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Abstract: Significant risks to human health have been associated with chronic exposure to low
doses of pesticides, a situation which may be frequent among agricultural workers. In this context,
and regarding the agricultural-based economy of central Chile, we aimed to explore the genotoxic
damage in agricultural workers and reproductive risk among women in rural and urban areas of
Curicó, a traditional agricultural district in Chile. Hence, we sampled a group of rural agricultural
workers associated with pesticide management (n = 30) and an urban unexposed group (n = 30). Our
results showed that the agricultural workers had higher micronuclei frequencies (MN: β = 13.27;
95% CI low = 11.08, CI high = 15.47) and women had a 40-fold higher risk of reproductive problems
(OR = 40.32; 95% CI low = 2.60, CI high = 624.31) than the unexposed group. The factor analysis of
mixed data (FAMD) showed that neither the sex nor smoking habits appear to define the ordination
of the data. Nevertheless, the exposure level did segregate them in the multidimensional space
(explained variance: 35.38% dim-1; 18.63% dim-2). This pilot study highlights the higher risks of
biological conditions negatively associated with the health of agricultural workers.

Keywords: genotoxicity; reproductive risk; agricultural workers; pesticide exposure; Chile

1. Introduction

The current volume of agricultural production relies on the extensive use of diverse
chemical compounds, among which several are pesticides. However, despite the latter
being, by definition, toxic substances, they are deliberately released into the environment to
control pests among crops [1,2]. In 2019, more than 4 million tons of these compounds were
used in agricultural fields worldwide [3], and due to world population growth, the use of
these compounds will continue to increase every year [1]. Undoubtedly, the productive
advantages of pesticides are acknowledged. However, their indiscriminate use can be
disastrous for both human health and environmental functioning [4], particularly if they
are handled and applied in an incorrect way [2].

Concerning human exposure in the agricultural environment, farmers and workers
are occupationally exposed to high levels of complex mixtures of pesticides, especially in
developing countries [5]. But while the lack or inappropriate use of personal protective
equipment can result in severe acute poisoning, prolonged low-level exposure has also a
chronic harmful effect on the health of the exposed individuals [2]. Due to the apparent
harmlessness of low-dose exposure, it is estimated that many more people are exposed in a
low-level and long-term way than those suffering from acute poisoning [6,7]. This becomes
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more relevant if we consider that an increase in the exposure of the population to pesticides
has been projected, due to the pressures imposed by the current climate change dynamics
on the agricultural production systems [8], such as enhancing chemical toxicity, increasing
rates of chemical degradation, enhancing volatilization of pesticides to the atmosphere
or surface deposition of airborne pesticides, or changes in the frequency and amount of
pesticides used [9,10].

Among the diverse biological threats of pesticides on human health, their genotoxic
potential under low-dose long-term exposures is a major risk factor for several chronic
diseases [11], and it has been considered the most studied early effect biomarker [12,13].
Indeed, several epidemiological studies establish a direct relation between occupational
exposure to pesticides and cancer [14–17], diabetes, respiratory, cardiovascular [18,19],
autoimmune, and neurodegenerative diseases [20,21]. In addition, a large body of literature
has reported the adverse effects of occupational and/or environmental pesticides exposure
on reproductive or developmental disorders such as decreased fertility, a higher rate of
spontaneous abortions, and congenital malformations [18,22–25]. In this context, improving
the risk estimation of developing a chronic disease seems highly desirable. For this reason,
molecular tools like genotoxicity biomarkers, which allow the detection of early effects
resulting from the interaction between the individual and pesticides, appear as an important
tool for environmental epidemiology [26].

A recent review about the health effects of pesticide exposure in Latin American
and the Caribbean (LAC) populations, with a 14% of global agricultural production [27],
provided some evidence that exposure to pesticides may adversely impact the health of
the populations where the exposure to OP pesticides, carbamates, or to multiple pesticide
classes was consistently associated with markers of genotoxicity and adverse neurobe-
havioral outcomes, particularly among children and farmworkers [13]. In Chile, 21%
of the surface of the territory is agricultural land [26]. In the last 25 years, the country
has experienced a great agricultural development, consequently, the sales of pesticides
increased by almost 30% between 2012 and 2019 [28]. Only in 2019, about 54,450 tons
were marketed in the country, being organophosphates, carbamates, and pyrethroids the
most commercialized [28]. The Maule region is the area of the country with the largest
agricultural exploitation, where 34% of the inhabitants correspond to rural populations in
agricultural and livestock occupations [29].

