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A B S T R A C T

Environmental exposure to arsenic, phthalate esters (PAEs) and perfluorinated compounds (PFCs) has been
associated with human semen quality. However, the epidemiological “black-box” of these associations remains
poorly uncovered. In this study, based on the association analysis between arsenic, PAE and PFC exposure and
semen quality parameters (i.e., semen volume, sperm concentration, sperm count, progressive motility, total
motility and normal morphology) in a Chinese male population, we explored the seminal plasma metabolic
signatures that may mediate the exposure-outcome relations by using the meet-in-metabolite-analysis (MIMA)
approach. As a result, a negative association was found between DMA and sperm concentration, whereas MEHP
and PFHxS were positively associated with sperm count and concentration, respectively. Metabolomics analysis
revealed that sixteen and twenty-two seminal plasma metabolites were related to sperm concentration and
count, respectively, and they are mainly involved in fatty acid, lipid and amino acid metabolism. Moreover, it
was further indicated that eicosatetraenoate, carnitines and DHA may impact the inverse association between
DMA and sperm concentration, while eicosatetraenoate, carnitines, DHA, PGB2 and tocotrienol are possible
mediators of the positive association between PFHxS and sperm concentration. As these metabolic biomarkers
are relevant to antioxidation and fatty acid β-oxidation, we suggest that redox balance and energy generation
shifts in seminal plasma are involved in the association of human semen quality with environmental DMA and
PFHxS exposure.

1. Introduction

Arsenic, phthalate esters (PAEs) and perfluorinated compounds
(PFCs) are three types of pollutants ubiquitously present in the en-
vironment, and human exposure to them has been associated with a
variety of adverse health outcomes including male reproductive dys-
function. To date, the associations between environmental chemical
exposure and human semen quality have been widely studied. It was
revealed that arsenic exposure is inversely associated with sperm con-
centration (Xu et al., 2012; Li et al., 2012) and progressive and total
sperm motility but is positively associated with the percentage of sperm
tail DNA in human populations (Wang et al., 2017a). Significant cor-
relations of phthalates exposure with reduced semen quality have been
reported by numerous epidemiological studies (Cai et al., 2015; Pan

et al., 2015; Wang et al., 2016; Thurston et al., 2016); however, MEHP
exposure was found to be associated with higher sperm motility (Bloom
et al., 2015; Wang et al., 2018). In addition, environmental exposure to
PFCs was negatively related to sperm concentration, count, motility and
morphology (Vested et al., 2013; Louis et al., 2015; Song et al., 2018),
while a positive association between PFOA and sperm motility was
observed (Toft et al., 2012). Although these associations have been
observed, the molecular linkages between these pollutant (arsenic,
PAEs and PFCs) exposures and human semen quality still need to be
elucidated due to the “black-box” character of traditional epidemiolo-
gical research.

Metabolites in organisms are the endpoints of enzyme/protein ac-
tions, which could reflect the final consequences of functional changes
induced by environmental and disease stresses. Metabolic biomarkers
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can therefore provide biological information to map the potential
pathway indicating the physiological/pathological changes involved.
Metabolomics, a global chemical phenotyping approach that quantita-
tively measures the metabolome alteration, is a powerful tool to screen
the biomarkers related to health outcomes (Huang et al., 2018). There
have been studies addressing the metabolic differences between fertile
and infertile men by metabolomics. As the microenvironment of sperm
before ejaculation, seminal plasma has been considered as a better
sample for metabolomic analysis in the evaluation of male fertility than
other biofluids (e.g., serum and urine) (Courant et al., 2013; Zhang
et al., 2014a, 2014b; Chen et al., 2015; Qiao et al., 2017; Wang et al.,
2019).

Since semen quality is an important indicator of male fertility, a few
studies have investigated the metabolic alterations in seminal plasma of
patients with low semen quality. Metabolomics analysis of seminal
plasma samples comparing healthy and asthenozoospermic men re-
vealed that elevation of fatty acids and oxysterols indicated oxidative
stress to the spermatozoa, and that a lack of valine may contribute to
poor sperm motility (Tang et al., 2017; Zhang et al., 2015). Gupta et al.
(2013) reported that the contents of lactate, citrate, GPC and several
amino acids (alanine, histidine and phenylalanine) in seminal plasma
were perturbed in oligozoospermic and asthenozoospermic patients.
Furthermore, different levels of a series of metabolites were also found
when comparing idiopathic infertility (normozoospermia) and other
forms of male infertility, and lysine has been suggested as a potential
biomarker for the detection and diagnosis of idiopathic infertility
(Jayaraman et al., 2014).

