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Abstract: The aim of this review was to summarise current knowledge regarding the effects of maturation, acti-
vation and aging on oocyte quality. Two main forms of aging were distinguished: (i) postovulatory aging, which
occurs after ovulation due to a prolonged period before fertilisation and (ii) age-related aging, which is associ-
ated with a gradual decline in ovarian reserve and oocyte quality. Proper embryo development strongly depends
on oocyte quality, which is most often assessed according to morphology. Numerous observations have demon-
strated the influence of oocyte maturation, during which controlled cytoplasmic and nuclear modifications occur,
and the influence of the timing of oocyte activation by the fertilising sperm. Post-ovulatory aging of an oocyte,
which was not fertilised during the optimal period, manifests as impaired embryo development and results in frag-
mentation and embryonic mortality. Age-related oocyte aging leads to mitochondrial damage due to the long-
term effects of reactive oxygen and nitrogen species (RONS), which play a key role in regulating physiological
processes in the ovaries, including ovulation and oocyte maturation. Overall, it can be concluded that oocyte
quality is the result of a complex interaction of meiotic, metabolic and redox mechanisms, which are significantly
influenced by age, hormonal stimulation and the follicular microenvironment. Oocyte aging is associated with
predominantly irreversible structural and functional changes leading to aneuploidy, mitochondrial dysfunction
and failure of embryonic development.
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INTRODUCTION based on morphology (Fluks et al. 2024). It has
been noted that various morphological character-

Proper embryo development strongly depends istics of oocytes, such as zona pellucida thickness
on oocyte quality, which is most often assessed (Bertrand et al. 1995), cytoplasmic granulation
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(Kahraman et al. 2000), perivitelline space size (Xia
1997) and oocyte shape (Ebner et al. 2008) corre-
spond to the ability of embryos to develop and im-
plant. Fluks et al. (2024) focused their study on the
size of the spindle in oocytes and demonstrated that
the shape and volume of the spindle in the oocyte
are related to the quality of the resulting embryos,
including the probability of blastocyst formation.
The most important part of oocyte morphology
assessment is determining oocyte maturity, with
metaphase II (MII) oocytes being suitable for IVF
(Ebner et al. 2003; Rienzi et al. 2011). However,
there are more factors influencing oocyte quality
in cattle, e.g. season of the year, heat stress, age
of cows, metabolic stress etc. Milk production,
fat/protein ratio and post-partum period also can
be related to both quality and quantity of retrieved
oocytes and to the number of flushed (transferable)
embryos (Stadnik et al. 2017, 2022, 2024; Bezdicek
et al. 2021; Toralova et al. 2025). The overall man-
agement of dairy cattle farming is also a significant
factor (Saro et al. 2024, 2026).

The general goal is to ensure fertilisation in the
optimal period after ovulation, known as the fer-
tilisation window. After this period, the oocyte
undergoes degradation processes, known as pos-
tovulatory aging. In the case of age-related aging,
the quality of oocytes deteriorates already at ovula-
tion. However, impaired fertility during this period
is a multifactorial process, influenced by several
external and internal factors. The aim of this review
was to summarise current knowledge on the influ-
ence of maturation, activation and aging on oocyte
quality, distinguishing between two main forms
of aging: post-ovulatory aging, which occurs after
ovulation as a result of prolonged time before fer-
tilisation and age-related aging, which is associated
with a gradual deterioration of ovarian reserve and
oocyte quality. The overall consequences of posto-
vulatory and age-related oocyte aging on the oocyte
quality are presented in Table 1.

OOCYTE MATURATION AND
ACTIVATION

Oocyte maturation refers to the transition from
the germinal vesicle (GV) stage to the metaphase II
(MII) stage, which occurs shortly before ovulation
(Schultz and Kopf 1995). This is a process involving
precisely controlled cytoplasmic and nuclear modi-

398

https://doi.org/10.17221/77/2026-CJAS

fications aimed at achieving full fertilisation and
developmental competence of the oocyte (Fissore
et al. 2002). Oocyte activation is ensured by the
fertilising sperm, which initiates long-lasting re-
peated oscillations of the free intracellular calcium
(Ca**) concentration, leading to the release of cor-
tical granules and, thus, to the blockade of poly-
spermy, the completion of meiosis, the formation
of male and female pronuclei and the subsequent
initiation of the first mitotic division (Schultz and
Kopf 1995).

