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Abstract

Introduction. In humans, there are sets of genes that encode enzymes that decrease or increase the risks derived from
exposure to pesticides. These include DNA repair genes (XRCC1, OGG1 and XRCC4); pesticide metabolizers (GSTP1 and
PON1), and genes that act against oxidative stress (SOD2 and NQO1).
Objective. The aim of this literature review is to provide information about the genes involved in the defence systems against
exposure to pesticides, as well as their polymorphisms, functions, and general characteristics of the encoded enzymes.
Materials and methods. Information was obtained from scientific articles published between 2015–2020 in the PubMed
database (https://pubmed.ncbi.nlm.nih.gov).
Results. Genes related to the defence processes against pesticides present single-nucleotide polymorphisms (SNPs) with
allelic variants that affect the expressions or structures of the encoded enzymes, negatively altering their activities. If we
knew the genetic profile that includes polymorphisms of DNA-repairing genes, metabolizing genes, and genes against
oxidative stress in subjects exposed to pesticides, we would also know about their susceptibility to poisoning caused by
these chemicals.
Conclusion. The genes could be used to propose a genetic profile in farmers exposed to various pesticides, including 10
gene polymorphisms involved in susceptibility to various pathologies related to DNA repair, xenobiotic metabolism, and
oxidative stress. It could also be useful as a preventive measure to identify susceptibility to pesticide poisoning.
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INTRODUCTION
Pesticides are chemicals that are used to control any type of
pest in agriculture, and used to increase crop production.
Human exposure to pesticides is a recurring process due
to pesticide residues in agricultural products and water.
However, the most susceptible people to poisoning are
farmers because they have direct contact with pesticides,
and are unaware of the correct way to apply pesticides and
therefore do not adopt safety measures [1–2]. Pesticideinduced disorders may be short-term or long-term, resulting
mainly in poisoning and the formation of free radicals (highly
reactive molecules with unpaired electrons). Poisoning is
mainly due to the inhibition of enzymes, thereby interfering
with signalling at cholinergic synapses in the central nervous
system. Free radical formation triggers oxidative stress that
leads to oxidative damage to biomolecules, DNA strand
breaks, mutations in DNA, and ultimately cancer [3–5]. These
incidents show that the misuse of pesticides and occupational
exposure to them represent a serious public health problem,
since there is an increase in pesticide-related diseases, for
example; 1) the herbicide glyphosate is associated with the
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development of kidney disease and decreased serum folic
acid; 2) chemical lepidopterans with liver dysfunction,
increased serum glucose, inflammation and severe damage
to the nervous system; 3) organophosphate products
with respiratory diseases, etc. [6, 7]. This public health
landscape also leads to the discovery of new therapeutic
opportunities, especially because treatments for diseases
caused by organophosphate products have remained the
same for approximately 50 years [7]. If we add that some
genes involved in defence systems against pesticide poisoning
can be affected by genetic factors, such as single nucleotide
polymorphisms (SNPs), then a higher susceptibility would
be expected in farmers who have variants with high risk of
sensitivity [8–10].
OBJECTIVE
The objective of this literature review is to provide information
about the genes that confer susceptibility to pesticide
poisoning, as well as their polymorphisms, functions, and
general characteristics of the encoded enzymes. The study
is based on scientific studies written in English, published
between 2015–2020, obtained from the PubMed database,
using key words such as pesticides, XRCC1, OGG1, XRCC4,
GSTP1, PON1, SOD2 and NQO1. The selected publications
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presented information related to the polymorphisms of each
gene and their connection with the metabolism of pesticides.
A total of 88 publications compatible with the review topics
were analyzed, of which 57 were selected for the study.
