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Abstract

Objective: This study aimed to determine (i) associations between levels of the polycyclic aromatic
hydrocarbon (PAH) mixture with 16 targeted PAH compounds in the personal breathing zone area
and sperm oxidative DNA damage, (ii) associations between levels of individual PAH compounds
and sperm oxidative DNA damage, (iii) oxidative stress as the mode of action for the genotoxic ef-
fects on sperm, and (iv) any dose-response relationship between exposure to the PAH mixture and/
or individual PAH compounds and sperm oxidative DNA damage.

Methods: Sixteen targeted PAH compounds in the personal breathing zone area of 38 coke-oven
workers and 24 control subjects were quantified using gas chromatography—-mass spectrometry.
Sperm oxidative damage and status were evaluated by measuring levels of sperm 7,8-dihydro-8-
oxoguanie (8-oxodGuo), seminal malondialdehyde (MDA) and seminal reactive oxygen species
(ROS). Bayesian kernel machine regression with hierarchical variable selection process was em-
ployed to determine associations of the PAH mixture and the biomarkers of sperm oxidative damage.
A novel grouping approach needed for the hierarchical variable selection process was developed
based on PAH bay region and molecular weight.

Results: The PAH mixture exhibited a positive trend with increased sperm 8-oxodGuo levels at
their lower percentiles (25th-50th). The exposure of the PAH mixture was associated with in-
creased MDA levels in sperm. Bay and bay-like regions of the PAH mixture were the most im-
portant group for estimating the associations between the PAH mixture and sperm oxidative
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What'’s Important About This Paper?

standing of reproductive toxicology of PAHs.

This study employed a novel statistical method, Bayesian kernel regression with hierarchical variable se-
lection, to assess mixture effects of exposures to polycyclic aromatic hydrocarbons (PAHs) from coke-oven
emissions on sperm oxidative damage among coke-oven workers. The study found epidemiological evi-
dence that oxidative stress my link exposures to PAH mixtures with sperm DNA damage. The study seeks to
shift current research practice by applying novel statistical methods and concepts on advancing our under-

stress status. Benzo[a]lanthracene was the main individual PAH compound that was associated

with increased MDA levels.

Conclusion: Sperm oxidative DNA damage induced by occupational exposure to the PAH mixture
had a suggestive association with increased MDA levels in coke-oven workers. Finally, the study
identified that the individual PAH compound, benzo[a]anthracene, was the primary driver for the
suggestive association between the PAH mixture and sperm oxidative damage.

Keywords: polycyclic aromatic hydrocarbons; bay regions; 8-oxodGuo; Bayesian kernel machine regression

Introduction

Polycyclic aromatic hydrocarbons (PAHs), a mixture
of toxic and lipophilic chemicals, are widespread in the
environment. PAHs are ubiquitous pollutants generated
primarily during the incomplete combustion of organic
materials and are the main pollutants of coke-oven
emissions and other industrial processes (Qiu ef al.,
2007, Stella et al., 2012). Upon entering the biological
system in the human body, PAHs are metabolized to
reactive intermediates by cytochrome P450 enzymes.
That can lead to production of reactive oxygen species
(ROS) via redox cycling and consequently form DNA
oxidative base adducts, e.g. 7,8, dihydro-8-oxoguanie
(8-0x0dGuo) (Penning, 2014; Martin Mufoz et al.,
2018; Liu et al., 2019). Epidemiological studies have
demonstrated that PAHs could induce oxidative stress
in the biological system, as evident by increased levels
of urinary malondialdehyde (MDA) and 8-oxodGuo
in humans (Singh et al., 2008; Bae et al., 2010; Yoon
et al.,2012; Agarwal et al., 2018a).

In vivo studies have linked the involvement of PAHs
in the development of sperm cells. PAHs and their metab-
olites were found to pass through the blood-testis bar-
rier of the testes of mic and interact directly with germ
cells and sperm during spermatogenesis (Ramesh et al.,
2001a). Epidemiologic studies showed that exposure of
PAHs was associated with decreased semen quality, in-
creased sperm DNA fragmentation and increased sperm
8-oxodGuo adducts of coke-oven workers (Han et al.,
2011; Jeng et al., 2015; Jeng et al., 2016). Since sperm
lacks repair mechanisms, sperm oxidative damage could
accumulate and eventually pass onto embryos. That

could affect embryonic development and increase health
risks of offspring (Gunes et al., 2015).

