUGR, intrauterine growth restriction.

this time frame. At 3 years of age, children born SGA
exhibit lower insulin sensitivity (represented by a
higher HOMA index) than children born AGA; how-
ever, the first phase of the insulin response does not
differ between these two populations®. Consequently,
the glucose disposition index (the ratio between the
first phase insulin response and the HOMA index) is
lower among those born SGA than those born AGA,
suggesting an incomplete B-cell compensation of the
decreased insulin sensitivity>?.

The observed changes in insulin sensitivity are
accompanied by changes in IGF1 levels. The serum lev-
els of IGF1 are lower at delivery, but higher at age 3 years,
among those born SGA versus AGA®. Interestingly,
within the population of infants born SGA, the con-
centration of IGF1 at 1 year is positively associated with
length gain from birth and insulin secretion. By con-
trast, IGF1 levels are related to BMI and insulin resist-
ance at age 3 years (when catch-up growth is complete).
Increased levels of IGF1 among SGA infants might
indicate the presence of resistance to IGF1 or the ability
of insulin to increase IGF1 synthesis when nutrition is
improved relative to those infants born AGA®. During
infancy, changes in metabolism and body composition
are characterized by increases in abdominal* and hepatic
fat*; lowered levels of adiponectin®, FGF21%, FGF19%
and leptin®; and expression of vascular biomarkers of
atherogenesis®***.

Catch-up growth in early life
The tempo of first-year weight gain (fast or slow) seems
to influence metabolic risk. A study of young adults born
AGA or SGA found that those who gained weight most
rapidly (fast catch-up) during the first 3 months of life had
the worst cardiovascular and metabolic risk profile®. The
cost of fast postnatal recovery on long-term metabolic
risk was assessed among infants born SGA but with no
evidence of TUGR (‘innate SGA)3!. After birth, individuals
with innate SGA remained lighter and shorter than those
born AGA but displayed a similar percentage of body fat
(assessed by skin-fold measurements). No differences
were observed in metabolic and hormonal parameters up
to 2 years of age. These results emphasize that measures of
intrauterine and postnatal early infant growth should be
assessed to correctly identify children at metabolic risk.
The catch-up phenomenon might be driven by
increased appetite. Indeed, SGA infants who achieve
large weight gains do not exhibit marked reductions in
circulating levels of ghrelin after an intravenous glucose
load, which suggests that sustained orexigenic drive could
contribute to postnatal catch-up growth®. Other mech-
anisms participating in increased appetite or reduced
energy expenditure among these children could be part
of an adaptation phenomena to ensure weight recov-
ery*>**. Weight gain during refeeding of semistarved rats
is differentially partitioned to fat mass at the expense of
lean mass when compared with weight-matched control

52| JANUARY 2017 | VOLUME 13

www.nature.com/nrendo

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



rats fed ad libitum®. This phenomenon is possibly related
to a redistribution of glucose use towards adipose-tissue
gain during catch-up growth®*. Indeed, important epi-
genetic modifications in metabolic signalling pathways
are already present in early postnatal life””. A prenatally
impaired metabolism and morphology of adipose-tissue
development facilitates rapid catch-up growth.

An abnormal ratio of white adipose tissue to brown
adipose tissue might also be present. One study tested the
hypothesis that biological memory of the prenatal state
among growth-restricted individuals is reflected in epi-
genetic alterations in stem-cell populations®. This study
identified candidate genes and selected acyl-coenzyme A
synthetase 1 (ACSL1; encoded by ACSLI) for further
analysis. This enzyme is crucial for lipid synthesis, as well
as for the activation, transport and degradation of fatty
acids. The overexpression of ACSLI in mature adipocytes
isolated from SGA infants was associated with increased
lipid loading and increased insulin sensitivity, confirming
previous observations that SGA infants are insulin sen-
sitive at birth? but become insulin resistant later in life?.
Upregulation of ACSLI expression among individuals
born SGA could, therefore, function as a double-edged
sword in that it promotes rapid catch-up growth but also
increases the release of esterified fatty acids, eventually
leading to insulin resistance. Alternatively, ACSL1-driven
triglyceride biosynthesis could be speculated to quicken
the onset of obesity and so enable subsequent develop-
ment of metabolic disorders. High caloric intake accel-
erates the ACSL1-dependent pathway, increasing both
the expression of this enzyme and acting on downstream
genes®. Thus, elevated ACSL1 levels and consumption
of a high-calorie diet could act synergistically to induce
obesity and related comorbidities among individuals
born SGA.

