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ABSTRACT

ARTICLE HISTORY

Sexual reproduction is the most common form of reproduction among eukaryotes, which is characterized by a series of massive cellular or tissue renovations. Recent studies have revealed novel functions of
autophagy during sexual reproductive processes, ranging from yeast to mammals. In mammals, autophagy is indispensable for spermatogenesis and oogenesis, and it participates in early embryonic
development and maternal-fetus crosstalk to ensure the development of embryos or fetuses. Thus,
autophagy provides the molecular basis for resource allocation among parents and their offspring,
providing an important way to benefit the next generation.

Received 30 January 2019
Revised 21 April 2019
Accepted 30 May 2019
KEYWORDS

Autophagy; embryogenesis;
gametogenesis; resource
allocation; sexual
reproduction

Abbreviations: ATG: autophagy-related; Becn1: beclin 1, autophagy related; CMA: chaperone-mediated
autophagy; epg: ectopic PGL granules; ES: ectoplasmic specialization; EVTs: extravillous trophoblasts;
MAP1LC3/LC3: microtubule associated protein 1 light chain 3; PCD: programmed cell death; PTB:
preterm birth; STB: syncytiotrophoblast

Introduction
Sexual reproduction is the most common form of reproduction in eukaryotes, it involves the combination of genetic
information from 2 types of specialized reproductive cells
called gametes, and creates a new organism who is the blend
of both parents. Sexual reproduction is a very complex process, it is characterized by 2 major processes: meiosis, by
which the diploid germ cells reduce their chromosome number to produce the haploid gametes; and fertilization, by
which 2 gametes fuse with each other to restore the original
number of chromosomes. Sexual reproduction processes are
even more complex in mammals, for instance after meiosis,
drastic morphological and physiological transformations are
needed to form the mature gametes, a female’s large ovum (or
egg) or a male’s smaller sperm. After fertilization, embryogenesis starts, accompanying maternal-fetal crosstalk, the fetus
subsequently develops into a mature baby in the womb [1].
Almost all these stages are characterized by massive cellular/tissue renovations. During sexual reproduction, a large
amount of resources is switched to reproductive processes
instead of somatic cell proliferation or maintenance.
According to the life history theory [2], a tradeoff exists
between somatic cells and sex cells. For instance, in
Caenorhabditis elegans and Drosophila melanogaster, depletion of progenitor germ cells delays senescence and increases
the lifespan of the organism [3–5]. Similarly, castration in rats
and some humans prolongs the lifespan [6,7]. The opposite of
these circumstances is also true. Once organisms choose to
reproduce, resource utilization to sustain the organism is
reduced [8,9]. Some animals may invest resources to develop

‘secondary sex characteristics’ to get the right to mate with
their spouse [10], even though these conspicuous phenotypes
are a handicap to their survival [11]. Other factors that affect
lifespan include the number of offspring, the timing of birth,
and the initiation of menopause in females [9,12,13].
Therefore, resource allocation between somatic cells and
germ cells is not only very important for successful sexual
reproduction but also for the long-term survival of an organism or even a species. The mechanisms underlying resource
allocation during sexual reproduction have been uncovered
recently, and autophagy was found to be an important regulator for resource allocation during these processes.
As an evolutionarily conserved process, autophagy delivers
cytoplasmic material such as long-lived proteins and organelles to the lysosome for degradation to provide raw materials for the survival of cells under stress conditions [14–16].
Recent findings have revealed novel functional roles of autophagy in the reproductive process, with an emphasis on
resource allocation. Therefore, autophagy might provide
a molecular basis for resource allocation during sexual reproduction, thus providing an important way to benefit our
offspring.

