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Abstract

Genetic causes of IUGR: The IGF 2 gene encoding IGF2 synthesis contributes to growth of the foetus. The maternal genes PHLDA?2,
GRB10, and placental ALS also play a role in the regulation of foetal growth. CDKN1C mutation can lead to IUGR. In SRS syndrome,
apart from epimutation 11p15 and disomy 7, the cause may be a mutation of HMACA2-PLAG1-IGF2 genes. Growth deficiency: in
10% of children with IUCR with growth deficiency, ACAN gene mutation (aggrecan gene) was described. Children with [JUGR and
with dynamic evolution of puberty can achieve better final growth through combined therapy with GH and GnRH analogues. Insulin
resistance: In light of new reports, oxidative stress during pregnancy, epigenetic regulation in the foetal period in children with IUGR,
and insulin resistance both peripheral and central during “catch up growth” are observed.
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Streszczenie

Genetyczne przyczyny IUGR: Gen IGF 2 kodujacy synteze IGF2 przyczynia sie do wzrastania ptodu. Role w regulacji wzrastania pto-
du odgrywaja takze geny matczyne: PHLDA2, GRB10, oraz fozyskowe ALS. Mutacja CDKNTC moze prowadzi¢ do IUGR. W zespole
SRS précz epimutacji 11p15 oraz disomii 7, przyczyng moze by¢ mutacja gendw HMAGA2-PLAGT-IGF2.

Niedobér wzrostu: u 10% dzieci z IUCR z niedoborem wzrostu opisana zostata mutacja genu ACAN (aggrecan gene). Dzieci z IUCR
i z dynamiczng ewolucja dojrzewania mogg uzyskac lepszy wzrost koficowy dzieki terapii faczonej GH i analogiem GnRH.
Insulinoopornos¢: W $wietle nowych doniesieri upatrywane sa: stres oksydacyjny w czasie ciazy, epigenetyczna regulacja w okresie
ptodowym u dzieci z IUGR oraz obwodowa i centralna oporno$¢ na insuline w okresie catch up growth.

Stowa kluczowe:

IUCR, niedobér wzrostu, insulinoopornosc.
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Introduction

Intrauterine growth retardation/small for gestational age
(IUGR/SGA) is too low birth weight and/or length (< -2 SD)
compared to gestational age, for gender and population. Intra-
uterine growth retardation is an intrauterine restriction of foe-
tal growth. Small for gestational age is a state of deficiency in
weight and/or body length of a newborn for gestational age. The
limit criterion for weight and/or body length of a child born with
SGA/IUGR is the value of one or both of these parameters less
than —2 SDS in relation to the population reference standards
for a given gestational age and gender. The term SGA is not
synonymous with IUGR. Even if the causes leading to impaired
foetal growth are known, a newborn baby may not meet the
SGA criteria, and a deficiency in weight and/or body length may
also be constitutionally determined. Nevertheless, the usual in-
terchangeable use of IUGR/SGA terms is common in the litera-
ture. The article covers the problem of children with [UGR.

This group should be under special endocrinological care.
Thirteen percent of children born with [UGR do not “catch up”
with normal growth, i.e. do not reach body height greater than
-2 SDS (< 34 centile) during the first two to four years after
birth. IUGR is associated with more frequent occurrence of
obesity, lipid and carbohydrate metabolism disorders, includ-
ing type 2 diabetes mellitus, hypertension, and other cardiovas-
cular diseases [18-24].

