


A review on mitochondrial DNA mutation and male infertility
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Abstract
   Almost half of cases of infertility, which is defined as the inability to conceive after a year of unprotected sexual activity, are caused by male factors. Infertility is still a global health concern. The mitochondria are one of the main biological contributors to energy metabolism, especially to sperm motility, which is necessary for fertilization.  Important proteins involved in oxidative phosphorylation are encoded by mitochondrial DNA (mtDNA), and its deletions or mutations have been linked more and more to poor fertilization results, decreased sperm motility, and impaired spermatogenesis. The evidence that currently links male infertility to mtDNA abnormalities, including as point mutations and large-scale deletions in genes like ATPase 6/8, COX II, and ND subunits, is compiled in this article.  Particular attention is paid to the role that heteroplasmy and changes in mtDNA copy number play in aberrant sperm function. In conclusion, mtDNA anomalies are a major contributing factor to male infertility, highlighting their potential as diagnostic biomarkers and as attractive targets for fertility-restoring treatment approaches.  
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1. Introduction
    One of the biggest health issues in the world is infertility, which is the failure to obtain a clinical pregnancy following a year of unprotected sexual activity.  About 20% of cases of infertility are caused by male factors, while another 30% to 40% are caused by a combination of male and female variables (1).  According to recent studies, the global burden of male infertility is estimated to be over 7% (2).
In the male reproductive system, mitochondria are essential for oocyte fertilization and spermatogenesis, or the generation of sperm. Spermatogenesis takes place in the seminiferous tubules, where processes of germ cell differentiation and proliferation result in the creation of a large number of spermatozoa, which are highly dependent on mitochondrial activity (3). 
    It can be separated into three stages: spermatocyte meiosis (chromosome reduction), spermatogonia mitosis (amplification of spermatogonial stem cells, or SSCs), and spermiogenesis (formation of more elongated spermatids from circular ones) (4). 
   Spermatogonia and early spermatocytes have small, typical mitochondria with little OXPHOS activity.  The mitochondria change to become more condensed, elongated, more efficient in their OXPHOS activity as spermatogenesis advances to later stages, such as spermatocytes, spermatids, and spermatozoa (5). 
     The physiology and fertilization capacity of sperm are significantly influenced by mitochondria.  The mitochondria in the sperm midpiece produce adenosine triphosphate (ATP) by oxidative phosphorylation, which drives motility and flagellar movement.  Furthermore, the maintenance of sperm quality and function depends on mitochondria's regulation of calcium homeostasis, reactive oxygen species (ROS), and apoptotic pathways (6-8).
   ATP synthesis and mitochondrial dynamics are disrupted by changes or mutations in mtDNA, such as deletions, point mutations, and copy number variations.  Male infertility is largely caused by these anomalies, which have been repeatedly linked to poor spermatogenesis, decreased sperm motility, and unsuccessful fertilization (9). 
2. Mitochondrial DNA
    Human mtDNA (Figure 1) is ∼16.6 kb long and encodes two rRNAs, 22 tRNAs, and 13 polypeptides of which seven are subunits of complex I (NADH dehydrogenase), Two are subunits of complex V (ATP synthase) and Complex III member cytochrome b , whereas Three are cytochrome c oxidase (complex IV) subunits. With very brief intergenic regions, mtDNA has a comparatively high genetic information density. Some genes absence of full termination codons, can result from the linked mRNAs being polyadenylated, while others overlap to increase this density (10). Each of the two complementary strands has two promoters, and a replication origin, are located in a brief noncoding regulatory region of mtDNA (Figure 1). In addition to producing mature rRNAs, tRNAs, and mRNAs through processing polycistronic transcripts, these promoters also contribute to the production of the primer needed for one strand's replication.
[image: https://cshperspectives.cshlp.org/content/5/5/a012641/F1.large.jpg]
Figure 1. The mitochondrial DNA map of humans.  (OL and OH) origins of replication of the heavy and light strands, respectively; Cytochrome oxidase subunits 1–3 (ETC complex IV) (COX1–COX3); (ND1–ND6) subunits of NADH dehydrogenase (ETC complex I) components 1–6; (Cyt b) cytochrome b (complex III); (ATP6 and ATP8) subunits 6 and 8 of mitochondrial ATPase (complex V) (10).




