
Reprod Med Biol. 2023;22:e12505.	 		 	 | 1 of 16
https://doi.org/10.1002/rmb2.12505

wileyonlinelibrary.com/journal/rmb

1  |  INTRODUC TION

Currently, a major cause of infertility is the declining ability of oo-
cytes to fertilize and develop because of oocyte aging, which cor-
relates with an increase in the age of first childbearing.1 However, 

the biological basis underlying changes in oocyte quality needs to 
be fully clarified. Chromosomes in unfertilized oocytes and pre- 
implantation embryos occupy a large volume fraction of the cell. 
Failure of chromosome segregation is correlated with reduced de-
velopmental ability, depending on whether aneuploidy occurs during 
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Abstract
Background: Oocyte components are maternally provided, solely determine oocyte 
quality, and coordinately determine embryo quality with zygotic gene expression. 
During oocyte maturation, maternal organelles are drastically reorganized and spe-
cialized	to	support	oocyte	characteristics.	A	 large	number	of	maternal	components	
are actively degraded after fertilization and gradually replaced by zygotic gene prod-
ucts. The molecular basis and the significance of these processes on oocyte/embryo 
quality are not fully understood.
Methods: Firstly, recent findings in organelle characteristics of other cells or oocytes 
from model organisms are introduced for further understanding of oocyte organelle 
reorganization/specialization.	Secondly,	recent	progress	in	studies	on	maternal	com-
ponents degradation and their molecular mechanisms are introduced. Finally, future 
applications of these advancements for predicting mammalian oocyte/embryo quality 
are discussed.
Main findings: The significance of cellular surface protein degradation via endocytosis 
for embryonic development, and involvement of biogenesis of lipid droplets in embry-
onic quality, were recently reported using mammalian model organisms.
Conclusion: Identifying key oocyte component characteristics and understanding 
their dynamics may lead to new applications in oocyte/embryo quality prediction and 
improvement. To implement these multidimensional concepts, development of new 
technical approaches that allow us to address the complexity and efficient studies 
using model organisms are required.
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meiosis or mitosis.2 However, especially in recent years, membrane 
structures such as organelles have been actively discussed as essen-
tial contributors to embryonic quality. This recent progress in the 
study of oocyte components other than chromosomes may be be-
cause active intervention is difficult in chromosomal abnormalities, 
as they lead to genetic mutations. In contrast, abnormalities of ma-
ternal components other than chromosomes are easier to diagnose 
and treat.

To understand the significance of oocyte components in appro-
priate development, differences between the oocyte and sperma-
tozoon should be considered. First, similar to other oogamy- type 
reproductive species, the mass of mammalian oocytes is huge rel-
ative to spermatozoon mass, generally accounting for more than 
99.9% of the volume of the zygotes. In addition, spermatozoa have 
an extremely compact morphology with little cytoplasm.3–	6	Second,	
some sperm- borne organelles introduced into the oocyte, such as 
mitochondria, are degraded by specific mechanisms.7,8 Finally, prior 
to fertilization, the oocyte arrests in a quiescent state with extremely 
depressed transcriptional and translational activity,9– 11 while the 
spermatozoa replace histones, which provides structural support to 
the chromosome, with protamine to reduce chromosomal volume, 
consequently losing transcriptional or translational activity.12,13 
These facts indicate that de novo protein synthesis is severely de-
pressed during terminal differentiation of mammalian gametes and 
immediately after fertilization, strongly suggesting that the content, 

interactions, enzymatic activities, and dynamics of oocyte compo-
nents significantly determine embryonic quality. Importantly, mater-
nal organelles that play essential roles in various cellular functions, 
increase quantitatively during follicular development and changes 
qualitatively during oocyte maturation, indicated by localization and 
activities (Figure 1).14,15

Although	gene	expression	from	the	zygotic	genome	and	subse-
quent de novo protein synthesis are important, these are induced 
mainly after the two- cell stage.10,11 On the other hand, various 
oocyte component degradative systems are activated before or at 
the two- cell stage. For instance, large- scale degradation of oocyte- 
derived	mRNA	occurs	among	various	organisms,16,17 and autophagic 
activity increases immediately after fertilization.18	 Protein	 degra-
dation	by	the	ubiquitin–	proteasome	system	(UPS)	 is	also	activated	
prior to the first mitotic cleavage.19– 21 These processes are essen-
tial for embryonic development. The initiation of zygotic gene ex-
pression accompanied by the disruption of oocyte components is 
referred	to	as	the	maternal–	zygotic	transition	(MZT).	The	correlative	
timing of oocyte component degradation suggests its essential con-
tribution	towards	providing	resources	prior	to	de	novo	protein/DNA	
synthesis via zygotic gene expression (Figure 1).

To better understand oocyte organelle reorganization and spe-
cialization, we first discuss recent updates in organelle biology re-
search for oocyte/embryo and somatic cells. Especially, research on 
interactions among cellular organelles (and other structures) have 

F I G U R E  1 Changes	of	oocyte	components	during	oocyte	maturation	and	embryogenesis.	In	vivo	and	in	vitro	mammalian	oocyte	growth/
maturation and embryonic development depicting corresponding stages of follicular development, oocyte maturation, and embryonic 
development.	The	changes	of	oocyte	components	prior	to	MZT	are	described,	and	the	processes	discussed	in	this	review	is	shown	in	red	
letters. During the reorganization and specialization, oocyte components changes its localization and characteristics drastically (indicated by 
color	gradation),	and	large	amounts	of	oocyte	components	are	actively	degraded	prior	to	ZGA.	GV,	germinal	vesicle;	GVBD,	germinal	vesicle	
breakdown;	ICSI,	intracytoplasmic	sperm	injection;	IVF,	in	vitro	fertilization;	IVG,	in	vitro	growth;	IVM,	in	vitro	maturation;	MII,	oocyte	stops	
in	metaphase	of	the	second	meiosis;	MZT,	maternal-	zygotic	transition;	PN,	pronuclear;	ZGA,	zygotic	gene	activation
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progressed considerably in recent years. Comparing mammalian oo-
cytes with other cells highlights the uniqueness of the oocyte organ-
elles and common characteristics that can improve cellular quality. 
Specialization	of	 cytoplasmic	 content	 in	oocyte,	 including	 the	 for-
mation of specific secretory granules and large- scale intracellular or-
ganelle reorganization, occurs during the oogenesis and the oocyte 
maturation.	Additionally,	new	perspectives	on	interactions	between	
maternal	 components	 within	 the	 oocyte	 are	 introduced.	 Second,	
the regulatory mechanisms of intracellular degradative systems are 
discussed. In recent years, studies have indicated molecular mecha-
nisms that degrade cytoplasmic components, such as autophagy and 
the	UPS,	and	the	significance	of	the	degradation	of	cellular	surface	
proteins, which has not yet received considerable attention during 
mammalian embryogenesis.22 Furthermore, oocyte lipid droplets 
(LDs) that are prominent structures in optical microscopy, were re-
cently confirmed to exhibit quantitative constancy and intense dy-
namics during early embryonic development.23	 Additionally,	 their	
relationship to embryonic quality was suggested.

The scope of this review is to summarize recent progress in un-
derstanding the mechanisms of oocyte organelle reorganization/
specialization during oocyte maturation, and degradation of oocyte- 
derived	components	during	MZT.	We	also	discuss	the	applications	of	
these advancements for oocyte quality assessment. Gaining a mo-
lecular biological understanding of these progresses and identifying 
key factors is required to translate the benefits of these findings to 
applied research such as oocyte/embryo quality prediction and im-
provement. In this article, we focus on mammalian oocyte compo-
nents	other	than	chromosomes	from	the	germinal	vesicle	(GV)	stage	
to early pre- implantation embryogenesis, where dramatic changes 
are	observed.	Most	findings	have	been	obtained	from	analysis	using	
mice, other mammalian models, and human patients. However, 
highly conservative and cutting- edge biological insights have also 
been gained from studies on non- mammalian models.

2  |  COMPONENTS OF THE MAMMALIAN 
OOCY TE

Previous	 reports	 have	 reviewed	 changes	 in	 overall	 intracellular	
structures during oogenesis in mammalian oocytes, including human 
oocytes.14,15 This section focuses on cytoplasmic components of 
that novel functions and dynamics in the oocyte or other cells were 
reported and attracted considerable attention in recent years. Here, 
we introduce the basic function and knowledge for each of the cyto-
plasmic components, followed by the recent findings.