Genetically determined causes of the IUGR

According to the study by Dunger [1] from 2006, the IGF 2
gene encoding IGF2 synthesis contributes to foetal growth in
mice, whereas the IGF2R gene encoding IGF2R receptor may
cause intrauterine growth retardation. The maternal H79 gene,
which regulates the expression of the IGF2 gene, is of great
importance for the regulation of birth weight. The H19 + 2992
variant correlates with the increase in IGF2 concentration and
controls foetal growth [1]. In foetuses with intrauterine growth
retardation, not only decreased concentrations of insulin-like
growth factors, i.e. IGF1 and IGF2, are observed, but also de-
creased concentrations of proteins that bind IGF1. A positive
correlation between the levels of IGFBP3 (insulin-like growth
factor-binding protein) and a negative correlation between the
levels of IGFBP1 and birth weight have been documented [2].
In foetuses with IUGR a positive correlation of leptin and insulin
levels as well as with IGF1 and IGFBP3 levels was also found
[3]. Maternal genes play an important role in the regulation of
foetal growth: PHLDAZ2 (pleckstrin homology-like domain-fami-
ly A -member) takes part in the regulation of placental growth,
GRB10 (growth receptor binding protein) is a protein associated
with the signal transmission of insulin receptor, and IGF1 recep-
tor inhibits the signal [4] and placental ALS (acid-labile subunit),
the protein binding IGF1, responsible for its half-life [5].

CDKN1C (cyclin-dependent kinase inhibitor 1C) is a gene,
a regulator of cell proliferation, including pancreatic B cells.
The Kerns’ study shows that CDKN1C mutation (chromosome

11p15) can lead to a reduction in foetal growth, growth defi-
ciency, and early onset of diabetes in adults with [IUGR [6].

Methylation disorders (epigenetics) are essential in creating
inhibition of intrauterine growth. About 60% of SRS syndrome is
caused by hypomethylation of the ICR1 region of chromosome
11p15 and maternal disomy of chromosome 7 (UPD 7) [7], often
associated with the occurrence of asymmetry in this syndrome.
In 2017 a paper by Netchene et al. was published, in which the
authors reported on mutation of HMAGA2-PLAG1-IGF2 genes.
Apart from epimutation in chromosome 11p15 (gene IGF2/
H19) and chromosome 7 disomy, SRS may also be caused
by mutations of genes that control IGF2 expression. HMGA2
(DNA binding protein high-mobility group AT-hook 2) is identi-
fied in chromosome 1214, the deficiency of which provokes
inhibition of intrauterine growth. PLAG17 (pleomorphic adenoma
gene 1), (chromosome 8q12) also implies cell growth. The mu-
tation of HMGA2-PLAG1-IGF2 leads to decreased expression of
IGF2 gene in SRS. Reduced /GF2 expression may additionally
be caused by lack of activation of the P3 IGF2 promoter due to
PLAG1 and HMGAZ interaction. The presence of HMGA2 and
PLAG1 mutations in both parents may cause 50% risk of SRS.
HMGA2 gene defect is also a cause of lower birth weight and
higher head circumference in children with SRS syndrome. The
process is associated with lower IGF2 levels [8].

Growth deficiency

Thirteen per cent of children born with [IUGR do not “catch
up” with proper growth, i.e. they do not reach a body height
greater than -2 SDS (< 3" centile) in the period from two to four
years after birth “non catch up growth” [9]. Abnormalities in the
GH/IGF1 axis in children born as IUGR can be divided into the
following: with low levels of GH, IGF1, IGFBP3; with decreased
sensitivity to GH; with normal levels of GH, low levels of IGF1,
IGBP3, and with decreased sensitivity to IGF1; and with high
levels of GH and IGF1. The main objective of growth hormone
use in this group is to achieve proper final growth and improve
the quality of life, especially in adulthood [10]. In the IUGR
group treated with growth hormone and in the untreated group,
no differences in carbohydrate metabolism were found after the
therapy was finished. Breukhoven, in a group of 377 children
with IUGR, proved that there were no differences in body mass
composition in young adults after the therapy and without it
[11]. Also, no differences were found in the response to insu-
lin sensitivity in children with I[UGR with exon 3 GH receptor
(d3/fl-GHR) deletion and without deletions treated with growth
hormone [12]. The thyreological parameters during the treat-
ment with growth hormone in children with [IUGR were not clini-
cally significant in comparison with the pre-treatment period
[13]. Muscle strength and bone density were similar in children
with IUGR and SNP during growth hormone therapy [14].

