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Pesticide exposure, including organophosphorous (OP) insecticides, has been associated with poor semen
quality, and paraoxonase (PON1), an enzyme involved in OP deactivation, may have a role on their
susceptibility, due to PON1 polymorphisms. Our objective was to evaluate the role of PON1Q192R
polymorphism on the susceptibility to OP toxicity on semen quality and DNA integrity in agricultural
workers. A cross-sectional study was conducted in farmers withMayan ascendancy from southeasternMexico
chronically exposed to pesticides; mostly OP. Fifty four agricultural workers (18–55 years old) were included,
who provided semen and blood samples. Semen quality was evaluated according toWHO, spermDNAdamage
by in situ-nick translation (NT-positive cells), PON1Q192R polymorphism by real-time PCR and serum PON1
activity by using phenylacetate and paraoxon. Two OP exposure indexes were created: at the month of
sampling and during 3 months before sampling, representing the exposure to spermatids–spermatozoa and
to cells at one spermatogenic cycle, respectively. PON1 192R and 192Q allele frequencies were 0.54 and 0.46,
respectively. Significant associations were found between OP exposure at the month of sampling and NT-
positive cells and sperm viability in homozygote 192RR subjects, and dose–effect relationships were observed
between OP exposure during 3months before sampling and sperm quality parameters and NT-positive cells in
homozygote 192RR farmers. This suggests that cells at all stages of spermatogenesis are target of OP, and that
there exists an interaction between OP exposure and PON1Q192R polymorphism on these effects; farmers
featuring the 192RR genotype were more susceptible to develop reproductive toxic effects by OP exposure.

© 2008 Elsevier Inc. All rights reserved.
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Introduction

Genetic polymorphisms as modifiers of human health diseases
have received attention in the last decade, and there is an increased
interest in conducting studies to explore the gene–environment inter-
actions to detect susceptible populations prone to develop health
problems by chemical exposures (Kelada et al., 2003). Recent advances
in molecular epidemiology have suggested that polymorphisms on
enzymes involved in the metabolism of environmental chemicals
would render individual susceptibility to their toxicity. Pesticides are
ganophosphorous pesticides;
ion; BMI, body mass index.
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an important class of these environmental chemicals, and included
among them are the organophosphorous (OP) insecticides that are
used worldwide (IARC, 1991).

OP compounds are among the most widely used pesticides, mainly
as insecticides in agriculture, health campaigns and urban pest control.
In the last decade, adverse effects of OP exposure on the male repro-
ductive system, along with their mutagenic and carcinogenic activities
have attracted attention (IARC, 1991). Workers from a manufacturing
plant of OP showed poor semen quality (low concentration and
motility) (Padungtod et al., 2000), similar to men environmentally
exposed to chlorpyrifos (an OP compound) and carbaryl (Meeker et al.,
2004a). In animal models, our previous studies have shown that single
doses of methyl parathion and diazinon administered to mice alter
sperm quality and DNA integrity, evaluated as the percentage of cells
with endogenous nicks (nick translation assay) (Piña-Guzmán et al.,
2005, 2006), while Burruel et al. (2000) reported that methamidophos
caused a dose–response increase in abnormal sperm morphology, as
well as a decreased fertility rate and embryo degeneration in mice.
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These data suggest that paternal exposure to OP has the potential to
produce transmissible adverse effects to the embryo.

Most OP are organothiophosphates that require metabolic activa-
tion through oxidative desulfuration to form the corresponding oxons;
this bioactivation is mediated by several cytochrome P450 (CYP)
enzymes (Jokanovick, 2001). On the other hand, OP deactivation is
mediated mainly by serum paraoxonase (PON1) [E.C.3.1.8.1]. Human
PON1 is a member of a multigene family (PON1, PON2 and PON3
genes) encoded by a single gene on chromosome 7q21–22 (Primo-
Parmo et al., 1996). PON1 is synthesized in the liver and secreted into
the blood, where it is associated with high density lipoproteins (HDL).
PON1 activity in serum shows a wide variation among individuals (La
Du et al., 1986), and this variability is attributed to the presence of
polymorphisms in PON1 gene; thus, subjects have been classified into
homozygous for the low activity allele, and heterozygous, or
homozygous for the high activity allele (Eckerson et al., 1983). At
least five polymorphisms in the PON1 promoter region have been
described, in which −108 C/T contributes to about 23% of the activity
(Brophy et al., 2001). Meanwhile, PON1 coding region shows two
polymorphic sites at positions 55 and 192; the latter has two isoforms
(Q and R) and is described as substrate-dependent, thus the 192R
alloenzyme hydrolyzes paraoxon (the parathion oxon metabolite)
faster than the 192Q isoform, while diazoxon (the oxon of diazinon) is
hydrolyzed faster by the 192Q isoform (Davies et al., 1996).