Despite the huge agricultural development in Chile, especially in the Maule region,
there are few epidemiological studies which aimed to assess occupational exposure to
pesticides in the population and their effects. However, some precedents have already been
set where exposed people have higher levels of cognitive impairment [30–32], and also,
both agricultural workers and the general population of rural areas have a higher risk of
developing cancer compared to unexposed population [33].

In the same way, associations between occupational exposure and both genotoxic
and/or reproductive health problems have also been established in seasonal women farm-
ers [22,34,35]. Márquez et al. [22] evaluated the cytogenetic damage associated with ex-
posure to mixtures of pesticides through the Micronucleus (MN) assay in 64 agricultural
women workers and 30 unexposed women. They found an increased frequency of binucle-
ated cells with micronuclei in the exposed women compared to the unexposed, confirming
that occupational exposure to pesticide mixtures could result in an increased cytogenetic
damage in this population [22]. Similarly, Zúñiga et al. [34] evaluated the genotoxic damage
in 87 females occupationally exposed to pesticides and 54 unexposed women, using the
MN and the Sister Chromatid Exchange (SCE) assays, and this study revealed a signif-
icant increase in cytogenetic damage in the exposed group. Furthermore, exposure to
pesticides was a risk factor for the reproductive health of exposed women for most of the
parameters evaluated [34]. Recently, these authors have confirmed the genotoxic effects of
pesticide exposure in farmers from Coquimbo region. Additionally, they have reported a
genetic susceptibility of this population to metabolize OP pesticides by genotyping PON-1
susceptibility biomarker [35].
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Because of the aforementioned, and due to the fact that the Maule region of Chile has
the largest proportion of area devoted to agricultural exploitation, it is reasonable to think
agricultural workers in this region could be in a constant pesticide exposure. Therefore, in
this pilot study, our main objective was to know whether the genotoxic and reproductive
risks are increased in a group of agricultural workers exposed to pesticides in the rural area
of Curicó city, compared to an urban unexposed group.

2. Materials and Methods
2.1. Study Design and Population

It was a cross sectional study where two groups of adults between 19 and 66 years
old from the Maule region (Chile) were conformed: a group of agricultural workers
occupationally exposed to pesticides (n = 30) from two rural areas of Curicó (Los Niches
and Sarmiento), and an urban unexposed group (n = 30) from Curicó city (Figure 1).
The workers from Sarmiento correspond to men who worked at Los Lirios aerodrome as
fumigation pilots, whose occupational exposure occurs through the loading, maintenance
and washing of the fumigation planes, and through handling and mixing the pesticides
to be used. The workers from Los Niches were seasonal farm workers (men and women)
exposed to mixtures of pesticides through terrestrial fumigation, but also by crop and fruit
manipulation. The sampling was carried out during the spring-summer season where there
is a greater application of pesticides in agriculture. The crops in which the farmworkers
worked were mainly fruit trees (such as apples, cherries, and berries).
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Figure 1. Location of the sampling sites of the study. The main map shows the study site (black
square) within Chile and the Maule Region. The inset picture shows the specific sampling points of
exposed (Sarmiento and Los Niches) and unexposed (Curicó) groups.

The unexposed group was composed of men and women who were not associated
with agricultural labors and did not have any known exposure to pesticides. All the studied
participants were volunteers and signed an informed consent, which was approved along
with the study protocol by the Ethic Committee of the Universidad de Concepción.
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2.2. Fieldwork and Blood Sampling

The participants were previously informed of the study, and after signing the informed
consent, the blood samples were obtained. A survey was applied to obtain relevant
information such as occupational and demographic records, clinical history, reproductive
problems (for women), which include spontaneous abortions, congenital malformations,
cases of reproductive problems, and infertility. Five ml of peripheral blood were taken by
intravenous puncture in a heparinized vacutainer. The samples were stored at 4 ◦C and,
the next day, they were transported to the Laboratory of Cytogenetics and Toxicological
Genetics, Faculty of Biological Sciences of the University de Concepción to conduct the
corresponding analysis.