STATE OF KNOWLEDGE
DNA repair genes. Pesticides can directly affect DNA of cells
in exposed people, or they can do so indirectly through the
production of ROS (Reactive Oxygen Species) that damage the
genetic material due to mutagenic lesions or single or doublestranded DNA breaks [11–13]. The DNA repair pathways
can be affected by different phenotypes of essential genes
involved in these pathways. Base excision repair (BER) is one
of the pathways involved in DNA single-strand break repair
through the XRCC1 (X-Ray Repair Cross-Complementing
Group 1) gene [11, 14]. Other affected pathways are the
repair of oxidative damage to guanine (8-oxoguanine) by
the OGG1 (8-Oxoguanine DNA Glycosylase) gene [4, 10, 15];
and the non-homologous end-joint mechanism (NHEJ) that
is responsible for the repair of double-stranded DNA breaks,
by XRCC4 (X-Ray Repair Cross-Complementing Group 4)
repair gene. The basic mechanism involved in each repair
pathway is shown in Figure 1 [16–18].
XRCC1 is composed of 633 amino acids and has as
molecular weightofs approximately 70 kDa [12, 19]. XRCC1
is essential in the assembly of the BER pathway because it
interacts and coordinates other major components such as
polyADP-ribose polymerase-1 enzyme, DNA polymerase
H, and DNA ligase III, which are all involved in the repair
of single-stranded DNA breaks induced by ROS (Fig. 1B)

[11–12, 20–22]. The XRCC1 gene is located on chromosome
19q13.2 with a length of 33 kb, and comprises 17 exons
and 16 introns [12, 14, 19]. Some polymorphisms in the
XRCC1 gene have been used as biomarkers of susceptibility
to DNA damage by pesticides. In this regard, the clinically
relevant polymorphisms are rs1799782 (exon 6 Arg194Trp
C/T) and rs25487 (exon 10 Arg399Gln G/A) [12–13,19–21].
The Arg194Trp polymorphism is located between two
protein domains: the NH2-terminal domain and the BRCT1
domain that directly affects enzymatic function [14, 19]. The
Arg399Gln polymorphism is located at the C-terminus of the
BRCT1 domain. It regulates the biological interaction with
polyADP-ribose polymerase (PARP), resulting in reduced
repair capacity, increased mutagenic sensitivity, and higher
levels of DNA damage [12,19–21].
OGG1. The OGG1 gene is located on the long arm of
chromosome 3 (3p26.2) and consists of 11 exons and 10 introns
[9, 12, 23]. The enzyme encoded by this gene is 8-oxoguanine
DNA glycosylase, which acts directly on the BER pathway
by catalyzing the repair of oxidative stress-induced damage
to guanine [4, 15, 24]. The oxidation products of guanine
are mostly 8-hydroxy deoxyguanosine (8-OHDG) and
8-oxoguanine [24–26]. These oxidized guanine compounds
are first detected by 8-oxoguanine DNA glycosylase that
catalyzes the excision of the damaged base by cutting the
glycosidic bond between the modified base and the sugar
fraction, generating an abasic site (AP), which facilitates the
subsequent addition of an unmodified base (Fig. 1A) [4, 23–
25]. The OGG1 gene has 163 polymorphisms, being the SNP
rs1052133 (exon 7 Ser326Cys; G>C) of clinical relevance, since
the allele mutated with the amino acid cysteine produces a

Figure 1. DNA repair genes. A: OGG1 as a DNA oxidation repairer, B: XRCC1 as a DNA helix break repairer, and C: XRCC4 as a DNA double
helix break repairer
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the metabolism
metabolism of
of xenobiotics.
xenobiotics. Pesticides
Pesticides
or
or some
some of
of their
their metabolites
metabolites are
are xenobiotics
xenobiotics that
that are
are toxic
toxic to
to
humans;
humans; thus,
thus, some
some genes
genes express
express enzymes
enzymes which
which metabolize
metabolize
pesticides
pesticidesand
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metabolites.The
Thecomplex
complexCYP450
CYP450plays
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important role
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xenobiotic metabolism
metabolism and
and consist
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of aa broad
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family of
of monooxygenases,
monooxygenases, where
where each
each enzyme
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is
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[9, 31].
