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Abstract

Millions of children have been born worldwide though assisted reproductive technologies (ART).
Consistent 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 differences 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.
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1. Introduction

The Developmental Origins of Health and Disease (DOHaD) hypothesis posits that
environmental stresses or exposures during 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 syndromes 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
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be beneficial if the stress is within normal range [2]. Adaptive response 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
technologies (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] (Box 1). The
two most common types of ART are conventional in vitro fertilization (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 complications, 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 with no underlying infertility, can exhibit analogous
complications that have been described in ART children, suggesting that ART procedures
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 epidemiological 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 offspring 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 during 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. Following fertilization, the
epigenome introduced by the gametes must again be reset to establish the pluripotency that
is required for development of embryonic lineages. Figure 1 depicts the changes in DNA
methylation that occur during reprogramming of the germline and early embryo. Although it
is well known that histone posttranslational 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 DNA methylation
changes coinciding with ART procedures, as DNA methylation changes during
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gametogenesis and early embryonic development have been discussed in detail elsewhere
[10-12].

The progenitors of the mouse and human germline, primordial germ cells (PGCs), undergo
vast demethylation of the genome, with the exception of some (largely younger) repetitive
elements [13]. Notably, some loci associated with metabolic and neurological disease are
resistant to DNA methylation in human PGCs, which renders them tantalizing candidates for
conferring phenotypes across generations [14]. Subsequent to the periods of demethylation,
male germ cells initiate and complete the majority of remethylation during prenatal
development before entering mitotic arrest until puberty [10-12]. In contrast, oocytes in the
female remain hypomethylated, arresting at prophase of meiosis | [10-12]. DNA
methylation is then acquired in the oocyte after recruitment as part of a cohort driven by
hormonal regulation in the postpubertal cycling female [15]. COH leads to the development
of multiple immature oocytes, thus, the COH occurs simultaneously with the reprogramming
of the oocyte genome (Figure 1). In the United States, COH protocols are utilized in 99% of
ART cycles, as its use dramatically increases the number of eggs, and therefore the number
of chances for a successful pregnancy [4].

The embryonic genome is again extensively reprogrammed immediately following
fertilization. At this time, a significant proportion of the genome is demethylated (Figure 1),
with the paternal genome (sperm) actively demethylated, likely through a combination of
oxidation of 5-methylcytosine to 5-hydromethylcytosine, base excision repair, elongator
complex activity, and DNA replication [16]. The maternal genome (egg) is passively
demethylated through the absence of maintenance methylation during replication [16]. In
contrast to the demethylated genomic unique sequences, the imprinting control regions
(ICRs) of imprinted genes escape demethylation [17]. Parental-specific DNA methylation of
ICRs is acquired in the germline and must remain after fertilization so that this unique class
of genes is expressed in a monoallelic, parent-of-origin specific manner; the failure to do so
results in aberrant expression of imprinted genes and adverse developmental outcomes.
Although it is incompletely understood how the few ICRs maintain differential methylation,
a series of proteins that are candidates for protecting ICRs from DNA demethylation have
been identified, including ZFP57 and PGC7/Stella [18,19]. Finally, remethylation of the
genome by the de novo DNA methyltransferases initially occurs in the inner cell mass of the
blastocyst and subsequently in the extraembryonic cells [16]. These postfertilization
reprogramming events occur simultaneously with IVF/ICSI, embryo culture, PGS (if used),
and embryo transfer. Thus the postfertilization reprogramming period coincides with most of
the techniques used in the generation of IVF/ICSI embryos, raising the possibility that the
suboptimal ex vivo environment could render the IVF/ICSI embryo susceptible to
environmental perturbations that may only be realized much later in life.