Ca?* oscillations are induced only in oocytes that
have almost completed maturation (Jones et al.
1995). In their study on hamster oocytes, Fujiwara
etal. (1993) observed a gradual increase in Ca** dur-
ing the first 5 h of maturation. The second and more
pronounced increase occurs 10—12 h after the start
of maturation, between prometaphase II and meta-
phase II. At the same time, in both mouse and ham-
ster oocytes, the endoplasmic reticulum (ER), which
is a Ca®* reservoir, undergoes rearrangement during
maturation. The ER disperses throughout the oo-
cyte cortex (Shiraishi et al. 1995), which may alter
the properties of Ca* channels or the Ca?* reservoir
itself. Aging oocytes show abnormal Ca?* oscilla-
tions with higher frequency and lower amplitude,
which are associated with the onset of apoptosis
after fertilisation (Lord and Aitken 2013).

Oocyte maturation is precisely coordinated
in time, so that sperm entry and activation are max-
imised within a few hours after ovulation. In mam-
malian oocytes, the fertilisation window is limited
to less than ten hours after ovulation. Oocytes that
have spent a longer period in the oviduct without
fertilisation, show gradual inactivation of calcium
release mechanisms, leading to low developmen-
tal success of the zygote after delayed fertilisation
(Fujiwara et al. 1993).

Calcium oscillations (and other ions, e.g. K*)
during oocyte maturation and fertilisation, have
been found in several animal species. In cattle, Tosti
et al. (2002) demonstrated that fertilisation is as-
sociated with hyperpolarisation of the membrane
potential, mediated by Ca®** and K* ions. These
processes are dependent primarily on the internal
release of Ca**. The authors also demonstrated that
sensitivity on various activators (sperm, chemicals
etc.) is increased in bovine oocyte during matura-
tion. In addition, Meng et al. (2021) demonstrated
that Ca®* is one of the factors involved in nuclear
reprogramming in bovine oocyte.
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Table 1. Consequences of postovulatory and age-related oocyte aging on the oocyte quality

The type of aging Consequences of aging

structural disorders of cell organelles
abnormal Ca**oscillations
inactivation of calcium release mechanisms
increased lipid peroxidation causing reduced oolemma permeability
changes in the protein mRNA composition
changes in the methylation of imprinted genes
Postovulatory aging . .
errors in chromosome segregation
lower DNA repair capacity

impaired development of embryos

damages to mitochondria caused by a long-term exposure to reactive oxygen (ROS) and nitrogen

(NOS) species

disturbed balance between ROS, NOS and antioxidants

chromosome segregation disorders during meiosis

smaller volume and width of the spindle
damages to mitochondria caused by ROS and NOS

decline in mRNA

disturbed balance between ROS, NOS and antioxidants

reduced oxygen supply to the ovaries due to insufficient vascularisation

Age-related aging

obesity
higher level cholesterol

abnormal glucose tolerance

lower level of anti-Miillerian hormone (AMH)

POSTOVULATORY AGING
OF THE OOCYTE

Any oocyte abnormalities can activate a develop-
mental checkpoint leading to apoptosis and termina-
tion of development. The changes that occur during
oocyte maturation are transient and, in the absence
of fertilisation, undergo rapid degradation, leading
to the activation of an alternative developmental pro-
gram characterized by fragmentation and abnormal
development (Fissore et al. 2002). A similar develop-
ment occurs in oocytes fertilised after the optimal
period, when they already show signs of post-ovula-
tory aging manifested by impaired development and
ending in fragmentation and embryonic mortality
(Fissore et al. 2002). This can be attributed to bio-
chemical and functional changes occurring in the
post-ovulatory oocyte, e.g. increased lipid peroxida-
tion causing reduced oolemma permeability, thereby
reducing the likelihood of fertilisation. In mouse oo-
cytes, delayed fertilisation by 12 h was associated
with slowed embryonic development (Fissore et al.
2002) with premature exocytosis of cortical gran-

