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Abstract

The female reproductive lifespan is determined by the size of the primordial follicle pool established in
the ovary before or just after birth. Primordial follicles eventually develop into mature hormone
producing follicles and ovulatory oocytes. Primordial follicles are non-renewable, even if the pool is
depleted by exposure to radiotherapy and cytotoxic chemotherapy, causing infertility and premature
menopause. With an increasing survival rate for most cancers, and concerns about female fertility after
life-saving treatment, it is important to comprehensively understand the mechanisms underlying follicle
depletion and to devise novel strategies to preserve the future fertility of females. Numerous studies
have demonstrated that apoptosis induced by oocyte nuclear DNA damage is responsible for the loss of
ovarian follicles following exposure to radiation or cytotoxic chemotherapies. However, the potential
contribution of mitochondrial damage to cancer-treatment induced follicle depletion has received only

limited attention.

Since mammalian oocytes have a limited capacity for glycolysis, their main source of energy is the
mitochondria via a process called oxidative phosphorylation (OXPHOS). To meet their high-energy
requirements, the number of mitochondria in oocytes increases dramatically during oogenesis and
folliculogenesis. Studies in somatic cells show that exposure to ionizing radiation or chemotherapeutic
drugs like the platinum-based chemotherapeutic cisplatin, results in damage to mitochondrial structure,
function and mtDNA, and causes the excessive production of ROS due to the malfunction of OXPHOS,
all of which can trigger apoptosis or compromise cell function. Thus, it was hypothesized that
mitochondrial damage within oocytes could contribute follicle depletion or loss of oocyte quality caused
by cancer treatments, and in turn, protecting mitochondria could represent a novel therapeutic strategy
to alleviate the ovotoxicity of cancer treatments. To begin to address this hypothesis, this thesis
evaluated the characteristics of mitochondria in oocytes following y-irradiation exposure (Chapter 2)
and cisplatin treatment (Chapter 3), and investigated the potential of the mitochondrial antioxidant,

MitoQ, to mitigate the follicle depletion caused by radiation (Chapter 4), using mice as a model.

In Chapter 2, the short and long-term impact of y-irradiation on mitochondria in oocytes at different

stages of development was investigated. Whilst mitochondria in growing oocytes exhibited largely
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normal characteristics, acute mitochondrial damage, which was manifested by the loss of mitochondrial
membrane potential, was detected in small immature oocytes at 3 and 6 hours after y-irradiation. Loss
of mitochondrial membrane potential is a well-described characteristic of cell death mediated by the
intrinsic apoptosis pathway and is consistent with the rapid depletion of primordial and primary follicles
after exposure to y-irradiation. Importantly, all those small immature oocytes that survived at 24 hours
after y-irradiation, had a mitochondrial mass, distribution and quality similar to controls. Depletion of
the ovarian reserve of primordial and growing follicles was supported by the finding that 3 weeks after
y-irradiation, mice ovulated significantly fewer mature oocytes than age-matched untreated controls.
However, mitochondrial localization, mtDNA copy number and ATP levels in those fully-grown oocytes
were normal (despite a slight reduction in mitochondrial mass), consistent with normal mitochondrial
function. Overall, the observations reported in this chapter suggest that mitochondrial damage (either
via direct mitochondrial membrane damage, or indirectly through the induction of intrinsic apoptosis)
contributes to primordial and primary follicle depletion, but long-lasting impacts on mitochondrial
function appear to be minor or completely absent. Indeed, previous studies indicate that mature oocytes
from apoptosis-deficient mice exposed to y-irradiation have normal meiotic and developmental

competence, consistent with the presence of healthy mitochondria.

In Chapter 3, the short and long-term impacts of two different doses of cisplatin on mitochondria in
oocytes were evaluated. Cisplatin was found to induce mitochondrial damage and deplete the ovarian
reserve in a dose dependent manner. Small immature oocytes from pre-pubertal mice lost mitochondrial
membrane potential at 24 hours after 2mg/kg and 4mg/kg cisplatin treatment, but oocyte death was
triggered in large numbers of oocytes only after exposure to the higher dose of cisplatin. Furthermore,
pre-pubertal mice treated with the 2mg/kg dose of cisplatin ovulated reduced numbers of mature oocytes
compared to saline treated controls 5 weeks after cisplatin treatment, however, the pre-pubertal mice
treated with 4mg/kg cisplatin did not ovulate any mature oocytes. This observation is consistent with
the dramatic depletion of the ovarian reserve of primordial follicles previously reported in cisplatin-
treated mice. Of note, adult mice were more tolerant to cisplatin ovotoxicity than pre-pubertal mice, as
ovulation was not affected when mice were treated as adults with 4mg/kg cisplatin. Importantly,
mitochondria localisation, mass, membrane potential and ATP levels were similar in mature oocytes
harvested from saline and cisplatin (4mg/kg) treated mice. Thus, cisplatin-induced mitochondrial
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dysfunction in immature oocytes may contribute to the loss of ovarian follicles after treatment, but there

was no evidence of persistent mitochondrial dysfunction in those oocytes that survive and mature.

MitoQ is a powerful nontoxic mitochondrial targeted antioxidant that has previously been shown in rats
to protect against testicular damage caused by y-irradiation. Based on this information, and the findings
presented in Chapter 2 and 3, Chapter 4 was designed to investigate the possibility that MitoQ could
prevent follicle loss and oxidative damage after y-irradiation. Unexpectedly, in an initial pilot study,
severe intestinal swelling was observed in mice 5 days after four doses of Smg/kg MitoQ delivered by
intraperitoneal (i.p.) injection. In addition, corpora lutea number dropped dramatically in MitoQ treated
mice, while follicle numbers remained unaffected, indicating suppression of ovulation. To avoid these
undesirable side effects, 2mg/kg MitoQ was subsequently used. As expected, primordial and primary
follicles were completely depleted in the ovaries of mice 5 days after exposure to y-irradiation, while
secondary and antral follicles remained unaffected. MitoQ (2mg/kg) supplementation did not prevent
the loss of primordial and primary follicles. Interestingly, when follicle numbers were analysed at 3
hours after y-irradiation, primary follicle numbers were found to be reduced compared to untreated
controls, and this was completely mitigated by MitoQ treatment, suggesting that MitoQ delayed
depletion of this follicle class. In addition, given that radiation treatment can increase the production of
reactive oxygen species (ROS) by mitochondria, DNA/RNA, lipid, and protein oxidative damage was
analysed in ovarian tissue sections from untreated and y-irradiated mice at 3 hours and 5 days after
exposure. The percentage of follicles at each stage of development staining positively for the three
oxidative damage markers analysed, was similar in untreated and y-irradiated mice, and administration
of MitoQ did not alter this. Thus, whether y-irradiation causes DNA/RNA, lipid, and protein oxidative

damage in ovaries remains unconfirmed.

Overall, the findings of this thesis show that y-irradiation and cisplatin treatment cause loss of
mitochondrial membrane potential and death of a cohort of small immature oocytes from primordial
and primary follicles. Notably, however, those immature oocytes that survive y-irradiation and cisplatin
exposure are able to develop to the ovulatory stage and appear to contain mitochondria with normal
characteristics. Thus, there was no evidence from these studies to suggest that mitochondria sustained
ongoing damage or dysfunction. Under the conditions used in this study, MitoQ was unable to prevent
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primordial and primary follicle depletion caused by y-irradiation. Further studies, trialing different
supplementation regimens, will be required to fully evaluate the potential of MitoQ as a possible follicle

protectant.
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1.1 Introduction

Standard cytotoxic cancer treatments, including radiation and chemotherapy, can damage the oocytes
and somatic cells within the ovary, leading to a reduction in the size of the ovarian follicular reserve,
which predisposes females to infertility and premature menopause later in life [1]. With improving
survival rates for many cancers, there is a growing need to avoid this undesirable side-effect and devise
new strategies to improve the long-term fertility and health of women post-treatment [2]. In order to
achieve this goal, it is necessary to fully understand the mechanisms by which specific anti-cancer
treatments damage the ovary and induce oocyte death. Recent studies have largely focused on the
damage that radiation and chemotherapy cause to the genomic DNA in oocytes, which includes the
induction of DNA double or single strand breaks and formation of DNA crosslinks and adducts [3].
However, it is likely that radiation and chemotherapy also damage organelles within the oocyte that are
vital for oocyte function. In particular, radiation and chemotherapies, such as cisplatin, may damage
mitochondria. Mitochondrial damage can trigger oocyte death or compromise oocyte quality [4]. This
is especially important to consider in the context of fertility preservation for female cancer patients, as
these organelles are maternally inherited [5]. This literature review summarizes our current
understanding of the impact of cancer treatments, in particular irradiation and cisplatin, on the ovary,

with a focus on their potential effects on mitochondria as demonstrated in somatic cells.

1.2 Structure and function of the ovary

The ovaries are the primary functional organs of the female reproductive system, the functions of which
are to support the growth and development of female germ cells, and to synthesize, release, and control
the production of hormones necessary for the development of secondary sex characteristics and support
pregnancy [6]. The ovaries are composed of an inner medulla and outer cortex. The inner medulla is
made up of connective and interstitial tissue, vasculature, nerve innervation, and lymphatics. The outer

cortex is where oocytes reside, which are maintained in structures called ovarian follicles.

1.2.1 Formation and maintenance of the ovarian follicular reserve

The majority of oocytes are maintained in the ovary in the form of primordial follicles, each of which
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is comprised of a small, immature oocyte that is both growth and meiotically arrested, surrounded by
the single layer of squamous granulosa cells. The ovarian reserve of primordial follicles is formed by a
series of highly coordinated events that occurs during embryonic development in humans and mice
(Fig.1) [6]. In mice, it begins with the specification of primordial germ cells at the allantois of the
proximal epiblast at ~E6.0 [7]. These cells then proliferate and migrate to colonize the undifferentiated
gonadal ridge at ~ E11.5 and become oogonia. The oogonia continue to proliferate and form the nest
like structures of interconnected cells as a consequence of incomplete cytokinesis [8, 9]. Oogonia cease
proliferating at around E13.5, transit into meiosis and then subsequently arrest at diplotene of the first
meiotic prophase at E17.5. Coincident with the meiotic arrest, nests begin to breakdown and individual
oocytes become engulfed in a single layer of granulosa cells, forming primordial follicles. The process
of follicle formation is completed by postnatal day (PN) 8. A similar sequence of events occurs in
humans, with colonization of the urogenital ridge occurred at around 7 weeks gestation and follicle
formation completed before birth. Once formed, primordial follicles enter a state of growth arrest,
referred to as quiescence [10]. The period of primordial quiescence may span up to 18 months in mice,

or decades in humans [11].

The transition from mitosis to meiosis is a significant developmental event because it marks the time at
which it is no longer possible to make new female germ cells. Consequently, the initial pool of
primordial follicles formed before (in humans) or just after birth (in mice) represents the entire stockpile
of gametes available to support female fertility, endocrine function and reproductive health. The number
of primordial follicles is progressively depleted over the reproductive lifespan by their gradual
activation to resume growth and begin folliculogenesis, or as a consequence of follicle death [12].
Although some studies have suggested that new oocytes may be generated from a population of ovarian
stem cells that remain in the ovary postnatally [13-15], this hypothesis remains controversial [16]. Thus,
the finite supply of primordial follicles established early in life significantly influences a woman’s future
fertility and consequently, exogenous stimuli, such as anti-cancer treatments that damage primordial

follicles and induce their loss, significantly compromise female fertility.
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Germ cell arrest in diplotene

Wave 1 Wave 2
Apoptosis Apoptosis

Primary
Primordial Follicle Follicle

1T 1T T 1
Dg Dg D; Dg Dy
Mouse

Human

Primordial follicle

Germ cell cyst formation

Waves of apoptosis

Germ cell arrest in diplotene

Figure 1. Timeline of the developmental process from primordial germ cell migration to the beginning
of folliculogenesis in mouse and human. Human development is listed in weeks post coitus, mouse

development in days post coitus [17].

1.2.2 Folliculogenesis

Folliculogenesis refers to the process of the development of primordial follicles to the ovulatory stage
[18]. The whole process takes approximately 12 months in humans [12] and 3 weeks in mice [19]. Once
primordial follicles are released from dormancy and begin developing in a step wise and cyclical manner,
folliculogenesis continues until the supply reaches a critical lower threshold, and the pool becomes

exhausted [20].

Folliculogenesis, in both mice and humans, is characterised by two major phases [21]. The first phase
is gonadotropin independent and is primarily regulated by locally produced factors acting in an
autocrine and paracrine fashion. It includes the activation and development of the primordial follicle to

the secondary/pre-antral stages. The second phase is dependent on the cyclic release of pituitary-
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gonadotropic factors, Follicle Stimulating Hormone (FSH) and Luteinizing Hormone (LH), and is
characterised by a dramatic increase in follicle size, formation of a follicular antrum and cytoplasmic

and meiotic maturation of the oocytes [21, 22].

Folliculogenesis is separated into 5 stages characterised by distinct morphological changes: primordial,
primary, secondary, antral and pre-ovulatory follicles (Fig. 2), the main characteristics of which are

described below.
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Figure 2. Outline of the main steps of folliculogenesis [23].

1.2.2.1 Primordial follicles

Primordial follicles are comprised of a quiescent oocyte surrounded by a complete or partial single layer
of squamous granulosa cells with very low mitotic potential (Fig. 3a, red arrow). The follicles are
relatively small, measuring approximately 25um in diameter in humans, and 12um in mice [24]. The

pool of primordial follicles defines the female fertile potential, and is known as the ‘ovarian reserve’
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[25]. The first morphological evidence that a primordial follicle has been activated to enter
folliculogenesis is the growth of the oocyte and the transition of the squamous granulosa cells into a

cuboidal morphology along with their proliferation (Fig. 3a, green arrow) [26].

1.2.2.2 Primary follicles

Primary follicles are characterised by a growing oocyte completely enclosed in a single layer of cuboidal
granulosa cells (Fig. 3b). At this stage, granulosa cells begin to express FSH receptors, which act to
escalate later stage follicular growth in response to high levels of serum FSH [12]. Additionally,
immediately following activation, follicles begin to produce Anti-Miillerian Hormone (AMH), which is
thought to play an important role in regulating folliculogenesis [27]. The oocyte grows rapidly,
accumulating mRNAs, proteins and organelles, including mitochondria [12]. At this point, the zona

pellucida, a thick glycoprotein matrix begins to assemble around the oocyte [28].

1.2.2.3 Secondary follicles

At the secondary stage, the continued proliferation of granulosa cells results in formation of a second
layer surrounding the oocyte (Fig. 3c, d) [22]. The stromal cells surrounding primary follicles coalesce
into a layer of theca cells [29]. Cross-talk between thecal cells and granulosa cells plays an essential
role in folliculogenesis, because the androgen synthesized by the thecal cells is aromatized by granulosa
cells, resulting in the production of mitogenic oestrogens [21]. This is referred to as the ‘two-cell, two-
gonadotropin’ model. Following the formation of new small blood vessels, the follicle no longer relies
on passive diffusion of nutrients and oxygen from stromal vasculature, but is instead associated with an

individual network of capillaries for nourishment [12, 30].

1.2.2.4 Antral follicles

Antral follicles are characterized by the formation of a fluid-filled cavity (or antrum) between the
granulosa cell layers in response to FSH stimulation (Fig. 3e, f). This follicular fluid is primarily
comprised of plasma and factors, such as FSH, LH, estradiol and progesterone, secreted by the oocyte

and associated granulosa cells [12, 31]. As the antrum increases in size (ranging in volume from 0.02-
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7ml in humans), the follicle enlarges rapidly and the granulosa cells differentiate into two populations,
cumulus cells that surround the oocyte and mural granulosa cells that form the inside wall of the follicle
[11, 12, 32]. Thecal cells undergo extensive proliferation and differentiate into two distinct layers: the
theca interna, made up of richly vascularized thecal interstitial cells, and the theca externa, made up of

smooth muscle [12].

1.2.2.5 Pre-ovulatory follicles

The pre-ovulatory follicle possesses an oocyte surrounded by layers of cumulus cells (Fig. 3e) [26].
With further proliferation of granulosa cells, expansion of the antrum and richer vascularization of the
theca cells, the pre-ovulatory follicle turns into the largest follicle in the ovary [33]. However, among
the pool of growing follicles, only a minority of the selected antral follicles will reach this stage. These
follicles are also called dominant follicles (DFs). Compared to the subordinate follicles (SFs), the DFs
contain more estrogen and FSH receptors, which help the DFs survive and thrive in an environment of

declining FSH [34].

1.2.2.6 Ovulation and Corpus Luteum

In response to the LH surge generated by the hypothalamus-pituitary-ovary axis, DFs rupture and
release the cumulus-oocyte complex (COC), which contain a meiosis Il arrested and fertilizable oocyte
[34]. Humans are mono-ovulatory, typically ovulating a single oocyte each reproductive cycle [23],

whereas mice release 8-12 oocytes each cycle [35].

Once the COC is released from DFs into the oviduct, the residual granulosa and thecal cells of ruptured
follicles develop into corpora lutea, which provides embryo-supporting progesterone following
fertilization [21]. The corpus luteum is a large and transient endocrine structure in the ovary. In humans,
the diameter of the corpus luteum reaches up to 40mm during the luteal phase and degenerates around
12 weeks gestation or 10 days after ovulation [36, 37]. If fertilization does not occur, the corpus luteum
degenerates to form the corpus albicans, leading to a drop in progesterone levels, and subsequent
menstruation in humans and a new ovarian cycle. Mice lack menstruation, but instead rely on cyclic

degeneration and regeneration of the endometrium [12, 38].
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1.2.2.7 Follicle Atresia

Follicle atresia is a continuous process during folliculogenesis, which causes 99.9% of the follicles die
in mammals [12]. In human, follicle number reaches a peak of approximately 6.8 million at around 20
weeks of gestation. Thereafter, it falls dramatically to around 2 million at birth, 400,000 by the onset of
puberty, and only approximately 450 follicles develop to the ovulatory stage throughout the female
reproductive lifespan [17, 39]. When less than 1,000 follicles remains in the ovary, menopause occurs,
indicating exhaustion of the ovarian reserve [20]. In C57/BL6 mice, the number of primordial follicles
drops sharply from about 7,000 by PN3 to around 2,000 by PN7, and less than 500 remain in the ovary
by PN200 [1, 40].

