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Abstract: The global fall in male fertility is a complicated process driven by a variety of factors,
including environmental exposure, lifestyle, obesity, stress, and aging. The availability of assisted
reproductive technology (ART) has allowed older couples to conceive, increasing the average paternal
age at first childbirth. Advanced paternal age (APA), most often considered male age ≥40, has been
described to impact several aspects of male reproductive physiology. In this prospective cohort study
including 200 normozoospermic patients, 105 of whom were ≤35 years (non-APA), and 95 of whom
were ≥42 years (APA), we assessed the impact of paternal age on different endpoints representative
of sperm quality and cryopreservation tolerance. Non-APA patients had superior fresh semen
quality; DNA fragmentation was notably increased in APA as compared to non-APA individuals
(21.7% vs. 15.4%). Cryopreservation further increased the DNA fragmentation index in APA (26.7%)
but not in non-APA patients. Additionally, APA was associated with increased mtDNAcn in both fresh
and frozen/thawed sperm, which is indicative of poorer mitochondrial quality. Cryopreservation
negatively impacted acrosome integrity in both age groups, as indicated by reduced incidences of
unreacted acrosome in relation to fresh counterparts in non-APA (from 71.5% to 57.7%) and APA
patients (from 75% to 63%). Finally, cryopreservation significantly reduced the phosphorylation
status of proteins containing tyrosine residues in sperm from young males. Therefore, the present
findings shed light on the effects of paternal age and cryopreservation on sperm quality and serve
as valuable new parameters to improve our understanding of the mechanisms underlying sperm
developmental competence that are under threat in current ART practice.

Keywords: APA; sperm cryopreservation; mitochondrial functionality; acrosomal reaction;
mtDNAcn; tyrosine phosphorylation

1. Introduction

A substantial reduction in semen quality has been documented over the past few
decades [1–5]. The worldwide decline in male fertility is a complex phenomenon influenced
by various factors, such as environmental endocrine disruptors, lifestyle, obesity, stress,
and increasing paternal age [6,7]. This latter is attributable to factors such as increased
life expectancy, societal expectations, and delayed marriage. The accessibility to assisted
reproductive technologies (ART) has enabled older couples to conceive, contributing to
the rise in average paternal age at first childbirth. In contrast to strong efforts towards the
understanding of the impact of maternal age on oocyte quality, the impact of paternal age
on sperm developmental competence has been neglected and remains unclear.
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Advanced paternal age (APA), referring to men conceiving at the age of 40 or be-
yond [8], impacts various aspects of male reproductive physiology. Indeed, APA has been
associated with altered testicular function [9], endocrine alterations [10], modifications
in sperm parameters [11,12], compromised sperm DNA integrity, changes in telomere
length [13], increased de novo mutation rate [14], modifications in chromosomal struc-
ture [15,16], and epigenetic changes [17]. A significant body of evidence consistently
indicates a decrease in semen volume, motility, and the proportion of morphologically
normal sperm with advancing age. Overall, the most consistent findings include APA’s
negative correlation with semen volume (7 of 9 studies) and motility (9 of 10 studies) as
well as positive correlation with DNA fragmentation (11 of 11 studies) [4,18–20]. Among
others, a study involving 277 normozoospermic men revealed a significantly higher DNA
Fragmentation Index (DFI) percentage in men older than 40 years compared to younger
men [21]. However, conflicting findings were reported by Winkle et al. [22], who found
no significant associations between male age, DNA fragmentation, and semen parame-
ters. The mechanisms behind age-related DNA fragmentation are not entirely clear, but
oxidative stress and inefficient apoptosis are believed to be significant contributing factors.
Poor semen parameters have also been linked to high mitochondrial DNA copy number
(mtDNAcn) [23,24].

Preserving sperm via cryopreservation is an effective method to preserve male fer-
tility, routinely applied in cases of chemotherapy, radiotherapy, testicular surgery, and
assisted reproduction [21,22]. Moreover, the adverse effects of sperm cryopreservation
on the sperm DNA fragmentation index (DFI) have been extensively documented in the
literature [2,15,25,26]. However, despite the effectiveness of cryopreservation, freezing
and thawing steps have negative effects on the sperm membrane, acrosome, and DNA
integrity, as well as sperm motility and vitality [27,28]. Cryopreservation induces both
cryo- and osmotic stress, leading to an increase in the production of reactive oxygen species
(ROS) and disruption of the balance in antioxidant defense systems [26,27]. This is why
only about 50% of spermatozoa survive the freezing and thawing procedures [25]. Apart
from the injuries caused by cryopreservation itself, it triggers premature changes that
resemble capacitation [29]. These molecular modifications, known as cryo-capacitation,
imitate the typical capacitation process in sperm, leading to a reduced lifespan and dimin-
ished fertilization potential. Elevated concentrations of intracellular Ca2+ ions have been
associated with cryo-capacitation. The interplay between age-related sperm quality decline
and cryopreservation-induced stress is mostly unknown and deserves robust investigation
in order to provide new reliable/valuable parameters for the improvement in medical
strategies aiming at preserving or optimizing male fertility. Sperm parameters, fertility,
and male sexual function can all be significantly impacted by age. There are undoubtedly
a lot of unanswered questions concerning male aging and fertility, even in light of the
facts covered in this article. A deeper comprehension of the modifications to the male
reproductive axis and its effects on all aspects of male fertility in relation to age will be
possible with additional research.

Considering these observations, the purpose of this study was to explore whether
APA exacerbates the stress induced by cryopreservation in sperm. Herein, we tested the
hypothesis that APA is associated with a greater impact of cryopreservation on key biologi-
cal processes essential for sperm’s developmental competence, such as acrosomal reaction
(AR), tyrosine phosphorylation levels, DNA integrity, and mitochondrial functionality.

2. Materials and Methods

The flowchart of this study is summarized in Figure 1.
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Figure 1. Design of the study. Sample collection and analysis was performed according WHO
manual 2021 [30] IF: immunofluorescence analysis; WB: Western blot analysis.

