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Abstract: In agricultural activities, pest control is essential, and the most effective method is the use of
chemical agents that also represent an important source of exposure to potentially toxic compounds.
Pesticides constitute a heterogeneous group of compounds designed specifically to control different
pests. Besides measuring their levels or that of their metabolites in air, plasma, serum, blood, urine,
etc., some studies reported increased DNA damage levels after occupational or environmental
pesticides exposure, evidenced by several cytogenetic biomarkers such as chromosomal aberrations
(CA), sister chromatid exchanges (SCE), micronuclei frequency (MN) together with other nuclear
abnormalities (NA), alkaline comet assay, but also changes in oxidative stress parameters and miRNA
levels. Single or combined, these techniques have also been used in genotoxic biomonitoring studies
of workers occupationally exposed to pesticides in Mexico. Despite being a country with great
agricultural activity and reported excessive pesticide use, genotoxic studies have been relatively few
and, in some cases, contradictory. A review was made of the studies available (published until the
end of 2020 on PubMed, Web of Science, Redalyc and Scielo, both in English and Spanish) in the
scientific literature that evaluated occupational exposure of human samples to pesticides assessed
with DNA damage and related biomarkers in Mexico.

Keywords: comet assay; DNA damage; micronucleus assay; nuclear abnormalities; sisters’ chro-
matid exchange

1. Introduction

Pesticide application remains the most effective and accepted practice for crop protec-
tion, contributing significantly to the increase of agricultural productivity [1]. Due to their
persistence, pesticides are ubiquitous pollutants of our environment and have been found
in air, soil, water, as well as in human and animal tissues [2]. They differ greatly in their
mode of action, form, metabolism, elimination, and toxicity in the organism. Although
some of them are not harmless, their use can lead to adverse effects, in the medium and
long terms, which is a danger not only to the environment but also to the human population
exposed to them or their products from physical and/or biological degradation [1]. Many
pesticides can induce genetic damage, in addition to producing various adverse effects on
health, affecting the immune, nervous, endocrine, and reproductive systems [3-5]. The
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International Agency for Research on Cancer (IARC) classified a wide range of these com-
pounds as carcinogenic [3,6], among them 56 as carcinogenic in laboratory animals [6], with
some associated with cancer in humans [1,7] including cervical and breast cancer [8-16].
Although the IARC made its pesticide classification in 2014 [6], the Advisory Group for
Monograph Priorities (2015-2019) is still dealing with the risk assessment and safe handling
of many pesticide groups, and a final report has not been published yet.

The United States Environmental Protection Agency (USEPA) launched in 2017 the
Agricultural Worker Protection Standard for better protection and handling of pesticides
and its residues [17]. The European Food Safety Authority (EFSA) published in 2017 a
new detailed analysis estimation performed on the pesticide occurrence data in relevant
food products consumed and the dietary risk related to the EU consumers’ exposure to
pesticide residues [18]. The Food and Agriculture Organization of the United Nations
(FAO) and World Health Organization (WHO) made an expert working group (JMPS)
that gives recommendations on the adoption, extension, modification, or withdrawal of
specifications and develops guidelines and procedures with relevance to the registration
and quality control of pesticides in national or regional authorities [19,20].

The population is inevitably exposed to environmental pollution or occupational use.
While the information on their acute toxicity is extensive, knowledge about the delayed
effects is much more limited. Occupational contact occurs at all stages of pesticide devel-
opment, formulation, manufacture, and application, which involves exposure to complex
mixtures of different active ingredients, “inert” components and by-products present in
commercial formulas such as impurities, solvents and other compounds, in addition, the
“inert” ingredients, although they do not have pesticide activity, can be biologically active
and on some occasions be more toxic for exposed organisms [1]. In 1992, the WHO reported
three million cases of intoxication by pesticides and 220,000 of deaths annually registered
worldwide [21]. However, in Mexico, despite being a country with great agricultural activ-
ity and excessive use of this type of compound, toxicological studies have been relatively
few. With a lack of specific records, in 2016, intoxications and poisonings in Mexico caused
1400 death (87% adults and 13% children), and the third cause (13.9%) of intoxication
was by pesticide exposure [22], with agricultural and industrial workers as the most af-
fected [23], but also with the general population using contaminated sinkholes, through air
spraying, contaminated groundwater, household dust, well using and contaminated tap
water [24,25]. In the few monitoring studies in Mexico, there was pesticide bioaccumulation
in mothers’ breast milk and adipose tissue [26,27], with higher concentrations of pesticides
found in blood, plasma and urine in occupationally exposed workers, than in non-exposed
controls, but also higher concentrations of pesticides or their metabolites or their effect
were found in children and pregnant women, as vulnerable population groups [28-30].
There was also a connection found between pesticide exposures and different types of
cancer [7]. Biomonitoring studies focused on genomic modifications have been carried out
in populations exposed to pesticides in different countries to determine the risk associated
with exposure [1]. However, in Mexico, these types of studies have been relatively few.
Therefore, the purpose of this work was to review recent studies in Mexico that evaluated
potential genetic damage in individuals occupationally exposed to pesticides.

2. Materials and Methods

The PubMed and Web of Science database (Indexed as also SCI-EXPANDED, SSCI,
A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC.) were searched
for all the years with the last date of search on 20 November 2020. The articles were searched
both in English and in Spanish.

PubMed was searched with these terms: “mexico” [MeSH Terms] OR “mexico” [All
Fields] OR “mexico s” [All Fields] OR “mexico” [All Fields]) AND (“pesticidal” [All Fields]
OR “pesticide s” [All Fields] OR “pesticides” [Pharmacological Action] OR “pesticides”
[MeSH Terms] OR “pesticides” [All Fields] OR “pesticide” [All Fields]).
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For DNA damage: AND (“dna damage” [MeSH Terms] OR (“dna” [All Fields] AND
“damage” [All Fields]) OR “dna damage” [All Fields]).

For nuclear anomalies: AND ((“nuclear” [All Fields] OR “nuclears” [All Fields]) AND
(“abnormalities” [MeSH Subheading] OR “abnormalities” [All Fields] OR “anomalies” [All
Fields] OR “anomalie” [All Fields] OR “anomaly” [All Fields])).

For miRNA: AND (“micrornas” [MeSH Terms] OR “micrornas” [All Fields] OR
“mirna” [All Fields] OR “mirnas” [All Fields] OR “mirna s” [All Fields]).

For sister chromatid exchange: AND (“sister chromatid exchange” [MeSH Terms]
OR (“sister” [All Fields] AND “chromatid” [All Fields] AND “exchange” [All Fields]) OR
“sister chromatid exchange” [All Fields]).

For chromosomal aberration: AND (“chromosome aberrations” [MeSH Terms] OR
(“chromosome” [All Fields] AND “aberrations” [All Fields]) OR “chromosome aberra-
tions” [All Fields] OR (“chromosomal” [All Fields] AND “aberration” [All Fields]) OR
“chromosomal aberration” [All Fields]).

For micronucleus: AND “micronucleus” [All Fields].

For comet assay: AND (“comet assay” [MeSH Terms] OR (“comet” [All Fields] AND
“assay” [All Fields]) OR “comet assay” [All Fields]).

Web of Science was searched with the mark ALL FIELDS with the words of Mexico
and pesticide and then in combination, there was either comet assay, micronucleus, sis-
ter chromatid exchange, chromosomal aberration, nuclear anomalies, miRNA, or DNA
damage.

Besides PubMed /Web of Science, a search was carried out for studies in Mexico on
populations exposed to pesticides from 1980 to 2020 in the Redalyc and Scielo databases.
Keywords such as “pesticides” and “Mexico” were used using humans as a filter, finding
in total either 697 (PubMed /Web of Science), 398 (Redalyc), or 115 (Scielo) references, re-
spectively.

The results were reviewed and only those that evaluated genotoxicity and related
biomarkers were selected, duplicate references were eliminated and only 63 were selected,
which were complemented by 5 works cited elsewhere for a total of 68 studies consid-
ered in this review in relation to the analysis of genotoxicity and related biomarkers in
populations exposed to pesticides in Mexico. The map of the territories in Mexico where
exposed populations were investigated is shown in Figure 1. Table 1 shows the list of the
manuscripts dealing with genotoxic biomarkers, while Table 2 represents the manuscripts
dealing with biomarkers of effect and susceptibility.

Table 1. Studies developed in Mexico on genotoxicity biomarkers in populations exposed to pesticides.

Year of s(tsligtye/ )Location En d;?ﬁ?;;;ﬂ:ssay No. Exposed/No. Controls Biomargzsr;r;iif;(posure Authors
1987/ND CA/PBL 26/26 Positive p < 0.01 Zapata-Gayon et al. [31]
1992 /Tlaxcala SCE/PBL 94/76 Negative p = 0.4 Gomez-Arroyo et al. [32]
1997 /Morelos SCE/Blood samples 49/31 Positive p = 0.03 Steenland et al. [33]
CA/Blood samples Positive p = 0.05
2000/Morelos SCE/PBL 30/30 Positive p < 0.001 Goémez-Arroyo et al. [34]
MN/exfoliated buccal
mucosa cells
2001/Durango Sex null aneuploidy /Sperm 9/9 Negative p < 0.07 Recio et al. [35]
2004 /San Luis Potosi Comet assay/PBMC Total 54 Positive p < 0.05 Yaniez et al. [36]
2004/Durango Chromatin structure/Sperm Total 33 Positive p < 0.05 Sanchez-Pena et al. [37]
2005/San Luis Potosi Comet assay/PBMC Total 28 Negative Ortiz-Pérez et al. [38]
2005/ Chihtéa}hua&Mexico MN/umbilical cord 21/16 Positive p < 0.01 Levario-Carrillo et al. [39]
ity lymphocytes
2006/Mexico Comet assay/leukocytes 52/38 Positive p < 0.001 Castillo-Cadena et al. [40]
2006/ Tlaxcala MN/peripheral lymphocytes 28/44 Negative p > 0.05 Montero et al., 2006 [41]
2008/ Yucatan DNA integrity /sperm Total 54 Positive p < 0.05 Pérez-Herrera et al. [42]
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Table 1. Cont.
Year of Study/Location Genotoxic Biomarkers and Exposure
(State) Endpoint/Bioassay No. Exposed/No. Controls Correlation Authors
2009/Sinaloa SCE/PBL 70,70 Positive p < 0.001 Martmez-V[il;z]nzuela etal.
MN and NA /exfoliated -
buccal cells
2009/San Luis Potosi Comet assay/blood samples Total 50 Negative Alvarado et al. [44]
MN/blood samples
2010/Nuevo Leon Multinucleation/Sperm Total 2 Positive Gallegos-Avila et al. [45]
2012/Baja California CBMN/ Ejrrr‘};}f;ml blood 25/15 Positive p < 0.05 Ziiga-Violante et al. [46]
. DNA fragment . _ ‘ . )
2012 /Jalisco quantification/blood 25/21 Positive p = 0.00006 Payan-Renteria et al. [47]
2013/Sinaloa MN and NA/exfoliated 125/125 Positive p < 0.001 Goémez-Arroyo et al. [48]
buccal cells
2013/San Luis Potosi Comet assay/blood simples Total 50 Negative Alvarado—I—%Lelgr]'landez etal.
MN/blood samples
2014/Baja California CBMN/PBL 26/22 Positive p < 0.05 Montafio-Soto et al. [50]
2015/Chiapas 35/25
2015/ Oaxaca Comet assay/Blood cells 20/25 Positive p < 0.05 Jasso-Pineda et al. [51]
2015/Quintana Roo 21/25
2016/ Tlaxcala MN and NAC/Q?;:COSZI buccal 32/30 Positive Sanchez-Alarcon et al. [52]
Comet assay/exfoliated
2016/Guerrero buccal cells 111/60 Positive p < 0.001 Carbajal-Lopez et al. [53]
MN and NA /exfoliated
buccal cells
2016/Baja California MN and NA /buccal cells 71/73 Positive p < 0.0001 Castaneda-Yslas et al. [54]
2016/ Yucatan MN and NA /buccal mucosa 27/26 Positive p < 0.001 Ruiz-Gamboa et al. [55]
2017/Sinaloa MN and NA epithelial oral 30/30 Positive p < 0.05 Martinez-Valenzuela et al.
mucosa cells [56]
2017/Durango MN and NA /oral mucosa 30/30 Positive p < 0.05 Lazalde-Ramos et al. [57]
2017 /Nayarit Comet assay/whole blood 60/22 Negative Zepeda-Arce et al. [58]
2017/Baja California Comet assay/buccal cells 57/24 Positive p < 0.0001 Vazquez Boucard et al. [59]
2018/Nayarit CBMN /whole blood Total 201 Negative Xotlamhuaig)eirvacw etal
2018 /Sinaloa Comet assay/PBL 30/30 Positive p < 0.05 Mart‘“ez'vf‘()lf]“mela etal.
2019/Puebla MN and NA/oral mucosa 40/40 Positive p < 0.05 Ortega-Martinez et al. [62]
2020/Baja California MN and NA /buccal cells 63/24 Positive p < 0.001 Anguiano-Vega et al. [63]

