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Abstract: In the department of Boyacá, Colombia, agriculture stands as one of the primary economic
activities. However, the escalating utilization of pesticides within this sector has sparked concern
regarding its potential correlation with elevated risks of genotoxicity, chromosomal alterations, and
carcinogenesis. Furthermore, pesticides have been associated with a broad spectrum of genetic poly-
morphisms that impact pivotal genes involved in pesticide metabolism and DNA repair, among other
processes. Nonetheless, our understanding of the genotoxic effects of pesticides on the chromosomes
(as biomarkers of effect) in exposed farmers and the impact of genetic polymorphisms (as susceptibil-
ity biomarkers) on the increased risk of chromosomal damage is still limited. The aim of our study
was to evaluate chromosomal alterations, chromosomal instability, and clonal heterogeneity, as well
as the presence of polymorphic variants in the GSTP1 and XRCC1 genes, in peripheral blood samples
of farmers occupationally exposed to pesticides in Aquitania, Colombia, and in an unexposed control
group. Our results showed statistically significant differences in the frequency of numerical chro-
mosomal alterations, chromosomal instability, and clonal heterogeneity levels between the exposed
and unexposed groups. In addition, we also found a higher frequency of chromosomal instability
and clonal heterogeneity in exposed individuals carrying the heterozygous GSTP1 AG and XRCC1
(exon 10) GA genotypes. The evaluation of chromosomal alterations and chromosomal instability
resulting from pesticide exposure, combined with the identification of polymorphic variants in the
GSTP1 and XRCC1 genes, and further research involving a larger group of individuals exposed to
pesticides could enable the identification of effect and susceptibility biomarkers. Such markers could
prove valuable for monitoring individuals occupationally exposed to pesticides.

Keywords: pesticides; chromosomal instability; clonal heterogeneity; polymorphism; FISH; restriction
enzymes

1. Introduction

The extensive use of pesticides and the prolonged and consistent exposure of agri-
cultural workers to these chemicals render the evaluation of carcinogenic and mutagenic
risks a significant public health concern. Despite the fact that for some years, several
investigations have focused on the evaluation of the cytotoxic and genotoxic damage in-
duced by exposure to pesticides, there are very few studies that have inquired into the
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chromosomal damage caused in farmers exposed to them. Chromosomal damage related
to pesticide exposure has been considered as a biomarker of effect, and despite studies
reporting notable differences in the frequency of chromosome alterations (CAs) between
exposed individuals and unexposed controls [1–6], others have not observed any asso-
ciation [7,8]. However, it is important to highlight that in these studies, the evaluation
of chromosomal damage has been conducted through methods such as sister chromatid
exchange (SCE) [9] and micronuclei (MN), among others. Therefore, studies that report
the type and frequency of CAs, as well as the level of chromosomal instability (CIN)
caused by exposure to pesticides, are scarce. Additionally, it has been suggested that
while oxidative stress, epigenetic modifications, and gut microbiota modulation are rec-
ognized as key pathogenic mechanisms induced by pesticide exposure, their biological
impacts appear to be primarily influenced by the presence of genetic polymorphisms. In
fact, it has been demonstrated that pesticides are linked to a broad spectrum of genetic
polymorphisms affecting crucial genes involved in the regulation of the cell cycle, redox
status, drug metabolism, pesticide metabolism, and DNA repair [10]. Moreover, the toxic
response resulting from pesticide exposure may vary among organisms, influenced by
genetic and physiological factors such as age, diet, nutritional status, hormonal balance,
and overall health. Indeed, it has been suggested that certain individuals may be more
susceptible to oxidative stress induced by pesticides, thereby increasing their health risks
owing to the influence of genetic polymorphisms [10]. Interindividual differences can be
evaluated through susceptibility biomarkers. These can include polymorphic variants in
genes encoding enzymes involved in xenobiotic metabolism (such as Glutathione S trans-
ferase P1 gene—GSTP1) and DNA break repair (such as X-ray repair cross complementing
group 1 gene—XRCC1). Genetic variations in these genes may influence the genotoxicity
resulting from pesticide exposure [11]. For example, the GSTP1 gene has been associated
with glutathione conjugation detoxification catalyzed by glutathione transferases. In cases
where this detoxification process is ineffective, the toxic by-products can cause damage
to intracellular molecules [12]. Of note, several GST enzymes expressed in the liver are
polymorphic [13] and may impact pesticide metabolism and detoxification [14], potentially
affecting normal cell function. Moreover, it has been shown that the enzymatic activity of
GSTP1 is highly influenced by a single-nucleotide polymorphism known as the A313G
polymorphism. This polymorphism results in the substitution of isoleucine (Ile) with
valine (Val) at the 105 amino acid position, referred to as Ile105Val, thereby generating
three GSTP1 genotypes: Ile/Ile homozygous wild type, Ile/Val heterozygous variant, and
Val/Val homozygous variant [15]. The Ile105Val polymorphism of GSTP1 has been associ-
ated with decreased enzyme metabolic activity [14], leading to the accumulation of toxic
metabolites in the body [16]. XRCC1 is a single- and double-strand DNA break repair gene
that plays an important role in protection against pesticide-related genotoxicity [11]. In fact,
polymorphisms at codon 194 in exon 6 (C→T) and at codon 399 in exon 10 (G→A) in the
XRCC1 gene have been utilized as biomarkers to assess susceptibility to the DNA damage
induced by pesticides [17,18].

This, along with the deficiency of studies carried out in our country on the genotoxic
damage that exposure to pesticides can cause, highlights the need to deepen and expand
our knowledge on the level of CIN caused by exposure to pesticides. Additionally, there is
a need to investigate the presence of polymorphic variants in the GSTP1 and XRCC1 genes.
This could confer susceptibility to the development of diseases resulting from exposure to
pesticides. This study aimed to determine the type and frequency of chromosomal alter-
ations, evaluate the levels of CIN and CH, and establish their associations with polymorphic
variants at exon 5 (A→G) in the GSTP1 gene and at exons 6 (C→T) and 10 (G→A) in the
XRCC1 gene in a group of ten farmers who had been occupationally exposed to pesticides
in the town of Aquitania, Colombia, and in ten unexposed individuals. GTG banding,
fluorescence in situ hybridization (FISH), and restriction fragment length polymorphisms
(RFLP) were used.
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Our results showed statistically significant differences in the frequency of numerical
chromosomal alterations (NCAs), CIN, and CH levels between the exposed and unexposed
groups. Furthermore, the exposed group carrying the heterozygous genotypes GSTP1 AG
and XRCC1 (exon 10) GA exhibited a higher frequency of NCAs, CIN, and CH compared
to the unexposed group. These results suggest that individuals exposed to pesticides and
carrying the GSTP1 AG or XRCC1 GA genotypes may be more susceptible to an elevated
risk of DNA damage.

2. Results
2.1. Study Groups

The exposed group comprised both male and female individuals aged between 19 and
71 years. All had been engaged in pesticide spraying/handling and exposed to pesticides
through work for a minimum of 12 months (Table 1 and Supplementary Table S1). The
average duration of pesticide exposure was 180.2 months, and the frequency of pesticide
exposure was primarily once a week or twice a month (Tables 1 and 2).

Table 1. General characteristics of the exposed and unexposed groups.

Exposed Unexposed

Number 10 10
Age (mean ± SD) 39.20 ± 17.78 39.00 ± 17.44

Sex (n)
Male 3 3

Female 7 7
Exposure months (mean ± SD) 180.2 ± 239.9 0

Tobacco smoking (n)
Smokers 0 0

Non-smokers 10 10
Alcohol consumption (n)

Alcohol consumers (1/week) 2 1
Alcohol consumers (sporadic) 7 8

Non-alcohol consumers 1 1

Table 2. Characteristics of the exposed group.

Characteristic Number

Type of exposure
Dermal 7

Respiratory 3
Method of irrigation

Machine 7
Bomb 2
Mixed 1

Frequency of irrigation
2 times a month 4
1 time a week 4

Unknown 2

The routes of exposure were mainly dermal and respiratory (Table 2). Minor routes
of exposure to pesticides, such as parenteral exposure (intramuscular, subcutaneous or
intravenous), unintentional (accidental) oral exposure, and/or eye/ear exposure, were not
reported by the exposed group. The methods used by the exposed group for the irrigation
of pesticides were machines, pumps, and mixed (machines and pumps), with an irrigation
frequency that oscillated between once a week and twice a month (Table 2). The exposed
group reported that during the fumigation and/or pesticide handling process, they used
minimal protection measures including gloves and masks.
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The unexposed group comprised 10 healthy individuals, both male and female, who
had no history of occupational exposure to pesticides. Similar to the exposed group, the
unexposed group spanned an age range of 19 to 71 years and exhibited comparable gender
distribution and lifestyle habits (Table 1). Results are presented as the mean ± standard
deviation (SD) (Table 2). The exposed and unexposed groups indicated a low incidence of
smoking and alcohol intake. The pesticide mixtures mainly used by farmers were furadan,
malathion, antracon, manzate, parathion, curacron, and fitoraz.

2.2. High Frequency of Chromosomal Alterations in Exposed Individuals

Cytogenetic analysis by GTG banding demonstrated a modal diploid number (2n)
in both the exposed and unexposed groups. A total of 731 metaphases were analyzed.
The exposed group exhibited significantly higher frequencies of numerical chromosomal
alterations (NCAs) compared to what was observed in the unexposed group (151 and 33,
respectively) (p ≤ 0.0001 **; Fisher’s exact test) (Table 3).

Table 3. Frequency of chromosomal alterations and chromosomal variants identified in the exposed
and unexposed groups.

CAs and CVs

Number of Alterations

E UE p+
n (%) n (%)

NCAs 151 (43.0) 33 (8.7) 0.0001 **
Monosomies 42 (12.0) 21 (5.5) 0.2159

Trisomies 29 (8.3) 2 (0.5) 0.0349 *
mar 38 (10.8) 4 (1.1) 0.0050 **
end 21 (6.0) 2 (0.5) 0.1184

Polyploidies 20 (5.7) 3 (0.8) 0.1184
SCAs 20 (5.7) 15 (3.9) 0.7475

chtb/chrb 20 (5.7) 7 (1.8) 0.2790
fra 42 (12.0) 22 (5.8) 0.2159

fra(9)(q12) 29 (8.3) 16 (4.2) 0.3727
9qh+ 4 (1.1) 5 (1.3) 1

Total alterations 237 82
Mean 47.4 16.4

SD 59.4 11.5
p++ 0.125

Abbreviations: E—exposed farmer; UE—unexposed control; n—frequency; CVs—chromosomal variants;
CAs—chromosomal alterations; NCAs—numerical chromosomal alterations; mar—marker chromosome; end—
endoreduplication; SCAs—structural chromosomal alterations; chtb/chrb—chromatid break/chromosomal break;
fra—fragilities; fra(9)(q12)—fragility on the long arm of chromosome 9, region 1, band 2; 9qh+, heterochromatin
increased on the long arm of chromosome 9; SD—standard deviation. Notes: * Statistically significant difference
relative to the unexposed group at p ≤ 0.05. ** Statistically significant difference relative to the unexposed group
at p ≤ 0.01 (p+: Fisher’s exact test; p++: Wilcoxon signed rank test).

