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B(a)P adduct levels and fertility: A cross-sectional
study in a Sicilian population
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Abstract. Benzo(a)pyrene (BaP) is a carcinogenic polycyclic
aromatic hydrocarbon for human tissues. Still today it is not
fully investigated if BaP can affect negatively the male fertility
through the BaP-DNA adducts production. In the present study,
BaP Tetrol I-1 (TI-1) and BaP Tetrol II-2 (TII-2) BaP-DNA
adducts were investigated in spermatozoa of a Sicilian male
population. Semen samples from 86 volunteers in two eastern
Sicilian cities (Regalbuto and Melilli) were collected. The
quality of semen was evaluated in all samples according to the
World Health Organization (WHO) guidelines. We analyzed
BaP-DNA adducts in extracted sperm cell DNA using the
modified high-performance liquid chromatography-fluores-
cence method to detects both Tetrols. Differences between
Tetrol levels were assessed by the Wilcoxon signed-rank test
and the Mann-Whitney U test, as appropriate. Correlation
between semen quality parameters and Tetrol concentrations
were analyzed using the Spearman's correlation coefficient.
2(TI-14TII-2) were significantly higher in spermatozoa of
volunteers from Regalbuto. Furthermore, a greater dispersion
of the levels of adducts was observed in these specimens. TI-1
adducts were higher than TII-2 in Melilli samples (95% CI) and
TII-2 were higher than TI-1 in Regalbuto semen samples (95%
CI). A significant inverse correlation between sperm progres-
sive motility and both TI-1 and TII-2 adducts was observed.
The present study showed that BaP negatively affects male
fertility by TI-1 and TII-2 DNA-adduct production. These
results suggest that DNA adducts could be used as biomarker
to assess BaP exposure by air pollution. Further studies are
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needed to confirm if these findings could affect male fertility
because of the growing impairment of this function observed
in recent years.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are considered a
dangerous pollutant for human health due to their carcinogenic
and mutagenic activity. PAHs are generated by the incomplete
combustion of fossil fuels, tobacco smoke and grilled or
broiled foods (1-3). Benzo(a)pyrene (BaP) is the most widely
investigated PAH as a marker for the carcinogenic risk of
PAHs in ambient air. BaP has been classified as carcinogenic
to humans (4) and it can generate reactive oxygen species
that may result in cell apoptosis (5,6) and/or generalized
inflammations in several tissues (7-10). Both BaP and its
metabolites are known for their capacity of producing BP
diol-epoxide-DNA adducts (BPDE). It is generally agreed that
(+)-anti-BaPDE is the metabolite that forms the major adducts
with DNA in vivo (11). BPDE adducts can interfere or alter
DNA replication (12). Biomarkers are required to develop
novel therapeutics and risk-assessment methodologies. In
fact, BPDE adducts reflect individual variation of exposure,
absorption, metabolic activation and DNA repair, also, there
is no dose of exposure below which BPDE adducts are not
produced. Therefore, they represent valuable environmental
risk biomarkers (13). In particular, several authors have
measured the anti-BPDE hydrolyzed DNA adducts or Tetrol
I-1 (r-7,c-10t-8 ,t-9-tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)
pyrene) and syn-BPDE hydrolyzed DNA adducts or Tetrol
I1-2 (8r-7t-9,t-10,t-8-tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)
pyrene) (11). Several studies report a correlation between
BPDE adducts and various diseases, such as cancer (14) and
behavioral outcomes in children (15,16), whereas very few
studies report altered fertility in male adults (17,18). At present,
male fertility represents a relevant worldwide issue. There are
no exhaustive data for global prevalence of male infertility
but, according to World Health Organization (WHO), nearly
60-80 million couples worldwide currently suffer from
infertility (19). It varies across regions of the world and it is
estimated to affect 8-12% of couples on average. According
to a WHO's multicentric study, in 20% of cases the couple's



OLIVERI CONTI et al: B(a)P ADDUCT LEVELS AND FERTILITY

infertility was attributed to male infertility, 38% to female
infertility, 27% due to infertility of both partners, and 15%
could not be attributed to either partner (20). Moreover, often
no detectable cause can be associated to a male infertility by
measuring the conventional parameters on sperm analysis.
This is defined as unexplained or idiopathic infertility (20).

