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Abstract

Background/Objectives: Infertility, defined as the failure to achieve pregnancy after one
year of regular unprotected intercourse, represents a significant global health challenge,
with male factors contributing to approximately 50% of cases. In this epidemiological
context, both primary male infertility (the inability to conceive a first child) and secondary
male infertility (which occurs when a man who has already fathered a child faces difficulty
conceiving again) remain poorly understood at the genetic level. This study explored
the role of single-nucleotide polymorphisms (SNPs) in mitochondrial genes (MT-ND3,
MT-ND4L, and MT-ND4) in primary and secondary male infertility. Methods: This study
analyzed the genotype distributions of SNPs in 68 infertile males (49 with primary infertility
and 19 with secondary infertility) using Sanger sequencing. Results: Key findings revealed
that studied SNPs were significantly associated with infertility type. Specifically, rs2857285
(T>C,G) in the ND4 gene showed a significant correlation (p = 0.023) with the TT genotype,
which is prominent in primary infertility. Another SNP, rs28358279 (T>A,C) in the ND4L
gene, also demonstrated a significant correlation (p = 0.046) with the TT genotype, being
more common in primary infertility. In addition, rs869096886 (A>G) in the ND4 gene had
a borderline correlation (p = 0.051), indicating a possible association between this SNP
and reproductive duration. Conclusions: This study emphasizes the potential relevance of
mitochondrial malfunction in male infertility, specifically the effects of studied SNPs on
sperm survival and function over time. These findings suggest that certain mitochondrial
SNPs might be potential biomarkers for infertility risk. Larger studies are needed to confirm
these associations and examine the functional effects of these SNPs. Combining genetic
analysis with environmental and lifestyle factors could enhance our understanding of male
infertility and improve diagnostic and therapeutic strategies.

Keywords: male infertility; SNPs; mitochondrial genes; primary infertility; secondary infertility

1. Introduction
Infertility is a global health concern affecting approximately 15% of couples worldwide.

Male infertility contributes to nearly 50% of these cases, and it is categorized as either
primary or secondary infertility [1,2]. Primary infertility is clinically defined as the inability
to achieve pregnancy after regular unprotected intercourse for at least one year, without
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prior successful conception [3]. In contrast, secondary infertility occurs when a man who
has previously fathered a child faces difficulty conceiving again [2]. Moreover, other factors
may contribute to male infertility, including genetic, hormonal, environmental, and lifestyle
factors [4].

Primary male infertility is often linked to severe spermatogenic failure, obstructive
azoospermia, or congenital conditions such as Klinefelter syndrome (47,XXY) [5]. Genetic
defects are responsible for approximately 15–30% of male infertility cases [1]. In contrast,
secondary infertility refers to the condition where parents cannot conceive additional chil-
dren after a year of attempting, after having had one or more biological children, assuming
that the previous births did not involve the use of assisted reproductive technologies or
fertility treatments [6]. It can result from acquired conditions, including infections, obesity
varicocele, lifestyle changes, exposure to environmental toxins, late-onset genetic defects,
or age-related sperm decline [6,7]. Aging, oxidative stress, and DNA fragmentation in
sperm are key contributing factors to secondary infertility [8]. Genetic mutations in genes
such as CFTR (cystic fibrosis transmembrane conductance regulator), AZF (azoospermia
factor) regions on the Y chromosome, and NR5A1 (nuclear receptor subfamily 5 group A
member 1) have been implicated in both primary and secondary infertility [9].

Mitochondria are recognized as energy-producing organelles within cells [10] and
contain a compact circular genome that encodes 13 proteins [11]. In humans, the mitochon-
drial genome consists of 16,569 base pairs and displays a high mutation rate, which can be
attributed to the lack of histones and the presence of limited DNA repair mechanisms [12].
Mutations in mitochondrial DNA (mtDNA) can be associated with various genetic dis-
orders, including some types of male infertility [13]. Many studies have indicated that
specific single-nucleotide polymorphisms (SNPs) in mtDNA may be linked to reduced
sperm quality and decreased motility, which can impact male fertility [14]. Malfunctioning
mitochondria in sperm result in decreased ATP production and increased free radicals, fur-
ther impacting motility [15,16]. The mitochondrial respiratory chain includes 13 essential
proteins across its complexes. Complex I is composed of seven subunits of NADH dehydro-
genase, designated ND1, ND2, ND3, ND4, ND4L, ND5, and ND6. It is the first enzyme in
the electron transport chain and oxidizes the NADH produced during the Krebs cycle. This
step is the rate-limiting step in cellular respiration [17]. Significant deletions in mtDNA,
including essential genes such as ATPases 6 and 8, ND3, and ND4L, have been noted in
asthenozoospermia patients [18–21]. Moreover, genetic variations in the mitochondrial
genes MT-ND4 and MT-TL1 were identified only in individuals with asthenospermia, with
no such changes observed in the fertile group. These variants are likely to interfere with
mitochondrial function and energy metabolism, both of which are critical for supporting
healthy sperm motility. The findings indicate a possible link between these gene variations
and reduced semen quality, indicating their possible role in the development of male
infertility [22]. However, the molecular mechanisms behind male infertility are still not
fully understood, and other genetic factors, such as methylenetetrahydrofolate reductase
(MTHFR) and cystic fibrosis transmembrane conductance regulator (CFTR), have also been
reported as contributors [23,24].

Genetic variations play crucial roles among other effectors; one type of genetic vari-
ation is single-nucleotide polymorphism (SNP) [25], which are variation in a single nu-
cleotide within a DNA sequence that can influence gene expression and protein function,
influencing reproductive pathways [26]. Certain SNPs have been associated with male
infertility due to their effects on spermatogenesis, sperm motility, and hormonal regula-
tion [27,28].

Mitochondria play a crucial role in spermatogenesis and sperm quality, undergoing
significant changes in morphology and function as germ cells develop. Spermatogonia
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and early spermatocytes contain small, spherical mitochondria with low oxidative phos-
phorylation (OXPHOS) activity, relying mainly on glycolysis. In later stages, elongated
mitochondria perform OXPHOS using lactate and pyruvate from Sertoli cells to meet
heightened energy needs. Mature spermatozoa feature a helical sheath of 50–80 mitochon-
dria in the midpiece, generating ATP for motility, where reduced mitochondrial membrane
potential is linked to asthenozoospermia [29–32]. Mitochondria also regulate reactive
oxygen species (ROS), which are essential for sperm functions. However, excessive ROS
can cause oxidative stress and DNA damage due to the vulnerability of sperm mitochon-
drial DNA. Furthermore, they regulate germ cell quality through apoptosis and influence
steroidogenesis in Leydig cells by initiating testosterone synthesis. Mitochondrial dysfunc-
tion from obesity, diabetes, or toxins disrupts ATP production, increases ROS, and can lead
to infertility [30–34].

