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Introduction

Intrauterine growth restriction (IUGR) defines diminished growth velocity in the fetus occurring in
utero, as documented by at least two intrauterine growth measurements [1]. The term small for
gestational age (SGA) on the other hand refers to the size of the infant at birth and is defined as birth
weight and/or birth length being less than —2 SDS according to gestational age and gender, compared
to reference data [2]. Not all [UGR babies are born SGA and not all SGA born babies are [UGR. However,
in studies these terms have been used interchangeably.
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Normal fetal growth depends mainly on sufficient delivery of oxygen and nutrients via the placenta.
There are several causes of IUGR, encompassing maternal, fetal and placental factors [1]. Genetic
factors also play an important role and several maternal, fetal and placental genes have been identified
in the etiology of IUGR [3].

Alteration in fetal nutrition may result in developmental adaptation that permanently changes the
physiology and metabolism of the offspring. This is the basis of the hypothesis “fetal origins of adult
disease” [4]. Further studies have shown that not only the intrauterine environment but early postnatal
environment from birth to 2 years of age and epigenetics have an impact on the development of adult
diseases, thus in a broad sense the theory has changed to “developmental origins of health and disease”
[5]. The children with IUGR especially if they make a catch-up growth in early life have a higher risk for
long term problems including short stature and also developing metabolic syndrome, Type 2 diabetes,
insulin resistance and cardiovascular diseases [5].

About 86% of children born SGA show catch-up growth and attain normal adult height. However the
rest do not show catch-up growth and end up as short adults [6].

Puberty is an important phase of life, the transition period from childhood to adulthood, and dis-
orders in puberty have an effect on adult height, body composition, psychology and also future
reproductive health. Although the results of published reports are difficult to interpret, mainly due to
methodological differences, timing of the onset of puberty and tempo of puberty have been found
altered in SGA born children.

Adrenarche

Premature pubarche (PP) is defined as the appearance of pubic hair before the age of 8 years in girls
and 9 years in boys and it is mostly due to premature adrenarche (PA) which is due to the maturation of
the zona reticularis of the adrenal gland with an increase in dehydroepiandrosterone (DHEA)/DHEA
sulphate (DHEAS) levels. Pubic hair may be associated with axillary odor and/or axillary hair. SGA birth
has been associated with PA or exagerated adrenarche [7,8].

In the “Avon Longitudinal Study of Parents and Children” (ALSPAC) study, a large cohort study from
the UK [9], in a group of 770 children, at 8 years of age, adrenal androgens and DHEAS levels were found
to be inversely related to weight, length and ponderal index at birth and positively correlated with
current body size. Both boys and girls who had rapid postnatal weight gain in the first 3 years of life,
had the highest androgen levels. This was continuous throughout the birth weight range. In further
studies from the same cohort, the investigators showed that the children with IUGR and rapid weight
gain during the first 2 years of life were taller and fatter at 5 years of age with an increase in central
adiposity [10], lower insulin sensitivity [11] and, irrespective of current body composition, those
children with a rapid weight gain (>0.67 SD) in the first 2 years of life had higher insulin like growth
factor 1 (IGF1) levels at 5 years of age [12].

There are other studies that have shown high DHEAS levels at prepubertal ages in SGA born children
either related to birth weight per se or birth weight and postnatal weight gain [7,8,13—16]. In a study by
Ibanez L et al. [7] it has been shown that nonobese girls with PP or a history of PP had low birth weight
and PP, ovarian hyperandrogenism and insulin resistance were consecutive manifestations of IUGR;
less severe growth restriction was associated with PP whereas with increasing severity of growth
restriction ovarian hyperandrogenism and hyprinsulinemia developed. DHEAS levels were high in SGA
children even without PP [13,15,16]. In a retrospective analysis of 89 children with PP studied around 7
years of age, the children had a more frequent likelihood of being SGA and premature and had an
increased incidence of obesity [14]. SGA born nonobese adolescents had higher DHEAS, androstene-
dione and insulin levels [8]. On the other hand, in a cohort of children (n = 173) with PA from Chili [17]
studied at around 7 years of age and followed for 15—60 months, it was shown that although SGA
children did have a more pronounced weight gain, hormone levels including DHEAS and body mass
index (BMI) were similar in SGA and AGA born children and the frequency of exagerated adrenarche
was not more common in SGA born children. Similarly, in SGA born children (n = 181) (boys and girls)
studied between 3 and 9 years of age, PP was not more frequent and DHEAS levels were not increased
compared to control group [18].
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Puberty

