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ABSTRACT ARTICLE HISTORY

Cryopreservation of sperm is routinely used in assisted reproduction technology (ART) iece've% 126 JSUIV 202; 200
for male fertility preservation. However, this method has been associated with oxidative ccepted 26 September 2025
stress and DNA fragmentation that may impair sperm quality. Additionally, antioxidant KEYWORDS
interventions such as melatonin supplementation have not been thoroughly explored Cryopreservation; DNA

in this setting. Although Libya is reported to have one of the highest global prevalence fragmentation; oxidative
rates of male infertility, Libya-specific data remain limited. This study aimed to deter- stress; melatonin; reactive
mine the effect of a single freeze-thaw cycle on sperm DNA fragmentation and ~ ©XY9€n SPecies; semen
oxidative stress markers, and to evaluate whether melatonin has an impact on post- analysis

thaw oxidation profiles. This prospective cohort study was conducted at the Fertility

and Reproductive Medicine Center, Beirut Hospital, Benghazi. Semen samples of 104

normozoospermic Libyans were evaluated before and after freezing. DNA fragmenta-

tion index (DFI) was measured by sperm chromatin dispersion (SCD) test, and reactive

oxygen species (ROS) were quantified by using luminol-enhanced chemiluminescence.

In a subset of ejaculates, aliquots were supplemented with 2 mM of melatonin prior to

cryopreservation. Cryopreservation was associated with a statistically significant

increase in DFI (46.3 + 18.3% to 60.0 +23.0%; p <0.001) and ROS levels (3.2 % 10° to

14.7 x 10* RLU/s; p < 0.001). Smokers presented significantly higher DFI at both pre-

freeze and post-thaw evaluations (p <0.001). We detected a positive correlation

between ROS and post-thaw DFI (r=0.68; p < 0.001). Melatonin-treated samples exhib-

ited moderate but significant differences in ROS (12%, p=0.045) and DFI (11%,

p=0.004) compared to untreated aliquots. These findings suggested that the

freeze-thaw process may contribute to oxidative and genomic stress in spermatozoa,

while melatonin supplementation appears to provide limited protection. Larger, multi-

center studies incorporating ART endpoints are required to determine the potential

translational relevance of these findings.

1. Introduction

Male factor infertility affects 17.5% of men globally, with a 77% increase from 1990, equal to over 56 million
cases currently affected [1]. Despite the progress made in ART, conditions including endocrine-disrupting
exposures, obesity, and delayed paternity continue to affect fertility outcomes [2,3]. The Middle East North
Africa (MENA) region, including Libya, has one of the highest global rates of infertility, with total and
primary infertility rates of 22.6% and 3.8%, respectively [4]. In Libya, male infertility is most commonly due
to abnormal semen profiles, genital tract infections, or Y-chromosome microdeletions [4,5]. Fertility clinics
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have only recently been introduced in Libya. Their delayed establishment, influenced in part by socio-
cultural perspectives on ART, has restricted the availability of local data and limited research on infertility.

Sperm cryopreservation is widely used in ART; however, the freeze-thaw procedure may result in the
generation of oxidative stress, which could damage sperm motility, membrane lipids, and DNA stability.
Increased sperm DNA fragmentation (SDF) is associated with reduced fertilization potential, impaired
embryo development, and adverse pregnancy outcome [6-8]. Therefore, minimizing cryo-induced damage
remains an important objective for optimizing ART outcomes.

Oxidative stress is considered a major mediator of cryopreservation injury. ROS are more harmful to
spermatozoa due to their lipid-rich membranes, low capacity of antioxidants, and limited capacity of DNA
repair [9-11]. Cryopreservation induces ROS production and, therefore, may result in breaks of DNA strands.
Although several studies have reported these effects in other populations, data from North Africa are
limited. Despite the prevailing use of tobacco [12,13] in Libya, the potential for smoking-related exacer-
bation of oxidative stress and DNA damage has not yet been evaluated.

Melatonin, which is an indoleamine produced by the pineal gland, is a potent antioxidant with multiple
protective mechanisms, including direct ROS scavenging, enhancement of enzymatic defenses, and stabili-
zation of mitochondrial membranes. These effects are particularly relevant to spermatozoa, which are
highly susceptible to oxidative stress during cryopreservation. Experimental studies have reported that
melatonin can reduce oxidative injury to sperm, including structural and DNA damage [14]. However,
clinical findings in human sperm cryopreservation remain limited, variable, and inconclusive [15], providing
a rationale for further evaluation.

This study aimed to investigate the effect of a single freeze-thaw cycle on the DFIl and the level of ROS,
as well as the other seminal parameters in normozoospermic Libyan males. It also explored the association
of ROS and post-thaw DNA damage, the impact of lifestyle factors, and whether melatonin supplementa-
tion might alleviate cryo damage under experimental conditions. To our knowledge, no previous research
has examined these combined factors in a Libyan cohort; therefore, the present study provides initial
insights into oxidative responses to cryopreservation and the possible role of antioxidant supplementation.

2. Materials and methods
2.1. Study design and ethical approval

This was a prospective single-center cohort study conducted between October 2024 and April 2025 at the
Fertility and Reproductive Medicine Center, Beirut Hospital, Benghazi, Libya. The study was designed
according to the WHO Laboratory Manual for the Examination and Processing of Human Semen (6th
Edition) to ensure methodological standardization. Ethical approval was obtained from the Institutional
Review Boards of Beirut Hospital (IRB-BH-FRM/2024/009) and the Libyan Academy (REC-LA-BIO/0224/033),
in compliance with the Declaration of Helsinki and national data protection regulations. Participants
provided written informed consent, and their confidentiality was protected throughout the study.