A case-control study performed in China showed
that term and preterm SGA neonates displayed profiles
suggestive of lower insulin sensitivity and less favourable
lipid metabolism at 3 days of life when compared with
those born AGA¥. This discrepancy might be attributed
to the selection criteria, with a high proportion of SGA
infants delivered by women with hypertension; a high
proportion of caesarian births, which are associated with
neonatal hyperinsulinism*; inclusion of individuals
with innate SGA*; differences in the mothers’ parity, pre-
pregnancy BMI and weight gain during pregnancy*; or
the use of formula rather than breastfeeding.

Approximately 10-15% of all individuals born SGA
do not complete postnatal catch-up growth (>-2SD
scores) and remain of short stature during childhood**.
Most cases are not associated with growth hormone
(GH) deficiency but rather exhibit varying degrees of
resistance along the GH-IGF-insulin signalling axis**~*’.
Identification of a specific molecular basis is, therefore,
recommended among all SGA infants who present with
severe insulin resistance.

Metabolic features in childhood

Insulin sensitivity is determined mainly by BMI and the
birthweight SD score among prepubertal children®®*.
In some studies, differences in insulin sensitivity and
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secretion only emerge after using the euglycaemic-
hyperinsulinaemic clamp, the gold standard for assess-
ing this parameter®. Impaired insulin sensitivity was
detected in a group of SGA children with short stat-
ure (n=15) compared with similarly short but normal
birthweight children (1 =12); however, no difference was
found in glucose effectiveness, a measure of the ability
of glucose to enhance its own disposal and suppress its
production®. This study used the modified frequently
sampled intravenous glucose tolerance test analysed
by the Bergman model, which is an accurate, but time-
consuming and invasive tool. However, the SGA children
enrolled in the study® belonged to the less frequent
group with “non-catch-up” growth*. As described
above, we cannot rule out that within this group of SGA
children, some might harbour IGF1R mutations that
cause both insulin resistance and TUGR.

Metabolic risk and preterm birth

Advances in neonatal care have enabled an increased
proportion of premature neonates with very low birth-
weight and extremely low birthweight to survive. As
these advances have been implemented only over the past
3 decades, it might be too soon to examine the long-term
consequences of this type of prematurity.

Metabolic features in early life
Premature neonates are at risk of abnormalities in glu-
cose homeostasis during the first week of postnatal life,
with most requiring parenteral glucose administration®.
The development of hypoglycaemia is multifactorial and
involves decreased glycogen stores™, limited gluconeo-
genesis®, limited ketogenesis® and other conditions that
increase energy requirements (for example, perinatal
asphyxia, sepsis and hypothermia)®'. Hypoglycaemia can
also occur among preterm infants as a consequence of
transient hyperinsulinism. The molecular basis of tran-
sient hyperinsulinism is unknown but patients respond
well to the potassium-channel activator diazoxide™.
Hyperglycaemia is also a frequent finding among
individuals born preterm (up to 68% versus just 5% for
individuals born at term); this complication is inversely
related to the degree of immaturity®. Many conditions
are associated with neonatal hyperglycaemia, including
stress, treatment with drugs such as steroids or methylx-
anthines, and administration of glucose at high rates.
Other frequent contributing factors include elevated
plasma insulin levels®; increased levels of pro-insulin
(which is 10-fold less active than mature insulin) owing
to defective P-cell processing of this molecule; and
partial resistance to insulin action®’, which might reflect
a post-receptor defect. Finally, insulin-sensitive tissues,
such as adipose tissue, are less abundant among preterm
neonates than term neonates®. These conditions limit
the interpretation of research results and call for caution
in assessing insulin sensitivity early after preterm birth.
A study of the effect of glucocorticoid therapy on
very low birthweight preterm infants (SGA or AGA)
found no differences in basal insulin sensitivity; how-
ever, steroids decreased insulin sensitivity only in the
SGA group®®. Another study used a milk-tolerance test
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during the first 2 months after delivery and showed that
insulin sensitivity was related to both weight SD scores
and weight gain at the time of testing™.

Metabolic features in childhood

A Chilean cohort of premature very low birthweight chil-
dren studied at age 5.7 years demonstrated that those born
SGA had increased fasting levels of insulin*. This link
was independent of GA and other indicators of postna-
tal stress, including early requirements for ventilator and
nutritional support. In addition, fasting and first-phase
insulin secretion were related to instant postnatal growth
velocity (a measurement of catch-up growth independent
of size at birth), in accordance with previous observations
in term neonates*. Adiposity was the main determinant
of insulin sensitivity and secretion at age 5.7 years*. A
prospective follow-up study of 385 preterm children aged
9-12 years found that blood glucose levels assessed after
an oral glucose tolerance test were negatively correlated
with birthweight SD scores independent of the length
of gestation®. Postnatal catch-up growth and childhood
weight gain were the most important factors influencing
the insulin concentration.