In addition to the PON1 capacity to hydrolyze and hence inactivate
various OP (Geldmacher-von Mallinckrodt and Diepgen, 1988), PON1
can prevent oxidation of LDL (low density lipoproteins) and HDL by its
anti-oxidant activity (LaDu,1996). Therefore, it has been suggested that
PON1may have important roles in the development of diseases such as
cardiovascular heart disease, atherosclerosis, diabetes, Alzheimer's
dementia and Parkinson, and in OP toxicity (review in Li et al., 2003).
In this regard, Cherry et al. (2002) showed that English farmers with ill
health were more likely to have at least one 192R allele and a lower
ability for the hydrolysis of diazoxon than controls; Lee et al. (2003)
found a higher prevalence of chronic toxicity among pesticide
applicators from South Africa featuring the 192QQ or 192QR genotypes.
In addition, Haley et al. (1999) observed that Gulf War Veterans with
symptoms of neurological damage were more likely to have the 192R
allele (192RR or 192QR genotypes) than homozygote subjects for the
192Q allele. Similarly, Hotopf et al. (2003) observed lower PON1 activity
in Gulf War Veterans and suggested that they were exposed to hazards
that led to a long-termdecrease in PON1 activity, among the candidates
are the OP neurotoxic nerve gases. Finally, Mackness et al. (2000)
suggested that the decreased capacity to detoxify OP resulting from low
serum PON1 activity may have contributed to the development of the
Gulf War Syndrome. On the other hand, some studies have failed to
find an association between PON1 polymorphisms and OP toxicity.
Padungtod et al. (1999) explored the relationship between PON1Q192R
polymorphism and the effects on semen quality in Chinese pesticide
factory workers exposed to ethyl and methyl parathion and methami-
dophos, but did not observe a gene-dose effect of PON1 genotype
respect to semen quality. Meanwhile Liu et al. (2006) concluded that
PON1Q192R polymorphism did not influence the leukocyte genetic
damage (DNA tail moment by Comet assay) in pesticide-exposed fruit
workers,which is in agreementwith Lee et al. (2007)who reported that
PON1 polymorphism at position 192 did not modulate DNA damage
(evaluated by 8-hydroxydeoxyguanosine (8-OHdG) levels) in leuko-
cytes and urine specimens in indoor sprayers.

Although it is known that working in agriculture increases the risk
of abnormal semen quality, and that the presence of PON1 poly-
morphisms that confer different hydrolyzing abilities toward OP, has
inspired the hypothesis that certain individuals may bemore sensitive
to OP toxicity, the role of PON1 polymorphisms on male reproductive
toxicity caused by OP exposure is poorly studied. Considering that OP
poisoning represents an important public health problem in Mexico,
the aim of this study was to evaluate the role of PON1Q192R genetic
polymorphism on the effects on semen quality and DNA integrity by
OP exposure in Mexican agricultural workers.

Methods

Study population. A cross-sectional study was conducted in a cohort of traditional
agricultural workers from southeastern Mexico, in a community from Yucatán State,
during 2005. Inhabitants from this rural region have a strong Mayan ascendancy (44%
speak the native Mayan language) (INEGI, 2005), with a low socioeconomic status and
agriculture as lifestyle. Previous surveys conducted in this community by local
physicians had shown reproductive health outcomes in agricultural farmers' wives,
such as abortions, miscarriages and premature deliveries (unpublished undergraduate
thesis); these antecedents raised our interest in conducting this study. Public
invitations to inhabitants were done to recruit participants with the assistance of
local health authorities. Eligible subjects were healthy men employed in agriculture,
from 18–55 years old that were born in Yucatán State. Men with vasectomy were not
included and one subject was excluded because of azoospermia. All participants signed
an informed consent form. A total of 54 agricultural workers accepted to participate in
the survey. The participation rate (26%) obtained in this study, the first one conducted in
this rural population having a strong Mayan ascendancy, was comparable to that
obtained in other epidemiological studies that have evaluated semen quality in
traditional farmers or urban inhabitants from Europe and North America (Jørgensen
et al., 2001; Swan et al., 2003). Sociodemographic characteristics, lifestyle habits (diet,
cigarette smoking and alcohol drinking), health status, and pesticide use history were
directly acquired from a structured questionnaire applied by trained personnel. This
study was approved by the Ethics Committee from CINVESTAV-IPN (IRB000478-
CINVESTAV IRB#-COBISH) in accordance to the Helsinki Declaration.

Sampling. Blood samples were obtained by venipuncture and collected in EDTA and
heparin coated tubes to analyze PON1Q192R polymorphism and PON1 activities,
respectively. Aliquots of whole blood and plasma were stored at −70 °C until analysis.
Semen samples were collected by masturbation after at least 3 days of sexual
abstinence into clean plastic containers provided for this purpose. Participants were
instructed on how to collect the samples (washing their hands before collection and
within 1 h before arrival to our provisional laboratory installed in the community).
Information on date, time and number of days since last ejaculation was recorded.

Semen analysis. Semen examinationwas carriedwithin 1 h of collection according to
World Health Organization guidelines (WHO, 2002). After liquefaction, volume was
recorded and sperm concentration and motility were evaluated by a semen analyzer
(SQA, Model II-C P, Medical Electronic Systems Ltd.). Sperm viability was evaluated by
eosin–nigrosin staining. Slides formorphology scoringwere air-dried and stained using a
modification of Papanicolaou's stain. Samples were analyzed by two trained technicians.

Nick translation assay. The nick translation method was performed according to
Summer et al. (1990). The slides with sperm spread were washed in phosphate buffer
solution (PBS), fixed in methanol/acetic acid (3:1) and air-dried. In situ-nick translation
was performed using the polymerase mixture (DNA polymerase I–endonuclease-free in
50 mM Tris–HCl, pH 7.8, 5 mM MgCl2, 10 mM 2-mercaptoethanol and 10 µM each of
dATP, dCTP, dGTP, and biotin-16-dUTP). A negative control (without DNA polymerase I)
and a positive control (incubation with DNase I before addition of polymerase mixture)
were included. Streptavidin (SAHR)–fluorescein isothiocyanate (FITC) was used to
evidence the incorporation of biotinylated dUTP (NT-positive cells). After staining, 200
randomly selected cells were analyzed with an Olympus BX40 fluorescence microscope
using 485 and 520 nm excitation and barrier filters, respectively.