Regardless of exposure routes, humans are exposed
to mixtures of PAHs. Health risk assessment and toxi-
cological analysis on single PAH compounds may fall
short on yielding a full aspect of health impact from the
exposure of PAHs. Currently, mixture effects of PAHs on
semen quality and reproductive health are scarce. Primary
reasons for that are lack of appropriate statistical methods
for mixture analysis and a well-defined exposure assess-
ment for determining chemical composition profiles of
PAH mixtures in the personal breathing zone area. Like
other epidemiologic studies, our prior cross-sectional
study used the multivariable parameter regression method
to analyze the effects of PAH exposure on semen quality
and reproductive health (Xia et al., 2009; Jeng et al., 2011;
Jeng et al., 2016). Since PAHs do act as a mixture, this
statistical approach might be limited by multicollinearity
and might not account for non-linearity and interactions
among individual PAH compounds. In this present study,
we employed a new, flexible statistical approach, Bayesian
kernel machine regression (BKMR), for estimating effects
of PAH mixtures on sperm oxidative damage (Bobb et al.,
2015; Bobb et al., 2018). Specifically, the hierarchical vari-
able section approach was selected in the BKMR model
to incorporate the chemical structure of PAH mixtures
and to consider correlations among individual PAH com-
pounds in the statistical analysis (Bobb et al., 2015; Bobb
et al.,2018). BKMR has been successfully used to evaluate
health effects of environmental mixtures, e.g. metals and
endocrine disruptors (Valeri et al., 2017; Liu et al., 2018;
Kupsco et al., 2019; Signes-Pastor et al., 2019).
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Urinary PAH hydroxylated metabolites, such as
urinary 1-hydroxpyrene, 1-hydroxybenzo[a]pyrene, and
2-hydroxyfluorene, have commonly been used as bio-
markers in epidemiological studies for assessing health
effects of PAH mixtures (Hsu et al., 2006; Jeng et al.,
2016; Lou et al., 2019). The use of the biomarker is
mainly based on correlations between levels of the hy-
droxylated metabolites and levels of PAH mixtures.
Recent analytical methods have been developed to de-
tect and quantify more PAH hydroxylated metabolites
(Yang et al., 2017; Guan et al., 2020). However, the pre-
sent PAH hydroxylated metabolites still have limits to
represent four to five parent PAH compounds and do
not fully depict the profile of PAH mixtures (Han et al.,
2011; Li et al., 2016). The limitation impedes the use of
the biomarker on determining contributions of any indi-
vidual compounds in PAH mixtures to decreased semen
quality and a dose-response relationship between PAH
individual compounds and semen quality. The informa-
tion gap also existed in determining underlying mechan-
isms of the impact of PAH exposure on semen quality.
So far, limited epidemiological studies were designed to
identify specific individual PAH compounds that con-
tribute to increased sperm oxidative damage. To address
the information gaps, this study aimed to determine (i)
associations between levels of joint and individual PAH
compounds in the personal breathing zone area and
sperm oxidative DNA damage and (ii) any dose-re-
sponse relationship between exposure to PAH mixture
and/or individual PAH compounds and sperm oxidative
DNA damage.

Methods

Human subjects

Human subjects include coke-oven workers for the ex-
posure group and control subjects for the control group.
Coke-oven workers, who served as the exposure group,
were recruited from a steel plant in southern Taiwan.
The coking processes in the steel plant have been well
established and operated for more than five decades. The
long-term occupational monitoring from the Taiwan
Department of Labor reported that increased PAH levels
have been found in the coking areas, particularly near
coke ovens and blast furnaces (Wu et al., 2003; Jeng
etal.,2016; Wu et al., 2019). We selected the coke-oven
workers as the subjects because they were a high risk of
population due to PAH exposure from coke-oven emis-
sions. Their demographics and occupational work his-
tory were well characterized. Also, exposure levels of
PAHs can accurately quantified because they worked in
the same operational area and their work rotation and

work shift are standardized (Wu et al., 2003; Jeng et al.,
2013). Finally, high cooperation and retention rates of
the subjects made personal breathing zone and semen
sampling possible. More than 200 workers participated
in screening to determine eligibility during their annual
health examinations. Eligibility criteria included more
than one year of employment in the plant, ages between
25 and 60 years old, no reproductive dysfunction, no in-
fection during sampling, and no cancer. More than 90%
of the subjects met the inclusion criteria and were eli-
gible for providing biological samples. However, based
on working schedule during the time for the personal
breathing zone sampling, 38 subjects (18 of topside
workers for high exposure and 20 of side-oven workers
for low exposure) were randomly selected and included
in the study. Also, 22 office workers were recruited to
serve as the reference group. Based on our prior study,
the reference subjects in the office were exposed to min-
imal PAH levels (Wu et al., 2003). A two-sided ANOVA
test with o 0.05 margin of error was conducted to de-
termine the number of participants that met a min-
imum vyield of over 90% power. The statistical power
was sufficient to detect a 1.5-fold difference between the
mean levels of sperm DNA adducts and oxidative stress
parameters for the two exposure groups. The study
was approved by the Institutes of Research Boards at
both Old Dominion University and Kaohsiung Medical
University. All participants were fully informed about
the objective of the study and signed the consent form
before screening and sampling took place.

