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Pesticides are among the most pervasive environmental contaminants and they are 

an important potential risk for human health.  Agricultural workers are constantly 

exposed to pesticide spray, drift and residues in the soil and foliage.  Many agricultural 

pesticides are readily absorbed by the body, through contact with the skin, the respiratory 

track, the eyes, and the gastrointestinal system. Multiple studies have reported a strong 

association between pesticide exposure and various health outcomes including cancer.  

Oxidative stress and DNA damage have been proposed as mechanisms linking pesticide 

exposure to health effects and neurological diseases.   

 The focus of the present translational study is to examine the relationship between 

human exposure to the organophosphate pesticide azinphos methyl (AZM) and oxidative 

stress by measuring biomarkers of oxidative stress in biological fluids (i.e., urine, serum)  

and peripheral blood lymphocytes (PBLs) of agricultural workers.  The findings from 

these field studies will be validated in vitro by examining cultures of human lymphocytes 

treated with AZM for similar biomarkers of oxidative stress.  Since the collection of 

PBLs from study participants is highly invasive and not suitable for studies involving 



  

younger subjects, we also examined buccal cells for biomarkers of oxidative stress (i.e., 

DNA damage) as a more universal source of human tissue to assess oxidative stress in 

pesticide exposed individuals. 

 We demonstrated in this study that AZM induces oxidative stress and causes 

DNA damage in human tissues. Agricultural workers who had been exposed to AZM 

showed elevated serum levels of lipid peroxides, increased urinary levels of 8-OH-dG, 

and lymphocytes from these individuals showed increased DNA damage and associated 

changes in oxidative DNA repair enzymes. Biomarkers of oxidative stress were also 

elevated in human lymphocytes treated with physiologically relevant concentrations of 

AZM.  In cultures of human lymphocytes, AZM caused a concentration-dependent loss 

of viability and associated increases in ROS and a reduction in intracellular GSH. 

 We also demonstrated that viable leukocytes from the oral cavity can be readily 

obtained from humans and these buccal cells can be used to assess DNA damage 

following exposure to occupational and environmental genotoxicants.  We also noted that 

oral leukocytes are especially sensitive to cryopreservation with DMSO and thus, these 

cells must be cryoprotected with 5% DMSO to preserve the viability of these cells for 

subsequent biochemical studies.   

 In summary, these in vivo and in vitro studies demonstrated that AZM induces 

oxidative stress in a dose-dependent matter and that oral lymphocytes are a good source 

of human tissue for assessing DNA damage and possibly other biochemical changes.  The 

possible health implications of the variations in these biomarkers of oxidative stress and 

DNA damage are undetermined.  Yet the findings from these studies have provided a 

strong foundation for determining the mechanism by which pesticide induce oxidative 

stress, to explore the putative relationship between pesticide-induced oxidative stress and 

disease (e.g. cancer, neurodegenerative disorders) and determine whether tissue damage 

in humans is brought about by direct or by indirect action of organophosphate pesticides. 
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Biomarkers of Oxidative Stress and DNA Damage in Agricultural workers 

 

Chapter 1 

General Introduction 

 

Organophosphate pesticides (OPs) are either esters, amides or thiol derivatives of 

phosphoric acid.  They form a large family of ~50,000 chemical agents with biological 

properties that have important and sometimes unique implications for man. Most of the 

health effects of OPs have been attributed to the accumulation of acetylcholine through 

the inhibition of the enzyme cholinesterase.  However, the inhibition of acetylcholine by 

itself cannot account for the wide range of disorders that have been reported following 

acute and chronic OP exposure.  OPs have also been shown to induce oxidative stress and 

DNA damage both in vivo and in vitro (Bagchi et al. 1995, Lodovici et al. 1997, Yang 

1998).  Although the mechanism of OP toxicity is not fully understood.  Exposure to OPs 

is broadly classified into two categories: occupational and environmental.  Occupational 

exposure usually occurs among agricultural workers, industrial workers, pest control 

exterminators and other workers while non-occupational exposure affects a large segment 

of the population, school age children and adults in the United States.  

This dissertation examines the oxidative stress and DNA damage induced by 

azinphos methyl (AZM), a model OP, in human tissues.  The focus of this translational 

research study is to demonstrate that AZM induces oxidative stress and causes DNA 

damage in humans.  We propose to conduct in vivo and in vitro studies to examine 

biomarkers of oxidative stress and associated levels of DNA damage in biological fluids 

and peripheral blood lymphocytes (PBLs) of agricultural workers and OP treated PBL 

cell cultures.   PBL cell cultures will be treated with various concentration of AZM to 

demonstrate that OPs induce similar biomarkers of oxidative stress and DNA damage 

after either in vivo or in vitro exposure to OPs.   
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Toxicity of Organophosphate Pesticides 

 

OP toxicity is due to the inhibition of acetylcholinesterase at the cholinergic 

junction in the nervous system.  These junctions include postgaglionic parasympathetic 

neuroeffector junctions (sites of muscarinic activity), autonomic ganglia and the 

neuromuscular junctions (sites of nicotinic activity) and certain synapses in the central 

nervous system.  The neurotransmitter acetylcholine is the neurohumoral mediator at 

these junctions.  Since acetylcholinesterase is the enzyme that degrades acetylcholine 

following stimulation of the nerve, its inhibition allows acetylcholine to accumulate and 

result in an excessive stimulation of acetylcholine receptors followed by a depression 

resulting from a desentization of these receptors.  OPs are chemically similar to chemical 

warfare agents (e.g., soman, tabun) originally produced during World War II and work by 

interfering with cholinergic neurotransmission in the nervous system of insects as well as 

humans and other mammals. 

 The ubiquitous use of OPs presents a continuing health hazard to individuals in 

both the agriculture and public health (WHO) population.  Approximately 80 million 

pounds of OPs are used annually in the United States, with 75% primarily used in 

agriculture to prevent pest damage to crops.  Most OPs are highly lipid-soluble and are 

readily absorbed from the skin, oral mucous membrane, conjunctiva and gastrointestinal 

and respiratory routes. 

 

Health Effects of Organophosphate Pesticides 

 

OPs can cause short-term adverse health effects following acute exposure as well 

as long-term effects as a result of chronic low-level exposures.  Health effects from acute 

OP exposure include irritation of the nose, throat, and skin causing burning, stinging and 

itching as well as rashes and blisters.  In many cases, the symptoms of pesticide 

poisoning mimic the symptoms of a cold or flu.  Health effects from chronic exposure 



3 

 

  

include behavioral changes including memory and attention deficits, depression, anxiety 

and irritability. 

 

Occupational Exposure 

 

Pesticide applicators and farm workers due to their relatively high exposure to 

pesticides offer a unique opportunity to examine the link between pesticide exposure and 

biomarkers of oxidative stress.  Farm workers are exposed to pesticide spray, drift and 

residues in the soil and foliage.  It is also known that most farm workers carry home these 

pesticide residues in their work clothes and shoes.  McCauley et al. 2001 and Rothlein et 

al. 2006 previously reported detecting six different organophosphate pesticide 

compounds in the home dust of agricultural workers in Hood River County, Oregon and 

AZM was one of the most prevalent OP.  Recent studies of farm workers in California 

indicate that early life exposure to OPs is also a real threat to the health of people.  A 

2005 study of children born to farm workers in California‟s Salinas Valley found that 

infants with the greatest exposure to OPs had more abnormal reflexes than infants of non-

agricultural workers.  Studies conducted by investigators at Oregon Health & Science 

University showed that preschool children from agricultural communities scored lower in 

the acquisition of test performance, response speed and latency in neurobehavioral 

performance tests (Rohtman et al 2005).  Also agricultural workers who had the greatest 

exposure to OPs scored lower in tests of attention span and motor function (Rothlein et 

al. 2006). 

 

Oxidative Stress 

 

There is compelling evidence from whole animal and tissue culture studies that 

pesticides induce oxidative stress (Bagchi, et al. 1995, Lodovici et al. 1997).  Oxidative 

stress is a condition in which there are elevated levels of reactive oxygen species (ROS) 
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caused by overproduction of cellular oxidants (via mitochondria) or a failure of 

endogenous protective mechanism (e.g., antioxidant enzymes, DNA repair).  Highly 

reactive oxygen species may disrupt oxidative metabolism and the cellular antioxidant 

defenses (Matignoni et al, 1999) or damage macromolecules (e.g. proteins, lipid, DNA) 

and mitochondria (Bagchi, et al. 1995).  The relationship between occupational exposure 

to pesticides and risk of developing certain tumors, including leukemia and non-

Hodgkin‟s lymphoma, has been suggested (Blair et al. 1995). Evidence in support of this 

hypothesis comes from studies showing that oxygen free radicals mediate cell injury and 

lead to tumor promotion and carcinogenesis (Sun, Y 1999). 

 

Biomarkers of Oxidative Stress 

 

Cells possess two major defense mechanism to counteract ROS-induced damage, 

antioxidants and DNA repair processes.  The efficiency of these defense mechanisms is 

reportedly influenced by a variety of environmental factors including pesticides.  

Although cells have efficient repair mechanisms to remove oxidized purines from DNA, 

certain oxidative DNA adducts (e.g. 8-OH-dG) accumulate in human tissues indicating 

that the repair of these DNA lesions is inefficient.  OPs also reduce antioxidant enzyme 

activity (e.g. superoxide dismutase, glutathione peroxidase), enhance the production of 

lipid peroxides (e.g., malondialdehyde) and reduce cellular levels antioxidants (e.g., 

glutathione) and antioxidant enzymes (e.g., glutathione peroxidase) (Julka et al. 1992).  

These nonspecific mechanisms of cell damage may explain in part why ROS may serve 

as common mediator for the toxicity of OPs. 

Biomarkers of exposure are important in toxicology, because they are indicators 

of internal dose, or the amount of chemical that has been absorbed by the body.  OPs 

share a common mechanism of toxicity, through inhibition of cholinesterase in the 

nervous system.  In addition, all OPs share several common chemical properties.  OPs 

contain a central phosphorus atom with a double bond to either sulfur or oxygen, and 

either ethyl or methyl group as seen below for AZM:  
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Figure 1.1 Chemical structure of the pesticide Azinphos methyl (Azinphos-methyl 

)Phosphorodithioic acid, O,O-dimethyl ester, S-ester with 3(mercaptomethyl)-1,2,3-

benzotriazin-4(3H)-one) 

 

OPs undergo chemical changes in the environment as well as in humans.  One 

chemical reaction that occurs in the human body is a transformation at the double bond of 

the central phosphorus atom from sulfur to oxygen to form oxon.  This reaction increases 

the toxicity of OPs.  Another important metabolic reaction that occurs in humans is 

hydrolysis of the organophosphate pesticide, yielding a dialkylphosphate and a leaving 

group.  This reaction reduces the toxicity of OPs.  The dialkylphosphate metabolites are 

unable to react with the cholinesterase enzyme to inhibit its activity.  These products of 

hydrolysis are usually measured as biomarkers of exposure because these metabolites are 

eliminated from the body in the urine.  Because the chemical structure of the leaving 

group is specific for an OP, the detection and quantification of an OP metabolite is a 

relatively specific biomarker of exposure to the parent compound.  For instance, dimethyl 

phosphate (DMP) and dimethyl thiphosphate (DMTP) are usually measured in the urine 

as a relatively specific biomarker of exposure to AZM.  AZM is a broad spectrum, non-

cumulative, non-systemic OP/acaricide; an irreversible cholinesterase inhibitor.  It is 

highly toxic to mammals and some wildlife and it is commonly used in fruit orchards to 

control the codling moth. 
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DNA Damage 

 

 The single Cell Gel Electrophoresis assay (also known as Comet assay) is a 

sensitive technique for the detection of DNA damage at the level of an individual 

eukaryotic cell.  In an undamaged cell, the proteins remain soluble and the DNA is intact 

within the nucleus.  When cells are damaged by ROS or other environmental agents, the 

individual strands of DNA lose their compact structure and during electrophoresis these 

DNA fragments expand out of the nucleus causing an image that looks like a “comet” 

with a distinct head containing intact DNA and a tail, containing damaged or fragments 

of DNA.  When an electric field is applied to the DNA, which has an overall negative 

charge that draws it to the anode, undamaged DNA strands are too large and do not leave 

the nucleus, whereas smaller fragments are free to move over a given period of time.  The 

image analysis measures the overall fluorescence intensity in the head and the migrated 

DNA (tail) and compares the two signals.  The stronger the fluorescence in the migrating 

DNA the more damage is present.  The brighter and longer the tail, the greater the level 

of damage, as seen in the example below: 

 

 

      

Head Tail

Tail Moment

Comet Image
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Figure 1.2  Comet image of a peripheral blood lymphocyte (PBL) from an agricultural 

worker. (Tail length = 7.48 + 0.31, Tail moment = 3.2 + 0.11). 

