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ORIGINAL ARTICLE

Paraoxonase 1 and Its Relationship With Pesticide Biomarkers
in Indigenous Mexican Farmworkers

Yael Yvette Bernal-Hernández, PhD, Irma Martha Medina-Dı́az, PhD, Briscia Socorro Barrón-Vivanco, PhD,
Marı́a de Lourdes Robledo-Marenco, PhD, Manuel Iván Girón-Pérez, PhD, Norma Elena Pérez-Herrera, PhD,

Betzabet Quintanilla-Vega, PhD, Ricardo Cerda-Flores, PhD, and Aurora Elizabeth Rojas-Garcı́a, PhD

Objective: Biomarkers of pesticide toxicity and paraoxonase 1 (PON1) phe-
notype and genotypes were evaluated in indigenous Mexican farmwork-
ers exposed mainly to organophosphate (OP) pesticides. Methods: Acetyl-
cholinesterase, butyrylcholinesterase, and PON1 activities—arylesterase
and CMPAase activities—were evaluated spectrophotometrically. PON1 55
and 192 polymorphisms were determined by real-time polymerase chain
reaction. Hematological parameters were evaluated using a cytometer.
Results: Butyrylcholinesterase and arylesterase activities were lower in
farmworkers, who also showed lower levels of leukocytes but higher per-
centages of lymphocytes when compared with the nonexposed group. Our
results showed a high frequency of OP, high hydrolysis-related PON1 alleles
(LL/QR and LL/RR) in the study population. An association was observed
between CMPAase activity and PON1Q192R polymorphism. Conclusions:
Our results suggest that pesticide exposure modifies biochemical and hema-
tological biomarkers in the study population, and that the phenotype of
PON1 (CMPAase) is a sensible susceptibility biomarker of OP pesticide
toxicity.

I n the state of Nayarit, Mexico, approximately 40% of indigenous
families named “Huicholes” leave their communities to work in

agricultural fields, where products such as beans, watermelon, ji-
cama, and green chile are grown.1,2 These workers are a vulnerable
population to pesticide exposure and toxicity. According to govern-
ment recommendations, pest control of these agricultural products is
accomplished mainly with organophosphorus (OP) pesticides, and
to a lesser extent, with carbamates (CB).3

A study conducted by Rojas-Garcı́a et al4 has found that
OP insecticides are the principal pesticides used across Nayarit
State, after pyrethroids, CB, and organochlorines. OP and CB in-
secticides inhibit the activity of cholinesterases, including butyryl-
cholinesterase (BuChE, also known as pseudocholinesterase) and
erythrocyte acetylcholinesterase (AChE, or true cholinesterase),5

with consequent peripheral muscarine- and nicotine-like effects, as
well as effects on the central nervous system.6
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Both AChE and BuChE inhibition are considered to be
biomarkers of OP/CB exposure.7 Generally, AChE inhibition is con-
sidered to be a better marker of toxicity, whereas BuChE inhibition
is a more sensitive marker of exposure because it is inhibited more
effectively than AChE by most OP/CBs including chlorpyrifos, di-
azinon, and malathion.8,9 In addition, Soltaninejad et al10 reported a
decrease in BuChE activity without an effect on AChE in a person
poisoned with OP. Measurements of AChE and BuChE activities
have been used as primary biomarkers to take necessary measures
in the field in cases of clinical poisoning and accidental OP and/or
CB exposure.11–17

Plasma paraoxonase 1 (PON1, E.C.3.1.8.1) is an extensively
studied enzyme, particularly for its role in the hydrolysis and detox-
ification of a large number of OP oxon derivatives or metabolites,
preventing their toxicity, especially in the central nervous system.18

Earlier studies have identified a number of factors, both genetic and
environmental, that influence PON1 activity and the corresponding
susceptibility to environmental pollutants.19–22 Two common poly-
morphisms in the coding region of PON1 have been extensively stud-
ied in the past decade: leucine(L)/methionine(M) at position 55 and
glutamine(Q)/arginine(R) at position 192. These polymorphisms of
PON1 have been shown to exhibit different phenotypes. The PON1
M55M genotype is associated with lower serum enzymatic activ-
ity than the PON1 L55L genotype, but it is not clear whether this
is because of decreased stability of the PON1 55M alloenzyme, as
suggested by Leviev et al,23 and/or because of the linkage disequilib-
rium with the 108T allele of PON1, which affects PON1 expression
or levels.24,25 More attention has been paid to the 192 polymorphism
because the two allozymes (Q and R) differ considerably in their
affinity for and catalytic activity toward a number of substrates. The
R allele (PON1 192R) hydrolyzes paraoxon at a higher rate than the
Q allele (PON1 192Q).26

