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STUDY QUESTION: Do mitochondria-targeted therapies reverse ageing- and oxidative stress-induced spindle defects in oocytes from
mice and humans?

SUMMARY ANSWER: Exposure to MitoQ or BGP-I5 during IVM protected against spindle and chromosomal defects in mouse oocytes
exposed to oxidative stress or derived from reproductively aged mice whilst MitoQ promoted nuclear maturation and protected against
chromosomal misalignments in human oocytes.

WHAT IS KNOWN ALREADY: Spindle and chromosomal abnormalities in oocytes are more prevalent with maternal aging, increasing
the risk of aneuploidy, miscarriage and genetic disorders such as Down’s syndrome. The origin of compromised oocyte function may be
founded in mitochondrial dysfunction and increased reactive oxygen species (ROS).

STUDY DESIGN, SIZE, DURATION: Oocytes from young and old mice were treated with MitoQ and/or BGP-15 during IVM. To
directly induce mitochondrial dysfunction, oocytes were treated with H,O,, and then treated the MitoQ and/or BGP-15. Immature human
oocytes were cultured with or without MitoQ. Each experiment was repeated at least three times, and data were analyzed by unpaired-
sample t-test or chi-square test.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Immature germinal vesicle (GV) stage oocytes from |-, [2- and |8-month-
old mice were obtained from preovulatory ovarian follicles. Oocytes were treated with MitoQ and/or BGP-15 during IVM. GV-stage hu-
man oocytes were cultured with or without MitoQ. Mitochondrial membrane potential and mitochondrial ROS were measured by live-cell
imaging. Meiotic spindle and chromosome alignments were visualized by immunofluorescent labeling of fixed oocytes and the 3-dimensional
images were analyzed by Imaris.

MAIN RESULTS AND THE ROLE OF CHANCE: MitoQ or BGP-15 during IVM protects against spindle and chromosomal defects
in oocytes exposed to oxidative stress and in oocytes from aged mice (P < 0.001). In human oocytes, the presence of MitoQ during IVM
promoted nuclear maturation and had a similar positive effect in protecting against chromosomal misalignments (P < 0.001).
LIMITATIONS, REASONS FOR CAUTION: Our study identifies two excellent candidates that may help to improve fertility in
older women. However, these potential therapies must be tested for efficacy in clinical IVM systems, and undergo thorough examination
of resultant offspring in preclinical models before utilization.
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WIDER IMPLICATIONS OF THE FINDINGS: Our results using in-vitro systems for oocyte maturation in both mouse and human
provide proof of principle that mitochondrially targeted molecules such as MitoQ and BGP-15 may represent a novel therapeutic approach

against maternal aging-related spindle and chromosomal abnormalities.
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Introduction

It is well established that maternal aging is associated with a decrease
in oocyte quality leading to infertility and an increased risk of miscar-
riage and genetic anomalies such as Down’s syndrome. Decreased fer-
tility in women occurs gradually from the age of 30 but undergoes a
precipitous decline between the ages of 35 and 40 (Toner and Flood,
1993; Baird et al., 2005). Thus, the societal trend to delay childbearing
(Sauer, 2015) is leading to increasing numbers of couples seeking ART
due to age-related infertility. The age-related decrease in female fertil-
ity is due to a steep decline in both ovarian reserve and oocyte quality.
This process reflects the established dogma that all oocytes are
formed during fetal life, are non-renewing and remain arrested in a
non-growing state for what may be decades before being recruited to
grow and mature. Oocyte quality is understood to be the primary lim-
iting factor for female fertility with aging because donor oocytes from
young women result in IVF success rates consistent with those of the
young donor rather than the older recipient (Wang et al., 2012). Thus,
deteriorating oocyte quality is the major cause of fertility decline with
advanced maternal age.

Production of a developmentally competent egg requires resump-
tion and successful completion of two successive meiotic divisions.
The decrease in fertility and increase in miscarriage rate associated
with maternal age may be caused by increase in the rate of chromo-
somal errors (Hassold et al., 2007; Nagaoka et al., 2012). In fact, by
the age of 40, the rate of aneuploidy in oocytes has been reported to
be as high as 60% (Angell, 1994; Pellestor et al., 2003). Thus, there is
a pressing need to understand the molecular mechanisms behind age-
related spindle and chromosomal abnormalities in oocytes and to de-
velop therapeutic measures tackling this problem.

Multiple molecular defects contribute to the deterioration of oocyte
quality and the occurrence of higher rates of aneuploidy with maternal
aging (reviewed in: Nagaoka et al., 2012; Jones and Lane, 2013;
Schatten and Sun, 2015; Touati and Wassmann, 2016; Greaney et al.,
2018; Kitajima, 2018). The major candidate mechanisms for increased
aneuploidy in maternal aging include progressive loss of cohesion
(Chiang et al., 2010; Lister et al., 2010) and a compromised spindle as-
sembly checkpoint to monitor chromosome attachment errors (Lane
and Jones, 2014; Marangos et al., 2015; Nabti et al.,, 2017). In addition,
age-related defects in microtubule dynamics are also apparent in
mouse eggs and may contribute to age-associated chromosome segre-
gation errors (Nakagawa and FitzHarris, 2017).

