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REVIEW ARTICLE

The effect of low and ultra-low oxygen tensions on mammalian embryo culture
and development in experimental and clinical IVF
Manuel Belli a*, Sevastiani Antonouli a*, Maria Grazia Palmerini a, Serena Bianchi a, Sara Bernardi a,
Mohammad Ali Khalili b, Orlando Donfrancesco c, Stefania Annarita Nottola c, and Guido Macchiarelli a

aDepartment of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy; bResearch and Clinical Center for Infertility,
Shahid Sadoughi University of Medical Sciences, Yazd, Iran; cDepartment of Anatomy, Histology, Forensic Medicine and Orthopaedics, La
Sapienza University of Rome, Rome, Italy

ABSTRACT
Over the last forty years, many trials have been performed using mammalian embryo cultures
with reduced oxygen tension (O2) to encourage proper embryo development and increase the
success rate for in vitro fertilization (IVF) outcome. Even if the use of atmospheric O2 (20%) affects
in vitro embryo development and intracellular redox balance, the use of low (5% O2, physiologic)
and ultra-low (close or less to 5% O2) O2 applied to in vitro embryo culture is still under debate.
Numerous studies in various mammalian species have shown that embryo development improves
when culturing embryos under low O2, although culture conditions are not the only factors
involved in the success of IVF. This article reviews the literature data of the last four decades
and discusses the current evidence on the use of low and ultra-low O2 in embryo culture, and
examines the impact of multiple factors on IVF outcomes.

Abbreviations: O2: oxygen tension; IVF: in vitro fertilization; IVC: in vitro culture; ET: embryo
transfer; ROS: reactive oxygen species; ARTs: assisted reproductive technologies.
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In vitro fertilization (IVF) in past years: An
approach of embryo transfer

Until 1978, women who had no functioning Fallopian
tubes were considered sterile. These patients usually
underwent reparative surgery or tuboplasty in order to
re-establish the normal strait for gametes to transit.
Unfortunately, these surgeries often failed (Steptoe and
Edwards 1976). In the 1970s, the fertilization of oocytes
outside the human body (a process known as in vitro
fertilization or IVF) was considered experimental, and
when attempted, resulted only in miscarriages or unsuc-
cessful extrauterine pregnancies (Steptoe and Edwards
1976). In 1978, Lesley Brown, the first patient to undergo
IVF, underwent a laparoscopic egg retrieval without med-
ications to stimulate her ovaries. The single egg retrieved
was fertilized in the laboratory, and then transferred into
her uterus. Steptoe and Edwards (1978) successfully
obtained the first live birth from IVF.

From this success forwards, IVF became a medical
treatment for infertility. The controlled ovarian hyper-
stimulation usually takes place by using a combined
administration of gonadotropin-releasing hormone

agonists or antagonists and gonadotropins. Oocytes
are aspirated through transvaginal or transabdominal
ultrasound-guided aspiration of follicles and fertilized
in vitro. One or more embryo(s) are then transferred
into the uterus. This procedure occurs over an approxi-
mately two-week interval of time and is called the IVF
cycle (Glujovsky et al. 2012). The embryos obtained are
usually transferred into the uterus at the second (E2) or
third (E3) day of the in vitro culture (IVC), approxi-
mately corresponding to the 4–8 cell stage, i.e., when
the receiving uterus can provide the best environment
for embryo development (Laverge et al. 2001).
However, recent evidence indicates that human
embryos at the fifth (E5) or sixth (E6) day of culture
(i.e., 64-cell or blastocyst stage) are at the best biological
stage to be transferred to the uterus because the
extended culture may give an improved chance to select
high-quality embryos (Glujovsky et al. 2012).

In fresh human IVF, the transfer of E5 embryos
improved the ongoing clinical pregnancy rates up to
43.1% from 24% for E3 transfer embryos in female
patients of 35 years with optimal rates of fresh IVF clinical
pregnancy, ongoing pregnancy and cumulative ongoing

CONTACT Manuel Belli manuel.belli@univaq.it Department of Life, Health and Environmental Sciences, University of L’Aquila, Via Vetoio, Coppito 2,
L’Aquila 67100, Italy
*These authors contributed equally to this work

SYSTEMS BIOLOGY IN REPRODUCTIVE MEDICINE
2020, VOL. 66, NO. 4, 229–235
https://doi.org/10.1080/19396368.2020.1754961

© 2020 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0001-9183-6206
http://orcid.org/0000-0002-3525-2633
http://orcid.org/0000-0002-3985-0112
http://orcid.org/0000-0003-3731-5463
http://orcid.org/0000-0001-6130-8533
http://orcid.org/0000-0002-8932-0224
http://orcid.org/0000-0003-4544-8928
http://orcid.org/0000-0002-4626-6328
http://orcid.org/0000-0002-9182-0586
https://crossmark.crossref.org/dialog/?doi=10.1080/19396368.2020.1754961&domain=pdf&date_stamp=2020-08-11


pregnancy (Fernández-Shaw et al. 2015). Furthermore,
not only pregnancy, but also successful implantation
rates, increased to 33.3% with E5 embryo transfer (ET)
(Aziminekoo et al. 2015). Regarding vitrified/warmed
embryos, an improvement in clinical outcomes resulted
after E5 ET with delayed expansion or blastulation, when
the prolonged culture was applied (Wirleitner et al. 2016).
Embryologists are now concerned about whether it is
more beneficial for women undergoing IVF to receive
a fresh or frozen embryo based on if they are classified
as low or non-responders (Acharya et al. 2018). Recently,
Zhao et al. (2018) showed that the extended culture of E3
embryos for 7–8 h reduced the risk of IVF-ET treatment if
compared to E5 embryo culture through another
2–3 days, and improved the clinical outcomes and the
efficiency of each transferred cycle and each transferred
embryo.

