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Abstract: Important variables that affect the quality and functionality of sperm and may affect male
reproductive health and fertility include telomere length, mitochondrial content, and the ratio of
mitochondrial DNA (mtDNA) to nuclear DNA (nDNA). The purpose of this study was to look at
the connections between these three sperm characteristics and how they might affect a woman'’s
ability to conceive. Methods: Data were collected from 82 men who underwent IVF/ICSI at the
University Hospital of Ioannina’s IVF Unit in the Obstetrics and Gynecology Department.
Evaluations included sperm morphology, sperm count, sperm motility, and participant history. To
address this, males of reproductive age who were categorized into three body mass index (BMI)
groups—normal, overweight, and obese—had their sperm samples tested. Results: Our findings
indicate a negative correlation between relative telomere length and BMI for both the normal and
overweight groups. Conversely, a positive correlation was observed for the obese group, indicating
a possible relationship between mitochondrial health and telomere maintenance. The results were
statistically significant only for the obese group. Furthermore, a negative correlation was observed
between telomere length and mitochondrial content in both the normal and overweight groups,
indicating that a lower mitochondrial content may be linked to longer telomeres. Nonetheless, there
was a positive correlation for the group that was obese. For all three groups, the data did not reach
statistical significance. Given that mitochondrial concentration and telomere length are both
markers of cellular integrity and health, these correlations may have an impact on the quality of
sperm. Furthermore, the relative telomere length of the normal and overweight groups had a
negative correlation with the ratio of mtDNA to nDNA, though the obese group showed a positive
correlation. The findings were not statistically significant in any of the groups under investigation.
According to this, male fertility may be negatively impacted by an imbalance in the copy number
of the mitochondrial genome compared to the nuclear DNA in sperm. Conclusions: Our research,
in essence, emphasizes the interaction among human sperm telomere length, mitochondrial
concentration, and the mtDNA to nDNA ratio. Gaining knowledge of these correlations could help
explain the reasons behind male infertility and open up new treatment options for reproductive
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health problems. The functional importance of these correlations and possible uses in therapeutic
contexts require more investigation.

Keywords: telomere length; mitochondria; oxidation; body mass index; IVF/ICSI; male infertility

1. Introduction

Hayflick and Moorhead first used the term “cellular senescence” to describe how human somatic
cells gradually lose their ability to proliferate. [1]. Along with the loss of the capacity to replicate, this
condition also exhibits a variety of important modifications in cell structure, gene expression,
metabolism, epigenetics, and other areas[2]. The knowledge of how telomeres can signal senescence
arrest has come a long way since then. These mechanisms are particularly crucial in the study of
aging since it has been established that cellular senescence, which is fueled by telomere disruption,
is a primary cause of aging and age-related disease[2].

Telomeres are DNA tandem repeats (TTAGGG) linked to a variety of proteins that together
make up the “Shelterin” complex. At the end of linear chromosomes, a ribonucleoprotein called
telomerase repeats, elongating the telomeric TTAGGG. The core holoenzyme of this multi-subunit
ribonucleoprotein enzyme only consists of catalytic telomerase reverse transcriptase (TERT) and an
RNA template (TERC) [1-3]. Telomerase silencing occurs because TERC is widely expressed while
the TERT gene is strongly repressed in the majority of human somatic cells [1,2]. Hence, the factor
that sets a rate limit for telomerase activity regulation is TERT. Telomeres have a 3’ overhang made
up of single-stranded nucleotide repeats, as well as a lagging strand that is high in cytocine and a
leading strand that is high in guanine [3].

DNA breaks into single and double strands when the OS is high. Due to their higher guanine
content and increased vulnerability to oxidative damage, telomeres also shorten more quickly as a
result of it. The majority of somatic cells lack the telomerase enzyme, which results in a condition
known as the “end-replication problem” during cell division. This is due to DNA polymerases’ innate
inability to completely duplicate the lagging strand with a high concentration of telomere C[4]. By
allowing DNA polymerases to start DNA replication, RNA primers contribute to the synthesis of the
lagging strand. However, when the final primer at the 3’ end is deleted, telomere repeats are lost and
unavoidably, the recently formed strand will be a few nucleotides shorter[4].

It has been determined that the telomere length (TL) in human spermatozoa is roughly 6-20 kb,
longer than that in somatic cells[5-7]. Additionally, it appears that the telomeres in spermatozoa are
organized in a particular way, with the telomeric sections of chromatin being either at the nuclear
membrane or at the nuclear periphery. Since the oocyte may more easily access these sites for
pronuclear growth after fertilization, it has been postulated that the placement of histone-bound
telomeres close to the nuclear border and their combination have a functional effect[5,8].