In addition to these defects in the meiotic machinery, mitochondrial
dysfunction is considered to be a major factor contributing to aging
processes. Mitochondrial electron transport chain coupled oxidative
phosphorylation (OXPHOS) is responsible for most of the ATP gener-
ated in oocytes (Dalton et al., 2014). However, one by-product of
OXPHOS is the generation of potentially damaging reactive oxygen
species (ROS). Mitochondrial dysfunction that causes a decrease in
ATP and/or an increase in ROS is sufficient to disrupt meiotic spindles
(Zhang et al., 2006; Zeng et al., 2007). General antioxidants such as
Coenzyme Q10 (CoQ10) (Ben-Meir et al., 2015) and N-acetyl-L-cys-
teine (Liu et al,, 2012) as well as other small molecule like resveratrol
(Liu et al., 2013) are thought to improve mitochondrial function. Most
recently nicotinamide mononucleotide (Bertoldo et al., 2020) has been
shown to improve reproductive outcome in mouse models of ovarian
aging.

Mitochondria-targeted therapeutics are now being studied in a num-
ber of aging models because they have shown greater potential in
scavenging ROS generated by mitochondria than the untargeted gen-
eral antioxidants. Their effectiveness is thought to be related to the
ability of these molecules to readily cross the mitochondrial phospho-
lipid bilayer and accumulate within the mitochondrial matrix thus de-
creasing oxidative damage at the site of ROS production (Oyewole
and Birch-Machin, 2015; Murphy, 2016; Young and Franklin, 2019).
MitoQ (mitoquinone mesylate: (10-(4,5-Dimethoxy-2-methyl-3,6-
dioxo-|,4-cyclohexadien- | -yl)decyl)(triphenyl)phosphonium  methane-
sulfonate) is a ubiquinone moiety linked to a lipophilic triphenylphos-
phonium cation by a |0-carbon alkyl chain that preferentially
accumulates in mitochondria (Murphy and Smith, 2007). A second
molecule BGP-15 ((O-(3-piperidino-2-hydroxy- | -propyl)-nicotinic ami-
doxime)) is a hydroximic acid niacin derivative characterized as an in-
sulin sensitizer. It has been shown to preferentially accumulate in
mitochondria (Sumegi et al., 2017) and although its precise mode of
action remains unclear it has been demonstrated to decrease mito-
chondrial ROS (mtROS) and increase mitochondrial dynamics.
Furthermore, in oocytes of obese mice, it has been shown to reverse
meiotic defects and improve mitochondrial function (Wu et al., 2015;
Ohlen et al., 2017; Sumegi et al., 2017). In the current study, we show
that treatment of oocytes with either MitoQ or BGP-15 reverses the
spindle and chromosomal abnormalities which occur during increased
oxidative stress and in reproductively aged female mice. Importantly,
MitoQ treatment during in-vitro culture significantly enhances matura-
tion rates and reduces chromosomal defects in human oocytes.
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Materials and methods

Mouse oocyte collection

The Animal Ethics Committee of Monash University approved all ani-
mal handling and experimental protocols, which were conducted in ac-
cordance with the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes. C57BL/6) mice were obtained from
Monash Animal Research Platform and housed under controlled envi-
ronmental conditions with free access to water and food.

Germinal vesicle (GV)-stage oocytes were collected from the ova-
ries of |-month-old pre-pubertal (referred to as young) or old (12, 15
or 18 month) C57BL/6J female mice that had been hormonally stimu-
lated by intraperitoneal injection of 71U pregnant mare’s serum gonad-
otropin (Intervet, Buckinghamshire, UK) 44-48 h prior. After removing
adipose tissue surrounding the ovaries, cumulus—oocyte complexes
(COC) containing fully grown GV-stage oocytes encircled by cumulus
cells were released by puncturing the ovaries in M2 medium supple-
mented with 200 M 3-isobutyl- | -methylxanthine (Sigma-Aldrich, St.
Louis, MO, USA) to maintain GV arrest at 37°C. Attached cumulus
cells were removed by repetitive pipetting of COCs. Denuded GV
oocytes were cultured in either M2 medium at 37°C or in M16 me-
dium (Sigma-Aldrich) at 37°C with 5% of CO, in air as indicated in
the respective figure legends. GV oocytes were cultured for 8h to
reach metaphase | (Ml) or 14 h to reach metaphase Il (MIl) stage.