One of the most common examples is SNPs in the follicle-stimulating hormone re-
ceptor (FSHR) gene, which are correlated with reduced sperm production and hormonal
imbalances [35]. Similarly, variations in the AR (androgen receptor) gene are associated
with impaired testosterone signaling, leading to reduced sperm count and motility [36].
Additionally, SNPs among MTHFR (methylenetetrahydrofolate reductase) play a role in
increasing oxidative stress, which leads to sperm DNA damage, causing male infertil-
ity [37]. Recent research suggests that SNP analysis could be valuable for diagnosing male
infertility and developing treatment strategies [38]. Advances in precision medicine and
genetic counseling based on SNP profiling may help improve fertility outcomes for affected
individuals [39].

The current study aimed to investigate the role of single-nucleotide polymorphisms
(SNPs) in the MTND3, MTND4L, and MTND4 genes related to both primary and secondary
male infertility by comparing their genotypic profiles using Sanger sequencing.

2. Materials and Methods
2.1. Study Population

Semen samples were collected from subfertile males (aged 26–48 years) attending
the In Vitro Fertilization (IVF) Clinic at Royal Medical Services hospital after obtaining
Institutional Review Board (IRB) approval. Strict criteria were set for selecting participants,
which ruled out individuals older than 50 years, along with those who smoke, consume
alcohol, or have experienced chemotherapy or radiotherapy. Additionally, males with
varicocele, hormonal imbalances, or chronic illnesses were also excluded from the study.
This approach aimed to enable a focused investigation into the causes of subfertility. After
applying these criteria a total of 68 participants were enrolled and categorized into two
groups: 49 with primary infertility (no prior conception) and 19 with secondary infertility
(previous parenthood with current conception difficulties).

2.2. Collection and Preparation of Semen Samples

The sperm samples were collected via masturbation after a period of three days of
abstinence and placed in sterile containers. The samples were then allowed to liquefy
at 37 ◦C for 30 min. Clinical history and various sperm parameters, including ejaculate
volume, count, viscosity, morphology, and motility, were assessed via a Makler counting
chamber on the basis of the WHO guidelines [3]. The samples were subjected to discontin-
uous sperm concentration gradients of 45% and 90% prior to DNA extraction. They were
subsequently subjected to centrifugation at 250× g for a period of 20 min. The resulting
pellet was thoroughly washed, confirmed to be free of other cells microscopically, and
stored at −20 ◦C in preparation for DNA extraction.
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2.3. Extraction of Mitochondrial DNA

The sperm cells were subjected to incubation on ice with somatic cell lysis buffer
(SCLB) for 30 min, followed by two washes with phosphate-buffered saline (PBS), each
lasting 10 min. Whole-genome extraction was performed using a QIAamp DNA Mini Kit,
after which mitochondrial DNA amplification was conducted via a REPLI-g Mitochondrial
DNA Kit (QIAGEN, Hilden, Germany). The quality of the DNA was evaluated using a
260/280 ratio of 1.8 or higher, and the DNA was subsequently stored at −80 ◦C.

2.4. PCR Assay of Mitochondrial Genes

This study focused on mitochondrial genes (MTND3, MTND4L, and MTND4) related
to the NADH dehydrogenase CoQ reductase for SNP genotyping. PCR was performed
utilizing self-designed primers generated with PRIMER 3 software (Tartu, Estonia). The
primers employed in this study were designed using the mitochondrial sequence of humans
(accession number NC_012920) from the National Center for Biotechnology Information
(NCBI) and subsequently ordered from the Microsynth Seq Lab, Göttingen, Germany
(Table S1).

The amplification reaction was conducted in a thirty microliter volume utilizing
Thermo Scientific Dream Taq Green PCR Master Mix (2×), adhering to the manufacturer’s
guidelines (Thermo Fisher Scientific, Erlangen, Germany). The optimized conditions were
applied for the target genes. To verify the success of the PCR amplification, five microliters
per sample were analyzed using 1% gel electrophoresis with 1× TBE buffer alongside a
1 kb DNA ladder (New England Biolabs, Ipswich, MA, USA) as a reference, with the gel
running at a voltage of 100 volts for 45 min. Subsequently, the gels were stained using a
red-safe stain, and the visualization of the DNA was carried out via a UV transilluminator
along with Image Lab™ Software (Bio-Rad, Hercules, CA, USA).

2.5. MT-DNA Sequencing

The MT-DNA samples were purified and sequenced using the Sanger method at the
Microsynth Seq laboratory in Germany. The PCR products were thereafter sequenced with
the same PCR primers. Single-nucleotide polymorphisms (SNPs) in MTND3, MTND4L,
and MTND4 were identified through sequence analysis, referencing human mitochondrial
DNA (NC_012920). Subsequently, the sequenced DNA specimens were investigated via
FinchTV (Seattle, WA, USA), following the identification of mitochondrial DNA variants
via Mutation Surveyor (State College, PA, USA).

2.6. Statistical Analysis

Genotype and allele frequencies were compared between the primary infertility group
(N = 49) and the secondary infertility group (N = 19) using the Chi-square test. For
2 × 2 tables, both the Pearson Chi-square and the Likelihood Ratio Chi-square tests were
evaluated. When the total sample size exceeded 40 (N > 40) and expected cell counts were
<5, the Likelihood Ratio Chi-square was preferred as it provides a more robust and powerful
likelihood-based assessment in moderate samples. Fisher’s Exact Test was applied only
when any expected cell count was <1, or in cases of small sample size (N < 40) where
exact inference is necessary. All tests were two-tailed, and a p-value ≤ 0.05 was considered
statistically significant. Analyses were conducted independently for each SNP without
adjustment for multiple comparisons, as each analysis was exploratory [40–43].

3. Results
The age of our participants is reported as a median of 34.0 years (IQR 10.0). Body mass

index (BMI) data were not collected in this study. Alcohol consumption and cigarette habits
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were considered as exclusion criteria; therefore, no participants reported these behaviors
(0% prevalence). The frequencies of male infertility diagnoses are as follows: oligoas-
thenoteratospermia (OAT, 11.76%), asthenoteratospermia (AT, 16.18%), oligoteratospermia
(OT, 13.24%), asthenospermia (A, 11.76%), teratospermia (T, 42.65%), and oligospermia (O,
4.41%).

