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1. Introduction

The process of cell death is implicated in several other processes, such as tissue homeostasis,
embrionary development, and the elimination of unwanted cells. Programmed cell death is
classified first according to the morphological characteristics of the cells observed, and then
by the molecular machinery involved in the process. To date, programmed cell death is known
to involve apoptosis and autophagy, two processes with different morphological and molec‐
ular characteristics.

In mammals, germinal cells are contained in the follicles, specialized structures that develop
through several phases of maturation. During follicular growth, cell proliferation and cell death
are present simultaneously. During ovarian follicular development, the follicles not selected for
the ovulation process are physiologically eliminated. Several studies have shown that in
mammalian ovaries follicular atresia is governed by granulosa cell apoptosis (Manabe et al., 2004);
however, recent evidence from studies of pre-pubertal (Ortíz et al., 2006; Escobar et al., 2008 and
2010) and adult rats (Escobar et al., 2012) shows that autophagy is an alternative route taken by
some germinal cells to induce follicular atresia in the ovary. The emerging importance of
autophagy in cellular elimination in the mammalian ovary is a very interesting development.

2. Autophagy as a cell death program

Autophagy is an evolutionary process that eliminates damaged cellular proteins and organ‐
elles (Ferraro and Cecconi, 2007). It also plays an important role in bioenergetic management
during periods of starvation (Othman et al., 2009), and is the major pathway for the degrada‐
tion and recycling of intracellular contents.

© 2013 Escobar et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



The autophagy process occurs at a basal level in normal cells under certain adverse conditions,
such as starvation, low oxygen levels, and growth factor withdrawal, among others. Under
these conditions, autophagy functions as a cytoprotective program that helps maintain cellular
homeostasis by recycling the cytoplasmic contents. Another function of autophagy is to
eliminate damaged organelles so as to maintain correct cellular functions. Thus, all the features
of autophagy in cells perform cytoprotective functions.

In eukaryotic cells, autophagy has been characterized according to the way in which it is carried
out: microautophagy, chaperone-mediated autophagy, and macroautophagy (Klionsky, 2006;
Massey et al., 2005). In microautophagy, the lysosomal surface directly engulfs the cytoplasm that
is to be degraded (Figure 1A). In chaperone-mediated autophagy, the material to be degraded
crosses the lysosomal membrane directly (Figure 1B), while macroautophagy, commonly referred
to simply as autophagy, is characterized by a double-membrane vesicle (Figure 1C) that enclo‐
ses (sequesters) organelles and portions of the cytosol (reviewed in Yang and Klionsky, 2009).

Figure 1. Schematic drawing of autophagic routes. A) Microautophagy: the cytoplasmic contents is directly enclosed
by direct invagination from the lysosomal membrane. B) Chaperone-mediated autophagy: the components to be de‐
graded are selectively transported toward the lysosome after interacting with the chaperone hsc70. C) Macroautoph‐
agy (commonly called autophagy): the autophagosome containing various cytosolic proteins fuses with lysosomes;
subsequently, the contents of the autophagosome is degraded by the lysosomal enzymes.
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Morphologically, autophagy is evidenced by the presence of autophagic vesicles, character‐
ized by a double membrane structure. In mammalian cells, autophagy is initiated by the
formation or elongation of the isolation membrane, also called a phagophore. Autophagy
entails a sequence of events that includes sequestering the cytoplasmic contents in the double
membrane vesicle. Once formed, the autophagosomes are conducted toward lysosomes to
constitute the autolysosomes in which the sequestered cellular material is degraded. To avoid
degradation itself, the lysosomal membrane is enriched by specific membrane proteins called
lysosomal associated membrane proteins (Lamp1 and Lamp2) (Fukuda, 1991).

Though autophagy was first identified in mammalian cells, its molecular characteristics were
discovered in yeast. Identification of the participation of the autophagy Atg genes and the
subsequent documentation of their homologues in mammals (Yang and Klionsky, 2009) made
it possible to determine the molecular machinery involved in the formation and maturation
of autophagosomes. TOR kinase is considered an important element in autophagy. When TOR
is inhibited under stress conditions, autophagy is induced upon the activation of this kinase;
then Atg13 is quickly dephosphorylated, causing a higher affinity for Atg1 and Atg17 that
results in an increase in the activity of the Atg1 protein kinase (Kamada et al., 2000; Kabeya et
al., 2005). Atg1 kinase plays a pivotal role in controlling autophagy, and its activity is required
for the switch from cytoplasm formation to vacuole targeting vesicles (Cvt) and the emergence
of autophagosomes (Scott et al., 1996; Matsuura et al., 1997). In mammals, the microtubule-
associated protein 1 light chain 3 (LC3) homolog of the Atg8 yeast is an important protein
involved in the autophagy process. LC3 is present in autophagosomes and is synthetized in
an inactive form called LC3-I, which is later converted into an active membranous form: LC3-
II, the lapidated form, which means that it bonds to phosphatidylethanolamine (Wang et al.,
2009; Maiuri et al., 2007). LC3 is lapidated via an ubiquitylation-like system that is targeted to
the early autophagosome membrane (Kabeya et al., 2004).