However, it is not enough for the positive outcomes of
IVF to only consider the above factors, such as the day,
fresh or frozen embryo, and the benefits of the prolonged
culture on IVF-ET. At present, many factors should be
considered that could contribute to the success of IVF,
including the importance of different oxygen tension (O2)
usage in the culture media of IVC in the mammalian
embryo, either in clinical or experimental IVF, combined
with more strict conditions that can improve embryo
viability, development, and quality. On one hand, De
Munck et al. (2019) did not observe any difference in
embryo viability in embryos cultured under low O2

when levels were reduced from 5% to 2% O2 in human
embryo extended culture after E5. On the other hand,
Gelo et al. (2019), when culturing embryos under low O2,

a high number of blastocysts leading to increased preg-
nancy rates, thus providing a better alternative for human
embryos selection was observed.

Low and ultra-low oxygen tensions in embryo
culture: A crucial stage in the IVF process

In 1971, simultaneously with the development of IVF
treatment, Patrick Steptoe and collaborators noticed the
first efficient culture of a human embryo from E2 to E5
and clearly described the culture conditions facilitating
this breakthrough. Specifically, the scientist underlined
that the O2 in the culture system was not approximately
20% (atmospheric O2), but that the gas phase was 5% O2

(physiologic O2), 5% carbon dioxide, and 90% nitrogen
(Steptoe et al. 1971). During this period, in human IVF
treatments, both 20% and 5% O2 were widely used in
embryo culture and showed similar successful develop-
mental rates. However, culturing human embryos under
physiologic conditions, in comparison to atmospheric O2,
was not beneficial. Although different O2 levels did not

show an improvement in the embryo culture and devel-
opment, Bavister and Minami (1986) used an IVC
embryo approach, including oviductal mouse cells in
a culture system. In particular, they cultured in vitro
hamster zygotes within the explanted oviduct maintained
in tissue culture. Zygotes incubated in this culture system
did not show an arrest of development. However, they
grew into vital blastocysts. (Bavister and Minami 1986).
Using the same culture systems, Minami and collabora-
tors showed that 21% of early 2-cell hamster embryos
cultured under low O2 for 65–70 hours developed to the
blastocyst stage within the explanted mouse oviduct
(Minami et al. 1988). Additionally, IVC of embryos
from several mammalian species (mouse, sheep, goat,
and cattle) under reduced O2 tension showed improved
development (Bavister 1995). Different culture systems
might require different O2 to achieve optimal results
(Dumoulin et al. 1999).

The improved development of mammalian embryos
under physiologic O2 in vitro is based on the in vivo O2

tension in the female reproductive tract. In fact, after
Steptoe and Edwards, numerous scientists described the
O2 concentrations in the mammalian reproductive tract at
a range from 2 to 8%. In particular, O2 in rhesus monkeys,
rabbits, and hamsters ranged from high rates around 8%
O2 in the oviduct, to low rates of 2% O2 in the uterus
(Byatt-Smith et al. 1991; Fischer and Bavister 1993;
Kasterstein et al. 2013).

Even if Edwards and Steptoe designed a culture system
with reduced O2, for decades, most embryological labora-
tories used atmospheric O2, likely to avoid costs for
laboratory equipment associated with the O2 reduction.
The embryo culture with reduced O2 requires a nitrogen
gas system, specialized incubators, and quality assurance
related to oxygen sensors (Bontekoe et al. 2012).
Currently, the use of a gas phase incubator in the culture
of mammalian embryos can be successfully used either
under atmospheric or physiological O2. However, some
studies failed to show a significant difference in the clin-
ical outcomes with low O2 in embryo culture (De Los
Santos et al. 2013). Recently, multiple meta-analysis
reviews demonstrated an increase in pregnancy and live
birth rates at 5% O2 embryo culture (Nasri et al. 2016),
especially after E3 ET (Glujovsky et al. 2012). As Morin
(2017) mentioned, if the goal of the embryo culture sys-
tem is to recapitulate the in vivo environment, an essential
question for clinicians performing E5 transfers is if the O2

concentration inside the female reproductive tracts is
consistent throughout the embryo’s journey from the
oviduct to the uterus or not (Morin 2017). This issue is
worthy of discussion since the number of clinical IVF
programs that are utilizing extended culture (up to
5 days) is increasing (Kissin et al. 2015).

