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Abstract
Purpose Oxygen tension during the in vitro maturation (IVM) of oocytes is important for oocyte developmental competence. A
conflict exists in the literature as to whether low oxygen during IVM is detrimental or beneficial to the oocyte. Many research and
clinical labs use higher than physiological oxygen tension perhaps believing that low-oxygen tension is detrimental to oocyte devel-
opment. Other studies show that glucose is important if low-oxygen tension is used duringmaturation. In this study, we look at the link
between low oxygen and glucose availability during IVM to resolve misconceptions around low-oxygen tension during IVM.
Methods Bovine cumulus oocyte complexes (COCs) were matured at 20% vs 7% oxygen in media containing differing glucose
concentrations or varying availability. Cleavage and blastocyst rates were recorded. RT-PCR determined expression levels of
metabolic, oxygen, and stress-responsive genes following IVM.
Results Embryo development in 7% oxygen groups with 2.3mM glucose/low glucose availability was lower than 20% oxygen
groups. Under 7% oxygen with 5.6mM glucose or higher glucose availability, rates were restored to those seen in 20% oxygen.
Expressions of BNIP3, ENO1, GAPDH, and SLC2A1, were upregulated in 7% oxygen/low glucose, compared to 20% oxygen
groups. BNIP3 expression was higher in 7% oxygen group with low glucose availability compared to the 20% groups.
Conclusion Oocyte developmental competence is negatively impacted following IVM in low oxygen when glucose availability
is limited. Glucose concentration and physical culture conditions need to be considered when comparing the effects of different
oxygen concentrations during IVM.
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Introduction

In vitro maturation (IVM) of oocytes is used in human and
livestock-assisted reproductive technology (ART).
Reproductive pathologies that may benefit from IVM include

polycystic ovary syndrome (PCOS) [1, 2], ovarian hyper-
responsiveness [2], high antral follicle counts [3], and for fer-
tility preservation in cases such as childhood cancer [4].
Normo-ovulatory women may choose IVM to avoid ovarian
hyperstimulation, and large financial costs, while producing
less adverse side effects than in standard in vitro fertilization
(IVF) practices [5]. IVM is a necessary and valuable proce-
dure in livestock industries for rapid genetic improvement of
high value breeding stock [6]. IVM involves the collection of
immature oocytes in the form of cumulus oocyte complexes
(COCs) from ovaries, which are then matured, fertilised, and
cultured in vitro, after which viable embryos can be either
cryopreserved or transferred into a recipient. Despite decades
of research into factors influencing oocyte developmental
competence, IVM in both the clinical and livestock setting
has been poorly translated into practice. Both reduced embryo
production per collection [7, 8] and, more significantly, poorer
pregnancy rates [9] compared to conventional approaches are
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generally observed, along with suspected aberrations in em-
bryonic, fetal and post-partum growth [10, 11], and these have
all constrained the adoption of IVM.

The oxygen concentration in the reproductive tract in many
mammalian species is between 1.5 and 8.7% [12, 13], with
other studies finding dissolved levels in follicular fluid to be
between 1 and 5% [14, 15]. The oxygen concentration typi-
cally used during standard IVM in clinical and research labo-
ratories and within the livestock industries is 20–21% (gener-
ally atmospheric levels, unless at altitude). Higher than phys-
iological oxygen levels generates an increased risk of reactive
oxygen species (ROS) formation [16–21], which may result in
an imbalance in the ratio of pro-oxidants to anti-oxidants,
leading to cell damage [22]. Varying the oxygen concentration
can also influence many metabolic and apoptotic pathways,
and deviation from physiological levels may result in aberrant
long-term development [23]. There is also a risk that these
unphysiological oxygen levels will confound the research sur-
rounding oocyte maturation and development, giving an inac-
curate picture of how these processes occur naturally.

Likewise, glucose levels that are too high or too low can
have negative consequences during IVM and culture, affect-
ing oocytes and embryos alike [24]. The glucose concentra-
tion in human follicular fluid is around 3.3 mM [25] and in
cattle between 1.4 and 5 mM [26] yet most media utilised for
human or cattle oocyte IVM contain 5.6 mM glucose (tradi-
tionally based on either TCM199, or MEMwith Earle’s salts),
while Waymouth medium contains 23 mM glucose.
Metabolism of the COC changes under low oxygen, with
glycolytic metabolism being the preferred pathway [27]. The
oocyte is dependent on oxidative phosphorylation and has
little capacity for glycolysis due to having low phosphofruc-
tokinase activity [28–32]. Under low oxygen levels, the cu-
mulus cells increase conversion of glucose to pyruvate and L-
lactate, which is then transported into the oocyte. Pyruvate is
the key substrate for the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation for energy production (ATP) with-
in the oocyte [28–33]. The high glycolytic activity in cumulus
cells also produces ATP via lactate production. In this way, it
has been proposed that cumulus cells “spare” the available
oxygen for oxidative phosphorylation within the oocyte [34,
35]. Glucose is important for nuclear maturation [36–39] and
cytoplasmic maturation [39] as its metabolism via the pentose
phosphate pathway (PPP) produces substrates for purine nu-
cleotide synthesis [40] and NADPH which is involved with
cytoplasmic integrity during pro-nuclear formation [41]. A
study by Bermejo-Alvarez [42] showed that low oxygen
levels during IVM alters gene expression in bovine cumulus
cells and oocytes, in particular, metabolic genes involved with
anaerobic glycolysis. Glucose supply is also important for the
expansion of the cumulus matrix following an ‘ovulatory’
signal, be it either in vivo or in vitro, as it contributes to the
synthesis of hyaluronic acid, which is synthesised from

glucose via the hexosamine biosynthesis pathway [43, 44],
and is important for the capacitation and acrosome reaction
during fertilisation [45–47]. This reliance on glucose during
oocyte maturation under low oxygen suggests that an ade-
quate concentration needs to be available per COC, which
would be influenced by both the glucose concentration within
the medium, as well as the density of COCs.