Follicular atresia is crucial for the control of oocyte quality and quantity [17, 41]. The atresia of growing
follicles is thought to be initiated by the apoptosis of granulosa cells [41]. Two apoptotic pathways are
likely involved in this process: 1) the extrinsic apoptosis pathway, which is triggered by Fas ligand and
Tumor Necrosis Factor (TNF), and 2) the intrinsic apoptosis pathway (also known as the mitochondrial

pathway), which is controlled by proteins belonging to the Bel2 family [12].
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Figure 3: The morphology of ovarian follicles at different stages of development. (A) Red arrow
indicates squamous granulosa cells of primordial follicle, green arrow indicates cuboidal granulosa cells
of primary follicle bar = 20pm. (B) Primary follicle, arrow indicates cuboidal granulosa, bar = 20pm.
(C) Secondary follicle, bar = 50pum. (D) Early antral follicle, small antral cavities indicated by arrow,
bar = 100um. (E) Late antral follicle, arrow indicates large antral cavity, bar = 100pm. (F) Atretic follicle,
bar = 100pum. [26]

1.3 Cancer treatments

Standard cancer treatments, including radiation and chemotherapy, have significantly improved the
survival rates of cancer patients. However, these treatments can damage normal cells, resulting in off-
target effects on healthy tissue, such as the ovary [42]. Many studies have demonstrated that cytotoxic
cancer treatments directly damage the DNA in oocytes and somatic cells within the ovary, leading to a
reduction in the size of the ovarian follicular reserve, which eventually results in acute ovarian failure
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or premature ovarian insufficiency (POI) [1]. Typically, acute ovarian failure refers to the instant loss
of ovarian function during or after cancer treatment, whereas POI refers to the failure of ovarian function
years after cancer treatment, and leads to permanent amenorrhea in women before the age of 40 [43,
44]. In addition to compromised fertility, POI is associated with poor mental health, cardiovascular
disease and low bone mineral density [45-47]. Thus, taking into account the broad adverse effects of
cancer therapies, it is important to understand the mechanisms underlying follicle depletion and ovarian

damage in order to devise new strategies to preserve female fertility.

1.3.1 Radiotherapy

Radiotherapy takes advantage of high energy rays to directly induce DNA damage. It can also indirectly
cause DNA damage by elevating the levels of reactive oxygen species (ROS) [48]. Although an efficient
DNA repair system exists in mammalian oocytes, exposure to radiation accelerates the depletion of the
ovarian reserve, resulting in acute ovarian failure or POI [49-51]. The risk of developing acute ovarian
failure increases if women are exposed to pelvic, abdominal or spinal irradiation [44]. In addition, due
to the natural decline of the ovarian reserve with age, pre-pubertal females are more resistant to radiation
than adults [52]. For example, POI results from a 20.3 Gy dose at birth, but the POI-inducing dose
decreases to 18.4 Gy at 10 years, 16.5 Gy at 20 years and 14.3 Gy at 30 years [52, 53].

1.3.2 Chemotherapy

There are more than 100 chemotherapeutic agents used in routine oncological practice, which can be
categorized into alkylating agents, antimetabolites, anthracyclines, platinum-based drugs, anti-tumor
antibiotics and topoisomerase inhibitors [53]. To achieve the best therapeutic outcome,
chemotherapeutic drugs are administrated in combination based on their anti-tumor actions [53]. The
main predictive factors of ovarian damage after chemotherapy are 1) the age of the individual at
treatment, 2) the drug type and 3) the cumulative dosage administrated [54]. In general, the rates of
acute ovarian failure and POI after chemotherapy are significantly higher in older women [55]. In
addition, the risk of POI after antimetabolites treatment is lower than when platinum-based and
alkylating agents are used [56]. It is now well-established that radiotherapy and chemotherapy are

capable of inducing follicle depletion via nuclear DNA damage and apoptosis [57, 58]. Recent evidence
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suggests that these treatments may also damage the ovarian stroma such that it becomes unable to

support follicle growth [56].

1.4 Mitochondria

As the powerhouse of the cell, mitochondria make up for approximately 30% of total cell volume in
eukaryotes [5, 59] and fully mature oocytes contain the largest number of mitochondria among different
cell types [60]. Their abundance, structure and function make them possible targets of the cytotoxic
treatments, and in this regard, it has been shown in somatic cells that irradiation has direct effects on

cellular organelles other than the nucleus, including mitochondria [5, 61, 62].

1.4.1 Structure and function

Mitochondria are maternally inherited, double membrane organelles, present in most eukaryotic cells
[63]. Mitochondria have two essential roles within the cell: 1) to provide metabolic energy, and 2) the
control of apoptosis. The outer membrane of mitochondria cooperates with the endoplasmic reticulum
(ER) to regulate Ca*" signaling [64]. The inner membrane folds into cristae, which house several
complexes involved in ATP production, and encloses the matrix, which contains vital proteins and the
mitochondrial genome [65, 66]. The inner membrane is impermeable to almost all molecules in order
to ensure normal mitochondrial function [67]. The space between the outer and inner membrane of

mitochondria is called intermembrane space, which is where cytochrome ¢ located (Fig. 4)[68, 69].

In eukaryotes, mitochondria produce about 95% of the adenosine triphosphate (ATP) for cellular
metabolism via oxidative phosphorylation (OXPHOS) [70]. OXPHOS takes place at the inner
membrane of mitochondria, and involves the transfer of electrons along a series of complexes called the
electron transport chain (ETC) via redox reactions [71]. The ETC consists of complex I (NADH-
ubiquinone oxidoreductase), complex II (succinate-quinone oxidoreductase), complex III (cytochrome
b), complex IV (cytochrome ¢ oxidase) and complex V (ATP synthase) [70, 72]. Complex I accepts
electrons from the tricarboxylic acid (TCA) cycle and passes them to coenzyme Q (co Q), which carries
electrons from complex II and passes them to complex III. Complex III transfers electrons to

cytochrome c, and then to complex IV, to reduce molecular oxygen to water. The energy released by the
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ETC is essential for the transport of protons across the mitochondrial inner membrane, and it enables
complex V to phosphorylate ADP to form ATP (Fig. 5) [73]. Normally, one electron at a time is
transported via a redox reaction to generate ATP [74]. However, electrons may leak and interact with
oxygen, resulting in the formation of superoxide radical (O"?) [74]. Thus, ROS are normal byproducts

of ATP generation [75].

intermembrane  outer membrane
space

boundary | inner membrane
membrane

cristae

matrix

Figure 4. Mitochondrial structure [69].

1.4.2 Dynamics

Mitochondria vary considerably in morphology and numbers within the cell [76]. For example,
fibroblast mitochondria are long filaments; whereas hepatocyte mitochondria are spheres [75]. Under
metabolic or environmental stimuli, mitochondria undergo more frequent fission and fusion to maintain
normal function [75]. Both of these processes are controlled by large guanosine triphosphates (GTPase)
in mammals [77]. Mitochondrial fission is a process that involves transcription and translation of
mtDNA, recruitment of proteins and lipids, and expansion of the mitochondrial reticulum [78, 79].
Mitochondrial fusion is mainly mediated by Mitofusion 1 and 2 (Mfnl and Mfn2), located on the outer
membrane, and Dynamin-related gene (Opal), located on the inner membrane [75]. Peroxisome
proliferator-activated receptor y coactivator-1a (PGC-1a) has been identified as a master regulator of
mitochondrial biogenesis [80]. Fusion and fission play a role in controlling mitochondrial quality.
Fusion helps exchange genes and proteins to complement dysfunctional mitochondria, whereas fission
eliminates damaged mitochondria and facilitates apoptosis and mitophagy [81, 82]. Furthermore, fusion

of the mitochondrial inner membrane has been found in apoptotic cells, highlighting the role of
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mitochondria in apoptosis [83]. Of note, mitochondrial biogenesis is quiescent in germ cells during early

embryogenesis, with approximately 10 mitochondria in each primordial germ cell. It then restarts during

the migration of primordial germ cells through the developing embryo to the gonadal ridge, such that a

few thousand mitochondria are present in the oocytes of primordial follicles (Fig. 5) [84].
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Figure 5. Diagrammatic representation of changes in the estimated number of mitochondria during the

development of female germ line [84].

1.4.3 Mitochondria DNA

Mitochondrial DNA (mtDNA) is a double-stranded, compact and circular DNA molecule that is

approximately 17 kb in size, located within the mitochondrial matrix [85]. The complementary mtDNA

consist of the heavy (H-strand) light strands (L-strand) [83]. mtDNA contains 22 transfer RNAs (tRNA)

genes, 2 ribosomal RNAs (rRNA) genes and 13 protein-encoding genes [65, 86], including genes for

the electron transport chain enzyme complex subunits (complex I, III, IV, V) (Fig. 6) [87, 88].
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mtDNA content varies dramatically in different cell types. In general, cells with high energy
requirements, such as neurons and muscle cells, contain more mtDNA copies compared to leukocytes
[65]. The development of sensitive techniques, such real-time quantitative PCR, makes it feasible to
quantify mtDNA copies in single oocyte [89]. It has been reported that oocytes possess the largest
number of mtDNA copies, which varies from 100,000 to 310,000 in mouse, cow and human oocytes
[90-92]. Even within the same species, oocyte mtDNA content appears to be highly variable. For
examples, in human oocytes, mtDNA copy number ranges from 11,000 to 903,000 copies, which could
be related to the exceptional rate of cytoplasmic growth [93]. During folliculogenesis, mtDNA copy
number increases with oocytes growth, with an average of 5,000 copies in mouse primary oocytes
(oocyte diameter, @=20um) increasing to 150,000 copies in mature MII oocytes (¢=80um) [89].
Importantly, studies indicate that mtDNA copy number is intimately connected to oocytes quality [41].
In this regard, many studies on the relationship between oocyte mtDNA copy number in mature oocytes
and fertilizability have demonstrated that low mtDNA content correlates with fertilization failure and

ovarian insufficiency [93, 94].
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Figure 6. The mitochondrial genome. CO, cytochrome oxidase; Cyt, ubiquinone-cytochrome c

reductase; ND, NADH dehydrogenase; ATPase, ATP synthase. tRNAs are represented as points [65].
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1.5 Irradiation damages mitochondria

Radiotherapy, using X-ray and y-radiation, is a standard treatment for many cancers [95]. lonising
radiation is a type of high energy radiation that causes DNA strand breaks and overproduction of
reactive oxygen species (ROS) in tumour cells, as well as in normal cells, ultimately resulting in cell
death [95]. Numerous studies have demonstrated that radiotherapy near to the ovaries poses a significant
risk to female fertility [50]. Whilst many studies have shown that y-radiation induces DNA double
strand breaks in the nucleus of primordial follicle oocytes, leading to their apoptosis [3], the potential
for y-radiation to damage mitochondria within oocytes has not been evaluated. Damage to mitochondria
may contribute to the extreme sensitivity of primordial follicle oocytes to y-radiation and could result
in reduced quality of those that survive the treatment [96]. A survey of the somatic cell literature
provides evidence that mitochondria can be damaged by radiation, and it has been proposed that the
damage incurred to mitochondrial DNA, and changes in mitochondrial function, have a key role in
radiation toxicity within normal tissue [97]. Some of the reported mitochondrial responses to ionizing

radiation are described below.

1.5.1 Irradiation affects mitochondrial mass

An increase in mitochondrial mass is commonly observed following exposure to irradiation [98-100].
For example, in human lung carcinoma A549 cells, mitochondrial mass was increased and correlated
with the promotion of mitochondrial respiration and increased ATP production after 10 Gy irradiation
[100]. Similarly, in Chinese Hamster Ovarian cells (CHO-K1) and human keratinocytes (HPV-G), an
increase of mitochondrial mass and oxygen consumption rate were observed 4-12 hours post exposure
to 5 Gy y-radiation [99]. In the human breast cancer cell line MCF-7, a 1.5~3.8-fold increase in
mitochondrial mass was observed after X-radiation [101]. An increase in mitochondrial mass following

exposure to radiation has been proposed to be a mechanism of compensation for oxidative defects [98].

1.5.2 Irradiation affects mitochondrial DNA

Due to lack of histone protection and an efficient DNA repair system, mtDNA is more susceptible than

nuclear DNA to ionising radiation [102, 103]. Ionising radiation is capable of inducing a variety of
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lesions in mtDNA, including strand breaks [104], base mis-matches [105], and large deletions [103,
106]. In mice, a 3,860-bp region of mtDNA that encodes tRNA genes, cytochrome ¢ oxidase and
complex I genes, is prone to deletion and is referred to as the ‘murine common deletion’ site [107].
Deletion of this region is associated with exposure to irradiation and a similar 4,977-bp deletion is found
in human cells exposed to radiation, and is associated with ageing and other pathologies [107, 108]. In
addition to mtDNA deletions, in vivo and in vitro studies have shown that mtDNA copy number
increases dramatically and rapidly following irradiation [5, 101, 109-112]. It has been reported that
mtDNA content increases dramatically within 1 hour in mice subjected to X-irradiation (1Gy) and the
mtDNA/nDNA ratio was increasd by 3 fold after a 10 Gy dose in nucleated blood cells [109, 110]. The
observed increase of mtDNA copy number is likely a compensatory mechanism or adaptive response to

radiation-induced mtDNA damage to maintain mitochondrial function [109].

1.5.3 Irradiation affects the electron transport chain

As described above, mitochondria are the energy-transducing organelles responsible for generating ATP
through the process of OXPHOS. It has been reported that the activity of the ETC complex decreases
significantly 4 hours after exposure to 5 Gy y-irradiation in CHO-K1 cells [98]. In human osteosarcoma
cells, y-radiation exposure also led to a deficiency of the ETC complexes and this was associated with
reduced ATP content. However, the ATP content returned to normal levels 3 hours later, indicating that
the effects on energy production were transient [113]. In other contexts, persistent damage to the ETC
and mitochondrial functions was found after radiation exposure. For example, partial deactivation of
Complex I and III in the heart cells of mice, coupled with decreased respiratory capacity and increased

ROS, were observed 4 weeks after treatment with 2 Gy X-radiation [114].

1.5.4 Irradiation affects the intracellular levels of reactive oxygen species (ROS)

The overproduction of intracellular ROS has adverse effects on mitochondrial membrane potential, ATP
production and DNA structure, eventually leading to apoptosis [100, 115]. Water comprises a large
proportion of the cell content and its radiolysis results in generation of free radicals [116]. Even though
these free radicals have a very short half-life, they are a significant cause of persistent oxidative stress

after irradiation [117]. In addition, irradiation also increases ROS levels within mitochondria [41].
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Using MitoSOX, which selectively reacts with mitochondrial ROS, Kobashigawa and colleagues found
a sustained increase of mitochondrial ROS levels in human fibroblast-like cells within 72 hours of 2 Gy

y-irradiation [118].
1.6 Cisplatin damages mitochondria

Cisplatin, and other platinum-based antineoplastic drugs, are widely used for the treatment of a variety
of cancers, such as lung cancer, ovarian cancer, bladder cancer, breast cancer and other solid tumours
in both adults and children [119]. The anticancer activity of cisplatin is attributed to its ability to form
crosslinks with the purine bases on DNA, causing DNA damage and inducing apoptosis, and also by

increasing the levels of reactive oxygen species (ROS) (Fig. 7) [119, 120].
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Figure 7. Overview of molecular mechanisms of cisplatin in cancer treatment [119].

1.6.1 Cisplatin induces mtDNA damage

The circular DNA maintained within mitochondria (mtDNA) can be directly targeted by cisplatin and
this activity may be at least partly responsible for its anticancer effects [121, 122]. For example, in

melanoma cells, cisplatin preferentially binds and forms adducts with mtDNA relative to genomic DNA,
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leading to inhibition of NADH-ubiquinone reductase and reduced ATP generation [123]. Indeed, a study
in CHO cells showed a four to six fold higher incorporation of cisplatin into mtDNA as compared to
genomic DNA [122]. mtDNA damage and overproduction of ROS caused by cisplatin treatment are
thought to contribute to hippocampal damage, peripheral neuropathy in dorsal root ganglion neurons,

and ototoxicity in the cochlea [124-127].

1.6.2 Cisplatin affects the electron transport chain

Similar to the situation described above for irradiation, a number of studies have reported that cisplatin
exposure compromises the activity and function of the ETC. In cultured porcine proximal tubule cells,
the activity of Complex I and IV declined by approximately 15 to 55%, and significantly reduced ATP
level was observed 20 minutes after incubation with cisplatin [128]. In rat livers, the activity of Complex
I and Il were significantly decreased after cisplatin treatment [129]. Likewise, a significant decrease in
the activity of the ETC and ATP levels were observed in fibroblasts from older men after treatment with

platinum-based chemotherapy [130].

1.6.3 Cisplatin affects ROS level

Similar to other chemotherapeutic drugs, cisplatin can lead to an increase of ROS level in cells [131].
For instance, excessive ROS generation was found in colon carcinoma and melanoma cell lines after
high doses of cisplatin treatment [132]. Elevated mitochondrial ROS levels were also observed using
MitoSOX Red in human renal proximal tubular cells treated with cisplatin [120]. The elevation of ROS
levels in response to cisplatin treatment can result in the activation of both the extrinsic apoptosis
pathway, mediated by tumor necrosis factors (TNF), and the mitochondria regulated intrinsic apoptosis

pathways [133-138].

1.7 ROS and antioxidants

ROS consist of several highly reactive molecules, such as hydroxyl ("OH), superoxide ("O2") and
hydrogen peroxide (H.O,), which are normal byproducts of cellular metabolism [139]. A moderate level
of cellular ROS is beneficial to cell growth, protein phosphorylation and is anti-inflammatory, but

excessive ROS is harmful to proteins, lipids and DNA [140, 141]. Based on the fact that a high metabolic
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rate and low scavenging efficiency contribute to high levels of ROS in tumor cells, emerging evidence
has shown that manipulation of ROS levels by antioxidants is a promising strategy of anti-cancer

therapy [140, 142].

1.7.1 ROS generation in mitochondria

The mitochondrial electron transport chain (ETC) is the principal source of endogenous ROS in
eukaryotic cells (Fig. 8). The ETC comprises five complexes that can pump the protons (H") across the
inner membrane and transfer electrons via redox reactions to synthesize ATP [143]. However, 0.2-2%
of electrons will leak from the chain and directly interact with O», generating superoxide ("O2") [144].
Complex I, IT and III are the main sites of electron leakage. Under pathological conditions, complex I,
which converts NADH to ubiquinone (coenzyme Q), is the main source of ROS; whereas under normal
conditions, complex II, which links the Krebs cycle with ETC, produces more ROS [144, 145]. Unlike
complex I and II, which only generate ROS within the mitochondrial matrix, complex III produces ROS

in the matrix and intermembrane space, which can then be more easily released into cytoplasm [146].
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Figure 8. The mitochondrial electron transport chain and electron leakage [144].
1.7.2 ROS and protein peroxidation

Due to the cellular abundance and instant their reaction to ROS, proteins are considered the main targets
of oxidative stress [147]. In general, ROS cause irreversible protein modifications by carbonylation and
tyrosine nitration, or reversible modifications by disrupting the redox balance of cysteine and tyrosine
residues [148]. Thus, a wide variety of cellular events, such as phosphorylated kinase mediated signaling,
can be affected [140]. In particular, receptor tyrosine kinases (RTK) and the non-receptor protein

tyrosine kinases (PTK) activated by ROS are related to apoptosis [140, 149].
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The tyrosine residues of proteins are prone to be nitrated by free radicals, such as peroxynitrite (ONOQO"),
producing the 3-Nitrotyrosin (NTY) [150]. Compared to peroxynitrite, NTY is a more stable protein
peroxidative product. High levels of NTY are commonly detected in pathological conditions, including
inflammation, aging and cardiovascular diseases [150]. Thus, the presence of NTY in proteins is

considered a biomarker of oxidative stress and an indicator of disease [150].

