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Human infertility affects approximately 10% of couples world-
wide and has led to the development of a suite of clinical laboratory 
techniques designed to combat such conditions, collectively referred to 
as ‘Assisted Reproductive Technology’ (ART) [1]. Such methodology 
has subsequently resulted in the birth of more than 4.6 million babies 
worldwide. Infertility may arise as a result of individual male or female 
factors, a combination of both, or for unknown reasons (idiopathic 
infertility) [2,3]. While clinical and laboratory aspects of ART have 
been significantly refined since their first successful clinical application, 
global pregnancy and live birth rates from ART rarely exceed ~40% 
[3]. Indeed, successful pregnancy and delivery rates from conventional 
ART techniques such as in vitro fertilisation (IVF) or Intracytoplasmic 
Sperm Injection (ICSI) may be as low as 22.4% and 23.3% respectively 
[3]. As the number of couples seeking infertility treatment increases, 
it is crucial to develop new techniques and protocols to enhance the 
success of ART [4].

During ART, gametes and embryos are, by necessity, removed from 
their highly specialised natural environment, raising the possibility 
that extraction, storage, and in vitro fertilisation within an artificial 
environment may result in adverse clinician-derived (iatrogenic) 
changes, thus compromising quality and viability. While there are 
many potential causes, it is possible that clinical interventions may in 
fact represent contributory factors for the relatively poor success rates 
of ART. Characterising the precise source and extent of such effects 
would provide a valuable opportunity to modify and improve existing 
protocols [4-7]. For example, there is significant debate surrounding 
the potential effects that ART techniques, such as sperm swim-up or 
density gradient washing, routinely implemented to separate sperm 
from the seminal plasma of male patients to select the healthiest 
sperm for downstream processing, may be exerting upon sperm 
viability [8]. Such methodology can lead to the production of Reactive 
Oxygen Species (ROS) within sperm [8-12], or induce DNA damage 
[13,14]. Another cause for concern is the routine use of preservative 
methodology such as cryopreservation, which involves the freezing 
of cells or tissues to sub-zero temperatures (commonly ~ -196°C) 
using liquid nitrogen [6]. The extremely low temperatures involved 
in cryopreservation prevent biological activity such as cell death, 
enabling gametes and blastocysts to be preserved until a much later 
date. However, cryopreservation is a harsh and damaging procedure 
which can cause extensive cellular damage to a living biological tissue 
or cell, and may alter or reduce levels of key sperm factors essential for 
sperm function [4-7].

Approximately 75% of human embryos produced in vitro may 
undergo some form of embryo fragmentation (a chaotic division 
of embryonic cells) [15,16]. It is unclear whether this form of 
fragmentation arises inadvertently due to culture conditions and 
follicular stimulation in ART, or represents a normal characteristic of 
human embryo development [17]. Indeed, it is possible that factors 
such as culture conditions, prolonged exposure to oxygen, sunlight, 
specific wavelengths of light (e.g., ultra-violet), inadequate storage, 

or the absence of a dynamic in vivo environment incorporating cilial 
movement and muscle contraction, contributes to such phenomena 
[18,19]. The use of higher embryo:culture ratios have been proposed 
as a possible avenue leading to improved success rates, due to the 
‘co-operative interaction’ of growth factors released in a paracrine or 
autocrine manner [19-22], or the dilution of toxic factors [22-24]. 

However, laboratories have been slow to implement these 
techniques owing to the practice of culturing embryos individually 
for identification purposes [5]. Currently, laboratories are responsible 
for deciding which culture techniques they prefer to adopt, despite 
evidence that environmental factors affect not only ART success, but 
also the size and weight of the developing zygote. A consensus of 
opinion is now required as, alongside possible physical damage to cells 
affecting implantation success rates, environmental factors may also 
cause genetic/epigenetic defects which could affect the future health of 
the child and, by inheritance, future generations. Characterisation and 
understanding of such phenomena is currently very poor, although 
recent research indicates significant differences between different ART 
methodologies. 

