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ABSTRACT: Ambient ozone (O3) exposure may be associated
with a reduction of semen quality, yet the potential biological
mechanisms remain unclear. We investigated the effects of certain
seminal plasma metabolites on mediating the links between O3
exposure and the deterioration of semen quality. The untargeted
metabolomics analysis was performed on semen samples of 200
Chinese adult men to determine candidate metabolites associated
with characteristics of semen quality. Mediation analysis was
adopted to examine whether these metabolites modulated the links
between O3 exposure and semen quality. We found a significant
reduction in sperm concentration by −28.1% (95% CI: −41.7%,
−11.3%), and sperm count by −29.2% (95% CI: −43.7%, −11.0%)
associated with each 10 μg/m3 increase in ambient O3 concentration during the period of sperm development. We delineated 7
metabolites in seminal fluid that substantially mediated the links between O3 exposure and declined semen quality, including
myristoleic acid, aspartyl-isoleucine, phenylethyl primeveroside, ACar (18:2), ACar (18:1), FAHFA (22:6/22:3), and LPS (22:5).
Among these, myristoleic acid exhibited the most pronounced mediation effects, with its indirect effect of which accounts for 46.4%
of the overall association. Our findings suggested that exposure to ozone decreased sperm quality by disrupting fatty acid
metabolism, particularly myristoleic acid.
KEYWORDS: ozone exposure, sperm quality, adult men, metabolomics

The decline in sperm quality has emerged as a critical
concern in male health in recent decades, posing

significant threats to human reproduction and socioeconomic
development. It has been estimated that approximately 15%−
20% of couples globally, nearly 48.5 million, are affected by
infertility attributed to inferior semen quality.1 Environmental
determinants can lead to abnormalities in semen quality, such
as nonoptimal ambient temperature,2,3 exposure to heavy
metals/metalloids,4 and ambient air pollution.5−7

Urbanization and industrialization have led to widespread air
pollution. While there have been significant reductions in
concentrations of particulate matter in recent years, ozone
(O3) has emerged as a growing public health concern. O3, a
natural atmospheric component, is primarily derived from
anthropogenic emissions and is predicted to increase with
global warming.8 Numerous epidemiological studies have
linked O3 exposure to morbidity and mortality, including
respiratory diseases, cardiovascular ailments, and reproductive
abnormality.9−11 Several epidemiological studies, including a
meta-analysis by Xu et al.,12 a retrospective longitudinal study
by Qiu et al.,13 and cross-sectional studies by Sokol et al.14 and
Sun et al.,15 have associated O3 exposure with decreased sperm
quality. Nevertheless, their estimates varied and even contra-

dictory due to disparities in exposure sources, sample sizes, and
methods of air pollutant assessment.12−15 The adverse effects
of O3 could decrease semen quality by exacerbating
inflammation responses, inducing oxidative stress, disrupting
the blood-testis barrier, and resulting in diminished sperm
quality.16,17 However, despite efforts to understand these
associations, the biological mechanisms linking O3 exposure to
impaired semen quality are yet to be fully elucidated.

Emerging omics technologies are being utilized to identify
potential biomarkers and elucidate the pathogenesis of various
diseases. Among approaches like transcriptomics, metabolo-
mics, and proteomics, metabolomics offers distinct advantages
for unraveling biochemical activities and cellular metabolism in
living organisms by aligning with metabolite profiles and
biological characteristics.18 Some studies have investigated how
metabolites mediate the links between exogenous exposure and
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sperm abnormality.19,20 For instance, Wang et al. pinpointed
that urinary phthalate metabolites could alter the expression of
metabolites in seminal plasma, consequently decreasing the
proportion of spermatozoa with abnormal head morphology.19

In our previous study, our findings indicated that PM2.5
exposure was positively linked to decreased sperm progressive
and total motility, mediated by a reduction in D-Aspartate
levels.20 To our understanding, there are few studies that have
explored the intermediary roles of metabolites in seminal
plasma regarding the links between O3 exposure and sperm
abnormality.

Leveraging the seminal plasma metabolome, we sought to
investigate the potential mediation by specific metabolites in
the links between O3 exposure and decreased sperm levels
within a cohort of 200 male adults for metabolomics analysis.