1.7.3 ROS and lipid peroxidation

Lipid peroxidation refers to a process involving the removal of electrons from unsaturated lipids by free
radicals [151]. Bio-membranes have a high content of polyunsaturated fatty acids (PUFAs), making
them targets for ROS-mediated modification [152]. ROS can destroy the lipid bilayer of mitochondria,
a double membrane organelle, and compromise the permeability transition pores (PTPs), resulting in
the release of cytochrome c, and eventually cell death via triggering the intrinsic apoptosis pathway
[140]. Lipid peroxidation is initiated by the production of free fatty acid radicals under the stimuli of
ROS, propagated by the formation of lipid peroxyl radicals and is terminated by the formation of a non-
radical product [152]. The products of lipid peroxidation, such as 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) are easily detected and are key regulators of cell survival [152].

4-HNE, a highly active lipidic electrophile, is widely used as a maker of oxidative stress damage [153].
4-HNE can form adducts with protein and DNA to regulate a wide range of signaling pathways [153,
154]. Of note, mitochondria are principal sites of 4-HNE generation and the HNE protein adducts
formed in mitochondria are involved in the intrinsic apoptosis pathway [155]. In an in vitro study on
mice oocytes, 4-HNE was shown to damage the spindle and chromosomes, but oocyte quality could be

preserved by supplementation with melatonin, an effective antioxidant [156].

1.7.4 ROS and DNA damage

Within eukaryotic cells, DNA is insulted by various stimuli each day. In the case of oxidative stress,
where ROS levels increase beyond the scavenging capacity, cells activate the DNA damage response to

deal with any deleterious DNA lesions that arise [157]. In general, ROS can directly oxidize DNA,
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especially at the 8-oxoguanine site, resulting in DNA mispairing and it can further affect DNA
methylation [140, 158]. The base excision repair, nucleotide excision repair, homologous recombination
and nonhomologous end joining pathways are involved in DDR [157]. Dysfunction of the repair
mechanisms can cause genome instability, resulting in oncogenesis [159]. In addition, accumulation of
ROS in mitochondria induces mtDNA damage and reduces the efficiency of the electron transport chain,

which in turn results in the production of more ROS [140, 160].

1.7.5 Antioxidants

Excessive ROS is associated with cardiovascular disease, neurological disease, lung disease, kidney
diseases and ovotoxicity [139, 161-165]. Based on their activities, cellular antioxidant systems can be
categorized into enzymatic and non-enzymatic antioxidants to combat the overproduction of ROS [141].
The enzymatic antioxidants include superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx). The non-enzymatic antioxidants include vitamin E, glutathione and coenzyme Q10
(CoQ10) [166]. Despite a number of reported failures in clinical settings, supplementation of exogenous
antioxidants are still considered important and effective ROS scavengers with therapeutic potential [ 141,
167]. Of note, mitochondria are the main sites of ROS production, and the intrinsic ROS scavenging
activity within mitochondria is insufficient to eliminate the excessive ROS produced under conditions
of oxidative stress [139, 168]. In this regard, various mitochondrial-targeted antioxidants, such as Szeto-
Schiller (SS) peptides and MitoQ, have been developed and they have proven to be more effective than

un-targeted antioxidants in the treatment of diseases involving mitochondrial dysfunction [169, 170].

1.7.5.1 Mitochondrial targeted antioxidant-Szeto-Schiller (SS) peptides

Szeto-Schiller (SS) peptides are a range of synthetic antioxidative peptides that contain a cationic motif,
which allows them to penetrate membranes and accumulate in mitochondria [171, 172]. As a member
of the SS peptides family, SS-31 has been shown to specifically react with cardiolipin, an essential
mitochondrial inner membrane lipid, to decrease mitochondrial ROS production (Fig. 9) [173]. In vitro
experiments have proven that SS-31 is a promising therapy for aging, heart failure and other

mitochondrial related disorders [174, 175].
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Figure 9. The antioxidative mechanism of SS-31 [173]. SS-31 can penetrate and accumulate within
mitochondria, acting as the antioxidant by preventing the peroxidation of mitochondrial cardiolipin

[173].

1.7.5.2 Mitochondrial targeted antioxidant-MitoQ

CoQI10 (or Ubiquinone) is a natural hydrophobic antioxidant that participates in ATP generation in
mitochondria [176]. To avoid the hydrophobicity and the non-specific mitochondrial targeted character
of CoQ10 and its derivatives, MitoQ was synthesized by coupling the ubiquinone part of CoQ10 with
the lipophilic triphenylphosphonium (TPP) cation (Fig. 10) [141]. MitoQ is one of the most effective
derivatives of CoQ10 that can be directly delivered to mitochondria [177]. The positively charged
lipophilic cation (TPP"), and the mitochondrial membrane potential, mean that MitoQ can easily and
preferentially penetrate the phospholipid bilayer of mitochondria and accumulate within the
mitochondrial matrix [178]. Once within the mitochondrial inner membrane, the ubiquinone part of
MitoQ can be utilized by complex II to produce ubiquinol; the quinol form acts as an antioxidant, which
can be oxidized back to quinone by ROS and be recycled by the respiratory chain [179]. Of note, MitoQ
can only be efficiently utilized by complex II, thus it cannot restore mitochondrial function in the

absence of complex II [178].
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Figure 10. Structure and mechanism of MitoQ [141].

1.7.5.3 Protection against oxidative stress by MitoQ

MitoQ can penetrate lipid bilayers and accumulate within mitochondria, so the main oxidative effect of
MitoQ is to prevent peroxidation of the lipids in the mitochondrial membrane [180, 181]. Some studies
suggest that by protecting cardiolipin, a mitochondrial specific phospholipid, MitoQ might interfere
with the intrinsic (mitochondrial mediated) apoptosis pathway to prevent cell death [182]. In addition,
the reaction between MitoQ and peroxynitrite (ONOO™), a damaging oxidative molecule, can possibly
protect DNA, proteins and lipids from oxidative damage [178, 183, 184]. Thus, the excellent
antioxidative performance of MitoQ has meant that it has been broadly used in numerous mitochondrial
related diseases since its synthesis in the 1990s [185]. In human trials, MitoQ alleviated liver damage
in hepatitis C virus (HCV) patients and improved vascular function in healthy elders [186, 187]. In
mouse models, MitoQ has shown promise as an attractive therapeutic drug to treat Alzheimer’s disease,
cardiovascular disease, diabetic kidney disease and reproductive disorders [188-192]. Of note, MitoQ
also plays protective role in the reproductive system under oxidative stress. For instance, studies in rats

show that MitoQ alleviates y-irradiation induced testicular damage by inhibiting the intrinsic apoptosis
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pathway [193], and administration of MitoQ and Vitamin D protected mice from polycystic ovary

syndrome (PCOS) [191].

1.8 Overall Significance

Premature ovarian failure and infertility are common side effects of anticancer therapies, largely due to
the extreme sensitivity of the ovarian follicles to radiation and chemotherapies. Current methods to
preserve future fertility in cancer patients are invasive and not suitable for all patients. The development
of adjuvant therapies capable of protecting oocytes from the deleterious effects of such drugs would
represent a significant advancement in our ability to preserve fertility and endocrine function in women
with cancer. Despite significant evidence described above that radiation and cisplatin treatment damage
mtDNA and mitochondrial function within somatic cells, the possibility that these treatments damage
mitochondria within oocytes has not been evaluated. In the long term, protecting mitochondria may
mitigate against radiation and cisplatin-induced insults to oocytes. Agents, such as MitoQ, that shield
the mitochondria from insults without compromising the anti-tumour actions of radiation and the

platinum-based drugs could serve as useful fertile-protective agents.

1.9 Aims and Hypothesis

Based on the known knowledge elaborated in the literature, it was hypothesized that radiotherapy and
chemotherapy could compromise mitochondrial function, eventually resulting in cell death and the
depletion of the ovarian reserve, or loss of oocyte quality. In addition, protecting mitochondria by the
supplementation of MitoQ during cytotoxic cancer treatments could preserve the ovarian reserve and
eliminate cellular oxidative damage in mice. Thus, the following chapters addressed the following aims:
1. To determine if y-irradiation damages mitochondria in oocytes.

2. To determine if cisplatin damages mitochondria in oocytes.

3. To explore the possibility that the supplementation of Mito Q can prevent follicle loss and alleviate

oxidative damage in mouse ovaries after cancer treatments.

41



Chapter 2. Evaluation of mitochondria in oocytes

following y-irradiation

42



www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

Evaluation of mitochondria in
oocytes following ~-irradiation
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Standard cytotoxic cancer treatments, such as radiation, can damage and deplete the supply of oocytes
stored within the ovary, which predisposes females to infertility and premature menopause later in

life. The mechanisms by which radiation induces oocyte damage have not been completely elucidated.
The objective of this study was to determine if ~-irradiation changes mitochondrial characteristics in
oocytes, possibly contributing to a reduction in oocyte number and quality. Immature oocytes were
collected from postnatal day (PN) 9-11 C57BI6 mice 3, 6 and 24 hours after 0.1 Gy ~-irradiation to
monitor acute mitochondrial changes. Oocytes were classified as small (>>20 pm) or growing (40-60 um).
Mitochondrial membrane potential was lost in 20% and 44% of small oocytes (~20 um) at 3 and 6 hours
after ~-irradiation, respectively, consistent with the induction of apoptosis. However, mitochondrial
mass, distribution and membrane potential in the surviving small oocytes were similar to the non-
irradiated controls at both time points. At 24 hours after ~-irradiation, all mitochondrial parameters
analysed within immature oocytes were similar to untreated controls. Mitochondrial parameters
within growing oocytes were also similar to untreated controls. When mice were superovulated more
than 3 weeks after ~-irradiation, there was a significant reduction in the number of mature oocytes
harvested compared to controls (Control 18 +=1vs 0.1Gy 4+1, n=6/16 mice, p < 0.05). There was a
slight reduction in mitochondrial mass in mature oocytes after ~-irradiation, though mitochondrial
localization, mtDNA copy number and ATP levels were similar between groups. In summary, this

study shows that ~y-irradiation of pre-pubertal mice is associated with loss of mitochondrial membrane
potential in a significant proportion of small immature oocytes and a reduction in the number of
mature oocytes harvested from adult mice. Furthermore, these results suggest thatimmature

oocytes that survive ~-irradiation and develop through to ovulation contain mitochondria with normal
characteristics. Whether the oocytes that survive radiation and eventually undergo meiosis can support
fertility remains to be determined.

Conventional cytotoxic cancer treatments, including radiation and chemotherapy, can damage the oocytes and
somatic cells within the ovary, leading to a reduction in the size of the ovarian follicular reserve, which predis-
poses females to infertility and premature menopause later in life!. With improving survival rates for many can-
cers, it is desirable to avoid these side-effects and devise new strategies to protect the long-term fertility and health
of women post-treatment?. In order to achieve this goal, it is necessary to understand the mechanisms by which
specific cancer treatments damage the ovary and induce oocyte death.

Studies have shown that ionising radiation induces DNA double strand breaks in the genomic DNA of oocytes,
leading to their apoptosis**. Interestingly, evidence from somatic cells and cancer cell lines suggest that radiation
may also damage mitochondria®¢. However, radiation-induced mitochondrial damage has not been evaluated in
oocytes. It has also been proposed that lack of histones and limited capacity for DNA repair may make mitochon-
drial (mt) DNA more susceptible to radiotherapy than nuclear DNA”#®. Previous studies indicate that damage of
mitochondria and mtDNA plays a key role in radiation toxicity in human fibroblasts’. Decreased ATP levels and
deficiencies in the activity of the electron transport chain (ETC) complexes are commonly observed in different
cell types after radiation, indicating mitochondrial damage!®!!. Furthermore, an increase in mitochondrial mass
and mtDNA content (copy number) has been observed after radiation treatment and is thought to be a compen-
satory mechanism to maintain normal mitochondrial function'?.

Mitochondria are the powerhouse of the cell and comprise approximately 4-25% of total cell volume in
eukaryotes and mature oocytes contain the largest number of mitochondria among different cell types!'®!4.
Mitochondria play many important roles within the oocyte during maturation, fertilisation and preimplantation
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embryonic development, including synthesizing adenosine triphosphate (ATP), regulating redox and Ca2+
homeostasis and controlling apoptosis'®. Because of this, alterations in mitochondrial number and function in
oocytes may reduce oocyte quality and subsequently compromise embryonic development'®. Furthermore, as
mitochondria are maternally inherited, mtDNA damage, such as point mutations, may transferred to the next
generation'”. Therefore, it is important to examine the characteristics of mitochondria in oocytes following expo-
sure to ~v-irradiation. If cancer treatment-induced mitochondrial damage contributes to depletion of the ovarian
reserve or loss of oocyte quality, then protection of mitochondria may represent a novel strategy for alleviating
radiation and chemotherapy-mediated insult to the ovary's.

The objective of this study was to investigate the impact of N-irradiation on mitochondria in immature
oocytes. To do this, we used a mouse model in which prepubertal (PN9-11) female C57BL6 mice were untreated
(controls) or exposed to whole body ~-irradiation at 0.1 Gy. At 3, 6 and 24 hours after treatment, immature
oocytes were collected to monitor acute changes in mitochondrial mass and distribution, function (ATP levels)
and mtDNA copy number. In addition, v-irradiated mice were held for a minimum of 3 weeks to determine if
damage inflicted on immature oocytes persists in mature oocytes.

Results

Mitochondrial distribution and mass were not affected by ~-irradiation in immature oocytes.
Immature oocytes were collected from mice 3, 6 and 24 hours following ~-irradiation (or from untreated controls)
and classified according to the size. Oocytes with a diameter ~20 pm (range 12-21 pm) were defined as small
oocytes from primordial or primary follicles (Supplemental Fig. 1A,B). Oocytes with a diameter ~50 um (range
39-62 pm) were defined as growing oocytes from secondary follicles (Supplemental Fig. 1).

To assess mitochondrial distribution, live immature oocytes were incubated with the fluorescent dye
MitoTracker Green. In small oocytes, mitochondria were distributed throughout the cytoplasm and no differ-
ences were observed in the localisation pattern between oocytes from untreated and ~-irradiated mice at any time
point (Fig. 1a). In growing oocytes, mitochondria were distributed in two distinct patterns; either evenly distrib-
uted in the cytoplasm or aggregated close to nucleus (Fig. 1b,c). The homogenous and aggregated distribution
patterns appeared in both control and ~-irradiated oocytes and no differences in the percentage of oocytes with
aggregated mitochondria were observed between groups at any time point (Fig. 1d).

To assess whether mitochondrial abundance was affected by ~-irradiation, relative MitoTracker Green fluo-
rescence intensity was quantified. There was no significant difference ~-irradiated groups relative to the control
for small and growing oocytes at 3, 6 and 24 hours (Fig. le,f).

Mitochondrial membrane potential was transiently impaired in immature oocytes follow-
ing ~-irradiation. We next determined whether mitochondrial membrane potential (A¥m) was altered
in immature oocytes from ~-irradiated mice by staining with TMRM, a cell-permeant dye that accumulates in
active mitochondria with intact membrane potential (Figs. 2a and 3a). Oocytes were simultaneously stained
with MitoTracker Green to confirm to presence of mitochondria and normalise TMRM levels to mitochondrial
abundance.

Whilst TMRM staining was detectable in all control small oocytes, at 3 and 6 hours after N-irradiation, mitochon-
drial membrane potential was lost in 20% and 44% of small oocytes, respectively (Fig. 2b). Loss of mitochondrial
membrane potential is consistent with apoptosis'®. In contrast, at the later time point of 24 hours after v-irradiation,
all oocytes analysed retained mitochondrial membrane potential (Fig. 2b) as indicated by detectable TMRM stain-
ing. We then quantified TMRM intensity in those small oocytes with detectable TMRM staining. No significant
differences were observed between control and v-irradiated groups at each time point (p > 0.05) (Fig. 2c).

TMRM staining was observed in all growing oocytes in both control and ~-irradiated groups (Fig. 3a). A slight
decrease in TMRM intensity relative to controls was observed at 6 hours after v-irradiation (Fig. 3b). We also
evaluated ATP levels in growing oocytes. No differences were observed in the relative ATP content in control and
~-irradiated groups at any time point (Fig. 3c).

Mitochondrial characteristics were similar in mature oocytes ovulated by control mice or mice
~-irradiated 3 weeks earlier. To determine if y-irradiation of immature oocytes generated changes in
mitochondria that persist in mature oocytes, mice were super ovulated more than 3 weeks after ~-irradiation and
MII oocytes were collected. Notably, the number of mature oocytes harvested from ~-irradiated mice was dra-
matically reduced compared to controls (Control 18 £1 vs 0.1 Gy 4 £ 1, n=6/16 mice, p < 0.01), with 2 mice fail-
ing to ovulate (Fig. 4a). Staining with MitoTracker Green revealed a relatively homogeneous distribution pattern
of mitochondria in the ovulated oocytes from control and ~-irradiated mice. A slight decrease in MitoTracker
Green intensity relative to controls was observed in the ~-irradiated group (Fig. 4b,c). This likely resulted in the
slight increase in TMRM staining intensity relative to MitoTracker Green that was observed in ovulated oocytes
from ~-irradiated mice compared to controls (Fig. 4b,d).

Notably, we found that mtDNA copy number was similar in MII oocytes from control and ~-irradiated mice.
Similarly, ATP level in v-irradiated mice was not significantly different from controls (Fig. 4f).

Discussion

The goal of this study was to evaluate the impact of ~-irradiation on the mitochondria in oocytes. Mitochondrial
distribution is thought to be important for meeting the energy requirements of cellular activities®, therefore we
used MitoTracker Green to localise mitochondria in small and growing oocytes from control and irradiated mice.
We found that mitochondria were distributed evenly throughout the cytoplasm of small oocytes, consistent with
a previous report*, and we did not observe any change of mitochondrial localisation following ~-irradiation. In
growing oocytes, mitochondria were found to be distributed in either a homogeneous or an aggregated pattern,
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Figure 1. The distribution of mitochondria in small and growing immature oocytes from untreated and
~-irradiated mice. Immature oocytes were isolated from untreated control mice, or 3, 6 and 24 hours after
~-irradiation and mitochondrial distribution was assessed using MitoTracker Green (green) (n=3-4 mice
per group). (a) Mitochondria were distributed throughout the cytoplasm in small oocytes. Scale bar =20 pm.
(b) Mitochondria were either evenly distributed in the cytoplasm (red arrow head) or aggregated close

to nucleus (yellow arrow head) in growing oocytes. Scale bar = 50 pm. (c) Enlarged view of homogenous
mitochondrial distribution (a) and aggregated distribution (b). n=nucleus. Scale bar =20 um. (d) Percentage
of growing oocytes with aggregated mitochondria for controls (n=158) and 3 (n=61), 6 (n=54), 24 (n=36)
hours after ~-irradiation. No significant differences were observed (Kruskal-Wallis test, p-value > 0.05). (e)
Relative MitoTracker intensity in small oocytes at 3 (n=41/32), 6 (n=59/21) and 24 (n=39/23) hours after
~-irradiation compared to control. No significant differences were observed between control and ~-irradiated
groups (-test, p-value > 0.05). (f) Relative MitoTracker intensity in growing oocytes, at 3 (n =48/42), 6
(n=59/64) and 24 (n = 61/63) hours after ~-irradiation compared to control. No significant differences were
observed between control and ~-irradiated groups (t-test, p-value > 0.05).

though the functional significance of the two patterns is not clear. Importantly, the proportion of oocytes with
each localisation pattern in growing oocytes from control and ~-irradiated mice was similar.

