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g r a p h i c a l a b s t r a c t
� The mediating role of oxidative stress
in association between DBP exposure
and semen quality was firstly
examined.

� Urinary TCAA was positively associ-
ated with urinary 8-OHdG and 8-
isoPGF2a.

� Urinary 8-isoPGF2a was negatively
associated with sperm concentration.

� Urinary 8-OHdG was negatively
associated with sperm motility.

� Urinary 8-isoPGF2a mediated the ef-
fect of urinary TCAA on decreased
sperm concentration.
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Toxicological and epidemiologic evidence has suggested that exposure to disinfection by-products (DBPs)
impairs semen quality, while the underlying biological mechanisms remain unclear. This study aimed to
examine the mediating role of oxidative stress in association between DBP exposure and semen quality.
We measured a urinary biomarker of DBP exposure [trichloroacetic acid (TCAA)] and three urinary
biomarkers of oxidative stress [8-hydroxy-2-deoxyguanosine (8-OHdG), 8-iso-prostaglandin F2a (8-
isoPGF2a) and 4-hydroxy-2-nonenal-mercapturic acid (HNE-MA)] among men from an infertility clinic
(n ¼ 299). The associations of oxidative stress biomarkers with urinary TCAA and semen quality were
evaluated using multivariable linear regression models, and the mediating role of oxidative stress bio-
markers was assessed by a mediation analysis. Urinary TCAA was positively associated with urinary 8-
OHdG and 8-isoPGF2a in a dose-response manner (both P for trend < 0.001). Significantly inverse
dose-response associations were observed between urinary 8-isoPGF2a and sperm concentration and
al and Environmental Health, School of Public Health, Tongji Medical College, Huazhong University of Science and

ang506@hust.edu.cn (Q. Zeng).

mailto:zengqiang506@163.com
mailto:zengqiang506@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2020.128856&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2020.128856
https://doi.org/10.1016/j.chemosphere.2020.128856


M. Zhang, C. Liu, F.-P. Cui et al. Chemosphere 268 (2021) 128856
Semen quality
Mediation
between urinary 8-OHdG and sperm motility (both P for trend < 0.05). The mediation analysis indicated
a significant indirect effect of urinary 8-isoPGF2a in the association between urinary TCAA and decreased
sperm concentration (P ¼ 0.01). Our results suggest that lipid peroxidation may be an intermediate
mechanism by which DBP exposure impairs semen quality.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Chlorinated disinfection is widely used to reduce the incidence
of waterborne diseases via killing the pathogenic microorganisms
in raw water. However, disinfection by-products (DBPs) are inevi-
tably produced from the reaction between chlorine and naturally
organic and inorganic matter in raw water (Krasner et al., 2006;
Weinberg et al., 2006). Among the identified > 700 DBPs, tri-
halomethanes (THMs) and haloacetic acids (HAAs) are the most
prevalent and dominant in chlorinated drinking water. Human
exposure to DBPs occurs during various routine water-use activities
by ingestion, inhalation and dermal absorption (Nieuwenhuijsen
et al., 2009). The presence of DBPs in drinking water have raised
a public health concern because of their constant human exposure
and adverse health effects such as increased risk of cancers
(Evlampidou et al., 2020), adverse pregnancy outcomes (Wright
et al., 2017) and impaired male reproductive health (Grellier
et al., 2015; Villanueva et al., 2015).