Few studies have investigated the association between
BPDE adducts in DNA of human spermatozoa and male
fertility (12,17,18). Only two articles are available to date about
the association between BPDE adduct numbers measured by
immunofluorescence technique in sperm-extracted DNA and
fertility, but these studies were carried out only in infertile
men (17,18). The immunofluorescence, immunostaining,
COMET assay and **P-postlabelling techniques are all used
for BPDE adducts tests, but these techniques are not able to
measure a single Tetrol or only BaP-adducts, thus providing a
total generic PAH-DNA adduct concentration.

Therefore, the aim of the present study was to verify this
hypothesis measuring the Tetrol I-1 and Tetrol II-2 in popu-
lation's semen of eastern Sicily (Italy) by high-performance
liquid chromatography-fluorescence (HPLC-FL) method. The
present study is the first carried out on general population and
that reported both Tetrol I-1 and Tetrol II-2 individually in
human sperm.

Materials and methods

Sampling. Semen of 86 volunteers from Eastern Sicilian
cities (from Regalbuto, a small town in a rural agricultural
and Melilli a small town in an industrial district) (Fig. 1) was
collected at Division of Andrology, University of Catania.
Semen samples were collected after 3-5 days of abstinence
and analyzed according to the WHO criteria (21). The volun-
teers joined the study by signing the informed consent and
by filling out a semi-structured questionnaire. The question-
naire elicited anthropometric information, demographic,
lifetime residential history (location of birth and duration of
residence), history of active and passive smoking (including
number of household members who smoke), date of smoking
cessation, occupational exposure, medication information,
and consumption of PAH-containing meat (frequency of eating
fried, broiled, or barbecued meat, mineral or drink water during
the last 2 weeks). Socioeconomic information related to income,
education, hobbies and sports preferred was also collected.

Semen quality assessment. Sperm parameters (volume, sperm
concentration, total sperm counts, progressive motility, and
normal forms) were evaluated in all samples according to the
WHO criteria (21).

DNA adducts analysis. We analyzed hydrolyzed BPDE
adducts or Tetrol I-1 and Tetrol II-2 in extracted sperm cell
DNA using the modified HPLC-FL method according to
Alexandrov et al (22) modified. Briefly, the semen samples
were collected at the Laboratory of the Division of Andrology
and aliquoted, for semen quality parameter assessment and for
molecular analysis. DNA was extracted using the DNA 1Q™
system (Promega Corp., Madison, WI, USA) according to the
manufacturer's instructions. Then, the DNA was subjected to a
procedure of hydrolysis and purification.
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Reagent. HPLC-grade water was produced in-house using
a Milli-Q® system (Merck KGaA, Darmstadt, Germany).
Methanol, ethyl acetate, ethanol, and acetonitrile, all
LiChrosolv® hypergrade, were purchased from Sigma-Aldrich
(Saint Louis, MO, USA).

Hydrochloric acid (HCI) hypergrade and NaOH were
purchased from Merck KGaA (Darmstadt, Germany).

Purification of acid. The HCI, also if hypergrade, contains
fluorescent impurities. One of which in particular, having the
same retention time, interferes with Tetrol I-1, hence influencing
the concentration of this hydrolyzed BaP-adduct. To eliminate
this preparative bias all fluorescent impurities were deleted
from HCI (0.4 N) heating this for 4 h at 90°C and successively
extracted three times with ethyl acetate.

Analytical procedures. A specialized laboratory was dedi-
cated to the biochemical analysis as the detection of Tetrols
is difficult. To avoid the fluorescent impurities contaminating
samples, the vials, tips, tubes, syringes and capillaries for
HPLC mobile phases and any other equipment used were
washed with methanol hypergrade.

