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Abstract: Mitochondria, as multifunctional and partially independent structures, play a
crucial role in determining essential life processes. Recently, their significance in reproduc-
tive biology has gained increasing attention. This review aims to comprehensively analyse
the role of mitochondrial processes in oocyte maturation and embryo culture. A compre-
hensive literature review was conducted to highlight the importance of mitochondrial
activity in the early stages of life formation. Proper mitochondrial function provides energy,
maintains genomic stability, and ensures optimal conditions for fertilisation and embryo
progression. Understanding these processes is essential to optimise culture conditions and
identify new mitochondrial biomarkers that improve reproductive success and improve
assisted reproductive technologies (ARTs). Enhancing mitochondrial function in female
reproductive cells is the key to improving oocyte and embryo quality, which can lead
to better in vitro fertilisation and embryo transfer. Furthermore, advances in diagnostic
techniques, such as mitochondrial genome sequencing, offer a more precise understanding
of the relationship between mitochondrial health and oocyte quality. However, fully un-
derstanding mitochondrial functions is only part of the challenge. Expanding knowledge
of the interactions between mitochondria and other cellular structures is crucial for future
advancements in reproductive medicine. Understanding these complex relationships will
provide deeper insight into improving reproductive outcomes and embryo development.

Keywords: mitochondria; maturation; oocytes; embryo culture; reproduction

1. Introduction

Mitochondria play a key role in cellular metabolism, particularly in the production of
energy in the form of adenosine triphosphate (ATP) through cell respiration by oxidative
phosphorylation (OXPHOS) and the electron transport chain (ETC) [1,2]. These structures
are highly dynamic and enclosed within a bilayer lipid membrane [3]. The outer mitochon-
drial membrane (OMM) is made of a lipid bilayer with embedded proteins that participate
in mitophagy, while the second layer, the inner mitochondrial membrane (IMM), is spe-
cialised for cellular respiration [3,4]. Both membranes are separated by the mitochondrial
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intermembrane space (IMS) [5]. The OMM participates in the transport of substances
into or out of the mitochondrion [3]. The IMM, in turn, forms cristae that increase the
surface area of the organelle and serve as a matrix for the OXPHOS pathway [1]. The ETC
complexes are integrated into the inner mitochondrial membrane [6], and the IMM also
transports enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx).
The intermembrane space plays a role in apoptosis and in the import of proteins necessary
for the maintenance of mitochondrial DNA (mtDNA) [7]. In the mitochondrial matrix,
processes such as carbohydrate and lipid catabolism, the tricarboxylic acid cycle (TCA; also
known as the Krebs cycle) and oxidative phosphorylation (OXPHOS) occur, which then
leads to energy generation [7]. Mitochondria, as cellular centres of energy in the cell, are
0.5-10 pm in size and contain their own mitochondrial genome, which is associated with
the energy demand [8,9].

In addition to their role in cellular metabolism, mitochondria are also closely linked
to maintaining homeostasis, which is achieved through a dynamic balance of apoptosis,
mitochondrial autophagy, fission, and fusion [10]. During apoptosis, damaged cells are
eliminated. Mitochondrial autophagy is essential for maintaining mitochondrial home-
ostasis by degrading dysfunctional mitochondria. Furthermore, mitochondrial fission
and fusion, working in coordination with mitochondrial autophagy, are key processes
that regulate mitochondrial homeostasis [10], and fusion is necessary to maintain cellular
metabolism processes [11]. Moreover, they are involved in calcium homeostasis [12]. The
most important functions of mitochondria are presented in Figure 1.
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Figure 1. Mitochondria functions (created with Biorender.com (accessed on 17 March 2024).

Mitochondria are also involved in the storage of mRNA, which occurs with the help
of MARDO in oocytes from various species, including mice, cattle, pigs, and humans [13].
According to Cheng et al. [13], MARDO is a mitochondrial-associated ribonucleoprotein
domain that forms around mitochondria and is regulated by an increase in mitochondrial
membrane potential during the development of oocytes. As the oocyte develops, both
mitochondria and MARDO are stored together in the ooplasm. Mitochondria serve as
a platform for the assembly of MARDO, which, in turn, may influence the distribution
of mitochondria. The formation of MARDO depends on the increase in mitochondrial
membrane potential during oocyte growth. During the growth phase of the oocytes, the mi-
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tochondria maintain relatively low activity, which results in reduced ROS production and
less DNA damage, promoting the stability of the genetic material in oocytes. In oocytes of
mice, cattle, pigs, and humans, MARDO acts as a structural linker that holds mitochondria
together, and its disruption leads to their dispersion. MARDO shares some similarities
with the Balbiani body: both MARDO and the Balbiani body cluster mitochondria and
may support active mitochondria. The Balbiani body is believed to play a role in selecting
active and healthy mitochondria. Interestingly, the formation of MARDO also depends
on the increase in mitochondrial membrane potential during oocyte growth. However,
MARDO and the Balbiani body differ in several ways. First, they appear at different
stages of oocyte development—the Balbiani body forms early in oocyte development, while
MARDO appears in later stages. Second, they are composed of different materials—the
Balbiani body is maintained by an amyloid-like matrix, while MARDO, being a linked struc-
ture, has hydrogel properties and exchanges with the cytosol. Additionally, the Balbiani
body contains the Golgi apparatus, while MARDO does not interact with it. Neverthe-
less, both MARDO and other RNA-containing, membrane-less compartments share some
common components [13].

Mitochondria are often referred to as the ‘powerhouses’ of the cell, playing a cru-
cial role in reproduction, including fertilisation and embryo development, due to the
high energy demand during these processes [14,15]. ATP is crucial for the process of
oocyte maturation, fertilisation, and subsequent embryo development [16,17]. In the study
by Ge et al. [18], it was shown that mitochondrial functions influence reproductive suc-
cess. They also participate in the formation of the meiotic spindle, breaking down the
germinal vesicles [19-21]. Furthermore, the oocyte contains an exceptionally dense popu-
lation of mitochondria, in which mitochondrial DNA plays a crucial role. A decrease in
mtDNA, for instance, has been linked to ovarian ageing [14,22]. Human mtDNA covers
~16,569 base pairs [23]. It is estimated that a mitochondrion contains 2-10 copies of
mtDNA [24], of which growth occurs during oogenesis, and a mature metaphase II oocyte
contains ~500,000 copies of the mitochondrial genome [25]. Therefore, disturbances in
mitochondrial function can lead to reproductive disorders and low oocyte quality [26,27].

The aim of this review was to determine the importance of mitochondrial pro-
cesses in the maturation and acquisition of competences of oocytes and in the culture of
mammalian embryos.

1.1. The Importance of Mitochondria in the Process of Oogenesis

Oogenesis is a key process for reproductive success [28]. At birth, ovaries contain a
reserve of oocytes surrounded by granulosa cells, which form primordial follicles. These
remain dormant until activation, when the folliculogenesis process begins and leads to an
approximately 100-fold increase in oocyte volume [29]. Oocyte growth and maturation
are associated with the accumulation of mRNA [30], proteins, and cellular organelles—
including mitochondria [30,31]. During the maturation process of mammalian oocytes, they
progress from the germinal vesicle (GV) stage to metaphase II [32]. After the disintegration
of the GV, the meiotic spindle forms, which facilitates the segregation of the chromosomes.
Mitochondria provide the necessary energy for processes such as spindle formation and
polar body extrusion (PBE), which are highly energy-consuming [32-35].

Additionally, morphological changes in mitochondria are observed as they take
the form of oval structures with well-defined cristae [29]. During oogenesis, oocytes
increase their volume by nearly 300-fold, which is closely associated with mitochondrial
accumulation [15]. Mitochondrial dysfunction at this stage results in insufficient energy
supply, reducing oocyte quality and leading to improper chromosome segregation, which
ultimately causes embryo aneuploidies [29,32,36]. Consequently, mitochondria are con-
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sidered markers of oocyte quality [29]. Mitochondria are generated during oogenesis, but
their replication is halted until the embryo reaches the blastocyst stage [37].

Studies conducted in mice have demonstrated that during oocyte maturation, mito-
chondria undergo dynamic changes [15]. In the germinal vesicle stage, mitochondria were
characterised by an even distribution within the ooplasm. However, as the oocytes pro-
gressed to the MI and MII stages of the gametes, the organelles aggregated, with this effect
intensifying as the cells matured [15]. The study confirmed that the number of mtDNA
copies increases with oocyte maturation. In addition, cells with improperly distributed
mitochondria and their reduced dynamics are characterised by poorer quality, lower ATP
levels, and consequently reduced developmental potential [9].

An important factor that affects fertility, particularly oocyte quality, is the presence of
diseases such as diabetes [38]. Studies conducted by Wang et al. [39] demonstrated that
oocytes from diabetic mice exhibited reduced ATP levels and spindle defects, resulting
in abnormalities in chromosome segregation compared to oocytes obtained from healthy
females [39]. This indicates mitochondrial dysfunction as a consequence of the disease,
contributing to the generation of reactive oxygen species (ROS). These, in turn, lead to
oxidative stress, causing damage to nucleic acids and triggering cell apoptosis [38].