PON1 genotype. Genomic DNA was extracted using the High Pure PCR Template
Preparation Kit (Roche) according to the manufacturer's instructions. All PCR
procedures were performed under an ultraviolet-irradiated hood. PON1 genotypes
were determinate by real-time PCR ABI Prism 7000 Sequence Detection System using
TaqMan Universal PCR Master Mix (Applied Biosystems) according to Rojas-García et al.
(2005). Briefly, the primers used were CTGAGCACTTTTATGGCACAAATGA/ACCACGC-
TAAACCCAAATACATCTC and the VIC/FAM probes were CCTACTTACAATCCTG/CCCTACT-
TACGATCCTG. Reactions were performedwith 5 μl of TaqMan Universal PCRMaster Mix
(containing AmpliTaq Gold DNA Polymerase, Amperase UNG, dNTPs with dUTP, Passive
Reference 1, and optimized buffer components), 0.25 µl of 40× primer–probe mix
(containing primers at 36 µM and dye-labeled probes at 8 µM), and approximately
20 ng of genomic DNA; finally, the reaction mixture was completed to 10 µl with water.
Thermal cycling conditions were as follow: a step of 50 °C for 2 min, a hot-start at 95 °C
for 10 min, and a two step protocol was followed by 40 cycles: 95 °C for 15 s and 60 °C
for 1 min. Allele discriminationwas detected by two differential TaqMan probes labeled
with the reporter dye 6-carboxyfluorescein (6-FAM) and VIC at the 5′end.

PON1 activity. PON1 enzymatic activities were assayed using paraoxon (paraox-
onase activity) or phenylacetate (arylesterase activity) as described byEckerson et al.
(1983) and Furlong et al. (1988). Arylesterase activity was determined by phenol
production from the hydrolysis of phenylacetate (Sigma-Aldrich) using 10mMTris–HCl.
pH 8.0, 1 mM CaCl2 and 5 µM EDTA. Eserine sulfate (Sigma-Aldrich) was used to inhibit
the unspecific hydrolysis due to serum albumin and serum cholinesterase. The increase



Table 2
PON1Q192R frequencies and paraoxonase and arylesterase activities according to
genotype

Genotype Frequency Paraoxonase activity
(U/l) median (range)

pa Arylesterase activity
(U/ml) mean±SD

pb

QQ 0.21 166.2 (92.3–313.9) 108.0±13.9
QR 0.51 461.7 (240.1–1680.5) 138.8±28.4
RR 0.28 904.9 (369.3–1782.1) 0.0001 145.3±29.5 0.003

a Evaluated by ANOVA from trend on log-transformed values.
b Evaluated by ANOVA.
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in A270 was followed for 5 min and the molar extinction coefficient of phenol is
1.31×103; arylesterase activity was expressed as U/ml. Paraoxonase activity (hydrolysis
of paraoxon; ChemService) was performed in the presence of 1MNaCl (salt-stimulated)
to get better identification of PON1 phenotype (Eckerson et al., 1983). The paraoxonase
activity was assayed by monitoring the p-nitrophenol formation. The increase in A405

was followed for 5 min and the molar extinction coefficient of p-nitrophenol is
18.05×103; paraoxonase activity was expressed as U/l.

Exposure assessment. Information collected from the questionnaireswas designed to
identify the exposure history fromeachworker. Twoexposure indexeswere constructed
for all pesticides and for the group of OP: at the month of sampling (as a reflection of a
recent exposure, representing the exposure to spermatids and mature spermatozoa),
and during the preceding 3 months before sampling (as a refection of the exposure to
cells during a complete spermatogenic cycle). The main determinants to estimate the
exposure indexeswere: a) exposure frequency to all pesticides, b) exposure frequency to
OP, c) use of personal protection, and d) habits that may modify the exposure. The
frequency of use to all pesticides or to OP (days/month) at the month of sampling or
during the preceding 3 months before collecting the samples (the sum of the exposure
from each month) was taken from the questionnaires. Then, a protection factor was
created considering personal protection used during handling pesticides according to
the absorption rates of potential exposures as follow: wearing waterproof gloves
represented a 15% of protection, pants 3.5%, overalls 7%, water boots 3.5%, hat or cap 1%,
mask 60%, mouth cover 10% and security lens 1%. If used, these protection percentages
were subtracted from the unit, and if farmers did not use personal protection, the factor
was kept as the unit. The habits (frequency) that may modify the exposure were
considered as follows: washing the spraying equipment increased the exposure by 30%,
storing pesticides in their homes by 60%, eating during the journal day by 30%, and
eating while preparing the pesticide mixture by 30%. The only habit that decreased the
exposure (30%)was taking a bath after the journal day. If farmers had any of these habits,
the percentage of increment or decrement of exposure was subtracted or added to the
unit. Finally, we calculated the exposure index in two steps: first, we multiplied the
frequency of OP or all pesticides use by the protection factor and second, the frequency of
OP or all pesticides use was multiplied by the habits factor, and finally, these two values
were added to give the final exposure indexes from each worker.