Tail moment = tail length x % DNA in the tail 

 

Objectives and Specific Aims 

 

The aim of this dissertation is to investigate the relationship between 

organophosphate pesticide exposure and oxidative stress in agricultural workers by  

addressing the following research questions: 

a. Do organophosphate pesticides induce oxidative stress in farm workers and 

pesticide applicators? 

b. Does AZM induce oxidative stress in peripheral blood lymphocyte cultures? 

c. Is there a correlation between biomarkers of oxidative stress and urinary 

dialkylphosphate metabolites? 

d. Is there a difference in biomarkers of oxidative stress and DNA damage in 

lymphocytes from agricultural workers and human lymphocyte cell cultures 

treated with AZM? 

e. Can viable leukocytes and epithelial cells be isolated from buccal samples? 

f. Does cryopreservation influence the survival of oral leukocytes? 

g. Can leukocytes from the oral cavity be used to measure oxidative DNA damage 

induced by organophosphate pesticides? 

 

Study Population 

 The population selected for this study was agricultural workers who were 

applying and/or mixing pesticides and farm workers from Hood River County, 

Oregon, an agricultural community located 60 miles east of Portland in the 
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Columbia River Valley.  The primary job activity of the workers involved pruning, 

thinning, and picking apples and pears.  A small portion of the workers also mixed 

or applied pesticides in the orchards.  Subjects were informed about the purpose of 

the study and asked to sign a consent form.  The consent forms and the study 

protocols were approved by the Institutional Review Board of the University of 

Pennsylvania and Oregon Health & Science University 

  



9 

 

  

CHAPTER 2 

 

Biomarkers of Oxidative Stress and DNA Damage in  

Agricultural Workers: A Pilot Study 

 

Juan F. Muniz
1
, Linda McCauley

2
, J. Scherer

1
, M. Lasarev

1
, M. Koshy

3
,  

Y.W. Kow
3
, Valle Nazar-Stewart

1
, G.E. Kisby

1
. 

 

 

 

1
Center for Research on Occupational and Environmental Toxicology (CROET), 

Oregon Health & Science University, Portland, OR 97239,  

2
School of Nursing, University of Pennsylvania, Philadelphia, PA 19104-6096 and 

 
3
Department of Radiation Oncology, Emory University, 365-B Clifton Rd, Atlanta, GA 

30322. 

 

 

Corresponding Author:  Juan F. Muniz 

    Oregon Health & Science University 

    Portland, OR 97201 

    Phone: (503) 494-6871 

    Fax: (503) 494-6831 

    Email: munizj@ohsu.edu 

     

 

 

Published in Toxicology and Applied Pharmacology 2008; 227:97-107.



10 

 

  

Abstract 

 

Oxidative stress and DNA damage have been proposed as mechanisms linking 

pesticide exposure to health effects such as cancer and neurological diseases.  A study of 

pesticide applicators and farm workers was conducted to examine the relationship 

between organophosphate pesticide exposure and biomarkers of oxidative stress and 

DNA damage.  Urine samples were analyzed for OP metabolites and 8-hydroxy-2‟ 

deoxyguanosine (8-OH-dG).  Lymphocytes were analyzed for oxidative DNA repair 

activity and DNA damage (Comet assay) and serum analyzed for lipid peroxides (i.e., 

malondialdehyde, MDA).  Cellular damage in agricultural workers was validated using 

lymphocyte cell cultures.  Urinary OP metabolites were significantly higher in farm 

workers and applicators (p < 0.001) when compared to controls.  8-OH-dG levels were 

8.5 times and 2.3 times higher in farm workers or applicators (respectively) than in 

controls.  Serum MDA levels were 4.9 times and 24 times higher in farm workers or 

applicators (respectively) than in controls.   DNA damage (Comet assay) and oxidative 

DNA repair were significantly greater in lymphocytes from applicators and farm workers 

when compared with controls.  Markers of oxidative stress (i.e., increased reactive 

oxygen species and reduced glutathione levels) and DNA damage were also observed in 

lymphocyte cell cultures treated with an OP.  The findings from these in vivo and in vitro 

studies indicate that organophosphate pesticides induce oxidative stress and DNA 

damage in agricultural workers.  These biomarkers may be useful for increasing our 

understanding of the link between pesticides and a number of health effects.  

 

Keywords:  Organophosphate pesticides, lymphocytes, azinphos methyl 

(AZM), AP endonuclease (APE), base-excision repair (BER). 

malondialdehyde (MDA), 8-hydroxydeoxyguanosine (8-OH-dG), 

comet assay, reactive oxygen species (ROS), glutathione (GSH), 

dialkylphosphate metabolites. 
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Introduction 

 

 Multiple studies have reported associations between exposure to agricultural chemicals 

and various health outcomes including cancer, Parkinson‟s disease and other neurological 

diseases.  However, these investigations are often limited by self-reported exposures and do little 

to advance our understanding of the biological mechanisms linking exposure to pesticides and 

the observed health outcome.  DNA damage and oxidative stress have been proposed as 

mechanisms that could mechanistically link pesticide exposures to a number of the health 

outcomes observed in epidemiological studies.   

Oxidative stress is an imbalance between the production of reactive oxygen 

species (ROS) and the body‟s ability to detoxify the reactive intermediates or easily 

repair the resulting damage.   Toxic effects are caused through the production of 

peroxides and free radicals that damage all the components of the cell, including protein, 

lipids, DNA, and RNA.  In addition to damaging macromolecules, ROS influence 

molecular and biochemical processes and disrupt the function of DNA repair proteins 

(Martignoni et al. 1999; Shimura-Miura et al. 1999; Sofic et al. 1992).  In contrast, an 

adaptive cellular response to oxidtive stress occurs in many pathological conditions and 

this is characterized by increases in DNA repair proteins (e.g., APE/Ref1) (Deganuto et 

al. 2007; Kelley, et al. 2001; Moore et al. 2000; Shaikh et al. 2002).  Cells possess two 

major defense mechanisms to counteract ROS-induced damage-- antioxidants and DNA 

repair processes.  The efficiency of these defense mechanisms is reportedly influenced by 

various environmental factors, resulting in an accumulation of oxidative DNA lesions 

(e.g., 8-hydroxy-2‟deoxyguanosine).  Levels of oxidative DNA lesions in biological 

fluids (e.g., urine, serum, cerebrospinal fluid) and tissues have been reported to be 

reliable biomarkers of oxidative stress (Anwar 1997; Kadiiska et al. 2005; Rahman and 

Biswas 2004; Sato et al. 2005). 

Oxidative damage is thought to be an important mechanism of damage for 

organophosphate pesticides (Bagchi and Bagchi 1995; Banerjee et al. 2001; Delescluse et 

al. 2001; Flessel et al. 1993; Halliwell 2002).  There is compelling evidence from whole-

animal and tissue culture studies that pesticides, especially organophosphate pesticides, 
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induce oxidative stress (Bagchi and Bagchi 1995; Lodovici et al. 1997; Nag and Nandi 

1987; Yang and Sun 1998).  Increased serum and urinary levels of lipid peroxides and 

altered blood levels of glutathione (GSH) and antioxidant enzymes have been detected in 

several cases of pesticide poisoning (Banerjee et al. 1999; Blasiak et al. 1999; Maroni 

and Fait 1993; Peluso et al. 1996).  Moreover, DNA damage comparable to that seen after 

oxidative stress has been detected after exposure to pesticides (Lebailly et al. 1998; 

Lieberman et al. 1998; Lodovici et al. 1997; Peluso et al. 1996; Shah et al. 1997).  

Organophosphate pesticides have also been reported to reduce antioxidant enzyme 

activity, enhance the production of lipid peroxides, and reduce the level of cellular 

antioxidants (Julka et al. 1992).  These non-specific mechanisms of oxidative damage 

and disrupted repair may explain in part the link between pesticide exposure and adverse 

health outcomes. 

Organophosphate pesticides have also been shown to have cytotoxic, cytostatic 

and cytogenetic effects on human lymphocytic cells (Sobti et al., 1982, Braun et al., 

1982) suggesting that they may also have mutagenic properties.   N-Methylcarbamate 

esters insecticides have also been shown to have the potential to act through mediation of 

epigenetic and genotoxic mechanisms respectively in the multiple stages of chemical 

carcinogenesis (Wang et al., 1998). 

This paper describes the results of a study designed to measure urinary 

biomarkers of organophospate pesticide exposures in agricultural workers and to assess 

the relationship between pesticide exposure and measures of oxidative stress and DNA 

damage.  These results were validated in vitro by examining similar biomarkers in 

lymphocyte cultures treated with a commonly used organophosphate, azinphos methyl 

(AZM).  The overall goal of this investigation was to demonstrate that exposure to 

organophosphate pesticides induces oxidative stress and DNA damage in agricultural 

workers and these biomarkers of oxidative stress are dose dependent.   
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Methods 

 

Target Population 

 

Three Hispanic populations were selected for this study conducted during the 

spring and summer growing seasons in 2000.  Certified pesticide handlers and applicators 

were recruited from contacts with agricultural companies in the Willamette and Columbia 

River valleys in Oregon.  The certified pesticide applicators were recruited based on their 

job classification.  However, we could not assure that they were actively spraying 

pesticides at the time of enrollment in the study.  If pesticides were not currently being 

sprayed in their worksite, they were engaging in general agricultural work.  Farm workers 

were recruited as part of a larger community based participatory research study taking 

place in an agricultural community located 60 miles east of Portland, in the Columbia 

River valley (Lambert et al., 2005; McCauley et al., 2001a,b,c).  The farm workers‟ 

primary job activities included pruning, thinning, and picking apples and pears.  We 

recruited the workers during the preharvest period in orchard crops, a time that the use of 

organophosphates is expected to be the highest.  We also recruited during the same time 

period, a sample of non-agricultural adults as a referent population residing in urban 

Portland.  Subjects were informed about the purpose of the study and asked to sign a 

consent form.  All procedures for this investigation were approved by the Oregon Health 

and Science University Internal Review Board.  Subjects were paid $60.00 for their 

participation in the study. 

 

Procedures 

 

Questionnaires were administered to characterize their work practices, exposure 

history, job activities and use of protective equipment and length of time doing present 

work activity, proximity of home to agricultural fields.  The study questionnaires have 

been previously used in our investigations of more than 1000 agricultural workers and 

families in Oregon and have been developed in Spanish to be administered by Spanish-
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speaking interviewers (McCauley and Beltran et al. 2001; McCauley and Lasarev et al. 

2001).  We developed a short survey to assess smoking, alcohol intake, and dietary 

patterns associated with antioxidant activity.  The questionnaire asked weekly intake of 

fish, legumes, and nuts.  Spot urine samples were collected at the end of the work-day in 

4 oz. sterile specimen containers.  Urine samples were marked with ID number and 

transported in refrigerated containers to the laboratory for analysis of organophosphate 

metabolites and markers of oxidative stress.  Upon arrival, the samples were vortexed, the 

pH adjusted aliquoted into 5 ml fractions, and stored at –80
o
 C.  

Venous blood (2 x 10 ml) was drawn by a phlebotomist into heparinized 

vacutainers.  Heparinized blood samples were transported on ice to the laboratory for the 

isolation of lymphocytes and serum.  Lymphocytes were isolated by centrifugation at 

400xg for 45 min on a Ficoll/Hypaque gradient as described by Boyum (1964) and 

Wottawa et al. (1974), and stored at –80
o
C until analysis.  Lymphocytes and serum 

samples were prepared within 24h of collection to maintain the integrity of DNA and the 

stability of the biomarkers of oxidative stress (Wu et al. 2004). 