Collection and maturation of human
oocytes

Human biological material was obtained in compliance with the
National Statement on Ethical Conduct in Human Research (NHMRC,
2007) and was approved by the Monash Surgical Hospitals Human
Research Ethics Committee. At the clinic, female patients were sub-
jected to ovarian stimulation protocol, typically including GnRH
(Orgalutran, 250 mg, Shering-Plough) and FSH (Puregon 100-375U;
Schering-Plough, North Ryde, NSW or Gonal F, 150-350U Merck
Serono, Frenchs Forest, NSW) as a preparation for IVF cycle.
According to the standard/routine procedures and after observing
2-3 follicles of 18-20mm diameter by ultrasound examination and
reaching a level of 17 PB-oestradiol concentration in the blood of
150-200 pg/ml/follicle over 18 mm, the patient would receive hCG.
Oocytes were transvaginally aspirated ~36h after administration of
10 0001U hCG (Ovidrel, 250 mg; Merck Serono). After retrieval,
COCGCs were collected in a 90-mm Petri-dish (Vitrolife) and were
washed through G-IVF4 (Vitrolife) before being placed into | ml of
G-IVF+ in groups of four COCs. Cumulus cells were removed within
3—4h after collection (39—40h post-hCG) by a brief hyaluronidase ex-
posure (Hyalase 25I1U/ml, Sanofi, Macquarie Park, NSW) with a fine
up/down bore pipetting. Human oocytes that were to be discarded
because they were at the GV stage and unsuitable for ICSI were
provided by Monash IVF (Clayton, VIC, Australia), following informed
consent of the patient. Immature oocytes from patients (aged
29-45 years) were obtained, who had varying diagnoses of infertility.
Only oocytes that were morphologically normal (89 oocytes) were in-
cluded in the experiments.

GV-stage oocytes were randomly assigned to the control group or
the MitoQ-treated group. Oocytes were cultured in 20 pl drops of

M199 medium (Sigma-Aldrich, St. Louis, MO, USA), with or without
50 nM MitoQ, overlayed by mineral oil (Sigma-Aldrich). Incubation was
at 37°C with low oxygen (5% O,, 5% CO, and 90% N,). After 30h,
oocytes were examined for polar body extrusion.

Measurement of mitochondrial membrane
potential of mouse and human oocytes

Oocytes were labeled with 50nM Tetramethylrhodamine, Methyl
Ester, Perchlorate (TMRM) (Sigma-Aldrich) and MitoTracker Green
(Thermo Fisher) in M2 medium for 30 min at 37°C. TMRM is a small
cationic fluorescent indicator that accumulates in mitochondria purely
based on mitochondrial membrane potential (MMP) and MitoTracker
Green labels mitochondria independent of MMP. TMRM was excited
using the 552 nm laser, and fluorescence collected using a 560-630 nm
band pass filter. MitoTracker Green was excited using the 488 nm la-
ser and fluorescence collected using a 495-540 nm band pass filter.
Confocal sections obtained from the LASX software (Leica) were ana-
lyzed using Image] for measurements of MMP. Gray values were de-
rived from the ‘analyze’ function of Image] to evaluate the fluorescent
intensity of oocyte mitochondria. Ratio of TMRM and MitoTracker
Green was calculated to measure the MMP. Values were normalized
to the mean of control values in each experimental replicate to avoid
the impact of day-to-day variations in the fluorescence ratio.

Determination of mtROS

mtROS were measured using Mitosox Red (Thermo Fisher Scientific,
Waltham, MA, USA). Oocytes were incubated with 5 M Mitosox in
M2 media at 37°C for 30 min. Epifluorescence and bright field images
were acquired using SP8 confocal microscope (Leica, Germany) and
fluorescence was measured at an excitation wavelength of 488 and
520 nm long pass filter. Images were acquired using a 40x water im-
mersion |.2 NA objective with line averaging set to 2—4. Confocal sec-
tions obtained from the LAS AF Lite software were analyzed using
Image] for measurements of MMP and ROS. Gray values were derived
from the ‘analyze’ function of Image] to evaluate the fluorescent inten-
sity of oocyte mitochondria.

Meiotic spindle analysis of mouse and
human oocytes

After IVM, MIl oocytes were fixed in 4% (w/v) paraformaldehyde
(Sigma-Aldrich) and 2% (v/v) Triton X-100 (Sigma-Aldrich) in PBS for
40min at 25°C. Oocytes were blocked in PBS containing 10% (w/v)
BSA and 2% (v/v) Tween 20 for | h at 25°C and incubated with
FITC-conjugated mouse anti-a-tubulin  (1:200, Alexa Fluor 488,
Thermo Fisher Scientific) for | h at 25°C. After three washes, chromo-
somes were labeled using Hoechst 33342 (10 pg/ml, Sigma-Aldrich)
for 10min and oocytes were mounted in PBS drops on glass-
bottomed dishes (World Precision Instruments, Sarasota, FL, USA) for
imaging. Serial Z sections of labeled oocytes were acquired using a
laser-scanning confocal microscope imaging system (SP8; Leica) and
40x water immersion objective (1.2 NA) at 25°C. FITC was excited
using the 488 nm laser and a band pass of green-fluorescent emission
was 495-540 nm. Hoechst 33342 was excited with 405 nm laser and
emission was collected with a band pass of 438—458 nm. Images were
analyzed using Las X software (Leica). Imaris software (Bitplane AG,
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Switzerland) was used to orient 3-dimensional confocal stacks for mea-
surement of spindle length and width.