ules and hardening of the zona pellucida (Lord and
Aitken 2013). Changes in the zona pellucida have
been demonstrated in the post-ovulatory period and
during age-related aging. From this point of view,
Ishikawa-Yamauchi et al. (2024) reported that the
zona pellucida of older mice undergoes age-related
structural changes, subsequently associated with
impaired fertility. The authors demonstrate a differ-
ent structure and composition of zona pellucida pro-
teins in oocytes of older females, as well as reduced
communication between oocytes and cumulus cells
due to a decrease in transzonal projections, form-
ing a communication link between the oocyte and
granulosa cells (Ishikawa-Yamauchi 2024).

Changes in the methylation of imprinted genes have
also been demonstrated in post-ovulatory oocytes
and in the developing placenta (Liang et al. 2011).

Post-ovulatory aging of oocytes is further mani-
fested by structural disorders of cell organisation,
with visible abnormal areas of microfilaments
above the meiotic spindle, its disruption, abnormal
localisation and chromatin disorganisation (Fissore
et al. 2002).
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The aim of in vitro fertilisation processes in cat-
tle is to reverse postovulatory aging, because
prolonged time (over 20-22 h) is associated with
decreased oocyte quality and viability, mainly due
to higher amount of reactive oxygen species (Yin
et al. 2023). That is why the effort has been made
to delay oocyte aging through the supplementation
of some antioxidants. Yin et al. (2023) attempted
to decline oocyte aging using ferulic acid. The ad-
dition of this antioxidant (5 uM) to aged bovine oo-
cyte improved antioxidant capacity, mitochondrial
activity and ATP levels. The authors concluded that
ferulic acid has a positive effect in preventing in vi-
tro aging of bovine oocytes.

THE EFFECT OF OOCYTE AGING
ON DNA

Sharma et al. (2024) demonstrated a lower DNA
repair capacity in aging oocytes, leading to the dam-
age to chromosome integrity and division. At the
same time, they observed premature loss of co-
hesion, which may be one of the causes of errors
in chromosome segregation in older oocytes. Aging
oocytes of some mouse strains produce more ane-
uploid oocytes characterized by depleted cohesin
and shugoshi protein in centromeres (Eichenlaub-
Ritter 2012). A particularly high loss of sister cen-
tromere cohesion was observed in older oocytes
from stimulated cycles. There is evidence from
mouse models of a negative effect of hormonal
stimulation on cohesion between sister chromatids
(Merriman et al. 2012). It is very important to de-
termine whether the loss of cohesion in human
oocytes is influenced by age, the microenvironment
in spontaneous or stimulated cycles or the influ-
ence of reproductive life (Eichenlaub-Ritter 2012).

In general, mammalian oocytes are among the
longest-surviving cells in the body. Meiosis begins
in the foetal period, when primary oocytes enter
prophase I of meiosis and remain in this stage for
a long period of time until maturation is com-
plete. Especially in cattle, primordial, primary and
secondary follicles were first observed in in vivo
experiments around 90, 140, and 210 days of ges-
tation (Yang and Fortune 2008). From this view
point it is questionable which factors determine the
size of the follicular reserve. Fortune et al. (2013)
reported that maternal nutrition status and health
in cattle can play a significant role. The authors pre-
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sent that nutrition during early pregnancy of cows
is very important, because gonadal differentiation
occurs during this period. Authors summarize that
deterioration of nutrition or health during early bo-
vine gestation negatively can affect the future size
of follicular reserve in heifers. Thus, higher somatic
cell count in milk during gestation relates to udder
infection and lower concentration of AMH (anti-
Mullerian hormone) in the blood of female calves.
At the same time, lower concentrations of AMH
have been correlated with lower count of antral fol-
licle. Similarly, endocrine-disrupting chemicals (e.g.
phytoestrogens, environmental oestrogens etc.) can
affect formation of foetal ovaries follicle and overall
bovine size of follicular reserve (Fortune et al. 2013).