The extracted and purified DNA was dissolved in 1 ml
of water and analyzed in a Perkin Elmer Series 200 HPLC
(Perkin-Elmer, Milano, Italy).

Preparation of samples was carried out through the
following steps: i) hydrolysis of purified DNA diluted with
purified HCI (0.4 N) and then neutralized with NaOH (1 N) to
pH 7-7.5; ii) the sample was then diluted (20%) with methanol;
iii) subsequently it was purified using Sep-Pak C18 (Waters
Corp., Milford, MA, USA) cartridges SPE-equilibrated with
20% methanol drop by drop with a flow rate of 2.0 ml/min
for 10 min; iv) Tetrols I-1 and II-2 were eluted with 1 ml of
methanol (55%). v) Samples were evaporated to dryness with
a gentle stream of nitrogen and reconstituted with 100 ul
of methanol and of these, 30 ul were injected into HPLC
column.

Chromatographic settings and materials. Automated analysis
was performed using an integrated system of Perkin Elmer
coupled to Series 200 quaternary pump, peltier column,
autosampler, UV detector, fluorescence detector and a degasser
apparatus, all Series 200 (Perkin-Elmer). Chromatographic
analysis was carried out in a Tosoh (C18 RP 25x0.46 cm,
5 um) eluted with a elution program of 15 min with 20%
water/acetonitrile of equilibrium phase, followed by 5 min
with 20% water/acetonitrile and 60 min to acetonitrile (100%)
with a curve of 1 and finally other 10 min to 100% acetonitrile
a flow rate of 0.85 ml/min. The excitation wavelength was
set at 344 nm and the fluorescence emission wavelength
at 388 nm. The sensitivity of the detector was fixed to high
modality. The wavelength of UV detector was set at 238 nm
for the double detection of both Tetrols. The chromatographic
system was calibrated using Tetrol I-1 and Tetrol II-2 certified
pure standards of NCI (Chemical Carcinogen Reference
Standard Repository, Kansas City, MO, USA). Tetrol I-1 and
Tetrol II-2 (purity 99.0%; both from Sigma Aldrich) were used
as external standards (Fig. 2). Recovery was 93% and 81%
for Tetrol I-1 and Tetrol II-2, respectively (Fig. 3). Processing
of reagent blank disclosed no trace of Tetrol I-1 and Tetrol
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Figure 1. Map of the sampling locations.
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Figure 2. UV and fluorescence chromatograms of Tetrol standards.

I1-2. Linearities (R?) of calibrated chromatographic system
were 0.9980 and 0.9854 for fluorescence and UV detectors,
respectively for Tetrol I-1. For Tetrol II-2, the linearities
were 0.9950 and 0.9943 for fluorescence and UV detectors,
respectively. MDL were 2.0 and 3.1 pg/ml for Tetrol I-1
and Tetrol II-2, respectively. The HPLC software used for

area integrations and linearity computing was TotalChrome
(version 2010; Agilent Technologies, Santa Clara, CA, USA).

Statistical analysis. Statistical analysis was performed using
SPSS version 21.0 (IBM SPSS, Armonk, NY, USA). P<0.05
was considered to be statistically significant.
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Figure 3. Fluorescence chromatogram of a spiked sample.

Table I. Distribution of conventional sperm parameters.

Variables Min 25th Median 75th  Max
Sperm concentration 0.0 32.5 760 1135 250.0
(millions/ml)

Total sperm count 00 956 2040 3500 8250
(millions/ejaculate)

Progressive 1.0 240 33.0 420 620
motility (%)

Normal forms (%) 80 130 16.0 200 330

Table II. Distribution of Tetrol I-1 and Tetrol II-2 (n. Adduct/10®
nucleotides).

