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Reproductive aging is on the rise globally and inseparable from the entire aging process. An extreme form of reproductive
aging is premature ovarian insufficiency (POI), which to date has mostly been of idiopathic etiology, thus hampering
further clinical applications and associated with enormous socioeconomic and personal costs. In the field of reproduction,
timely diagnosis with a clear understanding of the various comorbidities that can arise from estrogen deficiency and the
important functional role of inflammation-induced ovarian deterioration are research hotspots for appropriate counseling
and preventing this prematurely ovarian aging disease. It is evident that more research is required to allow pre-emptive
identification of the at-risk population and to identify mechanisms that, if addressed promptly, can prolong ovarian function
and fertility.
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| 1. Introduction

Premature ovarian insufficiency (POI), often referred to as premature ovarian failure (POF), is an endocrine disorder that
describes a continuum of declining ovarian function, occurring in approximately every 1% of women =40 years of age and
0.1% of women =30 years of age W&, In most cases, multiple factors contribute to the premature depletion of the
primordial follicle pool . Genetic abnormalities, autoimmunity, radiotherapy, chemotherapy, or surgery can all contribute
to this disease BIEIBIEIZ The most common symptoms are menstrual irregularities, low-level estrogen, and high follicle-
stimulating hormone (FSH); however, some POI patients have unexplained idiopathic causes [&. POI at an early age has
an undesirable impact on the reproductive system and may result in infertility. Furthermore, estrogen deficiency is linked
to low bone density, cardiovascular diseases, sexual dysfunction, and high mental distress 9%, Though POI is a
polygenic disease (11, the precise etiology and molecular mechanisms of POI remain unknown.

In recent years, the concept of aging as a disease has not prevailed in academia, but despite differences in preexisting
concepts, it may not have the full symptoms of the specific disease, but still has inherent pathological features 2.
Likewise, aging has long been shown to be a major risk factor and more importantly associated with the faster
progression of various health disorders [18Il14 Reproductive aging, which mostly develops over time, is a natural
phenomenon 151, Several studies have revealed the complexity and serendipitous uncertainty of the interconnectedness
between reproductive aging and other organ aging 1€, Recently, numerous studies have described a strong connotation
amongst inflammatory aging and POI 1418l |n addition, ovarian biopsies of samples collected from POI patients showed
lymphocytic infiltration and immune responses in the ovaries 2229, |n the reproduction field, the significant functional role
of inflammation-causing ovarian deterioration along with therapeutic approaches in order to prevent ovarian aging and
increase their functionality are current research hotspots. However, further exploring the cause of POI and its association
with aging needs to better understand the process of oocyte maturation and in what way the aging and inherited genetic
defect are affecting it. Therefore, expanding our understanding of the disease's pathogenesis and mechanisms may be
beneficial in developing an innovative strategy for treating this premature ovarian condition and preventing infertility.

| 2. Premature Ovarian Insufficiency or Aging

Premature ovarian insufficiency, aging, or failure (POI, POA, or POF) refers to the loss of ovarian function in a woman at a
younger age than the estimates for menopausal age W&, POF is one of the leading but often overlooked cause of female
infertility, in which a woman’s eggs are less likely to be fertilized, and may not even be fertilized. With premature ovarian
failure condition, women are still having regular menstrual cycles as well as facing difficulty in conceiving, and is seen in
young women, with about 10% experiencing fertility problems. This condition of early ovarian failure is referred by Center
for Human Reproduction (CHR) researchers as a clinical term of premature ovarian aging (POA) 2 which in vitro
fertilization (IVF) centers also refer to as primary ovarian insufficiency (POI).



Normally, the ovaries stop functioning and decline earlier than other organs in the body, which in turn ushers in the onset
of systemic aging 2. Due to modern society’s population structure and the delay of the age of first childbearing, ovarian
aging and related issues are becoming increasingly serious. Along with the substantial extension of women'’s life span in
modern society, the asynchronous aging of the ovary and the whole body becomes in sharp conflict with pursuing better
physical and psychological well-being in women at an advanced age. In the modern era, when infertility is regarded as
one of the three most prevalent diseases affecting humans, infertility rates are as high as 15-20% in developed countries.
In recent years, it has been reported that the rate of female infertility in China has increased from 3% to 15-18%, and
approximately 40% are related to ovarian aging. Across the entire population of women of reproductive age, 1% to 3% of
women reach pathological decline in ovarian function or pathological menopause before the age of 40, also known as
premature ovarian failure (POF) 2324 Ovarian aging has emerged as a significant threat to women’s health in modern
society as a result of rising rates of infertility and longevity. Therefore, delaying ovarian aging is the key to preserving
fertility in older women, thereby improving their health and quality of life.