PBL—peripheral whole blood lymphocytes; PBMC—peripheral blood mononuclear cells.

Table 2. Studies developed in Mexico on biomarkers susceptibility in populations exposed to pesticides.

Year of s(ts‘:gtye/ )L ocation Biomarker Exposed/Controls (1) Result Authors
1997 /Morelos TSH serum levels 49/31 Increment in TSH p = 0.05 Steenland et al. [33]
2005/Mexico City }iﬁ;ilgrgg}:nll Total 214 Frf&;f)r,lc—ileosgg %Oi?ézgfé?}zlosg}i)l)gﬁll ;126RZA Rojas-Garcia et al. [64]
2008/Durango Sperm quality Total 52 OP exposure d;cieg%e; sperm quality Recio-Vega et al. [65]
2008,/ Yucatan Susceptibility to OP toxicity Total 54 Farmers with 192RR genotype were more Pérez-Herrera et al. [42]

and PON1Q192R susceptible
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Table 2. Cont.

Year of Study/Location

(State) Biomarker Exposed/Controls (1) Result Authors
2009 /Mexico PON1 Q192R Correlation of risk having a baby with LBW
polymorphisms Total 264 and PONT1 192RR genotype in floriculture Moreno Banda et al. [66]
2009/Morelos mother
2009/Mexico . Significant association between the .
PON1 polymorphisms Total 170 PONT1s; polymorphism and PON1 activity Lépez-Flores et al. [67]
2009/Morelos towards paraoxon and diazoxon
2010/Mexico . ~
TSH serum levels Total 136 Increment in TSH p = 0.001 Lacasaria et al. [68]
2010/Morelos
2010/Mexico . . Association of OP and thyroid function in =
Tyroid function Total 136 individuals with lower PONT activity. Lacasafia et al. [69]
2010/Morelos
. PONT1 polymorphisms- relevant risk factors P
2010/ Yucatan PON1 polymorphisms 152/160 for offspring affected with SB Gonzalez-Herrera et al. [70]
2013/Mexico ; maternal PON1 polymorphisms effect on =
PON1 polymorphisms Total 264 miscarriage in exposed women Blanco-Munoz et al. [71]
2013 /Morelos
2016/Mexico . Positive associations: serum pesticides ~
Thyroid hormones Total 136 levels and thyroid hormones Blanco-Muiioz et al. [72]
2016/Morelos
2018 /Nayarit Ant10x1da.m‘te‘ enzyme Total 201 Glutathione pgrf))udase is involved in Xotlanihua-Gervacio et al.
activities pesticide damage [60]
2018/ Yucatan BuChE determination 27/26 No significant differences Ruiz-Gamboa et al. [73]
2018 /Sinaloa Enzymatic activities Total 49 Enzymatic activities altered by pesticides Galindo—Reyes and Alegria
exposure [74]
2019/Sonora AChE activity 25/5 significant d1fferencc(e)3rs1t‘t; Z’;ween exposed and Alvarado-Ibarra et al. [75]
2019/Mexico PONT1 polymorphisms Total 381 Genotypes marginally associated with Torres Sdnchez et al. [76]

hypothyroxinemia

OP—organophosphate pesticides.

. @ 1. Baja California [46, 50, 54, 59, 63]
@ 2. Chiapas [51]
3. Chihuahua [39]
@ 4. Durando [35, 37, 57, 65]
@ 5. Guerrero [53]
6. Jalisco [47]
@ 7. Mexico City [39, 64]
8. Mexico State [40, 66-69, 71-72, 76]
@ 5. Morelos [33-34, 66-69, 71-72]
® 10, Nayarit (58, 60]
@ 11. Nuevo Ledn [45]
® 12. Caxaca [S1]
13. Puebla [62]
@ 14. Quintana Roo [51]
15. San Luis Potosi [36, 38, 44, 49]
@ 16. Sinaloa [43, 48, 56, 61, 74]
® 17. Sonora [75]
18. Tlaxcala [32, 41, 52]
@ 19. Yucatan [42, 55, 70, 73]

Figure 1. The map of the territories in Mexico where populations exposed to pesticides were
investigated with genotoxic and related biomarkers.

3. Results

Development, validation and the use of biomarkers as information tools for the
evaluation of risk factors associated with exposure to environmental agents (such as
pesticides) increases every day. There is a need to improve our knowledge concerning
the adverse effects due to occupational and/or environmental exposure and lifestyle. The
term biomarker includes any measure that reflects an interaction between a biological
system and a potentially dangerous environmental agent, which can be physical, chemical,
or biological. They can be used to identify the causes and make a better quantitative
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estimate of those associations at relevant exposure levels. The measurement of the response
can be physiological, biochemical, and cellular or molecular level. These may also allow
the identification of susceptible groups or individuals with higher or lower risk due to
exposure to certain types of environmental and/or occupational agents [77].

Analysis of tissues and body fluids for the determination of compounds, their metabo-
lites, enzymes, and other biochemical factors have been used to document the interaction
of chemical agents with biological systems. The measurement of these substances, now
referred as “biomarkers” are recognized as information providers that relate to exposure,
internal dose, and effects, being relevant in the risk assessment process.

Biomarkers have an impact on the study of environmental risk factors. The basic
interest of scientists is to explore these aspects with the purpose of predicting or preventing
diseases. In risk assessment, biomarkers can be used in the identification of hazards, the
assessment of exposure and to associate a response with the probability of the emergence of
a disease. In general, biomarkers have been classified into three categories: exposure, dam-
age or effect and susceptibility; however, it has been recognized that it is often impossible
to clearly separate each of them, being able to overlap on some occasions [78].

The biomarkers of effect are usually used together with other biomarkers to improve
our understanding of an adverse outcome, since an ideal biomarker of effect has a known
mechanism that links the marker and an adverse outcome (as an adverse outcome path-
way/mode of action of the chemical and the causal/correlative relationship of biological
events between the marker and the adverse outcome). According to EPA, they can be
divided into: (a) bio-indicators that provide a high degree of confidence in predicting the
potential for adverse effects in an individual or population (such as the toxicity due to
acetylcholinesterase inhibition in red blood cells); (b) markers providing a more limited and
uncertain indication of the potential for adverse effects, because the events or deterministic
linkages in an adverse outcome pathway are less well known (such as oxidative stress); and
(c) suboptimal effects biomarkers that do not directly capture the contribution of additional
factors (intrinsic and extrinsic) that may influence the incidence or severity of an adverse
outcome (exogenous surrogate) [79].

3.1. Biomarkers of Exposure

The biomarkers of exposure include the measurement of the internal dose in biological
matrices. The recent exposure of an individual is measured by the biological monitoring
of human tissues and body fluids. It can be an exogenous compound (or a metabolite)
within an organism, or the product of an interaction between it and some molecule or
target cell, which reflects exposure to a xenobiotic. Potential exposure to pesticides from
the environment can be estimated by environmental monitoring. Pesticides and their
metabolites can be evaluated in biological samples of serum, fat, urine, blood, breast milk,
and even exhaled air by usual analytical techniques [80].

The exposure biomarkers are divided into two subgroups: selective and non-selective,
based on the specificity of the screening tests. Selective biomarkers are based on the
direct measurement of the toxic or its metabolites in biological fluids (for example, blood
lead levels) and non-selective biomarkers constitute a group of non-specific indicators of
exposure, for example, thioethers in urine as exposure indicators to electrophilic substances
and, therefore, reflection of the absorption of mutagenic and carcinogenic substances [80].

Biomarkers of exposure allow to measure biochemical, physiological, behavioral, or
other alterations within an organism, depending on exposure to a xenobiotic, and that can
be associated with a risk to health [78]. Biological events detected may represent variations
in the number, structure, or function of cellular or biochemical components [77].

Different biomarkers are used to detect the consequences of exposure to pesticides
before adverse clinical effects occur. As an example, we can mention modifications in the
blood cells composition, alterations in enzymatic activities, appearance of DNA adducts,
localized mRNA increase, increase of certain proteins, and even the appearance of specific
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antibodies against a xenobiotic or against cellular fractions (nucleus, membrane, etc.) [80],
as well as other DNA damage biomarkers (genotoxicity), to which we will refer later.