2.1  |  Chromosomes and other 
cytoplasmic components

Although	not	the	main	topic	of	this	review,	we	first	give	an	overview	
of nuclear dynamics in oocytes, including chromosome segregation 
during oocyte differentiation and its relation to the progression of 

cytoplasmic division. In mammals, a fully grown primary oocyte has 
an	obvious	germinal	vesicle	(GV),	arrests	at	the	first	meiotic	division	
(MI),	 is	 ovulated,	 and	 releases	 the	 first	 polar	 body	 during	 or	 after	
transition from the ovary to the oviduct. The ovulated oocyte of 
mice and humans stops in metaphase of the second meiotic division 
(MII)	to	await	the	sperm	in	the	oviduct.	Therefore,	unfertilized	oo-
cytes	are	commonly	called	MII	oocytes.24–	26	The	GV	to	MII	oocyte	
maturation can be induced in vitro in a process called in vitro matu-
ration	(IVM).	The	major	difference	between	sperm	and	oocyte	dif-
ferentiation in mammals is that spermatozoa complete meiosis to be 
haploid in the testis, whereas the oocyte does not complete meiosis 
in the ovary. On the other hand, the generation of the female haploid 
genome is completed by extruding a second polar body after fertili-
zation in the oviduct. Upon fertilization, diploid and zygotic chromo-
somes are formed after fusion of the sperm and oocyte pronuclei. 
Thereafter, the mitosis phase begins (Figure 1).

Recent studies have shown that the abnormal chromosomal seg-
regation that is observed prominently in aged mice occurs mainly 
at the time of first polar body release (i.e., during ovulation).27,28 
Interestingly, however, Eppig et al.29 found that more than 50% of 
MI	oocytes	 that	 failed	 to	extrude	 the	 first	polar	body	during	 IVM	
(despite the presence of twice the amount of chromosomes) develop 
to	the	two-	cell	stage	and	form	a	blastocyst.	Mayer	et	al.30 showed 
that	 inducing	a	double-	strand	break,	which	 is	a	 typical	DNA	dam-
age, with the radiomimetic neocarzinostatin increased chromosome 
fragmentation but did not lead to delayed anaphase initiation. These 
findings suggest that neither excess nor irregular chromosomes are 
a critical suppressing factor in oocyte maturation or early embryo-
genesis. They are, to some extent, mutually independent phenom-
ena. Notably, interventions for treating chromosomal aberrations 
themselves pose a risk that may lead to genetic manipulation. In this 
sense, oocyte chromosomes is distinct from other oocyte cytoplas-
mic components discussed in this review that are relatively easier to 
manipulate by intervention.

2.2  |  Endoplasmic reticulum

The endoplasmic reticulum (ER) that retains ribosomes on cytoplas-
mic surface is called the rough endoplasmic reticulum (rER). The 
rER is directly continuous with the nuclear envelope, serves as the 
site	of	protein	 translation	 from	RNA	 to	protein,	or	 is	 the	origin	of	
protein- membrane transport in the cell. In contrast, ER without the 
ribosomes is referred to as smooth ER (sER) and is widely distrib-
uted in the cytoplasm. The sER constitutes a meshwork of disk- like 
or tubular structures that play an important role in the synthesis and 
storage of lipids, mainly cholesterol and phospholipids, and in new 
cellular membrane production.

In somatic cells, the ER has been recently reported to play a 
significant role in inter- organelle communication as a center of 
networks consisting of various membrane structures. In particular, 
contact	 sites	 between	 the	mitochondria	 and	 the	 ER	 (MERCS)	 are	
spread	over	almost	the	entire	cytoplasm	in	some	cells.	At	MERCS,	
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the mitochondria and the ER actively exchange ions and nutrient 
substrates such as calcium and glucose and contribute to the in-
volvement of the ER in regulating mitochondrial fusion and fission. 
In	neurons,	MERCS	dysplasia	is	closely	linked	to	the	development	of	
diseases such as hereditary spastic paraplegias.31

The molecular mechanisms of autophagosomal membrane for-
mation in the ER have recently been revealed. Noda and colleagues 
revealed	that	Autophagy-	related	2	(Atg2)	and	Atg9	proteins	coop-
erate as lipid transporters and lipid scramblases, respectively, to 
promote autophagosomal membrane formation by delivering phos-
pholipids from the ER membrane.32,33	Because	these	recently	noted	
roles of the ER are mainly independent from de novo protein syn-
thesis,	 they	may	 function	even	 in	MII	 stage	oocytes	with	silenced	
gene	translation	machinery.	Additionally,	autophagy	is	an	important	
proteolytic mechanism in mammalian embryos during early develop-
ment, as described below.

The morphogenesis of the oocyte ER was described in detail by 
Kline	et	 al.	 and	FitzHarris	 et	 al.	 in	 live	mouse	eggs	using	 confocal	
3D	 observation	 with	 the	 specific	 fluorescent	 marker	 1,1′-	dioctad
ecyl-	3,3,3′,3′-	tetramethylindocarbocyanine	 perchlorate	 (DiI).34,35 
The results of DiI staining, which can stain viable cells, in oocytes 
was consistent with the results of immunostaining with antibodies 
against ER- specific proteins. In this context, the dynamics of the ER 
during	oocyte	maturation	was	reported	as	follows.	First,	in	the	GV	
oocyte, the ER is distributed throughout the cytoplasm, whereas ER 
accumulation	around	 the	GV	and	some	 isolated	cytoplasmic	accu-
mulations	are	observed.	Second,	during	 the	breakdown	of	 the	GV	

(GVBD),	the	ER	is	concentrated,	forming	a	prominent	ring	structure	
surrounding	the	GV,	and	is	then	dispersed	throughout	the	cytoplasm	
after	GVBD	completion.	Finally,	in	MII	oocytes,	which	do	not	have	
nuclear membranes, most of the ER is uniformly distributed in the 
cytoplasm, although signals around the chromosome spindles are 
relatively	higher.	However,	a	striking	difference	in	MII	oocytes	is	the	
formation	of	 strong	bright	 puncta	 (1–	2 μm in diameter) just below 
the	plasma	membrane	(PM),	the	so-	called	PM	cortex,	except	in	the	
vicinity of the chromosome spindle (Figure 2). This group, called the 
cortical ER cluster, appears independent of cell cycle progression to 
MII	and	disappears	during	the	release	of	the	second	polar	body	after	
fertilization.34 FitzHarris et al. showed that treatment with noco-
dazole, which inhibits microtubule polymerization, and an inhibitory 
antibody	(70.1	Ab)	to	dynein,	a	motor	protein	that	binds	to	microtu-
bules, blocked the formation of an ER perinuclear ring in the cyto-
plasm	during	GVBD.	Conversely,	the	addition	of	latrunculin	A,	which	
inhibits actin cytoskeleton polymerization, prevents the formation 
of	cortical	ER	clusters	 in	MII	oocytes.36 These results indicate the 
significance of cytoskeletal proteins, actin, and tubulin, in the mor-
phogenesis and distribution of the oocyte ER.

One of the most important roles of the oocyte ER may be as a 
source of Ca2+ in Ca2+ oscillations, which are the steep rise and fall 
of cytosolic Ca2+ concentrations over several hours in response to 
sperm stimulation after fertilization. Ca2+ oscillations induce a series 
of oocyte activation events, such as reactivation of cell cycle pro-
gression and activation of the polyspermy blocking system, which 
may also determine the success of embryogenesis.37 The most 

F I G U R E  2 Changes	in	maternal	
organelles during oocyte maturation. 
The dispersed ER network is indicated as 
a	meshed	pattern.	Arrowheads	indicate	
three	peaks	(bursts)	of	mitochondrial	ATP	
production	(increase	of	mitochondrial	ATP	
concentration) during in vitro maturation 
of mouse oocytes. CG, cortical granule; 
ER,	endoplasmic	reticulum;	GA,	Golgi	
apparatus
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essential Ca2+	 release	 occurs	 through	 IP3 receptor- type calcium 
channels on the cortical ER cluster, suggesting the significance of 
cortical ER cluster maturation.35,38,39

In recent years, studies using cultured mammalian cells have 
raised a new concept regarding the mechanism of subcellular sER lo-
calization.	Zheng	et	al.40 showed that transmembrane proteins such 
as	cytoskeleton-	linked	membrane	protein	63,	ribosome	binding	pro-
tein 1, and kinectin 1 on sER membranes represent distinct affinities 
to mono-  or poly- glutamylated tubulin. These differences in tubulin 
modification, referred to as the tubulin code, and the localization of 
tubulin- binding sER proteins regulate ER dispersion in the cell. The 
tubulin code includes glutamylation, acetylation, methylation, and 
other types of modifications.41 However, its significance in mamma-
lian oocytes has yet to be studied.