3. Evidence that ART can cause epigenetic perturbations

Adverse epigenetic changes that occur in the conceptus as the direct result of ART
manipulations can have one of four generalized outcomes. The first are those that impact the
embryo and the extraembryonic tissues so severely that there is pregnancy loss. Although
early pregnancy loss has been associated with ART, it is impossible to determine if the
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etiology of pregnancy loss is due to ART procedures or problems associated with underlying
infertility [20]. Evidence from experimental models using fertile animals as oocyte and
sperm donors shows that ART procedures are indeed associated with an increased embryo
loss and reduced litter size [21,22]. Most early pregnancy loss after ART is attributed to
chromosomal abnormalities, and to our knowledge, there is no existing evidence or current
attempts to link pregnancy loss to epigenetic perturbations. The second possible outcome is
that epigenetic changes that occur in the embryo as the direct result of ART manipulations
lead to a live birth but result in detectable congenital disorders or malformations. For
example, the imprinting disorders Beckwith-Wiedemann Syndrome and Angelman
Syndrome occur in a higher than expected frequency in children conceived through ART and
these cases typically occur though loss of DNA methylation in ICRs [23]. Although there
are reports that infertility/subfertility status of the parents may play a factor in increasing the
incidence of these disorders [24], it is hypothesized that ART procedures disrupt the
mechanism that maintains DNA methylation of ICRs in the preimplantation embryo. In
support of this contention, we and others have investigated procedures used in ART,
including superovulation, embryo culture and embryo transfer, using a mouse model system
and have found that blastocysts and fetuses are susceptible to loss of DNA methylation at
ICRs and disruption of imprinted gene expression [25-30].

The remaining possible outcomes are more relevant to the DOHaD hypothesis. Mild
epigenetic changes that occur in the embryo as the direct result of ART manipulations with
no detectable adverse effects at birth may still result in increased risk of chronic diseases
later in life. Conversely, less severe epigenetic changes that impact the placenta, but do not
originate in the embryo, may trigger compensatory mechanisms in line with adaptive
responses resulting in indirect epigenetic changes in the embryo that lead to long-term health
problems. In the next section we summarize the literature characterizing ART and increased
risk of cardiometabolic effects. Currently, there is a vast gap in understanding how ART
leads to these chronic diseases and how epigenetic mechanisms mediate adaptive and
adverse physiological changes in ART offspring.

4. Evidence that ART can increase the risk of cardiometabolic diseases

4.1. Cardiovascular differences in humans

Several studies have reported subclinical but significant cardiovascular changes in ART
children (Table 1) [31-43]. In some of the first reports, systemic blood pressure levels were
higher in IVF and ICSI children by comparison with children that were conceived
spontaneously [31,33]. Importantly, blood pressure changes were still significant after
correcting for birth weight, gestational age, and body size of the children [33]. Similar
results were observed in another study in Greece. Systemic blood pressure was higher in
IVF children after correcting for low birth weight and maternal factors, including body mass
index (BMI), maternal age, and maternal reproductive diseases [39]. Subsequent studies
have shown that subtle blood pressure differences may only become apparent after a stress
challenge or under certain conditions. For example, an increase in systolic blood pressure
was observed in young adults conceived by IVF but only after three days of dietary
overfeeding, i.e., increased fat and total caloric intake [35]. Contradictory to these studies,
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Belva et al. did not detect any differences in resting blood pressure or blood pressure after
mild psychological testing in adolescent children conceived by ICSI [32]. One attempt to
understand the role of different infertility treatments underlying subfertility on blood
pressure in offspring was undertaken in a study from the Netherlands. Blood pressure was
assessed in five to six year-old children, conceived by IVF/ICSI, ovulation induction,
artificial insemination, or conceived after more than 12 months (subfertile) or conceived
naturally within 12 months (fertile). Children in the ovulation induction or subfertile group
had significantly higher systemic blood pressure than children from the fertile group, while
IVF/ICSI and artificial insemination groups were not different from the fertile group [37].
Subgroups were small in this study-- 28, 51, 34, and 220 children in the IVF/ICSI, ovulation
induction, artificial insemination, or subfertile group, respectively, by comparison to over
2,000 children assessed for blood pressure in the fertile group. Thus larger sample sizes may
be required to fully assess the impact of individual procedures in human studies.