Table S2 presents the genotype distribution of SNPs in ND4 among 66 infertile indi-
viduals, revealing a high frequency of specific genotypes within the patients. Several SNPs
show highly skewed distributions, with certain genotypes being nearly fixed. Notably,
rs2853495 (GA) shows a 65% prevalence of the mutant-type allele AA over the wild-type
allele GG, suggesting strong genetic consistency. However, rs2857284 (T>C) shows a pre-
dominance of the TT genotype (71%), whereas rs2853497 (G>A) is characterized by the GG
genotype in 92% of individuals. Similarly, rs2853493 (A>G) and rs2853490 (G>A) presented
a 97% frequency of a single genotype (AA or GG). Additionally, multiple SNPs, including
rs28529320 (T>C), rs2853494 (A>G), rs28609979 (T>C), rs28358286 (C>T), and rs28359168
(A>G), have a 100% prevalence of a single genotype, indicating complete fixation in the
population. One of the few SNPs with a more varied distribution was rs869096886 (A>G),
where the AA genotype was observed in 76%, while the GG and AG genotypes accounted
for 23% and 2%, respectively. The remaining SNPs, rs2857284, rs2853497, and rs28529320,
warrant further investigation because of their highly biased distributions and potential role
in infertility susceptibility.

As shown in Table 1, 66 infertile individuals were divided into primary (N = 47) and
secondary (N = 19) infertility cases, and Chi-square tests and p-values were used to assess
their statistical significance. Two SNPs were potentially relevant to infertility type. The
first SNP, rs2857285 (T>C,G), stands out with a p-value of 0.023, suggesting a potential
correlation between primary and secondary infertility cases. For this SNP the CC genotype
is predominant (11%) in secondary infertile males compared with 0% in primary infertile
males. Another variant, rs869096886 (A>G), has a borderline p -value (0.051), indicating
a potential trend worthy of further investigation. For this SNP the GG genotype is also
more common (42%) in secondary infertile males than in primary infertile males (15%),
indicating a potential link between this SNP and reproductive longevity. While most SNPs
do not show a significant association with infertility type, rs2857285 (T >C,G) emerges
as a potential genetic marker and rs869096886 (A>G) shows a trend that may warrant
further investigation.

For the majority of SNPs, such as rs2857284 (T>C), rs2853497 (G>A), and rs3087901
(T >A,C,G), the genotype distributions are similar between primary and secondary infer-
tility cases, with p-values exceeding 0.1, suggesting no strong genetic differentiation in
those SNPs. Additionally, several SNPs, including rs28529320 (T>C), rs2853494 (A>G),
rs28609979 (T>C), and rs28358286 (C>T), show complete fixation of a single genotype
across all individuals, making statistical comparison infeasible.

The genotype distribution of SNPs in the ND4L gene among 63 infertile males (primary
(N = 45) and secondary (N = 18) infertility cases) revealed a strong prevalence of specific
genetic variants. Several SNPs appear to be nearly fixed in the population, with limited
genetic variability. Notably, rs2854121 (C>T) and rs28532881 (C>A) exhibited a 100%
presence of the CC genotype, indicating complete fixation of this allele in the sample.
Similarly, rs2853487 (G>A) and rs2853488 (G>A) are dominated by the GG genotype (97%),
with only a small proportion carrying alternative alleles. The rs28358280 (A>G) SNP is also
highly skewed, with 98% of individuals carrying the AA genotype and only 2% having GG.
In rs28358281 (G>A,C) the GG genotype is highly prevalent (90%), whereas the AA and GA
genotypes appear at much lower frequencies (6% and 3%, respectively). A similar trend
was observed for rs28358279 (T>A, C), where the TT genotype dominated (94%), with the
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CC genotype appearing in only 6% of individuals. There was a high degree of genetic
uniformity within the sample, with several SNPs showing little to no variation. Both the
rs2854121 and rs28532881 SNPs presented 100% CC genotype prevalence. The limited
presence of alternative alleles in other SNPs, such as rs28358280 and rs28358281, further
highlights potential genetic predispositions that warrant further investigation (Table S3).

Table 1. Genotype frequencies of MTND4 polymorphisms between primary and secondary infertility.

SNPs (ND4) Genotype
Infertility

Total p Value
Primary Secondary

rs2853495
AA 29 (62%) 14 (74%) 43 (65%)

0.355
GG 18 (38%) 5 (26%) 23 (35%)

rs2857284

CC 13 (28%) 4 (21%) 17 (26%)

0.708TC 1 (2%) 1 (5%) 2 (3%)

TT 33 (70%) 14 (74%) 47 (71%)

rs2853496

AA 5 (11%) 3 (16%) 8 (12%)

0.260
AC 0 (0%) 1 (5%) 1 (2%)

GA 3 (6%) 0 (0%) 3 (4%)

GG 39 (81%) 15 (79%) 54 (82%)

rs2853497

AA 1 (2%) 1 (5%) 2 (3%)

0.255GA 1 (2%) 2 (11%) 3 (5%)

GG 45 (96%) 16 (84%) 61 (92%)

rs3087901
CC 4 (9%) 1 (5%) 5 (8%)

0.652
TT 43 (91%) 18 (95%) 61 (92%)

rs2853493
AA 45 (96%) 19 (100%) 64 (97%)

0.361
GG 2 (4%) 0 (0%) 2 (3%)

rs2853490
AA 1 (2%) 1 (5%) 2 (3%)

0.501
GG 46 (98%) 18 (95%) 64 (97%)

rs3088053
AA 45 (96%) 17 (89%) 62 (94%)

0.334
GG 2 (4%) 2 (11%) 4 (6%)

rs2853491
CC 46 (98%) 18 (95%) 64 (97%)

0.501
TT 1 (2%) 1 (5%) 2 (3%)

rs2857285
CC 0 (0%) 2 (11%) 2 (3%)

0.023
TT 47 (100%) 17 (89%) 64 (97%)

rs28358282
TC 0 (0%) 1 (5%) 1 (2%)

0.113
TT 47 (100%) 18 (95%) 65 (98%)

rs28594904
AA 1 (2%) 0 (0%) 1 (2%)

0.522
GG 46 (98%) 19 (100%) 65 (98%)

rs28669780
AA 1 (2%) 0 (0%) 1 (2%)

0.522
CC 46 (98%) 19 (100%) 65 (98%)

rs28415973
CC 0 (0%) 1 (5%) 1 (2%)

0.113
TT 47 (100%) 18 (95%) 65 (98%)
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Table 1. Cont.

SNPs (ND4) Genotype
Infertility

Total p Value
Primary Secondary

rs28471078
CC 1 (2%) 0 (0%) 1 (2%)

0.522
TT 46 (98%) 19 (100%) 65 (98%)

rs55714831
CC 46 (98%) 19 (100%) 65 (98%)

0.522
CT 1 (2%) 0 (0%) 1 (2%)

rs28358283
AA 46 (98%) 19 (100%) 65 (98%)

0.522
GG 1 (2%) 0 (0%) 1 (2%)

rs75214962
CC 47 (100%) 18 (95%) 65 (98%)

0.113
TT 0 (0%) 1 (5%) 1 (2%)

rs28529320 TT 47 (100%) 19 (100%) 66 (100%) NA

rs2853494 AA 47 (100%) 19 (100%) 66 (100%) NA

rs28609979 TT 47 (100%) 19 (100%) 66 (100%) NA

28358286 CC 47 (100%) 19 (100%) 66 (100%) NA

rs28359168 AA 47 (100%) 19 (100%) 66 (100%) NA

28384199
CC 46 (98%) 19 (100%) 65 (98%)

0.522
GG 1 (2%) 0 (0%) 1 (2%)

rs3915952
Merged to

rs869096886

AA 39 (83%) 11 (58%) 50 (75%)

0.051AG 1 (2%) 0 (0%) 1 (2%)

GG 7 (15%) 8 (42%) 15 (23%)
NA: Not applicable.