Variables Min 25th  Median  75th Max

Tetrol I-1  0,00100 0,00240 0,00540 0,05226 103,58500
Tetrol II-2 0,00200 0,00731 0,01712 0,17862 52,67400

Descriptive analyses were performed using interquartile
interval, min, max and 95% confidence intervals (95% CI) for
quantitative variables.

The differences between Tetrol levels were assessed by
the Wilcoxon signed-rank test and the Mann-Whitney U test,
as appropriate. Correlation analysis between sperm quality
parameters and Tetrol levels was performed by Spearman's
correlation coefficient (p).

Results

The numbers of Tetrol adducts (n. adducts/10® nucleotides)
detected in sperm samples are reported in Tables I and II.
Tetrol I-1 and Tetrol II-2 stratifications by residence
(IC 95%) are shown in Figs. 4 and 5. Table III shows the
correlations between sperm parameters, age, cigarette/day
and adducts Tetrol I-1 and Tetrol II-2. A significant inverse
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Figure 4. Tetrol I-1 confidence interval (IC 95%) by area of residence.

correlation between sperm progressive motility and both TI-1
and TII-2 was observed (Table III).

Discussion

Male infertility is an alarming global health issue that has not
been studied to truly understand its magnitude and prevalence.
PAHs are a class of organic compounds produced by incomplete
combustion or high-pressure processes (23,24) that can
affect human health. The present study investigated the
hypothesis of an association between BPDE-DNA adducts
in human sperms and fertility. The results of the present
study showed that X 1.0 L1s1eol 1.2y WeTe significantly higher
in the volunteers' semen from Regalbuto (a rural area) than
in those of men living in an industrial area. Moreover,
we found that Tetrol I-1 was higher than Tetrol II-2 in
samples from Regalbuto, whereas Tetrol II-2 was higher
than Tetrol I-1 in Melilli samples. Furthermore, a greater
dispersion of adduct levels was observed in these specimens
(Figs. 4 and 5). A significant inverse correlation was found
between sperm progressive motility and the two Tetrols
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Table III. Correlation between conventional parameters and Tetrols.

Tetrol Tetrol Sperm Progressive Normal Total Cigarette/
I-1 I1-2 concentration motility MNPc forms count Age day
Tetrol I-1 R 1.000
P .
N 86
Tetrol 11-2 R 0.869° 1.000
P 0.000 .
N 86 86
Sperm concentration R 0.077 0.022 1.000
P 0.480 0.840 .
N 86 86 86
Progressive motility R -0.264* -0.222¢ 0.052 1.000
P 0.014 0.040 0.502 .
N 86 86 86 86
MNP ¢ R 0.234* 0.279° 0.025 -0.606° 1.000
P 0.030 0.009 0.750 0.000 .
N 86 86 86 86 86
Normal forms R 0.137 0.201 0.123 0.161* -0015  1.000
P 0.209 0.063 0.109 0.035 0.848 .
N 86 86 86 86 86 86
Total count R 0.061 0.042 0.820° 0.143 -0.013 0228 1.000
P 0.579 0.702 0.000 0.063 0.866  0.003 .
N 86 86 86 86 86 86 86
Age R -0.152 -0.225* -0.006 0.041 -0.060 0.021 0.056 1.000
P 0.165 0.038 0.941 0.595 0440 0.786 0.465 .
N 85 85 86 86 86 86 86 86
Cigarette/day R 0.101 0.191 0.015 0.028 0.126  0.253* 0.143 0.358"  1.000
P 0.575 0.286 0.903 0.823 0312 0.040 0.248 0.002
N 40 40 40 40 40 40 40 40 40

*Correlation is significant at the 0.05 level (two-tailed). ®Correlation is significant at the 0.01 level (two-tailed). R, Spearman's rank correlation;

P, P-value; N, number of men.
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Figure 5. Tetrol II-2 confidence interval (IC 95%) by area of residence.

(Table III). Furthermore, no correlation was found between
smoking and BPDE-DNA adducts. In fact, the non-smokers

(46 subjects) showed median value of Tetrols higher than
smokers (40 subjects) (Tetrol I-1: 0.00540 vs. 0.00375; Tetrol
11-2: 0.01618 vs. 0.01605).