A discordant finding was reported in a study con-
ducted in New Zealand®'. Children born preterm dis-
played similar insulin sensitivity to children born SGA
at term, regardless of their previous growth in utero
(birthweight SD score); furthermore, both groups exhib-
ited lower insulin sensitivity values than did the group of
children who were born AGA at term. The interaction
between size at birth and early postnatal growth on deter-
mining insulin sensitivity is clearly relevant®*, with the
results of different studies possibly reflecting differences
in neonatal care and/or nutrition. However, caution
should be exercised in extending these observations to
other preterm populations as SGA individuals born pre-
term who remain of short stature might not represent
the most common growth patterns among SGA infants
born at term.

Metabolic features in adulthood

Adults delivered preterm with very low birthweight dis-
play lower insulin sensitivity than their peers born at
term with a similar BMI®. In young adulthood (mean
age, 25 years), this lowered insulin sensitivity remains
compensated by higher insulin secretion than observed
in those born at term®.

Catch-up growth after preterm birth

Rapid growth also imposes a metabolic cost among pre-
term infants®**’. Body composition reveals altered adi-
pose-tissue partitioning, with an increased proportion
of trunk adiposity associated with accelerated postnatal
weight gain®®~"". Early postnatal growth among preterm
infants has been negatively correlated with cord blood
levels of leptin’. Total-body adipose mass and trunk
adipose mass both correlate negatively with birthweight
SD score but positively with weight gain during the first
3 months of life”®. Furthermore, a reciprocal association
of percentage adipose mass with resting energy expend-
iture at age 6 years is observed”. By contrast, the rate

of weight gain after 6 months of life is associated with
increased rates of lipid oxidation and increased lean mass
at 6 years of age™.

Finally, very low birthweight children who are deliv-
ered preterm have an increased risk of neurological
impairment. Poor postnatal growth is an independent
risk factor for adverse neurodevelopmental outcomes
and different brain maturation patterns among such
individuals™”.

Adrenal and pubertal modifications
Adrenarche
Several studies have investigated the timing of adrenarche;
the frequency of clinical manifestations (axillary hair and/
or pubarche); and the onset and progression of puberty
among children born SGA™7%, Nonetheless, the results
are difficult to compare owing to variations in the defini-
tion of SGA used, inclusion criteria, methodology, ethnic
and genetic background, and follow-up periods.
Adrenarche is defined as puberty of the adrenal
gland, whereas pubarche indicates the appearance of
pubic hair, which might be accompanied by axillary
hair growth. This process is considered premature if it
occurs before age 8 years in girls and 9 years in boys”.
Premature adrenarche has gained much attention over
the past 2 decades as it is associated with the presence
of insulin resistance and the metabolic syndrome. The
presence of adiposity markers exacerbates premature
adrenarche, increasing the risk of noncommunicable dis-
eases in adulthood”*®". In some cohorts, being born SGA
or premature is associated with an increased chance of
accelerated puberty and development of polycystic ovar-
ian syndrome®®. Both insulin resistance and increased
levels of IGF1 are associated with a hyperandrogenic
adrenal and/or ovarian state®**; these two conditions
are frequently seen after catch-up growth among chil-
dren born SGA. Thus, after completing catch-up growth
but before starting puberty, girls born SGA develop a
metabolic pattern that includes central adiposity; hyper-
insulinaemia; hypoadiponectinaemia; hyperleptinaemia;
dyslipidaemia; lowered levels of sex hormone-binding
globulin; increased levels of dehydroepiandroster-
one sulfate; and accelerated bone maturation’®. The
lowered adiponectin levels are not related to insulin
resistance, which points to a defect in adipose-tissue
production of metabolic factors®”*%. However, these asso-
ciations must be analysed with caution owing to possible
ethnic differences: variations in serum dehydroepian-
drosterone sulfate, IGF1 and fasting insulin levels could
be explained by genetic factors (FIC. 2) (REF. 89) (REF. 90).

Pubertal development

Children born SGA The hypothalamic-gonadal axis
seems to be affected by reprogramming among children
born SGA. Despite the limitations of the available studies,
the majority establish that the onset of puberty begins
within the normal age range, but earlier among SGA chil-
dren than those born AGA?'-*. In addition, faster pro-
gression of puberty, with accelerated bone maturation,
an earlier peak height velocity and a lower total height
gain during puberty leads to a shorter adult height and
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Figure 2 | The relationship between insulin resistance and the hyperandrogenic
state. The hyperandrogenic state observed among some girls born small for
gestational age might reflect insulin resistance, increased levels of free insulin-like
growth factor 1 (IGF1), and decreased levels of sex hormone-binding globulin (SHBQ).
These factors are associated with increased secretory pulses of luteinizing hormone
(LH), leading to increased synthesis and secretion of androgens. An association
between increased phosphorylation of the insulin receptor and steroid
17-a-hydroxylase/17,20 lyase (also known as 17-a-hydroxyprogesterone aldolase or
P450-C17) could be a common mechanism in insulin resistance and
hyperandrogenism. PCOS, polycystic ovary syndrome.