While no statistically significant differences were observed between the exposed and
unexposed groups in any cases, the frequency of SCAs, chtb/chrb, and fragilities fra was
higher in the exposed group. The above results suggest chromosomal damage attributable
to pesticide exposure (Table 3).

Statistical analysis revealed significant differences in the frequency of NCAs, SCAs,
and chrb/chtb between paired exposed and unexposed individuals (p ≤ 0.01 **; Fisher’s
exact test) (Table 4).
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Table 4. Frequency of chromosomal alterations and chromosome variants identified in paired exposed
and unexposed individuals.

CVs and CAs

Number of Individuals

E UE p
n (%) n (%)

NCAs 10 (100) 8 (80) 0.0001 **
Monosomies 10 (100) 8 (80) 0.0001 **

Trisomies 10 (100) 3 (30) 0.0001 **
mar 9 (90) 3 (30) 0.0001 **
end 5 (50) 1 (10) 0.0001 **

Polyploidies 6 (60) 2 (20) 0.0001 **
SCAs 9 (90) 7 (70) 0.0007 **

chtb/chrb 6 (60) 4 (40) 0.0071 **
fra 8 (80) 7 (70) 0.1412

9qh+ 2 (20) 2 (20) 1

Total 10 10
Abbreviations: E—exposed farmer; UE—unexposed control; n—frequency; CVs—chromosomal variants;
CAs—chromosomal alterations; NCAs—numerical chromosomal alterations; mar—marker chromosome; end—
endoreduplication; SCAs—structural chromosomal alterations; chtb/chrb—chromatid break/chromosomal break;
fra—fragilities; 9qh+—heterochromatin increased in the long arm of chromosome 9. Notes: ** Statistically
significant difference relative to the unexposed group at p ≤ 0.01 (Fisher’s exact test).

Particularly, in the exposed group (E), the following frequencies were observed:
151 NCAs in all individuals (100%), 20 SCAs in nine individuals (90%), 20 chtb/chrb
in six individuals (60%), 42 fra in eight individuals (80%), and 4 chromosomal hetero-
morphisms in two individuals (20%) (Figure 1 and Tables 3 and 4). Within the NCAs,
gains (trisomies, endoreduplications, and polyploidies) were observed more frequently
(72%) than losses (monosomies) (28%). Chromosomes 18 (11.9%), X (9.5%), and 12 (9.5%)
exhibited the highest frequencies of monosomies. Additionally, marker chromosomes were
observed with a higher frequency among the gains (34.8%), followed by endoreduplications
(19.26%) and polyploidies (15.6%). Regarding SCAs, a total of 20 were observed in 90% of
the exposed individuals (Table 4 and Figure 1).

Among the SCAs, the most frequent were the del (30%), followed by inversions (inv)
(25%) and additional material of unknown origin (add) (20%). Less frequently observed
structural alterations included translocations (t) (10%), derived chromosomes (der) (10%),
and duplications (dup) (5%). Additionally, a total of 20 chrb/chtb were identified in 60% of
the exposed individuals (Tables 3 and 4). The most frequent was chtb(9)(q12), observed in
50% of the exposed individuals. Moreover, 42 fragilities (fra) were found in the exposed
group, and the most frequent was the fra(9)(q12) (67.4%), observed in 70% of the exposed
individuals.

In the unexposed group (UE), 33 NCAs were identified in eight individuals (80%),
15 SCAs in seven individuals (70%), 7 chtb/chrb in four individuals (40%), 22 fra in
seven individuals (70%), and 5 chromosomal heteromorphisms in two individuals (20%)
(Tables 3 and 4). Within the NCAs, losses (monosomies) (63.63%) were observed more
frequently than were gains (trisomies, endoreduplications, and polyploidies) (36.36%).
Chromosomes 5 (14.28%) and 8 (14.28%) exhibited the highest frequencies of monosomies.
Among the gains, marker chromosomes were observed at a higher frequency (33.3%),
followed by polyploidies (25%). A total of 15 SCAs were identified in 70% of the exposed
individuals (Tables 3 and 4). Among the SCAs, the most frequent were the del (40%) and
inv (33.33%). Other SCAs observed less frequently in this group included add (13.3%).
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abnormalities that impacted only one chromosome or where only one chromosome was identified. 
These alterations include the following: fragilities including fra(9)(q12) and fra(1)(q12), represented 
as dark blue dots; chromatid breaks including chtb(9)(q12) and chtb(1)(p36), represented as dark 
red dots; inversions including inv(9)(p12q13), represented as gray rectangles; and a derivative chro-
mosome der(11)del(11)(p12)del(11)(q23), represented as a dark brown line. The last ring in the cen-
ter of the circos diagram represents chromosomal alterations involving at least two chromosomes: 
blue arcs indicate translocations including t(4;6)(q31;p25) and t(13;19)(p13;p13); purple lines are ad-
ditional material of unknown origin including add(3)(q29) and add(22)(q13); and the yellow line 
represents a derivative chromosome including der(2)t(2;11)(q37.3;q31). The circos diagram was cre-
ated using the R statistical software (version 4.3.1) with the BioCircos library, and it was subse-
quently edited in PowerPoint (version 2180) to add some symbols representing alterations not found 
in the mentioned library. 
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Figure 1. Circos plot of the chromosomal alterations observed in the exposed group. The outer
blue-cyan ring indicates the presence of deletions, including del(1)(p12) and del(9)(q11). The red
ring indicates losses of whole chromosomes. The next ring indicates the number of chromosomes.
The green ring highlights the gain of whole chromosomes. The following ring denotes chromosomal
abnormalities that impacted only one chromosome or where only one chromosome was identified.
These alterations include the following: fragilities including fra(9)(q12) and fra(1)(q12), represented as
dark blue dots; chromatid breaks including chtb(9)(q12) and chtb(1)(p36), represented as dark red dots;
inversions including inv(9)(p12q13), represented as gray rectangles; and a derivative chromosome
der(11)del(11)(p12)del(11)(q23), represented as a dark brown line. The last ring in the center of the
circos diagram represents chromosomal alterations involving at least two chromosomes: blue arcs
indicate translocations including t(4;6)(q31;p25) and t(13;19)(p13;p13); purple lines are additional
material of unknown origin including add(3)(q29) and add(22)(q13); and the yellow line represents
a derivative chromosome including der(2)t(2;11)(q37.3;q31). The circos diagram was created using
the R statistical software (version 4.3.1) with the BioCircos library, and it was subsequently edited in
PowerPoint (version 2180) to add some symbols representing alterations not found in the mentioned
library.

2.3. High Levels of Numerical Chromosomal Instability (CIN) in Exposed Individuals

CIN was assessed in 100 interphase nuclei using dual-color FISH assays. While all
exposed individuals exhibited high levels of CIN (CIN ≥ 25%), unexposed individuals
demonstrated low CIN (CIN ≤ 14%) (Figures 2 and 3). Specifically, CIN ranged between
26% and 50% in the exposed group, while in the unexposed group, CIN ranged between
15% and 25% (Figures 2 and 3, and Supplementary Table S2). These differences were
statistically significant (p ≤ 2.953 × 10−7. Student’s t-test).

In the same way, chromosomes with more or less stable aneuploidy in both the
exposed and unexposed groups were identified by using the Kruskal–Wallis test. No
statistically significant differences were observed between the chromosomes analyzed in
the exposed individuals. This could be due to the high CIN found in all chromosomes
(30.2%–46.9%) (Supplementary Figure S1A). However, chromosome 3 had the highest
percentage of CIN, while chromosomes 2 and 15 had the lowest percentage. Even so, they
were classified as high CIN (Supplementary Figure S1A). This test showed a statistically
significant difference in the unexposed group, (p ≤ 0.003552 **) between chromosomes 2
and 17, with chromosome 2 being the most stable (Supplementary Figure S1B).
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denced by the presence of more than two signals for chromosomes 2, 3, 11, 15, and 17. (B) In the 
unexposed individual, a normal number of signals (two signals) was observed for each of the indi-
cated chromosomes above. For assessing the copy number of chromosomes 2 and 11, as well as 3 
and 15, Dual-color FISH was employed, whereas single FISH was used for evaluating the copy num-
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Figure 2. Representative FISH images of exposed (E) and unexposed individuals (UE). Interphase
nuclei are shown for each case. (A) Exposed individuals exhibited chromosomal instability, as
evidenced by the presence of more than two signals for chromosomes 2, 3, 11, 15, and 17. (B) In
the unexposed individual, a normal number of signals (two signals) was observed for each of the
indicated chromosomes above. For assessing the copy number of chromosomes 2 and 11, as well
as 3 and 15, Dual-color FISH was employed, whereas single FISH was used for evaluating the copy
number of chromosome 17. Centromeric probes (CEPs) were labeled with various spectrum colors:
spectrum orange for CEP2 and CEP3 and spectrum green for CEP11, CEP15, and CEP17.
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In the same way, chromosomes with more or less stable aneuploidy in both the
exposed and unexposed groups were identified by using the Kruskal–Wallis test. No
statistically significant differences were observed between the chromosomes analyzed in
the exposed individuals. This could be due to the high CIN found in all chromosomes
(30.2%–46.9%) (Supplementary Figure S1A). However, chromosome 3 had the highest
percentage of CIN, while chromosomes 2 and 15 had the lowest percentage. Even so, they
were classified as high CIN (Supplementary Figure S1A). This test showed a statistically
significant difference in the unexposed group, (p ≤ 0.003552 **) between chromosomes 2
and 17, with chromosome 2 being the most stable (Supplementary Figure S1B).