Mitochondria are highly dynamic organelles in eukaryotes, continually undergoing fusion and fission??. The
balance of these two processes maintains the overall population of mitochondria and is related to mtDNA sta-
bility, energy production, apoptosis®. It is proposed that an increase in mitochondrial abundance (number) is a
mechanism of compensation for oxidative defects and is commonly observed in somatic cells following exposure to
~-irradiation®>?. In contrast, we did not detect any changes in mitochondrial abundance as indicated by MitoTracker
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Figure 2. Membrane potential of mitochondria in small immature oocytes from untreated and ~-irradiated
mice. Small oocytes were isolated from untreated control mice, or 3, 6 and 24 hours after ~-irradiation and
mitochondrial membrane potential was assessed using TMRM. (a) Representative confocal images of small
oocytes from untreated mice and ~v-irradiated mice at 3, 6 and 24 hours after treatment. Scale bar =40 pm.

(b) Percentage of small oocytes with low or without TMRM in untreated oocytes (n = 124) and ~v-irradiated
oocytes at 3 (n=32), 6 (n=39) and 24 (n = 24) hours after y-irradiation. Ordinary one-way ANOVA,
Dunnett’s multiple comparisons test, **p-value < 0.01. (c) Relative TMRM/MitoTracker ratio in small oocytes
with TMRM signal at 3 (n=41/26), 6 (n=>59/21) and 24 (n=39/23) hours after irradiation. No significant
differences were observed between control and ~-irradiated groups (t-test, p-value > 0.05).

fluorescent intensity in small oocytes at 3, 6 or 24 hours after ~-irradiation. However, it is possible that the timeframe
we picked in our study was too late, as one previous study of mouse oocytes found that mitochondrial number
dropped 2 minutes after whole body x-irradiation at 200r and was restored in the next few minutes®.
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Figure 3. Membrane potential of mitochondria in growing immature oocytes from untreated and ~-irradiated
mice. Growing oocytes were isolated from untreated control mice, or 3, 6 and 24 hours after y-irradiation and
mitochondrial membrane potential was assessed using TMRM. (a) Representative confocal images of growing
oocytes from untreated mice and ~-irradiated mice at 3, 6 and 24 hours after treatment. Scale bar =50 pm. (b)
Relative TMRM/MitoTracker ratio in growing oocytes at 3 (n =48/42), 6 (n =59/64) and 24 (n=61/63) hours
after irradiation. Experiments were performed in triplicate. A significant decrease of TMRM intensity was
observed only at 6 hours after -irradiation. Mann-Whitney test, **p-value < 0.01. No significant differences
were observed between control and ~v-irradiated groups at 3 and 24 hours (Mann-Whitney test and ¢-test,
respectively, p-value > 0.05). (c) Relative ATP content in growing oocytes 3 (n="7/7), 6 (n="7/8) and 24
(n=4/4) hours after ~-irradiation. No significant differences were observed between control and ~-irradiated
groups (t-test, p-value >0.05).

Mitochondrial membrane potential generated by proton pumping is essential for ATP synthesis and storage®.
Thus, a sharp and persistent change of mitochondrial membrane potential may reduce cellular viability'>?. In this
study, we found that the TMRM fluorescent signal emitted by cells was lost in 20% and 44% of small oocytes at 3
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Figure 4. Mitochondria in mature oocytes. Mice were untreated (controls) or v-irradiated at PN9-11 and
then allowed to develop to sexual maturity before being super ovulated. mtDNA copy number was assessed
in individual mature oocytes. (a) Number of oocytes harvested from adult mice. Each dot represents one
animal, animal number n = 6/16 for control and ~-irradiated groups respectively. t-test, **p-value < 0.01. (b)
Representative confocal images of mature oocytes. Scale bar =50 pm. (c) Relative MitoTracker intensity of
mature oocytes from untreated control mice (n =44 oocytes) and ~v-irradiated mice (n =36 oocytes). t-test,
p-value > 0.05. (d) TMRM to MitoTracker ratio in mature oocytes, oocytes number n = 44 in control group
and n =36 in irradiated group. t-test, *p-value < 0.05. (¢) mtDNA copy number in mature oocytes in control
(n=31 oocytes) and -irradiated (n =32 oocytes) groups. No significant differences were observed, Mann-
Whitney test, p-value > 0.05. (f) ATP content in mature oocytes. Oocytes were pooled into groups of 10 ATP
measurement. Oocytes were collected from three and five biological replicates for control and ~-irradiated
groups respectively. No significant differences were observed, ¢-test, *p-value < 0.05.
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and 6 hours after v-irradiation, respectively. This finding indicates that the mitochondria in a cohort of oocytes
were compromised by ~-irradiation and these oocytes were likely undergoing apoptosis'®. Additional studies are
required to determine if this is due to direct damage of the mitochondria by ~-irradiation or by the induction
of apoptosis (e.g. as a result of damage to nuclear DNA). Interestingly, all small oocytes had detectable TMRM
staining at 24 hours after ~-irradiation, suggesting the surviving oocytes can repair damage sustained by the
mitochondria, or that the mitochondria of the surviving oocytes were in fact not damaged by the 0.1 Gy dose of
~-irradiation used in this study. Quantification of the relative TMRM intensity in the small oocytes showed no
differences at any time point, suggesting the latter possibility may be true.

In contrast to small oocytes, y-irradiation did not appear to be associated with lethal loss of mitochon-
drial membrane potential in growing oocytes, highlighting well-documented intrinsic differences in the
radio-sensitivities of these two populations®. The ratio of TMRM to MitoTracker showed a very slight decrease at
6hours after v-irradiation in the growing oocyte population, but the subtlety of the change makes it unclear if this
would have a meaningful biological consequence. Indeed, ATP levels were maintained in growing oocytes after
~-irradiation, indicating that mitochondria were functionally similar to non-irradiated controls.

To determine if damage inflicted on immature oocytes persists in mature oocytes, y-irradiated mice were held
for a minimum of 3 weeks (the period that required for immature oocytes to fully develop) before being super-
ovulated. We found the number of mature oocytes from ~-irradiated mice was significantly lower than controls.
This observation is in keeping with previous work demonstrating a reduction in the size of the ovarian reserve
following ~-irradiation due to oocyte apoptosis®. It is also possible that ~-irradiation reduces the ability of mice
to respond to exogenous hormonal stimulation, perhaps by damaging the hypothalamic-pituitary-gonadal axis,
though the low dose of v-irradiation used in this study make this hypothesis unlikely. We did observe a slight
decrease in MitoTracker staining intensity, and concomitant increase in TMRM staining intensity, in v-irradiated
ovulated oocytes relative to controls, but whether such a small relative change is biologically or functionally
meaningful is unclear. Furthermore, mitochondrial localisation, mtDNA copy number and ATP levels in these
oocytes were similar to oocytes from non-irradiated mice. Overall, the results suggest that mitochondria function
was not impaired in mature oocytes from ~-irradiated mice.

There were some limitations associated with this study. For example, this model used a very low dose of
~-irradiation. This was necessary to ensure that a cohort of oocytes survived to allow evaluation. Notably, girls
and women would receive much higher doses and we cannot rule out the possibility that higher doses would lead
to persistent effects on the mitochondria in oocytes. Furthermore, whilst we determined that mitochondria were
capable of generating levels of ATP in ~-irradiated similar to controls, we did not evaluate ROS levels or other
impacts, such as calcium signalling. Additionally, damage to mtDNA was not directly assessed. Thus, further
work is required to determine if mitochondria are fully functional and undamaged.

In conclusion, our study demonstrated immature oocytes that survived ~-irradiation and developed through
to ovulation contained apparently healthy mitochondria, at least to the extent of generating normal levels of
ATP. Future studies should focus on establishing whether these oocytes can support normal healthy pregnancy.
These promising findings may provide guidance to preserve female fertility when making therapeutic regimen
for female cancer patients.

Materials and Methods

Animals, treatments and oocyte collection. C57BL/6] mice were housed in a high-barrier facility
(Monash University ARL) with controlled temperature and 12h light: 12h dark cycle. All mice had free access
to water and food. All animal procedures and experiments were performed in accordance with the NHMRC
Australian Code of Practice for the Care and Use of Animals and approved by the Monash Animal Research
Platform Animal Ethics Committee. Prepubertal female mice (PN9-11, n=3-4 mice/control and time point
post v-irradiation), an age at which ovaries contain an abundance of small oocytes, were exposed to whole body
~-irradiation at 0.1 Gy. This dose of y-irradiation has been shown to induce nuclear DNA damage in oocytes,
but approximately 50% survive?. To collect immature oocytes, ovaries were harvested 3, 6, 24 hours after ~-ir-
radiation and digested in 0.25% trypsin (SM-203-C, Merck) for 13 minutes and then 200 ul 10% FBS (12003 C,
Sigma-Aldrich) in M2 (M7167; Sigma-Aldrich) was added to cease digestion. Oocytes were measured using Las x
software (Leica). Oocytes with a diameter ~20 um were defined as small oocytes from primordial or primary folli-
cles. Oocytes with a diameter ~50 um were defined as growing oocytes from secondary follicles. To collect mature
oocytes, untreated control and v-irradiated mice were held for a minimum of 3 weeks (the period that required
for immature oocytes to fully develop) and then treated with an intraperitoneal injection of with pregnant mare
serum gonadotrophin (51U PMSG; Intervet) followed 44-48 hours later by human chorionic gonadotropin (5 IU
hCG; Intervet). After 12-16 hours, cumulus-oocyte complexes were collected from oviducts and mature oocytes
(MII stage) were denuded by digestion in M2 media containing 0.3% hyaluronidase (Sigma-Aldrich).

Assessment of mitochondrial membrane potential. Mitochondrial membrane potential was meas-
ured in single live oocytes using the low toxicity fluorescent dye tetramethyl rhodamine methyl ester perchlorate
(TMRM, T668, ThermoFisher)?. TMRM is a cell-permeant dye that accumulates in active mitochondria with
intact membrane potential. Briefly, denuded oocytes were incubated with 25nM TMRM diluted in M2 medium
at 37°C for 30 minutes, washed 3 times in fresh M2 medium, mounted on the dish with glass bottom and then
observed under a laser-scanning confocal microscope (SP8, Leica). TMRM was excited using the 552 nm laser
line and fluorescence measured using a 563-627 nm band pass filter. A region encompassing the entire oocyte
diameter was used to provide an average intensity of fluorescence within the oocyte. An identical region was used
for each oocyte in all experiments. The plane of focus in which the oocyte diameter was largest was assumed to
be the centre and was selected for image capture and analysis. The acquired images were processed and analysed
using the Image] (NIH) open source software. For each image, the fluorescence intensity per single cell was
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calculated and expressed as the ratio of actual intensity to the mean intensity of control group. Experiments were
repeated a minimum of three separate times (representing biological replicates) and data are expressed as mean
+/— SEM. The number of oocytes analyzed is stated in the appropriate figure legend.

Assessment of mitochondrial distribution and mass.  Mitochondrial distribution and mass were eval-
uated using MitoTracker Green (M7514, ThermoFisher), which stains mitochondria regardless of mitochondrial
membrane potential. Briefly, denuded oocytes from unprimed or gonadotropin-stimulated mice were incubated
with 200 nM MitoTracker diluted in M2 at 37 °C for 30 minutes, washed 3 times in fresh M2, mounted on the
dish with glass bottom and then observed under a laser-scanning confocal microscope (SP8, Leica). Mitotracker
Green was excited using the 488 nm laser line and fluorescence measured using a 495-523 nm bandpass filter. The
acquired images were processed and analysed using the Image] (NIH) open source software as described above.
For each image, the fluorescence intensity per single oocyte was calculated and expressed as the ratio of actual
intensity to the mean intensity of control group. Experiments were repeated a minimum of three separate times
and data are expressed as mean +/— SEM for experiment.

ATP quantification. Denuded oocytes (10 pooled/group) collected from unprimed or gonadotropin-
stimulated mice were collected in 50 pl filtered ultrapure water and stored at —80 °C until use. To prepare stand-
ards, 1077 M ATP standard stock was obtained from ENLITEN® ATP Assay System Bioluminescence Detection
Kit (Promega) and was diluted with filtered ultrapure water. ATP levels were assayed using the Adenosine
5¢-triphosphate (ATP) bioluminescent somatic cell assay kit (FLASC, Sigma) according to the manufacturer’s
instructions. Briefly, 100 pl ATP Assay Mix Working Solution was added to a 96-well plate (reaction vial) (M0187,
Greiner) and allowed to stand at room temperature for 3 minutes. Somatic Cell ATP Releasing Reagent (100 pl),
50 pl filtered ultrapure water and 50 pul sample were added to a new tube and 100 pl was transferred to the reaction
vial. ATP concentration was measured immediately using a luminometer (BMG, Clariostar, 76G58). Data are
expressed as ATP content relative to the mean of controls or pmol/oocyte. Experiments were repeated a mini-
mum of three separate times.

Quantification of mtDNA copy number. mtDNA copy number was assayed on single oocytes as pre-
viously described® with some modifications. Briefly, total DNA of single oocytes were isolated using 10 pl lysis
buffer containing 50 mM tris-HCI (pH 8.5), 0.1 mM EDTA, 0.5% Tween-20 and 200 pg/ml proteinase K. Samples
were incubated at 55 °C for 2 hours and then 95°C for 10 minutes to inactivate the proteinase K. Six serial dilu-
tions of stock plasmid (a.pngt from Rebecca Robker, The Robinson Research Institute, School of Medicine, The
University of Adelaide, Australia) were used to generate the standard curve. Real-time quantitative PCR was per-
formed in triplicate using 5-CGTTAGGTCAAGGTGTAGCC-3’ and 5'-CCAAGCACACTTTCCAGTATG-3’
primers and SYBR green PCR master mix (Qiagen) and a 384-well real-time PCR machine (CFX384, Bio-Rad).
The reaction conditions were 95 °C for 2 minutes and then 40 cycles of 95 °C for 5seconds and 60 °C for 10sec-
onds. The number of oocytes analyzed is stated in the appropriate figure legend.

Statistical analysis. Data were analysed using with GraphPad Prism Software. For comparison of two
groups, normally distributed data were analysed by t-test, whilst non-normally distributed data were analysed
by Mann-Whitney test. More than two groups of normally distributed data were analysed by ordinary one-way
ANOVA followed by Dunnett’s multiple comparisons test, whilst non-normally distributed data were ana-
lysed by Kruskal-Wallis test. All data were presented as mean &= SEM. Statistical significance was denoted by
*p-value < 0.05, **p-value < 0.01.

Data availability

Materials, data and associated protocols are available on request.
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Supplemental Figure 1. Classification of oocytes according to size. A, Small oocytes (diameter
~20um) were isolated from primordial or primary follicles. Scale bar = 50um. B, Diameter of
individual small oocytes, used for immunofluorescence analysis. Oocyte number at 3 (n=55/37), 6
(n=48/50) and 24 hours (n=42/25) for control and 0.1Gy y-irradiated, respectively. C, Growing
oocytes were isolated from secondary follicles. Scale bar = 50um. D, Diameter of individual
growing oocytes, used for immunofluorescence analysis. Oocyte number at 3 (n=64/61), 6
(n=56/54) and 24 (n=38/36) hours for control and y-irradiated, respectively. Oocytes were
collected from a minimum of 3 separate mice for each group.
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Abstract

impacts on mitochondria in oocytes were characterised.

Background: Cisplatin is a platinum-based chemotherapeutic that damages genomic DNA leading to cell death. It
also damages mitochondrial DNA and induces high levels of mitochondrial reactive oxygen species (mtROS), further
sensitising cells to apoptosis. Notably, immature oocytes are particularly vulnerable to cisplatin treatment, a
common side effect of which is depletion of the primordial follicle reserve, leading to infertility and early
menopause. Cisplatin is known to damage the DNA of oocytes, but the possibility that cisplatin also compromises
oocyte survival and quality by damaging mitochondria, has not been investigated. To begin to address this
question, neonatal mice were treated with saline or cisplatin (2 mg/kg or 4 mg/kg) and the short and long-term

Results: At 6 and 24 h after treatment, mitochondrial localisation, mass and ATP content in immature oocytes were
similar between groups. However, TMRM staining intensity, a marker of mitochondrial membrane potential, was
decreased in immature oocytes from cisplatin treated mice compared to saline treated controls, consistent with the
induction of apoptosis. When mice were super ovulated 5 weeks after exposure, the number of mature oocytes
harvested from cisplatin treated mice was significantly lower than controls. Mitochondrial localisation, mass,
membrane potential and ATP levels showed no differences between groups.

Conclusions: These findings suggest that mitochondrial dysfunction may contribute to the depletion of the
ovarian reserve caused by cisplatin, but long-term impacts on mitochondria may be minimal as those immature
oocytes that survive cisplatin treatment develop into mature oocytes with normal mitochondrial parameters.

Keywords: Oocyte, Cisplatin, Mitochondria, Fertility, Follicle

Introduction

Within the ovary of mammalian females, the finite sup-
ply of immature oocytes are stored in structures called
primordial follicles [1]. These primordial follicles repre-
sent the stockpile from which all mature hormone pro-
ducing follicles and ovulatory oocytes are derived, and
their gradual depletion throughout reproductive life ul-
timately leads to infertility and loss of ovarian endocrine
function [2-5]. In women, the supply of primordial folli-
cles can be prematurely depleted by exposure to
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Ovarian Biology Laboratory, Biomedicine Discovery Institute, Department of
Anatomy and Developmental Biology, Monash University, Melbourne,
Australia

B BMC

radiotherapy and DNA damaging chemotherapy, causing
premature ovarian failure (POF) and permanent loss of
fertility [6—8]. Indeed, for reasons unknown, immature oo-
cytes appear to be much more vulnerable to the effects of
these treatments than the surrounding granulosa cells,
growing oocytes, or other somatic cells in the body [9].