230 M. BELLI ET AL.



The debate is regarding the effects of physiological and
atmospheric O2 levels in embryo culture continues. Time-
lapse monitoring studies on the developmental arrest in
human and mouse preimplantation embryo culture
found delayed/arrested embryo development under
atmospheric O2 with respect to those using low O2

(Kirkegaard et al. 2013; Ma et al. 2017). Mouse embryos
cultured from zygote to blastocysts under different O2

(3% and 20%) gave higher blastocyst developmental
(92.3% vs. 79.4%) and hatching rates (80% vs. 70.4%)
when embryos were cultured in 3% O2, suggesting that
low O2 utilization in IVC may improve embryo viability
with increased expression of antioxidant enzymes and
glucose transporter activities (Ma et al. 2017). According
to these findings, most of the modern IVF laboratories
accepted the superiority of using physiologic O2, argu-
ments regarding whether a further reduction in O2 after
E3 of embryo development represents the most physiolo-
gic system still exists (Morin 2017). These arguments
deserve two considerations: 1) O2 levels are lower in the
uterus than in the oviduct, and 2) the embryo usually
crosses the uterus-tubal junction on day 3. A few recent
studies using ultra-lowO2 (2%) in embryo culture after E3
of development, suggested that the best O2 level may be
stage-dependent (Morin 2017; Crawford and Ledger
2019). However, the mechanism by which low O2 could
improve in vitro embryo development is still not fully
understood.

Up to now, the studies on the effects of low and
ultra-low levels of O2 during in vitro embryo culture
produced conflicting results. Discrepancies are present
among studies regarding the quality of bovine embryo
development cultured in physiologic and 2% O2 (Yuan
et al. 2003; Harvey et al. 2004). The advantage of
physiologic over atmospheric O2 was the object of
extensive research (Thompson et al. 1990; Berthelot
and Terqui 1996). The beneficial effects of O2 concen-
trations lower than the physiologic level are species-
specific and stage-dependent (Li and Foote 1993; Yang
et al. 2016). A study on mouse embryos cultured with
2% O2 showed, in fact, an increase in embryo loss rates
at day 4 and a decrease in fetal weight at day 18 of
pregnancy (Feil et al. 2006), although the use of 2% O2

at E5 was optimal for bovine embryo development. In
cows specifically, embryos cultured in 2% O2 during the
post-compaction phase, from E5 and on, produced
high quality blastocysts and high developmental rates
in around 40% of the total embryos (Thompson et al.
2000). These so-called ultra-low O2 concentrations in
extended human embryo culture with sequential media
may represent a more physiologic culture system. In
humans, to our knowledge, only a few studies on this
topic were present in the literature up to now. In one,

the donated embryos cultured in atmospheric O2

underwent cryopreservation at E3 of development
(Yang et al. 2016). Yang and collaborators showed
that at warming, the embryos were then subjected to
further culture until E5 at 2%, physiologic, or atmo-
spheric O2. No significant differences were detected
either in the number of preimplantation embryos
reaching the blastocyst stage or in the number of high-
quality blastocysts (Yang et al. 2016). In a second study,
the ultra-low O2 environment was superior in respect
to the continuous culture under physiologic O2 in
human embryos cultured in physiologic (from day
1-to-3) and 2% (from day 3-to-5) O2 (Kaser et al.
2016). However, a more recent study demonstrated
that a reduction in oxygen tension from 5 to 2% O2

in human embryo culture after day three did not
improve embryo development, quality, and utilization
rate (embryos transferred and cryopreserved) (De
Munck et al. 2019).

Can the oxygen tension alter the embryo
genetics, physiology, morphology, and
development in vitro?

The study of the indicators of metabolic health required
the evaluation of the performance of preimplantation
embryos cultured at different O2 levels. In sheep, the O2

reduction from atmospheric to physiologic levels
increased the catabolic utilization of glucose in preim-
plantation embryos (Harvey 2007). In mouse embryos
cultured in low O2, pyruvate oxidation increased
(Khurana and Wales 1989); high cell number blasto-
cysts, associated with a reduction in the number of
apoptotic ones, were also reported (Van Soom et al.
2002). Low O2 tension and pyruvate oxidation may
collaborate to improve the energetic functionality of
the preimplantation embryos by reducing the oxidative
stress and ameliorating the biosynthetic activity.
Reactive oxygen species (ROS) can cause serious
damage to lipids (hampering the stability of cell mem-
branes), DNA (fragmentation), and proteins (modify-
ing protein function and cell signaling) (Catt and
Henman 2000; Oliveira 2017). In pig embryos, physio-
logic O2 concentrations induced lower hydrogen per-
oxide production and, consequently, lower DNA
fragmentation, with respect to the counterpart cultured
under atmospheric O2 (Kitagawa et al. 2004). Also, the
global gene expression pattern of mouse zygotes cul-
tured in vitro showed more significant perturbations
when atmospheric levels were used instead of the phy-
siologic levels (Rinaudo et al. 2006). Others described
an increase in global DNA methylation under high
oxygen exposure in bovine preimplantation embryos,
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thus suggesting that oxidative stress can also alter the
embryonic epigenome (Li et al. 2014). These alterations
can be responsible for proteome alterations, as demon-
strated by profiles of protein expression, obtained
under reduced O2, that were similar to those from
embryos developed in vivo (Katz-Jaffe et al. 2005).
Table 1 summarizes the indicators of the metabolic
health of the preimplantation mammalian embryo cul-
tured under different oxygen tension.