Although the associations of arsenic, PAE and PFC exposure with
semen quality have been fully characterized, their underlying me-
chanism of action remains largely unclear in humans. In view of the
metabolic disturbance involved in poor semen quality, we hypothesized
that the human metabolome can serve as a hub in which semen quality-
related metabolic biomarkers may link pollutant exposure to male fe-
cundity. Therefore, by using the meet-in-metabolite-analysis (MIMA)
strategy (Huang et al., 2018; Wu et al., 2018), we investigated the as-
sociations of arsenic, PAE and PFC exposure with human semen quality
and the metabolome differences in seminal plasma between male par-
ticipants with low and high semen quality, aiming to identify the me-
tabolic biomarkers linking arsenic, PAE and PFC exposure to semen
quality. We hope that these results will aid in better understanding the
mode of action of environmental pollutants in affecting male re-
production.

2. Materials and methods

2.1. Participant recruitment and sample collection

One hundred and eighteen men were enrolled by the Reproduction
Department of the Chongqing Institute of Science and Technology for
Population and Family Planning (CISTPFP), China between July 2009
and August 2010. They were male partners in couples who came for
fertility assessment. The local ethics committee approved the study. The
purposes of this study were explained to the participants, and written
informed consent was obtained before the study began. The individual
information including age, height, weight, abstinence time, smoking
and alcohol drinking status were collected by questionnaire.
Participants with diagnosed metabolic or urogenital diseases were ex-
cluded from this study.

Urine, blood and semen samples were collected on the same day
when the participants had their clinic visits. However, only 86 and 99
urine samples were used for arsenic and phthalates analysis, respec-
tively, and 57 blood samples for PFC analysis due to limited sample
amounts. The participants were requested to abstain from sexual ac-
tivity for at least two days before contributing a semen sample. The
semen samples were generated by masturbation and the semen para-
meters including semen volume, sperm concentration, count,

progressive motility, total motility and morphology were analyzed ac-
cording to World Health Organization (WHO) guidelines as described
previously (Shen et al., 2013). Among the 118 subjects, there were 98
semen samples with sufficient seminal plasma for metabolomics ana-
lysis (Table 1). Finally, a total of 67, 67 and 57 subjects who provided
urine and blood samples for arsenic, PAE and PFC measurement, re-
spectively, also provided sufficient seminal plasma for metabolomics
analysis. Details of the subject selection are shown in Fig. S1.

2.2. Urinary arsenic species, phthalate metabolites and blood PFCs analysis

The arsenic species of AsiIII, AsiV, methylarsonic acid (MMA), di-
methylarsinic acid (DMA) and arsenobetaine (AsB), and six major
phthalate metabolites, including monomethyl phthalate (MMP),
monoethyl phthalate (MEP), monobutyl phthalate (MBP), monobenzyl
phthalate (MBzP), mono-2-ethylhexyl phthalate (MEHP) and mono-2-
ethyl-5-oxohexyl phthalate (MEOHP) in urine samples were measured
as reported previously (Xu et al., 2012; Liu et al., 2017). Eleven per-
fluorinated compounds in blood samples, including perfluorooctanoic
acid (PFOA), perfluorooctane sulfonate (PFOS), perfluorobutanoic acid
(PFBA), perfluorobutane sulfonate (PFBS), perfluorodecanoic acid
(PFDA), perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid
(PFHxA), perfluorohexane sulfonate (PFHxS), perfluorononanoic acid
(PFNA), perfluoroundecanoic acid (PFUnA) and perfluorododecanoic
acid (PFDoA) were determined according to our previously reported
method (Liu et al., 2015). The six PAEs and eleven PFCs are widespread
and have a relatively higher concentration in the environment, which
are usually measured to be representative of environmental PAEs and
PFCs exposure in humans (Liu et al., 2017; Wang et al., 2017b). The
details of chemical analysis are provided in the Supporting Information.

2.3. Seminal plasma metabolome analysis

The details of sample preparation, metabolome profiling acquisi-
tion, data processing and quality control procedures are described in
the Supporting Information. The processed mass feature tables were
Pareto-scaled and introduced to SIMCA-P software (v13.0, Umetrics,
Uppsala, Sweden) for multivariate statistical analysis. The semen
parameters were classified into quartiles from the highest to the lowest

Table 1
Demographics and semen quality parameters of the study participants (n=98).