■ METHODS

Study Participants

We recruited reproductive-age couples from the Tongji Reproductive
and Environment study (TREE),21,22 which was initially constructed
and followed-up for the investigation of determinants related to
reproduction among Chinese population. Briefly, 200 male partners of
couples were recruited and underwent assisted reproductive treatment
at the Reproductive Center of Tongji Hospital in Wuhan, China from
July 1, 2019 to November 30, 2019. Inclusion criteria were age ≥20
years. Exclusion criteria included a history of occupational exposure to
hazardous chemicals, reproductive organ malformations or injuries, a
family history of hereditary diseases, autoimmune diseases, and
chromosomal karyotype abnormalities. All participants free from male
reproductive-related diseases. Additionally, they were required to have
complete questionnaire and clinical examination. The study
comprised 200 eligible participants primarily residing in urban areas
of Wuhan, China (Figure 1). Demographic data were gathered
through a uniform and methodically designed questionnaire
administered by certified nurses. Approval from the Tongji Medical
College Ethics Committee was granted. Informed consent was
obtained from all participants.

Sample Collection

Semen samples were collected before the medical or surgical
treatments and adhered to the professional guideline, as described
as previously.23,24 Specifically, participants were given privacy in a
separate room next to the laboratory, where semen sample were
gathered by masturbation in a sterile plastic container. The clinical
laboratory centrifuged the sample and the seminal sample was
gathered into a sterilized cryotube, and then instantly stored using
liquid nitrogen at −80 °C for metabolomic examination. We
measured four sperm parameters as outcomes, including sperm
concentration (106/mL), sperm count (106), progressive motility
(%), and total motility (%). The computer-assisted analysis system
was used for semen quality test. Sperm density, progressive motility,
and nonprogressive motility were measured using a microcell slide
and computer-assisted semen analysis. Sperm total motility was
defined as the sum of progressive motility and nonprogressive
motility. Quantitative analysis was conducted independently in
separate laboratory rooms by two skilled technicians following a
blinded approach.

The Identification of Seminal Plasma Metabolites

The samples were collected in 2019 and used for metabolomics
analysis in 2022. During storage and analysis, the extracts were kept at
−80 °C to prevent metabolite degradation.

Since the samples were processed in batches and stored together,
the condition of each sample can be ensured to be consistent. To
analyze the seminal plasma metabolites, a 100 μL portion of the
sample was transferred into an EP tube. Subsequently, 300 μL of an
extraction solution containing methanol, along with a mixture of
isotopically labeled internal standards, was added. The specimens
were vortexed for 30 s and then sonicated for 10 min in an ice−water
bath. Afterward, the samples were incubated at −40 °C for 1 h to
induce protein precipitation, and then centrifuged the sample at
12 000 rpm for 15 min at 4 °C to extract supernatant fluid and we
transferred fluid to a fresh glass vial. A quality control sample was
generated by mixing equal amounts of supernatant fluid from all the
samples. Internal standards included [RING-2H5]-L-Phenylalanine, 2-
Chloro-L-phenylalanine, DiisobutylPhthalate-3,4,5,6-D4, 2-Chloro-L-
phenylalanine, Decanoic Acid-d19, and [RING-2H5]-L-Phenylala-
nine.

Figure 1. Spatial distribution of participants in Wuhan, Hubei province, China.
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Ultraperformance liquid chromatography (UPLC) (Vanquish,
Thermo Fisher Scientific) was performed using UPLC HSS T3
column (2.1 mm × 100 mm, 1.8 μm). Mobile phase for UPLC
consisted of a mixture of 5 mmol/L ammonium acetate and 5 mmol/
L acetic acid in water (phase A), combined with acetonitrile (phase
B). The temperature of the autosampler was set to 4 °C, and sample
injection volume was 2 μL. In addition, the Orbitrap Exploris 120
mass spectrometer was employed to perform and collect MS/MS
spectra at information-dependent acquisition (IDA) mode for full-
scan MS spectrum. Electrospray ionization (ESI) source conditions
were set as follows: sheath gas flow rate 50 Arb; auxiliary gas flow rate
15 Arb; capillary temperature 320 °C; full MS resolution 60 000; MS/
MS resolution 15 000; collision energy 10/30/60 in NCE mode;
spray voltage 3.8 kV (positive) or −3.4 kV (negative).

All liquid chromatography-tandem mass spectrometry (LC-MS)
data were processed using ProteoWizard for imputing raw to obtain
peak intensities for retention time and m/z metrics.

ProteoWizard software version was 3.0, and parameters were
configured as “proteowizard/pwiz-skyline-i-agree-to-the-vendor-li-
censes wine msconvert --mzXML --filter ‘peakPicking vendor
msLevel=1-’ ”.