31]. Glutathione
Glutathione transferases
transferases (GST)
(GST)
are
are aa family
family of
of phase
phase 22 metabolizing
metabolizing enzymes
enzymes which
which catalyze
catalyze
the
the catabolism
catabolism of
of electrophilic
electrophilic xenobiotics
xenobiotics that
that produce
produce
free
free radical-induced
radical-induced oxidative
oxidative stress,
stress, where
where the
the isoform
isoform ππ
(GSTP1)
(GSTP1) is
is the
the variant
variant that
that metabolizes
metabolizes pesticides
pesticides [13,
[13, 32,
32,
33].
33]. PON1
PON1 is
is aa phase
phase 22 xenobiotic
xenobiotic metabolizing
metabolizing enzyme
enzyme that
that
metabolizes
metabolizes organophosphate-type
organophosphate-type pesticides,
pesticides, thus
thus avoiding
avoiding
cholinergic
cholinergic poisoning
poisoning of
of farmers
farmers exposed
exposed to
to this
this type
type of
of
pesticide
pesticide [31,
[31, 34–35].
34–35].

Figure
Figure 2.
2. Xenobiotic
Xenobiotic metabolizing
metabolizing genes.
genes. A:
A: PON1
PON1 hydrolyzes
hydrolyzes xenobiotics
xenobiotics of
of
organophosphate-type
organophosphate-typepesticides.
pesticides.B:
B:GSTP1
GSTP1isiscapable
capableof
ofmetabolizing
metabolizingxenobiotics
xenobiotics
that
that increase
increase oxidative
oxidative stress.
stress. C:
C: GSTP1
GSTP1 inhibits
inhibits c-Jun
c-Jun activation
activation through
through JNK
JNK by
by
preventing
preventing apoptosis.”
apoptosis.”

decrease
decrease in
in its
its capacity
capacity to
to repair
repair oxidized
oxidized bases,
bases, which
which leads
leads
to
to aa greater
greater susceptibility
susceptibility to
to genotoxicity
genotoxicity and
and an
an increased
increased
risk
risk of
of cancer
cancer [9,
[9, 12,
12, 15,
15, 26].
26].
XRCC4.
XRCC4. The
The XRCC4
XRCC4 gene
gene is
is located
located on
on chromosome
chromosome 55 at
at
5q14.2.
5q14.2. It
It encodes
encodes aa phosphoprotein
phosphoprotein called
called X-Ray
X-Ray Repair
Repair
Cross-complementing
Cross-complementing Group
Group 44 that
that contains
contains 336
336 amino
amino acids
acids
and
and three
three constituent
constituent domains
domains [17,
[17, 27,
27, 28].
28]. This
This protein
protein plays
plays
aa major
major role
role in
in the
the NHEJ
NHEJ mechanism,
mechanism, which
which is
is necessary
necessary for
for
the
the repair
repair of
of double-stranded
double-stranded DNA
DNA breaks
breaks [16,
[16, 29,
29, 30].
30]. This
This
process
process involves
involves interaction
interaction with
with ligase
ligase 44 (Lig4)
(Lig4) and
and factor
factor
XLF
XLF (XRCC4-factor,
(XRCC4-factor, also
also known
known as
as Cernunnos
Cernunnos or
or NHEJ1),
NHEJ1),
thus
thus facilitating
facilitating ligation
ligation of
of the
the non-core
non-core and
and complementary
complementary
ends
ends of
of DNA
DNA [16,
[16, 28,
28, 30].
30]. These
These interactions
interactions involve
involve critical
critical
domains
domains in
in the
the XRCC4
XRCC4 protein:
protein: the
the N-terminal
N-terminal head
head domain
domain
is
is involved
involved in
in DNA
DNA binding,
binding, and
and in
in the
the formation
formation of
of the
the
XRCC4/XLF
XRCC4/XLF complex,
complex, while
while the
the coiled
coiled domain
domain forms
forms aa
complex
complex with
with Lig4.
Lig4. Although
Although the
the function
function of
of the
the C-terminus
C-terminus
domain
domain remains
remains unknown,
unknown, some
some studies
studies indicate
indicate that
that itit
could
could facilitate
facilitate the
the suppression
suppression of
of NHEJ
NHEJ in
in the
the M
M phase
phase of
of
the
the cell
cell cycle
cycle [26].
