Environmental Science and Pollution Research (2021) 28:43274-43286
https://doi.org/10.1007/511356-021-15090-z

REVIEW ARTICLE ;.)

Check for
updates

Dimethoate induces genotoxicity as a result of oxidative stress:
in vivo and in vitro studies

Marcelo Souza Silva' - Daniel Vitor De Souza' - Maria Esther Suarez Alpire' - Andrea Cristina De Moraes Malinverni -
Regina Claudia Barbosa Da Silva - Milena De Barros Viana' - Celina Tizuko Fujiyama Oshima' - Daniel Araki Ribeiro '

Received: 21 January 2021 /Accepted: 19 June 2021 / Published online: 29 June 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Dimethoate ([O,0-dimethyl S-(N-methylcarbamoylmethyl) phosphorodithioate]) is an organophosphate insecticide and acari-
cide widely used for agricultural purposes. Genotoxicity refers to the ability of a chemical agent interact directly to DNA or act
indirectly leading to DNA damage by affecting spindle apparatus or enzymes involved in DNA replication, thereby causing
mutations. Taking into consideration the importance of genotoxicity induced by dimethoate, the purpose of this manuscript was
to provide a mini review regarding genotoxicity induced by dimethoate as a result of oxidative stress. The present study was
conducted on studies available in MEDLINE, PUBMED, EMBASE, and Google scholar for all kind of articles (all publications
published until May, 2020) using the following key words: dimethoate, omethoate, DNA damage, genetic damage, oxidative
stress, genotoxicity, mutation, and mutagenicity. The results showed that many studies were published in the scientific literature;
the approach was clearly demonstrated in multiple tissues and organs, but few papers were designed in humans. In summary, new
studies within the field are important for better understanding the pathobiological events of genotoxicity on human cells,
particularly to explain what cells and/or tissues are more sensitive to genotoxic insult induced by dimethoate.
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Introduction

Dimethoate ([O,0-dimethyl S-(N-methylcarbamoylmethyl)
phosphorodithioate]) is an organophosphorous compound
widely employed in agriculture as insecticide (Van Scoy
et al. 2016). It was registered in 1962 for use being destined
to control a wide range of insects, as for example plant hop-
pers, mites, flies, and aphids (Dissanayake et al. 2021). To
date, dimethoate has been applied to crops such as, grain, fruit,
and vegetables (Badry et al. 2021; Van Scoy et al. 2016).
Furthermore, the insecticide has been used for non-
agricultural purposes, as for example landscape maintenance
and pest control (Van Scoy et al. 2016).
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Genotoxicity is the pathobiological phenomenon characterized
by genetic damage (Ribeiro et al. 2017). This means that harmful
agent is classified as genotoxic if it is able to injury the genetic
material. To date, several compounds either from endogenous or
exogenous sources are identified as genotoxic in the scientific
literature (Ribeiro et al. 2017). For this reason, it is assumed that
different agents present in the environment continuously damage
DNA molecule either to humans or to other species. Herein, it is
very important to investigate what agents are able to induce ge-
netic damage under different end-points and paradigms, especial-
ly those in close contact with humans and other species for long
time. This scientific knowledge is very important since it protects
living organisms against potential harm.

It is well discussed in literature that oxidative stress can
activate a variety of pathways that leads to an oxidative im-
balance damaging mammalian cells and, after extended pe-
riods, promote carcinogenesis (Quezada-Maldonado 2021;
Reuter et al. 2010). The increase of ROS may be due to en-
dogenous oxidative stress, from hepatic metabolism and the
action of the enzyme P450, mitochondria activities or from
NADPH enzymes, or from exogenous origin, such as those


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-15090-z&domain=pdf
http://orcid.org/0000-0001-5057-4983
mailto:daribeiro@unifesp.br

Environ Sci Pollut Res (2021) 28:43274-43286

43275

generated by chemical substances (Klaunig 2018). ROS mol-
ecules are involved in genotoxicity as a result of gene muta-
tions on injured cell or by its interference in transduction and/
or transcription factors (Klaunig 2018).