During autophagy induction, LC3 is converted from the LC3-I to the LC3-II form. It has been
suggested that the amount of LC3-II correlates to the number of autophagosomes present.
Autophagy is involved in stress response, developmental remodeling, organelle homeostasis,
and disease pathophysiology, and this process may also be used as a host-cell response against
bacteria and viruses (reviewed in Kindergaar, 2004).

Additionally,  it  has  been suggested that  the effects  of  autophagy can be either  deleteri‐
ous or protective, depending on the specific cellular context and the stage of the patholog‐
ical  process (reviewed in Rubinsztein et  al.,  2005).  At present,  we know that autophagy
functions as a form of programmed cell  death, classified as type II.  One essential differ‐
ence  between  physiological  autophagy  and  autophagic  cell  death  is  that  the  levels  of
autophagy in dying cells are excessive. The role of autophagy as a process of cell death is
interesting  because  it  has  been  observed  under  certain  experimentally  manipulated
systems. When the pro-apoptotic proteases are inhibited, autophagic levels increase (Yu et
al,  2004).  Some neurodegenerative diseases,  such as  Parkinson’s  disease,  have also been
associated with the autophagic cell  death process (Anglade et  al.,  1997),  and autophagic
cell death has been observed as well in remodeling tissues.
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Figure 2. Electron microscopy showing an autophagosome. The arrow points to the two lipid bilayers that surround
the cytoplasmatic content. Scale bar 100 nm.

Morphological evidence of autophagy has been found in electron microscopy studies that have
shown vesicular structures surrounded by two lipid layers known as autophagosomes (Figure
2). Autophagosomes may contain cytoplasm and cytoplasmic organelles, such as mitochondria
and peroxisomes, etc. Autophagy can be evidenced by the immune-microscopic localization
of the proteins involved in this process, including LC3/Atg8, or the Lamp1 proteins (Figure 3).

Figure 3. Immunodetection of Lamp1 and LC3. Confocal observations of cellular fractions: DAPI is evident in the nu‐
cleus (arrows). The green punctuate fluorescence distinguishes the cytoplasmatic localization of the Lamp1 and LC3
proteins. Scale bar 10 microns.
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The role of autophagy as a process of cell death in diverse pathologies, including cancers, has
been evaluated widely, but the results from the different studies are somewhat controversial,
because at first autophagy functions as a pro-survival strategy, as in the case of tumor cells
under certain stimuli; for example, low oxygen or a lack of nutrients (Lefranc et al., 2007). But
cancer cells can also use autophagy as a strategy for evading cell death and a means of adapting
to an adverse environment. On the other hand, under certain conditions, tumor cells use
autophagy as a mechanism of cell death.

3. Follicular atresia

In mammals, the ovary is a paired organ whose principal functions are oocyte production and
hormone synthesis. Structurally, the ovary is made up of a medulla and a cortical region where
the follicles are generally located. The mammalian ovary is the site of oocyte maturation, which
takes place inside a complex structure, the follicle, which is made up of a germinal cell –the
oocyte– surrounded by somatic granulosa cells.

Follicles go through several steps before attaining maturation. During this process, various
morphological and functional changes occur in the follicle that have led to its development
being classified in stages: primordial, primary, secondary, early antral, and antral, according
to the number of granulosa layers that surround the oocyte, the size of the follicle, and the
presence of the antrum.

Primordial follicles consist of a single flattened cell layer surrounding the oocyte (Figure 4A).
In a primary follicle, the granulosa cells around the oocyte acquire a cubical shape in a single-
layer cell (Figure 4B). Secondary follicles are characterized by the presence of two or more
granulosa cell layers (Figure 5). In this stage, the oocyte increases in size and the granulosa cell
layers emerge through intensive proliferation that leads to the formation of the theca interna
cell layer (Knight and Glister, 2006). In the secondary follicular phase, the specialized structure
associated with the oocyte, called the zona pellucida, is completely discernible. Early-antral
and antral follicles (Figure 6) are characterized by the development of a fluid-filled space
among the granulosa cells that forms the antral cavity. Granulosa cells are in intercellular
contact with neighboring cells via gap junctions (Figure 7), which allow metabolic exchange
and the transport of molecules between follicular cells.

During the follicular maturation process, only a few follicles are selected for ovulation, while
more than 99% are eliminated via a process denominated follicular atresia (Kaipia and Hsueh,
1977). In ovarian physiology, follicular atresia is a key mechanism for removing the follicles
that are not selected for ovulation.