Toxicological studies in rodent species have revealed that
exposure to DBPs can induce histopathologic abnormalities in testis
and epididymis, reduce serum testosterone levels and impair
spermatogenesis, as well as decrease semen quality parameters
including sperm count, motility and morphology (Kaydos et al.,
2004; Klinefelter et al., 2002, 2004; Linder et al., 1997; Narotsky
et al., 2015; Veeramachaneni et al., 2007), suggesting that testis
and epididymis are the potential targets for DBP insult (Ahmed
et al., 1991). Furthermore, increasing epidemiological evidence
has suggested inverse associations of DBP exposure with sperm
concentration, count, motility and morphology (Chen et al., 2020;
Fenster et al., 2003; Xie et al., 2011; Zeng et al., 2014a). However,
some studies have also reported null associations between DBP
exposure and semen quality (Iszatt et al., 2013; Luben et al., 2007).
The inconsistency may result from differential characteristics of
study populations and varied methods of evaluating DBP exposure.
Recently, we conducted a large cross-sectional study using urinary
trichloroacetic acid (TCAA), a valid biomarker of exposure to chlo-
rinated drinking water DBPs through ingestion (Froese et al., 2002;
Smith et al., 2013), to improve exposure assessment, and found
elevated urinary TCAA concentrations were associated with
decreased sperm concentration, count and motility (Zeng et al.,
2014b). However, the underlying mechanisms remain poorly
characterized.

Oxidative stress has been proposed to be involved in male
reproductive damage (Bisht et al., 2017; Tremellen, 2008). Specif-
ically, spermatozoa are vulnerable to damage caused by oxygen free
radicals due to their limited antioxidant capacity and lacking DNA
repair mechanisms (Tremellen, 2008). Moreover, oxidative stress
can impair semen quality by disrupting the production of proteins
and lipids in the sperm plasma membrane and damaging the
integrity of spermDNA (Aitken et al., 2014;Wong and Cheng, 2011).
Exposure to DBPs may cause detrimental effects on semen quality
by a mechanism involving in induced oxidative stress
(Nieuwenhuijsen et al., 2009; Zeng et al., 2013). Both in vivo
(Abbassi et al., 2010; Gong et al., 2019; Hassoun et al., 2014; Wang
et al., 2014a) and in vitro (Hassoun and Ray, 2003; Stalter et al.,
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2016; Xie et al., 2010) studies have reported that exposure to
DBPs can lead to oxidative stress. Limited epidemiological studies
have also found positive associations between exposure to DBPs
and oxidative stress biomarkers (Liu et al., 2020; Morissette et al.,
2016; Varraso et al., 2002). Nevertheless, no study has explored
the potential mediation effect of oxidative stress in the association
between DBP exposure and semen quality.

In this study, we measured urinary 8-hydroxy-2-
deoxyguanosine (8-OHdG), 8-iso-prostaglandin F2a (8-isoPGF2a)
and 4-hydroxy-2-nonenal-mercapturic acid (HNE-MA) as bio-
markers of oxidative stress among men from an infertility clinic.
We examined the mediating role of oxidative stress in the associ-
ation between DBP exposure as reflected by urinary TCAA and
semen quality.
2. Materials and methods

2.1. Study population

Our participants were recruited from Reproductive Center of
Tongji Hospital in Wuhan, China between March and May 2012,
which has been illustrated in our previous study (Zeng et al.,
2014b). After informing the purpose of our study, all volunteers
signed written consent and completed a questionnaire to provide
detailed information including demographic characteristics, occu-
pational exposure, medical history, lifestyle factors and routine
water-use habits. A total of 1262 men were recruited and provided
a spot urine and semen sample on the day of their clinic visit. After
excluding subjects with occupational exposure to synthetic mate-
rials that can be metabolized into TCAA (e.g., trichloroethylene,
1,1,1-trichloroethane and perchloroethylene) and self-reported
diseases that may affect semen quality (e.g., azoospermia, vasec-
tomy, varicocele, orchiditis, epididymitis), 1189 men were finally
retained. Of them, 299 men had the sufficient urine samples for the
analyses of oxidative stress biomarkers and thus were ultimately
included in the current analysis. The research was approved by the
Ethics Committee of Tongji Medical College.
2.2. Measurement of urinary TCAA