It is well known that dimethoate is very soluble in water
and, therefore, it possesses soil persistence as a result of good
properties closely related to good efficacy and fast degrada-
tion (Lima do Rego et al. 2021; NPIC 2019). In this context,
the environmental consequences of dimethoate are of great
concern.

To the best of our knowledge, few review articles regarding
dimethoate toxicity are being published with certain regulari-
ty. Even so, these papers do not discuss genotoxicity as a
result of oxidative stress (Reuber 1984; Van Coy et al. 2016;
EFSA 2018). Particularly, little information has been available
on the impact of dimethoate as well as its relevant metabolites
focusing the side effects on human health. For this reason,
further understanding on the impact to the human health for
mitigating the noxious activities induced by dimethoate is
important to protect humans and other species against poten-
tial harm. Herein, a search of the scientific peer-reviewed lit-
erature on dimethoate toxicity will provide new insights into
the pathobiological mechanisms induced by the insecticide in
mammalian cells. These data are relevant not only for the
regulators, but also the policy makers.

Taking into consideration the genotoxicity as a result of
oxidative stress may be induced by dimethoate, the aim of this
study was to provide a mini review taking into account four
aspects: (i) the publications over the years, (ii) the test-system
used, (iii) the main findings published, and (iv) the identifica-
tion of gaps within the field, in order to purpose future perspec-
tives, whose goal is to protect humans against potential harm.

Material and methods

The search of the scientific literature was conducted to
MEDLINE, PUBMED, EMBASE, and Google scholar for
all kind of articles (all publications to May, 2020) using the
following key words: dimethoate, omethoate, DNA damage,
mutagenicity, mutation, genetic damage, oxidative stress, and
genotoxicity. No time limit was imposed to the search, whose
goal was to identify the maximum number of papers published
within the field. Case reports, papers not written in English
language, and reviews were not included to the study.

Results

Genotoxicity

A total of 79 papers were achieved between 1983 and 2020,
but only 55 fulfilled the requirements adopted in this setting

(Fig. 1). In 1983, a total of three papers were published within
the field. Among them, Woodruff et al. (1983) did not detect
the presence of chromosome loss in Drosophila
melanogaster. The insecticide did not induce a significant
amount of ring chromosome loss. In the same year, Nehez
et al. (1983) evidenced the presence of micronucleated cells
in bone marrow cells from mice exposed to dimethoate.
However, this finding was not confirmed by Degraeve and
Moutschen (1983), since negative results were found in rat
by means of dominant lethal assay. All published articles res-
cued in the scientific searching are shown in Table 1.

Taking into account the papers published using mammali-
an eukaryotic cells, the majority of studies were performed
using experimental test system, in particular rodents (rat and
mouse). It is important to highlight that only 7 papers were
published in humans, whereas 18 papers were published to
animal experimental models. Among them, human lympho-
cytes are the preferred cells to evaluate the genotoxicity in-
duced by dimethoate. For example, an earlier study conducted
by Kizilet et al. (2019) has detected an increase of
micronucleated cells in human lymphocytes continuously ex-
posed to dimethoate. These findings were confirmed by others
(Kizilet et al. 2019; Undeger and Basaran 2005; Jamil et al.
2004).

On the other hand, it has revealed that dimethoate is able to
increase telomere length (Wang et al. 2019; Duan et al. 2017)
as well as to induce abnormal expression of some cell regula-
tory proteins, such as p53 and 21 (Duan et al. 2017). Using
single cell gel comet assay as a very sensitive assay for detect-
ing DNA strand breaks. Samarawickrema et al. (2008)
showed that dimethoate induces genetic damage in cord blood
cells (Samarawickrema et al. 2008). Conversely, a weak
genotoxicity has been verified by Bianchi-Santamaria et al.
(1997) in human lymphocytes. Taken as a whole, it seems
that dimethoate is able to induce genetic injury in humans,
as a result of DNA strand breaks.