2.3  |  Mitochondria

The mitochondria are comprised of two separate phospholipid bi-
layers—	an	outer	mitochondrial	membrane	(OMM)	and	an	inner	mi-
tochondrial	membrane	(IMM).	The	IMM	forms	intricate	folds	called	
cristae in which respiratory chain enzymes are embedded to pro-
duce	adenosine	triphosphate	 (ATP).	The	space	between	the	OMM	
and	IMM	is	called	the	intermembrane	space	(IMS)	and	the	lumen	in-
side	the	IMM	is	called	the	mitochondrial	matrix.	Generally,	the	main	
function	 of	 the	mitochondria	 is	 ATP	 production.	 Reactive	 oxygen	
species	(ROS)	are	cell-	damaging	byproducts	of	ATP	production	that	
arise from respiratory chain activity. However, healthy mitochondria 
have	a	mechanism	for	ROS	elimination	and	degradation.	In	contrast,	
impaired	mitochondrial	function	can	lead	to	ROS	accumulation	and	
a	cascade	of	ROS-	induced	ROS	 release	and	other	events	 that	 can	
disrupt the entire cell.42,43

Mitochondrial	ATP	production	depends	on	the	Ca2+ concentra-
tion	 inside	 the	 mitochondria.	 A	 mitochondrial	 Ca2+ concentration 
higher than that of the cytosol promotes respiratory chain activity. 
Low mitochondrial Ca2+ concentration is correlated with diseases 
such	as	Parkinson's	disease.	Recently,	abnormal	Ca2+ concentrations 
in the mitochondria have become a therapeutic target for these 
diseases.44,45

In recent years, functional and localization linkage between mi-
tochondria	 and	 the	ER,	 including	MERCS	 formation,	has	 attracted	
considerable attention. Furthermore, studies on the relationship 
between mitochondrial function and morphology have progressed. 
Mitofusin	1/2	(MFN1/2)	proteins,	which	are	exposed	externally	on	
the	OMM,	promote	mitochondrial	 fusion.	Optic	atrophy	1	 (OPA1),	
which	is	present	on	the	IMM	and	is	exposed	to	the	IMS,	regulates	
cristae formation by promoting fusion between inner membranes. 
Dynamin-	related	protein	1	(DRP1)	 is	present	at	the	fission	face	on	
the	OMM	and	promotes	mitochondrial	fission.	MFN1/2,	OPA1,	and	
DRP1	are	GTPases	that	degrade	GTP	to	exert	their	activity.	Deletion	
or mutation of these genes leads to mitochondrial dysfunction 
through altered morphology and causing a wide range of systemic 
diseases, as reviewed by Navaratnarajah et al.46

The number of mitochondria in the mammalian oocyte esti-
mated	from	mitochondrial	DNA	(mtDNA)	copy	numbers	continues	
to	 increase	 during	 oogenesis.	 The	 mtDNA	 copy	 number	 is	 1000	
times	higher	in	the	MII	stage	than	in	the	primordial	germ	cell	(PGC).	
However,	 since	 the	mtDNA	copy	number	 in	 the	post-	implantation	
epiblast (as a whole) is not higher than that of the zygote stage, 
mtDNA	 replication	 during	 early	 embryonic	 development	 is	 pre-
dicted to be arrested.47,48

The morphology of oocyte mitochondria changes dramatically 
during	 oogenesis.	Mitochondria	 in	 the	 growing	 oocyte	 during	 dif-
ferentiation	 from	 PGCs	 to	 follicular	 oocytes	 have	 a	 diameter	 of	
1–	1.5 μm	with	 abundant	 cristae,	 whereas	 mitochondria	 in	 the	 GV	
and	MII	stages	have	a	smaller	diameter	(0.4–	0.6 μm) and fewer cris-
tae.49,50	The	morphology	of	MII	oocytes	is	maintained	at	least	until	
the	pronuclear	stage.	Since	the	surface	of	the	cristae	is	where	the	
respiratory	chain	produces	ATP,	mitochondrial	activity	in	the	MII	oo-
cytes was predicted to be reduced.

Yu et al.51 examined mitochondrial respiratory activity from 
the	GV	to	MII	stage	using	the	mouse	IVM	assay	system.	They	also	
performed imaging analysis with different fluorescent indicators, 
that	 is,	MitoTracker	 for	mitochondrial	 dynamics	 and	 luciferase	 lu-
minescence	 for	ATP	 concentration	 in	 the	mitochondria	 or	 cytosol	
(Figure 2).	Mitochondrial	ATP	productivity	did	not	decrease	during	
IVM,	but	three	peaks	of	increased	ATP	production	were	observed.	
The third peak corresponded to the timing of the first polar body 
extrusion, which is the last step of oocyte maturation. Furthermore, 
Wakai	 and	 Fissore52	 recently	 reported	 that	 GV	 oocytes	 undergo	
spontaneous Ca2+ oscillation, in which Ca2+ is periodically released 
into the cytoplasm through inositol 1,4,5- trisphosphate receptor 1 
(IP3R1)	channels	on	the	ER	membrane	before	GVBD.	Then,	the	re-
leased Ca2+ is absorbed and stored by the mitochondria, resulting 
in	 high	ATP	 production	 capacity.	 This	 is	 an	 example	 of	 functional	
coordination	between	the	ER	and	mitochondria.	Additionally,	these	
results indicate that microstructural changes do not necessarily cor-
relate	with	ATP	production	capacity.

Mitochondrial	oxidative	phosphorylation,	which	is	measured	as	
the oxygen consumption rate (OCR), is generally the largest contrib-
utor	 to	 cellular	ATP	demand	during	preimplantation	development.	
OCR has been reported to be positively correlated with human oo-
cyte maturation,53 morphological evaluation during early develop-
ment, pregnancy, and delivery rates in bovine animals.54

Studies	on	 the	dynamics	of	mitochondrial	 localization	during	
oocyte maturation showed that the mitochondria form a ring- like 
structure	 surrounding	 the	 GV	 and	 redistribute	 throughout	 the	
cytoplasm	before	the	MII	stage.51,55,56 This is very similar to the 
ER localization dynamics described above, suggesting a functional 
link between the ER and mitochondria during oocyte maturation 
(Figure 2). This link continues to be examined with respect to the 
mitochondria. Udagawa et al.57 showed that oocyte- specific ge-
netic knockout of the Drp1 gene in mice results in severely low 
fertility due to decreased oocyte fertilization and developmen-
tal ability. The mitochondria in these oocytes become unevenly 
distributed and, importantly, the ER also becomes unevenly 
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distributed.	Moreover,	cortical	granules	and	peroxisomes	localize	
abnormally. In recent years, several phenotypes in Mfn1/2 gene 
knockout mice have been reported. In Mfn1- gene- deficient oo-
cytes, the mitochondria and the ER aggregate, leading to oocyte 
apoptosis in the first or second follicular phase, causing the mice 
to become infertile.58,59 However, Carvalho et al.58 propose that 
MFN1	and	MFN2	play	distinct	roles,	because	simultaneous	Mfn1 
and Mfn2 knockout alleviates the failure of follicle formation due 
to	MFN1	deficiency,	ameliorates	abnormal	mitochondrial	localiza-
tion, oocyte growth, and ovulation in double- knockout females. 
The	differences	in	MFN1	and	MFN2	functions	in	oocytes	were	also	
demonstrated	in	overexpression	experiments	by	Wakai	et	al.60 in 
which	RNAs	encoding	Mfn1, Mfn2, Opa1, and Drp1 were injected 
into	mouse	GV	oocytes	before	IVM.	MFN1	overexpression	causes	
extremely high mitochondria and ER accumulation in the perinu-
clear region. This accumulation is retained even after polar body 
extrusion and causes abnormal regulation of the first polar body 
extrusion.	In	contrast,	MFN2	overexpression	causes	transient	mi-
tochondria and ER accumulation, but the organelles are partly re- 
distributed	through	the	cytoplasm	in	the	MII	stage.	No	significant	
effect	 has	 been	 observed	 in	 the	 case	 of	OPA1	 and	DRP1	 over-
expression.	Although	other	reviews	have	discussed	mitochondrial	
morphogenesis- related factors and metabolic abnormalities,61 the 
above findings suggest that regulating mitochondrial size and lo-
calization affects other intracellular organelles and plays import-
ant roles in oogenesis/oocyte maturation. Thus, mitochondrial size 
and location may be pivotal for estimating oocyte quality.

2.4  |  Lipid droplets

Lipid droplets (LDs) mainly function as a cellular reservoir for lipids. 
The main pathway for LD biogenesis is suggested to be initiated by 
lipid aggregation, either spontaneously or by lipid- binding proteins, 
between	the	two	single	phospholipid	layers	of	the	ER	membrane.	As	
lipid aggregation proceeds, a lens structure is formed, which sepa-
rates from the ER by budding, which forms an LD. Thus, LD mem-
branes have a single phospholipid layer. LDs have unique proteins on 
this single membrane and the size of LDs can change after separa-
tion from the ER. LDs become larger by fusion or form a large aggre-
gate by adhering to each other.

