
Citation: Del Bianco, D.; Gentile, R.;

Sallicandro, L.; Biagini, A.; Quellari,

P.T.; Gliozheni, E.; Sabbatini, P.;

Ragonese, F.; Malvasi, A.; D’Amato,

A.; et al. Electro-Metabolic Coupling

of Cumulus–Oocyte Complex. Int. J.

Mol. Sci. 2024, 25, 5349. https://

doi.org/10.3390/ijms25105349

Academic Editor: Stefano Papa

Received: 30 March 2024

Revised: 3 May 2024

Accepted: 10 May 2024

Published: 14 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Electro-Metabolic Coupling of Cumulus–Oocyte Complex
Diletta Del Bianco 1, Rosaria Gentile 1,2 , Luana Sallicandro 1,3, Andrea Biagini 1,3 , Paola Tiziana Quellari 1,3,4 ,
Elko Gliozheni 1,3,5, Paola Sabbatini 1, Francesco Ragonese 1,2 , Antonio Malvasi 6, Antonio D’Amato 7 ,
Giorgio Maria Baldini 8 , Giuseppe Trojano 9, Andrea Tinelli 10,*,† and Bernard Fioretti 1,2,*,†

1 Department of Chemistry, Biology and Biotechnologies, University of Perugia, Via dell’Elce di Sotto 8,
06132 Perugia, Italy; diletta.delbianco@dottorandi.unipg.it (D.D.B.);
rosaria.gentile@dottorandi.unipg.it (R.G.); luana.sallicandro@dottorandi.unipg.it (L.S.);
andrea.biagini@dottorandi.unipg.it (A.B.); paolatiziana.quellari@dottorandi.unipg.it (P.T.Q.);
elkogliozheni@gmail.com (E.G.); paola.sabbatini@unipg.it (P.S.); francesco.ragonese@unipg.it (F.R.)

2 Laboratorio Interdipartimentale di Fisiopatologia della Riproduzione, Università degli Studi di Perugia,
Edificio C, Piano 3 P.zza Lucio Severi, 1, Sant’Andrea delle Fratte, 06132 Perugia, Italy

3 Department of Medicine and Surgery, Perugia Medical School, University of Perugia, Piazza Lucio Severi 1,
06132 Perugia, Italy

4 ASST Grande Ospedale Metropolitano Niguarda, 20162 Milano, Italy
5 Department of Obstetrics and Gynecology, Faculty of Medicine, University of Tirana, AL1005 Tirana, Albania
6 Department of Biomedical Sciences and Human Oncology, University of Bari, 70121 Bari, Italy;

antoniomalvasi@gmail.com
7 1st Unit of Obstetrics and Gynecology, University of Bari, 70121 Bari, Italy; antoniodamato19@libero.it
8 MOMO Ferti LIFE IVF Center, 76011 Bisceglie, Italy; gbaldini97@gmail.com
9 Department of Maternal and Child Health, “Madonna delle Grazie” Hospital ASM, 75100 Matera, Italy;

giuseppe.trojano@asmbasilicata.it
10 Department of Obstetrics and Gynecology and CERICSAL (CEntro di RIcerca Clinico SALentino), Veris delli

Ponti Hospital, Via Giuseppina delli Ponti, 73020 Scorrano, Lecce, Italy
* Correspondence: authors: andreatinelli@gmail.com (A.T.); bernard.fioretti@unipg.it (B.F.)
† These authors contributed equally to this work.

Abstract: Oocyte–cumulus cell interaction is essential for oocyte maturation and competence. The
bidirectional crosstalk network mediated by gap junctions is fundamental for the metabolic cooper-
ation between these cells. As cumulus cells exhibit a more glycolytic phenotype, they can provide
metabolic substrates that the oocyte can use to produce ATP via oxidative phosphorylation. The
impairment of mitochondrial activity plays a crucial role in ovarian aging and, thus, in fertility, deter-
mining the success or failure of assisted reproductive techniques. This review aims to deepen the
knowledge about the electro-metabolic coupling of the cumulus–oocyte complex and to hypothesize
a putative role of potassium channel modulators in order to improve fertility, promote intracellular
Ca2+ influx, and increase the mitochondrial biogenesis and resulting ATP levels in cumulus cells.

Keywords: glucose metabolism; cumulus cells; oocyte; gap junctions; resveratrol

1. Introduction

The oocyte is surrounded by cumulus cells (CCs) in an integrated system, which is
essential for oocyte competence. During various stages of folliculogenesis, oocytes grow
together with the surrounding granulosa cells (GCs) and progressively acquire increasing
competence [1], which depends on several factors such as stimulation from gonadotropins
and communication between the oocyte and the CCs surrounding it [2]. Communication
between the oocyte and the CCs is made possible by cytoplasmic projections that pass from
the CCs through the zona pellucida and form gap junctions, giving origin to the cumulus–
oocyte complex (COC) [3]. Gap junctions are intercellular membrane channels composed
of connexin (Cx), a family of integral membrane proteins, including connexin 37 (Cx37),
connexin 43 (Cx43), and connexin 45 (Cx45). Cx37 maintains a bidirectional relationship
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between oocyte and cumulus cells, while Cx43 is required to maintain a connection between
the granulosa cells themselves and between GCs and CCs [4,5]. Gap junctions allow the
direct passage of some low-molecular-weight molecules such as ions, metabolites, amino
acids, and intracellular signaling molecules from the CCs to the oocyte [6,7] (Figure 1).
Cx43 is widely expressed at the level of GCs during all follicular stages, and its expression
is essential for GC proliferation [8,9]. It is known that Cx43 is present during all stages of
folliculogenesis, but its expression increases as the follicle develops and matures [10]. Cx45
is expressed together with Cx43 but differs from it because its expression is independent of
the follicle growth [10,11]. From studies carried out on ovary knockout for Cx43 and Cx37,
failure of folliculogenesis was observed, confirming the importance of the connexins for
oocyte and GG maturation [9,12]. Furthermore, the loss of function of the gene encoding for
Cx37 leads to a lack of communication between the oocyte and the surrounding CCs, thus
determining the interruption of follicle development in the antral phase, non-competent
oocytes, and ovulatory dysfunction, causing infertility in mice [12]. This shows that com-
munication between the oocyte and CCs is essential to ensure proper oocyte development,
ovulation, and competence [13].
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Figure 1. Bidirectional cumulus–oocyte relationship. A model showing intercellular communication
in the cumulus–oocyte complex (COC). The cellular crosstalk between the oocyte and the surrounding
somatic cells is mediated by communication through gap junctions, allowing the passage of low-
molecular-weight molecules. Created with BioRender.com (accessed on 25 January 2024).

2. Gap Junction in Cell Signaling

Oocyte development, maturation, and ovulation are highly interconnected events
that are regulated by endocrine signals and surrounding somatic cells [14]. Ovulation
is triggered after release by the pituitary gland of the luteinizing hormone (LH). LH,
by binding to G-protein-coupled receptor (LHR) expressed at the level of GCs [14,15],
promotes oocyte maturation and subsequent follicle rupture [16–18]. It is well known that
the stimulus of LH reaches the oocyte via secondary molecules belonging to the epidermal
growth factor (EGF) family. The EGF family includes 11 proteins, including EGF, anfiregulin
(AREG), epiregulin (EREG), and betacellulin (BTC) [19]. Specifically, in human ovarian
follicular cells, the expression of EGF-like factors appears to be mediated by activation
of the second messenger 3′,5′-cyclic adenosine monophosphate (cAMP) after stimulation
with LH [20,21]. Therefore, the production of EGF-like peptides, such as AREG, EREG,
and BTC, represents an important paracrine component of ovulatory LH signaling that
acts by coordinating various processes such as oocyte maturation, cumulus expansion, and
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ovulation [22]. It has been observed that epidermal growth factor receptors (EGFR) are
expressed at the level of GCs and CCs [23–25]. Interestingly, these processes are lost in
AREG or EREG knockout mice [26–28]. EGF-like peptides (AREG, EREG, and BTC) are
localized at the outer plasma membrane of GCs as inactive transmembrane protein [19].
EGF-like activation occurs by proteolytic cleavage promoted by ectoprotease, a disintegrin,
and metalloprotease 17 (ADAM17), also called TACE, in order to release the soluble
extracellular EGF domain [29]. It is known that the follicle-stimulating hormone (FSH)
and LH promote the upregulation of TACE in the COC [30]. The active peptides, once
released into the antral fluid, bind to EGFR located on the GCs and CCs in an autocrine
and paracrine manner. Therefore, the ovulatory signal of the LH/EGF peptide, via EGFR
present on CCs, is transferred to the oocyte [31]. It is well known that EGF induces meiosis
resumption in oocytes [32,33]. The signal transduction in follicular somatic cells regulates
oocyte meiosis in response to LH peak. In fact, in the phase preceding the gonadotropic
surge, meiotic progression is blocked by the action of cyclic guanine 3′-5′ monophosphate
(cGMP), which, passing into the oocyte through gap junctions, inhibits the hydrolysis of
cAMP by phosphodiesterase (PDE3A) [34]. Thus, high levels of cAMP necessary for the
maintenance of meiotic arrest are present within the oocyte [35]. In contrast, in the phase
preceding ovulation, stimulation by LH causes in somatic cells a reduction in cGMP level
and its subsequent reduction in the oocyte via gap junction closures [35]. The absence of
the inhibitory signal leads the oocyte to a reduction in cAMP levels and resumption of
meiosis [35]. Therefore, EGF-like factors, via the EGFR, may act as intrafollicular mediators
for the resumption of oocyte meiosis via activation of the mitogen-activated protein kinase
(MAPK) pathway [20]. The molecular mechanism involves the release of LH that induces
MAPK to activate and promote Cx43 phosphorylation. This connexin is one of the protein
components of the gap junctions between the granulosa cells themselves and between
them and the CCs, resulting in the interruption of the gap junctions [36–38]. The lack of
communication between GCs and CCs in turn fosters a reduction in the interaction between
the CCs and the oocyte, resulting in decreased cAMP and resumption of meiosis in the
oocyte [39] (Figure 2). EGF-like factors also downregulate cGMP production, which has
recently been shown to be necessary for the resumption of oocyte meiosis [20].
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Meiotic regulation is modulated by the levels of cyclic guanosine monophosphate (cGMP) and
Adenosine 3′,5′-cyclic monophosphate (cAMP) that are transferred from cumulus cells (CCs) to the
oocyte. Created with BioRender.com (accessed on 25 January 2024).

