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SUMMARY

The developmental competence of cumulus oocyte complexes (COCs) can be
increased during in vitro oocyte maturation with the addition of exogenous oocyte-
secreted factors, such as bone morphogenetic protein 15 (BMP15), in combination
with hormones. FSH and BMP15, for example, induce different metabolic profiles
within COCs��namely, FSH increases glycolysis while BMP15 stimulates FAD and
NAD(P)H accumulation within oocytes, without changing the redox ratio. The aim of
this study was to investigate if this BMP15-induced NAD(P)H increase was due to de
novo NADPH production. Cattle COCs were cultured with FSH and/or recombinant
human BMP15, resulting in a significant decrease in glucose-6-phosphate dehydro-
genase activity (P< 0.05). Inhibition of isocitrate dehydrogenase (IDH) during this
process decreasedNAD(P)H intensity threefold in BMP15-treated oocytes, suggest-
ing that BMP15 stimulates IDH and NADPH production via the tricarboxylic acid
cycle. As NADPH is a reducing agent, reduced glutathione (GSH), H2O2, and
mitochondrial activity were also measured to assess the general redox status of
the oocyte. FSH alone decreased GSH levels whereas the combination of BMP15
and FSH sustained higher levels. Expression of genes encoding glutathione-reduc-
ing enzymes were also lower in oocytes cultured in the presence of FSH alone.
BMP15 supplementation further promoted mitochondrial localization patterns that
are consistent with enhanced developmental competence. Metabolomics revealed
significant consumption of glutamine and production of alanine by COCs matured
with both FSH and BMP15 compared to the control (P< 0.05). Hence, BMP15
supplementation differentially modulates reductive metabolism and mitochondrial
localization within the oocyte. In comparison, FSH-stimulation alone decreases the
oocytes’ ability to regulate cellular stress, and therefore utilizes other mechanisms to
improve developmental competence.
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INTRODUCTION

Theoocyte and its surrounding specialized somatic cells
(cumulus cells)�together referred to as the cumulus-oo-
cyte complex (COC)�share a symbiotic relationship during
the final stages of oocyte development and immediately
prior to ovulation (Albertini et al., 2001;Matzuk et al., 2002).
Bi-directional communication between these cell popula-
tions, which is facilitated by paracrine and gap junction
communication, is critical for the oocyte to achieve devel-
opmental competence��the ability to undergo successful
fertilization and embryo development (Larsen and Wert
1988; Buccione et al., 1990a; Albertini et al., 2001). Cumu-
lus cells provide the oocyte with nutrients and factors
essential for maturation (Sutton et al., 2003; Krisher
2013). In return, the oocyte secretes growth factors (oo-
cyte-secreted factors) that facilitate the differentiation of
cumulus cells from other somatic ovarian cells (Li et al.,
2000); increases mucification and proliferation (Buccione
et al., 1990a; Salustri et al., 1990a, 1990b); increases
steriodogenesis (Vanderhyden and Macdonald, 1998);
and prevents apoptosis (Hussein et al., 2005). Oocyte-
secreted factors include growth differentiation factor 9
(GDF9) and bone morphogenetic protein 15 (BMP15),
which are both members of the transforming growth factor
b superfamily (Su et al., 2004). BMP15 in particular is a
potent promoter of oocyte developmental competence in
large, mono-ovular species such as cattle (Hussein et al.,
2006; Crawford and McNatty, 2012).

Wepreviously reported that recombinant humanBMP15
and follicle stimulating hormone (FSH), a potent stimulator
of COC metabolism and a common media additive used
during in vitro oocyte maturation (IVM), significantly in-
crease bovine oocyte developmental competence when
supplemented together (as indicated by increased on-time
blastocyst yield per cleaved embryos: 28.4� 7.4% without
either versus 51.5� 5.4%with both,P< 0.05). Individually,
each factor results in similar blastocyst yields (44.4� 3.9%
with FSH versus 41� 2.9% with BMP15, P> 0.05), but
appears to stimulate different metabolic activities within
COCs (Sutton-McDowall et al., 2012). FSH stimulates
glucose metabolism in cumulus cells via glycolysis and
the hexosamine biosynthetic pathway, as indicated by
increased lactate production and mucification that leads
to cumulus expansion, whereas BMP15 stimulates oxida-
tive phosphorylation (as measured by FAD autofluores-
cence) and increased NAD(P)H levels within oocytes. Yet,
the cell-specific impact of both FSH and BMP15 on oocyte
metabolism is mediated through cumulus cells, as the
oocyte itself exhibits low levels of glycolytic activity and
increases in intra-oocyte FAD andNAD(P)H levels are only
detected in cumulus-enclosed oocytes (Sutton-McDowall
et al., 2012).

Quantities of FAD, the oxidized co-factor of FADH2

within complex II of the mitochondrial respiratory chain,
and NAD(P)H, representing both the reduced NADH and
NADPH co-factors that are involved in numerousmetabolic
pathways, are often used to assess the redox status of cells
(Mayevsky and Chance, 1982; Skala and Ramanujam,

2010). NADH is a co-factor for several metabolic enzymes,
such as cytoplasmic lactate dehydrogenase, and is a
proton donor within complex I of the mitochondrial respira-
tory chain, where it is oxidized to NADþ. NADPH is a co-
factor for several enzymes, including glucose-6-phosphate
dehydrogenase (G6PDH) during glucose metabolism
through the cytoplasmic pentose phosphate pathway and
isocitrate dehydrogenase (IDH) in the mitochondrial tricar-
boxylic acid (TCA) cycle. Intracellular NADH and NADPH
levels can be measured by their autofluorescence, albeit
they are indistinguishable in somatic cells; however, the
majority of NAD(P)H auto-fluorescence represents NADH
(Chance et al., 1979). As BMP15 stimulates oxidative
phosphorylation over glycolysis in COCs, an increased
redox ratio (FAD:NAD(P)H) was predicted, but not ob-
served (Sutton-McDowall et al., 2012), suggesting instead
that BMP15 could be elevating intra-oocyte NADPH levels.