While most SNPs did not significantly differ between the two groups, rs28358279
(T>A,C) exhibited a notable p-value of 0.046, suggesting a possible association between
primary and secondary infertility cases. For this SNP, the CC genotype is predominant,
with a slightly greater occurrence in secondary infertility (17%) than in primary infertility
(2%). In comparison, the TT genotype is highly prevalent (98%) in primary infertility
cases. For other SNPs, such as rs28358280 (A>G) and rs28358281 (G>A,C), the distributions
are highly skewed toward a dominant genotype (AA and GG, respectively), although
their p-values (0.111 and 0.474, respectively) do not indicate strong statistical significance
between the two groups. Similarly, rs2853487 (G>A) and rs2853488 (G>A) are dominated
by the GG genotype (97%), with the AA or GA genotypes appearing in only 3% of cases,
and both SNPs show no significant associations (p = 0.495). Additionally, rs2854121 (C>T)
and rs28532881 (C>A) are completely fixed in the population, with 100% of individuals
carrying the CC genotype, making statistical comparisons infeasible (Table 2).

The genotype distribution of SNPs in ND3 among 68 infertile individuals highlights
the strong predominance of specific genotypes. Several SNPs exhibited highly skewed
distributions, suggesting limited genetic variability within the two groups. For rs2853826
(A>G,T) the AA genotype was the most common (54%), followed by the GG genotype (44%),
whereas the AG genotype appeared in only 1% of individuals. Similarly, in rs28435660
(G>A) the GG genotype dominated (90%), with GA and AA occurring at much lower fre-
quencies (6% and 4%, respectively). Certain SNPs, including rs28358275 (T>C), rs28358278
(C>T), and rs41467651 (G>A), show an overwhelming presence of a single genotype, with
the TT or GG genotype occurring in more than 90% of cases. Additionally, rs3899188
(T>C) and rs28673954 (T>C) exhibit an almost complete fixation of the TT genotype (99%),
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whereas their alternative alleles are present in only 1% of cases. These findings suggest that
certain ND3 SNPs are highly conserved within this population, with a few dominant geno-
types occurring at very high frequencies. The near-fixation of the TT and GG genotypes in
several SNPs indicates potential genetic markers that may be relevant to further research
on population genetics and disease susceptibility (Table S4).

Table 2. Genotype frequencies of MTND4L polymorphisms between primary and secondary infertility.

SNP (ND4L) Genotype
Infertility

Total p Value
Primary Secondary

rs28358280
AA 45 (100%) 17 (94%) 62 (98%)

0.111
GG 0 (0%) 1 (6%) 1 (2%)

rs28358281

AA 2 (4%) 2 (11%) 4 (6%)

0.474GA 1 (2%) 1 (6%) 2 (3%)

GG 42 (94%) 15 (83%) 57 (90%)

rs28358279
CC 1 (2%) 3 (17%) 4 (6%)

0.046
TT 44 (98%) 15 (83%) 59 (94%)

rs2853487
AA 1 (2%) 1 (6%) 2 (3%)

0.495
GG 44 (98%) 17 (94%) 61 (97%)

rs2853488
GA 1 (2%) 1 (6%) 2 (3%)

0.495
GG 44 (98%) 17 (94%) 61 (97%)

rs2854121
(has merged

into
rs193302933)

CC 45 (100%) 18 (100%) 63 (100%) NA

rs28532881 CC 45 (100%) 18 (100%) 63 (100%) NA
NA: Not applicable.

While all SNPs in Table 3 show no significant differences between primary and sec-
ondary infertility cases, a few variants exhibit notable trends in genotype distribution. For
rs2853826 (A>G,T) the AA genotype was the most common (54%), followed by the GG
genotype (44%), whereas the AG genotype was rare (2%). However, the p-value (0.270)
did not indicate a significant association between the two infertility groups. Similarly,
rs28435660 (G>A) is dominated by the GG genotype (90%), with AA and GA occurring
in only 4% and 6% of individuals, respectively (p = 0.151). For rs28358275 (T>C) and
rs28358278 (C>T) the TT genotype is highly predominant (91% and 96%, respectively), with
very few individuals carrying alternative genotypes (p = 0.451 and 0.270, respectively).
Additionally, rs3899188 (T>C) and rs28673954 (T>C) show near-complete fixation of the
TT genotype (99%), whereas alternative alleles appear in only 1% of cases (p = 0.530 and
0.106, respectively). While no SNPs reached statistical significance, the high prevalence of
specific genotypes suggests that studied SNPs in ND3 may be genetically conserved within
this population.

For the allele frequencies test most SNPs did not show statistical relevance, implying a
limited role in differentiating types of infertility. In ND4, however, rs2857285 revealed a no-
table correlation between primary and secondary male infertility (OR = 24.65, 95% CI: 1.29–
469.92, p = 0.03), and rs69096886 had an OR of 3.83 (p = 0.002). Similarly, in ND4L rs28358279
demonstrated a strong association between the two groups (OR = 8.80, 95% CI: 1.68–45.96,
p = 0.001), whereas other SNPs (rs28358280, rs28358281, rs2853487, and rs2853488) pre-
sented elevated but non-significant ORs (2.54–13.12), presumably attributable to restricted
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sample sizes. Among the ND3 polymorphisms, rs193309227 (OR = 2.82, p = 0.12) and
rs28673954 (OR = 7.88, p = 0.21) presented suggestive trends but lacked statistical power.
These results generally identify rs2857285 and rs2858279 as possible risk markers, but
they also emphasize the need for larger studies to clarify the genetic causes of infertility
(Tables S5–S7).

Table 3. Genotype frequencies of MTND3 polymorphisms between primary and secondary infertility.