When performing the use of experimental models in ro-
dents for evaluating the genotoxic potential of the insecticide,
several studies have been detected so far. Some studies have
demonstrated that dimethoate is able to induce genetic damage
being closely associated with oxidative stress in liver and
brain cells of rats (Yahia and Ali 2018; Li et al. 2016; Astiz
et al. 2009a,b). Other authors have also detected the presence
of genetic damage in rat peripheral lymphocytes as well (Qi
et al. 2017). In mice exposed to several doses of dimethoate,
an increased number of micronucleated cells was noticed
(Undeger et al. 2000; Nehez and Desi 1996; Geetanjali et al.
1993). Moreover, lipid peroxidation and subsequent DNA
injury in liver and kidney cells were found in mice exposed
to dimethoate (Ayed-Boussema et al. 2012b). Such findings
are in agreement with others (Dedek et al. 1984).

When Oncorphydus muykiss were investigated,
genotoxicity and lipid peroxidation were also detected in liver
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Fig. 1 Dimethoate review

and brain following dimethoate exposure (Dogan et al. 2011).
The same results were obtained to guinea pigs (Mehl et al.
1994). However, this was not confirmed when rats were ex-
posed to dimethoate evaluating the same target organs
(Cunningham et al. 1994).

Other species have also been studied over mammals for
identifying the genotoxicity induced by dimethoate. For ex-
ample, changes in polymorphisms of some genes were detect-
ed in zebrafish exposed to dimethoate (Rong and Yin 2004).
Recently, Hayat et al. (2018) have detected DNA damage in
hemolymph from bees environmentally exposed to the insec-
ticide. Following the same approach, other authors have dem-
onstrated genetic injury in hemolymph from Folsomia
candida in soil crops (Cardoso et al. 2017); hemocytes from
Insceta orthoptera (Karpeta-kaczmarek et al. 2016), midgut
glands from Xerolycosa memoralis (Wilczek et al. 2016), and
African Catfish, Clarias gariepinus (Amaeze et al. 2020).

Interestingly, there are many published papers confirming
that dimethoate is able to induce DNA mutations resulting in
the biological scenario of species resistance. These findings
were confirmed by studies on changes in the DNA sequence
from Acht (acethylcholine) gene polymorphisms in several
organisms, such as Aphis gossyppi Glover (Lokeshwari et al.
2016; Shang et al. 2014; Sun et al. 2005); Tetranuchus urticae
(Khajehali et al. 2010); Bactrocera oleae (Kakani et al. 2008);
and Musca domestica (Kristensen et al. 2006). Nevertheless,
this was not confirmed by others (Carletto et al. 2010).

In order to clarify if dimethoate is able to induce point
mutations in close contact with genome, several studies have
employed the AMES tested by means of Escherichia coli. In
fact, the study conducted by Ansari and Malik (Ansari and
Malik 2009a,b) have demonstrated positive mutagenicity and
interference with DNA repair system in E. coli exposed to the
insecticide. These results are in agreement with Aleem and
Malik (2005) and Rehana et al. (1995, 1996).

In the Tradescantia plant bioassay, increased
micronucleated cells were also detected after exposure to di-
methoate (Fardic et al. 2017; Mohamed and Ma 1999). When
the genotoxic potential of dimethoate was investigated to

@ Springer

Drosophila meganogaster, conflicting results were presented.
Osaba et al. (1999), Xamena et al. (1988), and Woodruff et al.
(1983) failed to detect any genotoxicity in this experimental
test system. It is important to stress that the studies evaluated
low doses of dimethoate. Probably, this could explain the
negative data found.

Oxidative stress

We found many published papers demonstrating that dimeth-
oate is a powerful oxidant agent in mammalian cells (Fig. 1).
Of particular importance, the data have revealed that the pes-
ticide is a harmful agent in multiple tissues and organs. These
findings are summarized in Table 2. For example, dimethoate
produced free radicals and blocked the antioxidant defense
system in erythrocytes. Rats exposed to a single low dose of
dimethoate (0.01% LD[50]) caused lipid peroxidation associ-
ated with induction of superoxide dismutase and catalase ac-
tivities (John et al. 2001). The authors have yet revealed inhi-
bition of glutathione S-transferase and acetylcholinesterase
activities in rats exposed to dimethoate (John et al. 2001).
Analogous results were found by means of increase in super-
oxide dismutase, malondialdehyde, and catalase levels in the
same cells (Ben Amara et al. 2012; Barski and Spodniewska,
2012; Abdallah et al. 2011; Gargouri et al. 2011). Membrane-
bound enzymes such as Ca(2+)-ATPase and acetylcholines-
terase (AChE), Na(+)-K(+)-ATPase were also inhibited after
dimethoate exposure (Ben Amara et al. 2012; Pan et al. 2010;
Singh et al. 2006).