3. Gap Junction and Metabolism

Metabolic cooperation is known to exist between the oocyte and the surrounding
CCs. Although CCs are removed in assisted reproduction techniques, they are useful for
assessing oocyte quality [40], as several studies have shown a close correlation between
the mitochondrial status of CCs and oocyte quality [41–43]. CCs influence intraoocyte
ATP levels, as oocytes enclosed in CCs matured in vitro express higher ATP concentrations
than oocytes matured without the CC lining (denuded oocytes) [42,44]. Interestingly, gap
junctions, in particular Cx43, provide a means for the transfer of intercellular organelles,
including mitochondria. During the mitochondrial transfer process, one of the two cells
phagocytizes the gap junctions by invading the membrane and cytoplasm of the neighbor-
ing cell with the formation of a double-membrane vesicle called a connexosome or annular
gap junction. The process of internalization in ovarian follicles is not fully understood but
could also be a useful means of sending mitochondrial metabolic products to neighboring
recipient cells [45].

3.1. Glycolysis

Among metabolites, glucose plays an essential role in both cumulus cell expansion
and oocyte maturation [46]. The energy metabolism of mammalian folliculogenesis and
embryogenesis is based on glycolysis, the tricarboxylic acid cycle or Krebs cycle, and,
lastly, oxidative phosphorylation (OXPHOS) [47]. Glycolysis is a process that promotes
the metabolization of glucose into cytoplasmic pyruvate, which, in turn, can be converted
into lactate under anaerobic conditions. Via glycolysis, 2 ATP molecules are generated
for each glucose molecule; in contrast, OXPHOS has a high energy yield as it generates
36 ATP molecules [48]. Oocytes have a low capacity to recruit glucose [48] and induce
glycolysis [49,50] because they have a low expression of the enzyme phosphofructokinase
(PFK), one of the rate-limiting enzymes for glycolysis [51]. However, CCs and oocytes
provide energy to the process of oogenesis via different metabolic pathways [3]. Therefore,
CCs metabolize glucose via glycolysis, generating ATP and the products of glycolysis, such
as pyruvate and lactate. The glycolytic products are then supplied to the oocyte, which
metabolizes them in order to generate ATP via mitochondrial OXPHOS to promote oocyte
competence [52]. However, pyruvate can also be metabolized by the CCs themselves via
the tricarboxylic acid cycle followed by OXPHOS to produce much higher amounts of ATP
than glycolysis [53]. In order to facilitate the supply of glycolytic products from CCs [49],
oocytes secrete paracrine factors such as growth differentiation factor 9 (GDF-9) and bone
morphogenetic protein 15 (BMP-15), which induce the expression of primary glycolytic
genes [54]. These findings could suggest a metabolic co-dependence between oocytes and
CCs [52]. An essential role in the metabolism of CCs and oocytes is played by metabolic
enzymes such as pyruvate dehydrogenase kinase (PDK), pyruvate dehydrogenase (PDH),
and lactate dehydrogenase (LDH). In mouse cumulus cells, a glycolytic phenotype was
observed [55], as the expression of the enzyme PDK mitochondrial kinase blocks PDH
activity by preventing the conversion of pyruvate to acetyl-CoA [55]. This over-expression
of the PDK enzyme in CCs leads to the formation of pyruvate and lactate, which, once
transferred to the oocyte, acts positively on mitochondrial activity and consequently on ATP
production. In this way, the expression of mitochondrial PDH in the oocyte decarboxylates
pyruvate into acetyl-CoA, thus shifting the metabolism toward OXPHOS, which is essential
for the proper development of the oocyte itself. Furthermore, acetyl-CoA can be produced
not only by the PDK-PDH axis but also from fatty acids catabolism that implements ATP
production during mitochondrial OXPHOS [56]. Therefore, the beta-oxidation process acts
by improving the rate of oocyte maturation [56]. Glycolytic metabolism, promoted by the
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action of PDK, can inhibit reactive oxygen species (ROS) formation and thus spare CCs from
apoptosis [57]. At the same time, prolonged activation of PDK via suppression of OXPHOS
inhibits ATP production (Figure 3). This process causes an increase in apoptosis, resulting
in the cessation of CC proliferation [58]. The metabolic shift toward glycolysis in CCs is
also shared by cancer cells via a process known as the “Warburg effect” [52,59], which
is thought to be a metabolic adaptation to hypoxia [49,60,61]. This is confirmed by gene
expression analysis of CCs, in which differential expression of the gene encoding for the
hypoxia-inducible factor (HIF-1α) is observed [62]. This is implicated in the over-expression
of glycolytic enzymes such as glucose transporter (GLUT1), PDK, and LDH, thus inducing
a metabolic shift from OXPHOS to glycolysis [63]. Therefore, PDK enzyme activity appears
to be dependent on the oxygen levels present in the follicle or in the COC [64].
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Figure 3. Cumulus–oocyte metabolic coupling. Cumulus and oocyte cell metabolic reprogramming
is dependent on the pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase (PDH)
enzymes. The schematic illustration shows the molecular mechanisms of glucose metabolism within
the COC. Metabolic cooperation between the two cell types is also made possible by the transfer
of Adenosine triphosphate (ATP) generated by the heap via glycolysis and the adenosine salvage
pathway. Created with BioRender.com (accessed on 25 January 2024).

Sirtuins are a family of proteins that act as metabolic sensors by modifying histones
and proteins via post-translational modifications in response to changes in the metabolic
state. Sirtuins perform various functions, including regulation of aging and mitochondrial
function (Figure 3), DNA repair and recombination, microtubule organization, and play a
role in gene and epigenetic silencing [65–67]. They are deacetylating proteins dependent
on nicotinamide adenine dinucleotide (NAD)/NADH levels, so they are responsive to the
cellular metabolic state [68]. The activity of SIRT5, a mitochondrial protein present in GCs
and CCs, is reduced in older women with diminished ovarian reserve [69]. Another mito-
chondrial protein, SIRT3, can detect a change in metabolic state and modify mitochondrial
function. SIRT3 is mainly expressed in mitochondria-rich tissues [70–72] and, depending
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on the different tissue types, can be localized within the mitochondria or in both the nucleus
and mitochondria [70,73]. SIRT3 promotes enzyme deacetylation of complexes I, II, and IV
of the electron transport chain, thereby increasing OXPHOS [72,74–77]. Since the oocyte
requires follicular metabolism for the acquisition of competence, modifications of SIRT3
and its targets in the GCs and CCs may cause an alteration of the follicular environment
and consequently may affect oocyte health [78]. Also, SIRT6 is associated with reduced
expression of HIF-1α, resulting in the downregulation of glycolytic genes and upregula-
tion of mitochondrial respiration [79]. Thus, sirtuins maintain metabolic homeostasis via
the regulation of epigenetic modifications [80]. Therefore, metabolic changes in CCs and
oocytes may be regulated by genetic and epigenetic changes that occur at the tricarboxylic
acid cycle enzyme level.

3.2. Pentose Phosphate and Other Pathways

It is known that glucose can be metabolized via pathways other than glycolysis, for
example, via the pentose phosphate pathway (PPP) and the hexosamine biosynthesis
pathway (HBP). The PPP represents the additional route by which a small amount of
glucose can be metabolized by CCs [53]. PPP consists of two phases: one oxidative
and one non-oxidative. In the oxidative phase, the oxidation of glucose 6-phosphate to
ribose 5-phosphate sugar leads to the production of nicotinamide adenine dinucleotide
phosphate (NADPH), which is essential because it becomes part of anabolic pathways,
such as nucleotide synthesis, and participates in the reduction in oxidized glutathione by
promoting the formation of reduced glutathione (GSH). The GSH produced represents an
important antioxidant in the oocyte that protects against damage by ROS formed as by-
products of mitochondrial respiration. ROS formation, during metabolism, is favorable for
oocyte maturation, but conversely, an excessive production can create damage to cellular
molecules and affect oocyte quality [81]. Confirming this, oocytes from older women
have been shown to exhibit reduced expression of antioxidant enzymes [82], causing
altered oocyte maturation [81]. Therefore, decreased ROS production and increased GSH
as an antioxidant defense are critical for oocyte maturation because oocyte aging and
apoptosis are inhibited [53,83,84]. Indeed, in women undergoing in vitro fertilization, it
has been demonstrated that an elevated level of GSH within the follicles is associated
with an enhanced fertilization rate [85]. PPP produces substrates useful for the synthesis
of nicotinamide adenine dinucleotide (NAD), a cofactor and enzyme substrate required
for a wide variety of vital cellular processes. However, ribose-5 phosphate, generated
by this pathway, is a precursor for the synthesis of NAD+. This cofactor is important
because it can positively modulate the catalytic activity of sirtuins, which are implicated
in many metabolic and cellular aging processes [86]. Recently, by analyzing aged mouse
oocytes, the treatment with metabolic NAD+ precursors was shown to restore oocyte
quality and fertility [87]. Therefore, the PPP positively influences oocyte quality via the
presence of antioxidants and DNA repair mechanisms by increasing NAD+/sirtuin. The
HBP is another route by which glucose can be metabolized. The end product of HBP is
UDP-N-acetylglucosamine, which is used to produce hyaluronic acid glycosaminoglycan,
which is secreted by CCs to form a viscoelastic matrix necessary for its own expansion
in order to obtain oocyte maturation [88–90]. Proper expansion of the CC is essential for
ovulation [91] since it facilitates the ejection of the oocyte, transport to the fertilization
site, and subsequent penetration by sperm [92]. Therefore, CC expansion and CC matrix
constituents are related to the competence of oocyte development [93,94]. Another example
of metabolic support concerns the uptake of certain amino acids, such as L-alanine, which
are considered “coupling-dependent” amino acids because they are first uptaken by the CCs
and then transferred to the oocyte via gap junctions. This has been observed because when
oocytes are cultured with radio-labeled L-alanine, the amount of radioactivity is greater in
the oocytes enclosed by the CCs than in the denuded ones [95]. However, there are also
“non-coupling-dependent” amino acids, such as L-leucine, that are incorporated regardless
of the presence or absence of CCs around the oocytes [95]. In fact, by studying murine CCs,
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it was seen that gene expression is very similar to that of GCs, even if the transcriptome
of cumulus cells has a unique profile consistent with their function. For example, the
expression of the Slc38a3 gene, which encodes for a sodium-coupled neutral amino acid
transporter, was found to be restricted to CCs and appears to require close binding to the
oocyte to enhance cooperation in amino acid transport between the two cell types.