As a member of the platinum-based chemotherapeutic
family, cisplatin ([Pt(NH3)2CI2]) has been widely used
since 1970 s for the treatment of testicular cancer, ovar-
ian cancer, breast cancer and other solid tumours [10].
Whilst cisplatin is a valuable anticancer agent, direct
damage to ovarian follicles has been reported as a com-
mon side-effect [11, 12]. The cytotoxicity of cisplatin is
attributed to its ability to bind nuclear DNA to induce
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apoptosis, necrosis, or both, in cancer and non-
cancerous cells [13]. However, mounting evidence dem-
onstrates that the effects of cisplatin extend beyond
direct nuclear DNA damage [14, 15]. In particular, the
chloride ligands of cisplatin can be replaced by water
molecules in the cell, generating positively charged elec-
trophiles that have a high affinity for negatively charged
mitochondria [16]. Cisplatin has a much greater propen-
sity (300—500 fold) to form platinum adducts with mito-
chondrial DNA (mtDNA) than nuclear DNA (nDNA)
[17]. Since mtDNA encodes vital mitochondrial proteins,
damage to mtDNA can result in mitochondrial malfunc-
tion [18]. Furthermore, a recent study has suggested that
cisplatin sensitive cancer cells contain higher mitochon-
drial content and higher levels of mitochondrial reactive
oxygen species (mtROS) than those that are resistant to
cisplatin induced cell death [19]. This observation indi-
cates that cisplatin directly impacts mitochondrial activ-
ity, which in turn influences cell survival/death following
exposure to this drug. Indeed, mitochondrial damage
may be more important than genomic DNA damage in
triggering apoptosis in response to cisplatin exposure, as
cisplatin treated cells can activate cell death even in the
absence of a nucleus or activation of the nuclear DNA
damage response [20, 21].

The primary role of mitochondria is to produce en-
ergy, in the form of adenosine triphosphate (ATP), to
fuel cellular processes, with approximately 95 % of ATP
being generated by the oxidative phosphorylation
(OXPHOS) pathway [22]. Of note, mammalian oocytes
have limited capacity of glycolysis. Thus, the energy in-
tensive processes of oocyte growth, maturation,
fertilization, and early embryo development are all heav-
ily dependent on mitochondrial number and function
[23]. In line with this requirement, mitochondrial num-
ber increases dramatically throughout oogenesis and fol-
liculogenesis, such that mature oocytes can contain 100,
000 mitochondria and 50,000-1,500,000 copies of the
mitochondrial genome [24], which is significantly more
than somatic cells [23, 25]. Indeed, the importance of
maintaining mitochondrial number and function is dem-
onstrated by studies showing that the maturation of oo-
cytes is severely impaired when mitochondrial activities
are sub-optimal [26, 27].

Cisplatin is known to damage the DNA of oocytes, but
the possibility that cisplatin also compromises oocyte
survival and quality by damaging mitochondria, has not
been investigated. A better understanding of how oo-
cytes respond to platinum drugs is important for the de-
velopment of effective strategies to protect the ovarian
reserve during cancer treatment. Therefore, to gain
insight into the impact of cisplatin on mitochondria
within oocytes, postnatal day 10 (PN10) or adult mice
were injected with saline, or 2 mg/kg or 4 mg/kg
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cisplatin. Immature oocytes were collected at 3, 6 and
24 h after treatment to evaluate acute effects on mito-
chondria, including alterations in mitochondrial localisa-
tion, mass, membrane potential and ATP level. Mature
oocytes were also collected 5 weeks after treatment to
determine if any alterations in these mitochondrial pa-
rameters persisted in the long term, and thus had the
potential to impair fertility or offspring health.

Materials and methods

Animals, treatments and oocyte collection

C57BL/6] mice were housed in a light and temperature
controlled high-barrier facility (Monash University ARL)
with free access to food and water. All animal proce-
dures and experiments were performed in accordance
with the NHMRC Australian Code of Practice for the
Care and Use of Animals and approved by the Monash
Animal Research Platform Animal Ethics Committee.
PN10 mice were weighed and injected intraperitoneally
(i.p.) with 2 mg/kg or 4 mg/kg cisplatin or equivalent sa-
line using 27-gauge needles. This dose was lower than
previous reported doses applied in prepubertal mice to
increase the possibility that oocytes could be harvested
at later time points [11]. At 3, 6, 24 h or 5 weeks after
saline or cisplatin injection, ovaries were harvested. Im-
mature oocytes from primordial, primary, secondary and
small antral follicles in PN10 mice were obtained by
digesting ovaries in 0.25% trypsin (SM-203-C, Merck)
for 13 min with gentle and repeated pipetting and 200 pl
10% FBS (12,003 C, Sigma-Aldrich) in M2 (M7167;
Sigma-Aldrich) was added to stop digestion. Matured
oocytes within the cumulus-oocyte complexes from
PN50 mice were collected 12—-16 h after the sequential
i.p. injection of pregnant mare serum gonadotrophin (10
IU PMSG; Intervet) and human chorionic gonadotropin
(10 IU hCG; Intervet) at 48 h interval. Denuded mature
oocytes were collected after digestion in 0.3 % hyaluroni-
dase (Sigma-Aldrich) in M2 media for 2 min. An add-
itional cohort of adult (PN50) female mice treated with
saline or 4 mg/kg cisplatin and mature oocytes harvested
after superovulation 3 weeks later, as described above.

Assessment of mitochondrial distribution and mass

Mitochondrial distribution and mitochondrial mass were
determined by live cell imaging. Briefly, oocytes were in-
cubated with 200nM MitoTracker Green (M7514, Ther-
moFisher) diluted in M2 at 37 °C for 30 min. After 3
times washing in warm and fresh M2 medium, oocytes
were transferred to a dish with glass bottom covered
with mineral oil (M5904, Sigma-Aldrich). Mounted oo-
cytes were immediately observed under the confocal
microscope (SP8, Leica) with a 40x water immersion ob-
jective (1.1 NA) at 37 °C. The excitation of MitoTracker
Green was provided by the 488 nm laser line and the
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fluorescence was collected using a 495-523 nm band
pass filter. The images were captured for analysis when
the plane of focus encompassed the largest oocyte diam-
eter. The fluorescence intensity of each cell was mea-
sured by FIJI software. The results were expressed as the
ratio of actual intensity of each cell to the mean intensity
of control group.

Assessment of mitochondrial membrane potential
Mitochondrial membrane potential was determined by
live cell imaging. Briefly, oocytes were incubated with
25nM tetramethyl rhodamine methyl ester perchlorate
(TMRM (T668, ThermoFisher)) diluted in M2 medium
at 37 °C for 30 min. After 3 times washing in warm and
fresh M2 medium, oocytes were transferred to a dish
with glass bottom covered with mineral oil. Mounted
oocytes were immediately observed under the confocal
microscope with a 40x water immersion objective (1.1
NA) at 37 °C. The excitation of TMRM was provided by
the 552 nm laser line and the fluorescence was collected
using a 563—627 nm band pass filter. The images were
captured for analysis when the plane of focus encom-
passed the largest oocyte diameter. The fluorescence in-
tensity of each cell was measured by FIJI software. The
ratio of actual intensity of each cell to the mean intensity
of control group was calculated and the results were
expressed as the ratio of TMRM intensity to Mito-
Tracker intensity.

ATP quantification

Total ATP content of 10 pooled immature oocytes from
PN10 mice or 5 pooled mature oocytes from PN50 mice
was measured by a luminometer (BMG, Clariostar,
76G58). The samples were treated using the Adenosine
5-triphosphate (ATP) bioluminescent somatic cell assay
kit (FLASC, Sigma) according to the manufacturer’s in-
structions. A standard curve generated from serial dilu-
tion of 1077 M ATP standard stock was prepared for
each experiment. The ATP content was calculated ac-
cording to the linear regression formula obtained from
the standard curve. The results were expressed as ATP
content per oocyte.

Statistical analysis

Data were presented as mean = SEM and the analysis
were performed by GraphPad Prism Software. Student’s
t-test was used to compare two groups of data that were
normally distributed, and Mann-Whitney test was used
to compare two groups of data that were not normally
distributed. Ordinary one-way ANOVA with Dunnett’s
multiple comparisons test was used to compare the dif-
ferences in mitochondrial localisation. Statistically sig-
nificant differences were considered when p < 0.05.
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Results
Cisplatin alters mitochondrial distribution, but not mass,
in immature oocytes
Immature oocytes were collected from mice 3, 6 and
24 h after saline or cisplatin (2 mg/kg or 4 mg/kg) treat-
ment and classified as small or growing as previously de-
scribed [28]. Small oocytes were from primordial and
primary follicles, and growing oocytes were from sec-
ondary and small antral follicles. Mitochondrial localisa-
tion in small immature oocytes was evenly distributed in
the cytoplasm around nucleus at all time points after
2 mg/kg cisplatin injection, and at 3 and 6 h after 4 mg/
kg cisplatin (Fig. 1A, B, Ea). However, in some oocytes,
mitochondria showed restricted cytoplasmic localisation
at 24 h after 4 mg/kg cisplatin (Fig. 1B, Eb). In growing
immature oocytes, homogenously distributed (Fig. 1E b)
and aggregated mitochondria (Fig. 1E c) were observed
in both control and cisplatin treated groups (Fig. 1C, D)
and no significant differences were found at different
time points after 2 mg/kg or 4 mg/kg cisplatin treatment
compared to saline treated controls (Fig. 1F, G).
Mitochondrial mass was evaluated by the relative
fluorescence intensity of MitoTracker Green. There were
no significant differences observed in small or growing
immature oocytes at any time points after saline or cis-
platin treatment at either dose (Fig. 1H-K).

Cisplatin disrupted mitochondrial membrane potential in
immature oocytes

Mitochondrial membrane potential was assessed using
TMRM staining and expressed as a ratio relative to
MitoTracker intensity. In small immature oocytes,
TMRM signal was detectable at all time points after
2 mg/kg cisplatin injection, but mitochondrial mem-
brane potential was significantly lower than controls at
24 h (Fig. 2A, B). Similarly, in the 4 mg/kg group, mito-
chondrial membrane potential was slightly lower than
controls at 6 and 24 h, and 60 % of small immature oo-
cytes lost TMRM signal at the latter time point (Fig. 2C,
D, E). Notably, those oocytes had rough edges and ab-
normal mitochondrial distribution (Fig. 2F).

In growing immature oocytes, TMRM signal was detect-
able in both 2 mg/kg and 4 mg/kg cisplatin treated groups
at all time points (Fig. 3a, d). At 24 h, mitochondrial mem-
brane potential was slightly lower in oocytes from cisplatin
(2 and 4 mg/kg) treated mice than controls (Fig. 3a, b, d,
e). ATP content was similar in growing oocytes from con-
trol and cisplatin treated groups (Fig. 3¢, f).

Cisplatin reduced number of mature oocytes without
changing mitochondrial distribution, mitochondrial mass
and mitochondrial function

To investigate the ability of cisplatin-exposed primordial
follicle to develop into mature oocytes, PN10 mice were
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Immature oocytes were isolated from saline treated control mice, or 3, 6 and 24 h after cisplatin and mitochondrial distribution was assessed
using MitoTracker Green (green) (N =3-4 mice per group). Mitochondrial localisation in small oocytes treated with saline or cisplatin 2 mg/kg (A)
or 4 mg/kg (B), and growing oocytes treated with saline or cisplatin 2 mg/kg (C) or 4 mg/kg (D). Scale bar =20 um. E Magnification of small (a-
b, scale bar =10 um) and growing oocytes (c-d, scale bar = 20 um). F Percentage of growing oocytes with aggregated mitochondria for controls
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2 mg/kg cisplatin, small oocyte number n=46/48 at 3 h, n=35/29 at 6 h and n=41/44 at 24 h after cisplatin treatment; growing oocyte number
n=35/35at 3 h,n=31/33 at 6 h and n=37/39 at 24 h after cisplatin treatment. For 4 mg/kg cisplatin, small oocyte number n=45/50 at 3 h,
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after cisplatin. t-test for comparison of treated oocytes with relevant controls at each time point

treated with saline or cisplatin (2 mg/kg or 4 mg/kg) and
then mature oocytes harvested 5 weeks later. Signifi-
cantly fewer mature oocytes were obtained from mice
treated with 2 mg/kg cisplatin injected mice than con-
trols (Control 25+ 9 vs. cisplatin 2 mg/kg 9+2, n=5/16
mice, p <0.05) (Fig. 4a). No oocytes were collected from
8/11 mice treatment with 4 mg/kg cisplatin, with only
very low number from the remaining 3 animals, meaning
there were insufficient oocytes in this group for further
analysis (Control 10+ 2 vs. cisplatin 4 mg/kg 1+ 1, n=
3/11 mice, p < 0.01) (Fig. 4b).

Following incubation of ovulated oocytes with
MitoTracker Green, mitochondria were found to be

homogeneously distributed in the cytoplasm in control
and cisplatin (2 mg/kg) treated groups (Fig. 4c). No differ-
ences were observed in relative MitoTracker Green inten-
sity, TMRM intensity or ATP content in cisplatin-treated
(2 mg/kg) oocytes compared to controls (Fig. 4d-f).

Cisplatin treatment did not alter mitochondrial
characteristics in adult mice

In the experiment above, mature oocytes could not be
collected from mice exposed at PN10 with 4 mg/kg cis-
platin. As other studies have suggested that adult mice
treated with similar doses are fertile (albeit less so than
saline treated controls) [29], we reasoned that it may be
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Fig. 2 Membrane potential of mitochondria in small immature oocytes from saline and cisplatin (2 and 4 mg/kg) treated mice. Small oocytes
were isolated from saline control mice, or 3, 6 and 24 h after cisplatin treatment and mitochondrial membrane potential was assessed using
TMRM. A Representative confocal images of small oocytes from controls and 2 mg/kg cisplatin treated mice at 3, 6 and 24 h. Scale bar =20 um.
B Relative TMRM/MitoTracker ratio in small oocytes with TMRM signal at 3 (n=46/48), 6 (n=35/29) and 24 (n =41/44) hours after 2 mg/kg
cisplatin. C Representative confocal images of small oocytes from saline treated controls and mice at 3, 6 and 24 h after 4 mg/kg cisplatin
treatment. Scale bar =20 um. D Relative TMRM/MitoTracker ratio in small oocytes with TMRM signal at 3 (n=45/50), 6 (n=72/75) and 24 (n =35/
22) hours after 4 mg/kg cisplatin. E Percentage of small oocytes with low or without TMRM in control (n=229) and 3 (n=76), 6 (n=80) and 24
(n=68) hours after 4 mg/kg cisplatin treatment. F Magnification of small oocytes (indicated by the yellow arrow in C) without TMRM signal (a)
and abnormal mitochondrial distribution (b). Scale bar = 10 um. * p-value < 0.05, **p-value < 0.01, ***p-value < 0.0001

possible to collect mature oocytes for mitochondrial
analysis from PN50 mice treated with 4 mg/kg cisplatin.
There were no significant differences in the number of
oocytes harvested from control and cisplatin (4 mg/kg)
treated animal (Control 24 + 4 vs. cisplatin 4 mg/kg 23 +
3, n=6/12 mice, p>0.05) (Fig. 5a). In addition, mito-
chondrial distribution, relative MitoTracker Green in-
tensity and TMRM intensity and ATP content were
similar in mature oocytes collected from cisplatin and
saline treated animals (Fig. 5b-e).

Discussion

Cisplatin is an effective chemotherapeutic for breast and
ovarian tumors, but some cancer survivors will experi-
ence acute or permanent ovarian failure due to

treatment-induced depletion of the ovarian follicular re-
serve [30, 31]. To minimize the reproductive and endo-
crine related side-effects of cisplatin, it is crucial to
comprehensively understand the mechanisms by which
cisplatin causes ovarian damage. While previous works
have focused on the ability of cisplatin to damage the
nuclear DNA of immature oocytes [12, 29, 32], in this
study we examined the short- and long-term impacts of
cisplatin on mitochondria.

Previous studies have suggested that mitochondrial
distribution is an important marker of the ability of an
oocyte undergo maturation and is essential for ATP de-
livery [33, 34]. Thus, we employed MitoTracker Green, a
fluorescent dye that localises with mitochondria, regard-
less of mitochondrial membrane potential, to monitor
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mitochondrial distribution in immature oocytes after
treatment with saline or cisplatin. Consistent with other
reports [35], we found mitochondria to be distributed
throughout the cytoplasm in small immature oocytes
from control mice. Similar distributions were observed 3
and 6 h after cisplatin treatment. However, mitochondria
were present in only a small part of the cytoplasm of
some oocytes at 24 h after 4 mg/kg cisplatin. Interest-
ingly, those oocytes with abnormal mitochondrial distri-
bution also displayed rough edges, suggesting that they
were undergoing apoptosis [36, 37]. Indeed, the induc-
tion of apoptosis in immature oocytes has been previ-
ously shown to occur in oocytes from primordial
follicles within 24 h of cisplatin exposure [12]. Cisplatin
treatment did not alter mitochondrial distribution in

growing oocytes, suggesting that the response to cis-
platin is stage dependent, with the impacts more pro-
nounced on oocytes from primordial follicles. Moreover,
both homogeneous and aggregated mitochondria were ob-
served in the cohort of growing oocytes, which may repre-
sent different stages of development, with aggregated
mitochondria found in large preantral follicles [33].
Cisplatin has been reported to have differing effects on
mitochondrial mass. In skeletal muscle cells, cisplatin
disrupts mitochondrial homeostasis, leading to a reduc-
tion of mitochondrial number and the activation of
apoptosis [38]. In contrast, an increase of mitochondrial
mass and mitochondrial fission protein have been ob-
served after cisplatin treatment in other cells [39, 40].
Ovarian cancer cells, for example, respond to cisplatin
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by increasing the cellular amount of mitochondria and impedes oocyte maturation and embryo development in
this response is associated with increased mtROS and in-  pig and mouse oocytes [26, 27]. We used TMRM, a low
creased likelihood of cell death [19]. In our study, cis- toxicity, cell-permeant dye that accumulates in active
platin treatment did not significantly alter MitoTracker — mitochondria, to determine if cisplatin impaired mito-
fluorescent intensity in small or growing oocytes at 3, 6  chondrial membrane potential in immature oocytes.
or 24 h, suggesting mitochondrial mass was not affected ~ Within 24 h of exposure to 2 mg/kg or 4 mg/kg cis-
at these early time points. However, this possibility could  platin, oocytes showed a small reduction in membrane
be further investigated by analysing the expression of potential, indicating that there may be at least a partial
mitochondrial fission related genes or proteins. loss of function. Furthermore, in the 4 mg/kg cisplatin

Mitochondrial membrane potential is reflective of treated group, 60 % of the small immature oocytes lost
mitochondrial activity and is crucial for ATP generation = mitochondrial membrane potential and displayed abnor-
[27]. Depleted mitochondrial membrane potential mal morphology, indicating the activation of apoptosis
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[36, 41]. Thus, whilst lower doses of cisplatin may impair
mitochondrial activity, higher doses of cisplatin trigger
cell death via apoptosis.