When rats were exposed during 30 days to dimethoate at
0.2 g/L dose in drinking water, severe oxidative stress in lung
was evidenced by increasing malondialdehyde, protein car-
bonyl groups, and advanced oxidation protein products
(Wang et al. 2016). An increase in superoxide dismutase,
glutathione peroxidase, catalase followed by decreased acetyl-
cholinesterase and butyrylcholinesterase activities, glutathi-
one, and non-protein thiols levels were observed as well
(Wang et al. 2016).

Epididymis spermatozoa were treated for 3 h at 37 °C with
increasing concentrations of dimethoate (50, 100, and 200
pum) (Ben Abdallah et al. 2012). The results showed that the
insecticide caused strong oxidative damage in spermatozoa as
depicted by increased malondialdehyde levels (Ben Abdallah
et al. 2012) followed by increased lipid peroxidation (Astiz
et al. 2019 a, b; Jallouli et al. 2016). However, a decrease in
superoxide dismutase, glutathione, and catalase were detected
in vivo (Jallouli et al. 2016; Ben Abdallah et al. 2012). In
mice, the same results were found, because subchronic expo-
sure to dimethoate at 20 mg/kg/day for 30 days increased lipid
peroxidation and decreased the levels of antioxidant enzymes
in testis (Jallouli et al. 2015).

Liver is also a potential target for dimethoate toxicity. Rats
treated with dimethoate (i.p. 1/250 LD50) for three times a
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week during 5 weeks induced fatty acid peroxidation in hepa-
tocytes (Astiz et al. 2009a,b). When dimethoate was adminis-
tered at doses ranging from 45 to 90 mg/kg, the results re-
vealed an increase in cytochrome P450, lipid peroxidation,
superoxide dismutase, catalase, glutathione peroxidase, and
glutathione reductase levels in hepatic cells at higher doses
only (Sharma et al. 2005a).

In further consideration of liver, the effects of low doses of
dimethoate demonstrated similar outcomes as those found to
high doses. This is because dimethoate increased the levels of
superoxide dismutase, cytochrome P450, lipid peroxidation,
catalase, glutathione peroxidase, and reductase at doses 6, 20,
and 30 mg/kg (Kwape et al. 2013; Saafi et al. 2011; Sharma
et al. 2005b). Glutathione-S-transferase increased at 6 and 30
mg/kg doses (Sharma et al. 2005b). Others have yet demon-
strated that exposure to dimethoate for 30 days at 2 g/L dose
trigged oxidative stress increasing malondialdehyde levels
followed by decreasing glutathione and non-protein thiol
levels in rat liver. A low expression of superoxide dismutase,
glutathione peroxidase, and catalase activities were also no-
ticed in this cellular type (Ben Amara et al. 2011).

In mice treated with concentrations ranging from 1 to 30
mg/kg for 30 consecutive days, dimethoate was able to inhibit
acetylcholinesterase activities in liver cells. The pesticide in-
creased lipid peroxidation and protein carbonyl levels in a
dose-dependent manner. Catalase activity increased at doses
higher than 5 mg/kg (Yan et al. 2015; Ayed-Boussema et al.
2012b). It seems that results show that lipid peroxidation as
well as antioxidative defense mechanisms in rodents display
different responses, being dependent upon pesticide treat-
ments and doses (Yang et al. 2012).