2.1. Semen Collection and Treatment

This prospective multicentric study was based on a cohort of 200 consecutive men
undergoing fertility investigation from January to October 2023 at the Unit of Medically As-
sisted Reproduction, Siena University Hospital and the Biogenesi Reproductive Medicine
Center, Istituti Clinici Zucchi, Monza, Italy. All participants provided written consent for
their involvement in the study, and approval for the research was granted by the local
Institutional Review Board (approval ID: CEAVSE protocol number 18370, 2 October 2020).
All patients underwent a detailed medical history and physical examination, and those
exhibiting potential underlying factors associated with male infertility, such as varico-
cele, cryptorchidism, hormonal imbalances, congenital genital tract anomalies, or prior
treatments with potential impacts on fertility, such as cancer therapy, were excluded from
the study. Sperm samples were collected via masturbation after a period of abstinence
lasting from 2 to 5 days. Semen analysis was conducted within 30 min after fluidification,
according to WHO 2021 guidelines, with two separate blinded observers performing the
assessment (the reported data represents the average of the two observations). An amount
of 10 µL of each semen sample was used for analysis according to the WHO guidelines [30].
An unbiased observer assessed seminal parameters, and the results were independently
verified by another observer to ensure quality control. Briefly, 10 µL of semen were loaded
in a Makler chamber, and sperm concentration and motility were evaluated by a blinded
observer; total sperm, motile, and non-motile sperm were counted in 10 squares. Vitality
was measured by mixing semen and eosin 1:1 (v:v); after 30 s of incubation, sperm were
smeared on a slide and examined in a light microscope (400×). Sperm concentration, motil-
ity, morphology, and vitality were assessed for each sample, and only those individuals
with normal sperm parameters (n = 200) were included in the study. Normozoospermic pa-
tients were included in the following analyses once assigned to 2 groups based on their age:
the non-APA group comprising patients ≤35 y (n = 105) and the APA group comprising
patients ≤42 y (n = 95).

2.2. Sperm Cryopreservation and Thawing

Semen samples from each donor were split into two aliquots: one was utilized as a
fresh semen sample, while the other underwent a cryopreservation/thawing procedure.
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For sperm cryopreservation, an equal volume of cryoprotector solution (Freezing
Medium, Fujifilm, Rome, Italy) was added drop by drop to the sperm pellet
(volume/volume). Cryotubes containing sperm were firstly placed at 4 ◦C for 60 min
and then transferred to −20 ◦C for an additional 20 min before being immersed in liquid
nitrogen. Sperm samples were thawed by placing them immediately at 37 ◦C. After com-
plete thawing, the cryoprotectant was removed by adding PBS 1× before centrifugation for
10 min at 500× g.

Sperm analysis, following WHO 2021 guidelines, was then repeated using 10 µL of
each selected sample, while the remaining sample was stored for subsequent experiments.

2.3. Acrosomal Staining

For each semen condition (fresh or freeze/thawed), the assessment of the acroso-
mal status was conducted using Pisum sativum agglutinin (FITC-PSA), labeled with
fluorescein isothiocyanate, according to a previously published method [31]. Fluores-
cence images were captured using the Leica AF6500 Integrated System for Imaging
and Analysis, manufactured by Leica Microsystems in Wetzlar, Germany and operated
with the LAS AF 4.0 software. Subsequently, the signal intensity was quantified using
Image-J software 1.54i (U.S. National Institutes of Health in Bethesda, MD, USA). A mini-
mum of 200 sperm per patient was counted to determine the number of sperm that were
acrosome-reacted or intact.

2.4. Western Blotting

For Western blot analysis, sperm samples were washed with ice-cold PBS and sub-
sequently lysed as described in a precedent study with some modification [32] using
lysis buffer (8 M urea, 4% CHAPS, 40 mM Tris base, 65 mM dithioerythritol, and trace
amounts of bromophenol blue) supplemented with Protease Inhibitor (dilution 1:100) and
phenylmethylsulphonyl fluoride (PMSF; dilution 1:200). The protein concentration was
determined using a BSA Bradford assay. Then, 30 µg of protein from each sample was
separated via electrophoresis, subsequently transferred onto a nitrocellulose membrane,
and incubated overnight at 4 ◦C with the primary antibody (Supplementary Table S1).
It was then subjected to three washes before being exposed to the secondary antibody
(Supplementary Table S1) for 1 h at RT. Following three additional washes in PBS-Tween 20
0.1%, the immunostained bands were visualized via chemiluminescence using ImageQuant
LAS 4000 (GE Healthcare, Chicago, IL, USA).

2.5. Immunofluorescence Staining

Immunofluorescence analysis was carried out following a previously published proto-
col [33]. The list of antibodies used for the staining is available in Supplementary Table S1.
The sperm samples were examined using the Leica AF6500 Integrated System for Imaging
and Analysis (Leica Microsystems in Wetzlar, Germany) and operated with the LAS AF 4.0
software. Staining patterns were analyzed and classified as reported in the literature [30,34].

2.6. Assessment of Sperm DNA Fragmentation

Sperm DNA fragmentation was evaluated using the sperm chromatin dispersion test
(SCD test; Halosperm G2® assay, Halotech DNA SL, Madrid, Spain). Following this process,
the slides were stained, and at least 300 sperm from each sample were examined to assess
the variability in DNA fragmentation levels (DFLs) [31].

2.7. Mitochondrial Membrane Potential Assay

MitoTracker staining was employed to evaluate sperm mitochondrial membrane poten-
tial (MMP) in the two distinct experimental groups, following a validated procedure [35].
MitoTracker, which selectively labels the midpiece of sperm with active mitochondria,
serves as a reliable tool for tracking mitochondrial membrane potential (MMP) in sperm
samples [36]. To counterstain the nuclei 4′,6-diamidino-2-phenylindole (DAPI) was utilized.
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Sperm were classified based on staining intensity and midpiece patterns. A minimum of
200 sperm from at least ten different fields were examined for each sample.

2.8. Determination of mtDNA Copy Number

Sperm DNA extraction was conducted using a protocol previously published by
Darbandi et al. [37]. In summary, the spermatozoa were incubated with a Lysis Buffer
for 15 min at room temperature, followed by centrifugation. The resulting pellet was
subjected to treatment with TRIzol and proteinase K. After an overnight incubation at
56 ◦C, chloroform was added to create three phases (DNA-RNA and proteins), and DNA
was collected from the upper phase. Cold ethanol and 3 M sodium citrate were added
for DNA sedimentation, followed by washing and rehydration. The final DNA pellet was
obtained after centrifugation and washing steps. The purity of RNA was assessed by n
NanoDrop® ND-100 (Thermo Fisher Scientific, Waltham, MA, USA).