In Mexico, as biomarkers of exposure, pesticide residues, especially organochlorine
(OCP) and among the most important in the past dichlorodiphenyldichloroethane or DDT,
have been found in the human abdominal and breast adipose tissue, human semen, blood
serum, umbilical blood, serum, and breast milk, among inhabitants living in protected
tropical areas [81-92]. These pesticides were also important, as they protected human
and life stock from malaria. Pesticides were also used to control ectoparasites in cattle
and domestic animals, as well as to eliminate scorpions [93]. Calderén-Garciduefias et al.
(2018) demonstrated that due to the lipophylic character of some pesticides, residues
of hexachlorobenzene (HCB); lindane; 3-hexachorocyclohexane; p,p’-dichlorodiphenyl-
dichloroethylene (pp’DDE); p,p’-dichlorodiphenyldichloroethane (p,p’-DDT); and o,p’-
dichlorodiphenyldichloroethane (o,p’-DDT) were detected in 1485 samples of adipose
tissues of dead people who lived in Veracruz City, Mexico [92]. Comparing pesticide time
trend levels in adipose tissue from 1988 to 2014, they demonstrated a decrease of pesticide
concentrations through the years (p,p’-DDE decreasing time trend in the first period was
1.198 mg/kg on lipid base per year, and for the second one the decrease was 0.128 mg/kg
on lipid base per year, while p,p’-DDT decreased 0.507 mg/kg on lipid base during the
first period and 0.039 mg/kg on lipid base for the second). Other studies in Veracruz
demonstrated that the huge and constant regular use of OCPs resulted in their high
accumulation and persistence in total environment, foods, and human tissues [81,82,86,94].
People and aquatic organisms were exposed to the pesticides also from air exposure [90,95].
In Yucatan, Mexico, the pesticide concentration in the blood of women [endosulfan I
(7.35 pg/mL), aldrin (3.69 pug/mL), 4,4 DDD (2.33 pg/mL), 1.39 and 1.46 pg/mL of
delta (8)-HCH, dieldrin (1.19 pg/mL), and 1.26 pug/mL of 4,4’ DDE; In the metropolitan
area, 0.080 ug/mL of gamma (y)-HCH and 0.064 pug/mL of heptachlore were detected]
was connected to uterine cervix cancer [22]. OCP residues were found in 24 samples of
breast milk of Mayan women [30] (18.44 mg/kg of heptachlor epoxide and 1.92 mg/kg
of endrin in the metropolitan zone; 2.10 mg/kg of dieldrin, 0.117 mg/kg of endosulfan 1II,
0.103 mg/kg of heptachlor, 0.178 mg/kg of endrin, and 0.127 mg/kg of endrin aldehyde in
the main agricultural zone and on the west coast) [30]. The source of contamination was
the use of water directly from contaminated wells and sinkholes [30]. In both studies, the
authors detected and measured endosulfan I, II and endosulfan sulphate, but the most
representative results were mentioned here.

Positive results in breast milk were also found in the Chelem (northern coastal vil-
lage of Yucatan) (high concentrations of DDT, chlordanes, and lindanes, in decreasing
order) [28], Kanasin (municipality joined together Merida city in a conurbation) (concen-
trations of lindane, chlordanes, drines, endosulfan, and DDT at approximately 1 ng/mL,
and extremely high concentrations of heptachlor epoxide of 18.43 mg/kg) and Merida
(heptachlor and lindanes were detected at 64-80 ng/mL) [30].

Similar results were found in the water of the Ring of Cenotes, in the area of the
Yucatan aquifer. Heptachlor, endrin, endrin aldehyde, endosulfan sulfate, DDT and its
metabolites were detected in the aquifer of Yucatan at concentrations ranging from 457 to
10 864 ng/mL [7]. In the air samples of the industrial zone of Merida, the capital of Yucatan,
pesticides found were mainly degradation products of DDT such as DDD and DDE and also
DDT itself, endosulfan, heptachlor, and isomeric forms of heptachlor epoxide. The pesticide
contamination sources were from karstic soil that had high vulnerability to groundwater
pollution due to the use of OCPs in agriculture and livestock activities, and with the
population’s poor knowledge about the safe use of pesticides (Mayan) [93]. Contamination
was also from home use pesticides for family gardens, agriculture and campaigns to control
vector-borne diseases (DDT), such as in termite control (chlordane), or ectoparasites on
cattle and domestic animals or to eliminate scorpions (lindane) [93]. The use of heptachlor
for termite control was prohibited in Mexico in 2003, but with approximately 213 tons/year
already contaminating the land from 1992-1993 [96], and with lindane use still allowed
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according to the North American Commission for Environmental Cooperation [97], and
Mexico importing until 2016, 20 tons/year of lindane for lice extermination and ectoparasite
control in domestic animals. Fourteen years ago, Mexico was in the top ten countries with
the highest technical and public health OCPs uses [98].

The levels of blood cholinesterase can also be used for pesticide exposure assess-
ment, including organophosphates and carbamates exposure. These enzymes [acetyl-
cholinesterase (AChE) and butrylcholinesterase (BuChE)] are required in helping the
human body function by breaking down the neurotransmitter acetylcholine [99]. There
are also fingerstick ChE tests available as a quick, minimally invasive and portable way of
sampling and testing.

Studies in agricultural workers from several regions of the country reported moderate
to severe cholinergic symptoms, including decreased AChE [100]. Using this type of testing,
Trueblood et al. (2019) examined 54 adolescents living along the Texas-Mexico border,
where adolescents often engage in farm work [101]. Results demonstrated 3.75 U/mL
(95% CI 3.51-3.98) mean AChE value in males, while females had a mean AChE value of
2.86 U/mL (95% CI 2.64-3.08), which was statistically significant. However, Payan-Renteria
et al. (2012), and Alvarado Ibarra et al. (2019) did not demonstrate different AChE values
among agricultural workers when compared to the control group [47,75]. Similarly, no
difference was found for the BuChE levels between exposed and controls in southeastern
Mexico by Ruiz-Gamboa et al., 2018 [73].

Besides the examination of acetylcholinesterase levels, levels of hemoglobin, transam-
inases and alkaline phosphatases were examined by Galindo-Reyes and Alegria (2018),
in a cohort study on 8 farms in the Navolato Valley, Sinaloa, Mexico. This municipality
has the largest number of migrant farmworkers, (over 20% of the population) mainly
from the states of Oaxaca, Guerrero, Zacatecas and Durango [74]. Migration was mainly
due to the large demand of seasonal farmworkers for the cultivation and harvesting of
vegetables and grains. They found 17 OCP and 9 organophosphorous pesticides (OP) in
soil and water samples [74]. Among them, for 14 OCPs and 6 OPs similar concentrations
were also found in the blood and urine of 49 farmworkers [74]. Those farmworkers had
elevated levels of transaminases and alkaline phosphatase, while levels of hemoglobin
and acetylcholinesterase were decreased when compared to the control group (20 people).
The results indicated that the farmworkers suffered from chronic exposure to workplace
pesticides and could endure adverse health effects [74].

Martinez-Valenzuela et al. (2017a) demonstrated that serum lipid OCPs concentra-
tions represent an important indicator for both human biological matrices [102]. The
authors measured higher pesticide concentrations in 126 pair samples of adipose tissue and
blood serum during autopsies from Los Mochis Sinaloa, Mexico (higher concentrations
correspond to b-HCH, pp’DDE and op’DDT in blood serum lipids; and pp’DDT shows
higher concentrations in adipose tissue), with a significant linear association of lipid serum
organochlorine pesticide concentrations with that in adipose tissue [102].

From National Health and Nutrition Examination Survey (NHANES) 1999-2004
(unweighted n = 1411, population estimate = 3,760,609) data, Everet et al. (2017), examined
the blood of Mexican American teens, 12-19 years old (19.8% of the data), born in Mexico,
who were exposed to DDT before they immigrated to the US (DDT was banned in Mexico
in 2000) [103]. They found that levels of p,p’-DDT > 0.086 ng/g were associated with total
diabetes with nephropathy (odds ratio = 4.42, 95% CI 2.23-8.76), and with total diabetes
without nephropathy (odds ratio = 2.02, 95% CI 1.19-3.44). The third quartile of p,p’-DDE
(2.99-7.67 ng/g) and the fourth quartile of p,p’-DDE (>7.68 ng/g) were associated with
diabetic nephropathy and had odds ratios of 5.32 (95% CI 1.05-26.87) and 14.95 (95%
CI 2.96-75.48) compared to less than the median, respectively [103]. p,p’-DDE was not
associated with total diabetes without nephropathy [103].

The biomonitoring of pollutants in contaminated areas is a high-priority health issue
for children residing in such places. In their study, Flores-Ramirez et al. (2017) determined
the levels of different organic pollutants (HCB, x-endosulfan, 3-endosulfan, endosulfan
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sulfate, DDE and PCB 101) in children aged 6 to 12 years from high-risk both indigenous and
industrial areas [104]. They found that the children living in contaminated sites presented
the highest levels of persistent organic pollutants (POPs) in serum [104]. Contributing to the
knowledge of exposure to POPs in Mexico, authors demonstrated that the handling of toxic
substances continues to be inadequate, representing a risk for humans and the ecosystem
in general [104]. Exposure to complex mixtures of pollutants is a public health problem,
and children are one of the populations most susceptible to these effects. Therefore, more
studies are needed to develop and implement intervention programs that reduce health
risks in communities at risk of exposure. Children not working in agriculture and living in
Ciudad Juarez, Chihuahua, Mexico (a major manufacturing center in Mexico) demonstrated
higher levels of different pesticide biomarkers in urine and blood, probably due to the
consumption of farm products [105].

Serum levels of thyroid hormones in floriculture workers were also analyzed in
connection with exposure to p,p’-DDE (a stable metabolite of DDT) in the longitudinal
study on 136 male subjects from the State of Mexico and Morelos, Mexico [72]. Workers
were occupationally exposed to pesticides, during agricultural periods of high (rainy
season) and low (dry season) levels of pesticide application [72]. There were geometric
means of p,p’-DDE levels of 6.17 ng/mL and 4.71 ng/mL in the rainy and dry seasons,
respectively [72]. Blanco-Mufioz et al. (2016) also observed positive associations between
the serum levels of p,p’-DDE and those of total triiodothyronine (T3) (3 = 0.01, 95% CI:
—0.009, 0.03), and total thyroxine (T4) levels ( = 0.08, 95% CI: 0.03, 0.14) and negative, but
no significant changes, in thyrotropin (TSH) levels in male floricultural workers, supporting
the hypothesis that pesticides can act as a thyroid disruptor in humans.

Watkins et al. (2016) examined the association between maternal urinary 3-phenoxybenzoic
acid (3-PBA) concentrations during the third trimester of pregnancy as a measure of in utero
pyrethroid exposure to the fetus [106]. Participants were part of an established Mexico City
birth cohort (187 participants), with children’s scores on the Mental Development Index (MDI)
and Psychomotor Development Index (PDI) from the Bayley Scales for Infant Development
(BSID-IIS) at 24 and 36 months of age of children [106]. In their study, 3-PBA was detected
in 46% of all urine samples, with similar detection rates and geometric mean concentrations
across pregnancy among the 21 participants who provided repeat samples. Participants in the
medium and high 3-PBA categories (>LOD) had lower MDI scores at 24 months compared to
those in the low 3-PBA category (<LOD) after adjustment for covariates (p-value trend = 0.07),
with slightly stronger associations among female children. The three-level categorical variable
for the third trimester in utero 3-PBA was not associated with MDI scores at 36 months or with
PDI scores at either time point.