Annotation of candidate metabolites was performed using an
internal MS2 database, BiotreeDB, which incorporated reference
spectra and information for known metabolites. Annotation relied on
analog scores derived from comparing acquired MS2 spectra with
database entries. A threshold of 0.3 was set for annotation, requiring
similarity score above this threshold for a successful metabolite
annotation. To account for instrument drift, the original peak areas
were normalized using specific internal standards for each metabolite
class. Additionally, identified metabolites were cross-referenced and
annotated using the Human Metabolome Database (HMDB)
(https://www.hmdb.ca) or PubChem (https://pubchem.ncbi.nlm.
nih.gov/) for further validation. Among the 984 metabolites
qualitatively identified through MS/MS matching, 684 can be
identified by the HMDB database (69%). We calculate the minimum
number of samples required to detect a statistically significant
difference between normal and abnormal populations, based on FDR
< 0.1. We found that the predictive power can reach 0.8 when sample
sizes were 100 per group (Figure S1 of the Supporting Information).
The Assessment of O3 Exposure
We collected daily ambient O3 data at a 10 km × 10 km resolution in
Wuhan, Hubei province, China from the Tracking Air Pollution in
China (TAP) data sets in 2019. The daily ambient PM2.5 data at a 1
km × 1 km resolution was also retrieved from this data set. These data
sets, known as a comprehensive source of China’s air pollutants, offer
extensive coverage, near real-time updates, and demonstrate excep-
tional model performance.25,26 TAP data sets used a machine learning
model that predicts full-coverage daily maximum 8-h average O3
concentrations by merging data from multiple sources, including two
random forest models and a spatiotemporal Kriging interpolation
model.27,28 The accuracy of the O3 estimation was high, exhibiting a
strong correlation with direct measurement of daily maximum 8-h
averaged O3 (R2 = 0.7) validated via a 5-fold cross-validation.28

The residential address of each subject was geocoded into
geographical coordinates of latitude and longitude, which enable
alignment with the estimates from the predicted grided ambient O3
data. Given that spermatogenesis spans about 90 days and involves
three pivotal stages before ejaculation: epididymal storage (0−9
days), sperm motility development (10−14 days), and the spermato-
genesis phase (70−90 days), we assessed the mean O3 levels during
the sperm maturation period. Additionally, we determined the mean
O3 levels for each critical phase of sperm development for each
subject. Beyond O3 concentration, we also gathered data on daily
ambient temperature from the nearest monitoring stations provided
by China’s meteorological bureau (https://data.cma.cn).
Statistical Analysis
Given the skewed distributions of sperm concentration and count, we
performed a log transformation on these metrics prior to regression
analysis. We employed a multivariate linear regression model to assess

the associations of O3 exposure with semen quality. The model was
adjusted for a range of variables identified from previous research,7,15

such as age (under 33 vs 33 and older), body mass index (BMI)
(below 24.0, between 24.0 and 28.0, above 28.0 kg/m2), ever having
fathered a child (no vs yes), educational level (below college vs
college and above), smoking status (no vs yes), monthly income
(below 5000, 5001−10 000, over 10 001 CNY), and daily ambient air
temperature with 3 degrees of freedom using a natural cubic spline
fitting,6 along with the number of days of abstinence (less than 4 vs 4
or more days).

To explore the nonlinear relationship, we modeled restricted cubic
spline function for O3 concentration in the regression analysis while
controlling for the same set of covariates as in the main models.6,29

We tested the nonlinearity through visual examination and likelihood
ratio tests that compares models incorporating nonlinear terms
against those using linear terms.30

To select candidate metabolites, a univariate linear regression
model was modeled between O3 levels and semen quality. Before
conducting the analysis, all metabolite data underwent logarithmic
transformation and standardization to z-scores. To control for false
positives, Benjamini-Hochberg method was adopted to adjusted p
values using the false discovery rate (FDR).31 An FDR < 0.05 was
considered as statistically significant.

Subsequently, the Least Absolute Shrinkage and Selection Operator
(LASSO) regression was performed to remaining metabolites with
FDR < 0.05 to identify metabolites predictive of semen quality.32

LASSO is a regularization technique that identifies key metabolite
signals from a highly dimensional and correlated set of predictors.32

To ensure the robustness of results, we employed 10-fold cross-
validation to determine the threshold that reduces the error in model
predictions to a minimum within 1 standard deviation, utilizing
normalized metabolomics data.33 Metabolites chosen through LASSO
regression were considered potential mediators.