3. Mitochondrial Genome Mutations in Humans
   The significance of mtDNA variations in human disease has been recognized more and more since they were first described in 1988.  According to a number of research, mtDNA variations may be risk factors for an increasing number of common diseases (11).
   The diverse clinical presentation of mtDNA illness, ranging from the newborn era to late adulthood, and the combination of clinical characteristics is one of its biggest obstacles (12). Although any tissue may be impacted, the majority of affected tissues and organs are those that are highly dependent on OXPHOS, such as the brain and skeletal and cardiac muscles. In the past, individuals were separated into many syndromes, including Lactic acidosis and stroke-like episodes (MELAS), mitochondrial encephalopathy, and Kearns-Sayre syndrome (13,14). However, the majority of patients exhibit a range of unclear symptoms (such as deafness, diabetes, or fatigue), and pattern of clinical identification Regarding maternal inheritance of mtDNA in family history are used to suggest mtDNA disease (12). Since most patients have multiple organ involvement, a multidisciplinary team is needed for diagnosis and treatment.
   Because of this phenotypic heterogeneity, determining prevalence has proven extremely challenging.  According to population studies examining mtDNA harmful mutations, the majority of carriers are asymptomatic and the frequency is shockingly high—1 in 250 people in certain studies (15). Research on the frequency of mtDNA disorders exhibited they affect about 10 adults per 100 000 of the UK population, with another 10 per 100 000 family members at risk of developing disease (16). Furthermore, nuclear pathogenic mutations account for approximately 75% of the causes of mitochondrial disease in infants (17); whereas an mtDNA variation is present in about two thirds of afflicted individuals (16).
    Numerous diseases are linked to genetic variations in mitochondrial genes.  The majority of these illnesses impact organs that require a lot of energy, like the heart, brain, skeletal muscle, and eyes (17,18). 
  

4. Mitochondrial function in Male Fertility
    Every stage of male reproductive potential, including oocyte fecundation and spermatogenesis, depend heavily on mitochondrial activity. Spermatozoa's mitochondria are found in the middle section and comprise the sheath of mitochondria that envelops the axoneme (19). This arrangement produces ATP, which is essential for healthy sperm activity, and has a reticulum of filaments connecting it to the axoneme (20,21). Comparative research has demonstrated a direct relationship between the quantity of mitochondria in the sheath, sperm velocity, and ATP generation. For example, researchers who examined the shape and mitochondrial capabilities of sperm in ten animal species—including humans—discovered a positive correlation between greater sperm motility and ATP production and the amount of mitochondria in the sheath (22). Studies on humans have revealed that decreased Smaller midpieces are linked to sperm motility, abnormally built mitochondria, and physically flawed membranes of mitochondria (19). These findings imply a direct relationship between fertilization rates and proper mitochondrial structure (23).
    Finally, increased sperm motility and capacitation have been associated with mitochondrial respiration and oxygen consumption (24), additional emphasis the clear connection between healthy sperm physiology and mitochondrial activity.
    Other functions of mitochondria include cell signaling, calcium regulation, and ROS production, all of which can have an impact on the quality of sperm (19). ROS overproduction by immature germ cells, leukocytes, and Oxidative stress occurs when Spermatozoa with defects surpass the physiological threshold, which is very detrimental to the sperm (19). Maintaining a precise equilibrium of ROS concentrations in the reproductive system of men is therefore essential. Reduced motility, altered mitochondrial activity, and eventually a decreased capacity for sperm to effectively fertilize the oocyte are all consequences of oxidative stress on sperm quality and function (25). 
[bookmark: _GoBack]5. Male infertility and mutations in the mitochondrial genome   Genetic abnormalities are thought to be the cause of between 15% and 30% of male infertility cases (26). Mitochondrial DNA (mtDNA) contains only a few genes that tend to be similar over a wide range of organisms (27). There is further evidence linking mitochondria to some genes associated with longevity and fertility (Table 1).
Table 1: An overview of research describing several anomalies in the mitochondrial DNA linked to male infertility (26).

	Mitochondrial Genome Abnormalities
	Description
	Effect on Male Infertility
	References

	4977 bp deletion
	Two repeated sequences of 13 bp (5′-ACCTCCCTCA CCA-3′) are present in the most prevalent deletion, which is situated between 8483 and 13459 bp.
	deletion of five tRNAs and seven genes linked to asthenozoospermia in mitochondrial DNA (mtDNA).
	(28)

	7599 bp deletion
	situated between 16243 and 8642 bp. and distinguished by the direct repeating pattern of seven nucleotides (5′CATCAAC-3′) on both sides.
	- Numerous mitochondrial genes were eliminated, including ATP8 (which was only 7599 bp long), ATP6, cytochrome oxidase (COX) III, NADH, dehydrogenase (ND), cytochrome b (CYB), 3, 4, 4L, 5, and 6.
 -A decrease in the energy obtained, which consequently has a negative effect on the mobility of the sperm flagellum and causes asthenozoospermia.
	(29)

	7345 bp deletion
	Located between 9009 and 1654-bp
	
	

	4216 T>G
	Located o
n MT-ND1 gene
	inverse relationship with sperm motility.
	(30)

	3243A>G
	
	Following ICSI, there is a positive correlation with the embryo's mt DNA copy number as a result of oxidative phosphorylation, which produces ATP inefficiently due to altered mtDNA.
	