Participants were recruited consecutively from men attending the clinic for fertility preservation or
diagnostic evaluation. Eligibility was determined based on normozoospermic status as defined by WHO
criteria. Only normozoospermic men were considered for inclusion. Sperm samples were obtained after 2-7
days of abstinence and analyzed before and after cryopreservation. A subset of samples was pre-treated
with the antioxidant melatonin (2 mM) prior to freezing. The objectives of this study were to assess DFI, ROS
level, and semen parameters following thawing. Furthermore, we investigated the influence of smoking as
well as the possible mitigating effects of melatonin supplementation.

2.2. Participant recruitment and sample size

From October 2024 to April 2025, men referred to the Fertility and Reproductive Medicine Center, Beirut
Hospital, for cryopreservation or diagnostic purposes were screened for their eligibility. Using the Cochran
formula for categorical data (95% confidence, 5% margin of error, p =0.5), the target sample size was
initially 209. Ultimately, 104 participants were enrolled, primarily due to high screening failure rates from
exclusionary medical or reproductive conditions and the application of eligibility criteria. Despite this
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reduction, the final 104 cohort provided sufficient statistical power for the primary outcome analyses.
Eligibility was based solely on the screening semen analysis (sperm concentration >16 x 10°/mL, total
motility =42%, and morphologically normal forms >4%); no age or BMI thresholds were applied. In addition,
progressive motility was not an entry criterion and was evaluated later as a baseline outcome on the study
ejaculate collected for cryopreservation. Since BMI was not an eligibility criterion, the cohort included
normal-weight, overweight, and obese participants, and BMI was incorporated as a covariate in the analysis.
We excluded participants presenting with leukocytospermia (=1 x 10° WBC/ml), oligozoospermia (sperm
concentration <15 million/ml), severe asthenozoospermia (progressive motility <32%), or teratozoospermia
(normal morphology <4%). Additional exclusion criteria were the presence of systemic diseases, testicular or
genital infection, drug abuse, previous exposure to gonadotoxins (e.g. radiation and industrial chemicals),
clinical varicocele, scrotal trauma history, and use of medications affecting spermatogenesis.

2.3. Semen collection and baseline evaluation

The participants were requested to refrain from ejaculation for 2 to 7 days before sample collection. Men
produced semen samples by masturbation in a temperature-controlled room adjacent to the laboratory
into sterile pre-labeled containers. All samples were transported to the laboratory within 5min post-
collection and incubated at 37 °C for a maximum of 60 min to ensure liquefaction. The semen parameters,
including volume, color, and consistency, were registered. Concurrently, pH was measured using a pH
meter (calibrated daily with buffer solutions pH 4.0, 7.0, and 10.0). Viscosity was measured using the length
of thread by aspiration and classified as watery, moderate, or highly viscous. Semen analysis was carried out
according to WHO recommendations. Sperm concentration was measured in 5-10 uL aliquots, diluted 1:20
or 1:100 with Sperm Active medium, and then counted on an improved Neubauer hemocytometer. Motility
was estimated by placing a 10 uL droplet of semen on a prewarmed microscope slide and investigating it
through phase contrast microscopy at 37 °C. Sperm were classified as rapidly progressive (A), slowly
progressive (B), non-progressive (C), or immotile (D), with reference values of >42% for total motility
(A+B+C) and =30% for progressive motility (A +B). Morphology was assessed on smears stained with
Papanicolaou and air-dried, according to Tygerberg criteria. At least 200 spermatozoa per slide were
analyzed; if at least >4% of sperm had normal forms, the morphology was considered normal. The
sperm vitality test was performed by eosin—nigrosine stain, which could distinguish between viable
sperm (no stain) and nonviable ones (pink stain). Peroxidase-positive WBC evaluated by the Endtz test
was considered within the normal range if their levels were less than 1x 10°WBC/ml. On the cryo-
preservation day, a new ejaculate ('study ejaculate’) was collected and analyzed. Values from this sample
(including progressive motility) may differ from the screening sample because of normal within-man
biological and pre-analytical variability (e.g. abstinence interval, liquefaction/viscosity, timing and tempera-
ture of assessment).

2.4. Reagents and supplies

We used sperm active medium (Gynemed, Germany) for washing and handling sperm. This medium, which
contains balanced salts and ions, buffers such as HEPES or bicarbonate, was supplemented with human
serum albumin (HSA) to support sperm motility and survival during in vitro handling. The Sperm Store
(Gynemed, Germany) was used for standard cryopreservation, with the addition of a glycerol-based
cryoprotectant supplemented with antioxidants, such as Vitamin E and glutathione, to reduce oxidative
damage to sperms. Additionally, sperm DNA fragmentation was assessed using the SCD method following
the WHO guidelines and manufacturer's instructions (Candore, India). Rapid freezing was performed using
Sperm Freeze Solution (Uitrolife, Sweden), which is a proprietary solution that contains permeable and non-
permeable cryoprotectants with the aim of allowing extensive cooling and ultrastructure stability at
minimal temperature. We used laboratory sterile compatible disposable which included presterilized
labeled plastic straws (IMV Technologies, France), variable volume micropipettes, and DNase/RNase-free
pipette tips (Eppendorf, Germany), improved Neubauer hemocytometers (Hausser Scientific, USA), soda
lime glass Pasteur pipettes (Fisher Scientific, USA), and microcentrifuge tubes (Eppendorf, Germany). We
also used a temperature-sensitive incubator (Binder, Germany) for semen liquefaction and short-term
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incubation, while controlled-rate freezing at the rate of —1 °C/min and long-term storage were done using a
programmable freeze unit (Cryologic, Planer, UK) and liquid nitrogen tanks (Taylor-Wharton, USA) at
—196 °C, respectively. Thawing was performed using a constant-temperature water bath set at 37 °C
(Grant Instruments, UK). Analysis of semen, as well as associated assays, was performed using an
Eppendorf 5810 R centrifuge and a Nikon Eclipse E200 phase-contrast/bright-field light microscope
(Nikon, Japan).