4. Gap Junction and ATP
4.1. The Role of Mitochondria

Mitochondria are directly involved in the energy metabolism of the cell [96] because
via OXPHOS, they provide large amounts of ATP, which are useful to perform numerous
cellular functions. Mitochondrial OXPHOS relies on the activity of five multienzyme com-
plexes, the first four of which (complexes I–IV) constitute the electron transport chain, while
the fifth complex (complex V) is represented by ATP synthase, which produces energy in
the form of ATP. Mitochondrial energy function is also regulated by mitochondrial perme-
ability transition pores (mtPTPs), acting as sensors. Specifically, when there is a decrease in
energy level, the pores open, triggering cellular apoptosis. Therefore, mitochondrial dys-
function that inhibits OXPHOS causes a reduction in ATP, generates ROS as by-products,
and leads to apoptosis [96]. The mitochondrial genome is represented by mitochondrial
DNA (mtDNA), a circular double-stranded molecule consisting of 16.569 bp [97]. Mature
oocytes contain several hundred thousand copies of mtDNA, depending on the species
to which they belong [98] because, during the late stage of the oogenesis process, female
germ cells acquire a large amount of mitochondrial mass [99–102] in addition to other
components. The number of copies of mtDNA in CCs affects the competence of the oocyte
and consequently may be informative for the purpose of in vitro fertilization (IVF) as it
“selects” quality embryos [103,104]. However, mtDNA copy number may reflect mitochon-
drial biogenesis and is a surrogate marker of its function [105]. Defective mitochondrial
biogenesis in CCs can modify both the oocyte and the CCs [106]. In fact, mitochondrial
function can be studied via the concentration of intracellular ATP that is produced, and to
confirm this, at-risk fertilization and embryonic development have been observed when
ATP is insufficient [107,108]. Examination of CCs, therefore, can be a valuable aid in pro-
viding information on the metabolic processes underlying ovarian dysfunction caused by
aging [41,109]. The concentration of ATP in CCs was assessed in two groups consisting of
young and old women, respectively, and from the results, it was shown that ATP levels
in the young women’s group were about 4.3 times higher than that in the old women’s
group [110]. This observation may confirm how in aged women, energy production in
CCs is reduced, thus affecting their fertility. Therefore, CCs affect intra-oocyte ATP lev-
els; in vitro studies showed that oocytes enclosed in matured CCs express higher ATP
concentrations than oocytes matured without the CC lining (denuded oocytes) [42,44].
Furthermore, the decrease in ATP in oocytes may also be caused by the closure of gap
junctions between the oocyte and CCs [42], suggesting that CCs provide the oocyte with
energy support in the form of energy substrates and ATP. However, several observations
suggest that the CCs can also generate ATP via the adenosine rescue pathway and then
supply it directly to the oocyte through the gap junctions [111] or simply by supplying
adenosine monophosphate (AMP) obtained from the degradation of cAMP to the oocyte
which will then use it to form ATP [44]. This pathway is a two-step enzymatic process in
which AMP can be phosphorylated to adenosine diphosphate (ADP) by adenylate cyclase,
and ADP is phosphorylated to ATP by creatine kinase. Therefore, when the oocyte, during
its maturation, still has immature, hooded mitochondria containing fewer ridges, it can use
this adenosine rescue pathway to produce ATP as an alternative to OXPHOS [112]. AMP,
ADP, and ATP are also modulators of AMP-activated protein kinase (AMPK), which acts as
a nutrient and sensor in order to maintain energy homeostasis [113]. Human primordial
oocytes originate during fetal development and remain in a dormant state for up to 50 years.
During this long period of quiescence, oocytes maintain the ability to generate a new or-
ganism after fertilization [114–116] because they inactivate mitochondrial complex I while
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maintaining the remaining complexes of the OXPHOS system functioning [117]. In this
way, by turning off complex I, oocytes can continue the biosynthesis reactions of essential
biomolecules [118], keeping their mitochondrial activity low to avoid the production of
ROS [117]. It is recognized that ROS are formed as by-products of mitochondrial OXPHOS
and are associated with lower fertilization rates and embryo survival rates [114–116]. ROS,
at low concentrations, are functional since they act as signaling molecules [119]; on the
contrary, their high concentration favors DNA mutagenesis, leading to cellular apoptotic
mechanisms. Therefore, the concentration of ROS is correlated to reduced oocyte com-
petence [114–116]. Via functional imaging techniques, it has been demonstrated that the
mitochondrial membrane potential in human oocytes is lower than that of the surrounding
GCs [117]. In fact, the analysis revealed that the activity of the mitochondrial electron
transport chain in early oocytes is low [117]. However, it can be concluded that complex I
is absent in early oocytes but present and perfectly functional in maturing and late-stage
oocytes [117].

4.2. The Relationship between Voltage Resting Membrane Potential and Mitochondrial Biogenesis

Intracellular calcium (Ca2+) plays a crucial role because it has been shown that voltage
dependent Ca2+ channels are required for the purposes of gene expression, neurotransmis-
sion, and other physiological responses [120]. Also, it has been demonstrated how abnormal
expression of these channels can be closely related to many diseases [121]. Recently, certain
substances, such as resveratrol, have been shown to induce an increase in intracellular
Ca2+ at the level of mural granulosa cells (MGC) [122]. The influx of intracellular Ca2+ is
due to a decrease in membrane potassium conductance promoted by resveratrol, resulting
in a depolarization of the membrane. Subsequently, this promotes the opening of L-type
and T-type transmembrane-dependent Ca2+-voltage channels present in GCs [122–124].
Voltage-dependent potassium (Kv) channels are critical to setting resting membrane po-
tential in a complexity of cells [122,125]. Interestingly increased intracellular Ca2+ may
promote mitochondrial biogenesis with an ultimate improvement in the energy metabolism
of the cell. However, treatment of GCs at 48 h with ionomycin, an ionophore produced by
the bacterium Streptomyces conglobatus, increases mitochondrial biogenesis [126]. The
relationship between mitochondrial biogenesis and increased intracellular Ca2+, dependent
on activation of the β Ca/calmodulin-dependent protein kinase/AMPK/SIRT1 pathway,
promotes the expression of peroxisome proliferator-activated receptor gamma coactivator
1α (PGC-1α), resulting in a stimulation of mitochondrial biogenesis [127] (Figure 4). All
these results suggest the central role of ionic channels in the control of the granulosa cell
functionality, in particular of the potassium channels, based on their critical role in the
resting membrane potential setting. In this context, the efficacy of resveratrol in promoting
mitochondrial biogenesis in primary and immortalized GCs after 48 h treatment was also
observed [122]. Resveratrol (3,5,4′-trihydroxystilbene) is a natural polyphenol found in
peanuts, red grape skins, and red wine [128], synthesized by plants as phytoalexin in
response to attacks by pathogens such as bacteria or fungi [129]. This polyphenol is known
to possess antioxidant, anti-inflammatory, and antithrombotic effects [130,131]. In a study
conducted on women with polycystic ovary syndrome (PCOS), an endocrine–metabolic
disease affecting women of childbearing age [132], characterized by ovulatory dysfunction
and other clinical symptoms, resveratrol was shown to have beneficial effects on PCOS
symptomatology [133]. Environmental factors such as tributyltin (TBS), a chemical sub-
stance generally applied as a biocide that acts as an endocrine disruptor, are known to
intervene in the etiopathogenetic process of PCOS [133], going on to create damage to
transjunctional projections (TZPs), structures involved in COC communication, reported
to be important for oocyte quality and competence [133]. In a mouse knock-out model of
myosin-X (MYO10), a structural component of TZPs, it was observed that the absence of
MYO10 causes a reduction in TZP density, resulting in altered gene expression in oocytes
lacking TZP [134]. This study showed that the reduction in TZPs affects oocyte maturation
and subsequent early embryo development with reduced fertility in mice [134]. Thus,
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TZPs have the function of maintaining intact the structure of the germinal-somatic complex
necessary for the regulation of gene expression in the oocyte and thus for its develop-
ment [134]. Several studies have shown that the TZPs of patients with PCOS are much
weaker than those of healthy women [135,136]. In this context, resveratrol would resolve
the damage to TZPs by ameliorating TBS-induced PCOS via the transport of calcium ions
into the cytosol and the subsequent activation of Ca β Ca/calmodulin-dependent protein
kinase II β (CaMKIIβ) [133]. This is critical in maintaining the stable, rigid actin filament
system that makes up TBTs [137]. Previous studies have shown that under conditions
of increased Ca2+, Ca2+ activates calmodulin, which, via phosphorylation of CaMKIIβ,
allows the disjunction of CaMKIIβ from actins [138], making them available to polymerize
and form TZPs, which are essential for proper oocyte maturation. To prove this, patients
treated with TBT show lower Ca2+ levels accompanied by lower CaMKIIβ phosphorylation
levels with failure to polymerize actin filaments [133]. However, even in a study on the
human ovarian granulosa-like tumor cell line (KGN) under hypoxic conditions, it was sug-
gested that resveratrol improves mitochondrial quantity by activating the SIRT1/PGC-1α
signaling pathway. SIRT1 [139] is controlled by NAD/NADH levels, which acts by deacety-
lating peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) [140,141].
PGC-1α is recognized to be a regulator of energy metabolism [142]. Therefore, SIRT1 and
PGC-1α are involved in mitochondrial biogenesis, and reduced SIRT1 activity inhibits
PGC-1α [143–145]. Although the role of resveratrol in hypoxic stress in the ovary remains
unclear, it is recognized that, under hypoxic conditions, the expression of SIRT1 and PGC-
1α mRNA is upregulated, while the expression of HIF-1α, which regulates the expression
of angiogenic genes such as vascular endothelial growth factor (VEGF), is stabilized [144].
Resveratrol also shows promise in endometriosis, a condition that impairs embryo im-
plantation, due to its anti-inflammatory and anti-angiogenic effects [146]. In fact, this
polyphenol acts by inhibiting the expression of certain inflammatory biomarkers such as
tumor necrosis factor alfa (TNFα) and cyclooxygenase-2 (COX-2) and induces antioxidant
enzymes in order to counteract the chronic inflammation that characterizes this pathol-
ogy [146]. In addition, its anti-angiogenic effect is expressed by blocking VEGF, which
influences endothelial cell proliferation, migration, and permeability [146]. Therefore, via
the induction in SIRT1 and PGC-1α expression, resveratrol acts by significantly increasing
mtDNA copy number. However, the effects of resveratrol on potassium current, increased
intracellular Ca2+, and mitochondrial biogenesis in MGC could explain the positive effects
of this polyphenol on the overall physiology of the female reproductive system, suggesting
potential therapy in clinical settings.