Our recently published data (Belli et al. 2019) showed
that IVC ofmouse embryo under physiological and atmo-
spheric O2 affects mitochondrial morphology and numer-
ical density by electron microscopy, as previously
described (Palmerini et al. 2017; Zhurabekova et al.
2018; Bernardi et al. 2018). In mouse, morphometric
analysis of EM micrographs showed a lower numerical
density of healthy mitochondria and a higher numerical
density of abnormal (i.e., hooded) mitochondria. Since
mitochondria play a critical role in cellular metabolism
(Iorio et al. 2015; Belli et al. 2018), these qualitative and
quantitative findings indicate that IVF, and in particular
high O2, significantly alters the metabolism and ultra-
structure of the developing embryos (Crosier et al. 2000).

The impact of culture conditions on IVF success

During IVF, high production of ROS was detected in
culture media due to the disturbances in embryonic cul-
ture, despite the presence of the endogenous defense
mechanisms in both oocytes and embryos. Consequently,
embryonic fragmentation, apoptosis, and even delay or
interruption of embryo development was frequently seen
(Oliveira 2017). ROS may stem directly from the environ-
ment in which the embryos are located (Cebral et al. 2007).
The exposure of oocytes and embryos to xenobiotic agents,
the changes in metabolic substrate concentrations, and the
traces of transition elements are factors that favor the
generation of ROS during in vitro culture/manipulation.
Not only these factors but also the high levels of O2 were
harmful for IVC (Feuer et al. 2014). The reduction of ROS
generation, the improved air quality/reduced volatile

organic compounds due to filtered nitrogen gas, and the
mechanisms connected with gene expression, metabolism,
or other cellular processes are potential factors that may
contribute to an evaluated and efficient low O2 mechanism
(Morin 2017).

Bontekoe et al. (2012) suggested that culturing embryos
under low O2 improved the success rates of IVF, resulting
in the birth of healthy new-borns. Physiologic O2 also
resulted in an increase of 43% in ongoing pregnancies/
live birth and clinical outcome rates up to 47% compared
to atmospheric O2 with 38% and 42%, respectively (Nasri
et al. 2016). However, protocols used in clinical trials need
to be improved, and additional effort is required to obtain
a better-weighted overall view on the treatment effects of
embryo culture under low O2 in IVF (Oliveira 2017).
Therefore, the question of if the culture of oocytes and
embryos under low O2 can enhance the positive clinical
outcomes of IVF cycles still requires more data.

Other factors affecting positive IVF outcomes

The success of IVF relies on the quality of gametes and
embryos and also the assisted reproductive technologies
(ARTs) protocols (Bianchi et al. 2015; Coticchio et al.
2016; Khalili et al. 2017) as demonstrated by the impor-
tance of proper preservation of the cellular and organelle
integrity (Nottola et al. 2011; Palmerini et al. 2018).
However, several important factors can affect IVF out-
come, e.g., oocyte retrieval of denuded oocytes without
cumulus complex (COCs) showing an abnormal meiotic
spindle morphology, as compared to oocytes with intact
COCs that preserved a better specific-organelle structure
(Cecconi et al. 2006). Other factors that may have an
impact on IVF outcomes are the gamete or embryo cryo-
preservation with vitrification (Khalili et al. 2012), sperm
selection, oocyte and embryo culture conditions, labora-
tory equipment, and the availability of an experienced
embryologist (Rossi et al. 2006; Cecconi et al. 2010;
Palmerini et al. 2016). Different culture systems close to
the in vivo conditions could overcome the effects on
oocyte quality and embryo yield. For example, using 5%

Table 1. Variations of the indicators of metabolic health of the pre-implantation embryo cultured
under low (5%) and high (20%) oxygen tension with respect to the in vivo condition.

Low O2 tension High O2 tension References

Utilization of glucose Nd - Harvey 2007
Pyruvate oxydation Nd - Khurana and Wales 1989
Blastocyst cell number Nd - Van Soom et al. 2002
ROS levels + ++ Belli et al. 2019
Perturbations of the global gene expression Nd + Rinaudo et al. 2006
Alteration of embryonic epigenome Nd + Li et al. 2014
Proteome alteration Nd + Katz-Jaffe et al. 2005
Mitochondria alteration + ++ Belli et al. 2019

Nd = no difference; – = decrease; + = increase; ++ = over increase
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O2 in IVC to improve embryo viability, and different
antioxidant mixtures in the culture media during IVC to
reduce oxidative stress could be used to improve embryo
development (Silva et al. 2015; Belli et al. 2019). In fact,
different studies demonstrated that the addition of anti-
oxidants in the culture media, such as quercetin, taxifolin,
and 7,8-dihydroxyflavone during IVC reduced ROS levels
in oocytes and enhanced the developmental competence
of the embryos (Choi et al. 2013; Kang et al. 2016; Von
Mengden et al. 2020). It is evident that the IVF process
and its success are a multi-factorial combination of the
above factors in association with selected ARTs used in
IVF may generate significant concerns for developmental
trajectories.