2.5. Cryopreservation protocol

The frozen semen was equilibrated at room temperature (22-25°c) for 10 min after liquefaction.
Cryopreservation was performed with the stepwise addition of an equal volume of cryoprotectant
Sperm Store media (Gynemed, Germany) and gentle titration after each addition to avoid osmotic shock.
After equilibration for 10 min, plastic straws (0.5 ml) were loaded with the semen cryoprotectant mixture,
sealed, and placed into a programmable freezer at a rate of —1 °C decrease of temperature per minute until
the —80 °C temperature was reached. Long-term storage was performed at —196 °C, in which straws were
plunged directly into liquid nitrogen. To quickly freeze the samples, they were first held for 10 min at room
temperature and then exposed to the vapor of liquid nitrogen prior to plunging the samples into the liquid
nitrogen for long-term storage. An equal volume of Sperm Freeze Solution (Uitrolife, Sweden) was slowly
added to the liquid semen. The samples were then packed into 0.5 ml straws and suspended 1-3 cm above
liquid nitrogen for approximately 30 min to achieve vapor phase cooling. The straws, following pre-cooling,
were plunged into liquid nitrogen before being stored (where necessary) until they were used.

2.6. Thawing and post-thaw sample handling

Thawing of cryopreserved semen samples was performed in accordance with the manufacturer's protocol
(SpermFreeze™ Solution, Vitrolife AB, Sweden), employing either immersion in a 37 °C water bath for 5 min
or equilibration at ambient room temperature (22-25 °C) for 30 min. Frozen straws were removed using
cryogenic tools designed for this purpose and thawed in a 37 °C water bath for 5min or at room
temperature (22-25°C) for 30 min, as recommended by the manufacturer. The thawed contents were
transferred stepwise into sterile tubes and then diluted with 1 ml of Sperm Active medium. The suspension
was then centrifuged at 1500 rpm for 10 min. The supernatant was transferred to a new tube and discarded,
whereas the pellet was resuspended very carefully. After the post-thaw cycle, ejaculates were re-evaluated
as per the same basic protocols, to allow the pre- and post-cryopreservation assessments of each sample to
be comparable.

2.7. Melatonin supplementation protocol

Melatonin (Sigma-Aldrich, St. Louis, MO, USA) was prepared as a concentrated stock, protected from light,
and stored at —20 °C. On the day of use, an aliquot was diluted in Sperm Active medium. It was added to
the assigned ejaculate aliquots immediately before mixing with the cryoprotectant to reach a final
concentration of 2 mM. The 2 mM melatonin concentration was selected based on recent human sperm
cryopreservation studies demonstrating its efficacy [14,15]. Samples were kept at room temperature for
10 min, as in the pre-freeze protocol. Cryopreservation then proceeded without change, using either the
controlled-rate method with Sperm Store or the rapid-freezing method with Sperm Freeze Solution.
Matched control aliquots from the same ejaculate were processed in parallel without melatonin.
Thawing and all post-thaw assessments were performed in the same way for treated and control samples.

2.8. ROS quantification

Seminal ROS were measured by luminol-enhanced chemiluminescence using a CE-marked single-tube
luminometer (Turner BioSystems, Sunnyvale, CA, USA) with photon counting detection and automatic
signal integration. The assay was performed according to established clinical protocol using unprocessed
seminal luminometry. After complete liquefaction, semen was gently mixed; 400 uL aliquots were
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dispensed into disposable tubes. Post-thaw tests were measured within 15 min after thaw, with the same
manipulation. Chemiluminescence was triggered by adding 10 pL of luminol working solution (5 mmol/L in
DMSO; Sigma-Aldrich/Merck, St. Louis, MO, USA) to each fraction. A negative control contained PBS (Gibco/
Thermo Fisher Scientific) plus luminol, while a positive control included PBS, luminol, and H,O, (10 mmol/L
stock in PBS, VWR International; final 25 umol/L). Each tube was acquired for 200-300 seconds, and the
resulting stable plateau of 60 seconds was averaged and recorded as relative light units (RLU) s—1; blanks
were subtracted from those values. Since all assays were performed on the same volume of semen and
luminol concentration, data are presented as RLU/s (not RLU/s per 10° sperm) for within-subject compari-
sons according to the recommendations for single-tube luminometry. This procedure reliably detected the
cryo-induced ROS rise. We reported (mean increase from ~3.2 X 10° to ~14.7 x 10° RLU/s in the ROS subset)
and aligns with validated clinical implementations of luminol semen ROS testing.

2.9. Data collection, management, and quality control

Information on participating subjects was prospectively documented on standardized case report forms
specifically designed to record the clinical and laboratory characteristics. These included demographic
information, lifestyle, relevant medical history, semen parameters, cryopreservation methodology and
markers of DNA fragmentation. Information was collected in a safe and secure electronic record that
was only accessible to authorized users. Data processing and quality control were performed using
validated laboratory information management system (LIMS) with double-entry verification and audit trails.
Each data entry was manually checked for accuracy by trained personnel. Quarterly calibration of all the
laboratory equipment was performed to ensure the reliability of the procedures. The sperm morphology
and DNA fragmentation tests underwent a proficiency test as recommended by WHO (2021). The principles
of data protection were followed, and all the results adhered to the guidelines of the GDPR and the
institutional ethics committee. Personal data were stored in and securely encrypted in separate servers,
without connection to analytic data sets.

