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Abstract

Female fertility decreases with increasing age, a reflection of declining oocyte
quantity and quality. The menopausal transition occurs when the oocyte
quantity falls below a threshold level. The pattern of follicular depletion as well
as the factors, timing and mechanisms surrounding both declining oocyte
number and oocyte quality remain incompletely understood. Further studies are
needed to examine the factors involved and develop predictive models and
biomarkers to assist in the management of age-related subfertility. This review
summarises the current knowledge addressing the ageing ovary and its impact
on fertility.
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Introduction

Undisputedly, the single most important factor in determining
fertility potential in the female is age. At a societal level, there has
been a shift toward delayed childbearing. In Australia, the aver-
age age of women at first birth in 2015 was 28.9 years compared
with 28.1 years in 2005 and the proportion of births to mothers
over the age of 35 years was 22%'. This in part has led to
increased demand for reproductive assistance. The average age of
women seeking assisted reproductive technologies in 2016
was 35.8 years as compared with 35.6 years in 2006. Over this
10-year time period, the age of women over 40 years undergo-
ing an autologous in vitro fertilisation cycle rose from 1 in 5 to
1 in 4°°. Therefore, it is important to consider the regulators and
physiological mechanisms involved in reproductive ageing.

It is well established that the female foetus possesses her entire
quotient of primordial germ cells with a decline initiated and
continued from about 16 to 20 weeks of pregnancy*. There is no
further neo-oogenesis. Follicular loss occurs via ovulation; how-
ever, the vast majority of follicles will undergo atresia before
reaching ovulation. While preantral and pre-ovulatory follicles
rarely undergo atresia, most follicular degeneration occurs at the
follicle-stimulating hormone (FSH)-dependent, early antral follicle
stage’. The point at which menopause occurs corresponds to a
decline in the primordial follicle pool below a critical threshold
of about 750 to 1000 remaining follicles"”. The loss of the
primordial follicle pool is mirrored by a gradual loss in natural
fertility over the reproductive lifespan followed by acceler-
ated decline in the 10 years preceding menopause, reflecting
quantitative and qualitative change to the ovarian oocyte
reserve'’.

Previous modelling proposed a binary or biphasic pattern of
follicular depletion with age. The binary model for follicular
atresia hypothesises that follicular atresia occurs at two differ-
ent rates over the reproductive lifespan. At a critical time point,
previously accepted as approximately 37.5 years, the rate of
follicular atresia increases, accelerating loss. This hypothesis was
derived from old morphometric studies using log-linear plots
of follicle number by age which demonstrate a deviation in the
scatter of points at this approximate age''™. Modern reassess-
ment of the morphometric data has suggested that this deviation
does not represent a shift to accelerated follicular loss but is
in fact a distortion of the values caused by transformation of
the data to a log-linear model'’. Hansen et al. used modern
stereology techniques to count the number of non-growing
follicles from 122 specimens and proposed that a constant
increasing rate of follicular depletion occurs over the reproduc-
tive lifespan’. These morphometric techniques are limited by
availability of suitable tissue specimens and the difficult nature
of counting primordial follicles.

Anti-Miillerian hormone (AMH) is secreted by the granulosa
cells of antral and preantral follicles and therefore is reflective
of the size of the primordial follicle pool. AMH may emerge as
a prediction marker for menopause. Depmann et al. reported that
AMH was an independent predictor of time to menopause but that
the predictive effect became less strong with increasing
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subject age'™'°. Larger cohort studies are yet to determine
the utility of this tool and may also shed light on the pattern of
primordial follicle loss occurring in the reproductive years
preceding menopause'>'.

Subtle endocrinological changes to the menstrual cycle take
place long before the shortening of the cycle and irregularity
which heralds the onset of the perimenopause. In normal men-
strual cycles, elevated FSH concentrations in the luteal-follicular
transition enable the recruitment of gonadotrophin-dependent
antral follicles and induce estradiol, inhibin A and inhibin B
synthesis. In the early menopausal transition, inhibin B secretion
by the relatively diminished antral follicle pool results in further
increase in early follicular FSH. At the ovarian level, the
increase in early follicular FSH results in earlier selection and
growth of the dominant follicle and a relatively shorter follicular
phase. Raised early follicular FSH and estradiol concentrations
may also precipitate the development of multiple dominant
follicles and the increase in dizygotic twin pregnancies in
women of advanced maternal age. As the menopausal transition
progresses, symptomatic with periods of amenorrhoea, estra-
diol and inhibin A decrease, contributing to the loss of negative
ovarian feedback within the hypothalamic pituitary unit'’.