Personal breathing zone sampling and quantifi-
cation of PAHs

Personal breathing zone air samples were collected to
determine the PAH intake of the human subjects. Coke-
oven workers worked 8 h day~! for six continuous days in
the steel processes and had 2 days off. Each worker wore
two personal air samplers (SKC, model 224PCXR7) for
7 h on the first and sixth workdays. One sampler with
glass fiber filters (diameter: 25 mm, pore size: 0.7 pm)
at a flow rate of 2.0 1 min™" was used to collect particu-
late PAHs. The other sampler, coated with XAD-2 resin
(SKC 226-30-04) at a flow rate of 0.5 | min~', was used
to collect gaseous PAHs. After sampling, all filter and
resin samples were stored at 4°C before analysis.

We quantified 16 targeted PAH compounds,
including naphthalene (NAP), acenaphthylene (ACY),
acenaphthene (ACE), fluorene (FLE), phenanthrene
(PHE), anthracene (ANT), pyrene (PRY), fluoranthene
(FLA), benzo[a]anthracene (B[a]A), chrysene (CHR),
benzo[b]fluoranthene (B[b]F, benzo[k]fluoranthene
(B[k]F), benzo(a)pyrene (B[a]P), indeno[1,2,3-cd]
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pyrene (IND), dibenzo[a,h]anthracene (D[ah]A), and
benzo[ghi]perylene (B[ghi]P) by using a gas chromato-
gram squadruple mass spectrometer (GC/MS; Agilent
Technologies 6890N) with an automatic sampler system
(Jeng et al., 2013). After the weights of PAHs were quan-
tified, time weighted PAH levels were calculated. The
detection limits were determined by conducting seven
repeated analyses of the lowest standard for each PAH
species. The detection limits of the 16 PAHs ranged
from 6.1 ng for D[ah]A to 9.8 ng for NAP. The rela-
tive standard deviation ranged from 2.32% for CHR
to 19.2% for B[a]P. Measurements below the detection
limit in each air sample were set at half of the detection
limit.

Analysis of 8-oxodGuo adducts

Each semen sample was collected by ejaculation.
Sperm DNA was isolated by using the DTT digestion-
based method. The method was slightly modified by
procedures recommended by the European Standard
Committee on Oxidative DNA Damage (ESCODD) to
minimize DNA oxidization during DNA isolation pro-
cedures (Gedik and Collins, 2005). 8-OxodGuo adducts
in sperm DNA were determined by a liquid chromatog-
raphy-mass spectrometry (LC-MS/MS) with an on-line
solid-phase extraction as reported in recent studies (Hu
et al., 2004; Chao et al., 2008; Hu et al., 2018). After
automatic sample cleanup, DNA samples were injected
into an Agilent 1100 series HPLC system interfaced with
a PE-SCIEX API 3000 triple quadrupole mass spectrom-
eter with an electrospray ion source (ESI). Detection was
performed in the positive ion multiple reaction moni-
toring mode for simultaneous quantification of 8-oxodG
and dG. And transitions of the precursors to the product
ions were as follows: 8-oxodGuo (m/z 284—168),
["N,]- 8-oxodGuo (m/z 289—173), dG (m/z 268—152),
and ["N,]-dG (m/z 273—157). With the use of isotopic
internal standards and on-line SPE, this method exhib-
ited a low limit of detection of 1.8 fmol for 8-oxodGuo,
which corresponds to 0.13 adducts/10° dG when using
20 pg of DNA per analysis.

ROS measurement

ROS levels in sperm were measured by the chemilu-
minescence assay method using luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione) (Sigma Chemical Co.,
St. Louis, MO) as the probe.(Agarwal et al., 2004)
Then, 5 mM of luminol prepared in dimethyl sulfoxide
was added to 400 pl of the washed sperm suspension
by phosphate-buffered saline. The ROS levels were de-
termined by measuring chemiluminescence with a
luminometer in the integrate mode for 15 min, and

results were expressed as counted photons per minute x
10° per sperm.