The relative mtDNA copy numbers were calculated by real-time qPCR and normalized
via the quantification of the nuclear DNA. The sequence of primers for nuclear gene
microglobin (Nβ2) were FW 5′-TGC TGT CTC CAT GTT TGA TGT ATC T-3′ and REV:
5′-TCT CTG CTC CCC ACC TCT AAG T-3′. The primers for the mtDNA MT-ND1 gene
were FW 5′-GTC AAC CTC GCT TCC CCA CCC T-3′ and REV 5′-TCC TGC GAA TAG
GCT TCC GGC T-3′. All amplification reactions were conducted in triplicate by qRT-PCR
on a CFX connect Real-Time PCR Detection System (Bio-Rad Laboratories, Berkeley, CA,
USA) using SsoFast EvaGreen Supermix (Bio-Rad Laboratories). The PCR mix consisted of
Green Master Mix FAST ROX 2X (Genaxxon bioscience GmbH, Ulm, Germany), primers
1×, DNA (10 ng), and water. The PCR conditions were 3 min at 95 ◦C, followed by
40 cycles of denaturation at 95 ◦C for 10 s, annealing at 60 ◦C for 10 s, and primer extension
at 72 ◦C for 20 s. The Ct values for the Nβ2 microglobin gene and the MT-ND1 gene were
ascertained for each individual in a single quantitative PCR run. Ct values serve as a
metric for the input copy number, and differences in Ct values are utilized to quantify the
mtDNAcn relative to the Nβ2 microglobin gene. This is calculated using the equation for
relative copy number (Rc): Rc = −1/2 ∆Ct, where ∆Ct represents the difference between
the Ct values of ND1 (Ct_ND1) and Nβ2 microglolin (Ct_Nβ2 microglobin).

2.9. Statistical Analysis

Statistical analysis was carried out with GraphPad Prism 9.0 (GraphPad Software,
San Diego, CA, USA). Unpaired t-test with Welch’s correction for analysis of sperm param-
eters. One-way ANOVA was used to compare acrosome staining, results from Western blot,
and DNA fragmentation in the two groups of samples. A chi-square test of independence
was performed to examine the acrosomal integrity in fresh and cryopreserved sperm. Data
are reported as mean ± standard deviation (SD). Statistical significance was set at p < 0.05.

3. Results
3.1. Analysis of Sperm Parameters

Table 1 summarizes the main seminal parameters in the two study groups: the non-
APA group comprising patients under 35 years old and the APA group comprising pa-
tients with more than 42 years. Significant differences were observed in seminal volume
(p = 0.0219), total number of spermatozoa (p = 0.0067), progressive motility (p = 0.0231),
and percentage of morphologically normal sperm (p = 0.0036). However, no statistically
significant differences were observed in the number of spermatozoa per mL, motility,
and sperm vitality. Additionally, post-cryopreservation motility was not significantly dif-
ferent between the two groups (p = 0.1249), with the non-APA group having a mean of
8.556 ± 8.801% and the APA group having a mean of 5.638 ± 6.298%.
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Table 1. List of patients (n = 200) characteristics and seminal values of the two study groups. Data
are expressed as mean ± SD. * p < 0.05 ** p < 0.001 *** p < 0.0001.

Parameters Non-APA APA p Value

nº of samples 105 95 -
Age (years) 27.75 ± 6.425 45.35 ± 3.093 <0.0001 ***

BMI 22.5 ± 2.2 23.2 ± 1.8 >0.05

Fresh semen

Seminal volume (mL) 2.997 ± 1.631 2.25 ± 0.8775 0.0219 *
Vitality (%) 81.18 ± 7.960 78.33 ± 10.60 0.2729
Number of

spermatozoa
(×106)/mL

72.83 ± 45.95 65.03 ± 33.69 0.4119

Total number of
spermatozoa (×106) 200.5 ± 128.3 130.1 ± 70.10 0.0067 **

Progressive motility
(%) 56.78 ± 12.23 50.14 ± 12.22 0.0231 *

Total motility (%) 61.50 ± 8.856 57.35 ± 10.14 0.0666
Morphologically

normal sperm (%) 9.278 ± 4.193 6.703 ± 2.971 0.0036 **

Frozen semen

Motility (%) 8.556 ± 8.801 5.638 ± 6.298 0.1249

3.2. DNA Fragmentation

As illustrated in Figure 2, the mean value of the DNA fragmentation index was similar
in fresh and frozen/thawed semen from young men (mean 15.4% vs. 18.4%; p > 0.05). The
mean percentage of spermatozoa exhibiting DNA fragmentation was significantly elevated
in fresh semen from men aged over 42 years compared to those younger than 35 years
(15.4% and 21.7%, respectively, p < 0.05). Noteworthy, in contrast with the results observed
in men younger than 35, DFI significantly increased with cryopreservation in men older
than 42 (21.7% vs. 26.7%, p < 0.05).
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Figure 2. Effect of APA and cryopreservation on the sperm DNA fragmentation Index. Data obtained
with the Halosperm kit are plotted as box–whisker plots, where boxes show the interquartile range
with median values, and whiskers represent min and max confidence intervals. Number of analyzed
samples: ≤35 years fresh and fresh and thawed (F/T) = 23; ≥42 years fresh and fresh and thawed
(F/T) = 25. Significance * p < 0.05; ** p < 0.01.
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3.3. Assessment of Mitochondrial Functionality

To evaluate MMP in both study groups, MitoTracker-positive sperm were quantified in
each sample (Figure 3A). The mean percentage of sperm stained with MitoTracker was com-
parable in the non-APA and APA groups, both in fresh samples and after cryopreservation.
This value ranges between 90% and 98%.
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Figure 3. (A) Representative bright field and fluorescence images of MitoTracker staining showing a
spermatozoon with high intensity of mitochondrial red fluorescence next to a spermatozoon with
no signal (right). Scale bar 10 µm. (B) Graphical representation of mitochondrial staining intensity
measured with the Software ImageJ 1.54i. ≤35 years old men, green triangle; ≥42 years old men, blue
dot. A total of 22 semen samples for each group were analyzed during the experiment. (C) Graphical
representation of mitochondrial footprint measured with the Software ImageJ 1.54i. Data are plotted
as box–whisker plots, where boxes show the interquartile range with median values, and whiskers
represent min and max confidence intervals. Significance * p < 0.05, ** p < 0.01.