2.4. High CH in Exposed Individuals and Intermediate CH in Unexposed Individuals

The true diversity index (TD) was used to determine clonal heterogeneity (CH) in
both groups. TD integrates the number and abundance of different cell populations in
the same individual. Exposed individuals displayed higher CH (CH > 2) as compared to
the intermediate CH (CH > 1.62 < 2) observed in unexposed individuals. In the exposed
group, CH exhibited a higher level (TD = 2.67) than in the unexposed group (TD = 1.84)
(Supplementary Table S2). This difference was statistically significant (p ≤ 0.00002165 ***;
Non-parametric Mann–Whitney Wilcoxon) (Figure 4).
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classified as having low CH (<1.5), intermediate CH (CH > 1.62 < 2), or high CH (CH > 2).

Moreover, the CH was also evaluated for each of the chromosomes studied in both
groups. Specifically, in the exposed group, statistically significant differences (p ≤ 0.00181 **)
were noted between chromosomes 11 and 3 and between chromosomes 15 and 3 (with
chromosome 3 being the one with the highest CH). Statistically significant differences
(p ≤ 0.01251 **) were also noted in the unexposed group but between chromosomes 2 and
17, with chromosome 17 presenting the highest CH.

2.5. Association between Variables

Correlations between the frequency of chromosomal alterations (CAs), the levels of
chromosomal instability (CIN) and chromosomal heterogeneity (TD), and variables such
as age and pesticide exposure time (ET) were examined in the exposed and unexposed
groups using Spearman correlation coefficient analysis. In the exposed group, a positive
correlation was noted between CIN and TD, while a negative correlation was observed
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between TD and ET (Figure 5A). Meanwhile, in the unexposed group, a positive correlation
was noted between age with CIN and TD (Figure 5B). Smoking and alcohol consumption
variables were not evaluated due to the low reported consumption in both groups.
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The strength of correlation is categorized as follows: very low (0–0.199), low (0.2–0.399), moderate
(0.4–0.599), strong (0.6–0.799), and very strong (0.8–1).

2.6. Polymorphisms in the GSTP1 and XRCC1 Genes

In order to explore whether individual genetic variations in xenobiotic metabolization
and DNA damage repair might impact susceptibility to DNA damage from pesticide
exposure, individuals from both groups were genotyped for the GSTP1 and XRCC1 genes.
The distribution of GSTP1 exon 5, XRCC1 exon 6, and XRCC1 exon 10 genotypes in
both study groups were consistent with Hardy–Weinberg equilibrium (p > 0.05). Details
regarding genotype distribution and variant allele frequencies in the individuals studied
are provided in Table 5.

Table 5. SNP polymorphisms in exposed and unexposed individuals.

Gene SNP Genotype Exposed Unexposed p

GSTP1
Exon 5

Ile105Val (A→G)

AA 1 (10%) 2 (20%) 0.0734

AG 7 (70%) 2 (20%) 0.0001 **

GG 2 (20%) 6 (60%) 0.0001 **

XRCC1
Exon 6

Arg194Trp (C→T)

CC 8 (80%) 8 (80%) 1

CT 2 (20%) 2 (20%) 1

TT 0 0 1

XRCC1
Exon 10

Arg399Gln (G→A)

GG 0 4 (40%) 0.0001 **

GA 6 (60%) 4 (40%) 0.0071 **

AA 4 (40%) 2 (20%) 0.0032 **
Abbreviations: SNP—single-nucleotide polymorphism. Notes: ** Statistically significant difference relative to the
unexposed group at p ≤ 0.01 (Fisher’s exact test).
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For the GSTP1 gene at exon 5, the AG heterozygous genotype was more frequent in
exposed individuals than in unexposed individuals (70% and 20%, respectively), represent-
ing a statistically significant difference (p < 0.0001 **). In contrast, the GG homozygous
genotype was more frequent in unexposed individuals than in exposed individuals (60%
and 20% respectively), and this difference was also statistically significant (p < 0.0001 **)
(Table 5 and Figure 6).
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Figure 6. The restriction profile of GSTP1 exon 5 for exposed and unexposed individuals. (A) Exposed
individuals. Lane 1: DNA ladder (50–1500 bp); lane 2: exposed 1, AG genotype (heterozygous,
polymorphic); lane 3: exposed 2, AG genotype; lane 4: exposed 3, AG genotype; lane 5: exposed
4, AG genotype; lane 6: exposed 5, AA genotype (homozygous, wild type); lane 7: exposed 6, AG
genotype; lane 8: exposed 7, GG genotype (homozygous, polymorphic); lane 9: exposed 8, GG
genotype; lane 10: exposed 9, AG genotype; lane 11: exposed 10, AG genotype. (B) Unexposed
individuals. Lane 1: DNA ladder (50–1500 bp); lane 2: unexposed 1, AA genotype (homozygous,
wild type); lane 3: unexposed 2, GG genotype (homozygous, polymorphic); lane 4: unexposed 3, GG
genotype; lane 5: unexposed 4, GG genotype; lane 6: unexposed 5, GG genotype; lane 7: unexposed
6, AG genotype (heterozygous, polymorphic); lane 8: unexposed 7, GG genotype; lane 9: unexposed
8, GG genotype; lane 10: unexposed 9, AA genotype; lane 11: unexposed 10, AG genotype.

Regarding the polymorphisms at exon 6 in the XRCC1 gene, no significant differences
were observed between the genotypes of the exposed and unexposed individuals. The CC
genotype was the most frequent in the two groups studied (80%) (Table 5). Contrary to
what was observed at exon 6 in the XRCC1 gene, at exon 10, the GA heterozygous genotype
was more frequent in exposed individuals than in unexposed individuals (60% and 40%,
respectively), representing another statistically significant difference (p < 0.0071 **). Signif-
icant differences were also observed for the AA homozygous genotype, this being more
frequent in the exposed group than in the unexposed group (p < 0.0032 **). Meanwhile, the
GG homozygous genotype (wild type) was more frequent in unexposed individuals than
in exposed individuals (40% and 0%, respectively), and this difference was also statistically
significant (p < 0.0001 **) (Table 5 and Figure 7).
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Figure 7. The restriction profile of XRCC1 exon 10 for exposed and unexposed individuals. (A) Ex-
posed individuals. Lane 1: DNA ladder (50–1500 bp); lane 2: exposed 1, GA genotype (heterozygous,
polymorphic); lane 3: exposed 2, AA genotype (homozygous, polymorphic); lane 4: exposed 3, GA
genotype; lane 5: exposed 4, GA genotype; lane 6: exposed 5, GA genotype; lane 7: exposed 6, AA
genotype; lane 8: exposed 7, AA genotype; lane 9: exposed 8, GA genotype; lane 10: exposed 9, AA
genotype; lane 11: exposed 10, GA genotype. (B) Unexposed individuals. Lane 1: DNA Ladder
(50–1500 bp); lane 2: unexposed 1, GG genotype (homozygous, wild type); lane 3: unexposed 2, GA
genotype (heterozygous, polymorphic); lane 4: unexposed 3, GG genotype; lane 5: unexposed 4, GA
genotype; lane 6: unexposed 5, AA genotype (homozygous, polymorphic); lane 7: unexposed 6, GG
genotype; lane 8: unexposed 7, AA genotype; lane 9: unexposed 8, GA genotype; lane 10: unexposed
9, GG genotype; lane 11: unexposed 10, GA genotype.

3. Discussion

For many years, the carcinogenic effect of certain pesticides on animals and the
increased risk in exposed populations of developing malignant tumors have been demon-
strated [19]. Indeed, a substantial body of evidence indicates that occupational exposure
to pesticides among agricultural workers is linked to a heightened incidence of several
diseases, including reproductive disorders, birth defects, cancer, and Alzheimer’s and
Parkinson’s diseases [20]. In addition, it has been reported that pesticides induce oxidative
damage to DNA, DNA adducts, single- and double-stranded DNA breaks, and chromoso-
mal damage [21]. However, current research has predominantly focused on techniques that
primarily reveal the presence of DNA damage resulting from pesticide exposure without
providing insight into the type and frequency of CAs or the level of CIN. Understanding
these types of damage is crucial for comprehensively assessing the harmful impact of
genotoxic agents such as pesticides on chromosomes.

Our results showed a significantly higher frequency of NCAs, CIN, and CH in in-
dividuals exposed to pesticides compared to the low frequency observed in unexposed
individuals. The findings from our study suggest occupational pesticide exposure has
a detrimental impact on chromosomal stability. The average number of CVs and CAs
observed in the exposed group was three times higher than that observed in the unex-
posed group. Furthermore, NCAs were more prevalent and significantly higher in the
exposed group.

We also noted a heightened occurrence of statistically significant aneuploidies (gains
and/or losses of complete chromosomes) in the exposed group compared to the unexposed
group. The observed aneuploidy was unstable, manifesting as variations in chromosome
numbers between individual cells within the same individual. Unstable aneuploidy can
contribute to CIN and CH by fostering the simultaneous growth of cell subpopulations
with differing chromosome numbers [22–26]. In addition to NCAs, we also observed fra
and chtb in the same chromosomal region of chromosome 9 (9q12), in 70% and 50% of the
exposed individuals, respectively. This observation is particularly significant, as unrepaired
fragilities can lead to various chromosomal alterations such as deletions [27], duplica-
tions [28], translocations [29], and chromosomal breaks, among others. These alterations
have commonly been associated with the initiation and progression of cancer [30,31]. In
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fact, our results suggest that the fra(9)(q12) could lead to a chromatid break in the same chro-
mosomal region [chtb(9)(q12)]. Indeed, we observed this chromatid break [chtb(9)(q12)] in
50% of exposed individuals. In this regard, it has been suggested that chromatid breaks
involve single-stranded and/or double-stranded DNA breaks, which can be induced by
reactive oxygen species (ROS). These ROS are highly reactive molecules [32] associated
with pesticide exposure [32–34].

Our results suggest that the presence of fra and chtb in the exposed group could predis-
pose individuals to an increased risk of developing complex chromosomal rearrangements.
Complex chromosomal alterations have been associated with the development of several
diseases. For instance, chromosomal alterations involving the chromosomal region 9q12
have been observed in acute myeloid leukemia [35], ovary adenocarcinoma [36], diffuse
large B-cell lymphoma [37], and multiple myeloma [38], among other diseases. While
statistically significant differences were not observed in the frequency of SCA, chtb/chrb,
or fra between the exposed and unexposed groups, it is noteworthy that the exposed group
exhibited a higher frequency of such alterations.