In some children with IUGR, bone age advances faster dur-
ing the growth hormone therapy. In this group, the mutation
of the ACAN gene (aggrecan gene) was described. The muta-
tion is also associated with the following: slight dysplasia with
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proportional disorders, brachydactylia, osteoarthritis, and dys-
function of the articular cartilage. In the study by Manouk van
der Steen et al. among 290 IUGR children treated with growth
hormone, the above-mentioned mutation was identified in 29 of
them, i.e. in 10% [15].

The same authors, similarly to Hagen-Kollega, emphasised
the use of a combined therapy of growth hormone and GnRH
analogue in children born with IUGR with growth deficiency and
early, rapidly progressing puberty.

Children with IUGR and dynamic evolution of puberty can
achieve better final growth due to combined therapy [16]. No
differences in insulin resistance were found in the IUGR group
treated only with growth hormone in comparison with children
undergoing combined therapy [17].

Insulin resistance

There are many hypotheses of insulin resistance in children
with IUGR. Barker proposed the thrifty phenotype hypothesis.
A “survival” hypothesis was developed, which assumed pe-
ripheral insulin resistance in order to redistribute glucose to the
most important organs (brain) of a malnourished foetus [19].
According to Czernichow, the cause of insulin resistance in
children with IUGR was the interaction of foetal development
and genetic factors [20, 21]. A number of gene polymorphisms
were found that could be responsible for this phenomenon —
gene polymorphisms: INS VNTR (insulin gene variable number
tandem repeat), IGF-I, PPAR-y2/Pro 12 Ala (peroxisome prolifer-
ator-activated receptor), ACE I/D (angiotensin I-converting en-
zyme), CDKN1C (cyclin-dependent kinase inhibitoric), or glu-
cokinase gene [22, 23]. In the mechanism of insulin resistance
in children with IUGR, the direct cause of impaired insulin re-
ceptor function is abnormal phosphorylation of tyrosine kinase
of the B-receptor subunit [24]. There are reports of a decrease
in GLUT4 (glucose transporter) and GLUT1 levels in muscle tis-
sue in the foetal period as causes of insulin resistance [24, 25].
The observations of scientists drew attention not only to the un-
dernutrition in the foetal period, but also to the postnatal weight
gain as one of the possible causes of metabolic disorders in
later life [26-28]. Many studies prove that insulin resistance in
a child with IUGR may be associated with increased IGF1 and
BMI levels during postnatal catch-up growth [26-28]. Particu-
larly BMI and the amount of visceral adipose tissue associated
with it may be an essential factor in the development of insulin
resistance after birth in these children [28].

New reports also highlight both the foetal and postnatal peri-
od in the development of insulin resistance in children with [IUGR.

Lakshmy suggests a major role of oxidative stress during
pregnancy as a result of malnutrition [29]. Oxidative stress may
be associated with an increase in the concentration of acid me-
tabolites: 2 hydroxy-butyric acid and y-glutamyl leucine during
calorie restriction in pregnancy, resulting in insulin resistance in
the child [30].

Physiological stress during pregnancy is also of great im-
portance for the development of metabolic syndrome in children
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with [UGR. The result is an increase in the expression of adrenal
steroidogenesis [31]. Cheong [32] describes the increase in
MC2R gene expression in adrenal glands of mice mothers with
IUGR as the cause of subsequent metabolic disorders.

Joung'’s paper suggested the role of the AFABP protein
(adipocyte fatty acid-binding protein) in umbilical cord blood
related to the increased risk of metabolic syndrome and cardi-
ac disorders in adults born with [IUGR [33]. The placental insuf-
ficiency is also a possible cause of carbohydrate metabolism
disorders as a result of increased production of glucose in the
liver of foetuses with IUGR [34].

In light of new reports, epigenetic regulation of the foetal
period of IUGR in mice is also observed.