Histones are not completely removed from the cell during the repackaging process; in human
sperm, 10-15% of them are still present[9-11], compared to only 1-2% in rat sperm[11,12]. Round
spermatids demonstrate that fully developed sperm still have dimeric telomeres, in contrast to earlier
germ cells, which have little or no telomerase activity[13]. Germ cells experience substantial
chromatin repackaging during spermiogenesis and epididymal transit. A tight toroidal conformation
is formed by the gradual replacement of the majority of histone-bound nucleosomes by transition
proteins and then protamines[14].

In contrast to the germline, where telomeres have generally been thought to stay constant within
a species, higher animal somatic tissues have been shown to experience telomere shortening with
age. A sign of youth and biological fitness has been thought to be longer telomeres in an individual’s
somatic tissues compared to other members of the same species. It was therefore surprising when
several laboratories discovered that the sperm of older men had longer telomeres, which resulted in
their children having leukocytes with higher TL.
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It was rapidly hypothesized that the contradictory events must be brought on by biological
processes that take place in the testes during a man’s lifetime. According to some, spermatozoa with
long telomeres may have been selected for aging, whereas some hypothesized that telomere
elongation takes place in the aging testes[6,15]. However, a bizarre hypothesis that old men’s gonads
regenerate has come to dominate thought among peers in the field. A pioneering investigation that
was published in short stated that different mechanisms, rather than a variation in the timing of
telomere regulation, are the cause of longer TLs in spermatozoa from older men [16].

Telomeres, the protective caps at the ends of chromosomes, play a major role in cellular aging
and senescence, in contrast to BMI, which is commonly used as a measure of general health and
obesity. Mitochondrial DNA is essential for the cellular synthesis of energy and has implications for
age-related disorders. This study aims to advance knowledge of the molecular mechanisms
underlying aging and the possible effects of lifestyle and metabolic factors on cellular health by
exploring the interactions between these three variables.

2. Results

The individuals were divided into three groups according to their BMI. The mean values for
relative telomere length are displayed in the graph below (Figure 1). Based on the differences in
standard deviations across the three groups, error bars have been defined.
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Figure 1. he variations in the three groups under study telomeres’ relative lengths. Following are the
value variations for the normal, overweight, and obese populations. The standard deviations (SD)
observed for the groups are; normal SD=2.77, overweight SD = 0.93, obese SD=2.31.

The overweight group’s TL differs by almost half from that of the groups with normal and obese
BMIs, respectively. Yet, this difference is not significant in terms of statistics (p>0.05). While the obese
group’s variance ranges from -2 to 3, the normal group’s relative TL fluctuates between -2 and 4.
However, the relative TL ranges between -1 and 2 in the group of people who are overweight (Figure
1).

Following that, in each group separately, we examined the interaction regarding relative
telomere length (TL). For the three groups with normal, overweight, and obese BM]I, the relative
length of telomeres was examined, as shown in the figures below. A substantial negative association
between telomere length (TL) and the group of people with normal BMI (Figure 2).

A negative association between BMI and relative TL was also observed in the overweight group,
as indicated in the following graph (Figure 3). Finally, relative TL demonstrated a positive correlation
with BMI in the obese group (Figure 4). The figures below depict the result of Spearman’s correlation
coefficient conducted to examine the relationship between relative TL and BML
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Figures 2 and 3. Evaluation of the relative Telomere Length (TL) in the normal and overweight
groups. A negative association was evident for both of them (rho =-0.047 and -0.0181, respectively).
With p values of 0.823 and 0.349, respectively, the outcomes were not statistically significant.
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Figure 4. With a statistical significance level of 0.040, the measurement of the relative TL in the obese
group revealed a positive correlation (rtho = 0.391, *correlation is significant at the 0.05 level, two-
tailed).

2.1. Correlation between mitochondrial DNA content and the relative telomere length

Additionally, the normal and overweight groups’ correlations between mitochondrial content
and TL revealed a negative association. The results, which are shown in the figures below, are not
statistically significant, as indicated by the p-values. The p-value for the normal group was 0.204
(Figure 5), while it was 0.183 for the overweight group (Figure 6).
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Figures 5 and 6. Men with normal and overweight BMIs exhibited a negative correlation between

mitochondrial DNA and TL. With p values of 0.0.204 and 0.133, respectively, no statistically
significant results were obtained.

