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Abstract

Smoking is a major lifestyle factor associated with impaired male reproductive health,
affecting both active smokers and individuals exposed to secondhand smoke. It also repre-
sents a significant source of cadmium (Cd) exposure, a toxic metal associated with altered
sperm quality. This study aimed to evaluate the association between active and passive
smoking and semen parameters, sperm DNA fragmentation, and chromatin decondensa-
tion, as well as cadmium (Cd) and zinc (Zn) levels in seminal plasma. A total of 280 men
from infertile couples were included and categorized into three groups: 104 non-smokers
(control), 90 active smokers, and 86 passive smokers. Semen samples were analyzed ac-
cording to the WHO 2021 guidelines. Cadmium and zinc concentrations in seminal plasma
were determined using inductively coupled plasma atomic emission spectroscopy (ICP-
AES), and sperm DNA fragmentation and chromatin decondensation were evaluated. The
findings indicated that both active and passive smoking were associated with impaired
semen parameters, increased sperm DNA fragmentation and chromatin decondensation,
decreased zinc levels, and elevated cadmium concentrations in seminal plasma.

Keywords: active smoking; passive smoking; cadmium; sperm quality; zinc; DNA
fragmentation; chromatin decondensation

1. Introduction

Infertility represents a major global public health concern and is defined as the inability
to achieve pregnancy after 12 months of regular unprotected intercourse. According to the
World Health Organization (WHO), approximately 15% of couples of reproductive age are
affected worldwide [1]. Male factors contribute to nearly 50% of all infertility cases, either
as a primary or contributing cause [2]. Over recent decades, a significant decline in male
reproductive health has been reported across various regions worldwide, particularly in
developed countries, with sperm counts decreasing by approximately 50-60% between
1973 and 2011 [3]. More recent data suggests that this downward trend is continuing and
may even be accelerating globally [4], highlighting the need to identify modifiable risk
factors involved in male infertility.
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Male infertility is a multifactorial condition involving genetic, hormonal, anatomical,
and environmental determinants [5], with a considerable proportion of cases remaining
idiopathic [6]. Among modifiable risk factors, lifestyle-related exposures such as smoking
have been increasingly implicated in impaired male reproductive function [7]. Smoking is
widely recognized as a major source of toxicants exposure and has been associated with
alterations in semen parameters. While the adverse effects of active smoking on male
reproductive health are well established [2,7], the impact of passive smoking remains
insufficiently investigated, with limited and sometimes inconsistent evidence. Importantly,
emerging data suggest that even indirect exposure to environmental tobacco smoke may
negatively affect male reproductive health [8].

Cigarette smoke contains numerous toxic substances, including heavy metals such
as cadmium (Cd), which is considered a major toxic component of tobacco [9]. Due to its
very long biological half-life (2040 years) and low excretion rate, cadmium progressively
accumulates in the body, disrupting the function of multiple organs [10]. In addition to
accumulating in the liver and kidneys, cadmium can also build up in the testes, where
it may cross the blood—testis barrier and create a toxic microenvironment for spermato-
zoa [11], Cadmium accumulation has been associated with impaired spermatogenesis,
reduced semen quality [10]. Previous studies have also suggested that cadmium exposure
is associated with increased oxidative stress and sperm DNA damage [12,13]. In contrast,
zinc (Zn) is an essential trace element involved in sperm function and male reproductive
health. It plays a key role in antioxidant defense, contributes to spermatogenesis [14] and is
essential for sperm chromatin stability and DNA integrity [15,16]. An imbalance between
cadmium and zinc has been associated with alterations in semen quality and sperm DNA
integrity [9].

Although the association between smoking and male infertility has been widely
studied, several gaps remain. In particular, limited studies have simultaneously evaluated
the impact of both active and passive smoking on conventional semen parameters, sperm
DNA fragmentation and chromatin decondensation, and trace element levels in infertile
men. Moreover, the combined assessment of seminal cadmium and zinc in relation to
sperm DNA damage remains insufficiently investigated. Therefore, the aim of this study
was to evaluate the association between cadmium exposure related to active and passive
smoking and semen quality, sperm DNA fragmentation and chromatin decondensation, as
well as seminal zinc levels in infertile men.