The pivotal role of autophagy in resource allocation
Autophagy is an intracellular catabolic process that delivers
cell components, including proteins, lipids and whole organelles, to lysosomes for degradation and recycling. It includes
microautophagy, chaperone-mediated autophagy (CMA), and
macroautophagy. Microautophagy occurs by uptake directly
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at the lysosomal membrane and degrades small molecules in
the cytoplasm [17]. CMA requires protein unfolding by chaperone proteins to directly transport substrate proteins across
the lysosomal membrane [18,19]. Macroautophagy is
mediated by double-membrane vesicles to engulf cytoplasmic
cargos that then fuse with lysosomes for degradation [20,21].
Because macroautophagy is the major and extensively studied
type of autophagy in sexual reproduction, we will refer to
macroautophagy simply as “autophagy” in the following
parts of this review. Autophagy can be further divided into
bulk and selective autophagy. Upon nutrient deprivation or
other relevant stimulations, bulk autophagy leads to the random uptake of cytoplasm into the phagophore, the precursor
to the autophagosome. Selective autophagy is responsible for
clearing certain components such as protein aggregates, and
damaged or superfluous organelles, and they are named after
the particular organelle cleared, such as mitophagy (mitochondria), reticulophagy (endoplasmic reticulum), lipophagy
(lipid droplets), pexophagy (peroxisome), and so on [22]
(Figure 1).
The molecular machinery of autophagy is evolutionarily
conserved from yeast to mammals, and more than 40 autophagy-related (ATG) proteins have been characterized [23]. In
the initiation stage of autophagosome formation, proautophagic signals activate an ULK1/Atg1-ATG13 complex, which
triggers the formation of a phagophore [24]. Subsequently,
a ubiquitin-activating E1 like enzyme, ATG7, activates ATG12
and then facilitates ATG12–ATG5-ATG16L1 complex formation [25,26]. This complex can function as an E3 ligase for
the second ubiquitin-like conjugation system (ATG7 and
ATG3), conjugating MAP1LC3/LC3 (microtubule associated
protein 1 light chain 3) to the lipid-containing membrane.

The LC3-lipid-containing membrane drives membrane
expansion to form an autophagosome [27]. The mature
autophagosomes fuse with lysosomes to form autolysosomes,
and finally the inner contents are digested by lysosomal
hydrolases and are further recycled [28].
The products of this autophagic degradation are transported back to the cytoplasm and are used to sustain cell
homeostasis in response to nutrient deprivation or other
stress conditions [29]. A broad requirement for autophagyrelated genes in lifespan extension has been elegantly demonstrated in yeasts, worms, flies, and mice [19]. Therefore,
autophagy regulates intracellular resources, optimizes their
distribution, and plays a pivotal role in resource allocation
in many physiological conditions.

Conserved roles of autophagy in resource allocation
during sexual reproduction
Autophagy acts as a governor to regulate resource allocation
during sexual reproduction in different taxonomic categories.
In yeast, nitrogen starvation is an efficient way to induce the
sexual reproductive process of sporulation, which suggests
that resource limitation is essential to initiate sexual reproduction [30]. During this process, autophagy is highly activated
and any defect in autophagy prevents yeast from initiating
meiosis [31]. In Schizosaccharomyces pombe (fission yeast),
autophagy is also required for the integrity of the meiotic
nuclear structure, efficient meiosis progression, and accurate
meiotic chromosome segregation [16]. Recently, we have
found that autophagy contributes to premeiotic DNA replication by selective degradation of a meiotic negative regulator
[32]. Thus, in unicellular eukaryotes, autophagy might

Figure 1. The pivotal role of autophagy in protein and organelle recycling. The cartoon shows the processes of autophagy (black fonts) and the selective degradation
of various organelles and other materials (ocher fonts). The dark arrows indicate the sequential processes of autophagy from initiation to final degradation.
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Table 1. The functional roles of autophagy in the sexual reproduction of different species.
Organisms
Yeast
C. elegans

Drosophila
Arabidopsis thaliana
Oryza sativa
Mouse

Functions

Autophagy-related genes

Refs

Protein or organelle recycling
Chromosome segregation
Premeiotic DNA replication
P granule degradation
Apoptotic cell corpse clearance
Physiological germline cell death
Paternal mitochondria removal
Cell death in the ovary
Follicle cell development
Pollen germination
Nutrient supply in tapetum cells
Testosterone biosynthesis
Ectoplasmic specialization assembly
Acrosome biogenesis
Spermatid differentiation
Prevent excessive loss of oocytes
Promote progesterone synthesis
Early embryogenesis
Organ remodeling
Prevent placental infection
Labor
Prevent neonatal lethality

ATG7
ATG1, ATG7, ATG14
ATG12
epg-2, epg-3, epg-4, epg-5, sepa-1
bec-1
atg-2, atg-3, atg-5, lgg-1, epg-1, epg-4,
atg-7, bec-1, lgg-1, lgg-3, epg-1
Atg1, Atg7, Atg13, Vps34
Atg1, Atg13
ATG6
OsATG7
Atg5, Atg7
Atg5, Atg7
Atg7, Sirt1, Tbc1d20
Atg7
Becn1, Atg7
Becn1
Atg5, Becn1
Rb1cc1, Ambra1
Atg16l1
Atg4c, Atg7
Atg3, Atg5, Atg7,
Atg9, Atg16l1