However, when we measured the signal intensity using Mitochondrial Network
Analysis (MiNA), we observed that, while the fluorescence intensity in the fresh samples
was comparable, there was a statistically significant reduction (p < 0.01) in the staining
intensity of frozen/thawed sperm compared to the fresh samples. Notably, sperm mi-
tochondria of men older than 42 years showed a 50% reduction in mean fluorescence
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intensity as compared to individuals younger than 35 (2.5 ± 1.3 and 1.8 ± 0.5, respectively;
p < 0.001) (Figure 3B).

We conducted a further evaluation of mitochondrial network integrity in all sperm
samples (both fresh and thawed). As depicted in Figure 3A, the upper and lower images
serve as representative examples of mitochondrial networks in fresh and frozen/thawed
sperm. The quantified mitochondrial footprint, presented in Figure 3C, represents the
area or volume of the image occupied by the mitochondrial signal. The mitochondrial
footprint is significantly larger in thawed sperm from men in the APA group compared
to fresh sperm or sperm from younger men (* p < 0.05). This observation of an increased
mitochondrial footprint lets us hypothesize that mitochondria are likely over-fused due to
altered fusion and fission events associated with cryopreservation.

Additionally, since the mitochondrial fusion/fission process finely regulates mtDNA
synthesis, the mtDNAcn was assessed. As shown in Figure 4, in fresh semen, the median
value of mtDNAcn was higher in old men compared to younger, despite this datum does
not reach statistical significance. Interestingly, the mtDNAcn in frozen/thawed sperm from
the APA group was significantly increased compared to frozen/thawed sperm from the
non-APA group (0.57; p < 0.01),
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3.4. Effect of Advanced Male Age on Cryo-Capacitation

Figure 5 illustrates the characteristic staining pattern of intact acrosome (A,B) and
reacted (C,D) acrosome. In each experimental condition, the quantity of sperm exhibiting
intact or reacted acrosomes was assessed, revealing a significant decrease (p < 0.01) in
sperm acrosome integrity after cryopreservation. Specifically, the percentage of intact
acrosomes in the non-APA group was 71.5% in fresh samples and 57.7% in frozen/thawed
sperm. In the APA group, the corresponding percentages were approximately 75% in fresh
samples and 63% in frozen samples (Figure 5E). A chi-square test of independence was
performed to examine the relation between male age and the acrosome integrity in fresh
and cryopreserved sperm. While the relation between these variables was not significant for
fresh sperm, it became significant in frozen/thawed sperm, where the % of intact acrosome
significantly decreased in older men X2 = 4.3, p < 0.001.
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cells. Values are mean percentage ± SD. * p < 0.05.

Capacitation-like changes, such as tyrosine phosphorylation, have been demonstrated
during cryopreservation [29,38]. Because of this, we compared the phosphorylation status
of proteins containing tyrosine residues in the cryopreserved and fresh samples, both in
young and old males. Samples from younger men exhibited a band at approximately
200 kDa, corresponding to the family of proteins with tyrosine-phosphorylated residues;
this band was fairly detectable in the sperm from old men (Figure 6A). The relative quantifi-
cation of the spots confirmed the low abundance of P-Tyr proteins in sperm from males of
advanced age (p < 0.001) but also demonstrated that cryopreservation significantly reduced
the phosphorylation status of proteins containing tyrosine residues in sperm from young
males (p < 0.001) (Figure 6B).

There were no significant changes within the fresh and frozen samples of the
APA group.

To conduct a more comprehensive analysis, we examined the changes in the distribu-
tion of phosphotyrosine in both fresh and frozen/thawed human sperm cells, according to
male age. The phosphorylated tyrosine residues were identified in the following regions:
(1) the acrosomal cap, (2) the equatorial segment, (3) the tail, and (4) the combination of
the tail and acrosome (Figure 7). We examined the patterns of phosphotyrosine expression
in males from APA and non-APA groups, observing age-related alterations in expression
patterns reflected by their varied percentages. Noteworthy, in fresh samples, a reduced
number of spermatozoa of old males showed tyrosine phosphorylation in the tail. In
frozen/thawed sperm, this percentage significantly decreased in sperm from young males,
while it significantly increased in the older ones (Figure 7E).
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(E) Sperm phosphotyrosine stainings were classified according to their fluorescence patterns, and the
percentage of each pattern was subsequently calculated for each patient. The data represent the mean
proportion of each pattern (±SEM). A total of 200 sperm were assessed in each sample. A, acrosome;
EQ, equatorial segment; T, tail; T + A, combined staining in the tail and in the acrosome.

4. Discussion

Sperm cryopreservation is a fundamental procedure for both male fertility preserva-
tion and subfertility treatment via ART. A huge amount of data has demonstrated that
cryopreservation affects sperm competence. The most frequently reported consequence
is a reduction in sperm motility, but it also causes considerable harm to sperm chromatin,
morphology, and membrane integrity in both fertile and infertile men [39–41]. In the
present study, we demonstrate that advanced paternal age amplifies the detrimental effects
of cryopreservation, reducing the quality of frozen/thawed spermatozoa.

Several studies have assessed the association between paternal age and sperm DNA
fragmentation. Two of them reported a significantly higher sperm DFI in men aged over 40
in comparison to their younger counterparts [42,43]. In contrast, a third study did not find
a robust association between male age, DNA fragmentation, and semen parameters [22].
Firstly, in our cohort, we observed a noteworthy rise in sperm DFI with paternal age.
The literature extensively documents the negative effects of cryopreservation on sperm
DNA fragmentation index [18,26,40,44], although a universal consensus is lacking. Indeed,
another study has suggested that there are no significant differences in sperm DFI levels
between fresh and cryopreserved semen samples [45]. In this regard, it is appropriate
to emphasize the absence of a universally accepted definition for an abnormal DNA
fragmentation threshold, along with standardized assays.