There are studies that evaluate the role of PON1 as a sus-
ceptibility biomarker for the adverse effects of OP pesticides. For
example, Akgür et al27 found a positive correlation between AChE
activity and the amount of PON1 stimulation and concluded that
individuals with the genotype 192QQ might be more sensitive to
OP-induced toxicity because they had the lowest PON1 enzymatic
activities. Also, Cherry et al28 found that homozygous 192Q and 55L
were more sensitive to the effects presented by exposure to OP. Sim-
ilarly, Lee et al29 found that farmers carrying the Q allele of PON1
(192QQ or 192QR genotype) were nearly three times more likely to
have symptoms related to chronic pesticide exposure than farmers
with the R192R genotype. In addition, Sözmen et al30 found that
Q192Q/M55M individuals had the lowest activity toward paraoxon
in poisoned individuals, whereas RR/LL individuals had the highest
activity. They stated that interindividual differences in PON1 activ-
ity and the PON1 55 and 192 polymorphisms were important risk
factors in susceptibility to acute OP exposure. On the other hand,
Haley et al31 reported that ill veterans with neurological symptom
complexes were more likely to have the PON1 192R allele (RR or
QR) than to be homozygous Q. Furthermore, there are other studies
that fail to find an association between PON1 polymorphisms and
OP susceptibility.32

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 1. Primers and Probes for the Identification of PON1 L55M and Q192R Polymorphisms

Accession No. Polymorphism TaqMan Probe Forward/Reverse Primers

rs854560 PON1 55 VIC AGTATCTCCAAGTCTTC ACAACCTGTACTTTCTGTTCTCTTTTCTG/

FAM CAGTATCTCCATGTCTTC CAGAGCTAATGAAAGCCAGTCCAT

rs662 PON1 192 VIC CCTACTTACAATCCTG CTGAGCACTTTTATGGCACAAATGA/

FAM CCCTACTTACGATCCTG ACCACGCTAAACCCAAATACATCTC

PON1, paraoxonase 1.

Few epidemiological studies relating the PON1 phenotype
and/or genotype and OP sensitivity in indigenous populations have
been published. In this study, we examined the PON1 phenotype,
PON1 M55L and Q192R genotypes, the PON1 relationships with
BuChE and AChE activities, and hematological parameters in indige-
nous Mexican farmworkers (Huicholes) occupationally exposed to
pesticides.

MATERIALS AND METHODS
A comparative, cross-sectional study was carried out in in-

digenous volunteers from two small and conserved “Huichol” com-
munities in Nayarit, Mexico, who were invited to participate in the
study. The exposed population consisted of farmworkers engaged
in agricultural activities from Pochotitán (exposed group, n = 64),
whereas the nonexposed population from Pajuelazo (control group,
n = 62) included workers engaged in different types of activities,
reporting no use of pesticide at the time of sample collection, and
possessing similar characteristics as the exposed group. Informa-
tion of anthropometric and socioeconomic characteristics, lifestyle,
health status, exposure to pesticides, and the use of personal pro-
tective equipment was obtained from a structured questionnaire.
Symptoms related to pesticide exposure were included in the ques-
tionnaire. All selected participants were required to have the blood
type O (ABO group) and the Rh+ antigen, share the cultural tra-
ditions of the region, speak the indigenous dialect, and had to have
signed the informed consent. The study was approved by the Ethical
Committee for Health Services of Nayarit State, Mexico.

Sample Collection
Sampling was done from September to November 2011.

Blood samples were collected from each subject by venipuncture and
transferred to vacutainers. Blood was collected for enzyme analy-
sis, hematological parameters, and DNA extraction. Serum samples
were prepared by low-speed centrifugation; aliquots were stored at
−20◦C until analyses.

Hematological Parameters
Hematological parameters were analyzed using a cytometer.

Hemoglobin, hematocrit, and counts of erythrocytes, platelets, and
leukocytes (granulocytes, lymphocytes, and monocytes) were ob-
tained. Blood type was assessed by an immunological test. All anal-
yses were performed in a certified clinical laboratory.

BuChE Activity
The BuChE activity was evaluated immediately after the

blood collection using a Cholinesterase (CHE) R©kit (BioSystems,
Barcelona, Spain) according to the manufacturer’s instructions. Col-
orimetric changes were measured at 405 nm for 4 minutes. The
detection limit was 123 U/L, and the spectrometric response was
linear up to 25,000 U/L.

AChE Activity
The enzymatic activity of AChE was determined by the

method of Worek et al33 with some modifications. A blood dilu-

TABLE 2. General Characteristics of the Study
Population

Characteristic
Nonexposed
(n = 62)

Exposed
(n = 64) P

Sex, %

Female 56.45 57.81 0.87

Male 43.55 42.19

Age, %

18–24 yrs 20.96 20.31

25–34 yrs 30.64 26.56 0.86

35–49 yrs 27.41 34.37

≥50 yrs 20.96 18.75

BMI, %

18.50–24.99 kg/m2 48.08 48.00

25.00–29.99 kg/m2 36.54 52.00

≥30 kg/m2 15.38 – 0.08

Active smokers, % 12.00 – 0.13

Alcohol consumption, % 48.80 38.90 0.18

Years working in the field, %

≤1 yr –

2–3 yrs 21.43

4–5 yrs 7.14

6–10 yrs 21.43

11–15 yrs 7.14

≥15 yrs 42.86

Education, %

Illiterate 17.80 15.40

Some studies—less than
high school

82.20 84.60 0.77

BMI, body mass index.