Previous literature investigating the optimal oxygen con-
centration during IVM has produced conflicting results, and
this is likely due to differing IVM culture conditions. Early
studies of mouse and hamster oocyte IVM suggest that low
oxygen levels are optimal for nuclear maturation [48, 49].
Blastocyst development rate tended to decrease as oxygen
concentration increased from 2 to 20% during IVM of mouse
oocytes in one study [50], while no effect on development due
to varying oxygen levels was found in another study [51].
Both positive and negative effects of reduced oxygen have
been reported during IVM of bovine oocytes. Hashimoto
et al. [20] reported that meiotic maturation and ATP content
of bovine oocytes were lower when matured in 5% oxygen
using a defined embryo culture medium (SOFaa) containing
1.5 mM glucose. However, both increased significantly as
glucose levels were increased to up to 20 mM (from 0 mM,
1.5 mM, 5.56 mM, 20 mM, and 40 mM), with ATP content of
oocytes significantly higher at 20 mM glucose than at 1.5
mM. Intracellular H2O2 was lower in COCs matured under
5% oxygen, compared with 20% oxygen, in 20 mM glucose,
and subsequent blastocyst development rate was higher fol-
lowing IVM at the lower oxygen concentration. However,
detrimental effects of low oxygen levels during bovine IVM
have been reported in other studies. Pinyopummintr and
Bavister [52] investigated bovine oocyte maturation and
fertilisation under 5%, 10%, and 20% oxygen levels, conclud-
ing that low levels are unfavourable for IVM/IVF compared to
atmospheric levels. However, there was no segregation be-
tween the influence of oxygen concentration during matura-
tion and fertilisation in this study, while others have reported
detrimental effects of low oxygen levels during IVF due to a
higher oxygen demand in the presence of a high sperm density
[42]. De Castro e Paula and Hansen [53] also found that blas-
tocyst rate of bovine oocytes matured in 21% oxygen was
higher than in 5% oxygen in medium containing 5.6 mM glu-
cose; however, COCs were cultured at a density of 5 μl of
media per COC, which has been shown to negatively impact
glucose consumption [43]. Watson et al. [54] also reported
lower blastocyst rates from oocytes matured in lower oxygen
(7%) compared to 20%; however, this study used mSOFaa
media, which typically contains 1.5 mM glucose concentra-
tion, a level shown by Hashimoto [20] to be inadequate in
meeting the metabolic demands of the COC under low oxygen
levels. These studies indicate that glucose concentration, as
well as glucose availability in the maturation medium, when
comparing the effects of high or low oxygen conditions during
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IVM could have influenced these conflicting results—this
needs to be considered when looking at the effects of a low
oxygen environment on the success of IVM.

We hypothesise that the suitability of a low oxygen con-
centration during IVM is determined by glucose availability,
which in turn is a determinant of oocyte developmental com-
petence. In this study, we carried out a thorough investigation
into the effects of high or low oxygen concentration in com-
bination with high or low glucose availability during IVM of
bovine COCs. We varied glucose availability by altering 1)
glucose concentration, 2) volume of maturation media/COC,
3) number of COCs per drop and 4) the effect of combining
parameters 1-3. By increasing glucose concentration or the
volume of medium/COC, more glucose would be available
per COC.We also investigated whether this could be achieved
by increasing access to glucose by decreasing the number of
COCs per drop (i.e. having fewer COCs adjacent to one-an-
other). Finally, we hypothesise that glucose availability is not
as developmentally important when IVM is carried out in a
high oxygen environment. To determine the potential mecha-
nisms underlying the impact on oocyte developmental com-
petence, we measured the expression of metabolic, oxygen
responsive, and stress responsive genes in the COC following
maturation. These genes were chosen to highlight the relation-
ship between the effects of glucose and oxygen on COC
metabolism.

Materials and methods

Unless otherwise stated, all chemicals and reagents were pur-
chased from Sigma Aldrich (St Louis, MO, USA).

All media used were supplied as serum-free media (ART
Labs Solutions, Adelaide, Australia), containing 0.05 g/L
gentamycin and 4 mg/ml BSA (AlbumiNZ™ Low Fatty
Acid BSA from MP Biomedicals), and comprised of:
VitroWash: VitroMat; VitroFert (manufacturer’s recommend-
ed density = 10 μl/COC); VitroCleave (4 μl/embryo); and
VitroBlast (4 μl/embryo). All media dishes were overlayed
with paraffin oil (Merck Millipore, Darmstadt, Germany).
Each replicate was performed with IVM occurring on separate
days of ovary collection.

VitroFert was further supplemented with 12.5 μM penicil-
lamine, 25 μM hypotaurine, 1.25 μM epinephrine, and 10 IU/
ml heparin (DBL heparin sodium injection, Hospira Australia
Pty Ltd, Melbourne, VIC, Supplier: Pacific Vet).

Collection and maturation of cumulus oocyte
complexes

Bovine ovaries were obtained from a local abattoir. Ovaries
were transported to the laboratory in a vacuum-sealed flask
with physiological saline at 33 °C within 2–4 h of slaughter.