We conducted mediation analyses using “RMediation” package in
the R statistical software platform to assess the potential indirect
effects of metabolites. The mediating effects were estimated by
multiplying two direct effects: the links between O3 exposure and
candidate metabolites, and the links between candidate metabolites
and semen parameters. To calculate the direct effects of O3 exposure
on these candidate metabolites, we conducted multivariate regression
model adjusting for the same covariates as in the main analysis. To
estimate the direct effects of candidate metabolites on semen quality,
we configured another multivariate regression model that included the
O3 term. The proportion of mediating effects was determined as the
ratio of mediating effects (i.e., indirect effect in the mediation
analysis) to the total effects, representing the extent to which the
mediators contribute to the overall association observed.20,34

Two sensitivity analyses were conducted. First, we dichotomized
subjects into normal and abnormal participants following standard
guidelines.23 For the normal participants, reference metrics including
total motility exceeding 40% motile sperms, progressive motility over
32% motile sperms, sperm concentration over 15 × 106/mL, and
sperm count above 39 × 106. On the contrary, participants were
classified as abnormality if their values were below any of these
benchmarks. We then applied logistic regression, adjusting for the
identical covariates as in the primary analysis, to assess the links
between semen quality categories and specific sperm quality
indicators. The normal group served as the reference category in
these analyses. Second, we modeled dual-pollutant models with
further adjustments for PM2.5. Third, we included the relative
humidity in the models to test the association between O3 exposure
and semen quality. Forth, due to the small sample size, it is difficult to
conduct subgroup analysis. Therefore, we considered dividing the
daily ambient temperature into two groups (high vs low temperature)
based on the median and including them in the models.

The Receiver Operator Characteristic (ROC) curve analysis was
performed to determine the diagnostic efficacy of mediated
metabolites for sperm quality.

All statistical analyses were completed on the R software platform
(version 4.2.1).
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■ RESULTS
Among 200 male participants, the average age, BMI and
abstinence days were 33.4 years (SD: 5.0), 24.6 kg/m2 (SD:
2.9), and 4.6 days (SD: 4.3), respectively. Notably, about
35.0% of them had an income above 10 000 CNY, about 68.5%
of them obtained the degree above high school and 48.0% of
them were inclined to no smoking. Most participants reported
having no children (90.0%) (Table 1). The observed averages

for sperm concentration, sperm count, progressive motility,
and total motility were 50.3 × 106/mL, 147 × 106 per sample,
39%, and 41.7%, respectively. The O3 concentration noted was
136.0 ± 8.7 μg/m3, and the ambient temperature averaged at
25.8 ± 2.9 °C throughout the duration of the study (Table 2).

Exposure to O3 was associated with decreased sperm quality
parameters (Figure 2). A 10 μg/m3 increase in O3
concentration was linked with declines in various sperm
quality parameters. Specifically, during the entire sperm
development (0−90 days before semen collection), there was

a decrease of −28.06% (95% CI: −41.65%, −11.32%) in sperm
concentration, −29.20% (95% CI: −43.71%, −10.95%) in
sperm count, −2.98% (95% CI: −7.57%, 1.61%) in sperm total
motility, and −2.81% (95% CI: −7.33%, 1.71%) in sperm
progressive motility.

The exposure window most susceptible to O3 was during the
spermatogenesis period. For example, for each 10 μg/m3

increase in O3 concentration, there was an associated decline
of −1.21% (95% CI: −2.15%, −0.27%) in sperm total motility
during sperm motility development period compared to a
decline of −2.92% (95% CI: −4.75%, −1.08%) during the
spermatogenesis period.

Using a restricted cubic spline function for O3 exposure, we
observed an approximate downward linear relationship of
sperm concentration, sperm count, and sperm progressive and
total motility associated with O3 exposure (Figure 3).

To select candidate metabolites, we used univariate
regression and LASSO regression with 10-fold cross-validation
(Figure S1). We found that 94 metabolites were significantly
associated with sperm concentration (FDH < 0.05), and 9
metabolites were retained after LASSO screening. We
identified 45 metabolites significantly associated with sperm
count (FDH < 0.05), and 11 metabolites were retained after
LASSO screening. We detected 17 metabolites associated with
sperm total motility (FDH < 0.05), and 9 metabolites were
retained after LASSO screening. We screened 16 metabolites
associated with sperm progressive motility (FDH < 0.05), and
11 metabolites were retained after LASSO screening. Thus, the
candidate metabolites for mediation analysis were 9 for sperm
concentration, 11 for sperm count, 9 for sperm total motility,
and 9 for sperm progressive motility.

