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Abstract
Purpose  The impact of air pollution on semen quality has been confirmed, yet the joint effect remains unclear. We evaluate 
the individual and joint associations of particulate (PM2.5 and PM10) and gaseous pollutants (NO2, SO2, O3 and CO) with 
semen quality.
Methods  We included 5,114 men in this study from 2014 to 2022. The individual and joint associations were measured by 
multiple linear regression models.
Results  Sperm motility and semen volume were inversely associated with pollutant concentrations during every stage of 
sperm development, especially at lag days 0–9 and 10–14 (all P < 0.05). Stratified analyses showed that the study pollut-
ants (except CO) had a positive effect on semen concentration during the stage of sperm development, especially in spring 
and autumn, while a decreased total sperm number was associated with CO (all P < 0.05). However, joint associations of 
particulate and gaseous pollutants with semen quality parameters were not statistically significant (all P > 0.05).
Conclusions  During all stages of sperm development, particulate and gaseous pollutants had individual negative impacts 
on sperm motility and semen volume, and these impacts were less pronounced in spring and autumn. Our findings highlight 
the importance and necessity of reducing the exposure to pollutants especially in the critical stage of sperm development 
to improve semen quality.
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10 μm
RCS	� Restricted cubic splines model
ROS	� Reactive oxygen species
Seadec	� Seasonally Decomposed Imputation
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WHO	� World Health Organization

Introduction

Air pollution is increasing as society develops, which is a 
major challenge for human health (Sicard et al. 2023). A 
review study reported strong associations between air pollut-
ants and male semen quality, but these findings remain con-
troversial (Xu et al. 2023). For instance, Yang et al. reported 
that exposure to PM2.5, PM10, and SO2 was positively associ-
ated with sperm motility, while exposure to O3 was nega-
tively associated with sperm motility (Yang et al. 2021). In 
contrast, Qiu et al. discovered that exposure to PM10, PM2.5 
and CO was associated with decreased sperm concentration 
and progressive motility, while O3 positively associated with 
sperm progressive motility (Qiu et al. 2020). In addition, 
related studies have focused on assessing the influence of 
single kinds of pollutants on semen quality by using single-
pollutant models (Lu et al. 2023; Huang et al. 2020; Wu 
et al. 2022), while evidence on the impacts of simultaneous 
exposure to different kinds of pollutants on semen quality 
is scarce (Zhang et al. 2023a). Air pollutants can be catego-
rized as particulate pollutants or gaseous pollutants. Since 
particulate and gaseous pollutants have similar biological 
mechanisms for health, such as oxidative stress, endothe-
lial dysfunction, and macrophage dysfunction (Gangwar 
et al. 2020; Olesiejuk and Chalubinski 2023; Watanabe and 
Oonuki 1999), we hypothesize that co-exposure to these pol-
lutants may result in more severe damage to semen quality.

Human spermatogenesis takes approximately 90 days, 
and the time period is usually divided into three key stages: 
(1) sperm storage in the epididymis (0–9 days before ejacu-
lation), (2) sperm motility development (10–14 days before 
ejaculation), and (3) spermatogenesis (70–90 days before 
ejaculation), respectively (Sokol et  al. 2006). Identify-
ing the influence of pollutant exposure on semen quality 
is highly important for developing precise interventions to 
improve male reproductive health, but most current studies 

have focused on the three critical periods mentioned above 
(Huang et al. 2020; Zhou et al. 2014; Ma et al. 2022), while 
a few studies have considered the effect of this approach 
beyond the three critical periods (15–69 days before ejacu-
lation) (Yang et al. 2021; Wu et al. 2022). Failing to con-
sider the association of periods of discontinuity may lead to 
biased assessment results and the identification of erroneous 
exposure periods (Sun et al. 2020).

Based on the existing knowledge, we conducted a ret-
rospective longitudinal study to define the potential indi-
vidual and joint impacts of different kinds of air pollutants 
on semen quality. The aim of this paper is to (1) evaluate the 
individual and joint associations of particulate and gaseous 
pollutants with semen quality, (2) further identify associa-
tions in five exposure periods (0–9, 10–14, 15–69, 70–90, 
and 0–90 days before ejaculation) to ensure continuity, and 
(3) explore whether the associations differ by age and season 
and find the best age and season for semen quality.

Material and methods

Participants

Participants were from the Reproductive Medicine Center of 
the First Affiliated Hospital of Wenzhou Medical University 
in Wenzhou, China. Wenzhou is a highly developed eco-
nomic region on the eastern coast of China, that is situated 
between 119°37′-121°18′ east longitude and 27°03′-28°36′ 
north latitude, and has a permanent population of approxi-
mately 9.7 million. Due to the limited availability of data on 
particulate matter and gaseous pollutants (Dai et al. 2023), 
we chose to conduct our study within the time frame of May 
13, 2014 to December 31, 2022, and focused on the main 
urban area (Lucheng District, Ouhai District, and Longwan 
District). A total of 63,680 men underwent semen examina-
tion for physical examination or fertility in this hospital dur-
ing 2014–2022. The exclusion criteria selection for our par-
ticipants were as follows: (1) the participants was not located 
in the urban area of Wenzhou, (2) the testing time did not fall 
within the study period, (3) the records were incomplete and 
(4) participants had a reproductive condition that may have 
affected semen quality. A total of 5,114 participants were 
ultimately recruited as study participants. Fig. S1 illustrates 
the specific process of screening the research subjects.

Semen analysis

Participants could only be examined by providing a semen 
sample by masturbating in the collection room after 
2–7 days of abstinence. The semen quality parameters were 
detected and analyzed by a computer-assisted sperm analysis 
(CASA) system (MICROPTIC S. L. Company, Viladomat, 
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Barcelona,​ Spain). The specific semen analysis proce-
dures and laboratory quality control procedures used were 
described in detail in our previous study (Dai et al. 2023). In 
accordance with World Health Organization (WHO) guide-
lines (World Health Organization 2010), five semen qual-
ity parameters, progressive motility (%), total motility (%), 
sperm concentration (106/ml), total sperm number (106) and 
semen volume (ml) were taken into account.

