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Abstract

Occupational exposure to pesticides has been identified as a major trigger of the development of cancer. Pesticides can cause
intoxication in the individuals who manipulate them through either inhalation, ingestion, or dermal contact. Given this, we
investigated the association between the incidence of cancer and occupational exposure to pesticides through a bibliomet-
ric analysis of the studies published between 2011 and 2020, based on 62 papers selected from the Scopus database. The
results indicated an exponential increase in the number of studies published over the past decade, with most of the research
being conducted in the USA, France, India, and Brazil, although a further 17 nations were also involved in the research on
the association between cancer and pesticides. The principal classes of pesticides investigated in relation to their role in
intoxication and cancer were insecticides, herbicides, and fungicides. The types of cancer reported most frequently were
multiple myeloma, bladder cancer, non-Hodgkin’s lymphoma, prostate cancer, leukemia, and breast cancer. Despite the
known association between pesticides and cancer, studies are still relatively scarce in comparison with the global scale of the
use of these xenobiotic substances, which is related to the increasing demand for agricultural products throughout the world.
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Introduction

Pesticides are applied to some extent in most homes, busi-
nesses, and farms to control insects, weeds, fungi, rodents,
and even microbial organisms (Langley and Mort 2012;
Mostafalou and Abdollahi 2017). These products are clas-
sified according to their chemical composition and include
an ample diversity of conventional pesticides, herbicides,
insecticides, rodenticides, plant growth regulators, miticides,
nematicides, fungicides, fumigants, and antimicrobial agents
(EPA 2020). Globally, almost 3 billion tons of pesticides are
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deployed per annum, with a total cost of approximately 40
billion dollars (Sharma et al. 2020). Despite being essential
to guarantee agricultural productivity, pesticides can have
highly deleterious impacts on the environment, biodiversity,
and, in particular, public health (Gil and Pla 2001; Parker
et al. 2017; Vale et al. 2019; Sharma et al. 2020; Ramos
et al. 2021).

Exposure to pesticides occurs primarily through inhala-
tion and dermal contact (Cuenca et al. 2019; Godoy et al.
2019; Sharma et al. 2020; Ramos et al. 2021). Exposure to
high concentrations over a short period of time can lead to
acute poisoning, but may also have chronic effects, which
may only become several months or even years after the
original exposure (Sharma et al. 2020; Ramos et al. 2021).
There are a number of occupational risk groups, ranging
from the individuals employed in the industrial production
of these xenobiotic substances to transporters and distribu-
tors, and, in particular, the farm workers involved in the mix-
ing, application, and spraying of pesticides on a regular basis
(Damalas and Koutroubas 2016; Ye et al. 2017; Cuenca et al.
2019; Kalliora et al. 2018).
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The acute or chronic effects associated with the pro-
duction, distribution, and use of pesticides may be mani-
fested in cytotoxic disorders, genotoxic mechanisms
with immunotoxicity, hormonal changes, or carcinogen-
esis (VoPham et al. 2017; Kapeleka et al. 2019; Saad-
Hussein et al. 2019). Pesticides can induce the formation
of the free radicals that cause oxidative stress, and may
provoke changes in the enzymatic system that eliminates
and depletes the antioxidant reservoir in the cell, caus-
ing damage to the DNA, which may result in mutations,
double-strand and chromosomal breaks, and the forma-
tion of DNA adducts (Eren et al. 2016; Barrén-Cuenca
et al. 2019; Marcelino et al. 2019). Organophosphorus
toxicants impair the action of thyroid hormones by affect-
ing different parts of the hypothalamus—pituitary—thyroid
axis (Rashidi et al., 2020), i.e., the hormone receptors,
the synthesis of the hormones, and their secretion and
metabolism.

Ramos et al. (2021) also identified a number of stud-
ies which demonstrated that the toxic effects of pesti-
cides could lead to immunostimulation or immunosup-
pression (Barnett and Brundage 2010; Corsini et al.
2013), although the exact mechanisms are still unclear
(Noworyta-Glowacka et al. 2012; Aroonvilairat et al.
2015; Medina-Buelvas et al. 2019). The disorders known
to be associated with pesticides include several types of
cancer (Mostafalou and Abdollahi 2017; Calaf 2021),
congenital malformations (Castillo-Cadena et al. 2017,
Rocha and Grisolia 2018), problems in the reproductive
system (Garcia et al. 2017; Hu et al. 2018), depression,
anxiety, Parkinson’s and Alzheimer’s diseases, and even
death (Ratnasekhar et al. 2019; Sharma et al. 2020).

