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A B S T R A C T   

The mitophagy process, a type of macroautophagy, is the targeted removal of mitochondria. It is a type of 
autophagy exclusive to mitochondria, as the process removes defective mitochondria one by one. Mitophagy 
serves as an additional level of quality control by using autophagy to remove superfluous mitochondria or 
mitochondria that are irreparably damaged. During spermatogenesis, mitophagy can influence cell homeostasis 
and participates in a variety of membrane trafficking activities. Crucially, it has been demonstrated that defective 
mitophagy can impede spermatogenesis. Despite an increasing amount of evidence suggesting that mitophagy 
and mitochondrial dynamics preserve the fundamental level of cellular homeostasis, little is known about their 
role in developmentally controlled metabolic transitions and differentiation. It has been observed that male 
infertility is a result of mitophagy’s impact on sperm motility. Furthermore, certain proteins related to autophagy 
have been shown to be present in mammalian spermatozoa. The mitochondria are the only organelle in sperm 
that can produce reactive oxygen species and finally provide energy for sperm movement. Furthermore, studies 
have shown that inhibited autophagy-infected spermatozoa had reduced motility and increased amounts of 
phosphorylated PINK1, TOM20, caspase 3/7, and AMPK. Therefore, in terms of reproductive physiology, 
mitophagy is the removal of mitochondria derived from sperm and the following preservation of mitochondria 
that are exclusively maternal.   

1. Introduction 

Protein aggregates of undesirable, outdated, or damaged cellular 
components are transferred to lysosomes in eukaryotic cells by the 
catabolic process known as autophagy. In lysosomes, damaged cell 
components can undergo lysosome-mediated destruction and turnover 
[1]. After digestion, double-membrane vesicles called autophagosomes 
must sequester the cellular contents. Once the autophagosomes fuse 
with the lysosomes, the autophagy process is completed. Lysosomal 
enzymes will subsequently degrade autophagosomes [2]. Selective 
autophagy is primarily mediated by autophagy receptors and adaptor 
proteins that connect substrates to the autophagy apparatus [3]. Based 
on the various substrates, selective autophagy can be further classified 
into numerous subcategories, including pathogens (xenophagy), 

peroxisomes (pexophagy), aggregated proteins (aggrephagy), mito-
chondria (mitophagy), liposomes (lipophagy), endoplasmic reticulum 
(reticulophagy) and ribosomes (ribophagy) [4]. 

A type of exclusive mitochondrial autophagy is called mitophagy, 
which is responsible for eliminating defective mitochondria one by one 
[5]. Mitochondria are vital organelles that supply energy to the cell and 
also produce reactive oxygen species, control regulated cell death, and 
are necessary for healthy spermatogenesis. One form of cell defense 
mechanism is called mitophagy, which has the potential to protect the 
quantity and quality of cell mitochondria. Numerous human diseases, 
such as Parkinson’s disease, neuroprotection, chronic obstructive pul-
monary disease, cardiac ischemia–reperfusion damage, and diabetic 
kidney disease, have been associated with mitophagy dysregulation [6]. 

To ensure that spermatogenesis is successful, mitophagy is crucial for 
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a number of physiological activities, such as breakdown and recycling of 
cellular components [7]. During spermatogenesis, mitophagy can 
maintain cellular homeostasis and participates in a variety of membrane 
trafficking activities [4]. Despite research that has demonstrated a 
substantial link between mitophagy and spermatogenesis, a timely and 
efficient summary of the function of selective autophagy in spermato-
genesis and male fertility is lacking. This is true, even though there have 
been descriptions of this link in the literature. In this review, we will 
discuss the latest findings, underlying processes, and the roles that 
mitophagy plays in spermatogenesis and male fertility. 

2. Mitophagy 

The lysosome-mediated breakdown mechanism of cellular contents, 
known as autophagy, is necessary for protein turnover and organelle 
quality control [8]. Cellular stressors include starvation, oxidative 
damage, infection, and inflammatory stimulation that trigger the start of 
autophagy. There are three main subtypes of autophagy that can be 
differentiated from each other: macroautophagy, microautophagy, and 
chaperone-mediated autophagy. The macroautophagy mechanism, also 
known as mitophagy, includes the selective removal of mitochondria 
[9]. Cells employ a variety of intricate pathways, including mitophagy, 
mitochondrial fusion and fission, and mitochondrial biosynthesis, to 
control the efficiency of their mitochondria and preserve the integrity of 
the mitochondrial network [10]. 