Treatment of mouse oocytes with H202,
BGP-15 and MitoQ

MIl oocytes were exposed to 25 and 50puM hydrogen peroxide
(Merck, Germany) for | h at 37°C in M2 medium and control group
of oocytes were cultured in M2 medium only for | h. These oocytes
were fixed to label spindle and chromosomes. Twenty-five micromole
of HyO, was found as suitable dose to induce oxidative stress as it
caused mild spindle defects and chromosome misalignment
(Supplementary Fig. SI). In separate experiments, GV-stage oocytes
were matured in vitro with 0, 25 and 50 uM H,O, in M2 medium and
maturation rates were scored after 14h of culture. Twenty-five micro-
mole of H,O, did not significantly alter maturation rate
(Supplementary Fig. SI). We tested two mitochondria-targeted com-
pounds, MitoQ and BGP-15, which have been shown to have protec-
tive effects in several oxidative stress-related pathologies in human and
animal studies (Wu et al, 2015; Murphy, 2016; Ohlen et dl., 2017;
Sumegi et al., 2017; Rossman et al., 2018). Concentrations used in
previous studies, and dose optimization experiments measuring polar
body extrusion (PBE) during IVM, indicated that 10uM BGP-15
(Supplementary Fig. S2A) and 50nM MitoQ (Supplementary Fig. S2B)
were suitable doses to test in our oxidative stress and aging models.
Oocytes from |-month-old mice were cultured in various concentra-
tions (0, 25, 50, 100 and 200 nM) of MitoQ (MitoQ limited, Auckland,
New Zealand) or BGP-15 (Sigma-Aldrich) (0, 10, 50 and 100 uM) in
M2 medium. Based on minimum effects on maturation rates and Ml
spindles-chromosome alignments, doses of 10 M BGP-15 and 50nM
MitoQ were chosen to test in our oxidative stress and ageing models
(Supplementary Fig. S2). These reagents were subsequently used dur-
ing IVM of mouse and human oocytes as indicated in the figure
legends.

Stock solutions of MitoQ (300 mM) and BGP-15 (10 mM) were pre-
pared in deionized water and aliquots were stored at —20°C.
Maximum dilution of culture medium was 0.5%.

In-vitro transcription and microinjection

Mito-GFP mRNA was transcribed using the T3 mMessage mMachine
Kit (Ambion) according to the manufacturer’s protocol and resus-
pended in RNase-free water. mRNA (1.2 mg/ml) was delivered using
a microinjection apparatus consisting of Narishige micromanipulators
(Narishige, Japan) mounted on a Zeiss SI00TV inverted microscope.
A controlled delivery of ~5% oocyte volume was delivered to GV
stage-arrested oocytes using a picopump. After injection, oocytes
were washed out of 3-isobutyl-|-methylxanthine (IBMX) and trans-
ferred in MI6 medium. To label the endoplasmic reticulum, I,1’-
Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine  perchlorate  (Dil,
Sigma-Aldrich) was microinjected as a saturated solution in soybean oil
(Sigma-Aldrich) 30 min prior to imaging. Dil was excited using the
552nm laser, and fluorescence collected using a 560-630 nm band
pass filter. Mito-GFP was excited using the 488 nm laser and fluores-
cence collected using a 495-540 nm band pass filter.

Statistical analysis

All experiments were repeated at least three times and mean and
SEM were calculated. Statistical analysis was performed using either
Student’s t-test or one-way ANOVA with Microsoft Excel or
GraphPad Prism Software. Level of significance is denoted by
*P < 0.05, **P < 0.0, **P < 0.00] and ***P < 0.000! as shown in the
figures.

Results

Spindle and mitochondrial defects in
oocytes of aged mice

We initially established the effect of aging on mouse oocyte spindle or-
ganization during IVM. Immature GV oocytes were collected from |-,
|2- and 18-month-old female mice and matured in vitro. As expected,
the number of GV-stage oocytes recovered from each mouse declined
markedly with aging (20-25 oocytes from [|-month-old mice, 8-10
oocytes from |2-month-old mice and -3 oocytes from |8-month-old
mice). Following culture in vitro, the rates of oocyte maturation as indi-
cated by PBE were 83% (I month), 76% (12 months) and only 50% in
oocytes from [8-month-old mice (Fig. |A). Spindle and chromosome
alignment in oocytes were assessed in the in-vitro matured Mll oocytes
by labeling tubulin and DNA. We found that the percentage of Mll-
stage oocytes with misaligned chromosomes was significantly higher in
|8-month-old mice (61%) than in oocytes from |-month-old mice
(20%) and |2-month-old mice (23%) (Fig. IB and C).