an earlier age at menarche among individuals born SGA
versus their AGA counterparts®”?-*%. However, some
prospective studies did not find any evidence that birth-
weight or SGA were associated with clinically impor-
tant early onset of puberty among girls’® or boys®>'®.
By contrast, increased secretion of follicle-stimulating
hormone (FSH) and decreased size of internal genitalia
have been reported in a Spanish population of puber-
tal girls born SGA'*"'%%; however, this finding was not
replicated by other studies'®. Interestingly, the cluster of
adrenal-gonadal-metabolic abnormalities has not been
confirmed among boys born SGA'*1%,

Children born preterm Only limited data are available
regarding pubertal development among children born
preterm. A Finnish study of individuals born preterm
with very low birthweight found that adults were likely
to experience an early pubertal growth spurt (=2 years
earlier than the population average)'””. Activation of
the hypothalamic-pituitary-gonadal axis in infancy
is increased among both preterm girls and boys when
compared with term infants'®!%, a finding that warrants
future investigation regarding the impact on puber-
tal development. Indeed, longitudinal data with a long
duration of follow-up is lacking among preterm children.

The hypothalamic-pituitary—adrenal axis

Chronically increased secretion of corticotropin-
releasing hormone, adrenocorticotropic hormone and
cortisol in utero might be partly responsible for fetal
reprogramming of the hypothalamic-pituitary-adrenal
axis''*!"!. Placental corticotropin-releasing hormone is
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stimulated by cortisol in association with diminished
activity of placental corticosteroid 11-p-dehydrogenase
isozyme 2 (also known as 11-B-hydroxysteroid dehy-
drogenase type 2) in conditions of chronic stress, and
it modulates fetal pituitary-adrenal function in high-
risk pregnancies (FIG. 3) (REF. 111) (REF. 112). Similarly, the
fetus responds to adversity in early life by premature
activation of the hypothalamic-pituitary—adrenal axis
and premature upregulation of key regulatory genes at
each level along the axis. Low birthweight is positively
correlated with cortisol levels in adulthood; further-
more, cortisol levels are strongly associated with insulin
resistance, elevated blood pressure and risk of the met-
abolic syndrome'”'">. Conditions affecting intrauter-
ine growth and development predispose individuals to
early onset of hypertension, chronic kidney disease and
endothelial, vascular and metabolic abnormalities' ¢,
Therefore, it is difficult to conclude whether the cardio-
vascular risk occurs as a consequence of preterm birth,
low birthweight or other factors.

Cardiovascular and adrenal consequences

Children born SGA Experimental models and epide-
miological data suggest that intrauterine events can
affect vasculogenesis and endothelial function, as well
as vascular-wall structure. Both endothelium-inde-
pendent and endothelium-dependent vasodilation
(well-recognized precursors of hypertension and ather-
osclerosis) might be impaired among infants with low
birthweight, possibly persisting into adult life. Children
born at term (birthweight <2,500 g) exhibited impaired
endothelial function and increased systolic blood pres-
sure by the age of 8-13 years'?. Similar findings were
reported among 315 adults with low birthweight'*.

An inverse association is observed between birth-
weight and the levels of blood pressure, serum aldos-
terone and cortisol among children born at >32 weeks
of gestation who are within the normal spectrum for
birthweight, suggesting that fetal programming of the
hypothalamic-pituitary-adrenal axis occurs'?'. This
association persists after controlling for the BMI SD
score and pubertal state'”'. In agreement with this result,
another study found that both birthweight and ponderal
index (defined as ‘birth weight/height x 100’) were posi-
tively related to the total area under the curve and bedtime
cortisol levels'*.

Limited information is available on mineralocorti-
coid activity in prenatally programmed hypertension.
In an animal model of IUGR, activation of the renin-
angiotensin-aldosterone system is evidenced by
decreased activity of plasma renin and an increased
concentration of plasma aldosterone even before the
onset of hypertension'®.

SGA girls born at term have substantially elevated
circulating levels of noradrenaline, whereas the levels of
angiotensin-2 and the activity of angiotensin-converting
enzyme are increased among SGA boys born at term'?.,
This finding supports a link between low birthweight
and overactivity of the sympathetic nervous system and
the renin-angiotensin-aldosterone system during later
childhood.
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These findings highlight the importance of long-term
cardiovascular surveillance for this vulnerable group
that should extend into adulthood'*. If blood pres-
sure among preterm individuals can be reduced by
2-3mmHg (that is, to the levels seen among individuals
born at term), then their risk of future hypertension,
stroke and ischaemic heart disease could be markedly
reduced'”. Preterm SGA children have higher systolic
and diastolic blood pressure levels than children who
are born SGA at term'*. However, one study found that
after excluding term SGA children, the systolic and dias-
tolic blood pressure levels were higher among girls born
preterm than girls born at term'”".