Mitochondrial homeostasis is crucial for cellular health. Therefore, 
mitophagy is the process by which the cell uses autophagy to specifically 
enclose and eliminate defective or extra mitochondria. This helps to 
maintain the cell’s mitochondria in the right balance [3]. Furthermore, 
the emergence of neurodegenerative diseases and cardiovascular dis-
eases has been associated with mitophagy [11,12]. When mitochondria 
are destroyed, they will divide and compromised mitochondrion will be 
removed by mitophagy, preserving mitochondria’s normal function 
[13]. Consequently, mitophagy can aid in the creation of a fresh, more 
compact, and robust mitochondrion, a prerequisite for the ability of 
mitochondria to recycle energy. 

The mechanisms of bulk autophagy and mitophagy are distinct, 
notwithstanding the observation that the latter process may break down 
mitochondria. There are two types of pathways that the LC3 adaptor 
uses to identify mitochondrial proteins and initiate mitophagy: 
ubiquitin-dependent activities and ubiquitin-independent activities. 
There exist two methods that can significantly trigger mitophagy 
through ubiquitin-dependent processes: the PINK1-dependent, Parkin- 
independent pathway, which involves the mitochondrial serine/threo-
nine protein kinase, and the Parkin-dependent, cytosolic E3 ligase 
pathway. Both mechanisms are based on the ubiquitin pathway [14]. 
Initially, scientists found a link between Parkinson’s disease and Parkin 
and PINK [15]. Protease presenilin-associated rhomboid-like protein 
(PARL) on the inner mitochondrial membrane degrades the PINK1 
protein after mitochondrial processing peptidase in the matrix cleaves 
its mitochondrial targeting sequence (IMM). To explain in more detail, 
under typical circumstances, PINK1 can enter mitochondria through the 
outer membrane translocase (TOM) [16]. However, only when mito-
chondria are destroyed does PINK1 pass through the outer mitochon-
drial membrane (OMM) due to reduction in potential and depolarization 
of the mitochondrial membrane. PINK1 cannot enter the mitochondria 
as a result. At this point, PINK1 starts to attach itself to OMM and is 
phosphorylated to activate it [17]. When ubiquitin is phosphorylated at 
the Ser65 site by active PINK1, PARKIN ubiquitin ligase activity is 
attracted and triggered. Next, PARKIN produces polyubiquitin chains 
that autophagy receptors P62, OPTN, NDP52, TAX1BP1, and NBR1 
recognize as their own [18]. Therefore, in order for mitochondria to be 
degraded, they must be recruited to the forming autophagosomes by 
receptor proteins. By enlisting ULK1, DFCP1, and WIPI1, PINK1 can also 
trigger the Parkin-independent mitophagy pathway in addition to the 
PINK1/Parkin-dependent one. Furthermore, even when Parkin is 

absent, PINK1 can attract NDP52 and OPTN to mitochondria [19]. 
Furthermore, several proteins found in the mitochondrial membrane, 
including NIX, BNIP3, FUNDC1, BCL2L13, FKBP8, and NLRX1, can 
directly recognize LC3 and induce mitochondrial autophagy [20]. Under 
hypoxic conditions, FUNDC1 initiates mitochondrial autophagy by 
directly binding to LC3. Among these proteins, BNIP3 and NIX interact 
with LC3 through their BH3 domains, which further promote mitophagy 
[21–23]. Because BCL2L13, FKBP8, and NLRX1 have LIR motifs that 
allow them to bind to LC3 directly, they can trigger mitophagy [21,24]. 

2.1. Pathways 

The most extensively researched and examined mitophagy model is 
the phosphatase and tensin homolog (PTEN) induced kinase I (PINK1)– 
Parkin pathway. The serine/threonine kinase known as PINK1 is 
degraded by proteases upon import into the mitochondrial matrix, 
maintaining a low, typical level of activity. Cellular stressors that 
interfere with the potential of the mitochondrial membrane prevent 
PINK1 from being imported and degraded; keeping it stable on the outer 
membrane of the mitochondria. The degradation pathway requires both 
import and degradation of PINK1 [25]. Parkin’s E3 ubiquitin ligase is 
attracted to the injured mitochondrial surface where PINK1 phosphor-
ylates ubiquitin. Parkin recruits more ubiquitin molecules to the outer 
membrane proteins of mitochondria. As PINK1 phosphorylates these 
ubiquitin chains, it creates a positive feedback loop that draws more 
Parkin. This loop attracts mitophagosomes and initiates the ubiquitin 
proteasome system (UPS) [26–28]. 