Each participant provided a urine sample in a sterile poly-
ethylene cup during their clinic visit during 08:30 and 11:30 a.m.
The urine specimens were transported with an ice pack and stored
at �40 �C until laboratory analysis. Concentrations of urinary TCAA
were measured on the basis of the method has been developed
previously (Xie et al., 2011). In brief, a 10 mL of urine sample was
pre-treated by liquid-liquid extraction with methyl-tert-butyl-
ether and the TCAA underwent esterification reaction with acidic
methanol. The target analyte was quantified by gas chromatog-
raphy (GC) coupled with an electron capture detector. The limit of
detection (LOD) for urinary TCAA was 2.00 mg/L. Concentrations of
urinary creatinine were measured by picric acid assay with com-
mercial test kits.
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2.3. Measurements of oxidative stress biomarkers

Themethod used tomeasure urinary concentrations of 8-OHdG,
HNE-MA and 8-isoPGF2a has been described in detail previously
(Wang et al., 2019b). Briefly, a 100 mL of urine sample was diluted
with 2.4 mL of deionized water. After the addition of 50 mL of in-
ternal standards, the samples underwent solid-phase extraction
(SPE). The collected eluent was evaporated to dryness and re-
dissolved with 200 mL of 5% methanol/water. The target com-
pounds were analyzed by an Agilent 6460 triple quadrupole mass
spectrometer. Each batch including two quality controls and one
blank sample was also analyzed to monitor the performance of the
analytical method. The recoveries for the target compoundswere in
the range of 87%e102%. The average intra- and inter-day variation
were 6.9% and 8.4%, respectively. The concentrations of target
compounds in the blank sample were below their LOQs. The limits
of qualification (LOQs) were 0.08 ng/mL for 8-OHdG, 0.06 ng/mL for
8-isoPGF2a and 0.03 ng/mL for HNE-MA.

2.4. Semen collection and analysis

Semen collection and analysis has been described previously
(Zeng et al., 2014b). In short, the semen sample of participant was
collected in a specialized semen collection room by masturbating
into a sterile plastic specimen cup. Semen volume was determined
by a serologic pipette after the liquefaction of semen sample. Sperm
concentration (million/mL), motility (% a þ b motile sperm) and
motion parameters were assessed using a microcell slide and
computer-aided semen analysis. Furthermore, we calculated sperm
count (semen volume � sperm concentration). Percent of sperm
normal morphology and percent of sperm abnormal heads were
evaluated using an optical microscope on fixed and stained smears.
Three sperm motion parameters including straight-line velocity
(VSL), curvilinear velocity (VCL) and linearity (LIN ¼ VSL/
VCL � 100) were also reported.

2.5. Statistical analysis

Descriptive statistics were conducted on participants’ charac-
teristics and distribution of urinary TCAA, oxidative stress bio-
markers and semen quality parameters. Concentrations under the
LOD or LOQ were assigned using the LOD or LOQ/√2 in the ana-
lyses. Creatinine-adjusted concentrations (mg/g) of urinary TCAA
and oxidative stress biomarkers were calculated by dividing the
crude target compound concentrations (mg/L) by creatinine con-
centrations (g/L) to correct urine dilution. Ln-transformed values
were used in the analyses to normalize the skewed distribution of
urinary TCAA, oxidative stress biomarkers, sperm concentration,
sperm count, semen morphology parameters and sperm LIN. We
conducted Chi-square test to compare the differences of categorical
characteristics between the study population and the total
population.

Multivariate linear regression models were used to evaluate the
associations between urinary TCAA with oxidative stress bio-
markers and between oxidative stress biomarkers and semen
quality parameters. The regression coefficients and 95% confidence
intervals were back-transformed {100 � [exp(b) - 1]} to obtain
percent changes. Urinary TCAA and oxidative stress biomarkers
were categorized into tertiles based on their distribution. Tests for
trendwere performed by converting the tertile of urinary TCAA and
oxidative stress biomarkers into integer values (1e3).