[14,15,52]
[16]
[32]
[35–37]
[39]
[40]
[41–43]
[47,48]
[49]
[50]
[51]
[62]
[64]
[69,72,73]
[74]
[76,77]
[83]
[84,85]
[91,92]
[98]
[101]
[27,53–56]

orchestrate resource limitation, by degrading some unnecessary components and negative regulators to induce the sexual
reproductive process.
In C. elegans, autophagy critically regulates reproduction at
various stages. P granules are specialized protein-RNA aggregates that are found exclusively in germ cells and work as
regulators of germ cell development [33]. P granules need to
be cleared to ensure proper differentiation of the germline
and provide the necessary resources for embryogenesis [34].
Disruption of ATG homologs epg-2, epg-3, epg-4 and epg-5
leads to P granule accumulation [35–37], and SEPA-1
(Suppressor of Ectopic P granules in Autophagy mutant 1)
directly binds to a key P granule element, PGL-3, and also to
the autophagy protein LGG-1/Atg8. This ‘bridging’ mediates
the specific recognition and degradation of P granule components via autophagy [35]. Moreover, a large proportion of
germline cells at the meiotic pachytene stage undergo programmed cell death (PCD), and the dead cells might provide
cytoplasmic components to support the development of
oocytes [38]. In addition, autophagy removes apoptotic cell
corpses for resource allocation [39,40]. After fertilization,
autophagy is essential for removing paternal mitochondria
and mitochondrial DNA before the 64-cell embryonic stage,
and autophagy mutant zygotes, such as atg-7, atg-13, bec-1,
lgg-1 or lgg-3 fail to remove them in late embryos and even in
larvae [41–43]. During nematode zygotic stages, membrane
organelles in spermatids, which are specialized vesicular structures, are engulfed by phagophores [44]. Thus, autophagy
extensively participates in ‘self-eating’ and resource allocation
to promote pre-existing resource recycling to ensure the
nematode’s reproduction.
A potential role of autophagic vacuoles in the nurse cell of
D. melanogaster has been proposed for nearly 40 years [45].
During oogenesis, PCD primarily takes place at 3 stages of egg
chamber development, including the germarium before the follicle cell layer form, the pre-vitellogenic stages, and the egg nears
maturation stages [46]. Cell death in the germarium and pre-

vitellogenic stages occurs sporadically in well-fed flies and
increases dramatically in response to developmental abnormalities or poor environmental conditions. In contrast, late-stage
cell death occurs during the development of the egg, and nurse
cells undergoing PCD transport their cytoplasm through ring
canals into the oocytes to support their normal development
[46]. Autophagy takes place in the germarium, during midoogenesis, and in dying nurse cells. Germline-specific knockdown
of autophagy results in stage 14 egg chambers with some persisting nurse cell nuclei and further cell death [47,48]. In follicle
cells, autophagy is essential for proper oogenesis and might
contribute to communication between the follicle cells and
germline cells [49]. Thus, autophagy participates in
Drosophila’s reproduction by primarily mediating appropriate
cell death to provide resources for oogenesis.
Autophagy also plays important roles in resource allocation in
plant sexual reproduction. The tapetum is the innermost layer of
the anther and provides both nutrients and lipid components to
developing microspores, pollen grains, and pollen coat. Similar to
nematodes and flies, PCD of the tapetum is indispensable for
fertility in plants. In rice, autophagy mutants showed complete
sporophytic male sterility and fail to accumulate lipid and starch
components in pollen grains at the flowering stage, indicating
autophagy within tapetum cells is required for the metabolic
regulation and nutrient supply in anthers [50]. In Arabidopsis
thaliana, ATG6 has been reported to be essential for pollen
germination [51]. Thus, although the functional roles of autophagy in reproduction are diverse in different model organisms, its
core function in resource allocation is well conserved (Table 1).