Furthermore, other studies have shown that Mfn1 knockout in mouse oocytes results
in female infertility and disrupted folliculogenesis [40]. The authors also observed struc-
tural changes in the mitochondria of Mfn1-null oocytes compared to the non-knockout
group [40]. Mitofusin 1 and 2 (Mfnl, Mfn2) are proteins that regulate mitochondrial
fusion in mammalian cells, ensuring proper organelle function [9]. Both Mfnl and
Mfn2 are present in the outer mitochondrial membrane [41] and play a role in calcium
homeostasis, OXPHOS subunit activity, and energy supply during various stages of cell
development [42,43]. Mitofusins are also critical in mitophagy—the process of removing
damaged mitochondria [9].

1.2. The Relationship Between Mitochondrial Function and Oocyte Quality

Mature oocytes do not produce mitochondria, and the generation of these organelles
resumes during embryo development to the blastocyst stage [15]. However, during dor-
mancy, they maintain metabolic activity, making the proper functioning of mitochondria
crucial for their viability [44]. During this phase, mitochondrial complex I is inactive, but
other OXPHOS complexes remain functional, which helps to prevent excessive ROS pro-
duction and the resulting oxidative stress [45]. For ovulation, oocytes require ATP, and the
necessary metabolic substrates are supplied by cumulus cells and follicular fluid [46]. Any
alteration in the structure or quantity of mitochondria directly affects the quality of oocytes,
developmental competence, and subsequent implantation of mammalian embryos [15]. In
turn, a reduction in oocyte quality leads to a decrease in female fertility.

Moreover, due to their critical role in calcium homeostasis, mitochondria also par-
ticipate in calcium oscillations, which are essential for activation during fertilisation [47].
Maintaining proper mitochondrial function and intracellular Ca?* concentration influences
the development potential of oocytes [48]. Studies conducted in mouse oocytes demon-
strated that calcium fluctuations occur at two critical moments: before polar body extrusion
and after its extrusion, coinciding with readiness for cell activation and requiring significant
energy input [47]. Increased levels of mitochondrial calcium are essential for the activa-
tion of enzymes in the Krebs cycle and the electron transport chain, which subsequently
improves ATP production [49].

The research conducted by Cheng et al. [48] investigated the impact of intracellular
calcium levels on the developmental competence of mouse oocytes following cryopreserva-
tion. The oocytes were classified into experimental groups, where one group was treated
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with 2-aminoethoxydiphenyl borate (2-APB) to block the release of calcium ions, and an-
other group was treated with thapsigargin (TG), an inhibitor of calcium pump proteins in
the endoplasmic reticulum (ER). A control group consisting of untreated oocytes was also
included. Each group consisted of fresh oocytes from the same mouse randomly assigned
to the control group, of which approximately half were cryopreserved and warmed. The
findings revealed that TG-treated oocytes showed higher calcium levels, which interfered
with cell survival and blastocyst formation. On the contrary, oocytes exposed to 2-APB
maintained stable calcium levels. The researchers concluded that cryopreservation has a
negative effect on calcium concentrations and causes damage to organelles, which affects
the developmental competence of oocytes [48].

1.3. The Relationship Between Mitochondrial Function and Embryo Quality

The quality of embryos is largely determined by the quality of oocyte mitochon-
dria, as the mitochondria carried by sperm after fertilisation are degraded within the
ooplasm [46,50]. The mitochondrial genome in preimplantation embryos undergoes dy-
namic changes, with the highest levels of OXPHOS activity and mitochondrial membrane
potential reached at the blastocyst stage [51]. Various processes, from fertilisation to cell
division and blastocyst hatching, can generate oxidative stress, which is typically mitigated
by mitochondrial enzymes [46]. Energy, essential for embryonic development, is generated
in mitochondria from pyruvate, lactate, glucose, and amino acids [52-55]. Pyruvate is a key
nutrient for the development of embryos from the zygote stage to the 2-cell stage [53,56]. It
also serves as the primary energy source for preimplantation embryos, where it is converted
into acetyl-CoA (acetyl coenzyme A) through oxidative phosphorylation [57]. From the
morula stage, glucose is integrated into the glycolysis pathway [46], which is crucial for
providing energy to germ cells and developing embryos [56]. The conversion of pyruvate
to acetyl-CoA is mediated by pyruvate dehydrogenase (PDH), whose activity is regulated
by pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase. PDK
activity inhibits PDH, leading to the accumulation of pyruvate, while high levels of PDH
promote the conversion of pyruvate to acetyl-CoA, resulting in ATP production in the TCA
cycle and OXPHOS [56,57].

According to research conducted by Zhang et al. [49], reducing the concentration of
pyruvate in the culture medium inhibited the development of mouse embryos at the 2-cell
stage in vitro and also decreased the presence of mitochondria. Furthermore, the authors
showed that culturing embryos with 0.2 times the control pyruvate concentration (0.2 mM
pyruvate) reduced ROS levels compared to the control group. In early developmental
stages, embryos exhibit low metabolic activity to avoid ROS-induced oxidative stress, but
excessively low levels of reactive oxygen species can disrupt redox balance and may lead
to developmental arrest [52].

Similar studies were carried out in human embryos [58], which were subjected to
in vitro maturation (IVM) in Earle’s medium with 0.47 mmol pyruvate as the control
and experimental groups with 0.23 mmol and no pyruvate. In each group, the glucose
concentration was maintained at 1 mmol. The results showed that the removal of pyruvate
from the medium resulted in a reduction in blastocyst formation, with only 4 out of
25 embryos in this group reaching the blastocyst stage. Additionally, a decrease in metabolic
activity of embryos was observed [58].

Other studies [57] examined the relationship between pyruvate metabolism and epi-
genetic regulation in bovine embryo culture. Dichloroacetate (DCA), a pyruvate analogue,
was used to inhibit pyruvate dehydrogenase kinase and block the phosphorylation of pyru-
vate dehydrogenase, thus inhibiting the conversion of pyruvate to acetyl-CoA. Iodoacetate
(IA), which inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was also used
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to block glycolysis. After 8 h of incubation, both groups (DCA and IA) exhibited a reduced
mitochondrial membrane potential and lower levels of acetyl-CoA, as well as decreased
mitochondrial membrane potential in blastocysts. The IA group showed impaired glycoly-
sis and decreased acetyl-CoA levels, leading to disruptions in the TCA cycle and reduced
mitochondrial membrane potential. DCA, on the other hand, increased the conversion
of pyruvate to acetyl-CoA, which then entered the pentose phosphate pathway instead
of glycolysis [43]. Furthermore, the decrease in acetyl-CoA availability has been shown
to alter the pattern of histone acetylation, which may lead to impaired molecular control.
Reduced acetyl-CoA levels may result from mitochondrial overload and increased reactive
oxygen species, which hinder embryo development [57].

Pawlak et al. [59] analysed the impact of metabolic disturbances during the in vitro
maturation of bovine oocytes on the quality of the resulting blastocysts. The study was car-
ried out in cumulus-oocyte complexes (COCs) subjected to IVM in control groups (without
inhibitors) and experimental groups treated with iodoacetate (I0) as a glycolysis inhibitor,
DHEA (pentose phosphate pathway inhibitor), and ETOMOXIR (fatty acid metabolism
inhibitor). After IVM, the oocytes were fertilised in vitro (IVF), and the blastocysts were
evaluated for the lipid composition of the blastocysts on day 8. The results showed a
significant inhibition of lipid metabolism in the experimental groups compared to the
control group, as well as a reduction in the number of blastomeres. These findings sug-
gest that disturbances in glucose and fatty acid metabolism negatively affect the quality
characteristics of developing blastocysts [59]. Furthermore, the research confirmed that
environmental factors such as stress and maternal physiology influence mitochondrial
function in preimplantation embryos [51].

2. Metabolic Processes in Mitochondria

In oocyte energy metabolism, cumulus cells play a crucial role since oocytes them-
selves are incapable of glucose uptake. Cumulus cells metabolise glucose through processes
such as anaerobic glycolysis and the pentose phosphate pathway (PPP) [56,60,61]. Granu-
losa cells convert glucose into lactate via pyruvate. However, the activation of pyruvate
dehydrogenase kinase can inhibit the OXPHOS pathway, leading to a reduction in ATP
production and limiting cell proliferation. During PPP, the activity of glucose-6-phosphate
dehydrogenase activity increases, resulting in greater synthesis of NADPH. Elevated
NADPH levels subsequently promote the production of ribose and deoxyribose, which are
essential for nucleic acid synthesis [61].

Because of its structure, glucose cannot freely cross the phospholipid bilayer of bio-
logical membranes. Specialised glucose transporters (GLUTs), which are transmembrane
proteins, are required to facilitate its transport into the cell [56]. In the female reproductive
system, the cooperation between cumulus cells, oocytes, and gap junctions leads to the
formation of cumulus-oocyte complexes (COCs) [56].

Glycolysis occurs in the cytoplasm and generates two ATP molecules per glucose
molecule [61]. The products of glycolysis, such as pyruvate [62], are transported into
oocytes via paracrine signalling and gap junctions [60]. Monocarboxylates, such as lactate
and pyruvate, are transported into oocytes through monocarboxylate transporters (MCTs),
while pyruvate is transferred to the mitochondrial matrix by the mitochondrial pyruvate
carrier (MPC) [61].