Air pollution exposure assessment

Daily monitoring data on PM2.5 (µg/m3), PM10 (µg/m3), SO2 
(µg/m3), NO2 (µg/m3), the 8-h average of O3 (µg/m3), and 
CO (mg/m3) were obtained from the official website of the 
environmental protection department (https://​air.​cnemc.​cn:​
18007/) during the study time period, and there were four 
air quality monitoring stations in the study area (Fig. 1). 
Since we were unable to obtain accurate address data for 
the study participants due to privacy participants, we uti-
lized daily monitoring concentration data from the vicinity 
of their registered home address to represent participants’ 
daily exposure level. Specifically, the concentration at the 
monitoring station in each district represents the level of 
exposure in that area, while the exposure concentration in 
Lucheng District is calculated based on the average value 
of the Shizhan station and the Nanpu monitoring station. 
Pollutant data from the four stations were missing for a total 
of 22 days. Based on the research conducted by Priti K. 
et al. (Priti K et al. 2023), we examined six different uni-
variate time series imputation methods (mean, median, last 
observation carried forward, spline, Kalman smoothing and 

seasonally decomposed) using the “impute TS” package in 
R and assessed the accuracy of these estimation methods 
by five indicators (Supplement 1 and 2). After comparing 
the performance, accuracy and authenticity of the imputa-
tion methods, we selected the imputed data using the state 
space representation of univariate autoregressive integrated 
moving average model (ARIMA) and Kalman smoothing 
function for subsequent analysis (Table S1 and Fig. S3-S6). 
For each research participant, we calculated their aver-
age exposure to air pollution during the entire period (lag 
0–90 days) and four crucial periods (lag 0–9, 10–14, 15–69 
and 70–90 days).

Covariates

All information on the subjects was collected by trained 
physicians and recorded in the hospital information man-
agement system, including age (continuous), occupation 
(categorical), educational level (categorical), alcohol con-
sumption (categorical: yes, no), smoking (categorical: yes, 
no), abstinence days (continuous), ever having fathered a 
child (categorical: yes, no), and collection date. Based on 
previous study (Zhang et al. 2023b), participants without 
age, occupation, or educational level information were clas-
sified as “Unknown”. Specifically, these reclassified vari-
ables include: age (categorized into ≤ 30, 31–39, ≥ 40 years, 
unknown), education level (categorized into college and 
high, high school, middle school and lower, unknown), 
occupation (categorized into worker, businessman, peasant, 
intellectual, others, unknown) and abstinence periods (cat-
egorized into 2–3, 4–5 and 6–7 days). The season of sperm 

Fig. 1   Spatial distribution of the 
study area (n = 3) and ambient 
air quality monitoring station 
(n = 4)

https://air.cnemc.cn:18007/
https://air.cnemc.cn:18007/
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collection was group as spring, summer, autumn and winter 
according to the date of semen examination. The average 
daily temperature and average daily relative humidity were 
calculated for meteorological conditions and were obtained 
from the China Meteorological Data Sharing System (http://​
data.​cma.​cn/). Moreover, we filled in the 2-day missing 
meteorological data using the same methods used for air 
pollutants.

Statistical analyses

Descriptive statistics were summarized as frequency and 
percentage for categorical variable and median and inter-
quartile range (IQR) for continuous variable with skewed 
distribution. Spearman’s correlation coefficient was 
employed to investigate the correlations between air pol-
lutants due to their skewed distribution. In addition, we 
employed a Box-Cox transformation method to ensure that 
the semen quality parameters were normally or nearly nor-
mally distributed (Supplement 3).

To avoid collinearity between pollutants, we used mul-
tiple linear regression through single-pollutant model to 
examine the relationship between individual exposure to 
each air pollutant (PM2.5, PM10, NO2, SO2, O3 and CO) and 
semen parameters (progressive motility, total motility, sperm 
concentration, total sperm number and semen volume) dur-
ing lag 0–90 days. All models were adjusted by age, ever 
having fathered a child, smoking, alcohol consumption, 
education, occupation, abstinence periods, season of sperm 
collection, average daily ambient temperature during lag 
0–90 days and mean relative humidity during lag 0–90 days. 
We calculated the regression coefficients (β) and 95% con-
fidence intervals (CIs) for each semen parameter associated 
with each IQR increase in air pollution exposures. Further-
more, air pollutant exposure was divided into quintiles and 
regression coefficients were estimated using the first quintile 
as the reference level. We performed tests for linear trend by 
entering the median value of each air pollutant as a continu-
ous variable in the models.

To further investigate the exposure–response relationship 
between air pollutants and semen parameters, we utilized 
a restricted cubic spline with four knots located at the 5th, 
35th, 65th, and 95th percentiles of the distribution of each 
pollutant's exposure level in the model. An analysis of vari-
ance (ANOVA) was used to assess deviations from linearity 
in the exposure–response curve.

Besides showing associations throughout the entire sperm 
development period (lag 0–90 days), we also constructed 
different exposure models with four critical windows (lag 
0–9, 10–14, 15–69 and 70–90 days) to further evaluate the 
relationship between exposure to each pollutant and semen 
quality and identified sensitivity windows. Ultimately, after 
comprehensively analyzing the independent effects of each 

air pollutant on semen quality parameters, we added a mul-
tiplicative interaction term to the multiple linear regression 
model to assess whether the effect of particulate matter mass 
concentration on semen parameters changes at different lev-
els of gaseous pollutants. The statistical model used can be 
represented as follows:

where Y
i
 represents the semen parameter of interest for indi-

vidual i, X
i1
 is the level of particulate matter exposure for 

individual i, X
i2

 is the level of gaseous pollutants exposure 
for individual i, �

0
 is the intercept, ​ �

1
 and �

2
 are the coeffi-

cients for the main effects of particulate matter and gaseous 
pollutants, respectively, �

3
 is the coefficient for the interac-

tion term, which quantifies how much the effect of one vari-
able change when the other variable is present, �

i
 is the error 

term for individual.
The P-value returned for the �

3
 estimate corresponds to 

the interaction effect between semen parameters and air pol-
lution value.