Autophagy-dependent resource allocation during
mammalian reproduction
Mammals have far more complex reproductive systems than
others. Autophagy participates in 4 major reproductive processes in mammals: spermatogenesis, oogenesis, embryogenesis, and maternal-fetal crosstalk. Autophagy might work as
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a resource governor to regulate resource allocation during
these processes.
The male reproductive system
High-quality sperm and mating rights are the key issues for
males’ success in reproduction [57], and all of them are
dependent on testis in mammals. The testis consists of some
somatic cells (such as Leydig and Sertoli cells) and germ cells.
The Leydig cells localize in the testicular interstitium and
produce androgen hormones, such as testosterone, androstenedione, and dehydroepiandrosterone (DHEA), to promote
the development of secondary sexual characteristics and drive
sexual behavior under the control of pituitary hormones [58].
The Sertoli cells are the major somatic cells in the seminiferous tubules that support germ cells and construct the microenvironment for spermatogenesis. In the seminiferous
tubules, diploid spermatocytes undergo a series of successive
cellular renovation and differentiation, comprising spermatogonial mitosis, spermatocytic meiosis and spermiogenesis to
produce haploid sperms [59]. Autophagy participates in
almost all of the above-mentioned processes to ensure the
successful male reproductive function.
Autophagy is extremely active in Leydig cells [60]. We,
together with other groups, found that low levels of autophagic flux in Leydig cells are associated with the decline of
serum testosterone [61,62]. By generating 2 Leydig cellspecific autophagy-deficient mouse models, we found that
the disruption of autophagy influences the sexual behavior
of aging male mice, due to a defect in cholesterol uptake and
further reduced serum testosterone, which is similar to the
symptoms of late-onset hypogonadism. Further investigation
revealed that once autophagic flux is disrupted, SLC9A3R2/
NHERF2 (solute carrier family 9 [sodium/hydrogen exchanger], member 3 regulator 2) accumulates in Leydig cells,
which results in the downregulation of SCARB1/SR-BI (scavenger receptor class B, member 1) and eventually leads to
insufficient cholesterol supply [62]. Thus, autophagy in Leydig
cells might regulate cholesterol allocation to produce androgen hormones and support spermatogenesis.
Sertoli cells are nurse cells that provide structural support and
nourishment to developing germ cells during spermatogenesis.
Functional cell interconnections in the seminiferous tubules are
maintained through both Sertoli-Sertoli cell and Sertoli-germ cell
junctions [63]. Furthermore, ectoplasmic specialization (ES) is
essential for Sertoli-Sertoli and Sertoli-germ cell communication
to support all phases of germ cell development and maturity. We
recently revealed a novel role for autophagy in Sertoli-germ cell
communication where it regulates the cytoskeleton to maintain
the proper organization of the ES. The well-organized cytoskeleton structure was disturbed in both autophagy-deficient testis and
Sertoli cells. A negative regulator of cytoskeleton organization,
PDLIM1 (PDZ and LIM domain 1 [elfin]), was found to interact
with LC3 and be degraded via the autophagy pathway. In autophagy-deficient Sertoli cells, PDLIM1 accumulation leads to cytoskeletal disorganization, disrupting both apical and basal ES, and
finally affects spermatogenesis [64]. Thus, autophagy plays a very
important role in spermiogenesis by regulating cytoskeletal organization and Sertoli-germ cell communication.