Most primordial follicles undergo atresia, while
only a small proportion are recruited into the
growth phase and reach the MII stage. The supply
of follicles in the ovaries is limited, and its gradual
depletion leads to the cessation of ovulation and
menopause (Eichenlaub-Ritter 2012). Long-term
meiotic arrest is a significant risk factor for mei-
otic errors. Aneuploidy is very common in human
oocytes, most often resulting from chromosome
segregation disorders during meiosis, particularly
premature chromatid separation (Holubcova et al.
2015), and is the main cause of preimplantation and
post-implantation arrest of embryo development,
implantation failure and spontaneous miscarriages
(Nagaoka et al. 2012). According to Holubcova et al.
(2015), human oocytes assemble the meiotic spindle
independently of centrosomes or other microtubule
organising centres. In her experiment, spindle as-
sembly took up to 16 hours and was marked by in-
ternal spindle instability with abnormal kinetochore
attachments to microtubules. This can lead to in-
correct chromosome segregation and embryonic
aneuploidy (Holubcova et al. 2015; Vazquez-Diez
et al. 2019). The importance of spindle compact-
ness has also been suggested previously in studies
of human oocytes using polarized light microscopy
(Fluks et al. 2024). A difference in the volume and
width of the spindle was observed between younger
and older oocytes, which corresponds to the re-
duced developmental potential of oocytes in older
mothers (Cimadomo et al. 2018). Several compo-
nents were used for optimizing spindle morphology
during oocyte aging. Zhang et al. (2025) studied reg-
ulatory effects of palmitoyl oleoyl phosphatidyl cho-
line (POPC) in bovine oocytes. POPC is a natural
component of many tissues, such as brain, kidney,
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liver etc., where it stabilizes membrane structure,
which is also important during in vitro manipula-
tions. Supplementation of POPC improved spindle
integrity and function in bovine oocytes, further-
more, reduced the content of reactive oxygen
species and upregulated some antioxidant genes
(Zhang et al. 2025).

As reported by Fishman et al. (2018), the centro-
some derived from the sperm recruits maternal pro-
teins to acquire its function in the fertilised egg.
Therefore, age-related decline in maternal mRNAs
important for centrosome function may explain
the reduced developmental capacity of eggs from
women of advanced reproductive age. Recent evi-
dence confirms that the egg transcriptome changes
with reproductive aging (Porokh et al. 2024). While
aneuploidy in human sperm reaches only 1-2%,
approximately 20% of all oocytes are aneuploid
with aneuploidy found in more than 50% of cases
in oocytes from older women (Fragouli et al. 2011).
Fragouli and Wells (2011) even report up to 75%
aneuploid blastocysts obtained from women over
40 years of age. Another topic discussed is the
mtDNA content in relation to oocyte aging and its
fertilisation capacity. In this context, Ferreira et al.
(2023) summarize that in older cows (also in other
animal species) a lower mtDNA content has been
found, indicating lower mitochondrial biogenesis
and fertilisation capacity of older oocytes. In gen-
eral, mature oocyte contains high levels of mtDNA,
suggesting that mitochondrial biogenesis is tightly
controlled during oocyte maturation (Ferreira et al.
2023). It has also been shown that ovarian aging
is associated with a higher incidence of mtDNA
deletions as well as lower mtDNA copy numbers
(Chan et al. 2005). Mitochondrial DNA is also an im-
portant topic from the point of oxidative stress, be-
cause mtDNA is located near to electron transport
chain, does not have a histone protection system and
lacks effective repair system. Therefore, a disruption
of the oxidative/antioxidant balance is very critical
for the deterioration of the quality of mitochondria,
as well as its DNA (Zhang et al. 2017).

THE EFFECT OF OXIDATIVE STRESS
ON OOCYTE QUALITY

Another theory of oocyte aging is based on the
action of free radicals and assumes damage to mi-
tochondria as a result of long-term exposure to re-