Characteristic Mean ± standard
deviation (SD)

Median n (%)

Age (years) 30.9 ± 5.2 30
BMI (kg/m2) 24.1 ± 4.0 23.7
Smoking
Yes 53(54.1%)
No 45(45.9%)

Alcohol drinking
Yes 53(54.1%)
No 45(45.9%)

Abstinence time (day) 4.3 ± 1.6 4.0
Semen parameters
Semen volume (mL) 2.7 ± 0.9 2.7

< 1.5mL 6 (6.1%)
Sperm concentration

(×106/mL)
77.4 ± 59.0 70.7

< 15×106/mL 6 (6.1%)
Sperm count (×106) 204.5 ± 163.3 175.7

< 39×106 7 (7.1%)
Progressive motility (%) 48.6 ± 18.3 50.1

< 32% 17 (17.3%)
Total motility (%) 58.5 ± 20.4 60.4

< 40% 17 (17.3%)
Normal sperm morphology

(%)
15.6 ± 7.8 14.9

< 4% 3 (3.1%)
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levels, and the data set was then categorized into four groups (1st, 2nd,
3rd and 4th quartile) accordingly. Quartile-based partial least squares-
discriminant analysis (PLS-DA) models were established by taking the
semen parameters (i.e., semen volume, sperm concentration, sperm
count, progressive motility, total motility and normal sperm mor-
phology) as classifiers. The 999-time permutation tests were performed
to validate the developed PLS-DA models. The metabolite biomarkers
were screened based on the following criteria: 1) variable importance in
projection (VIP) value> 2; 2) jack-knifing confidence interval > 0; 3)
intensity difference in variables between the 1st and 4th quartile groups
was significant (p < 0.05); and 4) the features significantly correlated
with semen parameters after adjustment for age, body mass index
(BMI), abstinence time, smoking and alcohol drinking status.
Metabolite identification was carried out by searching the Human
Metabolome Database (HMDB, http://www.hmdb.ca) based on accu-
rate mass measurement. The accepted mass difference was set as 20
mDa during the search. Furthermore, the UPLC/MS/MS product ion
spectrum of a metabolite was matched with the MS spectra available in
HMDB to confirm the identification. Metabolic pathways were analyzed
by using the web-based MetaboAnalyst software (http://www.
metaboanalyst.ca/) and KEGG database (https://www.kegg.jp/).

2.4. Data analysis

The Mann-Whitney nonparametric test was used to evaluate the
significance of intergroup differences for each potential biomarker.
Partial correlation analysis was performed to investigate the associa-
tions of biomarkers with semen parameters in which the variables of
age, BMI, abstinence time, smoking and alcohol drinking status were
adjusted. Furthermore, the associations of pollutants (arsenic, PAEs and
PFCs) with semen parameters and biomarkers were analyzed with
multiple linear regression model, and the false discovery rate (FDR)
correction was applied to correct for multiple hypothesis tests (Wang
et al., 2019). The effects of pollutant-metabolite combinations on semen
quality were expressed by the adjusted odds ratios (AORs), and their
dose-related trends were analyzed by using binary logistic regression in
which the defined outcomes of low and high semen quality were
counted based on the median cutoffs of the pollutants and metabolites.
Pollutant concentrations below LOD were replaced by half of their
corresponding LOD. These statistical analyses were performed by using
SPSS 19 (SPSS Inc.).

Receiver operating characteristic (ROC) analysis was applied to
assess the specificity and sensitivity of the biomarkers. Classical uni-
variate ROC analysis was performed by using SPSS 19 (SPSS Inc.);
multivariate analyses of combinational biomarker patterns were per-
formed using online ROCCET (ROC Curve Explorer & Tester) software
(http://www.metaboanalyst.ca/).

The average causal mediation effect was performed by using the R
Package for Causal Mediation Analysis according to the quasi-Bayesian
Monte Carlo method with 1000 simulations (Tingley et al., 2014).

3. Results

3.1. Participant characteristics and semen parameters

The demographic characteristics of our 98 participants who pro-
vided seminal plasma for metabolomics analysis are listed in Table 1.
The participants were from 21 to 42 years old (median 30 years old)
and their median BMI was 23.7 kg/m2. The consumption of tobacco and
alcohol both accounted for 54.1% of the subjects, and the abstinence
time ranged from 2 to 8 days (median 4 days). The ranges of the major
semen parameters, including semen volume, sperm concentration,
count, progressive motility, total motility and normal sperm mor-
phology were 0.6–5.2 mL (median 2.7 mL), 0–402.7×106/mL (median
70.7×106/mL), 0–1167.7×106 (median 175.7× 106), 0–82.0%
(median 50.1%), 0–97.8% (median 60.4%) and 0–42.6% (median

14.9%), respectively (Table 1). Only 6 (6.1%), 6 (6.1%), 7 (7.1%), 17
(17.3%), 17 (17.3%) and 3 (3.1%) subjects had the parameters below
WHO references for semen volume (1.5mL), sperm concentration
(15×106/mL), count (39×106), progressive motility (32%), total
motility (40%) and normal sperm morphology (4%), respectively
(WHO, 2010). In addition, there are not any statistically significant
differences (p > 0.05) in the demographics and semen parameters
between this population (n=98) and the three subpopulations, which
provided urine and blood samples for arsenic (n=67), PAE (n=67)
and PFC (n=57) measurement, respectively (Table S1).