Given this association, it is essential to monitor the dis-
eases that are associated with occupational exposure to
pesticides, in particular, to identify both the potential risks
of these substances to human health and the measures that
can be taken to mitigate this problem. Although the impact
of pesticides on human health is not a new question, bib-
liometric studies that elucidate patterns of research and,
in particular, knowledge gaps, are still scarce. Given
this, the present study applied a bibliometric approach to
the research published on the association between can-
cer and the occupational exposure to pesticides over the
past 10 years. We focus on the studies published between
January 2011 and December 2020, in order to identify (i)
which countries have produced most research on the risks
associated with occupational exposure to pesticides, (ii)
the types of cancer most frequently associated with occu-
pational exposure to pesticides, (iii) the methods used to
investigate this association, and (iv) the principal knowl-
edge gaps that persist in this area of research, with the aim
of providing guidelines for future studies.

Material and methods
Data and the selection of papers

The present study was based on a literature search of the
Scopus® database, a trademarked product of Elsevier BV
Scopus (www.elsevier.com), which was used to identify
studies published recently on the association between can-
cer and occupational exposure to pesticides. We selected the
Scopus® database for this study because it provides the most
comprehensive global coverage of a multidisciplinary field
(Elsevier 2014; AlRyalat et al. 2019).

We used the three search terms: “pesticide,” “farmer,”
and “cancer” in our review of the period between January
2011 and December 2020, which saw a significant increase
in the use of pesticides, worldwide (Sharma et al. 2019).
The recent growth in the use of pesticides has led to a major
increase in the number of cases of acute pesticide poisoning,
which represents a significant global public health challenge,
especially in the case of farm workers (Boedeker et al. 2020;
Nascimento et al. 2020).

We identified a total 104 papers, but after screening, only
62 were selected for the present study (Fig. 1). The selected
papers referred to studies that analyzed susceptibility to
cancer related to direct exposure to pesticides or inferred
carcinogenesis derived from observations of the action of
pesticides in rural workers. The 42 papers excluded follow-
ing screening were classified as literature reviews, letters
not related directly to the study focus, and sites that could
not be accessed.

Analysis of the database

For each of the papers included in the final analysis, we
identified the following variables: (i) the year of the study,
(ii) the country in which the study was conducted, (iii) the
country of the affiliation of the first author, (iv) the year
when the paper was published, (v) the type of cancer studied,
(vi) the type of pesticide involved in the study (classified
by group according to the chemical compound), and (vii)
the principal methods used in the investigation of the can-
cer risk (we considered only the methods that had practical
applications and that were related directly to the proposed
research theme).

Data analysis

The data are presented in both absolute and relative fre-
quencies. To analyze the distribution of the studies over the
10-year survey period, we first applied the Shapiro—Wilk test
to determine the normality of the data and, as the data were
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Fig. 1 Flowchart of selection, inclusion, and exclusion of the papers for bibliometrics involving occupational exposure to pesticides and cancer

not distributed normally, we applied the nonparametric X>
test. The variation in the distribution of the studies based on
the type of exposure (direct, indirect, or a combination of the
two) and the type of study (cohort, case—control, or transver-
sal) was evaluated using an analysis of variance (ANOVA)
with Tukey’s post hoc test for pairwise comparisons. The
variation in the distribution of the different classes of pes-
ticide among the published studies was evaluated using the
Kruskal-Wallis nonparametric analysis of variance (H), fol-
lowed by Dunn’s post hoc test. These variables are presented
as the mean =+ standard deviation (SD).

We used the VOSviewer program from the University of
Leiden (http://www.vosviewer.com/) to generate a cluster
plot of the scientific collaboration among countries. The
QGis software (version 3.14.1) was used to plot the sites of
the different studies.

Results

Geographical distribution of the recent studies
of cancer and pesticides

The number of papers (N=62) published per annum

varied significantly over the course of the study decade
(X*>=27.636, d.f.=8; p=0.0005; Fig. 2), peaking between
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2017 and 2019. It seems likely that the reduced number of
studies published in 2020 was related to the COVID-19
pandemic.