Conclusions and future perspectives

In mammals, the issue of using low (less than the atmo-
spheric O2) or ultra-low O2 (less or close to the physiologic
O2) tension during embryo culture in clinical and experi-
mental IVF has been the object of studies and debates for
decades, since the role of oxygen, moreover species- and
stage-dependence, in contributing to the success of IVF is
well recognized. Ultra-low concentrations in human IVF
are a recent acquisition, nevertheless, the use of conditions
closer to the human oviduct environment in the extended
embryo culture seems to have a beneficial impact on IVF
outcome. Its application follows the development of
advanced incubators allowing the maintenance of lower
oxygen tension. In fact, in order to protect embryos from
the oxidative stress correlated to the O2 and the resultant
side-effects, in the last decade, there was an increased focus
on approaches based on the supplementation of antioxi-
dant mixtures and specific O2 during the in vitro embryo
culture. The various combinations of antioxidants tested
during in vitro maturation and in IVC media (Silva et al.
2015) showed an improvement in the quality of developing
preimplantation embryos. However, many trials are still
necessary in order to identify and clarify the most effective
supplements combined with low and ultra-low O2 for
optimizing IVC systems.

Disclosure statement

No potential conflict of interest was reported by the authors.

Author contributions

Conceived and designed the study: MB, SA, GM; Performed
the literature research and drafting the ms: SBi, SBe, OD;
Wrote the manuscript: MB, SA, MGP; Critically reviewed the
ms: SAN, MAK, MGP, GM; Final approval of the ms: MB,
SA, MGP, SBi, SBe, MAK, OD, SAN, GM.

ORCID

Manuel Belli http://orcid.org/0000-0001-9183-6206
Sevastiani Antonouli http://orcid.org/0000-0002-3525-
2633
Maria Grazia Palmerini http://orcid.org/0000-0002-3985-
0112
Serena Bianchi http://orcid.org/0000-0003-3731-5463
Sara Bernardi http://orcid.org/0000-0001-6130-8533
Mohammad Ali Khalili http://orcid.org/0000-0002-8932-
0224
Orlando Donfrancesco http://orcid.org/0000-0003-4544-
8928
Stefania Annarita Nottola http://orcid.org/0000-0002-
4626-6328
Guido Macchiarelli http://orcid.org/0000-0002-9182-0586

References

Acharya KS, Acharya CR, Bishop K, Harris B, Raburn D,
Muasher SJ. 2018. Freezing of all embryos in in vitro
fertilization is beneficial in high responders, but not inter-
mediate and low responders: an analysis of 82,935 cycles
from the Society for Assisted Reproductive Technology
registry. Fertil Steril. 110(5):880–887.

Aziminekoo E, Mohseni Salehi MS, Kalantari V,
Shahrokh Tehraninejad E, Haghollahi F, Hossein
Rashidi B, Zandieh Z. 2015. Pregnancy outcome after
blastocyst stage transfer comparing to early cleavage
stage embryo transfer. Gynecol Endocrinol. 31
(11):880–884.

Bavister BD. 1995. Culture of preimplantation embryos: facts
and artifacts. Hum Reprod Update. 1(2):91–148.

Bavister BD, Minami N. 1986. Use of cultured mouse ovi-
ducts to by-pass in vitro development block in cleavage
stage hamster embryos. Biol Reprod. 34(1):191a.

Belli M, Antonouli S, Nottola SA. 2018. Mitochondria in
mammalian oocytes and early embryos. A review on mor-
phological and functional studies. EuroMediterranean
Biomed J. 13(26):114–117.

Belli M, Zhang L, Liu X, Donjacour A, Ruggeri E,
Palmerini MG, Nottola SA, Macchiarelli G, Rinaudo P.
2019. Oxygen concentration alters mitochondrial structure
and function in in vitro fertilized preimplantation mouse
embryos. Hum Reprod. 34(4):601–611.

Bernardi S, Bianchi S, Botticelli G, Rastelli E, Tomei AR,
Palmerini MG, Continenza MA, Macchiarelli G. 2018.
Scanning electron microscopy and microbiological
approaches for the evaluation of salivary microorganisms
behaviour on anatase titanium surfaces: in vitro study.
Morphologie. 102(336):1–6.

Berthelot F, Terqui M. 1996. Effects of oxygen, CO2/pH and
medium on the in vitro development of individually cul-
tured porcine one- and two-cell embryos. Reprod Nutr
Dev. 36(3):241–251.

Bianchi S, Macchiarelli G, Micara G, Linari A, Boninsegna C,
Aragona C, Rossi G, Cecconi S, Nottola SA. 2015.
Ultrastructural markers of quality are impaired in human
metaphase II aged oocytes: a comparison between repro-
ductive and in vitro aging. J Assist Reprod Genet. 32
(9):1343–1358.

SYSTEMS BIOLOGY IN REPRODUCTIVE MEDICINE 233



Bontekoe S, Mantikou E, van Wely M, Seshadri S, Repping S,
Mastenbroek S. 2012. Low oxygen concentrations for
embryo culture in assisted reproductive technologies.
Cochrane Database Syst Rev. (7):CD008950.
DOI:10.1002/14651858.CD008950.pub2

Byatt-Smith JG, Leese HJ, Gosden RG. 1991. An investigation
by mathematical modelling of whether mouse and human
preimplantation embryos in static culture can satisfy their
demands for oxygen by diffusion. Hum Reprod. 6
(1):52–57.

