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Abstract

:

Pesticides have been considered as potential chemical mutagens; however, little is known about toxic and genotoxic effects during pesticide application in Zamora-Jacona, Michoacan State in Mexico. This study sought to determine DNA damage and cholinesterase activities inhibitions in 54 agricultural workers exposed to complex mixtures of pesticides vs. control group (26 individuals) using Comet assay in peripheral whole blood, micronucleus (MN) test in oral mucosa cells, Cytokinesis-blocked MN assay in lymphocytes (L-CBMNcyt) and measuring AChE and BChE activities in whole blood and plasma samples, respectively. Exposed subjects demonstrated significantly elevated levels of primary (Comet assay: tail intensity, tail length, tail moment, Olive tail moment) and permanent DNA damage (MN assay: in blood/buccal cells; frequencies of nuclear buds, binucleated cells, cells with condensed chromatin, karyorrhexis, pyknosis, and karyolysis). However, inhibition of cholinesterase activities (AChE and BChE) was not observed in the workers. Confounding factors including sex, age, BMI, working exposure period, protection level, smoking habit (cigarettes per day units), alcohol consumption (weekly), medication, were considered in the analysis. These combined techniques demonstrated usefulness in the health hazards risks pesticide exposure assessment and suggested the need for periodic monitoring together with the education and the training of occupational workers for the safe application of potentially harmful pesticides.
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1. Introduction


Zamora-Jacona is an urban area resulting from the conurbation of Zamora and Jacona municipalities, being the third most populous urban nucleus in the State of Michoacán, Mexico. The cultivation of red fruits (strawberry, blackberry, blueberry, and raspberry) is one of the main economic activities and the source of permanent and temporary jobs throughout the agri-food production chain, favoring producers, marketers, industrializers, and consumers. This area is marked as the most important red fruits producer at the national level (covers more than 70% of national production), with a large amount of production dedicated to the export [1,2]. To maintain high levels of production and quality, a growing variety of the chemicals (pesticides) is used in the plant treatment, mostly against mites and botrytis. These species affect the quantity, quality, and growth of the red fruit crops in this urban area, with a characteristic variety in the number of their species [3,4]. Extensive literature reported deleterious effects of pesticides exposure on the environmental and human health, often leading to genetic alterations (genotoxicity, mutagenicity, carcinogenicity, or teratogenicity), neurotoxicity, endocrine disruption, reproductive development, and immunological effects [5,6,7,8]. Reviews of Bolognesi [9], Bull et al. [10], and Bolognesi et al. [11] concluded that exposure to pesticides represents a genotoxic risk, but due to the studies’ limitations and uncertainties, better characterization of exposure, confounding factors, and the appropriate assessment of assays are recommended [12]. Nowadays, due to the simultaneous fight against different pest species, agricultural workers are exposed to pesticide mixtures with different mechanisms of action and, although with the lower pesticide dose currently used than in the past, the effect of long-term exposure on various aspects of human health is not clearly defined [7]. Various biomarkers are used in the biomonitoring of human populations exposed to environmental pollutants, among them the comet (primary DNA damage detection), and the micronucleus (MN) assay (permanent DNA damage detection) have found their place due to their sensitivity in assessing different types of DNA damage. In the occupational setting risk assessment, the evaluation of the acute and chronic exposure done by analyzing cholinesterase activity can complement cytogenetic analysis [13,14]. There are studies reporting genotoxic results or different cholinesterase activity in agricultural workers, but only few combined these methods together [15,16,17,18,19,20], and for sure none of them on Mexican agricultural workers.



Thus, the main objective of this study was to determine whether pesticide exposure of agricultural workers in Zamora-Jacona in Michoacan, Mexico, induced alterations in cholinesterases activity (acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) in whole blood/serum) and in cytogenetic damage using alkaline comet assay. Exposure assessment was then associated to the results of the MN assay in binucleated lymphocytes (circulating through the organism and collecting all type of DNA damage from the exposure, including skin exposure), and of MN assay in human buccal epithelial cells (as the first site of contact with the organism after inhalation or ingestion). The simultaneous use of these techniques enabled us to distinguish and evaluate primary DNA damage induced by recent exposure to xenobiotics and cumulative genome damage as the result of chronic long-term exposure to pesticide and to compare one invasive and one noninvasive technique in permanent DNA damage evaluation.




2. Materials and Methods


2.1. Study Population and Sample Collection


The State Research Ethics Committee of the Tlaxcala State Bioethics Commission approved the study with the registration number CI-CEI-01/2018. At the beginning of the study, before sample collection, all participants were informed about the objectives and the experimental details of the study, signed an informed consent form and answered a structured questionnaire over socio-demographic characteristics including age, gender, body mass index (BMI, kg/m2), alcohol consumption (weekly) and smoking habit (units by day) for confounding factors discrimination, in addition to details about pesticides exposure and exposure period (working period in years), and the use of personal protective measures (PPM). Medication was considered when volunteers reported habitual ingestion of pills or medicaments.



This study was performed on 80 individuals, between 18 and 72 years, from Zamora-Jacona municipalities, in the state of Michoacan, Mexico. Participants were divided into two groups, i.e., subjects occupationally exposed to pesticide mixtures, composed by 54 agricultural workers, and a control group of 26 individuals, selected from the general population of the same geographic area, with no labor activity related to agriculture, nor exposure to any environmental contaminant or genotoxic agent. The number of volunteers varies between two groups, due to the difficulties in the control group sampling, since people were mostly scared from the invasive blood sampling.



Two samples of peripheral blood were collected from each farmer or control subject by trained professionals into vacutainers tube with EDTA anticoagulant (4 mL) for cytogenetic assays and vacutainer tube without anticoagulant (4 mL) for serum cholinesterase activities, respectively. The samples were aliquoted for comet assay, micronucleus assay and cholinesterase assay (in whole blood and in serum).



For buccal samples, the subjects were asked to rinse their mouth with tap water and a sponge head swab was used to obtain the sample of epithelial cells from the buccal mucosa, by rubbing the inside of each one of the participants’ cheeks, with samples collected in a 50 mL tube with cold phosphate saline buffer (PBS, Sigma, St. Louis, MI, USA).



All samples, coded, to avoid possible bias, were transported the same day to the laboratories within 2 h, stored at 4 °C, protected from the light, and were processed as quickly as possible within the same day.



If not reported otherwise, all chemicals were from Sigma Aldrich, St. Louis, MI, USA.




2.2. Cholinesterases Activity


The activities of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) differ in their preferred substrate and sensitivity to inhibitors [21] (Massoulié et al., 1993). Cholinesterases activity in whole blood and serum were spectrophotometrically assayed by Ellman method (1961) [22].



2.2.1. Serum Cholinesterase Activities


Whole blood was collected using vacutainer tubes without anticoagulant (Becton Dickinson, Franklin Lakes, NJ, USA), serum was separated from the clot by centrifugation (1881× g, 10 min) and stored at −20 °C until analysis. For AChE activity, serum was assayed with 1 mM acetylthiocholine and 50 µM tetraisopropyl pyrophosphoramide (Iso-OMPA), a specific BChE inhibitor [21]. Serum BChE activity was measured with 1 mM butyrylthiocholine (BuTCh) and 10 µM 1,5-bis(4-allyldimethyl-ammoniumphenyl)-pentan-3-one dibromide (BW284c51), a specific AChE inhibitor [21]. The activities of AChE and BChE were expressed as unit of cholinesterase activity (U), one unit corresponding to the amount of enzyme, which hydrolyzes one µmol of the substrate per hour at 20 °C. To guarantee the accuracy of the value obtained, analyses were done in quadruplicate.




2.2.2. Whole Blood Acetylcholinesterase Activity


From the whole blood sample collected in vacutainer tube with EDTA (Becton Dickinson, Franklin Lakes, NJ, USA) as an anticoagulant. The mixture was incubated at 37 °C for 20 min. After this time, 0.025 mL of acetylthiocholine iodide (28.3 mM) was added; the change in absorbance at 405 nm wavelength was followed for several minutes in spectrophotometer (UNICO, China). One unit (U) of cholinesterase activity is the amount of enzyme, which hydrolyzes one µmol of the substrate per min at 37 °C. Measurements were made in triplicate.