2.10. Statistical analysis

The data were analyzed using IBM SPSS Statistics v27 (IBM Corp., Armonk, NY). Continuous variables are
expressed as mean £ SD or median [IQR], and categorical data as n (%). Normality was examined using the
Shapiro-Wilk test and Q-Q plots, and homogeneity of variances was tested with Levene's test. When
assumptions for parametric tests were not met, non-parametric tests were used. Categorical variables such
as smoking and alcohol status were dummy-coded (e.g. smoker=1, non-smoker=0) for inclusion in
correlation and regression analyses. Comparison (pre/post) within subjects was conducted with paired t-
tests or Wilcoxon signed-rank tests. Between-group comparisons (e.g. melatonin vs control) were analyzed
using independent t-tests, Welch's correction (in the event of unequal variances) or Mann-Whitney U tests
in instances of non-normality. Categorical variables were compared by x or Fisher's exact test. Correlation
analyses of semen parameters, ROS, and DFIl were calculated using Pearson's r or Spearman's p, depending
on the distribution and linearity of the data, with 95% confidence intervals. Multivariable linear regression
was performed to evaluate predictors of DFI: (i) baseline DFI on age, BMI, smoking, and alcohol; (ii) post-
thaw DFI on baseline DFI and the same covariates. VIF (<5 cut-off) was tested for multicollinearity. Results of
the regression are presented as standardized (3, R? and partial R%. Effect sizes included Cohen's d, (paired),
Hedges' g (independent), and standardized 8 (regression), all with 95% Cls. Results were significant at
a=0.05 (two-tailed). Outcome measures were post-cryopreservation (i) DFI (primary endpoint) or semen
parameters (primary endpoint and secondary endpoint) changes; exploratory analyses were reported
without adjustment for multiple testing. Post-hoc sensitivity analysis showed that with n=104 paired
samples, the study had 80% power to detect an effect size of 0.28 SD (Cohen's d,). For the ROS subset
(n =20), the detectable within-subject effect size was = 0.63 SD. The minimal detectable correlations were
|r| =0.27 (n=104) and |r| = 0.59 (n = 20).



6 A. A. AL BIJOU ET AL.

Table 1. Baseline characteristics of the cohort (n = 104).

Variable Mean + SD Range Categorical breakdown (% [95% Cl])
Age (years) 35.1+5.8 22-54 —

BMI (kg/m?) 26.5+4.0 19.2-36.8 —
Normal weight (18.5-24.9) — — 41% (32-51%)
Overweight (25.0-29.9) — — 38% (29-48%)
Obesity class | (30.0-34.9) — — 18% (11-26%)
Obesity class II-lIl (=35.0) — — 3% (1-8%)
Smoking status — —

— Current smokers — — 57% (47-66%)
— Former smokers — — 12% (7-19%)
— Never smokers — — 31% (23-41%)
Alcohol consumption — —

— Current alcohol users — — 6.7% (3-13%)
— Former drinkers — — 13% (7-21%)
— Never drinkers — — 80.3% (71-88%)

Note: Continuous variables are expressed as mean * standard deviation (SD) with ranges; categorical variables are presented as n (%) with 95%
confidence intervals (Cl). This table provides descriptive statistics only, without inferential comparisons.
Abbreviations: BMI, body mass index; SD, standard deviation; Cl, confidence interval.

Table 2. Baseline semen quality parameters before cryopreservation (n = 104).

Parameter Mean + SD Range WHO lower reference limit % Below reference
Ejaculate volume (ml) 296 +0.79 1.5-5.6 14 0%
Sperm concentration (x10%/ml) 49.22 +18.21 18-118 16 3%
Total sperm count (x10°) 145 + 60 40-310 39 0%
Progressive motility (%) 31.06 +13.18 10-70 32 57%
Non-progressive motility (%) 22.26 +10.88 5-55 — —
Total motility (%) 53.8+14.7 18-86 42 0%
DNA fragmentation index (DFI, %) 46.34 +18.32 18.3-82.5 30 76%

Note: Values are expressed as mean + standard deviation (SD) with observed ranges. WHO lower reference limits are shown for clinical
benchmarking, and the final column indicates the proportion of samples below each cut-off.
Abbreviations: SD, standard deviation; WHO, World Health Organization; DFI, DNA fragmentation index.

3. Results
3.1. Baseline characteristics of the cohort

We analyzed the baseline characteristics of the study cohort with 104 normozoospermic men (Table 1). We
determined a mean age of 35.1+5.8 years (range: 22-54) and a mean BMI of 26.5 +4.0 kg/m’ (range:
19.2-36.8). According to BMI classifications, 41% had normal weight, 38% overweight, 18% class | obese,
and 3% class lI-1ll obese. Among the participants, 57% were current smokers, 12% were ex-smokers, and
31% were never-smokers. Regarding alcohol usage, 6.7% were current users, 13% former users, and 80.3%
had never used alcohol. None of the participants presented with a history of chronic systemic illnesses,
testicular disease, or medication known to potentially influence spermatogenesis. These results provide a
baseline for a healthy population. These results establish a clinically healthy baseline population for
subsequent semen analyses.