Because low birth weight, prematurity, and multiple births are overrepresented in the ART
population and known to independently influence cardiac dysfunction, a study by Scherrer
and colleagues only compared singletons born at term with no signs of perinatal
complications [40]. Although they did not observe any differences in systemic blood
pressure, they did observe differences in flow mediated dilation (FMD), arterial stiffness,
and carotid intima-media thickness (IMT) [40,44]. These factors were investigated because
they are involved in the development of atherosclerosis [45-47]. Indicative of endothelial
dysfunction, FMD of the brachial artery was reduced by 25% in IVF/ICSI children by
comparison with spontaneously conceived children. IVF/ICSI children also display
increased arterial stiffness as assessed by pulse-wave velocity (PWV) and increased carotid
IMT. Higher PWV and IMT values are associated with increased cardiovascular risk [45,46].
Scherrer and colleagues also found that high altitude conditions induced a 30% increase in
systolic pulmonary artery pressure in IVF/ICSI children by comparison with naturally
conceived children [40]. In a separate report, the same research group observed increased
right ventricle end-diastolic area and diastolic dysfunction in IVF/ICSI children at high
altitude, but not at low altitude [42]. In both cases, pulmonary hypertension differences were
observed only under hypoxic stress. The authors note that this response strongly suggests
that IVF/ICSI children have underlying endothelial dysfunction because high altitude
conditions are known to amplify pulmonary hypertension in individuals with endothelial
dysfunction [48]. Because antioxidants have already been shown to improve endothelial
dysfunction, the authors tested if the ART-induced pulmonary hypertension in IVF/ICSI
children could be alleviated with antioxidant treatment. Indeed, a daily regimen of 1g
Vitamin C and 400IU of Vitamin E for four weeks was sufficient to improve FMD and
reduce pulmonary hypertension in IVF/ICSI children [38].

In a different study conducted in China, researchers did not observe any differences in
systemic blood pressure or carotid IMT [43]. However, they did observe significant
differences in FMD, carotid systolic and diastolic diameter, diastolic function parameters,
and heart rate. The authors noted that FMD was severely reduced in IVF/ISCI children
whose mothers experienced ovarian hyperstimulation syndrome, suggesting that the
pathological changes associated with this complication may increase the severity of
cardiovascular impairments in offspring. Using conventional echocardiography and two-

Reprod Toxicol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VVrooman and Bartolomei Page 6

dimensional speckle tracking imaging, another group detected cardiac alterations in a
number of different parameters in five year-old children conceived via IVF/ICSI [36].
Although cardiac morphology parameters in IVF/ICSI children were normal, researchers
detected alterations in both systolic and diastolic function. Global cardiac function as
measured by left and right myocardial performance indexes (MPI) were also significantly
different in IVF/ICSI children by comparison to naturally conceived children. The relevance
of the MPI differences is unknown as the MPI values for IVF/ICSI children still fall within
normal range [49].

Children with increased blood pressure have a high likelihood to have high blood pressure as
adults, making it important to understand how ART could be affecting blood pressure so
early in life [50]. Because the reported blood pressure differences in ART children are
subclinical and the increases appear small, it is essential to determine if offspring conceived
by ART have greater incidence of prehypertension and hypertension as adults. Even small
increases in blood pressure above normal (120/80 mmHg) are associated with increased risk
for developing cardiovascular disease and permanent kidney damage [51,52]. To our
knowledge, there are currently no published studies that have investigated the effect of ART
on blood pressure levels in adults.

In a study by Ceelen and colleagues, researchers found that the high systemic blood pressure
in IVF children was associated with the amount of catch-up growth during early childhood
(1-3 years-old), but not catch-up growth during infancy (3 months-1 year-old) [34]. A
causative link between catch-up growth in IVF children and high blood pressure has yet to
be elucidated, but if it exists, close monitoring of this developmental stage may be critical
for possible lifestyle interventions.