Excessive expression of the microRNA-29a coactivator-1a
PPARS receptor (peroxisome proliferator — activated recep-
tor y-coactivator-1a. PGC-1a) responsible for transmitting the
PPARS/PGC-1a signal reduces glucose utilisation in the cell
and the production of ATP. The result is a decrease in GLUTA4,
which has already been reported as a cause of insulin resis-
tance [35]. Epigenetic regulation related to foetal malnutrition,
pancreatic B cell dysfunction, changed insulin metabolism, and
consequently obesity and TD2 was described by Vaiserman
[36]. Among the epigenetic causes of IUGR, there was a re-
port of caloric restriction of the mother leading to carbohydrate
disturbances in rats with intrauterine growth restriction, e.g. by
increasing the methylation of the co-activator-1a PPARS recep-
tor, PGC1a [37]. There is a reduced receptor sensitivity to in-
sulin and glucose intolerance. In mothers with a calorie-limited
diet, a decreased expression of p53 /IGFBP3 of the signal
IGFBP3/IGF-1/IRS-1/Akt in peripheral tissues may also occur,
leading to abnormal glucose metabolism and, consequently,
insulin resistance in mice with IUGR. The process concerns the
“catch up growth” period [38]. Xing proved that the decreased
PISK/Akt signal and consequently the decreased expression of
GLUT4 in rat muscles with [IUGR during the “catch up growth”
period leads to insulin resistance [39]. Jones, however, found
increased expression of genes TRB3, JUN, MYC, and SGK1
and decreased expression of PTPRD as the cause of in-
creased glucose production in the liver of the sheep foetuses
with ITUGR and, consequently, insulin resistance [40]. One re-
cent report highlights the role of methylation and expression
of placental and umbilical cord genes in foetuses with IUGR,
involved in the regulation of carbohydrate homeostasis and
lipid metabolism, affecting foetal growth, weight composition,
and risk of diabetes in adulthood [41]. Hypermethylation and
lower activation of the ATG2B gene (autophagy-related 2B) in
the placenta and umbilical cord blood may be associated with
low birth weight and abnormal adipogenesis leading to lower
body fat. NKX6.1 (transcription factor associated with B pan-
creatic cell differentiation), hypermethylation of the gene and
its lower activation in the placenta and umbilical cord are ac-
companied by low birth weight and low insulin secretion. The
SLC13A5 gene (encoding sodium citrate transporter mainly in
hepatocytes) is associated with carbohydrate metabolism and
lipogenesis. Reduced gene expression leads to disturbances
in lipogenesis and reduction of foetal mass growth in the form
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of higher fatty acid oxidation and reduction of liver lipogen-
esis. The reduction of gene expression may protect the foetus
from excessive growth of adipose tissue during the “catch up
growth” period and thus from insulin resistance during this pe-
riod [42]. “Catch up growth” in children with [UGR, may induce
not only insulin resistance but also adrenarche praecox and
later fertility problems [43].

The issue of postnatal “catching up” with growth as a cause
of insulin resistance, as discussed earlier, has been confirmed
in modern studies, especially the role of the hypothalamus-
pituitary axis.

Berends et al. [44] found peripheral and central insulin re-
sistance in hypotrophic mice during the “catch up growth” pe-
riod. The changes concerned the decreased concentration of
PI3K subunit (phosphoinositide 3-kinase — p110p) and conse-
quently increased IRS-1 phosphorylation in the arcuate nucleus
(ARC) of the hypothalamus. An increase in the expression of
the gene encoding tyrosine phosphatase 1B (PTP 1B) in the
hypothalamus, leading to central insulin resistance, was also
identified.

Fukami proved central insulin resistance in the hypothala-
mus arcuate nucleus in rats with IUGR. He described the phe-
nomenon associated with reduced expression of the activator
of phospho-AMP kinase (pAMPK) and NPY and increased ac-
tivity of POMC mRNA on anorexigenic activity of insulin admin-
istered intravenously. Despite feeding, the state of orexigenic
ARC stimulation of the hypothalamus and resistance to anorex-
igenic insulin effect remained. The end result was hyperphagia
and obesity in the IUGR group [45].

An interesting new report on insulin resistance is the ob-
servation of the phenomenon in both IUGR and IUGR-AGA
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