 

Analysis of urine for OP metabolites 

 

Frozen urine samples from study subjects were thawed and analyzed for 

organophosphate pesticide metabolites by gas chromatography with pulsed flame 

photometric detector (GC-PFPD) as previously described by Lambert et al. (2005).  The 

alkylphosphate pesticide metabolites measured were: dimethylphosphate (DMP), 

diethylphosphate (DEP), dimethylthiophosphate (DMTP), diethylthiophosphate (DETP), 

and dimethyldithiophosphate (DMDTP).  The limit of detection (LOD) for the five 

metabolites were 4.0 ng/ml (0.032 µmoles/L) DMP, 2.0 ng/ml (0.013 µmoles/L) DEP, 

2.2 ng/ml (0.015 µmoles/L) DMTP, 1.6 ng/ml (0.010 µmoles/L) DMDTP, and 1.6 ng/ml 

(0.0095 µmoles/L) DETP.  The average extraction efficiencies of the five metabolites 

were, respectively: 45, 84, 97, 96, and 93 percent.   Because of less than optimal 

recovery, the non-thiol alkyl phosphates DMP and DEP were not included in the data 
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analysis.  Urine samples were also analyzed for creatinine concentration (mg/dL) and the 

values used to normalize for OP metabolites across samples. 

 

Analysis of urine for oxidative DNA damage 

 

8-Hydroxy-2‟ deoxyguanosine (8-OH-dG) is a promutagenic lesion in DNA that 

is generated in response to a number of chemicals that induce oxidative stress (Kasai et 

al. 2001) and it is widely used as a marker of oxidative injury (Toraason, 1999).  Frozen 

urine samples were thawed, centrifuged, diluted 1:5 with potassium phosphate buffer (pH 

4.0) and 2.0 ml of the pH adjusted urine loaded onto a preconditioned C18 SFE SepPak™ 

cartridge (Waters Associates).  The SepPak™ cartridge was washed successively with 50 

mM K2HPO4, 50 mM K2HPO4 + 4% MeOH, and the samples eluted with K2PO4 + 20 % 

MeOH.  The urine samples were separated on a Synergi™ Max-RP HPLC column (250 

mm x 4.6 mm x 4.0 µm, Phenomenex, CA) connected to a guard column using 50 mM 

K2HPO4 (pH 4.0)/10% MeOH as the mobile phase.  8-OH-dG was detected with an 

amperometric detector (BAS, Inc) equipped with a glassy carbon electrode operating at a 

working potential of +600 mV vs. Ag/AgCl reference electrode.  Data acquisition was 

carried out on a PC computer running Millennium™ software (Waters Associate).  A 

urine sample with low concentrations of 8-OH-dG was used as negative control and 

spiked with 8-OH-dG (5 nM and 500 nM) to generate a positive control.  Negative and 

positive controls were run along with a set of samples.  Recovery of 8-OH-dG from the 

low (5 nM) or high (500 nM) levels of spiked samples was routinely 96-98%.  The 

concentration of 8-OH-dG in urine was calculated by extrapolating the peak area of the 

sample from a set of standards (5 nM to 500 nM).  Each sample was run in duplicate, 

averaged and the results expressed as nmol 8-OH-dG/L of urine. 
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Analysis of serum for malondialdehyde (MDA) 

 

ROS react with polyunsaturated fatty acids to generate malondialdehyde (MDA) 

and 4-hydroxyalkenals upon decomposition.  Plasma and urine levels of lipid peroxides 

have been widely used as indicators of oxidative stress in humans (Esterbauer et al. 

1991).  An aliquot of serum (200 µl) was examined for MDA levels using a microtiter 

plate assay (LPO-586 kit; OXIS, Portland, OR) and the lipid peroxide analyzed by UV-

Vis absorbance according to the manufacturer‟s instructions.  This method is based upon 

the reaction of MDA with the chromogenic reagent N-methyl-2-phenylindole (MPI) to 

form 1,1,3,3-tetramethoxypropane (malondialdehyde bis dimethyl acetal) (Gerard-

Monnier et al. 1998).  One molecule of MDA reacts with 2 molecules of MPI to yield a 

stable chromophore with maximal absorbance at 586 nm.  Serum samples were run in 

duplicate and the averaged values reported as nmol MDA/ml of serum.  

 

Comet Assay 

 

The comet assay is a rapid and sensitive method for the detection of DNA damage 

(i.e., strand breaks and alkali labile sites) (Collins, 2004; Garaj-Vrhovac, et al. 2000).  

Lymphocytes were analyzed by the comet assay according to the methods of Singh et al 

(1988) with minor modifications.  Briefly, lymphocytes (1 x 10
4
) were embedded 

between a layer of 1% normal melting point agarose and a layer of 0.5% low melting 

point agarose.  After solidification, the slides were immersed in lysing solution (2.5 M 

NaCl, 200 mM Na2EDTA, 10 mM Tris-HCl, 10% DMSO, and 1% Triton X-100) for 1 h 

at 4
o
 C to allow the DNA to unwind and the slides placed in alkaline buffer (0.3 M 

NaOH, 1 mM Na2EDTA, pH 12) for 30 min at 4
o
C.  The slides were electrophoresed 

(0.8V/cm) for 30 min in freshly chilled alkaline buffer, neutralized with Tris-HCl buffer 

(400 mM, pH 7.4), and stained with a fluorophore (20 µg/ml propidium iodide).  DNA 

damage was determined by measuring the tail length and tail moment of 50 cells/sample 
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using a fluorescence microscope equipped with an automated digital imaging system 

running COMET Assay III™ software (Perceptive Instruments, UK).  

 

Oxidative DNA repair activity 

 

Apurinic/apyrimidinic endonuclease (APE) is one of the key steps of the base-

excision repair (BER) pathway (Sokhansanj et al. 2002) (see also Fig. 1) and is induced 

in cells by oxidative stress (Edwards et al. 1998; Hsieh et al. 2001; Ramana et al. 1998).  

We developed a unique oligonucleotide probe for assessing APE activity in lymphocytes 

of agricultural workers.  The advantage of using this probe is that it only assesses the 

activity of APE and not other competing enzymes (e.g., exonucleases).  Another 

advantage, is that this assay only requires a small amount of protein (0.1 µg) and thus, it 

is ideally suited for high throughput epidemiological studies. The nucleotide sequence for 

the substrate used is as follows: 5‟ATATCCTTCCGTXACTTTCCTCTATCGATTCA-

3‟-3‟-C-5‟ (5‟-5‟-substrate, 32-mer), where X= tetrahydrofuran.  A complementary strand 

was also synthesized and its sequence is: 5‟-

GTGAATCGATAGAGGAAAGTCACGGAAGGATA-3‟-3‟-T-5‟.  The tetrahydrofuran 

containing strand was 5‟-end labeled with [-
32

P]ATP (Dupont NEN) using T4 

polynucleotide kinase (U.S. Biochemical Corp.).  Excess [-
32

P]ATP was separated from 

the labeled oligonucleotide by gel filtration using spin-columns.  Since each 

oligonucleotide contained two 5‟ termini, the resulting oligonucleotide contained 
32

P 

labeled at both ends: 5‟-
32

P-ATATCCTTCCGTXACTTTCCTCTATCGATTCA-3‟-3‟-C-

5‟-
32

P.  The labeled oligonucleotide was annealed to the complementary strand (1:1) in 

10 mM Tris-HCl, pH 7.5, 0.1 M NaCl by heating to 90
o
C and cooling down gradually to 

RT.  The efficiency of the labeling at both termini was determined by using E. coli 

endonuclease IV, which cleaves the phosphodiester bond 5‟ to the tetrahydrofuran, 

generating two labeled fragments: a labeled 12-mer and a labeled 30-mer containing a 3‟-

3‟ linkage.  Endonuclease IV is a reagent enzyme that is routinely prepared in our 

laboratory.  All other chemical reagents were obtained from Sigma Chemical Co. (St. 
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Louis, MO) unless otherwise stated.  AP endonuclease (APE) activity was determined by 

using a 
32

P-labeled duplex oligonucleotide containing a single tetrahydrofuran.  For APE 

activity, the reaction was performed in 20 µl reaction buffer (10 mM NaCl, 10 mM Tris, 

2 mM MgCl2, pH 8.0), 100 fmol of labeled substrate, 0.1 µg of lymphocyte protein 

extract and the solution incubated for 10 min.  Equal volume of gel loading buffer (0.05 

% bromophenol blue, 0.05 % xylene, and 10 mM EDTA) was added to stop the reaction 

and the solution immediately heated to 90
o
C for 10 min.  The product and substrate were 

separated by electrophoresis on a 12.5% denaturing polyacrylamide sequencing gel 

(2000V for 2 hr) and the dried gels analyzed for band intensity using a STORM™ 

phosphoimager (Molecular Dynamics).  Under most circumstances, the 20-mer fragment 

resulting from cleavage by APE has two 5‟ termini and is resistant to tissue exonuclease 

activity, while a majority of enzymes are of the 3‟-5‟ exonuclease activity.  However, the 

5‟ end adjacent to the 3‟-3‟ linkage is usually labeled much more poorly than the 5‟ 

terminus and is some distance from the 3‟-3‟ linkage, the relative labeling of the two 

termini needed to be determined using E. coli endonuclease IV.  Under conditions where 

little exonuclease activity was observed in the cell lysate, the smaller fragment of the 

APE product was used to determine cellular APE activity, because this fragment is 

normally labeled very well. 
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Figure 2.1. Key enzymes of the base-excision repair (BER) pathway that repair oxidative 

DNA damage.  DNA glycosylases initiate the repair process by removing the 

damaged base (e.g., 8-OH-dG) leaving an AP site that is excised by 

APE/DNA polymerase  (Pol ).  The correct base is inserted by DNA pol 

/XRCC1 (X-ray cross species complementing I) and the DNA repair process 

is completed by ligating the DNA backbone with DNA ligase 1 or DNA ligase 

III/XRCC1.    
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 Lymphocyte Cell Culture 

 

Lymphocytes were isolated from a healthy, non-agricultural 35 year-old Hispanic 

male using the Ficoll™-gradient centrifugation method (Boyum, 1964; Wottawa et al. 

1974) and the cells washed two times with RPMI 1640 before plating the cells at a 

density of 1 x 10
6
 cells/well in a 24-well culture plate pre-coated with a monoclonal 

antibody to human CD3 (Clone S4.1, Invitrogen).  The cells were stimulated by adding 1 

µg/ml monoclonal antibody to CD28 (Clone 10F3, Invitrogen) in culture medium (RPMI 

1640, supplemented with 10% heat inactivated fetal bovine serum, 2 mM L-glutamine, 1 

mM sodium pyruvate, 100 µg/ml MEM, 100 U/ml penicillin G, 100 µg/ml streptomycin 

sulfate, and 0.25 µg/ml Fungizone™) to each well and the cells incubated for 24h at 37
o
C 

in a 5% CO2 incubator.  After 24h, recombinant human interlukin-2 (IL-2; R&D Systems, 

Minneapolis, MN) was added to a final concentration of 10 ng/ml, the media over the 

cells replenished with IL-2 twice per week, and cell growth examined daily by light 

microscopy. 

 For all in vitro experiments, lymphocytes were treated with azinphos methyl 

(AZM), an organophosphate pesticide used on Oregon agricultural crops and a 

predominant pesticide in the dust from homes of agricultural workers in Hood River, 

Oregon (McCauley, et al. 2001; and Rothlein, et al. 2006).  AZM was dissolved in 

dimethylsulphoxide (DMSO) and the final concentration in cultures did not exceed 0.5%.  

Lymphocyte cell cultures were treated for 24h with various concentrations of AZM in a 

37
o
C, humidified, 5% CO2 incubator. 

 

In Vitro Assay for ROS 

 

The redox sensitive dye 5-(and 6)-chloromethyl-2’, 7’ 

dichlorodihydrofluorescein diacetate (CM-H2DCFDA-Invitrogen-Molecular Probes) 

is readily taken up by living cells and oxidized to a fluorescent compound by superoxide 
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and other ROS (Fracasso, et al., 2002).  To detect ROS, cultures of lymphocyte cells 

were treated with 20 µM to 150 µM AZM for 24h, the cells washed twice with ice-cold 

PBS, and the cells incubated with 10 µM CM-H2DCFDA for 30 min at 37
o
C. CM-

H2DCF-DA was removed by centrifugation, the cells washed twice with ice-cold PBS 

and lysed by repeated cycles (3x) of freezing and thawing.  The lysate was centrifuged at 

1500 x g for 15 min, and the supernatant analyzed for ROS using a fluorescence plate 

reader at 485 nm excitation and 538 nm emission wavelengths. Values are reported as % 

relative fluorescence intensity units of controls (n= 8 per treatment group). 