When mitochondria undergo depolarization, metabolic stress or 
hypoxic conditions arise, and mitophagy is initiated [29,30]. Similarly 
to autophagy, mitophagy is characterized by a series of steps that start 
with the synthesis of autophagosomes and end with the degradation of 
the autophagolysosomal material. In mammalian cells, several different 
mitophagic pathways may be activated. These pathways depend on the 
kind of stimulation that initiates mitophagy and the specific receptor. It 
is possible to differentiate between canonical and noncanonical travel 
routes [31]. The canonical pathway mediated by PINK1 and Parkin 2 is 
the best understood [32]. The protein associated with presenilin 
rhomboid-like (PARL) will normally cleave PINK1 as it reaches the inner 
mitochondrial membrane, after which the proteasome will break it 
down. Following mitochondrial polarization, PINK1 cleavage and 
translocation are inhibited and PARL is phosphorylated. Furthermore, 
PARL becomes increasingly stable [33]. As a result, on the outer mito-
chondrial membrane, PINK1 can gather and recruit Parkin 2, an E3 
ubiquitin ligase [34]. Furthermore, PINK1-mediated phosphorylation 
can activate Parkin 2 [35]. To prevent mitochondria from fusion and 
from attaching to microtubules, Parkin 2 ubiquitinates mitochondrial 
proteins such as MFN1, MFN2, and Miro1 [36,37]. p62, OPTN, 
TAX1BP1, NBR1, and NDP52 are examples of adaptor proteins that can 
recognize polyubiquitylated MOM proteins. Subsequently, mitochon-
dria are guided toward the breakdown machinery by these adaptor 
proteins and LC3 [35]. The LIR domains in OPTN and NDP52 have 
recently been shown to be not necessary for the recruitment of ATG8s 
proteins; nonetheless, they may still make it possible for the ATG8s 
proteins to enter autophagosomal assembly without the need for ubiq-
uitin [38]. Prohibitin2 (PHB2), an inner mitochondrial membrane, 
participates in the mitophagy process, which is mediated by Parkin 2 
[39]. The exposed PHB2 LIR motifs can interact exclusively with LC3 
once the proteasome has disrupted the outer mitochondrial membrane; 
this starts the production of autophagosomes [39]. Parkin-induced 
mitophagy is mediated by GTPases, such as Rab7 and Rab5[40]. They 
are transported to mitochondria by RABGEF1, where they are involved 
in the growth of phagophores and the creation of ATG9 vesicles [40]. In 
recent studies, Rab5 now has a distinct function in the endosomal 
sorting complexes needed for the clearance of mitochondria mediated 
by the transport machinery (ESCRT). Regardless of the mitophagic 
process, the mechanism involves encapsulation of mitochondria in Rab5 
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positive endosomes and their subsequent transport to lysosomes for 
destruction. Several mitophagic pathways that do not need Parkin have 
also been discovered. Certain receptors function as mediators in these 
pathways, including AMBRA1, BNIP3 (BCL2/adenovirus E1B 19 kDa 
interacting protein 3), BNIP3L/NIX, FUNDC1 (FUN14 
domain-containing protein 1) and BNIP3L/NIX. BNIP3, NIX, and 
FUNDC1 must all participate in hypoxic mitophagy [37]. They are able 
to find themselves in the OMM by binding LC3 through their LIR 
domain. Rheb is a GTP-binding protein that is known to activate mTOR; 
both BNIP3 and NIX can interact with it. The interaction between BNIP3 
and Rheb causes Rheb levels to decrease, which in turn inhibits mTOR 
activation and reduces autophagy and mitophagy [35]. Instead, neither 
the binding of NIX and Rheb nor its impact on the mitophagy process can 
be attributed to mTOR [41]. Rheb is brought to the OMM just after 
stimulation of oxidative phosphorylation to promote mitophagy and 
preserve the effectiveness of mitochondrial energy production. This is 
made possible via Rheb’s NIX binding [41]. FUNDC1 has an interaction 
with syntaxin 17 (Stx17), a SNARE protein that controls where the 
mitochondrial protease PGAM5 is located [42]. Furthermore, there is a 
positive correlation between LC3 binding to syntaxin 17 (Stx17) and 
FUNDC1 dephosphorylation in serine 13 [43]. 