Statistical analysis. Variable description and normal distribution were explored.
Elevation to square and cubic root transformations of sperm morphology and viability,
respectively, and logarithmic transformation of NT-positive cells, ejaculate volume and
paraoxonase activity were performed to improve normality. Semen quality parameters
and NT-positive cells were considered as dependent variables and PON1Q192R
genotype and activities and OP exposure expressed as exposure indexes (at the
month of semen collection and during the preceding 3 months before sampling) were
considered as independent variables. Age, body mass index (BMI), cigarette smoking,
alcohol drinking, caffeine intake, sexual abstinence days, time working in agriculture
and exposure to all pesticides were considered as covariates. The chi square test was
used to estimate the concordance of PON1Q192R genotype frequencies with the Hardy–
Weinberg's equilibrium and to compare PON1Q192R genotype and allele frequencies
with other populations. Pearson analysis was done to explore the correlation between
Table 1
Demographic characteristics of agricultural workers

Characteristic Prevalence

Age (years), mean±SD 39.2±10.2
Body mass index (kg/m2), median (range) 27.3 (21.1–41.8)
Weight, (%)
Normal weight 20
Overweight 45
Obesity 29
Extreme obesity 6

Cigarette smoking status, (%)
Never smoker 19
Ever smoker 81
Ex smoker 35
Current smoker 46

Alcohol drinkinga, (%)
None 20
Low 52
Medium 24
High 4

Illegal drug consumption, (%) 2
Married, (%)
Yes 89
No 11

Years working in agriculture, mean±SD 17.5±10.1
Mayan ascendancyb, (%) 48

a Low: one drink (beer, brandy, tequila, ron or wine); medium: two drinks; high:
three drinks.

b Carrying one Mayan surname.
sperm DNA integrity and semen quality parameters. Differences among PON1Q192R
genotypes and paraoxonase and arylesterase activities were estimated by ANOVA test.
Simple and multiple regression analysis were done to asses the association between
semen quality parameters and OP exposure indexes, considering the month of semen
collection and 3 months before sampling. Then, workers were separated by their
genotype to explore the role of PON1Q192R genetic polymorphism as a modifier of OP
effects on semen quality and DNA integrity. All statistical analysis were conducted by
using the STATA Program version 8.1 (STATA, Corp.) and the significance was set as
pb0.05.

Results

Characteristics of the study population

A total of 54 eligible agricultural workers participated in the study,
providing a semen and blood sample. The participants' response rate
was about 26%. The demographic information of the study population
is displayed in Table 1. Men had between 18–55 years old with a mean
age of 39.2±10.2 years and 17.5±10.1 years working in agriculture. The
BMI median value was 27.3, ranging form 21.1 to 41.8, showing a high
prevalence of overweight (80%) according to the classification
proposed by Flegal et al. (2004). Forty three percent of subjects were
current smokers, only one participant (2%) referred drug consumption,
although a high percentage ofworkers (80%) referred alcohol drinking;
only 4% were heavy drinkers. Finally, 48% of subjects had Mayan
ascendancy (at least one Mayan surname).

Safety procedures followed by the agricultural workers regarding handling
pesticides

Agriculturalworkersdidnotuseadequatepersonalprotection: theuse
of gloves, mask or glasses was done by only 15% of participants; around
94% reported wearing a hat, 80% used water resistant boots, and 60%
protected their mouth and nose. Regarding the working practices, 84% of
participants reported taking a bath after a working day, 78% cleaned the
used equipment and 58% of men stored pesticides in their homes.

Exposure to pesticides

Pesticide exposure in the study population was chronic (a mean
value of almost 18 years working in agriculture. Farmers were
Table 3
Semen quality in the agricultural workers

Parameter Median (range) Abnormality (%)a

Morphology (%) 14 (2–41) 100
Volume (ml) 1.7 (0.5–5.5) 46
Motility (%)b 54.5±14.2 31
Viability (%) 82 (19–97.5) 13
Concentration (×106 cells/ml)b 92.1±50.5 6
NT-positive cells (%) 19 (5–87) 88

Reference values: morphology ≥50% normal forms; volume ≥1.5 ml; motility ≥50%
motile cells; viability ≥50% live cells; concentration ≥20×106 cells/ml; NT-positive
cells b10% (Sakas et al., 1996).

a Indicates the percentage of subjects with values outside the reference (WHO, 2002).
b Values are expressed as mean±SD.



Table 4
Simple and multiple linear regression analysis of semen quality and DNA integrity
modeling OP exposure

Parameter At the month of sampling During 3 months before sampling

Coefficient r2 pa Coefficient r2 pa

Morphology (%)b 0.001 0.032 0.467 0.001 −0.039 0.750
Motility (%) 0.005 −0.0282 0.812 −0.001 −0.015 0.918
Viability (%)c 237.780 0.155 0.528 −10.283 0.094 0.849
Concentration
(106 cells/ml)

0.038 0.035 0.621 0.004 0.037 0.695

Volume (ml)d −0.001 0.065 0.227 −0.001 0.052 0.778
NT-positive cells (%)d −0.001 −0.113 0.508 0.001 −0.104 0.772

a Adjusted by cigarette smoking, alcohol drinking, caffeine intake and exposure to all
pesticides at the month and during 3 months before collecting the samples.

b Values are transformed by square root.
c Values are transformed by cubic root.
d Values are transformed by logarithm.
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continuously exposed throughout the year to mixtures of pesticides
with variable exposure frequency and type of pesticides, depending on
theweather and type of crops, among other factors. Temperatures (low/
high) in this part of the country are 16 °C/31 °C during December–
February and 22 °C/35 °C during May–September. We did not find a
statistical difference in OP exposure (either at the month of sampling or
during the preceding 3 months of sampling) between summer and
winter months, probably due to the wide variation that we observed in
pesticide use among farmers.