MDA measurement

MDA levels were analyzed according to the
thiobarbituric acid (TBA) method (Janero, 1990; Tsikas,
2017). Briefly, 0.1 ml of seminal plasma was added
to 0.5 ml of TBA reagent (0.67 g of 2-thiobarbituric
acid dissolved in 100 ml of distilled water with 0.5 g
of NaOH and 100 ml of glacial acetic acid). The mix-
ture was then heated for 1 h in a boiling water bath.
After cooling, the tube was centrifuged for 10 min at
4000 rpm, and the supernatant absorbance was read on
a spectrophotometer at 534 nm.

Statistical analysis
Descriptive statistics were calculated for all exposure and
outcome variables. Data were log-transformed to con-
form any skewed data to normality. We employed BKMR
to evaluate the joint effect of multiple PAH compounds,
interactions between PAH compounds, and potential
non-linear relationships between PAHs and outcomes of
interest. BKMR was fitted using a Gaussian kernel func-
tion (Bobb et al., 2018). Results were obtained based on
10 000 Markov Chain Monte Carlo iterations (Bobb
et al., 2015). All BKMR models were adjusted for age,
education, smoking status, drinking status, and job site
of the participants. Because exposures in our study are
correlated, we employed BKMR with hierarchical vari-
able selection. This approach requires grouping of the
exposures based on correlations between exposures,
chemical structures, and similar mechanisms of action.
Therefore, we grouped the PAH mixtures based on bay
region (no versus yes) and molecular weight (low versus
high). The bay region grouping includes both bay and
bay-like regions. NAP, ACY, ACE, FLE, ANT were
grouped into group 1 without bay region and low mo-
lecular weight, B[ghi]P, IND, PYR into group 2 without
bay region and high molecular weight, and B[k]F, B[a]
A, B[a]P, B[b]F, CHR, D[ah]A, FLA, and PHE into group
3 with bay region and high molecular weight (Table 1).
BKMR provides posterior inclusion probabilities
(PIPs), which give a measure of variable importance for
each exposure group and how each exposure in that
group is driving the association between the group and
the biomarkers. We estimated the overall mixture effects
of the PAHs (posterior mean estimates and 95% credible
intervals) on each biomarker for sperm oxidative DNA
damage and oxidative stress biomarkers. The overall ef-
fects were estimated by comparing the biomarker levels
when all PAHs were at a particular percentile (ranging
from 25th percentile to 75th percentile) to when all were
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Table 1. Grouping of PAHs for the BKMR analysis

Bay region diol epoxide (yes/no)

Molecular weight (low/high)

PAHs Group

Naphthalene (NAP) 1 No
Acenaphthylene (ACY) 1 No
Acenaphthene (ACE) 1 No
Fluorene (FLE) 1 No
Anthracene (ANT) 1 No
Benzo[g,h,i]perylene (B[ghi]p) 2 No
Indeno[a,2,3-cd]pyrene (IND) 2 No
Pyrene (PYR) 2 No
Benzo[k|fluoranthene (B[k]F) 3 Yes
Benzo[a]anthracene (B[a]A) 3 Yes
Benzola]pyrene (B[a]P) 3 Yes
Benzo[b]fluoranthene (B[b]F) 3 Yes
Chrysene (CHR) 3 Yes
Dibenzo[a,h]anthracene (D[ah]A) 3 Yes
Fluoranthene (FLA) 3 Yes
Phenanthrene (PHE) 3 Yes

Low
Low
Low
Low
Low
High
High
High
High
High
High
High
High
High
High
Low

at their median values. We also evaluated the effect of
each individual PAH exposure on the outcomes (pos-
terior mean estimates and 95% credible intervals), when
all the other PAHs are fixed at a particular percentile.
Additionally, we plotted a dose-response relationship
of each PAH level on the biomarkers, fixing the other
PAHs at their medians. The PAH levels were natural log-
transformed for the analyses. All analyses were done in
R version 4.0.1 (R Foundation for Statistical Computing,
Vienna, Austria), and we used the R package ‘bkmr’ to
perform the BMKR analyses.

In sensitivity analysis, we performed the mixture ana-
lysis using BKMR with grouping based on bay region
(yes versus no). In total, we got two groups as follows:
group 1 having PAHs without bay region (NAP, ACY,
ACE, FLE, ANT B[ghi]P, IND, and PYR), and group 2
having PAHs with bay region (B[k]E B[a]A, B[a]P, B[b]F,
CHR, D[ah]A, FLA, and PHE).