3.2. Baseline of semen quality before cryopreservation

Baseline semen parameters were evaluated within 60 min of ejaculation according to the WHO criteria.
Semen volume was between 1.50 and 5.60 ml, with a mean + SD was 2.96 + 0.79 ml (CV = 27%, skewness =
0.37, Table 2), and no sample was below the WHO lower reference limit of 1.4 ml. The mean sperm
concentration was 49.22 + 18.21 x 10%/ml (range: 18-118 x 10%/ml; CV = 37%; skewness = 0.69), with only 3%
of samples below the WHO threshold of 16 x 10®/m. Total sperm counts averaged 145 +60 x 10° (range
40-310 x 10°), all exceeded the WHO cut-off of 39 x 10°, with 15% of men having counts above 200 x 10°.
The mean total motility (progressive + non-progressive) was 53.8+14.7% (range: 18-86 while non-
progressive motility averaged 22.26+10.88% (range: 5%-55%). Mean progressive motility was
31.06 £ 13.18% (10 being the lowest, 70 the highest), 57% of samples were below the WHO lower limit
of 32%, whereas mean non-progressive motility was 22.26 +£ 10.88% (5 the lowest, 55 the highest). The
mean DFI, measured using the SCD test, was 46.34 £ 18.32% (range: 18.3-82.5%), with 76% of the cohort
exceeding the clinically relevant threshold of 30%. Correlation analysis suggested that sperm concentration
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Table 3. Correlations among selected semen quality parameters (n = 104).

Variable 1 Variable 2 Pearson r p-value Interpretation

Sperm concentration (pre) Total motile count (pre) 0.892 <0.001 Strong positive correlation
Progressive motility (pre) Total motile count (pre) 0.508 <0.001 Moderate positive correlation
Progressive motility (pre) Non-Progressive Motility (pre) -0.262 <0.01 Negative association

DFI (pre) Sperm concentration (pre) 0.106 0.286 Weak, not significant

DFI (pre) Total Motile count (pre) 0.145 0.141 Weak, not significant

DFI (post) DFI (pre) 0.973 <0.001 Very strong correlation

Note: Pearson correlation coefficients (r) were calculated between semen quality variables before and after cryopreservation using two-tailed
tests. Statistically significant associations are indicated at p < 0.05.
Abbreviations: DFI, DNA fragmentation index; Pre, before cryopreservation; Post, after cryopreservation.
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Figure 1. Correlation matrix among baseline semen quality parameters (n=104). Heatmap of Pearson correlation
coefficients (r) among sperm concentration, progressive motility, total motile sperm count (TMSC), and DNA fragmentation
index (DFI) prior to cryopreservation. Correlations range from 1 (perfect negative) to +1 (perfect positive). Strong positive
associations were observed among conventional semen indices (sperm concentration, progressive motility, TMSC), while
DFI showed minimal correlation, indicating its independence as a biomarker of sperm chromatin integrity. Abbreviations:
DFI, DNA fragmentation index; TMSC, total motile sperm count; Sperm Conc., sperm concentration; Prog. Motility,
progressive motility.

had a strong correlation with total motile count (r=0.892, p <0.001), while progressive motility also
correlated with total motile count (r=0.508, p < 0.001). A weak but significant negative correlation between
progressive and non-progressive motility was found (r=-0.262, p < 0.01). In contrast, DFl was not signifi-
cantly associated with sperm concentration (r=0.106, p = 0.286) or total motile count (r=0.145, p =0.141).
Notably, a strong correlation was observed between pre- and post-thaw DFI (r=0.973, p < 0.001), as shown
in Table 3 and illustrated in Figure 1.

3.3. Cryopreservation-induced changes in semen quality

In paired comparisons of 104 samples before and after a single freeze-thaw cycle, noticeable alterations in
semen quality parameters were detected (Table 4). We observed a reduction in ejaculate volume from
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Table 4. Comparison of semen quality parameters before and after cryopreservation (n = 104).

Parameter Pre-freeze mean + SD Post-thaw mean + SD A (post-pre) t-value p-value
Ejaculate volume (ml) 2.96 +0.79 1.00 + 0.00 -1.96 25.41 <0.001
Sperm concentration (x10%/ml) 49.22 +18.21 72.92 +27.85 +23.70 -19.70 <0.001
Progressive motility (%) 31.06 £13.18 18.41£10.18 -12.64 19.73 <0.001
Non-progressive motility (%) 22.26 +10.88 18.46 + 10.89 -3.80 8.85 <0.001
Immotile fraction (%) 1.88+ 1.42 2.10£0.82 +0.22 11.25 0.122
Total motile sperm count (x10°) 2733+14.14 28.35+16.71 +1.02 -1.68 0.096
Vitality (%) 754 +£17.21 73.0+17.34 -2.4 2.32 0.022
DNA fragmentation index (DFI, %) 46.34 +18.32 59.99 + 23.02 +13.65 -20.77 <0.001

Note: Paired comparisons of semen quality parameters were performed before and after a single freeze-thaw cycle. Values are expressed as
mean + standard deviation (SD). A indicates the mean within-subject change (post-thaw minus pre-freeze). Paired-sample t-tests were applied,
and the corresponding t and p-values are reported.

Abbreviations: SD, standard deviation; A, mean within-subject change (Post—Pre); DFI, DNA fragmentation index.

Table 5. Effect of cigarette smoking on semen quality parameters (n = 104).