The studies reported in the 62 papers were classified
as analyses of either direct or indirect exposure to pesti-
cides, or a combined (direct and indirect) approach. The
mean number of papers published per annum using each

Articles

(5]
=]

-

o

—_— o o < wvi o o~ w0 (o)) g

[=] (=2 (=2 (=2 (=2 [=] (=3 (=] (=2 [=]

o o ™ o (o] o ™ o™ ™ (o]
Year

Fig.2 Scientific production associating cancer with occupational
exposure to pesticides in rural workers from 2011 to 2020
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of these three approaches varied significantly over the
decade (F(2;27)=4.5044; p=0.02), with direct exposure
studies (mean papers per annum =3.20 +2.15) being sig-
nificantly (p <0.05) more frequent than either the indirect
exposure (mean=10.60+1.07) or the combined approach
(mean=1.70+2.36).

Overall, the 62 papers identified in the present study
were published by authors from 21 countries. Almost one
fifth (19.35%, n=12) of these studies were conducted in
the USA, followed by France (n=9; 14.52%), India (n=38;
12.9%; Fig. 3), and Brazil (n="7; 11.29%). If we consider

co-authorships and collaborations among countries (Fig. 4),
the scientific output from the USA is even more predomi-
nant, although countries such as India, Brazil, and Spain
have produced more publications in recent years.

Types of cancer and their association with pesticides
A total of 45 different types of cancer were identified in the
62 papers evaluated in the present study, of which, four were

most frequent (Fig. 5). These included multiple myeloma
and bladder cancer, which were each focused on in eight
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Fig.5 Types of cancer
frequently associated with occu-
pational exposure to pesticides
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papers (12.9% of the total), and non-Hodgkin lymphoma
(NHL) and prostate cancer, both appearing in seven papers
(11.3%). The other cancers featured in between one and six
studies.

Pesticides

The three principal types of pesticide featured in the papers
identified in the present study, according to the mean fre-
quency of occurrence in the published papers, insecti-
cides (mean papers per annum = 3.7 +2.26), herbicides
(mean=2.8+1.81), and fungicides (mean=1.9 +0.99).
These types of pesticide featured significantly more often in
the papers published during the study period (H=30.2439;
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p <0.05) than other pesticides, such as acaricides
(mean=0.20 +0.42) and nematicides (mean=0.10+0.32).
The principal types of pesticide recorded during the present
study are listed in Supplementary File 1. The least-studied
pesticides were acaricides, rodenticides, and larvicides, and
the paucity of studies on these types of compounds may
reflect a knowledge gap in terms of the diversity of the avail-
able pesticides.

Principal methods used to investigate cancer risk
The application of questionnaires was a very frequent

research strategy in the studies reviewed here (Table 1).
This approach provides data on the lifestyle, socio-economic

Table 1 Main methodologies
described in the selected
papers to evaluate cancer

and occupational exposure to
pesticides

Methodologies Classification (types) Number of
studies N
(%)
Qualitative methods Questionnaire 24 (38.7%)
MRADC 2 (3.1%)
Molecular biology PCR 2 (3.1%)
SNP genotyping 2 (3.1%)
Methylation profile 3 (4.8%)
Cytogenetic tests Micronucleus test 5(7.9%)
Comet assay 3 (4.8%)
Fluorescent in situ hybridization (FISH) 1(1.6%)
Hematological tests Complete blood count (CBC) 4 (6.4%)
Biochemical tests Acetylcholinesterase quantification 3 (4.8%)
Other biochemical tests 4 (6.4%)
Determination of pesticides residues (in ~ Spectrometry 3 (4.8%)
saliva, blood, urine) Chromatography 4 (6.4%)
Immunological analyses Flow cytometry 1(1.6%)
Immunofluorescence staining 1 (1.6.%)

MRADC medical record analysis and death certificate, PCR polymerase chain reaction, SNP single nucleo-

tide polymorphism
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profile, and social context of the interviewee, and the diag-
nosis of these data can provide important insights into the
most appropriate approach for the investigation of the study
population. The other principal investigative techniques
involved the collection and analysis of biological material.
The most frequently used techniques were the micronucleus
test (n=>5 studies; 7.9%), hematological analyses (n=4;
6.4%), and biochemical tests (n=4; 6.4%).

Other techniques, such as the quantification of acetyl-
cholinesterase, comet assay, and methylation profiles, while
less frequent, were also applied in the studies of the associa-
tion between cancer and pesticide use (Table 1). The vast
majority of the studies were based on either the monitoring
of cohorts (n=24; 38.71%) or the case—control approach
(n=23; 37.1%). The other studies were based on a cross-
sectional approach (n=9; 14.52%), longitudinal monitoring
(n=3;4.84%), and a descriptive or biomonitoring approach,
each used in one (1.61%) study (Rusiecki et al. 2017; Kumar
et al. 2018; Joshi et al. 2019; Shearer et al. 2019). How-
ever, no significant variation was found (F(2;27)=1.9939,
p=0.154) in the application of the three most frequently-
used approaches (cohort, case—control or cross-sectional
studies) among the different years of the study period.