The comparison of mitochondrial content and relative telomere length for males who range into
the obese category showed a positive connection. The graph below reflects this further (Figure 7). The
outcome in this instance was statistically significant, p=0.812.
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Figure 7. In the obese group, a positive modest correlation was observed between TL and
mitochondrial DNA load. However, the results did not show any statistical significance.

2.2. Correlation between mtDNA to nDNA ratio and the relative telomere length

Assessing the correlation between relative telomere length and the ratio of nuclear to
mitochondrial DNA followed next. The diagram demonstrates the first finding, which is that there
was a negative correlation between those with normal and overweight BMIs. The findings (p = 0.189
and p = 0.36, respectively) did not demonstrate any statistical significance.
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Figures 8 and 9. The ratio of mitochondrial to nuclear DNA appears to have a negative modest
correlation with relative telomere length in males with normal and overweight BMI. However, the
results obtained were not statistically significant.

Nevertheless, the outcomes did not reach statistical significance for the group classified as obese.
In particular, the ratio displayed a modest positive correlation with the relative length of telomeres
in the obese group, however, the p-value is only p = 0.763. The results obtained were not statistically

significant.
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Figure 10. Male obese individuals showed a positively modest association between the ratio of
nuclear to mitochondrial DNA and relative telomere length. However, p = 0.763 indicates that the
results do not reach statistical significance.

3. Discussion

This study examined the three parameters for each of the three subject groups based on body
mass index and compared them with relative telomere length. When comparing the relative length
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of telomeres to BMI, it was first observed that there was a positive association for obese individuals
and a negative correlation for normal and overweight groups. The results were statistically significant
only for the obese group, suggesting that weight affects telomere length and consequently sperm
quality.

Similar findings were observed when comparing mitochondrial content and relative telomere
length. There is a positive association for the obese group and a negative correlation for the normal
and overweight groups. Lastly, research was done on the relationship between the ratio of
mitochondrial DNA to nuclear DNA and relative telomere length. The correlation was positive for
the obese group and negative for the normal and overweight groups. For all the groups under
investigation (normal, overweight, and obese), neither case showed statistically significant outcomes.

Telomere length and structure are essential for maintaining the integrity of the nuclear genome,
and spermatogenesis and conception are specifically linked to the maintenance of telomeres in germ
cells[17]. An essential component of the dynamic maintenance of telomere length homeostasis is the
existence of telomerase activity in spermatogenic cells. Previous research, however, has
demonstrated that both endogenous and exogenous variables, including oxidative stress,
inflammation, exposure to the environment, and lifestyle choices, may disrupt telomere
homeostasis[18-21]. According to several studies, telomerase may even be triggered in some
circumstances, leading to telomere elongation[18-20]. Low levels of arsenic exposure and oxidative
stress have both been shown to boost telomerase activity and lengthen telomeres[21-23].

In the absence of direct evidence, the positive correlation between STL and sperm DNA
fragmentation in young individuals may be due to the activation of telomerase by a low-level adverse
factor, such as mild oxidative stress, which causes genomic damage in addition to STL extension.
Moreover, sperm DNA damage is known to increase with age[24-26]. Sperm telomere length
positively correlates with age, in contrast to most cell lines and tissues[27,28]. In the absence of
longitudinal data, a recent cross-sectional study by Antunes et al. makes a similar claim that
spermatozoa have lengthened telomeres throughout male aging[29]. The study concluded that the
telomere lengthening process must involve an alternative mechanism (=ALT) in addition to the
telomerase enzyme. In aging male spermatozoa, there is a significant rise in mean TL and, more
importantly, a rise in TL variability, both of which are associated with ALT[29].

Telomeres, telomerase subunits, and mitochondria have been intimately linked in recent years.
Telomere damage results in the reprogramming of mitochondrial biosynthesis and mitochondrial
dysfunctions, which have significant consequences for aging and diseases. On the other hand,
mitochondrial dysfunctions cause telomere attrition[30]. Different studies suggest that telomere
attrition is modifiable, as substantial variability exists in the rate of telomere shortening that is
independent of chronological age[31]. Telomere attrition has also been linked with other potentially
modifiable lifestyle factors, such as poor nutrition and physical inactivity indicating the plasticity of
TL[32,33]. Findings from different studies show that a healthy diet, low stress, exercise, and a good
sleep pattern are related to longer telomeres[34,35]. Individuals with shorter telomeres are at higher
risk of chronic diseases and mortality.