We further verified that DNA fragmentation is not significantly increased in
frozen/thawed sperm of young men. Nevertheless, our findings indicate that the cry-
opreservation process leads to a significant increase in sperm DFI in APA sperm. Therefore,
we speculate that the vulnerability to cryopreservation DNA damage increases with pater-
nal age. It has been hypothesized that the heightened level of DNA fragmentation observed
in older men may stem from increased exposure to DNA damage induced by oxidative
stress in their reproductive systems over their lifetime [46].

This study also provides evidence of the impact of APA on mitochondrial activity
during sperm cryopreservation. While the MMP in fresh samples is similar between age
groups, cryopreserved sperm from men over 42 years exhibit half the mean fluorescence
intensity as compared to younger individuals. Recent studies indicate that cryopreservation
causes a decline in overall sperm quality and functionality by disrupting mitochondrial
ultrastructure and function; additionally, it has been demonstrated that mitochondrial
activators may protect against the adverse effects of semen cryopreservation [47,48]. The
analysis of mitochondrial network integrity revealed a significantly larger mitochondrial
footprint in thawed sperm from older men, suggesting a potential over-fusion of mitochon-
dria, possibly due to altered fusion and fission events associated with cryopreservation.
It has been reported that to prevent the formation of mitochondria lacking DNA, mito-
chondrial fusion facilitates the synthesis of mtDNA via processes involving ROS-triggered,
recombination-mediated replication [49].

Consistent with this finding, we observed an increase in mtDNAcn in APA as com-
pared to non-APA sperm (despite not being significant in our study cohort) and a significant
impact on mtDNAcn specifically associated with cryopreservation in older men. Previous
studies demonstrated a strong inverse association between sperm mtDNAcn and semen
quality [23], as well as fertilization competence [50], indicating that mtDNAcn could be a
useful biomarker of sperm quality [23,24]. Based on our results, we speculate that cryop-
reservation may induce mitochondrial fusion, which elicits mtDNA synthesis by facilitating
ROS-triggering and recombination-mediated replication, thereby preventing the gener-
ation of mitochondria lacking DNA. Comprehensive investigations about the impact of
mitochondrial damage on the functionality of cryopreserved sperm have been conducted
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in domestic animals. These studies point to oxidative stress as a key factor underlying the
diminished survival and competence of cryopreserved sperm, posing a significant concern
due to its correlation with reduced fertilization rates and in vitro embryo development [51].
In a recent study, supplementation of the freezing solution for human sperm with an
antioxidant (myoinositol) attenuated the loss of both motility and vitality, as well as of
mitochondrial activity in sperm from normozoospermic men [52].

Finally, the present study revealed not only an impact of cryopreservation on the
percentage of intact acrosome but also a notable reduction in phospho-tyrosine proteins in
sperm from males aged over 42 years as compared to younger individuals, with a further
decline observed in frozen/thawed sperm from older men. The elevation in tyrosine
phosphorylation represents a significant event commonly observed during capacitation,
and this process can be influenced by the cryopreservation procedure. Indeed, several
studies, most of them conducted in animals, suggest that cryopreservation induces the
onset of premature capacitation [52,53]. Therefore, the significant modification in the
levels of both reacted acrosome, and P-Tyr proteins observed in frozen/thawed sperm
of older men can be considered tangible indicators of cryogenic damage, towards which
advanced paternal age appears to be a significant contributing factor [50]. We further
noted a significant decrease in phospho-Tyr staining in the tail of spermatozoa from older
males; both in fresh and F/T conditions. The tyrosine phosphorylation staining in both
the neck and the tail has been documented as a pattern indicative of sperm activation [33].
However, it is important to note that a direct association between the phospho-Tyr pattern
and fertilization outcomes cannot be conclusively established.

5. Conclusions

Comprehending the interactions among paternal age, cryopreservation, and the
molecular processes regulating sperm developmental competence is crucial in decipher-
ing the complexities of male reproductive health and improving the outcomes of as-
sisted reproductive techniques. Herein, we provide novel evidence that APA increases
the sperm cell’s vulnerability to cryopreservation-derived threats to different aspects of
sperm integrity/functionality. Additional research is needed to elucidate the precise
molecular mechanisms governing these phenomena and their impact on fertility and
reproductive outcomes.
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7. Marić, T.; Fučić, A.; Aghayanian, A. Environmental and Occupational Exposures Associated with Male Infertility.
Arch. Ind. Hyg. Toxicol. 2021, 72, 101–113. [CrossRef] [PubMed]

8. Toriello, H.V.; Meck, J.M. Statement on Guidance for Genetic Counseling in Advanced Paternal Age. Genet. Med. 2008, 10,
457–460. [CrossRef]

9. Handelsman, D.J.; Staraj, S. Testicular Size: The Effects of Aging, Malnutrition, and Illness. J. Androl. 1985, 6, 144–151. [CrossRef]
10. Feldman, H.A.; Longcope, C.; Derby, C.A.; Johannes, C.B.; Araujo, A.B.; Coviello, A.D.; Bremner, W.J.; Mckinlay, J.B. Age Trends

in the Level of Serum Testosterone and Other Hormones in Middle-Aged Men: Longitudinal Results from the Massachusetts
Male Aging Study. J. Clin. Endocrinol. Metab. 2002, 87, 589–598. [CrossRef]

11. Brahem, S.; Mehdi, M.; Elghezal, H.; Saad, A. The Effects of Male Aging on Semen Quality, Sperm DNA Fragmentation and
Chromosomal Abnormalities in an Infertile Population. Am. J. Reprod. Genet. 2011, 28, 425–432. [CrossRef] [PubMed]

12. Agarwal, A.; Makker, K.; Sharma, R. Clinical Relevance of Oxidative Stress in Male Factor Infertility: An Update.
Am. J. Rep. Immunol. 2008, 59, 2–11. [CrossRef] [PubMed]