COCs were aspirated from 3 to 8 mm antral follicles, using an
18 gauge needle. The undiluted follicular fluid aspirant was
transferred into 14-ml conical tubes and held at approximately
38 °C for up to 1 h while aspiration occurred. The follicular
fluid aspirant was transferred by glass pipette into a 100-mm
diameter petri dish, and COCs were isolated using a dissecting
microscope and immediately transferred into VitroWash me-
dium. 40 ±5 COCs were selected for IVM for each treatment
group on the basis of having a homogeneous cytoplasm and at
least three layers of non-atretic and tightly packed cumulus
cells. COCs were then randomly allocated to treatment groups
for IVM. IVM conditions varied (oxygen concentration, glu-
cose concentration, volume of media per COC, number of
COCs per culture drop) as described below (Experiments 1–
4). All IVM was performed in modifications of VitroMat me-
dia varying in glucose concentrations and supplemented with
0.1 IU/ml rhFSH (recombinant human Follicle Stimulating
Hormone; Puregon®, Organon).

IVM experimental designs

For an overview of the IVM conditions, please refer to
Table 1.

Experiment 1: Effect of Oxygen and Glucose concentrations
during IVM

In this experiment, we determined whether glucose concentra-
tion under low oxygen during IVM affects oocyte develop-
mental competence. Maturation was performed in media con-
taining either 2.3 mM glucose or 5.6 mM glucose in 20% or
7% oxygen at 38.5 °C in 6% CO2 with nitrogen (N2) balance,
for 24 h. Standard culture conditions of 40 ± 5 COCs in 400 μl
media were allocated to each treatment group (10 μl media per
COC) in 4 well culture dishes (NUNC, Thermo Fisher
Scientific, Waltham, MA, USA). Ten COCs were collected
from each experimental group at 21 h and snap frozen for gene
expression analysis. The experiment was replicated 5 times.

Experiment 2: Effect of oxygen and medium volume
during IVM

In this experiment, we determined whether glucose availabil-
ity is affected by volume of maturation medium per COC and
whether the same affects are found as in Experiment 1.
Maturation was performed inmedium containing 2.3 mMglu-
cose in either 20% or 7% oxygen at 38.5 °C in 6% CO2 with
N2 balance, for 24 h. COCs (40 ± 5/treatment group) were
cultured in volumes of either 10 μl medium per COC (400 μl)
or 20μl medium per COC (800μl) in 60mm petri dishes. The
experiment was replicated 5 times.
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Experiment 3: Effect of oxygen and number of COCs per drop
during IVM

Here we determined whether glucose availability is affected by
the number COCs per drop of maturation medium and whether
the same affects are found as that for Experiment 1. Maturation
was performed in medium containing 2.3 mM glucose in either
20% or 7% oxygen at 38.5 °C in 6% CO2 with N2 balance, for
24 h, with either 40 ± 5 COCs per drop or 10 COC per drop, in
10 μl medium per COC (40 ± 5/treatment group), using 35 mm
Falcon dishes. The experiment was replicated 5 times.

Experiment 4: Effects of oxygen and combined media
parameters

In this experiment, we determined whether physical culture
conditions in combination with higher glucose has an additive
effect on oocyte developmental competence under low oxy-
gen concentration. Maturation was performed under 20% or
7% oxygen in medium containing either 2.3 mM glucose or
5.6 mM glucose at 38.5 °C in 6% CO2 with N2 balance, for 24
h. The control group was cultured in 20% oxygen, with
2.3 mM glucose, 40 ± 5 COCs per drop, 10 μl medium/
COC. Group 2 was cultured in 20% oxygen, with 5.6 mM
glucose, and 20 μl medium/COC, 10 COCs/drop. Group 3
was cultured in 7% oxygen, with 2.3 mM glucose, 10 μl me-
dium/COC, 40 ± 5 COCs/group. Group 4 was cultured in 7%
oxygen with 2.3 mM glucose, 10 COC/drop, 20 μl medium/
COC, while Group 5 was cultured in 7% oxygen, 5.6 mM
glucose, 10 COC/drop, 20 μl medium/COC. The experiment

was replicated 5 times (40 ± 5/treatment group. From 3 of the
replicates, 10 COCs were collected from each experimental
group at 21 h and snap frozen for gene expression analysis.

Evaluation of cumulus expansion

For Experiment 1 and 4, COC expansion was graded at 21 h
after the start of IVM according to a subjective scale ranging
from 0 to 4 and a cumulus expansion index (CEI) was calcu-
lated as described previously [55, 56].

In vitro fertilisation (IVF) and in vitro culture of em-
bryos (IVC)

Following IVM, 10 COCs per treatment group (in experi-
ments 1 and 4) were processed for RNA extraction and the
remainder were fertilised and cultured in vitro. In vitro fertil-
ization of all mature oocytes was performed using frozen
sperm from a single bull of proven in vitro fertility. A motile
sperm fraction was separated from a thawed semen sample
(from 0.25 ml straws) using a discontinuous silica-solution
gradient (BoviPure/BoviDilute, Nidacon, Gothenburg,
Sweden) and centrifuged at room temperature for 20–25 min
at 774g relative centrifugal force (RCF). The supernatant was
removed, the pellet washed with 1 ml of VitroWash, and cen-
trifuged for 5 min at 194 RCF. Wash medium was removed,
and the motile sperm pellet was resuspended with 200 μl of
VitroFert medium then diluted to a concentration of 1×106

spermatozoa/ml within the fertilisation drops (10 μl/COC)
and cultured for 24 h at 38.5 °C in 20% oxygen, 6% CO2.