2.3. Cytogenetic Assays


2.3.1. Comet Assay


The alkaline comet assay was carried out in the whole blood sample with anticoagulant (EDTA) according to the procedure described previously [23] with some modifications, respecting the recommended MIRCA rules (Minimum Information for Reporting Comet Assay) [24]. Slides were prepared in duplicates per each subject. For slide preparation, 20 µL of blood was mixed with 200 µL of 1.0% (w/v) low melting agarose. A100 µL of this mixture was carefully stirred, dropped on an already precoated slide (1% normal melting agarose), and kept on ice during each gel layer polymerization. After delicate coverslip removal, slides were placed in a freshly made cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, 10% DMSO, and 1% Triton X-100 pH 10) for 1 h at 4 °C. After the lysis, DNA on slides was denaturated for 25 min in a freshly made cold electrophoresis buffer solution (300 mM NaOH and 1 mM Na2EDTA, pH ≥ 13). Then, horizontal electrophoresis was performed in a new cold electrophoresis buffer solution at 25 V (1 V/cm) and 300 mA for 20 min. Subsequently, slides were rinsed three times in a freshly prepared neutralization buffer (0.4 M Tris, pH 7.5), fixed in the absolute ethanol (Merck Millipore, Bedford, MA, USA) for 5 min, dried at room temperature and stored in a dark and dry container until the analysis. Before the analysis, slides were both rehydrated and stained with 40 μL of ethidium bromide solution (20 μg/mL) for 10 min. For each subject, 100 cells (50 cells per each of two replicate slide) were randomly analyzed on an epifluorescence Axiostar Plus Carl Zeiss microscope connected with Comet Assay IV image analysis system (Instem, London, UK). The parameters scored to determine DNA damage were comet tail length (measured in micrometers), tail intensity (% of DNA in comet tail), tail moment and Olive tail moment (moments are calculated by the software). All the slides were coded before scoring to avoid bias and were scored by one person to avoid interscorer variability.




2.3.2. Cytokinesis-Block MN Assay (L-CBMNcyt)


For cytokinesis-blocked MN assay, cultivation and slide preparation was done according to standard protocol [25]. Whole blood from the vacutainer with anticoagulant (EDTA) (0.5 mL) was added to the medium mixture of 4.5 mL of RMPI 1640 medium, 0.2 mL phytohemagglutinin A (Microlab, Mexico) and 0.1 mL of antibacterial and antifungal solution (Microlab, Mexico) and incubated for 72 h at 37 °C. Cytochalasin B was added to the cultures at a final concentration of 6 μg/mL after 44 h of incubation, to arrest cytokinesis. At 72 h, samples were centrifuged (1254× g, 10 min), and 5 mL of cold 0.075 M KCl was added dropwise while vortexing only the pellet. Samples were left for 10 min at room temperature, and after centrifugation, cells in the pellet were fixed in ice-cold methanol: acetic acid (3:1) solution, centrifugation and fixation were repeated three times to clean the pellet and finally from the cell pellet with 1 mL of fixative, few drops of cell suspension were put gently on the slide and air-dried. Slides were made in duplicate from each culture (also in duplicate), were stained with 5% Giemsa (Merck Millipore, Bedford, MA, USA) for 10 min and analyzed using Axiostar microscope (Zeiss, Oberkochen, Germany). For each individual, MN frequency was assessed in 1000 binucleated (BN) cells per replicate (2000 BN in total) and expressed as the frequency on 1000 BN cells. To minimize the variability, the same researcher carried out all the analysis.




2.3.3. Buccal Micronucleus Cytome Assay


Buccal cell samples in PBS were centrifuged at 627× g for 10 min at room temperature and pellet drops were applied on clean microscope slides. Smears were air-dried, fixed in methanol/acetic acid (3:1) and stained using the Feulgen reaction technique. The technique was modified as follows: smears were pretreated with 1 N HCl for 10 min at room temperature, placed for 10 min in 1 N HCl at 60 °C, rinsed in distilled water, put in Schiff’s reagent for 90 min, and washed with running tap water. The criteria followed for buccal MN parameters were according to Thomas et al. [26]. Three thousands of epithelial cells were screened for each individual to determine the MN frequency and frequency of other nuclear anomalies such as nuclear buds (NB) (also biomarker of DNA damage), binucleated (BN) cells (biomarker of changed cell proliferation and possible aneuploidy and genomic instability), cells with condensed chromatin (CC) and karyorrhectic (KR) cells (biomarkers of early and late apoptosis-programmed cell death), pyknotic (PK) and karyolitic (KL) cells (biomarkers of early and late necrosis). All these parameters were classified according to Bolognesi and Fenech [25] and Holland et al. [27]. Results were later expressed as the frequency per 1000 BN cells. Slides were also coded before scoring to avoid bias. The analysis was performed using microscope Axiostar Zeiss (Oberkochen, Germany), by an experienced scorer.





2.4. Statistical Analysis


Descriptive statistics (mean, standard deviation, standard error), Chi square with Yate’s correction and Mann–Whitney tests were used to compare the data of sociodemographic characteristics. Differences in tail length, tail intensity, tail moment, Olive tail moment; micronucleus and micronucleus abnormalities, in both assays, as well as blood/serum AChE/BChE activity differences, and differences in confounding factors were determined using Mann–Whitney test, this was performed in GraphPad Prism version 6.0 software.



Multiple linear regression analysis was used to evaluate the effect of independent variables (sex, age, BMI, working period in years, protection level, smoking habit (cigarette units by day), alcohol consumption (events by week), medication, on assay parameters as dependent variables (comet assay, micronucleus, binucleated, pyknotic, karyolitic, nuclear buds, condensed chromatin) each model was selected by the stepwise method, to demonstrate the best predictors (independent variables) for dependent variables, analysis was performed with Minitab-19, significance level was p < 0.05.





3. Results


3.1. Sociodemographic Characteristics of the Study Groups


Table 1 shows demographic characteristics of the populations studied (exposed and non-exposed group). The exposed group included 54 agricultural workers, aged between 18 and 71 years (mean age ± standard deviation (SD), 36.09 ± 1.60). The non-exposed group consisted of 26 subjects, between 19 and 72 years of age (37.62 ± 3.10), with no known exposure to genotoxic agents.



The distribution of age (U = 582.2, p = 0.642) and BMI by gender (female U = 13, P0.185; male U = 125.0, 0.177) was very similar in both groups. Most agricultural workers in Jacona-Zamora, Michoacan in Mexico were males (96%). We could not match the groups according to the gender, smoking habit nor alcohol consumption, due to the reasons already stated, moreover, the proportional frequency to smoking habit (smoking or no smoking) were not different between exposed and non-exposed group (χ2 = 1.575, g.l. = 1, p = 0.209). For alcohol consumption, exposed group was different in the distribution of frequency since more than half of the individuals reported alcohol intake, and in non-exposed there was only one reporting participant (χ2 = 15.17, g.l. = 1, p < 0.0001).



According to the face-to-face questionnaire applied, most pesticide sprayers (87%) described the use of protection (facemask, gloves, overalls, etc.); to avoid direct exposure to complex mixture of used pesticides through inhalation route, or in a contact with skin or eyes.



Table 2 presents the list of the pesticides mostly used among the examined workers. These pesticides are classified from slightly to highly hazardous according to the World Health Organization (WHO) [28], Environmental Protection Agency (USEPA) [29], and International Agency for Research on Cancer (IARC) [30]. Five of the pesticides used by workers in our study have been classified by IARC like probably carcinogenic to humans (Group 2A) (diazinon, malathion, and aldrin metabolite), parathion was classified like possibly carcinogenic to humans (Group 2B), and dicofol was not classifiable as to its carcinogenicity to humans (Group 3). However, WHO classifies these pesticides as extremely hazardous (parathion), highly dangerous (gusathion, tamaron, furadan, lannate, vydate, and baytroid), moderately hazardous (diazinon, dimethoate, lorsban, orthene, dicofol, endosulfan, karate, talstar, and paraquat) and slightly hazardous (malathion). Workers were usually exposed to a complex mixture of pesticides, represented mostly by insecticides, herbicides, and fungicides, principally organophosphates (47%), carbamates (21%), organochlorines (16%) and pyrethoids (16%).




3.2. Cholinesterases Activity


The AChE erythrocytes (blood) average activity was for 14% higher from the control and significant from the non-exposed group (4.59 ± 1.23 U/mL, range from 2.04 U/mL to 7.11 U/mL vs. 3.83 ± 1.34 U/mL, range from 1.4 U/mL to 5.87 U/mL, p < 0.01) (Table 3).



The AChE serum average activity was also significantly higher when compared to the non-exposed group (49.55 ± 14.68 U/mL, range from 15.55 U/mL to 79.84 U/mL vs. 37.62 ± 12.22 U/mL, range from 20.18 U/mL to 69.07 U/mL, p < 0.01) (Table 3).



Similarly, BChE serum average activity was significantly higher in the exposed group (289.80 ± 73.57 vs. 217.93 ± 76.37 U/mL, p < 0.003), in a range from 97.78 U/mL to 428.60 U/mL vs. the control range from 97.78 U/mL to 380.40 U/mL (Table 3).