3.2. Urinary arsenic, PAEs and blood PFCs levels and their associations
with semen parameters

Urinary arsenic, phthalates and blood PFCs levels of the participants
are listed in Table 2. The five arsenic species were detected in all of the
samples, and DMA had a much higher concentration (median 19.5 μg/
g) than the other four species. The median creatinine-adjusted con-
centrations of inorganic arsenic (Asi) and total arsenic (Ast) were 3.6
and 37.3 μg/g, respectively. For urinary phthalates, MMP, MEP, MBP,
MEHP and MEOHP were detected in most of the samples, while the
detection rate of MBzP was only 46.5%. We detected much higher
concentrations of MMP, MEP and MBP (median 19.6, 15.2 and 14.2 μg/
g) than the other phthalate metabolites, and the median concentration
of ∑DEHP was 3.5 μg/g. In addition, PFOA and PFOS were detected in
all of the blood samples while PFHxS, PFUnA, PFDA and PFNA were
detected in 70.2%, 70.2%, 47.4% and 96.5% of the subjects, respec-
tively. However, PFHxA, PFHpA, PFDoA, PFBA and PFBS were not
detected in any blood samples. The median blood concentrations of
PFOA, PFOS and total PFCs were 1.7, 5.3 and 10.2 μg/L, respectively.

By using multiple linear regression, we analyzed the associations of
arsenic, phthalate and PFC exposure levels with semen quality para-
meters (i.e., semen volume, sperm concentration, count, progressive
motility, total motility and morphology) in the male subjects, respec-
tively (Table 3). After adjustment for age, BMI, abstinence time,
smoking and alcohol drinking status, it was found that among the ar-
senic species, only DMA was negatively associated with sperm con-
centration (−0.688, 95% CI: −1.32, −0.056), while PFHxS in PFCs

Table 2
Urinary arsenic, PAEs and blood PFCs concentration of the participants.

Pollutant Mean ± SDa Median Range Detection rate

Arsenic (n=86), μg/g creatinine
AsB 16.1 ± 32.0 7.8 0.4–212.0 100%
MMA 3.4 ± 3.0 2.5 0.1–16.8 100%
DMA 23.9 ± 16.3 19.5 4.0–102.8 100%
AsiIII 4.1 ± 2.9 3.4 0.1–16.2 100%
AsiV 0.6 ± 1.7 0.1 0.03–10.5 100%
Asi 4.7 ± 3.4 3.6 0.4–16.7
Ast 48.0 ± 40.4 37.3 6.4–222.0

PAEs (n=99), μg/g creatinine
MMP 42.6 ± 91.3 19.6 0.0–745.4 99%
MEP 52.7 ± 121.6 15.2 0.5–964.3 100%
MBP 35.4 ± 63.2 14.2 0.0–382.3 99%
MBzP 0.3 ± 1.1 0.0 0.0–10.4 46.5%
MEHP 2.8 ± 6.5 0.8 0.0–48.8 98%
MEOHP 3.3 ± 4.2 2.2 0.3–29.4 100%
∑DEHP 6.1 ± 10.2 3.5 0.5–75.8

PFCs (n=57), μg/L
PFOA 2.5 ± 2.6 1.7 0.5–16.6 100%
PFOS 6.5 ± 4.6 5.3 1.4–29.4 100%
PFHxS 0.7 ± 0.9 0.6 0.0–6.3 70.2%
PFUnA 0.5 ± 0.5 0.5 0.0–2.1 70.2%
PFDA 0.3 ± 0.3 0.0 0.0–1.2 47.4%
PFNA 1.0 ± 0.5 0.9 0.0–2.7 96.5%
∑PFCs 11.5 ± 6.8 10.2 2.3–40.4

a SD: standard deviation.
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had a positive correlation with sperm concentration (23.733, 95% CI:
6.81, 40.656). For phthalates, only MEHP was positively related to
sperm count (5.204, 95% CI: 1.077, 9.331). However, all the other
pollutants were not significantly associated with any semen parameters.
Since our participants may contain some subfertile men, we conducted
a sensitivity analysis on the subjects with normal semen parameters (at/
above WHO references), which showed the same significant associa-
tions between pollutants and semen parameters (Table S2), indicating
the representativeness of this study population.