Oocyte quality appears to relate to the decline in the quality of
oocyte cytoplasm and increasing nuclear genome abnormali-
ties occurring with age'*'"”. The oocyte completes its first meiotic
division at the time of ovulation induced by the midcycle surge
in luteinising hormone (LH). The second meiotic division is
completed at the time of fertilisation and the second polar body
subsequently extruded. It is believed that age-related changes
in the meiotic spindle formation and chromosome alignment
result in the high rates of oocyte embryo aneuploidy in women of
advancing reproductive age. Furthermore, age-related instabil-
ity in mitochondrial DNA may affect oocyte competence and
transmission of mitochondrial abnormalities to the offspring.
Lower mitochondrial DNA and indeed mitochondrial content are
predictive of poor oocyte quality and result in abnormal, premature
mitochondrial biogenesis in early embryonic development'.

Other meiotic cellular activities implicated in declining oocyte
quality include telomere shortening and cohesion dysfunc-
tion. The cohesin protein complex maintains the cohesion of the
sister chromatid structure. Cohesion cleavage is required for
correct chromosomal segregation for meiosis. It is proposed that
increasing time to resumption of meiosis in women of advancing
age results in deterioration in cohesion and increasing segregation
errors and aneuploidy. Increased separase activity, premature
Shugoshin 2 degradation, activity of the anaphase-promoting
complex or cyclosome and the spindle assembly checkpoint and
oxidative stress are factors implicated in this failure”’.

Telomeres cap and protect the chromosome ends. This capping
prevents the exposure of the DNA end which resembles a DNA
break and prompts a DNA damage response. Telomere short-
ening and eventual exposure of the DNA end are inevitable
consequences of ongoing cell division and increasing age.
Uncapping of the chromosome ends may therefore clarify the
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pathogenesis of the multitude of age-related effects on oocyte
cellular function, including cohesion defects, disrupted chi-
asma and meitotic spindle, aneuploidy and reactive oxygen
species (ROS) damage. Keefe er al.’’~ have proposed that
the shortening of oocyte telomeres associated with increasing
oocyte fragmentation and aneuploidy is an evolutionary mech-
anism to prevent women of advanced maternal age from

carrying a pregnancy that would risk their own health*.

Much of what is understood regarding oocyte quality is the
result of evaluation of oocytes and granulosa cells collected from
periovulatory follicles in the context of gonadotrophin stimula-
tion. In women more than 38 years old, the luteinising granulosa
cells are less numerous, produce less steroids and glycoproteins
and display more mitochondrial damage and mitochondrial
DNA deletions. These follicles show less expression of antioxi-
dant enzymes which may contribute to an imbalance of oxidant
and antioxidant systems leading to oxidative stress, implicated
in subfertility. The timing and mechanism by which these
changes arise are poorly understood™.

The age at which the final menopausal transition occurs is
multifactorial. Women who experience earlier menopause will
accordingly experience earlier age-related sterility'’. There
appears to be a strong genetic component to the age of menopau-
sal onset, and associations in menopausal age are demonstrated
in mother—daughter and sister pairs™.

Genes that exert an effect on reproductive hormones, follicu-
lar function and folliculogenesis include FSH beta, FSH recep-
tor, LH beta, LH receptor, 17 o hydroxylase/17, 20 (CYP17)
and aromatase (CYP 19). Bone morphogenic protein 15 (BMP
15), growth differentiation factor 9 (GDF 9) and G protein
receptor 3 (GPR 3) have a role in determining the rate of
follicular recruitment. Both groups have been implicated in the
pathogenesis of some cases of premature ovarian insufficiency.
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Therefore, it is possible that pleomorphisms in these or other
genes contribute to variation in the reproductive lifespan®’.

Many studies have investigated the impact of lifestyle choices
on reproductive ageing and the data are conflicting. These
factors—including tobacco use and smoking, combined oral con-
traceptive pill (COCP) use, body mass index (BMI) and alcohol
use—may be correlated with the age of spontaneous menopause.
Morphological studies have reported conflicting data in this
area. Westhoff et al. examined the ovaries of 89 premenopausal
women’. Follicle density was significantly lower in ever
smokers as compared with never smokers and in ever alcohol
users as compared with never users. These associations were sig-
nificant after controlling for age. There was no association dem-
onstrated between follicle density and COCP or BMI*. A similar
study has since examined the follicle count in entire premeno-
pausal ovary specimens®. Cumulative alcohol use was positively
associated with ovarian follicle count in that study; however,
BMI, COCP use and smoking showed no association®.

