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Infertility is a global problem on the rise. The WHO defines it as a condition of the reproductive system that can be
diagnosed when there is a “failure to achieve a clinical pregnancy after 12 months or more of regular unprotected
sexual intercourse”. It occurs due to four broad causes: lifestyle choices, inheritable factors, health conditions, and
aging, with a degree of overlap between each of these factors. There are various mechanisms and factors that

contribute to infertility, most of which have some type of connection with oxidative damage.
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| 1. Metabolic and Molecular Mechanisms of Ovarian Aging

The number of oocytes present in females varies throughout life. During the first 5 months before birth, the
numbers increase steadily to about 7 million. By the time of birth, the oocytes decrease to around 1 million through
atresia W[, Atresia is the natural process through which ovarian function is regulated. For a long time, follicular
atresia has been hypothesised to be the primary cause of menopause and, thus, infertility . Atresia works by
activating the apoptotic pathways 4, leading to only around 400 oocytes maturing to the degree necessary for
ovulation and fertilisation MBI, Working counter to atresia is the process of folliculogenesis; the mechanism that
develops, matures and selectively releases oocytes to the uterus €. The balance of atresia to folliculogenesis is a
complex and tightly controlled system. Atretogenic factors include tumour necrosis factor-a (TNF-a), Interleukin-6
and androgens . Androgens, however, are also important for the normal functioning of oocytes in natural
physiological concentrations. The PI3K pathway has two ovarian functions. First, when upregulated, it triggers the
maturation of primordial follicles into primary follicles. Second, in low doses, it prevents atresia from occurring in
the primordial follicle pool in its dormant state. Testosterone promotes the PI3K pathway in follicles, thus ensuring
both the above crucial physiological functions can be maintained . Androgens play an important role in
stimulating atresia in further follicular stages to ensure mono-follicular activation in humans . Finally, their
production in theca cells also leads to the production of oestradiol, the primary female sex hormone, in granulosa
cells . There have been some attempts to use androgens for fertility treatment, which researchers explore but
any attempts to disrupt the delicate balance that androgens have in the female reproductive system should be met

with caution.

Folliculogenic factors include gonadotropins and downward intermediates such as Interleukin-13, insulin-like

growth factor-1 and oestrogens Bl As age increases, besides the quantitative loss of oocytes, the risk of
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aneuploidy increases. Aneuploidy in oocytes is the unequal separation of chromosomes during meiosis | or I,

resulting in gametes with less/more than a single set of 23 chromosomes 19,

| 2. General Factors Involved in Ovarian Aging

Ovarian aging mechanisms are still unclear, as is their effect on oocyte quality/quantity. It would, however, be
beneficial to examine the established and novel mechanisms so that researchers may then theorize on how they

may be targeted.

The rate at which atresia occurs is largely accelerated as a woman approaches menopause when compared to the
more linear decline seen before the mid to late thirties B3, For a long time, the modelling for ovarian follicular loss
was thought to best fit a biphasic decrease & (Figure 1). This is because the rate of atresia seems to increase
twofold in the late 30s (37-38) when a threshold of around 25,000 follicles is exceeded. If this modelling was
correct, without the twofold increase, follicular depletion would not occur until around 70 years of age &. More
recent evidence, however, suggests that the follicular decay more closely fits a power model of decay 11l
suggesting a more gradual exponential decrease that may not occur at exactly 37 years old and without there

being a particular follicle threshold that triggers accelerated recruitment.
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Figure 1. Models of human follicular loss over years, as seen in Coxworth et al. 11, with permission of Oxford

University Press. Model represented by solid line, confidence intervals by dashed line.

2.1. Genetic Factors Involved in Ovarian Aging

The rate of atresia may be directly linked to the quality of the oocytes instead of the number of follicles. In mice that
lack CHTF18, a protein that ensures chromatid cohesion and stable DNA replication, the rate of follicular atresia is
notably higher than in CHTF18+ mice [12. The increase in atresia also comes with an increase in aneuploidy and
DNA double-strand breaks (DSB). Along the same lines, women with BRCA1l mutations experience earlier
menopause along with higher aneuploidy 28Il24] This pattern is also seen in BRCA2 mutations 24!, with primordial

follicular density demonstrating a significant decrease compared to controls, especially after 30 years of age. The
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age of menopause is also linked to other genes related to homologous recombination such as BRE, MCM8 and
INOS8O 1131,

It has been hypothesised that oocytes collect double-strand breaks in their DNA during their lifetime L8], Titus et al.
(18] showed that several genes involved in ATM-mediated DNA DSB repair pathways (BRCA1, ATM, MRE11, etc.)
showed a decrease in expression after 37 years of age. However, the data were explained using a biexponential
model of follicular decay B! and, as discussed above, the decrease could be more gradual than the authors believe.
The results could still fit into the more gradual power model (Figure 1). Researchers have seen above [13114] that
genetic BRCA1/2 mutations do lead to higher follicular atresia and a younger menopausal age. Taken together, the
natural rate of atresia, which leads to menopause at around 45 years of age, may have the potential to be targeted
for preventative treatment. If such treatment were successful, it would prolong menopause beyond this age limit

and, thus, extend the female fertility window.