3.3. Semen parameter-oriented seminal plasma metabolome

In the seminal plasma metabolome analysis, a total of 5232 and
3496 metabolic features were obtained under positive and negative ion
mode, respectively (Supporting Information). To identify the sperm
quality-related metabolic biomarkers, PLS-DA models were developed
by using various semen parameters as classifiers. Finally, PLS-DA
models were successfully established only for sperm concentration and
sperm count. As can be seen in Fig. 1, good separations of metabolic
profiles were observed between the 1st (highest) and 4th quartile
(lowest) groups in sperm concentration model for only positive mode
(Fig. 1A), and in sperm count model for both positive and negative
modes (Fig. 1B, C). These PLS-DA models were further validated by a
strict permutation test (999 random permutations), and no overfitting
of the data was observed (Fig. S2), indicating that the models were
robust. However, no satisfactory PLS-DA models can be generated for
semen volume, progressive motility, total motility or morphology (data
not shown), which suggested that the alterations of seminal plasma
metabolome in this population may not relate to these semen para-
meters.

Based on the screening criteria, 16 and 22 biomarkers were selected
from sperm concentration and count models, respectively. Ten of these
biomarkers were the same and showed similar change trends in both
models (Table 4). After adjustment for age, BMI, abstinence time,
smoking and alcohol drinking status, it was found that 10 biomarkers
were positively associated with sperm concentration and 6 were ne-
gatively associated, while 11 biomarkers were negatively related to
sperm count and another 11 were positively related. Moreover, most of
the biomarkers were monotonically changed (increase or decrease)
when the sperm concentration (or count) decreased (Fig. S3), showing
that these metabolic alterations were semen quality dependent. These
biomarkers indicated that the disturbed metabolic pathways, including
fatty acid biosynthesis and metabolism, lipid metabolism, amino acid
metabolism, oxidative phosphorylation and steroid hormone bio-
synthesis are involved in the changes of sperm concentration and count
(Table 4).

3.4. ROC analysis

ROC curve is extensively used to evaluate biomarker diagnostic
performance. The closer the AUC value approaches to 1, the better

diagnostic performance the biomarker provides. Our results showed
that eleven concentration-related biomarkers and fifteen sperm count-
related biomarkers had AUC values between 0.7 and 0.9 (Table 4),
indicating moderate to high discriminating abilities of the biomarkers
for sperm concentration and count levels. A multiple biomarker model
may provide a better discriminating capability than a single biomarker
model (Huang et al., 2018). It was shown that the combination of the
top five concentration-related biomarkers (with AUC=0.852) and the
combination of ten count-related biomarkers (with AUC=0.908)
turned out to be the best indicators for sperm concentration and count
level, respectively (Fig. 2). A confusion matrix can show the predictive
accuracy as the percentage of correctly classified samples in a given
class. For the concentration model, the predicative accuracies were
calculated as 80.8% and 86.4% for the lowest (1st quartile) and highest
(4th quartile) sperm concentration groups, respectively (Fig. 2A); for
the count model, the accuracies were 84.6% and 90.9% for the lowest
and highest sperm count groups, respectively (Fig. 2B).

3.5. Associations of metabolic biomarkers with arsenic, PAEs and PFCs

The associations of arsenic, PAEs and PFCs with seminal plasma
metabolic biomarkers were further investigated by using multiple linear
regression analysis adjusting by age, BMI, abstinence time, smoking and
alcohol drinking status (Table S3-S5), and the observed significant re-
sults were shown in Fig. S4. Among the sperm concentration-related
metabolites, a 1-unit increase of DMA was positively associated with a
40.64%, 50.98% and 77.00% increase in L-carnitine, pivaloylcarnitine
and docosahexaenoic acid (DHA), respectively (Table S3). In addition, a
22.39% and 69.05% increase in pivaloylcarnitine and glyceropho-
sphocholine (GPC) were associated with a 1-unit increase of PFHxS,
respectively (Table S5). However, no sperm count-related metabolites
were significantly related to MEHP (Table S4).

3.6. Metabolic biomarkers link pollutant exposure to semen quality

To study the impacts of pollutants on semen quality via metabolic
biomarkers, the concentrations of pollutants (i.e., risk factor of DMA
and preventive factors of MEHP and PFHxS) and metabolites, as well as
sperm concentration and count were dichotomized with a cut-off of the
median and then the participants were categorized into low and high
groups. Each observation with the binary outcome of low or high semen
quality in the pollutant-metabolite two-dimension space was coded in
three status, i.e., low risk, medium risk and high risk (Fig. 3A). Binary
logistic regression analysis showed that the combinational patterns of
DMA with 5 metabolites (1 risk biomarker and 4 preventive bio-
markers) and PFHxS with 7 metabolites (2 risk biomarkers and 5 pre-
ventive biomarkers) indicated an increased risk of low sperm con-
centration. For these pollutant-metabolite combinations, the AORs of
medium risk combinations significantly increased when compared to
their corresponding references but were lower than the utmost risk
combinations (Fig. 3B, C; Table S6), suggesting that DMA and PFHxS

Fig. 1. Scoring plots of the developed PLS-DA models with sperm concentration (A) and sperm count (B, C) as the classifiers. (A) positive mode, 1st quartile group,
4th quartile group; (B) positive mode, 1st quartile group, 4th quartile group; (C) negative mode, 1st quartile group, 4th quartile group.
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(but not MEHP) and metabolites performed their actions on sperm
concentration dependently.