tion (0.05 mL, 1:100 prepared with Triton X-100), and 1 mL of
phosphate buffer (0.1 M, pH 7.4), 0.05 mL of DTNB (5,5′-dithiobis
2-nitrobenzoic acid, 10 mM), and 0.005 mL of ethopropazine (6
mM) were added; the mixture was incubated at 37◦C for 10 min-
utes and then 0.025 mL of acetylthiocholine iodide (28.3 mM) was
added. The absorbance was monitored at 436 nm for 3 minutes. The
AChE activity was corrected for the hemoglobin content. For the
hemoglobin determination, 0.02 mL of blood was mixed with 5 mL
of the Drabkin’s reagent—30 mM of potassium ferricyanide, 38 mM
of potassium cyanide, 50 mM of potassium dihydrogen phosphate,
2.5% surfactant (w/v)—and incubated at room temperature for 10
minutes; the absorbance at 540 nm was recorded. The specific activ-
ity of AChE was calculated from the quotient of AChE activity and
hemoglobin content and was expressed as U/g Hb.

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 3. Pesticides Commonly Used by the Study Population

Trade Name Chemical Group Use Classification*

Azinphos-methyl Organophosphate Insecticide IB

Chlorpyrifos-ethyl Organophosphate Insecticide III

Diazinon Organophosphate Insecticide IA

Malathion Organophosphate Insecticide III

Methyl parathion Organophosphate Insecticide IA

Terbufos Organophosphate Insecticide IA

Lannate 90 Carbamate Insecticide IB

Esteron Dichlorophenoxyacetic acid (2-4-D) Herbicide III

Glyphosate N-phosphonomethyl glycine Herbicide IV

Paraquat dichloride Bipyridyls Herbicide IA

*World Health Organization classification: class IA, extremely hazardous; class IB, highly hazardous; class II, toxic; class III, moderately toxic; class IV,
slightly toxic; class V, virtually nontoxic.

TABLE 4. Hematological Parameters in the Study Population

Parameter Nonexposed Mean ± SD (Range) Exposed Mean ± SD (Range) P Reference Values

Hemoglobin, g/dL

Female 11.86 ± 1.31 (6.2–13.7) 12.52 ± 1.14 (9.8–15.1) 0.0355* 12.5–16.8

Male 13.67 ± 1.06 (10.2–15.3) 13.94 ± 0.99 (12–15.5) 0.3496* 13.5–18.0

Erythrocytes, 106/mm3

Female 4.15 ± 0.24 (3.74–4.67) 4.35 ± 0.35 (3.57–5.02) 0.0064* 4.8 ± 0.6

Male 4.55 ± 0.42 (3.38–5.24) 4.62 ± 0.33 (3.97–5.13) 0.4716* 5.4 ± 0.9

Hematocrit, %

Female 38.10 ± 3.66 (23.5–44.8) 39.70 ± 3.26 (33.7–47.8) 0.0997† 33–47

Male 43.11 ± 2.89 (36.1–47.6) 43.71 ± 2.97 (37.9–48.7) 0.4210† 40–54

Leukocytes, 103/mm3

Female 8.08 ± 1.67 (5.6–14.3) 6.61 ± 1.65 (3.8–11.7) 0.0002† 5–10 × 103

Male 8.23 ± 2.09 (4.8–12.2) 7.10 ± 1.65 (4.1–10.7) 0.05†
Lymphocytes, %

Female 32.56 ± 7.58 (16.9–49.1) 36.21 ± 7.67 (16.2–58.7) 0.0004* 20–30

Male 33.38 ± 6.27 (18.3–48.3) 35.72 ± 7.95 (22.2–54.8) 0.0325*

Platelets, 103/mm3

Female 249.44 ± 65.76 (139–483) 259.40 ± 64.24 (127- 392) 0.3250†
Male 195.92 ± 40.38 (135–268) 219.55 ± 46.64 (129–344) 0.0899† 150–400 × 103

*t test.
†Mann-Whitney U test.

Arylesterase Activity
The arylesterase (AREase) activity of PON1 was determined

using phenylacetate as the substrate according to Eckerson et al34

and Furlong et al.35 The initial rate of phenylacetate hydrolysis
was measured in a cuvette containing 2.7 mL of buffer (10 mM
of Tris-HCl, 40 μM of eserine hemisulfate, 1 M of CaCl2, pH 8) and
20 μL of diluted plasma (1:50), and incubated for 5 minutes in the
dark at room temperature; subsequently, 300 μL of phenylacetate
(10 mM) was added and the absorbance at 270 nm was measured
per minute, for 5 minutes. The activity was expressed in U/mL
on the basis of the molar extinction coefficient of phenylacetate
(1.31 × 103 M−1 cm−1).

