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Ozone exposure associates with sperm quality indicators: Sperm telomere 
length as a potential mediating factor 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• O3 exposure affects sperm count, con-
centration and total motile sperm count. 

• O3 exposure affects the mechanism- 
based indicator, sperm telomere length. 

• Spermatogenesis stages I and II are the 
sensitive windows of ozone exposure. 

• Sperm telomere length mediates the as-
sociation of ozone exposure with sperm 
quality.  
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A B S T R A C T   

Evidence linking O3 exposure and human semen quality is limited and conflicting and the mechanism underlying 
the association remains unclear. Therefore, we investigated the associations between ambient O3 exposure and 
sperm quality parameters and explored the mediating role of sperm mitochondrial DNA copy number (mtDNAcn) 
and sperm telomere length (STL) among 1068 potential sperm donors who provided 5002 repeated semen 
samples over approximately 90 days. We found that every 10 μg/m3 increase in O3 exposure was associated with 
a decrease in STL, sperm concentration, total count, total motile sperm number, and semen volume. However, O3 
exposure was associated with increased total motility and progressive motility. The association for sperm quality 
parameters was stronger when exposure was measured at spermatogenesis stages I and II. For STL, the strongest 
association was observed when exposure was measured at spermatogenesis stage II. Additionally, we found that 
approximately 9% and 8% of the association between O3 exposure and sperm concentration and count was 
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mediated by STL, respectively. In summary, our findings suggest that O3 pollution may affect sperm telomere 
length, eventually leading to reduced semen quality.   

1. Introduction 

Infertility has become a global public health issue, affecting 
approximately 15% of childbearing-age couples. Approximately 50% of 
human infertility cases are due to male factors, as a result of genetic 
problems, semen abnormalities, chronic diseases, and occupational and 
environmental exposure [14,32]. In recent years, several studies have 
reported a remarkable decline in semen quality on a global scale [18], 
including in China [12]. 

As the most important environmental factor, air pollution is common 
in all countries, especially in developing countries. Many studies have 
consistently shown that the exposure to ambient particulate matter is 
tightly associated with reduced semen quality, such as decreased sperm 
count, and concentration [24,41,45]. The concentration of ground-level 
ozone (O3) has been increasing in recent decades. Data from the China 
National Environmental Monitoring Center shows that O3 concentra-
tions in China’s major urban centers have exceeded the ambient air 
quality standard by 100–200%. In 2019, approximately 100,000 deaths 
were attributed to O3 pollution in China (Murray et al., 2020), high-
lighting the potential health issues associated with O3 pollution [43]. 
However, epidemiologic studies of the association between O3 exposure 
and human semen quality have been insufficient and inconsistent [26, 
33,36,37] (Table 1). The key methodological issue of these previous 
studies is that they mostly used a single measurement of semen quality, 
which could result in measurement error due to the high 

within-individual variability of sperm quality parameters [4,40]. 
Therefore, repeated measurements are needed to evaluate the associa-
tion between O3 exposure and semen quality. In a previous study, Sokol 
and colleagues analyzed repeated semen samples from 48 donors from a 
sperm donor bank in Los Angeles and found an inverse correlation be-
tween O3 exposure and sperm concentration [33]. In a more recent 
study, Qiu and colleagues reported a positive association between 
chronic exposure to O3 and forward motility concentration among 686 
males with 4841 measurements of semen quality from Sichuan Province, 
China [26]. The average O3 concentration in this study was 107.46 
μg/m3, which was much higher than the WHO standard (60 μg/m3) 
[39]. Evidence has shown that there is no obvious safe threshold for the 
relationships between O3 exposure and cardiovascular mortality [15,40, 
5]. However, the association of relatively low levels of O3 exposure with 
semen quality in Chinese men of reproductive age remains unknown. 

More importantly, the mechanism underlying the association be-
tween O3 exposure and semen quality remains poorly understood. Some 
potential mechanism-related indicators of semen quality, such as sperm 
mitochondrial DNA copy number (mtDNAcn) and sperm telomere 
length (STL) [28,35], may provide us with some clues to understand the 
mechanism. Oxidative stress is a major cause of sperm dysfunction and 
male infertility by adversely affecting the structural and functional 
integrity of sperm [2]. DNA copy number (mtDNAcn), as an oxidative 
stress-related indicator of mitochondrial function, is vulnerable to 
environmental exposure due to its lack of protective histones and DNA 

Table 1 
Comparison of reported associations between ambient O3 exposure and sperm quality indicators.   