While the oocyte itself has a low capacity for glucose
uptake andmetabolism (Sutton-McDowall et al., 2010), the
pentose phosphate pathway is thought to be important for
oocyte maturation based on the provision of substrates for
de novo nucleic acid synthesis, which generates NADPH in
oocytes (Downs et al., 1998). Thismodel has recently been
challenged by the demonstration that IDH, of the TCA
cycle, supplies the majority of NADPH within mouse oo-
cytes (Dumollard et al., 2007b). Furthermore, only NADP-
dependent IDH activity is detected in bovine cumulus cells
and oocytes (Cetica et al., 2003).

Regardless of the source, NADPH plays an important
role in preventing the accumulation of overt levels of reac-
tive oxygen species (ROS) within the oocyte. Thiol com-
pounds such as glutathione are innate antioxidants that
donate protons to convert hydrogen peroxide (H2O2) to
water. Oxidised glutathione (GSSG) is reduced (GSH) by
glutathione reductase (GSR) and glutathione S-transfer-
ase (GSTA), which requires NADPH as a co-factor. GSH is
important to cellular health. In regards to the oocyte, acqui-
sition of higher GSH levels during oocyte maturation is
associated with improved developmental competence (Ta-
kahashi et al., 1993; de Matos et al., 1995; Sanchez et al.,
2013).

The aim of this study was to investigate the differential
metabolic profiles of cattle COCs exposed to FSH and
BMP15. In particular, we investigated the source of in-
creased NAD(P)H levels within the oocyte following stimu-
lation by BMP15, and the consequences of elevated
NAD(P)H levels on intra-oocyte levels of GSH, mitochon-
drial activity/localization, and ROS levels.

Abbreviations:BCB, brilliant cresyl blue;BMP15,bonemorphogenic protein
15; COC, cumulus-oocyte complex; FSH, follicle stimulating hormone; H2O2,
hydrogen peroxide; IDH, isocitrate dehydrogenase; IVM, in vitro oocyte matura-
tion; G6PDH, glucose-6-phosphate dehydrogenase; GPX, glutathione peroxi-
dase; GSH, reduced glutathione; GSR, glutathione reductase; GSS, glutathione
synthetase; GSSG, oxidized glutathione; GSTA1, glutathione S-transferase;
ROS, reactive oxygen species; MCB, monochlorobimane; PF1, peroxyfluor;
TCA, tricarboxylic acld
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RESULTS

Intra-Oocyte G6PDH Activity
To determine if G6PDH was the source of BMP15-

dependent NAD(P)H accumulation in oocytes, COCs
were cultured in the presence of brilliant cresyl blue
(BCB), a dye that ismetabolized byG6PDH; BCB� oocytes
would be indicative of active G6PDH, and thus could
contribute to the accumulation of NADPH. The proportion
of BCB� oocytes after 23 hr of culture did not vary among
the control,þFSH, andþFSHþBMP15 treatments (Fig. 1).
The proportion of BCB� oocytes followingþBMP15 culture
was significantly lower than all the other groups
(90.8� 3.4% versus 62.4� 5.7% in control versus
þBMP15, respectively; P< 0.05). As BMP15 treatment
decreased G6PDH activity within the oocyte, the pentose
phosphate pathway is not the primary source of NADPH
following BMP15 stimulation.

Intra-Oocyte IDH Activity and NAD(P)H Levels
To determine if the BMP15-dependent increased

NAD(P)H levels within the oocyte was due to increased
IDH activity from the TCA cycle, cultured COCs were
treated with oxalomalate, an inhibitor of IDH. A dose of
1mM oxalomalate was used since the presence of 5mM
resulted in high levels of background fluorescence in the
405 nm excitation/420�520 nm emission spectrum (Sup-
plementary Figure S1). Autofluorescence (NAD(P)H and
FAD) was then measured within the oocyte.

There were no significant differences in oocyte NAD(P)H
or FAD autofluorescence intensity between 0 and 1mM
oxalomalate treatments in control conditions lacking
BMP15 (Fig. 2). COCs cultured in the presence of BMP15
exhibitedsignificantlyhigher intra-oocyteNAD(P)H intensity
compared to the control groups. In contrast, the NAD(P)H
intensity was significantly reduced to control-group levels in
oocytes exposed to BMP15 and 1mM oxalomalate
(P< 0.05) (Fig.2A).Thesignificant increase inFADintensity

in the presence of BMP15 (P< 0.05) was also reversed in
the presence of 1mM oxalomalate (Fig. 2B). Therefore,
oxalomalate treatment reduced the BMP15-mediated in-
creases inNAD(P)HandFADautofluorescence, suggesting
that IDHof the TCA cycle is amajor source of NADPHwithin
BMP15-treated oocytes.

Intra-Oocyte GSH, Mitochondrial Activity, and
ROS Levels

To determine if the presence of FSH and BMP15 influ-
enced mitochondrial activity and localization, cellular
stress, and/or endogenous anti-oxidation protection,
treated COCs were labelled after 23 hr of culture with
monochlorobimane (MCB) to assess GSH abundance;
peroxyfluor1 (PF1) toevaluateH2O2 levels;andMitotracker
Red CMXROS to assess mitochondrial activity. COCs
cultured in the presence of FSH alone showed a significant
decrease in the mean intensity of intra-oocyte MCB com-
pared to all the other treatment groups (P< 0.001) (Fig. 3A,

Figure 1. The influence of FSH and BMP15 supplementation during
oocyte maturation on G6PDH activity, as determined by BCB staining
within the oocyte. Bars represent meansþ standard error. Different
superscripts indicate significant differences (ab, P<0.05).