4.2. Cardiovascular differences from experimental studies in mouse

As predicted by observations in ART children, adult male mice produced using I\VF exhibit
cardiovascular alterations (Table 2). Impaired endothelial-dependent artery vasodilation and
increased carotid artery stiffness in vitro, and higher arterial blood pressure in vivo were
observed in IVF male mice by comparison with mice that were conceived naturally [53].
Blood pressure differences could not be attributed to superovulation alone or extended
embryo culture. Furthermore, epigenetic changes in select imprinted genes were detected
and the promoter of the endothelial nitric oxide synthase 3 gene (NMos3) was
hypermethylated in the aorta of ART mice. Hypermethylation of Mos3was associated with
reduced Nos3expression and nitrous oxide synthesis. Nitric oxide is a well-known regulator
of cardiac function, with vascular-dependent and independent effects. The authors
hypothesized that cardiovascular dysfunction is due to this affected pathway, mediated
through hypermethylation of AMos3. Indeed, administration of butyrate, a deacetylase
inhibitor, during adulthood corrected Aos3 promoter methylation and improved vascular
function. These results are consistent with the claim that ART-induced vascular dysfunction
is linked to epigenetic changes in the aorta, and that dysfunction can be reversed with
treatment.

In a subsequent study, the authors demonstrated that the addition of melatonin in the culture
media prevented artery vasodilation, arterial blood pressure, and associated Nos3 promoter
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methylation effects in IVF mice [54]. While the exact mechanism of melatonin rescue has
yet to be elucidated, importantly, this work highlights the importance of embryo culture
conditions in the prevention of adverse effects. In support of this, we determined that
optimized embryo culture could alleviate some of the epigenetic defects observed in
blastocysts and fetuses that were derived from the culture of 2-cell embryos to blastocysts
[25,26].

Other studies have directly tested the in vitro culture as the source of cardiovascular defects.
Watkins et al. showed that both male and female mice produced from superovulation and
subsequent culture of embryos that were fertilized in vivo had significantly higher systolic
blood pressure than those that were not cultured, regardless of whether ovarian stimulation
was used [55]. Donjacour et al. demonstrated reduced systolic blood pressure and enlarged
left heart in male mice produced after IVF and suboptimal embryo culture conditions [56].
In contrast, blood pressure changes were not observed in a different study that also targeted
embryo culture procedures [57,58]. However, under high fat diet conditions, mice produced
from superovulation and subsequent culture of embryos that were fertilized in vivo exhibited
impaired endothelial-dependent artery vasodilation and vasculature structural changes [58].
Taken together, these studies demonstrate that ART in the mouse appropriately models the
postnatal cardiovascular dysfunction observed in humans and has provided experimental
evidence that culture conditions may be the source of adverse effects contributing to cardiac
dysfunction in offspring.

4.3. Body composition and metabolic differences in humans

Body composition and other signs of metabolic dysregulation have been noted in IVF
children and adolescents (Table 3). IVF children and adolescents exhibit increased
peripheral adipose tissue mass and sum of skinfolds, with decreased lean tissue by
comparison with those that were conceived spontaneously in subfertile couples, after
controlling for differences in birth weight and gestational age [59,60]. Similar differences
were observed in 14 year-olds conceived by ICSI. ICSI girls had increased peripheral,
central, and total adiposity, while an increase in peripheral adiposity was also observed in
ICSI boys, but only when comparing those of the more advanced pubertal stages [61]. In
both studies, the IVF and ICSI cohorts had significant differences in birth weight,
gestational age, and parity in comparison with naturally conceived children, supporting the
notion that body composition phenotypes are associated with reduced weight at birth. In
contrast, no differences in fat mass or BMI were detected in other cohorts of children or
adults [35,39,62], and in one study, I\VF/ICSI children were reported to have lower BMI than
naturally conceived children [63]. Interestingly, Sakka et al. found that IVF children had
increased thyroid stimulating hormone (TSH) levels by comparison with naturally conceived
children, indicating subclinical hypothyroidism [64]. Although no children presented with a
clinical thyroid condition, this implores further investigation given that thyroid function
plays important roles in metabolism and lipid profiles. In these children, aged 4-14, there
were no detectable differences in adiposity, BMI, or glucose homeostasis [39], suggesting
that subtle hormonal changes in TSH may precede other signs of metabolic dysregulation.
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Higher fasting glucose levels have been reported in at least two different studies. Young
children conceived through IVF/ICSI or by ovulation induction had significantly higher
fasting glucose levels by comparison with fertile controls [37]. Similarly, pubertal children
conceived through IVF also had higher fasting glucose levels than their control counterparts.
These differences were still significant after controlling for birth weight, gestational age, and
current body size of the children [60]. However, differences in glucose homeostasis have not
been observed in other cohorts [39,62,63,65]. Similarly, insulin resistance has only been
observed in one study. When examined as young adults, Chen et al. detected a significant
change in insulin resistance in IVF versus spontaneously conceived individuals [35]. Many
other studies consisting of only children, have not detected differences in total insulin levels
or insulin resistance [39,60,62,63]. Given that these glucose homeostasis changes were only
detected in pubertal and adult cohorts, it is possible metabolic dysregulation may take longer
to manifest, thus not detected in younger or mixed age cohorts. This highlights the
importance of long-term follow-up of IVVF-conceived individuals.