In our study, the results observed using cytogenetic analysis by GTG banding were
consistent with the results obtained using FISH. Specifically, the FISH results revealed that
the level of CIN was 18.2 times higher in individuals exposed to pesticides compared to
the unexposed group. Additionally, differences in CH were observed, with higher levels
in the exposed group than in the unexposed group. These findings suggest a positive
correlation between increasing levels of CIN and CH. Indeed, CIN is recognized as a
driver of genetic diversity, contributing to CH and thereby enabling cellular adaptation to
challenging environments and the development of diseases [39,40].

Altogether, our results suggest the detrimental impact of pesticides on chromosomes,
marked by a heightened frequency of NCAs, CIN, and CH in the exposed group. This
interplay between CIN and CH could contribute to the acquisition of additional chromoso-
mal alterations [41,42] and facilitate cellular adaptation to stressful environments, thereby
elevating the risk of disease development [43].

Regarding specific chromosomes, we found elevated CIN levels in chromosome 3, this
being the chromosome with the highest CIN level among the chromosomes evaluated in the
exposed group. The gain in this chromosome has been associated with hormone-secreting
pituitary adenoma [44] and with endocrine tumors of the pancreas. Loss of the short arm
of this chromosome has been associated with larger tumor size and metastasis in pancreatic
cancer [45,46]. Accordingly, chromosome 3 could be an excellent biomarker of CIN since
this chromosome was the chromosome that presented the highest levels of CIN in the
exposed group.

We observed a positive correlation between age (A), CIN, and TD in the unexposed
group. This behavior can be explained by the natural accumulation of chromosomal alter-
ations with age. Indeed, it has been proposed that throughout normal aging, DNA damage
occurs continuously on a substantial scale due to various exogenous and endogenous geno-
toxins [47]. For instance, studies have shown that, on average, up to 105 DNA lesions occur
daily in an active mammalian cell and that spontaneous hydrolysis alone is responsible
for generating approximately 104 abasic (mostly apurinic) sites [48]. While most of these
lesions are effectively repaired, some manage to evade detection, become irreparable, are
belatedly repaired, or undergo erroneous repair. Over time, these DNA injuries inevitably
accumulate, [49] making genome instability a true hallmark of aging.

Opposite results were observed in the exposed group since a negative correlation was
established between TD and the time of exposure (ET). The observed behavior may be
attributed to the potential impact of genotoxic agents on the normal biological processes
of individuals who have been exposed to them. The biological mechanisms possibly
implicated in the observed response include the following: (i) the toxic response due to
exposure to pesticides varying from one organism to another, with this being influenced
not only by genetic factors but also by physiological factors (age, diet, nutritional status,
hormonal status, state of health, etc.); (ii) the form of metabolization of the pesticides, the
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route of ingestion, or the affinity between the xenobiotic and the receptor; and (iii) the
level of tolerance of cells to genetic damage. All of the above could be determinants for
the degree of toxicity and its temporality [50,51]. Extended exposure to pesticides may
result in increased DNA damage and subsequently lead to a higher accumulation of NCAs.
This accumulation of alterations may surpass the cellular tolerance threshold, triggering
apoptosis activation. Consequently, a lower proportion of cells exhibiting CIN is observed.
In contrast, with shorter exposure periods to pesticides, cells may tolerate the presence
of NCAs, resulting in a higher number of cells with CIN. In fact, oxidative stress (the
main effect of pesticides) has been associated with the induction of apoptosis in research
conducted on mice [52]. Additionally, a negative correlation between ET and DNA damage
has previously been reported in individuals exposed to radiation [53].

The deleterious effect of pesticides on chromosomes could be caused by the direct inter-
action of pesticides with DNA or by the oxidative stress generated by such exposure [54–58].
Furthermore, DNA repair mechanisms could also be connected to the high frequency of
CAs and CIN we observed in the exposed group. Indeed, several DNA repair mechanisms
respond to this damage and help maintain cell integrity, so alteration of such mechanisms
could modulate the individual’s susceptibility to DNA repair and the development of
various diseases. In fact, the ability to repair DNA damage and metabolize environmental
pesticide by-products is genetically determined. Individuals with deficiencies in genes
associated with DNA repair mechanisms may experience elevated levels of irreversible
genetic damage even with low-intensity exposure. The presence of such deficiencies could
indicate susceptibility to exposure [10]. Indeed, interindividual differences contribute
to variations in susceptibility and response to different pesticide exposures, potentially
heightening health risks. We studied such interindividual differences in the exposed and
unexposed groups by evaluating polymorphic variants in genes that code for glutathione S
transferases (GST) and for DNA damage repair (XRCC1) [13].

In this regard, we found that polymorphic variants at exon 5 (AG) in the GSTP1 gene
and at exon 10 (GA) in the XRCC1 gene were more frequent (and statistically significant)
in the exposed group than in the unexposed group. The results of our study suggest
that CIN was higher in pesticide-exposed individuals carrying the heterozygous GSTP1
Ile-Val genotype than in those with the other two genotypes (Ile-Ile and Val-Val), as well
as in pesticide-exposed individuals carrying the heterozygous XRCC1 (exon 10) Arg-Gln
genotype compared to the other two genotypes (Arg-Arg and Gln-Gln). Our findings
align with studies that have correlated the heterozygous GSTP1 Ile-Val genotype with
an enzyme deficiency in xenobiotic metabolism, leading to the accumulation of active
xenobiotic-derived metabolites, potential chromosomal damage, and a lower likelihood of
survival in certain types of cancer, such as esophageal cancer [59]. In fact, recent studies
have highlighted that individuals harboring polymorphic variants at exon 5 (AG) and
carrying the heterozygous GSTP1 Ile-Val genotype exhibit diminished enzymatic activity.
This renders them more vulnerable to oxidative stress and impairs their ability to detoxify
carcinogenic xenobiotics [17].

Furthermore, a recent study indicated that the heterozygous GSTP1 Ile-Val genotype
was the most common in a Brazilian population exposed to mercury. This polymorphism
was linked to a potential abnormal somatosensory signal and neuropathy [60]. Additionally,
for the homozygous GSTP1 Val-Val genotype, associations were reported suggesting a
protective effect against mercury accumulation [60]. This is consistent with our findings, as
the GSTP1 Val-Val genotype showed the highest frequency (60%) in the unexposed group.
Additional studies have reported associations between the GSTP1 Val-Val genotype and
improved clinical outcomes in patients with breast, colon, or multiple myeloma cancer
following chemotherapy [61].

Regarding the assessment of polymorphisms at exon 6 in the XRCC1 gene, we ob-
served a predominant presence of the wild-type CC homozygous genotype in exposed
and unexposed individuals. This observation is consistent with findings from previous
studies [62]. Concerning polymorphisms at exon 10 of the XRCC1 gene, we observed a
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higher prevalence of the heterozygous genotype GA in the exposed group in comparison to
the control group. This observation is significant because prior studies have suggested that
the presence of this polymorphism is associated with diminished repair capacity, increased
mutagenic sensitivity, and elevated levels of DNA damage [17]. Similarly, we observed
a predominance of the GG genotype in unexposed individuals, consistent with previous
findings [63].

Genetic polymorphisms in genes related to pesticide metabolism represent potential
candidates that could impact susceptibility to pesticide-induced toxicity. These can be
attributed to the fact that proteins encoded by different genotypes have the potential
to influence the biotransformation of substrates [10]. Indeed, the relevance of genetic
polymorphisms as modifiers of human disease has gained considerable attention in the past
decade. For instance, polymorphism in the coding regions of the GSTP1 gene may affect
the enzymatic activity of pesticide-metabolizing enzymes and could potentially contribute
to increased toxicity associated with chronic pesticide exposure [64–66]. Certainly, the
presence of non-functional GSTs due to polymorphisms has been linked to an elevated risk
of DNA damage and the development of cancer, especially in the context of occupational
exposure to pesticides. In fact, it has been indicated that the Ile105Val polymorphism of
GSTP1 exhibits the highest expression in lung tissue and is associated with several cancer
types [67].

Overall, our findings suggest a potential association between polymorphism at exon 5
(AG) in the GSTP1 gene and at exon 10 (GA) in the XRCC1 gene and the elevated levels of
CIN and CH in individuals exposed to pesticides. Therefore, our findings may enhance the
understanding of the potential adverse effects associated with pesticide exposure, which
could potentially contribute to the development of various diseases, including cancer.
Indeed, recent research highlights how the interaction between genetic polymorphisms
and pesticide exposure significantly influences the likelihood of developing various dis-
eases [10]. For instance, while polymorphic variants in the GSTP1 gene have been associated
with the metabolism of pesticides [68–70] and with the development of neoplasms [71],
polymorphisms in the XRCC1 gene have been linked to an elevated risk of DNA damage
caused by pesticide exposure [72]. Polymorphisms in the XRCC1 gene may lead to a reduc-
tion in DNA repair capacity caused by increased oxidative stress in individuals exposed
to pesticides.

4. Materials and Methods
4.1. Study Groups

The study was carried out on a group of ten (10) individuals from the town of Aqui-
tania, Colombia, farmers routinely “exposed” to pesticides (exposed group), and ten (10)
individuals without indication of previous occupational exposure to pesticides (unexposed
group). Each subject included in the study was interviewed in order to record possible
confounding factors such as diseases, age, smoking and drinking habits, exposure time
to pesticides (in exposed individuals), frequency of exposure to pesticides, type of pesti-
cide mixture, and dispersion mechanisms. Both exposed and unexposed individuals who
had cancer or had received radiation therapy, chemotherapy, or other prolonged medical
treatment were excluded from the study.

The study was conducted in accordance with the declaration of Helsinki and approved
by the ethics committee of Universidad Pedagógica y Tecnológica de Colombia (date of
approval 4 June 2021). Written informed consent was obtained from each study participant.