In mitochondria, pyruvate undergoes oxidation by pyruvate dehydrogenase (PDH),
resulting in the production of acetyl coenzyme A. Acetyl-CoA combines with oxaloac-
etate (OAA) to form citrate, the first intermediate in the TCA cycle [63]. Through
this process, oocytes generate energy in the form of ATP through the Krebs cycle and
oxidative phosphorylation [60].
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Additionally, oocytes acquire free fatty acids from follicular fluid and cumulus cells,
but they can also synthesise these compounds independently. Free fatty acids are trans-
ported into mitochondria, where they participate in 3-oxidation and can also be stored as
neutral triglycerides (TAGs). Subsequently, these fatty acids are integrated into the TCA
cycle and OXPHOS [60]. Furthermore, 3-oxidation of fatty acids positively influences the
process of oocyte maturation [61].

2.1. Oxygen Metabolism

Mitochondria play a crucial role in cellular metabolism, primarily through the electron
transport chain [64]. The catabolic process of glucose in cells begins with glycolysis, which
produces pyruvate. This molecule is then incorporated into mitochondria as a substrate for
oxidative phosphorylation, which occurs during the tricarboxylic acid cycle [65]. Electrons
generated during this cycle are transported through NADH and FADH, to ETC complexes
located on the inner mitochondrial membrane (Figure 2) [66]. During this process, electrons
are transferred along the membrane, enabling the pumping of protons into the intermem-
brane space through a mechanism known as oxidative phosphorylation. The resulting
proton gradient drives ATP synthase, which converts ADP into ATP [67,68]. This metabolic
pathway (OXPHOS) ultimately produces 36 molecules of ATP [61].
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Figure 2. Electron transport chain. Legend: CoQ—Co0Q10; C—cytochrome C (created with Bioren-
der.com (accessed on 28 January 2025)).

The respiratory complexes in the ETC function as proton pumps, utilising the energy
derived from electrons to increase the electrochemical potential across the inner mito-
chondrial membrane [69]. However, it is important to note that electron transport is not
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entirely efficient, as electrons may ‘leak’ in complexes I and III. This leakage leads to the
formation of reactive oxygen species, such as the superoxide anion radical [70,71]. This
radical is converted into hydrogen peroxide (H,O;) by superoxide dismutases: SOD1 in
the mitochondrial intermembrane space and SOD2 in the mitochondrial matrix [72,73].
Subsequently, H,O; is further neutralised by enzymes such as glutathione peroxidase (GPx)
and glutathione reductase (GR), with NADPH acting as a reducing equivalent [73]. Excess
ROS production can disrupt the redox balance within the cell, leading to mitochondrial
dysfunction and oxidative damage to membrane lipids, proteins, and highly sensitive
mtDNA, which is not protected by histones [32,71].

2.2. Lipid Metabolism

Mitochondria can utilise various substrates as energy sources. In the case of glucose
depletion, lipids are incorporated into metabolism [74]. In mammalian oocytes, energy is
stored in the form of lipid droplets that contain triglycerides [75,76]. Lipids, including fatty
acids (FAs), glycerides, phosphoglycerides, steroids, sphingolipids, and lipoproteins, serve
as an alternative energy source and a building material for cellular structures [77]. Lipid
synthesis occurs mainly in the endoplasmic reticulum, although mitochondria also play a
significant role in their metabolism [78].

Mitochondria are involved in fatty acid 3-oxidation, a process aimed at energy pro-
duction. (3-oxidation is regulated by cytoplasmic and mitochondrial enzymes. The key
enzymes involved in this process are fatty acid synthase (FASN), ATP citrate lyase, acyl-
CoA synthetase, and carnitine acetyltransferase [77]. The oxidation process of 3-oxidation
occurs in mitochondria or peroxisomes and leads to the production of acetyl-CoA, which
is later incorporated into the tricarboxylic acid cycle (Krebs cycle) [76,79]. Addition-
ally, this process generates NADH and FADH,, which play a crucial role in the electron
transport chain [76].

Mitochondria have the ability to synthesise fatty acids through the action of cytoplas-
mic and mitochondrial enzymes, with palmitic acid being the final product. Subsequently,
fatty acids can be utilised for the construction of phospholipid membranes, including mito-
chondrial membranes, ensuring their proper potential. The loss of mitochondrial capacity
to metabolise and synthesise lipids can disrupt the assembly of the electron transport
chain, directly affecting energy production [80]. A reduction in oocytes’ ability to oxidise
fatty acids, which increases with age, can lead to disturbances in ATP synthesis. Impaired
[-oxidation efficiency results in elevated cellular stress, which consequently reduces the
quality of gametes and embryos during the peri-implantation period [60].

2.3. Ca®** Metabolism

Mitochondria play a vital role in the regulation of calcium signalling and the main-
tenance of intracellular Ca?* homeostasis [81]. They function as reservoirs for calcium
ions and are involved in their release [82]. Under normal physiological conditions, Ca?t
acts as a signal to stimulate ATP production by activating mitochondrial dehydrogenase
enzymes [83]. This calcium signalling further impacts various metabolic pathways, while
calcium ions released from the endoplasmic reticulum into mitochondria can regulate mito-
chondrial enzyme activity, directly shaping the organelle’s metabolism. Any disruption in
calcium levels caused by diseases or stress can affect redox balance within the cell [71].

Calcium ions are essential for processes such as cell division [84], autophagy [85],
differentiation [86], and ageing [87]. Excessive mitochondrial calcium uptake can lead to
the generation of reactive oxygen species, triggering inflammation and apoptosis [88].

The concentration of calcium ions in the extracellular matrix is several times lower than
in the intracellular space due to distinct regulatory mechanisms [83]. The highest calcium
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concentrations are found in the endoplasmic reticulum, which serves as the main intracellu-
lar calcium store [89]. In cellular terms, mitochondria and ER are calcium stores [90]. In the
endoplasmic reticulum, calcium levels range between 500 and 1000 uM, which is significantly
higher than in the cytosol [91]. The ER membrane contains numerous calcium channels,
including ryanodine receptors (RyRs) and inositol 1,4,5-triphosphate receptors (IP3Rs). On
the contrary, calcium ions are transported out of the ER by Ca?*-ATPase pumps [89].

In mitochondria, calcium transport occurs through the voltage-dependent anion chan-
nel (VDAC) in the outer mitochondrial membrane, which facilitates calcium permeability,
and through the mitochondrial calcium uniporter (MCU) in the inner mitochondrial mem-
brane (IMM) [92]. The MCU complex is regulated by proteins such as EMRE, MICU]1,
MICU2, MICU3, MCUb, and MCUR1, which collectively control calcium ion flow. MICU1-
3 proteins, in particular, bind calcium ions and modulate MCU activity [93]. Calcium
transfer between the ER and mitochondria is mediated by IP3R receptors [94]. This process
results in transient calcium concentration spikes in mitochondria, with the signal propagat-
ing through the MCU. Subsequently, calcium ions reach the outer mitochondrial membrane,
the intermembrane space, and ultimately contribute to the formation of the negative IMM
potential dependent on Ca?* ions [94].

Under physiological conditions, fluctuations in calcium levels are triggered by muscle
contractions or hormonal stimulation [91]. In mitochondria, calcium levels are critical
for energy production, as they influence the activity of mitochondrial matrix dehydro-
genases [91,94]. Research conducted by Katona et al. [94] demonstrated that excessive
calcium uptake by mitochondria can lead to overload, resulting in increased ROS pro-
duction, inhibition of ATP synthesis, and cytochrome c release. This calcium overload
in neuronal mitochondria contributes to cell death, as observed in a mouse model of
Alzheimer’s disease [95].

Calcium homeostasis dysregulation is also a risk factor for neurodegenerative dis-
eases, ischemic stroke, and chronic heart conditions, including heart failure [96-98]. Dur-
ing episodes of oxygen and glucose deprivation, ATP production is disrupted, leading
to membrane depolarisation and activation of voltage-gated calcium channels. This,
in turn, causes excitotoxicity, mitochondrial dysfunction, increased ROS levels, and
ultimately apoptosis [99].

3. Mitochondrial Changes

Mitochondria are essential for energy production, supporting metabolism, and main-
taining cellular homeostasis [11]. However, various factors can cause mitochondrial dys-
function, including genetic mutations, ageing, and physical inactivity [100]. Although
inherited mitochondrial mutations are rare (1 in 5000 individuals), they can lead to se-
vere neurological disorders, such as myopathies [101]. Mutations in the mitochondrial
genome, for example, can affect cardiolipin (CL), a phospholipid essential for mitochondrial
membranes and their processes, which can potentially lead to cardiomyopathy [100].

Bacterial infections, such as those caused by Listeria monocytogenes [102] and Helicobac-
ter pylori [103] can induce mitochondrial fragmentation, while viruses like HIV promote
mitophagy, disrupting mitochondrial balance and damaging neurons [100]. Addition-
ally, physical inactivity promotes metabolic diseases such as diabetes and contributes
to mitochondrial dysfunction, including a reduction in mitochondrial number within
muscle cells [104].

Neurodegenerative diseases (NDs), such as Alzheimer’s and Parkinson’s disease,
are associated with the accumulation of misfolded proteins in neuronal cells, altering the
nervous system [105]. Patients with NDs exhibit elevated levels of reactive oxygen species,
which generate oxidative stress. This, in turn, damages mitochondria and nucleic acids, and
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promotes 3-amyloid aggregation, a hallmark of Alzheimer’s disease [106,107]. Similarly,
oxidative stress and mitochondrial dysfunction also play a critical role in oocyte ageing
and embryo development, potentially compromising fertility and embryonic viability.