Sample 
period 

Location Design Type Sample size O3 

(μg/ 
m3), 
Mean 
± SD 

Results 

Traditional sperm quality parameters Mechanism- 
related 
indicators 

Sperm 
count 

Sperm 
concentration 

TMSC motility STL mtDNAcn 

Sokol 
et al.  
[33] 

1996 −
1998 

Los Angeles, 
USA 

Repeated- 
measured 

Sperm bank 48 men 46.48 
±

20.21 

- - ○ ○ NA NA 

Zhang 
et al.  
[44] 

2015–2018 Beijing, 
China 

Single- 
measured 

Sperm bank 8945 men 102.9 
± 46.8 

NA - NA ○ NA NA 

Sun 
et al.  
[36] 

2011–2013 Wuhan, 
China 

Single- 
measured 

Reproductive 
center 

1061 men 104 ±
52.0 

○ - NA ○ NA NA 

Hansen 
et al.  
[10] 

2000–2004 Carolina, 
USA 

Single- 
measured 

Community 228 men 66.03 
±

20.22 

○ ○ NA NA NA NA 

Tian 
et al.  
[37] 

2013–2015 Wuhan, 
China 

Single- 
measured 

Reproductive 
center 

1780 men 114.20 
±

74.88 

- - NA NA NA NA 

Qiu 
et al.  
[26] 

2013–2018 Sichuan, 
China 

Repeated- 
measured 

Sperm bank 686 men, 
4841 
examinations 

107.46 
±

117.81 

NA ○ NA ○ NA NA 

Farhat 
et al.  
[7] 

2000–2006 Sao Paulo, 
Brazil 

Repeated- 
measured 

Systemic lupus 
erythematosus 
participants 

26 men, 52 
examinations 

83.3 ±
12.73 

- - NA NA NA NA 

Huang 
et al.  
[13] 

2018–2019 Guangdong, 
China 

Repeated- 
measured 

Sperm bank 1168 men, 
3797 
examinations 

51.43 
(mean) 

○ ○ NA ○ NA NA 

Zhou 
et al.  
[46] 

2018–2019 Shijiazhuang, 
China 

Single- 
measured 

Andrology 
clinic 

423 men 38.00 
(mean) 

○ ○ NA ○ ○ ○ 

Current 
study 

2017–2018 Wuhan, 
China 

Repeated- 
measured 

Sperm bank 1068 men, 
5002 
examinations 

65.84 
± 5.16 

- - - + - ○ 

+ positive association, - negative association, ○ no significant association, NA not available. 
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repair capacity [31,38]. Environmental exposure may affect spermato-
genesis by disrupting sperm mtDNAcn. Another indicator, STL, is tightly 
associated with meiotic arrest, abnormal segregation and chromosomal 
disjunction, and semen quality [1,28]. 

Considering the increasing O3 pollution and decreasing semen 
quality in China, it is urgent to evaluate the association between O3 
exposure and semen quality in Chinese men. In this study, based on a 
Chinese male population of reproductive age with repeated semen 
samples from a Hubei Province Human Semen Bank, we aimed to 
examine the association between ambient O3 exposure, sperm quality 
parameters, mtDNAcn, as well as STL and to explore the potential 
mediating role of mtDNAcn and STL. 

2. Methods and materials 

2.1. Study population 

This research protocol was approved by the Ethics Committee of the 
Center for Reproductive Medicine, Tongji Medical College, Wuhan, 
China. Wuhan is a megacity in central China, with an area of 8494 
square kilometers and a resident population of 11.3 million in 2022.  
Fig. 1A and B shows the workflow of this study. As described in our 
previous reports [4,35], a total of 1487 volunteers, defined as the pri-
mary cohort, were recruited as potential semen donors from the Hubei 
Province Human Semen Bank of China from April 2017 to July 2018. 
Participants were initially screened for eligibility as a potential sperm 
donor if they met the following criteria: (1) between 22 and 45 years of 
age; (2) had at least a high school education; and (3) had no genetic or 
sexually transmitted diseases (e.g., syphilis, gonorrhea, HIV, and hepa-
titis, etc.). All potential donors then underwent a preliminary semen 
evaluation for semen quality, and men who met Chinese Ministry of 
Health (2003) donation criteria (i.e., fresh semen samples should have 
sperm concentration ≥60 × 106/mL, progressive motility ≥60%, and 
percentage of normal morphology >30%; post-thawed semen samples 
should have progressive motility ≥40%, number of motile sperm per vial 
≥12 × 106, and frozen-thawed survival rate ≥60%) were asked to 
provide a sufficient number of semen samples to be stored for future 