CMPAase Activity
The rate of 4-chloromethylphenylacetate (4-CMPA) hydrol-

ysis was determined according to Richter et al.36 Plasma samples
were diluted 1:40 in the dilution buffer (20 mM of Tris-HCl, 1 mM
of CaCl2, pH 8.0). The reaction mixture contained 60 μL of plasma,

295.2 μL of dilution buffer, and 304.8 μL of 4-CMPA to a final
concentration of 3 mM. The absorbance was measured spectropho-
tometrically at 280 nm for 5 minutes, at 25◦C. The activity was
expressed in U/mL on the basis of the molar extinction coefficient
of the 4-CMPA hydrolysis product (1.30 mM−1 cm−1).

Validation of Enzymatic Activities
The reproducibility of the enzymatic analyses was assessed

on the basis of triplicate analyses of plasma samples. In each case,
the coefficient of variation calculated was 10% or less.

DNA Extraction
DNA was isolated from whole blood using a High Pure PCR

Template Preparation kit (Roche, Indianapolis, IN) following the
manufacturer’s instructions. The DNA was quantified at an opti-
cal density of 260 nm (OD260), and the purity was assessed by
the OD260/OD280 ratio. The DNA integrity was evaluated by elec-
trophoresis on 1% agarose gels stained with ethidium bromide.
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FIGURE 1. Cholinesterase (a and b) and
paraoxonase activities (c and d) in the
study population. The graphs show the
mean ± standard deviation. The P value
for cholinesterase activity was obtained
by Mann-Whitney U test. The P value for
PON1 activity was obtained by the t test.
Value P < 0.05 was considered statisti-
cally significant.

PON1 M55L and Q192R Genotypes
Polymorphisms of PON1 were evaluated according to Rojas-

Garcı́a et al.37 All polymerase chain reaction (PCR) reagents and
analytical equipment were purchased from Applied Biosystems
(Foster City, CA). Real-time PCR assays of single-nucleotide
polymorphisms were performed using primer-specific fluorescent-
labeled probes in a StepOne sequence detector. Probes (Table 1)
were designed using the Primer Express software and were labeled
with FAM and VIC as the fluorescent reporters. The PCR reaction
mixture contained 50 ng of DNA, 1X TaqMan Universal PCR Master
Mix, 900 nM of each primer, and 200 nM of the TaqMan probe. PCR
reactions were performed using a StepOne real-time PCR system as
follows: 50◦C for 2 minutes, 95◦C for 10 minutes, then 40 cycles of
95◦C for 15 seconds and 60◦C for 1 minute. The allelic discrimina-
tion was performed using the StepOne version 2.1 software.

Genotyping Internal Quality Control
A randomly selected sample was amplified twice peranalytical

series to verify the consistency in PCR results. At least three samples
were included as blank values to test for DNA contamination in each
run. In addition, samples of known genotypes were analyzed as
positive controls.

Statistical Analyses
The Kolmogorov–Smirnov test was applied to assess the nor-

mal distribution of dependent variables. One-way analysis of vari-
ance was used when data followed a normal distribution, and the
Kruskal–Wallis test was used for comparing more than two groups
when data were nonnormally distributed. The Mann-Whitney U test
was used for comparisons between populations. Spearman corre-
lation coefficients were calculated to examine the correlation be-
tween cholinesterases and PON1 activities in all subjects. Statisti-
cal significance was set as P < 0.05. The Stata version 8 software

(Stata Corp LP, College Station, TX) was used for statistical anal-
yses. Genotypes and allele frequencies were calculated and tested
for the Hardy–Weinberg equilibrium with the SNPStats software
(http://bioinfo.iconcologia.net/SNPstats).38

RESULTS

General Characteristics
The geometric mean of participants’ age was 35.7 years, with

55% being women. Fifty percent of participants had body mass in-
dexes considered as normal for the Mexican population, and 50%
were overweight. The distribution of age, time working in the field,
education, and unhealthy habits are summarized in Table 2. No
differences in these parameters were observed between exposed
and nonexposed groups. Among farmworkers, 41% had more than
15 years working in the field, 90% performed activities to include
sowing, harvesting, cutting, and stringing of tobacco, as well as mix-
ing and applying pesticides. Seventy-four percent of workers did
not know which pesticides were used, and 26% used more than one
pesticide at a time. The study participants worked 9.2 hours per day
(ranging from 1 to 16 hours) on average, and 6 days a week. The most
commonly used pesticides were OP (60%), after herbicides such as
glyphosate (Table 3). More than 50% of pesticides belonged to 1A
(extremely hazardous) or 1B (highly hazardous) groups of World
Health Organization classification. Sixteen percent of participants
in the exposed population had at least one intoxication episode and
workers reported having symptoms during the workday, the most
common including headache (72%), dizziness (67%), burning eyes
(67%), stomach pain (78%), sensation of vomiting (50%), burning
and itchy skin (28%), and excessive salivation (59%). More than
50% of workers reported not using any protective equipment while
working in the field.
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FIGURE 2. PON1 activity using phenylacetate and 4-CMPA
substrates (a) and a plot of the cumulative number of in-
dividuals versus the ratio of PON1 activities (b). PON1
activity (CMPAase/ARE). PON1 activity distribution with
phenylacetate and 4-CMPA (a), a plot of the cumulative
number of individuals versus the ratio of PON1 activity to-
ward CMPAase/ARE (b). A large interindividual variation in
PON1 activity was observed in this indigenous population.