SNPs (ND3) Genotype
Infertility

Total p Value
Primary Secondary

rs2853826

AA 27 (55%) 10 (53%) 37 (54%)

0.270AG 0 (0%) 1 (5%) 1 (2%)

GG 22 (45%) 8 (42%) 30 (44%)

rs28435660

AA 1 (2%) 2 (11%) 3 (4%)

0.151GA 4 (8%) 0 (0%) 4 (6%)

GG 44 (90%) 17 (89%) 61 (90%)

rs28358275 (has
merged into
rs193302927)

CC 2 (4%) 2 (11%) 4 (6%)

0.451TC 1 (2%) 1 (5%) 2 (3%)

TT 46 (94%) 16 (84%) 62 (91%)

rs28358278
CC 46 (94%) 19 (100%) 65 (96%)

0.270
TT 3 (6%) 0 (0%) 3 (4%)

rs41467651

AA 2 (4%) 0 (0%) 2 (3%)

0.187GA 0 (0%) 1 (5%) 1 (1%)

GG 47 (96%) 18 (95%) 65 (96%)

rs3899188
CC 1 (2%) 0 (0%) 1 (1%)

0.530
TT 48 (98%) 19 (100%) 67 (99%)

rs28358277

AA 1 (2%) 0 (0%) 1 (1%)

0.225GA 0 (0%) 1 (5%) 1 (1%)

GG 48 (98%) 18 (95%) 66 (98%)

rs28673954
TC 0 (0%) 1 (5%) 1 (1%)

0.106
TT 49 (100%) 18 (95%) 67 (99%)

4. Discussion
This study analyzed the frequency of single-nucleotide polymorphisms (SNPs) in

mitochondrial genes (MT-ND4, MT-ND4L, and MT-ND3) and their potential correlation
with primary and secondary male infertility. The genotype distributions for several SNPs
were analyzed among 68 infertile individuals, with 49 classified as having primary infertility
and 19 as having secondary infertility. These findings provide insights into whether genetic
variations in mitochondrial DNA contribute to infertility type and whether studied SNPs
may serve as potential biomarkers for reproductive dysfunction.

A comparative analysis of genotype distributions indicated that specific SNPs showed
significant trends that could have clinical importance between the primary and secondary
infertility groups. However, minimal statistically significant differences were observed in
other SNPs, suggesting substantial genetic similarity between the two groups.

In the ND4 gene, rs2857285 (T>C,G) was significantly associated with infertility type
(p = 0.023). The TT genotype was found in 100% of primary infertility cases and in 89% of
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secondary infertility cases, with the CC genotype exclusively present in secondary infertil-
ity cases (11%). These findings suggest that this variant may play a role in distinguishing
primary infertility from secondary infertility. The result of this missense polymorphism
is the conversion of cysteine (major allele) into tryptophan (minor allele) at position 52;
this might significantly affect the structural consequences of ND4, mainly in the protein’s
folding and stability or enzymatic interactions within mitochondrial complex I because
these amino acids have different chemical properties, thereby impairing oxidative phos-
phorylation. Tryptophan is a large, hydrophobic amino acid with an aromatic side chain;
it might generate steric strain or impact the enzyme’s function due to its bulkiness and
hydrophobicityIn contrast, cysteine is polar and smaller in size, which might alleviate
this strain. However, it could also impact the enzyme’s performance differently because
of its crucial role in protein structure through disulfide bridge formation, which helps
stabilize protein folding [44]. This is consistent with studies demonstrating that cysteine
substitutions (e.g., C→A) can disrupt disulfide-dependent structural integrity and abolish
bioactivity in diverse proteins, including antimicrobial peptides [45]. Such structural dis-
ruptions could lower ATP synthesis, which is critical for sperm motility, and exacerbate
oxidative stress, leading to infertility [46]. Two researchers investigated relationships be-
tween this SNP and other diseases, including ovarian cancer (OvCa) and peripheral artery
disease (PAD). They found a nominally significant association; nevertheless, these results
did not remain significant after adjustments for multiple tests. Notably, the minor allele
frequency (MAF) of rs2857285 was very low, and the study was underpowered to assess
rare variants robustly. Moreover, the haplogroups were not significantly associated with
OvCa risk or PAD [47,48].

Another SNP, rs869096886 (A>G), had a borderline p-value of 0.051, with the AA
genotype being more frequent in primary infertility cases (83%) than in secondary infer-
tility cases (58%). In comparison, the GG genotype was more prevalent in patients with
secondary infertility (42%). This difference could indicate a potential link between this SNP
and reproductive longevity. This variant could impair the efficiency of Complex I in the
mitochondrial respiratory chain. This can eventually lead to a reduction in ATP production,
which is critical for sperm motility, and potentially cause an increase in oxidative stress
and damage to sperm DNA, thus reducing fertility parameters, particularly in cases where
sperm motility is compromised such as asthenozoospermia [49].

In the ND4L gene, rs28358279 (T>A,C) was significantly associated with infertility
type (p = 0.046). The TT genotype was highly prevalent in primary infertility cases (98%),
but was slightly lower in secondary infertility cases (83%) where the CC genotype appeared
at a higher frequency (17%). This SNP occurs in the ND4L gene and may lead to changes in
mitochondrial functions by disrupting the efficiency of Complex I in the electron transport
chain and ATP production. The SNP has been associated with male infertility, especially
asthenozoospermia where compromised sperm motility is a major factor [50]. These results
demonstrated that although the rs28358279 SNP is a synonymous polymorphism, it can
nevertheless contribute to the development and progression of male infertility. A recent
study revealed that rs28358279 is associated with cardiovascular traits [51].

In the ND3 gene of the mitochondrial genome, while no SNPs reached statistical
significance some exhibited notable genotype frequency differences. The missense variant
rs2853826 results from A > G at position 10398 and changes the amino acid from threonine
to alanine (Thr114Ala). This SNP is one of the most extensively studied mitochondrial
polymorphisms; for this SNP the AA genotype was slightly more common in primary
infertility cases (55%) than in secondary infertility cases (53%), whereas the GG genotype
occurred at nearly the same frequency (45% vs. 42%, respectively). Notably, there is a link
to reactive oxygen species (ROS) in mitochondria, which results in oxidative stress and
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damage to mitochondrial DNA (mtDNA). Therefore, it could correlate with mitochondrial
dysfunction in sperm, affecting their ability to move toward and fertilize an egg, thus
impairing motility [52].

The role of these SNPs in male infertility is likely linked to their impact on mitochon-
drial function, which is essential for sperm motility and energy production. Previous
studies have demonstrated that mitochondrial gene mutations can lead to impaired oxida-
tive phosphorylation, increased reactive oxygen species (ROS) production, and reduced
ATP levels, all of which negatively affect sperm function [38].

These findings suggest that specific genetic variants may influence infertility suscep-
tibility (rs2857285, p = 0.023; rs28358279, p = 0.046; and rs869096886, p = 0.051), although
larger studies are needed to confirm these associations.