Studies on the onset and tempo of puberty in SGA children are somewhat conflicting, mainly due to
methodological differences. In a large population based Swedish study (n = 3650) those SGA born
children who made a catch-up growth entered puberty at a normal age whereas those who did not
show catch-up growth entered puberty at an earlier age [19]. In another study, in boys, age at onset of
puberty did not differ between boys with perinatal complications including SGA birth compared with
boys without perinatal complications. Only in girls light for gestational age, puberty started 5 months
earlier (10.7 + 1.0 years vs 11.1 + 1.0 years) [20]. In a longitudinal study by Lazar Let al. [21], 76 SGA and
52 AGA children were followed until near final height. Age at onset of puberty in SGA boys was
significantly earlier (12.0 + 0.9 years) than in AGA counterparts (13.0 + 1.1 years) and also significantly
earlier in girls (10.4 + 1.3 years vs 11.4 + 1.3 years). 13% of SGA boys entered puberty between 9 and 10.5
years and 20% of SGA girls entered puberty between 8 and 9.5 years compared to 5% and 3% in AGA boys
and girls. In this study it has been shown that the only predictor for timing of entry to puberty was birth
weight standard deviation score (SDS) however it explained only a small percentage of the variance. In
a Hong Kong cohort (n = 7366), there was no effect of birth weight SDS or SGA status on the onset of
puberty [22]. An increased childhood height and linear growth were associated with earlier onset of
puberty.

Menarcheal age can be a good parameter for the tempo of puberty. Menarcheal age has been found
at similar ages between AGA and SGA born children in some studies [23—25] however it was earlier in
the study by Lazar L et al. [21] (12.6 + 1.6 years in SGA vs 13.0 + 1.4 yeas in the controls) (p < 0.01) and
by Perssson et al [20] (12.7 + 1.1 years in SGA vs 13.1 + 1.0 years in AGA controls). There was no dif-
ference in boys. In a large prospective cohort study (n = 349), it was shown that both birth weight and
BMI at 8 years of age were associated with age at menarche and this correlation existed across all birth
weight and BMI ranges [26]. In the study by Bhargava SK et al. [27] (n = 45) age at menarche was 12
months earlier in SGA children compared to controls (median age 13.6). In the study by Ibanez et al.
[28], the follow up of 187 girls with PP showed that menarcheal age was 11.5 + 0.1 years in children
with a birth weight SDS < 2SD (n = 50) vs 12.3 + 0.1 years in children with a birth weight SDS > 2SD
(n = 43). In a cohort of 1060 girls besides birth weight, BMI at 14 years of age had an influence on the
timing of menarcheal age [29].

In the study by Lazar L et al. [21], bone age development was normal in SGA born children in early
childhood however showed a significant acceleration at onset of puberty in girls and at Tanner stage
2—3 in boys compared to AGA born children. Total pubertal growth and peak height velocity (PHV)
have been found similar between SGA and AGA born children [21,30] or an earlier and shorter PHV has
been reported [15].

In conclusion, existing data support, albeit some controversial findings, that SGA birth and PP show
an association. In most studies puberty starts within normal age ranges but relatively on the earlier
side. Rapid advancement of bone age and puberty may compromise final height.