 

In Vitro Analysis of Glutathione 

 

Intracellular glutathione (GSH) levels were measured in lymphocyte cultures 

using the fluorescent probe monochlorobimane hydrochloride (MCB, Molecular Probes, 

Eugene, OR).  MCB is a lipophilic probe that passively diffuses across cellular 

membranes into the cytoplasm and has been used to measure GSH levels in human 

lymphocytes (Fracasso et al. 2002, Chang et al. 1999).  GSH levels were measured in 

AZM treated lymphocyte cultures according to procedures described by Kisby et al. 

(2004).  Briefly, lymphocytes were treated for 24h with 20 µM to 150 µM AZM, the cells 

washed twice with ice-cold PBS, and then the cells treated with 50 µM MCB in Hanks‟ 

Balanced Salt Solution (HBSS) for 20 min at 37
o
C in a CO2 incubator.  The fluorescence 

was measured on a microplate plate reader at 380 nm excitation and 485 nm emission 

wavelengths.  Values are reported as % relative fluorescence intensity units of controls 

(n= 8 per treatment group). 
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In vitro DNA Damage Studies 

 

Organophosphate-induced oxidative DNA damage was determined by treating 

human lymphocyte cultures (see above) with azinphos methyl (AZM) and the cells 

examined by the Comet assay with FLARE™ (Fragment Length Analysis using Repair 

Enzymes; Trevigen, USA) enzymes (E. coli formamidopyramidine-DNA glycosylase, 

Fpg).  Like the mammalian DNA glycosylase (Figure 1), E. coli Fpg catalyzes the 

excision of several forms of oxidative DNA damage (e.g., 8-OH dG).  Lymphocyte cell 

cultures were treated for 24h with culture media (control) or culture media containing 10 

µM AZM and then examined for DNA damage by the Comet assay.  A parallel set of 

cultures were treated with 10 µM H2O2 for 5 min at 37
o
C (positive control) or pre-treated 

overnight with 20 µM vitamin E (Trolox™) (Qi, et al.  2005) prior to treatment with 10 

µM AZM for 24 h and Comet analysis.  An aliquot of each sample was also examined by 

the Comet assay with FLARE
TM

.  For these studies, the slides were gently lysed, 0.4 

Units of Fpg added to each slide and then the slides incubated for 45 min in a 37
o
C 

humidified chamber prior to Comet analysis.  DNA damage was determined by 

measuring the tail length and tail moment of 50 cells/sample using a fluorescence 

microscope equipped with an automated digital imaging system running COMET Assay 

III™ software (Perceptive Instruments, UK).  

 

Statistical Analysis 

 

Demographic and lifestyle characteristics (age, hr/wk working in agriculture, 

smoking, diet) were summarized with means and standard deviations and analyzed using 

analysis of variance.  We calculated summary variable for the self-reported ingestion of 

foods high in antioxidants (range 0-6) and alcohol intake (range 0-6).  Levels of oxidative 

stress and urinary dialkylphosphate metabolites below the LOD were treated as 0.5 LOD 

in all analyses.  Measures of oxidative stress and urinary dialkylphosphate metabolites 
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were log-transformed to improve symmetry.  General linear models were used to assess 

the significance of these log-transformed measurements among the three groups while 

adjusting for factors such as age, smoking status, dietary intake of anti-oxidants and 

creatinine concentration.  Back-transformation of these adjusted means (on the log-scale) 

provide an estimate of the median response on the original measurement scale.  At the 

same time, additive changes observed in the log-transformed data became multiplicative 

effects when the data were back-transformed (Aitkin et al. 1994; Ramsey and Schafer 

2002).  Comet data (tail length and tail moment) were analyzed using a linear mixed-

effect model.  This was done to account for the clustered nature of the data in which 

subjects had differing numbers of cells being assayed. 

 

Results 

 

Study Sample.  

 

We recruited 12 male Hispanic pesticide applicators from agricultural companies 

in the Willamette and Columbia River valleys in Oregon and 10 male Hispanic farm 

workers from an agricultural community growing primarily tree fruit.  Our previous work 

has shown that organophosphate pesticides, primarily azinphos methyl (AZM) and 

chlorpyrifos are used in this community to control coddle moth (McCauley et al, 

2001a,b,c).  Among the pesticide applicators, seven reported that they applied pesticides 

daily to once a week, while the remaining applicators reported frequencies of sometimes 

to once a month application of pesticides.  Seven of the applicators reported applying or 

mixing pesticides within the month previous to participation in this study.  The farm 

workers‟ primary job activities included pruning, thinning, and picking apples and pears; 

none of the farm workers reported job activities involving pesticide application/mixing.  

The number of hours of work per day in agriculture did not differ significantly (F1,20 = 

0.42, p=0.52 ) between the applicators/mixers (mean = 8.3, sd = 0.49) and the farm 

workers (mean = 8.5, sd = 0.71).  We also recruited a sample of 9 non-agricultural 
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Hispanic male adults in the urban area of population as a referent population.  None of 

these males reported ever working in the agricultural industry.   

Table 2.1 shows the age and self-reported smoking activity, diet, and alcohol use 

of all participants in the study.  The mean age of the applicators was 44.0 years (sd. = 6.9) 

compared to a mean age of 35.9 years (sd = 9.7) in the farm worker group and 31.4 years 

(sd  = 11.2) in the control group.  This age difference was statistically significant (F2,28 = 

5.11,  p= 0.013), therefore all subsequent statistical comparisons were adjusted for a 

potential age effect.  There were four subjects who reported they “occasionally” smoked 

(one farm worker and three applicators).  A person‟s smoking status was found not to 

significantly affect any of the three measures of oxidative stress or DNA damage  

(p>0.40 for all comparisons); therefore, it was not controlled in subsequent adjustments. 

The three groups differed significantly with respect to their dietary scores (F2,28 = 

14.536, p < 0.001).  Applicators and farm workers reported less frequent ingestion of 

nuts, legumes, and fish than the controls (p < 0.001).  There was no significant difference 

on reported dietary patterns between the two agricultural groups (p = 0.403).  There were 

no significant differences among the three groups with respect to total alcohol score (F2,28 

= 0.19, p = 0.829).  Similar conclusions were reached if non-parametric tests were 

applied.  Given the group differences in self-reported dietary patterns all measures of 

oxidative stress were adjusted for dietary score.  
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 Table 2.1 Characteristics of the study population 
 

 

 

ID # 

 

Age 

(Yr) 

 

Creatinine 

(mg/dl) 

 

DMTP 

(ng/ml) 

 

Smoking 

 

Diet 

 

Alcohol 

 

Control 

      

101 45 10.00 Nd No 5 0 

102 17 230.00 160.0 No 4 0 

105 50 170.00 89.0 No 4 0 

106 35 34.00 Nd No 4 1 

107 19 270.00 Nd No 4 1 

109 22 160.00 Nd No 3 2 

110 32 160.00 18.0 No 4 2 

111 30 78.00 Nd No 4 2 

112 33 140.00 Nd No 4 2 

 

Applicators 

      

201 39 88.00 51.0 Yes 2 1 

202 56 110.00 100.0 No 2 1 

204 34 100.00 81.0 No 2 1 

205 49 94.00 15.0 No 2 0 

206 43 130.00 70.0 Yes 4 2 

207 51 14.00 Nd No 3 3 

208 50 84.00 150.0 No 3 3 

209 42 56.00 130.0 No 1 0 

210 49 76.00 200.0 No 3 1 

211 41 180.00 150.0 Yes 3 1 

212 38 88.00 110.0 No 1 1 

213 36 69.00 120.0 No 2 2 
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Farm workers       

301 43 50.00 200.0 No 3 2 

302 47 28.00 280.0 No 3 4 

303 22 28.00 48.0 Yes 2 3 

304 25 220.00 100.0 No 3 1 

305 52 28.00 150.0 No 3 1 

306 32 84.00 26.0 No 3 1 

307 41 240.00 25.0 No 1 0 

308 33 130.00 48.0 No 3 1 

309 29 140.00 120.0 No 3 0 

310 35 160.00 55.0 No 2 1 

 

 Creatinine and dimethylthiophosphate metabolite results, smoking status, 

alcohol consumption and dietary scores for the three study groups, Controls, 

Applicators, and Farm workers. 

Note: Dietary score included the sum scores on fish, legume, and nuts 

consumed in the last week. Fish, legume, and nuts were categorized as 0 = 

never, 1 = sometimes, and 2 = everyday.  Scores on dietary ranged from 0 to 6, 

with a high score meaning higher consumption.  

Alcohol scores included the sum scores on beer and wine consumed in the last 

week.  Wine and beer were categorized as 0 = never, 1 = sometimes, and 2 = 

everyday.  Scores on alcohol ranged from 0 to 4, with high score meaning 

higher consumption. 

 

Analysis of urine samples for OP metabolites.    

 

The creatinine-adjusted dialkylphosphate (DAP) metabolite concentrations were 

used to estimate the average internal doses (µg/kg/day) according to previously published 

methods (Lambert et al. 2005).  The five separate DAPs (ng/ml) were analyzed for group 

differences while adjusting for age and creatinine concentration (both used as continuous 

covariates in a general linear model).  Because the organophosphates used most 

frequently by the agricultural sector in Oregon produce metabolites with methyl groups, 

we created a summary table of the molar concentrations for the three methyl DAPs 

(DMP, DMTP, and DMDTP) (Table 2.2).  One-half of the limit of detection (LOD) was 
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substituted for non-detectable levels prior to analysis and prior to computing the summed 

methyl DAP.  Table 2 shows the estimated median concentration, adjusted for age and 

creatinine, of each metabolite and the methyl sum across all three groups.  The most 

prevalent metabolites were DMP, DMTP, and DMDTP.   

 The median sum of methyl DAP by weight-volume was significantly higher in the 

farm workers and applicators when compared with the control group (F2,26 = 11.09, p < 

0.001).  Farm workers had an 8.2-fold increase in the sum of methyl DAP when 

compared to controls (95% CI: 3.2, 21.2), while applicators had a 6.1-fold increase 

compared to controls (95% CI: 2.2, 17.3).  Methyl DAP levels did not differ between the 

applicator and farm worker groups (p = 0.53, 95% CI: 0.5, 3.3).   

 

  

Table 2.2.  Estimated median dialkylphophate metabolite levels (ng/ml) in each of the 

comparison groups, adjusted for age and levels of creatinine.  Means and standard errors 

were computed on a log scale and then back-transformed; standard errors are expressed 

as percentage of the estimated value, e.g. for controls, SE (log DMP) = 0.350 results in a 

standard error that is 42% of the estimated value. 

Estimated Median 

 

 Control Applicator Farm worker 
Metabolite   (n=9)            (n=12)                    (n=10)    F 2,26        p-value 

 

DMP 5.99 ± 42%  10.8 ± 36%  24.4 ± 37%  4.89  0.016 

DEP 0.860 ± 50%  2.61 ± 43%  7.40 ± 44%  8.18  0.002 

DMTP 4.14 ± 72%  61.3 ± 61%  81.9 ± 62%  9.66  0.001 

DMDTP 1.16 ± 61%  14.4 ± 52%  10.2 ± 53%  8.22  0.002 

DETP 0.733 ± 42%  2.06 ± 36%  1.16 ± 36%  2.18  0.134 

Methyl sum 0.126 ± 42%          0.774 ± 36%         1.03 ± 37%         11.09    <0.001 

(µmoles/L) 
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Urinary 8-OH-dG 

 

Figure 2.2 shows the levels of 8-OH-dG in urine samples from the three 

comparison groups after adjusting for creatinine levels, age, and dietary intake of 

antioxidants.  All urine samples were well above the minimal detectable level for  8-OH-

dG (i.e., 1 nmol).  Controls had the lowest levels (estimated median = 23 nmol/L) 

compared to median values of 85 nmol/L for applicators and 190 nmol/L for farm 

workers. 8-OH-dG levels were significantly different for each group (p ≤ 0.01 for all 

comparisons).  The median level in the farm worker group was 8.5 times higher than 

controls (95% CI: 3.8 to 19 times higher) and 2.3 times higher than applicators (95% CI: 

1.2 to 4.2 times higher).  The median level for applicators was 3.8 times higher than the 

level seen in controls (95% CI:1.4 to 9.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Median urinary levels of 8- hydroxy-2‟-deoxyguanosine (8-OH-dG) in the 

three groups.  Estimates have been adjusted for creatinine, age, and dietary intake of 

antioxidants.  Bars marked with an asterisk indicate groups that differ from the control at 

the 0.05 level; paragraph symbol indicates applicators differ from farm workers at the 

0.05 level. 
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Serum MDA levels 

 

All the samples were above the minimum detectable level of 0.02 µmol/ml.  