Figure 2. Following 23 hr of culture in the presence or absence of
BMP15 (without FSH supplementation), COCs were treated with
oxalomalate (Ox), an inhibitor of IDH, followed by measurements of
(A) NAD(P)H and (B) FAD autofluorescence within the oocyte. Bars
represent meansþ standard error. Different superscripts indicate sig-
nificant differences (ab, P<0.05).
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D). In comparison, positive staining for Mitotracker Red
(reflecting active mitochondria) was significantly higher
within oocytes exposed to FSH during IVM compared to
the control group (P< 0.05) (Fig. 3B,D). BMP15 or FSH
alone significantly increased PF1 levels compared to the
control but not the þFSH þBMP15 group (Fig. 3C,D).

To resolve if BMP15 and FSH supplementation during
IVM influenced the localization of GSH, H2O2, and active
mitochondria within the oocyte, image texture analyses
were performed with the help of gray-level co-occurrence
matrices, which measure levels of roughness or uneven-
ness. Higher co-occurrence matrix values correspond to
less uniformity of positive staining in an oocyte. Similar
patternsof localizationwere seen for theangular secondary
moment (the texture of the whole oocyte) (Fig. 4), contrast
(sub-cellular/organelle texture), and correlation (relation-
ships between neighbouring pixels) (see Supplementary
Figure S2). There were no significant differences in the
texture patterns of MCB-positive staining (representing
GSH) across treatments, likely because of the large
variation in patterns seen among all groups (P> 0.05)

(Fig. 4A). In contrast, BMP15 supplementation resulted in
significantly lower texture values, e.g., smoother patterns of
positivesignal, forPF1 (representingH2O2)andMitotracker
Red localization (main effect of BMP15 onMitotracker Red,
P¼ 0.005, and PF1, P¼ 0.003). BMP15 supplementation
further resulted in more consistent texture-feature values
for both PF1 and Mitotracker Red staining compared to the
control group, as indicated by their smaller error bars
compared to the control (Fig. 4B�C).

In summary, FSH stimulation reduced levels of GSH-
positive staining within oocytes and increased mitochon-
drial activity and production of H2O2 while BMP15 elevated
ROS levels in oocytes, regardless of the presence or
absence of FSH. BMP15 treatment also promoted a
more uniform localization pattern of mitochondria.

Gene Expression Within the Oocyte and Cumulus
Vestment

The gene expression of key enzymes involved in
glutathione synthesis and cycling��such as glutathione

Figure 3. Anti-oxidants, mitochondrial activity, andROS levels within oocytesmatured in the presence of FSHandBMP, as indicated by themean
intensities of (A) monochloridebimane (MCB), to assess GSH abundance; (B) Mitotracker red CMXROS, to detect active mitochondria; and (C)
peroxyfluor 1 (PF1), to assess H2O2 levels. Bars represent meansþ standard error. Different superscripts indicate significant differences (abc,
P<0.05). (D) Representative images of the stained oocytes. Scale bar, 50mm.
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biosynthesis (GSS), reduction (GSR, GSTA1), and oxida-
tion (GPX1,GPX4)��weremeasured in cumulus cells (CC)
and COC-derived denuded oocytes (CDO) following 23 hr
of maturation in the presence or absence of BMP15 and
FSH. In both cumulus cells and denuded oocytes, there
were no differences between treatments in regards to the
expression of glutathione synthesising (GSS) (Fig. 5A�B)
and oxidising enzymes (GPX1 and GPX4) (Fig. 5G�N).
mRNA expression of GSR and GSTA1, enzymes involved
in the reduction of glutathione, were also similar within the
denuded oocyte. FSH supplementation significantly re-
duced gene expression compared to the control group,
regardless of thepresenceor absenceofBMP15 (P< 0.05)
(Fig. 5D,F). In contrast, GSTA1 was differentially ex-
pressed in cumulus cells, with significantly higher levels
inþFSH compared toþBMP15��the opposite of what was
seen in denuded oocytes (P< 0.05) (Fig. 5E). Therefore,
while FSH and BMP15 did not affect the expression of
genes involved in glutathione synthesis and oxidation, FSH
treatment did significantly influenced glutathione cycling by
decreasing the expression of enzymes involved in the
reduction of glutathione.

Amino Acid Turnover by Intact Cumulus Oocyte
Complexes

Amino acid turnover was measured in conditioned me-
dia isolated from the final 4 hr ofmaturation to determine the
metabolic effects of FSH and BMP15 on individual COCs.
There were no significant differences in the turnover of
total, essential, and nonessential amino acids among treat-
ments (Table 1). Isoleucine, serine, and glutaminewere the
only amino acids from the media that were consumed by
COCs; all other measured amino acids were produced de
novo by COCs (Fig. 6). Significant differences in glutamine
turnover were observed, with the control group (�FSH
�BMP15) producing glutamine as opposed to its consump-
tion in the other treatment groups (�FSH �BMP15,
16.4� 23.4, versus þFSH þBMP15, �75.0� 16.5 pmol/
COC/h) (P< 0.05) (Fig. 6). Alanine turnover was also
greater than twofold higher in the þFSH and þFSH

þBMP15 groups compared to the control group (main
effect of FSH, P< 0.05) (Fig 6).