Other mammalian species such as guinea pig shows the
same results found in rodents. Dimethoate induced a signifi-
cant increase in lipid peroxidation, and decrease in the activ-
ities of catalase and glutathione-S-transferase in liver of guin-
ea pigs exposed to dimethoate at 14 mg/kg during 21 days
(Al-Awthan and Bahattab 2019). The insecticide also in-
creased serum levels of hepatic marker enzymes (AST,
ALT, and ALP) in guinea pig at high dose administrated (80
mg/kg) (Al-Awthan et al. 2019, 2014).

Daily administration of dimethoate (20 and 40 mg/kg b.w.)
for 30 days induced elevated levels of specific markers in
pancreas, as for example, amylase and lipase. Interestingly,
these biochemical dysfunctions were associated with high
ROS levels and lipid peroxidation in pancreas suggesting the
presence of oxidative damage in this metabolic organ
(Kamath and Rajini 2007). In particular, dimethoate was able
to significant increase in pro-fibrotic cytokine (TGF-f31) and
this is strongly associated with reduction of the antioxidant
enzymes, such as reduced glutathione, catalase, and superox-
ide dismutase activities (Messallam et al. 2018).

In kidney, dimethoate was administered at doses of 1, 5,
10, 15, and 30 mg/kg for 30 consecutive days in BALB/c

mice. The pesticide inhibited acetylcholinesterase activities
in kidney of mice followed by increased lipid peroxidation
and protein carbonyl levels in a dose-dependent manner (Li
et al. 2016; Saafi-Ben Salah et al. 2012). A decrease in
gluthatione and plasma urea levels and an increase in super-
oxide dismutase and catalase activities were observed (Ben
Amara et al. 2013; Ayed-Boussema et al. 2012b).

In heart, female Wistar rats were exposed to dimethoate for
consecutive 30 days (0.2 g L' of drinking water). The results
demonstrated that the insecticide promoted oxidative stress
with high levels of malondialdehyde, protein carbonyl levels,
and advanced protein oxidation (Ben Amara et al. 2013). An
increase of superoxide dismutase, catalase, and glutathione
peroxidase activities was also detected in the heart cells of rats
after dimethoate exposure (Amara et al. 2013).

Dimethoate was administered at doses 0.6, 6, and 30 mg/kg
for 30 days in rats for investigating the harmful effects in brain
cells. The results revealed an increase in levels of superoxide
dismutase, lipid peroxidation, cytochrome P450, catalase, glu-
tathione peroxidase, and reductase in brain cells at 6 and 30
mg/kg doses. A decrease in glutathione was observed at 30
and 6 mg/kg. Glutathione-S-transferase increased at 30 mg/kg
dose (Yahia and Ali 2018; Sharma et al. 2005a,b).

Following the findings for brain cells, dimethoate also in-
duced an increase in catalase, superoxide dismutase, cyto-
chrome P450, glutathione peroxidase, lipid peroxidation,
and glutathione reductase at higher doses administrated (45,
75, and 90 mg/kg) for 24 h. Likewise, there were no signifi-
cant differences in glutathione and glutathione-S-transferase
activities in these animals. Nevertheless, there was a signifi-
cant increase in glutathione-S-transferase in brain cells at 90
mg/kg dose only (Sharma et al. 2005b). Particularly, dimeth-
oate (i.p. 1/250 LD50) was administrated for 5 weeks causing
fatty acid peroxidation (Astiz et al. 2009b). The administration
of low doses of dimethoate to rats induced severe oxidative
stress in some specific brain regions, such as cortex, substantia
nigra, and hippocampus (Astiz et al. 2013).

In non-mammalian cells, the same results were found.
Erythrocytes of Oncorhynchus mykiss exposed to subtheal
doses of dimethoate for 5, 15, and 30 days induced an
increase in glutathione peroxidase activity and high levels
of superoxide dismutase in brain tissue. Lipid peroxidation
increased after the exposure in both tissues and it was pos-
itively correlated with duration of exposure (Dogan et al.
2011).