fertility treatment. Semen quality was assessed each time the participant 
provided the samples; semen quality data was included in the final an-
alyses regardless of whether donation criteria were met. For participants 
who did not meet the donation criteria, they were still enrolled in the 
study and were asked to provide 1–4 additional semen samples at 
different time points (days 1–15, 16–31, 32–63, and ≥64 from the initial 
recruitment) for further evaluation [4]. All participants provided writ-
ten informed consent and underwent the physical examination before 
enrollment. Participants’ demographic, address, and anthropometric 
data (e.g., height, education level, income, physical activity, and age) 
was collected at enrollment. 

From the primary cohort, 1068 men with 5002 repeated semen ex-
aminations (defined as sub-cohort for repeated measurements) were 
selected to investigate the associations between O3 exposure and semen 
quality (60 men were excluded because of specific diseases, 218 men 
have no address in Wuhan, and 141 men were excluded because they 
stayed in Wuhan for less than 90 days), with a mean sampling frequency 
of 4.68 ± 4.34, and sampling interval of 25.00 ± 28.27 days for multi-
ple sampling participants. The spatial distribution of the residential 
addresses of the participants is shown in Fig. S1. When analyzing STL 
and mtDNAcn, we also excluded 79 men with insufficient semen 
samples. 

2.2. Measurements of sperm quality indicators 

As previously described in our previous report [34,35], semen 
samples were obtained by masturbation. The sperm quality indicators 
measured in this study included traditional sperm quality parameters, 
mtDNAcn, and STL. Traditional sperm quality parameters (semen vol-
ume, sperm concentration, sperm count, progressive motility, and 
non-progressive motility) were analyzed by experts according to the 
WHO laboratory manual guidelines. The total motile sperm count 
(TMSC) was calculated by multiplying sperm concentration by semen 
volume by the percentage of motility. STL and mtDNAcn were measured 
by real-time quantitative polymerase chain reaction (RT-PCR) [20,35]. 
Relative mtDNA copy number was calculated as the ratio of mitochon-
drial MT-ND1 to nuclear ACTB. Quality control procedures were 

Fig. 1. The workflow of the study.  
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established to ensure that all assays complied with World Health Or-
ganization guidelines [40]. Details are provided in Supplementary 
Materials. 

2.3. Measurement of physical activity 

Since physical activity may influence the exposure and absorption of 
air pollutants [16,21,25], we included physical activity as a character-
istic of the participants. Physical activity was assessed by total metabolic 
equivalents (METs) based on the validated long-form International 
Physical Activity Questionnaire (IPAQ) [22,27]. Total metabolic 
equivalents (METs) were defined as the sum of the MET scores for 
walking, moderate-intensity physical activity, and vigorous physical 
activity. To obtain the total METs, the number of minutes spent in each 
activity was multiplied by its corresponding MET score, which is 3 for 
domestic activities, 3.3 for walking, 4 for moderate-intensity physical 
activity, 5.5 for vigorous physical activity in the garden or yard, 6 for 
cycling, and 8 for vigorous physical activity. 

2.4. Estimation of individual’s exposure to ambient air pollutants 

Air pollutant data [particulate matter with aerodynamic less than 
2.5 µm (PM2.5), particulate matter with aerodynamic less than 10 µm 
(PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide 
(CO), and O3] were retrieved from a high-resolution air quality rean-
alysis dataset over China (CAQRA) [17], which has a resolution of 
15 × 15 km and hourly temporal resolution. The entire process of 
spermatogenesis in humans takes about 90 days. Therefore, we calcu-
lated the average exposure to air pollutants during the entire period of 
sperm development of 90 days (from 0 to 90 lag days) and four specific 
phases (0–9, 10–14, 15–69, and 70–90 lag days). Briefly, participants’ 
addresses were geocoded into latitude and longitude data using the 
Baidu Map API (https://lbsyun.baidu.com/) and then mapped to the 
CAQRA dataset using the k-nearest neighbor algorithm with the R 
package kknn. To allow the adjustment, we also obtained daily average 
temperature (◦C) and relative humidity (%) data from National Climatic 
Data Center. 