DISCUSSION

The addition of native oocyte-secreted factors to oocyte
maturation media, either by co-culturing with denuded
oocytes or addition of recombinant factors, improves oo-
cyte developmental competence, on-time embryo devel-
opment rates, and fetal survival post-embryo transfer
(Hussein et al., 2006, 2011; Yeo et al., 2008; Sudiman
et al., 2014). This simple processappears to help overcome
a deficiency in endogenous oocyte-secreted factor produc-
tion during IVM (Mester et al., 2014). We previously dem-
onstrated that the addition of recombinant, pro-mature
BMP15 results in an altered metabolic profile in COCs
exposed to FSH, a widely used IVM-media additive that
is known to stimulate COC metabolism and oocyte devel-
opmental competence (Sutton-McDowall et al., 2012).
COCs cultured with BMP15 alone demonstrate a prefer-
ence for oxidative metabolism, with less glucose metabo-
lized via glycolysis and significant increases in intra-oocyte
FAD (Fig. 7). Increased levels ofNAD(P)Hwithin theoocyte
are also seen, even though the redox ratio among groups is
not altered. Therefore, this study investigated the source of
the BMP15-dependent increased NAD(P)H levels as well
as how this increase may be contributing to improved
oocyte health, e.g. via mitochondrial activity and/or the
ability to deal with cellular stress.

We hypothesized that the increase in oocyte NAD(P)H
could be attributed to increased NADPH production. In-
deed, numerous studies have suggested that a major
source of NADPH production within the oocyte is through
the oxidative arm of the pentose phosphate pathway,
specifically via the glucose metabolic actiivty of G6PDH
(Downs et al., 1998; Urner and Sakkas, 2005). BCB is
metabolized by G6PDH, and has been used to predict the
developmental competence of immature oocytes prior to
IVM��e.g., lowBCB retention indicates activeG6PDH, and
thus more viable oocytes (Roca et al., 1998; Alm et al.,

Figure 4. Textural angular-secondary-moment analyses of anti-oxidants, mitochondrial activity, and ROS levels within oocytes matured in the
presence of FSH and BMP, as indicated by the values for (A) MCB, (B) Mitotracker red CMXROS, and (C) PF1. Data points indicate individual
oocytes; bars represent means� standard error. Different superscripts indicate significant differences (ab, P<0.05).
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Figure 5. mRNA expression of enzymes involved in NADPH metabolism and glutathione recycling.
Intact COCs were cultured in the presence or absence of BMP15 and FSH, and separated into COC-
derived oocyte (CDO) and cumulus cells (CC). Bars represent meansþ standard error. Different
superscripts indicate significant differences (ab, P<0.05).
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2005; Bhojwani et al., 2007). In our studies, BMP15 sup-
plementation during COC maturation resulted in fewer
BCB� oocytes, suggesting lower G6PDH and oxidative
pentose phosphate pathway activity. In contrast, inhibiting
TCA-cycle IDH activity with oxalomalate reduced the
BMP15-dependent elevation in NAD(P)H autofluores-
cence, suggesting that a significant source of intra-oocyte
NADPH is the TCA cycle within the oocyte itself. This
observation is supported by a report from Dumollard and
colleagues, who proposed that TCA-cycle activity, espe-
cially that of IDH, contributes significantly to the intracellular
redox potential inmouse oocytes (Dumollard et al., 2007b).

A major role of NADPH is the recycling of GSSG
to GSH, allowing a cell to respond to oxidative stresses

such as H2O2 derived from oxidative phosphorylation
within the mitochondria. FSH stimulation alone reduced
the intensity of MCB staining within the oocyte, implying
lower intra-oocyte levels of GSH, whereas additional
BMP15 supplementation (þFSH þBMP15) restored
MCB intensity. This response is consistent with the re-
duced transcript levels encoding enzymes involved in the
reduction of GSSG to GSH, namely GSR and GSTA1,
within the oocyte following FSH stimulation. Together,
these data provide a direct link between FSH stimulation
and an oocytes impaired capacity to regulate H2O2 levels
through glutathione recycling. The increase in blastocyst
development following IVM in the presence of both
FSH and BMP15, observed in our previous study

TABLE 1. Total Amino Acid, Essential, and Non-Essential Amino Acid Turn Over by COCs Following Culture in the Presence or
Absence of FSH and BMP15

pmol/COC/h

FSH BMP15 Total Essential Non-essential

� � 10.6� 2.2 2.56�2.88 30.1� 4.1
þ � 11.8� 3.2 1.27�2.87 23.8� 4.3
� þ 12.9� 3.2 �0.22�3.02 17.4� 4.2
þ þ 16.3� 3.0 4.67�2.87 24.2� 3.6

Values represent means� standard error. Negative values represent consumption and positive values represent production.

Figure 6. Amino acid turnover by intact COCs cultured in the presence and absence of FSH and BMP15. Bars represent meansþ standard error.
Different superscripts indicate significant differences (abxy, P<0.05).
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(Sutton-McDowall et al., 2012), may therefore be attribut-
ed to the BMP15-induced increases in NADPH that help
sustain GSH levels.

The influence of BMP15 supplementation on oocyte and
cumulus-cell metabolism appears to depend on which
hormones and growth factors it is co-supplemented with.
The metabolism of oocytectomized complexes (intact
COCs, in which the ooplasmhas been surgically removed),
for example, did not differ from intact COCs or oocytec-
tomized complexesco-culturedwith denudedoocytes (Sut-
ton et al., 2003)��most likely due to FSH masking the
stimulatory effects of BMP15 and other oocyte-secreted
factors. Supplementation with the EGF-like peptide am-
phiregulin plus BMP15 further increased oocyte FAD and
NAD(P)H (Sugimura et al., 2014), as opposed to the de-
pression seen with FSH-plus-BMP15 co-stimulation (Sut-
ton-McDowall et al., 2012).