In male germ cells, autophagy is involved in spermatid
differentiation, including acrosome biogenesis, spermatozoa
flagella biogenesis and cytoplasm removal. The acrosome is
a special membranous structure located at the anterior part of
the sperm head [65], which is essential for sperm-egg fusion
and male fertility [66]. The malformation or loss of the acrosome results in globozoospermia, which is a rare but severe
human infertility syndrome [67]. Acrosome biogenesis starts
when proacrosomic granules derived from trans Golgi stacks
are transported to and accumulated in the concave region of
the nuclear surface, followed by fusion with each other to
form a single large acrosomic granule that associates with
the nuclear membrane [68]. We found that germ cellspecific atg7 knockout results in a globozoospermia-like phenotype due to a malformed acrosome. Moreover, autophagy is
involved in proacrosomic vesicle transport or fusion in the
acrosome [69]. Because both acrosomes and lysosomes share
low internal acidic pH, and they contain many lysosomalrelated enzymes [70], the acrosome is thought to be a form
of modified lysosome or a lysosome-related organelle [71].
Together with our new results, we propose that the acrosome
might originate from an autolysosome rather than lysosome
alone. In support of the above hypothesis, Sirt1 (sirtuin 1) and
Tbc1d20 (TBC1 domain family, member 20) were found to
participate in acrosome biogenesis by regulating autophagic
flux [72,73].
Except for the acrosome biogenesis defect in atg7 null
mice, we found that the spermatozoa motility also dropped
significantly with some extra cytoplasm retained on the
mature sperm head. This defect is also due to the accumulation of PDLIM1, which needs to be degraded by autophagic
pathway to facilitate the proper organization of the cytoskeleton in spermatids [74]. Therefore, autophagy participates in
not only the transport of proacrosomic granules but also
cytoplasm removal during spermiogenesis, and both of them
are essential for the maturation of sperm.
In summary, at least 3 novel functions of autophagy have
been uncovered in the male reproductive system. Autophagy
mediates the crosstalk between spermatids and Sertoli or
Leydig cells (Figure 2) and plays an important role in resource
allocation to ensure proper spermatogenesis.
The female reproductive system
In mammals, the reproductive processes in females include
folliculogenesis, ovulation, luteinization, fertilization, embryogenesis and implantation, all involving dramatic physiological changes and resource allocation from mother to offspring.
Autophagy has been found to play multiple roles during all
these processes.
During the establishment of the primordial follicle pool in
most mammalian ovaries, significant germ cell loss occurs around
the time of birth. Autophagy could protect the oocytes from
excessive loss in the neonatal ovaries [75], which is highly associated with the quantity of oocyte during oogenesis. In Becn1+/ovaries, perturbed autophagy leads to a 56% reduction of germ
cells at postnatal day 1 [76]. Recently, we found that germ cellspecific atg7 knockout results in more than 50% oocyte cell loss
during the neonatal transition period [77]. In contrast, the
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Figure 2. Autophagy-dependent resource allocation in the male reproductive system. Autophagy participates in somatic-germ cell interactions and spermiogenesis in
the male reproductive systems. (a) Autophagy participates in testosterone synthesis by regulating cholesterol uptake. In the Leydig cells, SCARB1 functions as
a receptor for high-density lipoprotein, and autophagy promotes cholesterol uptake by eliminating its negative regulator SLC9A3R2. (b) Autophagy is involved in
acrosome biogenesis. Autophagy participates in pro
acrosomic vesicle transport and further fusion into a single acrosome on the nuclear membrane. (c and d) Autophagy regulates cytoplasm removal and sperm head
shaping by selective degradation of a negative cytoskeleton assembly regulator (PDLIM1) in both Sertoli cells (c) and spermatids (d). PDLIM1 is degraded by
autophagy to ensure the proper organization of the cytoskeleton in the apical ES of the Sertoli cell and in the manchette of spermatids.

induced autophagy in cultured ovaries treated with rapamycin for
5 days results in a 25%-30% increase in oocyte number. Actually,
fetuses always obtain nutrients from the mother before their
births; once born, the transplacental nutrient supply is suddenly
interrupted, and the babies have to start the arterial supply system,
thus facing severe starvation until nutrient supply is restored.
Germ cells are sensitive to nutrient deprivation, and autophagy
might be induced to protect the excessive loss of the germ cells
[77] likely by mobilizing prestored materials. Male germ cells have
a self-renewal ability, whereas female germ cells cannot proliferate
after birth; thus only the oocytes show a massive loss. These results
suggest that autophagy may act as a protective or survival
mechanism during germ cell cyst breakdown and the formation
of the primordial follicle pool in mammalian ovaries [75].
During folliculogenesis, only 1% of all follicles develop up
to the maturation stage and eventually the fertilization stage,
whereas others undergo atresia at different developmental