The main LD contents are triglycerides and cholesterol. 
Triglycerides are hydrolyzed to free fatty acids and glycerol. Fatty 
acids undergo β- oxidation in the mitochondria and are processed 
via the citric acid cycle, whereas glycerol is processed via the gly-
colytic	 system.	 Both	 cycles	 are	 efficient	 ATP	 production	 systems	
for	ATP.	Thus,	LDs	are	generally	recognized	as	an	energy	resource.	
However, it was recently reported that certain lipid species such as 
dihydrosphingosine and dihydroceramide can cause dysfunction of 
other organelles, such as mitochondria and the ER, or can activate 
apoptotic cascades when present in excess,62–	64 suggesting that LDs 
play a role in sequestering these lipid species from the cytoplasm. 
Furthermore,	during	excessive	ROS	accumulation,	for	instance	in	the	

case of retinal diseases such as age- related macular degeneration 
and	brain	diseases	such	as	Alzheimer's	disease	and	Parkinson's	dis-
ease, a group of fatty acid transport proteins and apolipoproteins 
(Apo)	 likely	play	a	role	in	preventing	damage	to	the	cytoplasm	and	
other	organelles.	Increased	ApoE	protein	levels	have	been	shown	to	
prevent	ROS-	induced	cellular	damage	by	enhancing	LD	biogenesis	
and providing LDs as a direct target for oxidative damage.65,66 These 
results indicate that LDs play a broad role in preventing toxicity in 
cells.

Moreover,	 recent	 studies	 have	 revealed	 the	 existence	 of	 sub-
populations of LDs with different compositions within a single cell, 
suggesting the existence of specialized LDs required by specific 
cell types or local function.67 Evidence shows that LDs form LD– 
organelle contact sites with the ER and diverse organelles such as 
mitochondria,	 lysosomes,	and	peroxisomes.	Abnormalities	 in	these	
contact sites are suggested to be associated with disease. For in-
stance, a dysfunctional mutation in the SEIPIN gene, of which gene 
product involves in formation of specific ER– LD contact sites, 
causes	progressive	encephalopathy.	Mutations	in	the	SPASTIN gene 
cause hereditary spastic paraparesis, possibly by decreasing LD– 
peroxisome contact sites.68,69

Lipid droplets in oocytes are the most prominent clear, yellow, 
or brown structures observed in bright- field microscopy, depend-
ing on the organism or conditions of oocyte collection. Rather than 
being enlarged and appearing as a few vacuole- like structures (like 
in adipocytes), oocyte LDs exhibit a granular morphology ranging 
from a few hundred nanometers to a few micrometers in diameter. 
LDs often appear to be dispersed in the cytoplasm, especially in un-
fertilized oocytes. Thus, LDs are used as an indicator for estimating 
cytoplasmic fluidity.70 For more specific evaluation of oocyte LDs, 
specific LD dyes have been used, including non- fluorescent dyes 
such	as	Lipophilic	Nile	Red	or	fluorescent	dyes	such	as	BODIPY.	The	
content and size of oocyte LDs vary considerably among organisms. 
For example, the LD content is so high that it interferes with clear 
observation of other cytoplasmic contents in pig oocytes, but that is 
not so high in mice and humans.71

Porcine	 oocyte	 LDs	 can	 be	 physically	 removed	 by	 combining	
relatively mild centrifugation and simple micromanipulation, as re-
ported by Nagashima et al.72 LD removal is called delipidation, which 
can preserve embryonic developmental ability after cryopreser-
vation. This suggests that removing oocyte LDs does not fatally 
impair	 development.	However,	Aizawa	 et	 al.23 recently developed 
an approach to almost completely remove LDs by treating mouse 
oocytes with solutions of different osmolarities and two- step cen-
trifugation. This group showed that unfertilized oocytes delipidated 
by this method had a significantly lower fertilization rate during in 
vitro	fertilization	(IVF)	and	that	approximately	half	of	the	LDs	were	
regenerated by the 2- cell stage. Furthermore, treating embryos de-
rived from delipidated oocytes with triacsin C to inhibit long- chain 
acyl-	CoA	 synthetase	 (ACSL),	 which	 is	 involved	 in	 LD	 formation,	
strongly inhibited early development, especially after the morula 
stage. These results strongly suggest the importance of oocyte LDs 
and that LD homeostasis supports mammalian early development.



    |  7 of 16SATOUH and SATO

Moreover,	most	 recently,	Aizawa	et	 al.73 conducted an experi-
ment in which mice were fed either a high- fat diet (HFD) or a low- fat 
diet	 for	3 days	before	ovulation	 (mice	have	a	4-	day	estrous	cycle).	
They analyzed the amount and lipid composition of LDs isolated 
by their delipidation method and found that a HFD significantly 
increased the amount of oocyte LDs. This result suggests an un-
expectedly acute and tight relationship between maternal diet (nu-
trition) and oocyte quality.

2.5  |  Golgi apparatus and cortical granules

The	Golgi	 apparatus	 (GA)	 functions	as	a	delivery	center	 that	 re-
ceives proteins and lipids produced in the ER and exports these 
molecules	 to	 endosomes,	 lysosomes,	 or	 the	 PM/extracellular	
space.	The	GA	also	 serves	as	 a	 factory	 for	protein	glycosylation	
and	 processing.	 In	most	 vertebrate	 cells,	 the	GA	 forms	multiple	
cisternal layers comprised of cis (near the ER), medial (central), and 
trans (the most distal) cisternae. These compartments are mostly 
located near the centrosome. Cargo proteins from the ER are 
transported to the cis- Golgi network, are passed through Golgi 
cisternae, and are then exported from the trans- Golgi network. 
The	GA	in	mammalian	cells	 is	a	dynamic	structure	maintained	by	
active vesicular trafficking and cisternal maturation. During so-
matic	cell	division,	the	GA	disassembles	into	small	membrane	vesi-
cles that reassemble in each daughter cell to form the functional 
GA	 with	 typical	 morphology.	 This	 dynamic	 process	 is	 repeated	
during	mitosis	and	is	referred	to	as	GA	reassembly.	GA	dynamics	
are	confirmed	by	the	regression	of	the	GA	upon	inhibition	of	ve-
sicular	transport	between	the	ER	and	the	GA	by	Brefeldin	A,	which	
inhibits	 an	 activity	 of	ARF1	 guanine	 nucleotide	 exchange	 factor	
and indirectly blocks ER- Golgi transport.74 The membrane com-
partment between the ER and the cis-	side	of	 the	GA	 is	 referred	
to as the ER- Golgi intermediate compartment (ERGIC). Unlike the 
GA,	 the	ERGIC	does	not	disappear	even	when	membrane	 trans-
port	between	the	ER	and	Golgi	is	inhibited	by	Brefeldin	A.

Electron	microscopy	 (EM)	suggest	 that	 the	GA	 in	 the	GV	oo-
cyte	is	dispersed	throughout	the	cytoplasm.	These	GA	structures	
are suggested to be functional with multiple cisternae surrounded 
by	 small	 vesicles.	However,	 similar	 to	GA	 reassembly	 in	 somatic	
mitosis	 where	 GA	 fragmentations	 occur	 upon	 nuclear	 envelope	
breakdown,	 the	GA	 in	mammalian	oocytes	drastically	 fragments	
during	GVBD.75 Notably, the typical centriole structure is also lost 
at	these	timings	of	GA	fragmentation.	A	prominent	centriole	dis-
appears in the oocyte, while centrosomes are replicated and bipo-
larized to form the spindle assembly in somatic cells. In bovines, 
the	GA	in	MII	oocytes	is	identified	as	a	small,	fragmented	vesicle	
adjacent to the ER and appears to be vestigial.76	After	fertilization,	
the	adjacency	between	GA-	derived	vesicles	and	the	ER	is	broken	
as	 the	centriole	structure	becomes	distinct	and	 the	GA	 localizes	
into the pericentriolar region.

Payne	et	al.	 indicated	that	 inhibiting	ER-	Golgi	transport	causes	
an increase in misshapen blastomeres and membrane blebbing, 

poorly	 defined	 cleavage	 furrows	 at	 the	 8-	cell	 stage,	 and	 halted	
development before compaction. In rodents and humans, de novo 
protein synthesis from the zygotic genome is particularly essential 
after the 4- cell stage. The above result in bovine oocytes suggests 
the	importance	of	GA	reassembly	upon	MZT	to	support	the	drastic	
increase in protein transport and protein modification.