In frogs, dimethoate at 10 and 20 ppm doses treated for 24,
48, 72, or 96 h, the results showed that malondialdehyde
levels increased significantly in stomach and lung. Reduced
glutathione was changed in muscle and lung, being increased
in stomach and tongue. With respect to antioxidant enzymes
(glutathione-S-transferase and reductase and catalase), their
activities were decreased in tongue, and increased in lung
(Tsnas et al. 2012; Ozkol et al. 2012).
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The monogonont rotifer Brachionus koreanus transcript
analysis after exposure to dimethoate indicated that the tran-
scriptional level of Bk-Cu/Zn-SOD was increased in a dose-
dependent fashion (Kim et al. 2015).

Terrestrial isopods from the species Porcellionides
pruinosus were treated with the recommended dose applica-
tion (0.4 mg/kg soil) and a sublethal concentration (10 mg/kg
soil) of dimethoate. The results showed that dimethoate
caused oxidative stress by inhibition of the acetylcholinester-
ase enzyme, associated with changes in the levels of glutathi-
one-S-transferase, catalase, and lipid peroxidation. In addi-
tion, the study demonstrated that the two concentrations
used of dimethoate promoted the activation of different
general detoxification mechanisms (Ferreira et al. 2015).
The soil organism Enchytraeus albidus exposed to dimeth-
oate for 2, 4, 8, 14, and 21 days caused cholinesterase inhi-
bition (Novais et al. 2014).

Wolf spiders Xerolycosa nemoralis exposed to dimethoate
displayed high activity of catalase and glutathione-S-transfer-
ase. Moreover, exposure of individuals to dimethoate in-
creased catalase activity, and improved reductase glutathione
activity (Stalmach et al. 2015).

Acute toxicity value (LC50) in Gammarus pulex exposed
to dimethoate demonstrated the biological competence of

JA

H3G
\
o

dimethoate for inducing oxidative stress. In particular, the
results revealed that malondialdehyde, gluthationes, superox-
ide dismutase, and catalase were increased (Serdar 2019).

In combination with other non-heavy essential metals, such
as cadmium, Galba truncatula exposed to 0-400 ug L™ of
dimethoate, and 0—1000 pug L' of cadmium chloride demon-
strated that dimethoate induced oxidative stress as a result of
changes in some biochemical parameters in freshwater snails
such as increased levels of superoxide dismutase, glutathione-
S-transferase, glutathione peroxidase, and catalase activities
and malondialdehyde, and glutathione (GSH) levels
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malondialdehyde and catalase activities in liver and kidney of
fish exposed to dimethoate alone (Shadegan et al. 2018).

Conclusion and directions for future research

Overall, this study was able to present the current scientific
knowledge on genotoxicity as a result of oxidative stress in-
duced by dimethoate in multiple tissues and organs (Fig. 2).
The approach has been documented in the literature so far, but
few papers were conducted in humans. Therefore, further
studies to address the risk to mammals for dimethoate are
welcomed. Additionally, an analytical method for monitoring
dimethoate in human body fluids is timely. This information is
important to establish dose-response relationship of exposure
and levels of oxidative stress and genotoxicity.

On the other hand, it is important to clarify what cells and/
or tissues are more sensitive to genotoxicity induced by di-
methoate as well. In particular, clarification of the gene muta-
tion potential in vivo follow up studies to the positive muta-
genic effects detected in mammalian and non-mammalian
cells in vitro with dimethoate must be provided.

One of the most obvious limitations to any literature review
is the quality of the available information. Since the mini-
review has investigated the genotoxicity as a result of oxida-
tive stress by dimethoate, to search other contexts and para-
digms are also relevant in the context of chemical toxicity. For
example, it would be interesting to know if and to what extent,
dimethoate is able to interfere with cell cycle regulatory pro-
teins in order to establish the role of apoptosis and cellular
death after exposure to the insecticide. Curiously, the scientif-
ic literature was not able to conclude on the endocrine
disruptor potential of dimethoate. Therefore, the interaction
of dimethoate with the thyroid-signaling pathway in humans
cannot be excluded. Certainly, these data play a crucial role
for validating some end-points from published studies using
microorganisms and rodents in so far as predict the real risk of
dimethoate on carcinogenesis.
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