stages, indicating that a tradeoff is involved to optimize
resource allocation in this process [78]. Traditionally, follicle
atresia was thought to be triggered by massive granulosa cell
apoptosis, but some researchers found that autophagy is
involved in atresia in different species, such as rat [79],
human [80], goose and quail [81]. Some recent investigations
suggest that BCL2 (B cell leukemia/lymphoma 2) family members might serve as the key regulator in balancing apoptosis
and autophagy during follicle atresia [82].
The corpus luteum is the main endocrine structure for
progesterone synthesis in the female reproductive system.
After ovulation, the remains of the ovulated follicle are transformed into the corpus luteum, which maintains an appropriate level of progesterone secretion to ensure offspring
survival throughout the whole gestation period. Autophagy
promotes lipid droplet formation and progesterone synthesis
in luteal cells, which prevents the fetus from preterm birth
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(PTB) [83]. Because progesterone is the key mediator of
reproductive costs, such as preparing the uterus for embryonic implantation and supporting placenta development,
autophagy might further participate in hormone-regulated
maternal behavior.
The studies described above have highlighted the indispensable roles of autophagy in oogenesis, fertilization, and gestation (Figure 3). Autophagy not only plays an important role in
metabolism and homeostasis but also serves as a global organizer of the resources in these processes.
Early embryogenesis
Drastic protein/mRNA turnover and organelle remodeling take
place after fertilization, suggesting that nutrient distribution must
be altered to adapt for the next generation. Autophagy is highly
induced within 4 h after fertilization, and autophagy-dependent
protein/RNA and organelle degradation are involved in this process [84]. Autophagy is also essential for early embryonic development [84]. A complete autophagy deficiency leads to mouse
embryo arrest at 4- to 8-cell stages and ultimately results in
embryonic lethality. However, when fertilizing atg5-/- oocytes
containing maternally inherited ATG5 proteins with atg5-/sperm, embryos develop normally, but then experience postnatal
death. This result suggests that autophagy is vital in preimplantation development, but not later development of the

embryo. Further analysis showed that the protein synthesis rates
in autophagy-deficient embryos were decreased by 30% compared
with wild-type embryos [84], indicating autophagy promotes
metabolic resource allocation during the pre-implantation development stage.
During early embryogenesis, a gradual decrease in Atg gene
transcription takes place during the morula to blastocyst
stages [85], which is proposed to prevent the destruction of
crucial factors needed for further embryonic development
[86] or for implantation and invasion into the maternal uterus
[87]. When implantation is delayed, the mouse blastocysts go
into a dormant state [88], and autophagy can be induced to
extend the longevity of the dormant blastocysts in the uterus
during the delayed implantation [89]. During this dormant
state, autophagy might be activated to degrade unnecessary
components to sustain the survival of these embryos at the
cost of developmental fitness, such as impaired fetal growth.
After implantation, gastrulation begins, and autophagy is
very important for this stage to progress normally. Severe
developmental delay is observed in Becn1-defective embryos,
and they die at E7.5 [85]. Remarkably, autophagy may prevent
the accumulation of dead cells, contributing to dead cell
corpse clearance resulting from PCD during cavitation [90].
Furthermore, autophagy is also associated with organ remodeling during embryonic development. RB1CC1/FIP200
(RB1-inducible coiled-coil 1; a potential mammalian