2.3. Micronucleus Assay (MN)

This technique was performed according to Fenech [36]. Lymphocytes were cultured
from 0.5 mL of blood in a solution containing 4.5 mL of RPMI 1640 culture medium
(10% bovine serum fetal, 1% penicillin/streptomycin, 50 µL L-glutamine). The lympho-
cytes were stimulated with phytohemagglutinin, incubated at 37 ◦C for 72 h. After 44 h
of culturing, Cytochalasin B (6 µg/mL) was added to stop the cytokinesis of the lym-
phocytes, leaving binucleated cells. After incubation, the lymphocytes underwent brief
hypotonic shock (75 mM KCl). Subsequently, the cells were fixed in cold solution of Carnoy
(methanol:acetic acid 3:1) freshly prepared. The cell suspension was stored at 4 ◦C for a min-
imum of 12 h to ensure complete fixation. Then, two microscope slides per individual were
dropped with 2 drops of approximately 20 µL each, stained with 10% Giemsa in 100 mM
phosphate buffer, at pH 6.8 for 5 min. The count of the MN was performed according to
the criteria of Bolognesi et al. [37]. A thousand binucleated cells were counted in which the
presence or absence of MN was scored. Thus, the number of total MN in 1000 binucleated
cells was calculated (BNMN). In addition, the nuclear division index (NDI), nucleoplasmic
bridges (NPB), and nuclear budding (NBUD) were obtained [36]. The microscopic readings
were performed with the coded slides and blinded to avoid bias.

2.4. Reproductive Risk

In order to establish the relation between the reproductive problems and pesticides
exposure, the information of reproductive history, obtained from women of both groups
by means of surveys, was analyzed. A list with the main reproductive disadvantages was
made, which were spontaneous abortions, malformations, and infertility [38–40].

2.5. Statistical Analysis

The analysis performed was focused on both bivariate analyses to compare the level of
cytogenetic damage using MN assay between study groups, but also between women who
have reported reproductive problems vs. those who have not; and multivariate analysis to
explain the level of this genotoxic damage according to the group, regarding confounders.

For the general description of the study population, the t Student and Chi square (χ2)
tests were used to compare continuous and categorical variables, respectively. To compare
the level of cytogenetic damage between groups, the U–Mann Whitney test was conducted
due to their non-parametrical distribution. A linear regression model, adjusted by age,
sex and smoking habits was proposed to explain the level of cytogenetic damage. The
normal distribution of the fitted model residuals was verified with a Shapiro-Wilks Test.
Additionally, to assess the risk of developing reproductive problems among the studied
women, a logistic regression model, adjusted by age and smoking habits was conducted.
These statistical analyses were performed using the SPSS software v17.0 (SPSS Inc. Chicago,
IL, USA). The null hypothesis was rejected when the p–value was <0.05.

Finally, to visualize the multidimensional ordination of the evaluated individuals of
both unexposed and exposed groups, a factor analysis of mixed data (FAMD), a principal
component method which allows the analysis of both quantitative and qualitative variables,
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was conducted [41]. For the later, in the R-environment v4.2.0 [42] the “FAMD” function
from the FactoMineR R-package was used [43].

3. Results
3.1. Sociodemographic Description

Workers exposed to pesticide mixtures were an average (±SD) age of 39.8 (±12.7)
years old, with a range from 23 to 66 years old. Most of them were women (60%), and 56.6%
were cigarette smokers. The average working time in contact with pesticides was 9.7 (±9.1)
years, where 63.3% were exposed to pesticides for more than 5 years (Table 1). Similarly, in
the unexposed group, the average (±SD) age was 39.6 (±12.0) years old with a range from
19 to 62 years old. Most of them were also women (67%), and 20% were cigarette smokers.
It can be observed that both groups were similar in age and sex proportions (Table 1). In
relation to the clinical history, none of the workers reported having had cancer or having
received chemotherapy treatments.

Table 1. General characteristics of study population.