Hypoxia (deprivation of oxygen) is another key factor that affects mitochondrial func-
tion, particularly the respiratory chain. Studies in human endothelial cells [108] derived
from the umbilical vein showed that 6-day exposure to hypoxia (1% O,) increased the
expression of hypoxia-inducible factor 1oc (HIF1«x), a marker of oxygen deficiency [108].
Additionally, the activity of antioxidant enzymes such as superoxide dismutase and glu-
tathione reductase (GR) decreased by approximately 25% and 60%, respectively. Hypoxia
caused an increase in ROS levels, with mitochondrial ROS nearly doubling compared to
the control group. Furthermore, hypoxia led to a reduced level of coenzyme Q10 (Q10),
a crucial mitochondrial antioxidant, resulting in a decrease in the efficiency of oxidative
phosphorylation and ATP production [108].

AMP-activated protein kinase (AMPK) plays a vital role in maintaining mitochondrial
function [109]. It is a serine/threonine protein kinase that is a regulator of cell energy
homeostasis, including glucose and lipid metabolism [55]. Studies conducted in mouse
oocytes (5-6 weeks old) analysed the influence of AMPK on pre-ovulatory ageing of oocytes.
Old oocytes were characterised by lower expression of AMPK, contributing to increased
ROS levels and mitochondrial dysfunction [110].

The expression of mitochondrial genes is also regulated by mTOR (mammalian tar-
get of rapamycin), a serine-threonine kinase involved in autophagy, cell growth, and
metabolism [111]. mTOR controls the expression of cytochrome c, a key protein in mito-
chondrial processes [112].

Mitochondrial sirtuins (SIRT3-5), which are NAD+-dependent deacetylases, also play
a critical role in mitochondrial function. SIRT3 interacts with ATP synthase and contributes
to the potential of the mitochondrial membrane. Reduced levels of SIRT3 result in de-
creased activity of mitochondrial enzymes, increased ROS production, and oxidative stress.
Meanwhile, SIRT5 supports NADPH homeostasis and antioxidant activity [112].

3.1. Ageing Processes in Mitochondria

Ageing is a process influenced by both internal and external factors, such as diet, body
weight, and environmental conditions [113]. It is well known that female reproductive
abilities decline with age, which is associated with a decrease in the quality of the ovar-
ian reserve and a decrease in the number of primordial follicles [37,60]. Older oocytes
exhibit chromosomal aberrations, spindle apparatus damage, zona pellucida, and organelle
damage [114,115]. Cellular ageing is a complex process driven by various factors, such
as oxidative stress, telomere shortening, and DNA damage that contribute to mutations.
Ageing cells also show changes in their morphology [7,116]. In older individuals, iron
homeostasis is often disrupted, predisposing them to cardiovascular and neurodegen-
erative diseases, which are linked to oxidative damage [116]. This occurs due to iron
overload, which generates hydroxyl radicals, increasing the peroxidation of polyunsatu-
rated fatty acids in cells and leading to apoptosis [116]. Moreover, ageing results in reduced
mitochondrial function [115].

Ageing is also associated with an increase in reactive oxygen species, which negatively
impacts mitochondrial function, leading to mutations in mtDNA, oxidative damage to
proteins and organelles, and shortening of the telomere. The accumulation of these negative
effects leads to mitochondrial apoptosis, which is crucial for oocyte function. Mitochon-
drial dysfunction results in energy deficits necessary for cellular processes [115,117]. In
older patients, a decrease in the number of mitochondria and the degradation of their
cristae is often observed. These mitochondria are generally elongated and enlarged and
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can adopt irregular shapes [118]. The morphology also changes with age [118]. A known
mediator of the ageing process is the protein p53, which affects mitochondrial dynam-
ics and promotes their elongation [7]. Ovarian ageing has been shown to affect mito-
chondrial morphology, resulting in the vacuolisation of organelles and impairing their
function [37,119]. Additionally, the calcium storage capacity of the endoplasmic reticulum
in ageing oocytes deteriorates, leading to a disruption of calcium homeostasis, which, in
turn, reduces calcium signalling during fertilisation and oocyte maturation, finally affecting
gamete quality [115].

Ageing is associated with a reduction in the efficiency of the mitochondrial electron
transport chain, leading to a decrease in ATP levels, which ultimately lowers oocyte
quality [60]. It is also associated with an increase in ROS content, which is a by-product of
metabolic processes in mitochondria that produce energy [37]. When the REDOX balance is
disturbed, ROS have a detrimental impact on mitochondria, leading to oxidative damage,
including damage to mtDNA. This can result in follicular atresia, significantly reduce the
fertilisation potential of oocytes, or cause female infertility [26,44]. Oxidative stress leads to
an imbalance between free radicals and antioxidants, resulting from the intense production
of ROS in mitochondria. This causes oxidative damage to the mitochondrial genome and
reduces fertilisation rates [114].

Studies conducted in mouse oocytes analysed ROS and ATP levels in mitochondria [115].
For this purpose, the oocytes obtained from older animals at the age of 4448 weeks were
to correspond to oocytes aged 45-60 years in the perimenopausal period of women and
oocytes from younger mice (6-8 weeks). Older oocytes were characterised by a decrease
in the extrusion of the first polar body, abnormalities of the meiotic spindle, higher levels
of ROS, and lower levels of ATP in relation to the younger group of younger oocytes.
Furthermore, during the study, the level of expression of the critical calcium-binding
protein (CABL1) was also analysed by analysing the expression of the calbindin 1 gene
(Calb1). This protein is important in the context of regulating cellular calcium levels, which
translates into the regulation of metabolism and apoptosis. The researchers analysed the
level of this protein in mouse oocytes for the first time, indicating its protective role during
oocyte ageing [115]. It was proven that the expression of the tested protein is crucial
during oocyte maturation and maintains a constant level, which decreases as cells age.
During this examination, the researchers detected lower levels of CALB1 protein expression
in old MII stage oocytes compared to the young group, which may contribute to gamete
ageing. Furthermore, an attempt was made to silence the CABL1 encoder gene using siRNA
targeting Calbl1. For this purpose, the designed siRNA was injected into the ooplasm, and
PBS was injected into the control group. The results showed that siRNA treatment caused
a decrease in CABL1 protein, and thus, a 60% reduction in the production of the polar body
by oocytes was achieved, and it also showed abnormalities in the meiotic spindle. The
authors proved that the reduced expression of the tested protein in oocytes was associated
with a decrease in calcium concentration in the ER and mitochondria. A decrease in
mitochondrial membrane potential was also detected, which indicated impaired organelle
functions [115]. Moreover, the overexpression of CABL1 effectively corrects age-related
oocyte defects. It improves spindle assembly and chromosome alignment while restoring
calcium homeostasis in the ER and mitochondria. Additionally, it reduces oxidative stress
and increases ATP levels. The enhanced mitochondrial function further contributes to
improved fertilisation rates and embryo development. These findings suggest that CABL2
plays a key role in counteracting oocyte ageing. In their study, the authors showed that
CABL1 participates in the regulation of oocyte ageing [115].

Sirtuins, a family of protein deacetylases dependent on nicotinamide adenine dinu-
cleotide (NAD+) and ADP-ribosyltransferases, play a crucial role in regulating the ageing
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process and protecting oocytes from oxidative stress [117]. These proteins act as regulators
of various cellular processes, including apoptosis, DNA repair, and the maintenance of
energy and redox homeostasis [117]. As the reproductive system ages, the expression levels
of SIRT1-3 in oocytes decrease, while the expression of SIRT4 and SIRT6 increases [60]. As
individuals age, NAD+ levels decrease [120], leading to a reduction in the cofactor available
for sirtuins, which consequently results in a decrease in their activity [121]. Studies have
shown that SIRT1 improves mitochondrial function, repairs DNA damage, and participates
in oocyte maturation, but its activation is diminished by oxidative stress [122]. Research in
mouse oocytes has demonstrated that SIRT1-3 protects oocytes from ageing after ovulation
by mitigating the effects of ROS and abnormal mitochondrial distribution [123]. In these
studies, oocytes were exposed to nicotinamide (NAM) as an inhibitor of SIRT1, SIRT2,
and SIRT3 at concentrations of 0, 1, 5, and 10 mM. After 6 h of incubation, ROS levels
were assessed. At higher concentrations of NAM (5 and 10 mM), an increase in ROS was
observed, leading to the induction of ageing. Furthermore, NAM-treated oocytes showed
altered spindle morphology, with gradual loss of microtubules and changes in mitochon-
drial distribution compared to the control group, where mitochondria exhibited a polarised
distribution pattern. These results suggest that SIRT1-3 are involved in protecting oocytes
from ageing [123].

Other studies by Xing et al. [122] on mouse oocytes analysed the function of SIRT1
in the ageing process. The oocytes were obtained from mice and divided into fresh cells
(without incubation) and aged cells (12 h of incubation in M16 medium). The RNA was
then extracted, and the SIRT1 coding sequence was sequenced for subsequent injection
into the MII oocytes. Control-aged oocytes were injected with PBS. The authors found a
decrease in SIRT1 expression in aged oocytes. Furthermore, SIRT1-injected oocytes showed
an increase in protein expression compared to the control group. A decrease in ROS levels
was also observed with increased SIRT1 expression, which may indicate the modulation of
superoxide dismutase and the mitigation of the effects of ageing [122].