Table 1 Experimental design. Bold entries indicate parameters altered within an experiment (n = 5 independent replicates per experiment, with 40±5
COCs per treatment per replicate)

Experiment Treatment group Oxygen concentration (%) Glucose (mM) Volume of drop (ul) Number of COCs
per drop

Volume of
available medium

1 1 20 2.3 400 40 10 μl/COC

2 20 5.6 400 40 10 μl/COC

3 7 2.3 400 40 10 μl/COC

4 7 5.6 400 40 10 μl/COC

2 1 20 2.3 400 40 10 μl/COC

2 20 2.3 800 40 20 μl/COC

3 7 2.3 400 40 10 μl/COC

4 7 2.3 800 40 20 μl/COC

3 1 20 2.3 400 40 10 μl/COC

2 20 2.3 100 10 10 μl/COC

3 7 2.3 400 40 10 μl/COC

4 7 2.3 100 10 10 μl/COC

4 1 20 2.3 400 40 10 μl/COC

2 20 5.6 200 10 20 μl/COC

3 7 2.3 400 40 10 μl/COC

4 7 5.6 200 10 20 μl/COC
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Presumptive zygotes were manually denuded of cumulus
cells in VitroWash medium at approximately 23-24 h post-in-
semination, and were washed and distributed into 20 μl drops
(5 COCs/drop) of equilibrated VitroCleave medium and cul-
tured at 38.5 °C in 7% oxygen, 6% CO2 and N2 balance for 5
days (Day 1 to Day 5). On Day 5, embryos were transferred
into 20 μl drops of VitroBlast with 5 embryos per drop and
further cultured at 38.5°C in 7% oxygen, 6% CO2, N2 balance
to Day 8. Embryos were graded by a blinded experienced em-
bryologist at Day 8 according to the definitions presented in the
Manual of the International Embryo Transfer Society [57].

Gene expression

Quantification of mRNA abundance was performed on
targeted genes. Expression of metabolic genes; Enolase 1
(ENO1), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), Glucose-6-phosphate dehydrogenase (G6PD),
and Glucose transporter 1 (SLC2A1); a specific oxygen reg-
ulated gene: Carbonic Anhydrase 9 (CA9), and two stress
related genes: B-cell lymphoma 2 Associated X (BAX), and
BCL2 B-cell lymphoma 2 Interacting Protein 3 (BNIP3) was
measured in COCs collected from Experiments 1 and 4.

For RNA extraction, ten COCs from each treatment group
were removed at 21 h maturation for each replicate, snap frozen
in liquid nitrogen (LN2), and stored at −80 °C for later RNA
extraction. Extraction of RNAwas performed using an RNeasy
Micro Kit (Qiagen Pty Ltd, Chadstone Place, Chadstone, VIC),
according to the manufacturer’s instructions. RNA was eluted
into ~14 μl RNase free water by centrifugation at 8161 RCF.
The concentration of extracted RNA was determined using a
NanoDrop 2000 (Thermo Fisher Scientific).

Reverse transcription was carried out using Superscript III
First-Strand Synthesis System (Invitrogen-Thermo Fisher
Scientific) for RT-PCR and random hexamer as a primer ac-
cording to the manufacturer’s instructions. Negative controls
included a no template control (NTC) and no Reverse
Transcriptase (-RT) which were prepared at each cDNA syn-
thesis. Once prepared, cDNA samples were stored at −20°C.

Real-time PCR

Quantification of cDNA was achieved using real time PCR
(qRT-PCR). A Quant Studio 12k Flex system PCR machine
(ThermoFisher Scientific Australia) was used and reactions
were run in duplicate. TaqMan assay primers and probes with
a FAM™ dye label (Life Technologies Australia Pty Ltd) were
used to quantify cDNA. The PCR master mix contained (1x)
5 μl TaqMan Gene Expression Master Mix, 0.5 μl of primer
set, and 2.5 μl water. The thermal profile was: Stage 1: 50 °C
for 2 min, Stage 2: 95 °C for 10 min (Hot start), Stage 3: 95 °C
for 15 s, and 60 °C for 1 min (40 cycles). The 2^DDCT was
used to quantify gene expression levels. Quantification was

normalised to the reference gene β-actin and controls included
exclusion of cDNA template and reverse transcription enzyme
in complete reactions. A calibration sample of cDNA was run
with every plate/gene as a sample reference. Primer assay ID for
each gene primer sequence can be found in Table 2.

Statistical analysis

Developmental data were analysed by two-way analysis of var-
iance (ANOVA) with Tukey’s multiple comparisons, on the
transformed data (Arcsine(SQRT)) in GraphPad Prism 7.0 soft-
ware (GraphPad Software, San Diego, CA, USA). Cleavage rate
(transformed data) from experiment 4 was not normally distrib-
uted, and thereafter was analysed using a non-parametric test
(Kruskal Wallis). CEI for experiment 1 was analysed by a
Two-Way ANOVA, while CEI data for experiment 4 was not
normally distributed, and thereafter was analysed using a non-
parametric test (Kruskal Wallis). Gene expression differences
found after qRT-PCR from Experiment 1 were analysed on the
2^DDCT values using a two-way ANOVA with Tukey’s mul-
tiple comparisons, while expression levels from Experiment 4
were analysed using a one-way ANOVA for non-parametric
data (Kruskal Wallis test on log10 transformed data), with
Dunn’s multiple comparisons, as the data were not normally
distributed. Significance was accepted at P < 0.05, with biolog-
ical trends accepted at P < 0.1. All data, where appropriate, are
presented as mean ± the standard error of the mean (SEM).