Herrero-Mercado et al. (2011), determined the levels and calculated ratios of coparti-
tion coefficients among OCPs beta (3)-HCH, pp’DDE, op’DDT and pp’DDT in maternal
adipose tissue, maternal blood serum and umbilical blood serum on a fat basis among
70 mother-infant pairs from Veracruz, Mexico [89]. p,p’-DDE was the major OCP compo-
nent, detected in every maternal adipose tissue (0.770 mg/kg), maternal serum sample
(5.8 mg/kg on fat basis) and an umbilical cord blood sample (6.9 mg/kg on fat basis).
p.p’-DDT was detected at 0.101 mg/kg, 2.2 mg/kg and 5.9 mg/kg, respectively, according
to the order given above. 3-HCH was detected at 0.027 mg/kg, 4.2 mg/kg and 28.0 mg/kg
respectively. op’DDT was detected only in maternal adipose tissue at 0.011 mg/kg. The
copartition coefficients among samples identified significant increases in concentrations
from adipose tissue to maternal blood serum and to umbilical blood serum. The increase
indicated that maternal adipose tissue released OCPs to blood serum and that they were
carried over to umbilical cord blood.

O’Rourke et al. (2000), examined urine samples of 154 children of 6 years of age
living in a heavily farmed border (US-Mexico) community, since they live closer to the
ground and take in greater amounts of food relative to body mass than older children or
adults [107]. They detected diethylphosphates (DEPs) and dimethylphosphates (DMPs)
above the reference range for 1000 non-occupationally exposed individuals (DL =25 pg/g
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creatinine, Cr), with at least one metabolite detected for 33% of the subjects and many
samples contained multiple biomarkers. DEP was detected in 5% of the subjects, with no
seasonal creatinine differences for six-year-olds. The urinary OP screen was effective in
identifying subjects with atypical internal doses.

Pesticide aerial application is the most frequent source of exposure [108], causing
exposure of agricultural workers involved directly in agricultural practices and inhabitants
living in neighboring communities near pesticide-sprayed fields [109]. Their direct appli-
cation on fields is usually to protect plants from plagues, thereby increasing agricultural
productivity and crop yields [1]. Airplanes are often used for pesticide spraying on fields,
but also in malaria control. Martinez-Valenzuela et al. (2017) only examined DNA damage
among 30 pilots (results explained in biomarkers of DNA damage) but did not examine the
levels of pesticides in the air [56]. Throughout Mexico, the OCP levels in the air were deter-
mined by Wong et al. (2009), and in all monitored sites, the most abundant were DDT and
its metabolites [110]. Northern and central Mexico had lower concentrations compared to
southern Mexico, an endemic malarious area of the country, showing ZDDT ranging from
15 to 2360 pg/m?> [110]. On the other side, due to the local usage, higher concentrations
of ZENDO (26,800 pg/m?) were registered at an agricultural area in Mazatlan, Sinaloa,
during the winter and spring periods [110]. A differential observed distribution of the
OCPs also depended on their aged or diffusion capacity, as well as their intensive use in
agricultural or malarious regions [110].

Reports from the news media have suggested that intensive pesticide usage in agricul-
ture has resulted not only in acute intoxication cases but also in chronic diseases among
farmworkers and populations near farmlands [111].

Since OCPs are continuously circulating and equilibrating among body compartments
due to their hydrophobic nature, persistence, and accumulation in tissues rich in lipids,
Caba et al. (2015), examined their levels in blood serum and in total lipid contents in
Veracruz, México inhabitants [112]. From one tertile to the next 3-HCH, authors showed a
decrease of —3.19 mg/kg on lipid basis, pp’DDE level decrease by —3.70 mg/kg on lipid
basis and pp’DDT level decrease —1.13 mg/kg on lipid basis [112]. They concluded that
the levels and the orderly sequence of OCPs distributions in the blood serum maintain an
inverse relationship to total lipid blood serum concentrations [112].

In the Lower Rio Grande Valley of Texas, Sexton and Salinas (2014) investigated
concentrations of OCPs/metabolites, polychlorinated biphenyls (PCBs), and polycyclic
aromatic hydrocarbons (PAHs) measured in maternal and umbilical cord blood from preg-
nant Hispanic women in Brownsville, TX [113]. Results demonstrated that both mothers
and fetuses were exposed concurrently to a variety of relatively low-level, hazardous
environmental chemicals. Approximately 10% of the blood specimens had comparatively
high concentrations of specific OCPs, PCBs and PAHs. Because many pregnant women in
Brownsville live in socio-economically-disadvantaged and environmentally challenging
circumstances, there is appropriate concern that exposure to these exogenous substances,
either individually or in combination, may contribute to endemic health problems in this
population, including cardiovascular disease, obesity, and diabetes. The challenge is to iden-
tify individuals at the highest comparative risk and then implement effective programs to
either prevent or reduce cumulative exposures that pose significant health-related threats.

3.2. Susceptibility Biomarkers

In this type of study, it is important to consider different variables that may be affecting
the response, so it is necessary to determine, in addition to the classical biomarkers of
exposure and/or damage, so-called susceptibility biomarkers. They are constituted mainly
by genetic polymorphisms that refer to the individual differences in their metabolic capacity,
making individuals more or less susceptible to damage by exposure to certain agents such
as pesticides.

Although individuals may experience similar environmental exposures, genetic char-
acteristics may produce marked differences in the target site and thus a different level of
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response. Susceptibility biomarkers may reflect genetic or acquired factors that influence re-
sponses to exposure [78]. These factors are pre-existing and independent of exposure; they
are predominantly of genetic origin, although diseases, physiological changes, medication,
and exposure to other environmental factors, can also alter individual susceptibility.

The biomarkers of susceptibility serve as indicators of the individual response to the
aggression of a xenobiotic. The importance of these biomarkers lies in their consideration
of interindividual variations (differences in absorption, bioavailability, excretion, or DNA
repair mechanisms). Two types of susceptibility biomarkers can be distinguished: acti-
vating systems and detoxifying systems. In the case of the former, we can mention the
cytochrome P450 system, implicated in the toxicity of numerous xenobiotics. Enzymes
such as glutathione S-transferase (GST), N-acetyltransferase 2 (NAT2), sulfotransferase,
glucuronyltransferase, or paraoxonase 1 (PON1) are involved in the second group [80].

3.2.1. Effect of Genotypes on Cytogenetic Damage

The genotypes responsible for interindividual differences in the ability to activate
or inactivate genotoxic agents are recognized as biomarkers of susceptibility. It has been
suggested that different enzyme isoforms contribute to individual susceptibility as genetic
risk modifiers for cancer after exposure to genotoxic agents. Within these modifiers, the
following genes have been implicated in the metabolism of pesticides: cytochrome P450
E21 (CYP2E1); GST; NAT2; and PON1 [1].

Paraoxonase 1 (PON1) is an enzyme-linked to high-density proteins that decreases
lipid peroxidation and is also involved in the detoxification (deactivation) of some OPs [114].

Pérez-Herrera et al. (2008) associated the genetic polymorphism PON1Q192R with
poor semen quality [according to WHO standards and DNA integrity (sperm DNA damage
evaluated by in situ-nick translation (NT-positive cells)] [42]. In a cross-sectional study on
54 agricultural workers exposed to OP (18-55 years old) from the state of Yucatan (Mayan
ascendancy, southeast Mexico) in the month of sampling and during three months before
sampling (spermatogenic cycle spermatids-spermatozoa), PON1 192R and 192Q allele
frequencies were 0.54 and 0.46, respectively [42]. In relation to DNA integrity, homozygous
subjects for the 192R allele presented a dose-effect relationship with exposure to OO during
three months before sampling, being more susceptible than the subjects carrying the Q
allele. Furthermore, within a month of sampling, OP exposure and NT positive cells and
sperm viability were connected with the same genotype. They also suggest that the cells
in the latter stages of maturation and probably in the first of spermatogenesis are more
sensitive to OP toxicity, but also that cells at all stages of spermatogenesis are OP targets,
and that there is an interaction between OP exposure and PON1Q192R polymorphism on
these effects; farmers featuring the 192RR genotype were more susceptible to develop toxic
reproductive effects by OP exposure.

In order to evaluate the influence of PON1 polymorphisms on the activity of this
enzyme, a cross-sectional study was carried out with 170 floriculturists from the states of
Morelos and Mexico [67]. With a minimum of 6 months of exposure to pesticides, 50 of
them practiced organic floriculture [67]. The PON155 polymorphism has no significant
effect on the serum activity of PON1 in any substrate. However, they found a significant
variation in PON1 activity on paraoxon and diazoxon depending on the polymorphisms
PONT1 192 and PON1-108. The genotypes 192RR and —108CC demonstrated a greater
and the genotypes 19200 and —108TT lower paraoxonase activity. However, the 192RR
genotype has the lowest diazoxonase activity, while the 192QQ genotype has the highest
activity against this substrate.

Torres-Sanchez et al. (2019) studied 381 healthy pregnant women (< 17 gestational
weeks) living in a floricultural region of Mexico where pesticides, including OPs, are rou-
tinely used and genotyped for the paraoxonase gene SNP polymorphisms (PON11920R,
PON155LM and PON1-108CT) [76]. Their results demonstrated that 162 women (42.52%)
were para-occupationally exposed to pesticides. Although there were no significant inter-
actions observed between the pesticides” para-occupational exposure and PON1 polymor-
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phisms, independently of para-occupational exposure, the likelihood of hypothyroxinemia
was higher among women who were carriers of PON155MM than in those with the
PON155LL genotype (OR MM vs. LL: 3.03; 95%CI 1.62, 5.70). PON1192 RR (OR RR vs. QQ:
1.72;95%C1 0.93, 3.17) and PON1-108TT (OR TT vs. CC: 1.60; 95%CI 0.90, 2.70) genotypes
were marginally associated with hypothyroxinemia. From the same area, male flower work-
ers demonstrated a positive association between urine concentration of dialkylphosphate
(DAP) OP metabolites and TSH and total T4 levels and a negative association with total
T3 [68]. Lacasafia et al. (2010) made a longitudinal study on a population of floriculture
workers from Mexico, during two periods of high and low-intensity levels of pesticide
application [69]. They found a significant interaction between serum diazoxonase activ-
ity and total dialkylphosphates (EDAP) on TSH levels. Thus, when PON1 activity was
increased, they observed a decrease in the percentage of variation of TSH levels for each
increment in one logarithmic unit of XDAP levels. This interaction was also observed
with the PON1192RR genotype. These results suggest a stronger association between OP
and thyroid function in individuals with lower PON1 activity. Interestingly, among the
individuals with the same genotype, PON1 activity was able to vary up to 13 times [115].