FSHiswidelyusedasasupplement incattle IVMsystems
because it can stimulatematuration and other cellular activi-
ties, including glucose metabolism (Sutton-McDowall et al.,
2010). Yet thedrawbacksof FSHarebecoming increasingly
evident, including its ability to increase cellular stress, as
reported here; indeed, alternative hormones and growth
factors should be explored. For example, EGF-like peptides
improve the developmental competence of oocytes by pro-
longing gap-junction communication between the oocyte
and cumulus cells (Sugimura et al., 2014) and by stimulating
glucose metabolism and cumulus-cell expansion in mouse
COCs (Richani et al., 2014).

Mean fluorescence intensity and the texture of staining
(gray-level co-occurrence matrices) provide a more robust
metric of oocyte health when used to evaluate MCB, Mito-
tracker Red, and PF1 staining. Mitochondria synthesis
occurs during oocyte development, and the distribution

Figure 7. Summary of the changes in metabolism within cumulus cells and oocytes treated with FSH and BMP15. Previous studies
demonstrated that the presence of both FSH and BMP15 during IVM significantly increased blastocyst development rates (total blastocysts
from cleaved) to 52% compared to 28%without either factor (Sutton-McDowall et al., 2012). Despite similar blastocyst development rates, when
FSH and BMP15 were added separately during IVM (44% from þFSH; 41% from þBMP15), different metabolic profiles were observed in the
COCs. The presence of FSH alone induces higher levels of glucose metabolism within cumulus cells via glycolysis and the hexosamine
biosynthetic pathway (HBP), resulting in the formation of more extracellular matrix. Conversely, the presence of BMP15 alone promotes higher
FAD and NADPH/NADH levels within the oocyte. In the current study, BMP15 induced NADPH production via the TCA cycle. Furthermore,
mitochondrial localization is more uniform in oocytes treated with BMP15. FSH stimulation reduces GSH levels as well as the transcript
abundance of enzymes involved in glutathione reduction, compromising the ability of oocytes to recycle glutathione in response to increased
H2O2 production from increased mitochondrial activity. BMP15 treatment also resulted in increased H2O2 production, but higher levels of GSH,
NADPH, and improved mitochondrial localization could counteract this peroxide production.
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of this organelle within the oocyte is constantly changing in
response to energy-expensive events such as meiotic
progression (Van Blerkom, 2009). Mitochondrial activity
is also largely influenced by location with the oocyte
(Diaz et al., 1999). For example, immature oocytes (germi-
nal-vesicle stage) demonstrate a cortical pattern of mito-
chondrial localization, whereas mature (metaphase II)
oocytes exhibit a more disperse, uniform distribution (Du-
mollard et al., 2007a); in contrast, clustering or uneven
distribution within metaphase-II oocytes is associated with
compromised developmental competence (Van Blerkom,
2009). In the current study, BMP15 supplementation re-
sulted in ‘‘smoother’’ and more homogenous localization of
both Mitotracker Red and PF1 staining within mature oo-
cytes, independent of the presence of FSH. Furthermore,
there was less variation in texture within the þBMP15 and
þBMP15þFSH treatment groups when compared to non-
supplemented controls. Thus, BMP15 supplementation
during IVM is likely promoting the uniform distribution of
activemitochondria, thereby contributing to improved func-
tion and developmental competence.

A unique aspect of this study was the multiplexed use of
fluorescence probes in single, live oocytes to investigate
cellular metabolism. Traditional enzymatic assays require
pooling large numbers of COCs/oocytes to assess the
activity of a single enzyme. Here, fluorescent probes were
used instead to determine the level and localization of reac-
tive oxygen species, anti-oxidants (specifically H2O2 and
GSH), and activemitochondriawithin cultured oocytes. This
technique provided profiles of three metabolic outcomes,
with positive staining indicating levels of enzymatic activity,
localization, and textural patterning within individual, live
oocytes. The use of quantitative texture analyses provided
additional metrics to interpret the imaging data. Gray-level
co-occurrence matrices have been extensively utilised in
diagnostic imaging (Castellano et al., 2004) for dermatology
(Mittra and Parekh, 2011), liver (Losa and Castelli, 2005),
and cancer (Alvarenga et al., 2007). To our knowledge, this
is the first study to present the results of such image ana-
lyses to investigate patterns of metabolism within oocytes.

Amino acid profiling provides yet another metric to
evaluate oocyte competence following IVM, as highlighted
by a recent profile comparison of oocytes denuded of their
cumulus-cell vestment compared to intact COCs during the
final 6 hr of IVM (Hemmings et al., 2012). Cattle oocytes
that underwent successful fertilization, cleavage, and de-
veloped to the blastocyst stage (on-time embryo develop-
ment) had lower glutamine uptake and alanine
accumulation in conditioned media compared to incompe-
tent oocytes (uncleaved following fertilization) (Hemmings
et al., 2012). A recent study also linked alanine and gluta-
mine levels in follicular fluid with developmental compe-
tence of oocytes (Matoba et al., 2014). Here, glutamine
consumption and alanine production tracked positively with
supplement conditions that yielded bovine COCs with im-
proved oocyte developmental competence. Both glutamine
and alanine are generally involved in carbohydrate metab-
olism among different cell types (Schliess et al., 2014;
Varone et al., 2014), so their utility as a general marker

of metabolic health in oocytes is expected. Both glutamine
metabolism and pyruvate oxidation within cattle oocytes
significantly increase towards the end of maturation, as
measured in denuded oocytes following COC maturation
using radiolabelled substrates (Rieger and Loskutoff, 1994;
Steeves and Gardner, 1999). Therefore, it seems reason-
able to suggest that within treatments impacting oxidative
phosphorylation, such as the addition of BMP15, more
glutamine is also metabolized within the oocyte. Similarly,
alanine production was highest following FSH treatment,
regardless of BMP15 supplementation, and associated
with high glycolytic activity (Sutton-McDowall et al., 2012).