Simultaneously	 with	 the	 regression	 of	 oocyte	 GA	 during	 the	
transition	 from	 the	 GV	 to	 MII	 stage,	 cortical	 granules	 (CGs)	 are	
formed	from	the	GA.	CG	formation	during	oocyte	maturation	was	
confirmed	 by	 EM,	 which	 showed	 the	 formation	 of	 high	 electron	
density	membranous	granules	adjacent	to	the	GA.77	Subsequently,	
most	CGs	localize	in	the	cortex	area	just	below	the	oocyte	PM,	while	
the cytoskeleton appears to prevent a direct contact between CGs 
and	the	PM	(Figure 2). CGs are secretory granules that release their 
contents extracellularly in response to Ca2+ oscillation induced by 
fertilization, which was suggested to be important for preventing 
polyspermic	fertilization.	Mammalian	CGs	bind	specifically	to	Lens	
culinaris	agglutinin	(LCA)	lectin	and	can	be	detected	by	fluorescently	
labeled	LCA	such	as	LCA-	fluorescein	isothiocyanate	(LCA-	FITC).78

The suggested mechanism underlying polyspermy prevention 
by CG secretion is that exocytosis (secretion) of the CG contents, 
referred as the cortical reaction (CR), alters the properties of the 
zona	 pellucida	 (ZP)	 and	 hardens	 the	 ZP	 to	 prevent	 excess	 sperm	
entry	 into	the	perivitelline	space.	Quantification	of	CGs	using	LCA	
markers suggested that CG secretion can also be induced by artifi-
cial Ca2+ influx into the oocyte cytoplasm and that CG secretion can 
occur multiple times in response to stimuli.79–	81	Barkurt	et	al.	iden-
tified	the	enzyme	responsible	for	ZP	transformation	as	astacin-	like	
metalloendopeptidase	 (Astl,	which	 is	also	called	ovastacin)	 in	CGs.	
Astl	partially	degrades	ZP2	protein,	the	major	ZP	component	that	is	
responsible	for	binding	to	the	sperm,	preventing	the	entire	ZP	from	
binding to the sperm, and avoiding sperm passage.82 In addition, al-
though	the	Astl	protein	itself	does	not	bind	LCA,	LCA	lectin-	positive	
membrane granules completely disappear and only a few wheat 
germ agglutinin lectin- positive granules remained in the oocytes of 
mice lacking the Astl	gene.	This	result	suggests	that	the	Astl	protein	
also plays essential roles in CG formation.

Recently,	Satouh	et	al.	succeeded	in	quantifying	the	progress	of	
mouse oocyte CR induced by fertilization using a novel live imaging 
technique	in	which	LCA-	FITC	was	supplemented	extracellularly.	This	
approach was used to assess the correlation between the number of 
Ca2+	spikes	(oscillations)	and	the	completion	of	CR.	Both	CR	signal	
and	ZP2	cleavage	reach	a	plateau	approximately	40 min	after	fertil-
ization after the first two or three Ca2+ spikes were completed. The 
surface	LCA-	FITC	signal	was	indeed	undetectable,	and	spermatozoa	
accumulate in perivitelline spaces of oocytes from Astl- deficient 
mice. However, no polyspermy has been confirmed in in vivo fer-
tilized oocytes.83,84 These findings lead to an important suggestion 
that	ZP	hardening	occurs	within	the	first	40 min	and	that	CR	for	the	
polyspermy block in mammals, at least in mice, is dispensable in in 
vivo	fertilization	but	is	important	in	IVF.

Regarding	ZP	hardening,	 interestingly,	 fetuin	B,	 a	 liver-	derived	
plasma	protein,	prevents	premature	ZP	hardening	during	oogenesis.	
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Female	 mice	 lacking	 the	 fetuin	 B	 gene	 are	 completely	 infertile.85 
These findings indicate that a protein from a different organ regu-
lates oocyte fertilization, and that premature release of the CG con-
tents may affect oocyte fertilizing ability during oocyte maturation, 
even	in	vivo.	Fetuin	B	(but	not	fetuin	A)	was	further	shown	to	bind	
directly	to	Astl	to	inhibit	ZP2	digestion	activity.

A	 different	 aspect	 of	 the	 CR	 is	 now	 attracting	 attention	with	
respect	 to	 the	 release	 of	 oocyte	 cellular	 Zn2+. To understand this 
concept,	 the	essentiality	of	 intracellular	Zn2+	 for	MII	arrest	should	
be	 clarified	 first.	 Suzuki	 et	 al.86 reported that depleting oocyte 
Zn2+	 by	 treating	 unfertilized	mouse	 oocytes	with	 the	 Zn2+ chela-
tor,	 N,N,N′,N′-	tetrakis-	(2-	pyridylmethyl)-	ethylenediamine	 can	 in-
duce successful development to full term without Ca2+ oscillations. 
Although	the	success	rate	of	embryonic	development	to	the	blasto-
cyst stage is only approximately 50% of that of sperm fertilization, 
this finding indicates that Ca2+ oscillations themselves are not es-
sential for initiating early development and suggests that the release 
of	Zn2+ from the cells is more important.

Woodruff's	group	recently	reported	a	series	of	important	anal-
yses	 of	 Zn2+ storage and release in oocytes.87–	89 They analyzed 
oocyte	Zn2+ with scanning transmission electron microscopy with 
energy- dispersive spectroscopy to map biological zinc directly at 
the ultrastructural level, X- ray fluorescence nanoprobe microscopy 
to quantify zinc within compartments, three- dimensional X- ray fluo-
rescence tomography, and live imaging using their newly developed 
and	 highly	 sensitive	 Zn2+	 fluorescence	 labeling	 reagent,	 ZincBY-	1,	
to	 map	 and	 quantify	 Zn2+ in oocytes. This analysis revealed that 
the	granules	just	beneath	the	oocyte	PM,	which	are	not	clearly	de-
fined	as	CGs,	contain	high	Zn2+ content that is released at the time 
of spikes in Ca2+ oscillations.87–	89	This	Zn2+ release, which can be 
visualized	 using	 an	 extracellularly	 supplemented	 Zn2+ fluorescent 
indicator,	is	called	the	Zn2+ burst. This process can predict the devel-
opmental potential of early embryos.90 These results indicate that 
Zn2+ release, which is essential for oocyte activation, is induced or is 
strongly related to the CR.

3  |  IMPORTANCE OF OOCY TE 
PROTEOLY TIC SYSTEMS

3.1  |  Ubiquitin– proteasome system

The	UPS	 is	 an	 intracellular	proteolytic	pathway	 in	which	cytosolic	
proteins are primarily targeted. The substrates are degraded upon 
binding of ubiquitin to lysine residues as a result of sequential pro-
cessing by ubiquitin (Ub)- activating (E1), Ub- conjugating (E2), and 
Ub-	ligase	(E3)	enzymes.	Primarily,	E3	regulates	substrate	specificity	
and	the	 timing	of	Ub	modification.	A	 recent	bioinformatics	survey	
of	Ub	enzymes	suggests	that	8	E1,	41	E2,	and	634	E3	enzymes	are	
encoded in the human genome.91 Ubiquitinated substrates are deliv-
ered	to	the	26S	proteasome,	where	they	are	unfolded	and	enzymati-
cally	degraded	in	an	ATP-	dependent	process.

Although	 ubiquitination	 is	 associated	with	 the	 UPS	 and	 var-
ious	 intracellular	 phenomena,	 Shin	 et	 al.	 showed	 that	 polyubiq-
uitinated	 proteins	were	 highly	 accumulated	 from	GV	oocytes	 to	
the 2- cell stage embryos, but disappear by the 4- cell stage em-
bryos	 in	mice.	More	 precisely,	 the	 ubiquitinated	 protein	 level	 is	
retained until the first cleavage, followed by a sharp decrease after 
the	 late	 2-	cell	 stage	 (36 h	 post-	fertilization;	 hpf).	 In	 conjunction	
with this decrease, chymotrypsin- like peptidase activity, which is 
likely derived from proteasomes, specifically and rapidly increases 
around	24 hpf,	 immediately	 after	 the	 first	 cleavage.	Additionally,	
same group identified a zygote- specific proteasome assembly 
chaperone	 protein	 (ZPAC)	 and	 observed	 that	 chymotrypsin-	like	
peptidase activity was almost completely abolished in zygotes in 
which ZPAC, or ubiquitin- mediated- proteolysis 1 (Ump1) expression 
was suppressed. Importantly, suppressing the Ump1 gene resulted 
in 90% of embryos halting before the first cleavage (Figure 3).92 
These	results	indicate	both	that	ZPAC	and	UMP1	regulate	the	en-
tire	UPS	system	in	the	oocyte	and	early	embryos	and	that	the	UPS	
degradation pathway is essential for mammalian embryonic devel-
opment	before	ZGA.