Like small immature oocytes, growing immature oo-
cytes showed a slight reduction in mitochondrial mem-
brane potential at 24 h in 2 mg/kg and 4 mg/kg cisplatin
injected groups. However, we did not observe any oo-
cytes with no TMRM staining, suggesting that all grow-
ing oocytes were still viable. This finding is in
accordance with a previous study demonstrating small
immature oocytes from dormant follicles are more sensi-
tive to cisplatin than growing immature oocytes from
growing follicles [42]. Notably, despite the decrease in

mitochondrial membrane potential at 24 h after cisplatin
treatment, indicating impaired mitochondrial function,
ATP content did not change. Interestingly, oocytes are
capable of obtaining ATP from granulosa cells via gap
junctions [43]. Thus, it is possible that oocyte are
‘charged’ by granulosa cells when their mitochondria fail
to generate sufficient ATP to support cell growth. Alter-
natively, reductions in ATP content may not be evident
at this relatively early point and may take longer to be-
come apparent.

To examine the persistent effects of cisplatin on mito-
chondria, cisplatin injected PN10 mice were held for 5
weeks and then super ovulated to harvest mature MII
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oocytes. Even though we collected a small number of
mature oocytes from 2 mg/kg cisplatin treated mice, we
failed to collect mature oocytes from 4 mg/kg cisplatin
treated mice. This finding suggested that cisplatin de-
pleted the ovarian reserve in a dose dependent manner.
Interestingly, however, although adult mice treated with
a similar dose of cisplatin (i.e. 5 mg/kg) have reduced
number of follicles, they were able to bear litters from
natural mating, suggesting oocytes were capable of mat-
uration and ovulation [29]. This discrepancy may be re-
lated to age-associated differences in oocyte sensitivity to
cisplatin (i.e. the PN10 mice were more sensitive to cis-
platin than adults, and the ovarian reserve was exhausted).
It is also possible that cisplatin impairs the ability of mice
to respond to exogenous hormonal stimulation. Import-
antly, in those mature oocytes collected after 2 mg/kg cis-
platin treatment, mitochondrial localisation, mass,
membrane potential and ATP content were similar to
controls. Thus, our results suggested that cisplatin treated
mice contained healthy mitochondria in mature oocytes.
In additional, the oocytes from adult mice treated with the
higher 4 mg/kg dose of cisplatin had normal mitochon-
drial parameters and this observation is supported by re-
ports of cisplatin treated mice producing apparently
healthy offspring [29]. Additional analyses that could be
undertaken in the future to further verify mitochondria
health in this model include an evaluation of cytochrome
C content or cytochrome C oxidase activity.

One limitation of our study is that a single dose
regimen was used, whereas clinically, patients receive
multiple doses. Whist the model we used is best for ana-
lysing the immediate impacts of cisplatin on mitochon-
dria (i.e. in the hours following exposure), it is possible
that repeated doses of cisplatin could result in cumula-
tive effects that might persist in the long term and com-
promise oocyte survival and quality. Therefore, future
studies could employ a lower dose of cisplatin (>2 mg/
kg) that would permit daily treatments, whilst allowing
for sufficient numbers of oocytes to survive for analysis
after the last dose (with the caveat that low doses might
also not be reflective of clinical regimens).

Conclusions

The present study demonstrated that mitochondrial dys-
function may be involved in cisplatin cytotoxicity in im-
mature oocytes from pre-pubertal mice. Additional
studies are required to further address this issue, such as
an evaluation of mtDNA copy number, mitochondrial
gene expression, and mtROS production. Importantly,
mature oocytes harvested from cisplatin treated pre-
pubertal mice and adult mice contained healthy mito-
chondria. Our findings highlight the need for a better
understanding of the mechanisms underlying cisplatin
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induced oocyte depletion, in order to better preserve fer-
tility in female cancer patients treated with cisplatin.
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Chapter 4. Investigation of the potential of MitoQ to
protect against ovarian damage caused by ionising

radiation
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4.1 Introduction

Reactive oxygen species (ROS) are highly reactive molecules that must be well balanced in the cell in
order for optimal function to occur [166]. ROS function as important intracellular signaling molecules,
and moderate levels are beneficial for the regulation of cell proliferation and cell death [194]. However,
excessive ROS levels can lead to DNA, lipid and protein damage (discussed in Chapter 1) and are
associated with cancer, inflammatory diseases, neurodegeneration and other pathological conditions
[145, 195]. The primary site of ROS generation is the electron transport chain (ETC, also called the
respiratory chain), located at the inner membrane of mitochondria [144]. The ETC comprises five
complexes that are encoded by nuclear and mitochondrial DNA [196]. Notably, insults to DNA or
mitochondria can result in elevated ROS production and oxidative damage within the cell, which if

severe enough, can compromise cellular function or trigger cell death.

Although there are a variety of complex and efficient mechanisms existing in cells to protect against the
damaging effects of ROS production [160], the excessive ROS caused by cancer treatments, including
radiotherapy and some chemotherapies, cannot be effectively neutralised, eventually resulting in loss of
cell function and/or cell death [197, 198] [140]. Over half of all cancers are treated with radiotherapy
[199]. Exposure to penetrating radiation, like y-radiation, increases extracellular ROS levels through
direct water radiolysis to form superoxide anion (O27), hydroxyl radicals (OH") and hydrogen peroxide
(H20>) [140]. It also compromises mitochondrial membrane integrity, which stimulates ROS production
[200], and further increases the generation of endogenous ROS by affecting mitochondrial
OXPHOS[160]. The accumulation of ROS in turn attacks mtDNA, reduces the efficiency of electron
transport chain and produces more ROS [140, 160]. In particular, y-radiation is well known to directly
induce large scale deletions in human mitochondrial DNA (also called common deletions), including
genes encoding ETC complex proteins that are essential to maintain normal mitochondrial functions
[201, 202]. Since y-radiation can damage mitochondria and elevate intracellular ROS levels, protecting
mitochondria by supplying exogenous antioxidants might be a novel strategy to avoid the off-target

toxicity of cancer treatments, including the damaging effects of these treatments on the ovary.
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Coenzyme Q10 (CoQ10 or Ubiquinone) is a co-factor in the electron transport chain that plays vital
roles in ATP generation [177]. It is also a powerful free radical scavenger and antioxidant, acting to
reduce oxidative damage to proteins, lipids, and DNA. A wide range of CoQ10 derivatives have been
developed by replacing the hydrophobic isoprenoid chain with a hydrosoluble motif in order to
preferentially deliver CoQ to mitochondria [177]. Among them, MitoQ (mitoquinone mesylate: (10-
(4,5-Dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl)(triphenyl)phosphonium

methanesulfonate) is the most efficient antioxidant that specifically accumulates in the inner membrane
of mitochondria [181]. MitoQ is synthesised by linking the ubiquinone to the lipophilic
triphenylphosphonium cation (TPP") via a carbon alkyl chain [177]. The ability of MitoQ to penetrate
the phospholipid bilayer increases with the extension of the carbon bridge [178]. To date, MitoQ (which
contains a 10-carbon alkyl chain) has been commercially produced and widely used in different

experimental situations [203].

MitoQ is a safe drug that can be administrated by oral uptake, intravenous (iv) injection and
intraperitoneal (ip) injection [178, 190]. No toxicity was observed in mice after supplementation of 500
UM in drinking water for 28 weeks or 20 mg/kg iv injection or Smg/kg ip injection twice a week for 12
weeks [179, 190]. In mice, MitoQ exerted excellent ROS scavenging ability in a variety of disease
models associated with mitochondrial damage, such as diabetic kidney disease and cardiovascular
diseases [187, 190]. In human trials, MitoQ has been proven to be a powerful protective antioxidant
during chronic hepatitis C virus infection, which is characterised by elevated ROS levels and
mitochondrial damage [190]. Of note, the findings from Chapter 2 and 3 indicated that mitochondrial
damage might be involved in cancer treatment induced depletion of the ovarian reserve. Thus, it is
possible that supplementation of MitoQ during cytotoxic cancer treatment can preserve the ovarian

reserve by protecting mitochondria and eliminating cellular oxidative damage in mice.

Thus, this chapter aimed to address the following two related hypotheses:
1. MitoQ can reduce follicle depletion caused by radiation exposure.
2. Radiation induces oxidative damage to lipids, proteins and nucleic acids to cells within the ovary, and

this damage can be mitigated by MitoQ treatment.
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To determine the potential for MitoQ to protect the ovarian reserve against cancer treatment, mice
received MitoQ ip for 3 days before exposure to 0.45Gy whole body y-irradiation. The number of
follicles comprising the ovarian reserve was determined 3 hours or 5 days later. Since mitochondria are
the main source of ROS, and excessive ROS results in oxidative stress, the role of MitoQ in protecting

DNA, lipid, and protein from peroxidative damage was also evaluated at both time points.

4.2 Materials and Methods

4.2.1 Mice and treatments

Two-month-old female C57BL/6 mice were used in this study. Mice were housed in a high-barrier, light,
and temperature-controlled facility (Monash University ARL) with free access to food and water. All
animal experiments and procedures were performed in accordance with the NHMRC Australian Code
of Practice for the Care and Use of Animals and approved by the Monash Animal Research Platform

Animal Ethics Committee.

Study 1: Pilot. For an initial tolerance pilot study, 12 mice were allocated into 2 groups; 1) saline or 2)
Smg/kg MitoQ. MitoQ (5mg/kg), or an equivalent volume of saline (1% DMSO), was administered to
mice by intraperitoneal injection each day for 4 days and mice were then sacrificed 5 days later. For the
second pilot study, 8 mice were allocated into 2 groups; 1) saline or 2) 2mg/kg MitoQ. The treatment

protocol was as the same as the first pilot study.

Study 2: Irradiation. Twenty-four mice were randomly allocated into to the following 4 treatments

groups (N=6/group): 1) saline + no irradiation, 2) saline + 0.45Gy whole body y-irradiation, 3) 2 mg/kg
MitoQ + no irradiation and 4) 2 mg/kg MitoQ + 0.45Gy whole body y-irradiation. MitoQ (2mg/kg), or
an equivalent volume of saline (1% DMSO), was administered to mice by intraperitoneal injection each
day for 3 days before irradiation, with the third dose given 2 hours before irradiation. Three mice from
each group were sacrificed 3 hours after irradiation and the other three mice from each group were
sacrificed 5 days after irradiation. Mice in the 5-day time point received a fourth dose of 2mg/kg MitoQ

or saline 20 hours after irradiation (Fig. S1). Both ovaries were harvested at each time point and one
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was fixed in Bouins’ solution, the other one was fixed in formalin at 4 °C overnight. After fixation,

ovaries were transferred into 70% ethanol for future use.

The two time points that represented the induction and completion of apoptosis were chosen based on
the known knowledge that mitochondrial dysfunction and DNA double strain breaks occurred 3 hours

after irradiation and no mitochondrial or DNA damage were detected at later time point [3, 51, 204].

4.2.2 Chemicals

MitoQ was a gift from MitoQ company (New Zealand). Pure MitoQ powder was diluted in Dimethyl
sulfoxide (DMSO) (D2650, sigma-aldrich) to a final concentration of 30mg/ml. MitoQ (1 in 100 diluted
in saline to keep DMSO concentration at 1%) was prepared daily before use. Whole body y-irradiation
at 0.45Gy was performed by technicians from Monash Animal Research Platform in a Gammacell40

Exactor Irradiator.

4.2.2 Histology

Ovaries fixed in Bouin’s solution were embedded in glycol-methacrylate resin and serially sectioned at
20 um and every third section were collected by technicians at Monash Histology Platform. The resin
sections were stained with periodic acid-Schiff (PAS) and counterstained with heamatoxylin. Formalin

fixed ovaries were embedded in paraffin and serially sectioned at 5 pum and every section was collected.

4.2.3 Quantification of primordial and primary follicles

Direct follicle counts was used to access primordial and primary follicles in Bouin’s fixed resin
embedded sections using methods described in detail in [205, 206]. The characteristics of each follicular

stage were described in Chapter 1.

For stereology, the Olympus BX50 microscope (Tokyo, Japan) equipped with a 100x oil immersion
objective and an Autoscan stage (Autoscan Systems Pty Ltd, Melbourne, VIC, Australia) controlled by
the Stereolnvestigator stereological system (Version 11.06.02, MBF Bioscience 2015, MicroBrightField,

Inc., Williston, VT, USA). Follicles with a visible nucleus were counted. Total follicle numbers were
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obtained by applying the formula described in [26] to the raw counts. For direct follicle counts, the
Olympus BX51 dotslide scanner (Tokyo, Japan) at Monash Micro Imaging (MMI) (Clayton, Australia)
was used. Entire sections were captured using a 20x objective and follicles were counted in digitised
images using Imagel (NIH) open-source software. Total follicle numbers were determined by

multiplying the raw counts by 3 (to account for every 3™ section being counted).

4.2.4 Quantification of secondary follicles, antral follicles, atretic follicles and

corpora lutea

Secondary, antral, atretic follicles and corpora lutea were counted under the light microscope as
previously described [205, 206]. The characteristics of each follicular stage were described in Chapter
1. Every 9" section was evaluated to quantify the secondary and antral follicles. Follicles with an
obvious nucleus were counted. Secondary and antral follicles with more than 10% pyknotic nuclei in
their granulosa cells were defined as atretic follicles. The total follicle number was determined by
multiplying the raw counts by 9. The number of corpora lutea was determined by tracing each section

to avoid double counting, as corpora lutea are large and span several slides.

4.2.5 Immunofluorescence

Immunofluorescence was performed on formalin fixed ovarian sections. Three sections were chosen to
quantify the DNA oxidative damage marker, lipid oxidative damage marker and protein oxidative
damage marker. The sections were dewaxed in histolene and rehydrated, then subjected to heat-
mediated antigen retrieval in sodium citrate buffer (pH 6.0). After cooling down to room temperature,
sections were blocked with 10% goat serum (Sigma Aldrich, G9023) in Tris-sodium chloride (TN)
buffer in 3% Bovine Serum Albumin (BSA) (Sigma Aldrich, A9418). Following incubation with
blocking buffer at room temperature for 1 hour, sections were then incubated with primary antibodies
at 4 °C overnight. All the primary antibodies were diluted with 10% goat serum in TN buffer. Anti-
DNA/RNA damage (1:100, Abcam, ab62623), anti-Nitro tyrosine (1:50, Abcam, ab7048) and anti-4
hydroxynonenal (1:500, Abcam, ab48506) antibodies were used to detect DNA/RNA, protein, and lipid
oxidative damage, respectively. After incubation, sections were washed with Tris-NaCl-Tween (TNT)

buffer 3 times and then incubated with goat anti mouse 568 secondary antibody at room temperature for
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1 hour. The secondary antibody was diluted 1:500 in TN buffer. After secondary antibody incubation,
sections were washed with TNT buffer 3 times and then incubated with DAPI (ThermoFisher Scientific,
MA, USA, P36931) at room temperature for 10 minutes. Slides were mounted with FluorSave Reagent
(345789, EMD Millipore Corp, Burlington, MA, USA) and visualised with the laser-scanning confocal
microscope (SP8, Leica) or the fluorescent microscope (Zeiss Axio Imager, Germany). Every follicle in
each section was analysed for positive or negative staining. The percentage of follicles for each ovary

exhibiting positive staining was then calculated.

4.2.6 Statistical analysis

Data were analysed using GraphPad Prism version 9 (GraphPad Software, CA, USA) and expressed as
mean = SEM. Data were analysed using one-way ANOVA followed by Tukey’s multiple comparison
test. Pairwise comparisons were analysed using Students t-test. Differences were considered significant

when p<0.05.

4.3 Results

4.3.1 5 mg/kg MitoQ supplementation caused swollen intestines and suppressed ovulation, but

these impacts were not observed when 2 mg/ke was used

A previous study demonstrated that Smg/kg MitoQQ administered via intraperitoneal injection twice a
week for 12 weeks protected mitochondria in a mouse model of diabetic kidney disease and no adverse
effects were noted [190]. To test the tolerance of mice in our study to a similar MitoQ regimen, adult
females were injected with saline or 5Smg/kg MitoQ, via intraperitoneal injection, once a day for 4 days
and ovaries were harvested 5 days later. Unexpectedly, of the 6 mice treated with MitoQ, 4 were found
to have extremely swollen intestines at the study endpoint, whereas none of the saline injected mice
(total animal number =6) displayed the same phenotype (Fig. 1A, B). No other gross abnormalities were

observed. The reason for the effects of MitoQ on the intestine was not clear.

An analysis of the overall ovarian and follicular morphology in histological tissue sections revealed no
obvious differences between groups (Fig. 1C). In addition, primordial, primary, secondary and antral

follicle numbers were similar in saline and 5 mg/kg MitoQ treated groups (Fig. 1D). Notably, however,
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corpora lutea numbers were significantly reduced in the ovary of 5 mg/kg MitoQ treated mice compared
to controls, which could indicate the suppression of ovulation (Fig. 1E). Atretic secondary and antral
follicle number showed an upwards trend in Smg/kg MitoQ treated mice (saline 9 + 3.674 vs. MitoQ

14.4 £ 4.589, P>0.05), but there was no statistically significant difference between groups (Fig. 1F).