Hematological Parameters
Hematological parameters evaluated in the study population

are shown in Table 4. The average erythrocyte contents of both the
exposed and control populations were below the value considered
as normal for the Mexican population, according to a clinical labo-
ratory reference. With respect to sex, women from the nonexposed
population had lower hemoglobin and erythrocyte content than the
pesticide-exposed women (P < 0.05). On the other hand, the ex-
posed workers had lower levels of leukocytes, but higher levels of
lymphocytes, than the non-exposed group.

Enzymatic Activities
Cholinesterases and PON1 activities are showed in Fig. 1. The

mean value of BuChE activity in both populations was 3695.11 U/L,
lower than those considered as normal for the Mexican population4

(3930 to 10800 U/L in women, 4620 to 11500 U/L in men). No gen-
der difference was observed (P = 0.25) in this activity. Nevertheless,
pesticide-exposed workers had lower BuChE activity (3841.27 U/L
± 825.32) than the nonexposed population (3551.31 U/L ± 632.66)
(P = 0.03). The mean value of AChE activity in the overall study
population was 24.63 U/g Hb, slightly lower than those considered as
normal for the Mexican population (25 to 45 U/g Hb).4 There were
no differences in AChE activity between sex groups or between
exposed and nonexposed individuals (P > 0.05).

With respect to PON1 activities, demonstrated by the AR-
Ease and CMPAase assays, the mean value of AREase activity was
87.83 U/mL. The pesticide-exposed population had lower AREase
activity (73.81 U/mL) than the nonexposed group (94.52 U/mL)
(P < 0.0001). The mean value of CMPAase activity, using 4-CMPA
as a substrate, was 28.58 U/mL, and the exposed population showed
a tendency to have lower activity than the nonexposed group (26.09
U/mL vs 28.46U/mL; P = 0.09). A great variability in PON1 activ-
ity was observed among the whole study population (Fig. 2a). When
the cumulative number of individuals was plotted versus the ratio of
AREase/CMPAase, a unimodal behavior was observed (Fig. 2b), as
previously published in other populations.

Statistical relationships between enzymatic activities were
evaluated to determine potential associations. The BuChE activ-
ity was correlated with AREase, and the AChE activity with CM-
PAase. In addition, PON1 activities determined by using different
substrates (phenylacetate and 4-CMPA) correlated each other, as ex-
pected. When correlation analyses were conducted for each group, a
nonsignificant correlation between CMPAase and BuChE was found
in the exposed group (Table 5).

PON1 Genotype
Genotype frequencies observed in the indigenous Huicholes

for PON1 M55L were 0.01 for MM, 0.05 for ML, and 0.94 for LL,
whereas in the case of PON1 Q192R, the genotype frequencies were
0.20 for QQ, 0.42 for QR, and 0.38 for RR. These observed geno-
typic frequencies were in equilibrium with the Hardy–Weinberg law.
No differences were found in PON1 M55L or Q192R frequencies
between the study groups (P > 0.05). PON1 M55L and Q192R
genotypes frequencies revealed the combinations of the M55L and
Q192R alleles transmitted in the whole study population (n = 126).
The most frequent genotype combination was LL/QR, after LL/RR
and LL/QQ. A linkage disequilibrium, specifically an apparent non-
random association of the M55L and Q192R PON1 alleles, was
exhibited among the study population (D´ = 0.60l P = 0.03).

PON1 Genotype and Phenotype as Predictors
of Cholinesterase Activities or Hematological
Parameters

Table 6 evaluates the activities of cholinesterases and PON1
with respect to PON1 M55L and Q192R genotypes. There were no
significant relationships detected between BuChE or AChE activi-
ties and PON1 genotypes (P > 0.05). Furthermore, no significant
relationships were observed between AREase and PON1 genotypes.
Nevertheless, when 4-CMPA was used as a substrate to assess PON1
activity, relationships were observed between CMPAase/PON1
activity and Q192R genotypes, as well as a tendency with PON1
M55L genotypes. Additional analyses were conducted to evaluate

TABLE 5. Correlation Coefficients Between
Cholinesterases and PON1 Activities

BuChE AChE AREase CMPAase

BuChE 1

AChE −0.0207 1

P = 0.820

AREase 0.2358 0.0869 1

P = 0.0092 P = 0.3392

CMPAase 0.1360 0.2023 0.5679 1

P = 0.1337 P = 0.0237 P = <0.0001

AChE, acetylcholinesterase; AREase, arylesterase; BuChE,
butyrylcholinesterase; CMPAase, 4-chloromethylphenylacetate.
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TABLE 6. Enzymatic Activities According to PON1 Genotypes