Sociodemographic Unexposed
(n = 30)

Exposed
(n = 30) p-Value

Age (years ± SD) a 39.6 ± 12.0 39.8 ± 12.7 0.93
Exposure time (years ± SD) - 9.7 ± 9.1 -
Sex b

Men (n, %) 10 (33) 12 (40)
0.40Women (n, %) 20 (67) 18 (60)

Smoke habit b

No (n, %) 22 (73) 13 (43)
0.02Yes (n, %) 8 (27) 17 (57)

a: t-Student; b: Independence χ2.

3.2. Cytogenetic Damage

The average frequency of binucleated cells with micronuclei (BNMN) for the unex-
posed (4.2 ± 2.5) and exposed (17.1± 4.9) groups were found to be different, as determined
by a U-Mann Whitney test (U = 12.0, p < 0.0001; Figure 2). Additionally, the differences
between the frequencies of the nuclear division index (NDI), nucleoplasmic bridge (NPB),
and nuclear bud (NBUD) between the unexposed and exposed groups were compared.
Increased frequencies of NPB (p < 0.001) and NBUD (p = 0.002) were also found, but not in
the NDI (Table 2).

Table 2. Cytogenetic damage levels and frequency of reproductive problems between groups.

Cytogenetic Damage a Unexposed
(n = 30)

Exposed
(n = 30) p-Value

Total MN 4.2 ± 2.5 17.1 ± 4.9 <0.001
NDI 1.9 ± 0.1 1.9 ± 0.1 0.690
NPB 0.1 ± 0.5 1.3 ± 1.2 <0.001

NBUD 0.1 ± 0.3 0.6 ± 0.9 0.002

Reproductive Problems b,c Unexposed
(n = 20)

Exposed
(n = 16) p-Value

Women with reproductive problems 1 (5.0) 8 (50) 0.003
Women with spontaneous abortion 1 (5.0) 5 (31.3) 0.049

Women with children with
malformation 0 (0) 3 (18.8) 0.078

Infertility 0 (0) 2 (12.5) 0.190
MN: Micronucleus frequency; NDI: nuclear division index; NPB: nucleoplasmic bridge; NBUD: nuclear bud.
a Values are expressed as mean± SD. p-values were calculated using U-Mann Whitney test; b Values are expressed
as frequencies (%). p-values were calculated using independence χ2; c analysis based on women only (n = 36).
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Figure 2. Cytogenetic damage among unexposed and exposed individuals from Curicó (Chile). The
boxes and bars represent the interquartile distribution of the individual frequency of binucleated cells
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*** = p < 0.001.

A linear regression model to estimate the cytogenetic damage variability explained by
the exposure group was conducted after being adjusted by age, sex, and level of smoking
habits (R2 = 0.74; p = 0.002) (Table 3). This showed that exposed individuals have higher
levels of total MN frequency (β = 13.27; 95% CI: 11.08, 15.47) relative to the unexposed
ones. Confounding factors were not significant in explaining the cytogenetic damage level
(βage = 0.05; 95% CI: −0.04, 0.13; βsex = 1.09; 95% CI: −1.10, 3.28; βsmoker = −0.97; 95%
CI: −3.26, 1.31). The normal distribution of the fitted model residuals was verified with a
Shapiro-Wilks Test (p = 0.2433)

Table 3. Multiple linear regression model to estimate cytogenetic damage in function of the exposure,
adjusted by confounders.

Explanatory
Variables

Coefficient Model

β 95% CI p-Value R2 Adjusted R2 p-Value

Group 13.27 11.08–15.470 <0.001

0.75 0.74 0.002
Age 0.05 −0.04–0.13 0.279
Sex 1.09 −1.10–3.28 0.321

Smoker −0.97 −3.26–1.31 0.397
Reference group for categorical variables: Unexposed = 0, Exposed = 1; Men = 0, Women = 1; non-smokers = 0,
smokers = 1.

3.3. Reproductive Problems and Pesticide Exposure

To evaluate the reproductive risk of the exposed group, the reproductive records such
as spontaneous abortions, infertility, and malformations in both groups were analyzed.