Endothelial dysfunction and permanent alterations
in the microcirculation might be present among chil-

Hypothalamus

T CRH levels

T ACTH levels

T Cortisol
levels

v e dren who were born preterm; these changes contribute
Adrenal gland T Placental to the process of atherosclerosis, a major determinant
CRH levels

of cardiovascular disease'**'**. Cardiovascular risk
probably reflects multiple factors. For example, preterm
neonates have reduced numbers of nephrons at birth
and an increased risk of developing hypertension
and renal insufficiency, which in turn increases
cardiovascular risk'*.

Rapid postnatal weight gain is also associated with
elevated blood pressure in the preterm population’!'4,
Among children and adolescents who had extremely low
birthweight, increased blood pressure was associated
with an increased speed of weight gain at an early stage
after delivery during the first 3 years of life'*".

Consequently, identification of the factors and mech-

-

T Cortisol levels
d 11-B-HSD2 levels
{ Cortisone levels

Y
Figure 3 | Reprogramming of the hypothalamic—-pituitary-adrenal axis. Chronically
increased secretion of corticotropin-releasing hormone (CRH), adrenocorticotropic
hormone (ACTH) and cortisol in utero might be partly responsible for reprogramming of
the hypothalamic—pituitary—adrenal axis. Placental CRH is stimulated by cortisol, in
association with diminished activity of placental corticosteroid 11-p-dehydrogenase
isozyme 2 (also known as 11-B-hydroxysteroid dehydrogenase type 2; 11-p-HSD2),

under conditions of chronic stress that modulate fetal pituitary—adrenal function
among high-risk pregnancies.

Risk factors for the development of type 2 diabetes
mellitus and cardiovascular disease are already pres-
ent during childhood among individuals born SGA'>.
Leptin and insulin resistance have been observed at the
beginning of puberty among girls born SGA, despite
displaying similar BMI and body composition to their
AGA peers'®. This pattern occurs particularly among
children born SGA who experience rapid weight gain
during infancy, which is associated with increased
adiposity rather than lean mass, suggesting that leptin
resistance could be an adaptive mechanism to increase
energy balance'”. Insulin resistance has been associated
with altered vascular responsiveness; altered function of
the renin-angiotensin—aldosterone system; and altered
function of the sympathetic nervous system'*. Finally,
early catch-up growth after a SGA birth (rather than
SGA itself) has been noted as a cardiovascular risk factor
during adulthood'”.

Children born preterm Prematurity can alter multiple
physiological systems in subtle ways, with adverse con-
sequences for cardiovascular risk that do not become
apparent until those systems become stressed during
adulthood. Several studies among preterm children
have indicated the presence of elevated blood pressure,
a three-to-four times increased prevalence of hyper-
tension"**"!, and differences in circadian and ultradian
blood pressures that are reported as early cardiovascular
abnormalities among individuals born preterm!'®!32133,

anisms related to elevated blood pressure among indi-
viduals born extremely preterm is important to design
effective prevention and treatment strategies. These
approaches will provide evidence-based recommenda-
tions for the management of elevated blood pressure
among affected individuals throughout their lifespan.

Consequences in adolescents and adults
Individuals born at term

Short adults born SGA have elevated systolic and dias-
tolic blood pressure'*. Carotid-intima media thickness
(a measure of the extent of atherosclerosis) is similar
among short SGA individuals and adults of normal stat-
ure who were born AGA but higher among SGA adults
with spontaneous catch-up growth to normal weight and
height'*.

Adults born SGA have a lower lean body mass
than those born AGA'’. The percentage of fat
mass (assessed by DXA) is similar among short SGA
and AGA adults but higher among SGA adults with
spontaneous catch-up growth'*”*, Spontaneous
catch-up in weight in early infancy is positively associ-
ated with fasting insulin levels and insulin resistance as
defined by HOMA in adolescence'®’, a finding in line
with increased fasting insulin levels among short ado-
lescents born SGA*'%, Insulin sensitivity measured
by frequently sampled intravenous glucose tolerance is
similar among SGA and AGA adults but lower among
SGA adults with spontaneous catch-up growth'. Lipid
profiles among adults born SGA are similar to those of
adults born AGA>1%,
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Thus, young adults (age 18-24 years) born SGA who
exhibit an early, spontaneous catch-up in weight are
more likely to have an unfavourable body composition
and lower insulin sensitivity than their age-matched
peers who remained short*!>¢-1,