F I G U R E  3 Oocyte	proteolytic	
systems in early embryogenesis. Relative 
activities of proteolytic systems at each 
developmental stage are indicated. 
These stages are mainly studied in mice. 
Inhibition outcomes are results from gene 
deletion, gene suppression, or inhibitor 
assays. Endocytic activity after the 4- cell 
stage was not assayed (partly shown 
with dotted line). Inhibition results using 
Pitstop2	are	indicated.	UPS,	ubiquitin-	
proteasome system
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Mtango	 et	 al.	 used	 rhesus	 monkey	 oocytes	 as	 a	 nonhuman	
primate	model	 to	assess	 the	correlation	between	UPS	gene	 reg-
ulation and embryonic quality. They first categorized oocytes 
collected with different methods as exhibiting different oocyte 
qualities (potential developmental abilities). Oocytes collected 
with	follicle-	stimulating	hormone	(FSH)	only	and	matured	in	vitro	
were	categorized	as	“low”	quality,	oocytes	collected	with	FSH	fol-
lowed by stimulation with human chorionic gonadotropin (hCG) 
were “moderate”, and oocytes harvested without hormonal stim-
ulation	(naturally	ovulated)	were	“high”.	Second,	they	analyzed	the	
oocytes or embryos with satisfactory morphologies at each stage, 
including	GV,	MII,	and	early	developmental	stages,	using	RT-	PCR	
to	examine	common	or	differential	kinetics	of	mRNA	encoding	53	
UPS-	related	genes	(such	as	E1 ~ E3)	at	each	stage.	They	reported	
that the “high” group showed a greater accumulation of specific 
mRNAs	 that	 are	 commonly	 observed	 in	MII	 and	 that	 this	 group	
showed	 a	 greater	 alteration	 of	 kinetics	 during	MII	 to	 the	 2-	cell	
stage compared with the “low” or “moderate” categories. These 
results suggest the importance of silent but significant prepara-
tion	for	dynamic	changes	in	UPS	activity	before	ZGA	for	degrada-
tion of oocyte components.18

Yang et al.93	 recently	 showed	 that	 RNF114,	 a	 UPS-	related	 E3	
ubiquitin	 ligase,	 is	 predominantly	 expressed	 in	MII-	stage	 oocytes.	
Silencing	 this	 gene	 results	 in	 a	 delay	 in	 TGF-	β activated kinase 1 
(MAP3K7)	binding	protein	1	(TAB1)	degradation	and	arrests	embry-
onic	development	at	the	2-	cell	stage	(prior	to	ZGA).	Notably,	RNF114	
specifically	targets	TAB1,	out	of	the	9000	candidate	proteins	they	
examined. These results strongly suggest that embryonic develop-
ment	potential	may	be	determined	by	general	UPS	activity	and	by	
the	degradation	of	specific	key	molecules	by	UPS.

3.2  |  Autophagy

Autophagy,	 like	 the	 UPS,	 is	 an	 intracellular	 degradation	 mecha-
nism.	 However,	 autophagy	 differs	 from	 the	 UPS	 in	 that	 its	 sub-
strates	can	degrade	proteins,	RNAs,	and	relatively	larger	structures,	
such as highly aggregated proteins and organelles (e.g., ER- phagy, 
Mitophagy).94 In macroautophagy, degradative substrates are sur-
rounded by isolation membranes and are sequestered into au-
tophagosomes that fuse with lysosomes to degrade the internal 
contents. This process can be selective, where the target is sur-
rounded by adapter proteins, or non- selective, in which the entire 
space can be taken up and degraded.94 The mechanism by which rel-
atively small organelles or cellular components are directly incorpo-
rated	into	lysosomes	is	also	called	microautophagy.	As	an	example,	
direct integration of LCs into lysosomes in mammals was reported as 
LD microautophagy.95

Starvation	of	 intracellular	nutrients	 is	 a	major	pathway	 for	 au-
tophagy activation. For instance, amino acid deficiency, mainly de-
tected by the mechanistic/mammalian target of rapamycin complex 
1 (mTORC1), upregulates autophagic activity by suppressing nega-
tive regulation by mTORC1 itself. However, even without starvation, 

basal autophagy activity is important for various cellular functions 
and maintenance of intracellular circumstances.

Tsukamoto et al. generated an oocyte- specific autophagy- related 
5 (Atg5) conditional knockout mouse line using the ZP3 promotor- 
driven Cre transgenic line and indicated that abolishing autophagic 
activity in oocytes results in embryonic development arrest at the 
4–	8	cell	 stage.	Autophagosome	formation	was	visualized	by	green	
fluorescent	protein-	tagged	MAP1LC3	(GFP-	Microtubule-	associated	
protein	 light	 chain	 3;	 GFP-	LC3)	 puncta	 formation,	 which	 demon-
strated	that	autophagic	activity	is	upregulated	during	PN	formation	
and	that	the	number	of	GFP-	LC3	puncta	peaks	mainly	at	the	4-	cell	
and later stages.18 Furthermore, de novo protein synthesis, which 
is	supposed	to	be	derived	from	ZGA	detectable	at	the	4-		and	8-	cell	
stages,	 is	 reduced	 in	 Atg5-	depleted	 oocytes.	 These	 data	 strongly	
suggest that autophagic activity is necessary for embryogenesis, 
presumably	 to	 reserve	 amino	 acid	 resources	 prior	 to	 ZGA.	 Since	
mTORC1 inhibitors do not induce enhanced autophagy in early de-
velopment, the molecular process of autophagy induction in early 
embryos remains unclear (Figure 3).96

In addition, autophagy is used to degrade male- derived cellular 
components. In the case of the model animal Caenorhabditis elegans, 
paternal	mitochondria	and	membranous	organelles	(MOs),	which	are	
brought by spermatozoon, are selectively degraded by allophagy 
(allogeneic [non- self] organelle autophagy) during embryogenesis.97 
Selective	 degradation	 of	 paternal	 mitochondria	 by	 allophagy	 pre-
vents	 paternal	mtDNA	 from	 transmitting	 to	 the	offspring,	 leading	
to	maternal	mtDNA	inheritance.	In	this	process,	allophagy-	1	(ALLO-	
1) functions as an autophagy adaptor that is essential for autopha-
gosome formation around paternal mitochondria and membranous 
organelles.	ALLO-	1	directly	binds	to	the	worm	LC3	homolog	LGG-	1	
and is required for autophagosomal formation around paternal or-
ganelles.	ALLO-	1	also	binds	to	a	worm	homolog	of	the	mammalian	
inhibitor of NFκB	kinase	epsilon	subunit	(IKKE-	1),	which	is	involved	
in	ALLO-	1	phosphorylation	and	is	 important	for	paternal	organelle	
clearance.98	Although	the	physiological	significance	of	allophagy	re-
mains	unclear,	it	may	prevent	mtDNA	derived	from	different	genetic	
backgrounds from becoming a heteroplasmic state.

In mammals, the involvement of autophagy in the elimination of 
paternal mitochondria remains controversial. Rojansky et al.99 ob-
served degradation of fluorescently labeled sperm mitochondria in 
mouse zygotes/embryos and found that paternal mitochondria are 
degraded	by	the	8-	cell-	morula	stage	(84 hpf).	Gene	suppression	as-
says	using	short	hairpin	RNA	showed	that	sperm	mitochondrial	deg-
radation	in	the	84 hpf	embryo	is	significantly	decreased	by	knocking	
down	the	p62	autophagy	adapter,	mitophagy-	related	proteins	such	
as	PTEN-	induced	putative	kinase	1	(PINK1),	or	double	knockdown	of	
two	ubiquitin	ligases,	Parkin	and	mitochondrial	E3	ubiquitin-	protein	
ligase	1	(MUL1).	However,	Luo	et	al.100 used two transgenic mouse 
strains,	one	bearing	GFP-	LC3	for	labeling	autophagosomes	(female)	
and	 the	 other	 bearing	 red	 fluorescent	 protein	 (RFP)-	labeled	mito-
chondria	(male)	and	reported	that	the	GFP-	LC3	signal	interacts	with	
paternal mitochondria from the zygote to the 2- cell stage, but dis-
sociate at the 4- cell stage. Furthermore, they examine whether the 
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above	result	was	obtained	by	GFP	quenching,	but	not	RFP,	at	low	pH	
conditions in lysosomes and demonstrated that sperm mitochondria 
are	not	ingested	into	lysosomes	labeled	with	LysoTracker	Blue	DND-	
22. These results support the hypothesis that sperm mitochondria 
are	 degraded	 by	 more	 passive	 processes.	 Apparent	 discrepancies	
between these reports need further validation. The correlation be-
tween active degradation of sperm organelles and embryonic qual-
ity also remains to be elucidated.