3.3. Cytogenetic Damage


3.3.1. Comet Assay


The primary DNA damage results are shown in the Table 4. All the examined parameters, tail length, tail intensity, tail moment and Olive tail moment were significantly increased (p < 0.0001) in the exposed group (78.80 ± 3.77 µm, 22.40 ± 1.48%, 6.34 ± 0.76 and 16.29 ± 1.49) when compared to the control group (55.62 ± 2.72 µm, 9.21 ± 0.80%, 1.89 ± 0.24 and 5.69 ± 0.64), clearly demonstrating higher levels of primary DNA damage in the pesticide-exposed subjects, and confirming also recent exposure to the pesticides. We should mention that control group had tail intensity values in the range of the values for a healthy control (up to 11% of tail intensity or arbitrary units of DNA damage is allowed in healthy control, our value was 9.21 ± 0.80%, mean ± standard deviation) [31]. When pesticide workers were divided into two groups based on gender, age (<35 and ≥ 35 years), smoking, and drinking habit, PPE, and duration of work (<6 and ≥ 6 years), no significant differences in the comet parameters between different groups of variable tested were found (p > 0.05). However, interestingly, when DNA damage was compared between workers with normal BMI against workers with different degrees of obesity, the latter presented a statistically significant higher tail moment and tail intensity (p = 0.006), data not shown. This condition was confirmed with a linear regression model adjusted, and the only one independent variable that explains variation in tail moment was BMI (b = 0.3161 ± 0.156, p = 0.049).




3.3.2. Cytokinesis-Block MN Assay (L-CBMNcyt)


In L-CBMNcyt assay in peripheral blood lymphocytes, it was also observed that exposure to pesticides significantly increased the MN frequency as compared to the controls. A mean number of MN per 1000 BN cells was 7.53 ± 0.81 in the exposed workers and 2.68 ± 0.95 in the control group (p < 0.001) (Table 4), with 2.88 times higher values in the exposed group. No significant difference in the micronucleus frequencies was found when exposed group was divided in two groups by gender, age (< 35 and >35), BMI, smoking, and drinking habit, duration of work (<6 and ≥6 years), and PPE. In these cases, none of the variables had statistically significant influence on the values of micronucleus frequency.




3.3.3. Buccal MN Cytome Assays


The buccal mucosa cytome assay was the other genotoxicity assay used to evaluate the risk from the exposure to pesticides in agricultural workers and the results are presented in Table 4. In addition to MN, scoring of cells for other nuclear anomalies such as binucleated and condensed chromatin cells, karyorrhexis, pyknosis and karyolysis was also performed. The MN frequencies expressed per 1000 oral mucosa cells were 0.78 ± 0.20 and 0.269 ± 0.072, in the exposed and control groups, respectively, with significant statistical difference (p = 0.021). Interestingly, just as in the L-CBMNcyt assay, exposed group had again 2.88 times higher micronucleus values than in the control group. In the same way, the differences in the mean frequency in nuclear abnormalities were statistically significant in the workers exposed to pesticides vs. controls, (p ≤ 0.001) (nuclear buds (1.76 ± 0.19 vs. 0.57 ± 0.15), binucleated cells (8.75 ± 0.93 vs. 3.71 ± 0.41), cells with condensed chromatin (9.66 ± 1.00 vs. 2.25 ± 0.35), karyorrhexis (1.07 ± 0.15 vs. 0.038 ± 0.028), pyknosis (3.86 ± 0.63 vs. 1.24 ± 0.36), and karyolysis (2.45 ± 0.30 vs. 0.96 ± 0.22)). The results clearly demonstrated that exposure caused changes in cytokinesis, and lead to increased number of cells going to necrosis, but mostly in the early apoptosis. Associated sociodemographic variables explained variation of some parameters of these assays. Micronucleus frequencies was influenced by explicative variable “medication use” in the model, exposed participants who ingested medications were more likely to have this type of harm when exposed to pesticides (b = 0.993 ± 0.446, p = 0.031). In nuclear abnormalities in epithelial cells of the oral mucosa, variation in binucleated cells was influenced by age (b = 0.1741 ± 0.0897, p = 0.059), working period in years (b = −2.024 ± 0.84, p = 0.02 and medication (b = 4.16 ± 1.99, p = 0.042) in the model. Older participants, with the longest working years period and who reported taking medications had a greater probability of abnormality. In the same way, karyorrhexis was influenced on the explicative variable gender (male) (b = 1.434 ± 0.547, p = 0.012) and alcohol consumption (b = −0.1689 ± 0.0512, p = 0.002).






4. Discussion


Although there are cytogenetic biomonitoring studies performed in many different countries, and even though Mexico is a country with great agricultural activity with 8 million individuals dedicated to agricultural activity according to the results from 2015 [32], there are only few studies in this occupational setting in Mexico with controversial results. There are also no reports from Zamora-Jacona, Michoacan, although that region is one of the most important agricultural regions in Mexico, characteristic by the numerous species of different mites and botrytis, and therefore, by the simultaneous and increasing use of different pesticides. Since most of the pesticides used in this part of Mexico belong to organophosphate and carbamates that can influence the levels of cholinesterase in blood, the assessment levels of both type of cholinesterase (AChE and BChE) can give us an input on chronic or acute level exposure. With the fear of invasive blood technique as one of the reasons for the small number of workers in agricultural biomonitoring studies, there is a need to replace these methods with the less invasive ones, such as the buccal epithelial sampling.



Our objective was a determination of a classical biological indicator, the cholinesterases activities and additionally—cytogenetic damage, evaluated with comet assay, L-CBMNcyt test, and buccal MN cytome assay, in workers occupationally exposed to a mixture of pesticides and their controls living in the same region. In our study, we had 80 participants, among them 54 exposed workers. Although the exposure group was of the middle size, Bernieri et al. [20] already demonstrated that although small sample sizes can weaken a study, by making potential effects more difficult to detect, it does not undermine the validity of the observed significant differences [20]. This information was very crucial for us since we demonstrated that all DNA damage parameters were significantly elevated in the exposed group and that age, smoking, drinking period or even working period in years (from 1 to 10 years, mean value around 6 years) did not influence on the significance of the results.



Since workers were usually exposed to a complex mixture of pesticides, it was also crucial to determine the type of the pesticide and the group they belong to, to discover whether that fact will have an impact on our results and on the results of other biomarkers used in the study. Pesticide exposure was mostly represented by insecticides, herbicides, and fungicides, principally organophosphates (47%), carbamates (21%), organochlorines (16%) and pyrethoids (16%). First, two types to whom workers were mostly exposed, organophosphates and carbamates, can inhibit the level of cholinesterases in blood or in serum [33], and among the workers in our study the highest percentage of pesticides used by agricultural workers belong to these groups (70%). In our study, we did not find lower values of AChE and BChE in blood nor in serum of exposed workers. Our findings demonstrate that our workers were not recently exposed to the inhibitors of cholinesterase activity (according to the levels of BChE activity that has a period from the exposure after which it recovers from the inhibition) or that they were not exposed to these type of pesticide inhibitors in elevated levels (AChE and BChE activity). It could be also that occupational exposure to pesticides among farmers was not high enough to inhibit cholinesterases, or that non-farmers might be exposed to pesticides from the environment (our controls were living in the same area as the farmers and could be indirectly exposed to pesticides). Since the use of PPE can influence on the negative association between AChE and BChE activities depletion and pesticide exposure [34], the use of protective measurements among most of the workers as in the study of Taghavian et al. [35] has certainly influenced the results. Although we could not compare the acetylcholinesterase levels with other studies due to different measurement units and types, we have found many articles that confirmed our results such as the work of Krieger and Dinoff [36], or articles that demonstrated even unchanged or nonsignificant changes in the exposed and control group [37,38], even though various studies have demonstrated the inhibitory effect of organophosphate and carbamate pesticides on cholinesterase activities. At the end, previous results from other colleagues in our group demonstrated that determination of AChE activity does not need to provide reliable evidence for exposure and that the use of other test or biomarkers to detect effects of long-term exposure to pesticides should be recommended [15]. It seems that determination of cholinesterase inhibition is useful in acute poisoning case monitoring or high-levels exposure [15], but is not predictive in chronic or delayed effects such as the assessment of DNA damage, that can be also a consequence of the elevated levels of reactive oxygen species or reactive nitrogen species connected with the pesticide exposure [39,40]. As a confirmation of these conclusions are the results of other authors who demonstrated elevated levels of DNA damage in unchanged AChE and BChE levels after exposure (for example in sisters’ chromatid exchange assay [41], or no correlation between exposure time and DNA damage and cholinesterase activity [20]).