5. Limitations
The role of mitochondrial DNA polymorphisms in male infertility is not fully under-

stood, especially between primary and secondary cases. This analytical approach, in which
two well-defined patient groups are compared, aligns with established methodologies used
in other genetic studies of reproductive disorders [53,54]. The dataset serves as a refer-
ence for future research by providing baseline frequency data for mitochondrial variants,
identifying specific polymorphisms related to sperm function and energy metabolism, and
establishing protocols for mitochondrial genome analysis in male infertility. While larger
cohorts are necessary for more definitive confirmation, these findings provide an essential
foundation for understanding the role of mitochondrial genetic variation in infertility. Fu-
ture studies should include broader patient populations and incorporate normozoospermic
controls, which will help to better differentiate between general infertility markers and
those specific to primary or secondary cases.

6. Conclusions
This study identified a few SNPs with potential relevance to primary and secondary

male infertility, particularly rs2857285 (T>C,G), rs28358279 (T>A,C), and rs869096886
(A>G). While most SNPs did not significantly differ between infertility types, the presence
of specific genetic variations suggests the potential role of mitochondrial dysfunction in
sperm viability over time. These findings contribute to the growing body of research on
the genetic factors underlying male infertility and highlight the need for further studies
with larger sample sizes to confirm these associations. Future research should explore
the functional effects of these SNPs on mitochondrial activity and assess their potential as
biomarkers for infertility risk. Additionally, integrating genetic analysis with environmental
and lifestyle factors may provide a more comprehensive understanding of male infertility
and improve the accuracy of diagnostic and therapeutic approaches.
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Mt-ND3 Mitochondrial NADH dehydrogenase subunit 3
Mt-ND4L Mitochondrial NADH dehydrogenase subunit 4 L
Mt-ND4 Mitochondrial NADH dehydrogenase subunit 4
NADH Nicotinamide adenine dinucleotide hydride
NR5A1 Nuclear receptor subfamily 5 group A member 1
PCR Polymerase chain reaction
Pro Proline
R Reverse primer
ROS Reactive oxygen species
SCLB Somatic cell lysis buffer
Ser Serine
SNP Single nucleotide polymorphism
TBE Tris-borate-EDTA
Thr Threonine
Trp Tryptophan
Tyr Tyrosine
UV Ultraviolet
V Volt
Val Valine
WHO World Health Organization



Med. Sci. 2025, 13, 109 13 of 15

References
1. Barratt, C.L.; Björndahl, L.; De Jonge, C.J.; Lamb, D.J.; Martini, F.O.; McLachlan, R.; Oates, R.D.; van der Poel, S.; John,

B.S.; Sigman, M. The diagnosis of male infertility: An analysis of the evidence to support the development of global WHO
guidance—Challenges and future research opportunities. Hum. Reprod. Update 2017, 23, 660–680. [CrossRef] [PubMed]

2. Agarwal, A.; Baskaran, S.; Parekh, N.; Cho, C.-L.; Henkel, R.; Vij, S.; Arafa, M.; Selvam, M.K.P.; Shah, R. Male infertility. Lancet
2021, 397, 319–333. [CrossRef] [PubMed]

3. World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen; World Health Organization:
Geneva, Switzerland, 2021.

4. Sharma, A. Male infertility; Evidences, risk factors, causes, diagnosis and management in human. Ann. Clin. Lab. Res. 2017, 5, 188.
[CrossRef]

5. Oud, M.S.; Volozonoka, L.; Smits, R.M.; Vissers, L.E.; Ramos, L.; Veltman, J.A. A systematic review and standardized clinical
validity assessment of male infertility genes. Hum. Reprod. 2019, 34, 932–941. [CrossRef]

6. Katib, A.A.; Al, K.; Motair, W.; Bawa, A.M. Secondary infertility and the aging male, overview. Cent. Eur. J. Urol. 2014, 67, 184.
[CrossRef]

7. Tournaye, H.; Krausz, C.; Oates, R.D. Concepts in diagnosis and therapy for male reproductive impairment. Lancet Diabetes
Endocrinol. 2017, 5, 554–564. [CrossRef]

8. Nowicka-Bauer, K.; Lepczynski, A.; Ozgo, M.; Kamieniczna, M.; Fraczek, M.; Stanski, L.; Olszewska, M.; Malcher, A.; Skrzypczak,
W.; Kurpisz, M. Sperm mitochondrial dysfunction and oxidative stress as possible reasons for isolated asthenozoospermia. J.
Physiol. Pharmacol. 2018, 69, 403–417.

9. Tüttelmann, F.; Ruckert, C.; Röpke, A. Disorders of spermatogenesis: Perspectives for novel genetic diagnostics after 20 years of
unchanged routine. Med. Genet. 2018, 30, 12–20. [CrossRef]

10. Darley-Usmar, V. The powerhouse takes control of the cell; the role of mitochondria in signal transduction. Free. Radic. Biol. Med.
2004, 37, 753–754. [CrossRef]

11. Shamsi, M.B.; Kumar, R.; Bhatt, A.; Bamezai, R.; Kumar, R.; Gupta, N.P.; Das, T.; Dada, R. Mitochondrial DNA mutations in
etiopathogenesis of male infertility. Indian J. Urol. 2008, 24, 150–154. [CrossRef]

12. Alexeyev, M.; Shokolenko, I.; Wilson, G.; LeDoux, S. The maintenance of mitochondrial DNA integrity—Critical analysis and
update. Cold Spring Harb. Perspect. Biol. 2013, 5, a012641. [CrossRef]

13. Baklouti-Gargouri, S.; Ghorbel, M.; Mahmoud, A.B.; Mkaouar-Rebai, E.; Cherif, M.; Chakroun, N.; Sellami, A.; Fakhfakh, F.;
Ammar-Keskes, L. Mitochondrial DNA mutations and polymorphisms in asthenospermic infertile men. Mol. Biol. Rep. 2013, 40,
4705–4712. [CrossRef]

14. Holyoake, A.; McHugh, P.; Wu, M.; O’Carroll, S.; Benny, P.; Sin, I.; Sin, F. High incidence of single nucleotide substitutions in the
mitochondrial genome is associated with poor semen parameters in men. Int. J. Androl. 2001, 24, 175–182. [CrossRef]

15. St John, J.C.; Sakkas, D.; Barratt, C.L. A role for mitochondrial DNA and sperm survival. J. Androl. 2000, 21, 189–199. [CrossRef]
16. Spiropoulos, J.; Turnbull, D.M.; Chinnery, P.F. Can mitochondrial DNA mutations cause sperm dysfunction? MHR Basic Sci.