4.3. Gap Junction and Electrical Coupling of COC

It appears that the oocytes, in addition to being metabolically and hormonally coupled
with the surrounding CCs, are also electrically coupled. These couplings turn out to be
necessary for oocyte maturation; in fact, it has been reported that the membrane potential
of the oocyte is regulated by the surrounding CCs [147]. Oocytes and CCs are found to
have different membrane potentials when they are not connected to each other; in contrast,
when they are in the form of COC, electrical coupling occurs [148]. In fact, the results
obtained from this study show that oocytes enclosed in CCs have a resting membrane
potential of about −40 mV, while oocytes deprived of CCs (denuded oocytes) have a
resting membrane potential of about −30 mV [147]. This suggests that the membrane
potential of the two cell types can be modified based on the presence or absence of these
intercellular interactions. Oocyte maturation occurs in the interval between the first and
the second meiotic block and is triggered by the preovulatory peak of LH that promotes
the evolution of the dominant follicle to a preovulatory follicle. As previously stated, the
CCs transmit gonadotropin-dependent signals to the oocyte, thereby exerting control over
its development [149]. Proper maturation presupposes the acquisition of competence by
the oocyte, which can support the various stages of development, such as fertilization
and subsequent implantation of the embryo. In response to LH stimulation, an increase
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in intracellular Ca2+ has been documented to occur in the CCs [150] and then diffuse to
the oocyte [151]. As for Ca2+, there is various evidence that confirms the function of Ca2+

in regulating oocyte maturation. In fact, one of the potential targets of Ca2+ in the oocyte
appears to be adenylate cyclase (AC). Therefore, Ca2+ can be transferred from the CCs
to the oocyte via gap junctions, where it can inhibit adenylate cyclase isoform III (AC3),
leading to a decrease in the level of cAMP and thus a resumption of meiosis. Alternatively,
Ca2+ can trigger CAMKII, which can then activate the meiotic maturation-promoting factor
(MPF) or, alternatively, MAPK. MPF controls cell cycle progression [152], while MAPK is
associated with microtubule organization, spindle formation, and chromosome separation
in meiosis [153–155]. In contrast, the target of Ca2+ in CCs is not known. It is thought
that the increase in Ca2+ due to LH release in CCs could activate the calcium-sensitive
adenylate cyclase isoform I (AC1) [156], which in turn would turn on the cAMP pathway
by expanding the action of FSH/LH. Alternatively, it could activate the MAPK pathway in
CCs that is involved in estrogen and progesterone synthesis [157,158]. In addition, MAPK
induces the expression of EGF-like factors [159,160] that, via their respective EGFR on CCs,
act by positively influencing oocyte maturation (Figure 5). To demonstrate this, any removal
of Ca2+ from the extracellular fluid or the buffering of its intracellular levels impairs oocyte
maturation [161]. As a consequence of stimulation by LH, there is a progressive reduction in
membrane conductance to potassium, leading to depolarization of the membrane potential
of CCs [162]. Kv channels are the main determinants of membrane potential that are
modulated by the action of gonadotropins [147,162–164]. Depolarization of the CCs then
rapidly extends to the oocyte, being these two cell types coupled by gap junction [147].
Given the presence of P/Q-type Ca2+ channels on the membrane of the oocyte [151,165],
the depolarization event has an effect on voltage-dependent channels, inducing an increase
in intracellular Ca2+ that could contribute to meiotic recovery.
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Figure 5. Role of intracellular calcium in oocyte maturation. Follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and epidermal growth factor-like (EGF-like) paracrine factors bind to their
receptors on the cumulus cell and induce intracellular Ca mobilization. The increase of intracellular
Ca2+ in the CCs can be transmitted to the oocyte through gap junctions. In the oocyte, Ca can inhibit
adenylyl cyclase isoform 3 (AC3), resulting in a reduction in cAMP in the oocyte. Alternatively, Ca2+

can activate Ca/calmodulin-dependent protein kinase II (CAMKII), which in turn activates Matura-
tion Promoting Factor (MPF) and mitogen-activated protein kinase (MAPK), promoting cell cycle
progression and spindle formation important for oocyte maturation. Created with BioRender.com.

4.4. Clinical Significance of Electro-Metabolic Coupling of COC

CC expansion is crucial for good oocyte quality. Several studies show that gene expres-
sion at the level of CCs can provide reliable markers for assessing embryo quality, although
the correlation needs to be demonstrated more consistently [166]. Electro-metabolic uncou-
pling could be one of the causes of female infertility as it compromises the mitochondrial
functionality essential for the acquisition of oocyte competence [167,168]. CC functionality
is also important in assisted reproduction techniques. For example, animal studies show
that a heat shock occurs during cryopreservation processes, which can affect intracellular
calcium homeostasis. This event leads to an electro-metabolic uncoupling of the COC as the
cation acts by activating the oocytes during the fertilization process [169]. Consequently,
this could also influence the mitochondrial biogenesis of COC, essential for oocyte matu-
ration and downstream events such as fertilization and intracytoplasmic sperm injection
(ICSI) [169–171].

5. Ovarian Aging

Ovarian aging is characterized by changes in the quantity and quality of the oocyte
pool over time, leading to a decline in female fertility [172]. In women, the oocyte pool
created during intrauterine life is gradually depleted [173], and this process depends on
two components such as the initial size of the follicular pool and the process of follicular
atresia. Studies in mice have shown that mitochondria play a key role in these two events;
therefore, they are potentially related to the ovarian aging process. However, the depletion
of the follicular pool that occurs in ovarian aging is caused by the apoptosis of oocytes
and surrounding follicular cells [174]. Mitochondria play a fundamental role [175–178] in
this step because they are involved in cell survival and apoptosis [179]. In addition, the
determination of follicular pool size occurs during embryonic life along with mitochondrial
biogenesis [180]. Ovarian aging appears to be related to quantitative and qualitative
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mitochondrial dysfunction. Quantitative dysfunction involves mtDNA copy number and
mtDNA deletions, while qualitative dysfunction includes strand breaks, point mutations,
and oxidative base damage. Mitochondrial DNA mutations and mitochondrial dysfunction
in CCs could be related to oocyte maturity [181]. In older women with diminished ovarian
reserve (DOR), the number of abnormal mitochondria in CCs increases compared to
young women with normal ovarian reserve (NOR) [110]. This suggests that, with aging,
also ATP production could decrease because of the altered mitochondrial activity and
interfere with embryo development [107]. Based on this consideration, substances like
resveratrol that affect mitochondrial biogenesis could have a positive impact on ovarian
aging. The oocyte, being located within follicular cells, develops as an integral part of
an ovarian microenvironment, consisting of both CCs and follicular fluid, and it can
influence its quality and quantity [182]. Recently, it has been observed that the ovarian
microenvironment is subject to changes that can be studied to obtain information on
reproductive aging. For example, with age, in CCs, the copy number of mtDNA undergoes
a decrease [183], and it is more likely to accommodate deletions [184]. Furthermore,
transcriptome analysis of CCs in mice revealed [185] age-dependent changes, showing an
over-expression of those genes involved in hypoxia stress response, angiogenesis, DNA
damage/repair, and glycolysis in the elderly [185]. However, over-regulation of these genes
may represent a compensatory response to follicular stress due to a potential suboptimal
environment (e.g., hypoxia). In addition, the over-expression of proteins involved in fatty
acid metabolism and downregulation of proteins involved in OXPHOS is also observed
in CCs [186]. Also, follicular fluid tends to change with age, revealing altered levels of
VEGF, an angiogenic protein that may play a role in reproductive aging [187–192]. The
oocyte, being distant from the blood circulation, depends on oxygen diffusion through
the surrounding GCs and follicular fluid. Follicular microvascularization appears to be
regulated by angiogenic factors such as VEGF, which is produced by GCs with subsequent
secretion and transport into the follicular fluid [193–195]. Several studies have highlighted
that VEGF increases in the follicular fluid of older women, making it a biomarker of
follicular hypoxia [187]. The metabolomic profile is also altered as a consequence of the
aging process. In fact, there is an increase in glycolytic activity in CCs, probably to resist
the follicular stress given by hypoxia and increased ROS. This altered metabolomic profile
affects the expression of sirtuins, proteins that are involved in epigenetic modifications,
regulation of mitochondrial function, and DNA repair and recombination [66,67]. In
particular, one study showed that the levels of the SIRT3 and SIRT5 transcripts [69] and
their activity decreased in the CCs and GCs of aged women with diminished ovarian
reserve [69]. One of the primary mechanisms underlying the process of female reproductive
aging may be the accumulation of ROS levels accompanied by a reduction in antioxidant
capacity [81,196–198]. This has been observed not only in oocytes but also in cells of the CC,
GC, and follicular fluid [199,200]. The formation of ROS with aging causes an alteration
of the redox balance, resulting in the initiation of apoptosis, a highly regulated process
that underlies follicular atresia [201,202]. During in vitro fertilization, the incidence of
apoptosis in GCs [203] but also in CCs is positively correlated with age and is associated
with decreased fertilization in women older than 40 years [204]. Therefore, this suggests
that the vitality of CCs determines oocyte quality [204], although it is still not completely
clear whether apoptosis may be a cause or a consequence of the decrease in oocyte quality
with age. Cellular hypoxia is a phenomenon associated with aging. In fact, ovarian
vascularization becomes deficient, and this contributes to a reduction in the expression
of mitochondrial genes, which are important for ATP production, apoptosis, and Ca2+

homeostasis [205,206]. Therefore, the mitochondrial number is crucial for proper oocyte
maturation, fertilization, and embryo development [205–209], and its reductions can be a
major cause of infertility [210,211]. During hypoxia, the expression of the hypoxia-inducible
factor HIF-1α turns out to be stable. This transcription factor promotes the induction or
reduction in expression of genes involved in various cellular functions such as oxygen
homeostasis, angiogenesis, cell survival, glucose metabolism, and apoptosis [212,213]. For
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example, HIF-1α regulates transcription of the gene encoding for VEGF factor by binding
to hypoxia response elements [214,215]. The expression of HIF-1 is inhibited by some
flavonoids [216,217].