The most used methods for DNA damage biomonitoring in human peripheral blood to study effects of environmental or occupational exposure to (putative) carcinogens are comet and micronucleus assay [42], and they have been also used to determine the extent of DNA damage in workers with occupational exposure to pesticides. Although very difficult to attribute the effects found to any product, it has been demonstrated that occupational exposure to the pesticide mixtures induce increase in DNA damage levels in both type of the assay [17,18,43,44,45,46,47,48,49,50]. Most of the pesticides to which farmers are exposed, such as organophosphates, organochlorines, carbamates and pyrethroids, have been found capable of generating oxidative stress, as one of the main causes of DNA damage [49].



In our study, all four parameters of primary DNA damage in comet assay had significantly elevated levels of DNA damage compared to the control group, with the following ratios: tail moment (3.35 times higher), Olive tail moment (2.86 times higher), tail intensity (2.43 times higher) and tail length (1.42 times higher than control values).



The results implicate that although acetylcholinesterase measurements did not demonstrate satisfying results (no inhibition in the exposed group), the comet assay method was sensitive enough to detect DNA damage, even when the pesticides were used in their regular concentrations and the exposure of the workers was not extremely high. Nonetheless, this also demonstrated how important the pesticide risk assessment is even when there is a low dose exposure, no matter of the working period in years (in our case from 1 to 10-year, mean value 6 years), and that pesticides can cause genomic instability, first seen on the primary, repairable level.



Furthermore, it is important that we demonstrated that MN frequency in lymphocytes (representing systemic DNA damage due to the lymphocyte circulation through the body) and in buccal epithelial cells (as the first level of exposure after inhalation or ingestion of pesticide) has the same ratio (2.88) between spontaneous micronucleus frequency level found in control group and the exposed group, since it is the manifest that one invasive blood method could be complemented or even replaced with certainty with one noninvasive method in buccal samples. Although the numbers from two assays that are measuring permanent DNA damage cannot be compared (but the ratios can), this is an interesting observation that confirms our earlier findings on the correlation curve between MN found in lymphocytes and in the buccal cells [51,52]. Although according to our previous results on the spontaneous frequency of buccal MN (from 0.32 to 1.70 on 1000 differentiated cells), one could argue that exposed workers still have normal values for MN buccal frequency, significantly higher values from the control in both assays gives us the right to say that these results do have a real value. It is also interesting to mention that repair mechanisms are not active in buccal cells, meaning that the initial damage will not be lost in one part during the repair process (the process that can happen in L-CBMNcyt), and the fact that the ratio is the same, means that type of DNA damage in lymphocyte is also permanent and not lost during repair. These facts only prove that in the risk assessment, L-CBMNcyt could be complemented or even replaced with noninvasive method, which would certainly attract more volunteers who are usually afraid of invasive techniques. In other studies, the ratio between MN lymphocytes in exposed and control group ranged from 1.12–15.8 [53]. Since our control group was from the same region, our 2.88 ratio in both assays, in range as in other studies, demonstrates that there is a genotoxic risk present among agricultural workers even when they are using the protective equipment (87% in our study). Significantly higher level of genomic instability in agricultural workers was seen in the frequency of nuclear buds or so-called broken eggs and in the frequency of binucleated cells. Significantly elevated levels of nuclear buds and broken eggs are considered as a biomarker for amplified DNA and/or DNA repair complexes elimination and can play an important role in tumor progression [49,54].



Significantly elevated levels of binucleated cells, as a biomarker cell proliferation of alterations, demonstrated that genomic instability [49] is already permanent (implemented) on the basal cells level, where cells are becoming epithelial, after their last division before becoming differentiated. It has been suggested that binucleated cells are the first step before the cell becomes higher-ploidic, rather than aneuploid as suggested before, and ploidy could play a role in the malignant transformation of a given cell population [55]. It seems that in cytokinesis checkpoint for aneuploidic binucleated cells, non-disjunction occurs with a higher frequency in binucleated cells that fail to complete cytokinesis rather than in cells that have completed cytokinesis, yielding rather tetraploid and not aneuplodic cells [56]. Since most of the tumors and cancers are of epithelial origin and since buccal mucosa is the site for oral cancer, this demonstration of elevated levels of genomic instability is a cause for concern for genotoxic and cancer risk assessment [57]. This fact has been also confirmed among people with Down syndrome, who also (as in our study) demonstrated changes in cells with condensed chromatin, karyorrhectic cells, karyolitic and pyknotic cells [58].



Buccal micronucleus parameters demonstrated significantly elevated levels of cells in necrotic and apoptotic phase, and most of them in the exposed group were in the phase of early apoptosis, confirmed with the frequency of the cells with condensed chromatin. Apoptosis, or programmed cell death, is usually activated when the genomic instability is too high for the cell to bear the damage and when the organism wants to eliminate this type of cells rapidly.



We have compared our results with existing studies that used the same biological indicators in humans to assess the exposure and the risk to pesticides, but their number is very small, although there is a great potential in combining and analyzing these specific biomarkers. Different design of the studies, including small number of participants in the studies, makes it even difficult to compare the results from those studies. Beside the small participants number, there are differences in the geographic and meteorological characteristics of the agricultural areas and countries directly affecting the agricultural workers exposure and influencing the results due to exposure level differences, differences in the used pesticides types and differences in the used pesticides frequencies and even in the duration of the exposure, referring to the hours per day and years of working with the pesticides and also to the use of protection equipment [59].



Garaj-Vrhovac and Želježić [60], showed a good agreement between micronucleus, chromosomal aberrations, sister chromatid exchanges and comet assays, in a cytogenetic monitoring of a population occupationally exposed to a complex mixture of pesticides, like Da Silva et al. [18] and Jonnalagadda et al. [61], with micronucleus and comet assay. On the other hand, disagreement results were found by Želježić et al. [15], Pasquini et al. [62], and Joksić et al. [63], who showed increases in the micronucleus frequency and negative results with sister chromatid exchanges or DNA damage detected with comet assay.



The above reflects that different parameters are being evaluated, product of chronic or recent exposures [12] points to the important differences between the three tests, and supports the idea that these assays should be used simultaneously as complementary methods for genotoxicity assessment [64].



Although not shown in the results, an interesting observation was the connection between BMI index and DNA damage found in this study. According to the multiple linear regression models (in which it is detected that independent variables have a great effect on the variation of a dependent one) it was found that for the tail moment in the comet assay the only independent variable that contributes to its variability is the BMI (b = 0.3161 ± 0.156, p = 0.049). Arévalo-Jaramillo et al. [38], in their study over biochemical and genotoxic effects in women exposed to pesticides in Southern Ecuador, observed that the population with highest rate of obesity also exhibited greater genotoxic effects. Our findings could be a consequence of the ability of some pesticides to accumulate in fatty tissue [65], thus overweight or obesity may be a factor that can increase the risk of intoxication from pesticides and the level of oxidative stress that causative can also influence on the level of DNA damage [66].



Connections between obesity, body mass index, waist circumference and higher DNA damage have been reported in many studies, and some of them in vivo and on humans that are connected with the comet assay, micronucleus (buccal and lymphocytes assay) and other DNA damaging assessment assays can be found in the review of Setayesh et al. [67]. There are reports that broad range of DNA lesions such as double strand breaks (DSB), single strand breaks (SSB) or oxidized bases can be even about two-times higher. BMI linked always with obesity is connected with chronic energy overload resulting in enhanced ROS production and inflammation. Chronic inflammation is strongly associated with the formation of DNA lesions, which can be usually changed with the decrease after caloric reduction diet. Increased body weight is connected with disturbances in DNA damage response pathway, there is an inverse association between BMI and nucleotide excision repair (NER) capacity, and obesity and therefore BMI can alter the repair of DSBs induced by genotoxic agents. Obesity-associated enhanced ROS production can modulate the DNA damage response, change expression of genes involved in DNA repair, inhibit DNA repair enzymes, and alter gene expression related to response to stress and toxic agents.