Results

Cumulus expansion

Experiment 1: Effect of oxygen and glucose concentrations
during IVM

Cumulus expansion in Experiment 1 was reduced in COCs
matured at 7% oxygen with 2.3 mM glucose compared with
those matured in 5.6 mM glucose under 20% oxygen or 7%

Table 2 TaqMan gene expression assay ID for gene expression analysis

Gene description Origin Taqman gene expression Assay ID

ENO1 Bovine Bt03230937_m1

GAPDH Bovine Bt03210913_g1

G6PD Bovine Bt03649181_m1

SLC2A1 Bovine APAAD7P (custom)

BAX Bovine Bt01016551_g1

BNIP3 Bovine Bt03236550_m1

CA9 Bovine APNKU6K (custom)

ACTB Bovine Bt03279174_g1
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oxygen (Fig. 1a). Cumulus expansion in COCsmatured in 7%
oxygen, 2.3 mM glucose also tended to be lower than those
matured in 20% oxygen, 2.3 mM glucose (0.1>P>0.05) (Fig.
1a).

Experiment 4: Effect of oxygen and combined media
parameters

Cumulus expansion did not differ between groups in
Experiment 4 (Fig. 1b).

Embryo development

Experiment 1: Effect of oxygen and glucose concentrations
during IVM

Cleavage rates did not differ between groups. Specifically,
mean cleavage rates across replicates were 81% (control),
78% (20% oxygen/5.6mM glucose), 68% (7% oxygen/
2.3mM glucose, and 83% (7% oxygen/5.6mM glucose).

Blastocyst development rates, expressed as the percentage of
total oocytes, were reduced following COC maturation in 7%
oxygen with low glucose (2.3 mM), compared with 20% ox-
ygen at either glucose level), and the group matured at 7%
oxygen with 5.6 mM glucose (P < 0.05; Fig. 2). COCs ma-
tured in 7% oxygen with 5.6 mM glucose had comparable
blastocyst rates to both 20% oxygen groups (Fig. 2).
Hatching blastocyst rates from total oocytes were not different
between groups; however, the 7% oxygen/2.3mM glucose
group tended lower than the control (0.1>P>0.05).

Experiment 2: Effects of oxygen and media volume
during IVM

All COCs were matured in 2.3 mM glucose in this experi-
ment. Cleavage rate did not differ between groups. Mean
cleavage rates across reps were 80% (control), 79% (20%
oxygen/20ul/COC), 65% (7% oxygen/10ul/COC, and 78%
(7% oxygen/20ul/COC). Blastocyst development rates (%
from total oocytes) were lower following IVM in 7% oxygen

Fig. 1 Cumulus expansion of bovine COCs is negatively impacted when
IVM occurs under low oxygen and low glucose levels. Average of
cumulus expansion scores according to the Vanderhyden scoring
system [56] following 21 h of IVM in two different oxygen and
glucose concentrations (Experiment 1, 2×2 factorial design) (a), and

with 4 varying treatment parameters (Experiment 4: oxygen; glucose
concentration; volume of medium/COC; number of COCs/drop) (b).
Data presented as mean ± SEM (n = 4 independent replicates with 40
±5 COCs/treatment group/replicate). Means with different superscripts
indicate significant differences between treatment groups (P < 0.05)

Fig. 2 During IVM, low oxygen in combination with low glucose
significantly reduces subsequent development to blastocyst, which is
rescued by increasing glucose concentration. Blastocyst rate (% from
starting number of COCs) of embryos developed from COCs matured
in two different oxygen concentrations, and two different glucose

concentrations (Experiment 1, 2×2 factorial design). Data presented as
mean ± SEM of (n = 5 independent replicates, 40±5 COCs/treatment
group/replicate). Means with different superscripts indicate significant
differences between treatment groups (P < 0.05)
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with 10 μl media per COC, compared to all other groups (P <
0.05; Fig. 3). Blastocyst development rates for COCs matured
in 7% oxygen with 20 μl medium/COC were comparable to
both groupsmatured at 20% oxygen. Hatching blastocyst rates
from total oocytes were not different between groups.

Experiment 3: Effect of oxygen and number of COCs per drop
during IVM

All COCs were matured in 2.3 mM glucose for this
experiment. Cleavage rate did not differ between groups
Mean cleavage rates across reps were 89% (control),
87% (20% oxygen/10COC/drop), 76% (7% oxygen/
40COC/drop), and 78% (7% oxygen/10COC/drop).
Blastocyst development rates (% from starting number
of COCs) of COCs matured at 7% oxygen with 40
COCs per drop were lower than both 20% oxygen
groups and the 7% oxygen groups with 10 COCs/drop
(P < 0.05; Fig. 4). Blastocyst development rate from

COCs matured at 7% oxygen with 10 COCs per drop
was comparable to groups matured under 20% oxygen
with either 40 or 10 COCs per drop. Hatching blasto-
cyst rates from total oocytes were not different between
groups; however, the 7% oxygen/40COC/drop group
tended lower than the control (0.1>P>0.05).