Reprod. Med. 2002, 8, 719–721. [CrossRef]
17. Smeitink, J.; van den Heuvel, L.; DiMauro, S. The genetics and pathology of oxidative phosphorylation. Nat. Rev. Genet. 2001, 2,

342–352. [CrossRef] [PubMed]
18. Karimian, M.; Babaei, F. Large-scale mtDNA deletions as genetic biomarkers for susceptibility to male infertility: A systematic

review and meta-analysis. Int. J. Biol. Macromol. 2020, 158, 85–93. [CrossRef] [PubMed]
19. Kao, S.-H.; Chao, H.-T.; Wei, Y.-H. Multiple deletions of mitochondrial DNA are associated with the decline of motility and

fertility of human spermatozoa. Mol. Hum. Reprod. 1998, 4, 657–666. [CrossRef] [PubMed]
20. Bahrehmand Namaghi, I.; Vaziri, H. Sperm mitochondrial DNA deletion in Iranian infertiles with asthenozoospermia. Andrologia

2017, 49, e12627. [CrossRef]
21. Ambulkar, P.S.; Chuadhari, A.R.; Pal, A.K. Association of large scale 4977-bp “common” deletions in sperm mitochondrial DNA

with asthenozoospermia and oligoasthenoteratozoospermia. J. Hum. Reprod. Sci. 2016, 9, 35–40. [CrossRef]
22. Ni, F.; Zhou, Y.; Zhang, W.-X.; Wang, X.-M.; Song, X.-M.; Jiang, H. Mitochondrial variations in the MT-ND4 and MT-TL1 genes are

associated with male infertility. Syst. Biol. Reprod. Med. 2017, 63, 2–6. [CrossRef]
23. Wei, B.; Xu, Z.; Ruan, J.; Zhu, M.; Jin, K.; Zhou, D.; Xu, Z.; Hu, Q.; Wang, Q.; Wang, Z. MTHFR 677C> T and 1298A> C

polymorphisms and male infertility risk: A meta-analysis. Mol. Biol. Rep. 2012, 39, 1997–2002. [CrossRef]
24. Cuppens, H.; Cassiman, J.J. CFTR mutations and polymorphisms in male infertility. Int. J. Androl. 2004, 27, 251–256. [CrossRef]

[PubMed]
25. Ferlin, A.; Raicu, F.; Gatta, V.; Zuccarello, D.; Palka, G.; Foresta, C. Male infertility: Role of genetic background. Reprod. Biomed.

Online 2007, 14, 734–745. [CrossRef] [PubMed]

https://doi.org/10.1093/humupd/dmx021
https://www.ncbi.nlm.nih.gov/pubmed/28981651
https://doi.org/10.1016/S0140-6736(20)32667-2
https://www.ncbi.nlm.nih.gov/pubmed/33308486
https://doi.org/10.21767/2386-5180.1000188
https://doi.org/10.1093/humrep/dez022
https://doi.org/10.5173/ceju.2014.02.art13
https://doi.org/10.1016/S2213-8587(16)30043-2
https://doi.org/10.1007/s11825-018-0181-7
https://doi.org/10.1016/j.freeradbiomed.2004.05.026
https://doi.org/10.4103/0970-1591.40606
https://doi.org/10.1101/cshperspect.a012641
https://doi.org/10.1007/s11033-013-2566-7
https://doi.org/10.1046/j.1365-2605.2001.00292.x
https://doi.org/10.1002/j.1939-4640.2000.tb02093.x
https://doi.org/10.1093/molehr/8.8.719
https://doi.org/10.1038/35072063
https://www.ncbi.nlm.nih.gov/pubmed/11331900
https://doi.org/10.1016/j.ijbiomac.2020.04.216
https://www.ncbi.nlm.nih.gov/pubmed/32360203
https://doi.org/10.1093/molehr/4.7.657
https://www.ncbi.nlm.nih.gov/pubmed/9701788
https://doi.org/10.1111/and.12627
https://doi.org/10.4103/0974-1208.178635
https://doi.org/10.1080/19396368.2016.1256451
https://doi.org/10.1007/s11033-011-0946-4
https://doi.org/10.1111/j.1365-2605.2004.00485.x
https://www.ncbi.nlm.nih.gov/pubmed/15379964
https://doi.org/10.1016/S1472-6483(10)60677-3
https://www.ncbi.nlm.nih.gov/pubmed/17579990


Med. Sci. 2025, 13, 109 14 of 15

26. Casarini, L.; Santi, D.; Marino, M. Impact of gene polymorphisms of gonadotropins and their receptors on human reproductive
success. Reproduction 2015, 150, 175–184. [CrossRef] [PubMed]

27. Sato, Y.; Tajima, A.; Kiguchi, M.; Kogusuri, S.; Fujii, A.; Sato, T.; Nozawa, S.; Yoshiike, M.; Mieno, M.; Kojo, K. Genome-wide
association study of semen volume, sperm concentration, testis size, and plasma inhibin B levels. J. Hum. Genet. 2020, 65, 683–691.
[CrossRef]

28. Lee, I.-W.; Kuo, P.-H.; Su, M.-T.; Kuan, L.-C.; Hsu, C.-C.; Kuo, P.-L. Quantitative trait analysis suggests polymorphisms of
estrogen-related genes regulate human sperm concentrations and motility. Hum. Reprod. 2011, 26, 1585–1596. [CrossRef]

29. Vertika, S.; Singh, K.K.; Rajender, S. Mitochondria, spermatogenesis, and male infertility—An update. Mitochondrion 2020, 54,
26–40. [CrossRef]

30. Vahedi Raad, M.; Firouzabadi, A.M.; Niaki, M.T.; Henkel, R.; Fesahat, F. The impact of mitochondrial impairments on sperm
function and male fertility: A systematic review. Reprod. Biol. Endocrinol. 2024, 22, 83. [CrossRef]

31. Park, Y.-J.; Pang, M.-G. Mitochondrial functionality in male fertility: From spermatogenesis to fertilization. Antioxidants 2021, 10,
98. [CrossRef]

32. Costa, J.; Braga, P.C.; Rebelo, I.; Oliveira, P.F.; Alves, M.G. Mitochondria quality control and male fertility. Biology 2023, 12, 827.
[CrossRef] [PubMed]

33. Meng, K.; Liu, Q.; Qin, Y.; Qin, W.; Zhu, Z.; Sun, L.; Jiang, M.; Adu-Amankwaah, J.; Gao, F.; Tan, R. Mechanism of mitochondrial
oxidative phosphorylation disorder in male infertility. Chin. Med. J. 2025, 138, 379–388. [CrossRef] [PubMed]

34. Falvo, S.; Grillo, G.; Latino, D.; Baccari, G.C.; Di Fiore, M.M.; Venditti, M.; Petito, G.; Santillo, A. Potential role of mitochondria
and endoplasmic reticulum in the response elicited by D-aspartate in TM4 Sertoli cells. Front. Cell Dev. Biol. 2024, 12, 1438231.
[CrossRef]

35. Lend, A.K.; Belousova, A.; Haller-Kikkatalo, K.; Punab, M.; Poolamets, O.; Peters, M.; Salumets, A. Follicle-stimulating hormone
receptor gene haplotypes and male infertility in estonian population and meta-analysis. Syst. Biol. Reprod. Med. 2010, 56, 84–90.
[CrossRef]