4.2. Blood Sample Collection

Ten (10) milliliters of peripheral blood were collected from exposed and unexposed
individuals by venous puncture in two vacutainer plastic tubes: one tube with heparin
(5 mL) and the other with EDTA (5 mL). Standardized harvest protocols were applied.
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4.3. Cytogenetic Assays

Metaphases were obtained using standard harvesting protocols for GTG banding
and molecular cytogenetic analysis. Briefly, 1 mL of heparinized peripheral blood was
cultured in duplicates in 5 mL of RPMI-1640 medium (Sigma, St. Louis, MO, USA),
supplemented with 150 µL of phytohemagglutinin-M (Gibco, Life Technologies, Waltham,
MA, USA) and 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA). The cultures
were incubated for 72 h at 37 ◦C in a 5% CO2 atmosphere. After 72 h, N-Deacetyl-N-
methyl colchicine solution (0.0001 g/mL final conc.) (Sigma, St. Louis, MO, USA) was
added to cultures 25 min before cell harvesting. Then, cells were treated with hypotonic
solution (KCl solution) at a concentration of 0.075 M, fixed with Carnoy’s fixative (3:1
methanol to acetic acid) three times, and spread on glass slides. Finally, the chromosomal
preparations were banded with GTG banding using trypsin solution (0.25%) (Gibco, Life
Technologies, Waltham, MA, USA) and Giemsa stain (Sigma, St. Louis, MO, USA). Image
acquisition and karyotyping of metaphases was performed using an Olympus microscope
with the cytogenetic software Cytovision system 7.4 (Leica Biosystems, Richmond, IL, USA).
Characterization of numerical and structural chromosomal alterations and chromosomal
variants [1qh+, 9qh+, fra, chrb, and chrb], were evaluated on a total of 731 metaphases. CAs
and CVs were described according to the International System for Human Cytogenomic
Nomenclature (ISCN) 2020 [73].

4.4. Fluorescence In Situ Hybridization (FISH) Assays

In order to evaluate CIN and CH on previously obtained interphase nuclei spreads,
we performed FISH by applying five (5) centromeric probes (CEP) labeled with differ-
ent fluorochromes. The probes used included probes for chromosomes 2 and 3 (orange
fluorochrome), 11 and 15 (green fluorochrome) (all from Cytocell, Cambridge), and for
chromosome 17 (green fluorochrome) (Vysis. Abbott, Downers Grove, IL, USA). Dual-color
FISH was performed on the interphase nuclei spreads for CEP2 and CEP11 and for CEP3
and CEP15. CEP17 was evaluated in a single assay.

Specifically, FISH was performed as follows: the interphase nuclei spreads were
dehydrated for one minute in ethanol at different concentrations (70%, 85%, 90%, and
100%). After dehydration, the mixture of probes corresponding to each assay was added to
the interphase nuclei spreads, and they were subsequently denatured at 75 ◦C for 2 min and
hybridized overnight at 37 ◦C using the Top Brite system (Resnova, Roma, Italy). At the
end of the hybridization time, the interphase nuclei spreads were subjected to astringency
washes, dehydrated in ethanol series, and colored with 4′,6-diamidino-2-phenylindole
(DAPI) (Cytocell, Cambridge, United Kingdom ). Thus obtained, the interphase nuclei
spreads from each individual were analyzed and processed by reading at least ten randomly
selected areas with an Olympus microscope and Cytovision system 7.4 cytogenetic software.

4.5. CIN and CH Evaluation

CIN was evaluated for each chromosome in 100 separate and well-defined nuclei.
The CIN level for each exposed and unexposed individual was determined in two steps.
The first step consisted of determining the CIN level for each of the five chromosomes
separately, with the CIN level corresponding to the percentage of nuclei with a CEP signal
number different from the modal number (most frequent number of chromosomes in a
cell population). The second step consisted of determining the average percentage of CIN
of the five chromosomes analyzed [74,75]. According to the level of CIN, each exposed
and unexposed individual was classified as having low CIN (CIN < 25%) or high CIN
(CIN ≥ 25%) [76,77]. The CIN levels observed in each of the exposed individuals were
compared with the CIN levels observed in the control group (unexposed).

The presence of different cell populations with different levels of aneuploidy in the
same individual (CH) was calculated for chromosomes 2, 3, 11, 15, and 17 in each exposed
and unexposed individual with the true diversity index (TD). TD integrates both the
number and abundance of different cell populations within each cell [78–80]. According
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to the level of CH, each exposed and unexposed individual was classified as having low
(<1.5), intermediate (CH > 1.62 < 2), or high CH (CH > 2).

4.6. Polymerase Chain Reaction—Restriction Fragment Length Polymorphism (PCR-RFLP)

DNA extraction was performed using the salting out method, with a commercial DNA
extraction from blood kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s
instructions. Briefly, 5 mL of blood was treated with red blood cell lysis buffer, white blood
cell lysis buffer, proteinase K, and protein precipitant solution. DNA was precipitated using
cold isopropanol, resuspended in sterile water, and then quantitated by measuring OD260.
DNA integrity was evaluated on the basis of sharp intact bands using gel electrophoresis.
The GSTP1 and XRCC1 polymorphic sites were investigated using the PCR—RFLP tech-
nique. Two primers (forward and reverse) were used to determine the genotype and allele
status of GSTP1 gene exon 5, while four primers were used to determine the genotype and
allele status of XRCC1 gene exons 6 and 10 (Table 6).

Table 6. Primer sequences selected on the GSTP1 and XRCC1 genes.

Gene Primer Primer Sequences Exon PCR
Product

Restriction
Enzyme

GSTP1
Ile105Val
(A→G)

F: 5′ACCCCAGGGCTCTATGGGAA3′
5 176 bp BsmA1

R: 5′TGAGGGCACAAGAAGCCCCT3′

XRCC1

Arg194Trp
(C→T)

F: 5′GCCAGGGCCCCTCCTTCAA3′
6 485 bp Pvu II

R: 5′TACCCTCAGACCCACGAGT3′

Arg399Gln
(G→A)

F: 5′CCCCAAGTACAGCCAGGTC3′
10 242 bp MspI

R: 5′TGTCCCGCTCCTCTCAGTAG3′

The PCR for the GSTP1 (exon 5) and XRCC1 (exons 6 and 10) genes was carried out
in a final reaction of 10 µL with 2.5 µL of H2O, 6.25 µL of master Mix (Taq, MgCl2, buffer,
dNTP) (Promega), 1.25 µL of each primer, and 2 µL of DNA (50 ng/µL). The PCR cycle
started at 95 ◦C for 5 min and was followed by 35 cycles at 95 ◦C for 30 s (s), at 62 ◦C
for 30 s, at 72 ◦C for 45 s, and finally at 72 ◦C for 5 min to allow a full extension of all
PCR fragments.

The PCR products for the Ile to Val substitution in GSTP1 gene exon 5 were digested
with BsmA1 for 24 h at 37 ◦C and then electrophoresed on 2.5% agarose. A single fragment
of 176 bp corresponded to the AA genotype, while the presence of two fragments of 93
and 83 bp corresponded to the homozygous GG genotype. Heterozygous genotypes (AG)
contained all three fragments (176 bp, 93 bp, and 83 bp).

The PCR products for the Arg to Trp substitution in XRCC1 exon 6 were digested
with PvuII for 24 h at 37 ◦C and then electrophoresed on 2.5% agarose. The products were
identified by gel electrophoresis using 2.5% agarose. A fragment of 485 bp corresponded to
the CC genotype, while the presence of two fragments of 396 and 89 bp, corresponded to
the TT genotype. Heterozygous genotypes (CT) contained all three fragments (485 bp, 396
bp and 89 bp).

The PCR products for the Arg to Gln substitution in XRCC1 exon 10 were digested
with MspI for 24 h at 37 ◦C and then electrophoresed on 2.5% agarose. The presence of a
fragment of 242 bp corresponded to the GG genotype, while the presence of two fragments
of 148 and 94 bp corresponded to the AA genotype. Heterozygous genotypes (GA) contain
all three fragments (242 bp, 148 bp, and 94 bp).

4.7. Statistical Analysis

Fisher’s exact test, Student’s t-test, and the Wilcoxon test were performed to compare
the data of CAs, CVs, CIN, and TD with a parametric and non-parametric distribution.
The Kruskal–Wallis test was employed for data with a non-parametric distribution to
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compare CIN and TD among the analyzed chromosomes in this study. Homogeneity and
data normality of variances were evaluated using Bartlett’s test and the Shapiro–Wilk test,
respectively. A multivariate analysis utilizing the Spearman correlation coefficient was
conducted to assess potential associations between CAs, CVs, levels of CIN and CH, and
variables such as age and duration of pesticide exposure within both the exposed and
unexposed groups.

The genotype frequencies of GSTP1 and XRCC1 gene polymorphisms were compared
using Fisher’s exact test. The Hardy–Weinberg equilibrium was evaluated for each poly-
morphism using the chi-square test for the exposed and unexposed individuals separately.
Data from exposed and unexposed individuals were compared. Statistical analyses were
conducted using R Studio version 4.0.2, with p-values < 0.05 being considered statisti-
cally significant (* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001). CIN and TD are expressed as
mean ± SD.

5. Conclusions

Despite being derived from a limited sample size, our results suggest chromosomal
damage resulting from pesticide exposure. The genotoxicity observed in this study due to
pesticide exposure could be considered as an early indicator for the potential development
of diseases. The accumulation of numerical chromosomal alterations is a crucial step for
the onset of many types of diseases, including cancer. Furthermore, our results suggest
that individuals carrying polymorphic variants at exon 5 (AG) in the GSTP1 gene and at
exon 10 (GA) in the XRCC1 gene could face an elevated risk of DNA damage induced by
pesticide exposure. However, it is important to emphasize the necessity of validating our
findings across a larger number of individuals. Our findings underscore the importance of
educating exposed farmers about the potential adverse effects of pesticides. Furthermore,
they emphasize the pivotal role that relevant authorities must assume in guaranteeing the
implementation of protective measures for farmers working in agricultural fields.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms25084167/s1.