Pesticides used by the agricultural workers consisted of 29
different active ingredients, including insecticides as OP [methami-
dophos (highly toxic), chlorpyrifos (moderately toxic), methyl para-
thion (extremely toxic), malathion (slightly toxic) and diazinon
(moderately toxic)], carbamates [methomyl (highly toxic), carbofuran
(highly toxic), carbaryl (moderately toxic), mancozeb (slightly toxic),
benomyl (slightly toxic)] and pyrethroids [permethrin, cypermethrin
and lambda cyhalotrin (moderately toxics)]; herbicides [paraquat, 2,4-
D and glyphosate (moderately toxics)].

RegardingOPexposure indexes, awide rangewas observed; however,
in general, the exposure at the month of sampling (mean value of 106
arbitrary units) represented 72% of total exposure during the preceding
3 months before sampling (mean value of 146.4 arbitrary units).

PON1Q192R polymorphism and activity

PON1Q192R genotype frequencies observed in the agricultural
workers are presented inTable 2. Frequencies for 192R and192Q alleles
were 0.54 and 0.46, respectively, and the frequencies for 192RR,192QR
and 192QQ genotypes were 0.28, 0.51 and 0.21, respectively. The
observed PON1Q192R genotype frequencies were similar to those
Table 5
Multiple linear regression modeling OP exposure at the month of sampling according to PO

Genotype

Parameter QQ QR

Coefficient r2 pa Coeffi

Morphology (%)b 0.001 −0.016 0.951 0.0
Motility (%) −0.140 0.870 0.214 0.0
Viability (%)c −2143.942 0.626 0.270 224.3
Concentration (106 cells/ml) −0.695 0.709 0.102 0.1
Volume (ml)d 0.018 0.848 0.003 −0.0
NT-positive cells (%)d −0.003 −0.129 0.448 −0.0

a Adjusted by cigarette smoking, alcohol drinking, caffeine intake and exposure to all pes
b Values are transformed by square root.
c Values are transformed by cubic root.
d Values are transformed by logarithm.
expected, which were in agreement with the Hardy–Weinberg equi-
librium (p=0.9863). Table 2 also presents the paraoxonase and
arylesterase activities as a function of PON1Q192R genotypes. The
mean value observed in participants for arylesterase activity was
134.5±29.2 U/ml and the median value for paraoxonase activity was
480.1 U/l. A wide variation in PON1 activities was observed among
participants and a good agreement between genotype and pheno-
type using paraoxon and phenylacetate as substrates. Homozygote
subjects for the 192R allele had the highest levels of PON1 activity to
both substrates, paraoxon (paraoxonase activity) and phenylacetate
(arylesterase activity). No significant differences were observed in
the general characteristics of participants and OP exposure among
PON1Q192R genotypes.

Semen quality and DNA integrity of the study population

Semen quality parameters of the agricultural workers are
summarized in Table 3. Overall, morphology and DNA integrity were
the only parameters that showed mean values outside the reference
levels (Sakkas et al., 1996; WHO, 2002). Anomalies on head shape
were among the most commonmorphological alterations observed in
spermatozoa. However, a varied percentage of participants showed
abnormal values of some of the semen quality parameters; all
participants had abnormal morphology, about half of farmers (46%)
had low ejaculate volume, 30% showed low sperm motility and 13% of
subjects had low sperm viability. Sperm concentration was the least
affected parameter; only 6% of workers had low concentration (less
than 20×106 cells /ml). Alteration on sperm DNA integrity, evaluated
by the percentage of NT-positive cells, showed a range of 5–87%, and
about 88% of workers showed higher values than that reported in
fertile men (b10%, Sakkas et al., 1996). Individuals living in the same
area but not occupationally exposed to pesticides showed a mean
value of NT-positive cells of 6.3% (data not shown). Finally, no
association was observed between sperm DNA integrity and semen
quality parameters, but there was a borderline significance (p=0.087)
with sperm viability (data not shown).

Effect on semen quality and DNA integrity by organophosphorous
pesticide exposure

Table 4 shows the multiple linear regression analysis between OP
exposure and parameters of semen quality and DNA integrity.
Regarding semen quality, we found a lack of association between
conventional semen quality parameters (spermmorphology, viability,
motility and concentration, ejaculate volume) and OP exposure, either
at the month of collecting the samples or during the preceding
3 months before sampling. On the other hand, the percentage of NT-
positive cells was neither associated with OP exposure considering
N1Q192R genotype

RR

cient r2 pa Coefficient r2 pa

01 −0.1335 0.650 −0.029 −0.0026 0.372
52 −0.022 0.121 −0.140 0.870 0.214
70 0.0308 0.709 −13,106.55 0.1755 0.086
31 0.009 0.149 0.882 0.0332 0.547
01 0.023 0.534 −0.014 −0.075 0.384
01 −0.072 0.598 0.013 0.279 0.025

ticides 3 months before collecting the samples.