Parameter Non-smokers mean + SD Smokers mean + SD t-value p-value Cohen's d
DFI (pre-freeze, %) 321+ 145 57.2+126 9.46 <0.001 1.84
DFI (post-thaw, %) 39.2+£15.0 759+134 13.1 <0.001 2.53
Ejaculate volume (ml) 291+0.70 3.00+0.85 0.57 0.57 0.1
Sperm concentration (x10%/ml) 48.0+17.5 50.8+17.3 0.71 0.48 0.16
Progressive motility (%) 30.7£13.1 314+133 0.24 0.81 0.06

Note: Comparisons of semen quality parameters were performed between current smokers and never-smokers. Values are expressed as
mean + standard deviation (SD). Independent-sample t-tests were used, and the corresponding t values, p-values, and effect sizes (Cohen's d) are
reported.

Abbreviations: DFI, DNA fragmentation index; SD, standard deviation.

2.96 £ 0.79 ml before freezing to 1.00 + 0.00 ml post-thaw (A =-1.96 ml; t =25.41, p <0.001). We also found
that the sperm concentration increased from 49.22 + 18.21 to 72.92 +27.85 x 10%/ml (A =+23.70 x 10%/ml;
t=-19.70, p < 0.001). Progressive motility decreased from 31.06 + 13.18% to 18.41 £ 10.18% (A =-12.64%;
t=19.73; p<0.001), while non-progressive motility declined from 22.26 +10.88% to 18.46 +10.89%
(A =-3.80%; t=8.85; p<0.001). The immotile sperm increased slightly from 1.88+1.42 to 2.10 +0.82%
but this difference was not statistically significant (A=+0.22%; p =0.122). We observed no significant
change in total motile sperm count values before and after freezing (27.33 + 14.14 vs. 28.35+ 16.71 x 105
A=+1.02x10% t=-1.68, p=0.096). Furthermore, we observed a slight decrease in vitality from
(75.4 £17.2%) to (73.0 £ 17.3%) (A =-2.4%; t = 2.32, p =0.022). Sperm chromatin integrity was also affected,
with the DFl increasing from 46.34 + 18.32% before freezing to 59.99 + 23.02% after thawing (A =+ 13.65%;
t=-20.77; p < 0.001). Following thawing, 91% of samples exceeded the 30% DFI threshold.

3.4 Influence of lifestyle on semen quality

After analyzing the structured questionnaire and clinical data, we found that lifestyle factors influenced
semen quality parameters. Tobacco use had measurable effects on semen quality parameters, with the
greatest impact observed on sperm chromatin integrity. Smokers displayed significantly higher mean DFI
level compared to never smokers at baseline (mean DFI: 57.2+12.6% versus 32.1+14.5%, t=9.46,
p <0.001; Cohen's d=1.84) as shown in Table 5. After cryopreservation, we observed further higher
increase with post-thaw DFI rates of 75.9+13.4% in smokers, compared to 39.2+15.0% in never-
smokers (t=13.1, p 0.10; Cohen's d < 0.35). In contrast, we observed no difference between smokers and
non-smokers for ejaculate volume (2.91 + 0.70 ml vs. 3.00 + 0.85 ml; t =0.57, p = 0.57), sperm concentration
(48.0+£17.5%10%ml v. 50.8+17.3x 10%ml; t=0.71, p=0.48), or progressive motility (30.7+13.1% vs.
31.4+13.3%; t=0.24, p=0.81). In respect to alcohol consumption, we observed no associations with
semen parameters. Among them, only 7 participants (6.7%) were current alcohol users. In this subgroup,
we found no significant differences versus non-users for DFI, motility, sperm concentration, or ejaculate
volume (all p >0.10: Cohen's d < 0.35).
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3.5 Regression-based predictors of sperm DNA damage

We used regression-based analysis to identify independent predictors of sperm DNA fragmentation before
and after cryopreservation. Using multiple linear regression with forward entry covariates (age, weight,
height, BMI, alcohol, and smoking) revealed that cigarette smoking was the unique significant predictor of
DFI at baseline, accounting for 44% of the variance in the DFI (partial RZ = 0.44; 8 = 0.68; t = 9.06; p 0.30). At
post-thaw, DFI was entered as the dependent variable, baseline DFI was the most significant predictor,
accounting for 55% of the variance (partial R*=0.55; =0.81; t = 12.82; p < 0.001). We also observed that
cigarette smoking accounted for an additional 4% of the variance in post-thaw DFI (partial R*=0.04;
B=0.20; t=4.11; p <0.001). In contrast, age, weight, height, BMI, and alcohol consumption did not predict
post-thaw DFI (all p = 0.18). The association of motility and smoking status to post-thaw DFI is shown in
Figure 2, and the regression coefficients and p-values are presented in Table 6.

3.6 Impact of melatonin supplementation on oxidative stress and DNA integrity during sperm
cryopreservation

We evaluated 20 ejaculates to define the oxidative stress profile linked to human sperm cryopreservation.
We detected that ROS levels increased almost 5-fold after freezing, rising from 3.2+ 1.1 x 10> RLU/s before
freezing to 14.7+4.2x 10°RLU/s post-thaw (t=11.3, p <0.001; Cohen's d=2.52), corresponding to an
approximate 4.6-fold increase. These experiments are summarized in Table 7 and highlight that all batches
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Figure 2. Relationship between progressive motility and post-thaw DNA fragmentation index (DFI) stratified by smoking
status (n = 104). Scatterplot illustrating the association between progressive motility (%) and post-thaw DNA fragmenta-
tion index (DFI, %). An ordinary least squares (OLS) linear regression line (red) with 95% confidence interval (shaded area)
is fitted across the full dataset, showing an inverse relationship between motility and DFI. Each point represents an
individual semen sample, color-coded by smoking status (blue, non-smokers; orange, current smokers). Abbreviations: DFl,
DNA fragmentation index; OLS, ordinary least squares.
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Table 6. Multivariable predictors of sperm DNA fragmentation before and after cryopreservation.