Results

Study population characteristics and PAH levels
The characteristics of the participants are shown in
Table 2. The participants were, on average, 39 years old.
A majority of the participants were nondrinkers. About
53% of the participants had at least high school degree.
(Table 2). Comparing to the control subjects, the coke-
oven workers had significantly higher levels of sperm
8-oxodGuo, seminal MDA, and seminal ROSs. The sum-
mary statistics (median, 25th percentile, and 75th per-
centile) of the 16 natural log-transformed PAH levels for
the exposure group are presented in Table 3.

Table 2. Characteristics of the human participants and
oxidative stress biomarkers

Variables Exposure group (N = 38)
Topside oven Side oven

Age (in years) 404104 384=9.1
Body mass index (kg m) 258 +3.3 23.6 3.7
Education (%)

Less than high school 47.4 46.2

At least high school 52.6 53.8
Smoking status (%)

No 42.6 591

Yes 58.4 40.9
Drinking status (%)

No 43.7 49.8

Yes 56.3 50.2
MDA (nmol ml-') 0.48+0.13 0.43=0.11
ROS (x10° per million sperm) 0.39+0.26 0.26 =0.12
8-oxodGuo ( per 10°dG) 294 +27.8 33.6+£20.1

*P < 0.0S.

Bayesian kernel machine regression analyses

The estimated PIP for each exposure group (groupPIP)
and individual exposure in each group (condPIP) from
the BKMR model with grouping based on bay region
and molecular weight is shown in Table 4. The import-
ance of each exposure group or individual exposure for
a biomarker was determined using a common threshold
of PIP > 0.5 (Coker et al., 2018; Zhang et al., 2019).
For 8-oxodGuo and MDA, the groupPIPs for all three
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Table 3. Descriptive statistics for all the 16 natural log-transformed PAHs for the exposure group

PAH Median 25th percentile-75th percentile
Naphthalene (NAP) 2.40 1.20-3.47
Acenaphthylene (ACY) 5.30 4.98-5.72
Acenaphthene (ACE) 5.78 5.34-6.05
Fluorene (FLE) 8.21 7.88-8.61
Phenanthrene (PHE) 8.68 7.58-9.06
Anthracene (ANT) 5.82 5.69-5.94
Benzo[g,h,i|perylene (B[ghi]P) 8.08 7.81-8.26
Benzo[k|fluoranthene (B[k]F) 6.18 5.93-6.37
Indenol[1,2,3-cd]anthracene (IND) 6.57 6.34-6.68
Pyrene (PYR) 6.73 6.60-6.84
Benzo[a]anthracene (B[a]A) 6.88 5.87-7.53
Benzola]pyrene (B[a]P) 7.53 7.32-7.73
Benzo[b]fluoranthene (B[b]F) 7.12 6.65-7.33
Chrysene (CHR) 6.81 6.69-6.89
Dibenz[a,h]anthracene (D[ah]A) 5.70 5.54-6.03
Fluoranthene (FLA) 8.38 6.96-9.16

Table 4. The PIP for each exposure group and individual exposure within each group from BKMR models

Exposure 8-OxodGuo ROS MDA

groupPIP condPIP groupPIP condPIP groupPIP condPIP
NAP 0.59 0.18 0.53 0.08 0.57 0.07
ACY 0.19 0.12 0.09
ACE 0.18 0.43 0.27
FLE 0.20 0.18 0.26
ANT 0.25 0.23 0.31
B[ghi]P 0.57 0.29 0.58 0.20 0.63 0.22
IND 0.38 0.27 0.24
PYR 0.33 0.53 0.53
B[k]E 0.59 0.13 0.44 0.12 0.98 0.001
Bla]A 0.09 0.15 0.87
B[a]P 0.15 0.20 0.003
B[b]F 0.19 0.14 0.10
CHR 0.11 0.19 0.002
D[ah]A 0.11 0.09 0.002
FLA 0.06 0.05 0.005
PHE 0.16 0.06 0.01

groupPIP indicates the posterior inclusion probability for a group. condPIP indicates the posterior inclusion probability for a single exposure within a group.