Experiment 4: Effect of oxygen and combined media
parameters

Blastocyst rate of COCs matured in 7% oxygen, 2.3 mM glu-
cose, 40 COCs/drop, and 10 μl media/COC was lower than for
COCs matured in all 20% oxygen groups (P < 0.05, Fig. 5).
Blastocyst rate for COCs matured in 7% oxygen was restored,
and not significantly different from the 20% oxygen groups,
when IVM occured in 5.6 mM glucose, 10 COCs/drop and
20 μl media/COC (Fig. 5). Hatching blastocyst rates from total
oocytes were not different between groups.

Fig. 3 During IVM, low oxygen with low glucose and a lower volume of
medium per COC, significantly reduces oocyte developmental
competence, which is rescued by increasing volume of medium
available per COC. Blastocyst rate (% from starting number of COCs)
of bovine embryos developed from oocytes matured in two different

oxygen concentrations, and two different volumes of media per COC
(Experiment 2, 2×2 factorial design). Data presented as mean ± SEM (n
= 5 independent replicates with 40±5 COCs/treatment group/replicate).
Means with different superscripts indicate significant differences between
treatment groups (P < 0.05)

Fig. 4 During IVM, a high density of COCs in the presence of low
oxygen and low glucose significantly reduces subsequent development
to blastocyst. Blastocyst rate ((% from starting number of COCs) of
bovine embryos developed from oocytes matured in two different

oxygen concentrations, and two different numbers of COCs per IVM
drop (2×2 factorial design). Mean ± SEM of % blastocyst rate was from
five replicates 40 COCs/treatment group/replicate. #COC/drop is repre-
sentative of 40 COCs for the 40 COC per drop group
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Gene expression

Experiment 1: Effect of oxygen and glucose concentrations
during IVM

Metabolic genes: Abundance of mRNA for ENO1 (Fig.
6a), GAPDH (Fig. 6b), and SLC2A1 (Fig. 6d) was upreg-
ulated in COCs matured in 7% oxygen and low glucose
compared to all other groups (P < 0.05), while no differ-
ence was found in the expression of G6PD (Fig. 6c).
Apoptosis regulation genes: Abundance of mRNA for
BNIP3 (Fig. 6f), was higher (P < 0.05) in COCs matured
in 7% oxygen and 2.3 mM glucose compared to all other
groups. Abundance of BNIP3 mRNA tended to be higher
in COCs matured in 7% oxygen, 5.6 mM glucose than in
those matured in 20% oxygen group with 5.6 mM glucose.
BAX mRNA expression was not affected by oxygen or
glucose concentration during IVM (Fig. 6e). Hypoxia/
oxygen regulated genes: CA9 mRNA was lower (P<
0.05) in COCs matured in 7% oxygen and low glucose
compared to those matured in 7% oxygen with higher glu-
cose levels, but did not differ from COCs matured in 20%
oxygen (Fig. 6g).

Experiment 4: Effect of oxygen and combined media
parameters

Metabolic genes: Expression of all metabolic genes (Fig.
7a, b, c, d) showed no differences across treatment groups.
Apoptosis regulation genes: BNIP3 gene expression (Fig.
7g) was increased (P < 0.05) in COCs matured in 7%
oxygen with low glucose availability (2.3 mM glucose;
10 μl/COC; 40 COCs /drop) compared to those matured
at 20% oxygen in high glucose (5.6 mM with 20 μl/COC
and 10 COC/drop). BNIP3 expression tended to be higher

in COCs matured at 7% oxygen, 2.3 mM glucose with 20
μl/COC and 10 COC/drop compared to 20% oxygen,
5.6 mM glucose with 20 μl/COC and 10 COC/drop (Fig.
7g; 0.1>P>0.05). There was no difference in BAX gene
expression between groups (Fig. 7f). Hypoxia/ oxygen reg-
ulated genes: CA9 gene expression was not different be-
tween groups (Fig. 7e).

Discussion

In this study, COCs matured in 7% oxygen with 2.3 mM
(low) glucose, 10 μl media per COC, or 40 COCs per drop,
had lower blastocyst rates than all other groups in all four
experiments. The culture conditions within that group are
likely to decrease the availability of glucose throughout
IVM. Increasing the concentration of glucose in the IVM
media to 5.6 mM, providing a higher volume ratio of culture
media/COC (10 μl/COC vs 20 μl/COC), or reducing num-
bers of COCs in the media drop (10 vs 40/drop) restored
blastocyst rates to levels observed in the 20% oxygen groups.
Interestingly, altering the physical culture conditions alone,
without increasing glucose, gave a bigger improvement in
blastocyst development than when these parameters were
adopted with the higher glucose concentration as well (Fig.
5). This illustrates the importance of physical culture condi-
tions in a low-oxygen IVM setting, and may mean that glu-
cose concentration plus the physical culture conditions may
have an additive effect on how much glucose is accessible to
the COC. Hatching rates only tended to be lower than control
for the 7% oxygen groups with low glucose availability in
experiment 1 and experiment 3, which is consistent with the
findings for blastocyst rate in these experiments, with no
difference found in hatching rates across groups for experi-
ment 2 and 4. We found no evidence of improved blastocyst

Fig. 5 Development to the blastocyst stage is reduced when developed
from COCs matured under low oxygen with low glucose, a low volume
of medium per COC and a high density of COCs per drop. Blastocyst rate
(% from starting number of COCs) of embryos developed from COCs
matured in two different oxygen concentrations, with 3 differing

treatment parameters (Experiment 4: glucose concentration; volume of
medium/COC; number of COCs/drop). Data presented as mean ± SEMof
% (n = 5 independent replicates with 40±5 COCs/treatment group/repli-
cate). Superscripts indicate significant differences between treatment
groups (P < 0.05)
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rate when COC maturation included a 7% oxygen environ-
ment compared to maturation at 20% oxygen. Hashimoto
et al. [20] found similarly that developmental competence
was related to both oxygen and glucose levels; however, a
benefit of 5% oxygen above that of 20% oxygen was ob-
served only in media containing 20 mM glucose. Whether a
difference in developmental competence would be observed
if a higher glucose level was used in our study during IVM at
7% oxygen requires further investigation.