active oxygen species (Eichenlaub-Ritter 2012),
leading to the accumulation of mitochondrial DNA
mutations (Tatone et al. 2011). The maturation
of mouse oocytes in vitro is accompanied by spe-
cific changes in mitochondria and bursts in ATP
production (Yu et al. 2010), while a reduced supply
of high-energy substrates, particularly ATP, nega-
tively affects the formation and regulation of the
meiotic spindle, intracellular signalling and Ca®*
homeostasis (Eichenlaub-Ritter et al. 2011).
Reactive oxygen and nitrogen species (RONS)
play a key role in the regulation of physiological
processes in the ovaries, including ovulation, oocyte
maturation, luteal function and angiogenesis. The
process of follicle growth itself causes an increase
in reactive oxygen species, with the accumulation
of advanced glycation end products responsible for
age-related mitochondrial damage and an increase
in DNA breaks (Su et al. 2009). A number of studies
have shown that hydrogen peroxide and superoxide
anion accumulate in oocytes with increasing time
after ovulation (Tatone et al. 2011; Lord and Aitken
2013). Detoxification enzymes appear to be less
expressed in the cumulus of older mice compared
to young mice (Tatone et al. 2011). The cumulus,
in turn, supplies the oocytes with metabolites such
as amino acids, lactate and pyruvate, which are
essential for maintaining mitochondrial activity,
ATP production and ionic and redox homeostasis
in the oocyte (Su et al. 2009). In contrast, the course
of meiosis II is supported by antioxidants, demon-
strating that there is a complex relationship between
ROS and antioxidants in the ovary that is influenced
by hormonal action (Bezdicek et al. 2025). A slight
increase in ROS levels is necessary for the activa-
tion of the physiological process of ovulation, where
oxygen deficiency stimulates follicular blood sup-
ply but also promotes apoptosis. Antioxidants,
such as glutathione, together with FSH, balance
this process in the growing follicle. At the same
time, increasing amounts of oestrogen trigger the
production of catalase, which also prevents apopto-
sis. After an increase in LH, the level of inflamma-
tory precursors increases, generating ROS. On the
other hand, premature depletion of these precur-
sors disrupts ovulation (Sies and Jones 2020). The
oocyte protects itself against oxidative stress us-
ing the antioxidant glutathione, but this is reduced
in the post-ovulatory oocyte (Lord and Aitken
2013). Excessive ROS production or impaired anti-
oxidant protection leads to oxidative stress, damage
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to cellular components and pathological changes
in the ovary. An imbalance between ROS produc-
tion and the effectiveness of the antioxidant system
contributes to faster aging, reduced oocyte quality
and overall negative effects on female reproduction.
These general conclusions have been demonstrated
in a number of animal species. In particular, Takeo
et al. (2013) found higher level of ROS in in vitro
matured bovine oocytes from aged cows compared
to the oocytes derived from younger counterparts.
Oocytes isolated from aged cows also displayed
higher mitochondrial dysfunction. Authors also
found association between oocytes derived from
aged cows and lower total number of blastocyst cells
and higher count of abnormal fertilisation (Takeo
et al. 2013).

Age is also associated with the depletion of pri-
mordial follicles, which alter the microenvironment
of follicles and oocytes and hormonal homeostasis.
The aging of blood vessels in the ovaries leads to in-
sufficient vascularisation, resulting in a reduced
supply of nutrients and oxygen, which disrupts
proper follicle development (Liu et al. 2025). For
example, older mice have increased body weight,
and some strains of laboratory mice have higher
serum cholesterol levels, abnormal glucose toler-
ance and lower AMH hormone levels compared
to younger and leaner control groups (Hirshfeld-
Cytron et al. 2011).

THE EFFECT OF VITRIFICATION
ON OOCYTE QUALITY

Cryopreservation of oocytes can also be a sig-
nificant cause of oxidative stress in the context
of assisted reproduction. It induces oxidative stress
through osmotic damage, increased oxidative me-
tabolism in mitochondria, decreased ATP levels
and activation of the intrinsic apoptotic pathway
(Len et al. 2019). Vitrification can lead to lipid
peroxidation, DNA damage, disorganisation of the
meiotic spindle, loss of microtubules and epigen-
etic alterations in developing embryos (Chen et al.
2016). After thawing, damaged mitochondria are
eliminated and synthesized de novo, which can
partially restore mitochondrial function (Iwata
2021). Antioxidants such as melatonin, resvera-
trol, N-acetylcysteine, coenzyme Q10, glutathione
and ascorbic acid have been shown to alleviate the
oxidative stress associated with vitrification and
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improve oocyte quality in various mammalian spe-
cies (Olexikova et al. 2023; Bezdicek et al. 2024).
In particular, Olexikova et al. (2023) demonstrated,
that 5 mmol 1! glutathione added to the oocyte
recovery culture, reversed the harmful effect of vit-
rification on cattle oocytes. In this study, protective
role of glutathione was confirmed, which reflected
in lower ratio of apoptotic cells in blastocyst and
higher quality of actin cytoskeleton. The protective
effect of glutathione during vitrification is actual
topic and this antioxidant has been successfully
used also in ram sperm during cooling storage
(Makarevich et al. 2022).