We performed a stratified study by age (≤ 30, 31–39, 
and ≥ 40 years) and season (spring, summer, autumn, and 
winter) to explore its potential effect modification on the 
association of air pollution exposure with semen quality. 
In addition, we conducted sensitivity analysis to assess the 
robustness of our findings. First, we restricted the data to the 
complete record only (delete 636 incomplete records). Sec-
ond, to verify whether the relationship could still be found 
for healthy participants, we repeated the main analyses in a 
subgroup (n = 3,660) that excluded subjects with abnormal 
sperm concentrations (< 15 × 106 /mL), total sperm number 
(< 39 × 106), total motility (< 40%), progressive motility 
(< 32%) or semen volume (< 1.5 mL) according to WHO 
referenced values (World Health Organization 2010). All the 
statistical analyses were performed using R (version 4.3.2). 
All P-values were two-sided, and P < 0.05 was considered 
statistically significant.

Results

Population characteristics, semen parameters 
and environmental exposure

Table 1 presents the characteristics of men and semen qual-
ity parameter with overall (n = 5,114) and normal semen 
quality (n = 3,660). The participants were predominantly 
30–39 years old (55.4%), worker (73.2%) and had an educa-
tion level of middle school and lower (38.9%). More than 
half of the participants had never had fathered a child (62%), 
had never smoker (99%) or had never drunk alcohol (93.4%). 
The median (IQR) values of sperm progressive motility, 

Y
i
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0
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X
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http://data.cma.cn/
http://data.cma.cn/
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sperm total motility, sperm concentration, total sperm num-
ber and semen volume for all participants were 55.3% (28%), 
63.3% (26.4%), 72.5 (86.8) × 106/ml, 221.6 (277.6) × 106 per 
sample and 3.2 (1.9) ml, respectively.

Table S1 presents the comparative outcomes of the six 
interpolation techniques. The mean interpolation's preci-
sion proves inferior to that of the median approach. Since 
the distribution of CO exposure lacks a discernible seasonal 
pattern, the seasonal decomposition imputation (seadec) 
method was deemed unsuitable. Consequently, we narrowed 
our focus to comparing four methodologies – median, spline, 
Kalman, and seadec – which demonstrated comparable per-
formance levels (Fig. S3-S6). Spline interpolation frequently 
exhibited the optimal goodness of fit and accuracy; however, 
this came at the expense of compromising the authentic-
ity of interpolated data points (values of imputed data < 0). 
Additionally, the median interpolation neglects vital tem-
poral trend details. Balancing these considerations, Kalman 
smoothing emerges as a preferred solution, effectively cap-
turing time-dependent features such as trends, seasonality, 
and cyclical patterns with high accuracy.

Table 2 illustrates the distribution for air pollutants at 
each station, relative humidity and temperature in the three 
districts. Among the three districts within the study period, 
the highest concentrations of SO2 (7.690 μg/m3) and O3 
(67.750 μg/m3) were found in Lucheng District; the highest 
concentrations of PM2.5 (30.580 μg/m3) and CO (0.690 mg/
m3) were found in Ouhai District; and the highest concen-
trations of PM10 (55.000 μg/m3) and NO2 (39.170 μg/m3) 
were found in Longwan District. Spearman’s correlation 
coefficients between air pollutants other than O3 were usu-
ally intermediate to high (r > 0.5) (Fig. S2).

Air pollutants and semen parameters

The associations of air pollutants with semen quality dur-
ing the 0–90 days before ejaculation for the entire group 
are shown in Table 3. Air pollutants were significantly 
negatively associated with sperm progressive motility, total 
motility and semen volume in the entire group (all P < 0.05) 
(Table 3), and there was a clear linear trend when air pollut-
ant levels were considered as quintiles (P line trend < 0.05). In 
addition, there was a negative association between CO expo-
sure and total sperm number. On the contrary, the results 
of several models suggest that some air pollutants (such as 
PM2.5, PM10, SO2, NO2 and O3) may be significantly posi-
tively associated with sperm concentration or total sperm 
number (all P < 0.05). Table S2 shows the joint associa-
tion of particulate matter with gaseous pollutants on semen 
parameters in the entire group, and the results showed no 
interaction (all P interactions > 0.05).

Figure 2 presents the exposure‒response curves for air 
pollutants and semen parameters using a restricted cubic 

Table 1   Basic characteristics of all participants and the normal semen 
quality group

Data were given as n (percent) or median (IQR) as indicated. Column 
percentages may not add up to 100 due to rounding
a Group defined by semen volume ≥ 1.5  ml, progressive motil-
ity ≥ 32%, total motility ≥ 32%, sperm concentration ≥ 15 × 106/ml and 
total sperm number ≥ 39 × 106/sample. bData were given as median 
(IQR)

Characteristic All par-
ticipants 
(n = 5114)

Normal semen qual-
ity group (n = 3660)a

Age, years, n (%)
  ≤ 30 1617 (31.6) 1192 (32.6)
 31–39 2831 (55.4) 2031 (55.5)
  ≥ 40 655 (12.8) 431 (11.8)
 Unknown 11 (0.2) 6 (0.2)

Ever having fathered a child, n (%)
 Yes 1945 (38.0) 1424 (38.9)
 No 3169 (62.0) 2236 (61.1)

Alcohol consumption, n (%)
 Yes 52 (1.0) 36 (1.0)
 No 5062 (99.0) 3624 (99.0)