ROS generation may lead to mitochondrial damage that may de-
crease the MMP. Thus, MMP levels were compared between oocytes
from |- and |2-month-old females. At the GV (Fig. 2A) and MIl
(Fig. 2C) stages, MMP was comparable at all ages while at Ml (Fig. 2B),
MMP was significantly lower in oocytes from |2-month-old females
compared to |-month-old controls.

To measure mtROS levels in immature and mature oocytes from
young and older female mice, oocytes were collected at the GV stage
and labeled with MitoSOX Red or matured in vitro and labeled at Ml
(8h) and MII (14h). Due to the low numbers of oocytes available at
I8 months of age, MitoSOX measurements were limited to oocytes
from mice of | and I2months of age. mtROS levels at the GV
(Fig. 2D) and MI (Fig. 2E) stages were significantly higher in oocytes
from 12-month-old mice compared to oocytes from young mice.
However, at the MII stage, mtROS levels were similar in oocytes from
young and |2-month-old females (Fig. 2F).

Since the GV-stage oocytes from |2-month-old females did not
show significant reduction in MMP compared to young control
oocytes, we tested if MMP was affected when mice were |5 and
I8 months of age. Consistent with the timing of chromosomal misalign-
ment, MMP levels in 12- and |5-month-old oocytes were similar to
young controls, but at 18 months, we observed a significant decrease
in MMP (Supplementary Fig. S3). Interestingly these effects on mito-
chondrial function appear to precede the timing of spindle disruption,
which in our system, was only detected in oocytes from |8-month-old
mice.

Because the oocytes from older mice exhibited increased mtROS
and decreased MMP, and others have also made the correlation with
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Figure 1. Maturation and chromosomal misalighment
rates of oocytes isolated from mice at different ages. (A)
Maturation rates after in-vitro culture. (B) Percentage of oocytes with
one or more misaligned chromosomes. (C) Representative images
of MIl oocytes with labeled spindles (green) and DNA (red). Mo,
month. Results are presented from at least three replicate experi-
ments in all cases. Error bars show SE of the mean. Number of
oocytes analyzed in each group are shown. **P <0.01; ***P <0.001
and NS, not significant.

spindle disruption (Pasquariello et al., 2019), we have asked if oxidative
stress in young oocytes is sufficient to induce spindle defects as seen in
old oocytes. An initial experiment revealed that H,O, exposure at the
GV stage did not impact the subsequent movement of mitochondria
to the spindle region (Supplementary Fig. SIA). Treatment of MIl
oocytes from young mice with 25pM H,O, for | h significantly in-
creased the percentage of oocytes with misaligned chromosomes
(61%) compared to untreated control oocytes (20%) (Fig. 3 and
Supplementary Fig. SIB). However, we did not find a significant differ-
ence in spindle length between control and H,O,-treated oocytes
(not shown). Interestingly, the rates of chromosomal misalignment
caused by H,O, treatment in young oocytes (61%) were comparable
to the rates of chromosomal misalignments observed in oocytes from

| 8-month-old mice (63%) (Fig. 3A and B). This oxidative stress test
with 25pM H,O, is therefore sufficient to induce spindle disruption,
and provides a useful model system for testing potential mitochondrial
therapeutics.

BGP-15 and MitoQ improve MMP in

oocytes undergoing oxidative stress or
aging

To examine the effect of MitoQ and BGP-15 in our oxidative stress
model, in-vitro matured Ml oocytes from young mice were exposed to
25uM H,O, in the presence or absence of BGP-15 or MitoQ.
Consistent with experiments outlined above, control oocytes stressed
with 25uM H,0O,, showed a significantly reduced MMP, which was
completely prevented in oocytes matured in the presence of BGP-15
or MitoQ (Fig. 4A).

We then turned to address oocytes from old mice and whether
MitoQ and BGP-15 could improve MMP and the rate of PBE. Oocytes
from |- and 18-month-old mice were cultured without any agent (con-
trols) or in the presence of BGP-15 or MitoQ, or a combination of
both. We found that BGP-15 treatment did not significantly affect
MMP in oocytes from young mice but it significantly elevated MMP lev-
els in oocytes from [8-month-old mice (Fig. 4B and Supplementary
Fig. S4). The presence of MitoQ during IVM resulted in Mll-stage
oocytes with a significantly increased MMP in both the young and old
mouse oocytes compared to their untreated controls (Fig. 4B and
Supplementary Fig. S4). We did not observe any additive or synergistic
effect on MMP when oocytes were matured in the presence of BGP-
I5 and MitoQ (Fig. 4B).

Importantly, we also observed that BGP-15 or MitoQ significantly
boosted PBE rates in oocytes from old mice (Fig. 4C). However, these
agents did not further enhance the PBE rates in the oocytes from
young mice (Fig. 4C). These results show that mitochondria-targeted
antioxidants can enhance MMP and oocyte maturation, particularly in
oocytes from reproductively older females.