36. Yong, E.; Loy, C.; Sim, K. Androgen receptor gene and male infertility. Hum. Reprod. Update 2003, 9, 1–7. [CrossRef]
37. Xin, Z.; Han, N.; Jin, H. Correlation analysis of age and MTHFR C677T polymorphism with sperm motility and sperm DNA

integrity. Cell. Mol. Biol. 2023, 69, 110–115. [CrossRef]
38. Liang, H.; Chen, W.; Liu, X.; Han, Y.; Khan, A.; Wang, C.; Khan, M.Z. Genetic polymorphisms in genes associated with mammalian

semen quality traits: A review. Agriculture 2024, 14, 2137. [CrossRef]
39. Loutradis, D.; Theofanakis, C.; Anagnostou, E.; Mavrogianni, D.; Partsinevelos, G.A. Genetic profile of SNP (s) and ovulation

induction. Curr. Pharm. Biotechnol. 2012, 13, 417–425. [CrossRef]
40. McHugh, M.L. The chi-square test of independence. Biochem. Medica 2013, 23, 143–149. [CrossRef]
41. Agresti, A. Categorical Data Analysis, 3rd ed.; Wiley: Hoboken, NJ, USA, 2013; 752p, ISBN 978-0-470-46363-5.
42. Bewick, V.; Cheek, L.; Ball, J. Statistics review 8: Qualitative data—Tests of association. Crit. Care 2003, 8, 46. [CrossRef]
43. Agresti, A.; Kateri, M. Categorical data analysis. In International Encyclopedia of Statistical Science; Lovric, M., Ed.; Springer:

Berlin/Heidelberg, Germany, 2011; pp. 206–208.
44. Johnson, A.; Lewis, J.; Alberts, B. Molecular Biology of the Cell; Garland Science: New York, NY, USA, 2002.
45. Sousa, D.A.; Porto, W.F.; Silva, M.Z.; Da Silva, T.R.; Franco, O.L. Influence of cysteine and tryptophan substitution on DNA-

binding activity on maize α-hairpinin antimicrobial peptide. Molecules 2016, 21, 1062. [CrossRef] [PubMed]
46. Gunes, S.; Hekim, G.N.T.; Arslan, M.A.; Asci, R. Effects of aging on the male reproductive system. J. Assist. Reprod. Genet. 2016,

33, 441–454. [CrossRef] [PubMed]
47. Earp, M.A.; Brooks-Wilson, A.; Cook, L.; Le, N. Inherited common variants in mitochondrial DNA and invasive serous epithelial

ovarian cancer risk. BMC Res. Notes 2013, 6, 425. [CrossRef] [PubMed]
48. Abrantes, P.; Rosa, A.; Francisco, V.; Sousa, I.; Xavier, J.M.; Oliveira, S.A. Mitochondrial genome association study with peripheral

arterial disease and venous thromboembolism. Atherosclerosis 2016, 252, 97–105. [CrossRef]
49. Pan, L.; Liu, Q.; Li, J.; Wu, W.; Wang, X.; Zhao, D.; Ma, J. Association of the VDAC3 gene polymorphism with sperm count in

Han-Chinese population with idiopathic male infertility. Oncotarget 2017, 8, 45242. [CrossRef]
50. Yan, C.; Duanmu, X.; Zeng, L.; Liu, B.; Song, Z. Mitochondrial DNA: Distribution, mutations, and elimination. Cells 2019, 8, 379.

[CrossRef]
51. Cañadas-Garre, M.; Maqueda, J.J.; Baños-Jaime, B.; Hill, C.; Skelly, R.; Cappa, R.; Brennan, E.; Doyle, R.; Godson, C.; Maxwell, A.P.

Mitochondrial related variants associated with cardiovascular traits. Front. Physiol. 2024, 15, 1395371. [CrossRef]
52. Pezzotti, A.; Kraft, P.; Hankinson, S.E.; Hunter, D.J.; Buring, J.; Cox, D.G. The mitochondrial A10398G polymorphism, interaction

with alcohol consumption, and breast cancer risk. PLoS ONE 2009, 4, e5356. [CrossRef]

https://doi.org/10.1530/REP-15-0251
https://www.ncbi.nlm.nih.gov/pubmed/26370242
https://doi.org/10.1038/s10038-020-0757-3
https://doi.org/10.1093/humrep/der062
https://doi.org/10.1016/j.mito.2020.06.003
https://doi.org/10.1186/s12958-024-01252-4
https://doi.org/10.3390/antiox10010098
https://doi.org/10.3390/biology12060827
https://www.ncbi.nlm.nih.gov/pubmed/37372112
https://doi.org/10.1097/CM9.0000000000003126
https://www.ncbi.nlm.nih.gov/pubmed/38855875
https://doi.org/10.3389/fcell.2024.1438231
https://doi.org/10.3109/19396360903456676
https://doi.org/10.1093/humupd/dmg003
https://doi.org/10.14715/cmb/2023.69.6.17
https://doi.org/10.3390/agriculture14122137
https://doi.org/10.2174/138920112799361954
https://doi.org/10.11613/BM.2013.018
https://doi.org/10.1186/cc2428
https://doi.org/10.3390/molecules21081062
https://www.ncbi.nlm.nih.gov/pubmed/27529210
https://doi.org/10.1007/s10815-016-0663-y
https://www.ncbi.nlm.nih.gov/pubmed/26867640
https://doi.org/10.1186/1756-0500-6-425
https://www.ncbi.nlm.nih.gov/pubmed/24148579
https://doi.org/10.1016/j.atherosclerosis.2016.07.920
https://doi.org/10.18632/oncotarget.16891
https://doi.org/10.3390/cells8040379
https://doi.org/10.3389/fphys.2024.1395371
https://doi.org/10.1371/journal.pone.0005356


Med. Sci. 2025, 13, 109 15 of 15

53. Krausz, C.; Riera-Escamilla, A.; Moreno-Mendoza, D.; Holleman, K.; Cioppi, F.; Algaba, F.; Pybus, M.; Friedrich, C.; Wyrwoll,
M.J.; Casamonti, E. Genetic dissection of spermatogenic arrest through exome analysis: Clinical implications for the management
of azoospermic men. Genet. Med. 2020, 22, 1956–1966. [CrossRef]

54. Al-Turki, H.A. Prevalence of primary and secondary infertility from tertiary center in eastern Saudi Arabia. Middle East Fertil. Soc.
J. 2015, 20, 237–240. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41436-020-0907-1
https://doi.org/10.1016/j.mefs.2015.02.001

	Introduction 
	Materials and Methods 
	Study Population 
	Collection and Preparation of Semen Samples 
	Extraction of Mitochondrial DNA 
	PCR Assay of Mitochondrial Genes 
	MT-DNA Sequencing 
	Statistical Analysis 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

