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Abstract

Altogether, Assisted Reproductive Techniques (ART) are likely to cause some epigenetic changes in the
offspring, which might consist the molecular basis of complex characteristics and diseases. The present
review contributes a large biochemical dataset of a well-defined group of pre- pubertal in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI) conceived children in order to detect the potential effect
in the offspring’s health. Additionally, the relevant usefulness of metabolomics and proteomics are also
investigated. The outcomes indicate early insulin resistance in ICSI-offspring which can set the basis for
further research in the field so as to identify the respective pathophysiological pathways and mechanisms
of action. The data support that metabolomics may unravel metabolic variances before they become clini-
cally or biochemically evident, underlining its utility in the ART research.
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Introduction

Since the birth of Louise Brown in 1978, a rapid
development in assisted reproductive techniques
(ART) has been observed. Assisted reproduction
techniques, including in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI), have been
widely used for infertility. The application of them
has been proved beneficial for millions of couples

who suffer from infertility. The safety of the applied
techniques has gained significant attention as the
number of offsprings from ART has increased dur-
ing the past decades. Whether children that were
born through assisted reproduction are more likely
to develop health problems than those conceived
spontaneous is a matter of controversy.
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The regimens that are administered for ovarian
stimulation, the in vitro culture of the embryos,
cryopreservation, and the use of potentially struc-
turally and genetically abnormal sperm in ICSI are
considered independent risk factors. Additionally,
multiple pregnancies as due to transfer of more than
one embryos have been associated with higher rates
of prematurity and low birth weight.

The objective of the present study was to review
the potential epigenetic factors that can affect the
offspring of ART.

Main outcomes

A total of 6 studies that investigate the character-
istics of children born through assisted reproduction,
were carried out by the collaboration of the 15 De-
partment of Obstetrics and Gynecology of Alexandra
Hospital and the 1% Department of Pediatrics of the
University of Athens!®. The initial conceptualization
and implementation of the project was initiated by
Professor G. Chroussos in collaboration with Profes-
sor Ch. Kanaka-Gantenbein, from the 1 Pediatric
Clinic of National and Kapodistrian University of
Athens, “Agia Sofia” Hospital.

With regards to the 1% study, the potential epi-
genetic effects of ART techniques were examined.
In particular, the thyroid function of 106 children
born from IVF (study group) was compared with 68
controls that have been natural conceived(control)®.
The age of the included subjects ranged from 4 to 14
years. The evaluated parameters in all children were
T3, T4, TSH and antithyroid peroxidase and antithy-
roglobulin antibodies titers. A significant increase in
serum TSH was observed in children from IVF group
compared with controls along with a mild resistance
of TSH in the thyroid gland. This was not associated
with respective alterations in antithyroid antibody
levels. The aforementioned outcomes indicate a
potential involvement of epigenetic developmental
abnormalities that may be associated with the pre-
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implantation manipulations on the fetus.

Another study found that offspring from conven-
tional IVF showed significantly higher systolic and
diastolic blood pressure, as well as triglyceride levels
when compared to the matched control-spontaneous
conception group? The differences remained sig-
nificant even after correction of the potential con-
founding factors including birth weight and multiple
pregnancies? No difference was observed in insulin
resistance, in glucose to insulin ratio, as well as in
inflammatory response parameters?

Three years later the same study group evalu-
ated the role of some other metabolic values in
IVF children including lipokalins, such as retinol-
binding protein 4 (RBP-4) and neutrophil gelatinase-
associated lipocalin (NGAL), as well as visfatin and
the respective role of gender?. The aforementioned
factors are associated with glucose intolerance and
could help in the early diagnosis of potential meta-
bolic disorders. More specifically, 100 IVF children
aged between 4 and 14 years were compared with
60 controls that were born after spontaneous con-
ception®. The outcomes indicated that IVF children
presented significantly elevated levels of both RBP-4
(p=0.009) and NGAL (p = 0.028) compared to con-
trols®. Furthermore, females born from IVF presented
higher RBP-4 values (p = 0.002) while NGAL values
were greater in males born after IVF (p=0.021) when
compared to controls?, suggesting early metabolic
derangements that could be attributed to an epigen-
etic phenomenon (Figure 1).

The study by Gkourogianni et al examined the
potential changes in the metabolic profile and insulin
resistance in 42 pre-pubertal children that were born
after ICSI and compared them with 42 age-matched
controls who were born after natural conception*.
Metabolic analysis of ICSI children revealed lower
urea and levels of YKL-40 and hsCRP inflammatory
and cardiometabolic markers along with elevated
trilodothyronine levels when compared to controls®.
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Figure 1. Comparison of neutrophil geltinase-associated
lipocalin (NGAL) in prepudertal and pubertal boys and of
retinol-bonding protein 4 (RBP-4) and pubertal girls between
in vitro fertilization children and controls?.

