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Can assisted reproductive technologies cause adult-onset disease?

Evidence from human and mouse
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Millions of children have been born worldwide though assisted reproductive technologies (ART). Consis-
tent with the Developmental Origins of Health and Disease hypothesis, there is concern that ART can induce
adverse effects, especially because procedures coincide with epigenetic reprogramming events. Although
the majority of studies investigating the effects of ART have focused on perinatal outcomes, more recent
studies demonstrate that ART-conceived children may be at increased risk for postnatal effects. Here,
we present the current epidemiological evidence that ART-conceived children have detectable differ-
ences in blood pressure, body composition, and glucose homeostasis. Similar effects are observed in the
ART mouse model, which have no underlying infertility, suggesting that cardiometabolic effects are likely
caused by ART procedures and not due to reasons related to infertility. We propose that the mouse system
can, consequently, be used to adequately study, modify, and improve outcomes for ART children.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The Developmental Origins of Health and Disease (DOHaD)
hypothesis posits that environmental stresses or exposures dur-
ing development can increase the risk of disease later in life. The
first compelling evidence for the existence of DOHaD in humans
comes from epidemiological studies showing that nutritional state
during prenatal development increases the risk for metabolic syn-
dromes and cardiovascular disease [1]. At the center of the DOHaD
hypothesis is the concept of developmental plasticity, in which
the biological pathways that govern prenatal development are not
fixed. This developmental plasticity, which allows for phenotypic
changes in the fetus in response to environmental stress, may be
beneficial if the stress is within normal range [2]. Adaptive response

Abbreviations: ART, assisted reproductive technologies; DOHaD, developmen-
tal origins of health and disease; IVF, in vitro fertilization; ICSI, intracytoplasmic
sperm injection; COH, controlled ovarian hyperstimulation; PGD/PGS, preimplan-
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ovulation; ET, embryo transfer.
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mechanisms during development may allow offspring to be better
suited to the environment in which they will be born. In contrast,
phenotypic changes that result from stresses outside the normal
range or from exposures that humans have not evolved defenses
against are likely non-adaptive and may lead to adverse effects.
With respect to human development, assisted reproductive tech-
nologies (ART) are an example of extreme ‘exposures’, requiring
the in vitro handling of gametes and embryos in a synthetic culture
environment.

Well-over 5,000,000 babies have been born worldwide via
ART [3]. ART and its many associated procedures are constantly
changing to fit the needs of patients [4] (Fig. 1). The two
most common types of ART are conventional in vitro fertiliza-
tion (IVF) and intracytoplasmic sperm injection (ICSI), which
are accompanied by controlled ovarian hyperstimulation (COH),
oocyte retrieval, embryo culture, and embryo transfer procedures.
Recent technological advancements have led to the availability
of several additional procedures, including the cryopreservation
of gametes/embryos, preimplantation genetic diagnosis/screening
(PGD/PGS), and others. Even with the successful implementation of
these technologies, ART is associated with a number of complica-
tions, including a higher risk of congenital anomalies, hypertensive
disorders of pregnancy, disorders of the placenta, preterm birth,
low birth weight, perinatal mortality and small size for gestational
age, imprinting disorders, among other problems presenting at
birth, as well as later onset problems [5-8]. Animal models of ART
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In Vitro Fertilization

In vitro fertilization (IVF): Eggs are retrieved from the ovary
and fertilization occurs in vitro.

™~
3‘\4}“ <" | Conventional IVF: Sperm are added
~ == to culture medium containing eggs for

e w8 +> | insemination.

Intracytoplasmic sperm injection
(ICSI): A single sperm head is injected
into the cytoplasm of the egg. Used for:

male factor infertility, if sperm have
been obtained surgically, a history of
unsuccessful cycles, procedures using

either cryopreserved sperm or eggs,
and/or if PGD/PGS will be performed.
69% of ART cycles in the United States
utilized ICSI.