[26]. The
The XRCC4-Lig4
XRCC4-Lig4 complex
complex forms
forms aa stable
stable
conjugate
conjugate with
with the
the Ku70
Ku70 -Ku80
-Ku80 dimer
dimer [18,
[18, 28].
28]. The
The XRCC4XRCC4XLF
XLF complex
complex forms
forms filaments
filaments at
at the
the breaks
breaks to
to join
join the
the broken
broken
ends
ends and
and promote
promote efficient
efficient ligation
ligation catalyzed
catalyzed by
by Lig4
Lig4 (Fig.
(Fig. 1C)
1C)
[28].
[28]. However,
However, there
there is
is aa polymorphism
polymorphism in
in the
the XRCC4
XRCC4 gene
gene
that
that influences
influences its
its ability
ability to
to repair
repair DNA;
DNA; this
this is
is the
the rs28360135
rs28360135
polymorphism
polymorphism where
where an
an Ile134Thr
Ile134Thr change
change occurs
occurs due
due to
to T-C
T-C
base
base change,
change, so
so the
the mutated
mutated allele
allele presents
presents greater
greater genotoxic
genotoxic
damage
damage [18,
[18, 29].
29].

GSTP1.
GSTP1. Pi-class
Pi-class glutathione-S-transferase
glutathione-S-transferase (GSTP1)
(GSTP1) is
is aa
cytosolic
cytosolic homodimeric
homodimeric protein
protein with
with two
two subunits,
subunits, each
each
with
with its
its active
active site
site (GSH
(GSH binding
binding site
site and
and an
an electrophilic
electrophilic
substrate
substrate binding
binding site,
site, with
with molecular
molecular weights
weights of
of 22
22 and
and 30
30
kDa,
kDa, respectively).
respectively). This
This enzyme
enzyme is
is encoded
encoded by
by the
the GSTP1
GSTP1
gene
gene located
located on
on the
the long
long arm
arm of
of chromosome
chromosome 11
11 (11q13),
(11q13),
with
with aa length
length of
of approximately
approximately 2.84
2.84 kb
kb [2,
[2, 33].
33]. It
It acts
acts in
in
the
the detoxification
detoxification of
of xenobiotics
xenobiotics and
and as
as an
an antioxidant
antioxidant by
by
inactivating
inactivating harmful
harmful and
and carcinogenic
carcinogenic electrophiles
electrophiles [32,
[32,
33,
33, 36].
36]. In
In addition,
addition, itit can
can inhibit
inhibit apoptosis
apoptosis by
by inactivating
inactivating
JNK1
JNK1 (c-Jun
(c-Jun N-terminal
N-terminal kinase-1),
kinase-1), thus
thus preventing
preventing H
H22O
O22-induced
induced apoptosis
apoptosis [2,
[2, 32].
32]. However,
However, there
there are
are genetic
genetic variants
variants
(SNP)
(SNP) that
that can
can directly
directly affect
affect the
the functionality
functionality of
of GSTP1,
GSTP1, for
for
example,
example, the
the rs1695
rs1695 polymorphism
polymorphism has
has aa downstream
downstream change
change
in
in one
one base
base of
of exon
exon 55 at
at position
position 313,
313, from
from adenine
adenine to
to guanine,
guanine,
leading
leading to
to aa change
change from
from isoleucine
isoleucine to
to valine
valine (ATC
(ATC to
to GTC)
GTC)
at
at position
position 105
105 (Ile105Val).
(Ile105Val). Therefore,
Therefore, individuals
individuals with
with the
the
mutant
mutant variant
variant have
have reduced
reduced enzyme
enzyme activity
activity that
that make
make
them
them susceptible
susceptible to
to oxidative
oxidative stress
stress and
and unable
unable to
to detoxify
detoxify
cancer-causing
cancer-causing xenobiotics
xenobiotics (Fig.
(Fig. 2)
2) [13,
[13, 37–39].
37–39].
PON1.