3.3  |  Endocytosis

Endocytosis is a pivotal process that takes up extracellular proteins, 
fluid	content,	and	PM	components,	and	involved	in	various	biologi-
cal phenomena.101	In	this	process,	PM	proteins	are	internalized	from	
the cell surface by clathrin- mediated or - independent endocytosis 
and	 are	 transported	 to	 early	 endosomes	 (EEs).	 Some	PM	proteins	
are	recycled	back	to	the	PM	via	recycling	endosomes	or	the	trans-	
Golgi network. Others are delivered to late endosomes (LEs) and are 
sorted	 into	 intralumenal	 vesicles	 of	 multivesicular	 bodies	 (MVBs)	
that finally fuse with lysosomes for degradation of their contents. 
Ubiquitinated membrane proteins are preferentially sorted into the 
intralumenal	vesicles	of	MVBs	via	the	endosomal	sorting	complexes	
required	 for	 transport	 (ESCRT)	 complex.	Small	GTPase	Rab	 family	
proteins are required for endocytic transport and for endosomal 
maturation.	Transport	from	the	PM	to	lysosomes	is	mainly	regulated	
by	RAB5	and	RAB7,	whereas	 recycling	pathways	are	 regulated	by	
RAB4	and	RAB11.	Immediate	endocytosis	also	exists.	For	instance,	
compensatory endocytosis occurs in response to rapid and frequent 
exocytosis (secretion) of synaptic vesicles in neurons.102

While	the	 importance	of	the	UPS	and	autophagy	has	been	an-
alyzed, the significance of endocytosis in mammalian embryonic 
development had rarely been studied.103 Recently, several studies 
using C. elegans	revealed	that	a	subset	of	maternal	PM	proteins,	such	
as	 caveolin	 homolog	 1	 (CAV-	1)	 and	 chitin	 synthase	 1	 (CHS-	1),	 are	
internalized	from	the	PM	and	are	transported	to	endosomes	and	ly-
sosomes for degradation.104–	106 In zygotes, the accumulation of high 
levels	 of	 K63-	linked	 poly-	ubiquitin	 chains	 is	 transiently	 observed	
on	 endosomes	 approximately	 25 min	 after	 fertilization,	 suggesting	
the involvement of ubiquitination machinery in the selective deg-
radation	of	maternal	PM	proteins.	Consistent	with	this	observation,	
E2	ubiquitin	 conjugating	 enzymes	 such	 as	UBC-	13	 and	UEV-	1	 are	
involved in this process. In addition, this process is tightly linked to 
anaphase-	promoting	 complex/cyclosome	 (APC/C)-	dependent	mei-
otic cell progression after fertilization, suggesting the involvement 
of	maternal	PM	protein	degradation	via	endocytosis	in	oocyte	reac-
tions to fertilization stimuli.107

In	this	situation,	we	recently	reported	that	multiple	maternal	PM	
proteins, including the glycine transporter GlyT1a, are selectively 
transported	from	the	PM	to	the	EE	at	the	late	2-	cell	stage	and	are	
degraded	in	lysosomes	by	the	4–	8-	cell	stage	during	mouse	embryo-
genesis.22 Interestingly, kinetic analysis of GlyT1a trafficking from 
EEs to LEs indicated that the transition of GlyT1a from EEs to LEs 

proceeds	 very	 slowly	 and	 takes	more	 than	6 h.	 These	 results	 sug-
gest that unique mechanisms underlie the regulation of endosomal 
maturation	 or	 trafficking	 during	 early	 development.	 Accumulation	
of a large number of ubiquitinated proteins in endosomes takes 
place in 2- cell stage embryos, suggesting the involvement of ubiq-
uitination in this process. Glyt1a- mCherry partially overlapped with 
ubiquitin-	positive	 endosomes	 in	 late	2-	cell	 embryos.	Mutations	of	
lysine- residues on Glyt1a, which are potential ubiquitination sites, 
caused significant retardation of GlyT1a degradation, suggesting the 
importance	of	 ubiquitination	 in	 sorting	maternal	 PM	proteins	 into	
the lysosomal degradation pathway. Furthermore, pharmacological 
assays	for	GlyT1a	endocytosis	showed	that	protein	kinase	C	(PKC)	
activation with phorbol 12- myristate 13- acetate or inactivation with 
staurosporine resulted in ectopic initiation or inhibition of endocyto-
sis,	respectively.	More	importantly,	Pitstop2,	an	inhibitor	of	clathrin-	
mediated endocytosis, completely blocked both GlyT1a endocytosis 
and embryogenesis at the 2- cell stage. These results demonstrate 
that	PKC-	dependent	and	clathrin-	mediated	endocytosis	of	maternal	
membrane proteins is essential for embryonic transition from the 
2-  to 4- cell stage (Figure 3).

With	respect	to	the	immediate	response,	Gomez-	Elias	et	al.	re-
cently demonstrated that glycoproteins, which are contained in CGs 
and	are	delivered	to	the	PM	by	oocyte	CRs	are	endocytosed	from	
the	PM	 immediately	 after	 fertilization.108	When	 the	 glycoproteins	
targeted	to	the	PM	were	labeled	with	extracellularly	supplemented	
fluorescent-	labeled	 LCA,	 they	 were	 rapidly	 taken	 into	 the	 cyto-
plasm. Unlike Glyt1a endocytosis, this process was inhibited with 
the	 calcineurin	 inhibitor	 cyclosporine	 A	 or	 staurosporine,	 but	 not	
with	 Pitstop2.	 These	 results	 suggest	 that	mammalian	 oocytes	 are	
equipped with a clathrin- independent compensatory endocytic sys-
tem for CR exocytosis.

These recent findings suggest that endocytic activity is already 
active immediately after fertilization and that the selective removal 
of	oocyte	contents	from	the	PM	can	determine	embryonic	quality.	
Although	 endocytosed	PM	proteins	 are	 transported	 to	 lysosomes	
mainly after the 4- cell stage,22	it	should	be	noted	that	many	PM	pro-
teins exert their functions by residing on the cell surface. Thus, their 
functional significance is assumed to be lost following delivery into 
intracellular vesicles.

Importantly, autophagy and endocytosis share an important 
similarity in that proteins are degraded within lysosomes. Lysosomal 
associated	membrane	protein	2	(LAMP2)	is	a	major	protein	constitu-
ent of lysosomal membranes. Lamp2- knockout mice show increased 
postnatal mortality, indicating a significant contribution to lysosome 
formation itself.109 Tsukamoto et al. showed that acidified lysosomes 
can be prominently detected by Lysotracker in embryos from the 2- 
cell	stage.	Injecting	a	mixture	of	siRNAs	against	Lamp2 and Lamp1, 
a functionally related gene, results in the arrest of embryos at the 
2- cell stage. Tsukamoto et al. also analyzed the effects of multiple 
inhibitors	such	as	E-	64d	and	bafilomycin	A1 on lysosomal functions 
or maturation and showed that most of the inhibitors arrested em-
bryonic development. These results suggest that lysosomes func-
tionally mature and play pivotal roles during the development of the 
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preimplantation embryo.110	We	 examined	 the	 dynamics	 of	 EGFP-	
human	RAB5a	and	EGFP-	human	RAB7a	from	unfertilized	oocytes	to	
the blastocyst stage to analyze the biogenesis of endosomes and ly-
sosomes during mouse embryogenesis, since endosomes, especially 
LE,	share	commonalities	with	lysosomes.	We	found	that	RAB5a-		and	
RAB7a-	positive	 puncta	 are	 completely	 co-	localized	 in	 the	 cortical	
punctate structure in unfertilized oocytes and at the 1- cell stage. 
However,	at	the	2-	cell	stage,	RAB5a	and	RAB7a	signals	become	re-
distributed	to	distinct	punctate	structures	in	the	cytoplasm.	At	the	
4-	cell	 stage,	 RAB7a-	positive	 LE	 are	 particularly	 increased	 in	 size	
and number.22 These results suggest that endosomal/lysosomal 
maturation prior to or at the 2- 4- cell stages may play a pivotal role 
in determining embryonic quality through degradation of oocyte 
components.

4  |  APPLIC ATIONS OF OOCY TE 
COMPONENTS STATUS TO OOCY TE 
QUALIT Y RESE ARCH

4.1  |  Diagnosis of oocyte components and 
prediction of embryo quality

To establish predictive and diagnostic techniques for oocytes or 
embryonic quality using findings on oocyte component dynamics, 
a causal relationship first needs to be proved between the phenom-
ena (or molecules) and embryo quality through basic research. In 
addition, non- invasive or extremely low- invasive observation and 
diagnostic techniques need to be developed that do not significantly 
affect full- term development. To meet these requirements, studies 
need to use an analysis method that does not require introducing/
supplementing a marker to the cell. Optimized detection methods 
with low invasiveness would also be preferable.

Extracellular flux analysis of the OCR, which has been recently 
used in cultured cells, small animal individuals, and tissue fragments, 
is a system that assays changes in the composition of the external 
fluid in which cells are cultured. Therefore, this approach shows 
very	low	invasiveness	to	the	culture	subject.	In	fact,	Muller	et	al.111 
reported its application to various mammalian embryos. Thus, this 
extracellular flux analysis is expected to be a useful method of 
measuring mitochondrial activity for predicting embryonic quality. 
However, Tan et al.112 reported that quantitative confocal imaging 
of the auto- fluorescent cofactors reduced nicotinamide adenine di-
nucleotide	 (phosphate)	 (NAD(P)H)	and	Flavin	adenine	dinucleotide	
(FAD)	have	advantages,	especially	when	the	target	cell	is	accompa-
nied by other cells, such as an oocyte in a cumulus oophorus com-
plex, since it enables the analysis of individual cells. These findings 
imply the importance of using different options depending on the 
application and limitations.