Discussion

The present study reviews the studies on the potential associ-
ation between cancer and occupational exposure to agricul-
tural pesticides published over the past 10 years. The USA
was the most prominent source country, which is consistent
with the leading role of this country in most fields of sci-
entific knowledge (Haeftner et al. 2019). While the USA is
a major scientific powerhouse responsible for an enormous
output of good quality and high impact research (NSF 2018),
this country has been losing ground in recent years due to
the increasing of the global scientific landscape (Tollefson
2018). In recent years, countries such as China, India, and
Brazil have been investing increasingly in science and tech-
nological research and are producing papers in ever-growing
numbers (Klebis 2018).

The prominence of the USA in pesticide research is also
consistent with the fact that this country is one of the world’s
largest producers of foodstuffs and also among its principal
users of pesticides (Donley 2019). Research in this field has
also been driven by a large number of cohort studies in agri-
cultural health in Iowa and North Carolina (Waggoner et al.
2011; Rusiecki et al. 2017; Shrestha et al. 2019).

Europe, India, and Brazil are also major users of agri-
cultural pesticides, which represent a potential problem
for non-target organisms, including humans (Hossard et al.
2017; Paumgartten 2020; Zheng et al. 2020). In France, the
AGRICAN (Agriculture and Cancer) cohort study, which

began in 2005, has provided important insight into rare dis-
eases due to the large number of participants—more than
181,000 individuals (Tual et al. 2013; Lemarchand et al.
2016; Piel et al. 2017, 2019; Boulanger et al. 2018). One
study in France showed that more than half (54.4%) of the
408 cases of occupational exposure to pesticides referred
to a poison control center between 2012 and 2016 involved
insecticides, while a third (33.3%) involved herbicides, and
12.2%, fungicides (Boucaud-Maitre et al. 2019; Tual et al.
2019).

Since the Green Revolution, the intensification of pesti-
cide use in India has had significant long-term impacts on
public health and the environment (Keswani et al. 2019).
The Indian economy is highly agriculture-oriented, with
approximately 70% of the country’s population being
involved in some form of agriculture (Keswani et al. 2019).
India is currently the world’s fourth largest producer of pes-
ticides in Asia and is ranked 12th in the countries that most
apply pesticides to crops, (Reddy and Wagh 2020; TAAS
2020). The dependence of this population on agricultural
activities makes it especially vulnerable to occupational
exposure to pesticides, especially when they are applied
without adequate regulation.

In Brazil, the agrarian economy is based on the mecha-
nized production of cash crops for export, which involves
the intensive application of pesticides (Porto and Soares
2012; Rocha et al. 2019). Brazil has become a major con-
sumer of pesticides, and in 2019, unprecedented amounts
of these substances were released into the environment, as
documented by the Ministry of Agriculture since 2005 (Nas-
cimento et al. 2020; Ramos et al. 2021). Given the impor-
tance of pesticides for the Brazilian system, many interna-
tional corporations have been attracted to the local market,
although the unregulated use of these substances may be
a widespread problem (Sant’Ana et al. 2019). Nascimento
et al. (2020) recently demonstrated a positive correlation
between cultivated areas and intoxication by pesticides,
reflecting an emerging problem in the country, due to the
ongoing expansion of agricultural frontiers.

Salerno et al. (2016) documented many cancers attrib-
uted to exposure to herbicides, including myeloma, non-
melanoma skin cancer, colorectal cancer, and breast cancer.
Lemarchand et al. (2017) found that the incidence of multi-
ple myeloma was higher in male pesticide handlers, whereas
that of melanoma was higher in females. Multiple myeloma,
a hematopoietic malignancy of the plasma cells, is one of
the most common hematological cancers in men and women
(Tual et al. 2019), and it is frequently manifested in farm
workers exposed occupationally to pesticides, although the
causal factors are still poorly understood (Ferri et al. 2017,
Packard et al. 2019). The incidence of bladder cancer has
also increased substantially since the 1950s (Boada et al.
2016). Jackson et al. (2017) found that cohabitation with a
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farmer increased the risk of bladder cancer in married Egyp-
tian women. Boulanger et al. (2017) further reinforced the
potential relationship between bladder cancer and exposure
to pesticides, with an exposure—response relationship deter-
mined by the number of years of occupational exposure, as
well as a potentially greater risk in women.