Reproductive function

In girls, associated with reduced fetal growth, ovarian hyperandrogenism and ovarian function
abnormalities like polycystic ovarian syndrome (PCOS) phenotype have been reported [7,31]. In a
retrospective analysis of 467 girls with PCOS, low birth weight and high BMI in adolescence were
predictors of PCOS [32]. In boys intrauterine restriction has been associated with male infertility [33].
Reduced testicular size and low testosterone levels have been shown in some adolescent boys borm
SGA [34]. In a large cohort study (n = 423), the proportion of men with a sperm count less than 25th
centile were 38.9% in SGA compared to 25% and 13% in AGA and large for gestational age, respectively
[35]. Adolescent girls born SGA were found to have a decreased ovulation rate [36]. However in a
prospective study in 230 girls ovarian reserve, evaluated by ultrasound findings of ovaries and anti-
Mullerian hormone (AMH), inhibin B and follicle stimulating hormone (FSH) levels were not affected
by variations in fetal growth [37]. Among girls with PCOS (n = 170), SGA birth was seen in only 9% of
adolescents, implicating that other factors are responsible [38].
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IUGR status is associated with elevated FSH levels in early infancy in SGA born boys and girls [39,40].
In the study by Ibanez L et al. [40] FSH secretion at 3—6 months in boys and girls were 2—3 fold higher
than in AGA controls. Postmenarcheal girls born SGA were found to have elevated FSH and lower
estradiol concentrations [41]. In a Chilean study at onset of puberty SGA girls with a normal BMI had
similar FSH and luteinizing hormone (LH) concentrations however 2 years later FSH was lower but LH
and estradiol higher suggesting that faster pubertal progress may be due to this finding [42]. In a
prospective study by Jensen RB et al. [43], SGA born adolescent (20 SGA vs 32AGA) boys had no dif-
ference with respect to gonadotropin, testosterone and inhibin B levels. Similar findings were reported
in SGA born young adults [44]. Reduced uterine and ovarian size were noted in adolescent girls born
SGA [45]. However this was not a finding in the study by Hernandez et al. [42]. In a large study
(n = 279) including young women 18—24 years, SGA birth with or without catch-up growth did not
affect AMH levels [46].

In a study consisting of 75 adolescents (28 followed longitudinally) at around 19 years of age,
reduced uterine and ovarian size and persistent elevation of FSH were shown suggesting reduced
fertility [47]. In one case report, premature ovarian failure developed in SGA, diagnosed as Silver Russel
syndrome [48]. In a community based cohort of young adults (579 SGA, 703AGA) based on a ques-
tionnaire, fertility was not reduced [49].

In conclusion data from studies are conflicting and population studies do not fully support repro-
ductive axis abnormalities in SGA born population.

Metabolic problems

It has been shown in several studies that SGA born children who show catch-up growth even in the
absence of obesity, demonstrate insulin resistance in infancy, in childhood, adolescence and in
adulthood [23,50—55] and in animal studies as well [56,57]. Insulin resistance may be present as early
as 1 year of age in SGA born children as has been shown in a longitudinal follow up of SGA(n = 85) and
AGA (n = 23) children from birth to one year of age [58]. Fasting insulin was significantly higher in
those with a catch-up growth in weight.

In a prospective study of longitudinal follow up of 50 SGA children from 0 to 3 years of age, it was
shown that IGF-1 levels were related to beta cell function and growth in the 1st year. At age 3 years IGF
1 was related to BMI and insulin resistance [59]. The same group of investigators showed that in
addition to increase in insulin resistance at 3 years of age, SGA children showed a reduced compen-
satory beta cell secretion [52]. In a study of 477 children at 8 years of age, both low birth weight and
high fat mass at 8 years of age were associated with insiilin resistance, dyslipidemia, and higher insulin
levels [50]. In prepubertal SGA children (n = 29) hyperinsulinemic clamp studies showed that inulin
sensitivity was lowest in those who showed catch-up growth and had a BMI > 17kg/m2. Oral glucose
tolerance test (OGTT) results were comparable [55]. It has been shown by Ibanez L et al. [54] that
following weight gain up to 2 years of age, between 2 and 4 years of age SGA children showed a
dramatic increase in central adiposity and insulin resistance in spite of a similar BMI to that of AGA
controls. In the ALSPAC study low birth weight, higher catch-up growth at 3 years of age predicted high
BM], lower insulin sensitivity at 8 years of age [11]. In contrast, lower insulin secretion was related to
smaller size at birth, independent of postnatal weight gain and insulin sensitivity. Lower insulin
secretion was also independently related to shorter stature at 8 years of age relative to parental height
and with lower plasma IGF-I levels at 5 years of age. Early pubertal SGA girls showed higher leptin and
insulinogenic index despite similar BMI and body composition to AGA girls [60]. At 3—6 years of age
nonobese SGA(n = 27) children had a thicker intima media and more hepatic fat than AGA (n = 19)
children [61]. Another cohort study (n = 87) showed that weight gain in the first 3 months of life
predicted more fat, more central adiposity and reduced insulin sensitivity and higher insulin resistance
in early adulthood, including SGA children with catch-up growth [62]. The same investigators in
another cohort study (n = 323) showed that birth size is less important in the body composition of
young adults [63].