We conducted a mediation analysis to assess the role of oxida-
tive stress biomarkers in the association between TCAA exposure
and semen quality using mediation package in R software. To get a
stable result, we fitted mediation model with 1000 simulations
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according to normal approximation using the quasi-Bayesian
Monte Carlo approach. The total effect of TCAA exposure on
semen quality was composed of the average causal mediation ef-
fects (ACME) and the average direct effects (ADE). The ACME de-
scribes the indirect effect of TCAA exposure on semen quality
through the mediator (e.g., oxidative stress biomarkers). The ADE
describes the effect of TCAA exposure on semen quality that is not
mediated by a mediator. The proportion of mediation by oxidative
stress biomarkers was calculated using ACME divided by the total
effect (Valeri and Vanderweele, 2013).

The approach of change-in-estimate (�10% change for the
regression coefficient) (Greenland, 1989) and biological consider-
ation were used to identify potential confounders. The following
covariates were included in the final multivariate models: age
(continuous), body mass index (BMI, continuous), education
(�high school vs. < high school), abstinence time (<3 days, 3e5
days or >5 days), income (<2,000, 2000e6000 or >6,000yuan/
month), smoking status (current and former vs. never-smoker) and
alcohol use (yes vs. no). The mediation model adjusted for the same
covariates to the regression models.

We conducted all the data analyses with IBM SPSS Statistics
(version 22.0, IBM Corp., Armonk, NY, USA) and R software (version
3.1.2, R Foundation for Statistical Computing, Austria). Results were
considered as statistically significant as a p-value below 0.05.

3. Results

3.1. Characteristics of study population

Our final study population consisted of 299 men and their
characteristics were summarized in Table 1. The mean (±SD) age
and BMI of subjects were 32.1 (±5.4) years and 23.7 (±4.0) kg/m2,
respectively. Among the study population, 97.0% were Han
ethnicity, 42.6% had never smoked, 60.4% had educational back-
ground as above high school and only 27.8% had ever drunk. Nearly
half of the man reported their abstinence time more than 5 days
(48.8%) and income less than 2000 yuan/month (50.7%). No sig-
nificant differences in categorical characteristics were found be-
tween the study population and the total population except for
abstinence time, income and use of boiled water.

3.2. Distribution of urinary TCAA, oxidative stress biomarkers and
semen parameters

The distribution of urinary TCAA, urinary biomarkers of oxida-
tive stress and semen parameters among the study population is
presented in Table 2. The detection rates for the all measured bio-
markers (TCAA, 8-OHdG, HNE-MA and 8-isoPGF2a) in urine sam-
ples were > 98%. The median of urinary TCAA concentrations was
4.86 mg/g. For the three urinary biomarkers of oxidative stress, the
HNE-MA in urine samples was the dominant, followed by 8-
isoPGF2a and 8-OHdG, with the median concentration values of
74.27 mg/g, 5.83 mg/g and 4.68 mg/g, respectively. The median values
of sperm concentration, motility and count were 50.28 million/mL,
43.64% and 154.05 million, respectively.

3.3. Associations between urinary TCAA and oxidative stress
biomarkers

Fig.1 reveals the associations between urinary TCAA and urinary
biomarkers of oxidative stress. The results from adjusted models
were similar to those from crude models. In the adjusted models,
urinary TCAA as a continuous exposure was positively associated
with urinary 8-OHdG and 8-isoPGF2a (both P < 0.001) but not with
HNE-MA (P ¼ 0.25). For the exposure biomarker modeled as



Table 1
Characteristics of the study population comparing to the total population.

Characteristic Study populationa (n ¼ 299) Total populationb (n ¼ 1189) P valuec

Ethnicity
Han 290 (97.0) 1159 (97.6) 0.52
Other 9 (3.0) 28 (2.4)

Age (years)
�30 123 (42.0) 504 (43.4) 0.67
>30 170 (58.0) 658 (56.6)

Body mass index (kg/m2)
<18.5 12 (4.0) 47 (4.0) 0.81
18.5e25 201 (67.2) 775 (65.3)
>25 86 (28.8) 364 (30.7)

Abstinence time (days)
<3 26 (8.7) 112 (9.4) <0.0001
3e5 127 (42.5) 720 (60.6)
>5 146 (48.8) 357 (30.0)