To avoid the intestinal and ovulatory side-effects observed in animals treated with Smg/kg MitoQ, the
dose was decreased to 2mg/kg in the second pilot study. This reduced dose administrated by
intraperitoneal injection had previously been shown to protect acute lung injury in rats [207]. Mice
treated with 2mg/kg MitoQ exhibited normal intestines (data not shown) and ovarian morphology when
compared to untreated mice (Fig. 2A). Notably, MitoQ supplementation had no impact on the number
of healthy follicles (Fig. 2B), corpora lutea (Fig. 2C) or atretic follicles (Fig. 2D) compared to saline
treated group. This observation indicated that 2mg/kg MitoQ did not produce the unwanted side effects
of swollen intestines or reduced number of corpora lutea observed in the previous experiment with 5

mg/kg MitoQ. Therefore, 2 mg/kg MitoQ was used in the following experiments.
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Figure 1. Effects of Smg/kg/day MitoQ on the intestine and ovaries of mice. Mice were treated with
Smg/kg MitoQ for 4 days and ovaries were collected 5 days later (n=6/group). Saline (left) or 5Smg/kg
MitoQ (right) injected mice (A). Animal number with normal and swollen intestines (B). Representative
ovarian histology (PAS stained) from mice received saline or 5Smg/kg MitoQ injection, scale bar=50pum
(C). The number of primordial, primary, secondary and antral follicles (D), corpora lutea (E) and atretic
follicles (F) after 5Smg/kg MitoQ injection, n=3-5 ovaries counted per group. Data are shown as mean +
s.e.m. Data for each follicle stage/structure were compared between groups using unpaired t-test,
*#p<0.01.
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Figure 2. Effects of 2mg/kg/day MitoQ on the intestine and ovaries of mice. Mice were treated with
2mg/kg MitoQ for 4 days and ovaries were collected 5 days later (n=4/group). Representative ovarian
histology (PAS stained) from mice received saline or 2mg/kg MitoQ injection, scale bar=50pum (A). The
number of primordial, primary, secondary and antral follicles (B), corpora lutea (C) and atretic follicles
(D) after 2mg/kg MitoQ injection, n=3-4 ovaries were counted per group. Data are shown as mean +

s.e.m. Data for each follicle stage/structure were compared between groups using unpaired t-test.
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4.3.3 MitoO protected primary follicle loss 3 hours after 0.45Gy whole body y-irradiation

To determine if MitoQ could prevent follicle loss caused by y-irradiation, mice were injected with saline
or 2mg/kg MitoQ for 3 days and whole body y-irradiation (0.45Gy) was performed 2 hours after the
third dose, or mice remained unexposed. Ovaries were collected for assessment 3 hours after y-
irradiation treatment to analyse early impacts. Ovarian and follicular morphology were similar in
unexposed and 0.45Gy groups treated with MitoQ or saline (Fig. 3A). At this early time point,
primordial follicle numbers were similar among groups (Fig. 3B). However, primary follicles were
significantly decreased after exposure to y-irradiation compared to controls (no y-irradiation + saline
138 + 42 vs. y-irradiation + saline 70 + 19, p<0.05). Notably, significantly more primary follicles were
observed in y-irradiated mice supplemented with MitoQ compared to saline controls (y-irradiation +
saline 70 £ 19 vs. y-irradiation + MitoQ 143 + 42, p<0.05) (Fig. 3C). This finding suggests that vy-
irradiation rapidly induces primary follicles atresia, and that MitoQ mitigates this effect. In contrast,
growing follicle numbers, corpora lutea numbers and atretic follicle numbers were not affected by -

irradiation or MitoQ (Fig. 3D-G).
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and exposed to whole-body y-irradiation (0.45Gy) at the 3-hour collection time point. MitoQ were
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administered daily for 3 days, the third dose was administered 2 hours before y-irradiation; ovaries were
harvested 3 hours later (n=4/group). Ovarian and follicular morphology of mice received different
treatments, scale bar= 50pum (A). Primordial (B), primary (C), secondary (D), antral (E) follicle number,
corpora lutea(F) and atretic follicle (G) numbers were determined 3 hours later, n=4 ovaries counted per
group. Data are shown as mean + s.e.m. Data was compared using one-way ANOVA followed by
Tukey’s multiple comparison test. Comparisons of follicle numbers between two groups were made

using unpaired t-test, *p<0.05.

4.3.4 MitoQO did not prevent the depletion of primordial and primary follicles 5 days after 0.45Gy

whole bodyv y-irradiation

To investigate if MitoQ could prevent follicle loss caused by y-irradiation (0.45 Gy), mice were injected
with 2mg/kg MitoQ for 4 days; the third dose was administered 2 hours before and the fourth dose was
administered 20 hours after y-irradiation exposure (Fig. S1). The ovaries were collected 5 days after the

treatment.

The overall ovarian morphology was similar among groups, however, primordial and primary follicle
remnants that lacked visible oocytes were evident in ovaries from y-irradiated mice (Fig. 4A). In keeping
with previous findings [1], the elimination of primordial and primary follicles was observed 5 days after
exposure to 0.45Gy y-irradiation (Fig 4B and C). MitoQ treatment did not confer any protection against
the depletion of these follicles (Fig 4B and C). There was no difference in the number of secondary,

antral or atretic follicles between groups, no differences in corpora lutea number observed (Fig. 4D-G).
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Figure 4. Ovarian morphology and follicle numbers of mice supplemented with MitoQ (2mg/kg/day)

and exposure to whole-body y-irradiation (0.45Gy) at the 5-day collection time point. MitoQ was

administered daily for 4 days, the third dose was administered 2 hours before and the fourth dose was

administered 20 hours after y-irradiation; ovaries were harvested 5 days later (n=3/group).

Representative ovarian and follicular morphology in mice receiving different treatments, scale bar=
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50um (A). Primordial (B), primary (C), secondary (D), antral (E) follicle number, corpora lutea (F) and
atretic follicle (G) numbers were determined 5 days later, n=3 ovaries counted per group. Data are
shown as mean + s.e.m. Data was compared using one-way ANOVA followed by Tukey’s multiple

comparison test, *p<0.05, **p<0.01.

4.3.5 y-Irradiation did not enhance DNA/RNA oxidative damage to the ovary

Oxidative damage to cellular structures within the ovary has been shown to increase with age and is
proposed to contribute to loss of oocyte/follicle number and quality [208]. However, oxidative damage
to the ovary following y-irradiation had not been previously investigated. Therefore, oxidative damage
was examined in tissue sections from ovaries 3 hours and 5 days after y-irradiation (0.45Gy) and
compared with non-irradiated controls. In addition, ovarian tissue sections from untreated and irradiated
mice treated with 2mg/kg MitoQ, as described above, were examined to determine if the MitoQ regimen
administered in this study could reduce irradiation-induced oxidative damage. Oxidative damage to
nucleic acids was detected using the anti-DNA/RNA damage primary antibody that targeted Oxo-8-dG
(8-Oxo0-7,8-dihydro-2'-deoxyguanosine, a DNA peroxidative damage marker) and Oxo-8-G (8-Oxo-

7,8-dihydroguanosine, an RNA peroxidative damage marker).

Using this antibody, labelling was detected in the cytoplasm of oocytes in primordial and primary
follicles, and granulosa cells in primary, secondary and antral follicles (Fig. 5A(i)), indicative of
oxidative damage to mitochondrial DNA (and possibly RNA) and consistent with previous studies
utilising this antibody [209]. Somatic cells in the stroma also showed positive staining. Staining was
detected in ovaries from both untreated and y-irradiated mice, supplemented with saline or MitoQ, at
both time points. Nuclear staining was not detected. Negative control sections, in which the primary

antibody was omitted, did not show any staining (Fig. S2).

The percentage of follicles at each stage of development exhibiting positive staining was determined.
At 3 hours, there was no significant difference among groups in the percentage of follicles at each stage
of development with staining for the DNA/RNA oxidative damage marker (Fig. 5B). However, a slight

trend towards an increased percentage of primordial and primary follicles with evidence of DNA/RNA
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oxidative damage was observed after 0.45Gy y-irradiation compared to non-irradiated mice (Fig. 5B,
the blue columns of each histogram). Interestingly, the percentage of DNA/RNA damage positive
primordial and primary follicles showed a subtle, but non-significant, decrease in MitoQ treated
irradiated mice compared to saline treated irradiated mice (Fig. 5B, the right two columns of each

histogram).

As expected, at 5 days, no primordial or primary follicles were observed in the ovaries from mice
exposed to 0.45Gy y-irradiation pre-treated with saline or MitoQ (Fig. 5B, C, ND). In non-irradiated
mice, the percentage of positively stained primordial and primary follicles was slightly reduced in the
MitoQ treated group compared to the saline treated group, but this was not statistically significant (Fig.
5C). There appeared to be a large increase in the percentage of antral follicles with positive staining
after 0.45Gy y-irradiation, though these differences were not statistically significant, and were likely
due to a large amount of inter-animal variation in the data. This possible increase did not appear to be

mitigated by MitoQ treatment (Fig. 5C, the right two columns of each histogram).
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positively (A (i)) or negatively (A (ii)) with DNA/RNA peroxidative marker. Scale bar=20um. The
percentage of positive follicles 3 hours (B) or 5 days (C) after irradiation. ND =Not Determined (no
follicles present). Follicle numbers assessed at the 3-hour time point: primordial follicles =201, primary
follicles =67, secondary follicles =184 and antral follicles =40; at the 5-day time point, primordial
follicles =82, primary follicles =30, secondary follicles =182 and antral follicles =67. Animal number
n=3/group. Data are shown as mean + s.e.m. Data was compared using one-way ANOVA followed by

Tukey’s multiple comparison test. No significant differences observed.

4.3.6 y-Irradiation did not enhance lipid oxidative damage to the ovary

Membranes comprise a high content of polyunsaturated fatty acids (PUFAs), and elevated lipid
peroxidation caused by oxidative damage has been previously reported in the ovary, brain and muscles
in different contexts [210-212]. Mammalian oocytes also contains large amounts of fatty acids, the
peroxidation of which is considered to compromise oocyte quality [213, 214]. Indeed, the products of
lipid peroxidation have been shown to damage oocyte structure and activate the intrinsic apoptosis
pathway [152, 156]. In this study, oxidative lipid damage was detected using an anti-4 Hydroxynonenal
(4-HNE, a stable lipid peroxidative product) antibody. Anti-4-HNE antibody was localised to the
cytoplasm of oocytes in follicles across all the stages (Fig. 6A). The cytoplasm of granulosa cells and
other somatic cells within the ovary also showed positive staining. Negative control sections, in which

the primary antibody was omitted, did not show any staining (Fig. S2).

At 3 hours, there was no significant difference among groups in the percentage of follicles at each stage
of development staining with the lipid oxidative damage marker (Fig. 6B). A possible increase of 4-
HNE level was only observed in secondary follicles after 0.45Gy y-irradiation compared to non-
irradiated mice, though it did not reach statistical significance (Fig. 6B, the blue columns of each
histogram). MitoQ treatment had no obvious impact on the percentage of positively stained follicles

(Fig 6B).

At 5 days, no primordial or primary follicles were observed in the ovaries from mice exposed to 0.45Gy

y-irradiation pre-treated with saline or MitoQ. The percentage of follicles staining positively for 4-HNE
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was not significantly different among groups, regardless of irradiation exposure or MitoQ treatment

(Fig. 6C).
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Figure 6. Lipid oxidative damage of ovarian follicles after 0.45Gy y-irradiation. Representative images
of primordial, primary, secondary and antral follicles stained positively (A (i)) or with limited to no
staining (A (i1)) with 4-HNE. Scale bar=20um. The percentage of positive follicles 3 hours (B) or 5 days
(C) after irradiation. ND =Not Determined (no follicles present). Number of follicles assessed at the 3-
hour time point: primordial follicles =178, primary follicles =68, secondary follicles =177 and antral
follicles =38; at the 5-day time point, primordial follicles =85, primary follicles =35, secondary follicles
=176 and antral follicles =61. Animal number n=3/group. Data are shown as mean + s.e.m. Data was
compared using one-way ANOVA followed by Tukey’s multiple comparison test. No significant

differences observed.

4.3.7 y-Irradiation did not enhance protein oxidative damage to the ovary

In addition to damage DNA and lipid, excessive ROS caused by radiation directly attacks proteins by
modifying protein structures and protein peroxidation can be detected in mice 2 years after irradiation
[215, 216]. Therefore, in this study, oxidative protein damage was analysed using the anti-nitrotyrosine
(NTY) antibody, an indicator of protein oxidation. Anti-NTY was localised to the oocytes within
primordial follicles and shifted to somatic cells in primary follicles. In growing follicles, anti-NTY
staining was found in both oocytes and somatic cells (Fig. 7A). Negative control sections, in which the
primary antibody was omitted, did not show any staining (Fig. S2). Overall, staining patterns were

similar to that previously observed in mouse ovaries [217].

At 3 hours and 5 days, there was no significant difference among groups in the percentage of follicles
at each stage of development staining with protein oxidative damage marker, regardless of y-irradiation
exposure or MitoQ treatment (Fig. 7B). Notably, while only ~20% of the primordial follicles were NTY
positive, ~100% of primary, secondary and antral follicles were positive. Thus, under normal conditions,

protein oxidation appears to be heavily related to follicle stage.
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Figure 7. Protein oxidative damage of ovarian follicles after 0.45Gy y-irradiation. Representative

images of primordial, primary, secondary and antral follicles stained positively (A (i)) or negatively (A
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(i1)) with NTY. Scale bar=20um. The percentage of positive follicles 3 hours (B) or 5 days (C) after
irradiation. ND =Not Determined (no follicles present). Follicle numbers assessed at the 3-hour time
point: primordial follicles =195, primary follicles =67, secondary follicles =175 and antral follicles =44;
at the 5-day time point, primordial follicles =86, primary follicles =33, secondary follicles =169 and
antral follicles =61. Animal number n=3/group. Data are shown as mean + s.e.m. Data was compared
using one-way ANOVA followed by Tukey’s multiple comparison test. No significant differences

observed.

4.4 Discussion

It is well-established that DNA damage-induced apoptosis is a primary mechanism underlying the
depletion of primordial follicles by cancer treatments, such as radiotherapy and chemotherapy [3, 218]
[219]. The findings represented in this thesis, suggest that mitochondrial dysfunction may also
contribute to the loss of ovarian reserve after cancer treatments [204, 220]. Within cells, mitochondria
are the main source of ROS, which can damage proteins, lipids and DNA, and mitochondria themselves
are sensitive to ROS-induced damage [221]. Indeed, the literature demonstrates that one mechanism by
which radiation and cisplatin kill cancer cells is through the induction of oxidative stress, leading to
apoptosis [222]. Thus, it was hypothesised in this Chapter, that supplementation with the mitochondrial
targeted antioxidant MitoQ during cancer treatments could represent a novel method by which to reduce

primordial follicle depletion.

MitoQ has been shown to be a safe drug that can be administrated long term to rodents and humans
[179, 223], with doses of Smg/kg MitoQ being protective against diabetic kidney disease in mice and
against doxorubicin-induced cardiac damage in rats when administered by intraperitoneal injection
twice a week for 12 weeks [190, 224]. However, in the first pilot study reported in this Chapter, mice
receiving Smg/kg/day MitoQ for 4 days had severely swollen intestines at the 5-day collection time
point. This phenotype has not been previously reported, and given that MitoQ functions as an
antioxidant, the underlying mechanism leading to swollen intestines is unclear. In addition, analyses of
ovarian sections revealed no change in follicle numbers, but a significant reduction in the number of

corpora lutea in mice MitoQ treated mice, suggesting that ovulation was suppressed. Whether reduced
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corpora lutea number was a consequence of the altered intestinal function, or direct impacts on the ovary
or endocrine signaling, is not known. These side effects were not expected; the cumulative dose of
MitoQ in this study was 20mg/kg over 4 days, which was lower than previously reported cumulative
doses of 120mg/kg over 12 weeks with no adverse effects described [190]. MitoQ can be detected in
liver and kidney 5 minutes after intravenous injection [225], and has a half-life of 2 hours and 4 hours
in liver and kidney, respectively, suggesting rapid accumulation and subsequent clearance, at least in
these tissues [225]. Although similar data are not available for intestines or ovaries, MitoQ may be
quickly absorbed by the intestines (and ovaries) at high levels, possibly leading to mitochondrial
dysfunction and intestinal swelling. Indeed, somewhat counterintuitively, recent studies found high a
concentration of MitoQ induced ROS production, autophagy, mitochondrial swelling and depolarization
[226-228]. Thus, given the results of the first pilot study, the MitoQ dose was reduced to 2mg/kg in the
second pilot study. This dose was selected because it had previously been shown to protect against acute
lung injury, with no reported side-effects in rats [207]. Consistent with this prior report, in the studies
conducted for this Chapter, 4 daily doses of 2mg/kg MitoQ did not induce any gross changes in intestinal

morphology or corpora lutea number, nor did it impact follicle numbers.

The first aim of this Chapter was to determine if MitoQ could prevent follicle depletion cause by
radiation exposure. One previous study has shown that irradiation causes lipid and protein oxidative
damage in the small intestines of rats, and that this can be prevented by antioxidants, such as melatonin
[216]. Consistent with previously reported data [206], in this study, primordial and primary follicles
were significantly depleted 5 days following exposure to 0.45Gy vy-irradiation. However, MitoQ
treatment, under the conditions employed, did not prevent or reduce this depletion when follicle
numbers were analysed at 5 days. There are a number of possible explanations for this finding. It could
be that ROS is not elevated in oocyte mitochondria, or ovarian somatic cells, following radiation
exposure (discussed in more detail in later sections). Future studies measuring mitochondrial ROS level
in oocytes could include the incubation of isolated oocytes with Mitosox Red, as reported [229]. An
alternative explanation is that elevated ROS is only a minor contributor to follicle depletion, and that
direct DNA damage is the predominant mechanism. It is also possible that the MitoQ regimen used, in
terms of the timing and frequency of dosing, was inadequate to combat radiation induced ROS in the
ovary. This dose (2mg/kg MitoQ) and administration route (intraperitoneal injection) was chosen as it
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had been previously shown to protect against acute lung injury in rats, but it failed to protect neuro
functions after traumatic brain injury [207, 230]. In addition, a study in rats showed that this dose of
MitoQ prevents radiation-induced damage to the testis [193]. But, the ovary may exhibit different
requirements, and additional studies could be undertaken to measure MitoQ accumulation and half-life
in the ovary. For example, future studies could use [°’H] MitoQ to determine the amount of MitoQ
delivered to the ovary using methods established for other tissues [225]. This information could then be
used to design an improved treatment regimen so that firmer conclusions could be drawn regarding the

ovo-protectant capacity of MitoQ.

One of the interesting observations made in this study was that primary follicle depletion was detected
3 hours after 0.45Gy y-irradiation, while primordial follicle numbers were unchanged. Strikingly, MitoQ
treatment prevented this early depletion of primary follicles. These findings indicate that mitochondrial
ROS levels may increase rapidly in primary follicles following radiation treatment, triggering atresia,
and that this can be mitigated using a mitochondrial specific antioxidant. However, the protective effect
appeared to be transient, as dramatic primary follicle depletion was evident at the 5 days in MitoQ
treated radiation exposed mice, just like in saline treated irradiated mice. As described above, it is
possible that modification of the MitoQ regimen could lead to long-term primary follicle preservation
(for example, dosing more frequently, or continuing to dose for a number of days after radiation

exposure).

In contrast to primordial and primary follicles, secondary and antral follicles were more tolerant to
irradiation damage than primordial and primary follicles, and this observation is consistent with prior
literature [51]. Even though growing follicles were not depleted by radiation, it is possible that exposure
reduces the quality of those oocytes/follicle that remain. Indeed, oocytes released by spontaneous
ovulation were found to be arrested at metaphase I in irradiated mice, suggesting impaired ability to
undergo meiotic maturation [231]. Furthermore, recent in vitro studies have shown that MitoQ treatment
improves oocyte quality and fertilization rate by reserving spindle defects and decreasing intracellular
ROS level [229, 232]. Thus, it would be worthwhile performing follow-up studies to investigate the
ability of MitoQ to improve oocyte quality after radiation. This could be done by culturing super
ovulated oocytes from irradiated mice with MitoQ, followed by the evaluation of chromatin, spindle
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and mitochondria; alternatively, in vitro fertilization (IVF) could be performed to assess fertilization

and embryo developmental rates.