Placental oxidative stress has been involved in the pathogenesis of certain reproductive
adverse effects, including miscarriage. Paraxonase 1 (PON1) is a high-density lipoprotein
(HDL)-linked enzyme that prevents the oxidation of low-density lipoproteins (LDL) and as
A-esterase PON1 is capable of hydrolyzing the active metabolites (oxons) of a number of
OP insecticides such as parathion, diazinon and chlorpyrifos. Evidence is slowly emerging
that a low PONI status may increase susceptibility to OP toxicity in humans [116].

Fortenberry et al. (2014) conducted a study including 264 women (floriculturists and
wives of floriculturists) who had been pregnant sometime during the 10 years preceding
the study to examine whether maternal and/or child PON1 genotypes (PON1R192Q
and PON1L55M) were associated with Attention Deficit Hyperactivity Disorder-Like
Phenotypes (ADHD-LP) in a Mexico City, Mexico birth cohort [117]. Significant associations
were observed with maternal genotypes but not with child genotypes. A higher DSM IV
Hyperactivity /Impulsivity score [(3 = 3.27 points; 95% CI (0.89, 5.65)] and a 2.17 higher
score in child DSM 1V Total [95% CI (0.05, 4.29)] were observed for maternal PON155MM
in comparison with PON155LMpLL. The child attention problems score was 2.27 points
higher [95% CI (0.002, 4.53)] for maternal PON1192QQ in comparison to PON1192QRpRR.
Because maternal PON1 polymorphisms were associated with child ADHD-LP, this may
be a viable biomarker of susceptibility for ADHD-LP.

Moreno-Banda et al. (2009) determined the association between maternal exposure
to floriculture during pregnancy and the risk of low birth weight (LBW) (2500 g) in their
offspring, together with the interaction between this exposure and maternal genotype for
PONI1 Q192R polymorphisms [66]. A cross-sectional study was carried out in two Mexican
states (State of Mexico and Morelos) with high frequencies of greenhouse activity. Blood
samples were collected from 264 females (floriculturists or partners of floricultural workers)
who became pregnant during the 10 years prior to the interview. Information was obtained
pertaining to 467 pregnancies. After adjusting for potential confounders, they detected
a statistically significant interaction between maternal exposure to flower growing work
during pregnancy and PON1 Q192R polymorphisms on risk of LBW. The risk of having
a baby with LBW is nearly six times higher if a mother is a floriculture worker during
pregnancy and has the PON1 192RR genotype (OR 5.93, 95% CI 1.28, 27.5). These results
suggested that the interaction between maternal floriculture work during pregnancy and
the 192RR PON1 genotype increased the probability of having children with LBW.

Blanco-Mufioz et al. (2013), in their cross-sectional study on 514 pregnancies (35
miscarriages and 479 controls), demonstrated that the risk of miscarriage by mothers with
PON1192RR genotype was 2.2 higher than by mothers with the PON1192QR/PON1192QQ
genotype (95% CI 0.93-5.17) [71]. The risk was close to 4 times higher in mothers with
PON155MM/PON155LM genotype than in mothers with PON155LL genotype (OR = 3.9;
95% CI1.38-11.0). No significant differences were found in risk of miscarriage based on
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the maternal PON1-108C/T genotype. No evidence was found of an interaction between
the various PON1 genotypes and the mothers’ floricultural activity during pregnancy. This
study suggests an effect of genetic maternal PON1 polymorphisms on miscarriage and
provides additional evidence that combines with the growing information about the ways
in which certain PON1 genotypes can affect the development of the fetus in utero.

Gonzalez-Herrera et al. (2010), made a case-control study on 160 control parents and
152 children with spina bifida, a common congenital malformation in Southeast Mexico in
children from parents in areas with frequent pesticide spraying or agriculture activities,
suggesting potential exposure to pesticides [70]. The frequency of PON1 haplotypes and
polymorphisms (2108CT, L55M, and Q192R) were determined in the study. The genotype
frequencies for the three PON1 polymorphisms distributed according to Hardy—-Weinberg
expectations (p > 0.05) were significantly different between cases and controls (p < 0.05).
The heterozygous CT genotype of 2108CT polymorphism, the RR genotype of Q192R
polymorphism, both LM and MM genotypes of L55M polymorphism, and the haplotypes
221 and 222 (for 2108CT, L55M, and Q192R) were associated with the risk of having a
child affected by SB (p < 0.02). The heterozygous 2108CT genotype was associated only
maternally, whereas the heterozygous L55M genotype was relevant only in the fathers.
The RR homozygous genotype was relevant both in mothers and fathers, suggesting
the importance of this substrate-specific polymorphism. Results suggested that PON1
polymorphisms are relevant risk factors in this population from Southeast Mexico for
having offspring affected with SB.

Lopez-Flores et al. (2009) reported in their cross-sectional study on the distribution of
three common genetic polymorphisms of the PON1 gene in a population of floriculture
workers from Mexico that genotype frequencies at position PON155 were 89% (LL), 10%
(LM) and 0.6% (MM), at position PON1192 16% (QQ), 47% (QR) and 37% (RR), and 26%
(TT), 42% (TC) and 32% (CC) at position PON1-108 [67]. Thus, the frequencies of alleles L, Q
and T were 0.94, 0.40 and 0.47, respectively. The PON155 polymorphism had no significant
effect on serum PON1 activity on any substrate. They found a significant association
between the PON1192 polymorphism and PON1 activity towards paraoxon and diazoxon,
which increased in genotypes as follows: 192RR > 192QR > 192QQ for paraoxonase
activity and, inversely, 192QQ > 192QR > 192RR for diazoxonase activity. The PON1-108
polymorphism also had a significant effect on PON1 activity level towards paraoxon in the
following order among the genotype groups: —108CC > —108TC > —108TT. Serum PON1
activity towards diazoxon was not associated with the PON1-108 polymorphism, but it
was influenced by the intensity exposure to pesticides at the floriculture industry and years
of occupational exposure to pesticides. No polymorphism significantly influenced serum
PONI activity on phenylacetate.

Rojas-Garcia et al. (2005) conducted a study in order to evaluate PON1 phenotype
and the frequencies of polymorphisms PON1 162, 108, 55, and 192 in a Mexican population
in 214 unrelated individuals of both gender, 18-52 years old [64]. They found a wide
interindividual variability of PON1 activity with a unimodal distribution; the range of
enzymatic activity toward phenylacetate was 84.72 to 422.0 U/mL, and 88.37 to 1645.6 U/L
toward paraoxon. All four PON1 polymorphisms showed strong linkage disequilibrium
(D% N90). PON1 polymorphisms 108, 55, and 192 were independently associated with
arylesterase activity; whereas the activity toward paraoxon was related only with the PON1
192 polymorphism, suggesting that this polymorphism is key to inferring PON1 activity.

Montero et al. (2006) studied industrial workers, agricultural workers and workers in
households, education, and commerce as three occupations exposed to chemical exposure
in a transition zone from rural activities towards intensive industrialization in the envi-
ronmentally polluted zone of the Atoyac and Xochiac rivers [41]. The individuals were
also genotyped for polymorphisms of glutathione transferase mul (GSTM1) and thetal
(GSTT1), which are relevant when oxidative responses are involved. The genotoxic damage
evaluated by micronucleus assay was differentially distributed in the regions studied, being
more affected in those closer to the Atoyac and Xochiac rivers, indicating an effect due to
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environmental exposure to the contaminants present in the rivers. Increased genotoxic
damage was found, including cells with >1 MN, >1 chromatin bud, and nucleoplasmic
bridges.

3.2.2. Circulating DNA Quantification

The precise clinical and physiopathological significance of detecting plasma circulat-
ing DNA fragments is still under investigation. Some authors have hypothesized that DNA
fragments in cancer patients can induce metastasis development, probably by acting on sus-
ceptible normal cells [118]. Among different physiological biomarkers, Payan-Renteria et al.
(2012) found a statistically significant difference of this parameter between farmworkers
and the control group belonging to the Nextipac community in Jalisco, Mexico [47].

3.2.3. miRNAs-Possible New Biomarker of Susceptibility

Different epigenetic mechanisms, including the expression of microRNAs (miRNA),
can change the function of the genome under exogenous influence. Thus, pesticides can
alter gene regulation and act on human health. The miRNAs play important roles in
the regulation of a wide variety of cellular and biological processes including growth,
development, differentiation, proliferation, cycle control and cell death.

Recently, new approaches aimed at evaluating the mechanisms by which pesticides
can alter gene regulation and act on human health have been developed. Among these new
approaches, epigenetics seems to be a promising tool. However, until today the specific
molecular mechanisms that relate exposure to health effects have not yet been established.

The effects of pesticides on the epigenome can be attributed to changes in the expres-
sion profiles of the miRNAs. The identification of the specific binomials miRNA-chemical
agent (pesticide) will not only help the understanding of environmental diseases but can
open the way for new strategies of biomonitoring and prevention.

In this context, Valencia-Quintana et al. (2018) proposed to validate the alterations in
the expression profiles of the miRNAs as a potential biomarker of exposure to pesticides.
The establishment of its relationship with possible damage to health in people exposed to
these compounds will be of great importance in the near future [119].

With the functions of miRNAs identified in almost all aspects of biological processes,
their role as major mediators of cellular response to extracellular signals, as well as regula-
tors for the proper control of tissue homeostasis may be more relevant than was suspected
previously. The growing evidence that the expression of miRNAs is affected by known
toxic substances, as well as by oxidative stress and other forms of cellular stress, certainly
suggests an important role of these in toxicology, which could provide a link between the
influences of the environment and gene expression.

The effects of pesticides on the epigenome can also be attributed to changes in the
expression profiles of miRNAs, producing changes in gene regulation which may explain
the harmful effects that these compounds have on human health.

However, until today there have been few studies that address the binomial miRNAs-
pesticides and there are no reports of these in occupational or environmentally exposed pop-
ulations.

Identifying the specific binomials miRNA-chemical agent, in this case, pesticides,
will not only help the understanding of environmental diseases, but can pave the way
for new biomonitoring and prevention strategies. Thus, it is critically important to be
able to identify and validate miRNAs that can be induced by specific environmental
compounds (pesticides). Future studies will be necessary to demonstrate the contribution
of environment-miRNA interactions to human diseases.

3.3. Biomarkers of Genotoxicity

Genotoxicological monitoring in human populations is a very useful tool for the
estimation of genetic risks derived from environmental exposure to complex mixtures of
potentially genotoxic agents [3,4]. Genotoxic potential is a primary risk factor for long-term



Toxics 2021, 9, 272

15 of 29

effects such as carcinogenesis and reproductive toxicology. Most pesticides have been
evaluated in a wide variety of mutagenicity tests such as gene mutations, chromosomal
aberrations (CA) and DNA damage. Although it is difficult to establish a connection
between exposure to pesticides and the prevalence of cancer, especially due to the large
number of compounds involved, some authors demonstrated a higher incidence of certain
types of cancer in populations exposed to pesticides [120]. On the other hand, studies of
genotoxic damage of this type of compound have been conflicting since some indicate
significant increases in the frequencies of damage, while others do not present significant
differences [3,4].