Smoking status
Never-smoker 127 (42.6) 458 (38.7) 0.37
Former smoker 55 (18.5) 214 (18.1)
Current smoker 116 (38.9) 512 (43.2)

Alcohol use
Yes 83 (27.8) 275 (23.2) 0.10
No 216 (72.2) 908 (76.8)

Education
< High school 118 (39.6) 480 (40.6) 0.75
� High school 180 (60.4) 702 (59.4)

Income (RMB yuan/month)
<2000 151 (50.7) 325 (27.5) <0.0001
2000e6000 108 (36.2) 690 (58.4)
�6000 39 (13.1) 166 (14.1)

Use of boiled water
Yes 284 (96.3) 973 (83.4) <0.0001
No 11 (3.7) 193 (16.5)

Total tap-water consumption (mL/day)
<1000 208 (70.0) 809 (68.2) 0.55
�1000 89 (30.0) 377 (31.8)

Showering/bathing time (min/week)
<70 175 (58.7) 684 (58.2) 0.86
�70 123 (41.3) 492 (41.8)

Swimming in chlorinated pool
Yes 293 (98.3) 1167 (98.3) 0.99
No 5 (1.7) 20 (1.7)

a In study population, 6 missing age, 4 missing use of boiled water, 2 missing total tap-water consumption, 1 missing smoking status, alcohol use, education, income,
showering/bathing time and swimming in chlorinated pool.

b In total population, 2missing ethnicity, 27missing age, 3missing bodymass index, 5missing smoking status, 6missing alcohol use, 7missing education, 8missing income,
23 missing use of boiled water, 3 missing total tap-water consumption, 13 missing showering/bathing time and 2 missing swimming in chlorinated pool.

c For categorical variables, a Chi-square test was used to compare the differences of characteristics across tertiles of urinary TCAA concentrations.

Table 2
Distribution of urinary TCAA, urinary biomarkers of oxidative stress and semen parameters among study participants (n ¼ 299).

Measures Arithmetic mean ± SD Geometric mean Median Percentile Range

10th 25th 75th 90th

DBP exposure
TCAA (mg/g) 6.25 ± 4.39 5.30 4.86 2.74 3.99 7.19 10.85 0.93e42.33

Oxidative stress
8-OHdG (mg/g) 5.23 ± 3.33 4.29 4.68 2.11 2.97 6.60 8.58 0.02e23.90
HNE-MA (mg/g) 147.50 ± 209.73 67.71 74.27 17.32 31.81 185.06 352.21 0.01e1547.77
8-isoPGF2a (mg/g) 8.21 ± 9.88 5.65 5.83 1.98 3.72 10.01 14.64 0.02e124.16

Semen quality
Sperm concentration (million/mL) 65.39 ± 50.19 49.17 50.28 16.86 28.36 88.13 134.70 5.93e134.70
Sperm motility (% motile) 44.02 ± 17.51 39.75 43.64 21.88 33.06 56.56 68.30 0.00e83.41
Sperm count (millions) 198.98 ± 182.10 138.57 154.05 43.06 77.09 248.29 390.58 6.64e1196.78

Semen morphology
Normal morphology (%) 23.88 ± 7.26 22.62 24.00 15.00 21.00 27.00 31.50 0.00e51.00
Abnormal head (%) 60.79 ± 8.80 60.45 60.00 52.00 58.00 65.50 71.50 0.00e91.00

Sperm motion
VSL (mm/sec) 26.66 ± 5.56 26.32 26.65 20.02 23.48 30.09 33.32 0.00e44.10
VCL (mm/sec) 42.55 ± 9.63 41.85 42.32 32.14 36.39 48.83 55.05 0.00e66.99
LIN (%) 63.24 ± 8.57 63.31 63.03 55.02 58.83 67.69 73.21 0.00e89.31
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tertiles, significantly positive dose-response associations of urinary
4

TCAA with urinary 8-OHdG, HNE-MA and 8-isoPGF2a were



Fig. 1. Associations between urinary TCAA concentrations and urinary biomarkers of oxidative stress.a Ln-transformed values. Percent changes were transformed by the natural
logarithm and back-transformed. Adjusted model was adjusted for age, BMI, education, abstinence time, income, smoking status and alcohol use.