Smoking, n (%)
 Yes 335 (6.6) 247 (6.7)
 No 4779 (93.4) 3413 (93.3)

Occupation, n (%)
 Worker 3742 (73.2) 2657 (72.6)
 Businessman 486 (9.5) 370 (10.1)
 Peasant 41 (0.8) 27 (0.7)
 Intellectual 327 (6.4) 235 (6.4)
 Others 404 (7.9) 292 (8.0)
 Unknown 114 (2.2) 79 (2.2)

Education, n (%)
 College and higher 1791 (35.0) 1329 (36.3)
 High school 747 (14.6) 517 (14.1)
 Middle school and lower 1988 (38.9) 1415 (38.7)
 Unknown 588 (11.5) 399 (10.9)

Abstinence periods, day, n (%)
 2–3 1635 (32.0) 1169 (31.9)
 4–5 2565 (50.2) 1872 (51.1)
 6–7 914 (17.9) 619 (16.9)

Season, n (%)
 Spring (Mar-May) 1412 (27.6) 1030 (28.1)
 Summer (Jun-Aug) 1399 (27.4) 987 (27.0)
 Autumn (Sep-Nov) 1277 (25.0) 923 (25.2)
 Winter (Dec-Feb) 1026 (20.1) 720 (19.7)
 Progressive motility, % b 55.3 (28.0) 61.8 (21.8)
 Total motility, % b 63.3 (26.4) 69.4 (20.5)

Sperm concentration, × 106/
ml b

72.5 (86.8) 86.1 (82.7)

Total sperm number, × 106 b 221.6 (277.6) 276.8 (279.7)
Semen volume, mlb 3.2 (1.9) 3.3 (1.9)
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spline model, which indicates that decreasing trends with 
increasing air pollutants were associated with reduced 
sperm progressive motility, total motility and semen volume 
in the entire group. The linear exposure‒response curves 
between each air pollutant and sperm progressive motility, 
sperm total motility, and semen volume followed a mono-
tonic trend (P nonlinear > 0.05), as shown by the linear trend 
results for quintiles of each pollutant exposure. Conversely, 
we found a strong inverse J-shaped nonlinear relationship 
between progressive sperm motility and exposure to SO2 
and CO. Additionally, a strong U-shaped nonlinear relation-
ship was observed between sperm concentration and CO, 
although this relationship was not statistically significant (P 
nonlinear > 0.05).

We further assessed the associations of air pollut-
ants with semen parameters during the 4 periods for the 
entire group (Fig. 3). We observed that air pollution dur-
ing almost every period was associated with decreased 
sperm progressive motility, total motility and semen vol-
ume, and that the estimated negative impacts at lag 0–9 
and 10–14 days were greater than those at lag 15–69 and 

70–90 days (all P < 0.05). Conversely, O3 exposure at lag 
0–9, 10–14 and 15–69 days was associated with increased 
sperm concentration (all P < 0.05).

Sensitivity analyses and stratified analyses

The results of the subgroup analysis are summarized in 
Table S3-S6 and Fig. S7-S10. The results of the interac-
tions, exposure‒response curves and associations with 
different periods in the subgroup were approximately the 
same as those of the entire group. The results of the analy-
ses of the association between air pollutants and semen 
parameters stratified by age and season for the two groups 
during the 0–90 days before ejaculation are presented in 
Fig. S11. We found more significant negative associations 
between semen volume and air pollutants in men younger 
than 40 years of age. In addition, the positive associations 
of sperm concentration with air pollutants were more pro-
nounced in spring and autumn.

Table 2   Environmental 
exposure data between May 20, 
2014 and December 26, 2022 in 
the three study sites

Data were given as median (IQR) as indicated. IQR: interquartile range
For Lucheng District, station 1: Nanpu Station; station 2: Shizhan Station

Pollutant Lucheng District Ouhai District Longwan District

PM2.5 (μg/m3)
 Station 1 28.920 (22.935) 30.580 (22.165) 26.870 (20.020)
 Station 2 28.380 (21.085)

Average 28.730 (21.845)
PM10 (μg/m3)
 Station 1 53.120 (38.640) 52.7500 (36.600) 55.000 (37.200)
 Station 2 51.360 (33.960)
 Average 52.460 (35.763)

SO2 (μg/m3)
 Station 1 7.460 (6.074) 7.500 (6.000) 7.380 (5.625)
 Station 2 7.960 (6.153)
 Average 7.690 (6.145)

NO2 (μg/m3)
 Station 1 31.710 (22.170) 37.250 (22.050) 39.170 (24.125)
 Station 2 30.620 (18.810)
 Average 31.185 (20.155)

O3 (μg/m3)
 Station 1 67.500 (42.745) 62.750 (40.675) 60.500 (43.325)
 Station 2 67.750 (41.490)
 Average 67.750 (41.045)

CO (mg/m3)
 Station 1 0.700 (0.410) 0.690 (0.340) 0.630 (0.300)
 Station 2 0.630 (0.300)
 Average 0.660 (0.335)

Relative humidity 78.000 (17.500) 78.000 (17.500) 78.000 (17.500)
Temperature (℃) 20.300 (12.800) 20.300 (12.800) 20.300 (12.800)
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Table 3   Regression coefficients and 95% CIs of semen parameters associated with air pollutants exposure during 0–90 days before the date of 
semen examination for the study subjects

Semen quality 
parameter

Regression coefficients (95% CI)

Per IQR increase Quintile of exposure

Q1 Q2 Q3 Q4 Q5 Ptrend
a

Progressive motilityb

 PM2.5 (μg/m3) − 22.351 
(− 24.802, 
− 19.899)

0 (referent) − 9.408 
(− 13.953, 
− 4.863)

− 18.703 
(− 23.500, 
−13.906)

− 26.440 
(− 31.357, 
− 21.524)