2. Results
2.1. Age of Male Participants and Duration of Infertility

The age of male participants ranged from 25 to 47 years, with the majority of subjects
distributed between 30 and 44 years. Specifically, the most represented age groups were
35-39 years (30%) and 30-34 years (27%), followed by 40-44 years (28%), whereas younger
(25-29 years) and older (>44 years) participants were less frequent.

The duration of infertility ranged from 1 to 19 years. Most couples (67%) experienced
infertility for 1-6 years, followed by 26% for 6-11 years, while longer durations were less
common (Figure 1).

2.2. Association Between Smoking and Semen Parameters

No significant differences were observed in age or body mass index (BMI) among non-
smokers, passive smokers, and active smokers (p > 0.05). The median number of cigarettes
smoked per day among active smokers was 20 (IQR: 17-20), and the median duration of
smoking was 16 years (IQR: 11-22). Semen volume was significantly lower in both active
and passive smokers compared to non-smokers (p < 0.0001), while no significant difference
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was observed between active and passive smokers. Most sperm parameters, including
concentration, motility, viability, and normal morphology, were significantly reduced
in both active and passive smokers compared to non-smokers (p < 0.0001). Significant
differences were also observed between active and passive smokers for most parameters
(Table 1).

Table 1. Comparison of semen parameters between non-smokers, passive smokers, and active smokers.

Non-Smokers Passive Active
(1 = 104) Smokers Smokers p Value Comparisons
- (n = 86) (n = 90)
Age (in years)
. 38 37 36 e me ms
Median 3941 3340 3140 0.07 a™bnsc
IQR
Num of cigarettes/day 20
Median _ 17-20 _ _ _
IQR
Duration of smoking
(in years) 16
Median - 11-22 - - -
IQR
2
BMI\I/[(I;g/ m) 244 24 243 0.5 nspyns o ns
IeQIlfn 23.4-25.9 23.1-25.43 22.62-25.94 ‘
Volume (mL
Media(n ) 3 3 21 <0.0001 a rrp S o b
2.3-4 2.1-3.8 1.6-3 '
IQR
Sperm concentration
(X 106/mL) 67.5 30 8 ERAE Ty RHAR o AR
Median 35-111.4 12-68.5 2.4-16.5 <0.0001 T e
IQR
Motility (A + B) (%)
. 52 375 225 At PR L s bt
Median 43-62 21-49.3 12.8-32 <0.0001 amTbTe
IQR
Immobility (%)
. 44 59 73 Pt bR bk HEAF
Median 3453 4675 62.8-82 <0.0001 a b c
IQR
Viability (%)
1 80 70 59'5 R b P R b
Median 74.3-86 60-80 5070 <0.0001 a b C
IQR
Normal morphology
(%) 10 6 4 P T
Median 7-14 4-8 343 <0.0001 aTb e
IQR

Values are presented as median (interquartile range, IQR). Statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons. Pairwise comparisons: a:
non-smokers vs. active smokers; b: non-smokers vs. passive smokers; c: active smokers vs. passive smokers. ns:
not significant; **** indicates p < 0.0001.

The distribution of semen profiles differed across the study groups (Figure 2). Normo-
spermia was predominantly observed in non-smokers, whereas its prevalence decreased in
both passive and active smokers. The frequency of oligospermia and teratospermia was
higher in smokers, particularly in the active smoker group. In contrast, asthenospermia
was more frequently observed in passive smokers compared to active smokers. Oligo-
astheno-teratozoospermia (OATS) was mainly detected in active smokers. Additionally, the
proportion of sperm with viability below 54% was higher in smokers, especially in active
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smokers. Teratospermia was observed only in the active smoker group and was absent in