Conclusions

Decline in oocyte quantity is influenced by the rate of follicular
depletion and size of the initial follicle pool. The reductions
in oocyte quantity and oocyte quality inherent in reproductive
ageing result in clinical subfertility and increased miscarriage
rates in women of advanced maternal age. An improved under-
standing of the mechanisms in involved in female reproductive
ageing may result in the development of biomarkers to predict
the timing of age-related declining fertility in an individual and
provide target points for therapeutics.

Grant information
The author(s) declared that no grants were involved in supporting
this work.

F1000 recommended

1. Welfare AloHa: Australia’s Mothers and Babies 2015-In brief. Canberra:
Australian Institute of Health and welfare. 2017.
Reference Source

2. Wang YA, Dean J, Badgery-Parker T, et al.: Assisted reproduction technology
in Australia and New Zealande 2006. Sydney: AIHW National Peritnatal Statistics
Unit. 2008.
Reference Source

3. Fitzgerald O, Paul RC, Harris K, et al.: Assisted reproductive technology in
Australia and New Zealand 2016. Sydney: National Perinatal Epidemiology and
Statistics Unit, the Univeristy of New South Wales Sydney. 2018.

Reference Source

4. BAKER TG: A Quantitative And Cytological Study Of Germ Cells In Human
Ovaries. Proc R Soc Lond B Biol Sci. 1963; 158: 417-33.
PubMed Abstract | Publisher Full Text

5. Meng L, Jan SZ, Hamer G, et al.: Preantral follicular atresia occurs
mainly through autophagy, while antral follicles degenerate mostly through
apoptosis. Biol Reprod. 2018; 99(4): 853—-863.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

6. Peck JD, Quaas AM, Craig LB, et al.: Lifestyle factors associated
with histologically derived human ovarian non-growing follicle count in
reproductive age women. Hum Reprod. 2016; 31(1): 150-7.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

7. Hansen KR, Knowlton NS, Thyer AC, et al.: A new model of reproductive
aging: the decline in ovarian non-growing follicle number from birth to
menopause. Hum Reprod. 2008; 23(3): 699-708.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

8. BLOCK E: Quantitative morphological investigations of the follicular system in
women; variations in the different phases of the sexual cycle. Acta Endocrinol
(Copenh). 1951; 8(1): 33-54.

PubMed Abstract

9. McKinlay SM, Brambilla DJ, Posner JG: The normal menopause transition.
Maturitas. 1992; 14(2): 103—15.

PubMed Abstract | Publisher Full Text

10. te Velde ER, Pearson PL: The variability of female reproductive ageing. Hum
Reprod Update. 2002; 8(2): 141-54.
PubMed Abstract | Publisher Full Text

11.  Richardson SJ, Senikas V, Nelson JF: Follicular depletion during the
menopausal transition: evidence for accelerated loss and ultimate exhaustion.
J Clin Endocrinol Metab. 1987; 65(6): 1231-7.
PubMed Abstract | Publisher Full Text

12.  Faddy MJ, Gosden RG, Gougeon A, et al.: Accelerated disappearance of ovarian
follicles in mid-life: implications for forecasting menopause. Hum Reprod.
1992; 7(10): 1342-6.
PubMed Abstract | Publisher Full Text