(31)

	A point mutation located at region 4216 in the ND1 gene
	
	connected to repeated miscarriages.
	(32)

	Variations in copy-numbers (CNV)
	
	After ICSI, the mtDNA copy number influences the rate of implantation.
	(33)

	11719G>A
	Located on MT-ND4 gene
	connected to infertility in men
	(34)

	11251A>G
	
	
	

	9055 G>A
	
	connection to low-quality sperm
	(35)

	11696G>A (missense variant)
	
	Association with reduced sperm motility.
	(36)

	11719 G>A
	
	Association with poor semen quality.
	(34)

	11994 C>T (missense variant)
	
	Negative correlation with sperm motility.
	(37)

	12506T>A
	Located on MT-ND5 gene
	inverse relationship with sperm motility.
	
(30)

	The missense variation, 13708 G>A
	
	
	

	14172 T>C
	Located on MT-ND6 gene
	The control group and the entire fertilization failure group differed significantly.
	(38)


	14368 C>T
	
	
	

	G15301A
	Located on MT-CYB
	A statistically significant association between these SNPs and male infertility was found.
	(39)

	A 15326G
	
	
	

	A 15487 T
	
	
	

	15 kb cytochrome c oxidase III deletion
	Location 9390 to 9413
	This deletion has been associated to infertility in male humans.
	(40)





6. Mitochondrial DNA mutations in human sperm
   Sperm motility and fertility depend on mitochondria and mitochondrial DNA. By means of an oxidation energy source, it regulates growth, development, and differentiation. Defects in sperm motility are often linked to mitochondrial (mtDNA) mutations or deletions, which ultimately result in sperm malfunction and male infertility. Several study reported to look at the connection between Mitochondrial DNA mutations and sperm motility and fertility (41).	 
   According to Ambulkar et al. (2016), infertile subjects had a modest incidence of 7436-bp deletions in sperm mtDNA, but there were significant signs when findings were contrasted with controls. Extensive deletions of mtDNA of 7436 bp have been linked to aberrant sperm motility (42).  One of the major reasons for malfunction and non-motile sperm could be the 7436-bp mtDNA deletions in spermatozoa. According to a different study by John et al. (2002), infertile men's semen had extremely low numbers of somatic deletions in mitochondrial (mt)DNA. Although there is no concrete proof that mutant mtDNA can impact sperm function, it has been hypothesized that these mutations result in infertility via influencing sperm motility.  This study analysed the semen of a male with the A3243G mtDNA mutation and found a robust correlation between reduced sperm motility and high amounts of mutant mtDNA (43). ‎ According to Wei et al. (2000), the depletion of mtDNA in these spermatozoa is caused by the mitochondrial genome's paucity per second rather than a reduction in the number of mitochondria (45). Based on these results, Wei et al. (2000) hypothesize that the pathophysiology of some male infertility may be significantly influenced by mtDNA mutation and depletion in spermatozoa. According to research on mitochondrial genes, sperms' normal growth, development, and differentiation are influenced by these genes. They are also in charge of the sperms' flagellar movement following ejaculation. These mitochondrial gene mutations cause aberrant semen parameters and compromised sperm flagellar motions, which lead to issues during fertilization and, eventually, sterility (44). The results of Vaught and Dowling, (2018) ‎, ln line with the theory that alterations in mtDNA sequences that particularly reduce male fertility have been enriched through maternal inheritance. However, upcoming studies that addresses The technological disparity in sex-specific research will be essential to accurately assessing the Mother's Curse concept's wider ramifications to male reproductive biology (45).

7. Conclusion
     According to the findings, this review concluded that The reason behind male infertility is mtDNA abnormalities, which result in the decline of spermatids and spermatocytes.  The phenotype is determined by total amounts of mtDNA in the wild type rather than The burden of mutations, and When mtDNA mutations occur, pathophysiological reactions exacerbate the infertile phenotype, Furthermore show that a high Copy number of mtDNA can effectively improve A severe manifestation of the disease brought on by mutations in mtDNA, which has significant ramifications for creating new therapy approaches for mitochondrial malfunction.
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