Reversal of ROS-mediated or age-mediated
spindle and chromosome defects by
mitochondria-targeted agents

We next examined whether MitoQ and BGP-15 can rescue the spin-
dle and chromosomal defects induced by H,O,. Consistent with data
in Fig. 3, treatment of oocytes from young mice with H,O, results in a
marked increase in misaligned chromosomes compared to untreated
controls (63% versus 20%; Fig. 5A-C). This increase in oocytes dis-
playing misaligned chromosomes is significantly reduced in BGP-15-
treated (31%) and abolished in MitoQ-treated oocytes (20%). A simi-
lar pattern of results is seen when counting the number of misaligned
chromosomes. Oocytes treated with H,O, show an average of ap-
proximately two misaligned chromosomes compared to less than one
in controls and MitoQ or BGP-|5-treated oocytes (Fig. 5C).

We next set out to test if BGP-15 and MitoQ can also reverse the
chromosomal misalignment seen after IVM of oocytes from old mice.
We found that about 78% of oocytes from |8-month-old mice dis-
played chromosomal misalignments (Fig. 6A and B), which was signifi-
cantly reduced by addition of BGP-15 (29%, Fig. 6B), and completely
reversed after treatment with MitoQ (22%, Fig. 6A and B) or both
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combined (15%, Fig. 6B). No effect of any of the treatments was seen
on oocytes isolated from young mice (Fig. 6A and B). Similarly, the
number of misaligned chromosomes per oocyte from old females
(2.16) was reduced to control levels (0.3) after treatment with BGP-
I5 (0.35), MitoQ (0.33) or both (0.2) (Fig. 6C). Interestingly, while ox-
idative stress or aging disrupted spindle organization of chromosomes,
the average spindle length did not differ compared to controls and
was also not impacted by MitoQ or BGP-15. Together, our data show

that BGP-15 and MitoQ treatment during oocyte maturation can re-
verse the effects of maternal aging and oxidative stress on spindle or-
ganization and chromosome misalignment.

Our results indicate that MitoQ and BGP-15 during maturation can
significantly improve the quality of mouse oocytes isolated from old
mice. The inherent molecular differences make humans eggs more
prone to aneuploidy than oocytes of many other species (Schuh and
Ellenberg, 2007; Holubcova et al., 2015). We next sought to further
pursue and examine the effectiveness of MitoQ for the improve-
ment of spindle and chromosome alignment in human oocytes.
Eighty-nine GV-stage human oocytes were randomly assigned to un-
dergo maturation in control conditions or in the presence of 50 nM
MitoQ. The average age of patients was 36.0 4.8 years in control
and 35.7 4.4 years in the MitoQ treatment group. After IVM for a
period of 30h, 51% (n=45) of oocytes cultured in control medium
extruded PBI. This rate of maturation was dramatically improved to
77% (n=44) in the presence of MitoQ (Fig. 7Ai). We analyzed the
maturation rate broken down by maternal age and found that
MitoQ similarly improved maturation across all age groups exam-
ined (Fig. 7Aii).

Mll-stage oocytes matured in the absence (control) or presence
of MitoQ were labeled with TMRM to assess the effect of MitoQ
on MMP before they were processed for spindle and DNA analysis by
immunofluorescence. Analysis of TMRM intensity revealed that
oocytes cultured with MitoQ had significantly higher TMRM intensity
compared to controls; an effect that was seen across all age ranges
(Fig. 7B and C).

MitoQ treatment significantly decreased the percentage of oocytes
with misaligned chromosomes compared to control groups (25% ver-
sus 61%, respectively) (Fig. 8A and B). On average about two chromo-
somes per oocyte were misaligned upon maturation without MitoQ
but this number was significantly decreased after MitoQ treatment
(Fig. 8C). However, MitoQ treatment did not significantly affect the
length of the spindle (Fig. 8D). These results altogether show that simi-
lar to mouse oocytes, MitoQ can significantly improve chromosome
alignment in human oocytes.

Discussion

In this study, we show that VM in the presence of mitochondria-
targeted therapeutics, MitoQ and BGP-15, ameliorate the spindle ab-
normalities and chromosomal misalignments in eggs from aged mice.
Spindle and chromosomal abnormalities in eggs are the known causes
of defective embryogenesis, high rates of miscarriage and infertility in
humans. We also show that MitoQ treatment during IVM in human
oocytes can significantly improve the maturation rates and spindle-
chromosome alignment, which together indicate their potential for ap-
plication in the clinic.