Mitophagy is an additional quality control mechanism that uses 
autophagy to eliminate unnecessary mitochondria or damaged mito-
chondria [44]. The microtubule-associated protein 1A/1B light chain 3 
(also known as MAP1LC3A, MAP1LC3B and MAP1LC3C) is recruited to 
the autophagosomal membrane during mitophagy and binds to mito-
chondria that express mitophagy receptors on their outer membrane 
selectively. This process is collectively referred to as LC3. Through 
molecular identification, damaged mitochondria are identified as cargo 
for autophagosomes. The resulting mitophagosomes combine with the 
lysosomes to break down and recycle ingested organelles. Many of the 
molecular mechanisms of mitophagy have been studied in cultured cells, 

and new developments in mice models allow us to study mitophagy in 
live organisms [45,46]. Although an increasing body of data suggests 
that mitophagy and mitochondrial dynamics preserve the fundamental 
level of cellular homeostasis, little is understood about how these pro-
cesses function during differentiation and developmentally regulated 
metabolic changes. Mammalian spermatogenesis is a great model for 
tackling this knowledge gap, since it comprises many transitions of this 
type (see Fig. 1). 

2.2. Role of mitophagy/autophagy in spermatogenesis and male infertility 

Sperm transformation, sometimes referred to as spermiogenesis, is a 
process that must be finished at the last stage of spermiogenesis. This 
process includes the formation of flagella, the production of acrosomes, 
and the elongation and condensation of the sperm nucleus. The forma-
tion of individual spermatozoa and proper mitochondrial rearrangement 
during this phase depend on the elimination of surplus mitochondria 
from residual bodies through a process called mitophagy [46]. 

For example, FBXO7 is a target for the SCF-type ubiquitin E3 ligase 
complex and functions in the PINK1 and Parkin-dependent mitophagy 
pathway. To trigger mitophagy in spermatids, FBXO7 operates down-
stream of PINK1, and its ability to cooperatively recruit Parkin to 
mitochondria is dependent on the phosphorylation of PINK1 [47]. 
Similarly to this, FBXO7 expression is required for both the translocation 
of Parkin to mitochondria and the mitophagy process [47]. In 
Fbxo7-deficient spermatids (Fbxo7LacZ/LacZ mice), nuclear elongation 
and histone substitution by transition proteins remain normal. However, 
incorrect phagocytotic cell activities lead to spermatid mortality due to 
the inability to modify and remove undesirable cellular contents [48]. 
Similarly to this, null homozygous spermatids for Nutcracker, the ho-
molog of Fbxo7 in Drosophila, are unable to complete the individuali-
zation pathway of sperm [49]. Furthermore, spermatid 

Fig. 1. Diagram of candidate pathways leading to sperm mitophagy by autophagy and ubiquitin proteasome system. Autophagy begins with the aggregation and 
ubiquitination of proteins or organelles that require recycling. Multiubiquitin chains on these aggregates are recognized by ubiquitin-binding autophagy receptors 
and are brought to phagophore, a membranous organelle that eventually closes around the protein aggregate to form an autophagosome. Finally, autophagosome 
fuses with a lysosome that contains proteases able to degrade the protein cargo. 
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individualization failed in the Parkin mutant Drosophila due to a distinct 
lack of abnormal mitochondrial derivatives, which prevented late 
spermiogenesis from occurring. The end of late spermiogenesis was 
caused by this abnormality [50]. Similar to this, male sterility resulted 
from the deletion of pacrg in mice, a homolog of the human 
PARKIN-coregulated gene, due to improper formation of sperm flagel-
lum and incorrect elimination of extraneous cytoplasm [51]. Mice with a 
disease known as male germ cell conditional knockout Atg7 had badly 
curled sperm flagella, poorly compacted, and mislocalized mitochon-
dria. This resulted in a disruption of mitochondrial rearrangement, 
which in turn decreased sperm mobility and ultimately caused male 
infertility [52]. Likewise, aberrant sperm differentiation and male is 
associated with ATG5 deficiency in male germ cells. Among these 
anomalies were larger residual bodies, incorrect acrosome biogenesis, 
and mitochondrial rearrangement. The reason for these symptoms was 
an interruption in the autophagic process [53]. Furthermore, the 
enzyme of AMP-activated protein kinase AMPK (5′-AMP-activated pro-
tein kinase catalytic subunit 2) must be active in order for sperm 
motility, sperm membrane stability, and mitochondrial membrane po-
tential (m) to occur [54]. On their midpiece, mammalian sperm have a 
cluster of AMPK proteins [54,55]. The mitochondrial membrane po-
tential of the sperm, a crucial signal for mitophagy, would decrease as a 
result of sperm AMPK dysfunction, which will also affect sperm motility 
[54]. 