Predictor Post-thaw DFI model (B, p, t) Baseline DFI model (8, p, t)
Baseline DFI 0.81 (<0.001, 12.82) —

Smoking (0 =no/1 =yes) 0.20 (<0.001, 4.11) 0.68 (<0.001, 9.06)
Age (years) 0.03 (0.18, 1.36) 0.05 (0.37, 0.90)
Weight (kg) 0.02 (0.84, 0.21) 0.01 (0.91, 0.11)
Height (cm) 0.01 (0.92, 0.09) 0.01 (0.89, 0.13)

BMI (kg/mz) 0.01 (0.91, 0.11) 0.02 (0.78, 0.28)
Alcohol (0 =no/1 =yes) 0.01 (0.82, 0.22) 0.03 (0.64, 0.47)

Note: Standardized regression coefficients (8), t statistics, and p-values are shown for two linear regression models: one predicting
baseline DNA fragmentation index (DFI), and one predicting post-thaw DFI (which included baseline DFI as a covariate). Statistically
significant predictors (p < 0.05) are bolded.

Abbreviations: DFI, DNA fragmentation index; BMI, body mass index; 3, standardized regression coefficient.

Table 7. Effect of a single freeze-thaw cycle on oxidative stress and sperm DNA integrity in the ROS-assayed
subset (n = 20).

Biomarker assessed Pre-freeze mean +SD Post-thaw mean + SD Fold-change t-value p-value
Reactive oxygen species (ROS, 10 3RLU/s) 32%+1.1 147 +4.2 4.6 11.3 <0.001
DNA fragmentation index (DFI, %) 458 +17.9 59.5+22.8 13 8.9 <0.001

Note: Paired comparisons of reactive oxygen species (ROS) output and DNA fragmentation index (DFI) were performed before and after
cryopreservation. Values are expressed as mean + standard deviation (SD). Fold-change indicates the relative post-thaw increase compared with
pre-freeze levels. Paired-sample t-tests were used to assess within-subject changes, with corresponding t and p values reported.

Abbreviations: ROS, reactive oxygen species; RLU/s, relative light units per second; DFI, DNA fragmentation index; SD, standard deviation.

Individual ROS Trajectories Before and After Cryopreservation (n = 20)

14+

r e

12

ROS (10° RLU/s)

Pre-Freezing Post-Thaw

Figure 3. Individual reactive oxygen species (ROS) trajectories before and after cryopreservation (n=20). Each line
represents paired pre-freeze and post-thaw ROS measurements from the same donor sample, expressed in x10° relative
light units per second (RLU/s). A consistent increase was observed across all samples. Paired-sample t-tests confirmed that
post-thaw ROS levels were significantly elevated compared with pre-freeze levels (t=11.3, p < 0.001). Abbreviations: ROS,
reactive oxygen species; RLU/s, relative light units per second.

were associated with an acute surge of oxidative stress following cryopreservation, as illustrated for single
samples in Figure 3. We also found that in this subset of 20 ejaculates, the DFI increased significantly from
45.8 + 17.9% before freezing to 59.5 + 22.8% after thawing (t =8.9, p < 0.001), corresponding to a relative
increase of 1.3 times. Moreover, a significant positive correlation was found between post-thaw ROS
production and DFI (r=0.68, p=0.004) (Figure 4). These results demonstrated a dose-dependent ROS
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Figure 4. Correlation between reactive oxygen species (ROS) and post-thaw DNA fragmentation index (DFl) in the ROS-
assayed subset (n = 20). Scatterplot showing the relationship between ROS levels (x10° RLU/s) and post-thaw DFI (%). An
ordinary least squares (OLS) regression line (red) with 95% confidence interval (shaded area) is overlaid. Pearson
correlation analysis demonstrated a significant positive association (r=0.68, p = 0.004), indicating that elevated ROS is
associated with higher post-thaw chromatin damage. Abbreviations: ROS, reactive oxygen species; DFI, DNA fragmenta-
tion index; RLU/s, relative light units per second; OLS, ordinary least squares.

induction on chromatin damage. To determine the effects of antioxidant supplementation in attenuating
cryopreservation-induced oxidative and genotoxic stress, a paired experiment (n=20 ejaculates) was
conducted. Each semen sample was split into two aliquots: one underwent standard cryopreservation,
and the other was treated with 2 mM melatonin prior to freezing. Post-thaw ROS levels were 12% lower in
melatonin-treated than in untreated controls (p = 0.045). In the meantime, DFIl was reduced by 11% in men
receiving melatonin (p =0.004) (Figure 5). In addition, correlation analysis indicated that post-thaw ROS
levels comprised a portion of 46% of the observed differences in the difference in DFI (ADFI), r=0.68
(X’ =41.24, p <0.001).

4, Discussion

In this study, we detected that cryopreservation resulted in a marked elevation of DFl and ROS. There was a
strong positive correlation between post-thaw DFI and ROS. DFI before and after cryopreservation was
significantly higher in heavy smokers than in nonsmokers. Significantly, supplementation of the cryo-
preservation medium with melatonin resulted in a small but statistically significant decrease in both DFI
and ROS levels after thawing.