In conclusion, BMP15 supplementation during bovine-
oocyte IVM stimulates NADPH production via IDH and the
TCA cycle within the oocyte, rather than G6PDH of the
pentosephosphatepathway.BMP15supplementationalso
promoted a more homogenous and consistent localization
of activemitochondria, indicative of improved developmen-
tal competence. FSH reduces GSH��levels within the
oocyte, which correspondedwith the reduced gene expres-
sion of glutathione-reducing enzymes in treated samples.
On the other hand, the combination of both FSH and
BMP15 significantly increased glutamine consumption,
consistent with increased oxidative metabolism. Hence,
the previously reported increases in oocyte developmental
competence achieved using combined FSH and BMP15
supplementation likely occurred by equilibrating metabo-
lismwithin the oocyte rather than shifting the preference for
oxidative or reductive metabolism. For example, FSH stim-
ulated glucose metabolism within the cumulus vestment,
while BMP15 promoted oxidative phosphorylation through
improved mitochondrial function and protection against
cellular stress via increased NADPH production. which
promotes glutathione recycling.

MATERIALS AND METHODS

Unless stated otherwise, all chemicals were obtained
from Sigma�Aldrich (St Louis, MO).

Oocyte Collection and IVM
Cattle ovaries were collected from a local abattoir (T&R,

Murray Bridge, South Australia) and transported to the
laboratory in warm saline (30�35 8C). Immature COCs
were aspirated from ovarian follicles using an 18-gauge
needle and a 10-ml syringe, in undiluted follicular fluid.
Compact COCs with intact cumulus vestments, at least
three somatic-cell layers, and un-granulated ooplasms
were selected into undiluted follicular fluid, washed once
inmaturationmedium (bicarbonate-buffered TCM199 (ICN
Biochemicals; Irvine,CA)þ 0.5mMpyruvateþ 4mg/ml fat-
ty acid free (FAF) BSA (ICPBio Ltd; Auckland, New Zea-
land)), and then transferred into the corresponding IVM
treatments. The IVMmedia was supplemented, as indicat-
ed, with 100mIU/ml FSH (Puregon; Organon, Oss,
Netherlands) and/or 100 ng/ml BMP15, a concentrated
preparation of recombinant human BMP15 pro/mature-
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complex produced in our laboratory using 293T cells, as
previously described (Pulkki et al., 2011; Mottershead
et al., 2012). Groups of 10 COCs were cultured in 100ml
volumes of pre-equilibrated IVM media, overlaid with par-
affin oil (Merck;Darmstadt,Germany), at 38.5 8C in6%CO2

in humidified air. Unless otherwise stated, COCs were
cultured for 23 hr.

Intra-Oocyte G6PDH Activity Assay
After 21.5 hr of culture�FSH�BMP15, COCs were

transferred into fresh IVM media containing 23mM BCB,
and cultured for 90min at 38.5 8C. At the completion of
culture, COCs were washed once in wash medium (Vitro-
Wash; IVF Vet Solutions, Adelaide, Australia) containing
4mg/ml fatty-acid-free bovine serum albumin (FAF-BSA).
Stained oocytes were assessed using a dissecting micro-
scope. BCB is readily metabolized by G6PDH, hence blue
oocytes (BCBþ) arise from COCs with low G6PDH activity
and BCB� oocytes from COCs with high G6PDH activity.
Data are presented as the proportion of BCB� negative
(BCB�) oocytes from the total oocyte pool for each treat-
ment and replicate. Four replicate experiments were per-
formed with 20�30 COCs used within each treatment
group and replicate.

Intra-Oocyte IDH Activity and NAD(P)H Levels
Following 23 hr of culture in IVM media without FSH

� 100 ng/ml BMP15, COCs were transferred into Vitro-
Washþ 4mg/ml FAF BSA containing 0 or 1mM oxaloma-
late. (A dose response of oxalomalate revealed that media
containing 2mM oxalomalate or higher had high levels of
background fluorescence (Supplementary Figure S1), so
1mM oxalomalate was used in subsequent experiments.)
COCs were transferred to 5ml of corresponding wash
medium� oxalomalate, overlaid with oil in glass-bottom
confocal dishes (Cell E&G; Houston, TX). Autofluores-
cence images were captured of the live oocytes using a
FluoView FV10i confocal microscope and accompanying
software (Olympus; Tokyo, Japan), measuring FAD with
the green (473 nm excitation; 490�590 nm emission) and
NADH/NADPH with the blue (405 nm excitation;
420�520 nm emission) filters. Microscope settings, such
as laser intensity and image size, were kept constant.
Quantification of the fluorescence intensitywas determined
using ImageJ imaging software (National Institutes of
Health, Bethesda, MD), with the raw data normalized to
fluorescence beads (InSpeck, Molecular Probes; Eugene,
OR). Three replicate experiments were performed with 10
COCs measured per treatment group per replicate.