the other groups.
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Figure 1. Distribution of male age participants according to age groups (A) and duration of
infertility (B).
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Figure 2. Distribution of patients across groups according to conventional semen parameters, based on
the WHO 6th edition (2021) reference values [17]. Normospermia: sperm concentration > 16 million/mL,
total motility > 42%, normal morphology > 4%, viability > 54%, and volume > 1.4 mL. Oligosper-
mia: sperm concentration < 16 million/mL. Asthenospermia: total motility < 42%. Teratosper-
mia: normal morphology < 4%. OATS (Oligo-Astheno-Teratospermia): combination of sperm
concentration < 16 million/mL, total motility < 42%, and normal morphology < 4%.

2.3. Sperm DNA Fragmentation (DFI) and Chromatin Decondensation (SDI)

The DNA fragmentation index (DFI) increased progressively across groups, with
median values of 18% [16—20] in non-smokers, 22% [20-25.25] in passive smokers, and
38% [36-42] in active smokers. Similarly, the sperm chromatin decondensation index
(SDI) showed a significant increase, with median values of 18% [14-20] in non-smokers,
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24% [22.75-26] in passive smokers, and 38% [36—42] in active smokers. Both the DFI and
SDI were significantly higher in passive smokers compared to non-smokers and further
increased in active smokers compared to passive smokers (Figure 3).
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Figure 3. Impact of active and passive smoking on sperm DNA integrity. (A) Sperm chromatin
decondensation index (SDI) and (B) DNA fragmentation index (DFI) in non-smokers, passive smok-
ers, and active smokers. Data are presented as median with interquartile range (boxplot, Tukey).
(C) Representative image of sperm chromatin decondensation. (D) Representative image of sperm
DNA fragmentation; **** p < 0.0001.

2.4. Cadmium and Zinc Levels in Seminal Plasma

Seminal plasma cadmium concentration showed a clear increasing trend according
to smoking status. Cadmium levels in non-smokers were below the limit of detection
(LOD), indicating concentrations too low to be quantified. In contrast, detectable levels
were observed in both passive and active smokers, with significantly higher concentrations
in active smokers compared to passive smokers (median: 14.01 vs. 6.05 ug/L, respectively;
p < 0.0001) (Figure 4A). Due to the high proportion of values below the limit of detection in
the non-smoker group, statistical comparisons with this group were not performed.

Regarding seminal plasma zinc, a significant decrease was observed across the three
groups (Figure 4B). Non-smokers exhibited the highest zinc levels (median: 128.2 mg/L;
IQR: 110.9-159.3), followed by passive smokers (median: 79.52 mg/L; IQR: 70.01-87.20),
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and active smokers (median: 43.63 mg/L; IQR: 34.00-48.22). Zinc concentrations were sig-
nificantly lower in both passive and active smokers compared to non-smokers (p < 0.0001)

and were also significantly lower in active smokers compared to passive smokers
(p <0.0001).
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Figure 4. Seminal plasma cadmium (A) and zinc (B) concentrations in non-smokers, passive smok-
ers, and active smokers. Data are presented as median with interquartile range (boxplot, Tukey).
(C) Representative atomic emission spectrum of cadmium; (D) representative atomic emission spec-
trum of zinc. Cadmium levels in non-smokers were below the limit of detection (ND). Data are
presented as median and interquartile range. **** p < 0.0001.

2.5. Multivariate Linear Regression Analysis

Multivariate linear regression analysis showed that both active and passive smoking
were significantly associated with changes in semen parameters and sperm DNA integrity
(Table 2). Active smoking was associated with significant decreases in sperm volume,
motility, viability, and morphology, as well as an increase in immobility. Passive smoking
was also associated with similar changes, although with lower magnitude. In addition,
both active and passive smoking were significantly associated with increased sperm DNA
fragmentation and chromatin decondensation. Furthermore, seminal zinc levels were
significantly reduced in both active and passive smokers, with a greater reduction observed
in the active smoking group.
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Table 2. Multivariate linear regression analysis of the association between smoking status and semen
parameters, sperm DNA integrity, and seminal zinc levels.