− 44.216 
(− 49.802, 
−38.630)

 < 0.001

 PM10 (μg/m3) − 23.507 
(− 26.364, 
− 20.650)

0 (referent) − 13.192 
(− 17.635, 
− 8.749)

− 21.088 
(− 25.879, 
−16.296)

− 25.848 
(− 31.123, 
− 20.574)

− 46.948 
(− 52.629, 
− 41.268)

 < 0.001

 NO2 (μg/m3) − 14.663 
(− 17.355, 
− 11.971)

0 (referent) − 5.459 (– 10.000, 
− 0.919)

− 2.412 (− 7.321, 
2.497)

− 14.273 
(− 19.565, 
− 8.981)

− 25.722 
(− 31.350, 
− 20.094)

 < 0.001

 SO2 (μg/m3) − 17.926 
(− 19.935, 
− 15.918)

0 (referent) 1.408 (2.984, 
5.800)

− 2.077 (− 6.537, 
2.383)

− 17.740 
(− 22.095, 
− 13.386)

− 31.249 
(− 35.842, 
− 26.657)

 < 0.001

 O3 (μg/m3) − 14.866 
(− 16.640, 
− 13.091)

0 (referent) − 6.995 
(− 11.888, 
− 2.102)

− 5.775 
(− 10.740, 
−0.811)

− 13.093 
(− 18.233, 
− 7.953)

− 35.880 
(− 41.255, 
− 30.506)

 < 0.001

 CO (mg/m3) − 21.859 
(− 24.215, 
− 19.502)

0 (referent) − 2.445 (− 6.678, 
1.788)

2.241 (− 2.059, 
6.540)

− 19.973 
(− 24.401, 
− 15.546)

− 37.463 
(− 41.948, 
− 32.978)

 < 0.001

Total motilityb

 PM2.5 (μg/m3) − 44.904 
(− 51.526, 
− 38.281)

0 (referent) − 19.079 
(− 31.340, 
-6.818)

− 40.297 
(− 53.238, 
− 27.356)

− 55.035 
(− 68.298, 
− 41.772)

-88.156 
(− 103.225, 
− 73.086)

 < 0.001

 PM10 (μg/m3) − 47.808 
(− 55.5−03, 
− 40.113)

0 (referent) − 30.385 
(− 42.360, 
−18.410)

− 46.797 
(− 59.712, 
−33.882)

− 55.769 
(-69.985, 
-41.553)

-96.479 
(− 111.789, 
− 81.169)

 < 0.001

 NO2 (μg/m3) − 29.096 
(− 36.307, 
− 21.884)

0 (referent) − 11.887 
(− 24.051, 
0.277)

− 2.925 
(− 16.076, 
10.226)

− 28.459 
(− 42.636, 
-14.282)

-50.064 
(− 65.142, 
− 34.986)

 < 0.001

 O2 (μg/m3) − 36.346 
(− 41.767, 
− 30.926)

0 (referent) 1.069 ( −10.790, 
12.928)

− 3.721 
(− 15.763, 
8.321)

− 37.096 
(-48.853, 
-25.338)

− 63.218 
(-75.617, 
− 50.818)

 < 0.001

 O3 (μg/m3) − 30.293 
(− 35.074, 
− 25.511)

0 (referent) − 15.897 
(− 29.070, 
−2.725)

− 10.265 
(− 23.631, 
3.100)

− 26.251 
(− 40.088, 
−12.413)

− 73.584 
(− 88.053, 
− 59.114)

 < 0.001

 CO (mg/m3) − 43.776 
(− 50.145, 
− 37.408)

0 (referent) − 8.083 ( 
−19.563, 3.398)

5.202 (− 6.459, 
16.863)

− 41.208 
(− 53.217, 
−29.199)

− 76.830 
(− 88.996, 
− 64.665)

 < 0.001

Sperm concentrationb

 PM2.5 (μg/m3) 0.167 (− 0.036, 
0.370)

0 (referent) 0.125 (− 0.250, 
0.501)

0.169 (-0.228, 
0.565)

0.283 (− 0.124, 
0.689)

0.345 (− 0.117, 
0.806)

0.123

 PM10 (μg/m3) 0.044 (− 0.192, 
0.280)

0 (referent) 0.146 (− 0.221, 
0.513)

0.267 (− 0.129, 
0.662)

− 0.013 (− 0.449, 
0.422)

0.303 (− 0.166, 
0.772)

0.343

 NO2 (μg/m3) 0.028 (− 0.191, 
0.247)

0 (referent) − 0.107 (− 0.477, 
0.262)

0.015 (− 0.385, 
0.414)

− 0.094 (− 0.524, 
0.337)

− 0.012 (− 0.470, 
0.446)

0.997

 SO2 (μg/m3) 0.083 (− 0.083, 
0.250)

0 (referent) 0.012 (− 0.352, 
0.376)

− 0.126 (− 0.496, 
0.244)

0.076 (− 0.285, 
0.437)

0.178 (− 0.202, 
0.559)

0.184

 O3 (μg/m3) 0.250 (0.104, 
0.396)

0 (referent) − 0.151 (− 0.554, 
0.253)

0.041 (− 0.368, 
0.450)

0.207 (− 0.217, 
0.631)

0.229 (− 0.214, 
0.672)

0.086

 CO (mg/m3) 0.062 (− 0.133, 
0.258)

0 (referent) 0.145 (− 0.210, 
0.500)

− 0.333 (− 0.693, 
0.028)

0.013 (− 0.358, 
0.384)

0.185 (− 0.190, 
0.561)

0.429
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Discussion

To our knowledge, the present study might be the first evalu-
ation of the individual and joint associations of particulate 
and gaseous pollutants with semen parameters throughout 
and during all four periods of sperm development. After 
adjusting for important confounders, we found that air pol-
lutant exposures had negative effects on sperm progressive 
motility, total motility, and sperm volume during every 
period. We also found a positive association of several air 
pollutants, particularly O3, with sperm concentration and 

total sperm number. In addition, we investigated the joint 
effects of particulate matter and gaseous pollutants, but no 
statistically significant results were found. According to the 
stratified analyses by age and season, the negative effects of 
air pollutants on semen parameters were greater in males 
younger than 40 years of age, and the positive effects of 
air pollutants on sperm concentration were particularly pro-
nounced in spring and autumn. These results were also vali-
dated in other subgroups.