| 3. Pathophysiology of Premature Ovarian Insufficiency

The ovary is the most important female reproductive organ, performing both gametogenic and secretory functions [23(28],
A healthy ovary is necessary for proper functions and for the production of sex hormones 4, and this helps females
regulate their hormonal growth, reproductive cycle, and menstruation throughout their lives. Ovarian dysregulation can
have an impact on a woman'’s physiological or reproductive functions. The primary constituents of follicles are granulosa
cells (GCs) and oocytes, which are essential for ovarian functioning 28291 |n addition to controlling oocyte growth through
the secretion of growth factors and hormones, GCs are important in maintaining follicular evolution. Hormone receptor
expression in GCs, for example, follicle-stimulating hormone receptors (FSHR), is critical in ovulation as well as in
folliculogenesis. Interestingly, the number of operational oocytes demonstrates a female’s reproductive capacity B9,
During folliculogenesis, the mature oocytes accompanied by GCs can interact with relevant growth hormones/factors,
such as bone morphogenetic proteins (BMPs) and FSH. In most cases, even though the cause of POI is unknown,
expedited GCs and oocyte apoptosis obstruct follicle maturation, anomalies in follicle activation are key mechanisms of
POI in general, and the hypothalamic—pituitary—ovarian axis regulates ovarian function 1. The primary ovarian hormones
that regulate folliculogenesis are FSH and LH. Furthermore, GCs secrete anti-Miillerian hormone (AMH) during the
primordial follicle phase and initial phase of antral follicles. As a result, AMH plus estrogen has a negative effect on
follicular growth and influences FSH levels. Once GCs are disrupted through chemotherapy or other treatments, estrogen
and AMH levels decrease, causing FSH to rise and the follicular pool to be depleted B2I33]. PO is detected by a decrease
in estrogen and AMH secretion and a rise in FSH secretion. Insights into the mechanisms underlying ovarian dysfunction
and follicular pool depletion can thus aid in the identification and development of effective treatments for ovarian
dysfunction 433l The normal folliculogenesis and pathological symptoms of POF are presented in the Figure 1.
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Figure 1. An illustration presenting normal folliculogenesis and symptoms of POF.

| 4. Causes of Premature Ovarian Insufficiency

POl is accepted in clinical practice in females under the age of 40 who show sex hormone deficiency, amenorrhea, and
serum FSH level greater than 40 IU/L B8, POI results in low levels of progesterone and estrogen. If untreated, it increases
the risk of cardiovascular disease, osteoporosis, and cognitive issues. The beginning of cycle irregularity and the final



cessation of menstruation is determined by the age-related decrease in follicle numbers. Natural sterility and the gradual
decline in fertility are both caused by the parallel decline in oocyte quality. The decrease in negative feedback from
ovarian factors at the hypothalamic—pituitary unit is the primary cause of endocrine changes. FSH levels rise first as the
number of antral follicles decreases with age, then there are stages of overt cycle irregularity. Decreased levels of AMH
best illustrate the gradual shrinkage of the antral follicle cohort.

Pathophysiological ovary conditions can result in follicle destruction or follicular abnormalities in cases of iatrogenic
treatments, autoimmunity, genetic abnormalities, and environmental issues, and cause metabolic abnormality and
infertility. Genetic factors contribute to approximately 20-25% of POI cases, where chromosomal abnormalities and
genetic mutations are responsible. Multiple relevant genes have been implicated in ancestral POF, and about 14% of
these cases have a positive POI genetic history BZ. Atypical chromosomal organization and mutations in particular genes
linked to ovarian function or metabolic control are two examples of the genetic reasons for follicular dysfunction 28, The
DNA may also be damaged by chemotherapy and radiation therapy, which might eventually affect ovarian function by
inducing apoptosis in GCs and loss of preantral follicles B[4, Follicular atresia is brought on by GC malfunction, and has
been identified as the primary factor in POI (41, |n individuals with biochemical POI, it was shown that granulosa cell-
associated transcript 1 is downregulated in GCs, demonstrating a unique InNcRNA approach that promotes epigenetic
control of GC activity and aids in the etiology of POI 22, Furthermore, POI has been associated with many autoimmune
diseases [8. The autoimmune attack’s damage to ovarian function might be the underlying pathogenic factor. Even so, the
exact function of the autoimmune response in ovarian dysfunction requires further investigation. However, a majority of
POI cases are idiopathic B2, which encourages future research to fully comprehend this condition and investigate novel
solutions.