Individuals born preterm
Young adults (age 18-24 years) born preterm exhibit
higher systolic blood pressure, resting heart rate, pulse
pressure and blood-pressure variability over time than
young adults born at term'*°%*. Increased carotid-
intima media thickness was found among children aged
10-14 years who were born preterm's’; however, no
effect of gestational age on carotid-intima media thick-
ness was found among adolescents aged 18-24 years
who were born preterm'®'. A discrepancy exists between
increased risk factors among adolescents born preterm
and little or no increase in disease in later life'®'",
Trunk fat mass is an important predictor of insulin
sensitivity in adulthood; this factor tends to be higher
among adults born preterm than among adults born at
term'**'. Insulin sensitivity is reduced among preterm
children aged 4-10 years®. By contrast, no association
was found between prematurity and lowered insulin sen-
sitivity in a large cohort of adults aged 18-24 years who
were born preterm'®®. Individuals with very low birth-
weight display lower insulin sensitivity than their peers
born at term, for which they compensate by increased
insulin secretion®. This combination of low insulin sen-
sitivity and compensatory insulin secretion might rep-
resent an early phase in the pathway leading to type 2
diabetes mellitus. Although no association between
gestational age and the levels of total cholesterol, LDL
cholesterol, HDL cholesterol, triglycerides and apolio-
protein B was found'?, there are some conflicting data
on lipid levels among adults born preterm!6>'%°,
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The underlying cause of increased cardiovascular risk
among adults born preterm is unknown. Nevertheless,
accelerated gain in weight for length SD scores during
the period from preterm birth to term age, as well as
during the first 3 months after term age, contributes
substantially to an increased body fat percentage, waist
circumference, acute insulin response and lower dispo-
sition index in early adulthood and an increased risk of
nonalcoholic fatty liver disease®"*>'7°172, Further research
is needed to evaluate whether or not these differences
will increase rates of cardiovascular disease and impaired
glucose tolerance later in life. Such data will be of major
importance as an increasing number of children born
preterm are now reaching adulthood.

Effects of GH therapy

Administration of GH is an approved treatment to
improve adult height among short children born SGA
without spontaneous catch-up growth'”*-'7. However,
GH treatment causes changes in body composition
and insulin resistance. Concern has, therefore, been
expressed regarding the long-term consequences of GH
treatment among children born SGA (BOX 1).

Cardiovascular features Blood pressure SD scores
decrease during long-term GH therapy (~6 years).
Furthermore, at 6.5 years after discontinuation of treat-
ment, systolic blood pressure SD scores are substantially
lower than those recorded at the start of treatment,
whereas diastolic blood pressure remains similar to base-
line™>17717%, Among previously GH-treated adults born
SGA, both systolic and diastolic blood pressure SD scores
at 6.5 years after therapy are markedly lower than those
of untreated short adults born SGA'#. Carotid-intima
media thickness is similar among GH-treated versus
untreated children born SGA; however, this measure has
not been studied among GH-treated adolescents and
adults born SGA'.

Box 1| Long-term effects of growth hormone therapy in individuals born SGA

Blood pressure

A decline in systolic and diastolic blood pressure SD scores occurs during growth
hormone (GH) treatment*’’7¢

* At 6.5 years after GH treatment, systolic and diastolic blood pressure SD scores are
lower among GH-treated adults than untreated adults*®

Body composition

* Adipose-tissue mass decreases and lean-body mass increases during GH
treatment!’778218

* At 6.5 years after GH treatment, adipose-tissue mass and lean-body mass are similar
among GH-treated and untreated adults'*’
Glucose metabolism

e Insulin sensitivity decreases and insulin secretion increases during GH
treatment183,184,186,187

* At 6.5 years after GH treatment, insulin sensitivity and insulin secretion are similar
among GH-treated and untreated adults'*
Lipid levels

* The levels of total cholesterol, LDL cholesterol and HDL cholesterol decrease during
GH treatment!’778

* At 6.5 years after GH treatment, cholesterol levels are similar among GH treated and
untreated adults**

SGA, small for gestational age

Body composition Long-term treatment with GH leads
to a substantial decline in total-fat mass SD score'®*-'2,
Discontinuation of GH is associated with marked changes
in body composition 6 months after the end of treat-
ment, including increases in percentage body fat and
fat mass SD score and a decrease in lean body mass SD
score'®. Among previously GH-treated young adults (age
18-24 years) who were born SGA, body composition
and fat distribution (trunk fat plus limb fat, as defined
by DXA) at 6.5 years after treatment are similar to those
of untreated short adults born SGA'". These findings
suggest that catch-up growth induced by GH exerts no
unfavourable effects on either fat mass or fat distribution.