Table 6
Multiple linear regression modeling OP exposure during 3 months before sampling according to PON1Q192R genotypes

Genotype

Parameter QQ QR RR

Coefficient r2 pa Coefficient r2 pa Coefficient r2 pa

Morphology (%)b −0.001 −0.064 0.878 −0.001 −0.258 0.585 −0.003 0.148 0.098
Motility (%) −0.018 0.845 0.434 0.019 0.204 0.158 −0.053 0.385 0.043
Viability (%)c −425.410 0.625 0.313 −126.286 −0.049 0.624 −1361.658 0.419 0.008
Concentration (106 cells/ml) −0.114 0.797 0.115 0.051 0.004 0.191 −0.141 0.265 0.102
Volume (ml)d 0.003 0.909 0.001 −0.001 0.035 0.640 −0.001 −0.064 0.358
NT-positive cells (%)d −0.001 −0.901 0.696 −0.006 −0.114 0.366 0.003 0.202 0.059

a Adjusted by cigarette smoking, alcohol drinking, caffeine intake and exposure to all pesticides during 3 months before collecting the samples.
b Values are transformed by square root.
c Values are transformed by cubic root.
d Values are transformed by logarithm.
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the month of collecting the samples nor with the exposure during
3 months before sampling.

Effect of organophosphorous pesticide exposure on semen quality and
DNA integrity according to PON1Q192R genotype

We proceeded to explore the role of PON1Q192R genetic poly-
morphism on the relationship between OP exposure and parameters of
semenquality andDNA integrity.When subjectswere separatedby their
genotype, the multiple linear regression analysis showed a lack of
association betweenOPexposure at themonth of collecting the samples
and semen quality parameters, but there was a borderline significance
(p=0.086)with spermviabilityonly inhomozygote subjects for the 192R
allele (Table 5); however, interestingly, dose–effect relationships
(pb0.05) were observed between sperm motility and viability and OP
exposureduring3monthsbefore samplingonly in subjects featuring the
192RR genotype, and homozygote subjects for the 192R allele also had a
slight decrease in sperm morphology (p=0.098) associated with OP
exposure (Table 6). These data suggest that cells at any stage of
spermatogenesis are a target of OP toxicity in susceptible individuals
(192RR genotype). A significant positive association between OP
exposure indexes and ejaculate volume was observed; however, we do
not have a plausible explanation for this finding.

Regarding the effect on DNA integrity, homozygote subjects for the
192R allele showed dose–effect relationships with OP exposure at the
month of sampling (p=0.025) (Table 5) and during 3 months before
sampling (p=0.059) (Table 6). This suggests, at least, that cells at the last
steps of spermatogenesis are susceptible toDNAdamagebyOPexposure.
Also, our results clearly indicate that theadverse effects on semenquality
andDNA integrity caused by OP exposure aremodulated by PON1Q192R
polymorphism; workers featuring the 192RR genotype are more
susceptible to OP adverse effects than subjects carrying the Q allele.

On the other hand, paraoxonase activity showed an inverse
association only with sperm concentration, and arylesterase activity
was not associatedwith any semenquality parameter (data not shown).

Discussion

The present study evaluated the relationship between PON1Q192R
polymorphism and the effects of OP exposure on semen quality and
sperm DNA integrity in traditional farmers from southeastern Mexico.
The major findings of this study were that the effects on sperm DNA
integrity and semen quality parameters (viability, motility and
morphology) were modified by PON1Q192R polymorphism, showing
that subjects featuring the 192RR genotype were more susceptible to
develop adverse effects by the exposure to OP mixture used by our
population. Additionally, we also suggest that cells at the last stages of
their maturation and probably at earlier stages of spermatogenesis are
sensitive to OP toxicity.
Epidemiological studies have shown that semenquality is decreased
by occupational and environmental exposures to pesticides, including
OP, regardless of the interaction with OP metabolizing enzyme
polymorphisms. Poor semen quality has been reported in workers
from a manufacturing OP factory (ethyl and methyl parathion and
methamidophos) (Padungtod et al., 1999), in men environmentally
exposed to diazinon (Swanet al., 2003), in agriculturalworkers exposed
to amixture of OP (methyl parathion,methamidophos, dimethoate and
diazinon, among others) (Sánchez-Peña et al., 2004), in farmers
exposed to fenitrothion, dichlorvos, chlorpyrifos, diazinon and prope-
tamphos (Kamijima et al., 2004), and in men environmentally exposed
to chlorpyrifos (Meeker et al., 2004a).

The role of genetic polymorphisms as determinants of health is
explored in many areas of public health research, including epidemio-
logical and toxicological studies (Kelada et al., 2003). The evidence of the
wide variation in serum PON1 activity among individuals (La Du et al.,
1986) raised the hypothesis that subjects with low PON1 activity might
bemore susceptible to the toxicity of someOP, such asmethyl parathion
and chlorpyrifos that are hydrolyzed faster by the 192R alloenzyme.
Epidemiological studies have explored the role of PON1Q192R genotype
or phenotype on the susceptibility to OP exposure to develop
neurological toxicity and health problems (Cherry et al., 2002; Haley
et al., 1999; Hotopf et al., 2003; Lee et al., 2003; Mackness et al., 2000),
and DNA damage in somatic cells (Liu et al., 2006; Lee et al., 2007).
However, there is only one study on germinal cells, where authors did
not observe a gene-dose effect of PON1Q192R genotype with respect to
male reproductive toxicity in a case-control study in Chinese pesticide
factory workers (Padungtod et al., 1999). Our results suggest an
interaction between PON1Q192R polymorphism and OP exposure in
relation to sperm DNA integrity and semen quality in agricultural
workers exposed toOPmixtures;workers featuring the192RRgenotype
were more susceptible to OP toxicity than subjects featuring the 192QR
or 192QQ genotypes. Considering that homozygote 192RR subjects
represent 28% of the studied population, their potential risk to
developing adverse reproductive effects deserves to be taken into
consideration and further studies seem worthy to elucidate the role of
PON1 polymorphisms in OP toxicity in other populations.