Parameter Active Smoking 3 (95% CI)  Passive Smoking 3 (95% CI) p Value
Volume —0.81 (—1.2-—0.5) —0.06 (—0.4-0.3) <0.0001

Motility (A + B) —28.54 (—32.7-—-24.42) —15.6 (—19.61-—11.52) <0.0001
Immobility 27.7 (23.20-32.2) 15.3 (10.9-19.7) <0.0001
Viability —22.2(—25.7--18.7) —9.3 (-12.71--5.9) <0.0001
Morphology —6.32 (=7.5--5.2) —35(—4.6-—24) <0.0001

DNA fragmentation 20.9 (19.9-21.9) 4.72 (3.73-5.7) <0.0001
Chromatin decondensation 21.1 (20.13-22.04) 6.71 (5.8-7.7) <0.0001
Zinc —93.6 (—98.6——87.6) —56.32 (—61.71--50.92) <0.0001

f3: regression coefficient; CI: confidence interval. Models were adjusted for age and body mass index (BMI).
Non-smokers were used as the reference group. p-value < 0.05 was considered statistically significant. Cadmium
was excluded due to a high proportion of values below the limit of detection in the non-smoker group.

2.6. Correlation Analysis

Spearman correlation analysis revealed significant positive correlations between semi-
nal cadmium levels and both sperm DNA fragmentation and chromatin decondensation
indices (Table 3). These correlations indicate that higher cadmium levels are associated
with increased DNA damage markers. In contrast, seminal zinc levels showed significant
positive correlations with sperm motility and viability. All correlations were statistically
significant (p < 0.0001).

Table 3. Sperman correlation analysis between seminal cadmium, zinc levels and sperm parameters
and DNA integrity indices.

Variables Sperman r 95% CI p Value

Cd vs. DNA fragmentation 0.70 0.62-0.79 <0.0001
Cd vs. chromatin decondensation 0.71 0.63-0.78 <0.0001
Zn vs. sperm motility 0.62 0.54-0.69 <0.0001

Zn vs. sperm viability 0.58 0.49-0.65 <0.0001

Spearman correlation coefficients (r) and 95% confidence intervals (CI) are presented. p-values indicate the
statistical significance of the correlations. Correlations involving cadmium were performed only in subjects with
detectable Cd levels. A p-value < 0.05 was considered statistically significant.

3. Discussion

The present study investigated the association between cadmium exposure related
to active and passive smoking and semen quality, as well as sperm DNA fragmentation
and chromatin decondensation, and seminal plasma cadmium and zinc levels in men from
infertile couples.

A marked and statistically significant decline in sperm parameters was observed across
the studied groups. Sperm concentration decreased substantially from 67.5 x 10°/mL
in non-smokers to 30 x 10°/mL in passive smokers and 8 x 10 /mL in active smokers
(p < 0.001). Similarly, sperm motility declined from 52% to 37.5% and 22.5%, respectively
(p < 0.001), while semen volume decreased from 3 mL to 2.1 mL (p < 0.001). Sperm viability
and normal morphology were also significantly reduced in smokers, with more pronounced
alterations in active smokers compared to passive smokers (p < 0.001). These findings
indicate a substantial impairment of male reproductive function. Notably, passive smokers
exhibited intermediate alterations, suggesting that even indirect exposure to cigarette
smoke may negatively affect semen quality.

These findings are consistent with most previous studies reporting impaired semen pa-
rameters among smokers [2,9,18-20]. However, the majority of these studies have primarily
focused on active smoking, whereas the effects of passive smoking remain less extensively
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investigated. Our results therefore provide additional evidence that passive exposure may
also be associated with altered semen quality, although to a lesser extent than active smok-
ing. In contrast, some studies have reported no significant association [21,22]. which may
be explained by differences in study design, population characteristics, smoking intensity
and duration, as well as methodological variations in semen analysis and WHO criteria.