However, some studies of organochlorine pesticides have
found no evidence that exposure to these compounds, per se,
constitutes an isolated risk factor for bladder cancer (Boada
et al. 2016). These authors reinforced the role of the genes
that encode xenobiotic-metabolizing enzymes in bladder
cancer. Even so, other studies have shown a significant rela-
tionship between pesticides and some types of cancer.

Zakerinia et al. (2012) demonstrated that the risk of non-
Hodgkin Lymphoma (NHL) and multiple myeloma was
much higher in individuals exposed to insecticides in Shiraz,
southern Iran, in comparison with non-exposed individu-
als. Occupational exposure to DDT, lindane, permethrin,
diazinon, and terbufos has also been associated with NHL
(Alavanja et al., 2014). Ferri et al. (2017) demonstrated that
occupational exposure to the fungicide Captafol was asso-
ciated significantly with the risk of NHL. Tsai et al. (2018)
also identified an increase of death related to NHL from
an analysis of the death certificates of Taiwanese farmers
registered between 1997 and 2009.

Lemarchand et al. (2016, 2017) also found evidence that
the risk of prostate cancer is increased in farmers. Band et al.
(2011) demonstrated a significant association between pros-
tate cancer and exposure to DDT, simazine, and lindane.
The standardized mortality rate in workers exposed to pesti-
cides was relatively high in the cases of melanoma, prostate,
breast and lymphohematopoietic cancers, and cancers of the
digestive system, kidney, and brain (Hoseini et al. 2017). A
significant risk of the development of tumors in the primary
central nervous system of farm workers has also been found,
in particular in those that apply pesticides and cultivate peas
(Piel et al. 2017). These authors also found a two to three
times higher risk of tumors in the central nervous system
following exposure to (dithio/thio)-carbamates in farm work-
ers who grow vines, fruit, potatoes, and sugar beet. Jones
et al. (2014) found that the risk of developing acute myeloid
leukemia was higher in women living in agricultural areas
than those in in urban areas.

It is important to note that, while a substantial number of
papers was identified in the present review, there is in fact
a relative paucity of research in this field, considering that
cancer is one of the principal risks to human health, and
is known to be associated with occupational exposure to
pesticides, an increasing problem worldwide, in addition to
its association with other comorbidities (Brust et al. 2019;
Jacobsen-Pereira et al. 2020; Mongedet al. 2020). Even
when convincing evidence is presented, the procedures used
to confirm this association and its determining factors are
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often not dealt with adequately (Elebead et al. 2012; Tual
et al. 2013; Jin et al. 2017; Tarar and Riaz 2019; Hutter
et al. 2020). Kachuri et al. (2017) observed that exposure to
pesticides may lead to an increase in hematopoietic cancers,
whereas increased risks of lip cancer and melanoma may be
attributed to exposure to the sun. Given this, Darcey et al.
(2018) also draw attention to the risks derived from factors
such as solar radiation, diesel exhaust fumes, and certain
types of solvent, as observed in more than 85% of the farm-
ing population of Western Australia.

Most of the papers analyzed in the present study added
further to the evidence that occupational exposure to pesti-
cides contributes to an increased risk of the development of
cancer in farmer workers. In comparison with the general
population, however, these workers are also more suscepti-
ble to other factors that further reinforce the effects of spe-
cific oncological in these individuals (Salerno et al. 2014,
2016; Gunier et al. 2017; Jackson et al. 2017).

Although it is possible to establish a relationship between
the pesticide concentrations in the body and the body’s
response to these compounds, the scenario is complex, given
that it depends on a range of factors. In general, pesticides
target essential metabolic pathways (Sharma et al. 2020) and
may interact with these pathways in different ways, depend-
ing on the type of compound, the dose, and the target organs,
resulting in multiple effects (Hernandez et al. 2017). For
example, toxicokinetic and genetic factors, as well as pesti-
cides, may induce disturbances in the immune system and
even carcinogenesis, through an increase in the production
of reactive oxygen species, which contributes to an increase
in DNA damage, immunotoxicity, and chromosomal aber-
rations (Gil and Pla 2001; Pressuti et al. 2016; Jacobsen-
Pereira et al. 2020).