Hyperthyroidism can lead to glucose intolerance
and insulin resistance’. An additional analysis was
performed in a subgroup of 10 girls from each group
(ICSI and natural conception matched for age, gesta-
tional age, birth weight and singleton or twin preg-
nancy) with the use of Gas Chromatography-Mass
Spectometry (GC-MS) for metabolic analysis in blood
plasma*. The analysis showed significant differences
in 37 out of 70 metabolites among ICSI girls and
natural conceived controls*. The vast majority of them
were associated with metabolic syndrome, insulin
resistance and obesity. The outcomes of this study
raise high suspicion for a significant predisposition
of ICSI children to cardiometabolic diseased in their
adulthood and highlights the important role of me-
tabolomics in the research of epigenetic effects of
ART which can predict metabolic alterations before
their biochemical or clinical onset (Figure 2).

In 2017 the study by Kosteria et al examined the
outcomes of the proteomic analysis of the afore-
mentioned population (ICSI children versus natural
conception controls, matched for age and sex)®. They
assessed the potential changes in plasma proteomic
profile among 10 individual couples of children
from the two groups searching for potential cardio-
metabolic markers. To counteract factors that can
potentially influence the metabolic status, the couples
of children were matched for sex, age, number of
embryos and birth weight while pubertal children
were not included. When patients’ characteristics
were compared, ICSI group was found with decreased
gestational age at delivery, birth weight, increase
in the number of caesarean sections and maternal
age. However, this was not associated with adverse
perinatal outcomes. With regards to the proteomic
analysis, of the 22 proteins that were found to be ex-
pressed differentially, 19 over- and 3 under-expressed
proteins in the ICSI group were identified in the ICSI
group. The majority of the overexpressed proteins are
involved in acute phase reactions, blood coagulation,
and activation of iron and lipid metabolism pathways,
indicating an adverse subclinical cardiometabolic
profile (Figure 3).

More recently, a matched for race, age and sex
cohort study evaluated the blood lipid profile and
more specifically proprotein convertase subtilisin
/ kexin type 9 (PCSK9) and serum lipoprotein (a)
(Lp(a)) levels in 73 children born from ART (either
ICSI-n=33 or classic IVF-n=40) and in 73 children
born after natural conception®. PCSK9 and Lp [a]
levels are known factors that have been associated
with cardiovascular risk®. Classification according to
age (<8years, 8-10 years, = 10 years) was used for the
comparison among the groups. The outcomes of the
study indicate that in the total patient cohort, PCSK9
levels were strongly related to total cholesterol, low-
density lipoprotein, and systolic blood pressure, as
proved by univariate analysis. In addition to this,
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Figure 3. Representation of functional classification of identified, differentially expressed proteins (% total number of
identified proteins). Proteins were classified according to their major funtions according to the uniprot database®.

Lp (a) levels were increased with age, birth weight,
height, waist-to-ratio hip, high-sensitivity C-reactive
protein and apolipoprotein-B, insulin resistance and
insulin. The comparison of lipid biomarkers among
ART and natural conception children did not reveal

any difference. On the other hand, a correlation was
detected among age groups and conception method,
indicating that in ART children PCSK9 levels were
increased with age, while in natural conceived ones,
PCSKO9 were decreased with age. Children born from
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Figure 4. PCSK9 levels increase with age in ART children, indicating a gradual deterioration of lipidemic profile that could
lead to increased cardiovascular risk. Moreover, our results indicate that ART method may be of importance given that clas-

sic IVFis associated with higher levels of Lp(a)®.
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IVF showed significantly elevated mean levels of
adjusted Lp (a) when compared to both ICSI (13.5
vs. 6.8 mg / dl, p=0.010) and controls (12.3 vs. 8.3
mg / dl, p = 0.048) (Figure 4).

The increase in PCSK9 levels that was observed
with age in ART children, could be suggestive of a
gradual worsening of the lipidemic profile that could
increase the risk for cardiovascular events. In addi-
tion, the outcomes of the study showed that the ART
method may be relevant, based on the higher levels
of Lp (a) in the analysis of IVF children.

ART is likely to cause some epigenetic changes in
the offspring, which might be the molecular basis
of complex traits and diseases. However, it is still
unclear whether the small differences observed in
several studies represent a real difference between
ART-conceived and NC children. Larger studies with
long-term follow-up are needed to fully answer
these questions
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