The mediation effects of the metabolic biomarkers (Fig. 3) between
the pollutants (i.e., DMA and PFHxS) and semen quality were further
calculated by causal mediation analysis. As shown in Fig. 4, among the
7 metabolites, 25.1%, 17.0% and 18.7% of the positive association
between PFHxS and sperm concentration was mediated by piva-
loylcarnitine, eicosatetraenoate and tocotrienol, respectively. However,
no significant mediation effects of the 5 metabolites were found be-
tween DMA and sperm concentration (data not shown).

4. Discussion

Although the statistical associations have been widely studied, the
molecular linkages between general arsenic, PAE and PFC exposure and
human semen quality are still rarely elucidated. In the current study, by
conducting an untargeted metabolomics analysis of human seminal
plasma, we identified a set of metabolites related to sperm concentra-
tion and count. In addition, the observed mediation effects of metabolic
biomarkers on the associations between pollutants and semen quality

may enable us to partly understand the modes of action, via which
arsenic and PFC exposure affects sperm concentration in men.

4.1. General arsenic, PAE and PFC exposure associated with human semen
quality

A myriad of epidemiological studies have reported the associations
between various environmental pollutants and human semen quality
but have shown inconsistent findings. In our study, a negative asso-
ciation was found between DMA and sperm concentration, while MEHP
and PFHxS were positively associated with sperm count and con-
centration, respectively. In support of our findings, two previous studies
of Chinese men also found the associations between DMA/total arsenic
and reduced sperm concentration (Xu et al., 2012; Li et al., 2012).
However, other reports showed different results in which no significant
associations were found between arsenic exposure and semen quality
(Zeng et al., 2015; Oguri et al., 2016). The mechanisms underlying the
link between arsenic exposure and reduced semen quality has been
primarily derived from animal studies, and the diminished androgen
production caused by arsenic might be one of the reasons for semen

Fig. 2. ROC curves and probability views of the combined biomarker patterns for sperm concentration (A) and sperm count (B). ROC curves were generated by Monte
Carlo cross validation using balanced subsampling. The predicted class probabilities were calculated for each sample using the developed ROC models.
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quality reduction (Huang et al., 2016).
Extensive reports have also demonstrated inverse correlations be-

tween phthalate exposure and semen quality. Although it was revealed
that MBP and MEHHP were significantly associated with a lower total
sperm count (Wang et al., 2015a; Bloom et al., 2015), MEHP was more
frequently found to be negatively associated with sperm motility (Wang
et al., 2016; Cai et al., 2015; Jurewicz et al., 2013). Thus, our ob-
servation regarding the positive correlation between MEHP and sperm
count was not in line with most of these findings but was consistent
with a positive relationship between DEHP and sperm motility found by
Bloom et al. (2015). Similarly, in very few studies of the associations

between PFCs and semen quality, only PFOA was found to be inversely
related to sperm concentration (Vested et al., 2013), and no significant
associations of PFHxS with semen quality were reported hitherto.
However, our result may be supported by Toft et al. (2012) who found
that PFOA was associated with higher sperm motility in an arctic po-
pulation.

One plausible explanation for the observed positive associations
between MEHP and PFHxS concentrations and semen quality may lie in
different pollutant exposure levels and sample sizes between various
studied populations. The preventive effects of pollutants on semen
quality may be ascribed to low-level exposure, while the effects could

Fig. 3. Pollutant-metabolite interactions on low-sperm-concentration risk. (A) pollutant-metabolite combination patterns. Factors of pollutants and metabolites are
categorized into the high level (Hi) and low level (Lo) subsets by their concentration medians. The risk factor assigned with Hi or Lo indicated a higher risk or lower
risk, while the preventive factor assigned with Hi or Lo indicated a lower risk or higher risk, respectively. Each observation with the binary outcome of low or high
sperm concentration in the pollutant-metabolite two-dimension space was coded into three status, i.e., low risk, medium risk and high risk. The adjusted odds ratio
(AOR) was used to express the relative risk of low-sperm-concentration. The AOR was analyzed by using a binary logistic regression model adjusting for age, BMI,
abstinence time, smoking and alcohol drinking status. The low risk was defined as AOR=1. (B) pollutant-risk metabolite patterns; (C) pollutant-preventive me-
tabolite patterns.