The key observation made here is that glucose availability
is crucial when bovine COCs are matured under low (7%)
oxygen. We have previously published that a low oxygen
environment activates the hypoxia-inducible factor 1 (HIF1)
pathway within mouse cumulus cells during maturation under

5% and 2% oxygen [58], and HIF1 has been found to increase
the expression of glycolytic genes and glucose transporters
[59–61]. As cumulus cells have a high capacity for anaerobic
metabolism, while the oocyte has a low capacity, activation of
anaerobic glycolysis by low oxygen levels leads to greater
glucose demand by cumulus cells [38, 62, 63], which will then
produce pyruvate and L-lactate for use as TCA cycle sub-
strates by the oocyte. Cumulus expansion is also a glucose-
dependent event, requiring up-regulation of the cumulus cell
hexosamine biosynthesis pathway (HBP) in response to the
ovulatory stimulus (or via EGF/FSH stimulation during IVM)
[43], and is an essential event for the gaining of oocyte com-
petence [64–66]. The results for cumulus expansion in exper-
iment 1 reveal that 7% oxygen levels with 2.3 mM glucose

Fig. 6 In vitro maturation of COCs in low glucose and low oxygen
significantly upregulates expression of genes involved in anaerobic
metabolism and apoptosis. Relative mRNA abundance of 7 genes
related to metabolism (SLC2A1, GAPDH, ENO1 and G6PD), apoptosis
genes (BAX and BNIP3), and a hypoxia response gene (CA9) in COCs
matured for 21 hours in two different oxygen concentrations (20% or
7%), and two different glucose concentrations (2.3 mM or 5.6 mM)

(Experiment 1, 2×2 factorial design). All COCs were matured in 10 μl
media / COC and ~40 COCs per drop (between 35 and 42 COCs). Data
presented as mean ± SEM (n = 4 independent replicates with 10 COC
from at each replicate/treatment group utilised for analysis of gene ex-
pression). Means with different superscripts ab indicate significant differ-
ences between treatment groups (P < 0.05), while xy indicate a trend
between treatment groups (0.1>P>0.05)
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during IVM is likely resulting in the diversion of glucose
away from cumulus expansion, with the CEI being signifi-
cantly lower compared to the 5.6 mM glucose groups in
(Fig. 1a). We speculate that the limited available glucose is
being diverted away from the HBP to the glycolytic pathway
in order to produce energy substrates for the oocyte, and that
this is an important contributor to the resultant lack of devel-
opmental competence. It is likely also that there is inadequate
glucose for metabolism of glucose by the cumulus cells
through the pentose phosphate pathway (PPP), which is im-
portant in the regulation of meiotic progression via production
of substrates for purine nucleotide synthesis [67]. Further to
this, NADPH is also produced by the PPP, and is important in
cytoplasmic maturation and pro-nuclear formation [67]. In
regards to cumulus expansion in this study, we observed a
22% reduction in cumulus expansion in the 7% oxygen/
2.3mM glucose treatment compared to 20% oxygen/5.6mM
glucose treatment in Experiment 4 (Fig. 1b). This is similar to

the 18% reduction in the comparable treatments in
Experiment 1 (Fig. 1a) but failed to reach statistical signifi-
cance in Experiment 4, likely due to higher variation.
Increased variation between replicates in Experiment 4 may
be due to a difference in the source of cattle ovaries or seasonal
variation in oocyte quality observed in Australia.

Previous research has shown that pyruvate is the preferred
energy substrate during IVM in atmospheric oxygen [20, 29]
for aerobic metabolism of the COC. As the IVMmedium used
in this study contains 0.4 mM pyruvate, we suggest that de-
pletion of available glucose causes dysregulation of a yet to be
identified mechanism. One possibility is the recent hypothesis
that lactate, in the form of lactide, has multiple beneficial
functions [68], such as maintaining a high cytosolic NADH
level, aiding in the redox state of the COC [69]. When glucose
levels are adequate, cumulus cells produce significant
amounts of lactic acid from their high glycolytic activity.
This is also thought to partially annul the requirement for high

Fig. 7 Maturation of COCs in low oxygen, low glucose concentration,
and reduced access to glucose significantly upregulates BNIP3
expression. Relative mRNA abundance of 7 genes related with
metabolism (SLC2A1, GAPDH, ENO1, and G6PD), a hypoxia response
gene (CA9), and apoptosis genes (BAX and BNIP3) in COCs matured for
21 h in two different oxygen concentrations (20% or 7%), with 3 differing

treatment parameters (glucose; volume/COC; # of COCs/drop –
Experiment 4). Data presented as mean ± SEM (n = 4 independent rep-
licates with 10 COCs from each replicate/treatment group utilised for
analysis of gene expression). Means with different superscripts indicate
significant differences between treatment groups (P < 0.05)
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oxygen consumption by cumulus cells, enabling most avail-
able oxygen to reach the oxidative phosphorylation-
dependent oocyte [34].