Research focussed upon oocyte activation, a fundamental step 
in fertilisation which results in the initiation of embryogenesis 
in response to oscillatory changes in intracellular calcium (Ca2+) 
[25], has revealed that  the spatial distribution and duration of Ca2+ 
oscillations and associated gene expression profiles were not equivalent 
in mouse oocytes following ICSI compared to those following IVF. 
Ca2+ oscillation frequency and amplitude influence protein expression 
profiles in mouse zygotes, development/transplantation rates of rabbit 
embryos, and are directly responsible for cell-cycle progression rates 
[25]. Furthermore, following fertilisation, the paternal genome is 
subject to active demethylation, while the maternal genome is passively 
demethylated during subsequent cleavage divisions. Worryingly 
however, histone methylation patterns differ between IVF and ICSI in 
both mice and in humans, while the demethylation dynamics of the 
paternal rat genome at the pronuclear-stage is impaired following IVF/
ICSI [26-28]. Understanding the mechanisms underlying methodology 
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such as IVF and ICSI, and the potential effect they may exert upon 
early embryogenesis is vital, as current IVF/ICSI procedures may 
inadvertently predispose developing embryos to epigenetic risk. Male 
infertility accounts for 19-57% of infertility cases, and often requires 
the use of ICSI to provide the best chance of fertilisation.  Despite this 
revolutionary approach, ~1-5% of ICSI cycles are still known to fail. 
Considering that approximately 52% of all IVF cycles in the UK involve 
ICSI, thus exposing over 1000 couples annually in the UK alone to 
potentially deleterious effects [2,25]. 

A significant issue underlying the potential effect of ART 
methodology upon resultant offspring has been that such clinical 
interventions have only been in routine use for the past three decades, 
with infants born as a result of such methodology only now reaching 
maturity. Numerous reports now indicate an increased incidence of rare 
imprinting disorders following the implementation of ART, including 
Beckwith-Wiedemann, Angelman, and Silver-Russell syndromes.  
Furthermore, several studies now suggest that epigenetic alterations 
at imprinted loci occur during the in vitro manipulation of gametes 
following both IVF and ICSI [29-31]. Evidence also suggests that the 
association between imprinting disorders and ART may be restricted to 
syndromes involving hyper-methylation as well as hypo-methylation, 
with imprinting changes occurring on both parental alleles [29]. These 
findings may indicate that a proportion of the developmental defects 
or abnormal growth patterns reported in progeny arising from ART 
may be associated with a wide combination of epigenetic alterations at 
imprinted regions [29-31].

The extensive development of ART has not only revolutionised 
the clinical treatment of infertility, but has also facilitated significant 
advances in our wider understanding of human reproduction. 
However, pregnancy and birth rates resulting from such technology 
remain frustratingly low. Modifications of current ART protocols and 
the development of novel techniques associated with advancement 
in science and technology are essential in order to provide improved 
clinical and diagnostic tools for patients. Recognising the potential 
for iatrogenic damage upon gametes and embryos during ART will 
facilitate the improvement, development, and introduction of modified 
ART protocols which are highly likely to improve success. Furthermore, 
recent studies implicate iatrogenic alterations in the signalling pathways 
regulating fertilisation and early zygote development in response 
to IVF and ICSI, which may result in alterations to embryonic gene 
expression, as well as increased epigenetic risk. Such phenomena is 
currently poorly understood, and seems increasingly likely to represent 
the causative factors underlying conditions which may manifest 
as disease, not only in young children but perhaps in adults as well 
[32,33]. Considering that the implementation of ART is expanding 
rapidly worldwide, such questions highlight the urgent need to 
conduct long-term international studies on ART treatment, and their 
possible association with the prevalence of imprinting disorders. This 
is particularly prudent when one considers that aside from imprinting 
disorders, other pathologies such as general growth or various cancers 
may also be influenced by ART. 
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