In cases of idiopathic POI, the understanding of possible causative genetic defects and the relationship of aging with POI
remains to be elucidated. Recently, numerous studies have described a strong connotation between inflammatory aging
and POI 1418 |n addition, ovarian biopsies of samples collected from POI patients showed lymphocytic infiltration and
immune responses in the ovaries 129, However, exploring the causes of POI and its association with aging needs to
gain an understanding of the process of oocyte maturation and in what way aging is affecting it. Until now, limited
research has been carried out on oocyte maturation because of research restrictions and rarer approaches to the
embryos of humans with inherited POI. A variety of diseases are linked to POI, even in instances with a known origin,
showing heterogeneity of this entity, and thus the identification of the exact causative defect is essential. This fact
emphasizes the necessity of creating several ways to enhance the clinical care of these patients, as well as the
significance of choosing the appropriate demographic of POI patients who can profit from each strategy. As a result, it is
critical to investigate efficient treatment for managing POF and associated complications. Specific causes of POF require
specific treatments according to the guidelines of the European Society of Human Reproduction and Embryology
(ESHRE). ESHRE recommends HRT for POI treatment under conditions with hypoestrogenic symptoms 2. Despite HRT
being the standard clinical treatment for POI, it fails to restore ovarian function completely. Other treatment options, such
as in vitro follicle activation, oocyte cryopreservation, and ovarian tissue transplantation, have also been investigated 43!,
However, these methods have not yet been used in medical applications. The reasons are inefficient follicle activation and
technical, ethical, and administrative constraints. Rapid advancements in regenerative medicine hold great potential to
restore ovarian function using stem cells. Figure 2 shows the likely causes of and available treatments for POI.
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Figure 2. Probable causes of and treatment options for POI.
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| 5. Aging Hallmarks of Premature Ovarian Insufficiency

There are obvious limitations to the existing information and understanding of female reproductive aging. Researchers are
aware that ovarian changes play a major role in this process, which ends with menstrual cyclicity because of the ongoing
loss of follicles and their eventual depletion. Alterations in ovarian feedback are considered responsible for changes in the
neuroendocrine control of cyclic ovarian function. Antral follicle counts and AMH currently provide the most accurate
representation of periosteal follicle loss, though these markers may not completely capture the entire decline. In addition
to the decrease in quantity of oocytes, the parallel decline in oocyte competence and its effect on female fertility with age
have been recognized. Aneuploid embryos are becoming more common as a result of the quality loss in oocytes, but the
precise molecular biology mechanisms are still poorly understood. There is a great deal of variation among women when
it comes to both the quantity and quality of ovarian decline aspects of aging. This variation suggests that many women
face a clearly shorter fertility life expectancy.

The underlying mechanisms of ovarian aging remain poorly understood, especially since it is a complex biological process
in which many factors interact internally and externally. The combination of internal and external elements during the
body’s degeneration stage causes the long and complicated biological process of natural aging in humans. Structures
deteriorate with age, the internal environment becomes imbalanced, function declines, and adaptation, resilience, and
resistance are lost 4. The study of aging is entering a new phase of inquiry due to the rapid advancement of technology,
although the precise process behind aging has not yet been fully understood. Inflammation has been linked to aging in a
large number of reports. Aging is followed by a persistent and developing proinflammatory condition in the body tissue and
organs [45I48147] Figure 3 shows the important aging hallmarks of premature ovarian insufficiency.



e

Apoptosis S
s Ll A
Metabolic Genomic
changes instability
//—

"'g 3 Aging hallmarks and M
Premature Ovarian
Inflammatory Insufficiency
aging

DNA damage

N —

(@ Y b)

Mitochondrial
damage

Telomere
attrition

Ovarian
senescence

Figure 3. Important aging hallmarks of premature ovarian insufficiency. Inflammatory aging, apoptosis, DNA damage,
genomic instability, ovarian senescence, telomere attrition, mitochondrial dysfunction, and metabolic changes seen in
POI.

| 6. Premature Ovarian Aging and Infertility

Female fertility is negatively affected by premature ovarian failure due to insufficient egg numbers and poor egg quality
(18] A few low-quality eggs can markedly reduce the fertility rate of women in two ways: lowered fertility, or in cases of
pregnancy, miscarriages usually occur. Unluckily, egg quality is inversely proportional to egg quantity LAMR8l As a result,
females with untreated reduced ovarian reserve have the highest rates of miscarriages of any infertility diagnosis, as
approximately 95% of quality embryos come from eggs, making miscarriages more likely due to poor embryo quality.
However, deducing the exact mechanism of premature aging requires better understanding of the process of oocyte
maturation and in what way aging and inherited genetic defects are affecting it. Limited research has been carried out on
oocyte maturation because of the restrictions imposed on such research and rarer approaches to the embryos of women
with inherited POI. Therefore, there is an urgent need for an effective POl model to deepen our knowledge of the
pathogenesis and mechanisms of premature aging and to develop an innovative strategy for treating this ovarian aging
disease and preventing infertility.
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