Obesity is a chronic low-grade inflammatory condition that induces the generation of oxidative
stress and inflammation. A high body mass index can also lead to a low sperm count while a male’s
testosterone will transfer into estrogen, reducing sperm production[36]. Obesity also raises the
scrotum temperature which negatively affects the health of the sperm. Furthermore, OS may result
from modifications to mitochondrial activity, which can greatly raise reactive oxygen species (ROS)
levels[37]. A body of evidence has been gathered demonstrating that telomerase can also function in
telomere-independent ways and that, under OS, the TERT transfers between the nucleus and
mitochondria, and the TERC is processed, imported into mitochondria, and exported back to the
cytosol[30].

The regulation of mitochondrial DNA copy number (mtDNAcn) is a crucial process that controls
the expression of mtDNA genes in mitochondria, in contrast to nuclear DNA. For instance, it has
been demonstrated that mitochondrial transcription factor A (TFAM) is crucial for maintaining
mitochondrial homeostasis and covering up for low mtDNA content in mature human sperm[38].
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Increased mtDNAcn in human sperm has been identified as an indicator of male infertility since the
majority of studies have demonstrated a negative correlation between sperm mtDNAcn and several
semen parameters, such as sperm concentration, motility, morphology, and mtDNA integrity[39-41].
An increase in mtDNA could be the result of a feedback process compensating for the damaged
mitochondria[42]._

In addition to nuclear DNA, male infertility is also influenced by mitochondrial DNA. The
normal process of fertilization may be affected by alterations in the mtDNA. Telomere length and
mtDNAcn are positively correlated, according to several epidemiological research conducted on
leukocytes[43-46]. Nonetheless, not much research has been done on potential correlations between
telomeres and mitochondrial characteristics in human sperm. It is widely acknowledged that mtDNA
is especially prone to cumulative mutation and deletion, either as a result of its proximity to the
respiratory chains, which produce reactive oxygen species or because it lacks protective histones.
Oxidative insults are known to affect both nuclear and mitochondrial DNA[47].

The question of whether TL may be used as a diagnostic for sperm quality and fertility is a crucial
one in the field of male germ cell telomere biology right now. Men’s sperm chromatin quality is not
taken into account by the World Health Organization (WHO)'s (WHO) standards for evaluating male
fertility[48]. Even though sperm DNA integrity testing is regarded as a significant endpoint, many of
the procedures have historically been difficult to use in a clinical environment since they rely on a
high level of technical knowledge. There is therefore a need for an efficient, repeatable test that would
look at a novel sperm parameter. Given that early research is starting to reveal associations between
sperm TL and reproductive outcomes, TL is a desirable measurement[17].

4. Materials and Methods

4.1. Participants’ characteristics and semen sample collection

The current study included eighty-two (82) men who underwent IVF/ICSI at the IVF Unit of the
Obstetrics and Gynecology Department of the University Hospital of Ioannina, Ioannina, Greece.
Men were classified into three groups based on their BMI. Twenty-five (25) of the men recruited had
normal BMI (ranging from 18 to 24.9 kg/m2), twenty-nine (29) men were overweight (ranging from
25 to 29.9 kg/m2), and twenty-eight (28) men were obese (class I & II) with a BMI higher than 30
kg/m2. Each participant signed an informed consent form. The characteristics of each sperm sample
were identified using Kruger’s criteria.

According to Kruger et al., tougher sperm morphology standards may be a reliable indicator of
infertility during in vitro fertilization (IVF). According to Kruger’s requirements, the sperm head
must be oval-shaped, regular, and have a smooth, constant outline. Additionally, the acrosome must
be intact. Furthermore, midpiece and tail abnormalities are not permitted. Another indication of
morphological issues may be bent, numerous, or short tails as well as coiled, bowed, or sloppy
midpieces. Finally, a high cytoplasmic droplet count may be a sign of sperm immaturity.

4.2. Sperm DNA extraction and quantification

In the fresh semen samples sperm parameters such as sperm count, motility, morphology, and
DFI using Computer Aided Semen Analysis (CASA), within an hour of ejaculation. The samples were
then frozen at a temperature of —20°C for storage. The Qiagen methodology was used in the current
investigation along with a matching kit; the QIAmp DNA blood Mini kit. During the first stage, 100y
of semen sample was combined with an X2 buffer, and heated for at least an hour at 56 °C in the heat
block. Each sample was vortexed at regular intervals. Following this, a volume of 200uL from each
preheated semen sample was processed for sperm DNA extraction using the QIAmp DNA blood
Mini kit according to the manufacturer’s instructions.