PON1. PON1
PON1 (Paraoxonase
(Paraoxonase 1)
1) is
is aa phase
phase 22 xenobiotic
xenobiotic
metabolizing
metabolizing enzyme
enzyme that
that metabolizes
metabolizes organophosphateorganophosphatetype
type pesticides,
pesticides, thus
thus avoiding
avoiding cholinergic
cholinergic poisoning
poisoning of
of
farmers
farmers exposed
exposed to
to this
this type
type of
of pesticide
pesticide [31,
[31, 34,
34, 35].
35]. It
It is
is aa
calcium-dependent
calcium-dependent glycoprotein
glycoprotein with
with aa molecular
molecular weight
weight of
of
43
43 kDa
kDa that
that contains
contains approximately
approximately 354
354 amino
amino acids.
acids. PON1
PON1
enzyme
enzyme is
is encoded
encoded by
by the
the PON1
PON1 gene
gene located
located on
on the
the long
long
arm
arm of
of chromosome
chromosome 77 (7q21.22),
(7q21.22), with
with aa length
length of
of 33.2
33.2 kb
kb and
and
99 exons
exons [34,40–41].
[34,40–41]. PON1
PON1 is
is synthesized
synthesized in
in the
the liver
liver where
where itit
forms
forms aa complex
complex with
with high-density
high-density lipoproteins
lipoproteins (HDL)
(HDL) before
before
being
being transported
transported to
to the
the bloodstream
bloodstream where
where itit performs
performs
multiple
multiple functions
functions through
through its
its activity
activity on
on different
different target
target
substrates
substrates [35,41–42].
[35,41–42]. One
One of
of its
its functions
functions is
is the
the catabolism
catabolism
of
of organophosphate
organophosphate pesticides
pesticides from
from which
which its
its name
name is
is derived
derived
(the
(the first
first known
known substrate
substrate degraded
degraded by
by this
this enzyme
enzyme was
was
paraoxon
paraoxon due
due to
to its
its organophosphatase
organophosphatase activity).
activity). PON1
PON1 also
also
has
has arilesterase
arilesterase and
and lactonase
lactonase activities
activities and
and acts
acts on
on oxidation
oxidation
residues
residues in
in low-density
low-density lipoprotein
lipoprotein (LDL)
(LDL) [35,
[35, 40,
40, 41,
41, 43].
43].
However,
However, its
its activity
activity is
is affected
affected by
by different
different polymorphisms
polymorphisms
present
present in
in its
its gene,
gene, and
and PON1
PON1 activity
activity is
is affected
affected by
by different
different
polymorphisms
polymorphisms present
present in
in its
its gene.
gene. In
In fact,
fact, around
around 400
400
polymorphisms
polymorphisms have
have been
been identified,
identified, of
of which
which only
only three
three are
are
of
of clinical
clinical relevance:
relevance: one
one in
in the
the promoter
promoter region
region (rs705379;
(rs705379;
-108C/T),
-108C/T), and
and two
two in
in the
the coding
coding region
region (rs854560,
(rs854560, A>T,
A>T,
L55M;
L55M; rs662,
rs662, A>G
A>G Q192R)
Q192R) [31,
[31, 34,
34, 40,
40, 44].
44]. In
In the
the promoter
promoter
region,
region, there
there is
is aa change
change at
at position
position 108
108 upstream,
upstream, from
from
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Figure 3. Actuating genes against oxidative stress. A – normal functioning of wild variants of NQO1 and SOD2; B – Abnormal functioning of mutated variants of NQO1
and SOD2.

cytosine to thymine, with the variant mutant allele (-108T)
showing a reduced enzyme activity due to lower expression
of the PON1 gene [43]. In the polymorphism of the coding
region rs854560, there is an amino acid substitution in
position 55 from leucine (ATG) to methionine (TTG). In the
rs854560 coding region polymorphism there is an amino acid
substitution at position 55 from leucine (ATG) to methionine
(TTG). The resulting 55M mutated variant expresses a lower
concentration of the enzyme in the bloodstream, which also
results in reduced enzyme activity. This variant is associated
with the mutated allele of the 108T polymorphism in the
promoter region [41, 35, 43, 44]. In the rs662 polymorphism
of the coding region, there is an amino acid change at position
192 from glutamine (CAA) to arginine (CGA), which results
in a structural change in the enzyme that affects its activity,
depending on the metabolized substrate (Fig. 2). For example,
the 192R mutated variant has a low efficiency in metabolizing
the pesticide chlorpyrifos [31, 41, 43, 44].