Fig. 4. Mediation effects of metabolic biomarkers (pivaloylcarnitine, eicosatetraenoate and tocotrienol) on the associations between PFHxS exposure and sperm
concentration. Mediation effect (indirect effect) with p < 0.05 was considered as statistically significant.
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be reversed when higher-level doses are applied due to hormesis
(Calabrese, 2008). Actually, the median urinary concentrations of
MEHP in our participants (0.5 μg/L, unadjusted by creatinine) were
much lower than those of previous studies (ranged from 6.1 to 10.1 μg/
L), where the inverse associations were observed (Duty et al., 2004;
Jurewicz et al., 2013; Wirth et al., 2008). This can be supported by our
previous findings that low-level phthalate exposure elevated androgen
levels in a male population (Tian et al., 2018) and that DEHP meta-
bolites were positively associated with preventive metabolic markers of
male fertility, which may contribute to a decreased risk of male in-
fertility (Liu et al., 2017). Moreover, our recent study also found that
low-dose PFOA stimulated reproductive hormone production while a
higher dose reduced hormone levels in Leydig cells (Tian et al., 2019),
which may provide evidence in support of a positive association be-
tween PFHxS and semen quality.

4.2. Predictabilities of seminal plasma metabolites for semen quality

In the present study, 16 and 22 metabolites in human seminal
plasma were identified to be related to sperm concentration and count,
respectively (Table 4). ROC curve analysis is widely accepted as the
most objective and statistically valid method in defining the clinical
utility of a biomarker. A biomarker with AUC>0.7 is usually accep-
table for most clinical applications (Zhang et al., 2014a, 2014b). Here,
eleven of the sixteen sperm concentration-related biomarkers had AUC
values> 0.7, indicating their moderate to high diagnostic power for
sperm concentration. The combination of five biomarkers
(AUC=0.852) showed a great capability in the evaluation of sperm
concentration. In addition, there were fifteen sperm count-related bio-
markers with AUC>0.7, and the combination of the top ten metabo-
lites gave an AUC of 0.908, which also suggested the great power of
these metabolites in sperm count assessment. Taken together, a series of
metabolic biomarkers identified in this study are proposed to have great
potentials in evaluating human semen quality (sperm concentration and
count).

4.3. Metabolic biomarkers link DMA and PFHxS to sperm concentration

In this study, the identified sperm concentration and count-related
metabolites were mainly associated with lipid metabolism, fatty acid
biosynthesis and metabolism as well as amino acid metabolism, and
they were found to be closely involved in a metabolic pathway network
(Fig. S5). In view of the significant associations found between DMA
and sperm concentration, between MEHP and sperm count, and be-
tween PFHxS and sperm concentration, we further investigated the
potential roles of metabolic biomarkers in these associations. However,
only the mediation effects of biomarkers between DMA, PFHxS and
sperm concentration were observed (Figs. 3 and 4), and most of these
biomarkers were involved in fatty acid metabolism. We found that the
reduced L-carnitine, pivaloylcarnitine, hydroxyhexanoycarnitine and
DHA, as well as the elevated eicosatetraenoate, were associated with an
increased risk of low-sperm-concentration for DMA exposure. Con-
versely, the higher levels of carnitines, DHA and tocotrienol, together
with the decreased eicosatetraenoate and prostaglandin B2 (PGB2),
would contribute to the positive effect of PFHxS on sperm concentra-
tion. The casual mediation analysis further confirmed that piva-
loylcarnitine, eicosatetraenoate and tocotrienol mediate the association
between PFHxS and sperm concentration.

Carnitine is an essential factor for fatty acid metabolism by trans-
porting long-chain acyl-CoA into mitochondria. Infertile patients were
reported to have lower levels of carnitine in seminal plasma and urine,
and a positive correlation between carnitine levels and sperm con-
centration has been found (Agarwal and Said, 2004; Ruiz-Pesini et al.,
2000; Shen et al., 2013). Sperm cells have high levels of omega-3 and -6
polyunsaturated fatty acids (PUFAs) crucial for sperm membrane sta-
bility, which confer sperm motility and fertilizing capacity (Amaral