From a medical perspective, mitophagy is closely linked to the dis-
orders cryptorchidism, and asthenozoospermia. Not too long ago, a 
study was published which demonstrated that elevated body tempera-
ture causes mitochondrial destruction and initiates the mechanism of 
mitophagy in addition to stopping spermatogenesis, leading to crypt-
orchidism [56]. Sperm are carried to the epididymis as the outer mito-
chondrial membrane grows, the mitochondria become onion-shaped, 
and they undergo a number of changes that impact their location within 
the cell, as well as their structure. Ultimately, mitochondria start to 
supply energy for sperm motility. This therapy is not effective because 
people with cryptorchidism also have epididyma abnormalities, which 
cause the development of asthenozoospermia. Furthermore, the only 
organelle in sperm that can produce reactive oxygen species is mito-
chondria [57]. Production of reactive oxygen species can cause damage 
and induce mitophagy. It can also cause a phenotype in male gametes 
that is comparable to apoptosis [56]. Furthermore, rats’ Sertoli cells 
exposed to acute ethanol administration could undergo mitophagy, 
which is crucial in keeping Sertoli cells from apoptosis and causing these 
cells to become activated [58]. The findings suggest that the processes 
governing Sertoli cell mitophagy may have therapeutic implications for 
male infertility. Furthermore, a thorough examination of the connection 
between spermatogenesis-related diseases and mitophagy can prove to 
be extremely beneficial in the future for the diagnosis and treatment of 
male infertility. 

2.3. Autophagy and mitophagy during spermatogenesis 

Male subfertile spermatozoa frequently exhibit DNA destruction and 
other defects, which can have detrimental clinical effects, including 
impeded fertilization and disturbed preimplantation embryonic matu-
ration [59]. Human sperm include proteins that regulate the autophagy 
process, as well as those required for the production of autophagolyso-
somes, including Atg 5, 16, and LC3 (mTOR, beclin 1, AMPK, etc.). 

Aparicio et al. [60] showed that human sperm contain a variety of 
autophagy and mitophagy-related proteins. Furthermore, the same au-
thors demonstrated a link between decreased expression of PINK1, 
TOM20, and caspase 3/7 and enhanced sperm motility resulting from 
autophagy activation. They showed that sperm with autophagy inhibi-
tion have reduced motility and increased levels of phosphorylated 
PINK1, TOM20, caspase 3/7, and AMPK. Collectively, the findings un-
equivocally demonstrate that autophagy is involved in sperm physio-
logical activities [60]. Researchers have previously shown that rat and 

mouse spermatogenic cells possess LC3-II and autophagosomes. Mice 
and rats were used in these researches. More LC3-II/LC3-I ratios have 
been observed in culture and after heat treatment [61,62]. Spermatozoa 
were incubated for 2 h at 37 ◦C, resulting in an increase in the 
LC3-II/LC3-I ratio. The increase was further induced by bafilomycin A1, 
which inhibits the union of autophagosome and lysosome [60]. In 
reproductive physiology, the term “mitophagy” refers to the elimination 
of mitochondria originating from sperm and the subsequent retention of 
mitochondria that are exclusively maternal. Many proteins linked to the 
autophagy process have been found in mammalian spermatozoa. 
Because the sperm core region contains mitochondria and can be eaten 
by them, mitophagy may occur. Following fertilization, the bulk of the 
sperm organelles are consumed by the egg rather than being carried on 
to the child. Mitophagy ensures that only maternal mitochondrial DNA 
is inherited from the fertilized egg by removing mitochondria that came 
from sperm [63,64]. Studies have shown that the Caenorhabditis elegans 
egg starts an autophagic process minutes after fertilization to disinte-
grate the components of the sperm, including mitochondria. This takes 
place within the C. elegans oocyte [63,65]. 

According to recent studies, autophagy is crucial for the cellular 
remodeling that occurs in post-meiotic spermatids [52]. Given that 
autophagy eliminates extraneous cellular elements during spermiogen-
esis, its involvement in this process should not be surprising. The sci-
entists were able to decrease the amount of autophagic flux in 
spermatids and stop the development of acrosomes by eliminating the 
essential autophagy gene Atg7 from primordial germ cells [66,67]. More 
recently, Atg7 has been shown to be essential for spermatid polarization 
and removal of cytoplasm during spermiogenesis [52]. 

The breakdown of PDLIM1, a regulator of cytoskeletal dynamics, in 
spermatozoa during elongation required autophagy. 

The fact that the deletion of Atg7 did not affect the maturation of 
early germ cell types indicates that autophagy is not readily active in 
these cells [52]. A recent study supporting this view discovered that 
spermatids contain the maximum number of autophagosomes per cell 
[68]. 