The models were adjusted for age, education, smoking status, drinking status, and job site of the participants. NAP, naphthalene; ACY, acenaphthylene; ACE,
acenaphthene; FLE, fluorene; ANT, anthracene; B[ghi]P, benzo[g,h,i]perylene; IND, indenol[1,2,3-cd]anthracene; PYR, pyrene; B[k]E, benzo[k]fluoranthene; B[a]A,
benzo[a]anthracene; B[a]P, benzo[a]pyrene; B[b]F, benzo[b]fluoranthene; CHR, chrysene; D[ah]A, dibenz[a,h]anthracene; FLA, fluoranthene; PHE, phenanthrene.

groups were >0.5, suggesting that all were important for
the associations with the biomarkers. However, group
3 was particularly driving the association for MDA
(groupPIP = 0.98). Within the groups, B[a]A was mostly
driving the association between group 3 and MDA
(condPIP = 0.87) and PYR was the most important

driver for the association between group 2 and MDA
(condPIP = 0.53). No exposure was particularly driving
the association between the groups and 8-oxodGuo (all
condPIPs < 0.5). For ROS, groups 1 and 2 were im-
portant for the association (groupPIPs > 0.5). Within the
groups, PYR was the most important driver for group
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2 and ROS (condPIP = 0.53), and ACE was the most
important driver for group 1 and ROS (condPIP = 0.43)
although its PIP did not pass the threshold of 0.5.
Figure 1a—c show the overall effects of all the PAHs
as a mixture on the biomarkers for sperm oxidative
DNA damage. An increase in the exposure of all the
PAHs was significantly associated with an increase
in MDA (Figure 1c). In particular, MDA increased by
0.20 log units [95% CI = (0.02, 0.38) log units] when
all PAH levels increased to their medians compared
to when all were at their 25th percentiles. A slightly

positive trend was observed in the mixture effect of
PAHs on 8-oxodGuo when they were at their lower per-
centiles, but the effect became stable at higher percent-
iles, although all 95% credible intervals contained the
null values (Figure 1a). The PAHs did not have any sig-
nificant trend in the mixture effect on ROS in our data
(Figure 1b).

Figure 2a—c show the effects of individual PAH level
in the mixture on each biomarker by comparing the
biomarker levels when the individual PAH was at 75th
versus 25th percentile, when all other PAHs were fixed

a) 8-oxodGuo b) ROS
0.4
o 0.24
3
)
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Figure 1. The mixture effects (posterior mean estimates and 95% credible intervals) of the PAHs on the biomarkers for sperm
oxidative DNA damage from BKMR models with grouping based on bay region and molecular weight: (a) 8-oxodGuo; (b) ROS;
and (c) MDA.The estimates were obtained by comparing the biomarker levels when all PAHs are at a particular percentile (ran-
ging from 25th percentile to 75th percentile) to when all were at their median values, adjusting for age, education, smoking
status, drinking status, body mass index, and job site of the participants.
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at their 25th, 50th and 75th percentiles. NAP, B[b]F, and
PHE had positive effects on 8-oxodGuo, although not
statistically significant (Figure 2a). For ROS, B[a]A and
PYR showed positive effects, while ACE showed an in-
verse effect, none being statistically significant (Figure
2b). B[a]A and B[b]F showed positive effects on MDA,
although the 95% credible intervals contained the null
values (Figure 2c¢). In particular, MDA increased by 0.33
log units [95% CI = (-0.003, 0.66) log units] when B[a]
A increased from 25th percentiles to 75th percentiles,
when all other PAHs were fixed at their medians. All
other PAHs had mostly null effect on the biomarkers.
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There was no evidence of significant interaction effect
between an individual PAH with the other PAHs for
any of the biomarkers since the individual effects of the
PAHs did not significantly change when the levels of
the other PAHs changed from 25th to 75th percentiles
(Figure 2a—c).

The dose-response relationship between each PAH
level and the biomarkers for sperm oxidative DNA
damage are shown in Figure 3a—c. There was no evidence
of significant non-linear relationships between the PAHs
and the biomarkers. NAP and ACE showed slightly posi-
tive relationships with 8-oxodGuo (Figure 3a) For ROS,
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Figure 2. The individual effects (posterior mean estimates and 95% credible intervals) of each PAH level, when all others were
fixed at their 25th, 50th, and 75th percentiles, on the biomarkers for sperm oxidative DNA damage: (a) 8-oxodGuo; (b) ROS; and
(c) MDA; for BKMR models with grouping based on bay region and molecular weight, adjusting for age, education, smoking
status, drinking status, body mass index, and job site of the participants.
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NAP and ACE showed inverse relationships, while PYR
showed positive relationship (Figure 3b). B[a]A, B[b]
F, and PYR showed positive relationships, while FLE
showed an inverse relationship with MDA.