Author Contributions: Conceptualization, N.R. and M.R.-L.; data curation, F.A.-S., N.R. and M.J.R.,
C.B., M.M.-A. and M.R.-L.; formal analysis, F.A.-S., N.R., M.J.R. and M.R.-L.; investigation, F.A.-S.,
N.R., M.J.R., C.B. and M.R.-L.; methodology, F.A.-S., N.R., M.J.R., C.B. and M.R.-L.; resources, M.R.-L.;
software, F.A.-S., N.R., M.J.R. and M.R.-L.; supervision, N.R. and M.R.-L.; validation, F.A.-S., N.R.,
M.J.R. and M.R.-L.; visualization, N.R., M.M.-A. and M.R.-L.; writing—original draft, N.R. and
M.R.-L.; writing—review and editing, F.A.-S., N.R., M.J.R., C.B., M.M.-A. and M.R.-L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Universidad Pedagógica y Tecnológica de Colombia and by
Pontificia Universidad Javeriana through the “Support for the publication of high-quality research
articles 2024” grant.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Universidad Pedagógica y Tecnológica de
Colombia (date of approval 4 June 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The project team extends its sincere gratitude to all the participants who gen-
erously consented to taking part in the study and to Elizabeth Vargas for her support with the
standardization and performance of some of the PCR-RFLP assays.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms25084167/s1
https://www.mdpi.com/article/10.3390/ijms25084167/s1


Int. J. Mol. Sci. 2024, 25, 4167 18 of 21

References
1. Balaji, M.; Sasikala, K. Cytogenetic effect of malathion in in vitro culture of human peripheral blood. Mutat. Res. Lett. 1993, 301,

13–17. [CrossRef] [PubMed]
2. Bréga, S.M.; Vassilieff, I.; Almeida, A.; Mercadante, A.; Bissacot, D.; Cury, P.R.; Freire-Maia, D.V. Cytogenetic and toxicological

studies in rural workers exposed to pesticides in Botucatu, São Paulo, Brazil. Cad. Saúde Pública 1998, 14, 117–123. [CrossRef]
3. Carbonell, E.; Xamena, N.; Creus, A.; Marcos, R. Cytogenetic biomonitoring in a Spanish group of agricultural workers exposed

to pesticides. Mutagenesis 1993, 8, 511–517. [CrossRef] [PubMed]
4. De Ferrari, M.; Artuso, M.; Bonassi, S.; Bonatti, S.; Cavalieri, Z.; Pescatore, D.; Marchini, E.; Pisano, V.; Abbondandolo, A.

Cytogenetic biomonitoring of an Italian population exposed to pesticides: Chromosome aberration and sister-chromatid exchange
analysis in peripheral blood lymphocytes. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 1991, 260, 105–113. [CrossRef]

5. Dulout, F.; Pastori, M.; Olivero, O.; Cid, M.G.; Loria, D.; Matos, E.; Sobel, N.; de Bujan, E.; Albiano, N. Sister-chromatid exchanges
and chromosomal aberrations in a population exposed to pesticides. Mutat. Res Lett. 1985, 143, 237–244. [CrossRef]

6. Rupa, D.S.; Reddy, P.P.; Sreemannarayana, K.; Reddi, O.S.; Galloway, S.M. Frequency of sister chromatid exchange in peripheral
lymphocytes of male pesticide applicators. Environ. Mol. Mutagen. 1991, 18, 136–138. [CrossRef]

7. Carbonell, E.; Puig, M.; Xamena, N.; Creus, A.; Marcos, R. Sister chromatid exchange in lymphocytes of agricultural workers
exposed to pesticides. Mutagénesis 1990, 5, 403–406. [CrossRef] [PubMed]

8. Gómez-Arroyo, S.; Noriega-Aldana, N.; Osorio, A.; Galicia, F.; Ling, S.; Villalobos-Pietrini, R. Sister-chromatid exchange analysis
in a rural population of Mexico exposed to pesticides. Mutat. Res. Lett. 1992, 281, 173–179. [CrossRef]

9. Prabhavathy Das, G.; Pasha Shaik, A.; Jamil, K. Cytotoxicity and genotoxicity induced by the pesticide profenofos on cultured
human peripheral blood lymphocytes. Drug Chem. Toxicol. 2006, 29, 313–322. [CrossRef]

10. Teodoro, M.; Briguglio, G.; Fenga, C.; Costa, C. Genetic polymorphisms as determinants of pesticide toxicity: Recent advances.
Toxicol. Rep. 2019, 6, 564–570. [CrossRef]

11. Wong, R.-H.; Chang, S.-Y.; Ho, S.-W.; Huang, P.-L.; Liu, Y.-J.; Chen, Y.-C.; Yeh, Y.-H.; Lee, H.-S. Polymorphisms in metabolic
GSTP1 and DNA-repair XRCC1 genes with an increased risk of DNA damage in pesticide-exposed fruit growers. Mutat. Res.
Toxicol. Environ. Mutagen. 2008, 654, 168–175. [CrossRef]

12. Kapka-Skrzypczak, L.; Cyranka, M.; Skrzypczak, M.; Kruszewski, M. Biomonitoring and biomarkers of organophosphate
pesticides exposure-state of the art. AAEM 2011, 18, 294–303. [PubMed]

13. White, D.L.; Li, D.; Nurgalieva, Z.; El-Serag, H.B. Genetic variants of glutathione S-transferase as possible risk factors for
hepatocellular carcinoma: A HuGE systematic review and meta-analysis. Ann. Epidemiol. 2008, 167, 377–389. [CrossRef]
[PubMed]

14. Singh, S.; Kumar, V.; Singh, P.; Thakur, S.; Banerjee, B.D.; Rautela, R.S.; Grover, S.S.; Rawat, D.S.; Pasha, S.T.; Jain, S.K.; et al.
Genetic polymorphisms of GSTM1, GSTT1 and GSTP1 and susceptibility to DNA damage in workers occupationally exposed to
organophosphate pesticides. Mutat. ReGenet. Toxicol. Environ Mutagen. 2011, 725, 36–42. [CrossRef] [PubMed]

15. Cote, M.L.; Chen, W.; Smith, D.W.; Benhamou, S.; Bouchardy, C.; Butkiewicz, D.; Fong, K.M.; Gené, M.; Hirvonen, A.; Kiyohara,
C.; et al. Meta-and pooled analysis of GSTP1 polymorphism and lung cancer: A HuGE-GSEC review. Am. J. Epidemiol. 2009, 169,
802–814. [CrossRef] [PubMed]

16. Al-Achkar, W.; Moassass, F.; Bassel, A.H.; Wafa, A. Glutathione S-transferase T1, M1 and P1 gene polymorphisms and susceptibil-
ity to colorectal cancer, a Syrian population study. Gene Rep. 2019, 15, 100365. [CrossRef]

17. Galvez, H.R.C.; Flores, J.S.; Sanchez, E.D.T.; Bravo, D.R.; Villela, M.Z.R.; Uribe, E.R. Genetic profile for the detection of
susceptibility to poisoning by exposure to pesticides. AAEM 2021, 28, 208–213. [CrossRef] [PubMed]

18. Fan, J.; Otterlei, M.; Wong, H.K.; Tomkinson, A.E.; Wilson, D.M., III. XRCC1 co-localizes and physically interacts with PCNA.
Nucleic Acids Res. 2004, 32, 2193–2201. [CrossRef]

19. Nicolella, H.D.; de Assis, S. Epigenetic inheritance: Intergenerational effects of pesticides and other endocrine disruptors on
cancer development. Int. J. Mol. Sci. 2022, 23, 4671. [CrossRef]

20. Cavalier, H.; Trasande, L.; Porta, M. Exposures to pesticides and risk of cancer: Evaluation of recent epidemiological evidence in
humans and paths forward. Int. J. Cancer 2023, 152, 879–912. [CrossRef]

21. Ataei, M.; Abdollahi, M. A systematic review of mechanistic studies on the relationship between pesticide exposure and cancer
induction. Toxicol. Appl. Pharmacol. 2022, 456, 116280. [CrossRef] [PubMed]

22. Bolt, H.M.; Foth, H.; Hengstler, J.G.; Degen, G.H. Carcinogenicity categorization of chemicals—New aspects to be considered in a
European perspective. Toxicol. Letts. 2004, 151, 29–41. [CrossRef]

23. Gagos, S.; Irminger-Finger, I. Chromosome instability in neoplasia: Chaotic roots to continuous growth. Int. J. Biochem. Cell Biol.
2005, 37, 1014–1033. [CrossRef]

24. Geigl, J.B.; Obenauf, A.C.; Schwarzbraun, T.; Speicher, M.R. Defining ‘chromosomal instability’. Trends Genet. 2008, 24, 64–69.
[CrossRef] [PubMed]

25. Tanaka, K.; Hirota, T. Chromosomal instability: A common feature and a therapeutic target of cancer. Biochim. Biophys. Acta Rev.
Cancer 2016, 1866, 64–75. [CrossRef]

https://doi.org/10.1016/0165-7992(93)90050-6
https://www.ncbi.nlm.nih.gov/pubmed/7677938
https://doi.org/10.1590/S0102-311X1998000700011
https://doi.org/10.1093/mutage/8.6.511
https://www.ncbi.nlm.nih.gov/pubmed/8133780
https://doi.org/10.1016/0165-1218(91)90086-2
https://doi.org/10.1016/0165-7992(85)90087-9
https://doi.org/10.1002/em.2850180209
https://doi.org/10.1093/mutage/5.4.403
https://www.ncbi.nlm.nih.gov/pubmed/2398822
https://doi.org/10.1016/0165-7992(92)90005-3
https://doi.org/10.1080/01480540600653093
https://doi.org/10.1016/j.toxrep.2019.06.004
https://doi.org/10.1016/j.mrgentox.2008.06.005
https://www.ncbi.nlm.nih.gov/pubmed/22216802
https://doi.org/10.1093/aje/kwm315
https://www.ncbi.nlm.nih.gov/pubmed/18065725
https://doi.org/10.1016/j.mrgentox.2011.06.006
https://www.ncbi.nlm.nih.gov/pubmed/21736951
https://doi.org/10.1093/aje/kwn417
https://www.ncbi.nlm.nih.gov/pubmed/19240225
https://doi.org/10.1016/j.genrep.2019.100365
https://doi.org/10.26444/aaem/136362
https://www.ncbi.nlm.nih.gov/pubmed/34184499
https://doi.org/10.1093/nar/gkh556
https://doi.org/10.3390/ijms23094671
https://doi.org/10.1002/ijc.34300
https://doi.org/10.1016/j.taap.2022.116280
https://www.ncbi.nlm.nih.gov/pubmed/36257464
https://doi.org/10.1016/j.toxlet.2004.04.004
https://doi.org/10.1016/j.biocel.2005.01.003
https://doi.org/10.1016/j.tig.2007.11.006
https://www.ncbi.nlm.nih.gov/pubmed/18192061
https://doi.org/10.1016/j.bbcan.2016.06.002


Int. J. Mol. Sci. 2024, 25, 4167 19 of 21

26. Vargas-Rondón, N.; Villegas, V.E.; Rondón-Lagos, M. The role of chromosomal instability in cancer and therapeutic responses.
Cancers 2017, 10, 4. [CrossRef] [PubMed]