The purpose of the study conducted by Pasquariello et al. [124] was to determine the
possible correlation between mitochondria function and number and the ATP content and
functionality of the meiotic spindle in oocytes obtained from young (at 8 weeks) and older
(52-56 weeks) mice. The biological material was divided into three groups: control (oocytes
of young mice), study (oocytes of old mice), and those obtained from older mice matured
in vitro with the addition of antioxidants. Old oocytes were characterised by a lower mito-
chondrial membrane potential than those obtained from younger animals. Furthermore,
the antioxidant supplementation of older oocytes contributed to the achievement of a
mitochondrial DNA number comparable to the number of mtDNA copies in young oocytes,
while old oocytes without supplementation were characterised by a reduced number of
copies. Researchers obtained similar results by analysing the ROS level in older oocytes; it
was higher than in the control sample and the one tested with the addition of antioxidants.
The results indicate a negative impact of female ageing on mitochondrial function [124].
Thus, ageing is directly related to a reduction in mitochondprial function [125].

3.2. Thermal Stress

Warm-blooded organisms are susceptible to heat stress under certain environmental
conditions when the threshold of their thermoneutral zone is exceeded [126]. Studies
have shown that heat stress reduces milk production in cows [127], alters poultry meat
quality [128], decreases feed intake in animals [129], and negatively impacts reproductive
parameters by lowering the developmental potential of oocytes and disrupting mitochon-
drial functions [130].
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Heat stress (HS) induces oxidative stress, which damages mitochondria, reducing
their functionality [131]. HS contributes to lipid peroxidation in mitochondrial membranes,
leading to increased production of reactive oxygen species. The response to HS involves a
cascade of gene activation, particularly those encoding heat shock proteins (HSPs), which
stabilise ROS-damaged proteins [131]. HSPs act as molecular chaperones and are essential
to maintain cellular processes [132]. Among these proteins, HSP70 and HSP90 play a
significant role and are expressed in response to heat stress [133]. HSP70 is involved in
stabilising the cytoskeleton, regulating the cell cycle, and preventing apoptosis [134], while
HSPI0 is crucial to maintaining cellular homeostasis [132]. The expression of HSPs protects
cells against hyperthermia and aims to preserve their functions during stress [135].

Mitochondria are particularly sensitive to heat stress, which disrupts key processes
such as cell respiration, energy production, and calcium homeostasis [126,131,136]. Heat
stress also leads to changes in mitochondrial morphology, which often causes them to
swell [137]. In oocytes exposed to heat stress, ROS accumulation occurs, reducing their
developmental potential [130]. Mitochondrial dysfunction includes impaired ATP synthesis
and the disruption of spindle assembly [138]. The imbalance in REDOX homeostasis
caused by heat stress results in excessive ROS accumulation, increasing mitochondrial
membrane permeability and leading to cytochrome C release, ultimately causing cell
damage and apoptosis [137]. Damaged mitochondria are removed through mitophagy, a
form of mitochondrial autophagy, which prevents excessive ROS accumulation and further
damage [139]. Heat stress negatively affects reproductive processes by inhibiting follicular
growth, reducing oocyte quality, suppressing steroidogenesis, and generating ROS, which
adversely affects embryonic development [130,140].

3.3. Exposure to Toxic Substances

The relationship between environmental toxins and mitochondrial functions is being
explored [141-144]. To analyse the impact of toxic substances on mitochondria, researchers
examine the number of mtDNA copies [145]. Polycyclic aromatic hydrocarbons (PAHs)
are lipophilic toxic substances that can accumulate in mitochondria and bind to mtDNA.
In a study conducted by Jia et al. [146], to evaluate the impact of PAHs on mtDNA, blood
samples were collected from 19 oil field workers. Significant changes in the methylation
of the COX gene (cytochrome c oxidase) were observed at two loci—MT-COX1 and MT-
COX2—while no differences were detected at the MT-COX3 locus. Increased methylation
of the mitochondrial genome may lead to dysfunction of these organelles. The COX gene is
involved in the electron transport chain and encodes complex IV. Mutations in this gene
can lead to ETC dysfunction [146].

Moreover, PAHs contribute to the generation of reactive oxygen species and oxida-
tive damage [147]. Wang et al. [148] investigated the effect of phenanthrene (PHE) on
the quality of mouse oocytes. The gametes were cultured with PHE at concentrations
of 200, 300, and 400 uM, as well as without PHE (control group). The study revealed
that PHE disrupted oocyte maturation and polar body extrusion and caused spindle mul-
tipolarity with abnormal structure in treated oocytes. On the contrary, the spindles in
the control group exhibited normal morphology and barrel-shaped shapes. Furthermore,
chromosomes in PHE-treated oocytes were misaligned and improperly arranged. PHE also
increased intracellular calcium levels, demonstrating mitochondrial dysfunction and ROS
accumulation [148].

Microplastics are currently being widely studied for their health impacts due to
their components, such as polyethylene and polystyrene [149]. Both microplastics and
nanoplastics can absorb toxic metals, intensifying their negative effects [150]. Toxic metals
can enter the body through food, water, or air [151]. These metals, such as lead, mercury,
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cadmium, arsenic, and cobalt, are persistent pollutants that do not degrade [152,153]. They
cause cytotoxicity and damage mitochondria by disrupting the REDOX balance [154].

Wau et al. [150] analysed the effect of polystyrene nanoplastics (PS-NPs) and cadmium
on rat ovaries. Rats were assigned to groups receiving daily doses of 2 mg/kg PS-NPs,
1.5 mg/kg Cd, a combination of 1.5 mg/kg Cd and 2 mg/kg PS-NPs, or a control group
(no exposure) for four weeks. Subsequently, the rats were euthanised, and their ovaries
were collected. Histological analysis revealed that the groups exposed to toxic substances
exhibited a reduction in growth follicles and a higher proportion of atretic follicles compared
to the control group. In each treated group, increased ROS levels were detected, with the
highest levels observed in the cadmium and nanoplastic combination group, while the
levels of SOD and CAT were significantly lower than in the control group. Additionally,
loss of mitochondrial cristae and membrane rupture were observed in the cadmium and
nanoplastic group, leading to mitochondrial dysfunction [150]. Exposure to toxic metals is
associated with increased mitochondrial membrane permeability, respiratory chain complex
damage, and elevated levels of reactive oxygen species [144].

A schematic representation of the factors influencing mitochondrial dysfunction and
their impact on cellular processes is presented in Figure 3.
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Figure 3. Mitochondrial changes (created with Biorender.com accessed on 29 March 2025).

4. Methods of Regenerating Mitochondria

Mitochondria are subject to control in the form of biogenesis and mitophagy [112]. The
way to restore mitochondria in cells is through their biogenesis (mitobiogenesis), which
takes place simultaneously with mitophagy, that is, the elimination of mitochondria [155].
Mitobiogenesis occurs in the case of increased demand for energy and other cellular
signals [155]. Methods of restoring mitochondrial function can also include antioxidant
supplementation or mitochondrial replacement therapy (MRT) [156,157].
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4.1. Mitochondrial Replacement Therapy (MRT)

The quality and proper functioning of mitochondria are crucial for oocyte maturation
and embryonic development, and abnormalities result in disorders such as premature
ovarian ageing (POA) or diminished ovarian reserve (DOR) [32]. To limit the inheritance
of mitochondprial diseases and improve the quality of oocytes, mitochondrial replacement
therapy is used, which includes mitochondrial transfer, which aims to increase the number
of mitochondria in oocytes, the ooplasm exchange method, and transfer of the meiotic
spindle, pronucleus, and polar body [50,158,159]. In the case of spindle transfer, the spindle—
chromosome complex is transferred from the mother’s oocyte to the donor oocyte with
properly functioning mitochondria. Transfer of the pronucleus involves simultaneous
fertilisation of the donor and recipient oocytes and then the transfer of the pronucleus
from the zygote to the healthy enucleated donor oocyte. In turn, polar body transfer
involves transferring it instead of the spindle to the enucleated recipient oocyte with correct
mitochondria [160]. Although the mother’s mtDNA is combined with the donor’s mito-
chondrial genome, it only constitutes about 0.1% of DNA, so it should not be considered a
third parent [161].

4.2. Resveratrol

Resveratrol (RSV) is a natural polyphenol that can be found in various plants, in-
cluding grapes and peanuts, as well as in wine and tea [162,163]. Plants synthesise RSV
in response to stressful conditions, including extreme temperatures, mechanical damage,
ultraviolet irradiation, and pathogen attacks [162,164]. It is considered a phytoestrogen
because it shares structural and functional similarities with oestrogen [165]. Resveratrol
is well documented for its diverse range of properties, including anti-ageing, antioxi-
dant, anti-inflammatory, insulin sensitising, cardioprotective, vasodilatory, and anticancer
effects [164-166]. Furthermore, studies have highlighted its efficacy in improving health
and mitigating chronic diseases, including neurodegenerative conditions [167].