Figure 2.3 shows the observed levels of MDA among the three groups.  The lowest level 

was observed in the control group (estimated median = 0.29 mol/L), and higher levels 

observed in the farm workers (estimated median = 1.4 mol/L), and applicators 

(estimated median = 6.7 mol/L).  Median levels among farm workers was estimated to 

be 4.9 times higher than controls (95% CI: 2.7 to 8.8).  A similar difference was observed 

between applicators and farm workers, with levels in applicators 4.8 times higher than 

farm workers (95% CI: 2.8 to 8.3).  Median levels among applicators were estimated to 

be 24 times higher than controls (95% CI: 13 to 42).  Adjusting the comparisons for age 

and dietary score did not affect the observed differences (Table 2.3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.Median serum levels of malondialdehyde (MDA) in the three groups.   

 Barsmarked with an asterisk indicate groups that differ from the control  

 at the 0.05 level; paragraph symbol indicates applicators differ from farm  

 workers at the 0.05 level. 
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DNA Repair 

 

Due to insufficient lymphocytes for some samples, three additional subjects were 

removed for the analysis of APE activity (n = 26).  Figure 2.4 shows the observed APE 

activity in lymphocytes isolated from individuals in the three comparison groups.  A 

similar pattern was observed in the serum MDA levels.  The lowest activity was observed 

in the control group (estimated median = 0.53 fmol/10min/ g protein) while higher 

activity was observed in the farm workers (estimated median = 4.1 fmol/10min/ g 

protein) and applicators (estimated median = 6.8 fmol/10min/ g protein).  Applicators 

and farm workers had significantly higher APE activity than controls (p < 0.01 relative to 

applicators, p = 0.02 relative to farm workers).  APE activity was not significantly 

different between farm workers and applicators (p = 0.56).  Adjusting the comparisons 

for age and dietary score did not affect the observed differences.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Median lymphocyte apurinic/apyrimidinic endonuclease (APE)  

activity in the three groups.  Bars marked with an asterisk indicate groups that  

differ from the control at the 0.05 level. 
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Comet Analysis 

 

Figure 2.5 shows that the extent of DNA damage in lymphocytes varied among 

the three study groups.  Table 2.4 shows that the mean tail length was significantly 

different among the three groups (F 2, 25 = 32.02, p < 0.001; mixed effect model), with no 

significant difference between applicators and farm workers.  The applicator and farm 

worker groups combined had a mean tail length 3.2 fold greater than controls (95% CI: 

2.2 - 4.1).  Applicators had the largest mean tail moment (3.6, SEM = 0.11), 1.4 fold 

greater than controls (95% CI: 1.0 - 1.8) and 0.44 fold greater than farm workers (95% 

CI: 0.10 – 0.78).  Farm workers had 0.96 fold greater mean tail moment than controls 

(95% CI: 0.56 - 1.4). 

 

Table 2.4.  Comet assay parameters in lymphocytes from the three study groups 

 Group  Mean Tail Length  Mean Tail Moment 

  

 Control (n = 9) 4.509 +/- 0.312 2.354 +/- 0.118 

Applicator (n = 10) 7.674 +/- 0.295 3.643 +/- 0.111 

Farm worker (n = 9) 7.478 +/- 0.312  3.200 +/- 0.11 
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Figure 2.5. Photomicrographs of representative comets of lymphocytes from a control 

 (n = 9), an applicator (n = 10), or a farm worker (n = 9).  Lower graph shows 

mean (± sem) values of the tail length and tail moment for lymphocytes from 

controls (n=9), applicators (n=10) and farm workers (n=9).  Bars marked with 

an asterisk indicate groups that differ from the control at the 0.05 level. 
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Correlations between OP metabolites and markers of oxidative stress and DNA damage 

 

We examined the partial correlations between the urinary DAP metabolite levels 

(µmoles/L) and the three measures of oxidative stress (8-OH-dG, MDA, APE) after 

adjusting for urinary creatinine, age, and dietary intake.  None of the correlations with 8-

OH-dG were significant.  

 Given that we only had data for both comet parameters and DAP on 25 subjects, 

we combined all groups to examine the association between urinary OP metabolites and 

comet parameters.  There is a significant partial correlation of DEP (partial correlation = 

0.62, p = 0.002), DMTP (partial correlation = 0.54, p = 0.01), DMDTP (partial 

correlation = 0.54, p < 0.01) and the combined methyl sum (partial correlation = 0.56, p < 

0.01) and the tail length of the lymphocytes from all subjects tested.  Examining the 

partial correlation between tail moment and DAP metabolites, there is a significant partial 

correlation with DEP, DMTP, DMDTP, and the combined methyl sum (p < 0.09 for all). 

 

In Vitro Oxidative Stress 

 

Given the results that we found in our agricultural worker lymphocyte samples, 

we conducted in vitro studies with human lymphocytes to determine if an 

organophosphate pesticide (i.e., AZM) routinely used in Oregon orchards (McCauley, et 

al. 2001 and Rothlein, et al. 2006) induces oxidative stress.  We tested this hypothesis by 

examining lymphocyte cell cultures for intracellular levels of reactive oxygen species 

(ROS) and glutathione (GSH) after treatment with AZM.   Lymphocyte cultures were 

treated with 20 µM to 150 µM AZM for 24h and the cultures incubated with either DCF 

or monochlorobimane to measure ROS or glutathione levels (Figure 2.6A).  DCF and 

monochlorobimane are two widely used methods to measure intracellular levels of ROS 

and glutathione (Fracasso 2002; Kisby 2004). 

  The graph in Figure 2.6A shows a concentration dependent increase in 

intracellular levels of ROS and a corresponding reduction of GSH levels in lymphocytes 

treated with AZM.  At the lowest concentration of AZM (20 µM), there was a 40% 

increase in ROS and a 23% decrease in cellular GSH levels while the highest 
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concentration of AZM (150 µM) induced a 140% increase in ROS and 53% decrease in 

GSH.  These studies demonstrate that AZM induces oxidative stress in human 

lymphocytes.  

 

In Vitro DNA Damage 

 

The Comet assay was used to examine AZM treated lymphocyte cultures for 

DNA damage.  Cultures of lymphocytes were treated with 10 µM to 150 µM AZM as in 

Fig. 2.6B and the cells examined for oxidative DNA damage by the Comet assay in 

conjunction with E. coli Fpg (i.e., FLARE™).  Fpg is widely used to reveal oxidative 

DNA damage in the Comet assay (Collins, 2004; Moller 2006).  It is evident from the 

comet images shown in Figure 2.6B that 10 µM AZM induced a significant increase in 

both tail length (239%) and tail moment (149%) of human lymphocytes when compared 

to the negative control.  The extent of DNA damage in AZM treated lymphocytes was 

comparable to that observed in lymphocytes isolated from pesticide applicators and farm 

workers (see Fig. 2.5) and in lymphocyte cultures treated with 10 µM H2O2 (Fig. 2.6B).  

When AZM treated lymphocytes were incubated with Fpg, there was a 7.2% increase in 

tail length and a 16.6% increase in tail moment.  This is due to the excision of oxidative 

DNA lesions (e.g, 8-OH-dG) induced by AZM. 

We also examined the ability of the antioxidant vitamin E to influence AZM-

induced DNA damage in lymphocytes (Figure 2.6B).  Pretreatment of lymphocytes with 

20 µM vitamin E resulted in a 31% reduction in the tail length and tail moment caused by 

10 µM AZM.  These findings are additional evidence that a significant proportion of the 

AZM induced DNA damage in human lymphocytes occurs through oxidative stress.  
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Figure 2.6. In vitro lymphocyte studies.  A. Intracellular glutathione (GSH) levels and 

reactive oxygen species production (DCF) in lymphocyte cultures treated with 

various concentrations (20 to 150 µM) of azinphos methyl (AZM) for 24 h. 

The values represent the mean relative fluorescence intensity units (RFU) (n = 

8) of two separate experiments.  All non-zero concentrations of AZM 

significantly differ from control; bars of the same color that share a common 

letter do not significantly differ at the 0.05 level (Turkey‟s HSD).  B. Comet 

images.  Top: Untreated lymphocytes (negative control), lymphocytes treated 

with 10 µM H2O2 (positive control), lymphocytes treated with 10 µM 

azinphos methyl (AZM) for 24 h.  Middle: Comet image of negative control + 

Fpg, lymphocytes treated with 10 µM H2O2 for 5 min (positive control) + Fpg, 

lymphocyte culture treated with 10 µM AZM for 24 h + Fpg.  Bottom: Comet 

image of negative control pretreated with 20 µM vitamin E, and lymphocyte 

culture pretreated with 20 µM vitamin E 24 hrs prior treatment with 10 µM 

AZM. 
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Discussion 

 

Most studies of DNA damage and pesticide exposure have focused on cytogenetic 

end-points such as chromosomal aberrations, sister-chromatid exchanges and micronuclei 

and with conflicting results (Bolognesi 2003).  More recent studies have documented 

increased levels of DNA damage in lymphocyte cells using the Comet assay (Castillo-

Cadena, et al. 2006; Undeger, et al. 2005 and 2002; Piperkis, et al. 2003; Garaj, et al. 

2000), but these studies did not examine for specific biomarkers of organophosphate 

pesticide exposure.  We have shown in this paper that pesticide-exposed workers have 

increased levels of biomarkers of oxidative stress and DNA damage.  In addition, we 

demonstrate that the amount of DNA damage correlated with the extent of pesticide 

exposure.  This was corroborated by our in vitro studies, which showed that the extent of 

oxidative stress and DNA damage induced by AZM in human lymphocytes was 

concentration dependent. 

Oxidative damage to DNA has been proposed to play an important role in a 

number of pathological conditions, including carcinogenesis, but to date, few 

investigators have integrated biomarkers of oxidative stress and DNA damage in studies 

of agricultural workers.   All three of the biomarkers that we used indicate higher levels 

of oxidative stress among farm workers and applicators than that observed in a control 

population.  Other factors such as smoking, diet, alcohol use, body mass and sunlight are 

known to influence levels of oxidative stress and DNA damage, however we did not 

observe a strong association between occasional smoking among our study participants 

and these biomarkers.   We also did not find an association between self-reported alcohol 

consumption and diet among the individuals participating in this study; however, self-

reported consumption may not be a reliable indicator of exposure.  Leanness has been 

reported to be associated with an increased excretion of 8-OH-dG (Loft and Poulsen 

1996), possibly due to the influence of a higher metabolic rate on these factors.  We 

failed to obtain body mass index in this study, but it is possible that the high exertion 

associated with farm work could have contributed to higher urinary levels of 8-OH-dG 

among agricultural workers compared to controls.  Sunlight exposure, seen frequently in 
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agriculture has also been shown to effect levels of DNA damage.  We do not believe that 

it was a significant confounder in this study due to the observed differences between our 

applicator and farm worker groups, both of whom were exposed to sunlight. 

The community-based design used in this investigation presented several 

limitations related to sample collection and information on occupational exposures.   Our 

sample came from multiple worksites that varied in their schedules of pesticide 

applications.  We have found that early evening hours, after completion of their workday 

is the most convenient time for farmworkers to participate in research studies.  Likewise, 

early morning voids are not convenient due to the burden of getting the samples from 

multiple sites, and in some cases, difficulty in keeping specimens on ice until pick up.  

We have used evening spot urine samples for all of our farm worker studies, and have not 

found that it presents difficulty in the interpretation of urinary pesticide metabolites 

(Rothlein et al, 2006). 

The 8-OH-dG levels were significantly different for each group (p ≤ 0.01 for all 

comparisons).  Both, applicators and farm workers had higher levels than controls. 

Previous studies of oxidative damage that used 8-OH-dG as a marker, have used a 

24-hour urine collection.   In the present study, only spot urines were feasible.  Spot 

urines have been reported to contain adequate 8-OH-dG for measurement among healthy 

men and women (Kasai et al. 2001; Pilger et al. 2001) and among coke-oven workers 

(Marczynski et al. 2002).  However, studies indicate that urinary levels of 8-OH-dG can 

vary over a 24 h period when measured for consecutive days (Pilger et al. 2002). 