13. Broer, L.; Codd, V.; Nyholt, D.R.; Deelen, J.; Mangino, M.; Willemsen, G.; Albrecht, E.; Amin, N.; Beekman, M.; De Geus, E.J.C.;
et al. Meta-Analysis of Telomere Length in 19 713 Subjects Reveals High Heritability, Stronger Maternal Inheritance and a Paternal
Age Effect. Eur. J. Hum. Genet. 2013, 21, 1163–1168. [CrossRef] [PubMed]

14. Crow, J.F. The Origins, Patterns and Implications of Human Spontaneous Mutation. Nat. Rev. Genet. 2000, 1,
40–47. [CrossRef] [PubMed]

15. Moskovtsev, S.I.; Willis, J.; Mullen, J.B.M. Age-Related Decline in Sperm Deoxyribonucleic Acid Integrity in Patients Evaluated
for Male Infertility. Fertil. Steril. 2006, 85, 496–499. [CrossRef] [PubMed]

16. Reichman, N.E.; Teitler, J.O. Paternal Age as a Risk Factor for Low Birthweight. Am. J. Public Health 2006, 96,
862–866. [CrossRef] [PubMed]

17. Curley, J.P.; Mashoodh, R.; Champagne, F.A. Epigenetics and the Origins of Paternal Effects. Horm. Behav. 2011, 59,
306–314. [CrossRef] [PubMed]

18. Pino, V.; Sanz, A.; Valdés, N.; Crosby, J.; Mackenna, A. The Effects of Aging on Semen Parameters and Sperm DNA Fragmentation.
JBRA Assist. Reprod. 2020, 24, 82–86. [CrossRef] [PubMed]

19. Demirkol, M.K.; Barut, O.; Dogan, N.T.; Hamarat, M.B.; Resim, S. At What Age Threshold Does the Decline in Semen Parameters
Begin? J. Coll. Physicians Surg. Pak. 2021, 31, 4–7. [CrossRef]

20. Gao, J.; Yuan, R.; Yang, S.; Wang, Y.; Huang, Y.; Yan, L.; Jiang, H.; Qiao, J. Age-Related Changes in Human Conventional Semen
Parameters and Sperm Chromatin Structure Assay-Defined Sperm DNA/Chromatin Integrity. Reprod. BioMed. Online 2021, 42,
973–982. [CrossRef]

21. Das, M.; Al-Hathal, N.; San-Gabriel, M.; Phillips, S.; Kadoch, I.-J.; Bissonnette, F.; Holzer, H.; Zini, A. High Preva-
lence of Isolated Sperm DNA Damage in Infertile Men with Advanced Paternal Age. J. Assist. Reprod. Genet. 2013, 30,
843–848. [CrossRef] [PubMed]

22. Winkle, T.; Rosenbusch, B.; Gagsteiger, F.; Paiss, T.; Zoller, N. The Correlation between Male Age, Sperm Quality and Sperm DNA
Fragmentation in 320 Men Attending a Fertility Center. J. Assist. Reprod. Genet. 2009, 26, 41–46. [CrossRef] [PubMed]

23. Wu, H.; Huffman, A.M.; Whitcomb, B.W.; Josyula, S.; Labrie, S.; Tougias, E.; Rahil, T.; Sites, C.K.; Pilsner, J.R. Sperm Mitochondrial
DNA Measures and Semen Parameters among Men Undergoing Fertility Treatment. Reprod. BioMed. Online 2019, 38, 66–75. [CrossRef]

24. Oluwayiose, O.A.; Josyula, S.; Houle, E.; Marcho, C.; Whitcomb, B.W.; Rahil, T.; Sites, C.K.; Pilsner, J.R. Association between Sperm
Mitochondarial DNA Copy Number and Nuclear DNA Methylation. Epigenomics 2020, 12, 2141–2153. [CrossRef] [PubMed]

25. Amor, H.; Zeyad, A.; Alkhaled, Y.; Laqqan, M.; Saad, A.; Ben Ali, H.; Hammadeh, M.E. Relationship between Nuclear DNA
Fragmentation, Mitochondrial DNA Damage and Standard Sperm Parameters in Spermatozoa of Fertile and Sub-fertile Men
before and after Freeze-thawing Procedure. Andrologia 2018, 50, e12998. [CrossRef] [PubMed]

26. Paoli, D.; Pelloni, M.; Lenzi, A.; Lombardo, F. Cryopreservation of Sperm: Effects on Chromatin and Strategies to Prevent
Them. In Genetic Damage in Human Spermatozoa; Baldi, E., Muratori, M., Eds.; Advances in Experimental Medicine and Biology;
Springer International Publishing: Cham, Switzerland, 2019; Volume 1166, pp. 149–167. ISBN 978-3-030-21663-4.

https://doi.org/10.1016/j.fertnstert.2016.09.035
https://www.ncbi.nlm.nih.gov/pubmed/27793371
https://doi.org/10.1016/j.fertnstert.2020.04.033
https://www.ncbi.nlm.nih.gov/pubmed/32624217
https://doi.org/10.1080/03014460.2021.1957501
https://www.ncbi.nlm.nih.gov/pubmed/34286659
https://doi.org/10.1016/j.fertnstert.2022.10.035
https://www.ncbi.nlm.nih.gov/pubmed/36509505
https://doi.org/10.1093/humupd/dmx022
https://www.ncbi.nlm.nih.gov/pubmed/28981654
https://doi.org/10.1002/mrd.22963
https://doi.org/10.2478/aiht-2021-72-3510
https://www.ncbi.nlm.nih.gov/pubmed/34187108
https://doi.org/10.1097/GIM.0b013e318176fabb
https://doi.org/10.1002/j.1939-4640.1985.tb00830.x
https://doi.org/10.1210/jcem.87.2.8201
https://doi.org/10.1007/s10815-011-9537-5
https://www.ncbi.nlm.nih.gov/pubmed/21287403
https://doi.org/10.1111/j.1600-0897.2007.00559.x
https://www.ncbi.nlm.nih.gov/pubmed/18154591
https://doi.org/10.1038/ejhg.2012.303
https://www.ncbi.nlm.nih.gov/pubmed/23321625
https://doi.org/10.1038/35049558
https://www.ncbi.nlm.nih.gov/pubmed/11262873
https://doi.org/10.1016/j.fertnstert.2005.05.075
https://www.ncbi.nlm.nih.gov/pubmed/16595239
https://doi.org/10.2105/AJPH.2005.066324
https://www.ncbi.nlm.nih.gov/pubmed/16571696
https://doi.org/10.1016/j.yhbeh.2010.06.018
https://www.ncbi.nlm.nih.gov/pubmed/20620140
https://doi.org/10.5935/1518-0557.20190058
https://www.ncbi.nlm.nih.gov/pubmed/31692316
https://doi.org/10.29271/jcpsp.2021.01.4
https://doi.org/10.1016/j.rbmo.2021.02.006
https://doi.org/10.1007/s10815-013-0015-0
https://www.ncbi.nlm.nih.gov/pubmed/23722935
https://doi.org/10.1007/s10815-008-9277-3
https://www.ncbi.nlm.nih.gov/pubmed/19030983
https://doi.org/10.1016/j.rbmo.2018.10.004
https://doi.org/10.2217/epi-2020-0253
https://www.ncbi.nlm.nih.gov/pubmed/33320694
https://doi.org/10.1111/and.12998
https://www.ncbi.nlm.nih.gov/pubmed/29527711