27. Durkin, S.G.; Glover, T.W. Chromosome fragile sites. Annu. Rev. Genet. 2007, 41, 169–192. [CrossRef]
28. Hellman, A.; Zlotorynski, E.; Scherer, S.W.; Cheung, J.; Vincent, J.B.; Smith, D.I.; Trakhtenbrot, L.; Kerem, B. A role for common

fragile site induction in amplification of human oncogenes. Cancer Cell 2002, 1, 89–97. [CrossRef]
29. Arlt, M.F.; Durkin, S.G.; Ragland, R.L.; Glover, T.W. Common fragile sites as targets for chromosome rearrangements. DNA Repair

2006, 5, 1126–1135. [CrossRef]
30. Debacker, K.; Kooy, R.F. Fragile sites and human disease. Hum. Mol. Genet. 2007, 16, 150–158. [CrossRef]
31. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.J.R.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;

Børresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef]
32. Kaur, R.; Kaur, M.; Singh, J. Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: Molecular insights and

therapeutic strategies. Cardiovasc. Diabetol. 2018, 17, 1–17. [CrossRef] [PubMed]
33. Jacobsen-Pereira, C.H.; dos Santos, C.R.; Maraslis, F.T.; Pimentel, L.; Feijó, A.J.L.; Silva, C.I.; Medeiros, G.d.S.d.; Zeferino, R.C.;

Pedrosa, R.C.; Maluf, S.W. Markers of genotoxicity and oxidative stress in farmers exposed to pesticides. Ecotoxicol. Environ. Saf.
2018, 148, 177–183. [CrossRef] [PubMed]

34. Shah, H.K.; Sharma, T.; Banerjee, B.D. Organochlorine pesticides induce inflammation, ROS production, and DNA damage in
human epithelial ovary cells: An in vitro study. Chemosphere 2020, 246, 125691. [CrossRef] [PubMed]

35. Qi, Z.; Wen, K.W.; Ki, A.; Prakash, S.; Kogan, S.; Yu, J. Genomic Features of Interstitial Deletions of Chromosome 9q in Acute
Myeloid Leukemia. Cytogenet. Genome Res. 2022, 162, 119–123. [CrossRef]

36. Deger, R.B.; Faruqi, S.A.; Noumoff, J.S. Karyotypic analysis of 32 malignant epithelial ovarian tumors. Cancer Genet. Cytogen 1997,
96, 166–173. [CrossRef] [PubMed]

37. Cook, J.R.; Aguilera, N.I.; Reshmi, S.; Huang, X.; Yu, Z.; Gollin, S.M.; Abbondanzo, S.L.; Swerdlow, S.H. Deletion 6q is not a
characteristic marker of nodal lymphoplasmacytic lymphoma. Cancer Genet Cytogen. 2005, 162, 85–88. [CrossRef]

38. Sawyer, J.R.; Tian, E.; Heuck, C.J.; Epstein, J.; Johann, D.J.; Swanson, C.M.; Lukacs, J.L.; Johnson, M.; Binz, R.; Boast, A.; et al.
Jumping translocations of 1q12 in multiple myeloma: A novel mechanism for deletion of 17p in cytogenetically defined high-risk
disease. Blood 2014, 123, 2504–2512. [CrossRef]

39. Thompson, S.L.; Bakhoum, S.F.; Compton, D.A. Mechanisms of chromosomal instability. Curr. Biol. 2010, 20, 285–295. [CrossRef]
40. Heng, H.H.; Bremer, S.W.; Stevens, J.B.; Horne, S.D.; Liu, G.; Abdallah, B.Y.; Ye, K.J.; Ye, C.J. Chromosomal instability (CIN): What

it is and why it is crucial to cancer evolution. Cancer Metastasis Rev. 2013, 32, 325–340. [CrossRef]
41. Zhang, W.; Jiang, F.; Ou, J. Global pesticide consumption and pollution: With China as a focus. Proc. Int. Acad. 2011, 1, 125.
42. Cepeda, S.; Forero-Castro, M.; Cárdenas-Nieto, D.; Martínez-Agüero, M.; Rondón-Lagos, M. Chromosomal instability in farmers

exposed to pesticides: High prevalence of clonal and non-clonal chromosomal alterations. Risk Manag. Healthc. Policy 2020, 13,
97–110. [CrossRef]

43. Dayal, J.H.; Albergante, L.; Newman, T.J.; South, A.P. Quantitation of multiclonality in control and drug-treated tumour
populations using high-throughput analysis of karyotypic heterogeneity. Converg. Sci. Phys. Oncol. 2015, 1, 025001. [CrossRef]

44. Fan, X.; Paetau, A.; Aalto, Y.; Välimäki, M.; Sane, T.; Poranen, A.; Castresana, J.S.; Knuutila, S. Gain of chromosome 3 and loss of
13q are frequent alterations in pituitary adenomas. Cancer Genet. Cytogenet. 2001, 128, 97–103. [CrossRef]

45. Amato, E.; Barbi, S.; Malpeli, G.; Bersani, S.; Pelosi, G.; Capelli, P.; Scarpa, A. Chromosome 3p alterations in pancreatic endocrine
neoplasia. Virchows Archiv. 2011, 458, 39–45. [CrossRef] [PubMed]

46. Yagyu, T.; Ohira, T.; Shimizu, R.; Morimoto, M.; Murakami, Y.; Hanaki, T.; Kihara, K.; Matsunaga, T.; Yamamoto, M.; Tokuyasu,
N.; et al. Human chromosome 3p21. 3 carries TERT transcriptional regulators in pancreatic cancer. Sci. Rep. 2021, 11, 15355.
[CrossRef] [PubMed]

47. Schumacher, B.; Pothof, J.; Vijg, J.; Hoeijmakers, J.H. The central role of DNA damage in the ageing process. Nature 2021, 592,
695–703. [CrossRef] [PubMed]

48. Lindahl, T. Instability and decay of the primary structure of DNA. Nature 1993, 362, 709–715. [CrossRef] [PubMed]
49. Vijg, J. Aging of the Genome: The Dual Role of DNA in Life and Death; OUP: Oxford, UK, 2007. [CrossRef]
50. Gutiérrez, J.B.; de Cerain Salsamendi, A.L. Fundamentos de Ciencia Toxicológica. 2001. Available online: http://www.

diazdesantos.es (accessed on 10 February 2021).
51. Frank, P.; Ottoboni, M.A. The Dose Makes the Poison: A Plain-Language Guide to Toxicology; John Wiley & Sons: Hoboken, NJ,

USA, 2011. [CrossRef]
52. Kokoszka, J.E.; Coskun, P.; Esposito, L.A.; Wallace, D.C. Increased mitochondrial oxidative stress in the Sod2 (+/−) mouse results

in the age-related decline of mitochondrial function culminating in increased apoptosis. PNAS 2001, 98, 2278–2283. [CrossRef]
[PubMed]

53. Surniyantoro, H.N.E.; Yusuf, D.; Rahardjo, T.; Rahajeng, N.; Kisnanto, T.; Nurhayati, S.; Lusiyanti, Y.; Syaifudin, M.; Hande,
M.P. Assessment of hOGG1 Genetic Polymorphism (rs1052133) and DNA Damage in Radiation-Exposed Workers. APJCP 2022,
23, 4005. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers10010004
https://www.ncbi.nlm.nih.gov/pubmed/29283387
https://doi.org/10.1146/annurev.genet.41.042007.165900
https://doi.org/10.1016/S1535-6108(02)00017-X
https://doi.org/10.1016/j.dnarep.2006.05.010
https://doi.org/10.1093/hmg/ddm136
https://doi.org/10.1038/nature12477
https://doi.org/10.1186/s12933-018-0763-3
https://www.ncbi.nlm.nih.gov/pubmed/30170601
https://doi.org/10.1016/j.ecoenv.2017.10.004
https://www.ncbi.nlm.nih.gov/pubmed/29055201
https://doi.org/10.1016/j.chemosphere.2019.125691
https://www.ncbi.nlm.nih.gov/pubmed/31887490
https://doi.org/10.1159/000525010
https://doi.org/10.1016/S0165-4608(96)00327-5
https://www.ncbi.nlm.nih.gov/pubmed/9216725
https://doi.org/10.1016/j.cancergencyto.2005.04.013
https://doi.org/10.1182/blood-2013-12-546077
https://doi.org/10.1016/j.cub.2010.01.034
https://doi.org/10.1007/s10555-013-9427-7
https://doi.org/10.2147/RMHP.S230953
https://doi.org/10.1088/2057-1739/1/2/025001
https://doi.org/10.1016/S0165-4608(01)00398-3
https://doi.org/10.1007/s00428-010-1001-x
https://www.ncbi.nlm.nih.gov/pubmed/20981439
https://doi.org/10.1038/s41598-021-94711-6
https://www.ncbi.nlm.nih.gov/pubmed/34321527
https://doi.org/10.1038/s41586-021-03307-7
https://www.ncbi.nlm.nih.gov/pubmed/33911272
https://doi.org/10.1038/362709a0
https://www.ncbi.nlm.nih.gov/pubmed/8469282
https://doi.org/10.1093/acprof:oso/9780198569237.001.0001
http://www.diazdesantos.es
http://www.diazdesantos.es
https://doi.org/10.1002/9780470918449
https://doi.org/10.1073/pnas.051627098
https://www.ncbi.nlm.nih.gov/pubmed/11226230
https://doi.org/10.31557/APJCP.2022.23.12.4005
https://www.ncbi.nlm.nih.gov/pubmed/36579980


Int. J. Mol. Sci. 2024, 25, 4167 20 of 21

54. Zijno, A.; Marcon, F.; Leopardi, P.; Crebelli, R. Analysis of chromosome segregation in cytokinesis-blocked human lymphocytes:
Non-disjunction is the prevalent damage resulting from low dose exposure to spindle poisons. Mutagenesis 1996, 11, 335–340.
[CrossRef]

55. Lushchak, V.I.; Matviishyn, T.M.; Husak, V.V.; Storey, J.M.; Storey, K.B. Pesticide toxicity: A mechanistic approach. EXCLI J. 2018,
17, 1101. [CrossRef] [PubMed]

56. Parry, E.; Parry, J.; Corso, C.; Doherty, A.; Haddad, F.; Hermine, T.; Johnson, G.; Kayani, M.; Quick, E.; Warr, T.; et al. Detection
and characterization of mechanisms of action of aneugenic chemicals. Mutagenesis 2002, 17, 509–521. [CrossRef] [PubMed]

57. Renzi, L.; Pacchierotti, F.; Russo, A. The centromere as a target for the induction of chromosome damage in resting and
proliferating mammalian cells: Assessment of mitomycin C-induced genetic damage at kinetochores and centromeres by a
micronucleus test in mouse splenocytes. Mutagenesis 1996, 11, 133–138. [CrossRef] [PubMed]