Therefore, single values of 8-OH-dG should be considered with caution, in particular for 

small study groups and when spot urines are used.   

Exposure to mutagenic chemicals generally results in a transient (i.e., 24h or less) 

increase in the urinary levels of oxidative DNA lesions (Rynard 1990).  It may be that 

urinary levels of 8-OH-dG as well as the urinary levels of DAP metabolites reflect short-

term exposures compared to the other markers that we examined in the serum (MDA) and 

lymphocyte (APE activity, DNA damage) of agricultural workers.  Given that not all of 

our applicators had recently used organophosphate pesticides, their urinary levels may 

reflect more current exposures (similar to the general farm worker group) while the MDA 



39 

 

  

levels, APE activity and DNA damage (Comet assay) may reflect more cumulative or 

long-term exposure.   

The Comet assay has been used to determine the extent of DNA damage in 

lymphocytes from farmers with occupational exposure to a variety of pesticides (Garaj, et 

al. 2000, Castillo-Cadena, et al. 2006; Piperakis, et al. 2003; Lebailly, et al. 1998; 

Undeger, et al. 2002 and 2005).  Our study, showing that DNA damage was greater in 

lymphocytes of farm workers and applicators is consistent with this previous work.  Our 

findings build significantly upon this previous work in that we have demonstrated a dose-

dependent association with oxidative stress and DNA damage by providing correlations 

with urinary biomarkers of organophosphate pesticides.   

One of the main objectives of this study was to examine the effects of a specific 

organophosphate pesticide on markers of DNA damage and oxidative stress.  Since 

previous studies by McCauley, et al. (2001) and Rothlein, et al. (2006) indicate azinphos 

methyl (AZM) as one of the most prevalent OP pesticides detected in the homes of 

agricultural workers in Hood River County, Oregon, we compared the extent of DNA 

damage in lymphocytes treated in vitro with AZM with the damage observed in the  

lymphocytes from the agricultural workers.  We found that by using AZM concentrations 

similar to those detected in home house dust (Rothlein, et al. 2006), we could induce in 

vitro DNA damage at levels comparable to that found in the lymphocytes from 

agricultural workers.  The addition of oxidative DNA repair enzymes (i.e, Fpg) in the 

comet assay demonstrated that a significant amount of the DNA damage induced by 

AZM was due to oxidative stress.  These provocative findings suggest that the DNA 

damage we observed in lymphocytes from agricultural workers was also due to 

organophosphate pesticide-induced oxidative stress.  The ability of AZM to induce ROS 

and reduce GSH levels in human lymphocytes (Fig 6A) and at comparable concentrations 

in neuroblastoma cell cultures (Muniz J. et al. 2006) is certainly consistent with this 

hypothesis. Taken together, these results suggest that pesticide exposure in agricultural 

workers induces oxidative stress by depleting intracellular GSH and increasing ROS 

production.  GSH is known to play a key role in regulating intracellular levels of ROS by 

scavenging free radicals to maintain the intracellular redox status.  Organophosphate 
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pesticides appear to disturb this key cellular pathway perhaps by disrupting mitochondrial 

metabolism as suggested recently by Delgado and his colleagues (2006), Chan, et al. 

(2006), and Sherer, et al. (2007). 

The possible health implications of the variations in these markers of oxidative 

stress and DNA damage are undetermined.  However, the use of simple non-invasive 

measures of oxidative DNA damage provides a unique opportunity for occupational and 

environmental scientists who have cohorts to study prospectively the association between 

marker levels and subsequent health effects.  Currently the only biomonitoring occurring 

among agricultural workers is the measurement of acetylcholinesterase levels in pesticide 

applicators and handlers.  These results indicate that other mechanisms of cell disruption 

could play a role in the associations that have been reported between pesticide exposure 

and chronic diseases, including cancer.  These results also lead to additional areas of 

investigation.  While we focused on organophosphate exposures in this investigation, the 

capacity of other classes of pesticides to induce similar patterns of oxidative stress and 

DNA damage should be investigated.   

This study used lymphocytes from venous blood samples for analysis of 

biomarkers of oxidative stress and DNA damage in adult agricultural workers.  However, 

obtaining blood samples in large environmental and occupational investigation is 

extremely problematic.  This is a particular issue also in assessing potential health effects 

in younger workers or children who may be especially vulnerable to pesticides (Faustman 

et al. 2000).  Therefore, studies are also needed that are capable of detecting similar 

biomarkers in human cells (e.g., buccal cells) that can be obtained in a non-invasive 

manner.  This is especially important in the design of studies aimed to assess pesticide 

exposures and DNA damage in young children.  While many of these biomarkers are 

currently under development and lack the link with specific health outcomes (Kadiiska et 

al. 2005; Toraason et al. 2004), they provide an important foundation for increasing our 

understanding of the biological mechanisms associated with the health outcomes that 

have been inferred from pesticide exposures in multiple epidemiological investigations.   
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Abstract 

 

Although peripheral blood lymphocytes are traditionally used to monitor humans 

for exposure to occupational and environmental genotoxicants, buccal cells are becoming 

an increasingly more common source of tissue in these types of studies.  A variety of 

methods exist for collecting buccal cells from the oral cavity including rinsing with 

saline, mouthwash, or scraping the oral cavity.  Buccal cells are usually cryopreserved 

with dimethyl sulfoxide (DMSO) then examined later for DNA damage by the Comet 

assay.  Unknown are the impact of these different sampling procedures on the integrity of 

buccal cells for the Comet assay.  This study examined the influence of oral rinsing and 

cryopreservation on buccal cell survival and the integrity of DNA.  In individuals who 

rinsed with Hank‟s balanced salt solution (HBSS), the viability of leukocytes (90%) was 

significantly (p<0.01) greater than that of epithelial cells (12%).  Similar survival rates 

were found for leukocytes (88%) and epithelial cells (10%) after rinsing with Listerine
®
 

mouthwash.  However, the viability of leukocytes varied significantly (p<0.01) with 

DMSO concentration.  Cell survival was greatest at 5% DMSO but it steadily diminished 

with either increasing or decreasing concentrations of DMSO.  Cryopreservation also 

influenced the integrity of DNA in the comet assay.  Although tail length and tail moment 

were comparable in fresh or cryopreserved samples, the average head intensity for 

cryopreserved samples was ~6 units lower (95% CI) than fresh samples (t25 = −2.36, p = 

0.026). These studies suggest that the collection and storage of buccal samples are 

critically important factors for assessing DNA damage in epidemiological studies.  

Moreover, leukocytes appear to be a more viable source of human tissue for assessing 

DNA damage and possibly other biochemical changes.   
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Introduction 

 

Buccal mucosal cells are becoming an increasingly important source of human 

tissue in epidemiological studies because they can be obtained non-invasively and they 

can be used to assess the DNA damage induced by environmental and occupational 

exposure to a variety of toxicants (Szeto et al. 2005, Obwald et al. 2003, Eren et al. 2002, 

Moore et al. 2001). There are several methods for collecting buccal cells from the oral 

cavity including rinsing the mouth with saline (Ashbensazi et al. 1989, Obwald et al. 

2003), commercial mouthwash (King et al. 2002, Michalczyk et al. 2004, Cao et al. 

2003, Eren et al. 2002, Fiegelson et al. 2001, Satia et al. 2002, Lum et al. 1998) or 

scraping the buccal cavity with cytobrushes (Garcia et al. 2001, King et al. 2002, Satia et 

al. 2002), tongue depressors (Moore et al. 2001), cotton swabs (Freeman et al. 2003, 

Milne et al. 2006) or a soft bristle toothbrush (Szeto, et al. 2005, Borthakur et al. 2008, 

Pinhal et al. 2006, Dhillon et al. 2004, Lucero et al. 2000, Surralles et al. 1997).  

Commercial mouthwash products (Listerine
®
 and Scope

®
) and saline solution (i.e., 

HBSS) are the most common methods for collecting buccal cells from the oral cavity for 

use in DNA damage and biochemical studies (Tan, et al. 2008, Moore et al., 2001, 

Surralles et al., 1997).   Most studies only describe the method used to collect buccal 

cells from the oral cavity, but not their viability.  Regardless of the method used to collect 

buccal cells, the final cell suspension consists primarily of equal amounts of epithelial 

cells and leukocytes, with leukocytes being the more viable cell type (Obwald et al. 

2003).  The recovery of viable cells is an important factor for in vitro studies with buccal 

cells (Albertini et al. 2000). 

Buccal cells are an excellent source for monitoring human exposure to 

occupational and environmental genotoxicants because they are in direct contact with 

ingested or inhaled pollutants (Salama et al. 1999).  Buccal cells have been widely used 

to assess DNA damage by the Comet assay.  Rojas et al. (1996) isolated buccal cells from 

smokers and non-smokers to show that DNA damage is greater in smokers.  Buccal cells 

collected from individuals who were exposed to air pollution (Valverde et al. 1997) or 

ionizing radiation (Dhillon et al. 2004) have also been examined for DNA damage.  More 

recently, McCauley et al. (2008) and Kisby et al (2008) examined oral leukocytes of 
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agricultural workers by the Comet assay and demonstrated that DNA damage is greater in 

farmworkers who were exposed to pesticides.  Buccal cells are reportedly more sensitive 

than peripheral blood lymphocytes (PBLs) to the cytogenetic damage induced by 

cigarette smoke (Salama et al. 1999) or other environmental mutagens (Lewinska et al. 

2007, Yildirim et al. 2006, Norppa et al. 1992, Ying et al. 1997, Gosebatt et al. 1997, 

Titenko-Holland et al. 1996).  Collectively, these studies suggest that buccal cells are an 

important source of tissue for assessing the impact of environmental or occupational 

genotoxicants on human health.    

The Comet assay (single cell gel electrophoresis or SCGE) is widely used by 

epidemiologists to monitor the extent of DNA damage in human cells including buccal 

cells (Collins et al., 1997, Szeto et al., 2005, Wong et al., 2005).  However, most of these 

comet studies used either buccal epithelial cells or exfoliated buccal cells. Few studies 

have used the Comet assay to assess DNA damage in the different types of buccal cells.  

A prerequisite for using buccal cells in the Comet assay is the cells must be viable.  

Greater than 90% of the cells in a buccal sample are epithelial cells, a cell type with less 

than 10% viability (Obwald et al. 2003, Pinhal et al. 2006).  Buccal cells are routinely 

collected from subjects in the field, the cells cryopreserved and then immediately stored 

in a laboratory freezer until analysis by the Comet assay.  We report here that the 

concentration of the cryoprotectant DMSO is a significant factor that influences both the 

survival and the amount of DNA in oral leukocytes.  Such factors are likely to be 

important confounders in epidemiological studies that assess DNA damage by the Comet 

assay.     
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Materials and Methods 

 

Study Population 

 

The study population for the DNA damage studies was recruited from 

farmworkers who worked in berry crops in the state of Oregon during the summer of 

2005.  The 88 study participants in this report signed a consent form prior to their 

participation in the study.  The consent forms and the study protocols were approved by 

the Institutional Review Board of the University of Pennsylvania and Oregon Health & 

Science University.  In a subsample (n= 26) of the 88 buccal mucosal samples, we 

examined cell viability and DNA damage both before and after cryopreservation.  

 

Collection of buccal cells  

 

Participants (n = 26) were given two labeled sterile 50 ml conical polypropylene 

centrifuge tubes each containing 20 ml of sterile Hank‟s Balanced Salt Solution (HBSS; 

Gibco-Invitrogen, Grand Island, NY, USA).  Each participant was instructed to rinse their 

mouth for 60 sec with 20 ml HBSS and then spit the sample into a sterile 50 ml conical 

centrifuge tube.  This procedure was repeated again with the second tube of HBSS.  Both 

rinses were combined in a 50 ml centrifuge tube and transported on wet ice to the 

laboratory.  To compare the effect of rinse solutions on cell viability, a subgroup of the 

participants (n = 20) used Listerine
®
 mouthwash instead of HBSS to rinse their mouth. 

 

Isolation of Leukocytes and Epithelial cells 

 

The oral rinses from each participant were centrifuged for 15 min at 1,100 x g.  