Catt JW, Henman M. 2000. Toxic effects of oxygen on human
embryo development. Hum Reprod. 15(2):199–206.

Cebral E, Carrasco I, Vantman D, Smith R. 2007.
Preimplantation embryotoxicity after mouse embryo expo-
sition to reactive oxygen species. Biocell. 31(1):51–59.

Cecconi S, Rossi G, Palmerini MG. 2006. Mouse oocyte
differentiation during antral follicle development.
Microsc Res Tech. 69(6):408–414.

Cecconi S, Rossi G, Santilli A, Stefano LD, Hoshino Y, Sato E,
Palmerini MG, Macchiarelli G. 2010. Akt expression in
mouse oocytes matured in vivo and in vitro. Reprod
Biomed Online. 20(1):35–41.

Choi JY, Kang JT, Park SJ, Kim SJ, Moon JH, Saadeldin IM,
Jang G, Lee BC. 2013. Effect of 7,8-dihydroxyflavone as an
antioxidant on in vitro maturation of oocytes and devel-
opment of parthenogenetic embryos in pigs. J Reprod Dev.
59(5):450–456.

Coticchio G, Dal Canto M, Fadini R, Mignini Renzini M,
Guglielmo MC, Miglietta S, Palmerini MG, Macchiarelli G,
Nottola SA. 2016. Ultrastructure of human oocytes after
in vitro maturation. Mol Hum Reprod. 22(2):110–118.

Crawford GE, Ledger WL. 2019. In vitro fertilisation/intra-
cytoplasmic sperm injection beyond 2020. BJOG. 126
(2):237–243.

Crosier AE, Farin PW, Dykstra MJ, Alexander JE, Farin CE.
2000. Ultrastructural morphometry of bovine compact
morulae produced in vivo or in vitro. Biol Reprod. 62
(5):1459–1465.

De Los Santos MJ, Gamiz P, Albert C, Galan A, Viloria T,
Perers S, Romero JL, Remohï J. 2013. Reduced oxygen
tension improves embryo quality but not clinical preg-
nancy rates: a randomized clinical study into ovum dona-
tion cycles. Fertil Steril. 100(2):402–407.

De Munck N, Janssens R, Segers I, Tournaye H, Van de
Velde H, Verheyen G. 2019. Influence of ultra-low oxygen
(2%) tension on in-vitro human embryo development.
Hum Reprod. 34(2):228–234.

Dumoulin JC, Meijers CJ, Bras M, Coonen E, Geraedts JP,
Evers JL. 1999. Effect of oxygen concentration on human
in-vitro fertilization and embryo culture. Hum Reprod. 14
(2):465–469.

Feil D, Lane M, Roberts CT, Kelley RL, Edwards LJ,
Thompson JG, Kind KL. 2006. Effect of culturing mouse
embryos under different oxygen concentrations on subse-
quent fetal and placental development. J Physiol. 572
(1):87–96.

Fernández-Shaw S, Cercas R, Braña C, Villas C, Pons I. 2015.
Ongoing and cumulative pregnancy rate after
cleavage-stage versus blastocyst-stage embryo transfer
using vitrification for cryopreservation: impact of age on
the results. J Assist Reprod Genet. 32(2):177–184.

Feuer SK, Liu X, Donjacour A, Lin W, Simbulan RK,
Giritharan G, Piane LD, Kolahi K, Ameri K, Maltepe E,
et al. 2014. Use of a mouse in vitro fertilization model to
understand the developmental origins of health and dis-
ease hypothesis. Endocrinology. 155(5):1956–1969.

Fischer B, Bavister BD. 1993. Oxygen tension in the oviduct
and uterus of rhesus monkeys, hamsters and rabbits.
J Reprod Fertil. 99(2):673–679.

Gelo N, Kirinec G, Baldani DP, Vrčić H, Ježek D,
Milošević M, Stanić P. 2019. Influence of human embryo
cultivation in a classic CO2 incubator with 20% oxygen
versus benchtop incubator with 5% oxygen on live births:
the randomized prospective trial. Zygote. 27(3):131–136.

Glujovsky D, Blake D, Bardach A, Farquhar C. 2012.
Cleavage stage versus blastocyst stage embryo transfer in
assisted reproductive technology. Cochrane Database Syst
Rev. (7):CD002118. DOI:10.1002/14651858.CD002118.
pub4

Harvey AJ. 2007. The role of oxygen in ruminant preimplan-
tation embryo development and metabolism. Anim
Reprod Sci. 98(1–2):113–128.

Harvey AJ, Kind KL, Pantaleon M, Armstrong DT,
Thompson JG. 2004. Oxygen-regulated gene expression
in bovine blastocysts. Biol Reprod. 71(4):1108–1119.

Iorio R, Castellucci A, Rossi G, Cinque B, Cifone MG,
Macchiarelli G, Cecconi S. 2015. Mancozeb affects mito-
chondrial activity, redox status and ATP production in
mouse granulosa cells. Toxicol In Vitro. 30(1Pt
B):438–445.