Some studies showed no relation with catch-up growth and insulin resistance in SGA born children
[64,65].



E. Darendeliler / Best Practice & Research Clinical Endocrinology & Metabolism 33 (2019) 101260 5

In a study of adolescents at 18 years of age (30 SGA, 57AGA) weight gain in the first 3 months of life
was associated with insulin resistance, dyslipidemia and higher blood pressure [66].

Insulin resistance is a risk factor for Type 2 diabetes. Other than insulin resistance, other abnor-
malities which are related to metabolic syndrome and cardiovascular diseases have been shown in SGA
born children. An inverse relation was found between birth weight and blood pressure [67].

Adverse cardiologic parameters were observed in children and adolescents born SGA in a longi-
tudinal study [68]. There may be a negative effect of IUGR in the structure and function of the car-
diovascular system, albeit subclinical [69].

In a large cohort of 1308 individuals between 22 and 30 years of age over the follow up of 8 years the
risk for developing metabolic syndrome was two fold higher in SGA after adjusting for BMI [70]. In a
study at 8 years of age, SGA children had a two fold increase in the risk for metabolic syndrome after
adjusting for BMI [66]. In the Haggenau cohort study from France which included more than 1500
young adults, at 22 years of age, SGA born young adults had a 2.4% frequency of metabolic syndrome
compared to 0.4% in AGA born adults [23]. In spite of similar BMI in SGA and AGA, fat mass was elevated
in SGA adults. Adjusting for other confounding factors, weight gain during 0—6 months of age pre-
dicted metabolic syndrome risk at 17 years of age independent of birth weight and early childhood
weight gain (between 3 and 6 years of age) [71].

In a population study from Canada, SGA born children showed no cardiovascular risk factors be-
tween 6 and 12 years (n = 2016) including blood pressure, auxological parameters and laboratory
investigations including lipid values [72]. In a longitudinal cohort study, term SGA (n = 59) born young
adults were at a higher risk for metabolic syndrome [73]. Results of 2218 adults from the Vellore Birth
Cohort from India showed that the greater height or weight gain during childhood or in adolescence
was associated with an increased risk in metabolic syndrome parameters. Taller adult heigh was
associated with increased waist circumference and insulin resistance but lower glucose levels. Shorter
length and lower BMI at birth was associated with higher glucose values in women [74].

In conclusion for this part, children born SGA have an intrinsic insulin resistance and rapid catch-up
growth increases long term risks for metabolic problems [75,76]. At later years lower insulinegic index
consistent with impaired beta cell function puts the child at risk for Type 2 diabetes.

Possible mechanisms

As has been shown in the studies previously mentioned, alterations in fetal and early life nutrition
may result in developmental adaptations that permanently change glucose —insulin metabolism of the
offspring, predisposing individuals to metabolic, endocrine and cardiovascular diseases. Several
epidemiological, clinical and animal studies support the developmental origins of disease theory
[4,5,56,77]. Some possible mechanisms are summarized below.

Animal studies with respect to puberty

In the animal models, malnutrition during critical periods in early life has been shown to affect
further development [78]. A study in male and female rats investigated whether in utero malnutrition
or immediate postnatal food restriction (FR) (between 2 and 24 days) had an effect on puberty.
Malnutrition during late gestation or directly postnatally delayed puberty in IUGR and FR male rats and
in IUGR female rats but not in FR female rats. In both models rats showed growth failure and there was
no threshold for body weight for onset of puberty [79]. In a further study [80] the authors showed that
IUGR rats did not have adequate number of follicules but in postnatal FR rats the number of follicules
were increased but did not respond to gonadotropin stimulation. Thus malnutrition during different
stages had a different effect on ovarian development and further reproductive capacity. In a study done
in prenatally growth restricted lambs [81] in females there was no difference in pubertal onset and
ovarian function. However in males testosterone values and testicular mass were lower than the
controls.