In general, several ways to increase the cryotoler-
ance of oocytes have been investigated. However,
the addition of various antioxidants, hormones
or growth factors, which ensure less damage
to oocytes and a higher number of subsequent
blastocysts, still remains in the forefront of inter-
est. To mitigate toxicity, the combination of sev-
eral cryoprotectants in vitrification medium also
appears to be a more advantageous strategy than
higher concentrations of a single cryoprotectant
(Dujickova et al. 2021).

THE INFLUENCE OF OOCYTE
QUALITY ON THE SUBSEQUENT
EMBRYO QUALITY

Closely linked to age is a decline in embryo qual-
ity, which is influenced by a number of factors.
These include the aging of the cytoplasm, which
is no longer able to support embryo development
and changes in the composition of oocyte mRNA
proteins, especially during prolonged ovulation.
Numerous studies have shown a slowdown in aging
after the injection of mitochondria from younger
mitochondria into older oocytes. After 24 h of cul-
tivation, a decrease in apoptosis levels was observed
compared to control oocytes (Perez et al. 2000).

Furthermore, there are chromosomal abnormali-
ties occurring in embryos. In some species, such
as cattle, a disorder of the zona pellucida associated
with polyspermy has been demonstrated (Chian
et al. 1992). The effect of post-ovulatory oocyte
aging on offspring has also been demonstrated,
as well as a significant decrease in live births and
an increased incidence of abnormalities in off-
spring, such as growth retardation, delayed devel-
opment and reduced longevity (Tarin et al. 2002).
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Fertilisation failure, where the sperm has entered
the egg but no zygote has been formed, can be caused
not only by abnormalities in egg maturation, but also
by paternal factors, such as a defect in the PLC{ pro-
tein (phospholipase C zeta), which is found in the
acrosome of sperm and whose role is to trigger Ca**
oscillations, or a defect in the sperm centrosome.
It has also been shown that microinjection of PLC{
RNA into the oocyte can cause intense Ca** oscil-
lations in oocytes of cows, pigs, mice and humans
(Swann 2018). PLCC has been found in sperm in sev-
eral animal species. Various isoforms of PLC{ are
known (currently 13), which share a similar struc-
ture and function in different tissues, where they
act as a key regulatory mechanism. It appears that
absence or significantly reduced expression of PLC{
is associated with the inability to induce Ca?* release
and oocyte activation. On the other hand, the higher
levels of PLC( are associated with greater fertili-
sation success (Abdulsamad et al. 2023). However,
the question of relation between the intensity of the
PLCC( signal and the ability to activate development
in aged oocytes is still open.

CONCLUSION

Overall, oocyte quality is the result of a complex
interaction of meiotic, metabolic and redox mecha-
nisms, which are fundamentally influenced by age,
hormonal stimulation and the microenvironment
of the follicle. Oxidative stress plays a major role
in affecting the oocyte itself, reducing mitochondri-
al function and, thus, the onset of apoptosis in aging
oocytes after ovulation. Damage to mitochondri-
al DNA could also be the reason for mitochondrial
disorders in offspring derived from aging oocytes.

Oocyte aging is associated with largely irre-
versible structural and functional changes lead-
ing to aneuploidy, mitochondrial dysfunction and
embryonic development failure.

Currently, the possibilities for therapeutic in-
tervention in the quality of aging oocytes remain
limited, with early cryopreservation of oocytes
in social freezing programs being one of the few
effective strategies for preserving female reproduc-
tive potential. One of the biggest problems with
oocyte vitrification is the age of the mother at the
time of vitrification, as age has a strong negative
impact on the outcome of treatment after oocyte
thawing.
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