Nonexposed Population Exposed Population

Genotype (n) BuChE, U/L
AChE, U/g

Hb
AREase,

U/mL
CMPAase,

U/mL BuChE, U/L
AChE, U/g

Hb
AREase,

U/mL
CMPAase,

U/mL

55

MM (1) 3825 23 52 12.86 – – – –

ML (6) 3975.3 ± 177.8 22.66 ± 2.1 82.6 ± 8.6 27.1 ± 9.6 3408 ± 796.9 20.82 ± 5.49 59.6 ± 26.55 18.95 ± 6.20

LL (117) 3834.5 ± 853.0 24.98 ± 4.65 99.3 ± 25.7 30.0 ± 7.6 3519.2 ± 572.7 24.45 ± 5.82 79.19 ± 24.83 28.09 ± 8.58

P = 0.63* P = 0.29* P = 0.1128† P = 0.08† P = 0.61* P = 0.27* P = 0.1906† P = 0.07†
192

QQ (25) 4060.4 ± 1086.9 24.2 ± 3.4 96.1 ± 38.9 27.13 ± 9.2 3613.6 ± 622.6 24.2 ± 6.1 66.8 ± 25.7 20.3 ± 6.8

RQ (52) 3800 ± 728.5 24.8 ± 5.1 97.8 ± 25.1 27.08 ± 5.8 3365.6 ± 543.6 23.6 ± 5.4 78.4 ± 26.6 26.4 ± 7.2

RR (47) 3784.1 ± 818.7 25.1 ± 4.5 98.5 ± 21.0 34.15 ± 7.9 3693.9 ± 691.4 25.3 ± 6.4 83.2 ± 21.6 32.3 ± 8.3

P = 0.86* P = 0.65* P = 0.96† P = 0.0026† P = 0.28* P = 0.76* P = 0.15† P = 0.0001†
55/192

MM/QQ (1) 3825 23 52 12.86 – – – –

ML/QR (5) 3975.3 ± 177.8 22.6 ± 2.08 82.6 ± 8.6 27.1 ± 9.6 2961 ± 267.3 22.2 ± 6.9 52 ± 32.5 18.3 ± 8.6

ML/RR (1) – – – – 43.02 18.01 75 20.31

LL/QQ (24) 4084 ± 1142.8 24.3 ± 3.55 100.1 ± 34.7 28.4 ± 8.4 3613.6 ± 622.7 24.2 ± 6.1 66.8 ± 25.7 20.3 ± 6.8

LL/QR (48) 3779.1 ± 768.2 25.1 ± 5.3 99.7 ± 25.9 27.1 ± 5.5 3402.3 ± 550.6 23.7 ± 5.4 80.8 ± 25.6 27.1 ± 6.8

LL/RR (45) 3784.1 ± 818.7 25.1 ± 4.5 98.5 ± 21.4 34.1 ± 7.9 3581.7 ± 571.9 25.3 ± 6.2 84.9 ± 21.9 33.4 ± 7.4

P = 0.83* P = 0.58* P = 0.36† P = 0.0031† P = 0.23* P = 0.65* P = 0.15 P = <0.0001†

*P values were obtained by one-way analysis of variance.
†P values were obtained by Kwallis test.
Values are means ± standard deviation; P < 0.05 was accepted as statistical significance.
AChE, acetylcholinesterase; AREase, arylesterase; BuChE, butyrylcholinesterase; CMPAase, 4-chloromethylphenylacetate.

BuChE, AChE, AREase and CMPAase activities in LL subjects com-
pared with LM and MM subjects, but no statistical differences were
observed.

Finally, hematological parameters were not modified by PON1
phenotypes or genotypes (data not shown); to our knowledge there
are no studies evaluating the role of PON1 in modulating hematologic
effects caused by pesticide exposure.

DISCUSSION
It is known that PON1 is responsible for the metabolism of

some OP compounds, and it has long been hypothesized that indi-
viduals with low serum activity of this enzyme would be expected
to have higher OP toxicity.39 Numerous studies in different ethnic
populations have been published that evaluate PON1 activity and
its genotype prevalence in healthy subjects as well as in pesticide-
exposed workers.40 In this study, pesticide exposure and toxicity
biomarkers and their relationship with PON1 phenotypes and geno-
types were evaluated in indigenous workers (Huicholes). The study
population can be considered highly vulnerable to pesticide toxi-
city because more than 50% of them are of reproductive age and
40% have a history of chronic exposure to pesticides, with more
than 15 years’ experience in agriculture. In addition, the Huicholes
have very low income; many of them are illiterate and cannot read
the printed instructions on pesticide bottles, and they do not use
protective equipment.