Several different studies in animals have reported long term consequences after perinatal chal-
lenges. In rats, maternal caloric restriction results in offspring with low birth weight that show
accelerated neonatal growth and early vaginal opening [82,83] with sexual dimorphism and no
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difference in males [83]. However, early onset puberty is not always evident and it may be normal or
delayed [84,85]. Delayed puberty and lower number of Leydig Cells and low testosterone levels have
been shown in IUGR rats with postnatal FR. Maternal undernutrition in rats results in offspring that
have reduced number of primordial and antral follicules and mRNA levels of regulating genes asso-
ciated with ovarian oxidative stress [86].

The arcuate nucleus located in the mediobasal hypothalamus has been shown to be sensitive to
perinatal nutritional conditions affecting hypothalamic Kiss 1 expression and timing of puberty in
female rats [87]. Intrauterine undernutrition has an adverse effect on the production of kisspeptin in
rats and has an effect on timing of puberty.

Body composition and adipose tissue studies

Adipose tissue plays a role in the fetal origins of disease [88,89]. If postnatal supply of nutrients is
more than intrauterine supply, enhanced growth and fat deposition will occur and will lead to insulin
resistance [90]. Adipocytokines have been implicated to have a role in the adult diseases following
IUGR. Leptin has a permissive role in pubertal development and in the maintenance of reproductive
function. Adiponectin has been shown to have a role in linking energy homeostasis and control of the
hypothalamo-pituitary-gonadal axis. Ghrelin, an orexigenic compound, also induces growth hormone
secretion. Ghrelin may take part in the regulation of gonadotropin secretion and play a role in timing of
puberty. PYY 3_3g,a gastrointestinal hormone, is involved in food intake and energy balance. Also PYY
3—36 modulates GnRH and gonadotropin release in some animal studies [91—94].

It has been shown that intrauterine hypo- or hyperleptinemia may program the energy regulating
systems. In most studies low leptin levels, lower or normal adiponectin, higher ghrelin and visfatin
levels in the IUGR sate, all these may put the individual at risk for development of obesity and insulin
resistance and abnormalities in gonadotropic axis [88].

It has been shown that in SGA born adults percentage of body fat and fat mass were higher than
muscle mass and fat free soft tissue and a higher trunk to limb fat ratio [95].

Brown adipose tissue which is protective against metabolic disorders has been found to show ab-
normalities in SGA children [96].

It is not clear whether this predisposition to central adiposity is due to low birth weigh or to catch-
up-growth but there is some evidence suggesting that IUGR is associated with a decreased capacity to
store subcutaneous fat [97].

Hyperinsulinism and hyperandrogenemia

The low birth weight associated with PP and subsequently early menarche, followed by hyper-
androgenism and PCOS may be linked to accumulation of visceral fat, following early weight gain,
insulin resistance and hyperinsulinism [28,98]. Furthermore, IGF1 is positively correlated with insulin
levels [11]. Both insulin and IGF1 are capable of stimulating androgen production [99]. Insulin resis-
tance is the key factor in the development of hyperandrogenism [100]. Insulin resistance and hyper-
insulinemia will also reduce sex hormone binding globulin (SHBG) levels and have an effect on the
bioavailability of sex steroids [101].

For this reason, as an insulin sensitizer, metformin therapy has been used in early puberty in SGA
girls (22 treated vs 12 untreated) [102]. After 3 years of therapy metformin resulted in slower pubertal
progress, prolonged total pubertal growth and increased final height. Metformin therapy also resulted
in lower insulin, leptin, and IGF1 levels and higher SHBG levels and IGFBP1 levels together with a less
atherogenic profile and leaner body composition. These findings in body composition were still rele-
vant after 18 months of discontinuation of therapy [103]. In a further study, low birth weight born
prepubertal girls with PP were treated with metformin for 4 years (19 treated vs 19 untreated) The
treated ones were less insulin resistant, less hyperandrogenic, had lower IGF1 levels, less atherogenic
and more number of girls were premenarcheal [104,105].