Mitochondrial defects have been implicated in poor oocyte quality
and infertility in various maternal conditions such as aging and obesity
(Grindler and Moley, 2013; Ben-Meir et al., 2015; Wu et al., 2015;
Babayev et al., 2016; Pasquariello et al., 2019; Seli et al., 2019). One of
the main biochemical consequences of aging is increased ROS
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Figure 4. Enhanced mitochondrial membrane potential (MMP) and oocyte maturation rates by mitochondria-targeted agents.
(A) HyO; significantly decreased MMP but BGP-15 or MitoQ can prevent such decrease in MMP in metaphase Il (MIl) oocytes from | month (I1-Mo)
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and both combined. Number of oocytes analyzed in each group are shown. (€) Comparison of maturation rates of oocytes from young (|-Mo) and
old (18-Mo) mice after in-vitro culture in the absence or presence of BGP-15, MitoQ and both combined. Error bars show SE of the mean. Number
of oocytes analyzed in each group are shown. **P <0.01, ***P <0.0001.

generation due to mitochondrial malfunction (Liu et dl., 2012; Boots : MMP is often used as a proxy for mitochondrial function. We, like
et al., 2016; Mihalas et al., 2017). Therefore, ROS reduction by antiox- - others, find significant variation between oocytes at any one stage of
idants presents a potential therapeutic means of treating maternal : development which means it is challenging to confidently assign biologi-
aging-associated mitochondrial defects in oocytes (Liu et al, 2012; : cal effects to relatively small changes in the average MMP. With this
Bentov et al, 2014; Ben-Meir et al., 2015; Marei et al, 2019). © caveat in mind, here we find Ml is the only stage that shows an age-
Improving mitochondrial function is one of the potential strategies to associated decrease in MMP. Interestingly, our previous studies directly

enhance oocyte quality and reproductive success. - comparing MMP between the GV and Ml stage show that MMP peaks
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vesicle (GV) stage oocytes collected from | month (1-Mo) old mice
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|0 uM BGP-15 or 50nM MitoQ. Metaphase Il (MIl) oocytes were
treated with 25 pM H,O, for | h and were fixed and labeled for spin-
dles (green) and DNA (red). (B) Percentages of oocytes with aligned
or misaligned chromosomes. (C) Quantification of average number
of misaligned chromosomes per oocyte in different treatment
groups. Error bars show SE of the mean. Number of oocytes ana-
lyzed in each group are shown. *P < 0.05; *P < 0.01; **P < 0.001;
P < 0.0001.

at the Ml stage (Al-Zubaidi et al., 2019), raising the possibility that old
oocytes fail to increase MMP to the same extent between GV and Ml
stages, at least in this VM system.

The reduced MMP in old MI oocytes is mirrored by a significant in-
crease in mtROS but it is unclear if it is a causal relationship because it
does not hold at the GV stage where mtROS is increased but MMP is
unaffected by age. In Mll-stage oocytes, there is no effect of age on
MMP or ROS, a situation that may be explained if progression beyond
M| represents a hurdle only achieved by those best functioning
oocytes. There is clearly more to be done to understand the relation-
ship between MMP and ROS in the context of aging and meiotic pro-
gression, especially given ROS and redox state are known to change
with cell cycle state in other systems (Burhans and Heintz, 2009).

The increased ROS and reduced MMP in |2-month-old Ml oocytes
may contribute to the spindle and chromosomal abnormalities

associated with maternal aging. However, given we only observed
spindle defects in |8-month-old mice, if such a relationship does exist,
it may be that the MMP-ROS axis is exacerbated by |8 months of age
or that spindle and chromosome organization is a result of cumulative
damage during maternal aging.

A role for ROS is supported by the findings that oxidative stress via
exposure of oocytes from reproductively young mice to H,O, is suffi-
cient to induce spindle abnormalities and chromosome misalignments
in a manner that is rescuable by using MitoQ and BGP-15. Given
we find that mtROS is elevated at the GV stage in old oocytes, these
studies indicate that it may be necessary to therapeutically target mito-
chondrial dysfunction in GV-stage oocytes in order to have the best
chance of avoiding spindle damage.

The fact that the oxidative stress model phenocopies the chromo-
some and spindle defects observed in oocytes from reproductively
aged mice, which are also fully rescued by MitoQ and BGP-15, is fur-
ther support that oxidative stress contributes to the aging oocyte phe-
notype. A number of studies have investigated the effects of non-
targeted, cytoplasmic antioxidants on oocyte quality of reproductively
old or obese mice with generally positive results (Bentov et al., 2010,
2014; Liu et al., 2013; Ben-Meir et al, 2015; Boots et al, 2016).
However, directly targeting the source of ROS using mitochondria-
targeted molecules, such as MitoQ and BGP-15, is clearly highly effec-
tive in restoring MMP as well as spindle function and chromosome
alignment in oocytes from old mice.

Both MitoQ and BGP-15 have long and impressive records of being
effective in other contexts of cellular stress. MitoQ is a ubiquinone
moiety linked to a lipophilic triphenylphosphonium cation, which is re-
sponsible for mitochondrial localization, and its ubiquinol form acts as
an antioxidant. It acts as an antioxidant by becoming oxidized to a ubi-
quinone, which is recycled back to its active form, ubiquinol, by com-
plex I (James et al., 2005). MitoQ has been found to protect against
oxidative damage in many different tissues in rodents (Murphy, 2016)
and it has been shown to be safe to use in humans (Gane et al., 2010;
Snow et al., 2010) and has been shown to be effective in treating age-
associated hypertension (Rossman et al., 2018).