Although there are studies reporting that with the use of protective equipment, there is no increase in DNA damage from the pesticides exposure [68,69,70], we would hardly believe that 87% of participants in our study have lied to wear the protective equipment, and we do not accept that misuse or not wearing PPM and lying about that would explain significantly elevated levels of DNA damage in all three test systems applied, and in the same time not to have also inhibition in acetylcholinesterase levels. Carbajal-López et al. [44] as in our study also demonstrated that exposure did not demonstrate correlation with DNA damage found in comet assay nor in micronucleus assay in buccal cells in Mexican agricultural workers from Guerrero. In our study, neither smoking, drinking habits, gender, age, nor antiquity did no affect the results for DNA damage when compared in single linear model, but included in multiple linear models, there was an effect of BMI, age, antiquity, medication, sex and alcohol consumption, with the results suggesting that karyorrhexis model was the more explicative (R2 value 28%), and the low values of R2 for other models indicates that the influence of independent variables was low and must be carefully considered. In addition, the study of Carbajal-López et al. [44] demonstrated the same, signifying that confounding factors should always be consider when performing a genotoxic evaluation, but with cautions with the results interpretation, since the potential influence of the confounding factors (smoking, drinking or dietary habits, including even the weight) on the DNA damage caused by pesticides is still under investigation and is quite difficult to be accurately determined [43,71]. The biomonitoring of pesticide effects in agricultural workers is therefore complicated, but critical for their protection, elucidating the risk associated with exposure to specific compounds or complex mixtures, as well as pesticide-related occupations or specific cultivation practices but also in assessment of acute or chronic exposure levels [12].



We would expect that age would correlate with the level of DNA damage as in our other studies [72], but the lack of correlation is certainly connected with the small group of participants and the fact that mean value of age was less than 40 years. Therefore, the use of noninvasive methods such as buccal sampling, on which also micronucleus assay and comet assay could be performed [44] would for sure attract more individuals for sampling, and therefore statistical power of the future studies would be much stronger with more age group representatives.




5. Conclusions


The combined use of biochemical and cytogenetic techniques can be useful to assess the risk of pesticide exposure.



Human chronic exposure to pesticide mixtures may result in increased DNA damage in the absence of alteration in the levels of acetylcholinesterase activity, suggesting a steeper dose response relationship for genotoxicity. Buccal sampling has been again confirmed as the valuable noninvasive method and replacement biomarker for the blood sampling genotoxic techniques.



The outcome of the study revealed a relation between pesticide exposure and increase in the level of DNA damage measured by comet assay and MN test. The last has been associated to the risk of cancer. Thus, a higher level of genetic damage may imply consequently higher risk of cancer and other non-communicable diseases.



Initiation of awareness campaigns and training to educate them with the use of PPE, effective personal hygiene and post exposure cleanliness would minimize the deleterious effects of pesticide exposure.







Author Contributions


Conceptualization, R.V.-Q., M.M., S.B., M.A.O.-O., J.L.G.-O. and J.S.-A.; formal analysis, G.A.P.-F. and J.L.G.-O.; funding acquisition, R.V.-Q.; investigation, R.M.L.-D., M.A.O.-O., J.L.G.-O. and J.S.-A.; methodology, R.M.L.-D., M.A.O.-O., M.O.U.-A., G.A.P.-F., J.L.G.-O. and J.S.-A.; resources, R.V.-Q., M.A.O.-O. and M.O.U.-A.; validation, R.V.-Q., G.A.P.-F., J.L.G.-O. and J.S.-A.; visualization, R.V.-Q. and M.M.; writing—original draft, R.V.-Q., M.M. and J.S.-A.; writing—review and editing, R.V.-Q., M.M., S.B. and J.L.G.-O. All authors have read and agreed to the published version of the manuscript.




Funding


Support from National Council of Science and Technology (CONACyT) through of FORDECYT-PRONACES, formerly FOINS-CONACyT (project title: biomarkers of genetic damage and health risk due to the use of pesticides in food production), with key FORDECYT-PRONACES, FOINS 2016-01 3203.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the State Research Ethics Committee of the Tlaxcala State Bioethics Commission approved the study with the registration number CI-CEI-01/2018.




Informed Consent Statement


At the beginning of the study, before samples collection, all participants were informed about the objectives and the experimental details of the study, signed an informed consent form. The study was conducted according to the guidelines of the Declaration of Helsinki.




Acknowledgments


The authors acknowledge support from National Council of Science and Technology (CONACyT) through of FORDECYT-PRONACES, formerly FOINS-CONACyT (project title: biomarkers of genetic damage and health risk due to the use of pesticides in food production), with key FORDECYT-PRONACES, FOINS 2016-01 3203. We would also like to thank to Makso Herman for the help with English editing of the manuscript.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Zamora-Torres, A.I.; Riveros-Figueroa, E. Estudio de la región michoacana de Zamora como polo de competitividad internacional agrícola. Clío América 2016, 10, 139–159. [Google Scholar] [CrossRef]

	



SIAP. Servicio de Información Agroalimentaria y Pesquera: Anuario Estadístico de la Producción Agrícola. 2019. Available online: http://infosiap.siap.gob.mx/aagricola_siap_gb/icultivo/index.jsp (accessed on 20 April 2019).

	



Álvarez-Medina, A.; Silva-Rojas, H.V.; Leyva-Mir, S.G.; Marbán-Mendoza, N.; Rebollar-Alviter, Á. Resistance of Botrytis cinerea from strawberry (Fragaria x ananassa Duch.) to fungicides in Michoacan Mexico. Agrociencia 2017, 51, 783–798. [Google Scholar]

	



Valerio-Salgado, A.; Ayala-Ortega, J.J.; Ramos-Lima, M.; Lara-Chávez, M.B.N.; Aguirre-Paleo, S.; Vargas-Sandoval, M. Ácaros asociados al cultivo de fresa (Fraggaria ssp.) en cinco municipios de Michoacán. Entomol. Mex. 2019, 6, 55–61. [Google Scholar]

	



Hernández, A.F.; Parrón, T.; Tsatsakis, A.M.; Requena, M.; Alarcón, R.; López-Guarnido, O. Toxic effects of pesticide mixtures at a molecular level: Their relevance to human health. Toxicology 2013, 307, 136–145. [Google Scholar] [CrossRef]

	



Marcelino, A.F.; Wachtel, C.C.; Ghisi, N.C. Are our farm workers in danger? Genetic damage in farmers exposed to pesticides. Int. J. Environ. Res. Public Health 2019, 16, 358. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.; Kabir, E.; Jahan, S.A. Exposure to pesticides and the associated human health effects. Sci. Total Environ. 2017, 575, 525–535. [Google Scholar] [CrossRef] [PubMed]

	



Ogut, S. Genotoxic effects of pesticides. J. Environ. Prot. Ecol. 2019, 20, 224–229. [Google Scholar]

	



Bolognesi, C. Genotoxicity of pesticides: A review of human biomonitoring studies. Mutat. Res. Rev. Mutat. Res. 2003, 543, 251–272. [Google Scholar] [CrossRef]

	



Bull, S.; Fletcher, K.; Boobis, A.R.; Battersill, J.M. Evidence for genotoxicity of pesticides in pesticide applicators: A review. Mutagenesis 2006, 21, 93–103. [Google Scholar] [CrossRef]

	



Bolognesi, C.; Creus, A.; Ostrosky-Wegman, P.; Marcos, R. Micronuclei and pesticide exposure. Mutagenesis 2011, 26, 19–26. [Google Scholar] [CrossRef]

	



Bolognesi, C.; Holland, N. The use of the lymphocyte cytokinesis-block micronucleus assay for monitoring pesticide-exposed populations. Mutat. Res. Rev. Mutat. Res. 2016, 770, 183–203. [Google Scholar] [CrossRef] [PubMed]

	



Paz-y-Miño, C.; Bustamante, G.; Sánchez, M.E.; Leone, P.E. Cytogenetic monitoring in a population occupationally exposed to pesticides in Ecuador. Environ. Health Perspect. 2002, 110, 1077–1080. [Google Scholar] [CrossRef]

	



Naravaneni, R.; Jamil, K. Determination of AChE levels and genotoxic effects in farmers occupationally exposed to pesticides. Hum. Exp. Toxicol. 2007, 26, 723–731. [Google Scholar] [CrossRef]

	



Želježić, D.; Vrdoljak, A.L.; Radić, B.; Fuchs, N.; Berend, S.; Oreščanin, V.; Kopjar, N. Comparative evaluation of acetylcholinesterase status and genome damage in blood cells of industrial workers exposed to carbofuran. Food Chem. Toxicol. 2007, 45, 2488–2498. [Google Scholar] [CrossRef] [PubMed]

	



Ali, T.; Bhalli, J.A.; Rana, S.M.; Khan, Q.M. Cytogenetic damage in female Pakistani agricultural workers exposed to pesticides. Environ. Mol. Mutagen. 2008, 49, 374–380. [Google Scholar] [CrossRef]

	



Simoniello, M.F.; Kleinsorge, E.C.; Carballo, M.A. Evaluación bioquímica de trabajadores rurales expuestos a pesticidas [Biochemical evaluation on rural workers exposed to pesticides]. Medicina 2010, 70, 489–498. (In Spanish) [Google Scholar] [PubMed]

	