The supernatant was carefully discarded, the cell pellet re-suspended in 15 ml HBSS and 

the samples centrifuged for 15 min at 1,100 x g.  The supernatant was discarded and the 

cell pellet re-suspended in 4 ml RPMI 1640 cell culture media.  Leukocytes and epithelial 
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cells were isolated from the cell suspension by density gradient centrifugation using 

Histopaque
®
 1077 (Sigma-Aldrich, St. Louis, MO, USA) as previously described by 

Obwald et al. (2003) with minor modifications.  Briefly, 4 ml of the buccal cell 

suspension was carefully layered over 5 ml Histopaque
®
, and centrifuged for 30 min at 

400 x g.  The upper layer was gently withdrawn leaving the interface (leukocytes) and 

cell pellet (epithelial cells) undisturbed.  The interface was removed with a sterile Pasteur 

pipette, the cells mixed with 5 ml PBS and the cell suspension centrifuged for 15 min at 

1,100 x g.   The pellet was re-suspended in 1 ml RPMI 1640 culture media and 

leukocytes examined for viability.  The pellet containing the epithelial cells was re-

suspended in 5 ml PBS, the cell suspension processed in a similar manner as the 

leukocyte fraction and the cells examined for viability. 

 

Viability 

 

The viability of the leukocyte and epithelial cell fractions from each participant 

were determined by trypan blue exclusion.  Briefly, an aliquot (20 µl) of each fraction 

was mixed with 20 µl of trypan blue (Cellgro™, Manassas, VA) and the cells counted 

using a hemocytometer (Hauser Scientific, Horsham, PA).  The number of live 

(translucent) and dead cells (blue stained) were determined with a bright field microscope 

(x200).  Cell viability was calculated as the ratio of live to total counted cells. 
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        Leukocytes             Epithelial Cells 

 

Figure 3.1. Viability of cells in oral rinses from a non-agricultural control. 
Photomicrographs of leukocytes and epithelial cells that were stained with trypan blue.  

Note that most epithelial cells are dead (stained) while the smaller leukocytes are viable 

(unstained). 

 

Cryopreservation 

 

The leukocyte and epithelial cell fractions were mixed with freezing medium 

[50% RPMI 1640 cell culture media, 45% fetal bovine serum (FBS) and 5% dimethyl 

sulfoxide (DMSO)] and the cells aliquoted into cryogenic vials.   The cells were 

cryopreserved slowly at a rate of -1
o
C/min by placing the vials in a cold ethanol bath and 

the vials stored at -80
o
C.  For the survival studies, leukocytes were mixed with freezing 

medium [50% RPMI 1640, 40 to 48% FBS and 2 to 10% DMSO] and the cells 

cryopreserved and stored as described above. 

 

Comet Assay 

 

 Cryopreserved leukocytes were thawed quickly by submerging in a 37
o
C water 

bath and washing the cells with ice-cold RPMI 1640 media.  Cryopreserved and fresh 

leukocytes were analyzed by the alkaline Comet assay according to the methods of Singh 
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et al (1988) with minor modifications (Muniz et al., 2008).  Briefly, leukocytes (1 x 10
4
) 

were embedded between a layer of 1% normal melting point agarose and a layer of 0.7% 

low melting point agarose.  After solidification, the slides were immersed in lysing 

solution (2.5 M NaCl, 200 mM Na2EDTA, 10 mM Tris-HCl, 10% DMSO, and 1% Triton 

X-100, pH 10) for 1 h at 4
o
 C to allow the DNA to unwind and the slides placed in 

alkaline buffer (0.3 M NaOH, 1 mM Na2EDTA, pH 12) for 30 min at 4
o
C.  The slides 

were electrophoresed (0.8V/cm) for 30 min in freshly chilled alkaline buffer, neutralized 

with Tris-HCl buffer (400 mM, pH 7.4), and stained with a fluorophore (20 µg/ml 

propidium iodide).  DNA damage was determined by measuring the tail length, tail 

moment and head intensity of 50 cells/sample using a fluorescence microscope equipped 

with an automated digital imaging system running COMET Assay III™ software 

(Perceptive Instruments, UK).  

 

Data Analysis 

 

Comet assay parameters were determined by measuring the tail length, tail 

moment and head intensity of at least 10 cells in each of the 26 samples.  Mixed effect 

models were used to compare fresh and cryopreserved samples for each Comet 

parameter, with fresh/cryopreserved serving as a fixed effect and subject serving as a 

random factor.   Tail length and tail moment were transformed (fourth-root) to improve 

symmetry and stabilize variation prior to analysis; head intensity was analyzed without 

transformation.  Within subject variation by sample type was analyzed using a robust 

version of Levene‟s test using absolute deviations from the median.  The test was 

conducted on untransformed data for all Comet parameters.  Influence of oral rinse and 

effect of cryoprotectant concentration on buccal cell viability was assessed with non-



59 

 

  

parametric procedures (signed rank and Kruskal-Wallis tests).  Reported p-values are 

two-sided with significance level of 0.05 for all comparisons.   
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Results 

 

Influence of oral rinse solutions on Buccal cell viability  

 

While the methods for collecting buccal samples have been previously described, 

a detailed analysis of these methods on the yield and survival of the two major cell types 

(i.e., epithelial cells, leukocytes) in buccal samples has not been determined.  Our first 

objective was to determine the viability of leukocytes and epithelial cells in buccal 

samples that were harvested from farmworkers using either a saline solution (Hank‟s 

balanced salt solution, HBSS) or a commercial mouthwash product (Listerine
®
).  Table 2 

shows the viability of leukocytes and epithelial cells from farmworkers who used either 

HBSS or Listerine 
®
 to rinse the oral cavity.  After rinsing with HBSS, the percentage of 

viable leukocytes (90%) was significantly greater (V=78, p<0.01; signed-rank test) than 

the viability of epithelial cells (12%).  Based on these sample data, the viability of 

leukocytes is 78 percentage points greater than the corresponding viability of epithelial 

cells (95% CI: 74--82 percentage points greater).  After rinsing with Listerine
®

, the 

percentage of viable leukocytes (88%) was also significantly greater (V=204, p<0.01; 

signed-rank test) than the viability of epithelial cells (10%).  Based on these sample data, 

the viability of leukocytes is estimated to be 75 percentage points greater than the 

corresponding viability of epithelial cells (95% CI: 39--79 percentage points greater).  

These data indicate that the viability of leukocytes and epithelial cells in buccal samples 

is comparable after oral rinsing with HBSS or Listerine
®
.  These results are consistent 

with those reported previously by Obwald et al. (2003) (leukocytes, 91.3 + 5.0% viable, 

epithelial cells 11.24 + 11.77% viable) and Endler et al. (1999) (leukocytes 92.8 + 6% 

viable and epithelial cells 6.1 + 5% viable). 
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Table 3.1.  Characteristics of the study participants who submitted buccal cell samples. 

 

 Agricultural Non-agricultural 

Fresh and frozen  16 10 

Mean age in yrs (sd) 21.7 (8.41) 14.9 (1.37) 

% Male 81.3 50.0 

Agricultural Work in yrs (sd) 6.94 (5.97) 1.2(2.57) 

Primary Language n (%) 

   Spanish 

   English 

 

10 (62.5) 

  6 (37.5) 

 

9 (90) 

1 (10) 

Past Pesticide Handling  

Yes/no mean (sd) 0=yes 1=no 

2 (12.5) 2 (40) 

 

Current Pesticide Handling 

Yes/no mean (sd) 0=yes 1=no 

1 (6.25)   0 (0) 
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Table 3.2.  

 Influence of Oral Rinses on the Viability of Leukocytes and Epithelial Cells. 

            HBSS
*
      **Listerine

® 

                       Median
1
     Range                       Median

1
         Range 

   

Leukocytes 90 80 - 98 88 0 – 95 

Epithelial            12          5 – 25               10         5 - 20 

  

 
*
 n = 12, 

**
 n = 20  

 
1 

Trypan blue exclusion was used to determine the % viability of cells. 

 

 

Effect of Cryoprotectant concentration on the viability of buccal leukocytes  

 

Cryopreservation is a technique that is routinely used in epidemiological studies 

to preserve the physiological state of human cells for biochemical studies.  A 10% 

concentration of DMSO is the most widely used cryoprotectant for freezing human cells 

(Lebailly et al. 1998, Visvardis et al. 1997, Piperakis et al. 2003).  There have been no 

formal studies to determine the optimal concentration of cryoprotectant for the 

preservation of leukocytes from the oral cavity.  In order to examine the influence of the 

cryoprotectant on the survival of oral leukocytes; the viability of fresh leukocytes cells 

were first determined by trypan blue exclusion, then the cells cryopreserved using a range 

of DMSO concentrations and the cells stored at -80
o
C for 96 h. Table 3 shows the 

percentage of leukocytes that survived cryopreservation at different concentrations of 

DMSO. The percentage of leukocytes that survived cryopreservation significantly varied 

according to DMSO concentration [X^2(5df) = 20.2, p<0.01; Kruskal-Wallis test].  The 

lowest cell survival (0.56%) was found at 10% DMSO, while the highest survival (36%) 
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was found at 5% DMSO.  At a concentration of 5% DMSO, survival differed 

significantly from each of the extreme concentrations of DMSO (2% and 10%), but not 

from the other three concentrations (3%, 6% or 7%).  In addition, the three other 

concentrations of DMSO did not significantly differ from either extreme.  These studies 

demonstrate that the concentration of DMSO had a pronounced effect on the survival of 

leukocytes.    
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Table 3.3. Effect of the Cryoprotectant Dimethyl Sulfoxide  

(DMSO ) on the Survival of Leukocytes.  

 

Viability (% of control non-DMSO) 

DMSO 
*
   Mean      sd      cv

** 

  2 %    5.2 0.96 19.0 

  3 % 13.0 1.2   9.1 

  5 %  36.0 4.8 13.0 

  6 %  25.0 1.2   4.6 

  7 %  15.0 1.5 10.0 

  10 % 0.56 0.42 75.0 

 

*
  n = ranges from 6 to 9 per [DMSO] 

** 
The percent of coefficient of variation (cv) equals the standard deviation 

 divided by the mean of cells that survived cryopreservation 

 

Effect of cryopreservation on DNA damage detected by the Comet Assay 

 

One of the prerequisites for using buccal cells in the Comet assay is that the cells 

must be viable (Obwald et al. 2003, Pinhal et al. 2006).  Since the viability of leukocytes 

is significantly greater than epithelial cells, leukocytes are the only viable cell in a buccal 

cell sample that can be analyzed for DNA damage by the Comet assay.  However, buccal 

cell samples are routinely cryoprotected before analyzing by the Comet assay.  Therefore, 

we examined the effect of cryopreserving leukocytes on the Comet assay parameters.  

Leukocytes from 26 buccal samples, 16 from agricultural workers and 10 from non-
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agricultural workers (Table 1), were directly examined (fresh) or cryoprotected (frozen) 

and then examined by the Comet assay for DNA damage.  The Comet parameters for 

both fresh and cryoprotected leukocytes are summarized in Table 4.  Fresh and 

cryoprotected samples showed no significant shift in the tail length (t25 = 1.13, p = 0.27), 

but within samples there was significant variation (F1,2387 = 43.2, p < 0.001).  Fresh 

and cryoprotected samples also did not show any significant shift in the tail moment (t25 

= 1.37, p = 0.18), but there was significant variation within-subjects (F1,2387 = 4.05, p = 

0.044).  In contrast, the average head intensity for cryoprotected samples was ~6 units 

lower (95% CI: 0.8–12 units lower) than that for fresh samples (t25 = −2.36, p = 0.026).  

However, freezing did not cause significant changes in head intensity within subjects 

(F1,2387 = 1.07, p = 0.302).  Figure 2A shows representative photomicrographs of 

comets from fresh and cryoprotected leukocytes and epithelial cells from the oral cavity.  

Figure 2B shows graphs of the variation within subjects for the three Comet parameters 

(i.e., tail length, tail moment, head intensity) from the 26 fresh or cryopreserved 

leukocyte samples.   



66 

 

  

    

Figure 3.2. Photomicrographs of representative comet images of 
†
leukocytes from a 

non-agricultural worker or a farmworker.  A. Representative comet images of 

leukocytes from non-agricultural workers and farmworkers.  (a), Negative control-

leukocytes from a non-agricultural worker, (b), Positive control-leukocytes from non-

agricultural worker treated for 5 min with 10 µM H2O2, (c), Leukocytes from a 

farmworker, fresh sample, (d), Leukocytes from farmworker, frozen sample, (e), Buccal 

mucosa showing epithelial cells and leukocytes, and (f), Epithelial cell from a non-

agricultural worker.  B. Analysis of comet images of freshly prepared leukocytes from a 

farmworker (fresh) or after cryopreservation with DMSO (frozen) for tail moment, tail 

length and tail intensity.  Each plotting symbol is the mean response (tail length, tail 

moment, head intensity) for a sample of 'n' measurements (ranging from 10--100) with 

the size of the plotting symbol drawn proportional to n. 