6. Conclusions

Considering these preliminary observations, it would be interesting to treat CCs with
resveratrol or other substances capable of modulating potassium currents to promote intra-
cellular Ca2+ influx and consequently increase mitochondrial biogenesis and the resulting
ATP levels. It can be hypothesized that resveratrol, affecting the electro-metabolic cou-
pling between the cells of the oophorous cumulus and the oocyte, could have a significant
positive effect on CCs, from which an improvement in ovarian physiology and oocyte
development could be of benefit altogether. The modulation of electro-metabolic coupling
of COC by resveratrol could explain the beneficial effect on fertility of women undergoing
IVF [218–221]. It can also be hypothesized that the role of mitochondria present in the CCs
may affect the maturation and competence of the oocyte, especially in the early stages of fol-
liculogenesis, since the primordial follicle appears to be small and well irrorated. Therefore,
the cumulus mitochondria, being in the presence of oxygen, produce a large amount of
energy via OXPHOS. As the follicle grows and matures, the distance between the irrorated
thecal layer and the COC increases, and oxygen diffusion becomes limited. Indeed, we
understand from the literature that these two cell types reprogram their metabolism; in
fact, the oocyte becomes more oxidative while the CC acquires a glycolytic phenotype. The
COC meets oxygen again at the time of ovulation when after being released from the Graaf
follicle, it enters the oviduct. Therefore, we advance the hypothesis of the existence of a
dynamic window that promotes the shift of the metabolism from oxidative to glycolytic and
vice versa, depending on the oxygen tension and the stage of folliculogenesis (Figure 6).
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6. Meşe, G.; Richard, G.; White, T.W. Gap Junctions: Basic Structure and Function. J. Investig. Dermatol. 2007, 127, 2516–2524.

[CrossRef] [PubMed]
7. Harris, A.L. Connexin Channel Permeability to Cytoplasmic Molecules. Prog. Biophys. Mol. Biol. 2007, 94, 120–143. [CrossRef]

[PubMed]
8. Gittens, J.E.I.; Barr, K.J.; Vanderhyden, B.C.; Kidder, G.M. Interplay between Paracrine Signaling and Gap Junctional Communica-

tion in Ovarian Follicles. J. Cell Sci. 2005, 118, 113–122. [CrossRef] [PubMed]
9. Ackert, C.L.; Gittens, J.E.; O’Brien, M.J.; Eppig, J.J.; Kidder, G.M. Intercellular Communication via Connexin43 Gap Junctions Is

Required for Ovarian Folliculogenesis in the Mouse. Dev. Biol. 2001, 233, 258–270. [CrossRef]
10. Okuma, A.; Kuraoka, A.; Iida, H.; Inai, T.; Wasano, K.; Shibata, Y. Colocalization of Connexin 43 and Connexin 45 but Absence of

Connexin 40 in Granulosa Cell Gap Junctions of Rat Ovary. Reproduction 1996, 107, 255–264. [CrossRef]
11. Tsai, M.-Y.; Lan, K.-C.; Huang, K.-E.; Huang, F.-J.; Kung, F.-T.; Chang, S.-Y. Significance of mRNA Levels of Connexin37,

Connexin43, and Connexin45 in Luteinized Granulosa Cells of Controlled Hyperstimulated Follicles. Fertil. Steril. 2003, 80,
1437–1443. [CrossRef]

12. Simon, A.M.; Goodenough, D.A.; Li, E.; Paul, D.L. Female Infertility in Mice Lacking Connexin 37. Nature 1997, 385, 525–529.
[CrossRef] [PubMed]

13. Eppig, J.J. Oocyte Control of Ovarian Follicular Development and Function in Mammals. Reproduction 2001, 122, 829–838.
[CrossRef]

14. Eppig, J.J.; Wigglesworth, K.; Pendola, F.L. The Mammalian Oocyte Orchestrates the Rate of Ovarian Follicular Development.
Proc. Natl. Acad. Sci. USA 2002, 99, 2890–2894. [CrossRef]

15. Baena, V.; Owen, C.M.; Uliasz, T.F.; Lowther, K.M.; Yee, S.-P.; Terasaki, M.; Egbert, J.R.; Jaffe, L.A. Cellular Heterogeneity of the
Luteinizing Hormone Receptor and Its Significance for Cyclic GMP Signaling in Mouse Preovulatory Follicles. Endocrinology
2020, 161, bqaa074. [CrossRef] [PubMed]

16. Russell, D.L.; Robker, R.L. Molecular Mechanisms of Ovulation: Co-Ordination through the Cumulus Complex. Hum. Reprod.
Update 2007, 13, 289–312. [CrossRef]

17. Jaffe, L.A.; Egbert, J.R. Regulation of Mammalian Oocyte Meiosis by Intercellular Communication within the Ovarian Follicle.
Annu. Rev. Physiol. 2017, 79, 237–260. [CrossRef] [PubMed]

18. Richards, J.S.; Ascoli, M. Endocrine, Paracrine, and Autocrine Signaling Pathways That Regulate Ovulation. Trends Endocrinol.
Metab. TEM 2018, 29, 313–325. [CrossRef] [PubMed]

19. Schneider, M.R.; Wolf, E. The Epidermal Growth Factor Receptor Ligands at a Glance. J. Cell. Physiol. 2009, 218, 460–466.
[CrossRef]

20. Towards a New Understanding on the Regulation of Mammalian Oocyte Meiosis Resumption. Available online: https://www.
tandfonline.com/doi/epdf/10.4161/cc.8.17.9471?needAccess=true (accessed on 25 December 2023).

21. Freimann, S.; Ben-Ami, I.; Dantes, A.; Ron-El, R.; Amsterdam, A. EGF-like Factor Epiregulin and Amphiregulin Expression Is
Regulated by Gonadotropins/cAMP in Human Ovarian Follicular Cells. Biochem. Biophys. Res. Commun. 2004, 324, 829–834.
[CrossRef]

22. Park, J.-Y.; Su, Y.-Q.; Ariga, M.; Law, E.; Jin, S.-L.C.; Conti, M. EGF-like Growth Factors as Mediators of LH Action in the Ovulatory
Follicle. Science 2004, 303, 682–684. [CrossRef]

23. Richani, D.; Gilchrist, R.B. The Epidermal Growth Factor Network: Role in Oocyte Growth, Maturation and Developmental
Competence. Hum. Reprod. Update 2018, 24, 1–14. [CrossRef] [PubMed]

https://doi.org/10.1006/dbio.1994.1175
https://www.ncbi.nlm.nih.gov/pubmed/8026614
https://doi.org/10.1016/j.ydbio.2006.06.026
https://www.ncbi.nlm.nih.gov/pubmed/16854407
https://doi.org/10.33549/physiolres.934233
https://www.ncbi.nlm.nih.gov/pubmed/31854191
https://doi.org/10.1016/j.mce.2007.11.001
https://www.ncbi.nlm.nih.gov/pubmed/18162286
https://doi.org/10.2741/4763
https://doi.org/10.1038/sj.jid.5700770
https://www.ncbi.nlm.nih.gov/pubmed/17934503
https://doi.org/10.1016/j.pbiomolbio.2007.03.011
https://www.ncbi.nlm.nih.gov/pubmed/17470375
https://doi.org/10.1242/jcs.01587
https://www.ncbi.nlm.nih.gov/pubmed/15585573
https://doi.org/10.1006/dbio.2001.0216
https://doi.org/10.1530/jrf.0.1070255
https://doi.org/10.1016/j.fertnstert.2003.05.015
https://doi.org/10.1038/385525a0
https://www.ncbi.nlm.nih.gov/pubmed/9020357
https://doi.org/10.1530/rep.0.1220829
https://doi.org/10.1073/pnas.052658699
https://doi.org/10.1210/endocr/bqaa074
https://www.ncbi.nlm.nih.gov/pubmed/32384146
https://doi.org/10.1093/humupd/dml062
https://doi.org/10.1146/annurev-physiol-022516-034102
https://www.ncbi.nlm.nih.gov/pubmed/27860834
https://doi.org/10.1016/j.tem.2018.02.012
https://www.ncbi.nlm.nih.gov/pubmed/29602523
https://doi.org/10.1002/jcp.21635
https://www.tandfonline.com/doi/epdf/10.4161/cc.8.17.9471?needAccess=true
https://www.tandfonline.com/doi/epdf/10.4161/cc.8.17.9471?needAccess=true
https://doi.org/10.1016/j.bbrc.2004.09.129
https://doi.org/10.1126/science.1092463
https://doi.org/10.1093/humupd/dmx029
https://www.ncbi.nlm.nih.gov/pubmed/29029246


Int. J. Mol. Sci. 2024, 25, 5349 15 of 22

24. Chen, X.; Zhou, B.; Yan, J.; Xu, B.; Tai, P.; Li, J.; Peng, S.; Zhang, M.; Xia, G. Epidermal Growth Factor Receptor Activation by
Protein Kinase C Is Necessary for FSH-Induced Meiotic Resumption in Porcine Cumulus-Oocyte Complexes. J. Endocrinol. 2008,
197, 409–419. [CrossRef] [PubMed]

25. Singh, B.; Rutledge, J.M.; Armstrong, D.T. Epidermal Growth Factor and Its Receptor Gene Expression and Peptide Localization
in Porcine Ovarian Follicles. Mol. Reprod. Dev. 1995, 40, 391–399. [CrossRef] [PubMed]

26. Hsieh, M.; Lee, D.; Panigone, S.; Horner, K.; Chen, R.; Theologis, A.; Lee, D.C.; Threadgill, D.W.; Conti, M. Luteinizing Hormone-
Dependent Activation of the Epidermal Growth Factor Network Is Essential for Ovulation. Mol. Cell. Biol. 2007, 27, 1914–1924.
[CrossRef] [PubMed]

27. Kim, K.; Lee, H.; Threadgill, D.W.; Lee, D. Epiregulin-Dependent Amphiregulin Expression and ERBB2 Signaling Are Involved in
Luteinizing Hormone-Induced Paracrine Signaling Pathways in Mouse Ovary. Biochem. Biophys. Res. Commun. 2011, 405, 319–324.
[CrossRef] [PubMed]