2.5. Statistical analysis 

We used the generalized linear mixed models (GLMM) to investigate 
the association of ambient O3 exposure during entire spermatogenesis 
with repeated measurements of sperm quality parameters (5002 mea-
surements) [11,23]. The generalized linear regression models (GLM) 
model was used to investigate the associations of O3 exposure with STL 
and mtDNAcn (989 measurements). Covariates were selected for in-
clusion based on statistical and biological considerations [46], which 
included abstinence period (continuous), age (continuous), body mass 
index (BMI; continuous), smoking (current, former, or never), drinking 
(current, former, occasional, and never), income (<4000, 4000–8000, 
or >8000 Yuan), Ever fathered a child (yes or no), and education (less 
than undergraduate, undergraduate or above). We also divided O3 
exposure concentration into tertiles, and calculated the effect estimates 
and 95% CIs of association with per 10 μg/m3 O3 increase for each 
sperm quality indicator. Restricted cubic spline (RCS) models [6] with 3 
knots were constructed to assess potential non-linear dose-response as-
sociations. Mediation analysis was conducted to investigate the poten-
tial mediating role of STL and mtDNAcn. 

Several sensitivity analyses were performed to test the robustness of 
our results. First, two-pollutant models were developed to examine the 
independent effects of the effect estimates after adjusting for co- 
pollutants. To avoid collinearity, we adjusted the effect of co- 
pollutants that showed significant correlations with the pollutant of 
interest in Spearman correlation analysis (correlation coefficient < 0.6) 
[29,36,46]. Second, given the potential effect of physical activity on O3 
exposure and semen quality, we additionally adjusted for physical 

activity (total METs). 
Multiple informant models were constructed to examine the effects 

of O3 exposure on semen quality, mtDNAcn, and STL at 4 windows prior 
to semen examination (0–9, 10–14, 15–69, and 70–90 days before the 
date of semen examination, corresponding to spermatogenesis stage I 
and II, development of sperm motility, and epididymal storage). This 
method allowed us to identify the sensitive exposure windows [30]. 

R version 4.1.3 (R Foundation for Statistical Computing, Vienna, 
Austria) (https://www.r-project.org/) and SAS version 9.4 (SAS Insti-
tute Inc, Cary, NC, USA) were used for statistical analyses. The gener-
alized linear mixed models were conducted using R lme4 and lmerTest 
packages, the restricted cubic splines analysis was performed using the R 
rms package, and mediation analysis was performed using the R medi-
ation package. 

3. Results 

3.1. Characteristics of participants and pollutants 

As shown in Table 2, there was no apparent difference in de-
mographic characteristics between the sub-cohort for repeated mea-
surements (n = 1068) and the sub-cohort for STL and mtDNAcn analysis 
(n = 989). The median sperm count was 157.50 × 106 and the median 
sperm concentration was 60.00 × 106/mL (Table 3). The average 
mtDNAcn and STL were 1.22 and 0.99, respectively. STL was positively 
associated with sperm concentration, motility, and TMSC (Table S1). 
Based on the WHO data, 13.60% of men worldwide are classified as 
“abnormal” according to the WHO Sixth Edition definition (sperm 
concentration < 15 × 106/mL or sperm count < 35 ×106 or total 
motility < 40% or progressive motility < 29%) [3,40]. In total,13.45% 
of participants were classified as “abnormal” according to the WHO 
definition. The average concentrations of PM2.5, PM10, CO, NO2, SO2, 
and O3 during the entire spermatogenesis were 42.69, 78.83, 1.02, 
43.19, 9.81, and 65.84 μg/m3, respectively (Table 3). The average daily 
ambient temperature and relative humidity were 20.98 ◦C, and 65.84%, 
respectively. O3 concentration was significantly correlated with other 
air pollutants and meteorological parameters (Fig. S2). 