In sensitivity analysis with PAH exposure groups
based only on bay region, results from the main analysis
persisted where the overall mixture effects on the bio-
markers had significantly positive trend for MDA and
slightly positive trend for 8-oxodGuo, while the effect
was null for ROS. Group 2 was driving the association
for MDA (groupPIP = 0.99), and B[a]A was driving the
association between group 2 and MDA (condPIP = 0.85).
However, no other exposure was particularly driving the

association between the groups and the biomarkers (all
condPIPs < 0.5).

Discussion

In this study, we characterized exposure of the 16 tar-
geted PAHs to coke-oven workers who are commonly
exposed to coke-oven emissions. We selected the 16
PAH compounds based on the PAH guidelines and our
prior study on pollution profiles of coke-oven emis-
sions.(Wu et al., 2003) Our study is the first to use
BKMR to assess mixture effects of PAHs on sperm oxi-
dative DNA damage in the occupational setting. The
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Figure 3. Univariate dose-response function with the 95% credible intervals for the effect of a log unit increase in each PAH level
on log units of (a) 8-oxodGuo, (b) ROS, and (c) MDA. BKMR was used with grouping based on bay region and molecular weight,

adjusting for age, education, smoking status, drinking status, body mass index, and job site of the participants.
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strengths of BKMR include its capacity to (i) evaluate
associations of multiple PAH mixtures with multiple
biomarker endpoints of sperm oxidative damage, (ii)
address multicollinearity by considering highly correl-
ated exposures into non-overlapping groups, and (iii)
succinctly summarize the magnitude or direction of the
association. Since some PAH mixture compounds are
highly correlated due to chemical structures and prop-
erties, we used the hierarchical variable selection in the
kernel machine regression model (Bobb et al., 2015;
Bobb et al., 2018). The hierarchical variable selection
approach is affective to systematically handle highly
correlated PAH compounds and can take into account
for chemical structures of the PAH mixture (Bobb
et al., 2015; Bobb et al., 2018). We have developed
the novel grouping approach to incorporate chemical
structures of PAHs in the statistical analysis with bio-
logical relevance. We conducted the sensitivity analysis,
showing that statistical outputs were independent of the
grouping approach. That confirms that any significant
difference was due to the exposure to the PAH mixture
rather than the grouping approach. The advantage of
this grouping approach is that the chemical structure
has biological relevance. The outputs from the statistical
analysis could reflect toxicological pathways and modes
of action of PAH mixtures. Also, the approach can en-
hance our understanding of toxicological effects of PAH
mixtures on sperm DNA integrity.

The BMKR analysis showed that both the bay re-
gion and molecular weight groupings were important
for predicting the associations between the levels of
the PAH mixture and the biomarker levels of sperm
oxidative DNA damage. Specifically, the bay region of
the PAH group served the most important variable for
estimating the increased levels of MDA in relation to
exposure to the PAH mixture. Both cellular and animal
models demonstrated that the bay and bay-like regions
could increase biological activity of PAHs (Yan, 1985;
Rummel et al., 1999; Vijayalakshmi and Suresh, 2008).
PAHs compounds with the bay region tend to form re-
active region diol epoxides, which are prone to start the
redox cycle to yield ROS, and easily bind to guanine nu-
cleotides when they react with DNA (Vijayalakshmi and
Suresh, 2008; Zhang et al., 2012; Penning, 2014).

Based on their structure and volatility, PAHs can be
classified into low-molecular-weight PAHs (two to four
rings PAHs) and high-molecular-weight PAHs (five to six
rings PAHs). Like the bay region grouping, the molecular
weight grouping was also important for predicting the
associations of exposure of PAH mixtures and overall
oxidative status of sperm. Our results showed that
the PAH group, which was most important for the

association between exposure to the PAH mixture and
MDA levels, include several high-molecular-weight
PAH compounds. Coincidentally, these high-molecular-
weight PAHs also contain bay and bay-like regions.
Comparing to the molecular weight grouping, the bay
region grouping was the primary driver responsible for
estimating the association between exposure of the PAH
mixture and increased oxidative stress status in sperm.
The understanding of the role of molecular weight in
reproductive toxicity of PAHs remains elusive. A few
studies did report that some high-molecular-weight PAH
compounds were associated with reproductive and de-
velopmental outcomes and sperm quality (Jeng ef al.,
2013). High-molecular-weight PAHs could induce a
higher magnitude of CYP1A expression in develop-
mental tissues than low-molecular-weight PAHs (Geier
et al., 2018). On the contrary, two studies reported that
urinary metabolites from low-molecular-weight PAHs
were correlated with decreased sperm velocity and
DNA fragmentation of Chinese men (Han et al., 2011;
Yang et al., 2017). Genetic toxicity of PAH mixtures is
complex and may not be elucidated by simple, general-
ized descriptors of physical properties. Physical, chem-
ical, and biological properties should be considered for
health risk assessments of PAHs.