et al., 2016). Prostaglandins are a subclass of the lipid mediator group
known as eicosanoids derived from C-20 PUFAs like arachidonic acid
(AA), and eicosatetraenoate is a long-chain fatty acid related to AA
metabolism. Docosahexaenoic acid (DHA) is also a major PUFA in
sperm phospholipids. It was reported that prostaglandins are present in
semen with high concentrations and that prostaglandin E2 (PGE2) af-
fects sperm motility (Colon et al., 1986). In addition, DHA supple-
mentation fully restores the sperm count and spermatogenesis in male
delta-6 desaturase-null mice, while insufficient DHA causes astheno-
zoospermia with hypomotility and infertility (Roqueta-Rivera et al.,
2010; Lenzi et al., 2000). It was shown that increased PUFAs and their
metabolites promote sperm fertility (Murase et al., 2016). A recent
study also reported that human semen quality is related to PUFA and
acylcarnitine metabolism in seminal plasma (Wang et al., 2019). Here,
the elevation of PGB2, PGE2 and eicosatetraenoate, as well as the de-
pletion of L-carnitine, pivaloylcarnitine, hydroxyhexanoycarnitine, iso-
butyrylcarnitine and DHA indicate the disruption of fatty acid meta-
bolism in seminal plasma, which may reduce human semen quality.

Tocotrienols are members of the vitamin E family. As an anti-
oxidant, vitamin E has a preeminent role in protecting sperm mem-
branes against reactive oxygen species (ROS) and lipid peroxidation,
which is important for spermatogenesis and sperm maturation (Amaral
et al., 2016). It has been demonstrated that vitamin E supplementation
improves semen quality, including sperm count (Yue et al., 2010;
Suleiman et al., 1996). In addition, carnitine is highly concentrated in
the epididymis, and has important roles in sperm maturation and
maintenance of sperm quality due to its antioxidant properties.
Therefore, the decreased tocotrienol and carnitine imply that oxidative
stress occurred in men with a lower sperm concentration.

Our previous studies have pointed out that arsenic exposure alters
the levels of carnitines in rat serum and testis (Wang et al., 2015b;
Huang et al., 2016). It was also found that carnitines are regulated by
PFOA and that AA is negatively associated with PFC exposure in hu-
mans (Peng et al., 2013; Wang et al., 2017b). Moreover, there were
reports suggesting that arsenic and PFOA exposure disrupted fatty acid
metabolism (Jia et al., 2019; Shao et al., 2018). Carnitine and toco-
trienol are antioxidants, and carnitine, acyl-carnitines, PGB2, eicosa-
tetraenoate and DHA are all involved in fatty acid β-oxidation (pro-
viding a large amount of energy for human body). Since most of these
metabolites were decreased in the subjects with lower semen quality,
we propose that DMA exposure may reduce sperm concentration via
lowering the participants' antioxidative capacity and decreasing sperm
energy generation. Consistently, it has been found that urinary meta-
bolic biomarkers (e.g., carnitines) link arsenic-induced oxidative stress
to male infertility (Shen et al., 2013). Nevertheless, through enhancing
sperm antioxidative capacity and energy production, low-level PFHxS
exposure could contribute to the promotion of sperm concentration.

4.4. Limitations

To our best knowledge, this work is the first data-driven epide-
miological study to investigate the potential roles of seminal plasma
metabolites in mediating the associations between multiple pollutants
exposure (i.e., arsenic, PAEs and PFCs) and human semen quality.
However, our study still has some limitations. Firstly, the participants
may contain some subfertile men, thus limiting the possible general-
ization of our results to broader populations. In addition, although we
have observed some significant associations, the sample size is rela-
tively small, which could weaken the statistical correlations. To avoid
decreasing the sample size and lowering the statistical power, we used
different sample sizes to explore the associations of pollutant exposures
with semen quality, the associations of pollutant exposures with
seminal plasma metabolites, and the mediation effects of metabolites,
respectively. Finally, the urine, blood and seminal plasma samples were
only collected once for pollutant measurements and metabolomics,
which could lead to exposure misclassification and biased estimation
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for certain associations (Wang et al., 2018). Therefore, our findings
should be verified in larger and diverse populations with more than one
time point of sample collection.

In conclusion, we found that a higher level of DMA was associated
with a decreased human sperm concentration, whereas MEHP and
PFHxS exposure was positively correlated with sperm count and con-
centration, respectively. Through metabolomics analysis of seminal
plasma, a series of metabolites related to sperm concentration and
count were identified. We further revealed that several seminal plasma
metabolites mediate the negative association between DMA and sperm
concentration, and the positive association between PFHxS and sperm
concentration, which suggests that general DMA and PFHxS exposure
may affect human semen quality by shifting oxidation status and energy
supply in seminal plasma. Our study could shed new light on the po-
tential mechanisms linking environmental pollutant exposure to health
outcomes based on the general framework of molecular epidemiology
(Schulte et al., 2011).
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