3.2. Associations between ambient O3 exposure and sperm quality 
indicators 

In the adjusted GLMM or GLM model, We found that every 10 μg/m3 

increase in O3 exposure was associated with a decrease in STL, sperm 
concentration, sperm count, TMSC, and semen volume of − 0.04 (95% 
CI, − 0.08 to − 0.003), − 2.55 × 106/mL (95%CI, − 3.75 to − 1.35), 
− 13.23 × 106/ejaculate (95%CI, − 18.41 to − 7.99), − 5.26 × 106/ 
ejaculate (95%CI, − 8.38 to − 2.11), − 0.09 mL (95%CI, − 0.16 to 
− 0.02), respectively. However, O3 exposure was associated with 
increased total motility (1.09%; 95%CI, 0.38–1.80) and progressive 
motility (1.10%; 95%CI, 0.39–1.81) (Fig. 2A and Table S2). Most of 
these associations persisted when we classified O3 exposure into quar-
tiles (all p-value for trend <0.001; Fig. 2A and Table S2). There was no 
evidence of an association between O3 exposure and mtDNAcn. 

In the restricted cubic spline analysis, we observed nonmonotonic, 
inverted J-shaped relationships between O3 exposure and traditional 
sperm quality parameters (sperm count, sperm concentration, and 
TMSC) (Fig. 3A). The tops of the splines were around 60 μg/m3, which is 
comparable to the WHO standard. In contrast, we observed an approx-
imately monotonic decrease in STL as O3 levels increased. The associa-
tions of O3 exposure with semen quality, mtDNAcn, and STL were 
substantially unchanged when we additionally adjusted for other 
ambient pollutants (i.e., SO2 and CO, Fig. S2) or physical activity 
(Table S4). 
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3.3. Sensitive window of exposure on sperm quality indicators 

The association for sperm quality parameters was stronger when 
exposure was measured at spermatogenesis stages I and II (Fig. 2B and 

Table S5). For STL, the strongest association was observed when expo-
sure was measured at spermatogenesis stage II. Interestingly, we 
observed that O3 exposure was positively associated with total motility 
and progressive motility when exposure was measured at 

Table 2 
Demographic characteristics of the participants.   

Primary cohort Sub-cohort for repeated 
measurements 

p- 
valuea 

Sub-cohort for mtDNAcn and STL 
analyses 

p- 
valueb 

(N ¼ 1487) (N ¼ 1068) (N ¼ 989) 

Age (years) 28.0 ± 5.26 28.14 ± 5.36  0.79 28.13 ± 5.36  0.76 
Education level, N (%)    0.58   0.55 
Less than undergraduate 965 (64.90) 682 (63.86)   621 (62.79)   
Undergraduate and above 522 (35.10) 386 (36.14)   368 (37.21)   
Income, yuan/month, N (%)    0.56   0.32 
< 4000 430 (28.92) 322 (30.14)   284 (28.72)   
4000–8000 561 (37.73) 398 (37.27)   369 (37.31)   
> 8000 494 (32.22) 348 (32.58)   336 (33.97)   
Body mass index, BMI, (kg/m2) 22.82 ± 3.25 22.84 ± 3.32  0.69 22.74 ± 6.63  0.61 
Drinking, N (%)    0.99   0.93 
Current drinker 189 (12.71) 145 (13.58)   110 (11.12)   
Former drinker 16 (1.07) 11 (1.03)   12 (1.21)   
Occasional drinker 745 (61.13) 636 (59.55)   612 (61.88)   
Non-drinker 299 (25.08) 276 (25.84)   255 (25.78)   
Smoking, N (%)    0.29   0.31 
Current smoker 590 (39.68) 406 (38.01)   349 (35.29)   
Former smoker 108 (7.26) 71 (6.64)   72 (7.28)   
Non-smoker 789 (53.06) 591 (55.34)   568 (57.43)   
Ever fathered a child, N(%)    0.89   0.67 
No 1074 (72.22) 776 (72.66)   711 (71.89)   
Yes 409 (27.51) 292 (27.34)   278 (28.10)   
Tea, N(%)    0.80   0.45 
No 1069 (71.89) 763 (71.44)   699 (70.68)   
Yes 418 (28.11) 305 (28.56)   290 (29.32)   
Physical activity        
Total metabolic equivalents (total METs), (min/ 