Da Silva, F.R.; Kvitko, K.; Rohr, P.; Abreu, M.B.; Thiesen, F.V.; Da Silva, J. Genotoxic assessment in tobacco farmers at different crop times. Sci. Total Environ. 2014, 490, 334–341. [Google Scholar] [CrossRef]

	



Dhananjayan, V.; Ravichandran, B.; Panjakumar, K.; Kalaiselvi, K.; Kausic, R.; Mala, A.; Avinash, G.; Shridhar, K.; Manju, A.; Rajesh, W. Assessment of genotoxicity and cholinesterase activity among women workers occupationally exposed to pesticides in tea garden. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 841, 1–7. [Google Scholar] [CrossRef]

	



Bernieri, T.; Moraes, M.F.; Ardenghi, P.G.; Basso da Silva, L. Assessment of DNA damage and cholinesterase activity in soybean farmers in southern Brazil: High versus low pesticide exposure. J. Environ. Sci. Health Part B 2020, 55, 355–360. [Google Scholar] [CrossRef]

	



Massoulié, J.; Pezzementi, L.; Bon, S.; Krejci, E.; Vallette, F.M. Molecular and cellular biology of cholinesterases. Prog. Neurobiol. 1993, 41, 31–91. [Google Scholar] [CrossRef]

	



Ellman, G.L.; Courtney, K.D.; Andres, V. A new and rapid colorimetric determination of acetylcholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [Google Scholar] [CrossRef]

	



Speit, G.; Hartmann, A. The comet assay: A sensitive genotoxicity test for the detection of DNA damage and repair. Methods Mol. Biol. 2006, 314, 275–286. [Google Scholar] [CrossRef]

	



Møller, P.; Azqueta, A.; Boutet-Robinet, E.; Koppen, G.; Bonassi, S.; Milić, M.; Gajski, G.; Costa, S.; Teixeira, J.P.; Costa Pereira, C.; et al. Minimum Information for Reporting on the Comet Assay (MIRCA): Recommendations for describing comet assay procedures and results. Nat. Protoc. 2020, 15, 3817–3826. [Google Scholar] [CrossRef]

	



Bolognesi, C.; Fenech, M. Micronucleus Cytome Assays in Human Lymphocytes and Buccal Cells. Methods Mol. Biol. 2019, 2031, 147–163. [Google Scholar] [CrossRef]

	



Thomas, P.; Holland, N.; Bolognesi, C.; Kirsch-Volders, M.; Bonassi, S.; Zieger, E.; Knasmueller, S.; Fenech, M. Buccal micronucleus cytome assay. Nat. Protoc. 2009, 4, 825–837. [Google Scholar] [CrossRef]

	



Holland, N.; Bolognesi, C.; Kirsch-Volders, M.; Bonassi, S.; Zeiger, E.; Knasmueller, S.; Fenech, M. The micronucleus in human buccal cells as a tool for biomonitoring DNA damage: The HUMN project perspective on current status and knowledge gaps. Mutat. Res. 2008, 659, 93–108. [Google Scholar] [CrossRef] [PubMed]

	



WHO. The WHO Recommended Classification of Pesticides by Hazard and Guidelines to Classification 2019; World Health Organization: Geneva, Switzerland, 2020; Available online: https://apps.who.int/iris/bitstream/handle/10665/332193/9789240005662-eng.pdf?ua=1 (accessed on 6 April 2021).

	



USEPA. Chemicals Evaluated for Carcinogenic Potential Office of Pesticide Programs; Anual Cáncer Report; U.S. Environmental Protection Agency: Washington, DC, USA, 2018; p. 44. Available online: http://npic.orst.edu/chemicals_evaluated.pdf (accessed on 6 April 2021).

	



IARC. IARC Monographs on the Identification of Carcinogenic Hazards to Humans, Agents Classifed by the IARC Monographs; IARC: Geneva, Switzerland, 2020; Volume 1–125, Available online: https://monographs.iarc.fr/agents-classified-by-the-iarc/ (accessed on 6 April 2021).

	



Møller, P. Assessment of reference values for DNA damage detected by the Comet assay in human blood cell DNA. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2006, 612, 84–104. [Google Scholar] [CrossRef] [PubMed]

	



AMIFAC. Asociación Mexicana de la Industria Fitosanitaria A.C., México. 2015. Available online: http://amifac.org.mx/nosotros.html (accessed on 6 April 2021).

	



Strelitz, J.; Engel, L.S.; Keifer, M.C. Blood acetylcholinesterase and butyrylcholinesterase as biomarkers of cholinesterase depression among pesticide handlers. Occup. Environ. Med. 2014, 71, 842–847. [Google Scholar] [CrossRef]

	



Perumalla Venkata, R.; Rahman, M.F.; Mahboob, M.; Indu Kumari, S.; Chinde, S.M.B.; Dumala, N.; Grover, P. Assessment of genotoxicity in female agricultural workers exposed to pesticides. Biomarkers 2017, 22, 446–454. [Google Scholar] [CrossRef] [PubMed]

	



Taghavian, F.; Vaezi, G.; Abdollahi, M.; Malekirad, A.A. Comparative toxicological study between exposed and non-exposed farmers to organophosphorus pesticides. Cell J. 2016, 18, 89–96. [Google Scholar] [CrossRef]

	



Krieger, R.I.; Dinoff, T.M. Malathion deposition, metabolite clearance, and cholinesterase status of date dusters and harvesters in California. Arch. Environ. Contam. Toxicol. 2000, 38, 546–553. [Google Scholar] [CrossRef] [PubMed]

	



Hongsibsong, S.; Sittitoon, N.; Sapbamrer, R. Association of health symptoms with low-level exposure to organophosphates, DNA damage, AChE activity, and occupational knowledge and practice among rice, corn, and double-crop farmers. J. Occup. Health 2017, 59, 165–176. [Google Scholar] [CrossRef] [PubMed]

	



Arévalo-Jaramillo, P.; Idrobo, A.; Salcedo, L.; Cabrera, A.; Vintimilla, A.; Carrión, M.; Bailon-Moscoso, N. Biochemical and genotoxic effects in women exposed to pesticides in Southern Ecuador. Environ. Sci. Pollut. Res. 2019, 26, 24911–24921. [Google Scholar] [CrossRef]

	



Milatovic, D.; Gupta, R.C.; Aschner, M. Anticholinesterase toxicity and oxidative stress. Sci. World J. 2006, 6, 295–310. [Google Scholar] [CrossRef] [PubMed]

	



Hilgert Jacobsen-Pereira, C.; Dos Santos, C.R.; TroinaMaraslis, F.; Pimentel, L.; Feijó, A.J.L.; Iomara Silva, C.; de Medeiros, G.D.S.; Costa Zeferino, R.; CuriPedrosa, R.; Weidner Maluf, S. Markers of genotoxicity and oxidative stress in farmers exposed to pesticides. Ecotoxicol. Environ. Saf. 2018, 148, 177–183. [Google Scholar] [CrossRef]

	



Hatjian, B.A.; Mutch, E.; Williams, F.M.; Blain, P.G.; Edwards, J.W. Cytogenetic response without changes in peripheral cholinesterase enzymes following exposure to a sheep dip containing diazinon in vivo and in vitro. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2000, 472, 85–92. [Google Scholar] [CrossRef]

	



Cavallo, D.; Ursini, C.L.; Rondinone, B.; Iavicoli, S. Evaluation of a suitable DNA damage biomarker for human biomonitoring of exposed workers. Environ. Mol. Mutag. 2009, 50, 781–790. [Google Scholar] [CrossRef]

	



Aiassa, D.E.; Manas, F.J.; Gentile, N.E.; Bosch, B.; Salinero, M.C.; Gorla, N.B.M. Evaluation of genetic damage in pesticides applicators from the Province of Cordoba. Environ. Sci. Pollut. Res. 2019, 26, 20981–20988. [Google Scholar] [CrossRef]

	



Carbajal-López, Y.; Gómez-Arroyo, S.; Villalobos-Pietrini, R.; Calderón-Segura, M.E.; Martínez-Arroyo, A. Biomonitoring of agricultural workers exposed to pesticide mixtures in Guerrero State, Mexico, with comet assay and micronucleus test. Environ. Sci. Pollut. Res. 2016, 23, 2513–2520. [Google Scholar] [CrossRef] [PubMed]

	



Cayir, A.; Coskun, M.; Coskun, M.; Cobanoglu, H. Comet assay for assessment of DNA damage in greenhouse workers exposed to pesticides. Biomarkers 2019, 24, 592–599. [Google Scholar] [CrossRef] [PubMed]

	



Dutta, S.; Bahadur, M. Comet assay genotoxicity evaluation of occupationally exposed tea-garden workers in Northern West Bengal, India. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 844, 1–9. [Google Scholar] [CrossRef]