The function of resveratrol is based on its interaction with various molecular targets,
including active enzyme sites and proteins such as tubulin, protein kinase C alpha (PKCo),
phosphodiesterase-4D, human oral cancer cell line proteins, PKC«, and lysine-specific
demethylase 1 [168]. Within cells, resveratrol exerts its effects by influencing signalling
pathways, including the nuclear factor-xB (NF-«B) pathway. NF-«B is a critical regulator of
immune responses, cell survival, and ovarian cell functions, encompassing processes such
as proliferation, apoptosis, and the release of steroid hormones [168,169]. Additionally,
resveratrol modulates pathways related to inflammatory prostaglandins and cytokines, as
well as antioxidant enzymes, which are key players in apoptosis regulation, mitochondrial
biogenesis, gluconeogenesis, and lipid metabolism. Furthermore, the impact on DNA
methylation has been demonstrated, implicating its potential role in epigenetic control over
oxidative, metabolic, and tumorigenic processes [170].

Resveratrol acts as a potent activator of the silent information regulator 2 type 1
(SIRT1) [167,171]. Its role in the regulation of ovarian function and the modulation of
steroidogenesis through sirtuins has been well established [172]. Sirtuins belong to the
nicotinamide adenine dinucleotide-dependent deacetylase protein family and are recog-
nised for their involvement in various cellular processes, including apoptosis, DNA repair,
lipid metabolism, redox homeostasis, and ovarian ageing [162,173]. In mammals, seven
members of the sirtuins family are distinguished [174]. SIRT1 has been proven to be ex-
pressed in animal ovaries, mammal embryos, and oocytes [171]. Moreover, it supervises
oocyte maturation and is also involved in the regulation of granulosa cell apoptosis during
follicular atresia, contributing to the extension of the ovarian lifespan [171,175].
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Recent research has proven evidence that SIRT1 stimulates mitochondrial biogene-
sis while also regulating mitochondrial functionality [171]. Resveratrol improves mito-
chondrial function through SIRT1 activation and activates sirtuins, which play a role in
anti-ageing processes [175,176]. SIRT1 activation leads to SIRT1 deacetylation of SIRT1
and the subsequent activation of the peroxisome proliferator-activated receptor-gamma
coactivator (PGC-1«,) which in turn regulates mitochondrial biogenesis [177]. PGC-1o
serves as a critical transcriptional coactivator that plays a central role in regulating energy
metabolism [178]. The presence of stress triggers the activation of SIRT1 and its associated
molecular targets, including the kappa light chain enhancer of activated B cells (NF-kB),
tumour protein p53, forkhead box (FoxO), PGC-1«, liver X receptor, nibrin (NBS1), and
hypoxia-inducible factor 2cc (HIF-2x) [162,171]. As the most potent natural SIRT1 ligand,
resveratrol emerges as a significant contributor to the maintenance of energy equilibrium,
the facilitation of gene regulation, and the protection of genome stability, all of which are
integral to cell viability [171]. In this capacity, resveratrol plays a central role in the gover-
nance of a multitude of processes that span energy regulation, gene expression, genomic
integrity, and cell survival [162]. Furthermore, resveratrol exhibits therapeutic potential in
female reproduction, with multiple studies highlighting its beneficial effects in conditions
such as endometriosis, breast cancer, and cervical cancer [179-182]. It has been found to
promote apoptosis and autophagy while inhibiting the migration and invasion of human
cervical cancer cells [180]. RSV has also demonstrated protective effects against ovarian can-
cer in mouse ovaries by increasing glucose uptake and exhibiting anti-tumour properties. A
study conducted by Bezerra et al. [183] on sheep ovaries provided evidence that resveratrol
stimulates granulosa cell proliferation and activates primordial follicles [183]. Furthermore,
research on a rat model of premature ovarian failure underscores the antioxidant properties
of resveratrol on granulosa cells, attributed to its modulation of the PI3K/Akt/mTOR
signalling pathway, a critical regulator of oocyte growth, primordial follicle development,
and proliferation of granulosa cells [184]. In a study conducted by Nishigaki et al. [173] on
a human ovarian granulosa-like tumour cell line (KGN) exposed to cobalt chloride (CoCl,)
as a hypoxic factor at concentrations of 10 pmol/L and 100 umol/L, it was shown that
resveratrol supplementation at concentrations of 10, 25, and 50 pmol/L directly influenced
the SIRT1/PGC-1x pathway. The study observed that CoCl, reduced the expression of
SIRT1 and the number of mtDNA copies, while the addition of resveratrol counteracted
this negative effect [178].

Research has shown its ability to stimulate mitochondrial activity, leading to increased
ATP production and improved cell viability in human granulosa cells [185,186]. RSV
treatment has been shown to enhance autophagy in bovine granulosa cells [174]. Further-
more, the addition of resveratrol to the culture medium during in vitro oocyte culture
has been reported to have beneficial effects on the oocytes, improving the ATP content
and the fertilisation process [174]. Sugiyama et al. [174], in complexes of bovine oocyte
and granulosa cells obtained from aged cows (>120 months of age), demonstrated that
resveratrol increased SIRT1 expression and induced autophagy in both granulosa cells and
oocytes. Furthermore, in in vitro cultures, RSV was found to have a significant impact on
mitochondrial DNA copy numbers in bovine oocytes, leading to higher ATP content [174].
Similar results were obtained in the study conducted on aged mouse oocytes [176]. The
authors indicated that long-term RSV treatment (22 weeks) helped prevent the degrada-
tion of oocyte quality in mice, as well as restored implantation rates and live offspring
production [176]. Furthermore, this natural polyphenol maintained mitochondrial activ-
ity in female gametes, even during short-term supplementation (7 days) [176]. Studies
indicated that resveratrol supplementation can help prevent ageing and the decline in
its quality [174,176]. Furthermore, resveratrol has exhibited a favourable impact on the
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mitochondria of vitrified oocytes. Vitrification usually results in decreased ATP levels
and increased reactive oxygen species in bovine, mouse, and porcine oocytes [187]. These
changes can have adverse effects on electron transport, calcium regulation, DNA integrity,
and mitochondrial morphology [187]. However, supplementation of the culture medium
with resveratrol (1 uM) during the post-vitrification warming process has been shown to
enhance mitochondrial function. Subsequently, this improvement leads to increased oocyte
survival and maturation, along with a reduction in apoptosis rates and reactive oxygen
species levels [187]. Furthermore, additional research has indicated that intraperitoneal
administration of resveratrol at a dose of 20 mg/kg body weight enhances embryonic
development during the superovulation process in mice [186]. This improvement is at-
tributed to enhanced oocyte mitochondrial function, elevated gene expression associated
with mitochondrial biogenesis, and an increased blastocyst formation rate. Specifically, the
test group receiving resveratrol demonstrated a 20% higher rate of reaching the blastocyst
stage (61.67%) compared to the control group without resveratrol supplementation [186].

4.3. Leonurine

Leonurine (also known as SCM-198 or LEO) is a natural alkaloid found in the leaves of
Leonurus japonicus Houtt [188]. This compound exhibits a robust capacity to counteract free
radicals, quench reactive oxygen species, and elevate the levels of crucial enzymes such as
superoxide dismutase, catalase, and glutathione peroxidase [189]. LEO is associated with
anti-inflammatory, antioxidant, anti-platelet aggregation, uterine stimulation, anti-tumour,
and cardiovascular protective properties [190,191]. Furthermore, it has the potential to
improve mitochondrial dysfunction [192].

The protective effects of LEO on ovarian health were demonstrated in a study con-
ducted by Chi et al. [193]. The research involved mice divided into four experimental
groups, along with a control group. The first group received cyclophosphamide (CTX)
at a dosage of 150 mg/kg/week, administered intraperitoneally in physiological saline
daily. The subsequent three groups received CTX along with intraperitoneal injections of
leonurine hydrochloride at various concentrations (7.5 mg/kg, 15 mg/kg, and 30 mg/kg)
for a treatment period of 28 days. After this treatment, the mice were mated with males and
sacrificed on the 14th day of pregnancy. CTX administration was found to induce premature
ovarian insufficiency (POI). This induction led to a significant reduction in ovarian weight,
although their relative weight returned to normal with LEO doses of 15 and 30 mg/kg.
These findings support the notion that leonurine can ameliorate the condition of POI mice,
positively influencing implantation and the number of live foetuses [193]. Furthermore,
the study’s authors demonstrated that LEO has a regulatory impact on the pyroptosis
pathway, which is implicated in the development of POI. LEO was shown to modulate the
expression levels of the NLRP3, ASC, cleaved caspase-1, and GSDMD proteins. Further-
more, it reduced the levels of interleukinl8 in the serum, as compared to the group with
POI [193]. In another study conducted by Zheng et al. [188], the impact of LEO on bovine
oocytes and embryos was explored. To assess its influence on oocyte development potential,
various concentrations of LEO (0 uM, 20 uM, 40 uM, and 80 uM) were introduced into the
culture medium. Remarkably, enhanced development was observed even at the lowest
alkaloid concentration, surpassing the control sample. LEO treatment also resulted in a
heightened rate of blastocyst formation. Additionally, compared to the control group, lower
levels of reactive oxygen species and glutathione were detected in bovine oocytes exposed
to leonurine [188]. Furthermore, it was demonstrated that LEO—beyond its capacity to
reduce ROS—appears to engage in lipid synthesis and metabolism. This involvement
influences the availability and absorption of fatty acids, phospholipids, and triglycerides
by oocytes [188].
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Although there are differences in the experimental conditions of the studies described
above (the experiment of Chi et al. [193] focused on the protective effect of LEO against
toxic damage to the ovaries in mice, while the study of Zheng et al. [188] analysed the direct
effect of LEO on the quality and development of oocytes and bovine embryos), both teams
proved that LEO has a beneficial effect on the health and functioning of germ cells, both
in the animal model (mice) and in in vitro studies on bovine oocytes. Both experiments
indicate that LEO protects oocytes and ovaries from negative factors, such as oxidative
stress or toxic substances (e.g., cyclophosphamide). It improves the functioning of the
reproductive system, increases the chances of successful embryo implantation and foetal
development, and affects metabolic processes, regulating the levels of ROS, lipids, and
inflammatory markers.