MitoQ is water soluble, orally active and accumulates intracellularly.
MitoQ has been effective in preventing ischemia reperfusion-induced
cardiac dysfunction and improves vascular functions (Rossman et al.,
2018), improves memory and extends lifespan in mice (Young and
Franklin, 2019), ameliorates irradiation-induced testicular damage in
rats (Ibrahim et al., 2019) and renoprotection in diabetes (Ward et al.,
2017). It has also been shown to protect against lipotoxicity in bovine
oocytes (Marei et al., 2019).

BGP-15 is a hydroxylamine derivative and while a definitive mecha-
nism of action or target protein has not yet been identified, it has
been shown to preferentially accumulate in mitochondria (Sumegi
et al, 2017) and has undergone clinical trials in humans (Literati-Nagy
et al, 2009) where it is orally administered. We have previously
shown it to be beneficial in improving oocyte and embryo quality in
obese mice (Wu et al., 2015). BGP-15 has also been found to improve
neuronal functions (Ohlen et al., 2017), muscle function (Gehrig et al.,
2012; Nascimento et al.,, 2018) and cardiac function (Szabados et al.,
2000; Bombicz et al., 2019) in different disease models. Despite all
this evidence for protecting against the effects of aging and oxidative
stress in other systems, a role for MitoQ and BGP-15 in rescuing
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Figure 6. Rescue of chromosomal misalighments in oocytes isolated from aged mice. (A) Germinal vesicle (GV) stage oocytes from
[-month-old and |8-month-old mice were matured in M16 medium only (control) or with 10 pM BGP-15, 50nM MitoQ or BGP-15 + MitoQ at
37°C with 5% CO,. Mature oocytes were fixed and labeled for spindles and DNA. Representative MIl spindle and DNA in control oocyte from
[-Mo-old mice, I-Mo MitoQ treated, 18-Mo control and 18-Mo MitoQ treated are shown. (B) Percentages of oocytes with aligned or misaligned
chromosomes. (€) Quantification of average number of misaligned chromosomes per oocyte. Error bars show SE of the mean. Number of oocytes
analyzed in each group are shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

aging-related spindle and chromosomal abnormalities in oocytes had
remained unknown.

With the encouraging results obtained from mouse experiments, we
examined if MitoQ treatment is beneficial during human oocyte matura-
tion in vitro. The oocytes we used were those that were found to be im-
mature at the time of denudation for ICSI. As with all experiments using
these so-called ‘ICSI-GV’ oocytes, our results need to be interpreted
with some caution. Nevertheless, these oocytes underwent maturation
to metaphase Il at relatively high rates and as such, their compromised
state provided an ideal model system to test if MitoQ could improve
spindle function in this somewhat rudimentary VM system.

As expected, over 60% of control human oocytes displayed
chromosomal misalignment in MIl oocytes, which was reduced by
more than half to only about 26% when the oocytes were cul-
tured in the presence of MitoQ. This treatment was also accom-
panied by significant improvement in the rates of oocyte
maturation from 51% to 77%. Importantly, although oocyte aneu-
ploidy increases dramatically in the late 30s and early 40s
(Hassold et al., 2007; Nagaoka et al., 2012), meiosis in humans
across all ages appears to be highly error-prone (Holubcovi et al.,
2015). Thus, MitoQ could be clinically useful in contexts other
than aging.
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Figure 7. IVM of human oocytes in the presence of MitoQ. (A) Comparison of maturation rates between control and 50 nM MitoQ-treated
groups (i). Data are expressed as percentages and chi-square test was used to compare between groups, *P < 0.05. (ii)) Comparison of maturation
rates between control and MitoQ-treated oocytes from (i) in different age groups. (B) Representative Tetramethylrhodamine, Methyl Ester,
Perchlorate (TMRM) fluorescence and bright field images. (C) Quantification of TMRM signal intensities between control and MitoQ-treated meta-
phase Il (MIl) oocytes (i). (i) Comparison of TMRM signal intensities between control and MitoQ-treated oocytes from (i) in different age groups.
Data are expressed as mean & SEM. Chi-square test (A) or Student’s t-test (C) was used to compare between groups.; *P < 0.05, **P < 0.0l and

*P < 0.001.

Given that increasing numbers of women delay childbearing,
there is an imperative to understand how to improve fertility and
reduce miscarriage and chromosomal anomalies associated with
maternal aging. Our study identifies two excellent candidates that
may help to improve fertility in older women. Importantly, these
potential therapies must be tested for efficacy in clinical IVM

systems and undergo thorough examination of resultant offspring
in preclinical models before utilization. However, our results using
in-vitro systems for oocyte maturation in both mouse and human
provide proof of principle that mitochondrially targeted molecules
such as MitoQ and BGP-15 may represent a novel therapeutic approach
against maternal aging-related spindle and chromosomal abnormalities.
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