Hematological Parameters
To study the pesticide effect on hematological parameters, to-

tal counts of red blood cells, total leukocytes, differential leukocytes,
and platelets were calculated in each worker, as well as hemoglobin
and hematocrit. There are few studies in the literature associating the
exposure to pesticides with hematological damage in humans. In this
study, 34% of the study population had low levels of Hb and 81%

had low counts of erythrocytes. Also, pesticide-exposed workers had
lower counts of leukocytes but higher percentages of lymphocytes
compared with nonexposed individuals. Our results agree with pre-
vious studies; Sarabia-Nuñez et al41 reported a leukopenia and lym-
phocytosis in a group of workers exposed to pesticides. These authors
suggested that leukopenia could be considered a chronic exposure in-
dex for agricultural field activities. Furthermore, in agreement with
our findings, Remor et al42 reported a decrease in leukocytes and
an increase in lymphocytes in farmworkers from two communities
from Rio Grande do Sul, Brazil, exposed to complex mixtures of
pesticides. Some studies have reported only a low leukocyte count in
farmers compared with controls43–45 or only an increase in lympho-
cytes in pesticide-exposed individuals.45 Studies in animal models
are also consistent with our results; Aportela et al.46 have found that
OP pesticide exposure in mice decreases the amount of leukocytes.
Interestingly, in this study, the changes in the hematological param-
eters were not statistically linked to certain PON1 phenotypes and
genotypes.

Cholinesterase Activities
A decrease in AChE activity has been observed in several stud-

ies after OP exposure.11,47–49 In this study, 55% of the population
showed an AChE activity below the normal value for the Mexican
population (25 to 45 U/g Hb), but there was not a statistically signif-
icant difference between the pesticide-exposed workers (23.79 U/g
Hb) and the nonexposed population (24.40 U/g Hb). Previously, the
decrease in the AChE activity has been related to the duration and
frequency of pesticide exposure.40,47 Nevertheless, in this study no
relationship was found between the AChE activity and the duration
of the exposure, by means of the number of years working in the
field. Our results agree with data published by the National Institute
of Public Health of Mexico that reported an AChE activity of 28.27
U/g Hb in Huicholes exposed to contaminants in agricultural fields
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in the coast of Nayarit State,48 and no significant difference was
found in the AChE enzymatic activity during the harvest between
individuals working with pesticides (28.27 U/g Hb) and those who
were not (30.39 U/g Hb). On the contrary, Gamlin et al49 evaluated
the AChE activity in a longitudinal study conducted in 62 children
working on tobacco plantations during the harvest season in Nayarit
State (Pacific Coast) and reported that 33% of the paired samples
(during the harvest vs 6 to 9 months after the harvest) had a de-
pression on the AChE activity of at least 15% during the period of
intensive exposure and 86% were anemic.

It has been reported that AChE is a better biomarker than
BuChE for the assessment of chronic exposure to OP; however,
serum BuChE activity has been reported to be a more sensitive
and suitable indicator of mixed exposures than AChE in other
studies.50–52 Our results agree with these latter reports because
pesticide-exposed workers in this study had lower BuChE activity, as
previously reported.4,52,53 It is important to note that we do not have
reference values for BuChE activity in this particular indigenous
population. We hypothesize that it is likely that reference values of
this study population are lower than those found in mixed popula-
tions; regardless, individuals exposed to pesticides had significantly
lower values of BuChE than the control group.

Phenotype and Genotype of PON1
There is a wide variation in serum PON1 levels and activities

among different ethnic populations, which show up to 40-fold varia-
tion in plasma activity and differences up to 13-fold in serum activity
between individuals with the same genotype.39,54–57 In this study, a
wide variation in PON1 activity among individuals was observed; a
variability of 6.17-fold was observed when phenylacetate was used
as a substrate, and a 4.4-fold variability was observed with substrate
CMPA. Although a large interindividual variation in PON1 activity
was observed in this work, there is actually less variation in this
indigenous population compared with others.31

Recently, a study conducted by Richter et al36 showed that
when more than 70 compounds were tested to identify the best sub-
strates and assay conditions for the determination of PON1 activity,
the hydrolysis of the nontoxic phenylacetate at 2 M of salt and 4-
CMPA at low salt provided the best resolution of functional PON1
192 phenotypes, compared with the toxic diazoxon/paraoxon sub-
strate pair. Our results suggest that AREase may be a better biomarker
of OP exposure than CMPAase.

The single-nucleotide polymorphism of PON1 at position 55
(M55L) has been shown to primarily effect enzymatic activity of
the protein,58,59 whereas the Q192R polymorphism has been pro-
posed to have a significant effect on the hydrolytic activity and
xenobiotic metabolism.58,59 The more frequent PON1 alleles in
the study population were the 55L (0.96) and 192R (0.59), which
are associated with high OP detoxification ability; similar results
have been observed in other populations (Table 7). The frequency of
the 55L allele is similar to that found in other indigenous Mexican
or Mestizo populations and in Chinese populations; the 192R allele
frequency found in this study was similar to that reported in Japanese
and Chinese populations, but different from that found in American
or European populations. Our results agree with previous studies
that reveal interpopulation differences in allele frequencies for the
PON1 polymorphisms, and support the hypothesis that indigenous
Amerindians and Asians share a common ancestral origin, perhaps
the reason why populations from America and Asia demonstrate
strong genetic affinities.37,55–57,63