58. Mattiuzzo, M.; Fiore, M.; Ricordy, R.; Degrassi, F. Aneuploidy-inducing capacity of two widely used pesticides. Carcinog 2006, 27,
2511–2518. [CrossRef] [PubMed]

59. Lee, J.-M.; Wu, M.-T.; Lee, Y.-C.; Yang, S.-Y.; Chen, J.-S.; Hsu, H.-H.; Huang, P.-M.; Kuo, S.-W.; Lee, C.-J.; Chen, C.-J. Association of
GSTP1 polymorphism and survival for esophageal cancer. Clin. Cancer Res. 2005, 11, 4749–4753. [CrossRef]

60. da Silva, M.C.; de Oliveira, R.A.A.; de Vasconcellos, A.C.S.; Rebouças, B.H.; Pinto, B.D.; Lima, M.d.O.; de Jesus, I.M.; Machado,
D.E.; Hacon, S.S.; Basta, P.C.; et al. Chronic Mercury Exposure and GSTP1 Polymorphism in Munduruku Indigenous from
Brazilian Amazon. Toxics 2023, 11, 138. [CrossRef] [PubMed]

61. Song, Y.; Du, Y.; Zhou, Q.; Ma, J.; Yu, J.; Tao, X.; Zhang, F. Association of GSTP1 Ile105Val polymorphism with risk of esophageal
cancer: A meta-analysis of 21 case-control studies. Int. J. Clin. Exp. Med. 2014, 7, 3215. [PubMed]

62. Alves, A.A.; Laurinho, K.; Franco, F.C.; de Araujo Nascimento, F.; Nunes, H.F.; de Melo e Silva, D. The incidence of the XRCC1
rs25487 and PON1 rs662 polymorphisms in a population from Central Brazil: Patterns in an area with a high level of agricultural
activity. Biochem. Genet. 2023, 61, 1675–1703. [CrossRef] [PubMed]

63. Saad-Hussein, A.; Noshy, M.; Taha, M.; El-Shorbagy, H.; Shahy, E.; Abdel-Shafy, E.A. GSTP1 and XRCC1 polymorphisms and
DNA damage in agricultural workers exposed to pesticides. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2017, 819, 20–25.
[CrossRef]

64. Sabarwal, A.; Kumar, K.; Singh, R.P. Hazardous effects of chemical pesticides on human health–Cancer and other associated
disorders. Environ. Toxicol. Pharmacol. 2018, 63, 103–114. [CrossRef] [PubMed]

65. Sharma, T.; Banerjee, B.D.; Thakur, G.K.; Guleria, K.; Mazumdar, D. Polymorphism of xenobiotic metabolizing gene and
susceptibility of epithelial ovarian cancer with reference to organochlorine pesticides exposure. Exp. Biol. Med. 2019, 244,
1446–1453. [CrossRef] [PubMed]

66. Ahluwalia, M.; Kaur, A. Modulatory role of GSTT1 and GSTM1 in Punjabi agricultural workers exposed to pesticides. Environ.
Sci. Pollut. Res. 2018, 25, 11981–11986. [CrossRef]

67. Saarikoski, S.T.; Voho, A.; Reinikainen, M.; Anttila, S.; Karjalainen, A.; Malaveille, C.; Vainio, H.; Husgafvel-Pursiainen, K.;
Hirvonen, A. Combined effect of polymorphic GST genes on individual susceptibility to lung cancer. Int. J. Cancer 1998, 77,
516–521. [CrossRef]

68. Furlong, C.E.; Li, W.F.; Brophy, V.H.; Jarvik, G.P.; Richter, R.J.; Shih, D.M.; Lusis, A.J.; Costa, L.G. The PON1 gene and detoxication.
Neurotoxicology 2000, 21, 581–587. [PubMed]

69. Chambers, J.E.; Meek, E.C.; Chambers, H.W. The metabolism of organophosphorus insecticides. In Hayes’ Handbook of Pesticide
Toxicology; Academic Press: Cambridge, MA, USA, 2010; pp. 1399–1407. [CrossRef]

70. Abou-Donia, M. Mammalian Toxicology; John Wiley & Sons: Hoboken, NJ, USA, 2015.
71. Qadri, Q.; Sameer, A.S.; Shah, Z.A.; Hamid, A.; Alam, S.; Manzoor, S.; Siddiqi, M.A. Genetic polymorphism of the glutathione-S-

transferase P1 gene (GSTP1) and susceptibility to prostate cancer in the Kashmiri population. Genet. Mol. Res. 2011, 10, 3038–3045.
[CrossRef] [PubMed]

72. Tumer, T.B.; Savranoglu, S.; Atmaca, P.; Terzioglu, G.; Sen, A.; Arslan, S. Modulatory role of GSTM1 null genotype on the
frequency of micronuclei in pesticide-exposed agricultural workers. Toxicol. Ind. Health 2016, 32, 1942–1951. [CrossRef]

73. McGowan-Jordan, J.; Hastings, R.J.; Moore, S. ISCN 2020: An international system for human cytogenomic nomenclature (2020).
Cytogenet. Genome Res. 2020, 161, 225–226. [CrossRef]

74. Lengauer, C.; Kinzler, K.W.; Vogelstein, B. Genetic instability in colorectal cancers. Nature 1997, 386, 623–627. [CrossRef]
75. Munro, A.F.; Twelves, C.; Thomas, J.S.; Cameron, D.A.; Bartlett, J.M.S. Chromosome instability and benefit from adjuvant

anthracyclines in breast cancer. Br. J. Cancer 2012, 107, 71–74. [CrossRef]
76. Tsuji, K.; Kawauchi, S.; Saito, S.; Furuya, T.; Ikemoto, K.; Nakao, M.; Yamamoto, S.; Oka, M.; Hirano, T.; Sasaki, K. Breast cancer

cell lines carry cell line-specific genomic alterations that are distinct from aberrations in breast cancer tissues: Comparison of the
CGH profiles between cancer cell lines and primary cancer tissues. BMC Cancer 2010, 10, 15. [CrossRef] [PubMed]

77. Talamo, A.; Chalandon, Y.; Marazzi, A.; Jotterand, M. Clonal heterogeneity and chromosomal instability at disease presentation
in high hyperdiploid acute lymphoblastic leukemia. Cancer Genet Cytogenet. 2010, 203, 209–214. [CrossRef]

78. Jost, L. Entropy and diversity. Oikos 2006, 113, 363–375. [CrossRef]

https://doi.org/10.1093/mutage/11.4.335
https://doi.org/10.17179/excli2018-1710
https://www.ncbi.nlm.nih.gov/pubmed/30564086
https://doi.org/10.1093/mutage/17.6.509
https://www.ncbi.nlm.nih.gov/pubmed/12435848
https://doi.org/10.1093/mutage/11.2.133
https://www.ncbi.nlm.nih.gov/pubmed/8671728
https://doi.org/10.1093/carcin/bgl102
https://www.ncbi.nlm.nih.gov/pubmed/16777991
https://doi.org/10.1158/1078-0432.CCR-04-2333
https://doi.org/10.3390/toxics11020138
https://www.ncbi.nlm.nih.gov/pubmed/36851015
https://www.ncbi.nlm.nih.gov/pubmed/25419352
https://doi.org/10.1007/s10528-023-10337-5
https://www.ncbi.nlm.nih.gov/pubmed/36725786
https://doi.org/10.1016/j.mrgentox.2017.05.005
https://doi.org/10.1016/j.etap.2018.08.018
https://www.ncbi.nlm.nih.gov/pubmed/30199797
https://doi.org/10.1177/1535370219878652
https://www.ncbi.nlm.nih.gov/pubmed/31569996
https://doi.org/10.1007/s11356-018-1459-7
https://doi.org/10.1002/(SICI)1097-0215(19980812)77:4%3C516::AID-IJC7%3E3.0.CO;2-X
https://www.ncbi.nlm.nih.gov/pubmed/11022865
https://doi.org/10.1016/B978-0-12-374367-1.00065-3
https://doi.org/10.4238/2011.December.6.4
https://www.ncbi.nlm.nih.gov/pubmed/22180037
https://doi.org/10.1177/0748233715599876
https://doi.org/10.1159/000516655
https://doi.org/10.1038/386623a0
https://doi.org/10.1038/bjc.2012.232
https://doi.org/10.1186/1471-2407-10-15
https://www.ncbi.nlm.nih.gov/pubmed/20070913
https://doi.org/10.1016/j.cancergencyto.2010.09.005
https://doi.org/10.1111/j.2006.0030-1299.14714.x


Int. J. Mol. Sci. 2024, 25, 4167 21 of 21

79. Roylance, R.; Endesfelder, D.; Gorman, P.; Burrell, R.A.; Sander, J.; Tomlinson, I.; Hanby, A.M.; Speirs, V.; Richardson, A.L.;
Birkbak, N.J.; et al. Relationship of extreme chromosomal instability with long-term survival in a retrospective analysis of primary
breast cancer. CEBP 2011, 20, 2183–2194. [CrossRef] [PubMed]

80. Maley, C.C.; Galipeau, P.C.; Finley, J.C.; Wongsurawat, V.J.; Li, X.; Sanchez, C.A.; Paulson, T.G.; Blount, P.L.; Risques, R.-A.;
Rabinovitch, P.S.; et al. Genetic clonal diversity predicts progression to esophageal adenocarcinoma. Nat. Genet. 2006, 38, 468–473.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1055-9965.EPI-11-0343
https://www.ncbi.nlm.nih.gov/pubmed/21784954
https://doi.org/10.1038/ng1768
https://www.ncbi.nlm.nih.gov/pubmed/16565718

	Introduction 
	Results 
	Study Groups 
	High Frequency of Chromosomal Alterations in Exposed Individuals 
	High Levels of Numerical Chromosomal Instability (CIN) in Exposed Individuals 
	High CH in Exposed Individuals and Intermediate CH in Unexposed Individuals 
	Association between Variables 
	Polymorphisms in the GSTP1 and XRCC1 Genes 

	Discussion 
	Materials and Methods 
	Study Groups 
	Blood Sample Collection 
	Cytogenetic Assays 
	Fluorescence In Situ Hybridization (FISH) Assays 
	CIN and CH Evaluation 
	Polymerase Chain Reaction—Restriction Fragment Length Polymorphism (PCR-RFLP) 
	Statistical Analysis 

	Conclusions 
	References