M. Zhang, C. Liu, F.-P. Cui et al. Chemosphere 268 (2021) 128856
observed (all Ptrend < 0.05). Men in the highest tertiles of urinary
TCAA had increases of 69.89% (95% CI: 40.49%, 107.50%), 46.23%
(95% CI: 3.63%, 122.55%) and 78.60% (95% CI: 39.10%, 129.33%) in
urinary 8-OHdG, HNE-MA and 8-isoPGF2a compared those in the
lowest tertiles, respectively.
3.4. Associations between oxidative stress biomarkers and semen
parameters

Fig. 2 presents the adjusted associations between urinary bio-
markers of oxidative stress and semen quality parameters, which
were similar to crude results (Table S1). After adjusting for various
confounders, urinary 8-isoPGF2a as a continuous variable was
negatively associated with sperm concentration and sperm count
(both P < 0.05). For the oxidative stress biomarkers modeled as
tertiles, we found significant dose-dependent relationships be-
tween urinary 8-OHdG and decreasing sperm motility
(Ptrend ¼ 0.046) and between urinary 8-isoPGF2a and decreasing
sperm concentration (Ptrend ¼ 0.049). Compared with men in the
lowest tertiles of urinary 8-OHdG and 8-isoPGF2a, those in the
highest tertiles had decreases of 4.99 (95% CI: 9.90,�0.09) in sperm
motility and 19.75% (95% CI: 36.24%, 0.05%) in sperm concentration,
respectively. We did not find any significant associations of urinary
biomarkers of oxidative stress with semen morphology parameters
and sperm motion parameters (Table S2 to Table S5).
3.5. Mediating effects

Given that a mediator is associated with both the exposure and
the outcome (Valeri and Vanderweele, 2013), we conducted a
mediation analysis to investigate whether urinary 8-OHdG and 8-
isoPGF2a mediated the associations between urinary TCAA and
semen quality (Fig. 3). The analysis indicated a significantly indirect
effect of the association between urinary TCAA and sperm con-
centration by urinary 8-isoPGF2a (b ¼ �0.039, 95%CI: 0.087, �0.01)
and the proportion of mediation was 87.3%. We did not find
significantly indirect effects of urinary TCAA on sperm motility
through urinary 8-OHdG (b ¼ �0.19, 95%CI: 1.54, 0.94).
5

4. Discussion

In our previous study among men from an infertility clinic,
exposure to drinking water DBPs as reflected by urinary TCAA was
related with declined semen quality (Zeng et al., 2014b). In this
study, we further investigated the mediation effect of oxidative
stress to uncover the potential mechanisms underlying the asso-
ciations. The findings showed that urinary TCAA was positively
associated with 8-OHdG and 8-isoPGF2a, which in turn, were
inversely associated with sperm motility and sperm concentration,
respectively. In the analysis of mediation effects, we observed a
significant mediating effect of 8-isoPGF2a in the association be-
tween urinary TCAA and reduced sperm concentration.