Humans may be exposed to pesticides through a number
of different processes, including occupational activities that
involve the production, transportation, delivery, and appli-
cation of these substances, as well as inhabiting areas with
high levels of pesticide contamination and the accumula-
tion of residues in the food chain (Mostafalou and Abdol-
lahi 2017). Pesticides may be available in liquid, solid, or
gaseous forms, which will facilitate their absorption, through
contact with the skin, inhalation, or ingestion (Ratnasekhar
et al. 2019; Sharma et al. 2020).

While farm workers are usually aware that continuous
exposure to pesticides may induce illness (Kannuri and Jad-
hav 2018), many workers or employers tend to neglect the
need for personal protective equipment (PPE) and adequate
training for the safe handling of pesticides (Godoy et al.
2019). This obviously contributes to any propensity for the
development of cancer and means that a worker may be
directly and indirectly exposed to pesticides at storage, prep-
aration, mixing, and application, in residential areas where
pesticides are used, and may have contact with exposed
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workers and their contaminated clothing or tools). Com-
mercial suppliers and regulatory agencies could contribute
to the mediation of these effects, by providing guidance on
the handling and application of these substances (Salerno
et al. 2016; Godoy et al. 2019; Ramos et al. 2021).

An additional question is the impregnation of work
clothes and tools, as well as the worker’s hands, which may
result in the passive transfer of pesticides to other individu-
als (Zakerinia et al. 2012). Amr et al. (2014) showed that
women married to farm workers or who have contact with
these individuals are at a greater risk of developing bladder
cancer than other individuals. An increase in the number of
leukemia cases has also been recorded in children of under
5 years of age, which was not linked to any maternal or
intrauterine exposure to pesticides, but rather to perinatal
exposure to the contaminated father (Salerno et al. 2016;
Gunier et al. 2017; Jackson et al. 2017). These various fac-
tors compromise the selection of the most adequate methods
for the testing and analysis of the potential link between
cancer and pesticides in different populations.

For example, Cepeda et al. (2020) warn that even though
the factors associated with the development of the cancer
are discussed, data on cancer types and their frequency are
often lacking. It is important to note here that the moni-
toring of exposure to xenobiotics, such as pesticides, using
biomarkers like the micronucleus test, is an essential tool for
the early detection and prevention of diseases such as oral
cancer (Tomiazzi et al. 2018). Another factor limiting the
conclusions of a toxicological or genotoxic analysis is the
timing of the testing, which means that it may not always be
possible to link the results with the specific components of a
pesticide, which is an important question, given that the mix-
ing of pesticides is a common practice (Hutter et al. 2020;
Ramos et al. 2021). This represents an additional problem
with the application of questionnaires, given that almost half
of the farm workers do not know which pesticides they have
been exposed to (Vindas et al. 2004).

Overall, then, the results of the present study emphasize
the need to evaluate overuse of pesticides and the concomi-
tant increase in the number of cancer cases. Future research
should thus include active intervention in the correct use of
pesticides by farm workers and encourage adequate train-
ing and the use of PPEs, as well as routine periodic medical
examinations.

Final considerations and future perspectives

The present study analyzed the scientific production on the
association between cancer and occupational exposure to
agricultural pesticides over the past decade. Countries such
as the USA, France, India, and Brazil have been the driving
force of this research. In these studies, a number of different

cancers were associated exposure to pesticides, including
multiple myeloma, non-Hodgkin’s Lymphoma, leukemia,
and bladder, breast, and prostate cancer.

In general, farm workers are aware of the risks of pesticide
exposure, but due to a lack of adequate training on the use
of personal protective equipment, many workers and their
employers neglect the adoption of adequate precautions dur-
ing the handling and application of pesticides. In this context,
it would be important for pesticide manufacturers and their
distributors, together with the personnel of local coopera-
tives, to contribute to the training of farm workers, as well as
encouraging a reduction in the application of toxic agents, the
adoption of integrated pest management approaches, and the
implementation of further scientific research.

Agricultural cohort studies have focused on a range of dis-
eases that may be associated with the exposure of farm work-
ers to toxic substances. This association can be confirmed
most effectively using questionnaires to cross-reference the
data, when complemented with appropriate methods. Despite
the availability of these methodological tools, and the fact
that many studies have identified a relationship between can-
cer risk and occupational exposure to pesticides, the mecha-
nisms involved are not described adequately, which results in
a persistent knowledge gap in this field of research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-021-17031-2.
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