week)c 
3532.99 
± 4208.47 

3564.61 ± 4315.44  0.89 3403.87 ± 3932.94  0.56 

Summarized as frequencies for categorical variables and means ± standard deviations for continuous variables. Demographic characteristics between groups were 
compared using Kruskal-Wallis analyses or χ2 tests. 
a The primary cohort compared with the sub-cohort for repeated measurements. 
b The primary cohort compared with sub-cohort for mtDNAcn and STL analyses. 
c The numbers of the participants included in primary cohort, sub-cohort for repeated measurements and sub-cohort for mtDNAcn and STL analyses were 746, 618 and 
599, respectively. 

Table 3 
Distributions of semen quality indicators and air pollutants.  

Variable IQR Mean Percentile 

Min 25th 50th 75th Max 

Traditional sperm quality parameters 
(5002 Repeated measures) 

Total motility, %  14.00 57.00 ± 11.87  2.00  50.00  60.00  64.00  90.00 
Progressive motility, %  14.00 56.89 ± 11.86  2.00  50.00  60.00  64.00  90.00 
Semen volume, mL  2.00 3.04 ± 1.36  0.10  2.00  2.80  4.00  14.00 
TMSC, 106  70.83 96.99 ± 57.07  0.04  57.75  91.99  128.58  468.00 
Sperm concentration, 106/mL  27.00 56.51 ± 23.78  1.00  41.00  60.00  68.00  230.00 
Sperm count, 106  110.96 169.76 ± 94.78  0.10  112.00  157.50  223.00  780.00 
Abstinence period, days  2.00 6.68 ± 3.06  0.00  5.00  6.00  7.00  30.00 
Mechanism-related indicators 

(989 single measures) 
mtDNAcn  0.75 1.22 ± 2.03  0.08  0.48  0.77  1.23  24.14 
Sperm telomere length  0.38 0.99 ± 0.31  0.31  0.78  0.95  1.16  2.67 
Air pollutants 
PM10, µg/m3  35.22 78.83 ± 21.05  41.88  59.85  78.39  95.06  135.5 
SO2, µg/m3  2.75 9.81 ± 1.90  6.72  8.31  9.51  11.06  15.52 
NO2, µg/m3  14.75 43.19 ± 11.20  14.18  36.08  42.34  50.83  68.76 
CO, µg/m3  0.24 1.02 ± 0.14  0.74  0.90  1.01  1.14  1.37 
O3, µg/m3  7.28 65.84 ± 5.16  51.73  62.42  66.1  69.70  75.60 
PM2.5, µg/m3  24.08 42.69 ± 15.88  22.81  29.40  39.3  53.48  89.17 
Temperature,◦C  10.65 20.98 ± 6.36  5.77  16.30  22.4  26.95  28.62 
RH, %  7.78 65.84 ± 5.16  51.73  62.42  66.10  69.70  75.60 

Abbreviations: TMSC: total motile sperm count, mtDNAcn: sperm mtDNA copy number, PM2.5, particulate matter with aerodynamic less than 2.5 µm; PM10, particulate 
matter with aerodynamic less than 10 µm; SO2, sulfur dioxide; NO2, nitrogen dioxide; CO, carbon monoxide; O3, ozone; RH, relative humidity; SD, standard deviation. 
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spermatogenesis stage II and the development stage of sperm motility. 
TMSC is calculated from sperm count and motility, and it is a primary 
indicator of the ability to conceive. O3 exposure was significantly 
associated with decreased TMSC at spermatogenesis stage I possibly 
because the exposure reduced total sperm count at this stage. 

3.4. Mediation analysis of mechanism-related indicators 

Given that there was no evidence of an association between O3 

exposure and mtDNAcn, mediation analysis was only performed for STL. 
As shown in Fig. 3B, there was a significant indirect effect of O3 exposure 
on sperm concentration by a change in STL (β = − 0.02, 95%CI：− 0.06, 
− 0.008), with a 9% proportion of mediation. We also observe significant 
indirect effects of O3 exposure on sperm count through a change in STL 
(β = − 0.07, 95%CI：− 0.20, − 0.003), with an 8% proportion of 
mediation. 