The mediation analyses revealed that 7 metabolites played a
negative regulatory role in the association between O3
exposure and semen quality (Table 3). Myristoleic acid acted
as a significant mediator in the association between O3
exposure and sperm concentration across the entire period of
sperm development. For sperm count, asparyl-isoleucine and
phenylethyl primeveroside were identified as mediators during
the periods of spermatogenesis and the entire sperm
development. For sperm progressive motility, the mediated
metabolites included ACar (18:2) and ACar (18:1) during the
periods of sperm motility development and spermatogenesis,
and FAHFA (22:6/22:3), LPS (22:5), aspartyl-isoleucine, and
myristoleic acid were observed as mediators during the period
of spermatogenesis. Similarly, for total motility, ACar (18:2)
was identified as a mediator during periods of sperm motility
development and spermatogenesis, and FAHFA (22:6/22:3),
LPS (22:5), myristoleic acid, and aspartyl-isoleucine during
spermatogenesis period (Table 3). The most pronounced
mediation proportion was observed with myristoleic acid,
which mediated proportion of 46.4% for the association
between O3 exposure and sperm concentration. We found the
correlation between metabolites was minimal (Figure S2).

In our sensitivity analyses, we found that exposure to O3
increased the risk of sperm abnormality specifically during
spermatogenesis period (Table S1). Additionally, after adjust-
ing for ambient PM2.5 exposure and relative humidity,
respectively, our results were not materially different (Tables
S2 and S3). Likewise, the associations were not significantly
various when daily ambient temperature was included as a
binary variable (Table S4). The Area Under the Curve (AUC)
of metabolites for semen quality ranged from 0.67 to 0.71
(Table S5).

Table 1. Demographic Characteristics and Semen Quality of
the Study Population (n = 200)a

Variables Overall (n = 200)

Characteristics
Age, n (%)
<33 y 104 (52.0%)
≥33 y 96 (48.0%)
BMI, kg/m2, n (%)
<24 82 (41.0%)
24−28 93 (46.5%)
>28 25 (12.5%)
Education level, n (%)
University/college or above 137 (68.5%)
Below university/college 63 (31.5%)
Income, RMB, n (%)
<5000 61 (30.5%)
5000−10 000 69 (34.5%)
>10 000 70 (35.0%)
Smoking status, n (%)
Yes 96 (48.0%)
No 104 (52.0%)
Ever having fathered a child, n (%)
Yes 20 (10.0%)
No 180 (90.0%)
Abstinence time, days, n (%)
<4 96 (48.0%)
≥4 104 (52.0%)
Semen quality
Semen qualityb, n (%)
Normal 102 (51.0%)
Abnormal 98 (49.0%)
Sperm concentration (106/mL), mean ± SD 50.3 ± 33.7
Sperm count (106), mean ± SD 147.0 ± 113.0
Total motility (%), mean ± SD 41.7 ± 16.4
Progressive motility (%), mean ± SD 39.3 ± 16.1

aAbbreviations: RMB = Renminbi; BMI = Body Mass Index; SD =
Standard deviation. bThe binary semen quality is based on World
Health Organization reference. Abnormal sperm quality was classified
as being below the World Health Organization reference values:
sperm concentration (15 × 106/mL), total sperm count (39 × 106/
sample), progressive motility (32% motile sperm), and total motility
(40% motile sperm).
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■ DISCUSSION
The seminal plasma metabolome provided a comprehensive
profile of the sperm microenvironment in response to exposure
to air pollutants.35 In our cross-sectional analysis of 200
Chinese adults, we found an association between O3 exposure
and a reduction in sperm concentration, sperm count, sperm
total motility, and sperm progressive motility across critical
periods of sperm development. In addition, we identified 7
seminal plasma metabolites that mediated the association
between O3 exposure and the decline in sperm parameters.
These metabolites include myristoleic acid, aspartyl-isoleucine,
phenylethyl primeveroside, ACar (18:2), ACar (18:1), FAHFA
(22:6/22:3), and LPS (22:5), with myristoleic acid showing
the highest mediation proportion throughout the entire sperm
development.