The deleterious effects of smoking on semen parameters may be attributed to several
toxic components of cigarette smoke, particularly nicotine and cadmium. Nicotine has
been linked to mitochondrial dysfunction, leading to increased production of reactive
oxygen species (ROS) and reduced ATP generation, both of which are critical for sperm
motility [23,24].

Cadmium appears to play a key role in smoking-related reproductive toxicity. In
the present study, cadmium was detected in both active and passive smokers (median:
14.01 vs. 6.05 ng/L, respectively; p < 0.0001), whereas it was undetectable in non-smokers,
supporting tobacco as a major source of exposure. This difference reflects a substantial
accumulation of cadmium among smokers. The relatively elevated cadmium levels ob-
served in our study may be explained by several factors. Although individuals with known
occupational or significant environmental exposure were excluded, variability in cadmium
levels may still arise from differences in smoking intensity and duration, as well as from
residual environmental exposure and dietary sources that are difficult to fully control. In
addition, differences in the geographic origin and composition of tobacco may influence
cadmium content in cigarettes. These factors have been reported to contribute to inter-
individual variability in cadmium exposure [25,26]. At the cellular level, cadmium disrupts
spermatogenesis through cytotoxic effects on Sertoli and Leydig cells and by interfering
with endocrine regulation. It may also impair the integrity of the blood-testis barrier and
induce vascular damage, facilitating its accumulation in testicular tissue. Furthermore, cad-
mium can activate apoptotic pathways, further compromising spermatogenic function [27].
At the biochemical level, cadmium inhibits key antioxidant enzymes, including superoxide
dismutase (SOD) and glutathione peroxidase (GPx), leading to excessive ROS accumulation.
This oxidative imbalance promotes lipid peroxidation, reduces membrane fluidity, and
impairs sperm function. In addition, cadmium disrupts mitochondrial respiratory chain,
leading to decreased ATP production required for sperm motility [28]. Cadmium also alters
calcium homeostasis through inhibition of Ca?*-ATPase activity, an enzyme essential for
sperm motility and energy metabolism, thereby contributing to mitochondrial dysfunction
and impaired flagellar movement [29].

These findings are supported by the predominance of asthenozoospermia observed
among smokers in our study, suggesting that sperm motility is particularly susceptible to
toxic exposure.

Spermatozoa are highly vulnerable to oxidative stress due to their high content of
polyunsaturated fatty acids and limited antioxidant defenses. Increased ROS production
may lead to lipid peroxidation [30], mitochondrial dysfunction, and impaired motility.
Moreover, oxidative stress can damage both nuclear and mitochondrial DNA, resulting
in increased DNA fragmentation and chromatin decondensation, thereby compromising
sperm function and genomic integrity [31,32].

We also observed significantly lower zinc levels in the seminal plasma of both active
and passive smokers compared to non-smokers (median: 128.2 mg/L in non -smokers,
M in passive smokers, and 43.63 mg/L in active smokers; p < 0.001), in agreement with
several studies [19,33], although some studies have reported no significant differences [34].
Zinc plays an essential role in antioxidant defense, particularly through its involvement
in SOD activity, and contributes to chromatin stabilization and maintenance of sperm
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DNA integrity. Its depletion may therefore exacerbate oxidative stress and increase sperm
susceptibility to damage [35].

Consistent with these mechanisms, our results showed significantly higher levels of
DNA fragmentation and chromatin decondensation in smokers compared to non-smokers
(p < 0.001), with more pronounced alterations in active smokers, as reported in several
studies [7,18,20,36-38] and confirmed by recent reviews [39-41] regarding DNA fragmenta-
tion. Moreover, they align with other studies on sperm chromatin decondensation [38,42].
Excessive ROS generation within the testicular microenvironment has been identified as
a major driver of sperm DNA damage [41], while smoking-induced hypoxia may further
impair spermatogenesis and sperm maturation [43-46].