Numerous morphological and biochemical studies have revealed the frequent participation
of apoptosis in follicular atresia; indeed, apoptosis came to be considered the cellular route
that underlies this process. In caprine ovaries, ultrastructural changes in the granulosa cells
show the classic morphological characteristics of apoptosis (Sharma and Bardwaj, 2009).
Several pro-apoptotic factors have been identified in granulosa cells, including the FasL-Fas
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system, TNF-a, and members of the Bcl-2 family of proteins (reviewed in Matsuda et al.,
2006). In fact, follicular atresia has been attributed to the alteration of granulosa cells, since
studies have demonstrated that these cells synthetize molecules that are essential for follicular
maintenance and growth. Furthermore, the death of granulosa cells due to an apoptotic process
results in follicular elimination (Matsuda et al., 2012).

Figure 4. Histological images of a rat ovary. The dotted squares are magnified in the right panel. A) Primordial follicles with
flattened pre-granulosa cells. B) Primary follicle with a single layer of cubical granulosa cells. Scale bars 20 microns.
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Figure 5. Secondary follicle. The oocyte is surrounded by several layers of granulosa cells. Scale bar 50 microns.

Figure 6. Histological images of a rat ovary. A) Early antral follicle: The arrows show the growing spaces that will form
the antral cavity. B) Antral follicle: The arrow points to the antral cavity. Scale bars 50 microns.

4. Granulosa cell death via autophagy

While numerous studies have shown that the process of granulosa cell death is carried out
mainly by apoptosis (Feranil et al. 2005; Hurst et al. 2006; Matsuda-Minehata et al. 2006, Lin
and Rui, 2010), in some conditions autophagy may be induced in granulosa cells by the process
of apoptosis, a process that in rat ovaries is gonadotropin-dependent. These results suggest
that both apoptosis and autophagy are gonadotropin-dependent in rat ovaries, and that both
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processes are involved in regulating granulosa cell death during ovarian follicular develop‐
ment and atresia (Choi et al., 2010). Despite the obvious differences between apoptosis and
autophagy, they are now thought to represent points on a continuum of mechanisms of cell
death, because the induction of apoptotic cell death is regulated by the process of autophagy.
Autophagic cell death is induced by inhibiting the accumulation of autophagosomes in various
carcinoma cells, which suggests that the autophagic process may prevent apoptotic death.

Figure 7. Gap junctions between granulosa cells and the oocyte. A) Optical micrograph showing granulosa cells in
strong contact with the oocyte (arrowheads). B) Electron micrograph showing the gap junctions of granulosa cells and
the oocyte (arrowheads). Scale Bars: A-50 microns; B-100 nanometers.

In order to investigate the involvement of autophagy in folliculogenesis,  and its correla‐
tion  with  apoptosis,  isolated  rat  granulosa  cells  from  immature  animals  primed  with
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pregnant mare serum gonadotropin were studied. LC3 and autophagic vacuoles were used
as markers of autophagy, while cleaved caspase-3 served as the marker of apoptosis.  In
these conditions, LC3 was expressed by isolated granulosa cells in all developmental stages,
and showed a similar expression pattern to the cleaved caspase-3. These results indicate
that  autophagy is  induced in  granulosa  cells  during  folliculogenesis  in  correlation  with
apoptosis (Choi et al., 2010).

In the human ovary, lectin-like oxidized low-density lipoprotein (LOX) is localized in regress‐
ing antral follicles. Treatment with oxLDL (oxidized low-density lipoprotein) causes autoph‐
agy in granulosa cells. The process of cell death is characterized by the reorganization of the
actin cytoskeleton, abundant vacuoles, autophagosome formation, the absence of apoptotic
bodies, and cleaved caspase-3; thus, the reduction of granulosa cells may be mediated by
autophagy (Duerrschmidt et al. 2006).

5. Oocyte cell death via autophagy

During the first two trimesters of pregnancy, the number of oocytes in human fetal ovaries
increases from approximately 7,200 to 4,933,000 (Mamsen et al., 2011). However, oocyte death
begins during the fetal and perinatal stages and continues in newborn, pre-pubertal (Hulas-
Stassiak and Gawron, 2011) and adult mammals.

Autophagy is not only a process of cell death; it is also required for cells to survive in conditions
of nutrient depletion (Han et al. 2011). Moreover, in murine ovaries it is a cell survival
mechanism that maintains the endowment of female gem cells prior to establishing primordial
follicle pools (Gawriluk et al. 2011). Several genes have been described as regulators of
autophagy; many of them have been conserved from yeast to mammals. In vertebrates,
autophagic defects may be lethal if the mutated gene is involved in the early stages of devel‐
opment. However, in different eukaryotes autophagy seems to be crucial during embryogen‐
esis in a way that parallels apoptosis. The earliest autophagic event in mammalian
development is observed in fertilized oocytes (Mizushima and Levine, 2010). The identification
of ATG genes that mediate the initiation and assembly of autophagosomes and their fusion
with lysosomes to form autolysosomes brought important advances in our understanding of
the various functions of autophagy (Randall-Armant, 2011).