Experimental studies have well demonstrated the ability of high
levels of DBPs to induce oxidative stress through acceleration of
free radical production (Hassoun et al., 2014) or inhibition of
glutathione S-transferase zeta (GSTZ) and superoxide dismutase
(SOD) activities (Cornett et al., 1999; Schultz et al., 2002). In this
study, we found that DBP exposure was associated with increased
8-OHdG and 8-isoPGF2a, which represents oxidative DNA damage
and lipid peroxidation, respectively (Il"Yasova et al., 2012). Our
results were consistent with previous those experimental studies.
To date, only limited population-based studies have estimated the
association between DBP exposure and oxidative stress (Liu et al.,
2020; Morissette et al., 2016; Varraso et al., 2002). In agreement
with our results, Liu et al. found positive dose-response relation-
ships between tertiles of urinary TCAA and oxidative stress bio-
markers (e.g., 8-OHdG, HNE-MA and 8-isoPGF2a) among pregnant
women (Liu et al., 2020). Morissette et al. also showed that
competitive swimmers who had never asthma had higher level of
8-isoprostane in exhaled breath condensate after a swimming
session in an indoor chlorinated pool (Morissette et al., 2016).
However, no significant increases in oxidative stress parameters
such as plasma MDA were observed in healthy swimmers after
40 min swimming in chlorinated pool (Font-Ribera et al., 2010;
Llana-Belloch et al., 2016). More human studies are warranted to
examine the effect of DBP exposure and oxidative stress.

Oxidative stress is a major cause of defective sperm function,
which has observed in approximately half of all infertile men
(Agarwal et al., 2018; Deng et al., 2017; Tremellen, 2008).



Fig. 2. Associations between urinary biomarkers of oxidative stress and semen quality parameters. a Ln-transformed values.b The values were transformed by the natural logarithm
and back-transformed to obtain percent change. Adjusted model was adjusted for age, BMI, education, abstinence time, income, smoking status and alcohol use.
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Accumulating evidence has reported significant results of higher
reactive oxygen species (ROS) (Agarwal et al., 2014; Chen et al.,
2012) and MDA levels (Benedetti et al., 2012; Hosen et al., 2015;
Taken et al., 2016), lower SOD (Dorostghoal et al., 2017; Murawski
et al., 2007) and glutathione peroxidase (GPx) activities
(Dorostghoal et al., 2017; Giannattasio et al., 2002) in the seminal
plasma of infertile men compared to those of proven fertile men.
Specially, Agarwal et al. found that ROS levels in the seminal ejac-
ulates were negatively correlated with sperm concentration,
motility andmorphology (Agarwal et al., 2014); Kao et al. revealed a
negative correlation between sperm progressive motility and 8-
OHdG in spermatozoa (Kao et al., 2008). In our data, lower sperm
motility was associated with higher urinary 8-OHdG levels, which
was consistent with the majority of previous studies. However, by
contrast with several studies (Cambi et al., 2013; He et al., 2019; Liu
et al., 2019), we did not find significant associations between uri-
nary 8-OHdG and sperm concentration, count and percent of
normal morphology. One possible explanation was that oxidative
stress biomarkers in our study were detected in urine rather than
spermatozoa or seminal plasma. Posteriorly, varied sample sizes
and study populations may also contribute to this discrepancy.

In agreement with prior studies (He et al., 2019; Liu et al., 2019),
our results also showed that 8-isoPGF2a was inversely correlated
with sperm concentration and sperm count, indicating the adverse
effect of lipid peroxidation on semen quality. Further, Tartibian and
his colleagues observed a significantly positive correlation between
seminal 8-isoprostane with sperm DNA fragmentation (Tartibian
and Maleki, 2012). Interestingly, Bejarano et al. found that long-
term supplementation with melatonin to infertile men improved
sperm quality through reducing oxidative damage to sperm DNA
among 30 men suffered from primary infertility (Bejarano et al.,
2014). These findings bring up a hint that some interventions can
6

substantially improve the probability of infertile couples conceiving
naturally by regulate oxidative stress beyond assisted reproduction
technology (Alizadeh et al., 2018; Bisht et al., 2017).

In the further mediation analysis, we found that the association
between urinary TCAA and reduced sperm concentration was
mediated by urinary 8-isoPGF2a, though no significant direct effect
was observed between urinary TCAA and decreased sperm con-
centration. Actually, earlier study has suggested that the significant
direct effect of exposure on outcome is not necessary for the
mediation analysis (Valeri and Vanderweele, 2013). Nevertheless,
an inverse association between urinary TCAA and sperm concen-
trationwas observed in our previous study with a large sample size
(Zeng et al., 2014b). Taken together, these results suggest that
exposure to DBPs may exert its damage to semen quality though
induced lipid peroxidation. However, our results did not reveal
significant evidence of mediation effect through 8-OHdG in the
associations between urinary TCAA and reduced sperm motility.
Given the limited sample size in this study, further studies with
more statistical power are warranted to explore the mediation ef-
fect of oxidative DNA damage. In addition, inflammation alteration
as an underlying mechanism involved in the effects of DBPs-
induced oxidative stress and semen quality should be further
explored (Prochazka et al., 2019).