The combined effect of increased cadmium and decreased zinc levels may further am-
plify oxidative stress and contribute to sperm DNA damage. This hypothesis is supported
by our correlation analyses using Spearman’s test, which revealed a significant positive
correlation between cadmium levels and DNA damage and positive associations between
zinc levels and sperm motility and viability. These findings support the deleterious role of
Cd and the protective role of zinc in male reproductive function.

Linear regression analysis further confirmed these associations independently of
potential confounding factors, strengthening the robustness of the observed relationships
between smoking exposure, trace element levels, and sperm alterations.

However, some limitations should be acknowledged. Information regarding the fertil-
ity status of the participants was limited, as they were generally at early stages of clinical
evaluation, and classification was based solely on smoking status. In addition, cadmium
was not detectable in non-smokers, limiting some comparative analyses. Finally, due to the
cross-sectional design of the study, causal relationships cannot be definitively established.

4. Materials and Methods
4.1. Study Participants

The study population comprised 280 male partners of infertile couples who attended
the laboratory (LABOMAC, Casablanca, Morocco) for infertility evaluation between 2022
and 2024. Male participants were excluded if they had azoospermia, occupational exposure
to heavy metals, varicocele/hydrocele, a history of post-vasectomy reconstructive surgery,
testicular injuries, or chronic diseases such as diabetes, hypertension, dyslipidemia or
chronic urinary infections. Additionally, individuals undergoing antioxidant treatment
were excluded.

Participants were categorized into three groups: Group 1 (non-smokers, n = 104),
Group 2 (passive smokers, n = 86), and Group 3 (active smokers, n = 90). Active smokers
were defined as individuals consuming more than 10 cigarettes per day for a duration
exceeding 5 years. Passive smokers were defined as individuals who regularly frequented
designated smoking areas in cafés on a daily basis.

4.2. Collection and Semen Parameter Analysis

Semen samples were collected by masturbation following an abstinence period of
2 to 7 days and subsequently analyzed. After a liquefaction period of 30 min to one
hour at 37 °C, semen analysis commenced with a macroscopic assessment, including the
evaluation of appearance, viscosity, volume, and pH. Subsequently, all samples underwent
microscopic examination for standard sperm parameters (volume, concentration, motility,
and morphology) in accordance with the guidelines of the 2021 WHO Laboratory Manual
for the Examination and Processing of Human Semen [17].

Sperm concentration was determined using an improved Neubauer hemocytome-
ter (Marienfeld, Lauda-Konigshofen, Germany) on fixed and appropriately diluted sam-
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ples based on the initial sperm count. Motility was assessed by counting approximately
200 spermatozoa across at least five randomly selected fields. Viability assessment was
performed by mixing a 50 uL semen aliquot with an eosin-nigrosin suspension. A smear
was then prepared on a glass slide and air-dried. Sperm cells were distinguished using
nigrosin staining [17], with non-viable sperm cells appearing red (stained head) and viable
sperm remaining unstained. Sperm morphology was evaluated using Shorr staining [8].

4.3. Sperm DNA Fragmentation Index (DFI) Analysis

DNA fragmentation was assessed using the TUNEL assay with the In Situ Cell Death
Detection Kit, Fluorescein (Roche, Mannheim, Germany). After centrifugation at 1200x g
for 10 min and washing the samples, the spermatozoa were fixed with a 4% paraformalde-
hyde solution and then permeabilized with ethanol. DNA strand breaks were labeled using
terminal deoxynucleotidyl transferase (TdT), which adds fluorescein-labeled nucleotides
(dUTP) to the ends of DNA fragments. Approximately 200 spermatozoa were examined
under a fluorescence microscope to determine the DNA fragmentation index (DFI), with
sperm exhibiting DNA breaks appearing as green fluorescent spots [47].