Other metabolic parameters have been detected in some studies but not others. Higher
triglyceride levels were observed in IVF children by comparison with naturally conceived
children [39]. In contrast, no differences in triglyceride levels were detected by Chen et al.
[35], and in one study, IVF/ICSI children derived from fresh cycles had significantly lower
triglyceride levels compared to children conceived using frozen embryos or that were
naturally conceived [62]. IVF/ICSI children from fresh cycles also had the highest HDL
cholesterol levels while IVF/ICSI children from frozen cycles had the lowest HDL levels
[62]. No differences were detected with respect to total cholesterol levels or LDL cholesterol
levels in other studies [35,39,62,63].

4.4. Metabolic differences from experimental studies in mouse

Experimental studies to determine if ART procedures result in adverse metabolic phenotypes
so far have conflicting findings and show sex-dependent differences in offspring (Table 4).

In some studies, only female mice exhibited metabolic effects in response to ART
procedures [66,67]. IVF and ICSI female offspring displayed impaired glucose tolerance
compared to naturally conceived controls, while no effects were detected in IVF or ICSI
males [66]. In Feuer et al., IVF females derived from embryos cultured under suboptimal
conditions displayed impaired glucose tolerance. IVF females from optimal culture
conditions had significantly increased fat deposition and fasting glucose levels, even though
glucose tolerance was normal [67].

Other studies report nearly the opposite pattern of response, where males are more
susceptible. Males that were derived from embryos cultured under suboptimal culture
conditions displayed impaired glucose homeostasis, but not females, while mice of both
sexes that were cultured under optimal conditions had normal glucose homeostasis [56].
Similarly, Calle and colleagues, who only examined males, observed impaired glucose
homeostasis after in vitro culture [68]. Yet, in another study, both male and female mice
produced via IVF exhibited signs of metabolic dysregulation. Chen et al. examined the
effects of IVF on glucose homeostasis in offspring compared to embryo transfer (ET)
control group to control for litter size and additionally looking at the effect of superovulation
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alone [35,65]. Mice were produced by I\VVF, or by transfer of in vivo fertilized embryos with
ovarian stimulation (SO+ET), or without ovarian stimulation (ET). IVF males and females
on regular and high fat chow had significantly increased fasting glucose levels and impaired
glucose tolerance in comparison to the other groups, suggesting that IVF can induce
metabolic effects on metabolism under regular dietary conditions. High fat diet further
affected fasting insulin levels in both SO+ET and IVF males by comparison with controls
[35]. In female offspring, the SO+ET group also displayed increased fasting glucose levels
and impaired glucose tolerance with high fat diet [65]. This suggests that, in females,
impaired glucose homeostasis may not only be influenced by embryo culture but also by
ovarian stimulation protocols.

Low birth weight is a known independent risk factor for diabetes in mice [69]. In the study
by Scott et al., both IVF males and females were larger at birth than natural controls [66].
This effect may be due to larger litter size in controls, as supported by experiments by
Donjacour et al. [56]. Regardless of the reason, offspring in the Scott study were not smaller
than controls. IVF offspring in the Donjacour study had similar birth weight to ET controls
of comparable litter sizes. In Chen et al., both IVF and SO+ET males and females had
significantly reduced birth weight compared to ET controls, but only IVF males displayed
impaired glucose homeostasis on either diet [35,65]. Thus, in all three cases, low birth
weight was not associated with nor a predictor of impaired glucose homeostasis. Notably,
IVF male mice had an approximately 25% shorter lifespan compared with controls when
challenged with high fat diet [53]. Thus, elucidating the effects of ART and how it
predisposes offspring to poor cardiometabolic outcomes is critical.