We found that exposure to each air pollutant in the present 
study had negative effects on sperm progressive motility, 

Table 3   (continued)

Semen quality 
parameter

Regression coefficients (95% CI)

Per IQR increase Quintile of exposure

Q1 Q2 Q3 Q4 Q5 Ptrend
a

Total sperm numberb

 PM2.5 (μg/m3) − 0.242 (− 0.518, 
0.035)

0 (referent) 0.026 (− 0.485, 
0.537)

− 0.281 (− 0.821, 
0.258)

− 0.286 (− 0.839, 
0.267)

 −0.458 (− 1.087, 
0.170)

0.088

 PM10 (μg/m3) − 0.416 (− 0.737, 
− 0.096)

0 (referent) − 0.017 (− 0.516, 
0.482)

− 0.194 (− 0.732, 
0.344)

− 0.622 (-1.215, 
− 0.030)

− 0.467 (− 1.105, 
0.171)

0.071

 NO2 (μg/m3) − 0.178 (− 0.476, 
0.120)

0 (referent) − 0.204 (− 0.707, 
0.299)

− 0.317 (− 0.860, 
0.227)

− 0.419 (− 1.006, 
0.167)

− 0.455 (-1.079, 
0.168)

0.151

 SO2 (μg/m3) − 0.284 (− 0.510, 
− 0.057)

0 (referent) 0.064 (− 0.431, 
0.559)

− 0.389 (− 0.892, 
0.114)

− 0.371 (− 0.862, 
0.120)

− 0.406 (-0.924, 
0.112)

0.062

 O3 (μg/m3) − 0.015 (− 0.214, 
0.185)

0 (referent) − 0.275 (− 0.824, 
0.274)

− 0.101 (-0.657, 
0.456)

− 0.068 (− 0.644, 
0.509)

− 0.493 (-1.096, 
0.110)

0.127

 CO (mg/m3) − 0.400 (− 0.666, 
− 0.134)

0 (referent) 0.083 (− 0.400, 
0.565)

− 0.450 (− 0.940, 
0.040)

− 0.638 (− 1.143, 
− 0.134)

 −0.479 (-0.990, 
0.032)

0.008

Semen volumeb

 PM2.5 (μg/m3) − 0.129 (− 0.165, 
− 0.092)

0 (referent) − 0.054 (− 0.122, 
0.014)

− 0.160 (− 0.231, 
-0.088)

 −0.196 (-0.270, 
− 0.123)

− 0.255 (− 0.339, 
− 0.172)

 < 0.001

 PM10 (μg/m3) − 0.134 (− 0.177, 
− 0.091)

0 (referent) − 0.081 (− 0.147, 
-0.014)

− 0.167 (-0.238, 
-0.096)

 −0.180 (-0.259, 
− 0.102)

− 0.253 (− 0.338, 
− 0.168)

 < 0.001

 NO2 (μg/m3) − 0.064 (− 0.104, 
− 0.025)

0 (referent) − 0.021 (− 0.087, 
0.046)

− 0.106 (− 0.178, 
− 0.034)

 −0.086 (-0.164, 
− 0.008)

− 0.142 (− 0.225, 
− 0.059)

0.001

 SO2 (μg/m3) − 0.109 (− 0.139, 
− 0.079)

0 (referent) − 0.007 (− 0.073, 
0.058)

− 0.066 (− 0.133, 
0.000)

 −0.140 (-0.205, 
− 0.075)

− 0.183 (− 0.252, 
− 0.115)

 < 0.001

 O3 (μg/m3) − 0.091 (− 0.117, 
− 0.064)

0 (referent) − 0.018 (− 0.091, 
0.055)

− 0.038 (− 0.112, 
0.035)

 −0.096 (-0.172, 
− 0.019)

− 0.213 (− 0.292, 
− 0.133)

 < 0.001

 CO (mg/m3) − 0.135 (− 0.170, 
− 0.100)

0 (referent) − 0.048 (− 0.112, 
0.016)

− 0.013 (− 0.078, 
0.052)

 −0.183 (-0.250, 
− 0.117)

− 0.210 (− 0.278, 
− 0.143)

 < 0.001

CI: confidence interval; IQR: interquartile range
Q1: PM2.5 (14.304–22.733), PM10 (33.837–45.881), NO2 (16.795–27.782), SO2 (3.284–5.850), O3 (30.235–53.617), CO (0.398–0.525)
Q2: PM2.5 (22.734–27.762), PM10 (45.882–53.534), NO2 (27.783–33.029), SO2 (5.851–7.031), O3 (53.618–61.980), CO (0.526–0.618)
Q3: PM2.5 (27.763–32.531), PM10 (53.535–60.319), NO2 (33.030–38.817), SO2 (7.032–9.660), O3 (61.981–67.521), CO (0.619–0.720)
Q4: PM2.5 (32.532–41.021), PM10 (60.320–72.259), NO2 (38.818–45.491), SO2 (9.661–12.789), O3 (67.522–78.276), CO (0.721–0.841)
Q5: PM2.5 (41.022–62.340), PM10 (72.260–106.655), NO2 (45.492–66.844), SO2 (12.790–28.644), O3 (78.277–119.639), CO (0.842–1.204)
The Regression and 95% CIs were estimated using multiple linear regression model, adjusting for age, ever having fathered a child, smok-
ing, alcohol consumption, education, occupation, abstinence periods, season of sperm collection, average daily ambient temperature during 
0–90 days and mean relative humidity during 0–90 days
a P-value for linear trend was tested based on variable containing the median value for each quintile
b Box-Cox transformation applied
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total motility, and sperm volume during the entire develop-
ment period, and the trends decreased, which is consistent 
with the findings of many existing studies (Dai et al. 2023; 
Huang et al. 2020; Sun et al. 2020; Wu et al. 2022; Zhang et 
al. 2023a). Currently, seven possible biological mechanisms 
are known to explain the reduction in semen quality caused 
by air pollutants, namely, reactive oxygen species (ROS) 
induction, apoptosis, inflammation, DNA methylation, 
blood‒testis barrier disruption, hormonal disruption, and 
cellular hypoxia. For particulate matter (PM), many studies 
have demonstrated that exposure to PM can inhibit prolif-
eration by inducing DNA damage through reactive oxygen 