Intra-Oocyte GSH, Mitochondrial Activity, and
ROS Levels

COCs were denuded after 23hr of culture by repeat
pipetting, and then transferred into VitroWashþ 4mg/ml
FAF�BSAþ 20mM PF1 for 1 hr; 12.5mM MCB for 30min;
and 200nM Mitotracker Red CMXROS (Molecular Probes)

for15minat38.5 8Cindarkness.Oocyteswerewashedonce
in VitroWashþ 4mg/ml FAF BSA, and transferred into 2-ml
smears of wash medium in glass-bottom confocal dishes.

PF1 is an aryl boronate probe that fluoresces on reaction
with H2O2 (Chang et al., 2004). It has higher specificity for
H2O2 and peroxynitrite over other ROS, unlike commonly
used non-specific ROSprobes such as 2’,7’-dichlorohydro-
fluorescein diacetate (H2DCFDA)��which also auto-oxi-
dizes and catalyzes superoxide production, leading to
false-positive fluorescence (Murphy et al., 2011). PF1
was prepared using microwave irradiation in place of con-
ventional heating: 3’,6’-diiodofluoran (Chang et al., 2004)
(89mg, 0.16mmol), bis(pinacolato) diboron (160mg,
0.63mmol), potassium acetate (141mg, 0.63mmol), and
Pd(dppf)Cl2 (14mg, 0.02mmol) were pre-dried in vacuo,
dissolved in dimetheylformamide (4ml) under a N2 atmo-
sphere in a sealed microwave vial fitted with a Teflon cap.
The light-brown mixture was reacted in a CEM Discover
microwave synthesiser (Matthews, NC) at 80 8C for 2 hr.
The solvent was removed under reduced pressure to give a
dark brown powder, which was purified by column chroma-
tography and eluted with 4:1 hexane:ethyl acetate to give
PF1 as a white solid. (40mg, 45%); 1HNMR (CDCl3,
300MHz): d(ppm) 8.03 (1H, m), 7.74 (2H, s), 7.60 (2H,
m), 7.43 (2H, dd, J1¼ 7.8Hz, J2¼ 1.1Hz), 7.06 (1H, m),
6.86 (2H, d, J¼ 7.8Hz), 1.35 (24H, s).

Both MCB and Mitotracker Red CMXROS are commer-
cially available fluorescent probes. MCB fluoresces when
bound to low-molecular-weight thiol compounds; its highest
affinity is for GSH, which represents 99%of the intracellular
fluorescence intensity (Keelan et al., 2001). Mitotracker
Red accumulates withinmitochondria, depending onmem-
brane potential.

Intra-oocyte fluorescence was captured on a Fluoview
FV10i confocal microscope using appropriate filter sets:
MCB (358nm excitation; 461 nm emission), PF1 (496 nm
excitation; 519 nmemission) , andMitotrackerRed (578 nm
excitation; 598 nm emission). Laser intensity, magnifica-
tion, and image-capture settings remained constant across
replicates.

Image processing and analyses were performed using
ImageJ software with the plugin/macro option, which al-
lowed for semi-automated analyses. Macros for image file
processing andmeasurements are included asSupplemen-
tary data. Briefly, using Macro 1, individual images repre-
senting each fluorescent channel were captured, and then
converted from Olympus confocal image files (Olympus
image format, oif) into 8-bit gray-scale tiff files. The oocyte
was selected as a region of interest (ROI) and the back-
groundof the imagewasexcluded.Mean intensity (Macro2)
and selected texture-features analyses (gray-level co-oc-
currence matrices; Macro 3) of the ROI were performed.
Macros 2 and 3 are available from the NIH ImageJ website
(http://rsb.info.nih.gov/ij/plugins). Gray-level co-occurrence
matrix analysis was applied to determine differences in the
localization of fluorescence intensity, e.g. the texture (uni-
formity/smoothness/roughness) of staining patterns (Hara-
lick et al., 1973; Murata et al., 2001; Cabrera 2006). Angular
secondary moment represents the texture of the whole
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oocyte; contrast represents the texture of sub-cellular or-
ganelles; and correlation represents the intensity differen-
ces between pixels. A total of 10 COCs used per treatment.

The relationship between MCB fluorescence and intra-
oocyte GSH levels was validated by incubating COCs in
buthionine sulphoximine (BSO), an inhibitor of the first
stage of glutathione synthesis (gamma-glutamylcysteine-
synthetase). Groups of 10 COCs were cultured in VitroMat
þ 4mg/ml FAF�BSAþ 0.1 IU/ml FSH and 0, 1, 2, 5, and
10mM BSO. After 23 hr of culture, COCs were incubated
with 12.5mM MCB (as above), and fluorescence intensity
was determined within denuded oocytes. Results of the
dose response are presented in Supplementary Figure S3.
Two replicate experiments were performed, with 10 COCs
per replicate.

Gene Expression Within the Oocyte and
Cumulus-Cell Vestment

Total RNA from50COC-derived oocytes or the cumulus
cells from 50 COCs was isolated using Trizol, according to
manufacturers instructions (Life Technologies; Mulgrave,
Australia). Total RNA was treated with 1 IU DNAse (Life
Technologies) at 37 8C for 1 hr, as per manufacturers in-
structions. First-strand complementary DNA (cDNA) was
synthesised using random hexamer primers and Super-
script III reverse transcriptase (Life Technologies). Gene
primers for real-time reverse-transcriptase PCR were de-
signed against published mRNA sequences from the NCBI
Pubmed Database using Primer 3 software (Table 2) and
synthesised by Geneworks (Geneworks, Adelaide,
Australia). Real-time PCR was performed in triplicate for
each sample on a Rotor-GeneTM 6000 (Corbett Life Sci-
ence; Sydney, Australia). In each reaction, cDNA from
10ng total RNA, 0.1ml forward and reverse primers, and
10ml SYBR 1 Green Master Mix (Applied Biosystems;
Carlsbad, CA), and water were combined to a final volume
of 20ml. All primers were used at an optimized concentra-
tion of 25mM. PCR conditions were as follows: 50 8C for
2min, 95 8C for 10min, followed by 40 cycles of 95 8C for
15 sec and 60 8C for 60 sec. Single-product amplification
was confirmed by analysis of disassociation curves and
ethidium bromide-stained agarose gel electrophoresis.