We found that O3 exposure was associated with a reduction
in sperm concentration and sperm count during the entire
sperm development. This finding aligns with a growing body of
studies indicating O3 is an environmental risk factor for semen
quality.7,9,12 In a multicenter study with a large cohort of
33 234 male participants in China, Cai et al. reported that
exposure to O3 was associated with reduced sperm
concentration.7 Similarly, a retrospective study involving
1068 sperm donors conducted by Lu et al. found adverse
effects of O3 exposure on sperm concentration and sperm
count during the period of sperm development.9 However, our
study did not find a significant association between O3
exposure and sperm progressive and total motility. Our
findings were corroborated by a recent comprehensive meta-
analysis consisting of 11 studies, conducted by Xu et al., which
reported that the pooled effects of O3 exposure were not linked

Table 2. Descriptive Statistics on the Concentrations of O3 and Ambient Temperature Across Three Critical Sperm
Development Periodsa

Exposure Critical period Mean ± SD Min Median Max IQR

O3 (μg/m3) 0−9 day 126.2 ± 37.5 39.5 132.4 193.8 50.5
O3 (μg/m3) 10−14 day 129.4 ± 34.8 51.2 127.1 215 41.7
O3 (μg/m3) 70−90 day 137.5 ± 15.3 109.8 136.1 176.5 25.6
O3 (μg/m3) 0−90 day 136.0 ± 8.7 110 136.6 155.8 10.5
Ambient temperature (°C) 0−9 day 23.5 ± 6.7 9.2 25.8 32.4 12.8
Ambient temperature (°C) 10−14 day 24.3 ± 6.0 12.2 25.4 33.1 11.5
Ambient temperature (°C) 70−90 day 26.1 ± 3.8 17.7 26.7 31.6 4.8
Ambient temperature (°C) 0−90 day 25.8 ± 2.9 19.1 26.8 28.8 4.7

aAbbreviations: IQR = interquartile ranges; O3= ozone; and SD = standard deviation.

Figure 2. Percent Changes (95% CI) in semen quality parameters associated with a 10 μg/m3 increase in O3 in Chinese adult men. Abbreviation:
O3 = ozone. Models were adjusted for age (<33 versus ≥33 years), BMI (<24.0, 24.0−28.0, > 28.0 kg/m2), ever having fathered a child (yes versus
no), education (below college or university, and college or university above), smoking status (no versus yes), household income (≤5000, 5001−
10 000, ≥ 10 001 RMB), daily ambient temperature using a natural cubic spline with 3 degrees of freedom, and abstinence time (<4 versus ≥4
days).
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to a reduction in total and progressive motility during sperm
development. This conclusion contrasts with some previous
studies that reported a positive association between O3
exposure and sperm motility.12 The observed disparities in
findings could be attributed to differences in O3 sources and
the characteristics of the study populations.

Despite we found no evidence of an association between O3
exposure and sperm motility during the entire period of sperm
development, we found that exposure to O3 was linked to
decreased sperm progressive and total motility in the periods
of spermatogenesis and sperm motility development. Limited
and inconclusive evidence exists regarding the critical exposure
windows for the association between O3 exposure and sperm
motility.7,9,36,37 For example, Cai et al. reported an association
between O3 exposure and an increase in total motility during
spermatogenesis period,7 and Lu et al. found that O3 exposure
improved sperm total and progressive motility during
spermatogenesis period.9 Conversely, two retrospective cohort
studies by Huang et al. (2020) and Zhang et al. (2019) found
no evidence of an association between O3 exposure and a
decrease in sperm motility in the early stage of sperm
development.36,37 The discrepancies in results could arise from
variations in study design, study populations and sample sizes,
and distinct approaches to exposure assessment.7,9,36,37

In our mediation analysis, we reported that exposure to O3
reduced semen quality by changing levels of seminal plasma
metabolites associated with fatty acid metabolism. For
example, an increase in myristoleic acid was found to promote
sperm concentration, and O3 exposure appeared to disrupt this
process. This observation aligns with a case-control study
conducted in Italy, where significant differences in levels of
myristoleic acid were found between oligoasthenoteratozoo-

spermic and asthenozoospermic groups.38 Myristoleic acid, a
fatty acid present in certain plant oils, is commonly used as a
dietary supplement to maintain normal cholesterol levels and
reduce inflammation.39,40 Therefore, the potential mechanism
underlying our findings suggests that O3 exposure may induce
an inflammatory reaction, disrupting the pathway associated
with myristoleic acid metabolism and subsequently impacting
sperm concentration.