There are some reports that failed in observing a role of PON1
polymorphism on pesticide-related toxicity. Liu et al. (2006) reported
no significant association between PON1 genotype and DNA damage
(Comet assay) in Taiwanese fruit growers, suggesting that itmay be due
to the small number of subjects exposed at a substantial level (high
pesticide exposure). Lee et al. (2007) did not find a consistent trend
suggestive of the role of PON1 polymorphism in the generation of DNA
oxidative damage (levels of 8-OHdG) in 18 indoor sprayers, and
similarly, authors suggest that their results need to be confirmed in a
larger population. Finally, Padungtod et al. (1999) in a case-control
study inChineseOPmanufacturingworkers didnot showan interaction
between PON1Q192R genotype and OP pesticides exposure on male
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reproductive outcomes, suggesting that it may be due to the small
sample size (n=32 exposedworkers). Although a large sample sizemay
be required for detection of gene–environment interactions, positive
results observed in our study ruled out biaswith regard to genotype, OP
exposure or reproductive effects.

In this study (n=54), to further evaluate the interaction between
PON1Q192R genotype and OP exposure in relation to sperm DNA
integrity and semen quality, we evaluated the effects considering the
exposure at two different times: at the month of sampling,
representing the exposure to last step of spermatogenesis and
epididymal maturation, and during the preceding 3 months before
sampling, to ensure the exposure to cells at all stages of their
maturation. The strategy of evaluating the effects on spermatozoa
with a time frame between the exposure and semen analysis permits
the evaluation of the toxic effects on spermatogenic cells at different
stages of maturation, because cells at each stage have different
susceptibilities to chemical damage (Marchetti et al., 2001). Since the
spermatogenic process in men lasts 2.5 months (74 days), one month
before the analysis represents the exposure to cells at spermiogenesis
(spermatids and spermatozoa) and epididymal maturation, while
during 3 months before the analysis represents the exposure to cells
during a complete spermatogenic cycle (Johnson,1997). With our data
we can strongly suggest that PON1Q192R polymorphism modulates
the effects of occupational OP exposure on sperm DNA integrity at
least during last steps of spermatogenesis, when cells are spermatids
and spermatozoa or at their transit through the epididymis. This is
supported by the association observed between sperm DNA damage
and the exposure at themonth of sampling in homozygote subjects for
the 192R allele. The associations observed between OP exposure
during 3 months before sampling and sperm DNA damage and semen
quality denote that spermatogenic cells may be target of OP toxicity at
any stage of their maturation. Further studies will be necessary to
elucidate the specific stage at which spermatogenic cells are more
sensitive to OP exposure.

Previous data from our group have suggested that cells that are at
meiosis as well as at late spermatids and epididymal maturation at the
time of exposure are target of methyl parathion and diazinon toxicity
(Piña-Guzmán et al., 2005, 2006). Similarly, Burruel et al. (2000)
suggested that methamidophos might promote the phosphorylation of
components of the mitotic spindle and thus contribute to sperm DNA
damage, and Sega (1991) reported that late spermatids and early
spermatozoa are sensitive to alkylating agents. These two unique
events of spermatogenesis, meiosis (spermatocytes) and chromatin
condensation (including late spermatids and maturing spermatozoa,
when histones are replaced by protamines and disulfide bond
formation occurs, respectively) are at high risk of genetic damage.
Meiosis is a long-lasting stage where important processes for genetic
continuity occur (Adler, 1982), and chromatin condensation is due to
the lack or reducedmechanisms of defense such as DNA-repair capacity
(Sotomayor and Sega, 2000) and anti-oxidant enzymes (Aitken and
Fisher, 1994). On the other hand, Mathew et al. (1992) showed a high
percentage of abnormal spermatozoa by methyl parathion when cells
were treated as spermatocytes in mouse, and Sobarzo and Bustos-
Obregón (2000) injected ethyl parathion to 7 days old mice (when
spematogenic cells were immature) and observed sperm head and
flagellum anomalies and chromatin alterations in cells collected from
the epididymis 28 and 50 days after the exposure. Furthermore, Bustos-
Obregón and González-Hormazabal (2003) suggested that the
increased percentage of teratozoospermia by a single dose of malathion
may result from genetic damage caused to spermatogonias.