species and activating apoptotic signaling pathways (such as 
receptor-interacting protein kinase 1), resulting in the direct 
induction of death and mitochondrial structural disruption, 
leading to compromised energy metabolism and diminished 
sperm motility (Zhang et al. 2018; Liu et al. 2019). Inflam-
matory damage is also a possible cause of reduced semen 
quality in PM, which leads to a systemic inflammatory 
response by increasing a variety of proinflammatory fac-
tors (e.g., IL6 and TNF-a), as well as damage to various tis-
sues and organs (He et al. 2017). The accumulation of ROS 
due to the effects of PM causes an increase in 5-hydroxy-
methylcytosine (5-hmC) levels and regulates the onset of 

Fig. 2   The exposure–response curves for the association between 
exposure to air pollutants (PM2.5, PM10, NO2, SO2, O3 and CO) and 
A: progressive motility (%), B: total motility (%), C: sperm con-
centration (106/ml), D: total sperm number (106), and E: semen 
volume(ml) during 0–90 days for the all participants. The data were 
fitted by multiple linear regression model using restricted cubic 
splines with 4 knots at the 5th, 35th, 65th, and 95th percentiles of 

air pollutants, adjusted for age, ever having fathered a child, smok-
ing, alcohol consumption, education, occupation, abstinence periods, 
season of sperm collection, average daily ambient temperature during 
0–90 days and mean relative humidity during 0–90 days. All semen 
parameters were subjected Box–Cox transformation. The solid lines 
indicate β, the dashed lines indicate reference values and 95% CIs. P 
for nonlinear < 0.05 indicates a nonlinear relationship
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demethylation (Sanchez-Guerra et al. 2015), which may 
affect the spermatogenesis process and semen quality (Uysal 
et al. 2016). PM2.5 can also affect sperm production and 
quality by altering the microenvironment of spermatogenesis 
by compromising the integrity of the blood‒testosterone 
barrier (Wei et al. 2018). In addition, several animal studies 
have shown that polycyclic aromatic hydrocarbons absorbed 
in PM2.5 interfere with the hypothalamic-pituitary–gonadal 
axis, thereby affecting sperm development (Li et al. 2019). 
For gaseous pollutants, there is also a similar mechanism 
as for PM, NO2 and SO2 can independently cause oxidative 
damage to testicular tissue and impair the blood-testis bar-
rier, resulting in impaired spermatogenesis and sperm DNA 
integrity (Meng and Bai 2004). Sokol et al. identified a num-
ber of potential mechanisms, such as oxidative stress caused 
by O3, inflammatory responses, and the production of circu-
lating toxic substances (Sokol et al. 2006). In addition, CO 

can lead to cellular hypoxia, which can result in the down-
regulation of estrogen receptor α (ESR1) expression (Ziaei 
et al. 2005), interfering with normal estrogen signaling, and 
ultimately leading to reduced semen quality(Cooke et al. 
2017), which is a unique biological mechanism of gaseous 
pollutants. We also observed a positive association between 
several air pollutants and sperm concentration and total 
sperm number, particularly O3, which is consistent with the 
findings of several other studies (Zhou et al. 2014; Dai et al. 
2023; Lao et al. 2018). A possible explanation for this result 
is the compensatory effect of air pollutants on semen qual-
ity. Specifically, low-level exposure increases the levels of 
follicle-stimulating hormone and luteinizing hormone(Lao 
et al. 2018; Tomei et al. 2009), which in turn supports sper-
matogenesis and increases the number and concentration 
of sperm.

Fig. 3   Regression coefficients and 95% CIs of semen parameters 
associated with each IQR increase of lag 0–9, 10–14, 15–69 and 
70–90 days exposure to air pollutants (A: PM2.5, B: PM10, C: NO2, 
D: SO2, E: O3 and F: CO) for the all the participants. Every expo-
sure period was used in a separate multiple linear regression model 

adjusted by age, ever having fathered a child, smoking, alcohol con-
sumption, education, occupation, abstinence periods, season of sperm 
collection, average daily ambient temperature during different critical 
windows and mean relative humidity during different critical win-
dows. All semen parameters were subjected Box–Cox transformation
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Our study also revealed an inverse J-shaped association 
between sperm motility and exposure to SO2 and CO, as 
well as a U-shaped relationship between sperm concentra-
tion and CO. The considerably wider 95% confidence inter-
val suggested that the small sample sizes at lower exposure 
concentrations may be the cause of the increase in semen 
motility and the decrease in sperm concentration(Wu et al. 
2017). However, caution should be exercised in interpreting 
and generalizing such nonlinear results due to the heteroge-
neity of pollutant exposures, populations, temperatures and 
monitoring instruments across regions (Qian et al. 2022).