Figure 3. Autophagy-dependent resource allocation in the female reproductive processes. (a) Autophagy might protect the oocytes from excesive loss in the
neonatal ovaries. (b) Autophagy participates in follicle atresia, albeit the exact mechanism remains to be elucidated. (c) Autophagy actively participates in early
embryogenesis, and the disruption of the autophagic flux results in 4- to 8-cell arrest. (d) Hormone synthesis. After ovulation, the corpus luteum forms from the
remains of the ovulated follicles to secrete progesterone (Pg). Once autophagy is disrupted in this process, the synthesis of progesterone decreases due to insufficient
lipid droplets in the luteal cells, and finally leads to preterm birth.
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counterpart of yeast Atg17) is essential for the growth of liver
and heart, and its absence in mice leads to embryonic death at
mid/late gestation [91]. AMBRA1 (autophagy/beclin 1 regulator 1) regulates neural tube cell proliferation and maintains
their survival during the development of the mouse nervous
system [92]. Taken together, autophagy not only promotes the
removal of ‘outdated’ cells but also facilitates the development
of ‘updated’ cells and organs, highlighting the essential role of
autophagy in resource allocation during early embryogenesis.
Maternal-fetal crosstalk
During pre-implantation, the development of the early embryo
relies primarily on the resources that are stored in the egg,
whereas after implantation, the ectoderm of the embryo develops into the placenta to support fetal growth and development
via various maternal resources. Autophagy also plays essential
roles in maintaining the maternal-fetal crosstalk.
After implantation, the trophoblast cells differentiate into
villous trophoblasts and extravillous trophoblasts (EVTs). The
EVTs invade the maternal decidua and aggregate in the lumen of
spiral arteries, producing a trophoblastic plug to support embryo
and placental growth. Autophagy is highly activated in the EVTs,
and its disruption suppresses the invasion and vascular remodeling process [93]. Moreover, altered autophagy in villous trophoblasts of the placenta is observed in women experiencing preeclampsia and intrauterine growth restriction [94], suggesting
a possible target to treat complicated pregnancies in the future.
The syncytiotrophoblast (STB), a multinucleated continuous
cell layer, is another important component of the placenta and
comes from the fused cytotrophoblast, which covers the surface
of the placenta. The STB not only promotes resource allocation
[95,96] but also secretes a variety of hormones and factors to
contribute to embryonic development and homeostasis [97]. In
normal-term human placenta, increased autophagic activity is
found during trophoblast syncytialization, and a high level of
ATG16L1 is associated with the resistance to infection in STB.
The loss of ATG16L1 makes the placenta more susceptible to
infections, which can lead to PTB in mice [98]. Thus, autophagy
promotes resistance to pathogen invasion in STB.
Autophagy is also involved in the labor process. Granulosa
cell-specific becn1 knockout significantly reduces progesterone synthesis in mice, which leads to PTB [83]. Additionally,
induced autophagy through rapamycin treatment rescues PTB
in mice with uterine Trp53 deletion [99]. The labor process
also matters a lot. Compared with a spontaneous vaginal
delivery placenta, autophagy in a cesarean section placenta is
highly activated, probably in response to nutrition restriction
due to the fasting prior to surgery [100]. Moreover,
a relationship between altered autophagic flux and inflammation-induced preterm labor has been reported, as ATG4C and
ATG7 decrease significantly in the uterus and the placenta
during inflammation-induced preterm labor [101]. Altered
autophagic flux enhances inflammatory responses by stimulating the activation of NFKB/NF-κB (nuclear factor of kappa
light polypeptide gene enhancer in B cells) and proinflammatory cytokines/chemokines in both the uterus and the placenta. This evidence suggests that autophagy-dependent
resource allocation occurs at the eve of birth, and autophagy
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contributes to the resource allocation from mother to fetus,
eventually contributing to maternal-fetal crosstalk.

Conclusions and perspective
Sexual reproduction is an important part of an individual’s life,
and autophagy plays important roles in resource allocation,
including prestored resource mobilization and the clearance of
unnecessary subcellular components to ensure the normal
execution of this process. Subsequently, recycled materials can
support further cellular renovation during various stages of
sexual reproduction including spermatogenesis, folliculogenesis,
fertilization, embryogenesis, placental formation and labor.
Therefore, autophagy regulates resource allocation and provides
a way to ‘eat ourselves’ to benefit our offspring.
Although several novel functions of autophagy have been
uncovered during the reproductive processes, many open questions remain to be addressed in the future. For example, the
ubiquitin-proteasome system (UPS) also participates in
resource allocation by promoting the degradation of shortlived proteins [102]. The relationship between these 2 degradation systems during the reproductive process remains to be
elucidated. Do microautophagy and CMA also play a role in
the reproductive process? What are the functional roles of
different selective autophagy types during reproduction? Do
these autophagy types have their own substrates or do they
share some common roles during cellular component recycling?
Although the interface between some nursing cells and germ
cells has been uncovered, whether autophagy is involved in
nutrient supply to the germ cells is unclear. Moreover, both
the tapetum of the plant anther and the STB of the human
placenta share a common feature: they are multinuclear structures that mediate resource exchange between 2 different cell
types or tissues. Autophagy in tapetum cells is required for
metabolic regulation and nutrient supply in anthers [103],
does autophagy also play a similar role for the nutrient supply
in the STB? To address these questions, researchers need to
generate more specialized animal models and develop more
cutting edge methods. In combination with high-resolution
imaging and high-throughput omics, the above-mentioned systems may provide great avenues to comprehensively understand
the functional roles of autophagy in the future [104,105].
In addition to the previously mentioned experimental challenges, autophagy-related clinical studies in reproductive
medicine have their own set of challenges. Many of them
are far from well conducted. More efforts are needed to
establish the causal relationship between autophagic defects
and reproduction-related diseases. Autophagy-specific activators or inhibitors are urgently needed to treat reproductionrelated diseases such as late-onset hypogonadism or primary
ovarian insufficiency. Therefore, we think that the following
decades will witness the vigorous development and clinical
application of autophagy-based investigations.
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