Insulin sensitivity Short children born SGA exhibit
reduced insulin sensitivity before receiving GH treat-
ment'?. Such therapy causes a further decline in insulin
sensitivity and a compensatory increase in insulin secre-
tion">183-188 Therefore, concerns have been expressed
regarding the long-term effects of GH treatment on risk
factors for type 2 diabetes mellitus. One study found that
the lowered insulin sensitivity induced by GH among
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adolescents born SGA was reversible after concluding
long-term (~6 years) of treatment'®2. At 6 months after
stopping GH, insulin sensitivity became similar to that of
AGA control individuals'®. At 6.5 years after discontinu-
ation of treatment, insulin sensitivity and secretion were
similar among GH-treated and untreated short adults
aged 22 years who were born SGA'.

Lipid levels Treatment with GH was associated with a
reduction in total cholesterol, HDL cholesterol and LDL
cholesterol levels, which remained lower than those
recorded at baseline until 6.5 years after the end of ther-
apy'*>'”’. Cholesterol levels at 6.5 years after GH treat-
ment were similar to levels among untreated short adults
born SGA'.

Puberty GH-treated children born SGA who start
puberty at a height of <140 cm can benefit from addi-
tional treatment with a gonadotropin-releasing hormone
agonist to delay puberty for 2 years'®. Body composi-
tion, blood pressure and lipid levels at adult height were
similar among adolescents treated with a combination
of GH and a gonadotropin-releasing hormone agonist
and adolescents treated with GH only'#*'*. Additional
GnRH agonist treatment for 2 years can, therefore, be
considered among SGA children who start puberty with
a height of <140 cm.

Thus, treatment with GH provides favourable effects
on metabolic and cardiovascular determinants, with the
data of previously GH-treated adults similar to that of
their untreated peers after discontinuation of therapy.
Nonetheless, how metabolic health develops with age
among these individuals remains to be elucidated.

Can the risks be changed?

A proposal published in 2013 highlighted the need to
focus on the crucial period from conception to a child’s
second birthday as the window of opportunity during
which good nutrition and healthy growth could offer
benefits that last throughout the life course'’.

Insulin-sensitizing therapy

Early accumulation of visceral adiposity following post-
natal catch-up growth among children born SGA leads to
insulin resistance?*. Therefore, insulin-sensitizing therapy
might help to prevent this metabolic change.

The efficacy of early (at age 7.9 years) treatment with
metformin among girls displaying precocious pubarche
has been tested. One study found both less adipose tissue
and delayed onset of puberty after 4 years of metformin
use; however, linear growth was maintained'*. In addi-
tion, metformin therapy was associated with lowered
levels of insulin, leptin and IGF1 but increased levels of
sex hormone-binding globulin and IGFBP1, as well as a
less atherogenic lipid profile and leaner body composi-
tion'*?. These findings emphasize the role of insulin as a
key co-determinant of pubertal pace and height growth
among girls born SGA. The observed improvements in
body composition (lowered total and abdominal adi-
posity), fasting insulin levels, lipid profile and adipokine
profile (a lowered leptin-to-adiponectin ratio) per-
sisted 12 months after discontinuation of treatment'®.

Furthermore, prepubertal intervention with metformin
reduced central adiposity and improved insulin sensitivity
among a small group of nonobese children born SGA who
had spontaneously attained catch-up growth'*.

Nutritional modification

Fetal programming can be explained by epigenetic
changes, which are defined as stable, heritable alterations
in genes that are mediated via covalent modifications of
DNA and core histones without any concomitant changes
in the DNA sequence.

Given that DNA methylation is a key modulator of
epigenetic changes, it might be possible to limit such
effects through nutritional or other interventions. For
example, transgenerational exposure of agouti mice to
an ad libitum diet caused obesity associated with the
metabolic syndrome in their offspring'®®. Furthermore,
obesity can be prevented in other mouse models by die-
tary supplementation with folate'*, vitamin B, (REF. 196),
choline'*, w-3 fatty acids'” (specifically docosahexae-
noic acid) and other nutrients that affect methylation of
nuclear DNA. Although research is still limited, nutrition
is expected to have a key role in developmental plasticity
and programming of various physiological conditions.

Breastfeeding versus formula A meta-analysis found that
breastfeeding for 1 month correlated with a 4% decrease
in obesity risk'®. Another advantage of breastfeeding is
a lowered level of the proinflammatory advanced gly-
cation endproducts found in thermally processed food
that correlates with serum levels of these products and
the development of insulin resistance'®”. Furthermore, a
French study demonstrated that dietary protein was the
only macronutrient associated with weight gain at age
2 years™™.