Genes against oxidative stress. The damage produced by
pesticides is mainly due to the formation of free radicals
during their bio-transformation. These free radicals, which
are predisposing factors for carcinogenesis, produce oxidative
stress through oxidative DNA damage [2, 45]. However, some
enzymes with antioxidant activity can neutralize these free
radicals, although antioxidant enzymes may have variants
or polymorphisms that alter their activities [4, 46]. The
superoxide dismutase (SOD2) gene neutralizes superoxide
anion produced in the mitochondrial respiratory chain [47,
48]. The enzyme NAD(P)H quinone oxidoreductase 1 (NQO1)
gene is responsible for reducing free radicals from pesticide
that produce residues with quinone structures [3, 49].
SOD2. The SOD2 gene is located on chromosome 6q25,
with 5 exons and 4 introns [50, 51]. It encodes the enzyme
manganese superoxide dismutase (MnSOD or SOD2), a

homotetramer with a manganese ion (Mn 2+ / Mn 3+) as a
cofactor in each subunit [29, 48]. SOD2 is an antioxidant
enzyme in the mitochondrial matrix that catalyzes the
dismutation of the mitochondrial superoxide anion into
hydrogen peroxide and oxygen; in addition, it is involved in
the regulation of apoptosis in tumors [47, 51, 52]. SOD2 is
highly polymorphic, where the SNP rs4880 (exon 2, Ala16Val;
47C> T) is of medical importance [45, 50, 52, 53]. The amino
acid change in this polymorphism results in structural
transformation of the protein: the protein with the alanine
allele (GTT) produces an α-helical structure, while the valine
allele (GCT) results in a β-laminar secondary structure. The
mutated allele (Val) has a decreased ability to neutralize
the superoxide anion, because the promoted change in its
structure prevents it from easily crossing the mitochondrial
membrane, unlike the wild-type allele (Ala) which crosses it
quickly (Fig. 3) [46, 50, 52].
NQO1. NAD(P)H quinone oxidoreductase 1 is a cytosolic
enzyme encoded by the NQO1 gene located on the long
arm of chromosome 16 (16q22.1) [49, 54, 55]. It catalyzes the
reduction of quinone compounds to form hydroquinone,
with NAD(P)H as coenzyme, thus reducing the concentration
of free quinone which produces cytotoxicity [3, 49, 55, 56].
However, SNPs can generate different isoforms with reduced
enzymatic activity of NAD(P)H quinone oxidoreductase 1,
thus increasing the possibility of oxidative stress and cellular
damage (Fig. 3). The rs1800566 polymorphism of NQO1 gene
is associated with a reduction in the activity of the enzyme
NAD(P)H quinone oxidoreductase 1, in which there is a base
change from cytosine to thymine at position 187, resulting
in the substitution of proline for serine [3, 45, 49, 55, 57].
A reduced enzyme potential has also been observed in the
mutated homozygous genotype (TT) and in the heterozygous
genotype (CT), relative to the homozygous wild-type (CC)
genotype [3, 54, 57].
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CONCLUSIONS
The presented review shows the possible application of a
genetic profile with 10 gene polymorphisms involved in
susceptibility to pathologies due to exposure to pesticides.
Thus, if the genetic profile of each exposed farmer is known,
it will be possible to avoid both short-term and long-term
pathologies. This genetic profile has given rise to a new
branch of genetics that the authors of this review would like
to call Agricultugenetics. In the future, Agricultugenetics will
be used to analyze all 10 gene polymorphisms to determine
the degree of risk of susceptibility to pesticide-associated
pathologies in exposed farmers. This could reduce mortality
from poisonings and diseases related to oxidative stress,
especially cancer.
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