Fig. 2. The associations between O3 exposure and semen quality indicators. A) effect estimates for the associations of O3 exposure during entire spermatogenesis 
with sperm quality indicators. Q1 indicates lower tertile, Q2 indicates median tertile, Q3 indicates upper tertile. B) effect estimates for the associations of O3 exposure 
with sperm quality parameters in four spermatogenesis periods. T1 indicates spermatogenesis stage I (Lag 70–90 days), T2 indicates spermatogenesis stage II (Lag 
15–69 days), T3 indicates development of sperm motility (Lag 10–14 days), T4 indicates epididymal storage (Lag 0–9 days). Effect estimates represent their absolute 
changes in association with a 10 μg/m3 increase in O3 exposure. Error bars indicate 95% CI. All models were adjusted for age, educational level, income, body mass 
index, smoking, drinking, tea, ever fathered a child, and abstinence period. The p-value for linear trends is tested by including O3 exposure as a continuous variable in 
the generalized linear mixed model or generalized linear regression model, adjusting FDR using the Benjamini & Hochberg procedure. TMSC, total motile sperm 
count. * : Two-sided P < 0.05, * *: Two-sided P < 0.01. 
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Fig. 3. Dose-response associations between ambient O3 exposure and sperm quality indicators (A), and mediation effect of STL between O3 exposure and sperm 
count, and concentration (B). Red lines indicate the effect estimates, and shadowed parts indicate 95% confidence intervals. The reference value is 62.83 μg/m3 (the 
lower tertile). The blue vertical line indicates the concentration of O3 at the maximum value of the estimate. EM is the regression coefficient between exposure and 
mediator, MO is the regression coefficient between mediator and outcome, EO is the regression coefficient between exposure and outcome. Prop.Mediated: pro-
portion of mediation. ACME: indirect effect, ADE: direct effect, TE: total effect. All models adjusted for age, educational level, income, body mass index, smoking, 
drinking, tea, ever fathered a child, and abstinence period. * : Two-sided P < 0.05. 
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4. Discussion 

4.1. Ambient O3 exposure was associated with traditional sperm quality 
parameters 

Due to both anthropogenic emissions and weather changes, the up-
ward trend of O3 in China has continued for several years [43]. Previous 
epidemiological studies have documented that ambient O3 exposure was 
associated with decreased sperm count and sperm concentration [33,36, 
37]. In this study, our results confirm these associations using a repeated 
measurements design. In addition, we observed a slightly inverted 
J-shaped relationship between O3 exposure and sperm count and sperm 
concentration. O3 exposure at low levels, below the WHO standard, 
appeared to be positively associated with sperm quality parameters. 
However, the relationship sharply declined once the exposure level 
exceeded the standard. A similar trend was also reported for PM expo-
sure [13,41]. Although the reason for the J-shaped relationship is un-
known, our findings are informative for the risk assessment of O3 
exposure for male infertility. 

In this study, we observed a positive association between O3 expo-
sure and sperm motility parameters (i.e. total motility and progressive 
motility). However, two previous studies conducted among 1061 men 
enrolled in a reproductive center in Wuhan( 2011–2013) [36], and 
686males from Sichuan (2013–2018) [26] reported that O3 was not 
associated with total motility. The discrepancy could be partly explained 
by the difference in exposure levels, sample size, population character-
istics (healthy men versus subfertile men from fertility clinics), and 
study design (single versus repeated measurements of semen quality). 

4.2. Ambient O3 exposure was negatively associated with STL in a 
monotonic manner 

For the first time, we identified a monotonic negative association 
between STL and O3 exposure during the entire spermatogenesis, Zhou 
and colleagues found that O3 exposure was unrelated to mtDNAcn and 
STL among 423 men from a Chinese fertility clinic [46]. In the present 
study, however, we found a monotonic inverse association between O3 
exposure and STL, which could be related to the differences in exposure 
levels (38.00 versus 65.84 μg/m3), sample size (423 versus 1068 men), 
population characteristics (andrology clinic versus sperm bank), and 
study design (single versus repeated measurements). Additionally, we 
found the mediating effect of STL on the association of O3 exposure with 
sperm count and concentration. STL provides information about DNA 
damage and a new perspective on the evaluation of infertile men [8]. 
Shorter telomeres may impair spermatogenesis by inducing germ cell 
death or segregation mistakes, and subsequently affect sperm count and 
sperm concentration [28]. 