In contrast to previous studies, we employed a regres-
sion model with multiplicative interaction terms to assess 
the joint associations of particulate and gaseous pollutants, 
which provides improved estimates (Liu et al. 2023). No 
joint associations were detected in our results, which is con-
sistent with a previous study reporting an independent asso-
ciation (Zhang et al. 2023a). The possible reason for this is 
the unique biological mechanism by which CO affect semen 
quality through cellular hypoxia. Therefore, we speculate 
that this may be the predominant biological mechanism for 
the impact of CO on semen quality. This also leads to only 
individual associations of particulate and gaseous pollutants 
on semen quality. Similarly, we speculate that other gaseous 
pollutants may have biological mechanisms that differ from 
particulate matter in their effects on semen quality. However, 
further research is needed. Although particulate matter and 
gaseous pollutants did not interact on semen quality param-
eters, individual pollutants had a negative effect on semen 
quality. Given the above, there is still a need for better con-
trol of air pollution concentrations to enhance semen quality.

We observed that each air pollutants pollutant was nega-
tively associated with sperm motility and semen volume, and 
some pollutants were positively associated with semen con-
centration or sperm number during the four periods, which 
is inconsistent with the findings of other studies (Table S7). 
This may be the outcome of a mixture of factors, includ-
ing the population characteristics under study, the statistical 
analysis method employed, the study area, the concentration 
of the contaminant being examined, and the method used 
for assessing exposure. However, our findings showed that 
air pollutant exposure during four periods had a negative 
impact on sperm motility and semen volume, indicating the 
need to maintain control over pollutant concentrations at 
all times. Furthermore, the negative impacts at lag 0–9 and 
lag 10–14 days were greater than those at lag 15–69 and 
lag 70–90 days, respectively. Since the lag 10–14 days cor-
responds to the developmental stage of sperm motility, the 
negative impact on sperm motility was greater for both the 
lag 0–9 and lag 10–14 days.

According to the stratified analysis, we found more 
significant negative associations between semen volume 
and air pollutants in men younger than 40 years of age, 

while the positive association between air pollutants and 
sperm concentration was more pronounced in spring and 
autumn. Seminal vesicles and fluid components originating 
from the prostate determine the volume of semen, which 
is strongly correlated with the functionality of the acces-
sory glands (Mason et al. 2023). Significantly, age has an 
important influence on the functionality of accessory glands 
(Ajayi et al. 2023). In particular, when the age is older than 
40 years, the semen volume is significantly lower than that 
in the other age groups (Wu et al. 2021). Therefore, when 
men are younger than 40 years of age, their accessory gland 
functionality is normal, and semen volume is more predomi-
nantly affected by air pollutants; when men are older than 
40 years of age, the semen volume is more predominantly 
affected by the functionality of their accessory glands, and 
the effect of air pollutants may be relatively reduced or 
even absent. Furthermore, temperature is a significant fac-
tor that impacts the outcomes of our seasonal stratification 
analyses because previous studies have demonstrated that 
both high and low temperatures can adversely affect semen 
quality (Santi et al. 2018). High temperatures can impede 
the efficacy of both enzymatic and nonenzymatic antioxi-
dants, trigger heatstroke in the testicles, and result in the 
excess generation of reactive oxygen species (Li et al. 2014), 
whereas heat shock proteins can be expressed in response 
to cold shock (Liu et al. 1994). These extreme temperatures 
can affect spermatogenesis and even lead to the death of 
spermatogonia (Perotti et al. 1990; Wang et al. 2007). As 
described, we recommend avoiding delayed childbearing 
and choosing to prepare for pregnancy in spring and autumn.

Compared to other studies, this is the first analysis of the 
potential interaction effect of particulate matter and gaseous 
pollutants on semen quality when they are jointly exposed. 
Although interactions were not detected, each pollutant 
exposure still had a negative effect on the semen quality 
parameters. Therefore, enhancing the control of each air pol-
lutant is crucial to avoid damaging semen quality. In addi-
tion, we evaluated the association of pollutant exposure in 
periods other than the critical period with semen quality, 
effectively avoiding bias in assessing associations and incor-
rect periods. Moreover, we observed that pollutant exposure 
was associated with decreased semen quality in each period, 
which suggests that we should reduce exposure to pollut-
ant concentrations regardless of the time period to improve 
semen quality in men, especially those who are planning to 
become pregnant. Finally, the results of our stratified analy-
sis suggest avoiding delayed childbearing as well as choos-
ing spring or autumn for pregnancy preparation, which is 
also very instructive for men planning a pregnancy.

Meanwhile, our study has several main limitations. First, 
the participants were from male infertility clinics, and were 
mainly infertile men; therefore, we need to cautiously pro-
mote the results to other populations and other regions. 
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Second, the use of site-monitored average daily exposure 
concentrations of pollutants to assess the exposure of study 
participants, may lead to inaccurate exposure assessments. 
Specifically, a patient's precise air pollutant exposure may 
be related to many social and lifestyle-related factors, such 
as indoor work exposure levels and occupational exposure 
levels (e.g., PAH and heavy metals). Therefore, in the future, 
more precise methods of assessing patient exposure to pol-
lutants could be considered, such as the use of personal mon-
itoring devices to monitor pollutant exposure. Despite expo-
sure assessment errors, this remains an acceptable method in 
most cases due to the lack of more detailed information(Dai 
et al. 2023). Third, the impacts of the remaining confound-
ing factors could not be ruled out due to a lack of data on 
confounding factors (e.g., body mass index (BMI) and occu-
pational exposure concentrations).

Conclusions

Our findings indicate that exposure to particulate and gase-
ous pollutants has no interaction on semen quality. In con-
trast, independent exposure to particulate matter and gaseous 
pollutants unfavorably impacts sperm motility and semen 
volume during various time periods (0–90, 0–9, 10–14, 
15–69, and 70–90 days). Furthermore, our results suggest a 
probable positive association between pollutants and sperm 
concentration, particularly in spring and autumn. The results 
highlight the importance of reducing exposure to pollutant 
concentrations and selecting the most suitable season to 
improve semen quality in men of reproductive age.
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