2.2. DNA Damage

DNA damage in the oocytes is accumulated over the reproductive lifespan. It may be caused by intrinsic factors,
such as accrued replicated stress, ROS and hydrolysis, or by extrinsic factors, such as genotoxic substances,
mutagens and radiation 221, All these factors provide various mechanisms for damage incidents to occur on the
oocyte DNA, whether structural or intrinsic. These can be thought of as “hits”, and when a certain number of hits is
reached, the oocyte will be unsuitable for development into a foetus. It will then be either eliminated through
apoptotic atresia or cause aneuploidy. The “hits” hypothesis 18 suggests that even if one mechanism for DNA
damage is stopped or prevented, others will accumulate enough to still cause infertility. As they accumulate, they
may have a domino effect, leading to exponential oocyte loss; the malfunction of one repair mechanism may have

a detrimental effect on others, causing a cascade that tips over the delicate atresia/folliculogenesis equilibrium.

2.3. Cohesins

Cohesins are another factor leading to aging when they fail. They are the proteins that hold the sister chromatids
together and are not renewed once formed; the same cohesins from foetal development must provide structural
DNA support for up to 4 decades later 1929 After all, cohesins in oocytes sustain the sister chromatids in
prophase | until the oocyte is selected for ovulation 29, The fact that there is no cohesin turnover, combined with
inexistent repair mechanisms, gives rise to the theory that cohesins play a vital role in causing aneuploidy 2%, as
sister chromatids separate prematurely. The “cohesin deterioration” hypothesis [2[22123] syggests cohesion
deterioration is the leading cause of aneuploidy, though the specific mechanism remains unclear 2. |t may be due
to cohesin deterioration, primarily around the centromere 23, Although cohesins also attach to specific points on
the chromosomal arms (24! centromere cohesion appears to critically deteriorate first, with the mechanism for this

deterioration remaining unclear 23],

2.4. Telomere Length
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Telomere length may also influence oocyte quality. In a study with 120 POI patients, Xu et al. showed shorter
telomere length in the granulosa cells compared to control 23, Miranda-Furtando et al. 28 on a similar note,
showed similar results in a study with 127 POI patients. Similarly, a significant difference in telomere length
compared to control has been observed in patients with occult POl [ZZ. From these findings, it may be suggested
that a short telomere length (and, therefore, reduced telomerase activity) may trigger atresia once a critical length
has been reached. Additionally, though the cause of some forms of POl is still unknown, telomere length should be
capable of acting as a predictive tool for the age of menopause and may furthermore be targeted as a mechanism

to extend ovarian health for a longer time.

2.5. Oxidative Damage

A final factor is oxidative damage through deactivated antioxidative pathways. Ovarian aging has been shown to be
linked to a downregulation of the pathways that prevent ROS from causing oxidative damage in both mitochondrial
and nuclear DNA. On a non-human primate study, Wang et al. 28 demonstrated that a downregulation of
transcription for key antioxidant mechanisms occurs with aging. This was shown by the statistically significant
increase in DNA oxidation biomarker 8-OHdG and DNA damage biomarker yH2AX, among others. Such a study is
important given that direct human ovarian samples are difficult to obtain, and it can provide a close model for
ovarian aging. Oxidative damage may play a wider role and may be the predominant factor affecting all the
mechanisms discussed above; it has been demonstrated to be linked to telomere shortening, genetic instability and
subsequent apoptosis 22 through ovarian dysfunction (Figure 2). Furthermore, oxidative damage is shown to
affect both mtDNA and DNA repair mechanisms 2. In conclusion, the prevention of oxidative damage may be the

key factor in preventing ovarian aging through the previously discussed pathways.
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Figure 2. Relationship of oxidative damage to other mechanisms.

MtDNA is especially prone to DNA damage as it relies on the cell’'s endogenous antioxidant mechanism rather than
a mtDNA-specific mechanism for damage repair 1. Mitochondria are in greater demand in oocytes compared to
somatic cells, given the considerable ATP required for fertilisation and blastocyst formation. As such, mature
(metaphase 1) oocytes have up to 100,000 mitochondria B, compared to the few thousand that may be found in
somatic cells 22,
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