Kang JT, Moon JH, Choi JY, Park SJ, Kim SJ, Saadeldin IM,
Lee BC. 2016. Effect of antioxidant flavonoids (quercetin
and taxifolin) on in vitro maturation of porcine oocytes.
Asian Australas J Anim Sci. 29(3):352–358.

Kaser DJ, Bogale B, Sarda V, Farland LV, Racowsky C. 2016.
Randomized controlled trial of low (5%) vs. ultra-low (2%)
oxygen tension for in vitro development of human
embryos. Fertil Steril. 106(3):e4.

Kasterstein E, Strassburger D, Komarovsky D, Bern O,
Komsky A, Raziel A, Friedler S, Ron-El R. 2013. The effect
of two distinct levels of oxygen concentration on embryo
development in a sibling oocyte study. J Assist Reprod
Genet. 30(8):1073–1079.

Katz-Jaffe MG, Linck DW, Schoolcraft WB, Gardner DK.
2005. A proteomic analysis of mammalian preimplantation
embryonic development. Reproduction. 130(6):899–905.

Khalili MA, Maione M, Palmerini MG, Bianchi S,
Macchiarelli G, Nottola SA. 2012. Ultrastructure of
human mature oocytes after vitrification. Eur
J Histochem. 56(3):e38.

Khalili MA, Shahedi A, Ashourzadeh S, Nottola SA,
Macchiarelli G, Palmerini MG. 2017. Vitrification of
human immature oocytes before and after in vitro matura-
tion: a review. J Assist Reprod Genet. 34(11):1413–1426.

Khurana NK, Wales RG. 1989. Effects of oxygen concentra-
tion on the metabolism of [U-14C]glucose by mouse mor-
ulae and early blastocysts in vitro. Reprod Fertil Dev. 1
(2):99–106.

Kirkegaard K, Hindkjaer JJ, Ingerslev HJ. 2013. Effect of
oxygen concentration on human embryo development
evaluated by time-lapse monitoring. Fertil Steril. 99
(3):738–744.

234 M. BELLI ET AL.

https://doi.org/10.1002/14651858.CD008950.pub2
https://doi.org/10.1002/14651858.CD002118.pub4
https://doi.org/10.1002/14651858.CD002118.pub4


Kissin DM, Kulkarni AD, Mneimneh A, Warner L, Boulet SL,
Crawford S, Jamieson DJ, National ART Surveillance
System (NASS) group. 2015. Embryo transfer practices
and multiple births resulting from assisted reproductive
technology: an opportunity for prevention. Fertil Steril.
103(4): 954–961.

Kitagawa Y, Suzuki K, Yoneda A, Watanabe T. 2004. Effects
of oxygen concentration and antioxidants on the in vitro
developmental ability, production of reactive oxygen spe-
cies (ROS), and DNA fragmentation in porcine embryos.
Theriogenology. 62(7):1186–1197.

Laverge H, De Sutter P, Van der Elst J, Dhont M. 2001.
A prospective, randomized study comparing day 2
and day 3 embryo transfer in human IVF. Hum Reprod.
16(3):476–480.

Li J, Foote RH. 1993. Culture of rabbit zygotes into blasto-
cysts in protein free medium with one to twenty per cent
oxygen. J Reprod Fertil. 98(1):163–167.

Li W, Goossens K, Van Poucke M, Foreir K, Braeckmans K,
Van Soom A, Peelman LJ. 2014. High oxygen tension
increases global methylation in bovine 4-cell embryos
and blastocysts but does not affect general retrotransposon
expression. Reprod Fertil Dev. 28(7):948–959.

Ma Y, Chen HW, Tzeng CR. 2017. Low oxygen tension
increases mitochondrial membrane potential and enhances
expression of antioxidant genes and implantation protein
of mouse blastocyst cultured in vitro. J Ovarian Res. 10
(1):47.

Minami N, Bavister BD, lritani A. 1988. Development of
hamster 2-cell embryos in the isolated mouse oviduct in
organ culture system. Gamete Res. 19(3):235–240.

Morin SJ. 2017. Oxygen tension in embryo culture: does
a shift to 2% O2 in extended culture represent the most
physiologic system? J Assist Reprod Genet. 34(3):309–314.

Nasri CO, Nobrega BN, Teixeira DM, Amorim J, Diniz LM,
Barbosa MW, Giorgi VSI, Pileggi VN, Martins WP. 2016.
Low versus atmospheric oxygen tension for embryo cul-
ture in assisted reproduction: a systematic review and
meta-analysis. Fertil Steril. 106(1):95–104.

Nottola SA, Cecconi S, Bianchi S, Motta C, Rossi G,
Continenza MA, Macchiarelli G. 2011. Ultrastructure of
isolated mouse ovarian follicles cultured in vitro. Reprod
Biol Endocrinol. 9:3.

Oliveira JB. 2017. Does embryo culture at low oxygen tension
improve ART outcomes? JBRA Assist Reprod. 21(1):1.