As sperm lacks the downstream DNA repair protein
of the base excision repair pathway, sperm DNA is vul-
nerable for direct oxidative insult (Bisht and Dada, 2017;
Bisht et al., 2017). Our study observed that exposure of
the PAH mixture was associated with increased oxidative
stress in sperm. Also, the exposure of the PAH mixture ex-
hibited a positive trend with increased sperm 8-oxodGuo
levels. However, the positive trend only existed at the lower
percentile of 8-oxodGuo levels. This may suggest a possible
threshold for the formation of the oxidative adducts in
sperm. It is well-known that PAHs has distinct bioactivities,
which is complex and dynamic. Beside oxidative stress,
other modes of action could be involved in sperm DNA
damage (Ramesh et al., 2001b; Geier et al., 2018). Also,
although PAH compounds with the bay regions likely
interact with phase I metabolism, the compounds may lack
significantly toxicological responses, because they may be
successfully detoxified to reach below a level threshold for
overt toxicity (Ramesh et al., 2001b; Geier et al., 2018).

Oxidative stress can be defined by unbalance between
ROS and antioxidants. Excessive production of ROS
could profoundly affect sperm DNA by forming oxi-
dized DNA base adducts within DNA strands. Urinary
MDA assay, which is the stable lipid peroxidation
product, is a simple method to evaluate the effect of lipid
peroxidation on sperm (Janero, 1990; Ajina et al., 2017).
Our study observed the PAH mixture was associated
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with increased MDA levels. Lipid peroxidation can
trigger the loss of membrane and lead to structural
damage to DNA. The association observed in this study
may provide reasoning for the observed relationship
between PAH exposure and decreased motility and in-
creased morphology damage observed in our prior
studies and others (Hsu et al., 2006; Jeng et al., 2011;
Jeng et al., 2016; Yang et al., 2017).

Contrary with other studies’ findings, we did not ob-
serve an association between exposure to the PAH mix-
ture and ROS levels. One explanation for this finding is
that the ROS levels may reduce or change in the ana-
lysis procedures. Semen samples were washed prior to
ROS measurements using the chemiluminescence assay.
Other studies showed that ROS could decline with time
after ejaculation and during the washing procedure
(Kobayashi et al., 2001; Vessey et al., 2014). To detect
more accurate ROS levels in seminal plasma, we recom-
mend that future studies measure ROS in whole semen
soon after liquefaction without washing (Agarwal
et al., 2018b). Also, we also recommend a direct, real-
time ROS measurement method using non-chemical
based mechanical measurement based on oxidation and
reduction potential (Agarwal et al., 2018b).

The single-exposure estimates showed that the increase
in exposure to B[a]A was associated with the higher levels
of MDA. Currently, no epidemiological evidence is avail-
able on the reproductivity toxicity of B[a]A. Limited in
vitro studies showed that the toxicological effect of B[a]A
on sperm function. B[a]A is involved in apoptotic responses
of testicular tissues and Sertoli cells (Raychoudhury and
Kubinski, 2003). However, the mode of action for the re-
sponse was unclear. There is a need to investigate associ-
ations of B[a]A with sperm DNA integrity and underlying
mechanisms to enhance our understanding of toxicological
effects of the individual PAH compound.

The major limitation of this study was the small sample
size. Our power analysis showed that the sample size was
sufficient to yield a statistical power of 95% and detect a
1.5-fold difference between the mean levels of sperm oxi-
dative stress parameters for the exposure group and the
reference group. With the small sample size, we carefully
interpret our results by indicating suggestive associations
rather than significant associations. We recommend future
studies with a larger sample size to confirm the findings.

Conclusions

The study developed a novel grouping method for the
BKMR model. Both bay region and molecular weight
groupings played an important role in estimating the
sperm oxidative DNA damage of the PAH mixture.

Sperm oxidative DNA damage induced by occupational
exposure to the PAH mixture had a suggestive associ-
ation with the increased levels of MDA, a biomarker of
lipid peroxidation. Finally, B[a]A, an individual PAH
compound, was the primary driver for the suggestive as-
sociation between PAH mixture exposure and increased
MDA levels. The study highlights the need for future
studies to incorporate structure and biological activity-
based assessments on the mechanisms driving toxic ef-
fects of both individual PAH compounds and PAH
mixtures on sperm DNA damage.
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