Cells 2024, 13, 625 14 of 15

27. Agarwal, A.; Virk, G.; Ong, C.; Du Plessis, S.S. Effect of Oxidative Stress on Male Reproduction. World J. Mens Health 2014, 32,
1–17. [CrossRef] [PubMed]

28. Opuwari, C.S.; Henkel, R.R. An Update on Oxidative Damage to Spermatozoa and Oocytes. BioMed Res. Int. 2016, 2016,
9540142. [CrossRef] [PubMed]

29. Vignesh, K.; Murugavel, K.; Antoine, D.; Prakash, M.A.; Saraf, K.K.; Nag, P.; Karuthadurai, T.; Kumaresan, A. The Proportion of
Tyrosine Phosphorylated Spermatozoa in Cryopreserved Semen Is Negatively Related to Crossbred Bull Fertility. Theriogenology
2020, 149, 46–54. [CrossRef] [PubMed]

30. Luongo, F.P.; Perez Casasus, S.; Haxhiu, A.; Barbarulo, F.; Scarcella, M.; Governini, L.; Piomboni, P.; Scarica, C.; Luddi, A.
Exposure to Cumulus Cell Secretome Improves Sperm Function: New Perspectives for Sperm Selection In Vitro. Cells 2023, 12,
2349. [CrossRef]

31. Luongo, F.P.; Passaponti, S.; Haxhiu, A.; Raeispour, M.; Belmonte, G.; Governini, L.; Casarini, L.; Piomboni, P.; Luddi, A. Bitter
Taste Receptors and Endocrine Disruptors: Cellular and Molecular Insights from an In Vitro Model of Human Granulosa Cells.
IJMS 2022, 23, 15540. [CrossRef]

32. Luddi, A.; Marrocco, C.; Governini, L.; Semplici, B.; Pavone, V.; Luisi, S.; Petraglia, F.; Piomboni, P. Expression of Matrix
Metalloproteinases and Their Inhibitors in Endometrium: High Levels in Endometriotic Lesions. Int. J. Mol. Sci. 2020, 21,
2840. [CrossRef] [PubMed]

33. Sati, L.; Cayli, S.; Delpiano, E.; Sakkas, D.; Huszar, G. The Pattern of Tyrosine Phosphorylation in Human Sperm in Response to
Binding to Zona Pellucida or Hyaluronic Acid. Reprod. Sci. 2014, 21, 573–581. [CrossRef] [PubMed]

34. McEvoy, A.; Roberts, P.; Yap, K.; Matson, P. Development of a Simplified Method of Human Semen Storage for the Testing of
Sperm DNA Fragmentation Using the Halosperm G2 Test Kit. Fertil. Steril. 2014, 102, 981–988. [CrossRef] [PubMed]

35. Amaral, A.; Ramalho-Santos, J. Assessment of Mitochondrial Potential: Implications for the Correct Monitoring of Human Sperm
Function. Int. J. Androl. 2010, 33, e180–e186. [CrossRef]

36. Darbandi, M.; Darbandi, S.; Khorram Khorshid, H.R.; Akhondi, M.M.; Mokarram, P.; Sadeghi, M.R. A Simple, Rapid and
Economic Manual Method for Human Sperm DNA Extraction in Genetic and Epigenetic Studies. Middle East Fertil. Soc. J. 2018,
23, 216–219. [CrossRef]

37. Duma-Pauta, J.M.; Juárez-López, N.O.; Gutiérrez-Pérez, O.; Córdova-Izquierdo, A.; Vigueras-Villaseñor, R.M.; Juárez-Mosqueda,
M.d.L. Cryopreservation, in Addition to Protein Tyrosine Phosphorylation, Alters the Distribution of Phosphatidyl Inositol
Bisphosphate and the Localization of Cytoskeletal and Signaling Proteins (Gelsolin, Tyrosine Kinase c-SRC and Phospholipase
C-ζ) in the Perinuclear Theca of Boar Sperm. Cryobiology 2023, 113, 104589. [CrossRef]

38. Zribi, N.; Feki Chakroun, N.; El Euch, H.; Gargouri, J.; Bahloul, A.; Ammar Keskes, L. Effects of Cryopreservation on Human
Sperm Deoxyribonucleic Acid Integrity. Fertil. Steril. 2010, 93, 159–166. [CrossRef] [PubMed]

39. Watson, P.F. The Causes of Reduced Fertility with Cryopreserved Semen. Anim. Reprod. Sci. 2000, 60–61, 481–492. [CrossRef]
40. Schuffner, A.; Morshedi, M.; Oehninger, S. Cryopreservation of Fractionated, Highly Motile Human Spermatozoa: Effect on

Membrane Phosphatidylserine Externalization and Lipid Peroxidation. Hum. Reprod. 2001, 16, 2148–2153. [CrossRef]
41. Lahimer, M.; Montjean, D.; Cabry, R.; Capelle, S.; Lefranc, E.; Bach, V.; Ajina, M.; Ben Ali, H.; Khorsi-Cauet, H.; Benkhalifa, M.