28. Chen, J.; Torcia, S.; Xie, F.; Lin, C.-J.; Cakmak, H.; Franciosi, F.; Horner, K.; Onodera, C.; Song, J.S.; Cedars, M.I.; et al. Somatic Cells
Regulate Maternal mRNA Translation and Developmental Competence of Mouse Oocytes. Nat. Cell Biol. 2013, 15, 1415–1423.
[CrossRef] [PubMed]

29. Sahin, U.; Weskamp, G.; Kelly, K.; Zhou, H.-M.; Higashiyama, S.; Peschon, J.; Hartmann, D.; Saftig, P.; Blobel, C.P. Distinct Roles
for ADAM10 and ADAM17 in Ectodomain Shedding of Six EGFR Ligands. J. Cell Biol. 2004, 164, 769–779. [CrossRef] [PubMed]

30. Yamashita, Y.; Kawashima, I.; Yanai, Y.; Nishibori, M.; Richards, J.S.; Shimada, M. Hormone-Induced Expression of Tumor
Necrosis Factor Alpha-Converting Enzyme/A Disintegrin and Metalloprotease-17 Impacts Porcine Cumulus Cell Oocyte Complex
Expansion and Meiotic Maturation via Ligand Activation of the Epidermal Growth Factor Receptor. Endocrinology 2007, 148,
6164–6175. [CrossRef]

31. Holbro, T.; Hynes, N.E. ErbB Receptors: Directing Key Signaling Networks throughout Life. Annu. Rev. Pharmacol. Toxicol. 2004,
44, 195–217. [CrossRef]

32. Dekel, N.; Sherizly, I. Epidermal Growth Factor Induces Maturation of Rat Follicle-Enclosed Oocytes. Endocrinology 1985, 116,
406–409. [CrossRef] [PubMed]

33. Downs, S.M. Specificity of Epidermal Growth Factor Action on Maturation of the Murine Oocyte and Cumulus Oophorus in
Vitro. Biol. Reprod. 1989, 41, 371–379. [CrossRef]

34. Sasseville, M.; Côté, N.; Vigneault, C.; Guillemette, C.; Richard, F.J. 3′5′-Cyclic Adenosine Monophosphate-Dependent up-
Regulation of Phosphodiesterase Type 3A in Porcine Cumulus Cells. Endocrinology 2007, 148, 1858–1867. [CrossRef] [PubMed]

35. Norris, R.P.; Ratzan, W.J.; Freudzon, M.; Mehlmann, L.M.; Krall, J.; Movsesian, M.A.; Wang, H.; Ke, H.; Nikolaev, V.O.; Jaffe, L.A.
Cyclic GMP from the Surrounding Somatic Cells Regulates Cyclic AMP and Meiosis in the Mouse Oocyte. Dev. Camb. Engl. 2009,
136, 1869–1878. [CrossRef] [PubMed]

36. Sela-Abramovich, S.; Chorev, E.; Galiani, D.; Dekel, N. Mitogen-Activated Protein Kinase Mediates Luteinizing Hormone-Induced
Breakdown of Communication and Oocyte Maturation in Rat Ovarian Follicles. Endocrinology 2005, 146, 1236–1244. [CrossRef]
[PubMed]

37. Sela-Abramovich, S.; Edry, I.; Galiani, D.; Nevo, N.; Dekel, N. Disruption of Gap Junctional Communication within the Ovarian
Follicle Induces Oocyte Maturation. Endocrinology 2006, 147, 2280–2286. [CrossRef]

38. Norris, R.P.; Freudzon, M.; Mehlmann, L.M.; Cowan, A.E.; Simon, A.M.; Paul, D.L.; Lampe, P.D.; Jaffe, L.A. Luteinizing Hormone
Causes MAP Kinase-Dependent Phosphorylation and Closure of Connexin 43 Gap Junctions in Mouse Ovarian Follicles: One of
Two Paths to Meiotic Resumption. Dev. Camb. Engl. 2008, 135, 3229–3238. [CrossRef] [PubMed]

39. Racowsky, C.; Satterlie, R.A. Decreases in Heterologous Metabolic and Dye Coupling, but Not in Electrical Coupling, Accompany
Meiotic Resumption in Hamster Oocyte-Cumulus Complexes. Eur. J. Cell Biol. 1987, 43, 283–292. [PubMed]

40. Ogino, M.; Tsubamoto, H.; Sakata, K.; Oohama, N.; Hayakawa, H.; Kojima, T.; Shigeta, M.; Shibahara, H. Mitochondrial DNA
Copy Number in Cumulus Cells Is a Strong Predictor of Obtaining Good-Quality Embryos after IVF. J. Assist. Reprod. Genet. 2016,
33, 367–371. [CrossRef]

41. Boucret, L.; Chao De La Barca, J.M.; Moriniere, C.; Desquiret, V.; Ferre-L’Hotellier, V.; Descamps, P.; Marcaillou, C.; Reynier, P.;
Procaccio, V.; May-Panloup, P. Relationship between Diminished Ovarian Reserve and Mitochondrial Biogenesis in Cumulus
Cells. Hum. Reprod. 2015, 30, 1653–1664. [CrossRef]

42. Dalton, C.M.; Szabadkai, G.; Carroll, J. Measurement of ATP in Single Oocytes: Impact of Maturation and Cumulus Cells on
Levels and Consumption. J. Cell. Physiol. 2014, 229, 353–361. [CrossRef] [PubMed]

43. Huang, Z.; Wells, D. The Human Oocyte and Cumulus Cells Relationship: New Insights from the Cumulus Cell Transcriptome.
Mol. Hum. Reprod. 2010, 16, 715–725. [CrossRef] [PubMed]

44. Scantland, S.; Tessaro, I.; Macabelli, C.H.; Macaulay, A.D.; Cagnone, G.; Fournier, É.; Luciano, A.M.; Robert, C. The Adenosine
Salvage Pathway as an Alternative to Mitochondrial Production of ATP in Maturing Mammalian Oocytes. Biol. Reprod. 2014, 91,
1–11. [CrossRef]

45. Norris, R.P. Transfer of Mitochondria and Endosomes between Cells by Gap Junction Internalization. Traffic 2021, 22, 174–179.
[CrossRef]

46. Thompson, J.G. The Impact of Nutrition of the Cumulus Oocyte Complex and Embryo on Subsequent Development in Ruminants.
J. Reprod. Dev. 2006, 52, 169–175. [CrossRef]

47. Sturmey, R.G.; Leese, H.J. Energy Metabolism in Pig Oocytes and Early Embryos. Reproduction 2003, 126, 197–204. [CrossRef]

https://doi.org/10.1677/JOE-07-0592
https://www.ncbi.nlm.nih.gov/pubmed/18434371
https://doi.org/10.1002/mrd.1080400402
https://www.ncbi.nlm.nih.gov/pubmed/7598904
https://doi.org/10.1128/MCB.01919-06
https://www.ncbi.nlm.nih.gov/pubmed/17194751
https://doi.org/10.1016/j.bbrc.2011.01.039
https://www.ncbi.nlm.nih.gov/pubmed/21237132
https://doi.org/10.1038/ncb2873
https://www.ncbi.nlm.nih.gov/pubmed/24270888
https://doi.org/10.1083/jcb.200307137
https://www.ncbi.nlm.nih.gov/pubmed/14993236
https://doi.org/10.1210/en.2007-0195
https://doi.org/10.1146/annurev.pharmtox.44.101802.121440
https://doi.org/10.1210/endo-116-1-406
https://www.ncbi.nlm.nih.gov/pubmed/2578036
https://doi.org/10.1095/biolreprod41.2.371
https://doi.org/10.1210/en.2006-1257
https://www.ncbi.nlm.nih.gov/pubmed/17218408
https://doi.org/10.1242/dev.035238
https://www.ncbi.nlm.nih.gov/pubmed/19429786
https://doi.org/10.1210/en.2004-1006
https://www.ncbi.nlm.nih.gov/pubmed/15576461
https://doi.org/10.1210/en.2005-1011
https://doi.org/10.1242/dev.025494
https://www.ncbi.nlm.nih.gov/pubmed/18776144
https://www.ncbi.nlm.nih.gov/pubmed/3595637
https://doi.org/10.1007/s10815-015-0621-0
https://doi.org/10.1093/humrep/dev114
https://doi.org/10.1002/jcp.24457
https://www.ncbi.nlm.nih.gov/pubmed/24002908
https://doi.org/10.1093/molehr/gaq031
https://www.ncbi.nlm.nih.gov/pubmed/20435609
https://doi.org/10.1095/biolreprod.114.120931
https://doi.org/10.1111/tra.12786
https://doi.org/10.1262/jrd.17089
https://doi.org/10.1530/rep.0.1260197


Int. J. Mol. Sci. 2024, 25, 5349 16 of 22

48. Purcell, S.H.; Chi, M.M.; Lanzendorf, S.; Moley, K.H. Insulin-Stimulated Glucose Uptake Occurs in Specialized Cells within the
Cumulus Oocyte Complex. Endocrinology 2012, 153, 2444–2454. [CrossRef] [PubMed]

49. Su, Y.-Q.; Sugiura, K.; Eppig, J.J. Mouse Oocyte Control of Granulosa Cell Development and Function: Paracrine Regulation of
Cumulus Cell Metabolism. Semin. Reprod. Med. 2009, 27, 32–42. [CrossRef]

50. Sugiura, K.; Su, Y.-Q.; Diaz, F.J.; Pangas, S.A.; Sharma, S.; Wigglesworth, K.; O’Brien, M.J.; Matzuk, M.M.; Shimasaki, S.; Eppig, J.J.
Oocyte-Derived BMP15 and FGFs Cooperate to Promote Glycolysis in Cumulus Cells. Dev. Camb. Engl. 2007, 134, 2593–2603.
[CrossRef]

51. Cetica, P.; Pintos, L.; Dalvit, G.; Beconi, M. Activity of Key Enzymes Involved in Glucose and Triglyceride Catabolism during
Bovine Oocyte Maturation in Vitro. Reproduction 2002, 124, 675–681. [CrossRef]

52. Richani, D.; Dunning, K.R.; Thompson, J.G.; Gilchrist, R.B. Metabolic Co-Dependence of the Oocyte and Cumulus Cells: Essential
Role in Determining Oocyte Developmental Competence. Hum. Reprod. Update 2021, 27, 27–47. [CrossRef] [PubMed]

53. Sutton-McDowall, M.L.; Gilchrist, R.B.; Thompson, J.G. The Pivotal Role of Glucose Metabolism in Determining Oocyte
Developmental Competence. Reproduction 2010, 139, 685–695. [CrossRef] [PubMed]