Thus, autophagy seems to be crucial during embryogenesis by acting in tissue remodeling,
parallel to apoptosis (Di Bartolomeo et al., 2010). Studies in different organisms indicate that
the autophagy pathway in the amoeba Dictyostelium discoideum is much more similar to that
of mammalian cells than that of S. cerevisiae, despite its earlier evolutionary divergence. This
indicates that in mammals the autophagic pathway is much older than was previously thought
(King, 2012). MicroRNAs are involved in autophagy and are also important regulators of the
crosstalk between autophagy and apoptosis (Xu et al. 2012).

ATG genes are also essential for the autophagic pathway in mammalian development
(Mizushima and Levine 2010). The oocyte-specific deletion of Atg5, which removes the
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maternal stores of this protein, produces oocytes that fail to develop past the eight-cell stage,
thus demonstrating that autophagy is required during pre-implantation development
(Randall Armant 2011). An important increase in the number of autophagosomes takes place
immediately after fertilization, which shows the need for autophagosomes after fertilization,
in all likelihood to destroy the existing proteins and provide amino-acids for subsequent
development (Randall Armant 2011).

In 1-to-28-day-old –i.e., newborn to pre-pubertal– rats, numerous follicles undergo atresia and
oocytes are eliminated by processes that include, simultaneously, features of both apoptosis
and autophagy. Elements of apoptosis are present in adjacent sections of the same dying
oocyte, in the form of active caspase-3 and DNA breaks, as well as large increases of the Lamp1
protein and acid phosphatase, which are present in autophagosomes (Escobar et al., 2008;
Escobar et al., 2010). Studies carried out in adult rats have also demonstrated that in all phases
of the estrous cycle oocytes die by processes involving features of apoptosis and autophagy
simultaneously (Escobar et al., 2012). Morphological changes in atretic oocytes include
vacuolization of the cytoplasm, condensation of the mitochondria and segmentation, altera‐
tions that are not involved in classic apoptosis (Devine et al. 2000). These analyses were carried
out using classic markers of apoptosis, such as the TUNEL reaction that reveals DNA frag‐
mentation, immunolocalization of active caspase-3, and markers of autophagy like a large
increase of acid phosphatase, lysosomal hydrolase, and immunodetection of Lamp1, a protein
of the lysosomal membrane. These markers are located in the same regions of the oocyte’s
cytoplasm that present clear vacuoles which correspond to the autophagosomes that became
visible using adjacent, semi-thin sections of the same oocyte (Escobar et al., 2008).

In newborn and pre-pubertal spiny mouse oocytes, follicular atresia was studied using
markers of apoptosis like the TUNEL reaction, which demonstrate DNA fragmentation and
active caspase-3, as well as with markers of autophagy, such as immunodetection of Lamp1.
Numerous small clear vacuoles, autophagosomes and Lamp1 staining were found in all follicle
types, especially in primordial and primary samples (Figure 8). Active caspase-3 and the
TUNEL reaction were detected only in the granulosa cells, showing that both apoptosis and
autophagy are involved in follicular atresia, and that these processes are both cell- and
developmental-stage specific (Hulas-Stasiak and Gawron, 2011).

Follicular atresia has also been studied in fish ovaries during early and advanced stages of
follicular regression. The main events assessed using light microscopy were splits in the zona
radiata, yolk degradation and reabsorption, hypertrophy of follicular cells and the accumula‐
tion of autophagy vacuoles. Labeling for Bcl-2 and cathepsin-D was pronounced in follicular
cells when they were involved in yolk phagocytosis. Immunofluorescence for Beclin-1 was
significant in the follicular cells that often surround autophagic vacuoles during the advanced
stages of follicular regression. TUNEL-positive reactions and immunostaining for Bax and
caspase-3 showed the participation of apoptosis in advanced stages of follicular regression.
These observations show that both autophagy and apoptosis are activated in some stages of
follicular regression in fish ovaries (Morais et al., 2012). Inhibition of the increase of prolifer‐
ating cell nuclear antigen (PCNA) markedly reduces the apoptosis of oocytes and down-
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regulates known pro-apoptotic genes, such as Bax, caspase-3, and TNFα, while up-regulating
known anti-apoptotic genes like Bcl-2 (Xu et al. 2011).

Retraction of the prolongations of the granulosa cells that normally contacts the surface of
the  oocyte  is  one  of  the  early  signs  of  follicular  atresia  (Devine  et  al.  2000).  Numerous
unpublished observations by the authors  of  this  chapter  show that  the microvilli  of  the
oocyte are elongated after retraction of the prolongations of the granulosa cells during the
process of atresia (Figure 9).

Figure 8. Primordial follicle. The cytoplasm has numerous vacuoles with cytoplasmic contents in different degrees of
degradation. Scale bar 2 microns.
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Figure 9. Retraction of the prolongation of the granulosa cells. The arrows point to several microvilli of the oocyte
that are elongated after retraction of the prolongations of granulosa cells during atresia. Zp: zona pellucida. Scale
bars: A-2 microns; B-500 nanometers.