Page 4 of 6


https://www.aihw.gov.au/getmedia/728e7dc2-ced6-47b7-addd-befc9d95af2d/aihw-per-91-inbrief.pdf.aspx?inline=true
https://npesu.unsw.edu.au/sites/default/files/npesu/data_collection/Assisted reproductive technology in Australia and New Zealand 2006.pdf
https://npesu.unsw.edu.au/sites/default/files/npesu/surveillances/Assisted Reproductive Technology in Australia and New Zealand 2016.pdf
http://www.ncbi.nlm.nih.gov/pubmed/14070052
http://dx.doi.org/10.1098/rspb.1963.0055
https://f1000.com/prime/733249332
http://www.ncbi.nlm.nih.gov/pubmed/29767707
http://dx.doi.org/10.1093/biolre/ioy116
https://f1000.com/prime/733249332
https://f1000.com/prime/725879895
http://www.ncbi.nlm.nih.gov/pubmed/26497957
http://dx.doi.org/10.1093/humrep/dev271
http://www.ncbi.nlm.nih.gov/pmc/articles/4677962
https://f1000.com/prime/725879895
https://f1000.com/prime/724923106
http://www.ncbi.nlm.nih.gov/pubmed/18192670
http://dx.doi.org/10.1093/humrep/dem408
https://f1000.com/prime/724923106
http://www.ncbi.nlm.nih.gov/pubmed/14894127
http://www.ncbi.nlm.nih.gov/pubmed/1565019
http://dx.doi.org/10.1016/0378-5122(92)90003-M
http://www.ncbi.nlm.nih.gov/pubmed/12099629
http://dx.doi.org/10.1093/humupd/8.2.141
http://www.ncbi.nlm.nih.gov/pubmed/3119654
http://dx.doi.org/10.1210/jcem-65-6-1231
http://www.ncbi.nlm.nih.gov/pubmed/1291557
http://dx.doi.org/10.1093/oxfordjournals.humrep.a137570

20.

Gougeon A, Ecochard R, Thalabard JC: Age-related changes of the population
of human ovarian follicles: increase in the disappearance rate of non-growing
and early-growing follicles in aging women. Biol Reprod. 1994; 50(3): 653-63.
PubMed Abstract | Publisher Full Text

Leidy LE, Godfrey LR, Sutherland MR: Is follicular atresia biphasic? Fertil Steril.
1998; 70(5): 851-9.
PubMed Abstract | Publisher Full Text

Depmann M, Broer SL, van der Schouw YT, et al.: Can we predict age

at natural menopause using ovarian reserve tests or mother’s age at
menopause? A systematic literature review. Menopause. 2016; 23(2): 224-32.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Depmann MJ, Eijkemans MJ, Broer SL, et al.: Does anti-Miillerian hormone
predict menopause in the general population? Results of a prospective
ongoing cohort study. Hum Reprod. 2016; 31(7): 1579-87.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Broekmans FJ, Soules MR, Fauser BC: Ovarian aging: mechanisms and clinical
consequences. Endocr Rev. 2009; 30(5): 465-93.

PubMed Abstract | Publisher Full Text

Qiao J, Wang ZB, Feng HL, et al.: The root of reduced fertility in aged
women and possible therapentic options: current status and future perspects.
Mol Aspects Med. 2014; 38: 54-85.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

May-Panloup P, Boucret L, Chao de la Barca JM, et al.: Ovarian ageing: the
role of mitochondria in oocytes and follicles. Hum Reprod Update. 2016; 22(6):
725-43.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Cheng JM, Liu YX: Age-Related Loss of Cohesion: Causes and Effects. Int J

F1000Research 2018, 7(F1000 Faculty Rev):1835 Last updated: 22 NOV 2018

21.

22,

23.

24.

25.

26.

27.

28.

Mol Sci. 2017; 18(7): pii: E1578.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Keefe DL: Telomeres, Reproductive Aging, and Genomic Instability During
Early Development. Reprod Sci. 2016; 23(12): 1612-5.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Keefe DL, Franco S, Liu L, et al.: Telomere length predicts embryo
fragmentation after in vitro fertilization in women--toward a telomere theory
of reproductive aging in women. Am J Obstet Gynecol. 2005; 192(4): 1256—60;
discussion 1260-1.

PubMed Abstract | Publisher Full Text

Keefe DL, Marquard K, Liu L: The telomere theory of reproductive senescence
in women. Curr Opin Obstet Gynecol. 2006; 18(3): 280-5.
PubMed Abstract | Publisher Full Text

Cimadomo D, Fabozzi G, Vaiarelli A, et al.: Impact of Maternal Age on
Oocyte and Embryo Competence. Front Endocrinol (Lausanne). 2018; 9: 327.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Tatone C, Amicarelli F, Carbone MC, et al.: Cellular and molecular aspects of
ovarian follicle ageing. Hum Reprod Update. 2008; 14(2): 131-42.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

van Asselt KM, Kok HS, Pearson PL, et al.: Heritability of menopausal age in
mothers and daughters. Fertil Steril. 2004; 82(5): 1348-51.