54. Shimasaki, S.; Moore, R.K.; Otsuka, F.; Erickson, G.F. The Bone Morphogenetic Protein System in Mammalian Reproduction.
Endocr. Rev. 2004, 25, 72–101. [CrossRef] [PubMed]

55. Xu, W.; Li, L.; Sun, J.; Zhu, S.; Yan, Z.; Gao, L.; Gao, C.; Cui, Y.; Mao, C. Putrescine Delays Postovulatory Aging of Mouse Oocytes
by Upregulating PDK4 Expression and Improving Mitochondrial Activity. Aging 2018, 10, 4093–4106. [CrossRef] [PubMed]

56. Warzych, E.; Lipinska, P. Energy Metabolism of Follicular Environment during Oocyte Growth and Maturation. J. Reprod. Dev.
2020, 66, 1–7. [CrossRef] [PubMed]

57. Kim, J.; Tchernyshyov, I.; Semenza, G.L.; Dang, C.V. HIF-1-Mediated Expression of Pyruvate Dehydrogenase Kinase: A Metabolic
Switch Required for Cellular Adaptation to Hypoxia. Cell Metab. 2006, 3, 177–185. [CrossRef]

58. Zhou, X.; He, Y.; Jiang, Y.; He, B.; Deng, X.; Zhang, Z.; Yuan, X.; Li, J. MiR-126-3p Inhibits Apoptosis and Promotes Proliferation
by Targeting Phosphatidylinositol 3-Kinase Regulatory Subunit 2 in Porcine Ovarian Granulosa Cells. Asian-Australas. J. Anim.
Sci. 2020, 33, 879–887. [CrossRef] [PubMed]

59. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef]
60. Semenza, G.L. HIF-1: Upstream and Downstream of Cancer Metabolism. Curr. Opin. Genet. Dev. 2010, 20, 51–56. [CrossRef]
61. Tirpe, A.A.; Gulei, D.; Ciortea, S.M.; Crivii, C.; Berindan-Neagoe, I. Hypoxia: Overview on Hypoxia-Mediated Mechanisms with

a Focus on the Role of HIF Genes. Int. J. Mol. Sci. 2019, 20, 6140. [CrossRef]
62. Molinari, E.; Bar, H.; Pyle, A.M.; Patrizio, P. Transcriptome Analysis of Human Cumulus Cells Reveals Hypoxia as the Main

Determinant of Follicular Senescence. Mol. Hum. Reprod. 2016, 22, 866–876. [CrossRef] [PubMed]
63. Lee, S.; Hallis, S.P.; Jung, K.-A.; Ryu, D.; Kwak, M.-K. Impairment of HIF-1α-Mediated Metabolic Adaption by NRF2-Silencing in

Breast Cancer Cells. Redox Biol. 2019, 24, 101210. [CrossRef] [PubMed]
64. Kumar, P.; Verma, A.; Kumar, M.; De, S.; Kumar, R.; Datta, T.K. Expression Pattern of Glucose Metabolism Genes Correlate with

Development Rate of Buffalo Oocytes and Embryos in Vitro under Low Oxygen Condition. J. Assist. Reprod. Genet. 2015, 32,
471–478. [CrossRef] [PubMed]

65. North, B.J.; Marshall, B.L.; Borra, M.T.; Denu, J.M.; Verdin, E. The Human Sir2 Ortholog, SIRT2, Is an NAD+-Dependent Tubulin
Deacetylase. Mol. Cell 2003, 11, 437–444. [CrossRef] [PubMed]

66. Mao, Z.; Hine, C.; Tian, X.; Van Meter, M.; Au, M.; Vaidya, A.; Seluanov, A.; Gorbunova, V. SIRT6 Promotes DNA Repair under
Stress by Activating PARP1. Science 2011, 332, 1443–1446. [CrossRef] [PubMed]

67. Peng, L.; Yuan, Z.; Ling, H.; Fukasawa, K.; Robertson, K.; Olashaw, N.; Koomen, J.; Chen, J.; Lane, W.S.; Seto, E. SIRT1 Deacetylates
the DNA Methyltransferase 1 (DNMT1) Protein and Alters Its Activities. Mol. Cell. Biol. 2011, 31, 4720–4734. [CrossRef] [PubMed]

68. Schwer, B.; Verdin, E. Conserved Metabolic Regulatory Functions of Sirtuins. Cell Metab. 2008, 7, 104–112. [CrossRef] [PubMed]
69. Pacella-Ince, L.; Zander-Fox, D.L.; Lane, M. Mitochondrial SIRT5 Is Present in Follicular Cells and Is Altered by Reduced Ovarian

Reserve and Advanced Maternal Age. Reprod. Fertil. Dev. 2014, 26, 1072–1083. [CrossRef] [PubMed]
70. Lombard, D.B.; Alt, F.W.; Cheng, H.-L.; Bunkenborg, J.; Streeper, R.S.; Mostoslavsky, R.; Kim, J.; Yancopoulos, G.; Valenzuela, D.;

Murphy, A.; et al. Mammalian Sir2 Homolog SIRT3 Regulates Global Mitochondrial Lysine Acetylation. Mol. Cell. Biol. 2007, 27,
8807–8814. [CrossRef]

71. Shi, T.; Wang, F.; Stieren, E.; Tong, Q. SIRT3, a Mitochondrial Sirtuin Deacetylase, Regulates Mitochondrial Function and
Thermogenesis in Brown Adipocytes. J. Biol. Chem. 2005, 280, 13560–13567. [CrossRef]

72. Ahn, B.-H.; Kim, H.-S.; Song, S.; Lee, I.H.; Liu, J.; Vassilopoulos, A.; Deng, C.-X.; Finkel, T. A Role for the Mitochondrial
Deacetylase Sirt3 in Regulating Energy Homeostasis. Proc. Natl. Acad. Sci. USA 2008, 105, 14447–14452. [CrossRef] [PubMed]

73. Scher, M.B.; Vaquero, A.; Reinberg, D. SirT3 Is a Nuclear NAD+-Dependent Histone Deacetylase That Translocates to the
Mitochondria upon Cellular Stress. Genes Dev. 2007, 21, 920–928. [CrossRef] [PubMed]

74. Schlicker, C.; Gertz, M.; Papatheodorou, P.; Kachholz, B.; Becker, C.F.W.; Steegborn, C. Substrates and Regulation Mechanisms for
the Human Mitochondrial Sirtuins Sirt3 and Sirt5. J. Mol. Biol. 2008, 382, 790–801. [CrossRef] [PubMed]

75. Bao, J.; Lu, Z.; Joseph, J.J.; Carabenciov, D.; Dimond, C.C.; Pang, L.; Samsel, L.; McCoy, J.P.; Leclerc, J.; Nguyen, P.; et al.
Characterization of the Murine SIRT3 Mitochondrial Localization Sequence and Comparison of Mitochondrial Enrichment and
Deacetylase Activity of Long and Short SIRT3 Isoforms. J. Cell. Biochem. 2010, 110, 238–247. [CrossRef] [PubMed]

https://doi.org/10.1210/en.2011-1974
https://www.ncbi.nlm.nih.gov/pubmed/22408172
https://doi.org/10.1055/s-0028-1108008
https://doi.org/10.1242/dev.006882
https://doi.org/10.1530/rep.0.1240675
https://doi.org/10.1093/humupd/dmaa043
https://www.ncbi.nlm.nih.gov/pubmed/33020823
https://doi.org/10.1530/REP-09-0345
https://www.ncbi.nlm.nih.gov/pubmed/20089664
https://doi.org/10.1210/er.2003-0007
https://www.ncbi.nlm.nih.gov/pubmed/14769828
https://doi.org/10.18632/aging.101699
https://www.ncbi.nlm.nih.gov/pubmed/30554191
https://doi.org/10.1262/jrd.2019-102
https://www.ncbi.nlm.nih.gov/pubmed/31787727
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.5713/ajas.19.0290
https://www.ncbi.nlm.nih.gov/pubmed/31480138
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.gde.2009.10.009
https://doi.org/10.3390/ijms20246140
https://doi.org/10.1093/molehr/gaw038
https://www.ncbi.nlm.nih.gov/pubmed/27268410
https://doi.org/10.1016/j.redox.2019.101210
https://www.ncbi.nlm.nih.gov/pubmed/31078780
https://doi.org/10.1007/s10815-014-0418-6
https://www.ncbi.nlm.nih.gov/pubmed/25578537
https://doi.org/10.1016/s1097-2765(03)00038-8
https://www.ncbi.nlm.nih.gov/pubmed/12620231
https://doi.org/10.1126/science.1202723
https://www.ncbi.nlm.nih.gov/pubmed/21680843
https://doi.org/10.1128/MCB.06147-11
https://www.ncbi.nlm.nih.gov/pubmed/21947282
https://doi.org/10.1016/j.cmet.2007.11.006
https://www.ncbi.nlm.nih.gov/pubmed/18249170
https://doi.org/10.1071/RD13178
https://www.ncbi.nlm.nih.gov/pubmed/23978077
https://doi.org/10.1128/MCB.01636-07
https://doi.org/10.1074/jbc.M414670200
https://doi.org/10.1073/pnas.0803790105
https://www.ncbi.nlm.nih.gov/pubmed/18794531
https://doi.org/10.1101/gad.1527307
https://www.ncbi.nlm.nih.gov/pubmed/17437997
https://doi.org/10.1016/j.jmb.2008.07.048
https://www.ncbi.nlm.nih.gov/pubmed/18680753
https://doi.org/10.1002/jcb.22531
https://www.ncbi.nlm.nih.gov/pubmed/20235147


Int. J. Mol. Sci. 2024, 25, 5349 17 of 22

76. Cimen, H.; Han, M.-J.; Yang, Y.; Tong, Q.; Koc, H.; Koc, E.C. Regulation of Succinate Dehydrogenase Activity by SIRT3 in
Mammalian Mitochondria. Biochemistry 2010, 49, 304–311. [CrossRef] [PubMed]

77. Finley, L.W.S.; Haas, W.; Desquiret-Dumas, V.; Wallace, D.C.; Procaccio, V.; Gygi, S.P.; Haigis, M.C. Succinate Dehydrogenase Is a
Direct Target of Sirtuin 3 Deacetylase Activity. PLoS ONE 2011, 6, e23295. [CrossRef] [PubMed]