6. Autophagic cell death in corpus luteum regression

The corpus luteum is a transitory ovarian structure formed by cells of the ovulated follicle
(figure 10). After an initial proliferation of granulosa cells and closing of the antral cavity,
capillaries and theca cells invade the region that was once the granulosa layer of the follicle.
During its life span, the corpus luteum undergoes a period of rapid growth that involves
hypertrophy, proliferation and differentiation of steroidogenic cells with extensive angiogen‐
esis. After that, it engages in a large production of steroids. Growth factors including insulin-
like factor, vascular endothelial growth factor and fibroblast growth factor are important for
the development and completion of the dense network of capillaries during the formation of
the corpus luteum (Berisha and Schams 2005). There is evidence to suggest that the luteinizing
hormone, growth hormones and local regulators such as growth factors, peptides, steroids and
prostaglandins are all important regulators of the luteal function. During early corpus luteum
development, and up to the mid-luteal stage, oxytocin, prostaglandins and progesterone itself
stimulate luteal cell proliferation and functioning, supported by the luteotropic action of
several growth factors. High mRNA expression, protein concentration and localization of
vascular endothelial growth factor, fibroblast growth factor and members of the family of
insulin-like growth factors suggest that they play important roles in the maintenance of the
corpus luteum. Progesterone regulates the length of survival of the corpus luteum (Berisha
and Shams 2005). In addition, progesterone increases Bcl-2 expression in different stages of
the estrous cycle. Treatment of luteal cells with progesterone and prostaglandin PGE2 for 24
hours decreased active caspase-3, while aminoglutethimide, spermine and staurosporine
increased caspase-3 activity in luteal cells. These results suggest that progesterone concentrates
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in luteal cells to protect against apoptosis, while disruption of steroidogenesis and the reduced
ability of luteal cells to produce progesterone can induce cell death (Liszewska et al. 2005).

Figure 10. Corpus luteum from a rat ovary. The arrow points to a secondary follicle. Scale bar: 50 microns.

In non-fertile cycles, uterine release of prostaglandin (PG)F(2a) initiates a cascade of events
that result in a rapid loss of steroidogenesis and destruction of the luteal tissue (Pate et al.
2012). Periodically, the corpus luteum regresses (luteolysis) and numerous luteal cells undergo
cell death processes, mainly through apoptosis and autophagy.

Studies on the role of autophagy in corpus luteum regression have shown an increase of the
protein microtubule-associated protein light chain 3 (LC3), a marker of autophagy. Apoptosis
was evaluated by measuring cleaved caspase-3 expression (Choi et al. 2011). LC3 expression
increases slightly from the early to the mid-luteal stage in steroidogenic cells. The expression
levels of the membrane form of LC3 (LC3-II) also increase during luteal stage progression. In
the same period, the expression of cleaved caspase-3 also increases. LC3-II expression rises, as
do the levels of active caspase-3 in luteal cells cultured with prostaglandin F(2α), which is
known to induce corpus luteum regression. These facts suggest that autophagy of luteal cells
is directly involved in corpus luteum regression, and correlates with an increase of apoptosis
(Choi et al. 2011). When autophagosome degradation by fusion with lysosomes was inhibited
using bafilomycine A1 (Baf A1) increased apoptotic cell death. Moreover, inhibition of
autophagosome formation using 3-methyladenine decreased apoptosis and cell death,
suggesting that the accumulation of autophagosomes induces luteal cell apoptosis. The
accumulation of autophagosomes increased apoptotic luteal cell death via an increase in the
Bax/Bcl-2 ratio and subsequent caspase activation. Therefore, autophagy plays an important
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role in regulating apoptotic luteal cell death by controlling the Bax-to-Bcl-2 ratio and the
subsequent activation of caspases. These experimental results indicate that autophagy is
involved in rat luteal cell death through apoptosis, and that it is most prominent during corpus
luteum regression (Choi et al. 2011).

Luteal cell regression during the normal postpartum involution of the corpora lutea is
characterized by a large increase in the number of lysosomes and the appearance of numerous
double-walled autophagic vacuoles, which become evident under electron microscope
cytochemistry (Paavola, 1978).

Compelling evidence indicates that both apoptotic and autophagic cell death programs are
involved in corpus luteum regression in primates. Beclin-1, an autophagy-related protein, is
involved in the relation between apoptosis and autophagy through interaction with the anti-
apoptotic protein Bcl-2. In ovarian follicles, Beclin 1 has been found in the theca layer, but
granulosa cells are negative. After ovulation, Beclin-1 is present in theca-lutein and granulosa-
lutein cells. The expression of Beclin 1 is related to the functional and structural status of the
corpus luteum, as it is a factor in cell survival and plays important roles in the life span of the
human corpus luteum (Gaytán et al. 2008).