The influence of leonurine was assessed on porcine ovaries and oocytes [192].
The research revealed that LEO, administered in various concentrations (0 uM, 20 uM,
40 uM, and 60 uM), exerts a notable effect on early embryo development. In particular,
the concentration of 40 uM LEO demonstrated the highest efficacy in enhancing porcine
blastocyst formation (72.22% = 3.78%) compared to other concentrations (47.43% =+ 1.01%
for 0%, 56.47% =+ 2.53% for 20%, and 59.54% =+ 3.40% for 60%) [192].

Leonurine has the ability to suppress intracellular reactive oxygen species and mitigate
mitochondrial dysfunction [194]. It facilitates Akt phosphorylation, which subsequently
inhibits cytochrome ¢ and the secretion of inflammatory cytokine secretion and down-
regulates the Bcl-2/Bax ratio [194]. Leonurine enhances the levels of the anti-apoptotic
marker Bcl-2 while reducing those of the apoptotic marker Bax [195]. This multifaceted ac-
tion leads to the attenuation of caspase activation and results in anti-apoptotic, antioxidant,
and anti-inflammatory effects [194].

The results of these studies suggest that LEO may be a potential agent that supports
fertility and ovarian health, which may be important for the design of future therapies in
reproductive medicine.

4.4. Melatonin

Melatonin (5-methoxy-N-acetyltryptamine) is a hormone secreted by the pineal gland,
but also by other tissues such as the retina, placenta, and ovary [196]. Additionally, the
follicular granulosa cells in oocytes are capable of synthesising melatonin [197]. This is a
multifunctional substance that includes antioxidant and anti-inflammatory properties [198].
It can contribute to the modulation of mitochondrial functions according to its antioxidant
properties and reduce free radical levels [197]. Melatonin is involved in regulating ovarian
function, which encompasses oocyte maturation, the mitigation of oxidative harm in
granulosa cells, and the safeguarding of granulosa cells from undergoing apoptosis [173].
It has been shown that melatonin levels in the blood and in the follicular fluid decrease
with maternal ageing [196,197].

Research conducted on both young (6-8 weeks old) and aged (50-60 weeks old) mouse
ovaries aimed to investigate the impact of melatonin on communication between granulosa
cells and oocytes [197]. In this study, one group of mice received melatonin treatment
(30 mg/kg body weight) for a duration of 28 days, while the second group served as a
control and received water. The research revealed that oral melatonin supplementation in
older mice led to a notable increase in the number of transzonal projections (TZP) [197].
These TZPs are specialised filopodia that envelop cumulus granulosa cells and extend
to reach oocytes, facilitating communication between oocytes and somatic cells. Further-
more, the administration of melatonin was found to enhance the morphology of cumulus-
oocyte complexes, which is particularly important since COC quality tends to deteriorate
with age [197].
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Furthermore, the study included an examination of the impact of reducing reactive
oxygen species in in vitro oocyte culture [197]. Fluorescence analysis confirmed that mela-
tonin supplementation effectively curtailed ROS accumulation in aged mouse oocytes.
Melatonin was further shown to enhance the activity of glucose-6-phosphate dehydroge-
nase (G6PDH) and restore favourable ratios of NADPH/NADP+ and GSH/GSSG in older
COCs. This action reduces the excessive buildup of ROS and serves as a protective measure
against oxidative damage in oocytes [197].

A similar study examined the impact of melatonin on the in vitro maturation of mouse
oocytes [196]. To explore this, the oocytes were cultured in a medium enriched with varying
concentrations of melatonin (10_4, 107°, and 108 M/ L). The findings revealed that the
addition of melatonin substantially enhanced the fertilisation potential of ageing oocytes,
resulting in an average improvement of 20-30% compared to the control group that did not
receive melatonin supplementation [196]. A detailed analysis conducted by the researchers
indicated that melatonin supplementation reduced the proportion of oocytes exhibiting
heterogeneous mitochondria compared to the control group (melatonin: 32.71 £ 0.81%,
n =72 vs. control: 43.06 £ 0.69%, n = 85, p < 0.01) [196]. The study demonstrated
that melatonin plays a constructive role in both oocyte maturation and early embryonic
development. Melatonin’s mechanism of action involves the regulation of oxidative stress
through its influence on the expression of key genes like SIRT1 and SIRT3, alongside other
antioxidant genes, including SOD1, SOD2, and GPX4 [196].

Xu et al. [173] conducted an experiment involving bovine granulosa cells exposed to
varying concentrations of hydrogen peroxide (H,O;) (ranging from 0 uM to 1000 uM) for
a duration of 4 h. Subsequently, these cells were treated with different concentrations of
melatonin (ranging from 0 uM to 10 uM). The results indicated that 400 uM H,O, reduced
cell viability by approximately 50% [173]. However, when melatonin was introduced, it
demonstrated a positive effect on cell viability. Furthermore, melatonin mitigated HyO,-
induced depolarisation of the mitochondrial membrane in ovarian granulosa cells. In
addition, melatonin was observed to inhibit apoptosis in bovine ovarian granulosa cells.
This effect was attributed to melatonin’s ability to induce mitophagy by activating SIRT1
expression, which subsequently led to the deacetylation of FoxO1 [173].

4.5. L-Carnitine

L-carnitine (LC) is a small, hydrophilic molecule initially isolated from cattle
muscles [199]. It serves a crucial role in lipid metabolism and mitochondrial function [200].
LC is essential for ATP production and concurrently reduces oxidative stress within
cells [201]. It facilitates the translocation of acetyl groups from the cytoplasm to the
mitochondrion and regulates the activity of mitochondrial enzymes [202,203]. Additionally,
it contributes to the elimination of xenobiotics from cells [204]. LC possesses the capacity
to transport long-chain fatty acids across the inner mitochondrial membrane. These fatty
acids then undergo 3-oxidation, resulting in the formation of acetyl fragments in the form
of acetyl-coenzyme A. Subsequently, these acetyl-CoA molecules enter the Krebs cycle,
participating in ATP production [204]. L-carnitine plays a crucial role in maintaining op-
timal levels of acetyl-CoA, thereby ensuring the efficiency of the pyruvate oxidation and
glycolysis reactions [204].

The impact of L-carnitine on the growth of buffalo oocytes was investigated by Modak
et al. [205]. Buffalo oocytes were cultured in a medium supplemented with varying
concentrations of L-carnitine: 0, 1.25, 1.875, and 2.50 mM. The addition of 1.875 and
2.5 mM LC significantly increased the diameters compared to the lower concentration of
1.25 mM and the control group (0 mM). On the sixth day of culture, oocytes supplemented
with 2.5 mM LC reached an average diameter of 118.8 £ 0.5 pm, while those treated
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with 1.875 mM LC measured 115.8 & 0.4 um. Moreover, on the third day of culture, the
percentage of degenerated oocytes was lower for concentrations of 0, 1.25, 1.875, and
2.50 mM, with corresponding values of 45%, 40%, 30%, and 7.5%, respectively. Conversely,
for oocytes treated with 2.50 mM L-carnitine, the degeneration rate on the sixth day was
10%, while for the 1.25 mM concentration, a considerable 45% of oocytes degenerated [205].

Exposure to LC has been shown to reduce apoptosis and elevate glutathione levels
in porcine oocytes. In the in vitro culture of bovine oocytes, an increased frequency of
mature oocytes with scattered mitochondria was observed following LC treatment [201].
Studies conducted on in vitro cultured lamb oocytes treated with acetyl-L-carnitine (ALC),
a natural derivative of L-carnitine easily converted into L-carnitine, demonstrated its
influence on the expansion of cumulus cells and a twofold increase in the number of
blastocysts compared to the control without carnitine supplementation [201]. Another
study involving porcine oocytes matured in vitro with medium supplemented with varying
concentrations of L-carnitine (0, 0.25, 0.5, 1, and 2 mg/mL) revealed that the addition of
0.5 mg/mL L-carnitine to in vitro maturation (IVM) media reduced ROS levels in oocytes
and embryos compared to the control group [199]. Additionally, LC exhibited a beneficial
effect on nuclear maturation, thus improving the developmental competence of porcine
oocytes [199]. In a subsequent investigation by Catandi et al. [206], the impact of L-carnitine
(3 mM) on maturation in vitro was explored. The results demonstrated that oocytes exposed
to LC during IVM exhibited reduced mitochondrial ROS levels compared to the control
group without LC supplementation [206]. It should be noted that both oocytes and cumulus
cells lack the capacity to synthesise L-carnitine, and the addition of LC to the culture

medium was correlated with increased mitochondrial membrane potential and reduced
ROS levels [206].