Paternal Age Matters: Association with Sperm Criteria’s- Spermatozoa DNA Integrity and Methylation Profile. J. Clin. Med. 2023,
12, 4928. [CrossRef]

42. Donatti, L.M.; Martello, C.L.; Andrade, G.M.; Oliveira, N.P.; Frantz, N. Advanced Paternal Age Affects the Sperm DNA
Fragmentation Index and May Lead to Lower Good-Quality Blastocysts. Reprod. Sci. 2023, 30, 2489–2494. [CrossRef] [PubMed]

43. Thomson, L.K.; Fleming, S.D.; Aitken, R.J.; De Iuliis, G.N.; Zieschang, J.-A.; Clark, A.M. Cryopreservation-Induced Hu-
man Sperm DNA Damage Is Predominantly Mediated by Oxidative Stress Rather than Apoptosis. Hum. Reprod. 2009, 24,
2061–2070. [CrossRef] [PubMed]

44. Paasch, U.; Sharma, R.K.; Gupta, A.K.; Grunewald, S.; Mascha, E.J.; Thomas, A.J.; Glander, H.-J.; Agarwal, A. Cryopreserva-
tion and Thawing Is Associated with Varying Extent of Activation of Apoptotic Machinery in Subsets of Ejaculated Human
Spermatozoa1. Biol. Reprod. 2004, 71, 1828–1837. [CrossRef]

45. Evenson, D.P.; Djira, G.; Kasperson, K.; Christianson, J. Relationships between the Age of 25,445 Men Attending Infertility
Clinics and Sperm Chromatin Structure Assay (SCSA®) Defined Sperm DNA and Chromatin Integrity. Fertil. Steril. 2020, 114,
311–320. [CrossRef] [PubMed]

46. Figueroa, E.; Lee-Estevez, M.; Valdebenito, I.; Watanabe, I.; Oliveira, R.P.S.; Romero, J.; Castillo, R.L.; Farías, J.G. Effects of
Cryopreservation on Mitochondrial Function and Sperm Quality in Fish. Aquaculture 2019, 511, 634190. [CrossRef]

47. Gonzalez, M.; Prashar, T.; Connaughton, H.; Barry, M.; Robker, R.; Rose, R. Restoring Sperm Quality Post-Cryopreservation Using
Mitochondrial-Targeted Compounds. Antioxidants 2022, 11, 1808. [CrossRef] [PubMed]

48. Hori, A.; Yoshida, M.; Ling, F. Mitochondrial Fusion Increases the Mitochondrial DNA Copy Number in Budding Yeast.
Genes Cells 2011, 16, 527–544. [CrossRef] [PubMed]

49. Wu, H.; Whitcomb, B.W.; Huffman, A.; Brandon, N.; Labrie, S.; Tougias, E.; Lynch, K.; Rahil, T.; Sites, C.K.; Pilsner, J.R. Associations
of Sperm Mitochondrial DNA Copy Number and Deletion Rate with Fertilization and Embryo Development in a Clinical Setting.
Hum. Reprod. 2019, 34, 163–170. [CrossRef] [PubMed]

50. Gualtieri, R.; Kalthur, G.; Barbato, V.; Di Nardo, M.; Adiga, S.K.; Talevi, R. Mitochondrial Dysfunction and Oxidative Stress
Caused by Cryopreservation in Reproductive Cells. Antioxidants 2021, 10, 337. [CrossRef]

https://doi.org/10.5534/wjmh.2014.32.1.1
https://www.ncbi.nlm.nih.gov/pubmed/24872947
https://doi.org/10.1155/2016/9540142
https://www.ncbi.nlm.nih.gov/pubmed/26942204
https://doi.org/10.1016/j.theriogenology.2020.03.020
https://www.ncbi.nlm.nih.gov/pubmed/32234650
https://doi.org/10.3390/cells12192349
https://doi.org/10.3390/ijms232415540
https://doi.org/10.3390/ijms21082840
https://www.ncbi.nlm.nih.gov/pubmed/32325785
https://doi.org/10.1177/1933719113504467
https://www.ncbi.nlm.nih.gov/pubmed/24077441
https://doi.org/10.1016/j.fertnstert.2014.07.737
https://www.ncbi.nlm.nih.gov/pubmed/25212839
https://doi.org/10.1111/j.1365-2605.2009.00987.x
https://doi.org/10.1016/j.mefs.2017.12.005
https://doi.org/10.1016/j.cryobiol.2023.104589
https://doi.org/10.1016/j.fertnstert.2008.09.038
https://www.ncbi.nlm.nih.gov/pubmed/19027111
https://doi.org/10.1016/S0378-4320(00)00099-3
https://doi.org/10.1093/humrep/16.10.2148
https://doi.org/10.3390/jcm12154928
https://doi.org/10.1007/s43032-023-01209-9
https://www.ncbi.nlm.nih.gov/pubmed/36897559
https://doi.org/10.1093/humrep/dep214
https://www.ncbi.nlm.nih.gov/pubmed/19525298
https://doi.org/10.1095/biolreprod.103.025627
https://doi.org/10.1016/j.fertnstert.2020.03.028
https://www.ncbi.nlm.nih.gov/pubmed/32653083
https://doi.org/10.1016/j.aquaculture.2019.06.004
https://doi.org/10.3390/antiox11091808
https://www.ncbi.nlm.nih.gov/pubmed/36139882
https://doi.org/10.1111/j.1365-2443.2011.01504.x
https://www.ncbi.nlm.nih.gov/pubmed/21463454
https://doi.org/10.1093/humrep/dey330
https://www.ncbi.nlm.nih.gov/pubmed/30428043
https://doi.org/10.3390/antiox10030337


Cells 2024, 13, 625 15 of 15

51. Ponchia, R.; Bruno, A.; Renzi, A.; Landi, C.; Shaba, E.; Luongo, F.P.; Haxhiu, A.; Artini, P.G.; Luddi, A.; Governini, L.; et al.
Oxidative Stress Measurement in Frozen/Thawed Human Sperm: The Protective Role of an In Vitro Treatment with Myo-Inositol.
Antioxidants 2021, 11, 10. [CrossRef]

52. Bailey, J.; Morrier, A.; Cormier, N. Semen Cryopreservation: Successes and Persistent Problems in Farm Species. Can. J. Anim. Sci.
2003, 83, 393–401. [CrossRef]
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