We compared the urinary TCAA concentrations measured in our
participants to those reported in other populations. The median
urinary TCAA concentrations in our study (4.86 mg/g) were rela-
tively higher than adults from the United States (3.20 and 2.50 mg/g)
(Calafat et al., 2003; Parvez et al., 2019) and Shijiazhuang, China
(4.29 mg/g) (Zhang et al., 2019), but were lower than pregnant
women fromWuhan, China (9.50 mg/g) (Zhou et al., 2012), Bradford,
UK (5.07 mg/g) (Smith et al., 2013) and Brittany, France (20 mg/g)
(Costet et al., 2012). The differences in exposure levels across



Fig. 3. Mediation effects investigating whether urinary biomarkers of oxidative stress
mediated the associations between urinary TCAA and semen quality. The figure pre-
sents urinary 8-isoPGF2a and 8-OHdG as mediator, the estimate of average causal
mediation effects (ACME), the estimate of the average direct effects (ADE) and the
proportion of mediation (ACME/ADE þ ACME). Urinary concentrations of TCAA and
biomarkers of oxidative stress were ln-transformed. The mediation model was
adjusted for age, BMI, education, abstinence time, income, smoking status and alcohol
use.
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different populations may be attributed to different water sources,
disinfection methods, routine water-use habits, and socio-
demographic characteristics (Zeng et al., 2014c).

Our study has some limitations. Firstly, as a cross-sectional
study, we were not able to demonstrate the causal relationships
between DBP exposure and oxidative stress and between oxidative
stress and semen quality. Secondly, as our study population con-
sisted of most infertile or sub-infertile men from a fertility clinic
and certain characteristics such as abstinence time, use of boiled
water and income were substantially different from the total pop-
ulation, the results may not be generalizable to other populations.
Moreover, this study was limited by its sample size, possibly
leading to null associations or bias estimation. Thirdly, although
urinary TCAA has been considered as a valid biomarker of ingestion
of chlorinated DBPs such as THMs and HAAs (Costet et al., 2012;
Froese et al., 2002), it is not clear whether the biomarker reflects
other bromo- and iodo-DBPs. Experimental studies have shown
that the bromo- and iodo-DBPs are more potent testicular toxicants
than chlorinated DBPs (Linder et al., 1995). Moreover, there are still
some residual and unmeasured confounding factors such as other
environmental exposures (e.g. air pollution and phthalates) that we
do not take into account, whichmay have confounded the observed
results. Lastly, we relied on single spot urine to assess the exposure
and oxidative stress status, which can result in misclassification.
Some studies have observed substantial intra-individual variations
of urinary TCAA (Wang et al., 2014b, 2019a) and oxidative stress
7

biomarkers (Martinez-Moral and Kannan, 2019;Wang et al., 2019b)
across different populations. Therefore, further confirmation
studies with better design, preferably in a large general population,
are warranted.

5. Conclusion

To the best of our knowledge, this is the first study evaluating
the mediation role of oxidative stress in the association between
exposure to DBPs and semen quality. Our analysis provides the
evidence on positive associations between DBP exposure and 8-
OHdG and 8-isoPGF2a, which in turn were negatively related to
semen quality. Mediation analysis further indicated that 8-
isoPGF2a exhibited a mediating role of the association between
urinary TCAA and decreased sperm concentration, suggesting that
lipid peroxidation may be an intermediate mechanism by which
DBP exposure impairs semen quality. However, confirmation of the
finding is warranted.
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