4.6. Coenzyme Q10

Coenzyme Q10 (CoQ10) is a natural compound present in biological membranes and
mitochondria, and its synthesis takes place in all human cells [207,208]. This molecule bears
structural similarities to vitamin K and boasts potent antioxidant properties [209]. CoQ10
plays an essential role in antioxidant mechanisms, gene regulation, energy metabolism,
and anti-inflammatory processes [210,211]. Notably, CoQ10 plays a pivotal role in the
mitochondrial electron transport chain, facilitating the generation of cellular energy [212].
In mammals, the de novo synthesis of Coenzyme Q10 is involved in the expression of the
PDSS-2 and COQ-6 genes [209]. Disturbing the expression of these two genes in the ovary
has been shown to disrupt the functionality of oocytes, ovarian follicles, and mitochondria
in both human and mouse models [209]. With age, the levels of CoQ10 in the serum
decrease, but supplementation of the culture medium restores the functions of pig oocytes,
which tend to exhibit lower quality with age [213].

Yang et al. [214] conducted a study to explore the impact of CoQ10 at different concen-
trations (25, 50, and 100 uM) on the maturation of pig oocytes. Their findings revealed that
the 50 uM concentration of CoQ10 exhibited the superior potential to promote nuclear mat-
uration of porcine oocytes, regardless of whether they originated from small or large antral
follicles [214]. Furthermore, this study observed that oocytes treated with 50 uM CoQ10
showed a significantly heightened mitochondrial membrane potential (1.32) compared to
the control group (1.00). Notably, the addition of 50 uM coenzyme Q10 led to a twofold
increase in ATP production [214].

Additional research explored the influence of CoQ10 on oocyte in vitro maturation,
mitochondrial characteristics, and ROS levels [215]. Lamb oocytes were obtained for this
purpose and cultured in vitro with media supplemented with CoQ10 at concentrations
of 0, 15, 30, and 50 uM. The group treated with 30 uM coenzyme exhibited the highest
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blastocyst formation rate (42.36 £ 3.99) compared to the control group (29.43 + 1.83) [215].
Furthermore, the mean value of the relative mitochondrial mass was significantly elevated
in the group treated with 30 uM CoQ10 (18.81 £ 0.26) compared to the control group
(17.46 £ 0.46). Additionally, this group demonstrated an increase in mitochondrial inner
membrane potential and nearly half the ROS content of the control group [215].

Mitoquinone, another mitochondria-targeted antioxidant, mirrors the effects of
CoQ10 [216]. This compound can accumulate within mitochondria. The current liter-
ature emphasises its role in promoting in vitro oocyte maturation by preserving mitochon-
drial homeostasis. Investigations on a human ovarian granulosa cell line (HGL5) supple-
mented with 10 nM MitoQ), as well as studies on mouse oocytes (over 40 weeks old) treated
daily with 10 nM MitoQ), revealed its ability to safeguard HGL5 cells from oxida-
tive stress-induced damage and inhibit mitochondrial ROS production. These stud-
ies further illustrated that MitoQ supplementation enhances mitochondrial function in
ageing oocytes [216].

The effect of different substances on the possibility of mitochondrial regeneration is

shown in Figure 4, and a summary of the properties of the described substances is provided
in Table 1.

Resveratrol, leonurine,
melatonin,
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Figure 4. The effect of different substances on mitochondrial functions (Created with Biorender.com
accessed on 28 January 2025).
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Table 1. Summary of the properties of various substances and their impact on ovarian health and

oocyte quality.
. £f 3
Sunstance Source Functions E ec.ts on Oocytes, and
Ovarian Health
Improves mitochondrial
Antioxidant, .functlon and ATP production
anti-inflammatory, In oocytes.
. o . Protects oocyte quality and

anti-ageing, insulin function i ) ;

Resveratrol Grapes, peanuts, wine, tea sensitizing, Unction 1n aging ovaries.

cardioprotective, and
anticancer effects

Enhances fertilization and
blastocyst formation rates.
Protects against oxidative stress,
improves oocyte maturation.

Antioxidant,
anti-inflammatory,
anti-tumour, anti-platelet
aggregation, uterine

Reduces ROS levels in oocytes
and embryos.

Enhances blastocyst formation
in oocytes.

Improves mitochondrial

Leonurine Leonurus japonicus (Herb) stimulation, and function and fertility in
mitochondrial animal models.
dysfunction Reduces apoptotic markers in
improvement ovaries and enhances
follicle health.
Increases oocyte maturation and
Antioxidant and fertilization potential.
. Protects oocytes from
anti-inflammatory and 1o
1 ireadi oxidative stress.
Melatonin Pineal gland, retina, ovary regulates circadian

rhythms, mitochondrial
function, and ROS levels

Enhances cumulus-oocyte
complex quality.
Improves mitochondrial
function in aged oocytes.

L-carnitine

Animal muscle tissues

Facilitates lipid
metabolism,
mitochondrial function,
and ATP production and
reduces oxidative stress

Reduces apoptosis and
enhances mitochondrial
function in oocytes.

Increases oocyte diameter and
developmental potential.
Reduces ROS levels and
improves maturation rates in
various species (buffalo, porcine,
and lamb).

Coenzyme

Q10

Mitochondria,
biological membranes

Antioxidant,
mitochondrial energy
production, gene
regulation, and

anti-inflammatory effects.

Promotes nuclear maturation
and mitochondrial health

in oocytes.

Enhances mitochondrial
membrane potential and
ATP production.

Reduces ROS in oocytes,
improving their quality and
developmental potential.
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5. Conclusions

Mitochondria play an indispensable role as energy and metabolic centres of cells, sig-
nificantly influencing female reproductive capacity. Their proper functioning is crucial for
oogenesis, fertilisation, and embryonic development, while mitochondrial dysfunction is
closely associated with reproductive disorders and diseases. Understanding the processes
that govern mitochondrial activity and their interaction with oocyte and embryo quality
has broad implications for improving reproductive outcomes. Studies emphasise the im-
portance of targeting mitochondrial processes through interventions such as antioxidant
supplementation, mitochondrial replacement therapy, and compounds such as resveratrol,
melatonin, or coenzyme Q10. These strategies not only improve mitochondrial function
but also increase oocyte quality, embryonic development, and overall reproductive suc-
cess. Further research is needed to develop improved, targeted approaches to addressing
mitochondrial dysfunction in reproductive medicine.
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Abbreviations

2-APB 2-aminoethoxydiphenyl borate
Acetyl-CoA Acetyl Coenzyme A

ALC acetyl-L-carnitine

AMPK AMP-activated protein kinase
ART assisted reproductive technologies
ATP adenosine triphosphate

C cytochrome C

CABL1 critical calcium-binding protein
Calbl calbindin 1 gene

CL cardiolipin

CoCl, cobalt chloride

COCs cumulus-oocyte complexes

CoQ Coenzyme Q10

CoQ10 coenzyme Q10

COX cytochrome c oxidase

CTX cyclophosphamide

DCA dichloroacetate

DOR diminished ovarian reserve

ER endoplasmic reticulum

ETC electron transport chain

FA fatty acid

FASN fatty acid synthase

FoxO forkhead box

G6PDH glucose-6-phosphate dehydrogenase
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GLUT glucose transporter

GPx glutathione peroxidase
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GR

GV
HIF-2x
HIF1x
HS
HSP
1A
MM
IMS
IP3R
IVF
VM
LC
MCT
MCU
Min 1
Mfn 2
MPC
MRT
mtDNA
mTOR
NAD+
NADPH
NAM
NBS1
NDs
NF-«xB
OAA
OMM
OXPHOS
PAHSs
PBE
PDH
PDK
PGC-1x
PKCx
POA
POI
PPP
Q10
ROS
RSV
RyR
SCM-198, LEO
SIRT
SOD
SOD1
SOD2
TAG
TCA
TG
TZP
VDAC

glutathione reductase

germinal vesicle

hydrogen peroxide
hypoxia-inducible factor 2 alpha
hypoxia-inducible factor 1ot

heat stress

heat shock protein

iodoacetate

inner mitochondrial membrane
mitochondrial intermembrane space
inositol trisphosphate receptor

in vitro fertilisation

in vitro maturation

L- carnitine

monocarboxylate transporter
mitochondprial calcium uniporter
Mitofusin 1

Mitofusin 2

mitochondrial pyruvate carrier
mitochondrial replacement therapy
mitochondrial DNA

mechanistic target of rapamycin
nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
nicotinamide

nibrin

neurodegenerative diseases
nuclear factor-«xB

oxaloacetate

outer mitochondrial membrane
oxidative phosphorylation
polycyclic aromatic hydrocarbons
polar body extrusion

Pyruvate dehydrogenase

pyruvate dehydrogenase kinase

proliferator-activated receptor-gamma coactivator

protein kinase C alpha
premature ovarian ageing
premature ovarian insufficiency
pentose phosphate pathway
coenzyme Q10

reactive oxygen species
resveratrol

ryanodine receptor

leonurine

sirtuin, silent information regulator
superoxide dismutase
superoxide dismutase 3
superoxide dismutase 2
triacylglyceride

tricarboxylic acid cycle
thapsigargin

transzonal projections
voltage-dependent anion channel
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