No differences in developmental rates were observed
across all experiments between groups matured in 20% oxy-
gen with differing glucose conditions. This shows that under
higher oxygen (20%) during bovine IVM, glucose availability
is less critical to the developmental competence of COCs.

In Experiment 1, expression of the metabolic genes
SLC2A1, GAPDH, and ENO1 was significantly upregulated
(Fig. 6a, b, d) following maturation in 7% oxygen with
2.3 mM glucose, compared to all other groups. These genes
are HIF responsive and may be upregulated in the cumulus
cells via this mechanism, as shown in other studies [63]. This
increased expression of glucose transporter and metabolic
genes also suggests that both glucose uptake and glycolysis
are increased in COCs when oxygen is low. However, expres-
sion of SLC2A1 and GAPDH was not upregulated in COCs
matured in 7% oxygen, 5.6 mM glucose, indicating that low
glucose availability may influence the upregulation of these
genes in COCs matured in 7% oxygen. Expression of ENO1
was higher however in the 7% oxygen 5.6 mM glucose group
compared to the control (20% oxygen, 2.3 mM glucose),
which may indicate a HIF response for that gene. CA9 is
thought to be a sensitive sensor of HIF1 activity; however,
gene expression in the 7% oxygen groups was not different
to the 20% oxygen group. It may be that carbonic anhydrase is
acting more so in its role as a metabolic regulator of pH, and
may not be as oxygen responsive within cumulus cells.
Furthermore, expression of this gene was significantly higher
in COCs matured in 7% oxygen, 5.6 mM glucose, compared
to 7% oxygen, 2.3 mMglucose. Biggers et al [29] showed that
pyruvate is the main substrate used by mouse oocytes matured
under atmospheric oxygen, and Hashimoto et al [20] showed
that glucose is the preferred substrate under 5% oxygen in
bovine COCs.

BNIP3 is a member of the BCL2 family of proteins, and
has dual roles, one being mitochondrial autophagy, which is
essential for maintaining the quality of mitochondria [70, 71],
and the other being a proapoptotic role. Both of these func-
tions can be independently regulated [71]. In this study,
BNIP3was significantly upregulated in the 7% oxygen groups
with 2.3mM glucose, suggesting that it is a possible pathway
of apoptosis when both oxygen and glucose are low.
However, further research is required to confirm this. As mi-
tochondrial autophagy is regulated by nutrient availability,
and stress responses [71], it is possible that the protein was
upregulated for its role in mitochondrial autophagy, and this
would need to be confirmed by investigating mitochondrial
function and quality. Research findings indicate that hypoxia
is a major trigger of increased BNIP3 expression, having two
HIF-1α binding sites [72], suggesting that the low oxygen
levels may have triggered upregulation of BNIP3; however,

as with CA9, the expression of this gene was not upregulated
in the 7% oxygen group compared to the control group when
the glucose concentration was at 5.6 mM. The lack of upreg-
ulation of the oxygen sensitive genes examined in this study
under 7% oxygen when glucose levels were at the higher
concentration of 5.6 mM, suggests that perhaps this level of
oxygen saturation during bovine IVM is not hypoxic, and that
the upregulation of these genes observed when glucose was at
the low level of 2.3 mMwas due to a response to a challenged
metabolic state. Other studies assessing the effects of low
oxygen during IVM have typically looked at 5% oxygen
levels. Our study looked at 7% oxygen in bovine IVM as we
have routinely followed this protocol in bovine IVM based on
a previous paper within our research group [73]. Although
HIF1 supports anaerobic glycolysis and represses oxidative
phosphorylation, hypoxia itself may not play a major role as
HIF1 can be activated under normoxic conditions by
phosphoinositide-3-kinase (PI3K) [74]. A recent study [75]
found that inhibiting HIF1α leads to altered gene expression
within cumulus cells, affecting genes involved in regulating
cumulus cell function, and oocyte maturation in bovine COCs
matured under 20% O2.

Gene expression results for experiment 4 also show a sig-
nificant difference in the expression of BNIP3, in which the
expression was upregulated in the 7% oxygen group with
2.3 mM glucose, 10 μl media/COC, and 40 COCs/drop com-
pared to the 20% oxygen group with 5.6 mM glucose. Similar
trends were observed with many of the other genes, with ex-
pression of the metabolic genes tending to be higher in the 7%
oxygen, 2.3 mM glucose group for SLC2A1, ENO1 and
GAPDH, however, expression was highly variable across rep-
licates in these experiments, and no significant differences
were found.

Conclusion

In conclusion, this study demonstrates that low oxygen during
bovine IVM is not detrimental to oocyte developmental com-
petence if adequate access to glucose is provided. Future stud-
ies attempting to compare high and low oxygen levels in IVM
need to consider the culture conditions utilised, especially
glucose concentration and availability, as determined by phys-
ical culture conditions. Based on the collective findings de-
scribed herein, we recommend that when bovine IVM occurs
under low oxygen (7%) that glucose be at 5.6mM
(Experiment 1, Fig. 2). Alternatively, if using a lower glucose
concentration (2.3 mM), then COCs be cultured in 20ul of
media/COC (Experiment 2, Fig. 3) or at a density of 10
COCs/drop if maturation occurs in 10ul/COC (Experiment
3, Fig. 4). When culturing at 7% oxygen, higher glucose con-
centrations may increase developmental rates beyond that
shown in this study. Further study of the mechanism behind
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the effects of low glucose availability under low oxygen on
BNIP3 and other hypoxic-induced gene expression pathways
is warranted.
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