	



Zepeda-Arce, R.; Rojas-García, A.E.; Benitez-Trinidad, A.; Herrera-Moreno, F.; Medina-Díaz, I.M.; Barron-Vivanco, B.S.; Villegas, G.P.; Hernández-Ochoa, I.; Heredia, M.J.S.; Bernal-Hernández, Y.Y. Oxidative stress and genetic damage among workers exposed primarily to organophosphate and pyrethroid pesticides. Environ. Toxicol. 2017, 32, 1754–1764. [Google Scholar] [CrossRef]

	



Simoniello, M.F.; Kleinsorge, E.C.; Scagnetti, J.A.; Mastandrea, C.; Grigolato, R.A.; Paonessa, A.M.; Carballo, M.A. Biomarkers of cellular reaction to pesticide exposure in a rural population. Biomarkers 2010, 15, 52–60. [Google Scholar] [CrossRef]

	



Benedetti, D.; Nunes, E.; Sarmento, M.; Porto, C.; Santos, C.E.I.; Dias, J.F.; Silva, J. Genetic damage in soybean workers exposed to pesticides: Evaluation with the comet and buccal micronucleus cytome assays. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2013, 752, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, C.M.; Kunz, A.C.; Basso da Siva, L. Assessment of DNA damage in floriculturists in southern Brazil. Environ. Sci. Pollut. Res. 2015, 22, 8182–8189. [Google Scholar] [CrossRef] [PubMed]

	



Ceppi, M.; Biasotti, B.; Fenech, M.; Bonassi, S. Human population studies with the exfoliated buccal micronucleus assay: Statistical and epidemiological issues. Mutat. Res. 2010, 705, 11–19. [Google Scholar] [CrossRef] [PubMed]

	



Bonassi, S.; Coskun, E.; Ceppi, M.; Lando, C.; Bolognesi, C.; Burgaz, S.; Holland, N.; Kirsh-Volders, M.; Knasmueller, S.; Zeiger, E.; et al. The HUman MicroNucleus project on eXfoLiated buccal cells (HUMN(XL)): The role of life-style, host factors, occupational exposures, health status, and assay protocol. Mutat. Res. 2011, 728, 88–97. [Google Scholar] [CrossRef]

	



Moshou, H.; Karakitsou, A.; Yfanti, F.; Hela, D.; Vlastos, D.; Paschalidou, A.K.; Kassomenos, P.; Petrou, I. Assessment of genetic effects and pesticide exposure of farmers in NW Greece. Environ. Res. 2020, 186, 109558. [Google Scholar] [CrossRef]

	



Fenech, M.; Crott, J.W. Micronuclei, nucleoplasmic bridges and nuclear buds induced in folic acid deficient humanlymphocytes-evidence for breakage-fusion-bridge cycles in the cytokinesis-block micronucleus assay. Mutat. Res. 2002, 504, 131–136. [Google Scholar] [CrossRef]

	



Ilgren, E.B. The initiation and control of trophoblastic growth in the mouse: Binucleation and polyploidy. Placenta 1981, 2, 317–331. [Google Scholar] [CrossRef]

	



Shi, Q.; King, R.W. Chromosome nondisjunction yields tetraploid rather than aneuploid cells in human cell lines. Nature 2005, 437, 1038–1042. [Google Scholar] [CrossRef]

	



Cairns, J. Mutation selection and the natural history of cancer. Nature 1975, 255, 197–200. [Google Scholar] [CrossRef]

	



Thomas, P.; Harvey, S.; Gruner, T.; Fenech, M. The buccal cytome and micronucleus frequency is substantially altered in Down’s syndrome and normal ageing compared to young healthy controls. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2008, 638, 37–47. [Google Scholar] [CrossRef]

	



Silvério, A.C.P.; Machado, S.C.; Azevedo, L.; Nogueira, D.A.; de Castro Graciano, M.M.; Simoes, J.S.; Nachado Viana, A.L.; Martins, I. Assessment of exposure to pesticides in rural workers in southern of Minas Gerais, Brazil. Environ. Toxicol. Pharmacol. 2017, 55, 99–106. [Google Scholar] [CrossRef]

	



Garaj-Vrhovac, V.; Želježić, D. Cytogenetic monitoring of Croatian population occupationally exposed to a complex mixture of pesticides. Toxicology 2001, 165, 153–162. [Google Scholar] [CrossRef]

	



Jonnalagadda, P.R.; Jahan, P.; Venkatasubramanian, S.; Khan, I.A.; Prasad, A.Y.E.; Reddy, K.A.; Rao, M.V.; Venkaiah, K.; Hasan, Q. Genotoxicity in agricultural farmers from Guntur district of South India-A case study. Hum. Exp. Toxicol. 2012, 31, 741–747. [Google Scholar] [CrossRef] [PubMed]

	



Pasquini, R.; Scassellati-Sforzolini, G.; Angeli, G.; Fatigoni, C.; Monarca, S.; Beneventi, L.; DiGiulio, A.M.; Bauleo, F.A. Cytogenetic biomonitoring of pesticide-exposed farmers in central Italy. J. Environ. Pathol. Toxicol. Oncol. 1996, 15, 29–39. [Google Scholar] [PubMed]

	



Joksić, G.; Vidaković, A.; Spasojević-Tiŝma, V. Cytogenetic monitoring of pesticide sprayers. Environ. Res. 1997, 75, 113–118. [Google Scholar] [CrossRef]

	



Kapka-Skrzypczak, L.; Czajka, M.; Sawicki, K.; Matysiak-Kucharek, M.; Gabelova, A.; Sramkova, M.; Bartyzel-Lechforowicz, H.; Kruszewski, M. Assessment of DNA damage in Polish children environmentally exposed to pesticides. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 843, 52–56. [Google Scholar] [CrossRef]

	



Ghosh, R.; Siddharth, M.; Kuman Kare, P.; Piakash Kalra, O.; Kumar Tripathi, A. Role of Organochlorine Pesticides in Chronic Kidney Diseases of Unknown Etiology: Chronic Kidney Disease—From Pathophysiology to Clinical Improvements; IntechOpen: London, UK, 2018. [Google Scholar] [CrossRef]

	



Liu, Q.; Wang, Q.; Xu, C.; Shao, W.; Zhang, C.; Liu, H.; Jiang, Z.; Gu, A. Organochloride pesticides impaired mitochondrial function in hepatocytes and aggravated disorders of fatty acid metabolism. Sci. Rep. 2017, 7, 46339. [Google Scholar] [CrossRef]

	



Setayesh, T.; Nersesyan, A.; Mišík, M.; Ferk, F.; Langie, S.; Andrade, V.M.; Haslberger, A.; Knasmüller, S. Impact of obesity and overweight on DNA stability: Few facts and many hypotheses. Mutat. Res. 2018, 777, 64–91. [Google Scholar] [CrossRef]

	



Piperakis, M.M. Investigation of the genotoxic effect of pesticides on greenhouse workers’ lymphocytes. Environ. Mol. Mutagen. 2009, 50, 121–126. [Google Scholar] [CrossRef]

	



Piperakis, S.M.; Kontogianni, K.; Piperakis, M.M.; Tsilimigaki, S. Effects of pesticides on occupationally exposed humans. Sci. World J. 2006, 25, 1211–1220. [Google Scholar] [CrossRef] [PubMed]

	



Piperakis, S.M.; Kontogianni, K.; Siffel, C.; Piperakis, M.M. Measuring the effects of pesticides on occupationally exposed humans with the comet assay. Environ. Toxicol. 2006, 21, 355–359. [Google Scholar] [CrossRef] [PubMed]

	



Bonassi, S.; Neri, M.; Lando, C.; Ceppi, M.; Lin, Y.P.; Chang, W.P.; Holland, N.; Kirsch-Volders, M.; Zeiger, E.; HUMN Collaborative Group; et al. Effect of smoking habit on the frequency of micronuclei in human lymphocytes: Results from the Human MicroNucleus project. Mutat. Res. 2003, 543, 155–166. [Google Scholar] [CrossRef]

	



Fenech, M.; Bonassi, S. The effect of age, gender, diet and lifestyle on DNA damage measured using micronucleus frequency in human peripheral blood lymphocytes. Mutagenesis 2011, 26, 43–49. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Characteristics of the control and the exposed group.
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Characteristics

	
Control Group

	
Exposed Group






	
n

	
26

	
54




	
Gender (M/F) (%)

	
8/18

	
(31/69)

	
52/2

	
(96/4)




	
Age (years, mean ± SD) (range)

	
37.62 ± 3.10

	
(19–72)

	
36.09 ± 1.60

	
(18–71)