An endocrine type, voltage-activated sodium channel was identified in the human ovary and
human luteinized cells. Whole-cell patch-clamp studies showed that the voltage-activated
sodium channels in granulosa cells are functional and tetrodotoxin-sensitive. Luteotrophic
hormone was found to decrease the peak amplitude of the sodium current within seconds.
Treatment with hGC (human chorionic gonadotropin) for 24-48 hours suppressed not only the
mRNA levels in voltage-activated sodium channels, but also the mean sodium peak currents
and resting potentials. Tetrodotoxin preserves a highly differentiated cellular phenotype,
whereas veratridine not only increases the number of secondary lysosomes but also leads to
a reduced progesterone production. In luteinized granulosa cells in culture, abundant
secondary lysosomes were evident in the regressing corpus luteum, suggesting a functional
link between the voltage-activated sodium channel activity and autophagic cellular regression
in vivo (Bulling et al., 2000).

Taken  together,  these  data  show  that  several  factors  are  involved  in  corpus  luteum
regression. One type of factors includes the process of eliminating the different types of
cells  that  form  the  corpus  luteum,  while  other  types  of  factors  are  those  involved  in
destroying  the  structure  of  this  transitory  organ.  The  normal  programmed  cell  death
processes –apoptosis and autophagy– are involved in cell elimination in the corpus luteum.
Most authors have found that the most frequent process of cell death is apoptosis; however,
very detailed studies demonstrate that both processes are often present simultaneously, as
in the case of cell elimination in other organs.

7. Conclusions

Recent years have seen interest grow in the different routes of cell death. Today, two types of
programmed cell death are known: apoptosis and autophagy. Cell death in follicle structures
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is a continuous event during the life of female organisms. Several studies have demonstrated
the active participation of apoptosis in this process, but recent biochemical and morphological
evidence has revealed the participation of autophagic cell death in oocyte elimination during
this physiological process. In granulosa cell death and corpus luteum regression, experimental
evidence has shown that autophagy is an active route in the process of cellular elimination.
Future studies should test for different stimuli and molecular mechanisms involved in the
autophagic cell death process in follicular atresia in vertebrates.

Acknowledgements

The authors would like to thank the grants CONACYT 180526 and PAPIIT IN212912. They
also thank Paul C. Kersey Johnson for reviewing the English word usage and grammar.

Author details

M.L. Escobar, O.M. Echeverría and G.H. Vázquez-Nin

Departamento de Biología Celular. Facultad de Ciencias. Universidad Nacional Autónoma
de México, Mexico

References

[1] Anglade, P, Vyas, S, Javoy-agid, F, Herrero, M. T, Michel, P. P, Marquez, J, Mouatt-
prigent, A, Ruberg, M, Hirsch, E. C, & Agid, Y. (1997). Apoptosis and autophagy in
nigral neurons of patients with Parkinson’s disease. Histol Histopathol 12, 25-31.

[2] Berisha, B, & Schams, D. (2005). Ovarian function in ruminants. Domest Anim Endocri‐
nol , 29, 307-317.

[3] Bulling, A, Berg, F. D, Berg, U, Duffy, D. M, Ojeda, S. R, Gratzi, M, & Mayerhofer, A.
(2000). Identification of an ovarian voltage-activated Na+ channel type: hints to in‐
volvement in luteolysis. Mol Endocrinol , 7, 1064-1074.

[4] Choi, J, Jo, M, Lee, E, & Choi, D. (2011). The role of autophagy in corpus luteum re‐
gression in the rat. BiolReproduct 85, 465-472.

[5] Choi, J. Y, Jo, M, Lee, E. Y, & Choi, D. (2011). Induction of apoptotic cell death via
accumulation of autophagosomes in rat granulosa cells. Fertility and Sterility , 95,
1482-1485.

Role of Autophagy in the Ovary Cell Death in Mammals
http://dx.doi.org/10.5772/54777

437



[6] Devine, P. J, Payne, C. M, Mccusney, M. K, & Hoyer, P. B. (2000). Ultrastructural
evaluation of oocytes during atresia in rat ovarian follicles. Biol Reprod , 63,
1245-1252.

[7] Di Bartolomeo SNazio F, Cecconi F. ((2010). The role of autophagy during develop‐
ment in higher eukaryotes. Traffic , 10, 1280-1289.

[8] Duerrschmidt, N, Zabirnyk, O, Nowicki, M, Hmeidan, F. A, Blumenauer, V, Burlak,
J, & Spanel-borowski, K. (2006). Lectin-like oxidized low-density lipoprotein recep‐
tor-1-mediated autophagy in human granulosa cells as an alternative of programmed
cell death. Endocrinology , 147, 3851-3860.

[9] Escobar, M. L, Echeverría, O. M, Ortiz, R, & Vázquez-nin, G. H. (2008). Combined
apoptosis and autophagy, the process that eliminates the oocyte of atretic follicles in
immature rats. Apoptosis , 13, 1253-1266.

[10] Escobar, M. L, Echeverría, O. M, Sánchez-sánchez, L, Méndez, C, & Pedernera, E.
Vázquez-Nin

[11] Escobar Sánchez MLEcheverría Martínez OM, Vázquez-Nin GH. ((2012). Immuno‐
histochemical and ultrastructural visualization of different routes of oocyte elimina‐
tion in adult rats. Eur J Histochemistry , 56, 102-110.