78. Pacella-Ince, L.; Zander-Fox, D.L.; Lan, M. Mitochondrial SIRT3 and Its Target Glutamate Dehydrogenase Are Altered in Follicular
Cells of Women with Reduced Ovarian Reserve or Advanced Maternal Age. Hum. Reprod. 2014, 29, 1490–1499. [CrossRef]
[PubMed]

79. Zhong, L.; D’Urso, A.; Toiber, D.; Sebastian, C.; Henry, R.E.; Vadysirisack, D.D.; Guimaraes, A.; Marinelli, B.; Wikstrom, J.D.;
Nir, T.; et al. The Histone Deacetylase Sirt6 Regulates Glucose Homeostasis via Hif1alpha. Cell 2010, 140, 280–293. [CrossRef]

80. Gaál, Z.; Csernoch, L. Impact of Sirtuin Enzymes on the Altered Metabolic Phenotype of Malignantly Transformed Cells. Front.
Oncol. 2020, 10, 45. [CrossRef]

81. Sasaki, H.; Hamatani, T.; Kamijo, S.; Iwai, M.; Kobanawa, M.; Ogawa, S.; Miyado, K.; Tanaka, M. Impact of Oxidative Stress on
Age-Associated Decline in Oocyte Developmental Competence. Front. Endocrinol. 2019, 10, 811. [CrossRef]

82. Steuerwald, N.M.; Bermúdez, M.G.; Wells, D.; Munné, S.; Cohen, J. Maternal Age-Related Differential Global Expression Profiles
Observed in Human Oocytes. Reprod. Biomed. Online 2007, 14, 700–708. [CrossRef] [PubMed]

83. Berger, L.; Wilde, A. Glycolytic Metabolites Are Critical Modulators of Oocyte Maturation and Viability. PLoS ONE 2013, 8, e77612.
[CrossRef] [PubMed]

84. Tian, W.N.; Braunstein, L.D.; Pang, J.; Stuhlmeier, K.M.; Xi, Q.C.; Tian, X.; Stanton, R.C. Importance of Glucose-6-Phosphate
Dehydrogenase Activity for Cell Growth. J. Biol. Chem. 1998, 273, 10609–10617. [CrossRef] [PubMed]

85. García-Martínez, T.; Vendrell-Flotats, M.; Martínez-Rodero, I.; Ordóñez-León, E.A.; Álvarez-Rodríguez, M.; López-Béjar, M.; Yeste,
M.; Mogas, T. Glutathione Ethyl Ester Protects In Vitro-Maturing Bovine Oocytes against Oxidative Stress Induced by Subsequent
Vitrification/Warming. Int. J. Mol. Sci. 2020, 21, 7547. [CrossRef] [PubMed]

86. Imai, S.-I.; Guarente, L. It Takes Two to Tango: NAD+ and Sirtuins in Aging/Longevity Control. NPJ Aging Mech. Dis. 2016, 2, 16017.
[CrossRef] [PubMed]

87. Bertoldo, M.J.; Listijono, D.R.; Ho, W.-H.J.; Riepsamen, A.H.; Goss, D.M.; Richani, D.; Jin, X.L.; Mahbub, S.; Campbell, J.M.;
Habibalahi, A.; et al. NAD+ Repletion Rescues Female Fertility during Reproductive Aging. Cell Rep. 2020, 30, 1670–1681.e7.
[CrossRef] [PubMed]

88. Chen, L.; Wert, S.E.; Hendrix, E.M.; Russell, P.T.; Cannon, M.; Larsen, W.J. Hyaluronic Acid Synthesis and Gap Junction
Endocytosis Are Necessary for Normal Expansion of the Cumulus Mass. Mol. Reprod. Dev. 1990, 26, 236–247. [CrossRef]
[PubMed]

89. Eppig, J.J. Regulation by Sulfated Glycosaminoglycans of the Expansion of Cumuli Oophori Isolated from Mice. Biol. Reprod.
1981, 25, 599–608. [CrossRef]

90. Salustri, A.; Yanagishita, M.; Hascall, V.C. Synthesis and Accumulation of Hyaluronic Acid and Proteoglycans in the Mouse
Cumulus Cell-Oocyte Complex during Follicle-Stimulating Hormone-Induced Mucification. J. Biol. Chem. 1989, 264, 13840–13847.
[CrossRef]

91. Akison, L.K.; Alvino, E.R.; Dunning, K.R.; Robker, R.L.; Russell, D.L. Transient Invasive Migration in Mouse Cumulus Oocyte
Complexes Induced at Ovulation by Luteinizing Hormone. Biol. Reprod. 2012, 86, 125. [CrossRef]

92. Tanghe, S.; Van Soom, A.; Nauwynck, H.; Coryn, M.; de Kruif, A. Minireview: Functions of the Cumulus Oophorus during
Oocyte Maturation, Ovulation, and Fertilization. Mol. Reprod. Dev. 2002, 61, 414–424. [CrossRef] [PubMed]

93. Assidi, M.; Dufort, I.; Ali, A.; Hamel, M.; Algriany, O.; Dielemann, S.; Sirard, M.-A. Identification of Potential Markers of Oocyte
Competence Expressed in Bovine Cumulus Cells Matured with Follicle-Stimulating Hormone and/or Phorbol Myristate Acetate
in Vitro. Biol. Reprod. 2008, 79, 209–222. [CrossRef]

94. Gebhardt, K.M.; Feil, D.K.; Dunning, K.R.; Lane, M.; Russell, D.L. Human Cumulus Cell Gene Expression as a Biomarker of
Pregnancy Outcome after Single Embryo Transfer. Fertil. Steril. 2011, 96, 47–52.e2. [CrossRef] [PubMed]

95. Colonna, R.; Mangia, F. Mechanisms of Amino Acid Uptake in Cumulus-Enclosed Mouse Oocytes. Biol. Reprod. 1983, 28, 797–803.
[CrossRef]

96. Vakifahmetoglu-Norberg, H.; Ouchida, A.T.; Norberg, E. The Role of Mitochondria in Metabolism and Cell Death. Biochem.
Biophys. Res. Commun. 2017, 482, 426–431. [CrossRef] [PubMed]

97. Anderson, S.; Bankier, A.T.; Barrell, B.G.; de Bruijn, M.H.; Coulson, A.R.; Drouin, J.; Eperon, I.C.; Nierlich, D.P.; Roe, B.A.;
Sanger, F.; et al. Sequence and Organization of the Human Mitochondrial Genome. Nature 1981, 290, 457–465. [CrossRef]
[PubMed]

98. Reynier, P.; May-Panloup, P.; Chrétien, M.F.; Morgan, C.J.; Jean, M.; Savagner, F.; Barrière, P.; Malthièry, Y. Mitochondrial DNA
Content Affects the Fertilizability of Human Oocytes. Mol. Hum. Reprod. 2001, 7, 425–429. [CrossRef]

99. Cotterill, M.; Harris, S.E.; Collado Fernandez, E.; Lu, J.; Huntriss, J.D.; Campbell, B.K.; Picton, H.M. The Activity and Copy
Number of Mitochondrial DNA in Ovine Oocytes throughout Oogenesis in Vivo and during Oocyte Maturation in Vitro.
Mol. Hum. Reprod. 2013, 19, 444–450. [CrossRef]

100. Mahrous, E.; Yang, Q.; Clarke, H.J. Regulation of Mitochondrial DNA Accumulation during Oocyte Growth and Meiotic
Maturation in the Mouse. Reproduction 2012, 144, 177–185. [CrossRef]

https://doi.org/10.1021/bi901627u
https://www.ncbi.nlm.nih.gov/pubmed/20000467
https://doi.org/10.1371/journal.pone.0023295
https://www.ncbi.nlm.nih.gov/pubmed/21858060
https://doi.org/10.1093/humrep/deu071
https://www.ncbi.nlm.nih.gov/pubmed/24771001
https://doi.org/10.1016/j.cell.2009.12.041
https://doi.org/10.3389/fonc.2020.00045
https://doi.org/10.3389/fendo.2019.00811
https://doi.org/10.1016/s1472-6483(10)60671-2
https://www.ncbi.nlm.nih.gov/pubmed/17579982
https://doi.org/10.1371/journal.pone.0077612
https://www.ncbi.nlm.nih.gov/pubmed/24167578
https://doi.org/10.1074/jbc.273.17.10609
https://www.ncbi.nlm.nih.gov/pubmed/9553122
https://doi.org/10.3390/ijms21207547
https://www.ncbi.nlm.nih.gov/pubmed/33066129
https://doi.org/10.1038/npjamd.2016.17
https://www.ncbi.nlm.nih.gov/pubmed/28721271
https://doi.org/10.1016/j.celrep.2020.01.058
https://www.ncbi.nlm.nih.gov/pubmed/32049001
https://doi.org/10.1002/mrd.1080260307
https://www.ncbi.nlm.nih.gov/pubmed/2115793
https://doi.org/10.1095/biolreprod25.3.599
https://doi.org/10.1016/S0021-9258(18)80077-1
https://doi.org/10.1095/biolreprod.111.097345
https://doi.org/10.1002/mrd.10102
https://www.ncbi.nlm.nih.gov/pubmed/11835587
https://doi.org/10.1095/biolreprod.108.067686
https://doi.org/10.1016/j.fertnstert.2011.04.033
https://www.ncbi.nlm.nih.gov/pubmed/21575950
https://doi.org/10.1095/biolreprod28.4.797
https://doi.org/10.1016/j.bbrc.2016.11.088
https://www.ncbi.nlm.nih.gov/pubmed/28212726
https://doi.org/10.1038/290457a0
https://www.ncbi.nlm.nih.gov/pubmed/7219534
https://doi.org/10.1093/molehr/7.5.425
https://doi.org/10.1093/molehr/gat013
https://doi.org/10.1530/REP-12-0113


Int. J. Mol. Sci. 2024, 25, 5349 18 of 22

101. Spikings, E.C.; Alderson, J.; St John, J.C. Regulated Mitochondrial DNA Replication during Oocyte Maturation Is Essential for
Successful Porcine Embryonic Development. Biol. Reprod. 2007, 76, 327–335. [CrossRef]

102. St John, J.C.; Facucho-Oliveira, J.; Jiang, Y.; Kelly, R.; Salah, R. Mitochondrial DNA Transmission, Replication and Inheritance:
A Journey from the Gamete through the Embryo and into Offspring and Embryonic Stem Cells. Hum. Reprod. Update 2010, 16,
488–509. [CrossRef] [PubMed]
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