† Leukocytes were obtained by oral rinsing with HBSS. 
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Discussion 

 

The Comet assay is a rapid and a sensitive method for the detection of DNA 

single strand breaks and alkaline-labile sites at the single cell level. The Comet assay has 

been used for over two decades to measure the extent of DNA damage following 

exposure to work-place or environmental genotoxic agents (McCauley et al. 2008, Rojas 

et al. 1996, Valverde et al. 1997, Eren et al. 2003, Visvardis et al. 1997, Szeto et al. 

2005, Castillo-Cadena et al. 2006, Borthakur et al. 2008).  PBLs and buccal mucosa cells 

are the primary sources of tissues used for this purpose.  PBLs are essentially a pure and 

viable source of human cells while buccal mucosal samples contain a mixed population 

of cells (i.e., leukocytes, epithelial cells) with significant differences in viability.  

Viability is a critical factor for the Comet assay (Obwald et al 2003, Pinhal et al 2006).  

Therefore, it is essential that human samples be collected and stored in such a way that 

preserves the integrity of the cells for later analysis by the Comet assay (Moller, 2006).  

Failure to control for these confounding variables could lead to an overestimation of the 

DNA damage produced by work-place or environmental genotoxicants.  The main 

objectives in this paper were, a), to determine the influence of collection methods on the 

viability of leukocytes and epithelial cells in a buccal sample, b), determine the influence 

of a cryoprotectant (i.e., DMSO) on the survival of oral leukocytes, and c), determine the 

effect of cryopreserving of buccal samples on DNA damage analysis by the Comet assay.  

 Commercial mouthwash products and saline solution are the most common 

methods for collecting buccal cells for DNA damage and other biochemical studies (Satia 

et al. 2002, Ashbensazi et al. 1989, Feigelson et al 2001, Lum et al. 1998, King et al. 

2002, Tan et al. 2008, Garcia-Closas et al. 2001, Michaleczyk et al. 2004, Moore et al. 

2001).  However, most studies only examine the yield of DNA rather than the viability of 

buccal cells. The results summarized in Table 2 show that the viability of leukocytes and 

epithelial cells did not change after rinsing with either Listerine
®
 or HBSS.  However, it 

should be noted that participants did not like to rinse with the commercial mouthwash 

because it was difficult for them to rinse for the required 60 sec.  Insufficient rinsing may 

have affected the total recovery of buccal cells from individuals who rinsed with 

Listerine
®
. 
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 The most widely used method for cryopreserving peripheral blood lymphocytes 

(PBLs) is to slowly freeze the cells using 10% DMSO (Lebailly et al. 1998, Visvardis et 

al. 1997, Piperakis et al. 2003). While there are ample studies examining the influence of 

cryopreservation on the viability of PBLs, there are no reports on how cryopreservation 

influences the viability of oral leukocytes.  Our results show that oral leukocytes are very 

sensitive to freezing with DMSO.  The survival of leukocytes varied significantly with 

the concentration of DMSO.  The greatest survival (36%) was found with 5% DMSO and 

the lowest survival (0.56%) was found with 10% DMSO.  These results indicate that the 

methods commonly used to cryopreserve PBLs significantly reduce the viability of oral 

leukocytes.  Therefore, 5% DMSO is the optimal concentration of DMSO to use for 

cryopreserving oral leukocytes  

 There are several studies that used either fresh or cryopreserved PBLs in the 

Comet assay (Visvardis et al 1997, Libailly et al. 1998, and Tice et al. 1992).  These 

studies showed that the alkaline Comet assay parameters were similar from either fresh or 

cryopreserved PBLs.  However, the influence of cryopreservation on the analysis of 

buccal cells by the Comet assay is essentially unknown.  This is one of the first studies to 

examine the influence of cryopreservation on DNA damage in oral cavity leukocytes.  It 

is imperative to use viable leukocyte cells in the Comet assay because dead or dying cells 

have extensive DNA damage (i.e. DNA fragmentation) and subjecting them to the 

alkaline conditions of the Comet assay will increase the loss of DNA.  In most comet 

studies of buccal samples that included epithelial cells, large numbers of DNA “clouds” 

(>95%) were detected (Pinhal et al. 2006).  These atypical comets are routinely excluded 

from the final quantitative analysis resulting in a very low number of counted comets.  

The irregular shape and appearance of the DNA in the head of epithelial cells (Figure 2) 

that appear in comets as a DNA „cloud‟ around the head without a visible tail 

demonstrates that epithelial cells are not suitable for measuring DNA damage by the 

Comet assay.  In contrast, the uniform distribution of DNA within the head (Figure 2A-a-

d). and the greater viability of leukocytes makes this a more reliable cell type in a buccal 

sample for measuring DNA damage by the Comet assay  

 Human tissues are essential in biomonitoring studies.  The standard method for 

obtaining cells is through the collection of blood, but this method is both invasive and 
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costly. Moreover, blood cells are especially difficult to obtain from younger subjects.   

On the other hand, buccal cells can be readily obtained by non-invasive methods and they 

are an excellent source of tissue for measuring DNA damage following human exposure 

to occupational and environmental genotoxins because they are in direct contact with the 

environment (Salama et al. 1999).  The isolation of viable buccal cells through non-

invasive methods also provides the investigator with the ability to determine potential 

mechanisms of cell damage and DNA repair (Dhillon et al., 2004).  Consequently, oral 

leukocytes are not only useful for measuring DNA damage, but they might also be useful 

for elucidating the underlying mechanisms following human exposure to occupational or 

environmental genotoxicants (e.g., pesticides). These advantages translate into the ability 

to examine the association between human exposure to occupational and environmental 

genotoxicants and chronic diseases (e.g., cancer, neurodegenerative disease). 

In conclusion, we demonstrated that leukocytes from the oral cavity, whether 

fresh or cryopreserved, can be used to assess DNA damage following exposure to 

occupational and environmental genotoxicants (e.g., pesticides).  The viability of oral 

leukocytes indicates that this human tissue can also be used to obtain additional 

information about potential genotoxic mechanisms.  In contrast, epithelial cells are 

essentially not viable and they are a very poor source of human tissue for assessing DNA 

damage.  Despite these advantages, the isolation and storage of leukocytes are important 

factors that could significantly limit their use in large scale epidemiological studies. 

However, these limitations can be significantly reduced by using 5% DMSO to 

cryoprotect leukocytes or alternatively, using freshly prepared leukocytes.  
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Table 3.4. 

Estimated median Comet parameters for fresh and cryopreserved (frozen) leukocytes 

(95% CI) 

 

  

Fresh       Frozen 
 

Change 

 

p-value 

 

 

Tail Length* 

 

 

1.46 

(1.43, 1.48) 

 

1.48 

(1.45, 1.50) 

 

0.02 

(0.013, 0.033) 

 

 

0.27 

 

 

Tail Moment* 

 

 

0.96 

(0.92, 2.00) 

 

1.00 

(0.96, 1.04) 

 

0.04 

(-0.02, 0.09) 

 

 

0.19 

 

 

 

Head Intensity 

 

 

60.89 

(56.69, 

65.10) 

 

 

54.52 

(50.27, 58.76) 

 

-6.38 

(-11.93, -0.82) 

 

0.03 

 

 

*Data transformed prior analysis; estimate and 95% CI then back-transformed to original 

units 
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Chapter 4 

 

Conclusion 

 

In this study we have demonstrated, both in in vivo and in vitro experiments, that 

AZM, an organophosphate pesticide, induces oxidative stress in peripheral blood 

lymphocyte cell cultures as well as in farm workers and pesticide applicators.  Our results 

showed that: 

a. AZM causes concentration-dependent loss of viability of peripheral blood 

lymphocyte cells and a corresponding increase of ROS and a reduction of 

intracellular levels of GSH (see fig 4.1). 

b. The sensitivity of lymphocyte cell cultures was significantly reduced by an 

antioxidant, vitamin E.  Demonstrating that AZM-induced neurotoxicity is 

associated with the production of free radicals. 

c. The Comet assay showed that DNA damage increased with the concentration of 

AZM and oxidative DNA damage plays a significant role in AZM induced 

neurotoxicity 

d. These in vitro studies demonstrate that AZM induces oxidative stress in human 

cells. 
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Figure 4.1 Analysis of AZM treated PBL cell cultures for survival, ROS and  

intracellular Glutathione levels 

 

 

The field studies demonstrated that exposure to organophosphate pesticides (i.e., 

AZM) induced oxidative stress in agricultural workers with documented exposure to 

organophosphates pesticides: 

a. Agricultural workers who had been exposed to AZM showed elevated serum 

levels of lipid peroxides, increased urinary levels of 8-OH-dG, and lymphocytes 

from these individuals showed increased DNA damage and perturbed oxidative 

DNA repair. These field studies suggest that AZM induces oxidative stress in 

humans. 

b. These findings suggest that exposure to OPs is responsible for the increased 

biomarkers of oxidative stress in agricultural workers. Therefore, OPs may be a 

major risk factor for neurodegenerative disease (e.g., Parkinson) through an 

oxidative stress mechanism 

We have also demonstrated that oral cavity leukocytes are a good source of 

human tissue and can be used to assess DNA damage following exposure to occupational 

or environmental genotoxicants (e.g. pesticides).  Human tissues are essential in 

biomonitoring studies.  One of the advantages of using oral cavity leukocytes for 

biomonitoring studies is that these cells can be obtained by non-invasive methods.  

Noninvasive measures of biological markers of pesticide exposure and genotoxicity are 

important to characterize potential health risks associated with exposure to agricultural 
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chemicals (McCauley, et al. 2008), especially in children of agricultural workers. 

Children are more susceptible to environmental exposure and concern about the 

neurotoxic effects of pesticide exposure on children is increasing (Yu Gao, et al. 2008).  

There are a few data on pesticide exposure of children of migrant Farmworkers, because 

the access to this vulnerable population is often difficult.  Many migrant farmworkers‟ 

home are close to or are surrounded by fruit orchards where pesticides are frequently 

used. Animal studies have shown that organophosphate pesticides are 

neurodevelopmental toxicants even in moderate dose (Eskenazi, et al 1999).  Future 

studies should examine the neurodevelopmental effects of organophosphate pesticides 

and pesticide mixtures in children.  Several studies have reported higher pesticide 

exposure for children of agricultural workers compared to those on non-agricultural 

workers (Vida, et al. 2007).  Children living in agricultural settings are subjected to a 

large variety of events that lead to the possibility of cumulative and multiple-pathway 

exposures.  Playing in treated fields and spray drift are common patterns of exposure 

(Lambert, et al. 2005).  Buccal mucosa cells are ideal source of viable human tissue to 

assess the extent of DNA damage induced by pesticide exposure in children of 

agricultural workers. 

 

Proposed Future Studies 

 

 One of the main objectives of this study was to examine the effects of a specific 

organophosphate pesticide (AZM) on DNA damage and oxidative stress in vivo and in 

vitro experiments.  However, comparing the field study results with the in vitro study 

results we found some inconsistencies.  For instance the APE activity in the pesticide 

applicators, potentially the subjects with higher pesticide exposure, were high (Fig 2.4), 

while the APE levels in lymphocytes treated with AZM for 24 h were inversely 

proportional to the concentration of AZM.  We believe that a true comparison can only be 

accomplished by a long term exposure of lymphocytes and perhaps neuronal cells with 

various concentrations of AZM.  We proposed 30 to 60 day exposure of cell cultures to 

various concentrations of AZM and examine biomarkers of oxidative stress and DNA 

damage at various times of exposure.  The APE activity levels found in pesticide 
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applicators is the result of a long term occupational exposure to pesticides, while the 24 h 

exposure conducted in the in vitro study can be compared to one time acute exposure to 

pesticides.  

 Future studies should also examine the following research questions: 

a. Are changes in the DNA repair in lymphocytes after AZM treatment persistent or 

are they temporary 

b. Can cultured lymphocytes, neuroblastoma and oral leukocytes cells overcome 

DNA damage caused by OP exposure if exposure is removed? 

 

 