4.4. Sperm Chromatin Decondensation Index (SDI)

After washing the samples with phosphate-buffered saline (PBS) and centrifugation,
spermatozoa were fixed with a 3% glycerol solution in PBS and subsequently permeabilized.
Duplicates were prepared and incubated in an aniline blue and acetic acid solution for 10
to 15 min at room temperature. The sperm chromatin decondensation index (SDI) was
determined by counting the number of spermatozoa stained with aniline blue, with a total
of 200 spermatozoa counted per sample. Spermatozoa with less condensed chromatin allow
greater penetration of aniline blue into their DNA, resulting in more intense staining (deep
blue coloration). Thus, the SDI serves as an indicator of the degree of DNA condensation
in spermatozoa [48].

4.5. Cadmium and Zinc Analysis

Seminal plasma samples were obtained after semen centrifugation. One milliliter of
seminal plasma was digested with 5 mL of concentrated nitric acid (HNO3, 65%, analytical
grade) at 80 °C until complete clarification. The final volume was adjusted to 10 mL with
ultrapure water (Milli-Q system).

Cadmium (Cd) and zinc (Zn) concentrations were determined using Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) [49] (Horiba Jobin Yvon Ultima
Expert, Longjumeau, France). The analytical wavelengths used were 214.441 nm for Cd
and 213.857 nm for Zn. Instrumental conditions included an RF power of 1000 W, plasma
gas flow of 15 L/min, and nebulizer gas flow of 0.7 L/min.

Calibration was performed using standard solutions with a multi-point calibration
curve. Quality control measures included the use of procedural blanks and ultrapure water
to monitor potential contamination. Method accuracy was evaluated using recovery tests
by spiking samples with known concentrations of cadmium and zinc. All samples were
analyzed in replicate.

Limits of detection (LOD) and quantification (LOQ) were determined according
to standard analytical procedures. For cadmium, the LOD and LOQ were 3.66 pg/L
and 10.98 ug/L, respectively. For zinc, the LOD and LOQ were 3.46 pg/L and
10.38 ug/L, respectively.

All analyses were performed under standardized and controlled conditions to ensure
reproducibility and reliability of the measurements.
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4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 9.5.0,
GraphPad Software, San Diego, CA, USA). Data distribution was assessed using the
Shapiro-Wilk normality test. As most variables did not follow a normal distribution,
results are presented as median and interquartile range (IQR, Q1-Q3).

Comparisons between more than two independent groups (non-smokers, passive
smokers, and active smokers) were performed using the Kruskal-Wallis test, followed by
Dunn’s post hoc test for multiple comparisons. For comparisons between two groups, the
Mann-Whitney U test was used. Due to the high proportion of values below the limit of
detection (LOD) for cadmium in the non-smoker group, statistical comparisons involving
this group were not performed for cadmium concentrations.

Correlations between variables were assessed using Spearman’s rank correlation
coefficient (r).

Multivariate linear regression analysis was performed to evaluate the association
between smoking status and semen parameters, sperm DNA integrity indices, and seminal
zinc levels. Models were adjusted for age and body mass index (BMI). Non-smokers were
used as the reference group. Results were considered statistically significant at p < 0.05.

5. Conclusions

Smoking, whether active or passive, is associated with alterations in male reproductive
function and with impaired sperm quality as well as altered sperm DNA integrity, including
increased DNA fragmentation and chromatin decondensation. These findings highlight the
importance of considering both direct and indirect exposure to cigarette smoke as relevant
risk factors for male infertility. In addition, passive smoking should not be underestimated,
as it represents a significant source of exposure to toxic compounds, particularly heavy
metals such as cadmium, even in non-smokers. Reducing exposure to tobacco smoke may
therefore represent an important strategy for improving reproductive health.

Future studies are warranted to further elucidate the underlying molecular mecha-
nisms, particularly those involving oxidative stress, intracellular signaling pathways, and
epigenetic regulation. Longitudinal and interventional approaches are also needed to
better assess causality and to explore potential protective strategies, including antioxidant
supplementation and zinc-based interventions, aimed at mitigating the adverse effects of
smoking on male fertility.
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