Palmerini MG, Belli M, Nottola SA, Miglietta S, Bianchi S,
Bernardi S, Antonouli S, Cecconi S, Familiari G,
Macchiarelli G. 2018. Mancozeb impairs the ultrastructure
of mouse granulosa cells in a dose-dependent manner.
J Reprod Dev. 64(1):75–82.

Palmerini MG, Nottola SA, Tunjung WA, Kadowaki A,
Bianchi S, Cecconi S, Sato E, Macchiarelli G. 2016. EGF-
FSH supplementation reduces apoptosis of pig granulosa
cells in co-culture with cumulus-oocyte complexes.
Biochem Biophys Res Commun. 481(1–2):159–164.

Palmerini MG, Zhurabekova G, Balmagambetova A,
Nottola SA, Miglietta S, Belli M, Bianchi S, Cecconi S, Di
Nisio V, Familiari G, et al. 2017. The pesticide Lindane
induces dose-dependent damage to granulosa cells in an
in vitro culture. Reprod Biol. 17(4):349–356.

Rinaudo PF, Giritharan G, Talbi S, Dobson AT, Schultz RM. 2006.
Effects of oxygen tensionon gene expression in preimplantation
mouse embryos. Fertil Steril. 86(4):1252–1265.

Rossi G, Palmerini MG, Macchiarelli G, Buccione R,
Cecconi S. 2006. Mancozeb adversely affects meiotic spin-
dle organization and fertilization in mouse oocytes.
Reprod Toxicol. 22(1):51–55.

Silva E, Strauss GA, Herrick K, Schoolcraft J, Krisher RW. 2015.
Antioxidant sup- plementation during in vitro culture
improves mitochondrial function and development of
embryos from aged female mice. Reprod Fertil Dev.
27:975–983.

Steptoe PC, Edwards RG. 1976. Reimplantation of a human
embryo with subsequent tubal pregnancy. Lancet. 1
(7965):880–882.

Steptoe PC, Edwards RG. 1978. Birth after the reimplantation
of a human embryo. Lancet. 2(8085):366.

Steptoe PC, Edwards RG, Purdy JM. 1971. Human blastocysts
grown in culture. Nature. 29(5280):132–133.

Thompson JG, McNaughton C, Gasparrini B, McGowan LT,
Tervit HR. 2000. Effect of inhibitors and uncouplers of oxida-
tive phosphorylation during compaction and blastulation of
bovine embryos cultured in vitro. J Reprod Fertil. 118:47–55.

Thompson JG, Simpson AC, Pugh PA, Donnelly PE,
Tervit HR. 1990. Effect of oxygen concentration on
in-vitro development of preimplantation sheep and cattle
embryos. J Reprod Fertil. 89(2):573–578.

Van Soom A, Yuan YQ, Peelman LJ, de Matos DG, Dewulf J,
Laevens H, de Kruif A. 2002. Prevalence of apoptosis in
inner cell allocation in bovine embryos cultured under
different oxygen tensions with or without cysteine
addition. Theriogenology. 57(5):1453–1465.

Von Mengden L, Klamt F, Smitz J. 2020. Redox Biology of
Human Cumulus Cells: basic Concepts, Impact on Oocyte
Quality, and Potential Clinical Use. Antioxid Redox Signal.
32(8):522–535.

Wirleitner B, Schuff M, Stecher A, Murtinger M,
Vanderzwalmen P. 2016. Pregnancy and birth outcomes
following fresh or vitrified embryo transfer according to
blastocyst morphology and expansion stage, and culturing
strategy for delayed development. Hum Reprod. 31
(8):1685–1695.

Yang Y, Xu Y, Ding C, Khoudja R, Lin M, Awonuga A, Dai J,
Puscheck EE, Rappolee DA, Zhou C. 2016. Comparison of
2, 5, and 20 % O2 on the development of post-thaw human
embryos. J Assist Reprod Genet. 33(7):919–927.

Yuan YQ, Van Soom A, Coopman FO, Mintiens K,
Boerjan ML, Van Zeveren A, de Kruif A, Peelman LJ.
2003. Influence of oxygen tension on apoptosis and hatch-
ing in bovine embryos cultured in vitro. Theriogenology.
59(7):1585–1596.

Zhao X, Ma B, Mo S, Ma L, Chang F, Zhang L, Xu F,
Wang L. 2018. Improvement of pregnancy outcome by
extending embryo culture in IVF-ET during clinical
application. J Assist Reprod Genet. 35(2):321–329.

Zhurabekova G, Balmagambetova A, Bianchi S, Belli M,
Bekmukhambetov Y, Macchiarelli M. 2018. The toxicity
of lindane in the female reproductive system: a review on
the Aral Sea. EuroMediterranean Biomed J. 13
(24):104–108.

SYSTEMS BIOLOGY IN REPRODUCTIVE MEDICINE 235


	Abstract
	In vitro fertilization (IVF) in past years: An approach of embryo transfer
	Low and ultra-low oxygen tensions in embryo culture: Acrucial stage in the IVF process
	Can the oxygen tension alter the embryo genetics, physiology, morphology, and development invitro?
	The impact of culture conditions on IVF success
	Other factors affecting positive IVF outcomes
	Conclusions and future perspectives
	Disclosure statement
	Author contributions
	References