Currently, oxidative stress is regarded as a common mechanism of O3 
toxicity and male infertility. Oxidative stress is caused by an imbalance 
between the production of free radicals and defense mechanisms within 
cells [2]. Oxidative stress is a major contributor to male infertility, as it 
impairs both the structural and functional integrity of sperm cells and 
shortens STL [1,2]. Several environmental pollutants, such as PM2.5, CO, 
and polycyclic aromatic hydrocarbons (PAHs), have been elucidated to 
be inversely associated with STL through the induction of oxidative 
stress and the reduction of telomerase activity [19,46]. Taken together, 
we suggest that O3 exposure may induce oxidative stress in male 
reproductive organs, affect STL and germ cells, and ultimately result in 
decreased sperm count and concentration. 

4.3. The sensitive window of O3 exposure on semen quality indicators 

The adverse associations of O3 exposure with sperm concentration 
and total sperm count were particularly significant at spermatogenesis 
stages I and II. These stages involve a series of DNA replication cycles 
that determine total sperm count and are highly susceptible to external 

stimuli [9]. Our observations provide evidence that O3 exposure tends to 
affect spermatogenesis mainly at the early stage of sperm development. 
Sokol et al. also reported an inverse correlation between the 70–90 days 
lag O3 exposure and sperm concentration [33]. Similarly, previous 
studies conducted by Wu and colleagues also consistent with ours that 
the association for spermatogenesis stage I (70–90 days lag) exposure 
was stronger than that for the epididymal storage (0–9 days lag) and 
development of sperm motility (10–14 days lag) exposures [41,42]. 

4.4. Public health implications 

First, there is growing concern about the effects of O3 exposure on 
semen quality, which is a key indicator of male infertility. Our study 
provides evidence that O3 exposure contributes to decreased semen 
quality, highlighting the urgent need to control ambient O3 pollution in 
China. Second, our results suggest that O3 exposure mainly affects semen 
quality at spermatogenesis stages I and II. This highlights the importance 
of reducing O3 exposure as early as three months before conception, 
especially for individuals attempting to conceive, to improve semen 
quality. Furthermore, our study also helps to better understand the 
mechanisms by which O3 exposure reduces sperm count and 
concentration. 

5. Limitations 

Our study has several limitations. First, although the participants 
were enrolled from a human sperm bank, the proportion of the partic-
ipants meeting the WHO definition of “abnormal” in our studied popu-
lation is comparable to the global average proportion. However, some 
unknown factors will introduce bias into the analysis. Second, to reduce 
dietary and geographical variation, all participants in this study were 
enrolled from Wuhan City. Our findings might not be adequately 
representative of the entire Chinese population, Third, the model used in 
our study has a relatively coarse 15-kilometer grid resolution, which 
may result in a non-differential exposure assessment, leading to an un-
derestimation of potential effects. Since we did not measure the level of 
oxidative stress markers in seminal plasma, it is necessary to further 
explore how O3 exposure affects oxidative stress markers in semen and 
STL, thereby affecting human sperm quality. 

6. Conclusions 

Ambient O3 exposure, particularly during spermatogenesis stages I 
and II, was inversely associated with sperm count, concentration, and 
TMSC. Furthermore, we observed a monotonic inverse association be-
tween ambient O3 exposure and STL and identified spermatogenesis 
stage II as the potentially sensitive window of exposure. These associa-
tions were partly mediated by sperm telomere length, suggesting that O3 
exposure may affect STL and germ cells and ultimately reduced sperm 
count and concentration. Our results underscore the urgent need to 
control ambient O3 pollution in China. 

Environmental implication 

As the most important environmental factor, air pollution is common 
in all countries (especially in developing countries) and has been asso-
ciated with impaired cardiovascular and respiratory systems, as well as 
male reproductive function. However,very few studies have explored 
the association of O3exposure with human semen quality. Among1068 
potential sperm donors who provided 5002 repeated semen samples 
over approximately 90 days, wefound that O3 exposure, primarily at the 
early stages of spermatogenesis, was associated with reduced semen 
quality. These associations were partly mediated by sperm telomere 
length. Our results underscore the urgent need to control ambient O3 
pollution in China. 
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