In a multicenter European study, healthy infants were
randomly assigned to receive cow-milk-based infant for-
mula and follow-on formula of either low-protein content
(12.5kg/m’ and 16.0kg/m’, respectively) or high-protein
content (20.5kg/m* and 33.0 kg/m’, respectively) for the
first year after delivery®'. A group of breastfed infants
was included for comparison; the average protein con-
tent of the breast milk was estimated to be 12.0kg/m”.
Infants who received the high-protein formula were
heavier and had a higher BMI at 1 and 2 years of age
than the infants fed low-protein formula or breast milk.
When characterizing the metabolic-endocrine response,
those fed the high-protein formula received similar total
energy intake to the infants receiving low-protein for-
mula. Furthermore, increased levels of essential amino
acids, branched-chain amino acids, IGF1 and insulin
release were detected after 6 months®?. Levels of deg-
radation products of branched-chain amino acids (the
short-chain acylcarnitines C3, C4 and C5) were also
markedly elevated in the high-protein group, leading to
saturation of the degradation pathway and subsequent
inhibition of the initial step of  oxidation, thereby
increasing weight gain and adipositity>®.

Two randomized, controlled trials of children born
SGA with a low birthweight (<10th percentile) showed
that the use of enriched formula (containing 28-43%

58 | JANUARY 2017 | VOLUME 13

www.nature.com/nrendo

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



more protein and 6-12% more energy than the for-
mula used in the term group) led to a higher fat mass at
5 years than was observed in the control group (range,
18-38%)2**. Trials comparing different nutritional
interventions among premature infants with very low
birthweight have shown discordant effects on postnatal
growth?”2", Higher 32-33 split proinsulin (the pre-
dominant form of proinsulin, which accounts for the
disproportionate hyperproinsulinaemia), was detected
among adolescents aged 13-16 years born preterm who
had participated in a randomized intervention of a nutri-
ent-enriched formula compared with those who received
a control formula®®.

A large prospective study conducted in Chile found
that premature infants who received preterm formulas
for 26 months had lower trunk-fat mass by the first and
second year and lower total-fat mass (as measured by
DXA) by the second year when compared with indi-
viduals who received these formulas solely while in the
neonatal intensive care unit*”. These changes in body
composition were accompanied by decreased levels of
fasting insulin in the first 2 years. Long-term follow up
of this cohort is still required; however, these results are
promising and suggest that preterm infants fed formu-
las enriched with docosahexaenoic acid could poten-
tially have a healthier metabolic profile than those fed
term formulas, which lack such enrichment.

w-3 fatty acids Docosahexaenoic acid is an impor-
tant component of neural and retinal membranes
that rapidly accumulates in the brain during gestation
and the postnatal period*. Positive associations have
been found between maternal intake of fish, seafood
and w-3 fatty acids during pregnancy and/or lactation
and the subsequent visual and cognitive development
of their offspring?®'’. In addition to growth and neu-
rodevelopmental effects, docosahexaenoic acid induces
gene expression that might benefit metabolism?'2?%3.

REVIEWS

The long-chain polyunsaturated fatty acids aracha-
donic acid and eicosapentaenoic acid are important
biomediators that can affect growth and body com-
position through diverse mechanisms?'*?". Rats fed
diets enriched in fish oil (rich in docosahexaenoic
acid) ingested more food calories after 4 weeks than
rats fed diets enriched in carbohydrates®'®. However,
the animals fed fish oil weighed less and had a lower
percentage of body fat (measured by DXA) and liver
triglyceride content than the control animals. Fish oil
blunted the normal postprandial decline in the mRNA
expression levels of factors involved in the degradation
of fatty acids (PPARa, CPT1 and ACO) and blunted
the normal postprandial rise in the mRNA expres-
sion levels of factors involved in triglyceride synthesis
(SREBP1c, FAS, SCD1). Therefore, the direct postpran-
dial effect of fish oil ingestion was to decrease the stor-
age of hepatic triglycerides, and to decrease total body
weight, total body fat and hepatic steatosis*'®. However,
the current evidence does not conclusively support or
refute that supplementation with w-3 long-chain poly-
unsaturated fatty acids benefits body composition or cog-
nitive and visual development. This lack of conclusive
support probably reflects methodological limitations in
the trials conducted to date?"’.

Conclusions

Concrete evidence supports an effect of the intrauterine
environment and early infant growth on child and ado-
lescent growth and in the development of noncom-
municable diseases. Knowledge of these associations is
fundamental for the paediatric community to develop
preventive strategies early in postnatal life. The challenge
going forward is to prevent intrauterine insults and, if
present, to develop early lifestyle interventions and/or
pharmacotherapy to reverse the pathophysiological
changes and preserve -cell function to prevent the
development of metabolic conditions.
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