Of the sixteen women exposed to pesticide mixtures who responded the reproductive
questions (2 did not), it was found that: (i) Three of them had had children with malforma-
tions (five children with malformations in total), among which are cleft palate, pilonidal
fossa, malformations of the nervous system (such as microcephaly and anencephaly), and
Down syndrome (ii) Five women had suffered spontaneous abortions, some of them on
more than one occasion (11 abortions in total) and (iii) Two women presented infertility. On
the contrary, in women of the unexposed group only one abortion was consigned (Table 2).
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Regarding the cytogenetic damage level, women who presented reproductive prob-
lems showed higher MN frequency than those without them (Figure 3), probably due to
the fact that most of the first one belongs to the exposed group. Following this line, the
logistic regression model showed that women belonging to the exposed group have 40-fold
increased risk of reproductive problems than those belonging to the unexposed group
(OR = 40.32; 95% CI: 2.60, 624.31). It’s important to note that among exposed women,
similar MN frequency between those who have reported reproductive problems and those
who have not was seen (Mann Whitney test, p = 0.730).
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those who have not. *** p < 0.003 U-Mann Whitney test.

This significant influence of the exposure groups on the sampled variables is clearly
observed in the FAMD ordination (Figure 4). In this analysis, besides the cytogenetic (MN,
NDI, NBUD, NPB) and grouping variables (unexposed, exposed), the modeled covariables
(age, sex, smoking habits) were also included. However, most of the explained variability
corresponds to the exposure groups, which dominates the first dimension (35.38% of
explained variability) of the FAMD (Figure 4B). Accordingly, most genotoxic variables (MN,
NPB, NBUD), appear associated to it (Figure 4C).
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between samples (A), the correlation circle for continuous variables (B) and the relation among all
variables in the bidimensional space (C). Black triangles in (A) show the centroid for the respective
group category. For the exposure groups variable, the red-blue ellipses denote the 95% confidence
interval around the group (unexposed, exposed) centroid, which corresponds to the empty circle
(slightly larger than the rest) within the respective ellipse. Red names in (C) correspond to categor-
ical variables, while those in black represent continuous variables. MN: Micronucleus frequency;
NDI: nuclear division index; NPB: nucleoplasmic bridge; NBUD: nuclear bud.

4. Discussion

Pesticides are widely used in the world for pest control, especially in agriculture. Due
to its high biological activity and its long persistence in the environment, many of these
compounds affect non-targeted organisms, and humans are not the exception [2]. This
occurs mainly through the occupational exposure to pesticides among workers involved
in its manufacture, and users in the agricultural sector such as agricultural workers and
professional pesticide applicators [44]. However, since the agricultural activity is transversal
to human societies around the globe, there is great concern about the long-term impact of
pesticides on human health.

The results presented in this pilot study in the Maule region, Chile, showed that
among the sampled population, the group of agricultural workers exhibit a high rate
of genotoxic damage (MN, NPB, and NBUD frequencies) relative to their control. The
results are consistent with other genotoxic studies conducted in Chile, but also from
Latin American [45] and other developing countries with a similar productive model and
lack of regulatory policies. For example, Kahl et al. [46] evaluated genotoxic damage in
121 tobacco field workers exposed to complex pesticides mixtures in Brazil. For this study,
they used the Comet and Micronucleus assays, finding significantly increased DNA damage
when comparing exposed and unexposed populations [46]. Another study conducted in
Mexico, in three agricultural rural communities, where DNA damage was evaluated by
Comet and Micronuclei assays in 111 agricultural workers and 60 unexposed individuals,
showed that DNA tail migration and MN frequency increased significantly in the exposed
group [47]. A cross-sectional study among paddy farmers in Malaysia suggests that farmers
who are chronically exposure to a mixture of organophosphates (n = 160) have at least
2-fold increase of DNA damage as compared with the control group (n = 160) [48].

In relation to the Chilean studies, in the Bío-Bío Region, an area with intensive use of
agricultural pesticides, an increase in the frequency of MN of 3.7-fold was found in a group
of female agricultural compared to the respective unexposed group [22]. Accordingly, the
authors conclude that since these workers performed the thinning, pruning, and harvesting
of the local fruit crops, their exposure to pesticides might be the cause behind the observed
selective genotoxicity.