[12] Feranil, J, Isobe, N, & Nakao, T. (2005). Apoptosis in the antral follicles of swamp
buffalo and cattle ovary: TUNEL and caspase-3 histochemistry. Reprod Domest Anim ,
40, 111-116.

[13] Ferraro, E, & Cecconi, F. (2007). Autophagic and apoptotic response to stress signals
in mammalian cells. Arch Biochem Biophys , 462, 210-219.

[14] Fukuda, M. (1991). Lysosomal membrane glycoproteins. Structure, biosynthesis and
intracellular trafficking. J Biol Chem , 266, 21327-21330.

[15] Gawriluk, T. R, Hale, A. N, Flews, J. A, Dillon, C. P, Green, D. R, & Rucker, E. B.
(2011). Autophagy is a cell survival program for female germ cells in the murine ova‐
ry. Reproduction , 141, 759-765.

[16] Gaytán, M, Morales, C, Sánchez-criado, J. E, & Gaytán, F. (2008). Immunolocalization
of beclin 1, a bcl-2-binding, autophagy-related protein, in human ovary: possible re‐
lation to life span of corpus luteum. Cell Tissue Res , 331, 509-517.

[17] GH. (2010). Analysis of different cell death processes of prepubertal rat oocytes in vi‐
tro. Apoptosis 15(4):511-526.

[18] Han, Y. K, Ha, T. K, Lee, S. J, Lee, J. S, & Lee, G. M. (2011). Autophagy and apoptosis
of recombinant Chinese hamster ovary cells during fed-batch culture; effect of nu‐
trient supplementation. Biotechnology Bioeng , 108, 2182-2192.

[19] Hulas-stasiak, M, & Gawron, A. (2011). Follicular atresia in the prepubertal spiny
mouse (Acomys cahirrinus) ovary. Apoptosis , 10, 967-975.

Autophagy - A Double-Edged Sword - Cell Survival or Death?438



[20] Hurst, P. R, Mora, J. M, & Fenwick, M. A. (2006). Caspase-3 TUNEL and ultrastruc‐
tural studies of small follicles in adult human ovarian biopsies. Hum Reprod , 21,
1974-1980.

[21] Kabeya, Y, Mizushima, N, Yamamoto, A, Oshitani-okamoto, S, Ohsumi, Y, & Yoshi‐
mori, T. and GATE16 localize to autophagosomal membrane depending on form-II
formation. J Cell Sci , 117, 2805-2812.

[22] Kaipia, A, & Hsueh, A. J. (1997). Regulation of ovarian follicle atresia. Annu Rev Phys‐
iol 59, 349-363.

[23] Kamada, Y, et al. (2000). Tor-mediated induction of autophagy via an Apg1 protein
kinase complex. J Cell Biol 150, 1507-1513.

[24] King, J. S. (2012). Autophagy across the eukaryote: Is S. cerevisiae the odd one out?
Autophagy , 7, 1159-1162.

[25] Kirkegaard, K, Taylor, M. P, & Jackson, W. T. (2004). Cellular autophagy: surrender,
avoidance and subversion by microorganisms. Nat Rev Microbiol , 2, 301-314.

[26] Klionsky, D. J. (2005). The molecular machinery of autophagy: unanswered ques‐
tions. J Cell Sci , 118, 7-18.

[27] Knight, P. G, & Glister, C. (2006). TGF-β superfamily and ovarian follicle develop‐
ment. Reproduction , 132, 191-206.

[28] Lefranc, F, Facchini, V, & Kiss, R. (2007). Proautophagic drugs: A novel means to
combat apoptosis-resistant cancers, with a special emphasis on glioblastomas. Oncol‐
ogist , 12, 1395-1403.

[29] Lin, P, & Rui, R. (2010). Effects of follicular size and FSH on granulosa cell apoptosis
and atresia in porcine antral follicles. Mol Reprod Dev 77(8), 670-678.

[30] Liszewska, E, Rekawiecki, R, & Kotwica, L. (2005). Effect of progesterone on the ex‐
pression of bax and bcl-2 on caspase activity in bovine luteal cells. Prostaglandins Oth‐
er Lipid Mediat 78(1-4):67-81.

[31] Maiuri, M. C, Zalckvar, E, Kimchi, A, & Kroemer, G. (2007). Self-eating and self-kill‐
ing: crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol , 8, 741-752.

[32] Mamsen, L. S, Lutterodt, M. C, Andersen, E. W, Byskov, A. G, & Andersen, C. Y.
(2011). Germ cell numbers in human embryonic and fetal gonads during the first two
trimesters of pregnancy: analysis of six published studies. Hum Reprod , 8, 2140-2145.

[33] Manabe, N, Goto, Y, Matsuda-minehata, F, Inoue, N, Maeda, A, Sugimoto, M, Saka‐
maki, K, & Miyano, T. (2004). Regulation mechanism of selective atresia in porcine
follicles: Regulation of granulosa cell apoptosis during atresia. J Reprod Dev , 50,
493-514.