LD can be tracked almost non- invasively and multi- dimensionally 
by visualization with label- free coherent anti- stokes Raman scatter-
ing	(CARS).	Bradley	et	al.113	reported	that	CARS	is	less	invasive	and	
more useful than fluorescent- labeled reagents in tracking mouse 

embryonic development and that it offers advantages such as quan-
tifying the lipid content, type, and spatial distribution with sub- 
micron	 resolution.	 As	mentioned	 above,	 LD	 distribution	 and	 total	
amount vary widely among organisms. Tsukamoto et al. reported 
that differences were observed even among mouse strains.114 To 
apply these findings in future embryo quality studies, it will be nec-
essary to focus on whether the quantitative and qualitative trends 
in oocyte LDs are directly related to the quality of human embryos.

4.2  |  Molecular imaging with fluorescent probes

The introduction of fluorescent probes for target molecules, such as 
proteins or ions, and fluorescent imaging are accompanied by reagent 
toxicity, stress associated with introduction method such as microin-
jection, and phototoxicity during observation. However, fluorescent 
molecules are useful for quantifying the dynamics of molecules that 
may be related to embryonic quality. To address this dilemma, re-
cent assays combined the use of fluorescent molecular probes with 
the development of experimental systems with lower invasiveness. 
As	 a	 result,	 certain	 prediction	 techniques	 using	 fluorescent	mark-
ers have succeeded in identifying critical perspectives for predicting 
embryonic quality. For instance, Yamagata et al. visualized nuclei and 
microtubules	with	fluorescently	tagged	histone	H2B	and	tubulin,	re-
spectively, to observe the timing and number of oocyte divisions dur-
ing mitosis and the presence or absence of micronuclei. They found 
that the first mitotic division without micronucleus formation is par-
ticularly important in mouse full- term development.115–	118	Similarly,	
visualization methods have been developed that quantify cytosolic 
Ca2+ by using Ca2+- bound fluorescent protein genetically encoded 
Ca2+- indicators for optical imaging (GECO) series with extremely 
low- invasive confocal equipment. These methods have been used to 
determine the number of Ca2+ oscillatory spikes required to initiate 
oocyte development and reject polyspermic fertilization.83,84,119 The 
developments of low- invasive imaging approaches have additionally 
benefited basic biological studies on dynamics in oocytes before and 
after fertilization, which is important for understanding the funda-
mental requirement for these phenomena.

Regarding the degradation of oocyte component, Tsukamoto 
et al. focused on autophagic activity around the 4- cell stage, which is 
important in early mammalian development, and concluded that full- 
term	development	outcomes	 can	be	predicted	by	 injecting	mRNA	
for	LC3-	GFP	and	quantifying	autophagosome	formation	in	embryos	
at the 4- cell stage.18,120 Tsukamoto et al. additionally reported a 
prediction study based on LD dynamics and showed that LD num-
ber	constancy	can	be	quantified	by	 injecting	mRNA	for	perilipin	2	
protein	fused	with	GFP.	Additionally,	they	compared	the	LD	content	
between mouse strains with different developmental competence 
and concluded that an imbalance between lipolysis activity, LD auto-
phagy (lipophagy), and lipogenesis is manifested as LD depletion or 
aggregation, which both lead to poor embryonic quality.23,73,114,121

According	to	a	very	recent	report,	a	new	type	of	super-	resolution	
microscopy is compatible with extremely low- invasive observation 
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of mouse embryonic development. This system is capable of detect-
ing segregating chromosomes and counting the number of chro-
mosomes.122 Thus, fluorescent probes, which are important tools 
for analysis, allow precise tracing and/or quantification of specific 
molecules and multidimensional molecular biological analysis, such 
as three dimensional co- localization analysis, time- course analysis, 
and simultaneous analysis of multiple targets. Thus, development of 
fluorescent imaging will continue to be required, especially for basic 
embryonic quality studies using model animals.

5  |  SUMMARY AND FUTURE 
PERSPEC TIVES

Oocytes have to prepare oocyte components with enough quantity 
and quality to satisfy the requirements for healthy embryonic de-
velopment before fertilization and some oocyte components need 
to be degraded appropriately after fertilization. Understanding the 
criteria of oocyte and embryo that support embryonic development 
is	beneficial	 for	evaluating	oocyte/embryo	quality.	As	discussed	 in	
this review, further studies using oocytes to examine newly found 
concepts or those that remain cryptic, such as the huge mitochon-
dria- ER network, LD subpopulations, and cross- talk among these 
concepts,	are	required.	Additional	cross-	talk	may	be	found	between	
unexpected factors. For example, Yue et al.123 recently reported a 
system	in	which	the	accumulation	of	UPS	components	around	the	
mitochondria disengages the quiescence of the mitochondrial res-
piratory as a common mechanism from fungi to mammalian culture 
cells. In this context, identifying the key factors responsible for oo-
cyte quality deterioration from aging or genetic disorders may ena-
ble us to intervene to improve oocyte quality by adding or removing 
such molecules from the oocytes of patients.

However, as introduced in this review, several essential changes 
in oocyte components were analyzed as continuously dynamic pro-
cesses that require sequential observations of oocyte maturation 
or	early	embryonic	development.	As	studies	provide	further	 infor-
mation on the entire process of oocyte maturation and embryonic 
development, finding critical steps in this process may simplify di-
agnostic techniques, such as examining the oocyte/embryo only at 
critical stages in a snapshot fashion. On the other hand, multidimen-
sional concepts will be unavoidable to understand the biology of 
oocyte/embryo quality comprehensively, although practical options 
for quantification are limited by toxicity and technical limitations. 
Thus, further studies should aim towards decreasing the toxicity 
arising from the detection method and the dimensions of the tar-
geted factor.

Attempts	 to	 substitute	 fluorescent-	marker-	based	 studies	 with	
other methods to make them less invasive may be useful for multidi-
mensional analysis. For example, a transient increase in the velocity 
of cytoplasmic flow given by contractile movement of actomyosin 
in response to increased cytoplasmic Ca2+ during Ca2+ oscillations 
can be quantified (although not perfectly) by bright- field micros-
copy, which was shown to be applicable for embryonic quality 

prediction.124 However, in this approach, attention should be paid 
to uncertainty based on optical microscopic observations. For in-
stance,	ER	aggregation	(referred	to	as	SERa	or	sER	clustering)	that	
can	be	observed	by	bright-	field	microscopy	after	ICSI	or	IVF	was	first	
reported	as	an	indicator	of	poor	embryonic	quality	by	Serhal	et	al.125 
Careful	analysis	of	SERa	assayed	simultaneously	with	a	specific	flu-
orescent	marker	such	as	ER-	tracker	showed	that	SERa+ human em-
bryos did not result in live birth.126 However, even in recent years, 
studies	were	reported	showing	that	the	presence	of	SERa	in	human	
embryo does not affect live- birth rates.127	Such	seemingly	contra-
dictory opinions may be caused by unclear criteria for judging such 
SERa	and	other	aggregates	by	optical	microscopy.	To	address	these	
problems, careful verification of new optical microscope methods 
with highly specific and reliable markers that will establish solid and 
stable criteria is required, such as verifying visualization of LDs by 
CARS.

The quantification and qualification of oocyte/embryo cellular 
surface proteins, which was shown to be significant for embryonic 
quality by endocytosis study,22 may enable us to develop applications 
with lower invasiveness by avoiding the risk of introducing indicators 
into cells, which may also avoid technical difficulty. Furthermore, the 
endocytosis of GlyT1a, the only identified glycine transporter on the 
oocyte	 PM,	 indicates	 the	 conversion	 of	 embryonic	 amino	 acid	 in-
take	capability.	Pre-	implantation	mammalian	embryos	are	sensitive	
to increased osmolarity of the extracellular media, even within the 
physiological range, and the intake of amino acids, including glycine, 
betaine, and other amino acids from the extracellular media have 
been strongly suggested to be a primary player that confers resis-
tance to increased osmolality.128,129 Understanding of the dynamics 
of such transporter proteins will shed light on the development of 
proper and on- demand nutrition supplementation methods for in 
vitro culture. In addition, since appropriate synthesis of oocyte com-
ponents during follicular development and embryonic components 
by the zygotic genome is essential for ensuring embryo quality, the 
improvement of these processes could be helpful to obtain healthy 
embryo. Findings on such critical changes in surface proteins may be 
applicable	to	diagnosis	of	embryos	after	ZGA.

To address the overall complexity, machine learning applications 
such as deep learning technology were proposed by some groups. 
Tokuoka's	 study,	 for	 instance,	 indicates	 easier	methods	 for	 deter-
mining the relationship between each of the observed parameters 
(e.g., timing and synchronicity of mitosis, brightness and distribution 
of fluorescent markers) and their correlation to embryonic devel-
opmental success. These approaches may also enable researchers 
to identify the importance of each factor in determining embryonic 
quality.130

Finally, in the future, technologies that are less invasive and not 
mutually exclusive may be applied in combination for achieving syn-
ergistic effects. The development of these analytical technologies 
will become important for basic biological research targeting spe-
cific	molecules	mainly	using	model	organisms.	Beyond	these	studies,	
such technologies may also have clinical applications for human oo-
cyte/embryo quantification.
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