Semen cryopreservation greatly impairs the integrity of the sperm's DNA. It has been reported that post-
thaw induced sperm DFI by approximately 26% [16], whereas our data showed a higher increase by 29%
points, exceeding the 7-8 point increase observed in recent meta-analyses [17]. These discrepancies may be
due to patient cohorts, method of assay, or freezing protocols rather than reflecting a fundamentally
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Figure 5. Effect of melatonin supplementation on post-thaw oxidative stress and DNA fragmentation. Comparisons of
post-thaw reactive oxygen species (ROS) output and DNA fragmentation index (DFI) were performed between standard
cryopreservation (Control) and melatonin-treated aliquots from the same ejaculates (n=104). Paired-sample t-tests
demonstrated significant reductions with melatonin treatment: ROS decreased by 12% (p =0.045) and DFI decreased
by 11% (p = 0.004). Data are presented as mean * standard error of the mean (SEM). Abbreviations: ROS, reactive oxygen
species; DFI, DNA fragmentation index; SEM, standard error of the mean.

biological effect. Our results suggest that oxidative stress is a key contributor to sperm DNA damage. We
observed a strong correlation between ROS levels and the DFI, consistent with the known role of ROS in
causing DNA single strand breaks and base adducts [18]. These findings support earlier reports of cryo-
induced increases in DFI and highlight oxidative stress as a major pathway.

Our results emphasize the negative effect of smoking on sperm chromatin integrity. There was a
significantly higher DFI at baseline and post-thaw for smokers than for non-smokers, consistent with
other observational studies linking tobacco use with poorer semen quality and higher sperm DNA damage
[19]. Heavy smoking (>10-20 cigarettes/day) leads to more reduction in sperm count, motility, and
morphology, and an increased DFI [19]. The effects of the number of cigarettes smoked on sperm quality
could potentially be attributed to oxidative stress. Cigarette smoke induces a high burden of ROS and a
decrease in antioxidants in the male genital system [20], resulting in molecular damage in sperm membrane
lipids, proteins, and DNA. In line with this concept, our study demonstrated a strong positive correlation
between ROS generation and DFIl. Spermatogenesis occurs over approximately 70-74 days, which suggests
that there may be a window of recovery following smoking cessation. The evidence for DFl improvement in
this period is inconclusive. Kulaksiz et al. reported an increase in semen volume, sperm concentration, and
total sperm count after three months of abstinence [21], but sperm DNA fragmentation was not tested.
Another study reported improvement in seminal parameters without corresponding DFI reduction [22].
These results suggested that while semen quality may recover within months, DNA integrity may require
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prolonged cessation or adjunctive antioxidant therapy for improvement. Considering our finding of a
ROS-DFI association, robust prospective cohort or interventional studies are necessary to elucidate the
timeline and degree of DFI recovery after smoking cessation. Our results and these reports suggest that
oxidative stress plays a critical role in smoking-induced sperm DNA damage.

Our study provides preliminary evidence that melatonin may contribute to reducing cryopreservation-
induced oxidative damage in human sperm. After the addition of the cryoprotectant, the post-thaw DFl and
ROS values were reduced in samples treated with melatonin. The protective effect of melatonin aligns with
its antioxidant characteristics as it enters the plasma membrane of sperm, attaches to mitochondria, and
quenches ROS within them [23]. This role is supported by earlier animal and in vitro human studies showing
that melatonin reduces oxidative stress and DNA damage during sperm preparation and preservation
[24,25]. In human semen, melatonin supplementation was associated with improved motility, viability, and
DNA integrity under oxidative stress [26]. We have extended these results by demonstrating an 11%
decrease in DFI in cryopreserved human sperm. However, the clinical significance of this decrease is not yet
clear. A DFI greater than 30% has been associated with higher miscarriage rates and lower neonatal birth
weight in in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSl), while values between
20-30% are linked to reduced intrauterine insemination (IUl) success rates [27,28]. Since most post-thaw
samples in our study remained above 30%, the reduction may not reflect real improvements in reproduc-
tive outcomes. Additional studies, including ART outcomes such as pregnancy rates and live birth rates, are
required to elucidate the clinical implications of this effect.

This study has some limitations. The single-center design and modest sample size, especially in the
ROS-assessed subgroup, limit generalizability. The cross-sectional design prevents causal inference and
does not allow evaluation of recovery dynamics after interventions such as smoking cessation. We
assessed only laboratory outcomes (DFI, ROS, motility) and did not include ART endpoints such as
fertilization or live birth, which limits clinical interpretation. In addition, our cryopreservation protocol
and melatonin dose represent only one approach, and outcomes may differ under alternative conditions
and approaches. Moreover, while the SCD assay is widely used in clinical laboratories, it is more prone to
observer variability and less reproducible than the flow-cytometric SCSA, which represents a methodo-
logical limitation. Future multicenter and longitudinal studies with clinical endpoints are needed to
confirm and extend these findings.

5. Conclusion

The present study shows that cryopreservation impairs sperm chromatin integrity through the effect of
oxidative stress, where smoking exacerbates this dysfunction. The supplementation of melatonin in
cryoprotectant medium decreased ROS and SDF, which might have a protective function. These findings
provide preliminary evidence that exogenous antioxidants may reduce cryopreservation-induced damage,
but the reductions observed are unlikely to be clinically relevant, as post-thaw DNA fragmentation often
remained above levels linked to poor reproductive outcomes. Larger-scale multicenter and long-term
studies with clinical endpoints (fertilization, pregnancy, and live birth) are required to confirm these
data. Further studies on lifestyle, antioxidant strategy, and broader biomarkers (biological outcomes/
offspring health/epigenetic) may enhance fertility preservation and reproductive care in the future.
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