Controls included the absence of cDNA template or the
reverse transcriptase enzyme; each showed no evidence
of product amplification or genomic DNA contamination. All
gene expression was normalized to an RPL19 (L19) inter-
nal loading control that was amplified in parallel for each
sample. Results were then expressed as a raw expression
value using the 2-(DDCT) method.

Amino-Acid Turnover by Intact Cumulus Oocyte
Complexes

Groups of 10 COCs were cultured�FSH�BMP15.
After 19 hr of culture, individual COCs were transferred
into 2-ml drops of fresh culturemediumand cultured for 4 hr.
At the completion of the culture period, the COC was
removed, 1ml of the spent medium was transferred into
a 1.7-ml microfuge tube, snap-frozen, freeze-dried, and
stored at �80 8C. A replicate drop of media without a COC
was cultured simultaneously per treatment condition to
account for amino acid concentrations within the media.

Freeze-dried samples were analyzed for amino acid
composition using a protocol similar to a previous report
(Wale and Gardner, 2012). Amino-acid analysis was un-
dertakenusing thederivatization-labeling reagent 6-amino-
quinolyl-N-hydroxysuccinimidyl carbamate (Aqc) and a
triple-quadrupole mass spectrometer (LC-QqQ-MS), to
facilitate the concentrations of co-eluted fractions of a
variety of amines to be resolved and quantitated by com-
parison against a standard calibration curve. A 2.5mM
stock solution of amino acids was prepared containing
the following: lysine, histidine, asparagine, arginine, tau-
rine, serine, glutamine, glycine, aspartate, glutamate, thre-
onine, alanine, proline, cysteine, tyrosine, methionine,
valine, isoleucine, leucine, phenylalanine, and tryptophan.
Calibration standards for these amino acids were then
prepared by diluting the stock solution to 150, 100, 50,
25, 10, 5, 1, 0.5, 0.1, 0.05, and 0.01mM in water using
volumetric glassware. Norleucine was used as an internal
standard in borate buffer containing the antioxidant ascor-
bic acid and the reducing agent tris(2-carboxyethyl) phos-
phine. Each dried-media sample, including a control media
sample not used for COC incubation, was resuspended in
10ml of MilliQ water; 10ml aliquots of each amino acid

TABLE 2. Gene and Primer List for Real-Time Reverse-Transcriptase PCR

Symbol Gene name Role Primer sequence Size Accession

GSS Glutathione
synthetase

Glutathione
biosynthesis

(F) 50-CAGCGTGCCATAGAGAATGA
(R) 50-AATATCCGGGCACTTGACAG

234 NM_001015630.1

GSR Glutathione
reductase

Reduces oxidized
glutathione

(F) 50-TGTCATTGTTGGTGCTGGTT
(R) 50-AGCGTTCTCCAGCTCTTCAG

154 NM_001114190.2

GSTA1 Glutathione S-
transferase A1

Reduces oxidized
glutathione

(F) 50-CGTCACTACCGAATGTACCAGAAA
(R) 50-TCAAGCTTAGCTCTGTGGGCTAA

101 BC102540.1

GPX1 Glutathione
peroxidase 1

Oxidises glutathione
in response to H2O2

(F) 50-GATCCTGAATTGCCTGAAGTACGT
(R) 50-AGAGCGGATGCGCCTTCT

104 NM_174076

GPX4 Glutathione
peroxidase 4

Oxidises glutathione
in response to H2O2

(F) 50-GCCGCTGGCTATAACGTCAA
(R) 50-CCCTTGGGCTGGACTTTCAT

101 NM_174770.3

RPL19 (F) 50-TGAGGCCCGCAGGTCTAAG
(R) 50-CTTCCTCCTTGGACAGAGTCT TG

101 BC102223
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standard were prepared in parallel. To all standards and
samples, 70ml of borate buffer was then added and mixed
by vortexing for 20 sec followed by centrifugation (1min).
To each 80ml volume, 20ml of Aqc was added, then the
solution was vortexed immediately for 20 sec and warmed
on a heating block (Thermomixer, Eppendorf) with shaking
(1000 rpm) for 10min at 55 8C. The final solution was then
allowed to cool to ambient temperature before centrifuga-
tion (1min), followed by analysis using an Agilent 1200
LC-system coupled to an Agilent 6420 ESI-QqQ-MS
(Santa Clara, CA).

The amino acid concentrations in spent media were
normalized against a drop of media that had been cultured
without a COC, and consumption/production were calcu-
lated as pmol per COC per hour of culture (4 hr). A
negative value indicates net depletion/consumption
whereas positive values represent production/appear-
ance in the COC media samples. Four experimental
replicates were performed, with the spent media from
two individual COC cultures collected per treatment
group, within replicates.

Statistical Analyses
Differences between treatments were determined using

a general linear model, with BMP15 and FSH as main
effects��except for the IDH assay, where the main effects
were BMP15 and oxalomalate. Differences between indi-
vidual treatment groups were determined using the Bon-
ferroni post-hoc test. Proportional data was arcsine
transformed prior to analysis. All statistical tests were
performed using SPSS version 22 statistical software
and P values less than 0.05 were considered statistically
significant.
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