Associated Procedures

Controlled ovarian hyperstimulation
(COH): Hormones are administered to
stimulate the maturation of several
oocytes. Protocols vary. More than
99% of ART cycles in the United States
used ovarian stimulation.

Oocyte retrieval: Eggs are collected

q by transvaginal ultrasound-guided

- follicle aspiration.

A

Embryo culture: Zygotes are cultured

— ——— | for 3 or 5 days using commercially-
L — OO0 — | available culture medium in a 37°C

incubator with low oxygen.

Embryo transfer: Embryos are non-
surgically transferred into the uterus
through the cervix. Transfers can be
performed using cleavage or blastocyst
stage embryos.

Additional Optional Procedures
for single genetic defects and
aneuploidy are performed on a single

blastomere (day 3 embryos) or

=0 trophectoderm ce_II (day 5 embryos).
Trophectoderm biopsy is favored over
blastomere biopsy, which has been

shown to negatively affect embryo
development. PGD was performed in
6% of ART cycles in the US.

Gamete/Embryo freezing: Freezing
occurs by slow-cooling or a rapid
cooling method known as vitrification.

Surgical sperm retrieval: Sperm are
aspirated from the epididymis or testis.
In instances of low sperm count, larger
portions of testicular tissue can be
biopsied. ICSl is exclusively used

for sperm obtained by sperm retrieval.

Preimplantation genetic diagnosis/
screening (PGD or PGS): Analyses

Assisted hatching: The outer barrier
of the embryo, known as the zona
e pellucida, is manually or chemically
penetrated, in hopes of improving
implantation.

Fig. 1. ART and its associated procedures. A brief description of the different modes
of ART (IVF and ICSI) and associated procedures.
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Fig. 2. The timing of ART procedures coincides with dynamic DNA methylation
changes in gametes and embryos. Controlled ovarian hyperstimulation (COH) allows
the maturation of several immature oocytes. DNA methylation is acquired during
this period of oocyte maturation. Fertilization and pre-implantation embryo devel-
opment occur in vitro with commercially available culture media at 37°C and low
oxygen conditions. Following fertilization, there is both active and passive demethy-
lation of the paternal and maternal genomes, respectively, in the embryo. Embryo
culture and transfer coincide with this demethylation. DNA methylation acquisi-
tion occurs promptly in the postimplantation embryo. DNA methylation levels in
the extraembryonic tissues are relatively hypomethylated compared to levels in
the embryo. IVF=in vitro fertilization; PGD = pre-implantation genetic diagnosis.

with no underlying infertility, can exhibit analogous complications
that have been described in ART children, suggesting that ART pro-
cedures are the source of these complications rather than reasons
associated with infertility [9]. In this review, we discuss how ART
procedures may impact epigenetic reprogramming coinciding with
embryonic development and summarize the current epidemiolog-
ical and experimental evidence suggesting ART procedures result
in adverse postnatal cardiometabolic outcomes. It is important to
consider how ART procedures may affect long-term health in off-
spring given the number of babies that are born using ART each
year.

2. Periconception as a critical window

Notably, the procedures used in ART take place at times when
maximal epigenetic reprogramming is occurring, including dur-
ing female gametogenesis and immediately after fertilization.
Reprogramming of the epigenome is critical to gametogenesis
and early embryonic development, involving the erasure and
reestablishment of DNA methylation and alterations of histone
posttranslational modifications, which are essential to reset the
gene expression patterns necessary for germ cell maturation. Fol-
lowing fertilization, the epigenome introduced by the gametes
must again be reset to establish the pluripotency that is required for
development of embryonic lineages. Fig. 2 depicts the changes in
DNA methylation that occur during reprogramming of the germline
and early embryo. Although it is well known that histone post-
translational modifications are also dynamically reprogrammed
at this time [10], much more information exists regarding DNA
methylation changes because single nucleotide resolution on small
numbers of cells has, until recently, been more robust for DNA
methylation profiling. Thus, for the sake of this review, we will focus
on DNA methylation. In this section, we briefly describe the vast
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