5. Conclusions

There are many questions that need to be addressed concerning the potential effects on long-
term health in humans with ART. Longitudinal long-term follow up of individuals is clearly
warranted. Subclinical signs of cardiometabolic alterations are detectable in children, but
because cardiovascular disease and metabolic syndrome are chronic, adult-onset diseases,
more prominent signs of disease may take years to develop. Improvements need to be made
to ART procedures, and unfortunately, investigating the mechanism of disease development
through epidemiological studies is difficult. ART pregnancies are at high risk for low birth
weight and pregnancy complications [70], factors that independently affect the risk of
cardiometabolic diseases. Regardless of whether these effects are caused by ART procedures
or related to the patient’s underlying infertility, interpreting the data from such studies
becomes more complex. The power of epidemiological studies is dramatically reduced if
ART offspring are sorted based on the types of ART procedures performed, by the origin of
infertility, or by age and sex of the ART individuals. Moreover, although there are
recommended guidelines, patient care is highly individualized. Procedure protocols can vary
greatly from patient to patient and trends vary among the different clinics, making it difficult
to make comparisons between different studies/cohorts. Notably, no one has addressed the
interaction between genetics and ART, which could most certainly contribute to the variable
effects observed in human studies.
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Importantly, ART cardiometabolic phenotypes in humans can be phenocopied in fertile mice
strongly suggesting the procedures themselves promote adverse effects. The mouse allows
for controlled investigation of the different procedures individually and allows access to
tissues for molecular analyses at various developmental time points. This access is key for
elucidating the mechanism of the initial changes as well as the adaptive changes, which may
be advantageous early in development, but may contribute to disease later in life. The mouse
also allows the longitudinal study of animals to advanced age as well as multigenerational
effects in a timely manner that is not feasible in human studies.

ART will continue to be used to help couples conceive children and further work is
necessary to assure that ART is not only effective, but also safe for the future health of the
offspring. We also advocate that the mouse is an excellent model to test procedures used in
ART due to (1) its relatively short pregnancy and juvenile periods, (2) research costs
feasibility, (3) the ability to study the technology without underlying infertility issues and (4)
the extensive evidence demonstrating that mouse appropriately phenocopies the
complications observed in humans.
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ART Assisted Reproductive Technologies

DOHaD Developmental Origins of Health and Disease

IVF In vitro fertilization
ICSI Intracytoplasmic sperm injection
COH Controlled ovarian hyperstimulation

PGD/PGS Preimplantation genetic diagnosis or screening

ICRs Imprinting control regions

BMI Body mass index

FMD Flow mediated dilation

IMT Carotid intima-media thickness
MPI Myocardial performance index
TSH Thyroid stimulating hormone
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In Vitro Fertilization

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

S, ==
I 7

o -
i =
., S

Conventional IVF: Sperm are added
to culture medium containing eggs for
insemination.

—OK

Intracytog ic sperm inj
(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
by transvaginal ultrasound-guided
follicle aspiration.

e

Embryo culture: Zygotes are cultured
for 3 or 5 days using commercially-
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

==

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. ICS| is exclusively used

§

for sperm obtained by sperm retrieval.

L F g g
screening (PGD or PGS): Analyses
for single genetic defects and
aneuploidy are performed on a single
blastomere (day 3 embryos) or
trophectoderm cell (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.

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

Figure 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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DNA Methylation

gametogenesis fertilization ~ pre-implantation  implantation gestation

PGD

gamete embryo freezing || assisted
freezing hatching

ART Procedures

Figure 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 development occur in vitro with commercially available
culture media at 37°C and low oxygen conditions. Following fertilization, there is both
active and passive demethylation of the paternal and maternal genomes, respectively, in the
embryo. Embryo culture and transfer coincide with this demethylation. DNA methylation
acquisition 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.
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