Collectively, these results imply that autophagy is involved in sper-
matid polarization, maintenance of the acrosome and degradation of 
cytoplasmic components during spermiogenesis. Furthermore, excess 
mitochondria are eliminated during spermiogenesis, raising the ques-
tion of whether mitophagy plays a role. Spermatids of flies carrying a 
mutation in the pink1 gene have abnormal mitochondria and problems 
with customization [69]. 

Furthermore, during mammalian spermiogenesis, UPS is very active 
and drives Parkin-mediated mitophagy [27,70,71]. These findings imply 
that the mitochondrial breakdown process that takes place during 
spermiogenesis may be related to Parkin-mediated mitophagy. Extra 
mitochondria and other components of the cell will group shortly before 
spermiation or the release of sperm. These leftover bodies will subse-
quently be phagocytosed and broken down by Sertoli cells. Therefore, it 
is unclear whether a non-selective or selective mechanism is used to 
remove mitochondria during spermiogenesis. Future research should 
investigate whether mitophagy aids in the removal of mitochondria 
from residual bodies and/or germ cells, which are notable for having 
lysosomes. A crucial step in the maturation of sperm is the formation of 
the acrosome. The acrosome has historically been thought to be an 
organelle that originates in the Golgi apparatus and is linked to the 
lysosome [72]. When vesicles that have arisen from the trans-Golgi 
network fuse with one another to form the granule, a massive proac-
rosomal granule is created. The granule then fuses with the nucleus of 
the spermatid. The process of vesicle fusion leads to the growth and 
flattening of the acrosomal granule surrounding the spermatid nucleus, 
ultimately encompassing the majority of the nucleus’s surface. Vesicle 
transport has been shown to be essential for the process of acrosome 
biogenesis [72,73]. In addition to the Golgi apparatus, other membrane 
sources can also aid in the development of acrosomes. Recent studies 
have demonstrated the presence of mitochondrial cardiolipin in the 
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acrosome, supporting the theory that mitochondria may also supply 
membranes to the acrosome [74]. More evidence has confirmed that 
mitochondria are involved in the formation of acrosomes. As mentioned 
previously in relation to cultured cells, FIS1 interacts with TBC1D15, a 
RabGAP for RAB7A, to enable mitophagy. The testes have high 
expression levels of TBC1D15 and other proteins containing the TBC 
domain, and some of these proteins are believed to be involved in the 
development of acrosomes [75]. For example, it has been demonstrated 
that RAB3A and the Rab GTPase-activating protein (MgcRabGap), 
which is exclusive to male germ cells located in the testis, colocalize in 
the acrosome. The Tbc1d21 gene produces this protein (MgcRabGap) 
[76]. Furthermore, sperm produce a broad range of Rab proteins, while 
sperm produce the TBC1D9 protein [77,78]. Therefore, more studies are 
required to determine whether mitochondrial FIS1 influences mitoph-
agy and vesicular trafficking in post-meiotic spermatids. 

2.4. Environmental toxicants and possible treatment 

Autophagy may also be triggered in germ cells or somatic cells due to 
cellular stress imposed by environmental contaminants. People may 
bioaccumulate some heavy metals and metalloids, which are harmful to 
cells [79]. Caspases are activated, and arsenic substances, including 
arsenic oxide, have anticancer effects. They also damage mitochondria 
and produce reactive oxygen species. However, by lowering gene 
expression levels in the pathway leading to testosterone production, 
arsenic compounds can also have an impact on spermatogenesis [79,80]. 
Commonly used in plastics manufacturing, bisphenol-A (BPA) has the 
ability to down-regulate mTOR activity, which could improve LC3-II and 
autophagy [81]. 

After BPA treatment, Rahman et al. [82] observed a statistically 
significant decrease in sperm motility. According to the results, sperm 
proteins’ tyrosine residues may be more highly phosphorylated because 
of BPA, impairing the sperm’s ability to fertilize eggs, and slowing down 
the development of the embryo. In addition to harming spermatogen-
esis, exposure to BPA has also been associated with increased levels of 
oxidative stress and endocrine problems, which can result in autophagy 
and death in testicular cells [83]. Human sperm have been shown to 
have apoptotic markers by Ricci et al. [84]; however, it is unclear 
whether ejaculated sperm still retain the capacity to undergo apoptosis. 
Spermatozoa from normal fertile men had a lower rate of apoptosis than 
spermatozoa from male infertile men, as demonstrated by Gandini et al. 
[85]. Sperm can perish from necrosis rather than apoptosis in vitro, 
according to Lachaud et al. [86]. However, in sperm, apoptosis can 
occur extremely quickly. Because of this, it could be challenging to 
identify it in the early stages of spermatogenesis and could make them 
more vulnerable to a range of negative consequences from the 
environment. 