In addition to myristoleic acid, we also found that ACar
(18:2) and ACar (18:1), two unsaturated fatty acid, were
associated with a reduction in progressive motility and total
motility. Acylcarnitine (ACar), one of the acetyl derivatives of
L-carnitine, plays a pivotal role in the β-oxidation of long-chain
fatty acids across the inner mitochondrial membrane.41,42 The
accumulation of ACar is regarded as an indicator of
dysregulation in fatty acid oxidation, reflecting changes in
mitochondrial metabolism.43 Such metabolic disruption in the
mitochondria can result in inadequate energy production,
ultimately leading to reduced sperm motility and impaired
male fertility.44 Additionally, exposure to O3 could intervene
mitochondrial bioenergetics.45

Branched fatty acid esters of hydroxy fatty acids (FAHFAs)
are a new class of lipid molecules, and their specific function
and mechanism on semen quality remains largely unknown.
However, considering the established role of FAHFAs in
regulating metabolism and inflammatory responses, it can be
speculated that they may play a role in influencing the
metabolic state and functionality of sperm, particularly in
aspects related to sperm maturation and motility.46

In addition to metabolites associated with fatty acid
metabolism, our study also found the involvement of other
metabolites in regulating the association between O3 exposure

Figure 3. Adjusted restricted cubic splines for the association of 90-day average O3 concentration with semen quality parameters. Abbreviation:
O3=ozone. Models were adjusted for age (<33 versus ≥33 years), BMI (<24.0, 24.0−28.0, > 28.0 kg/m2), ever having fathered a child (yes versus
no), education (below college or university, and college or university above), smoking status (no versus yes), household income (≤5000, 5001−
10 000, ≥ 10 001 RMB), daily ambient temperature using a natural cubic spline with 3 degrees of freedom, and abstinence time (<4 versus ≥4
days).
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and a decrease in semen quality. For example, aspartyl-
isoleucine is a dipeptide composed of aspartate and isoleucine,
which is linked to the declined sperm count, progressive
motility and total motility associated with O3 exposure in our
analyses. Although considered as intermediates in specific
amino acid degradation pathways, the function of aspartyl-
isoleucine has not been thoroughly studied.47 Additionally, we
found that phenylethyl primeveroside could alleviate the
adverse effects of O3 exposure on sperm count. Phenylethyl
primeveroside is commonly identified in tea and is recognized
as beneficial supplement for improved semen quality.48,49

Moreover, Lysophosphatidylserines (LPS) (22:5) were
associated with the decline in sperm progressive and total
motility associated with O3 exposure. LPS is involved in
glycerophospholipid metabolism and has been identified in
seminal plasma metabolome studies.50,51 In summary, our
study identified a series of novel metabolites enriched in crucial
signaling pathways, mediating the impact of O3 exposure on
semen quality. However, the specific mechanisms underlying
these associations warrant further confirmation through
additional studies.

This study has several limitations. First, O3 exposure data
was obtained from 10 km × 10 km gridded data in TAP. This
relatively crude resolution may reduce the precision of
exposure assessment and lead to exposure misclassification.
Second, our sample size was confined to a total of 200 adult
men, which might impact the generalizability and robustness of
our findings. Third, the seminal plasma specimens for
metabolomic assessment were obtained only once, which
might not adequately reflect the variation in metabolite
concentrations over time. Fourth, this is a cross-sectional
study, and we cannot confirm the causal association between
O3 exposure, seminal plasma metabolites, and sperm quality.
Fifth, this study has a small sample size, which makes it
impossible to conduct subgroup analyses of important risk
factors, including different age groups and smoking status.

■ CONCLUSIONS
In an analysis of seminal plasma metabolomes with 200 adult
males, we found that O3 exposure was associated with a
reduction in sperm concentration and sperm count during the
entire course of sperm development, and these associations
were mediated by myristoleic acid, aspartyl-isoleucine, and
phenylethyl primeveroside. We also found that exposure to O3
reduced sperm motility during the periods of sperm motility
development and spermatogenesis by altering levels of certain
fatty acid and other metabolites, such as myristoleic acid.
While our findings provide valuable insights into the adverse
effects of O3 exposure on semen quality, future studies are
recommended to delve deeper into the pathogenesis under-
lying these associations.
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