The early detection of genetic damage allows taking the necessary measures to reduce
or suppress exposure to the deleterious agent when it is still reversible, and thus prevent
and reduce the risk of developing pathological changes, such as cancer.

The determination of chromosomal alterations is an established method for moni-
toring populations occupationally or environmentally exposed to potentially genotoxic
agents, such as pesticides. Visible damage to human chromosomes such as: chromoso-
mal aberratios (CA), sister chromatid exchanges (SCE), micronucleus (MN), and nuclear
abnormalities (NA), among others, can be detected.

On the other hand, genetic polymorphisms as susceptibility modifiers have received
recent attention, and there is increasing interest in conducting studies to explore gene-
environment interactions with the purpose of detecting susceptible populations prone to
develop health damage by exposure to chemical agents [121].

In human monitoring studies, variations of the basal frequencies are presented due
to the presence of endogenous factors (gender, age, medical history, etc.) and exogenous
factors (lifestyles, smoking and drinking habits, as well as eating habits, among others), so
it is important to consider the possible influence of these factors on the populations studied.

3.3.1. Chromosomal Aberrations (CA)

Genetic damage at the chromosomal level leads to an alteration in the number and/or
structure of the chromosomes and such an alteration can be measured as a frequency of
CA. It is thought that CA originates from errors in the repair of DNA lesions. The increase
in the frequency of CA is considered a biomarker of exposure and/or the effect of early
damage to DNA, allowing the detection of alterations resulting from the aneugenic or
clastogenic effect of xenobiotics [122]. On the other hand, there is evidence linking CAs
with the risk of developing cancer. In Mexico, there was an article in 1987 from Zapata
Gayon et al., who examined clastogenic changes of chromosomes in a population of in-
dividuals occupationally exposed to different pesticides, finding statistically significant
increments for simple and double breaks [31]. Steenland et al. (1997) evaluated a pop-
ulation exposed to ethylenebis (dithiocarbamate) fungicides (EDBC), with CA as one of
the cytogenetic markers [33]. The study evaluated 49 highly exposed workers, 14 slightly
exposed and 31 non-exposed and found significant increases in the frequencies of chromo-
somal translocations in applicators with respect to the control group, within the unadjusted
data, significant differences between the high and lightly exposed when compared with the
control group for translocations and reciprocal translocations, however, the translocations
increased markedly with age, making age as a confounder. After age adjustment, the
results indicated more total translocations among applicators than in the non-exposed
subjects, while the slightly exposed ones did not present significant differences. Poisson
regression analysis of other variables that alter chromosomal events (dicentrics, insertions,
fragments, and rings) did not present significant differences between the exposed group
and the unexposed group.

3.3.2. Sister Chromatid Exchange (SCE)

A reciprocal exchange of DNA between sister chromatids of a duplicated chromosome
induces SCE [122]. It is considered that SCEs are cytogenetic biomarkers more sensitive,
quicker, and simpler than CAs to evaluate the genotoxic potential of a variety of mutagenic
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and carcinogenic agents, such as pesticides. SCEs have been adopted as a genotoxicity
biomarker in agents capable of interfering in the replication of DNA, although the mecha-
nism of action that leads to its increase and its biological significance until today have been
unknown. These changes are cytologically visible through the differential staining of the
chromatids. Depending on the statistical sensitivity required, a minimum of 50 cells must
be analyzed, with 25 cells in each of the two replicates. This test is especially useful for
monitoring populations exposed to low concentrations of chemical agents.

In a rural population from Tlaxcala, Mexico, Gomez-Arroyo et al. (1992) evaluated
occupational contact with pesticides in 170 men, 94 exposed and 76 not exposed [32]. They
demonstrated that SCE followed a normal distribution with no differences between the two
groups (p = 0.4, Student’s t-test). SCE frequency also did not correlate with the duration of
exposure of the rural workers (r = —0.06), nor tobacco intake or alcohol ingestion (multiple
covariance analysis). The authors attribute the negative effects found to the fact that in
some cases, people were exposed to a single pesticide in each application and to a mixture,
chronically but only for short periods of time each year when working on small plots of
land, and the level exposure was not enough to produce SCE.

Unlike the previous study, Steenland et al. (1997), in a population of fungicide sprayers,
found significant increases in SCE, as with CA in human lymphocytes, as mentioned
above [33]. The unadjusted data, as well as the adjusted ones (by age and smoking habits,
via linear regression) indicated that the applicators had significantly higher SCE than
unexposed. Cytogenetic damage in floriculturists exposed to pesticides from the Morelos
State was evaluated by the SCE test in human lymphocytes, in addition to other geno- and
cytotoxic tests [34]. The non-exposed population had an average of 4.0 + 0.1, statistically
different from the value of 7.1 + 0.17 SCE/ cell found in the exposed population, with no
correlation between the observed damage and the exposure time, due to the fact that the
group with the shortest exposure time had similar frequencies of SCE when compared with
those with the longest contact time. In this case, since the products of florists are not for
human consumption, workers tend to use a greater quantity and higher concentrations of
pesticides to improve their production. Generally, in occupational exposure to pesticides,
flower growers are in contact with mixtures, which contain different active ingredients,
some of which have already been banned in different countries due to their mutagenicity
and carcinogenicity.

In the community of Las Grullas, Ahome, Sinaloa, a region where most of the popu-
lation is exposed to pesticides, a sample of 70 agricultural workers was selected, with an
average of 7 years of exposure to OP (malathion, methyl parathion, diazinon, monocro-
tophos and gusation) and carbamates (aldicarb, carbaryl, carbosulfan, and lannate), during
the sowing of chili, tomato, as well as mango and were compared with a control population
(70 individuals) from the city of Los Mochis. The overall SCE average for the exposed
group of 6.36 + 0.22 significantly differ from the non-exposed group (3.71 + 0.11, Student’s
t-test), and the effect was significantly correlated with the time of exposure to pesticides,
without differences between smokers and non-smokers, or without any relationship with
the intake/or not of alcoholic beverages [43].

3.3.3. Micronuclei (MN) and Nuclear Abnormalities (NA)

Another way to measure the chromosomal damage are MNs. They represent either
chromosomal acentric fragments or complete chromosomes with inactivated centromeres
left behind during cell division (mitosis or meiosis), which will appear in the cytoplasm
during the interface as small additional nuclei. This assay, like the CA test, allows the
detection of aneugenic and clastogenic agents. In general terms, the MN registry is much
simpler and faster than the CA registry. Like CAs, an increase in the frequency of MN
implies a risk of developing cancer [123].

In addition to MN, other nuclear anomalies (NA) such as binucleated cells, condensed
chromatin, karyolysis, pykosis, karyorrhexis and nuclear buds, together with broken
eggs [124], which reflects physiological alterations in the cell, can be recorded, in human
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blood and buccal cells. This damage may also be related to exposure to environmen-
tal agents.

In the human MN project (HUMN Project), MN were analyzed in peripheral blood
lymphocytes of exposed and unexposed individuals, mainly because it was a well-established
human test system at the time the project began. In this assay, the methodology has been
standardized, with defined frequencies and characterization of the effects of demographic,
genetic, as well as methodological factors and it has been determined if the MN frequencies in
different tissues are predictors of cancer risk [123,125]. Although there are MN assays performed
on human lymphocytes and rats in order to evaluate in vitro the influence and genotoxicity of
different pesticides and their concentration, there are not many studies involving MN assay
and human biomonitoring using human lymphocytes. In an agricultural community pesticide
exposure in mother-child pairs was evaluated, quantifying 15 organochlorine pesticides, found
in maternal plasma a concentration range from 5000 to 25,500 ng/g fat, by other side in the
umbilical cord plasma of newborns were detected in a range from 9800 to 285,500 ng/g fat.
Regarding clastogenic damage, a range of MN and nuclear anomalies from 0.33 to 5 and from 0
to 8 was obtained in mothers and newborns, respectively, while in the unexposed population
from 0 to 3. Although the levels of organochlorine pesticides in newborns were significantly
higher than in mothers, the differences in DNA damage did not show statistically significant
differences. Most mothers take folic acid, which could prevent genetic damage, even though
fetuses were exposed to pesticides during development [39,44,49], showing that the MN test
in umbilical cord samples might be useful in the evaluation of transplacental genotoxic agents
and can be compared with the DNA damage in their mothers after their study in Chihuahua,
Mexico. Newborns and mothers from urban areas showed 1 & 0.9 and 3.7 &= 1.4 MN in 1000
cells, respectively.

On the other hand, newborns and mothers from the agricultural area presented a
frequency of 2 & 1.5 and 4.5 & 2.4 in 1000 cells, respectively. Montafio-Soto et al. (2014) mea-
sured MN frequency in 26 women occupationally exposed to pesticides from Maneadero
Valley, an important agro-industrial region in Baja California, Mexico, using genotoxic
biomonitoring and 22 controls [50]. Exposed women revealed significantly elevated fre-
quencies of micronuclei (Mann—-Whitney U-Test, p < 0.05) compared to the control group,
with no statistically significant differences in nuclear index and chromatin bridges. The clus-
ter analysis showed a strong relationship between micronuclei and exposure, suggesting
that genotoxicity is associated with occupational exposure to agrochemicals.

Montero et al. (2006) examined a complex situation of chemical exposure in a transition
zone from rural activities towards intensive industrialization, which brought environmental
pollution in the Atoyac and Xochiac rivers [41]. Three occupations were distinguished,
according to chemical exposure: industrial workers, agricultural workers and workers in
households, education and commerce. Increased genotoxic damage was found, including
cells with > 1 MN, > 1 chromatin bud, and nucleoplasmic bridges. The genotoxic damage
was differentially distributed in the regions studied, affecting more those that are closer
to the Atoyac and Xochiac rivers, indicating an effect due to environmental exposure to
the contaminants present in the rivers. Xotlanihua-Gervacio et al. (2018) conducted a
cross-sectional study with 201 individuals, some of whom were dedicated to the spraying
of pesticides and stratified them into three groups: 23 individuals who were not in direct
contact with pesticides, 120 individuals as a moderately exposed group and 58 people
with high exposure [60]. The geometric mean (GM) of MN was 5.4 (1-26 MN). The
results demonstrated significant differences between the genders, where men had a lower
frequency than women (6 vs. 8 MN), and a higher nuclear index. In addition, age affected
MN frequency; there was a positive correlation of MN frequency with age. Significant
differences were found when comparing the moderate and highly exposed groups with
the reference group.

In 2012, Zudiga-Violante et al., determined the genetic damage among agricultural
workers from Valle de San Quintin, Baja California, México [46]. The MN test, which blocks
cytokinesis in peripheral blood samples, was used. Men environmentally exposed had less
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genetic damage than women with an MN means of 8.1 £ 1.83 and 13.1 £ 1.7, respectively,
whereas occupational exposure affected both sexes, men with a mean of MN equal to 15.9
£ 2.9, and women with 18.12 £ 1.7. The time of exposure at work was shown to be directly
related to the increased MN.