Zhao et al. [87] conducted a study on the role of lycopene (LYC) in 
spermatogenic cell damage induced by di (2-ethylhexyl) phthalate 
(DEHP) and the underlying mechanism. The results showed that by 
activating UPRmt, LYC was able to reduce the mitochondrial stress that 
DEHP had generated in spermatogenic cells. It also has the ability to 
improve the decrease in mitochondrial membrane potential and volume 
density caused by DEHP. Furthermore, in spermatogenic cells, LYC was 
able to prevent DEHP from causing a decrease in mitochondrial 
biogenesis, which was mediated by PGC-1. LYC showed some promise as 
a preventive agent against the mitophagy that DEHP induced in sper-
matogenic cells, which was mediated by a disruption in mitochondrial 
dynamics. These results suggested a potential connection between the 
protective effect of LYC against DEHP-induced mitophagy in sper-
matogenic cells and mitochondrial quality control. LYC works to stop 
DEHP-induced mitophagy. By preserving a population of healthy mito-
chondria (UPRmt), mitochondrial quality control systems including 
mitochondrial biogenesis, mitochondrial dynamics, mitophagy, and the 
mitochondrial disordered protein reaction have developed to shield cells 
from harm [88]. The mechanism of presumed kinase protein 1 (Pink1) 

and Parkin-mediated mitophagy preferentially breakdowns malfunc-
tioning mitochondria, which harm cell homeostasis and ultimately 
result in cell death [87]. 

Furthermore, Liang et al. [89] demonstrated a fluoride-induced 
mitophagy process in testicular tissues, especially in Leydig cells and 
the locations of the mitophagy receptor PHB2. The expressions of PINK1 
and PHB2 were found to increase in TM3 Leydig cells after fluoride 
exposure. These results led to the discovery that NaF-treated TM3 Leydig 
cells had a lower mitochondrial membrane potential (MMP), a 
decreased amount of mitochondrial mass and an increased number of 
lysosomes [89]. Fluoride can also result in increased 
PINK1/Parkin-mediated mitophagy and mitochondrial dysfunction in 
testicular cells, especially Leydig cells. This may help clarify the mech-
anisms behind the harm caused by fluoride-induced male reproductive 
dysfunction. The research not only offers examples of the possible risk 
assessment of other chemicals, but also proposes a unique harmful 
mechanism of fluoride-induced reproductive consequences. This is 
because fluoride presents serious health dangers and is widely used in 
the domains of agriculture and food research. The results showed that 
fluoride exposure increased the amounts of proteins and transcripts for 
PINK1 and PHB2, both in vivo and in vitro [89]. 

In the testes, a new autophagy mediator called SPATA33 promotes 
mitophagy [6]. The VDAC2 protein, which is present on the outer 
membrane of mitochondria, interacts with the carboxyl terminus of the 
SPATA33 protein, causing it to concentrate in mitochondria. By 
attaching to the autophagy machinery ATG16L1 through its N-terminal, 
the protein SPATA33 is recruited to the autophagosome when starvation 
was induced. This happens at the same time that mitochondria degrade. 
Interestingly, deletion of SPATA33 resulted in suppression of autophagy, 
but overexpression of Spata33 promoted the generation of autophago-
somes and mitochondrial sequestration. Consequently, in male germline 
cells, SPATA33 is responsible for promoting mitophagy and controlling 
the selectivity of mitochondrial degradation [6]. 

Furthermore, ethanol promotes mitophagy in Sertoli cells, and Eid 
et al. [58] clarified the role the PINK1-Parkin pathway plays in this 
process. Using transmission electron microscopy, the authors showed 
that skeletal muscle cells of rats treated with ethanol had higher levels of 
mitochondrial damage [58]. This was accompanied by a notable in-
crease in the number of mitophagic vacuoles (mitophagosomes and 
autolysosomes), relative to the decreased levels found in the control 
group that received phosphate buffered saline treatment (PBS). The 
identification of imprisoned mitochondria inside LC3-labeled mem-
branes, the increase in LC3 protein levels, the colocalization of LC3 with 
cytochrome c, and the reduction in the expression of mitochondrial 
proteins provided ultrastructural evidence for this enhancement. 
Crucially, Parkin expression was shown to increase in ETR SCs, namely, 
in mitochondria and mitophagosomes. Furthermore, colocalization was 
observed between PINK1 and pan-cathepsin, indicating an increase in 
mitophagy. The transcription factor EB, or TFEB, was demonstrated to 
be up-regulated in the ETR SC nucleus and this was related to higher 
expression of iNOS [58]. A transcription factor called TFEB regulates the 
synthesis of autophagy and mitophagy proteins. Elevated parkin-related 
mitophagy in ETR stem cells could be a therapeutically and protectively 
relevant mechanism. The authors do not know of any other publication 
that illustrates the molecular mechanisms and ultrastructural charac-
teristics of Parkin-related mitophagy in ETR SC [58]. 