These studies show the importance of insulin as the triggering factor in the onset and tempo of
puberty.
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Epigenetics

Epigenetics is the study of heritable changes in gene expression depending on specific tissue and
environment [3,5,93,106] and has been implicated in regulation of body weight and onset of puberty in
SGA through methylation and histone modification and posttranscriptional control by microRNA
causing different functioning of a range of physiological processes, like for example, altered promoter
methylation and gene expression have been shown for the hepatic glucocorticoid receptor and the
peroxisome proliferator-activated receptor o (PPAR-a) influencing carbohydrate and lipid metabolism.
Through epigenetic changes, environmental factors like maternal nutrition or endocrine status during
development affect the phenotypic variation of the off-spring and experimental evidence suggests that
the effects of maternal nutrition on phenotype and associated epigenetic changes continue in subse-
quent generations [107].

In a prospective mother-offspring cohort (n = 987), factors were analyzed that had an effect on birth
weight and adiposity development upto 2 years of age. Apart from some perinatal environmental
factors, neonatal methylation markers from seven gene loci were studied. Methylation levels at some
birth weight loci showed association with perinatal factors and with the development of adiposity
[108]. Epigenetic marks measurable at birth explain more than 25% of the variation in adiposity in 6—9
year old children [109].

Current and future management

Although the number of SGA births may not be available worldwide, roughly between 2.3 and 10%
of all infants are born SGA [1]. Being born SGA brings with it an increased risk of morbidities. Moreover,
low birth weight can continue over two successive generations; a low birth weight mother has a 2.8
times risk delivering a low birth weight baby (p = 0.0.2) [110]. Several animal, epidemiological and
human studies have shown that early life events result in an increase in noncommunicable chronic
diseases in adult life including obesity, Type 2 diabetes and cardiovascular diseases [5]. Poor intra-
uterine environment induces a reduced development of skeletal muscle and increased visceral fat
deposition which favors survival in poor environment; however if the subsequent postnatal envi-
ronment is not poor, the off -spring may be susceptible to later diseases. The developmental origins of
health and disease explains the process of developmental plasticity in the development of adult dis-
eases [109]. Starting from gestation and even before gestation and following early postnatal life every
effort should be taken for providing optimum and healthy nutrition to mothers and offsprings
[106,111]. These children should be followed with respect to weight gain, signs of adrenarche and
puberty, metabolic problems and reproductive abnormalities [112] Genetic and epigenetic causes are
responsible for some patients and should be investigated if possible. In a systematic review, breast-
feeding has been found to be protective against obesity, metabolic and/or cardiovascular features in
SGA, albeit the heterogeneity of the papers [113]. Further studies on epigenetics and metabolomics will
give more insight [114].

Last but not the least the prevention of SGA births is an important public health issue.

Summary

IUGR and early life events have a strong effect on the development of morbidities in later life. Earlier
puberty with a rapid tempo may compromize final height. Premature adrenarche, hyperandrogenism,
polycystic ovarian syndrome phenotype together with insulin resistance, increase in visceral fat,
metabolic syndrome components will put the child and adolescent at a great risk for further comor-
bidities and cardiovascular diseases. These children should be followed closely for these morbidities.
However more important is to take preventive measures starting from periconception, through
gestation and early postnatal life to decrease the frequency of these disorders.
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Practice points
e Children and adolescents born with intrauterine growth restriction (IUGR) should be followed
closely for the development of adverse consequencies including pubertal problems and
reproductive function abnormalities
e Rapid weight gain in early life needs a special attention in these children
e Metabolic disorders, obesity and cardiovascular risk factors which may start in childhood
need close follow-up
e Good nutrition and healthy life style should be encouraged
Research agenda
e Further studies on the genetic, epigenetic, matabolic and endocrine aspects of IUGR
e Unraveling the mechanism from fetal growth restriction to metabolic disturbances for early
diagnosis of IUGR and take preventive measures
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