Elevated ROS levels caused by radiotherapy via radiolysis of water and damage to DNA and
mitochondria can activate apoptosis as a result of damage to cellular components, including DNA, lipids,
and proteins, beyond the mitochondria [197, 221]. Therefore, this Chapter also aimed to determine if
radiation-associated oxidative damage to DNA/RNA, lipids or proteins could be detected in ovarian

tissues [233, 234].

ROS can directly attack DNA and affect genome stability, resulting in loss of oocyte/follicle number
and quality [235]. In the present study, a DNA/RNA oxidative damage marker was observed in the
cytoplasm of oocytes and granulosa cells, which is consistent with previous findings in ovaries of aging
mice [233, 234]. Mitochondrial DNA has a similar structure to nuclear DNA, and a previous study has
found that 8-0x0G accumulates in mtDNA under conditions of oxidative stress [209]. Thus, cytoplasmic
staining may indicate mtDNA oxidative damage. Further analysis by co-staining the DNA/RNA damage
marker with a mitochondrial marker, such as TOM20 (outer mitochondrial membrane protein), is
required to confirm the precise localisation of damage. Although trends toward an increase in the
percentage of follicles showing evidence of DNA/RNA oxidative damage was observed in ovaries from

irradiated mice, the data did not reach statistical significance.

Due to their high content of polyunsaturated fatty acids (PUFAs), bio-membranes are sensitive to
modification by ROS [152]. In particular, destruction of the mitochondrial membrane can lead to release
of cytochrome ¢ and activation of apoptotic pathways [140]. In addition, lipids accumulate in oocytes
during follicle growth [236]. In the present study, 4-HNE, a maker of lipid peroxidation was observed
in the cytoplasm of oocytes and somatic cells, which was consistent with previous findings [233, 234,
237]. There was no difference in the percentage of follicles positive for this marker in control and
irradiated groups, suggesting that lipid peroxidation may not be increased following this treatment.
There was also no difference between saline and MitoQ treated animals. However, there was lot of inter-
animal variation within groups, making the results inconclusive and highlighting the need for further
studies.
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Excessive ROS, caused by radiation, has been shown to attack a variety of enzymatic proteins and
impair important signaling events, such as those mediated by protein phosphorylation [215, 216]. Thus,
the protein oxidative damage marker NTY was used to detect protein oxidative damage after irradiation.
In the present study, NTY was detected in the oocytes within primordial follicles and in somatic cells
within primary follicles. In secondary and antral follicles, NTY was found in both oocytes and somatic
cells. No significant difference among groups in the percentage of follicles stained with NTY was
observed, however, it was worth noting that the percentage of NTY positive primordial follicles were
less than the positive primary or growing follicles. Since primordial follicles are dormant with low
metabolic activity, it is possible that they were more resistant to protein oxidative damage than activated
follicles, in which metabolic activities, like protein synthesis, are more active to meet the demands of
follicle development. These results are similar to a previous paper reporting that in the mouse ovary,
18% of the oocytes from primordial follicles were NTY positive, whereas 45% of oocytes from antral

follicles were NTY positive [238].

A major limitation of this study was the considerable inter-animal variation. To fully understand if
MitoQ could have subtle, but important, impacts on preserving ovarian follicle number and protecting
DNA, lipid and proteins against irradiation, sample size should be increased to account for this
variability. Other techniques, such as Western blot and ELISA could also be included to further analyse
oxidative damage within ovaries. Alternatively, the overall ROS level in the ovary could be determined
using the sensitive fluorescent dye, 2°,7’-dichlorofluorescin diacetate (DCFDA), as described [239]. In
addition, to develop a comprehensive understanding of the extent of oxidative damage to DNA, lipid
and protein, the immunofluorescent intensity of those markers in isolated oocytes could provide
valuable information. Another limitation of the protein, lipid and DNA/RNA damage analysis is that
only two time points were analysed; levels may have changed after irradiation, but the correct time point

was not analysed. Finally, it is not clear if MitoQ, under the regimen and conditions employed by this
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study, reached the ovary in sufficient levels and for a sufficient period of time to reduce oxidative stress
and prevent follicle loss. A recent study demonstrated that the combination of MitoQ and vitamin D3
significantly reduced the ovarian oxidative stress and increased follicle numbers in a mouse model of
PCOS [191]. Thus, further studies could also determine if MitoQ acting as a co-adjuvant with vitamin

D3 (or other inhibitors of apoptosis) protects oocytes and follicles from irradiation damage.

4.5 Conclusion

The results presented in this chapter demonstrated that 0.45Gy y-irradiation depletes the ovarian reserve
5 days after exposure, however, under the conditions used in this study, MitoQ did not prevent follicle
loss. Evidence of DNA/RNA, protein and lipid oxidation could be detected in follicles in normal ovaries,
and this did not appear to change with irradiation or MitoQ treatment. Thus, this Chapter reports
important in interesting data that provide an essential foundation from which studies could be extended

in the future.
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Supplemental Figure 1. Diagram of MitoQ and y-irradiation treatments. A. Mice received MitoQ
(2mg/kg), or an equivalent volume of saline (1% DMSO) by ip injection each day for 3 days before
irradiation, with the third dose given 2 hours before irradiation. Mice were sacrificed 3 hours after
irradiation to harvest ovaries. B. Mice receive MitoQ (2mg/kg), or an equivalent volume of saline (1%
DMSO) by ip injection each day for 3 days before irradiation. Irradiation was performed 2 hours after
the third dose and 20 hours before the fourth dose of MitoQ or saline. Mice were sacrificed 5 days after

irradiation to harvest ovaries.
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Supplemental Figure 2. Representative images of negative controls for the oxidative damage markers.
Immunofluorescent staining was performed as described before, except the primary antibody was

omitted. Scale bar= 50um.
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Chapter S. General discussion
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Radiotherapy and certain chemotherapies are well-known to compromise female fertility and induce
premature menopause by damaging nuclear DNA and activating apoptosis in oocytes and granulosa
cells [3, 116, 132, 240, 241] . However, studies in somatic cells reveal that radiation and chemotherapy
also damage intracellular organelles, with the impairment of mitochondria emerging as a key mediator
of cell dysfunction and cell death [97, 242]. Indeed, mitochondria are the major source and target of
ROS, and are an essential component of the intrinsic apoptosis pathway [243]. These observations raise
the possibility that, in addition to causing genomic DNA damage, radiation and chemotherapy could
cause mitochondrial damage in oocytes, leading to oocyte death or compromised oocyte quality. The
latter is especially important to consider in the context of fertility preservation for female cancer patients,
as these organelles are maternally inherited [5]. In addition, a comprehensive understanding of the
mechanisms by which cancer treatments deplete follicles may lead to new opportunities for fertility
preservation in women and girls being treated for cancer. Thus, this thesis aimed to characterize the
short and long-term impacts of y-irradiation and cisplatin, a widely used platinum containing
chemotherapy drug, on mitochondria in oocytes, and to determine if protecting mitochondria using the
mitochondria-targeted antioxidant, MitoQ, could prevent or reduce primordial follicle depletion caused

by radiation.

Mitochondria are highly dynamic organelles that relocate in the cytoplasm during oocyte and embryo
development [244]. Although the redistribution patterns vary in different species, localisation is an
important marker of oocyte and embryo quality [244, 245]. Thus, MitoTracker green, a fluorescent dye
that localizes with functional and dysfunctional mitochondria, was used to determine if mitochondrial
distribution was affected by y-irradiation (Chapter 2) or cisplatin (Chapter 3). In the irradiation study,

mitochondrial distribution was not affected in small immature oocytes from primordial or primary
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follicles, or in growing immature oocytes from secondary or early antral follicles. In contrast, cisplatin
treatment affected mitochondrial localization in a dose and time dependent manner, with aberrant
restricted cytoplasmic localization observed only in small immature oocytes at 24 hours after injection
with the higher dose of cisplatin (4mg/kg). Those oocytes also displayed rough edges, suggesting that
they were undergoing apoptosis. Notably, both homogeneous and aggregated mitochondrial localization
were found in growing oocytes in irradiation and cisplatin studies. Although the functions of the two
patterns were not determined in the current study, it could possibly represent the different developmental

stages, with aggregated mitochondria found in large preantral follicles [246].

Mitochondria undergo frequent fusion and fission to balance the population and maintain normal
functions [247]. In somatic cells, an increase of mitochondrial mass has been commonly detected after
exposure to y-irradiation, and it was proposed to be a compensatory reaction to the oxidative damage
[99, 100]. But, both an increase and decrease of mitochondrial mass has been reported in different cells
after cisplatin treatment [248, 249]. Notably, however, results from the present study showed
mitochondrial mass in small and growing oocytes was not affected by y-irradiation or cisplatin treatment.
It is possible that the timeframe chosen in the studies conducted for this thesis was too late for the
detection of changes in mitochondrial mass, as other studies in somatic cells have looked in the hours
following treatment. Thus, additional earlier time points could be investigated in future experiments,

along with an analysis of mitochondrial fission related genes, such as dynamin-related protein (Drp-1).

Mitochondrial membrane potential, generated by the process of proton pumping, is required for ATP
generation and is an indicator of mitochondrial function [250]. Decreased mitochondrial membrane

potential is associated with mitochondrial dysfunction and the induction of apoptosis [251-254]. To
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assess mitochondrial membrane potential in oocytes after irradiation and cisplatin, TMRM, a low
toxicity, cell-permeant dye, that accumulates only in active mitochondria, was used and the fluorescent
intensity of TMRM was quantified to evaluate mitochondrial activity. It was found that both irradiation
(Chapter 2) and cisplatin (Chapter 3) induced acute mitochondrial damage in a cohort of small immature
oocytes (primordial and primary follicles) 24 hours after treatment. This was characterised by the partial
or complete loss of mitochondrial membrane potential, consistent with mitochondrial dysfunction and
the activation of apoptosis, respectively. The induction of apoptosis could be the consequence of direct
damage to mitochondria by radiation and cisplatin, or the elevation of ROS leading to the protein, lipid
and/or DNA damage in mitochondria. It could also be mediated indirectly, through activation of the
intrinsic apoptosis pathway, which is triggered by DNA damage and involves permeabilization of the
mitochondrial membrane and release of cytochrome c [51, 255, 256]. One way to tease out the
underlying mechanisms (i.e. direct vs indicate mitochondrial damage) would be to study mitochondrial
membrane potential in the oocytes of irradiated Puma™" or Tap63”~ mice, in which the intrinsic apoptosis
pathway is not activated by DNA damage. Of note, at the 24-hour assessment time point, all the small
oocytes in the irradiated mice had detectable TMRM signals and normal levels of TMRM intensity, but
small oocytes that lost TMRM staining were first observed in cisplatin treated mice, suggesting different

apoptosis signal pathways might be triggered by the two treatments.

Compared to small immature oocytes, TMRM signals were detected in all growing immature oocytes
after irradiation and cisplatin treatment, which highlights the previous finding that oocytes in primordial
follicles are more sensitive to both treatments than oocytes in growing follicles [257, 258]. Although
TMRM intensity decreased in growing oocytes at 6 hours after irradiation and at 24 hours after cisplatin

exposure, ATP level in these oocytes were similar between groups, indicative of normal functional
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outputs. Alternatively, it is possible that the stable ATP content in these oocytes was the result of
transport of ATP from granulosa cells through gap junctions at the oolema [259]. It would be interesting
to assess oxygen consumption and calcium signaling later in development to further evaluate

mitochondrial function.

Mitochondria are mainly maternally inherited and are important for oocyte maturation and embryo
development [260]. After evaluating mitochondrial characteristics in immature oocytes in the acute
period after exposure to radiation or cisplatin, it was important to determine if any impairment in
mitochondrial content or function persisted in mature oocytes as a result of these treatments. In both
irradiation and cisplatin treated mice, significant reductions in the number of mature oocytes harvested
after superovulation were observed, which could be due to depletion of the primordial follicle reserve,
a well-established consequence of these treatments [51, 240, 261]. Although not investigated in detail
in this thesis, it is also possible that persistent impairment of mitochondrial function reduced the ability
of follicles to grow and mature such that fewer healthy larger preantral follicles were available to be
stimulated. However, reported counts of preantral follicles in control and irradiated or cisplatin mice do
not support this concept [3, 240]. Alternatively, the reduction of ovulated oocytes number may have
been caused by compromised mitochondrial functions in granulosa cells. Indeed, a previous study
reported that mitochondrial dysfunction in cumulus cells results in oocyte incompetence and low
fertility rates [262]. Therefore, further study could focus on whether mitochondria were affected in
granulosa cells. A reduction in the number of mature ovulatory oocytes could also reflect an impaired
ability to respond to hormone priming after irradiation or cisplatin. Notably, however, all the
mitochondrial parameters investigated in the mature ovulated oocytes (including ATP levels, mtDNA

copy number and mitochondrial mass and localisation) were similar between untreated and treated
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groups, suggesting the mitochondria were functional. Indeed, fertility studies conducted by others have
demonstrated that apoptosis deficient mice (i.e. in which oocytes are unable to undergo apoptosis)

receiving irradiation or cisplatin produce comparable litters as control mice by natural mating [51, 218].

It is well established that exposure to exogenous stimuli, such as irradiation and chemotherapy can lead
to elevated ROS level in cells [114, 131]. Excessive intracellular ROS can attack mitochondria, which
are the main source of ROS, even under physiological conditions, in turn resulting in more ROS
production [263]. As discussed earlier, mitochondria are also essential components of the intrinsic
apoptosis pathway, and it is the release of cytochrome ¢ from the inner membrane that activates the
caspase cascade leading to demolition of the cell [263]. Based on the data presented in the irradiation
(Chapter 2) study demonstrating mitochondrial damage in immature oocytes, combined with studies in
rats showing that MitoQ prevents radiation-induced damage to the testis [192, 193], it was hypothesized

that MitoQ could prevent follicle loss by protecting mitochondria from oxidative damage.

MitoQ is an effective mitochondrial-targeted antioxidant that can rapidly scavenge ROS [264]. It can
protect against pathologies associated with various mitochondria-related diseases, such as diabetic
kidney disease and chronic hepatitis C virus infection, in rodents and humans [187, 190]. Although
previous studies in mice using Smg/kg MitoQ via ip injection [ 190] did not report any adverse outcomes,
in the present study, Smg/kg MitoQ given by ip injection for 4 days caused severely swollen intestines
and suppressed ovulation in mice. Thus, the dose of MitoQ was decreased to 2mg/kg, based on reports
that this dose protects against acute lung injury in rats [207]. In this study, MitoQ conferred no protective
effect against radiation-induced follicle depletion. Interestingly, however, the results showed MitoQ

delayed primary follicle loss after irradiation, though this effect was transient, suggesting that MitoQ
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has protective properties and is worthy of further study. Since MitoQ can be detected in the kidney 5
mins after injection, and the half-life of MitoQ in the liver and kidney is 2 hours and 4 hours,
respectively [225], it was possible that MitoQ was not delivered to the ovary with sufficient frequency
to reach protective levels over a sustained period of time. Thus, further studies using [°H] MitoQ should

be performed, as described [225], to assist with the optimization of the treatment protocol.

One of the mechanisms by which cancer treatments induce cell death is the elevation of intracellular
ROS level [140, 198, 265, 266]. Excessive ROS can damage cellular components both within and
beyond the mitochondria, such as DNA, lipids and proteins. The oxidative products of these components
are associated with aging and the decrease of oocyte quality [235] [155, 156, 234]. Consistent with
previous studies [233, 234], the oxidative DNA/RNA damage marker used in this study was only
observed in the cytoplasm of oocytes and granulosa cells, not the nucleus. This staining pattern could
reflect RNA oxidative damage. Alternatively, since mitochondria contain DNA that has a similar
structure to nuclear DNA, this localization pattern might indicate oxidative damage to mtDNA. To
support this idea, mtDNA and 8-oxoG were found colocalized under oxidative stress in neurons [209].
In this regard, further studies that co-stain mitochondria and the DNA/RNA oxidative marker in ovarian
tissues could help to address this hypothesis. Overall, the studies conducted in this thesis could not
confirm that exposure to radiation increases DNA/RNA oxidative damage in the ovary, as it does in

other tissues and cells, as no significant differences were observed between groups.

A large amount of lipids accumulate in oocytes during their development to support their growth [236].
In previous studies, the products of lipid peroxidation, such as 4-HNE, have been shown to damage the

DNA, spindle and proteins in oocytes, resulting in loss or compromised oocyte quality [153-156]. In
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the present study, no significant changes in lipid peroxidative damage in ovarian tissue sections were
observed after irradiation, although high inter-animal variations were noted. In addition to the
accumulation of lipids, an increase of protein content is observed during oocyte growth [267]. The
peroxidation of proteins within cells leads to malfunction of proteins, and especially compromises
protein enzymatic activities, resulting in cell death [268]. Even though no significant increase of
follicles positively labelled with the marker of protein damage was observed after irradiation, it is worth
noting that the localisation of this marker was heavily dependent on follicle stage. Whereas only a small
portion of primordial follicles was positive, a much larger cohort of growing follicles was positive.
Similar findings were reported in aging mouse ovaries [238], which might indicate that proteins in

dormant primordial follicles are less exposed to ROS—than metabolically active growing follicles.

Of note, MitoQ supplementation did not alter localisation or staining patterns of the markers of
DNA/RNA, lipids and protein damage used in this study. In addition to the factors mentioned above
(dose, uptake rate and half-life of MitoQ), dysfunction of complex II (one of the mitochondrial electron
transport chain complexes) might be one explanation for this finding. Since MitoQ can only be
efficiently utilized by complex II, mitochondrial function cannot be restored by MitoQ in the absence
of complex II [178]. Therefore, further studies, such as Western blots, should be performed to examine

complex II levels in ovaries after irradiation.

Overall, this thesis represents the first analysis of the impact of radiation and cisplatin on mitochondria
in oocytes. It shows that both y-irradiation and cisplatin treatment of pre-pubertal mice are associated
with 1) loss of mitochondrial membrane potential in a significant proportion of small immature oocytes

and 2) a reduction in the number of mature oocytes harvested from adult mice. Importantly, these data
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indicate that immature oocytes that survive y-irradiation or cisplatin treatment can progress to the
ovulatory stage and harbor apparently normal mitochondria, although a slight reduction in
mitochondrial mass in mature oocytes after y-irradiation was observed. These results suggest that the
long-term impacts of y-irradiation or cisplatin treatment on mitochondria may be very limited. Though
extrapolation from mouse to human should be performed with caution, this knowledge is reassuring to
the fertility preservation field, especially those pursuing apoptosis inhibition as a method to prevent
treatment-induced follicle depletion. This thesis also reports the first study of mitochondrial protection
as a potential strategy to reduce the damaging effects of chemotherapy and radiation on follicles.
Although MitoQ did not prevent follicle loss in irradiated mice or reduce the presence of oxidative
damage in ovarian tissues, the observed delay in primary follicle depletion indicates some promise.
Thus, it is hoped that the data presented in this thesis prompts additional exploration of the therapeutic

potential of MitoQ as a novel follicle protectant during cancer treatment.
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