Limited information is available about OP genotoxicity to male
germinal cells in humans. OP have been associated with sperm
chromosomal damage expressed as increased frequency of aneuploidy
(X, Y, and 18 chromosomes) in Mexican agricultural workers exposed
to a mixture of OP (Recio et al., 2001), and in Chinese workers from a
OP manufacturing plant (Padungtod et al., 1999). In addition,
environmental exposure to chlorpyrifos and occupational exposure
to a mixture of OP have been associated with increased human sperm
DNA fragmentation (Meeker et al., 2004b; Sánchez-Peña et al., 2004).
The dose–effect relationships between both OP exposure indexes and
DNA damage observed in this study demonstrate that OP are
genotoxic agents to male germ cells. The in situ-nick translation
detects the incorporation of bases into nicks in spermatozoa using the
anti-sense strand as template and DNA polymerase I. Studies
conducted in humans suggest that normal males present endogenous
nicks in b10% of their spermatozoa (Sakkas et al., 1996) and values of
NT-positive spermatozoa higher than 10% are more frequent in those
couples with problems in establishing a pregnancy (Tomlinson et al.,
2001). Furthermore, the presence of sperm DNA damage in mature
spermatozoa raises the concern about delivering an altered male
genome to the developing embryo (Hales et al., 2005). In this regard,
Burruel et al. (2000) reported that single doses of the OP insecticide
methamidophos caused a decrease in embryo cell number accom-
panied by an increase in the proportion of degenerating embryos at
post exposure week 4.

The lack association observed between sperm DNA damage and
conventional semen quality parameters (except for viability) is in
agreement with other studies (Sánchez-Peña et al., 2004; Spano et al.,
1998; Xia et al., 2005), supporting the notion that sperm chromatin or
DNA integrity are independent parameters of semen quality and may
show early stages of damage.

We considered as anexposuremeasure the indexes created from the
exposure history reported by participants, similar to other groups (Liu
et al., 2006; Tahmaz et al., 2003); therefore, the interaction observed
between OP exposure (at both times) and PON1Q192R genotype in
regard to sperm DNA and semen quality relies on a exposure ranking
rather than absolute levels of pesticide exposure. Quantification of OP
main metabolites, dialkylphosphates (DAP) in urine has been tradi-
tionally used as OP exposure indicator, but because DAP are rapidly
excreted, 80–90%within 48 h (Vasilic et al., 1993), a single urine sample
may not be representative for a longer-term exposure. In addition,
studies have shown no differences between levels of DAP before or
during the pesticide use season (Recio et al., 2001) and previously our
group did not observe association between DAP and semen quality in
farmers of north Mexico (Sánchez-Peña et al., 2004). We evaluated the
exposure by indexes of use of all pesticides and the group of OP by
questionnaire information similar to other studies.

Regarding PON1Q192R allele frequencies observed in this half breed
population from southern Mexico (0.54R and 0.46Q), they were similar
to those previously reported in other Mexican populations (Gamboa
et al., 2006; Rojas-García et al., 2005), and Afro-Brazilian, Caribbean,
and Japanese populations (Allebrant et al., 2002; Chen et al., 2003;
Suehiro et al., 2000), but different fromSpaniards andCaucasians (Chen
et al., 2003; Hernández et al., 2003). However, the high percentage
(28%) of homozygote subjects with the 192RR genotype makes this
population highly susceptible to develop reproductive effects due to
their continuous exposure to OP. On the other hand, awide variation in
PON1 activity (phenotype) was observed, in agreement with other
studies (Brophy et al., 2001; Chen et al., 2003; Rojas-García et al., 2005),
but it did not show an association with OP exposure effects on sperm
DNA integrity or semen quality. This study is the first one on reporting
PON1Q192R genotype frequencies in a Mayan population.

The knowledge that PON1 is a HDL-associated enzyme that
prevents lipid peroxide accumulation (Mackness et al., 1991), that
HDL isolated from subjects featuring the 192RR genotype retains b1%
of the anti-oxidant function compared to N50% in subjects with the
192QQ genotype (Mackness et al., 1998), and that OP exposure induces
oxidative stress as a mechanism of their toxicity in humans and
animals (Ranjbar et al., 2002; Piña-Guzmán et al., 2006; Ref43Quita-
nilla-Vega et al., in press), supports our finding that farmers featuring
the 192RR genotype showed more susceptibility to reproductive
effects by OP exposure. Participants of this study were exposed to a
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mixture of pesticides, mostly OP: methamidophos, chlorpyrifos,
methyl parathion, malathion and diazinon in that order. PON1 activity
towards several OP is substrate-dependent: the 192R alloenzyme
hydrolyzes paraoxon and chlorpyrifos oxon faster than the 192Q
alloenzyme, whereas diazoxon is hydrolyzed faster by the 192Q
alloenzyme (Davies et al., 1996). PON1 activity towards methamido-
phos (the OPmostly used by our population) is not known, but we can
suggest that it is hydrolyzed by the 192Q alloenzyme, since homo-
zygote 192RR subjects showed more susceptibility to OP reproductive
toxicity. Studies are in progress to elucidate the PON1 alloenzyme that
hydrolyzes methamidophos.

We are aware of some inherent limitations of our study. First, the
low participation rate may have introduced selection bias in the risk
estimates, since those workers more affected by pesticide exposure
might be more willing to provide semen samples. Therefore, the
participating farmers may not truly represent the whole population.
Second, although estimating the exposure through questionnaire, no
other measurement of chronic OP exposure is available.

In summary, our data show that occupational OP exposure was
associated with adverse effects on sperm DNA integrity and semen
quality only among susceptible workers; those who possess the
homozygous 192R alleles. Thus, we demonstrated for the first time,
the susceptible PON1Q192R genotype for OP exposure affecting male
reproduction, and highlighted thatmorework is needed in this field of
study to determine the role of PON1 genetic polymorphisms on the
susceptibility to different OP reproductive toxic effects.
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