Role of Autophagy in the Ovary Cell Death in Mammals
http://dx.doi.org/10.5772/54777

439



[34] Massey, A. C, Zhang, C, & Cuervo, A. M. (2006). Chaperone-mediated autophagy in
aging and disease. Curr Top Dev Biol , 73, 205-235.

[35] Matsuda, F, Inoue, N, Manabe, N, & Ohkura, S. (2012). Follicular growth and atresia
in mammalian ovaries: regulation by survival and death of granulosa cells. J Reprod
Dev , 58(1), 44-50.

[36] Matsuda-minehata, F, & Inoue, N. Goto Yasufumi, Manabe N. ((2006). The regulation
of ovarian granulosa cell death by pro- and anti-apoptotic molecules. J Reprod Dev
52(6), 695-705.

[37] Matsuura, A, Tsukada, M, Wada, Y, & Ohsumi, Y. a novel protein kinase required for
the autophagic process in Saccharomyces cerevisiae. Gene , 192, 245-250.

[38] Mcgee, E. A, & Hsueh, A. J. (2000). Initial and cyclic recruitment of ovarian follicles.
Endocr Rev , 21(2), 200-214.

[39] Mizushima, N, & Levine, B. (2010). Autophagy in mammalian development and dif‐
ferentiation. Nat Cell Biol , 12, 823-830.

[40] Morais, R. D, Thomé, R. G, Lemos, F. S, Bazzoli, N, & Rizzo, E. (2012). Autophagy
and apoptosis interplay during follicular atresia in fish ovary: a morphological and
immunocytochemical study. Cell Tissue Res , 347, 467-478.

[41] Ortiz, R, Echeverría, O. M, Salgado, R, Escobar, M. L, & Vázquez-nin, G. H. (2006).
Fine structural analysis of the processes of cell death of oocytes in atretic follicles in
new born and prepubertal rats. Apoptosis , 11, 25-37.

[42] Othman, E. Q, Kaur, G, Mutee, A. F, Muhammad, T. S, & Tan, M. L. (2009). Immuno‐
histochemical expression of MAP1LC3A and MAP1LC3B protein in breast carcinoma
tissues. J Clin Lab Anal 23(4), 249-258.

[43] Paavola, L. G. (1978). The corpus luteum of guinea pig. III. Cytochemical studies on
the Golgi complex and GERL during normal postpartum regression of luteal cells,
emphasizing the origin off lysosomes and autophagic vacuoles. J Cell Biol , 79, 59-73.

[44] Pate, J, Johnson-larson, C, & Ottobre, J. (2012). Life and death in the corpus luteum.
Reprod Domest Anim , 47, 297-303.

[45] Randall Armant D(2011). Autophagy’s expanding role in development: implantation
is next. Endocrinology , 152, 11739-11741.

[46] Rubinsztein, D. C. DiFiglia M, Heintz N, Nixon RA, Qin ZH, Ravikumar B, Stefanis
L, Tolkovsky A. ((2005). Autophagy and its possible roles in nervous system diseas‐
es, damage and repair. Autophagy , 1, 11-22.

[47] Scott, S. V, Hefner-gravink, A, Morano, K. A, Noda, T, Ohsumi, Y, & Klionsky, D. J.
(1996). Cytoplasm-tovacuole targeting and autophagy employ the same machinery to
deliver proteins to the yeast vacuole. Proc Natl Acad Sci USA , 93, 12304-12308.

Autophagy - A Double-Edged Sword - Cell Survival or Death?440



[48] Wang, A. L, & Boulton, M. E. Dunn WA Jr, Rao HV, Cai J, Lukas TJ, Neufeld AH.
((2009). Using LC3 to monitor autophagy flux in the retinal pigment epithelium. Au‐
tophagy 5, 1190-1193.

[49] Xu, B, Hua, J, Zhang, Y, Jiang, X, Zhang, H, Ma, T, Zheng, W, Sun, R, Shen, W, Sha, J,
Cooke, H. J, & Shi, Q. (2011). Proliferating cell nuclear antigen (PCNA) regulates pri‐
mordial follicle assembly by promoting apoptosis of oocytes in fetal and neonatal
mouse ovaries. Plos ONE 6(1):e16046.

[50] Xu, J, Wang, Y, Tan, X, & Jing, H. (2012). Micro RNAs in autophagy and their emerg‐
ing roles in crosstalk with apoptosis. Autophagy , 8(6), 873-882.

[51] Yang, Z. Klionsky DJ: An overview of the molecular mechanism of autophagy. Curr
Top Microbiol Immunol , 335, 1-32.

[52] Yu, L, Alva, A, Su, H, Dutt, P, Freundt, E, Welsh, S, Baehrecke, E. H, & Lenardo, M. J.
(2004). Regulation of an ATG7-beclin 1 program of autophagic cell death by cas‐
pase-8. Science , 304, 1500-1502.

Role of Autophagy in the Ovary Cell Death in Mammals
http://dx.doi.org/10.5772/54777

441