PubMed Abstract | Publisher Full Text

Simpson JL: Genetic and phenotypic heterogeneity in ovarian failure: overview
of selected candidate genes. Ann N'Y Acad Sci. 2008; 1135(1): 146-54.

PubMed Abstract | Publisher Full Text

Westhoff C, Murphy P, Heller D: Predictors of ovarian follicle number. Fertil
Steril. 2000; 74(4): 624-8.

PubMed Abstract | Publisher Full Text

Page 5 of 6


http://www.ncbi.nlm.nih.gov/pubmed/8167237
http://dx.doi.org/10.1095/biolreprod50.3.653
http://www.ncbi.nlm.nih.gov/pubmed/9806566
http://dx.doi.org/10.1016/S0015-0282(98)00316-1
https://f1000.com/prime/725788220
http://www.ncbi.nlm.nih.gov/pubmed/26372034
http://dx.doi.org/10.1097/GME.0000000000000509
https://f1000.com/prime/725788220
https://f1000.com/prime/726357247
http://www.ncbi.nlm.nih.gov/pubmed/27179263
http://dx.doi.org/10.1093/humrep/dew112
https://f1000.com/prime/726357247
http://www.ncbi.nlm.nih.gov/pubmed/19589949
http://dx.doi.org/10.1210/er.2009-0006
https://f1000.com/prime/732762723
http://www.ncbi.nlm.nih.gov/pubmed/23796757
http://dx.doi.org/10.1016/j.mam.2013.06.001
https://f1000.com/prime/732762723
https://f1000.com/prime/726680626
http://www.ncbi.nlm.nih.gov/pubmed/27562289
http://dx.doi.org/10.1093/humupd/dmw028
https://f1000.com/prime/726680626
https://f1000.com/prime/727835584
http://www.ncbi.nlm.nih.gov/pubmed/28737671
http://dx.doi.org/10.3390/ijms18071578
http://www.ncbi.nlm.nih.gov/pmc/articles/5536066
https://f1000.com/prime/727835584
https://f1000.com/prime/727046718
http://www.ncbi.nlm.nih.gov/pubmed/27821557
http://dx.doi.org/10.1177/1933719116676397
https://f1000.com/prime/727046718
http://www.ncbi.nlm.nih.gov/pubmed/15846215
http://dx.doi.org/10.1016/j.ajog.2005.01.036
http://www.ncbi.nlm.nih.gov/pubmed/16735827
http://dx.doi.org/10.1097/01.gco.0000193019.05686.49
https://f1000.com/prime/733683806
http://www.ncbi.nlm.nih.gov/pubmed/30008696
http://dx.doi.org/10.3389/fendo.2018.00327
http://www.ncbi.nlm.nih.gov/pmc/articles/6033961
https://f1000.com/prime/733683806
https://f1000.com/prime/1104302
http://www.ncbi.nlm.nih.gov/pubmed/18239135
http://dx.doi.org/10.1093/humupd/dmm048
https://f1000.com/prime/1104302
http://www.ncbi.nlm.nih.gov/pubmed/15533358
http://dx.doi.org/10.1016/j.fertnstert.2004.04.047
http://www.ncbi.nlm.nih.gov/pubmed/18574220
http://dx.doi.org/10.1196/annals.1429.019
http://www.ncbi.nlm.nih.gov/pubmed/11020495
http://dx.doi.org/10.1016/S0015-0282(00)01527-2

FIOOOResearch F1000Research 2018, 7(F1000 Faculty Rev):1835 Last updated: 22 NOV 2018

Open Peer Review

Current Referee Status: v v

Editorial Note on the Review Process

F1000 Faculty Reviews are commissioned from members of the prestigious F1000 Faculty and are edited as a
service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:

1 Pascale May-Panloup Laboratoire de Biologie de la Reproduction, Centre Hospitalier Universitaire d'Angers,
Angers, France
Competing Interests: No competing interests were disclosed.

2 Lin Liu Department of Cell Biology and Genetics, College of Life Sciences, Nankai University, Tianjin, China
Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

®  Your article is published within days, with no editorial bias

®  You can publish traditional articles, null/negative results, case reports, data notes and more
® The peer review process is transparent and collaborative

®  Your article is indexed in PubMed after passing peer review

® Dedicated customer support at every stage

For pre-submission enquiries, contact research@f1000.com F](ID Resea I‘Ch

Page 6 of 6


http://f1000research.com/collections/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