Given the role of PON1 in pesticide toxicity,64 it is not sur-
prising that particular attention has been devoted to factors that may
modulate PON1 activity or expression.10,67,68 An individual’s plasma
PON1 activity toward a particular substrate can be predicted by
PON1 polymorphisms in both the coding and regulatory regions,64,32

and may also be modulated by environmental factors including pes-

TABLE 7. PON1 Allele Frequency in Human Populations

Allele Frequency

Continent Population 55 L 192 R Reference

Africa Beninese ND 0.61 Scacchi et al76

Ethiopian ND 0.40 Scacchi et al76

America African
American

0.83 0.71 Chen et al61

American 0.65 0.30 Brophy et al66

Brazilian 0.68 0.31 Voetsch et al77

Caribbean 0.77 0.48 Chen et al61

White
American

0.57 0.21 Chen et al61

Costa Rican 0.26 0.24 Sen-Banerjee et al60

Equatorian
Cayapa
Indians

ND 0.78 Scacchi et al76

Huichol 0.96 0.59 This study

Mayan 0.95 0.43 Gamboa et al62

Mestizo 0.84 0.47 Gamboa et al62

Mexican
American

0.82 0.54 Holland et al78

Tenek 0.98 0.51 Gamboa et al62

Asia Chinese ND 0.59 Sanghera et al79

Indian ND 0.33 Sanghera et al79

Japanese ND 0.60 Kuremoto et al80

Malay 0.94 0.59 Poh and
Muniandy82

Thai 0.95 0.29 Phuntuwate et al57

Europe British 0.64 0.26 Mackness et al81

Finns 0.65 ND Salonen et al83

French ND 0.29 Helbecque et al84

German 0.64 0.22 Gardemann et al85

Irish 0.64 0.31 Hasselwander et al86

Italian 0.63 0.26 Bonafè et al87

Spaniard 0.59 0.30 Hernández et al32

Turkish 0.72 0.31 Aynacioglu et al88

ND, not determined.

ticide exposures.39,65 In our findings, CMPAase activity correlated
with PON1 genotypes as follows: LL/RR (associated with high CM-
PAase activity) > LL/QR > LL/QQ > ML/RR > ML/QR > MM/QQ
(associated with low CMPAase activity); this is consistent with other
studies where phenylacetate was used as the substrate.26,36,55,63 Our
finding that no significant variation in AREase activity was asso-
ciated with specific PON1 M155L or Q192R polymorphisms was
in agreement with previous studies.40,55,66 The low variability of
genotypes is likely the reason why we are not seeing highly sig-
nificant differences, despite seeing trends similar to those in other
populations with higher allele frequencies for M.

In this study, we suggest that both the genotype of PON1 and
the pesticide exposure were factors that modulate the phenotype of
PON1. Our results agree with other studies reported in the litera-
ture. For example, Sözmen et al30 reported that acute exposure to
organophosphates decreased PON1 activity, but it is not yet certain
whether chronic, occupational low-level exposure to organophos-
phates or other toxins influences PON1 activity.67 Mackness et al.69

conducted a case-control study of self-reported, chronic, ill health
among sheep dippers exposed primarily to diazinon and found that a
combination of R and L genotypes was associated with lower PON1
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activity toward diazoxon in both cases and in controls. Also, Browne
et al.70 studied workers with exposure to OP and found a significant
decrease of AChE and a compensatory increase in paraoxonase as a
result of such exposure. According to the authors, the serum levels
of these enzymes are the result of a complex interaction between ge-
netic (genotype) and environmental (exposure to chemicals) factors
and the locus determining AChE/PON1 represents an innate suscep-
tibility to OP. Another similar study was conducted in agricultural
pesticide handlers in Washington State by Hofmann et al.5 The au-
thors observed significantly greater BuChE inhibition among QQ
homozygotes than among RR homozygotes. Lower levels of plasma
PON1 activity were significantly associated with greater BuChE in-
hibition; these associations remained after adjustments for year, age,
and OP exposure. In addition, the authors found that, compared with
RR individuals, relatively few QQ individuals had low plasma PON1
activity, possibly attributable to the healthy worker survivor effect.

Similarly, the modulation of PON1 phenotype by internal or
external factors could be important not only in the OP toxicity but
also in the bioactivation of drugs, prodrugs, and other compounds
that are metabolized by PON1.71–75

One limitation of this study was that exposure assessment
was not quantitative because it was limited to exposed or unexposed
individuals and the small sample size, which may limit the statistical
analyses and results. It is important to note that the total Huichol
population in each community is small, and that the study has a
response rate of approximately 50%.

CONCLUSION
Our results suggest that pesticide exposure modifies biochem-

ical and hematological biomarkers in indigenous farmworkers, and
that the phenotype of PON1, through the AREase substrate, is a
sensible exposure biomarker.
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