On the other hand, in addition to the use of lymphocytes, the number of publications
that use oral mucosa cells with the MN test has increased greatly in recent decades, possibly
due to its technical simplicity and the variety of complementary toxicological markers that
can be used, as well as the fact that this method is inexpensive, and fast, with no need for
establishing cell culture of three days.

These biomarkers have been widely used to determine the risk associated with ex-
posure to pesticides. The analysis in epithelial cells is relevant because almost 92% of the
different types of cancer are of epithelial origin and the epithelial cells of the mouth and
nose are the first to have contact with pesticides after inhalation. Of course, there is also a
study from Bonassi et al. (2011) who demonstrated a strong correlation between DNA dam-
age found in lymphocytes as MN with MN frequency in epithelial buccal cells [126,127].

Gomez-Arroyo et al. (2000) evaluated cytogenetic damage in floriculturists of Morelos
State, Mexico, exposed to pesticides from the greenhouses in towns of Santa Catarina,
Jiutepec and Yecapixtla (application of chemicals to the flowers is uncontrolled there)
and compared the results to the non-exposed group (people from the town of Temisco-
their activity was not related to pesticides) [34]. Significant differences were found for
mitotic index, cell proliferation kinetics and in MN frequency with the MN values being
three times higher than in the non-exposed group. This analysis shows that exposure to
pesticides significantly increases genetic damage, which implies that this tissue is altered
at the chromosomal level and that it undergoes chromosome disruption and/or alterations
of the mitotic spindle, together with other NAs.

Carbajal-Lopez et al. (2016), evaluated the genotoxic effect of pesticides in exfoliated buccal
cells of workers occupationally exposed in the state of Guerrero in the Tierra Caliente region [53].
With only male participants, 111 agricultural workers in three rural communities (Arcelia 62,
Ajuchitlan 13, and Tlapehuala 36) and a control group of 60 individuals were evaluated to
determine the effect produced by exposure to pesticides using the MN test on oral mucosal
cells. The difference between the MN frequencies of the exposed and non-exposed populations
was statistically significant. The same occurred for binucleated cells in the three localities
without presenting a correlation of MN frequency with the exposure time. Picnosis and nuclear
buds were observed in Arcelia and Tlapehuala; condensed chromatin was recorded in Arcelia
and Ajuchitlan. The consumption of alcohol, age and smoking habit did not influence the
study results [53]. Farmworkers in Maneadero, Baja California, constantly exposed to mixtures
of pesticides and a group of non-exposed women from Ensenada, were evaluated together
with their children to determine the genotoxic effects in cells of the oral mucosa [54]. The cell
frequencies with MN and NA presented significant differences between the agricultural workers
and the non-exposed group. The same occurred with the samples of the children, demonstrating
that both direct exposure (agricultural workers) and indirect exposure (children of agricultural
workers) were at risk of genotoxic damage. Frequencies of MN and NA in 2000 cells were
obtained from the buccal mucosa from 144 individuals divided into four groups: (1) farmers
(n =37), (2) unexposed (n = 35), (3) farmers’ children (n = 34), and (4) unexposed children (1
= 38). Differences were found between farmers and unexposed women in MN (p < 0.0001),
condensed chromatin (p = 0.3376), and pyknotic cell frequency (p < 0.0001). Exposed children
demonstrated higher significant frequencies in MN (p < 0.0001), lobulated nuclei (p < 0.0001),
condensed chromatin (p < 0.0001), and pycnotic cell frequency (p < 0.004) when compared to
unexposed children. The genotoxic effects of pesticides on workers occupationally exposed to
these compounds during their aerial application in agricultural fields in Sinaloa were evaluated
in the study of Martinez-Valenzuela et al. (2017) [56]. The cohort study involved 30 pilots of
small airplanes who worked as aerial pesticide applicators and 30 non-exposed individuals
as a control group. The MN test and the induction of other NA in oral mucosal epithelial
cells were used to evaluate the genotoxic damage. The highest frequency ratios (FR) equal to
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269.5 corresponded to binucleated cells followed by 54.2, corresponding to cells with pyknotic
nuclei, 45.2 of cells with chromatin condensation, 3.7 of cells with broken-egg, 3.6 of cells with
MN, and 2.0 of karyolitic cells. Age, time worked, smoking, and alcohol consumption did not
have a significant influence on nuclear abnormalities in the pilots studied. Pesticide exposure
was the main factor for nuclear abnormality results and DNA damage. Marked genotoxic
damage was developed in even younger pilots with 2 years of work experience, caused by their
daily occupational exposure to pesticides. As in other studies, the damages found were not
influenced by smoking habits or the consumption of alcoholic beverages. Sanchez-Alarcon et al.
(2016a) compared 32 agricultural workers in the rural community of Tlaxcala, Mexico, with 30
nonexposed individuals and also found elevated DNA buccal damage, but not connected with
age, gender or smoking status [52]. Ortega-Martinez et al. (2014, 2019) compared 40 non exposed
and 40 workers in high-tech and low-tech greenhouses of Atlixco City, in Puebla, Mexico, and
demonstrated statistically higher values of NA in greenhouses workers, with frequency index
ratios of 63.0 binucleated cells, 14.2 cells with condensed chromatin, 8.0 karyolytic cells, 3.8
cells pycnotic, 2.4 cells with nuclear outbreaks, and 2.3 cells with MN [62,128]. The highest NA
frequency was found in workers in low-tech greenhouses compared to high-tech greenhouses.
The male population of low-tech greenhouses showed higher frequencies of pycnotic cells,
MN, and cells with nuclear outbreaks. Martinez-Valenzuela et al. (2009) evaluated genotoxic
damage in 70 agricultural workers, 25 women and 45 men, exposed to pesticides in Las Grullas,
Ahome, Sinaloa, Mexico, with an average of 7 years of exposure, and compared the results with
non-exposed group consisting of 70 other persons, 21 women and 47 men from the city of Los
Mochis, Sinaloa, Mexico [43].

The Mann-Whitney U-test showed significant differences in cellular proliferation kinetics
(replication index and mitotic index evaluated together), MN and NA frequencies. On the other
hand, they found no correlation between the registered MN frequencies, age, gender, exposure
time, or any relationship with smoking habits and drinking alcoholic beverages.

Ruiz-Gamboa et al. (2016) compared 27 indoor sprayers exposed to pesticides with 26
non-exposed men and found a significantly higher MN frequency in sprayers 0.71/1000
cells (0.50-1.01) vs. controls 0.46/1000 cells (0.33-0.65) [55]. All NA: nuclear bud, binu-
cleated, karyorrhexis, pyknosis, karyolysis, condensed chromatin were different between
groups, and some workers had scores above regard: binucleated, pyknosis and karyor-
rhexis. Lazalde-Ramos et al. (2017), examined 120 of Mexico’s Indigenous individuals,
including thirty from the ethnicities Cora, Huichol, Tarahumara and Tepehuano. Tepe-
huano and Tarahumaras showed the greatest damage to DNA, in both MN and NA, with
a significant difference from the rest of the studied groups [57]. They also presented the
group with the highest herbicide exposure (46.7%). In relation to smoking and drinking
habits, these were more frequent in the Tarahumara group (33.3 and 50%).

Gomez-Arroyo et al. (2013) assessed the genotoxic risk for Mexican children who lived
near an agricultural area with intense aerial pesticide applications. A significant increment
of MN frequencies was observed [48]. In the same way, other nuclear abnormalities such as
binucleated cells, nuclear buds, karyorrhexis and karyolysis also were detected; in all cases,
the differences were significant in relation with the control group, indicating high health
risks to the exposed children. However, in the genotoxic study carried out with the buccal
cells of children from two elementary schools, one exposed to fumigations in agricultural
fields, the other unexposed, no significant differences were found for the presence of MN,
condensed chromatin and karyorrhexis between both groups of schoolchildren. Neverthe-
less, the most prevalent nuclear abnormalities in the exposed population were lobed nuclei,
binucleated cells, apoptosis, and karyolysis, which showed significant differences between
the unexposed and exposed schools [63].

3.3.4. Alkaline Comet Assay

The alkaline comet assay, also called single cell gel electrophoresis (SCGE), is an
electrophoretic technique for direct visualization of DNA damage in individual cells. In
this technique, the cells (any type of the living cell, proliferating or non-proliferating,
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important for this technique is that cells are in single-cell suspension) are embedded in
agarose gel on the slide. The cells are lysed by detergents and denaturated by alkaline
solutions, then subjected to electrophoresis. Due to the size of the agarosis pores, free DNA
(nucleus), if undamaged cannot move during the electrophoresis, while the damaged parts
of the damaged DNA can migrate. Cells with more DNA damage show a greater migration
of their DNA from the nucleus to the anode, giving the appearance of a comet (that is how
the technique got its name, while the undamaged nuclei remain in the oval-round shape
without the tail). Comets are observed under fluorescence microscopy after staining with
suitable dyes such as ethidium bromide, acridine orange or iodinated propidium [129].

This method allows different types of DNA damage to be measured in human cells
such as lymphocytes and has become an important tool in population assessment studies
environmentally and/or occupationally exposed to different genotoxic agents, including
radiation, chemical agents (pesticides, metals, air pollutants) and oxidative stress [130-132].
It stands out for its versatility and its potential applications. In terms of its simplicity, cost,
the requirement of small cell samples, sensitivity and reliability, the comet assay and its
different modifications have few serious competitors. This assay can provide invaluable
information in the area of risk assessment of environmental and/or occupational exposures,
as well as diseases related to oxidative stress and investigation of individual variation in
relation to the response to DNA damage that may reflect genetic and/or environmental
influences [133,134].

Using neutral conditions for lysis and electrophoresis, double-strand breaks can be
detected. The alkaline version is able to detect, in addition to double chain breaks, single-
chain breaks, alkali sensitive sites, DNA/DNA crosslinks or DNA-proteins associated with
repair sites by incomplete excision in individual cells [122]. Due to inexpensive, easy and
quick performance, the comet assay is used worldwide [135].

Using the comet assay, Yafiez et al. (2004), show that, chronic exposure to DDT
induced DNA damage in women from malarious communities, a significant correlation
was found between DNA damage and concentrations of DDT, DDD, and DDE, in blood [36].
However, Ortiz-Pérez et al. (2005), assessing DNA damage in children before and 24 h
after indoor spraying of deltamethrin in malarious areas, found no significant differences
in comet assay parameters [38].

Castillo-Cadena et al. (2006), determined the values of DNA damage in Mexican
flower growers exposed to mixtures of pesticides for several years by determining the
length /width index (T /N index), which they obtained by dividing the length of the tail
of the comet between the diameter of the head of the nucleus [40]. The values found for
the T/N index were 1.29, 1.40 and 1.67, for the control, environmentally exposed and
directly exposed to pesticides groups, respectively. When applying the corresponding
statistical tests, they found differences between the control group and the exposed group.
As for confounding variables, such as gender, age, smoking habits, ingestion of alcoholic
beverages, as well as exposure time (years), they determined that only smoking and
drinking habits had an impact on the damages found.