The present study showed that BaP negatively affects
sperm parameters by BPDE-DNA adducts production. Few
studies (12,17,18) have found that increased levels of DNA
adducts in humans are associated with sperm motility and
impaired male fertility, but up to now there are inconsistencies
in the evidence for a link with smoking (17,25-27) except for the
lung tissue. In fact, the relationship between smoking-related
DNA adducts must be considered on a tissue-by-tissue basis (25).
In a similar Italian study, Gaspari et al (17) showed that
PAH-DNA adducts, measured as sum by immunofluorescence
analysis, were negatively correlated with the percentage of
spermatozoa with normal morphology and neck morphological
abnormalities, whereas a positive correlation was found with
head abnormalities. Furthermore, these authors reported a
significantly association between occupational exposure to PAH
and PAH-DNA adducts in spermatozoa and none significantly
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association between smoking and sperm PAH-DNA adducts.
Lastly, a higher number of PAH-DNA adducts was found in
infertile patients vs. fertile men. A weak association between
tobacco consumption and BPDE-DNA adducts (measured with
immunofluorescence technique) in spermatozoa of professional
exposed infertile men was reported (18). However, several
authors reported that BaP-DNA adducts were associated
significantly with environmental BaP exposure and in particular
to air BaP pollution (1,28).

The presence of a major adducts dispersion and concentra-
tion in men from Regalbuto is a very original and interesting
finding. No data are available about male population fertility or
environment pollution of Regalbuto until today. Our hypothesis
is that the residents of this town are exposed to air pollution
due to archaic agricultural practices such as the controlled
fires of fields (fires are high natural BaP source of emission in
atmosphere). This is a usual practice in this geographical area
and no control or monitoring is applied to verify the pollution
produced. This hypothesis is supported by some available data
on the topic (29).

In contrast, the residents of Melilli are also exposed to
air pollution but, being a city with an industrial pole devoted
to oil refining and energy and chemical production, this is a
very controlled area through a network of fixed stations for the
control of atmospheric pollution. This continued monitoring
allows an appropriate management of the production cycle to
prevent the increasing air pollution.

No data are available today on the relationship between
smoked foods consume and BaP-DNA adducts in spermatozoa
but, for other tissue, Tang et al (13) reported that dietary PAHs
do not significantly contribute to adducts number (13). No data
are available on the different number of Tetrol I-1 and Tetrol
I1-2, for this reason the present study added very original
data to the scientific literature. Indeed, the higher number of
Tetrol II-2 compared to Tetrol I-1 can be explained through
some molecular mechanisms, such as a higher susceptibility
of one chain of DNA vs. genotoxic effects of BaP or, ineffi-
ciency of some enzymes for DNA repair (30-32). In particular,
there is available evidence about the XRCCI1 polymorphisms
that may modify sperm PAH-DNA adduct levels (32). Thus,
this highly sensitive and specific procedure is suitable for
measuring BPDE-DNA adducts in human spermatozoa from
environmentally exposed subjects and it could be adapted to
measure PAH effects in genital organs.

Despite the considerable interest raised regarding the air
pollution for the multiple adverse effects reported on human
health from inflammation to cancer, its impact on fertility
remains still unclear (33,34). A significant impact of air pollu-
tion on miscarriage and clinical pregnancy rates in the general
population was reported. Furthermore, some air contaminants
seem to negatively impact on fertility outcomes, including
miscarriage and live birth rates, in subfertile patients (33,34).

In conclusion, the present study, for first time, investigated
the hypothesis of an association between BaP-DNA adducts
and human male infertility. The results seem to indicate that
this hypothesis may be real and very interesting data were
found including a new molecular strategy to study male infer-
tility. Because spermatozoa are not the target cells for BaP
exposure, the relationship between PAH-DNA adducts and
these germinal cells remain to be determined.
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