Using a NanoDrop Spectrophotometer from Thermo Fisher Scientific, Waltham, Massachusetts,
USA, the isolated sperm DNA was eluted in 80uL of elution buffer and measured to determine purity
and concentrations. By evaluating the A260/A80 ratio using spectroscopy for DNA analysis, the
quality of the isolated DNA was evaluated. A human cell population’s average TL can be measured
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directly using the Absolute Human Telomere Length Quantification qPCR Assay Kit (AHTLQ) from
ScienCell. Recognizing and amplifying telomere sequences is the function of the telomere primer
pair. Data normalization was accomplished using the single copy reference (SCR) primer pair, which
identifies and amplifies the human chromosome 17 region of 100 base pairs.

4.3. Real-time quantitive PCR — qPCR

A quantitative polymerase chain reaction was employed to measure the absolute telomere
length. Every genomic DNA sample was used in two separate qPCR procedures, one using telomere
primer stock solution and the other using SCR primer stock solution. We employed the following
components in each reaction: 0.5-0.5 ng/uL of genomic DNA template, 2uL of primer stock solution
(Telomere or SCR), 10uL of 2X GoldNStart TaqGreen qPCR master mix, 7L of nuclease-free water,
and a total volume of 20pL. The reaction was conducted on a Corbett Rotor-Gene 3000 Real-Time
Rotary Analyzer (Corbett Research, Sydney, Australia) using the cycling conditions listed below:
initial denaturation at 95 °C for 10 min, followed by 32 cycles of denaturing at 95 °C for 20 s, annealing
at 52 °C for 20 s, and extension at 72 °C for 45 s. Following data collection, a hold at 25°C for 1 min
was performed. Data were analyzed using the SPSS statistical program.

4.4. Quantification Method: Comparative AACq Method based on the AHTLQ assay kit

The difference in the number of quantification cycles of telomeres (TEL) between the target and
reference genomic DNA samples is known as Cq (TEL).

ACq (TEL)= Cq (TEL, target sample) — Cq (TEL, reference sample)

1. For single-copy references, Cq (SCR) is the number of quantification cycles that differ between
the reference and target genomic DNA samples.

2. AACg=ACq(TEL) - ACq (SCR)

3. The target sample’s relative telomere length to the reference sample (fold) =2-44Cq

4.5. Statistical analysis

The association between the two variables was evaluated statistically using Spearman’s
correlation coefficient. The statistical software SPSS was used to analyze the data between the groups
under study. The direction and correlation coefficient (rs) between the variables shown in the graph
are reported numerically in the analysis. Microsoft Excel spreadsheets were used to organize the
extraction data, mtDNA copy numbers, and Ct rates to create graphs. Statistical significance was
defined as p<0.05.

5. Conclusions

Consequently, the investigation into the relationship between relative TL and mitochondrial
DNA content has shed light on the complex interactions between these two vital aspects of cellular
health and aging[47]. The evidence points to a complex interaction that may have repercussions for
our knowledge of how cells age, how they become susceptible to disease, and how they operate as a
whole. To form a more comprehensive opinion, additional research is necessary. The findings
highlight the significance of preserving mitochondrial health and telomere integrity as critical
elements in promoting lifespan and general well-being, even though more study is required to clarify
the specific nature of this link. This discovery could influence future medical therapies and methods
meant to maintain cellular vitality and lengthen healthy lifespans as our understanding of these
interrelated processes continues to advance.

6. Limitations of the study

When evaluating the study’s findings, one should take into account a number of its
shortcomings. Firstly, a smaller sample size may have limited how broadly the results may be applied
to the public. Furthermore, answer bias and recall errors may have been introduced by the data
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collection strategy, which mostly relied on self-report surveys. The study was also limited by the
geographic area in which it was carried out, thus contextual and cultural factors may have a different
effect on the findings elsewhere. Relative measurements are often obtained by PCR-based methods,
which are the most widely used approaches for measuring mtDNA-CN and telomere length.
Furthermore, no research has been done that focuses on population-based studies and systematically
examines the relationship between telomere length, mtDNA-CN, and sperm prevalence, incidence,
and death. Finally, logistical and ethical limitations may have affected the study’s conduct and
results, as they do with any research involving human beings. These restrictions highlight the need
for additional investigation to strengthen and improve the understanding this study provided.
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Appendix A

We offer a thorough summary of all the variables examined in this research in this appendix. To
improve transparency and reproducibility for readers and other researchers, we hope that this
information will be presented in an orderly and systematic way, enabling a greater understanding of
the variables and their impact on our study.
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