After obtaining samples of maternal and umbilical cord blood, fifty mother-child
pairs from an agricultural community in San Luis Potosi were studied, with the purpose
of evaluating the exposure to mixtures of organochlorine pesticides and determining
genotoxic damage by obtaining samples of maternal blood and the umbilical cord [44].
The comet test was evaluated using the intensity of the fluorescence and the length of the
cauda or “olive tail moment”, considering a value of 4 as a reference, finding that 60% of
the mothers and 78% of the babies, showed damage genotoxic with statistical significance.
They also found 15 pesticides in maternal as well as in cord plasma.

Carbajal-Lopez et al. (2016) also analyzed the genotoxic effect produced by exposure
to mixtures of pesticides using the comet assay in exfoliated cells of the oral mucosa of
111 agricultural workers occupationally exposed in the state of Guerrero in three rural
communities (Arcelia 62, Ajuchitlan 13, and Tlapehuala 36), and compared it with 60
non-exposed individuals [53]. Comet tail length was evaluated in 100 nuclei. Significant
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differences were found when the three exposed groups (Arcelia, Ajuchitlan and Tlapehuala)
were compared with the non-exposed group in tail migration of DNA, with no positive
correlation between exposure time and tail length and no significant effect of age, smoking,
and alcohol consumption. In the study of Zepeda-Arce et al. (2017), 208 participants
were divided into three groups according to their degree of exposure to pesticides: 22
individuals as the reference group not exposed to pesticides, 126 individuals moderately
exposed and 60 people with high exposure, with the purpose of determining the magnitude
of genetic damage induced by exposure, determined the tail- and Olive-tail moment in
human lymphocytes [58]. The results showed an increase in the parameters suggesting
genetic damage, together with the effect of pesticide-tobacco co-exposure (smoking habit),
and the co-effect was more pronounced among women.

The comet assay can also be done on buccal cells with a somewhat different protocol.
There is a review comparing different protocols and finding the best one for buccal comet
assays [136]. As we explained, buccal cell samples are much easier to obtain and less
invasive than blood sampling. Vazquez Boucard et al. (2017), demonstrated with the
comet assay in 107 male buccal samples that people who drank well water or tap water
rich in organochlorine pesticides and heavy metals detected in Todos Santos, BCS, Mexico
presented elevated levels of DNA damage [59].

Jasso-Pineda et al. (2015), demonstrated elevated DNA blood level damage in 276
children living in areas at high risk of contamination in Mexico in eleven communities in
four states of Mexico [51]. Children exposed to a chemical mixture among them polycyclic
aromatic hydrocarbons (PAHs) and also DDT that was also detected in their urine samples
had the significantly highest DNA damage level (p < 0.05) in their blood cells (olive tail
moment = 7.5 £ 3.5), when compared with DNA damage levels in children living in the
other scenarios assessed in this work.

To assess the genotoxic effects of pesticides in pilots occupationally exposed to these
chemicals during aerial application in agricultural fields, the alkaline comet assay was
performed on freshly collected peripheral whole blood lymphocytes from 30 pilots who
applied aerial pesticides and 30 controls. The median of comet frequency, tail length and
tail moment revealed statistically significant differences between the exposed subjects and
controls [61].

3.4. Other Biomarkers of the Effect
3.4.1. Biomarkers of Oxidative Stress

Other biomarkers of effect are markers of oxidative damage. An increase in oxida-
tive stress has been associated with a variety of adverse outcomes (and different disease
processes), but the explicit relationships have yet to be more clearly defined, leaving
uncertainty in the use of oxidative stress biomarkers to predict the long-term effects at
organism/population-level (EPA) [79]. Some pollutants, such as pesticides, are capable
of generating oxidative stress, which triggers adaptive mechanisms through protection
systems, usually quantified in plasma, such as: oxidized glutathione (GSSG)/reduced
glutathione (GSH) ratio and the glutathione reductase (GR), catalase (CAT), superoxide
dismutase (SOD) and peroxidase activities. Macromolecules that can be affected include
lipids, proteins and nucleic acids.

Zepeda-Arce et al. (2017), determined the levels of malondialdehyde (MDA), SOD,
CAT, glutathione peroxidase (GPx), GR and the relation of the levels of antioxidant enzymes
with DNA damage among agricultural workers (sprinklers), occupationally exposed to
pesticides [58]. The results showed a marginally significant decrease in SOD and CAT
activities in the highly exposed group when compared with the control group. For MDA,
significant differences were found among workers with greater seniority when compared
with recently incorporated or temporary sprinklers. In the moderately exposed group, a
positive correlation was found between MDA levels and GPx activity. In the highly exposed
group, a negative correlation was observed between GR and CAT, as well as between
MDA levels and GPx activities. On the other hand, they reported a positive correlation
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between DNA damage parameters and MDA levels. All this suggests an important role of
antioxidant enzymes for the protection of DNA damage caused by occupational exposure
to pesticides.

In a similar cross-sectional study in 201 individuals, Xotlanihua-Gervacio et al. (2018),
presented a negative correlation between MN frequency and GPx activities. Individuals
were assigned to pesticide spraying [60]. They found a marginal correlation between MN
and glutathione reductase GR, as well as with superoxide dismutase SOD and found no
correlation between MN and CAT. The geometric mean (GM) for the antioxidant enzymes
was 198.68 U/mL for glutathione peroxidase GPx, 38.96 U/g Hb for GR, 94.78 U/mL for
SOD, and 69.77 U/g Hb for CAT.

3.4.2. Aneuploidies

Recio et al. (2001) evaluated the frequency of aneuploidies in sperm (X, Y, 18) in
agricultural workers [35]. The samples were obtained before and during the pesticide
application season. Aneuploidies were found in 0.67% of the total sperm nuclei; the most
frequent was the absence of a sex chromosome or without sex chromosomes (0.19%),
followed by XY18 (0.15%) and XY18-18 (0.06%).), finding a correlation between the concen-
tration of the metabolites of OF pesticides and an increase in the frequency of aneuploid
sperm. Thus, exposure to OFs can interfere with chromosomal segregation in sperm and
increase the risk of genetic syndromes, such as Turner syndrome.

3.4.3. Alterations in the Sperm Chromatin Structure

The analysis of the structure of the sperm chromatin (SCSA) is a relevant factor for
reproductive toxicology since chromatins can be damaged at any time along the male
reproductive tract, compromising fertility and development of offspring [37]. The SCSA
measurements show that the structure of the sperm chromatin was altered in all the samples
obtained from agricultural workers, finding that 75% of them were classified with poor
fertility potential and only 12% were considered potentially fertile in comparison with the
control population that presented only 4% with poor fertility potential.

Sperm quality has been negatively associated with the urinary level of dimethyldithio-
phosphate (DMDTP), a metabolite of OP in agricultural workers from Villa Juarez, Durango,
Mexico [65]. Workers with carbofuran exposure at work for at least 3 years showed multin-
ucleation of spermatozoa and spermatids [45]. Details of Mexican agricultural workers” OP
exposure associated with decreased semen quality, sperm DNA damage, etc., are further
analysed in the review of Sdnchez-Guerra et al., 2011 [100].

4. Conclusions

Humans are exposed to a large number of environmental hazards that can affect the
functioning of specific biomolecules and thus affect health at different levels. Alterations
to DNA are recognized as indicators of early damage in affected organisms; therefore,
identifying the genotoxic potential of xenobiotics has been a beneficial and effective strategy
in risk assessment.

Biomarkers allow one to improve the process of evaluation of health risks due to
exposure to environmental xenobiotics. They can be used to calculate the exposure and the
internal dose received by individuals and groups, with the consequent identification of
those who suffer a greater or lesser risk than average.

New biomarkers, such as miRNAs, must be validated before applying them to risk
assessments, which means that the relationship between the biomarker, the exposure and
the effect or damage to health must be determined. The process of selecting and validating
biomarkers for monitoring and evaluation requires careful consideration of the relevance
and accuracy of the tests. The extent to which individuals are at lower or higher risk
depends on the strength of the relationship between the positive result and the risk of
developing effects on health.
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Finding answers to many of the key challenges will continue to be an important
factor in the investigation of the role, if any, of these compounds in the transmission of
human diseases. These challenges include an accurate assessment of the role of exposure
to pesticides in the multifactorial cause of the disease, latency, publication of negative
results, classification errors, low-level dose measurement, accurate diagnosis, the role of
biomarkers, adequate study design and adequate foundation.

The expansion of the repertoire of biomarkers available for exposure to pesticides and
the use of several well-designed study protocols will provide critical tools in assessing the
safety of pesticides and designing appropriate measures to minimize adverse exposures.
Thus, the combination of in vitro data in animals and in humans will provide the best
picture of the performance of a marker.

Occupational exposure to pesticide mixtures has been associated with an increase in
genotoxic damage. This seems to depend on the degree and time of exposure as well as the
hereditary characteristics of individuals (polymorphic genes involved in the metabolism of
chemical agents and DNA repair mechanisms). Because of this, it is difficult to attribute
the genetic damage found in agricultural workers to any particular pesticide.

Although new products have been developed, from organochlorine compounds,
which have been replaced by OP and carbamates, and more recently by pyrethroids, which
represent the class of pesticide compounds most frequently used today, different biomark-
ers can be used in monitoring studies to determine the risk associated with exposure to
pesticides. It should be mentioned that “exposure to pesticides” is a very broad term that
involves complex mixtures of compounds and many variables that can reduce or enhance
their risks, especially in occupationally exposed groups.

As seen in this review, there are few studies conducted in Mexico where the risk of
exposure to pesticides in occupationally exposed populations was evaluated. We should
mention the valuable study and review of Sanchez-Guerra et al. from 2011 about epidemi-
ological and experimental studies in Mexico on OP, but not all biomarkers were included
in this review, and they were considered only regarding OP [100]. Further, it should be
considered that workers usually are not exposed only to a particular product or group of
pesticides, but to mixtures whose composition is often unknown to the workers until the
time for sprinkling, or when those chemicals are measured in their samples.

On the other hand, there is no consistency in response to these types of exposures,
either due to poor definition of exposure (according to Sivério et al., 2017), or to the different
design of the studies, including the small number of participants [137]. Besides the problem
of the sample size, there are differences in the geographic and meteorological characteristics
of the agricultural areas and regions directly affecting exposure and influencing the results.
These differences refer to the pesticide types, to the frequency of use, to the difference
in exposure levels and duration, to the hours per day and years of working with the
pesticides, and to the use of protective equipment. Results from our review support the
use of miRNAs as biomarkers of exposure to pesticides, especially for their potential to
understand the possible mechanisms of action of pesticides.
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