In Chile, not only genotoxic and reproductive effects associated to pesticide expo-
sure have been demonstrated, but also neurotoxicity, cancer, and other general health
problems [49]. The regulation of the application of pesticides is very recent, and only the
minimum health and safety standards for agricultural workers are met [49]. This is due to
the fact that, in many cases, they do not use personal protection elements and, generally,
the clothes they use at work are the same with which they go home, indirectly exposing
their families. In addition, the re-entry period (minimum time they must wait after the
application of pesticides for the entry of people or animals to the treated area) is often not
respected, which makes the exposure even greater [22].

When analyzing the confounding factors (gender and smoking habits) no differences
were found, so for the bioassay conducted in this work, the differences found between the
unexposed and exposed groups allow us to suggest that there are alterations in the genetic
material of agricultural workers who handle and apply pesticides, manipulated crops and
fruit, or loaded and washed the plains for aerial applications.

Globally, the agricultural worker population is composed of an increasing number
of women [50]. Pesticides, mainly organochlorines, organophosphates, pyrethroids, and
triazines can have a harmful impact on human fertility [51]. It has been reported that
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women engaged in agriculture are more susceptible to reproductive disorders, such as
menstrual disturbances, infertility (more than 12 months of trying without pregnancy),
premature labor, spontaneous abortion, fetal death, congenital malformations, and children
with low birth weight [51,52]. The genotoxic damage found in exposed women of this
study was associated with reproductive problems such as malformations, spontaneous
abortions, and infertility; in other words, the women who have declared reproductive
problems belonged to the exposed group.

Various studies report an increased incidence of these reproductive problems because
of pesticide exposure in female agricultural workers. Rahimi et al. [52] studied 308 women
between the ages of 16 and 49 who worked in greenhouses and 338 unexposed controls
from nearby villages in southern Iran. The data obtained revealed that the rate of sponta-
neous abortions, infertility, low birth weight, abnormal births and premature births were
significantly higher among greenhouse workers exposed to pesticides compared to the
control group [52]. In the Bío-Bío Region, Chile, a similar study was conducted using
the MN and SCE assays in 87 exposed and 54 unexposed women, where higher levels
of cytogenetic damage were found in the exposed group for both trials. In that study,
the exposure to pesticides was also seen as a risk factor for the reproductive health of
exposed women [34].

Limitations of the Study

Although we do not know the pesticides to which the workers were specifically ex-
posed, because we did not evaluate the exposure sources neither routes, Cortés et al. [26]
carried out a passive sampling of aerial pesticides in the town of Molina, 21 km from our
sampling site, where 9 pesticides were detected. The most abundant was chlorpyrifos, and
diazinon, atrazine, dimethoate, metolachlor, simazine, terbuthylazine, and tebuconazole
were also detected [26]. These results were similar to those reported in other areas of the
country [16,31]. However, there is a recent study which has reported local and regional
sources of organochlorine pesticides (OCP) in a rural zone in central Chile, and concluded
that soil volatilization is the major OCP source [53]. This family of pesticides has also been
associated with cytogenetic damages [54], cryptorchidism [55], fertility [56], and repro-
ductive hormone disruptions [57,58]. In our study, the infertility has not been medically
diagnosed, it was only assessed by each woman participating in the study as the years she
had been trying to get pregnant.

Another limitation of this study is that other forms of exposure such as dermal and
ingestion are not considered. These are other important routes of pesticide entry into the
body, which were not evaluated in this study. In addition, we have not directly measured
the levels of pesticides and their metabolites in the study group, demonstrating pesticide
exposure in an indirect way.

Since our sample size is small, more research is needed to provide evidence to con-
tribute to a robust surveillance system in this area of the Maule region, thus improving
public policies.

5. Conclusions

The results of this pilot study tend toward confirming the genotoxic effects of pesticide
exposure in farmworkers, also suggesting that the occupational exposure may constitute
a risk factor for the reproductive health of women of childbearing age. In this regard, it
is relevant to highlight the request to make decisions to protect the health of the rural
population, through the development of public policies based on local evidence.
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