3. Conclusions and perspectives 

It is now well known that mitochondrial dynamics play a crucial role 
in the maintenance of cellular homeostasis. However, little is now 
known about its role in controlling developmentally regulated metabolic 
transitions. Research in this area is fascinating considering the fact that 
mammalian spermatogenesis requires many metabolic transitions. 
Furthermore, during the course of germ cell development, the shape of 
the mitochondria changes dramatically, resulting in a highly 
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coordinated wrapping of the mitochondria around the sperm midpiece. 
The major components involved in mitochondrial fusion and fission are 
impacted by post-translational changes, but the regulatory networks in 
charge of coordinating the dynamics of mitochondria during sper-
matogenesis remain unknown. The alteration of the metabolic re-
quirements of germ cells as they pass through the segmented 
seminiferous epithelium is likely to be reflected in these mitochondrial 
alterations. This is due to the close association between cellular meta-
bolism and mitochondrial dynamics. OXPHOS is the primary enzyme 
responsible for spermatogenesis and, in particular, meiosis in mamma-
lian animals. 
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ABBREVIATIONS 

AMBRA1 Activating Molecule in Beclin 1-regulated Autophagy 
AMPK AMP-activated protein kinase 
ATG8s Autophagy-related 8 Protein 
BCL2L13 Bcl-2-like protein 13 
BNIP3 BCL2/adenovirus e1B 19 kDa protein interaction protein 3 
BPA Bisphenol-A 
DEHP Di (2-ethylhexyl) phthalate 
DFCP1 Double FYVE containing Protein 1 
E3 Ubiquitin-protein Ligase 
ESCRT Endosomal classification complex required for Transport 
FBXO7 F-box protein only 7 
FIS1 Mitochondrial Fission 1 Protein 
FKBP8 FK506 binding Protein 8 
FUNDC1 FUN14 domain containing Protein 1 
GTPases Guanosine Triphosphatases 
IMM Inner Mitochondrial Membrane 
LC3 Microtubule-associated protein-1 light chain 3 
LC3-II LC3-phosphatidylethanolamine Conjugate 
LIR LC3-interacting Region 
LYC Lycopene 
MAP1LC3A Microtubule Associated Protein 1 Light Chain 3 Alpha 
MAP1LC3B Microtubule-associated proteins 1A/1B light chain 3B 
MFN1 Mitofusin 1 
MFN2 Mitofusin 2 
MMP Mitochondrial Membrane Potential 
mTOR Mechanistic Target of Rapamycin 
NBR1 Neighbor of BRCA1 gene 1 
NBR1 Neighbor of BRCA1 Gene 1 
NDP52 Nuclear Dot Protein 52 
NDP52 Nuclear Dot Protein 52 
NLRX1 NOD-like Receptor X1 
OMM Outer Mitochondrial Membrane 
OPTN Optineurin 
OXPHOS Oxidative Phosphorylation 
P62 Tumor Protein 62 
PARL Presenilin-associated Rhomboid-like Protein 
PBS Phosphate-buffered Saline treatment 
PDLIM1 PDZ and LIM domain Protein 1 
PGAM5 Phosphoglycerate Mutase 5 
PHB2 Prohibitin2 
PINK1 PTEN-induced kinase 1 
PTEN Phosphatase and Tensin Homolog 
Rab5 Rabaptin-5 
Rab7 Rabaptin-7 
RabGAP Mitochondrial Rab GTPase-activating Protein 
RABGEF1 Rab5 GDP/GTP Exchange Factor 
SNARE Soluble N-ethylmaleimide-sensitive Actor Activating Protein 

Receptor 
Stx17 Syntaxin 17 
TAX1BP1 Tax1 Binding Protein 1 
TBC1D15 TBC domain family member 15 
TOM Translocase of the Outer Membrane 
ULK1 UNC51-like Kinase-1 
UPRmt Mitochondrial Unfolded Protein Response 
UPS Ubiquitin Proteasome System 
VDAC2 Voltage-dependent Anion Channels 2 
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WIPI1 WD-repeat Protein Interacting with Phosphoinositide; 
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