	
BMI (kg/m2, mean ± SD) (range)

	
26.05 ± 1.06

	
(18.51–39.89)

	
28.49 ± 0.65

	
(17.90–41.91)




	
Exposure time (in years, mean ± SD) (range)

	
NA

	
5.36 ± 0.43

	
(1 ≤ 10)




	
Smoking

	

	

	




	
Smokers, n (%)

	
3

	
(12)

	
17

	
(31)




	
Non-smokers, n (%)

	
23

	
(88)

	
37

	
(69)




	
Alcohol intake

	

	

	

	




	
yes, n (%)

	
2

	
(8)

	
30

	
(56)




	
no, n (%)

	
24

	
(92)

	
24

	
(44)




	
PPM, n (%)

	
NA

	
47 of 54

	
(87)








n—number of volunteers, M—male, F–female, SD—standard deviation, BMI—body mass index, PPM—personal protective measures (equipment and procedure), NA—not applicable.
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Table 2. List of the more frequent pesticides used by the exposed group and their hazard classification.
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P

	
CC

	
Compound

	
IUPAC Name

	
WHO

	
USEPA/IARC






	
I

	
Organophosphate

	
Diazinon

	
O,O-diethyl O-[4-methyl-6-(propan-2-yl)pyrimidin-2-yl] phosphorothioate

	
II

	
NLC/Group 2A




	
Dimethoate

	
O,O-dimethyl S-[2-(methylamino)-2-oxoethyl] dithiophosphate

	
II

	
Group C/NE




	
Gusathion (Azinphos-ethyl)

	
O,O-diethyl S-[(4-oxo-1,2,3-benzotriazin-3(4H)-yl)methyl] phosphorodithioate

	
Ib

	
NE




	
Lorsban (Chlorpyrifos)

	
O,O-diethyl O-3,5,6-trichloropyridin-2-yl phosphorothioate

	
II

	
Group E/NE




	
Malathion

	
Diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl]butanedioate

	
III

	
SEC/Group 2A




	
Orthene (Acephate)

	
N-(methoxy-methylsulfanylphosphoryl)acetamide

	
II

	
Group C/NE




	
Parathion (Folidol)

	
O,O-diethyl O-(4-nitrophenyl) phosphorothioate

	
Ia

	
Group C/Group 2B




	
Tamaron (Methamidophos)

	
O,S-dimethyl phosphoramidothioate

	
Ib

	
NLC/NE




	
Carbamate

	
Furadan (Carbofuran)

	
2,2-dimethyl-2,3-dihydro-1-benzofuran-7-yl methylcarbamate

	
Ib

	
NLC/NE




	
Lannate (Methomyl)

	
(E,Z)-methyl N-{[(methylamino)carbonyl]oxy}ethanimidothioate

	
Ib

	
Group E/NE




	
Vydate (Oxamyl)

	
Methyl 2-(dimethylamino)-N-[(methylcarbamoyl)oxy]-2-oxoethanimidothioate

	
Ib

	
Group E/NE




	
Organochlorine

	
Aldrin

	
1,2,3,4,10,10-hexachloro-1,4,4a,5,8,8a-hexahydro-1,4:5,8-dimethanonaphthalene

	
O

	
Group B2/Group 3




	
Dicofol (Kelthane)

	
2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol

	
II

	
Group C/Group 3




	
Endosulfan

	
6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro- 6,9-methano-2,4,3-benzodioxathiepine-3-oxide

	
II

	
NLC/NE




	
Piretroides

	
Baytroid (Cyfluthrin)

	
β-cyfluthrin

Cyano{4-fluoro-3-phenoxyphenyl)methyl-3-{2,2-dichloroethenyl)-2,2-dimethyl-cyclopropanecarboxylate

	
1b

	
NLC/NE




	
Karate

(Lambda-cyhalothrin)

	
(R)-α-cyano-3-phenoxybenzyl (1S)-cis-3-[(Z)-2-chloro-3,3,3-trifluoropropenyl]-2,2-dimethylcyclopropanecarboxylate and (S)-a-cyano-3-phenoxybenzyl (1R)-cis-3-[(Z)-2-chloro-3,3,3-trifluoropropenyl]-2,2-dimethylcyclopropanecarboxylate

	
II

	
Group D/NE




	
Talstar (Bifenthrin)

	
2-Methyl-3-phenylphenyl)methyl (1S,3S)-3-[(Z)-2-chloro-3,3,3-trifluoroprop-1-enyl]- 2,2-dimethylcyclopropane-1-carboxylate

	
II

	
Group C/NE




	
H

	
Organophosphate

	
Paraquat

	
1,1′-dimethyl-4,4′-bipyridinium dichloride

	
II

	
Group C/NE




	
F

	
Carbamate

	
Manzate (Mancozeb)

	
Zinc;manganese(2+);N-[2-(sulfidocarbothioylamino)ethyl]carbamodithioate

	
U

	
Group B/Group 2B








I—insecticides, H—herbicides, F—fungicides, P—pesticides, CC—chemical class, IUPAC—International Union of Pure and Applied Chemistry, NE—not evaluated, WHO—classification: Ia—extremely hazardous; Ib—highly hazardous; II—moderately hazardous; III—slightly hazardous; U—unlikely to present acute hazard in normal use; FM—fumigant, not classified; O—obsolete as pesticide, not classified [28]. USEPA Cancer Classification: NLC—not likely to be carcinogenic to humans; SEC—suggestive evidence of carcinogenicity; Group B2—probable human carcinogen; Group C—possible human carcinogen; Group D—not classifiable as to human carcinogenicity; Group E—evidence of non-carcinogenicity for humans [29]. IARC: Group 1—carcinogenic to humans; Group 2A—probably carcinogenic to humans; Group 2B—possibly carcinogenic to humans; Group 3—not classifiable as to its carcinogenicity to humans [30].
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Table 3. Comparison of cholinesterases activities in study population.
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AChE

Whole Blood

	
AChE

Serum

	
BChE

Serum






	
Parameter

	
Subjects

	
Subjects

	
Subjects




	

	
Unexposed

	
Exposed

	
Unexposed

	
Exposed

	
Unexposed

	
Exposed




	
Mean (U/mL)

	
4.02

	
4.73

	
35.32

	
52.35

	
231.76

	
296.73




	
Maximum

	
6.68

	
7.11

	
20.18

	
79.83

	
380.35

	
414.71




	
Minimum

	
1.40

	
2.38

	
55.07

	
34.98

	
118.86

	
204.26




	
SD

	
1.40

	
1.23

	
11.07

	
10.04

	
81.60

	
60.78




	

	

	
p > 0.16

	

	
p < 0.0006

	

	
p < 0.0047




	
AChE—Acethylcholinesterase, BChE—Buthyrilcholinesterase
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Table 4. Human biomonitoring of agricultural workers from Zamora-Jacona in Michoacan Mexico with different cytogenetic assays.
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Assay/Parameters

	
Control Group

(n = 26)

	
Exposed Group

(n = 54)

	
Level of Significance (p)






	
Comet Assay




	
Tail Length,µm

	
55.62 ± 13.88

	
78.80 ± 25.00

	
<0.0001




	
Tail Intensity, %

	
9.21 ± 4.10

	
22.40 ± 9.82

	
<0.0001




	
Tail Moment

	
1.89 ± 1.24

	
6.34 ± 5.02

	
<0.0001




	
Olive Tail Moment

	
0.24 ± 1.18

	
6.31 ± 9.73

	
<0.0001




	
Cytokinesis-block micronucleus cytome assay




	
MN

	
2.68 ± 4.35

	
7.53 ± 5.45

	
<0.001




	
Buccal micronucleous cytome assay




	
MN

	
0.269 ± 0.365

	
0.777 ± 1.39

	
<0.05




	
Binucleated cells

	
3.712 ± 2.069

	
8.754 ± 6.43

	
<0.001




	
Karyorrhectic cells

	
0.038 ± 0.141

	
1.067 ± 1.07

	
<0.001




	
Pyknotic cells

	
1.243 ± 1.841

	
3.863 ± 4.34

	
0.001




	
Karyolitic cells

	
0.962 ± 1.110

	
2.449 ± 2.09

	
<0.001




	
Nuclear Buds

	
0.571 ± 0.744

	
1.762 ± 1.30

	
<0.001




	
Condensed Chromatin

	
2.252 ± 1.785

	
9.662 ± 6.91

	
<0.001








Values represent Mean ± SD of frequencies per 1000 cells or calculated frequencies on 1000 binucleated cells (for MN and nuclear buds) from 2000 binucleated cells counted for those parameters, MN-micronucleus, Statistical analysis was conducted with Mann–Whitney U-test.
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